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Preface 

On April 17, 1986 the brief article "Possible High temperature Superconductivity 
in the Ba-La-Cu-O System" by J. G. Bednorz and K. A. Mtiller appeared in the 
journal Zeitschrift f~r Physik, and the High-Tc era had began. The initial 
skepticism about the discovery was soon dispelled when several other research 
groups confirmed the findings, and an enormous world wide research effort began 
in quest of a room temperature superconductor. Within a year, the critical 
temperature was raised to 90-93 K (above liquid nitrogen temperature) with 
the discovery of the yttrium compound, and then in 1988 it increased further to 
120 K and 125 K with the successive discoveries the bismuth and thallium 
cuprates. In 1993, the mercury cuprate went superconducting at 133 K at 
atmospheric pressure, and at 155 K when subjected to a pressure of 25 GPa. 
We were past the half-way point to room temperature! During this same period, 
several new types of compounds were found to exhibit superconductivity, such as 
the cubic perovskite BaKBiO, alkali metal doped buckmasterfullerenes, and 
borocarbides. 

Some of the exciting things about the high Tc cuprates are the ways in 
which many of their properties differ from those typical of most classical 
materials. For example, their Cooper pair charge carriers are formed from positive 
holes rather than negative electrons; they have layered structures with some two 
dimensional behaviors; their coherence lengths are approaching interatomic 
distances; their pairing mechanism seems to be d-wave rather than s-wave; 
their properties are highly anisotropic, fluctuation effects are prominent, and 
polycrystalline cuprate materials are composed of micron sized grains. Clarifying 
and explaining these properties has been one of the principal concerns of all 
workers in the field. 

Prior to Bednorz and Mtiller's discovery, the field of superconductivity was 
in a steady state of activity, with the number of annual publications on the subject 
comprising about 0.6% of the overall physics literature. During the two year 
period after the discovery the number of publications underwent a dramatic rise to 
about 3.5% of the total, and then two years after that the rate began a gradual 
decline, but it is still far above the pre-1986 value. In the early years of the 

xi 



xii Preface 

high-To era much of the work was carried out with granular samples, and single 
crystals were often extensively twinned, especially those of YBaCuO. Most of the 
initial important research was reported at meetings, and conference proceedings 
became an important vehicle for disseminating information. Many early reports 
appeared in letter journals, then longer articles became more frequent, and finally 
review articles. The year 1988 saw the appearance of the Journal of Super- 
conductivity, the review series Physical Properties of High Temperature Super- 
conductors, and our book Copper Oxide Superconductors, signaling that the field 
had reached an initial level of maturity. By 1990, several monographs had 
appeared, several Institutes of Superconductivity had been established, much 
more definitive measurements on well characterized monocrystals and epitaxial 
thin films were being reported in the literature, and theoretical explanations were 
providing more understanding. Experimental and theoretical progress has con- 
tinued to be made until the present time. 

During the past decade, an enormous amount of reliable experimental data 
have been accumulated on both classical, High To, and other types of super- 
conductors. The time is now fight to gather together this information into a 
handbook to make it readily available for researchers. This volume represents an 
effort to do this for the field of superconductivity as a whole, i.e. for all types of 
superconductors. The initial draft for this work was a compilation of handbook 
type material made from the 1995 monograph Superconductivity, coauthored by 
the present editor. This provided definitions, equations, temperature and field 
dependencies, and much other information routinely needed by researchers. To 
this was added material from other sources, and tabulations of experimentally 
determined parameters of various types such as critical temperatures T~, atom 
positions, coherence lengths, penetration depths, energy gaps, critical fields B~, 
and critical currents Jc, among others. The main conclusions from several models 
and theories were summarized for easy comparison with measurements. The goal 
is to provide a ready source containing most of the information that a researcher 
would be likely to look up during the course of his or her investigations. 

This handbook is not just about the copper oxide superconductors, but 
about all superconductors. The first chapter provides an overview, units and 
conversion factors, and a lengthy glossary of terms. Chapter 2 summarizes the 
properties of the normal state, and Chapter 3 does the same for the super- 
conducting state. The fourth chapter presents the results of the main models and 
theories that are routinely used to explain experimental data. Chapter 5 
summarizes the properties of the various types of classical materials as well as 
those of more recently discovered superconducting systems, and provides an 
extensive tabulation of their transition temperatures. The crystal structures of 
these compounds are presented in the sixth chapter. The general features of the 
atom arrangements in high Tc cuprates are reviewed in Chapter 7, and the details 
of their individual structures are provided in Chapter 8. The ninth chapter 
furnishes long tabulations of the various parameters such as B~ and J~ that 
were mentioned above. The next chapter covers thermal properties such as the 
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specific heat, thermal conductivity, and entropy transport, as well as thermo- 
electric and thermomagnetic effects. Chapter 11 surveys electrical properties such 
as the Hall effect, tunneling, Josephson junctions, and superconducting quantum 
interference devices (SQUIDS). Chapter 12 covers magnetic properties such as 
susceptibility, magnetization, critical fields, vortices including their anisotropies 
and their motion, transport current in a magnetic field, and intermediate states. 
Chapter 13 examines various mechanical properties like elastic, shear, and bulk 
moduli, Poisson's ratio, flexural and tensile strength, hardness, and fracture 
toughness. Finally, the last chapter on compositional phase diagrams presents 
many ternary and a few quaternary (tetrahedral) phase diagrams for all the basic 
cuprate systems. Included are several liquidus surface, subsolidus equilibrium, 
primary crystallization field, and temperature/composition plots. 

It is hoped that, Deo volente, the data tabulations, and other information 
gathered together in this volume will have a significant influence on expediting 
the progress of future research. 

Charles P. Poole, Jr. 
Columbia, South Carolina 
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A 

Introduction 

This handbook is concerned with superconductors, materials characterized by 
certain electrical, magnetic, and other properties, many of which will be 
explained in the third chapter. In this chapter we will define the two types of 
superconductors, describe the format and content of the Handbook, make some 
suggestions for how to use it, and provide the basic units and conversion factors 
that are commonly used in the field. Much of the material in this handbook has 
been elaborated upon in greater detail in the 1995 monograph Superconductivity 
[Poole et al.], and for many topics that volume will provide more details. The 
present book, of course, is much more complete in areas such as tabulations of 
data and descriptions of crystallographic structures. Some topics found here, 
such as mechanical properties and phase diagrams, were not covered in the earlier 
work. 
ISBN: 0-12-561460-8 HANDBOOK OF SUPERCONDUCTIVITY 
$30.00 Copyright �9 2000 by Academic Press. 

All fights of reproduction in any form reserved. 



2 Chapter 1: Introduction 

Definition of a Superconductor 

A Type I superconductor exhibits two characteristic properties, namely zero dc 
electrical resistance and perfect diamagnetism, when it is cooled below its critical 
temperature To. Above Tc it is a normal metal, but ordinarily not a very good 
conductor. The second property of perfect diamagnetism, also called the Meiss- 
ner effect, means that the magnetic susceptibility has the value g = - 1  in mks 
or SI units, so a magnetic field (i.e., magnetic flux) cannot exist inside the 
material. There is a critical magnetic field Bc with the property that at the 
temperature 0 K applied fields Bap p >_ B c drive the material normal. The tempera- 
ture dependence of the critical field B~(T) can often be approximated by the 
expression, where we use the notation B~(0) = Be, 

Bc(T ) -- Bc[1 - (T/Tc)2]. (1) 

The Type I superconductors are elements, whereas alloys and compounds are 
Type II. 

A Type II superconductor is also a perfect conductor of electricity, with zero 
dc resistance, but its magnetic properties are more complex. It totally excludes 
magnetic flux in the Meissner state when the applied magnetic field is below the 
lower critical field Bcl, as indicated in Fig. 1.1. Flux is only partially excluded 
when the applied field is in the range from Bcl to Bc2 , and the material becomes 
normal for applied fields above the upper critical field Bc2. Thus, in the region of 

Fig. 1.1. 

BC2 

B 

Be, 

M E L T I N G  LINE / 
/ 

Tm 

......--  oo,o  
M E I S S N E R  ~ - - - -  

Tc 
T E M P E R A T U R E  (T) 

N O R M A L  STATE 

-- -Bc2(T) CURVe 

- - B:,(T) CURVE 

Simplified magnetic phase diagram of a Type II superconductor showing the Meissner region 
of excluded magnetic flux below the lower critical curve Bcl(T), the flux solid and flux liquid 
phases separated by the melting curve Tm, and the normal state region that lies outside the 
upper critical field curve Bcz(T). [From Owens and Poole (1996), Fig. 3.12.] 
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higher magnetic fields the diamagnetism is not perfect, but rather of a mixed type 
that exhibits solid-like properties at lower temperatures and liquid-like properties 
at higher temperatures, as indicated in the figure. The melting line separates these 
two regions of magnetic behavior. 

These definitions of superconductors have been expressed in terms of 
properties. In addition, they do not take into account demagnetization effects that 
cause the diagmagnetism to depend on the shape of the sample and its orientation 
in an applied field. More fundamentally, a superconductor can be defined as a 
conductor that has undergone a phase transition to a lower energy state below a 
transition temperature T c in which conduction electrons form pairs called Cooper 
pairs, which carry electrical current without any resistance to the flow, and which 
are responsible for the perfect diamagnetism and other properties. 

C 

Form and Content of Handbook 

The various chapters of this Handbook cover different aspects of the field of 
superconductivity. The present chapter provides the units and conversion factors 
that will be widely referred to throughout the remainder of the text, as well as a 
glossary of terms. This is followed by chapters that describe the normal state 
above T c and the superconducting state below T c. Then comes a chapter that 
summarizes the important theories and models that are employed to understand 
the nature and explain the properties of superconductors. Next we present, in 
succession, the classical superconductors, the superconducting materials that 
were discovered during the past decade and a half, and most importantly, the 
cuprates. The remaining seven chapters present data on the various properties of 
superconductors. The chapters are self-contained, so any one of them can be 
referred to without previously reading earlier ones. It is anticipated that the main 
use of the Handbook will be its consultation by researchers who need information 
on particular topics or data on particular compounds, although many sections can 
be read to refresh one's memory about particular aspects of the subject. Of 
especial interest are the tabulations of critical temperatures in Chapter 5 and the 
tabulations of data on critical magnetic fields, critical currents, and other 
properties found in Chapter 9. The glossary in Section E of this chapter contains 
many definitions of terms. 

D 

Several Miscellaneous Tables 

Table 1.1 provides some of the physical constants and key equations that are 
commonly encountered in superconductivity research, and lists some conventions 
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Table 1.1. 

List of  physical constants and important equations. 

Fundamental constants 

Avogadro's number 

Boltzmann constant 

Dieletric constant of  vacuum 

Electron charge 

Fine structure constant 

Gas constant 

Gravitation constant 

Light speed in vacuo 

Permeability of  vacuum 

Planck constant 

Planck reduced constant 

Quantum of  circulation 

Rydberg (H-atom) energy 

Stefan Boltzmann constant 

Wien displacement law 

N A = 6.0221 x 1023 mo1-1 

k B = R / N  A = 1.3807 x 10 -23 J / K  

e 0 = 8.8542 x 10 -12 F / m  

e = 1.6022 x 10 -19 C 

~ =  e2 /4~zeohc=7 .2974x  1 0 - 3 ( !  ,~ 137) 

R = NAk B = 8.3145 J /mol  K 
G = 6.6726 x 10 -11 m3 /kgs  2 

c = 2.9979 x 108 m/ s  

#0 = 4re x 10 -7 N / A  2 = 1.2566 x 10 -6 N / A  2 

h =6.6261 x 10 T M  Js (4.1357 x 10 -15 eVs) 

h = h/2~z = 1.0546 x 10 T M  Js 

h/m e = 7.2739 x 10-4m2/s 

e2/81teoao = 2.1799 x 10 -18 J (13.606eV) 
a = 5.6705 x 10 -8 W/m2K 4 

2ma x T = 2.8978 x 10 -3 mK 

Electromagnetic constants 

Bohr magneton 

Nuclear magneton 

Faraday constant 

Flux quantum, magnetic 

g-factor, electron 
Hall resistance 

Resistance quantum 

Josephson frequency 

tl B = e'h/2m e = 9.2740 x 10 - 2 4  J /T 

]2 N - -  5 . 0 5 0 8  X 1 0  - 2 7  J /T 

F = NAe = 96485 C/mol 
% = h/2e  = 2.0678 x 10 -15 Wb 

ge = 2.0023 
R H = h /e  2 -- 25,813 f~ 

RQ = RH/4 = 6453.2 f~ 
ooj = 2rc(2 eV/h)  [ 1 ktV = 483.60 MHz] 

Length constants 

Classical electron radius 

Thomson cross section 

Compton wavelength (electron) 

Bohr radius 

r e = ~2a 0 = e2/4Tceome c2 = 2.8179 x 10 -15 m 
a = ( 8 n / 3 ) ~  = 6.6525 x 10 -29 m 2 

'~c -- h/meC -- 2.4263 x 10 -12 m 

a o = re/~ 2 = 4neoh2/me 2 = 5.2918 x 10 -11 m 

Temperature expressions 

Debye temperature 

Fermi temperature 

Supercond. trans. Temp. 

Specific heat (T << | 

Critical current 

Critical field 

Critical field slope 

Energy gap 

Penetration depth 

Superelectron density 

(~D = h(-OD/kB 
T F =EF/kB  =h2k2/2mkB 

T~ = o.e834E~/k~ 
C = 7T + A T  e 

t i c ( T )  - -  f f c ( 0 ) [ 1  - ( T / T c ) 2 ] [ 1  - (Z/Tc)4] 1/2 
Bc(T ) = Be(0)[1 - (T/Tc) 2] 

dBc2/dT = - 1.83 T / K  
~g(T) = Eg(0)[1 - (7/rc)] ~/2 
)~T = ) ] , ( 0 ) [ 1  - -  (T/Tc)4] -1/2 
ns(T ) = ns(0)[1 - -  (T/Tc) 4] 

(continued) 
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Table 1.1. (continued) 

Temperature expressions (0~ = 273.15K) 

He 4 lambda point T~ = 2.174 K 
He 3 boiling point T m, = 3.20 K 
He 4 boiling point TBp = 4.216 K 

H 2 boiling point T m, = 20.28 K 
N2 boiling point TBp = 77.35 K 
02 boiling point TBp = 90.18 K 

Conversion factors 

Energy: 

Length: 
Magnetic field: 

Pressure: 
Temperature: 

Multiples: 

Submultiples: 

1 eV = 1.6022 x 10 -19 J -- 1.7827 x 10 .36 kg 
-- 2.4180 x 10 TM Hz -- 806554 m -1 
-- 1.0735 x 10 -9 u -- 1.1604 x 104 K 

1 m -- 100 cm -- 101~ 1 m a r a t h o n = 4 2 . 3 5 2 k m  
1 T =  1 W b / m 2 =  104G 

1 GPa -- 10 kBar = 7.5 x 106 torr -- 0.987 x 104 atm 
1 K = 1.3807 x 10 -23 J -- 1.5362 x 10 -4~ kg -- 2.0837 x 101~ Hz 

- -69 .504  m -1 = 9.251 x 10-14 u- - -8 .6174  x 10 -5 eV 
k (kilo, 103); M (mega, 106); G (giga, 109); T (tera, 1012); P (peta, 1015); 
E (exa, 1018); Z (zetta, 1021); Y (yotta, 1024) 

m (milli, 10-3); I.t (micro, 10-6); n (nano, 10-9); p (pico, 10-12); 
f (femto, 10-15); a (atto, 10-18); z (zepto, 10-21); y (yocto, 10 -24) 

Particle properties 

Particle Mass Rest energy Rest energy Magnetic moment 
( x l 0  TM kg) ( x l 0  -19 J) (MeV) ( x l 0  -26 J/T) 

Electron 9.10939 0.81871 0.51100 928.48 
Muon 1883.53 169.29 105.66 4.4905 
Proton 16726.2 1503.3 938.27 1.4106 
Neutron 16749.3 1505.4 939.57 - 0.99624 
Atomic 16605.4 1492.4 931.494 

constant 
(1/12 of  12C) 

Normal state expressions 

Density of  states 
Electrical conductivity 

Hall effect 
Magnetic field 

Plasma frequency 
Electronic specific heat 

D(EF) = (1/2rc2)(2m*/hZ)3/ZE~/2 

o- 0 -- ne2z/m 
R n = + l / n e  
B = ~0(H + M) = mH(1  + Z) = ~H 
COp -- (neZ /%m) 1/2 

(continued) 
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Table 1.1. (continued) 

Superconducting state expressions 

Coherence length 
Density of states 

Electron-phonon coupling constant 
Energy gap ratio 

Isotope effect exponent 
Specific heat jump 

Transition temperature 

BCS factors 

= 2h v F/~:Eg 
Ds(E ) = Dn(0)/[1 - (A/E)2]I/2 

)~ -  #* : VoDn(EF) 
Eg/kB Tc = 2A/kB Tc = 3.528 

1 (ToM ~' = const), aBcs = 
(C s - 7Tc)/~T c = 1.43 
T c = 1.13| exp[--1/(2 -- #*)] 

Expressions based on models and theories 

Amprre law 
Bean model critical current 

Critical current 

Josephson equations 

London equations 
Lorentz force 

Penetration depth (London) 
Penetration depth (Josephson) 

Shielding current 

V • B = #o J 
Jc = 2 A M I d  A/m 2 

Jc -- Bc/#O'~ 

d4~ 
J = Jc sin ~b; ~ = 2 e V / h  

1st E = #o22dJ/d t  2nd B = -#02~V x J 
F / L  = J x �9 o 
2 L = (m/~one2) 1/2 
2j = [Oo/2rC#OJc(22 + d)] 1/z 

Jsh = V • M 

Vortex expressions 

Critical field, lower 
Critical field, thermodynamic 

Critical field, upper 
Surface sheath field 

Ginzburg-Landau parameter 
Vortex field 

Bcl = O01n K/4TC~, 2 

B c = O0/2~/-2rt2 { 
Bc2 - - ( I ) 0 / 2 ~  2 ~ 1.83T c 
Bc3 = 1.695Bc2 

= 2/~ 
B(r) ,~ e-r/'~/(r/2) 1/2, r > 

Anisotropies and shape dependence 

Characteristic lengths 
Axial symmetry 

High-temperature superconductors 
Demagnetization factor 

Normalization 
Flat disk 

Long rod 
Sphere 

Susceptibility 

~a,~a --- ~b,~b --- ~c/].c 
~ab/~c - -  '~c/'~ab --- (mc/mab) 1/2 
~c ( (  ~ab ( (  /]'ab ( (  /]'c 
NBin + lt0(1 - N ) H i n  : Bap p 
Sa +Sb +Nc =N~ + e N •  = 1 

S~ : 1 -~ ,  S~ : �89 
Nil -- 6, N_L = �89 -- 6) 
N=�89 
Z = Zexp/( 1 - NZexp) 

and conversion factors involving them. In most cases we adopt the SI (Systrme 
International d'Unitrs) or mks (meter-kilometer-second) system of units, and for 
the convenience of workers who feel more comfortable with cgs (centimeter- 
gram-second), some expressions will be repeated in cgs notation. There are also 
other units in common use for particular quantities such as pressure and energy, 
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and some of the spectroscopies have their own characteristic units, so conversion 
factors will be given where appropriate. 

Table 1.2 lists some of the symbols that appear commonly in the super- 
conductivity literature, together with their meaning and sometimes with the 
conventional units used for them. Table 1.3 lists most of the elements alphabet- 
ically by symbol and gives the transition temperatures of the ones that super- 
conduct. Table 1.4 provides ionic radii of many of the elements in their more 
important valence states. The chapter ends with a long glossary of terms. A 
shorter glossary was published in an earlier work [Owens and Poole, 1996]. 

Table 1.2. 

List of symbols that appear commonly in the superconductivity literature. Values and units are given 
for some of the entries in this table. 

A, amp or ampere, unit of electric current, coulomb/second, C/sec 
A, angstrom unit, 1A = 0.1 nm 
B, magnetic field symbol, tesla, T 
Be, critical magnetic field (some authors write Ho) 
Bcl, lower critical field (some authors write He1) 
Bc2, upper critical field (some authors write He2) 
c, speed of light in a vacuum, 2.9979 x 108 m/sec 
~ degrees Celsius (centrigrade), unit of temperature 
cm, centimeter 
e, charge of an electron, 1.6022 x 10-19 C 
E, electric field, V/m 
Eg, energy gap (Eg--2A) 
F, force, newton, N 
h, Planck's constant, 6.6261 x 10 T M  J-sec 
J, joule, unit of energy 
J, electric current density, A/cm 2 
J~, critical current density. A/cm 2 
K, kelvin, unit of temperature 
kB, Boltzmann's constant, 1.3807 x 10 -23 joule/kelvin 
m, meter, unit of length 
Are, number of valence electrons in an atom 
R, resistance, ohm, f~ 
sec, second 
T, tesla, unit of magnetic field B 
T~, critical temperature 
V, volt 

4, coherence length, radius of a vortex core (Greek xi) 
~c, Ginzburg Landau parameter, ~c = 2/4 (Greek kappa) 
2, penetration depth, electron phonon coupling constant (Greek lambda) 
2e, London penetration depth 
;(, susceptibility (Greek chi) 
O, magnetic flux, with units Tm 2 (Greek phi) 
Oo, flux quantum, with value h/2e--2.0678 x 10 -15 Tm 2 (Greek phi) 
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Table 1.3. 

Symbols for most of the elements together with their atomic numbers and the transition temperatures 
Tc of those that superconduct. Most of the radioactive elements are not included. 

Ag, silver, 47 
A1, aluminum, 13; Tc = 1.18 K 
Am, americium, 95; Tc = 1.0 K 
Ar, argon, 18 
As, antimony, 33 
Au, gold, 79 
B, boron, 5 
Ba, barium, 56 
Be, beryllium, 4; Tr 
Bi, bismuth, 83 
Br, bromine, 35 
C, carbon, 6 
Ca, calcium, 20 
Cd, cadmium 48; T~ =0.5 K 
Ce, cerium, 58 
C1, chlorine, 17 
Co, cobalt, 27 
Cr, chromium, 24 
Cs, cesium, 55 
Cu, copper, 29 
Dy, dysprosium, 66 
Er, erbium, 68 
Eu, europium, 63 
F, fluorine, 9 
Fe, iron, 26 
Ga, gallium, 31; T~ = 1.1 K 
Gd, gadolinium, 64 
Ge, germanium, 32 
H, hydrogen, 1 
He, helium, 2 
Hf, hafnium, 72, Tc = 0.1 K 
Hg, mercury, 80; Tc = 4.15 K 
Ho, holmium, 67 
I, iodine, 53 
In, indium, 49; T~ = 3.4 K 
Ir, iridium, 77; Tc=0.1K 
K, potassium, 19 
Kr, krypton, 36 
La, lanthanum, 57; Tr = 6.1 K 
Li, lithium, 3 
Lu, lutetium, 71, Tc = 0.1 K 
Mg, magnesium, 12 
Mn, manganese, 25 
Mo, molybdenum, 42; Tc = 0.9 K 

N, nitrogen, 7 
Na, sodium, 11 
Nb, niobium, 41; Tc = 9.3 K 
Nd, neodymium, 60 
Ne, neon, 10 
Ni, nickel, 28 
O, oxygen, 8 
Os, osmium, 76; Tc = 0.7 
P, phosphorus, 15 
Pa, protactinium, 91; Tc = 1.4 K 
Pb, lead, 82; Tr = 7.2 K 
Pd, palladium, 46 
Pm, promethium, 61 
Pr, praseodymium, 59 
Pt, platinum, 78 
Re, rhenium, 75, Tc-  1.7 K 
Rb, rubidium, 37 
Rh, rhodium, 45 
Ru, ruthenium, 44, To = 0.5 K 
S, sulfur, 16 
Sb, antimony, 51 
Sc, scandium, 21, Tr -- 0.5 K 
Se, selenium, 34 
Si, silicon, 14 
Sm, samarium, 62 
Sn, tin, 50; Tc = 3.7 K 
Sr, strontium, 38 
Ta, tantalum, 73; Tc = 4.5 K 
Tb, terbium, 65 
Tc, technetium, 43; Tc = 7.8 K 
Te, tellurium, 52 
Th, thorium, 90; Tc = 1.4 K 
Ti, titanium, 22; Tc = 0.4 K 
T1, thallium, 81; T~ -- 2.4 K 
Tm, thulium, 69 
U, uranium, 92 
V, vanadium, 23; T~ = 5.4 K 
W, tungsten (wolfram), 74; Tc=0.02K 
Xe, xenon, 54 
Y, yttrium, 39 
Yb, ytterbium, 70 
Zn, zinc, 30; Tc-  0.85 K 
Zr, zirconium, 40; Tr = 0.6 K 
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Table 1.4. 

Ionic radii in angstroms of selected elements for various positive charge states a [from Poole et al., 
1988, p. 79] 

z Element + 1 + 2 + 3 + 4 + 5 + 6 

3 Li 0.68 
11 Na 0.97 
19 K 1.33 
37 Rb 1.47 
55 Cs 1.67 

4 Be 0.44 
12 Mg 0.82 
20 Ca 1.18 
38 Sr 
56 Ba 1.53 

5 B 0.35 
13 A1 
31 Ga 0.81 
49 In 
81 T1 1.47 

6 C 
14 Si 
32 Ge 
50 Sn 
82 Pb 

15 
33 
51 
83 

16 
34 
52 

21 
22 
23 
24 
25 
26 

P 
As 
Sb 
Bi 

S 
Se 
Te 

Sc 
Ti 
V 
Cr 
Mn 
Fe 

0.65 

0.89 
0.98 

0.66 
0.82 

0.96 

0.81 

Alkali 

Alkaline earths 

0.35 
0.66 
0.99 
1.12 
1.34 

Group III 

Group IV 

0.23 
0.51 
0.62 
0.81 
0.95 

0.73 
0.93 
1.20 

Group V 

0.44 
0.58 
0.76 
0.96 

Chalcogenides 

First transition series (3dn) 

0.81 
0.94 0.76 
0.88 0.74 
0.89 0.63 
0.80 0.66 
0.74 0.64 

0.16 
0.42 
0.53 
0.71 
0.84 

0.37 
0.50 
0.70 

0.68 
0.63 

0.60 

0.35 
0.46 
0.62 
0.74 

0.59 

0.30 
0.42 
0.56 

0.52 

(continued) 
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Table 1.4. [continued} 

Ionic radii in angstroms of selected elements for various positive charge states a [from Poole et al., 
1998, p. 79] 

z Element + 1 + 2 + 3 + 4 + 5 + 6 

27 Co 0.72 
28 Ni 0.69 
29 Cu 0.96 0.72 
30 Zn 0.88 0.74 

39 Y 
40 Zr 1.09 
41 Nb 1.00 
42 Mo 0.93 
43 Tc 
44 Ru 
45 Rh 
46 Pd 
47 Ag 1.26 
48 Cd 1.14 

72 Hf 
73 Ta 
74 W 
75 Re 
76 Os 
77 Ir 
78 Pt 
79 Au 
80 Hg 

0.63 

Second transition series (4d n) 

0.8 a 

0.68 
0.80 
0.89 
0.97 

Third transition series (5d n) 

0.80 
1.37 0.85 
1.27 1.10 

Rare earths (4f n) 

57 La 1.39 1.06 
58 Ce 1.27 1.07 
59 Pr 1.06 
60 Nd 1.04 
61 Pm 1.06 
62 Sm 1.00 
63 Eu 0.98 
64 Gd 0.62 
65 Tb 0.93 
66 Dy 0.92 
67 Ho 0.91 
68 Er 0.89 
69 Tm 0.87 
70 Yb 0.86 
71 Lu 0.85 

0.79 
0.74 
0.70 

0.67 

0.65 

0.78 

0.70 
0.72 
0.88 
0.68 
0.65 

0.94 
0.92 

0.81 

0.69 

0.68 

0.62 

0.62 

0.69 

aAnion radii are 1.32 for 0 2-, 1.33 for F - 1.84 for S 2-, 1.91 for Se 2-, and 2.11 for Ye 2- (Handbook 
of Chemistry and Physics, p. 187). 
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Glossary of Terms 

A-15 compound An A3B binary compound with a cubic structure, many of 
which superconduct. 
Abrikosov vortex Cylinder or rod of quantized magnetic flux in a Type II 
superconductor, usually referred to simply as vortex. 
ACAR Angular correlation of annihilation radiation, measured in positron 
annihilation studies. 
Acoustic phonon Phonon of low-frequency branch. 
Aligned crystal structure Cuprate lacking body-centered operation. 
Aligned grains Grains with their magnetizations pointing in more or less the 
same direction. 
Alloy Two or more metals intimately mixed. 
Amp~re's law V • H -  OD/Ot + J. 
Angstrom (A) Unit of length equal to 10 -l~ meters. 
Anisotropy Variation of properties along different directions. 
Annealing Heating generally followed by gradual cooling. 
Antiferromagnetism (AFM) Ordered magnetic state in which spins of iden- 
tical magnetic atoms are alternately in up and down directions. 
Antiparamagnon Antiferromagnetic fluctuation in Cu02 plane. 
Antistokes line Spectral line arising from a Raman scattered photon with a 
frequency greater than that of the incident photon. 
Antivortex Vortex aligned opposite to the applied magnetic field. 
Anyon Particle with fractional statistics and symmetry under interchange 
(0 < 0 < n) between the boson case of 0 = 0 and the fermion case 0 = n, 
corresponding to ip(r 2, rl) = ei~ r2). 
ARPES Angular resolved photoemission spectra. 
Array of Josephson junctions An ordered arrangement of coupled Josephson 
junctions. 
Atomic number (of an atom) The number of protons in its nucleus. 
Auger effect Radiationless transition whereby a photon generated within an 
atom ejects an electron from a higher energy level. 
Aurivillius phase Layered compound BizOz(Mm_lRmO3m+l) related to the 
cuprates. 
Avalanche or cascade process One involving rapid change or discharge. 
Band structure Arrangement of energy bands in k-space. 
BCS Superconductivity theory originated by J. Bardeen, L. N. Cooper, and J. R. 
Schrieffer in 1957. 
Bean model Most common critical state model in which the critical current 
density can equal either 0 or the value Jc. 
Bessel function Radial solution of Laplace's equation in cylindrical coordi- 
nates. The zero-order modified Bessel function Ko(r/2 ) describes the radial 
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dependence of the magnetic field around a vortex for • >> 1, and Kl(r/2 ) 
describes the vortex critical current density. 
Binary compound One containing two elements. 
BIS, Bremsstrahlen isochromat spectroscopy The sample is irradiated with 
an electron beam and the emitted ultraviolet photons are measured. 
Bloch T s law for electrical resistivity p - po T5 for T << | 
Bloch's theorem ~F(r -+- R) -- e/kR~lJ(r) for wavefunctions in periodic lattice. 
Bloch wavefunctions ~p(r) obey Bloch's theorem and are linear combinations 
of atomic states ~b(r-  R) localized on atoms at positions R. 
Bogoliubon Quasi-particle excitation. 
Bogoliubov transformation A transformation involving raising and lowering 
operators that is used in solving the BCS Hamiltonian. 
Borocarbide A compound containing the elements boron B and carbon C such 
as R_N42B2C, where ordinarily M is Ni and R is a rare earth. 
Boronitride A compound containing the elements boron B and nitrogen N 
such as RMzBzN 3, where ordinarily M is the element Ni and R is a rare earth. 
Bose-Einstein condensation Passage of a system of boson particles such as 
Cooper pairs or helium atoms to their lowest energy state where they exhibit 
special properties such as superconductivity or superfluidity; also called Bose 
condensation. 
Boson A particle with integer intrinsic spin obeying Bose-Einstein statistics. 
Branch imbalance A nonequilibrium state with an imbalance between quasi- 
particles in two branches of k-space. 
Brillouin scattering Light scattering in which the frequency shift of the 
reflected beam arises from an acoustic branch phonon. 
Brinouin zone Unit cell in reciprocal space (k-space). 
Buckminsterfullerene Fancy name for a fullerene. 
Bucky ball Nickname for a fullerene. 
Bundle of flux A group of flux lines (vortices) that undergo motions in unison. 
Cascade process See Avalanche. 
CDW Charge density wave. 
Celsius (centigrade) C Related to Fahrenheit through C = 5 ( F -  32)/9. 
Ceramic A product made from a clay or a related material. 
Chalcogenide One of the four elements oxygen O, sulfur S, selenium Se, and 
tellurium Te in row 6 of the periodic table. 
Charge density wave (CDW) Periodic fluctuation in the density of charge. 
Charge imbalance See Branch imbalance. 
Charge transfer organics Class of organic superconductors. 
Chemical shift A shif~ in the resonant frequency of a spectral line; terminology 
common to NMR and M6ssbauer spectroscopies. 
Chevrel compound Generally a ternary compound AjMo6X 8, where X is 
sulfur S, selenium Se, or tellurium Te, A can be almost any element, and j has 
a value between 1 and 2; many Chevrel compounds superconduct. 
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Clean superconductor One in which the electron mean free path l exceeds the 
coherence length ~. 
Clogston-Chandrasekhar limit See Paramagnetic limit. 
Coercive field The applied magnetic field needed to restore a magnetized 
material to the state of zero magnetization. 
Coherence length ~ Distance ~rL over which Ginsburg-Landau order param- 
eter qS(r) can change without an appreciable energy change; radius of core of a 
vortex; size ~Pippard of a Cooper pair. 
Collective pinning Restricted motion of many nearby vortices arising from an 
assembly of weak pinning centers. 
Composite Made of separate or disparate elements or parts. 
Condensation energy density Energy released by transforming normal elec- 
trons to super-electron state, with the value B2c/2#o . 
Conductivity, electrical Ratio a = J / E  of the current density J to the applied 
electric field E that causes it to flow. 
Conductivity, thermal Ratio lc = - U / V T  of the heat current per unit area U 
to the temperature gradient V T that causes it to flow. 
Conductor Material of low resistivity, i.e., conducts electricity well. 
Cooper pair Paired electrons that constitute the charge carrier of supercurrent. 
Coulomb Mks or SI unit of electrical charge. 
Coulomb blockade Blockage of single electron jumps in ultrasmall Josephson 
junctions (nanobridges). 
Coulomb integral f~t~(rm)~3(rn)g(rmn)~A(rm)~B(rn)d3r. 
Coulomb staircase Steps on current vs voltage plots of ultrasmall Josephson 
junctions arising from fluctuations in single-electron tunneling. 
Covalent bonding Chemical bonding scheme in which the involved atoms 
share electrons; commonly found in organic molecules. 
Creation operator Quantum mechanical operator that creates a particle. 
Critical current density Je Highest current density that can flow through a 
superconducting material without driving it normal. 
Critical current I c Highest current that can flow through a particular super- 
conducting wire or tape. 
Critical magnetic field B c Highest field sustained by a Type I superconductor. 
Type II superconductors have lower Bcl and upper Be2 critical fields with 
thermodynamic critical field B c = (Bc1Bc2 / In K) 1"2. 
Critical state Magnetic field penetration and associated super current flow 
configuration in surface region of superconductor in accordance with a particular 
model such as the Bean model (q.v.). 
Critical surface Surface in B, J, T (magnetic field, current density, temperature) 
coordinate system below which a material is superconducting. 
Critical temperature T c Temperature below which a material superconducts. 
Cryogenic Adjective signifying low temperature. 
Cryostat Apparatus for maintaining a low, constant temperature. 
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Cryotron Type of superconducting switch. 
Cubic structure All lengths equal, a : b - c; all angles 90 ~ 
Curie law for susceptibility Z = C/T, where C = n#Z/3k B is the Curie 
constant. 
Curie-Weiss law X = C / ( T -  | where | is the Curie-Weiss temperature. 
Curie temperature The temperature below which a material becomes ferro- 
magnetic. 
Current density J Electric current per unit cross-section, A/cm 2. 
D'Alembertian Differential Operator I---]2 = V 2 _ c - 2  02/0t2. 
Debye approximation Assumption of linear dispersion relation 09 = ck in 
phonon specific heat determination. 
Debye temperature | = h~ a measure of the temperature above which 
all vibrational modes begin to be excited in a solid. 
dettaas-van Alphen effect Oscillations in the magnetization exhibited by a 
sample during magnetic field scanning. 
Delocalization Continual wandering throughout a material of electrons that, for 
example, carry electrical current. 
Demagnetization Removal of magnetization. 
Demagnetization factor N i Parameter characterizing shape dependence of 
magnetization in a material. 
Density of states (DOS) Number of states or levels per unit energy, dN/dE, or 
number of states per frequency interval, dn/do3. 
Depairing Uncoupling of bound electron pair. 
Depinning Release of vortices from being pinned. 
Dewar Container for holding a low-temperature liquid. 
Diamond A cubic form of carbon with each atom at the center of a regular 
tetrahedron. 
Dielectric A material with a dielectric constant e > %. 
Dirty superconductor One in which the electron mean free path I is less than 
the coherence length ~. 
Dispersion relation k-dependence of the frequency og(k). 
Distribution function Energy dependence of electron density. 
Doping Adding a small amount of one atom to replace another, as in the 
superconductor (La0.9Sr0.1 )2CUO4 . 

Doppler broadening Spread in energy of monochromatic 7-rays arising from 
positron annihilation. 
DOS Density of states. 
Drude model Description of electrical and thermal conductivity of a metal in 
terms of a gas of conduction electrons. 
d-wave pairing Cooper pair coupling via d-state wavefunctions. 
Eccentricity ~ Measure of the deviation of an ellipsoid from a spherical shape. 
EDAX or EDX Energy dispersive analysis by X-rays; provides small-area 
atomic composition analysis. 
EELS Electron energy loss spectroscopy. 



E. Glossary of Terms 15 

Effective mass of electron Experimentally measured mass m* that deviates 
from actual mass m e . 
Electron microscopy (EM) Electron beam plays role of light beam in conven- 
tional microscope. 
Electron paramagnetic resonance (EPR) Alternate name for electron spin 
resonance. 
Electron-phonon interaction Cooper pair coupling mechanism in classical 
superconductors. 
Electron spin resonance (ESR) Microwave detection of magnetic moments of 
unpaired (electron) spins. 
Eliashberg relation Integral of the product of the electron phonon coupling 
strength ~(~o), the phonon density of states Dph(O~ ), and co -1 for determining the 
electron-phonon coupling constant 2. 
Energy band Set of very closely spaced energy levels. 
Energy gap Separation in energy between two energy bands. 
Enthalpy H = U + P V. 
Entropy S Thermodynamic measure of disorder. 
Epitaxial film A thin-film single crystal, in the case of the cuprates made with 
the copper oxide planes parallel to the surface. 
Ettingshausen effect Establishment of transverse temperature gradient in a 
conductor carrying a uniform current and maintained in a constant magnetic field 
at a constant temperature. 
EXAFS Extended X-ray absorption fine structure. 
Exchange integral ~t~(rm)~t~(rn)V(rmn)~n(rn)~B(rm)d3r. 
Exciton Bound electron-hole pair. 
Exclusion of flux Inability of magnetic field lines to enter superconductor 
cooled below T c in zero field and then placed in a field. 
Expulsion of flux Exit of magnetic field lines from a material when it is cooled 
below T c in an applied magnetic field. 
Extinction Decrease in intensity of light passing through a medium. 
Extrude To thrust out--for example, in forming a material such as a wire to a 
desired cross-section by forcing it through a die. 
Face centered cubic (fee) Crystal structure in which the unit cell is a cube with 
atoms at the vertices and in the centers of the faces. 
Faraday's law V x E = -OB/Ot.  

Fermi-Dirac statistics Statistics of indistinguishable particles of half integer 
spin S = 1/2, 3/2, . . .  obeying the Pauli exclusion principle. 
Fermi energy Energy of highest occupied level in k space. 
Fermi gas Collection of noninteracting fermions. 
Fermi level Er  Uppermost occupied fermion energy level. 
Fermi liquid Collection of weakly interacting fermions confined, at absolute 
zero, to occupy all energy states below the Fermi surface. 
Fermion Particle such as an electron with half integer spin obeying Fermi- 
Dirac statistics. 



16 Chapter 1: Introduction 

Fermi surface Energy surface bounding occupied region of k-space. 
Ferroelectric Alignment of electric dipole moments in material. 
Field cooling (FC) Cooling a superconductor below its transition temperature 
while maintaining it in a constant magnetic field. 
Flux �9 Quantity of magnetic field, �9 = B.  A, with unit webe r -  Tm 2. 
Flux bundle Group of vortices that move in unison. 
Flux creep Very slow motion of magnetic flux when vortex pinning forces are 
strong and dominate over the Lorentz force. 
Flux flow Faster motion of magnetic flux when vortex pinning forces are weak 
and dominated by the Lorentz force. 
Flux jumping Sudden and dissipative rearrangement of magnetic flux within 
superconductor. 
Flux line Another name for vortex. 
Flux melting Conversion of array of rigidly fixed vortices to array of randomly 
shifting or wandering vortices. 
Fluxoid A quantity of magnetic flux �9 in a vortex with the quantum value 

d~ o = h/2e .  
Fluxon Alternate term for fluxoid. 
Flux pump Device for inducing a large persistent current into a magnet coil. 
Flux quantum ~o - h/2e ,  amount of magnetic flux in a vortex. 
Flux tube A vortex. 
Fourier series Expansion of a function in terms of sines and cosines, sin (neat) 
and cos (neat), or in terms of exponentials exp (:]:inegt). 
Free electron approximation Assumption that conduction electrons in a metal 
do not interact with the background positive charges. 
Free energy See Gibbs and Helmholtz. 
Fullerene Carbon compound closed on itself in which each carbon atom is 
bonded to three others, applied especially to the 60-atom compound C60. 
Gap Separation in energy, especially that between normal and superconducting 
states. 
Gauge Condition on vector and scalar potentials. For Lorentz gauge 
V .  A + 8qb/c 28t - 0 and for Coulomb or London-Landau gauge V. A = 0. 
Gauss's  law V .  D = p. 
Geodesic dome Architectural structure invented by R. Buckminster Fuller. 
g-factor Dimensionless proportionality factor for atomic magnetic moment, 
# - g#BJ;  for a free electron J = S = 1/2 and g = 2.0023. 
Giant flux creep Flux creep arising from thermally activated flux motion. 
Gibbs free energy G = H -  TS. 
Ginsburg-Landau parameter ~c = 2/~. 
Ginsburg-Landau theory Description of superconductivity by minimizing 
free energy expressed in terms of complex order parameter ~b(r) - Idp(r)l ei~ 
GLAG Ginzburg-Landau theory with Abrikosov and Gorkov extensions. 
Glass Intermediate state between solid and liquid, with very long correlation 
time, used to describe configuration of vortices. 
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Gorter-Casimir  formula Bc(T ) - Bc(0)[1 - (T/Tc)2]. 
Gorter-Casimir  phenomenological theory A two-fluid model of supercon- 
ductivity. 
Grain alignment Arrangement of grains or microcrystals with most atomic 
planes aligned in the same general direction. 
Graphite Form of carbon with atoms arranged in hexagonal sheets. 
Green phase Nonsuperconducting impurity phase Y2BaCuO5 sometimes 
admixed with superconducting YBa 2 Cu 3 07. 
Gyromagnetic ratio Ratio of angular frequency to magnetic field at which a 
nucleus or electron absorbs radio frequency or microwave energy, respectively. 
Hallcoefficient RH = Ex/JyB z. 
Hall effect Establishment of transverse electric field in current carrying 
conductor located in a transverse magnetic field. 
Hall number Dimensionless coefficient Vo/RHe. 
Hard superconductor One with pinning forces strong enough to prevent flux 
motion. 
Heavy electron Electron that acts as if it has a large mass. 
Heavy electron compound (material) One with heavy (i.e., large effective 
mass) electrons. 
Heavy fermion Synonym for heavy electron compound. 
Helmholtz equation V:~/+ ke~, = 0, equation that occurs in the London 
theory with ff - A, B, J, and k = 1/2 L. 
Helmholtz free energy F = U -  TS. 

Hexagonal close packed (hec) Crystal structure with hexagonal layers of 
atoms stacked in the order ABABA . . . .  
High-kappa superconductor One with ~c = 2/~ >> 1. 
Hole The absence of an electron in an otherwise full electron band. 
Holon Charged boson particle. 
HREM, High-resolution electron microscopy Provides resolutions of 0.13- 
0.16 nm at 400 keV operation. 
Hubbard model Theoretical model for superconductivity with a Hamiltonian 
containing a "hopping amplitude" kinetic energy term t and a Coulomb repulsion 
term U > 0. 
Hybrid orbital One formed by linear combination of atomic orbitals. 
Hyperfine interaction Coupling together of an electronic and a nuclear spin, 
aS- I .  
Hysteresis Lack of reversibility, as in magnetization vs applied magnetic field 
plots. 
Infrared (IR) Light beyond the visible range with a frequency less than that of 
visible light. 
Infrared spectroscopy Measurement of infrared light frequencies correspond- 
ing to molecular vibrations; can provide band gaps. 
Insulator Poor conductor of electricity. 
Intercalation Insertion of atoms or ions between atomic layers of materials. 
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Intermediate state A state of Type I superconductivity involving mixture of 
normal and superconducting regions, arising because of a nonzero demagnetiza- 
tion factor. 
Intermetallic compound An alloy in which the ratio of component atoms is 
expressed in terms of integers, such as A2B 3 or AaB. 
Inverse Josephson effect Inducing a dc voltage across an unbiased junction by 
introduction of an rf current into the junction. 
Ioffe-Regel criterion Onset of resistivity saturation at kFl ,~ 1. 
Ioffe-Regel parameter Product kFl of Fermi wave number k F and electron 
mean flee path I. 
Ion Electrically charged atom such as Cu 2+. 
Ionic radius Effective radius of a charged atom (ion) in a solid. 
IPS inverse photoelectron spectroscopy. 
IR see Infrared. 
Irreversibility For example failure of superconductor to retrace its magnetic 
state when applied magnetic field reverses its direction. 
Isomer shift Shift in gamma ray energy in a M6ssbauer experiment. 
Isotope Two isotopes of an element have the same number of protons and a 
different number of neutrons in the nucleus. 
Isotope effect Shift in the superconducting transition temperature T c arising 
from the presence of different isotopes. 
Jahn-Teller effect Spontaneous distortion of a high-symmetry atomic or 
molecular configuration to a lower-energy, less symmetrical arrangement. 
Josephson effect Tunneling of Cooper pairs with zero applied voltage. 
Josephson equations d~p/dt : 2eV/h = o ) j  and J = Jc sin ~b. 
Josephson frequency vj = 2eV/h. 
Josephson junction Two superconductors separated by a barrier through which 
Cooper pairs can tunnel from one side to the other. 
Josephson penetration depth 2 j -  (Oo/2n#oJcd) 1/2. 
Josephson vortex Loops of super current density J encircling magnetic flux in 
a Josephson junction, having no core, and with J = 0 in the center. 
Kappa dimensionless ratio K = 2/~. 
Kelvin temperature scale Related to Celsius through K = C + 273.15. 
Kim model A critical state model that assumes a particular magnetic field 
dependence of the critical current density Jc. 
Kondo effect Presence of a minimum in the temperature dependence of the 
resistivity of certain dilute alloys. 
Kosterlitz-Thouless transition Process involving separation or dissociation of 
vortex-antivortex pairs. 
Kramers-Kronig Method of extracting frequency dependence of the complex 
dielectric constants e' and e" and the conductivity tr from infrared reflectance 
measurements. 
Landau diamagnetism Involves orbital electronic interaction with applied 
magnetic field. 
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Laplace equation V2~ = 0. 
Latent heat L Heat associated with a first-order phase transition; a second- 
order transition has no latent heat. 
Lattice vacancy Missing atom at regular lattice site. 
Laves phase Class of metallic AB 2 compounds, some of which super- 
conduct. 
Layering scheme Arrangement of atomic layers in the cuprates. 
Lenz's law The induced current and accompanying magnetic flux are in 
directions that oppose the change in flux through a circuit. 
Levitation Suspension of a magnet in space above a superconductor. 
Lindemann criterion Vortex lattice melts when average root mean square 
vortex fluctuation exceeds 10% of average vortex separation. 
Little-Parks experiment Demonstrates flux quantization via magnetic field 
dependence of shift in T c of thin-walled superconducting cylinder. 
Lock-in-detector Reduces noise by passing only signals with predetermined 
frequency and phase. 
London equations (1) E - #o2~(dJ/dt), and (2) B -  -#o2~V x J. 
London (or London-Landau) gauge V. A - 0 .  
London penetration depth 2 L -  (m/#onse2) 1/2. 
London theory Simple phenomenological approach that gives the London 
equations and the associated penetration depth 2L. 
Long-range order Regularities extend over the entire lattice. 
Lorentz force F = I • B = J • ~, actually a force per unit length. 
Lower critical field of Type II superconductor Bcl - ~ o  In •/4n2 2. 
Luttinger liquid Fermi liquid of strongly correlated electrons. 
MAGLEV Magnetic levitation. 
Magnetic field Magnetic flux per unit area. 
Magnetic moment Magnetic analogue of electric dipole moment. 
Magnetic resonance imaging (MRI) Application of NMR to produce images 
of the human body and other things. 
Magnetization M Magnetic dipole moment per unit volume. 
Magnetometer Device for measuring magnetic fields. 
Magnetoresistivity Pm The resistivity of a material in the presence of an 
applied magnetic field Bap p. The magnetoresistivity is longitudinal when Bap p is in 
the current direction I, and transverse when Bap p is perpendicular to I, as in the 
Hall effect. 
Magnus force Acting on a moving vortex, this force is proportional to v • ~o. 
Mass, effective see Effective mass. 
Mass spectrometer Device for determining mass of atom or molecule. 
Matthias's rule Mean number of valence electrons is crucial factor in deter- 
mining T c. 
Matthiessen's rule Conductivities of a conductor add as reciprocals. 
Maxwell-Boltzmann Statistics Classical statistics of distinguishable particles, 
for example, Maxwellian distribution of velocities in a gas. 
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Maxwell relations Partial derivative relations between various thermodynamic 
variables. 
Mean free path Average root mean square distance of travel between colli- 
sions. 
Meissner effect Exclusion and expulsion of magnetic field from a super- 
conductor; sometimes called Meissner-Ochsenfeld effect. 
Melting line Line of demarcation between vortex solid and vortex liquid states. 
Melting temperature is temperature along melting line. 
Microwaves Electromagnetic radiation between 1 and 1000 GHz. 
Miedema empirical method Linear correlations of properties of superconduct- 
ing alloys with mole fractions of their constituents. 
Mixed state Type II superconductor state of partial flux exclusion existing in 
the applied field range Bcl < Bap p < Bc2. 
Molecular beam epitaxy (MBE) Method of preparing a superconductor by 
depositing one layer of atoms at a time. 
Monte Carlo Computational method based on random variables. 
Moseley's law Proportionality of square root of X-ray frequency with atomic 
number of atom. 
Miissbauer effect Recoilless gamma ray emission by nucleus. 
Mort insulator Insulating state formed during Mott transition. 
Mort transition Abrupt drop of electrical conductivity to zero, interpreted in 
terms of nearest-neighbor separation. 
Multieore wire Comprising many filamentary superconducting wires embed- 
ded (in symmetrical configuration) in normally conducting matrix. 
Muon Particle with mass m = 206.77 me that acts in most respects like an 
electron (#-) or a positron (#+). 
Muon spin relaxation (#SR) A technique using muons to determine the 
magnetic field distribution and penetration depth in a superconductor. 
Nanobridge Ultrasmall Josephson junction. 
Nanostrueture Structure in size range of tens of angstroms. 
N~el temperature T N Temperature below which a material becomes antiferro- 
magnetic. 
Nernst effect Establishment of a transverse electric field in a conductor with a 
longitudinal temperature gradient located in an applied magnetic field with no 
electric current flow. 
Nesting Occurs when two sheets of Fermi surface are parallel and separated by 
common reciprocal lattice vector; can lead to instabilities. 
Neutron Neutral particle found in nucleus of atom. 
Nonloeal eleetrodynamies Current density J at point arises from electric field 
averaged over region the size of electron mean free path l. 
Normal state Synonymous with nonsuperconducting state. 
Nuclear magnetic resonance (NMR) Measures interaction of nuclear 
magnetic moment with applied magnetic field, involving absorption of energy. 
Oblate ellipsoid Ellipsoid compressed along its symmetry axis. 
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Ohm's law V -- IR, or in normalized form E = J p. 
Optical extinction Reduction of light intensity during transmission through 
matter. 
Optical phonon Phonon of high-frequency branch. 
Orbital Angular momentum wavefunction. 
Order parameter Complex parameter ~b(r)= [~[e i~ of the Ginzburg-Landau 
theory whose square [~b[ 2 is the super electron density. 
Orthorhombic structure One with rectangular unit cell having mutually 
perpendicular sides unequal in length: a # b # c. 
Overlap integral f J/~(rm)d/B(r~)d3r. 
Pair breaking Split up of Cooper pair into two electrons sometimes called 
quasi-particles. 
Pairing mechanism Factors responsible for holding together the two electrons 
of a Cooper pair. 
Pairon Alternate name for Cooper pair. 
Pancake vortex Vortex aligned along c direction of a cuprate considered as a 
stacking of two-dimensional pancake-shaped vortices. 
Paramagnetic limit (Clogston-Chandrasekhar limit) Magnetic field where 
Zeeman energy is comparable with energy gap. 
Paramagnetism Magnetic state with magnetic moments almost randomly 
oriented, but with thermal equilibrium configuration in a magnetic field. 
PAS Positron annihilation spectroscopy 
Peak effect Rise of the critical current density arc with increasing applied field 
to a sharp peak just before it vanishes at Bc2. 
Peierls instability Crystal structure distortion associated with production of 
charge density wave. 
Peltier effect Uniform electric current accompanied by a thermal current in a 
conductor maintained at constant temperature. 
Penetration depth k Distance externally applied magnetic field Bap p reaches 
inside superconductor. See London penetration depth. 
Perfect conductor Hypothetical conductor with zero resistivity but suscept- 
ibility of normal conductor (i.e., lacks perfect diamagnetism). 
Perfect diamagnetism Magnetic susceptibility (mks) Z = -1 .  
Periodic table Systematic arrangement of elements in tabular form. 
Permeability Parameter # = B/H determining magnetism of a material. 
Perovskite Mineral calcium titanate, CaTiO3; term is also used for a material 
with the same crystal structure. 
Persistent current Current that flows in a superconductor without energy loss 
for an indefinite period of time. 
Phase diagram Displays various regions of magnetic behavior on a plot of 
applied field vs temperature (B vs T plot). 
Phase e of Ginsburg-Landau order parameter 0(r) - I$(r)le i~ 
Phase rule (Gibbs) Degrees of freedom f = c -  0 + 2 in a system of c 
components with ~b phases in equilibrium. 
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Phonon localized sound vibration or "particle" of sound 
Phonon density of states Number of normal vibrational modes per frequency 
interval. 
Photoconducfivity Increase in electrical conductivity produced by shining light 
on a material. It is called transient when very short-lived and persistent when the 
photoinduced change lingers for a while after the light is removed. 
Photoelectron Electron ejected from material by incidient light or X-rays. 
Photoemission spectroscopy (PES) Measures energy distribution of electrons 
emitted from solids undergoing electromagnetic irradiation. 
Photon "Particle" of light hv. 
Photovoltaic effect Inducing voltage in material by light. 
Pinning Holding in place or restraining the motion of a vortex. 
Pippard coherence length ~o = ahVF/kBTc, where v F is the Fermi speed and 
the dimensionless parameter a = 0.18 by BCS. 
Pippard nonlocal electrodynamics Current density J at point arises from 
electric field averaged over region the size of electron mean free path l. 
Planck distribution Distribution function for photons. 
Plasma Electrically neutral ionized gas. 
Plasmon Quantum of plasma oscillation. 
Poisson's equation V21p = -p / e  o. 
Polariton Quantum of coupled phonon-photon transverse wave. 
Polaron Combination of an electron and its induced lattice polarization (strain 
field), found in insulators, especially ionic solids. 
Polymer Long-chain organic molecule formed by joining together many 
individual segments called monomers. 
Porosity P = ( 1 -  P/PXray), where p is the density; a measure of the granu- 
larity. 
Positron Electron with positive charge; antiparticle of an electron. 
Prolate ellipsoid Ellipsoid stretched along its symmetry axis. 
Proximity effect The penetration of electron pairs from one superconductor 
into a neighboring conductor or superconductor produces intermediate properties 
such as an average T c near the interface. 
Puckering Deviation of atomic layer (e.g., CuO2 layer) from planarity. 
p-wave pairing Cooper pair coupling via p-state wavefunctions. 
Quadrupole resonance Method for studying molecules with electric quadru- 
pole moments. 
Quasiparticle Excitation (electron) from Cooper pair ground state. 
Quenching Rapid cooling; rapid reduction of superconducting magnet to 
normal state; uncoupling of orbital and spin motions. 
Raman spectroscopy Determination of infrared vibrational frequencies by 
measuring frequency shifts of visible light scattered from the sample. 
Rare earth One of 14 metallic elements in the periodic table with a partly full 
4f-shell and an atomic number between 57 and 71. 
Reciprocal space Momentum or k-space; space of reciprocal lattice. 
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Reentrant property Property with second occurrence. 
Refleetivity Percentage (or fractional amount) of reflected light intensity. 
Relaxation time Time for process to reach 1/e = 36.8% of its final value. 
Remanent magnetization Mre m Value of the magnetization when the applied 
field passes through zero along a hysteresis loop. 
Resistance R Measure of heat dissipation of wire carrying electrical curent; 
R = pL/A for wire of resistivity p, length L, and cross-section A. 
Resistance per square Same as sheet resistance. 
Resistivity p Property of a metal that measures its ability to carry an electric 
current, with the unit ohm-centimeter, f ~ -  cm; p = E/J .  
Resonant valence bond (RVB) A theoretical approach to superconductivity. 
Rhombal distortion Lowering symmetry from tetragonal to orthorhombic by 
stretching along diagonal in a .  b plane. 
Righi-Leduc effect Establishment of a transverse temperature gradient in a 
conductor carrying a longitudinal thermal current in a transverse magnetic field; 
thermal analogue of Hall effect. 
Rutger's formula Expression for jump in specific heat at T c. 
Scanning electron microscope Electron beam scans the specimen surface. 
Schr6dinger equation (h2/2m)V2~ + V ~ -  E~, basic equation of quantum 
mechanics. 
Screening length Characterisic distance over which a potential is appreciable in 
magnitude. 
Second sound A type of sound in a superfluid caused by variations in the 
density of the normal and superfluid components. 
Seebeck effect Establishment of a steady-state longitudinal electric field in a 
conductor with a longitudinal temperature gradient and no current flow; the 
Seebeck coefficient S is also called thermopower. 
SEM, scanning electron microscopy Provides micrographs or highly enlarged 
pictures of superconductor surfaces. 
Semiconductor Material with electrical conductivity between those of a metal 
and an insulator. 
Semion An anyon with phase 0 _ i n  that is intermediate between that of a 
boson (0 - 0) and fermion (0 = n); see Anyon. 
Shapiro steps Staircase pattem on current-voltage ( I -V)  characteristic of 
Josephson junction. 
Sheet resistance The resistance Rshee t - - p / d  of a film of thickness d and 
resistivity p. 
Shielding current In the absence of applied transport current the current 
density J in Maxwell's equations, denoted J s h -  V x M, is called shielding 
current density or magnetization current density. 
Short-range order Regularities extend only over limited regions of the lattice. 
Shubnikov phase Another name for mixed state. 
Silsbee effect Super-current-carrying wire going normal when its encircling B 
field reaches the critical field value B c at the surface. 
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Sine Gordon equation ['-721// = k 2 sin ff, Klein-Gordon equation with sine 
function added; used to describe long Josephson junction, where D 2 is the 
d'Alembertian operator defined above. 
Skin depth 6 -  (2/Og#otr) 1/2, depth of penetration of electromagnetic waves 
into conductor. 
Skin effect High-frequency electromagnetic waves penetrate only surface layer 
of a conductor. 
Slave boson Operator in a version of the t -J  model. 
SMES Superconducting magnetic energy storage. 
Soft mode (soft phonon) Vibrational mode that decreases in frequency as the 
transition temperature is approached from above, and reaches a very low value 
near T c. 
Soft superconductor One in which the pinning forces are not strong enough to 
prevent flux motion. 
Sol-gel Method of preparing a superconductor by evaporating a solution 
containing the starting materials down to a viscous mass. 
Soliton Solitary wave; sine Gordon equation has soliton solutions. 
Sommerfeld term ~/ Coefficient of electronic specific heat Ce = 7T. 
Specific heat Quantity of heat energy that must be added to a material to raise 
its temperature by 1 ~ 
Specific heat discontinuity at T c BCS gives (C s -7Tc)/TT c = 1.43. 
Spin angular momentum Amount of rotational motion associated with an 
electron or nucleus arising from its intrinsic spin. 
Spin density wave (SDW) Periodic fluctuation in the spin density. 
Spin-lattice relaxation time The time required for a magnetic moment that 
absorbs radio-frequency or microwave energy to pass that energy on to the 
surrounding medium. 
Spinel The mineral MgA1204 or a compound having the same structure. 
Spinon A neutral spin I soliton (solitary oscillation) particle. 
SQUID Acronym for Superconducting QUantum Intereference Device, super- 
conducting loop containing Josephson junction(s) that responds to very small 
changes in magnetic field. 
Stacking Arrangement of crystallographic layers one above the next along the 
c-axis of a cuprate. 
Stacking rules Regularities in layering of atomic planes of cuprate structures. 
Stewart-MeCumber parameter Admittance ratio tic of Josephson junction 
circuit. 
STM, scanning tunneling microscopy Provides highly enlarged pictures of 
superconductor surfaces. 
Stoichiometry Integer ratios of elements in a chemical compound; the 
compound A2B 3 is stoichiometric, whereas A1.9B3.1 is not. 
Stokes line Spectral line arising from a Raman-scattered photon with a 
frequency less than that of the incident photon. 
Strong coupled BCS Involves large electron-phonon coupling constant, 2 > 1. 
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Substrate Nonsuperconducting material on which a superconducting thin film 
is grown. 
Superconducting gap Separation in energy between state containing Cooper 
pairs and higher energy state containing normal unpaired conduction electrons. 
Superfluidity Flow of a liquid such as helium below lambda point (2.17 K) 
without viscous drag and without dissipation of heat. 
Susceptibility Z = M/H, magnetization per unit H-field in material. 
s-wave pairing Cooper pair coupling via s-state wave functions; implied in 
traditional presentation of BCS theory. 
Ternary compound One containing three elements. 
Tesla (T) Unit of magnetic field; 1 T = 10 4 gauss. 
Tetragonal crystal structure Having a rectangular unit cell with two of its 
sides equal in length a = b, but not equal to the third dimension c. 
Thermal conductivity Coefficient measuring efficiency of thermal current 
flow, thermal analogue of electrical conductivity. 
Thermal current Flow of heat energy. 
Thermodynamic critical field B c - -  ( B c 1 B c 2  / lnK) 1/2. 
Thermoelectric effect Electric field induced in a conductor by the presence of 
a temperature gradient. 
Thermogravimetric analysis (TGA) Monitoring weight of sample during 
heating or cooling cycle. 
Thermopower see Seebeck effect. 
Thin film (superconductor) Has thickness less than penetration depth. 
Thomson relation Expression 7~p ~ ST relating Peltier coefficient np, thermo- 
power S, and temperature T. 
Tight binding Band structure approximation involving linear combination of 
(overlapping) atomic orbitals. 
t-J model Variant of Hubbard model. 
Transition element Element with partly filled inner d-shell. 
Transport current Electric current impressed from outside. 
Transport entropy Entropy carried along by a thermal current. 
Trapped flux Magnetic flux retained by superconductor after removing exter- 
nally applied magnetic field. 
Tublene Tube of carbon in which the walls have a graphite structure. 
Tunneling current Arises from electrons or Cooper pairs passing through a 
barrier such as a weak link. 
Twinning Growth pattern of an orthorhombic crystal in which some regions 
have their a and b axes interchanged relative to other regions. 
Two-fluid model Interpenetrating fluids of normal electrons and super elec- 
trons (Cooper pairs). 
Type I superconductor Exhibits perfect diamagnetism below transition 
temperature T~ and has only one critical magnetic field B e. 
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Type II superconductor Totally expels and excludes magnetic flux below 
lower critical field Bcl and partially does so between Bcl and upper critical field 
Bc2; all superconductors except elements are Type II. 
Ultrasmall Josephson junction The junction size is smaller than typical weak 
link. 
Ultrasound absorption Can provide the width of energy gap in classical 
superconductors. 
Ultraviolet (UV) Light beyond visible range in which the frequency is greater 
than that of visible light. 
Umklapp process three-phonon "flipping over" process involving nonzero 
reciprocal lattice vector G (G - 0 for normal process); a mechanism for thermal 
conductivity. 
Upper critical field of Type II superconductor Bc2 - O o / 2 n ~  2. 
USO Unconfirmed superconductivity observation. 
Vacancy Absence of atom at an atomic site. 
Valence electron Outer atomic electron, available for chemical bond. 
Van der Waals force Relatively weak force between molecules arising from 
shifts in their electric charge distributions. 
Van Hove singularity Associated with flat energy bands and peak in density of 
states. 
Villars-Phillips model Provides structural and atomic criteria for presence of 
high T c. 
Vortex Cylinder or tube of magnetic flux containing one quantum of flux Oo; 
found in Type II superconductor located in magnetic field Bapp. 
Vortex fluid Array of vortices capable of motion because of lack of sufficient 
pinning. 
Vortex glass State intermediate between flux liquid and flux solid. 
Vortex lattice Regular arrangement of vortices, usually in a hexagonal pattem, 
sometimes called Abrikosov lattice. 
Wannier functions W ( r -  R); summations of normalized Bloch wave func- 
tions over all the k-states of a band. 
Weak coupled BCS Small electron-phonon coupling constant, 2 << 1. 
Weak link Intermediate case between thick barrier connecting superconductors 
that prevents interactions and thin barrier with strong coupling. 
Weak pinning Vortex pinning force is less than Lorentz force 
Wiedermann-Franz law Thermal to electrical conductivity ratio 
Kth/aT = 3kg/2e 2. 
Woodstock of Physics "Special Panel Discussion on Novel High Temperature 
Superconductivity" held at the March 1987 New York meeting of the American 
Physical Society. It introduced high-T c to the world. 
Work function Minimum energy needed to remove an electron from the 
interior of a solid. 
XAFS X-ray absorption fine structure. 
XANES X-ray absorption near edge structure. 
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XAS X-ray absorption spectroscopy. 
XPS X-ray photoemission spectroscopy. 
Z e e m a n  split t ing Splitting of  spectral line in a magnetic field. 
Zero  field cooling (ZFC)  Cooling superconductor below its transition tempera- 
ture in the absence of  an applied magnetic field. 
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A 

Introduction 

The present chapter fumishes background on normal conductors, which provides 
some perspective on the superconducting state. Material in this chapter consti- 
tutes a convenient source for key definitions and formulas referred to later in the 
Handbook. A standard solid-state physics text such as those by Kittel (1996) and 
by Ashcroft and Mermin (1976) should be consulted for more details on these 
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normal state properties. Our earlier works Superconduc t iv i t y  (1995) and The 

Phys ics  H a n d b o o k  (1998) also supplement this material. 

Conduction Electron Transport 

The number density n (electrons/cm 3) of conduction electrons in a metallic 
element such as copper or aluminum of density Pm (g/cm3), atomic mass number 
A (g/mole), and valence Z is given by 

n = N A Z P m / A ,  (1) 

where N A is Avogadro's number. Table 2.1 lists the electron densities of several 
metals, and we see that they are a thousand times greater than the density of an 
ideal gas at standard temperature and pressure. 

A potential difference applied along a conducting wire produces an electric 
field E and hence the force F = - e E  = m ( d v / d t ) ,  which accelerates the elec- 
trons. They undergo successive periods of acceleration interrupted by collisions, 
and during the average time z between collisions they attain a component of 
velocity along the field direction, 

Vav = - ( e E / m ) ~ ,  (2) 

which is called the drift velocity, The negative sign means that the electrons move 
in a direction opposite to that of the electric field. 

The current density J, 

J --  neVav, (3) 

can be written, with the aid of Eq. (2), in the form 

J --  (neZ'c /m)E = % E ,  (4) 

and we have for the dc electrical conductivity % and its reciprocal the 
resistivity p 

cr o = ne2"c/m = 1 /p .  (5) 

The drift velocity Vav is much less than the Fermi velocity v v at which the 
conduction electrons actually move on the Fermi surface. The mean free path l, 
or average distance traveled between collisions, is given by 

l = vvr. (6) 

Typically, v v ~ 106 m/s for good conductors (i.e., 1/300 the speed of light) and it 
is perhaps one-tenth of this value for A-15 compounds and high-temperature 
superconductors in their normal states. 
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Table 2.1. 

Characteristics of selected metallic elements [from Poole et al. (1995), p. 2] 

n e 

Radius Xtal a (1022) r s p, 77K p, 273K z, 77K r, 273K 

Z Element Valence (A) type (A) \~m-~m 3 ] (A) (#f~ cm) (#f2 cm) (fs) (fs) 

Kth (w) 
11 Na 1 0.97 bcc 4.29 2.65 2.08 0.8 4.2 170 32 

19 K 1 1.33 bcc 5.23 1.40 2.57 1.38 6.1 180 41 

29 Cu 1 0.96 fcc 3.61 8.47 1.41 0.2 1.56 210 27 
47 Ag 1 1.26 fcc 4.09 5.86 1.60 0.3 1.51 200 40 

41 Nb 1 0.67 bcc 3.30 5.56 1.63 3.0 15.2 21 4.2 

20 Ca 2 0.99 fcc 5.58 4.61 1.73 3.43 22 

38 Sr 2 1.12 fcc 6.08 3.55 1.89 7 23 14 4.4 

56 Ba 2 1.34 bcc 5.02 3.15 1.96 17 60 6.6 1.9 

13 A1 3 0.51 fcc 4.05 18.1 1.10 0.3 2.45 6.5 8.0 

81 T1 3 0.95 bcc 3.88 10.5 1.31 3.7 15 9.1 2.2 

50 Sn(W) 4 0.71 tetrg a = 5.82 14.8 1.17 2.1 10.6 11 2.3 

c = 3 . 1 7  

82 Pb 4 0.84 fcc 4.95 13.2 1.22 4.7 19.0 5.7 1.4 

51 Sb 5 rhomb 4.51 16.5 1.13 8 39 2.7 0.55 

83 Bi 5 rhomb 4.75 14.1 1.19 35 107 0.72 0.23 

1.38 

1.0 

4.01 
4.28 

0.52 

2.06 

~0.36 

~0.19 

2.36 

0.5 

0.64 

0.38 

0.18 

0.09 

a Notation: a. lattice constant; n e. conduction electron density; r s = (3~4tOne)l~3; p, resistivity: ~, Drude 

relaxation time; Kth, thermal conductivity; L = p K t h / T  is the Lorentz number; 7, electronic specific heat 
parameter; m*. effective mass; R H, Hall constant; | Debye temperature; % ,  plasma frequency in radians 

per femtosecond (10-15s); IP, first ionization potential; WF, work function; Ev, Fermi energy; T F, Fermi 

temperature in kilokelvins; k v, Fermi wavenumber in mega reciprocal centimeters; and vv, Fermi velocity in 

centimeters per microsecond. 

The resistivity p(T) of a typical metal has a temperature-independent 
impurity contribution Po and a temperature-dependent phonon contribution 
Pph(T), and these add by Matthiessen's rule, 

/9(T)  = / 9 0  -3 t - /gph(T) ,  (7)  

where Po is the controlling factor at very low temperatures. We see from the data 
in columns 11 and 12 of Table 2.1 that the collision time decreases with the 
temperature; it has the temperature dependences r ~ T -3 for T << ~D and 

~ T -1 for T >> ~D, where ~D is the Debye temperature. The dominance of 
scattering in the forward direction for T << ~i~ introduces the additional factor T 2 
leading to the Bloch T 5 law Pph(T)-  AT 5. Umklapp processes, phonon drag, 
and other factors can cause deviations from this T 5 law. We obtain the limiting 
behaviors 

p(T) ,~ Po + ATS, T << O D (8a) 

p(T) ~ Po + A'T, T >> O o. (8b) 

Figure 2.1 shows the temperature dependence of the resistivity of a high purity 
(low Po) and a lower purity (larger Po) good conductor. Typical resistivities at 
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L 7 

(/~DW'~ ( mJ ) m* 
,] mol K 2 m--~ 

COp O F 

1 | ( t a d ) I P  WF EF TF kf {cm) 
Rune (K) \ fs~/ (eV) (eV) (eV) (kK) (M cm -1) k ,]-~ 

0.021 1.5 1.3 
0.022 2.0 1.2 
0.023 0.67 1.3 
0.023 0.67 1.1 
0.029 7.8 12 
0.026 2.7 1.8 
0.030 3.6 2.0 
0.042 2.7 1.4 
0.021 1.3 1.4 
0.028 1.5 1.1 
0.025 1.8 1.3 

0.026 2.9 1.9 
0.026 0.11 0.38 
0.035 0.01 0.047 

- 1.1 150 8.98 5.14 2.75 3.24 37.7 92 107 
- 1.1 100 5.98 4.34 2.3 2.12 24.6 75 86 
- 1.4 310 3.85 7.72 4.6 7.0 81.6 136 157 
- 1.2 220 7.57 4.3 5.49 63.8 120 139 

265 6.8 4.3 5.32 61.8 118 137 
-0 .76  230 6.11 2.9 4.69 54.4 111 128 

150 5.69 2.6 3.93 45.7 102 118 
110 5.21 2.7 3.64 42.3 98 113 

-0 .3  394 14.5 5.99 4.3 11.7 136 175 203 
96 6.11 3.8 8.15 94.6 146 169 

170 7.34 4.4 10.2 118 164 190 

88 7.41 4.3 9.47 110 158 183 
200 8.64 4.6 10.9 127 170 196 
120 7.29 4.2 9.90 115 161 187 

room temperature are 1.5 to 2/~D cm for very good conductors (e.g., Cu), 10 
to 100 for poor conductors, 300 to 10,000 for high-temperature superconduct- 
ing materials, 104 to 1015 for semiconductors, and 1020 to 1028 for insulators. 
Representative data on the cuprates are provided in Table 2.2. 

The resistivity of poor metals at high temperatures tends to saturate to a 
temperature-independent value when the mean free path l approaches the 
wavelength 2F = 2rC/kF associated with the Fermi wave vector kF. The Ioffe- 
Regel criterion for the onset of this saturation is 

kFl ~ 1. (9) 

For the cuprates this criterion is reached beyond 1000 K. 

Fig. 2.1. 

P 

po 
po 

Temperature T 

Temperature dependence of the resistivity p of a pure (Po) and a less pure conductor. 
Impurities limit the zero temperature resistivity (p~,) in the latter case. 
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Table 2.2. 

Representative normal state resistivities of some cuprates for axial symmetry. The data are from Table 
2.2 of Poole et al., (1995). For some compounds, averaged data are shown. 

Compound T (K) Pab(m~ cm) pc(m.Q cm) Pc/Pab 

(La0.925 Sr0.075)2 CuO 4 45 1.7 19 11 
290 5.0 

(Nd0.925 Ceo.075)2CuO4 30 0.9 500 550 
290 2.6 1300 500 

YBa2 Cu3 07-6 100 0.15 13 87 
290 0.33 14 42 

BizSr2CuO 6 25 0.09 14,000 1.6 x 105 
290 0.28 6000 2.2 x 104 

TlzBa2CuO6 110 0.9 
TlzBa2CaCu208 10 3.5 

The resistivity of the cuprates in the normal state is far greater along the c 
axis than it is perpendicular to this axis, that is, in the a, b plane, as may be seen 
from the data in Table 2.2. The angular dependence 

p(O) = Pab sin2 0 + Pc cOS2 0 (10)  

has been reported, where 0 is the angle of the current flow direction relative to 
the c axis. Sometimes the resistivity anisotropy is lower than axial with the 
ratio Pa/Pb ~ 2 reported for YBa2Cu307_ 6 (Friedmann et al., 1990) and 
BizSr2.zCa0.gCu208 (Martin et al., 1988). 

Good conductors of electricity are generally good conductors of heat, and 
metals tend to have the same ratio Kth/aT involving the thermal and electrical 
conductivities, Kth (Jcm-1 see-1 K-1) and a(~-1 cm-1), respectively, which is 
about twice the value predicted by he law of Wiedermann and Franz, 

Kth/CYT = 1.5(kB/e) 2, (11) 

where the Lorenz number 1.5(kB/e)2= 1.11 • 10-8W~/K 2 is a universal 
constant. 

C 

Frequency-Dependent Electrical Conductivity 

A harmonically varying electric field E = Eo e-i~ periodically accelerates the 
conduction electrons in the forward and backward directions to give, for the ac 
conductivity, 

O" o 
- ~ ,  (12) 

1 - iwz 
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which reduces to Eq. (5) when the frequency is zero. When coz << 1, many 
collisions occur during each cycle of the E field, and the average electron motion 
follows the oscillations. When coz >> 1, then E oscillates more rapidly than 
collisions occur, the electrical conductivity becomes predominantly imaginary, 
corresponding to a reactive impedance, and the high-frequency dielectric constant 
e(co) becomes 

(13) 
0)27 ' 

where COp is the plasma frequency, 

O~p - (ne2 /%m)  1/2, (14) 

and ,~p = 27zc/Ogp is the plasma wavelength. For frequencies o~ < O~p the dielec- 
tric constant is negative so electromagnetic waves cannot propagate, and above 
this value E is positive and propagation occurs. This causes metals to be opaque 
for co < COp and transparent for o~ > cop. The quantity ~p varies between 200 and 
440 nm for the alkali metals. 

D 

Brillouin Zones 

The positions of the atoms in crystals are expressed in ordinary direct lattice 
coordinates x, y, z, and the energy bands of conductors and superconductors are 
expressed in reciprocal space coordinates kx, ky, k z, sometimes called momentum 
space. The reciprocal space basis vectors A, B, and C are related to their 
coordinate space counterparts a, b, and c as follows: 

2rib x c 2he x a 2ha x b 
A - B - -  C = . ( 1 5 )  

a .  (b  x c ) '  a .  (b  x c ) '  a .  (b  x c) 

When a, b, and c are orthogonal to each other, they are inverse in magnitude and 
parallel in direction to their counterparts A, B, and C in k-space: 

A = 2n /a ,  B = 2n /b ,  C = 2n /c .  (16) 

For orthorhombic structures (a < b < c) the A > B > C are all different lengths; 
for tetragonal crystals (a = b r c) we have A -- B :~ C, and for the cubic case 
(a = b = c) the reciprocal space basis vectors A = B = C are all equal in 
length. The unit cell in reciprocal space, called the (first) Brillouin zone BZ, 
has the volume A B C  = (2n) 3/abc for the orthogonal case. 

Figure 2.2 sketches the Brillouin zone of the orthorhombic YBa2Cu307 
structure which is not body-centered. The mercury high-temperature supercon- 
ductors have the same type of Brillouin zone, with the dimensions given in Table 
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Fig. 2.2. 

Sketch of the Brillouin zone of orthorhombic YBa2Cu307 with the symmetry points 
indicated. [Krakauer et al., 1988.] 

Table 2.3. 

Dimensions of the unit cell (a, b, c, in nm) and Brillouin zone (A, B, C, in nm -1) of four non-body 
centered cuprates 

Compound a b c A B C 

YBazCu307_ 6 3.82 3.88 11.7 1.64 1.62 0.537 
HgB a2CuO4 3.88 3.88 9.53 1.62 1.62. 0.659 
HgBazCaCu206 3.86 3.86 12.66 1.63 1.63 0.496 
HgBazCazCu308 3.85 3.85 15.78 1.63 1.63 0.398 

2.3. We see from the table that the space unit cells of these four compounds are 
elongated along c, and their Brillouin zones are compressed along C. 

Figure 2.3 shows the Brillouin zone of La2CuO 4, which is body-centered, 
and Fig. 2.4 shows how two adjacent La2CuO 4 unit cells fit together. The 
thallium and bismuth compounds have the same types of Brillouin zones, but 
compressed in the k z direction since their real space unit cells have about the same 
a and b values, and much larger c values (hence smaller C values) than La2CuO 4. 

Fig. 2.3. 

Brillouin zone of body centered tetragonal La2CuO4 with the symmetry points indicated. The 
symbols A and U designate general points along [110] directions. [Adapted from Pickett, 
1989.] 
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Fig. 2.4. 

kzltetrogonat axis 

Geometric relationship between adjacent Brillouin zones of La2CuO4. Note that the k x and ky 
axes of this figure and those of Fig. 2.3 are rotated by 45 ~ relative to each other. [Kulkarni 
et al., 1991.] 

Fermi Surface 

Conduction electrons follow Fermi-Dirac statistics with the FD distribution 
function, 

1 
f ( E )  exp[(E - # ) / k  B T] + 1' (17) 

where the chemical potential/~ is related to the Fermi temperature T F by 

# ,~ EF = kB T F (18) 

and T F is typically about 105 K. Equation (17) is plotted in Fig. 2.5a for T = 0 
and in Fig. 2.5b for T > 0. We see from the figures that f ( E )  is 1 for energies 
below E F, it is zero above E F, and it assumes intermediate values only in a narrow 
region of width k B T near the Fermi energy E F. 

The electron kinetic energy 

E K - hZkZ/Zm - (h2 /Zm)(k  2 + ~ + k 2) (19) 

is quantized in k-space, and at 0 K these k-space levels are doubly occupied by 
electrons of opposite spin up to the Fermi surface at E = EF, 

E F -- hZkZ/Zm, (20) 

as indicated in the figure. Partial occupancy occurs in the narrow region of width 
k B T at the Fermi surface shown in Fig. 2.5b, and the levels are empty for higher 
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Fig. 2.5. 
f(E) 

1 

(a) 
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, ,  

E F E 
(b) 

Fermi-Dirac distribution function f(E) for electrons (a) at 7' = 0 K, and (b) above 0 K for the 
condition 7' << 7"f. [Poole et al., 1995, p. 9.] 

energies. For the isotropic case of a spherical Fermi surface, the electron density 
n at this surface is 

1 2)3/2 n -- k3/3rc 2 - - ~ 2 ( 2 m E F / h  . (21) 

The derivative d n / d E  with E F replaced by E provides the density of states D(E)  
per unit volume, 

d 1 2)3/2E1/2 1/2 
D(E)  -- -d-E n(E) - ~ - ~ ( 2 m / h  - D(Ev)[E/EF] . (22) 

With the aid of Eqs. (18) and (20), D(E)  at the Fermi level can be written in two 
equivalent ways: 

_ I 3n/2kB TF 
D(EF) (23) / mkF / h 2 rc 2" 

The electron density n and the total electron energy E T can be expressed in 
terms of integrals over the density of states multiplied by f ( E )  from Eq. (17): 

n - I D ( E ) f ( E )  dE (24) 

E T - f D(E)  f ( E )  E dE. (25) 
J 

The energy dependence of D ( E ) f ( E )  in these integrands is given in Fig. 2.6a for 
T = 0 and in Fig. 2.6b for T > 0. 
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Fig. 2.6. 
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(b) 
Energy dependence of the occupation by electrons of a free electron energy band (a) at 0 K and 
(b) for T > 0 K for the condition T << T F. [Poole et al., 1995, p. 10.] 

The kinetic energy near an energy gap may be expressed in terms of  an 
effective mass m*, 

where 

Ek -- h 2 k 2 / 2 m  *, (26) 

1 1 

m* h 2 

a2Ek 
dk2 (27) 

and the density of states, which is proportional to the effective mass m*, 

D(g) - m*kF/h2g 2, (28) 

becomes large near the gap, as indicated in Fig. 2.7. 
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D(E) 
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L. . J  

Energy dependence of the density of states D(E) in the presence of an energy gap. 

Electromagnetic Fields 

The electromagnetic fields obey Maxwell's two homogeneous equations [Jackson, 
1998; Lorrain et al., 1988], 

V.  B = 0 (29) 

V x E + aB/at = 0, (30) 

as well as the corresponding inhomogeneous ones, 

V . D = p  (31) 

V x H = J + 0D/0t ,  (32) 

where p and J, respectively, are the free charge density and the free current 
density. They are called "free" because they do not arise from the reaction of the 
medium to applied fields, charges, or currents. The constitutive relations between 
the B, H fields and the E, D fields, respectively, in a medium characterized by a 
permeability # and dielectric constant e, are as follows: 

B : # H  : #o(H + M) (33) 

D = eE = eoE + P. (34) 

These, of course, are SI formulas. When cgs units are used we have #o = Co = 1 
in free space, and the factor 4n is added in front of M and P in Eqs. (33) and 
34). Otherwise, for the SI case #o and e o have the values given in Table 1.1. 

At the interface of two media of respective permeabilities #' and #" in 
contact with each other, the B', H' fields in one medium are related to B", H" in 
the other medium through the following two boundary conditions: 
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Fig. 2.8. 

A 
n 

B' H' 

t H' B' 

H" B" 
H" 

v 

Boundary conditions for the components of the B and H magnetic field vectors perpendicular 
to and parallel to the interface between regions that have different values of the perme- 
ability. The figure is drawn for the case #" = 2#'. [Poole et al., 1995, p. 15.] 

The components of B normal to the interface are continuous across the 
boundary 

B', - (35) 

. The components of H tangential to the interface are continuous across the 
boundary 

H i - HII, (36) 

as shown in Fig. 2.8. For a surface current density Ksurf at the interface the 
second condition (36) becomes 

n x ( H ' -  HI( ) - Ksurf, (37) 

where the unit vector n is defined in the figure, and Ksurf, which has the units 
A/m, flows perpendicular to the field direction. For the analogous electric case 
the normal components of D and the tangential components of E are continuous 
across an interface, and the condition on D is modified in accordance with Eq. 
(31) when there are surface charges present. 

The Lorentz force F on a charge q moving at the velocity v is expressed in 
terms of the macroscopically measured magnetic and electric fields B and E, 
respectively: 

F - q(E + v • B). (38) 

The field B is sometimes called the magnetic flux density because B -  ~ / A  

where �9 is the magnetic flux and A is the cross-sectional area perpendicular to 
B. The magnetic flux inside Type II superconductors is quantized with the value 
t~ o - h / 2 e  - 2.0678 x 10 -15 T m 2, where the unit tesla meter squared is called a 
weber. 
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A 

Introduction 

This chapter will provide a short introduction to the nature of the superconducting 
state, with an emphasis on its two salient properties, namely, zero resistance and 
perfect diamagnetism. The emphasis will be on Type I superconductors, with 
Type II mentioned briefly at the end. Much of the material in this chapter was 
elaborated on in our earlier work (Poole et al., 1995). 
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Persistent Current and Surface Resistance 

Even though superconductors have, by nature, zero dc resistance, it is still of  
interest to see how close they come to zero. Ideally an electric current established 
in a loop of  superconducting wire will persist forever. An upper limit on the 
resistivity p is set by the duration of  persistent current flow. For a loop of  radius 
r = 15cm and wire radius a - - 1 . 5 m m  the ratio of  the inductance L = 
#or[ln(8r/a) - 2] to the resistance R = 2 r p / a  2 provides the time constant 

= L / R ,  and we find 

p~ ~ 6.6 • 10 -1~ f~ cm sec. (1) 

Since the current flows undiminished for well over a year, 

z >> 3.2 x 10 7 sec, (2) 

the resistivity is far less than the limiting value 

p << 2.1 • 10 -17 ~ cm. (3) 

A special case to consider is current flow along a film of  thickness d. For the 
square region of  surface with dimensions a • a shown in Fig. 3.1, the current 
encounters the resistance R s -- pa /A ,  where A = ad, to give 

n s = p / d .  (4) 

This resistance p / d  is called the sheet resistance, or the resistance per square, 
because it is for a square section of  film independent of  the length of  the side a. It 
is analagous to the surface resistance R s -- p / 6  of  a metal with the skin depth 
6. There is a quantum of  resistance h /4e  2 with the value 

h /4e  2 -- 6.45 kf~, (5) 

which is one-fourth of  the Hall effect resistance R H = h /e  2. When the sheet 
resistance in the normal state just above Tr exceeds this value (5), the metal does 
not become superconducting, as illustrated in Fig. 3.2 for bismuth. The condition 

R s < h /4e  2 (6) 

must be satisfied for the material to superconduct. 

Fig. 3.1 

f.1.- j 

Geometrical arrangement and current flow direction for sheet resistance measurement. [From 
Poole et al. (1995), p. 32.] 
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Fig. 3.2 

Temperature dependence of the sheet resistance of films of Bi deposited on Ge as a function of 
the film thickness in the range from 4.36 A to 74.27 A. [From Haviland et  al. (1989).] 

C 

Fields inside Superconductor 

More quantitatively, when an idealized Type I superconducting cylinder of radius 
R much greater than the penetration depth 2 -  (m/~onse2) 1/2 is placed in an 
external field Bap p - -B o = ~oHo directed along its axis; then demagnetizing or 
shielding current Jsh is induced to flow in circles around the outside regions of the 
cylinder. Far inside the cylinder the H field balances the magnetization, 
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Hin - -  - M ,  and the B field is zero. Near the surface the fields and current exist, 
and they have the following values inside (0 < r < R): 

Bin(r  ) ~ B o exp[-(R - 0 /2]  (7) 

Hin - H  o (8) 

M(r) ,~ -Ho[1 - exp(R - r)/2] (9) 

Jsh(r)  ~ - J o  exp[-(R - r)/2]. (10) 

These values are plotted in Fig. 3.3, where 

Bo - #o2J o (11) 

The vectors Bin and J s h -  V x M are perpendicular to each other, and Bin(r ) 
satisfies the expression 

Bin(r  ) - #o[Ho+M(r)] (12) 

where M(r) is negative everywhere inside. The superconducting medium can be 
considered as reacting to the presence of the applied field by generating (a) 
shielding currents Jsh that cancel the interior B field, or (b) a magnetization M that 
nullifies the interior field Bin through Eq. (12), where Jsh -- V x M. 

When transport current is caused to flow longitudinally along a Type I 
superconducting wire in the absence of an applied field, it flows in a surface layer 
of thickness 2 with the radial distance dependence given by Eq. (10). This 
applied current induces magnetic field lines that encircle the wire outside and an 

Fig. 3.3 

B,,p. 

-r" 
"0 r  

0 
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-Bapp 
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~l, oHin B~op = 
, ,  

i n ?  ~ 

1 ! 

�89 R 

Plot of the fields B and H and of the magnetization #o M inside (r < R) and outside (r > R) 
a Type I superconducting cylinder of radius R in an axial applied magnetic field Bap p = 
/~oHo . [From Poole et al. (1995), p. 42.] 
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internal field Bin confined to the surface layer with the distance dependence of 
Eq. (7). 

There is really no fundamental difference between transport current and 
shielding current. Current impressed from outside into a superconductor is called 
transport current, and it induces an encircling magnetic field. When an external 
magnetic field penetrates a superconductor, it is accompanied by induced 
encircling shielding currents. 

D 
Temperature Dependencies 

The critical field and critical current density are related through the expression 

Bc(T ) = #o2(T)Jc(T), (13) 

where all three quantities are temperature dependent. At absolute zero we use the 
notation Bc(0 ) = Bc, etc., and Eq. (13) becomes, in analogy with Eq. (11), 

Bc = #oRJ c . (14) 

A particular superconducting wire of radius R has a maximum current called the 
critical current Ic, and for a Type I superconductor it has the value 

I c = 2rcR2J c = 2~zRBc/#o. (15) 

The destruction of the superconducting state by exceeding the critical (transport) 
current I c is called the Silsbee effect. 

The penetration depth 2(T) is related to the super electron density ns(T ) 
through the expression 

2(T) = 2L(T) = [m/laons(T)e2] 1/2, (16) 

due to London. In the two-fluid model we have the temperature-dependent 
expression for the super n s and normal nn, electron densities, respectively, 

ns(T ) + nn(T ) = n, (17) 
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where the total electron density n is independent of temperature, and at T -- 0 we 
have nn(0 ) -- 0 and ns(0 ) - n. The two fluids n s and n n interpenetrate but to not 
interact, and simple theory predicts the following temperature dependences: 

Bc(T ) - Bc(0)[1 - (T/Tc)  2] (18) 

i (T )  - I(0)[1 - (T/Tc)4] -1/2 (19) 

Jc(T) - Jc(0)[1 - (T/Tc)2][1 - -  (T/Tc)4] 1/2 (20) 

ns(T ) - nil - (T/Tc) 4] (21) 

nn(T ) - n(T/Tc) 4. (22) 

These dependences are sketched in Figs. 3.4 to 3.7. Some authors report other 
exponent values or related expressions for these temperature dependences. The 
dashed lines show the asymptotic behaviours. 

Fig. 3.4 
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Temperature dependence of the critical field Bc(T ) corresponding to Eq. (18). The asymptotic 
behaviors near T = 0 and T = T c are indicated by dashed lines. [From Poole et al. (1995), 
p. 51.1 
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Fig. 3.5 

Temperature dependence of the penetration depth 2(T) corresponding to Eq. (19). The 
asymptotic behaviours near T = 0 and T = T c are indicated by dashed lines. [From Poole 
et al. (1995), p. 52.] 

Fig. 3.6 

Temperature dependence of the critical current density Jc(T) in accordance with Eq. (20). The 
asymptotic behaviors near T -- 0 and T = T c are indicated by dashed lines. [From Poole et al. 

(1995), p. 52.] 
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Fig. 3.7 

I -  v r r 

n,(o) 

' n,(o) 3" 

0 
0 

I " ! 

�89 rc 
Temperature 

Temperature dependence of density of superconducting electrons n s as given by Eq. (21). The 
dashed lines indicate the slopes d n s / d T = O  at T - 0 ,  and d n s / d T = - 4 n / T  c at 
T = T c. [From Poole et al. (1995), p. 53.] 

The temperature dependencies of Eqs. (18) and (20), respectively, permit us 
to define a critical surface in the three-dimensional space of applied magnetic 
field Bapp, applied transport current Jxr, and temperature T, and this is sketched in 
Fig. 3.8. This surface constitutes the boundary between the normal and super- 
conducting regions, so the material is superconducting for points (Bapp, JTr, T) 
that lie below it and normal for points above it. 

Fig. 3.8 
T/TCai 

b i 

c k - "  h 

JTr / Jc(o) 
Bap p / Bc(o) 

Critical surface of a superconductor. Values of applied field Bapp, transport current JTr and 
temperature T corresponding to points below the critical surface are in the superconducting 
region, and points above this surface are in the normal region. [From Poole et al. (1995), 
p. 54.] 
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Fig. 3.9 
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Temperature dependence of the BCS energy gap A(T) normalized relative to the zero 
temperature gap A(0) as given by Eq. (23), where A(T)= �89 [From Poole et al. 
(1995), p. 167.] 

The superconducting energy gap Eg(T) -- 2A(T) in the neighborhood of T c 
has the simple theory temperature dependence: 

Eg(T) ,~ 3.53 kBTc[1- (T/Tc)] 1/2, (23) 

sketched in Fig. 3.9 where A(0) = 1.76 kBTc. 
The temperature dependences of the various quantities presented in this 

section are predicted by simple theoretical approaches to superconductivity and 
are sometimes reasonable approximations to experimentally measured values. 
These expressions all assume an isotropic material. 

Critical Magnetic Field Slope 

The critical magnetic field has the parabolic dependence on the temperature given 
by Eq. (18), with the following slope near T c" 

dBc(T) 2Bc(T) 

dT T c 
(24) 
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For typical Type I superconductors this slope varies between - 1 5  and 
- 5 0 m T / K .  A Type II superconductor has lower Bcl and upper Bc2 critical 
fields, and typical values of their slopes for a cuprate are 

dBcl 2Bcl(0) 

dT Tc 
~ - 1 m T / K  (25) 

dBc2 2Bc2(0) 
= - ~  ~ -1 .83  T/K. (26) 

dT  T c 

The latter slope o f -  1.83 T / K  comes from the Pauli limiting field approximation 

Bpaul i - -Eg/2~/ '2#B-  1.83 T c, (27) 

obtained by using the BCS expression Eg - 3.53k B T c. The slopes of Eqs. (25) 
and (26) near T c can be quite anisotropic for high-temperature superconductors. 
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A 

Introduction 

Superconductivity was discovered in 1911 by H. Kamerlingh Onnes when he 
found that the element mercury went resistanceless below the critical temperature 
T c = 4.1 K, and 25 years were to pass before Meissner and Ochsenfeld (1933) 
found that superconductors also exclude magnetic flux. Two years later in 1935 
the London brothers proposed a simple theory to explain the Meissner effect. In 
1950 Ginzburg and Landau advanced a macroscopic theory that described 
superconductivity in terms of an order parameter, and they provided a derivation 
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of the London equations. That same year Frrhlich (1950) predicted the isotope 
effect whereby the transition temperature of a superconducting element decreases 
when its isotopic mass increases, a prediction confirmed forthwith by Maxwell 
(1950) and also by Reynolds et al. (1950). In 1957 Bardeen, Cooper, and 
Schrieffer proposed a microscopic theory that provides our present theoretical 
understanding of the nature of superconductivity. They showed that bound 
electron pairs called Cooper pairs carry the supercurrent, and that there is an 
energy gap between the normal and superconducting states. The validity of the 
earlier Ginzburg-Landau theory was not accepted worldwide until Gor'kov 
showed in 1959 that it is derivable from the BCS theory. 

The London equations provided an early simple model for describing 
experimental results. The Bean model put forward in 1962 lacks theoretical 
underpinning, but it has been surprisingly successful in describing some magnetic 
properties of superconductors. There has been a great deal of recent interest in 
the Hubbard and related models as ways of explaining the essential features of 
superconductivity from a minimum of assumptions. The present chapter presents 
some of the results of these models, as well as the results of the more 
sophisticated theories mentioned earlier. No explanations or justifications of 
the models and theories will be given, since many books are available to provide 
this information. 

London Equations 

The 1935 theory of the London brothers provides the first and second London 
equations, which relate the electric and magnetic fields E and B, respectively, 
inside a superconductor to the current density J: 

d 
E - - /~o22~J  (1) 

B -  • J. (2) 

The constant of proportionality in these expressions is the London penetration 
depth 2L, 

2 L -- (m/#onse2) 1/2, (3) 

where n s is the density of superconducting electrons. These expressions fumish 
us with the modified Helmholtz equations 

V 2 B -  B/~[ (4) 

v J- (s) 

which are also satisfied by the vector potential A. 
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C 

Ginzburg-Landau Theory 

The Ginzburg-Landau (GL, 1950) phenomenological theory provides a good 
description of many of the properties of both classical and high-temperature 
superconductors. This theory assumes that in the superconducting state the 
current is carried by super electrons of mass m*, charge e*, and density n*, 
where we now know that m* - 2m*, e* - 2e, and n~ - �89 n s in terms of the free 
electron values m, e, and n s, respectively. The order parameter ~b(r) is complex, 

~b(r)-  14~(r)le i~ (6) 

and its square j~)j2 is identified with the super electron density, 

n~ -- J~bj2. (7) 

The parameter ~b is zero above T c and increases continuously as the temperature is 
decreased below To, as shown in Fig. 4.1a. Figure 4.1b shows the dependence 
4~(x) on the distance x inside the surface of a superconductor. 

Below, but close to, T c the Gibbs free energy per unit volume G s is 
expanded in terms of the order parameter and then minimized with respect to 
4) to provide the first GL equation in the London-Landau gauge (V. A = 0): 

(1/2m*)[h2V2~ - 2ihe*A. Vq5 - e*2A2~b] - a4~ - bl4~J2qb - 0. (8) 

Minimization of G s with respect to the vector potential A provides the second GL 
equation: 

ihe* e .2 
V x (V x A) + 2m---2 (qS*Vqb - qbVqS*) +~-A[~bJ 2 - -  0 .  (9) 

These two coupled equations determine the properties of the superconducting 
state. 

It is assumed that below but near T c the parameter a depends linearly on the 
temperature, 

a(T) ~ ao[ (T /Tc) -  1], (10) 

and b is independent of the temperature, where ao and b - b o are both positive so 
a(T) is negative below T c. Deep inside a superconductor in the absence of a 
magnetic field, we have the following expression near T c 

J~bJ 2 - n s* - - a / b  - (ao/bo)[1 - (T/Tc) ], (11) 

and the overall temperature dependence plotted in Fig. 4.1a. The coherence 
length ~, the characteristic length over which 4) varies in the manner illustrated in 
Fig. 4.1b, is the first of the two fundamental length scales from the GL theory: 

~2 __ h2/2m, lal. (12) 
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(a) Temperature dependence of the GL order parameter I~l 2 showing its value 14~ol 2 at T = 0, 
and the linear behavior (- - -) near T c that extrapolates to the ordinate value ao/b  o. This figure 
was drawn using the assumption 14~ol 2 = �88 o. [Poole et al (1995), p. 123.] (b) Dependence 
of the GL order parameter ~b(x) on the distance x inside a superconductor. The order parameter 
is large for x > 4, where ~ is the coherence length. [Poole et al. (1995), p. 127.] 
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The condensation energy of the super electrons, the energy released per unit 
volume by transforming normal electrons to the superconducting state, is given 
by 

gcond - -  l ( a 2 / b )  - B2/2#o . (13) 

In the presence of an applied magnetic field the line integral of J/ l~l  2 around a 
closed path inside the superconductor and the flux �9 enclosed by this path obey 
the relation 

(m* #o/e*2) ~ ( , ] / 1 4 ) 1 2 )  �9 dl + �9 -- n ( ~  o , (14) 

where n is an integer and the quantum of flux �9 o has the value 

O o - h / e * .  (15) 

Equation (15) is the quantum condition whereby the sum of the enclosed flux �9 
and the line integral of the current density J is quantized. 

A parallel magnetic field B(x) and a current density J(x) decay exponen- 
tially with the distance x inside the surface of a superconductor in accordance 
with the expressions 

B(x) - Bo e-x/~ (16a) 

J(x) - Jc e-x/'z , (16b) 

where the London penetration depth 2 L, the second fundamental length scale, is 
given by 

22 _ m* 
#oe,2[qSoc [2, (17) 

in agreement with Eq. (3). 
The ratio t c -  2/{ - 1/~/2 divides superconductors into the two types 

1< < 1/x/2 (Type I) (1Sa) 

t< > 1/x/2 (Type IX). (1Sb) 

Type II superconductors have lower, thermodynamic, and upper critical fields 
given by 

�9 o In ~c �9 o �9 o 
Bcl  = Oc - -  ' Bc2 - -  ~ 2 '  ( 1 9 )  

4Tc2 2 ' 2V~rc~2 2re 

respectively, where BclBc2-BZlnt<. The Meissner effect is complete for 
Bap p < Bcl  , and as  Bap p is increased above the low critical field Be1, flux 
penetrates the material in the form of vortices. The magnetization continues to 
increase until the upper critical field Bc2 is reached where the vortex cores almost 
overlap and bulk superconductivity is destroyed. Residual superconductivity may 
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persist in a thin sheath up to an even higher critical field Bc3 - x/~Bc2 where the 
entire sample goes completely normal. 

D 
Bardeen-Cooper-Sch rieffer Theory 

In 1957 Bardeen, Cooper, and Schrieffer (BCS) proposed the general microscopic 
theory of superconductivity that quantitatively predicts many properties of 
superconductors and is now widely accepted as providing a satisfactory explana- 
tion of the phenomenon. There are various levels of approximation in which the 
BCS theory has been applied, and some of them are commented upon in the next 
section. The mathematical underpinning of the BCS theory is so complex that it 
will not be of much benefit to summarize its general formulation, so this section 
will emphasize predictions that are often compared with experiment. These 
predictions arise mainly from the homogeneous, isotropic, phonon-mediated, 
square well, s-wave coupling simplification of the BCS theory, and many 
superconductors, to a greater or lesser extent, have been found to satisfy these 
predictions. Some of them are as follows: 

The isotope effect involves the claim that for a particular element the 
transition temperature T c depends on the mass M of the isotope as follows: 

M~Tc - const. (20) 

The weak coupling BCS limit [vide Eqs. (24) to (26)] gives the value ~ ~ 1/2, 
which has been observed in some superconducting elements, but not in all of 
them. 

A superconductor has an energy gap Eg -- 2A(k), which is assumed to be 
independent of k, and for this assumption the energies in the normal and 
superconducting states are 

g(~) -  (~2 _]_ A2)1/2 
(normal state) 

, ( 2 1 )  
(superconducting state) 

where { is the energy in the absence of a gap measured relative to the chemical 
potential #: 

h2k 2 
= ~ -  #. (22) 

2m 
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The density of states D(E) given by (with E - 0 at the center of the gap) 

Dn(O)E 
( E2 _ A2)1/2 , E > A 

D s ( E ) -  0, - A  < E < A 

-Dn(O)E 
( E2 _ A2)1/2 , E < - A  

(23) 

is shown plotted in Fig. 2.7, where the normal electron density of states Dn(E ) is 
assumed to have the constant value Dn(0 ) in the neighborhood of the gap. 

Consider a square-well electron-electron potential V o and an energy gap 
A(k) that is equal to A o in the neighborhood of the Fermi surface, 

A(k) = A o, -ho9 D _< ~(k) < hOgD, (24) 

and is zero elsewhere. The Debye frequency o.) D determines the range of 
because it is assumed that Cooper pair formation is mediated by phonons. The 
energy gap A o in this approximation is given by 

])(D D 
A o = . (25) 

sinh[1/VoDn(O)] 

In the weak coupling (small Vo) limit, 

VoDn(0 ) << 1, kBT c ( ( h o )  D. (26) 

we obtain the dimensionless ratios 

Eg = 2A o _-- 2__~ ---- 3.52, (27) 
kB T c kB T c e~ 

where 7 - 0 .5772. . .  is the Euler-Mascheroni constant. This ratio approximates 
experimental measurements that have been made on many superconductors. 

The dimensionless electron-phonon coupling constant 2 is related to the 
phonon density of states Dph(O9 ) through the Eliashberg expression: 

2 - 2-(~2(og)Dph(O)) d o 9 .  (28) 
J (_o 
0 

Superconductors are characterized as having weak (2 << 1), intermediate (2 ~ 1), 
and strong (2 >> 1) coupling. The electron-electron interaction potential V o for 
Cooper pair bonding has an attractive electron-phonon part measured by 2 and a 
repulsive screened Coulomb part #~ to give 

VoDn(0 ) - 2 - kt c , (29) 

and this provides the following approximate expression for the transition 
temperature: 

T c - 1.13 0 D exp[-  1/(2 -/~*)]. (30) 
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A number of related formulas for the dependence of Tc on 2 and #* have 
appeared in the literature (e.g., McMillan, 1968). 

The BCS theory predicts that at T~ there is a jump in the electronic specific 
heat from its normal state value Ce = 7T to its superconducting state value C s 
given by 

Cs -TT~ 
= 1.43. (31) 

In the free electron approximation the electronic specific heat coefficient 7 
depends on the Fermi temperature T F and the gas constant R through the 
expression 

- -  ~ z 2 R / 2 T F  . (32) 

Below To, the BCS theory predicts that the specific heat Cs(T ) depends 
exponentially on the inverse temperature, 

Cs(T ) - -  a e x p [ - A / k B T  ], (33) 

where A - 1.76 k B T c, and a is a constant. 

Mechanisms for Cooper Pairing 

There are three levels of explanation of the nature of superconductivity that are 
commonly called BCS. One is the general formulation that does not specify 
particular interactions. The second is the phonon-mediated version of the theory, 
in which phonons play the role of bringing about the coupling together of two 
electrons to form Cooper pairs. The third level, which was described in the 
original formulation of the theory and provided the results summarized in the 
previous section, further assumes the simplification of an isotropic, homogeneous 
material with a square-well electron-electron interaction potential involving a 
phonon coupling mechanism and s-wave singlet-state pairing. The superconduct- 
ing elements, which are almost all Type I, as well as many classical Type II 
superconductors, are looked upon as phonon-mediated s-state types. Pairing 
mechanisms involving the exchange of particles other than phonons, such as 
excitons or antiferromagnetic spin fluctuations, have been proposed for non- 
classical superconductors. In particular, no consensus exists yet about the pairing 
mechanism of the cuprates, although d-wave pairing seems to be favored (Annett 
et al., 1996). A handbook is probably not the appropriate forum for elaborating 
on these matters. 
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Critical State Models 

A critical state model postulates that for low applied fields or currents the outer 
part of the sample is in what is called a critical state, with particular values of 
current density and magnetic field, and that the interior is shielded from these 
fields and currents. The magnetic field B and the super current density J are 
coupled through the Maxwell relation 

V x B = #o J, (34) 

which has the following form in the one-dimensional cases to be discussed here: 

d 
dx Bz(x) - #oJy(x), (35) 

and each model makes an assumption about the magnetic field dependence J(B) 
consistent with these Maxwell relations. Fields and currents applied simulta- 
neously and then reversed in direction produce modified critical states in the outer 
parts of the sample. High values of the applied field or currents extend the critical 
state to fill the entire superconductor. The models do not take into account the 
existence of a lower critical field Bcl, or the difference between the Meissner and 
the mixed states. They do not explain the nature of superconductivity, but rather 
provide a convenient description of some experimentally observed phenomena. 

Many configurations ofBz(x ) and Jy(x) meet requirement (35), and for most 
models the critical state current density is related to the field by a characteristic 
equation, 

Jy(Bz) = JK / f  (Bz), (36) 

where ark is independent of the field and is generally the critical current Jc. The 
characteristic equations of nine critical state models are provided elsewhere 
(Poole et al, 1995). By far the most widely used of these models is the Bean 
model (Bean, 1962, 1964), which has the simplest characteristic equation: 

J(B) =Jc .  (37) 

The Kim model (Kim et al, 1962, 1963) has also been used occasionally, and it 
makes the assumption 

Jc 
J(B) = . (38) 

1 + IB(x)I/BK 

Perhaps the most important application of the Bean model is the determination of 
the critical current density Jc from magnetic hysteresis loops. 
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G 

Bean Model 

The Bean model assumes that the current density can only take on the values :EJ c 
or 0. A sample of thickness 2a has a characteristic field B*, 

B* - #oJc a, (39) 

and when the applied field B o attains this value B*, the fields and currents reach 
the center of the sample. We shall examine the one-dimensional case (35) for 
applied fields below and above B*. 

For low applied fields, B o < B*, the internal fields and currents only exist 
near the surface, with a field and current-free region ( - a '  < x < a') near the 
center, and the current density given by, from Eq. (37), 

J y ( x ) -  Jc, - a  < x < - a '  

J y ( x ) -  O, - a '  < x <_ a' 

J y ( x )  - - J c ,  a' <_ x < a. 

(40) 

These formulas match the boundary condition Bz(O ) - B o at the surfaces x - +a,  
with the magnitudes o f J  c and B o related by the expression obtained from Eq. (35) 

B o 
Jc - #o(a _ a')" (42) 

These expressions for Bz(x ) and Jy(x) are plotted in Fig 4.2a for a finite value of 
a', and in Fig. 4.2b for the case where B o - B* and a' - 0. 

For high applied fields, B o > B*, the currents and intemal fields are present 
throughout the sample and are given by the expressions 

J y ( x ) -  Jc, - a  < x < 0 

J y ( x ) -  - J c ,  0 <_ x <_ a (43) 

Bz(x ) Bo _ B , [ a  + x] - , - a < _ x < _ O  
a 

Bz(x ) _  Bo + B * [ X -  a], 0 < x < _  _ a. 
a 

(44) 

Equation (35) requires that Bz(x ) depend linearly on x in the regions where 
Jy - ~-Jc, so we have for the internal magnetic fields 

[a,+x] 
Bz(x) - B~ a' - ' - a  _ < x _ < - a  

Bz(x ) -- O, - a '  <_ x < a' (41) [x a] 
B z ( x ) - - B  o a' < x < a. 

a t , _ _ 
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Fig. 4 .2 .  
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Manner in which the internal magnetic field Bz(x ) and the current density Jy(x) depend on the 
strength of the applied magnetic field B o for normalized applied fields given by (a) 

Bo/l~oJca = 1/2, (b) Bo/#oJca = 1, and (c) Bo/#oJoa = 2 for the Bean model. There is a 
field-free region in the center for case (a) and case (b) is the boundary between having and not 
having such a region. [Poole et al. (1995), p. 373.] 

Figure 4.2 shows how the internal field and current density vary with the ratio 
Bo/B*  (a) for low fields B o < B*, (b) for the maximum penetration field B c = B*, 
and (c) for high fields B o > B* We can see from the figure that Bz(x  ) is symmetric 
about the x = 0 point, and Jy(x) is antisymmetric about this point. 

If the applied field is zero but the transport current 

I - 2(a - a ' ) L J  c (45) 

is flowing through a wire with a rectangular cross-section of width L much greater 
than its thickness 2a, then the internal magnetic field and current density will be 
as shown in Fig. 4.3a, which is drawn for the case I - !/. where I c is the critical 2 c, 
current: 

I c - 2 a L J  c. (46) 

Figure 4.3b is drawn for the limiting case I -  I c, and higher applied transport 
currents drive the wire normal. The equations for Jy and B z of the transport 
current case of Fig. 4.3a are the same as Eqs. (40) and (41), respectively, for the 
applied field case of Fig. 4.2a, except for some changes in sign, as may be seen by 
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Fig. 4.3. 
(a) 
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-a ~ a -a 0 a 

Dependence of the internal magnetic field Bz(x ) and the current density @(x) on the strength of 
an applied transport current for the Bean model. Figures are drawn for applied currents I 
which are (a) less than the critical current I c = 2aLJc, and (b) equal to I c. Higher currents 
cause the wire to go normal. This figure should be compared to Fig. 4.2. [Poole et al. (1995), 
p. 375.] 

comparing the figures. When an applied field and an (applied) transport current 
are present simultaneously, the situation is more complicated, and Fig. 12-12 of 
our 1995 book gives an example of this situation. 

The critical states of the Bean model can be complicated when fields 
exceeding B* are applied and then reversed in direction, as illustrated by Fig. 12- 
15 of the aforementioned 1995 work. This model provides simple explanations 
of flux shielding whereby the average field (Bin) inside the superconductor is 
lower in magnitude than the applied field Bapp, and of flux trapping whereby (Bin) 

exceeds Bap p. These two cases are associated with current flow in opposite 
directions around the material. 

H 
Reversed Critical States and Hysteresis 

Probably the most important application of the Bean model is its use to estimate 
the magnetization of a sample in a high applied field, Bap p > B*, and Fig. 4.4 
shows typical hysteresis loops for low, medium, and high applied fields. Explicit 
expressions for the average internal field (B) and the magnetization po M are 
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B o = 3B* ] 
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...... 

Hysteresis loops of  magne t i za t ion / toM vs the applied magnetic  field Bap p cycled over the range 

- B  o < Bap p _< B o for the three cases (a) B o = �89 (b) B o = (5/4)B*, and (c) B o = 3B*. 

[Poole et al. (1995), p. 388.] 

given in Table 12-2 of our earlier work (1995) for the special points a, b, c, d, and 
e of these loops. A high field hystereisis loop (B o > B*) furnishes the difference 

M +  - M _  - J c a  (47) 

between the upper and lower magnetization plateaus of Fig. 4.4c, where 

 oi+ 

# o M _  _ _ 1 B * ,  

(48) 
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as indicated in the figure. This gives the critical current in terms of the measured 
magnetization through the high-field Bean model formula 

Jc - 2(M+ - M _ ) / d -  1.59 x 106#oAM/d (A/m2), (49) 

where current is measured in amperes, #oAM =/~o(M+ - M_) is in tesla, and d 
is the diameter of the sample grains in meters. If CGS units are used Eq. (49) 
becomes 

Jc - 30(M+ - M _ ) / d  (A/cm2), (50) 

where d is now in centimeters. 

Hubbard Models and Band Structure 

This section provides background information that is important for Hubbard-type 
models (Lynn, 1990) and band structure calculations. 

The electronic configurations of several atoms that occur commonly in 
high-temperature superconductors are given in Table 4.1. The notation used is 
nl N, where n is the principal quantum number, the orbital quantum number 
l -- 0 for an s state, l = 1 for a p state, l = 2 for a d state, and N is the number of 
electrons in each/-state. A full/-state contains 2(21 + 1) electrons, correspond- 
ing to 2, 6, and 10 for s, p, and d states, respectively. The Cu 2+ ion (3d 9) may be 
looked upon as a filled d-shell (3d 1~ plus one 3d hole, and in the cuprates this 
hole is a dx2_y2 orbital in the CuO 2 plane. 

The various s, p, and d wavefunctions called orbitals have the unnormalized 
analytical forms given in Table 4.2, and the spacial electronic charge distribution 
of the d orbitals is sketched in Fig. 4.5, the sign on each lobe being the sign of the 
wavefunction. Figure 4.6 shows the sigma (a) bonding between oxygenpx andpy 
orbitals and copper dx2_y~ orbitals in a cuprate CuO2 plane. 

The orbitals ~b(r- R) used in band structure calculations are normalized 

J d p* (r - R)49(r - R)d 3 (51) r 

for an atom located at position R. The overlap integral f l ( R -  R') 

B(R - R') - 1 4~*(r - R)ck(r - R')d3r (52) 

is a measure of the extent to which the orbitals of atoms at positions R and R' 
overlap. The Coulomb integral U(R), 

U(R) - J ck*(r - R)Vc(R)ck(r - R)d3r, (53) 

provides the Coulomb repulsion energy associated with orbital qS(r- R) on an 
atom at position R. 
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Table 4.1 

Electron configurations of selected atoms commonly used for band structure calculations of super- 
conductors a [Poole et  al. (1995), p. 218] 

Atom Symbol Core b'C Atom No. valence Ion Ion No. 

number configuration electrons configuration electrons 

8 O Be 4 [2s212p 4 4 O 1- 2p 5 5 
02 -  2p 6 6 

14 Si Ne 10 3s 23p 2 4 Si 4+ 0 

19 K Ar 18 [3p614s 1 K + 0 
20 Ca Ar 18 4s 2 2 Ca 2+ 0 
23 V Ar 18 3d 34s 1 @1 5 V 3+ 3d 2 2 

29 Cu Ar 18 3d1~ 1 11 Cu 1+ 3d 1~ 10 
Cu 2+ 3d 9 9 

Cu 3+ 3d 8 8 

38 Sr Kr 36 5s 2 2 Sr 2+ - -  0 
39 Y Kr 36 4d 15s 2 3 y3+ 0 
41 Nb Kr 36 4d 35s 15p 1 5 Nb 4+ 4d 1 1 

50 Sn -46 5s25p 2 4 Sn 4+ - -  0 
56 Ba Xe 54 [5p616s 2 2 Ba 2+ ~ 0 
57 La Xe 54 5d 16s 2 3 La 3+ ~ 0 

80 Hg -78 [5dl~ 2 2 Hg 2+ [5d 1~ 0 
81 Yl -78 [5d1~ 1 3 Yl 3+ [5d l~ ] 0 
82 Pb -78 [5dl~ 2 4 Pb 4+ [5d 10] 0 

83 Bi -78 [5dl~ 3 5 Bi 3+ [5d1~ 2 2 
Bi 4+ [5d1~ 1 1 
Bi 5+ [5d 1~ 0 

aCore electrons listed in square brackets are sometimes included in the basis set. 
byhe core of Sn is Kr plus the fourth transition series (4d 1~ closed shell. 

CThe core of T1, Pb, and Bi is Xe plus the rare earth (4f TM) and fifth transition series (5d 1~ closed 
shells. 

The simplest model of correlated electrons is the one-state Hubbard model 
which, despite its simplicity, exhibits many properties characteristic of super- 
conductors. The Hamiltonian written in terms of creation (a~) and annihilation 
(ao) operators of spin a associated with atoms at positions R' and R has the form 

H - - t  ~ [at~(R)a~(R ') + a;(R')a~(R)] 
R,R',a 

- l z ~  a~(R)a~(R) + UY~ n+(R)n_(R), 
R,a R 

(54) 

where the Coulomb repulsion term U > 0 is defined by Eq. (53), and the hopping 
amplitude t > 0 is a measure of  the contribution from an electron hopping from 
one site to another. The chemical potential p takes into account changes in the 
number of electrons and is zero if there is no doping. The hopping amplitude t 
may also be written in the form of an integral. This Hamiltonian exhibits an 
electron-hole symmetry, which is of some importance because most high- 
temperature superconductors are hole types with a close to half-full band. 
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Table 4.2 

Unnormalized analytical expressions in Cartesian and polar coordinates for the s, p, and d orbitals a [C. 
P. Poole et al. (1995), p.219] 

Orbital Cartesian form Polar form 

s 1 1 

X 
Px 

r 

Y 
PY r 

z 

Pz r 

xy 
dxy r--- ~ 

yz 
dyz r~ 

z X  
dzx r ~ 

d : _ :  x2 - y~ 

t.2 

3z 2 _ r  2 
dg2 

a l  = 0, 1, and 2, respectively. 

sin 19 cos ~b 

sin 19 sin ~b 

cos | 

sin 2 19 sin ~b cos ~b 

sin 19 cos 19 sin ~b 

sin 19 cos 19 cos ~b 

sin 2 | 2 t k -  sin 2 ~b) 

3 c o s 2 |  1 

Fig. 4.5. 

~ ..y,...Z.. Y 

! 

- ' 2  

2' 

~2~2 

I z 

" X X 

Spatial distribution of electron density for the five d-orbitals. The signs (4-) on the lobes are 
for the wavefunction; the sign of the electric charge is the same for each lobe of a particular 
orbital. [Ballhausen (1962).] 
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Fig. 4.6. 
c 

~ - p ~  

Oxygen 

Orbitals used for the three-state model of Cu-O planes. Each copper contributes a dx2_y2 
orbital, and each oxygen contributes either a Px or a py orbital, as shown. The unit cell 
contains one of each type of ion, and hence one of each type of orbital. The figure shows four 
unit cells. [Poole et al. (1995), p. 230.] 
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A 
Introduction 

Until the early 1980s, superconductivity studies were carried out with what are 
called classical materials, consisting of elements, alloys, and compounds. Some 
categories of compounds produced many superconductors, such as those with the 
sodium chloride structure, Laves phases, Chevrel types, and A-15 compounds. In 
addition, there are superconducting materials without isomorphous counterparts. 
During the few years preceding the advent of superconductivity above 77 K, the 
heavy electron and organic superconductors had been discovered and were widely 
investigated. During this same period some work was carried out with noncubic 
perovskites, precursors for the cuprates, and more recently superconductivity has 
been found in cubic barium-potassium-bismuth perovskite. Two other compound 
types, borocarbides and especially fullerenes, have been extensively investigated 
in recent years. 

The present chapter comments on and provides 39 tabulations, summarized 
in Table 5.1, with systematic listings of T c values for the main classes of 
superconducting materials, and the next chapter discusses their structures. The 
tabulated T c values were obtained, in almost all cases, from the data furnished by 
Vonsovsky et al. (1982), Phillips (1989), and Chapter 6 of the present Handbook. 
In some cases these sources quoted somewhat different values of T c, and when 
this was the case either one specified value or an average was selected for 
inclusion here. Our earlier work (Poole et aL, 1995) may be consulted for more 
details. Landolt-Bornstein is the most comprehensive source of T~ values, but 
their tabulations are not yet completed. The main object in presenting T c values in 
the present tabular form that had been adapted in our initial publication of the 
data (Poole and Farach, 1999) is to make it easy to look them up in a context in 
which they can be compared with values of related compounds. 

Elements and Alloys 

Superconductivity was discovered in 1911 when the element mercury exhibited 
zero resistance at T c = 4.1 K, and it has been subsequently found in many 
elements, alloys and compounds. Figure 5.1 shows how superconducting 
elements cluster in two regions of the periodic table, with the transition metals 
on the left and the nontransition metals on the fight. Some elements become 
superconducting only as thin films, under pressure, or after irradiation, as 
indicated. This figure gives the transition temperature To, the Debye temperature 
0 D, the electronic specific heat constant 7, the dimensionless electron-phonon 
coupling constant 2, and the density of states at the Fermi level D(EF) for the 
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Table 
n o .  

Table 5.1. 

Summary of characteristics of compounds in the transition temperature tables. 
, ,, 

Pearson 
Compound Strukturbericht Compound type code Structure 

5.3a 
5.3b 
5.4 
5.5 
5.6 
5.7 
5.8 
5.9 
5.10 

5.11 
5.12 
5.13 
5.14 
5.15 
5.16 
5.17 
5.18 
5.19 
5.20 

5.21 
5.22 
5.23 
5.24 
5.25 

5.26 
5.27 

5.28 

5.29 
5.30 
5.31 

5.32 

5.33 

5.34 

A Transition elements 
A Nontransition elements 
AB B 1 NaC1, rock salt cF8 Fm3m 
AB B2 CsC1 cP2 Pm3m 
AB B81 NiAs, nickeline hP4 P63/mmc 
AB B 14 FeAs (MnP), westerveldite oP8 Pnma 
AB D8 b CrFe, a phase tP30 P42/mnm 
AB Miscellaneous AB types 
AB2 C 14 MgZn 2, hexagonal Laves phase hP 12 P63/mmc 

_ 

C 15 MgCu2, cubic Laves phase cF24 Fd3m 
AB 2 C16 CuA12 tI12 I4/mcm 
AB 2 C 1 CaF2, fluorite cF 12 Fm3m 
AB 2 Miscellaneous AB 2 types 
AB 3 A15 Cr3Si, A15 compound cP8 Pm3n 
AB 3 L12 Cu3Au cP4 Pm3m 
AB 3 A12 c~Mn ci58 I43m 
AB 3 Miscellaneous AB 3 types - -  
AB n Miscellaneous AB n types for n > 3 
A3B 7 D 102 Fe 3 Th 7 hP20 
AraB n Miscellaneous AraB n types for 

re, n > 2  
ACX GdCBr mS12 C2/m 
APdEX L21 MnCuEA1, Heusler cfl6 Fm3m 
AXB: LuRuB2 oP 16 Pnma 
A(X3B2) CeCo3B 2 hP6 P6/mmm 
AX4B 4 CeCo4B 4 tP 18 P42/nmc 

LuRu4B 4 ti72 
LuRh4 B 4 oS 108 Ccca 

AX4P12 LaFe4PI2 , skutterudite ci34 Im3 
AMo6X 8 PbMo6S8, Chevrel hR45 R3 
AMo6X 6 T12Fe6Te6, Chevrel hP14 P63/m 
AzB3Si 5 UzMn3Si 5 tP40 P4/nmc 

UzCo3Si 5 oi40 Ibam 
A3X4Y13 Wb3Rh4Snl3 cP40 Pm3n 
A4BsXlo Sc5Co4Silo tP38 P4/mbm 
A4X6Snl9 Tb4Rh6Snl9 cF116 Fm3m 

Er4Rh6Snl9 ti232 I41/acd 
AnMotsSe19 ~-Mo15Se19 hP68 P63/m 

fl-MolsSe19 hR204 R3c 
AmBnC p Miscellaneous AmBnC p types for 

m, n, p > 1, and AmBnCpD q types 
AB Magnet material alloys 
A(BxCI_z)O 3 E21 Cr3AsN, tetragonal perovskite tI20 I4/mcm 

(continued) 
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Table 5.1. (continued) 

Table Pearson 
no. Compound Strukturbericht Compound type code Structure 

CaTiO 3, cubic perovskite cP5 Pm3m 
AB2X 4 H11 MgA120 4, spinel cF56 Fd3m 

5.35 Heavy electron compounds 
5.36 AX2B2C LuNi2B2C, borocarbide tI12 I4/mmm 
5.37 AX2B2C LuNi2B2C, borocarbide tI12 I4/mmm 
5.38 AnB3_nC60 K3C60 , fullerene cF252 Fm3m 
5.39 AnB3_nC60 K3C60 , fullerene cF252 Fm3m 
5.40 AnB3_nC60 K3C60 , fullerene cF252 Fm3m 

superconducting elements, and Table 5.2 lists these and many other properties. 
Included in the table are the energy gap ratio E g / k  B T c - 2 A / k  B T c which has the 
value 3.52 in the BCS theory, and the isotope effect exponent c~ from the 
expression 

M" T c - constant (1) 

for different isotopic masses M of the same element, where a - � 8 9  for the 
simplified phonon BCS theory. 

Fig. 5.1. 
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PRES 
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0.60 PRES PRES 

PRES 
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Periodic table showing the superconducting elements, their transition temperatures To, and 
some of their properties. Valence electron values N e -- 1, 2, 3 . . . .  12, 3, 4 . . . .  8 of elements in 
columns are listed at the bottom of the main body of the table [Poole et aL (1988) p. 62.] 
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The transition temperature for each transition series reaches a maximum for 
elements with 5 and 7 valence electrons Ne, as shown in Table 5.3a. Solid 
solutions of adjacent transition elements qualitatively exhibit the same depen- 

dence of T c on N e as the elements, with maxima in T c near N e = 4.7 and 6.7, as 
i nd ica t ed  in Fig.  5.2. O t h e r  p rope r t i e s  such  as the  e lec t ron ic  specif ic  hea t  fac tor  7, 

the  m a g n e t i c  suscep t ib i l i ty  Z, the e l e c t r o n - p h o n o n  c o u p l i n g  cons t an t  2, and  the  

Table 5.3a. 

Elements of the three transition series. The element that superconducts as a thin film (fl) is so 
indicated. 

Ne=* 3 4 5 6 7 8 9 
structure =, hcp hcp bcc bcc hcp hcp fcc 

First series 
Element Sc Ti V Cr Mn 
T c 0.5 0.4 5.4 fl 0.04 
Pearson code hP2 hP2 ci2 

Second series 
Element Y Zr Nb Mo Tc 
T c 2.5 0.61 9.25 0.92 7.9 
Pearson code hP2 hP2 ci2 ci2 hP2 

Third series 
Element La Hf Ta W Re 
T c 4.9/6.1 0.13 4.47 1.5 1.7 
Pearson code hP4/cF4 hP2 ci2 ci2 hP2 

Ru 

0.49 
hP2 

Os 

0.66 
hP2 

Ir 

0.11 
cF4 

Fig. 5.2. 

15 

10 

8 ~ 

�9 Nb �9 Tc 

Zr q 
Ti "'" ;--~,~_ 

4 5 6 7 8 9 

Ne  [ e / a  I 

Dependence of the transition temperature on the number of valence electrons N e in solid 
solutions of adjacent 3d (O), 4d (A), and 5d (71) elements on the periodic table. Darkened 
symbols are for pure elements. [Vonsovsky et al. (1982), p. 239.] 
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inverse Debye temperature exhibit similar correlations with Ne. Table 5.3b shows 
T c of nontransition elements in the format of Table 5.3a. We use the same values 
of Ne for the elements that were employed by Phillips (1989). 

Miedema (1973, 1974) noted that some physical properties of AB alloys 
such as the density of s ta tes  D(EF)AB = DAB at the Fermi level sometimes depend 
linearly on the mole fractions f of the constituents, 

DAB - - f A D A ( N  A) +fBDB(NB), (2) 

where the individual densities of states D A and D B depend on the number of 
valence electrons N A and N~ on atoms A and B, respectively. The properties T c, 
7, 2, and 0~ 1 mentioned earlier often approximate expressions similar to Eq. (2). 

Table 5.3b. 

Some non transition series elements. Elements that superconduct only at high pressure (pr) or as thin 
films (fl) are so indicated, a 

Ne=* 2 3 4 5 6 

Second row 
Element A1 Si P 
Tc 1.2 fl/pr pr 
Pearson code cF4 tI4 oS8 

Third row 
Element Zn Ga Ge As 
T c 0.9 1.1/6.2 fl/pr pr 
Pearson code hP2 oS8/mS4 tI4 

Fourth row 
Element Cd In Sn Sb 
T c 0.5 3.4 3.7 pr 
Pearson code hP2 tI2 tI4 

Fifth row 
Element Hg T1 Pb Bi 
T c 4.15/3.9 2.4/2.4 7.2 fl/pr 
Pearson code hR3/tI2 hP2/cI2 cF4 

S e  

pr 

Te 
pr 

a Several other superconducting elements are: (symbol, Ne, T c, Pearson code) 

Am 3 1.0 cF4 Lu 3 1.0 hP2 
r-Ca 2 0.5 hP2 Pa 3 1.4 tI2 
),-Ga 3 7.0 oS40 Th 3 1.4 cF4 
6-Ga 3 7.9 hR66 7-U 3 0.2 ci2 

Transition temperatures at high pressure are: 

Ge 4 5.4 tI4 11.5 GPa Si 4 7.1 tI4 13 GPa 
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C 

Description of the Data Tables 

The transition temperature T c is, perhaps, the most important characteristic of a 
superconductor. This is because it is an index of the goodness of a material and of 
its suitability for practical applications. For example, we know from simple 
theory, confirmed by BCS, that the upper critical field Bc2 and the critical current 
density Jc are both proportional to T c. We can also conjecture from the data on 
elements mentioned in the previous section that T c might be expected to depend 
on the number N e of valence electrons. We have, accordingly, composed a 
number of tables that present the transition temperatures of compounds of various 
types by arranging their constituent elements in rows and columns according to 
the number of their valence electrons. The N e value is given for each element that 
is listed. Separate tables are provided for the structures that include many 
examples of superconductors, such as the A15 compounds and the Chevrel 
phases. Some classes of materials have more than one structure, such as the Laves 
phases, and when this occurs an asterisk (*) is used to differentiate them. Some of 
the tables display data for several structures of the same chemical formula, such 
as AB2, and if this is the case the rows and columns are labeled with the structure 
type when it is the same for every element in a particular row or column. 
Occasionally, an individual compound has two structural modifications, both of 
which superconduct, and sometimes this will be indicated. 

The tables are arranged in the order of increasing complexity of their 
chemical formulas, with elements A first, binary compounds AmB n second, 
ternary compounds AmBnC p third, etc. The tables for binary compounds present 
data in the order AB, AB2, AB 3 . . . . .  AraB ~, and analogously for the ternary 
compounds. The T c values for additional compounds that remain after presenting 
the main structure types, such as for miscellaneous AB 2 compounds, are listed in 
separate tables arranged alphabetically by element A and then by element B. Each 
table caption provides the compound type and structure(s), and the compounds in 
the miscellaneous listings are identified by their structure type. The structures are 
designated by abbreviated Pearson codes, such as cF, where the initial lowercase 
letter indicates the crystal system and the final capital letter denotes the type of 
lattice, in accordance with the following notation: 

Crystal system: c = cubic, h = hexagonal, t = tetragonal, o = orthorhombic, 
m = monoclinic; Lattice type: P = primitive, S -- side-centered, I = body- 
centered, F = face-centered, R = rhombohedral 

The Pearson code ends with a number, such as cF8, where 8 denotes the number 
of atoms in the unit cell. The abbreviations bcc, fcc, and hcp are occasionally 
used for body-centered cubic, face-centered cubic, and hexagonal close-packed, 
respectively. Chapter 6 provides a more detailed explanation of Pearson codes. 
Phillips (1989) uses a Pearson code classification for the arrangement of the T c 
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tables in the appendix of his book. Sometimes the Strukturbericht symbol (e.g., 
A15), compound designation (e.g., NaC1) or common name (e.g., Chevrel) are 
given in table captions. 

D 
Classical Compounds 

Many types of compounds have been found to superconduct, and the main ones 
were summarized in Table 3.2 of our earlier work (Poole et al., 1995). In this 
section we will make some comments on the principal classes that were widely 
studied before the advent of high T c. Motivated by the results mentioned earlier 
for the elements, we will examine how the transition temperature T c correlates 
with the number N e of valence electrons in the compounds within each structure 
type. 

Tables 5.4 to 5.7 show that the highest T c values for four types of AB 
compounds come at the following electron counts: 

fcc NaC1 type N e = 4.5 and 5 

bcc CsC1 type N e = 6.5 
Hexagonal NiAs type N e = 7.5 and 8 

Orthorhombic FeAs type N e -- 6.5 

These were obtained from the expression 

N e - - lANe  A -+-fBNBe, (3) 

Table 5.4. 

AB compound, NaC1 type (rock salt), cF8. 

B =~ B Y C Ge N O 
A 3 3 4 4 5 6 

Se 
6 

La 3 

Th 3 

Ti4  
Zr 4 

Hf  4 

V 5  

N b 5  

Ta5 
Te6 
M o 6  

W 6  

Re 7 

3.4 

3.1 

1.5 

1.4 

3.4 5.6 0.14 

0.25 10.7 

0.25 8.8 

8.5 

11.1 16.6 1.4 

10.2 14.0 

0.4 
14.3 
10.0 

3.4 

LaTe 1.5, PdD 10.7, PdH 9.6, NbW 13.6. 

14.8 

0.9 

0.5 

1.0 

1.7 
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Table 5.5. 

AB compound, CsC1 type, cP2. 

B =, Hg 
A 2 

Sc Y La Lu Ru Os Rh 
3 3 3 3 8 8 9 

Cu 1 
Ag 1 
Au 1 
Mg 2 
Ca 2 
Ba 2 
Zn 2 
Ti 4 
Zr 4 
Hf 4 
V 5  

1.4 
1.6 
2.3 

0.5 0.3 
0.3 0.9 0.3 

2.0 0.4 

0.3 1.0 
1.1 

5.1 

0.5 

2.4 
1.7 

2.4 

ZnAu 0.4. 

Table S.6. 

AB compound, NiAs type, hP4 

B=:~ 
A 

C Sn Sb Bi Te 
4 4 5 5 6 

Mo 2 6 
W 2 6 
Ir 9 
Rh9 
Ni 10 
Pd 10 
Pt 10 
Cu 11 
Au 11 

5.8 
3.1 

1.5 
0.4 2.1 

1.3 

2.2 
4.3 

1.8 
1.4 

3.0 

4.5 
0.6 

B=:~ 
A 

Rh9 
Ir 9 
Pd 10 
Pt 10 
Au 11 

Table 5.7. 

AB compound, FeAs (MnP) type, oP8. 

Ga In Ge Si Sn As Bi 
3 3 4 4 4 5 5 

1.2 0.6 

1.0 
4.7 

<0.3 
0.4 

0.9 0.4 
0.9 

0.6 2.1 
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Table 5.8. 

AxBI_ x compotmd, CrFe type (a phase), tP30, where x lies in the range 0.25 < x < 0.50. See 
Phillips (1989, p. 347) and data set CrFe in Chapter 6 for the x values of each compound. 

B =~ Nb Ta Cr Mo W Tc Re Fe 
A 5 5 6 6 6 7 7 8 

A1 3 12.0 
V 5  
N b 5  
Ta5 
M o 6  
W 6  
Re 7 
Ru 8 
Os 8 1.9 
R h 9  4.0 
Ir 9 2.2/9.8 
Pt 10 4.O 

1.4 

2.4 
1.2 
1.0 

6.5 
2.1 8.8/7.0 4.7 

5.7 3.8 

6.7 4.5 

12.0 
9.0 

4.5/6.3 
2.5/5.3 
1.4 
8.6/7.8 
5.0 

6.6 

where the mole fractions fA- - fB- - �89  for an AB compound. The tetragonal 
AxBI_ x material called the a phase has atom concentrations that vary between 
A0.24B0.76 and A0.50B0.50, and the transition temperatures of this group are listed 
in Table 5.8. The CrFe compound type data set in Chapter 6 gives the x values for 
the compounds listed in the table. Table 5.9 lists T c values for some additional AB 
compounds of miscellaneous structures. 

Tables 5.10 to 5.13 display T c data for many AB 2 structure types, and in 
particular Table 5.10 provides transition temperatures for several dozen Laves 
phase AB 2 compounds. Some of these have the cubic C15 structure, and others 
have the hexagonal C14 structure; these structures are described in data sets 
MgCu 2 and MgZn2, respectively, of Chapter 6 and are compared in Fig. 6.8. The 
highest transition temperature is T c - 1 0 . 9  K for the hexagonal compound 
ScTc2, and the cubic compound HfV 2 with T c = 9.3 K is second, as indicated 
in the table. High T c values come for N e in the range from 4.7 to 6.7. 

The A15 intermetallic compounds AB 3 provided the highest transition 
temperature of the older superconductors at particular electron contents calculated 
from the expression (3), 

N e - (N A + 3NeB)/4, (4) 

with maxima in Tr found at 

N e - 4.5, 4.75, 6.25, and 6.5, (5) 

as shown by the data in Table 5.14 and Fig. 5.3, respectively. These maxima are 
near those seen in Fig. 5.2 for alloys of elements and listed above for AB 
compounds. The A element of these materials either is a transition element or 
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Table 5.9. 

Miscellaneous AB compounds with various structures a 

B =~ B Ga Th C Si P 
A 3 3 3 4 4 5 

h 

Sb 
5 

Bi 
5 

Li 1 tP 
Na 1 tP 

Cu 1 cI 

Ag 1 m 

A1 3 tI 

Ga 3 tI 

In 3 tI 

Si 4 oP 
Sn 4 tP 

Pb 4 
N 5 hP 
N b 5  

Ta5 
Te 6 mS 
M o 6  
Tc 7 

Ru 8 
Co 9 m 
Rh 9 oS 
Ir 9 oS 

Pd 10 oS 
Pt 10 oS 

5.9 

2.4 

8.3 
4.0 4.4 

0.17 

0.4 
0.4 

0.4 

0.5 9.3 
3.9 
2.0 

7.8 

2.8 

4.2 

2.0 

2.5 

2.3 

2.8 

5.8 

5.7 

0.5 

4.0 

1.7 

3.8 

1.3 

a Several additional AB compounds with their transition temperature T c and structure types are: 

Compound T c (K) Structure 

CdHg 1.8 tI2 
CuLa 5.9 oP8 
MgZn 0.9 oP 
NbRh 3.0 oP 

appears in rows III to V of the periodic table, and the B atom is adjacent to 
niobium in the periodic table. 

Tables 5.15 and 5.16, respectively, list transition temperatures for two 
additional AB 3 classes, namely the cubic AuCu 3 and a-Mn compound types, and 
Tables 5.17 and 5.18 give additional AB n data. The hexagonal Fe3Th 7 type has 
the T c values of Table 5.19, and miscellaneous binary AraB n compounds are listed 
in Table 5.20. 

Transition temperature data for some ternary compounds are presented in 
Tables 5.21 to 5.33. Transition temperatures for the boride compounds AXB2, 
AX3B2, and AX4B 4 are presented in Tables 5.23 to 5.25, and skutterudites 
A X 4 P 1 2  are in Table 5.26. Transition temperatures of miscellaneous ternary 
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Table 5.11. 

AB 2 compound, CuA12 type, tI12. 

B 2 =:~ 
A 

A1 In T1 Th Zr Hf Pb Ta Mo W 
3 3 3 3 4 4 4 5 6 6 

Cu 1 
Ag 1 
Au 1 
A1 3 
B3 
Ga 3 
Co 9 
Rh9 
Ir 9 
Ni 10 
Pd 10 
Pt 10 

1.0 
2.1 

1.3 
1.6 

3.4 
2.2 
3.7 
0.1 

5.0 
11.3 
7.6 
1.6 

0.21 

3.1 

1.3 

0.9 3.0 

3.1 5.1 3.2 

B 2 ==~ 
A 

P5 
Co 9 
Pt 10 
Au 11 

Table 5.12. 

AB 2 compound, CaF2-type , cF 12. 

A1 Ga In Si Rh 
3 3 3 4 9 

0.5 1.8 
0.1 1.6 0.2 

1.2 
1.3 

compounds  are listed in Table 5.33. O f  especial  impor tance  are the Chevrel  

phases  AxMo6X 8 with 1 < x _< 2. These  are chalcogenides  where  X is S, Se, Te 

and the a tom A can be a lmost  any element.  Table 5.27 provides the transit ion 

temperatures  for several dozen o f  these superconductors  with x - 1 and x - 1.2. 

The Mo6X8-grou p bui lding blocks descr ibed in Section Ec  o f  Chapter  6 are 

mainly  responsible  for the superconduct ing  properties.  Magnet ic  order  and 

superconduct ivi ty  often coexist  with these compounds .  

Perovskites 

Before the advent  o f  the h igh-T  c era it was found that superconduct iv i ty  exists in 

the mixed  valence c o m p o u n d  BaPbl_xBixO3, which  is structurally a distorted 
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Table 5.13. 

Miscellaneous AB 2 compounds with various structures. Compounds listed with two values of T c have 
two different structures, a 

B 2 =,  Hg C Si Ge Bi S Se Mo W Re 
A 2 4 4 4 5 6 6 6 6 7 

tI hP 

Na 1 hP 

Ag 1 m 

Mg 2 

Ca 2 tI 

Sr 2 tI 

Ba 2 tI 

B 3  

Sc 3 oS 

Y 3 tI 
La 3 tI 
Lu 3 tI 

Th 3 
C 4 hP 

Zr 4 oS 

Hf  4 hP 

N 5 tI 

Bi 5 

N b 5  

Mo 6 hP 

Ir 9 
Pd 10 

1.6 

3.0 

4.0 

3.9 
1.7 
3.3 

1.6 

3.1 

2.5 

2.4/3.2 

4.9 

1.3 

3.8 
2.6 

0.3 

2.2 

0.9 4.3 

5.0/6.2 7.1 

<1.2 

4.7 3.1 2.8 

7.3 4.5 

0.05 

5.0 

2.2 

a Several additional AB 2 compounds with their transition temperature T c and structure types are: 

Compound T c (K) Structure 

AsPd2 1.7 hP 
BiIn 2 5.8 hP6 

CoTi 2 3.4 cF96 

CoZr 2 6.3 cF96 

CoHf 2 0.5 cF96 

GeNb 2 1.9 

HgMg 2 0.5 

IrZn 2 0.8 

PbSb 2 1.3 cP12 

RhSe 2 6.0 cP12 

RhTe2 1.5 cP12 

SePd2 2.2 

SnPd 2 0.4 oP12 

perovskite (Sleight et al., 1975). Its stoichiometric (x - 1) form probably has the 
valence state BazBi3+Bis+O6 . The highest T c of 13 K was obtained for oxygen- 
deficient mixed crystals. In their original work Bednorz and Mfiller were seeking 
higher Tr compounds within the perovskite type or related oxides, and their 
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Table 5.14. 

