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Two models which describe the interaction between the spin system and the lattice are presented for
examining the propagation of sound waves in ferromagnetic insulators. In particular, expressions for the
ultrasonic attenuation coefficient at high temperatures and near the Curie point are obtained in terms of
time-dependent correlation functions. The attenuation coefficient is found to be proportional to the square
of the phonon frequency and to increase rapidly in the vicinity of the Curie point.

I. INTRODUCTION

E shall study in this paper the ultrasonic attenua-
tion of sound waves propagating in a Heisenberg
paramagnet for temperatures near and above the transi-
tion point (a ferromagnetic insulator in the paramag--
netic state). The thermal fluctuations of the spins be-
come large near the transition point (critical fluctua-
tions)! and may produce an appreciable scattering of
the phonons whenever a significant coupling between
the spins and the phonons exists. The ultrasonic at-
tenuation due to the spin-phonon interaction is a
mechanism with which we may probe systems exhibiting
second-order phase transitions. We shall show that the
part of the four-spin correlation function which gives
the large distance behavior of the system contains a
description of the ultrasonic attenuation in magnetic
systems. However, this part of the four-spin correlation
function is the most difficult part to compute because
it refers to a situation in which the behavior of the sys-
tem is dominated by many collisions. In the language
of perturbation theory, the theory of ultrasonic attenua-
tion in the Heisenberg paramagnet requires extensive
resummation of diagrams or equivalently integral
equations.

Other authors have examined the ultrasonic attenua-
tion near the magnetic critical point.?® Their theories
differ most profoundly in the treatment of the four-spin
correlations. Tani and Mori? eliminate the time integral
of this correlation function with the aid of the continued
fraction representation.* They then consider only the
temperature dependence of those correlations which are
diagonal in the phonon wave vector and use the high-
temperature values of the nondiagonal correlations for
all temperatures. They conclude that the ultrasonic

* This work was supported in part by the U. S. Atomic Energy
Commission under Contract AT (11-1)-1198, Report No. C00-
1198-393.
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attenuation is proportional to «?/(7'—7T,) for tempera-
tures near the critical point 7', and for a spin-phonon
interaction which is linear in the phonon-field operator.
The quantity w is the angular frequency of the sound
wave; that is to say, w=c|q|, where ¢ is the speed of
sound, q is the phonon wave vector (gd<<1), and d is
the distance between lattice sites. Papoular considers,
for the ferromagnetic case, an interaction Hamiltonian
which is quadratic in both the spin and the phonon
variables.? He examines only the equal time correla-
tions, expresses the four spin correlations as a product
of equal time pair correlations, and computes the con-
tribution due to the quasielastic scattering of phonons
by the spin system to the ultrasonic attenuation.® His
results predict that the ultrasonic attenuation is pro-
portional to w®/(7'—T,)'? for a spin-phonon interaction
which is quadratic in the phonon-field operators. The
few experimental measurements®® are not sufficient to
resolve the above theoretical discrepancies. An analysis
of the data of Neighbours et al.® reveals that the ultra-
sonic attenuation in the antiferromagnet MnF, is ap-
proximately proportional to w near the transition point.
However, even in the paramagnetic state the antiferro-
magnet differs substantially from the ferromagnet near
the transition point and consequently their results give
us little additional understanding of the ferromagnetic
problem. The preliminary experiments of Liithi® on the
ferromagnetic metal Gd show that the ultrasonic at-
tenuation is proportional to w? near the transition point.
This result is encouraging even though care must be
exercised in applying such results to ferromagnetic
insulators.

Bearing in mind that a better theory for the Heisen-
berg spin system will hopefully be developed, we shall
formulate the problem in terms of the exact four-spin
correlation functions. We shall assume that the spin-
phonon interaction is sufficiently weak and thereby
shall perform the calculation by computing the “polari-

8 J. R. Neighbours ef al., Phys. Rev. Letters 11, 125 (1963).
6 B. Liithi (private communication).
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zation operator” for the phonon propagator to lowest
order in the spin-phonon interaction.”

