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THERMAL MAGNETORESISTANCE

The array of sophisticated experimental techniques available
to solid-state researchers and device engineers for exploring
the physical properties and the device potential of materials
is truly impressive, and the development of new, specialized
probes shows no signs of abating. This article focuses on the
methods and techniques of thermal magnetoresistance in sol-
ids containing magnetic constituents. Although a rather spe-
cialized topic, thermal magnetoresistance is of considerable
relevance to several classes of magnetic and superconducting
materials that have recently generated much excitement in
the scientific community for their unusual magnetic proper-
ties. Some of these materials, notably the magnetic multilay-
ers and the manganite perovskites, have gained rapid accep-
tance as the materials of choice for magnetooptic recording
technology.

As the term thermal magnetoresistance implies, the phe-
nomenon has its foundation in the flow of heat through a solid
and in how this thermal current is influenced by an externally
applied magnetic field. Thermal magnetoresistance effects are
closely related to the more familiar magnetoresistance effects
caused by an external magnetic field acting on an electrical
current. Within ordinary semiconductors or nonmagnetic
metals both magnetoresistance and thermal magnetoresis-
tance (often referred to as the Righi–Leduc effect) are well-
understood transport effects that arise as a consequence of
the Lorentz force acting on a moving charge in the presence
of a transverse magnetic field. Semiconductor and semimetal-
based magnetoresistors and Hall-effect devices are widely
used as detectors of a magnetic field and its strength, and as
position and motion sensors. They are adequately described
in the literature and they are not considered in this article.

The focus here is on changes in thermal and electric cur-
rents brought about by manipulation of the magnetic state of
a sample—for example, as the external magnetic field is
ramped up from zero to some predetermined value. Thus it is
important to keep in mind that only solids that contain some
kind of magnetic structure will be considered here; it is the
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orientation of the sample’s magnetization that determines tive way—giving insight into the defect structure of mate-
rials.how efficiently heat or an electric current will flow in such

According to Fourier’s law, the thermal gradient, �T, im-solids. The goal is to change the orientation of magnetization
posed across a block of an isotropic solid results in a heat flowin order to modulate the heat current.
rate Q—across a cross-section of area A perpendicular to theSpecifically, three distinct situations in which the effect of
direction of the heat flow—that is given bya magnetic field leads to a dramatic change in a material’s

ability to conduct heat will be considered. First, thermal mag-
netoresistance in magnetic multilayer films and granular Q = −κA∇T (1)

structures that display the so-called giant magnetoresistance
The thermal conductivity, �, reflects how efficiently the mate-(GMR) effect; second, thermal magnetoresistance in the
rial carries heat, and the negative sign signifies that heatmixed-valent state of manganite perovskites that exhibit ex-
flows down the thermal gradient—that is, from the warmertremely large magnetoresistance, referred to as colossal mag-
to the colder face of the block as required by the secondnetoresistance (CMR), will be discussed. Finally, thermal
law of thermodynamics. In practice, rather than measuringmagnetoresistance in the mixed state of high-temperature su-
the gradient, �T, one measures the temperature difference,perconductors, where magnetic vortices strongly influence
	T � Thot � Tcold, between two points separated by a distanceheat transport, will be discussed. One class of solids that dis-
L along the direction of heat flow. In this case, Eq. (2) servesplays significant thermal magnetoresistance and that is not
both as a definition of the thermal conductivity and as a prac-covered in this article is crystals containing paramagnetic
tical means of its empirical determination:ions. The reader is referred to a review article by Smirnov

and Oskotski (1) where these solids are described in detail.
Before engaging in a detailed discussion of thermal magneto- κ = − Q

A∇T
= Q

�T
L
A

(2)
resistance in the above three systems, it will be helpful to
recall some fundamental points underlying heat transport in Two entities dominate heat flow in a solid: (1) free carriers
solids and to remember the basic notions concerning magneti- (electrons and their positively charged counterparts, called
cally ordered structures. holes) contributing the term known as electronic (or carrier)

thermal conductivity, �e; and (2) quantized lattice vibrations
called phonons that yield the phonon (or lattice) thermal con-

HEAT CONDUCTION IN SOLIDS ductivity, �p. To a first approximation, they act as indepen-
dent heat-conducting channels and the total thermal conduc-

One of the most important questions a design engineer must tivity is equal to
consider when drawing plans for a new electronic structure is
how efficiently it can carry and distribute heat. Heat, both in κ = κe + κp (3)

its beneficial form and as an undesirable by-product of power
While the phonon thermal conductivity, �p, is present in alldissipation, is all around us, and the challenge is to be able
solids, the magnitude of the electronic contribution dependsto distribute it, to convert it and, in general, to manage it so
on the type of material under consideration. Thus, �e is zerothat the device operates within its temperature tolerance. The
in insulators, is small or comparable to the phonon contribu-physical quantity that reflects how efficiently a given mate-
tion in semiconductors (depending on the level of doping), andrial conducts heat is called the material’s thermal conductiv-
is overwhelmingly dominant in heat transport in metals. Inity. The range of values of thermal conductivity in solids
superconductors, both �p and �e are expected to contribute tospans some five decades of magnitude, from very poor heat
the thermal conductivity. Since conventional superconductorsconductors represented by porous materials, plastics, and
have a high free-carrier density, �e usually dominates. Inglasses, to solids, with an outstanding ability to conduct heat,
high-temperature superconductors, where the Hall effect andsuch as copper, silver, and diamond.
other experimental evidence suggests a significant reductionThermal conductivity of a material is not only an impor-
in the carrier density, the relative weight of the two thermaltant empirical parameter of obvious technological relevance,
conductivity terms shifts in favor of the phonon contribution,but also a powerful experimental probe of the structural and
�p. Below the superconducting transition temperature, how-

transport properties of matter. Quantum theoretical treat- ever, both phonons and quasiparticles (‘‘normal’’-like excita-
ment of these thermal transport processes, combined with a tions of a superconductor) contribute to the flow of heat.
detailed understanding of defect structures and scattering Charge carrier populations and phonon populations both
processes, has reached a level of sophistication that now are specified by their distribution functions and the corre-
allows for reliable qualitative predictions of temperature-de- sponding densities of state. Electrons are fermions (particles
pendent behavior and sometimes even good quantitative esti- with noninteger spin—in this case spin of 1/2) and are de-
mates of thermal conductivity. In some instances, such as in scribed by the well-known Fermi–Dirac distribution function:
the case of heat transport in diamonds, the sensitivity of ther-
mal conductivity to structural imperfections rivals that of the
most sophisticated spectroscopic techniques. In general, ther- f (E) = 1

e(E−EF )/kB T + 1
(4)

mal conductivity measurements have been invaluable in as-
sessing the constituency and character of the thermal trans- where f (E) is the probability of a state of energy E being occu-
port processes, providing information about the electronic and pied, EF is the Fermi energy, and kB is the Boltzmann con-
vibrational properties of materials, shedding light on the stant. Phonons, on the other hand, are bosons—particles with

a spin of zero—and they obey the Bose–Einstein statisticsdominant interactions within solids, and—in a nondestruc-
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with the distribution function Here L0 is the Lorenz number. Treating electrons as a highly
degenerate system and using methods of quantum statistical
mechanics, gives the Lorenz number as

N(ω) = 1
e�ω/kB T − 1

(5)

Here N(�) is the average number of phonons associated with
L0 = π2

3

�kB

e

�2

= 2.45 × 10−8V 2K−2 (8)

the normal mode of frequency � at temperature T, and � �
For the Wiedemann–Franz law to be valid it necessarilyh/2�, where h is the Planck constant. It is important to real-
means that the nonequilibrium carrier distributions gener-ize that equilibrium distributions of charge carriers and pho-
ated by the electric field and by the thermal gradient mustnons do not lead to the transport of thermal energy. It is only
relax to the state of thermal equilibrium at the same rate.when these distributions are perturbed by an externally im-
The question is, under what conditions does this reallyposed thermal gradient that heat can flow in a solid. To pre-
happen?vent a runaway of heat, the charge carrier and phonon distri-

Rather than providing a lengthy and tedious mathematicalbutions must be relaxed—that is, the carriers and phonons
treatment [e.g., Ziman (3)], the essential physics have beenmust participate in the scattering processes that tend to re-
captured in Fig. 1, where distribution functions for a degener-store equilibrium. The net effect is the establishment of
ate gas of electrons are sketched. Figure 1(a) illustrates thesteady-state nonequilibrium distribution accompanied by the
departure from equilibrium due to an electric field, while Fig.resulting heat flow. For each scattering process one can intro-
1(b) depicts the deviation from equilibrium due to a thermalduce a relaxation time, �i, as the average time that elapses
gradient. The solid curves represent the equilibrium distribu-before the perturbed distribution function returns to equilib-
tions, while the dashed curves correspond to the perturbedrium. According to Matthiessen’s rule, the scattering pro-
distributions. In both cases the deviations from equilibriumcesses—that is, heat resistivities—within each channel are
are significant only near the Fermi surface, marked as EF,additive. The overall behavior of the thermal conductivity
because only electrons within the energy range of kBT nearthen reflects the strength of the scattering processes and their
EF can respond to external stimuli such as an electric field ortemperature dependence. Scattering cross-sections for essen-
a thermal gradient. Electrons deep inside the distribution, be-tially every conceivable interaction of charge carriers and
ing governed by the Pauli exclusion principle, cannot movephonons have been worked out using the techniques of quan-
from their energy levels because all neighboring states aretum and statistical mechanics and are available in the litera-
occupied and no two electrons (neglecting spin) can share theture, for example, Klemens (2).
same energy level.Thermal conductivity is often discussed in terms of the

