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The response of a paramagnetic spin in a metal to applied time-dependent magnetic fields can be described
in terms of frequency-dependent susceptibilities of the Kubo type. The diagrammatic technique used here
to evaluate these susceptibilities has the advantage that approximations are made by expanding in powers
of a small parameter, so that corrections to the results are known to be small if certain conditions are satis-
fied. For example, corrections to the formula given below for the transverse susceptibility are of order
B(w—wr) and BTy, where w is the applied frequency, wr is the resonance frequency, and I'y= T's* is the trans-
verse relaxation rate (A=1); corrections to the formula for the longitudinal susceptibility are of order Sw
and BI';, where I''=7"1"1. An effective spin S=14 is assumed. The results of the diagrammatic analysis are
interpreted in terms of the Bloch equations, modified to include relaxation to the instantaneous value of the
magnetic field. The resonance frequency is calculated to second order in the interaction between spins and
conduction electrons, while the relaxation times 7'y and T'; are calculated to third order, and to this order
all quantities are found to have a Kondo-like dependence on the logarithm of the temperature. The Korringa
relation between the shift of the resonance frequency and 7'; is found to break down as the Kondo tempera-
ture is approached from above, but to third order in the interaction, the relation 7'y =1T"; is found to be true
for an isotropic interaction. Departures from thermal equilibrium of the conduction-electron system have
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been neglected in this work.

I. INTRODUCTION

N 1946, Bloch! proposed a phenomenological equa-
tion describing the motion of a nuclear-spin system
subjected to both a static and a time varying magnetic
field. This equation successfully describes a wide variety
of magnetic resonance experiments, although to obtain
a valid description of low-frequency phenomena, it is
necessary to modify the original equation so that
relaxation takes place toward the instantaneous mag-
netic field.2~* Theoretical justification of the Bloch
equation was provided by Wangsness and Bloch,® by
Bloch,’ and by Redfield.” The method of these papers
was to develop an equation of motion for the reduced
density matrix describing the spin system, and was
found to be most useful when the perturbation re-
sponsible for the relaxation of the spin system had a
very short correlation time. Sher and Primakoff® later
examined the equation of motion for the density matrix
in greater detail.

In the equation-of-motion approach,?7 the specifica-
tion of the initial conditions involves the assumption of
some explicit form for the density matrix describing the
system (the system includes both the spin and its
surroundings, which in the case studied below will be
the conduction electrons in a metal). The choice made

* Supported by a grant from the National Research Council
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by Wangsness and Bloch® and others®7 corresponds to
the hypothetical situation where the interaction be-
tween the spin and its surroundings is absent up until
the time =0, and that previous to the time {=0, the
surroundings had achieved a state of thermal equili-
brium at a given temperature. Furthermore, it was
assumed that the surroundings remained in thermal
equilibrium at all subsequent times. The artificiality of
this method of specifying the initial conditions is
certainly undesirable and not unavoidable in certain
cases.? Also, it is important to be able to take into
account the deviations from thermal equilibrium of the
surroundings, since these are important in some in-
stances, for example, in the theory of the phonon
bottleneck, and in the description of the so-called
bottleneck effect in paramagnetic resonance in metals.

An improvement in the general formulation of the
theory was achieved by Kubo and Tomita® in their
treatment of magnetic resonance absorption via a
linear response theory. In this theory the important
quantities are frequency-dependent susceptibilities,
which are expressed in terms of spin correlation func-
tions. The main purpose of this paper is to develop a
field-theoretic method of evaluating these so-called
Kubo formulas for the susceptibilities describing para-
magnetic resonance and relaxation experiments. The
result of our efforts is essentially a microscopic deriva-
tion of the Bloch equations.

To exploit field-theoretic techniques, and, in par-
ticular, Wick’s theorem, a representation of spin
operators in terms of fermion creation and annihilation
operators is employed. This representation is due to
Abrikosov,® and certain aspects of its application to

9 R. Kubo and K. Tomita, J. Phys. Soc. Japan 9, 888 (1954).
10 A, A. Abrikosov, Physics 2, 5 (1965).
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the problem of paramagnetic impurity spin resonance
in metals have been described in a previous paper.!!

In its formal aspects, the calculation of the spin
correlation functions describing paramagnetic resonance
has many similarities to the evaluation of other trans-
port coefficients, such as the electrical conductivity of
a metal.’2:13 In particular, Holstein’s paper!® on the
electrical conductivity of the electron-phonon gas has
had a strong influence on our work. Thus, it will be
shown that it is important to sum the so-called ladder
diagrams occurring in the perturbation expansion of the
two-particle Green’s function, and to accomplish this,
an equation for the external-field vertex function is
obtained. Once the external-field vertex function is
known, the spin correlation functions are easily found.

To interpret the work on spin-lattice relaxation in
terms of more familiar concepts, the populations of the
spin energy levels are introduced and related to the
components of the external-field vertex function. The
equation determining the external-field vertex function
is then found to be very similar to the rate equation
often used to determine the rate of decay of the popula-
tions from some initial nonequilibrium condition.
However, inherent in the linear response theory, in
terms of which the problem is formulated, is the fact
that an external field has been applied to the spin
system. This fact manifests itself in the rate equations
in that the populations are found to tend toward values
corresponding to thermal equilibrium in the instan-
taneous magnetic field. Similarly, the work on the
paramagnetic resonance linewidth is interpreted in
terms of a rate equation which is shown to be a trans-
verse component of the Bloch equation, modified to
include relaxation toward the instantaneous magnetic
field.

A very important aspect of the method described
below is that approximations are made by expanding
various quantities in powers of a small parameter. In
the theory of paramagnetic resonance line shapes, it is
the value of the transverse susceptibility for frequencies
w close to the resonance frequency wg, which is of
interest, and the expansion parameters are 8|w—wg|
and BTy where 8= (k7)™ and T is the transverse
relaxation rate. In the theory of spin-lattice relaxation
it is the value of the longitudinal susceptibility for
frequencies close to zero which is of interest, and the
expansion parameters are fw and BI';, where T'y is the
longitudinal relaxation rate. Thus, the susceptibilities
are accurately determined at all frequencies closer than
kT to the frequency at which they have a resonance.

11 M. B. Walker, Phys. Rev. 176, 432 (1968). Subsequently this
paper will be referred to as I. Also, in referring to equations from
I, Eq. (3.18) of I, for example, will be referred to as Eq. (3.18)
of I.

2 A, A. Abrikosov, L. P. Gor’kov, and I. E. Dzyaloshinskii,
Quantum Field Theoretical Methods in Statistical Physics (Per-
gamon, Oxford, 1965), 2nd ed.

13T, Holstein, Ann. Phys. (N. Y.) 29, 410 (1964).
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The particular problem attacked below is that of an
impurity spin in a metal interacting with the conduction
electrons via an effective exchange interaction. The
calculation of the resonance line shift is carried out to
second order in the interaction strength, while the
calculation of the transverse and longitudinal relaxation
times is carried out to third order. Since the treatment
is essentially perturbative in nature, the results are
valid only at temperatures relatively high in comparison
with the Kondo temperature. The calculations are of
sufficiently high order, however, that the lowest order
“Kondo-like” corrections to both the resonance fre-
quency and the relaxation rates are obtained. Thus an
idea is obtained of how these quantities change as the
Kondo temperature is approached from above.

A fact which limits the domain of applicability of our
theory is that deviations from thermal equilibrium of
the conduction electrons have been ignored. It is hoped,
in a future article, to extend the method used in this
paper to the case where the deviations of the conduc-
tion electrons from thermal equilibrium are important.

The first detailed study of the paramagnetic reso-
nance and relaxation of paramagnetic spins in a metal
was that of Korringa,* who calculated both the reso-
nance shift and the spin-lattice relaxation time and
stated his now famous relation

T1(Aw/wo)?= (h/4mkT)(we/wo)?, (1.1)

where Aw is the shift of the impurity spin resonance
frequency from wo due to the conduction electrons, and
w. is the conduction electron spin resonance frequency.
The calculations below show that if wy and w, are
sufficiently different, Eq. (1.1), which is a valid result
at high temperatures, becomes incorrect as the tem-
perature approaches the Kondo temperature.

