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MAGNETIC RESONANCE

Consider a toy top on a table. If it is not rotating, it will imme-
diately fall down because of gravity. If it is spun, however, it
will rotate about the z direction keeping the angle � constant
as shown in Fig. 1. Now let a rod-shaped magnet (a nail with
a small flywheel) in a magnetic field between the poles be the
long axis R at an angle � from the direction z of the field,
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Figure 1. Precession of a top.
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Then one finds that �z , which is the z component of �, is con-
stant. The magnitude of �z depends on the initial condition
and is unknown here. � is also unknown but is given by cos
� � �z/���. This is reasonable and easily understood by Fig. 3.
The x and y components of Eq. (1) are described as

dµx

dt
= γµyH0,

dµy

dt
= −γµxH0 (3)

From these equations, one can obtain

µx + iµy ∝ exp(−iγ H0t) = cos(γ H0t) − i sin(γ H0t) (4)
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This means that the magnetic moment rotates about the z
axis in the direction of a right-handed screw for � � 0 (in theFigure 2. Small iron rod (nail) in magnetic field. To avoid the gravi-
case of an electron) or the opposite way for � � 0 (in the casetational effect, the long axis is along the horizontal direction.
of a proton) with an angular frequency

as shown in Fig. 2(a). It will tend to align in parallel like a ω0 = |γ |H0 (5)
magnetic compass with the line of magnetic force. If one spins
it about the long axis R, however, it will rotate about z, keep- where �0 is called the Larmor frequency. As will be explained
ing � constant as shown in Fig. 2(b). Both of these motions later, � is expressed as
are called precession and are perpetual in the absence of fric-
tion. In this case, the toy top or the rod-shaped magnet has
angular momentum, and the direction of force is perpendicu- γ = g

µ0e
2m

(6)

lar to the plane defined by R and z. This force is called torque.
The precession occurs also on a microscopic scale. Consider a where g is the so-called g-value and equal to ge � 2.0023 for
single free electron or a single proton in a uniform field H0 an electron and gN � 2.7896 for a proton. e and m are the
along the z axis. It has a magnetic dipole moment �e or �N, charge, which is negative for electrons and positive for
respectively, which is considered to be a tiny magnet. In this protons, and the mass of the particle, respectively. �0 is the
case, one does not need to spin it because it has an angular permeability of vacuum. The frequencies are easily calculated
momentum a priori, and the magnetic moment is caused by using � � 2�f and are approximately
the rotation of the charged particle. Because of this angular
momentum, it exhibits similar motion in a magnetic field as
earlier and as shown in Fig. 3. This motion is called Larmor

f0 = 28.0 GHz and f0 = 42.6 MHz at B0 = µ0H0 = 1 T
(7)

precession. The frequency of the Larmor precession is derived
from the following torque equation, which is similar to the for moments of electrons and protons, respectively. Notice
case of a top: that the mass of the nucleus depends on the atom and that

the g of the other nucleus is different from that of the proton.
When an ac magnetic field (electromagnetic wave at radiodµ

dt
= γ [µ × HHH] (1)

frequency) perpendicular to the z-axis with amplitude hrf

whose frequency and polarization satisfy Eqs. (4) and (5) iswhere � is a coefficient called the gyromagnetic ratio and � is
applied, what is its effect on the magnetic moment? First, con-either �e or �N. H is the magnetic field described as H � (0,
sider a magnetic moment without an ac field in a coordinate0, H0). Equation (1) can be solved easily. The z component of
system x�y�z rotating about the z axis with �0 as shown inEq. (1) is
Fig. 4(a). The magnetic moment points to the fixed direction
in the x�z plane keeping the angle � constant and never moves
in this coordinate system. When an ac field is applied, H in

dµz

dt
= 0 (2)

Eq. (1) must be replaced by H � (hrf cos �0t, hrf sin �0t, H0).
The magnetic moment starts to rotate about the y� axis in
the x�z plane as shown in Fig. 4(b) in the rotating coordinate
system. � is no longer constant in this case and changes as a
function of time as � � 2�f rt � �0, where �0 is the initial angle
and f r is the repetition rate given by

