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Nuclear quadrupole spin-lattice relaxation rates in different frames of reference for pure electric quad-
rupole coupling are evaluated in terms of spectral density functions of lattice vibrations. The rate is deter-
mined in each of three important reference frames defined with respect to (1) the axial crystalline field in the
laboratory, (2) a strong rotating radiofrequency field, and (3) internal dipolar fields following adiabatic
demagnetization in the rotating frame. For spin states established by pure quadrupole coupling, modifica-
tion of the relaxation behavior in the different frames does not conform to the behavior obtained from spins
bound in pure magnetic Zeeman states. The density-matrix perturbation formalism is applied. In order to
transform the total Hamiltonian into the interaction representation of the main quadrupole interaction, a
convenient representation is devised for quadratic exponential unitary operators which do not directly carry
out simple rotations. The transformation permits an approach to the rigorous analysis of dynamic nuclear
quadrupole resonance phenomena which usually have been qualitatively described by comparison with
analogous phenomena in pure magnetic resonance. The new representation is presented explicitly for spin
I=%. Experimental measurements of CI3% pure quadrupole spin-lattice relaxation times in chlorate salts

in the three reference frames are compared with the theoretically determined relaxation rates.

INTRODUCTION

HE concept of spin temperature!'? is especially
helpful in experiments where spin-lattice relaxa-
tion times in solids are to be analyzed. If the spin levels
by themselves happen to remain populated in ratios
determined by the Boltzmann factor during the relaxa-
tion process, a spin temperature can be defined. If the
perturbing lattice alone should cause the spin popula-
tions to deviate from their Boltzmann ratios, a larger
perturbing nuclear dipole-dipole interaction can provide
the mechanism for maintaining internal-spin thermal
equilibrium, signified by a spin temperature, while the
spin-lattice relaxation takes place. The spin-temperature
concept applies not only in the laboratory frame of refer-
ence, but also in other frames of reference where the in-
teracting nuclear spins are defined as magnetic energy
reservoirs (a) with respect to strong rotating radio-
frequency (rf) magnetic fields,® or (b) with respect to
internal dipolar magnetic fields.* The lattice degrees of
freedom constitute a separate energy reservoir at a con-
stant lattice temperature, and the lattice heat capacity
is taken to be exceedingly larger compared with that of
the nuclear-spin energy reservoir. Coupling of spins to
lattice therefore causes the spin temperature to ap-
proach the lattice temperature in a characteristic spin-
lattice relaxation time 7%, if the two temperatures are
initially different upon coupling the two systems
together.
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Spin-lattice relaxation times in most experiments are
measured in the laboratory frame of reference. The type
and number of matrix elements which describe the per-
turbing interactions can depend very much upon the
representation or measuring axis chosen for the Hamil-
tonians of the interacting reservoirs. If experimental
means are available for preparing the spin system so
that it is in thermal equilibrium in frames of reference
different from the laboratory frame, it is possible for 7
to acquire a value which is different from its value in
the laboratory frame, and is unique for the reference
frame chosen. The altered relaxation times in some cases
are related to the laboratory spin-lattice relaxation time
by a functional relationship®? which is independent of
the particular spin sample being studied. This is shown
not to be the case in this investigation, particularly for
pure nuclear quadrupole coupled spins, although the
lack of such a relationship is not excluded for mag-
netically coupled spins. Measurements of relaxation
times in the rotating frame would be particularly
valuable in determining components of spin relaxation
which direct laboratory-frame measurements do not
yield. Although it would appear that in nuclear mag-
netic resonance (NMR), the pure magnetic relaxation
of systems with spin /=% in dc magnetic fields are
fundamental cases for studying transformed spin-lattice
relaxation, we confine our attention here to cases where
electric nuclear quadrupole relaxation in pure nuclear
quadrupole resonance (NQR) is dominant in solids.
Therefore, the influence of paramagnetic impurities is
avoided, which is too often a controlling factor for pure
magnetic relaxation in solids. Lowe and Look® have

5 Reference 1, p. 560. In work by W. I. Goldburg and B. C.
Johnson in an unpublished thesis by Barent C. Johnson, The
Pennsylvania State University, 1965, this is shown specifically
to be the case for pure nuclear quadrupole relaxation in cubic
crystals. In Ref. 1, p. 560, this relaxation property is shown for
pure magnetic relaxation only.

6 David C. Look, thesis, University of Minnesota, 1962 (un-
published).
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carried out unpublished initial NMR studies of changes
in 7' for pure magnetic relaxation in the rotating frame,
where the relaxation is determined by localized molecu-
lar random motions.

The specific cases of concern are the pure nuclear
quadrupole relaxation times of CI* nuclei in KClOj,
Ba(C103)2~H20, Ba(c103)2'D20, and NaC103 The
CI33(I=%) site structure is noncubic, and the axially
symmetric electric field gradient at these sites produces
an NQR frequency in the range of 30 Mc/sec. No ex-
ternal dc fields are applied. The laboratory-frame relaxa-
tion establishes a thermal distribution of population
among the quadrupole levels, in equilibrium with the
lattice, as determined by internal crystalline fields. The
laboratory-frame quadrupole spin-lattice relaxation time
will be referred to hereafter as 7'y1.

The definition of two other frames of reference should
now be introduced briefly. For a variety of spin systems
it is possible to take a nuclear magnetization M, which
is first oriented along an applied dc magnetic H,, and
reorient or “‘spin lock”? M, along a rotating rf field H,.
A quadrupole system can be similarly processed. It has
been shown? that a spin /=% system, with the two
m==4%«<>m=-4% degenerate quantum-level transi-
tions identical in frequency, is equivalent to two rotat-
ing magnetization vectors, one precessing clockwise,
and the other precessing counterclockwise. If two rotat-
ing rf fields H; are manipulated by proper 90° pulses
and phase shifts, the two rotating magnetization vectors
can be oriented parallel to these fields and reach thermal
equilibrium with respect to each H; field in its respec-
tive rotating frame. This equilibrium corresponds to a
very low spin temperature which is subsequently raised
by spin-lattice relaxation toward the lattice tempera-
ture. This is the first type of spin-lattice relaxation in a
transformed frame of reference, denoted by Tsi,
where SL denotes “spin-locked.”