We shall employ two simple models to characterize
the interactions between the spin system and the lattice.
One model describes the volume magnetostriction which
obtains from an expansion of the exchange integral in
powers of the ionic displacements, and the other model
describes the magnetostriction associated with a single
ion.

As other authors have done, we shall introduce an
approximation for the four-spin correlation function.
We shall factorize the four-spin correlation function
into terms containing products of time-dependent and
of time-independent pair correlation functions. Refer-
ence 8 contains a discussion of the spin-diffusion co-
efficient based upon the same approximation for the
four-spin correlation function. We find that those terms
which contain products of time-independent (equal
time) pair correlations do not contribute to the acoustic
attenuation or to the spin diffusion. Because the differ-
ences among the various theoretical calculations of
these quantities arise mostly from the approximate
solution of the spin problem, we include in Appendix B
a discussion of the physics contained in the factorization
procedure. We shall conclude that the ultrasonic at-
tenuation in the ferromagnetic insulator in the para-
magnetic state is proportional to w?F (X,D), where F is
a function of the static susceptibility X(8) and the spin
diffusion coefficient D(8). The parameter 8 is the
inverse temperature measured in energy units, i.e.,
B= (1/kT), where k is Boltzmann’s constant.

Until a more rigorous treatment of the three-dimen-
sional Heisenberg model is developed for temperatures
near the transition point, the present calculations must
be considered preliminary and the present results must
be viewed with caution for those regions where the
approximations are questionable.

II. FORMULATION
A. Hamiltonians

The total Hamiltonian,
H= Hspin+thonon+HintV+Hints, (1)

contains the physical description of the ferromagnetic
insulator. For the spin part of the crystal, we shall
adopt the Heisenberg model of magnetism which at-
tributes a localized spin to each site of the crystal
lattice,

Hyu=—32 J(e=a)S(e,) S(e,0).  (2)

7 E. Pytte, Ann. Phys. (N. Y.) 32,377 (1965). In this paper the
“polarization operator” is computed rigorously in the low-
temperature region where the Holstein-Primakoff approximation
is valid. For all other temperature regions, the spin system is
treated in the random-phase approximation.

8 H. S. Bennett and P. C. Martin, Phys. Rev. 138, AG08 (1965).
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The spin operator in the Heisenberg representation for
the localized spin at site @ and at time / is represented
by S(e,f). The exchange interaction J(e—a’) describes
the interaction between the spin at site @ and the spin
at site /. We shall use the convention that J(0)=0 so
that we may extend the double summation over all
lattice sites, including the term e=«’. We shall treat
in this paper only the ferromagnetic case for which
J(e—a’)>0.

The spin operators obey the equal-time commutation
relations

[S&'(a;t)ysu (“l)t>]=i6a.a"sl(a>t)’ etc., (3)
and
[Sz(e,1),S2(,)]=0, etc., 4)
and satisfy the subsidiary condition,
S(e))-S(at)=S(S+1), ®)

where S is the spin quantum number.
For the phonon part of the crystal, we shall use the
harmonic approximation to treat the ionic interaction,

P2(a,t)
2M

thonon=§ +3 ag, U; (“;t)cij (a,a') Uf(“,,t) . (6)

The momentum P;(e,t)=MoU,(e,t)/dt is conjugate to
the ionic displacement U;(w,?), and M is the mass of
the ion. We obtain the tensor C;; from the potential
energy of the ions V, namely,

0 0
v )
AU(a,t) aU;(o',t) | (yo

C,;j((x,a')= (7)

where ¢ and 7 refer to the Cartesian vector components;
1, j=x, ¥, or 2. The dynamical variables for the phonon
Hamiltonian satisfy the commutation relations,

[:Ui (aat) ’Pj(a,,t)] =103, 0o - (8)