AB 3 compound, Cr3Si type (A15), cP8. 

B 3 :=~ 
A 

Ti Zr V Nb Ta Cr Mo 
4 4 5 5 5 6 6 

A1 3 

Ga 3 
In 3 
T1 3 
Si4  
Ge 4 

Sn 4 
Pb 4 

As 5 

Sb 5 
Bi 5 
Tc 7 

Re 7 
Ru 8 

Os 8 
R h 9  
Ir 9 
Pd 10 
Pt 10 
Au 11 

5.8 

9.6 19.1 
14.9 20.7 

13.9 9.2 

9.0 
17.0 19.0 
8.2 23.2 8.0 

0.9 3.8 17.9 8.4 

0.8 8.0 17.0 
0.2 

6.5 0.8 2.0 0.7 

3.4 3.1 

0.6 
1.0 

1.7 
1.2 1.8 

15.0 

15.0 
3.4 10.6 

5.7 1.1 4.7 12.7 
0.7 2.6 10.0 0.3 

5.0 1.7 3.2 6.6 0.8 9.1 
0.08 

0.5 2.9 10.9 0.4 4.7 
0.9 3.0 11.5 16.0 

success in 1986 opened up the field of  high-T c superconductivity. The cubic 
perovskite Bal_xKxBiO3_y discovered 2 years later (Cava et aL, 1988; Mattheiss 
et al., 1988) with T c ~ 30 K for x ~ 0.4 is the first oxide superconductor without 
copper with T c above that of  all the A-15 compounds. Another oxide super- 
conductor type is fcc spinel, and Li0.ysTi204 has T c -- 13.2 K. Very few spinels 
superconduct; see data set MgAI204 in Chapter 6. Data for these compounds are 
provided in Table 5.34. Also included in this table are T c data for four magnet 
wire materials. 

Heavy Electron Systems 

Heavy electron superconductors have an effective conduction electron mass m* 
that is typically more than 100 electron masses. These are sometimes referred to 
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Fig. 5.3. 
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Dependence of the transition temperature T c on the number of valence electrons N e in 
Ao.25B0.75 compounds with the A15 structure. The B element is specified by the symbol at the 
top right, and the A element is indicated at the experimental points. (Vonsovsky et al. (1982), 
p. 269.] 

by the more  pretentious name heavy Fermion superconductors.  The large 

effective mass produces  a long penetrat ion depth, 

)t L -- ( m * / # o n s e 2 )  1/2, (6) 

and a large electron densi ty o f  states at the Fermi level, 

D(EF) - ~ - ~ 2 ( 2 m * / h  (7) 
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Table 5.15. 

A B  3 compound, Cu3Au type, cP4. 

B 3 ==~ 
A 

Mg Hg Ga T1 La Sn Pb Bi Nb 
2 2 3 3 3 4 4 5 5 

Na 1 
Ca 2 
Sr 2 
Ga 3 
In 3 
T1 3 
Y 3  
La 3 
Th3  

Lu 3 
Sn 4 
Pb 4 
Zr 4 
Bi 5 

2.2 

3.3 

2.3 

2.0 

5.8 
9.7 
8.9 

5.6 

1.5 4.7 
1.6 6.0 4.1 

3.3 5.6 

6.2 

4.2 

5.7 

9.6 

YbA13 0.9 K. 

which in turn leads to a large value for the conduction electron contribution 7 to 
the specific heat since 7 is proportional to D(EF). The specific heat ratio 
(C s - 7Tc)/TT c, however, remains close to the usual BCS value of 1.43. Heavy 
electron systems often exhibit two ordering transitions, a superconducting 
transition at T c and an antiferromagnetically ordering transition at the N6el 
temperature T N, with typical values given in Table 5.35. Many heavy electron 
superconductors are anisotropic in critical field, electrical resistivity, ultrasonic 
attenuation, thermal conductivity, NMR relaxation, and other properties. 

Table 5.16. 

A B  3 compound c~-Mn type, ci58. 

B 3 ==~ 
A 

Tc Re Os Pd 
7 7 8 10 

A1 3 3.4 
Sc 3 2.2 
Ti 4 6.6 
Zr 4 9.7 7.4 
Hf 4 5.9 
Nb 5 10.5 9.7 2.9 2.5 
Ta 5 6.8 2.0 
Mo 6 9.9 
W 6 9.0 
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Table .5.17. 

Miscellaneous AB 3 compounds with various structures. Compounds with two values of T c have two 

different structures, a 

B 3 :=~ Hg A1 La Zr Bi Nb Fe Rh Ir Pd 

A 2 3 3 4 5 5 8 9 9 10 
~. hP tP tP oP hP oP 

Li 1 hP 

Ca 2 hP 

Ba 2 tP 

Zn 2 m 

A1 3 hP 

T1 3 h 

La 3 
Y 3  

Ce 3 hP 

Th 3 
C 4 oP 

Si 4 tP 

Ge 4 
Sn 4 m 

P 5  
As 5 tP 

Sb 5 tP 

Nb 5 tI 

Mo 6 m 
Fe 8 m 
Ru 8 oP 
Co 9 hP 

R h 9  

Ni 10 oP 

1.7 

1.6 

5.7 

5.7 
0.9 

0.8 4.2 

0.5 0.3 

3.7 0.4 

4.2 

4.1 

0.6 

3.8 

3.7 
1.0 

0.7 3.2 
6.2 4.1 

1.8 

0.3 

0.2 

1.3 

2.6 

1.1 

2.5 

3.5 

3.3 
4.7 

0.8 

a Seven additional AB 3 compounds with their transition temperatures T c and structure types are: 

Compound Tr (K) Structure 

AuZn 3 1.3 cP32 

OsMo 3 7.2 
PMo 3 5.3 ti32 

PW 3 2.3 ti32 

RhY 3 0.7 oP16 

SrPb 3 1.9 tP4 

YLa 3 2.5 h 
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Table 5.18. 

Miscellaneous AB n compounds of 
several structure types with n > 3 

Compound T c (K) Structure 

GeAg 4 0.8 h 

MgBi 4 1.0 m 

SnAg 4 0.1 h 

PtPb 4 2.8 oS20 

PtSn 4 2.4 oS20 

RhBi 4 2.7 cI120 

SePd 4 0.4 tP10 

BAu 5 0.7 

BaAu 5 0.7 

BiIn 5 4.1 m 

CaAu 5 0.4 cF24 

CaHg 5 1.7 

CeIr 5 1.8 cF24 

Lair 5 2.1 hP6 

LaRh 5 1.6 

LuRh 5 0.5 

SnA% 1.1 hR6 

Thlr 5 3.9 hP6 

ThPt 5 3.1 hR6 

ThRh 5 1.1 

YRh 5 1.6 hP6 

C o U  6 2.3 ti28 

FeU 6 3.9 ti28 

HgSn 6 5.1 m 

LaB 6 5.7 cP7 
MnU 6 2.3 ti28 

ThB 6 0.7 cP7 

YB 6 7.1 cP7 

LuBl2 0.5 cF52 

ReMgBel2 10.1 ti26 

ScB12 0.4 cF52 

YB12 4.7 cF52 

ZrB12 5.8 cF52 

ReBel3 9.9 ti28 

UBe13 0.9 cF112 

WBe13 4.1 ti28 

MoBe22 2.5 cF 184 

ReBe22 9.7 cF184 

TcBe22 5.7 cF184 

VCBez2 4.1 cF 184 
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Table 5.19. 

A3B 7 compounds, all hP20 (except the one labeled 
with an asterisk *). 

B 7 :=~ La Y Th Ge Ru 
A 3 3 3 3 4 8 
=~ 

B 3  
Fe 8 1.9 
Os 8 1.5 
Co 9 1.8 
Rh 9 2.6 0.3 2.2 
Ir 9 2.2 1.5 
Ni 10 2.0 
Pt 10 0.82 1.0 

0.9* 

2.6 

G 
Borocarbides 

Paul C. Canfield 
The RNi2B2C (R - Gd-Lu,  Y) series of materials is a recently discovered family 
of magnetic superconductores. The Tr values for the nonmagnetic rare earths Lu 
and Y are relatively high, 16.1 K and 15.6 K, respectively. The replacement of Y 
or Lu with a moment-beating rare earth leads to a suppression of Tr and the 
advent of antiferromagnetic ordering below the Nrel temperature T N. It can be 
seen from Table 5.36 that Tr and T N values for this series have a ratio Tc/T N that 
ranges from 7.3 for R - Tm to 0.60 for R - Dy. DyNi2B2C is of especial interest 
as a rare example of an ordered compound with T~ < TN. Table 5.37 lists Tr 
values for additional borocarbides. 

The crystalline electric field splitting of the Hund's rule J-multiplet leads to 
extremely anisotropic local moment magnetism for T < 100 K. These anisotro- 
pies also manifest themselves in the Be2 vs temperature phase diagrams. In 
addition, Bc2(T ) is nonmonotonir in T for R - H o - T m  because of the effects of 
local moment ordering. For HoNi2B2C there is a local minimum in Be2 at 
T -- 5 K, while for ErNi2B2C there is a local maximum in Br at T - 6 K for 
Bapp ]lc. 

The compound YbNi2B2C does not order or superconduct for temperatures 
above 0.3 K, but instead enters a heavy Fermion ground state with a characteristic 
Kondo temperature of T~: ~ 10 K. The electronic specific heat coefficient of 
YbNi2B2C at low temperatures has the value V - 530 mJ/K 2 mol. 
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Table S.20. 

AraB n compounds with m, n > 2. 

Compound T~(K) Structure 

Ir2 Y3 1.6 tI40 
La2 C2. 7 11.0 ci40 
Lu2C 3 15.0 ci40 
Mg2A13 0.8 cF 
Pt2Y 3 0.9 
Rh2Y 3 1.5 tI40 
Ru2Nb 3 1.2 t 
Si2W 3 2.8 
Th2 C3 4.1 ci40 
Y2C3 11.5 ci40 

As2Pd 5 0.46 
Rh2Se 5 1.0 
SezPd 5 2.3 
V2 Gas 3.6 tP 14 

C3Sc 4 8.5 ci28 
La3As 4 0.6 ci28 
La3S 4 8.1 ci28 
La3Se 4 7.8 ci28 
La3Sb 4 0.2 
La 3 Te 4 5.3 ci28 
Nb 3 Se n 2.0 hP 14 
Nb3Te 4 1.8 hP14 

As3Pd 5 1.9 
Bi3In 5 4.2 ti32 
Ga 3 Zr 5 3.8 hP 16 
Hg3Mg 5 0.5 hP16 

PaRh5 1.2 oP28 

OsaAl13 5.5 mS34 

Th4D15 7.6 ci76 

SnsNb 6 2.8 o144 

A15Re24 3.4 ci58 
Sc5Re24 2.2 ci58 
TisRe24 6.6 ci58 

Mo6S 8 1.9 hR42 
Mo6Se 8 6.5 hR42 

Mo6Ga30.75 9.8 mP148 

Sl5Rhl7 5.8 cP64 

MolsSel9 4.3 hP68 
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Table 5.21. 

ACX compounds, mS 12, where C is 
carbon, X = Y ,  La, and A is a 

halogen. 

X =~ Y La 
A 3 3 

C1 2.3 

Clo.65Bro.35 3.6 
Clo.5Io.5 
Br 5.1 

Bro.88Clo.12 4.7 
Bro.85Clo.15 
Bro.9Io.1 
Bro.62Io.38 7.0 
I 9.7 

Io.88Clo.12 10.7 
Io.75Bro.25 11.1 
Nao.23Br 6.2 

3.7 
6.2 

7.2 
5.0 

<2 

Table 5.22. 

APd2X compounds, MnCu2A1 type (Heusler), cF16. 

X =~ In Sn Pb Sb Bi 
A 3 4 4 5 5 

Sc 3 2.2 
Y 3 0.85 5.5 4.8 
Lu 3 3.1 
Tm 3 2.8 
Yb 3 2.4 

0.85 <0.07 

For ScAu2A1, T c = 4.4, and for ScAu2In, T c = 3.0. 

Table 5.23. 

AXB 2 boride compound, LuRuB 2 
type, oP16. 

X =~ Ru Os 
A 8 8 

Sc 3 1.3 
Y 3 7.8 2.2 
Lu 3 10.0 2.7 
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Table 5.24. 

A(X3B2) boride compounds and isostructural AX 5 compounds, CeCo3B e 
type, hP6. 

(X3B2) 
A 

Ru3 B2 Os3 B2 Rh3 B2 Ir3 B2 Rh5 Ir5 

La 3 
Y 3  
Lu 3 
Th 3 

2.9 

1.8 
4.7 

2.8 1.7 2.1 
1.6 

2.1 3.9 

Table 5.25. 

AX4B 4 boride compounds, tP18 (no symbol), ti72 (designated by *) 
and oS 108 (in footnote). See Chapter 6 for details. 

X 4 :::ff Ru Os Rh Ir Rh0.85 Ru0.15 
A 8 8 9 9 8.85 

Sc 3 7.2* 
Y 3 1.4" 11.3/10" 9.6* 
Lu 3 2.1" 11.8/6.2" 9.2* 
Th 3 < 1.5" 4.3 
Pr 3 2.4* 
Nd 3 5.4 < 1.5" 
Sm 3 2.5 < 1.5" 
Eu 3 2.0* 
Gd 3 < 1.5" 
Tb 3 <1.5" 
Dy 3 4.1" 
Ho 3 2.1 6.5* 
Er 3 8.6/7.8* 2.3 8.0* 
Tm 3 9.9/5.4* 1.8 8.4* 
Yb 3 <1.5" 

For side-centered orthorhombic compounds, T c = 4.3 K for 
ErRhaB4, T c -- 5.4 K for TmRhaB4, and Tc -- 6.2 K for LuRhaB 4. 
For primitive tetragonal: T c = 4.6 for DyRh2Ir2B4, T c = 6.4 K for 

HoRh2Ir2B 4, T c = 11.9 K for Luo.75Th0.25Rh4B4, T c = 3.2 for 

Y0.5 Lu0.5 Ira B4. 
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Table 5.26. 
AX4P12 phosphide compound, 
LaFe4P12 (skutterudite), ci34. 

X 4 =~ Fe Ru 
A 8 8 

La 3 4.1 7.2 
Ce 3 <0.35 <0.35 
Pr 3 <0.35 <0.35 
Nd 3 < 1.0 < 1.0 

H 

Fullerenes 

Arthur P. Ramirez 
The C60 molecule sketched in Fig. 6.26 was originally discovered in molecular 
beam experiments. It is one of the most stable molecules in the series of even- 
numbered fullerenes and the one that most closely approximates a sphere. C60 is a 
truncated icosahedron, that is, a polygon with 60 vertices and 32 faces divided 
into 20 hexagons and 12 pentagons. The solidification of C60 is a multistep 
process. First, soot is formed by spark erosion in a helium atmosphere. Second, 
column chromatography is performed to isolate the C60 components of the soot. 
Then, for single crystal production, the black powder is dissolved in a nonpolar 
solvent such as benzene, which is then allowed to evaporate, leaving behind small 
(<1 mm) single crystals. For both powder and crystalline samples doping is 
achieved by exposing C60 to alkali vapor in the absence of air. 

Solid C60 is the third crystalline form of carbon, besides diamond and 
graphite. The crystal structure is fcc. The diameter of a C60 molecule is 7 A and C 
atoms are separated by 1.4-1.45 A, depending on whether the bonds comprise a 
pentagon or connect pentagons. The separation between the C60 molecules on the 
edge of the fcc cell is 14.2 A for pure C60 and increases to 14.25 A for K 3 C60 and 
to 14.43 A for Rb3C60. There are other structural variations among doped C60 
compounds :  A2C60 is fcc, A4C60 is bct, and A6C60 is bcc, where A is an alkali 
atom. None of these compounds exhibit superconductivity, at least not above 2 K. 
Other compound families can be formed by intercalating NH 3 and alkaline earths. 
All of these systems are nearly line compounds at room temperature, meaning 
that continuous doping is not possible. 

Undoped, C60 is a semiconductor with a band gap of about 1.5 eV. Because 
of the curvature of the molecular surface, there is a significant ~ - p  hybridization, 
intermediate between that of diamond and graphite. The band widths are typically 
0.5 eV and are identified by the parent molecular orbitals. The extra rotational 
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Table 5.27. 

AxMo6X8 compound, for X = S, Se and 0 < x < 2, PbMo6S 8 type (Chevrel), hR45. Columns 2 and 3 
are for x -  1, columns 4 and 5 are for x = 1.2, and the remaining columns are for special cases. 

T12Fe6Te 6 type hP14 Chevrel compounds are marked with the asterisk (*). 

Case x = 1.0 Case x = 1.2 Special cases 

X 8 =~ S Se S Se 
A 6 6 6 6 Compound T c 

Li 1 5.5 3.9 

Na 1 8.6 

K 1 2.9 

Ag 1 9.5 

Ca 2 6.0 

Hg 2 8.1 

Sc 3 3.6 

Y 3 6.2 2.1 

In 3 <0.6 8.1 
T1 3 8.7 12.2 

La 3 7.0 11.4 

Ce 3 <1.1 <1.1 

Pr 3 2.6 9.2 

Nd 3 3.5 8.2 

Sm 3 2.4 
Eu 3 <1.1 

Gd 3 1.4 

Tb 3 1.4 

Dy 3 1.7 

Ho 3 1.9 2.0 
Er 3 <1.1 2.0 
Tm 3 2.0 
Yb 3 8.6 5.8 8.7 

Lu 3 2.0 

Np 3 5.6 
Pu 3 <2.5 
Am 3 <3.5 
Sn 4 11.8 14.2 
Pb 4 15.0 3.8 

Sb 5 <2 

Bi 5 <2 

5.9 

6.8 
<1.1 

5.6 

5.7 

5.8 

6.1 

6.2 
6.3 
5.8 
6.2 

Mo6S 8 1.9 
Mo6Se 8 6.5 

Mo6Se6* <1 

Mo6Se8* <1 
Mo6Te 8 1.7 

BrMo 6 Se 7 7.1 

Br2Mo6S 6 13.8 

IMo6Se 7 7.6 

IzMo6S 6 14.0 

IzMo6Te 6 2.6 

CuzMo6S 8 10.7 

CUl.73Mo688 a 10.9 
Cu2Mo6Se 8 5.9 
ZnzMo6S 8 3.6 

CdMo5S 6 3.5 

InzMo 6 Se 6. < 1 

In 2 Mo 6 Te 6 * < 1 

TlzMo6Se6* 5.8 

TlzMo6Te6 * <1 

* T12Fe6Te 6 type hP14 structure. 

a hR78 structure. 
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Table 5.28. 

A2B3Si 5 silica compound, U2Mn3Si 5 type 
tP40 (no symbol) and U2Co3Si 5 type, o140 

(designated by asterisk*). 

B 3 =:~ Re Fe Rh Ir 
A 2 7 8 9 9 

Sc 3 
Y 3  
La 3 
Lu 3 
Tm 3 

4.5 
1.8 2.4 2.7* 3.0* 

4.4* 
6.1 
1.3 

Table 5.29. 

A3X4Y13 compound, Yb3Rh4Snl3 type, cP40; stannides A3X4Snl3 are on the left, and germanides 
A 3 X 4 Gel3 are on the right. 

A3X4Snl3 compounds A3X4Gel3 compounds 

X 4 :=~ Ru Os Rh Ir Co Ru Os Rh Ir Co 
A 3 8 8 9 9 9 8 8 9 9 9 

Ca 2 8.7 7.1 
Sr 2 4.3 5.1 
Sc 3 4.5 1.1 
Y 3 3.2 
La 3 3.9 3.2 2.6 2.8 
Lu 3 3.2 
Th 3 5.6 1.9 2.6 
Yb 3 8.6 2.5 

5.9 2.1 1.7 

1.7 3.9 

2.3 3.6 2.3 

1.9 1.4 

T c = 4.8 K for La3RuPd3Sn13 and Tc = 2.2 K for La3Rh4Pbl3 , both with structure cP40; T~ = 3.2 K 
for La3Rh4Snl3, with structure ci320. 

Table 5.30. 

A4XsY10 compounds, Sc5Co4Si10 type, tP38; silicides A4XsSil0 are 
shown on the left and germanides AaX5Gel0 on the right. 

A4XsSil0 compounds A4XsGel0 compounds 

X 5 =, Sc Y Lu X 5 =, Sc Y Lu 
A 4 3 3 3 A 4 3 3 3 

Co 9 
R h 9  
Ir 9 

4.7 Os 8 9.1 
8.4 4.0 Rh 9 1.4 2.8 
8.4 3.1 3.9 Ir 9 2.7 2.6 
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Table 5.31. 

A4X6Snl9 compound with two structures, Tb4Rh6Snl9 type, cF116 
(no symbol) and Er4Rh6Snl9 type, ti232 (designated by *). 

X 6 ==} Ru Os Co Rh Ir 
A 4 8 8 9 9 9 

Sc 3 1.5 
Y 3 1.3 2.5 
Lu 3 <1.1" 1.8 
Tb 3 1.4 
Ho 3 1.4 
Er 3 <1.1" 1.3 
Tm 3 1.1 

1.5* 

4.5* 1.1" 
3.2* 2.2 
4.0* 3.2* 

<1.1" 1.2" <1.1" 
2.3* <1.1" 

Ca4Rh6Pbl9 3.3*; Sc4Ir6Gel9 1.4"; Sc4Rh6Gel9 1.9". 

degree of freedom of the C60 molecule gives rise to unusual structural behavior in 
the undoped material. This behavior includes orientational ordering at 260 K and 
glassy dynamics observed below 200 K in thermal conductivity, dielelectric 
constant, and Young's modulus studies. This behavior is not observed in the 
doped compounds, and it is also not clear to what extent residual rotational 

Table 5.32. 

A nMO15 Se19 compound with two structures: 
~-MolsSel9 type, hP68 (no symbol) and fl-Mo15Se19 

type, hR204 (designated by an asterisk *). 

A~ N e Tr (K) 

Li 2 1 2.6* 
Li 3 1 3.5 
Na 2 1 <0.5* 
Na 3 1 <0.5 
K2 1 2.1" 
Cd2. 5 2 <0.5* 
In 2 3 1.4" 
In 3 3 3.8 
Sn 2 4 <0.5* 
In 2 3 <0.5* 
K2In 1.7 1.3 

For hP68 structure T c < 0 . 5 K  for X = S  and 
A~ = Na, K, Zn, Cd, In, T1, Sn, Pb; T c < 0.5 K for 
MolsS19 and T c = 4.3 K for MOlsSel9. 
For hR204 structure, T c = 4.3 K for MOlsSel9 , and 
T c = 3.3 K for K2Mo15S19. 
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Table 5.33. 

Miscellaneous AmBnC p and AmBnCpD q compounds with various 
structures. 

Compound Tc(K ) Structure 

ABC 

ABC2 

ABC 3 

AsHfOs 3.2 hP9 
AsHfRu 4.9 hP9 
AsOsZr 8.0 hP9 
AsRuZr 11.9 hP9 
GelrLa 1.6 tI12 
GeLaPt 3.5 tI12 
HflrSi 3.5 oP 12 

HfOsP 6.1 hP9 
HfPRu 10.0 hP9 

IrSiTh 6.5 tI12 

IrSiTi <1.7 oP12 

IrS iY 2.7 o P 12 

IrSiZr 2.0 oP12 

LaPtSi 3.3 tI12 
LaRhSi 4.4 cP 12 

NbPRh 4.4 oP12 

NbPS 12.5 oi12 
NbReSi 5.1 oi36 
NbRuSi 2.7 o136 
OsPTi 1.2 hP9 
OsPZr 7.4 hP9 
PRhTa 4.4 oP12 
PRhZr 1.6 oP12 
PRuTi 1.3 hP9 

PRuZr 3.7, 12.9 oP12, hP12 
ReSiTa 4.4 o136 
RuSiTa 3.2 o136 

BCMo 2 7.5 oS 16 
BNNb 2 2.5 oS 16 
BiPbPt2 1.3 

BiSbNi 2 2.0 hP 
BiSbPt 2 1.5 hP 

IrLaSi 2 2.0 oS 16 

LaRhSi 2 3.4 oS 16 

LaRuB 2 7.8 oP 16 
NiRhBi 2 3.0 hP 

PdPtBi 2 3.7 hP 

ReWC 2 3.8 oF8 

CIrMo 3 3.2 cF 

IrLaSi 3 2.7 tI10 

LaRhSi 3 2.7 tI10 
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AB2C 2 

AB2C3 

AB2C4 

AB3C3 

Table 5.33. 

Compound 

(continued) 

Tc(K) Structure 

MoReC 3 
TaPbS 3 
ThlrSi 3 
ThRhSi 3 

LaB2C 2 
LaRhzSi 2 
LaRu2P 2 
LuB2C 2 
SrRu2P 2 
ThlUr2Si 2 
UAlzGe z 

yBzC2 
YIrzSi 2 
YRhzSi 2 

3.8 
3.0 
1.8 
1.8 

<1.8 
3.9 
4.1 
2.4 

<1.8 
2.1 
1.6 
3.6 
2.6 
3.1 

cF8 

tI10 
tI10 

tPl0 
tI10 
tI10 
tPl0 
tI10 
tI10 
cP 
tP10 
tI10 
tI10 

CA12Mo 3 
CIr2W 3 
CIr2Mo 3 
COs2W 3 
CPt2Mo 3 
CPt2W 3 
LaB2Rh 3 
LaB2Ir 3 
LaSi2Ru 3 
LuB2Os 3 
OsY2Ir 3 
ThB2Ir 3 
ThB2Ru 3 
ThSi2Ru 3 
YB2Ru 3 
YSi2Ru 3 

10.0 
2.1 
1.8 
2.9 
1.1 
1.2 
2.8 
1.7 
7.6 
4.6 
2.4 
2.1 
1.8 
4.0 
2.9 
3.5 

cP24 
cF 
cF 
cF 
cF 
cF 
hP6 
hP6 
hP12 
hP6 
hP 
hP6 
hP6 
hP12 
hP6 
hP12 

CuRh2 S 4 
CrRh2 Se 4 
CHV2S 4 
HfP2Ru 4 
ZrP2Ni 4 
ZrP2Ru 4 

4.4 
3.5 
4.5 
9.5 

<2.0 
11.0 

cF56 
cF56 
cF56 
tP14 
tP14 
tP14 

OV3Zr 3 
T1Mo3Se 3 
T1Os3W 3 

7.5 
4.0 
2.1 

cFl l2  
hP14 
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AB3C 4 

AB3C9 

AB4C12 

A2B3C5 

A2BsC6 

A2B6C9 

A3B4C13 

AmBnCpDq 

Table S.33. (continued) 

Compound Tc(K ) Structure 

NiPd3As 4 1.6 hP 
SbTe3In 4 1.5 cF8 
SeTe3Nb 4 4.4 

NaW200 3.0 

LaFe4P12 4.1 ci34 
LaRu4P12 7.2 ci34 

La2Rh3 Si 5 4.5 o140 
Y2Ir3Si5 2.8 o140 
Y2Rh3Si5 2.7 o140 

B2La5C 6 6.9 tP52 

Bao.67 B 2 Pt 3 5.6 hP 12 
Cao.67B 2 Pt 3 1.6 hP 12 
Sro.67B2Pt 3 2.8 hP12 

La3Rh4Snl3 3.2 ci320 

BNLaNi <4.2 tP8 
B2Ni2N2.9La 3 13.0 tI20 
B2BrsC6La 9 6.6 oP46 

motion hinders superconductivity. The energy scale for rotational motion is much 
lower than that needed to produce the large T c's observed. 

The superconducting phase has a stoichiometry of three alkali atoms for 
each C60 molecule. The mechanism of doping involves charge transfer from the 
alkali-atom outer shell onto the C60 molecule, populating the tau molecular 
conduction band. The alkali atoms do not possess states near the Fermi level and 
are thus electronically inactive. The highest reported T c is 40 K for Cs3C60, 
although this material is metastable. The more stable forms K3C60 (T c -- 19.5 K) 
and Rb3C60 (T c = 29.5 K) have properties listed in Tables 5.38 to 5.40. Ramirez 
(1994) has reviewed superconducting fullerenes. 
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Table 5.34. 

AB magnet material alloys, A(BxCx_x)O 3 tetragonal and cubic 
perovskites, and AB2X 4 spinels. 

Type Compound T c Structure 

Magnet alloy 

Perovskite 

Spinel 

Nb-Ti, 50 mole %Nb 9.5 
Nb-Ti, 67 mole %Nb 10.1 
Nb-N 1 O.5 
Nb3Sn, A15 compound 17.9 cP8 

BaPb0.8Bi0203, tetragonal 10.0 tI20 
BaPb0.7Bi0. 3 03, tetragonal 11.5 tI20 
Ba0.57K0.43 BiO3, cubic 30.0 cP5 

Li0.75Ti204 13.2 cF56 
Li 1.03 Ti1.90 04 12.3 cF 56 
CuV2S 4 4.5 cF56 
CuRh2S 4 4.4 cF56 
CuRh2Se 4 3.5 cF56 

Table 5.35. 

Properties of several heavy electron superconductors where T c is the 
superconducting transition temperature, T N is the Nrel temperature, | 
is the Debye temperature, /2ef f is the effective magnetic moment, and 

m*/m e is the ratio of the effective mass to the free electron mass. 

Compound Tc(K ) TN(K ) OD(K ) ]2eff/]2 B m * / m  e 

NpBel3 3.4 -42  2.76 
UBe13 0.85 8.8 - 7 0  3.1 192 
UCdll 5.0 -23  3.45 
UPt 3 0.43 5.0 -200 2.9 187 
U2Znl7 9.7 -250 4.5 
CeCu2 Si 2 0.6 0.7 - 140 2.6 220 

Most of the data on the superconducting phase can be understood using 
existing strong coupling (McMillan) theory. The magnitude of T c, which is 
greatest among noncuprate materials, can be understood as arising from the 
combined effects of (1) a large phonon frequency arising from intramolecular 
modes; (2) a strong electron-phonon coupling resulting from the curvature of the 
molecular surface, which leads to strong sp 2 hybridization among the n-orbitals 
of neighboring carbon atoms; and (3) a large density of states arising from the 
narrow bands, which is a direct result of the spatial separation between C60 
molecules. 
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Table 5.36. 

Properties of superconducting borocarbides RNi2B2C , where R = Gd-Lu,  Y. 

T c Bc2(2 K) T N 0 c 0ab 0ave lAeff Easy axis 
(K) (kG) (K) (K) (K) (K) (lAB) (T-~ TN) 

Gd <1.8 - -  20, 14 - -  - 1  8.1 iso 
Tb <0.3 14.8 - 6 0  16 0 9.8 100 
Dy 6.2 4 B II e 10.3 - 8 2  25 1 9.8 110 
Ho 8.7 5 Bi l e  6, 5.5 - 33  8.5 - 1  10.4 110 

5.0 
Er 10.5 15 B II c 6.0 - 6  -7 .5  -7 .0  9.4 100 
Tm 11.0 18 B _1_ c 1.5 21 - 3 6  - 1 2  7.5 001 
Yb <0.3 - -  <0.3 -63  -191 -130  4.7 001 
Lu 16.1 70 
Y 15.6 90 

0 and IAB values are taken from anlaysis of low field M ( T )  data using the Curie-Weiss form 
M ( T ) / B  = z(T)  = C / ( T  - 0), where C = NlA2ff/3kB . 0 c and 0ab values are from z(T)  data measured 
with B II c and B A_ c, respectively. 0av e and lAB are taken from a polycrystalline average of the z(T) 

data Zave = (Xc q- 2Zab)/3. 

Table 5.37. 

Transition temperatures of AX2B2C borocarbide compounds, LuNi2B2C type, tI12. 

X 2 =:~ Rh Ir Ni Pd Pt Ptl.sAu0. 6 
A 9 9 10 10 10 10.3 

Sc 3 

Sco.sLuo. 5 3 
Y 3  
La 3 

Lao.sLuo. 5 3 
Lu 3 

Lao. 5Tho. 5 3 
Th 3 
Pr 3 
U 3  
Gd 3 
Tb3  
Dy 3 
Ho 3 
Er 3 
Tm 3 
Yb3  

15.6 
15.6 
15.6 23.0 10.0 11.0 

<4.2 <4.2 <4.2 10.0 11.0 
14.8 
16.1 
3.9 
8.0 14.5 6.5 

6.0 
<2.0 
<1.8 
<0.3 

6.2 
8.7 

10.5 
11.0 

<0.3 

6.5 
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Table 5.38. 

Solid-state parameters of two alkali metal doped fullerenes. 

K3 C60 Rb3 C60 

Lattice properties 
fcc lattice constant a 0 (10 K) 14.25 A 14.43 A 
Density 1.97 g/cm 3 2.23 g/cm 3 
Phonon spectrum--average frequencies 

Librational mode 4 meV 
Intermolecular modes 

radial 25-110 meV 
tangential 110-200 meV 

Bulk modulus (undoped C60 ) 18.2 GPa 
Bulk modulus (A3C60) 27 4- 1.9 GPa 21.9 + 1.9 GPa 

Electronic parameters 
n (electron density at 10 K) 4.24 x 1021 cm -3 4.1 x 1021 cm -3 

% 1 . 5 6  eV - -  

v F = (zt4/3)l/3k2nZ/3]fh 1.4 x 107 cm/sec - -  

P0 (transport--films) ~2 m.Qcm 
P0 (optical) ~0.4 m-Qcm 
P0 (optical) 0.8 m,Qcm 
P0 (mocrowave) 0.41 m,Qcm 
P0 (specific heat, Hc2 ) 0.5 m.Qcm 
N(Ev) (thermopower) 14.2 4- 1.1 23.2 4- 0.7 
N(E v)(NMR) 14.1 4- 1 23 -1- 1 
N(Ev)(ESR) 10.6 4- 3 

N(Ev) (Zdc) 14 4- 1 19 4- 0.6 

Charge Transfer Organics 

The great majority of organic compounds and polymers are electrical insulators, 
but a few of them do conduct electricity, such as salts of the compound 
bis(ethylenedithio)tetrathiafulvalene, which is often called BEDT-TFE Figure 
5.4 gives the structural formulas of this and other organic molecules that play the 
role of electron donors in conducting and superconducting organics (Ishiguro and 
Yamaji, 1990). The electrical properties of organic conductors are often highly 
anisotropic and can exhibit low dimensional behavior. Crystallographic data and 
transition temperatures of some of these compounds are given at the end of 
Chapter 6. 
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Table 5.39. 

Superconducting state parameters of two alkali metal doped fullerenes [adapted from A. P. Ramirez, 
Superconductivity Rev., second issue of Vol. 1, No. 1 (1994)]. 

K3 C60 Rb3 C60 

T c 19.5 29.5 
2 (penetration depth--#SR) 4800 4- 200 A 4200 A 
2 (optical) 800 4- 500 A 800 4- 500 A 
2 (NMR) 6000 A 4600 A 
~o (coherence length--Zac) 35 A 30 A 
~o (Zac) 29-33 A 
Bd(0 ) (#SR) 4.6 mT 
B'~I(0) (Zdc) - -  -0.28 mT/K 
B'd0) (Zdc) -1.2 mT/K -0.7 mT/K 
Bc2(0) (Zac) 26 T 34 T 
Be2(0) (~ac) 30-38 T 
Btc2 (Zac) -3.73 T/K -3.9 T/K 
B'c2 (Zac) --2.14 4-0.08 T/K 
B'~2 (p) -1.34 T/K 
AC/T c 68 4- 13 mJ/mole K 2 
2ko/kBT c (NMR) 3.0 4.1 
2k0/k B T c (optical) 2.98 3.52 
2k0/k BT c (#SR) - -  3.6 4- 0.3 
2Ao/kuT c (tunneling) 5.3 4- 0.2 5.2 4- 0.3 
dTc/da o (chemical subst.) 5.4 K/A 
dTcdV (chemical subst.) 0.088 K/A 3 
dT~/dP -7.8 K/GPa -9.7 K/GPa 
dT~/dP -6.3 K/GPa 

Table 5.40. 

AnB3_ n C60 alkali doped fullerene 
compounds, cF252. 

Na2 K2 Rb2 Cs 2 

Na <2 
K 2.5 19.5 27 
Rb 2.5 23 29.5 
Cs 10.5 24 31 

33 
47 
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Fig. 5.4. 
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and Yamaji, 1990, p. 2.] 

Crystal Chemistry 

Villars and Phillips (1998) proposed to explain the combinations of elements in 
compounds that are favorable for superconductivity at relatively high tempera- 
tures by assigning three metallic parameters to each atom, namely an electron 
number Ne, a size r, and an electronegativity X. These atomic parameters were 
employed to calculate three Villars-Phillips (VP) coordinates for each compound, 
namely (a) an average number of valence electrons N v = (Ne)av , (b) a spectro- 
scopic electronegativity difference A X, and (c) a spectroscopic radius difference 
A R. The text by Phillips (1989; see also Poole et al., 1995, p. 204) tabulates the 
VP coordinates for more than 60 superconductors with T c > 10 K, and for about 
600 additional ones with Tc in the range 1 < T c < 10 K. Various classes of 
superconductors with T c > 10 K are found to have similar Villars-Phillips 
parameters. 
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A 

Introduction 

a. Preliminary Remarks 

Classical superconductors cover a large spectrum of chemically different 
compounds, ranging from alloys to chalcogenides and organic compounds, and 
crystallize with very different structures. The highest superconducting transition 
temperatures are observed among representatives of structure types such as the 
K3C60 type with C60 fullerene "balls," the simple cubic Cr3Si (A15) and NaC1 
types, the Pu2C 3 type with C 2 dumbbells, the layered borocarbide type 
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LuNi2B2C , the Chevrel phases with octahedral metal atom clusters, and the 
perovskite type, precursor of the high-T c superconducting oxides. When the limit 
in Tc is decreased, superconducting representatives are found for a relatively large 
number of different structure types. 

The present overviews have, with a few exceptions, been restricted to 
structure types for which at least one compound has been reported with a critical 
temperature above the boiling point of helium, 4.2 K. The exceptions concern 
closely related structures or compounds, as well as heavy-electron compounds. 
Structure types represented by materials that become superconducting only under 
high pressure, after irradiation, or in thin films have not been taken into 
account. The more than 100 structure types presented here are listed in Table 
6.1, ordered according to the highest temperature reported for an isotypic 
compound. 

In the text the structures have been grouped at a first level according to the 
chemical family within which superconducting representatives are found. The 
chapter has thus been subdivided roughly into structures found among super- 
conducting elements, intermetallics, interstitial compounds, borides and carbides, 
chalcogenides, and organic compounds. This classification is, however, not 
absolute, since the same structure type is sometimes adopted by different classes 
of compounds. Within each section, particular structural features, such as the 
substructure formed by one of the elements or selected coordination polyhedra, 
have been emphasized. Also, this subdivision is only approximate, since a 
structure type may contain both a particular substructure and a defined coordina- 
tion. 

Almost one century has passed since the discovery of superconductivity, 
and a huge amount of literature on superconductors has been published. The 
literature search for the preparation of this chapter was simplified by the existence 
of lists of superconducting compounds, such as those given in the works by B. T. 
Matthias et al. (1963), S. V. Vonsovsky et al. (1982), B. W. Roberts (1976), E. M. 
Savitsky et al. (1985), and L. I. Berger and R. W. Roberts (1997). A certain 
number of books and review articles on particular classes of superconductors 
were also consulted. Publications with structural data were often found via TYPIX 
(Parth6 et al., 1993/94; Cenzual et al., 1995), Pearson's Handbook  (Villars, 
1997), or the Inorganic Crystal Structures Database (Kirchhoff et al., 1991); 
however, the original papers were always examined. No claim is made on 
completeness; however, we hope that few structure types responding to the 
criteria defined here have been overlooked. 

b. Structure Types and Structural Relationships 

Ignoring the chemical nature of the constituents, a particular geometric arrange- 
ment of atoms is generally referred to as a structure type. Following recommen- 
dations of the International Union of Crystallography, to be considered as such, 
isotypic compounds should crystallize with the same space group and comparable 
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TABLE 6.1 

Structure types for which at least one representative with critical temperature above 4.2 K has been 
reported. 

T c Compound Structure type Stmkturbericht Pearson Space 
code group 

45.0 Rb2.7T12.2C60 K3C6o cF252 Fm~3m 
30 Bao.6Ko.4BiO 3 CaTiO 3 E21 cP5 Pm~3m 
23.2 Nb3Ge Cr3Si A15 cP8 Pm3n 
23.0 YPd2BC LuNi2B2C tI12 I4/mmm 
18.0 NbNo.75 Co.25 NaCI B1 cF8 Fm3m 
17.0 YI.aTho.6C3.1 PuzC3 D5 c ci40 I2~3d 
15.2 Pbo.92Mo6S 8 I-IT-Pbo.9Mo6S 8 hR45 R~3 
15.1 MoN LT-Nbl_xS hP16 P63 mc 

_ 

14.0 Mo6S6I 2 Mo6Se 8 hR42 R3 
13.7 Tco.82Moo.18 Mg A3 hP2 P63/mmc 

_ 

13.2 Lio.75Ti20 4 MgAI20 4 H11 cF56 Fd3m 
13 BaPbo.7Bio.30 3 Cr3AsN tI20 14/mcm 
13 La3Ni2B2Ni2.91 La3Ni2B2N 3 tI20 I4/mmm 
13 Lio.3 Til.1 $2 4H-Til+xS2 hP8 P63mc 

_ 

12.9 Nbo.24Tco.76 TisRe24 A12 ci58 I43m 
12.9 ZrRuP ZrNiAI C22 hP9 P62m 
12.5 x-(ET)2Cu[N(CN)2]C1 Charge-transfer salt oP... Pnma 
12.5 NbPS NbPS o112 Imnm 
12.0 Moo.3oTco.7o CrFe D8 b tP30 P42/mnm 
12.0 Moo.6Reo.4 W A2 ci2 Im3m 
12 Mo2C ~-Fe2N oP12 Pbcn 
11.9 Luo.75 Tho.25RhaB 4 CeCo4B 4 tP18 P42/nmc 

_ 

11.8 Zro.61Rho.28500.105 W3Fe3C E93 cF112 Fd3m 
11.3 Zr2Rh 0-CuAl 2 C16 tI12 I4/mcm 
11.2 Moo.ssZro.15B2.5 AIB 2 C32 hP3 P6/mmm 
11.1 YCIo.75Bro.25 ls-GdCBr mS12 C2/m 
11.0 Nb0.51 Iro.3oOo.19 HfsSn3 Cu D88 hP18 P63/mcm 
11 ZrRu4P 2 ZrFe4 Si 2 tP14 P42/mnm 
10.9 Cu2.76Mo6 $8 HT-Ni2.sMo6S s hR78 R3 
10.9 ScTc 2 MgZn 2 C14 hP12 P63/mmc 
10.8 CUl.84Mo6 S 8 LT-Nio.66M06 Se s aP16 P1 
10.7 Hfo.84Nbo. 16V 2 MgCu 2 C15 cF24 Fd3m 
10.1 ReMgBe u ThMnl2 D2 b ti26 I4/mmm 
10.0 LuRuB 2 LuRuB 2 oP16 Pnma 
10.0 Mo3A12C Mo3AI2C cP24 P4132 
10 YRh4B 4 LuRu4B 4 ti72 I41/acd 
9.8 Mo6Ga3o.75 Mo6Ga31 raP148 P21/c 

_ 

9.7 La3In Cu3Au L12 cP4 Pm3m 
9.7 ReBe22 ZrZn22 cF184 Fd3m 
9.3 MoC WC B h hP2 P6m2 
9.1 YsOs4Gelo SesCo4Silo tP38 P4/mbm 
9.0 MOl.8RI~.2BC Mo2BC oS16 Cmcm 
8.9 MoCo.67 II-MoCI_ x hP12 P63/mmc 
8.8 MoIr 13'-AuCd B19 oP4 Pmma 

(continued) 
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TABLE 6.1 (continued) 

T c Compound Structure type Strukturbericht Pearson Space 
code group 

8.7 Ca3Rh4Snl3 
8.3 NbB 
8.1 La3S 4 
7.9 Ga 

7.8 Moo.69Pto.31 
7.6 LaRuaSi 2 
7.6 Th4H15 
7.5 Ago.72Gao.28 
7.2 LaRu4P12 
7.2 Pb 
7.1 NbSe 2 
7.1 Si 
7.1 YB 6 
7 Ba6C60 
7 Ga 
7.0 YCBro.62Io.38 
6.9 LasB2C 6 
6.6 Rbo.28WO3 
6.5 ThlrSi 

6.5 VI.o6Ruo.8oRho.14 
6.3 CSo.3MoS 2 
6.3 NbSe 2 
6.2 Ga 
6.2 La3Ni 
6.2 LuRh4B 4 
6.1 Lu2Fe3Si 5 
6 La9B3C6Br 5 
6.0 RhSel.75 
5.9 GaN 
5.9 LaCu 
5.8 BaBi 3 
5.8 In2Bi 
5.8 MoCo. 5 
5.8 Rhl7S15 
5.8 T12Mo6Se 6 
5.8 ZrBl2 
5.7 Bao.2 (NH3)yMOS 2 
5.6 Bao.67PtaB 2 
5.6 Ino.65 Sbo.35 
5.5 OsnAl13 
5.5 YPd2Sn 
5.3 Mo3P 
5.1 NbReSi 
5.0 Mo2 N 
4.9 BaGe 2 
4.9 La 

Yb3 Rh4 Snl 3 cP40 
t~-TlI B33 oS8 
Th3P 4 D73 c/28 
~-Ga hR66 
LT-Mg3Cd D019 hP8 
LaRuaSi2 hP12 
Cul5Si 4 D86 c/76 
~-(AgZn) B b hP9 
LaFe4P12 c/34 
Cu A 1 cF4 
2H-NbS2 hP6 
13-Sn A5 tI4 
CaB 6 D21 cP7 
Cs6C60 c/132 
~/-Ga oS40 
3s-GdCBr mS12 
LasB2C6 tP52 
RbxWO 3 hP26 
LaPtSi tI12 
CsCI B2 cP2 
2H-MoS 2 C7 hP6 
4H-NbSe2 hP12 
[~-Ga mS4 
Fe3C D011 oP16 
LuRh4B4 oS108 
U2Mn3Sis tP40 
Ce9B3C6Brs oP46 
p-FeS 2 C2 cP12 
2H-ZnS B4 hP4 
FeB B27 oP8 
SrPb3 L6 o tP4 
Ni2In B82 hP6 
NiAs B81 hP4 
Pd17Sels cP64 
Tl2Fe6Te6 hP14 
UB12 D2f CF52 
3R-MoS2 hR9 
Bao.67Pt3B2 hP12 
CrsB3 D8 t t/32 
Os4Al13 mS34 
MnCu2AI L21 cF16 
Ni3P DO e t132 
TiFeSi 0/36 
[3-Mo2N tI12 
t~-ThSi 2 C c tI12 
ct-Nd A3' hP4 

Pm3n 
Cmcm 
I2~3d 
R3m 
P63/mmc 
P63/m 
fi3d 
P~ 
Im~ 
Fm3m 
P63/mmc 
I41/amd 
Pm3m 
Im~ 
Cmcm 
C2/m 
P4 
P63/mcm 
141 md 

_ 

Pm3m 
P63/mmc 

_ 

P6m2 
C2/c 
Pnma 
Ccca 
P4/mnc 
Pmmn 
l~a~ 
P63mc 
Pnma 
P4/mmm 
P63/mmc 
P63/mmc 

_ 

Pm3m 
P63/m 

_ 

Fm3m 
R3m 
P63/mmc 
I4/mcm 
C2/m 
Fm3m 

Ima2 
I41/amd 
I41/amd 
P63/mmc 

(continued) 
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TABLE 6.1 (continued) 

T c Compound Structure type Strukturbericht Pearson Space 
code group 

4.9 TaRhP TiNiSi oP12 Pnma 

4.8 Nb0.95Irl.05 CuAu L10 tP2 P4/mmm 
4.7 IrGe FeAs B14 oP8 Pnma 
4.7 LuOs3B 2 CeCo3B 2 D2 d hP6 P6/mmm 
4.6 Nb0.85Irl.15 Talr oP12 Pmma 
4.5 ScaRh6Snl9 Er4RhrSnl9 t/232 I41/acd 
4.4 La2Rh3Si 5 U2Co3Si s o140 Ibam 
4.4 LaRhSi ZrSO cP12 P213 
4.3 MolsSel9 ot-MolsSel9 hP68 P63/m 
4.3 MolsSe19 I~-MolsSel9 hR204 R3c 
4.3 PdBi 2 MoSi 2 C11 b tI6 I4/mmm 

_ 

4.2 Hg ot-Hg A 10 hR3 R3m 

4.1 LaRu2P 2 CeAI2Ga 2 D13 tllO I4/mmm 
3.9 Hg In A6 tI2 I4/mmm 
3.9 YC 2 CaC 2 C11 a tI6 I4/mmm 
3.6 YB2C2 YB2C2 tPlO P42/mmc 
3.3 Ca 4Rh6Pbl9 Tb4RhrSnl9 cF116 Fm3m 
3.2 La3RhaSnl3 La3Rh4Snl3 c/320 14132 
1.1 Ga ot-Ga A 11 oS8 Cmca 
1.0 UBel3 NaZn13 D23 cF112 Fm3c 
. . .  BaMo6S 8 LT-BaMorS a aP15 P1 
... LuNiBC LuNiBC tP8 P4/nmm 

unit cells. The atoms should in addition occupy the same Wyckoff positions (see 
later definition) with similar numerical values for the coordinates. As a conse- 
quence, the atomic environment (coordination) of all atoms should be similar in 
both structures and the same general description can be applied to all representa- 
tives of the structure type. In a strict definition, the composition is also taken into 
consideration and different substitution variants are considered as distinct types. 
Within this review, differently ordered or partly ordered derivatives have, 
however, generally been considered together when the overall symmetry remains 
the same (e.g. CaCu 5 and CeCo3B2). The same is true for structures with 
localized or delocalized atoms, in particular since only a complete structure 
determination can tell the exact position of the atoms. For certain families, such 
as the intercalation compounds, no distinction has been made between structures 
with and without interstitial atoms, which, from a formal point of view, crystallize 
with different structure types. The concept of structure type is very useful among 
inorganic structures, where the number of isotypic compounds may be very high; 
however, no attempt was made to try to apply similar classification criteria to the 
few organic salts presented here. Structure types are generally named after the 
compound for which this particular atom arrangement was reported for the first 
time. 
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Some 10,000 structure types are known for inorganic compounds and the 
comparison of different types often reveals similar geometrical features. Struc- 
ture types may, for instance, be related to each other by simple relations such as 
deformation, substitution, or filling up of vacancies. A deformation may cause a 
lowering of the symmetry; for example, the orthorhombic FeAs type is a 
deformation derivative of the hexagonal NiAs type. Partial substitution of one 
element by another in a particular ratio commonly leads to an ordered atom 
distribution. The resulting structure may respect the original symmetry, as is the 
case for c~-Mn and TisRe24, or break some of the symmetry elements present in 
the parent type. For example, on replacing half of the nonmetal atoms in a-ThSi 2 
to obtain the LaPtSi type, one of the mirror planes is lost. A particular case of 
substitution occurs when a pair of atoms replaces one atom. An example of such 
a relationship is found between Sc4C 3 with single carbon atoms (Th3P 4 antitype) 
and Pu2C 3 with carbon atom dumbbells. Several structure types present vacan- 
cies large enough to host additional atoms. In the Chevrel phases, for example, 
the large cavities in the Mo6Se 8 type are occupied by cations. The super- 
conducting nitrides and carbides crystallizing with NaCl-type structures are 
generally considered as interstitial compounds, whereas the layered structures 
found with chalcogenides are known to form a large number of intercalation 
derivatives, sometimes hosting very thick layers of molecules between the 
chalcogenide slabs. Structural units with common geometric features are often 
recognized in different structures; for example, CaTiO 3 and LaFe4P12 both 
contain frameworks of corner-sharing octahedra. When two structures can be 
decomposed into the same kind of subunit, arranged in different ways, they are 
considered as stacking variants. The types FeB and a-TlI represent two different 
ways to stack a several-angstrom thick structural slab of interconnected trigonal 
prisms. Two or more kinds of subunit may be present in different proportions in 
several structures, and a series of intergrowth structures may be considered. This 
is the case for some of the superconducting borocarbides and boronitrides, which 
are conveniently decomposed into two different kinds of slab. Finally, larger 
units may be packed in the same way as smaller units; for example, in one of the 
fulleride structures fullerene molecules and alkaline-earth cations adopt the same 
arrangement as the single atoms in intermetallic Cr3Si. 

c. Atom Coordinations 

The stability of a structure is deduced from its overall band structure, but at the 
very local level, each individual atom in a structure will try to accommodate itself 
to satisfy a series of criteria. These criteria represent a combination of constraints 
due to covalent bonding, local electroneutrality, and space-filling. An atom 
connected to the surrounding atoms by covalent bonds will have a well-defined 
coordination that can suffer relatively little distortion. On the other extreme, a 
highly ionized atom has less demand on the shape of the cavity in which it is 
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located. For alloys, optimal space filling is generally the dominating criterion and 
the coordination number, that is, the number of nearest neighbors, increases with 
the atomic radius. Small atoms in large interstices are often delocalized over 
several off-centered positions. 

Crystal structures rapidly become complex, and a description emphasizing 
particular coordination polyhedra helps in visualizing and memorizing a structure 
and finding relations between different structures. Examples of coordination 
polyhedra that are commonly observed in crystal structures of inorganic 
compounds are presented in Fig. 6.1. It may be noted that it is not always 
easy to decide how many atoms belong to the first coordination sphere. There is 
also a certain amount of subjectivity in the labeling of the polyhedron. For 
instance, a distorted polyhedron built up by eight atoms can be considered as a 
bicapped trigonal prism, but also as a square antiprism. In the same way, an 
octahedron elongated or compressed along one of its 4-fold axes is still called an 
octahedron, whereas if the deformation takes place along one of the 3-fold axes, it 
is generally referred to as a trigonal antiprism. Straight trigonal prisms are 
frequent in intermetallic compounds, such as borides, and silicides. In this case, 
the first coordination sphere often includes atoms capping the rectangular faces, 
sometimes located at a shorter distance from the central atom than the prism- 
forming atoms. For a better visualization of the structure, the capping atoms are, 
however, generally omitted in the description. The largest atom coordination 
presented here, the 16-vertex Frank-Kasper polyhedron, is conveniently decom- 
posed into a truncated tetrahedron (a polyhedron, obtained by cutting the 4 
vertices of a tetrahedron, with 12 vertices and 4 hexagonal and 4 triangular faces) 
and a tetrahedron formed by atoms capping the 4 hexagonal faces of this. Coor- 
dination numbers exceeding 20 are found in some intermetallic compounds 
combining atoms of very different sizes. 

d. Definitions and Conventions 

A crystallographic data set contains information about the cell parameters (the 
edge lengths and the angles of the unit cell), the coordinates of the atoms in the 
asymmetric unit (a representative triplet x y z for each atom site), and the space 
group symbol. The International Tables for Crystallography (Volume A) (Hahn, 
1983) defines how to choose the unit cell with respect to the symmetry operations 
in each of the 230 possible space groups. By consulting the lists of equivalent 
triplets in the International Tables for Crystallography, the coordinates of any 
atom in the structure can be derived from this condensed information. Distinc- 
tion is made between atom sites in general position (site symmetry 1) and atom 
sites in special position, that is, situated on one or several symmetry elements. 
Within each space group the general and the special positions are defined by the 
so-called Wyckoff letters, which are lowercase letters starting from a for the 
highest site symmetry. The Wyckoff letter is generally preceded by the corre- 
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Fig. 6.1. 

Coordination polyhedra commonly observed in structures of inorganic compounds. 
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sponding site multiplicity, the number of symmetry-related atoms in the unit cell 
belonging to this site, to define together the Wyckoffposition. The multiplicity of 
a special position is always a fraction of the multiplicity of the general 
position. For atoms in special positions, all or part of the coordinates are fixed, 
either to particular values (e.g., 0 1 0), or with respect to each other (e.g., 
x 2x z). As an example, the atom site given as Cu(2) in 4(c) with the triplet 
0.175 �88 0.061 in space group Pnma (No. 62 in the International Tables for 
Crystallography) designates four atoms in the unit cell with the following 
fractional coordinates: Cu(2)l at 0.175 ~ 0.061, Cu(2)2 at 0.325 3 0.561, Cu(2)3 
at 0.825 43- 0.939, and Cu(2)4 at 0.675 �88 0.439. The_ atom site given as W in 6(c) 
with the triplet 0 0 0.176 in space group R3m (No. 166, hexagonal axes) 
defines the positions of six atoms in the unit cell: W1 at 0 0 0.176, W2 at 
0 0 0.824, W 3 at~ �89 0.509, W 4 at 2 �89 0.157, W 5 at�89 2 0.843, W 6 at �89 2 0.491, 
considering the translations characteristic of a rhombohedral lattice. 

However, even when the symmetry elements are located in agreement with 
the International Tables for Crystallography, there exists more than one way to 
present the same crystal structure. In order to facilitate the recognition of isotypic 
compounds, a standardization procedure was developed in Geneva (Parth6 and 
Gelato, 1984, 1985; Parth6 et aL, 1993). This procedure applies a series of 
criteria for the choice of the space group setting (e.g., setting Pnma is preferred to 
Pmnb with interchanged axes), the cell parameters (important for monoclinic and 
triclinic symmetry), the origin of the cell (considering space-group-permitted 
origin shifts), and the representative triplets. All complete crystallographic data 
sets given in Section J have been standardized. 

One of the more common classification schemes applied to structures of 
intermetallic compounds uses the so-called Pearson code. Two letters and a 
number compose this code, for example, hP12. The lowercase letter indicates the 
crystal system: a, anorthic (triclinic); m, monoclinic; o, orthorhombic; t, tetra- 
gonal; h, hexagonal and trigonal; c, cubic. The uppercase letter stands for the 
Bravais lattice: P, primitive (a lattice point at 0 0 0); S, side-face centered (for 
instance, C-centered--0 0 0, �89 �89 0); R, rhombohedral (0 0 023313'311232); F~ face- 
centered (0 0 0, 0 1 �89189 0 �89 �89 �89 0); or I, body-centered (0 0 0 and �89 1 �89 The 
number corresponds to the number of atoms in the unit cell. For structures with 
vacancies we have replaced this number by the sum of multiplicities of all partly 
and fully occupied atom sites, when full occupation is not impeded by impossibly 
short distances. 

Since the atoms in isotypic compounds must occupy the same Wyckoff 
positions, the so-called Wyckoffsequence, the sequence of Wyckoff letters of all 
atom sites in the structure, becomes an important feature for the recognition of 
isotypic structures. The two different layered structure types, 2H-MoS 2 and 
2H-NbS2, for example, have similar unit cells and are described in the same 
space group, P63/mmc. Structures crystallizing with one or the other modifica- 
tion may be identified from the Wyckoff sequence, which isfc for the former type 
and fb for the latter. It must be emphasized that Wyckoff sequences can only be 
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compared for standardized data, since it is often possible to "move" an atom from 
one Wyckoff position to another by shifting the whole structure by a space-group- 
permitted origin shift (e.g., by 0 0 �89 in many space groups). The letters in the 
Wyckoff sequence are written in inverse alphabetic order. When several atom 
sites occupy the same Wyckoff position, the corresponding letter is followed by 
the number of times the particular position is present, written as a superscript 
(e.g., g2db). 

e. Strukturbericht Notation for Structure Types 

Strukturberichte is the German-speaking predecessor of the Structure Reports, 
which were published yearly for the International Union of Crystallography until 
1990. The usefulness of grouping compounds crystallizing with similar atom 
arrangements appeared early and a coding system for structure types was already 
being used in the first volume of Strukturberichte, edited in 1931. The notation 
starts with an uppercase letter, giving information about the ideal composition, or 
the family of compounds. The letter A was assigned to element types, e.g., A 1 to 
Cu, A2 to W, A3 to Mg. The number following the letter is here a simple ordering 
number, assigned to chronology of discovery. Historical reasons are behind the 
fact that the structure type Cr3Si, well-known among binary superconductors, is 
referred to as A 15. The code was indeed originally assigned to the so-called r-  
modification of elementary W, which was later shown to be an oxide. The letter B 
was chosen for the ideal element ratio 1 : 1, C for the ratio 1:2, D for other binary 
compounds, etc., whereas L was reserved for alloy structures. In the second 
volume of Strukturberichte the notation was slightly modified and subscripts were 
introduced to allow for a finer subdivision. A certain number of already-known 
structure types changed codes, e.g., the code of cubic perovskite was modified 
from G5 to E21, and that of CuaAu from L12 to L12. However, it rapidly became 
clear that the number of existing structures and their complexity were far beyond 
the limits of such a simple classification system. The coding was not continued 
in Structure Reports, but a few authors went on extending the list of codes for 
some time, in particular for intermetallic compounds. These more recent codes 
may be recognized by subscripts containing lowercase letters. It may be noticed 
that, because of the difficulty of recognizing isotypic structures described in 
different settings, two or more codes have in some cases been assigned to the 
same atom arrangement. After a closer comparison of the crystal structures, the 
codes B31 (MnP) and B d (NiSi), for instance, turned out to be synonyms of B14, 
defined on FeAs. In the literature, different substitution variants are often 
grouped under the same notation and, for example, the binary Z phases are 
often referred to as A12 (elementary ~-Mn). In a similar way, interstitial 
compounds are often referred to by the Strukturbericht notation defined on the 
parent type. A list of Strukturbericht notations defined on structure types treated 
here is given in Table 6.2. 
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TABLE 6.2 

Smd~rbericht notations for structure types. 

Stmkturbericht Structure type S ~ b e r i c h t  Structure type 

A1 
A2 
A3 
A3' 
A5 
A6 
A10 
All  
A12 
A13 
A15 
Aa 

Ab 
B1 

B2 

B4 

B81 
B82 
B14 
B15 
B19 
B27 
B31 
B33 
Bb 

Bh 

C2 

C7 

C l l  a 

C l l  b 

Cu C14 MgZn z 
W C15 MgCu z 
Mg C16 0-CuAI z 
~t-Nd C22 Fe2P (ZrNiAI) 
13-Sn C32 AIB 2 
In C c ot-ThSi z 
a-Hg D02 CoAs 3 (LaFe4P12) 
a-Ga D03 BiF 3 (MnCu2AI) 
a-Mn (TisRe24) D011 Fe3C 
fl-Mn (Mo4AI2C) D019 LT-Mg3Cd 
Cr3Si DO e Ni3P 
a-Pa (In) D13 BaA14 (CeAl2Ga2) 
fl-U (CrFe) D21 CaB 6 
NaCl D2 3 NaZnl3 
CsCI D2 b ThMnl2 
2H-ZnS D2 d CaCu 5 (CeCo3B2) 
NiAs D2f UB12 
Ni2In D5c Pu2C3 
FeAs D7 3 ThaP 4 
FeB a D8 6 Cul5Si4 
[3'-AuCd D8 8 MnsSi 3 (HfsSnaCu) 
FeB D8 b CrFe 
MnP b D8 l CrsB3 
~t-TlI E21 CaTiO 3 
~-(AgZn) E9 3 W3Fe3C 
CrB ~ H 11 MgAI2 O4 
WC L1 o CuAu 
p-FeS 2 L 12 Cu3Au 
2H-MoS 2 L21 MnCu2AI 
CaC 2 L6 0 SrPb 3 
MoSi 2 L'3 e-FeNo. 5 (NiAs) 

aSuperseded structure proposal; see B27. 
blsotypic with FeAs, B 14. 
r with a-TII, B33. 

Elements 

a. Close-Packed Element Structures 

At ambient temperature and pressure the metal elements, which represent some 
80% of all chemical elements, crystallize with a small number of different 



B. Elements 121 

structure types. The majority of them adopt structures that can be assimilated to 
the packing of solid spheres. Balls on a flat surface will arrange themselves so 
that six of these surround each ball. Most metal atoms do likewise, forming so- 
called close-packed layers. One such layer is shown in the upper part of Fig. 
6.2. To achieve an optimal space filling, identical layers are stacked in a way that 
the atoms of one layer are placed over the triangular voids of the other 
layer. Since there are twice as many voids as atoms, there are two possibilities 
for placing the second layer. If we fix one atom from the first layer at 0 0 z 1 
referring to a hexagonal unit cell, we can stack the next layer so that there is an 
atom at 1 2 Z 2, or shift the layer slightly along the long diagonal of the cell so that 
there is an atom at 2 �89 z2" These three possibilities for placing a layer are 
generally referred to as A, B, and C. Any stacking sequence of close-packed 
layers is in principle possible, but only the simplest ones are found among the 
element structures. 

By shifting consecutive layers alternatively forwards and backwards along 
the long diagonal of the hexagonal cell indicated at the top of Fig. 6.2, the atom 
arrangement shown on the lower left, corresponding to the structure type defined 
on Mg, is obtained. The overall symmetry is hexagonal and the unit cell contains 
two atoms. The structure may be described by placing one atom at 0 0 0 and the 
other at �89 2 �89 however, in agreement with the International Tables for Crystal- 
lography, space group P63/mmc, the origin of the cell is shifted so that the two 
atoms have the coordinates �89 2 �88 and 2 �89 ~. The stacking mode where a layer is 
sandwiched between two layers shifted in the same direction (e.g., ABA, CBC) is 

Fig. 6.2. 

Close-packed layer, letters A, B, and C indicate the three possible stacking positions; atoms in 
the (1 1 0) cross-section of the close-packed element structures Mg, a-Nd, and Cu (referring 
to hexagonal setting). 
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called hexagonal, abbreviated h. The Mg type is often referred to as hexagonal 
close-packed, h.c.p. Derived structures are sometimes preceded by the specifica- 
tion 2H, where the digit indicates the number of layers in the translation unit and 
H stands for hexagonal. 

If, in contrast, consecutive layers are always shifted in the same direction 
along the diagonal of the hexagonal cell, the translation unit in the stacking 
direction will correspond to three layers, as sketched at the lower fight of Fig. 
6.2. The overall symmetry of this structure type, defined on Cu, is cubic. The 
conventional unit cell is face-centered with atoms located at the vertices of the 
cube and the centers of the cube faces. Figure 6.3 shows a portion of such an 
atom arrangement corresponding to several unit cells. One of the comers of 
the large cube has been cut to evidence the close-packed layers perpendicular to 
[1 1 1]. Note that, in agreement with the cubic symmetry, similar layers are found 
also perpendicular to the other body diagonals i.e., [ -1 1 1], [1 - 1  1], and 
[1 1 -1 ] .  The structure type is also referred to as face-centered cubic (f.c.c.), 
cubic close-packed (c.c.p.), or 3C. A close-packed layer sandwiched between 
two layers shifted in opposite directions (e.g., ABC, BAC) is considered to be c- 
stacked. It may be noted that in the more general case, where the interatomic 
distances within and between the layers are not identical, the overall symmetry is 
trigonal with an R (rhombohedral) lattice (atoms at 0 0 0, 2 1 1, and 1 2 2 in the 
triple hexagonal cell). The overall stacking is then referred to as 3R. 

A third variant of stacking of close-packed layers, shown at the lower center 
position of Fig. 6.2, is labeled after t~-Nd. This stacking is a combination of the 

Fig. 6.3. 

Cubic close-packed, i.e., f.c.c., atom arrangement (Cu type). One comer of a large cube is cut 
to emphasize the close-packed layers perpendicular to the body diagonal. 
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two modes described previously, since consecutive layers are alternately shifted in 
the same and in opposite directions (ABAC). The overall stacking is consequently 
called hc. The resulting structure is hexagonal and the translation unit in the 
stacking direction corresponds to four layers. The type is sometimes referred to 
as d.h.c.p. (double hexagonal close-packed). 

Since the stacking is defined by the relative shift along the diagonal of the 
hexagonal cell, structures with close-packed layers are conventionally represented 
by the atoms in the cross-section (1 1 0). Cross-sections of the three structures 
just described are presented in Fig. 6.2. Note that a projection of all atoms in the 
structure onto the same plane would contain twice as many circles. Indepen- 
dently of the stacking sequence, each atom has, in addition to six atoms in the 
close-packed layer, three near neighbors in each of the adjacent layers. In the 
case of a c-stacked layer, the twelve atoms form the cuboctahedron sketched in 
Fig. 6.1. For an h-stacked layer the top and bottom triangles have the same 
orientation and the polyhedron is called an anticuboctahedron, also sketched in 
Fig. 6.1. 

The highest superconducting transition temperature observed for an element 
in close-packed arrangement is reported for technetium, which crystallizes with a 
Mg-type structure. The transition temperature was earlier reported as 11.2 K, but 
is now generally accepted to be 7.9 K, the actual value depending strongly on the 
purity. Isotypic Re and c~-T1 are superconducting at lower temperatures. Rela- 
tively high critical temperatures for Cu-type stacking are reached by Pb (7.2 K) 
and/%La (6.1 K). Superconductivity is also observed for another modification of 
the latter element, c~-La with an c~-Nd-type structure (4.9 K). 

b. Other Element Structures 

Another very simple structure type, defined in W (also called c~-Fe) is adopted by 
all alkaline metal elements and a certain number of transition elements. The 
cubic, body-centered unit cell contains two atoms, located at the origin and the 
center (0 0 0, 1 �89 �89 corresponding to Fig. 6.4a with a 1 - a 2 - a 3. Eight atoms 
forming a cube surround each atom. The type is generally referred to as b.c.c., 
but it should be noted that the term body-centered cubic may also be applied to 
any crystal structure that has a body-centered cubic translation lattice: for 
example, La3Rh4Snl3 , the cubic unit cell of which contains 320 atoms. The 
same remark is also valid for the term f.c.c., designating the Cu type. Figure 6.4 
illustrates the close relationship that exists between a cubic body-centered (left) 
and a cubic close-packed (fight) atom arrangement. The projections along one of 
the cell edges show identical square-mesh patterns; however, the ratios of the 
translation units perpendicular to and in the plane of projection are different. It is 
thus possible to go from the b.c.c. W type to the f.c.c. Cu type by extending the 
structure by a factor of v/2 along one of the 4-fold axes. 
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Fig. 6.4. 

Structures ofNb (W type, b.c.c.) (a) and fl-La (Cu type, f.c.c.) (b) in projections along [0 0 1]. 
Dark shading: z - 1; light shading: z - 1. For both structures a 1 - -  a 2. 

The superconducting transition temperature of the W-type element Nb, 
9.3 K, is the highest observed for an element at ambient pressure. Isotypic V and 
Ta, with the same number of valence electrons, become superconducting around 
5 K. fl-Zr may be stabilized by the presence of, for example, Rh, and then 
undergoes a transition to a superconducting state at 6.5 K. A comparison of 
critical temperatures reported for different elements early revealed a correlation 
between T c and the valence electron concentration. The critical temperatures of 
the transition elements and their solid solutions as a function of the number of 
valence electrons show well-defined maxima around 4.65 and 6.5 electrons per 
atom. It has been pointed out that the same values characterize the borders of the 
stability domain of the W-type atom arrangement, in competition with the 
hexagonal Mg type on both sides. 

The nonmetals tend to complete their electron octet by forming covalent 
bonds. As expected, no superconductivity is observed for nonmetals at ambient 
pressure. Near the zigzag Zintl line, which draws a rough border between metals 
and nonmetals in the periodic table, structures related to the metal element 
structures, but with a tendency toward partly localized bonding, are formed. 
Mercury occupies a particular position in the history of superconductivity, since 
the phenomenon was discovered during low-temperature studies of this element, 
for which the superconducting transition takes place at 4.2 K. The structure of o~- 
Itg may be considered as a deformation variant of the cubic close-packed Cu 
type. The rhombohedral unit cell contains one atom, but it is usual to represent 
the structure referred to its triple hexagonal cell (c-axis along the body diagonal 
of the rhombohedral cell). The c/a ratio of the hexagonal cell of a-Hg is 1.93, 
i.e., significantly lower than ~ = 2.45, corresponding to the Cu type described 
in a similar hexagonal cell. As a consequence, the distances between atoms in 
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neighboring layers are shorter than the interatomic distances within the 
layers. The 12 atoms of the original cuboctahedron in the Cu type are subdivided 
into 6 atoms at a shorter distance, forming a trigonal antiprism, and 6 atoms at a 
longer distance. 

The tetragonal structure of In represents a different deformation variant of 
the Cu type. The originally close-packed structure is here extended along one of 
the 4-fold axes. Described in a tetragonal face-centered cell similar to the cubic 
cell of Cu, the c/a ratio is 1.08. However, following crystallographic conven- 
tions, tetragonal face-centered cells are reduced to body-centered cells and the 
structure is correctly described in a tetragonal cell with one atom at the origin and 
one atom at the center. The c/a ratio of the body-centered cell, 1.52, should here 
be compared with x/2 - 1.41 to estimate the deformation. The 12 atoms of the 
original cuboctahedron are subdivided into 4 atoms at a shorter distance, forming 
a square, and 8 atoms at a longer distance. Indium itself becomes superconduct- 
ing at 3.4 K, but the highest T c for this structure type is observed for a second 
modification of mercury. The cell parameter ratio of fl-Hg is significantly lower 
than unity and the coordination polyhedron is reduced to a compressed tetragonal 
prism, with two additional atoms capping the square faces. This structure is 
better seen as a deformation derivative of W and may be classified under the 
corresponding branch of the structure type, defined on a-Pa. 

The semiconducting, gray a-modification of tin crystallizes with the cubic 
diamond structure, where each atom is covalently bonded to four others situated 
at the comers of a tetrahedron. White [3-Sn has metallic character and becomes 
superconducting at 3.7 K. This structure is tetragonal, with four atoms in the unit 
cell. The coordination number is 6 and the six-vertex polyhedron can be 
described as a distorted octahedron formed by a heavily compressed tetrahedron 
and two additional atoms at a slightly longer distance. The elements Si and Ge 
from the same group IVB crystallize with this structure type at high pressure. 
The quenched samples show superconducting transition temperatures of up to 
7.1 K at 13.6 GPa for Si. Equiatomic mixtures of elements from the surrounding 
columns IIIB and VB of the periodic table, like GaSb and InSb, adopt the same 
structure type within certain ranges of pressure and become superconducting at 
4.2 and 2.1 K, respectively. 

Gallium presents several superconducting structural modifications. The 
structure of the orthorhombic ambient-pressure modification ~-Ga contains 
strongly puckered close-packed layers. Each atom has seven nearest neighbors, 
one in either the over- or underlying layer and six within the same layer. The 
distance to the atom in the neighboring layer is shorter (2.48 ~) than that to the 
other atoms, so that Ga-Ga  pairs are sometimes considered. This structure 
modification becomes superconducting at a modest temperature of 1.1 K, whereas 
critical temperatures increasing from 6.2 to 7.9 K are observed for the metastable 
modifications r ,  7, and ~. In monoclinic [~-Ga the atoms are arranged in infinite 
zigzag chains with interatomic distances of 2.68/~. Six additional atoms are 
located around each atom at distances ranging from 2.77 to 2.92A. The 



126 Chapter 6: Crystal Structures of Classical Superconductors 

relatively complex structures of orthorhombic ~/-Ga and rhombohedral ~i-Ga 
contain six and five crystallographically independent atom sites, respectively, 
with different coordinations and nearest neighbors distributed over a range of 
distances between 2.57 and 3.19 A. 

The ~-Mn and fl-U types are discussed in the section on intermetallic 
compounds, referring to their substitution derivatives, TisRe24 and CrFe. 

C 

lntermetallic Compounds 

a. Close-Packed Structures 

When the difference in atom size or electronegativity is not excessive, binary 
alloys form close-packed structures following the principles described for the 
elements. Partial or complete ordering is often observed around particular 
compositions such as 1:1, 2:1, or 3:1. The degree of ordering decreases 
with increasing temperature and an order-disorder phase transition is sometimes 
observed. Common atom distributions found within close-packed layers of 
compositions 1 : 1 and 3 : 1, respectively, are shown in Fig. 6.5. The first ordering 
pattern (left) is observed in the structure types 13'-AuCd, CuAu and Talr. The 
close-packed layers in orthorhombic fl'-AuCd are arranged in h stacking, which 
means that it is an ordered substitution derivative of the Mg type. Tetragonal 
CuAu is an ordered substitution derivative of Cu (c stacking), whereas ortho- 
rhombic Talr represents a new kind of stacking, hcc, also written as hc2. For all 
three structure types the highest superconducting transition temperatures are 
reported for Ir-based alloys: Molr (8.8 K), Nb0.95Irl.05 (4.8 K), and Nb0.85Ir1.15 
(4.6 K). The second pattern, shown on the fight in Fig. 6.5, is found in hexagonal 
LT-Mg3Cd and cubic Cu3Au (Fig. 6.6). It corresponds to a homogenous 
distribution of the atoms of the minority element, which tend to be as distant 
as possible from each other. The close-packed layers in LT-Mg 3 Cd are arranged 
in h stacking, those in Cu3Au in c stacking. The former structure type is 
represented here by slightly off-stoichiometric Mo0.69Pt0.31 (7.8 K) and stoichio- 
metric La3A1 (5.8 K). The Cu3Au type is widespread among both superconduct- 
ing and nonsuperconducting phases. Relatively high transition temperatures are 
observed for phases containing La or Pb, two elements that crystallize with the 
parent Cu element structure, the highest value being reported for La3In 
(9.7K). T c as a function of the valence electron concentration shows an 
oscillatory dependence. 

The SrPb 3 type is a deformation variant of the Cu3Au type. A slight 
elongation or compression of the Cu3Au structure in the direction of one of the 4- 
fold axes results in a lowering of the symmetry to tetragonal. BaBi3, which 
becomes superconducting at 5.8 K, crystallizes with this type. It may be noted 
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Fig. 6.5. 

Atom distributions commonly observed in close-packed layers of element ratios 1 : 1 (left) and 
3:1 (right), respectively. 

Fig. 6.6. 

Structure ofLa3In (Cu3Au type), content of one unit cell. Large spheres: La; small spheres: In. 

that structures isotypic with CuAu are often described with a pseudocubic cell 
containing four atoms, similar to the cell of SrPb 3, and the space group is given as 
P4/mmm. However, for this particular atom ordering, atoms of the same kind 
occupy positions 0 0 0 and �89 �89 0, which means that the tetragonal cell is in fact 
C-centered. Tetragonal C-centered cells are conventionally reduced to primitive 
cells with half cell volume, which leads to the description with two atoms in the 
unit cell given in Section J. 

b. CsCI Type and Related Structures 

The cubic CsCI type, shown in Fig. 6.7a, is an ordered substitution derivative of 
the W type. The structure is easily visualized as being built up by CsC18 cubes 
sharing all faces. The two atom positions are equivalent, and from a geometric 
point of view the structure can also be described as a 3D array of face-sharing 
C1Cs 8 cubes. CsC1 is a "universal" structure type, adopted by compounds 
ranging from pure alloys to ionic salts. Relatively few superconductors are 
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Fig. 6.7. 

Structures of VRu (CsCI type) (a) and YPd2Sn (MnCu2AI type) (b), content of one unit cell 
each. Large spheres: Y; medium spheres: V, Sn; small spheres: Ru, Pd. 

reported with this type, which is generally considered to be unfavorable for 
superconductivity. As an exception to the rule, V1.09Ru0.91 becomes super- 
conducting at 5.2 K. At the equiatomic composition VRu, approximately one- 
third of the sample was found to adopt a tetragonally distorted structure. The 
temperature range for the phase transformation appears to be very broad and is 
shifted toward higher temperatures for a higher Ru content. A partial substitution 
of Ru by Rh increases the superconducting transition temperature to 6.5 K. 

Substitution variants of the W type with an ideal element ratio of 2:1 are 
defined on so-called ~-(AgZn) and MoSi 2. The former has trigonal and the latter 
tetragonal symmetry. Only one superconducting phase isotypic with ~-(AgZn) 
has been reported so far, Ag0.72Ga0.28 (T c = 7.5 K). Both fl-PdBi 2 and MgHg 2 
crystallize with the MoSi 2 type; however, the c/a ratios of the two structures 
differ significantly: 3.9 for the former and 2.3 for the latter. As seen earlier, it is 
possible to pass gradually from a W-type to a Cu-type structure by an extension 
along one of the 4-fold axes. For an ideal W-type atom arrangement the unit cell 
of MoSi 2 corresponds to three body-centered cubes and the c/a ratio is equal to 
3. For a Cu-type arrangement, the corresponding ratio is close to 4.2. For both 
configurations, the only refinable coordinate has a value close to �89 The structure 
type branch more closely related to the Cu type is identified on Zr2Cu, whereas 
MoSi 2 itself represents the substitution variant derived from W. The former 
variant is observed for AB E compounds where B is larger than A, the latter when A 
is larger than B. 

A ternary substitution variant of the W and CsC1 (Fig. 6.7a) types with an 8- 
fold cubic cell is known under the name MnCu2Al. In this structure cubes 
formed by Cu atoms are centered by Mn or A1 atoms in an ordered way. Seen 
from another point of view (Fig. 6.7b), cubes formed by four Mn and four A1 
atoms are centered by Cu atoms. YPd2Sn becomes superconducting at 5.5 K, 
ScAu2A1 at 4.4 K. 
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c. Laves Phases 

Alloys with atoms of slightly different sizes sometimes adopt another class of 
close-packed structures, the so-called tetrahedrally close-packed or Frank-Kasper 
phases, which contain only tetrahedral voids between the atoms. Geometric 
considerations have shown that the coordinations are here restricted to four 
different kinds: the 12-, 14-, 15-, and 16-vertex Frank-Kasper polyhedra. In the 
structures of hexagonal MgZn 2 and cubic MgCu 2, the Mg atom centers a 16- 
vertex Frank-Kasper polyhedron (also called Friauf polyhedron). The 12 atoms 
forming the truncated tetrahedron are all Zn or Cu atoms, whereas the tetrahedron 
is formed by Mg atoms capping the hexagonal faces of the former. The whole 
structure can be visualized as a framework of face-sharing truncated tetrahedra 
centered by Mg atoms. The Mg atoms alone build up a tetrahedral sublattice, 
similar to the one found in hexagonal diamond in the case of MgZn 2, cubic 
diamond in the case of MgCu 2. The transition metal atoms form small, empty 
tetrahedra. It is seen in Fig. 6.8 that in MgZn 2 the tetrahedra share both faces and 
vertices, in MgCu 2 only vertices. 

MgZn 2 and MgCu 2 represent two different ways to stack the same kind of 
structural slab containing three atom layers (see comparison with the CeCo3B 2 
type in Fig. 6.11). The central atom layer is a puckered close-packed layer of 
composition Mg 2 T. The outer layers are identical to each other, but shifted, and 
constitute the common interfaces in the structure. The atoms in these layers form 
a so-called Kagome net, a tessellation of hexagons and triangles, which can be 
derived from a close-packed layer by removing one-quarter of the atoms. As for 
the simple close-packed layers, three stacking positions are possible. MgZn 2 

Fig. 6.8. 

Structures of LT-LaOs 2 (MgZn 2 type, hexagonal Laves phase) (a) and HT-LaOs 2 (MgCu 2 
type, cubic Laves phase) (b), emphasizing the framework of interconnected Os 4 tetrahedra. 
Large spheres: La; small spheres: Os. 
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represents the variant 2H, and MgCu 2 the variant 3R, which, like Cu, has an 
overall cubic symmetry. The simple Laves phases are extremely common among 
intermetallic compounds of composition close to 1:2, and more than 10 other 
stacking variants are known, most of them observed for pseudobinary 
compounds. 

High superconducting transition temperatures are reported for the binary 
MgCuz-type phases ZrV 2 (8.8 K) and HfV 2 (9.3 K). Both compounds exhibit a 
temperature-induced structural instability and undergo a phase transition at low 
temperature. The two low-temperature structures are, however, different, and the 
diffraction diagrams revealed a rhombohedral cell for ZrV2, but an orthorhombic 
cell for HfV 2. A maximum in T c is observed for the solid solution Hfl_xNbxV 2 
at the composition Hf0.s4Nb0.16V 2. LaRu 2 (T c = 4.4 K) represents a third kind of 
structural deformation, where a body-centered tetragonal cell is observed below 
30 K. The highest critical temperature reported for a MgZnz-type phase is 10.9 K 
(ScTc2). LaOs2 is superconducting in both modifications, with T c = 8.9 K for 
the MgCuz-type structure and 5.9 K for the MgZnz-type structure. 

d. A15 Phases 

The A 15 phases, with superconducting transition temperatures exceeding 20 K, 
are the best-known family of intermetallic superconductors. The structure type 
was earlier referred to as fl-W, but is now generally called Cr3Si, sometimes 
~-UH 3. The structure is tetrahedrally close-packed, cubic, space group 
Pm3n. The Si atoms in Cr3Si are located at the origin and the center of the 
cell, forming a body-centered sublattice. The Cr atoms are situated, two by two, 
in the faces of the cell. The resulting polyhedron around the Si atoms is an 
icosahedron, a polyhedron with 12 vertices, 20 triangular faces, and 5-fold axes 
passing through opposite vertices. The whole structure can be described as a 
framework of SiCr12 icosahedra sharing faces and edges (Fig. 6.9b). The Cr 
atoms form infinite nonintersecting straight chains parallel to each of the cell 
edges, emphasized in Fig. 6.9a, with interatomic distances equal to 
a/2. Deviations from the ideal composition A3B correspond to a partial substitu- 
tion on one or the other site by the other element. An excess of B element atoms 
breaks the infinite -A- chains and has generally a negative effect on T c. Typical A 
elements are Ti, V, Nb, Ta, Cr, Mo, and W. The highest superconducting 
transition temperatures are observed for phases where B is a nonmetal such as 
A1, Ga, Si, Ge, or Sn. Such compounds show narrow homogeneity domains, 
extending only on the A-rich side. The critical temperature depends strongly on 
the composition and, for example, for Nb-based compounds a variation of 1 at % 
corresponds to a change of 2.5 K in T c. The maximum value of T c corresponds to 
the stoichiometric composition and a high degree of ordering on the two atom 
sites. Unfortunately, the A 15 structure is often in competition with other structure 
types at this composition and the 3 : 1 ratio cannot always be obtained. Sputtering 
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Fig. 6.9. 

Structure of Nb3Ge (Cr3Si type, A15), emphasizing the infinite linear chains of Nb atoms (a) 
and the framework of GeNb12 icosahedra (b). Large spheres: Nb; small spheres: Ge. 

techniques have in some cases allowed confirmation of the expected high values 
for the stoichiometric composition. For instance, a superconducting transition 
temperature of 23.2 K is reported for Nb 3 Ge sputtered thin films. Stoichiometric 
Nb3Sn (T c - 17.9 K) transforms to a tetragonal structure at 43 K. The amplitude 
of the discontinuity in heat capacity was found to be proportional to the fraction 
of tetragonal phase in the sample. V3Si (T c -- 17.0 K) undergoes a similar phase 
transition at 21 K. Another category of isotypic phases, called atypical A15 
phases, are formed where B is a late transition metal. These compounds have 
broader homogeneity domains, and the maximum in T c vs the composition is not 
always observed for the element ratio 3 : 1. For both categories, gradual substitu- 
tion by a third element on one or both sites has confirmed that there is a close 
correlation between the critical temperature and the valence electron concentra- 
tion, and the plot of T c vs the number of electrons per atom show well-defined 
maxima around 4.6 and 6.4 electrons. The former corresponds to compounds 
where B is (mainly) a nonmetal, the latter to compounds with (mainly) transition 
or noble metal elements on the B site. 

e. Other Tetrahedrally Close-Packed and Related Structures 

The tetragonal structure type CrFe is better known under the name a phase. The 
ideal composition and the homogeneity range vary greatly from one system to 
another. It is interesting to note that this structure type, with 12-, 14-, and 15- 
vertex Frank-Kasper coordination polyhedra, is also formed by an element 
modification,/~-U. In the binary ordered variant NbzA1, the 12-vertex polyhedra, 
i.e., the icosahedra, are centered by A1 atoms in sites conventionally labeled A and 
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D. A high degree of mixed occupation is observed for most tr phases, with a 
slight preference for elements to the left of Mn in the periodic table, i.e., generally 
the larger atoms, to occupy the sites of higher coordination. The atoms at z = 0 
and 1 form symmetry-related nets, which can be seen in Fig. 6.10a. The atoms 
from site E are located between the hexagons of the nets, centering bicapped 
hexagonal antiprisms. The Cr3Si structure can be decomposed into atom nets 
containing similar fragments (Fig. 6.10b). 

The cubic structure of ~-Mn is not tetrahedrally close-packed, but contains 
similar coordination polyhedra. In particular, the site at the origin and the one 
located on the body diagonal (Wyckoff position 8(c) in space group I43m) center 
16-vertex Frank-Kasper polyhedra, like the large atoms in the Laves phases. A 
series of binary so-called Z phases are known, and the ordered substitution variant 
where the atoms of the minority element occupy selectively the sites inside the 
16-vertex polyhedra is defined on TisRe24. The highest superconducting transi- 
tion temperature is observed in the system Nb-Tc. 

A series of Be-rich compounds exhibit superconductivity at temperatures 
reaching 9.7 K in the case of ReBe22. Like the large atoms in the Laves phases 
and ~-Mn, the Zr atoms in the ZrZn22 type center 16-vertex Friauf polyhe- 
dra. All 16 vertices are occupied by atoms of the same element. The Zn atoms 
are distributed over four crystallographically independent sites and three different 
kinds of polyhedra are observed: icosahedron, bicapped pentagonal prism, and 
bicapped hexagonal prism. 

Fig. 6.10. 

Structures ofNb2A1 (CrFe type) (a) and Nb3Ge (CraSi type) (b) in projections along [0 0 1]. 
Large spheres: Nb; small spheres: A1, Ge. Dark shading: z = �89 medium shading: z ~ �88 light 
shading: z = 1. 
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f. CaCus Type and Related Structures 

Kagome nets (6363 mesh), similar to those observed in the Laves phases, are 
found in another well-known alloy structure type, hexagonal CaCu 5. The nets are 
formed by Cu atoms and stacked upon each other without shift in the plane of the 
layer. The Ca atoms are located between the hexagons, the remaining Cu atoms 
between the triangles. The Cu atoms form a 3D framework of empty tetrahedra 
sharing faces and vertices. CeCo3B 2 is an ordered substitution derivative that crys- 
tallizes in the same space group, but with a considerably reduced c/a ratio. The B 
atoms substitute exclusively on the sites located between the Kagome nets and 
center trigonal prisms formed by transition metal atoms. In Fig. 6.11 the structure 
is compared with the hexagonal Laves phase, MgZn 2. Binary ThIr 5 becomes 
superconducting at 3.9 K, ternary LuOs3B 2 at 4.7 K. 

Different deformation derivatives of CeCo3B 2 are known, among which is 
hexagonal LaRu3Si 2 with distorted SiRu 6 trigonal prisms. The unit cell is 
doubled along [0 0 1] with respect to CeCo3B 2. The structure variant is 
formed by a series of Ru-based silicides, of which only the compounds contain- 
ing Y, La, or Th are superconducting. 

The structure of superconducting Bao.67Pt3B2 was reported as a hexagonal 
deformation derivative of CeCoaB 2 with a disordered arrangement of vacancies 
on the Ba site. A rhombohedral structure with an ordered arrangement of 
vacancies and a 9-fold unit cell was later refined for Ba2Ni9B 6 and isotypism 
cannot be excluded. Among the series of Pt-based borides with Ca, Sr and Ba, 
Bao.67PtaB2 exhibits the highest superconducting transition temperature (5.6 K). 

Fig. 6.11. 

Structures of LuOs3B 2 (CeCo3B 2 type) (a) and LaOs 2 (MgZn 2 type) (b) in projections along 
[0 0 1]. Large spheres: Lu, La; medium spheres: Os; small spheres: B. For LuOsaB2, dark 
shading: z = �89 light shading: z = 1; for LaOs 2 dark shading: z = J, medium shading: z ~ 0,1, 
light shading: z -  3; plus and minus signs indicate displacements along [0 0 1] of atoms at 
z ~ 1. Solid lines connect atoms forming Kagome nets. 
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A certain number of different structure types derived from CaCu5 are 
known where the large atoms centering the hexagonal prismatic voids between 
the Kagome nets are replaced by a pair of the smaller atoms. The axes of the 
substituting "dumbbells" are parallel to the c-axis of the original hexagonal 
cell. The replacement of half of the large atoms by atom pairs changes the 
composition from 1:5 to 1:12. One of the possible ordering variants for this 
element ratio is found for tetragonal ThMnl2. Superconducting transition 
temperatures of 4.1 and 9.9K were reported for so-called WBel3 and ReB13 
with an unknown tetragonal structure. A ThMn12-type structure was later 
identified in the W-Be system. Transition temperatures of 8.6 and 9.2 K were 
reported for two other Be compounds, "OsBe4" and "OsBes", with unknown 
structure. 

g. Structures with Atoms in Square-Antiprismatic Coordination 

The Cu atoms in 0-CuAI 2 are surrounded by eight A1 atoms forming a square 
antiprism, a polyhedron with two parallel square faces rotated by 45 ~ with respect 
to each other, and eight triangular faces. The antiprisms share their square faces 
to form infinite columns, but also edges to form a 3D framework. Part of the 
framework is drawn in Fig. 6.12. The structure is tetragonal and the translation 
unit along the 4-fold axis contains two CuA18 antiprisms. The minority atoms are 
arranged in infinite straight chains, with interatomic distances equal to c/2. A 
closer analysis reveals two sets of hexagon-mesh (honeycomb) A1 atom layers 
that are perpendicular to the diagonals of the square faces and intersect with each 
other without common atoms. For c/a = v/(2/3) and x(A1) -- 1/6 the hexagons 
are regular. Among the numerous isotypic compounds, the c/a ratio decreases 
with increasing valence electron concentration to reach a minimum value for 
~3.3 electrons per atom, and then increases again. The x-parameter shows a 
similar variation. The highest superconducting transition temperatures are 
reported for ZrzRh (11.3 K) and ZrzIr (7.6 K), with the same number of valence 
electrons. Superconductors with lower T c are found among Th alloys, as well as 
among borides and plumbides where Pb is the majority element. 

One-antiprism-thick 0-CuA12 type slabs may be recognized in the structure 
type CrsB3, which is described in the same tetragonal space group I4/mcm. The 
superconductors InsBi 3 and In0.65Sb0.35 (T c ~ 5 K) are generally considered to 
belong to a different branch of the structure type since their c/a ratios differ 
significantly from that of CrsB 3 (1.5, compared to 1.9 for CrsB3). Two-thirds of 
the B atoms in CrsB 3 form dumbbells, whereas no short distances are observed 
between the nonmetal atoms in the bismuthide or antimonide. In InsBi 3 an 
indium atom is located above each of the square faces of the antiprism so that the 
actual coordination number of the central Bi site is 10. The CuAlz-type slabs 
alternate with slabs containing pairs of face-sharing bicapped trigonal prisms, 
formed by In atoms and centered by atoms from the second Bi site. A bicapped 
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Fig. 6.12. 

Structure of ZrRh 2 (0-CuAI 2 type) in a projection along [0 0 1], emphasizing the framework of 
ZrRh 8 square antiprisms. 

trigonal prism is formed by eight atoms and little distortion is necessary to 
convert it into a square antiprism. 

CeAI2Ga2, also known under the name ThCrzSi2, is a substitution variant 
of the tetragonal body-centered BaA14 type. The ordering of A1 and Ga atoms 
respects all symmetry elements present in the binary structure. In the description 
of CeAlzGa 2 the stress is often put on the square antiprisms surrounding the Ga 
site (Si site in ThCr2Si2). A large square of Ce atoms on one side and a smaller 
square of A1 atoms on the other side form the antiprisms, which are emphasized 
in the drawing of the structure in Fig. 6.13. Considering also the atoms located 
above the square faces, the site is in fact coordinated by an (A14Ga) and a Ce 5 
square pyramid. The A1 atoms center a Ga4 tetrahedron and a Ce 4 tetrahedron. 
In a different ordering variant of BaA14, CaBezGe 2 (tetragonal primitive), the 
atom distribution is such that both Be and Ge atoms occupy square pyramidal and 
tetrahedral sites. The Be atoms center Ge 5 square pyramids and the Ge atoms 
center Be 5 square pyramids. A superconducting transition temperature of 4.1 K 
is observed for the phosphide LaRuzP 2, crystallizing with a CeAlzGaz-type 
structure. The values reported for isotypic silicides with rhodium and iridium do 
not exceed 4 K. 

Orthorhombic UzC03Si s represents another ordered substitution variant of 
BaA14. The Co atoms occupy half of the square pyramidal and one-quarter of the 
tetrahedral sites, both kinds of polyhedra being built up exclusively by Si 
atoms. The resulting orthorhombic cell is related to that of BaA14 (CeAlzGa2) 
by the relations: a - c(BaA14), b - 2 ~ a(BaA14) and c -  ~ a(BaA14). The 
superconducting transition temperature of isotypic LazRh3Si 5 reaches 4.4 K. 

The structure of U2Mn3Si s contains U2Co3Sis-type columns of rhombic 
cross-section, intergrown with columns of Si(U4Mn4) square antiprisms sharing 
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Fig. 6.13. 
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Structure of CeAl2Ga 2 in a projection along [1 0 0]. Large spheres: Ce; medium spheres: Ga; 
small spheres: A1. Dark shading: x = �89 light shading: x = 1. Solid lines connect atoms 
forming square antiprisms around the Ga atoms. 

square faces. The columns run parallel to the c-axis of the tetragonal cell. The 
Fe-based silicides with Sc, Y, Tm, and Lu are superconductors, with a maximum 
value of 6.1 K measured for Lu2Fe3Si 5. The Fe atoms are arranged in square 
clusters and isolated linear chains with interatomic distances only slightly longer 
than in elementary Fe. Tm2Fe3Si 5 becomes superconducting at 1.3K, but 
reenters the normal state at 1.1 K. 

Infinite columns of Co(Sc4Si4) square antiprisms are found in tetragonal 
Se5Co4Silo. The cross-section of the column, in which a CeA12GaE-type 
arrangement is found, also includes a Sc atom capping the Si 4 face and a Si 
atom capping the Sc 4 face. The columns form a framework in which it is also 
possible to recognize structural features characteristic of CuaAu and A1B 2 (see 
later discussion). Sc5Rh4Silo , Sc5Ir4Silo , and Y5Os4Gelo become superconduct- 
ing at 8-9 K; a few other silicides and germanides with Sc, Y, and Lu do so at 
lower temperatures. 

h. Structures with Atoms in Trigonal Prismatic Coordination 

Trigonal prismatic coordination is common in intermetallic compounds combin- 
ing atoms of different sizes. One, two, or the three square faces of the prisms are 
often capped by additional atoms, which belong to the first coordination sphere, 
but are generally ignored in the structural description. 

When close-packed layers are stacked upon each other without shift, 
trigonal prismatic voids are created between the layers. There are two voids 
per atom, and the filling of all interstices is realized in the type AIB2, projected in 
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Fig. 6.14a. This simple hexagonal structure type with three atoms in the unit cell 
corresponds to a compact arrangement ofBA16 trigonal prisms. The boron atoms 
form planar infinite hexagon-mesh nets. The A1 atoms center straight hexagonal 
prisms, with all faces capped by atoms from the same site (12 B + 8 A1). A few 
borides, based on Nb or Mo, have been reported to be superconducting at the 

Fig. 6.14. 

Structures of MoB 2 (AIB 2 type) (a), HT-ZrRuP (ZrNiAl type) (b), ~-ThSi 2 2 (c), and LT- 
ZrRuP (TiNiSi type) (d) in projections along [0 0 1], [0 0 1], [1 0 0], and [0 1 0], respectively. 
Large spheres: Mo, Zr, Th; medium spheres: Ru; small spheres: B, P, Si. For MOB2, HT-ZrRuP, 

1 and ~-ThSi2, dark shading: z, x = 0, light shading: z, x -- 1; for LT-ZrRuP, dark shading: y = ~, 
light shading: y = 3. Solid lines connect atoms forming trigonal prisms. 
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boron-rich boundary of the homogeneity range. In Ni2In, the same kind of atom 
(Ni) that forms the trigonal prisms is found also at half of the prism-centering 
sites. The ordered atom distribution leads to a doubling of the c-parameter with 
respect to A1B 2. Isotypic indium antimonide and indium bismuthide both 
become superconducting at T c = 5.8 K. 

fl-ThSi 2 (T c - 2.4 K) crystallizes with an A1B2-type structure. A stacking 
variant is adopted by the a-modification of the same compound. Slabs of fused 
trigonal prisms, cut parallel to the (1-10) plane of A1B2, are in et-ThSi 2 rotated 
by 90 ~ and stacked upon each other so that the mutually perpendicular prisms 
form consecutive slabs share square faces. The resulting structure, shown in Fig. 
6.14c, is tetragonal, space group I41/amd. Like the B atoms in A1B2, each Si 
atom is bonded to three others, forming a coplanar triangle. The triangles are, 
however, rotated with respect to each other and form a 3D framework. ~-ThSi 2 
itself is superconducting (To = 3.2 K) and the transition temperature can be 
increased to 4.6 K by replacing part of the Th atoms by Y atoms. The optimal 
amount of substitution reduces the valence electron concentration to a value close 
to 3.9 electrons per atom. Superconductivity is also reported for silicides and 
germanides of alkaline-earth metals prepared at high pressure (T~ --4.9 K for 
BaGe2). An ordered substitution variant is known for LaPtSi, where every 
second Si atom is replaced by a transition metal atom. The ordering of the 
atoms lowers the symmetry to space group I41md. The highest superconducting 
transition temperature observed for this structure type, 6.5 K, is reported for 
ThIrSi. 

Similar slabs of trigonal prisms sharing the triangular and two of the 
rectangular faces are found in orthorhombic ot-TlI where 16 prisms are centered 
by T1 atoms. The slabs have no common atoms, which leads to the equiatomic 
composition. The type is often referred to as CrB, where the B atoms center 
prisms formed by the metal atoms. Isotypic NbB becomes superconducting at 
8.3 K. ~-TII is the end member of a family of stacking variants where slightly 
tilted, infinite columns of prisms sharing rectangular faces are arranged in layers 
that can be stacked upon each other in two different ways. In ~-TII consecutive 
slabs are stacked so that the prism columns share triangular faces. In the other 
end member, orthorhombic FeB, the same slabs are stacked so that the prism 
columns share edges and form a 3D framework. Many intermediate stacking 
variants are known, but superconductivity is reported only for the end members. 
LaCu (Cu inside La6 prisms) is isotypic with FeB and becomes superconducting 
at 5.9K. 

If the structure of FeB is cut into slabs in such a way that the trigonal prisms 
no longer share rectangular faces, the composition becomes 3:1. Such slabs, 
inside which the prisms share edges and single comers, are found in the 
orthorhombic Fe3C type. The decomposition into slabs is, however, a purely 
geometric operation with the aim of emphasizing structural relationships, and the 
structure presents no layered character. The "slabs" are interconnected via Fe 
atoms that cap CFe 6 prisms in a neighboring slab. The highest T~, 6.2 K, is 
reported for La3Ni. 
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In Ni3P, distorted trigonal prisms, formed by the metal atoms and centered 
by the P atoms, share only vertices. The true coordination number of the P atoms 
is 9, considering also the Ni atoms capping the prism faces. Type-defining Ni3P 
is not superconducting, but isotypic Mo3P superconducts below 5.3 K. The 
structure of Ni3P is often described as being built up of tetrahedron star 
columns. A tetrahedron star is an empty tetrahedron, the faces of which are 
capped by four atoms forming a larger tetrahedron. When arranged in columns, 
the two concentric tetrahedra are deformed so that two rhombs, perpendicular to 
the column axis, are formed. In Ni3P such columns are isolated, neighboring 
columns being shifted with respect to each other. The same motif is found in 
Cr3Si where similar columns share atoms. The mutually perpendicular Cr2Si 2 
rhombs situated at z - 0 and z - 1 (column axis at �89 0 z, for instance) can be 
recognized in Fig. 6.10b. By further condensation, the A1 sublattice in 0-CuA12 is 
obtained. 

A superconducting transition temperature of 5.5 K is reported for the binary 
aluminide Os4A113. The structure is monoclinic with 34 atoms in a side-face 
centered cell, distributed over nine atom sites. Single and double columns of 
base-sharing OsA16 prisms, can be distinguished. All rectangular faces are 
capped by one or even two A1 atoms, leading to the coordination numbers 10 
and 11 for the two Os sites. 

The hexagonal structure of Fe2P contains columns of base-sharing Fe 6 
trigonal prisms centered by P atoms. Part of the columns share edges to form a 
framework with large channels, inside which are located single columns, shifted 
by c/2. Several ordered atom arrangements with the same space group and unit 
cell are known for ternary compounds. Among these, the ZrNiAl type (Fig. 
6.14b) is presented here because of a series of isotypic superconducting 
pnictides. In ZrRuP (T c = 12.9 K) the prism framework is made of Zr atoms 
and the isolated prism columns of Ru atoms. All prisms are centered by P 
atoms. Interatomic distances of 2.63 A are observed within the Ru 3 triangular 
clusters. For both phosphides and arsenides the superconducting transition 
temperatures are higher for Zr than for Hf or Ti, and higher for Ru than for 
Os. The hexagonal ZrNiAl-type phase exists predominantly as an HT-modifica- 
tion. Below ,~1273 K HfRuAs crystallizes with a TiFeSi-type structure and 
samples annealed below this temperature exhibit no superconductivity above 
1 K. However, the isotypic silicides NbReSi and TaReSi become superconduct- 
ing at 5.1 and 4.4 K, respectively. The TiFeSi type is an orthorhombic deforma- 
tion derivative of hexagonal ZrNiA1 with a = 2c(ZrNiA1), b = V~a(ZrNiA1), 
c = a(ZrNiA1), and the Si atoms in the Fe 6 prisms significantly displaced from 
the prism center. HT-ZrRuP undergoes a phase transition at 1523 K to another 
orthorhombic structure, the TiNiSi type. Also, this modification is superconduct- 
ing, but at a lower temperature (3.8 compared to 12.9 K). The TiNiSi type is an 
ordered substitution variant of CozP , a structural branch and antitype of PbC12, 
which implies no lowering of the symmetry with respect to the binary type. The 
Si atoms center trigonal prisms formed by four Ti and two Ni atoms. As can be 
seen from Fig. 6.14d, the prisms share trigonal faces and edges to form a 
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puckered layer-like arrangement. Here, too, metal atoms cap the prisms and the 
decomposition into slabs is a mere help to recognize particular structural features. 

One more superconductor was identified in the metal-rich part of the Zr- 
Ru-P system. ZrRu4P2 has a superconducting transition temperature of 11 K and 
crystallizes with a tetragonal structure type first identified on a silicide, 
ZrFe4Si2. Four Ru and two Zr atoms form a trigonal prism around the P 
atoms in ZrRuaP 2. The prisms are capped by one Zr and two Ru atoms. The 
late transition metal atoms are arranged in tetrahedra that share edges to form 
infinite chains parallel to the c-axis. Neighboring chains are interconnected via 
metal-to-metal distances of the same magnitude as within the chains. 

The NiAs type corresponds to the filling of all octahedral interstices in a 
hexagonal close-packed arrangement of As atoms and can be considered as the 
hexagonal counterpart to the NaC1 type (see Section D on interstitial 
compounds). The same simple type can, however, alternatively be described as 
a stacking of directly superposed close-packed Ni layers, with every second 
trigonal prismatic interstice filled by an As atom. The Ni atoms form a frame- 
work similar to the A1 sublattice in A1B 2, but, because of the ordered arrangement 
of the trigonal prismatic voids, the unit cell is doubled along [0 0 1] with respect 
to A1B2. Which description is the most appropriate depends on the c/a ratio. For 
c/a -- v/-g-/3 = 1.63 the atoms in the h-stacked layers have interatomic distances 
of the same length within and between the layers, whereas for c/a = 2 the same is 
true for the directly superposed layers. The FeAs type (also called MnP type) is 
an orthorhombic deformation variant of the NiAs type with relatively important 
distortions in both sublattices. For the NiAs type, superconducting compounds 
are antimonides, bismuthides, and tellurides with group VIII metals, as well as 
interstitial carbides. IrGe, which crystallizes with the FeAs type, becomes 
superconducting at 4.7 K. 

i. YbzRh4Sn~3 Type and Related Structures 

Interesting properties, among which is superconductivity, are observed for a 
series of stannides of approximate composition R3Rh4Snl3. Four different 
structure types have been identified, usually referred to as phases I, I', II, and 
II'. Phase I, refined on Yb3Rh4Snl3 , is cubic with a cell parameter of approxi- 
mately 9.7 A. The Sn atoms on the two crystallographically independent sites 
have different chemical behavior. The Sn(2) atoms in Wyckoff position 2(a) 
(space group Pm3n) may be considered as divalent cations, whereas the atoms 
from site Sn(1) make up a complex polyanion. Consequently, the chemical 
formula is often written as SnYb3RhaSnl2. Sn 6 trigonal prisms centered by Rh 
atoms share comers to form a 3D framework, shown in Fig. 6.15. The R atoms 
occupy cuboctahedral and the Sn cations icosahedral voids in the flame- 
work. The R atoms and the Sn(2) atoms form a Cr3Si-type sublattice. Rhodium 
may be replaced by other late transition elements, and isotypic superconductors 
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Fig. 6.15. 

Structure ofYb3Rh4Snl3 , emphasizing the framework of corner-linked RhSn 6 trigonal prisms. 
Large spheres: Yb; medium spheres: Sn(2). 

are also found among germanides and plumbides. The highest superconducting 
transition temperature, 8.7K, is observed for Ca3Rh4Sn13. Phase I', defined on 
La3Rh4Sn13 (T c = 3.2K), is a deformation variant of phase I with a body- 
centered cubic cell and a doubled cell parameter. The distortion implies a 
complex change in the relative orientation of the Rh-centered trigonal prisms, 
which remain almost undistorted. 

Phase II has a slightly different composition, varying between R 4 T6M19 and 
RsT6M18, corresponding to a mixed M/R occupation of one of the cation 
sites. The refined composition of the type-defining compound Er4Rh6Sn19 is 
Erg.32Rh6Sn18.68. As in phase I and phase I', the main part of the Sn atoms form a 
framework of corner-sharing trigonal prisms centered by Rh atoms, with Rh-Sn 
distances ranging from 2.64 to 2.74 A. The structure is tetragonal body-centered 
with an a-parameter corresponding to the face diagonal of the cubic cell of 
Yb3RhgSnl3  , and a c-parameter twice as large. Phase II', refined on Tb4Rh6Sn19  

and sometimes referred to as phase III, has a cubic face-centered cell with the 
cube edge equal to the a-parameter of phase II. It is considered to be a disordered 
microtwinned pseudocubic version of phase II. 

j. Other Structures of Intermetallic Compounds 

As in LaPtSi, the transition metal and silicon atoms in cubic LaIrSi (T c = 2.3 K) 
form a 3D framework where each atom is connected to three atoms of the other 
kind. This structure type, defined on ZrSO, is an ordered substitution derivative 
of cubic SrSi 2 with a lowering of the symmetry from space group P4132 to 



142 Chapter 6: Crystal Structures of Classical Superconductors 

P213. The superconducting transition temperature of isotypic LaRhSi exceeds by 
little the 4.2 K mark fixed here. 

The cubic structure of LaFe4P12 contains a framework of corner-sharing 
octahedra, formed by P atoms and centered by Fe atoms. Instead of being straight 
as in idealized perovskite (see Fig. 6.23), the octahedra are tilted so that one- 
quarter of the original cuboctahedral voids are enlarged, at the expense of the 
remaining voids. The resulting large, icosahedral voids are filled by the La atoms 
and the cell edge is twice that of perovskite. The unstuffed structure is known 
under the name skutterudite, a mineral of composition CoAs 3. Phosphides are 
formed with the early rare-earth metals and transition metals from the subgroup 
of iron. LaFe4P12 becomes superconducting at 4.1 K and LaRu4P12 at 7.2 K. 

A superconducting transition temperature of 9.8 K was observed relatively 
early in the Mo-Ga  system, at the approximate composition MoGa 4. The crystal 
structure turned out to be one of the most complicated ever found for a 
superconducting inorganic compound, with monoclinic symmetry and 38 inde- 
pendent atom sites in the unit cell. The Mo atoms are surrounded by a Gal0 
polyhedron, which is a combination of half an icosahedron and half a cube: a 
capped pentagon on one side and a square on the other. A small deviation from 
the ideal composition Mo6Ga31 was observed. The complexity of this structure 
is in contradiction with the long accepted idea that high superconducting 
temperatures are associated with high symmetry and simple crystal structures. 

D 
Interstitial Carbides, Nitrides, Oxides, and Hydrides 

a. NaCI Type 

A close-packed atom arrangement is by definition dense, but interstices large 
enough to host small interstitial atoms exist. Independently of the stacking mode, 
there are one octahedral and two tetrahedral interstices per atom. Figure 6.16 
shows where these are located in the (1 1 O) plane bisecting the hexagonal cell of 
the h.c.p. Mg type and of the c.c.p. Cu type in hexagonal setting. It may be noted 
that for a layer in h stacking, the octahedra surrounding neighboring voids share 
faces. Within some families of compounds it is not possible to fill both these 
interstices simultaneously. 

Close-packed atom arrangements with filled-up interstices are found among 
two very different classes of compounds. On one side there are a large number of 
ionocovalent compounds where the close-packed layers are formed by anions and 
the interstices filled by cations. On the other side one finds alloys where the 
close-packed layers are formed by metal atoms and the interstices are filled by 
small atoms such as, carbon, nitrogen, or hydrogen. The former are antitypes 
with respect to the latter ("cations" and "anions" interchanged). For evident 
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Fig. 6.16. 

Atoms in the (1 1 O) cross-section of h.c.p. Mg and c.c.p. Cu (referring to hexagonal setting). 
Squares indicate octahedral voids, triangles tetrahedral voids in the close-packed atom 
arrangements. 

reasons, some structure types were first identified in an ionocovalent compound, 
others in an alloy. 

When all octahedral interstices in a cubic close-packed arrangement of 
anions are filled, the well-known NaCl, rock salt, type is obtained. From a 
geometric point of view the two atom sites in this cubic face-centered structure, 
shown in Fig. 6.17, are equivalent and can be interchanged. This means that the 
anions also have octahedral coordination. Because of the difference in size, 
however, it is reasonable to distinguish between the interstitial atoms and the 
atoms forming the framework. Carbides with transition metals from group V or 
VI and nitrides with transition metals from group IV or V exhibit superconduc- 
tivity at temperatures that must be considered high on the scale for classical 
superconductors. ~-MoC becomes superconducting at 14.3 K and isoelectronic 
6-NbN at 16.0 K. A critical temperature of 18.0 K is reached for the mixed 
carbide-nitride NbN0.75C0.25 with a valence electron concentration of 4.9 elec- 
trons per atom. The superconducting transition temperature strongly depends on 
the nonmetal content and tends to reach its maximum for an ordered structure at 
the stoichiometric composition. Partial vacancies are, however, frequent in both 
sublattices, and an equiatomic composition generally corresponds to equal 
amounts, typically a few percent, of defects of both kinds. Stoichiometric VN 
undergoes a phase transition at 205 K to a tetragonal structure, characterized by 
distortions toward the formation of tetrahedral V 4 clusters. No phase transition is 
observed for off-stoichiometric concentrations in the same system. Band struc- 
ture calculations, in combination with electron density studies, have revealed a 
mixing of different kinds of chemical bonding. In addition to covalent interac- 
tions, there is a metallic bonding contribution, as well as a considerable charge 
transfer from the metal to the nonmetal site. 

A NaCl-type atom arrangement is also adopted by the hydride fl-PdH. In 
this case too, T c varies strongly with the content of interstitial atoms and reaches 
its maximum value, 9.6 K, for the stoichiometric composition. Higher critical 
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Fig. 6.17. 

Crystal Structures of Classical Superconductors 

Structure of MoC (NaCI type), content of one unit cell. Large spheres: Mo; small spheres: C. 

temperatures are reported for hydrides where Pd has been partly substituted by Cu 
(16.6 K), Ag (15.6 K) or Au (13.6 K). The increase in T c observed in palladium 
hydrides is explained as a consequence of the suppression of spin fluctuations in 
Pd. 

b. Other Structures with Close-Packed Metal Atom Layers 

Light atoms such as C or N in alloys are practically "invisible" in ordinary X-ray 
diffraction experiments where the diffraction patterns are dominated by contribu- 
tions from the metal atoms. Early reports on carbides and nitrides were some- 
times limited to information about the metal atom sublattice and the expansion of 
the cell, which confirms the incorporation of nonmetal atoms. It is thus not 
surprising to find a great deal of confusion in the literature about the exact 
structure and composition of different interstitial compounds. 

A partly ordered arrangement of nonmetal atoms in a cubic close-packed 
arrangement of Mo atoms is proposed for fl-Mo2N0.75 ([~-Mo2N type). The type 
is characterized by the occupation of half of the available octahedral voids. The 
structure is tetragonal body-centered and the nitride exhibits superconductivity 
below 5.0 K. 

The orthorhombic ~j-Fe2N type represents an ordered arrangement of 
interstitial atoms in octahedral voids between close-packed layers in h stack- 
ing. The N atoms occupy selectively half of the octahedral voids in every 
interlayer. The highest superconducting transition temperature reported for 
isotypic ~-Mo2C (12 K) is almost as high as for the NaCl-type compound 
~-MoC formed in the same system (14.3 K). fl-Mo2C (5.8 K) crystallizes with 
a deficient NiAs-type structure (discussed in the section on intermetallic 
compounds), where the C atoms are statistically distributed over all octahedral 
sites. The chemical formula is in this case better written as MoC0. 5. 

A superconducting transition temperature of 15.1 K is reported for a high- 
pressure high-temperature modification of molybdenum nitride, 6-MoN. The 
structure is isotypic with LT-Nbl_xS , a hexagonal deformation variant of the 
NiAs type, with a doubling of the translation unit in the (0 0 1) plane. The N 
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atoms in 6-MoN occupy trigonal prismatic voids between directly superposed 
close-packed metal atoms layers that are distorted toward the formation of 
triangular clusters. Intra- and intercluster distances of 2.70 and 3.04 A respec- 
tively, are observed. 

A different ordering of nonmetal atoms occupying the trigonal prismatic 
voids in a similar metal atom framework is found in the hexagonal WC type. As 
in the NiAs type, every second void is occupied; however, the C atoms in WC are 
distributed so that infinite columns of base-sharing CW6 prisms are formed. The 
hexagonal unit cell contains only two atoms and, as in CsC1 or NaC1, the two sites 
are crystallographically equivalent and can be interchanged. This means that the 
C atoms also form a framework of fused trigonal prisms. 7-MoC is reported to 
crystallize with this structure type and to exhibit superconductivity below 
9.3 K. According to some authors, the phase with directly superposed Mo 
atom layers reported in the Mo-C  system is oxygen-stabilized. 

Another modification of molybdenum carbide, hexagonal ~l-MOCl_x, 
becomes superconducting at 8.9 K. The close-packed metal atom layers are 
arranged in hc 2 stacking and the C atoms occupy the octahedral voids to the 
limiting composition MOC0.67. 

The structure type defined on 2H-ZnS is usually referred to by its mineral 
name wurtzite. As in NiAs with the same element ratio, close-packed anion 
layers are arranged in h stacking. However, the octahedral voids remain empty 
and the Zn atoms occupy half of the tetrahedral voids in every interlayer. The 
ZnS 4 tetrahedra share corners to form a 3D framework. A large number of 
stacking variants have been identified for the same compound, or for SiC, both 
valence compounds with complete electron octets. A superconducting transition 
temperature of 5.9 K is reported for isotypic GaN. 

c. Other Interstitial Structures 

Superconductivity has been reported also for compounds with more complicated 
structures where C atoms, as in the NaC1 type and other structures discussed 
previously are found inside octahedra formed by transition metal atoms. An 
example of such a compound is Mo3AI2C, which becomes superconducting at 
10.0 K. The structure is a temary, filled-up substitution derivative of the//-Mn 
element type. The cubic element structure contains two crystallographically 
different atom sites, one centering an icosahedron, the other a larger, 14-vertex 
polyhedron. In the ternary carbide the A1 atoms selectively occupy the former 
site and the Mo atoms the latter. The C atoms center octahedral voids formed 
exclusively by Mo atoms, without breaking any of the symmetry elements present 
in the element structure. 

The so-called Nowotny phases are MnsSi3-type compounds stabilized by 
nonmetal atoms located in octahedral voids. In hexagonal MnsSi 3 the atoms 
from one of the Mn sites are arranged in infinite chains parallel to [0 0 1] with 
interatomic distances equal to c/2,  the shortest metal-metal distances in the 
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structure. The atoms from the other Mn site form columns of face-linked 
octahedra, susceptible to host interstitial atoms. The Si atoms center trigonal 
prisms formed by Mn atoms. A structure where all octahedral voids are filled is 
defined on the intermetallic compound l-IfsCuSn 3 with CuHf 6 octahedra. In 
carbides and related compounds, the octahedral site is only partly occupied. In 
superconducting M04.8Si3C0. 6 the Mo-Mo distances within the chains are 
2.52A. An isotypic O-stabilized phase, identified in a sample of nominal 
composition Nbo.s1Itro.3000.19 , was found to become superconducting at 11.0 K. 

Certain superconducting compounds crystallizing with a Ti2Ni-type struc- 
ture are also stabilized by oxygen. Also for this structure type, many alloys 
originally reported as binary were later shown to contain small amounts of a 
nonmetal. The cubic face-centered cell of Ti2Ni contains 96 atoms and the Ti 
atoms occupy two crystallographically independent sites. The atoms from the 
site of lowest multiplicity form tetrahedra. This site may in some cases be 
occupied by atoms of the other element, resulting in a different ordered 
substitution derivative, defined on NiCd. The atoms from the other Ti site 
form relatively large empty octahedra. The structure type was in fact first 
identified on its filled-up form, on the so-called q-carbide, W3Fe3C , with C 
atoms inside W 6 octahedra. Superconductivity is reported for several O-stabi- 
lized Ti2Ni-type alloys formed by Zr or Ti and a group VIII transition metal. A 
maximum value of 11.8 K is observed for a sample of nominal composition 
Zro.61Rho.28500.105. The full occupation of the octahedral site in Zr3V30 was 
confirmed by neutron diffraction experiments. 

Unlike the superconducting Pd hydride, which crystallizes with the NaC1- 
type structure, Th4H15 (T c = 7.6 K) is stable at room temperature. The structure 
type was first identified on its antitype version, the silicide CUlsSi 4. The Th 
atoms in ThaH15 are located on infinite nonintersecting lines parallel to the body 
diagonals. Four atoms, one from each of four neighboring chains, together form 
a tetrahedron. The metal atom substructure is identical to the one formed by the 
metal atoms in Pu2C 3 and 5c4C3, the latter crystallizing with a Th4P3-antitype 
structure. One-fifth of the H atoms center the Th 4 tetrahedra just mentioned, 
whereas the atoms from the other H site form triangles (d(D-D)= 2.25 A). Each 
Th atom is surrounded by 12 H atoms. 

Borides, Carbides, and Borocarbides with Nonmetal Polymers 

a. Layered Carbohalides 

The compound GdCBr crystallizes with two structural modifications of layered 
character, ls-GdCBr and 3s-GdCBr, shown in Fig. 6.18. Both structures 
contain C 2 dumbbells, octahedrally surrounded by Gd atoms. The C-C distance 
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Fig. 6.18. 

Structures ofYCI (ls-GdCBr type) (a) and 3s-GdCBr (b) in projections along [0 1 0]. Large 
spheres: I, Br; medium spheres: Y, Gd; small spheres: C. Dark shading: y -- �89 light shading: 
y -- 1. Solid lines connect atoms forming octahedra around the C 2 dumbbells. 

(1.3 A) approximately corresponds to a double bond. The (C2)Gd 6 octahedra 
share edges to form infinite sheets, which are separated by double layers of 
bromine ions. The Gd and Br atoms form approximately close-packed layers, 
which are arranged in simple hexagonal stacking in the variant called l s. In the 
variant 3s a stacking sequence with a three times larger translation unit, 
corresponding to the stacking code h2c2, is found. The structures where each 
metal atom octahedron is centered by a single atom can be described in space 
groups P~3m 1 and R~3m, respectively, and are known for two structural modifica- 
tions of TazCS 2. The replacement of the atoms centering the octahedra by atom 
dumbbells, all parallel and oriented along 4-fold axes of the octahedra, lowers the 
symmetry to monoclinic. The structures of the two modifications of GdCBr are 
isopointal (same space group and Wyckoff sequence), but the unit cells can be 
distinguished from the value of the monoclinic angle. The infinite stacking of 
condensed RCzR layers corresponds to the tetragonal structure of CaC2, 
described later. 

At first sight, the chemical bonding can be approximated by the formula 
(R3+)2(Cz)4-(X-)2, but the compounds are conducting in two dimensions 
because of a mixing of C 2 antibonding and R-d states. Band structure 
calculations have revealed a very flat band (localization) with a significant 
C2 ~* contribution at the Fermi level, corresponding to a maximum density of 
states. The Fermi level also crosses bands with a large slope (delocalization). 
Such a situation is considered to be favorable for superconductivity (Simon, 
1997). Superconducting properties are observed for compounds with nonmag- 
netic rare-earth elements such as Y and La. Substitution of one halogen by 
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another modifies the cell dimensions and alters the degree of covalence of the 
R-C bonds. T c increases from 2.3 K for YCC1 to 5.1 K for YCBr, reaches a 
maximum of 11.1 K for YCBr0.2510.75, and then decreases to 9.7 K for YCI. The 
structure changes from ls to 3s, and back to ls, during the progressive 
substitution. The variation of T c appears to be independent of the actual stacking 
of the slabs, which seems to indicate that superconductivity takes its origin in the 
YC2Y slabs. The incorporation of Na atoms into YCBr increases the translation 
unit along the stacking direction and produces a transition from the 3s- to the Is- 
modification. As expected, the interstitial atoms were found to occupy the 
octahedral sites between the two bromine layers (partial occupation of Wyckoff 
position 2(d) 0 1 �89 in space group C2/m). 

Superconductivity at 6 K is reported for the compound La9B3C6Br 5. The 
orthorhombic crystal structure, defined on Ce9B3C6Brs, contains C-B-C units 
with an angle of 148 ~ at the central atom. As in the carbohalides discussed 
earlier, nonmetal atom layers are sandwiched between two R atom layers to form 
slabs, separated by halogen atom layers. However, the R atom layers differ 
significantly from the close-packed layers found in the carbohalides. The B 
atoms center R 6 trigonal prisms and the C atoms R 5 square pyramids, which are 
fused to the trigonal prisms via common rectangular faces and share edges with 
each other. The resulting R3(CBC)zR3 slabs are corrugated and separated by 
single Br layers. 

b. CeCo4B 4 Type and Stacking Variants 

Superconductivity is observed at the composition RT4B 4 in several temary rare- 
earth-transition metal boride systems. A series of different structure types have 
been identified for this general composition, all characterized by the presence of 
boron dimers, empty transition metal atom tetrahedra, and single rare-earth metal 
atoms. In the structure types defined on CeCo4B4, LuRu4B 4 and LuRh4B4, 
shown in Fig. 6.19, T 4 tetrahedra and R atoms are arranged as the Na and C1 
atoms in the simple NaC1 type (compare Fig. 6.17). The main difference between 
the three structures concems the relative orientation of the T 4 tetrahedra. A 
structural slab may be considered where tetrahedra and R atoms altemately 
occupy the points of a 2D square-mesh lattice. Neighboring tetrahedra within the 
slab are rotated by 90 ~ with respect to each other. When two slabs are stacked 
upon each other, an R atom is always placed over a tetrahedron and vice 
versa. For convenience we will label the comers of the square mesh A (0 0), 
(1 0), B (1 1), and fl (0 1). The translation unit of the square-mesh lattice itself, 
a(mesh), is identical to the thickness of the slab. In the starting layer, points A 
and B are occupied by tetrahedra, points ~ and fl by R atoms. The tetrahedra at A 
and B are rotated by 90 ~ with respect to each other. A tetrahedron in the same 
orientation as the one placed at A in the starting layer, may in the second layer be 
found either in position ~ or in position ft. In the third layer a similarly oriented 
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Fig. 639. 

Structures of ErRh4B 4 (CeCo4B 4 type) (a), LuRu4B 4 (b), and LuRh4B 4 (c) in projections 
along [0 0 1], [1 0 0], and [1 0 0], respectively, emphasizing the arrangement of R atoms, T 4 
tetrahedra, and B 2 dumbbells. Note that R atoms are sometimes hidden by overlying T 4 
tetrahedra. 

tetrahedron may occupy position A, as in the first layer, or be placed in position 
B. The stacking mode Aa is observed in CeCo4B4 . The resulting structure is 
tetragonal primitive with a-~ ~/2a(mesh) and c ~ 2a(mesh). The boron dumb- 
bells are located across the slab interface. When the slabs are stacked together, 
distances of the same magnitude as those observed within the tetrahedra appear 
between tetrahedra in the same orientation, so that infinite 2D frameworks result. 

The slabs in LuRu4B 4 are stacked according to the sequence AczBfl. The 
structure is tetragonal body-centered with the arrangement of the mutually rotated 
tetrahedra along [0 0 1] described by a 4-fold screw axis (space group 
I41/acd ). The cell parameters are related to the translation units of the square- 
mesh lattice according to a-~ 2a(mesh), c ~ 4a(mesh). The general character- 
istics of the structure are otherwise similar to those described for CeCo4B 4, with 
the difference that the interconnections of the T 4 tetrahedra lead to the formation 
of two independent interpenetrating 3D frameworks. 

The stacking mode observed in LuRh4B 4, AaAflBfl is a combination of 
the former two. This structure is orthorhombic and the cell parameters of the 
conventional C-centered cell may be derived from the translation unit of 
the square-mesh lattice by the following relations: a ~  c ~  2a(mesh), 
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b--~ 6a(mesh). The CeCo4B 4 type is formed by RT4B 4 compounds with Co or 
Rh, less often Ir. Superconducting transition temperatures above 10K are 
observed for isotypic YRh4B 4 and LuRhaB 4. A few Rh-based compounds, 
such as LuRhaB4, form the three stacking variants under different condi- 
tions. The three modifications become superconducting at 11.8, 9.2 (stabilized 
by Ru), and 6.2 K, respectively. 

c. Other Structures with Nonmetal Atom Dumbbells 

The structure of CaCz may be considered as a substitution derivative of the NaC1 
type with single anions replaced by C2 dumbbells. The dumbbells are all parallel 
to [0 0 1] of the tetragonal body-centered cell. The structure is isopointal (same 
space group and Wyckoff sequence) with the MoSi 2 type, discussed in the section 
on intermetallic compounds. However, the presence of atom dumbbells in one 
structure, but not the other, excludes isotypism. The structure type is formed by 
most rare-earth elements; however, superconductivity is observed only for 
nonmagnetic ions. The C - C  distance within the acetylene ion increases with 
increasing valence of the cation, e.g., from 1.19 for CaC 2 to 1.29 for YC 2 and 
1.32A for UC2. Of these three compounds, only YC2 is a superconductor 
(T c = 3.9 K). 

Of the many R2C 3 compounds crystallizing with the Pu2C 3 type, three 
truly binary compounds show superconducting transition temperatures above 
10 K. The carbon atoms are arranged in dimers, with C - C  distances ranging 
from 1.2 to 1.4 A which can be assimilated to a multiple bond. The cubic body- 
centered unit cell contains 16 metal atoms and 12 carbon dumb-bells. As shown 
in Fig. 6.20, the dumbbells are parallel to the cell axes. The lanthanide atoms 

Fig. 6.20. 

Structure ofLu2C 3 (Pu2C 3 type), content of one unit cell (a) and Lu 8 dodecahedron around a 
C 2 dumbbell (b). Large spheres: Lu; small spheres: C. 
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were found to be in the trivalent state, except cerium, for which an average value 
of 3.4+ was determined. Each carbon atom has short distances to six surround- 
ing rare-earth metal atoms forming a distorted octahedron. The other carbon 
atom of the dumbbell centers an octahedron edge that is significantly longer than 
the other edges. This crystallographically equivalent carbon atom is surrounded 
by an identical distorted octahedron, perpendicular to the preceding one. The two 
octahedra interpenetrate each other and the C 2 dumbbell is surrounded by a total 
of eight R atoms. 

In most binary systems the PuzC3-type phase presents a certain homo- 
geneity range that presumably corresponds to the substitution of a certain 
proportion of C2 dumbbells by single C atoms. If all dumbbells are replaced 
by single atoms, the composition becomes R4C 3 and the structure that of the 
Th3P 4 antitype. This structure has been reported for nonsuperconducting Sc4C 3, 
whereas a superconducting transition temperature of 8.5 K is observed at the 
approximate composition Sc13C10 . The structure of the superconducting phase 
may correspond to a small replacement of single atoms by dumbbells, but 
additional lines in the diffraction pattern could not be indexed. The super- 
conducting properties of the PuzC3-type phases are very sensitive to variations 
in the carbon content, the highest values being recorded at the C-rich boundary. 
They can be further enhanced by alloying and the highest critical temperature, 
17.0 K, is known for the nominal composition Y1.4Th0.6C3.1. In this case the 
cubic structure is formed by synthesis at high pressure and high temperature, 
whereas the product obtained by arc melting contains a tetragonal phase that is 
not superconducting. 

The LuRuB2 type is also characterized by nonmetal dimers. In contrast to 
the RT4B 4 borides, where the boron dimers are well separated from each other, 
they are here arranged in infinite zigzag chains where B-B distances of 1.74/~ 
alternate with distances of 1.92)~. The angles are close to 120 ~ and the chains 
may be considered as cut from the hexagon-mesh boron nets found, for example, 
in A1B 2 and CeCo 3 B 2. Each boron atom centers a trigonal prism formed by three 
Lu and three Ru atoms. The B-B dimer distances occur when the prisms share 
rectangular faces. Relatively short distances are observed between the metal 
atoms, in particular between the Lu atoms (3.10 A). Ruthenium may be replaced 
by osmium, and lutetium by other trivalent rare-earth elements. Superconductiv- 
ity is observed for compounds with nonmagnetic lanthanide elements, the highest 
critical temperature, 10.0 K, being reached by the type-defining compound itself. 

A superconducting transition temperature near 7 K was measured for the 
carbon-rich phase LasB2C 6, with 52 atoms in the tetragonal unit cell. The 
orthorhombic structure is virtually isotypic with that of nonsuperconducting 
CesBzC 6. Double square-mesh NaCl-type RC slabs may be considered in the 
structure, however, every fifth C atom is replaced by a C2 dumbbell, changing the 
composition of the slab to R5C 6. The dimers are approximately perpendicular to 
the NaCl-type slabs, but slightly tilted away from the 4-fold axes with a certain 
degree of disorder. Four partly occupied carbon sites were refined for CesB2C6, 



152 Chapter 6: Crystal Structures of Classical Superconductors 

eight for LasB2C 6. The "single" carbon atoms of neighboring slabs are 
interconnected via the boron atoms and form approximately linear CBC units 
(d(C-B) ~ 2.0A). A limited homogeneity range with respect to the carbon 
content probably corresponds to different proportions of single C atoms and C2 
dumbbells. The superconducting transition temperature was found to decrease 
smoothly on both sides of the composition Las(CBC)2C 2. 

d. LuNi2B2C Type and Members of the Same Structure Series 

A short time aiter the discovery of the high-T c superconducting oxides, the more 
than 30-year-old record held by Nb3Ge thin films was reached also by classical 
superconductors. A few temary borocarbides (e.g., Mo2BC) were known to be 
superconducting below 10 K. However, the discovery that by doping "YNizB3" 
with small amounts of carbon, Tc could be increased to 13.5 K, and the almost 
simultaneous report on superconducting samples in the Y-Pd-B-C system with 
critical temperatures above 20 K, stimulated an intensive search for superconduct- 
ing borocarbides in 1994. The identification of La3Ni2BzN3 with a closely 
related structure and a superconducting transition temperature of 12 K extended 
the interest to boronitrides. The crystal structures of this family of superconduc- 
tors are strongly reminiscent of those of the high-Tr superconducting oxides. 

The structure type defined on LuNi2B2C, shown on the left side of Fig. 
6.21, is a filled-up derivative of the tetragonal CeA12Ga 2 type. More than 400 
intermetallic compounds, among which several temary borides, crystallize with 
this well-known type, discussed in the section on intermetallic compounds. The 
insertion of carbon into the rare-earth metal atom layers is accompanied by an 
increase of the translation unit along the 4-fold axis. Like the structures of the 
high-T c superconductors, the tetragonal structure of LuNi2B2C can be decom- 
posed into atom layers with square mesh. The stacking along the c-axis 
corresponds to the sequence-B-Ni2-B-LuC-. The distances between the Ni 
atoms within the square mesh (2.45 A) are slightly shorter than in metallic 
nickel. There is a considerable amount of covalent bonding extending in three 
dimensions, in particular between nickel and boron and between boron and 
carbon atoms. The short interatomic distances between the latter elements 
(1.47 A) suggest double bonds. The Ni atoms center B 4 tetrahedra that share 
edges to form slabs, which may be considered as characteristic of the PbO 
antitype or of the CaF 2 (fluorite) type. These Ni2B 2 slabs are held together by 
linear BCB units to form a relatively rigid, porous 3D framework that can accept 
rare-earth metal atoms of different sizes. Band calculations have shown that the 
Fermi level coincides with a sharp peak in the density of states, with contributions 
mainly from the d orbitals of nickel, but also from the BCB units. 

The LuNi2B2C type is formed by all lanthanide nickel borocarbides. The 
variation of the cell parameters with the radius of the rare-earth metal atom shows 



Fig. 6.21. 

Schematic drawings of members of the structure series RnT2B2C n (n = 1,2, 3, and 4) formed by borocarbides and boronitrides, with Pearson codes. Shading 
indicates relative heights. Thick lines connect nonmetal atoms, thin lines Ni and B atoms. 



154 Chapter 6: Crystal Structures of Classical Superconductors 

an approximately linear increase of a but a decrease of c, corresponding to an 
overall increase of the cell volume. The apparently contradictory behavior 
observed for the c-parameter is explained by the relative rigidity of the Ni-B-C 
skeleton. When a larger rare-earth metal atom is inserted into the framework, the 
R-C distances become longer and the translation parameter of the square-mesh 
RC layer, i.e., the a-parameter, is increased. Structural refinements have revealed 
that the C-B, as well as the Ni-B, distances remain approximately constant for 
the whole series of lanthanides and that, in order to keep the latter unchanged 
when the a-parameter is increased, the tetrahedral angle in the NiB 4 unit is 
progressively decreased. The tetrahedra are distorted so that the thickness of the 
Ni2B 2 slab is reduced, and consequently also the c-parameter. 

Superconductivity is observed for lanthanide nickel borocarbides where the 
R atoms are not too large. A critical temperature of 16.6K is reached by 
LuNi2B2C, the structure of which contains less distorted NiB 4 tetrahedra than 
the isotypic compounds. As observed for the RT4B 4 borides and the Chevrel 
phases, some magnetic elements also form superconductors. HoNi2B2C, for 
instance, orders antiferromagnetically at 8 K and becomes superconducting at a 
slightly lower temperature. The pair-breaking effect is believed to be diminished 
by the fact that the magnetic system is electronically well isolated from the 
superconducting system. GdNi2B2C, on the contrary, orders magnetically at 
19 K, and shows no superconductivity. When Ni is doped by small amounts of 
Co or Cu, the superconductivity is rapidly destroyed. 

Superconducting transition temperatures above 20K are observed for 
multiphase samples in the system Y-Pd-B-C. The samples are readily repro- 
duced, but there is controversy over the exact composition and structure of the 
contributing phase. It is most commonly believed to be an off-stoichiometric, 
possibly boron-deficient variant of the LuNizBzC-type structure. By progres- 
sively replacing platinum by gold, nearly single-phase samples could be obtained 
for nominal compositions with a slight excess of transition metal 
(R(Pt,Au)z.IB2C), for which the diffraction patterns indicated a LuNizBzC type 
structure. Transition temperatures above 20K have also been reported for 
multiphase samples in the Th-Pd-B-C system, where two superconducting 
phases were found to coexist. 

The square-mesh atom layers found in the structure of LuNizBzC can be 
combined in different proportions. LuNi2BzC may be considered as the first 
member of a homologous structure series of the general formula RnTzBzCn, of 
which several members with higher values of n have been reported since the 
discovery of LuNizBzC (n = 1). Consecutive RC layers are stacked upon each 
other like in the NaC1 type, revealing another analogy with high-T~ super- 
conducting cuprates. The first four members of this structure series are shown in 
Fig. 6.21. Thicker NaCl-type slabs are expected to accentuate the 2D character of 
the superconductor. For odd values of n the unit cell is tetragonal body-centered 
(space group of highest symmetry I4/mmm); for even values it is tetragonal 
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primitive (P4/nmm).  In contrast to the high-To superconductors, few planar 
defects or intergrowths are observed on HREM images. 

The structure of the second member of the RnTzBzC n series was identified 
on LuNiBC (n -- 2), i.e., in the same system as LuNizBzC. The structure type 
was later found also for the quaternary boronitride LaNiBN. The nonmetal atoms 
form BC (or BN) dimers, but the insertion of an additional LuC layer destroyed 
the strong connection between the slabs of edge-linked NiB 4 tetrahedra. The 
structure is a substitution variant of a structure type known for ternary carbides, 
the ScCoC2 type. It may also be considered as a filled-up derivative of the 
universal type PbC1E of which several branches are known. None of the isotypic 
compounds is superconducting, and band calculations performed on LuNiBC 
have shown that the Fermi level is located in a well-defined valley. 

A structure with three NaCl-type layers has been reported for another 
boronitride, La3Ni2B2N 3 (n = 3), which becomes superconducting at 13 K. The 
structure contains BN units and single nitrogen atoms inside La 6 octahedra. 
Vacancies on the latter nitrogen site, situated in the central NaCl-type layer, 
are probably responsible for minor variations in T~. 

A member of the same structure series with n = 4 was deduced from 
HREM images for nonsuperconducting Y2NiBC2 (Li et aL, 1995). The authors 
claim that a larger cell must be used for the indexation of the electron diffraction 
pattern. A different structure, where the two central RC layers are replaced by 
two R layers separated by a layer containing carbon atoms, was proposed for the 
same composition but another rare-earth element, LuzNiBC 2 (Zandbergen et al., 
1994a). The true symmetry of this phase was stated to be monoclinic. An 
intergrowth structure with B-Niz-B slabs separated by alternately one and two 
YC layers was reported for Y3Ni4B4C3. 

e. Structures with Nonmetal Polymers 

Only a few binary borides are known to be superconducting, among these YB 6 
(T c --7.1 K), which crystallizes with the cubic CaB 6 type. The primitive unit 
cell contains seven atoms. The B atoms form octahedra, centered at 1 1 �89 which 
are interconnected via interatomic distances of the same length as those within the 
octahedra to form a 3D framework with large voids. Each B atom is bonded to 
five others, which form a surrounding square pyramid. The coordination poly- 
hedron around the cation is made from 24 boron atoms, all located at the same 
distance from the central atom. 

The cubic face-centered UB12 type contains empty B12 cuboctahedra in a 
cubic close-packed arrangement. The cations are situated between the cubocta- 
hedra so that polyhedra and cations form a NaCl-type arrangement. The B12 
cuboctahedra are interconnected via exo bonds to form a 3D framework with BB 5 
square pyramids, similar to those found in CaB 6. This structure type is also 
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present in the Y-B system, but the superconducting transition temperature is 
slightly lower (4.7 K) than for YB 6. The highest value observed for this type, 
5.8 K, is reported for ZrB12. When Zr is partly substituted by Sc, the compound 
undergoes a phase transition to a nonsuperconducting rhombohedral modifica- 
tion. 

Superconducting properties were detected for the ternary borocarbide 
Mo2BC (Fig. 6.22) as early as the sixties. As in the structure of LuNiBC, 
discussed previously, T2B 2 layers are separated by double NaCl-type layers 
containing the carbon atoms. However, the stacking sequence within the T2B 2 
slabs is here T-B-B-T (as compared with B-T2-B for LuNiBC). The square- 
mesh layers are further shiited so that orthorhombic symmetry results. The B 
atoms center Mo 6 trigonal prisms, which share triangular and rectangular faces to 
form infinite slabs, inside which the atom arrangement is characteristic of that 
observed in A1B 2. The distances between boron atoms through the rectangular 
faces of the prisms are short (1.79 A) and infinite boron zigzag chains are 
observed. Little distorted Mo 6 octahedra surround the carbon atoms in the NaC1- 
type layers. No bonding distances occur between boron and carbon atoms and 
HREM studies have confirmed the intergrowth character of the structure. 
Attempts to increase the superconducting transition temperature by partly sub- 
stituting Mo by different other metals (Zr, Hf, Nb, Ta, W, Rh) were successful 
only for substitutions by the electron-rich Rh, T c reaching a maximum (9.0 K) for 
a Rh:Mo ratio of 0.2:1.8. For phases with the same valence electron con- 
centration, T c increases with increasing cell volume. The same structure type was 
later found for a ternary boronitride, Nb2BN. 

All lanthanide elements have been reported to form compounds that 
crystallize with the tetragonal YBzC z structure type. Only YBzC 2 and 
LuBzC2, however, become superconducting at 3.6 and 2.4 K, respectively. The 
structure of YBzC2, which is richer in nonmetal elements than the borocarbides 
discussed earlier, contains planar BC nets with four- and eight-membered tings. 
Consecutive BC nets are rotated by 90 ~ with respect to each other. The rare-earth 
metal atoms are situated between two eight-membered tings. The a-parameter, 
which is determined mainly by the B-C bonds, remains approximately constant 

Fig. 6.22. 