If the spin-temperature hypothesis is correct, then
one should be able to reduce the nuclear quadrupole
magnetization to zero in the rotating frame* (ADRF),
i.e., by slowly turning off the applied rf field H,. The
spin order, which is initially in the rotating magnetiza-
tions, is now transferred to the dipole-dipole interaction
reservoir, where individual spins of the ensemble are
now oriented along internal local fields. The energy of
the system resides completely in the magnetic dipolar
reservoir, prescribed as being in internal thermal
equilibrium at a low spin temperature. This temperature
is subsequently also raised because of spin-lattice re-
laxation, and the time constant for this process is de-
noted by 7Tiap, where AD refers to “adiabatic de-
magnetization (in the rotating frame).”

In the case of pure magnetic or quadrupole relaxation
for nuclei oriented in a large dc field, a spin-temperature

7S. R. Hartmann and E. L. Hahn, Phys. Rev. 128, 2041 (1962).
8 M. Bloom, B. Herzog, and E. L. Hahn, Phys. Rev. 103, 148
(1956).
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TasBLE I. Nuclear quadrupole spin-lattice relaxation times
for CI?® in alkali chlorates at 20°K and 77°K.

Chlorate Relaxation times (sec)
KClO; (at 77°K) TiL 0.424-0.02
TisL 0.654-0.02
T1ap 0.434-0.02
KClO; (at 20°K) TiL 39.5 +0.5
TisL 56.0 +0.5
Tiap 40.5 +0.5
Ba (C103)2H20 (at 77°K) T}L 1.654-0.02
T1SL ~0.3
TiaD ~0.1
Ba(ClO3)2-D20 (at 77°K) T1L 1.654-0.02
TisL 1.9740.06
T1AD 1.004-0.08
NaClQ; (at 77°K) T1L 1.87--0.02
TisL 4.8 +0.2
Tiap 13.0 1.0

assumption applied to these relaxation processes would
argue that the spin-locked magnetization should relax
like a magnetization would® if directed along a dc
laboratory field Ho. In other words, T 1=Tis1. Of
course in the case of conventional adiabatic demag-
netization in the laboratory frame, the relaxation rate in
the demagnetized state is essentially twice that in the
polarized state, because not only are the spins them-
selves flipping at the rate 7171, but the local fields along
which they are oriented are also flipping at the same
rate. By analogy, therefore, the theory of rotating frame
relaxation would maintain that 7iap=2Ts1. That this
is definitely not the case for pure nuclear-quadrupole-
coupled nuclei is shown by the data in Table I, and by
the theory which is presented in the next section.

The data for values of 7'yr in Table I are obtained by
first saturating the C1%®* NQR resonance with a series of
90° rf pulses. After a time ¢ a single 90° rf pulse is applied
and the height of the ensuing free-induction signal is
measured. This signal is proportional to the population
difference between the two degenerate m levels, =432
and 3. The 751, data were obtained by first applying
a90° pulse of rf field H; to the sample, and then suddenly
shifting the phase of H; by = in a time short compared
to the nuclear Larmor period about H; in the rotating
frame. With H; chosen large compared to the local di-
polar fields, the C1*® magnetization M is locked along the
direction of H, for a time ¢, but relaxes according to the
expression M (¢)=M(0) exp— (¢/T1s1). When Hj is sud-
denly turned off at time ¢, a free precession signal pro-
portional to M(¢) is measured. In order to measure
T1ap, the procedure for spin locking is first carried out
as described above. The Zeeman interaction energy
reservoir (—M,-H;) is adiabatically converted into a
dipolar interaction reservoir of lower energy by turning
off H; slowly, but in a time much less than Tjap. After
a time ¢ the field H; is turned on, and adiabatic remag-
netization of M (¢) along the direction of H; is accom-
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plished. The magnitude of M (¢)=M(0) exp(—?¢/T1ap)
is then measured in terms of the free induction signal
which appears after Hy is abruptly turned off.

It is significant that the values of relaxation times in
Table I show, with one exception, that Tygr,> 711, and
that T1ap>371s1. The one exception, Ba(ClO3),- H,0,
gives anomalous results for special reasons to be dis-
cussed later. In general the rotating-frame relaxation
times for pure NQR prove to be longer than those times
predicted from general arguments used in pure NMR.25

The detailed analysis which follows in the next sec-
tion reveals why the three relaxation rates 7T'ir, TisL,
and T'jap should differ. In our study there appears to
be no predominance of spectral components of lattice
noise which peak near or at the rotating-frame fre-
quency (~vH;) during spin-locking, or at the local
field frequency (~vH) during ADRF, where v is the
gyromagnetic ratio of the relaxing nuclei, and H, is the
local field. Although this may be an important relaxa-
tion effect, dependent upon the temperature,® where
particular atomic groups such as HoO or CH; undergo
rotations in solids, such effects do not appear to affect
the quadrupole relaxation data here because the tem-
perature is low enough in our experiments to suppress
such rotations, i.e., of D;O and Hs0O. The reason for
changes in relaxation times, which is very much con-
nected with systems involving pure nuclear quadrupole
coupling, arises from the anisotropic effect of lattice
vibrations. A given component of lattice vibration in the
laboratory frame of reference can be ineffective or effec-
tive, depending upon whether it, respectively, does or
does not commute with the laboratory-frame inter-
action Hamiltonian. The roles of commutation of some
terms of these perturbations are reversed or their mag-
nitudes are altered upon making a physical transforma-
tion to a new representation or reference frame, and
different relaxation times are therefore evaluated. The
change is found to be in the direction toward longer re-
laxation times. Possibly a similar study of pure mag-
netic relaxation in systems of sufficient asymmetry in
magnetic lattice perturbation might show a similar
behavior of transformed relaxation times. We do not
deal with such cases here, and restrict ourselves to pure
quadrupole relaxation.

I. THEORY
The total Hamiltonian® of the spin system is given by
JC=3Co+3Cri+3Caa+3Cy, 1
where
Jeo=2_; hai, (22)
hej=K[3I.;—I(I+1)], (2b)
Fert=25 Iet, 3

9T. P. Das and E. L. Hahn, in Solid State Physics, edited by F.
Seitzland D. Turnbull (Academic Press Inc., New York, 1957),
Suppl. I.
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K =¢2Q/41(21—1), and the sum is over all spins j of a
given species. 3C;¢ defines the interaction between the
spins and the radiofrequency (rf) magnetic field,
summed over all spins 7; 3Cq4q is the dipole-dipole inter-
action, summed over all spin pairs; and 3C;=3_; h;
is the spin-lattice relaxation perturbation Hamiltonian.
The z axis is defined as the direction of maximum elec-
tric field gradient, eq is the field gradient in that direc-
tion, and Q is the nuclear quadrupole moment (in cm?).
It is specifically assumed in Eq. (2b) that the electric
field gradient is axially symmetric. Henceforth the
units of v, the gyromagnetic ratio, and K the quadru-
pole coupling constant, are defined so that #=1, and
energy is expressed by w in radians/sec.