We express the interaction between the spin and the
phonons as the sum of two terms,

Hiny=HinV+HintS. 9)

The first term Hine” describes the volume magneto-
striction, while the second term HinS describes the
magnetostriction associated with a single ion. We as-
sume that the electrons are tightly bound to their ion
cores and move rigidly with the ions as the ions oscillate
about their equilibrium positions e. Thus, the exchange
integral depends upon the instantaneous positions of
the ions. We also assume that the ionic displacements
are small compared to the lattice spacing. We then ob-
tain the volume magnetostriction Hamiltonian by ex-
panding the exchange integral about the equilibrium
sites @ in powers of the displacements U;(«,f),

HintV=—3% Z,{ Ui(a,)—Ui(o/,0)} (Vo) (a—a)

X S(e,8)-S(,t). (10)
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We consider the gradient of the exchange integral,
which determines the strength of the interaction, as an
experimental parameter and accordingly introduce the
coupling function

Qi(le—e)=(Vy)J (e—0’). (11)

For a lattice with cubic symmetry, the single ion
magnetostriction Hamiltonian assumes the form

H;nS=Gn Z{ €zz ((l,l) [Sa:2 (“;t) - %(Syz (“)t)'l"Szz ((l,lf)):l

ey (@, D[S (0,) = 3(S22(e,)+ 52 (e, 1) ]
+e22(0,)[ S (e,) =3 (S (0,0)+ 5, () ]} (12)
+G44 Z{ exﬂ(“;l)[sx(a:t)su(ayt)+Sy(‘x;t)5:c(a;t)]

+ey. (a;t>[5y (a,)S, (a; )+S. ((!,t)S,, (“; t)]
+€2a (e, O[Sz (,0) S (0,0) + 52 (0,2)S:(0,2) I} -

We may express the strain components ¢;;(e,f) in terms
of the Fourier transform of the phonon displacement
operator U,(q,?),

Ui(a) =L v Tie); (13)

namely,

@) == ST a0 +U a0 (1)

The prime indicates that we sum over only those wave
vectors  which lie in the first Brillouin zone. The
quantities Gy; and G are temperature-independent
coupling constants. We may also write Eq. (12) in a
more compact way,

HinS=13 2 Gisg;Ui(q,0F (S (@) Je'v«.  (15)
a q

The form (15) is also valid for more general crystal
structures. We obtain G,; and F,; by comparing Eq.
(15) with Eqgs. (12) and (14). A special case arises for
the single-ion magnetostriction when S=% and we shall
restrict our present calculation of this term to the cases
for which §>1%.

We obtain the equations of motion for any of the
operators Us, P;, and Sy, which are all in the Heisenberg
representation,

h(0A4/dt)=[A,H], (16)

by using the commutation relations for the respective
operators. The operator 4 is any member of the set
{A}="U,, P;, and S..

B. Correlation Functions

When the system is in thermodynamic equilibrium,
we may compute the thermal expectation value of an
operator X by using the canonical ensemble,

(X)=Tr(e=P7X)/Tr(cPH). 17)
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Because the operators U; and P; commute with all the
spin operators S;, we take the trace over the direct
product space of the infinite dimensional space associ-
ated with the lattice operators U; and P; and the finite
dimensional space associated with the spins .S; at each
site.

We shall discuss the acoustic properties of the system
in terms of the time-ordered lattice displacement corre-
lation function (phonon Green’s function),

Dij(ayt; “l’t,) = —7’<(U1 ((!,t) Uj(d/,t,) )+> ) (18)

where (- - +)+ denotes the Wick time-ordering operation.
When we restrict all times to the interval 0<¢< —i#%g,
the correlation function (18) satisfies the time boundary
condition,

Dij(et; «,t)=D;(a, t+ihB; o/,t"). (19)
The time periodic condition (19) and the invari-
ance of the equilibrium system under translation
through a lattice vector and under time translation
allow us to express functions in terms of Fourier series
representations:

Dij(eyt; o,t')

1 1
TN Cap x T Dl @), (20)

where q is the wave vector, IV is the total number of
sites in the lattice, w,=1(wv/%4B), and » includes zero
and all positive and negative even integers.