The effect of an electric field is to displace the entire distri-magnitude of the mean-free path of the heat carrying enti-
bution to the right but leave its shape intact (provided theties—electrons, �e, and phonons, �p. The mean-free path here
relaxation time of all electrons near the Fermi surface is theis understood as some average distance the charge carrier or
same). This means that the energy levels previously unoccu-phonon travels before it gives up its excess of thermal energy

in collisions within the solid. With the aid of the mean-free
path, and knowing the specific heat, C, and the average veloc-
ity of the charge carriers, v, (or the speed of sound, in the case
of phonons), one can invoke kinetic theory to write the ther-
mal conductivity in the form

κ = 1
3

Cv� (6)

Equation (6) is a convenient form for writing the thermal con-
ductivity for the electronic contribution, �e, as well as for the
phonon thermal conductivity, �p. Of course, summing over all
possible phonon modes and their polarizations, as well as
adding all carrier species that may participate in the trans-
port, is necessary if Eq. (6) is to be made a realistic represen-
tation of thermal conductivity.

Since the charge carriers transport not just the charge but
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(a) (b)also heat (excess of the thermal energy given by the Fermi
distribution function), it is not surprising that the carrier Figure 1. Schematic representation of the undisturbed (solid curves)
thermal conductivity, �e, is related to the electrical conductiv- and disturbed (dashed curves) Fermi distributions produced by (a) an
ity, �, or to its inverse, the electrical resistivity, �. Based on electric field, and (b) a temperature gradient. The overpopulated and

underpopulated energy levels are marked with the � and - signs,empirical evidence in metals, this interdependence has been
respectively. Solid and open circles in the upper panels represent theknown to exist since the middle of the last century and is
excess and deficiency of electrons relative to equilibrium distribution.referred to as the Wiedemann–Franz law:
It should be pointed out that an electric field shifts the entire distri-
bution while a temperature gradient creates asymmetry in the distri-
bution function. The reader should note the distinction between the
large-angle scattering and small-angle scattering.

κe = σL0T = L0T
ρ

(7)
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pied on the right-hand side are now filled (marked as �) and trical conductivity in a single collision. While the predomi-
nating small wave–vector phonons are very effective in re-the levels on the left-hand side of the picture, previously occu-

pied, are now underpopulated (marked �). Scattering pro- laxing thermal conductivity (they allow the hot electrons to
dump their excess energy by crossing the Fermi surface), onecesses will tend to restore the equilibrium and they will do so

on average in the time � by taking electrons from the regions needs many such small wave–vector phonon processes to re-
lax the electrical conductivity. This is what causes the twomarked � and moving them all the way around to the regions

marked �. Thus, for the electrons to relax, they must undergo relaxation times to differ and why the Wiedemann–Franz law
is violated. In situations where the Wiedemann–Franz lawlarge-angle scattering (and thus large change in their momen-

tum), but in such a way that their energy is not changed. This applies, Eq. (7) allows one to calculate the carrier thermal
conductivity, �e, from the values of the electrical resistivity,is referred to as large-angle elastic scattering.

Since thermal conductivity is always measured assuming and Eq. (3) can be used to separate the total thermal conduc-
tivity into its carrier and phonon contributions.that no electric current flows, diffusing electrons from the hot

end of the sample (where they have a somewhat larger ther- In a perfect crystal with a potential that is a purely qua-
dratic (harmonic) function of atomic displacements, the latticemal energy) must necessarily be counterbalanced by the flow

of colder electrons moving from the cold end of the sample. excitations would propagate independently and would lack
any mutual interactions. Such a distribution of phononsThis leads to a deviation in the distribution function depicted

in Fig. 1(b). Electrons traveling down the temperature gradi- would be impossible to relax and the thermal conductivity
would be infinite. What makes the thermal conductivity ofent, that is, in the direction of ��T, are ‘‘hotter’’ because their

last thermalizing collision was at a point where the tempera- solids (even of perfect crystals) finite is the fact that the po-
tential is not strictly harmonic. After all, solids do expand andture was higher. They are thus excited from below to above

EF and, in the process, they spread the distribution on the contract, a clear sign of the presence of anharmonic terms in
the lattice potential. Anharmonicity of the lattice facilitatesright-hand side of Fig. 1(b). In contrast, electrons traveling

up the thermal gradient are ‘‘colder’’ and they tend to sharpen interactions among the normal modes. A simplest form of an-
harmonicity which includes only a cubic term in the potentialthe distribution as more of them condense below EF and fewer

are excited above EF. It is immediately obvious that the two brings into focus three-phonon processes for which the transi-
tion probability is essentially zero, unless the following rela-distribution functions in Figs. 1(a) and 1(b) are significantly

different and it is therefore likely that they will relax in dif- tions are satisfied:
ferent ways. While it is possible to relax the thermally driven
distribution by scattering the hot electrons from the region ω1 + ω2 = ω3 (9)
marked � on the right-hand side of Fig. 1(b) through large

qqq1 + qqq2 = qqq3 + ggg (10)angles all the way to the regions marked � on the left-hand
side of the figure—that is, relying on the same large-angle

Equation (9) resembles the conservation law of energy sinceelastic process that was effective in relaxing the electric field-
�� is a quantum of energy for a mode of frequency �. It sim-produced distribution in Fig. 1(a)—there is another way to
ply states the fact that two phonons with energies ��1 andrelax the thermal nonequilibrium in Fig. 1(b). The electrons
��2 combine to produce a third phonon with energy ��3 equalcan be scattered through very small angles and suffer a small
to the sum of the energies of the two phonons.energy change as they move across the Fermi surface—that

Although �q represents crystal momentum rather thanis, electrons from the � regions on the right-hand side of Fig.
true inertial momentum, taking g � 0 makes Eq. (10) look1(b) fill the empty states on the right, and the underpopulated
like the conservation law of momentum. Processes for whichregions on the left-hand side are filled by electrons from below
g � 0 are called phonon–phonon N-processes (normal pro-the Fermi surface on the left. Thus there is an additional re-
cesses). By themselves, they cannot bring about a change insistive process for thermal conductivity. The essential point is
the direction of phonon flow—that is, they cannot dissipatethat if scattering is elastic—that is, if energy is kept constant
heat and the thermal conductivity would be infinite. Althoughduring the process—both thermal and electrical conductivity
the N-processes make no direct contribution to the thermalwill be affected equally and the same relaxation time will
resistance, they are nevertheless very important for the over-apply to both. However, if scattering is inelastic, small-angle
all heat transport because they can, via their interaction withscattering may not have much effect on the electrical conduc-
other phonons, redirect energy into other lattice modes thattivity but it may very effectively degrade thermal conductivity
may relax faster than the original distribution. Processes forand, in the process, lead to significant departures from the
which g � 0 are known as U-processes (umklapp processes).Wiedemann–Franz law.
They are the cause of finite thermal conductivity because, fol-In spite of the inelastic nature of electron–phonon scatter-
lowing a collision, the direction of the flow of thermal energying, there are always plenty of large wave–vector phonons
is very different (substantially opposite) from the original di-available at an ambient temperature, and they can effectively
rection, and this tends to relax the phonon distribution. Therelax both electrical and thermal nonequilibrium distribu-
vector g is the reciprocal lattice vector. U-processes are domi-tions, and thus the Wiedemann–Franz law applies. At very
nant at high temperatures and it can be shown that they leadlow temperatures, the dominant resistive process is impurity
to the 1/T-dependence of the thermal conductivity. As thescattering, which is an elastic process. Hence, the Wiede-
temperature decreases, thermal conductivity increases, butmann–Franz law holds also at low temperatures. Difficulties
even in the most perfect crystals the thermal conductivityarise at intermediate temperatures, where electrons are scat-
does not grow without bounds at low temperatures becausetered predominantly by phonons and undergo changes in en-
the mean-free path of phonons eventually becomes compara-ergy on the order of kBT. At the same time, there are now not

enough large wave–vector phonons available to relax the elec- ble with the physical dimensions of the crystal. When this
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happens, the phonon mean-free path attains a constant value, metal, (c) a conventional superconductor, and (d) a high-tem-
perature superconductor.and the thermal conductivity is proportional to T 3, reflecting