2π fr = γ hrf (8)

In a fixed coordinate system this means that first the preces-
sion is accelerated absorbing the electromagnetic wave power
with increasing amplitude of �x and �y and with decreasing
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�z, and then with decreasing amplitude of �x and �y and with
increasing �z toward the 	z direction as shown in Fig. 4(c) asFigure 3. Precession of a magnetic moment �.
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multiplied by Eq. (9) for the magnetic moment of an electron.
Then the relation between the magnetic moment of electron
�e and spin s is

µe = geµBs (10)

where

µB = −µ0e�
2me

= 1.165 × 10−29[Wb · m] (11)

is the unit of the magnetic moment of an electron and is
called the Bohr magneton. The energy of the magnetic mo-
ment in a field is 	�eH, which is called Zeeman energy. Then
the Hamiltonian described by the energy in quantum me-
chanics is written as

H = −geµBHs (12)

Because of s � 1/2 for an electron, only eigenstates of �1/2
are allowed. The energy states are then shown in Fig. 5(a),
and the energy difference between these two levels is

�E = geµBH (13)

In an electromagnetic wave whose frequency satisfies �� �
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�E, the electron at the ground state is excited to the upper

Figure 4. (a) Precession in the rotating coordinates x�y�z without state absorbing the electromagnetic wave energy as shown in
hrf, (b) rotation of � in the x�z-plane with hrf, and (c) trajectory of the Fig. 5(b) and then immediately comes back to the ground
top of �. state emitting an electromagnetic wave as shown in Fig. 5(b)

because the transition probabilities of both transitions are
identical. No energy dissipation occurs in this model. This

the trajectory of the top of the moment. As soon as � phenomenon corresponds to that explained in Fig. 4. Equa-
completely points in the 	z direction, it returns until � tion (5) is also obtained from this argument. In the case of a
points in the z direction emitting electromagnetic wave proton, ge and �B must be replaced by gN � 2.7896 and
power this time. Neither absorption nor emission occurs on
average. Usually f r is much smaller than f 0, so the real
precession not like that in Fig. 4(c), (i.e., f 0 is 104 times µN = µ0e�

2mp
(14)

greater than cycle of f r). This phenomenon is called mag-
netic resonance in general and more directly electron spin
resonance (ESR) or nuclear magnetic resonance (NMR) de-
pending on which moment is in question. Magnetic reso-
nance occurs when the frequency of the ac field coincides
with the Larmor frequency.

As mentioned earlier, the magnetic moment of an electron
is caused by the angular momentum of the electron. If one
calculates � classically, assuming that an electron is a uni-
formly charged sphere with radius r rotating with angular
frequency �, then � is obtained as

µ = −µ0eωr2

2
= − µ0e

2me
L (9)

where e and me are the charge and mass of an electron, re-
spectively, and L � me�r2 is the angular momentum of an
electron. We now must introduce quantum mechanics. Ac-
cording to this theory, L must be given by L � s� using
Planck’s constant �, where s is called the spin angular mo-
mentum quantmum number or simply the spin and s � 1/2.
This means an angular momentum of an electron can be only
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�/2 or 	�/2. From the theory of quantum mechanical electro-
dynamics, however, it has been shown that ge must be Figure 5. Schematic energy levels of a spin in magnetic field.
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precession. This effect modifies Eq. (3) as

dmx

dt
= γ myH0 − mx

T2
,

dmy

dt
= γ mxH0 − my

T2
(16)

Equations (15) and (16) are called the Bloch equations. From
these equations, one can easily obtain
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Figure 6. (a) z component of m increases up to m0 in a time scale of
T1. (b) All moments start simultaneously at t � 0, but they diffuse in

mx + imy ∝ exp
�

−iω0t − t
T2

�

= [cos(ω0t) − i sin(ω0t)] exp
�

− 1
T2

�
(17)

a time scale of T2. m1, m2, . . ., mi are each moment.