We assume that either the volume or the single-ion
magnetostrictive interaction dominates for a given solid
and we neglect any cross terms between these two types
of spin-phonon interactions. We consider first the vol-
ume magnetostrictive interaction (10). The commuta-
tion relation (8) and the operator equation of motion
(16) lead to an equation of motion for the phonon
function,

0% 1
——Di(a,t; &, 1) ——2 Cir(a,0/) Dy (e ,t; &/ ,1)
a2 M’

1 )
=A—I($ij6a,a/6(l— tl)‘l']_‘[— ; Qi((!‘— (X”) (21)

X{(S(e,2)- S(a",) Us(e, 1))

We show in Appendix A that the last term of Eq. (21)
becomes, in lowest-order perturbation theory,

i
—

QM «'iat e Qi(a— a”)Qk (al— 0[2)

—ihp }
X / 2K((S(e,2) - S(e”,0) S (e, ) - S (az,0))4)

0

X[Dx;(ant; o,t)— Dij(ent; /)], (22)
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where we now evaluate the thermal expectation values
in the absence of the spin-phonon interaction. In addi-
tion, the phonon function contains a trace over only the
states associated with Hpnonon and the spin function
contains a trace over only the states associated with
H spine

The Fourier space transform of the equation of mo-
tion for the phonon function then becomes to the lowest
order in the coupling Q;(e—«'),

9% 1 1
——D;i(q, t— 1) ——Cau(q)Dy;(q, t— ') =—8:6(1—1')
a2 M M

—1ih0
X / diPy7 (g, t—DDis(a, i~ 1), (23)
0
where the kernel in Eq. (23) is
) i
PV (q, t—1)= Y, a'agmz Qi(e—ao)Qj(a1—a3)
X (e—-iq-a_ —iqoa') (eiq'orl_ ez‘q-az)
X((S(wt) S(a/,)S (an ) S(asD)s).  (24)

The corresponding kernel for the single-ion magneto-
strictive interaction (12) has the form

Pijs(q7 = t) = _A_}qlquilem Z eﬁzq.(a—al)

a,a]

X{F (S (&,0))F (S (e1,8)))4).  (25)

In both cases the kernels (“polarization operators’)
depend on four-spin correlation functions.

Solving the secular equation which results when
P;i=0 in Eq. (23) gives us the force constants C;;(q)
in terms of the eigenfrequencies w(\,q) and the polariza-
tion vectors e;(\,q),

1
ﬁCz’j(Q) =§ @*\,@)es(N,q)e; (A, q) (26)

Inserting Eq. (26) into Eq. (23) we express the Fourier
series coefficient D;;(q; w,), which appears in Eq. (20),
in terms of the eigenfrequencies, the polarization vec-
tors, and the Fourier series coefficients P;;(q;w,) of
either kernel (24) or kernel (25);

Di(q,w,)
1 e:(\,@)e;(\,q)

=—3 (27
M » 02—\ q)—e(\ @) Prlq; @)e(N,q) D

We obtain in this way a relation between the Fourier
series coefficient of the phonon function D;; and the
kernel P;; on the set of points w,. In addition, the func-
tion P;;(q; %) and the function D;;(q; %) are analytic
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functions of complex z except on the real axis.® When we
approach the real axis from above, we may define the
real and the imaginary parts of P;; by the relation!®
lim, Pi;(q;w+ie)=Re{Pij(q0)}
—iIm{Py;(qw)}. (28)

The singularities of D;;(q; 2) contain a description
of the dominant excitation modes in the system. In
particular, the poles of Eq. (27) occur to lowest order
in the spin-phonon coupling at the points,