the behavior of the specific heat.
Superconductors are characterized by the pairing of elec-

trons (Cooper pairs), which leads to the formation of a super- MAGNETICALLY ORDERED STATES RELEVANT
TO THERMAL MAGNETORESISTANCEconducting condensate at and below the superconducting

transition temperature, Tc. The fundamental properties of su-
To assist the reader in understanding thermal magnetoresis-perconductors—a complete loss of dc resistivity, and perfect

diamagnetism (Meissner effect)—are reflections of the ability tance in materials in which magnetically ordered structure
plays a pivotal role, here the most essential points concerningof the condensate to support a dissipationless supercurrent

and to shield its interior from external magnetic fields. From magnetism will be reviewed, and the concept of magnetic vor-
tices (flux lines) in superconductors will be noted.the perspective of thermal conductivity, the superconducting

condensate has three very important properties: (1) Cooper The magnetic moment of an atom originates from the or-
bital motion of an electron around the nucleus and its rotationpairs carry no entropy and therefore the usual electronic ther-

mal conductivity should vanish rapidly below Tc; (2) Cooper around its own axis, called its spin. Both of these motions are
quantized and can take up only certain discrete values andpairs do not scatter phonons, which means that the phonon

mean-free path may increase as the sample is cooled below orientations in space. Orbital angular momentum, designated
by the letter �, can have any of the values � � 0, 1, 2, . . .,Tc; (3) electrons may be excited from the condensate into qua-

siparticle states (low-lying excitations of a superconductor), n � 1, where n is the main quantum number. Electrons with
angular momentum � � 0, 1, 2, 3, . . . are frequently referredand this ‘‘normal gas’’ of particles, together with phonons, can

carry heat below Tc. In principle, the quasiparticles can be to as the s, p, d, f, . . . electrons, the designation surviving
from the heyday of atomic spectroscopy. The orientation ofused as probes of the superconducting condensate and they

may help to shed light on the key issues such as the nature the orbital angular momentum with respect to an external
magnetic field is specified by the magnetic quantum number,of the pairing state and its symmetry. Thermal magnetoresis-

tance is an ideal tool for such investigations. To visualize the ml , which can have the values ml � ��, �� � 1, . . . 0, . . .
� � 1, �. The spin angular momentum of an electron in thebehavior of thermal conductivity, Fig. 2 shows sketches of

typical trends in �(T) for (a) a dielectric crystal, (b) a good direction of an external magnetic field has two components,

Figure 2. Sketches of typical behavior of ther-
mal conductivity in (a) a dielectric crystal, (b)
a good metal, (c) a conventional superconduc-
tor, and (d) a high-temperature supercon-
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��/2. It is usually stated that the spin of an electron has a effective mass and are thus highly mobile, and their primary
assignment is to carry electric current. Although the 3d-elec-quantum number s � �1/2, understanding that this is in

units of �. The orbital angular momentum vector and the spin trons contribute only a small fraction of the total current, the
high density of the 3d-band states in the vicinity of the Fermiangular momentum vector add to form a vector of the total

angular momentum specified by a quantum number j, such level is very important for providing final states into which
the 4s-electrons can be scattered as they interact with pho-that j � � � s. For atoms with more than one electron, the

contributions of all electrons have to be taken into account. nons, spin waves, impurities, and structural defects.
Do not forget that electrons can take up one of the two spinWhen atoms are brought together to form a crystal, the or-

bital angular momentum of electrons is quenched (e.g., transi- states—up or down. In 4s-bands, there are equal numbers of
spin-up and spin-down electrons. This is not so in the 3d-tion metals Fe, Co, and Ni) and each electron, through its

spin angular momentum, contributes an elementary magnetic bands. Because of the high densities-of-state in the 3d-bands,
Dd(EF), and a rather large intra-atomic Coulomb repulsion, Umoment of one Bohr magneton (�B � 5.79 
 10�5 eV T�1).

Magnetic moment per unit volume, M, is called magnetiza- (the interaction which favors parallel spins for the d-electrons
and which gives rise to the spontaneous magnetic momentstion. Of great importance is the quantity called magnetic sus-

ceptibility, defined as � � M/H where H is the magnetic field in the first place), the 3d transition metals satisfy the Stoner
criterion:intensity. Materials with a negative susceptibility are called

diamagnetic solids. They have closed atomic shells and their
magnetic moment is induced in reaction to an external mag- (U/N)Dd(EF) > 1 (11)
netic field. Materials with a positive susceptibility are para-
magnets and they possess permanent magnetic dipoles. Two Here N is the number of atoms in the crystal. Under the con-
classes of magnetic materials, ferromagnetic and antiferro- dition of Eq. (11), the 3d-band splits in such a way that the
magnetic solids, also require the existence of permanent mag- more populated spin-up band (majority spin band) shifts
netic dipoles but, in addition, a strong interaction between downward while the less populated spin-down band (minority
the dipoles is essential. The dipoles must ‘‘cooperate’’ to form spin band) shifts upward. A schematic representation of the
a spontaneous magnetic moment—that is, a nonzero mag- spin-split 3d-bands for all three archetypal ferromagnets—
netic moment even in the absence of an external magnetic Fe, Co, and Ni—is shown in Fig. 3. The majority and minority
field. The distinction between ferromagnetic and antiferro- spin electrons are the essential ingredients to understanding
magnetic solids rests in the way the cooperative spins line up. the origin of the GMR effect described in the following section.
In ferromagnetic solids all spins point in one direction, while This section concludes with a few remarks concerning
in antiferromagnetic solids half of spins point in one direction, magnetic vortices. Superconducting condensate can be de-
the other half in the opposite direction. Spontaneous magneti- stroyed either by raising its temperature above the critical
zation associated with ferromagnetic solids persists from T � point, called the superconducting transition temperature, Tc,
0 up to some finite temperature TC, called the Curie tempera- or by exposing the condensate to an external magnetic field
ture. At the Curie temperature the ordered state of spins— larger than the thermodynamic critical field, Hc. The manner
that is, the spontaneous magnetization—vanishes, and for in which magnetic flux enters a superconductor when the field
T � TC the material becomes a paramagnet. For antiferro- is strong enough leads to two distinct classes of superconduc-
magnetic solids, the effect is the same but Curie temperature tors: type I and type II materials. Since high-temperature
(TC) should be replaced by the Nèel temperature (TN). perovskites are the extreme type II superconductors, this

In the classical picture of magnetism, strong interactions class only is considered.
that lead to a spontaneous magnetic moment are described in An external magnetic field greater than the lower critical
terms of the Weiss field. The modern quantum mechanical field—H � Hc1—drives a superconductor into a mixed-state
interpretation is based on the exchange field that arises as a in which single-quanta flux lines (vortices) penetrate the su-
consequence of the Pauli exclusion principle imposed on the perconductor and form a regular 2-dimensional lattice. For
electrons. Since no two electrons with the same spin can be
at the same place at the same time (a restriction that does
not apply to two electrons with opposite spins), the Pauli prin-
ciple leads to two very different spatial configurations and,
therefore, to two different electrostatic energy terms re-
flecting the parallel or antiparallel spin orientations. The dif-
ference in energy between the two spin configurations is the
direct-exchange energy. Another important source of mag-
netic interaction is the so-called indirect exchange, by which
the magnetic moments of pairs of ions couple through their
interaction with conduction electrons.

For the transition metals of interest here (Fe, Co, and Ni),
different tasks are assigned to different electrons, depending
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on the atomic orbitals from which they originally come. Elec-
Figure 3. Schematic representation of the densities of state in the

trons in the narrow but densely populated 3d-bands formed 4s and 3d bands of transition metals Fe, Co, and Ni. The numbers
from the partially filled 3d-atomic orbitals are the ‘‘magnetic indicate electron occupancy of the spin-up and spin-down bands. The
electrons’’ responsible for the magnetic properties of the tran- spin-split bands in these metals give rise to the majority and minority
sition metals. In contrast, the outer 4s-orbitals form broad 4s- spin electrons that are the foundation of the GMR effect. Adapted

from Mathon (4).energy bands. Electrons residing in the 4s-bands have a small
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fields not much larger than Hc1, the vortices are widely sepa-
rated but with increases in field intensity their separation de-
creases proportional to H�1/2. The superconducting phase (con-
densate) is thus gradually squeezed out and, at H � Hc2

(upper critical field), the normal regions overlap and the su-
perconducting condensate is destroyed. Vortices can be
viewed as tubes of radius � (coherence length) containing
bound excitations not too different from normal electrons.
Around the core of the vortex circulates a supercurrent that
shields the magnetic field of the vortex. Vortices are strong
scatterers of phonons as well as of quasiparticles that may
exist in the superconducting condensate. Because of the
highly anisotropic crystal structure, vortices in the high-tem-
perature perovskites may look not like rigid tubes, but rather
like zigzag chains of soft pancakes. Nevertheless, their ability
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to impede thermal transport is undiminished and, in terms of
Figure 4. Generic experimental set-up for measuring thermal con-their effect on the heat current at T � Tc, they leave finger-
ductivity in a magnetic field. Thermocouple junctions A and B deter-prints that provide a window into the world of unconventional
mine the longitudinal temperature difference 	xxT, while the junc-superconducting materials. Thermal magnetoresistance in su-
tions at C and D measure the transverse temperature difference,

perconductors is intimately tied to the presence of magnetic
	xyT. For measurements of GMR, the magnetic field is usually ori-

vortices, and is the topic of the last section of this article. ented along the direction of the heat.