There is a good deal of recent work!®:'6 on the problem
of paramagnetic resonance in metals. This work will
be referred to and compared with our own at appro-
priate places below. It is, however, perhaps not out
of place to reiterate the distinctive features of the pre-
sent paper. These are first, that approximations are
made by expanding in powers of a small parameter so
that the order of magnitude of the corrections to the
various formulas is known, and is known to be small.
Second, the calculation of the resonance linewidth has

14 7, Korringa, Physica 16, 601 (1950).

15 H. Hasegawa, Progr. Theoret. Phys. (Kyoto) 21, 483 (1959);
B. Giovannini, M. Peter, and S. Koidé. Phys. Rev. 149, 251 (1966) ;
H. J. Spencer and R. Orbach, zbid. 179, 683 (1969); R. Orbach
and H. J. Spencer, 2bid. 179, 690 (1969); M. Peter, J. Dupraz,
and H. Cottet, Helv. Phys. Acta 40, 301 (1967); H. Cottet, P.
Donze, J. Dupraz, B. Giovannini, and M. Peter, Z. Angew. Phys.
24, 249 (1968); S. Schultz, S. R. Shanabarger, and P. M. Platz-
man, Phys. Rev. Letters 19, 749 (1964); D. C. Langreth, D. L.
Cowan, and J. W. Wilkins, Solid State Commun. 6, 131, (1968).

16 H. J. Spencer and S. Doniach, Phys. Rev. Letters 18, 994
(1967); H. J. Spencer, Phys. Rev. 171, 515 (1968); Y. L. Wang
and D. J. Scalapino, ¢bid. 175, 734 (1968); R. Orbach and H. J.
Spencer, Phys. Letters 26A, 457 (1968); B. M. Khabibullin,
Tiz. Tverd. Tela 9, 1874 (1967) [Soviet Phys. Solid State 9,
1478 (1968)7].
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been carried out to third order in the interaction
strength, at which point Kondo-like terms first show
up. Thirdly, a discussion of the frequency-dependent
longitudinal spin susceptibility is given.

II. PHENOMENOLOGICAL DISCUSSION OF
PARAMAGNETIC RESONANCE
LINE SHAPES

Suppose that a paramagnetic ion with an effective
spin S=13 is subjected to a strong static magnetic field
along the z axis and a small microwave field normal to
the z axis. The interaction between spin and the static
field is described by the Hamiltonian

H=woSz: —h()SZ. (2.1)

Units #=1 are used, and ko=vH,, where v is the
gyromagnetic ratio and H, is the applied static mag-
netic field; henceforth, %, will also be referred as a
magnetic field. Also, note that (S.)= —% tanh(}Bw,) and
that the static susceptibility defined by Xo= 8(S.)/d%k,
is given by Xo=10 sech?(3Bwo). The interaction between
the spin and the microwave field contributes, to the
Hamiltonian of the system, a term

V()= =2(SihnA4S_hry)eietor, (2.2)

where Si=.S:41Sy, 1= h1.2ih1, and e represents a
positive infinitesimal, indicating that the microwave
field is turned on adiabatically at an infinitely remote
time in the past.

The response of the spin variable S_, to first order in
the driving microwave field, is given by?

(S_)i=X_(co)hy_e—iot (2.3)

where

X (w) =31 / ’ d([S-(),S4 et (24)

The subscript ¢ in (S_), indicates that the ensemble
average is over an ensemble describing the nonequili-
brium state of the system at the time ¢ in the presence
of the driving field. Note that Eq. (2.3) does not contain
terms proportional to %y;. This is because it has been
assumed that ({S_(¥),S_])=0.

The phenomenological equations of Bloch,! modi-
fied to include relaxation towards the instantaneous
value of the magnetic field,*~* are known to provide an
accurate description of a wide variety of paramagnetic
resonance and relaxation experiments. It is thus reason-
able to use the Bloch equations to obtain a phenomeno-
logical expression for X_(w). Pake!” and Deutch and
Oppenheim'® have previously discussed certain aspects
of the relation of the Bloch equations to the Kubo
susceptibilities. It should be emphasized that it is

17 G. E. Pake, Paramagnetic Resonance (Benjamin, New York,
1962).

18 J. M. Deutch and I. Oppenheim, Advan. Mag. Res. 3, 43
(1968).
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essential to take into account the fact that relaxation is
to the instantaneous value of the applied magnetic field
if one is to obtain correct results at low frequencies, and
in particular, for the longitudinal susceptibility. In our
notation, the Bloch equations can be written

GS, S:v t— Sz hla: OI
AN _ g sty 52 (5 i/ )
ot T,
—;<Sy>t_<5thly/h0/)
J Tl
Sz t— Sz 001z
Sl T>+><h 01 s

where h(f)=h+h;({) includes both the static and
microwave applied magnetic fields. The static field
ho' =ho+hess, where ko is the externally applied field,
and /. is the effective field at the impurity spin due to
the conduction electrons. The circularly polarized com-
ponent of Eq. (2.5) which is proportional to the vector
i4-4j is
a(S-)e
at

= —in<S_>t

S (S )
T,

—iSHh_(1). (2.6)

In Eq. (2.6), the static field %y has been written
ho'= —wg. Also, h_(t) is assumed to be a small quantity
and only terms linear in /_(¢) are retained. The assump-

tion that (S_), and %_(f) have the time dependence
exp(—iwt) leads to the result

—wR+7:P2 <Sz>

X_(w)= .
( w—wR+iI‘2 }lol

2.7)

Two limiting cases of (2.7) are of interest. In the
high-temperature limit, fwp<K1, (S.)~—Xqwg, giving

—wR‘i"sz
X (@) =X,
w—wpr+ils

Buwrk1 (2.8)

whereas in the low-temperature limit fwz>>1, Eq. (2.7)
gives

1 1 —-i(Fz/wR)
X (w)=———""—, Bwp>l.

(2.9)
2 w—wR+iF2

The microscopic theory presented below demonstrates
that the expressions (2.8) and (2.9) are correct so long
as the conditions B|w—wg|<K1 and BI'y<1 are satisfied.
Thus the validity of (2.8) is independent of whether the
resonance frequency wg is large or small relative to the
relaxation rate T'»; furthermore, note that the zero-
frequency limit of X_(w) is X_(0)=X,, as it should be.
With respect to the validity of (2.9), note. that the
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conditions Bwg>>1, BT's<K1 can only be satisfied when
wp>Ty; thus, to lowest order, [1—i(T's/wr)]=1, and
in this order this microscopic theory obtained below
agrees with (2.9).

The condition BI'y<1 for the validity of the theory
can be understood in a simple way. Suppose, for
example, that we estimate the contribution to the
resonance linewidth which is due to the finite lifetime
of the spin eigenstates by using ordinary time-dependent
perturbation theory. The expression for the probability
per unit time of a spin flip due to the scattering of a
conduction electron contains a ¢ function expressing
the law of energy conservation. The argument of the
6 function will have an uncertainty equal to the un-
certainty in the energy of the spin, which is the order of
T';. However, this uncertainty will not be important if
the other energy-dependent factors in the expression for
the transition probability vary little when their energy
is varied by an amount of order I's. Since the most
rapidly varying factors are Fermi factors, which vary
significantly when their energy is changed by kT, the
usual expression for the transition probability will be a
good approximation only when I'y<<k7. While exact
expressions for the paramagnetic resonance line shape
provide the starting point of the investigation below, it
is found that, in the performance of certain integrals, it
is convenient to neglect energy uncertainties in certain
expressions and to approximate them by & functions
[e.g., see Eq. (4.32)]; the situation there is very similar
to the one just described and leads to the conditions
BT:<<1 and B|w—wz|<K1 for the validity of our theory
of line shape.