where �0 � �H0 is used. T2 is called the spin–spin relaxation
time or simply ‘‘tee-two.’’ This is the same as a damping oscil-

where mp is the mass of proton. In this case, �N � 	gN�N/� is lation. The general theory, which deals with the relaxation
positive because the charge of the proton is positive. In the phenomenon more exactly, is difficult and more complicated.
case of an electron in an atom, it has an orbital motion around Because of these relaxation phenomena, the magnetic mo-
the nucleus, and it also contributes to the magnetic moment. ment finally points to the z direction even if it starts to pre-
But it is not mentioned here for simplicity. cess from some angle �, and the magnitude of m is not kept

In real materials, the magnetic resonance phenomenon is constant during the precession because of the difference of
more complicated because an electron or a nucleus is located T1 and T2. When an ac field hrf ei�t is applied perpendicularly
in an atom or a molecule and is no longer free. In this case, to the z direction, the averaged magnetic moment m, which
we deal with the magnetic moment m, which is the average first points into the z direction starts to rotate at � � �H0 and
or sum of all moments on lattices in the material. Each mag- � increases. If (�hrf T1T2)2 � 1 (usually this condition is valid
netic moment in a material interacts with other moments on for ESR), not like Fig. 4(c), the Larmor precession becomes
other lattices and with lattice vibrations (phonons). These in- stationary, and the tilting angle � is small. If (�hrf T1T2)2 � 1
teractions cause the relaxation phenomenon, which is another (sometime this condition is valid for NMR), the Larmor pre-
important aspect of magnetic resonance. Because of the relax- cession is similar to Fig. 4(c). It is, however, complicated to
ation, energy dissipation occurs in the resonance condition, solve the equation of motion precisely. It should be empha-
and we can observe the magnetic resonance as the absorption sized in this case that applied power of the ac field is absorbed
of applied electromagnetic wave power. If a magnetic moment at resonance condition by the spin system, and the absorbed
undergoes friction during precession, the amplitude of oscilla- power transmitted as lattice vibrations of the material via the
tion is supposed to damp and finally the moment becomes relaxation mechanisms. This process results in temperature
parallel to the z axis as shown in Fig. 6(a) instead of as shown increase of the material. Resonance occurs not only exactly at
in Fig. 3. In this case, mz increases as a function of time t and � � �H0 but also at frequencies near � � �H0. The distribu-
reaches full length m0 � �m� finally. Assuming that the time tion of the resonant frequency, namely response intensity or
rate is constant and defined as T1, one can rewrite the equa- spectrum of the characteristic oscillation as a function of �, is
tion of motion given by Eq. (2) as obtained by the Fourier transformation of Eq. (17) as

dmz

dt
= −m0 − mz

T1
(15) 1(ω) ∝ 1

(ω − ω0)2 +
�

1
T2

�2 (18)