EXPERIMENTAL TECHNIQUES OF
THERMAL MAGNETORESISTANCE Thot and Tcold of the hot and cold side of the sample. Under the

steady-state condition, and assuming all of the Joule heat
To determine thermal magnetoresistance means to measure generated by the heater flows down the sample, the tempera-
thermal conductivity in the presence of a magnetic field. Al- ture difference 	T � Thot � Tcold provides the measure of ther-
though heat flux, thermal gradient, and thermal conductivity mal conductivity via Eq. (2). Clearly, accurate determination
have their natural analogs electric current, potential differ- of 	T and the geometrical factor L/A are crucial to any mean-
ence, and electrical conductivity, accurate thermal measure- ingful measurement of thermal conductivity. The small size
ments are far more difficult to realize in practice than are of samples dictates the use of thin thermocouple wires to de-
their electrical counterparts. This is chiefly because in an termine 	T. Differential thermocouple configuration is a dis-
electrical resistivity experiment current leakage paths can be tinct advantage, but one must not forget to insulate electri-
virtually eliminated, while it is impossible to completely sup- cally at least one leg of the couple to prevent shorting of the
press all heat leakage paths in a thermal conductivity experi- couple through the sample.
ment. Great care must always be used to minimize heat leaks Samples in the form of thin-films are normally deposited
so that they can be considered negligible (or at least very on some kind of a substrate, the thickness of which usually
small) with respect to the heat that passes through the sam- far exceeds the film’s thickness. Since the substrate provides
ple. Materials considered in this review present a special an excellent thermal short, one has no hope of determining
challenge because of their structural form—often thin- the magnitude of the film’s thermal conductivity correctly.
films—and because of their small size—single crystals of

This may not be a major problem, provided one is interested
high-temperature superconductors are not readily available

in changes in the thermal conductivity arising in the presencein sizes exceeding a few millimeters.
of a magnetic field rather than in the absolute value of theIn the temperature range where thermal magnetoresis-
thermal conductivity. It nevertheless means that one must betance is of interest—usually at and below room tempera-
able to resolve very small temperature changes, perhaps 0.1ture—the most convenient way to measure thermal conduc-
mK or better, in order to detect the influence of a magnetictivity is to use the longitudinal steady-state technique. This
field. It is often advantageous to remove the film from thetechnique is the thermal analog of the four-probe bar mea-
substrate or to deposit films on substrate that can be peeledsurement of electrical resistivity, and the generic experimen-
off or dissolved.tal set-up is shown in Fig. 4. One end of the sample (crystal

The experimental set-up in Fig. 4 also serves well for mea-or thin film) is secured by mean of epoxy, solder, or by clamp-
suring the Righi–Leduc effect, one of the transverse thermo-ing to a temperature-controlled heat sink, which can be the
magnetic coefficients that happens to be a thermal equivalentcold tip of a low-temperature cryostat, the cold head of a
of the Hall effect. In this case, in addition to measuring theclosed-cycle refrigerator, or even a heated plate. An electric
longitudinal gradient �xT, one also needs to measure theheater is attached in a similar manner to the free end of the
transverse thermal gradient �yT, which is accomplished by asample. This heater may be a small wire-wound resistor, a
second differential thermocouple connected at points C and Dstrain gauge, or perhaps an evaporated metal film. For a
in Fig. 4. This arrangement is the basis of thermal magneto-given current I and voltage V across this electric heater, an
resistance measurements discussed in the last section of thisamount of power Q � I V will be produced. At two points,
article. More details and other techniques to measure thermalspatially separated by a distance L along the sample, are af-

fixed temperature sensors that measure the temperatures conductivity are discussed in Berman (5) and Uher (6).
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THERMAL MAGNETORESISTANCE IN GMR STRUCTURES

Spectacular development in the technology of thin-film depo-
sition, including techniques such as molecular beam epitaxy
(MBE), chemical vapor deposition (CVD), and laser-assisted
sputter deposition (LASP), among others, has facilitated the
growth of novel thin-film structures with unique physical
properties. In the hands of skilled material scientists and en-
gineers, these techniques represent an unprecedented oppor-
tunity to grow and control materials one atomic layer at a
time and create exotic structures that nature is incapable of
creating. These developments have allowed scientists to peek
into the properties of lower-dimensional (mostly 2-dimen-
sional) solids, and on numerous occasions they have had a
direct impact on the design and production of state-of-the-art

Buffer

Substrate Substrate

Ag

Co

(a) (b)

electronic devices and sensors.
Figure 5. Schematic layout of (a) an exchange-coupled magnetic

Among the most fascinating novel material configurations multilayer showing ferromagnetic layers coupled across noble metal
that owe their existence to recent advancements in deposition spacer layers in an antiferromagnetic alignment, and (b) granular
techniques are artificially created multilayers and superlat- magnetic structure with randomly distributed grains of cobalt in a
tices containing layers of magnetic material. Although there silver matrix. Sizes of cobalt grains depend on the preparation and
has always been an interest in the magnetic properties of thin annealing treatments but are typically on the order of several nano-

meters.films, the discovery in the late 1980s of an unusually large
magnetoresistance called giant magnetoresistance (GMR)
and, concurrent with it, an oscillating magnetic coupling,
have energized the interest of the scientific community. The cally. Because of the oscillating nature of coupling, one can

always adjust the separation (by varying the thickness of theelegance of the physical concept that underscores the GMR
effect, together with the promise this phenomenon holds for nonmagnetic spacer layer) at which the two magnetic layers

couple antiferromagnetically.exciting device applications, has ignited vigorous research ac-
tivity worldwide (7). Exchange-coupling across a nonmagnetic spacer layer was

first seen in rare-earth-based multilayers consisting of gado-Giant magnetoresistance refers to large changes in the re-
sistance of magnetic nanoscale structures (multilayer films linium and yttrium. In this case, the localized magnetic mo-

ments of the rare earth that are responsible for the long-and granular magnetic structures) brought about by an exter-
nal magnetic field as it forces a change in the orientation of range oscillatory exchange-coupling can be explained quite

naturally by the Rudermann–Kittel–Kasuya–Yosida interac-the magnetic moments in the layer strata. There are several
different configurations of magnetic structures that have been tion, the well-known RKKY model. The magnetic layers in the

GMR structures of interest are virtually always fabricatedshown to exhibit large magnetoresistance effects. They in-
clude the following: (1) multilayer films made with alternat- from the 3d transition metals (Ni, Fe, Co) and their alloys.

Although the magnetic moments in these transition metal fer-ing ferromagnetic layers of different coercivities that have
very low ‘‘switching’’ fields and hold promise for magnetore- romagnets have a substantially itinerant character, oscilla-

tions in the exchange coupling have been well documented forcording devices; (2) spin-valve sandwiches, which consist of
two ferromagnetic layers separated by a nonmagnetic spacer a large number of 3d transition metal ferromagnets with a

variety of noble- or transition-metal spacer layers. Indeed, itlayer. The magnetization direction of one of the ferromagnetic
layers is pinned and that of the other is free to rotate so that is more a rule than an exception to observe coupling oscilla-

tions in such systems.its magnetization can be rotated with the aid of an external
magnetic field from the parallel to the antiparallel alignment; Typical layer separation (oscillation period) over which the

coupling switches from a ferromagnetic to an antiferromag-(3) exchange-coupled magnetic structures; and (4) granular
magnetic structures. Although the physical mechanisms that netic alignment, or vice versa, is on the order of 1 nm, al-

though more than one period may be present in some sys-underpin the low- and high-resistance states differ in details,
the essential ingredient of all of them is the asymmetry in tems. The coupling strength can be obtained from the

hysteresis loops, and it falls in the range 10�3 J/m2 to 10�2spin-dependent scattering of conduction electrons. This con-
cept will be illustrated with the last two categories of mag- J/m2 or, equivalently, 1 erg/cm2 to 10 erg/cm2.