The dynamics of the spin system and its relaxation
will be handled by the density matrix method,0:11
which deals with a solution of the fundamental equation

d
i—p()=[3C,p(1)]. ©)
dt

The density matrix p(¢) lends itself conveniently to a
transformation into the interaction representation,
which effectively eliminates the main constant inter-
action term 3Co from 3C, Eq. (1). Therefore p(f) trans-
forms to p*(f) according to

p*(8)=Tp(t) T~ =e0tp(t)e= %0t ®)
Now p*(#) obeys the equation
dp*(?)
v =[3c*p*(0)], (6)
and
5o¥ = em“ﬂ(ﬂe—mo‘—ﬂco . (7)

Equation (6) restricts itself to the influence of lattice
and rf field perturbations, but contains terms with a
coherent time dependence e* and e, where w,
is the transition frequency between eigenlevels of 3Co.
These terms are dropped as nonsecular high-frequency
oscillations whose average effect upon p*(¢) is negligibly
small, since we are interested in relatively slow changes
in p*(¢). This truncation procedure will be signified by
the use of J¢*' in place of 3¢*. The random time de-
pendence of lattice variables contained in 3C,* is still
included in 3¢*, however, because terms in 3¢;* con-
tribute to the relaxation in second order.

Particular attention must be given to the transforma-
tions indicated by Egs. (5) and (7) when dealing with
pure nuclear quadrupole coupling as the dominant in-
teraction Hamiltonian. If the dominant Hamiltonian is
instead given by the familiar Zeeman term

JCo= _')’HO Zi Izi)

10 Charles P. Slichter, Principles of Magnetic Resonance (Harper
& Row, Publishers, Inc., New York, 1963), Chap. 5.
11 Reference 1, Chap. VIII.
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where H, is the applied dc magnetic field, the trans-
formations (5) and (7) are linear in the spin operators,
and they therefore represent simple rotations. However,
if 3C, is given by the form of Eq. (2a), which is quadratic
in spin operator 7,2, the transformations (5) and (7) are
no longer simple rotations. Before such transformations
can be applied, a scheme must be devised in which the
usual rules for unitary transformations can still be used.
This method is outlined in a separate section to follow,
which is then applied to relaxation calculations in
different interaction representations applicable to our
experiments.

II. TRANSFORMATION TO THE QUADRUPOLE
INTERACTION REPRESENTATION;
CASE OF I=3%

Consider any four-by-four matrix, and let it be
divided up into quadrants, each of which is a two-by-

<d b)
l

Each quadrant labeled a, #, [, and & will be chosen so
that it can be represented by any of the three Pauli
spin matrices o4, 0y, 0, or the identity matrix ¢, given as

follows:
0 1 1 0
(o) L)
10 0o —1
0 —7 10
o VN I W E
1 0 0 1

By adding the appropriate subscripts a, #, [, or b to the
matrices in (9), and combining them with the necessary
coefficients, the matrix given by (8) can be used to repre-
sent required expressions. For example, o, is the four-
by-four matrix with zeros in all quadrants, except the
upper left one in (8), namely:

®)

010
gz=11 0 0
0 00O

(=N Ne]

0 00O

ry
o
-
~

=%, the matrix representation of the operator I, is

O O Onw
O Ok O
O O O

0
0| =%(0at2eatos.—2e). (10)
0

3
2

The quadrupole interaction, Eq. (2b), can be written as
ho=3K(04:—0sz). (11)

It will be useful for later calculations to obtain the
transformed density matrix and Hamiltonian, given by
(5) and (7), respectively, in terms of the Pauli matrix
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notation outlined above. If the relaxation term 3¢; and
the dipolar term 3Cq4q in 3¢, Eq. (1), are omitted for the
time being, we write
3=3K 3 ;j(04.5— 05
—2vH: 32 [(V3/2)(00s"+0327)
+3(out0o19)] coswt,

where the superscripts are particle indices and

(12)

Ud:=01:l:igy'

The term —2yH,; coswi represents a linearly polarized
rf Hamiltonian 3C¢. According to Egs. (3), (5), and (11),

T=exp{Fiwt 3 j(04.7—05.)}

=Hf TJ' )
where T'j=exp{(3iwt)(0a:"—05.7)}. If O7 is an operator
which acts only on the jth spin, then 707 1= T;0T ;1
Furthermore, if O7 has only ¢ and 4 quadrants [see (8)],

with zeros in the # and ! quadrants, then using T of
Eq. (13),

TOIT—1 = givwtoasd /20aje—imttrazi /2
+e—iwld’azi/ZObfeiwtO'bziﬂ .

(13)

(14)

Note particularly that (14) comes about because of the
general property that any ¢ operator acting on any b
operator gives zero, and vice versa. The first term in (14)
is a rotation of O,/ in a given direction about the z axis,
and the second term is a rotation of O in the op-
posite direction about the z axis. Therefore, the con-
cept of two rotating frames precessing in opposite
directions can be retained: One direction involves
the mr=% <>} transition and the other direction in-
volves the my=—%<> —3 transition. The linearly
polarized rf field given in Eq. (12) is a sum of two cir-
cularly polarized fields, each of which precess opposite
to one another, and couple only to those spins having
the corresponding sense of precession.

If some terms in the Hamiltonian to be transformed
are of the type O, or Oy, it proves to be easier to operate,
as in (14), by an explicit expansion of e{iwto,./2}.
These expansions are

e(iwtl?) ”a2=%(ea+ O'az)eiwtm"l'%(fa_ O'az)e_iwtlz"l' €b,
and

e(iwt/2)crbz= %(eb—'—o-bz)giwtﬂ_}_%(eb_o.bz)e-—‘iwt/2+ea.

(15)

These expressions apply as well for x and y substituted
for z, but do not apply if the ¢ operator in the exponential
is 0y OF 0.