Spencer and Orbach! recently suggested that the
transverse spin susceptibility should have the form
(2.8) and showed how (2.8) could be derived in a
phenomenological way by insisting that the impurity
spins relax to the instantaneous microwave field. There
is, however, some disagreement between various authors
(see particularly Orbach and Spencer'®) as to whether
the exchange coupling between the spins and conduction
electrons can cause relaxation to the instantaneous field
or whether relaxation to the instantaneous field is due to
other relaxation mechanisms. The microscopic deriva-
tion given below partially clarifies this point by showing
that the exchange coupling between the spin and the
conduction electrons does, in fact, cause relaxation to
instantaneous value of the applied field, at least when
the departures of the conduction electrons from thermal
equilibrium can be neglected.

It is interesting to note that the assumption

([S-(1),5+1)=([S-(0),S, e iert=Tald
gives
X—(‘-") = <Sz>|:w—w3+iI‘:[—1 R
which is in marked disagreement with (2.7) if the

resonance frequency is sufficiently low that it becomes
comparable to the relaxation rate. On the other hand,
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the assumption
{S—(0),5+}) ={{S-(0),S1} ye~wrt=Taltl | (2.10)

where {S_(?),5:}=S_()S1+5+.5_(), can be shown to
lead to the correct results, (2.8) and (2.9), assuming
BTyl and B|w—wr|<K1.

Besides demonstrating the correctness of the phe-
nomenological equation (2.5) under certain conditions
(these conditions have been outlined above), the micro-
scopic theory described below gives quantitative esti-
mates of wg and I'y, correct to second and third order in
the interaction strength, respectively. Thus, wg is
given by

wr=wo{ 1+ (Jp) (we/wo) —2(J'p)*
X[InD/T+C— (30/wo) In2]}.  (2.11)

There is a misprint in Eq. (3.17) of I which, if corrected,
gives (2.11).1 The result obtained below for T'; in the
limit 27 >>wo, w, is

Ty=47(J'p)?kT
XGO+/T)]—4p)[InD/T+CT}. (2.12)

Here, D is the half-width of the conduction-electron
energy band, p is the conduction-electron density of
states, C is a constant approximately equal to unity,
dw=wo—w, and J and J’ are the longitudinal and
transverse components of the exchange interaction
defined by Eq. (4.3).

At temperatures well above the Kondo temperature,
kTg=D exp(—Jp)~!, perturbation theory converges
rapidly. It is then sufficient, for most purposes, to
calculate corrections to the resonance frequency only
to first order in J and J’, and to calculate the linewidth
to second order in J and J’'. However, as is evident from
(2.11) and (2.12), as the temperature is lowered toward
the Kondo temperature, the next higher-order con-
tributions to the resonance shift and relaxation rate
become increasingly important. For temperatures lower
than the Kondo temperature, (2.11) and (2.12) are
completely inadequate, and a nonperturbative treat-
ment is required.

The new result which is present in Egs. (2.11) and
(2.12) is the expression for the lowest-order (i.e., third-
order) contribution to the relaxation rate I'y, which is
logarithmic in the temperature. In I, it was shown that
the individual level widths contained terms proportional
to In(D/T) in third order, but that these terms ac-
counted for only a part of the full resonance linewidth
T's. Below, all contributions to I's, to third order, have
been calculated and the result is Eq. (2.12).

The other terms in (2.11) and (2.12) have been
obtained previously. Townes, Herring, and Knight?°
estimated the magnitude of the first-order correction to

19 T wish to thank R. Orbach for drawing this to my attention,
and for a discussion of Eq. (2.5) in the limit Bwz>>1.

20 C. H. Townes, C. Herring, and W. D. Knight, Phys. Rev. 77,
852 (1950).
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the resonance frequency and showed that this correc-
tion explained the shifts of the resonance frequencies
of nuclei in metals observed by Knight.2! (For nuclei,
both wo and J would be negative.) Shortly afterward,
Korringa'* gave a detailed calculation of the first-order
resonance shift and the second-order contribution to
spin-lattice relaxation and stated his now well-known
relation [Eq. (1.1)] between them. The first direct
calculation of the second-order contribution to the
linewidth (7, had previously been inferred from the
relation 7'y= T, which is valid only when J'=J, and
Korringa’s result™ for T1) was given by Orbach and
Spencer.1® Interest in obtaining higher-order corrections
was sparked by Spencer and Doniach’s letter,'¢ which
showed that the second-order contribution to the g shift
had a Kondo-like logarithmic dependence on tempera-
ture, and by Khabibullin’s article,!® which predicted a
Kondo-like temperature dependence of the linewidth.

The interpretation of paramagnetic resonance experi-
ments in metals is often carried out in terms of the
surface impedance of the metal. The surface impedance
can be determined in terms of the susceptibility X_(w).
Suppose, for example, that the metal occupies the region
of space 2>0, that a static magnetic field is directed
along the z axis and that a circularly polarized electro-
magnetic field proportional to i+7j is normally incident
on the metallic surface. The surface impedance can then
be shown to be??

ko
Z=—i—[14215_(@)], (2.13)

where %_(w) relates M_ to H_, i.e., M_=x%_(w)H_. For
Bwr<K1, X—(w) will be given by Eq. (2.8) with X, replaced
by Xo, where X, relates the equilibrium magnetization
density M, to the static field H,y, i.e., M ,=x,H,. The
quantities ¥_(w) and X_(w) differ only because we have
chosen to use reduced units throughout this paper. Also,
in Eq. (2.13) o is the electrical conductivity of the metal
and ko= (1+41)67), where ¢ is the skin depth. Equation
(2.13) could also have been obtained from the work of
Dyson.?

III. PHENOMENOLOGICAL DESCRIPTION OF
SPIN-LATTICE RELAXATION

In one type of paramagnetic relaxation experiment,?
a radio-frequency magnetic field is applied along the
%z axis, which is taken to be the direction of the strong
static external field. The effect of this radio-frequency
field is accounted for by adding to the Hamiltonian of
the system a term of the form

V()= —S.h exp[ (—iwte€)f].

2'W. D. Knight, Phys. Rev. 76, 1259 (1949).

22 This equation is the zero diffusion limit of Eq. (3.23) of M. B.
Walker, Can. J. Phys. 48, 111(1970).

2 F. J. Dyson, Phys. Rev. 98, 349 (1955).
1927()3. J. Gorter, Paramagnetic Relaxation (Elsevier, New York,
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In analogy with (2.1) and (2.2), the response of the
z component of the spin to this driving field can be
written

(8S.)e=X(w)he it (3.1)

where

X(w) =1 / " d[Sa(2),S, et (3.2)

and 85.=5.—(S.), (S:) being the value of .S, averaged
over a thermal equilibrium ensemble.