Structure of MozBC in a projection along [1 0 0]. Large spheres: Mo; medium spheres: B; 
small spheres: C. Dark shading: x = 1; light shading: x = 1. Solid lines connect nonmetal 
atoms forming infinite zigzag chains. 
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for all isotypic compounds, whereas the c-parameter increases linearly with the 
radius of the trivalent rare-earth metal ion. 

Chalcogenides 

a. Perovskite, Bronze, and Spinel 

For a long time Oxides were not considered to be promising materials for 
superconducting properties. The series of heavy metal oxides reported with 
perovskite-type structures are generally seen as the precursors of the high-T c 
superconducting cuprates. 

The cubic unit cell of idealized perovskite, CaTiO 3, contains five atoms. A 
Ca atom is located at the center of the cube, a Ti atom at the origin, and O atoms 
at the centers of the edges. TiO 6 octahedra share vertices to form a 3D frame- 
work, the cuboctahedral voids of which are centered by Ca atoms (Fig. 
6.23). The structure can alternatively be seen as built up of close-packed 
mixed CaO3 layers in c stacking. The Ti atoms selectively occupy all octahedral 
voids in the resulting framework that are surrounded exclusively by O atoms. 
Numerous related structures with different distortions of the octahedron frame- 
work and/or off-centered cation sites are known. Three different deformation 
variants are described in the chapter on the crystal structures of high-T c super- 
conducting cuprates. 

At room temperature, BaBiO3 crystallizes with a monoclinically distorted 
perovskite-type structure. As bismuth is progressively substituted by lead, the 
structure of BaPbxBil_xO 3 undergoes a transformation from monoclinic to 

Fig. 6.23. 

Structure of CaTiO3, perovskite, emphasizing the framework of corner-linked TiO 6 octahedra. 
Large sphere: Ca atom. 
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orthorhombic (x ~0.25),  and then to a different monoclinic structure 
(x ,~ 0.8). For values of x between 0.7 and 0.8 a two-phase region is observed 
where the orthorhombic phase coexists with a tetragonal phase. The super- 
conducting transition at 10-13 K is attributed to the tetragonal, quenched high- 
temperature phase, stable above 425 K. The atom arrangement observed for this 
phase had earlier been identified on the antitype Cr3AsN. The (Pb,Bi)O 6 
octahedra in BaPb0.7Bi0.303 are slightly tilted and the cell is doubled in one 
direction with respect to cubic perovskite. The maximum value of T c is observed 
at the Pb-poor phase boundary. Substitution by up to --~50% potassium on the 
barium site in the same BaBiO3 causes different changes in the crystal 
structure. From monoclinic, Bal_xKxBiO 3 becomes first orthorhombic 
(x ~ 0.1), then cubic (x ~ 0.37). Bao.6K0.4BiO3, which crystallizes with the 
undistorted cubic perovskite-type structure, exhibits superconductivity at 30 K. 

The basic feature of hexagonal tungsten bronzes, defined on RbxWO 3, is 
also a framework of corner-linked TO 6 octahedra. The W atoms make a Kagome 
net when projected along [0 0 1]. The octahedra are slightly tilted, which is 
generally expressed by the splitting of one O site. The alkaline metal atoms are 
found in the large channels formed by tings of six octahedra. Rb and Cs atoms 
are located approximately midway between the two 06 hexagons, whereas the 
smaller K atoms are displaced toward one or the other. The superconducting 
properties are strongly enhanced when some of the cations are removed by acid 
etching. For RbxWO 3 the superconducting transition temperature could be 
increased from 2.2 to 6.6 K this way. 

The oxygen atoms in cubic spinel, MgAIzO4, form a cubic close-packed 
arrangement. Half of the octahedral voids are filled by A1 atoms and one-eighth 
of the tetrahedral ones by Mg atoms. The A106 octahedra share edges to form 
infinite chains parallel to the face diagonals. Chains in layers alternating along 
the cell edges are mutually perpendicular and interconnected via common 
octahedron edges to form a complex 3D framework described in space group 
Fd3m. The MgO 4 tetrahedra share single comers with the octahedron frame- 
work. Superconductivity up to 13.2 K is reported for the spinel Lil_xTi204. The 
maximum value is observed for x = 0.25, whereas on further removal of Li atoms 
the diffraction peaks become broad and superconductivity is destroyed. In 
Lil+~Ti2_xO 4 (x < 0.33) solid solutions, Ti and excess Li atoms are randomly 
distributed on the octahedral site. A metal-to-insulator transition takes place at 
x = 0.15. CuRh2S 4 and the corresponding selenide are superconducting below 
4.4 and 3.5 K, respectively. Like the lithium titanate, these chalcogenides have 
essentially a normal spinel structure, which means that the atoms of the minority 
element occupy the tetrahedral site. 

b. Layered Structures and Intercalation Compounds 

Mo, Nb, and Ta form a series of polytypic disulfides and diselenides of layered 
character. The sulfur or selenium atoms are arranged in close-packed layers that 
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are directly superposed two by two. The metal atoms occupy half of the trigonal 
prismatic voids between the directly superposed layers. The slabs consisting of a 
metal atom layer sandwiched between two close-packed chalcogen layers can 
then be stacked upon each other with the same possibilities (A, B, or C) as single 
close-packed layers. The simple polytypes discussed here, 2H-MoS2, 2H-NbS2, 
3R-MoS2, and 4H-NbSe z, are compared in Fig. 6.24. The former two contain 
slabs in h stacking, whereas the latter two contain slabs in c and hc stacking, 
respectively. An additional reason for polytypism arises from the possibility for 
the metal atoms in consecutive slabs to occupy different trigonal prismatic 
voids. This is illustrated by the structure types defined on 2H-MoS 2 and 
2H-NbS2, which both contain TS2 slabs in h stacking, but have different 
arrangements of metal atoms. The slabs are held together only by van der 
Waals interactions, which provides a pronounced layer character to the struc- 
tures. Some of the compounds show a certain homogeneity range extending on 
the metal-rich side of the 1 : 2 element ratio, where the excess atoms occupy part 
of the octahedral sites between the slabs. Binary MoS 2 is a semiconductor, 
whereas binary NbSe2 becomes superconducting around 7 K. 

Alkali and alkaline-earth metals dissolved in liquid ammonia react with 
MoS2 to form intercalation compounds of the general formula AxMoS 2. K, Rb, 
and Cs intercalates (T c ~ 6 K) have well-defined compositions, whereas Na and 
Li intercalates (T c ~ 4 K) present a significant homogeneity range. The limiting 
metal composition for divalent cations is slightly lower than for monovalent 
ones. The refinement of the structure of Cs0.34NbS2 has shown that the Cs atoms 
are located at the octahedral sites between the slabs. A large number of 
molecules, such as amides, pyridines, or alkylamines, can be intercalated between 
the slabs of TaS2 or NbS2 to form intercalates where the "interlayer spacing" 

Fig. 6.24. 

 .Ltt i i. 
2H-MoS2 2H-NbS 2 3R-MoS 2 4H-NbSe2 

Stacking sequences in four-layered chalcogenide structures. Only the atoms in the (1 1 0) 
cross-section are shown. Large white circles: S, Se; small black circles: Mo, Nb. 
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exceeds by far the thickness of the chalcogenide slab itself. The increase of the 
chain length from ammonia to octylamine was found to decrease the super- 
conducting transition temperature of the TaS 2 intercalate linearly from 4.2 to 
1.8K. 

Differing from the group VA elements Nb and Ta, Ti atoms prefer 
octahedral coordination. In the 4I-I-Til+xS 2 polytype presented here, the close- 
packed layers formed by the sulfur atoms are arranged in he stacking. The 
titanium atoms preferentially occupy the octahedral voids in every second 
interlayer, the excess metal atoms being distributed over the remaining octahedral 
sites. The Li atoms in 4H-Li0.3Til.IS 2 (T c = 13 K) are believed to substitute for 
Ti on one or both octahedral sites. The structure is not considered to be an 
intercalate in the proper sense, since the parent type is not a truly layered 
structure. 

A superconducting transition temperature of 5.3 K is reported for the 
compound "LaNbzSes," an example of a so-called misfit layer compound, 
which crystallizes with a composite layered structure containing NbSe 2 slabs, 
similar to those discussed earlier and NaCl-type LaSe slabs. The thickness of the 
latter corresponds to two square-mesh atom layers. The translation unit in the 
plane perpendicular to the stacking direction is 3.437 A for the NbSe 2 slabs (a of 
the hexagonal subcell), but 6.019)k for the LaSe slab (a of a NaCl-type face- 
centered cubic cell). The ratio is an irrational number and the composite structure 
is made up of two "independent" substructures with incommensurate translation 
vectors in one direction. The stacking sequence corresponds to two NbSe 2 slabs, 
stacked as in 2H-NbS 2, followed by one LaSe slab. In order to take into account 
the particular features of the structure, the chemical formula is generally written 
as (LaSe)l.14(NbSe2)2. The layered character is due to the van der Waals bonding 
between the two consecutive NbSe2 slabs. The cell parameters are listed with the 
data set of 2H-NbS2 (Section J). 

c. Chevrel Phases and Related Structures 

Among the best-known families of superconductors are the so-called Chevrel 
phases, a family of Mo-based chalcogenides, which show critical temperatures of 
up to 15.2 K. Their crystal structures contain Mo6X8 (X -- S, Se or Te) clusters 
where a Mo 6 octahedron is surrounded by eight chalcogen atoms, located above 
the octahedron faces and forming a concentric cube. 

The Mo6X8 units are arranged so that their centers form a distorted cubic 
lattice. The rotation of the clusters by about 27 ~ around the 3-fold axes leads to 
clear trigonal (rhombohedral) symmetry, even if the cell angle is close to 
90 ~ . This atom arrangement leaves relatively large interstices, susceptible to 
host interstitial atoms. The projection of the structure of the filled-up derivative 
I-IT-Pb0.9Mo6Ss along the edge of the rhombohedral cell is shown in 
Fig. 6.25. The list of known filled-up derivatives is impressive, with interstitial 
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atoms ranging from alkaline, alkaline-earth, or rare-earth elements to transition 
metals and nonmetals such as lead or tin. Eight chalcogen atoms forming a 
distorted cube surround the void at the origin of the cell. Large M atoms such as 
alkaline-earth metal or Pb atoms center these voids, whereas smaller M atoms, 
such as Ni or Cu, are displaced from the 3-fold axis. The angle of the 
rhombohedral cell increases with the degree of delocalization of the M atoms. 
Compounds with localized M atoms show angles ranging from 88 to 92 ~ whereas 
the cell angle of Cu3.36Mo6S8 reaches 95.6 ~ 

The M atoms transfer their electrons to the Mo 6 cluster, which, in 
agreement with the bond-valence rules, is progressively contracted when the 
oxidation state or the concentration of the element M is increased. The shortest 
intercluster distances are -~3.2 A, providing a certain linear-chain character to the 
Mo substructure. 

Many Chevrel phases show a phase transition to a triclinic structure, 
corresponding to a distortion of the cluster, and, in the case of small M atoms, 
to a partial ordering of these. For certain compounds with transition elements 
such as Fe, the phase transition takes place above room temperature. The fact 
that, contrary to what is observed for many other families of superconductors, the 
application of high pressure has a negative influence on the superconductivity is 
explained as a consequence of the "freezing-in" of the rhombohedral-to-triclinic 
phase transition. Data sets are given here for the following types: Mo6Se8, 

Fig. 6.25. 

Structure of the Chevrel phase HT-Pbo.9M06S 8 in a projection along [0 0 1] of the 
rhombohedral cell, emphasizing the arrangement of Pb atoms and Mo 6 octahedral clusters 
surrounded by $8 cubes. Large spheres: Pb; small spheres: S. 
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rhombohedral HT-Pbo.9M06S8 and HT-Ni2.sM06Ss, triclinic LT-BaM06S 8 and 
LT-Ni0.66Mo6Se 8. 

Band structure calculations have shown that the Fermi level is situated in 
a narrow region of bands with mainly Mo-4d character. For MxM06S 8 a 
forbidden energy gap is present in the band structure just above the Fermi 
level and the conduction band is filled for an electron concentration of 24 
electrons per Mo 6 cluster. For the corresponding selenides and tellurides this 
limiting number is lower. As a consequence, the homogeneity ranges of the latter 
two are systematically shifted toward a lower M content, with respect to the 
sulfides. 

Binary M06S 8 is difficult to synthesize, but may be obtained by removing 
the M atoms from one of its filled-up derivatives. Mo6Se 8 and Mo6Te 8 both exist 
as stable compounds, but few filled-up derivatives are known for the latter. The 
chalcogens form solid solutions and can in part also be replaced by halogen 
atoms. Partial substitution of Mo by other transition elements has also been 
reported. Of the three binary compounds, only Mo6Se 8 has a superconducting 
transition temperature exceeding 4.2 K, but substitution of two of the eight S 
atoms in M06S 8 by I atoms (22 electrons per cluster) leads to T c = 14.0 K. Solid 
solutions S-Se or Se-Te show lower transition temperatures than pure Mo6Se 8. 

The filled-up derivatives are generally subdivided into three categories, as a 
function of the position of the interstitial element in the periodic table. The 
highest superconducting transition temperatures within each of the three cate- 
gories are reached by YbM06S 8 (8.6K), CUl.84Mo6S 8 (10.8 K), and PbM06S 8 
(15.2K). For CUl.84Mo6S8 the superconducting material is claimed to be the 
triclinic low-temperature phase. At the limiting composition Cu4Mo6S8, the 
phase undergoes no structural transition and is semiconducting, in agreement 
with a valence electron concentration of 24 electrons per cluster. For compounds 
containing rare-earth elements, the superconducting transition temperature was 
found to increase with increasing cell volume. 

It may be noted that, for some of the "compounds" listed in the table for 
HT-Pbo.9Mo6S8 in Section J, the Mo :X ratio differs from 6:8. None of the 
structure refinements of Chevrel phases has given any indication for significant 
vacancies on the anion site or for the presence of additional Mo atoms in 
interstices. Several samples were reported as also containing MoS 2 or MozS 3. 

The Chevrel phases are members of a family counting some 50 structure 
types based on octahedral metal atom clusters with anions situated above the 
faces of the octahedra. Structures with additional anions between the clusters are 
observed at higher X: T ratios. On the other side in the phase diagram, structures 
with condensed clusters, where two or several transition metal atom octahedra 
share faces, are found. The general formula of a condensed cluster can be written 
as T3,+3X3n+5, where n is the number of fused octahedra. 

Combinations of simple Mo6Se 8 and double Mo9Sell clusters are found in 
MolsSe19. In both structural modifications known for this compound, the 
arrangement of the clusters can be assimilated to close packing. In hexagonal 
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~-MolsSel9 close-packed slabs of alternately single and double clusters adopt an 
hc stacking, the double clusters being always in stacking position h. In rhombo- 
hedral 13-MolsSel9 similar alternating slabs are arranged in c stacking. These 
structures can also host a certain number of cations in the interstices, but the 
highest critical temperature, 4.3 K, is reported for the two modifications of the 
binary compound. 

A superconducting transition temperature close to 6 K was reported for a 
sample of nominal composition T12Mo6Se 6. The significantly lower values 
observed by the same authors for other samples of the same composition are 
in agreement with the critical temperature of about 3 K reported elsewhere. The 
presence of infinite columns of condensed T 6 octahedra provides a 1D character 
to this hexagonal structure, first determined on TizFe6Te6 . None of the sulfides, 
selenides, or tellurides reported with the same structure was found to be super- 
conducting above 1 K. 

d. Other Chalcogenide Structures 

The antitype of cubic Th3P 4 has already been mentioned for nonsuperconducting 
Sc4C3, together with the related Pu2C 3 type, where single C atoms are replaced 
by C 2 dumbbells. A Th3Pa-type atom arrangement with anions and cations 
distributed as in the type-defining phosphide is adopted by a series of R2S 3 
sesquisulfides of early trivalent rare-earth elements. The metal atoms center 8- 
vertex dodecahedra and the nonmetal atoms distorted octahedra. Since the C2 
dumbbells in Pu2C 3 occupy the same positions as the Th atoms here, the 
dodecahedron found around a Th atom can be seen in Fig. 6.20b. It can be 
decomposed into two concentric and mutually rotated tetrahedra, one elongated 
and the other fiat. The composition R2X 3 of the semiconducting compounds 
corresponds to one-ninth of vacancies on the cation site. Progressive filling of the 
site has no significant influence on the cell parameter, but changes the electric 
properties. Transition temperatures ranging from 5.3 K for La3Te 4 to 8.1 K for 
La3S 4 are reported for lanthanum chalcogenides with fully occupied cation 
sites. La3S 4 and La3Se 4 undergo a phase transition to a tetragonal structure at 
90 and 62 K, respectively. 

Close-to-equiatomic Pdl7Sels crystallizes with a cubic structure and 64 
atoms in the unit cell. The Pd atoms are found in octahedral and approximately 
square coordination. There are no short Se-Se distances. The isotypic Rh-based 
sulfide RhlTS15 becomes superconducting at 5.8 K. 

The structure of pyrite, cubic p-FeS 2, can be derived from that of NaC1 by 
replacing single anions by anion pairs. The existence of such pairs in a structure 
with divalent Fe is in agreement with generalized valence rules, according to 
which the compound can be written as Fe2+(S2) 2-. The S 2 pairs are present in 
four different orientations, parallel to the four body diagonals of the cubic 
cell. This distinguishes the pyrite type from the tetragonal CaC 2 type, discussed 
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earlier, which can be derived from the NaC1 type in a similar way, but where the 
atom pairs are all parallel. FeS 6 octahedra share single comers to form a 3D 
framework. The cubic pyrite-type phase Rhl_xSe 2 exists in the homogeneity 
range 0.02 < x < 0.24. At x - 0.25, an ordered arrangement of metal atoms and 
vacancies is observed, defined as the rhombohedral Rh3Se 8 type. Superconduc- 
tivity is reported for the pyrite-type phase with a maximum value of 6.0 K for the 
nominal composition RhSel.75. Critical temperatures up to 4.3 K have sometimes 
been assigned to the rhombohedral phase; however, according to other authors, 
this ordered Rh-deficient phase is semiconducting. 

In the orthorhombic structure of NbPS, each Nb atom centers a tfigonal 
prism formed by four P and two S atoms and capped by two additional S 
atoms. Neighboring trigonal prisms share P4 faces, with a distance of 2.93 A 
between the Nb atoms centering the prisms. The P atoms also form pairs, 
arranged in infinite chains with alternating interatomic distances of 2.22 and 
2.51A. 

G 
Heavy-Electron Compounds 

Heavy-electron, also called heavy-fermion, compounds are characterized by 
exceptionally large effective electron masses. Among the various interesting 
properties exhibited by this class of compounds is superconductivity, sometimes 
combined with magnetic order. Heavy-electron compounds contain elements 
withfelectrons, such as Ce, Yb, or U. From a structural point of view they do not 
present any particular features, but crystallize with structure types formed also by 
other compounds. The superconducting transition temperatures do not reach the 
value of 4.2 K, but because of their exceptional properties, the structures of the 
best-known representatives will be briefly mentioned here. 

The first heavy-electron superconductor, CeCu2Si2, was reported in 1979 
(Steglich et al., 1979). It crystallizes with a tetragonal CeA12Ga 2 (also called 
ThCr2Si2) type structure. This structure type, an ordered substitution derivative 
of BaA14, is discussed earlier under structures with atoms in square-antiprismatic 
coordination (Section C). The compound exhibits superconductivity up to 0.6 K 
in samples containing an excess of Cu forming impurity phases. Structural 
refinements have shown slightly shorter Ce-Si distances in the superconducting 
phase at the Cu-rich boundary than in the nonsuperconducting phase observed in 
Cu-poor samples, indicating a slightly lower f occupation in the former. In 
isotypic URu2Si 2 superconductivity coexists with long-range antiferromagnetic 
order (T c = 1.2 K, TN = 17.5 K). 

The highest superconducting transition temperature reported up to now for 
a heavy-electron compound, 2.0 K, is observed for UPd2A13. This compound 
crystallizes with a CeCo3B2-type structure, a type that is also presented in the 
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section on intermetallic compounds. Hexagonal CeCo3B 2 is an ordered substitu- 
tion derivative of CaCu 5, implying no lowering of the symmetry. A structural 
branch, defined on PrNi2A13, is sometimes considered, where the transition metal 
atoms occupy the sites that are occupied by the nonmetal, boron atoms in 
CeCo3B 2. UPd2A13 belongs to this branch, for which the c/a ratio is consider- 
ably higher than for the boride, ~0.8 compared with ~0.6. The shortest U-U 
distance is equal to the cell parameter c, 4.19 A. The compound orders anti- 
ferromagnetically at 14.4K. The isotypic heavy-electron compound UNi2A13 
shows a slightly shorter U-U distance, 4.02 .~, and lower transition temperatures 
(T c = 1.1 K, T N = 4.6K). 

UPt 3 contains close-packed UPt 3 layers in h stacking, characteristic of the 
hexagonal LT-Mg 3 Cd type, discussed under intermetallic compounds with close- 
packed structures (Section C). 

The cubic NaZnl3 type, the face-centered unit cell of which contains 112 
atoms, is adopted by the heavy-electron compound UBel3. The Na atoms and 
distorted Znl2 icosahedra centered by a Zn atom form a CsCl-type arrange- 
ment. The Na atoms are coordinated by 24 Zn atoms forming a snub cube, a 
polyhedron obtained by cutting the eight vertices of a cube. The compound 
becomes superconducting close to 1 K. Upon doping UBel3 by a small amount 
of Th, T c decreases drastically, but reaches a new maximum (-~0.6 K) for the 
approximate composition U0.97 Th0.03 Be13. 

H 

Organic Compounds 

a. Fullerides 

The discovery of buckminsterfullerene, or pristine, with its large pseudospherical 
units, marked the starting point for research on carbon polymers and related 
compounds in many different fields. Among other interesting properties, full- 
erenes doped with alkaline or alkaline-earth metal atoms are superconducting, 
with critical temperatures exceeding 30 K. 

The fullerene molecule contains 60 carbon atoms forming 12 pentagons 
and 20 hexagons, fused into a pseudosphere. From a structural point of view the 
"balls" behave like single metal atoms and adopt close-packed arrangements, 
preferentially a face-centered cubic arrangement, similar to the one found in 
elementary Cu. At room temperature the molecules are orientationally disor- 
dered, but below 249 K a preferred orientation is adopted and the space group is 
lowered from Fm]3m to Pa~3. 

Up to about 10 metal atoms per fullerene unit can be inserted into this basic 
structure, which contains one octahedral and two tetrahedral voids per C60 
molecule. At the composition A3C60 both the octahedral and the tetrahedral 
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sites are occupied by single atoms. The resulting arrangement of metal atoms and 
fullerene molecules, illustrated in Fig. 6.26 for K3C60, corresponds to the simple 
structure of BiF3, of which MnCu2A1, described in the section on intermetallic 
compounds, is an ordered substitution derivative. Sr and Yb atoms were found to 
occupy off-centered positions in the octahedral voids. In substituted fullerides 
such as Na2CsC60 , the larger metal atoms preferentially occupy the octahedral 
sites, whereas in Na2KC60 a disordered arrangement of cations was found. In 
"stuffed" Na2Cs(NH3)4C60 , part of the Na atoms are surrounded by four 
ammonium molecules forming a tetrahedron. These complex cations occupy 
the octahedral sites, whereas the remaining Na and Cs atoms are randomly 
distributed over the tetrahedral sites. An ordered vacancy derivative is reported 
for Yb2.75C60 , where part of the tetrahedral sites remain empty so that the cell is 
doubled in all directions and the overall symmetry lowered to orthorhombic. 
Only the tetrahedral voids were found to be occupied in Na2C60. 

For metal-to-fullerene ratios exceeding 3 : 1, two slightly different solutions 
are adopted by different cations. In Na6C60 and CasC60 the octahedral voids are 
occupied by up to four metal atoms each, forming a tetrahedron. In the Na- 
richest compound Na9.7C60 this tetrahedron is extended to a cube, with Na-Na 
distances of 3.2 A. For metal atoms such as K, Rb, Cs, Sr, or Ba, the arrangement 
of the fullerene molecules changes from face-centered cubic (Cu type) to body- 
centered cubic (W type). As described previously for the structures of the 
elements, this change can be achieved by extending the cubic close-packed 

Fig. 6.26. 

Structure of K 3 C60 in a partial projection along [0 0 1]. Dark shading and fullerene molecules: 
z = 0; light shading: z -- �88 
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structure in the plane perpendicular to one of its 4-fold axes. Such packing is less 
dense and contains six tetrahedral voids per molecule. In the cubic body-centered 
structure of Cs6C60 all these voids are occupied by metal atoms, which form a 
pattern where all faces of the cubic cell contain a square of atoms. At the metal- 
to-molecule ratio 4: 1, an ordered arrangement of metal atoms and vacancies is 
found, with a square of metal atoms on two and a pair of atoms on the other four 
faces of the cell. The symmetry of this structure is tetragonal and the c/a ratio 
slightly lower than unity. For the ratio 3 : 1, one-half of the tetrahedral voids are 
empty and all faces of the cell contain two metal atoms. The structure is cubic 
primitive and the arrangement of metal atoms and fullerene molecules identical to 
the one formed by the atoms in the Cr3Si (A 15) type. 

Different kinds of rotational disorder are reported for the fullerene 
molecules in different compounds, the exact situation being not always clear. The 
rotational disorder in Li2CsC60 is considered to be spherical. K3C60 presents a 
merohedral disorder, where the C60 molecules are randomly distributed over two 
orientations. In both orientations, related by a 90 ~ rotation, eight of the 20 
hexagonal faces are perpendicular to 3-fold axes. In LT-Na2CsC60 and 
Na2RbC60 a preferred orientation is adopted, where the molecules are rotated 
by 98 ~ around the body diagonals. The ordered atom arrangement is described in 
Pa3, the same space group as found for the LT-modification of C60. In the "A 15- 
type" structure the molecules located at 0 0 0 and �89 1 i are rotated by 90 ~ with 
respect to each other. 

The alkaline metal atoms fully donate their electrons to the C60 unit. 
Superconductivity is observed for a metal-to-fullerene ratio close to 3 :1 ,  with 
critical temperatures near 30K measured for Na2Cs(NH3)4C60, Rb3C60, 
Rb2CsC60 , and Cs2RbC60. A maximum value of 45.0 K is reported for nominal 
Rb2.TT12.2C60. For the alkaline-earth metals the charge transfer is not complete 
and superconductivity is found for a higher metal-to-fullerene ratio, e.g., Ca5C60 
(8.4 K), Sr6C60 (4 K) and Ba6C60 (7 K). T c increases monotonically with increas- 
ing cell parameter for both the f.c.c, and the b.c.c, packing. 

b. ET and Other Charge-Transfer Salts 

A large number of crystal structures of charge-transfer salts containing the 
molecule bis(ethylenedithio)tetrathiafulvalene, abbreviated BEDT-TTF or simply 
ET, have been determined. The ET molecule, shown in Fig. 6.27, is rather fiat 
because of the presence of an extended n-electron system, but deviations are 
always observed, in particular in the ethylene end groups. ET salts contain slabs 
of ET molecules separated by anion layers, as illustrated by the structure of 

fl-(ET)2I 3 in Fig. 6.28. 
The structures of the fl-(ET)2X 3 family of compounds are triclinic with one 

donor-molecule layer per translation unit. All molecules are parallel and the 
linear anions, which can be 13, IBr 2, or AuI 2, are located at inversion centers. 
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Fig. 6.27. 
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MDT- TTF 
Bis(ethylenedithio)tetrathiafulvalene (ET) and methylenedithiotetrathiafulvalene (MDT-TTF) 
molecules. 

fl-(ET)2I 3 undergoes a phase transition at 175 K to an incommensurate modulated 
structure. Both the 13 units and the ET molecules retain their orientation but are 
displaced from the original positions in the HT-modification. Applied pressure 
suppresses the onset of the modulated structure and an ordered, so-called r* 
phase with a superconducting transition temperature of 8 K is formed. Among 
the fl phases, higher values of T c are observed for larger anions. 

In tc-(ET)2Cu(NCS)2 (T c = 10.4 K) the donor molecules form face-to-face 
dimers, where the two molecules are rotated by 90 ~ with respect to each 
other. There are two dimers per cell, related by a 2-fold screw axis. The ET 
molecule layer is essentially centrosymmetric, but the overall symmetry is 
lower. The Cu atoms and the linear NCS- anions form infinite branched 
zigzag chains where the Cu atoms are coordinated to two N and one terminal 
S atom in an approximately trigonal planar configuration. The presence of 
twisted dimers is a common feature to all tc phases. In the superconducting 
compounds, the central C - C  bond of one molecule is located above a five- 
membered ring of the neighboring layer. Superconducting transition tempera- 
tures up to 12.5 K are reached for tc-(ET)ECu[N(CN)2]X halides with anion layers 
similar to those observed in tc-(ET)ECu(NCS)2. However, in the former structure 
a network of S-S interactions extends in two dimensions within the donor layers, 
whereas in the latter similar contacts lead to the formation of infinite ribbons. 
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Fig. 6.28. 

Structure of fl-(ET)2I 3. Large spheres: I; medium spheres: S; small spheres: C; H atoms not 
shown. 

The structure of O-(ET)2(I3)l_x(AuI2)x (T c -- 3.6 K for x < 0.02) is ortho- 
rhombic and centrosymmetric. The ET molecules within each layer are approxi- 
mately parallel to each other, but tilted from the intersecting plane, the molecules 
of alternating layers being tilted in opposite directions. The molecular packing 
within the slabs is similar to that found in the e phases, which, however, have 
triclinic symmetry. The anions are located in mirror planes between the 
layers. The unit cell is enlarged and the symmetry lowered to monoclinic 
when an ordered arrangement of 13 anions is taken into account. 

The crystal structure of (ET)4Hg3_6X 8 (X--C1) is built up of two 
substructures, one formed by the ET molecules and the halogen atoms and the 
other by the Hg atoms, with incommensurate translation units in one direc- 
tion. The halogen atoms form infinite channels, inside which the mercury atoms 
are arranged with their own translation period. As in the K phases, the ET 
molecules form face-to-face dimers. 2-(Se-ET)2GaC14, containing bis(ethylene- 
dithio)tetraselenafulvalene molecules, becomes superconducting at 9.5K. The 
slabs of seleno-substituted molecules are separated by tetrahedral GaC14 acceptors. 

A number of salts with the asymmetric MDT-TTF molecule (methylene- 
dithiotetrathiafulvalene), shown in Fig. 6.27, have been synthesized. Among 
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these, tc-(MDT-TTF)2AuI 2 is found to become superconducting at 4.5 K. The 
orthorhombic structure contains donor molecule layers with dimers that are 
rotated with respect to each other, similar to those found in the tc phases of the ET 
salts. There are, however, two layers in the translation unit, related by a mirror 
plane. 

Crystallographic Data Sets 

a. Criteria for Selection 

Complete crystallographic data sets, including atom coordinates, are given for 
111 compounds, representative for structure types found among classical super- 
conductors. As a general rule for selection, at least one compound with a 
superconducting transition temperature exceeding 4.2K should have been 
reported for the structure type. Whenever one or more isotypic superconductors 
are known, the set of atom coordinates is followed by a table listing cell 
parameters and superconducting transition temperatures for selected isotypic 
compounds. Compounds becoming superconducting at temperatures lower 
than 4.2 K, including particular nonsuperconducting materials, have also been 
considered in these tables. However, a lower limit around 1 or 2 K has sometimes 
been fixed, without special indication. 

Preference has been given, when possible, to recent literature references 
and to references where the cell parameters and the critical temperature are 
determined for the same sample. The historical aspect has thus not been 
emphasized, which means that the original publications stating for the first 
time the existence of a particular phase or its superconductivity may not be 
mentioned. As a further consequence, the superconducting transition tempera- 
tures listed here do not always correspond to the highest values reported in the 
literature. Differences that were too large were, however, avoided. For systems 
with a strong dependence on the chemical composition, an effort was made to 
select a close-to-optimal composition, but also to respect the correspondence 
between composition and cell parameters. Transition temperatures determined 
for high pressure or on thin films were considered only occasionally. 

The cell parameters listed in each table were taken from the first reference 
indicated on the same line and the critical temperature, if not from the first, then 
from the second reference. One or two literature references reporting structure 
refinements, marked with an asterisk, are sometimes added. The term structure 
refinement is here understood in a broad sense, depending on the class of 
compound and the structure type. In some cases publications with additional data 
are mentioned in remarks, without any claim on completeness. To avoid 
differences due to small variations in experimental conditions used by different 
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authors, cell parameters for series of isotypic compounds were sometimes 
preferably taken from the same reference. 

b. Presentation and Notation 

The general presentation of a data set is explained in Fig. 6.29 and the few 
abbreviations used here are listed in Table 6.3. The Pearson code and the 
Wyckoff sequence are defined in Section A, where the use of the International 
Tables for Crystallography is also briefly explained. In a few particular cases a 
slightly different presentation has been chosen. This is the case for the structures 

Fig. 6.29. 

Structure [Colloquial Strukturbericht I p~rsonl spa~  Wyckoff] 
type [ name notation I code ] group] s~qu~nr I 

M g A I 2 0 4  type ,  spinel,  H1 l, cF56,  (227)  F d 3  m - ecb 

Refined Superconducting [Diffraction Temperature for Reliability 
composition transition temperature [ method data collection factor 

Li0.7sTi20 4, Tc = 13.2 K, SX, T= 223 K, R =0 .0109  

Cell Formula 
parameters units in cell 

a = 8 . 4 0 3 0 A ,  Z = 8  

Site 
label 

Atom 

Multiplicity and 
Wyckoff letter 

r \ 
WP x 

Fractional 
coordinates 

Y 

Occupation 
factor 

Occ. 

Li 8(b) 3/s % 3/8 

Ti 16(c) 0 0 0 

O 32(e) 0.23685 0.23685 0.23685 

0.75 

Extract from the tables with explanation of items. For some tables reference is made to figures 
in which the structure type is presented. 
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TABLE 6.3 

Notations used in the data sets. 

Bravais lattice 

Diffraction data 

Reliability factor 

Other 

aP 
mP 
mS 
oP 
oS 

oF 
oI 
tP 
tI 
hP 
hR 

cP 
cF 
cI 

SX 
PX 
PN 

R 
Rw 
R8 
Rwp 

n.o. 
HT 
LT 
RT 
WP 

anorthic (triclinic) primitive (lattice point at 0 0 0) 
monoclinic primitive (0 0 0) 
monoclinic side-centered (0 0 0, 1, 1 0 for C-centered) 
orthorhombic primitive (0 0 0) 
orthorhombic side-centered 
(0 0 0, 1 �89 0 for C-centered) 
orthorhombic face-centered (0 0 0, 0 �89 �89 �89 0 1, 1 �89 0) 
orthorhombic body-centered (0 0 0, 1 �89 �89 
tetragonal primitive (0 0 0) 
tetragonal body-centered (0 0 0, �89 �89 
hexagonal primitive (0 0 0) 
hexagonal rhombohedral 

cubic primitive (0 0 O) 
cubic face-centered (0 0 O, 0 �89 �89 �89 0 �89 �89 �89 O) 
cubic body-centered (0 0 O, �89 �89 �89 

single-crystal X-ray 
powder X-ray 
powder neutron 

single-crystal conventional 
single-crystal weighted 
powder Bragg 
powder weighted profile 

superconductivity not observed 
high temperature 
low temperature 
room temperature 
Wyckoff position 
reference containing structure refinement 

of the fullerides, which have been subdivided into structures with fullerene 
molecules in f.c.c, and b.c.c, packing, respectively. The Chevrel phases with 
interstitial atoms are represented by four complete data sets. Compounds with 
rhombohedral and triclinic structures are listed separately, with T c indicated only 
in the former, when relevant. A table with information about the space group and 
cell parameters of charge-transfer salts is presented at the end of this section, but 
no complete data set with atom coordinates was selected. 

The data sets are subdivided into element, binary, ternary, and quaternary 
structure types. Within each category they are listed according to the coefficients 
in the name of the representative compound, indicated as the first item in each 
data set. Structure types with the same coefficients are ordered alphabetically. 
The structure type names are written with bold-faced characters in the text and in 
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Tables 6.1 and 6.2. References for type-defining compounds can be found in 
TYPIX (Parth6 et al., 1993/1994; Cenzual et al., 1995), a compilation of 
standardized data for inorganic compounds defining structure types, accompanied 
by a brief crystal chemical characterization. 

Tabulated Data 

a. Element Structure Types 

Cu type, c.c.p., f.c.c., A1, cF4, (225) Fm~3m-a 
La, T c = 6.06 K, PX 
a - 5.290A, Z -- 4, Figs. 6.2, 6.3, 6.4b, 6.16 (Heiniger et al., 1973) 

Atom WP x y z 

La 4(a) 0 0 0 

Compound a(A) Tc(K ) Ref. 

La 5.290 6.06 a 1 
Th 5.0861 1.38 2, 3 
A1 4.0495 b 1.175 4, 3 

Pb 4.9508 7.22 5, 6 

aT  c - -  11.93 K at 14 GPa (Maple et aL, 1969). 
bValue taken from figure. 
References: 1, Heiniger et aL (1973); 2, Harris and Raynor (1964); 3, Roberts (1976); 4, 
Bandyopadhyay and Gupta (1978); 5, Klug (1946); 6, Claeson (1966). 

cx-Ga type, A 11, oS8, Cmca-f 
Ga, T c = 1.083 K, SX, R = 0.143 
a = 4.523, b - 7.661, c = 4.524 A, Z = 8 (Sharma and Donohue, 1962; Roberts, 1976) 

Atom WP x y 

Ga 8(f) 0 0.1549 0.0810 

~-Ga type, mS4, (15) C2/c-e 
Ga, T c = 6.2 K, PX, T = 248 K, R = 0.08 
a = 2.766, b = 8.053, c = 3.332 A, fl = 92.03 ~ Z = 4 (Bosio et al., 1969; Roberts, 1976) 

Atom WP x y 

Ga 4(e) 0 0.131 
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~/-Ga type, oS40, (63) Cmcm-g3fc 2 

Ga, T c = 7 K , S X ,  T = 2 2 0 K ,  R = 0 . 0 5 7  
a = 10.593, b = 13.523, c = 5.203 A, Z = 40 (Bosio et al., 1972; Roberts, 1976) 

Atom WP x 

Ga(1) 8(g) 0.2206 0.0504 
Ga(2) 8(g) 0.2282 0.3612 
Ga(3) 8(g) 0.3744 0.2062 
Ga(4) 8(f)  0 0.1053 
Ga(5) 4(c) 0 0.2853 
Ga(6) 4(c) 0 0.5009 

1 
4 
1 
4 
1 
4 

0.0000 
1 
4 
1 
4 

8-Ga type, hR66, (166) R3m-h 3 ea 

Ga, T c = 7.85K, SX, T = 191K, R = 0.09 
a = 9.087, c = 17.02A, Z = 66 (Bosio et al., 1973; Roberts, 1976) 

Atom WP x 

Ga(1 ) 18(h) 0.434 0.566 0.2437 
Ga(2) 18(h) 0.507 0.493 0.3971 
Ga(3) 18(h) 0.566 0.434 0.1562 

0 0 Ga(4) 9(e) 
Ga(5) 3(a) 0 0 0 

a-I-Ig type, A 10, hR3, (166) R3m-a 

Hg, T c = 4.154 K, PX, T = 5 K 
a -- 3.4574, c = 6.6634 A, Z = 3 (Barrett, 1957; Roberts, 1976) 

Atom WP x y 

Hg 3(a) 0 0 0 

In type, A6, t/2, (139) I4 /mmm-a 
branch ~-Pa, A a 

In, T c = 3.408 K, PX 
a = 3.2530, c = 4.9455 A, Z = 2 (Smith and Schneider, 1964; Roberts, 1976) 

Atom WP x y 

In 2(a) 0 0 0 

Compound a(A) c(A) T c (K) Ref. 

Hg 3.995 2.825 a 3.949 
In 3.2530 4.9455 3.408 

1 ,2  
3 ,2  

aAt 77 K. 
References: 1, Donohue (1974); 2, Roberts (1976); 3, Smith and Schneider (1964). 
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Mg type, h.c.p., A3, hP2, (194) P63/mmc-c 
Tc, T c = 7 . 9 K , P X ,  T = 4 . 2 K  
a - -2 .7364 ,  c -  4.3908A, Z = 2, Figs. 6.2, 6.16 (Marples and Koch, 1972; Giorgi and Szklarz, 
1970a) 

Atom WP x y z 

1 2 1 Tc 
' 3 [  "~ 

Compound a a(A) c(A) T c (K) Ref. 

Tc 2.740 4.399 7.92 1 

Tc0.94Nb0.06 2.757 4.432 12.8 2 
TC0.gzMoo.18 2.752 4.443 13.7 3 
TCo.82W0.18 2.755 4.449 11.3 1 

Re 2.7550 b 4.4437 b 1.697 4, 5 

Reo.88Wo.12 2.7575 b 4.4590 b 7.5 4, 6 
T1 3.463 5.539 2.38 7, 5 

aData for TCl_xTx (T = Ru, Os, Rh, Pd, Sn; T c < Tc(Tc)) reported in Alekseyevskiy et al. (1975). 
bValue taken from figure. 
References: 1, Giorgi (1985); 2, Giorgi and Szklarz (1970a); 3, Stewart and Giorgi (1978); 4, Savitskiy 
et al. (1969); 5, Roberts (1976); 6, Chu et al. (1971); 7, Staun Olsen et al. (1994). 

o~-Nd type, d.h.c.p., A3', hP4, (194) P63/mmc-ca 
La, T c = 4.88 K, PX 
a -- 3.770, c = 12.159 A, Z -- 4, Fig. 6.2 (Spedding et al., 1956; Maple et al., 1969) 

Atom WP x y 

1 2 1 
La(1) 2(c) 5 5 a 
La(2) 2(a) 0 0 0 

I~-Sn type, white tin, A5, tI4, (141) 141/amd-b 
Si, T c = 7.1 K, PX, p = 13 GPa 
a = 4.686, c = 2.585 A, Z =  4 (Jamieson, 1963; Roberts, 1976) 

Atom WP x 

1 3 Si 4(b) 0 ~ g 

aOrigin at center (2/m). 

(continued) 
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Compound a(A) c(A) T c (K) Ref. 

Si 4.686 2.585 a 7.1 a 1, 2 
Ge 4.884 2.692 a 5.35 b 1, 2 
Sn 5.8316 c 3.1815 c 3.722 3, 2 
GaSb 5.1785 2.8494 a 4.24 e 4, 5 
InSb 5.810 3.136 r 2.1 g 6, 7 

aAt 13 GPa. 
bAt 11.5 GPa. 
CAverage value. 
aAt 23.3 GPa. 
eprepared at 12 GPa, pressure released at 77 K. 
fAt 4.3 GPa. 

gPrepared above 2.25 GPa, pressure released at 77 K. 
References: 1, Jamieson (1963); 2, Roberts (1976); 3, Donohue (1974); 4, Weir et al. (1987); 5, 
McWhan et al. (1965); 6, Yu et al. (1978); 7, Geller et al. (1963). 

W type, b.c.c., A2, c/2, (229) I m 3 m - a  

Nb, T c = 9.25 K, PX, T = 293 K 
a = 3.304 A, Z = 2, Fig. 6.4a (Pialoux et aL, 1982; Roberts, 1976) 

Atom WP x y z 

Nb 2(a) 0 0 0 

Compound a(A) Tc(K ) Ref. 

Zr 3.610 .. .  1 
Zro.92 Rho.o8 3.510 6.5 1 
Zro.9oPto.lo . . .  7.5 2 

V 3.0321 a 5.40 3, 4 
Nb 3.3008 a 9.25 3, 4 

Nbo.7Zro. 3 3.376 11 5, 6 
Ta 3.3019 a 4.47 3, 4 
Mo 3.150 a 0.915 7, 4 

Moo.6Reo. 4 3.124 12.0 8 
Moo.84Rho.16 3.131 a 8 9, 6 

W 3.165 1.5 10 
Wo.5oTco.5o 3.118 8.1 10 
Wo.65Reo.35 3.139 6.75 8 

T1 3.8716 2.36 11, 12 

aValue taken from figure. 
bAt 523 K. 

References: 1, Yorda et al. (1988); 2, Raub (1964); 3, Smimov and Finkel' (1966); 4, Roberts (1976); 
5, Doi et al. (1966); 6, Matthias et al. (1963); 7, Pawar (1967); 8, Stewart and Giorgi (1978); 9, 
Haworth and Hume-Rothery (1959); 10, Giorgi (1985); 11, Ponyatovskii and Zakharov (1962); 12, 
Claeson (1966). 
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bQ Binary Structure Types 
1. A B  Types 

~j-(AgZn) type, Bb, hP9, (147) P3-gda 
Ago.72Gao.28 , T c -- 7.5 K a, PX, T = 293 K, R = 0.059 
a = 7.7677, c = 2.8778 A, Z = 9 (Stratton and Kitchingman, 1964; Alekseevskii, 1966) 

Atom WP x y 

Ag 6(g) 0.350 0.032 0.250 
1 2 0 .250  Ga(1) b 2(d) 5 5 

Ga(2) l(a) 0 0 0 

aSuperconducting phase not identified with certainty. 

bGa(1) = Gao.76Ago.24. 

13'-AuCd type, B19, oP4, (51) Pmma-fe 
Nb0.85Rhl.15, T c -- 3.00K, PX 
a -- 4.510, b -- 2.813, c = 4.808 A, Z -- 2, Fig. 6.5 (Ritter et al., 1964; Savitskii et al., 1985) 

Atom WP x y 

1 0 N b  a 2(e) 
1 1 Rh 2(f)  ~ 

0.182 
0.672 

aNb  = Nbo.85Rho.15. 

Compound a(A) b(A) c(A) re(K) Ref. 

Nbo.85Rhl.15 4.510 2.813 4.808 3.00 1", 2 
Molr 4.429 2.752 4.804 8.8 3, 2 

References: 1, Ritter et al. (1964); 2, Savitskii et al. (1985); 3, Giessen et al. (1966). 

CrFe type, a phase, D8b, tP30, (136) P42/mnm-ji2ga 
substitution derivative of r-U, A b 
Moo.45Reo.55, T c - -6 .47 K, PX 
a = 9.6010, r = 4.9850 A, Z = 30, Fig. 6.10a (Wilson, 1963" Koch and Scarbrough, 1971) 

Atom a WP x y z 

E 8(j)  0.3177 0.3177 0.2524 
D 8(i) 0.0653 0.2624 0 
C 8(i) 0.1316 0.5368 0 
B 4(g) 0.3981 0.6019 0 
A 2(a) 0 0 0 

aAtom coordinates determined for a-CrFe (Bergman and Shoemaker, 1954); A = R e ,  

B = Moo.75Reo.25 , C = Moo.50Reo.50, D = Reo.81Moo.19 , E = Moo.62Reo.38. 

(continued) 
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Compound a(A) c(A) T c (K) Ref. 

Vo.24Reo.76 9.44 4.89 4.52 1", 2 

Nbo.4oReo.6o 9.77 5.14 2.5 3, 4* 
Nb0.60 Os0.40 9.85 5.06 1.85 3, 4* 
Nbo.6oRho.40 9.80 5.07 4.04 3 
Nbo.6olro.4o 9.842 5.045 2.20 5, 4" 
Nbo.62Pto.38 9.91 5.13 4.01 3 

Tao.aoReo.6o 9.77 5.09 1.4 3 
Tao.6oRho.4o 9.80 5.09 2.35 3 

Moo.3oTco.70 9.5091 4.9448 12.0 a 6, 7 
Moo.35Reo.65 9.57 4.97 8.6 3, 8* 
Moo.63Ruo.37 9.5652 4.9362 8.8 9 
Mo0.62Oso.38 9.60 4.93 5.65 3, 4* 
Moo.74Iro.26 b 9.63 4.96 6.7 3, 4* 

W0.25 Tc0.75 9.478 4.950 9.0 10 
Wo.5oReo.5o 9.63 5.01 5.03 3 
Wo.6oRuo.4o 9.57 4.96 4.67 3 
Wo.66Oso.34 9.63 4.98 3.81 3 
Wo.72Iro.28 9.67 5.00 4.46 3 

~Value taken from figure. 
bNominal composition of sample also containing A 15 phase. 
References: 1, Eremenko et aL (1983); 2, Roberts (1976); 3, Bucher et al. (1961); 4, Spooner and 
Wilson (1964); 5, Koch and Scarbrough (1971); 6, Darby and Zegler (1962); 7, Compton et al. (1961); 
8, Wilson (1963); 9, Rasmussen and Lundtoft (1987); 10, Giorgi (1985). 

CsCI type, B2, cP2, (221) Pm~3m-ba 

VRu, T c = 5.1 K a, PX, T = 300 K 
a = 2.986 A, Z = 1, Fig. 6.7a (Marezio et al., 1971" Susz et al., 1979) 

Atom WP x y z 

V l(a) 0 0 0 
1 1 1 Ru l(b) ~ ~ 

aFor composition Vl.09Ruo.91 . 

Compound a(A) Tc(K ) Ref. 

Zrl.o2Rho.98 3.264 2.4 1 
HfOs 3.239 2.4 2, 3 
Vl.o2Ruo.98 a 2.990 5.1 b 4, 5 

VI.o6Ruo.goRho. 14 .. .  6.50 5 
VI.10Os0.90 3.01C 1.7 5 

aTransforms to a tetragonal structure below room temperature, a -- 2.928, c = 3.118 A at 110 K. 
bFor composition Vl.o9Ruo.91. 
CValue taken from figure. 
References: 1, Jorda et al. (1988); 2, Dwight (1959); 3, Savitskii et al. (1985); 4, Marezio et aL (1971); 
5, Susz et al. (1979). 
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CuAu type, L1 o, tP2, (123) P 4 / m m m - d a  

Nbo.95Irl.os, T c = 4.75 K, PX 
a = 2.848, c -- 3.863 A, Z -- 1, Fig. 6.5 (Giessen and Grant, 1964; Savitskii et al., 1985) 

Atom WP x y 

Nb a l(a) 0 0 0 
1 1 1 Ir l(d) ~ ~ 

a N b  - -  Nbo.95Iro.os. 

Compound a(A) c(A) Tc(K) Ref. 

N b o . 9 6 R h l . o 4  2.842 3.809 3.76 1, 2 
Nbo.95Irl.o5 2.848 3.863 4.75 1, 2 

References: 1, Giessen and Grant (1964); 2, Savitskii et al. (1985). 

FeAs type, westerveldite, B14 (B31a), oP8, (62) Pnma-c  2 

IrGe, T c - 4.7 K, PX 
a - 5.611, b -- 3.490, c = 6.281 A, Z - 4 (Pfisterer and Schubert, 1950; Matthias et al., 1963) 

Atom WP x y z 

1 0 . 1 9 2  Ir 4(c) 0.010 
1 0 . 5 9 0  Ge 4(c) 0.185 

aDefined on isotypic MnP. 

Compound a(A) b(A) c(A) Tc(K ) Ref. 

AuGa 6.267 3.421 6.397 1.17 1", 2 

PdSi 5.599 3.381 6.133 0.93 1", 3 
PtSi 5.595 3.603 5.932 0.88 1", 3 

RhGe 5.70 3.25 6.48 0.96 4*, 3 
IrGe 5.611 3.490 6.281 4.7 1 *, 5 
PdGe 5.782 3.481 6.259 < 0.30 1 *, 2 
PtGe 5.733 3.701 6.088 0.40 1", 3 

PdSn 6.13 3.87 6.32 0.41 1", 3 

References: 1, Pfisterer and Schubert (1950); 2, Savitskii et al. (1985); 3, Raub et al. (1963); 4, Geller 
(1955); 5, Matthias et al. (1963). 

FeB type, B27 (B15a), oP8, (62) Pnma-c  2 

CeCu, SX, R = 0.110 
a = 7.30, b - 4.30, c - 6.36 A, Z = 4 (Larson and Cromer, 1961) 

Atom WP x y 

Ce 4(c) 0.1670 
Cu 4(c) 0.0413 

0.6469 
0.1034 

aDefined on superseded structure proposal. 

(continued) 
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Compound a(A) b(A) c(A) T c (K) Ref. 

LaCu 7.543 4.616 5.724 5.85 1, 2 
CeCu 7.30 4.30 6.36 .. .  3* 

References; 1, Cirafici and Palenzona (1977); 2, Smith and Luo (1967); 3, Larson and Cromer (1961). 

1]-MoCI_ x type, hP12, (194) P63/mmc-f2ba 
MOC0.67 , T c = 8.9 K, PX 
a = 3.01, c = 14.61 A, Z = 6 (Nowotny et al., 1954; Morton et al., 1971) 

Atom WP x y Occ. 

1 2 0.5833 Mo(1) 4(f) ~ g 
1 Mo(2) 2(b) 0 0 

1 2 0.1667 C(1) 4(f) ~ 
C(2) 2(a) 0 0 0 

0.67 a 
0.67 a 

apartial occupancy stated in Parth6 and Yvon (1970). 

NaCI type, rock salt, B1, cF8, (225) Fm3m-ba 
NbNo.98, T c = 16.0 K, PN, R = 0.037 
a = 4.394 A, Z = 4, Fig. 6.17 (Christensen, 1977a; Matthias et al., 1963) 

Atom WP x y OCC, 

Nb 4(a) 0 0 0 
1 1 1 N 4(b) i i 0.98 

Compound a(A) T~(K) Ref. 

ZrB 4.65 3.4 1 
HfB 4.62 3.1 1 

TiCo.94 4.32965 
VCo.84 a 4.159 
NbCo.98 4.4704 

Nbo.8oWo.2oC 4.447 b 
TaC 4.4548 

TaCo.6oNo.4o . . .  
MoC 4.2777 
WC 4.266 

TiNo.99 4.24129 
ZrN 4.585 
HfN 4.512 
VNl.oo 4.13711C 

NbNo.98 4.394 
NbNo.75Co.25 4.419 

n . o .  

n . o .  

11.1 
13.6 b 

10.1 
11.3 
14.3 
10.0 

5.6 
10.7 
8.83 
8.5 

16.0 u 
18.0 

2 *  

3 
4 ,5  
4 
4 
6 
4 
4 

2", 5 
7", 8 
9,8,  10" 
11", 8 
12", 5 
9 

(continued) 
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PdH 4.08 9.62 e 13, 14" 
PdD ... 10.7 13 

aMaximum carbon content VC0.88 for samples prepared by usual techniques (Toth et aL, 1965). 
bValue taken from figure. 
CStoichiometfic compound transforms to a tetragonal structure at 205K, space group P42m, 
a = 4.1314, c =  4.1198A at 45K (Kubel et aL, 1988)*. 
aT e -- 17.3 K reported for thin film (Keskar et al., 1971). 
eT c = 16.6, 15.6 and 13.6K reported for Pdo.55Cuo.asHo.7, Pdo.7oAgo.3oHo. 8 and Pdo.84Auo.16Ho. 9 
(Stritzker, 1974). 
References: 1, Shulishova and Shcherbak (1967); 2, Dunand et al. (1985); 3, Samsonow and Morosow 
(1971); 4, Willens et al. (1967); 5, Matthias et aL (1963); 6, Tothet aL (1965); 7, Christensen (1975); 
8, Roberts (1976); 9, Pessall et al. (1968); 10, Christensen (1990); 11, Kubel et al. (1987); 12, 
Christensen (1977a); 13, Savitskii et al. (1985); 14, Khodyrev et al. (1978). 

LT-Nbl_x S type, hP16, (186) P63mc-c 2ba 
MoN a, T c = 15.1 K, PX, R = 0.06 
a = 5.745, c = 5.622 A, Z = 8 (Bezinge et al., 1987) 

Atom WP x y 

Mo(1) 6(c) 0.490 0.510 0.000 
Mo(2) 2(a) 0 0 0.000 
N(1) 6(c) 0.8333 0.1667 0.25 

1 2 0 . 2 5  N(2) 2(b) 5 

aprepared at 6 GPa. 

NiAs type, nickeline, B81, hP4, (194) P63/mmc-ca 
branch e-FeN0.5, L'3 
NiBi, T c = 4.25 K, PX 
a = 4.070, c = 5.35 A, Z = 2 (H~igg and Funke, 1929; Zhuravlev et al., 1962) 

Atom WP x y 

Ni 2(a) 0 0 0 
1 2 1 Bi 2(c) ~ ~ 

Compound a(A) c(A) Tr (K) Ref. 

MoCo.5 3.00 4.77 5.8 1 
WCo. 5 3.00 4.72 3.05 2 

PdSb 4.078 5.593 1.5 
PtSb 4.138 5.483 2.1 

RhBi 4.094 5.663 a 2.2 
NiBi 4.070 5.35 a 4.25 
PtBi 4.324 5.501 1.21 

3 
4,3  
3 

(continued) 
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IrTe 3.930 5.386 3.0 5, 6 
PdTe 6 4.150 5.670 4.5 7 

aBismuth-poor boundary. 
bTwo-phase sample. 
References: 1, Morton et aL (1971); 2, Morton et aL (1972); 3, Zhuravlev et aL (1962); 4, H/igg and 
Funke (1929); 5, Groeneveld Meijer (1955); 6, Raub et al. (1965); 7, Kjekshus and Pearson (1965). 

TaIr type, oP12, (51) Pmma-jife 

Tao.86Irl .14 a, PX 
a = 13.661, b = 2.830, c = 4.803 A, Z = 6, Fig. 6.5 (Ferguson et al., 1963) 

Atom b WP x y 

1 0.32 Ta(1) 4(j) 0.583 
1 1 0.04 Ta(2) 2(f) ~ 

Ir(1) 4(i) 0.083 0 0.18 
1 0 0 . 5 4  Ir(2) 2(e) 

aNominal composition. 
bSite occupation not refined. 

Compound a(A) b(A) c(A) Tc (K) Ref. 

Nb0.85 Ir1.15 13.619 2.823 4.818 4.6 
Tao.86 Ir1.14 13.661 2.830 4.803 n.o. 

1,2 
3*,2 

References: 1, Giessen and Grant (1964); 2, Savitskii et aL (1985); 3, Ferguson et al. (1963). 

4H-Til+xS z type, hP8, (1986) P63mc-b3a 
Til.23S2, SX, R = 0.026 
a = 3.4198, c = 11.444 A, Z = 2 (Norrby and Franzen, 1970) 

Atom WP x Occ. 

1 2 Ti(1) 2(b) ~ 
1 2 Ti(2) 2(b) 5 
1 2 S(1) 2(b) ~ 5 

S(2) 2(a) 0 0 

0.10910 
0.37461 
0.74750 
0.00000 

0.227 

Compound a(A) c(A) Tc (K) Ref. 

Ti1.23 $2 3.4198 11.444 
Li0. 3 Til. 1S 2 3.439 11.511 13 

1" 

2 

References: 1, Norrby and Franzen (1970); 2, Barz et al. (1972). 
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o~-TlI type, B33 (Bfa), oS8, (63) Cmcm-c 2 
TaB, T c = 4.0 K, PX 
a = 3.276, b = 8.669, c -- 3.157 A, Z = 4 (Kiessling, 1949; Shulishova and Shcherbak, 1967) 

Atom WP x y 

Ta 4(c) 0 0.354 
B 4(c) 0 0.060 

aDefined on isotypic CrB. 

Compound a(A) b(A) c(A) Tc(K ) Ref. 

TaB 3.276 8.669 3.157 4.0 1", 2 
NbB 3.297 8.72 3.166 8.25 3, 4 

References: 1, Kiessling (1949); 2, Shulishova and Shcherbak (1967); 3, Nowotny et al. (1959); 4, 
Matthias et al. (1963). 

WC type, B h, hP2, (187) P6m2-da 
MoC, T c = 9.26 K, PX 
a = 2.898, c = 2.809 A, Z = 1 (Schuster et al., 1976; Roberts, 1976) 

Atom WP x y 

Mo l(a) 0 0 0 
1 2 1 C l(d) ~ ~ 

2H-ZnS type, wurtzite, B4, hP4, (186) P63mc-b 2 
GaN, T c = 5.85 K, SX, R = 0.026 
a = 3.190, c = 5.189 A, Z -- 2 (Schulz and Thiermann, 1977; Alekseevskii et al., 1963) 

Atom WP x y 

1 2 Ga 2(b) 5 
1 2 N 2(b) 5 5 

0.000 
0.377 

2. AB2 Types 

AIB 2 type, C32, hP3, (191) P6/mmm-da 
NbB2 a, PX 
a = 3.111, c = 3.263 A, Z = 1, Fig. 6.14a (Cooper et al., 1970) 

Atom b WP x 

Nb  l(a) 0 0 0 
1 2 1 B 2 ( d )  ~ g 

aNominal composition. 

bSite occupation not refined. 

(continued) 
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Compound a a(A) c(A) Tr (K) Ref. 

NbB 2 3.111 3.263 n.o. 1 
NbB2.5 b 3.098 3.308 6.4 1 

Nb0.95 Sc0.05 C2. 5 3.096 3.316 6.6 1 
Nb0.95 Y0.05 B2.5 c 3.093 3.312 9.3 1 
Nb0.90 Th0.10 B2.5 c 3.106 3.303 7.0 1 

MoB 2 3.041 3.065 n.o. 1 
MOB2.5 a 3.047 3.119 8.1 1 

Moo.9o SCo.loB2. 5 3.049 3.162 9.0 1 
M%95 Yo.o5 B2.5 e 3.040 3.074 8.6 1 
MOo.85 Zro. ~ 5 B2. f 3.052 3.193 11.2 1 
Moo.9oHfo. loB2.5 3.053 3.157 8.7 1 
Mo0.85 Nb0. ~ 5 B2.5 3.048 3.153 8.5 1 

ThSil. 5 3.985 4.220 2.41 g 2, 3 

aFor borides nominal composition of sample. 
bData for Nbl_xTxB2.s(T = Ti, Zr, Hf, V, Mo, Ru; T c < Tc(NbB2.5) ) reported in Cooper et al. (1970). 
CMultiphase sample containing also RB 4 and RB 6. 
dSplat-melted; data for MOl_xTxB2.5 (T = Ti, V, Ta, Au, A1; T c < To(MoB2.5) ) reported in Cooper et 
al. (1970). 
eMultiphase sample containing also Mo2B 5. 
fSplat-melted. 
gFor nominal composition ThSi 2. 
References: 1, Cooper et al. (1970); 2, Jacobsen et al. (1956); 3, Hardy and Hulm (1954). 

CaC2 type, C1 la, tI6, (139) I4 /mmm-ea  
YC2, T c = 3.88 K, PN, RT, Rwp = 0.115 
a = 3.663, c = 6.171 A, Z = 2 (Jones et al., 1984; Giorgi et al., 1968) 

Atom WP x y z Occ. 

Y 2(a) 0 0 0 
C 4(e) 0 0 0.3957 

Compound a(A) c(A) T~(K) Ref. 

YC2 3.6614 6.1725 3.88 1, 2*, 3* 
LaC2 3.934 6.572 1.61 2*, 4, 5* 
LuC 2 3.563 5.964 3.33 2", 4 

References: 1, Giorgi et al. (1968); 2, Atoji (1961); 3, Jones et al. (1984); 4, Roberts (1976); 5, Jones 
et al. (1991). 
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0-CuAI 2 type, C16, tI12, (140) I 4 / m c m - h a  

ZrRh 2, T c = 11.3 K, PX 
a = 6.496, c = 5.605 A, Z = 4, Fig. 6.12 (Havinga et al., 1972a; Jorda et al., 1988) 

Atom WP x y z 

1 Zr 4(a) 0 0 
Rh 8(h) 0.1667 0.6667 0 

Compound a(A) c(A) T c (K) Ref. 

Th2Cu 7.324 5.816 3.44 1", 2 
Th2Ag 7.591 5.844 2.19 1", 2 
ThzAu 7.462 5.989 3.65 1", 2 

Zr2Co 6.364 5.518 5.0 1", 2 
Zr2Rh 6.490 5.605 11.3 3, 1" 
ZrzIr 6.51 5.62 7.6 4, 5 
ZrzNi 6.483 5.267 1.58 1", 2 

Mo2B 5.547 4.739 5.07 1", 2 

W2B 5.568 4.744 3.22 1", 2 

AgIn 2 6.881 5.620 2.11 1", 2 

PdT12 6.712 5.748 1.32 1", 2 
PtT12 6.822 5.565 1.58 1", 2 

RhPbl. 9 6.674 5.831 1.32 1", 2 
PdPb 2 6.865 5.844 3.01 1", 2 
AuPb 2 7.338 5.658 3.10 1", 2 

References: 1, Havinga et al. (1972a); 2, Havinga et al. (1972b); 3, Jorda et al. (1988); 4, Eremenko et 

al. (1983); 5, Savitskii et al. (1985). 

~-Fe2N type, oP12, (60) P b c n - d c  

Mo2 Ca, T c -- 7.3 K, PN, RT, R B = 0.050 
a = 4.735, b -- 6.025, c = 5.210A, Z -- 4 (Epicier et al., 1988"; Morton et al., 1971) 

Atom WP x y z 

Mo 8(d) 0.245 0.375 0.0833 
1 C 4(c) 0 0.125 

apartly disordered arrangement of C atoms and vacancies and existence of orthorhombic super- 
structure reported in Christensen (1977b)*. 

Compound a(A) b(A) c(A) T c(K) Ref. 

Mo2C 4.73 6.02 5.20 7.3 a 1, 2*, 3* 
W2C 4.72 5.98 5.17 3.90 4 

aT c = 12 K reported in Roberts (1976). 
References: 1, Morton et al. (1971); 2, Parth6 and Sadagopan (1963); 3, Epicier et al. (1988); 4, 
Morton et al. (1972). 
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p-FeS 2 type, pyrite, C2, cP12, (205) Pa3-ca 
Rho.98Se2, T c -- 6.0 K, a, PN, T = 295 K, R = 0.02 
a = 6.0153 A, Z = 4 (Kjekshus et aL, 1979; Matthias, 1955) 

Atom WP x y z Occ. 

Rh 4(a) 0 0 0 
Se 8(c) 0.3800 0.3800 0.3800 

0.98 

aFor composition RhSel.75. 

Compound a(A) Tc(K) Ref. 

PdSb 2 6.459 1.25 1 

Rho.98Se 2 6.0153 6.0 a 2*, 3, 4* 
RhTe 2 6.4481 1.51 5*, 3 

aFor composition RhSel.75. 
References: 1, Matthias et al. (1963); 2, Kjekshus et al. (1979); 3, Matthias (1955); 4, Geller and 
Cetlin (1955); 5, Kjekshus et al. (1978) 

MgCu 2 type, cubic Laves phase, C15, cF24, (227) Fd3m-cb 
HfV2, Tc -- 9.27 K, PX 
a = 7.396 A, Z --- 8, Fig. 6.8b (Takei et al., 1985) 

Atom WP x z a 

Hf  8(b) 3 3 3- 
8 8 8 

V 16(c) 0 0 0 

aOrigin at center (3m). 

Compound a(/~) To(K) Ref. 

ZrV 2 7.450" 8.8 
HfV 2 7.396 b 9.27 

Hfo. 84 Nb0.16 V2 7.390 10.67 

LaRu 2 7.704 c 4.416 a 
CeRu 2 7.536 a 6.221 

Ceo.90Lao. 10Ru2 7.554 d 7.194 
ThRu 2 7.653 a 4.1 a 

LaOs 2 7.743 8.9 

CaRh 2 7.525 6.4 
SrRh 2 7.706 6.2 
BaRh 2 7.852 6.0 

CaIr 2 7.545 6.15 
SrIr 2 7.700 5.7 
ScIrz5 7.343 2.46 
YIr 2 7.500 2.18 
LuIr 3 7.434 2.89 
ThIr 2 7.664 a 5.75 a 
ZrIr2 7.359 4.10 

1,2 
3 
3 

4 
4 

4 
5 

6 ,7  

8 ,2  
8 ,2  
8 ,2  

8 ,2  
8 ,2  
9 
10 
9 
5 
11 

(continued) 
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LaA12 8.13 3.23 12 

KBi 2 9.501 3.58 13, 14 
RbBi 2 9.609 4.25 14 
CsBi 2 9.726 4.75 15 

aValue taken from figure; transforms to a rhombohedral structure at 121 K, a = 5.341, c = 12.453 A 

(values taken from figure) at 4 K (Lawson, 1978). 
bTransforms to an orthorhombic structure at 118 K, a = 5.240, b = 5.147, c = 7.467 A (values taken 

from figure) at 4 K (Lawson, 1978). 
%ralue taken from figure; transforms to a tetragonal structure at 30 K, a = 5.419, c = 7.773 A at 6 K 

(Lawson et al., 1974). 
aValue taken from figure. 
References: 1, Finkel' and Pushkarev (1980); 2, Matthias et al. (1963); 3, Takei et al. (1985); 4, 
Shelton et al. (1977); 5, Houghton et al. (1982); 6, Cannon et al. (1973); 7, Lawson et al.; 8, Wood 
and Compton (1958); 9, Geballe et al. (1965); 10, Compton and Matthias (1959); 11, Matthias et al. 

(1961); 12, Smith and Luo (1967); 13, Zintl and Harder (1932); 14, Zhuravlev et al. (1958); 15, 

Zhuravlev (1958). 

MgZn 2 type, hexagonal Laves phase, C14, hP12, (194) P 6 3 / m m c - h f a  

ScRe2, T c = 4.2 K, PX 
a = 5.271, c = 8.592 A, Z = 4, Figs. 6.8a, 6.1 lb (Kripyakevich et al., 1963; Phillips, 1989) 

Atom WP x y 

1 2 0.5625 Sc 4(f)  ~ 
1 Re(1 ) 6(h) 0.1667 0.3334 

Re(Z) 2(a) 0 0 0 

Compound a(A) c(A) T c(K) Ref. 

Zr0.95V1.37Nb0.68 5.316 8.562 4.30 1, 2 

ScTc 2 5.224 8.570 
YTc 2 5.371 8.862 
LuTc 2 5.310 8.736 
ThTc 2 5.393 9.223 
ZrTc 2 5.2185 8.6527 
HfTc 2 5.2001 8.6175 

ScRe 2 5.271 8.592 
YRe 2 5.396 8.819 
ThRe 2 5.4927 9.1010 
ZrRe 2 5.267 8.632 
HfRe 2 5.254 8.600 

10.9 
8.8 
9.9 
5.3 
7.6 
5.6 

4.2 
1.83 
5.0 
6.4 
5.2 

ScRu2 5.119 8.542 1.67 
YRu 2 5.256 8.792 1.52 
ZrRu 2 5.144 8.504 1.84 

5 ,6  
7 
4 
4 
4 

(continued) 
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ScOs2 5.179 8.484 4.6 7 
YOs 2 5.307 8.786 4.7 7 
LaOs2 a 5.419 9.083 5.9 9, 10 
LuOs 2 5.254 8.661 3.49 7 
Z r O s  2 5.219 8.538 3.00 8 
HfOs 2 5.184 8.468 2.69 7 

aprepared at 7.0 GPa. 
References: 1, Raevskaya et al. (1968); 2, Roberts (1976); 3, Szklarz and Giorgi (1981); 4, Giorgi and 
Szklarz (1970b); 5, Kripyakevich et al. (1963); 6, Phillips (1989); 7, Compton and Matthias (1959); 8, 
Matthias et al. (1961); 9, Cannon et al. (1973); 10, Lawson et al. (1973). 

I~-Mo2N type, tI12, (141) I 4 1 / a m d - e b  

Mo2No.75 , T c = 5.0 K, a PX 
a = 4.200 c = 8.010 A, Z = 4 (Evans and Jack, 1957; Roberts, 1976) 

Atom W P  x y z b Occ. 

1 Mo 8(e) 0 
1 N 4(b) 0 

0.117 
3 _ 
8 0.75 

aFor nominal composition Mo2N. 
6Origin at center (2/m). 

2I-I-MoS 2 type, 2H-molybdenite, C7, hP6, (194) P 6 3 / m m c - f c  

MoS2, SX 
a -- 3.15, c = 12.30 A, Z -- 2, Fig. 6.24 (Dickinson and Pauling, 1923) 

Atom WP x 

1 2 1 Mo 2(c) ~ ~ 
1 2 0.621 S 4(f)  ~ 

[---]oct. 2(a) 0 0 0 

Compound a(A) c(A) T c (K) Ref. 

MoS2 3.1603 12.2943 < 1.2 

Sr0.z(NH3)yTaS2 

Lix(NH3)yMOS2 a . . .  

NaxMoS2 r . . .  
Ko.4MoS 2 3.2036 
Rb0.3MoS 2 3.2039 

CSo.3MoS 2 .. .  
CaxMoS2 e . . .  

Sro.2 (NH3)yMOS 2 . . .  

Sr0.2 (NH3)yWS2 

18.30 

19.039 b 

14.998 a 
16.5804 
17.1937 
19.606 

f , . .  

18.70 g 

18.70 

2.8 

3.7 
4.15 
6.1 
6.25 
6.30 
5.25 
5.0 

3.5 

1 ,2  

(continued) 
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Yb0.4 (NH3)yWS 2 . . .  18.60 2.2 3 

Sr0. 2(NH 3)yMoSe 2 . . .  19.30 5.0 3 

a0.4 < x < 1.0; chemical analysis detected no intercalated NH3, however, NH 3 molecules are 
presumed to be present. 
bProbably not hexagonal. 
c0.3 < x < 0.6. 

m _ 

dTetragonal cell, a = 14.081, c = 14.967 A, reported in Somoano et al. (1975). 
e0.05 < X < 0.07. 

/Orthorhombic, a = 8.894, b - 9.869, c = 18.640 A. 
gTetragonal cell reported for SrxMoS 2 (0.06 < x < 0.10), a = 10.396, c = 18.620 A, T c = 5.6 K, 
(Somoano et al., 1975). 
References: 1, Somoano et al. (1973); 2, Dickinson and Pauling (1923); 3, Subba Rao et al. (1974); 4, 
Somoano et al. (1975). 

3R-MoS2 type, 3R-molybdenite, hR9, (160) R 3 m - a  3 

NbS2, T c = 5.0 K, SX, R = 0.055 
a = 3.3303, c -- 17.918 A, Z -- 3, Fig. 6.24 (Morosin, 1974; Hulliger, 1968) 

Atom WP x y z 

Nb 3(a) 0 0 0.4201 
S(1) 3(a) 0 0 0.0000 
S(2) 3(a) 0 0 0.1737 

[]oct. 3(a) 0 0 0.59 

Compound a(A) c(A) T c (K) Ref. 

NbS 2 3.3303 17.918 5.0 a 1", 2 
MoS 2 3.1620 18.3670 < 1.2 3, 4* 

K0.4Mo S 2 3.2072 24.7915 5.5 3 
Ca0. 2 (NH 3)yMoS 2 . . .  27.69 3.6 5 
Sr0. 5(NH 3)yMoS2 b . . .  27.90 5.2 5 
Bao. 2(NH 3)yMoS 2 . . .  28.08 5.7 5 
Yb0. 2 (NH 3 )yMO $2 c . . .  27.63 2.4 5 

aAccording to Meerschaut et al. (1990), 3R-NbS 2 is not superconducting. 

bComposition Sr0.19(NH3)0.54MoS 2 from chemical analysis. 
CComposition Yb0.10(NH3)0.15MoS 2 from chemical analysis. 
References: 1, Morosin (1974); 2, HuUiger (1968); 3, Somoano et al. (1973); 4, Tak6uchi and 
Nowacki (1964); 5, Subba Rao et al. (1974). 
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MoSi 2 type, C1 lb, ti6, (1939) I4 /mmm-ea  
branch Zr2Cu 
PdBi 2, T c = 4.25 K, PX 
a = 3.362, c = 12.983 A, Z = 2 (Zhuravlev, 1957) 

Atom WP x y 

Pd 2(a) 0 0 0 
Bi 4(e) 0 0 0.363 

Compound a(A) c(A) T c(K) Ref. 

MgHg 2 3.838 8.799 4.0 
PdBi 2 3.362 12.983 4.25 

1 
2* 

References: 1, Claeson and Luo (1966); 2, Zhuravlev (1957). 

2H-NbS 2 type, hP6, (194) P63/mmc-fb  
NbSe2, T c = 7.13 K, SX, T = 298 K, R -- 0.030 
a --- 3.4446, c = 12.5444 A, Z = 2, Fig. 6.24 (Marezio et al., 1972; Roeske et al., 1977) 

Atom WP x y z 

1 Nb 2(b) 0 0 
1 2 0.1172 Se 4(f)  g 

Vqoct. 2(a) 0 0 0 

Compound a a(A) c(A) T c (K) Ref. 

NbS 2 3.31 11.89 6.2 1", 2 
Rb0.33NbS2 3.3425 18.075 2.0 3 
Cs0.34NbS2 3.3452 18.424 3.0 3" 
(pyr)0.s NbS2 b 3.34 23.68 4.0 4 

NbSe2 c 3.4446 12.5444 7.13 5*, 6 

(NH3)TaS 2 3.324 18.14 4.2 4 
LiOHaq + TaS2 3.330 17.84 4.5 4 
NaOHaq + TaS 2 3.326 23.72 4.8 4 
KOHaq + TaS2 3.328 18.04 5.3 4 
RbOHaq + TaS 2 3.325 18.20 4.3 4 
CsOHaq + TaS 2 3.330 18.56 3.8 4 

aData for intercalates of TaS 2 with amides, alkylamines, substituted pyridines, etc. (T c < 5 K), most 
with unknown polytype, reported in Gamble et al. (1971a, b); T c = 5.3 K, reported for misfit layer 
compound (LaSe)l.14(NbSe2) 2, LaSe substructure refined in space group C1, a = 6.019, b = 5.998, 
c = 36.540 A, ~ = fl = 7 = 90~ NbSe2 substructure in Cmc21, a = 3.4372, b = 6.004, c = 36.531 A 
(Roesky et aL, 1993). 
bpyr = pyridine. 
CTransform to a hexagonal superstructure at ,~40 K, a = 6.880, c = 12.482 A at 15 K (Marezio et aL, 
1972)*. 
References: 1, Jellinek et al. (1960); 2, van Maaren and Schaeffer (1966); 3, Chen et al. (1993); 4, 
Gamble et al. (1971a); 5, Marezio et al. (1972); 6, Roeske et al. (1977). 
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4H-NbSe 2 type, hP12, (187) P6m2-ih2g2fa 
NbSe2, T c = 6.3 K, SX, R = 0.144 
a -- 3.44, c -- 25.24 A, Z -- 4, Fig. 6.24 (Brown and Beerntsen, 1965" Revolinsky et al., 1965) 

Atom WP x y z 

Nb(1) 2(g) 0 0 0.250 
Nb(2) l ( f )  2 ! ! 3 3 2 

Nb(3) l(a) 0 0 0 
Se(1) 2(i) 2 ! 0.066 

3 3 
1 2 0 . 1 8 5  Se(2) 2(h) ~ 
1 2 0.318 Se(3) 2(h) ~ 

Se(4) 2(g) 0 0 0.432 

[---]oct. 2(g) 0 0 0.125 
[---]oct. 2(i) a ! 0.375 3 3 

Compound a(A) c(A) T c (K) Ref. 

NbSe 2 3.451 25.24 6.3 1, 2", 3* 

Nbl.o5Se 2 3.446 25.16 5.9 1 

References: 1, Revolinsky et al. (1965); 2, Kadijk et al. (1964); 3, Brown and Beemtsen (1965). 

Ni2In type, B82, hP6, (194) P63/mmc-dca 
In2Bi, T c = 5.8 K, SX, T = 293 K, R = 0.097 
a = 5.495, c = 6.579 A, Z = 2 (Kubiak, 1977; Degtyareva et al., 1981) 

Atom WP x 

1 2 3 In(l) 2(d) ~ ~ 
In(2) 2(a) 0 0 0 

1 2 1 Bi 2(c) ~ ~ 

Compound a(A) c(A) T c (K) Ref. 

Ino. 8o Sbo.2o a 5.364 6.408 
In2Bi 5.496 6.579 

5.8 
5.8 b 

1 
1, 2* 

aprepared at 5.5 GPa. 
bT c = 6.0 K for sample prepared at 7.5 GPa. 
References: 1, Degtyareva et al. (1981); Kubiak (1977). 

ot-ThSi 2 type, Co, tI12, (141) I41/amd-ea  
ThSi2, T c = 3.2 K, SX 
a = 4.134, c - 14.375 A, Z - 4, Fig. 6.14c (Brauer and Mitius, 1942; Cooper et al., 1970) 

Atom WP x y Z a 

3 1 Th 4(a) 0 ~ 
1 0.2915 Si 8(e) 0 

aOrigin at center (2/m). 

(continued) 
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Compound a(A) c(A) T c (K) Ref. 

CaSi2 a 4.283 13.53 1.58 1", 2 
SrSi2 a 4.438 13.83 3.1 3*, 4 
LaSi 2 4.326 13.84 2.5 2* 
ThSi 2 4.134 14.375 3.2 5", 6 

Tho.6Yo.4Si 2 . . . . . .  4.6 6 

BaGe2 a 4.769 14.737 4.93 7*, 4 
YGe2 4.060 13.683 3.80 8, 6 

aprepared at 4 GPa. 
References: 1, Evers et aL (1982); 2, Nakano and Yamanaka (1994); 3, Evers et al. (1983); 4, Evers et 

al. (1980a); 5, Brauer and Mitius (1942); 6, Cooper et al. (1970); 7, Evers et al. (1980b); 8, Schob and 
Parth6 (1964). 

3. A B  3 Types 

Cr3Si type, A15, cP8, (223) Pm3n-ca  

Mo3Os, T c = 11.68 K, PX, R e = 0.0066 
a = 4.9689/~, Z = 2, Figs 6.9a, b, 6.10b (van Reuth and Waterstrat, 1968; Blaugher et al., 1969) 

Atom WP x y 

1 0 1 Mo a 6(c) ~ 
Os b 2(a) 0 0 0 

aMo -- Moo.953Oso.o47. 
bOs -- OSo.858Noo.142 . 

Compound a(A) Tc(K ) Ref. 

Tio.73Iro.27 5 . 0 0 0  a 5 . 0  a 

Tio.75 Sbo.25 5.2228 6.54 

Vo.soOso.5o 4.809 5.7 
V3Pt 4.8166 2.86 

Vo.76Auo.24 4.880 a 2.96 
V3A16 4.829 9.6 

V3Ga 4.817 14.9 
Vo.75 Sio.25 4.7250 C 17.0 a 
Vo.76Geo.24 4.7830 6.2 a 
Vo.81 Sno.19 4.98 3.8 

1, 2* 
3 

4 
2*,5 
6,2* 
7 
8* 
9 
10, 11 
12, 11 

Nb3Rh 5.1317 2.64 13 
Nb3Pt 5.1547 10.9 13, 2* 
Nb3Au 5.2027 11.5 13, 2* 
Nb3A1 5.180 19.1 14, 15, 16" 

Nb3Alo.75Geo.25 5.174 20.52 17, 18* 
Nbo.76 Gao.24 5.168 20.7 19 
Nb3In e 5.303 9.2 20 

(continued) 
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Nb0.82 Si0.18 5.15 4.4 f 21 
Nb0.77Ge0.23 5.156 17 g 22, 23* 
Nbo.75 Sno.25 5.289 h 17.9 24 
Nbo.83 Sbo.17 5.265 1.95 25 
Nb3Bi i 5.320 3.05 26 

Ta3Sn 5.2801 8.35 27 

Cr0.72Ru0.28 4.679 3.42 28, 2* 
Cr0.72Os0.28 4.682 4.68 29, 2* 

MOo.4oTco.6o 4.9350 13.5 30 
Moo.vReo.3 j 4.980 15 31 
Mo0.75Os0.25 4.969 12.70 29, 2* 
Mo0.vsIro.22 4.975 8.55 29, 2", 32* 
Mo0.82Pt0.18 4.989 4.65 33, 2* 
Mo0.77 Si0.23 4.900 1.70 29, 34* 
MOo.77 Geo.23 4.937 1.80 29 

aValue taken from figure. 
bFilm prepared by cocondensation. 
CTransforms to a tetragonal structure at 21 K, a = 4.7150, c = 4.7275 A at 10 K (values taken from 
figure) (Chaddah and Simmons, 1983). 
aT e -- 11.2 K reported for sputtered film (Somekh and Evetts, 1977), 
eprepared at 4-7 GPa. 
i T  e -- 14.0 K reported for sputtered film (Somekh and Evetts, 1977). 
gT  c up to 23.2 K reported for sputtered films (Gavaler, 1973; Testardi et al., 1974; Krevet et al., 1980). 
hTransforms to a tetragonal structure at 43 K, a = 5.298, c = 5.252A at 10 K (values taken from 
figure) (Mailfert et al., 1967). 
/Prepared above 3.2 GPa. 
JSputtered film. 
References: 1, Junod et al. (1976); 2, van Reuth and Waterstrat (1968); 3, Ramakrishnan and Chandra 
(1984); 4, Susz et al. (1979); 5, Blaugher et al. (1969); 6, Fltikiger et al. (1975); 7, Hartsough and 
Hammond (1971); 8, Fltikiger et al. (1976); 9, Jorda and Muller (1982); 10, Luo et al. (1970); 11, 
Flfikiger (1981); 12, Morton et al. (1979); 13, Zegler (1965); 14, Jorda et al. (1980); 15, Fliikiger et al. 

(1981); 16, Sweedler and Cox (1975); 17, Arrhenius et al. (1968); 18, Christensen et al. (1991); 19, 
Jorda et al. (1977); 20, Banus et al. (1962); 21, Waterstrat et al. (1979); 22, Jorda et al. (1978); 23, 
Rasmussen and Hazell (1979); 24, Junod et al. (1978); 25, Junod et al. (1970); 26, Killpatrick (1964); 
27, Courtney et al. (1965); 28, Fliikiger et al. (1970); 29, Fliikiger et al. (1974); 30, Marples and Koch 
(1972); 31, Gavaler et al. (1972); 32, Koksbang et al. (1989); 33, Flfikiger et al. (1973); 34, 
Christensen (1983). 

Cu3Au type, L 12, cP4,  (221) P m 3 m - c a  

La3In, T c = 9.7 K, PX 
a = 5.070 A, Z -- 1 Figs. 6.5, 6.6 (Garde et al., 1993) 

Atom WP x 

1 1 La 
In 1 (a) 0 0 0 

(con t inued)  
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Compound a(A) Tr Ref. 

ZrHg 3 4.368 3.28 1 
LuGa 3 4.191 2.30 1 
CaT13 4.796 2.04 1 
YT13 4.678 1.52 1 
LaT13 4.799 1.63 1 
LaSn 3 4.771 6.02 1 
ThSn 3 4.714 3.33 1 
NaPb 3 4.888 5.62 1 
YPb 3 4.813 4.72 1 
LaPb 3 4.905 4.10 1 
ThPb 3 4.853 5.55 1 
SrBi 3 5.035 5.70 1 

La3Ga 5.610 5.8 2 
La3In 5.070 9.7 2 
La 3 T1 5.06 8.86 3 
La 3 Sn 5.102 6.2 2 
Tlo.74Bio.26 4.677 4.15 4 

References: 1, Havinga et al. (1970); 2, Garde et al. (1993); 3, Heiniger et al. (1973); 4, Rong-Yao 
(1986). 

Fe3C type, cementite, D011, oP16, (62)Pnma-dc 2 

Gd3Co, SX, R = 0.099 
a = 7.05, b = 9.54, c = 6.32 A, Z = 4 (Strydom and Alberts, 1970) 

Atom WP x 

Gd(1) 8(d) 0.1758 
Gd(2) 4(c) 0.0416 
Co 4(c) 0.3880 

0.0651 
1 _ 
4 
1 _ 
4 

0.1738 
0.6372 
0.4512 

Compound a(A) b(A) c(A) Tr (K) Ref. 

La 3 Ru 7.465 10.016 6.570 
La 3 Co 7.282 10.020 6.594 
La3Ir 7.458 10.096 6.662 
La3Ni 7.189 10.160 6.650 
La 3 Ge 7.416 9.954 6.497 

Gd3Co 7.05 9.54 6.32 

4.2 
4.0 
n . o .  

6.2 
3.7 

2* 

References: 1, Garde et al. (1993); 2, Strydom and Alberts (1970). 
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LT-Mg3Cd type, O019, hP8, (194) P 6 3 / m m c - h d  

La3A1 , T c = 5.8 K, PX 
a -- 7.192, c = 5.528 A, Z -- 2, Fig. 6.5 (Garde et al., 1993) 

Atom WP x y z 

1 La 6(h) 0.1667 0.3333 
1 2 3 A1 2(d) ~ ~ a 

Compound a(A) c(A) T c (K) Ref. 

La3A1 7.192 5.528 5.8 1 

Moo.69Pto.31 5.612 4.502 7.8 2 

UPt 3 5.7534 4.9011 0.5 3, 4 

References: 1, Garde et al. (1993); 2, Fliikiger et al. (1973); 3, Trinkl et al. (1996); 4, Wiichner et al. 

(1993). 

Ni3P type, DO e, t132, (82) I54-g 4 

Ni3P, SX, R -- 0.083 
a -- 8.954, c = 4.386 A, Z = 8 (Rundqvist et al., 1962) 

Atom WP x y 

Ni(1)  8(g) 0.0775 0.1117 
Ni(2) 8(g) 0.1351 0.4679 
Ni(3) 8(g) 0.3311 0.2800 
P 8(g) 0.2862 0.0487 

0.2609 
0.0235 
0.2476 
0.0193 

Compound a(A) c(A) T c (K) Ref. 

Mo3P 9.729 4.923 5.31 
W3P 9.890 4.808 2.26 
Ni3P 8.954 4.386 . . .  

1 ,2  
2 
3* 

References: 1, Sch6nberg (1954); 2, Blaugher et al. (1965); 3, Rundqvist et al. (1962). 

SrPb 3 type, L6o, tP4, (123) P 4 / m m m - e c a  

BaBi3, T c -- 5.69 K, PX, RT 
a -- 5.188, c = 5.157 A, Z = 1 (Zhuravlev and Melik-Adamyan, 1961) 

Atom WP x y 

Ba l(a) 0 0 0 
1 1 Bi(1) 2(e) 0 ~ 

1 1 0 Bi(2) l(c) ~ 

Compound a(A) c(A) T c(K) Ref. 

BaBi 3 5.19 5.16 5 .80 

SrPb 3 4.962 5.025 1.85 

1,2  
1 

References: 1, Havinga et al. (1970); 2, Zhuravlev and Melik-Adamyan (1961). 
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4. A B  n Types (n >_ 4) 

CaB 6 type, D21, cP7, (221) Pm3m-fa 
LaB 6, T c = 5.7 K, SX, R = 0.0115 
a = 4.1571 A, Z = 1 (Korsukova et al., 1986; Matthias et al., 1968) 

Atom WP x y z 

La l(a) 0 0 0 
B a tqt" r 0.19948 1 1 

aRefined occupancy 0.982(5), however, occurence of vacancies could not be established with certainty. 

Compound a(A) T c (K) Ref. 

YB 6 4.156 a 7.1 1, 2 
LaB 6 4.1571 5.7 3*, 2 
ThB 6 4.113 0.74 4, 2 

aValue taken from figure. 
References: 1, Dutchak et al. (1972); 2, Matthias et al. (1968); 3, Korsukova et aL (1986); 4, Cannon 
and Famsworth (1983). 

ThMn12 type, D2b, t/26, (139) I4/mmm-jifa 
MoBe12, SX, T c = 295K, R = 0.012 
a = 7.251, c = 4.234 A, Z = 2 (Collins and Mahar, 1984; Alekseevskii and Mikhailov, 1963) 

Atom WP x y z 

Mo 2(a) 0 0 0 
1 0 Be(l)  8( j )  0.2895 

Be(Z) 8(i) 0.3505 0 0 
1 1 1 Be(3) 8(f)  a a 

Compound a a(A) c(A) T~ (K) Ref. 

MOBel2 7.251 4.234 n.o. 1", 2 
WBe12 7.362 4.216 4.1 b 3, 2 
ReBel3 C . . . . . .  9.9 4 

ReMgBel2 r . . . . . .  10.1 4 

aT  c - -  8.6 and 9.2 K reported for compositions OsBe 4 and OsBe 5 (unknown structure) (Alekseevskii 
and Zakosarenko, 1973). 

bNominal composition WBe13 , tetragonal, a = 10.14, c = 4.23 A (unknown structure). 
~Nominal composition of sample. 
References: 1, Collins and Mahar (1984); 2, Alekseevskii and Mikhailov (1963); 3, von Batchelder 
and Raeuchle (1957); 4, Alekseevskii and Zakosarenko (1973). 
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UB12 type, D2U, cF52, (225) Fm3rn-ia 
ZrB12  , T c = 5.82 K, PN, R e -- 0.028 
a = 7.388 A, Z = 4 (Kennard and Davis, 1983; Matthias et al., 1968) 

Atom WP x y z 

Zr 4(a) 0 0 0 
1 0.1710 0.1710 B 48(i) 

Compound a(A) T c(K) Ref. 

ScBI2 7.402 a 0.39 1", 2 
YB12 7.501 4.7 3, 2 
LuB12 7.464 0.48 3, 2 
ZrB12 7.388 b 5.82 4", 2 

aTetragonal distortion (a = 5.22, c = 7.35 A) reported in Hamada et al. (1993). 
bZrl_xScxB12 (0.1 < x < 0.9) transforms to a rhombohedral structure near room temperature, space 

_ 

group R3m, a = 5.2278. c = 25.6752 A for x = 0.50 (not superconducting) (Hamada et al., 1993"). 
References: 1, Bruskov et al. (1988); 2, Matthias et al. (1968); 3, Paderno et al. (1971); 4, Kennard 
and Davis (1983). 

NaZnl3 type, D23, cF112, (226) Fm3c-iba 
UBe13, T c = 0.96 K a, SX, RT, R --- 0.022 
a = 10.268 A, Z = 8 (McElfresh et al., 1990; Smith et al., 1985) 

Atom WP x y 

1 1 1 U 8(a) ~ ~ 
Be(l) 8(b) 0 0 0 
Be(Z) 96(i) 0 0.1151 0.1765 

aValue taken from figure. 

Compound a(A) 7~(K) Ref. 

ThBe13 10.41727 a n.o. 
UBel3 10.2550 0.96 b 

U0.9692 Tho.o3o8 Be 13 10.2591 0.626 

1 "  

2 , 1 " , 3 "  
2 

aAt 250 K. 
bValue taken from figure. 
References: 1, Goldman et al. (1985); 2, Smith et al. (1985); 3, McElfresh et al. (1990). 
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ZrZn22 type, cF184, (227) Fd3m-gfdca 
ReBe22, T c = 9.7 K, SX, R = 0.036 
a = 11.561A, Z = 8 (Sands et al., 1962; Giorgi et al., 1982) 

Atom WP x y z a 

I I 1 Re Q[ ~ 
ota) g g 

Be(l) 96(g) 0.0598 0.0598 0.3235 
1 1 Be(2) 48(f) 0.4894 g g 

1 1 1 Be(3) 16(d) ~ ~ 
Be(4) 16(c) 0 0 0 

aOrigin at center (3m). 

Compound a(A) Tc(K ) Ref. 

MoBe22 11.634 2.52 1, 2 
WBe22 11.631 4.14 1, 2 
TcBe22 11.566 5.7 2 
ReBe22 11.560 9.7 2, 3* 

References: 1, Kripyakevich and Gladyshevskii (1963); 2, Giorgi et al. (1982); 3, Sands et aL (1962). 

5. AraB n Types (m, n > 2) 

Pu2C 3 type, D5c, ci40, (220) I543d-dc 

Lu2C3 a, T c = 15K, PX, R = 0.064 
a = 8.0354 A, Z = 8, Fig. 6.20a, b (Novokshonov, 1980; Novokshonov et al., 1980) 

Atom WP x y 

Lu 16(c) 0.0499 0.0499 
C 24(d) 0.2915 0 

0.0499 
1 _ 
4 

aprepared at 3-9 GPa. 

Compound a a(A) Tc(K) Ref. 

Sc4C 3 7.2067 b < 1 
SCl3Clo 8.531 c 8.5 

Y2C3 a 8.2378 11.5 
Y1.4 Tho.6 C3.1 e 8.362 17.0 
Y1.8 Tio.2 C3.1 e 8.2382 14.5 
Y1.sZro.2C2.9 e 8.2360 13.0 
Y1.8 f ro .2  C2.9 e 8.2384 12.4 
Y1.8Mo0.2C2.9 e 8.239 13.8 
Y1.8Wo.2C3.1 e 8.240 14.8 

La2 C2.7o 8.8095 11.0 
Lal. 6 Tho. 4 C3. 2 8.7717 14.3 

Lu2 C f 8.0361 b 15 g 

Th 2C2.9o h 8 . 5 5 2 0  4.1 

1 " , 2 , 3 "  
2 

4, 5* 
6 
6 
6 
6 
6 
6 

7, 8*, 9* 
7 

5", 8 

7 
(continued) 
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Thl.6Sc0.4C3 i 8.531 6.8 9 
Thl.6Ho0.4C3 i 8.526 5.5 9 
Thl.6Er0.4C3 i 8.523 8.2 9 
Th 1.4Lu0.6 C 3 i 8.461 11.7 9 

aData for R2C 3 (R = Ce-Nd, Sm, Gd-Yb) reported in Spedding et al. (1958); Atoji and Williams 
(1961"); Atoji and Tsunoda (1971"); Atoji (1978"); Novokshonov (1980"). Data for R2C 3 (R -- U -  
Am) reported in Zachariasen (1952"); Austin (1959"); Mitchell and Lam (1970); Green et al. (1970"). 
bAt carbon-rich boundary. 
CAdditional diffraction lines could not be indexed. 
aPrepared at 1.5-2.5GPa; data for Y2_xTxC3+y ( T - - U ,  V, Nb, Ru, Au, Si, Ge, Sn, Pb, Bi; 
T c < Tc(Y2C3) ) reported in Krupka et al. (1969b). 
eprepared at 1.5-2.5 GPa. 
fPrepared at 3-9 GPa. 
gNo similar value reported elsewhere. 
hprepared at 3.5GPa; data for Th2_xRxC3+y (R = Ce-Nd, Gd-Dy; T c < T c (Th2C2.90)) reported in 
Krupka et al. (1973) 
/Prepared at 3-4 GPa. 
References: 1, Krikorian et al. (1969a); 2, Krikorian et al. (1969b); 3, Rassaerts et al. (1967); 4, 
Krupka et al. (1969a); 5, Novokshonov (1980); 6, Krupka et al. (1969b); 7, Giorgi et al. (1970); 8, 
Novokshonov et al. (1980): 9, Krupka et al. (1973). 

Th3P 4 type, D73, c/28, (220) I43d-ca  

La3Se4, T c -= 7.80 K, SX 
a - 9.055 A, Z - 4 (Holtzberg et al., 1965; Bucher et al., 1975) 

Atom WP x y z 

La 12(a) 3 0 1 
8 4 

Se 16(c) 0.075 0.075 0.075 

Compound a(A) Tc(K ) Ref. 

La3S4 a 8.730 8.06 1 
La3 Se4 b 9.060 7.80 1, 2* 
La3Te 4 9.630 5.30 1 

aTransforms to a tetragonal structure at 90 K, a -- 8.648, c = 8.730 A at 4.2 K (Demier et al., 1975). 
6Transforms to a tetragonal structure at 60 K, a = 8.971, c -- 9.055 A at 4.2 K (Dernier et al., 1975). 
References: 1, Bucher et al. (1975); 2, Holtzberg et al. (1965). 

CrsB 3 type, D8 t, ti32, (140) I 4 /mcm- lhca  

branch InsBi 3 
InsBi3, T c = 4.2 K, SX, T = 293 K, R = 0.066 
a = 8.544, c -- 12.680A, Z = 4 (Kubiak, 1977; Degtyareva et al., 1981) 

Atom WP x y 

In(1 ) 16(/) 0.1446 0.6446 0.1649 
In(2) 4(c) 0 0 0 
Bi(1) 8(h) 0.6559 0.1559 0 

1 Bi(2) 4(a) 0 0 

(continued) 
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Compound a(A) c(A) T c (K) Ref. 

1%.65 5bo.35 a 8.34 
InsBi 3 8.544 

12.34 5.6 1 
12.68 4.2 b 1, 2* 

aprepared at 5.5 GPa. 
bT c " - -  6.4 K for Ino.6oBio.4o prepared at 5.0 GPa. 
References: 1, Degtyareva et al. (1981); 2, Kubiak (1977). 

Os4AI13 , mS34, (12) C2/m-i8d 
Os4Al13, T c = 5.5 K, SX, R = 0.103 
a = 17.64, b = 4.228, c = 7.773 A, fl = 115.15 ~ Z = 2 (Edshammar, 1964; Muller et al., 1968) 

Atom WP x y z 

Os(1) 4(i) 0.0081 0 0.3053 
Os(2) 4(i) 0.7060 0 0.2085 
AI(1) 4(i) 0.086 0 0.068 
Al(2) 4(i) 0.132 0 0.662 
Al(3) 4(i) 0.210 0 0.413 
Al(4) 4(/) 0.257 0 0.113 
Al(5) 4(i) 0.413 0 0.132 
Al(6) 4(i) 0.591 0 0.306 

1 1 Al(7) 2(d) 0 ~ 

CulsSi 4 antitype, D86, c/76, (220) I43d-eca 
Th4D15, T c = 7.63 K a, PN, RT, Rp = 0.0368 
a = 9.110 A, Z = 4 (Mueller et al., 1977; Dietrich et al., 1974). 

Atom w P  x y z 

Th 16(c) 0.2066 0.2066 
D(1) 48(e) 0.0345 0.3794 
D(2) 12(a) 3 0 

8 

0.2066 
0.1548 
1 _ 
4 

aFor hydride; T c = 8.46 K at 2.8 GPa (values taken from figure). 

TisRe24 type, Z phase, ci58, (217) I 4 3 m -  g2ca 
substitution derivative of ~-Mn, A 12 

TisRe24, T c = 6.6 K, PX 
a = 9.609 A, Z = 2 (Trzebiatowski and Niemiec, 1955; Matthias et al., 1961) 

Atom WP x 

Ti(1) 8(c) 0.317 0.317 0.317 
Ti(2) 2(a) 0 0 0 
Re(l) 24(g) 0.089 0.089 0.278 
Re(2) 24(g) 0.356 0.356 0.042 

Compound a(A) Tc(K ) Ref. 

Zro. 14Tco.86 9.636 9.7 
Nbo.24Tco.76 9.592 12.9 

1 

2 

(continued) 
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Sc5Re24 9.65 2.2 3, 4 
TisRe24 9.587 6.6 5, 6* 
Zro.14Reo.86 9.698 7.4 5 
Hfo.14Reo.86 9.6801 5.86 7, 8 
Nbo.18Reo.s2 9.641 9.7 5, 9* 
Tao.zsReo.75 9.650 a 6.78 10, 8 

Tao.19Nbo.loReo.71 . . .  9.8 11 
Moo.zsReo.75 9.593 9.26 12, 8 
Wo.25Reo.75 9.594 9.00 13, 8 
A15Re24 9.58 3.35 14, 15 

Nbo.5oOso.5o 9.760 2.86 16 

Nbo.6oPdo.4o 9.77 2.47 16 

aValue taken from figure. 
References: 1, Compton et al. (1961); 2, Giorgi and Szklarz (1970a); 3, Kripyakevich et al. (1963); 4, 
Phillips (1989); 5, Matthias et al. (1961); 6, Trzebiatowski and Niemiec (1955); 7, Taylor et al. (1963); 
8, Matthias et al. (1963); 9, Steadman and Nuttall (1964); 10, Brophy et al. (1960); 11, Tylkina et al. 

(1973); 12, Knapton (1958/1959); 13, Kuz'ma et al. (1968); 14, Kripyakevich and Kuz'ma (1962); 
15, Roberts (1976); 16, Bucher et al. (1961). 

M%Se 8 type, Chevrel phase, hR42, (148) R3- f2c  

Mo6Se8, T c = 6.5 K, SX, R = 0.045 
a = 9.545, c = 11.210 A, Z -- 3 (Bars et aL, 1973a; Tarascon et aL, 1984b) 

Atom WP x y 

Mo 18(f) 0.17099 0.15205 0.10597 
Se(1) 18(f) 0.03792 0.32762 0.08291 
Se(2) 6(c) 0 0 0.28627 

Compound a(A) c(A) T c (K) Ref. 

Mo6S 8 9.183 10.909 
Mo2Re4S 8 9.338 10.424 
Mo6S6Br2 9.545 10.357 
Mo68612 9.639 10.437 

Mo6Se 8 9.545 11.210 
Mos.25Nb0.75 Se8 9.60 11.16 
MOl.5 Re4. 5 Se 8 9.674 10.752 
Mo 4 Ru 2 Se 8 9.680 10.850 
Mo6SesC13 9.64 11.05 
Mo6SevBr 9.65 a 11.01" 
Mo6Se7I 9.80 a 10.88" 

1.85 
, . .  

13.8 
14.0 

6.5 
6.2 
. . .  

. . .  

5.7 
7.1 
7.6 

Mo6Te 8 10.212 11.681 < 1.3 
Mo5.25Nbo.75Te8 10.21 11.70 < 1.7 
M%.zsTao.vsTe8 10.21 11.70 < 1.7 
Mo4Re 2Te 8 10.225 11.508 3.55 

1, 2* 
3 
4" ,5  
5 

6", 1 
7 
8* 
8* 
7 
5 
5 

9 

7 

7 

3 
(continued) 
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Mo5 RuTe 8 10.242 11.505 3.21 9 
Mo4.66Rhl.33Te8 10.25 11.53 < 1.7 7 
Mo6Te6C12 10.19 11.68 .. .  7 
Mo6Te5 Br3 10.20 11.66 ... 7 
Mo6Te6I 2 10.31 a 11.35 a 2.6 5 

aValue taken from figure. 
References: 1, Tarascon et aL (1984b); 2, Chevrel et al. (1974); 3, Perrin et aL (1978); 4, Perrin et aL 

(1979); 5, Sergent et al. (1977); 6, Bars et al. (1973a); 7, Perrin et al. (1980); 8, H6nle et al. (1983); 9, 
Berry et al. (1988). 

Mo6Ga31 type, mP148, (14) P21/c-e36ca 

Mo6Ga30.75 a, T c -- 9.8 K, SX, R = 0.06 
a -- 9.517, b = 16.067, c = 16.995 A,/~ = 95.09 ~ Z = 4 (Yvon, 1974; Matthias et aL, 1961) 

Atom WP x y z Occ. 

Mo(1) 4(e) 0.0622 0.3819 0.2381 
Mo(2) 4(e) 0.1701 0.1489 0.0394 
Mo(3) 4(e) 0.1848 0.6131 0.0403 
Mo(4) 4(e) 0.3000 0.1109 0.3434 
Mo(5) 4(e) 0.5753 0.3839 0.3591 
Mo(6) 4(e) 0.6908 0.1585 0.1605 
Ga(1 ) 4(e) 0.0180 0.7456 0.0122 
Ga(2 ) 4(e) 0.0492 0.1218 0.3923 
Ga(3) 4(e) 0.0707 0.8804 0.3983 
Ga(4) 4(e) 0.0740 0.6328 0.4049 
Ga(5) 4(e) 0.0894 0.3791 0.3927 
Ga(6) 4(e) 0.1066 0.7566 0.2875 
Ga(7) 4(e) 0.1093 0.0033 0.2909 
Ga(8) 4(e) 0.1561 0.2416 0.2959 
Ga(9) 4(e) 0.1563 0.5204 0.3035 
Ga(10) 4(e) 0.1669 0.8845 0.1836 
Ga(11) 4(e) 0.1778 0.2859 0.1337 
Ga(12) 4(e) 0.2014 0.4729 0.1319 
Ga(13) 4(e) 0.2046 0.1210 0.1914 
Ga(14) 4(e) 0.2223 0.6351 0.1927 
Ga(15) 4(e) 0.2683 0.0051 0.0800 
Ga(16) 4(e) 0.2766 0.2008 0.4806 
Ga(17) 4(e) 0.2812 0.7562 0.0913 
Ga(18) 4(e) 0.3008 0.0028 0.4582 
Ga(19) 4(e) 0.3420 0.3841 0.2600 
Ga(20) 4(e) 0.3727 0.3844 0.4529 
Ga(21) 4(e) 0.4314 0.1959 0.0981 
Ga(22 ) 4(e) 0.4357 0.2488 0.3619 
Ga(23) 4(e) 0.4359 0.3846 0.0978 
Ga(24) 4(e) 0.4974 0.1309 0.2514 
Ga(25) 4(e) 0.5408 0.0850 0.4265 
Ga(26) 4(e) 0.5604 0.0203 0.1359 
Ga(27) 4(e) 0.5956 0.4702 0.2187 
Ga(28) 4(e) 0.5986 0.2955 0.2252 
Ga(29) 4(e) 0.6541 0.1224 0.0110 

0.9 

0.9 
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Ga(30) 4(e) 0.6729 0.2971 0.0659 
1 Ga(31) 2(c) 0 0 

Ga(32) 2(a) 0 0 0 0.9 

aEarlier referred to as MoGa 4 or MoGa 5. 

Pdl7Sel5 type, palladseite, cP64, (221) Pm~3m-mjifeca 
Rh17S15, T c -- 5.8 K, SX, R = 0.12 
a = 9.911 A, Z = 2 (Geller, 1962; Raub et al., 1963) 

Atom WP x y 

Rh(1) 24(m) 0.1436 0.1436 0.3565 
1 1 Rh(2) 6(f) 0.2612 ~ 
1 1 Rh(3) 3(c) 0 5 

Rh(4) l(a) 0 0 0 
1 0.2690 0.2690 S(1) 12(j) 

S(2) 12(i) 0 0.3304 0.3304 
S(3) 6(e) 0.2357 0 0 

o~-MOlsSel9 type, hP68, (176) P63/m-i4h2fe 
filled-up derivative In3Mol5Sel9 
In2.s7Mo15Se19, T c = 3.8 K, SX, R = 0.07 
a = 9.804, r = 19.49 A, Z = 2 (Grfittner et al., 1979; Tarascon et al., 1985) 

Atom WP x y z Occ. 

1 In(l) 6(h) 0.0458 0.2127 
1 2 0.1288 In(Z) 4(f) ~ 

Mo(1) 12(i) 0.1647 0.0142 0.0571 
Mo(2) 12(i) 0.5035 0.3185 0.1334 

1 Mo(3) 6(h) 0.5127 0.1692 
Se(1 ) 12(i) 0.2858 0.3198 0.0509 
Se(2) 12(i) 0.3794 0.0091 0.1393 

1 Se(3) 6(h) 0.3543 0.3136 
1 2 0.5297 Se(4) 4(f) ~ 

Se(5) 4(e) 0 0 0.1617 

0.29 

Compound a a(A) c(A) T c (K) Ref. 

Mo15819 9.218 18.077 < 0.5 1 
Mol5Sel9 9.462 19.61 4.3 2, 3* 

Li3MOl5 Se19 9.724 19.47 3.5 2 
Na3Mol5Sel9 9.712 19.68 < 0.5 2 

K2 InMol5 Sel9 9.790 19.59 1.3 2 
(continued) 
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In3MolsSel9 9.793 19.44 3.8 2, 4 
T13.3Mo15Se19 9.853 19.41 < 0.5 2 
Sn2.6Mo15 Se19 9.890 19.57 < 0.5 2 
Pb2.3Mo15Se19 9.611 19.59 < 0.5 2 

aData for AxMOlsS19 (A -- Na, K, Zn, Cd, In, T1, Sn; T c < 0.5 K) reported in Tarascon and Hull (1986). 
References: 1, Tarascon and Hull (1986); 2, Tarascon et al. (1985); 3, Davis and Robinson (1990); 4, 
Griittner et al. (1979). 

13-MolsSe19 type, hR204, (167) R3c- f4e2c  2 

filled-up derivative In2MolsSel9 
In2MolsSe19, T c = 1.5 K, SX, R = 0.055 
a = 9.688, c -- 59.10 A, Z -- 6 (Potel et al., 1981, 1984) 

Atom WP x y z 

In 12(c) 0 0 0.11425 
Mo(1 ) 36(f) 0.15307 0.16491 0.21066 
Mo(2) 36(f) 0.16911 0.14921 0.01977 

1 Mo(3) 18(e) 0.15973 0 
Se(1 ) 36(f) 0.04005 0.32681 0.01663 
Se(2) 36(f) 0.32380 0.02960 0.21427 

1 Se(3) 18(e) 0.69019 0 
Se(4) 12(c) 0 0 0.05457 
Se(5) 12(c) 0 0 0.17609 

Compound a(A) c(A) To (K) Ref. 

MolsSe19 9.478 58.76 4.3 1, 2* 

K2MolsS19 . . . . . .  3.32 3 

Li2MOl5 Sel9 9.637 58.16 2.6 1 
Na2MOlsSel9 9.611 58.51 < 0.5 1 
K2MolsSel9 9.727 58.17 2.1 1 
Ba2MolsSel9 9.811 57.57 .. .  4* 
Ag 3 Mo15 Sel9 a 9.910 57.070 .. .  3" 
Cd2.sMOl5Sel9 9.970 56.70 < 0.5 1 
In2MOlsSel9 9.687 58.15 1.4 1, 5* 
Sn2MolsSe19 9.676 58.98 < 0.5 1 
Pb2MolsSe19 9.683 57.78 < 0.5 1 

aThe Ag atoms are displaced from the 3-fold axis to three partly occupied tetrahedral sites. 
References: 1, Tarascon et al. (1985); 2, Gougeon et al. (1991); 3, Potel et al., 1984; 4, Gougeon et al. 

(1989); 5, Potel et aL (1981). 
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6. AmC60 Types 

K3C60 type, f.c.c., cF252, (225) Fm3m-12jca 
filled-up derivative of C60 , fullerene 
K 3 C 6 o  , T c - -  19.3 K, PX a, RT, Rwp = 0 . 0 8  

a = 14.24 A, Z -- 4, Fig. 6.26 (Stephens et al., 1991) 

Atom WP x y z Occ. 

1 K(1) 8(c) 
K(2) 4(a) 0 
C(1) 192(/) 0.051 
C(2) 192(/) 0.084 
C(3) 96(j)  0 

1 1 
4 4 
0 0 
0.316 0.160 
O.096 0.287 
0.046 0.255 

0.5 
0.5 
0.5 

aSynchrotron radiation. 

Compound 

Fullerides wtih C60 molecules in (approximate) f.c.c, arrangement. 

Space Group a(A) b(A) c(A) Tc(K ) Ref. 

C60 Fro3 

KC6o Pmnn 
RbC6o Pmnn 

Na2C6o Pa3 

Li2CsC60 Fm3m 
Na3C6o Fm~3m 

NazKC60 f.c.c. 
Na2RbC60 Pa3 
NazCsC60 Fm3m 
NazCs(NH3)4C60 Fm3 

K3C6o Fm3m 
KzRbC6o s 
KzCsC60 f.c.c. 
K3 (NH3)C60 Fmmm 

Rb3C60 Fm3m 
Rb2KC60 f.c.c. 
Rb2CsC60 f.c.c. 
Cs2RbC60 f.c.c. 

8ro.08C6o g Fm3 
Yb2.75C60 Pbca 
Ca5C6o Fm3m 
Na6C60 Fm3m 

14.161 a n.o. 1, 2 

9.109 9.953 14.321 b n.o. 
9.138 10.107 14.233 c n.o. 

3 �9 

3* 

14.189 < 2 4* 

14.0746 n.oil 
14.191 < 2 e 
14.025 2.5 
14.028 2.5 
14.132 f 10.5 
14.473 29.6 
14.240 19.3 
14.243 23 
14.292 24 
13.687 14.895 14.971 n.o. 
14.384 29 
14.323 27 
14.431 31.30 
14.555 33 
14.144 n.o. 
27.8733 27.9804 27.8743 6 
14.01 8.4 
14.380 < 2 

5 �9 

4* 
1 
1,6 
7 ,6  
7* 
1, 8* 
1 
1 
9* 
1, 10" 
1 

1,11 
1 

12" 
13" 
14" 
4* 

(continued) 
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Na9.7C60 h Fm3 14.59 < 2 15" 

K3T14.5C60' f.c.c. 14.7 25.6 16 
Rb2.7T12.2C60 j f.c.c. 14.46 45.0 k 16 

aOrder-disorder phase transition takes place at 249 K, LT-modification refined in space group Pa3, 
a = 14.0408/~ at 5K (David et al., 1991"). 
bpolymer structure; order-disorder phase transition takes places at 423 K, for HT-modification 
a = 14.07 A at 473 K, space group Fm3m; slow cooling to room temperature produced disproportio- 
nation to C60 and K3C60; monoclinic structure observed after rapid quenching, C2/m, a = 17.092, 
b = 9.771, c = 19.209 A, fl = 124.06 ~ at 19 K (Zhu et al., 1995"). 
CPolymer structure. 
dT~ = 12 K reported for sample containing 1% Li2CsC60 in Tanigaki et al. (1992). 
eDisproportionation to Na2C60 and Na6C60 observed below 250 K (Rosseinsky et al., 1992). 
fOrder-disorder phase transition takes place at 299 K, LT-modification refined in space group Pa3, 
a = 14.0458 A at 1.6K (Prassides et al., 1994"). 
gSample of nominal composition Sr3C60 containing also 66.2% of "A15-type" phase. 
hComposition from chemical analysis. 
/Nominal composition of sample, prepared from mixture C60/C70, also containing body-centered 
tetragonal phase. 
~ominal composition of sample also containing body-centered tetragonal phase. 
kNo similar value reported elsewhere. 
References: 1, Tanigaki et al. (1992); 2, David et al. (1991); 3, Stephens et al. (1994); 4, Rosseinsky et 
aL (1992); 5, Hirosawa et al. (1994); 6, Prassides et al. (1994); 7, Zhou et al. (1993); 8, Stephens et al. 
(1991); 9, Rosseinsky et al. (1993); 10, Fischer et al. (1995); 11, Fleming et al. (1991a); 12, Kortan et 
al. (1994); 13, Ozdas et aL (1995); 14, Kortan et al. (1992a); 15, Yildirim et al. (1992); 16, Iqbal et al. 
(1991). 

Cs6C60 type, ci132, (204) Im3-h2ge 
Ba6C60, T c = 7 K, PX, R B = 0.096 
a = 11.171 A, Z = 2 (Kortan et al., 1992b) 

Atom WP x y 

1 Ba 12(e) 0.2207 0 
C(1) 48(h) 0.0635 0.2301 0.2057 
C(2) 48(h) 0.1029 0.1262 0.2693 
C(3) 24(g) 0 0.0635 0.3087 

Compound 

Fullerides with C60 molecules in (approximate) b.c.c, arrangement. 

Space Group a(A) c(A) To(K) Ref. 

Sr 3 C60 a 
Ba3C60 

Pm3 11.140 n.o. 
Pm3n 11.343 n.o. 2* 

(continued) 
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K4C6o I4/mmm 11.886 10.774 n.o. 3 
Rb4C6o I4/mmm 11.962 11.022 n.o. 3 
Cs4C6o I4/mmm 12.057 11.443 n.o. 3 

K6C6o Im3 11.385 n.o. 3 
Rb6C6o Ira3 11.548 n.o. 3 
Cs6C6o Im3 11.79 n.o. 4* 
Sr6 C6o Im3 10.975 4 1 * 
Ba6C6o Im3 11.171 7 5* 

aMulti-phase sample also containing 33.8% of s Sr2.o8C6o. 
References: 1, Kortan et al. (1994); 2, Kortan et al. (1993); 3, Fleming et al. (1991b); 4, Zhou et al. 
(1991); 5, Kortan et al. (1992b). 

c. Ternary Structure Types 

1. ABCTypes 

l s -GdCBr  type, mS12, (12) C2/m-i  3 

YCI, T c = 9.7 K, SX, T = 293 K, R = 0.075 
a = 7.174, b = 3.866, c = 10.412A,/~ = 92.98 ~ Z = 4, Fig. 6.18a (Mattausch et al., 1994; Simon 
et al., 1996) 

Atom WP x y z 

Y 4(i) 0.1470 0 0.1316 
C 4(i) 0.429 0 0.037 
I 4(i) 0.1707 0 0.6676 

Compound a(/~) b(,~) c(/~) /~(~ Tc(K ) Ref. 

YCC1 6.830 3.712 9.332 95.01 2.30 1 
YCClo.65 Bro.35 6.866 3.731 9.568 94.82 3.55 1 

Nao.23YCBI a 7.061 3.724 10.464 92.96 6.2 2* 
LaCBr 7.451 4.056 10.026 94.31 6.2 3 

LaCBro.85 C lo. 15 7.421 4.045 10.013 94.70 7.2 3 
LaCBro.9oIo. lo 7.508 4.051 10.287 93.77 5.0 3 

GdCBr 7.025 3.8361 9.868 94.47 n.o. 4", 5 

YCI 7.217 3.879 10.435 93.55 9.7 1, 6* 

YCIo.88 Clo.12 7.172 3.857 10.452 93.79 10.70 1 
YCIo.75 Bro.25 7.154 3.851 10.388 93.92 11.10 1 * 

LaCI 7.673 4.130 10.843 92.99 < 2 3 
LaCIo.sClo. 5 7.570 4.086 10.644 93.69 3.7 3 

aFilled-up derivative. 
References; 1, Simon et al. (1996); 2, B~icker et al. (1996); 3, Ahn et al. (1997); 4, Schwanitz-Schfiller 
and Simon (1985); 5, Simon et al. (1991); 6, Mattausch et al. (1994). 
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3s-GdCBr type, mS12, (12) C 2 / m - i  3 

YCBr, T c = 5.03 K, PN, Rwp = 0.055 
a = 6.990, b = 3.765, c = 9.949 A, fl = 100.1 ~ Z = 4, Fig. 6.18b (Simon et al., 1996) 

Atom WP x y z 

Y 4(i) 0.4040 0 0.1485 
C 4(i) 0.0861 0 0.0361 
Br 4(i) 0.2099 0 0.6667 

Compound a(A) b(A) c(A) fl(~ Tc(K ) Ref. 

YCBr 6.958 3.767 9.932 99.97 5.05 1" 
YCBro.88 Clo.12 6.941 3.761 9.898 99.94 4.70 1 
YCBro.62 Io.38 7.054 3.808 10.321 100.06 7.00 1 

GdCBr 7.066 3.827 9.967 99.95 n.o. 2", 3 
TbCBr 7.015 3.801 9.948 100.05 n.o. 2, 3 

References: 1, Simon et al. (1996); 2, Mattausch et aL (1992); 3, Simon et aL (1991). 

LaPtSi type, tI12, (109) I41md-a  3 

substitution derivative of ~-ThSi 2, C c 

LaPtSi, T c - 3.3 K, SX, R = 0.052 
a = 4.2490, c = 14.539 A, Z = 4 (Klepp and Parth6, 1982a; Evers et al., 1984) 

Atom WP x y z 

La 4(a) 0 0 0.581 
Pt 4(a) 0 0 0.1660 
Si 4(a) 0 0 0.000 

Compound a(A) c(A) T c (K) Ref. 

LaPtSi 4.245 14.54 3.3 1, 2* 

ThRho.96Si1.04 4.128 a 14.28 a 6.45 3 
ThIrSi 4.142 a 14.27 a 6.50 3 

LaIrGe 4.3166 14.430 1.64 4, 5 
LaPtGe 4.266 14.96 3.4 1 

aValue taken from figure. 
References: 1, Evers et aL (1984); 2, Klepp and Parth6 (1982a); 3, Lejay et aL (1983); 4, Hovestreydt 
et aL (1982); 5, Subba Rao et aL (1985). 
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NbPS type, o112, (71) Immm-jig 
NbPS a, T c -- 12.5 K, PX, T = 298 K, R = 0.093 
a = 3.438, b = 4.725, c -- 11.88 A, Z -- 4 (Donohue and Bierstedt, 1969) 

Atom WP x y 

1 0 0.1232 Nb 4( j )  
P 4(g) 0 0.265 0 
S 4(i) 0 0 0.288 

aprepared at 6.5 GPa. 

TiFeSi type, 0/36, (46) Ima2-c2b4a 
TiFeSi, SX, R = 0.094 
a = 6.997, b = 10.830, c = 6.287 A, Z = 12 (Jeitschko, 1970) 

Atom WP x y 

1 Ti(1) 4(b) 
1 Ti(2) 4(b) 
1 Ti(3) 4(b) 

Fe(1) 8(r 0.5295 

Fe(2) 4(a) 0 
Si(1) 8(c) 0.5060 

1 Si(2) 4(b) 

0.2207 
0.4979 

0.7996 
0.1236 

0 
0.3325 

0.0253 

0.0206 
0.1677 

0.0463 
0.3699 
0.0000 
0.2452 

0.2554 

Compound a(A) b(A) c(A) T c (K) Ref. 

NbReSi 7.070 11.442 6.606 
TaReSi 7.002 11.614 6.605 

TiFeSi 6.997 10.830 6.287 

5.1 
4.4 

NbRuSi 7.123 11.413 6.535 2.65 
TaRuSi 7.222 11.111 6.482 3.15 

2* 

References: 1, Subba Rao et al. (1985); 2, Jeitschko (1970). 

TiNiSi type, oP12, (62) Pnma-c 3 
substitution derivative of Co2P 

ZrRuP, T c = 3.82 K, SX, R = 0.036 
a = 6.4169, b = 3.8623, c = 7.3215 A, Z = 4, Fig. 6.14d (Miiller et al., 1983) 

Atom WP x y 

1 Zr 4(c) 0.0225 
1 Ru 4(c) 0.1508 
1 P 4(c) 0.2744 

0.6804 

0.0606 

0.3778 

(continued) 
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Compound a(A) b(A) c(A) Tc(K ) Ref. 

YIrSi 6.789 
TilrSi 6.2578 
ZrlrSi 6.5578 
HflrSi 6.4710 

ZrRuP 6.4169 
NbRuP 6.318 
TaRuP 6.288 

ZrRhP 6.483 
NbRhP 6.306 
TaRhP 6.253 

4.188 7.462 2.70 1 
3.8581 7.2006 < 1.7 1 
3.9537 7.3762 2.04 1 
3.9380 7.3763 3.50 1" 

3.8623 7.3215 3.82 2* 
3.719 7.173 < 1.1 2 
3.713 7.164 < 1.1 2 

3.787 7.393 1.55 2 
3.737 7.187 4.42 2 
3.736 7.180 4.86 2 

References: 1, Xian-Zhong et al. (1985); 2, Miiller et al. (1983). 

ZrNiAl type, hP9, (189) P62m-gfda 
substitution derivative of Fe2P, C22 
ZrRuP, T c = 12.93 K, PX, R, = 0.10 
a - 6.459, c = 3.778 A, Z = 3, Fig. 6.14b (Barz et al., 1980; Meisner and Ku, 1983) 

Atom WP x 

Zr 3(f) 0.585 0 0 
1 Ru 3(g) 0.235 0 

1 2 1 P(1) 2(d) g g 
P(2) l(a) 0 0 0 

Compound a(A) c(A) T c (K) Ref. 

TiRuP 6.303 3.567 1.3 1", 2* 
ZrRuP 6.459 3.778 12.93 a 2*, 1" 
HfRuP 6.414 3.753 10.8 2, 1" 
TiOsP 6.285 3.625 <0.35 2, 1 
ZrOsP 6.460 3.842 7.4 2, 1 
HfOsP 6.417 3.792 6.10 2, 1 

ZrRuAs 6.586 3.891 11.90 
HfRuAs 6.568 3.842 4.93 
ZrOsAs 6.602 3.794 8.0 
HfOsAs 6.569 3.808 3.2 

a T  c - -  13.3 K determined for sample containing --,83% of the phase. 
References: 1, Meisner and Ku (1983); 2, Barz et al. (1980). 
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ZrSO type, r (198) P213-a 3 
LaIrSi, T c = 2.3 K, PX, R = 0.12 
a = 6.337 A, Z = 4 (Chevalier et al., 1982a) 

Atom WP x y 

La 4(a) 0.365 0.365 0.365 
Ir 4(a) 0.077 0.077 0.077 
Si 4(a) 0.674 0.674 0.674 

Compound a(A) T c (K) Ref. 

L a R h S i  6.296 4.35 1 
LaIrSi 6.337 2.3 1", 2* 

References: 1, Chevalier et al. (1982a); 2, Klepp and Parth6 (1982b). 

2. ABCn Types (n > 2) 

LuRuB 2 type, oP16, (62) P n m a - d c  2 

LuRuB2, T c = 9.99 K, SX, R = 0.085 
a = 5.809, b = 5.229, r = 6.284 A, Z = 4 (Shelton et al., 1980; Ku and Shelton, 1980) 

Atom WP x y z 

1 0.6648 Lu 4(c) 0.0105 
l 0.1824 Ru 4(c) 0.1816 

B 8(d) 0.358 0.084 0.464 

Compound a a(A) b(A) c(A) T c (K) Ref. 

YRuB 2 5.918 5.297 6.377 7.80 1, 2 

Yo.8 Sco.2 RuB2 . . . . . . . . .  8.10 2 
LuRuB 2 5.809 5.229 6.284 9.99 1 *, 2 
ScOsB 2 5.647 5.178 6.184 1.34 1, 2 
YOsB 2 5.905 5.299 6.391 2.22 1, 2 
LuOsB 2 5.809 5.231 6.318 2.66 1, 2 

aData for RRuB 2 and ROsB 2 (R = Tb-Tm) reported in Shelton et al. (1980); data for PuTB 2 

(T = Tc, Re, Ru, Os) reported in Rogl et al. (1987). 

References: 1, Shelton et al. (1980); 2, Ku and Shelton (1980). 
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MnCu2Al type, Heusler phase, L21, cF16, (225) F m 3 m - c b a  

substitution derivative of BiF 3, D03 
YPdESn a, T c -- 5.5 K, SX 
a = 6.718 A, Z = 4, Fig. 6.7b (Jorda et al., 1985) 

Atom WP x y z 

1 1 1 Y 4(b) ~ i 
Pd 1 1 1 

Sn 4(a) 0 0 0 

aSample of nominal composition Yo.24Pdo.52Sno.24. 

Compound a a(A) T(K) Ref. 

ScAu2A1 6.535 4.40 1, 2 
ScAu2In 6.692 3.02 1, 2 

ScPd2Sn 6.503 2.15 3 

YPd2In 6.723 0.85 4 
YPd2 Sn b 6.718 5.5 5 
YPd2Pb 6.790 4.76 4 
YPd2Sb 6.691 0.85 4 
YPdEBi 6.825 <0.07 4 

TmPd2Sn 6.670 2.82 3 
YbPd2Sn 6.658 2.42 3 
LuPd2Sn 6.645 3.05 3 

aData for RPd2Sn (R = Tb-Er; superconductivity not observed) reported in Malik et al. (1985). 
bSample of nominal composition Y0.24Pd0.52Sn0.24 . 
References: 1, Dwight and Kimball (1987); 2, Savitskii et al. (1985); 3, Malik et al. (1985); 4, 
Ishikawa et al. (1982); 5, Jorda et al. (1985). 

Mo2BC type, oS16, (63) C m c m - c  4 

Mo2BC, T c = 5.4 K, SX, R = 0.035 
a = 3.086, b = 17.35, c = 3.047 A, Z = 4, Fig. 6.22 (Smith et al., 1969) 

Atom WP x 

Mo(1) 4(c) 0 
Mo(2) 4(c) 0 
B 4(c) 0 
C 4(c) 0 

0.1861 
0.4279 
0.0269 
0.3080 

(continued) 
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Compound a(A) b(A) c(A) T c (K) Ref. 

Mo2BC a 3.084 b 17.355 b 3.045 b 7.5 1, 2", 3* 
Mol.18Rh0.2BC 3.083 b 17.323 b 3.0426 9.0 b 4 

Nb2BNo.98 3.172 17.841 3.114 2.5 5* 

aData for MO2_xTxBC (T = Zr, Hf, Nb, Ta, W; T c < Tc(Mo2BC)) reported in Lejay et al. (1981a, b). 
bValue taken from figure. 
References: 1, Lejay et al. (198 lb); 2, Jeitschko et al. (1963b); 3, Smith et al. (1969); 4, Lejay et al. 

(1981a); 5, Rogl et al. (1988). 

CaTiO 3 type, perovskite, E21 , cP5, (221) Pm3m-dba  

Bao.57Ko.a3BiO3, T c = 30 K, PN, T = 10 K, Rwp = 0.0857 
a -- 4.2742 A, Z -- 1, Fig. 6.23 (Pei et al., 1990) 

Atom WP x y 

1 1 1 Ba a l(b) ~ ~ 
Bi l(a) 0 0 0 

1 0 0 O 3(d) 

aBa = Bao.s7Ko.43 . 

Cr3AsN antitype, t/20, (140)I4/mcm-hcba 
deformation derivative of CaTiO 3, perovskite, E21 
BaPbo.sBio.203, T c -- 10K a, PN, T -  10K, Rwp = 0.0795 b 
a = 6.0217, c = 8.6110A, Z -- 4 (Marx et aL, 1992) 

Atom WP x y 

1 1 Ba 4(b) 0 ~ 
Pb c 4(c) 0 0 0 
O(1) 8(h) 0.2134 0.7134 0 

1 O(2) 4(a) 0 0 

aValue taken from figure. 
bSample contained 42% of nonsuperconducting orthorhombic modification. 

cpb -- Pb0. 8 Bi0. 2 . 

Compound a(A) c(A) T c (K) Ref. 

BaPbo.75 Sbo.25 O3 6.028 8.511 
B aPbo. 7 B io. 3 03 6.0576 8.6182 

B aPbo. 5 B io.25 Tlo.25 02.91 b 6.0564 8.5947 

3.5 
11.5 a 
9 

1 

2* 
3* 

aValue taken from figure; T c = 13 K reported in Sleight et al. (1975). 
bSite 0(2) split into 16(j) 0.0375 0 �88 
References: 1, Cava et al. (1989); 2, Marx et al. (1992); 3, Iqbal et al. (1990). 
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RbxWO 3 type, hexagonal bronze, hP26, (193) P 6 3 / m c m - k j g b  

Rb0.28WO 3, T c = 2.90 K, SX, R = 0.047 
a = 7.3875, c = 7.5589 A, Z = 6 (Labb6 et al. 1978; Wanlass and Sienko, 1975) 

Atom WP x y z Occ. 

Rb 2(b) 0 0 0 
1 W 6(g) 0.48053 0 

O(1) 12(k) 0.4769 0 0.0009 
1 0(2) 12(/') 0.2149 0.4224 

0.85 

0.5 

Compound a(A) c(A) T c (K) Ref. 

WO 3 7.3244 7.6628 .. .  1" 

K o . 2 0 W O  3 7.3869 7.5101 a 5.70 b 2*, 3 
Rb0.28WO 3 7.3875 7.5589 6.55 b 4*, 3 
Cs0.20WO3 7.4203 7.5674 4.76 b 2", 3, 5* 

aSplitting of K site reported for K0.33WO 3 in Kudo et al. (1991"); structure refined in space group 
P6322 in Pye and Dickens (1979"), P63 in Schultz et al. (1986a*). 
bFor acid-etched sample. 
References: 1, Oi et al. (1992); 2, Kihlborg and Hussain (1979); 3, Remeika et al. (1967); 4, Labb6 et 

al. (1978); 5, Oi et al. (1993). 

3. A B 2 C  n Types (n > 2) 

CeAl2Ga 2 type, tI10, (193) I 4 / m m m - e d a  

substitution derivative of BaA14, D13 
LaRu2P1.89, T c = 4.1 K, SX, R = 0.028 
a = 4.031, c = 10.675/~, Z = 2, Fig. 6.13 (Jeitschko et al., 1987) 

Atom WP x y z Occ. 

La ~ 2(a) 0 0 0 
1 1 Ru 4(d) 0 ~ a 

P 4(e) 0 0 0.3593 0.947 

aRefined occupancy 0.997(2). 

Compound a a(A) c(A) Tc(K ) Ref. 

URu2Si 2 4.126 9.568 1.2 1", 2 
CeCu2 Si2 b 4.1012 9.925 0.67 3, 4* 

SrRu2P2 4.032 11.122 <1.8 5* 
LaRu2P2 4.031 10.675 4.1 5" 

aData for RRu2P 2 (R ---- Ca, Ba, Y, Ce-Nd, Sm-Yb; Tr < 1.8 K for R = Ca, Ba, Y) reported in 
Jeitschko et al. (1987). 
bSample of nominal composition Ce0.193Cu0.428i0.387. 
References: 1, Cordier et al. (1985); 2, Wfichner et al. (1993); 3, Ishikawa and Braun (1983); 4, 
Neumann et al. (1988); 5, Jeitschko et aL (1987). 
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YB2C 2 type, tP10, (131) P42/mmc-mke 
LaB2C2 a, SX, R = 0.038 
a = 3.8218, c = 7.9237 A, Z = 2 (Bauer and Bars, 1980) 

Atom WP x y z 

1 La 2(e) 0 0 
1 1 B 4(k) 0.226 ~ 
1 0 C 4(m) 0.173 

aOriginal description in space group P42c does not take into consideration all symmetry elements 
(Cenzual et al., 1991). 

Compound a a(A) c(A) Tc (K) Ref. 

YB2C 2 3.780 7.111 3.6 1, 2* 
LaBeC 2 3.823 7.927 <1.8 1, 3* 
DyBzC 2 3.779 7.119 n.o. 1, 4* 
LuBzC 2 3.762 6.890 2.4 1 

aData for RB2C 2 (R -- Ce-Nd, Sm-Tb, Ho-Yb; superconductivity not observed or not investigated) 
reported in Fishel and Eick (1969) and Sakai et al. (1982). 
References: 1, Sakai et aL (1982); 2, Bauer and Nowotny (1971); 3, Bauer and Bars (1980); 4, Bauer 
and Debuigne (1972). 

Bao.67Pt3B 2 type, hP12, (194) P63/mmc-hfa 
Bao.67Pt3B2 a, T c --- 5.60 K, PX, R o = 0.077 
a -- 6.161, c = 5.268 A, Z = 2 (Shelton, 1978) 

Atom WP x y z Occ. 

Ba 2(a) 0 0 0 
1 Pt 6(h) 0.512 0.024 

1 2 0.033 B 4(f) ~ 

0.67 

apossibly isotypic with Ba2Ni9B 6 with ordered vacancies, space group R3c, a -- 10.029, c = 14.533/~ 
(Jung and Quentmeier, 1980"). 

Compound a(A) c(A) T c (K) Ref. 

Cao.67 Pt 3 B 2 5.989 5.127 1.57 1 
Sro.67Pt3B 2 6.092 5.184 2.78 1 
Bao.67 Pt3 B 2 6.161 5.268 5.60 1 * 

Reference: 1, Shelton (1978). 
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C e C o 3 B  2 type, hP6, (191) P 6 / m m m - g c a  
substitution derivative of CaCus, D2 d 

branch PrNi2A13 
LuOs3B2, T c = 4.67 K, PX 
a = 5.455, c = 3.064 A, Z = 1, Fig. 6.11a (Lee et al., 1987) 

Atom WP x y z 

Lu l(a) 0 0 0 
1 0 1 Os 3(g) ~ 
1 2 0 B 2(c) ~ 

Compound a a(A) c(A) Tc (K) Ref. 

Lair 5 5.399 4.203 2.13 1, 2 
Thlr 5 5.315 4.288 3.93 2 

UNi2A13 5.207 4.018 1.1 3, 4 
UPd2A13 5.365 4.186 2.0 5, 4 

LaRh3B 2 5.480 3.137 2.82 6 
Lair3 B 2 5.543 3.116 1.65 6 
LuOs3B 2 5.457 3.052 4.67 6, 7 
ThRu3B 2 5.526 3.070 1.79 6 
Thlr3B 2 5.449 3.230 2.09 6 

aData for RRu3B 2 (R --- Y, La, Ce-Nd, Sm, Gd-Lu, U), UOs3B2, RRh3B 2 (R --Ce-Nd, Sm-Gd) and 
UIr~B~ (T~ ~ 1.2K) reported in Ku pt al  (1980)', T ~ -  6.00K reported for VOs31~ 2 (unknown 
structure) in Ku and Shelton (1980). 
References: 1, Vorob'ev and Mel'nikova (1974); 2, Geballe et al. (1965); 3, Geibel et al. (1991b); 4, 
Geibel et al. (1993); 5, Geibel et al. (1991a); 6, Ku et al. (1980); 7, Lee et al. (1987). 

LaRu3Si 2 type, hP12, (176) P63/m-h fb  

deformation derivative of CeCo3B 2 
LaRuaSi 2, T c = 7.60 K, PX 
a = 5.676, c = 7.120 A, Z = 2 (Vandenberg and Barz, 1980; Barz, 1980) 

Atom WP x y 

La 2(b) 0 0 0 
1 Ru 6(h) 0.01 0.490 

i 2 0.0 Si 4(f) ~ 

Compound a a(A) c(A) T c(K) Ref. 

YRu3 Si 2 5.543 7.152 3.51 b 1, 2 
LaRu3Si 2 5.676 7.120 7.60 b 1", 2 
ThRu3 Si 2 5.608 7.201 3.98 b 1, 2 

aData for RRu3Si 2 (R = Sc, Ce-Nd, Sm-Lu, U; T c < 1 K) reported in Barz (1980). 
bRu-rich sample containing also free Ru. 
References: 1, Vandenberg and Barz (1980); 2, Barz (1980). 
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Mo3AI2C type, cP24, (213)P4132-dca 
filled-up substitution derivative of/3-Mn, A13 
Mo3A12C , T c = 10.0K, PX 
a = 6.866 A, Z -- 4 (Jeitschko et al., 1963a; Johnston et al., 1964) 

Atom WP x 

1 0.206 0.456 Mo 12(d) g 
A1 8(r 0.061 0.061 0.061 
C 4(a) 3- 3- 3 

8 8 8 

MgAI204 type, spinel, H l  l, cF56, (227) Fd3m-ecb 

Li0.vsTi204, T c = 13.2K, SX, T -- 223 K, R = 0.0109 
a -- 8.4030 A, Z = 8 (Moshopoulou et aL, 1994) 

Atom WP x y z a Occ. 

Li 8(b) 3 3- 3 
8 8 8 

Ti 16(c) 0 0 0 
O 32(e) 0.23685 0.23685 0.23685 

0.75 

aOrigin at center (3m). 

Compound a(A) Tc(K ) Ref. 

Li0.75Ti204 8.4030 13.2 1 * 
Lil.03 Ti 1.90 04 8.40099 12.3 2" 

CuV2S 4 9.82 4.45 3 
CuRh2 S 4 9.790 4.35 4, 5* 

CuRh2 Se 4 10.263 3.50 4, 5* 

References: 1, Moshopoulou et al. (1994); 2, Dalton et al. (1994); 3, van Maaren et al. (1967); 4, 
Robbins et al. (1967); 5, Riedel et al. (1976). 

ZrFe4Si 2 type, tP14, (136) P42/mnm-i fa  

ZrNi4P2, SX, R -- 0.028 
a = 6.934, c -- 3.565 A, Z -- 2 (Pivan et al., 1989) 

Atom WP x y z 

Zr  2(a) 0 
Ni 8(i) 0.1648 

P 4(f)  0.2819 

0 0 
0.5851 0 
0.2819 0 

Compound a(A) c(A) T c (K) Ref. 

ZrNi4P 2 6.944 3.576 <2 1, 2* 
ZrRu4P 2 6.992 3.699 11 1 

HfRu4P 2 . . . . . .  9.5 1 

References: 1, Shirotani et al. (1997); 2, Pivan et al. (1989). 
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4. A B 3 C  n Types (n > 3) 

W3Fe3C type, q-carbide, E93, cF112, (227) Fd3m-fedc 
filled-up derivative of NiCd and Ti2Ni 
Zr 3V 3 O, T c -- 7.5 K, PN 
a = 12.1703 A, Z -- 16 (Rotella et al., 1983" Matthias et al., 1963) 

Atom WP x y g a 

1 Zr 48(f) 0.43541 
V(1) 32(e) 0.2078 0.2078 
V(2) 16(c) 0 0 

1 1 0 16(d) i 

1 
8 
0.2078 
0 
1 
2 

aOrigin at center (3m). 

Compound a(A) Tc(K ) Ref. 

Ti2Co 11.30 3.44 
Tio.573 Rho.287Oo.14 11.588 3.37 
Tio.573 Iro.287Oo.14 11.620 5.5 

Zr3V30 12.160 7.5 
Zro.61 R h 0 . 2 8 5  O0.105 12.408 11.8 
Zro.65 Iro.265 00.085 12.430 2.30 
Zro.61 Pdo.285 0O.lO 5 12.470 2.09 

1, 2* 
1 

1 
1 

References: 1, Matthias et al. (1963); 2, Rotella et al. (1983). 

HfsSn3Cu type, Nowotny phase, hP18, (193) P63/mcm-g2db 

filled-up derivative of MnsSi 3, D88 
Mo4.8Si3Co.6, T c = 7.6 K, PN, R B = 0.04 
a = 7.286, c = 5.046 A, Z = 2 (Parth6 et al. 1965; Sadagapan and Gatos, 1966) 

Atom WP x y z Occ. 

1 Mo(1) 6(g) 0.240 0 
1 2 0 0.9 Mo(2) 4(d) ~ 

1 Si 6(g) 0.60 0 
C 2(b) 0 0 0 0.6 

Compound a(A) c(A) T c(K) Ref. 

ZrsGa 3 8.020 5.678 3.8 1, 2 

Mo4.8 Si3Co. 6 7.286 5.046 7.6 3*, 4 
Nbo.511ro.3o Oo. 19 a 7.869 5.094 11.0 5 

aNominal composition of sample. 
References: 1, Boller and Parth6 (1963); 2, Chapnik (1985); 3, Parth6 et al. (1965); 4, Sad'agapan and 
Gatos (1966); 5, Horyn et al. (1978). 
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5. AB4C n Types  (n > 4) 

CeCo4B4 type, tP18, (137) P42 /nmc-g2b  

ErRh4B4, T c = 8.55 K, SX, T = 290 K, R = 0.049 
a -- 5.292, c -- 7.379 A, Z -- 2, Fig. 6.19a (Watanabe et al., 1984; Matthias et al., 1977) 

Atom WP x y Z a 

3 1 1 Er 2(b) ~ ~ 
1 0.5011 0.3953 Rh 8(g) 
1 0.0772 0.0971 B 8(g) 

aOrigin at 1. 