50, @)=, @) +R eiPﬁe"} i1 e"P"jej} (29)
) =w(}, e —iIm .
T {2w<x,q> [Zwo,q)

Thus, the phonons interacting with the spin-system
experience a frequency shift,

e\ @) Pyl q; 0 (A, q) Jes (A,q)} 30)
20(\,q)

Aw(),q) =Re{

and a damping
e:(\N@PiLa; 0, a) e (A, q)
20(A,q)
By convention, the acoustic attenuation coefficient has
the form
a\@)={TX\a)/c(N)}, (32)

where ¢(M\) is the speed of sound for a polarization of
the type A.

m,q)=1m{ } . (1)

C. Approximate Spin-Correlation Functions

The kernel P;;(q,i—%) depends upon the four-spin
correlation function,

f4 (a,a’,al,az = i)

=((Si(e,)S;(e,1)Si(e1,1)S1(as,0))) .

We note that e=¢’ and ey=a. for the single-ion mag-
netostriction and that ¢=j and k=1 for the volume
magnetostrictive interaction. Because we know the
exact solution to the three-dimensional Heisenberg
Hamiltonian for only zero and infinite temperatures,
we must resort to approximation procedures for finite
temperatures.!! Following the procedure presented in
Sec. III of Ref. 8, we approximate the spin function
(33) by the sum of all possible factorizations in terms
of lower-order correlation functions. Since we restrict

(33)

( 9 L. Kadanoff and P. C. Martin, Ann. Phys. (N.Y.) 24, 419
1963).
10 We have the relation
ell?ll)n* w+ie

1__.
= PZ):FMrB (),

where P here represents the principal value.
11 M. Wortis, Phys. Rev. 138, A1126 (1965) ; G. S. Rushbrooke
and D. S. Wood, Proc. Phys. Soc. (London) 68A, 1161 (1955).
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the present calculations to the paramagnetic region in
the absence of any external magnetic field, the quantity
(Si(eyt)) is equal to zero and we therefore approximate
the four-spin correlation function as a sum of products
of all possible pair correlations:

((Si(e,0)Si(o )Sk(es,)Si(es,b))s)
~(Si(e,1)S; (e 1) }(Si (e1,)S1(2,1))
+((S:(e,2)Sk(01,0) ) ){(Si(e,)S 1@z, ) )

F{((Ss(,1)S1 (e, ) ){(Si (o, H)Sk(@s,8)1) -

When we substitute (34) into the expressions (24) and
(25) for the kernel P;;, that portion of the sum contain-
ing all the equal-time correlations is zero and only
terms arising from the last two terms of factorization
(34) remain. Furthermore, the correlation function
{((Si(e,)S;(e/,1')),) for the no external-field paramag-
netic region is zero unless 2= j. We have for an isotropic
Heisenberg Hamiltonian,

(34)

((Sie)Si(e/ 1)) 4)=0:iMu(at; 1), (35)
where, for example,
Mo(at; o )= ((S:(e,))S:(e 1)) (36)

In Appendix B, we show that the factorization (34)
is exact at =1 and 8J =0 and discuss the physics which
the factorization contains. The factorization is an ap-
proximation to the exact four-spin function for finite
temperatures and ¢7% and therefore is always subject
to criticism. However, we wish to emphasize that the
factorization maintains the correct symmetry prop-
erties of the kernel with respect to the frequency w and
the wave vector q. Hence, we shall be able to answer
rigorously the question as to whether the attenuation
coefficient is an even or an odd function of w and of q.

III. ATTENUATION COEFFICIENTS

Continuing our analysis, we substitute the factoriza-
tion (34) into the expression for the kernel P;;(q, i—%)
and compute the Fourier coefficients P;;(q;w,). By
introducing the effective coupling function v,2(k,q), we
write the expressions for P;;(q; w,) in the general form

(—1)
i\ AN BROL/AUST | ! N k7
e\ @ Pi;(q; w.)e;(A,q) MN(*MB)§ 2 ni(ka)

XM (k; 0, )Mo(k—q; 00 —w,), (37)
where M(k;w,) is the Fourier series coefficient for the
spin pair-correlation function (36) and where the details
of the coupling function depend upon which of the two
spin phonon interactions we use.