With the transformation (13) now applied to the
entire Hamiltonian, Eq. (1), therefore Eq. (7) becomes
3e*= BK—3w)2i(00s"— 02.) — 53vH1 3 (00" + 0547)

+3Cqs* +terms in e®t and e%wt,

(16)

The truncated dipole-dipole Hamiltonian in this repre-
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sentation is expressed as

’ ’
chd* = Z hik* ’
>k

17

where %;*' is the spin-pair interaction. Exact rf reso-
nance, 3K—3w=0, will be assumed. Again the non-
secular high-frequency terms in e™! and e%<! are
dropped. When a short intense rf pulse is applied, it is
assumed that Hy greatly exceeds the dipolar field, and
the term (17) appearing in (16) is neglected during the
pulse. At time ¢=0, the initial equilibrium density
matrix is

p(0)=¢~P%e/Trp=(—3B(0)K/Tr1)
X Zj(a'azj*‘ a'sz) ) (18)

where B1(0)=(1/kTv), and Ty is the lattice tempera-
ture. The high-temperature approximation is made,
and the identity operator is dropped because operators
whose expectation values will be of interest are trace-
less. With p(0)=p*(0) and the spin temperature fixed at
its initial value, it follows from Egs. (5) and (14) that

p*()=(—3B1(O)K/ Tr1)E (etierrees

X 0 506 Ti01812) 0zl _ p(iw1t]2) apal op,T o (—iw1t/2) Vbxf) , (19)

where w;=V3yH;. Although the ensemble consists of a
pair of two-level systems, each behaving as though the
spin I =14, the operator connecting the levels introduces
a factor V3 because of the degenerate levels associated
with the actual spin /=$. Each term in (19) represents a
rotation of magnetization about H; along the x axis
in the rotating frame, associated with a given sense
of rf field precession. At the rf pulse-width time
t=ty,=(m/2w1), a 90° pulse transformation follows from
Eq. (19), giving

p*(tw) = (= 3BL0)K/Tr1)Ej(0ay’—0w7) . (20)

The spin temperature becomes a function of ¢ for ¢> ¢,.
Each rotating frame now has a magnetization along its
respective y axis. Spin locking is subsequently achieved
if the phase of the applied rf is shifted by =/2 at {,, in a
time At<¢,,. Therefore, the rf Hamiltonian (16) becomes

Fet™ =25 het™ =301 2. (00— 00,) - (21)

For yH>|3Cas*' |, one need retain only those parts of
3Cag™ which are secular with respect to 3C+*’, which can
be denoted 3C4s*’. In this event, however, because of its
form, p*(¢,,) will commute with 3¢.i*'+3C4s*"’, with the
consequence that for >/, the order represented by the
two magnetizations will persist in time, except that it is
slowly diminished by spin-lattice relaxation effects not
yet included.

The assumption of a spin-locked rotating-frame spin
temperature 7's leads to the use of the density matrix

p*()=(—Bs(®)/Tr1)3C*, (22)
where 3C.s* compares to 3o of Eq. (18), and Bs(z)
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=[kTs(t) T At t=t,=0, the lattice (L) and spin (S)
temperatures are related by

Bs=Br(wo/w1), (23)

and 7's corresponds to a lower spin temperature. The
spin-locked state sets the stage from which order in the
rotating magnetization can be transferred to the dipole-
dipole interaction reservoir. This is carried out, as pre-
viously described, by turning off H; slowly. The initial
spin temperature in this state (ADRF) is again a low
one, expressed as

Tr{3Co?
ﬂs<ADRF)=BL[ roce’y

1/2
—1",
Tr{3Cqs*'}?

where 3Cq4q*’ is given by Eq. (17).

Spin-Lattice Relaxation Times

A generalized procedure has been established! for
the evaluation of relaxation times from a master equa-
tion for the density matrix. A second-order perturba-
tion evaluation of the relaxation rate is carried out when
the irreversible relaxation process is determined by
stationary random functions of lattice and spin varia-
bles. The quadrupole relaxation term of the total
Hamiltonian [Eq. (1)] is written as

Br() =225 () =2, FE2()A@, (25)

where 71;(1)=F;~?()A4;2. Any contribution to pure
magnetic relaxation involving fluctuations in lattice
coordinates of 3C4q is assumed negligible, and magnetic
relaxation is therefore excluded. The F(9(t) terms rep-
resent stationary random functions of lattice vibra-
tions which impose fluctuating electric field gradients
arising from sources such as ionic vibrations, torsional
vibrations of molecular groups, fluctuations in co-
valency, or hindered rotations. The superscript (g)
designates a given change in spin quantum number Am
at which a given component of lattice vibration is effec-
tive. The A(® terms represent the quadrupole spin
operators which allow these relaxation transitions.
When 4 (@ is associated with the appropriate spectrum
of lattice frequencies which are at the allowed quadru-
pole transition frequencies, the relaxation transitions
are most probable. In order that 3C;(#) be Hermitian,
the restrictions F(@ =F~9* and 4 (9= 49t are made.
The master equation for the density matrix in operator
form is

d
;0*(t)= —3 2 Jo(@p?)[B,"2,[B,@,0*(1)]],
¢ a,p

(26)

where
o*()=p*()—p*(), (27)
and p*(¢) is given by (22). Note that for the Pauli

matrix notation of Sec. IT the use of ¢ is distinguished
from its symbol as a density matrix by the use of sub-



184 G. W.
scripts. At thermal equilibrium, 8s= 1, and the density
matrix is defined by p( ). Any deviation of the density
matrix p(£) from thermal equilibrium at time ¢ is defined
by o(¢), while p*(¢) and ¢*(#) are the corresponding
quantities in the interaction representation. The terms
B,(? are related to 4(@ by

A@(f) =it (@g=ot=3" B (Dgiws Dt (28)

where B,(@=3"; B,@(f). Subscript p sums over the
eigenfrequencies of the spin system, and w,(? signifies
frequencies in the lattice spectrum for which the 4 (@
operators can connect eigenlevels of 3Co as secular
terms. High-frequency nonsecular terms are dropped in
Eq. (26). The spectral density function is given by

Ty @)= [ drgiaremner, @)
and g,(7) is the autocorrelation function of F(2(¢):
8(7)=(FO)F D (t—7))av. (30)

This represents an ensemble average over many spins,
and it is independent of the time ¢ when a slowly chang-
ing spin temperature is defined. An arbitrarily chosen
even function of 7 is prescribed for gq(7), so that it
follows from Eq. (29) that J4(w,?) =J(—w,(?).

