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The Wigner method is employed to develop explicit relationships among quantum-mechan-
ical and classical equations of motion and quantum-mechanical and clagsical pair-correlation
functions of spin operators. In this method, quantum corrections to the classical theory can
be accurately estimated. The formalism is applied to a spin-} Heisenberg model at high tem-
peratures. The most attractive feature of this method is that many of the results are intu-
itively satisfying. Finally, we make a connection between our results and the classical calcu-

lations made by several other authors.

I. INTRODUCTION

The classical theary of spin dynamics, in which
the quantum-mechanical spin operators are re-
placed by classical vectors of fixed length, has
beezn investigated both analytically' and numerical-
ly.

In particular, these authors consider the spin-
spin pair-correlation function

-BH
rip - Tl Sealfiule
where 7 and ¢ label the individual spins, o and o'
label Cartesian components and, of course,
7S;4(2) is the Heisenberg operator for the ath
component of the spin operator for the ith spin.
The “classical” approximation for the spin-j case
consists of substituting vectors ]9; for _§,, where
the §;’s are unit vectors, and integrating over the

ﬁi’s:
T (027 [ - dfly Qe ﬂfla.(ne-ﬂ”&/
fdﬁi’ [ dﬁN ePHa | (2)

The “classical” Hamiltonian H (- - ﬁN) is ob-
tained from H(S, - - - §y) by substituting j §; for
-§i-

The factor $,(f) satisfies a classical equation
consistent with Hy($; - - - §y). For example, if
H is given by the Heisenberg model

H=~- EJngi‘-s.il, (3)

i#it
the classical Hamiltonian is
Hy=- 2 szii'ﬁi * ﬁi' 4)
i#i?

and the classical equation of motion is
4-a,0-2 Z T B0 B, 0) . (5)

Some authors make somewhat different sub-
stitutions using [j(G+1)]*/2®; rather than ;. How-
ever, in neither case is it at all clear how closely
the result approximates Eq. (1).

The use of the classical approximation simpli-
fies the computations considerably. It even makes
it possible to study spin dynamics by directly solv-
ing the equation of motion for a large (~1000)
number of coupled spins.
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Before any consequential physical results are
deduced from these classical calculations, it is
imperative that the classical approximation be
derived rigorously and systematically from the
~ exact quantum theory and the explicit forms for
the corrections to the classical approximation be

evaluated in detail. Recently, the Wigner method,%*

in which a classical approximation emerges quite
naturally from the exact quantum theory, has been
formulated for spin systems. Here we employ
this formalism to investigate an explicit relation-
ship among quantum-mechanical and classical spin
pair-correlation functions and quantum and clas-
sical equations of motion.

In Sec. II, a brief summary of the Wigner method
and its application to the quantum equation of
motion and the spin correlation functions are pre-
sented. This formulation is then applied to the
spin-4 Heisenberg model in Sec. III, and the quan-
tum corrections are evaluated in the high-temper-
ature region. Finally, the validity of our formu-
lation and other implications are discussed in
Sec. 1IV.

H. FORMULATION

The Wigner method®* provides a technique for
evaluating the trace of any function of spin opera-
tors A(S; - - - Sy) by the integration of its “Wigner
equivalent” A, (5, ... Q)

TrA(S;--- Sy)= (2{1—;%”

deﬁ,---dﬁNAw(ﬁl---ﬁN). (6)

For a spin-j system, the Wigner equivalent of
the a-component spin operator for the ith par-
ticle is

(Sia)w=j‘Qio: 3 (7)

and the Wigner equivalent of products of functions
can be obtained by using a “Groenewold rule,” as
derived in Refs. 3 and 4,

(A, IBE, - S,
=A@ --- Qy)GB, (G- Qy), (8)

G=1I G,, (9)
i=1

Gi=1-(1/2)T, - L;+G/%)L,- @&,xL,, (10

for j=%. A backward arrow on an L, indicates
that it operates to the left. For general values of
Jj the expression for G; is '
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2§ .
s (2 =n)! = cee (T
Gi=1+%=11 @) Tn! (foﬁi)ul (L’ixﬁi)u”
x ( 1=III (Gu,ul - Q'iu.,nlvl +i€ulu,'ylgir;)>