The antiferromagnetic alignment of the magnetic layersnetic structures—exchange-coupled multilayers and granular
films. These are the structures on which most of the thermal represents a high-resistivity state. With the aid of an external

magnetic field, one aims to break the exchange coupling andmagnetoresistance studies have been conducted.
Figure 5(a) depicts an exchange-coupled multilayer struc- rotate the magnetic moments of the layers so that all are

aligned ferromagnetically. This configuration represents ature. The term exchange-coupled means that two magnetic
layers that are physically separated can ‘‘communicate’’ with low-resistivity state. The difference between the high- and

low-resistivity states or, more precisely, the percentage of thiseach other via an indirect exchange interaction with conduc-
tion electrons in a nonmagnetic spacer layer. In exchange cou- difference, is the measure of the magnitude of the magnetore-

sistance. For the best of structures, usually Fe/Cr and Co/Cupled GMR structures, under zero field conditions, the two
magnetic layers are lined up so they are magnetized in oppo- multilayers, the changes in the resistance are very high and

may exceed 65% at room temperature. Such large magnetore-site directions—that is, they are ordered antiferromagneti-
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sistance corresponds to a complete rotation and saturation of the current is applied parallel to the interfaces, the so-called
the magnetization and typically requires magnetic fields in CPI configuration. If, after the current is injected into the
excess of 1000 Oe. Fields of this magnitude are too high for structure, the paths of the conduction electrons were to re-
many practical applications. main strictly along the layer strata (channeling effect), there

Figure 5(b) shows a very different magnetic structure. In- would be no magnetoresistance effect, as most of the current
stead of well-defined magnetic layers, one has randomly dis- would be shunted by the high-conductivity nonmagnetic
tributed nanoscale magnetic granules (Co, Fe, Ni) dispersed spacer layers. It is because of electron scattering that the con-
in a nonmagnetic metal matrix (usually Cu or Ag). Such duction electrons quickly acquire a component of momentum
structures are prepared either by sputtering followed by an- perpendicular to the layers, cross the interfaces, and enter
nealing or by coevaporation in an MBE chamber at modest the magnetic layers.
growth temperatures, which leads to spontaneous phase sepa- Why not apply the current perpendicular to the planes
ration of the constituents. Since there is no exchange coupling (CPP configuration) in the first place? While such studies
between the grains, the magnetic moments are randomly ori- have been done, there are considerable experimental obsta-
ented in a zero external field, which corresponds to a state of cles to assuring meaningful measurements under CPP con-
high resistance. Applying an external magnetic field causes ditions. Quite apart from the challenge of making electric
the grains to rotate their moments in the direction of the field. contacts between the substrate and the first deposited layer—
When all grains are magnetized parallel to one another, the that is, ‘‘underneath’’ the structure—one also faces an unfa-
resistance reaches its minimum. Magnetoresistances in ex- vorably small geometrical factor, L/A, that relates the resis-
cess of 70% at 4.2 K and near 25% at room temperature are tance to the resistivity (R � �L/A), and thus the voltage
possible. Although the saturation fields are rather high, at- signal across the multilayer is very small. Lithography must
tempts are being made to reduce it by shaping the granules usually be employed to make the geometrical factor more rea-
to make it easier to rotate the magnetic moments. sonable so that the signal can easily be resolved. Because of

As already noted, giant magnetoresistance arises as a con- this complication, the vast majority of experimental studies
sequence of the asymmetry in the spin-dependent scattering are carried out with the current applied parallel to the inter-
of conduction electrons. To illustrate the point, consider an faces—that is, in the CPI geometry.
exchange-coupled multilayer with magnetic layers made of 3d Because of their long spin relaxation time, as the spin-up
transition metals (Fe, Co, Ni, and their alloys). The 3d band (majority) and spin-down (minority) conduction electrons
is spin-split, giving rise to majority and minority spin bands. cross into the magnetic layers or are scattered at the inter-
Because the spin relaxation time in ferromagnetic transition faces, they both encounter roughly the same number of low-
metals significantly exceeds the momentum relaxation time, and high-resistance regions (remember, it is assumed that the
it takes several momentum-randomizing collisions before the successive magnetic layers are coupled antiferromagneti-
electron flips its spin. In other words, the electron keeps cally). The majority and minority electrons find it easier to
memory of its spin orientation for a comparatively long time. traverse the regions where the magnetization is parallel to
This allows one to view the conduction electrons as forming their respective spin orientations, while in the regions where
two distinct parallel channels, one for spin-up electrons and the magnetization is opposite to the electron spin the resis-
one for spin-down electrons—the essence of the two-current tance is high and electron motion tends to be impeded. Since
model of Campbell and Fert (8). each spin channel is affected roughly equally and each has an

Assume that the magnetic layers under zero field condi- averaged resistivity of (�� � ��)/2, where �� and �� are
tions are aligned antiferromagnetically as in Fig. 6(a), and the resistivities of the spin-up and spin-down electrons, re-

spectively, the total resistivity corresponding to the initial
antiferromagnetic alignment of the magnetic layers in a zero
external magnetic field is

ρAF = ρ ↑ +ρ ↓
4

(12)

With an external magnetic field of sufficient strength to over-
come the antiferromagnetic coupling, the magnetization ro-
tates from an antiparallel to a parallel alignment, [Fig. 6(b)].
Now the electrons encounter a very different environment.
The spin-up electrons experience smaller resistance as they
move in the structure because their spins are favorably
aligned with the magnetization. In contrast, the spin-down
electrons tend to be strongly scattered at the interfaces and
in the bulk of the magnetic layers because they encounter an

Spin + 1/2 Spin + 1/2Spin – 1/2 Spin – 1/2

(a) (b)
‘‘unfriendly’’ orientation of magnetization. Since the two spin

Figure 6. Schematic view of the spin-up and spin-down trajectories channels are independent and thus conduct in parallel, the
in an exchange-coupled magnetic multilayer in (a) a zero magnetic resistivity of the structure in the magnetic field that produced
field, where the layers are aligned antiferromagnetically; and (b) an the ferromagnetic alignment of the magnetic layers is
external magnetic field strong enough to line up the magnetization of
all layers. The mean-free path of electrons within the layers is as-
sumed to be much larger than the individual layer thickness so that
electrons ‘‘sample’’ several magnetic layers.

ρF = ρ ↑ ρ ↓
ρ ↑ +ρ ↓ (13)
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Because the spin-up electrons provide a low resistance path proof of inelasticity in the conduction electron scattering
they effectively shunt the current and the total resistivity is guides the choice of an appropriate model of transport.
low. The magnetoresistance of the structure is defined in To assess the validity of the Wiedemann–Franz law di-
terms of �AF and �F and, after a straightforward manipulation rectly, one needs first to determine the magnitude of the elec-
of Eqs. (12) and (13), is given by tronic thermal conductivity. In thin films and multilayers (the

usual structural forms of GMR devices) the measurement of
thermal conductivity is complicated by several factors. First
of all, the films are deposited on some kind of a substrate

R ≡ ρAF − ρF

ρAF
=
�

ρ ↓ −ρ ↑
ρ ↓ +ρ ↑

�2

=
�

α − 1
α + 1

�2

(14)

(glass, silicon, GaAs, etc.) that typically has a far larger ther-
Here � � ��/�� is the asymmetry parameter. In deriving mal conductance than the deposited film itself. The substrate
Eq. (14) one tacitly assumes that the conduction electrons tra- thus provides a thermal shunt, and an accurate determina-
verse many layers—that is, that the electron mean-free path tion of the film’s thermal conductivity is not possible. Further-
is much larger than the layer thickness. This is not an unrea- more, the thermal conductivity of a multilayer consists not
sonable assumption since the thickness of layers in these only of the electronic component—there are also contribu-
structures is typically a few nanometers and the mean-free tions due to phonons, and even magnons may participate in
path along the layers is on the order of 10 nm or more. In any the heat transport. Magnons are quanta of spin waves that
case, as long as the electrons can ‘‘sample’’ more than one can be excited in a magnetic system, and they may be viewed
magnetic layer the magnetoresistance will exist. The other as a train of flipping spins propagating in the system. There
issue neglected while deriving Eq. (14) concerns mixing of the is an energy content—that is, heat—associated with propa-
spin channels due to the electrons being scattered by mag- gating magnons. Moreover, under certain conditions, mag-
nons (quanta of spin-wave excitations). Magnon scattering ob- nons may scatter electrons and alter their distribution func-
viously has a detrimental influence on the magnetoresistance tion. Clearly, it is a complex problem and it is unlikely that
because it compromises the purity of the spin channels and it one would be able to ascertain the individual thermal conduc-
causes the conduction electrons to lose the memory of their tivity contributions with great accuracy merely by measuring
spin state more quickly. The influence of spin-mixing is re- the thermal conductivity of a multilayer in a zero magnetic
flected in the lower values of magnetoresistance at ambient field. It is here where thermal magnetoresistance comes into
temperatures (by a factor of 2–3, depending on the structure), play as an important transport parameter.
in comparison to the values measured at the liquid helium Since the substrate is usually an insulator, the magnetic
temperature. field will have no effect on its thermal conductivity. Likewise,