It is convenient to express the coefficient M2 (k; w,)
in terms of its spectral weight function,®

o do’ X (k')

(ks ) =2 f (38)

o 21 (0'—w,) )
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Then, as usual, using the fact that
1 1
—2 =n(w)+ @), (39)
B v w—w,

where #(w)=[exp(Biw)—1T1", we perform the sum-
mation over »' in Eq. (37):
ei(\,q) Pij(q,w,)e;(\,q)

+o dw’
_X’/(k’wl>

o T ) T

[n(w)—n(w")]

2

o do’

1
=———2"mk,q)
MN x

XX (k—q, ") (40)

(o' —"—w,)

Applying the prescription (28) to Eq. (40) yields the
imaginary part of e;(\,q) P;;(q, w+ie)e;(N,q):
Im{ei(A:q)Pi]'(q)w>efO‘yq)}

o do’

—X" (ko)X (k—q, o —w)
o T

X[n(w)—n('—w)].

1
=——=2"mk,q)
MN x
(41)

Reference 8 contains an evaluation of the integral
appearing in Eq. (41) for the region Bhw<1. The
present calculations also satisfy the condition Bw<1.
We restrict the calculations to the paramagnetic region
B<B. and consider the wave vector to approach zero.
The energy 7w of the phonon is %cg and the condition
Boheqkl is valid for sufficiently small g. Because the
density of states factor of Eq. (41) has the limit

n(w)—n(w' —w) = — B[ n (") Petre’ (42)

for small enough w, the low-frequency behavior of the
spectral weight function contributes most significantly
to the frequency integral. Following Ref. 8, we use the
low frequency, small wave vector form of the spectral
weight function:

X" (q,0)~X(q,0)Dg*/[«*+ (Dg?)*], (43)

where D is the temperature-dependent diffusion co-

efficient and X(q,0) is the wave vector-dependent
susceptibility

+ dw X' (q,0)

x(q,0)= — .

—0 T w

(44)

We shall use the effective field [random-phase approxi-
mation (RPA)] form for the q and temperature de-
pendence of X(q,0),

X(q,0; RPA)=x(0,0)/[1+X(0,0)j(a)].  (45)
We write the interaction transform in the form
J(@)=1(0)—I(q), (46)
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where

I(q)=X e (e), (47)

and where X(0,0)=X is the static susceptibility. At high
temperatures the expression (45) is exact. The spectral
weight function (43) contains the phenomenological
assumption that a diffusion equation for the spin mag-
netization characterizes the long time, £>7=(%/J),
large distance, 7>>d, behavior of the system.

Inserting the low-frequency spectral function (43)
into Eq. (41) produces the result

Im{e;(A,@)Pij(q,0)e;(N,q)}
X2

(D2+D1)|:¢°2+ (Dz’" D1)2]
[w?+Dg2— D12:|2+ 4D P2’

 mn2(k

XOA+X R [+xj(k—q) ', (48)

where Dy=D(k— q)? and D,= DF?. Because only small
wave vector acoustic phonons propagate easily in a
lattice, we shall evaluate the summation in the limit
of small g. Acoustic phonons typically have wave vectors
g~10~5¢p, where gp is the Debye wave vector, gp=~d~%

Before we may proceed further, we require the form
of the coupling v»?(k,q) and the exchange transform
7(k). We limit the discussion to the case of a simple
cubic lattice having only nearest-neighbor exchange
interactions. Also, since we are investigating the low
frequency, small wave vector results of Eq. (48), we
need the above two functions only in the limit of small
wave vectors. The exchange transform for the above
case becomes