and obtain m0 	 mz � �m exp(	t/T1), where �m is the initial
difference. Because this damping comes from the interaction and it shows a Lorentzian line shape with a half width of
between spin motion and lattice vibration and then corre- �� � 1/T2 (or full half width 2/T2) as shown in Fig. 7. By
sponds to direct dissipation of energy to the lattice, T1 is sweeping frequency of the electromagnetic wave and by ob-
called as ‘‘spin-lattice relaxation time’’ or simply pronounced serving the power dissipation in the material as a function of
‘‘tee-one.’’ On the other hand, the x, y components of the aver- frequency, one can see that magnetic resonance with a line
aged magnetic moment mx and my have a finite magnitude
when each magnetic moment starts to rotate about the z axis
simultaneously at t � 0. However, because of interactions be-
tween magnetic moments (mainly magnetic dipole interac-
tion), the local magnetic field acting on each magnetic mo-
ment and consequently the Larmor frequency varies from site
to site in the material. Then the phase of precession of each
magnetic moment randomly distributes, as shown in Fig. 6(b).
This effect results in decay of the x, y components of the aver-
aged magnetic moment mx and my, which finally becomes 0.
The characteristic time of this decay is defined as T2, and this
is considered to be faster than T1 because T2 also includes the
energy dissipation effect in addition to the dephasing effect of Figure 7. Spectrum of damping oscillation is Lorentzian.
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ions, the orbital motion of electrons caused by orbital angular
momentum creates a magnetic field acting on the magnetic mo-
ment caused by spin angular momentum or vise versa. So the
orbital angular momentum and spin angular momentum are
not completely independent. This effect is called spin-orbit cou-Figure 8. Electrons in hydrogen molecule moving opposite in an or-
pling, and this interaction energy is of the order of 10	21 J. Abit with magnetic moments caused by spins, as indicated by arrows.
paramagnetic ion in compounds is usually surrounded by nega-
tive ions called anions, which make a strong electric field called
a crystalline field on the paramagnetic ion at the center. Theshape of Fig. 7 occurs. The experimental method will be dis-
energy of the crystalline field for an electron is on the order ofcussed later.
10	19 J. The electrons in the paramagnetic ion suffer electric
fields from both the central nucleus and surrounding anions,

ELECTRON PARAMAGNETIC RESONANCE and the motion of the electrons are no longer simple orbital mo-
tions. This effect gives rise to a reduction of orbital angular mo-

To observe electron spin resonance, there must be isolated mentum, which is called quenching. Then the contribution of
and independent electrons in the system. Namely, the materi- the orbital angular momentum to the magnetic moment is
als we are considering must be composed of atoms or mole- small and the magnetic moment � per ion is usually expressed
cules that have magnetic moments. Every atom or molecule, as
however, does not necessarily have a magnetic moment. Elec-
trons in an atom or in a molecule strongly couple with each µ = gµBS (19)
other, and usually spin and orbital angular momenta are com-
pensated by making pairs of electrons. For example, a hydro- where S is the total spin. This is, for example, S � 5/2 or
gen atom has only one electron, but it becomes a molecule when S � 1/2 for our Mn2� or Cu2� ion, respectively, as easily is un-
coupling with another hydrogen atom, and the angular mo- derstood by Fig. 9. g is the so-called g-value, which reflects the
ments of two electrons in a molecule are directly opposite as effects of spin-orbit coupling and the crystalline field and is dif-
shown in Fig. 8. Then the molecule has no magnetic moment. ferent from ge depending on the material.
The helium atom has two electrons whose spin and orbital an- Paramagnetic ions in a crystal interact with each other by
gular moments are also compensated. In this manner, the net dipole interaction and exchange interaction. These interac-
magnetic moment for most atoms and molecules disappears as tions give rise to dephasing of Larmor precession, as men-
a result of pairing by the strong intraatomic or intramolecular tioned previously, and result in the width of the absorption
electron correlation that cancels spins and orbits. For example, line as 1/T2. If the dipole interaction is dominant, the half
in the case of iron group atoms (i.e., Sc, Ti, V, Cr, Mn, Fe, Co, width is approximately given by
Ni, and Cu in the periodic table), spin and orbital angular mo-
ments of electrons are not compensated because of Hund’s rule, �ω = 1/T2

∼= ωd (20)
which was a result of the quantum mechanics. This means that

where �d is the sum of dipole interaction divided by �. Thethese atoms have an unpaired electron and have magnetic mo-
sum is over all magnetic moments on the crystal lattice. Ifments. Figure 9 shows the example of Mn2� and Cu2�. For com-
the exchange interaction is larger than the dipole interaction,pounds that have these atoms as divalent or trivalent ions, the
the half width is approximately given bymagnetic moments are isolated, and ESR can be observed.

These ions are called paramagnetic ions and the ESR concern-
ing these ions is called electron paramagnetic resonance (EPR). �ω = 1/T2

∼= ω2
d/ωe (21)

The atoms belonging to the palladium group, platinum group,
where �e is the nearest neighbor exchange interaction dividedand rare earth group also have similar properties. In these
by �.