The modified Bloch equation (2.5) may be used to
obtain a phenomenological expression for the longi-
tudinal susceptibility X(w). By taking the z component
of (2.5) and retaining only terms linear in /1., one finds
the equation

6<Sz>t <SZ>t_[<SZ>+X0hIZ(t)]

at T

(3.3)

The assumption that all quantities have the time depen-
dence e~** and the use of (3.1) leads to the result

X(w) =Xo/(1—iT). (3.4)

Another way of arriving at an expression for the
longitudinal susceptibility is to note that (8S.); can
be written

(8S2)=3Lom @) —om (1],

where 6n,(f) =n,(f) —n,° is the deviation of the popula-
tion of the spin level o, #,(f), from its thermal equili-
brium value #,°. The populations obey the rate equa-
tions [cf. Eq. (30), Van Vleck and Weisskopf?®]

(3.5)

déna (2)
= —wty 07t Fwir 674,
dt
(3.6)
dén ()
——— =W 07t — Wit 0714,
dt
where
8ie=1o(t) —7is (3.7)
and
it = nTO—I—X(O)hlz(t) )
iy =10 =X (0 (1) (3.8)

The quantities 7, defined by (3.8) are the values which
the populations would have at time ¢ if the system were
to come instantaneously into thermal equilibrium in
the total (static plus driving) magnetic field. Thus Eq.
(3.6) assumes that the populations relax toward their
instantaneous thermal equilibrium values. If all
quantities in (3.6) are assumed to have the time
dependence e, these equations are easily solved, and
the results, when combined with (3.5) and (3.1), give
again the expression (3.4) for X(w). One additional
piece of information is obtained, however, and this is
that the relaxation rate I'y is given in terms of the
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transition probabilities w,q by
3.9)

The microscopic discussion given below shows that
(3.6) is correct to third order in perturbation theory, in
the sense that if the transition probabilities are calcu-
lated to third order using the results of ordinary time-
dependent perturbation theory and are substituted into
(3.6), correct results are obtained. To go to higher than
third order it is necessary to use a renormalized inter-
action between the spin and the conduction electrons.
The microscopic discussion also shows that (3.6) and
(3.4) are valid only for B|T'|<<1 and for frequencies
sufficiently low that Sw<1.

Another point of interest is that the assumption

{8S:(1),S.}) = ({85:(0),8S.} e~ Tuitl (3.10)

is equivalent to the assumption of the validity of (3.3)
in that both lead to the same expression, Eq. (3.4), for
the longitudinal susceptibility. To prove this, the
identification Xo=((8S.)?) should be made.

The above description applies to experiments which
measure directly the susceptibility as a function of
frequency.?* A second type of experiment,? in which
the transient recovery of the paramagnetic resonance
absorption is observed following the application of a
saturating pulse, is more difficult to describe theoreti-
cally, since the saturation of the spin system is a non-
linear process. It is possible, however, to think of a
closely related experiment which can be described in
terms of linear response theory. Suppose that one slowly
switches on a small increment in the static field be-
ginning at time {= — o and then suddenly switches it
off again at {=0. A measurement of the rate at which
the magnetization decays to its thermal equilibrium
value then gives the spin-lattice relaxation time. The
perturbing part of the Hamiltonian associated with the
prescribed process is

V()= —hS.et0(—1), (3.11)

where 0(f)=0, {<0 and 6({)=1, t>0. The increment in
the magnetization is given by

Ii=wn+wit.

(3Syem —i [ WSO VOD.  (.12)

—0

Again, the component of the linearized Bloch equation
along the z axis can be used to obtain a phenomeno-
logical expression for the response. The solution of Eq.
(3.3) with %1.(t) = h6(—t)e* is the required response, and
is found to be

<(§Sz>g: Xohe“ 5

<6Sz>¢= Xohe—rlt N

Below, I'; has been computed to third order in the
interaction strength for a particular model [see Eq.

% P. L. Scott and C. D. Jeffries,!Phys. Rev. 127, 32 (1962).

<0

3.13
1>0. (3.13)
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(4.1)] of spins interacting with conduction electrons;
the result obtained is valid when Bwg>>1 and when the
temperature is higher than the Kondo temperature, and
is given by

Ty=4a(J'p)kT{1—4Tpo[In(D/T)+CT}. (3.14)

As mentioned above, the second-order contribution to
I'; was obtained previously by Korringa. It is interesting
that the Korringa relation (1.1) fails to be valid (unless
wo=w, and J=J") as the temperature is lowered toward
the Kondo temperature. By comparing (3.14) with
(2.11) for the case of isotropic exchange, i.e., J'=J, it
can be seen that a suitable extension of the Korringa
relation to include the lowest-order Kondo-like cor-
rection is

wr—wo\ 2 o fwe\2 wo—we D
T1< ) = <—> <1—4Jp 1n—>. (3.15)

wo A7k T \w We T
Another point of interest is that for an isotropic ex-

change interaction, the relation 7y=7% is correct to
third order in J [cf. (3.14) and (2.12)].

IV. MICROSCOPIC DESCRIPTION OF
PARAMAGNETIC RESONANCE
LINE SHAPES

The evaluation of the transverse impurity spin
susceptibility will be described in this section. The
notation of I will be closely followed, and it will be
assumed that the reader has an intimate knowledge of
the first three sections of that paper. Before proceeding
further, however, a few relevant points from I will be
reviewed.

The paramagnetic impurity, which is characterized
by an effective spin S=3, can occupy either of two
eigenstates, |T) or |]). The first main point to note is
that Abrikosov’s!® diagram technique for spins is used.
Thus, for each spin eigenstate |m), a pair of pseudo-
fermion creation and annihilation operators, @, and
@m, which obey the usual fermion anticommutation
relations, is introduced. In the pseudofermion repre-
sentation, the spin operators are

S_=atar, S =at'a,

and
S.=3(a'ar—aitay) (4.1)
and the explicit form of the Hamiltonian is
Hy=3 Mntmlant2 excpic,
m »
+ Z Jmm'pp’amTam’CpTCp' . (42)

mm’ pp’
Here, p= (k,0), and A\y= A+ €, where
€@= %CUO, €= —'%wo )

and A will eventually be allowed to tend to infinity so
as to project out unphysical pseudofermion states. In
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explicit calculations, Jummppr Will be assumed to be
independent of k and k' and denoted by Jumieo;
furthermore, its only nonvanishing values will be
assumed to be

Jint=Juu=—Jru=—Jun=—(J/29)
and
Jrun=Jun=—J"/Q). (4.3)

Note that Eq. (2.11) of I is incorrect and should be
replaced by (4.3).

The single-particle pseudofermion propagator is de-
fined to be

8
Gn(z)=— / du e T{an(u)an'}) (4.4)

and can be written in the form
Gm(zv) = [Zv-km_Mm(zv)]_l- (45>

The first- and second-order contributions to the self-
energy are given by

MnV(2) =2 TmmppfH(ep) (4.6)

and
Mn®(@)= 2 \]mwpzﬂ’ l Gn(ztep—ep)
m’pp’
X fH(en) f(er),

where f*(e,)=[exp(=2=Be,)+ 1] The rules for finding
the higher-order contributions to M ,,(z,) are given in 1.

The quasiparticle approximation, which plays an
important part in subsequent calculations, can be
justified as follows: Consider the analytic continuation
of the propagator Gn(z,) from the upper half-plane to
the real axis, i.e., consider

Gulwt+i0t) =[w—An—Au(w)+iTh(w) ], (4.8)

where M u(w+107)=An(w) —iln(w). Gu(w+i0t) is
sharply peaked at the frequency w=>A,+A,(w) and in
general, it is the value of G, (w470%) for frequencies w
within T',, of the peak which is of interest. To proceed
then, consider the function f(w) defined by f(w)=w
—Am—An(w). The renormalized energy \,, is defined to
be the solution of f(X,,)=0. The Taylor series expansion
of f(w) about the point w=2X,, is

4.7)

f@)= (=) Zuw 4 (0—Xn)2V -+ -, (4.9)
where
A (w) %A,
Zwt=1— y Yul= (4.10)
dw w=Xm dw? w=Am

A rough argument, to be sketched below, shows that
the nth derivative of A,(w) with respect to w has a
magnitude which is the order of 8»I',.. The expansion
(4.9) is thus essentially an expansion in powers of the
parameter 3(w—Ax). Since the work of this paper will
" be restricted to situations where BI',<<1, the condition
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Blw—A,)<K1 will be satisfied for all frequencies for
which Gu(w-+70") has an appreciable magnitude, and
it will in general be a good approximation to keep only
the first term in (4.9). Similarly, I',(w) can be replaced
by T'w(An). Equation (4.8) can now be written as

G0N~ Z,/ (0—Kmtilw),  (4.11)

where I',,= Z,,'. Finally, it should be noted that if, in
the rules for evaluating the diagrams, the propagators
Gn(w==10%) are replaced by the propagators

Glwti0M) = [o—Rntil, ]2, (4.12)
while, at the same time, the exchange interaction

Jmmpp 18 replaced by its renormalized value

jmm'pp' = (ZmZM’) ”2]mm’m¢’ ’ (4- 13)
the final result for the contribution to any given
diagram will remain unchanged.