JK)=100)—1(k)y=27 Z(l—COSkid) , (49)

where i=x, ¥, and 2, and where d is the lattice constant.
For small values of & we write

j(k)=Jad%:*. (50)

Comparing Eq. (24) and Eq. (34) gives us the effective
coupling coefficient for the volume magnetostrictive
interaction,

(k@)= — ) {(e: ([ Q:(k)— Qi(k— ) ])

X ([Qi(k)—Qi(k—a)Je;(\,@))} . (51)
Definition (11) yields Q;(e—e')=—Q;(e’—«a) and the
Fourier transform Q;(k) becomes

Qk)=% ¢*Q(a)=2iQ X jsink,d,  (52)

where Q is a parameter determining the strength of the
interaction and j is a unit vector directed along one of
the Cartesian axes.
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The effective coupling coefficient for a longitudinal
phonon propagating along one of the crystal axes, e
=(q/q)=3, reduces in the small ¢ limit to the
expression

72 (k,q) ~60%d¢* cos’kud , (83)

where u is the cosine of the angle between k and q=¢3.
The effective coupling coefficient for the single-ion
interaction assumes under the same conditions as Eq.
(53) the form

72 (k,q) ~3G1’¢.

In order to evaluate the summation in expression
(48) we first introduce a simplification concerning the
lattice structure. We replace the discrete summation
over the first Brillouin zone by an integral over the

Debye zone;
? ap 27 +1
qqu/ dp | du(---)
(271' ) 3./; 0 -1 ’

(55)

(54)

1
l'm—. ’ DRI ——%
Jim — ()

where u=cosf and where gp= (67%/2)"/® and v=d® for
a simple cubic lattice. Next we write that part of the
integrand of Eq. (48) between the curly brackets in
terms of functions which are even and odd in u; i.e.,

{3 =30} w+{ -} (=n]
+3l{-- 3 wW—{---}(=w)] (56)
=Fo(u)+Fou),

where Fo(u)=F¢(—u) and Fo(u) = — Fo(—p). Since the
coupling v»? is an even function of p, only the term
Fo(u) contributes. The dominant contribution to the
integral of Eq. (48) comes from the region of small %
and thus for convenience in performing the angular
integration over u we approximate the cos*ud factor
of Eq. (53) by 1. The additional restraints that

kp2ds>q*d?, (57)
wB>D¥t, (58)

and
1/XT>¢d?, (59)

allow us to perform more readily the integration over &.
The results are, when 8 approaches zero,

72(0,q)wd?qp (XJ)?

Im e,-P,-'e- =~ - (60
tedPyes} An 18T DM )
and when 3 is near 8.,
72(0,q)wd?(XT )3
Im{e;Pijej} ~ ——————————. (61)
16xhB8I:DM

Inserting Eq. (60) and Eq. (61) into Eq. (32) leads
to the respective expressions for the attenuation co-
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efficient: when 8 approaches zero,

ol w008 (gpd) (XJ)? ©2)
8x2BJ*DMc
and when @ is near 3.,
algym T DTS 3
32xhBJ*DMc
where for a simple cubic lattice gpd=~3.9, where
(0,q) ~6Q%¢ (64)
for the volume magnetostrictive interaction and
73 (0,q) =3G1’¢* (65)

for the point ion magnetostrictive interaction, and where
w(g)=cg.

IV. RESULTS AND CONCLUSIONS

The results (62) and (63) tell us that the attenuation
coefficient is a function of the static susceptibility X(3)
and of the spin diffusion D(8) and that it is proportional
to an even power of the wave vector, namely
¢=[uw*(q)/c*].

We now return to the restraints (57) to (59) and
demonstrate that experimental conditions satisfying
them exist. The ratio (¢/¢p) is typically about 10~5 and
this satisfies inequality (57). Because ¢p=(1/d)
=~ (10+%/cm) and ¢= (10° cm/sec) for many ferromag-
nets, we have g= (103/cm) and w=cg= (10%/sec). The
diffusion coefficient attains a maximum value at 3=0
and has the value for a simple cubic lattice,?