III. LABORATORY-FRAME SPIN-LATTICE
RELAXATION

In the laboratory frame the spin-lattice relaxation
process involves the axially symmetric quadrupole-in-
teraction Hamiltonian

3Co= 3K Zi(qazj_ G'sz) 3 (31)

as obtained from Egs. (2) and (11). The matrix nota-
tion introduced in Sec. ITis applied to the determination
of T1. By usual perturbation methods the result for
T11, has already been obtained.'? However, a rede-
termination of 71, here is instructive because it will be
carried out in the new interaction representation, and
will aid the reader in obtaining clearer understanding of
the new calculations of 7151, and 7'1ap to follow. For
any time ¢ the spin temperature has a slow time de-
pendence, so that the density matrix is now

p()=(=3KBs(t)/Tr1)2i(0as"—0v.%) ,

which is identical to the form of Eq. (18). Because 3¢y
and p(f) above commute with one another, Eqgs. (5)
and (27) imply that p*(¢)=p(¢) and that

o*(t)=0(t)=(—3K/Tr1)[Bs(t)—Br]
XZj(a'azj“‘ U'sz) .

(32)

(33)

2 M. J. Weber and E. L. Hahn, Phys. Rev. 120, 365 (1960);
M. J. Weber, J. Phys. Chem. Solids 17, 267 (1961).
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Upon substituting the sums of single spin operators
into the master equation (26), the commutators will be
nonzero only when all operators pertain to the same
spin. Therefore, for simplicity in notation, the sum-
mation index j over the spins may be dropped. If the
double commutator [B,"9,[ Bp@,(ds:—032) ] of Eq.
(26) reduces to some factor multiplied by the operator
(¢4z— abz), which commutes with (32), then the per-
turbing lattice does not cause the spin system to depart
from a state of internal equilibrium. Instead the relaxa-
tion development in time of the spin system reflects a
smooth change in the spin temperature 7's, and a
unique relaxation time is specified from the equation

d 1
—Bs(t)=——LBs({)—PL1].
dtﬁ() TILD@() Br]

However, if the commutator does not commute with the
main interaction Hamiltonian, and a common spin tem-
perature can still be defined, then the internal dipole-
dipole interaction among the spins must provide the
mechanism!? by which a spin temperature is main-
tained. In such a case the rate equation of the total spin
energy must be solved, which involves the derivative of
the expectation value of the energy. In the determina-
tion of the three relaxation times 7'11, Tis1, and Tiap,
of concern in the pure quadrupole relaxation of CI%5,
the total spin energy need be considered only in the de-
termination of 7T1ap. The unique times 7'y1, and T'isy
are measured when the s degenerate levels of the
quadrupole system are equally excited, and when the
sum of the population differences associated with both
the +m and —m levels is measured.!? An apparent spin
temperature in NQR can then be defined for the case of

=% (without requiring the mechanism of dipole-dipole
coupling) with respect to a main independent interac-
tion energy reservoir which is (a) quadrupolar in the
laboratory frame, or (b) is Zeeman, with respect to the
rf field H; in the rotating frame of the quadrupole
system.

The single spin-relaxation Hamiltonian [Eq. (25)]
for equivalent spin sites is

+2
()= 2. F&o@HA@ (34)
q=2
and
A®=372—J([+1),
AED=3/6(LI1+1.1),
AX=13/61,?, (35)

FO@)=5Ve,
FED (@)= (1/7/6)(VzamziV ),
FED ()= (1/20/6)(Vas— Viyy=£2iV o).

8 A. Abragam and W. G. Proctor, Phys. Rev. 106, 160 (1957);
R. L. Mieher, Phys. Rev. Letters 4, 57 (1960); Phys. Rev. 125,
1537 (1962).
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Here the electrostatic potential V is a random function of the time. Its subscripts indicate derivatives with re-
spect to the given coordinates. The constant axial component V., is included in %q, Eq. (2b).
Now the transformation of (26) to the interaction representation is obtained, using 7" of Eq. (13):

h*()=Th(H) T

=FO()3(04:— b:)+F V(1) (3/V2) (0 0y €70t — o9 F D (1) (3/V2) (0470t — g _givot)

+FD ) BAD(eut0u) e+ (o)W FED (1) (3ND)[ (61— a1s) vt (er-07,)eie0].

By using Eq. (28), the operators B,(® may be identified
from an inspection of Eq. (36). Egs. (33) and (36) are
used to evaluate the commutators of Eq. (26), which
yield zero or (o4.—0s.) times a number. These numbers,
when summed, produce 3K/T1. Note that since 4©
commutes with ¢*(¢), the lattice vibrations represented
by F© can not contribute to the relaxation. The re-
laxation rate is finally obtained as

Ty 1=2(W+Wo). 37

The Am=+1(m==43«<>m==432) transition rate is
W1=1871(wo), the Am=+2(m=F% <> m=4%) transi-
tion rate is Wa=1875(w), and J is defined from Eq. (29).

(36)

IV. SPIN-LATTICE RELAXATION IN THE
ROTATING rf FRAME

Calculation of the spin-locked relaxation rate 1/7"s1,
proceeds along the lines used to obtain the rate 1/7";y.
The total Hamiltonian, Eq. (1), is now used, and the
3C;¢ term is retained and transformed according to Eq.
(21). The applied rf frequency w is assumed to be at exact
quadrupole resonance. First, the main interaction term
3Co is transformed away, which converts the perturba-
tion term /() into the first interaction representation
term 4;*(f), given by Eq. (36). With the retention of the
rf term, Eq. (21), which appears as a constant inter-

action after the transformation, a second transformation is made into another representation in order to eliminate
heei*. Again, using expressions for single-particle interactions, 4:1*(¢) is transformed to

hl**(t)= T;-fh1*(t)Trf_1

=FO (t)%l:(aaz_*_ ’L.O'az— o'bz+ia'bz)eiwlt+ (o'az— io’aa:— Tbe— ia’bz) e_iwlt:]
FFED()(3/V2){3[(0a0—100z) €% — (050t 108,) e 190 Je 01041 (0 4510 02) €90 — (0 po— 10p,) 100 Jg—iwrt
+i04yet% —iop,e~0t} 4 Hermitian conjugate+F T2 (£)(3/V2)[5(eut0ouy) (ei0004giwot)giont

L (eu—0yy) (™0t g iw0t)gmiorit 5 oiw0t— g, e~i0¢ |+ Hermitian conjugate,

where
T pp= e(t01t/2) (Gay—0by) | (39)
The rf interaction is assumed to be very large compared
to the dipolar interaction, and therefore 3C44 of Eq. (1)
plays no role in the calculation of Tsy.
Using Egs. (20), (21), and (27), the density matrix
during spin locking becomes

a**(t) — em,f*/td*(t)e—iﬂcmu
= 3K<ﬁs_ﬁL) (a'ay’_o'by) .