It remains to show that (97A,/0w”)~B"Tn. On
differentiating the expression (4.7) for the second-order
contribution to the self-energy, it is found that

OM (co+i0%)
- = Z ljmm'PP"z

dw m’ pp’

G
X — ooy HON (e (o) (414)

If the quasiparticle approximation is assumed on
the right-hand side of (4.14), the differentiation of
G (w+ep—e€+10) With respect to w can be replaced
by differentiation with respect to e,. An integration by
parts then transfers the operation of differentiation to
the Fermi factor f*(e,) (the variation of Jmpp and
the conduction-electron density of states with energy is
relatively slow and can be neglected). Since (8 f+(e)/de)
= —Bf*(e)f~(e), one effect of the differentiation of
M n(w) is to multiply it by the factor 8. The extra factor
of f=(e) in the integrand also reduces the domain of
integration, since it goes to zero rapidly for e< —kT.
Comparison of the expression for dA,,/dw with that for
I now leads to the result dA,./dw~pBT . Higher-order
differentiations and higher-order diagrams can be dis-
cussed in the same way. This discussion has provided a
self-consistent justification of the quasiparticle approxi-
mation, for the assumption of its validity on the right-
hand side of (4.14) is shown to lead to the conditions
which are necessary for its validity.

Since the quasiparticle approximation will be made
throughout from this point on, it will be unnecessary to
retain the tildes to denote renormalized quantities.

Thus, Eq. (4.12) will be written
Gu(w10t) = (w—Np=£ily) ! (4.15)

from now on.
It is now possible to proceed to a study of the two-
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particle propagator G—,(x,) defined by

8
G (%) =—4a / du e {(T{S_(u)S.}), (4.16)

where ~
a=1eM (14 ¢u0)1 (4.17)

and S_ and .Sy are given by Eq. (4.1). Once G_ (%)) is
known, X_(w) can be found from the relation

X_(w)= —3G_ (w+10%). (4.18)
G_(x,) is determined by the equation (see I)
(40)7'G—1(2,) =B~ 2 Fy(21)
+8722 Fu(z)R.(21,22)F,(32), (4.19)

21,29

where the reducible particle-hole interaction R is given
in terms of the irreducible interaction I by the Bethe-
Salpeter equation

R,(Z1,Zz) = Iy(Zl,Z2)
+ﬁ41 Z Ip(Zl,Zs)Fy(Zs)R,.(Zs,Zz) (420)

and :
F,(23) = G1(23)Gi(23—x,) . (4.21)

If Eq. (4.20) is iterated, the result can be written
symbolically in the form

R=I+IFI+IFIFI4----. (4.22)

Obviously the (z+ 1)th term differs from the nth by the
presence of an additional factor FI. It will be seen
explicitly below that the extra factor 7 contributes an
extra factor of the order of magnitude of I',, to the
(n+1)th term, whereas a partial fraction expansion of
the term F=GiGy [see (4.32)] shows that for fre-
quencies close to the paramagnetic resonance frequency,
it contributes an extra factor the order of T',,~1. The
product of these two additional factors is of the order
of unity, indicating that all terms in the series on the
right-hand side of (4.22) must be summed to obtain a
good representation of R.

Now consider the external-field vertex function
A(z1, 21—2,), defined in terms of the reducible particle-
hole interaction by

A(zly Zl—xv) = 1+B_1 Z R,(Z],Z2)FV(Z2) . (423)

Equation (4.20) can be combined with Eq. (4.23) to
yield the basic equation

A(Zl, 22—.’)(2,) = 1+B_1 Z IV<ZlyZ2)

XFy(22)A (22, 22—,), (4.24)

which will be used to determine A. Once A is known, the
two-particle propagator can be determined using the
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relation

(405)_1G_+(x,,) =41 Z Fu(Zl)A(Z1, 21—x,,) .

21

(4.25)

To begin with, a treatment correct to second order
in perturbation theory will be given. For this purpose,
1,(21,22) can be written

I (21,22) /———I(w)

2w 21— 8%2—Ww

(4.26)

as in Egs. (4.9) and (4.10) of I.
The analysis of Eq. (4.24) begins with the conversion
of the sum over z; to a contour integration. Thus,

I(w) 1
Az, 21—%,) = 1—~—/ f |:
2wt J ey 21 31—z —wlefz241
1
+ :|G1(Z2)G¢(22—-x.,)A(22, za—x,), (4.27)
e Pot-1

where the contour C; is shown in Fig. 1. The term
(e7f«4-1)"! in the factor in square brackets is included
to make the integrand nonsingular at the point
2y=21—w. It will now be assumed that the only singu-
larities of the function A(z1, 21—x,), considered as a
function of 23, for fixed x,, are branch cuts at the lines
Imz;=0, and Im(z;—x,)=0. This assumption can be
shown to be a self-consistent one. The integration over
the contour C; can thus be replaced by an integration
over the contour Cs shown in Fig. 1. Finally, A(z1, 21—x5)
is analytically continued in the z plane to the boundaries
of its regions of analyticity, namely, Imz;=0 and
Im(z1—x,) =0, and x, is then put equal to wex+10T, wex
being the externally applied frequency. The three
different boundary value functions obtained by this
procedure are

A++(x,wex) = A(x+ 10+, X —wex—l- 10+) ’

A _(x,wex) = A(x—10F, x—wex—10%)

Fic. 1. Contours used in the evaluation of integrals
(see text).
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and
Ay (2,wex) = A(x410%, £ —wex—107).

The three coupled integral equations obtained for these
three functions can be summarized in the equation

1 dw
Anwz(x:weX) =1—-— dx'/ “I(w)n(—w)
2w 2w

{G1 (&' +101) Gy (&' — wex —10T) A (& ,wex)
X

x—x —wt+in

Gr (&' —10M) Gy (& —wex —10T)A__ (2 wex)

x—a' —wtin

+ G1 (x’+7/0+)Gl (x’ —wex+i0+)A++(x,,we )

x—x —wtins

Gr (&' +70M)Gr (8" —wex —10T) Ay (& )wex)

; - , (4.28)
x—x& —wtine

where 5 stands for Ot or 0—; also, the quantity
[exp(Bz2)+11 in (4.27) has been put equal to zero,
since 2, — #’ in (4.28), and only values of &" such that
a’~X\ are important; 7(w) is defined by

n(w)=[efo—17"1.

The product Gi(x+107)Gi(x—wex—101) can be ex-
panded in the partial fraction expansion

Gt (24101 Gy (* —wex —10F) = — (wex —wp+4I') !

1 1
x[ - ] (4.29)
x—M+iI't  x—wex—N—iIy

where wp=Nt —\; and I'=T41+4T'y. Now, notice that the
factor

/dam( —w)I(w)(x—2"—w+tin)!

in (4.28) is a slowly varying function of &’ in the sense
that it varies appreciably only when «’ varies over an
interval the order of 7. Furthermore, it will be assumed
that A, (% ,wex) is slowly varying in the same sense.
[This assumption allows A, ,(%,wex) to be computed and
the result, Eq. (4.35), is indeed a slowly varying func-
tion, a fact which provides a self-consistent justification
of the original assumption.] On the other hand, the
factor in square brackets in (4.29) is rapidly varying in
the sense that it changes appreciably when « varies over
an interval the order of I' near x~M or ¥~\i+wex.
(Recall that throughout this paper the assumption
BT, 1is made, which allows us to make this distinction
between slowly and rapidly varying functions.)