Compound a a(A) c(A) Tc(K ) Ref. 

Sc0.65Th0.35Rh4B4 5.317 7.422 8.74 b 1, 2 
YRh4B 4 5.308 7.403 11.34 1", 2, 3* 

NdRhaB 4 5.333 7.468 5.36 1, 2 

SmRh4B 4 5.312 7.430 2.51 1, 2, 3* 

GdRh4B 4 5.309 7.417 . . .  1 

TbRh4B 4 5.303 7.404 . . .  1 
DyRhaB 4 5.302 7.395 . . .  1 

DyRh2Ir2B 4 . . . . . .  4.64 4 
HoRhaB 4 5.293 7.379 . . .  1 

HoRh2Ir2B 4 . . . . . .  6.41 4 
ErRhaB 4 5.292 7.374 8.55 1, 5", 2 
TmRhaB 4 5.287 7.359 9.86 1, 2 

LuRh4B 4 5.294 7.359 11.76 1, 2 

L U 0 . v 5 T h 0 . 2 5 R h 4 B 4  . . . . . .  11.93 2 
ThRhnB 4 5.356 7.538 4.34 1, 2, 3* 

Y0.5 Luo.5 IraB4 5.408 7.280 3.21 4 
Hol.llr4B3.6 . . . . . .  2.12 4 
ErlraB 4 5.408 7.278 2.34 4 

Tmlr4B 4 5.404 7.281 1.75 4 

aData for RCo4B 4 (R = Y, Ce, Gd-Tm, Lu) reported in Kuz'ma and Bilonizhko (1972"). 

bFor composition Sc0.75Th0.25RhaB4 . 
References: 1, Vandenberg and Matthias (1977); 2, Matthias et al. (1977); 3, Yvon and Grfitmer 
(1980); 4, Ku et aL (1979b); 5, Watanabe et al. (1984). 
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LuRh4B 4 type, oS108, (68) Ccca-i6fa 
LuRh4B4, T c = 6.2 K, SX, R = 0.05 
a- -7 .410,  b = 22.26, c = 7.440A, Z = 12, Fig. 6.19c (Yvon and Johnston, 1982; Johnston and 
Braun, 1982) 

Atom WP x y g a 

1 Lu(1) 8(f) 0 0.5824 
1 1 Lu(2) 4(a) 0 ~ 

Rh(1) 16(i) 0.1180 0.0417 0.0955 
Rh(2) 16(i) 0.1530 0.1245 0.3670 
Rh(3) 16(i) 0.3531 0.2065 0.1272 
B(1) 16(/) 0.13 0.147 0.07 
B(2) 16(i) 0.19 0.023 0.40 
B(3) 16(i) 0.36 0.318 0.09 

aOrigin at 1. 

Compound a(A) b(A) c(A) Tc(K ) Ref. 

ErRh4B 4 7.444 22.30 7.465 4.3 1, 2 
TmRh4B 4 7.432 22.28 7.455 5.4 1, 2 
YbRh4B 4 7.424 22.26 7.458 n.o. 1, 2 
LuRh4B 4 7.410 22.26 7.440 6.2 1", 2 

References: 1, Yvon and Johnston (1982); 2, Johnston and Braun (1982). 

LuRu4B 4 type, t/72, (142) I41/acd-g2b 
LuRu4B4, T c -- 2.06 K, PX, R e = 0.065 
a -- 7.419, c -- 14.955 A, Z = 8, Fig. 6.19b (Johnston, 1977; Ku et al., 1979a) 

Atom WP x 

1 Lu 8(b) 0 
Ru 32(g) 0.350 0.138 
B 32(g) 0.139 0.068 

1 
8 

0.1875 
0.289 

aOrigin at 1. 

Compound a a(A) c(A) Tr Ref. 

ScRu4B 4 7.346 14.895 
YRu4B 4 7.454 14.994 
LuRu 4 B 4 7.419 14.955 
ThRu4 B 4 7.540 15.143 
URu 4B 4 7.459 14.986 

UOs4B 4 7.512 15.053 

7.23 
1.4 
2.06 

<1.5 

1 

2 , 1 , 3 "  
2*, 1 
2 
4* 

YRh4B4 . . . . . .  10 2 
Y(Rh0.85Ruo.15)4B 4 7.484 14.895 9.56 2, 5", 3* 
Pr(Rh0.85 Ru0.15)4 B 4 7.543 14.995 2.41 2 

(continued) 
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Nd(Rho.85 Ruo.15 )4 B4 7.537 14.969 < 1.5 2 
Sm(Rho.85 Ruo. 15 )4 B4 7.516 14.945 < 1.5 2 
Eu(Rho.85 Ruo. 15 )4 B4 7.505 14.932 2.0 2 
Gd(Rho.85 Ruo. 15 )4 B4 7.502 14.916 < 1.5 2 
Tb(Rho.85 Ruo.15)4B 4 7.490 14.898 < 1.5 2 
Dy(Rho.85 RUo.15)aB 4 7.479 14.885 4.08 2 
Ho(Rho.85 RUo. 15)4 B 4 7.476 14.872 6.45 2 

ErRh4B 4 7.461 14.804 7.80 6", 7 
Er(Rho.85 Ruo.15 )4 B4 7.468 14.862 8.02 2 
Tm(Rho.85Ruo.15)4B 4 7.458 14.853 8.38 2 
Yb(Rho.85 Ruo. 15)4B 4 7.449 14.851 < 1.5 2 
Lu(Rho.85 RUo. 15)4 B 4 7.445 14.837 9.16 2 

~Data for RRu4B 4 (R =Ce-Nd,  Sm-Yb; T c < 1.5 K for R = Ce, Pr, Sm, Eu, Tm, Yb) reported in 
Johnston (1977). 
References: 1, Ku et aL (1979a); 2, Johnston (1977); 3, Shelton et al. (1983); 4, Rogl (1980); 5, Yvon 
and Grfittner (1980); 6, Watanabe et al. (1986); 7, Iwasaki et al. (1986). 

LaFe4P12 type, ci34, (204) Im3-gca 
filled-up derivative of CoAs3, skutterudite, D02 
LaFe4P12, T c --- 4.08 K, SX, R -= 0.028 
a = 7.8316A, Z = 2 (Jeitschko and Braun, 1977; Meisner, 1981) 

Atom WP x 

La 2(a) 0 0 0 
1 1 1 Fe 8(c) ~ ~ 

P 24(g) 0 0.1504 0.3539 

Compound a a(A) T~(K) Ref. 

LaFe4P12 7.8316 4.08 
CeFe4P12 7.7920 <0.35 
PrFe4P12 7.8149 <0.35 
NdFe4Pl2 7.8079 <1.0 
SmFe4P12 7.8029 . . .  
EuFe4P12 7.8055 . . .  

LaRu4 P 12 8.0561 7.20 
CeRu4P12 8.0376 <0.35 
PrRu4P12 8.0420 <0.35 
NdRu4P12 8.0364 <1.0 
EuRu4Pl2 8.0406 .. .  

1", 2 
1,2 
1,2 
1,2 
1 
1 

1,2 
1,2 
1,2 
1,2 
1 

aData for ROs4P12 (R = La, Ce-Nd) reported in Jeitschko and Braun (1977). 
References: 1, Jeitschko and Braun (1977); 2, Meisner (1981). 
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6. AxB6C8Types 

LT-BaMo6S s type, Chevrel phase, aP15, (2) Pl-iTa 
BaMo6S 8, SX, T = 173 K, R -- 0.070 
a = 6.5896, b = 6.6500, c = 6.6899 A, ~ = 88.731, /~ = 88.818, y- -  88.059 ~ Z = 1 (Kubel and 
Yvon, 1990) 

Atom WP x y z 

Ba l(a) 0 0 0 
Mo(1) 2(i) 0.23750 0.56443 0.41916 
Mo(2) 2(i) 0.41765 0.23305 0.56528 
Mo(3) 2(i) 0.56678 0.41669 0.23264 
S(1) 2(0 0.1240 0.3924 0.7369 
S(2) 2(i) 0.2556 0.2469 0.2524 
S(3) 2(/) 0.3915 0.7359 0.1247 
S(4) 2(i) 0.7376 0.1224 0.3878 

For a list of triclinic Chevrel phases, see LT-Ni0.66Mo6Se 8. 
For superconducting transition temperatures of Chevrel phases, see HT-Pb0.9Mo6S 8. 

HT-Ni2.sMo6S s type, Chevrel phase, hR78, (148) R 3 - f  4c 
Cu2.76Mo6S8, T c = 10.9 K a, SX, R = 0.03 
a = 9.713, c = 10.213 A, Z = 3 (Yvon et al., 1977; Fliikiger et al., 1977) 

Atom WP x y z Occ. 

Cu(1) 18(f) 0.15378 0.05862 0.00161 
Cu(2) 18(f) 0.23611 0.14694 0.10334 
Mo 18(f) 0.15080 0.16564 0.39103 
S(1) 18(f) 0.05620 0.35913 0.07637 
S(2) 6(c) 0 0 0.20195 

0.24 
0.22 

aFor sample containing two LT modifications. 
For a list of rhombohedral Chevrel phases and superconducting transition temperatures, see 
HT-Pb0.9Mo6 S 8 . 

LT-Nio.66Mo6Se 8 type, Chevrel phase, aP16, (2) P l - i  8 
CUl.84Mo688, T c = 10.8 K, SX, T = 250 K, R = 0.08 
a = 6.479, b = 6.559, c = 6.569A, ~ = 96.89,/~ = 95.74, ~, = 93.44 ~ Z = 1 (Yvon et al., 1979; 
Fliikiger et al., 1977) 

Atom WP x y z Occ. 

Cu 2(i) 0.3407 0.0912 0.0576 
Mo(1) 2(i) 0.0442 0.4013 0.2194 
Mo(2) 2(i) 0.0943 0.7792 0.4629 
Mo(3) 2(i) 0.2796 0.4567 0.5936 
S(1) 2(i) 0.1266 0.2845 0.8595 
S(2) 2(i) 0.2282 0.1261 0.3828 
S(3) 2(i) 0.3627 0.6186 0.2826 
S(4) 2(i) 0.7044 0.1995 0.1958 

0.92 

(continued) 
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Compound T(K) Wyckoff a(A) b(A) c(A) 

sequence c~(~ tiC) 7(~ 

Ref. 

CaMo6S 8 27 

SrMo6S 8 20 i7a 

BaMo6S 8 19 iTa 

EuMo6S 8 40 i7a 

Crl.73Mo6S 8 RT i 8 

Fe2Mo6S 8 RT i s 

CUl.84Mo6S8 a 250 i s 

AgMo6 S 8 140 i 7 a 

InMo6S 8 100 

PbMo6S 8 10 

6.4912 6.4977 6.5060 1 
89.461 89.555 88.393 

6.481 6.572 6.611 2* 
89.246 89.304 88.169 

6.6976 6.6545 6.5685 3", 4* 
87.929 88.978 88.887 

6.4692 6.5651 6.5986 4* 
89.179 89.184 88.009 

6.522 6.497 6.449 5* 
94.68 90.70 97.91 

6.502 6.466 6.481 6* 
95.94 97.37 91.33 

6.479 6.569 6.559 7* 
96.89 93.44 95.74 

6.4592 6.4469 6.4590 8* 
91.77 91.57 91.72 

6.492 6.534 6.500 9 
93.55 91.34 94.40 

6.5759 6.5383 6.4948 10 
88.516 89.604 89.298 

Li4Mo6Ses b RT 

Til.2Mo6Se 8 RT 

V1.2Mo6Se 8 RT 

Crl.2Mo6Se 8 RT 

Mnl.2Mo6Se 8 RT 

Fel.2Mo6Se8 RT 

Ni0.66Mo6Se8 c RT i 8 

6.908 6.938 6.980 11 
95.828 91.645 96.794 

6.69 6.79 6.76 12 
91.22 98.52 94.21 

6.73 6.75 6.69 12 
91.56 98.12 94.29 

6.75 6.75 6.70 12 
92.20 98.02 94.17 

6.82 6.67 6.74 12 
92.21 97.01 91.57 

6.80 6.66 6.66 12 
91.08 96.03 93.19 

6.727 6.582 6.751 13" 
90.61 92.17 90.98 

Ni0.85 Mo6Te8 RT i 8 7.028 7.100 7.102 14* 
91.23 95.73 90.82 

aHomogeneity range CuxMo6S8, 1.75 < x < 1.85 (9.9 < T c < 11.0 K), two other LT modifications 
(unknown structure) were observed for x = 1.2 (T c = 5.6 K) and 3.1 < x < 3.3 (6.4 < T c < 4.0 K); 
two LT modifications (unknown structures) are reported for CuxMo6Se 8 at x "~ 1.7 (T c = 5.7) and 
x ~ 2.5 (T c = 2.0 K) (Flfikiger and Baillif, 1982). 
bHomogeneity range LixMo6Se 8, 3.6 < x < 4 at room temperature, a second triclinic single-phase 
region was observed for 2.5 < x < 2.6; LixMo6S 8 is reported to be triclinic for x > 3.95 at rooom 
temperature (McKinnon and Dahn, 1985). 
CHomogeneity range NixMo6Se 8, 0.6 < x < 1.2 (Sergent and Chevrel, 1973). 
References: 1, Kubel and Yvon (1989); 2, Koppelhuber-Bitschnau et aL (1990); 3, Jorgensen and 
Hinks (1986); 4, Kubel and Yvon (1990); 5, Harbrecht and Mahne (1992); 6, Yvon et aL (1980); 7, 
Yvon et al. (1979); 8, Shamrai et al. (1990); 9, Tarascon et al. (1984b); 10, Jorgensen et al. (1987); 11, 
Dahn et aL (1985); 12, Sergent and Chevrel (1973); 13, Bars et al. (1973b); 14, H6nle and Yvon 
(1987). 
For superconducting transition temperatures of Chevrel phases see HT-Pb0.9Mo6S8 . 
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HT-Pb0.9M%S 8 type, Chevrel phase, hR45, (148) R3-f2ca 
Pb0.92Mo6S8, T c : 15.2 K a, SX, R = 0.057 
a = 9.212, c -- 11.437 A, Z = 3, Fig. 6.25 (Guillevic et al., 1976b; Marezio et al., 1973) 

Atom WP x y z Occ. 

Pb 3(a) 0 0 0 
Mo 18(f) 0.16015 0.17456 0.40182 
S(1) 18(f) 0.04182 0.34136 0.08347 
S(2) 6(c) 0 0 0.24363 

0.92 

aHighest reported value. 

For a structure with off-centered cations, see HT-Ni2.sMo6S 8. 
For structures of triclinic Chevrel phases, see LT-BaMo6S 8 and LT-Ni0.66Mo6Se 8. 

Compound Wyckoff sequence a(A) c(A) Tc(K ) Ref. 

LiMo 6S8 a f3c  9.308 10.757 5.5 
NaMo6 S 8 9.231 11.321 8.6 b 
KMo6S 8 9.24 11.57 . . .  
MgMo6S 7 9.490 10.550 3.5 
CaMo6S 8 f2ca 9.1832 11.3561 6 c 
SrMo6S 8 f2ca 9.2000 11.5645 . . .a 
BaMo6S 8 f2ca 9.2881 11.8004 ...e 

ScMo6S 8 . . . . . .  3.6 
Y1.2Mo6S8 9.08 11.25 2.10 c 
LaMo6S 8 fZca 9.120 11.554 6.95 
CeMo 6 S 8 9.10 11.45 < 1.1 
PrMo6 S 8 9.10 11.44 2.55 
NdMo6S 8 9.10 11.42 3.5 
Sml.2Mo6S 8 9.09 11.37 2.4 
EuMo6S 8 fZca 9.1801 11.5635 <1.1 g 
GdMo6 S 8 f2 ca 9.071 11.349 1.4 
Tbl.zMo6S 8 9.09 11.30 1.4 
DYl.zMo6S 8 9.09 11.27 1.7 
HoMo6S 8 fZca 9.0674 11.2933 1.91 
ErMo6 S 8 f2ca 9.071 11.271 < 1.1 

Tml.2Mo6S 8 9.10 11.20 1.95 
YbMo6S 8 fZca 9.1509 11.3917 8.6 

Lul.2Mo6S8 9.08 11.15 1.95 
Thl.zMo6S 8 9.05 11.37 n.o. 
U1.2Mo6S8 9.05 11.32 n.o. 
NbMo6S 8 9.08 11.34 n.o. 
MnMo6S 7 9.480 10.522 . . .  
Fel.32Mo6 S 8 f4  c 9.563 10.273 . . .  
COl.60Mo688 f4c 9.581 10.143 . . .  
Nil.a0Mo6 S 8 f4  c 9.478 10.210 . . .  
Pdl.6Mo6S 8 9.30 10.68 . . 
CUl.73Mo688 f4c 9.524 10.336 i0.9 h 

Cu3.66Mo6 $8 fac 9.773 10.255 6.4 
AgMo6 S 8 f2 ca 9.308 10.873 9.5 

Zn 2Mo 6S 8 9.533 10.282 3.6 
CdM%S 8 9.440 10.720 3.5 

1, 2*, 3* 
4 ,5  
6 
7 ,8  
9*, 10 
11", 12" 
12", 13" 
8 
14 
15", 14 
14 
14 
14 
14 
12", 16", 14 
15", 14 
14 
14 
17", 15" 
15", 14 
14 
18", 14 
14 
19 
19 
20 
7 
21" 
21" 
21" 
5 
22", 8 
23", 5 
24* 
25 
7 ,8  

(continued) 
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g T  c - -  11.8 K obtained at high pressure (Jorgensen et aL, 1987). 
hT c = 11.8 K reported for Cu2Mo6S 8 at 0.5 GPa (Shelton et al., 1975). 
"Wyckoff sequence fac  reported for Li3.2Mo6Se 8 (Cava et al., 1984"). 
JValue taken from figure. 
kAt 1073 K. 
References: 1, Tarascon et al. (1984a); 2, Ritter et al. (1992); 3, Cava et al. (1984); 4, Gocke et al. 

(1987); 5, Fischer (1978); 6, Potel et al. (1979); 7, Chevrel et al. (1971); 8, Marezio et al. (1973); 9, 
Kubel and Yvon (1988); 10, Geantet et al. (1987); 11, Koppelhuber-Bitschnau et al. (1990); 12, Kubel 
and Yvon (1987); 13, Jorgensen and Hinks (1986); 14, Fischer et al. (1993); 15, Yvon (1979); 16, 
Pefia et al. (1986); 17, Pefia et al. (1985); 18, Pefia et al. (1984); 19, Sergent et al. (1978); 20, Umarji 
et al. (1980); 21, Guillevic et al. (1976a); 22, Shamrai et al. (1987); 23, Yvon et al. (1977); 24, 
Shamrai et al. (1990); 25, Gocke et al. (1987); 26, Tarascon et al. (1983); 27, Tarascon et al. (1984b); 
28, Chevrel and Sergent (1982); 29, Guillevic et al. (1976b); 30, Chevreau and Johnson (1986); 31, 
Shelton et al. (1976); 32, de Novion et al. (1981b); 33, Sergent and Chevrel (1973); 34, Sergent and 
Chevrel (1972); 35, Lipka and Yvon (1980); 36, Mironov et al. (1987); 37, H6nle and Yvon (1987). 

7. A2BmC n Types (m, n > 2) 

U2Co3Si s type, o140, (72) Ibam- j3gba  

La2Rh3Si 5, T c = 4.4 K, SX, R = 0.029 
a -- 9.944, b = 11.886, c = 5.855 A, Z = 4 (Venturini et al., 1989; Chevalier et al., 1982b) 

Atom WP x y z 

La 8(./') 0.2660 0.3691 0 
Rh(1) 8(/') 0.1067 0.1381 0 

1 0 1 Rh(2) 4(b) ~ 
Si(1) 8(j) 0.3478 0.1063 0 

1 Si(2) 8(g) 0 0.2755 
1 Si(3) 4(a) 0 0 

Compound a a(A) b(A) c(A) T c (K) Ref. 

YzRh3 Si 5 9.78 11.69 5.672 2.7 1 
La2Rh3Si 5 9.90 11.84 5.828 4.4 1, 2* 
Dy2Rh3 Si 5 9.80 11.67 5.685 n.o. 1" 

Y2Ir3 Si 5 9.877 11.693 5.714 3.05 3 

aData for R2Rh3Si 5 (R = Nd, Sm, Gd-Er; superconductivity not observed) reported in Chevalier et al. 
(1982b). 
References: 1, Chevalier et aL (1982b); 2, Venturini et al. (1989); 3, Hirjak et al. (1985). 

U2Mn3Si s type, tP40, (128) P 4 / m n c - h 3 g e d  

Lu2Fe3Si 5, T e = 6.1 K, SX, R = 0.054 
a = 10.346, c -- 5.3875 A, Z = 4 (Chabot, 1984; Braun, 1980) 

Atom WP x 

Lu 8(h) 0.2625 0.4306 
Fe(1) 8(h) 0.1428 0.1228 

1 Fe(2) 4(d) 0 

0 

0 
1 
4 

(continued) 
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Si(1) 8(h) 0.0231 0.3188 0 
1 Si(2) 8(g) 0.1786 0.6786 

Si(3) 4(e) 0 0 0.249 

Compound a a(A) c(A) T c(K) Ref. 

Y2Re3Si5 10.88 5.533 1.76 1, 2 

SC 2 F e  3 Si 5 10.225 5.275 4.52 3 
Y2Fe3Si5 10.43 5.47 2.4 3 
TmzFe3Si 5 10.376 5.426 1.3 3, 2 

LuzFe3 Si 5 10.34 5.375 6.1 3, 4* 

aData for R2Fe3Si 5 (R = Sm, Gd-Er, Yb; superconductivity not observed) reported in Braun (1980). 
6Value taken from figure. 
References: 1, Bodak et al. (1978); 2, Johnston and Braun (1982); 3, Braun (1980); 4, Chabot (1984). 

TI2Fe6Te6 type, hP14, (176) P 6 3 / m - h 2 c  

T12Mo6Se6, T c = 5.84 K, SX, R = 0.049 
a = 8.918, c -- 4.482 A, Z = 1 (H6nle et al., 1980; Armici et al., 1980) 

Atom WP x 

T1 1 2 1 

1 Mo 6(h) 0.1530 0.1857 
1 Se 6(h) 0.3658 0.0656 

Compound a a(A) c(A) T c(K) Ref. 

K2Mo6S 6 8.7203 4.4076 . . .  1" 
Rb2Mo6 S 6 8.9589 4.4114 -.- 1 * 
Cs 2 Mo 6 S 6 9.2698 4.4191 �9 -- 1 * 

Mo6Se 6 8.35 4.44 < 1 2, 3 
In2Mo6Se 6 8.835 4.492 < 1 4*, 3 
T12Mo6Se 6 8.918 4.482 5.846 4", 5, 6* 

In2Mo6Te6 9.326 4.590 < 1 4*, 3 
T12Mo6Te 6 9.428 4.583 < 1 4*, 3 

aData for A2Mo6Se 6 (A = Li, Na, K, Rb, Cs, Ba, Ag; T c < 1.2 K, A -- Ba not investigated) and 
AzMo6Te6 (A = Na, K, Rb, Cs, Ba; T c < 1.2 K, A -- Ba not investigated) reported in Chevrel et al. 
(1985); Tarascon et al. (1984c). 
6Midpoint, for other samples Tc -- 2.6-3.2 K; T~ ~ 3 K reported in Tarascon et al. (1984c). 
References: 1, Huster et al. (1983); 2, Chevrel et al. (1985); 3, Tarascon et aL (1984c); 4, H6nle et al. 

(1980); 5, Armici et al. (1980); 6, Potel et al. (1980). 
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LasBzC 6 type, tP52, (75) P4-d18b2a2 
deformation derivative of Ce 5 B 2 C6 a 

LasB2C 6, T c = 6.9 K, SX, R = 0.079 
a = 8.585, c -- 12.313 A, Z = 4 (Bauer and Bars, 1983" Bauer and Politis, 1982) 

Atom WP x y z Occ. 

La(1) 4(d) 0.0996 0.2961 0.2333 
La(2) 4(d) 0.2042 0.4013 0.5090 
La(3) 4(d) 0.2991 0.0978 0.7227 
La(4) 4(d) 0.4022 0.2004 0.0220 

1 1 0.2715 La(5) l(b) i 
1 1 0.7623 La(6) l(b) ~ 

La(7) l(a) 0 0 0.0000 
La(8) l(a) 0 0 0.4932 
B(1) 4(d) 0.179 0.374 0.8715 
B(2) 4(d) 0.385 0.194 0.3315 
C(1) 4(d) 0.019 0.038 0.6825 
C(2) 4(d) 0.019 0.038 0.7865 
C(3) 4(d) 0.038 0.019 0.2045 
C(4) 4(d) 0.038 0.019 0.2855 
C(5) 4(d) 0.092 0.304 0.0365 
C(6) 4(d) 0.202 0.402 0.7085 
C(7) 4(d) 0.315 0.114 0.4785 
C(8) 4(d) 0.405 0.218 O. 1715 
C(9) 4(d) 0.462 0.481 0.0585 
C(10) 4(d) 0.462 0.481 0.9735 
C(11) 4(d) 0.481 0.462 0.4755 
C(12) 4(d) 0.481 0.462 0.5565 

0.25 
0.25 
0.25 
0.25 

0.25 
0.25 
0.25 
0.25 

aDifferent number of split sites considered. 

Compound a(A) c(A) Tc(K ) Ref. 

LasB2C 6 8.585 12.313 6.9 1", 2 
CesB2C 6 8.418 12.077 ... 3* 
HosB2C 6 7.981 11.561 ... 4 

References: 1, Bauer and Bars (1983); 2, Bauer and Politis (1982); 3, Bauer and Bars (1982); 4, Bauer 
et al. (1985). 

8. A tBmC n Types (l, m, n > 3) 

La3Rh4Snl3 type, phase I', c/320, (214) I4132-t'4h2g2eba 
La3Rh4Snl3 , T c -- 3.2 K, PX a, R e = 0.0848 
a -- 19.4918A, Z = 16 (Bordet et al., 1991" Espinosa et al., 1982) 

Atom WP x 

1 La(1) 24 (h) 
1 La(2) 24 (g) g 
1 Rh(1) 24 (h) g 
1 Rh(2) 24 (g) g 

0.2495 
0.2495 
0.625 
0.125 

0.0005 
0.4995 
0.625 
0.375 

(continued) 
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Rh(3)  8 (D) 7 7 g 
1 1 Rh(4) 8 (a) g 

Sn(1) 48 (i) 0.0003 0.1432 
Sn(2) 48 (i) 0.001 0.1532 
Sn(3) 48 (i) 0.0924 0.2497 
Sn(4) 48 (i) 0.251 0.3281 
Sn(5) 16 (e) 0.0011 0.0011 

7 g 
1 
8 
0.4257 
0.0773 
0.329 
0.4039 
0.0011 

aSynchrotron radiation. 

YbsRh4Snl3 type a, phase I, cP40, (223) Pm3n-keca 
Yb2.80RhaSnl3.20, T c = 8.6K, SX, R - 0.015 
a = 9.676 A, Z - 2, Fig. 6.15 (Hodeau et al., 1980; Espinosa et al., 1982) 

Atom WP x y z 

1 0 1 Yb b 6(c) ~ 
1 1 1 Rh 8(e) ~ ~ 

Sn(1) 24(k) 0 0.15333 0.30570 
Sn(2) c 2(a) 0 0 0 

aSometimes referred to as Pr3Rh4Snl3 type, however, Pr3Rh4Snl3 was later found to crystallize with 
phase I' (La3RhaSn13) type structure; splitting of site in Wyckoff position 24(k) reported for 
Y3Co4Gel3 (Bruskov et al., 1986). 
b y b  = Ybo.915Sno.085. 

CSn(2 ) - Sno.943Yb0.057. 

Compound a(A) Tc(K ) Ref. 

Y3Ru4Gel3 8.962 1.7 1" 
Lu3Rh4Gel3 8.912 a 2.3 1 
Y3Os4Gel3 8.985 3.9 1 
Lu3Os4Gel3 8.938 a 3.6 1 
Ca3Rh4Gel3 9.025 2.1 2 
Ca3Ir4Gel3 9.055 1.7 2 

La3Ru4Snl3 b 9.772 3.9 
La 3RuPd 3 Sn13 c 9.780 4.8 

Th3Os4Sn13 9.721 5.6 
Ca3Co4Snl3 9.584 5.9 
La3Co4Snl3 9.641 2.8 
Yb3Co4Snl3 9.563 2.5 
Ca3Rh4Sn13 9.702 8.7 
Sr3RhaSnl3 9.800 4.3 
Yb3Rh4Snl3 9.675 8.6 
Th3Rh4Snl3 9.692 1.9 
Ca3IraSnl3 9.718 7.1 
Sr3Ir4Snl3 9.807 5.1 
La3IraSn13 9.755 2.6 
Th3Ir4Snl3 9.695 2.6 

3 
3 
4 
4 
4 
4 
4 ,5*  
4 ,5* 
4, 6", 5* 
4 ,5* 
4, 
4 
4 
4 

La3Rh4Pbl3 10.031 2.2 

(continued) 
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aValue taken from figure. 
bComposition LaRul.sSn4. 5 from chemical analysis; structure with site Sn(2) occupied by La reported 
for LaRuSn 3 in Eisenmann and Sch/ifer (1986). 
CRu/Pd ratio from nominal composition; composition LaRul. 1Pd0.1 Sn4.3 from chemical analysis. 
References: 1, Segre et al. (1981); 2, Venturini et aL (1986); 3, Espinosa et aL (1980); 4, Espinosa et 
al. (1982); 5, Miraglia et aL (1986); 6, Hodeau et al. (1980). 

ScsCo4Silo type, tP38, (127) P4/mbm-j i2h2ga 

Sc5Co4Silo, T c -- 4.53 K, SX, R = 0.04 
a = 12.01, c = 3.936 A, Z = 2 (Braun et al., 1980; Yang et al., 1986) 

Atom WP x y z 

1 Sc(1) 4(h) 0.1756 0.6756 
1 Sc(2) 4(h) 0.6118 0.1118 

Sc(3) 2(a) 0 0 0 
Co 8(/) 0.2460 0.0240 0 

1 Si(1) 8(j') 0.1638 0.0031 
Si(2) 8(i) 0.1575 0.1985 0 
Si(3) 4(g) 0.0679 0.5679 0 

Compound a a(A) c(A) T c (K) Ref. 

Sc5Co4Silo 12.01 3.936 4.53 1", 2 
ScsRh4Sil0 12.325 4.032 8.27 1, 2 
ScsIr4Sil0 12.316 4.076 8.29 1, 2 

Y5 Ir4 Silo 12.599 4.234 3.10 2 

LusRh 4 Silo 12.502 4.137 3.95 2 
Lu5 Ir 4 Silo 12.475 4.171 3.91 2 

Y5Os4Gelo 13.006 4.297 9.06 1, 2 
YsRh4Gelo 12.953 4.272 1.35 2 
YsIraGelo 12.927 4.308 2.76 1, 2 

Lu5Rh 4 Gelo 12.850 4.208 2.79 2 
LusIr4Gelo 12.831 4.252 2.60 2 

aData for RsRh4Silo and RsIr4Gel0 (R --Gd-Yb; T c < 1.4 K) reported in Venturini et al. (1984); 
T c = 9.7 and 10.5K reported for phases of approximate compositions Y4Os4Sil3 and YsOs4Sil5 
(unknown structures) in Gueramian et al. (1988). 
References: 1, Braun et al. (1980); 2, Yang et al. (1986). 
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Er4Rh~Sn19 type, phase II, t/232, (142) I41 /acd -gS f2edb  

Er4.32Rh6Sn18.68, T c -- 0.97 K, SX, R = 0.033 
a = 13.73, c = 27.42 A, Z = 8 (Hodeau et al., 1984) 

Atom WP x y Z a 

Er 32(g) 0.13343 0.11235 
Rh(1) 32(g) 0.25609 0.25120 

1 Rh(2) 16(d) 0 
Sn( 1 ) 32(g) 0.0047 0.07420 
Sn(2) 32(g) 0.08725 0.16149 
Sn(3) 32(g) 0.17422 0.25919 
Sn(4) 16(f) 0.1765 0.4265 
Sn(5) 16(f) 0.3266 0.5766 
Sn(6) 16(e) 0.2889 0 

1 Sn(7) b 8(b) 0 

0.30658 
0.1251 
0.25255 
0.03777 
0.41909 
0.03792 
1 _ 
8 
1 _ 
8 
1 
4 
1 
8 

aOrigin at 1. 

bSn(7) = Sno.68Ero.32 . 

Compound a a(A) c(A) T c (K) Ref. 

Er4Ru6 Snl9 13.730 27.354 < 1.1 
Lu4Ru6 Sn19 13.692 27.263 < 1.1 

Er4Co6Snl9 13.529 26.932 < 1.1 
Lu4Co6Snl9 . . . . . .  1.5 

Sc4Rh6Snl9 13.565 27.034 4.5 
Y4Rh6Snl9 13.772 27.456 3.2 
HoaRh6Snl9 13.747 27.388 .. .  
Er a Rh6 Snl 9 13.725 27.365 1.2 b 
TmaRh6 Sn19 13.706 27.320 2.3 b 
Lu4Rh 6 Snl9 13.693 27.289 4.0 

Sc4Ir6 Snl9 13.574 27.057 1.1 
Er4Ir 6 Snl9 13.756 27.402 < 1.1 
Tm4Ir6 Snl9 13.727 27.371 < 1.1 
Yb4Ir6Snl9 13.757 27.444 ...  
Lu4Ir 6Sn19 13.708 27.325 3.2 

1,2 
1,2 

1,2 
2 

1,2 
1,2 
1 

1 , 2 , 3 "  
1,2 
1,2 

1,2 
1,2 
1,2 
1 
1,2 

aIdealized composition. 
bMultiphase sample. 
References: 1, Cooper (1980); 2, Espinosa et al. (1982); 3, Hodeau et al. (1984). 
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Tb4Rh6Sn19 type, phase II' (III), cF116, (225) Fm3m-kf2eca 
Y b 4 . 6 R h 6 S n l 8 . 4  , S X ,  RT, R -- 0.082 a 
a = 13.772 A, Z = 4 (Miraglia et aL, 1987) 

Atom WP x y z Occ. 

Tb(1) 32(f) 0.3629 0.3629 0.3629 0.5 
Tb(2) b 4(a) 0 0 0 
Rh 24(e) 0.2553 0 0 
Sn(1) 96(k) 0.1745 0.1745 0.0131 0.5 
Sn(2) 32(f) 0.4124 0.4124 0.4124 0.5 

1 1 1 Sn(3) 8(c) ~ ~ 

aRefinement considering triple microtwinning of phase II gave R = 0.074; refinement in space group 
F43m reported in Vandenberg (1980). 
bTb(2) _- Tb0.6Sn0. 4. 

Compound a a(A) T c (K) Ref. 

Sc4Rh6Gel9 12.605 1.9 1 
Sc4Ir6Gel9 12.629 1.4 1 

Y4Ru6Snl9 b 13.772 1.3 2 
Sc4Os6Snl9 13.606 1.5 3 
Y4Os6Snl9 13.801 2.5 2 
Tb4Os6Snl9 13.813 1.4 3 
Ho4Os6Snl9 13.774 1.4 3 
Er4Os6Snl9 13.760 1.25 2 
Tm4Os 6 Snl9 13.744 1.1 3 
Lu4Os6Snl9 13.720 1.8 3 
TbaRh6 Snl9 13.774 n.o. 3, 4* 
Yalr6Snl9 13.773 2.2 3 

Ca4Rh6Pbl9 14.23 3.3 1 

aldealized composition. 
bComposition YRUl. 1Sn3.1 from chemical analysis. 
References: 1, Venturini et al. (1986); 2, Espinosa et al. (1980); 3, Espinosa et al. (1982); 4, Miraglia 
et al. (1987). 
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d. Quaternary Structure Types 

LuNiBC type, tP8, (129) P4/nmm-c3a  
LuNiBC, SX, T = 296 K, R = 0.028 
a = 3.4985, c -- 7.7556 A, Z = 2, Fig. 6.21 (Siegrist et al., 1994b) 

Atom WP x y Z a 

1 1 0 . 6 6 2 0 2  Lu 2(c) ~ 
3 1 0 Ni 2(a) ~ 
1 1 0.1511 B 2(c) g 
1 1 0.3477 C 2(c) ~ 

aOrigin at center (2/m). 

Compound a(A) c(A) Tc(K ) Ref. 

YNiBC 3.5660 7.5625 ...a 1 
HoNiBC 3.5631 7.5486 b n.o. 2* 
LuNiB C 3.4985 7.7556 n.o. 3 * 

LaNiBN 3.725 7.590 <4.2 4, 5* 

a T  c = 3.0K reported for sample containing also YNi2B2C (T c = l l .0K) and Y3Ni4B4C3, 
a -- 3.55190, c = 25.6454 A (superconducting phase not identified). 
bMagnetic structure at 2.1 K determined. 
References: 1, Kit6 et al. (1997); 2, Huang et al. (1996); 3, Siegrist et al. (1994b); 4, Cava et al. 
(1994f); 5, Zandbergen et al. (1994b). 

LuNi2B2C type, tI12, I4 /mmm-edba  
LuNi2B2C , T c = 16.6K, SX, R -- 0.025 
a = 3.4639, c = 10.6313 A, Z -- 2, Fig. 6.21 (Siegrist et al., 1994a; Cava et al., 1994e) 

Atom WP x y 

1 Lu 2(b) 0 0 
1 1 Ni 4(d) 0 ~ 

B 4(e) 0 0 0.1382 
C 2(a) 0 0 0 

Compound a a(A) c(A) T c (K) Ref. 

GdCo2B2C 3.548 10.271 

LaRh2 B2 C 3.9019 10.2460 

GdRhl.87B2 C 3.7491 10.4122 

<4.2 
. . .  

Lair 2 B 2 C 3.8965 10.454 < 4.2 

ScNi2B2C . . . . . .  15.6 4 

Sc0.5 Lu0.sNi2 B2 C 3.441 10.66 15.6 4 

2 �9 

3* 

2* 

(continued) 
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YNi2B2C 3.533 10.566 15.6 2*, 5, 6* 
Lao.sLuo.sNi2B2C 3.577 10.44 14.8 4 
La0. 5Th0. 5Ni 2B 2C 3.746 9.929 3.9 4 

HoNizB2C 3.527 10.5606 8.0 2", 5, 7* 
ErNizBzC 3.509 10.582 10.5 2", 5 
TmNizB2C 3.494 10.613 11.0 2", 5 
YbNizB2C 3.483 10.633 ... 2* 
LuNi2B2C 3.472 10.658 16.6 2", 5, 8* 
ThNi 2 B 2 C 3.683 10.22 8.0 4 
UNi2BzC 3.486 10.70 <2 4 

YPd2BC 3.75 10.7 23.0 c 9, 10 
ThPd2B2C 3.84 10.67 14.5 a 11, 12 

YPt2B2C 3.79 10.71 10 13 
YPtl.5 Auo.6B2 C . . . . . .  11 14 

LaPt2B2C 3.8681 10.705 10 15", 2* 
LaPtl.sAuo.6B2C 3.8729 10.7401 11 16, 14 

PrPt2B2C . . . . . .  6 15 
PrPtl.sAuo.6B2C 3.8358 10.7442 6.5 16, 14 

ThPt 2B 2 C 3.83 10.86 6.5 11 

aData for RNi2B2C (R -- La, Ce-Nd, Sm-Dy; T c < 4.2 K) reported in Siegrist et al. (1994a*); Cava et 

al. (1994e); Gupta et aL (1995). Data for YTzBzC (T = Os, Co, Rh, Ir; T c < 4.2K) reported in 
Nagarajan et aL (1995). Data for LaTzB2C (T = Rh, Ir; Tc < 1.4 K) reported in Cava et al. (1994c*). 
6Magnetic structure at 5.1 and 2.2 K reported in Huang et aL (1995b*); substitution of 0.75% of Ni by 
Co destroyed superconductivity, magnetic structure at 2 K reported in Huang et al. (1996"). 
CTc'~23 K reported for multiphase samples of compositions YPd4BC0. 2 or YPdsB3C0. 3, sometimes 
showing second signal at ~ 10 K (superconducting phase not identified with certainty) (Nagarajan et 

al., 1994; Hossain et al., 1994; Cava et al., 1994d). 
aSecond signal at 21.5 K observed for sample of nominal composition ThPd3B3C (superconducting 
phase not identified). 
References: 1, Mulder et al. (1995); 2, Siegrist et al. (1994a); 3, Ye et al. (1996); 4, Lai et al. (1995); 5, 
Cava et al. (1994e); 6, Chakoumakos and Paranthaman (1994); 7, Huang et aL (1995b); 8, Siegrist et 

al. (1994b); 9, Zandbergen et al. (1994c); 10, Cava et al. (1994d); 11, Sarrao et aL (1994); 12, 
Zandbergen et al. (1994d); 13, Yang et aL (1995); 14, Buchgeister et al. (1995); 15, Cava et al. 

(1994b); 16, Cava et al. (1994a). 

La3Ni2B2N3 type, t/20, (139) I 4 / m m m - e 3 d b a  

La3Ni2B2N2.91 , T c = 13 K a, PN, RT, Rwp = 0.0697 
a = 3.72512, c -- 20.5172A, Z = 2, Fig. 6.21 (Huang et al., 1995a; Cava et al., 199406 

Atom WP x y z Occ. 

La(1) 4(e) 0 0 0.3705 
La(2) 2(a) 0 0 0 

1 1 Ni 4(d) 0 ~ 
B 4(e) 0 0 0.1946 
N(1) 4(e) 0 0 0.1246 

1 N(2) 2(6) 0 0 0.91 

aT c varies from 12 to 13 K with nitrogen content. 
bAltemative refinement in Zandbergen et al. (1994b) and Zandbergen and Cava (1995). 
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0-(ET)213 d Pnma 

tc-(ET)2I 3 P21/c 

tc-(ET)2 Cu(NCS) 2 P21 

tc-(ET)2 Cu[N(CN)2]C 1 Pnma 

tc-(ET)2Cu[N(CN)2]Br Pnma 

tc-(ET)2Cu[N(CN)2]CN mon. 

x-(ET)2Ag(CN)2(H20) P21 

(ET)4Hg3 C18 

10.076 33.853 4.994 e 3.6 10" 

(ET)4Hg2.89Br8 

)].-(Se-ET)2 GaC14 

16.387 8.466 12.832 3.6 11" 
90 108.56 90 
16.248 8.440 13.124 10.4 12" 
90 110.30 90 
12.977 29.979 8.480 12.5 r 13, 14" 
12.942 30.016 8.539 12.5 15", 14 
15.987 8.647 12.887 10.7 16, 17 
90 110.88 90 
12.593 8.642 16.080 5.0 18", 2 
90 109.33 90 

I2/c 11.062 8.754 35.92 g 5.3 h 19", 2 
90 91.01 90 

12/c 11.219 8.706 37.105 g 4.3 i 20* 
90 90.97 90 

P1 16.156 18.934 6.595 9.5 21, 22* 
96.06 96.76 115.77 

x-(MDT-TTF)2AuI 2 Pbnm 10.797 7.789 28.991 4.5 23*, 2 

aTransforms to an incommensurate modulated structure at 175 K at ambient pressure (Williams et aL, 
1992). 
bAt 4.5 K and 0.15 GPa. 
CAt 0.05 GPa. 
dTrace amounts of AuI 2 anions. 
eAverage structure, superstructure reported in space group P21/c, a - 9 . 9 2 8 ,  b -10 .076 ,  
c = 34.220 A, fl = 98.39 ~ Kobayashi et aL, 1986a). 
fAt 0.03 GPa. 
gIncommensurate composite structure, data given here describe ET-halogen substructure. 
hAt 2.9 GPa. 
;T c = 6.7 at 0.35 GPa (Williams et aL, 1992). 
References: 1, Bender et aL (1984); 2, Williams et al. (1992); 3, Wang et al. (1985); 4, Williams et aL 
(1984a); 5, Shibaeva et al. (1984); 6, Williams et al. (1984b); 7, Schultz et al. (1986b); 8, Shibaeva et 
al. (1985); 9, Shibaeva et aL (1986); 10, Kobayashi et al. (1986b); 11, Kobayashi et al. (1987); 12, 
Urayama et aL (1988); 13, Williams et aL (1990b); 14, Williams et al. (1990a); 15, Kini et al. (1990); 
16, Komatsu et al. (1991); 17, Moil (1994); 18, Kurmoo et al. (1988); 19, Shibaeva and Rozenberg 
(1988); 20, Lyubovskaya et al. (1987); 21, Kobayashi et aL (1993a); 22, Kobayashi et al. (1993b); 23, 
Papavassiliou et aL (1988). 
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A 

Introduction 

The previous two chapters discussed the classical and the more recently 
discovered types of superconductor, meaning all major classes of superconduc- 
tors except the cuprates, and now we tum to examine this last group. The present 
chapter emphasizes overall characteristics of cuprates, and the next chapter 
provides crystallographic data on specific compounds. The general features 
arise from the layered structure involving the altemation between conduction 
slabs and binding slabs, with each slab consisting of one or more individual 
layers of atoms. We begin the chapter by delineating this arrangement. Then we 
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TABLE 7.1 

Crystallographic characteristics of the main families of the cuprates, where Z is the number of atoms in 
the unit cell, A denotes aligned, and S staggered CuO 2 layers. Lattice constants a 0 and c o are in 

angstrom units. For orthorhombic compounds a 0 = l (a  + b) and %Anis = 200(b - a)/(b + a). 

Compound Symbol Space Pearson Type Z a 0 c o %Anis T c 
group code 

Lal.85 Sr0.15CuO 4 0201 I4/mmm iT14 S 2 3.779 13.23 0 37.5 
Lal.8sSr0.15CuO 4 0201 Bmab oS28 S 4 3.7824r2 13.18 0.57 37.5 
YBa2Cu306 1212 P4/mmm tP12 A 1 3.857 11.79 0 
YBa2Cu307 1212 Pmmm oP13 A 1 3.853 11.68 1.68 91 
T1Ba2CaCu207 1212 P4/mmm tP13 A 1 3.847 12.72 0 80 
T1Ba2CazCu309 1223 P4/mmm tP17 A 1 3.808 15.23 0 120 
T1Ba2Ca3Cu4Oll 1234 P4/mmm tP21 A 1 3.848 19.00 0 114 
HgBa2CuO 4 1201 P4/mmm tP8 A 1 3.881 9.53 0 95 
HgBa2CaCu206 1212 P4/mmm tP12 A 1 3.858 12.66 0 114 
HgBa2Ca2Cu308 1223 P4/mmm tP16 A 1 3.850 15.78 0 133 
HgBa2Ca3Cu4010 1234 P4/mmm tP20 A 1 3.853 18.97 0 125 
HgBa2Ca4CusO12 1245 P4/mmm tP24 A 1 3.852 22.10 0 101 
HgBazCasCu6O14 1256 P4/mmm tP28 A 1 3.852 25.33 0 114 
Bi2Sr2CuO 6 2201 Amaa oS44 S 4 3.796V/2 24.62 0.22 9 
Bi2Sr2CaCu208 2212 A2aa oS60 S 4 3.829~/2 30.86 0.018 92 

Bi2Sr2Ca2Cu3010 2223 A2aa oS76 S 4 3.83~/2 37.07 0.23 110 
TlzBa2CuO 6 2201 I4/mmm ti122 S 2 3.866 23.24 0 90 
T12BazCaCu208 2212 I4/mmm tI30 S 2 3.855 29.32 0 110 
TlzBa2Ca2Cu3010 2223 I4/mmm ti38 S 2 3.850 35.88 0 125 
TlzBazCa3Cu4OI2 2234 I4/mmm ti46 S 2 3.849 40.05 0 109 
YBa2Cu408 Ammm oS30 2 3.8 27.24 0.80 80 

describe the roles of the conduction and binding slabs and differentiate particular 
types of cuprates. We end with some comments on infinite layer phases. Table 
7.1 summarizes the crystallographic characteristics of the compounds discussed 
here. 

Many authors use the notation "conduction and binding layers," with each 
layer comprising "individual planes of atoms." Our notation "conduction and 
binding slabs" consisting of "layers of atoms" is consistent with that used in the 
next chapter. 

Multislab Structure 

All of the cuprates have the same ordered arrangement of slabs parallel to each 
other, and stacked along the c axis. This multislab structure is summarized in a 
general way in Fig. 7.1, and sketched with actual atom positions for the thallium 
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Fig. 7.1. 
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Layering scheme of the cuprate superconductors. Figure 7.4 shows details of the conduction 
slabs for different sequences of copper oxide layers, and Figs. 7.5 and 7.6 present details of the 
binding slabs for several cuprates. [Owens and Poole, 1996, p. 99.] 

series of compounds in Fig. 7.2. Both figures show that there are alternating 
conduction slabs where the super current flows and binding slabs that hold 
together the conduction slabs. The conduction slabs consist of copper oxide 
(CuO2) layers with each copper ion Cu 2+ surrounded by four oxygen ions O z- 
and each oxygen bonded to two coppers, as illustrated in Fig. 7.3. The 
conduction slabs have one, two, three, or more CuO2 layers, and for n > 1 the 
layers are held in place within the slab by calcium Ca 2+ ions located between 
them, as shown in Fig. 7.4, with the exception of YBazCu30 7, in which the 
intervening cations are yttrium, y3+, instead of calcium. The ease of current flow 
along the CuO2 layers of the slabs, compared to flow in the perpendicular 
direction, helps to explain the anisotropic properties of the cuprates. 

Each particular cuprate compound has its own specific binding slab, 
consisting mainly of layers of metal oxides (MO). Figure 7.5 gives the layer 
sequences within these slabs for compounds in which the layers are odd in 
number, and Fig. 7.6 sketches the even cases. The odd case is called aligned 
because the copper ions of all the conduction slabs are arranged one above the 
other along the c axis. In other words, the CuO 2 layers of successive conduction 
slabs stack in alignment. The barium ions are also aligned above one another 
along c, and to emphasize this they are all listed in Fig. 7.5 as BaO groups. In 
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Fig. 7.2. 
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Crystal structures of the T12Ba2Can_lCUnO2n+4 compounds with n = 1, 2, 3, arranged to 
display the layering schemes. The BizSrzCa,_ 1Cu, O2,,+ 4 compounds have the same respective 
structures. [Courtesy of C. C. Torardi; see Poole et al. 1988, p. 106.] 

Fig. 7.3. 
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Arrangement of copper and oxygen ions in a C u O  2 layer of a conduction slab. [Owens and 
Poole, 1996, p. 99.] 
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Fig. 7.4. 
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Conduction slabs of the various cuprate superconductors showing sequences of CuO2 and Ca 
(or Y) layers in the conduction slabs of Fig. 7.1. [Owens and Poole, 1996, p. 100.] 

contrast to this, in the even case, each binding slab has half MO and half OM 
groups for each metal ion M. Thus, the even thallium compounds 
TlzBazCa,_ 1Cu,O2,+4 have BaO, OT1, T10, and OBa arrangements within the 
binding slab sketched at the bottom of Fig. 7.6. Within the individual conduction 
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Fig. 7.5. 
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Sequences of MO layers in the binding slabs of aligned compounds, where M stands for 
various metal ions. The parentheses around the oxygen atom O in the middle panel indicate 
partial occupancy. 

slabs of even compounds all of the Cu ions are still one above the other as in Fig. 
7.4, but now successive conduction slabs of the even compounds are staggered 
with respect to each other, with the copper ions of a particular conduction slab at 
xy sites occupied by oxygens of the adjacent conduction slabs above and below, 
as can be seen easily in Fig. 7.2. This staggering or alternation in alignment of 
conduction slabs occurs because the even compounds are structurally body- 
centered (BC), as we explain in the next section. 
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Fig. 7.6. 
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Sequences of MO layers in the binding slabs of body-centered compounds, where M stands for 
various metal ions indicated on the figure. 

C 
Aligned and Body-Centered Types 

Each atom in a high-temperature superconductor occupies an edge (E) site on the 
edge (0, 0, z), a face (F) site on the midline of a face (0, �89 z) or (�89 0, z), or a 
centered (C) site at the center vertical axis (�89 �89 z) of the unit cell. The atoms in a 
particular horizontal layer can be designated by the notation [E F C], where, for 
example, a copper oxide layer with copper at edge sites and the oxygens at face 
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Fig. 7.7. 
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Types of atom positions in the layers of a high-temperature superconductor structure, using the 
edge, face, center notation [E F C]. Typical occupancies are given in the upper right. [Poole et 

al. 1995, p. 181.] 

Fig. 7.8. 
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Body-centered tetragonal unit cell containing four puckered CuO 2 groups showing how the 
1 initial group (bottom) is replicated by reflecting in the horizontal reflection plane a h at z = ~, 

by the body centering operation, and by both. [Poole et al. 1995, p. 188.] 
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sites is designated [Cu 0 2 --] .  The complementary layer [ - - 0  2 Cu] has 
copper in the centered sites. Figure 7.7 illustrates the notation for several 
commonly occurring layers. 

All of the cuprates under discussion have a horizontal reflection plane, ah at 
the center of the unit cell, and a h planes at the top and bottom of the cell. This 
means that each atom in the lower half of the unit cell (z < �89 at the position x, y, z 
has a counterpart in the upper half of the cell (z > �89 at the position 

x =:~ x ,  y =~ y ,  z =:~ 1 -  z (1) 

Atoms exactly on the ah symmetry planes only occur once since they cannot be 
reflected. Figure 7.8 shows a layer at a height z reflected to the height 1 - z. This 
symmetry operation preserves the structure of the layer, i.e., a [Ba O] layer 
reflects to [Ba O] under a h. 

The even-type cuprates have, in addition to the ah plane, the body centering 
operation, whereby every atom at a position x, y, z generates another atom at the 
following position: 

1 �89 1 x =C, x • , y =:> y zk. , z =~ z zk ~ . (2) 

Thus, a layer at the height z forms an image layer at the height z 4- �89 in which the 
edge atoms become centered, the centered ones become edge types, and each face 
atom moves to another face site. The signs in these operations are selected so that 
the generated points and layers remain within the unit cell. Thus, if z is less than 
I the plus sign must be selected, viz. z =r z + �89 etc. The body centering 2' 
operation converts [Cu O2 --]  and [ - - O 2  Cu] conduction layers into each 
other. Figure 7.8 illustrates these symmetry features, whereby for both aligned 
and body-centered compounds an initial [Cu O2 --]  layer at a vertical position 
z < �89 has a reflection layer [Cu O 2 --]  at the height 1 -  z. Body-centered 
compounds generate two additional layers, namely, a [--  O 2 Cu] layer at the 
height �89 + z and another [--  O2 Cu] layer at the height � 8 9  z, in which the Cu 
ions are out of alignment because of the interchange of edge and center positions, 

Fig. 7.9. 
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Rectangular (top) and rhombal (bottom) type distortions of a tetragonal unit cell of width a to 
an orthorhombic cell of dimensions a', b'. [Poole et al. 1995, p. 177.] 
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TABLE 7.2 

Superconducting transition temperatures of the cuprates containing n = 1, 2 and 3 copper oxide layers 
in their conduction slabs. Some compounds have aligned (alig) and others have body-centered (BC) 

crystallographic structures 

Compound Type Formula n = 1 n = 2 n = 3 

Bismuth BC Bi2 Sr2Can_ 1Cu n O2n+4 9 92 110 
Thallium Alig T1Ba2 Can-1Cun O2n+3 9 80 120 
Thallium BC T12Ba2Can-lCunO2n+4 90 110 125 
Mercury Alig HgBa2 Can_ 1CunO2n+2+6 95 114 133 

as shown. The aligned compounds have one formula unit per unit cell, and the 
body-centered ones have two formula units per unit cell. Table 7.2 identifies the 
cuprates of each type and gives their transition temperatures. We see from this 
table that increasing the number of n of CuO2 layers in the conduction slabs raises 
T c, but unfortunately T c begins to decrease for further increases in this number 
beyond 3. Some cuprates are tetragonal and others are orthorhombic because of 
either rectangular or rhombic distortion, as illustrated in Fig. 7.9. Rhombic 
distortion increases the a, b lattice parameters by ~/2 and doubles the number of 
formula units per unit cell. 

Consider an aligned cuprate with n atoms per formula unit, which also 
means n atoms per unit cell. If its structure is tetragonal it is probably in space 
group P4/mmm (#123,  Dlh) with the Pearson code o f  tPn, and if  it has undergone  

a rectangular  distort ion to o r thorhombic  it is in space group Pmmm (#47,  Dlh) 
with the Pearson code oPn. A rhombic  distort ion could produce  the o r thorhom-  

bic space group Cmmm (#65,  D 19) with the Pearson code oS2n.  A body-cen te red  

cuprate with  n a toms per  formula  unit  has 2n atoms in the unit  cell. I f  it is 

te t ragonal  it is in space group I4/mmm (#139,  D~ 7) with the Pearson code 

tI2n. A rhombic  distort ion could bring it to the or thorhombic  space group Azaa  

TABLE 7.3 

Ionic radii for some selected elements. See Table VI-2 of our earlier work 
(1988) for a more extensive list 

Small Cu 2+ 0.72/k Bi 5+ 0.74/k 
Small-medium Cu + 0.96 ]k y3+ 0.89 

Bi 3+ 0.96/~ T13+ 0.95/~ 
Ca 2+ 0.99 ~, 
Nd 3+ 0.995/k 

Medium-large Hg 2+ 1.10 .~ La 3+ 1.06 
Sr 2+ 1.12/k 
Pb 2+ 1.20 ,~ Ag + 1.26 ,~ 

Large K + 1.33 ,~ 02- 1.32/k 
Na 2+ 1.34 A F- 1.33/~ 
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Fig. 7.10. 
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Unit cells of various high-temperature superconductors showing the layering schemes. 
Conduction slabs are enclosed in small, inner boxes, and the groupings of slabs that make 
up a formula unit are enclosed in larger boxes. The Bi-Sr compounds BizSrzCan_lCunOzn+4 
have the same layering schemes as their T1-Ba counterparts shown in this figure. [Poole et al., 
1995, p. 195.] 

(#37, C~v 3) with the Pearson Code oS4n. Chapter 8 describes these various 
structures for the cuprates, and the Pearson code notation is explained in Sections 
5,C and 6,A,d. 

The atoms are distributed in the slabs in a manner that permits efficient 
stacking of layers one above the other. The size of an ion determines how it can 
substitute in a crystal structure, and Table 7.3 lists the ionic sizes of some 
elements that appear commonly in the cuprates. Steric effects prevent large 
atoms such as Ba (1.34 A) and O (1.32 .A) from overcrowding a slab, and from 
aligning directly on top of each other in adjacent layers. Stacking occurs in 
accordance with two empirical rules: 

1. Metal ions can occupy either edge or centered sites, and in adjacent layers they 
alternate between E and C sites. 

2. Oxygens can be found on any type of site, but can occupy only one type in a 
particular layer, and in adjacent layers they must be on different types of sites. 

Figure 7.10 illustrates these rules for several cuprates using the [E C F] 
notation explained in Fig. 7.7. Puckering or symmetry lowering from tetragonal 
to orthorhombic can provide more room for the atoms. The side-centered 
YBazCu408 and intergrowth YBazCu7015 compounds do not follow these 
rules, as will be explained later. 



262 Chapter 7: Cuprates 

D 
Role of the Binding Slab 

These binding slabs sketched in Figs. 7.2, 7.5, and 7.6 are sometimes called 
charge reservoir slabs because they contain the source of charge that brings about 
the hole (h +) doping of the conduction layers through the interaction 

Cu 2+ ~ Cu 3+ + e -  (3) 

which can also be written in hole notation as 

h + + Cu 2+ ~ Cu 3+. (4) 

In normal-state cuprates, holes carry the electric current, and hence in the 
superconducting state the Cooper pairs are positively charged. This is in contrast 
to classical superconductors, in which the electrical transport is via negative 
electrons. 

Holes can arise from an oxygen deficiency, as in the compound 
YBa2Cu3OT_6, where the subscript 7 -  6 designates the oxygen content, and 
in a typical superconducting compound we have YBa2Cu306. 9 with ~i--0.1. 
Another way to achieve the hole doping is to replace some of the positively 
charged ions of the binding slab with other positive ions of lower charge. For 
example, the compound (Lal_xSrx)2CuO 4 has the fraction x of La 3+ replaced by 
Sr 2+, and a comparison of the reactions 

La :=~ La 3+ + 3e- (5) 

Sr =~ Sr 2+ + 2e- (6) 

shows that this leads to hole doping. 

Particular Cuprate Superconductors 

We see from Table 7.1 that the 123 compound YBa2Cu307_ a and the mercury 
family compounds HgBa2Can_lCUnO2n+2+a with n = 1 to 6, often referred to as 
Hg-1201 to Hg-1256, respectively, are aligned types. There is also a set of 
aligned thallium compounds with the formula T1Ba2Can_lCUnO2n+3 designated 
by 1201 to 1245, but they are less often studied. The 123 yttrium compound 
differs from the other cuprates by having Y instead of Ca in its conduction slab, 
and in having -Cu-O-Cu-O- chains along its b axis as a structural component of 
its binding slab. These chains may contribute to carrying some current. We 
notice from the figures that the copper atoms are all stacked one above the other 
on edge (E) sites, as expected for an aligned-type superconductor. The families 
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of isostmctural bismuth and thallium compounds, Bi2Sr2Can_lCUnO2n+4 and 
TlzBazCan_lCUnOzn+4 , as wel l  as (La l_xSrx )zCuO 4 and (Ndo.9Ceo.1)zCuO4, are 
body-centered. The superconducting BC, compounds are designated by Bi-2212, 
Bi-2223, and T1-2201 to T1-2234, as indicated in the table. The general stacking 
rules mentioned in Section C are satisfied by these compounds, namely, that the 
metal ions in adjacent layers alternate between edge (E) and centered (C) sites, 

Fig. 7.11. 

[ . . . . .  OSr 

Binding slab of Srn+ICUnO2n+1+6 

I .......... .... i .... !u+:  . . . . . . . . . . . . .  . . . .  . . . . . . . . . .  ~ .--_.'.7 .7. _. ~ ~ .  . - _ ,  . . . . . . . .  " _ ,  ".2 . . . .  ~ .--'Y". 

Conduction slab (layer) of Sr2Cu03~ ~ 

Conduction slab of Sr3Cu205§ 

Cu02 

Sr 

Cu02 

Sr 

CuO 2 

Conduction slab of Sr4CuaO.7, ~ 

Binding slab (top) followed by, in succession, conduction slabs of the first three infinite layer 
phase compounds, namely SrzCuO3+~3 , Sr3Cu205+6, and Sr4Cu307+ 6. The figures are drawn 
assuming 6 = 0. [Owens and Poole, 1996, p. 117.] 
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and adjacent layers never have oxygens on the same types of sites. The aligned 
and body-centered compounds all have about the same a and b lattice parameters. 

In addition to the aligned and body-centered varieties, there exist some 
other types of cuprate superconductors. The YBazCu408 compound, sometimes 
referred to as a 124 type, is side-centered since for each atom at the position (x, y, 
z) there is another identical atom at the position (x, y + �89 z + 1), and hence the 
stacking rules of Section B do not apply. The compound YzBa4Cu7015 may be 
considered as an intergrowth of the 123 and 124 compounds YBa 2Cu 307 and 
YBazCu408. The body-centered compound M2CuO 4 has three structural varia- 
tions. The two common types called the T-phase (M = La) and the T' phase 
(M = Nd) correspond to the superconductors (Lal_xSrx)zCuO 4 and 
(Nd0.9Ceo.1)zCuO4, and the third variety, called the T* phase, is a hybrid structure 
adopted by the compound (Ndl_x_ySrxCey)4Cu208_ 6. The upper half of its unit 
cell is T type and lower half is T' type. The structures of these compounds are 
described in the next chapter. In Chapter 8 the T, T' and T* phases are designated 
by the codes 0201, 0021 and 0222, respectively. 

Fig. 7.12. 
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Crystal structure of the infinite layer phase SreuO 2. [Owens and Poole, 1996, p. 118.] 
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infinite-Layer and Related Phases 

In 1993 superconductivity was discovered in the body centered series of  
compounds with the general formula Srn+lCUnO2n+l+6. These are among the 
simplest of the copper oxide superconductors since they contain only two metallic 
elements strontium and copper. Like the cuprates they are layered compounds 
with the simple scheme presented in Fig. 7-11. The binding slabs resemble those 
of La2CuO 4 but with Sr in place of La. The conduction slabs are the same as the 
cuprate ones sketched in Fig. 7-4, but with strontium atoms between the CuO 2 
layers, instead of calcium or yttrium. The n = 1, 2, 3 compounds Sr2CuO3.1 
[0201], Sr3Cu2Os+ 6 [0212] and Sr4Cu30 8 [0223] have T c values of 70 K, 100 K 
and 100 K, respectively. There is also a 0234 compound with T c = 70 K which 
contains some Ca in place of Sr. If the binding layers of Srn+lCUnO2n+l+6 are 
replaced by Sr layers then one obtains SrCuO 2 which is called an infinite layer 
compound with the structure presented in Fig. 7-12. Structurally all of  its atoms 
form a macroscopic conduction layer. This material, denoted by the code 0011, 
can be made an electron doped superconductor by replacing some of the divalent 
Sr 2+ with trivalent La 3+, which has the effect of putting electron carriers in the 
copper oxide layers, and Sr0.9La0.1CuO 2 has a transition temperature of 42 K. 
These various structures are described in the next chapter. 
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A 

Introduction 

Knowledge of crystal chemistry is essential for understanding and influencing the 
synthesis and properties of materials. Intense studies of the crystal structures of 
high-T c superconducting oxides, reflected in an exceptionally high number of 
publications, have greatly contributed to the development of these materials. The 
efforts invested since the discovery of superconductivity in the La-Ba-Cu-O 
system by Bednorz and Miiller in 1986 have led to the synthesis of hundreds of 
different superconducting cuprates, some of them suitable for applications. It 
appeared early that these compounds have common structural features, such as a 
pronounced layered character, and can be grouped not only into chemical but also 
into structural families. Multiple cation substitutions, variable oxygen contents, 
and distortions make the crystal structures appear complicated, but the main 
features are simple. All structures of superconducting cuprates known up to now 
are based on the stacking of a limited number of different kinds of atom layer, one 
of these always being a square-mesh layer containing copper and oxygen atoms. 
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This work is a critical compilation of crystallographic data of structures 
found among high-T c superconducting cuprates, reported up to January 1997. 
After a brief description of the structure of perovskite, four kinds of atom layer 
are defined, and stacking rules for these layers are formulated. Based on these, a 
high-T c superconductor family tree is generated, and the space groups for 
undistorted structures are derived. Cation coordinations, interatomic distances, 
and structural peculiarities of the main chemical families are then discussed. 
Finally, representative crystallographic data sets with drawings, followed by 
tables for selected compounds, are given. 

The term "structure type" is commonly used for structures of inorganic 
compounds to denote a specific geometrical arrangement of atoms. Following the 
definition proposed in Parth6 et al. (1993/1994), 1 two structures with similar 
atom arrangements crystallize with different structure types, if a slight distortion 
or a change in the ordering of the atoms leads to a description in a different space 
group, or if additional, fully or partly occupied, atom sites are present in one of 
the structures. In the case ofhigh-T c superconducting cuprates, a strict application 
of this definition would result in an artificially large number of "structure types," 
since in some cases the structure of the same compound has been refined in 
different space groups or with different Wyckoff sites occupied. For this reason, 
in the present work, the term "structure type" is used to denote the ideal, 
undistorted, generally tetragonal structure with the a-parameter similar to that of 
cubic perovskite. These structure types will be referred to by generalized 
chemical formulas where the cations are represented by the letters A, B, C, and D. 

The data sets contain complete crystallographic data for selected high-T c 
superconducting cuprates, lists of cell parameters, and critical temperatures for 
related compounds. They are ordered according to a classification scheme based 
on the widely used four-digit code, which gives a general view of the structural 
relationships. It is our hope that this work may be a help in finding systematic 
trends in the physical properties related to the structural features and thereby 
provide hints for the preparation of new compounds. 

Perovskite-Type Structures 

It was noticed at an early stage that the structures of high-T c superconducting 
cuprates are related to that of perovskite. The first structural studies of the mineral 
perovskite, CaTiO3, revealed a cubic cell with a ~ 3.8 ,~ (Barth, 1925; Levi and 
Natta, 1925). The proposed structure with five atoms in the unit cell respects the 

1Two structures are considered isotypic if they have the same stoichiometry, the same space 
group, the same Wyckoff sites with the same or similar positional coordinates, and the same or similar 
values of the unit cell axial ratios and cell angles. 
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symmetry of space group Pm3m, calcium atoms being situated at the comers of 
the cube, a titanium atom at the center of the cube, and oxygen atoms at the 
centers of the cube faces (Fig. 8.1). The Ca site is surrounded by 12 equidistant 
oxygen atoms that form a cuboctahedron, and the Ti site is located between six 
oxygen atoms forming a perfect octahedron. The TiO6 octahedra share comers to 
form a three-dimensional framework. Two kinds of layer, of composition CaO 
and TiO2, respectively, may be considered. These layers are stacked along 
[0 0 1] and build up the structure completely (note that for a cubic structure, 
similar layers may also be considered perpendicular to [1 0 0] or [0 1 0]). 

The cubic structure of perovskite, denoted E21 (originally G5) in the 
Strukturbericht notation (see chapter on classical superconductors), represents 
only an average structure for the mineral CaTiO3, the real structure being a 
distortion to orthorhombic or monoclinic. The name perovskite is, however, used 
to designate not only the mineral, but also the simple cubic structure and, in a 
larger sense, all distorted variants of this. Such structures are formed by a large 
range of M(1)2+M(2)4+O3 and M(1)+M(2)2+F3 (rM(1) > rM(2) ) compounds, 
where the M(2) cations center the corner-sharing octahedra. Only a few 
compounds, such as SrTiO3 (room-temperature modification) and BaTiO3 
(high-temperature modification), crystallize with the truly cubic structure. 
Owing to its ferroelectric properties, BaTiO3 is one of the most studied materials. 
Upon cooling, it undergoes successive phase transitions: At 393 K the structure 
becomes tetragonal, at 278K orthorhombic (see data sets) and at 183 K 
rhombohedral (Megaw, 1947; Kwei et al., 1993). The structures of the super- 
conducting pervoskites Bal_xKxBiO 3 and BaPbl_xBixO 3 are discussed in the 
chapter on classical superconductors. 

Fig. 8.1. 

The average structure of perovskite CaTiO3 (Pm~3m). The unit cell is indicated with dotted 
lines; a CaO12 cuboctahedron and a TiO6 octahedron are presented (see also data set for cubic 
BaTiO3 in Section H,b). 
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C 

Atom Layers and Stacking Rules 

The crystal structures of the high-T c superconducting cuprates have essentially a 
layered character, confirmed by the anisotropy of their properties, and are 
conveniently described as a stacking of atom layers. Basically four kinds of 
atom layer can be considered, two of which are identical to those found in the 
perovskites. The translation period within the undistorted layers remains that of 
the ideal structure of perovskite (~ 3.85 A for cuprates), whereas the periodicity 
in the third direction depends on the number and kind of atom layers in the 
stacking unit, the average interlayer distance being ~ 2.0 A. 

a. Definition of Atom Layer 

To understand the structures of high-T c superconducting cuprates it is convenient 
to distinguish four kinds of layers, which have different "functions" in the 
structure. The notations used here will allow a direct correspondence with the 
conventional four-digit codes, described later on. The layers are presented in Fig. 
8.2. 

DO 2 (conducting layers): Superconductivity is believed to take place in these 
layers, which are present as CuO2 layers in all superconducting cuprates. 
They consist of a regular square mesh of copper atoms with oxygen atoms 
centering the square edges. In the (nonsuperconducting) perovskites 
discussed earlier, the corresponding layers have the composition TiO2. 

C (separating layers typically Ca or Y): The structure of pervoskite does not 
contain this kind of layer, which consists of a simple regular square mesh of 
metal atoms. The insertion of a C layer into perovskite will "split" the TiO6 
octahedron into two TiO5 square pyramids, the basal planes of which will 
be separated by the new layer. Consecutive C layers in superconducting 
cuprates are always intercalated by O2 layers, where the oxygen atoms are 
arranged as in the DO 2 layers, that is, centering the edges of the square 
lattice. (~ 

BO (bridging layers typically BaO, LaO or SrO): These layers are located next to 
a DO2 layer and contain the apical oxygen atom of the octahedron or square 
pyramid coordinating the copper atom. They are present in perovskite (CaO 
or BaO above) and in all basic structures as defined here (see Section C,c). 
They consist of a regular square mesh of metal atoms with oxygen atoms 
centering the squares. 

AO (additional layers typically BiO, HgO or T10): In contrast to the C and the 
BO layers, these layers are never in direct contact with the DO2 layers, but 
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separated from these by a bridging BO layer. They can have different 
oxygen contents, leading to compositions ranging from A to AO 2. In all 
cases the cations are arranged in a regular square mesh, whereas the oxygen 
atoms may occupy different positions: A, none; AO, centering the squares; 
AO', centering square edges in one direction; AO2, centering square edges 
in two directions; AO", centering square edges with partial occupancy. For 
simplicity, unless specified, additional layers will hereafter be represented 
by AO layers. 

It may be noted that from a geometrical point of view the BO layer is 
identical to the AO layer (as well as C and DO 2 to A and AO2, respectively), but 

Fig. 8.2. 

Schematic drawings of the atom layers building up the structures of high-Tr superconducting 
cuprates. Except for the 02 layer, each layer is shown twice. For layers with labels starting 
(e.g., DO2) and ending (e.g., O2D ) with D, C, B, or A, solid lines delimit two-dimensional cells 
with the cation (shaded circles) located at the comer (0 0) and at the center (�89 �89 of the square, 
respectively. Cells shifted by �89 �89 (dashed lines) are indicated to emphasize the equivalence. 
Open circles represent oxygen atoms. All atom layers (except AO') are described in plane 
group p4mm. 
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that the former acquires its specificity from the position in the structure, next to a 
DO2 layer. All layers have a square lattice, except the AO' layer, where the 
presence of oxygen atoms along only one of the cell edges leads to a rectangular 
lattice (see Section E,a). 

b. Stacking Rules 

In the structures of most high-T e superconducting cuprates, the atom layers just 
defined are stacked on top of each other, so that the cation sites in neighboring 
layers are shifted by �89 1 with respect to each other. There are, however, two 
notable exceptions, BazYCu408 and Ba4YzCu7014.94, for which the cation 
positions in consecutive additional AO' (CuO) layers are shifted by 0 �89 As a 
consequence of these systematic shifts, the translation period in the stacking 
direction must contain an even number of layers. This means that for an odd 
number of layers in what we define as the stacking unit, the translation period in 

1 1 the stacking direction has to be doubled. As shown in Fig. 8.2, a shift by 2 2 
respects the 4-fold symmetry, and therefore undistorted structures that do not 
contain AO' layers will have tetragonal symmetry (see Section E,b). It may be 
noted that the presence of an O2 layer between consecutive C layers does not 
modify the relative shift of the cation sites. 

Not all stacking combinations are possible. Stacking rules that are 
respected in all structures of superconducting cuprates are illustrated in Fig. 
8.3 and may be formulated as follows for each kind of layer. They lead to a 
limited number of coordinations characteristic of the different cation sites. 

Conducting DO 2 layers (i.e. CoO 2 layers) cannot be stacked directly upon 
each other. They can have as closest neighbors either two BO layers, one 
BO and one C layer, or two C layers. In the first case the D atom will be 
surrounded by six oxygen atoms forming an octahedron, in the second case 
by five oxygen atoms forming a square pyramid, and in the third case by 
four oxygen atoms, belonging to the D O  2 layer itself, forming a square. 
Copper atoms are always present in this layer at the D position, but may 
exceptionally be partly replaced by a 3d-transition metal. 

Separating C layers may be inserted between two DO 2 layers. Consecutive 
C layers, sandwiched between DO 2 layers, are always intercalated by O2 
layers. In all cases, the coordination polyhedron formed by the oxygen 
atoms around the C atom is a tetragonal prism. The C layers are generally 
built up by Ca or Y, and sometimes by La or rare-earth metal atoms. 

Since, by definition, a BO layer must be in direct contact with a DO 2 layer, 
one, or at most two, bridging BO layers can be placed between two DO 2 
layers. When AO layers are present, a single BO layer makes the bridge to 
the neighboring DO 2 layer. When a BO layer is surrounded by two DO 2 
layers, as in perovskite, the B atom is coordinated by 12 oxygen atoms 
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Fig. 8.3. 

Possible stacking combinations for DO2, C, BO and AO (A) layers, corresponding to stacking 
rules 1, 2, 3, and 4 (Section C,b), respectively. 

, 

located at the comers of a cuboctahedron. In all other cases, the coordina- 
tion is reduced, generally to nine oxygen atoms forming a monocapped 
square antiprism, but other coordinations may also occur, depending on the 
exact type of neighboring additional layer. Typical B atoms are large, 
ionized, and spherical like Ba, Sr, and La. 

Several additional A O layers can be stacked on each other to form slabs 
that are always delimited by a BO layer on each side. The coordination of 
the A cation depends on the actual composition and geometry of the 
additional layers. Considering, for example, an additional layer stacked 
between two AO layers, the coordination of the cation in a central layer of 
type AO will be octahedral, in a layer of type A linear, and in a layer of type 
AO' square planar. Cations in additional layers are usually main group 
elements, such as T1, Pb, Bi, or C, but can also be Cu or Hg, the cations of 
the latter elements preferring low coordination numbers. 
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In summary DO 2 are CuO2, C layers are Ca (or Y), BO layers are BaO, 
LaO or SrO and AO layers are BiO, HgO or T10 in most common cuprates. 

c Basic Structures 

Any basic structure, as defined here, must contain at least one DO 2 layer and one 
BO layer, like the structure of perovskite. It derives from the stacking rules just 
formulated, that A O and BO layers are never in direct contact with C layers, nor 
are AO layers in contact with DO 2 layers. Two kinds of thicker structural slab may 
thus be considered, one built up of DO 2 (and C) layers, the other by BO (and AO) 
layers. The former is sometimes referred to as "conduction" and the latter as 
"charge reservoir" slab. The stacking unit of a basic structure will contain one 
slab of each kind. 

Slabs formed by DO 2 and C layers: In its simplest version, the slab will contain a 
single DO 2 layer. When there is more than one DO 2 layer (n of them), then 
together with m C layers a slab of composition CmOn Ozm+2 is formed. 
Since the outside layers of the slab must always be DO 2 layers, when 
consecutive DO 2 layers are separated by single C layers the formula of the 
slab becomes Cn_lDnOzn. A grouping of p consecutive C layers, inter- 
calated by O2 layers and sandwiched between two DO 2 layers, is described 
by the formula CpD202p+2. Following the definition used here, groupings 
between two DO 2 layers in a basic structure contain a constant number (p) 
of C layers. The general formula for the slab, considering groupings of p C 
and ( p -  1)O2 layers, intercalated between n consecutive DO 2 layers, 
becomes Cp(n_l)DnO2p(n_a)+2. The stacking sequence inside the slab can 
be written as 

DO2-  (n -  1 ) { C - ( p -  1)[O 2 - C]-DO2 }. 

Slabs formed by BO and AO layers: In the simplest case, the slab is reduced to the 
expression BzO z, where I can only take the values 1 or 2. When there is 
more than one, k A O layers are stacked directly upon each other, between 
two BO layers, to form a slab of composition AkBzOk+ 2. Note that the total 
number of oxygen atoms in the additional layers may differ from k and 
consequently the oxygen content of the slab may show large variations. 

In a basic structure, conduction CmOnO2m+2 and charge reservoir AkBzOk+ l 
slabs alternate, so that the general formula can be written as 

A kB lCmDn Ok+l+Zm+2. 

The outer conducting DO 2 layers of the former slab are in direct contact with the 
bridging BO layers of the latter. As a consequence of the definition of a basic 
structure and of the stacking rules formulated earlier, the following relations are 
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observed between the number of atom layers of different kinds in the stacking 
unit: 

o 

2. 

3. 

. 

n > 1 (002 layers must always be present) 

m + 1 > n (002 layers cannot be stacked directly upon each other) 

m - p ( n  - 1) (a constant number of C layers is required between conse- 
cutive DO 2 layers) 

/ -  1 or 2 (if k-76 0 then l -  2) (imposed by the specificity of the BO 
layers) 

I f p -  1 (single C layers between consecutive DO 2 layers), the general formula 
can be simplified to 

A kBlCn- l DnOk+l+2n . 

As stated previously, the number of cation-containing layers in the transla- 
tion period must be even, in order to compensate for the relative shift of the cation 
sites in consecutive layers. This means that when N = k + 1 + m + n is even, the 
conventional cell of the undistorted structure will contain one stacking unit, that 
is, one formula unit (Z - 1), whereas when N is odd, it will contain two stacking 
units (Z - 2). In the first case the tetragonal cell of a structure without AO' layers 
will be primitive (P), and in the second case body-centered (I) because of the 
shift of �89 �89 observed within the plane for layers separated by half a translation 
period along [0 0 1 ]. The symmetry of basic structures will be further discussed 
in Section E,b. 

d. Limiting Structures 

In contrast to the basic structures, limiting structures, as defined here, do not 
contain any BO, and consequently no A O layers. Such structures, where DO2 
layers alternate with groupings o fp  C layers intercalated by 02 layers, have the 
general formula 

GDO2p . 

The structure where DO 2 layers alternate with single C layers (p = 1) is known 
for the so-called infinite-layer compound (e.g., (Sr, La)CuO2). Depending on the 
parity of p, the translation period of the limiting structures contains either one (p 
odd) or two (p even) stacking units. 

Well-known structures are in some cases obtained when one or two of the 
layers just described are combined. The stacking sequence -C-O2-, for example, 
corresponds to the fluorite-type (CaF2) structure, whereas a simple stacking of 
AO (or BO) layers leads to the rock-salt-type (NaC1) structure. These "limiting" 
structures do not contain conducting DO 2 layers and hence do not superconduct; 
they will therefore not be considered in the following. 
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e. lntergrowth of Basic Structures 

As shown earlier, the stacking unit of a basic structure contains one CmDnO2m+2 
and one AkBlOk+ l slab. Other structures are known, where the "stacking unit" 
contains several slabs with different indices, slabs of DO 2 and C layers alternating 
with slabs of BO and AO layers. Such structures are generally considered as an 
intergrowth of stacking units of different basic structures. The general formula for 
intergrowth structures can be written as 

A zk Bzl CzmDzn OEk + :El + 2Zm+ 2q " 

where q is the number of intergrown stacking units. Since all but one of the 
intergrowth structures refined so far are built up from the stacking units of two 
different basic structures, only structures with q = 2 will be considered in the 
present work. Note that structures where the "stacking unit" contains more than 
two slabs because of a different ordering of the chemical elements are here 
considered as superstructures of the basic structures and will be discussed 
together with these. 

fi Four-Digit Codes 

Basic structures are commonly referred to by a four-digit code that is derived 
from the general formula, AkBlCmDnOk+l+2m+2 , considering the numbers of 
cation-containing layers of each kind in the stacking unit: 

k l m n  . 

The structures of LaCuO2.95 (MoB 1COD 103) and Tll.64Ba2Ca3Cu4012 
(A2B2C304012), for example, are denoted as 0101 and 2234, respectively. The 
code generally reflects the cation ratios in the compound; however, partial 
vacancies are ignored and in some cases the same chemical element may be 
present in different layers (e.g., Cu in both DO 2 and AO' layers). Mixed 
occupation of one or several cation sites is also common. The oxygen content 
is not considered in the code and cannot be derived with certainty from it, in 
particular since no distinction is made between different types of additional layer. 

In order to be able to distinguish different chemical families, the four-digit 
code is sometimes preceded by the chemical symbol of the cations in the 
additional layers. For the thallium-based compound mentioned earlier, the code 
can, for instance, be written as T1-2234. Note that, in the literature, some 
compounds are denoted by codes that correspond to coefficients in the conven- 
tional chemical formula, but do not take into account the distribution of the 
cations among the different kinds of layer. For example, Ba2YCu307 is often 
abbreviated as 123 or Y-123 (YBa2Cu307), but is more properly classified as 
1212 or Cu-1212 (CuBa2YCu207). 
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The four-digit code can also be extended to the limiting structures with the 
general formula CpDOzp. For these phases the number of DO 2 layers in the 
stacking unit equal 1, so that the code takes the general expression 00pl. 
Following this scheme, 0Nld, Ce)zCuO3.92, for example, is denoted as 0021. The 
code for an intergrowth structure contains the four-digit codes of the basic 
structures it derived from, for example, 1201/2201 for CBizSr4Cu2011 
(CSr2CuO5/BizSr2CuO6). 

D 
High-T~ Superconductor Family Tree 

A family tree, in which all basic structures of high-T c superconducting cuprates 
find their place, can be built by applying three structural operations to the ideal 
structure of perovskite. These consist in inserting, one by one, the layers 
described earlier, respecting the stacking rules. 

a. Structural Operations 

As explained previously, the structure of perovskite contains one DO 2 (TiO2) and 
one BO (CaO) layer, which corresponds to the generalized formula B1D103 and 
the four-digit code 0101. All basic structures of superconducting cuprates can be 
generated from the ideal structure of perovskite by applying one or a combination 
of three different structural operations, which consist in adding one of the 
following: 

o 

2. 

3. 

An additional AO (or a bridging BO) layer 

A conducting DO 2 and a separating C layer 

A separating C and an O2 layer 

Each operation may be performed several times. Note that an AO layer can only 
be added into a stacking unit that already contains two bridging BO layers. In a 
similar way, the structural operation (3) can only be applied to structures that 
already contain two or more conducting DO 2 layers in the stacking unit. 

b. Application of the Three Structural Operations 

Figure 8.4 shows how operation (1), adding an AO or a BO layer, can be stepwise 
applied to the structure with formula B 1C1O205 (0112, e.g., BaY(Cu,Fe)2Os). In 
the initial structure, two DO 2 layers are separated by a single C layer, the resulting 
CDO 2 slabs being connected via single BO layers. As in perovskite, the B atom is 



Fig. 8.4. 

-,q Structures obtained by stepwise adding a bridging BO or an additional AO (A) layer, starting from the 0112 structure. The Pearson code corresponds to the 

ideal composition. The real structure of (Pb,Cu)3Sr2YCu208 is orthorhombic. 
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12-fold coordinated. The metal atoms from the DO 2 layers are 5-fold coordinated, 
the surrounding oxygen atoms forming square pyramids. The C atom is located at 
the center of a tetragonal prism formed by eight oxygen atoms. When a second 
bridging BO layer is inserted between the BO and DO2 layers, a structure with the 
formula B2C1D206 (0212, (La, Sr, Ca)2(Ca,La)Cu2Os.91) is obtained. The tetra- 
gonal cell of the resulting structure contains two stacking units and the two 
neighboring BO layers form a rock-salt-type atom arrangement. The coordination 
numbers of the C and D atoms remain the same as in 0112, whereas the B atom is 
here 9-fold coordinated. An additional AO layer can now be inserted between 
the two consecutive BO layers, leading to the formula A1B2C1D207 (1212, 
T1Ba2(Ca,T1)Cu2OT). The coordination numbers of the C and D cations remain 
the same as in 0212, whereas the coordination of the B and A cations will depend 
on the actual composition of the additional layer. When the operation consisting 
in adding an AO layer is repeated, other members of the structure series with 
formula AkB2C1D2Ok+ 6 are generated (k = 0 and 1 for the 0212 and 1212, 
respectively). In Fig. 8.4 schematic drawings of the structures of the members 
with k = 2 and 3, 2212 (T12Ba2CaCu208) and 3212 ((Pb,Cu)3Sr2YCu2Os), 
respectively, are also shown. For 2212, the cations in both AO layers belong to 
the same crystallographic site and have octahedral environment. In the example 
chosen to illustrate the formula 3212, the inner additional layer is built up from 
cations only. In this structure the cations in the outer AO layers are 5-fold 
coordinates, whereas those in the inner A layer have two neighboring oxygen 
atoms in linear coordination. 

The operation (2), consisting in adding a DO2 and a C layer, is illustrated in 
Fig. 8.5 on Hg-based superconductors. The stacking unit of A1B2DO 4 (1201, 
HgBa2CuO4.18), chosen as starting point, contains one DO2 layer and one A layer 
surrounded by a BO layer on each side. Simultaneous insertion of a conducting 
DO2 and a separating C layer produces a structure with the formula A 1B2 C1D206 
(1212, HgBa2CaCu206.26). The environments of the A and B cations in 1212 
are the same as in 1201 (2- and 8-fold coordination, respectively), whereas 
the coordination number of the metal atoms in the DO2 layers is reduced 
from six to five ("splitting" of the octahedron). The C atom is located inside a 
tetragonal prism. The structures of the members of the structure series 
A1B2Cn_IDnO2n+2 with n = 3 and 4, 1223 (HgBa2Ca2Cu308.44) and 1234 
((Hg,Pb)BaECa3Cu4010.14), respectively, are also shown (n = 1 and 2 for 1201 
and 1212, respectively). In the case where there are three or more conducting 
DO 2 layers in the stacking unit, the metal atoms of the external DO 2 layers are 
5-fold coordinated, whereas those of the internal DO2 layers have four neighbor- 
ing oxygen atoms in square planar coordination. 

The structure with formula B2C1D206 (0212), as shown in Fig. 8.6, 
contains CD204 slabs where two DO 2 layers are separated by a single C layer 
and B202 slabs formed by two BO layers. The structural operation (3) is 
illustrated in the same figure with schematic drawings of the three first members 
(m = 1, 2 and 3) of the structure series with the formula B2CmD202m+4. If a 



Fig. 8.5. 

t,,a 

Structures obtained by stepwise adding a conducting DO 2 and a separating C layer, starting from the 1201 structure with an A layer. The end member of  the 
structure series, 0011, is also shown. The Pearson code corresponds to the ideal composition. 
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Fig. 8.6. 

Crystal Structures of High-Tr Superconducting Cuprates 

Structures obtained by stepwise adding a separating C and an 02 layer, starting from the 0212 
structure. The Pearson code corresponds to the ideal composition. 

second separating C layer is inserted between the C layer and one of the DO2 
layers in 0212, adding simultaneously an 02 layer, a structure with the formula 
B2C2D208 (0222, (Nd, Sr)2(Nd, Ce)2Cu207.84) is obtained. The coordination 
of the metal atoms is unchanged through this structural operation, that is, the 
B, C, and D cations remain 9-, 8-, and 5-fold coordinated, respectively. If the 
operation is repeated, a structure with the formula B2C3D201o (0232, 
Sr2(Ce,Y)3(Cu,Fe)2010) is built (two stacking units in the translation period as 
in 0212), again leaving the cation coordination unchanged. Note that indepen- 
dently of the number of separating C layers, the C atoms remain 8-fold 
coordinated, since the oxygen atoms in the 02 layer are arranged as in the 
DO2 layers. 

C and 02 layers can also be added to structures that contain n DO 2 and 
p(n - 1) C layers (n >_ 2). For a basic structure, the number of C layers between 
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consecutive 002  layers (p) must be constant and, hence, (n - 1) C and (n - 1) 
O2 layers must be added simultaneously. When, for example, this operation is 
performed on A1BzC2D309 (1223), a structure with the formula A1BzC4D3013 
(1243, hypothetical) is obtained. Inserting pairs of C and O2 layers into the 
structure of the so-called infinite-layer compound C1DIO 2 (0011, (Sr, La)CuO2, 
Fig. 8.5), gives a structure with the formula C2OlO 4 (0021, (Nd, Ce)zCuO3.92). 

c. Generation of the Family Tree 

Starting from the ideal structure of perovskite, or from the tetragonally distorted 
structure of the cuprate LaCuO2.95 (0101), and performing, one by one, the 
structural operations defined in Section D,a, one can generate the high-T c 
superconductor family tree shown in Fig. 8.7. The four-digit codes representing 
structures with one and two stacking units in the translation period are placed 
within open and shaded rectangles, respectively. Horizontal lines correspond to 
the structural operation which consists in adding a bridging BO or an additional 
AO layer. When AO layers are progressively added, the members of structure 
series with the formulas AkB2CcstDcstOk+cs t are generated. The end points of the 
vectors (infinite number of AO layers) correspond to a rock-salt-type (NaC1) atom 
arrangement. The simultaneous insertion of a conducting DO2 and a separating C 
layer is represented by vertical lines. Repeating the operation generates members 
of structure series with the formulas AcstBcstCn_lDnO2n+cst. The end member of 
each series is the structure of the infinite-layer compound (0011, (Sr, La)CuO2). 
Diagonal lines represent the structural operation consisting in adding a separating 
C layer and an 02 layer. The structure series grouping the structures produced 
along one of these lines can be described by the formulas AcstBcstCmDcstO2m+cst. 
Infinite adding of layers leads in this case to the structure of fluorite (CaF2). This 
last operation is also applied, at the bottom of the figure, to the limiting structure 
0011. Only a certain number of basic structures are indicated in the diagram; 
however, structures with higher numbers in the four-digit code, such as 1256 and 
5222 ,  are also known. 

It follows from the diagram that, for example, the structure of 1232 

((Bi,Cu)Sr2(Ce,Nd)3Cu2Oll) can be obtained from 0101 (LaCuO2.95) in 10 
different ways, one of which corresponds to the following path: 

0101  --~ 0201  --~ 1201 --~ 1212  --~ 1222 --~ 1232.  

The simultaneous adding of one DO 2 layer and p C (p > 1) layers, which 
would correspond to vertical lines ending with the structures 0021 (p = 2, 
(Nd, Ce)2CuO3.92), 0031 (p = 3, hypothetical), etc., is not illustrated in the 
diagram. 



Fig. 8.7. 
t,,a 
4~ 

High-T c superconductor family tree. Horizontal, vertical and diagonal lines correspond to the structural operations (1), (2) and (3) (Section D,a), respectively. 
Four-digit codes placed within open and shaded rectangles identify structures with a primitive (one stacking unit in the translation period, space group 
P4/mmm (single frame) or P4/nmm (double frame)) and a body-centered (two stacking units, I4/mmm) tetragonal cell, respectively. Four-digit codes for 
which superconducting representatives are known are followed by the highest transition temperature quoted in this work. 
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Symmetry 

Undistorted basic structures are described in a limited number of space groups, 
most of them tetragonal. In the following section, the symmetry of the individual 
atom layers is discussed. It is then shown how the space group for ideal basic, 
limiting, and intergrowth structures may be derived from the four-digit code. 
Distortions to, for example, orthorhombic are common in the real structures. We 
will clarify the relationships between the space groups of the undistorted parent 
types and space groups of lower symmetry, which have been used in the literature 
to refine structures of high-T c superconducting cuprates. 

a. Plane Groups for Individual Atom Layers 

All atom layers defined in Section C,a and shown in Fig. 8.2 except AO', can be 
described in the square plane group p4mm, with cell parameters a = b ~ 3.85 A. 
There are 4-fold rotation points at the origin and the center of the cell, and mirror 
lines along the cell axes ([0 1], [1 0]) and the cell diagonals ([1 1], [1 1]). The 
cation sites are located at 4-fold rotation points (site symmetry 4mm), either at 
0 0 or at i �89 The oxygen atoms occupy the following positions: 

. 

2. 

3. 

Either I 1 or 0 0 for AO and BO layers 

1 0 and 0 1 for AO2, DO 2 and 0 2 layers 

1 �89 (or 0 0), 1 0 and 0 l, with partial occupancy, for AO" layers 

Some structures contain distorted layers, in particular distorted additional 
layers, which can generally be described in the rectangular plane groups p2mm or 
c2mm, as shown in Fig. 8.8. In the latter case the cell vectors correspond to the 
diagonals of the small cell (a' ~ b' ~ 5.4 A) and the number of atoms in the cell 
doubles. The AO' layer, shown in Fig. 8.2, is also described in the rectangular 
plane group p2mm. The cell parameter ratio b/a > 1, if, by convention, the 
oxygen atoms are located along [0 1]. 

b. Space Groups for Basic Structures 

When the lattice of perovskite is distorted so that a = b < c, all 3-fold axes are 
suppressed and of the three mutually perpendicular 4-fold rotation axes, only the 
axis along [0 0 1] remains. Such a B1D10 3 structure (0101, LaCuO2.95), 
containing two layers in the translation unit like the cubic perovskite structure, 
is described in the tetragonal space group P4/mmm, which is a maximal 
nonisomorphic subgroup of Pm3m. The cation sites are located at the intersec- 
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Rectangular and rhombal distortions of a primitive square cell (plane group p4mm) leading to a 
primitive rectangular (p2mm) and a 2-fold centered rectangular (c2mm) cell, respectively. 

tions of the 4-fold rotation axes and the mirror planes perpendicular to these (site 
symmetry 4/mmm). The tetragonal structure of BaTiO3 presents similar distor- 
tions, the space group being, however, P4mm, because of additional deformations 
leading to puckered layers. 

When the atom layers described in the square planar group p4mm are added 
to the 0101 structure, the symmetry remains tetragonal if the 4-fold rotation 
points of the new layers coincide with the 4-fold rotation axes of the initial 
structure. This is the case for an ideal basic structure, even if the cation sites in 
neighboring layers are never stacked directly on top of each other, but are shifted 
by a vector �89 i in the plane, that is, from one 4-fold rotation axis to another. The 
space group of the resulting, undistorted structure will preserve the 4-fold rotation 
axes parallel to the stacking direction, as well as the mirror planes perpendicular 
to the cell axes [0 1 0] and [1 0 0], and to the diagonals of these. 

As explained previously, the translation period of the resulting structure 
must contain an even number of shifts by I 1, and therefore an even number of 
cation-containing layers (see Section C,c). If the sum of the numbers in the four- 
digit code (N = k + 1 + m + n) is even, the unit cell is primitive and the 
translation period contains one stacking unit. If, on the other hand, it is odd, 
the unit cell is body-centered and contains two stacking units. Thus, depending 
on the number of layers in the stacking unit, the tetragonal Bravais lattice for an 
ideal basic structure AkBlCmDnOk+l+2m+2 , containing no AO' layers, will be 
either primitive (P) or body-centered (I). 

Each AkBtOk+ t and CmOnO2m+2 slab has, in addition to the 4-fold rotation 
axes and the mirror planes containing these, a symmetry plane (mirror plane m or 
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diagonal glide plane n), situated halfway between its external layers. When the 
number of layers in the slab, (k + I) or (m + n), is even, the symmetry plane is 
located between two cation-containing layers, that is, between two A O or two BO 
(k = 0) layers for a AkBlOk+ l slab, and between two C layers, coinciding with an 
inner O2 layer, for a CmOnO2m+2 slab. Because of the shift by ) 1 of the cation 
sites in consecutive layers, the plane is in this case a diagonal glide plane n. In 
contrast, when the number of layers in the slab is odd, the symmetry plane 
coincides with an atom layer. This may be an inner AO or BO (k = 0) layer for 
the AkBtOk+ t slab and a C (n even) or an inner DO 2 (n odd) layer for the 
CmDnOzm+2 slab. The plane is here a simple mirror plane m. Combining the two 
kinds of slab, three cases may occur: 

. 

Both (k + I) and (m + n) are even: The combination of the two glide planes 
n results in space group P4/nmm with one stacking unit in the translation 
period. The 0222 structure, shown in Fig. 8.9 is an example of this 
category. 

Both (k + 1) and (m + n) are odd: The two mirror planes m give space 
group P4/mmm with one stacking unit in the translation period. This case 
is illustrated in Fig. 8.9 by the 1223 structure. 

(k + I) and (m + n) are of different parity: One mirror plane m and one 
diagonal glide plane n lead to space group I4/mmm with two stacking units 
in the translation period. The 2201 structure is representative for this 
category. 

These cases are summarized in Table 8.1, which has been subdivided to consider 
the different parity of the individual indices. It results from the stacking rules 
described earlier that k and I cannot be odd simultaneously (if I = 1, k = 0). The 
same is true for m and n, since m = p(n-1). 

The ideal basic structures can thus be described in one of the following 
tetragonal space groups: P4/mmm (or cubic Pm~3m in the particular case of 
idealized perovskite), P4/nmm, or I4/mmm. Indeed, the crystal structures of the 
majority of the high-T c superconducting cuprates known up to now have been 
refined in one of these groups. However, space groups of lower symmetry have 
been used to describe and refine some crystal structures with significant 
distortions. The group-maximal nonisomorphic subgroup relationships that 
lead from one of the space groups listed previously to space groups used in 
data sets given in Section H,b are indicated in Table 8.2. The lowering of 
symmetry observed for the real structures may be caused by any of the following: 

Displacements of the atoms from the ideal positions 

An ordered arrangement of different cations within layers of the same kind 

An ordered arrangement of vacancies 

The insertion of extra atoms 



t~  
Oo 
oo Fig. 8.9. 

Examples of cuprate structures with different symmetries. The symmetry planes (m, mirror; n, diagonal glide; b, axial glide plane) perpendicular to the stacking 
direction ([0 0 1]) are indicated; the Pearson code and the space group are given. 
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Table 8.1. 

Space groups for undistorted basic structures ofhigh-T c superconducting cuprates as derived from the 
parity of the numbers k, l, m, and n in the four-digit code. 

(k + !) even (k + 1) odd 

k odd, 1 odd k even, I even k even, 1 odd k odd, 1 even 
impossible (l = 2) (k --- 0, 1 -- 1) (1 = 2) 

(m + n) 
even 

m odd, n odd 
impossible 
m even, n even 
(p even) 

X X X X 

• P4/nmm 14/mmm 14/mmm 

(m + n) m even, n odd • I4/mmm P4/mmm P4/mmm 

odd m odd, n even • I4/mmm P4/mmm P4/mmm 
(p odd) 

Table 8.2. 

Group-maximal nonisomorphic subgroup relationships a for basic structures of superconducting 
cuprates. Standard settings according to the International Tables for Crystallography (Hahn, 1983) 
are given within parentheses. Space group symbols within square brackets are not represented among 

the data sets reported here but complete the transformation paths. 

Space group of 
ideal structure 

Path to space group of 
distorted basic structure 

[Pm3m] I --+ P4/mmm 
I ~ [R3m] 

P4/mmm I --+ Pmmm 
I ~ Cmmm 

P4/nmm 

I4/mmm 

IIb --+ P4/mbm 

I --+ Cmma 

I --+ I4mm 
I --~ Fmmm 

IIa -+ [P42/mmc ] 

IIb ~ R3c 

IIa  --+ Pman (Pmna) 
IIb ~ Imam (Imma) 

IIa  --~ Bmab (Cmca) 
IIa --~ Amaa (Cccm) 
IIa --+ [Bbmb (Cccm)] 
l ib  ~ P42/ncm 

I --~ I2cm (Ima2) 

I --+ A2aa (Ccc2) 
IIa --+ Pnan (Pnna) 

a I, translationengleiche (t) subgroup (all translations are retained but certain point symmetry 
operations are lost); II, klassengleiche (k) subgroup (IIa, the unit cell is retained but the space 
group is different; l ib,  the unit cell is larger owing to the loss of some of the integral translations and 
the space group is different). 
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These lead, in a majority of cases, to structures that are described in orthorhombic 
space groups with cell vectors a + b, - a  + b and c (d ~ b' ~ 5.4 A), where a, b, 
and c are the cell vectors of the ideal structures. Note that the orthorhombic 
structure of BaTiO3 (space group Cm2m) presents distortions resulting in a 
similar cell. Owing to positional or occupational commensurate modulations, 
superstructures with large unit cells are sometimes observed. Incommensurately 
modulated structures are also known. 

As stated previously, the symmetry considerations up to now do not apply 
to structures containing AO' layers. The oxygen atoms in these layers center the 
square edges only in one direction, breaking the 4-fold symmetry. Among the 
basic structures of superconducting cuprates, there are two well-known examples, 
Ba2YCu307 (1212, CuBa2YCu2OT) and Ba2YCu408 (2212, Cu2Ba2YCu208), 
where the undistorted structures are orthorhombic. Both structures contain 
additional CuO layers, the copper atoms of which center mutually parallel 
squares of oxygen atoms perpendicular to the layer. The replacement of a 
single AO layer by a AO' layer, as in Ba2YCu3OT, does not alter the general 
stacking scheme, but the 4-fold rotation axis is reduced to a 2-fold one. The 
resulting orthorhombic structure, shown in Fig. 8.9, is described in space group 
Pmmm, which is a direct subgroup of P4/mmm ((k + I) odd, (m + n) odd). The 
cell parameter b is slightly larger than a, because of the presence of oxygen atoms 
along [0 1 0] in the AO' layer. The structure can be derived from the structure of 
Ba2YCu306.26 with the same four-digit code (1212), space group P4/mmm, 
where one-third of the copper atoms form A layers, considering an ordered 
arrangement of extra oxygen atoms in the additional layer. 

In the case of Ba2YCu408 (2212), the two consecutive AO' layers are 
shifted by 0 I with respect to each other if, by convention, the oxygen atoms in 
the AO' layers are located along [0 1 0]. Such a shift corresponds to an axial 
glide plane b, situated between the two layers, that is, halfway between the BO 
layers delimiting the A2B204 slab. Combined with the mirror plane m coinciding 
with the central C layer of the CD204 slab, this leads to space group Ammm 
(standard setting Cmmm). There are two stacking units in the translation period 
along c and the cell parameter ratio b/a > 1 (Fig. 8.9). 

c. Space Groups for Limiting Structures 

Like the majority of the basic structures, the limiting structures with the general 
formula CpDO2p are described in tetragonal space groups. When p is odd, the 
translation period contains two mirror planes m. The first one coincides with the 
DO 2 layer and the other one with the inner C layer. This combination yields 
space group P4/mmm with one stacking unit in the translation period (0011, 
(Sr, La)CuO2). When p is even, the mirror planes through the DO 2 layers alternate 
with diagonal glide planes n, which coincide with the 02 layer situated between 



E. Symmetry 291 

the internal C layers. The resulting space group is I4/mmm with two stacking 
units in the translation period (0021, (Nd,  Ce)zCuO3.92  ). 

d. Space Groups for intergrowth Structures 

As for the basic structures, the 4-fold rotation axes and the mirror planes 
containing these are preserved in the intergrowth structures, as long as there 
are no AO' layers. When the total number of cation-containing layers in all 
stacking units forming an intergrowth structure, that is, the sum of the numbers in 
all four-digit codes, is even, the tetragonal Bravais lattice is primitive; otherwise, 
it is body-centered. Three cases may be distinguished: 

, 

, 

The AkIBI Ok1+l 1 and Ak2Bt2Ok2+l 2 slabs are identical, that is, k 1 - -  k 2 and 

I 1 = ! 2 

T h e  CmlDnlOzml+ 2 a n d  CmzOnzOzm2+ 2 slabs are identical, that is, m I = m 2 
and n 1 = n 2 

The corresponding slabs in the two stacking units are different 

In cases (1) and (2), only the symmetry planes in the corresponding slabs 
that are different will remain. As for the basic structures, the space group is either 
P4/mmm, P4/nmm, or I4/mmm, depending in case (1) on the parity of (m I + nl) 
and (m 2 -+-n2) and in case (2) on the parity of (k 1 + 11) and (k 2 +/2).  This is 
summarized in Table 8.3 and illustrated for case (2) by the idealized structure of 
CBizSr4Cu201] (1201/2201) in Fig. 8.10. 

Table 8.3. 

Space groups for undistorted intergrowth structures of high-T c 
superconducting cuprates with identical AkB110kl+tl and 

Ak2Bt2Ok2+t 2 (or CmDn O2m~+ 2 and Cm2Dn202m2+2) slabs as 
derived from the parity of (m 1 4- n2) and (m 2 + n2) [or 

(k I 4- il) and (k 2 4-/2)]. 

k 1 = k2, !1 = ! 2 
[m l = m  2 , n l = n z ]  

(m I + nl) even (m 1 4- nl) odd 
[(k I 4- ll) even] [(kl + I1) odd] 

(m 2 + n2) even P4/nmm I4/mmm 
[(k 2 4-12) even] 

(m z + nz) odd 
[(k 2 + 12) odd] I4/mmm P4/mmm 
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Fig. 8.10. 

The 1201/2201 structure, an example of an intergrowth of two basic structures. The interfaces 
and symmetry planes (m, mirror; n, diagonal glide plane) perpendicular to the stacking 
direction ([0 0 1]) are indicated; the Pearson code and the space group are given. The real 
structures of the examples chosen here have lower symmetry. 

In case (3) all symmetry planes perpendicular to the 4-fold rotation axes 
present in the basic structures are lost and the space group is either P4mm or 
I4mm, depending on the sum of the numbers in the two four-digit codes. 

Note that if the site occupations in the two slabs with identical indices are 
different, the symmetry plane perpendicular to the stacking direction is lost. As 
stated previously, structures where the AkBllOkl+l ~ and Ak2Bl2 Ok2+/2 slabs and/or 
the CmlOnlO2m1+ 2 and CmzDn202m2+ 2 slabs differ only in the chemical composi- 
tion are here considered as superstructures resulting from cation ordering (e.g., 
1201, (C,T1,Pb)Sr2CuOs) and not as intergrowth structures. 
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Table 8.4. 

Group-maximal nonisomorphic subgroup relationships for inter- 
growth structures of superconducting cuprates (for notations, see 

Table 8.2). 

Space group of 
ideal structure 

Path to space group of 
distorted intergrowth structure 

[P4/mmm] I ---+ [Cmmm] IIa --+ Pbmm (Pmma) 
I4/mmm I ~ [Fmmm] IIa ~ Abmm (Cmma) 

The majority of the intergrowth structures known up to now are described 
in subgroups of the space groups derived for the ideal structures. Group-maximal 
nonisomorphic subgroup relationships are presented in Table 8.4. 

Intergrowth of Ba2YCu307 (1212) and BazYCu408 (2212), crystallizing in 
the orthorhombic space groups Pmmm and Ammm, respectively, is known for the 
compound Ba4YzCu7014.94 (1212/2212,  CuBazYCuzO6.94/Cu2BazYCu208). 
The total number of layers in the four slabs is odd, that is, there are two stacking 
units from each parent structure in the translation period. Since the basic 
structures contain identical CD204 (YCu204) slabs, the axial glide planes b, 
situated between the two consecutive AO' (CuO) layers in the A2B204 slab from 
2212, and the mirror planes m, coinciding with the AO' layers in the AB203 slab 
from 1212, remain from the basic structures and alternate along [0 0 1]. The 
space group of the resulting structure is Ammm and the cell parameter ratio 
b/a > 1 (oxygen atoms in the AO' layers located along [0 1 0]). 

Ideal and Real Cation Coordinations 

The ideal coordination of the cation derives from the stacking of the layers, the 
cation in each layer being surrounded by oxygen atoms from the same and/or the 
directly neighboring layers (see Fig. 8.3). The real coordinations are often 
distorted to better accommodate a particular cation. The strongest covalent 
bonding is generally observed within the DO 2 (CuO2) layers and within the 
coordination polyhedra of the A cations. 

a. Coordination Polyhedra 

Figure 8.11 shows ideal coordination polyhedra represented in high-T c super- 
conducting cuprates. The coordination number of the D (Cu) atoms can be 6, 5, 
or 4. Six oxygen neighbors form an octahedron (6o), as in perovskite. This 
coordination of the D atoms is observed only in cuprates k/01 with a single 
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Fig. 8.11. 
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A (21) A (31) A (4s) A (5y) 

A (60) A (60) A (8aplc) A (12co) 

B (8ap) B(8aplc) B (8ap2) B(12co) 

C (8p) D (4s) D (5y) D (60) 

Commonly observed coordination polyhedra built up of oxygen atoms around the A, B, C, and 
D cations: 21, two collinear atoms; 31, triangle; 4s, square; 5y, square pyramid; 6o, 
octahedron; 8ap, square antiprism; 8aplc, monocapped square antiprism; 8ap2, square 
antiprism with two additional atoms; 12co, cuboctahedron; and 8p, tetragonal prism. 

conducting DO 2 layer in the stacking unit (e.g., 1201, T10.92(Ba,La)2CuO4.86). 
Coordination number five, a square pyramid (5y), is present when there are two or 
more DO 2 layers (1212, T1Baz(Ca,T1)Cu207). In the latter case the 5-fold 
coordinated D atoms are located in the external DO 2 layers, whereas the D 
atoms in the internal layers are 4-fold coordinated, the oxygen atoms forming a 
square (4s) (1223, (T1,Pb)Sr2(Ca, T1,Pb)2Cu309) (see also Fig. 8.5). In all cases 
four oxygen atoms are situated in the DO 2 layer, the apical oxygen atom, when 
present, belonging to the neighboring BO layer. 

In all structures of superconducting cuprates, only one type of coordination 
polyhedron is observed for the C atoms, that is, a tetragonal prism (8p). The 
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oxygen atoms forming the tetragonal prism may belong to two neighboring DO 2 
layers (0212, (La, Sr, Ca)z(Ca,La)Cu2Os.91), one DO 2 and one O2 layer (0222, 
(]N~d, Sr)2(Nd, Ce)zCuzO7.84), or two O 2 layers (0232, Srz(Ce,Y)3(Cu,Fe)2Olo) (see 
also Fig. 8.6). 

The coordination number of the B atoms in perovskite and cuprates 
containing one bridging BO layer in the stacking unit is 12, the surrounding 
oxygen atoms forming a cuboctahedron (12co) (0112, BaY(Cu,Fe)2Os). Four 
oxygen atoms are located in the BO layer, and the other eight in the two 
neighboring DO 2 layers. When a second BO layer is added, the coordination 
number of the B atoms is reduced to 9, the nine oxygen atoms forming a 
monocapped square antiprism (8aplc) (0212). In the real structures the BO layers 
are often puckered so that the B atoms are located closer to the center of the 
polyhedron. This coordination is also observed when an AO layer with oxygen 
atoms centering all squares of the cation square mesh is present (1212, 
T1Baz(Ca, T1)Cu207) (see also Fig. 8.4). Depending on the number and the 
arrangement of the oxygen atoms in the neighboring additional layer, the 
coordination number of the B cation varies: 8 (square antiprism, 8ap) for an A 
layer (1212, CuBa2YCu206.26), 10 (two capping atoms on one side, 8ap2) for an 
AO' layer (1212, CuBazYCu207), and 12 (cuboctahedron) for an AO 2 layer 
(4212, (Ti,Gd, Ca)4Baz(Gd, Ca)Cu2Ol2). The B sites are occupied by Ba, Sr, or 
rare-earth elements in ionized states, with little localized bonding and conse- 
quently few requirements on the shape of the coordination polyhedron. 

Depending on the exact type of additional layers present (A, AO, AO', AO', 
or AO2) , a wide range of different coordinations are found. In contrast to the B 
metal atoms, the elements found on the A sites, generally nonmetals, have 
characteristic coordination polyhedra, with a large proportion of covalent bond- 
ing. Five types of ideal coordination polyhedra are observed: two collinear atoms 
(21), a triangle (31), a square (4s), a square pyramid (5y), and an octahedron (6o). 
Linear coordination is typical for Hg or Cu. In this case the additional layer 
contains no oxygen atoms (type A), and the neighboring layers are either BO 
(1201, HgBazCuO4.18) or AO (3212, (Pb,Cu)3SrzYCu208). Trigonal coordination 
is characteristic of carbon atoms (1201, C(Ba, Sr)zCuOs.05), the structures 
containing planar carbonate units, perpendicular to the AO" layers. Square 
coordination is observed for copper atoms in A O' layers, the two neighboring 
layers being AO and/or BO (1212, CuBazYCu207). To achieve square pyramidal 
coordination, sometimes found for lead atoms (3212, (Pb,Cu)3SrzYCu208), one 
of the surrounding layers must contain no oxygen atoms (type A). Bi, Pb, and T1 
preferentially form AO layers, which would lead to 6-fold, octahedral coordina- 
tion. The real coordination polyhedra are, however, often strongly distorted 
because of the presence of lone-electron pairs, and the cations displaced from 
the centers of the original octahedra (2212, (Bi,Pb)zSrz(Y, Ca)Cu2Os). The 
presence of AO 2 layers will give rise to higher coordination numbers, suit- 
able for metal atoms. When the structure contains four additional layers in 
the stacking sequence -AOz-AO-AO-AO2- , for instance, the cations of the 
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internal layers have monocapped square antiprismatic coordination (8ap 1 c, 4212, 
(Ti,Gd, Ca)4Baz(Gd, Ca)Cu2012). In (Ti,Sm, Ca)sBaz(Ca, Sm)Cu2014 (5212), where 
the number of additional layers is five, AO 2 layers alternating with AO layers, the 
cations from the AO layers are 12-fold coordinated (cuboctahedron, 12co), 
yielding a local perovskite-like atom arrangement. 

b. Interatomic Distances 

Displacements of the atoms from their ideal positions distort the coordination 
polyhedra, and the interatomic distances from the cations to the surrounding 
oxygen atoms exhibit a wide range of values. 

The atoms in the conducting DO 2 layers are tightly bonded, and the in- 
plane Cu-O distances vary little from one superconducting cuprate to another. 
Usual distances range from 1.92 to 1.94 A, the shortest distance (1.89 A) being 
reported for 0201 (La, Sr)2CuO4) and the longest one (1.98A) for 1201 
(C(Ba, Sr)2CuOs.05) and 0011 ((Sr, La)CuO2). This relatively rigid atom layer 
determines the values of the cell parameters a and b, a slight puckering being 
possible. When there are two or more DO 2 layers, the copper atoms from the 
outside DO 2 layers are slightly moved from the center of the square base toward 
the center of the pyramid. The distances from the copper atoms to the oxygen 
atoms located in the BO layers, that is, the apical atoms of the square pyramid or 
octahedron, are considerably longer (2.10-2.82 A), in agreement with the Jahn- 
Teller effect. The large variations observed for this Cu-O distance depend on the 
size of the B atom and the chemical nature of the A cations. For structures with 
bridging SrO layers, the distances from the copper atoms to the apical oxygen 
atoms are in general shorter than for structures containing BaO layers. When 
additional layers are present, the same apical oxygen atoms are usually tightly 
bonded to the A cations, situated on the other side of the BO layer. For example, 
in structures of Hg-based compounds, because of the bonding between the 
oxygen atoms from the BO layers and the mercury atoms (and because of the 
presence of barium atoms in the BO layers), the apical Cu-O distances are very 
long (2.70-2.82 A). 

For structures with only one separating C layer between two consecutive 
DO 2 layers, the tetragonal prisms around the C atoms are almost regular. The 
C-O interatomic distances range from 2.39 to 2.61 A. In general, yttrium atoms 
have shorter C-O distances than calcium atoms. For structures with two or more 
C layers between consecutive DO 2 layers, the distances from the C atom to the 
oxygen atoms in the O2 layers are slightly shorter (2.26-2.39 A). 

For distorted perovskite-type structures (one BO layer) the interatomic 
distances from the B atoms to the vertices of the surrounding cuboctahedra range 
from 2.50 to 3.01 A. For structures with two bridging BO layers, where only half 
of the cuboctahedron (square antiprism) remains, there are four distances of 
similar length to the oxygen atoms in the DO 2 layer (2.58-2.97 A, depending on 
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the B cation) and four distances of similar length to the oxygen atoms within the 
BO layer (2.73-2.88 A). The distances to the capping oxygen atoms in the 
neighboring bridging or additional layer vary from 2.28 to 2.37 A and from 2.61 
to 3.19 A, respectively. 

The A-O interatomic distances, like the coordination polyhedra of the A 
atoms, depend on the chemical nature of the cation. As in the previous cases, they 
are of the same magnitude as those commonly observed for the corresponding 
cations (e.g., Hg 2+, Cu 2+, C 4+, Bi 3+, Pb 2+, T13+) in other oxides. The distances 
between the mercury and oxygen atoms along the stacking direction vary from 
1.92 to 2.01 A. The corresponding distances for copper atoms in the same 2-fold 
linear coordination range from 1.81 to 1.89 A. Copper atoms in 4-fold coordina- 
tion have two distances of 1.94 A to oxygen atoms within the AO' layer and two 
shorter distances (~ 1.84 A) to oxygen atoms from neighboring AO' and/or BO 
layers. Carbon atoms usually show three similar A-O distances of 1.23-1.29 A. 
The displacement of the atoms in the AO layers containing Pb are such that the 
square pyramids are strongly distorted with three short distances (including one to 
an oxygen atom in the neighboring BO layer) of 2.14-2.48 A and two long 
distances of 2.95-3.23 A. The resulting coordination polyhedron can be described 
as a tetrahedron with one of the vertices occupied by a lone electron pair (~- 
tetrahedron). In a similar way, the ideal octahedra around thallium and bismuth 
atoms are transformed into tetrahedra and ~p-tetrahedra, respectively. The intera- 
tomic distances from thallium atoms to the two oxygen atoms in the neighboring 
AO and/or BO layers vary from 1.82 to 2.20 A, whereas the distances to the four 
oxygen atoms within AO layer range from 2.30 to 2.56 (two short) and from 2.77 
to 3.16 A (two long distances). Bismuth atoms are not bonded to the oxygen 
atoms in the neighboring AO (BiO) layer, the distance to the oxygen atoms in BO 
layer being 1.96-2.08 A. Within the AO layer there are usually two short (2.02- 
2.61 A) and two long interatomic distances, or three short (2.10-2.70 A) and one 
long distance. 

G 

Chemical Families 

Chemical families of high-T c superconducting cuprates are usually denoted by 
the cation in the additional layers. This allows one to emphasize structural 
features (including distortions) common to a particular group of compounds. 
Cuprates containing halogens and so-called ladder compounds will also be briefly 
discussed. References are specified for first reports, whereas other references for 
compounds mentioned here can be found with the data sets in Section H,b. 
Compounds with structures containing four and more additional layers and 
mainly metal atoms, such as Ti, on the A sites are known, but so far no 
superconductivity has been reported. 
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a. Rare-Earth-Alkaline-Earth Cuprates 

The structures of the compounds considered in this section contain no additional 
layers, whereas rate-earth-alkaline-earth superconducting cuprates with A or A O' 
layers are treated in the next section. 

The first 0101 cuprate, LaCuO3, was prepared by Demazeau et al. (1972) at 
high pressure. It crystallizes with a trigonal structure based on an R Bravais 
lattice, a distorted variant of the cubic perovskite-type structure. Copper is in the 
oxidation state Cu 3+ and the compound is not superconducting. Decreasing the 
oxygen content produces vacancies in the CuO2 layers. Other members of the 
structure series with the general formula BCmDnO2m+3 (pervoskite is the first 
member with n = 1 and m = 0), reported so far, were prepared with a mixture of 
Cu and Fe or Co on the D site, none of them being superconducting. 

The structure series with the general formula B2Cn_lCUnO2n+2 includes 
structures with two bridging layers in the stacking unit. La2CuO4 (Longo and 
Raccah, 1973; Grande et al., 1977), LaSrCuO4 (Goodenough et al., 1973), and 
La2_xBaxCuO4 (x--0-0.2)  (Michel and Raveau, 1984) crystallize with a body- 
centered tetragonal K2NiF4-type structure (Balz, 1953) or with an orthorhombi- 
cally distorted variant (n = 1, 0201). The discovery of superconductivity in the 
La-Ba-Cu-O system (T c = 30 K) by Bednorz and Mfiller (1986) started the era 
of high-temperature superconductivity. Superconductivity for 0201 compounds 
can be achieved not only by partial substitution of trivalent La by a divalent 
alkaline-earth element, but also by insertion of additional oxygen. At low 
temperature and/or for a low content of alkaline-earth element, the crystal 
structures of these compounds are distorted (primitive tetragonal or orthorhom- 
bic), while at high temperature and/or for a higher Ba(Sr) content the structures 
remain of the K2NiF4 type. 

The second member of the structure series (n = 2, 0212) was first prepared 
by Nguyen et al. (1980) for La2_xMl+xCu206_6 (M ~ Sr or Ca, x = 0-0.14). 
Superconductivity is known only for Ca-containing compounds and was discov- 
ered by Cava et al. (1990a) for Lal.6Sr0.4CaCu206 (T c -- 60 K). 

Members with n = 3 (0223) and n = 4 (0234), with superconducting 
transition temperatures of about 90 and 70 K for the nominal compositions 
Sro.6Ca0.33CuO2.1o and Sro.65Cao.3CuO2.10 (synthesized at high pressure), respec- 
tively, were first reported by Adachi et al. (1993). Later on it was shown that 0223 
compounds may also be prepared without calcium. 

A superconducting (Tr = 28 K) 0222 compound was reported by Akimitsu 
et al. (1988) in the Nd-Sr-Ce-Cu-O system (nominal composition 
Nd2Sro.sCeo.sCUl.2Oy). In contrast to the structures belonging to the series 
mentioned above, where the CuO2 layers are separated by a single C layer 
with mainly alkaline-earth metal atoms, here the CuO2 layers are separated by 
double C layers with La or rare-earth metal atoms. A 0232 compound with three 
separating layers between consecutive DO 2 layers has also been reported. 
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An infinite-layer compound (0011) was first prepared by Siegrist et al. 

(1988b) by stabilizing calcium cuprate by Sr (Ca0.86Sro.14CuO2) , whereas the first 
superconductor ,  Sro.s6Ndo.14CuO 2 (T c - - 4 0 K ) ,  was reported by Smith et al. 

(1991). A nonsuperconducting 0021 compound, Nd2CuO4, was prepared by 
Miiller-Buschbaum (and Wollschl~iger, 1975), superconductivity (T c = 24K) 
being reported by Tokura et al. (1989b) for the partly substituted derivative 
Nd1.84Ce0.16Cu03.93 �9 

b. Ba-Y Cuprates 

Superconductivity in the Ba-Y-Cu-O system was discovered by Wu et al. (1987) 
for Ba0.8Yl.zCuO4_~, the first compound that showed superconductivity above 
the temperature of liquid nitrogen and later identified as BazYCu307_ ~ (1212) 
(T c = 93 K for 6 = 0.07). For 6 = 0-0.6, the compound crystallizes with an 
orthorhombic structure. At 6 = 0.6, the structure becomes tetragonal and super- 
conductivity is suppressed. On decreasing the oxygen content, the arrangement of 
the oxygen atoms in the addi t iona l  CuO layer becomes disordered. The square 
planar coordination of the copper atoms (chains of corner-linked CuO4 squares) 
is transformed to defect octahedral (random vacancies in the basal plane) and then 
reduced to 2-fold linear. 

Another compound in the Ba-Y-Cu-O system, BazYCu408 (2212), was 
identified as planar defects in BazYCu307_ ~ by Zandbergen et al. (1988b) and 
was prepared as bulk material (T c = 81 K) by Karpinski et al. (1988b). The 1212 
and 2212 compounds can be described by the general formula CUkBazYCUzOk+ 6 
(k = 1 and 2, respectively). In the structure of the latter, edge-linked CuO4 
squares form zigzag chains and, in contrast to the 1212 compounds, the oxygen 
content is fixed. A third superconducting compound in the same system, 
Ba4YzCu7015_ ~ (T c = 92K), was observed by Zandbergen et al. (1988b) and 
further studied by Karpinski et al. (1988a). The structure consists of an inter- 
growth of 1212 and 2212 stacking units. Cu-1222 compounds with a mixture of 
rare-earth elements (one of which is Ce) in the separa t ing  layers have also been 
reported. 

c. Bi-Based Cuprates 

A superconducting Bi-based material was found for the first time in the Bi-Sr- 
Cu-O system by Michel et al. (1987). A sample of nominal composition 
BizSr2Cu207+ 6 was reported to have a transition temperature of up to 22 K, 
the superconducting compound being later identified as 2201. Maeda et al. 

(1988) obtained a critical temperature above 105K in the Bi-Sr-Ca-Cu-O 
system for the nominal composition BiSrCaCuzOy. The structures of Bi- 
based superconducting cuprates form a series with the general formula 
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Bi2B2Cn_lCUnO2n+4 with mainly Sr and Ca on the B and C sites, respectively. 
The 2201 (n = 1) and 2212 (n = 2) compounds have considerable homogeneity 
ranges, and the 2223 (n = 3) compound is generally prepared with a partial 
substitution of Bi by Pb. The superconducting transition temperature increases 
with an increasing number of conducting CuO2 layers up to 110 K (2223). Bi- 
2222, which is not a member of this structure series, has also been reported. 

In all structures of Bi-based superconductors, the bismuth and oxygen 
atoms in the additional BiO layers are displaced from the ideal positions on the 4- 
fold rotation axes, along [1 1 0] of the tetragonal cell. The displacements occur 
in a progressive manner, resulting in the formation of voids large enough to 
accommodate extra oxygen atoms and incommensurate modulations. The trans- 
lation period of the modulation depends on partial substitutions and on the 
oxygen content, but for particular compositions the structures can be conveni- 
ently described in large supercells. The Bi sites have ff-tetrahedral coordination, 
typical for Bi 3+, the lone electron pairs being located between consecutive BiO 
layers that are hence only weakly bonded. The asymmetry of the BiO layer is 
probably the reason that phases with a single "pure" BiO layer are not known. A 
1232 compound, containing a mixture of Bi and Cu in the additional AO layer 
and three separating C layers, has also been reported. 

d. TI-and Ga-Based Cuprates 

The first Tl-based superconducting material was reported in the T1-Ba-Cu-O 
system by Kondoh et al. (1988). A critical temperature of 19 K was measured for 
a sample of nominal composition Tll.zBao.sCuOy. Independently, Sheng and 
Hermann (1988a) reported critical temperatures up to 90 K for the nominal 
compositions TlzBazCu308+~, T1BaCu305.5+6, and T11.5BazCu307.3+6, the super- 
conducting compound being later identified as 2201. A short time later, the same 
authors (Sheng and Hermann, 1988b) succeeded in preparing superconductors 
with T c = 120 K in the T1-Ba-Ca-Cu-O system for the nominal compositions 
T12BaCal.5Cu308.5+ ~ and Tll.86BaCaCu307.8+ ~. At present, Tl-based cuprates 
constitute one of the largest chemical families of high-T c superconductors, 
forming two distinct structure series with the general formulas 
T1B2Cn_lCUnO2n+3 and T12B2Cn_lCUnO2n+4 , respectively. The B atoms in 
compounds with single additional T10 layers are usually Ba and/or Sr (T1 
being partly substituted by Pb or Bi in Sr-containing cuprates), whereas Sr- 
containing compounds with two T10 layers have not been reported so far. For 
both structure series, the C sites are mainly occupied by Ca, with small amounts 
of T1. With an increasing number of conducting CuO2 layers, the superconducting 
transition temperature progressively increases, reaching a maximum value for 
1223, 1234 (~ 120K) and 2223 (125K), and then decreases. Apart from the 
compounds that are members of these two structure series, other compounds, 
such as 1222 and 2222, have also been reported. 
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A common feature of the structures of Tl-based superconductors is the 
displacement of the thallium and oxygen atoms in the additional T10 layers from 
the ideal positions on the 4-fold rotation axes. The resulting tetrahedral coordina- 
tion of the thallium atoms is typical for T13+. Vacancies may occur on the O sites 
in the additional layers. 

Ga-based compounds were first reported by Vaughey et al. (1991) 
(GaLaSrCuOs, 1201) and Roth et al. (1991) (Gao.97Sr2YCu207, 1212), whereas 
the first superconductor (T c = 35 K), a 1212 compound (GaSrzEr0.6Cao.4Cu207), 
was prepared by Cava et al. (1991). The structures of the Ga-based cuprates 
known so far contain a single additional GaO layer and are described by the 
general formula GaB2Cn_lCUnOzn+3. The B sites are occupied by Sr (or a mixture 
of Sr and La), superconductivity occurring when Ca is present on the C sites. As 
in the corresponding structures of Tl-based cuprates, the A cations are surrounded 
by oxygen atoms forming tetrahedra; however, the GaO4 tetrahedra are arranged 
in chains along [1 1 0] of the tetragonal cell, lowering the symmetry to 
orthorhombic. 

e. Pb-Based Cuprates 

Bi- and Tl-based superconductors are often prepared with a partial substitution of 
Bi and T1 by Pb. In the latter case, the substitution can reach 50 at.%. Structures 
containing only Pb on the A sites in the additional layers are not known so far; 
however, a large number of compounds where Pb is the majority element on the A 
site are known and form a distinct family of Pb-based superconducting cuprates. 
Superconductivity was discovered in the Pb-Sr-Y-Ca-Cu-O system by Cava et 
al. (1988), a critical temperature of 68 K being measured for a sample of 
nominal composition Pb2Sr2Y0.sCa0.sCu308 (3212). For structures with a 
single separating C layer between consecutive DO 2 layers, the series with one, 
two, or three additional layers are described by the general formulas 
(Pb,M)kB2Cn_lCunOk+2n+2 (k = 1, 2 or 3). The majority of the compounds 
contain tfivalent cations (e.g., y3+) in the separating C layers and become 
superconducting when part of them are substituted by divalent cations (Ca2+). 
The structures with two separating C layers between the DO 2 layers can be 
grouped into a series with the general formula (Pb,M)kB2C2Cu2Ok+ 8. Note that 
the general formulas given here consider AO layers but the total number of 
oxygen atoms in the additional layers may differ from k. 

In most Pb-based cuprates, copper atoms are also present in the additional 
layers, whereas for compounds with one additional AO layer, mixtures of lead 
(Pb 4+) and other elements (alkaline-earth, Sc, Cd) on the A site have also been 
reported. In compounds with three additional layers, the lead and copper atoms 
are always ordered, giving the stacking sequence PbO-Cu-PbO (oxidation states 
Pb 2+ and Cu+). Ordering can also occur in compounds with two additional 
layers. 



302 Chapter 8: Crystal Structures of High-T~ Superconducting Cuprates 

f. Hg-Based Cuprates 

Superconductivity for Hg-based materials was discovered in the Hg-Ba-Cu-O 
system (HgBazCuO4.10, 1201) by Putilin et al. (1993a), the critical temperature 
reaching 94 K. Later, Schilling et al. (1993) reported two high-T c superconduct- 
ing compounds in the Hg-Ba-Ca-Cu-O system, HgBazCaCu206+ 6 (1212) and 
HgBazCazCu308+ 6 (1223). The critical temperature of 133 K, attributed to Hg- 
1223, is the highest value reported so far at ambient pressure and can be increased 
to 157K by applying high pressure (23.5 GPa). Hg-based superconducting 
cuprates form a series with the general formula HgBzCn_lCUnO2n+2+6 (Fig. 
8.12) with mainly Ba and Ca on the B and C sites, respectively. On increasing the 
number of CuO2 layers, T c progressively increases, reaching a maximum value 
for 1223, and then decreases, as can be seen from Fig. 8.13. 

For the members of this series, an extra O site in the additional layer is 
partly occupied and vacancies have often been reported also for the Hg site. The 
superconducting transition temperature depends on the oxygen content, each 
compound having an optimal value for 5, which increases with the number of 
conducting CuO2 layers. Apart from the compounds that are members of the 
series mentioned earlier, a 2212 compound has also been reported. 

g. C-Based Cuprates 

The first cuprate containing carbonate groups (oxycarbonate), CSr2CuO5 (1201), 
was reported by von Schnering et al. (see M/iller-Buschbaum, 1989), whereas 
superconductivity (T c - 26 K) was discovered by Kinoshita and Yamada (1992a) 
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in the C-Ba-Sr-Cu-O system (C0.9Bal.lSr0.9CUl.lO4.9+6). Carbon-based super- 
conducting cuprates with a single additional A layer form a series with the 
general formula (C,M)B2Cn_lCUnO2n+3. In most compounds carbon is mixed 
with copper; however, partial substitutions of C by B, or even N, have also been 
reported. The oxygen atoms in the additional AO" layer are displaced from the 
ideal positions on the cell edges (tetragonal cell) toward the carbon atoms to 
achieve triangular coordination of the carbon site. Depending on the C/Cu cation 
ratio in the additional layer and the orientation of the CO3 triangles, different 
superstructures have been observed. Apart from the compounds with a single 
additional layer, superconducting oxycarbonates (T c =9 1 -1 1 3 K )  with two 
carbon-containing layers in the stacking unit have been reported (Kawashima et 
al., 1994b,c). In the proposed structural models the (C,Cu)-containing layers are 
separated by a single BaO layer which is here also considered as an additional 
layer, these compounds thus having the four-digit codes 3223, 3234, and 3245. 

Boron-, phosphorus-, and sulfur-based superconducting cuprates also form 
structure series with a single additional layer. The phosphorus and sulfur atoms 
are 4-fold coordinated, located at the center of tetrahedra formed by oxygen 
atoms. 

h. Cuprates with Halogens 

During the past few years a number of compounds with partial substitution 
of oxygen by halogen (fluorine or chlorine), as well as compounds with 
"interstitial" halogen atoms (bromine or iodine), have been reported. The 
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majority of these compounds were prepared by high-pressure synthesis (4-6 GPa) 
giving only small amount of the final product, generally insufficient for a 
complete structure determination. In the present work, crystallographic para- 
meters for such compounds are given only when the classification has been 
deduced. 

Substitution of oxygen has been intensively studied for cuprates without 
additional layers, such as 0201 and 0212. Substitution of 02- by F- (Cl-) takes 
place in the bridging BO layers, making it possible to decrease the average 
oxidation state of the B cation and in some cases significantly increasing the 
critical temperature [e.g., Cal.9Nao.lCuO2C12, T c = 26 K (Argyriou et aL, 1995) 
and Sr2.3Ca0.TCU204.76Cll .24 , r c = 80K (Jin et aL, 1995)]. In the case where 
complete substitution has taken place in the bridging layers, an extra layer of 
halogen atoms can be inserted between consecutive BO layers, without changing 
the relative shifts of these, leading to a local fluorite-type atom arrangement 
[Sr2CuO2F2.57 , T c = 46K (A1-Mamouri et aL, 1994) and S r 2 g a C u 2 0 4 . 6 F 2 . 0 ,  

T c = 99 K (Kawashima et aL, 1994a)]. 
According to some reports, bromine and iodine atoms can be incorporated 

into basic structures, forming an extra additional layer [(Bi2I)Sr2Ca2Cu3Oy 
(3223), T c = 100 K (Xiang et al., 1991)]. 

i. Ladder Compounds 

Compounds with the general formula Srn_lCUn+lO2n (n = 3, 5, 7 . . . . .  oo) were 
first reported by Hiroi et al. (1991). They are generally referred to as ladder 
compounds and can only be prepared at high pressure. Their structures contain 
CUn+lO2n layers separated by charge-compensating layers of strontium atoms 
(Fig. 8.14). In the former, zigzag chains of edge-linked CuO4 squares share 
comers with m chains of corner-linked CuO4 squares, leading to an alternative 
general formula: 

(m + 1)Sr + C u 2 0 3  -~- m CuO 2 + Srm+lCUm+202m+3 (m = 0, 1,2 . . . . .  oo). 

In the limiting case where m is infinitely large, square-mesh DO 2 layers are 
formed and the infinite-layer compound (0011) is obtained. 

Superconductivity at high pressure (T c = 12 K at 3 GPa) has been observed 
by Uehara et al. (1996) for Ca13.6Sro.4Cuz4041.s4,  which crystallizes with an 
orthorhombic, (SrgCa6)Cu24041 (McCarron et aL, 1988) or (Casga6)Cu24041 
(Siegrist et aL, 1988a) type structure. In this structure Cu203 layers, similar to 
those found in the ladder compounds (m = 0), alternate with a new kind of CuO2 
layer, consisting of single straight chains of edge-linked CuO4 squares. The 
squares of the Cu203 layer are rotated by 45 ~ with respect to those of the CuO2 
layer and the translation periods approximately coincide for a ratio of multiples 
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Fig. 8.14. 

Ladder compounds Srm+lCUm+202m+3 with layers built up of zigzag chains of edge-linked 
CuO4 squares (shaded) and m chains of corner-linked CuO4 squares running along [1 0 0]. 
Large shaded circles represent Sr atoms located between the layers. The Pearson code is given. 

close to ~/2/2 (e.g., 7/10). As for the ladder compounds, the Cu-containing 
layers are separated by a layer of cations (C): 

7 C + 7 Cu203 -~- 7 C + 10 CuO 2 ~ C14Cu24041. 

H 

Crystallographic Data Sets 

Next are given complete crystallographic data sets for 69 structures, followed by 
information on some 351 related compounds. Crystallographic data from studies 
on single crystals and powders by X-ray, neutron diffraction, and transmission 
electron microscopy, as well as hypothetical models, have been considered. 

a. Conventions Used 

Because of the difficulties in growing single crystals suitable for diffraction 
studies, the majority of the structural investigations reported in the literature 
on high-Tr superconductors were performed on powdered samples. Neutron 
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diffraction data allow a precise determination of the positional and occupational 
parameters of the oxygen sites, whereas, in some cases, X-ray diffraction data are 
more reliable for the refinement of the metal-atom distribution on the cation sites. 
Crystallographic data sets included in the present work refer to complete 
structural refinements carried out on superconducting cuprates that are widely 
recognized and contain the main structural features. Structures with short in- 
plane cell parameters corresponding to the perovskite cell (~3.85 A) or its 
diagonal (,~ 5.4 A) are given in the data sets, whereas superstructures reported 
in the literature are mentioned in remarks. When no structural refinement on a 
superconducting cuprate was available, or when no superconducting representa- 
tives were known so far, a crystallographic data set for a related nonsupercon- 
ducting cuprate was chosen. Several data sets, presenting deformations typical for 
particular chemical families or different kinds of additional layer (A, AO, AO', 
AO" or AO2), are sometimes given for the same four-digit code. 

Each data set is preceded by a framed header containing the four-digit code 
(see Section C,f) and a chemical formula of the compound for which complete 
data are given, where the elements are ordered according to the four-digit code. 
The first line lists the generalized formula of the structure type (see Introduction), 
the Pearson code (Bravais lattice and number of atoms in the unit cell, ignoring 
extra, partly occupied oxygen sites), the number and Hermann-Mauguin symbol 
of the space group, and the Wyckoff sequence (Wyckoff letters of occupied atom 
sites, Wyckoff letters of extra, partly occupied, oxygen sites in additional A layers 
being placed within parentheses) for the ideal structure. On the second line, the 
sequence of layers in the stacking unit is indicated. The next two lines contain the 
refined composition of the representative compound, its superconducting transi- 
tion temperature (Tc), a code for the diffraction method used, the temperature (T) 
for the data collection, the reliability factor of the structural refinement, the 
literature reference, the number and Hermann-Mauguin symbol of the space 
group, the cell parameters (a, b, c), and the number of formula units in the cell 
(Z). The refined composition as given here, multiplied by Z, gives the actual 
number of atoms in the unit cell. By default, the superconducting transition 
temperature is given as onset of the diamagnetic signal (n.s., nonsuperconduct- 
ing). The diffraction data can be single-crystal neutron (SN), single-crystal X-ray 
(SX), powder neutron (PN), or powder X-ray (PX). Preference has been given to 
crystallographic parameters refined on data collected at room temperature (RT). 
The reliability factor reported here is either conventional (R) or weighted (Rw) for 
refinements on a single crystal, Bragg (Re) or weighted profile (Rwp) for 
refinements on powder. The space group is given in a setting with the c axis 
parallel to the stacking direction, the Hermann-Mauguin symbol for the standard 
setting as defined in the International Tables for Crystallography (Hahn, 1983) 
being added within parentheses when different. Note that the space group used 
for the refinement of the real, often considerably distorted structure, may differ 
from the space group of the structure type (see Tables 8.2 and 8.4). In this case 
the cell transformation from the ideal structure (new axes and, when relevant, a 
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translation of the origin) is indicated on the following line. For each atom site 
there are given a site label, the site multiplicity and the Wyckoff letter (WP), the 
point symmetry (PS), the fractional atom coordinates (x, y, z), and the occupation 
parameter (Occ.). The last is only indicated if smaller than unity, which 
corresponds to a number of atoms per cell equal to the site multiplicity. Atom 
sites for which a mixed occupation was reported are labeled by the chemical 
symbol of the majority element, the different elements on the site being specified 
in a remark. Displacement (temperature) parameters are omitted here, but were 
taken into account in the selection of the data sets. The cation sites are ordered in 
the same way as the layers in the stacking unit and start from the a d d i t i o n a l ,  

Table 8.5. 

Coordinates of equivalent positions in space group (123) P4/mmm 
(Dlh) (Hahn, 1983). 

Wyckoff Point 
position symmetry Coordinates of equivalent positions 

l(a) 4/mmm 0 0 0  
l(b) 4/mmm 0 0 1 
l(c) 4/mmm �89 ~ 0 

1 1 1 l(d) 4/mmm 2 2 2 

2(e) mmm. 0 �89 1 0 �89 

2(f)  mmm. 0 1 O, 1 0 0 

2(g) 4mm 0 0 z, 0 05  
2(h) 4mm 1 ~ z, ~ �89 5 

4(i) 2mm. 0 l z, O � 8 9 1 8 9  �89 05  
4(j) m. 2m x x 0, 22 0, x 2 0, 2 x 0 
4(k) m.Zm x x  1, YC2 �89 x 2  �89 �89 

4(/) m2m. x 0 0, YC 0 0, 0x0, 020 
4(m) m2m. x O �89 YC O X, O x �89 0 YC �89 
4(n) mZm. x l O, YC l O, l xO, l yc o 
4(0) m2m. X �89 YC � 8 9  l, l yc l 

8(p) m. . x y O, YC ~, O, YC y O, x ~ O, ~ x O, y yc O, 
y x O , ~ y c O  

8(q) m . .  x y  1, YC~ �89 YCy �89 x ~  �89 ~ x  �89 yyc 1, 

8(r) . .m x x z ,  YCYCz, x x z ,  x x z ,  YCxz, x 2 z ,  
YCx5, xyc5 

8(s) .m .  xOz ,  YCOz, x 0 5 ,  205, Oxz,  0 2 z ,  
OxS,  0YC5 

8(,) .m. x �89 z,~ �89 z,x �89 ~,~ 1 ~,l xz,�89 ~z, 
l x ~ , ~  

16(u) 1 x y z ,  x y z ,  x y z ,  x y z ,  ycyz, x ~ z ,  
YCyS, x y z ,  y x z ,  yycz, ~ x S ,  yycS, 
y x z , ~ Y c z ,  y x z ,  y x z  
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Table 8.6. 
Coordinates of equivalent positions in space group (139) I 4 / m m m  (D17h) (Hahn, 1983). Positions 

related by/-translation [(�89 �89 �89 are given within square brackets. 