X (8, x ii)v,,° o+ (8 L)y, -

The E,’s have the form of angular momentum
operators

-

L,=-it;xV,, 11)
where
ﬁ, 3.1.";/7’; . (12)

With the aid of the formalism in Eqs. (6)-(10),
we can write the quantum correlation function,
Eq. (1), as

a2
r?[m (t):—_Z—fdﬁl e dﬁN (e'B”)wG(DmReGQM;(t)) N
(13)
where
z=[d%, - dfiye*?), . (14)

Integrating Eq. (13) successively by parts, we
obtain

ree ()= (7%/2) [dBy** d8y (e ReGQy4 (2))

(15)

where
X0 =Gle™®), , (16)
G- ﬁl 1+12), 17

for the spin-3 case. Throughout this paper, sum-
mation is to be understood for repeated Greek in-
dices. For the general values of j,

For arbitrary values of j, we can write the
factor in boldface parentheses in (15) as

Qi ReGQla'(t) = Qg Qla'(t) - ?ﬁ (Lirgia )(Li‘yﬂla'(t)) .
(18)

Substituting Eq. (18) into Eq. (15) and integrat-
ing by parts once more, we obtain

r?ta.(t)= (JZ/Z) fdﬁl e dﬁN Xw Qianla’(t)

+(§/22) [aB " * dBy[ x,(L3 Rua)Rar ()
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(L iy Xa) (L 15Q10) Qo+ ()] - (19)
Using the identity
‘L.? Qo =204, , (20)

Eq. (19) can be rewritten as
Te O=15(+1)/2] [dfye -+ dQy XS o 10 ()
+(3/22) [ a8+ +» dSy (Lipk) (L) )10 (0) . (21)

Equation (21) is much more convenient than (15).
To evaluate (15), we would have to determine the
derivatives of Q,,.(f) with respect to the initial unit
vectors .5, This is difficult to do since we do
not usually have an analytic expression for Q,,.(¢)
in terms of the initial values. This is particularly
true in the case of the numerical calculations., Of
course j,, () in Eq. (21) is the Wigner equivalent
of the Heisenberg operator S, (f) and satisfies the
Wigner equivalent of the Heisenberg equation,

.d“}jglm'(t)=%[H’sla'(t)]w . (22)

For simplicity, let us consider a Heisenberg
model with only nearest-neighbor exchange,

H=—2J“§i'§l N (23)
i#1
where
_{ J for nearest neighbors
J”“{ 0 otherwise. (24)
Then
d

2
Et_ Qla(t) = -?] Z: Jll' eauvgl'u(t)GQw(t) . (25)
AR '

(€ o, is the totally antisymmetric tensor.)
It follows from Eq. (25) that
d = 24J = = -
= 0= -% zl;'n,.(t) xQ,(t)-257,(), (26)
where the summation on I’ is restricted to the near-
est neighbors of [, and

710075 5 T Rn OG- D20 . @D

Equation (26) without %, (f) corresponds to the
classical equation of motion (5) and %,(¢) can be
thought of as representing the quantum corrections
to the classical equation of motion,

Comparing Eqgs. (21) and (26), we see that we have
expressed the exact quantum pair-correlation func-
tion in terms of unit vectors Q,(f). The classical
approximation results when we neglect the second
term on the right-hand side of (19), replace X, with
e®#w and neglect 7,(¢) in (26). This constitutes our
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main result. (We have given a form for the exact
quantum spin pair-correlation function and the
quantum equation of motion in which the classical
limiting process is directly visible.)

Now expand Q,B(t) in a power series in ¢,

Qa(6) =R+ 215 (0)+ + + »

24t
=QIB-—}‘1‘LZV)J,"QV“QIYEB“7+ soe (28)

This results in the expansion of %,(f) as follows:

2 - - - -
#0 =57 28,0 -8 0l -F,0-F. 0]+ 00 .