WALKER 1

Now, consider the expansion

1 1
=M w—Mi0+
3

1
+ir1u<—f—>+- .
dx\x—Nr 410t

When integrating the product of (4.30) and some
slowly varying (in the sense described above) function
over #, an integration by parts transfers the operator
d/9x in the second term of (4.30) to the slowly varying
function. Thus, for the purposes of a rough calculation,
9/dx can be replaced by @, and it can be seen that the
expansion (4.30) is an expansion in the parameter ST'.
Since the quantity BTt will be considered a small
quantity throughout this paper, it will be generally
permissible to keep only the first term in expansions
such as (4.30). In a similar way, it is possible to argue
that the expansion

(4.30)

1 1
= +(wr—wex—1Ty)
X—wex—AN —1y  x—N—1701
d 1
X, (331)

dx x—M —10F

where wrp=»MN—M\, is essentially an expansion in the
parameter B(wp—wex—1I'y). Thus, (4.29) can be written
as
2wis(x—Mr)
Gt (2+101)G) (X —wex —10F) = —r,

wex_wR_‘_lF

(4.32)

where I'=T44-Ty, provided ST<K1 and the external
frequency is sufficiently close to wg that 8|w—wg|<K1.
A similar expansion of the quantity

Gi(x—i01) Gy (x —w—10t)

shows that the first nonvanishing term is

i}
Gi(x—i0H)G(x—w—10t) = — — ————_. (4.33)
9x x—N\t —10+

The corresponding expression for
Gr(x+101)Gy (x—w—10T)

can be obtained by taking the complex conjugate of
(4.33).

The expressions (4.32) and (4.33) are now substituted
into (4.28). The second and third terms in the curly
brackets on the right hand side of (4.28) can be ne-
glected in comparison with the first and fourth terms,
since they are smaller by the factor B(wex—wr+4T).
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Thus, (4.28) becomes

A _(Mywex) [ dw
. —n(~)()
wex—wp+1T' J 27

Aginy(#,0ex) =1—

1
X<x——)\1-——w+im i —w+in2>' (39
Equation (4.34) yields A, y=A__=1, and
Ay (2,0ex) .
_ 1+'m(—x+)\1)I(x—)\f)A+h(M,wex) . (35)

wex""wR+iP

By putting x=\t in (4.35), this equation becomes an
equation for A;_(\,wex), namely,

10 A — (M, wex)
A+_(>\T ,wex) e 1 -

. (4.36)

wex_wR—i'iF

Ty=—lm [n(—x+M)I(x—M)].

z->M

where

(4.37)

The method of evaluating Eq. (4.25) for G_,(x,) is
much the same as the method just used for solving the
equation for A. First the sum over z; is converted to a
contour integral over the contour C, of Fig. 1 giving

1
(12)7G- (oi0%) = — — / dxf(x)

i
X[(1—ef)Gt(x4101)Gy (x—w—101) Ay _ (2, wex)
—G1(x—i0M)Gy (x—w—i0+)

+Gt (v +wti07)Gy (x404) ],

where the result A, ;,=A__=1 has been used. It is
important to note that at sufficiently low frequencies w
the factor (1—ef®)~fBw is a small quantity; thus, under
certain conditions, all three terms in brackets in (4.38)
can be of comparable magnitude, and it is not per-
missible to neglect terms proportional to

G (x4-i0M)Gy (3 — w107

(4.38)

and
Gt(x—1i01) Gy (x—w—10%)

as was done in the derivation of the equation for A.
When (4.32) and (4.33) are substituted into (4.38) and
the integrals over x are performed, it is found to lowest
order in AT and B|w—wg| that

X_(w) = —%G_+(w+'i0+)
3 tanh(3Bw)A+—(A,w)

-— —— +16.
w—wgr+1iI'

(4.39)
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It is now a simple matter to solve (4.36) for
A, _(M,w) and to substitute the result into (4.39), thus
finally arriving at an expression for the transverse
susceptibility comparable to that derived earlier by
phenomenological arguments. Before doing this, how-
ever, the connection between Eq. (4.36) and the phe-
nomenological equation of motion (2.6) for (S_), will be
demonstrated. This is easily done by first eliminating
Ap—(M,wex) from (4.36) in favor of X_(w) using (4.39).
Equation (4.36) then becomes an equation for X_(w),
which can be written

—iwX_(w) = (—iwr—T2)X_(w)

437 tanh$Bw—1iB(w—wr+1il2), (4.40)

where
To=T1++T4+T,.

Since Blw—wg|<K1 is assumed, the function tanh}fw
can be expanded in a Taylor series about the point
w=wg giving, for the last two terms of (4.40), the
expression

—i(S:) —i(w—wr) (iB—Xo)+1BT .

The second of the three terms is negligible both when
Bwr>1 and when Bwg<K1. Furthermore, the third term
is comparable to (S,) only when Bwr<K1 (since BT':<K1
is always assumed) and can therefore be replaced by
[{S.)/k¢ 2. Now, multiplying (4.40) by

h_()=h_ exp(—iwt)

(4.41)

(4.42)

and writing {(S_);=X_(w)k_ exp(—iwt) gives
a{S_):
dt

=(—iwr—T2){(S_):
+L(S2)/ k' Tk (8) —i(S)h-(1)

which is precisely Eq. (2.6).

It was shown in I that 't and T'y correspond to the
widths of the spin-up and spin-down energy levels as
determined by the standard quantum-mechanical
damping theory suitably generalized to take into
account finite temperature effects. It was also stated in
I that the paramagnetic resonance line width was not
simply a sum of the two individual level widths, but
that a complete theory should include vertex corrections
as well. This complete theory has now been provided,
the contribution I', being the contribution of the vertex
corrections to the transverse relaxation rate given by
Eq. (4.41).

It is not difficult to generalize these results to third
order in perturbation theory. To do this the expression
for the third-order irreducible interaction is needed.
This expression can be written

(4.43)

dw (21, 21—%,; 22, 22— %, ; @)
I,,(Zl,Zz) =

27

, (4.44)

21— 33— W
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where

I(z1, 21— %; 22, Ba—%; ) =2
P1p2p3ml
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> Jtmpemd mit paped 44 p1p3f+(5pa)

XL (ep)Gm(z1—€p+ €p3) — f(€p2) Gmi(32— €yt €p5) 10(00— €pyteps)

—+ 27

p1p2p3ml

— [ (€py) Gmy (72— €ppt€py—2,) ]4-two similar terms.

The first two terms in (4.45) are the contributions of
the two diagrams in Fig. 2, and the “two similar terms”
referred to are the contributions of the two third-order
diagrams identical to those of Fig. 2, but with the arrows
on the conduction-electron lines reversed in direction.

The main point to note in (4.45) is that the third-
order particle-hole interaction has the same analytic
properties as the vertex function A(z1, 21—x,) examined
above, that is to say, considered as a function of z; or
29 for x, fixed, 1(z1, 21—%,; 22, 22—%,; w) has as its only
singularities branch cuts when Imz;=Im(z;—x,) = Imz,
=Im(z;—x,)=0. Thus, the contour integration and all
the steps involved in the derivation of (4.36)-(4.43)
from (4.23) and (4.25) can be carried out exactly as
above. Instead of (4.37), however, the quantity T', is
defined by

r,=— linxl n(—x+M)I(x+10F, x—wex—10%;
z=M
M40t M —wex—10T; x—N\1)  (4.46)

where T, is real. Formula (4.43) is again obtained.
The resonance line width and the shift of the reso-
nance frequency can now be evaluated explicitly. This
has been done for the simple s-d exchange interaction
model described by (4.3). Furthermore, it was assumed
that the temperature is sufficiently high that 2Z7>>wg,w..
To second order in perturbation theory, the resonance
frequency is given by wg= M —\;. Since the A,’s are the
renormalized spin energies, the resonance frequency can
be written wp=wo+Ar—A; where wy is the resonance
frequency in the absence of the interaction. The level
shifts Ay and A, were calculated in I, and the result of
this calculation was quoted earlier [see Eq. (2.11)].
Whereas terms depending logarithmically on tem-
perature appear in the second-order result for the
resonance shift, they do not appear in the linewidth
calculation until third order. It thus seems to be con-

N\
1
! A
\\P\ / / A\
/ o\
\ /V 1 N
v / \
\\ )
- -

F16. 2. Two of the four diagrams contributing to the third-order
irreducible particle-hole interaction,

2 Jimipspe mit proad 11 panfT(€5) [f#(em)Gm (B1—emtep, —x,)

(4.45)

sistent to calculate the linewidth to third order in
perturbation theory, while calculating the resonance
shift to second order. The individual level widths I't
and Ty were given in I to third order. T, can be
evaluated to third order by substituting (4.45) into
(4.46). Finally, T, Iy, and T', can be combined as in
(4.41) to give the transverse relaxation rate I';; the
explicit formula for the final result has already been
given [Eq. (2.12)].