Wyckoff Point 
position symmetry Coordinates of equivalent positions 

2(a) 4 / m m m  

2(b) 4 / m m m  

4(c) mmm . 

4(d) ,4m2 
4(e) 4mm 

8( f )  . . 2 / m  

8(g) 2mm . 

8(h) m . 2 m  

8(i) m2m . 

8(/) m2m . 

16(k) . .2 

16(/) m..  

16(m) . .m 

16(n) .m. 

32(0) 1 

ooo,[�89189 
o o }, t} } o1 
o i o, 1 o o, r I o �89 o �89 }] 
o11,1o ~,[lo ~,o �89 
OOz, oo~, [�89 l+z, } } }-z] 
1 1 1  3 3 1  1 3 1  3 1 1  
4 4 4 '  4 4 4 '  4 4 4 '  4 4 4 '  

olz, o �89189 lo~, 
r I o i+z, 1 o }-z,  o �89 i+z, o 1 1  4 
x x O, Yc Yc O, x Yc O, Yc x O, 

t�89 �89 �89 �89 �89 }, �89 }-x �89 ~-x �89 �89 
x0 0, ~0 0, 0x0, 0~0, 
t}+x } } , } -x  } �89189 �89 �89189 } - x  �89 
x�89 0,~�89189 
t�89 1, }-gO �89 0 �89 }, 0 } - x  �89 
x}+x�88188188188 
x}-x�88189188188 
t}+xx ~, }-x~ ~,x l+x ~,~ }-x~, 
�89 43-, �89 ~,x l_x  ~,~ �89 43-1 
x y O, Yc ~, O, Yc y O, x f; O, f, x O, y Yc O, y x O, f; Yc O, 

[�89 �89 �89 �89 l_y �89 �89 �89 �89 �89 �89 �89 
1 }, _ },  },  _ _ 2 y l + x  } + y }  x }+Y�89 �89 y}  x}] 
x x z ,  YcYcz, Ycxz, xYcz, x x z ,  x x z ,  xx~ ,xYc~r ,  

t�89 }+x }+z, } - x  } - x  �89 �89 �89 �89 �89 �89 }+z, 
�89 �89 �89 �89 �89 �89 �89 }+x �89 }+x �89 a_z] 
O x z, O Yc z, O x Tr, O Yc ~, x O z, Yc O z, x O ~r, Yc O s 

t�89 �89 }+z, �89 }-x �89 }�89 �89 } �89 �89 
}+x } }+z, }-x �89 �89 �89 �89 �89 �89 �89 
x y z ,  Yc.~z, x y z ,  x y z ,  x y z ,  x ~ z ,  Y c y ~ , x ~ ,  

~ x z ,  yYcz ,~x~r ,  yYc~r, y x z , ~ Y c z ,  y x z ,  y x z ,  

t � 8 9 1 8 9 1 8 9  �89 �89 l - z , l - x  l - y  �89 
1 2 x � 8 9  , 1_  x l + y l _ z , l + x � 8 9  
1 2 Y � 8 9  x � 8 9 1 8 9 1 8 9 1 8 9  
�89189189 � 8 9  � 8 9  �89 �89 l--z] 
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bridging, or conducting layers (A, B, D, C). They are followed by the anion sites 
listed in the same order. The atom coordinates have been chosen so that the z 
values increase for consecutive layers and, therefore, some coordinate triplets do 
not correspond to the first ones given in the International Tables for Crystal- 
lography (Hahn, 1983). The equivalent coordinate triplets of the general and all 
special Wyckoff positions in space groups P4/mmm and I4/mmm are listed in 
Tables 8.5 and 8.6, respectively. All crystallographic data sets presented here were 
checked for the presence of overlooked symmetry elements or excessively short 
interatomic distances, and corrected when relevant. The notations used in the data 
sets are summarized in Table 8.7. 

At least one structure drawing is given for each four-digit code. The 
drawings include the complete sequence of atom layers in the unit cell (indicated 
by dotted lines) along the stacking direction. The in-plane periods of each layer 
are limited to the translation period of the structure type (,-~ 3.85 A). The Cu sites 
in the conducting and additional layers and the O sites surrounding them are 
displayed as octahedra, square pyramids, squares, or linear units. Other cation and 
anion sites are shown as small, shaded and larger, non-shaded spheres, respec- 
tively. Oxygen atoms from extra sites in an additional A layer are marked by dots. 
The correspondence between the crystallographic data and the schematic draw- 
ings is explained in Figs. 8.15 and 8.16 on the data sets of two cuprates, 
crystallizing in space groups P4/mmm and I4/mmm, respectively. In order to 
facilitate the comparison of drawings of different structures, the origin of the cell 
has in some cases been shifted by �89 1 0 with respect to the data in the 
corresponding table. 

The complete data sets are accompanied by tables listing information on the 
composition (refined or nominal), space group (when different from the one used 
in the data set), cell parameters, superconducting transition temperature and 
literature references for selected compounds. Both the data sets and the tables are 
followed by remarks concerning high-pressure synthesis, determination of the 
chemical composition (by default refined), possible superstructures, or determi- 
nation of the critical temperature (by default onset of diamagnetic signal). In 
some cases, figures illustrating the influence of composition, temperature, or 
pressure on the cell parameters and on the superconducting transition temperature 
are presented. When relevant, condensed information about related structure 
models proposed in the literature is added, literature references being here given 
to the first structural refinements and reports on superconductivity. 

b. Data Sets 

The data sets are ordered according to the four-digit codes. Starting from 
perovskite, 0101, the three structural operations indicated in Fig. 8.7 are applied 
one after the other. At first a DO 2 and a C layer are inserted (vertical lines). To the 
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Generalized formula 
Pearson code 
Bravais lattice 

Space group 

Wyckoff sequence 

cP 

tl 

tP 

oS 
oP 

Crystal Structures of High-Tc Superconducting Cuprates 

Cell a, b, c 
Z 

Superconductivity T c 
n . s .  

Diffraction data SN 
SX 
PN 
PX 

Reliability factor R 

Rw 
RB 
Rwp 

Other T 
RT 
TG 

Column headings Atom 
WP 
PS 
x, y, z 
Occ. 
Ref. 

Table 8.7. 

Notation used in the data sets. 

AkBlCmOn Ok+l+2m+2 
Bravais lattice and number of atoms in the cell 
cubic primitive 
tetragonal body-centered 
tetragonal primitive 
orthorhombic side-centered 
orthorhombic primitive 
(number in the International Tables for Crystallography) 
Hermann-Mauguin symbol 
(Hermann-Mauguin symbol for standard setting if different) 
Wyckoff letters of the atom sites in the ideal structure, 
superscripts indicate how many times a letter occurs 
cell parameters 
number of formula units in the cell 
superconducting transition temperature 
non-superconducting 
single-crystal neutron 
single-crystal X-ray 
powder neutron 
powder X-ray 
single-crystal conventional 
single-crystal weighted 
powder Bragg 
powder weighted profile 
temperature for the data collection 
room temperature 
thermogravimetry 
site label 
Wyckoff position: site multiplicity (Wyckoff letter) 
point symmetry 
fractional atom coordinates 
occupation parameter 
literature reference 

0112 structure obtained this way C layers (accompanied by 02 layers) are added, 
one by one (diagonal lines). Another DO 2 and C layer is then added to perovskite 
and further C layers, one by one, to the new structure. These operations are 
repeated, after which a second BO layer is inserted into the structure of perovskite 
(horizontal line). The procedure is now started over again, adding a new pair of 
DO2 and C layers to 0201. The four-digit codes indicated in Fig. 8.7 are thus 
treated following the diagonals, column by column, starting from the upper left- 
hand side comer. 



Fig. 8.15. 
1212, A B 2 C D 2 0 ~ ,  ~ HgBa2CaCu20626 , ( 123)P4 /mmm,  a = 3.85766, c = 12.6562 A, Z =  1 

Data in the table Atom posit ions in the ceil 

Atom WP PS x 
Hg l(a) 4/mmm 0 
Ba 2(h) 4mm �89 

Cu 2(g) 4ram 0 

Ca l(d) 4/mmm �89 
O( l ) a  I(c) 4/mmm �89 
0(2) 2(g) 4ram 0 

Z 

0 
0.2197 

0 0.3754 

.,, 

5 �89 
�89 0 
6 0.159 

0(3) 4(0 2ram. 0 % 0.389 

a occupancy 0.26 

Atom x l y , 
Hg I 0 0 O' 

. . ,  

Ba i �89 �89 0.2197 
Ba u �89 V, 0.7803 
Cu I 0"' 0 0.3754 
Cu n 0 0 0.6246 
Ca I �89 �89 �89 

O(1)ia  �89 �89 0 
0(2) ~ 0 0 0.159 
0(2) u 0 0 0.841 

. . . .  

0(3) ~ 0 �89 0.389 
0(3) n 0 �89 0.611 
0(3) m �89 0 0.389 
0(3) w �89 0 0.611 
a occupancy 0.26 

Example  for a crystallographic data set in primitive space group P 4 / m m m  showing the correspondence between the data in the table and the schematic drawing. 

For the derivation of  the atom positions in the cell, see Table 8.5. Positions related by cell translations are not included in the table and are not labeled on the 

drawing. 
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perovskite BalTilO3 

BaTiO3, cP5, n.s., PX, T = 403 K (Megaw, 1947) 
(221) Pm3m, a = 4.0092 A, a Z = 1 

Atom WP PS x y z Occ. 

Ba l(a) m3m 0 0 0 
1 1 1 Ti l(b) m3m ~ ~ 
1 1 0 O 3(c) 4 / m m . m  ~ 

a Modification stable above 393 K. 

perovskite BalTilO3 

BaTiO3, tP5, n.s., SX, T = 298 K, R w = 0.013 (Buttner and Maslen, 1992) 
(99) P4mm, a = 3.9998, c = 4.0180 A, a Z = 1 

Atom WP PS x y z Occ. 

Ba l(a) 4mm 0 0 0.0 
1 1 0.482 Ti l(b) 4mm ~ 
1 1 0.016 O(1) l(b) 4mm ~ 

1 0.515 0(2) 2(c) 2mm . 0 

a Modification stable between 278 and 393 K. 

perovskite BalTilO3 

BaTiO3, oS10, n.s., PN, T = 270 K, Rwp = 0.0483 (Kwei et al., 1993) 
(38) Cm2m (Amm2), a = 5.6751, b = 5.6901, c = 3.9874 A, a Z = 2 

Atom WP PS x y z Occ. 

Ba 2(a) m2m 0 0.0 0 
1 0.0169 1 Ti 2(b) m2m ~ 
1 -0.0090 0 O(1) 2(a) m2m 

1 0(2) 4(e) . .  m 0.2560 0.2360 

a Modification stable between 183 and 278 K. 

0011 

Infinite layer compounds. The structural information is given toward the end of this chapter. 

0021 

T' compound. The structural information is given toward the end of this chapter. Related compounds 
are the T phase (0201) and the T* phase (0222) which is a hybrid of the T and T' phases. See Section 
7-E and Poole et al., 1995, p. 189. 
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0101 

Crystal Structures of High-T~ Superconducting Cuprates 

L a l C U l O 3  

BDO3, cP5, (221) Pm3m-cba 
- 0 2 0 - 9 0 -  

LaCuO3, a n.s., SX, R w = 0.020 (Weigl and Range, 1993) 
(167) R3c, a = 5.4409A, c~ = 60.80 ~ Z = 2 

a 1 + a 2 ,  a2Wa3,  al + a 3  

Atom WP PS x y Occ. 

1 1 1 La "~aj 32 ~ ~ 
1 1 1 Cu 2(b) 3. i ~ 

1 O 6(e) .2 0.7031 0.7969 

a Prepared at 4 GPa. 

Compound a (A) c (A) a Tr (K) Ref. 

LaCuO3 b 5.501 13.217 n.s. 
Lao.9oSro. loCUO3 c 5.495 13.209 n.s. 
Lao.9oYo. 1 o C u 0 3  c 5.404 13.23 n.s. 

a Hexagonal setting. 
b Prepared at 6.5 GPa. 
c Prepared at 7 GPa; nominal composition. 
References: 1, Demazeau et al. (1972); 2, Darracq et al. (1995b); 3, Darracq et al. (1994). 

0101 L a l C U 1 0 2 . 9 5  

BD03, tP5, P4/mmm-edca [cP5, (221) Pm~3m-cba] 
- 0 2 0 - 9 0 -  

LaCuO2.95, a n.s., PX, b RT, R = 0.0812 (Bringley et al., 1993) 
(123) P4/mmm, c a = 3.81897, c = 3.97258A, Z = 1 Fig. 1 

Atom WP PS x y z Occ. 

La l(a) 4/mmm 0 0 0 
1 1 1 Cu l(d) 4 /mmm ~ ~ 

1 0 O(1) 4(n) m2m. 0.593 
0(2) 8(s) .m.  0 0.585 0.560 

0.25 
0.244 d 

a Prepared under 0.1 GPa 0 2. 

b Synchrotron radiation. 
CReported space group P4/m does not take into consideration all symmetry elements. 
d Value taken from TG analysis. 

Compound a (A) c (A) T c (K) Ref. 

LaCuO2.95 a 3.81897 3.97258 n.s. 
Lao.9oSro. 1 oCuO2.92 b 3.805 3.966 n.s. 
Lao.9oYo. loCU02.86  c 3.812 3.967 n.s. 

a prepared under 0.1 GPaO2; oxygen content from TG analysis. 
b Prepared at 3 GPa; nominal composition. 
r Prepared at 4 GPa; nominal composition. 
References: 1, Bringley et al. (1993); 2, Darracq et al. (1995a). 
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Stoichiometric LaCuO3 can be prepared at high pressure (4-6.5 GPa; 
Demazeau et al., 1972; Webb et al., 1989; Weigl and Range, 1993) and 
crystallizes with a trigonal; LaA103-type structure (Geller and Bala, 1956; de 
Rango et al., 1964), a deformation derivative of perovskite. The oxygen atoms are 
displaced from the ideal perovskite positions so that the CuO6 octahedra are tilted 
and the CuO2 layers puckered. 

Preparation at a lower pressure (0.02-0.1 GPa; Bringley et al., 1990; 
Karppinen et al., 1996) results in oxygen-deficient LaCuO3_ 6 with a tetragonal 
(0 < 6 _ 0.2, "PbTiO3"-type structure, P4/mmm; Nfiray-Szab6, 1943), mono- 
clinic (0.2 < 6 _< 0.4, P2/m,  a -  8.62884, b -  3.83076, c -  8.65148A, 
f l - 9 0 . 2 1 6 6  ~ for 6 - 0 . 3 3 ;  La Placa et al., 1995) or orthorhombic 
(0.4 < 6 < 0.5, a - 5.5491, b - 10.4782, c - 3.87956 A for 6 - 0.47; Bringley 
et al., 1990) structure. The CuO6 octahedra in the tetragonal structure are 
elongated along [0 0 1]. The monoclinic and orthorhombic structures result 
from an ordering of the oxygen vacancies and contain no infinite CuO2 square- 
mesh layers. 

0112 BalYl(CUo.5oFeo.5o)205 

BCD2Os, tP9, (123) P4/mmm-ihcba 
-02D-C.-O2D-BO- 
BaYCuFeOs, n.s., PN, T = 298 K, R B = 0.093 (Ruiz-Arag6n 
et al., 1994) 
(123) P4/mmm, a -- 3.8736, c = 7.6637 A, 
Z -- 1 Fig. 2 

Atom WP PS x Occ. 

Ba l(a) 4/mmm 0 
1 Cu a 2(h) 4mm 

Y l(b) 4/mmm 0 
1 O(1) l(c) 4/mmm -~ 

0(2) 4(i) 2mm . 0 

0 
0.2679 
1 _ 
2 

0 
0.3153 

a Cu = Cuo.sFe0. s. 

Compound a (A) c (A) T c (K) Ref. 

BaYCuFeO5 3.8736 7.6637 n.s. 1 
BaYCuo.sFeo.sCoO5 3.8785 7.5441 n.s. 2 
BaYCuCoO5 3.8679 7.5674 n.s. 3 

References: 1, Ruiz-Arag6n et al. (1994); 2, Barbey et al. (1995); 3, Huang et al. (1994b). 

The 0112 compounds known so far contain mixtures of copper and iron 
(and/or cobalt) atoms in the DO 2 layers. BaYCuFeO5 was first reported in Er- 
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Rakho et al. (1988) and its structural refinement was carried out in space group 
P4mm (a = 3.867, c = 7.656 A at T - 500 K) with two cation sites in the DO 2 
layers, describing a partial ordering of copper and iron atoms. Splitting of the D 
site (Cu and Fe site separation) in space group P4/mmm was proposed in 
Caignaert et al. (1995). 

0 1 2 2  Ba1(Ndo.5oCeo.45)2(Cuo.45Feo.55)207 

BC2D207, ti24, (139) I4/mmm-ge2dba 
- D O 2 - . C - O 2 - C . - O 2 D - B O  - 

BaNdCeo.9Cuo.9Fel.lO7, n.s., PX, R e -- 0.046 (Michel et al., 
1991a) 

(139) I4/mmm, a = 3.9025, c = 20.8955 A, Z - 2 

Fig. 3 

Atom WP PS x y z Occ. 

Ba 2(a) 4/mmm 0 
1 Cu a 4(e) 4mm 

Nd b 4(e) 4mm 0 
1 O(1) 2(b) 4/mmm 

0(2)  8(g) 2mm . 0 
O(3) a 4(d) ,~m2 0 

0 0 

! 0.0976 2 
0 0.1876 
1 0 

1 0.1124 2 
1 1 

0.95 c 

a Cu = Cuo.45Feo.55. 

bNd = Ndo.5263Ceo.4737. 
c Value taken from nominal composition. 

a Site may be partly vacant. 

(continued) 



H. Crystallographic Data Sets 317 

Compound a (A) c (A) T c (K) Ref. 

BaNdCeo.9Cuo.9Fe 1 . 1 0 7  3.9025 20.8955 n.s. 1 
SrY2CuFeO6.5 a n.s. 2 

4-fold superstructure (Ibam, a = 5.4149, b = 10.7244, c = 20.2799 A). 
References: 1, Michel et al. (1991 a); 2, Kim et al. (1991). 

0122 compounds are known only with mixtures of Cu and Fe on the D site. 
Pure samples of BaNdCeo.9Cuo.gFel.lO7_ 6 were obtained for rare-earth element 
deficient compositions (Michel et al., 199 l a). A possible ordering of Cu and Fe, 
or Nd and Ce, was not considered in the structural refinement. The oxygen 
vacancies (~ _< 0.05) were suggested to be located in the 02 layer between the 
two separating (Nd, Ce) layers. The superstructure observed for SrY2CuFeO6.5 
results from an ordering of oxygen vacancies in the corresponding layer (Kim et 
al., 1991). 

0132 Sr 1 (Yo.55Ceo.45)3 ( C u o . 5  oFeo.5o)209 

BC30209, tP15, (123) P4/mmm-i2hgdca 
-O 2D--C.-O2-.  C - O 2 - C . - O  2D-BO- 
SrY1.65Cel.35CuFeO9, n.s., PX, R 8 -- 0.051 (Li et al., 1992b) 
(123) P4/mmm, a = 3.830, c -- 12.960A, Z -- 1 Fig. 4 

Atom WP PS x z Occ. 

Sr l(a) 4/mmm 0 
1 Cu a 2(h) 4mm 

Y(1) b 2(g) 4mm 0 
1 Y(2) b l(d) 4/mmm 
1 O(1) l(c) 4/mmm 

O(2) 4(i) 2mm . 0 
0(3)  4(i) 2mm . 0 

0 

0.157 

0.2955 
1 

0 
0.186 

0.395 

a C u  --- Cuo.sFeo. 5. 
b y (1)  = Y(2) = Yo.55Ceo.45. 
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0201 

Crystal Structures of High-T~ Superconducting Cuprates 

(Lao.92Sro.o8)2CulO4 

BzOO 4, tI14, (139) I4/mmm-e2ca 

-O2D-BO-OB- 
Lal.85Sro.lsCuO4 (Tc = 37.5 K), PN, T = 300 K, 
R e = 0.0371 (Cava et aL, 1987c) 
(139) I4/mmm, a = 3.7793, c = 13.2260 A, a Z = 2 Fig. 5 

Atom WP PS x Occ. 

La b l(e) 4mm 0 
1 Cu 2(a) 4/mmm 
1 O(1) 4(e) 4mm 

0(2) 4(c) mmm . 0 

0.36046 
1 _ 
2 

0.3176 
1 _ 
2 

a Modification stable above 200 K. 

bLa = Lao.925Sro.o75. 

Compound a (A) c (A) T c (K) Ref. 

Bal.2Sro.8CuO3.26 3.8988 12.815 a 

Sr2CuO3 +6 b 3.764 12.548 c 

Srl.81 Cuo.9o503. 4 3.7907 12.417 
Srl.3Lao.vCu(O,F)4+6 e 3.9368 13.075 
Srl.3Ndo.7Cu(O,F)4+~ e 3.9288 12.9630 
SrECuO2CIE 3.9716 15.6126 
Cal.8sKo.15CuOzC12 f 3.856 g 15.27 g 
Cal.9Nao. 1 CUO2C12 h 3.8495 15.1729 

La 1.945Rbo. o 55CUO4 3.7858 13.2759 
Lal.8Nao.2CuO4 3.7796 13.1871 
Lal.85Bao. 15CUO4 3.7873 13.2883 
Lal.8sSro.lsCuO4 3.7793 13.2260 

50 
70 a 
n . s .  

55 
44 
n . s .  

24 
26 
22 
30 i 

33 
37.5 

(continued) 

1 

2 
3 
4 

5 
6 
7 
8 
9 
10 
11 
12 
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Lal .8sCao .15Cl lO4  e 3.7791 13.166 20 / 13 
La 1.95 B io.o5 CuO4.o 8 k 3.799 g 13.22 g 35 14 

a Additional reflections indicate 4-fold superstructure (monoclinic, a -- 15.60, b = 3.899, 
c = 13.395 A, fl = 106.9~ 
b Prepared at 6 GPa; nominal composition, 6 --0.1 from chemical analysis. 
c 32-fold superstructure (P4/mbm, a = 21.2900, c = 12.5611,3,) in Shimakawa et al. (1994b). 
a T  c = 94 K in Han et al. (1994); according to Shaked et al. (1995), superconductivity should be 
attributed to impurity phases Sr3Cu2Os+ ~ (0212) and/or Sr4Cu307+ 6 (0223). 
e Nominal composition. 
fPrepared at 5 GPa; nominal composition. 
g Value taken from figure. 
h Prepared at 6 GPa. 

iT  c -- 36 K for Lal.59Nao.41CuO4_ ~ (Markert et al., 1988). 
J From resistivity measurements (midpoint), value taken from figure. 
k Nominal composition, oxygen content from TG analysis. 
References: 1, Hodges et aL (1996); 2, Hiroi et aL (1993b); 3, Lobo et al. (1990); 4, Chen et al. 

(1995); 5, Yang et al. (1996); 6, Miller et al. (1990); 7, Tatsuki et al. (1995); 8, Argyriou et al. (1995); 
9, Keane et al. (1994); 10, Torardi et al. (1989); 11, Jorgensen et al. (1987b); 12, Cava et al. (1987c); 
13, Oh-ishi et al. (1988); 14, Kato et aL (1996). 

0 2 0 1  (Lao.92Sr0.o8)2Cu 1 0 4 

B2D04,  tI14, (139) I4 /mmm-e2ca  

- 0 2 D - B O - O B -  

Lal.ssSro.15CuO4, Tc --37.5 K, PN, T = 10K, R 8 =0.0341 (Cava et al., 1987c) 
(64) Bmab (Cmca), a -- 5.3240, b -- 5.3547, c -- 13.1832A, a Z = 4 

a 1 + a2, - - a  I -+- a2, C 

Atom WP PS x y z Occ. 

Lab 8(f) m . .  0 --0.004964 0.36077 
1 0 1 Cu 4(a) 2 / m .  . ~ 
1 -0.0255 0.31740 O(1) 8(f) m . .  
1 1 0.50573 0(2) 8(e) . .2 ~ a 

a Modification stable below 200 K. 

bLa -- Lao.925Sro.075. 

0 2 0 1  (Lao.93Bao.o7)2 C u  1 0 4 

I 4 / m m m - e  ca B 2 D O 4 ,  tI14, (139) 2 

- 0 2 D - B O - O B -  

Lal.855Bao.145CuO4, T c = 30 K, a PN, T -- 30 K, R~ = 0.0230 (Takayama-Muromachi et al., 1993) 
(138) P42/ncm (origin at 2/m),  a = 5.34294, c = 13.2432A, b Z = 4 

a 1 - f -a2,  - - a  1 - f -a2,  C 
(continued) 
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Atom WP PS x y z Occ. 

La c 8(i) 

Cu 4(d) 
O(1) 8(i) 
0(2) 4(e) 
0(3) 4(a) 

�9 .m 0.0036 0.0036 0.36074 
1 0 1 �9 . 2 / m  ~ 

. . m  0.4826 0.0174 0.31791 
1 1 0.5074 2 .mm ~ 

2.22  ! ~ ! 4 4 2 

a Value taken from figure. 
b Modification stable below 60 K. 

CLa = La0.9275Bao.0725. 

0201 L a 2 f u l  O4 .08  

B2DO4, tI14, (139) I 4 / m m m - e 2 c a  

-O2D-BO-OB- 

La2fuO4.o81, a T c = 42 K, PN, RT, Rwp -- 0.0643 (Radaelli et al., 1993a) 
(69) Fmmm, a = 5.33794, b = 5.4106, c = 13.2155 A, b Z --- 4 

a 1 + a 2 ,  - - a  1 + a 2 ,  c 

Atom WP PS x y Occ. 

La 8(i) mm2 0 0 0.3601 
1 0 1 Cu 4(a) mmm ~ 

1 0.029 0.3180 O(1) 16(m) m . .  
0(2) 32(p) 1 0.546 0.124 0.313 

1 1 1 0(3) 8(e) . . 2 / m  ~ ~ 
1 1 1 0(4) 8(f) 222 ~ ~ 

0.4225 
0.045 

0.0155 

a Electrochemically oxidized; oxygen content La2Cu04.12 from TG analysis. 
b Average structure; additional reflections indicate superstructure. 

Compound a (A) b (A) c (A) T c (K) Ref. 

Sr2CuO2F2.57 5.394 5.513 1 3 . 4 6 8  

L a 2 C u O 4 . o 8 1  a 5.33794 5.4106 13.2155 b 
46 
42 

a Electrochemically oxidized; oxygen content La2CuO4.12 from TG analysis. 
b Additional reflections indicate superstructure. 

References: 1, A1-Mamouri et aL (1994); 2, Radaelli et al. (1993a). 

0201 compounds are usually referred to as T phases. Superconductivity in 
the La-Ba-Cu-O system was first reported by Bednorz and Mfiller (1986) with a 
critical temperature close to 30 K. The superconducting compound was later 
identified as La2_xBaxCuO4 (Takagi et al., 1987), and the first structural 
refinement was carried out by Jorgensen et al. (1987b). Superconductivity 
(T c = 36K) in the La-Sr-Cu-O system was reported by Cava et al. (1987d) 
for the composition Lal.8Sro.2CuO4. At room temperature both the Ba- and Sr- 
containing compounds crystallize with a tetragonal, K2NiFa-type structure 
( I4 /mmm) (Balz, 1953). At low temperature (T ,~ 200 K for Lal.85Sro.15CuO4) 
they undergo a structural phase transition from tetragonal to orthorhombic 
(Bmab, La2CuO4 type, Grande et al., 1977), caused by a tilting of the CuO6 
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Fig. 8.17. 
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Cell parameters vs temperature for Lal.882Ba0.118CuO4 (for the high-temperature tetragonal 
modification v/2a  is plotted) (Suzuki and Fujita, 1989). 

Fig. 8.18. 
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Cell parameters vs temperature for La1.ssSro.lsCuO4 (for the tetragonal modification vr2a is 
plotted) (Day et al., 1987). 
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Fig. 8.19. 
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Cell parameters vs Ba content for La2_xBaxCuO4 (for the tetragonal modification ~/-2a is 
plotted) (Suzuki and Fujita, 1989). 

Fig. 8.20. 
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Cell parameters vs Sr content for La2_xSrxCuO4 (for the tetragonal modification ~/~a is 
plotted) (Radaelli et al., 1994a). 
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octahedra. A similar transformation is observed on decreasing the Ba or Sr content 
(x ~ 0.1 for Laz_xSrxCuO 4 at 295 K). Upon further cooling, the compounds undergo 
a second structural transition, Laz_xBaxCuO 4 (T ~ 50 K for x = 0.1) to another 
tetragonal (P42/ncm) (Axe et al., 1989) and La1.885Sr0.115CuO4 to another 
orthorhombic modification (Pccn) (Koyama et aL, 1995). For Lal.6_xNdo.4SrxCuO 4 
three successive structural transformations were reported to take place upon 
cooling, following the sequence I4/mmm-Bmab-Pccn-P42/ncm (Crawford 
et aL, 1991). The cell parameters of Laz_xMxCu04 vs the temperature and the 
Ba(Sr)-content are presented in Figs. 8.17, 8.18, 8.19 and 8.20, respectively. The 
superconducting transition temperature of Laz_xBaxCuO4 as a function of the 
Ba content shows two maxima, with an intermediate suppression of the super- 
conductivity at x = 0.125 (Fig. 8.21). For the Sr-containing compound, T c vs the Sr 
content is shown in Fig. 8.22, suppression of the superconductivity being reported to 
occur at x = 0.115 (Kumagai et al., 1994). 

Structural refinements on SrzCuO3+ 6 showed oxygen vacancies in the 
CuO2 layers (Shimakawa et aL, 1994b). Studies of Bal.zSro.sCuO3+ 6 led to 
similar conclusions, and a monoclinic superstructure with an ordered arrange- 
ment of vacancies was proposed (Hodges et al., 1996). Note that a Cu-free 
compound, SrzRuO4, crystallizing with a KzNiF4-type structure and supercon- 
ducting below 1 K, has also been reported (I4/mmm, a = 3.87, c = 12.74 A, 
T c = 0.93 K) (Maeno et al., 1994). 

Fig. 8.21. 
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Superconducting transition temperature vs Ba content for La2_xBaxCuO 4 (Axe et al., 1989). 
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Superconducting transition temperature vs Sr content for La2_xSrxCuO4 (Radaelli et al., 
1994a). 

Superconductors can be obtained not only by doping La2CuO4 with 
alkaline-earth cations, but also by introducing excess oxygen. The compound 
La2CuO4+ a with 6 < 0.02 (at 300K) crystallizes in space group Bmab.  In 
Chaillout et al. (1990) the structure of the oxygen-rich compound with 
6 > 0.04 is also described in space group Bmab  with two extra O sites, located 
in and between the bridging layers, respectively (16(g)0.533 0.105 0.315 and 
8(e) 1 �88 0.258, occupancy 0.040 and 0.024), the original O site being partly 
vacant (occupancy 0.922). Approximately the same structure was also refined in 
space group F m m m  (Radaelli et al., 1993a) (filled-up variant of the "La2CuO4" 
type; Longo and Raccah, 1973). 
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0212 (Lao.71Sro.2oCao.o9)2(Cao. 81Lao. 19)1Cu205.91 

B2CD206, ti22, (139) I4/mmm-ge3b 

-02D-C.-O2D-BO-OB - 
Lal.6Sro.4CaCu2Os.9o8, aT c = 55 K, PN, RT, R e = 0.0627 
(Cava et al., 1990b) 
(139) I4/mmm, a = 3.8208, c = 19.5993 A, Z -- 2 Fig. 6 

Atom WP PS x Occ. 

La b 4(e) 4mm 0 
1 Cu 4(e) 4mm 

Ca c 2(b) 4/mmm 0 
1 O(1) 4(e) 4mm 

O(2) d 8(g) 2mm. 0 

0.32334 

0.41344 
1 _ 
2 
0.2964 
0.41789 

0.954 

a Oxygen content Lal.6Sro.4CaCu2Os.94 from TG analysis. 

b La = Lao.7o6 Sro. 2 Cao.o94 .  

c Ca = Cao.812Lao.188 . 
a Full occupation confirmed. 

Compound a (A) c (A) T c (K) Ref. 

S r 3 C u 2 0 5 + 6  a 3.902 21.085 
Sr2CaCu205.5 b 3.821 20.74 

Sr2CaCuzO4.6F2.o b 3.843 19.88 

S r 2 . 3 C a o . 7 C u 2 0 4 . 7 6 C 1 1 . 2 4  c 3.8679 22.161 
Sr2Cao.sNdo.zCuzOsF d 3.8606 20.1130 

Ca3Cu204C12 3.861 21.349 

La1.85Srl.15Cu206.25 3.8530 20.0833 

Lal.zSrl.3Pbo.4Bio.zCUl.9Os.78 e 3.867 20.01 

100 

77 

99 

8O 

85 

n . s .  

n . s .  

75 

1 

2 

3 
4 

5 
6 
7 
8 

(continued) 
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Lal.6Sro.4CaCu205.9o 8 3.8208 19.5993 55 9 
Lal.82Cal. 18Cu206.o14 f 3.81604 19.4214 50 g 10 

a Prepared at 6 GPa; nominal composition. 
b Prepared at 5.5 GPa; nominal composition. 
c Prepared at 5 GPa. 
d Prepared at 6 GPa. 
eNominal composition, oxygen content from chemical analysis. 
fPrepared at 0.2 GPa. 
g Value taken from figure. 
References: 1, Hiroi et al. (1993b); 2, Kawashima and Takayama-Muromachi (1996); 3, Kawashima et 

al. (1996); 4, Jin et aL (1995); 5, Isobe et al. (1996a); 6, Huang et al. (1990); 7, Lightfoot et al. 

(1990b); 8, Seling et al. (1995); 9, Cava et al. (1990b); 10, Kinoshita et al. (1992). 

0212 compounds are sometimes referred to as 326 or 2126 phases and were 
first reported for La2_xMl+xCu206_~ (M = Sr or Ca), with a complete structure 
determination published by Nguyen et al. (1980). La2_xSrl+xCu206 and stoichio- 
metric La2CaCu206 are not superconducting, but superconductivity occurs after 
partial substitution of La by Sr or Ca in the latter and postannealing at high 
oxygen pressure (Cava et al., 1990a; Kinoshita and Yamada, 1992b). The high- 
pressure treatment is believed to increase the ordering of cations (Kinoshita et al., 
1991; Shaked et al., 1993), superconductivity being suppressed for a high degree 
of disorder, in particular when strontium atoms are present also in the separating 
layer, g partly occupied O site (2(a) 1 1 1) in the separating layer is often 
reported and can be related to the substitution of Ca by Sr or La (occupancy 0.28 
for Ca-free Lal .85Srl .15Cu206.25 , Lightfoot et al., 1990b). Note that a full 
occupation of this site would give a SraTi207-type structure (Ruddlesden and 
Popper, 1958). 

0222 (Ndo.59Sro.41)2(Ndo.73Ceo.27)2Cu207.84 

B2C2D208, tP14, (129) P 4 / n m m - f c 4 b  

- D O 2 - . C - O 2 - C . - O 2 D - B O - O B  - 

Nd2.64Sr0.82Ceo.54Cu207.840, T c - 22 K, PN, RT, 
R B = 0.0332 (Izumi et al., 1989c) 
(129) P 4 / n m m  (origin at 2/m) ,  a = 3.8564, 
c=12 .4846A,  Z = l  Fig. 7 
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Atom WP PS x y z Occ. 

1 1 0.1107 Nd(1)a 2(c) 4 m m  -4 
3 3 0.2490 Cu 2(c) 4 m m  ~ 
1 1 0.3965 Nd(2) b 2(c) 4 m m  ~ -~ 

O(1) 8(/) . .  m 0.796 0.796 0.0709 
1 3 0.2622 0(2)  4(f)  2 m m  . ~ -~ 
1 3 1 0(3)  2(b) 4m2 ~ 4 

0.230 

aNd( l )  = Ndo.59Sro.41. 
bNd(2) = Ndo.73Ceo.27. 

Compound a (A) c (A) T c (K) Ref. 

Sr2Nd2Cu206C12 a 3.956 13.880 n.s. 1 

Srl.sBio.sYl.15Ceo.85Cu208 3.822 12.659 30 2 
Lal.5 Sro.5 Sm2.oCu207. 9 3.8588 12.5725 20 b 3 

Lal.8Sro.4EUl.8Cu208 c . . . . . .  34 4 
La1.8 Sro.4Gd 1.8Cu208 3.85344 12.53367 13 a 5 

La2.sDy 1.5Cu207.5F 1.o e n.s. 6 

Nd2.64Sro.82Ceo.54Cu207.84o 3.8564 12.4846 22 7 

a Nominal composition. 

b Tc = 37 K for Lal.64Sro.36Sm2.oCu20 8 (nominal composition) prepared under 0.3 GPa 02 (Hundley 
et al., 1989). 
c Prepared under 0.3 GPa 02; nominal composition. 

a T  c = 33 K for sample prepared under 0.3 GPa 02 (Fisk et al., 1989). 
e Space group Cmma,  a = 5.4609, b = 5.5089 and r = 12.4842 A. 

References: 1, Fuller and Greenblatt (1991); 2, Chen et al. (1993a); 3, Tokura et al. (1989c); 4, Fisk et 

al. (1989); 5, Kwei et al. (1990); 6, Lightfoot et al. (1990a); 7, Izumi et al. (1989c). 

0222 compounds are usually referred to as T* phases. Superconductivity 
was first reported in the Nd-Sr-Ce-Cu-O system (Akimitsu et al., 1988). The 
superconducting compound was identified as Nd2.64Ceo.54Sro.s2Cu2Oy and a 
structural model was proposed by Takayama-Muromachi et al. (1988a). The 
rare-earth metal and strontium atoms occupy two cation sites, with coordination 
numbers 9 and 8, which correspond to the B site in the 0201 structure (T phase) 
and the C site in 0021 (T'), respectively. The 0222 structure may thus be 
described as an intergrowth of these two structures. The first refinement was 
reported by Sawa et al. (1989b), who stated that the Nd site in the bridging BO 
layers was occupied by a statistical mixture of Nd, Sr, and Ce. Partial ordering of 
R 3+ and Sr 2+ was shown by Izumi et al. (1989c) and confirmed by a refinement 
on Lal.sSro.4Gdl.sCu208 ((Lao.sSro.2)2(Gdo.9Lao.1)2Cu208) by Kwei et al. (1990). 
The cell parameters and the critical temperature vs the Sm content in 
La3.6_xSro.4SmxCu20 8 are presented in Figs. 8.23 and 8.24, respectively. Partial 
oxygen pressure during the synthesis was shown to have a positive effect on the 
critical temperature (Tokura et al., 1989c). 
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Fig. 8.23. 
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Fig. 8.24. 
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Superconducting transition temperature vs Sm content for La3.6_xSro.4gmxCu208 (Fisk et al., 
1989; Tan et al., 1991). 
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0223 (Sro.90Cao. 10)2( Cao.50Sro.50)2Cu3( 0o.85Clo. 15)8 

B2C2D308, tI30, (139) I 4 / m m m - g e 4 c a  

-02DL-C.-O 2/)--C.-O 2D-BO-OB- 
Sr2.sCal.2Cu306.8Cll.2, a T c : 46 K (Wu et al., 1996a) 
(139) I 4 / m m m ,  a = 3.877, c = 28.65 A, Z = 2 Fig. 8 

Atom WP PS x Occ. 

Sr b 4(e) 4mm 0 
1 Cu(1) 4(e) 4mm 

Ca c 4(e) 4mm 0 
1 Cu(2) 2(a) 4 / m m m  
1 C1 a 4(e) 4mm 

0(1) 8(g) 2mm . 0 

0(2) 4(c) mmm . 0 

0.3284 
0.3881 
0.4448 
1 

0.2828 
0.3881 
1 _ 
2 

a Prepared at 5 GPa; sample also contained 0212 compound. 
b Sr = Sr0.9Ca0.1. 
c Ca = Cao.5 Sro. 5. 
d C1 = Clo.60o. 4. 

Compound a (A) c (A) T c (K) Ref. 

Sr4Cu308 a 3.8730 27.39 1 O0 1, 2 
b Sr2CaCu205.5 3.863 27.22 109 3 

Sr2Ca2Cu306.2F3.2 b 3.840 26.17 111 4 
Sr2.8Ca1.2Cu306.8C11.2 c 3.877 28.65 46 5 

a Prepared at 5.7 GPa; sample also contained 0212 compound. 
b Prepared at 5.5 GPa; nominal composition. 
C prepared at 5 GPa; sample also contained 0212 compound. 
References: 1, Shaked et al. (1995); 2, Hiroi and Takano (1994); 3, Kawashima and Takayama- 
Muromachi (1996); 4, Kawashima et al. (1996); 5, Wu et al. (1996a). 
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A 0223 compound was first reported in the Sr-Ca-Cu-O system for the 
nominal composition Sro.6Cao.333CuO2.1o ( a  = 3.86, c = 27.2A, T c = 90K; 
Adachi et aL, 1993). All compounds known so far were prepared at high 
pressure. The isotypic compound without calcium, Sr4Cu308, was also obtained 
(Hiroi et aL, 1993b; Shaked et al., 1995); however, the only structural refinement 
was carried out on a compound with oxygen partly substituted by chlorine. Note 
that PbBaSrYCu307+ a is sometimes referred to as 0223 (Rouillon et aL, 1989, 
1992a), but that according to the classification criteria proposed here it corre- 
sponds to the 2212 structure. 

0232 Sr2(Ceo.53Yo.47)3 (Cuo.50Feo.50)2010 

B2C3D201o, ti34, (139) I4/mmm-g2e4a 

- 0  2 D - C . - O 2 - .  C - O 2 - C . - O  2 D - B O - O B -  

Sr2Cel .599Y1.4olCuFeOlo  , n.s., PX, R B - -  0 . 0 6 6  

(Tang et al., 1993) 
(139) I4 /mmm,  a = 3.828, c = 30.560 A, Z = 2 Fig. 9 

Atom WP PS x y z Occ. 

Sr 4(e) 4mm 0 
1 Cu a 4(e) 4mm 

Ce(1) b 4(e) 4mm 0 
1 Ce(2) b 2(a) 4/mmm 
1 O(1) 4(e) 4mm 

0(2)  8(g) 2mm . 0 
0(3)  8(g) 2mm . 0 

0 0.287 
1 0.356 2 
0 0.409 
1 1 
2 2 
1 0.284 2 
1 0.364 2 
1 0.458 2 

a C U  = Cu0.5Fe0. 5. 
b Ce(1) = Ce(2) -- Ce0.533 Y0.467. 
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0234 

B2C30401o,  ti38, (139) I4 /mmm-g2eSb  

- 0 2 D - C . - O  2 D--C,-O 2 D - - C . - O  2 D - B O - O B -  

SrzCa3Cu40]o, a T c -- 70 K b (Adachi et al., 1993) 
(139) I4 /mmm,  ~ a = 3.86, c = 34.0A, Z = 2 Fig. 10 

S r 2 C a 3 C u 4 O l o  

Atom WP PS x y z Occ. 

Sr 4(e) 4mm 0 0 0.29 
1 1 0.35 Cu(1) 4(e) 4mm ~ 

Ca(l) 4(e) 4mm 0 0 0.40 
1 1 0 .45  Cu(2) 4(e) 4mm ~ -~ 

1 Ca(2) 2(b) 4 /mmm 0 0 
1 1 0 .28  O(1) 4(e) 4mm -~ 

1 0.35 0(2) 8(g) 2mm . 0 

1 0.45 0(3) 8(g) 2mm . 0 -~ 

a prepared at 5 GPa; nominal composition Sr0.65Cao.3CuO2.10; sample also contained infinite-layer 
compound; a = 3.901, c - 3 3 . 8 2 A  and T c = 8 3 K  for Sr3CaCu2.807. 5 (nominal composition) 
prepared at 5.5 GPa (Kawashima and Takayama-Muromachi, 1996). 
b Value taken from figure. 
c Atom coordinates for ideal structure derived from drawing. 
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(T10.92) 1 (Bao .60Lao.40)2Cu 104.86 

AB2DOs, tP9, (123) P4/mmm-hgecba 
- 0 0  2 - O B - A  O-OB- 
Tlo.92oBal.2Lao.8CuO4.864, T c -- 52 K, PN, T = 305 K, 
Rwp = 0.0369 (Subramanian et aL, 1990c) 
(123) P4/mmm, a = 3.8479, c = 9.0909 A, Z = 1 Fig. 11 

Atom WP PS x y z Occ. 

T1 4(/) m2m. 0.0801 0 0 
1 1 0.2942 Ba a 2(h) 4mm ~ 

1 Cu l(b) 4/mmm 0 0 
1 0 O(1) 4(n) m2m. 0.4281 

0(2) 2(g) 4mm 0 0 0.2250 
1 1 0(3) 2(e) mmm . 0 ~ 

0.230 

0.216 

"Ba = Bao.6Lao. 4. 

Compound a (A) c (A) T c (K) Ref. 

T1Ba2CuO5 a 3.869 9.694 n.s. b 1 
T1BaSrCuO5_6 c 3.805 9.120 43 d 2 

Tlo.92oBa 1.2 Lao.8CuO4.864 3.8479 9.0909 52 3 
T1Ba2CuOa.7Fo.3 3.836 9.590 75 4 
T1Sr2CuO5 3.7344 9.007 e n.s. 5 

Tlo.sPro.6Srl.6CuO5 3.741 8.875 40 6 
Tlo.sCro.sSr2CuO5 3.795 8.880 c 50 7 

Tlo.sPbo.sSr2CuO5 3.7405 9.0097 n.s. g 8 
Tlo.sPbo.sSrl.sNdo.sCuOs.o7 3.76 h 8 .88  h 40 9 
T1SrLaCuO5 3.765 8.838 46 10 

Pbo.sSrLaCul.5Os.o3 i 3.77305 8.6876 35 11-14 

a Composition Tll.2Ba2Cuo.704.8 from microprobe analysis. 
b a = 3.859, c -- 9.261 A and T c = 9.5 K (from resistivity measurements, zero resistivity) for sample 

prepared under reducing conditions (Gopalakrishnan, 1991). 

c Prepared under reducing conditions; nominal composition. 

d From resistivity measurements (zero resistivity). 
e Space group Pmmm, a = 3.661, b = 3.793, and c = 8.99 A reported for oxygen-deficient compound 
(Ganguli and Subramanian, 1991); 2-fold superstructure (Pmmm, a =  3.6607, b =  7.5709, 

c = 8.9672 A) reported for T1Sr2CuO4.515 (Ohshima et al., 1994). 
f8-fold superstructure (A2mm, a = 3.7803, b = 15.2573, c = 17.6737A) reported for 

Tlo.75Cro.25Sr2CuO4.975 (Michel et al., 1996). 
g T c = 60 K in Pan and Greenblatt (1991). 
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h Value taken from figure. 
;Oxygen content from chemical analysis. 
References: 1, Parkin et al. (1988c); 2, Gopalakrishnan et al. (1991); 3, Subramanian et al. (1990c); 4, 
Subramanian (1994); 5, Kim et al. (1989); 6, Bourgault et al. (1989); 7, Sheng et al. (1992); 8, Kaneko 
et al. (1991); 9, Ohshima et al. (1993); 10, Subramanian (1990); 11, Khasanova et al. (1996a); 12, 
Nakahigashi et al. (1990); 13, Adachi et al. (1990b); 14, Sasakura et al. (1990). 

1201 Ga 1 ( S r o . 5 o L a o . 5 o ) 2 C u  10 5 

ABzDO s, tP9, (123) P4/mmm-hgecba 

-DO2-OB-AO-OB- 
GaSrLaCuOs, n.s., SX, RT, R w = 0.077 (Roth et al., 1992) 
(46) I2cm (Ima2), a = 5.369, b = 5.510, r -- 16.51 A, Z = 4 
al + a2, - a l  + a2, 2c; origin shift 0 �88 -~ 

Atom WP PS x y Occ. 

Ga 4(b) . .m 0.038 -0 .065 
Sr a 8(c) 1 0.5 0.0164 
Cu 4(a) 2 . .  -0 .001 0 
O(1) 4(b) . .m 0.381 -0.141 
0(2) 8(c) 1 -0 .01 0.063 
0(3) 8(c) 1 0.25 0.25 

1 
4 

0.3932 
1 
2 
1 
4 

0.354 
0.49 

a Sr = Sro.sLao. 5. 

1201 HglBa2CulO4.18 

AB2D04+ 6, tP8, (123) P4/mmm-hge(c)ba 
-DO2-OB-A .-OB- 
HgBazCuO4.18, T c -- 95 K, PN, T -- 296 K, Rwp = 0.0687 (Huang et al., 1995) 
(123) P4/mmm, a = 3.88051, c - 9.5288 A, Z = 1 

Atom WP PS x y z Occ. 

Hg l(a) 4/mmm 0 0 
1 1 Ba 2(h) 4mm ~ 

Cu l(b) 4/mmm 0 0 
1 1 O(1) l(c) 4/mmm ~ 

0(2) 2(g) 4mm 0 0 
1 0(3) 2(e) mmm . 0 

0 
0.2981 
1 _ 
2 

0 
0.2076 
1 _ 
2 

0.18 

Compound a (A) c (A) T c (K) Ref. 

HgBa2CuO4.1 o 3.8766 9.5073 
Hgo.85Ceo.15Ba2CuO4.15 3.8801 9.495 
Hgo.sWo.zBa2CuO4.4 a 3.8713 9.416 
Hgo.8Moo.2BazCuO4.4 a 3.8819 9.378 
Hgo.vTlo.3BazCuO4+6 3.885 b 9.53 b 

Hgo.743So. 184Ba2CuO4.486 3.8986 9.2466 
Hgo.4Pro.65Srl.95CuO4+6 d 
Hgo.5oCro.5oSr2CuO4.s8 3.85000 8.6961 

94 
90 
45 
74 
41 b 
62 C 

n . s .  

6O 

1 

2 

3 

3 

4 

5 

6 

7 

(continued) 
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Hgo.66Vo.34Srl.8Lao.2CuO4.82 3.8170 8.7564 41 b 8 
Hgo.5Pbo.5Sr1.2Lao.8CuO5 3.7908 8.6915 32 9 
Hgo.sBio.sSrl.sLao.sCuO5 3.7769 8.8252 27 10 

a Nominal composition. 
b Value taken from figure. 
c Tc = 77 K for sample annealed under reducing conditions. 
d 2-fold superstructure (primitive orthorhombic, a = 7.606, b = 3.6827, c = 8.881 A). 
References: 1, Putilin et al. (1993a); 2, Letouz6 et al. (1996); 3, Maignan et al. (1995a); 4, Nakajima et 

al. (1996); 5, Loureiro et al. (1996b); 6, Goutenoire et al. (1993a); 7, Chmaissem et al. (1995); 8, 
Mandal et al. (1996); 9, Liu et al. (1993b); 10, Pelloquin et al. (1996a). 

1201 Cl(Bao.50Sro.50)2Cu105.05 

AB2DO s, tP9, (123) P 4 / m m m - h g f e b a  

-DO2-OB-A On-OB - 

CBaSrCuO5.o5, n.s., PN, RT, R e = 0.0670 (Chaillout et aL, 1992) 
(127) P4/mbm,  a -- 5.5899, c = 7.7153 A, Z = 2 

al + a2, - a  + a2, c 

Atom WP PS x y z Occ. 

1 0 C 2(d) m . m m  0 

Sr 4(e) 4 . .  0 0 0.2577 0.5 
Ba 4(e) 4 . .  0 0 0.2885 0.5 

1 1 Cu 2(c) m .mm 0 ~ 

O(1) 8(k) . .  m 0.1566 0.3434 0.0447 0.2625 
0(2) 8(k) . . m 0.0860 0.4140 0.1229 0.25 
0(3) 8(k) . .m 0.0328 0.4672 0.1714 0.25 
0(4) 8(k) . . m 0.2491 0.2509 0.4813 0.5 

Compound Space group a (A) c (A) T c (K) Ref. 

BBaLaCuO5 P4/mmm 3.94 a 7.50 a n.s. 1 
CBaSrCuOs.o5 P4/mbm 5.5899 7.7153 n.s. 2 
Co.9Bal. 1Sro.9CUl. 1 O4.9+ 6 P4212 5.5639 7.8567 26 3, 4 
CSr2CuO5 P 4 / m m m  3.9033 7.49256 n.s. 5 

Co.85Bo.15Sr2CuO5 I4 7.7881 14.9681 32 6 
Co.7Bo.3Sr2CuO5 c P 4 / m m m  3.86 7.40 50 7 
CSrl.6Ko.aCuOS P 4 / m m m  3.8907 7.522 e 23 8 

a Value taken from figure. 
b 8-fold superstructure (I4, a = 7.8045, c = 14.993 A) in Miyazaki et al. (1992a). 
c Prepared at 5 GPa. 

a Prepared at 4 GPa; nominal composition. 
e Additional reflections indicate superstructure (2a, 2a, 2c). 
References: 1, Li et al. (1993); 2, Chaillout et al. (1992); 3, Kinoshita and Yamada (1992a); 4, Izumi et 

al. (1992); 5, Babu et al. (1991); 6, Uehara et al. (1993a); 7, Uehara et al. (1994b); 8, Kazakov et al. 

(1995). 
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1 2 0 1  (Co.50Tlo.25Pbo.25)l S r 2 C u l O 5  

AB2DO5, tP9, (123) P4/mmm-hgfeba (hgecba) 
-DO2-OB-AO" (AO)-OB- 
CTlo.sPbo.sSr4Cu2Olo, T c = 60 K, a PX, R e -- 0.0655 (Huv6 et al., 1993b) 
(123) P4/mmm, a = 3.8244, c = 16.516A, Z -- 1 

al, a2, 2c 

Atom WP PS x y z Occ. 

C l(a) 4/mmm 0 0 0 
1 1 0.1275 Sr(1) 2(h) 4mm ~ 

Cu 2(g) 4mm 0 0 0.2346 
1 1 0.3404 Sr(2) 2(h) 4mm ~ 

1 T1 b 4(m) m2m. 0.083 0 
O(1 ) 4(/) m2m. 0.316 0 0 
0(2) 8(s) .m.  0.162 0 0.086 

1 0.223 0(3) 4(i) 2mm . 0 
0(4) 2(g) 4mm 0 0 0.379 

1 1 0(5) 4(0) m2m. 0.330 ~ 

0.25 
0.25 
0.25 

0.25 

a T  c - - -  70 K for sample annealed under reducing conditions. 
b T1 -- T10.sPb0. 5. 

Compound a (A) c (A) T c (K) Ref. 

CT1Ba2SrzCu2Olo a 62 1 
CTlo.8Hgo.2Ba2 SrzCu2Oy b 60 c 2 
CHgBazSrzCu209+ 6 3.88 16.94 a 66 3 
CTlo.8Moo.2Sr4Cu2Olo 3.8251 16.429 80 4 
CTlo.sPbo.s Sr4Cu201o 3.8244 16.516 60 e 5 
CTlo.sBio.5 Sr4Cu2Olo 3.8309 16.518 54 6 
CPbo.7Hgo.3 Sr4Cu2Olo 3.8242 16.4681 70 7 
Co.955Bio.5Hgo.545Sr4Cu209.72 3.8265 16.4742 f 17 8 
C U g o . 5 7 V o . 4 3  S r 4 C u 2 0 9 .  6 3.8505 16.240 76 9 
CUgo.46Cro.54Sr4Cu209.88 3.8747 16.1555 37 10 
CHgo.52Moo.4sSr4Cu209.21 3.8448 16.3173 74 10 

a 8-fold superstructure (Ammm or Amm2, a = 3.839, b = 31.003, c - -  16.930 A); incommensurate 
modulation (q ~ b*/6 to b*/7.4) and T c = 73 K in Matsui et al. (1993). 
b Orthorhombic, a = 3.85, b = 3.87 and c = 16.95 A (values taken from figure). 
c From resistivity measurements (zero resistivity), value taken from figure. 
d Additional reflections indicate superstructure (orthorhombic, a -- 5.49, b = 24.71, r = 16.94 A). 
e Tc = 70 K for sample annealed under reducing conditions. 
f Additional reflections indicate superstructure (a, 8a, c). 
References: 1, Goutenoire et al. (1993b); 2, Noda et al. (1995); 3, Uehara et al. (1994a); 4, Letouz6 et 
al. (1995); 5, Huv6 et al. (1993b); 6, Maignan et al. (1993c); 7, Martin et al. (1994); 8, Pelloquin et al. 
(1994); 9, Maignan et al. (1995b); 10, Pelloquin et al. (1995). 

S t o i c h i o m e t r i c  T1Ba2CuO5  is n o n s u p e r c o n d u c t i n g  ( P a r k i n  et  al . ,  1988c) ;  

h o w e v e r ,  s u p e r c o n d u c t i v i t y  m a y  be  i n d u c e d  b y  pa r t i a l  s u b s t i t u t i o n  o f  B a  2+ b y  

L a  3+ (T1Ba l .2Lao .gCuOs ,  T c - 40  K)  ( M a n a k o  e t  al . ,  1989)  (Figs .  8 .25  a n d  8 .26) .  

T h e  s t r uc tu r e  is t e t r a g o n a l  ( P 4 / m m m ) ,  w h e r e a s  tha t  o f  the  Sr  a n a l o g u e ,  
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Fig. 8.25. 
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T1Sr2CuOs_ 6, is reported to be either tetragonal (Kim et al., 1989) or orthor- 
hombic (Pmmm) (Ganguli and Subramanian, 1991), depending on the oxygen 
content. The latter compound can be stabilized by partial substitution of T1 by Pb 
and becomes superconducting when Sr is partly replaced by La or a rare-earth 
element (Subramanian, 1990). Upon substituting T1 by Pb, the oxygen content of 
oxygen-deficient (Tll_xPbx)Sr2Cu05_ 6 is increased and the compound undergoes 
a structural transformation from the orthorhombic to the tetragonal modification 
at x -  0.12 (Kaneko et al., 1991). Ohshima et al. (1993) found the cell to be 
orthorhombic for 6 -  0.69, but tetragonal for 6 _< 0.42 ( x -  0.5). A super- 
structure with doubling of the b-parameter and an ordered arrangement of 
oxygen vacancies in the CuO2 layer was reported for T1Sr2CuO4.515 (Ohshima 
et al., 1994). 

A superconducting (Pb,Cu)-1201 compound, with nominal composition 
Pbo.6SrLaCul.5Oy (T c -- 28 K), was first reported by Adachi et al. (1990b). Two 
partly occupied cation sites in the additional layer were considered in the 
structural refinement on Pb0.sSrLaCul.5Os+ 6 ((Pbo.sCuo.5)(Sro.sLao.5)2Cu05+6, 
Pb in l(a) 0 0 0 and Cu in 4(l) 0.104 0 0, occupancy 0.5 and 0.125) (Khasanova 
et al., 1996a). In addition, distinct sites were refined for La and Sr, and the O site 
in the bridging layers was split. 

The Ga-1201 compounds known so far are not superconducting and 
contain a mixture of Sr and La (or rare-earth elements) in the bridging layers. 
Their structures are orthorhombic because of the arrangement of the GaO4 
tetrahedra in chains. 

HgBa2CuO4.1o, with T c - 9 4  K, crystallizes in the tetragonal space group 
P 4 / m m m  (Putilin et al., 1993a). In Wagner et al. (1993) partial substitution of rig 
by Cu (7 at.%) was proposed to be accompanied by the presence of extra O sites 
(4(i) 0 1 0.043 and l(c) �89 1 0, occupancy 0.09 and 0.059). According to 
Alexandre et al. (1995), the Cu content on the Hg site cannot exceed 10 at.%. 
Like many other high-T c superconducting cuprates, HgBa2CuO4+ 6 can be over- 
doped, the compound becoming nonsuperconducting for 6 -  0.23 (Loureiro et 
al., 1995). 

The crystal structure of CSr2CuO5 was first refined in space group 
P 4 / m m m  (Babu et al., 1991). Miyazaki et al. (1992a) used an 8-fold supercell 
to account for an ordered arrangement of mutually perpendicular CO3 triangular 
groups. Partial substitution of Sr by Ba (25 at.%) was first reported by Armstrong 
and Edwards (1992), who refined the average structure. A 2-fold supercell 
(P4/mbm, ~/2a, c) was adopted for the refinement of the structure of 
CSrBaCuOs+ 6 by Chaillout et al. (1992) and Miyazaki et al. (1993). A similar 
2-fold supercell, but space group P4212 was proposed for Co.89Ba1.11Sro.89- 
Cu1.1104.99 (Izumi et al., 1992). Superconductivity (T c -- 26 K) was first reported 
for the compound Co.9Bal.lSro.9CUl.lO4.9+6, prepared under 5 MPa 02 (Kinoshita 
and Yamada, 1992a). 

Carbon-based 1201 compounds with 50% of the carbon atoms substituted 
by, for example, T1, Pb, Bi, Hg, Mo, Cr, and/or V crystallize with a 2-fold 
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superstructure where the translation period along [0 0 1 ] contains one slab with 
carbonate groups and one slab with the mentioned cations in the addi t iona l  layer. 
Larger supercells, resulting from a crystallographic shear in the (1 0 0) or 

(1 1 0) planes by c/2, are often observed. The cell parameters a and b of  such 
so-called (1 0 0)- or (1 1 0)-collapsed oxycarbonate structures depend on the 

periodicity of  the crystallographic shear planes, whereas the c-parameter corre- 
sponds to two stacking units (Maignan et aL, 1995b). 

1212 CUlBa2Y1Cu207 

AB2CD207, oP13, (47) Pmmm-tsrq2hea 
- 0 0 2 - o C - D O 2 - O B - A O ' - O B -  

BazYCu307, T c -- 91 K, a PN, T -- 300 K, R B = 0.0715 
(Capponi et aL, 1987) 
(47) Pmmm, a = 3.8206, b = 3.8851, c = 11.6757 A, 
Z--1  Fig. 12 

Atom WP PS x Occ. 

Cu(1) l(a) mmm 0 
1 Ba 2(t) mm2 

Cu(2) 2(q) mm2 0 
1 Y l(h) mmm 

O(1) l(e) mmm 0 
0(2) 2(q) mm2 0 
0(3) 2(r) mm2 0 

1 0(4) 2(s) mm2 

0 
0.1841 
0.3549 
1 _ 
2 

0 
0.1581 
0.3777 
0.3779 

a Value taken from Cava et al. (1987b). 
(cont inued)  
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Compound a (A) b (A) c (A) T c (K) Ref. 

BazLaCu2.9407 3.8829 3.9342 11.810 89 1 
Ba2PrCu3Oy a 3.88 3.93 11.84 80 2 
BazNdCu307 3.8590 3.9112 11.7412 91 b 3 
Ba2SmCu307 3.8440 3.9018 11.7248 93.8 c 4 
Ba2EuCu307 3.8384 3.8973 11.7069 94.5 c 4 
Ba2GdCu307 3.8350 3.8947 11.6992 94.7 c 4 
BaSrGdCu306.94 a 3.804 3.863 11.588 82.6 b 5 
Ba2DyCu306.9o 3.84215 3.88721 11.67772 92 6, 7 
BaSrDyCu306.93 a 3.816 3.838 11.542 83 b 8 
Ba2HoCu306.96 3.8205 3.8851 11.6822 93.4 c 9 
BaSrHoCu306.94 d 3.789 3.851 11.546 79 b 10 
Ba2ErCu307 3.8128 3.8781 11.6644 93.2 c 11 
BaSrErCu306.94 d 3.791 3.847 11.560 78 b 10 
Ba2TmCu307 3.8087 3.8746 11.6655 90.5 c 12 
BaSrTmCu306.94 a 3.821 3.836 11.550 70 b 10 
Ba2YbCu307 3.8018 3.8710 11.6576 90.0 c 13 
Ba2YCu307 3.8206 3.8851 11.6757 91 14, 15 
Ba2YCu2.89Alo.1107 3.851 3.859 11.677 82 e 16 
Ba2YCu2.82Zno.1806.9 f 3.835 e 3.880 e 11.67 e 45 e 17 

BazYCuz.91Feo.o907_,~ a 3.852 3.861 11.686 85 18 
Ba2YCuz.ysNio.2507 3.8191 3.8857 11.6571 63.9 19 
BaSrYCu306.94 d 3.791 3.845 11.542 79 b 10 

a Nominal composition. 
b From resistivity measurements (zero resistivity). 
c From resistivity measurements (midpoint). 
d Nominal composition, oxygen content from chemical analysis. 
e Value taken from figure. 
fNominal composition, oxygen content from TG analysis. 
References: 1, Yoshizaki et al. (1987); 2, Zou et al. (1997); 3, Takita et  al. (1988); 4, Asano et al. 

(1987c); 5, Wang et  al. (1995); 6, Currie and Weller (1993); 7, Guillaume et  al. (1994); 8, Wang et  al. 

(1992b); 9, Asano et al. (1987b); 10, Wang et al. (1992a); 11, Ishigaki et al. (1987a); 12, Ishigaki et 

al. (1987b); 13, Asano et al. (1987a); 14, Capponi et  al. (1987); 15, Cava et  al. (1987b); 16, Siegrist et  

al. (1987a); 17, Westerholt et  al. (1989); 18, Xu et al. (1989); 19, Tarascon et  al. (1987). 
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CUlBa2Y1Cu206.26 

AB2CD206+a, tP12, (123) P4/mmm-ihg2OC)da 

-DO2- .C-DO2-OB-A.  
BazYCu306.26, n.s., SN, T = 298 K, R w = 0.047 
(Renault et al., 1987) 
(123) P4/mmm, a = 3.8573, c = 11.7913 A, Z = 1 Fig. 13 

Atom WP PS x y Occ. 

Cu(1) l(a) 4/mmm 0 
1 Ba 2(h) 4mm 

Cu(2) 2(g) 4mm 0 
1 Y l(d) 4/mmm 

O(1) 2(f) mmm . 0 

0(2) 2(g) 4mm 0 

0(3) 4(i) 2mm . 0 

0 
0.1940 
0.3598 
1 _ 
2 

0 
0.1533 
0.3793 

0.13 

Compound a (A) c (A) Tr (K) Ref. 

BaSrLaCu306.94 a 3.877 11.728 
Bal.sLal.5Cu307.2o 3.9069 11.6925 
Bal.sLaCao.sCu307.Ol 3.8742 11.7138 
Bal.25Lal.25Cao.sCu307.137 3.873 11.622 
Ba2PrCu2.9o706.16 3.9060 11.824 
BaSrPrCu306.94 a 3.859 11.551 
Ba2NdCu306.24 3.9015 11.8539 
BaSrNdfu306.94 a 3.870 11.622 
Bal.75Ndl.25Cu307.16 3.8923 11.7145 
Bal.6Ndfao.4Cu306.96 3.8752 11.6963 
BaSrSmCu306.94 a 3.851 11.591 
Bal.8Sml.2Cu307.2 3.8730 11.6763 

57 b 

n.s. 
78 
79.2 
n . s .  

n . s .  

n . s .  

74 b 

40 ~ 
65 c 
80 b 

43 a 

(continued) 
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B a S r E u C u 3 0 6 . 9 4  a 3.844 11.579 80 b 1 
Bal.sEU1.2Cu307.18 e 3.873 11.631 28/9 10 
BaSrGdCu307 e 3.835 11.554 86 b 11 
Ba2DyCu306.25 3.8675 11.811 n.s. 12 
BaSrDyCu3 O6.94 a 3.828 11.533 80 b 13 
Ba2HoCu306 3.8650 11.824 n.s. 12 
Ba2ErCu306.18 3.8648 11.857 n.s. 14 
BazYCu306.26 3.8573 11.7913 n.s. 15 
Ba2YCu2.55Zno.4506.9 e 3.850 c 11.67 c n.s. 16 
BazYCuz.7Feo.307.15 f 3.8655 11.674 35 r 17 
B az Yo .73Cao . zyCu2 .7oCoo .3oO 7 3.8646 11.7257 84 18 
Ba2YCu2.55Nio.4506.9 e 3.865 c 11.63 c 50 a 16 
Sr2Yfu3Oy g 3.7949 11.4102 60 19 
TaB azLaCu2 O8 3.9674 12.052 n.s. 20 
NbBazLaCu208 3.9679 12.001 h n.s. 21 
RuSrzSmCu208 3.852 11.56 n.s. 22 

a Nominal composition; oxygen content from chemical analysis. 
b From resistivity measurements (zero resistivity). 
c Value taken from figure. 
d From resistivity measurements (zero resistivity); value taken from figure. 
e Nominal composition, oxygen content from TG analysis. 
fNominal composition. 
g Prepared at 7 GPa; nominal composition. 
h Additional reflections indicate superstructure ( P 4 / m b m  or P4bm, ~/2a, c); 4-fold superstructure 
( I4 /mcm,  a = 5.6107, c = 23.9863 A) in Rey et al. (1990). 
References: 1, Wang et al. (1992a); 2, Izumi et al. (1988); 3, Skakle and West (1994); 4, Goldschmidt 
et al. (1993); 5, Lowe-Ma and Vanderah (1992); 6, Shaked et al. (1990); 7, Kramer et al. (1994); 8, 
Skakle and West (1996); 9, Asano et al. (1988); 10, Li et al. (1988); 11, Wang and B~iuerle (1991); 12, 
Onoda et al. (1987); 13, Wang et al. (1992b); 14, Mirmelstein et al. (1992); 15, Renault et al. (1987); 
16, Westerholt et al. (1989); 17, Xu et al. (1989); 18, Suard et al. (1993); 19, Okai (1990); 20, 
Murayama et al. (1988); 21, Kopnin et al. (1996); 22, Bauernfeind et al. (1995). 
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TllBa2(Cao.87Tlo. 13)1Cu207 

AB2CD207, tP13, (123) P4/mmm-ihg2dca 
-DO2-.C-DO2-OB-A O-OB- 
Tll.13Ba2Cao.svCu207, T c - 80 K, SX, R w = 0.032 
(Kolesnikov et aL, 1989) 
(123) P4/mmm, a = 3.8472, c = 12.721 A, Z = 1 Fig. 14 

Atom WP PS x z Occ. 

T1 4(/) m2m. 
Ba 2(h) 4mm 
Cu 2(g) 4mm 
Ca a l(d) 4/mmm 
O(1) l(c) 4/mmm 
0(2) 2(g) 4mm 
0(3) 4(i) 2mm. 

0.0877 
1 
2 

0 
1 
2 
1 
2 

0 
0 

0 
0.21550 
0.3740 
1 _ 
2 

0 
0.1582 
0.3797 

0.25 

a Ca -- Cao.87Tlo.13. 

Compound a (A) c (A) T c (K) Ref. 

T11.13Ba2Cao.87Cu207 
T1Ba1.7Lao.3CaCu207 a 

T1Ba2Cao.8Ndo.2Cu207 
T1Ba2Cao.8Yo.zCu207 a 
T1BazYCu207 
T1BaSrYCu207 

T1SrzCaCu207 

T11.15 Sr2Cao.gzCu206.85 

Tlo.97Cro.1 oSr2Cao.93Cu207 

Tlo.sPbo.sSrzCaCu207 a 
Tlo.sPbo.5 Sr2Cao.ysYo.zsCu207 a 
Tlo.67Bio.33 SrzCaCu207 
Tlo.55Bio.45 SrzCaCu207 
Tlo.sBio.sSrzCaCu207 a 
T1Srl.sLao.sCaCu207 a 
T1Srl.65Ceo. 35CaCu207_6 a 

3.8472 
3.843 
3.85638 
3.86 b 

3.86873 
3.8421 
3.794 
3.79395 
3.8155 
3.806 
3.8196 

3.7922 
3.7988 
3.796 
3.800 
3.8126 

12.721 
12.72 
12.6534 
12.706 

12.4732 
12.2064 
12.133 
12.1281 
12.0222 
12.147 
12.136 

12.0661 
12.076 
12.113 
12.050 
12.0386 

80 
100 
100 
100 

n.s. 
n.s. 

2O 
6O 

1 0 0  c 

9O 
105 
86 
94.9 

90 c 

92 
62 

1 

2 
3 
4 
5 
6 
7 
8 
9 

lO, 11 
12 
13 
14 
15 
16 
17 

(cont inued)  
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T1Sr2Cao.5Lao.sCu2Oy a 
T1Sr2Pro.6Cao.4Cu207 a 
T1Srz.4Ndo.6Cu207 
Tlo.97Sr2Luo.60Cao.40Cu206.94 
T1SreYCu207 
Pbo.5 Sr2.5Cao.5Yo.sCu207 
Pbo.5 SrzCaYo.sCu206.78 
Pbo.sMgo.sSrzCao.sYo.sCu207_~ a 
Pbo.7Sco.3 Sr2Cao.5Yo.5Cu207 a 
Pbo.sCdo 5SrzCao.5Yo.5Cu207 
Pbo.75Sr2Cao.7Yo.3Cu2.2507_6 a 

Pbo.65SrzCao.3Yo.7Cu2.3507.05 
Pbo.5 SrzCao.sYo.5Cu2.507_6 a 
Bio.33Cdo.67Sr2YCu207 a 
Bio.3Sr2YCu2.707.94 d 
Ceo.sCdo.sSr2YCu207 a 

3.82 
3.842 
3.79601 
3.8157 
3.8166 
3.8123 
3.8249 
3 8265 
3 8055 
3 8159 
3 81813 
3 818 
3 802 
3 8157 
3 808 

. . .  90 18 
12.11 74 19 
12.129 95 2O 
12.0251 82 8 
11.9963 n.s. 6 
11.907 70 21 
11.916 50 c 22 
11.9237 40 c 23 
11.9303 38 23 
11.9410 76 24 
11.8758 55 25 
11.8657 25 26 
11.882 65 27 
11.96 40 28 
11.661 20 e 29 
12.10 30 28 

a Nominal composition. 
b Value taken from figure. 
c From resistivity measurements (zero resistivity). 
d Oxygen content Bio.3Sr2YCu2.7OT.125 from chemical analysis. 
e From resistivity measurements (zero resistivity); T c = 68 K for Bio.sSr2Yo.8Cu2.706.95 (Ehmann et 
aL, 1992). 
References: 1, Kolesnikov et al. (1989); 2, Badri and Varadaraju (1995); 3, Michel et al. (199 l b); 4, 
Nakajima et al. (1990); 5, Manako et al. (1988); 6, Huv6 et al. (1993a); 7, Martin et al. (1989b); 8, 
Shimakawa et al. (1995); 9, Li et al. (1995b); 10, Ganguli et al. (1988); 11, Subramanian et aL 

(1988e); 12, Vijayaraghavan et al. (1991); 13, Led6sert et al. (1994); 14, Wahlbeck et al. (1996); 15, 
Li and Greenblatt (1989); 16, Subramanian et al. (1990b); 17, Lee and Wang (1995); 18, Rao et al. 

(1989); 19, Sundaresan et al. (1995); 20, Manivannan et al. (1993); 21, Rouillon et al. (1990c); 22, 
Rouillon et al. (1990b); 23, Maignan et al. (1993a); 24, Minet  al. (1994); 25, Liu et aL (1991); 26, 
Maeda et al. (1991a); 27, Tang et al. (1991); 28, Beales et al. (1993); 29, Wang et al. (1994). 

1212 (Gao.97) 1SrzY 1 C u 2 0 7  

AB2CD207,  tP13, (123) P4/mmm-ihg2dca  

- D O 2 - . C - D O 2 - O B - A  O-OB-  

Gao.97Sr2YCu207, n.s., SX, RT, Rw = 0.0528 (Roth et al., 1991) 
(46) I2cm (Ima2), a = 5.396, b = 5.484, c = 22.793 A, Z = 4 
al + a 2 , - a l  + a2, 2e; origin shift 0 -~ �88 

Atom WP PS x y Occ. 

Ga 4(b) . .m -0 .044 
Sr 8(c) 1 0.501 
Cu 8(c) 1 -0.001 
Y 4(a) 2 . .  0.5 
O(1) 4(b) . .m 0.596 
O(2) 8(c) 1 0.002 
0(3) 8(c) 1 0.240 
0(4) 8(c) 1 0.234 

-0.0691 
0.0163 
0.0005 
0 

-0 .122 
0.044 
0.749 
0.249 

1 
4 

0.3493 
0.4269 
1 
2 
1 
4 

0.3233 
0.4346 
0.4372 

0.97 

( c o n t i n u e d )  
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Compound a (A) b (A) c (A) T c (K) Ref. 

GaSr2Tmo.6Cao.4Cu207 a 5.369 5.458 22.787 51 1 
Gao.97Sr2YCu207 5.396 5.484 22.793 n.s. 2 
GaSrzYo.6Cao.4Cu207 5.3821 5.4717 22.805 41 b 3 

a Prepared at 2 GPa; nominal composition. 

b Tc .__ 73 K for GaSr2Yo.7Cao.3Cu20 7 (Dabrowski et al., 1992). 
References: 1, Ono and Tsutsumi (1996); 2, Roth et al. (1991); 3, Babu and Greaves (1995). 

1212 HglBa2Cal C u 2 0 6 . 2 6  

AB2 CD206+6, tP12, (123) P4/mmm-ihg2 d(c)a 
-DO2-.C-DO2-OB-A.-OB- 
HgBazCaCuzO6.26, a T c -- 114 K, PX, R 8 -- 0.0689 (Putilin et al., 1993b) 
(123) P4/mmm, a = 3.85766, e = 12.6562A, Z = 1 

Atom WP PS x y Occ. 

Hg l(a) 4/mmm 0 0 
1 1 Ba 2(h) 4mm ~ 

Cu 2(g) 4mm 0 0 
1 1 Ca l(d) 4 /mmm ~ 
1 1 O(1) l(c) 4/mmm ~ 

0(2) 2(g) 4mm 0 0 
1 0(3) 4(i) 2mm . 0 

0 
0.2197 
0.3754 
1 _ 
2 
0 
0.159 
0.389 

0.26 

a Prepared at 4 GPa. 

Compound a (A) c (A) T c (K) Ref. 

Hgo.96Ba2CaCu206.24 
Hgo.8Tio.2Ba2CaCu206.2 a 
Hgo.gVo.zBazCaCu206.3 a 
Hgo.gCro.2BazCaCu206 a 

Hgo.8Wo.zBazCaCu206.4 a 
Hgo.gMoo.2BazCaCu206.4 a 
Hgo.85Reo. 15BazCaCu206+,~ a 
Hgo.91BazCao.86Sro. 1 4 C u 2 0 6 . 1 1  

Hgo.4Pro.6Sr2.7Pro.3Cu206+6 a 
Hgo.75Nbo.25 Sr2Cao.4Ndo.6Cu206+6 a 

Hgo.520Vo.480Sr2Cao.36Yo.64Cu206.81 
Hgo.8Moo.zSr2Cao.65Yo.35Cu206+6 a 
Hgo.62Reo.38SrzCaCu207.15 f 
Hgo.sTlo.sSrzCao.7 Y0.3Cu206+6 a 
Hgo.29Pbo.60Sr2Cao.43Yo.48Cu2.2007 a 
Hgo.67Bio.33 Sr2Cao.33Yo.67Cu206.6s 
Hgo.sBio.sSr2Cao.65Ndo.35Cu206+6 a 

3.8552 12.6651 126 1 
3.8568 12.581 127 2 
3.8692 12.500 128 2 
3.8753 12.488 115 2 
3.8607 12.661 118 2 
3.8602 12.576 127 2 
. . . . . .  112 3 
3.8584 12.6646 1206 4 
c 85 5 

3.839 11.988 39 a 6 
3.8415 11.8514 110 e 7 
3.820 11.930 75 d 8 

3.8152 12.0621 90 9 
3.8 12.0 92 10 
3.8166 11.9484 90 g 11 
3.80960 12.0157 100 12 
3.8093 12.0654 94 13 

a Nominal composition. 
b Tc ._. 124 K for sample annealed under 0 2 .  

c Space group Pmmm, a - b = 3.8335 and c - 12.264 A; additional reflections indicate superstruc- 
ture (B-centered orthorhombic, 2a, b, 2c). 
d From resistivity measurements (zero resistivity). 
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e From resistivity measurements (onset). 
fPrepared at 6 GPa. 

g T c given for Hgo.sPbo.sSrzCao.vYo.3Cu206+ 6. 
References: 1, Radaelli et al. (1993b); 2, Maignan et al. (1995a); 3, Wolters et al. (1996); 4, Hur et al. 

(1994); 5, Hervieu et al. (1993); 6, Tang et al. (1995b); 7, Chmaissem and Sheng (1996); 8, Tang et al. 

(1995a); 9, Chmaissem et al. (1996); 10, Liu et al. (1993a); 11, Liu et al. (1994); 12, Chmaissem 
et al. (1994); 13, Pelloquin et al. (1993b). 

1212 (Co.47Cuo.42) 1 (Sro.s8Cao. 12)2(Yo.50Cao.26Sro.24)1 C u 2 0 6 . 7 9  

A B 2 C D 2 0 7 ,  tP13, (123) P 4 / m m m - i h g 2 f d a  

- D O z - . C - D O 2 - O B - A O " - O B -  

C o . 4 7 S r 2 C a o . 5 Y o . 5 C u 2 . 4 2 0 6 . 7 9 ,  a T c = 22 K, b PN, RT, R e = 0.0509 (Miyazaki et al., 1994) 
(47) P m m m ,  a = 3.8319, b - -  3.8501, c -  11.1144A, C Z = 1 

a l ,  a2 ,  c 

Atom WP PS x y z Occ. 

C a l(a) m m m  0 0 0 0.89 
1 1 0.189 Sr e 2(t) mm2 ~ 

Cu 2(q) mm2 0 0 0.356 
1 1 1 Yf l(h) m m m  ~ ~ 

O(1) 2(i) 2mm 0.365 0 0 0.235 g 
1 0 0.32 0(2) l(e) m m m  0 

0(3) 4(w) . m. 0.75 0 0.068 0.235 g 
0(4) 2(q) mm2 0 0 0.157 0.53 h 

1 0.354 0.58 0(5) 2(r) mm2 0 

1 0.394 0.42 0(6) 2(r) mm2 0 

1 0 0.349 0.58 0(7) 2(s) ram2 

1 0 0.368 0.42 0(8) 2(s) mm2 

a Carbon and oxygen content C o . 5 1 S r 2 C a o . 5 Y o . 5 C u 2 . 4 2 0 6 . 9 2  from chemical analysis. 
b Value taken from figure. 
c Average structure; additional reflections indicate superstructure. 

d C ~- C0.53Cu0.47 .  

e Sr -- Sr0.ssCa0.12. 
f y  = Yo.5oCao.z6Sro.24. 
g Value taken from carbon content (refined value 0.24). 
h Value taken from occupancy of site 0(3) considering occ. 0(4) + 2 • occ. 0(3) -- 1 (refined value 
o.7o). 

(continued) 
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Compound Space group a (/k) b (A) c (A) T c (K) Ref. 

Bo.sBal.2Sro.8YCu2.507 a P 4 / m m m  3.8776 11.336 51 1 
Bo.sBa1.sSro.sYo.gsCao.15Cu2.507 a tetr. 3.8656 11.456 55 2 
Co.35No.15Ba2Yo.5Cao.5Cu2.507 a orth. 3.879 3.885 11.536 C 82 3 
Co.75Sr2.1Cao.9Cu2Oy d tetr. 3.851 10.941 e 92 4 
Co.55Bao.45 Sr2.5Ca.o.5Cu20 ( tetr. 3.86 10.62 105 5 
Co.TSr2Cao.7Yo.3Cu2.307 a P m m m  3.8386 3.8586 10.97 b 40 g 6 
Co.47Sr2Cao.sYo.sCu2.4206.79 h P m m m  3.8319 3.8501 11.1144 i 226 6 
So.22Bal.5 Sro.6Yo.74Cao. 16Cu2.7807 a . . .  3.85 b 11.60 b 78 7 
S0.22Sr2.1Yo.74Cao. 16Cu2.7807.12 P m m m  3.8254 3.8436 11.2572 45 8 

a Nominal composition. 
b Value taken from figure. 
c Additional reflections indicate superstructure (2a, b, 2c). 
d prepared at 6 GPa; nominal composition. 
e Additional reflections indicate superstructure (4a, a, 2c). 
fPrepared at 5 GPa; nominal composition. 
g From resistivity measurements (zero resistivity); value taken from figure. 
h Carbon and oxygen content C0.51Sr2Cao.5Y0.5Cu2.4206.92 from chemical analysis. 
;Additional reflections indicate superstructure. 
References: 1, Zhu et al. (1993); 2, Slater and Greaves (1993); 3, Maignan et al. (1993b); 4, Yamaura 
et aL (1994); 5, Uehara et al. (1994b); 6, Miyazaki et al. (1994); 7, Slater et al. (1993b); 8, Slater et al. 

(1993a). 

The first identified superconducting Cu-1212 compound, Ba2YCu307_ 6 
(6 = 0.1, T c = 91 K), was found to crystallize in an orthorhombic cell with 
a =  3.8218, b =  3.8913, and c =  11.677A (Cava et al., 1987b). Structural 
models were proposed by Hazen et al. (1987), Grant et al. (1987), and Beyers 
et al. (1987), who, however, chose noncentrosymmetric, tetragonal or orthor- 
hombic, space groups. For the superconducting, orthorhombic modification, 
space group P m m m  was adopted by LePage et al. (1987), Siegrist et al. 
(1987b), Izumi et al. (1987a), Beno et al. (1987), Beech et al. (1987), Greedan 
et al. (1987), and Capponi et al. (1987). An ordered arrangement of the oxygen 
atoms in the additional layer, resulting in the formation of chains of comer- 
sharing CuO4 squares, was proposed in the latter four articles. For the tetragonal 
modification space group P 4 / m m m  was reported in LePage et al. (1987) and 
Izumi et al. (1987b). The orthorhombic structure exists in the range 6 = 0-0.6 
(Ba2YCu3Oy, y = 6.4-7) (Fig. 8.27), the highest critical temperature, Tc = 93 K, 
being observed for the oxygen content B a 2 Y C u 3 0 6 . 9 3  (Fig. 8.28), which 
corresponds to an occupancy of 0.93 for the O site in the additional AO'  layer 
(1 (e) 0 1 0). Partial occupancy of the O position, which in space group P 4 / m m m  
is related to the former by symmetry (1 (b) 1 0 0), is generally reported (<0.20). 
The occupancy of this site increases on decreasing the overall oxygen content, 
and a transition to the tetragonal structure takes place near 6 = 0.6 (sample 
quenched from 873 K), suppressing the superconductivity. It should be noted that 
the orthorhombic structure may be retained (and the superconductivity preserved) 
to a lower oxygen content (6 = 0.8), by removing the oxygen atoms at lower 
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Fig. 8.27. 
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Fig. 8.28. 
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temperatures (633-793 K) by a Zr-gettered annealing technique (Cava et aL, 
1987a). For the orthorhombic, as well as for the tetragonal structure, partial 
vacancies on the Cu site in the additional layer (occupancy >0.90) were reported 
to have a negative effect on the superconducting transition temperature (Collin et 
aL, 1988; Inoue et aL, 1987). Several refinements of the orthorhombic structure 
were carried out considering split sites in the additional layer (e.g., Cu in 
2(i) 0.045 0 0 (Raudsepp et aL, 1987) or O in 2(k) 0.0356 �89 0 (Francois et al., 
1988). The cell parameters and the oxygen content of Ba2YCu307_ 6 vs the 
temperature are shown in Figs. 8.29 and 8.30, respectively. 

Under certain preparation conditions, a superstructure with a doubling of 
the a-parameter, usually referred to as ortho II, was observed for 6 -- 0.35-0.60 
(Ba2YCu3Oy, y = 6.65-6.40; Chaillout et al., 1987; Schwarz et aL, 1993). It 
results from an ordering of the oxygen vacancies in the additional layer; however, 
the correlation length is relatively short (e.g., 10.2a, 45b, 1.66c; Schleger et aL, 
1995b). A structural refinement in a 2-fold supercell, space group Pmmm, was 
carried out by Simon et aL (1993) and Grybos et aL (1995). The structure is 
characterized by an ordered arrangement of CuO and Cu chains, and the cation 
sites in the bridging, separating, and conducting layers, as well as the O site in 
the bridging layers, are displaced from the ideal positions (Burlet et al., 1992). 
The formation of the superstructure is generally associated with a T c plateau at 
about 60 K (Cava et al., 1987a). For a higher oxygen content (6 ~ 0.3) a different 
superstructure, referred to as ortho III, with a tripling of the a-parameter (two 
CuO chains alternating with one Cu chain) and an even shorter correlation length 
than ortho II, was observed (Schleger et aL, 1995a; Plakhty et aL, 1995). 

Fig. 8.29. 
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Cell parameters vs temperature for Ba2YCu307_ 6 (Jorgensen et al., 1987a; Francois et al., 
1988). 
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Fig. 8.30. 
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Occupancy of the O sites in the additional layer and oxygen content per formula unit vs 
temperature for BazYCu3Oy (Jorgensen et al., 1987a; Fran9ois et al., 1988). 

Numerous examples for complete or partial substitutions on all cation sites 
have been tested (e.g., rare-earth elements or Ca for Y, Sr for Ba, transition 
elements for Cu). Substitution of Cu by Fe, Ni, or Zn rapidly leads to a 
suppression of the superconductivity. On the contrary, when Y is partly or 
completely substituted by a rare-earth element, T c remains approximately the 
same. Note that superconductivity for Ba2PrCu3Oy was reported relatively 
recently (T c up to 90K; Blackstead et al., 1995; Zou et al., 1997). 
Ba2_xRl+xCu3Oy compounds with R = La, Nd, Sm, Eu, and Gd show consider- 
able homogeneity ranges with respect to the partial substitution of Ba by these 
elements (Segre et al., 1987; Zhang et al., 1987), the solubility limit decreasing 
with increasing atomic number of R. In the fully oxygenated compounds, a 
transformation from the basic orthorhombic to the tetragonal structure, accom- 
panied by a decrease of the critical temperature, is observed on increasing x (Figs. 
8.31 and 8.32). BaSrRCu3OT_ 6 compounds with 6 = 0-0.07, prepared at 0.6- 
0.8 GPa, crystallize with either the tetragonal (R = La, Pr, Nd, Sm, Eu, Gd, or 
Dy) or the orthorhombic (R = Gd, Dy, Y, Ho, Er, or Tm) structure. The only Ba- 
free superconducting compound known so far, Sr2YCu3Oy, was prepared at 
7 GPa (Okai, 1990). 

A superconducting T1-1212 compound (T c = 88 K) was first reported for 
the composition (T10.75Bi0.25)l.33Srl.33Cal.33Cu206.67+6 , and a structural model 
was proposed in space group P 4 / m m m  (a = 3.800, c = 12.072 A; Haldar et al., 
1988). For Tll.169Ba2Ca0.831Cu206.747 the occupancy of the O site in the 
additional layers was refined to 0.747 and part of the thallium and barium 
atoms were found to be displaced towards the oxygen vacancies (Morosin et al., 
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Fig. 8.31. 
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Cell parameters vs x for Ba2_xNdl+xCu307+ 6 (6 = 0 for 0 < x < 0.2) (Takita et al., 1988). 

Fig. 8.32. 
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Superconducting transition temperature (zero resistivity) vs x for Ba2_xNdl+xCu307+6 (6 -- 0 
for 0 < x < 0.2) (Takita et aL, 1988). 
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1988). The cell parameters and the critical temperature ofT1Ba2_xLaxCaCu20 7 vs 
the La content are presented in Figs. 8.33 and 8.34, respectively. For the 
refinement on Tlo.sPbo.sSr2CaCu207, the oxygen atoms in the T10 layer were 
displaced along the diagonals of the square face of the tetragonal cell 
(4(/') 0.42 0.42 0) (Martin et aL, 1989b). A similar structure was reported for 
(T1,Bi)-1212 by Led6sert et al. (1994), whereas in Parise et al. (1989a) the same 
atoms were displaced along the short translation vectors (4(n) 0.408 1 0). In the 
latter refinement, the T1 site was also split. For Tlo.464Pbo.5ooSr2CaCu206.963 both 
the thallium and the oxygen atoms in the additional layer were found to be moved 
from the ideal positions and partial vacancies were detected on the T1 site 
(occupancy 0.964) (Ogborne and Weller, 1994a). In all the refinements discussed 
earlier, the displacements of the atoms in the T10 layer result in tetrahedral 
coordination of the thallium atoms. 

A Pb-based 1212 compound was first reported for the composition 
Pbo.yo5Sr2Yo.73Cao.27Cu2.2950 7 (Lee et al., 1989). A structural refinement 
in space group P 4 / m m m  (a = 3.8207, c = 11.826A) considered two partly 
occupied cation sites in the additional layer, one occupied by the lead 
and the other by the copper atoms (Pb in l ( a )0  0 0 and Cu in 4(/)0.221 0 0, 
occupancy 0.705 and 0.074) and splitting of the O site in the same layer 
(4(n) 0.324 1 0). Superconductivity (T c - 2 5 K )  was detected for reduced 
Pbo.65SrzYo.yCao.3Cu2.3507.o5 (Maeda et al., 1991a). The extra oxygen atoms 
in nonsuperconducting Pbo.65Sr2Yo.yCao.3Cu2.3507.11 were found to be located in 
the additional layer (2(f) 0 1 0). 

Fig. 8.33. 
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Fig. 8.34. 

Crystal Structures of High-T c Superconducting Cuprates 
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Superconducting transition temperature (zero resistivity) vs La content 
T1Ba2_xLaxCaCu207 (Badri and Varadaraju, 1995). 

for 

A superconducting Ga-1212 compound (T c = 35 K) was first reported for 
the nominal composition GaSr2Ero.6Cao.aCu207 (Cava et aL, 1991). The crystal 
structure, like that of Ga-1201, is orthorhombic because of the arrangement of 
GaO4 tetrahedra in chains. 

Nonsuperconducting Hg-1212 compounds were reported for the composi- 
tion HgBa2RCu207 (R = La, Nd, Eu, Gd, Dy, and Y; Putilin et al., 1991). They 
crystallize with a tetragonal structure (P4 /mmm,  a = 3.8905, c = 12.546 A for 
HgBa2Eu0.76Cao.24Cu207). After the discovery of superconductivity in the Hg- 
Ba-Ca-Cu-O system (Schilling et al., 1993), the structures of Hg-based 
compounds with T c up to 128 K were refined by many research groups, who 
reported similar results. In particular, it was noted that a partly occupied O site is 
generally present in the additional layer, but its occupancy does not exceed 0.40. 
The critical temperature depends on the oxygen content, the maximum value 
being reached for 6 = 0.24-0.27 (Radaelli et aL, 1993b; Loureiro et al., 1993). 

The first synthesis of a carbon-containing Cu-1212 compound was reported 
by Karen and Kjekshus (1991). A structural refinement carried out in space group 
Pmmm (a = 3.8278, b = 3.8506, c = 11.1854 A) showed that carbon had partly 
substituted for copper in the additional layers, yielding the overall composition 
Co.4Sr2.14Yo.86Cu2.60 7 (Miyazaki et al., 1992c). Superstructures with ordered 
arrangements of rows of CO3 triangles and chains of corner-linked CuO4 squares 
(2a, b, 2c and 3a, b, 2c) were proposed by Miyazaki et al. (1992c) and Ohnishi 
et al. (1993). A critical temperature of 63 K was reported for the composition 
Co.65r2.o5Yo.475Cao.475Cu2.4Oy , for which a 4-fold superstructure with a B- 
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centered or thorhombic  cell was suggested (Akimitsu et al., 1992). Two different 

superstructures in space group B m 2 m  were refined for (Co.25Cuo.y5)Sr2YCu20 7 

and (Co.sCuo.s)BazYCu207, respectively (a = 15.311, b = 3.851, c = 22.371 A 

and a = 7.7704, b = 3.8876,  c = 22.9812 A; Domeng6s  et al., 1993, 1994), the 

latter being identical to the one ment ioned  earlier. More  superstructures with 

similar ordered ar rangements  o f  carbon and copper  a toms in the addi t ional  layer 

can be derived from the average structure. One short cell parameter  (b) remains  

the same while the other is mult ipl ied by a factor that depends  on the C / C u  ratio. 

1 2 2 2  C U l  ( B a o . 6 3 N d o . 3 7 ) 2 (  N d o . 6 7 C e o . 3 3  ) 2 C u 2 0 8 . 9 1  

AB2C2D209, ti32, (139) I4/mmm-ge4dca 
- 0  2 D - - C , - 0 2 - ,  C-DO2-OB-A O"-OB- 
Bal . z66Ndz .og4Ceo .65Cu308 .912 ,  T c = 37 K, a PN, RT, 
R 8 = 0.0385 (Izumi et al., 1989a) 
(139) I4/mmm, a = 3.8747, c = 28.599 A, Z = 2 Fig. 15 

Atom WP PS x Occ. 

Cu(1 ) 8(h) m. 2m 0.0527 
1 Ba b 4(e) 4mm 

Cu(2) 4(e) 4ram 0 
1 Nd r 4(e) 4mm 

O(1) 16(/) m. .  0.060 
O(2) 16(m) . .m 0.054 
0(3) 8(g) 2mm . 0 
0(4) 4(d) 4m2 0 

0.0527 
1 _ 
2 
0 
1 

0.440 
0.054 
1 _ 
2 
1 

0 
0.0756 
0.1418 
0.2044 
0 
0.0639 
0.1475 
1 _ 
4 

0.25 

0.114 
0.25 

a Value taken from figure. 

bBa = Bao.633Ndo.367. 

c Nd = Ndo.675Ceo.325. 

(cont inued)  
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Compound a (A) c (A) T c (K) Ref. 

TiSr2Ndl.5Ceo.5Cu2Oya 
TaSr2Ndl.5Ceo.5Cu2Oya 
NbSr2Prl.5Ceo.5Cu2Olo 
NbS1"2Ndl.5Ceo.5Cu2010_6 a 

NbSr2 Sm 1.5Ceo.5Cu2010 
NbSr2 Eu 1 .sCeo.sCu2010 
NbSr2Gdl.sCeo.5CUEOy a 

Ba1.266 Nd2.084Ce0.65Cu308.912 
Bal.34Eu2Ceo.66Cu308.54 
Bao.67Sro.67Lao.67Gdl.33Ceo.67Cu309. 415 a 

Ba 1.33 Lao.67Gd 1.33 C eo. 67 Cu3010-6 a 

Ba 1.33LaGdCeo.67Cu3010-6 a 

Sr1.7Sm1.6Ceo.7Cu3 O8+di a 
Srl.8EUl.6Ceo.6Cu308.6 

Alo.25Sr1.33Eu2.17Ceo.5Cu2.7508+6 a 
Feo.25 Sr1.33Eu2.17Ceo.5Cu2.7508+6 a 

Coo.25Sr1.33Eu2.17Ceo.sCu2.7508+6 a 

RuSr2Gdl.5Ceo.5Cu2Olo a 
Co.35Sr2Yl.a6Ceo.54Cu2.6509 

3.873 28.36 n.s. 1 
3.881 28.93 n.s. 1 
3.8870 28.752 n.s. 2 
3.885 28.864 28 3 
3.8709 28.791 28 2 
3.8687 28.774 28 2 
3.8669 28.742 13 b 4 
3.8747 28.599 37 c 5 
3.85044 28.4598 33 6 
3.842 28.349 38 7 
3.858 28.489 25 7 
3.833 28.298 40 7 
3.8562 28.18 30 8 
3.84048 28.0748 36 8 
3.846 c 27.95 C 18 9 
3.836 r 28.20 c 26 9 
3.839 c 28.22 ~ 36 9 
3.836 28.58 42 a 10 
e 18 11 

a Nominal composition. 
b From resistivity measurements (zero resistivity). 
r Value taken from figure. 
d Tr given for RuSr2Gdl.aCeo.6Cu2Olo (value taken from figure). 
e Space group I m m m ,  a = 3.8272, b = 3.8313, and c = 27.7077A. 
References: 1, Li et al. (1991); 2, Goodwin et al. (1992); 3, Cava et al. (1992); 4, Wang et al. (1993); 
5, Izumi et al. (1989a); 6, Sawa et al. (1989a); 7, Wada et al. (1990a); 8, Kopnin et al. (1994); 9, 
Ichinose et al. (1992); 10, Bauernfeind et al. (1995); 11, Miyazaki et al. (1992b). 
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1 2 2 2  

AB2C2D209, ti32, (139) I4/mmm-ge4dba 

- 0 2 D - C . - O 2 - .  C-DO2-OB-A O-OB- 
T1BazEul.sCeo.sCu209, T c -- 40 K, PX, RT, R B -- 0.0944 
(Liu et al., 1992a) 
(139) I4/mmm, a = 3.8782, c = 30.423 A, Z = 2 Fig. 16 

TllBa2(Euo.v5Ceo.25)2Cu209 

Atom WP PS x z Occ. 

T1 8(i) m2m. 0.082 
1 Ba 4(e) 4mm 

Cu 4(e) 4ram 0 
1 Eu a 4(e) 4mm 
1 O(1) 2(b) 4/mmm 

0(2) 4(e) 4mm 0 
0(3) 8(g) 2mm . 0 
0(4) 4(d) 4m2 0 

0 
1 
2 

0 
1 

1 
2 
0 
1 
2 
1 
2 

0 
0.0872 
0.1520 
0.2087 
0 
0.0831 
0.1554 
1 
4 

0.25 

a Eu = Euo.75Ceo.25. 

Compound a (A) c (A) T~ (K) Ref. 

T1Ba2Eul.sCeo.sCu209 
Tlo.7Hgo.3 SrzPrzCu209 
T 1 S r 2 N d l . s C e o . s C u 2 0 9  a 

Tlo.sTio.zSrzNdl.sCeo.sCuzO9 a 

Tlo.sNbo.2Sr2Ndl.sCeo.sCu209 a 
Tlo.7Pbo.3Sr2Ndl.5Ceo.sCu209 a 
Tlo.sPbo.5SrzEUl.gCeo.zCuzO9 a 
Tlo.sPbo.5 SrzGdl.6Ceo.4Cu209 
Gao.sSrl.sEu2Ceo.sCu2.509 a 
Gao.8SrzY 1.4Ceo .6Cu2.209_6  a 

Pbo.5Srl.75EUl.75Ceo.5Cu2.509 

3.8782 
3.8642 
3.851 
3.847 
3.852 
3.853 
3.91 
3.8429 
3.840 
3.812 
3.83795 

30.423 40 1 
29.568 n.s. 2 
29.64 30 3 
29.43 27 b 4 
29.45 20 b 4 
29.61 20 b 5 

29.98 40 6 
29.5097 46 7 
28.14 28 8 
28.16 14 9 
29.0116 25 10, 11 

(continued) 
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Pbo . sCdo . sSr l .8Euo .zGdl .4Ceo .6 fu209  

Pbo.sSrl.75Ndo.2sHOl.38Ceo.62Cu2.508.64 
Hgo.4Pro.6Sr2.3Prl.7Cu209 a 
Hgo.sPbo.ssr2Gdl.sCeo.sCu2Oya 

3.8250 29.2235 23 b 12 
3.82496 28.9862 10 r 13 
3.8603 29.614 n.s. 2 
3.846 29.418 38 r 14 

a Nominal composition. 
b From resistivity measurements (zero resistivity). 
c From resistivity measurements (onset). 
References: 1, Liu et al. (1992a); 2, Hervieu et al. (1995b); 3, Chen et al. (1993d); 4, Chen et al. 

(1992a); 5, Chen et al. (1992b); 6, Iqbal et al. (1991); 7, Vijayaraghavan et al. (1993); 8, Adachi et al. 

(1992); 9, Li et al. (1992a); 10, Maeda et al. (1991b); 11, Maeda et al. (1990); 12, Luo et al. (1996); 
13, Maeda et al. (1992); 14, Tang et al. (1995c). 

A superconducting Cu-1222 compound (T c = 33 K) was first reported for 
the composition Bal.34Eu2Ceo.66Cu308.54 (Sawa et al., 1989a). The structural 
refinement, carried out in space group I 4 / m m m  with all atom sites in ideal 
positions, revealed vacancies on the Cu site in the additional layer (occupancy 
0.85). For the refinement of the structure of Sr1.8Y1.sCeCu2.708.6 ((Cuo.7Ceo.3)- 
(Sro.9Yo.1)2(Yo.65Ceo.35)2Cu208.6) , the cation site in the additional layer was split 
(from 2(a) 0 0 0 into 8(i) 0.052 0 0) (Kopnin et al., 1994). The structure of Nb- 
1222 compounds, first reported by Cava et al. (1992), is characterized by full 
occupation of the O site in the additional layer, yielding an oxygen content of 
N b S r 2 R 2 C u 2 O l o  (Goodwin et al., 1992). 

T1-1222 compounds were first reported for the compositions 
Tll.32Bal.68Pr2Cu209 and Tll.3Srl.6Pr2Cu209 (Martin et al., 1989a). Structural 
refinements were carried out in space group I 4 / m m m  (a = 3.900, c =  
30.273 A and a = 3.8635, c = 29.535 A). In both structures the T1 site, partly 
vacant in the Sr-containing compound, was found to be located in the 
ideal position (2(a)0 0 0). Superconductivity (T c = 40K) was observed for 
Tlo.sPbo.5SraEUl.8Ceo.2Cu209 (Iqbal et al., 1991) and a short time later for 
Pb-free T1Ba2Eu l . sCeo .5Cu20  9 (Liu et al., 1992a). The first Pb- 
based 1222 compound, PbSrl.6Pr2.4Cu2.6Oy, was reported by Adachi et al. 
(1990a). A critical temperature of 25 K was measured for a sample of composi- 
tion Pbo.5Sr1.75Eu1.75Ceo.sCu2.509 (Maeda et al., 1990). The structural 
refinement considered splitting of both the cation and the oxygen site in the 
additional layer (cation in 8(i) 0.070 0 0 and O in 8(j) 0.18 �89 0) (Maeda et al., 
199 lb). For Pbo.5Srl.75Ndo.25HOl.38Ceo.62Cu2.508.64 an extra O site with very low 
occupancy (4(r 1 0, occupancy 0.015) was detected in the additional layer 
(Maeda et al., 1992). 
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1223 (Tlo.soPbo.50)l Sr2(Cao.94Tlo.03Pbo.03)2Cu309 

AB2CzD309, tP17, (123) P4/mmm-ihZg2ecba 
-002--~ C-D02-.  C-DO2-OB-A O-OB- 
Tlo.s6Pbo.s6SrzCal.88Cu309, Tc = 120 K, SX, RT, 
R w - -0 .047 (Subramanian et al., 1988e) 
(123) P4/mmm, a -- 3.808, c -- 15.232/~, Z = 1 Fig. 17 

Atom WP PS Occ. 

T1 a 4(/) m2m. 
Sr 2(h) 4mm 
Cu(1) 2(g) 4mm 
Ca b 2(h) 4mm 
Cu(2) l(b) 4/mmm 
O(1) 4(n) m2m. 
O(2) 2(g) 4mm 
0(3) 4(i) 2mm. 
0(4) 2(e) mmm. 

0.067 
1 _ 
2 
0 
1 
2 
0 
0.40 
0 
0 
0 

0 
0.1709 
0.2868 
0.3928 
1 _ 
2 

0 
0.1311 
0.2924 
1 _ 
2 

0.25 

0.25 

a T1 = Tlo.sPbo. 5. 
b Ca = Cao.94Tlo.03 Pbo.o3. 

Compound a (A) c (A) T c (K) Ref. 

T11.1Ba 1.88Ca 1.9Cu3 09 
T1Sr2Ca2Cu3Oy a 

T11.16 Sr 1.zsBao. 72Ca 1.84Cu3 09 
Tlo.6Vo.sSr2Ca2Cu3Oya 
Tlo.8Ino.2Srl.6Bao.aCa2Cu309_6 a 
Tlo.56Pbo.56Sr2Cal.88Cu309 

Tlo.668Pbo.4o4Srl.6oafa2.324Cu309 
Tlo.66oPbo.e B io.2 Sr 1.586Bao212Ca2.142 Cu3 09 
Tlo.sB i0.5 S r2 Ca2 Cu3 O9 a 

Tlo.68B io. 17 Sr1.6Bao.aCa2Cu3 09 
A1Sr2Ca2Cu309.s e 

Pbo.5 Sr2.51 Ca 1.74Cu3.250/ 
Geo.5 SrzCal.8Yo.zCu3.509.3 h 

3.853 
3.815 
3.8274 
3.824 
3.8327 
3.808 
3.81516 
3.81798 
3.815 c 

3.8211 
3.836 
3.831 
3.8313 

15.913 
15.306 
15.524 
15.16 
15.4713 
15.232 
15.2798 
15.3223 
15.31 c 
15.4235 d 

14.405 
15.30 g 
14.533 

110 
106 
90 b 

110 
103 
122 
118.2 
119.5 
120 
113 
78 

104 
77 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

(continued) 
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B Sr2Ca2Cu309 h 3.821 13.854 75 14 
Bo.6Co.4Sr2.7Cal.3Cu309 e 3.87 13.98 115 15 
Co.sBa2Ca2Cu3.509 i 3.862 14.825 i 120 16 
Po.5Sr2Cal.8Yo.2Cu3.509.45 e 3.845 14.29 / 74 17 

h So.5Sr2Ca3Cu4.5012.1 3.850 c 14.5 r 100 18 

a Nominal composition. 
b T c  = 110 K for sample annealed under reducing conditions. 
c Value taken from figure. 
d Superstructure (orthorhombic, 4a, 2a, 4c) reported for Tlo.75Bio.25Srl.6Bao.aCa2Cu309 (Lee et al., 
1996). 
e Prepared at 5 GPa; nominal composition. 
fPrepared at 6 GPa. 
g Additional reflections indicate incommensurate modulation (q ~ a*/3.1). 
h Prepared at 6 GPa; nominal composition. 
/Prepared at 8 GPa; nominal composition. 
J Additional reflections indicate superstructure (2a, a, 2c). 
kAdditional reflections indicate superstructure (2a, a, 2c or 2a, a, c). 
References: Subramanian et aL (1988b); 2, Morgan et al. (1993); 3, Martin et al. (1993b); 4, Li et al. 

(1994); 5, Hur et aL (1996); 6, Subramanian et al. (1988e); 7, Marcos and Attfield (1996); 8, 
Gladyshevskii et aL (1996); 9, Subramanian et al. (1990a); 10, Hur et al. (1995); 11, Matveev and 
Takayama-Muromachi (1995); 12, Wu et al. (1996c); 13, Matveev et al. (1996); 14, Kawashima et al. 

(1995); 15, Uehara et al. (1994b); 16, Chaillout et al. (1996); 17, Isobe et aL (1996b); 18, Takayama- 
Muromachi et al. (1995b). 

1223 Gal Sr2Ca2Cu30 9 

A B 2 C 2 D 3 0 9 ,  tP17, (123) P4/mmm- ih2g2ecba  

-DO 2-. C - D O  2-.  C - D O  2 - O B - A  O - O B -  

GaSr2Ca2Cu309, a T c -- 73 K, PN, RT, R B = 0.0263 (Khasanova et al., 1996b) 
(74) Imam (Imma), a = 5.4041, b = 5.4615, c = 29.355/~, Z = 4 
a 1 q- a 2, --a 1 d- a 2, 2c; origin shift 0 �88 1 

Atom WP PS x y Occ. 

Ga 8(i) . .m 0.059 
1 Sr 8(h) m . .  

Cu(1) 8(h) m . .  0 
1 Ca 8(h) m . .  

Cu(2) 4(a) 2 / m  . . 0 

O(1) 8(i) . .m 0.399 
0(2) 16(/) 1 -0.047 

1 0(3) 8(g) . .2 
1 0(4) 8(g) . .2 
1 0(5) 8(g) . .2 

-0.073 
0.013 
0.0039 

-0.001 
0 

-0 .112 
0.020 
3 
4 
1 _ 
4 
1 _ 
4 

1 
4 
0.3288 
0.3865 
0.4434 
1 _ 
2 
1 _ 
4 

0.3060 
0.3898 
0.3928 
0.5008 

0.5 

0.5 
0.5 

a Prepared at 6 GPa. 
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1 2 2 3  HglBa2Ca2Cu308.44 

AB2C2D3Os+~, tP16, (123) P4/mmm-ih2g2e(c)ba 

-DO2-. C - D 0 2 - .  C - D O 2 - O B - A  . -OB- 
HgBa2CazCu3Os.44, a T c -- 133 K, PN, RT, Rwp -- 0.0815 (Chmaissem et al., 1993) 
(123) P 4 / m m m ,  a = 3.8502, c -- 15.7829 A, Z = 1 

Atom WP PS x y z Occ. 

Hg l(a) 4 /mmm 0 0 0 
1 1 0.1773 Bab 2(h) 4mm ~ 

Cu(1) 2(g) 4ram 0 0 0.2979 
1 1 0.3954 Ca 2(h) 4mm ~ 

1 Cu(2) l(b) 4 / m m m  0 0 
1 1 0 O(1) l(c) 4 / m m m  ~ 

O(2) 2(g) 4mm 0 0 0.1236 
1 0.2994 0(3) 4(i) 2mm . 0 
1 1 0(4) 2(e) mmm . 0 ~ -~ 

0.44 

a Prepared at 1.8 GPa. 
bTwo Ba sites (2(h) �89 �89 0.1865 and 2(h) �89 �89 0.1613, occupancy 0.59 and 0.41) proposed in second 
refinement. 

Compound a (/~) c (A) T c (K) Ref. 

HgBa2Ca2Cu308.44 a 3.8502 15.7829 133 1 
Hgo.6Tio.4Ba2Ca2Cu308.4 b 3.8507 15.707 134 2 
Hgo.gVo.zBa2Ca2Cu308.3 b 3.8629 15.652 127 2 
Hgo.gCro.zBazCazCu308.l b 3.8631 15.625 110 2 
Hgo.8Moo.2B azCazCu3 O8.4 b 3.8537 15.731 134 2 
Hgo.9Reo. 1B azC azCu30y b . . . . . .  134 3 

Hgo.6Tlo.4BazCazCu308.33 3.8489 15.816 138 r 4 
Hgo.618Pbo.382BazCazCu308.45o 3.8457 15.8252 130 a 5 
Hgo.8Bio.2Ba2CazCu308.2 b 3.8504 15.813 130 6 
Hgo.69Auo. 17BazCazCu308.3o a 3.8464 15.739 131 7 
Hgo.68Reo.32SrzCazCu308.9o e 3.8265 15.2126 f 120 8 

a Prepared at 1.8 GPa. 
b Nominal composition. 

C T c given for Hgo.8Tlo.zBazCazCu308+ 6. 
d From resistivity measurements (zero resistivity). 
e Prepared at 6 GPa. 

/Superstructure (Fmmm, Fmm2 or F222, 2a, 4a, 2c) reported for Hgo.vsReo.zsSrzCazCu3Oy (nominal 
composition) (Yamaura et al., 1995). 
References: 1. Chmaissem et al. (1993); 2, Maignan et al. (1995a); 3, Wolters et al. (1996); 4, Dai et 

al. (1995); 5, Wu et al. (1996b); 6, Michel et aL (1995); 7, Bordet et al. (1996); 8, Chmaissem et al. 

(1996). 
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A superconducting T1-1223 compound (T c = 110 K) was identified for the 
composition T1Ba2Ca2Cu309. A structure model was proposed in space group 
P4/mmm (a = 3.8429, c = 15.871A) (Parkin et al., 1988b) and the first 
refinement was carried out by Martin et aL (1988). For Tll.1Bal.88Cal.9Cu309, 
the T1 site was found to be displaced from the ideal position along the short 
translation vectors (from l(a) 0 0 0 into 4(/) 0.085 0 0), vacancies were detected 
on the Ba site (occupancy 0.94), and a small amount of T1 was found on the Ca 
site (5 at.%) (Subramanian et aL, 1988b). For T1Ba2Ca2Cu308.62 two partly 
occupied T1 sites in the additional layer were considered (Morosin et aL, 1991 c). 
The two sites, one in the ideal position on the 4-fold rotation axis and the other 
one off-centered (4(/) 0.1138 0 0), were associated with oxidation states T1 + and 
T13+, respectively. In addition, vacancies were detected on the O site (occupancy 
0.62) in the same layer. A superconducting Sr analogue, with 50% of the thallium 
atoms substituted by Pb, was reported in Subramanian et aL (1988e). Aranda 
et aL (1994) found the T1 and O sites in the additional layer, as well as the O site 
in the bridging layers, to be off-centered in the [1 1 0] direction (T1 in 
4(/) 0.0451 0.0451 0, O in 4(i) 0.553 0.553 0 and 8(r) 0.049 0.049 0.1321). 
The refinement also showed partial substitution of Sr by Ca (21.1 at.%). 

A superconducting (C,Cu)-1223 compound (T c = 67 K) was first reported 
for the composition C0.5Ba2CazCu3.509 (a -- 3.859, c = 14.766 A) (Kawashima 
et aL, 1994a). By applying a thermal treatment under reducing conditions the 
superconducting transition temperature was raised to 120 K (Chaillout et aL, 
1996). No structural refinements are available; however, models have been 
proposed. In particular, two possible models for a superstructure (2a, a, 2c) 
with an ordered arrangement of the carbonate groups were discussed by Chaillout 
et al. (1996). A boron-containing 1223 oxycarbonate without Cu in the additional 
layer has also been reported (Uehara et aL, 1994b). 

A superconducting Ga-1223 compound (T c = 70 K), GaSrzCazCu309, was 
first reported by Takayama-Muromachi and Isobe (1994), who proposed space 
group I2cm (a = 5.391, b = 5.454, c = 29.371A). A 2-fold superstructure (a, 
2b, c) with two kinds of chains, built up from differently oriented corner-sharing 
GaO4 tetrahedra, was proposed by Ramirez-Castellanos et aL (1995). 

A superconducting Hg-1223 compound (T c = 133 K), HgBazCazCu308+~, 
was first reported by Schilling et al. (1993) and a tetragonal structure was 
proposed (a = 3.93, c = 16.1 A). The first refinement was carried out by 
Chmaissem et aL (1993). Takahashi et aL (1993), Chu et al. (1993), and 
Nufies-Regueiro et aL (1993) observed a significant increase of the super- 
conducting transition temperature at high pressure: T c - -150K at 11 GPa, 
153K at 15GPa, and 157K at 23.5GPa. The cell parameters of Hg-based 
compounds vs the pressure are shown in Fig. 8.35. Finger et al. (1994) refined a 
substantial amount of Cu on the Hg site (10-18 at.%) and detected two partly 
occupied O sites, the occupancies of which were found to depend on the Cu/Hg 
ratio in the additional layer (2(f) 0 �89 0 and 4(n) 0.36 �89 0, occupancy _> 0.10 and 
< 0.0625). Samples with three different oxygen contents were studied by Wagner 
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Fig. 8.35. 
15.81 
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15.73 

3.85 

3.84 

*~ 12.64 
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12.61 
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~ 3.85 

3.84 
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a 
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HgBa2CaCu206+a J 

a 

---C--- 

i I i I a I i I I I l 

9.51 

9.49 

3.88" : ~ a - "  

3.87 

3.86 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Pressure (GPa) 
Cell parameters vs pressure for 1201, 1212, and 1223 in the Hg-Ba-Ca-Cu-O system (Hunter 
et al., 1994). 

et al. (1995). Vacancies were detected on the Hg site (occupancy 0.90-0.95) and 
two partly occupied O sites in the additional layer were reported also here: one in 
2(f) with an occupancy of 0.08-0.09, the other in l(c). The occupancy of the 
second site (0.18, 0.13, and 0.10) could be correlated to the critical temperature 
(135, 107, and 94 K). 
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1 2 3 2  

Crystal Structures of High-T~ Superconducting Cuprates 

(Bio.50Cuo.50)I Sr2(Ceo.67Ndo.33)3Cu2011 

AB2C3D2011, tP19, (123) P4/mmm-iZh2gZcba 

-DO2 -~ C - O 2 - C  . -O2--  C-DO2-OB-A O-OB- 

Bio.sSrzCezNdCu2.5011, T c -- 15 K, PX, R e - -0 .077 
(Chen et aL, 1993b,c) 
(123) P4/mmm, a = 3.848, c = 17.246A, Z = 1 Fig. 18 

Atom WP PS x y z Occ 

Bi a 4(]) m. 2m 0.065 0.065 0 
1 1 0.141 Sr 2(h) 4mm ~ 

Cu 2(g) 4mm 0 0 0.245 
1 1 0.3485 Ce(1) b 2(h) 4mm ~ 

1 Ce(2) b l(b) 4/mmm 0 0 
1 1 0 O(1) l(c) 4/mmm ~ 

0(2) 2(g) 4mm 0 0 0.116 
1 0.256 0(3) 4(i) 2mm . 0 
1 0.4175 0(4) 4(i) 2mm . 0 

0.25 

a Bi = Bio. 5 Cuo. 5. 
b Ce(1) = Ce(2) = Ceo.6667Ndo.3333. 

Compound a (A) c (A) T c (K) Ref. 

Tlo.596Sr2Ce2HoCu2.2011 3.8221 17.2855 n.s. 1 
Pbo.5 Sr2Ce2HoCu2.5011.122 3.82615 17.2028 n.s. 1 
Bio.5Sr2Ce2NdCu2.5011 3.848 17.246 15 2, 3 
Bio.sSr2Ce2GdCu2.5011_6 a 3.847 17.198 20 2, 3 
Sr2Ce2HoCu3011 a 3.824 17.22 n.s. 4 

a Nominal composition. 
References: 1, Wada et al. (1991a); 2, Wada et al. (1991b); 3, Chen et al. (1993b); 4, Chen et al. 

(1993c); 5, Wada et aL (1990b). 

Nonsuperconducting 1232 compounds were reported for the composition 
MxSr2Ce2HoCu3_x011, where Cu could be partly substituted by Pb, Fe, or A1 
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(Wada et al., 1990b). A structural refinement on Pbo.sSr2Ce2HoCu2.5Oll 
((Cuo.sPbo.5)Sr2(Ceo.67Hoo.33)3Cu2011) in space group P 4 / m m m  (a = 3.82246, 
c =  17.2082A) indicated that the atoms in the additional layer were 
displaced from the ideal positions along the short translation vectors (cation 
from l (a)0  0 0 into 4(/)0.072 0 0 and O from l(c) �89 1 0 into 4(n)0.32 1 0). 
Wada et al. (199 l b) detected an extra O site in the additional layer (2(f) 0 �89 0, 
occupancy 0.061). The only superconducting 1232 compounds known so far are 
Bio.sSr2Ce2RCu2.5Oll with R = Nd or Gd (Chen et al. 1993c). 

1 2 3 4  T11Ba2(Cao.98 )3 Ct14011 

AB2C3D40]] , tP21, (123) P4/mmm-i2h2g3dca 

-D O 2-. C-DO 2-. C-DO 2-. C-DO 2-O B-A O-O B- 
T l o . 9 9 6 B a 2 C a 2 . 9 6 C u 4 O l l  , T c - -  114 K, PX, RT, Re = 0.044 
(Ogborne and Weller, 1994c) 
(123) P4/mmm, a = 3.84809, c = 19.0005 A, Z = 1 Fig. 19 

Atom WP PS x Occ. 

T1 4(/) m2m. 
Ba 2(h) 4mm 
Cu(1) 2(g) 4mm 
Ca(l) 2(h) 4mm 
Cu(2) 2(g) 4mm 
Ca(2) l(d) 4/mmm 
O(1) l(c) 4/mmm 
O(2) 2(g) 4mm 
0(3) 4(i) 2mm. 
0(4) 4(i) 2mm. 

0.086 
1 
2 
o 
1 
2 

o 
1 
2 
1 
2 

0 
o 
o 

0 
0.1437 
0.2487 
0.3292 
0.4158 
1 
2 
o 
0.1099 
0.2515 
o.4156 

0.249 

0.98 
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1234 

Crystal Structures of High-T~ Superconducting Cuprates 

( H g o . 7 3 P b o .  1 8 ) l B a 2 C a 3  C u 4 0 1  o. 14 

AB2 C3D4 01o+6 , tP20, (123) P4 /mmm-i2 h2 g3 d(c)a 
-DO2-. C-DO 2-" C-D02-" C-DO2-OB-A .-OB- 
Hgo.7336Pbo.1834BazCa3Cu4Om.14, a T c -- 129 K, SX, R w -- 0.0239 (Schwer et al., 1995a) 
(123) P4/mmm, a = 3.8530, c = 18.968 A, Z = 1 

Atom b WP PS x y z Occ. 

Hg c l(a) 4/mmm 0 0 0 
1 1 0.14375 Ba a 2(h) 4mm ~ 

Cu(1) 2(g) 4mm 0 0 0.24840 
1 1 0.32976 Ca(l) 2(h) 4mm ~ 

Cu(2) 2(g) 4mm 0 0 0.41592 
1 1 1 Ca(2) l(d) 4/mmm ~ ~ 
1 1 0 O(1) l(c) 4/mmm ~ 

0(2) 2(g) 4ram 0 0 0.1059 
1 0.2507 0(3) 4(i) 2mm . 0 
1 0.4167 0(4) 4(i) 2mm . 0 

0.917 

0.14 

a Prepared at 1 GPa. 
bSites with occupancy 0.019 (Hg in 2(g)0 0 0.1654, Ba in 2(h) 1 �89 0.0266 and 2(h) �89 �89 0.3102) 
ignored here. 
c Hg = Hgo. 8 Pbo. 2. 
d Refined occupancy 0.962. 

Compound a (A) c (A) T c (K) Ref. 

Hgo.84Ba2Ca3 Cu4010.4 
Hgo.7336Pbo. 1834Ba2Ca3 Cu401 o. 14 a 

3.8495 19.003 125 1 
3.8530 18.968 129 2 

a Prepared at 1 GPa. 
References: 1, Paranthaman and Chakoumakos (1996); 2, Schwer et al. (1995a). 

1234 ( C 0 . 3 2 C u 0 . 6 8 )  1 B a 2 C a 3 C u 4 0 1 1 . 0 6  

AB 2 C 3 D 4 O n ,  tP21, (123) P4/mmm-i 2 h2g3fda 
-DO 2-. C-DO2-. C-DO2-. C-DO2-OB-A O"-OB- 
Co.32Ba2Ca3Cu4.68Oll.O6, a T c = 117 K, PN, RT, Rwp = 0.10686 (Shimakawa et al., 1994a) 
(123) P4/mmm, a = 3.86192, c = 17.9512A, c Z = 1 

Atom WP PS x y z Occ. 

Cu(1) a l(a) 4/mmm 0 0 
1 1 Ba 2(h) 4mm ~ 

Cu(2) 2(g) 4mm 0 0 
1 1 Ca(l) 2(h) 4mm ~ 

Cu(3) 2(g) 4mm 0 0 
1 1 Ca(2) l(d) 4 /mmm ~ 

1 O(1) 2(f) mmm. 0 
O(2) 4(/) mZm. 0 0.318 
0(3) 2(g) 4mm 0 0 

0 
0.1219 
0.2332 
0.3187 
0.4117 
1 
2 
0 0.37 
0 0.08 
0.1000 0.68 

(continued) 
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0(4) 8(s) .m. 0 0.159 
1 0(5) 4(i) 2mm . 0 
1 0(6) 4(i) 2mm . 0 

0.0593 
0.2376 
0.4130 

0.08 

a Prepared at 5 GPa. 
b Multiphase refinement; sample also contained small amounts of Ag and Ag20. 
c Average structure; additional reflections indicate superstructure (2a, a, 2c). 
a Cu(1 ) - Cu0.68 C0.32. 

Compound a (A) c (A) T c (K) Ref. 

A 1 S r 2 C a 3 C u 4 0 1 1  a 3.839 17.72 110 1 
GaSr2Ca3Cu4010.8 b c 93 d 2 
Ba2Ca3Cu4.6Olo.8 e 3.8526 17.974 f 116 3 
C o . 3 2 B a 2 C a 3 C u 4 . 6 8 0 1 1 . o 6  e 3.86192 17.9512 g 117 4 
BSr2Ca3Cu4011 b 3 . 8 3 5 9  17.082 110 5 
Po.5 Sr2Cal.9Yo. 1 Cu3.509.3 h 3.851 17.49 g 84 6 
So.5Sr2Ca3Cu4.5012 b 3.854 i 17.5 ~ 1 O0 7 

a prepared at 5.5 GPa; nominal composition. 
b Prepared at 6 GPa; nominal composition. 
c Space group I2cm, a - 5.417, b - 5.462, and c = 35.78 A. 
a Tc = 107 K for GaSr2Ca3Cu4011.1. 
e Prepared at 5 GPa. 
f Additional reflections indicate superstructure (2a, 2a, 2c). 
g Additional reflections indicate superstructure (2a, a, 2c). 
h Prepared at 5 GPa; nominal composition. 
i Value taken from figure. 
J Additional reflections indicate superstructure (2a, a, 2c or 2a, a, c). 
References: 1, Isobe et al. (1994); 2, Takayama-Muromachi and Isobe (1994); 3, Akimoto et al. 
(1995); 4, Shimakawa et al. (1994a); 5, Takayama-Muromachi et al. (1995a); 6, Isobe et al. (1996b); 
7, Takayama-Muromachi et al. (1995b). 

A superconduct ing T1-1234 compound  (T c = 122K)  with a tetragonal  

structure (a - 3.85, c - -  19.1 A) was first repor ted for the composi t ion  T1Ba2- 

Ca3Cu4Oll  (Ihara e t  al . ,  1988). 
A superconduct ing Hg-1234 compound  (T c = 126 K) was first repor ted for 

HgBa2Ca3Cu4010+6 and a tetragonal  structure was p roposed  ( a -  3.8540, 

c - 19.006 A) (Antipov e t  al . ,  1993). Structural ref inements indicated vacancies  

on the Hg site (occupancy 0.79 or 0.84) and a relatively high occupancy  o f  the 

extra O site in the a d d i t i o n a l  layer (occupancy 0.60 or 0.40) (Loureiro e t  al . ,  

1996a; Paranthaman and Chakoumakos ,  1996). For Hg0.7336Pb0.1834Ba2Ca3- 

Cu4Olo.14 extra cation sites with very low occupancy, cor responding  to a small  

fraction o f  intergrowth o f  1234 with 1223 and 1245, were refined (Schwer e t  al . ,  

1995a). 

A critical temperature  o f  117 K was reported for the first (C,Cu)-1234 

compound  ( P 4 / m m m ,  a -  3.855, c -  17 .930A)  and an or thorhombic  super- 

structure (2a, a, 2c) was proposed  (Kawashima e t  aL ,  1994a). The superstructure,  

also observed  by Alar io-Franco e t  al. (1994a) and Matsui  e t  al. (1994), is caused 

by the ordering o f  carbon and copper  atoms in the a d d i t i o n a l  layer. In the 
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refinement of the average structure of C o . 3 2 B a 2 C a 3 C u 4 . 6 8 O l l . 0 6 ,  t w o  pairs of O 
sites were considered in the additional and bridging layers, corresponding to an 
occupation of the cation site in the additional layer by C and Cu, respectively 
(Shimakawa et al., 1994a). A superconducting, carbon-free 1234 compound 
(T c = 117.1 K) was reported for the nominal composition 
Agl_xBa2Ca3Cu4+xOll_ • (Ihara et al., 1994a). The average structure was 
described in space group P 4 / m m m  ( a =  3.8635, r  18.ILIA), but body- 
centered tetragonal superstructures (2a, 2c) with ordered arrangements of 
copper and silver atoms were suggested for x = 0.25 and x = 0.75. Wu et al. 
(1994b) and Matsuhata et al. (1994) stated that the amount of Ag in the 
compound was negligible and explained the superstructure by the ordering of 
vacancies on the Cu site in the additional layer. Cu-1234 compounds, with 
structural features similar to those described earlier, were reported by Jin et al. 
(1994), Wu et al. (1994a), Ihara et al. (1994b), and Alario-Franco et al. (1994b). 
In the last article, the superstructure was shown to be orthorhombic (2a, a, 2c), 
but the same authors later detected small amounts of carbon in their samples 
(Alafio-Franco et al., 1994a). In the refinement of the average structure of 
Ba2Ca3Cu4.6Olo.8, not only the Cu site, but also the O sites in the additional and 
bridging layers were found to be partly vacant (Akimoto et al., 1995). The 
orthorhombic space group A2mm (or monoclinic Am or A 2 / m )  was proposed for 
the description of a 4-fold superstructure by Matsuhata et al. (1995). 

1245 HglBa2Ca4Cu5012.32 

AB2C4D5012+8 , tP24, (123) P4/mmm-ieh3 g 3 e(c)ba 
-DO2-. C-DO 2-" C-DO2-" C-DO2-. C-DO2-OB-A .-O B- 
HgBa2Ca4CusO12.32, a T c = 101 K, PN, RT, Rwp = 0.0640 b 
(Huang et al., 1994a) 
(123) P4/mmm, a = 3.85151, c = 22.1049 A, Z = 1 

Fig. 20 
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Atom WP PS x y z Occ. 

Hg l(a) 4 /mmm 0 0 0 
1 1 0.1269 Ba 2(h) 4mm ~ -~ 

Cu(1) 2(g) 4mm 0 0 0.2144 
1 1 0.2854 Ca(l) 2(h) 4mm ~ 

Cu(2) 2(g) 4mm 0 0 0.3551 
1 1 0.4254 Ca(2) 2(h) 4mm ~ 

1 Cu(3) l(b) 4 /mmm 0 0 
1 1 0 O(1) l(c) 4 /mmm ~ 

0(2) 2(g) 4mm 0 0 0.0867 
1 0.2149 0(3) 4(i) 2mm . 0 
1 0.3562 0(4) 4(i) 2mm . 0 
1 1 0(5) 2(e) mmm . 0 ~ 

0.32 

a Prepared at 1.8 GPa. 
b Multiphase refinement; sample also contained 20% Hg-1256 and 2% CaO. 

Compound a (A) c (A) T c (K) Ref. 

A1Sr2Ca4Cu5013 a 3.845 20.87 83 1 
HgBa2Ca4CusO 12.32 b 3.85151 22.1049 101 2 
Hgo.623Pbo.a44BaECa4CusO12.52 c 3.8529 22.172 116 3 
Hgo.7Auo.3Ba2Ca4Cu5012+6 d 3.849 22.061 110 4 
B S r 2 C a 4 C u 5 0 1 3  e 3.837 20.22 85 5 

a Prepared at 5.5 GPa; nominal composition. 
bprepared at 1.8 GPa. 
c Prepared at 1 GPa. 
d Prepared at 1.8 GPa; nominal composition. 
e Prepared at 6 GPa; nominal composition. 
References: 1, Isobe et al. (1994); 2, Huang et aL (1994a); 3, Schwer et al. (1995b); 4, Bordet et al. 

(1996); 5, Kawashima et al. (1995). 

A critical tempera ture  o f  112 K was reached for Hg-1245  after opt imiza t ion  

(Loureiro  e t  a l . ,  1994). For  Hgo.623Pbo.344Ba2Ca4CusO12.52, two distinct cat ion 
sites were refined in the a d d i t i o n a l  layer (Hg in l ( a ) 0  0 0 and Pb in 

8(/)) 0.044 0.087 0, occupancy  0.579 and 0.043) (Schwer  e t  a l . ,  1995b). Extra  

Hg and Ba  sites with  low occupancy  were in t roduced into the structural  mode l  to 

take into account  an in tergrowth with  1234 and 1256. 
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1256 Hg 1 B a 2 C a s C u 6 0 1 4 . 4 0  

A B  2 C5D6014+6 , tP28, (123) P4/mmm-i 3 h 3 g4 d(c)a 

-DOE- .C-DO2- .C-DOE- .C-  

DO2-. C-DO2-.  C-DOz-OB-A .-OB- 
HgBazCasCu6014.4, a T c = 114 K, PN, RT, Rwp -- 0.0640 b 
(Huang et al., 1994a) 
(123) P4/mmm, a = 3.8515, c = 25.3313/~, Z = 1 
Fig. 21 

Atom WP PS x y Occ. 

Hg l(a) 4/mmm 0 0 
1 1 Ba 2(h) 4mm ~ 

Cu(1) 2(g) 4mm 0 0 
1 1 Ca(l) 2(h) 4mm ~ 

Cu(2) 2(g) 4mm 0 0 
1 1 Ca(2) 2(h) 4mm ~ 

Cu(3) 2(g) 4mm 0 0 
1 1 Ca(3) l(d) 4 / mmm ~ -~ 
1 1 O(1) l(c) 4/mmm ~ 

0(2) 2(g) 4mm 0 0 
1 0(3) 4(i) 2mm . 0 
1 0(4) 4(i) 2mm . 0 
1 0(5) 4(i) 2mm . 0 

0 
0.109 
0.184 
0.240 
0.314 
0.380 
0.437 
1 _ 
2 

0 
0.075 
0.180 
0.312 
0.441 

0.4 

a Prepared at 1.8 GPa. 
b Multiphase refinement; sample also contained 78% Hg-1245 and 2% CaO. 
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2 2 0 1  T12Ba2Cu]O6 

A2B2D06, ti22, (139) I4/mmm-e4cb 
-DO2-OB-A O-OA-BO- 
TlzBa2CuO6, T c = 90 K, SX, RT, R w -- 0.022 
(Torardi et al., 1988a) 

(139) I4/mmm, a = 3.866, c = 23.239 A, Z = 2 Fig. 22 

Atom WP PS x y z Occ. 

T1 4(e) 4mm 0 0 0.29735 
1 1 0.41699 Ba 4(e) 4mm ~ 

1 Cu 2(b) 4/mmm 0 0 
1 0.2829 O(1) 16(n) .m.  0.405 

0(2) 4(e) 4mm 0 0 0.3832 
1 1 0(3) 4(c) mmm . 0 ~ 

0.25 

Compound a (A) c (A) T c (K) Ref. 

T12Ba2CuO6 3.866 23.239 90 
T1].75Cdo.25Ba2CuO6 3.851 23.313 90 a 
T1HgBazCuO6 3.856 23.29 n.s. 

a T  c given for Tll.8Cdo.2Ba2CuO6 (nominal composition). 
References: 1, Torardi et al. (1988a); 2, Parise et al. (1989b); 3, Nakajima et al. (1996). 

2 2 0 1  T12Ba2Cu]O6.1o 

A2B2D06, ti22, (139) I4/mmm-e4cb 
-DO2-OB-A O-OA-BO- 

TlzBa2CuO6.1o, T c -- 90 K, PN, T = 4 K, R B -- 0.049 (Parise et aL, 1989c) 
(69) Fmmm, a = 5.4604, b = 5.4848, c = 23.2038/~, Z = 4 

a I + a 2 ,  - - a  1 + a 2 ,  c 

( c o n t i n u e d )  
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Atom WP PS x y z Occ. 

T1 16(m) m . .  0 -0 .025  0.2976 0.5 
1 0 0 . 4 1 7 2  Ba 8(i) mm2 

1 Cu 4(b) mmm 0 0 
1 1 1 0.07 O(1) a 8(f) 222 a a 
1 --0.059 0.2895 0.49 0(2)  16(m) m . .  

0(3)  8(i) mm2 0 0 0.3837 
1 1 1 0(4)  8(e) . . 2 /m  ~ ~ 

a Extra O site located between the T10 layers. 

2 2 0 1  Bi2Sr2CulO6 

A2B2D06, ti22, (139) I4/mmm-e4 cb 

-DO2-OB-A O-OA-BO- 
BiaSr2CuO6, T c = 9 K, SX, RT, R w = 0.130 (Torardi et al., 1988a) 
(66) Amaa (Cccm), a = 5.362, b = 5.374, c = 24.622 A, a Z = 4 

al + a2, - a l  + a: ,  e; origin shift 0 1 

Atom WP PS x y z Occ. 

Bi 8(/) m . .  0 0.2758 0.0660 
1 0.2479 0.1790 Sr 8(/) m . .  

1 1 Cu 4(e) 2/m . . 0 ~ 
1 0.334 0.064 O(1) 8(/) m . .  

0(2)  8(/) m . .  0 0.226 0.145 
1 0 0.254 0(3)  8(h) . .2  

a Average structure, additional reflections indicate superstructure (5a, b, 3c). 

Compound a (A) b (A) c (A) T c (K) Ref. 

Bi2 Sr2CuO6 a 5.375 5.378 24.377 b 9.5 1 

Bi2Srl.6Lao.4CuO6.3o 5.388 5.398 24.399 29.5 c 2 

a Refined composition Bil.86Srl.56Cuo.83Os.98. 
b Space group A2aa. 

C From resistivity measurements (midpoint); T c = 30 .9K for sample annealed under reducing 

conditions. 
References: 1, Rajagopal et al. (1993); 2, Schlrgl et al. (1993). 

2 2 0 1  (B io.9oPbo. 10)2(Sro.85B io.o6Pbo.o 1 )2 C u  1 0  6 

A2B2D06, ti22, (139) I4/mmm-eacb 

-DOE-OB-A O-OA-BO- 

Bil.924Pbo.216Srl.7ooCuO6, a T c --- 18 K, SX, T = 293 K, R w = 0.053 (Torardi et al., 1991) 
(52) Pnan (Pnna), a = 5.2757, b = 5.3797, c = 24.558 A, Z = 4 

a l + a  2 - a  l + a  2, e; origin shift 0 1 1 , ~ 

(continued) 
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Atom WP PS x y Occ. 

Bi b 8(e) 1 0.9829 0.2681 
Sr c 8(e) 1 0.9604 0.7530 

3 Cu 4(d) 2 . .  0.4640 
O(1) 8(e) 1 0.9153 0.6643 
O(2) 8(e) 1 0.4662 0.7667 
0(3) 8(e) 1 0.7071 0.9998 

0.06311 
0.1772 
1 
4 

0.0716 
0.1454 
0.2523 

0.92 

a Cation content Bi1.78Pbo.2oSrl.70CuO 6 from microprobe analysis. 
b Bi = Bio.899Pbo.lo 1. 

c Sr -- Sro.9239Bio.0684Pbo.o077. 

Compound a (A) b (A) c (A) T c (K) Ref. 

BiPbBaLaCuO6 5.4028 5.4745 24.515 a n . s .  

Bil.924Pbo.216Srl.7ooCuO6 b 5.2757 5.3797 24.558 18 
Bi1.8Pbo.2Srl.8Lao.2CuO6.36 5.396 5.374 24.374 21 

. . . .  

a Space group F m m m .  

b Cation content Bil.78Pbo.2oSr1.7oCuO6 from microprobe analysis. 
References: 1, Pham et al. (1993); 2, Torardi et al. (1991); 3, Rajagopal et al. (1993). 

Superconductivity in the T1-Ba-Cu-O system was first reported by 
Kondoh et al. (1988) and Sheng and Hermann (1988a). T1-2201 crystallizes 
with two structural modifications, one tetragonal and the other orthorhombic, and 
is superconducting with T c up to 90 K for an optimal oxygen content. The first 
structural refinement on tetragonal TlzBazCuO6 ( I4 /mmm)  was reported with the 
T1 site on the 4-fold rotation axis (Torardi et al., 1988a). In more recent articles 
the T1 site was found to be displaced [16(n) 0.0406 0 0.29696 (Liu et al., 1992b), 
32(0) 0.039 0.017 0.29735 (Opagiste et al., 1993a)], and a partial substitution up 
to 7 at.% T1 by Cu was detected. The presence of an extra O site (8(g) 0 1 0.267) 
with an occupancy ranging from 0.005 (T c = 73 K) to 0.028 (nonsuperconduct- 
ing), located between the additional T10 layers, was suggested by Shimakawa 
et al. (1990). Orthorhombic T1-2201 (a -- 5.4451, b = 5.4961, c - -  23.153 A, 
nonsuperconducting) was first reported by Huang et al. (1988), who proposed 
space group Fmmm. The crystal structure was also refined in subgroups of 
Fmmm, in order to take into account distortions in the additional layers [A2aa 
(Hewat et al., 1988); Abma (Parise et al., 1988; Str6m et al., 1994)]. Note that in 
the latter refinements no O site between the T10 layers was considered. It is 
generally agreed that the tetragonal structure is favored for Tl-deficient composi- 
tions, whereas the orthorhombic structure is formed for higher T1 contents 
(Shimakawa, 1993) (Fig. 8.36). To a minor extent, the transition from the 
tetragonal to the orthorhombic modification also depends on the oxygen content, 
a high oxygen content favoring the orthorhombic structure (Jorda et al., 1993; 
Str6m et al., 1994). Stoichiometric compounds (with respect to the T1 content) 
could be obtained by high-pressure synthesis for both structural modifications 
(Opagiste et al., 1993b; Jorda et al., 1994). 
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Fig. 8 .36.  
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(Str6m et al., 1994). 