(29)

We are evaluating the 5,’5 at ¢ rather than £=0.
This gives the same series to order {. We will re-
tain only the first term in (29). Substituting (29)
into (26), we obtain

L5 B G0«
8 0==2E 2.0 %80

_TZJ;JZ 2 (8,0 -8 0l - 8,08, ()]

(30)

We note that the first term in the right-hand side
of Eq. (30) gives rise to precessions of 2, about the
axis parallel to its nearest neighbor. The second
term gives rise to torques which tend to rotate Q,
in the plane of £, and its nearest neighbor. The
magnitude of this force vanishes for either aligned
or antialigned €,’s, and hence will tend to bring
the system into its ordered state. The first preces-
sional terms do not tend to align or antialign the
spins. Obviously, the last term in (30) will give
rise to damping of the precessional motion of £,(¢).
The contribution of this term to the spin-wave
damping will be discussed in a subsequent paper.

III. APPLICATION AT HIGH TEMPERATURE

We now wish to apply the formalism embodied in
(21) to obtaining the corrections to the classical
correlation function [cf. Eq. (2)]. We restrict our-
selves to the high-temperature region. In the high-
temperature region, we can obtain an explicit ex-
pression for the Wigner equivalent of the density
operator (see Appendix)—for simplicity in this sec-
tion, we will consider only spin-1:

(™), =er® 31)

where

A®)=- BH,+ ﬁz(% e Pl

1 - - 1 - -
5 U J“J,,.Q,°Q,,—-1—6 %J?l(ﬂi'gl)a

8 it £



e

-

1 - - -
e Ji,J,,,(Qi-Q,)(Q,~Q,,)>+O(Ba). (32)
A1

Using Eq. (17), we can write

o= 1= 98, + 5 6° (l > J2,3-188,8,)
2 8 ia

9 « -
ry 20 Jyd 80y
i £

W85 J,-,Jm,.(ﬁi-ﬁ,xﬁm-ﬁ,,))«u-~. (33)

16 i1 #1#m#n

+

Some straightforward manipulation yields
X, = e“”<1+ (-8B+4B%)H,

+B% 2 J”Jll'ﬁi'ﬁl’*0(54)"‘0(33))- (34)

i#l#

We insert (34) into (21). Then we expand this
result in a series of correlations of increasing or-
der in the 5,’s. Including only terms of second or-
der, this results in

o 1 - =g ..
rae =Efdﬂl---d§2”e“‘”<](]+ 1), ,2,00 ()
- 15 (287 = B%7) 230 1 (1)

272 N
- p%2 )
i’ (i*)

Qi,,aﬂ,a,(t)) . (35)

Of course Z can be written as
z= [af,---dfyet® . (36)

In Eq. (35), the summation on i’ is restricted
to the nearest neighbors of 7, and the summation
on i’’ is restricted to the nearest neighbors of i’
such that i’ #1,

Now we wish to expand (35) in a series of clas-
sical correlation functions of increasing order, and
we shall again keep only the terms of second order:

D)= 70+ 1X2aRi0 D)ea
- '196 (ZBJ" BZJZ)ZV) <Qi' anza' (t»cl

_-I%BZJZ ,“E(i,)«?’i"aﬂla' (t»cl ’ (37)

where (***), is defined to be

<' ¢ .>c1= f dﬁl' b dﬁN e'B”w i ‘/j dﬁl' . .ds—iNe'GHw .
(38)

The difference between the first term of Eq. (37)
and Eq. (2) is that in the latter, Q,. .. (f) is taken to

obey the classical equation of motion, i.e., Eq.
(5); in Eq. (37), ,,.(f) obeys Eq. (26). The or-
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dinary classical approximation is retrieved in Eq.
(837) if (i) all terms in the right-hand side after the
first are ignored and (ii) %,(f) -0 in Eq. (26).

We see that the higher-order contributions to
(87) [including those from A(B)] will contribute to
higher-order classical correlations. It might seem
that the constant term in (32), &3;,J%;,, will con-
tribute extra second-order correlations. This
term in e4®’ appears in both the numerator and
denominator in (35) and just cancels.