A question of paramount importance is where exactly spin- the phonon thermal conductivity is insensitive to the external
dependent scattering comes from. Does it originate in the in- magnetic field. This leaves just the electrons, and from the
terior of the magnetic layers as in the bulk transition metal preceding discussion it is known that the electric current is
ferromagnets, where the d-bands have high densities of state strongly influenced by the magnetic state of the structure. It
(DOS) at the Fermi level and s-d scattering dominates the

is thus no surprise that the thermal energy—that is, thetransport? Or are the interfaces between the magnetic and
heat—associated with the flow of the electrons should also bespacer layers the source of asymmetry in spin scattering? If
strongly influenced by the magnetization of the film. All onethe latter is the case, is it just potential scattering at inter-
has to do is to ensure that the thermal conductance of the filmfaces that matters, or does the asymmetry in the DOS of the
or multilayer is not too small a fraction of the total thermalspin-up and spin-down d-bands play a role? While the results
conductance so that one has a chance to resolve the changeof careful experiments in which minute amounts of magnetic
in the thermal conductivity upon application of an externalmaterial were introduced near the interface (planar doping)
magnetic field.seem to indicate that interfaces play the dominant role, the

There are two obvious approaches to maximizing the reso-question of the role of scattering potential versus the role of
lution: either to deposit a multilayer with a very large num-DOS cannot be answered by experiments limited to studies of
ber of layers, or to make sure that the conductance of themagnetoresistance, because both viewpoints predict the same
substrate is as small as possible. Although one has some con-behavior. Other investigations are called upon to shed light
trol over the thickness of the deposited structure, it is difficulton the underlying physics and thermal transport measure-
and exceedingly time consuming to deposit high-qualityments are among the most effective methods in this regard.
multilayers with a thickness greater than 1 �m using anFor example, investigations of the thermoelectric power in a
MBE system, and even sputtering techniques are challengedmagnetic field revealed a correlation between the magneto-
by these very thick film strata. It is often more advantageousthermopower and the magnetoresistance of the form S(H, T)
to diminish the influence of the substrate by either: (1) depos-� 1/�(H, T) for numerous multilayer and granular systems.
iting the multilayer on a thin insulating substrate film (e.g.,This implies a strong field dependence of the thermopower
Kapton), (2) fabricating as thick a multilayer as practicablewhich, in turn, suggests that the DOS of the ferromagnetic
and then removing it from the backing material, or (3) depos-layers and granules play the dominant role in spin-depen-
iting the structure on specially developed ‘‘removable sub-dent scattering.
strates,’’ such as synthetic fluorine mica that can be peeledThere is interest in the behavior of thermal magnetoresis-
off from the multilayer. It should be stated that even withouttance and in what additional input it provides into the issues
these special precautions one can detect thermal magnetore-concerning the mechanism of GMR. As discussed earlier, the
sistance in GMR structures provided the temperature differ-Wiedemann–Franz law is a powerful tool to determine
ence along the sample is monitored continuously and with awhether the carrier scattering is elastic or whether the inter-

action includes a change in the carrier’s energy. Clearly, any resolution of 1 mK or better. A generic experimental set-up is
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shown in Fig. 4, and a magnetic field is applied parallel to the Fig. 8 shows data obtained on a magnetic multilayer (super-
lattice) made by alternating layers of cobalt and copper in alayers—that is, along the direction of heat flow.
molecular beam epitaxy (MBE) system. This single crystallineAt a given temperature and for a constant heater power,
structure, with its atomically smooth interfaces and its per-the variation in 	T as the magnetic field is swept corresponds
fect layering sequence, is—in terms of its structural perfec-directly to the changes in the thermal conductivity (or its in-
tion—the antithesis of the randomly distributed granularverse, thermal resistivity) of the magnetic multilayer. These
magnetic structure. The multilayer consists of 215 bilayers ofchanges can be large and, in analogy to giant magnetoresis-
(111)-oriented Co and Cu (7 monolayers of cobalt alternatingtance, they are referred to as giant magnetothermal resis-
with 19 monolayers of copper for a total thickness of slightlytance (GMTR), with its inverse called giant magnetothermal
over 1 �m) deposited on a substrate of synthetic fluorine micaconductivity (GMTC). Monitoring variations in the electrical
with a Rh(111) buffer to initiate the (111)-oriented layerand thermal transport as a function of the magnetic field in
growth. The mica was subsequently cleaved off the metal film,the same samples (either granular or multilayer structures),
leaving a ‘‘freestanding’’ film. Both electrical resistivity andone can relate GMTR (or GMTC) with GMR. From the rela-
thermal conductivity exhibit more than 10% change as thetion between GMTC and GMR one can make conclusions
field increases to saturation, and they correlate with eachabout the validity of the Wiedemann–Franz law and the na-
other. It is interesting to note that the saturation field for theture of carrier scattering. As an example, Fig. 7 shows the
magnetotransport is much larger than the saturation field forfield dependence of thermal conductivity plotted as �� �
the measured magnetization. The lack of correlation with the�(H) � �(0) (GMTC value here is 28%), and electrical conduc-
magnetization of the Co layers confirms that spin-dependenttivity (� � 1/�) plotted as �� � �(H) � �(0) at a temperature
scattering of conduction electrons occurs not in the interior ofof 72 K for a thick-film of the granular magnetic structure
the Co layers but evidently near the Co/Cu interfaces. Fig-Co20Ag80. Similar plots apply throughout the temperature
ures 8(a) and 8(b) show scaling between the GMTC and GMRrange 4 K to 300 K. It is obvious that both �� and �� have
for the same magnetic multilayer at 80 K and 150 K. Linearthe same field dependence. Thus, at a given temperature, the
dependence observed between �(H) and T/�(H) over a widerelative variations in both quantities are the same, attesting
range of temperatures validates the Wiedemann–Franz law,to the validity of the Wiedemann–Franz law and confirming
and suggests the common scaling for different temperatures.the common physical origin of the effects. In turn, this implies

that the carrier scattering at the interfaces and within the Co
granules and the Ag matrix is essentially elastic and certainly

THERMAL MAGNETORESISTANCE IN COLOSSAL
of large angle. Any kind of inelastic scattering, even in the

MAGNETORESISTANCE STRUCTURES
temperature regime above 100 K where it usually dominates,
must be incoherent—that is, not conserving the wave vec- While the giant magnetoresistance effect in heterogeneous
tor q. materials such as magnetic multilayers and granular mag-

Thermal magnetoresistance of magnetic multilayers has netic films is an exciting phenomenon with considerable tech-
been studied more widely and the results seem to concur with nological potential, large negative magnetoresistance is not
those obtained on granular magnetic systems. To illustrate limited to GMR structures only. There are numerous reports
the general validity of the Wiedemann–Franz law and the in the literature of a magnetic field causing a dramatic
ensuing elasticity of carrier scattering in GMR structures, change in a sample’s resistance. In terms of the sheer magni-

tude of the resistivity change, perhaps the most spectacular
example (11) is a heavily doped antiferromagnetic semicon-
ductor—EuSe. In the liquid helium temperature range and in
a magnetic field set to zero, EuSe with a carrier density of
less than 1019 cm�3 has very high resistivity, on the order of
107 � cm. On application of an external field of no more than
1 T, the resistivity drops down to the 10�2 � cm range. As
impressive as the nine orders of magnitude change is, it is of
little practical use because this field-driven antiferromag-
netic-ferromagnetic transition is limited to very low tempera-
tures.

Far more promising are the magnetoresistance effects in
manganese oxide-based perovskites. Benefiting from an in-
tensive worldwide search for novel high-temperature super-
conductors in the cuprate perovskites, and further boosted by
the exciting discovery of the GMR effect, the last five years or
so have witnessed a major revival in the study of manganite
perovskites. Although the fundamental physical properties of
this material have been known for nearly fifty years, ad-
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vances in thin-film deposition enabled fabrication of high-Figure 7. Changes in the electrical conductivity, �� � �(H) � �(0),
quality films with well-controlled doping levels, which ulti-and thermal conductivity, �� � �(H) � �(0), as a function of magnetic
mately led to the observation of negative magnetoresistancefield for the granular magnetic structure Co20Ag80. The essential point
that far exceeds the values achieved with GMR structures.is the same field dependence of both �� and ��, implying that the

charge carriers scatter elastically. Data are from Piraux et al. (9). The magnitude of the magnetoresistance effect in manganite
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Figure 8. Field-dependent properties of a
Co/Cu multilayer at 80 K. The upper three
panels indicate the behaviors of (a) magne-
tization, (b) resistivity, and (c) thermal con-
ductivity. The lower panels show scaling
plots of magnetothermal conductivity,
�(H), and magnetoresistance, �(H) at (d) 80
K, and at (e) 150 K. A temperature-depen-
dent scaling plot of �(H, T) versus T/�(H,
T) at 80 K (circles) and 150 K (squares) is
shown in panel (f). The lines through the
points are linear fits of the data with
slopes that correspond to a Lorenz number
of (2.7 � 0.3) 
 10�8 V 2/K 2. Data are from
Tsui et al. (10).
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perovskites proved spectacular, and a new term was coined to that no d-orbitals are occupied by more than one electron.
This all conspires to make LaMnO3 a Mott-type antiferromag-describe it—colossal magnetoresistance (CMR). As the discov-

ery of this effect is an important development and thermal netic insulator.
A very different picture emerges upon a partial substitu-magnetoresistance measurements have been made on this

magnetic system, one should review the essential physics un- tion of the La3� ion with a divalent A2� ion of alkaline earth
and the formation of the mixed-valence manganite perovskitederpinning this effect.