The same procedure for evaluation of the relaxation rate
coefficient in Eq. (26) is carried out as before in the
determination of 1/7;r. It should be noted that the
g=0 term of 41*(¢), Eq. (36), now does not commute
with the new density matrix given by (40), and, as a
consequence, there will be a contribution to the relaxa-
tion from the g=0 component of vibration. The ¢=+1
term is now the double commutator of an 7 operator
with an 7, operator, whereas for the 1/7'11, calculation,
I was associated with 7,. The present commutator is
smaller by a factor of 2. For the =2 terms, half of
them are dropped as a nonsecular because of exponential

(40)

(38)

time-dependent terms which are functions of w;t. With
one exception all double commutators reproduce the
operator o, —op, but even this exception (from
g==2 terms) is cancelled when the property J,(w)
=J,(—w) is used. The spin-locked relaxation rate
becomes

Tis1l= 18]0(w1)+9[J1(w0+w1)—l-]2(w0-|—w1)

FT1(wo—w1)+Ja(wo—w1)]. (41)
If wiKw, is assumed, then
T35 118 J o(w1) +J 1(wo) +J 2(wo) ]. (42)

When this result is compared with Eq. (37), it is seen
that it is possible for 751, to be as much as twice as
large as 7'y1.

V. SPIN-LATTICE RELAXATION AFTER
ADIABATIC DEMAGNETIZATION IN
THE ROTATING FRAME (ADRF)

The third relaxation time Tjap is the most difficult
to analyze because the interaction representation
Hamiltonian—after transforming out the quadrupole
term [Eq. (2)]—is now the truncated secular dipole-



186

dipole Hamiltonian 3C4¢*’, which is a sum of two spin
operators. Only one spin species is assumed to be present.
If a second species (denoted by B spins to distinguish
from the primary species, the 4 spins) were included,
the complexity of the calculation would be greatly and
unrewardingly increased. However, the presence of B
spins is more often the real case in experiments, and
can, as we shall see, have a profound effect upon the
apparent relaxation of the A spins.
The spin pair dipole-dipole interaction is

b= LAl oil axt Bin(Lsl o151 1)
A Cir(Leil it Ll o)+ D (Lol 151 1)

+Epl it Fil i1 ];  (43)
and
Ajr=1—3 cos?,
Bj,=—21(1—3 cos?),
Cjr=Dj*=—3 sinf cosf e~*¢,
Ejr= ij*= —'% sin%0 ¢~%i¢,
dﬂ'** 0
-3
dt kaJg

The lattice vibrations affecting spins at site £ determine
the autocorrelation function of Fj, and are assumed to
be randomly independent of similar vibrations at other
equivalent sites. The expressions in F and 4, given by
Egs. (29), (30), and (28), respectively, implicitly carry
the summation index over p. In analogy to Egs. (33)
or (40),

o** () =o*(t)=—[Bs()—B() ] ./3 hi™',  (46)

where the simple operator ¢,,—op, O g4y—0py 1S Tre-
placed by 3Caa*' =2 >k hin*’. The second transformed
density matrix in the ADRF representation of 3Cq™ is
given by ¢**(¢). Now we must take note of the fact that
a transformation of 4;(? of the type given by Eq. (28),
when 3C4s* replaces 3Co, is not possible in Eq. (45).
A9 (¢) itself is expandable in a series of terms signified
by the sum over p, where the w, transition frequencies
are between discrete levels established by the large
quadrupole interactions 3Co. When JCqa™*’ replaces 3Cq,
the w, would correspond to one frequency out of a con-
tinuum of dipolar frequencies in the spectrum of the
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0

Therefore, Eq. (48) yields
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6 and ¢ are spherical coordinates of the rj distance
connecting 7 and % spins. Transformation of %;;, to the
interaction representation is indicated by Egs. (16)
and (17), giving
b =y { Al sl v+ B[ (0ario 0 *
+ 0o tositF0udos Pt opto s ) Foudon P on e, ]
F+Cir(Ljour+0u 1) +Cin* (L jor B+ 0191 ox)
+Ep[}(0ariorit+0019001F) Foudout]

+Ep*[§(00torFt0pIoa F)Fondor K]}, (44)

The once-transformed Hamiltonian is

¥ =37 hp*+20 (@),
>k J

where %1;*(f) is the transformed lattice perturbation
given by Eq. (36). The master equation, Eq. (26),
is now presented with the summation over % spins:

dr (i@ () F 0 (t—7))arlexp(i i i) A1 O (t) exp(—i Lo hmi*'t),
Lexplé Xon ns® (1= 7)JA1 P (1= 7) exp[—i 20 hu* (1= 7) J,o** () ]].

(45)

dipolar linewidth. These frequencies are negligibly
small compared to accompanying quadrupole resonance
frequencies, and we shall drop them for the same reason
that w; is dropped relative to wy in Eq. (41), which yields
Eq. (42). Therefore, in Eq. (45) welet exp{=£ik* 't} =1,
where ¢ is any of the indices summed over.

The double commutator in Eq. (45) does not repro-
duce %;:*', and therefore with Eq. (46) the master equa-
tion does not reduce to a simple rate equation in the
density matrix. Instead, the density matrix

p*()=—Bs 2 hy* 47)
>k

is assumed, and we consider the time rate of change of
the dipolar energy:

d dBs
- Tr{p*&Cdd*’} = z Tr{h]-k*”} .
dt dt >k

(48)

Now with the properties that dp*(s)/di=do*(s)/dt
=do**(f)/dt, and the summation rule > ;jsr=%> ;.
Eq. (45) is now written as

Ar(Fr@()F "2 (t— 7)) [Ax 9 (1),[ 412 (t—7),0**(£) ]].

—dBs(t)/dt="T1ap ' [Bs(¥)—BL],
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where
1 2
Tiap 2>k Tl‘{hjk*lz}

>k J
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(49)

The A(@(¢) terms are obtained from Eq. (36) and %;;*' is obtained from Eq. (44). Equation (49) is evaluated and

the result is

TlAD'"I = [Zk 1’,'1{—6(2514]'1,;2-{-683]'162—*— 80 | Cjk2 l +68 I Ejk2 I ]_1 Zk fjk_6[36]0(0) (363jk2+36 l Ejk2 I )

~+3671(w0) (104 js24-68 B2+ 56| C12| 4-68| Eji?| )+ 367 2(wo) (404 ;2468 Bjx2+114 | Cj12| +68 | En2|)].