The unpaired electron is also realized in organic materials
as the free radical, in semiconductors as the donor or acceptor
impurity, and in color centers as some special molecules like
O2 or NO. By studying EPR, one can obtain microscopic infor-
mation about materials via g-value and line width.

HOW TO OBSERVE EPR (EXPERIMENTAL METHOD)

A simple method to observe EPR is described here. The equip-
ment necessary for this experiment is an oscillator, a detec-
a cavity, and a magnet. The Larmor frequency of electron

spin is in the microwave region at an easily available mag-
netic field, namely B � 0.1 to 1 T, as discussed, see Eqs. (5)
and (7). The most popular way is to use X-band microwaves
whose wave length is around 3 cm because the size of micro-
wave components is moderate, and the resonance field is
about 0.3 T. A Gunn oscillator with detector is now commer-
cially available and most convenient for this purpose. ThisFigure 9. Electrons in 3d orbit in Mn2� and Cu2� ions.
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cause of the strong exchange interaction among magnetic mo-
ments. The transition temperature Tc is called the Curie tem-
perature. At a temperature sufficiently below Tc, the average
magnetic moment m saturates and the total magnetic mo-
ment M of the specimen is given by

M = NgµBS (23)

where N is the magnetic moment per unit volume in the spec-
imen. The magnitude of M is comparable to the applied flux
density B0 � �0H0, whereas in the case of paramagnetic mate-
rials, the averaged moment m is about 10	3 of the saturation
moment at room temperature and at 1 T as a result of ther-
mal fluctuation. Then the magnetic moments experience a
field produced by themselves pointing in the opposite direc-
tion to the applied field. This field is called the demagnetizing
field, and it must be taken into account when the equation of
motion is solved. The field acting on the magnetic moment M
including demagnetizing field is given for each direction as

Hx = −NxMx, Hy = −NyMy, Hz = H0 − NzMz (24)

where Ns are the demagnetizing factor and Nx � Ny � Nz �
1 and H0 is parallel to the z axis. From the equation of motion

dMMM
dt

= γ [MMM × HHH] (25)

one can obtain the resonance conditions as

Figure 10. Experimental set-up to observe EPR. ω

γ
=
�

{H0 + (Ny − Nz)Mz}{H0 + (Nx − Nz)Mz} (26)

oscillator is commonly used for detection of speeding automo-
biles by policemen. Assemble the equipment as Fig. 10(a). The When the sample shape is spherical, Nx � Ny � Nz � 1/3,
Gunn oscillator is connected with a short wave guide and ter- then
minated by a cavity. First, operate the Gunn oscillator and
tune the cavity by moving a plunger so as to resonate at the
oscillator frequency. A sample [A small amount of DPPH (�,�-

ω

γ
= H0 (27)

diphenyl-�-pictyl hydrazyl) may be good as a test sample] is
put in advance on the bottom of the cavity where the high- In the case of a thin disk, Nx � 1, Ny � Nz � 0 or Nx � Ny �
frequency magnetic field is strongest. Install the cavity be- 0, Nz � 1 for an applied field parallel or perpendicular to the
tween the poles of the magnet as shown in Fig. 10(b). A low- disk surface, respectively. In the case of a thin rod, Nx �
frequency ac (50 Hz or high) field of a few hundred microtes- Ny � 1/2, Nz � 0 or Nx � 0, Ny � Nz � 1/2 for an applied field
las must be superposed on the main dc field by modulation parallel or perpendicular to the rod, respectively. To observe
coils. Then sweep a magnetic field up to about 0.3 T. In this

the absorption of ferromagnetic resonance, there must be en-discussion, the absorption spectrum is given as a function of
ergy dissipation caused by the relaxation mechanism. Differ-frequency at constant field. In the real experiment, however,
ent from the case of paramagnetic resonance, however, thechanging frequency is so difficult that usually a magnetic field
magnetic moments are tightly bound to each other, and nois swept at constant frequency. The detected signal through
dephasing effect in the xy plane is expected. So we cannotan amplifier is displayed on an oscilloscope as shown in Fig.
define T2. Instead, the Landau–Lifshitz damping model is in-10(c). The resonance absorption line is obtained as a function
troduced for the ferromagnetic resonance. The equation ofof magnetic field and the half width of the resonance line
motion is described asmust be converted by