The parent structure is an antiferromagnetic insulator, family La1�xAxMnO3, where A � Ca, Sr, or Ba. For 0 � x �
0.2 and for x � 0.5, the ground state of the system is eitherLaMnO3, with the Nèel temperature of about 140 K. With a

trivalent La3� ion and three O2� ions, charge neutrality dic- antiferromagnetic or possibly ferrimagnetic (for small x val-
ues) and is, in either case, electrically insulating. As such,tates that the manganese be in the Mn3� state. This implies

the presence of four d-electrons; in standard notation, the these ranges of concentrations are of no direct interest to the
description of the CMR effect. In contrast, of considerable in-electronic configuration of Mn3� is 3d4. The octahedral crystal

field splits the five-fold orbital degeneracy of the d-level into terest is the range of concentrations 0.2 � x � 0.5. Here the
originally insulating LaMnO3 is driven into a metallic statethreefold degenerate t2g orbitals and higher lying (by a few

eV) twofold degenerate eg orbitals. Three of the four Mn3� elec- (i.e., the temperature coefficient of resistivity is positive even
though the magnitude of the resistivity is more akin to thosetrons occupy the tightly bound t2g orbitals. These orbitals re-

main highly localized and, because of a strong intraatomic of degenerate semiconductors than of good metals) and, si-
multaneously, the antiferromagnetic spin order evolves into aHund’s coupling that tends to maximize the local magnetic

moment consistent with the Pauli exclusion principle, all ferromagnetic state. In this concentration range, an external
magnetic field will assist in aligning the spins ferromagneti-three t2g electrons line up with the maximum spin of 3/2. The

material’s electronic activity is associated solely with the sin- cally with an accompanying low-resistivity state and will give
rise to the phenomenon of colossal magnetoresistance. It fol-gle remaining and substantially itinerant electron that occu-

pies the eg state. Again, due to the strong Hund’s coupling, lows that for 0.2 � x � 0.5, there exists a Curie temperature,
TC, (typically somewhere between 150 K and 350 K) belowthe spin of this electron lines up parallel with the core elec-

trons. Furthermore, strong on-site Coulomb repulsion assures which La1�xAxMnO3 is a fully polarized ferromagnetic metal
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and above which it is a paramagnetic solid with electrical re- ment around a Mn site gets distorted and how the distortions
sistivity that may have an activated character. As the sample couple to the charge fluctuations on the Mn site. These sce-
is cooled through TC, the resistivity drops sharply and be- narios are beyond the scope of this article. Here it should suf-
comes strongly field sensitive. The highest values of colossal fice to note that the full physical picture is exceedingly com-
magnetoresistance are usually associated with lower TC plex and involves the coupling of the structural, magnetic,
systems. and transport properties which, in turn, are governed by the

How exactly the magnetic order and the conduction pro- interplay among the lattice, spin, and charge degrees of
cess are tied together and how they evolve and change at TC freedom.
is a subject of much debate, and a complete theoretical de- Heat transport in CMR materials is characterized by a sur-
scription is still being refined. The usual starting point is Ze- prisingly low thermal conductivity value. Regardless of
ner’s idea of ‘‘double exchange (12),’’ which relies on the exis- whether one measures sintered samples or single crystals, the
tence of a mixed valence state of manganese and assumes a magnitude of the thermal conductivity of manganite perov-
strong Hund’s coupling in the system. It works something like skites is only a few Wm�1K�1, a value that is more representa-
this: In La1�xAxMnO3, the fraction (1 � x) corresponds to the tive of amorphous solids than of crystalline materials. Fur-
Mn3� state, while overall charge neutrality necessitates that thermore, an estimate of the electronic thermal conductivity
the x fraction (amount of the divalent rare earth) corresponds of CMR materials based on electrical resistivity data and the
to the Mn4� state. The latter ion has one less electron and Wiedemann–Franz law suggests that phonons (lattice vibra-
compensates for the charge-deficient A2� ion. Manganese thus tions) are by far the dominant heat-conducting entities. At
appears in two distinct electronic configurations (i.e., it has a temperatures near and above the Curie temperature, the elec-
mixed valence)—the Mn3� state with three electrons in the tronic thermal conductivity is no larger than a couple of per-
t2g orbitals and a single electron at the eg level, and the Mn4�

cent of the total thermal conductivity, and only at very low
state which has no electrons in the eg orbital (see Fig. 9). As temperatures, T � TC, may the conduction electrons play any
already noted, strong Hund’s coupling aligns spins of all d- significant role in heat transport. Because of the very low
electrons of a given ion. Assuming that both Mn3� and Mn4�

thermal conductivity, heat carried by magnons (spin waves)
ions are in the neighborhood, the essence of the double ex- may represent a higher percentage of the total heat flow than
change rests in the notion that when an eg electron tries to is typical in magnetic insulators. Nevertheless, estimates
hop from the Mn3� ion to an empty eg level of the Mn4� ion, it based on the size of the magnetic specific heat anomaly at the
can do so effectively only when the core electron spins (those Curie temperature indicate that the magnon contribution is
in the t2g levels) of the two ions line up in parallel. Hopping— unlikely to exceed 5% to 10% of total heat conduction even
that is, charge transport—between manganese ions with core near TC. Thus for all practical purposes, heat in the manga-
spins in the antiferromagnetic configuration is very ineffi- nite perovskites is carried by phonons. The questions are why
cient. The double exchange mechanism thus clearly links is it so inefficient, and what causes the phonon mean-free
charge transport with magnetic order. path to be no larger than the lattice spacing, as the magni-

As elegant as the double exchange appears to be, it unfor-
tude of the thermal conductivity implies? These are pertinenttunately underestimates the magnitude of the CMR effect,
questions, especially when one takes into account that theand the scattering resulting from spin disorder is simply of
closely related cuprate perovskites—superconducting as wellinsufficient strength to account for large resistivities observed
as insulating—exhibit thermal conductivities that are an or-in the insulating state above TC. The double exchange thus
der of magnitude larger.does not capture the entire physical reality pertinent to the

With the conduction electrons ‘‘tied’’ in some kind of polar-problem. Indeed, strong evidence exists that other interac-
onic formation at T � TC (small polarons and magnetic polar-tions may be at play, particularly in the lower TC systems.
ons are the frequently invoked scenarios), the most likelyFor instance, a strong Jahn–Teller based electron–phonon
strong phonon scatterers are spin fluctuations near TC andcoupling might lead to localization of the conduction electrons
static local distortions of the octahedral environment sur-as polarons above TC. The Jahn–Teller distortions are combi-
rounding each Mn ion that are effective at and above TC. Asnations of the lattice modes that change either the Mn–O
both spin fluctuations and local distortions weaken rapidlybond length or the bond angle and thus have a profound effect
when the material transforms into the ferromagnetic state,on the coupling (overlap integral) between the Mn ions. There
the thermal conductivity is expected to increase.are various scenarios for how the oxygen octahedral environ-

Thermal magnetoresistance offers strong supporting evi-
dence for this viewpoint. Because an external magnetic field
tends to line up the spins and thus suppress spin fluctuations
as well as static distortions, one expects the thermal conduc-
tivity to increase in the presence of a magnetic field. As shown
in Fig. 10, this is exactly what happens (13). The enhance-
ment of the thermal conductivity in a magnetic field is truly
spectacular, amounting to up to 30% near TC. Values of this
magnitude provide irrefutable evidence for strong phonon
scattering on both the structural and spin disorder in the

Mn3+

3d4
Mn4+

3d3

eg

t2g

manganite perovskites. Thanks to thermal magnetoresistance
one has a technique that assesses the role of phonon dynam-Figure 9. Electronic configuration of the Mn3� and Mn4� ions that is
ics and the important interactions phonons undergo via theiressential for the double-exchange model of the colossal magnetoresis-

tance effect. coupling to local structural distortions and the spin degrees
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magnetic field might offer a new angle on the role of carriers
and phonons in thermal transport. While thermal magnetore-
sistance results show a strong influence of a magnetic field on
thermal conductivity (up to a 30% decrease in a field of 5 T),
the interpretation of the longitudinal thermal conductivity
data in an external magnetic field remains equivocal—both
phonons and quasiparticles may scatter on vortices, and both
interactions would lead to similar degradation of thermal con-
ductivity in an increasing magnetic field (14).