(50)

Upon substituting the definitions of 4k, Bjx, etc. from Eq. (43) into (50), 1/T1ap finally becomes
Tiap™ 1= [Zk 7’_,'){"6(67.5— 7225k2+ 121.5ij4):|_1 Zk rjk—6|:36fo(0) (225— 54ij2+40.5ij4)

+3671(w00) (52.5— 36.Z32+40.5 238+ 36 T o(w00) (82.5— 18 Z;124112.57,;44) ],

and Z;, is the direction cosine between the z axis and r;;.
An exact numerical lattice sum required by Eq. (51)
for a specific case is not applicable to our measurements,
where more than one spin species is present, nor would
the effort be justifiable. The similarity of the terms in
both the numerator and denominator of Eq. (51) sug-
gests possibly that the value of 1/T1ap may not be very
sensitive to the specific form of the lattice. It suffices to
present an approximate crude expression for 1/T1ap
by assuming that the distribution of spin sites around
a given spin is spherically symmetric. The angular func-
tions Z of § may be averaged over a sphere giving

Zay*=(cos*0)ev=1%,
and

Zay*=(C0s*0)av=75%.
Therefore, with this approximation,

TlAn_lz 67]0(O)+258]1(0)0)'{—526]2(&)0) . (52)
VI. DISCUSSION OF RESULTS AND
CONCLUSIONS

The particular mechanisms which cause quadrupolar
relaxation are of no concern to the present analysis, but
they do account for the relative magnitudes of the spec-
tral density functions J,, J; and J; which appear in the
derived relaxation rates. To a large extent all the lattice
excitation frequencies are represented by a smooth spec-
trum, and the spectral density function J,(w) should be
essentially constant over the range of NQR frequencies
present. In Eq. (41) we assume Jo(w1)=Jo(0), which
implies a constant spectral density at the low-frequency
end of the spectrum. This applies as well to Eq. (50)
where the Jo(0) term corresponds physically to the
spectral density function over local dipolar frequencies
near zero. The three relaxation rates from Egs. (37),
(41) and (52), now collected together, are, respectively,

Ty 1=36[J1(wo)+Ta(wo) ],

Tisp 1= 18[]0(0)—|—]1(w0)+]2(w0):| s (53)

(1)

and
T1AD__1z 67]0(O)+258]1(w0)+526]2(w0) .

From measurements of 7'i;, and 7'ig1, the spectral
density function Jo(w;)=J¢(0) may be obtained di-

rectly as
1/ 2 1
LTENEL
36\Tis1. TiL

where T15<2Tyy, since J>0 for any J. The low-
frequency spectral distribution function Jo(wi)=J,(0)
is a new parameter which can be determined; it never
plays a role in affecting usual laboratory-frame 7’1,
measurements. Where low-frequency perturbations are
particularly important, the shape of Jo(wi) could be
measured as a function of wy if Jo(w;) is not necessarily
flat near zero frequency.

It is worthwhile to compare the experimental results
of Table I with the predictions of Egs. (53) in spite of
the rather inexact expression for 1/71ap. Egs. (53), to-
gether with the data for KClO; at 77°K, yield the fol-
lowing spectral intensity function values:

Jo(0)=(1.93+0.41) X102 sec!,
J1(wo)=(4.7840.68) X 102 sec™!,

Ja(wo)=(1.8340.47) X 102 sec?,
J1/J2=2.6120.76;

(54)

and at 20°K, the values are
Jo(0)=(2.8940.13) X 10~ sec?,
J1(wo)=(5.312£0.19) X 10~ sec™!,
Ja(wo)=(1.7240.13) X 10~* sec™?,
J1/J2=3.08+0.26,

where J1/J, is roughly independent of the temperature.
By an independent method,'? the ratio J/Js=3.441.3
for CI*® nuclei in KC1O; was determined at 77 and 298°K,
apparently independent of the temperature. This rough
agreement with the present estimate of J1/J,, although
possibly accidental, justifies some confidence in the use
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of the spin-lattice relaxation rates given by Egs. (53),
particularly because the inexact expression for 1/71ap
isnot involved. There is an additional consistency which
is found when the relaxation data for Ba(ClO;)s- D20
are used to obtain Jy, Ji, and J, from Egs. (53). Al-
though a small negative value of Ji(wq) is found, which
is forbidden, and not surprising because of our crude
estimate of 1/71ap, we set Ji(wy)=0 as a justifiable
physical possibility. As seen from Egs. (29), (30), and
the definition of F&*V in Egs. (35), this implies that
lattice vibrations of field gradient components V., and
V4. contribute very little to the relaxation rate. We have
not justified this property from a detailed study of the
actual field gradient characteristics in Ba(ClOj3)s- D20.
If use is made of the measured 1/ 7151, to solve for Jo(wy),
and if the measured 1/71, is used to solve for Jo(0),
a predicted value of T1ap can be found from the 1/T1ap
equation. The results for Ba(ClO3)s- D,O are

J1(wg) =0,
J2(we)=(1.684-0.02) X 102 sec™?,
To(0) = (1.14220.09) X 10~ sec—,
T1ap(predicted) =1.04-0.04 sec,
T1ap(measured)=1.004-0.08 sec.

No independent measurements of J;/J are available in
this case, but the consistency between T'1ap(predicted)
and Tiap(measured) is evident on the basis that
J 1(wo)z0.

The above apparent rough consistencies of relaxa-
tion rate theory with experiment are not to be taken too
seriously. At best the important conclusion to be
drawn is that there is no general relationship between
relaxation rates in the laboratory and transformed rep-
resentations which is independent of the particular
quadrupole system studied, because of the roles played
by the spectral density functions. Note in particular
that T3s1.and Tiap are longer than expected from simple
arguments. Moreover, the reader is reminded that Egs.
(53) are derived on the basis that a single species of
spins is relaxing, whereas actually several isotopes are
present in the chlorates which were measured. For H,
large compared to the dipolar field, the presence of such
foreign “B spins” would not be expected to distort the
measured values of T'is1, because the B spins couple
and relax independently to the lattice. However, for
the determination of Tiap, all spin species form a
common coupled reservoir during the ADRF state, and
the apparent spin-lattice relaxation, reflected in the re-
covered CI% signal, is determined by the B spins as
well and by their separate dipolar heat capacities. The
data in TableI for NaClO; indicate this effect, which is
more marked in this respect than that for KClO; and
Ba(ClO;)z-D20. In NaClO; particularly, the gyro-
magnetic ratio v for Na2 is § that of CI*%, whereas in
the latter two compounds, the v of all foreign neighbors
of significant isotopic abundance is smaller than the v
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of CI%. Consequently, the Na-Na dipolar interaction
has a much larger heat capacity than that of the CI-Cl
interaction, and will contain a larger part of the spin
ordering during the ADRF state. The Na nuclear
quadrupole interaction in NaClO; corresponds to a fre-
quency in the range of 400 to 500 kc/sec about 75 times
smaller than that for CI33, so that Na would have a rela-
tively long spin-lattice relaxation time compared to CI35,
Consequently, upon remagnetization of the C13% nuclei,
the apparent 71ap of CI®% is longer than expected be-
cause the ADRF ordered state relaxes mostly according
to the lower relaxation rate of the Na nuclei. This effect
occurs even for Tis1 measurements because of the
difficulty of obtaining sufficiently large rf fields H; to
decouple CI%5 completely from the dipolar reservoir of
the Na nuclei. In addition, the effect manifests itself
by the fact that the measured decay functions are not
truly exponential.