�H = �ω

γ
(22) dMMM

dt
= γ [MMM × HHH] − λL[MMM × [MMM × HHH]] (28)

where �L is the Landau–Lifshitz damping factor. This meansFERROMAGNETIC RESONANCE
that the direction of the second term is perpendicular to the
direction of M in the plane made by M and H0. Then the mo-In the case of ferromagnetic materials, all magnetic moments

point to same direction below a certain temperature Tc be- tion of the total magnetic moment M is a damping oscillation
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case of EPR. The magnetic interactions with surrounding
electrons can be replaced by the effective field Heft which is
included in Eqs. (1) and (5) as additional fields. Interactions
also contribute to the change of relaxation time from that of
free nucleus. Observing the shift of resonance frequency
caused by this effective field and the change of relaxation
time, one can obtain information about the microscopic behav-
ior of materials. This is the reason why NMR is so useful as
a probe to investigate properties of materials. Every nucleus
does not necessarily have nuclear spin, and � varies de-
pending on the nucleus. All � are listed in a standard table.

Figure 11. Direction of Landau–Lifshitz term and precession of fer- NMR of copper nucleus is useful to investigate high Tc super-
romagnetic moment M. conductors composed of copper oxide. Mn and Co nucleus are

also important to study magnetic properties of materials com-
posed of these atoms.

as shown in Fig. 11. In this case, the length of M is kept
The most popular nucleus is the proton, which is the nu-

constant, whereas in the case of paramagnetic resonance, the
cleus of hydrogen. All materials containing hydrogen showrelaxation times T1 and T2 are independent, and the length of
proton NMR. Water is the best example. To investigate molec-the averaged moment m is not constant during the motion.
ular structures of organic molecules, polymers, proteins, andThe magnitude of � is related to the interaction between the
other biological materials, the proton NMR is useful and ismotion of magnetic moments and lattice vibration and then
now being used widely. In these cases, the absorption spectrathe energy of the Larmor precession is transferred to the lat-
of proton NMR have a complicated structure as a result inter-tice vibration via this mechanism. The line width of FMR is
actions with neighboring atoms. By analyzing the structureexpressed using this damping factor as
of spectra, one can determine the molecular structure like
neighboring atoms and distance. Because the resolution in-
creases with increasing resonance frequency, high-field and�H = MH0

γ
λL (29)

high-frequency MNR is more useful, and now frequencies
higher than 750 MHz are available in fields above 17 T by
using high homogeneous superconducting magnets.NUCLEAR MAGNETIC RESONANCE

Magnetic resonance imaging (MRI) is well known as an
In the case of nuclear spin, interactions with surrounding important tool in finding tumors or other abnormal tissue in
electrons, lattice vibration (phonon), other nuclear spins are the human body. Every cell in organs contains hydrogen
weak, and a nuclear spin is considered to be almost isolated, atoms and NMR is observable in any part of the body. But
which means that � is almost constant and different from the the shift or relaxation time varies depending on the organ. As

shown in Fig. 12, a body is placed between the poles of a big
magnet and hrf is applied to it. The magnetic field has a gradi-
ent with respect to the position of the body, and the NMR is
observed at only one point on the body. This gradient field is
scanned, and the resonance point moves from head to foot. By
analyzing the data by a computer, one can see the structure
of the body. If the organ is abnormal, the density and relax-
ation times of NMR at the affected part are different from
those at a normal part. This allows NMR is used for diag-
nosis.
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