The Bi-Sr-Cu-O system contains two distinct phases with the approximate 
composition Biz+xSr2_xCuO6+ 6. The structure of the semiconducting compound 
BizSr2CuO6 was found to be monoclinic (Roth et al., 1990) and was refined in 
space group C2/m (a = 24.451, b = 5.425, c = 21.954 A, fl = 105.41 ~ (Darriet 
et aL, 1993). It contains stepped CuO2 layers, the monoclinic angle resulting from 
a periodic crystallographic shear. The structure of the superconducting, nonstoi- 
chiometric, Bi-rich compound contains infinite CuO2 layers. Superconductivity in 
the Bi-Sr-Cu-O system (T c = 22 K) was first reported for a sample of nominal 
composition B i z S r 2 C u 2 0 7 +  6 (Michel et aL, 1987). An orthorhombic subcell 
(a = 26.6, b = 5.32, c = 48.8 A) was found and a giant supercell was proposed. 
Later on, a pseudotetragonal cell (a = b = 5.38, c = 24.6 A) was reported for the 
composition BiSrCuOy (T c = 8K) (Akimitsu et aL, 1987), but the authors 
suggested a monoclinic superstructure with a 5-fold periodicity along [1 0 2]. 
The compound was identified as Bi2SrzCuO6 with some Sr deficiency and the 
structure was refined in space group I4 /mmm (Torrance et al., 1988). Von 
Schnering et al. (1988) chose space group Amaa and obtained composition 
B i z S r 2 C u O 6 .  4. The Bi site was found to be displaced from the ideal position and 
two O sites (one partly occupied) were found in the additional layers. Torardi et 
aL (1988a) considered only one O site in the BiO layers, but detected a slight 
monoclinic distortion and a large supercell was proposed. Similar results were 
obtained by Rajagopal et al. (1993); however, they preferred the noncentrosym- 
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metric space group A2aa, also used for the structural refinement on Ca-containing 
Bi-2201 (Imai et al., 1988). A refinement in the monoclinic space group A2 
( a -  26.908, b -  5.380, c - 2 6 . 8 5 6 A ,  t3 -113 .55  ~ gave the composition 
Bi10SrloCusO29, because of oxygen vacancies in the additional layers (Onoda 
and Sato, 1988). The same authors also reported Sr deficiency, based on 
microprobe analysis. Zandbergen et al. (1988a, 1990b) explained the modulation 
in the structures of Bi-based superconducting cuprates by the difference between 
the translation periods of the BiO and CuO2 layers, which is reduced by 
cooperative displacements of the atoms from the ideal positions and by the 
incorporation of extra oxygen atoms into the former layers. A refinement of the 
incommensurate structure in superspace group pA_2/~ ( a -  5.3791, b -  5.3811, 
c - 24.589 A, t3 - 89.93 ~ q - 0.2030a* + 0.467c*) was carried out by Leligny 
et al. (1992). Beskrovnyi et al. (1994) used space group A 2 / a  to refine the 
average structure, the 5-fold superstructure being described in A2. 

Studies on the substitution of Sr by La in BizSr2_xLaxCuO6+ 6 showed that 
single-phase samples can be prepared for 0.3 < x _< 1 (Schl6gl et al., 1993) 
(0.2 < x _< 0.8; Khasanova and Antipov, 1995). An increase of the La content 
causes a reduction of the c-parameter, accompanied by an expansion of the two 
short cell parameters (Fig. 8.37), the structure remaining incommensurately 
modulated. The oxygen content increases linearly with x ( 6 -  0.5 for x -  1), 
but the superconducting properties are suppressed at x > 0.7 (SchlSgl et al., 

Fig. 8.37. 
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Antipov, 1995). 
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Fig. 8.38. 
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Superconducting transition temperature (from resistivity measurements ,  onset) vs La content 

for BizSrz_xLaxCuO6+ ~ (0.25 < fi < 0.42) (Khasanova and Antipov, 1995). 

1993) [x _> 0.6 (Khasanova and Antipov, 1995), Fig. 8.38], the critical tempera- 
ture having passed through a maximum at x = 0.4. 

Partial substitution of Bi by Pb in Biz_xPbxSrzCuO 6 can reach x = 0.25 
(Torardi et aL, 1991). The crystal structure of this and other (Bi,Pb)-2201 
compounds is primitive orthorhombic (Pnan) and, contrary to the structures of 
the Pb-free Bi-2201 compounds, does not show any modulation. Superconduct- 
ing Biz_xPbxSrz_yLayCuO 6 compounds with y _< 0.8 were identified in the region 
x ~ y + 0.2 (Tarascon et aL, 1990). 
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2 2 1 2  Cu2Ba2YiCu208 

A2B2DC208, oS30, (65) Ammm-j2iSd 
-D02-. C-DO2-OB-A O'-O' A-BO- 
Ba2YCu4Os, Tc = 80 K, PN, T -- 293 K, R e = 0.080 
(Fischer et al., 1989) 
(65) Ammm (Cmmm), a = 3.8411, b = 3.8718, 
c = 27.240 A, Z -- 2 Fig. 23 

Atom a WP PS x Occ. 

Cu(1) 4(i) mm2 0 
1 Ba 4(/') mm2 

Cu(2) 4(i) mm2 0 
1 Y 2(d) mmm 

O(1)b 4(i) mm2 0 
O(2) 4(i) mm2 0 

1 0(3) 4(]) mm2 
0(4) 4(/) mm2 0 

0.2873 
0.3644 
0.4386 
1 
2 
0.2813 
0.3546 
0.4476 
0.4472 

a o site with occupancy 0.032 (4(j) 1 0 0.246) ignored here. 
b Full occupation confirmed. 

(cont inued)  
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Compound a (A) b (A) c (A) T c (K) Ref. 

Ba2NdCu408 a . . . . . .  27.3 57 1 
Ba2SmCu408 a 3.872 3.886 27.308 69.3 1 
Ba2EuCu408 a 3.8650 3.8837 27.279 68.9 1 
Ba2GdCu408 a 3.863 3.881 27.259 73.4 1 
BazDyCu408 3.8463 3.8726 27.237 78 2 
BazHoCu408 3.8411 3.8694 27.231 80 b 3 
B azErCu408 3.8357 3.8668 27.221 83 b 3 
BazTmCu408 3.8305 3.8645 27.212 82 b 3 
BazYbCu408 3.8213 3.859 27.109 79 c 4 
BazYCu408 3.8411 3.8718 27.240 80 5 
Ba2Yo.9Cao. 1 Cu408 a 3.841 3.864 27.21 91 6 
BazYo.6Pro.4Cu408 3.8614 3.8807 27.260 65 d 7 

a Nominal composition. 
b From resistivity measurements (midpoint). 
c Value taken from figure. 
d From resistivity measurements; value taken from figure. 
References: 1, Morris et al. (1989); 2, Hazen et al. (1989); 3, Moil et al. (1994); 4, Hijar et aL (1995); 
5, Fischer et al. (1989); 6, Miyatake et aL (1989); 7, Berastegui et aL (1992). 

2212 T12Ba2Cal Cu208 

A z B 2 C D 2 0  8, tI30, (139) I4 /mmm-ge5a  

-DO 2-. C - D O 2 - O B - A  O - O A - B O -  

TlzBazCaCu208, T c -- 110 K, SX, RT, R w = 0.018 

(Subramanian et aL, 1988a) 
(139) I 4 / m m m  a = 3.8550, c = 29.318A, Z = 2 Fig. 24 
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Atom WP PS x y z Occ. 

T1 4(e) 4ram 0 0 0.28641 
1 1 0.37821 Ba 4(e) 4mm ~ 

Cu 4(e) 4ram 0 0 0.4460 
1 1 1 Ca 2(a) 4/mmm ~ ~ 

1 0.2815 O(1) 16(n) .m.  0.396 

0(2) 4(e) 4ram 0 0 0.3539 
1 0.4469 0(3) 8(g) 2mm . 0 

0.25 

Compound a (A) c (A) T c (K) Ref. 

T12Ba2CaCu208 3.8550 29.318 110 1 

Hgl.sBa2Prl.3Cu2.208_ 6 3.9236 28.993 n.s. 2 
H g 2 B a 2 Y C u z O 7 . 5 5  a 3.8606 28.915 n.s. 3 
Hg2Ba2Yo.sCao.sCu208_6 b . . . . . .  45 3 
Hg 1.4Tlo.6Ba2Yo.6Cao.4Cu207.78 c 3.86 a 29.05 a 84 4 

a Prepared at 1.8 GPa. 
b Prepared at 1.8 GPa; nominal composition, 

c Prepared at 5 GPa; nominal composition, oxygen content from chemical analysis. 
a Value taken from figure. 

References: 1, Subramanian et al. (1988a); 2, Martin et al. (1995); 3, Radaelli et al. (1994b); 4, 
Tokiwa-Yamamoto et al. (1996). 

2 2 1 2  (Pbo.5oCuo.5o)2(Bao.5oSro.5o)2(Yo.8oCao.2o)lCU207 

A2B2CD206+6, ti26, (139) I4/mmm-ge4(e)a 
- 0 0 2 - - .  C - D 0 2 - O B - A  .(A 0 )-.A ( OA )-BO- 
PbBaSrYo.sCao.zCu307, Tc -- 39 K, a PN, RT, R 8 -- 0.0645 
(Ishigaki et al., 1994) 
(107) I4mm, a = 3.83673, c -- 27.5098 A, Z -- 2 Fig. 25 

a l ,  a2,  C 
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Atom WP PS x y z Occ. 

Pb 

s? 
r 
yr  

Cu(2) 
Ba a 
Cu(3) 

o(1) 
0(2)  

0(3) 
o(4) 
0(5) 

2(a) 4mm 0 0 0.2804 
1 1 0.3751 2(a) 4mm ~ 

2(a) 4mm 0 0 0.4423 
1 1 0 . 5  2(a) 4mm ~ 

2(a) 4mm 0 0 0.5626 
1 1 0.6340 2(a) 4mm ~ 

2(a) 4mm 0 0 0.7154 
1 0.2810 8(d) . m .  0.382 

2(a) 4mm 0 0 0.3537 
1 0.4510 4(b) 2mm . 0 
1 0.5564 4(b) 2mm . 0 

2(a) 4mm 0 0 0.6501 

0.25 

a From resistivity measurements. 

b Sr -- Sro.65Bao.35. 

c y __ Yo.8Cao.2. 

dBa = Bao.65Sro.35. 

Compound a (A) c (A) T c (K) Ref. 

PbBaSrYo.8Cao.2Cu307 3.83673 27.5098 39 a 1 

PbBaSrYo.8Cao.2Cu308.35 3.84413 27.8036 n.s. 1 

a From resistivity measurements. 

Reference: 1, Ishigaki et al. (1994). 

2212 ( B i o . 9 3 ) 2 ( g r o . 8 8 B i o . 0 4 ) 2 ( C a o . 9 6 B i o . 0 4 )  1 C u 2 0 8  

A2B2CD20 s, tI30, (139) I4 /mmm-geSa 

-DO2- .C-DO2-OB-A O-OA-BO-  

Bil.98Srl.75Cao.96Cu208, a T c -- 92 K, PN, 6 R B = 0.060 (Gao et aL, 1993; Petricek et al., 1990) 
(37) A2aa (Ccc2), a = 5.4150, b = 5.4149, c = 30.861 A, c Z = 4 

a 1 + a 2, - a  1 + a 2, e; origin shift 0 ~ ] 

Atom WP PS x y z Occ. 

Bi 8(d) 1 0.004 0.2333 0.0523 

Sr a 8(d) 1 0.5 0.2527 0.1408 

Cu 8(d) 1 0.0 0.2502 0.1966 
1 1 Ca e 4(c) 2 . .  0.5 ~ 

O(1) 8(d) 1 0.53 0.151 0.0571 

0(2)  8(d) 1 0.01 0.277 0.1163 

0(3)  8(d) 1 0.25 0.5 0.1980 

0(4)  8(d) 1 0.25 0.0 0.1983 

0.93 

0.915 

a Composition Bi2.08Srl.s2Cao.soCu208 from SX refinement; extra 0.14 O atoms per formula unit 
found from refinement in 4D superspace group a,cA2aa . . . .  1 1 1, q = 0.2095a* (located in the BiO layers). 
b Coordinates from combined PN and SX refinement. 

c Average structure, additional reflections indicate incommensurate modulation (q = a*/4.773).  

d Sr -- Sro.956Bio.044. 

e Ca -- Cao.96Bio.04. (continued) 
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Compound a (A) b (A) c (A) T c (K) Ref. 

Bil.98Srl.75Cao.96Cu20 8 5.4150 5.4149 30.861 a 92 1 
Bil.6Pbo.4Sr2CaCu208+6 b 5.363 c 5.404 ~ 30.69 c'a 95 2 

Bi1.97Pbo.o8 Sr1.83 Cao.72Ero.56Cu208+6 b 5.44 5.44 30.360 82 3 
Bi1.79Pbo.11Srl.78Cao.74Ybo.44Cu208+6 b 5.41 5.41 30.554 60 3 
Bi2Srl.5Cal.25Yo.25Cu208.25 b 5.405 c 5.403 C 30.48 c'e 86 f 4 

BizSr2YCu208.5 b 5.428 5.465 30.175 g n.s. 5 

a Additional reflections indicate incommensurate modulation (q = a*/4.773).  
b Nominal composition. 
c Value taken from figure. 

d Additional reflections indicate incommensurate modulation (q ~ a*/5.8).  
e Space group Amaa. 

fFrom resistivity measurements (midpoint). 

g Additional reflections indicate superstructure (8a, b, c). 
References: 1, Gao et al. (1993); 2, Fukushima et al. (1989); 3, Ilyushin et al. (1993); 4, Manthiram 
and Goodenough (1988); 5, Tamegai et al. (1988). 

2 2 1 2  (Bio.60Pbo.40)2Sr2(Yo.60Cao.40) 1 Cu208 

A2B2CD208, tI30, (139) I4/mmm-geSa 
-DO2-.  C-DO2-OB-A O-OA-BO- 
Bil.zPbo.sSrzYo.6Cao.4Cu208, T c = 75 K, a SX, R - 0.065 (Calestani et al., 1992) 
(52) Pnan (Pnna), a = 5.374, b = 5.421, c = 30.397 A, Z = 4 

a 1 + a 2, - a  1 + a 2, c; origin shift 0 1 1 

Atom WP PS x y z Occ. 

Bi b 8(e) 1 -0 .0100  0.2335 0.0492 

Sr 8(e) 1 0.4715 0.2508 0.1371 
Cu 8(e) 1 -0 .0257  0.2502 0.1958 

1 1 Y~ 4(d) 2 . .  0.4764 ~ 
O(1) 8(e) 1 0.616 0.152 0.053 
O(2) 8(e) 1 - 0 . 0 4 2  0.275 0.117 
O(3) 8(e) 1 0.224 0.019 0.199 
O(4) 8(e) 1 0.228 0.484 0.202 

a T  c (from resistivity measurements, value taken from figure) given for Bil.2Pbo.8Sr2Yo.4Cao.6Cu208 
(nominal composition). 

6 Bi = Bio.6Pbo. 4. 

y = Yo.6Cao.4. 

Compound a (A) b (A) c (A) T c (K) Ref. 

Bil.2Pbo.8Sr2YCu208 5.388 5.423 30.367 n.s. 1 
Bil.2Pbo.sSr2Yo.4Cao.6Cu208 a 5.362 b 5.412 b 30.50 b 75 b'c 1 

a Nominal composition. 
b Value taken from figure. 

c From resistivity measurements. 

Reference: 1, Calestani et al. (1992). 

Ba2YCu408 (Cu-2212) was first considered as planar defects in 
Ba2YCu307_ 6 and structural models (space group Ammm) based on the insertion 
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of an extra AO' (CuO) layer imo the structure of Cu-1212 were proposed 
(Zandbergen et al., 1988b,c; Marshall et al., 1988). The first refinement was 
carried out on diffraction data from a superconducting film (T c = 80 K) (Marsh et 
al., 1988). Bulk synthesis of Ba2RCu408 compounds were reported for R = Y 
(Karpinski et al., 1988b) and R = Y, Nd, Sm-Gd, Dy-Tm (Morris et al., 1989). 
Subsequent structural refinements (Hazen et al., 1989; Fischer et al., 1989) 
confirmed the structure proposed by Marsh et al. (1988). In contrast to the Cu- 
1212 compounds, Cu-2212 compounds do not display a variable oxygen content. 
A significant enhancement of the superconducting transition temperature was 
observed at high pressure (T c = 108 K at 12 GPa) (Van Eenige et al., 1990). 

Superconductivity in the T1-Ba-Ca-Cu-O system was first reported by 
Sheng and Hermann (1988b). A T1-2212 compound, T12Ba2CaCu208+~, was 
identified by Hazen et aL (1988a), and its structure was refined by Subramanian et 
aL (1988a). In the majority of the structural studies reported up to now, the Ca site 
was found to be occupied by mixture of Ca and T1 (12-28 at.% T1), whereas the 
reduced scattering of the T1 site was attributed to either a partial substitution of T1 
by Ca (10-11 at.%) (Maignan et aL, 1988; Kikuchi et aL, 1989; Johansson et aL, 
1994) or Cu (9 at.%) (Onoda et al., 1988); or simply to vacancies (occupancy 
0.87-0.94) (Morosin et aL, 1991a; Ogbome et aL, 1992b; Molchanov et al., 
1994). Vacancies on the O site in the additional layers were detected by Ogbome 
et al. (1992b) and Johansson et al. (1994) (occupancy 0.94-0.95 or 0.84-0.88), 
whereas a displacement of the T1 site from the ideal position 
(32(0) 0.013 0.041 0.28635) was considered by Molchanov et aL (1994). 

A (Pb,Cu)-2212 compound was first reported for the composition 
PbBaYSrCu308 (Rouillon et aL, 1989). Ca-free, reduced (PbSrBaYCu307) and 
oxidized (PbSrBaYCu308.2) compounds were also prepared, and structural 
models were proposed (Tokiwa et aL, 1989). Superconductivity was observed 
for reduced, Ca-containing PbSrBaYo.yCao.3Cu307 (T c = 55 K) (Tokiwa et aL, 
1990a). The first structural refinement, carried out on the reduced, Ca-flee 
compound (Rouillon et aL, 1992a), was later confirmed by a refinement on a 
Ca-containing compound (Ishigaki et al., 1994). In the latter article, the structure 
of oxidized PbSrBaY0.gCa0.zCu308.35 was also reported. An ordered arrangement 
of PbO and Cu layers was observed for the reduced compounds, whereas a close 
to statistical occupation of the cation sites in the additional layers (45 at.% Pb and 
55 at.% Cu, and vice versa) and four partly occupied O sites were found for the 
oxidized compound. 

Superconductivity in the Bi-Sr-Ca-Cu-O system was first reported for a 
sample of composition BiSrCaCuzOy, which contained two superconducting 
phases (T c = 75 and 105K) (Maeda et aL, 1988). Studies on a sample of 
composition BiSrCaCuO7_ ~ gave similar results (Chu et al., 1988). The super- 
conducting compound with the lower critical temperature was identified as Bi- 
2212 (Tarascon et al., 1988), and an orthorhombic subcell ( a =  5.439, 
b = 5.410, c = 30.78 A) and a 5-fold superstructure (5a, b, c) were proposed 
(Hazen et aL, 1988b). The first refinements were carried out in space group 
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I 4 / m m m  (a = 3.814, c = 30.52 A) (Tarascon et al., 1988; Torrance et al., 1988), 
F m m m  (Sunshine et al., 1988; Kajitani et al., 1988; Bordet et al., 1988a) or 
A m m a  (Subramanian et al., 1988c,d; von Schnering et al., 1988; Imai et al., 
1988), the structure showing an incommensurate modulation in the direction 
[1 0 0] of the orthorhombic cell ([1 1 0] for the tetragonal cell) with a 
translation period of approximately 5 times a. The main differences between 
the proposed structures concern the positions of the oxygen atoms in the 
addit ional  layers, the earliest models containing oxygen atoms between Bi 
layers, based on the similarity with the Aurivillius phases, known since 1950 
(Aurivillius, 1950). In the model described in the noncentrosymmetric space 
group A2aa  by Bordet et al. (1988b), the oxygen atoms were significantly 
displaced from the ideal position in order to approach Bi-O distances of ~ 2.2 A. 

Partial substitution of Ca site by Bi was reported by Sunshine et al. (1988) 
and Imai et al. (1988) (20 and 6at.%, respectively), whereas a considerable 
homogeneity range with respect to the Sr/Ca ratio has been mentioned in almost 
all articles. The translation period of the modulation vector, expressed as a 
multiple of the a-parameter of the orthorhombic cell, was shown to be approxi- 
mately constant within the Sr-Ca homogeneity range (Niu et al., 1989). The same 
translation period progressively decreased to ~ 4, when Ca was substituted by a 
trivalent rare-earth element, the orthorhombicity (b /a)  being increased at the 
same time (from x -- 0.5 for BizSr2Cal_xYxCu208+,5 , Figs. 8.39 and 8.40). 

Refinements of the incommensurate structure of Bi-2212 were carried out 
in 4D superspace group ll/fAmaa by Gao et al. (1988) and Yamamoto et al. (1990), ' ' - 1  1 1 

Fig. 8.39. 
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Cell parameters vs Y content for Bi2Sr2Cal_xYxCu208+ 6 (Niu et al., 1989). 
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Translation period of the modulation vector vs Y content for Bi2Sr2Cal_xYxCu208+ 6 (Niu et 
al., 1989). 

whereas the noncentrosymmetric group MA2ala 1 was preferred in Petricek et al. 
(1990) and Gao et al. (1993). In the last two articles, a saw-shaped function was 
used to describe the displacements of the oxygen atoms in the additional layers 
and extra O atoms were found. Several refinements in supercells were performed, 
approximating the modulation period to an integer multiple of a. The apparently 
truly commensurate structure of the Fe-containing compound BiloSr15FeloO46 
was refined in a 5-fold supercell (B222, a = 27.245, b = 5.4617, c = 31.696 A), 
considering one extra oxygen atom per formula unit in the BiO layers (LePage et 
al., 1989). Calestani et al. (1989) and Levin et al. (1994) refined the structure of a 
cuprate in a primitive cell (Pnnn) of the same volume, whereas Beskrovnyi et al. 
(1990a,b) used a 19-fold supercell, approximating the translation period of the 
modulation vector to 4.75a. In the last three articles, extra O sites and vacancies 
on some Sr sites were reported. A monoclinic variant of Bi-2212 with a 9-fold 
supercell (Bi2.09Srl.90Cal.ooCu208.22, Cc, a = 37.754, b = 5.4109, c = 
41.070 A, fl = 103.58 ~ was refined by Gladyshevskii and Fliikiger (1996), the 
monoclinic symmetry corresponding to a systematic shift of the modulation 
waves of consecutive additional layers by re/9. 

Studies on the substitution of Bi by Pb showed that the periodicity of the 
structural modulation increases with increasing Pb content and becomes infinite 
(no modulation) for a high Pb content (Fukushima et al., 1989). Modulation-free 
structures with the composition Bi2_xPbxSr2Yl_yCayCu20 z were reported to exist 
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Fig. 8.41. 
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Cell parameters vs Pb content for Bi2_xPbxSr2Yo.6Cao.4Cu208+ a (Calestani et al., 1992). 

in the region x = (1 - y / 2 )  4- 0.2 (for 0 < y < 0.8) (Calestani et al., 1992). The 
structures, refined in space group Pnan, revealed large orthorhombic distortions 
(Fig. 8.41) and an arrangement of the BiO ribbons different from that observed 
for Pb-free Bi-2212, the BiO chains in consecutive additional layers being here 
directly "superimposed," whereas in the structure of Pb-free Bi-2212 they are 
mutually shifted by a/2. 
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2 2 2 2  
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Bi2Srz(Gdo.85Ceo.15)2Cu2Olo 

AzBzC2DzOlo, tP18, (129) P4/nmm-fc6b 
- 0  2 D - - C . - O 2 - .  C-DO2-OB-A O-OA-BO- 
Bi2SrzGdl.7Ceo.3Cu2Olo, a T c = 25 K, PX, R e = 0.0780 
(Tokura et aL, 1989a) 
(67) Cmma, a = 5.4445, b = 5.4573, c = 17.913 A, 
Z - - 2  Fig. 26 

a 1 + a2 ,  - - a  1 + a2 ,  e;  origin shift �88 �88 0 

Atom WP PS x y z Occ. 

1 0.0854 Bi 4(g) mm2 0 
1 1 0.234 Sr 4(g) mm2 ~ 

1 0.336 Cu 4(g) mm2 0 -4 
1 1 0.4311 Gd b 4(g) mm2 ~ -4 
1 1 0.090 O(1) 4(g) mm2 ~ 

1 0.212 O(2) 4(g) mm2 0 
1 0 0.341 0(3) 8(/) . .2 
1 0 1 0(4) 4(b) 222 ~ 

a Oxygen content Bi2Sr2Gdl.7Ceo.3Cu2Olo.24 from chemical analysis (extra oxygen atoms probably 
located in the BiO layers). 

b Gd = Gdo.85Ceo.15. 

Compound a (/~) c (A) a T c (K) Ref. 

T12Ba2EUl.8Ceo.zCuzO 10+6 
Pbo.95Bao.77Srl.23PrCeCu309 
Bi2Sr2Prl.64Ceo.36Cu2Olo.27 c 

Biz Sr2Nd 1 .64Ce0 .36Cu2010 .23  c 

Bi2Sr2Sml.64Ceo.36Cu2 O10.24 c 
BizSrEEUl.64Ceo.36Cu2Olo.26 c 

Bil.zPbo.8Sr2EUl.8Tho.2Cu2Oy 
B i2Sr2Gd 1 .64Ceo .36Cu2010 .24  c 

Bi2SrzTb1.64Ceo.36Cu2Olo.26 c 

Bi2SrzDyl.64Ceo.36Cu2Olo.26 c 

B i 2 S r 2 H o  1 .64Ceo .36Cu2010 .22  c 

BizSrzEr1.64Ceo.36Cu2Olo.21 c 

3.888 17.281 n.s. 1 
b n.s. 2 

3.885 17.87 n.s. 3 
3.881 17.93 14 3 
3.863 17.90 16 3 
3.854 17.88 27 3 
d 15 4 

3.851 17.88 34 3 
3.847 17.83 n.s. 3 
3.844 17.87 27 3 
3.840 17.86 24 3 
3.837 17.84 n.s. e 3 

(continued) 
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Bi2 Sr2 Tm 1.64Ceo.36Cu201 o.2o c 

Bi2SrzY1.64Ceo.36Cu201o.22 e 
Hg 1 .sB azPr2.3 Cu2.201 o-~ 

3.827 17.84 n.s. e 3 

3.836 17.85 20 3 

3.9072 17.2192 n.s. 5 

a Space group P4/nmm. 
b Space group Cmm2, a -- 5.4703, b = 5.4816, and c -- 16.4017 A. 

C Nominal  composition, oxygen content from chemical analysis. 

d Orthorhombic; a -- 5.430, b = 5.466, and c -- 18.00 A. 

e Superconductivity not observed above 5 K. 

References: 1, Tokura et al. (1989a); 2, Rouillon et al. (1992b); 3, Arima et al. (1990); 4, Sasakura and 

Yoshida (1996); 5, Huv6 et al. (1995). 

Bi and T1-2222 were first reported by Tokura et al. (1989a). 
TlzBa2EUl.8Ceo.zCu2010+6 crystallizes with a tetragonal structure (P4/nmm) 
and is not superconducting. The average structure of BizSrzGdl.vCeo.3Cu2010+6 
is the same; however, distortions similar to those described for Bi-2212 lead to an 
orthorhombic structure. Extra oxygen atoms (6 -- 0.24) were postulated to reside 
in the BiO layers. A series of nonsuperconducting PbBao.7Srl.3CeRCu309 
compounds ((Pbo.sCuo.5)z(Bao.35Sro.65)z(Ceo.sRo.5)zCu209, R : Sm, Eu, Gd, 
Dy, Ho, Er and Tm) were reported by Tokiwa et al. (1990b). A structural 
refinement on Pbo.95Bao.77Srl.23PrCeCu309 in space group Cmm2 showed an 
ordered arrangement of PbO and Cu layers (Rouillon et al., 1992b). 

2223 

A 2 B 2 C 2 D 3 0 1 o  , ti38, (139) I4/mmm-ge6cb 
-D02- .  C-D02- .  C-DO2-OB-A O-OA-BO- 
T11.94BazCa2.o6Cu3Olo, T c : 125 K, SX, RT, R w -- 0.074 
(Torardi et al., 1988b) 

(139) I4/mmm, a = 3.8503, c - 35.88 A, Z = 2 Fig. 27 

(Tlo.8 5Cao. 15)2Ba2(Cao.88Tlo. 12)2 Cu3 O 10 
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Atom WP PS x y z Occ. 

T1 a 4(e) 4mm 0 0 0.2799 
1 1 0.3552 Ba 4(e) 4mm ~ 

Cu(1 ) 4(e) 4mm 0 0 0.4104 
1 1 0.4537 Ca b 4(e) 4mm ~ 

1 Cu(2) 2(b) 4/mmm 0 0 
1 1 0.2719 O(1) 4(e) 4mm ~ 

0(2) 4(e) 4mm 0 0 0.3412 
1 0.4125 0(3) 8(g) 2mm . 0 
1 1 0(4) 4(c) mmm . 0 ~ 

aT1 = Tlo.85Cao.15; site may be partly vacant. 
b Ca = Cao.88Tlo.12. 

Compound a (A) c (A) T c (K) Ref. 

T11.94Ba2Ca2.o6Cu301 o 3.8503 3 5.88 125 
Hg 1.4Tlo.6B a2Ca2Cu30y a 3.840 35.69 45 

a Prepared at 5 GPa; nominal composition. 
References: 1, Torardi et al. (1988b); 2, Tatsuki et al. (1996). 

2223 ( B i o . 8 6 P b o .  1 4 ) 2 S r 2 C a 2 C u 3 0 1 0 . 2 4  

A2B2C2D301o , ti38, (139) I4/mmm-ge6cb 

-DO2-. C - D 0 2 - .  C-DO 2-OB-A O-OA-BO- 
Bil.72Pbo.28Sr2Ca2Cu301o.24, a T c -- 110 K, b PN, RT, Rwp = 0.0643 (Miehe et al., 1990) 
(37) A2aa (Ccc2), a -- 5.4029, b = 5.4154, c = 37.074A, c Z = 4 
al + a2, - a l  + a2, c; origin shift 0 1 1 

Atom WP PS x y z Occ. 

Bi ax 8(d) 1 -0 .036  0.233 0.0411 
Sr e 8(d) 1 0.490 0.255 0.1148 
Cu(1) 8(d) 1 0.000 0.246 0.1619 
Ca ~ 8(d) 1 0.468 0.257 0.2072 

1 1 Cu(2) e 4(c) 2 . .  0.000 ~ 
O(1) e 8(d) 1 0.425 0.139 0.0434 
O(2) f 8(d) 1 0.230 0.544 0.0372 
0(3) 8(d) 1 0.047 0.253 0.0956 
0(4) 8(d) 1 0.274 0.498 0.1637 
0(5) 8(d) 1 0.252 -0 .006  0.1650 
0(6) 8(d) 1 0.230 0.002 0.2486 

0.12 

a Composition Bil.89Pbo.31Sr2.ooCal.91Cu3.ooOlo.25 from microprobe and chemical analysis. 
b Value for Bil.84Pbo.34Srl.91Ca2.o3Cu3.o6Oy (nominal composition) taken from Koyama et al. (1988). 
c Average structure, additional reflections indicate incommensurate modulation (q ~ a*/7.2). 

d Bi = Bio.86Pbo.14. 
eRefined occupancies: Bi, 0.96; Sr, 0.97; Ca, 1.11; Cu(2), 1.04; and O(1), 0.98. 

fExtra O site located in the BiO layers. (continued) 
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Compound a (A) b (A) c (A) T c (K) Ref. 

Bi 1.72Pb0.28 Sr2Ca2Cu30 10.24 
Bil.7Pbo.3Srl.7Ca2.3Cu3Oy c 
B i 1.76Pb0.24 Sr2 Ca 1.6Sbo.4Cu3010 
Bi2PbSrl.7Bao.3Ca2Cu3Oy e 

5.4029 5.4154 37.074 a 1 l0 b 1, 2 
5.4146 5.4146 37.135 110 3 
5.411 5.411 37.22 d 111 4 
5.390 r 5.420 r 37.18 f 109.6 5 

a Additional reflections indicate incommensurate modulation (q ~ a*/7.2). 
b Value for Bil.s4Pbo.34Srl.91Ca2.o3Cu3.o6Oy (nominal composition). 
c Nominal composition. 
d Space group Amaa; additional reflections indicate incommensurate modulations ( q - - a * / 4 . 9 7  and 
a*/6.67). 
eNominal composition, composition Bil.5oPbo.52Srl.63Bao.29Ca2.o4Cu3.ooOy from ICP analysis. 
fValue taken from figure. 
References: 1, Miehe et al. (1990); 2, Koyama et al. (1988); 3, Sasry and West (1994); 4, Kijima and 
Gronsky (1992); 5, Kim et al. (1992). 

Superconductivity in the T1-Ba-Ca-Cu-O system was first reported by 
Sheng and Hermann (1988b). The T1-2223 compound was identified by Politis 
and Luo (1988) and Parkin et al. (1988a), and the first structural refinement 
indicated partial disorder of T1 and Ca (Torardi et al., 1988b). The Ca site was 
also found to be partly occupied by thallium atoms (3-7 at.%) in Hervieu et al. 
(1998b), Morosin et al. (199 lb), and Sinclair et al. (1994). Vacancies on the T1 
site (occupancy 0.88-0.94) were considered in Hervieu et al. (1988b), Morosin et 
al. (1991 b), and Ogbome et al. (1992a), whereas partial substitution of T1 by Cu 
(14 at.%) was reported by Sinclair et al. (1994). The O site in the addit ional  layers was 
found to be displaced from the ideal position in Ogbome et al. (1992a) and Morosin et 
al. (1991 b) (16(n) 0.6112 �89 0.2753, occupancy 0.234), whereas both the T1 and the 
O site in the addit ional  layers were split in Sinclair et al. (1994) (T1 in 
16(m) 0.0276 0.0276 0.27921 and O in 16(m) 0.5819 0.5819 0.2756, occupancy 
0.215 and 0.25). 

The compound with the superconducting transition temperature of 105 K 
(Maeda et al., 1988) was identified as Bi-2223 (Zandbergen et al., 1988d; 
Takayama-Muromachi et al., 1988b; Ikeda et al., 1988a) and can be stabilized 
by Pb (Hetherington et al., 1988; Endo et al., 1988). A pseudotetragonal subcell 
(a = b -- 5.41, c = 37.09 A) and an incommensurate modulation with a transla- 
tion period o f ~  8.7a were reported for Bil.73Pbo.35Srl.89Cal.86Cu309.91 (Ikeda et 
al., 1988b). The orthorhombic space groups F m m m  (Hetherington et al., 1988), 
A m a a  (Kijima et al., 1989; Carrilo-Cabrera and G6pel, 1989), and A2aa  (Carrilo- 
Cabrera and G6pel, 1989; Miehe et al., 1990) were used to describe the structure 
of (Bi,Pb)-2223. The structural refinement in Kijima et al. (1989) showed that Pb 
mainly substitutes for Bi, but also for Sr and Ca (A, B, and C site, respectively). 
An extra O site in the addit ional  BiO layers, corresponding to the excess oxygen, 
was found by Miehe et aL (1990). 
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2234 

Crystal Structures of High-T~ Superconducting Cuprates 

(Tlo.82)2Ba2Ca3Cu4012 

A2B2C3D4012, ti46, (139) 14/mmm-g2e 7 a 

-DO2-.C-DO2-.C-DOz-.C-DO2-OB-AO-OA-BO- 
Tll.64Ba2Ca3Cu4O12, T c --- 109K, PX, R e --0.1396 
(Ogborne and Weller, 1992) 
(139) I4 /mmm,  a = 3.84877, c = 42.0494A, Z = 2 Fig. 28 

Atom WP PS x z Occ. 

T1 4(e) 4mmO 0 
1 Ba 4(e) 4mm 

Cu(1) 4(e) 4mm 0 
1 Ca(l) 4(e) 4mm 

Cu(2) 4(e) 4mm 0 
1 Ca(2) 2(a) 4/mmm 

O(1) 16(n) .m.  0.394 
0(2) 4(e) 4mm 0 

0(3) 8(g) 2mm . 0 

0(4) 8(g) 2mm . 0 

0.2757 
1 
2 

0 
1 
2 

0 
1 
2 
1 
2 

0 
1 
2 
1 
2 

0.82 
0.3387 
0.3866 
0.4236 
0.4636 
1 
2 

0.2664 
0.3234 
0.3874 
0.4626 

0.25 

Compound a (A) c (A) T c (K) Ref. 

Tll.64Ba2Ca3Cu4012 3.84877 42.0494 
Hg 1.4Tlo.6Ba2Ca3Cu4Oy a 3.845 42.06 

a Prepared at 5 GPa; nominal composition. 
References: 1, Ogbome and Weller (1992); 2, Tatsuki et al. (1996). 

109 
114 



H. Crystallographic Data Sets 389 

A superconducting T1-2234 compound (T c = 114 K) was first reported by 
Hervieu et al. (1988a) for the composition T12Ba2Ca3Cu4012, and a structural 
model was proposed in space group I4/mmm (a - 3.852, c = 42.00 A). Partial 
disorder of T1 and Ca, corresponding to 40 at.% Ca on the T1 site and 10-15 at.% 
T1 on the Ca sites, was reported by Ogborne and Weller (1994b). The T1 and the 
O site in the additional layers were found to be partly vacant (occupancy 0.93- 
0.94 and 0.95-1.00), and the occupancy of the latter was found to depend on the 
annealing conditions. The superconducting transition temperature decreased to 
106 K for the reduced compound. 

3201 
,, 

A3B2DO 6, tP12, (123) P4/mmm-h2g2eda 
-0 2 D-B O-O A-A .-O A-B O- 
Pb2SrLaCul.8406, Tc = 33 K, PN, T - 292 K, 

Rwp = 0.0631 ( B e n s c h o p  et  al., 1994) 

(53) Pman (Pmna), a = 5.3380, b = 5.4293, 

c -- 12.6270 A, Z -- 2 Fig. 29 

a 1 + a 2 ,  - a  1 q -a2 ,  c 

(Pbo. 67 C1"10.28 )3 ( S ro.soLao.5o )2 C u  1 O 6  

Atom WP PS z Occ. 

Cu(1) 2(a) 2/m.  . 0 
Pb 4(h) m . .  0 

Sr a 4(h) m . .  0 

Cu(2) 2(c) 2 / m  . . 0 

O(1) 4(h) m . .  0 

0(2)  4(h) m . .  0 
1 0(3)  4(g) . .2 

0 

0.5 

-0 .0095  
1 _ 
2 
0.043 

0.5420 
1 _ 
4 

0 

0.1381 

0.3576 
1 _ 
2 
0.1475 

0.3065 

0.5 

0.840 

a Sr = Sr05Lao. 5. 
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A superconducting 3201 compound (T c --31 K) was first reported for 
PbeSro.8Lal.eCu206+ 6 and a structural model was proposed in space group P2212 
( a -  5.333, b -  5.421, c -  12.609 A) (Zandbergen et al., 1989). It was shown 
that with increasing oxygen content another compound is formed and that a 
miscibility gap exists between the reduced, superconducting compound (6 -~ 0) 
and the oxidized, semiconducting compound (6 ~ 1.4) (Zandbergen et al., 
1990a). The latter crystallizes with an orthorhombic subcell ( a -  5.421, 
b -  5.421, c -  12.652A) and an incommensurate modulation along [0 1 0] 
with a translation period of ~ 3.8b. Extra oxygen atoms are located in the central 
addi t ional  (Cu) layer. The first structural refinement on the reduced compound 
(Pb2SrLaCu206) was carried out in space group P m a n  (a - 5.3119, b - 5.4140, 
c - 1 2 . 6 2 9 2 A )  (Benschop et al., 1991). The proposed displacements of the 
oxygen atoms in the PbO layers result in four Pb-O contact distances. Space 
group P m m m  was adopted for the refinement of the average structure of oxidized 
Pb2SrLaCu207.5 ( a -  3.8365, b -  3.8615, c -  12.672A) and the incommensu- 
rate modulation with a translation period of 3.1-3.6 was confirmed in Benschop 
et al. (1994). The structure of a (Pb,Cu)-3201 compound prepared by a 
polymerized complex method, was claimed to be tetragonal for 1.7 _< 6 _< 2 
(Kato et al., 1995). 

An iodine-intercalated (Bi,I)-3201 compound, (BizI)SrzCuOy ( a -  5.40, 
c -  15.76 A, T c - 22 K), was reported by Xiang et al. (1991). 

3212 (P bo. 67Cu0.33 )3 S r 2 Y 1Cu208 

A3B2CD208, tP16, (123) P4/mmm-ih3 g2 ba 
-02D--C-.O 2D-BO-OA-A. -OA-BO-  

Pb2SrzYCu308, n.s., PN, RT, R 8 -- 0.0624 (Cava et aL, 
1989) 

(65) Cmmm, a = 5.3933, b = 5.4311, c -- 15.7334, 

Z - 2 Fig. 30 

a 1 + a 2 ,  --a 1 + a 2 ,  C 
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Atom WP PS x y z Occ. 

Cu(1) 2(a) mmm 0 0 0 
1 0 0.1117 Pb 4(/) mm2 

Sr 4(k) mm2 0 0 0.2793 
1 0 0.3938 Cu(2) 4(/) mm2 

1 Y 2(d) mmm 0 0 
O(1) 16(r) 1 0.051 0.074 0.1151 

1 0 0.2486 O(2) 4(/) mm2 
1 1 0.4082 0(3) 8(m) . .2 ~ 

0.25 

Compound a (/k) b (A) c (A) T~ (K) Ref. 

Pb2Sr2.24Ndo.76Cu308 5.435 5.463 15.817 n.s. 1 
Pb2 SrzYCu308 5.3933 5.4311 15.7334 n.s. 2 
PbzSrzYCu309.47 3.838 3.870 15.845 a n.s. 3, 4 
PbzSrzYo.73Cao.27Cu307.8 5.3835 5.4091 15.784 b 67 5 

a Space group Pmmm; additional reflections indicate superstructure (4a, 2b, c). 
b Space group Pman. 

References: 1, Cava et al. (1988); 2, Cava et al. (1989); 3, Marezio et al. (1990); 4, Marezio (1991); 5, 
Chaillout et al. (1991). 

3 2 1 2  (Sno.67Lao.24Bao.o9)3(Bao.86Lao. 14)2Lal Cu2011 

A3B2CD2011 , tP19, (123) P4/mmm-i2h3 gcba 

-02D-C- .O2D-BO-O2A-A  O-O2A-BO- 
SnzLazBazCu2Oll, n.s., PN, R B -- 0.103 (Anderson et aL, 
1992) 
(123) P4/mmm, a = 3.9893, c = 16.232A, a Z -- 1 
Fig. 31 
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A t o m  W P  P S  x y z O c c .  

La(1)b l(a) 4/mmm 0 0 0 
1 1 0 . 1 3 0 7  Sn 2(h) 4mm ~ 

Ba c 2(g) 4mm 0 0 0.2756 
1 1 0 . 3 9 0 3  Cu 2(h) 4mm ~ 

1 La(2) l(b) 4/mmm 0 0 
1 1 0 O(1) l(c) 4/mmm ~ 

0(2) 8(s) . m. 0 0.4106 0.1189 
1 1 0 . 2 5 3 4  0(3) 2(h) 4mm ~ 

0(4) 8(s) . m. 0 0.4830 0.4033 

0.5 

0.5 

a Average structure, additional reflections indicate superstructure (~/2a, ,r 6c). 
6La(1) = Lao.72Ba0.28. 
C Ba = Ba0.86La0.14 . 

Compound a (A) c (A) T c (K) Ref. 

TizNdzBazCuzO 11 3.90951 15.744 n.s. 1 
Ti2 Tb2Ba2Cu2011 3.8769 15.7322 n.s. 2 
SnzLazBazCuzO11 3.9893 16.232 a n.s. 3 

a Additional reflections indicate superstructure (~/2a, ~/2a, 6c). 
bReferences: 1, Jennings and Greaves (1994); 2, Palacin et al. (1995); 3, Anderson et al. (1992). 

The superconducting (Pb,Cu)-3212 compound Pb2Sr2Yo.5Cao.sCu308 
(T c - -68  K) was reported by Cava et aL (1988), the structure being refined on 
nonsuperconducting Pb2Sr2.24Ndo.76Cu308 in space group Cmmm. Subramanian 
et al. (1989) described the average structure of Pb2Sr2Yo.75Cao.25Cu308 in space 
group P 4 / m m m  (a = 3.813, c = 15.76A) with the O site in the PbO layers 
displaced from the ideal position (from 2(g) 0 0 0.11 into 8(s) 0.12 0 0.116). The 
structure of Pb2Sr2YCu308 was also refined in space group Cmmm (Cava et aL, 

1989); however, weak reflections that violate the C-centering are observed for 
most compounds. Space group P2212 was used by Fu et aL (1989) to refine the 
structure of the same compound, whereas other authors reported refinements in 
the monoclinic space group P21 /m (Fujishita et aL, 1990, 1993). In the structure 
of superconducting Pb2Sr2Yo.73Cao.27Cu307.8, refined in space group Pman, the 
lead atoms are 4-fold coordinated by oxygen atoms (Chaillout et al., 1991), 
whereas in the structure proposed by Cava et al. (1989) the lead atoms have 
three closest neighbors, forming ~-tetrahedra. Like (Pb,Cu)-3201, 
Pb2Sr2Yl_xCaxCu308+ 6 can be oxidized, and a miscibility gap was observed 
between 6 -  0 and 1. The average structure of oxidized, nonsuperconducting 
Pb2Sr2YCu309.47 was reported in space group Pmmm (Marezio et al., 1990; 
Marezio, 1991), the proposed superstructure (4a, 2b, c) corresponding to an 
ordered arrangement of O sites in the additional layers. Superconductivity up to 
70 K was reported for Ca-free samples of composition Pb2Sr2RCu308 (R = Y, 
Nd, Eu, Dy, Ho, Er, Yb, and Lu) prepared under appropriate conditions (Prasad et 

aL, 1990; Xue et aL, 1993). 
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A superconducting iodine-intercalated (Bi,I)-3212 compound with T c = 
80 K (57K in Koike et al., 1993), (BizI)SrzCaCuzOy ( a -  5.40, c -  19.02 A), 
was reported by Xiang et al. (1991). 

Besides Pb-based cuprates, nonsuperconducting compounds contain- 
ing Sn or Ti and a rare-earth element in the add i t iona l  layers have been 
reported to crystallize with a 3212 structure. For the structural refinement on 
Ti2Nd2Ba2Cu2011 partial disorder of  Ti and Cu was considered (Jennings and 
Greaves, 1994), whereas for Ti2Tb2Ba2Cu2Ola ((Ti2Tb)Ba2TbCu2011) no 
disorder was detected (Palacin et al., 1995). 

3222 (Pbo.67Cuo.33)3Sr2(Ceo.soPro.5o)2Cu201o 

A 3 B 2 C 2 D 2 0 1 o  , ti38, (139) I4/mmm-ge6da 
- 0 0 2 - - ~  C - 0 2 - C  o---02 D-BO-OA-A .-OA-BO- 
Pb2SrzCePrCu3010, n.s., PN, R B -- 0.081 (Rouillon et al., 1993) 
(69) Fmmm, a -- 5.4512, b = 5.4799, c = 37.0107 A, Z = 4 
Fig. 32 
a 1 -I.-a 2, - - a  1 --F a 2, c 
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Atom WP PS x y z Occ. 

Cu(1) a 4(a) mmm 0 0 0 
1 0 0.0475 Pb a 8(i) mm2 

Sr a 8(i) mm2 0 0 0.1184 
1 0 0.1665 Cu(2) 8(i) mm2 

Ce b 8(i) mm2 0 0 0.2146 
O(1)c 32(p) 1 0.0608 0.0693 0.0491 

1 0 0.1050 O(2) 8(i) mm2 
1 1 0.1717 0(3) 16(/) . .2 ~ 
1 1 1 0(4) 8(f) 222 ~ ~ 

0.25 

a Full occupation confirmed. 

b Ce = Ceo.5oPr0.50. 
c Full occupation confirmed (ignoring site splitting). 
Compound a (A) b (A) c (h) T~ (K) Ref. 

PbaSrzCePrCu30 lO 5.4512 5.4799 37.0107 n.s. 
Pb2Sr2CeNdCu3Olo.2 5.442 5.462 36.90 n.s. 
PbzSrzCeo.67Sm1.33Cu309.8 5.4299 5.4583 36.93 n.s. 
PbzSrzCeo.67Eu 1.33Cu3010+6 a 5.423 5.452 36.96 24 b 

a Nominal composition. 
b Superconducting fraction < 3%. 
References: 1, Rouillon et al. (1993); 2, Rouillon et al. (1990a); 3, Kharlanov et al. (1990). 

3 2 2 2  (Tio.67Ndo.27Bao.o6)3(Bao.92Ndo.o8)2(Ceo.5oNdo.5o)2Cu2013 

A3B2C2D2013, ti44, (139) I4/mmm-g2eSdba 

-002-~ C - 0 2 - C . - 0 2 D - B O - O  2A-A0--02A-BO- 
TizNdzBazCeCu2013, n.s., PN, RT, R,  = 0.1129 
(Den et al., 1995) 
(139) I4 /mmm, a = 3.89978, c = 36.9624A, Z = 2 Fig. 33 
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Atom WP PS Occ. 

Nd a 2(a) 4 / m m m  0 
1 Ti 4(e) 4mm 

Bab 4(e) 4mm 0 
1 Cu 4(e) 4mm 

CeC 4(e) 4mm 0 
1 O(1) 2(b) 4 / m m m  

0(2) 8(g) 2mm . 0 
1 0(3) 4(e) 4mm 

0(4) 8(g) 2mm . 0 

0(5) 4(d) 4m2 0 

0 
0.05459 
0.11362 
0.16751 
0.21500 
0 
0.04959 
0.10445 
0.17293 
1 _ 
4 

aNd = Nd0.83Bao.17. 
b Ba = Bao.92Nd0.08. 
c Ce = Ce0.sNdo. 5. 

Compound a (A) c (A) T c (K) Ref. 

Ti2Nd2Ba2CeCu2013 3.89978 36.9624 n.s. 1 
Ti2Gd2Ba2CeCu2013 3.881 36.972 n.s. 2 

References: 1, Den et al. (1995); 2, Li (1995). 

(Pb,Cu)-3222 compounds were first reported for the composition 
Pb2Sr2CeRCu3010+6 ((Pb2Cu)Sr2(Ceo.sR0.5)2Cu2010+6, R = La, Pr, Nd and 
Sm) (Rouillon et al., 1990a). The crystal structure was refined on the Nd- 
containing compound in space group F m m m .  Pb2Sr2Ceo.67R1.33Cu3010+, 5 
compounds with R - - L a ,  Pr, Nd, Sm-Tm were reported by Kharlanov et al. 
(1990), who claimed superconductivity for the Eu-containing sample. Splitting of 
the Pb and O sites in the PbO layers was considered in the structural refinement 
carried out on the Sm-containing compound (Pb in 16(n) 0.547 0 0.0487 and O 
in 16(m) 0 0.15 0.052). Further splitting of the O site was proposed by Rouillon 
et al. (1993). 

Superconductivity up to 12 K was observed for a bromine-intercalated 
(Bi,Br)-3222 compound, (Bi2Bro.12)Sr2Ceo.36Gdl.64Cu2010+6 (Koike et al., 
1994). 

Like the Ti-based 3212 compounds, the 3222 compounds with Ti and rare- 
earth elements in the addi t ional  layers are nonsuperconducting. 
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(Tio.50Gdo.29Cao.21 )4Ba2( Gdo.85Cao. 15)1Cu2 O12 

A4B2CD2012 , ti42, (139) I4/mmm-gZe6b 

-OD2-. C-O2 D-BO-O2A-A O-OA-A O2-OB - 

TizGdzBazCaCu2012, n.s., PX, R B = 0.0885 (Fukuoka 
et al., 1994) 
(139) I4 /mmm,  a = 3.89385, c = 35.4859 A, Z = 2 
Fig. 34 

Atom a WP PS x y z Occ. 

Gd(1)b 4(e) 4mm 0 0 0.2861 
1 1 0.3350 Ti 4(e) 4mm ~ 

Ba 4(e) 4mm 0 0 0.3970 
1 1 0.4526 Cu 4(e) 4mm ~ 

1 Gd(2) c 2(b) 4/mmm 0 0 
1 1 0.277 O(1) 4(e) 4mm ~ 

1 0.330 0(2) 8(g) 2mm . 0 
1 1 0.386 0(3) 4(e) 4mm ~ 

1 0.459 0(4) 8(g) 2mm . 0 

a O site reported with full occupation in Table 1, but not drawn in Fig. 1 and stated to be absent in the 
text (2(a) �89 �89 1), ignored here. 

b Gd(1) = Gd0.575 Ca0.425 . 
c Gd(2) = Gd0.85Ca0.15. 

Compound a (A) c (A) T c (K) Ref. 

Ti2Sm2Ba2CaCu2012 3.8980 35.622 n.s. 1 
Ti2Gd2Ba2CaCu2012 3.89385 35.4859 n.s. 2 
Mn2Eu3Ba2Cu2012 3.8826 35.266 n.s. 3 

References: 1, Zhu et al. (1995c); 2, Fukuoka et al. (1994); 3, Hervieu et al. (1995a). 
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4222 ( T i o . 5 0 C a o . 2 5 N d o . 2 0 B a o . 0 5 ) 4 ( B a o . 9  ] N d o . 0 9 ) 2 ( C e o . 5 0 N d o . 5 0 ) 2 C u 2 0 1 4  

A 4 B 2 C 2 D 2 0 1 4 ,  tP24, (129) P 4 / n m m - f 2 c 7 b  

-DO 2-. C-02--C.-O 2D-BO-O2A-AO-OA-AO2-OB- 
TizNdzCaBazCeCu2014, n.s., PN, RT, R B = 0.0966 
(Den e t  al . ,  1995) 
(129) P 4 / n m m  (origin at 2 / m ) ,  a = 3.89722, 
c - 2 0 . 6 0 4 1 A ,  Z = l  Fig. 35 

Atom WP PS x Occ. 

1 1 Ca a 2(c) 4 m m  -~ -4 
Ti 3 3 ~.~c : 4 m m  -4 -4 

1 1 Bab 2(c) 4 m m  -4 -4 

Cu ot ' '~  3 3 :.a,c : 4 m m -4 -4 
1 1 Ce c 2(c) 4 m m  -4 -4 
3 3 O(1) 2(c) 4 m m  -4 -4 
1 3 0(2) 4(f) 2 m m  . -4 -4 
3 3 0(3) 2(c) 4 m m  -~ -4 
1 3 0(4) 4(f) 2 m m  . -4 -4 
1 3 0(5) 2(b) 4m2 -4 

0.06310 
0.1480 
0.25677 
0.35226 
0.43697 
0.04584 
0.14001 
0.23690 
0.36128 
1 
2 

a Ca - Cao.5ooNdo.4o7Bao.o93. 
b Ba -- Bao.9o7Ndo.o93. 
c Ce = Ceo.sNdo. 5. 

( c o n t i n u e d )  
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a (A) c (A) T~ (K) Ref. 

Ti2NdzCaBazCeCu2014 
Ti2 Sm2Ca 1.1BazCeo.9Cu2013.90 
TizGdz.25CaBazCeo.vsCu2014 

3.89722 20.6041 n.s. 1 
3.8884 20.488 n.s. 2 
3.8839 20.463 n.s. 3 

References: 1, Den et aL (1995); 2, Zhu et al. (1995c); 3, Li et al. (1995a). 

5212 (Tio.60 Smo.34Cao.06)5B a2(Cao.70 Smo.3)l Cu2014 

A5B2CD2014 , tP24, (123) P4/mmm-iZh2g4fda 

-DO2-. C-DO2-OB-A O2-OA -A O2-OA-A 02-0B-  
Ti3SmzBazCaCu2014, n.s., PX, R e -- 0.076 (Zhu et aL, 
1995b) 
(123) P4/mmm, a = 3.8885, c = 19.577 A, Z = 1 Fig. 36 

Atom WP PS x Occ. 

Ti(1) l(a) 4/mmm 0 
1 Sm a 2(h) 4mm 

Ti(2) 2(g) 4mm 0 
1 Ba 2(h) 4mm 

Cu 2(g) 4mm 0 
1 Ca b l(d) 4/mmm 

O(1) 2(f) mmm. 0 

0(2) 2(g) 4mm 0 

0(3) 4(i) 2mm . 0 
0(4) 2(g) 4mm 0 

0(5) 4(i) 2mm . 0 

0 
0.0986 
0.2059 
0.3121 
0.4102 
1 
2 
0 
0.091 
0.183 
0.293 
0.419 

a Sm = Smo.852Cao.148. 
b Ca = Cao.704 Smo.296. 
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5222 (Tio.40 Smo.40Gao.20)5 B a2 (Smo.55Ceo.45)2Cu2016 

AsBzCzDzO16 ,  ti54, (139) I 4 / m m m - g 2 e 7 d c a  

- 0  2 D - C . - O  2- .C-DO 2 - O B - A O  2 - O A - A O  2 - O A - A O  2 - O B -  

TizSm3.1GaBazCeo.9Cu2016, n.s., PX, R B = 0.082 (Zhu et al., 1995a) 
(139) I 4 / m m m ,  a = 3.8864, c = 44.761 A, Z = 2 Fig. 37 

Atom WP PS x y Occ. 

Ga 2(a) 4 / m m m  0 0 
1 1 Sm(1) 4(e) 4mm ~ 

Ti 4(e) 4ram 0 0 

Ba A [ "~ 1 1 -,~ e ~ 4mm ~ 

Cu 4(e) 4mm 0 0 
1 1 Sm(2) a 4(e) 4mm ~ 

1 O(1) 4(c) mmm . 0 

0(2) 4(e) 4mm 0 0 
1 0(3) 8(g) 2mm . 0 

0(4) 4(e) 4mm 0 0 
1 0(5) 8(g) 2mm . 0 
1 0(6) 4(d) ,~m2 0 

0 
0.0457 
0.0883 
0.1383 
0.1805 
0.2217 
0 
0.0405 
0.0857 
0.1290 
0.1810 
1 _ 
4 

a Sm(2) - Smo.55Ceo.45. 



400 Chapter 8: Crystal Structures of High-Tr Superconducting Cuprates 

1. Other Basic Structures 

3223, 3234, 3245: Superconducting oxycarbonates with two (C,Cu)O 
layers were reported by Kawashima et al. (1994b,c). In the proposed structural 
models, the two (C,Cu)O layers are separated by a BaO layer that in the 
present classification is also considered as an additional layer. Superconducting 
transition temperatures of 91, 113, and 110 K were measured for the nominal 
compositions CBa2.sCa2.sCu4Oll.6 (3223), Co.6Ba2Ca4Cus.5013.2 (3234), and 
Co.sBa2Ca4Cus.5013 (3245), respectively. An iodine-intercalated (Bi,I)-3223 
compound, (Bi2I)Sr2Ca2Cu3Oy ( a - 5 . 4 0 ,  c - 2 2 . 0 1 A ,  T c - 100K) was 
reported by Xiang et al. (1991). 

3232, 3242, 3252: A series of nonsuperconducting cuprates with the 
general formula (Pb2Cu)Sra(YI_xCex)mCu206+2m+6, where m = 3 (3232), 4 
(3242) and 5 (3252), was described by Tokiwa et al. (1991). 

0011 (Sro.9Lao.1)lCUl02 

CDO2, tP4, (123) P4/mmm-fda 
-DO2-.C- 
Sro.9Lao.lCuO2, a T c -- 42K,  PN, RT, Rwp = 0.160 

(Jorgensen et al., 1993) 

(123) P4/mmm, a = 3.95068, c = 3.40902A, Z = 1 

Fig. 38 

Atom WP PS Occ. 

Cu l(a) 4/mmm 
Sr b l(d) 4/mmm 
0 2(f) mmm. 

a Prepared at 5 GPa. 
b Sr = Sr0.9Lao.1; full occupation confirmed. 

(continued) 
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Compound a (A) c (A) T c (K) Ref. 

Sro.8Bao.zCuO2 a . . . . . .  90 1 
Sro.63Cao.27CuO2 a 3.902 3.350 110 2 
Sro. 14Cao.86CuO 2 3.8611 3.1995 n.s. 3 
Sro.6375Cao. 2125Ndo. 15CUO2 b 3.9196 3.3505 34 4 
Sro.9Lao.lCuO2 c 3.947 d 3.412 d 43 5 

Sro.85Pro. 15CUO2 e 3.942 3.393 39 6 
Sro.84Ndo. 16CUO2 e 3.944d 3.383 d 40 6 

Sro.92Smo.o8CuO2 r 3.942 d 3.399 d 44 7 

Sro.92Gdo.osCuO2 c 3.941 d 3.393 d 44 7 

CaCuO2 f 3.8556 3.1805 n.s. g 8, 9 

a Prepared at 6 GPa; nominal composition. 
b Prepared at 2 GPa. 

c Prepared at 3 GPa; nominal composition. 
d Value taken from figure. 

e Prepared at 2.5 GPa; nominal composition. 

fPrepared at 1 GPa; cation content Cao.98_o.99CuO 2 from microprobe analysis. 

g Onset of  diamagnetic signal (79 K) not confirmed by resistivity measurements. 

References: 1, Takano et al. (1991); 2, Azuma et al. (1992); 3, Siegrist et al. (1988b); 4, Alonso and 

Lapertot (1995); 5, Er et al. (1991); 6, Smith et al. (1991); 7, Ikeda et al. (1993); 8, Karpinski et al. 

(1994); 9, Karpinski (1997). 

0011 compounds are usually referred to as infinite-layer compounds. The 
first crystal structure was reported for the composition Cao.86Sro.14CuO2, the 
refinement being carried out in space group P4/mmm (Siegrist et al., 1988b). 

Fig. 8.42. 
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Superconductivity was observed for the electron-doped compounds 
Sro.84Ndo.16CuO2 and Sro.8sPro.15CuO2 (Smith et al., 1991). For the structural 
refinement on Sro.9Lao.lCuO2 (compound first prepared by Er et al. (1991), a 
model with oxygen atoms in the separating layer (l(b)0 0 �89 was tested and 
rejected (Jorgensen et al., 1993). The cell parameters of Srl_xLaxCuO2 vs the La 
content are presented in Fig. 8.42. Srl_xCaxCuO2 is not superconducting; 
however, superconductivity was claimed for hole-doped (Sro.7Cao.3)l_xCuO2 
(Azuma et al., 1992; Hiroi et al., 1993a), as well as for its structural analogue 
in the Sr-Ba-Cu-O system (Takano et al., 1991). Superconductivity observed for 
samples of nominal composition (Sro.7Cao.3)l.lCuO2 (prepared at 5.7 GPa) was 
stated to be due to the presence of S r 3 C u 2 0 5 +  6 (0212) and S r 4 C u 3 0 7 +  6 (0223) 
impurities (Shaked et al., 1995). 

0021 (Ndo.92Ceo.08)2CUl O3.92 

C2/)O4, tI14, (139) I4/mmm-edca 
-OO2-.C-O2-C.- 
Ndl.845Ceo.155CuO3.922, T c ---- 20 K, PN, RT, R 8 = 0.0247 
(Izumi et aL, 1989b) 
(139) I4/mmm, a = 3.9469, c = 12.0776 A, a Z = 2 Fig. 39 

Atom WP PS x y z Occ. 

Cu 2(a) 4/mmm 0 0 0 
1 1 0.1475 Nd b 4(e) 4mm ~ 

1 0 O(1) 4(c) mmm. 0 
1 1 0(2) 4(d) 4m2 0 ~ 

0.992 
0.969 

a Additional reflections indicate a small fraction of superstructure (2~/2a, 2~/2a, c). 

bNd = Ndo.9225Ce0.0775. 

(continued) 
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Compound a (A) c (A) T c (K) Ref. 

Pr1.85Ceo. 15CUO4-6 3.9620 12.151 22 a 1, 2 
Prl. 85Tho. 15CUO4- 6 b . . . . . .  23 3 
Ndl.85Ceo. 15CUO4_ 6 3.9450 12.078 24 1, 2 
Ndl.85Tho.15CuO4_6 b . . . . . .  20 4 
Nd2CuO3.6Fo.4 c 3.961 12.13 21 d 5 

Sml.85Ceo.15CuO4_6 3.9191 11.904 18 a 1, 2 

Eul.85Ceo.15CuO4_ 6 3.9077 11.8409 13 a 1, 2 
Gdl.ssCeo.15CuO4_ 6 3.9010 11.832 n.s. 1, 2 
Tml.s3Cao.17CuO3.99 e 3.831 11.642 30 6 

a Value taken from figure. 
b Nominal composition. 

C Nominal composition, oxygen and fluorine content Nd2CuO3.74Fo.28 from chemical analysis. 
d From resistivity measurements (onset), T c = 27 K for Nd2CuO3.7Fo.3 (nominal composition). 
e Prepared at 6 GPa. 

References: 1, Uzumaki et al. (1991); 2, Xue et al. (1990); 3, Markert et al. (1989); 4, Markert and 
Maple (1989); 5, James et al. (1989); 6, Zhu et al. (1994). 

0021 compounds are usually referred to as T' phases. R2CuO 4 compounds 
with R = Pr, Nd, Sm, and Eu crystallize with a Nd2CuO4-type structure 
(I4/mmm) (Mfiller-Buschbaum, 1975). The structure of Gd2CuO4 shows orthor- 
hombic distortions (Acam, a = b = 5.500, c = 11.871 A), caused by the rotation 
of the CuO4 squares (Braden et al., 1994; Galez and Collin, 1990). Different 
superstructures (~/2a, ~/2a, r 2~/2a, ~/2a, c, and 2~/2a, 2~/2a, 2r referring to 

Fig. 8.43. 
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the tetragonal cell) were proposed by Bordet et al. (1992) for compounds with 
R = Y, Tb, Dy, Ho, Er, and Tm, synthesized at high pressure, first reported by 
Okada et aL (1990). Superconductivity could be induced by partly substituting Pr, 
Nd, Sm, or Eu by Ce or Th and annealing under reducing conditions (Tokura et 
aL, 1989b; Markert et aL, 1989). An O site with occupancy 0.06 was refined in 
the separating layers of oxidized Nd2_xCexCuO 4 (Schultz et al., 1996). The cell 
parameters ofNd2_xCexCuO4 vs the Ce content are presented in Fig. 8.43. As can 
be seen from Fig. 8.44, the compound is superconducting within a narrow doping 
range. An 8-fold pseudotetragonal supercell (possibly monoclinic or triclinic), 
corresponding to a partial ordering of the oxygen vacancies and of the two rare- 
earth metals, was reported for Nd2_xCexCuO 4 (Izumi et aL, 1989b). An 8-fold 
orthorhombic superstructure (Cmc21), caused by puckering and in-plane distor- 
tions of the CuO2 layers, was suggested by Billinge and Egami (1993). 

Fig. 8.44. 
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0021/0222 (Cao .90Gdo.  1 o)2CUl  (O0 .50Clo .50 )4 /Ca2Gd2Cu2(O0 .77Clo .23 )8  

B4C2D3012, ti42, (139) I4/mmm-ge6dca 

-02D-BO-OB-DO 2-. C - 0  2 - C . - O  2 D - B O - O B -  

Ca3.goGd2.2oCu308.16C13.84, n.s., PX, R 8 = 0.089 (Pelloquin et al., 
1996b) 
(139) I4/mmm, a = 3.8865, c = 41.827 A, Z = 2 Fig. 40 

Atom a WP PS x y Occ. 

Cu(1) 2(a) 4/mmm 0 0 
1 1 Ca(l) b 4(e) 4mm ~ 

Ca(2) 4(e) 4ram 0 0 
1 1 Cu(2) 4(e) 4mm ~ 

Gd 4(e) 4mm 0 0 
1 O(1) 4(c) mmm. 0 

CI(1) 4(e) 4mm 0 0 
1 1 C1(2) c 4(e) 4mm ~ 

1 0(2) 8(g) 2mm . 0 
1 0(3) 4(d) 4m2 0 

0 
0.0389 
0.1428 
0.1779 
0.2219 
0 
0.0644 
0.1176 
0.181 
1 _ 
4 

a Atom sites listed in the order D, B, B, D, C. 

b Ca(l) -- Cao.9oGdo.lo. 
c C1(2) = Clo.92Oo.o8. 
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1201/2201 

Crystal Structures of High-Tc Superconducting Cuprates 

C 1Sr2Cu  1 O 5 / B  i2 S r 2 C u  1 0  6 

A3B4D2011, tI40, (139) I 4 / m m m - g e  7ca 
-DO2-OB-A O"-OB-DO2-OB-A  O-OA-BO-  
CBizSr4Cu2011, Tc = 30 K, PX, R = 0.13 (Pelloquin et al., 1993a) 
(67) Abram (Cmma), a = 5.466, b = 5.460, c = 39.500 A, a Z = 4 
Fig. 41 
a 1 n t- a2,  - - a  1 + a2,  c;  origin shit~ 1 0 �88 

Atom b WP PS x y z Occ. 

I C 4(g) 2mm 0.25 0 
Sr(1) 8(m) .m.  0.75 0 0.303 
Cu 8(m) .m.  0.25 0 0.345 
Sr(2) 8(m) . m. 0.75 0 0.391 
Bi 8(m) .m.  0.25 0 0.460 

1 1 O(1) 4(e) . . 2 /m 0 ~ -~ 
1 1 1 0(2) 4(/') . . 2 /m ~ ~ 

0(3) 8(m) .m.  0.25 0 0.28 
1 0.35 0(4) 8(j)  . .2 0 

1 1 0.35 0(5) 8(k) . .2 ~ 
0(6) 8(m) .m.  0.25 0 0.40 
0(7) 8(m) .m.  0.75 0 0.46 

0.5 
0.5 

a Average structure; additional reflections indicate incommensurate modulation (q ,~ b*/8.85 to 
b*/9). 
b o site with occupancy 0.5 (8(n) 0.082 0.168 ~) ignored here (presumed to replace sites O(1) and 
0(2) in second refinement). 

(continued) 
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Compound a (A) c (A) a T c (K) Ref. 

HgT12B a4Cu201 o 3.8584 42.2031 50 1 
CBi2Sr4Cu2011 b 30 2 
CBi x .sPbo.5 Sr4Cu2011 3.8409 39.444 c 41 d 3 

a Space group I4/mmm. 
b Space group Abmm, a -  5.466, b -  5.460 and c = 39.500A; additional reflections indicate 
incommensurate modulation (q ~ b*/8.85 to b*/9). 
r Additional reflections indicate superstructure (v/2a, V~a, c). 

aT c given for CBil.6Pbo.4Sr4Cu2Oll. 
References: 1, Martin et aL (1993a); 2, Pelloquin et al. (1993a); 3, Uehara et aL (1993b). 

1212/2212 Cu1Ba2Y1Cu206.94/Cu2Ba2Y1Cu208 

A3B4C204015 , oS56, (65) Ammm-jSi8ba 
-D02- .  C-DO2-OB-A O'-OB-D02-.  C-DO2-OB-A O'-O' A-BO- 
Ba4YzCu7014.94, T c = 91.5K, SX, R w - 0.0282 (Schwer et al., 1993) 
(65) Ammm (Cmmm), a = 3.831, b -- 3.881, c = 50.68 A, Z = 2 Fig. 42 
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Atom WP PS x y z Occ. 

Cu(1) a 2(a) mmm 0 0 0 
1 1 0.04250 Ba(1) 4(j) mm2 : : 

Cu(2) 4(i) mm2 0 0 0.08198 
1 1 0.11528 Y 4(j) ram2 : : 

Cu(3) 4(i) mm2 0 0 0.14858 
1 1 0.18794 Ba(2) 4(j) mm2 : : 

Cu(4) 4(i) mm2 0 0 0.23009 
1 0 0(1) 2(b) mmm 0 : 

O(2) a 4(i) mm2 0 0 0.0366 
1 0 0 . 0 8 7 2  0(3) 4(j) mm2 : 

1 0.0874 0(4) 4(i) mm2 0 : 
1 0 0 . 1 4 3 6  0(5) 4(j) mm2 : 

1 0.1435 0(6) 4(i) mm2 0 : 

0(7) 4(i) mm2 0 0 0.1940 
1 0.2328 0(8) 4(i) mm2 0 : 

0.94 

a Full occupation confLrmed. 

Compound a (A) b (A) c (A) T c (K) Ref. 

Ba4Nd2Cu7014.85 3.89385 3.90132 50.75013 40 1 
Ba4DyECU7014.3 3.85649 3.87713 50.666 69 1 
B a 4 H o E C U 7 0 1 4 . 3 6  3.84999 3.87100 50.77142 71 1 
Ba4Er2Cu7014.96 3.83501 3.87292 50.53369 79 1 
Ba4Y2Cu7014.94 3.831 3.881 50.68 91.5 2 

References: 1, Currie et al. (1994); 2, Schwer et al. (1993). 

Ba4Y2Cu7015_ 6 was  first considered as planar defects in B a 2 Y C u 3 0 7 _  6. A 
structural model based on the replacement of every second AO' (CuO) layer in the 
structure of Cu-1212 by two AO' layers was proposed by Zandbergen et al. 
(1988b). Single crystals were obtained during studies on the crystallization of Cu- 
1212 at high oxygen pressure (Karpinski et al., 1988a) and a structural refinement 
was reported by Bordet et al. (1988c). The proposed structure (Ammm) is an 
intergrowth of orthorhombic Cu-1212 and Cu-2212, with a variable oxygen 
content in the additional layer of the stacking unit of the former type. When 6 
differs significantly from zero, the oxygen atoms in this layer are distributed over 
two sites (2(b)0 1 0 and 2(d)�89 0 0), as in tetragonal Cu-1212. The super- 
conducting transition temperature and the orthorhombicity were found to increase 
with increasing oxygen content (T c = 92 K for 6 = 0) (Tallon et al., 1990) (Figs. 
8.45 and 8.46). A critical temperature as high as 95K was reported for 
Ba4YECU7Oy by Genoud et al. (1991) and associated with an oxygen content 
y = 15.15-15.32. According to Schwer et al. (1993), the oxygen content cannot 
be raised above y = 15 and the high values of T c observed for some samples 
should rather be correlated to a partial substitution of copper by carbon or 
vacancies on the cation site in the additional layer of the Cu-1212 stacking unit. 
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Fig. 8.45. 
50.95 

50.82 

50.69 

50.56 

E 

3.88 ! 

3.87 - 

3.86 - 

3.85 

3.84 - 

3.83 - 

3.82 
14.0 

I ' I ' I ' I ' I ' ' f  ' 

o ~ ' ~ : ~ ,  o_ c 

" ' ~  U ' 0 

b 
o 

i .... i 
14.2 14.4 14.6 14.8 15.0 15.2 15.4 

y in Ba4Y2Cu7% 

Cell parameters vs oxygen content for Ba4Y2Cu7Oy (Genoud et al., 1992). 

Fig. 8.46. 
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2 2 0 1 / 2 2 1 2  

Crystal Structures of High-To Superconducting Cuprates 

Bi2Sr2CulO6/Bi2Sr2CalCU208 

A 4 B 4 C D 3 0 1 4  , tP26, (123) P4/mmm-ihSg4fba 

-DO 2-OB-A  O - O A - B O - O  2 D - C . - O  2D-BO-OA-AO-OB- 
Bi4Sr4CaCu3014 , T c -- 84 K, SX, R w : 0.072 (Shepelev et al., 

1993) 
(51) Pbmm (Pmma), a = 5.411, b -  5.417, c = 27.75 A, a Z -- 2 
Fig. 43 

31 + 32, - a l  + 32, c; origin shift �88 �88 0 

Atom a WP PS x y z Occ. 

1 0 Cu(1) 2(e) 2mm 0.259 
3 0.0612 Sr(1) 4(k) . m. 0.231 

Bi(1) 8(/) 1 0.222 0.196 0.1626 
Bi(2) 8(/) 1 0.247 0.703 0.2796 

1 0.3745 Sr(2) 4(k) .m.  0.236 
3 0.4375 Cu(2) 4(k) .m.  0.255 
1 1 Ca 2(f) 2mm 0.268 ~ 

O(1) 2(a) . . 2 / m  0 0 0 
1 0 0 0(2) 2(c) . . 2 / m  -~ 

1 0.087 0(3) 4(k) .m.  0.240 
0(4) 8(/) 1 0.051 -0.055 0.200 
0(5) 8(/) 1 0.401 0.000 0.243 

3 0.347 0(6) 4(k) .m.  0.194 
0(7) 4(g) . .2 0 0 0.438 

1 0 0.445 0(8) 4(h) . .2 

0.5 
0.5 

0.5 
0.5 

a Average structure; additional reflections indicate incommensurate modulation (q ~ b*/4.7). 
b Atom sites listed in the order D, B, A, A, B, D, C. 
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2. Other Intergrowth Structures 

1201/1212: The structure of nonsuperconducting B2Sr3Nd2Cu3012 was 
refined in space group P 4 / n n c  (a = 7.7671, c = 35.8294A) (Amamoto et al., 
1994). It is an intergrowth of B-1201 and B-1212 stacking units. 

1212/1222: The structure of nonsuperconducting Gal.78Sr3.16Nd3.84_ 
CU4.22016 was reported to be an intergrowth of Ga-1212 and Ga-1222 stacking 
units (a = 5.458, b = 5.535, c = 51.300A) (Ono et al., 1995). 

1201/1201/2201: The structure of superconducting C2Bi2Sr6Cu3016 
(T c = 4 0 K )  was refined in space group F m m m  ( a =  5.469, b =  5.483, 
c = 54.26A) (Pelloquin et al., 1993c). It is an intergrowth of two C-1201 

(CSr2CuOs) and one Bi-2201 (Bi2Sr2CuO6) stacking units. A critical temperature 
of 54 K was observed for the Pb-containing compound C2(Bi1_xPbx)2Sr6Cu3016 
(a = 3.88, c = 54.516 A) (Uehara et al., 1993b). 

ladder Sr2Cu305 

Sr2Cu305, oS20, n.s., PN, R e = 0.0263 (Kazakov et al., 1997) 
(65) Cmmm, a = 3.9375, b -- 19.4342, c -- 3.4654 A, Z = 2 
Fig. 44 
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Atom WP 

Crystal Structures of High-T~ Superconducting Cuprates 

PS x y z Occ. 

Cu(1) 2(a) 
Sr 4(/) 
Cu(2) 4(i) 
0(1) 2(b) 
0(2) 4(i) 
0(3) 4(i) 

mmm 0 0 0 
1 0.1005 1 m2m ~ 

m2m 0 0.1987 0 
1 0 0 mmm 

m2m 0 0.1011 0 
1 0.2031 0 m2m 

ladder ( C a o . 5 7 L a o . 4 3 )  1 4 C u 2 4 0 4 1  

Ca8La6Cu24041, oS316, n.s., SX, R w = 0.044 (Siegrist et al., 1988a) 
(66) Cccm, a = 11.305, b = 12.610, c = 27.608A, Z = 4 Fig. 45a,b 

Atom WP PS x y z Occ. 

Ca(l) a 8(/) . .m 0.2482 
Ca(2) a 16(m) 1 0.2514 
Ca(3) a 16(m) 1 0.2489 
Ca(4) ~ 16(m) 1 0.2504 
Cu(1) 16(m) 1 0.0833 
Cu(2) 16(m) 1 0.0831 
Cu(3) 16(m) 1 0.0829 
Cu(4) 8(/) . .m 0.0835 
Cu(5) 4(c) . . 2 / m  0 

Cu(6) 8(/) . .2 0 
Cu(7) 8(i) . .2 0 
Cu(8) 8(j) . .2 0 
Cu(9) 8(j) . .2 0 
Cu(10) 4(b) 222 0 

O(1) 8(/) . .m 0.0864 
0(2) 16(m) 1 0.0839 
0(3) 16(m) 1 0.0834 
0(4) 16(m) 1 0.0851 

1 0(5) 8(k) . .2 
1 0(6) 8(k) . .2 
1 0(7) 8(k) . .2 
1 O(8) 4(f) . . 2 / m  

0(9) 16(m) 1 0.1181 
0(1 O) 8(g) 2 . .  O. 1184 
0(11) 16(m) 1 0.1211 
0(12) 16(m) 1 0.1196 
0(13) 16(m) 1 0.1203 
O(14) 8(/) . .m 0.1208 

0.1168 
0.1166 
0.1166 
0.1166 
0.2492 
0.2549 
0.2452 
0.2544 
0 
0 
0 
1 
2 
1 _ 
2 
1 _ 
2 

0.2662 
0.2404 
0.2458 
0.2425 
1 
4 
1 
4 
1 
4 
1 
4 
0.0176 
0 
0.0298 
0.4957 
0.4790 
0.4721 

0 
0.14256 
0.28566 
0.42879 
0.07139 
0.21447 
0.35747 
1 
2 
0 
0.1010 
0.1987 
0.0476 
0.1490 
1 
4 

0 
0.1433 
0.2866 
0.4288 
0.0706 
0.2147 
0.3578 
1 
2 
0.0535 
1 
4 
0.3516 
0.1037 
0.1965 
1 
2 

a Ca = C a o . 5 7 1 4 L a o . 4 2 8 6 .  
( c o n t i n u e d )  
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Compound a (A) b (A) c (A) T c (K) Ref. 

Ca13.6Sro.4Cu24041.84 a 11.14 12.44 27.02 
Ca8La6Cu24041 11.305 12.610 27.608 

9 b 

n.s. 

a Prepared at 0.2 GPa. 
b Tc measured at 3.5 GPa. 
References: 1, Uehara et al. (1996); 2, Siegrist et al. (1988a). 

Conclusions 

The present review provides up-to-date information on the crystal structures of  
high-T c superconducting cuprates. The classification is based on widely accepted 
concepts with some personal notes, including the derivation of  stacking rules and 

space groups of  ideal structures, and the generation of  a high-T c superconductor 
family tree. 

The compilation contains crystallographic data for more than 400 high-T c 
superconductors and related compounds, reported up to 1997, referring to more 
than 550 scientific publications. Some 1500 articles dealing with crystal struc- 
tures were studied, which, however, represent only a small part of  the abundant 
literature in the field of  high-T c superconductivity. Hence we cannot be assured 
that no information was overlooked, in particular concerning thin films and 
compounds prepared at high pressure. Review articles and monographs were 
consulted, but all data reported here were taken from the original publications. 
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434 Chapter 9: Characteristic Parameters 

A 
Introduction 

The main purpose of the present chapter is to present tabulations of data for the 
important parameters of superconductors, such as coherence length ~, penetration 
depth 2, energy gap Eg = 2A, critical fields B c, Bcl and Bc2 , critical current 
density Jc, and electron-phonon coupling constant 2. Characteristic temperatures 
T c are tabulated in Chap. 5 Tables 5-1 to 5-40. These various quantities are related 
to each other through simple phonon BCS and high kappa (K = 2/~) expressions. 
These will be reviewed in the next section, and then we will proceed to provide 
various tabulations in succeeding sections. The materials will tend to appear in 
the tables in the order: elements, binary compounds and alloys, Laves phases 
(AB2), Chevrel compounds, A15 compounds (A3B), miscellaneous materials, 
heavy electrons (heavy fermions), perovskites, borocarbides, organics, (buckmin- 
ster)fullerenes, then lanthanum, yttrium-type, bismuth, thallium, and mercury- 
type cuprates. When more than one reference is given for table entries the values 
may be composites or averages. Values from Poole et al. (1988, 1995) are 
generally averages. 

Relationships between Parameters 

In Section D of Chapter 4 we summarized the pedictions of the simple, isotropic, 
phonon mediated BCS theory that are good approximations for many Type II 
superconducting materials, and in Sections C and D of Chapter 12 we review the 
high-K expressions for vortices that relate the various critical fields to the 
characteristic lengths r and 2. In our earlier work [Poole et al. 1995, Chap. 10, 
Sect. 18] we defined an "ideal Type II superconductor" as a material, all of whose 
parameters satisfy these simple relationships. Therefore if any two of the 
characteristic parameters of a Type II superconductor are specified, then the 
remainder can be estimated. We will assume that the transition temperature T c and 
the Ginzburg-Landau parameter K are known and show how to calculate the 
remaining properties for an isotropic superconductor, where MKS units are, of 
course, used throughout this section. 

The energy gap is given by the BCS relation 

Eg = 3.528kB Tc . (1) 

The upper critical field Be2 can be equated to the Pauli limiting field (para- 
magnetic limit or Clogston-Chandrasekhar limit) given by 

Be2 -- Bpaul i - Eg/2~/2~B, (2) 
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and applying Eq. (1) we obtain 

Bc2 = 1.83 T c. (3) 

The high-to vortex expression from Eq. (12-9), 

O0 
B c 2  - -  2 7 r ~ 2 ,  (4) 

where 00 = h /2e  is the quantum of flux, provides the coherence length 

- -  ( O o / 2 r c B c 2 )  1/2, (5) 

and from the definition ~c = 2/~ of the Ginzburg-Landau parameter ~c, we obtain 
the penetration depth 2: 

2 = tc~. (6) 

Equations (12-8) and (12-10), respectively, which are 

O 0 ln~c 
B e 1 -  47r22 (7) 

(I) 0 
Bc 2x/2~z2~ ' (8) 

provide the thermodynamic and lower critical fields 

Br -- Bc2/~/2~c (9) 

Bcl - B c In K/~/2~c. (1 O) 

The critical current density Jc at 0 K is close to the depairing current density, 
estimated from Eq. (12-13), 

d~ = o~Bo/#os (11) 

where ~ ,~ 1. A better approximation to the upper limit of Jc is given by the 
Ginzburg-Landau expression 

Jcmax 
2(1 - t)l 3/2 

I 3 
10B c 

4~z2/.t 0 
(12) 

where t = T / T  c. The "ideal" relationships of Eqs. (1)-(10) are fairly good first 
approximations to the experimentally determined values of many typical Type II 
superconductors. In contrast to this most measured supercurrent densities are far 
less than the theoretical limiting values (11) and (12). 
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Table 9.1. 

Coherence lengths ~ and penetration depths 2 for various isotropic superconductors. Values for the critical temperature T c and the dimensionless Ginzburg-Landau 
parameter x = ),/~ are given, when known. References are identified by first author and year. 

Material T e r 2 x Comments Reference 

(K) (nm) (nm) (2/~) 

Zn 0.535 29 Ultrasonic Almond (1975) 
Cd 0.56 760 110 0.14 Meservey (1969) 
Cd 0.875 42 Ultrasonic Almond (1975) 
AI* 46-51 10% anisotropy Doezema (1986) 
AI* 1.18 1550 45 0.03 Donnelly (1989), Poole (1995) 
In* 3.41 360 40 0.11 Poole (1995) 
Sn* 3.72 180 42 0.23 Poole (1995) 
Pb* 96 30.5 0.32 Gasparovic (1970) 
Pb* 7.20 87 39 0.48 Donnelly (1989), Poole (1995) 
Nb* 9.25 39 52 1.3 Donnelly (1989), Poole (1995) 
PbIn 7 30 150 5 Donnelly (1989) 
PbBi 8.3 20 200 10 Donnelly (1989) 
NbTi 9.6 3.8 130 27 Polycrystal Hampshire (1998) 

200-400 Filament diameter 50-500nm; see Jc table Cave (1989) 
9.5 4 300 75 Donnelly (1989) 

NbN 16 5 200 40 Donnelly (1989) 
Nb0.TaGe0.26 3.4 6.5 802 76 Amorphous film Berghuis (1993) 
Nb0.65Ge0.35 2.9 7.2 913 77 Amorphous film Berghuis (1993) 
PbMo6S 8 Chevrel 14 2.2 215 98 Polycrystal Hampshire (1998) 
SnMo6S 8 Chevrel 14 3.3 240 73 Polycrystal Hampshire (1998) 
V3Ga A15 15.3 2-3 90 ~36 Donnelly (1989) 
V 3 Si A 15 16.3 3 60 20 Donnelly (1989) 

17 145 Gross-Alltag (1991) 
Nb3Sn A15 16 2.8 93 33 Polycrystal Hampshire (1998) 



Nb3Sn A15 18.0 3 65 22 
Nb 3 Ge A 15 23.2 3 90 30 
Mo4Si 7.2 4.7 500 65 
UBel3 0.88 7 400 60 

0.86 1050 
UPt 3 0.5 1900 

< 1 11.1 600 54 

YNi2B2C 15 8.1 103 12.7 
BaxC6o 6.8 11.6 
K3C6o 17.8 4.4 

19.4 2.8 240 92 
K2CsC6o 24 3.4 

23 4.0 200 50 
Rb3C6o 30.7 2.6 

28.5 2.2 157 76 
30.7 3.2 186 58 
29.6 2.0 247 124 

RbzCsC6o 32.5 2.5 
(Lao.925 Sro.075)2CuO 4 37 2.0 200 100 
YBa2Cu307_ 6 2.1 

91 1.65 156 95 
Bi2 Sr2CaCu20 x 89 1.8 250 139 
BaPbo.75Bio.2503 7 
HgBa 2Ca 2Cu 30 x 129 2.3 100 

Thin film 
Heavy electron compound 
Heavy electron, c-magnetization 
Heavy electron, c-magnetization 
Heavy electron material 
2 ~ ( T  c - T f n e a r T  c w i t h f l ~  1 
Mass enhancement m*/m o = 9.4; see B e table 
see B c table 
~GL given, 40 = 15 

4GL given, 4o = 5.0 

4(0) -- 2.1, 4o -- 2.5 nm 
Polycrystal 
Polycrystal 

2 and the pairing state 

Donnelly (1989) 
Orlando (1991) 
W6rdenweber (1989) 
Alekseevskii (1986), Signore (1995) 
Gross-Alltag (1991) 
Gross-Alltag (1991) 
Kleiman (1992) 
Koziol (1991 ) 
Cywinski (1994) 
Baenitz (1995), Lfiders (1997) 
Heinze (1996), Holczer (1991) 
G/irtner (1992) 
Heinze (1996) 
Baenitz (1998) 
Heinze (1996) 
G/irtner (1992) 
Baenitz (1998) 
Spare (1992) 
Heinze (1996) 
Poole (1998) 
Kes (1989) 
Hampshire (1998) 
Hampshire (1988) 
Takagi (1990) 
Gao (1993), Schilling (1994) 
Annett (1990) 

* To obtain perspective on the accuracy of reported 4 and 2 values see Poole et al. (1995), p. 271. 

ta, a -,q 
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C 

Coherence Lengths and Penetration Depths 

In the Ginzburg-Landau theory the coherence length ~ is given by 

- h/(Zm*la]) 1/2, (13) 

where m * -  2m e is twice the electron mass, and a is the coefficient of the 
quadratic term ar162 in the GL free energy Gs(~b ) of the superconducting state 
with the temperature dependence 

a(T) ~ ao[ t -  1] (14) 

in the neighborhood of T below Tc, where t -  T / T  c is the reduced temperature 
and a(T) is negative below T c. The BCS theory provides the approximation 

~0 ~ hvF/~A(O) (15) 

for the coherence length ~0 at absolute zero temperature in terms of the Fermi 
velocity vv, where Eg -- 2A is the energy gap. In the Pippard approximation the 
coherence length of a superconducting metal depends on the electron mean free 
path I through the expression 

1 / ~ -  1/~ 0 + 1/l. (16) 

Since the mean free path of an ordinary conductor such as copper becomes very 
long when the impurity level is low, the limit l >> ~0 in Eq. (16) is called the clean 
limit with ~ ~ ~0. In like manner, l < ~0 is called the dirty limit with ~ < ~0, and 
the case ~ << ~0 with ~ ~ l is called the extremely dirty limit. Table 9.1 provides 
coherence lengths for a number of isotropic superconductors. 

The London theory gives for the penetration depth 

~ ' L  - -  (m/~onse2) 1/2, (17) 

an expression which also appears naturally in the GL theory, where n s is the 
density of superconducting charge carriers, that is, Cooper pairs. The penetration 
depth has the value 2 ( 0 ) -  2 o at absolute zero and becomes very large in the 
neighborhood of T c, with the following temperature dependence predicted by the 
two-fluid model: 

2(T) - 20(1 - t4) -1 /2 .  (18) 

Figure 9.1 compares this temperature dependence (dashed line) with three 
limiting cases of the BCS theory, namely the pure sample in the local limit 
2L(T), the pure sample in the extreme anomalous limit 2~(T), and the dirty local 
limit 2efr(T ). The book by Tinkham (1996, p. 103) should be consulted for the 
definitions of these limits. Tables 9.1 and 9.2 list some alternative temperature 
dependences. 



Table 9.2. 

Coherence lengths ~ and penetration depths 2 perpendicular to (~ob, ~'ab), and parallel to (~c, 2r the c-axis for various anisotropic superconductors. Values for the 
critical temperature T C and the anisotropy ratio F = (mc/mab) 1/2 --- ~ab/~c --- )~c/)Cab are given, when known. References are identified by first author and year. 

. . . . . . . . . . . . . . . . . . . . . . .  

Mate r ia l  Tc ~ab ~c ~ab ~c I"a C o m m e n t s  Refe rence  

(K) (nm) (nm) (nm) (nm) (~ab/~c, 2c/2ab) (t = T/Tc) 

4~ 
t.,a 

Nbge 2 7.7 2.3 69 

K0.33 (H20)o.66TaS2 

Nb3S  4 

CsKHg 
CsRbHg 
UPt 3 
YNi2B2C 
(BEDT-TTF)2Cu(NCS)2 
K-(ET)zCu[NCS]2 

K-(ET)2Cu[N(CN)]2B1 

(TMSF)2C104 
La2_xCal+xCu206_x 
(Lal_xSrx)zCu04 

(Lao.9 Sro.l)2CuO4 
(Lao.91Sro.09)2CuO4 
(La0.925 81"0.075)2 CuO4 
(Nd0.925 Ce0.075)2 CuO4 
(Ndo.9Ceo. 1 )2 CuO4 
YBa2Cu3 O6.9 
YBa2Cu307_6 

1.88 
1.41 
0.46 

15 

9 
I0 
11.4 
11.6 

1.1 

30 

21.5 

83 
66 

230 3.2 
496 124 

30 0.9 3,400 71,000 Intercalated compound 
2.9 0.57 Bibersacher (1980) 

200 10 20 Effect of pressure 
200 10 20 

6.0 5.5 

3.7 
54-60 

3.3 
3.2 
3.2 
4.6 
3.3 
3.2 

0.4 
6 
1.2 
0.055 
0.3 
3.0 

0.27 

782 707 

980 

650 

290 450 
283 

80 

142 
260 

2 x 105 ~250  

100 

> 700 

> 200 

9.3 

2.8 
58 
11 

1.5 

12 
1.3 

~2 .5  
> 5  

Heavy electron compound 
Thin film c-axis oriented 
Josephson 2 

~a = 60, ~b --- 54 n m  

Monocrystal 
Values are for x -- 0.08. 
Values are for x = 0.3 
Magnetic measurements 

Monocrystal thin films 

~,(t) = 2(0)[1 -- t4] -1/2 

Salamon (1989) 
Finley (1980) 
Gygax (1982) 

Iye (1982) 
lye (1982) 
Broholm (1990) 
Arisawa (1995) 
Mansky (1994) 
Harshman (1990) 
Farrell (1990) 
Lang (1992) 
Kwok (1990) 
Murata (1982) 
Watanabe (1991) 
Suzuki (1991) 
Suzuki (1991) 
Cobb (1994) 
Wu (1993) 
Suzuki (1989) 
Suzuki (1989) 
O and Markert (1993) 
Harshman (1989) 
Lee (1991) 

(continued) 
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Table 9.2. ( c o n t i n u e d )  

Material Tc ~ab ~c "~ab 
(K) (rim) (rim) (rim) 

~'c I-'a 
(nnl) (~ab/~c, ~c/'~ab) 

Comments 

(t = 7"lTc) 
Reference 

YBa2Cu3 O7_~ 

YBa2Cu408 
EuBa2Cu3 O7_ 6 

90 
89 
92.4 
92 
90 

95 

1.6 
2.8 
1.5 

2.5 
3.4 
4.3 
1.2 
1.3 

2.65 
12.9 

2.7 

0.3 
0.08 
0.3 

140 610 

0.8 3.3 
0.7 36 125 5 
0.7 27 180 6.4 
0.3 89 550 ~ 5 
0.2 130 450 ~ 5 

140 1040 
0.09 
4.0 800 

130 
140 

139 
198 

0.6 

29 
2600 3 

650' 
610 

700 
990 

5 
4.4 

5 
5 
4.5 

Oriented powder 
Demagnetization 
Film, pulsed fields 
Fluctuation conductivity and 
magnetoresistance 

Co and Zn doping studied also 
Magnetoresistance 

Scheidt (1989) 
Welp (1989) 
Staghun (1989) 
Pagnon (1991) 

Chaudhari (1987) 
Worthington (1987) 
Gallagher (1988) 
Salamon (1989) 
Krusin-Elbaum (1989) 
Porch (1993) 
Gob (1994) 

Microwave measurements at 86.5 K; Jiang (1993, 1994) 
2ab(O ) -'- 180nm 
2(0 = 2(0)[1 - t4] -1/2 Pumpin (1990a,b) 
BCS temperature-dependent, oriented Scheidt (1989) 
grains; see B e table 
Polycrystals Schilling (1990) 
Polycrystals Schilling (1990) 

Hikita (1987) 



EuBa2Cu307_ 6 94 3.5 
TmBa2Cu3 O7_ 6 86 7.4 

Y0.8Pro.2 Cu3 O7+,~ 73 
Pb 2Sr 2(YCa)Cu 308+ ~ 75 
Bi2 Sr2CaCu20 8 109 

Bi2 Sr2CaCu208 80 

2.4 

1.42 

0.38 
0.9 

0.78 

Bi2Sr2Ca2Cu3Olo 109 2.9 0.09 
111 1.0 0.02 

2.9 0.57 

Bi3. 9 Sr3. 3 Cal .  3 (Cu0.961 Fe0.039)30x 
(Bi,Pb)2 Sr 2 CaCu 2 08 91 2.0 
(Bi,Pb)2 Sr2 Ca2 Cu30lo_ ~ 103 2.04 0.037 
T12 Ba 2 CaCu 2 O8_ ~ 100 
TlzBazCazCu3Olo 123 
TlzBazCa2Cu3Olo 100 
T12BazCaCu2 Olo 103 
TlzBazCazCu3Olo 100 
T1BaCaCuO 2.8 0.08 
HgBazCuO4+~ 93 2.1 
HgBa2 Ca2 Cu3 O8+~ 133 1.3 

1.5 0.19 

258 
500 

643 

200 

178 

182 
173 480 

182 1960 
175 2350 

117 
130 3500 

9.2 
8.2 

3.1 
2.5 

31 
50 

10 3 

55 

2.8 
>~ 300 

10.7 
13.4 
33 

27 
~> 64 

Tajima (1988) 
Noel (1987) 

2a:2b:2 c -- 1 : 1.7:4.4; see B c table Moshchalkov (1990) 
Jia (1992) 

Temperature dependence Reedyk (1991) 
Maeda (1992 ) 

Thin film; Nernst, Seebeck and Hall Ri (1994) 
measurements 
2(T) -- 2(0)[1 - t4] -1/2, muon spin 

rotation 

F = 2c/2,b 

Magnetization measurement 

2(T) = 2(0)[1 + aT + bT 2 + cT 3] 

Oriented film; see B c table 

Grebinnik (1990) 

Matsubara (1992 ) 
Li (1992) 
Babic (1995) 
vom Hedt (1995) 
Zhang (1992) 
Lee (1991) 
Ning (1992) 
Thompson (1990 ) 
Thompson (1993) 
Ning (1992) 
Ning (1992) 
Staguhn (1989) 
Thompson (1993) 
Schilling (1994) 
Schilling (1994) 

a Values of F = ~ a b / ~ c  - -  2c/)~ab are listed as approximate when the ratios ~ab/~r and )~c/)~ab do not agree. 

4~ 
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Fig. 9.1. 

~2(o) 
~.2(0 

1.0 

0.8 

0.6 

0.4 

0.2 

_ t 4 

0 0.2 0.4 0.6 0.8 1.0 

7" 
I ~ - - -  r~ 

Comparison of the predicted temperature dependence of 1/22 for the two-fluid model ( . . . .  ) 
and three limiting cases of the BCS theory ( ~ ) ,  as explained in the text. (From Tinkham, 
1996, p. 104.) 

Until now we have not taken anisotropy into account. The tetragonal cuprates are 
axially symmetric, and the orthorhombic ones are very close to axial, with 
coherence lengths that are related to their respective penetration depths through 
the expression 

~ c ~ ~ a b ~ i~ a b ~ 2c, (19) 

with the anisotropy factor F given by 

r - (mc /mab)  1/2 --  ~ab/~c --  ~c/~ab, (20) 

where mab and m C are effective masses. The validity of this expression (19) for many 
anisotropic materials is clear from the experimental values listed in Table 9.2. 
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D 
Superconducting Gap Parameters 

John E Zasadzinski and Roberta K. Zasadzinski 

Below the transition temperature of a superconductor, an energy gap A -  �89 
develops in the electronic density of states that is exhibited in a number of 
experimental probes, including specific heat, optical reflectivity, and ultrasonic 
attenuation. The most direct probe of the gap is from tunneling spectroscopy. 
Specifically, the tunneling conductance, d I / d V  vs. V, in normal metal-insulator- 
superconductor (NIS) junctions is proportional to the electronic density of states 
in the superconductor. Table 9.3 presents energy gaps which have been deter- 
mined by tunneling. One exception is the fullerene Rb3C60 where the energy gap 
was determined by muon spin rotation. The text by E.L. Wolf (1985) provides a 
thorough description of the tunneling experiment and includes a comprehensive 
list of gap values of low-T c superconductors. 

For high-T c cuprates and other oxides, there are lengthy reviews (Hasegawa 
et al., 1992; Ekino and Akimitsu, 1992) and general articles (Zasadzinski et al., 
1996) that cover most of the important phases and describe the problems 
associated with tunneling in these exotic materials. Energy gaps of individual 
compounds can vary considerably among different tunneling experiments and an 
attempt has been made to select the best values. There is considerable evidence 
that the gap in high-T c cuprates is highly anisotropic within the a-b  plane and is 
most likely of dx2_y2 symmetry. Thus, the energy gap is decribed by 

A(k) - 1/2Ao(cos kxa - cos kya), (21) 

where k x, ky are the components of the wave vector within the plane. This 
symmetry has nodal regions where the gap is zero. The parameters listed for high- 
T c cuprates are the maximum values A 0 of the gap. For electron-doped cuprates 
such as (Ndl_xCex)zCuO 4 which have relatively low Tc, the experimental 
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Material 

Table 9.3. 

Energy gaps A o = Eg/2 for various superconductors. 

Tc (K) A(meV) Source 

s,p elements 
A1 1.18 0.179 
Cd 0.42 0.072 
Zn 0.85 0.13 
Ga 1.08 0.169 
Am-Ga 8.56 1.66 
Sn 3.72 0.593 
In 3.41 0.541 
T1 2.38 0.369 
Pb 7.196 1.33 
Am-Pb 7.2 1.442 
Am-Hg 3.90 0.739 
Hg (~ phase) 4.15 0.824 

s,p alloys and unusual phases 
Tlo.9 Bio. 1 2.3 0.355 
Pbo. 4Tlo. 6 4.6 0.805 
Pbo. 6Tlo. 4 5.9 1.08 
Pbo. 8 Tlo. 2 6.8 1.28 
Pbo.9Bio. 1 7.65 1.539 
Pbo.8Bio.2 7.95 1.610 
Pbo.7Bio. 3 8.45 1.769 
Pbo.65Bio.35 8.95 1.843 

d-band elements 
Re 1.70 0.263 
Ta 4.49 0.720 
V 5.40 0.814 
Nb 9.25 1.55 

d-band alloys and compounds 
Nbo. 6Tio. 6 9.8 1.73 
Nbo.8Zro. 2 11.0 1.94 
NbN 14.0 2.56 
VN 8.7 1.5 
V3Si (A15) 17 2.78 
Nb3Sn (A15) 18.3 3.39 
Nb3Sn (A15) 17.5 3.30 
Nb3A1 (A15) 16.4 3.04 
Nb3Ge(A15 ) 23 4.16 

Ternary compounds 
ErRhaB 4 8.5 1.45 
CUl.8Mo6S 8 12.5 2.3 
PbMo6S 8 12 2.4 

Heavy fermions 
UBe13 0.80 0.145 
UPt 3 0.44 0.075 a 
CeCu2Si 2 0.630 0.080 
URu2 Si 2 1 0.170 

riband elements 
Th 1.38 0.206 

Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 

Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 

Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 

Wolf (1985) 
Wolf (1985) 
Kihlstrom et al. (1985) 
Zhao et al. (1984) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 
Wolf (1985) 

Wolf (1985) 
Pobell (1981 ) 
Pobell (1981 ) 

Moreland et al. (1994) 
De Wilde et al. (1994) 
De Wilde et al. (1994) 
De Wilde et al. (1994) 

Wolf (1985) 

( c o n t i n u e d )  
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Table 9.3. (continued) 

Material T c (K) A(meV) Source 

La(~) 4.88 0.8 Wolf (1985) 
La(dhcp) 4.95 0.8 Wolf (1985) 

Organics 
(BEDT-TTF)zCu(NCS)2 11 2.4 Bando et al. (1990) 
/%(BEDT-TTF)2I 3 1.35 0.465 Nowak et al. (1987) 
/%(BEDT-TTF)2IAuI 4.1 0.707 Nowak et al. (1987) 
//-(BEDT-TTF)2AuI 2 3.8 2.6 Hawley et al. (1986) 

Fullerenes 
Rb3C60 29.4 4.6 Kiefl et al. (1993) 

Oxide superconductors, noncuprate 
Li0.9Mo6017 1.5 0.23 Ekino and Akimitsu (1992) 
LiTi204 11 1.8 Ekino and Akimitsu (1992) 
Bal_xPbxBiO 3 11 1.6 Ekino and Akimitsu (1992) 
Bal_xKxBiO3 28 4.5 Huang et al. (1990) 

Copper oxide superconductors 
N d z _ x C e x C u 0 4  b 22 3.7 Huang et al. (1990) 
Pr2_xThxCuO4 b 22 3.6 Zasadzinski et al. (1996) 
Sr l_xNdxCuO2 b'c 35 6.0 Zasadzinski et al. (1996) 
Laz_xSrxCuO 4 36 7 Hasegawa et al. (1992) 
YBa2Cu307 92 20 Hasegawa et al. (1992) 
YBa 2 Cu 3 O7_ x 60 9 Hasegawa et al. (1992) 
BizSr2CuO 6 10 3.5 Hasegawa et al. (1992) 
BizSrzCaCu208 95 38 Miyakawa et al. (1998) 
BizSr2CaCuzOg+x a 86 28 Hasegawa et al. (1992) 
BizSr2CaCuzO8+x d 62 18 Miyakawa et al. (1998) 
Bi2SrzCazCu3010 105 33 Hasegawa et al. (1992) 
TlzBazCuO 6 90 22 Zasadzinski et al. (1996) 
TlzBazCaCu208 114 30 Hasegawa et al. (1992) 
HgBazCuO 4 94 24 Hasegawa et al. (1992) 
HgBazCuO 4 97 33 Wei et al. (1996) 
HgBa2CaCu206 124 50 Wei et al. (1996) 
HgBazCazCu308 135 75 Wei et al. (1996) 

a Not s-wave; may have gap nodes, b Electron-doped. c Infinite-layer compound, a Overdoped. 

evidence is more toward a conventional, s-wave, symmetric gap that is isotropic 
in momentum space. All noncuprate superconductors measured to date appear to 
be s-wave, with the possible exception of the heavy fermion compound UPt3, 
which displays evidence of gap nodes. 

Table 9.3 lists the energy gaps A 0 for various superconductors. 

References for Section D 
H. Bando, S. Kashiwaya, H. Tokumoto, H. Anzai, N. Kinoshita, and K. Kajimura, J. Vac. Sci. TechnoL 

A 8 (1), 479 (1990). 



448 Chapter 9: Characteristic Parameters 

Y. De Wilde, J. Heil, A. G. M. Jansen, P. Wyder, R. Deltour, W. Assmus, A. Menovsky, W. Sun, and L. 
Taillerfer, Phys. Rev. Lett. 72, 2278 (1994). 

T. Ekino and J. Akimitsu, in Studies of High Temperature Superconductors, VoL 9 (Anant Narlikar Ed.) 
Nova Science, 1992. 

T. Hasegawa, H. Ikuta, and K. Kitazawa, in Physical Properties of High Temperature Superconductors 
III, (D. M. Ginsberg Ed.) World Scientific, Singapore, 1992. 

M. E. Hawley, K. E. Gray, B. D. Terris, H. H. Wang, K. D. Carlson and Jack M. Williams, Phys. Rev. 
Lett., 57, 629 (1986). 

Q. Huang, J. E Zasadzinski, N. Tralshawala, K. E. Gray, D. G. Hinks, J. L.Peng and R. L. Greene, 
Nature 347, 369 (1990). 

R. E Kiefl, W. A. MacFarlane, K. H. Chow, S. Dunsiger, T. L. Duty, T. M. S. Johnston, J. W. Scneider, J. 
Sonier, L. Brard, R. M. Strongin, J. E. Fischer, and A. B. Smith III, Phys. Rev. Lett., 70, 3987 (1993). 

K. E. Kihlstrom, R.W. Simon, and S.A. Wolf, in Materials and Mechanisms of Superconductivity (K. A. 
Gschneidner, Jr. and Edward L. Wolf Eds.) North Holland, Amsterdam, 1985. 

N. Miyakawa, P. Guptasarma, J. E Zasadzinski, D. G. Hinks, K. E. Gray, Phys. Rev. Lett., 80, 157 
(1998). 

J. Moreland, A. E Clark, R. J. Soulen, Jr., and J. L. Smith, Physica B 194-196, 1727 (1994). 
A. Nowack, U. Poppe, M. Weger, D. Schweitzer, and H. Schwenk, Z Phys. B- Condensed Matter 68, 41 

(1987). 
E Pobell, in Ternary Superconductors (G. K. Shenoy, B. D. Dunlap and E Y. Fradin, Eds.) North 

Holland, New York, 1981. 
J. Y. T. Wei, C. C. Tsuei, P. J. M. van Bentum, Q. Xiong, C. W. Chu, and M. K. Wu, Phys. Rev. B 57 

3650 (1998). 
E. L. Wolf, Principles of Electron Tunneling Spectroscopy. (Oxford Univ. Press, New York, 1985). 
J. E Zasadzinski, L. Ozyuzer, Z. Yusof, J. Chen, K. E. Gray, R. Mogilevsky, D. G. Hinks, J. L. Cobb, and 

J. T. Market, in Spectroscopic Studies of High T c Cuprates, (I. Bozovic, D. van der Marel Eds.) SPIE, 
Bellingham, 1996. 

B. R. Zhao, B. R. Zhao, L. Chen, H. L. Luo, M. D. Jack, and D. R Mullin, Phys. Rev. B 29, 6198 (1984). 

Critical Magnetic Fields 

There are various ways to determine the lower and upper critical magnetic fields, 
Bcl and Bc2 , respectively, and Table 9.4 lists measured values for many super- 
conductors. Also listed in the table are values of the two negative slopes 

dBcl (22a) 
e'c~ = d r  

Bfc2 --  dBc2 (22b)  
d T '  

evaluated at the transition temperature T -  T c. Measured values of the upper 
critical field slope B~c2 from Eq. (22b) are often in the neighborhood of the Pauli 
coefficient 1.83 of Eq. (3), 

B'c2 ~ - 1 . 8 3  T/K. (23) 



Table 9.4. 

Lower (Bcl , mT), and upper (Bc2 , T) critical magnetic fields for various superconductors. Values for the critical temperature T c and the critical field derivatives at T c, 
namely --B'cl -- dBcl /dT and -BZc2 = dBcz/dT , are also given. Elements that superconduct only at high pressure, after irradiation, or as thin films are not listed. 

References are identified by first author and year. D/P denotes average of values tabulated in Donnelly (1989) and Poole et al. (1995). 

Material T c Bcl Bc2 --B'cl -B'c2 Comments Reference 
(K) (mT) (T) (mT/K) (T/K) 

4~ 
4~ 

Ir 0.11 1.6 
Hf  0.13 1.3 
Ti 0.40 5.6 
Ru 0.49 6.9 
Cd 0.52 2.8 
Zr 0.61 4.7 
Os 0.66 7.0 
Zn 0.85 5.4 
Ga 1.08 5.8 
A1 1.18 10.5 
Th 1.38 16 
W 1.5 0.115 
Re 1.7 20 
T1 2.38 17.8 
In 3.41 22.5 

Sn 3.72 30.5 
fl-Hg 3.9 33.9 
c~-Hg 4.15 41 
Ta 4.47 83 
c~-La 4.88 80 
V 5.40 141 

5.35 140 

Type I superconductor; value is B c 
Type I superconductor; value is B c 
Type I superconductor; value is B c 
Type I superconductor; value is B c 
Type I superconductor; value is B c 
Type I superconductor; value is B c 
Type I superconductor; value is B e 
Type I superconductor; value is B c 
Type I superconductor; value is B e 
Type ! superconductor; value is B c 
Type I superconductor; value is B e 
Type I superconductor; value is B c 
Type I superconductor; value is B c 
Type I superconductor; value is B c 
Type I rf measured; value is B e 

Type I superconductor; value is B c 
Type I superconductor; value is B c 
Type I superconductor; value is B c 
Type ! superconductor; value is B c 
Type ! superconductor; value is B c 
Type I superconductor; value is B c 
Type I superconductor; value is B c 

D/P 
D/P 
D/P 
D/P 
D/P 
D/P 
D/P 
D/P 
D/P 
Delin (1996) 
D/P 
D/P 
D/P 
D/P 
Bruynseraede (1971 ), 
Delin (1996) 
Delin (1996) 
D/P 
D/P 
D/P 
D/P 
D/P 
D~iumer (1982) 

(continued) 



4a, t.a Table 9.4. (continued) 

Material re 
(K) 

Bcl 
(mT) 

Bc2 -B1cl --Blc2 
(T) (mT/K) (T/K) 

Comments Reference 

fl-La 
Tc 
Mo 
Pb 

Nb 

Cr0.7Re0.3 
In, Pb doped 
Nb, Mo doped 
Nb, Jp doped 
Nb, Ta doped 
CTa 
NbN 

NbN 

2.83 
2.11 
4.08 
2.85 
3.59 
3.84 
6.1 
7.9 
8.0 

7.20 

9.25 
9.3 
3.2 
3.7 
7.8 
9.5 
8.8 

~ 1 0  
16 
15 
16.3 
16 
16 
16 
16 

900 
640 

1470 
960 

1370 
980 
110 
141 

75 
80 

158 
198 
248 

30 
49 
60 

173 
22 

~0.4 
2 
0.04 
0.4 
2 
0.445 
0.46 

15 
22-25 

12 
35 
28 
22 
25 

4.5 

10% Cr-doped solid solution 
10% Mn-doped solid solution 
10% Nb-doped solid solution 
10% Mo-doped solid solution 
10% Ta-doped solid solution 
10% W-doped solid solution 
10% W-doped solid solution 
10% W-doped solid solution 

rf measurement 
10% W-doped solid solution 
Wire 10% W-doped solid solution 
10% W-doped solid solution 
Cold-drawn wire 
bcc ~ phase 
Alloy 
Alloy 
Alloy 
Alloy 
NaC1 structure 
NaC1 structure 
Tape; see Jc table 
Thin film; see Jc table 
NbN on carbon fibers 
Film measured at 1.3 K; see Jc table 
Neutron irradiation 
Bap p parallel to film plane 

D~iumer (1982) 
D~iumer (1982) 
D~iumer (1982) 
D~iumer (1982) 
D~iumer (1982) 
Diiumer (1982) 
D/P 
D/P 
Koepke (1976) 
Bruynseraede (1971 ) 
Delin (1996) 
Ghamati (1985) 
Delin (1996) 
Roberts (1976) 
Damaschke (1986) 
Roberts (1976) 
Roberts (1976) 
Roberts (1976) 
Roberts (1976) 
Roberts (1976) 
Donnelly (1989) 
Suzuki (1989) 
Boffa (1996) 
Dietrich (1985) 
Gavaler (1983) 
Gregshammer (1988) 
Suzuki (1992) 



4~ t~ 

NbTi 

PbBi 
PbIn 
Nb/NbZr multilayer 
NbSe 2 
Ti-Nb-Si alloy 
Nb-Hf/Cu-Sn-Ga 

Ino.92Pbo.08 
Be32.sMosZr62.5 
Be32.sNb2.sZr65 
Be32.5NbsZr62.5 
Be32.sNb7Zr60.5 
Mo2RhzB 
(M00.55 RUo.45)4P 
NbCl_yNy 

Hfg 2 Laves 
(Hfo.5 Zro.5)V2 Laves 
ZrV 2 Laves 
V2 (HfZr) Laves 

A10. 5 SnMo 5 S 6 Chevrel 
Cu xMo 6 S 8 Chevrel 

16 
16 

9.2 
9.6 
8.3 
7 

7.2 
5.1 

3.05 
3.26 
3.46 
3.58 
3.5 
5.43 
15-17 

9.2 
10.1 
8.5 

14.4 
10 

27 

187 
197 
219 

30 
15 
17-18 
12 
11.3 
12 
14 
0.5 
0.2 

17.4 
2 

25 

4.2 
4.82 
5.27 
5.70 

~ 7  
4.7 

21 

> 20 
21.7 
28.3 
16.5 
22 
28 
56 

Bap p perpendicular to film plane 

Alloy 
Polycrystalline, magnetostriction 
NbTi/Cu wire 1.5 m long 
Monofilament 

Consult references 

Ductile alloy 
Multifilimentary 

2.5 Amorphous alloy 
2.63 Amorphous alloy, NMR 
2.88 Amorphous alloy, NMR 
2.90 Amorphous alloy, NMR 
2.3 Ribbons approx. 17 pm x 150 pm 

Value at 4 K 
(Nb carbonitride) see Jc table 
Measured at 4.2 K 
Coating on carbon fibers; see Jc table 

Measured at 4.2 K 
Measured in pulsed fields at 2.0 K 

2.3 Sputtered sample 

Suzuki (1992) 
Orlando (1991), Roberts (1976) 
Radhakrishnan (1987) 
Wyder (1995) 
ten Haken (1994) 
Chovanec (1973) 
Hampshire (1998) 
Delin (1996) 
Delin (1996) 
Kuwasawa (1990, 1996) 
Roberts (1976) 
Inoue (1980) 
Ekin (1981 ) 
Bruynseraede (1971) 
Goebbels (1981 ) 
Freyhardt (1980) 
Freyhardt (1980), Goebbels (1981) 
Freyhardt (1980), Goebbels (1981) 
Z61tzer (1985) 
Hfiussler (1996) 
Dietrich (1983), Schmaderer 
(1983) 
Dietrich (1987) 
Vonsovsky (1982) 
Vonsovsky (1982) 
Vonsovsky (1982) 
Inoue (1985) 
Inoue (1985) 
Donnelly (1989) 
Alterovitz (1978) 

(continued) 
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t,o Table 9.4. (continued) 

Material r~ 
(K) 

Bcl 
(mT) 

Bc2 -ffcl -B~c2 
(T) (mT/K) (T/K) 

Comments Reference 

HoMo6S 8 Chevrel 

LaMo6S 8 Chevrel 

PbMo6.35 S 8 Chevrel 
PbMo6S 8 Chevrel 

PbMo6Se 8 Chevrel 
Pbl_xGdxMo6S8 Chevrel 
SnlVlo6 S 8 Chevrel 

Mo3Si 
Cr3Ir A15 
Nb3A1A15 

Nb3Ga A15 
Nb3Ge A15 

0.685 

7 
~6.5 

12.6 

13 
3.8 

15 
14 
11.8 
7.2 
0.75 

17.8 

18.7 
17 
15 
15.7 
20.2 
23 
21 
20 

3.4 

16.8 

0.32 

8 
5.4 

54 

55 
~55 
> 50 

45 
3.8 

60 
31 
34 

1.05 
> 26.9 

32.5 
23.2 
17-21 
20.2 
34.1 
39 
30 
33 

Monocrystal, magnetic transitions 
at 0.75 and 0.70 K 

Bir r -- 39T at 4.2K 

Powder 

Sputtered film, Bc2 estimated 

Chevrel 

Burlet (1987) 

Sulkowski (1984) 
Vonsovsky (1982) 
Donnelly (1990) 
Ramsbottom (1997) 
Ali (1995), Hampshire (1998) 
Cattani (1991) 
Seeber (1989) 
Alterovitz (1979) 
Vonsovsky (1982) 
Ali (1996) 

2.1 ~c~65 

Multifilimentary composite wire; 
Bc2 = 26.9 T at 1.8 K and 24.6 T at 4.2 K 

1.96 7.9 #m film 

Vonsovsky (1982) 
W'6rdenweber (1988) 
Roberts (1976) 
Fukuda (1997) 

Donnelly (1989) 
Wire, measured at 4.2 K Saito (1990a,b) 
Multifilamentary wire Dew-Hughes (1981) 
Powder metallurgy; see Jc table Watanabe (1990) 

Donnelly (1989) 
Donnelly (1989) 

Nb3Ge layers on A1203 slices Fr6hlich (1989) 
Be2 measurement at 4.2 K, sputtered films Suzuki (1992) 

W6rdenweber (1986) 
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~-Nb0.74Ge0.26 
Nb3Sn A15 

N b  3 Alo. 5 Gao. 5 A 15 
Nb3 Alo.57Gao.23 
(NbTa)3 Sn 
Nb3(A1 , Si, Bi) 
V 3Ga A 15 
V 3Ge A 15 
V3Si A15 

Cu-Nb composite 
CeCu 2 

3.4 

17.8 

17.7 

17 
17.8 
18 

18.2 
16 

17.5 
19 
20.1 

18 
15 
6.8 

16 

8.8 
~0.17 

45.6 
35 

55 

5.46 

24.7 

17.4 
20.8 
23.4 
21.4 
27.8 

24 
28 
33 

23 
42 
26.5 

31.5 
19 
24 
31 
44 
26 
21 
23 

~ 5  
23 
18 

1.1 

2.2 
2.1 
2.6 

1.9 

Amorphous film, B c = 42.4 mT 
Prepared from Nb6Sns; see Jc table. 
Tape measured at 4.2 K 
Unalloyed wire 
Alloyed wire 
Wire 
2 wt% Ti; see Jc table 
Measured at 4.2 K, 4 at % Ta, 
multifilamentary wires 
104 filaments in bronze matrix 
Film on sapphire 
Film on sapphire, with 1.5 at. % Ga 
Monocrystal 

Wires with Ta, Ti and Ni + Zn additives; 
see Jc table 

Berghuis (1993) 
Tachikawa (1996, 1997) 

Kohno (1992) 
Kohno (1992) 
Saito (1992a,b) 
Schaper (1987) 
Foner (1987) 

Rupp (1981) 
Bormann (1985) 
Bormann (1985) 
Ghamati (1985) 
Roberts (1976) 
Hampshire (1998) 
Drost (1985), see Suenaga (1984) 

Measured at 4.2 K, with 1 to 1.5 at. % Ga Bormann (1985) 
Bc2 -- Bc2(0)[1 - (T/Tc) 2] Finnemore (1983) 
Superconducting layers Kozlenkova (1992) 

Donnelly (1989) 
Donnelly (1989) 

Filamentary conductor Springer (1983) 
Muller (1991), Schaper (1989) 
Donnelly (1989) 
Roberts (1976) 
Roberts (1976) 
Mueller (1992) For B along (100) direction at 

1.5 K, de Haas van Alphen effect 

Heavy electron, pressure to 8.3 GPa 
Reddy (1986) 
Vargoz (1997) 

(continued) 



4~ Table 9.4. (continued) 

Material re 
(K) 

Bcl 
(mT) 

Bc2 -Btcl -Btc2 
(T) (mT/K) (T/K) 

Comments Reference 

CeCu2Ge 2 
CeCu2Si 2 
UBel3 

U0.97Tho.03Be13 
UPt 3 
Bal_xKxBi03 cubic 
ReNi2B2C 
YNi2B2C 

K3 C60 

K2CsC60 
Rb3 C60 

Rb2CsC60 
Ba doped C60 
Ndl.82Ce0.18CuO4_6 
YBa2Cu307_ 6 

0.64 
0.72 

0.88 
0.9 
0.35 
0.46 

24 
15.3 
15.7 

15 
17.8 
19.5 
19 
23 

28.4 
30.7 
29.5 
29.6 
32.5 

6.8 

4.4 

4.0 

37 

13 
17 

<0.5 

15 

12 

2 
1.5 

10 
~10  

6 

1.9 

6 
10.5 
10.6 
6 

17 
30 
32 
21 

55 
31 
44 
57 
50 

~ 3  
35 

180 
340 

Heavy electron, pressure of 101 kbar 
Heavy electron, B - T phase diagram 
Heavy electron, ~ ~ 100 

31 Heavy electron, Be2 estimated from figs. 
Heavy electron 
Heavy electron 
Heavy electron 
Birr -- 24T at 0.4K 
Thin film 
Torque method 
Single crystal, de Haas-van Alphen 
See 42 table 

1.4 Fullerene 
2.8 Fullerene 

Fullerene 
Fullerene, x = 50 
Fullerene 

3.85 Fullerene 
Fullerene, x = 60 

2.15 Fullerene, BpL = 54 

2.3 Fullerene 
0.35 Fullerene 

Single crystal film 
At 77.3 K 
A t 0 K  
Film, Be2(0 ) measured 

Jaccaard (1992 ) 
Hunt (1990) 
Mayer (1986) 
Signore (1995) 
Maple (1984) 
Rauchschwalbe (1987) 
Schenstr6m (1989) 
Goll (1996) 
Andreone (1997) 
Goll (1997) 
Heinecke (1995) 
Cywinski (1994) 
Baenitz (1994, 1995) 
Foner (1992 ) 
Poole (1995) 
Baenitz (1998) 
Kraus (1996) 
Fouer (1992) 
Baenitz (1998) 
Baenitz (1993) 
Poole (1995) 
Baenitz (1994, 1995) 
Baenitz (1995) 
Hams (1996), Ponomarev (1996) 
Watanabe (1989) 
Watanabe (1989) 
Bykov (1995) 



TmBa2Cu307_ 6 
Bi2Srl.7CaCu208 
Bi2 Sr2CaCu208 
Bi2Sr2Ca2Cu3Olo 
CuBazCa3 Cu40 x 

Bil.6Pbo. 3 Teo. 1Sr 2 Ca 3 Cu 40y 
T12 Ba 2 Ca 2 Cu 30y (T1-2223) 

T1 ceramics 

85 
59 

60 
90 

86 
110 
117 

114 

75 
2.5 

~55  
105 
68.5 

200 

59 

15 
98 

55 
36 
58 

201 

103 

2.2 

0.35 
1.49 

6% Gd substituted for Y, monocrystal 
Low value due to porosity 
Pulsed fields up to 40 T 
Thin film, measured at 4.2 K with B 2_ c 

Sintered samples 
Thermodynamic critical field 
B c ~ [1 - (T/Tc)] 2 for T ~> 20 K 

Gupta (1990) 
Ferguson (1988) 
Kapustin (1994) 
Basovich (1992) 
Collocott (1988) 
van Bentum (1989) 
Ziese (1994) 

Films by MOCVD, Bc2 measured at 77K; Matsuno (1991, 1992) 
activ, energy U(B)--  1.98eV at 21 T 

Bc2(T ) = Bc2(0)(1 - t2)/(1 + t 2) 
Single crystal; see 42 table 

Polycrystal, Be2 value at 65 K 

Bir r = 9.5 T at 70 K 
Bir r = 3.7T at 77K 
Bint ~ 213011 - (T/Tc)] 5"91 
Composition is nominal 
Birr = 22.0 T for Bllab plane 
B~r = 0.89 T for B I a b  plane 
Pulsed magnetic field 

Donglu (1988) 
Donglu (1988) 
Golosovsky (1994) 
Moshchalkov (1990) 
Collocott (1988) 
Ries (1992), Welp (1989a) 
Li (1988) 
Iyo (1997) 

Vlakhov (1994) 
Nabatame (1992) 

Kapustin (1992) 



4~ Table 9.5. 

Lower (Bcl, mT), and upper (Bc2 , T) critical magnetic fields perpendicular to (Bab, Bc2) ,ab and parallel to (BcCl , BC2) the c axis for various superconductors. Values for the 
critical temperature T c and the upper critical field derivatives at T c namely -B~ b' ab _BUcc2 dBC2 , = dBc2/dT and = /dT for the perpendicular and parallel cases, respectively, 

are also given. References are identified by first author and year. 

Material Tc Bab BcCl B~c b /~c2 -B~c b' -BC'2 Comments Reference 
(K) (mT) (mT) (T) (T) (T/K) (T/K) 

Nb 9.3 0.57 0.31 

UPd2A12 

Nb3S 4 3.65 
CeCu2Si 2 0.63 
UPd2A13 1.91 
YNi2B2C 15 
fl-(ET)2I 3 1.5 

fl-(ET)213 
fl-(ET)EIBr2 2.3 

fl-(ET)2AuI 2 4.2 
K-(ET)2 Cu[N(CN)2 ]Br 11.6 
(TMTSF)2C104 1.06 

(Sm0.925 Ceo.ov5)2CuO 4 11.4 
(ta0.925Cao.075)2CuO 4 ~ 14 
(La0.925 Ca0.075)2 CuO4 30 
(La0.925 Cao.075)2CuO 4 ~,~ 34 
YBa2Cu306. 5 62 
YBa2Cu306.9 
YBa2Cu3 O6.94 91.2 
YBa2Cu3 O7_,5 87 

7 36 

390 

400 

0.055 

7 
2.5 

23 

1600 

2050 

0.24 

30 
8.3 

95 
32 

BC2 is value meas. I film Oya (1989) 
B ab is value meas. II film 

5.8 4.9 Thin film, temperature, and Hessert (1997) 
angular dependence 

0.5 2.1 zig-zag Nb-Nb-Nb- chains Biberacher (1980) 
2.0 2.4 Heavy electron Assmus (1984) 
3.5 4.1 6.5 5.6 Heavy electron Hessert (1995) 
7 8.3 Meas at 4.2 K Arisawa (1995) 
1.74 0.08 ab values are averages of Ishiguro (1990) 

measurements along a and b 
25 2.7 Organic, at 1.6 kbar Ishiguro (1990) 

3.48 1.5 ab values are averages of Ishiguro (1990) 
measurements along a and b 

6.35 ~ 0.8 Organic material Ishiguro (1990) 
20 2.2 Organic material Kwok (1990) 

Bbl -- 0.055 Schwenk (1984) 
28.2 5.2 3.6 0.1 Electron type material Dalichaouch (1990) 

> 20 > 13 4 0.3 Hidaka (1987) 
32 1.5 Li (1993) 

Naito (1990) 
380 87 8.7 2.0 Vandervoort (1991) 

Monocrystal Moschalkov (1991 ) 
115 1.8 Ossandon (1992) 

145 72 Films on (100) SrTiO3 Topchishvili (1991) 



DyBa2Cu307 
EuBa2Cu307 

Yo.8 Pro.2Ba2Cu3 O6.9 
Bi2.1Sr2.1Cao.9Cu2.008+6 

Bi2 Sr2CaCu208+6 
(B i,Pb)2 S rz CaCu2 O8 
Bi2 SrzCazCu308 

Bil.7 Pb0.7 Sr2 Ca2 CU 3 010 
Pb 2 Sr 2 (Y, Ca)Cuz 08 
T1BaCaCuO 

HgBa2Ca2Cu308+6 

92.4 

90 

92 

95 
94.8 
73 
85 
80 
90 
86 
91 

109 
110 

76 

131 

~<5 

24 

18 
11.3 

85 
6.3 

9.5 

500 

95 

53 
34 

50.5 

45 

100 

240 

110 

100 
190 
245 
174 
542 

50 
39 

590 

34 

40 

45 
28 
56 
71.5 

89 

1000 
198 
96 

190 

3.8 

3.4 

10.5 

3.0 
3.8 
3.4 

8.5 

16 

11 
20 

0.54 

1.0 

1.9 

0.7 
0.41 
1.1 

0.56 

1.4 
0.5 

1.75 

0.6 

2.0 

Thin film measured 
at 4.2K 
B c = 1.93 

See 42 table 

Measured at 4.2 K 

Monocrystal 
Oriented thin film 

Microwave absorption 
B c = 0.65 

Birre v -- 24 T 
Ag-clad tape 
Monocrystal 
Thin film, pulsed fields; 
see 42 table 

Basovich (1992) 

Gallagher (1988); see also 
Worthington (1987) 
Salamon (1989), Malozemoff 
(1989) 
Nakao (1993) 
Krushin-Elbaum (1989) 
Scheidt (1989) 
Welp (1989a,b) 
Hampshire (1988) 
Hikita (1987) 
Tajima (1988) 
Jia (1992) 
Li (1988) 
Kang (1988) 
Maeda (1992) 
Misra (1992) 
Zhang (1992) 
Matsubara (1992) 
Matushita (1993) 
Babic (1995) 
Reedyk (1992) 
Staguhn (1989) 

Schilling (1994) 

4~ 
-,,4 
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The upper critical field slope (22b) is of especial interest for materials such as the 
cuprates in which it is often not feasible to reach high enough applied fields to 
experimentally determine Bc2 directly. 

The thermodynamic critical field B c is not usually measured directly, but 
can be calculated from the expressions 

,v/2tcBcl Bc2 (BclBc2) 1/2 
Be - In x = ~/2----~ = (In K) 1/2 (24) 

if the Ginzburg-Landau parameter ~ is known. We also have the quotient relation 

Bc2/Bcl - 2tc 2 / In to, (25) 

and of course we know that x = 2/~. The lower, thermodynamic, and upper 
critical fields in the isotropic high tc approximation (to >> 1 so Bcl << B c << Bc2 ) 
are related to the coherence length ~ and penetration depth 2 through Eqs. (7), (8), 
and (4), respectively. Equations (4) and (7) can be used to estimate ~ and 2, 
respectively, when Bc2 and Bca are known. 

Many superconductors are anisotropic, and Table 9.5 lists critical fields for 
axially symmetric materials. Also listed are the upper critical field slopes (22b) 
for the perpendicular r_Rab' ~, ~ c 2  ) and parallel (-Bc'2) cases. We see from the data that 
the slope _Rab' for the cuprates tends to exceed the Pauli limit value 1.83 T /K  of a-,c2 r 
Eq. (23), and -Bc2 tends to be less than this value. This occurs because ordinarily 

> 
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Table 9.6. 

Critical current density Je for various superconductors. Values for the temperature Tmeas and the field Bap p of measurement are also given. References are identified by 
first author and year. 

Material Jc Bap p Tmeas Comments Reference 
(A/cm 2) (tesla) (K) 

4~ 

Melt textured high-T c 
materiels 
Cu-Nb composite 
NbTi 

NbN 

0.02 to 1 77 Jc ~ [1 - (T/Tc)]~/B #, where ~ ~< 7, Fisher (1994) 
#~0.5 

2.5 x 105 Self field 4.2 T c = 8.8 K Reddy (1986) 
3.4 x 105 5 4.2 Superconducting composite Li (1983) 

3 • 105 5 Filament diameters 5 to 9 pm Kanithi (1989) 
3 x 105 0.5 4.2 Filament diameter 50-500nm; see ~2 Cave (1989) 

table 
1.41 x 106 1 Wire enclosed by CuNi alloy, Kumano (1990) 

0.072 pm filament diameter, Jc is less 
for 0.061/~m filament diameter 

1.07 x 106 1 0.4 #m filament, artificial pinning Miura (1992) 
control 

4.44 x 105 3 0.4/~m filament, artificial pinning Miura (1992) 
control 

5.2 x 105 5 4.2 47 wt% Ti, filaments are aligned Cooley (1991) 
2.85 x 105 5 48 wt%Ti, 210 filament, 1.6 mm Chernyi (1997) 

diameter wire 
3.5 x 105 5 4.2 Industrial wires Chemoplekov (1992) 

3.36 x 105 3 Wire, 54 wt% Ti Inoue (1995) 
4.6 x 105 5 4.2 Artificial pinning center wire, Heussner (1997) 

47 wt%Ti 
2 x 104 0 Josephson junction 1.5 #m 2 area Tarutani (1984) 

(continued) 



4~ 

Material 

Nb carbonitride 

NbN/A1N/NbN 
Nb, Nbo.sZro. 5 multilayer 
V2(Hf, Zr ) Laves 

MxM06 S8Chevrel 
PbM06S 8 Chevrel 

Table 9.6. (continued) 

J~ 
(A/cm 2) 

Bapp 

(tesla) 
meas 
(K) 

Comments 

6.5 x 10 4 

1 x 10  4 

> 10 7 

8 x  10 5 
1-5 x 10 5 
10 6 

10 4 

106 
3 x 104 
103 
5.4 x 104 
1.2 x 105 
1 x 104 
2 x  104 
2 x  104 
1.8 x 10 4 
1.6 x 10 4 
9.5 x 103 
4.8 x 10 3 
4 x 10 4 
10 4 
1.8 x 10 3 

15 

20 

0 
13 
0 

13 

0 
14 
18 

0 
17 
20 

8 
14 
20 
23 
26 
10 
17 
27 

4.2 

4.2 

4.2 

4.2 

4.2 

4.2 
4.2 
4.2 

20 
4.2 
1.8 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 

Tape, parallel field, see B c table; 
r e =  15.6K 
Tape, parallel field, see B c table; 
~r 15.6K 
Extrapolated value, thin film; see B e 
table 
Film; see B c table 
Layers 50-80 nm thick; see B c table 
T c -- 1 5 -  17 K; see B e table, 
N b C l _ y N y  

T c = 15 - 17 K; see B e table, 
NbCl_yNy 
Film 
Film 
Film 
Tunnel junction 
Anisotropy effects 
Multifilamentary wire 
Multifilamentary wire 

Tape 
Hot isostatic-pressed wire 
Hot isostatic-pressed wire 
Hot isostatic-pressed wire 
Calculated by Kramers' scaling law 
Monofilamentary wire 
Monofilamentary wire 

Reference 

Suzuki (1989) 

Suzuki (1989) 

Boffa (1996) 

Gavaler (1983) 
Dietrich (1987) 
Dietrich (1983) 

Dietrich (1983) 

Brunet (1979) 
Brunet (1979) 
Brunet (1979) 
Zhen (1997) 
Kuwasawa (1990, 1991) 
Inoue (1985) 
Inoue (1985) 
Alekseevskii (1977) 
Hamasaki (1985) 
Yamasaki (1992, 1988) 
Yamasaki (1992, 1988) 
Yamasaki (1992, 1988) 
Ramsbottom (1997) 
Hamasaki (1989) 
Hamasaki (1989) 



q~ 

SnM06S 8 and 
Pbo.6Sno.4M06S8 

Pbo.6 Sno.4M06 S 8 Chevrel 

Pbl.2Mo6S7. 8 Chevrel 
Pb1.2 Mo6.4 $8 Chevrel 
Pb-Mo-S Chevrel 
Pb-Mo-S Chevrel 
Chevrel 

V3Ga, A 15 

Nb3A1, A15 

Nb3Ge, A15 

Nb3Sn , A15 

Range 10 5 to 5 x 10 3 

> 105 
5 x 104 
1.3 • 104 
3.5 x 104 
> 106 
5 x 104 
5.4 x 104 
3.1 x 104 
2 x  106 
1.6 x 106 
1 x l O  5 
> 104 

4.86 x 104 
1.95 • 104 
1.13 • 105 
104 
104 
104 
103 
2 x  104 

2 x 101~ 
105 
3 x 104 
6.7 x 104 

3.7 x 104 

4 x 104 

10 
15 
23 
14 
0 
8 

20 
24 
10 
9 

20 
23 
20 
20 
12 
18.8 
16 
17.5 

Self field 
20 

5 
15 
15 
20 

20 

12 

4.2 

4.2 
4.2 

1.7 

1.9 
1.9 
4.2 
4.2 
4.2 

1.8 
4.2 

4.2 
4.2 

19 
4.2 

4.2 

1.8 

4.2 

Monofilament Chevrel wires 

Coils of 1 meter wire 
Coils of 1 meter wire 
Wire 

Wire with Nb as antidiffusion barrier 
Wire with Nb as antidiffusion barrier 
Multifilamentary wire 
Single core wire 

Tapes with Ge doping for A1 
Composite wire; see B c table 
Composite wire; see B c table 
Wire 
Wire, T c = 17 K 
Wire, T c = 15.7 K 
Wire, powder metallurgy 
Sapphire substrate, T c = 22.4 K 
Nb3Ge deposited on 0.1 mm thick 
tapes 
Fast neutron irradiated wires 
2 at.% Ti in Nb core 
Bap p parallel to tape surface 
Bronze processed multifilamentary 
wires 
Bronze processed multifilamentary 
wires 
Al-stabilized strand 

Gupta (1995) 

Cheggour (1995) 
Cheggour (1995) 
Kubo (1989) 
Alekseevskii (1982) 
Hamasaki (1982) 
Hamasaki (1982) 
Cheggour (1997) 
Cheggour (1997) 
Francavilla (1979) 
Sharma (1981) 
Sharma (1987) 
Kumakura (1990) 
Fukuda (1997) 
Fukuda (1997) 
Ayai (1997) 
Saito (1990) 
Watanabe (1990) 
Watanabe (1987) 
Oya (1979) 
Nakagawa (1987) 

Brown (1978) 
Tachikawa (1981) 
Yoshida (1983) 
Suenaga (1984) 

Suenaga (1984) 

Takahashi (1985) 
(continued) 



4 ~  

Material 

Cu-Nb 3 Sn 

Tio.45Nb0.40 Si0.15 

Nb-Ti-Si alloy 
Oxidized polypropylene 
K 3 C60 , fullerene 
Rb 3 C60 , fullerene 

Nd1.85Ce0.15CuO4_6 
YBa2Cu307_ & 

Table 9.6. (continued) 

J~ 
(A/cm 2) 

Bapp 

(tesla) 
meas 
(K) 

Comments 

6 x  10 4 

104 
1.2 • 10 4 

4.5 x 103 
3.5 x 104 
4 .0x  105 
1.7 x 105 
2.7 x 104 

1 • 104 

104 
1.2 x 106 

1.5 • 10 4 

105 
108 
1.3 • 105 
4 x  106 
8 x  105 
108-10  9 

107-108 
4 • 106 
104 
3.5 x 107 
1.3 • 106 

18 

19 
16 
18 
15 
11 
15 
21 

17 

12 

5 

1 

1 

0 
0 
0 
0 

20 
0 
0 

4.2 
4.2 
4.2 
4.2 

4.2 

4.2 

4.2 

7 
7 
4.2 
4.2 

77 
77.3 
77.3 

4.2 
77 

Studies of Ta, Ti, Ni + Zn addition; 
see B c table 
Multifilamentary wire with 7.5% Ta 
2 wt% Ti; see B e table 
2 wt% Ti; see B c table 
Ti addition 
CVD tape 
Diffusion processed tape 
Tape prepared from N b  6 Sn5; see 
B e table; adding Ge improves T c, Jc 
Bronze processed multifilamentary 
wire 
Multifilamentary composites 
Composition range studied, 
Tc = 9.9K 
Amorphous alloy after crystallization 
Effects of aging studied 
Material has conducting channels 

Thin film, T c -- 22.4 K 
Below depairing limit 
Below depairing limit 
c-axis oriented films 
c-axis oriented films 
Epitaxial films 
Epitaxial films 

Reference 

Drost (1985) 

Flukiger (1985) 
Schaper (1987) 
Schaper (1987) 
Sharma (1987) 
Zhou (1983) 
Zhou (1983) 
Tachikawa (1996, 1997) 

Watanabe (1991) 

Flukiger (1979) 
Inoue (1980) 

Inoue (1981) 
Ishida (1981) 
Demicheva (1990) 
Holczer (1991 ) 
Politis (1992) 
Mao (1993) 
Tsuei (1988) 
Tsuei (1988) 
Hitotsuyanagi (1989) 
Hitotsuyanagi (1989) 
Lensink (1989) 
Lensink (1989) 



4~ 
..q 

DyBa2Cu3 O7_ 6 

EuBa2Cu3 O7_6 

LuBa2Cu3 O7_ 6 

1.2 x 10 6 
3 x l O  5 
1.6 x 10 7 

2 x l O  7 
2.7 x 10 6 
1.2 x 10 6 
3 x l O  5 
2.4 x 10 4 

1.4 x 105 

8.1 x 105 

5.8 x 106 
2.7 x 106 
2.5 x 104 
3.25 x 107 
0.9 x 10 7 

4 . 9x  106 

1.2 x 10 6 

2 x  104 

> 105 

1.4 x 106 

4.5 • 106 

0 
30 

0 

0.3 

53 
77 

4.2 
5 

44 
44 
77.3 
77 

77 
77 
77 
10 
10 
77 

4.2 

90 

77 

Primarily c-axis oriented film 
Primarily c-axis oriented film 
Thin film on several substrates 
Thin film, tetragonal phase, T c = 87 K 
10 wt% Ag doped thin films on MgO 
20 wt% Ag doped thin films on MgO 
Angular and field dependence studied 
Jc measured for different Bap p and a, b 
plane orientations 
B _1_ c, J = J0 exp( -T~ To), 
T o = 27 K, monocrystal 
B]]c, J -- Jo exp(-T/To) ,  To = 40 K 
monocrystal 
Thin film with Ag doping 
Film prepared by MOCVD 
Film prepared by MOCVD 
Thin film unirradiated, T c = 89 K 
Thin film after He + irradiation 

Jc(B, T) ~ Jc(B, 0)[1 - o~(T/Tc) 
-~(T/Tc)2]; thin film 
Jc = "]cO( 1 -t- t)2(1 - t) 1"75 x 

[1 - ( ~ / ~ c 2 ) ]  
Electron spin resonance (ESR) 
method 
SNS, many Josephson junctions 
reported 
With Dy2BaCuO 5 pinning centers, 
intergrain Jc is given 
Sputtered film, T c = 93 K, microwave 
measurement 
Thin film grown on LaA103 

Singh (1991) 
Singh (1991) 
Gorbenko (1993) 
Garcia Lopez (1997) 
Kim (1997) 
Kim (1997) 
Watanabe (1991) 
Ren (1990) 

Moshchalkov (1991 ) 

Moshchalkov (1991) 

Clausen (1996) 
Matsuno (1991) 
Matsuno (1991) 
Agarwal (199 l) 
Agarwal (1991) 
Cui (1992) 

Kes (1988) 

Meshcheryakov (1992) 

Akoh (1991) 

Cloots (1995) 

Asano (1991) 

Pinto (1994) 
(continued) 



4~ 

Material 

NdBa2Cu3 O7_,~ 

TmBa2Cu3 O7_ 6 
CuBa2Ca3 Cu40 x 

BiSrCaCuO with Pb 
Bi2 Sr2CaCuzOy (Bi-2212) 

Table 9.6. (continued) 

J~ 
(A/cm 2) 

Bapp 
(tesla) 

m e a s  

( ~  
Comments 

3.7 x 105 
4.5 x 10 4 

7.1 x 104 

2.5 x 106 
106 

104 

1.26 x 10 4 

1.2 x 105 
5 • 104 
104 

2.4 x 105 
> 105 
> 105 
8 x  103 
106 
3 • 104 

3.6 x 104 
1.8 x 104 

5 
1 

1 

1 

1 

0 
1 

10-23 

12 
10 

Self field 
0 

12 

20 
77 
77 

0 
5 

77 

77.3 
4.2 
4.2 

78 

4.2 
4.2 

77 
77 

4.2 
4 

Polycrystalline 
BIIc, Nb4Ba2Cu2010 particles added 
Monocrystal, Ba site doped 10% with 
Nd 
Exponential temperature dependence 
T c = 117 K, polycrystal, 
Jc~B-m;Jc ~[1  - (r /rc)]  n, 
n = 5.24 
T c = 117 K, polycrystal, 
Jc "~B-m;Jc ~ [ 1  -(T/Tc)] n, 
n =  5.24 
Ag sheathed tapes 
Ag-sheathed tape, Bap p parallel to tape 
Ag-sheathed tape, Bap p parallel to tape 
Anisotropy approx 103 near Tc; 
Jc ~ [ 1 -  (T/Tc)] m near T c where 
m = 0.7 longitudinal, m = 1.0 
transverse 
Ag tape 
Ag tape; effect of 02 pressure studied 
Ag-clad tape 
Multilayer tape 
Multilayer tape 
Superconducting fraction 18% yields 
wire Jc = 1.7 • 105 
At edge of core of Ag-sheathed tape 
In central region of Ag-sheathed tape 

Reference 

Fujihara (1997) 
Takagi (1995) 
Egi (1995) 

Moshchalkov (1990) 
Iyo (1997) 

Iyo (1997) 

Hitotsuyanagi (1989) 
Enomoto (1990) 
Enomoto (1990) 
Bulyshev (1991 ) 

Shimoyama (1993) 
Inoue (1997) 
Balachandran (1997) 
Hasegawa (1996) 
Hasegawa (1996) 
Herrmann (1997) 

Pan (1997) 
Pan (1997) 
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Bi2.o Sr2.2 Cao.8 CUl.90x 
Bi2 Sr2Ca2Cu3Oy (Bi-2223) 

1.4 x 104 

106 

250 
1.13 x 105 
3x107  

4 x  105 

> 2 x  105 
4 x  104 
1.8 x 105 
3 x  104 
104 

5.5 x 103 

7 x  104 

1.2 x 104 
5 x 103 
2.3 x 104 

4 x  103 
8x  102 
2 x  104 

4 x  103 

0 

0 
4 

0 
0 
0 
0 
0.5 

1 

15 

0 
0 
0 

1 

1 

0 

1 

77 

4.4 

71 
4.2 

20 

77 

4.2 
77 

4.2 
77 
77 

77 

4.2 

77 
77 
77 

81 
81 
77 

77 

Tape; column 2 gives average 
Jc; local values were found up to 
7.6 x 104 
Monocrystals, doping with Pb, Ba, Li; 
Jc enhanced by Pb substitution for Bi 
Whisker composite 
Thick film 
Pb doped thin film on MgO, 
re = 8 3 K  

Pb doped thin film on MgO, 
rc  = 8 3 I {  

Ag tapes 
Ag tapes 
> 1 m long monofilamentary tapes 
> 1 m long monofilamentary tapes 
> 1 m long monofilamentary tapes; 

Bapp II tape surface 
> 1 m long monofilamentary tapes; 

Bapp II tape surface 
> 1 m long monofilamentary tapes; 

Bapp II tape surface 
17 m long 19 filament Ag tape 
100 m long 19 filament Ag tape 
Pb doped, almost single phase tape; 
Jc -- 140A/cm2 for corresp, cermaic 
Bapp II plane of tape 
Bapp _1_ plane of tape 
Pressed and cold rolled Ag-sheathed 
tapes compared 
Pressed and cold rolled Ag-sheathed 
tapes compared 

Larbalestier (1994) 

Fujii (1991) 

Funahashi (1994a, b) 
Hasegawa (1995) 
Kuroda (1990) 

Kuroda (1990) 

Flukiger (1992) 
Flukiger (1992) 
Grasso et al. (1995) 
Grasso et al. (1995) 
Grasso et al. (1995) 

Grasso et al. (1995) 

Grasso et al. (1995) 

Fischer (1995) 
Fischer (1995) 
Babic (1995) 

Grasso (1993) 

Grasso (1993) 

(cont inued)  
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Table 9.6. (continued) 

Material Jc 
(A/cm 2) 

Bapp 

(tesla) 
meas 
(K) 

Comments Reference 

4.7 x 104 

2 x  105 

2.8 x 104 

4.5 x 10 4 

3 .0x 10 4 
3 x  10 4 

10 4 

5.4 x 103 
1.6 x 105 
6 x  104 
105 

Self field 

2 mT 

28 
28 

0 

0.5 
1 
0 

15 
13 

4.2 

77 

4.2 
4.2 

77 

77 
77 

4.2 
4.2 
4.2 

Pressed and cold rolled Ag-sheathed 
tapes compared 
Current flows adjacent to Ag sheath 
of the tape 
Average Jc is given in column 2; 
Jc = 2.0 • 104 at center, 5.3 x 104 at 
sides 
B II surface, multifilament tape 
B _1_ surface, multifilament tape) 
Average Jc is given in column 2; 
Jc -- 1.7 x 104 at center, 4.6 x 104 at 
sides 
B Ilsurface, multifilament tape 
B Ilsurface, multifilament tape 
Multifilament tape 
Multifilament tape 
Ag-Mg(Ni)O-sheathed monocore 
tape 

Grasso (1993) 

Lelovic (1996) 

Grasso and Flukiger (1995) 

Flukiger (1995) 
Flukiger (1995) 
Flukiger (1995), Grasso 
(1994) 

Grasso (1994) 
Grasso (1994) 
Grasso (1994) 
Grasso (1994) 
Yamada (1997) 



T12Ba2CaCu208 (T1-2212) 
T12Ba2Ca2Cu30y (T1-2223) 

T1-2223 with Pb 

T1-1234 with Pb 

T1Ba2Ca2Cu3Oy (T1-1223) 

2.6 x 104 

3.5 x 105 
104 
1.5 • 104 
5.5 • 103 

1.08 • 10 4 

6.2 • 103 
250 
103 
1.5 x 105 
1.2 x 104 
1.5 x 103 
1.3 • 103 
9 x  104 
7 x  10 3 
1.1 x 10 s 
> 104 

5.9 x 106 
1.1 x 104 

12 

0 
1 

6 
0 
5 

16 
0.7 
0 
1 

0 
2 

4.2 

77 

77 
77 

77 

75 
75 
45 
77 
77 
77 
77 
77 
77 
77 
60 

10 
77 

Ag-Mg(Ni)-sheathed multifilament 
tape 
Epitaxial film, T c = 100.7 K 
Polycrystalline tape-shaped wire 
Jc in 150 #m thick diffusion layer 
Field dependence studied, Ag- 
sheathed wire 
Field dependence studied, Ag- 
sheathed wire 
Ag-sheathed tape 
Ag-sheathed tape 
Ag-sheathed tape 

Bapp II ab plane 
Bapp II ab plane 
Bap p _1_ ab plane ~ 
Textured Ag tape 
Textured Ag tape, Bllc 
Thin film, different T1 contents used 
Thin film, different T1 contents used, 
Bllc-axis 
Hg-doped polycrystal with 
Hg-doped polycrystal with 

Yamada (1997) 

Young (1991 ) 
Okada (1991) 
Kikuchi (1996) 
Takei (1990) 

Takei (1990) 

Peterson (1992) 
Peterson (1992) 
Peterson (1992) 
Nabatame (1992) 
Nabatame (1992) 
Nabatame (1992) 
Nabatame (1992) 
Doi (1995) 
Doi (1995) 
DeLuca (1993) 
DeLuca (1993) 

Chang (1996) 
Chang (1996) 

(continued) 

..q 
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Table 9.6. (continued) 

Material Jc Bapp Tmeas 
(A/cm 2) (tesla) (K) 

Comments Reference 

Tlo.5 Pbo.5 Sr2 Ca 2 CU 3 09 

Tlo.5 Pbo.5 Sr2_xBaxCa 2 Cu 3 09_ 6 

Tlo.5 Pbo.5 Sro.8 Bao.2 Ca2Cu3 09_6 
T1Bio.22 Srl.6Bao. 4 Ca 2 Cu 3 09_ 6 

HgBa2 CUO4+6 

Hg(Ba 1 --x Srx)2 CaCu2 Rey O z 

1.24 x 105 1 77 
2 x 105 1 80 
2 x 104 1 77 
2 x 104 77 

7 • 104 0.8 20 

> 2 x 103 0 77 

Ceramic with Tc ,~ 120 K 

Jc varies slightly with grain 
connectivity and c-axis 
alignment 
Grain aligned, Jc est. by 
Bean model 
Mixed phase 1212 and 
1223, max Jc for x = 0.5 
and max T c = 130 K for 
x = 0 . 2  

Liu (1992) 
Pugnat (1996) 
Peng (1993) 
Ren (1994) 

Lewis (1993) 

Goto (1996) 
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Critical Currents 

There are a number of ways to determine the critical current I c in a wire, and a 
simple way to do so is to send more and more current through the wire until it 
goes normal. If the assumption is made that the density of current is uniform 
through the wire, then the critical current density Jc is obtained by simply 
dividing the critical current by the cross-sectional area of the wire, J c -  Ic/A. 
Actually, some workers have reported higher current densities at the outside part 
of the wire, as mentioned in Table 9.6 (Lelovic et al., 1996; Grasso and Flukiger 
1995, Flukiger et al., 1995). A common way to estimate Jc is to measure a 
hysteresis loop in high field and make use of the Bean-model formula 

J c -  1.59 x 106/ ' t~  ( A /m2) ,  (26) 
d 

where A M -  M + - M _  is the difference in magnetization between the top and 
the bottom of the hysteresis loop, and d is the diameter of the sample grains in 
meters. This an MKS or SI formula; in the cgs system it becomes 

30AM 
Jc--  d (A/cm2)' (27) 

where d is now in centimeters. This constitutes one of the most important 
applications of the Bean model that is discussed in Section H of Chapter 4. 