The measured relaxation time of CI*® in Ba(ClOj3),
-H,0 illustrates a case where the disappearance of CI3
signal is not due to coupling with the lattice, but rather
with the proton dipolar reservoir with its dominant heat
capacity. The proton spin-lattice relaxation time is
extremely long, and has no effect on the measurements.
In Table I, the value of 711, in the hydrate is the same as
in the deuterate, but the values of T51,=0.3 sec and
T1ap=0.1 sec in the hydrate are shorter than the cor-
responding values for the deuterate. The measured
decay curves were far from exponential in character. In
the measurement of 7'1s1, even a 10 G rotating rf field
H, was insufficient to decouple the CI? spin reservoir
from the proton dipolar reservoir, with its associated
larger dipolar field and heat capacity. After the CI®
order transfers predominantly into the proton system,
little of this order could be restored to the CI%% reservoir,
following adiabatic remagnetization, because the rf
intensities H; available in the experiment were in-
sufficient to make this possible, i.e., by imparting a
sufficient rotating-frame Zeeman heat capacity to the
C13% nuclei.

The calculations of relaxation rates have been carried
out in the special case of exact quadrupole resonance. If
this condition is removed, and the off-resonance param-
eter were to be considered in our analysis, the relaxa-
tion rates will change in such a manner as to approach
the normal relaxation rate 1/71, as one gets farther off
resonance. Such a behavior is qualitatively observed in
our experiments, but no attempt is made here to in-
vestigate this effect. With this additional information,
combined with the on-resonance relaxation behavior,
it appears that the spectral density functions Jj, Jo,
and J;3 could be more accurately determined. It is shown,
with the evaluation of different relaxation rates in dif-
ferent frames of reference, that one can measure in
principle the separate magnitudes of these density
functions or their ratios.

The lengthened spin-lattice relaxation times dis-
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cussed in this paper were in fact first observed in the
course of making nuclear double resonance measure-
ments. The fact that the lifetimes of ordered states are
in general lengthened favors the enhancement of the
sensitivity of double resonance experiments.’

The calculations in this investigation present a change
from the qualitative, phenomenological approach which
argues that nuclear quadrupole systems can be de-
scribed by analogy with ordinary pure magnetic reso-
nance phenomena. The unitary transformation one uses
to transform the total Hamiltonian to the interaction
representation is a simple rotation about the axis of the
applied magnetic field, when handling pure magnetic
resonance problems. Calculations for quadrupole sys-
tems can now be extended to the interaction repre-
sentation where the corresponding transformation for
pure quadrupole resonance is not a simple rotation, but
can be decomposed into a subset of unitary transforma-
tions by a superposition of Pauli matrices which repre-
sent the higher order quadrupole operators. The ex-
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ample handled in this paper is explicitly for spin /=%
in an axially symmetric, electric field gradient in zero
magnetic field. The new representation can be developed
to handle the problem of an asymmetric electric field
gradient combined with an applied magnetic field, and
it is applicable to some problems which involve spins
other than I=%. Other problems, not necessarily in-
volving spin-lattice relaxation, which deal with the
dynamic behavior of nuclear-quadrupole-coupled spin
ensembles, such as in nuclear double resonance experi-
ments,” should now be amenable to a more rigorous
treatment.
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General formulas are derived for the width of an exchange-narrowed magnetic-resonance absorption line
at a finite temperature where the Zeeman and/or exchange energies can be comparable to the thermal
energy kT. The perturbation which gives rise to line broadening also is allowed to be comparable to ;7 in
our treatment, and this marks a departure from previous theories of exchange narrowing. The relaxation-
function approach of Kubo and Tomita is used, and it is assumed, as in the infinite-temperature limit, that
the appropriate correlation times are sufficiently short. We show that the correlation function (M (£) M, (0))
of the » component of the magnetization has an apparent relaxation rate which is given by an obvious ex-
tension of the Van Vleck moments formula to finite temperature. This relation holds for an arbitrary ratio
of perturbation energy to k7. However, it appears that only if the perturbation energy is much less than kT
can this relaxation function be simply related to M. (), which describes relaxation of the macroscopic
magnetization. If this is the case, then an unambiguous result for the linewidth is obtained which is clearly

related to Van Vleck’s infinite-temperature theory.

I. INTRODUCTION

T is well known'~3 that paramagnetic resonance lines
are considerably narrowed under the influence of a
large isotropic exchange interaction between identical
spins. This effect is semiquantitatively described by the
formula

yAH=(Aw?)/w,, 1)

where yAH is the linewidth expressed in frequency
units, (Aw?)1/?is the frequency width in the absence of
an exchange interaction, and w,, the “exchange fre-

( ‘%) W. Anderson and P. R. Weiss, Rev. Mod. Phys. 25, 269
1953).

27.H. Van Vleck Phys. Rev. 74, 1168 (1948).

3 R. Kubo and K. Tomita, J. Phys. Soc. Japan 9, 888 (1954).

quency,” is proportional to the exchange coupling ex-
pressed in frequency units. The physical interpretation?
of (1) is that the perturbation which gives rise to
(Aw?) is randomly modulated by spin flips occurring
at a characteristic rate w > (Aw?)1/2

The quantities (Aw?) and w, are given in Refs. 1-3
for the infinite-temperature limit, in which case

(Aw?)= M (2)
and
we=(M4/M2)”2, (3)

where M, and M4 are the Van Vleck second and fourth
moments, respectively. In this paper we investigate the
temperature dependence of AH, which involves a treat-
ment for arbitrary values of %w,/kT and #wy/kT, where