Even though these experiments could not address the ori-
gin of the peak in �(T) below Tc, this effort stimulated new
approaches to exploring nontraditional thermal transport
probes rather than just those appropriate for probing longitu-
dinal thermal magnetoresistance. These approaches proved
fruitful; new results not only provide a firm estimate of the
relative importance of phonons and quasiparticles, but also
offer exciting prospects for investigating fundamental issues
concerning the nature of high-temperature superconductivity,
such as quasiparticle dynamics and the symmetry of the pair-
ing state. It should be remembered that the superconducting
condensate is an extremely efficient electric shunt, and it is
thus difficult or even impossible to investigate many low-tem-
perature phenomena by electrical means; hence the impor-
tance of thermal magnetoresistance effects, which circumvent
this problem.

The experiments make use of one of the less well-known
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transport phenomena—the Righi–Leduc effect. In essence,
Figure 10. Field dependence of thermal conductivity (upper panel), this effect is a thermal equivalent of the Hall effect and here
electrical resistivity (middle panel), and the respective magneto- it shall be called the thermal Hall effect. The idea here is to
resistances as a function of temperature for crystal of

take advantage of the transverse thermal conductivity, �xy,La0.2Nd0.4Pb0.4MnO3. The peaks in the magnetoresistance and thermal
which consists entirely of quasiparticles without any phononmagnetoresistance do not coincide but differ by about 15 K in this
background. This is because phonons are scattered symmetri-case. In other investigations the peaks are reported to coincide. Data
cally by the vortices, while there is considerable asymmetryare from Visser et al. (13).
(handedness) in the scattering of quasiparticles as they en-
counter currents circling around each vortex. The purely qua-
siparticle nature of �xy is easily confirmed simply by reversing

of freedom, information that is not available from usual CMR
the magnetic field, which leads to a reversal of the transverse

measurements.
thermal current.

In analogy with a well-known Hall effect relation
THERMAL MAGNETORESISTANCE IN HIGH-TEMPERATURE
SUPERCONDUCTORS σxy = σxx tan θH (15)

where �H is the Hall angle, the transverse and purely elec-A characteristic feature of heat transport in the high-temper-
tronic (quasiparticles) thermal conductivity, �xy, is related toature perovskites is a sudden rise in the thermal conductivity
the electronic thermal conductivity, �e

xx, according tobelow Tc, which leads to a spectacular peak in �(T) at temper-
atures near Tc/2, (see Fig. 2(d)). Whether this effect is due to

κxy = κe
xx tan θR (16)

phonons or to quasiparticles has been the subject of much
controversy. Initial interpretation viewed the rise in �(T) as Here we call �R the thermal Hall angle. Assuming that the
due to phonons—their mean-free path increasing because Wiedemann–Franz law applies, �R must equal �H.
phonon–electron scattering weakens as the electrons (or In the geometry of Fig. 4, heat flow imposed along the x-
holes) condense into a superconducting condensate. As more axis in the presence of a magnetic field Bz will give rise to the
was learned about the properties of high-temperature super- longitudinal thermal gradient �xT and the transverse thermal
conductors, it became obvious that the condensate has very gradient �yT. Using Onsager relations under the condition of
unusual characteristics, among them the ability to sustain re- zero transverse heat current (no thermal current is injected
sidual normal (i.e., nonsuperconducting) fluid to very low tem- in the y-direction), and assuming no in-plane anisotropy
peratures, and quasiparticles (low-level excitations) with an (�xx � �yy), the transverse thermal conductivity, �xy(H) becomes
exceptionally long relaxation time. These findings led to a re-
interpretation of the low-temperature thermal conductivity
peak in terms of an electronic origin. Since both viewpoints— κxy(H) = κxx(H)

∇yT
∇xT

(17)

phonons and quasiparticles—provide excellent fits to the ex-
perimental data, the aim was to find an experimental probe Thus by measuring the two thermal gradients �yT and �xT

(or, rather, temperature differences 	xxT and 	xyT using thewhich would decide the issue. It was hoped that the use of a
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thermocouple junctions A and B, and C and D, respectively)
and the total field-dependent longitudinal thermal conductiv-
ity �xx(H), one can obtain the transverse conductivity �xy(H).
Knowing �xy(H)—which is due purely to quasiparticles—one
can work backward through Eqs. (15) and (16) to determine
the longitudinal quasiparticle contribution, �e

xx, and the pho-
non contribution, �p

xx � �xx � �e
xx.

Although this is a sound experimental approach, caution
should be exercised because the Hall angle in the normal
state of high-temperature superconductors does not follow the
usual relation, tan �H � �c �, where �c is the cyclotron fre-
quency and � is the transport relaxation time. On the con-
trary, the behavior of �H is highly anomalous. It is likely that
this anomalous trend will extend also to temperatures below
Tc—that is, the thermal Hall angle of quasiparticles may be
anomalous as well. It is thus prudent to determine �R inde-
pendently. By measuring �xy(H) and �xx(H), and taking into
account that phonon thermal conductivity in high-tempera-
ture superconductors is field independent (as the most recent
data seem to indicate), enough information is acquired to de- 0 2 4 6 8 10 12 14
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Measurements of transverse thermomagnetic effects are Figure 12. Magnetic field dependence of the thermal conductivity of

generally challenging, as the magnitude of the signal—the Bi2Sr2CaCu2O8 at low temperatures. The field dependence disappears
sharply above a threshold field Hk, suggestive of a transition in thetransverse thermal gradient in this case—is quite small, typi-
condensate. At field below Hk, the quasiparticles carry a fraction ofcally on the order of 1 mK/mm even in a field as high as 6 T.
the heat current, whereas above Hk, their contribution vanishes. DataThe difficulties are compounded by the fact that one does not
are from Krishana et al. (16).have available large samples—typical size of high-quality

crystals of high-temperature superconductors is not larger
than a few millimeters in the basal plane, and perhaps up to
one half of a millimeter in thickness. In spite of these limita- Thermal magnetoresistance has proved to be a powerful

probe of superconducting condensates. In addition to solvingtions, the data clearly reveal exotic characteristics of the su-
perconducting condensate, among them the highly anomalous a puzzle concerning heat transport below Tc, it directly ad-

dresses fundamental properties of the superconducting state,rise in the relaxation time of quasiparticles below Tc, which
is responsible for a substantial fraction of the enhancement such as the symmetry of the gap parameter. Measurements

on Bi2Sr2CaCu2O8 in high magnetic fields reveal an entirelyin thermal conductivity. Figure 11 summarizes the findings
of Krishana et al. (15) obtained on single crystals of unexpected failure of the quasiparticles to conduct heat when

the field exceeds a certain strength Hk [see Fig. 12 (16)]. TheYBa2Cu3O7��.
field Hk delineates two distinct regimes of the condensate: (1)
below Hk, where quasiparticles conduct heat and the thermal
conductivity decreases with increasing field; and (2) above
Hk, where the field dependence of �(H) essentially disappears.
The data show the field Hk being strongly temperature depen-
dent, following approximately a quadratic power law depen-
dence.

How can a superconductor suddenly cease to have its ther-
mal conductivity be field dependent? Although other evidence
suggests that that the phonon contribution in high-tempera-
ture perovskites is field independent, what happens to quasi-
particles at Hk that they suddenly ignore the magnetic field?
The data suggest that at Hk the condensate undergoes a
phase transition to a state in which the quasiparticles not
only become field-independent, but the quasiparticle current
itself ceases to exist. The field independent thermal conduc-
tivity above Hk is then the phonon contribution which, as
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stated above, is believed to be independent of magnetic field.

Figure 11. Temperature dependence of thermal conductivity of The measurements provide an additional direct way of as-
YBa2Cu3O7 below the superconducting transition temperature. Solid sessing the phonon and quasiparticle contributions to the
squares indicate the total thermal conductivity, open circles are the

heat current—the latter is simply given by �e � �(0, T) �phonon thermal conductivity contribution, and solid circles are the
�(Hk, T). Furthermore, and fundamentally more important,quasiparticle thermal conductivity. The individual thermal conductiv-
thermal magnetoresistance reveals a most unusual and com-ity contributions were obtained from measurements of the Righi–
pletely unexpected phase transition in the condensate takingLeduc effect, the thermal equivalent of the Hall effect. Data are from

Krishana et al. (15). place at the field Hk. Perhaps this reflects a field-driven
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change in the symmetry of a gap parameter away from the
assumed d-wave symmetry with an ensuing immediate col-
lapse of the quasiparticle population and, hence, an essen-
tially zero electronic thermal conductivity. These exciting is-
sues await further detailed study. It is clear, however, that
thermal conductivity, through its field dependence—thermal
magnetoresistance—is an exceptionally powerful probe of the
superconducting state.
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