Table 9.6 lists critical current densities measured for a number of super- 
conducting materials. Almost all measured values are far less than the theoreti- 
cally attainable limits predicted by Eqs. (11) and (12). One of the most pressing 
technological challenges at the present time is the achievement of depairing 
current densities in superconducting wires and tapes. 
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G 
Electron-Phonon Coupling Constants 

ao 

Philip B. Allen 
Theoretical Background 

Grimvall (1981) has written a review of electron-phonon effects in metals. 
Prominent among these effects is superconductivity. The BCS theory gives a 
relation T c ,~ |  exp(-1/N(O) V) for the superconducting transition temperature 
T c in terms of the Debye temperature | Values of T C are tabulated in Chapter 5, 
the most complete listing prior to the high T c era being Roberts (1976). The 
electron-electron interaction V consists of the attractive electron-phonon- 
induced interaction minus the repulsive Coulomb interaction. The notation 
used is 

2 = N(0) Ve_ph (28) 

and the Coulomb repulsion N(0)V c is called #, so that N(0)V = 2 - #*, where #* 
is a "renormalized" Coulomb repulsion, reduced in value from # to 
#/[1 + #In(cop~coD) ]. This suppression of the Coulomb repulsion is a result of 
the fact that the electron-phonon attraction is retarded in time by an amount 
At ~ 1/COD whereas the repulsive screened Coulomb interaction is retarded by a 
much smaller time, At ~ 1/cop, where COp is the electronic plasma frequency. 
Therefore, #* is bounded above by 1/In(COp~COD), which for conventional metals 
should be ~< 0.2. 

Values of 2 are known to range from ~< 0.10 to >~ 2.0. The same coupling 
constant 2 appears in several other physical quantities, such as the electronic 
specific heat Gel(T), which at low temperature equals 

7-C 2 
Cel(T ) -- ~ N(0)(1 + 2)k 2 T. (29) 

This relation enables a value for (1 + 2) to be extracted if the bare density of 
states N(0) is known from quasiparticle band theory. This procedure has large 
uncertainties, so the resulting values of 2 are subject to substantial error and are 
not tabulated here. 

When the BCS ideas are carefully worked out using the actual electron- 
phonon interactions (Migdal-Eliashberg theory 1) then a quite complicated but in 
principle solvable relation occurs between electron-phonon coupling and T C. If 
the anisotropy of the superconducting gap is ignored (or washed out by 

1Reviews of Migdal-Eliashberg theory are: D. J. Scalapino, in Superconductivity, edited by R. D. 
Parks (Marcel Dekker, New York, 1969), Vol. 1, p. 449; P. B. Allen and B. Mitrovic, in Solid State 
Physics edited by E Seitz, D. Tumbull, and H. Ehrenreich, (Academic Press, NY, 1982) v.37, p. 1; J. P. 
Carbotte, Rev. Mod. Phys. 62, 1027 (1990). 
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nonmagnetic impurity scattering), then theory simplifies and Tr depends on #* 
and a single function ~2F(~) which is similar to the phonon-density of states 
F(fl), where a2 contains an average square electron-phonon matrix element. 
Quasiparticle tunneling experiments in planar tunnel junction geometry (McMil- 
lan and Wolf 1969; Wolf 1985) in principle provide a way of measuring this 
function, which is related to 2 by 

2 - 2 --~--~x2F(n). (30) 

This provides perhaps the most reliable known values for 2. The techniques and 
the data are reviewed in Wolf (1985). However, there are still significant 
uncertainties in values of 2 obtained this way, caused by difficulties in making 
good yet partially transparent barriers and ignorance of such details as the 
transmission coefficients for tunneling and inelastic effects in the barrier 
region. For a few metals (principally Pb, In, T1, and alloys of these) the barriers 
seem particularly clean or else the complexities somehow cancel out; the 
accuracy of the resulting 0r is well tested through various self-consistency 
checks. Tunneling in point contact geometry gives valuable information about 
0r especially in materials with weaker electron-phonon interactions where 
the planar junction techniques do not work. However, the absolute values of 2 
obtained this way are rather variable and are not listed here. 

The Migdal-Eliashberg theory was solved numerically for T c as a func- 
tional of ~xZF(~) and/t* by McMillan (1968). He fitted his results to an 
approximate formula, generalizing the BCS result T c = | exp[--1/(2-  #*)], 

O D [ 1.04(1+2) ] 
T c -- ~ exp 2 - ~---(i + ()~22)J" (31) 

The parameter/~* is assigned a value in the range 0.10-0.15, consistent with 
tunneling and with theoretical guesses. The choice of/~* is fairly arbitrary, but 
fortunately its precise value is not too important unless T c is very low. Most of our 
knowledge of values of 2 comes from using Eq. (31) to extract a value of 2 from 
measured values of T c and | Values deduced in this fashion are denoted 2Mc M 
in this article. Subsequent to McMillan's work, experiments and further numerical 
studies (Allen and Dynes, 1975) worked out the limits of applicability of Eq. 
(31). The "prefactor" | works well only for elements or materials whose 
phonon density-of-states is similar in shape to elements such as Nb. The correct 
(Allen and Dynes, 1975) prefactor ~Oln/1.20, is not measureable except by 
experiments such as tunneling. The definition of (_Din is 

Ogln- exp [~ I o  dflln(fl) e2F(fl)]. (32) 

Lack of knowledge of (Din limits the accuracy of values of 2M~ M, especially in 
compound materials with complicated phonon dispersion. When T c becomes 
reasonably large (T  c greater than ~ 5% of OD or 2 >~ 1.2), Eq. (31) under- 
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estimates T C. Approximate correction factors were given in Allen and Dynes 
(1975). Unfortunately, additional parameters are required to give an accurate 
formula for T c. 

Calculations of# or#* are computationally demanding and are not yet 
under theoretical control. Calculations of 2 are slightly less demanding, are under 
somewhat better theoretical control, and have been attempted for many years. 
Prior to 1990, calculations of 2 generally required knowing the phonon frequen- 
cies and eigenvectors as input information, and approximating the form of the 
electron-ion potential. Results of these calculations are not tabulated here. 
McMillan (1968) and Hopfield (1969) pointed out that one could define a 
simpler quantity, 

q --= N(0)(I 2) = M(co2)2 (33) 

2I; ((_0 2) ~ ~ dnn0~2F(n). (34) 

The advantage of this is that q and (i2) are purely "electronic" quantities, 
requiting no input information about phonon frequencies or eigenvectors. Gaspari 
and Gyorffy (1972) then invented a simplified algorithm for calculating r/, and 
many authors have used this. These calculations generally require a "rigid ion 
approximation" or some similar guess for the perturbing potential felt by 
electrons when an atom has moved. Given r/, one can guess a value for (co 2) 
(for example, from | and thereby produce an estimate for 2. Values produced 
this way are not tabulated in the present chapter. Instead the reader is referred to 
the following literature: Sigalas and Papaconstantopoulos (1994) have given a 
tabulation for d-band elements, and Skriver and co-workers have published 
calculations for rare earths (Skriver and Mertig, 1990) and lanthanides (Skriver 
et al., 1988) that are particularly valuable since usually no other estimate of 2 is 
available. Brorson et al. (1990) have extracted measured values of q from 
measured rates of thermal equilibration of hot electrons in various metals, 
using a theoretical relation (Allen, 1987a). Fairly recently, theory has progressed 
to the point where "first-principles" calculations (Baroni et al., 1987) can be 
made of phonon dispersion curves using density functional theory, usually in the 
"local density approximation" (LDA) for quite complicated systems. It is not too 
hard to extend these calculations to give 0~2F(f~) and 2; these values should be 
"reproducible" in the sense that most theorists would agree upon a unique recipe. 
Such calculations have been done by Savrasov and Savrasov (1996) and by Liu 
and Quong (1996). The results accord well with other methods of finding 2. 
Values of 2 obtained this way will be denoted 2LD A. 

The T-dependence of the electrical resistivity sometimes offers an accurate 
way of evaluating the electron-phonon coupling. In clean metals (defined by a 
large resistance ratio p(3OOK) /p (T  = T c + e)) the resistivity is normally domi- 
nated by electron-phonon interactions. Using the standard form 
a =  1 / p = n e 2 ~ / m ,  the scattering rate h / ~ ( T )  at high temperatures is 
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2n2trkB T, which defines a coupling constant 2tr that is very closely related to 2. 
Coulomb scattering of electrons with each other also contributes, but is smaller 
by the factor (laZ/2)N(O)kB T, which is usually -~ 10 -2  at  room temperature. The 
derivation of this result depends on Bloch-Boltzmann transport theory, which is 
closely analogous to the Migdal-Eliashberg theory of superconductivity. For both 
theories, the "Migdal theorem" shows that corrections (Feynman diagrams with 
phonon vertex corrections) should be smaller by a factor N(O)hco 9. Both theories 
contain anisotropy corrections, which are almost always small. When anisotropy 
is ignored, superconductivity depends on the isotropic parameter 2 and resistivity 
on the isotropic parameter 2tr. These two coupling constants are related to the 
electron-phonon matrix elements Mk, k, and the phonon frequencies cok_ k, by the 
formula 

w(k, k')[Mk,k, lZ /hogk_k,~(ek)~(e,k ,) 
2 w -- N(0) k'k' , (35) 

k,k' 
where e k is the quasiparticle energy of an electron constrained by the b-function 
to be at the Fermi energy, the labels k, k' are short for the electron quantum 
numbers (wavevector, band index, spin), and w(k, k') is a weight function to be 
specified. The superconducting 2 uses w = 1 for the weight function, while the 
transport 2tr uses w(k, k ' ) -  ( v ~ -  Vk,x) 2, where hv~, x is the group velocity 
Oek/Ok x. A review of the theory and the formulas is given by Allen (1996). 
Simultaneous calculations (Savrasov and Savrasov, 1996; Allen et al., 1986) of 
these two parameters are available for a number of metals, shown in Table 9.7. 
From this it is known that the difference is typically no more than 15%, and never 
as much as a factor of 2. In principle there are separate coupling constants 2tr,xx 
and 2tr,zz in hexagonal or tetragonal metals, but the anisotropy of 2tr is believed to 
be quite small. The explanation for the observed similarity between 2 and 2tr must 
be that the weight factor ( v ~ -  Vk,x) 2 correlates only weakly with the matrix 
element IMk,k,I 2. The same lack of correlation will also guarantee that the 
anisotropy of the resistivity tensor in noncubic materials will derive primarily 
from the anisotropy of the inverse effective mass tensor n/m rather than from 
anisotropy in 2tr. 

To extract a value of 2tr from p(T) data, the safest procedure is a three- 
parameter fit to the data using the B loch-Griineisen formula, 

27"C~trkBZ/hI~z~d~'~2(~'~2)4~. h~-~2/kB T 12 
PB~--Po+ (n/m)e 2 --~ ~ isinh(h~/2kBT) . (36) 

At high T the factor []2 becomes 4 and thus the integral becomes 1. The three 
fitting parameters are P0, OOD, and the ratio 2tr/(n/m ). This equation assumes 
either an isotropic polycrystalline sample or else cubic symmetry, and also 
assumes that the phonon dispersion is adequately represented by a Debye 
model. It is easy to generalize to anisotropic or non-Debye cases, at the cost of 
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Table 9.7. 

Comparison of  theoretical values of  2 

and 2tr. 

Metal /~theor '~'tr,theor 

A1 a 0.44 0.37 

Pb a 1.68 1.19 
V a 1.19 1.15 

Nb a 1.26 1.17 
Nb b 1.12 1.07 

Ta a 0.86 0.83 
Ta b 0.88 0.57 

Mo a 0.42 0.35 

Cu a 0.14 0.13 
Cu b 0.111 0.116 

Pd a 0.35 0.43 
Pd b 0.41 0.46 

aFull LDA theory (Savrasov and Savra- 

sov, 1996). bLDA energy bands, rigid 

ion approximation, experimental 
phonons, (Allen et al., 1986). 

adding more fitting parameters. For example, the case of completely general 
phonon dispersion is handled simply by replacing the factor 22tr(f~/ogD) 4 by a 
function ~2F(f~). Fortunately, except at low T, the form of PBC is not very 
sensitive to the form of ~2F(f~). One exception is ReO3, where the acoustic 
vibrations are mainly Re-like and low in energy, while the optic vibrations are 
mainly O-like and very high in energy. For that material, it is adequate (Allen and 
Schulz, 1993) to represent ~2trF(f~ ) by a sum of a Debye and an Einstein part, 
22D(~/OgD) 4 +(2EOgE/2)6(f~--C0E), where 2tr is 2D +2E. The remaining 
problem is that the tensor parameter n/m must also be known in order to get a 
value for 2tr, and there is no firm experimental method. The theoretical formula is 

- ~_~vk,~vk,~6(ek). (37) (m) 
For cubic symmetry, the tensor is a scalar, (n/m)~ = (n/m)6~. It is usually not 
useful or even possible to make separate definitions of a scalar n (because it is 
unclear how many of the valence electrons should be counted) or of a tensor or 
scalar m or 1/m. Another way to write Eq. (37) is (n/m)~ = N(O)(v~v~), where 
the angular brackets denote a Fermi surface average. One can also define a 
"Drude plasma frequency" f~2/~_ 4~zeZ(n/m)~ that govems both dc and ac 
conductivity. Unfortunately it is not possible to get reliable values of the Drude 
plasma frequency from optical experiments, for a variety of reasons, outlined by 
Hopfield (1972). Surprisingly, it seems that LDA band theory gives for many 
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metals very reliable values of (n /m)~ ,  which therefore yield good values of 2tr. In 
quite a few metals, this provides the best available estimate of 2. 

There are several other ways of getting values of parameters related to 2. 
Quasiparticles near the Fermi surface have energies and lifetimes given by poles 
of the Green's function or zeros of G-l(k ,  co) for small Icol in the complex 
co-plane, 

G -1 (k, co) - co - e k - ~-~(k, co) 

= (1 + 2k(T))(co + i/2-ck(co, T)) - ek, (38) 

where 2k(T ) is defined as -OZl(k ,  co)/Oco[o~= o, (1 +2k)/2~ k is defined as 
-~2(k ,  co), and the zero of energy is shifted so that Zl(k, co = 0) is absorbed 
and disappears. Then 2k(T ) is the mass enhancement parameter for the quasi- 
particle state k, and 2 is the average of 2k(T = 0) over the Fermi surface. The 
spectral weight function, - I m G - l ( k ,  co), then has a Lorentzian resonance 
centered at the renormalized quasiparticle energy E k = ek/(1 + 2k(T)) with 
width equal to the lifetime broadening 1/'ck(E k, T). If electron-phonon inter- 
actions dominate, then at T ~> | where 2k(T ) ~ 0, h/r,k(E k, T) = 
2rc2k(T = 0)kB T. This also assumes that the state k being probed has a small 
enough [ek[ so that ILk[ ~< kB| D. 

Various resonance methods can measure either Ek(T ) and 1/rk(T ). As an 
example, cyclotron resonance can do this for extremal orbits on the Fermi surface, 
but generally only at low temperatures where E k = ek/(1 + 2k(T = 0)). Under 
these conditions, 1/rk(T ) is small and does not contain complete information 
about 2k; an orbit-averaged value of (1 + 2) can be extracted using theoretical 
values of the unrenormalized quasiparticle band structure e k. In principle, 
photoemission spectroscopy could measure 1/'ck(T ) at high T, and thus directly 
measure 2k with no need for theoretical input. The principal difficulty is that the 
perpendicular component k• of the wavevector k cannot be directly measured; a 
measured spectrum is a superposition of spectra for a range of values of k• One 
case where this is avoided is for a surface state. If there is no bulk state for some 
range of energy and some kll, then a surface state may occur in that energy range 
with a sharp two-dimensional k-vector. Then high-resolution photoemission can 
measure 1/'r k and thus 2k for that state. 

b. Commentary on 2 Values 

Tables 9.8 through 9.11 contain values of 2 for selected materials. Values 
are only tabulated for those cases in which they are unlikely to change 
appreciably with time. Therefore, many interesting materials are omitted, such 
as the cuprate, bismuthate, and fullerene superconductors. Especially in the 
cuprates, properties of quasiparticles, including even whether they exist and 
what spin and charge they carry, are still mysterious. Electron-phonon coupling 
seems to affect some properties of cuprates, yet seems to be missing from other 
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properties. My opinion is that Migdal-Eliashberg theory and Eq. (31) do not 
apply to cuprates, but probably do apply to fullerenes and to the BaBiO 3 family of 
superconductors. Values of 2 of order 1 probably apply to the latter two families, 
but firm numbers are hard to obtain. 

Table 9.8 contains elements that are superconducting in crystalline form at 
atmospheric pressure, including two cases (Ga and La) where there is information 
about a metastable phase. The entries are taken from previously cited sources, as 
well as the following references: Allen (1987b); Sanborn et al. (1989); Garno 
(1978); Dynes (1970); Rowell et aL (1971); Hubin and Ginsberg (1969); 
McMillan and Rowell (1965); Zasadzinski et al. (1982); Wolf et al. (1980); 
Shen (1970); Wolf et al. (1981); and Lou and Tomasch (1972). The super- 
conducting elements provide the best opportunity to compare 2 values obtained 
by different methods. In particular, for Pb, V, Nb, and Ta there are transport, 
tunneling, and LDA values in addition to values from the McMillan equation, Eq. 
(31). In all cases, McMillan values are less than all other values, strongly 
suggesting that the McMillan equation underestimates 2. There are two main 
causes of this: (1) The McMillan prefactor | is often larger than the 
correct prefactor COin/1.2 , although probably not by much for the elements V, 
Nb, and Ta because the McMillan equation was based on the phonon spectrum 
of Nb; (2) knowledge of #* is still primitive; it is assumed to be 0 . 1 0 -  0.13, 
but Table 9.8 suggests that it is often larger. In particular, in V it is suspected 
that spin-fluctuation effects may increase #* above the "renormalized" value 
#/[1 + #In(cop/coD) ] because the characteristic spin-fluctuation frequencies are 
lower than cop. For very strong-coupling materials such as Pb, the McMillan 
equation should overestimate 2 because in this regime it is known to under- 
estimate T c. However, in Pb the other causes must dominate since 2McM is an 
underestimate. I believe that theoretical LDA values are now more reliable than 
McMillan values. Tunneling values are excellent for the "simple" metals fl-Ga, 
In, Sn, Hg, T1, and Pb, but require more complicated junction preparation 
methods and more complicated theoretical analyses for d-band and exotic 
materials, which degrades the believability of the numbers. For most elements 
the transport values are good, but T1 and Re may have too high values of 2tr. 

Table 9.9 shows values for four elements where tunneling experiments 
(Chen et al., 1969; Knorr and Barth, 1970) have been carried out on super- 
conducting amorphous phases. Bi is semimetallic and not superconducting in its 
crystalline phase. The divergent experimental values of 2 may reflect differences 
between samples of amorphous Bi made by different procedures, or may instead 
reflect difficulties in accurate measurement of tunneling characteristics, especially 
at bias voltages near the superconducting gap where 2 can have important 
contributions due to soft mode vibrations that are hard to measure accurately. 
In Ga and Sn (but not in Pb) the amorphous phase has enhanced values of T C. In 
all three elements, 2 is enhanced. The reason is the softening of the vibrational 
spectrum in amorphous phases, which raises 2 more than T c. 

Table 9.10 gives values for crystalline elements that are nonsuperconduct- 
ing, using information from previously cited sources, as well as from Carlsson 
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Table 9.8. 

Values of 2 for superconducting crystalline elements. 

Metal Tc(K ) OD(K ) ~McM /~tr ~tun '~LDA 

Be 0.026 1390 0.23 
A1 1.16 428 0.38 0.39 b 
Zn 0.85 309 0.38 0.46 e 

c~-Ga 1.08 325 0.40 
/%Ga 5.9 0.97 f 
Cd 0.52 209 0.38 0.37 e 
In 3.40 112 0.69 0.834g 
Sn 3.72 200 0.60 0.72 h 
Hg 4.16 72 1.00 1.60 i 
T1 2.38 79 0.71 1.11 e 0 .7~ 
Pb 7.19 105 1.12 1.48 b 1.57 
Ti 0.39 425 0.38 0.50 k 
V 5.30 399 0.60 1.09 b 0.83 l 
Zr 0.55 290 0.41 0.55 k 
Nb 9.22 277 0.82 1.066 1.05 m 
Mo 0.92 460 0.41 0.32 b 
Ru 0.49 550 0.38 0 .47  
Hf 0.09 252 0.34 0.42 k 
Ta 4.48 258 0.65 0.876 0.69 n, 0.73 ~ 
W 0.012 390 0.28 0.26 b 
Re 1.69 415 0.46 0.76 e 
Os 0.65 500 0.39 0.54 e 
Ir 0.14 420 0.34 0.50 b 
c~-La 4.88 151 0.81 p (0.77) q 
/%La 6.00 139 0.93 p 
Th 1.38 165 0.56 b 0.52 b 

0.44c, a 

1.20a,1.68 c 

1.19 ~ 

1.26 c 
0.42 c 

0.86 c 

aUnless otherwise noted, from MacMillan (1968). bAllen (1987b). CSavrasov and Savrasov (1996). 
dLiu and Quong (1996). eSanborn et al. (1989).fGamo (1978). gDynes (1970). hRowell et al. (1971). 
iHubin and Ginsberg (1969). JMcMillan and Rowell (1965). kAllen (1996). tZasadzinski et al. (1982). 
mWolf et al. (1980). nShen (1970). ~ et al. (1981). Pfrom Eqn. (31) using data from Roberts 
(1976). qDifficulties with the junction required ad  hoc modifications in the analysis (Lou and 
Tomasch, 1972). 

Table 9.9. 

Values of 2 for superconducting amorphous 
elements. 

Metal T c 2tu n 

Ga 8.56 2.25 a 
Sn 4.5 0.84 b 

Pb 7.2 1.91 a 
Bi 6.1 2.46, a 1.84 b 

aChen et al. (1969). bKnorr and Barth 
(1970). 
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et al. (1997); McDougall et al. (1995); and Hoyt and Mota (1976). Values from 
transport are known for many elements and appear consistent with other values 
when available. It would be very interesting to have reliable values for ferro- 
magnetic elements. However, one expects that there should be quite different 
values of 2 for the up and the down spin species, but two values (21, and 2r 
cannot be extracted independently from transport measurements. Therefore, we 
must wait for theoretical values and measurements by spin-sensitive techniques. 
As an example, Gd is ferromagnetic with a Curie temperature of 292K. 
Photoemission below this temperature has seen a surface state carrying the 
majority (?) spin, and its 2 value is listed. 

Table 9.11 lists most of the intermetallic compounds where there is reliable 
information (Dynes, 1972; Kihlstrom et al., 1985; Kwo and Geballe, 1981; 
Rudman and Beasley, 1984; Schulz et al., 1992; Glassford and Chelikowsky, 
1994; Rathnayaka et al., 1997; Pickett and Singh, 1994; Kim et al., 1995; Singh, 
1996; Michor et al., 1996; Singh, and Pickett, 1995). Evaluating 2tr for 
compounds is often risky. There are two main difficulties: (1) the measured 
p(T)  is sometimes sample dependent, especially in oxide materials where 
polycrystalline bulk, single crystal, and thin film samples give different results; 

Table 9.10. 

Values of 2 for non-superconducting crystalline elements. 

Metal 2~r '~LDA '~other 

Li 0.35 0.45-0.51 b 
Na 0.14 
K 0.11 
Rb 0.15 
Cs 0.16 
Cu 0.13 0.14 a 
Ag 0.12 
Au 0.15 
Mg 0.20 g 
Ca 0.05 
Ba 0.27 
Sc 0.51 g 
Y 0.62 g 
Pd 0.47 0.35 a 
Pt 0.66 
Gd 

0.24 c 

0.14 4- 0.02 e 

0.2Y 

0.6 h 

aUnless otherwise noted, from Allen (1987b). bLiu and Quong 
(1996). cSurface quantum well state (Carlsson et al., 1997). 
d Savrasov and Savrasov (1996). e Surface state on Cu(111) 
(McDougall et al., 1995). fExtrapolation from superconducting 
alloys (Hoyt and Mota, 1976). gSanbom et al. (1989). hSurface 
state with quantum numbers 5d(z 2, ?) on Gd(0001), P. D. 
Johnson, private communication. 
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it is hard to know the "true" p ( T ) ,  but usually safe to assume that the smallest 
values are the best; (2) it is important to be sure that the transport mean free path 
is at least 10 A; otherwise, wavevector k is not a good quantum number, Bloch- 
Boltzmann theory is not applicable, and 2tr is ill-defined. In Eq. (35), the group 
velocity hvk, x = Oe/Ok x is only well defined when wavevector k is a good 
quantum number. The superconducting 2, however, is still well defined from 
Eq. (35) provided the quantum numbers k, k' are reinterpreted as labels for the 
exact eigenstates of the disordered material. 

RuO 2 is an interesting case where the transport value of 2 suggests the 
possible occurrence of superconductivity at not too low a temperature, and this 
may not have been tested below helium temperature. The layered intermetallic 
borocarbides received a great deal of attention. In the case of LuNizBzC, 
McMillan and transport values agree, which suggests (as does other evidence) 
conventional superconductivity. For the related material La3NizBzN3_6, transport 
and McMillan values badly disagree. My guess is that the transport value may 
change with better data, but usually the transport value goes down in time as 
samples improve, rather than up in time. An alternate possibility is the occurrence 
of unconventional superconductivity. A similar situation holds for cuprates, 
where transport values of 2 of order 1 are found using LDA bands, whereas to 
account for T c near 100 K, one needs 2 of order 3 or higher. There are clear signs 

Table 9.11. 

Values of 2 for crystalline compounds and ordered intermetallics. 

Metal T 2tu n 2tr 2Me M 
c 

In2Bi 5.6 
Bi2T1 6.4 

T17Sb 2 5.2 
V3Si 17.1 
Nb 3 A1 18.5 
Nb3Sn 17.8 

Nb3Ge ~20 
NbN 16.0 
NbO 1.4 

ReO 3 < 0.02 

RuO 2 < 4.2 
CoSi 2 1.22 

Pd2Si 
LuNi 2 B 2 C 16.1 

La3NizBzN3_ 6 12.25 

1.40 a 
1.63 a 
1.43 a 
0.89 b 

1.7 r 
1.75 a 
1.7 b 

1.46 b 
0.51 e 0.41 e 

0.35 r 
0.54-0.1 g 
0.44 f 

o.15-o.2o r 

0.9?, 0.8 i 1.0 h 

0.2~ 0.86 / 

aDynes (1972). 6Kihlstrom et al. (1985).CKwo and Geballe (1981). dWolf et al. (1980); Rudman and 
Beasley (1984). eSchulz et al. (1992).fAllen and Schulz (1993). gGlassford and Chelikowsky (1994). 

bUsing data from Rathnayaka et al. (1997) and theory from Pickett and Singh (1994) and Kim et al. 

(1995). iSingh (1996). JUsing data from Michor et al. (1996) and theory from Singh and Pickett 
(1995). 
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of unconventional behavior, which in my mind invalidates the transport analysis 
based on Bloch-Boltzmann theory. Another interesting intermetallic, Sr2RuO4, is 
also not listed. Nice-looking resistivity measurements are now being published, 
but do not accord well with the Bloch-Griineisen formula, which is another sign 
of unconventional behavior. It is not clear whether the concept of an electron- 
phonon 2 value can be retained in such cases. In most materials where the 
confusion is large, I have not tabulated any 2 values, but La3Ni2B2N3_ 6 is 
included as a sign of the potential hazards. 
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Introduction 

The present chapter deals with various thermal type properties of superconductors. 
It begins with the specific heat, which has been extensively studied for many 
superconductors. These data are of interest because the BCS theory makes explicit 
predictions about the behavior of the specific heat in the neighborhood of the 
transition temperature To. This chapter also contains more extensive sections on 
the thermal conductivity and various thermoelectric and thermomagnetic effects. 

Specific Heat 

a. Meaning of Specific Heat 

The specific heat C of a material is the change in internal energy U brought about 
by a change in temperature, 

dU 
C -  dT'  (1) 

where the usual units for C are J/mol-K. We do not differentiate between the specific 
heat at constant volume, which is defined by Eq. (1), and that at constant pressure, 
which is the change in enthalpy brought about by a temperature change, because for 
solids the two are almost indistinguishable. Ordinarily the specific heat is measured 
as the heat input dQ that raises the temperature by a unit amount dT: 

d Q -  C dT. (2) 

In metals C is mainly the sum of an electronic term C e due to the conduction 
electrons and a phonon contribution Cph due to lattice vibrations: 

C =  C e +Cph. (3) 

The electronic term is only appreciable at low temperatures and changes 
dramatically at the superconducting transition, whereas the phonon contribution 
dominates at room temperature and is largely undisturbed by the transition at T c. 
We will investigate these two contributions to the specific heat in the next two 
sections. 
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b. Electronic Specific Heat 

In normal metals C contains a contribution from the conduction electrons Ce that 
increases linearly with temperature: 

C e = 7T (4) 

The so-called Sommerfeld constant 7, 

7 = (rc2/3)D(Ev) kg, (5) 

provides an experimental estimate of the density of states D(EF) at the Fermi 
level. Table 10.1 lists values of 7 in the normal state for a number of super- 
conductors. For many metallic elements 7 is close to the free electron value 7o, 

70 = rc2R/2TF = 4.93R/Tv, (6) 

where R = NAk B is the gas constant and T F is the Fermi temperature. The fact that 
T F appears in the denominator of Eq. (6) makes it clear from Eq. (4) that C e << R 
for all temperatures of experimental interest. The ratio of the effective mass m* to 
the free electron mass m is 

m*/m - 7/70 - 7TF/1 rcZR. (7) 

The free electron approximation also provides an expression for the ratio of 7o to 
the (Pauli) conduction electron susceptibility Ze, 

70/Ze --  1 (7~kB/I.I,B)2 (8) 

c. Phonon Specific Heat 

The Debye model for the phonon contribution Cph to the specific heat assumes 
that the sound velocity v is isotropic and independent of the frequency, and that 
there is a maximum vibrational frequency co D called the Debye frequency with an 
associated Debye temperature 0 D, 

]'1co D = kBO D, (9) 

which gives for the phonon density of states per unit volume Dph(co ) 

3o92 
Dph(co ) -- dn/dco -- 2rczv3 . (10) 

Standard solid-state physics texts derive the following integral for the vibrational 
or phonon specific heat: 

I i  D x4 eX dx 
Cph -- 9R(T/OD) 3 ( e~ _ 1) 2 , (11) 
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Table 10.1 

Specific heat and related data for some selected superconductors. Data are from Table 4.1 of Poole et 
aL (1995); see also Junod (1990) and Vonsovsky et aL (1982). 

re 
Material (K) 

19o 7 A D(EF) 
(K) (mJ/mol-K 2) (Cs-Cn)/TT c (mJ/mol-K 4) (states/eV) 

Cd 0.55 252 0.67 1.36 
A1 1.2 423 1.36 1.45 
Sn, white 3.72 196 1.78 1.60 
Pb 7.19 102 3.14 2.71 
Nb 9.26 277 7.66 1.93 
Zr0.7Ni0. 3 2.3 203 4.04 ~1.65 
V3Ge A15 8.2 7.0 
V3Si A15 17.1 17.0 
Nb3Sn A15 18.0 13.0 
HfV 2 Laves 9.2 187 21.7 
(Hfo.5Zr0.5)V 2 Laves 10.1 197 28.3 
ZrV 2 Laves 8.5 219 16.5 
PbMo6S 8 Chevrel 12.6 79.0 
PbMo6Se 8 Chevrel 3.8 28.0 
SnMo6S 8 Chevrel 11.8 105.0 
YMo6S 7 Chevrel 6.3 34.0 
UPt 3 Hvy ferm 0.46 460.0 ~0.9 
UCdll Hvy ferm 5. 200 290.0 
URu2Si 2 Hvy ferm 1.1 31.0 0.42 
CeRu2Si2 Hvy ferm ~0.8 340.0 3.5 
(TMTSF)2C104 Org 1.2 213 10.5 1.67 
K-(ET)2Cu(NCS)20rg 9.3 34.0 
BaPbl_xBixO3 Perovskite 10.0 0.6 8.0 
(Lao.9255ro.o75)2 CuO 4 37.0 360 4.5 2.0 
YBa 2 Cu 3 07 92.0 410 20-35 1.3-2 
Bi2Sr2CaCu208 95.0 250 0-10 
T12Ba2CaCu208 110.0 260 <6.8 >6 
T12Ba2Ca2Cu3Olo 125.0 280 ~58 ~ 1.4 

0.23 

1525 
115 

11.4 

1.55 
2.0 

2.3 
3.0 
1.9 

9.3 
0.24 

1-3 

where  x D - 0D/T,  and this express ion is plot ted in Fig. 10.1 using exper imenta l  

data f rom Cu and Pb. The  mola r  phonon  specific heat  has the fo l lowing l imiting 

behaviors:  

Cph -- (12rc4 / 5 ) R ( T / O D )  3 - 234R(T /OD)  3, 

Cph -- 3R, T >> 0 o. 

T << 0 D (12a) 

(12b) 

The figure shows that at T c the e lement  Pb and L a S r C u O  are in the T 3 region, 

whi le  Y B a C u O  is significantly above it. 
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Fig. 10.1. 
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Debye model (solid curve) of the phonon specific heat with the T 3 low temperature 
approximation (dashed curve) indicated. Experimental data for the elements Cu and Pb are 
given. The specific heats of the three superconductors Pb, (Lao.925Sro.075)CuO4, and 
YBa2Cu307_ 6 at their respective transition temperatures are indicated [From Poole et al. 
(1995 p.14).] 

If Cexp/T is plotted vs T 2 at low temperature, 

Cexp/T  -- 7 q- A T 2 ,  (13) 

the slope gives the phonon part A -- 2 3 4 R / 0 3  and the intercept at the origin, 
T - 0, gives the electronic coefficient 7. Sometimes other terms also contribute. 

d. Discontinuity at T~ 

The phase transition from the normal to the superconducting state in the absence 
of an applied magnetic field is second order, so the Gibbs free energy and its 
temperature derivative are continuous: 

Gs(T~) = Gn(Tc) (14) 

dG___2s = dGn . (15) 
d T  d T  

There is no latent heat, but there is a discontinuity in the specific heat, and the 
BCS theory predicts a dimensionless jump in the normalized electronic specific 
heat at T~ given by 

(Ces -  7Tc) /TT ~ = 1.43, (16) 
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where here Ces is the electronic term immediately below T c. This discontinuity 
has been observed, as shown in Fig. 10.2 and by the data presented in Table 10.1. 
The BCS theory predicts that far below T c the specific heat depends exponentially 
on the temperature 

Ces(T) ~ a exp ( -A/k  B T), (17) 

where Eg - 2A is the energy gap in the superconducting density of states. 
When a magnetic field is present there is still a discontinuity in the specific 

heat, but in addition there is a field-dependent latent heat given by 

L ( ~ )  - (Sn - S s ) r c ( ~ ) ,  (18) 

so the transition is now first-order, where Tc(B ) is the transition temperature in the 
presence of the field. If the assumption is made that the critical field Be(T) has a 
parabolic dependence on the temperature, 

Bc(T ) - Bc(0)[1 - (T/Tc)2], (19) 

then this expression can be inverted to give the magnetic field dependence of the 
critical temperature, 

Tc(B ) - T~[1 - B/Bc(O)] 1/2, (20) 

where T c is the transition temperature in the absence of the field, and of course 
B < Bc(O ) for the material to remain superconducting. 

Fig. 10.2. 
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Specific heat of elemental aluminum in the normal and superconducting states showing the 
jump predicted by the BCS theory. [Phillips (1959); see Crow and Ong (1990), p. 225.] 
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C 

Thermal Conductivity 

Ctirad Uher 

a. Introduction 

Among the important properties of high-temperature superconductors (HTS) is 
their ability to conduct heat. There is not only an obvious technological interest in 
how efficiently and by what means the heat flows in these solids, but also a deep 
theoretical desire to understand the electronic and vibrational properties of these 
materials. In HTS, such information is especially valuable due to the fact that 
traditional galvanomagnetic probes such as resistivity, Hall effect, and thermo- 
power are inoperative in the (now) wide temperature range below T c. Detailed 
account of heat transport in HTS can be found in Jezowski and Klamut (1990) 
and Uher (1990, 1992). 

For any isotropic solid, the thermal gradient V T imposed across the sample 
results in the rate of flow of heat across a unit cross-section perpendicular to the 
direction of heat flow governed by Fourier's law, 

U = -tcVT. (21) 

Here ~c is the thermal conductivity and the negative sign implies that the heat 
flows down the thermal gradient, that is, from the warmer to the cooler end of the 
sample. 

Measurements of the thermal conductivity can be accomplished by various 
experimental arrangements depending on the structural form of a sample, 
temperature interval of interest, and the desired accuracy of the data. One is 
mostly interested in the behavior of the thermal conductivity at and below room 
temperature and, for samples of bulk form, the most convenient and by far the 
most frequently used setup is the longitudinal steady-state technique illustrated in 
Fig. 10.3. One end of a sample with a uniform cross-sectional area A is attached 
to a cold tip of the cryostat while a small heater (typically a metal-film resistor) is 
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fastened to the other end of the sample. Electrical power Q dissipated in the heater 
provides a heat flow. The resulting temperature difference AT = T h - T c between 
two points separated by a distance L is measured by a pair of thermometers or a 
differential thermocouple. The thermal conductivity ~: is then calculated from 

= QL/(A AT). (22) 

For not too large AT, the value of tc obtained from Eq. (22) will be that 
corresponding to the mean temperature between the thermometers. For very short 
samples, it is frequently preferable to use the so-called two-heater~one thermo- 
meter technique, wherein a thermometer is attached to the free end of the sample 
while the power is switched between two heaters spaced along the length of the 
sample. Since heaters can be made very small (e.g., by evaporating resistive 
strips), they can be easily accommodated on short samples. Thermal conductivity 
of samples in the form of thin films can be determined by the so-called 3-09 
method (Cahill, 1990). Experimental techniques of measuring thermal conduc- 
tivity are discussed in several monographs and review articles, for example, 
Berman (1976) and Uher (1996). 

Fig. 10.3. 

Experimental setup to measure thermal conductivity using the longitudinal steady-state 
method. 
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b. Normal State 

Heat in a solid is carried by two distinct entities, free carriers, ~%, and quantized 
lattice vibrations called phonons, top. The total thermal conductivity, to, is then 

K -- K e -[-" Kp. (23) 

The relative magnitude of the two contributions in Eq. (23) can be used to classify 
solids in a way analogous to the magnitude of the electrical resistivity, Fig. 10.4. 
Each heat-conducting channel (carriers and phonons) is subject to relaxation 
mechanisms (scattering) that ensure the stationary nature of the heat-conducting 
process. Charge carriers are scattered by phonons yielding the thermal resistivity 
contribution We_p, by defects yielding We_d, and by other charge carriers, We_ e. 
Phonons can scatter on free carriers, Wp_e, on defects, Wp_ d and in interactions 
with other phonons, Wp_p. According to Matthiessen's rule, the scattering 
processes within each channel are additive, yielding 

We - 1/• e - We_ p -[- We_ d -'[- We_ e (24) 

Wp -- 1/tCp - Wp_ e + Wp_ d + Wp_p. (25) 

Depending on the carrier density, the density of defects, and the temperature 
range, the magnitude and the temperature dependence of each term in Eqs. (24) 
and (25) can be evaluated (see, for example, Klemens, 1965). For instance, a 

Fig. 10.4. 
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Main contributions to the thermal conductivity of various solids. 
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normal metal (ic ~ Ice) can be modeled by the following expression with the 
temperature dependence 

W e = 1/tc e - a T  2 + b/T, (26) 

where the first term on the RHS stands for the cartier scattering by phonons and 
the second term represents the interaction of carriers with static lattice defects. 
Carrier-cartier interaction is usually small and is neglected in Eq. (26). 

Assuming elastic scattering, the thermal conductivity associated with free 
carriers is related to the electrical resistivity via the Wiedemann-Franz law, 

Ice - -  L o T ~ P ,  (27)  

h(~B) 2 ~ 2  0 -8 VZK-2 where L 0 --5- -- - 2.44 x 1 is the Lorenz number. 
Althoug pure metals are very good heat conductors, the highest values of 

the thermal conductivity are achieved in covalently bonded insulators with high 
Debye temperatures such as diamond and boron nitride. The thermal conductivity 
of isotopically pure diamond is so high that it is extremely difficult to determine 
accurately. Table 10.2 gives room-temperature values of the thermal conductivity 
of several selected materials. 

Conventional superconductors are metals or alloys, and for T > T c their 
thermal conductivity has a substantially metallic character with a small contribu- 
tion due to phonons that increases (as a percentage of the total thermal 
conductivity) as the metal becomes less pure and more disordered. HTS materials 
have a significantly reduced carrier density in comparison with typical metals and, 

Table 10.2. 

Thermal conductivity of several selected materials at a room tempera- 
ture. 

Material to(300 K) in W/m-K Reference 

Diamond 2200 1 
Silver 420 1 
Copper 390 1 
Gold 320 1 
Aluminum 240 1 
Brass 120 1 
MgO 60 1 
Niobium 51 1 
Lead 35 1 
Constantan (55 Cu 45 Ni) 23 1 
Stainless Steel 14 1 
YBa2Cu307 (ab-plane) ,~ 10 2 
Pyrex 1 1 
Plexiglass 0.2 1 
Styrofoam 0.04 3 

References: 1, Childs et al. (1973); 2, Uher (1992); 3, Waite (1955). 
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as a consequence, phonons are the dominant heat conducting channel. For 
instance, in bulk sintered cuprates phonons account for 90-95% of the total 
thermal conductivity, and even in the best single crystal available phonons carry 
at least half of all heat in the normal state. 

c. Superconducting State 

The lowering of the temperature below the superconducting transition tempera- 
ture T~ and the ensuing formation of the Cooper condensate lead to a sharp 
change in the electromagnetic and kinetic response of a material, and a 
consequent drastic modification of its heat flow pattern. Two properties of the 
condensate provide the overriding influence: 

1. Cooper pairs carry no entropy 
2. Cooper pairs do not scatter phonons 

The first condition implies that the electronic thermal conductivity vanishes 
rapidly below T c. In fact, the decrease is approximately exponential and has been 
justified by Bardeen, Rickayzen, and Tewordt (1959) in the so-called BRT 
Theory, and by Geilikman and Kresin (1958). 

The effect of the second condition is more subtle. Provided that the mean 
free path of phonons at T > T c is limited by scattering on change carriers, on 
passing into the superconducting state the phonon thermal conductivity will rise 
because the number of normal carriers (more precisely, the density of quasi- 
particle excitations) rapidly decreases. The competition between the rapidly 
diminishing ~c e on the one hand and the increasing/s on the other will determine 
the overall dependence of the total thermal conductivity of any given super- 
conductor. Because of the dominant contribution of charge carriers, a vast 
majority of conventional superconductors show a decrease in the ratio of the 
thermal conductivities in the superconducting and normal states, KS(T)/~cn(T), for 
T < T c. In the case of elemental superconductors, the thermal conductivity may 
be reduced by 2-3 orders of magnitude in comparison to its normal-state value. 
On the other hand, in a few alloys, sufficiently disordered so that tce is relatively 
small and Kp represents a significant fraction of the total thermal conductivity, 
and, at the same time, when the phonon-carrier interaction in the normal state is 
significant, the entry of such material into the superconducting domain may be 
accomplished by a rise in the thermal conductivity, Fig. 10.5. Such a rise is the 
consequence of an enhanced mean-free path of phonons as progressively fewer 
normal carriers are available to scatter them below To. Of course, at very low 
temperatures, all conventional superconductors will behave as ordinary dielectric 
solids, because phonons are the only entity that can carry heat. 

Phonons carry the bulk of the heat in the normal state of HTS, and it is 
reasonable to assume that phonons also play a prominent role at temperatures 
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Fig. 10.5. 

"5 .......... 

0"2 ..... 
7 

O'  
QJ 

7 0.1 
E u 

o 0"05 
3 

0"02 
c 
o u 

"6 0-01 
E 

.Iz 

~- 0 - 0 0 5  

O-OOZ 

oC~ 

O 
O 

O 

O 
O 

NbC 

~ X  J xx s 

/ 
/ 

/ 
/ 

/ 

1 
2 

o 
0 X ~ o  

X / 

X / / 
X / 

/ 
,r 

/ 

O 
O 

O x  x 
~ x  

0 
0 

0 

X l X  
X 

I I . . . . . . .  I I 
mo 2o ~ " 

Temperature (K) 
Thermal conductivity of niobium carbide. Open circles refer to a superconducting NbC0.96 

with T c -~ 10 K. Crosses represent a nonsuperconducting NbC0.76. [After Radosevich and 
Williams (1969).] 

below Tr The behavior of Xp being limited by carrier scattering was originally 
treated in the BRT theory and supplemented by Tewordt and Wolkhausen (1989) 
to account for the relevant scattering processes and the anisotropy of the phonon- 
carrier interaction as appropriate to HTS cuprates. The in-plane phonon thermal 
conductivity becomes, Peacor et al. (1991 a) 

OD/r 1 

Kp,ab(T ) --  (kB/2n2v)(kB/h)3T 3 J dx x4eX/(e  x - 1) 2 I d (  3/2(1 - ( 2 ) ~ - ( T ,  x, ( ) ,  

0 0 

(28) 

where the overall scattering rate is given by 

~ - - I ( T ,  x, ~) - B Jr- Opt4X 4 -+- Osf t2x  2 -'l- g t x g ( x ,  y)(1 - ~2)3/2 _1_ e T 4 x  2. (29)  

Coefficients B, Dp, Dsf, E, and U in Eq. (29), in turn, refer to phonon scattering 
by boundaries, point defects, sheetlike faults, charge carriers, and other phonons. 
The function g(x,y) is the ratio of the phonon-carrier scattering times in the 
normal and superconducting states, and its exact form depends on the super- 
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conducting energy gap. The theory can accommodate the strong coupling limit 
for both the s-wave and d-wave pairing mechanisms, and provides a plausible 
explanation for the characteristic rise and the peak in the thermal conductivity of 
HTS below T c, Fig. 10.6. The peak has been observed in samples of all major 
families of HTS except for BaKBiO and NdCeCuO structures. While excellent 
fits with perfectly reasonable parameters exist for both sintered and single crystal 
data (e.g., Peacor et al. 1991 a), phonons may not be the sole entity responsible for 
the rising thermal conductivity and the peak below To. 

Microwave surface resistance studies (Bonn et al., 1992) and ultrafast laser 
pump-probe studies of cartier relaxation (Chwalek et al., 1990) have clearly 
shown that the relaxation time of quasiparticles in HTS is dramatically enhanced 
below T~. Such an unusually long quasiparticle lifetime provides and altemative 
explanation for the peak in the thermal conductivity (Yu et al., 1992). In this case 
the fit to the experimental data is made with the aid of the formula for the cartier 

Fig. 10.6. 
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contribution in the superconducting state derived by Kadanoff and Martin (1961) 
and independently by Tewordt (1962), 

Kse -- 1/(2kB T2m) j d3p  z4/r) sech2(Ep/2kB T) ~- ~ / F .  (30) 

Here E p -  (ep 2 + A~) 1/2, where ep is the normal-state dispersion and Ap the 
superconducting gap. The scattering rate F is taken as F ,~ (T/Tc)n+ wi, 
implying a power law dependence augmented by a constant term wi that stands 
for the residual scattering rate due to impurities. Yu et al. (1992) find that a d- 
wave pairing state fits best, and the relaxation rate varies as the fourth power of 
temperature. 

The difficulty in making an unambiguous choice between the two compet- 
ing interpretations rests in the fact that the charge carriers and phonons contribute 
roughly equally (in single crystals) to the heat transport in the normal state, and 
the physical processes that give rise to enhancements in either tOp(T) or tCe(T ) 
below T c have rather strong temperature dependences that lead to peaks in the 
thermal conductivity at virtually the same temperatures. 

At very low temperatures, T I T  c << 10 -2, any anomalous behavior should 
cease and the only mode of heat transport should be via phonons, with grains and 
boundaries being the dominant scatterers, that is, tc ~ T 3. Although this is the 
case for insulating cuprates such as YBa2Cu306 (Cohn et al., 1988), the 
superconducting YBCO (Gottwick et al., 1987) and LaSrCuO (Uher and 
Cohn, 1988) show a T-linear limiting dependence, Fig. 10.7, which is well 
approximated by 

~c(T) = aT + bT 3. (31) 

Although various mechanisms were proposed to account for the linear term, the 
consensus converges on the presence of a small number (10-15%) of uncon- 
densed carriers, and this provides support for the d-wave (nodes) symmetry of the 
superconducting state. BiSrCaCuO, on the other hand, displays a T2-dependence 
below 2 K regardless of its structural form (Peacor and Uher, 1989; Zhu et aL, 
1989; Sparn et aL, 1989). A correlation seems to exist between the T-linear 
limiting behavior and the magnitude of the 7-term in the specific heat. 

HTS cuprates possess considerable structural anisotropy, which is reflected 
in the behavior of the thermal conductivity. Figure 10.8 provides the temperature 
dependence of the anisotropy ratio between the in-plane and the c-axis thermal 
conductivities, tCab/~C c, for several cuprates. 

d. Effect of a Magnetic Field 

An external magnetic field B > Bcl drives a superconductor into the mixed state 
characterized by the presence of Abrikosov vortices of core radius ~ that contain 
bound excitations not too different from normal electrons. Close to Tc the heat is 
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Fig. 10.7. 
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carried by unbound excitations (uncondensed electrons), and they scatter on 
vortices, resulting in the thermal resistance 

We(B)- We(O)[1 -t-(lea/dPo)B] (32) 

where I e stands for mean free path (mfp) of quasiparticles and a is the effective 
vortex cross-section. There is no general theory to cover the entire range of 
magnetic fields, but beyond a certain field strength the scattering weakens as the 
vortices start to overlap. At the same time, tunneling between vortices drives the 
thermal conductivity toward its normal-state value tcn as B--+ Bc2. How the 
thermal conductivity actually attains its normal-state value depends critically on 
how large is I e in relation to the coherence length ~ (Caroli and Cyrot, 1965; 
Maki, 1967). Unbound quasiparticles may also undergo the Andreev (1964) 
process, where an incoming electron-like quasiparticle scatters on the modula- 
tion of the order parameter A(r) and transforms into an outgoing hole-like 
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Fig. 10.8. 
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quasiparticle. This process may drastically alter the heat flow because of the near 
reversal of the group velocity. 

Phonon-vortex scattering can be studied only at sufficiently low tempera- 
tures where the lattice carries most of the heat. For phonons to scatter, their 
wavelength must be comparable to the cross-section of the vortex. Phonon 
scattering intensifies with increasing vortex density as 

wp(~)- Wp(0)[1 + ~t~(~/Bc2)], (33) 

where a is the average scattering diameter of the vortex, and lp is the phonon mfp. 
Again, as the vortices come close together, the electrons start to tunnel between 
them and the conductivity approaches the normal state as B ~ Bc2. Typical 
behavior of the magnetothermal conductivity in conventional superconductors is 
sketched in Fig. 10.9. It is important to note that Eqs. (32) and (33) predict the 
same field dependence, and thus the magnetic field, on its own, cannot distinguish 
between the effects due to quasiparticles and those due to phonons. 

A magnetic field has a strong influence on the heat transport in HTS single 
crystals and causes up to 30% reduction in the thermal conductivity (Palstra et aL 
1990); Florentiev et al., 1990; Zavaritski et al., 1991; Peacor et aL, 199 lb). The 
results show interesting hysteresis effects associated with the flux creep phenom- 
enon, and this provides a way to study vortex dynamics via thermal transport 
measurements (Richardson et aL, 1991). Vortices scatter more effectively when 
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Fig. 10.9. 
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they lie perpendicular to the C u O  2 planes than when they fit between the planes 
(see Fig. 10.10), and dimensionality of superconductivity has a considerable 
influence (Inyushkin et al., 1994). In marked contrast to conventional super- 
conductors, the field dependence of thermal conductivity in HTS is substantially 
sublinear, and stretched exponentials of the form 

Wo(B ) -- cB exp[-pB1/4],  (34) 

with c andp being fitting parameters, provide excellent fits to the data (Fig. 10.11; 
Richardson et al., 1991). As yet, there is no consensus regarding the nature of this 
sublinear field dependence, (Richardson et al., 1991; Bougrine et al., 1993; 
Sergeenkov and Ausloos, 1995). Again, because of a similar functional depen- 
dence of the quasiparticle and phonon contributions on the magnetic field 
strength, one cannot assess the relative contributions of quasiparticles and 
phonons without some a priori information concerning the dominant carrier. 

However, the nontraditional transport techniques that make use of the 
handedness in scattering of quasiparticles on vortices offer great hope for 
distinguishing between the contributions of quasiparticles and phonons. One 
such approach is the Righi-Leduc configuration used by Krishana et al. (1995); 
see Fig. 10.12. Although phonons are scattered symmetrically by the vortices, 
there is considerable asymmetry (handedness) as the quasiparticles encounter 
currents circling around the vortex core. Consequently, the transverse thermal 
conductivity Kxy is given entirely by quasiparticles without any phonon back- 
ground. The quasiparticle origin of this effect is easily confirmed simply by 
reversing the magnetic field, which causes a reversal of the transverse thermal 
current. Using this technique, Krishana et al. were able to estimate the in-plane 
quasiparticle component of the thermal conductivity, which turned out to be about 
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Fig. 10.10. 
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Fig. 10.12. 
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of quasiparticles in a crystal of YBazCu307_ ~. 

50% of the total thermal conductivity below T c. The other 50% of heat current is 
then due to phonons. 
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D 

Thermoelectric and Thermomagnetic Effects 

Ctirad Uher and Alan B. Kaiser 

a. Introduction 

Thermoelectric and thermomagnetic phenomena are sensitive probes of the 
nature of electronic states and interaction processes within a conductor. As 
such they are useful tools to study the band structure and carrier dynamics of 
conducting solids. In superconductors, apart from providing valuable insight into 
the carrier transport above the superconducting transition temperature To, the 
thermoelectric and thermomagnetic effects are important in assessing the 
dynamics of vortices and quasiparticles. In this section we illustrate the spectrum 
of experiments and the physical parameters obtained from measurements of the 
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thermoelectric and thermomagnetic effects in superconductors. The terminology 
and designation of  the effects is analogous to the thermoelectric and thermo- 
magnetic effects in the normal metals and semiconductors; see Table 10.3. The 
reader may find useful and more in-depth treatment of  the thermoelectric and 
thermomagnetic effects in superconductors in a monograph by Huebener (1979), 
and in the review articles by Kaiser and Uher (1991) and Freimuth (1992). 

When discussing thermomagnetic effects at temperatures below T c, one 

should keep in mind that the physics refers to the mixed state of  a superconductor 

characterized by the presence of  the flux lines or vortices. It is the dissipative 
motion of  these vortices that gives rise to the transverse thermomagnetic effects. 
The vortex itself, to a first approximation, is viewed as a rigid tube of  normal 

phase of  radius ~ (coherence length) threading the superconducting phase. The 
core of  the vortex is screened from the superconducting surrounding by the 

encircling screening supercurrent Jsc of  magnitude 

Jsc - (~bo/2rC#o23)K1(r/2), (35) 

where K 1 (r/2) is the first-order modified Bessel function, 4)o is the flux quantum, 
2 stands for the penetration depth, and r is the distance from the center of the 
vortex. The functional form of Jsc together with its asymptotic behaviors for 
r << 2 and r >> 2 are shown in Fig. 10.13. Although this description is quite 
adequate for the conventional superconductors, the vortices in the high-tempera- 
ture superconductors (HTS) are much less rigid and may attain a partly two- 

Table 10.3. 

Galvanomagnetic and thermomagnetic effects. 

Effect 
Electric Electric Temp. Heat Magnetic 

Symbol field (E) current (I) gradient (VT) current (q) field (B) 

Resistivity p Meas. x Appl. x 0 
Magnetores. 

longitudinal p(Bii ) Meas. x Appl. x 0 
Magnetores. 

transverse p(B• Meas. x Appl. x 0 
Thermal 

conductivity ~c 0 Meas. x 
Hall effect R H Meas. y Appl. x 0 
Seebeck S Meas. x 0 Appl. x 
Magneto- 

Seebeck S(B) Meas. x 0 Appl. x 
Peltier H Appl. x 0 
Ettingshausen e Appl. x Meas. y 
Righi-Leduc R L Meas. y 
Nemst Q Meas. y 0 Appl. x 

Appl. x 

Meas. x 

Appl. x 

Appl. x 

Appl. z 

0 
Appl. z 
0 

Appl. x, y, z 

Appl. z 
Appl. z 
Appl. z 
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Fig. 10.13. 
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dimensional character, especially in the more anisotropic cuprates. Nonetheless, 
in describing the thermomagnetic effects, we adhere to the picture of vortices as 
rigid tubes. We first introduce the Lorentz force and the thermal force as the two 
driving forces responsible for the motion of vortices. 

b. Lorentz and Thermal Forces 

A flow of transport current density J exerts a Lorentz force F L on a unit length of 
the vortex line given by 

FL = J • +o, (36) 

where ~0 is the flux quantum. In the configuration of Fig. 10.14 with the 
transport current density Jx along the x-axis and the vortex parallel to the z-axis, 
the Lorentz force points down along the negative y-axis. Assuming no pinning, 
vortices move in response to the Lorentz force but their motion is damped by the 
viscous drag force fn = - - ~ / ) L , y ,  where r/is the viscous drag coefficient and VL,y is 
the steady-state vortex velocity. The motion of the free vortices, called flux flow or 
viscous flow of vortices, is thus governed by the equation 

F L + fn = 0. (37) 
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Fig. 10.14. 
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The Lorentz force F e acting on a vortex oriented parallel to the z-axis arising from the presence 
of the transport current density along the x-axis. 

According to Josephson, vortices moving with a velocity v L generate the 
macroscopic electric field 

E = B x v L, ( 3 8 )  

where B is the magnetic induction, B--nq~ 0 with n the density of vortices. 
Combining Eqs. (36)-(38), the electric field in the x-direction becomes 

E x = (c~oBz/~l)Jx. (39) 

Equation (39) leads to the electrical resistivity called f lux  f l ow  resistivity pf, given 
by 

pf = Ex/Jx = dPoBz/r l. (40) 

At the magnetic field equal to the upper critical field, Bc2 , the material becomes 
normal, 

Pn - -  ~b0Bc2/r/. (41) 

Eliminating ~/between Eqs. (40) and (41) yields 

pf  - PnBz/Bc2 cx Pn ~2/a20" (42) 

The approximation on the RHS of Eq. (42) follows from a well-known relation 
~ - ( d P o / 2 g B c 2 )  1/2, and the expression for the vortex lattice parameter 
a 0 - ( ~ o / B )  1/2. Equation (42) basically states that the flux flow resistivity is 
proportional to the fraction of the normal volume occupied by the vortex cores in 
a unit cell of the vortex lattice. 
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If, instead of the external electric current, the vortex is subjected to a 
thermal gradient, then there is a thermal force, Fth, acting on the vortex. In 
reference to Fig. 10.15, the thermal force acts along the x-axis and is given by 

Fth = -SoVxT (43) 

where S o is the transport entropy per unit length of vortex. The origin of the 
thermal force is in the temperature dependence of the penetration length, which is 
larger at the hot end of the sample than at the cold end. This causes stronger 
repulsion of vortices near the hot end, which gives rise to their motion down the 
thermal gradient. The two forces, the Lorentz force and the thermal force, are at 
the heart of the thermomagnetic phenomena in the mixed-state of superconduc- 
tors. We start with the so-called longitudinal effects, the Seebeck effect and the 
Peltier effect. 

c. Seebeck Effect 

A metal with no electric current flowing, and subjected to a longitudinal 
temperature gradient Vx T in the x-direction, can develop a longitudinal electric 
field proportional to the temperature gradient 

E x = SVx T (44) 

a phenomenon called the Seebeck effect. The proportionality constant S is called 
the Seebeck coefficient or, equivalently, the thermopower. This coefficient should 
not be confused with the transport entropy S 0 of Eq. (43). Assuming the sample 

Fig. 1035. 
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The thermal force Fth on a vortex oriented parallel to the z-axis arising from the presence of a 
temperature gradient VxT. 
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geometry of a homogeneous bar with a temperature difference AT between its 
ends, the corresponding Seebeck voltage across the length of the sample is 

AV = S AT. (45) 

The sign of the thermopower corresponds to the sign of the dominant charge 
carrier, positive for holes and negative for electrons. 

1. Normal  State 

In metals, semiconductors, and in superconductors above T c, the Seebeck effect 
arises as a consequence of the asymmetry in the diffusion of the electrons and 
holes along the temperature gradient. In metals, within the free-electron approx- 
imation, the thermopower becomes 

S = (rcz /2) (kB/e) (T /TF)  = 142(T/TF)  (/~V/K). (46) 

Note a T-linear dependence and a very small magnitude of S due to a typical 
Fermi temperature T v >_ 104 K. In semiconductors, a corresponding expression 
for the diffusion thermopower is 

S = (kB/e ) (ec /k  B T) = 86(ec /k  B T) (/~V/K). (47) 

Since the conduction band energy e c >> k B T, S is large and varies as T -1 . Exact 
quantitative evaluation of the thermopower is often difficult because other 
contributions such as the phonon-drag effect, more than one type of scatterer, 
and strong dependence on the particular electronic structure complicate the 
physical picture. In disordered solids where elastic disorder scattering dominates, 
the thermopower is approximately linear except for a characteristic change of 
slope near 50 K due to mass enhancement by a factor (1 + 2), where 2 stands for 
the dimensionless electron-phonon coupling constant. 

Conventional superconductors are metals; hence, their thermopower at 
T > T c reflects the characteristic metallic features discussed earlier. Furthermore, 
because the electron-phonon interaction is the driving mechanism of super- 
conductivity, large enhancement in the thermopower at low temperatures is 
expected. An example of such an enhancement in a Chevrel-phase superconduc- 
tor is shown in Fig. 10.16. 

In addition to their large structural anisotropy, high-temperature cuprates 
possess lower carrier density than typical metals and are very sensitive to doping 
and structural defects. Hence, one would expect the normal-state thermopower to 
be somewhat larger than the typical metallic value and perhaps more complex. In 
reality, the thermopower in HTS presents a surprisingly clear pattern, and this 
allows one to generalize the behavior across the spectrum of cuprates rather than 
to deal with idiosyncrasies of each perovskite family separately. The reader 
wishing to survey existing thermopower studies is referred to review articles 
dealing with the subject, such as that by Kaiser and Uher (1991). 
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Fig. 10.16. 
10 

(a) 

- - -  6 -  
J 

"7 / /  
',x" " I /  
=L 4 -  f 

d 
! - ffl / 

2 -  d j 1 " t 

I ~ ' I '  i ' "  ! ' " I I "  

0 1 0 0  200 300 

T (K) 

Thermopower (crosses) of the Chevrel-phase superconductor Cul.gMo6S 5 Te 3. The solid line is 
a fit to the theoretical expression for the electron-phonon mass enhancement. [After Kaiser 
(1987).] 

Perhaps the most striking feature of the thermopower in HTS is its strong 
dependence on doping, that is, on the hole concentration in CuO 2 planes, and its 
close tie with the doping trend in the transition temperature T c. The super- 
conducting domain of HTS cuprates is delineated by the minimum, Pmin, and 
maximum, Pmax, hole concentrations per planar Cu atom. Outside of these limits 
there is no superconductivity. The overdoped samples (p --+ Pmax) have reduced 
T c, a metallic character, and a substantially linear and negative thermopower. As 
the hole density decreases (by means of nonisovalent substitutions or by lowering 
the amount of oxygen), one achieves a certain optimal level of doping, which 
yields the highest T c and for which the thermopower is small, with a room- 
temperature value of practically zero. With a further decrease in the hole density 
(P --+ Pmin), in the so-called underdoped domain, the T c decreases rapidly and the 
thermopower attains larger positive values, but with a temperature dependence 
that is essentially unchanged. Thus, as the material is brought from the overdoped 
to the underdoped regime, the thermopower undergoes a steady shift upward and 
toward more positive values. The slope of the thermopower, - 3  • 10 -8 V/K 2, is 
approximately the same for all cuprates, except the yttrium compound YBCO, 1 

l In the text and in Tables 10.4 and 10.5 we use the following usual designations for the various 
families of high-temperature superconductors: YBCO stands for YBa2Cu3OT_6, BSCCO represents 
Bi2Sr2Ca., 1CunO2.+4, TBCCO designates TlmBa2Ca._ 1Cu.O2(.+l)+m, LSCO represents 
La2_xSrxCuO4, and NCCO stands for Nd2_xCexCuO 4. 
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which is only weakly dependent on the doping, and insensitive to the spacer 
layers. Furthermore, high structural anisotropy and, specifically, orders of 
magnitude higher in-plane electrical conductivity over the c-axis conductivity 
ensure that meaningful measurements that reveal the behavior of the in-plane 
thermopower can be made on sintered samples where stoichiometry is easier to 
control than in single crystals. A canonical example of the trend in the thermo- 
power is shown in Fig. 10.17. In fact, the common thermopower pattern led 
Obertelli e t  al.  (1992) to consider a correlation between the room temperature 
thermopower, S (290 K), and the T c for a wide range of cuprates; see Fig. 10.18. 
The vanishing of the room-temperature thermopower that coincides with the 
maximum in T c is actually being used as a measure of optimal sample doping. 

We have already pointed out that YBCO departs from the general trend 
followed by all other HTS cuprates. The reason is the presence of CuO chains 
running along the b-axis of the structure that provide, in addition to the CuO 2 
planes, a substantial contribution to the overall charge carrier transport and are 
responsible for the in-plane transport anisotropy. Thus, while there is considerable 
discord between the few existing measurements (see Fig. 10.19), the thermo- 
power data nevertheless clearly reflect the inequality of the a and b crystal- 
lographic directions in this orthorhombic material. The a-axis thermopower 
resembles that of the other cuprates but with a considerably weaker temperature 
dependence. The b-axis thermopower, that is, where the chains make their 
strongest presence, shows a weak and positive slope. By reducing the oxygen 
level and thus introducting vacancy disorder in the chains, both thermopower 
components shift to positive values and both display weak negative slopes. 

Fig. 10.17. 
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indicated lanthanum doping 0.1 < x < 0.7. [Subramaniam et al. (1994).] 
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Fig. 10.18. 
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For completeness, Fig. 10.20 shows thermopower data on YBCO measured 
perpendicular to the CuO 2 planes, that is, along the c-axis. This configuration is 
experimentally quite challenging and the existing measurements are sparse. 
Nevertheless, the data clearly indicate a relatively large and positive thermopower. 

2. Superconducting State 

We stated in the previous section that the diffusion of charge carriers down the 
thermal gradient gives rise to an electric field that opposes the flow of the carriers. 
In the superconducting phase there is no need for such an electric field because 
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Fig. 10.19. 
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Thermopower of untwinned YBa2Cu307_ 6 crystals in the a and b directions. Symbols are the 
data of Subramaniam et al. (1995); the line labeled L stands for the data of Lowe et al. (1991), 
and the line labeled C represents the data of Cohn et al. (1992). [Subramaniam et al. (1995).] 

any normal current density Jn can be balanced by the counterflow of super- 
current Js. Thus, thermopower of a superconductor is zero. All experimental 
data, including those in Figs. 10.17 to 10.19, are fully consistent with this 
hypothesis. The fact that the thermopower of a superconductor is zero (in zero 
magnetic field) can be used for determination of the absolute thermopower of 
individual materials such as wires intended for construction of thermocouples, 
(Uher, 1987). 

Although thermopower is zero in the superconducting state, the circulating 
current pattern comprising the flow of the normal component Jn and the 
counterflow of the supercurrent Js results in a quasiparticle imbalance near the 
ends of the sample and may give rise to very weak thermoelectric effects. For 
details we refer the reader to the original literature, for example, Ginzburg (1991). 
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Fig. 10.20. 
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Thermopower of YBa2Cu 3 07_ 6 measured perpendicular to the CuO 2 planes. Crosses represent 
the data of Sera et al. (1988); triangles stand for the measurements of Wang and Ong (1988). 

3. Mixed State 

From the form of Eq. (47) the Seebeck effect is frequently interpreted as the 
entropy transport per unit electric charge. In the mixed state of a superconductor 
there are two distinct entities that can transport entropy across the sample: 
vortices that transport magnetic flux, and unbound quasiparticles outside of the 
vortex cores that transport electric charge. As we shall show, vortex transport is 
essential for the occurrence of the transverse thermomagnetic effects (Nernst and 
Ettingshausen), whereas quasiparticle transport gives rise to the longitudinal 
thermomagnetic effects (Seebeck and Peltier). 

Consider a thermal force Fth acting on a vortex in the geometry of Fig. 
10.15. If pinning is absent, the vortex moves down the thermal gradient and it is 
obvious that unless there is some mechanism that deflects the vortex sideways 
(e.g., a twin plane oriented away from the x-axis that "guides" the vortex, or by 
invoking a very large Hall angle) the vortex motion cannot produce a longitudinal 
(Seebeck) field. This follows immediately from the relation in Eq. (38). Thus, a 
vortex moving subject to the thermal force of Fig. 10.15 generates an electric field 
transverse to the thermal gradient (the Nernst field) but contributes nothing to the 
longitudinal field. The Seebeck effect thus cannot arise as a consequence of 
thermally driven flux of vortices and, indeed, has never been observed in the 
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conventional superconductors. In HTS cuprates, thanks to a fortuitous confluence 
of a large region of reversibility and a power-law rather than exponential 
dependence of the quasiparticle density that ensures the presence of quasiparti- 
cles at temperatures well below Tc, the Seebeck effect is robust, can easily be 
measured, and rivals the transverse thermomagnetic effects. The Seebeck effect in 
this case stems from the quasiparticle transport or, more precisely, from 
quasiparticles interacting with vortices. 

A physical interpretation was first proposed by Huebener et al. (1990) and 
subsequently refined by a number of authors (e.g., Ri et aL, 1993; Meilikhov and 
Farzetdinova, 1994). The essential physics is an extension of the two-fluid 
counterflow model of Ginzburg to a regime where B r 0. Taking into account 
Hall angles of both vortices (0v) and quasiparticles (0qp), the Seebeck effect for 
the mixed state of a superconductor is 

S = Sn(pf/pn)[1 -t- tan 0 v tan 0qp] + (S4)pf/d/)o)tan 0 v, (48) 

where Sn and Pn are the normal-state Seebeck coefficient and resistivity, and pf is 
the flux flow resistivity. Later, we shall recognize the second term of Eq. (48) as 
related to the Nemst coefficient multiplied by the tangent of the Hall angle. 

If the sample contains any extended structural defects that could serve as 
"guide rails" and guide the motion of vortices under angle q~ away from the 
direction o f - V x  T, Ghamlouch and Aubin (1996) have shown that Eq. (48) 
becomes 

S = Sn(pf/pn){[1 + tan 0 v tan 0qp cos (p] + (S4)pf/dPo)[tan 0 v + tan q~]} cos q0. 

(49) 

Since both Hall angles are typically very small, the dominant term in Eqs. (48) 
and (49) is the first term and to a good approximation 

S = Sn(p f /pn) .  (50) 

The Seebeck coefficient (thermopower) in the mixed state is thus closely related 
to the flux-flow resistivity, Eq. (42). Just as the flux-flow resistivity reflects the 
anisotropy of the structure (broader transition range for more anisotropic 
materials), so does the Seebeck coefficient: More two-dimensional cuprates 
have a more extended temperature range where the Seebeck effect is finite 
(compare Figs. 10.21 a and 10.21 b). 

d. Peltier Effect 

The Peltier effect arises as a consequence of the heat current density being carried 
by the electric current density along an applied electric field in zero temperature 
gradient. Assume that a battery is applied to the terminals A and B to drive a 
current clockwise around the circuit consisting of a thermocouple (elements a and 
b initially at the same temperature) as shown in Fig. 10.22. The presence of the 
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Fig. 10.21. 
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Bi2Sr2CaCu208. Note a much broader transition range for the more anisotropic sample of 
BSCCO. [Ri et al. (1994).] 

current density J gives rise to a rate of heating +q at one junction, say at the 
junction H, and the rate of cooling - q  at the other junction C. Reversing the 
current flow leads to a reversal of the effect: the junection H cools while the 
junction C warms up. The differential Peltier coefficient Hab is defined as the heat 
generated per second per unit current flow through the junction between metals a 
and b, 

IIab = q/J. (51) 
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Fig. 10.22. 
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Origin of the Peltier effect in a circuit consisting of two dissimilar semiconductors. 

By convention, liab is taken as positive if the clockwise current in Fig. 10.22 
makes the junction H warm and the junction C cold. Although the Peltier effect 
can be observed only when one joins together dissimilar conductors (the same is 
true for the Seebeck effect where the measuring probes play the role of the second 
conductor), the effect is a bulk one and one can write the differential Peltier 
coefficient as 

l Iab  • l i a  --  l i b ,  (52) 

where l-I a and I I  b a re  the absolute Peltier coefficients of the two individual 
materials comprising the thermocouple. From now on we drop the subscripts and 
will consider the Peltier coefficient of a single conductor. 

Although the Peltier effect is the essence of thermoelectric refrigeration 
(e.g., Goldsmid, 1986), the effect itself is rarely measured directly even in the 
thermoelectric materials. Rather, one makes use of the Kelvin relation 

n = r s ,  (53) 

which allows determination of the Peltier coefficient knowing the behavior of the 
Seebeck coefficient S and the absolute temperature T. Equation (53) in conjunc- 
tion with any one of Eqs. (48)-(50) allows the Peltier coefficient to be assessed in 
the mixed state of a superconductor. For example, the dominant contribution to 
the Seebeck coefficient, Eq. (50), immediately yields the Peltier coefficient. 

l i  = I-In(pf/pn), (54) 

where 1-I n is the normal-state Peltier coefficient, Pn is the normal-state resistivity, 
and Pr is the flux flow resistivity. Thus, one expects a similar kind of broadening 
transition for T < T c as observed for the Seebeck effect and the flux flow 
resistivity. 
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Fig. 10.23. 
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Peltier heat power measured in zero field (solid circles) and in the field of 0.1 T (solid 
triangles). The small difference between the two is shown by open squares. The inset shows the 
chromel-constantan thermocouple voltage during one measurement. [Logvenov et al. (1992).] 

So far, only one direct measurement of the Peltier coefficient in the mixed 
state of HTS has been reported (Logvenov et al., 1992), and the results confirm 
the expected behavior (Fig. 10.23). This paper also provides an alternative 
physical picture of the Peltier effect in the mixed state that does not rely on the 
use of the Kelvin relation. 



D. Thermoelectric and Thermomagnetic Effects 525 

e. Ettingshausen Effect 

The Ettingshausen effect is the transverse equivalent of the Peltier effect 
except that the coefficient itself is defined in terms of the transverse temperature 
gradient rather than the transverse heat flow. With the electric current in the x- 
direction and the magnetic field along the z-axis, the Ettingshausen coefficient is 
defined as 

e = VyV/(jxBz),  withjy = qy = Vx T = 0. (55) 

Just as the Peltier effect is the basis of the thermoelectric refrigerator, the 
Ettingshausen effect serves as the means for thermomagnetic cooling (Goldsmid, 
1986). 

It is easy to apply the Ettingshausen effect to the mixed state of a 
superconductor. The essential point is that the core of a vortex is normal, that 
is, it has higher entropy than the surrounding superconducting phase. Thus, a 
vortex in motion represents the transport of entropy. Referring to Fig. 10.14 
where the transport current Jx exerts the Lorentz force on the vortex given by Eq. 
(36), the vortex will move in the negative y-direction. The flow of vortices is 
sustained by their generation at the upper edge of the specimen and their 
annihilation at the opposite edge. Since vortices carry entropy, there is absorption 
of heat at the upper edge and liberation of heat at the other edge. Consequently, a 
thermal gradient VyT is set up. Moving vortices represent heat current density qy 
that is balanced by ordinary heat conduction once the steady state is established. 

qq =_ n TS4) VL.y = - tCyAyT. (56) 

Here n is the density of vortices, S+ is the transport entropy per unit length of 
vortex, and toy is the thermal conductivity in the direction of the vortex motion. 
According to Eq. (38), this same vortex flow generates the longitudinal (x-axis) 
electric field E x =--VL,yBz, which, upon substitution into Eq. (56) and writing 
B z = nd?o, yields 

VyT = (rs4~Cy/C~o)E x. (57) 

Proportionality of 7 y T  and Ex is a manifestation of the Ettingshausen effect. 
Substituting for E~ from Eq. (39), one obtains the Ettingshausen coefficient 

- % r / ( i ~ B z )  = r s ~ / ~ .  (58) 

Thermodynamics requires the transport entropy S~ to vanish at T = 0. This is no 
problem since at and near absolute zero, no quasiparticle excitations exist within 
the vortex core because of a gap in the excitation spectrum. The transport entropy 
also vanishes at T c because vortices have filled the entire sample volume and the 
sample has become normal. Thus, one expects a maximum for the transport 
entropy (and for the measured transverse thermal gradient VyT)  somewhere 
between the absolute zero and T c. 
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Fig. 10.24. 
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Very few measurements of the Ettingshausen effect exist in either the 
conventional superconductors or HTS cuprates. Figure 10.24 shows the data on 
In0.6Pb0. 4 alloy (Solomon and Otter, 1967), while the behavior of the transverse 
thermal gradient VyT in YBCO is shown in Fig. 10.25 (Palstra et al., 1990). Note 
persistence of the transverse thermal gradient at temperatures some 15 K above 
T c, which, according to the authors, may be due to a pronounced fluctuation 
effect. 

fi Righi-Leduc Effect 

The Righi-Leduc effect is the thermal analogue of the Hall effect. A heat current 
qx arising because of the applied thermal gradient -V~T in the presence of 
magnetic field in the z-direction gives rise to a transverse temperature gradient 
VyT given by 

VyT = RLBzq x, (59) 

where R L is the Righi-Leduc coefficient. Provided the carriers scatter elastically, 
that is, within the regime of validity of the Wiedemann-Franz law, the Righi- 
Leduc coefficient relates directly to the Hall coefficient R H as 

R H = LoTR L, (60) 

where L 0 is the free-electron Lorenz number L 0 = 2.44 x 10 -8 V 2 K -2. In 
analogy to the Hall effect, one defines the Righi-Leduc angle 0 as 

tan 0 = VyT/VxT. (61) 

In a normal metal the transverse thermal gradient VyT results from the asym- 
metric scattering of the hot and cold carriers and the sign of the Righi-Leduc 
effect, that is, whether the upper edge of the sample (along the y-axis) is hotter or 
colder than the lower edge, is determined by the sign of the carriers. 

The formalism of the Righi-Leduc effect can be applied to the mixed state 
of a superconductor. However, although it is necessary for the vortices to move in 
order to observe the Hall effect, the Righi-Leduc effect does not require any 
motion of vortices. In fact, essentially all studies ever made of the Righi-Leduc 
effect were performed with a stationary vortex lattice. The reason is simple: 
Unlike an electric field, a temperature gradient can be sustained in a super- 
conductor with a static vortex structure. Figure 10.26 shows the transverse 
thermal gradient VyT as a function of magnetic field obtained on pure niobium 
(Stephan and Maxfield, 1973). The behavior in the mixed state is rather dramatic 
but not well understood, and the signal may even change sign as in some alloys of 
conventional superconductors (Sichel and Serin, 1976). 

Only two reports mention attempts to measure the Righi-Leduc effect in 
HTS cuprates, both noting that the effect is very small (Galffy et al., 1990; 
Zavaritsky et al., 1991). A successful use of the Righi-Leduc sample geometry to 
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Fig. 10.26. 
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The transverse thermal gradient arising as a consequence of the longitudinal heat flow in the 
presence of a magnetic field (Righi-Leduc effect) for pure niobium. [Stephan and Maxfield 
(1973).] 

study quasiparticle scattering on a pinned vortex structure and its relevance to the 
issue of heat transport in HTS below T c (Krishana et al., 1995) is discussed in 
Section C,d on thermal conductivity in a magnetic field. 

g. Nernst Effect 

The Nernst effect refers to generation of the transverse electric field that results 
from a longitudinal thermal gradient in a perpendicular magnetic field and with 
no electric current in any direction. Referring to Fig. 10.27, the Nernst coefficient 
Q is defined as 

Q - Ey / (VxTBz) ,  with j - 0. (62) 

The effect is rather small in normal conductors. In contrast, the Nemst signal 
becomes quite significant and is easily detected in the mixed state of super- 
conductors, and this is perhaps the main reason why the Nemst effect is the most 
frequently studied thermomagnetic coefficient. The Nemst effect is significant for 
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Fig. 10.27. 
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its unequivocal tie with the motion of vortices. It marks the field and temperature 
range where pinning is absent or very weak and vortices move freely. 

Assuming pinning is absent, Vx T exerts the thermal force F t h -  - S ,  Vx T 
on the vortex which moves down the thermal gradient with velocity vr x. The 
motion is hindered by a viscous drag force f~--rlvg~,x, and the equation of 
motion for the vortex is 

Fth +f~ = 0. (63) 

The motion of the vortex (along the x-axis) gives rise to the electric field 
Ey - -%,~  B~ and, upon substitution into Eq. (63), one obtains 

S4~VxT = qEy/B z. (64) 

The appearance of the transverse electric field Ey is an unmistakable sign of the 
Nemst effect. The actual Nemst coefficient, see Eq. (62), becomes 

Q -- S4~lJ 7 = pfSck/(~oBz). (65) 

The RHS of Eq. (65) follows upon substitution for the viscous drag coefficient r/ 
from Eq. (40) and one assumes that the viscous drag is isotropic in the x-y  plane, 
that is, the viscous drag in Eq. (63) that refers to vortex motion along the x-axis is 
identical with the viscous drag in Eq. (40), which applies to the y-axis vortex 
motion. Equations (64) and (65) allow determination of the transport entropy as 

$4~ = Eydpo/(VxTPf ). (66) 
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For completeness, we include here the expression for the transport entropy 
derived by Maki (1971) using the time-dependent Ginzburg-Landau theory, 

Sc k - (~Po/4~zT)[Bc2(T)- B]L(T)/{1.16(2tC2GL - 1)+ 1} -- (~Po/T)(M)L(T).  

(67) 

Here (M) is the spatially averaged magnetization and L(T)  is a numerical 
function close to 1 near Tr Equation (67) is valid only near Bc2 , and in the 
intermediate field range where most of the experiments are conducted it is less 
reliable. 

As already noted, the Nernst effect has been measured frequently in both 
the conventional superconductors and in many HTS cuprates. An example of the 
Nernst effect behavior in cuprates is presented in Fig. 10.28, which shows the 
data of Ri et al. (1994) for c-axis oriented films of YBazCu307_ 6 and 
BizSr2CaCu208+ x together with the respective flux-flow resistivities. Note a 
significant Nernst signal extending to temperatures some 10-15K above T~, 
suggesting the important role fluctuations play in these highly anisotropic 
superconductors. Furthermore, we point out a much broader regime of flux 
flow resistivity and a correspondingly wider temperature range of the Nernst 
effect in the more anisotropic BizSrzCaCu208+ x. 

Two important points need to be kept in mind when measuring the Nernst 
effect in highly anisotropic superconductors: (a) The concept of rigid, tubelike 
vortices needs to be replaced by that of two-dimensional pancake-like vortices 
centered on individual superconducting planes and connected by Josephson 
vortices. Since Josephson vortices lack the normal core, the thermal force on 
such a vortex is zero and the Josephson vortices do not contribute to the Nernst 
effect. (b) Even if realized, the vortex-antivortex unbinding above the Kosterlitz- 
Thouless temperature is not going to contribute to the Nernst effect in spite of the 
fact that it is an important resistive mechanism. Very simply, under the action of 
the Lorentz force the vortex and the antivortex move in opposite directions, and, 
having opposite vorticities, they will generate resistive voltage. In contrast, under 
the influence of the thermal force the vortex and the antivortex both move down 
the thermal gradient, and the electric fields they generate cancel each other. 

With a stronger driving force in excess of the pinning force, one should be 
able to extend the domain over which the thermomagnetic effects are observed. 
Although it is easy to increase the Lorentz force by increasing the transport 
current, the small heaters typically used in the thermal force-driven experiments 
do not supply enough power to create the large thermal gradients needed to 
overcome strong pinning forces. With the use of focused laser light one may 
overcome this limitation, as shown by Lengfellner et al. (1990) and, more 
recently, by Zeuner et aL (1994), who were able to explore all three regimes of 
flux motion: thermally assisted flux flow, flux creep, and viscous flux flow. 

Table 10.4 gives values of the transport entropy collected from various 
experiments on conventional superconductors and HTS cuprates. In general, the 
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S0[J/m-K ] T[K] 

Table 10.4. 

Experimental values of the transport entropy S o . 

B [ T ]  Material Reference 

1.6 x 10 -12 3.0 0.1 In+40% Pb 
6.0 • 10 -12 1.6 0.15 Pb+4.56% In 
4.4 x 10 -17 87 0.54 YBCO, c-axis oriented film 
3.0 x 10 -14 87 4 YBCO, c-axis oriented film 
4.3 x 10 -16 77 4 YBCO, polycrystalline slab 
1.1 • -16 87 4 YBCO, polycrystalline film 
2.6 x 10 -15 87 4 YBCO, epitaxial film 
5.0 x 10 -16 87 5 YBCO, epitaxial film 
6.5 • 10 -13 87 4 YBCO, epitaxial film 
1.0 • 10 -15 87 4 BSCCO, 2212 single crystal 
3.7 x l 0  -13 81 4 BSCCO, 2212 c-axis film 
6.0 x 10 -16 87 5 BSCCO, 2223 polycrystal 
9.5 x 10 -13 87 4 TBCCO, epitaxial film 
3.0 x 10 -16 80 1 TBCCO, 2212 single crystal 
1.0 • 10 -16 87 5 TBCCO, 2212 polycrystal 
1.0 x 10 -16 70 5 TBCCO, 2223 polycryst, film 
1.6 x 10 -15 34 3 LSCO, bulk polycrystal 
1.6 • -14 18 0.5 NCCO, c-axis oriented film 
5.0 x 10 -16 16.8 1.5 NCCO, epitaxial film 

Solomon and Otter (1967) 
Vidal (1973) 
Zeh et al. (1990) 
Hagen et aL (1990) 
Kober et al. (1991) 
Kober et aL (1991) 
Kober et al. (1991) 
Hohn et al. (1991) 
Ri et al. (1994) 
Zavaritsky et aL (1991) 
Ri et aL (1994) 
Dascoulidou et al. (1992) 
Hagen et al. (1991) 
Logvenov et aL (1992) 
Dascoulidou et al. (1992) 
Zeuner et al. (1994) 
Hohn et al. (1994) 
Haensel et aL (1995) 
Jiang et aL (1995) 

Table 10.5. 

Transport entropy obtained from the slope of the transport energy. 

- d U 4 ~ / d T  [J/m-K] B [ T ]  Material Reference 

8.9 x 10 -13 4 YBCO, epitaxial film 
6.6 x 10 -13 3 YBCO, single crystal 
4.0 x 10 -13 3 YBCO, single crystal 
2.2 x 10 -13 3 YBCO, epitaxial film 
1.4 x 10 -14 3.5 YBCO, epitax film, 6 < 7 
6.7 x 10-14 3 YBCO, single crystal 
2.0 x 10 -13 4 YBCO, epitaxial film 
2.5 x 10 -13 4 YBCO, epitaxial film 
2.5 x 10 -13 1 YBCO, thin film 
1.2 x 10 -12 4 YBCO, melt grown 
4.8 x l0 -17 5 BSCCO, 2223 bulk polycr. 
4.2 x 10 -12 4 TBCCO, 2212 epitax film 
8.3 x 10 -16 1 TBCCO, 2212 single crystal 
1.4 x 10 -14 3 LSCO, granular bulk 
2.4 x 10 -t3 0.5 NCCO film 

Hagen et aL (1990) 
Palstra et al. (1990) 
Hao et aL (1991) 
Kober et al. (1991) 
Huebener et al. (1991) 
Oussena et al. (1992) 
Ri et al. (1993) 
Ri et aL (1994) 
Haensel et aL (1995) 
Sasaki et al. (1996) 
Dascoulidou et aL (1992) 
Hagen et aL (1991) 
Logvenov et al. (1992) 
Hohn et al. (1994) 
Haensel et al. (1995) 
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transport entropy of conventional superconductors is 2-3 orders of magnitude 
larger than the transport entropy in HTS materials. Among the cuprates, the data 
frequently differ by a wide margin, and it is important to understand why such 
large discrepancies may arise. First of all, the transport entropy is sensitive to the 
temperature and magnetic field, and because the superconducting transition 
temperature may differ by several degrees even among the same family of 
cuprates, a direct comparison of the respective transport entropies at a particular 
fixed temperature is not very revealing or meaningful. It is more practical to make 
use of the transport energy per unit vortex length, U4) - TS4), and specifically its 
temperature derivative, dU4)/dT,  at a fixed value of the magnetic field. This 
approach tends to suppress the influence of different Tc's among the family of 
cuprates. The values of the transport entropy obtained by this procedure are 
collected in Table 10.5. 
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A 
Introduction 

This chapter deals with some of the electrical properties of superconducting 
materials. One of the most important of these is the critical current density Jc, and 
measured values are tabulated for many superconductors in Section E of Chap. 9. 
It was mentioned there that experimentally determined critical current densities 
seldom come close to theoretically predicted limits such as the depairing value. 
Researchers around the world are presently spending a great deal of time and 
effort trying to increase attainable critical currents in wires and tapes. We now 
proceed to examine some specific electrical properties such as the Hall effect, 
tunneling, Josephson junctions, and Superconducting QUantum Interference 
Devices, commonly referred to as SQUIDs. 
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Hall Effect 

The Hall effect employs crossed electric and magnetic fields to provide informa- 
tion on the sign, concentration, and mobility of  charge carriers. The experimental 
arrangement illustrated in Fig. 11.1 shows a magnetic field B 0 applied in the z 
direction perpendicular to a slab, and a battery that establishes an electric field Ey 
that causes the current I -- J A  of density J - n e v  d to flow along y. The Lorentz 
force qv x B 0 on each moving charge q causes a buildup of  charge on the sides of  
the plate, which produces an electric field E x and establishes a Hall voltage 
A V x = E x d  perpendicular to the directions of  I and B 0. In the superconducting 
state a Hall voltage can arise from the transverse electric field E x induced by flux 
motion. At equilibrium after the buildup of  the charge the electric force q E  x 

balances the magnetic force qv x B0, and the Hall coefficient RIj, defined as the 
ratio 

R H = E x / J B  z = 4 - 1 / n e ,  (1) 

is positive when the majority carriers are holes, as with most cuprates, and 
negative for electrons. 

Fig. 11.1. 

Z Bz 

, 

-i'--- 
1 ~ _ ~ "  

Experimental arrangement for Hall effect measurement showing an electrical current I flowing 
through a plate of width d and thickness a in the presence of a uniform, transverse magnetic 
field B z. The voltage drop V 2 - V 1 along the plate, the drop A Vx across the plate, and the electric 
field E x across the plate are indicated. The figure is drawn for the case of negative charge 
carriers, that is, electrons. [From Poole et al. (1995), p. 18.] 
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We can define the dimensionless Hall number, the Hall effect resistivity p~, 
the Hall mobility PH (charge carrier drift velocity per unit electric field), and the 
Hall angle O H as follows: 

Hall number -- Vo/Rl_ie (2) 

pxy = Ex/J (3) 

la n = [vl/Ey = RI_I/p (4) 

tan | = Ex/Ey,  (5) 

where V 0 is the volume per formula unit. Thus, the Hall effect distinguishes 
electrons from holes, and when all charge carriers have the same sign Eq. (1) 
provides the charge density n. When both positive and negative charge carriers are 
present, their Hall effects partially (or totally) cancel. 

C 

Tunneling 

Tunneling or barrier penetration is a process whereby an electron confined to a 
region by an energy barrier can penetrate the barrier through a quantum 
mechanical process and emerge on the other side. Tunneling is carried out 
through an insulating layer, I, between two normal materials (N-I-N) such as 
semiconductors, between a normal metal and a superconductor (N-I-S), and 
between two superconductors (S-I-S). Tunneling through the barrier proceeds to 
energy states that are empty so the Pauli exclusion principle is not violated, and 
the total energy of the system is conserved in the process. Therefore, single- 
electron tunneling occurs between levels with the same energy, and in two- 
electron tunneling, involving for example the breakup of a Cooper pair, one 
electron gains as much energy as the other loses. A positive bias +V on the 
material lowers the Fermi energy level by e V, and electrons tunnel toward the 
positive bias, with the tunneling current I flowing in the opposite direction. 

Figures 11.2 and 11.3 depict tunneling at absolute zero when a normal 
metal has its conduction band full below the Fermi level E F and empty above it, 
and a superconductor has its energy states full below its energy gap Eg = 2A and 
empty above. Figure 11.2 shows the N-I-S case in which electrons tunnel from 
the superconductor to the normal metal for a negative bias V < -A/e ,  and from 
the normal metal to the empty superconductor levels above the gap for a positive 
bias V > A/e. At absolute zero no tunneling occurs for the intermediate range of 
bias voltages -Ae  < V < A/e, as indicated at the bottom of the figure. Figure 
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Fig. 11.2. 
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(g) 
Normal metal to superconductor (N-I-S) tunneling at 0 K showing (a) super electron tunneling 
(SC =~ N) for V < - V / e ,  (b) the absence of tunneling when the Fermi level is in the gap 
(-A/e < V < A/e), and (c) normal electron tunneling (N =~ SC) for V > A/e. Arrows 
indicate electron tunneling directions, which are opposite to current flow directions. The 
current-voltage characteristic is given in (d). [From Poole et al. (1995), p. 407.] 

11.3 shows the S - I - S  case in which tunneling occurs in one direction for 
V < - 2 A / e ,  in the reverse direction for V > 2A/e,  and at absolute zero it 

does not occur at all for the range - 2 A / e  < V < 2A/e.  At finite temperatures a 
few electrons of  a normal metal are found above E v, and some electrons of  

superconductor are excited to levels above the gap, with the result that a weak 

tunneling current flows for the range of  biases where it is forbidden at 0 K. If  the 

gap has a different value for the each material in the S - I -S  case, then the weak 

tunneling current above absolute zero will exhibit a peak at the bias IA 2 - A 1 I/e, 

and a sharp rise at (A 2 + A1)/e, as indicated in Fig. 11.4. 
The thickness of  the insulating layer is a critical factor in the operation of  

the junction. If  a superconducting rod is cut at some point, and then joined 
through an intervening insulating section, there are three cases to consider: (1) 
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Fig. 11.3. 
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(g) 
Superconductor to superconductor (S-I-S) tunneling at 0 K showing (a) super electron 
tunneling (SC =~ N) for V < --2A/e, (b) the absence of tunneling for bias voltages in the 
range ( -2A/e  < V < 2A/e), and (c) reverse direction superelectron tunneling for V > 2A/e. 
Arrows show tunneling directions. The current-voltage characteristic is given in (d). [From 
Poole et al. (1995), p. 408.] 

The insulating region can be so thick that the two separated superconducting 
sections lose contact, and no tunneling occurs. (2) The insulating section, called a 
weak link, can be intermediate in thickness so that the superconductors are 
weakly coupled and electrons can tunnel. (3) There can be close to direct 
touching, or perhaps with an intervening monolayer of foreign atoms, so that 
strong comact is maintained across the interface. When two superconductors that 
differ in T C are in strong contact, electron pairs leak back and forth and can cause 
the two materials to exhibit one intermediate To, a phenomenon called the 
proximity effect. 
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V = (A2 + A1)/e is reached, and weak tunneling appears at the bias V = (A 2 - A1)/e for T > 0, with the onset of  strong tunneling at V = (A 1 + A2)/e. [From 

Poole et al. (1995), p. 416.] 
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D 
Josephson Effect 

The dc Josephson effect involves Cooper pair tunneling from one superconductor 
to another across an insulating barrier at zero bias (V = 0) (see Likharev, 1986; 
Van Duzer and Turner, 1981). The wavefunctions for the two sides of the junction 
can be written in the form 

W1 -- (nsl) 1/2ei01 (6) 

~ 2  -- (ns2) 1/2ei02 (7) 

4~ = 02  - 01, (8) 

where nsl and ns2 are the densities of super electrons in the two superconductors, 
and 4) is the phase difference across the barrier. The Josephson expressions 

d 2e 
dt 05 - ~ V (9) 

J = Jc sin ~b (10) 

relate ~b to the current density J through the junction and to the voltage V across 
it. The super electron densities determine the magnitude of the critical current 
density Jc, 

Jc cx (nsl ns2) 1/2 (11) 

Thus, the presence of a phase difference (8) across the junction causes dc current 
to flow spontaneously at zero voltage. 

When a constant voltage is applied across the junction, Eq. (9) can be 
integrated directly to give 

~b(t) -- 4)o + 2rcvjt, (12) 

where vj is known as the Josephson frequency 

vj -- 2 e V / h  = V/ap o. (13) 

aP o = h / 2 e  is the quantum of flux, and the ratio v j / V  has the value 

v j / V  = 2e /h  = 483.6 MHz//~V (14) 

This ac Josephson effect has the following expression for the oscillations of the 
critical current density: 

J -- Jc sin(2rcvjt + ~b0). (15) 
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These oscillations occur for a constant applied voltage. The current density 
amplitude Jc reaches a maximum value when the applied voltage is the gap 
voltage, V = 2A/e.  There is also an inverse ac Josephson effect whereby the dc 
voltage is induced across the junction when an ac current is caused to flow 
through it, or when an electromagnetic field, as from microwaves, is incident on 
it. 

A practical Josephson junction can be represented as driven by a current 
source I c sin ~b from Eq. (10) in parallel with a conductance G to account for 
quasiparticle tunneling and a capacitor C to take into account displacement 
current, as illustrated in Fig. 11.5. The current flow in this equivalent circuit is 
described by the differential equation 

I(t) - I c sin ~b + G V  + C ~  
d V  
dt " (16) 

With the aid of  the Josephson relation (9) this becomes 

I - hCdZ~P hGddp  
2--e dt----T+-~e---~ + Ic sin ~b" (17) 

We can define a critical voltage Vc - I c /G ,  an associated Josephson frequency co c 
from Eq. (14), 

co c --  ( 2 e / h )  V c , (18) 

and a dimensionless admittance ratio tic, 

fie - ~  (19) 

Fig. 11.5 

( )coO  , 
/ . S o u r c e  

I 

I J 

' 7  I csln 

Parallel circuit representing a Josephson junction driven by the dc current source I(t) on the 
left. The right-hand side shows the junction current source I c sin ~b in parallel with a capacitor 
C and a conducatance G. [From Poole et al. (1995), p. 430.] 
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Fig. 11.6. 
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Normalized current-voltage characteristics, I vs V, where V - (V) is the average voltage, for 
the Josephson junction circuit of  Fig. 11.5 with (a) negligible capacitance, tic << 1, (b) 
appreciable capacitance, /~c = 4, and (c) dominating capacitance, ]~c =~ oo, where the 
admittance ratio is defined by/~c = ~ [From Poole et aL (1995), p. 432.] 

Solutions to this second-order differential equation (17) are plotted in Fig. 11.6 
for small (//c << 1), medium (tic = 4), and large (/~c >> 1) values of the admit- 
tance ratio. This figure is a plot of current vs the average voltage V = (V), and 
Fig. 11.7 shows the oscillations of the voltage at points A and B of Fig. 11.6a. 
Note the presence of hysteresis in the plots of Fig. 11.6. 
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Fig. 11.7. 
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Voltage oscillations across the Josephson junction of  Fig. 11.5 for the negligible capacitance 
case fie << 1, and small and large dc bias voltages as marked at points A and B, respectively, of  
Fig. 11.6a. [From Barone and Paterno (1982), p. 128.] 

Magnetic Field and Size Effects 

When a magnetic field is applied to a Josephson junction, the behavior of the 
junction will depend on its size relative to the Josephson penetration depth 2j 
defined by 

2 j  - -  (Oo/2rC#oJcdeff ) 1/2, (20)  

where def f is the effective thickness of the junction. This penetration depth is 
approximately equal to the length L of a Josephson junction when the stored 
magnetic field energy UB equals the energy Uj associated with the current flow. 

A long Josephson junction, with L >> 2j, has its phase q5 determined by the 
sine Gordon equation, which has solitary wave (soliton) solutions. A Short 
Josephson junction, with L << 2j, can exhibit the current oscillations shown in 
Fig. 11.8 arising from the Josephson junction (Fraunhofer) diffraction expression 

I - I c sin q5 o sin(nO/O~ 
r c ~ / ~ o  , ( 2 1 )  
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Fig. U.8. 

Imax/l C 

_ ; _ 4  

0 1 :2 3 4 5 ~ 0  

Josephson Fraunhofer diffraction pattern showing the dependence of the maximum zero- 
voltage current Imax/I c on the normalized flux ~/A% through the junction. [From Van Duzer 
and Turner (1981), p. 155.] 

where I c = A J  c is the critical current and I has a maximum value for the phase 
difference q50 = n / 2 .  The figure shows how the tunneling current varies with 
increasing magnetic flux �9 through the junction. Extremely small Josephson 
junctions called nanojunctions exhibit new phenomena. The change in voltage 
A V = e / C  arising from single-electron tunneling can become comparable with a 
typical junction voltage and produce a blockage of current flow (Coulomb 
blockade). Fluctuations can appear that produce a so-called Coulomb staircase 
on an I vs V characteristic plot. A dc current biased ultrasmall Josephson junction 
can exhibit correlated tunneling of Cooper pairs leading to what are called Bloch 
oscillations at the frequency v B - I / 2 e .  

Superconducting QUantum Interference Device (SQUID) 

A Superconducting QUantum Interference Device or SQUID measures flux 
changes in a loop containing weak links to determine the strength of an applied 
magnetic field. In one arrangement, called a dc SQUID, the current change 
through a pair of two weak links is detected as a voltage and amplified. Another 
type, called an rf SQUID, consists of a loop with one weak link coupled to an LC 
tuned circuit driven by an rf current source. A change of flux in the loop changes 
the loading of the tuned circuit, and this is detected by measuring the change in rf 
voltage across the circuit. Since a SQUID easily detects a change in one quantum 
of flux in an area with dimensions in the centimeter range, it is said to measure a 
macroscopic quantum phenomenon (vide Poole et al. (1995), p. 451). 
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Introduction 

One of the main characteristics of a superconductor is its magnetic behavior, and 
this behavior arises from its vortex structure. The present chapter surveys the 
configurations and interactions of vortices and discusses the macroscopic 
magnetic properties that result from them. The role that they play in influencing 
electric current flow and their dependence on the sample shape are examined. 
Most of the chapter is devoted to Type II superconductivity, but toward the end 
the intermediate state of a Type I superconductor is treated. 
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Internal Fields and Magnetization 

The general expressions for the B and H fields, 

B - #o(H + M) - ttH - #oH(1 + Z), (1) 

are valid both inside and outside a superconducting sample. Here M is the 
magnetization or magnetic moment per unit volume, Z is the dimensionless 
magnetic susceptibility, #0 is the permeability of free space where M -  0 and 
g = 0, and # -  #0(1 + Z) is the permeability of a medium. When an external 
magnetic field Bap p = Happ/#0 is applied, the magnetization M = 0 in the free 
space outside the sample. Inside the B and H fields are related to the magnetiza- 
tion M through Eq. (1), so we have 

Bin - #0Hin( 1 q- Z), (2) 

where the dimensionless susceptibility Z 

Z - -  M / H i n  (3) 

is an intrinsic property of the medium. If the medium is anisotropic, then the 
susceptibility will have different values, Za, gb, and gc, along the three principal 
directions, with Za = ~b ~ Xc for axial symmetry. 

For an ideal Type I superconductor Z -- -1 ,  and assuming that there are no 
demagnetization effects, we have the formulae 

Bin - 0 

M -- -Hin -- --Bapp//A0, (4) 

which are plotted in Fig. 12.1. For a Type II superconductor, which has two 
critical fields Bcl and Bc2 , the analogous expressions have the form 

Bin - 0 
0 < Bap p < Bcl 

M -- -/-/in -- -Bapp/#0 
(5a) 

Bcl < Bap p < Bc2 
#0 M _ _(Bapp _ Bin); (5b) 

shown plotted in Fig. 12.2. In practice the actual magnetization and intemal field 
curves are more rounded than indicated by the figure. 

Also shown in these two figures is the thermodynamic critical field 
B c , defined geometrically for a Type II material by the equal area criterion 
corresponding to the integrals 

I•c [Bc2 
(Bapp "~- #0M)dBapp - #0 ( -M)dBapp ,  (6) 

cl dBc 
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Fig. 12.1. 
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Intemal fields Bin , Bin , and magentization M for an ideal Type I superconductor. [From Poole 
et al. (1995), p. 267.] 

Fig. 12.2. 
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Internal fields Bin ,/-/in, and magnetization M for an ideal Type II superconductor. [From Poole 
et al. (1995), p. 267.] 
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Fig. 12.3. 
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Representative low-field hysteresis loop showing the coercive field Bcoer where the magnetiza- 
tion is zero, and the remnant magnetization Mre m that remains when the applied field has been 
reduced to zero. [From Poole e t  al. (1995), p. 317.] 

(where M is a negative quantity), and energetically B c involves the difference 
between the Gibbs free energies of the normal and superconducting states, 

G n - -  G s - -  B2/2~o . (7) 

where B2/2#o is the condensation energy. All three quantities in this expression 
(7) are temperature dependent, and it is valid for both Type I and Type II 
superconductors. 

The magnetization often exhibits hysteresis, that is, it depends on the 
previous history of how the external field was applied. Figure 12.3 sketches a 
representative hysteresis loop showing the coercive field Bcoer, which is the value 
of the applied field that reduces the magnetization to zero, and the remanent 
magnetization Mrem, which is the magnitude of the magnetization when the 
applied field passes through zero. The temperature and field dependences of some 
typical low-field and high-field hysteresis loops are presented in Figs. 12.4 and 
12.5, respectively. 

C 

Critical Fields 

The lower and upper critical fields for the isotropic Type II case are given by 

~o InK 
Bcl --  (8) 

47~  2 
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Fig. 12.4. 
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Low-field hysteresis loops of YBa2Cu307 cycled over the same field scan, 
- 3  mT < Bap p < 3 mT, for several temperatures. The loops gradually collapse as the 
temperature increases. The virgin curve for the initial rise in magnetization is given for each 
loop. [Senoussi et al. (1988).] 

(I) o 
Bc2 = 2~z~2, (9) 

where 2 is the penetration depth and ~ is the coherence length. These two fields 
can be expressed in terms of the thermodynamic critical field, 

(I)~ (10) 
Be 2~/2rt2~ ' 

as follows: 

B c InK 
Bcl - -  %/~K ( 1 1 )  

Bc2 - ~/2trB c. (12) 



552 Chapter 12: Magnetic Properties 

Fig. 12.5. 
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High-field hysteresis loops ofYBa2Cu307 cycled over the same field scan, - 3 T  _< Bap p _ 3T, 
for several temperatures. The loops gradually collapse as the temperature increases. The 
deviation of the virgin curve from linearity occurs near the lower critical field Bcl , which 
increases as the temperature is lowered. [Senoussi et al. (1988).] 

t r  2/~ is called the Ginzburg-Landau parameter. Figure 12.2 shows the 
position of the lower and upper as well as the thermodynamic critical field on 
the magnetization curve, and Tables 9.1, 9.2, 9.4, and 9.5 respectively, lists the 
isotropic length parameters and critical fields of some Type II superconductors. 
The bulk of the material goes normal when Bap p reaches Bc2 , but the super- 
conducting state can persist in a thin surface sheath for Bap p up to the higher 
applied field value Be3 = 1.7 Bc2. 

The thermodynamic critical field B~ is related to the depairing current 
density Jdepair through the expression 

Jdepair - -  ~Bc/#02, (13) 

where the dimensionless coefficient ~ is of the order of unity. 
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D 

Vortices 

The magnetic flux of an individual (isolated) vortex is determined by integrating 
its magnetic field over its area, 

I B . d A - ~  o, (14) 

and it equals the flux quantum ~0, 

~o = h/2e = 2.0678 • 10 -15 Tm 2. (15) 

This flux quantum ~0 is associated with the Hall effect quantum of resistance R H, 

RI_ I = h/e  2 = 2~0/e  = 25,813~. (16) 

Some superconductivity researchers use R 0 = h/4e 2 = 6.45 Kf~ as the quantum 
of resistance since the charge of a Cooper pair is 2e. 

For the high ~c limit of the cuprates, 2 >> {, the vortex magnetic field B(r) 
and shielding current density Js(r) outside the core, r > ~, have the radial 
dependences 

B(r) - Oo~ Ko(r/2 ) (17) 
27z~, 2 

(I) 0 
J s ( r )  - -  KI(F/,~), ( 1 8 )  

2~Z/~o/~ 3 

where Ko(r/2 ) and Kl(r/~, ) are the zero-order and first-order modified Bessel 
functions, respectively, with the properties that Kl(r  ) >> Ko(r ) for small r << 2, 
and K 1 (r) ~ Ko(r ) for large r >> 2. Inside the core, r _< ~, we have Js(r) = 0, and 
B(r) may be approximated as having the constant value 

(I) 0 
B(r) -- 7----7~ K0(~/2). (19) 

2~zZ" 

Equations (17) and (18) have the following asymptotic behaviors near the core: 

(I) 0 
B ( r ) -  z--zv.~ ln(1.1232/r), r << 2 (20) 

2~zZ" 

~o 2/r, r << 2, (21) Js(r) - 2rc#0~3 
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Fig. 12.6. 
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Hexagonal vortex lattice. [From Poole et al. (1995), p. 277.] 

and far away from the core 

�9 0 exp( - r /2 )  
B(r) - -  2(2~)1/2)~ 2 ( r / ~ ) l / 2  , 

r >> 2 (22) 

~o exp( - r /2 )  
Js(r) 2(2rc)1/2#023 (r/2) 1 /2 '  r >> 2. (23) 

where the numerical factor 1.123 in Eq. (20) is 2e-~ and 7 = 0.57721566.. .  is 
the dimensionless Euler-Mascheroni constant. 

Ordinarily, vortices arrange themselves in the hexadic pattern of Fig. 12.6 
separated by the distance d, where 1 ~/~d 2 is the area occupied per vortex. Near 
the lower critical field d ~ 22 and near the upper critical field d ~ 2~. For large tr 
the amount of flux Ocore in the core of an isolated vortex is much less than the flux 
quantum �9 0. Near the upper critical field Bc2 the vortex cores almost overlap and 
the flux in each core approaches ~0. The average field Bin inside the super- 
conductor is given by 

(I) 0 
Bin = 1 C'~d 2 = NA~O' (24) 

2 

where N A is the number of vortices per unit area. 

Vortex Anisotropies 

The characteristic length relationship of anisotropic superconductors is 

~ a 2 a  - -  ~ b 2 b  - -  ~c/~c,  

and the GL parameter/s in the/th principal direction is 

12j2kl 1/2 
Ki = 1/2" Ir162 

(25) 

(26) 
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The critical fields for the ith direction are obtained by generalizing Eqs. (11) and 
(12), respectively: 

In gi 
Bcl - -  ~/~giBc (27) 

Bc2 -- ~/-2giBc . (28) 

Comparing Eqs. (10) and (25), we see that the thermodynamic critical field, 

O0 
B e 2~/~rc~i2i (29) 

is independent of the direction. 
Axially symmetric superconductors with in-plane ( m * -  m~') and axial 

direction (m*) effective masses are characterized by the anisotropy ratio F, 

F 2 �9 �9 -- me/mat, -- (~ab/~c) 2 -- (2c/2ab) 2, (30) 

where for the cuprates m* > ma" ~ and we have 

~c << ~ab << 2ab << 2c" (31) 

Some reported values of these quantities are listed in Table 9.2. For the 
cuprates with the applied field in the ab plane (gab) and along the c direction (gc), 
respectively, we have 

[2ab2cl 1/2 

gab = iCabr (32) 

gc - -  ~ab /~ab ,  (33)  

and Eqs. (27)-(29) provide the critical fields for axial symmetry in the ab plane, 

O0 In gab 
Bcl(ab) = ~ (34) 

4 7r, }Cab /~ c 

Oo 
Bcz(ab) - 2rC~ab~c (35) 

and along the c direction, 

�9 0 In K c 

Bcl(C) -- 4rC22a b (36) 

B c 2 ( C ) _  (I)0 . 
2rc~Za b (37) 

Table 9.5 provides some experimentally determined values of these critical field 
anisotropies. 



556 Chapter 12: Magnetic Properties 

When the applied magnetic field is in the z direction, along the c axis, the 
vortex has axial symmetry, its cross-section is a circle, and it has a distance 
dependence 

Oo 
Oz(x, Y) -- 2g~2ab /2/~ab]" (38) 

When the applied field is in the x direction, along the a axis, there is no longer 
axial symmetry, the cross-section is elliptical, and the distance dependence is 
more complicated (Poole et al., 1995, Chap. 9). 

Figure 12.7 shows vortex cross-sections for the two applied field directions. 
When the applied magnetic field is aligned at an oblique angle relative to the c 
direction, the expressions for the magnetic field and current density become very 
complicated, with neither the internal magnetic field nor the magnetization 
oriented in the same direction as Bap p. 

In the cuprates the coherence length ~c along the c axis is less than the 
average spacing between layers of copper oxide planes, and following the 
Lawrence-Doniach model (1971), the Josephson coupling between layers is 
weak. A vortex perpendicular to these layers is looked upon as a stacking of two- 
dimensional (2D) pancake-shaped vortices, as shown in Fig. 12.8. 

Individual Vortex Motion 

The repulsive force per unit length F/L  between two vortices arises from the 
Lorentz force interaction F -- J1 x B2 between the current density J1 from one 
vortex and the magnetic field B 2 of the other: 

F / L -  I J1 • B2r2 dr2 d~b2. (39) 

For the hypothetical case of vortices that are far apart, d >> 2, the current density 
of one vortex is fairly uniform in the neighborhood of the other, and we can make 
the approximation 

F/L ~ Jl(d) • I B2r2 dr2 dq~2' (40) 

where the integral is equal to the flux quantum O0, and in the high ~c 
approximation Jl(d) is given by Eq. (23). For applied fields far above the 
lower critical field, Bap p >> Be1, nearest-neighbor vortices overlap, i.e. are much 
closer to each other than the penetration depth 2, and Eq. (40) does not apply. 



Fig. 12.7. 
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Shape of  the core (shaded) and the perimeter one penetration length from the center of a vortex for the applied magnetic field along b (left) and c (right) 
crystallographic directions, respectively. The magnetic field is constant along each ellipse and along each circle. The figure is drawn for the condition 
2 c - -  2 2 a b  = 6~ab = 12~ c. [From Poole e t  al .  (1995), p. 285.] 
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Fig. 12.8. 
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Stack of two-dimensional pancake vortices along the c direction. [From Clem (1991).] 

The Lorentz force required to depin a single vortex equals the pinning 
force, and the force per unit length needed to produce this depinning, Fp, was 
found to have the temperature dependence 

Fo(T ) - Fpo[1 - (T/Tc)] n, (41) 

with Fpo varying from 10 - 1 2  to 4 x 10 - 4  N/m, and n ranging from 1.5 to 3.5. 
An isolated vortex ~0 in a region of constant current density J has its 

steady-state motion governed by the equation 

J x ~o - ~nse(V x ~0) - f l v  - 0, (42) 

with the Lorentz force J x ~0 balanced by the two velocity-dependent forces, a 
dissipative force/~v and the sideways-acting Magnus force ense(V x ~o)- The 
Magnus coefficient e has different values for different theoretical models. 
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G 

Transport Current in a Magnetic Field 

Consider a transport current of uniform density Jx flowing along a superconduct- 
ing wire located in a transverse magnetic field B z. The superconductor is 
considered soft, that is, the pinning forces are not strong enough to prevent 
flux motion, so three things can happen: 

. 

The current exerts the force J x ~0 on the vortices, causing them to move 
from one side of the wire to the other. The viscous drag /~v limits this 
motion to a constant velocity v~, and the Magnus force causes it to occur at 
the angle | defined by the ratio of the Magnus force to the drag force, 

tan | = Cmse~o/,6. (43) 

Through Maxwell's equation V x B = #0 J, a magnetic field gradient is 
established across the sample given by 

d 
- -  B z = # O J x ,  (44) dy 

as depicted in Fig. 12.9. 
By flux flow a magnetic field B moves across the sample at the constant 
speed v~ and generates an electric field 

E - v~ x B (45) 

Fig. 12.9. 
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Hexagonal lattice of vortices with a gradient V B  z = d B z ( y ) l d y  in the y direction due to the 
application of a transport current density Jx in addition to the magnetic field B z. The Lorentz 
force J • B z exerted by the current on a vortex is shown. In the absence of pinning forces, the 
current density causes the vortices to move downward at a constant velocity, with new ones 
entering at the top and old ones leaving at the bottom. Strong pinning forces can prevent this 
motion and provide dissipationless current flow. [From Poole et al. (1995), p. 303.] 
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perpendicular to both v~ and B that gives rise to the ohmic loss J .  E, 

J . E - J . ( v ~ x B ) ,  (46) 

and heat dissipation. 

H 

Magnetic Phase Diagram 

A simplified phase diagram of the magnetic states of a Type II superconductor 
consists of a Meissner phase of perfect dimagnetism (absence of vortices) at the 
lowest temperatures, and a mixed (vortex lattice) phase at higher temperatures. 
The situation is actually much more complicated than this, and Fig. 12.10 
presents one of the many more realistic phase diagrams that have been proposed 
(Yeh, 1989). This shows, in addition to the Meissner phase, a flux solid phase 
with vortices pinned or otherwise held in place, and flux liquid phase where many 
vortices are unpinned or free to move, but with dissipation. These two phases are 
separated by a melting line that is also called the irreversibility line Tir r. Flux 
creep can occur to its left and flux flow to its fight. In the narrow region called the 

Fig. 12.10. 
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Magnetic phase diagram showing the Meissner phase, the flux solid and flux liquid regions 
separated by the irreversibility line (Tirr), the plasma phase, the lower (Bcl(T)) and upper 
(Bc2(T)) critical field curves, and the melting (TM) and Kosterlitz-Thouless (TKT) tempera- 
tures. [Yeh et al. (1989).] 
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plasma phase, thermal fluctuations create short-lived positively and negatively 
oriented vortices that are called intrinsic. 

Ellipsoids in Magnetic Fields 

Until now we have ignored demagnetization effects. We have implicitly treated 
the case of a long cylindrical superconductor in an extemal magnetic field applied 
along its axis. 

When an ellipsoid with a susceptibility Z is placed in a uniform magnetic 
field Bap p oriented along one of its principal directions, then its intemal fields Bin 
and Hi. are parallel to the applied field. Their values can be obtained from Eqs. 
(1) to (3) with the aid of the demagnetization expression 

NBin + (1 - N)laoHin = Bapp, (47) 

which relates the internal and applied fields, where N is the demagnetization 
factor that satisfies the normalization condition 

N a + N  b + N  c = 1 (48) 

for the three principal directions a, b, c. The largest value of N/ is for field 
alignment along the shortest principal axis, etc. For the common case of an 
ellipsoid of revolution with the c direction selected as the symmetry axis, the 
semimajor axes are a - b :/: c, and the demagnetization factors are 

Nil -- N c, N_L = N a -- N b, (49) 

subject to the normalization condition 

Nil + 2N• = 1. (50) 

Combining Eqs. (2), (3), and (47) gives 

I + X  
Bin - -  Bapp 1 + zN (51) 

B i n  - B a p p / / t o  1 + zN (52) 

M - Bapp X ~ .  (53) 
#o 1 + zN 

for the internal fields and the magnetization expressed in terms of the applied 
field. We should bear in mind that the susceptibility Z is negative for a super- 
conductor, so the denominators in these expressions become small when Z 
approaches-1  and N approaches 1. 
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Experimentalists often express the measured susceptibility ~exp in terms of 
the applied field 

Zexp - #oM/Bapp,  (54) 

and this is related to the true susceptibility Z -  M/Hin as follows: 

Zexp - -  Z/(1 + NZ) ,  Z - Z e x p / (  1 - N Z e x p ) -  ( 5 5 )  

An oblate ellipsoid, that is, one flattened in the a, b plane, has c < a with 
Nil > N• and von Hippel (1954) gives 

1 [1 -- 82] 1/2 
Nil =/32 /33 sin -1 e, c < a, (56) 

where the oblate eccentricity e is 

~; - -  [1 - -  (c2/a2)] 1/2, c < a. (57) 

For a prolate ellipsoid, that is, one elongated along its symmetry axis so c > a and 
Nil < N• we have 

N I l -  e2 ~ l n  _ - 1 , c > a, (58) 

where the prolate eccentricity e is 

e - [ 1  -(a2/c2)]  1/2, c > a. (59) 

Figure 12.11 shows how the demagnetization factor depends on the c/a ratio, and 
Table 12.1 gives expressions for several special cases. The four small correction 
factors, ~i ( (  1, included in this table may be deduced from power series 
expansions of Eqs. (56) and (58). 

Intermediate State of Type ! Superconductor 

Until now we have been discussing Type II superconductors. Let us now consider 
a Type I superconducting ellipsoid with a demagnetization factor N. It will exist 
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Table 12.1 

Demagnetizatin factors for ellipsoids of  revolution 
with semiaxes a = b and c for the cases of  a disk 
(oblate, c < a), sphere (c = a), and rod (prolate, 

c > a) (Poole et al., 1995 p. 326). 

Shape Condition N• Nil 

Disk limit c ~ 0 0 

Flat disk c << a �89 61 

1 �89 Oblate c < a 3 
1 Sphere c = a 

Prolate c > a 1 + 163 

1 164 Long rod c >> a 2 
1 Rod limit c -+ oo 

1 

1 --61 

1 + 6  2 

1 _ 
3 

~ - 6 3  

64 

0 

61 = xc /2a  
32 = (4/15)[1 -- c/a] 
63 = (4/15)[1 - a/c] 
64 = [1 ln(2c 2/a  2) _ 1](a 2/c2). 

in a true Meissner state excluding magnetic flux for applied fields less than 
(1 - N ) B  c with the characteristics (vide Eqs. (51) to (53)) 

Bap p < (1 - N ) B  c (60) 

Bin - - 0  ( 6 1 )  

Hin  - -  Bapp/(1 - N)# 0 (62) 

p0 M - -  - B a p  p / ( 1  - N) (63) 

Z = -1 .  (64) 

At higher applied fields, namely, (1 - N ) B  c <_ Bap p < Bc, the material is in the 
intermediate state in which it splits into domains of normal material with Z ~ 0 
embedded in pure superconducting regions with Z - -1 .  The boundary separat- 
ing normal from superconducting regions has the approximate thickness 

dboun d ~ (~ - 2), (65) 

and the overall energy density per unit area of this boundary layer is 

- -  (Bc  /21.to)dboun d. ( 6 6 )  gbound 2 

The domains of normal material have dimensions and separations that are much 
greater than dboun d. The fields averaged over these regions of normal, boundary 
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Fig. 12.12. 
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Internal magnetic field Bm in the Meissner (S) and intermediate (I) states of a Type I 
superconducting sphere (N = 1/3) as a function the applied field Bap p [Eqs. (61) and (68)]. 
Solid lines represent the function being plotted; vertical dashed lines indicate the boundaries of 
the Meissner, intermediate, and normal regions. [From Poole et al. (1995), p. 347.] 

layer, and superconducting material in the intermediate state of an ellipsoid are 
given by 

(1 - N ) B  c < Bap p < B c (67) 

1 
Bin - -  ~ [Map p - (1 - N ) B c ]  (68)  

Hin - B c / ] l  0 (69)  

1 
p0 M -- - ~ (B c - Bapp) (70) 

1 (  Bapp~ (71) 
Z - - ~  1 - B c / .  

The internal field Bin (61) and (68) is plotted vs the applied field Bap p in Fig. 
12.12 for the case of a sphere (N - 1/3). 
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K 

Ac  Susceptibility 

An ac field Bac(t ) = B 0 cos cot applied to a superconductor causes the magnetiza- 
tion M(t) to trace out a magnetic hysterisis loop during every cycle of the applied 
field. During the cycle M(t) does not follow Bac(t ) directly, but tends to lag, to 
distort in shape, and to shift in phase relative to the applied Bac(t ), so it acquires 
an out-of-phase component that varies as sin cot. To account for this we define in- 
phase dispersion g' and out-of-phase (quadrature) absorption Z" susceptibilities 
(Matsumoto et at, 1991): 

7/-- ~o J M(t) cos cot dcot (72) 

;~" - la~ l M(t) sin cot dcot. (73) 

Figure 12.13 presents the temperature dependences of Z' and g" determined for 
several values of the ac field amplitude applied at the frequency co/2rc - 73 Hz 

Fig. 12.13. 
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Real (Z') and imaginary (Z") components of the susceptibility of YBa2Cu3OT_6 measured in 
the applied ac magnetic fields #0Hac = 0.0424, 0.424, and 2.12mT as a function of the 
temperature below T c for the frequency 73 Hz. For this experiment no dc field was present, and 
the data were not corrected for the demagnetization factor. [Ishida and Goldfarb (1990).] 
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with no dc field present. A simultaneously applied dc field affects the temperature 
dependence of Z' and Z"- 

References 
J. R. Chem, Phys. Rev. B 43, 7837 (1991). 
T. Ishida and R. B. Goldfarb, Phys. Rev. B 41, 8937 (1990). 
W. E. Lawrence and S. Doniach, in Proc. 12th Int. Conf. Low Temp. Phys. Kyoto, 1970 (E. Kanda, Ed.), 

p. 361. Keigaku, Tokyo, 1971. 
Y. Matsumoto, M. Katada, and T. Nishida, Physica C 185, 1229 (1991). 
C. P. Poole, Jr., H. A. Farach, and R. J. Creswick, Superconductivity. Academic Press, New York, 1995; 

vide Chapters 9-12. 
S. Senoussi, M. Oussena, and S. Hadjoudi, J. AppL Phys. 63, 4176 (1988). 
A. R. von Hippel, Dielectrics and Waves, p. 255. MIT Press, Cambridge, MA, 1954. 
N.-C. Yeh, Phys. Rev. B. 40, 4566 (1989); see also ibid. 39, 9708 (1989). 



This Page Intentionally Left Blank



Chapter 13 

Mechanical Properties 

Ronald G. Munro 
Ceramics Division, National Institute of Standards and Technology, 

Gaithersburg, Maryland 

A. Introduction 570 
B. Elastic Properties 570 

a. Terms and Basic Relations 572 
b. Measurement Methods 574 
c. Corrections for Porosity 575 
d. Property Data 576 

C. Strength 576 
a. Terms and Basic Relations 596 
b. Measurement Methods 597 
c. Property Data 601 

D. Hardness 601 
a. Terms and Basic Relations 601 
b. Measurement Methods 606 
c. Property Data 606 

E. Toughness 610 
a. Terms and Basic Relations 611 
b. Measurement Methods 611 
c. Property Data 614 

E Conclusion 614 
Acknowledgements 619 
References 619 

ISBN: 0-12-561460-8 
$30.00 

HANDBOOK OF SUPERCONDUCTIVITY 
All rights of reproduction in any form reserved. 

569 



570 Chapter 13: Mechanical Properties 

A 
Introduction 

Mechanical properties are important to the study and application of super- 
conductors in three respects: (1) scientifically through the electron-phonon 
interaction; (2) technologically through processing conditions and product 
design parameters; and (3) economically through the durability and reliability 
of the manufactured products. In all cases, superconductors require cryogenic 
environments within which the material may be required to survive long-term 
exposure to significant electromagnetic and thermomechanical stresses. Poor 
mechanical properties or low structural reliability can result in premature failure 
of these materials during normal service conditions. If the material is fragile, 
stresses that arise from handling during routine production operations can 
introduce deleterious cracks in the material. Knowledge of the mechanical 
properties of the material can be particularly helpful in considering safeguards 
against the occurrence of such situations. More beneficially, it may be possible to 
exploit that same knowledge to produce an improved material, even, perhaps, 
with tailored properties. For example, the elastic-plastic deformation properties 
can be exploited during the material processing stages to produce more highly 
textured (grain aligned) materials that tend to achieve higher critical current 
densities. 

In the following text, the elastic properties are discussed first, followed by 
discussions of flexural and tensile strengths, hardness, and fracture toughness. In 
each case, basic terminology, critical issues, measurement methods, and tables of 
property data are presented. To facilitate comparisons of results, all of the data 
tables have a similar structure, although some variation occurs in the column 
headers to emphasize the variables and measurement features that are important 
to the determination of specific property values. The first column in each table 
identifies the material using the abbreviations defined by Table 13.1. The 
structure of each table is otherwise self-explanatory. 

Elastic Properties 

The elastic properties of superconducting materials are important to the theore- 
tical understanding of the phenomenon of superconductivity, as well as being 
important to its practical application. In the BCS theory (Bardeen et aL, 1957) of 
superconductivity, the electron-lattice interaction is crucial to the formation of 
superconducting states. Since the long-wavelength phonon spectrum is intimately 
related to the elastic properties of the material, it follows that the superconducting 
characteristics also must be related to the elastic properties of the material. In the 
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Table 13.1. 

Material abbreviations. 

Phase Nominal formula 

Bi : 2212 Bi 2 Sr2CaCu208+ x 
Bi(Pb) :2223 Bi2_yPbySr2Ca2Cu3Olo+x 
Dy: 123 DyBazCu307_ x 
Eu : 123 EuBa 2 Cu 3 O7_ x 
Gd : 123 GdBazCu 3 O7_ x 
Ho: 123 HoBazCu307_ x 
La(Sr) : 21 Laz_ySryCuO 4 
Nd(Ce) : 21 Nd2_yCeyCuO4_ x 
Sm: 123 SmBa2Cu3 O7_ x 
T1 : 2212 T12Ba2CaCu208+ x 
Tm : 123 TmBa 2Cu 3 O7_ x 
Y: 123 YBa2 Cu3 O7_ x 

BCS theory, the critical temperature, T c, is related to the Debye temperature, | 
of the lattice and the electron-phonon interaction parameter (Poole et al., 1988), 
2: 

Tc ~ 1.134| D exp ( -  ~) .  (1) 

Anderson (1965) showed that the Debye temperature can be expressed as 

(h)(3qNAP'] 1/3 
OD- Vm kBB ~, 4~tM ] ' (2) 

where h is Planck's constant, k B is Boltzmann's constant, q is the number of atoms 
per molecule, ]71 is Avogadro's number, p is the density, M is the molar mass, 
and Vm is a mean sound velocity computed as 

Vm - -  + ' ( 3 )  

where V s and V c are the shear and longitudinal sound velocities, respectively. For 
high-T c mateirals, V L ~ 2Vs; hence, V m ~ V s. Given that V s - (G/p) 1/2, where 
G is the shear modulus, it follows approximately that 

( h ) (  3qN A )1/3 (G)1/2 

O D  ~ kBB ~,47Zf~mol,] ' (4) 

where f~mol is the molar volume; hence, the critical temperature should vary as the 
square root of the shear modulus, 

Tc oc G 1/2. (5) 
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a. Terms and Basic Relations 

When a material is subjected to a stress, a (force per unit area), the material 
undergoes a deformation. For a given direction in a solid material, the engineer- 
ing tensile strain, e, of the material is defined (Timoshenko, 1940) as the relative 
change of a linear dimension in that direction: 

L,~ - L o 
e - L0 (6) 

where Lo is the length of a linear dimension of a material segment after the 
application of the stress, and L 0 is the length of that material segment before 
deformation. 

The elastic deformation of a material refers to a limited domain of stress 
and strain in which the material behaves reversibly. In this domain, Fig. 13.1, the 
elastic response of the material is described by Hooke's law, that is, the tensile 
stress, a, is proportional to the strain: 

o- = Ee. (7) 

The proportionality constant, E, is known as the elastic modulus (also known as 
Young's modulus, modulus of elasticity, coefficient of elasticity, modulus of 

Fig. 13.1. 

, ~  ~ Fracture 

E 

Schematic illustration of the relation between stress a and strain e for a brittle material. Such 
materials are said to be linearly elastic up to the point of failure (yield point) where the material 
fractures. 
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extensibility, stretch modulus, tensile modulus, and numerous other less common 
terms). 

In general, when a tensile or normal stress is applied, the deformation of the 
material involves a strain that is transverse to the direction of the applied stress 
(called variously the transverse or lateral strain), as well as the strain in the 
direction that is parallel to the applied stress (called variously the tensile, axial, or 
longitudinal strain). For example, the diameter of a cylindrical rod tends to 
decrease as the rod is stretched along its length, as illustrated in Fig. 13.2. The 
negative of the ratio of the lateral strain to the axial strain is called Poisson's ratio, 
v: 

V - -  --  elatera-------~l. (8)  

~axial 

Taking Poisson's ratio into account, the strain, e x, in the x direction depends on 
the stress components in the x, y, and z directions. Hence, the generalized Hooke's 
law for ex becomes 

1 
~x - -  2 [O'x --  1;(O'y + O'z)], (9)  

and similarly for ey and ez with appropriate permutations of the indices. 
For a homogeneous, isotropic material, E and v completely describe its 

elastic properties. However, it is sometimes convenient to consider another elastic 
property called the bulk modulus, B = - V ( d P / d V ) ,  where V is the volume and 
P is an applied hydrostatic pressure. For this case, the volumetric strain is 
d V / V  = e  x -+-g,y-'~-g'z to first order in the strain, and the stresses are 
ax = ay = az = - P .  Hence, 

E 
B -- . (10) 

3(1 - 2v) 

Fig. 1 3 . 2 .  

Y 
D. 

l 

L, Lo ; 
r 

', , 

' ' ,L L ,,,I 

1 4 
An illustration of tensile strain with lateral contraction. 
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Comparable quantities can be defined for conditions of shear stress, z, which 
results in a shear deformation, 7. Hooke's law for shear conditions is 

"v -- GT, (11) 

where G is called the shear modulus (also called the rigidity modulus). For a 
homogeneous, isotropic material, G is related to E and v according to 

E 
G - 2(1 + v)" (12) 

Within the realm of linear elasticity, E > 0 and G > 0. The definition of the bulk 
modulus also requires B > 0. Hence, from Eqs. (10) and (12), the bounds of 
Poisson's ratio are readily seen to be - 1  _< v < 1/2. In practice, 0 < v < 1/2 for 
most materials. 

In some cases, it is more convenient to express E and v in terms of B and G: 

9BG 
E - ~ (13) 

3 B + G  

3 B - 2 G  
v -- ~ .  (14) 

6B + 2G 

b. Measurement Methods 

Several different types of measurement methods are used to determine the elastic 
properties of solid materials: direct stress-strain measurements in tensile tests 
(ASTM D3379), static pressure-volume measurements using crystallographic 
techniques, ultrasonic techniques (Krautkr~imer and Krautkr~imer, 1990), and 
resonance measurements (ASTM C 1198). The tensile tests use strain gauges, 
extensometers, and calibrated loads to determine the elastic properties via direct 
applications of Hooke's law. The crystallographic methods use X-ray or neutron 
diffraction to determine the change in the lattice parameters as a function of an 
applied stress and then calculate the bulk modulus from the pressure and volume 
relation, often using a model isothermal equation of state (Munro et aL, 1984). 
The most widely used methods involve ultrasonic techniques that can provide a 
complete determination of the elastic properties in nondestructive measurements. 