As pointed out at the beginning of this section, the
exchange integral used in these calculations should be
renormalized in accordance with the prescription (4.13).
Note, however, that the first-order contribution to the
self-energy (4.6) is frequency-independent, so that
(ZmZm)Y2=[140(J?)]. Thus it is permissible to use
an unrenormalized exchange integral in (2.11) and
(2.12) and still to have these expressions for the reso-
nance frequency and the linewidth correct to second
and third order, respectively.

V. MICROSCOPIC DESCRIPTION OF
SPIN-LATTICE RELAXATION

The theory of spin-lattice relaxation presented here
is based on the evaluation of the longitudinal sus-
ceptibility given by (3.2). The relevant Green’s function
is therefore

G'(u)= —(T{S-(u)S.}). (6.1)

The prime indicates that the Abrikosov representation
has not yet been introduced. In the Abrikosov repre-
sentation, the Green’s function (5.1) is written

G) = —alT{ms () —ms (), m—m}),  (5.2)
where

a=1eM(1—¢Buo)1, (5.2%)

The constant « has been determined in such a way that
(5.1) and (5.2) are equal in the absence of the interaction
between the spin and the conduction electrons. The
presence of interactions modifies the value of the
constant «, but the magnitude of this effect will not be
estimated here. For further discussion of this point see I.

A few low-order contributions to the perturbation
series for G(u) are illustrated in Fig. 3. Notice that the
irreducible particle-hole interaction, shown in Fig. 4, is
conveniently represented by a matrix, its rows and
columns being labeled by o and o/, respectively. The
rules for calculating the diagonal matrix elements
I,4,,(21,22) are precisely the same as the rules for calcu-



1 PARAMAGNETIC-IMPURITY SPIN RESONANCE: - .

L) b i
A
' a v
4 (|
ALY LY
3
()

-

A v

F16. 3. Some low-order diagrams contributing to the Green’s
function describing the response to a longitudinal field (see
Sec. V).

lating the irreducible particle-hole interaction used in
the discussion of the linewidth (see I). However, an
extra factor of (—1) must be included in the rules for
the off-diagonal matrix elements I,;.,(2122). If there are
an even number of off-diagonal 7,5/ in a given term,
the product of these extra factors of (—1) is (+1), as it
should be, since such a term will contribute to
(T{crt(u)er(u)crfer}) or (T{ct(w)cr(u)ctes}). Alterna-
tively, if there are an odd number of off-diagonal terms,
the resulting factor of (—1) is necessary because such
terms given contributions to (T{et'(u)ct(w)cifer}) or
(T{cs (w)cs (w)crTer}).

The equation determining the Green’s function is

o 'G(x,)=2" F1+2. FiR1:Fs, (5.3)
1 12

where the reducible particle-hole interaction Ry, is
determined by the Bethe-Salpeter equation

Ris=I14>" I1sF 3R (5.4)
3

and
F1=G”(21)G,,(z1—x,,) . (55)

The index 1 in (5.3)-(5.5) stands for (o1,21) and

2=
The external-field vertex function is defined by the

relation
A=143"" RyoF2, (5.6)
2
and satisfies the equation
Ar=143 T1FAs. (5.7)
2
o g’ A
- 'd ‘
—> = —-—>—\‘y%— 7
o o o o
o 77N o’/
——é]——’—qé—
+ N ¥4 B
—_—
o o’

F16. 4. Two of the diagrams contributing to the irreducible
particle-hole interaction Zso+;y (21,22).
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When (5.7) is solved for A;, the Green’s function can be
determined from

a*lG(x,) =Z, FiA;. (58)
1

Except for the change of notation necessitated by the
incorporation spin indices, o, in the particle-hole inter-
action, these equations are very similar to Eq. (4.19)-
(4.25) of the preceding section. A qualitative difference
results, however, from the differences in the quantities
called F and defined by (4.21) and (5.5). A partial
fraction expansion of (5.5) similar to (4.29) and (4.32)
yields

Go(x+107)G (X —wex—10T)

=27i6(x—Ny)/ (wex+2iT,).  (5.9)

The fact that this factor has a resonance when the
external frequency is close to zero distinguishes it from
(4.32), which has a resonance when the external fre-
quency is close to the paramagnetic resonance frequency
wr and can be shown to give rise ultimately to a reso-
nance in the longitudinal susceptibility at zero fre-
quency. The aim of subsequent work will be to develop
an accurate expression for the longitudinal susceptibility
where it is large, i.e., near zero frequency. This is shown
to be possible for frequencies such that f8|wex|<1,
provided BT'<1.

The development of the theory of the longitudinal
susceptibility parallels the development of the theory
of the transverse susceptibility given in Sec. IV. To
begin with, a calculation correct to second order in the
interaction will be presented. First the sum over z; in
(5.6) is converted to a contour integration over the
contour C, specified in Fig. 1. Then approximations
such as (5.9) which are correct to lowest order in
B|wex| and ATy are introduced. This leads to an equation
analogous to (4.36), namely,

Ay —(%1,0ex) =1
iluwz(xl_)\«72>”(”xl+>‘ﬂ2)sz;+—0\vz; Wex)
o2 Wex+21T 4,

; (5.10)

also, Ay +=A,__=1. The factor /,,,,(w) appearing in
(5.10) is defined in terms of the second-order irreducible
particle-hole interaction 7,,4,(21,22) by

dw Iawz(‘*’)

(5.11)

[awz(Zl:ZZ) =
27!’ 21— %2—Ww

in analogy with Eq. (4.26).
The evaluation of the Green’s function is begun by
converting the sum over z; in Eq. (5.8) to a contour
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integration, which gives
1 0
G (wex+101) = — 2 dxf(x)
T oo Jo
XL[(1—€f4x)G o (x+10T)Go(—wex—10%)
XA gy 4 (#ywex) — Go(%+wex—10T)Go(x—10%)
+G (2t wext1i0T)Go(x+10)].