V. DISCUSSION

In the deviation of (37) we have ignored higher-
order correlations. For example, the next-order
corrections are of the general form

<QiaQi’BQ lrn v u(t»cl . (39)
Also, from Z, there are terms,
<QfaQi’B)cl«zlyﬂt'v(t))cl .

We would expect this term to be very small un-
less, say, i=i'. Such a term actually occurs, how-
ever, and it is multiplied by a factor (B8J)™ with m
at least unity. The other fourth-order correla-
tions should go roughly as the square of the second-
order correlation which is already small in the dis-
ordered phase.

To use (37), we can simply use the numerical
results of, say, Ref. 2 for the correlation functions.
In doing this, we would be ignoring an essential
quantum feature of the spin problem. That is, we
would be approximating ¥%,(f) in (26) by zero. We
have already pointed out that %,(¢) is the factor
which provides both a torque tending to align the
spins and a term tending to damp out the spin-wave
modes. Both of these effects are essentially quan-
tum mechanical in nature.

An alternative approach would be to use Eq. (30)
as the equation of motion, compute the pair cor-
relations, and substitute these results into (37).
This program would not involve any more difficult
a numerical computation than was required in Ref,
2. It would provide an estimate of the quantum ef-
fects in the equation of motion.

In summary, we have, employing the Wigner
method, exhibited the exact quantum spin pair-cor-
relation functions and equations of motion in a form
which allows the quantum corrections to classical
results to be accurately estimated. This has been
applied to the high-temperature spin- 2 pair-cor-
relation function to obtain various pair-correlation
additions to the classical results.
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APPENDIX: DERIVATION OF EQS. (25) AND (26)

Consider
D,=(e™), . (A1)
Then,
i
25 Do=—HuGCDy , (A2)
where
1 - -
H,=- 4‘2']1194'91 . (A3)
i#1
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Try the form
D,=e™®, A(B)=23 a,B". (A4)
n=1
Then, substituting (A4) into (A2) and equating the
coefficients of A" in both sides, we obtain
a,= -H,, aZ:}Z_ [(Hz)w -Hf)] )
(A5)

1
ag= —5‘! [(Hs)w -Hz:] +a2Hw ’

and Eq. (26) follows straightforwardly.
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The anomalous Hall coefficient R of dilute magnetic alloys exhibiting the Kondo effect is
calculated in the second Born approximation using the s-d exchange model. The variation of
R as a function of the magnetic field, for fixed temperature, is studied. Comparisons are
made with other theories and recent experimental data.

I. INTRODUCTION

The effect of an external magnetic field on the
Kondo! behavior of the electrical resistivity in di-
lute magnetic alloys has been studied theoretically
from two different approaches: The S-matrix theo-
ry of More and Suhl? and a second- Born-approxima-
tion calculation by the authors.® The first approach
is in principle correct at all temperatures and
fields, but because of its complexity and the amount
of computer calculation needed, it cannot easily be
fitted to the experimental results. The second one
gives explicit formulas which can readily be com-
pared with experiment, but it is only a rough ap-
proximation, and the limits of its validity can only
be fixed through the exact theory. Both papers
contained calculations of the conduction-electron
relaxation times for spin up (7,) and spin down
(7.). Recently, More has used the S-matrix life-

times to compute the Hall coefficient as a function
of the magnetic field R (H) for fixed temperatures.*
He obtains curves of R (H) increasing more or less
rapidly with H, which he compared with the experi-
mental data on impure gold due to Gaidukov.’ How-
ever, the physical explanation of this behavior could
not be obtained from this calculation. In the pres-
ent paper we shall calculate R (H) using the expres-
sions for 7, and 7. obtained in third-order pertur-
bation theory.3 We show that the field dependence
of R is essentially explained in terms of the square
of the impurity spin magnetization® for low fields
gugH/RT<1., We compare this result with More’s
and with the recent data.” We also obtain the very
high-field (g5 H/R T >10) behavior of R (H). This
last case is discussed more extensively elsewhere.
The behavior of R is compared with the similar be-
havior of the magnetoresistivity, and suggestions
are made for further experiments.
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