Ultrasonic techniques commonly measure the longitudinal and shear sound 
velocities, V L and V s, from which the elastic properties may be calculated if the 
mass density, p, is also known. The quantities most simply related to the sound 
velocities are the shear modulus and the bulk modulus: 

c -  (15) 

B-p[v  4 - gV~]. (16) 

Given G and B, Eqs. (13) and (14) can be used to evaluate E and v. 
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c. Corrections for Porosity 

Porosity in the range of 15 to 40% is quite common for ceramic superconductors. 
A considerable effort has been made in the literature to normalize the measured 
results to the limiting condition of zero porosity. Both empirical models and 
computations based on elasticity theory have been used. The empirical methods 
generally are extrapolations based on trend analyses and least squares fitting 
techniques. Early investigations suggested that the elastic and shear moduli of 
ceramics decreased exponentially with increasing porosity (Spriggs and Brissette, 
1962), 

Y = Xo e-axp , (17)  

where X is either E or G; X 0 is the modulus at zero porosity; p = 1 - P/Pmax is 
the volume fraction of porosity for a material whose density, p, is less than the 
theoretical maximum density, Pmax; and ax  is an empirical fitting parameter. 
When comparable trends are found for the elastic and shear moduli, it follows 
from Eqs. (12) and (17) that Poisson's ratio should vary approximately linearly 
with the porosity, 

v = v 0 - r/p; (18) 

where r / ~  (1 + Vo)(a E -aG) .  
Other studies have reported linear (Hasselman and Fulrath, 1964), 

X = X o - bxp ,  (19) 

and power-law results (Ishani and Cohen, 1967; Wagh et al., 1993), 

X --  Yo(1 _ p 2 / 3 )  (20) 

X = X0(1 - p ) q ,  (21) 

where bx  and q are fitting parameters. 
Applications of elasticity theory have generally assumed spherical voids or 

inclusions dispersed in an otherwise homogeneous, isotropic medium. Differ- 
ences among the various models have resulted from the specific approximations 
that are invoked to obtain useful solutions. Mackenzie (1950) applied elasticity 
theory to a spherical void surrounded by a spherical shell of matrix material that 
was, in turn, surrounded by a self-consistent bulk medium representing the 
macroscopic ensemble of matrix material and voids; estimates for the bulk 
modulus and the shear modulus were found in the forms 

1 1 3p 
= B0(1 _ p) + 4G0( 1 _ p) (22) 

G o - G (3B 0 + 4G0) 
Go = 5p (9Bo + 8Go), (23) 

in which higher order terms in p were neglected. 
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Uemura and Takayanagi (1966) developed expressions for the shear 
modulus and Poisson's ratio in an elastic two-phase system; Reddy et al. 
(1995), taking the inclusions to be voids, applied those expressions and found 

G (7 - 5Vo) (1 - p) 
= ( 2 4 )  

G O 15(1 - Vo) p + (7 - 5Vo)(1 - p) 

B 4G0(1 - p )  
�9 ( 2 5 )  

Bo 4Go + 3Bop 

Ledbetter et al. (Ledbetter and Datta, 1986; Ledbetter et al., 1994) applied 
scattering theory to a homogeneous composite material consisting of a random 
distribution of spheroidal particles in a continuum matrix. By considering the 
inclusions to be massless voids with zero elastic resistance to shear and dilatation, 
the shear and bulk moduli were expressed as 

1 
Go - 2--~1 [-A2 + (A 2 - 4A1A3) '/2] (26) 

4G~ (27) 
B~ -- 4(1 - p ) G  o - 3pB 

A 1 - 8 ( 1  - p ) ,  A 2 - (3 - 2p)B - (8 + 4 p ) G , A  3 _ -3(1 + p ) B G .  (28) 

d. Property Data 

Data for elastic properties are given in Tables 13.2 to 13.5. The elastic modulus 
did not exceed 200 GPa for any material in Table 13.2, and the typical value was 
on the order of only 100 GPa. The Bi : 2212 and Bi(Pb) : 2223 materials tended to 
have an elastic modulus of less than 50 GPa, with the exception of one study 
(Chang et al., 1993) that found highly anisotropic results for highly textured 
Bi:2212 (nearly 120GPa in the ab-plane and about 45GPa along the c-axis). 
Values of Poisson's ratio, Tablel3.5, were in the range from 0.1 to 0.3. 

C 

Strength 

High-T c superconductors are predominantly brittle materials; that is, in a plot of 
tensile stress vs strain, as illustrated schematically in Fig. 13.1, there is a critical 
strain at which the material fractures. This situation is distinct from the behavior 
of metals that deform plastically prior to the occurrence of material failure. 
Conceptually, brittle fracture is the catastrophic propagation of a crack through 
continguous regions of a material body resulting in the rupture of that body into 



Table 13.2. 

Elastic modulus (E). 

Phase Relative T 

Density (%) [K] 

Elastic 
modulus (GPa) 

Measurement 
method Notes Ref. 

-.q 
"--.I 

Bi" 2212 74 4.2 40 
Bi" 2212 82 300 38.8 
Bi" 2212 95 296 44.2 

B i ' 2 2 1 2  
Bi(Pb)" 2223 
Bi(Pb) �9 2223 

Bi(Pb) �9 2223 
Bi(Pb)" 2223 

Bi(Pb)" 2223 
Bi(Pb) �9 2223 

59 

100 

91 

69 

270 
296 
296 

296 
296 

296 
13 
77 

134 
201 
205 
275 
290 

45.7 
46.6 
47.5 

118.2 
118.9 
119.6 
120 
20 

185 
14 

32.2 
40 
63.7 

124 
35.5 
35.2 
35.1 
34.7 
34.6 
34.1 
34 

Ultrasound 
Ultrasound 
Ultrasound 

Bend test 
Three-point bend 
Ultrasound 

Three-point bend 
Ultrasound 

Tensile 
Ultrasound 

P = 0 MPa; c-axis; highly textured, 
grain aligned ceramic 
P = 50 MPa; c-axis 
P = 100 MPa; c-axis 
P -- 140 MPa; c-axis 
P -- 0 MPa; ab-plane 
P -- 50 MPa; ab-plane 
P = 100 MPa; ab-plane 
P -- 140 MPa; ab-plane 
Described as porous 

Bi 1,2 Pbo.8 Sr2 Ca2 Cu30 lO+x 
B i 1.7 Pbo.3 Sr2 Ca2 Cu30 lO+x, 
p = 3.73 g /cm 3, Pth = 6.27 g /cm 3 
Corrected to zero porosity 

Bil.vPbo.3 Sr2CazCu30lo+x 
B i 1.7 Pbo.3 S r 2 Ca 2 Cu3010+x, 
p = 4.989 g /cm 3 

B i 1.8 Pb0.3 Sr2 Ca 1.9 Cu30 lO+x 
p = 4.35 g /cm 3 

Dominec et al. (1992) 
Yusheng et al. (1990) 
Chang et al. (1993) 

Tritt et al. (1991) 
Alford et al. (1990) 
Topare et al. (1995) 

Low et aL (1995) 
Muralidhar et al. (1992) 

Yuan et al. (1996) 
Yusheng et al. (1990) 

(cont inued)  
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Table 13.2. ( c o n t i n u e d )  

Phase Relative T 
Density (%) [K] 

Elastic 
modulus (GPa) 

Measurement 
method Notes Ref. 

Dy" 123 74 296 48.2 
100 95.5 

Eu" 123 69 295 52.6 
Gd" 123 83 296 68.2 

Gd" 123 
Gd" 123 
Gd" 123 

La(Sr) �9 21 
La(Sr) �9 21 

Nd(Ce) �9 21 
Sm" 123 

Tm" 123 

100 
79 
78 
78 

88 
77 

100 
81 

100 

295 
4.2 

295 

295 
19 
37 
56 
78 
98 

126 
151 
188 
227 
261 
270 
295 
296 

296 

102.3 
73.3 

154 
73.4 
73.7 
74 
74.3 

121 
109 
109 
111 
116 
121 
125 
126 
126 
125 
125 
125 
128 

52 
91.8 
48.5 
76 

Ultrasound 

Ultrasound 
Ultrasound 

Ultrasound 
Ultrasound 
Ultrasound 

Ultrasound 
Ultrasound 

Ultrasound 
Ultrasound 

Ultrasound 

Corrected to zero porosity 
p = 4.793 g/cm3; Pth = 6.97 g /cm 3 
p = 5.8 g /cm 3" Pth = 7.014 g/cm3; 

GdBa2Cu3 O6.758 
Corrected to zero porosity 

Pth = 7.138 g /cm 3 
P = 0  MPa 
P = 50 MPa 
P = 100 MPa 
P = 150 MPa 
p = 6.000 g /cm 3 
p = 6.22 g /cm 3 

p = 6.481 g /cm 3 

Corrected to zero porosity 

Corrected to zero porosity 

Reddy et aL (1994) 

A1-Kheffaji et al. (1989) 
Reddy et al. (1994) 

A1-Kheffaji et al. (1989) 
Almond et al. (1989) 
Cankurtaran et aL (1989) 

Fanggao et aL (1991) 
Yusheng et al. (1990) 

Fanggao et aL (1991) 
Reddy et aL (1994) 

Reddy et al. (1994) 



..q 

Y: 123 

Y: 123 

Y: 123 
Y: 123 
Y: 123 

Y: 123 

Y: 123 

Y: 123 

Y: 123 

89 

87 
97 
60 

100 
94 

62 
100 
79 

100 
84 

100 
82 
94 
88 

100 

11 
87 

150 
200 
252 
288 
296 

296 
296 

5 
36 
5O 
73 
90 

110 
126 
144 
164 
186 
205 
296 

296 

295 

295 

95.8 
95.1 
94 
93 
92.4 
92.4 

142 
165 

5 
151 
94 
92.9 
92.3 
91.4 
91.6 
91.6 
91.5 
91.2 
90.4 
89.1 
88.5 
31.2 
91.5 
85.5 

143 
92.2 

134 
78 

116 
95.2 

125.5 

Ultrasound 

Three-point bend 

Three-point bend 
Model analysis 
Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

p = 5.69 g/cm3; Pth = 6.37 g/cm 3 

p = 5.985 g/cm 3 

p = 4.1 g/cm 3 

Corrected to zero porosity 
Specimen Y1 
Corrected to zero porosity 
Specimen Y2 
Corrected to zero porosity 
Y1, p -- 5.199 g/cm 3 
Y2, p = 5.985 g/cm 3 
p = 5.56 g/cm 3 

Corrected to zero porosity 

Yusheng et al. (1990) 

Alford et al. (1988) 

Low et al. (1994) 
Bridge (1990) 
Almond et al. (1987) 

Reddy et al. (1994) 

Reddy et al. (1993) 

A1-Kheffaji et al. (1989) 

Wang et al. (1995) 

( con t inued)  
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Table 13.2. ( c o n t i n u e d )  

Phase Relative 
Density (%) 

T 
[K] 

Elastic 
modulus (GPa) 

Measurement 
method Notes Ref. 

Y: 123 

Y: 123 
Y: 123 
Y: 123 

Y: 123 
Y: 123 
Y: 123 

Y: 123 

Y: 123 
Y: 123 

Y: 123 

Y" 123 

87 
100 
90 

100 
88 

100 
100 

85 
86 
93 
96 

100 
95 

100 
100 
72 

100 
72 

100 
71 

100 
72 

100 
77 

295 

296 
296 
295 

296 
296 
296 

296 

296 
296 

5 

296 

114 
148 
221 
190 
95.2 

125 
151 
154 
106 
101 
60 

104 
113 
104 
143 
182 
51.2 

91.3 
56.6 

101.1 
57.8 

103.9 
57.4 

102.9 
78.4 

Ultrasound 

Indentation 
Three-point bend 
Ultrasound 

Analysis (ultrasound) 
Vickers' indentation 
Ultrasound 

Ultrasound 

Ultrasound 
Indentation 

Ultrasound 

Ultrasound 

Corrected to zero porosity 
Nanoindentations of single grains 
Tc = 9 2 K  
YBa2Cu306.94; p = 5.56 g/cm 3 
Corrected to zero porosity 
Single crystal 

Grain size = 2 #m 
Grain size = 5 #m 
Grain size - 13 #m 

Corrected to zero porosity 
p = 6.070 g/cm 3 
Direction= (001); single crystal 
Direction= (010) 
p = 4.433 g/cm3; 

Pth = 6.171 g/cm 3, YBa2Cu306. 2 
Corrected to zero porosity 
p = 4.523 g/cm3; 

Pth = 6.304 g/cm3; YBa2Cu306. 7 
Corrected to zero porosity 
p = 4.528 g/cm3; 

Pth - 6.339 g/cm 3, YBa2Cu306. 8 
Corrected to zero porosity 
p = 4.553 g/cm3; 

Pth = 6.363 g/cm 3, YBa2Cu306. 9 
Corrected to zero porosity 
p = 4.9 g/cm 3 

Ledbetter et al. (1994) 

Martinez et al. (1992) 
Alford et al. (1990) 
Cankurtaran et aL (1994) 

Martinez et al. (1992) 
Lucas et al. (1991) 
Suasmoro et al. (1992) 

Cankurtaran et al. (1992) 

Cankurtaran and Saunders (1992a) 
Goyal et al. (1991) 

Lin et al. (1993) 

Pal-Val et al. (1992) 



Table 13.3. 

Shear modulus (G). 

Phase Relative 

Density (%) 

T 
[K] 

Shear 
modulus (GPa) 

Measurement 

method Notes Ref. 

B i :2212  
Bi(Pb) : 2223 

Bi(Pb) :2223 

Dy:  123 

Eu:  123 

Gd : 123 

Gd : 123 
Gd : 123 

Gd: 123 

La(Sr) : 21 
La(Sr) : 21 

82 

59 

100 

69 

74 
100 
69 

83 

100 

79 
78 

78 

300 
296 

9 
67 

134 
201 

241 
272 
290 
296 

295 
296 

295 
4.2 

295 

295 
16 
34 

53 

16.1 

5 

10.7 

15.3 
15.2 

15 
14.8 
14.7 
14.5 

14.4 
18.9 
38.4 

21.7 
26.6 

39.9 
29.5 
64.5 

29.52 
29.58 

29.63 
29.68 

75.3 
43.5 
43.3 

44.1 

Ultrasound 
Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 
Ultrasound 

Ultrasound 

Ultrasound 

Bil.7Pb0.3, p = 3.73 g /cm 3, 

Pth -- 6.27 g / c m  3 

Corrected to zero porosity 
p = 4.35 g /cm 3 

Correced to zero porosity 
p = 4.793 g /cm 3" Pth = 6.97 g /cm 3 
p -- 5.8 g /cm 3, Pth = 7.014 g /cm 3, 

06.758 
Corrected to zero porosity 

Pth -- 7.138 -'g/cm 3 
P = 0 MPa 
P = 50 MPa 

P = 100 MPa 

P = 150 MPa 
p = 6.000 g /cm 3 
p = 6.22 g /cm 3 

Yusheng et al. (1990) 
Topare et al. (1995) 

Yusheng et al. (1990) 

Reddy et al. (1994) 

A1-Kheffaji et al. (1989) 

Reddy et al. (1994) 

A1-Kheffaji et al. (1989) 

Almond et al. (1989) 
Corkurtaron et al. (1989) 

Fanggao et al. (1991) 
Yusheng et al. (1990) 

( c o n t i n u e d )  



Table 13.3. ( c o n t i n u e d )  t,,a 

Phase Relative 
Density (%) 

T 
[K] 

Shear 
modulus (GPa) 

Measurement 
method Notes Ref. 

Nd(Ce) �9 21 
Sm" 123 

Tm" 123 

Y: 123 

Y: 123 
Y: 123 

88 
77 

100 
81 

100 
89 

100 
94 

75 
88 

114 
142 
185 
233 
261 
270 
295 
296 

296 

15 
79 

139 
207 
252 
291 
296 

5 
36 
50 
73 
90 

110 
126 

46 
48.1 
49.7 
50.6 
50.7 
50.4 
50.3 
50.4 
68 
20 
35.3 
19.1 
30 
40.2 
39.9 
39.5 
38.9 
38.5 
38.5 
58.5 
40 
39.5 
39.3 
39 
39 
39 
38.9 

Ultrasound 
Ultrasound 

Ultrasound 

Ultrasound 

Model analysis 
Ultrasound 

p = 6.481 g/cm 3 

Corrected to zero porosity 

Corrected to zero porosity 
p -- 5.69 g/cm 3 

p = 5.985 g/cm 3 

Farggao et al. (1991) 
Reddy et al. (1994) 

Reddy et al. (1994) 

Yusheng et al. (1990) 

Bridge (1990) 
Almond et al. (1987) 



Y: 123 

Y: 123 

Y: 123 

Y: 123 

Y: 123 

Y: 123 

62 
100 

79 
100 

84 
100 

82 
94 
88 

100 
87 

100 
96 

144 
164 
186 
205 
296 

296 

295 

295 

295 

280 
265 
251 
232 
214 
204 
20O 
197 
195 
191 
187 
186 
170 
148 
121 

38.7 
38.2 
37.5 
37.4 

8.6 
41.6 
34.2 
58.6 
38.1 
57.1 
32.7 
50.1 
37.3 
48.6 
45.6 
59 
46.2 
46.4 
46.4 
46.6 
47 
47.4 
48.8 
51.4 
53.4 
57.1 
58.9 
59.7 
60.7 
61.5 
62.5 

Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

p = 4.1 g /cm 3 

Corrected to zero porosity 
Specimen Y1 
Corrected to zero porosity 
Specimen Y2 
Corrected to zero porosity 
Y1, p -- 5.199 g /cm 3 

Y2, P = 5.985 c /cm 3 
p = 5.56 g /cm 3 

Corrected to zero porosity 

Corrected to zero porosity 
T c = 92 K; p = 6.07 g /cm 3" 
hysteresis with respect to temperature 

Reddy et al. (1994) 

Reddy et al. (1993) 

A1-Kheffaji et al. (1989) 

Wang et al. (1995) 

Ledbetter et al. (1994) 

Cankurtaran and Saunders (1992b) 

(cont inued)  
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Table 13.3. ( c o n t i n u e d )  

Phase Relative T 

Density (%) [K] 
Shear 

modulus (GPa) 
Measurement 

method Notes Ref. 

Y: 123 

Y: 123 
Y: 123 

88 
100 
100 
90 

100 
74 
51 
29 
13 
19 
49 
70 

100 
121 
148 
174 
189 
209 
224 
228 
230 
234 
235 
239 
251 
263 
281 
295 

296 
296 

62.9 
63.4 
63.6 
63.8 
63.8 
63.8 
63.6 
63.4 
62.9 
62.3 
61.5 
60.1 
59.3 
57.9 
56.5 
54.7 
50.6 
48.4 
47.2 
46.6 
46.6 
46.4 
46.4 
37.3 
48.5 
59 
68.5 

Ultrasound 

Analysis (ultrasound) 
Ultrasound 

06.94; p -- 5.56 g/cm 3 
Corrected to zero porosity 
Single crystal 
p = 5.72 g/cm 3 

Cankurtaran et al. (1994) 

Ledbetter and Lei (1991) 
Fanggao et al. (1991) 



Y" 123 

Y" 123 

Y: 123 

96 
100 

72 

100 
72 

100 
71 

100 
72 

100 
77 

296 

5 

296 

45 
49 
21.5 

38.4 
23.6 

42.2 
24.2 

43.5 
24.2 

43.6 
28.5 

Ultrasound 

Ultrasound 

Ultrasound 

Corrected to zero porosity 
p = 4.433 g/cm3; 

Pth = 6.171 g/cm 3, YBa2Cu306. 2 
Corrected to zero porosity 
p -- 4.523 g/cm3; 

Pth -- 6.304 g /cm 3, YBa2Cu306. 7 
Corrected to zero porosity 
p -- 4.528 g/cm3; 

Pth -- 6.339 g /cm 3, YBa2Cu306.8 
Corrected to zero porosity 
p -- 4.553 g/cm3; 

Pth - -6 .363 g /cm 3, YBa2Cu306. 9 
Corrected to zero porosity 
p -- 4.9 g /cm 3, grain size= 10 #m 

Cankurtaran et al. (1992) 

Lin et  al. (1993) 

Pal-Val et al. (1992) 



Table 13.4. 

Bulk modulus (B). 

Phase Relative 

Density (%) 
T 

[iq 
Bulk 

modulus (GPa) 
Measurement 

method Notes Ref. 

B i :2212  
Bi(Pb) : 2223 
Bi(Pb) : 2223 

Dy:  123 
Eu: 123 
Gd: 123 

Gd:  123 
Gd:  123 
Gd:  123 

La(Sr) : 21 

82 
91 
69 

100 
69 
83 

100 
79 
78 
78 

300 
296 

25 
5O 

100 
150 
175 
200 
225 
250 
270 
290 
296 
295 
296 

296 
295 

4.2 
295 

295 

21.9 
33.2 
17.2 
17.2 
17.2 
17.2 
17.3 
17.4 
17.3 
17.3 
17.4 
17.4 
61.5 
30.4 
51.7 

78.2 
47.4 
84.6 
47.5 
48.3 
49.1 
49.8 
93 

Ultrasound 
Ultrasound 
Ultrasound 

Ultrasound 
Ultrasound 
Ultrasound 

Ultrasound 
Ultrasound 
Ultrasound 

Ultrasound 

Bil.7Pb0. 3, p -- 4.989 g /cm 3 
p -- 4.35 g /cm 3 

Corrected to zero porosity 
p = 4.793 g /cm 3" Pth = 6.97 g /cm 3 
p = 5.8 g /cm 3, p~ = 7.014 g /cm 3, 

06.758 
Corrected to zero porosity 

Pth = 7.138 g /cm 3 
P = 0 MPa 
P = 50 MPa 
P = 100 MPa 
P -- 150 MPa 
p = 6.000 g /cm 3" d B / d P  = 36 at 
p = 0 GPa 

Yusheng et al. (1990) 
Muralidhar et aL (1992) 
Yusheng et al. (1990) 

Reddy et al. (1994) 

A1-Kheffaji et al. (1989) 
Reddy et al. (1994) 

A1-Kheffaji et aL (1989) 
Almond et al. (1989) 
Cankurtaran et al. (1989) 

Farggao et al. (1991) 



,,q 

La(Sr)" 21 

Nd(Ce) �9 21 
Sm" 123 
Tm" 123 
Y" 123 

88 
100 
100 

89 

25 
44 

66 
82 
98 

119 
144 
185 
222 
240 

259 
271 
295 
296 
296 

8 
17 

36 
39 
42 

70 
94 

107 
119 

125 
134 
215 
234 
243 

252 

73.8 
74.3 

75.4 

76.7 
78.4 
79.4 
80.4 

80.5 
80.1 

79.4 
79.2 
79.4 
93.2 

76.8 
54.2 
51.6 

51.6 
51.6 
51.6 
51.5 
51.4 

51.3 
51.2 
51.2 
51.1 
51.1 
51.1 

51.2 
51.2 
51.4 

Ultrasound 

Ultrasound 
Ultrasound 
Ultrasound 
Ultrasound 

p = 6.22 g /cm 3 

p - 6.481 g /cm 3 

Corrected to zero porosity 

Corrected to zero porosity 
p = 5.69 g /cm 3 

Yusheng et al. (1990) 

Fanggao et al. (1991) 
Reddy et al. 1994) 
Reddy et al. (1994) 
Yusheng et al. (1990) 

( c o n t i n u e d )  



Table 13.4. ( c o n t i n u e d )  

Phase Relative 
Density (%) 

T 
[K] 

Bulk 
modulus (GPa) 

Measurement 
method Notes Ref. 

Y" 123 
Y" 123 
Y" 123 

Y" 123 

Y: 123 

Y: 123 

Y: 123 

Y: 123 

Y: 123 

100 
94 

100 

79 
100 
84 

100 
82 
94 
88 

100 
87 

100 
96 

4.2 
296 

5 
36 
50 
73 
90 

110 
126 
144 
164 
186 
205 
296 

296 

295 

295 

295 

273 

87 
120 
48.4 
48.0 
47.3 
46.4 
46.6 
46.8 
47.0 
47.2 
47.7 
47.4 
46.3 
38.1 

57.0 
89.8 
50.9 
70.3 
42.4 
56.4 
70.8 
99.9 
75.1 

101 
47.6 

Ultrasound 
Model analysis 
Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

p = 5.985 g/cm 3 

p = 4 . 1  g/cm 3, corrected to zero 

porosity 
Specimen Y 1 
Corrected to zero porosity 
Specimen Y2 
Corrected to zero porosity 
Y1, p -- 5.199 g/cm 3 
Y2, p = 5.985 c/cm 3 
p = 5.56 g/cm 3 

Corrected to zero porosity 

Corrected to zero porosity 
T c = 92 K; p = 6.07 g/cm3; 

Lemmens et al. (1990) 
Bridge (1990) 
Almond et al. (1987) 

Reddy eta/ .  (1994) 

Reddy et al. (1993) 

A1-Kheffaji et aL (1989) 

Wang eta/ .  (1995) 

Ledbetter et al. (1994) 

Cankurtaran and Saunders (1992b) 
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Table 13.4. (cont inued)  

Phase Relative 
Density (%) 

T 
[K] 

Bulk 
modulus (GPa) 

Measurement 
method Notes Ref. 

Y: 123 88 
100 

184 
190 
204 
217 
225 
227 
228 
232 
232 
242 
248 
261 
271 
279 
296 
295 

58 
58 
56.8 
56.2 
55 
52.8 
50.6 
50.8 
51.2 
51.6 
51.4 
50.2 
49.2 
48.4 
47.2 
70.8 
98.7 

Ultrasound p -- 5.56 g/cm3; 06.94 
Corrected to zero porosity 

Cankurtaran et al. (1994) 



Y" 123 

Y: 123 

96 

100 
72 

100 
72 

100 
71 

100 
72 

100 

296 

5 

52 
56 

27.5 

48.6 
31.3 

55.9 
31.6 

56.6 
30.4 

53.6 

Ultrasound 

Ultrasound 

Corrected to zero porosity 
p = 4.433 g/cm3; 

Pth = 6.171 g/cm3; YBa2Cu306.2 
Corrected to zero porosity 
p -- 4.523 g/cm3; 

Pth -- 6.304 g/cm3; YBa2Cu306. 7 
Corrrected to zero porosity 
p = 4.528 g/cm3; 

Pth = 6.339 g/cm3; YBa2Cu306.8 
Corrrected to zero porosity 
p -- 4.553 g/cm3; 

Pth --- 6.363 g/cm3; YBa2Cu306. 9 
Corrected to zero porosity 

Almond et al. (1989) 

Lin et al. (1993) 
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t,,a Table 13.5, 

Poisson's ratio (v). 

Phase Relative 
Density (%) 

T 
[K] 

Poisson's 
Ratio 

Measurement 
method Notes Ref. 

B i :2212  
Bi(Pb) : 2223 
Bi(Pb) :2223 
Bi(Pb) : 2223 

Dy:  123 

Eu:  123 
Gd:  123 

Gd : 123 
Gd:  123 
Gd : 123 

La(Sr) : 21 

82 
91 

69 

74 
100 

69 
83 

100 
79 
78 
78 

300 
296 
296 

10 
50 

100 
150 
200 
250 
290 
300 
296 

295 
296 

295 
4.2 

295 

295 

0.2 
0.18 
0.169 
0.16 
0.16 
0.16 
0.16 
0.17 
0.17 
0.18 
0.18 
0.27 
0.24 
0.212 
0.28 

0.28 
0.242 
0.196 
0.242 
0.246 
0.249 
0.251 
0.188 

Ultrasound 
Ultrasound 

Tensile 
Ultrasound 

Ultrasound 

Ultrasound 
Ultrasound 

Ultrasound 
Ultrasound 
Ultrasound 

Ultrasound 

Bil.7Pb0. 3" p = 4.989 g /cm 3 

Bil.8Pb0.3Sr2Cal.9Cu3010+x 
p = 4.35 g /cm 3 

Corrected to zero porosity 
p -- 4.793 g /cm 3" Pth = 6.97 g /cm 3 

p = 5.8 g / cm 3" Pth = 7.014 g/cm3; 

06.758 
Corrected to zero porosity 

Pth = 7.138 -'g/cm 3 
P = 0 MPa 
P = 50 MPa 
P = 100 MPa 
P = 150 MPa 
p = 6.000 g /cm 3" d B / d P  = 36 at 

p -- 0 GPa 

Yusheng et al. (1990) 
Muralidhar et al. (1992) 

Yuan et al. (1996) 
Yusheng et aL (1990) 

Reddy et al. (1994) 

A1-Kheffaji et al. (1989) 
Reddy et aL (1994) 

A1-Kheffaji et aL (1989) 

Almond et al. (1989) 
Cankurtaran et al. (1989) 

Fanggao et al. (1991) 



La(Sr) "21 

Nd(Ce) �9 21 
Sm" 123 

Tm" 123 

Y" 123 

Y" 123 
Y" 123 
Y" 123 

88 
77 

100 

81 
100 

89 

100 
94 

12 
33 
72 

110 
150 
200 
270 
295 
296 

296 

20 
100 
215 
290 

4.2 
296 

5 
36 
50 
73 
90 

110 
126 
144 
164 
186 
205 

0.26 
0.26 
0.25 
0.24 
0.24 
0.24 
0.24 
0.207 
0.3 
0.3 
0.27 
0.26 
0.19 
0.19 
0.2 
0.2 
0.24 
0.29 
0.176 
0.177 
0.175 
0.172 
0.173 
0.174 
0.175 
0.178 
0.184 
0.187 
0.182 

Ultrasound 

Ultrasound 
Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 
Model analysis 
Ultrasound 

p = 6.22 g /cm 3 

p = 6.481 g /cm 3 

Corrected to zero porosity 

Corrected to zero porosity 
p -- 5.69 g /cm 3 

p = 5.985 g /cm 3 

Yusheng et al. (1990) 

Fanggao et al. (1991) 
Reddy et al. (1994) 

Reddy et al. (1994) 

Yusheng et al. (1990) 

Lemmens et al. (1990) 
Bridge (1990) 
Almond et al. (1987) 

(continued) 
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Table 13.5. ( c o n t i n u e d )  

Phase Relative 
Density (%) 

T 
[K] 

Poisson's 
Ratio 

Measurement 
method Notes Ref. 

Y: 123 

Y: 123 

Y: 123 

Y: 123 

Y: 123 

Y: 123 

Y: 123 

62 
100 
79 

100 
84 

100 
82 
94 
88 

100 
87 

100 
88 

100 
100 

296 

296 

295 

295 

295 

295 

296 

0.3 
0.1 
0.25 
0.22 
0.2 
0.17 
0.194 
0.157 
0.276 
0.291 
0.248 
0.255 
0.276 
0.288 
0.281 

Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

Ultrasound 

Analysis (ultrasound) 

p = 4.1 g/cm 3 

Corrected to zero porosity 
Specimen Y1 
Corrected to zero porosity 
Specimen Y2 
Corrrected to zero porosity 
Y1; p = 5.199 g/cm 3 
Y2; p = 5.985 g/cm 3 
p -- 5.56 g/cm 3 

Corrrected to zero porosity 

Corrrected to zero porosity 
06.94; p • 5 .56 g/cm 3 
Corrected to zero porosity 
Single crystal 

Reddy et al. (1994) 

Reddy et aL (1993) 

A1-Kheffaji et aL (1989) 

Wang et aL (1995) 

Ledbetter et al. (1994) 

Cankurtaran et al. (1994) 

Ledbetter and Lei (1991) 



Y" 123 

Y" 123 

Y" 123 

96 
100 

95 
72 

100 

72 

100 

71 

100 

72 

100 

296 

296 
5 

0.163 

0.162 
0.163 

0.19 

0.187 
0.199 

0.199 
0.196 

0.194 

0.185 

0.18 

Ultrasound 

Ultrasound 
Ultrasound 

Corrected to zero porosity 
p = 6.070 g /cm 3 
p = 4.433 g/cm3; 

Pth = 6.171 g /cm 3, YBa2Cu306. 2 
Corrected to zero porosity 
p = 4.523 g/cm3; 

Pth = 6.304 g /cm 3, YBa2Cu306. 7 
Corrected to zero porosity 
p = 4.528 g/cm3; 

Pth = 6.339 g /cm 3, YBazCu306. 8 
Corrected to zero porosity 
p = 4.553 g/cm3; 

Pth = 6.363 g /cm 3, YBa2Cu306. 9 
Corrected to zero porosity 

Cankurtaran et al. (1992) 

Cankurtaran and Saunders (1992a) 

Lin et al. (1993) 

tal 
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two or more pieces. In this context, the term "strength" is used to indicate the 
level of stress that can be sustained without catastrophic cracking. In practice, the 
"strength" of a ceramic material is determined as the value of the stress, af, 
attained at fracture. 

a. Terms and Basic Relations 

The value of the stress that is required to produce fracture depends, in part, on the 
type of stress system that is applied to the material. Thus, the terminology for 
fracture strength is refined somewhat according to the particular design of the 
apparatus that is used to measure the fracture stress. When fracture is produced in 
a specimen subjected to purely tensile stress, the result is called the tensile 
strength. The fracture stress deduced from a specimen subjected to bending is 
called the flexural strength (also called the bending strength and the modulus of 
rupture). 

For a given production lot of a ceramic material, the fracture stress is not an 
invariant quantity across all specimens drawn from that lot. Rather, the strength of 
a brittle material is controlled by the distribution of defects, inclusions, and 
microscopic inhomogeneities that are known collectively as flaws. The measured 
strength of two specific test specimens can be significantly different because the 
specific flaws in two specimens are different. Thus, brittle fracture strength is best 
understood in a statistical context (Davies, 1973; Batdorf, 1978; Hild and 
Marquis, 1992). 

The basic understanding of brittle fracture was established by Griffith 
(1921). By assuming that crack extension (i.e., fracture for an ideally brittle 
material) occurs when the elastic energy (which is released during crack 
extension) is just sufficient to form the new surfaces, Griffith found that a flaw 
will be the origin of fracture when 

a c - , (29) 
L rcc0 1 

where E ' =  E for plane stress and E ' =  E/(1- y2) for plane strain; E is the 
elastic modulus; v is Poisson's ratio; 7 is the fracture energy per unit area; and 2c 0 
is the initial crack size. 

Since the production lot of any ceramic material, in general, possesses a 
distribution of flaw sizes over the specimens drawn from the lot, there must be a 
corresponding distribution of fracture strengths. Weibull (1939; 1951) showed 
that the statistics of fracture could be described quite effectively by assuming a 
weakest link model for the flaws. In this model, each volume element has a local 
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value of fracture strength, and the probability of failure, Pf, of the whole 
specimen is given by integrating over the stressed volume: 

Pf - 1 - e x p I - I v ( a / O o ) m d V / V o ] ,  (30) 

where a 0 and m are parameters known respectively as the Weibull characteristic 
strength and the Weibull modulus, and V 0 is a volume scale parameter. For 
uniform stress, this expression simplifies to 

Pf = 1 -- exp[-(Vs/Vo)(a/ao)m],  (31) 

where V s is the volume of the test specimen. 
Given Pf, the mean fracture strength can be calculated formally from the 

defining relation 

1 
O" - -  N E n f (o ' )  �9 0", (32) 

where nf(o) is the number of specimens that fail at stress a and N -  ~ nf(o). 
Noting that the number of specimens that fail at stress a is the difference between 
the number of specimens surviving at a -  d a / 2  and the number surviving at 
a + da /2 ,  

nf(o) 

N 
- -  = [1 - Pf(a - da/2)] - [1 - Pf(a + da/2)],  

means that Eq. (32) can be recast in the form 

6" - P'f . a da, 

(33) 

(34) 

where U f -  dP f /da .  Using Eq. (31) in this latter relation, one can obtain a 
critically important result for the strength of ceramic materials: specifically, that 
two sets of geometrically similar specimens having the same flaw system will 
have different measured fracture strengths if the volumes of the specimens are 
different. Explicitly, 

(71 (_~11) 1/m - , ( 3 5 )  

O" 2 

which expresses the reasonable result that a larger volume will contain more flaws 
by which fracture may be initiated. 

b. Measurement Methods 

In view of Eq. (35), meaningful comparisons of strength data across independent 
studies require careful attention to the specifications of the specimens and the 
strength test configurations. Consequently, there has been a considerable effort 
worldwide to develop and standardize appropriate test methods. 
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(c) 

Schematic of a tensile test: (a) apparatus, (b) specimen with a pin-loaded grip, (c) specimen 
with a shoulder-loaded grip. 

The simplest test, conceptually, is the tensile test, Fig. 13.3, in which a 
specimen is uniformly loaded in tension (Ohji, 1988). The fracture stress of the 
specimen is then simply the ratio of the loading force, F, applied to the specimen 
at the time of fracture, to the initial cross-sectional area of the specimen, A0; i.e., 
at = F /Ao .  The simplicity of this test is encumbered somewhat by the necessity 
of gripping the specimen so that the tensile load can be applied to it (French and 
Wiederhorn, 1996). Because of the difficulty in machining ceramics, it is 
desirable to keep the shape of the specimen as simple as possible. Furthermore, 
screw threads and other features with high stress concentration also need to be 
avoided because of the possible fracture at the specimen grip. Two designs that 
have met with some success are illustrated in Fig. 13.3. A further concern in the 
tensile test is the alignment of the specimen along the tensile axis. Any 
misalignment can introduce a bending moment in the specimen and thereby 
affect the measured value of the fracture stress. 

Another test method for determining the tensile strength is the diametral 
compression test (Rudnick et al., 1963), Fig. 13.4. The specimen is a cylinder 
with a circular cross-section. The load is applied along the length of the cylinder 
and directed along a diameter of the cross-section. While a large compressive 
stress exists along the load contact line, tensile stress develops in the direction 
normal to the load axis in the central region of the specimen. A method of 
distributed loading must be used to avoid high compressive and shear stresses at 
the ends of the cylinder such that the maximum tensile stress dominates the 
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Fig. 13.4. 
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Schematic of a diametral compression test. A schematic of the stress profile along the load axis 
is shown superimposed on the specimen. 

fracture results. The fracture stress is calculated as the maximum tensile stress in 
the specimen which, for ideal line loading, is at = 2F/nDL, where F is the 
applied loading force, D is the specimen diameter, and L is the length of the 
specimen. 

The most widely used type of test for measuring the strength of ceramics is 
a bend test (Quinn and Morrell, 1991), Fig. 13.5. There are two primary versions 
of the bend test, known, respectively, as the three-point bend test and the four- 
point bend test. In the three-point bend test, the load is applied to the specimen at 
a point midway between the two support beatings. In the four-point bend test, the 
load is applied at two positions located symmetrically between the support 
beatings. In recent years, the 1/4-point loading design, s i = So~2, has become 
the more prominent four-point configuration. (ASTM C 1161; C 1211). In both 
versions of the bend test, the specimen is subjected to a large stress gradient 
through the cross-section. Upon bending, tensile strain occurs on the convex 
surface of the specimen, and compressive strain occurs on the concave surface. 
As a result, the effective volume of the specimen, that is, that portion experien- 
cing the maximum tensile stress, is significantly less than would occur in the 
direct tension test. However, this disadvantage of the bend test is offset by the 
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Fig. 13.5. 

(a) 

(b) 

h 

L 
) / s o "  

Schematics of two flexural tests: (a) three-point bend test, (b) four-point bend test. 

relative ease of preparing the specimens. Most of the standardized bend test 
methods in use today specify uncomplicated rectangular bars on which the tensile 
surface is polished and the long edges of the specimen are chamfered at 45 ~ . The 
primary concerns about this method involve alignment of the load train and the 
potential for friction at the loading points. The fracture stress, calculated from 
beam theory for linearly elastic materials, is given by 

3Fs 
t Y f  " - -  2wh2 (three-point test) (36) 

3Fs~ (four-point test, 1/4-point loading) 
ff f - 4wh2 

(37) 

where F is the load at fracture, L is the distance between the support beatings, w 
is the width of the specimen, and h is the thickness of the specimen. 
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c. Property Data 

Strength data are given in Tables 13.6 and 13.7. Although there is only a small 
amount of flexural strength data in Table 13.6, the results are sufficient to indicate 
a strong dependence on both the density and the grain size. The largest flexural 
strength in this table is a relatively low 216 MPa for Y: 123, and the largest tensile 
strength in Table 13.7 is only 103 MPa for Bi(Pb) : 2223. 

D 

Hardness 

Hardness is a property that is widely used for quality control and as a relative 
performance parameter, but that is considered to have little merit as an intrinsic 
material property. This situation stems from the empirical nature of its definition. 
Hardness is an engineering property that is used to quantify the resistance of a 
material to irreversible deformation (McColm; 1990). Because of its empirical 
definition, measurement of the property requires that an irreversible deformation 
be produced as an integral part of the measurement process. How the deformation 
is produced determines what particular definition of hardness is being used. As a 
result, there are numerous hardness values that may be quoted, and there is no 
established method of converting one hardness scale to another. Nevertheless, 
hardness has evolved as an important property in homogeneity studies, process 
control, and material selection. The popularity of hardness testing may be due in 
part to the relative ease of conducting the test, its relatively low cost, and its 
basically nondestructive nature. 

a. Terms and Basic Relations 

Two hardness tests, the Vickers hardness test and the Knoop hardness test, have 
become widely used for advanced ceramics. These tests belong to the subclass 
referred to as indentation hardness tests. In both tests, an object, called an indenter, 
is pressed into a locally flat, polished surface of the specimen. The applied load 
and the residual impression of the indenter, Fig. 13.6, determine the hardness. 

In the Vickers hardness test (ASTM E 92; E384), the indenter is a pyramid 
with a square base and with an included angle between opposite faces of 

= 136 ~ The Vickers hardness is calculated as the ratio of the applied load, 
F, and the actual surface area of the residual impression; 

2F sin(~/2) F 
H v = d2 = 1.8544 d- 5 , (38) 
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Table 13.6. 

Flexural strength (o-f). 

Phase Relative 
Density (%) 

T 
[K] 

Flexural 
strength (MPa) 

Measurement 
method Notes Ref. 

B i ' 2 2 1 2  

B i ' 2 2 1 2  

B i ' 2 2 1 2  

Bi(Pb)" 2223 

Bi(Pb) �9 2223 

Bi(Pb)" 2223 

90 

90 

77 

90 
99 

91 

296 

296 

296 

296 

296 

80 
100 
120 
180 
240 

292 

84 

57 

84 

112 
144 
174 

7.6 

113 
119 

116 
113 

109 
105 

Four-point bend 

Four-point bend 

Four-point bend 

Three-point bend 

Three-Point bend 

Three-point bend 

3 mm x 3 mm cross-section; 

Si = 9.6 mm, S O -- 19.2 mm; 
2.54 mm/min  

3.7 mm x 7.5 mm x 43 mm; 

Si -- 9.5 mm, S O = 19.1 mm; 
1.27 mm/min  
2 mm x 3 mm x 22 mm; 

Si -- 9.6 mm; S O = 19.2 mm; 
1.27 mm/min  

Bi 1,2Pbo.8; 1.0 mm diameter; 
S = 20 mm; 5 mm/min  

Bil.7Pbo.3; 
3 m m x  1 2 m m x 6 0 m m ; S = ? ;  
0.5 mm/min  

B i 1.8 Pbo.3 Sr2 Ca 1.9 Cu3.1010+x 
p = 5.7 g /cm 3 

3 mm x 4 m m  x 2 0 m m  
S -- 16 mm; 0.5 mm/min 

Goretta et  al. (1993) 

Joo et  al. (1994) 

Martin et al. (1993) 

Alford et  al. (1990) 

Low et al. (1995) 

Murayama et  al. (1992) 



Y" 123 

Y" 123 

Y" 123 

Y" 123 

Y" 123 

81 

88 

83 

76 

58 

89 

60 

296 

296 

77 

300 

296 

296 

216 

33.8 

23.7 

57.6 

17.8 

36 

27 

15 

110 

Three-point bend 

Four-point bend 

Three-Point bend 

Three-point bend 

Three-point bend 

0.9 mm diameter; S = 20 mm; 

5 mm/min;  observed range was 

80 MPa _< O'f ~ 250 MPa 
Grain size= 16/~m 

2 mm x 3 mm x 4 0 m m ;  

Grain size= 45 #m S i = 10 mm, 

S o = 20 mm; 0.2 m m / m i n  

Grain s ize=  11 ~tm 

Grain size = 10 #m 
p = 5.7 g / cm 3" 

2.8 mm x 5.6 mm x 22.4 mm; 

S = ?; 0.74 N/s  

3 m m x  1 2 m m x 6 0 m m ;  S = ? ;  

0.5 mm /mi n  

Varied with processing conditions, 

range: 73 MPa to 191 MPa; 

1.14 mm diameter x 30 mm length; 

S = 18.25 mm; 1.27 m m / m i n  

Alford et al. (1988) 

Ihm et al. (1990) 

Siu and Teng (1993) 

Low et al. (1994) 

Sing et al. (1992) 

ta~ 



Table 13.7. 

Tensile strength (fit)" 

Phase T 
[K] 

Tensile 
strength (MPa) 

Measurement 
method Notes Ref. 

Bi(Pb):2223 

Bi(Pb) : 2223 

Y: 123 

296 

296 

296 

26 

103 

6.5 

Diametral compression 

Tensile 

Diametral compression 

Bi 1.7Pbo.3; 15 mm diameter, 3 mm 
thickness, 0.5 mm/min 

B i 1.8 Pbo.3 Sr2 Ca 1.9 Cu3 O 10+x; 
1.52 mm • 5.6 mm • 12.7 mm; 
0.254 mm/min 
12.5 mm diameter, 3 mm thickness, 
0.5 mm/min; relative dens i ty - -62% 

Low et al. (1995) 

Yuan et aL (1996) 

Low et aL (1994) 
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Fig. 13.6. 
(a) 
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Schematics of two indenters and their indentation impressions: (a) Vickers indenter, (b) Knoop 
indenter. 

where d is the mean diagonal length of the impression left by the indenter in the 
surface of the specimen. 

The Knopp hardness test (Knoop et al., 1939) is distinguished from the 
Vickers test both by the specification of the indenter and the specification of the 
hardness expression. The indenter is a pyramid with a rhombic base, and the 
included angles between the two pairs of opposite faces of the indenter are 
unequal; the larger angle is 172 ~ 30' and the smaller angle is 130 ~ The Knoop 
hardness is calculated as the ratio of the applied load and the projected surface 
area of the residual impression, 

F 2F F 
H K 1L w L2 cot(c~L/2) tan(c~T/2) 14.229L2, (39) 

where L, w, %, and a T are defined in Fig. 13.6b. 
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b. Measurement Methods 

The empirical definition of indentation hardness has a strong intuitive appeal 
making hardness a useful comparative characteristic. Its application, however, 
must be approached with some caution. More direct empirical studies of the size 
of an indentation as a function of the applied load have found that the load and 
indentation size are often related by a power law, such that 

F = ~d '7, (40) 

where ~ and r/ are parameters for a given material (Mayer, 1908). Using this 
relation in the expressions for H v and HK, one can see that the indentation 
hardness will be a well-defined constant for a material only in the exceptional 
case that the value of r/ is exactly 2. This observation is very important to the 
measurement of hardness. In general, a reported value of hardness can be 
considered meaningful only when the load used to determine the hardness is 
also reported. It is fairly common for measurements of hardness to be conducted 
over a range of loads to provide an explicit accounting for the load dependence. 
At sufficiently high loads, significant cracks, subsurface damage zones, and 
fragmentation around the indentation site change the general nature of the 
deformation. At these higher loads, the hardness value, to the extent that it 
remains measurable, may become constant, i.e., independent of the load, but the 
interpretation of this constant value, even as a comparative statistic, is an open 
issue. 

In both tests, the chosen load is applied along an axis that is normal to the 
surface of the specimen. Typically, the indenter is pressed into the specimen at a 
rate of 15 to 70 #m/s, and the maximum static load is sustained for 10 to 15 s. 
The lengths of the diagonals of the resulting impression commonly are measured 
using an optical microscope with a graduated ocular. Usually, multiple indenta- 
tions are made on one specimen, and it is important that there be sufficient space 
between individual indentations so there is no overlap of any of the associated 
deformation features. 

c. Property Data 

Data from hardness measurements are given in Table 13.8. For most of the studies 
referenced in this table, indentation impressions began to form at very low loads 
on the order of 0.05N. The largest value of hardness, 12.7 GPa, occurred for a 
single-crystal specimen of Y: 123. In contrast, the largest value for a Bi : 2212 or 
a Bi(Pb) : 2223 material was less than 1 GPa. 



Table 13.8. 

Hardness (H). 

Phase 
Relative Crystal 

Density (%) Face 
Applied T Hardness 

Load (N) [K] (GPa) 
Measurement 

method Notes Ref. 

,,q 

Bi:2212 

Bi:2212 

Bi:2212 
Bi:2212 
Bi(Pb) : 2223 
Bi(Pb) : 2223 
Bi(Pb) : 2223 
Bi(Pb) : 2223 
Bi(Pb) : 2223 
Dy: 123 
Ho: 123 
La(Sr) : 21 
La(Sr) : 21 

100 

100 

100 (001) 
9O 

91 
83 

100 
100 

(001) 

50 or 100 296 0.76 
0.66 

0.6 77 0.62 

296 0.33 

296 0.35 

0.02 to 0.75 296 0.95 
296 0.85 

2 296 0.6 
10 to 50 296 0.35 
0.8 to 1.3 296 0.38 
0.5 to 50 296 0.4 
1.5 296 0.42 
0.15 300 5.7 
0.15 300 5.9 
0.02 to 0.8 296 6 
0.15 83 11.1 

84 11.7 
109 11 
110 10.6 

Vickers indentation Hot isostatically pressed 
Sinter forged 

Vickers indetation 

Vickers indentation 
Vickers indentation 
Knoop indentation 

Chu et al. (1992) 

Single crystal; load dependent below Muralidhar et al. (1991) 
0.4 N load 
Single crystal; load dependent below 
0.4 N load 
Polycrystal; load dependent below 
0.4 N load 
Single crystal 

Bil.7Pb0.3 
Vickers indentation Average for grain aligned specimens 
Vickers indentation Bil.7Pb0.3, p = 4.989 g/cm 3 
Vickers indentation p = 5.44 g/cm 3 
Vickers indentation 
Vickers indentation Single crystal 
Vickers indentation Single crystal 
Vickers indentation Single Crystal 
Vickers indentation Single crystal 

Orlova et aL (1990) 
Joo et aL (1994) 
Low et aL (1995) 
Low et aL (1995) 
Muralidhar et al. (1992) 
Lo et al. (1995) 
Luo et aL (1995) 
Bobrov (1993) 
Bobrov (1993) 
Orlova et al. (1990) 
Bobrov (1993) 

(con t inued)  



Table 13.8. ( con t inued)  

Phase 
Relative Crystal 

Density (%) Face 
Applied T Hardness 

Load (N) [K] (GPa) 
Measurement 

method Notes Ref. 

T1:2212 
Y: 123 
Y: 123 

Y: 123 
Y: 123 
Y: 123 

100 
86 
88 
76 

100 
62 

100 (100) 
(001) 

0.15 
10 to 100 
2 

0.25 to 2 
2 
0.2 to 0.4 

136 11.1 
140 10.9 
161 10.6 
167 10.3 
188 10.3 
192 10 
200 10.1 
207 10 
217 9.3 
230 9.9 
233 9.6 
265 9.3 
292 9 
300 2.8 
296 2 
296 4.3 

4.4 
296 7 
296 2.2 
296 10.1 

8.4 

Vickers indentation Single crystal; T1-Ba-Ca-Cu-O Bobrov (1993) 
Vickers indentation Grain size -- 15 #m Cook et aL (1987b) 
Knoop indentation Grain size = 16 #m Ihm et aL (1990) 

Grain s i z e -  11/~m 
Knoop indentation Single crystal; varies with orientation Fang et al. (1993) 
Knoop indentation Low et al. (1994) 
Vickers indentation Single crystal Anderson (1989) 



Y: 123 
Y: 123 

Y: 123 
Y: 123 
Y: 123 
Y: 123 

Y" 123 

Y" 123 
Y" 123 

Y" 123 

100 
90 

100 
100 
1 O0 
1 O0 

1 O0 

100 

100 

(001) 

(OOl) 
(lOO/OlO) 

(OOl) 
(OLO) 

5 to 20 

0.05 to 0.5 
0.02 to 0.5 
0.1 t o2  
0.25 to 0.5 

0.1 t o2  

0.15 

0.02 

296 
296 

296 
296 
296 
296 

296 

296 
87 

110 
150 
187 
226 
259 
293 
296 

5.3 
11 

9.7 
5 
8.7 
9.6 

6.7 
3.8 

10.3 
13 
12.5 
12.7 
11.7 
11 
10.3 
10 
10 
10.8 

Vickers indentation Varies with load 
Indentation Single grains, 50 nm to 200 nm 

penetration 
Vickers indentation Single crystal, T c -- 65 K 
Vickers indentation Single crystal; T c = 90 K 
Vickers indentation Single crystal 
Vickers indentation Single crystal; twinned and 

untwinned 
Vickers indentation Single crystal 

Vickers indentation 
Vickers indentation Single crystal 

Indentation Single crystal 

Ni et al. (1993) 
Marinez et al. (1992) 

Demirskii et al. (1989) 
Orlova et al. (1990) 
Cook et al. (1987a) 
Raynes et al. (1991) 

Goyal et al. (1992) 

Lucas et al. (1991) 
Bobrov (1993) 

Goyal et al. (1991) 
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Toughness 
Fracture toughness refers to the resistance of a material to the extension of a 
crack. When a stress is applied to a brittle material, there is a maximum stress that 
can be sustained within the material before an existing crack begins to propagate. 
That stress, however, is not the same as the applied stress at fracture (which is the 
fracture strength discussed in Section C). Rather, propagation of a crack depends 
on the local stress that occurs at the tip of the crack. If one considers, for example, 
an idealized crack in the form of an elliptical hole in a semi-infinite plate, as 
shown in Fig. 13.7, with major axis 2a and minor axis 2b, in a medium beating an 
applied uniform tensile stress, O-, it can be shown (Inglis, 1913) that the maximum 
local tensile stress is 

O-max -- (1 nt- b )  O-, (41) 

which occurs at the tip of the ellipse along the major axis. The presence of the 
crack is said to intensify the stress. When amax -- O-a, the specimen fractures. It is 
evident from Eq. (41) that O'ma x depends on the geometric shape of the crack and, 
in particular, on the radius of curvature at the crack tip. As the ratio a/b increases, 
O-max increases, indicating that sharper cracks produce a greater intensification of 
the stress. Thus, the extent to which a specimen can resist crack extension 
depends on the particular flaw distribution that is present in the material. 

Fig. 13.7. 
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a. Terms and Basic Relations 

The development of linear elastic fracture mechanics has allowed the extension of 
a crack in a material body to be characterized using the methods of linear stress 
analysis. In this analysis, a parameter K, called the stress intensity factor, is 
introduced to represent the enhanced state of stress in the vicinity of the crack�9 
The symbol K I is used for tensile stress, which is formally classified as Mode I 
stress. The critical value of the stress intensity factor, Kic, commonly called the 
fracture toughness, is defined as the value for the onset of fast crack extension. 
Linear stress analysis leads to the relation 

KZc = F E ' =  27E' (42) 

for tensile cracks. Recalling the Griffith criterion, Eq. (29), it is easy to see that a 
relation between the fracture toughness of the material and the measured fracture 
strength, af, of the material should be expressible in the form 

KI c . 7  1/2 (43) l~T fCo  , 

where Y is a dimensionless numeric factor that depends on the test configuration 
and the shape of the initial crack. Numerous test methods for measuring Kic 
exploit this relation using an initial crack that has a measurable shape and size. 

b. Measurement Methods 

Designs for fracture toughness test methods may be grouped rather broadly into 
two basic types (Anderson; 1989). In one type, an initial flaw is created in the 
surface of the specimen, and then the specimen is fractured, usually in a bend test. 
In the other type, an indenter is used in the manner of a hardness test, but with 
sufficient load to create an indentation flaw with radial cracks extending from the 
comers of the impression. Both approaches have advantages and disadvantages 
that add or detract from their use, and numerous variations of these basic ideas 
have been pursued to enhance or minimize specific features. For high-T c 
materials, the predominant methods of determining Kic have been the single- 
edge notched-beam (SENB) method and the Vickers indentation toughness 
method. 

In the basic SENB method (Rief and Kromp, 1988; Srinivasan and 
Seshadri, 1981; Quinn et al., 1992), Fig. 13.8a an initial crack is cut into a 
bend test specimen using a saw blade or a wire. The specimen is then fractured in 
a three-point or a four-point bend test to determine o-f, and the initial depth of the 
cut is taken as the initial crack size. The fracture toughness is evaluated as 

3 F - A  s 1/2 
�9 c 0 , ( 4 4 )  K I c -  YSENB " 2wh2 
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Fig. 13.8. 
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Schematic of (a) the SENB (single-edge notched-beam) test in the three-point bend config- 
uration, and (b) a chevron notch. 

where A s is s in the three-point test and s o - s i in the four-point test. In the three- 
point test when s/h = 4, YSENB is 

(--~) (-'~) ( h )  3 ( h )  4 
2 

YSENB,3 = 1 . 9 3 -  3.07 + 13.66 23.98 + 25.22 (45) 

and in the four-point test 

( h )  ( h )  2 (h)3  ( h ) 4  YSENB,4 = 1.99 -- 2.47 + 12.97 23.17 + 24.8 (46) 

where the geometric parameters are defined in Figs. 13.5 and 13.8a. Although the 
simplicity of the SENB method is highly desirable, it is sometimes argued that the 
notch produced in this manner is relatively blunt. Since the result may vary with 
the radius of the notch tip, the measured values can be somewhat unreliable and 
typically too high. To correct that situation, a sharp crack at the notch tip may be 
induced by a mechanical procedure (Nose and Fujii, 1988). Use of such 
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precracked specimens, however, leads to other concerns, such as a greater 
uncertainty in the value of the initial crack size. 

A modification of the SENB method that retains the simplicity of the test 
while providing a sharp tip within the notch is the chevron notch method (Munz 
et al., 1980), Fig. 13.8b. In this method, the straight notch is replaced with a notch 
in the shape of a chevron. The point of the chevron provides a deliberate stress 
concentration and serves as the primary origin for fracture. In the four-point test 
configuration, Kic is evaluated as 

F .  (s o - Si) 
K I c -  YEN,4 " wh3/2 (47) 

Y C N , 4 -  3.08 + 5 .00 ( -~ )+  8 .33(h )  2 �9 [1 + 0.007\ h2 , /] .  Co, 

where the geometric parameters are defined in Figs. 13.5 and 13.8b. 
An alternative to the notch methods is the surface crack in flexure method 

(Tracy and Quinn, 1994). This method uses a Vickers hardness indenter with 
sufficient load to create a crack under the indentation impression. The impression 
and the stress damage zone immediately below the impression, however, are 
removed by mechanical lapping so that only the crack remains. Then, the 
specimen is fractured in a four-point bend test. Subsequently, scanning electron 
microscopy is used to examine the fracture surface and to determine the initial 
crack depth. The fracture tougness is evaluted directly as 

KI c .r 1/2 (49) I SCFO-fC 0 , 

where YSCF is an empirical factor discussed extensively by Newman and Raju 
(1981). Although this method is not yet widely used for high-T c materials, it has 
become recognized as one of the more reliable methods, and substantial progress 
has been made toward standardizing the test procedure (Quinn et al., 1994). 

Fracture toughness tests using bend test configurations require relatively 
large specimens. A useful alternative method that requires only a small amount of 
material is provided by the indentation method. (Evans and Charles, 1976). In this 
approach Fig. 13.9 a Vickers indenter is pressed into the surface of the specimen 
until cracks develop radially from the comers of the impression. The analysis of 
the method by Anstis et al. (1981) found that Klc could be evaluated as 

g i c - ~  (50) 

where E is the elastic modulus, H is the indentation hardness, and ( is a numeric 
factor determined empirically to be ( = 0.016 4- 0.004 based on the average and 
standard deviation of values for a wide range of ceramics. The analysis assumes 
that a well-defined crack morphology, known as median cracks, develops around 
the impression. At sufficiently low loads, only shallow cracks, known as 
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Fig. 13.9. 

_ 

Schematic of the Vickers indenter impression in the indentation toughness test. 

Plamqvist cracks, develop, and a different analysis is required for determining 
Kic. Various studies of the indentation method have found that average values 
computed across laboratories are consistent with average results from other 
methods, but the variance of the values among laboratories is greater for the 
indentation method than for other methods. Often, the advantages of the 
simplicity of the method and the need for only a small specimen outweigh the 
concerns for interlaboratory consistency, with the result that the method is widely 
used for high-T c materials (Ponton and Rawlings, 1989a,b). 

c. Property Data 

Fracture toughness data are given in Table 13.9. Three-point bend SENB tests and 
Vickers indentation toughness tests account for all of the data in this table. The 
largest value, 3.9 MPa. m 1/2 for Bi:2212, is comparable to the fracture tough- 
ness values found for structural ceramics such as sintered alumina or silicon 
carbide. However, most of the reported values were less than 2 MPa. m 1/2 and 
often less than 1 MPa-m 1/2. 

Conclusion 

The mechanical properties of high-T c superconductors are important to the 
development of commercial applications of these material, particularly for 



Table 13.9. 

Fracture toughness (Kic). 

Phase Relative 
Density (%) 

T 
[K] 

Kic 
(MPa m 1/2) 

Measurement 
method 

Notes Ref. 

o,, 
t.~ 

Bi :2212  

Bi :2212  
Bi :2212  

Bi(Pb) : 2223 

Bi(Pb) : 2223 
Bi(Pb) : 2223 

Y: 123 

90 
77 

77 
90 

90 
99 
99 
99 

86 

296 

296 

296 

296 
296 

77 

293 

296 

3.2 

3.9 

2.7 

3.2 

1.9 
1.2 

1.8 
1.4 

1.8 
2.9 

2.8 
2.4 

1.3 

0.3 
3 

2.6 
1.3 

SENB a 

SENB a 
SENB a 

SENB b 
SENB c 
SENB d 

Vickers indentation 

Hot isostatically pressed; notch 
perpendicular to pressing direction 

Hot isostatically pressed; notch 
parallel to pressing direction 
Sinter forged; notch perpendicular to 
pressing direction 
Sinter forged; notch parallel to 
pressing direction 

2 m m  x 3 mm x 2 2 m m  

Bil.2Pb0.8; 2 mm • 5 mm • 30 mm 
Bil.7Pb0.3; 3 mm x 12 mm x 60 mm 

B i 1.8 Pb0.3 Sr 2 Ca 1.9 Cu3010+x; 
2 mm x 6.4 mm x 31.75 mm 

Assumes E / H  -- 40; 2 N to 100 N; 

10s 

Chu et al. (1992) 

Joo et aL (1994) 
Martin et aL (1993) 

Alford et al. (1990) 

Low et aL (1995) 
Yuan et al. (1996) 

Cook et aL (1987b) 

(continued) 
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Phase 

Y: 123 

Y" 123 

Y" 123 

Y" 123 

Y: 123 

Y: 123 

Y: 123 

Y: 123 

Y: 123 

Relative 

Density (%) 

67 

73 

87 

81 

81 

78 

84 

80 

89 

60 

100 

100 

100 

81 

81 

78 

84 

T 

[K] 

296 

296 

296 

77 

300 

296 

296 

296 

296 

296 

KIc 
(MPa m 1/2) 

1.05 
1.13 

1.4 

0.7 

0.84 

1.64 
0.24 

1.07 
1.21 

0.94 

0.5 

1.85 
0.43 

1.1 

0.7 

0.84 

1.64 
0.24 

Measurement 

method 

Chevron notch e 

Vickers indentation 

SENB b 

SENt?/ 

SENB c 

Vickers indentation 

Vickers indentation 

Vickers indentation 

Vickers indentation 

Notes 

8 mm x 1 0 m m  x 6 0 m m  

Grain size = 1.5 #m; uses 

E -- 180 GPa, H v = 8.7 GPa 
Grain size = 3.5 #m 

Grain size -- 5.5 #m 

Grain size = 10 #m 

Grain size = 7 #m; p = 5.7 g / cm 3 

3 m m x  12 mm x 60 mm 

Assumes E = 97.1 GPa; 5 N, 10 s 

Single crystal, T c -- 65 K 

Single crystal; 0.1 N to 2 N, 5 s 

Very fine grains; 10 N to 100 N, 

10s; assumes E = 180 GPa, 

H v = 8.7 GPa 
Fine grains 

Medium grains 

Coarse grains 

Ref. 

Yeh and White (1991) 

Osterstock et al. (1996) 

Alford et al. (1988) 

Siu and Zeng (1993) 

Low et al. (1994) 

Ni et al. (1993) 

Demirskii et aL (1989) 

Cook et al. (1987a) 

Osterstock et al. (1993) 



Y:123 100 296 0.8 Vickers indentation Single crystal; twinned; cracks 
parallel to c; E -- 157 GPa; 0.25 N to 
0.5N 

0.3 Single crystal; twinned; cracks 
perpendicular to c; E = 89 GPa, 
0.25 N to 0.5 N 

Y: 123 100 296 0.67 Vickers indentation Single crystal, (001) face; 0.1N to 
2 N, 10 s; uses E / H  = 27 

Y: 123 85 296 1.2 SENB a 3 m m x  7 mm x 50 mm; 3 mm 
notch depth 

90 1.5 
93 3.1 

Raynes et al. (1991) 

Goyal et al. (1992) 

Goretta et al. (1991) 

a Three-point bend, 14 mm to 19 mm span, 1.27 mm/min loading rate. 
b Three-point bend, 20 mm span, 5 mm/min loading rate, 0.2 mm notch width. 
c Three-point bend, 0.5 mm/min loading rate, 2 mm notch depth. 
d Three-point bend, 25.4 mm span, 0.254 mm/min loading rate, 0.25 mm notch width. 
e Three-point bend, 40mm span, 0.254 mm notch width, notch depth/specimen height = 0.44. 
fThree-point bend, 0.74 N/s  stressing rate, 1.5 mm to 2.2 mm notch depth, 0.08 mm notch width, ASTM E 399-83 cited. 

- , q  



Table 13.10. 

Means and standard deviations of property values given in Tables 13.2-13.9, absorbing all variations due to material and measurement differences into the standard 
deviation. Values for other types of materials are given for comparison. 

Phase Elastic Shear Bulk Poisson's Flexural Tensile Hardness Fracture 
modulus modulus modulus ratio strength strength toughness 

(GPa) (GPa) (GPa) (MPa) (MPa) (GPa) (MPa. m I/2) 

Bi : 2212 69 4- 40 16 22 0.2 95 4- 30 
Bi(Pb) : 2223 54 4-47 13 4-3 194-5 0.17 4-0.01 107 4-46 64 4-54 
Dy : 123 72 4- 33 29 4-14 62 0.26 4- 0.02 
Eu: 123 53 22 30 0.212 
Gd : 123 87 4- 29 35 4- 13 57 4- 15 0.25 4- 0.03 
Ho: 123 

La(Sr) :21 120 4- 7 50 4- 8 79 4- 5 0.24 4- 0.02 
Nd(Ce) : 21 128 68 93 0.207 
Sm : 123 72 4- 28 28 4- 11 77 0.3 
TI:2212 

Tm: 123 624- 19 254-8 0.264-0.01 
Y: 123 104 4-38 47 4- 12 564-14 0.204-0.05 604-65 6.5 
Aluminum alloys a'b 65-75 20-25 70-80 0.345 100-600 
Ferrous alloys c 70-220 27-87 50-117 0.25-0.30 75-2250 90-2240 
Brass b 101 37.3 112 0.350 280-730 
Hardened steel b 210 79 165 0.295 1800-2300 
Alumina ceramic d 4164-30 1694-5 257 4-50 0.231 4-0.001 3804-50 267 4-30 
Natural diamond e 700-1200 440-590 0.07-0.2 1050 16-33 

0.6 4- 0.2 2.4 4- 0.8 
0.44-0.1 1.84-1.2 
5.7 

5.9 
104-1 

2.8 

84-3 

0.9-7.6 

154-2 
80-150 

1.1 4-0.6 
15-100 
9-150 

30-160 
3.5 4- 0.5 
4.8-11 

a Felbeck and Atkins (1984). 
b Smith (1994). 
c Ashby (1993). 

a Munro (1997). 
e Ownby and Stewart (1991). 
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wires and tapes. Currently, for example, the most prominent method for the 
production of wires is a powder-in-tube method (Dou and Liu, 1993) in which a 
composite, consisting of a superconductor and a metal sheathing, is produced. 
The composite may be subjected to several mechanical deformation processes as 
the material is drawn, rolled, or pressed, and further deformation may occur as the 
final product is shaped or coiled. Optimization of the process and minimization of 
the generation of deleterious microcracks requires a substantial knowledge of the 
mechanical behavior of  the ceramic superconductors. 

The mechanical properties of high-T c superconductors exhibit significant 
and complex variations with processing conditions, as well with temperature, 
pressure, microstructure, and the specific measurement procedures. However, a 
highly simplified overview of the mechanical characteristics of these materials 
can be constructed, Table 13.10, in terms of the means and standard deviations of 
the respective properties for each material. In making such an overview, 
variations arising from the material and procedural factors are effectively 
absorbed as contributions to the standard deviation. While much detailed 
information is necessarily suppressed in this construction, a reasonable relative 
view of the high-T c materials emerges. According to Table 13.10, the Bi :2212 
and Bi(Pb):2223 materials are softer (lower bulk modulus and hardness), 
stronger (higher flexural and tensile strengths), and more resistant to cracks 
(higher fracture toughness) than Y: 123 specimens. Such characteristics imply a 
lower degree of brittleness (a greater tolerance of imperfections) and make the 
Bi :2212 and Bi(Pb):2223 materials more amenable to being adapted to such 
applications as tapes and wires. 
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A 

Introduction 

Investigation of high-temperature superconductor materials has become an 
exciting and extensive research area in the past 10 years. Since the initial 
report of the 30 K superconductor by Bednorz and Miiller (1986), a large 
number of multicomponent oxide materials have been discovered (Cava, 1995); 
most of these compounds exhibit complex chemistry, including nonstoichiometry, 
defects, and incommensuracy. International efforts in superconductivity research 
have led to many alternative methods of processing as well as novel applications. 
The developments of coated conductors utilizing the BazYCu306+ x and 
Ba2RCu306+x (R=lanthanides) phases with ion beam assisted deposition 
(IBAD) and rolling assisted biaxially textured substrate (RABiTS) techniques 
have prompted the intensive investigations of these systems in thin- and thick- 
film forms (Goyal et al., 1996; Wu et al., 1995; Paranthaman et al., 1997). In the 
BizO3-PbO-SrO-CaO-CuO systems (BSCCO), the Bi-containing materials 
were found to show promising superconducting and other properties that are 
appropriate for wire and tape applications using the powder-in-tube (PIT) 
techniques (Balachandran et al., 1994; Sandhage et al., 1991; Sato et al., 
1991; Malosemoff et al., 1997; Zhou et al., 1995) for fabrication. These novel 
processes have brought superconducting technology closer to reality. Presently, 
high-quality high-temperature superconducting materials are still relatively diffi- 
cult to prepare. Challenging problems have to be overcome for large-scale 
commercial processing to be successful (Wong-Ng, 1999). At a more basic 
level, the underlying principles governing the superconducting properties are not 
totally understood. 

Phase diagrams are critical research tools for many scientific disciplines, 
including materials science, ceramics, geology, physics, metallurgy, chemical 
engineering, and chemistry. These diagrams contain important information for 
the development of new materials, control of structure and composition of critical 
phases, and improvement of properties of technologically important materials. 
Phase diagrams can be thought of as "road maps" for processing; they provide 
the theoretical basis for synthesis of high-T c materials. Applications of phase 
diagrams range from preparation of high-quality single crystals and single-phase 
bulk materials to deliberate precipitation of second phases as flux pinning sites 
(Majewski, 1996; Majewski et al., 1995a; Tiefel et al., 1990) and the formation of 
melts. The presence of melts can have a beneficial effect on superconductor 
processing. For example, melts were found to be essential during PIT processing 
of Bi-2223 and 2212 wires, and during the production of textured or crystal- 
lographically aligned material in tapes or thin films (Aksenova et al., 1993; Zhang 
and Hellstrom, 1993). 

The aim of this chapter is to provide experimental phase diagrams of high- 
T c superconductors representative of systems undergoing research. Among 
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current systems, the BaO-Y203-CuO (BYC), BaO-R203-CuO (BRC), and 
BSCCO systems have been studied most extensively. A brief description of 
some of the frequently encountered terms used in phase equilibrium work, as well 
as a few experimental techniques involved in determining some of these 
diagrams, are also presented prior to the discussion of the diagrams. 

In the following description of the multicomponent systems, a numerical 
code is used to indicate the stoichiometry of compounds in the order in which the 
cations are listed. For example, the symbol 213 (or 2 :1 :3 )  is used to represent 
the compound BazYCu306+x, and the symbol 2212 (or 2 : 2 : 1 : 2 )  is used to 
represent the compound BizSrzCaCu20 x and its solid solution. 

General Discussion and Scope 

a. Information Provided 

Before any research and development is conducted on material synthesis or 
processing, it is logical to first study the relevant phase diagrams to obtain 
information about the phase relationships and other characteristics of the material. 
Phase diagrams can be used to depict a wide range of information, such as (1) 
identity of compounds formed from specific end members, (2) stability range, 
composition, and temperature range of a specific phase, (3) the optimum 
conditions for synthesis, (4) the impurities likely to be present with a phase 
prepared under specific conditions, (5) the region of homogeneity of solid 
solutions, (6) polymorphism of a phase, (7) temperature and composition range 
suitable for glass formation, (8) melting temperature (or temperature range) of a 
compound, (9) primary phase field (crystallization composition field) of a phase, 
(10) effect of admixture on the melting point or stability of a phase, (11) effect of 
temperature and pressure on processing, and (12) prediction of properties of the 
final products, based on the phase assemblage. 

b. Key Terms Used 

The frequently encountered nomenclature and the general terms discussed in the 
following sections are briefly described next. For a more complete set of 
definitions and a glossary, refer to Volume 1 of Phase Diagrams for Ceramists 
(Levin et al., 1964). 

A solidus is the locus of temperature-composition points in a system at 
temperatures above which solid and liquid are in equilibrium and below which the 
system is completely solid. In binary diagrams without solid solutions, it is a 
straight line, or a combination of straight lines representing constant tempera- 
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tures, and with solid solutions, it is a curved line or a combination of curved and 
straight lines. Likewise, in ternary systems, the solidus is represented by flat 
planes or by curved surfaces. 

A phase is any portion, including the whole, of a system that is physically 
homogeneous within itself and bounded by a surface that mechanically separates 
it from any other portions. 

The components (of a system) are the smallest number of independently 
variable chemical constituents necessary and sufficient to express the composi- 
tion of each phase present in any state of equilibrium. Zero and negative 
quantities of the components are permissible in expressing the composition of 
a phase. 

The phase rule states that, for a system in equilibrium, the sum of the 
number of phases (P) plus a number of degress of freedom (F) must equal the sum 
of the number of components (C) plus 2, or P + F = C + 2. 

The number of degrees of freedom of a system is the number of intensive 
variables that can be altered independently or arbitrarily without bringing about 
the disappearance of a phase or the formation of a new one. Intensive variables 
are those that are independent of mass, such as pressure, temperature, and 
composition. 

A join (tie-line) is the region of a phase diagram representing all mixtures 
that can be formed from a given number of selected compositions. A join may be 
a line (binary), a surface (ternary), etc., depending on the number of selected 
compositions, which need not be compounds. Each selected composition, 
however, must be incapable of formation from the others. 

The lever rule (or center of gravity principle) states that when a particular 
composition separates into only two phases, the given composition and that of the 
two phases are colinear; furthermore, the amounts of the two separated phases are 
inversely proportional to their distances from the given composition. Thus, if A 
and B represent the compositions of two phases formed from composition C, then 
the amount of A times the length AC equals the amount of B times the length BC, 
or A/B = BC/AC: 

X . . . . . .  X . . . . . . . . . .  X 

A C B 

The composition (or compatibility) triangle in the phase diagram of a 
condensed ternary system is the area bounded by three tie-lines (joins) connecting 
the composition points of three phases that are in equilibrium within the triangle. 

The composition (or compatibility) tetrahedron in the phase diagram of a 
condensed quaternary system constitutes the four triangular planes connecting the 
compositions of four solid phases that can coexist in equilibrium with liquid. The 
composition of the liquid is represented by a quaternary invariant point, which 
may be either a eutectic point within the composition tetrahedron or a peritectic or 
reaction point outside the tetrahedron. 
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A solid solution is a single crystalline phase that may be varied 
in composition within finite limits without the appearance of an additional 
phase. 

A liquidus is the locus of temperature-composition points representing the 
maximum solubility (saturation) of a solid phase in the liquid phase. In a binary 
system, it is a line; in a ternary system, it is a surface, usually curved. At 
temperatures above the liquidus, the system is completely liquid. A point on the 
liquidus represents equilibrium between liquid and, in general, one crystalline 
phase (the primary phase). 

The primary phase is the only crystalline phase in equilibrium with a liquid 
of a given composition. It is the first crystalline phase to appear on cooling a 
composition from the liquid; or conversely, it is the last crystalline phase to 
disappear on heating a composition to melting. 

The primary phase region (or primary phase field) is the locus of all 
compositions in a phase diagram having a common primary phase. 

The invariant points are the particular conditions within a system, in terms 
of pressure, temperature, and composition, for which the system possesses no 
degrees of freedom. An example is the triple point of a gas. 

A eutectic represents an invariant (unique temperature, pressure, composi- 
tion) point for a system at which the phase reaction on the addition or removal of 
heat results in an increase or decrease of the proportion of liquid to solid phases, 
without change of temperature. At a eutectic point the composition of the liquid 
phase in equilibrium with the solid phases can always be expressed in terms of 
positive quantitatives of the solid phases. 

The eutectic composition is that combination of components in a simple 
system having the lowest melting temperature at any ratio of the components and 
is located at the intersection of the two solubility curves in a binary system and of 
the three solubility surfaces in a ternary system. 

A peritectic point is an invariant point at which the composition of the 
liquid phase in equilibrium with the solid phases cannot be expressed in terms of 
positive quantities of the solid phases. Whereas the composition of a eutectic 
point always lies between or within the composition limits of the solid phases in 
equilibrium with the liquid, the composition of a peritectic point always lies 
outside the composition limits. 

A congruent melting point is a specified pressure and temperature at which 
a solid subtance changes to a liquid of identical chemical composition. 

An incongruently melting point is a specified pressure and temperature at 
which one solid phase transforms into another solid phase plus a liquid phase, 
both of different chemical compositions than the original substance. 

A boundary line is the intersection of adjoining liquidus surfaces in a 
ternary phase diagram. The area enclosed by a series of boundary lines is termed 
a primary phase area. 

An isothermal section is a phase equilibrium diagram constructed at a given 
specific temperature. 
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Liquid immiscibility refers to two or more distinct liquid phases coexisting 
in equilibrium. 

c. Phase Diagram Compilations 

Various sources of information are needed for users for pursuing phase diagram 
studies. For more than 60 years, a long-standing cooperative effort between NIST 
and the American Ceramics Society (ACerS) has resulted in an extensive set of 
compilations of Phase Diagrams for Ceramists (PDFC) (NIST, Phase Diagrams 
for Ceramists. To date, these compilations include 12 volumes of oxides, salts, 
and refractory materials, three annual volumes of diagrams published in 1991, 
1992 and 1993. In addition, two volumes containing high-temperature super- 
conductor data, including diagrams, write-ups and biblographic information, were 
also published in 1991 and 1997 (Superconductors, Vol. I and II) (Whitler and 
Roth, 1991; Vanderah et al., 1991). These phase diagrams are mostly from the 
literature, and the data have been edited by experts in the field. Under this 
NIST/ACerS phase diagram effort, technical expertise in the compilation of 
phase diagrams is provided by NIST researchers and by various university, 
industry, and government collaborations. The ACerS assumes the responsibility 
for the production aspects of the work and for all means of data dissemination. 

The PDFC series have also been computerized and published in the form of 
a CD-ROM database (version 2.1). This database contains more than 13,000 
diagrams published in the Phase Diagrams for Ceramists, Vol. I through X, 
Annuals 1991, 1992, and 1993, and High-T c Superconductors, Vol. I. Future 
supplements will also include High-T c Superconductors, Vol. II. Computer search 
capabilities include authors, system components, year of publication, biblio- 
graphic reference, and location in the PDFC series. On-screen manipulations of 
the diagrams are also possible, which include plotting of the diagrams, magni- 
fication of selected regions, conversion from mole fraction (%) to weight % (or 
vice versa), lever rule calculations, overlay of related diagrams, display of the 
cursor position in real units, reverse function for binary diagrams (permits 
switching of left and fight end members), and a curve follow feature to track 
curve coordinates. 

Computer and software developments have prompted increased applica- 
tions of databases for materials analysis. If the phase diagram information of a 
specific system is not complete, one can search through other sources of 
databases in conjunction with the phase diagram database for providing addi- 
tional phase information. These databases include the Powder Diffraction file 
(PDF) produced by ICDD, 1 the Crystal Data database (NIST), the Crystal 
Structure Series (Wyckoff), the Inorganic Crystal Structural Database (ICSD), 

IlCDD, International Center for Diffraction Data, Newton Square; 12 Campus Blvd, Newton Squares, 
PA 19073-3273. 
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Structural Data on Intermetallic Phases (CRYSTMET) (Toth Information 
Systems), and the NIST/Sandia/ICDD Electron Diffraction Database (NIST). 
ICDD has identified a subtile of high-T c superconductors and related phases 
(such as those found in phase diagrams, products of reaction with container 
materials, with thin film substrates and conventional superconductors) (Wong-Ng 
et al., 1996). 

C 

Experimental Methods 

A phase diagram is usually constructed using a combination of methods. For 
subsolidus phase diagrams, a number of compositions are prepared in the region 
of interest, followed by the determination of the phase assemblages present. Tie- 
lines connecting phases in equilibrium are determined in this way. When a new 
phase is discovered, the structure can be studied either by using single crystals, or 
by ab initio structural determination using the powder sample. The experimental 
methods for determining phase diagrams are generally divided into two types: 
static and dynamic. In the static methods, the temperature of the sample is held 
constant until equilibrium is attained. The most widely used of these is the 
quenching method (air quench or quench into a medium such as water bath, oil, 
liquid nitrogen cooled helium). Quenching studies in combination with powder 
X-ray diffraction and petrographic microscopy for phase identification are 
essential for obtaining subsolidus phase diagrams. Liquidus phase diagrams 
require further experiments for determining the melting temperatures of phases 
or assemblages, and the estimation of liquid compositions. Dynamic techniques, 
including differential thermal analysis (DTA) and thermogravimetric analysis 
(TGA), are needed to obtain an indication of phase transitions, reactions, and 
associated loss of volatiles, such as oxygen. Scanning electron microscopy (SEM) 
techniques are used to study the microstructures of the experimental products, 
particularly of the primary crystals. Quantitative microanalysis techniques, 
including energy dispersive x-ray analysis (EDX) or wavelength dispersive 
methods, are used for the determination of the compositions of the residual 
grains (primary crystals) and of the quenched liquid. 

a. Quenching Methods 

For relatively fast quenching, experiments are generally carried out using a 
vertical tube furnace. Upon achieving equilibrium, the sample is dropped into the 
quenching medium (Wong-Ng and Cook, 1995). The goal of this type of 
experiment is to capture the phase assemblages and microstructure by cooling 
from high temperature to room temperature in a few seconds. The sample is 
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contained in a small crucible suspended from the thermocouple assembly by thin 
wires (such as Pt). After insertion of the sample, the vertical-tube furnace is 
valved off and flushed with desired gas. The sample is then equilibrated in the hot 
zone of the furnace in the presence of flowing gas of the desired atmosphere. At 
the conclusion of the experiment, current is passed through the thin suspension 
wires, causing them to melt. For controlled atmospheric quenching, the sample 
drops into a liquid nitrogen (LN2)-cooled copper cold well, with helium flowing 
at a rapid rate. This prevents reaction of the sample with atmospheric constituents 
during the quench. 

b. X-ray Powder Diffraction 

X-ray diffraction is a very convenient and nondestructive method for phase 
identification. Results can show if the composition is a single phase, a mixture of 
phases that correspond to the compositional tie-line of a two-phase system, or an 
aggregate of higher component regions. In order to study lattice parameters for 
establishing or confirming the formation of solid solution, the powder x-ray 
diffraction method can also be used. In these methods instrumental (external) and 
internal calibrations can be achieved by using standard reference materials (SRM) 
produced by NIST (Hubbard et al., 1987; Hubbard, 1982). For atmospherically 
sensitive materials, a special cell with an O-ring seal can be employed to avoid 
reaction with atmospheric CO2 and H20 during analysis (Ritter, 1988). Signal 
absorption can be minimized by employing an X-ray transparent window. 

c. Differentiation Thermal Analysis and Thermogravimetric 
Analysis 

Thermal analysis is a technique that measures a physical property of a substance 
as a function of temperature, generally under a controlled temperature program. 
In the case of the TGA experiment, the weight of a specimen is measured as a 
function of time (or temperature). The changes of the weight before and after the 
experiment can be determined. In a DTA experiment, a sample and a reference 
material (usually alumina in the high-T c superconductor experiments) are heated 
(or cooled) at a uniform rate and the difference in temperature between the two is 
plotted as a function of the temperature of the reference sample or furnace 
temperature. From the characteristic of the peak observed along the DTA curve, 
an exothermic or endothermic event involving the sample can be determined. 
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d. Scanning Electron Microscopy 

During the SEM experiment, a focused electron beam is swept over the surface of 
a specimen in a raster pattern, and various resulting emissions from the sample 
(backscattered electrons, secondary electrons, or X-rays) are detected. An image 
is formed on a cathode ray screen by mapping the intensity of the detected signal 
as a function of position. Combining this technique with an X-ray spectrometer 
allows chemical analysis of a microvolume of the sample. 

e. Determination of Liquid Compositions 

In general, after a sample is melted and solidified, the liquid will assume the form 
of an amorphous state and one can easily distinguish the amorphous regions from 
the primary crystals after melting. In the case of high-temperature superconduct- 
ing oxides, often the melts recrystallize instantaneously as crystals. This is 
particularly true in Ba-Cu-O and related systems, where relatively large 
barium cuprates form and it is difficult to distinguish between primary crystals 
and crystals crystallized from liquid. In this situation a wicking technique can be 
used (Wong-Ng and Cook, 1995). To capture liquid free of any primary crystal- 
line phases for SEM/EDX analysis, a sintered ceramic wick with open porosity 
(i.e., MgO) can be placed in the crucible with the appropriate sample. During the 
heat treatment, liquid is drawn into the wick by capillary action. Because of the 
filtering action of the small (<5-10 l~m) openings in the wick, primary solid 
phases do not enter the capillary. During the quench, the liquid is retained in the 
wick, thus making a representative sample of the melt available for analysis. 

The liquid composition can be obtained most directly by using electron 
probe microanalysis. This method measures the intensity of characteristic X-rays 
emitted from a specimen and relates this intensity to the concentration of the 
elements involved. Standardization using samples of known composition is 
essential. Corrections for the atomic number Z, the absorption A, and the 
fluorescence F (ZAF method) must be applied to the intensity ratios. A detailed 
description of quantitative microanalysis is given by Heinrich and Newbury 
(1991). Modem software such as DTSA (Fiori et al., 1991) facilitates the 
application of these methods. 

fi Vapor Pressure Measurements 

For the equilibrium study of vapor pressure of T120 in the Tl-containing 
superconducting systems, an efficient method is the two-zone technique (Aselege 
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et al., 1994), which utilizes a condensed thallium oxide source to supply a 
constant partial pressure of T120 vapor through the vaporization reaction 

2 T120 x(c) < > 2 T12 O(v) + (x - 1)O 2 (V). (1) 

Using this procedure, the sample, which is in powder form, and the condensed 
thallium oxide (T1203) are each held typically in high-purity A1203 boats, and in 
turn are held within an A1203 tube. The source boat is held in the closed end and 
the sample boat in the open end. The open end is then wrapped tightly with 
several layers of thin gold foil. 

The equilibrium constant K(T) for reaction (1) is expressed by 

K(T) = p(T120)22p(O2)(x-1)/a(T120x) 2. (2) 

The activity of T120 x in the denominator of Eq. (2) is unity if the condensed 
thallium oxide exists as a pure phase. With source temperature and p(O2) fixed, 
p(T120 ) may be determined from the equilibrium constant K(T). 

D 
Representative Phase Diagrams 

In the two volumes of Phase Diagrams for High-T c Superconductors (Whittler 
and Roth, 1991; Vanderah et al., 1991), a total of 542 diagrams have been 
collected and edited. As superconductor research is a highly active field, many 
systems have been investigated extensively in various laboratories. Inevitably, 
there are repetitions and inconsistencies. The following is a group of selected 
diagrams that represent either the major industrial activities of high-T c systems 
today, or systems that have attracted considerable attention. This compilation 
emphasizes the BYC, BRC, and the BSCCO systems that contain the actual high- 
temperature superconductors, and not the subsystems or systems containing only 
related phases. 

a. Ba-Y-Cu-O Systems 

Extensive international research efforts since 1987 have led to the accumulation 
of a large body of information concerning the crystal chemistry and phase 
equilibria of the BYC system; this is particularly true for the subsolidus 
relationships, as they are essential for the preparation of the high-T c compound 
Ba2YCu306+ x in single-phase, crystalline form. Phase diagrams of this high-T c 
system vary significantly depending on the annealing atmosphere (and the 
presence of CO2). 
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1. Prepared in Air 

Roth et  al. ,  (1988) were among the first to determine a complete phase diagram of 
the BaO(BaCO3)-IY203-CuO system, at ~950~ and it is shown in Fig. 14.1. 
YzCu205 is the only binary oxide reported in the I(yzO3)---CuO system. Four 
phases were observed in the BaO(BaCO3)--~(Y203) subsystem. Barium rich 
Ba4Y207 and Ba2Y205 have been reported to be oxycarbonates, with formulas 
of Ba4Y207.CO2 and BazY2Os.2CO2. When pure BaO is used instead of BaCO3, 
the Ba4Y207 and BazY205 compounds cannot be prepared. There are a total 
of three ternary oxides, including the high-temperature superconductor 
BazYCu306+ x (2 :1 :3 )  and an ubiquitous impurity phase BaYzCuO 5 (1 :2 :1 )  
that is known as the "green phase." Another barium-rich oxycarbonate solid 
solution region is known as "the other perovskite phase," and is bounded by the 
4 : 1 : 2 ,  5 :1 :3 ,  and 3 : 1:2 compositions. The Ba2YCu306+ x phase is known to 

Fig. 14.1. 

BaO (BaC03) 

Ba4Y207~..~ P .. ~t Ba2Cu03 

Ba2Y205 

Ba3Y40g / 

BAY204 

,,,4:1 

,3:2:1 
BGCu02 

l -/ v v \ v ,v 
0 20 40 "-,... 60 80 100 

1/2(Y203) Mol ~ Y2Cu20s CuO 

Phase diagram of the temary system BaO(BaCO3)-~zY203-CuO at ~950~ (Roth et al., 
1988). The positions of the BazYCu306+ x (2" 1"3) superconductor and the green phase 
BaY2CuO 5 (1" 2"1) are shown. 
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exhibit an orthothomic-tetragonal phase transition depending on the oxygen 
content (Wong-Ng et al., 1988; Jorgenson et al., 1987). 

The high-temperature reaction of CO 2 with Ba2YCu306+ x is known to lead, 
upon completion, to BaCO 3 and copper and yttrium oxides (Gao et al., 1990); 
however, oxycarbonates may form prior to complete carbonatization (Karen and 
Kjekshus, 1991). Phase diagrams of the Ba(O/CO3)-Y(O/CO3)-Cu(O/CO3) 
pseudoternary system, as determined by powder X-ray diffraction after repeated 
firings of samples at (a) 800~ and (b) 900~ in 1 atm oxygen containing 
.~40ppm CO2, are shown in Figs. 14.2 and 14.3. In these two diagrams, the 
envelopes of oxycarbonate stability are shown bounded by dotted curves. The 
carbonate stability regions are near the BaO(BaCO3) region and are bounded by 
the broken curves. The Ba-rich oxides in the Ba(O)-Y(O)-Cu(O) system have a 
high affinity for CO 2, leading to the formation of oxycarbonates. Three oxycar- 
bonates were identified: (1) The first phase is near the "other perovskite phase" 
composition (8:1:4;  Roth et al., 1988), with a homogeneity region extending 
toward Y, and has a formula of BagYl+xCu4+z(CO3),O11+w , with u~2 ,  

Fig. 14.2. 
BoO (EIoCOz) 

80ooc 
105 Po 02 
40 ppm C02 

BAY204 

-....- 

f 
f 

/. ".,JR. BaCu02 

/ / / "  V. .... V ~, _V _ V ~ '~  
0 20 '40 Y2Cu205 60 80 100 

1/2(Y203 (Y2(C03)3)) Mol ~ CuO (CuC03) 

Phase diagram of the system BaO(BaCO3)-~Y203(Y2(CO3)3)-CuO at 800~ 105 Pa 02, and 
40 ppm CO2 (Karen and Kjekshus, 1991). 
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Fig. 14.3. 
BaO (I 

900~ 
105 P a 02 
40 ppm C02 

Bo3Y2(CO~)05 BasYCu4(C03)2012 

BAY204 

~__ .. V . V ~, V _V 
0 20 40 V2c 205 60 80 .... -1-00 

1/2(Y203 (Y2(C03)3)) Moi % CuO (CuC03) 

Phase diagram of the system BaO(BaCO3)-~21Y203(Y2(CO3)3)-CuO at 900~ 105 Pa 02, and 
40 ppm CO 2 (Karen and Kjekshus, 1991). 

0x < 0.03, 0 < z < 0.04. There is a pressure-temperature equilibrium between 
oxygen gas and vacancies in the solid; for 0.05 < w < 0.08, x -  z = 0. (2) 
The tetragonal Ba3Yz(CO3)uO6_u, u ~  1, phase is stable up to 960~ in 
purified oxygen. (3) The third carbonized phase is the important 2 : 1 : 3  
phase. It appears that accommodation of the rather small "size" of cation at 
the the Ba site is promoted by the carbonization. An extended solid solution 
(Bal_yYy)zYCu3(CO3)0.zO6.y+y , 0 < y  < 0.2, was obtained. For u -~ 0.2, v ~ 0.1, 
the BazYCu3(CO3)uO7_u_ v phase is tetragonal, with unit cell a - 3.877(2) A and 
c = 11.573(3)A. The structure of BazYCu3(CO3)uO7_u_ v is basically derived 
from BazYCu307 by replacing some of the oxygens by carbonate groups (Karen 
et al., 1999). 

2. Prepared in Air in the Absence of CO 2 

The diagram of the CO2-free system prepared at ~950~ is shown in Fig. 14.4 
[42]. BaO 2 or Ba(NO3) 2 was used as one of starting reagents. Instead of three 
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temary oxide phases as found in Fig. 14.2, five were found. The Ba2YCu306+ x 
(2 :1 :3 )  and BaY2CuO 5 (1 :2 :1 )  phases are the same as those prepared in pure 
air, but the perovskite solid solution discussed previously (Ritter, 1988) has 
become two point compounds with compostion Ba4YCu308. 5 (4 :1 :3 )  and 
Ba8Y3CusO17.5 (8:3:5) .  Another phase with composition BasY1Cu20 x 
(5 :1 :2 )  was also found. The Ba4Y207.CO 2 and Ba2Y2Os.2CO2 compounds 
are absent in this diagram. A comparison of this diagram to Fig. 14.2 (prepared 
with BaCO3) reveals that the tie-lines connecting the 2 :1 :3 ,  1 :2 :1 ,  BaCuO2, 
and perovskite phases are different. There are still uncertainties involved these tie- 
lines due to the hampered kinetics at 950~ 

3. Prepared in Oxygen 

The phase relations of the BYC system at lower temperatures of 800~ 
(P(O2)-  1, 105 Pa < Ptotal -< 5 • 105 Pa, p(CO2)~ 0.000), and at 700~ 105 
Pa 02 are schematically shown in Figs. 14.5 and 14.6 (Roth, 1990). In these two 
diagrams, the 2" 1 �9 4 and 4" 2" 7 phases were indicated as stable at 105 Pa 02 at 

Fig. 14.4. 

BaO 

Cu03 

Ba3Y409 

8 : 3 : 5 ~  BaCuO 2 

1"2:1 

I V V X ~ V �9 I 

0 20 40 Y2Cu205 60 80 100 
1/2(Y203) Mol ~ CuO 

Phase diagram of the system BaO-~Y203-CuO at ~ 950~ in (Deleeuw et al., 1988). 



D. Representative Phase Diagrams 639 

Fig. 14.5. 
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Phase diagram of the system BaO~Y203-CuO. Schematic phase relations in 0 2 at ~800~ 
(pO 2 = 1.0 and 1 atm < PYotal --< 5 atm, Pco2 -< 0.000) (Roth, 1990). 

800~ The 2" 1" 4 phase decomposes at >850~ However, at lower tempera- 
ture, such as ~700~ neither the 2" 1 �9 3 nor the 4"2" 7 phase can formed, and a 
tie-line exists between Y203-Ba2Cu3Os+x. The Ba2Cu3Os+x phase only forms in 
the absence of CO2. This phase is only stable at pO 2 ~ 0.2 if the CO 2 content is 
well below that of the ambient atmosphere. It decomposes after formation if 
heated in air. 

4. Effect of Oxygen Partial Pressure 

Figure 14.7 shows for the 213, 214, and 427 phase regions of the BYC system vs. 
the oxygen partial pressure plotted vs inverse temperature over the range between 
500 and 1000~ and 10 -2 Pa <p(O2) <107 Pa (Morris, 1990). The approximate 
boundaries between the phases are indicated by the dotted curves. Included in this 
plot for the 213 system, the decomposition line (thick solid line [Bormann and 
Noelting: 1989), and the orthorhombic-tetragonal transition line (bold dashed 
line) (Lindermer and Sutter, 1988; Specht et al., 1989), lines of constant oxygen 
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Fig. 14.6. 
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Phase diagram of the system BaO1Y203-CuO. Schematic phase relations in 0 2 at ~700~ 
and 1 atm O 2 (Roth, 1990). 

content (full lines) in the 213 stability region, and dashed lines where 123 is 
metastable. The 2CuO ~ Cu20 + 102 phase boundary above 900~ (alternat- 
ing dots and dashes) lies close to the 123 decomposition boundary. The stability 
boundary between 213 and 214 phases continues to decrease to lower oxygen 
partial pressure as temperature decreases. This 213/214 phase boundary occurs at 
considerably higher temperatures than that of the 213 tetragonal/orthorhombic 
transition, indicating that the fully oxidized orthorhombic 213 superconductor is 
not thermodynamically stable at any temperature or pressure. The slope of the 
213/214 phase boundary is so large that at lower temperatures (<600~ the 
213/214 boundary will intersect the 213 decomposition line. The oxygen- 
depleted tetragonal 213 phase is unstable at all oxygen pressures below 600~ 

5. L i q u i d u s  D i a g r a m s  

Melt processing investigations of this high-T c material for viable commercial 
applications constitute a major activity within the high-T c superconductor 
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Fig. 14.7. 
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Oxygen pressure p O  2 vs  1 / T for oxygen contents x in the range 6.01 to 6.99 near 2 : 1 : 3 (--) 
and 2:1:4 (- - -) compositions in the BaO--~21YzO3-CuO system (Morris, 1990). The 
decomposition (----) and orthorhombic-to-tetragonal transition ( - - - )  lines are shown as 
well as the phase transition boundaries ( .... ). The orthorhombic phase exists above the ( - - - )  
line. Lines of constant oxygen content are shown by solid lines in the 2 : 1:3 stability region, 
and dashed lines in the 2:1:4 region where 1:2:3 is metastable. 

research community. The liquidus information for the B a - Y - C u - O  system is 
critical for crystal growth and melt processing. The primary phase field for 
Ba2YCu306+x, and univariant reactions in the phase diagram near the CuO-rich 
comer have been reported (Aselege and Keefer, 1988; Krabbes et al., 1993; 1994; 
Zhang and Osamura, 1991). The most referenced schematic liquidus based on a 
reaction melting sequence (Table 14.1) is shown in Fig. 14.8. (Aselege and 
Keefer; 1988). According to Table 14.1, the eutectic melting of the system took 
place at 890~ (el). Other eutectics (e), melting (m), and peritectic (p) events are 
also listed. 

The liquidus diagram of Fig. 14.8 is in general a good approximate model 
for bulk material processing. More detailed studies, however, provide evidence 
that the liquid field of the BYC phase has a miscibility gap, as shown in Fig. 14.9 
(Wong-Ng and Cook, 1998). This diagram is presented by "stretching" the 
customary temary composition triangle in order to magnify the yttrium oxide 
contents of the liquids, all of  which were below 4 mole fraction (%). The phase 
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Table 14.1. 

The melting reactions of the BYC system (Aselege and Keefer, 1988) that are 
identified as eutectic (e), peritectic (p), or peritectic melting (m) (Ullman 
et al., 1989) (see Fig. 14.8). The symbol L is used to represent liquid. 

Type Temp (~ Phases involved 

el 890 
e2 920 
pl 940 
p2 975 
e3 1000 
p3 1000 
ml 1015 
m2 1015 

1026 
e4 1110 
m3 1122 
m4 1270 

Ba2YCu306+ x -t- BaCuO 2 + CuO --+ L 
BaCuO 2 + CuO --+ L 
Ba2YCu306+ x + CuO -+ BaY2CuO 5 + L 
BaY2CuO 5 + CuO --+ Y2Cu205 + L 
BaCuO 2 + BaY2CuO 5 --+ L 
BaCuO 2 + Ba2YCu306+ x ~ BaY2CuO 5 + L 
Ba2YCu306+ x ~ BaY2CuO 5 + L 
BaCuO2 ~ L 
CuO ~ Cu20 
YzCu205 + Cu20 --+ L 
YzCu205 --+ Y203 -k- L 
BaY2CuO 5 --+ Y203 -k- L 

Fig. 14.8. 
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e3~BoCuO2 
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1:2:1 

~/2(Y2O3) 
..... .V __ 
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Liquidus surface and subsolidus relationships in the BaO-Y203-CuO system (see Fig. 14.4) in 
air (Aselege and Keefer, 1998). Table 14.1 provides the temperatures and involved phases for 
the eutectic (e), melting (m), and peritectic (p) points, and Table 14.2 provides corresponding 
DTA onset temperatures. 



D. Representative Phase Diagrams 643 

Fig. 14.9. 
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Liquidus surface in the BaO-Y203-CuO system in air, showing the liquid immiscibility field 
of the Ba2YCu306+ x phase (Wong-Ng and Cook, 1998). 

fields of BaY204, Y203, BaY2CuOs, Ba4YCu3Ox, Y2Cu2Os, C u 2 0  , nominal 
BaCuO2, and CuO are also shown. The Ba2YCu306+ x superconductor, which 
contains 16.7 mol fraction (%) �89 would plot off the top of the diagram at a 
height more than four times that of the diagram. The crystallization field of the 
Ba2YCu306+ x phase occurs in two segments. Both segments of the field are 
entirely below the 2.0 mol fraction (%) 1Y203 level. The fight-hand segment of 
the Ba2YCu306+ x field is bounded by the crystallization fields of BaY2CuOs, 
"BaCuO2," Y2Cu205, and CuO, and the left-hand segment was bounded by the 
Ba4YCu3Ox, BaY2CuOs, and "BaCuO2" primary phase fields. 

A sequence of isothermal reactions that describe the melting sequence are 
found in Fig. 14.10, (a) to (i). In these isothermal sections, a split scale is used as 
indicated by the break in the side axes in order to give a more comprehensive 
view of the solids participating in the equilibria, and simultaneously present the 
schematic details of the participating liquids near the base in expanded form. L1 
and L2 represent two immiscible liquids. The dominant reaction at each 
temperature is as follows: 
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Fig. 14.10. 
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Topological sequence of the melting events in the BaO--~2]Y203-CuO system (Wong-Ng and 
Cook, 1998), from 923 to 1274~ The main overall reaction for each temperature is given in 
the text. 

(continued) 
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Fig. 14.10. (continued) 
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(continued) 
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Fig. 14.10. (continued) 
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Fig. 14.10. (continued) 
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Fig. 14.10. (continued) 
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(a) 923~ "BaCuO2" + CuO + Ba2YCu306+ x ---, L 1 + 0 2 

(b) 947~ BazYCu306+ x + CuO --+ BaYzCuO 5 + L 1 + O 2 

(c) 967~ BaYzCuO 5 + CuO --+ YzCu205 -'t- L 1 + O 2 

(d) 971~ Ba4YCu30 x + "BaCuO2" ---, BazYCu306+ x + L 2 + O 2 

(e) 972~ "BaCuO2" + BazYCu306+ x --+ L 1 + L 2 --t- O 2 

(f) 973~ Ba4YCu30 x + BazYCu306+x --+ BaYzCuO 5 + L2 + O2 

(g) 1015~ BazYCu306+x --+ BaYzCuO5 + L1 + L2 + O2 

(h) 1048~ BaYzCuO 5 + Y2Cu205 --+ Y203 --t- L1 + O2 

(i) 1274~ BaYzCuO 5 --+ BaY204 + Y203 + L + O 2 

b. Ba-R-Cu-O Systems (R = Lanthanide) 

The discovery that the substitution of the most of lanthanide (3+) ions, R, for Y 
also produced a superconductor with a transition temperature of ~90 K has 
provided numerous altemative materials for investigations of possible desirable 
properties (Le Page et al., 1987). Proceeding from the La system, which has the 
largest ionic size of R, toward the Er system with a smaller ionic size, a general 
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trend of phase formation, solid solution formation, and phase relationship was 
found to be correlated with the ionic size of R. The ternary phase compatibility 
diagrams of the systems BaO(BaCO3)-�89 and BaO(BaCO3)-�89 
CuO in the vicinity of the CuO corners (most relevant to the processing of the 
high-T c materials), where R -  La, Nd, Sm, Eu, Gd, Er, are shown schematically in 
Fig. 14.11 (a) to (f) (Wong-Ng et al., 1990). Features of the progressive changes 
in the appearance of these temary diagrams near the CuO comer include the 
following: (1) The La system has the largest number of ternary compounds and 
solid-solution series; this number decreases as the size of R decreases. (2) The 
superconductor phase, Ba2RCu306+x, for the first half of the lanthanide family, 
that is, R -  La, Nd, Sm, Eu, and Gd, which are relatively larger in size, exhibit a 
solid solution of Ba2_zRl+zCu306+ x with a range of formation that decreases as 
the size of R decreases; this solid-solution region terminates at Dy and beyond, 
where the superconductor phase assumes a point stoichiometry. The size 
compatibility between Ba 2+ and R 3+ is a predominant factor governing the 
formation of this solid solution. As the mismatch between R 3+ and Ba 2+ 
increases, the range of substitution decreases.The approximate upper limit of 
the solid solution range ofz of Ba2_zRl+zCu306+x are La" 0.7, Nd" 0.7, Sm" 0.7, 
Eu" 0.5, and Gd" 0.2, (3) A trend is observed regarding the tie-line connections 
between BaR2CuO 5, CuO, the superconductor phases Ba2_zRl+zCu306+x, and 
the binary phase R2CuO 4, or R2Cu2Os; note that the binary phase R2CuO 4 is 
replaced by the binary phase R2Cu205 after the tie-line connection changes. 

More complete diagrams of the systems with R -  La, Nd are shown in Figs. 
14.12 and 14.13, respectively. It is within the Ba-La-Cu-O system that the first 
30 K high-T c phase in polycrystalline form, BaxLas_xCusOs(3_y), was discovered 
by Bednorz and Mfiller (1986). The isothermal section of the Ba-La-Cu-O 
system (Klibanow et al., 1988) shows a total of five solid solutions: 
Ba2+xLa4_2xCu2_xOlo_2x (242), BaLa4CusO13+x (145), BaxLa2_xCuOa_(x/2)+ ~ 
(021), and Ba l+xLaz_xCuzo6_(x/2 ) (122), and a solid solution 
Ba3+xLa3_xCu6014ix that spans from the 213 composition to the 336 composi- 
tion. The limits of most of these solid solutions have not been quantified. The 
solubility limits for Baz+xLa4_zxCuz_xOlo_zx were reported to be 0.15 _< x _< 0.25 
[54]. The tie-line connectivity of the figure is schematic. 

The ternary diagram of the Ba-Nd-Cu-O system at 890~ in air [56] is 
reported in Fig. 14.13. In the barium-rich region, samples were annealed in air 
with CO2 < 3 ppm. A total of three phases were found in this system. In addition 
to the solid solution of the superconductor (213), Baz_xNdl_xCu307_ ~ 
(0.04 _< x_< 0.6) and Baz+xNd4_zxCuz_xOlo_2x (242) (x is negligible), a 6"1"3 
phase (orthorhombic: a-3.886(2),  b-3.984(2)  and c-13.001(5)A) is also 
found. The existence of the Baz_xNdl+xCu3Oz-Baz+xNd4_zxCu2_xOlo_zx two- 
phase field enables one to select a starting composition that leads to composite 
superconductors of these two phases that are completely devoid of the minor 
second phases that segregate at Baz_xNdl+xCu30~ grain boundaries after a solid- 
state sintering. 
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Fig. 14.11. 
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(b) R = N d  ( W o n g - N g  et al., 1990).  (continued) 
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Fig. 14.11. (continued) 
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Subsolidus phase equilibira of the BaO4R203-CuO system near the CuO comer. (c) R - Sm, 

(d) R -  Eu (Wong-Ng et al., 1990). (continued) 



652 Chapter 14: Phase Diagrams 

Fig. 14.11. (continued) 
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Subsolidus phase equilibria of the BaO1R203-CuO system near the CuO comer. (e) R = Gd, 
and (f) R = Er (Wong-Ng et al., 1990). 
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Fig. 14.12. 
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Phase diagram for the system BaO-~La203-CuO at 950~ in air (Klibanow et al., 1988). 

A melting study of the Ba2_xNd1+xCu30 z solid solution has been 
conducted by Goodilin et al., (1997). A sequence of schematic quasiternary 
sections of the Cu-rich comer of the BaO-�89 system between 970 
and 1060~ in air is shown in Fig. 14.14, (a), (g). Figure 14.14a shows the phase 
relationships below liquid formation, and at the bottom Fig. 14.14b shows the 
onset of liquid formation in the system. From Fig. 14.14c to 14f, the stability 
region of Ba2_xNdl+xCu30: is extensive and its maximum range was found in air 
at 995~ ( 0 < x <  1). At 995-1045~ the Bae_xNdl+xCu30 z phase with the 
maximum x value co-exists in the copper-rich comer with the Ba-free Nd2CuO 4 
phase and Cu-rich liquid. At 1060~ (Fig. 14.14g); the simultaneous presence of 
the Ba2+xNdn_2xCu2_xOlo_2x and Nd2CuO 4 phases was found, and only the 
Ba2+xNda_2xCu2_xOlo_2x phase was detected in equilibrium with Nd-poor 
Ba2_xNdl+xCu30z solid solution. 

Examples of the effect of atmosphere and different lanthanide ions on the 
various invariant points on the liquidus surface for the BYC and BRC (R = Er, 
Gd, and Nd) systems in oxygen, air, and argon are given in Table 14.2. The 
reactions of the Y system were used as a model (Table 14.1) (Le Page et al., 
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Fig. 14.13. 
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The subsolidus phase diagram of the BaO1Nd2 O3-CuO system around the 
Ba2_xNdl+xCu30z compound in air at 890~ (Yoo and McCallum; 1993). 

1957). In this table, while the temperatures of the low-melting reactions are 
almost independent of the rare earth species, they are strongly dependent on 
oxgyen partial pressure. The peritectic decomposition temperature of the 
Ba2RCu307 phase (ml) was found to be a function of rare earth with a 
significantly higher value for the Nd compound than for the other rare earths. 

c. (La, Sr)-Cu-O Systems 

In this system, the composition, La2_xSrxCuO4_y in polycrystalline form was 
found to exhibit onset T c temperatures in the 20 K range. Figure 14.15 shows the 
dependence of the tetragonal-to-orthorhombic phase transition temperature on the 
hole concentration of oxygen-deficient La2_xSrxfuOa_y (Birgeneau and Shirane, 
1989). Figure 14.16 shows a schematic phase diagram of the SrO-La203-CuO 
system at 980~ in air (Hahn et al., 1989). The precise solid solution limit has not 
been determined. Extensive solid solutions were observed for quite a few phases. 
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Fig. 14.14. (continued) 
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Fig. 14.14. (continued) 
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Fig. 14.14. (continued) 
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Schematic quasitemary sections of the Cu-rich comer of the BaOINd203-CuO system phase 
diagram in air at different temperatures: (g) 1060~ (Goodilin et al., 1997). The numbers on 
(e), (f), and (g) correspond to the x value in the solid solution Ba2_xNdl+xCu3Oz. 

The superconducting solid solution series La2_xSrxCuO 4 that crystallized with 
the K2NiF 4 structure was confirmed to exist with complete substitution of 
0 < x < 1. This solid solution is in equilibrium with all the three end members 
of this ternary oxide system, the 1"4"5 phase and another solid solution series, 
La2_xSrl+xCu206_x/2+ 6 (1"2"2). The 1 "2"2 phase is an end member of the 
La2_xSr l+xCu206_x/2+ 6 series, which has the Sr 3Ti 20 7 structure, and has a 
smaller solid solution range of 0 < x < 0.14. 

d. {Bi, Pb}-Sr-Ca-Cu-O Systems 

In 1987, the ability of bismuth to form lamellar oxides was recognized, and the 
single-layer Bi-Sr-Cu-O compound having a critical superconducting tempera- 
ture ranging from 9 to 22 K was discovered (Michel et al., 1987). Superconduct- 
ing bismuth cuprates were later reported to form a family of layered-structure 
phases with ideal formulas Bi2Sr2Can_ 1CunOa+2n with n = 1, 2 and 3, depending 
on the number of (CuO2)n layers. These phases exhibit variations of cation ratio. 
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Table 14.2. 

DTA onset temperatures (~ for various reactions identified as eutectic (e), 
peritectic (p), or peritectic melting (m) (Ullman et al., 1989) (see Fig. 14.8). 
Approximate uncertainties are indicated in parentheses next to the selected 
temperature values. 

Reaction Argon Air Oxygen 

Yttrium 

Erbium 

Gadolinium 

Neodymium 

el . . .  898(5) 925(3) 
e2 816(17) 902(2) 938(2) 
pl 862(7) 933(2) 962(3) 
p2 897(5) 956(5) 990(5) 
p3 . . . . . .  1010(5) 
e3 . . . . . .  1015(1) 
ml . . .  999(3) 1028(3) 

el . . .  898(5) 923(3) 
e2 . . .  902(2) 943(1) 
p 1 860(5) 928(5) 957(2) 
p2 . . . . . .  999(1) 
p3 . . . . . .  1000(5) 
e3 . . . . . .  1018(5) 
ml . . . . . .  1012(3) 

el . . . . . .  923(2) 
e2 815(5) 907(5) 936(3) 
pl 870(10) 949(5) 927(5) 
p2 . . . . . .  1007(1) 
p3 . . . . . .  1020(5) 
e3 . . . . . .  1017(5) 
ml . . . . . .  1063(5) 

el . . . . . .  923(2) 
e2 . . . . . .  945(5) 
pl . . . . . .  963(3) 
p2 . . . . . .  1014(1) 
ml . . . . . .  1108(5) 
e3 and p3 :~1005  to ~1020~ 

To date, the three well known superconductor phases in the BSCCO system are 
commonly referred to as the single-layered 2201 (Bi : Sr: Ca : Cu) phase, the two- 
layered 2212 (Bi : Sr: Ca : Cu) phase, and the three-layered 2223 (Bi : Sr : Ca : Cu) 
phase. Among them, the two most widely investigated are the 80 K Pb-free two- 
layered 2212 phase (MacManus-Driscoll and Bravman, 1994; Majewski et al., 
1993; Sung and Hellstrom, 1995) and the 110 K Pb-doped 3-layered 2223 ((Bi, 
Pb) : Sr: Ca : Cu) phase (Merchant et al., 1995; Hu et al., 1995; Jiang and Abell, 
1996). Because of the small temperature range and sluggish kinetics of formation 
of the Pb-free phase, little has been reported on the phase equilibria or processing 
of this phase. Pb substitution was found to increase the processing window and to 
stabilize the 2223 structure. 
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Fig. 14.15. 
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Temperature diagram of the system SrO-La203-CuO , section of La2_xSrxCuO 4 (Birgeneau 
and Shirane; 1989). T c refers to the superconducting transition temperatures of the ortho- 
rhombic paramagnetic phase and the tetragonal phase, and "IN represents the Nrel temperature 
between the orthorhombic antiferromagnetic phase and the paramagnetic phase; Ortho- 
P =orthorhombic paramagnetic phase; AF =orthorhombic antiferromagnetic phase; Tet = 
tetragonal phase; SG = spin glass type phase; Su = superconductor phase; T s -- temperature of 
the orthorhombic-P and the tetragonal phases. 

The interpretations of phase relations in a quaternary system is the same as 
those in the binary and ternary systems. In the quaternary system, however, it is 
more difficult to present the relations in a simple form because of the many 
variables present. When detailed knowledge of data is available, it is common 
practice to build a tetrahedral model of the system to portray the phase relation- 
ships. Figure 14.17 shows the tetrahedral system used to illustrate the position 
of the three superconductors in the Pb-free BSCCO system. (Hettrich et al., 
1991). 

1. Phase Diagrams for One Cu02 Layer 

Figure 14.18 shows the phase equilibria of the Bi-Sr-Cu-O system reported by 
Roth et al., at 875-925~ Four ternary oxide compounds were found. Note the 
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Fig. 14.16. 
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Phase diagram of the system SrO-La203-CuO at 980~ in (Hohn et al., 1989). 

coexistence of the solid solution Bi2.2_xSrl.8+xCuO z (commonly referred to as the 
Raveau 11905 phase) and the Bi2Sr2CuO 6 (2201) phase. It is this 11905 that is 
the single-layered 9-20 K superconductor, whereas the 2201 phase does not 
superconduct. The Raveau phase and the 2201 phase are in equilibrium with each 
other. The Raveau solid solution was found for the approximate range 
0<x_<0.15 for Srl.8_xBi2.2+xCUl:Lx/20 z. This phase is structurally similar to 
the n -  1 member of SrzBizCan_]CunO2n+4. The 2201 phase was found to be 
monoclinic and CuO-deficient (<1 mol%) and only has a small homogeneity 
region. The observed X-ray diffraction of this phase does not match that of the 
Raveau phase. Thoughout the literature, the 2201 symbol is commonly used in 
place of the Raveau phase and may be interpreted as a part of the extended single- 
phase region of the Raveau phase (Fig. 14.17). The Raveau phase was found to 
melt at 870~ (Nevfiva et al., 1993). The other two ternary compounds 
(BiaSr8CusO x and Bi2Sr3Cu2Ox) are not superconductors. 
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Fig. 14.17. 
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Tetrahedral phase diagram of the Bi203-SrO-CaO-CuO system at 850~ showing the 
presence of various phases and the locations of the 2201, 2212, and 2223 phases (Hettrich 
et al., 1991). 

2. Phase Diagrams for Two CuO 2 Layers 

Solid solution region. Various investigations of the solid solution bound- 
aries of the 2212 phase have been published. Figure 14.19 summarizes some of 
the literature data and indicates the range in size and shape reported for the solid 
solution field up to 1993 (Krizek et al., 1993; Holesinger et al., 1993; Majewski, 
1994; Hong and Mason, 1991; Golden et al., 1991; Muller et al., 1992). 
Disagreements among the reported solid solution regions indicate the compli- 
cated nature of the equilibria in this system. Many factors influence the 
experimental results, including the sensitivity of the phase assemblages to 
processing conditions, the sluggish kinetics of phase formation, and the very 
closely spaced phase stability fields of the high-T c phases. 

Figure 14.20 shows the temperature stoichiometry dependence of the 
Bi2.18Sr3_yCayCu208+ x composition (Majewski et al., 1995b). In this projection, 
the 2212 phase exhibits an extended single-phase region with variable Sr, Ca, Bi, 
and oxygen content. This single-phase region approximates a half-moon shape, 
with the greatest width of y at about 800~ With increasing temperature the 
extension of the single-phase region shrinks and is shifted to Sr-richer composi- 
tions. The four-phase regions outside the single-phase area vary depending on the 
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Fig. 14.18. 
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Phase diagram of the system Bi203-SrO-CuO at 875-925~ in air (Roth et al., 1990). 

y value of the formula. The high-temperature annealing of the Ca-rich 2212 phase 
leads to precipitation of CazCuO 3 and a liquid, whereas annealing of the Sr-rich 
2212 phase leads to the formation of Bi2Sr3Cu2Os8, cuprates, and liquid. At 
temperatures above 870~ the Sr-rich 2212 phase decomposes. The ratio Sr:Ca 
of the critical composition of the 2212 phase was determined to be about 2:1 
(Biz.18Sr2CaCuzO8+d). At the maximum melting temperature, the 2212 phase 
melts to 2201 4- cuprates 4- L. 

Subsolidus four-phase compatibilities. The 2212 solid solution was found 
to be in equilibrium with 10 phases at 830~ (Wong-Ng et al., 1998). The 
equilibrium phases were 0x21 {[(Ca, Sr)zCuO3], x is used to represent the solid 
solution concentration of the lesser component}, l 1 9 x  5 [(Bi,Pb)z.zSrl.8_ x 
CaxCuOz], 2110 [Bi16(Sr, Ca)14Oz], 0 1 4 x 2 4  [(Sr, Ca)14Cu24041], 2310 
[Biz(Sr, Ca)4Oz], 4805 [Bi4SrgCusOz), 2201 [(Bi, Pb)zSrz_xCaxCuOz], (Ca, Sr)O, 
CuO, and 0xl 1 [(Srl_xCax)CuO2, Ca-rich]. Because of the presence of extensive 
ternary and quaternary solid solutions, the 2212 phase compatibilities include a 
number of relatively "flat," or shallow, four-phase equilibrium volumes. The 
implication is that a small variation of composition, or temperature, can lead to a 
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Fig. 14.19. 
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Summary of various determinations of the single-phase solid solution region of the 2212 phase 
in the Bi203-SrO-CaO-CuO system (Knizek et al., 1993). The cross-section shown 
corresponds to the formula Bi2+ySr3_y_xCaxCu208+,~. Knizek et al. (1993), (e �9 �9 850~ 
air; Holesinger et al. (1993), ( . . . .  ) 865~ oxygen; Majewski (1994), ( - - - - )  850~ air; 
Hong and Mason (1991) ( - - - - - - )  860~ air; Golden et al. (1991), ( - - - )  varying 
temperature; Muller et al. (1992), (--) 830~ air. 

dramatic change in the phase equilibrium assemblage. Table 14.3 lists a series of 
16 four-phase equilibrium volumes arranged according to the initial melting 
temperatures obtained from the DTA events (Wong-Ng et al., 1998). They are 
mutually stable in a topologically consistent manner (i.e., no compositional 
overlaps with each other), and they form a close-packed arrangement. The 
eutectic temperature (~825~ or the lowest temperature at which the 2212 
phase is in equilibrium with liquid, was found to involve a liquid near the 
strontium-poor part of the Bi-Sr-Ca-Cu oxide system: 2110 + 119x5 + 
2212 + CuO--+ L. 

Primary crystallization field of the 2212 phase. Table 14.3 also shows the 
initial melt compositions for the 16 four-phase volumes involving the 2212 phase. 
The Bi concentration was found to cover a range from 24 to 42%, Sr from 7 to 
33%, Ca from 2 to 27%, and Cu from 19 to 43%. The three-dimensional 
pictorialization of the 2212 crystallization volume is shown via the two views in 
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Fig. 14.20. 
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Temperature-(Sr, Ca) stoichiometry phase relations for the 2212 phase with composition 
Bi2.18Sr3_yCayCu208+ 6. The designation 2201 is used to represent the Raveau superconduct- 
ing phase (Majewski et al., 1995b) Table 14.3 gives initial melts of four-phase equilibrium 
volumes containing the 2212 phase. 

Figs. 14.21 and 14.22, where approximate temperatures of the four-phase initial 
melting equilibria are also indicated. In these diagrams the volumes are expressed 
in Cartesian coordinates. The polygonal areas on the surface of the crystallization 
volume have been labeled according to the presence of a second solid in 
equilibrium with 2212. The maximum melting temperature in Fig. 14.21 is 
889~ corresponding to the initial melting equilibrium for the four-phase volume 
2212-2310-0x21-CaO. The overall wedgelike shape of the volume is apparent in 
Fig. 14.22. In the lower-melting region (low SrO), the volume is very thin and 
terminates along a sharp edge. The higher SrO end of the volume is much wider 
and is terminated by the 2201 crystallization surface. Inside the volume, the 2212 
phase is in equilibrium with liquid. At the comers, it is in equilibrium with three 
phases and with L. At the edges, 2212 is in equilibrium with two phases plus L, 
and on each face 2212 is in equilibrium with L and the labeled phase. 

Effect of Ag addition. The use of silver as an additive is widespread in 
BSCCO tape and wire processing. Except at very high temperaures, the presence 
of Ag does not affect the stability of the 2212 phase (Driscoll et al., 1993). Figure 
14.23 shows a schematic temperature-composition phase relations of the 
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Table 14.3. 

Initial melts of four-phase equilibrium volumes containing the 2212 phase of BSCCO, see Fig. 14.20. 

Sample DTA Melt Composition 

ID Four-phase equilibria T(~ Bi Sr Ca Cu 

1 2212-2110-119x5-CuO 25 41.7 16.1 22.3 19.9 
2 2212-0x21-2110-CuO 830 30.4 7.4 26.6 35.6 
3 2212-0x21-CaO-2110 838 35.2 20.8 24.6 19.4 
4 2212-014x24-CuO-119x5 856 27.6 25.1 8.8 38.5 
5 2212-2110-119x5-CaO 856 37.8 18.0 19.6 24.6 
6 2212-014x24-0xl 1-CuO 861 26.2 24.2 22.3 27.3 
7 2212-O14x24-Oxll-Ox21 863 25.3 23.6 18.9 32.2 
8 2212-119x5-2310-CaO 873 29.8 23.2 21.9 25.1 
9 2212-4805-0x21-CuO 875 25.9 21.8 14.2 38.1 
10 2212-2201-2310-014x24 877 23.9 32.8 11.7 31.6 
11 2212-4805-0xl 1-CuO 877 26.4 26.3 12.7 34.6 
12 2212-119x5-2201-2310 877 32.8 30.7 4.5 32.0 
13 2212-119x5-014x24-2201 878 27.7 26.9 2.5 42.9 
14 2212-0x21-014x24-2310 885 28.7 21.4 20.8 29.1 
15 2212-4805--0xl 1-0x21 887 29.9 24.7 14.9 30.5 
16 2212-2310-0x21-CaO 889 26.9 24.7 17.6 30.8 

Fig. 14.21. 
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Primary crystallization field of the Bi-Sr-Ca-Cu-O2212 phase using orthogonal coordinates 
(Wong-Ng et al., 1998). 
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Fig. 14.22. 
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View of the primary crystallization field of the Bi-Sr-Ca-Cu-O 2212 phase approximately 
orthogonal to the view shown in Fig. 21 (Wong-Ng et al., 1998). 

Bi2Sr2CaCu20 x composition and Ag. Liquid immiscibility between oxide and Ag 
liquids in 8-98 at.% Ag range at all temperature is found (McCallum et al., 
1994). The solubility of Ag in the specific 2212 composition was less than 
detection limits, but that Ag depressed the melting temperature of mixtures 
with the BizSrzCaCu20 x composition through the formation of a eutectic with 
~ 4 %  Ag. 

With the addition of excess silver (~30 wt%), the initial melting tempera- 
tures of the 2212 four-phase equilibrium volumes were all lowered, by amounts 
ranging from 4 to 22~ (Wong-Ng et al., 1998) Silver entered the melt, with a 
mole fraction of 6 to 8%. In Fig. 14.24, the outline of the Ag-free and Ag- 
containing melts are shown as projections (normalized in terms of the CaO, CuO, 
and Bi203 contents). Ag addition is manifested in a reduced copper content of the 
melts. 

3. Phase Diagrams fir Three CuO2 Layers 

Phase equilibrium investigations of the Pb-free high-T c three-layered super- 
conductors are much less numerous than those of the Pb-containing system. 
One such study in air is represented in Fig. 14.25 (Majewski et al., 1991), 



668 Chapter  14: Phase Diagrams 

Fig. 14.23. 

1200 

1100 

1000 ~P 
v-" 

flO0 

800 

i ! i I i "  I"  i I i i i ' i I i' 

m 

Uqui~ 

U q u i d l  + Llq. 2 

_ - . . . . .  }_ +,,..,, ! - 
�9 .. OX + Uq< / 
~-- . . . . / / /  OX +Ag+Uq., I _ 

. _ / (.-,r~ : . I 
~. ~ , -  

mscco + Ag 

i I i I I I i I , I  I. I i 
7~176 2 4 6 e 16 : 9e lOO 

ah~sr=coc..~ At Z 
BISCCO 

Temperature-compostion phase relations in the system of Bi2Sr2CaCu2Os-Ag (McCallum 
et al., 1994). The symbol OX is used to represent oxygen. 

showing the section of Bi203-1(SrO + CaO)-CuO at 850~ through the 
quatemary system Bi203-SrO-CaO-CuO. The 2223 phase is also surrounded 
by very flat two-, three-, and four-phase equilibria. Therefore, a small deficiency 
of CuO and/or Bi203 during the preparation of the 2223-phase sample results in 
a significant decrease of the volume content of the 2223 phase. On the other hand, 
an excess of Bi203 and CuO results in the formation of the 2223 phase in 
addition to CuO and liquid. At 850~ the 2212 and the 2223 Pb-free super- 
conductors are in equilibrium with a liquid of composition close to a Ca-rich 
2201 phase. The 2223 phase only exists above 840~ 

Figure 14.26 shows the schematic projection diagram of the solid solution 
region of the Pb-2223 phase of composition Bi2.27_xPbxSr2Ca2Cu301o+a as a 
function of temperature (Kaesche et al., 1995). A single phase region was 
identified between x = 0.18 and x = 0.36. This schematic diagram is intended 
to illustrate phase existence regions only. There is a relatively narrow temperature 
range within which a single phase can form (about 838-860~ Below and above 
this temperature range with x values of 0.1 > x > 0.36, a multiple phase region is 
observed. For x > 0.36, 2223 was found in equilibrium with numerous phases, 
including Pb4(Sr , Ca)5CuOx, indicating that the maximum Pb solubility was 
exceeded. For x < 0.18, only small amounts of 2223 were detected with the 2212 
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Primary crystallization field of the Bi-Sr-Ca-Cu-O 2212 phase projected onto the temary 
plane and shown in broken lines, (a) without the addition of Ag and (b) with Ag added (Wong- 
Ng et al., 1998). The projection of the 2212 solid solution is also shown in broken lines. 

phase predominant over the entire temperature range. Figure 14.27 illustrates the 
solid solution region of a composition BiyPbxSr2Ca2Cu3010+d at 850~ and the 
surrounding phase fields as a function of the x and y values. The solid solution 
has a triangular shape, and Pb substitution has widened the homogeneity range of 
the 2223 phase. 

In another subsolidus equilibrium study (Wong-Ng et al., 1997), the Pb- 
2223 phase was found to be in equilibrium with 11 phases: lx20 [(Ca, Sr)2PbO4], 
0x21, CaO, CuO, 3221 [(Pb, Bi)3(Sr, Ca)5Ox] ), 0xl 1 [Ca-rich], 0xl 1' [Ca-poor], 
2310, 119x5, and 2212. Equilibria involving the complete 29 subsolidus five- 
phase volumes and their initial melting temperatures of the Pb2223 phase in the 
(Bi,Pb)-Sr-Ca-Cu-O system are shown in Table 14.4. Because of the large 
number of phases and closely spaced phase compositions, the Pb-2223 phase 
compatibilities, similar to those of the 2212 and Pb-free 2223 phases, include a 
number of relatively "flat," or shallow, five-phase equilibrium volumes. Among 
the 29 five-phase volumes, 16 involve the 2223-2212 phases that are mutually 
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Fig. 14.25. 
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Section Bi203-{(SrO + CaO)--CuO through the quaternary phase diagram of the system 
Bi203-SrO-CaO-CuO at 850~ in air, showing the equilibrium of 2212 and 2223 with liquid 
(Majewski et al., 1991). 

stable in a topologically consistent manner. Because the 2212 and 2223 phases 
have similar structures (being members of the same homologous series), and the 
2212 phase is a precursor for the formation of the 2223 phase, their mutual solid- 
state compatibilities are extensive. 

e. TI-Ba-Ca-Cu-O Systems 

Phase equilibrium studies in the T1-Ba-Ca-Cu-O system are not as extensive as 
those in the BYC, BRC, or the BSCCO systems, partly because of the additional 
processing parameters of vapor pressure, and also because of the toxicity of T1- 
containing compounds. Figure 14.28 shows the four-component composition 
tetrahedron for the T1Ox-BaO-CaO-CuO system (Siegal et al., 1997). The 
nominal compositions of the presently known and confirmed superconducting 
phases were found to lie in the plane determined by T1Ox, 2BaO.CuO, and 
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Fig. 14 .26.  
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CaO-CuO (Fig. 14.29). Furthermore, the nominal composition of each quaternary 
superconductor phase lies at the intersection of one of the two lines originating at 
the component CaO.CuO and terminating at the Tl-1201 and T1-2201 composi- 
tions. A second set of lines originates at T10 x and terminates at the Tl-free 
compositions 0212, 0223, and 0234. Therefore, traveling along any one of the 
second family of lines corresponds to adding or deleting thallium from the 
previous compound. 

The phase diagram of the system containing the 20 K superconductor 
TlzBazCuO 6 (2201) is shown in Fig. 14.30 (Jondo et al. ,  1993). The TlzBazCuO 6 
phase exists in both tetragonal and orthorhombic forms, and is in equilibrium 
with TlzBaO4, T16Ba4OI3, TlzBa2Os, BaCuO2, and CuO. The pseudobinary cut 
of the system TlzBazOs-CuO is shown in Fig. 14.31. The TlzBa2CuO 6 phase 
melts incongruently into TlzBa205 and L. 

The solid solution extent of the T1-2212 phase is illustrated in the 
BazCaCuzOx-Tl203 system as a function of temperature (Fig. 14.32) (Cook 
et al. ,  1990). A single phase region around the 2212 composition at higher 
temperatures has been confirmed. It was also found that a sample with maximum 
T c occurred with less T1203 than the 2212 stoichiometry. 
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Fig. 14.27.  
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Phase fields surrounding the 2223 phase (BiyPbxSr2Ca2Cu3Olo+a) as a function of lead 
content x vs bismuth content y at 850~ (Kaesche et al., 1995). Table 14.4 provides a set of 20 
five-phase volumes of Pb-2223. 

The phase equilibria in the T120-BaO-CaO-CuO system that are slightly 
below the onset of melting (two-zone furnace) are shown in Fig. 14.33 (Aselege 
et al., 1994). The stable ranges of p(Tl20 ), P ( O 2 )  , and sample composition for 
individual T1 superconductors, including the 1122, 2122, 1223, and 2223 phases, 
are shown in Figs. 14.33a to 14.33c. In these diagrams, the partial p(TlzO)-p(O2) 
subsolidus phase relationships with the BaO : CaO :CuO ratios of 2 : 1:2, 2 :2 :3 ,  

Table 14.4. 

Set of 29 Pb-2223 five-phase volumes (7.5 vol% 02/92.5 vol% Ar) of the (Bi, Pb)-Si-Ca-Cu-O 
system. See Fig. 14.27. 

2223-2212-1x20-119x5-2310 2223-2212-O14x24-1x20-119x5 2223-2212-0xll-2310-119x5 
2223-2212- lx20-231 0-CaO 
2223-2212-0x21- lx20-CuO 
2223-2212-1x20-0xl 1-3221 
2223-2212-1x20-CuO-0xl 1 
2223-2212-3221-CAO-2310 
2223-1x20-0xl l ' -CuO-0xl 1 
2223-1x20-CuO-0x21-O14x24 2223-1x20-CuO-0xl 1'-01424 
2223-1x20-CaO-Oxl 1'-2310 2223-1x20-2310-O14x24-Oxll' 
2223-1x20-CaO-0xl 1'-3221 2223-0xll'-2310-119x5-014x24 

2223-2212-2310-0xl 1-3221 2223-2212-119x5-0xl 1-CuO 
2223-2212-014x24-119x5-CuO 2223-2212-0x21-014x24-CuO 
2223-2212-O14x24-0x21-1x20 2223-2212-0xl 1-0xl l ' -CuO 
2223-2212-3221-CaO-lx20 2223-2212-0xl 1-0xl 1'-2310 
2223--Oxll'-2310-Oxll-l19x5 2223-0xl 1'-CAO-2310-0xl 1 
2223-0xl 1'-014x24-119x5-CuO 2223-0xl l ' -CaO-0xl  1-3221 

2223-2310-3221-CaO-0xl 1 
2223-1x20-0xl 1'-3221-0x 11 
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Fig. 14.28. 
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Four-component composition tetrahedron for the T1Ox-BaO-CaO-CuO system. The nominal 
compositions of the superconducting phases in the system all lie in the plane determined by 
T10 x, 2BaO.CuO, and CaO.CuO [84]. (Siegal et al., 1997) 

and 2 : 3 : 4 ,  are illustrated. It was found that p(O2) is not a critical variable 
controlling the relative thermodynamic stabilities of 2223 and 2212, and their 
stabilities are controlled by p(Tl20 ). The 2212 phase is the stable superconductor 
phase, independent of batch stoichiometry and p(O2) within the highest range of 
p(T120 ) (Fig. 14.33a). Higher values of p(Tl20 ) produced Tl-rich, nonsupercon- 
ducting phases. The 2223 phase is stable on both the 2 :2  : 3 and 3 :2  : 4 tie-lines 
over a narrow, lower range of p(Tl20), independent of p(O2) between at least 
8 • 103 Pa and 8 x 104 Pa (Fig. 14.33c). An excess of Ca and/or Cu is required to 
prepare single-phase 2223. As p(Tl20 ) is reduced below about 5 x 102 Pa, the 
m = 1 phases (TlmCan_lBazCunOz(n+l)+m) become more stable (Fig. 14.33b). On 
the 2 : 2 : 3  and 3 :2  : 4 tie-lines, 1223 intergrowth with 2223 is observed (the 
amount of intergrowth ranges from 50 to 90%). The 1324 phase (also present as 
an intergrowth) is stable at lower p(Tl20 ) than 1223 on both the 2 : 2 : 3  and 
3 :2  : 4-tie lines. The 1122 phase is observed on the 1 : 2 : 2  tie-line in 100% O2 
with p(T120 ) < 5 • 10 2 Pa. 
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Fig. 14.29. 
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Pseudoternary composition diagram for triangular plane of Fig. 14.28 of the T1Ox-BaO-CaO- 
CuO system, illustrating the location of the superconducting phases (Siegal et al., 1997). 

f. {Nd, Ce}-CuO 4 Systems 

In 1989, a family of superconductors in which the carriers of the superconducting 
current are electrons themselves rather than electron vacancies, or "holes," was 
discovered (Tokura et al., 1989). These superconductors are Ce4-doped 
compounds, with the formula Rz_xCexCuO4_y, where R stands for Pr, Nd, or 
Sm. The compounds have the Nd2CuO 4 (T'-phase) type structure, which is 
composed of sheets of Cu-O squares. 

An isothermal section at 1000~ of the phase diagram of the Nd-Ce-Cu-O 
system is shown in Fig. 14.34 (Pieczulewski et al., 1990). The only ternary 
compound in this system is the solid solution (Nd2_xCex)CuO4, which extends 
from x = 0 to 0.2. Three sets of solid solution tie-lines were observed that 
connected the (Ce, Nd)Ox solid solution, Nd203, and CuO to (Ndz_~Ce~)CuO 4. 
Superconductivity was only observed in the range of solid solution of 
(Nd2_xCex)CuO4, with 0.14 < x < 0.18. The absence of superconductivity from 
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Fig. 14.30. 

TIQI.5 

TI2Ba04 
TI4Ba401o,~ 

TI2Ba205 

% 
zC 

600oC 
_ P02 = 105 Pa 

e 

V __ 

0 20 
BaO 

Tet-TI2Bo2CuOs 

V ~, V V ........ -'~ 
40 Ba(~u02 60 80 100 

Mol % CuO 

Phase diagram showing the subsolidus relationships at 600~ and 105 Pa 02 of the system of 
BaO-CuO-TI203. Ortho = orthorhombic; Tet = tetragonal (Jondo et al., 1993). 

the greater part of the diagram is a significant feature of this system, which is a 
direct result of the narrow composition range in Nd2_xCexCuO 4 that is super- 
conducting. 

The dependence of the degrees of oxygen nonstoichiometry in 
Ndl.85Ce0.15CuO4_ x on temperature and oxygen pressure have been reported in 
the range of temperature 350-950~ and of oxygen pressure 10 .5 to 1 atm (Kim 
and Gaskell, 1993). The stability field (Fig. 14.35) of Ndl.85Ce0.15CuO4_ x 
contains subfields with and without superconducting properties. The two 
subfields meet at the Cu20-CuO transition line (dashed line). The variance of 
the value x within the Ndl.85Ce0.15CuO4_ x stability field is between 0.0 and 
0.045. This is a very small value in comparison with the variance of x = 0.0-1.0 
that occurs in the Ba2YCu306+ x compound. The maximum value of ( 4 -  x) in 
Ndl.85Ce0.lsCUO4_ x was determined to be 3.995. Ndl.85Ce0.15CuO4_ x melts 
incongruently above 1150~ and decomposes to Nd203 -s NdCeO3. 5 -k-Cu20. 
The value of T c in the superconducting phase increases from 5 to 24 K as x 
increases from 0.008 to 0.05. 
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Temperature vs composition plot for the binary system ofT12Ba2Os-CuO (Jondo et al., 1993). 

g. Hg-Ba-Ca-Cu-O Systems 

The mercury-containing high-T c superconductor oxides HgBa2Can_lCUnO2n+2+6 , 

where n -- 1, 2, 3 . . . .  have fascinated scientists in recent years. Not only does 
this family of compounds exhibit the highest T c among the systems known to date 
(Antipov et al., 1990), but also, under high pressure, these materials show many 
unusual properties, including pressure-induced T c enhancements (Chou, 1996). In 
general, a parabolic variation of Tr with 6 and with pressure has been observed 
over a wide range of superconductivity values (Loureiro, 1997; Akesenov and 
Antipov, 1977; Fukuoka et al., 1996; Chu et al., 1993; Nufiez-Regueiro et al., 
1993; Gao et al., 1994; Takahashi et al., 1993; Jover et al., 1996; Ihara et al., 
1993). Pressure-induced T~ enhancement is still under intense investigation. 

Because of the experimental difficulties involving the determination of Hg 
vapor pressure, and the toxicity of Hg, very little activity has occurred on phase 
equilibrium studies. In this system, the 1201, 1212, 1223, and 1234 phases have 
been characterized rather extensively. In Fig. 14.36 the maximum value of the T c 
as a function of pressure of various Hg-containing compounds 1201, 1212, 1223, 
and 1234 up to 15 GPa is shown (Loureiro; 1997). The initial rate of increase of 
T c under pressure appears to be similar for these compounds, indicating that up to 
the pressure of 15 GPa, there is a strong intrinsic term controlling T c and charge 
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Fig. 14.32. 
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transfer is not relevant in this region (Chou, 1996). The slopes at the origin for the 
shown fi ts  are Hg-1201: 2.02K/GPa, Hg-1212: 2.2K/GPa, Hg-1223: 
2.07 K GPa, and Hg-1234: 1.7K/GPa. A substantial study of P vs T c has been 
reported for the Hg-1223 phase (Louvero, 1997). Figure 14.37 shows a summary 
of results from various groups; the T~ increased under pressure at a rather strong 
rate. The highest pressures reached the onset value of 164 K at around 30 GPa. 

Summary and Future Needs 

Representative systems of the high-T c superconductors have been summarized. 
Special attention was given to the BYC and BRC systems, followed by the 
BSCCO systems. These systems have currently been studied most extensively 
because of their viable industrial applications in the coated-conductor and 
wire/tape development areas. A large number of these diagrams, however, 
were by no means complete. For example, a complete series of phase diagrams 
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Fig. 14.33. 
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(continued) 
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Fig. 14.33. ( con t inued )  
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of the BRC systems as a function of oxygen partial pressure and their 
corresponding liquidus diagrams are not available. Furthermore, for the coated 
conductor research, materials compatibility is an important issue�9 Therefore, 
information on interactions of high-T c superconductor films with substrates and 
other buffer layers is essential. It will be important to have phase equilibrium data 
that include the high-To phases and the buffer materials�9 In the complicated 
multicomponent BSCCO system, complete phase equilibria including Ag are 
needed in order to understand Ag's influence on processing by using the PIT 
technique. In the other multicomponent systems, only very limited information 
on the Tl-containing and Hg-containing systems has been reported. 

Besides the systems that have been discussed, other systems of interest to 
the high-temperature superconductor research community are Ni-R-C-B, Pb- 
Sr-R-Cu-O, Sr-R-Nb-Cu-O, Sr-R-Ga-Cu-O, and the (T1, Pb)Sr-Ca-Cu-O 
variants (Cavam 1995). Although these systems are not of immediate industrial 
interest, knowledge of the phase relationships of a collection of systems will 
contribute substantially to further understanding of the crystal chemistry and 
phase equilibria of the high-temperature superconductor oxide family as a whole. 
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