Equation (5.12) should be compared with Eq. (4.38).
Now, approximations similar to (4.32) and (4.33) are
introduced, leading to the result

& 1G(wex—+101)

(5.12)

—6 e ﬂ)\,l:___
; wex+27/ o

,;+_()\,,wex)——1:l. (5.13)

Perhaps the simplest, and certainly the most straight-
forward, way of proceeding is to put z1=X\,, in (5.10), to
solve the resulting equation for As—(As; wex), and to
substitute the solution into (5.13). It is, however,
important to show that these results have an extremely
simple interpretation in terms of a rate equation
describing the time evolution of the populations of the
spin energy levels. In the problem under consideration,
the spin system is subjected to a driving field of fre-
quency w. Since only the linear response of the system
is considered, the deviations of the populations from
equilibrium have the same frequency, and can be
written

ono(t) = go(w)he=™¢, (5.14)

where % is the magnitude of the applied magnetic field,
as in Sec. ITI. Since the response of the system is given
by 8(S.):=2%[n+() —ns(t)] [see Eq. (3.5)], the sus-
ceptibility is given in terms of g,(w) by

X(w)=3[gt(w) —gi(@)]. (5.15)
Now note that (5.15) is in agreement with (5.13)

[recall that G(w-+10t)= —X(w)] if g1(w) and gi(w) are
chosen to be

wAr
g (w)= —-Zﬂae_ﬁ"f( —1) ,
w+2iTy

o (w) = ZBae_BM(

(5.16)

_1>,
w+2:Ty

where A,=A, 1 —(\,; w).
Now the equation determining A, must be trans-

formed into an equation determining g,. The equation
for A, is Eq. (5.10), with z1=2\,,, i.e.,

iFUG'Ad’
A=1-3%

_—, (5.17)
o’ w—I—ZiI‘.,'

WALKER 1

where, by definition,

—Toer= lir{l n(—x+Ne) oo (x—Nsr). (5.18)
T>ANo

A comparison of I'y,s, just defined, with the transition
probabilities w,,» computed in the first Born approxi-
mation shows that I'tt= —wit, Tii= —wi, Tiu=wn,
and Tyr=1wy1. I', can also be expressed in terms of the
transition probabilities with the aid of the optical
theorem (see I) which states T'y=%>_ o Wosor. The elimi-
nation of A, from (5.19) in favor of g,, and the use of the
relations between the quantities I',r, T'; and the
transition probabilities, gives the equations

—iwgt= —wiigt+wirgi+4Boavt e

—iwgy=wti gt —witgs —4Pawire PN, (5.19)

These equations are now multiplied by 4e~*?, and —iw
on the left-hand side is replaced by the time derivative
operator d/dt. Also, in dealing with the last term on the
right-hand side, the static susceptibility

X(0)=B((8S:)%)=BL(1+eP7) (14¢Por) I

is introduced. In this way (5.19) can be written in the
form

doma (t) .
p = —awty 6nt Fwir dny +T1X(0) et
t
(5.20)
dony (1)
—d~ =1y Ont —wir Sy — T1X(0) e ¢
¢

where Ti=wi+wit. These equations are simply the
rate equations (3.6).

It is important to keep in mind that 6n,(f) has the
time dependence exp(—iwt), and that (5.20) has a very
limited range of validity, namely, it is valid for fre-
quencies such that Sw<<1. Equation (5.20) is easily
solved and the result (3.4) is obtained for the
susceptibility.

The extension of the theory to thn'd order in perturba—
tion theory is accomplished by noting that, to third
order, the irreducible particle-hole interaction can be
written in the form

dﬁ) Ialaz(zl, 21— Xy B2, B2 Xy, (x))
ﬂwz(zl:ZZ) - )
2T 21— 22— W

(5.21)

where 1,,0,(21,21—%,; 22, 22— %,; w) is given by an ex-
pression similar to (4.28). Considered as a function of 2
(or o) for fixed ,, 15,4,(21, 21— 2%y} 22, 32— %»; ) has as its
only singularities branch cuts along the lines Imz;=0,
Imz;=x, (or Imz,=0, Imz,=2x,). It is easily seen that
Egs. (5.10)—(5.20) are unchanged by the substitution
of (5.21) for (5.11), with the exception that Eq. (5.18)
for —TI',4 should be replaced by

—Toe= hm [n(—x+Ne) oo (24301,
Aot 10, Nt —wex— 13075 x—Ner) ],

X—wex—10F;

(5.22)
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where T'y,» is real. The relations I'yp=—ws,, and T'ys
=—w,s can also be shown to hold to third order.
The calculation of the relaxation rate I'i=wti+wit
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to third order in terms of the parameters J and J’ of the
model (4.3) is straightforward. The result has already
been quoted [see Eq. (3.14)].
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Thermal Conductivity of Paramagnetic Salts at Low Temperatures™®
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We present a'simple theory of the'effect of impurity-induced changes in atomic force constants and changes
in atomic mass on the lifetime of coupled spin-phonon modes in paramagnetic crystals. The result is then
employed to study the effect of impurity scattering, boundary scattering, and scattering of the coupled modes
by longitudinal fluctuations in spin density on the temperature dependence of the thermal conductivity, and
the frequency distribution of the heat flux. The theory can account for the experimental data on MgO doped
with Cr?* reported recently by Challis, McConachie, and Williams and offers support for the interpretation

of the data presented by these authors.

I. INTRODUCTION

HEN paramagnetic ions are introduced into
insulating crystals, phonons may induce transi-
tions between the Zeeman levels. This spin-phonon
interaction thus gives rise to spin-lattice relaxation,
shifts of the g factor,? and a number of other phenomena.
When the wavelength of the resonant phonons (i.e.,
phonons with energy %w equal to the Zeeman energy)
is large compared to the mean spacing between the ions,
Jacobsen and Stevens?® have pointed out that the normal
modes of the system are coupled spin-phonon modes, in
which the motion of different spins is correlated through
the phonon field. The resulting modes have properties
similar in many respects to the coupled magnon-phonon
modes considered earlier by Kittel.*

In the theory of coupled spin-phonon modes in para-
magnets, one linearizes the equations of motion by
replacing the combination S by (S.)#, where u is the
phonon amplitude, .S, the z component of spin, and the
angular bracket denotes the thermal coverage. The
normal modes are well defined only so long as this
approximation is valid. The finite lifetime of the normal
mode that results when the correction term (S,—(S.))»
is retained in the equations of motion was studied in an
earlier work.? This term gives rise to a scattering of the

* This research was supported in part by the Air Force Office of
Scientific Research, Office of Aerospace Research, U. S. Air Force,
under Grant No. AFOSR 68-1448.

t Alfred P. Sloan Foundation Fellow, 1968-1970.

1A good review of this subject has been provided by C. D.
Jeffries, Dynamic Nuclear Polarization (Interscience, New York,
1963), pp. 33-69.

2 M. Inoue, Phys. Rev. Letters 11, 196 (1963) ; R. J. Birgeneau,
2bid. 19, 160 (1967).

( 3 }%) H. Jacobsen and K. W. H. Stevens, Phys. Rev. 129, 2036
1963).

4 C. Kittel, Phys. Rev. 110, 836 (1958).

5 D. L. Mills, Phys. Rev. 139, A1640 (1965).

coupled mode by spatial fluctuations in the z component
of the spin of the ions. Since this work, other authors
have also studied the lifetime of the coupled modes from
other points of view.5

One finds that the scattering produced by the fluctu-
ations in .S, has a resonant character, in the sense that
the scattering rate is strongest for modes with frequency
in the vicinity of the Zeeman frequency we. The width
of the resonance is roughly equal to the width of the
frequency regime within which the coupled modes
contain a large admixture of spin motion.

Detailed experimental studies of the thermal con-
ductivity of crystals of MgO doped with Cr and other
transition-metal impurities have recently been com-
pleted by Challis and co-workers.”-® The experiments
were carried out in the liquid-He temperature range,
and the Cr concentration ranged from 10=¢ to 1073,
depending on the sample. Also, the dependence of the
thermal conductivity on the magnitude and direction
of the magnetic field was measured.®

These authors analyzed their data in zero magnetic
field” by employing a phenomenological model with a
Debye spectrum of phonons combined with a frequency-
dependent relaxation time. They included three terms
in their expression for the inverse relaxation time
77(w): a frequency-independent boundary scattering
term, an impurity scattering contribution proportional
to w?, and a resonant term proportional to w?(w?—w¢?) 7%,
where wg and the coefficients of the various terms were
determined by comparison with the data. It was sug-
gested that the resonance term may possibly have its

6 E. M. Yolin, Proc. Phys. Soc. (London) 85, 759 (1965); and
R. J. Elliott and J. B. Parkinson, ibid. 92, 1024 (1967).

7L. J. Challis, M. A. McConachie, and D. J. Williams, Proc.
Roy. Soc. (London) A308, 355 (1968).

8 L. J. Challis, M. A. McConachie, and D. J. Williams, Proc.
Roy. Soc. (London) A310, 493 (1969).