D(8=0)=~[4.14X10-5BT./{S(S+1)}2]
cm? sect °K—1,

(66)

where we have used 8,J~[3/S(S+1)], where 102 °K
$7T.5102 °K for many ferromagnets, and where B
depends upon the method® used to compute D and has
the values0.19% B£0.33. Thus, inequality (58) becomes

E>D¢, (67)

and the above estimates for ¢ and D meet condition (67).
Finally, condition (59) requires that
XJ<K10%°, (68)

In the high-temperature limit the susceptibility goes to
zero linearly with g,

S(S+1)8
X

pRAm (69)

The limit (69) is exact. The susceptibility becomes in-
finite at the critical point and most treatments of the

2P, G. de Gennes, J. Phys. Chem. Solids 4, 223 (1958).
1B H., Mori and K. Kawasaki, Progr. Theoret. Phys. (Kyoto)
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susceptibility predict that it will behave sufficiently
close to the critical point according to the form

Xj=A[8/B.—B)]", (70)

where A varies slowly with 8 and is usually about 1.0
2420.01 and where 1<y<2. The Weiss molecular
field gives y=1; the RPA models give y=2; and the
Padé approximant method gives a value which is in-
distinguishable from y= (4/3). The experiments thus
far appear to agree most closely with the Padé-
approximant method because for most ferromagnets it
is found that 1.25v < 1.6. The limit (69) readily satisfies
inequality (59) via inequality (68) at high tempera-
tures. However, Eq. (70) does not satisfy inequality
(59) for @ sufficiently near 8,; i.e.,

AX1072[(B./B)—1]". (71)

But the latter does not concern us because from Ap-
pendix B we argue that the factorization (34) becomes
much less reliable whenever [ (8./8)—1]51072, Tem-
peratures as close to the transition point as [ (3./8) —1]
~ 10~ readily meet inequality (68), and such tempera-
tures are outside the expected region of validity of our
theory. Finally the above values for the speed of sound
and the wave vector satisfy the condition following
Eq. (41), namely, B.icg<1, provided T,>>102 °K.

In order to determine the temperature dependence
of the attenuation coefficient we require the tempera-
ture dependence of X(8) and D(B). Equations (69) and
(70) give us X(8). Dimensional arguments alone deter-
mine the form of D(B) at high temperatures, and the
different evaluations all have the form

D(BJ=0)=B(Jd*/M[SS+1)]7, (72)

where B varies as indicated in Eq. (66). In the neighbor-
hood of the Curie point, the nonlinear integral equation
method (#l) and the sum-rule moment method (sm)
both predict that the diffusion coefficient approaches
zero as (3 approaches 8.; i.e.,

Dnl(ﬁ“‘" ,Bu) Bnl
= (73)
Du(B=0) S(S+1)(xJ)1/4
and Dun(B—s 62 3
sm C, _ sm (74)

Dan(8=0) S(S+1)(XJ)’

where Bn;=~2.38 and Ba,~1.15. It is interesting to
notice that if one uses the sum-rule moment form of the
diffusion coefficient and assumes that the molecular-
field theory gives the static susceptibility correctly,
then one obtains the expression for the spectral weight
X' (q,w) originally assumed by Van Hove.!

We conclude from these considerations that the ultra-
sonic attenuation coefficient goes to zero linearly with
B in the high-temperature limit and that the coefficient
increases rapidly in the neighborhood of the Curie

1 1.. Van Hove, Phys. Rev. 95, 1374 (1954).
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TaBLE I. The small wave vector limit of the effective coupling
v»2(k,q) which results from Eq. (34). The direction of propagation
is q=¢(sind cos p£+sinb sinpf+cosh?), the longitudinal mode
polarization vector is ez = q/¢, and a transverse mode polarization
vector is er= —sinef+-cos¢y, where ¢, 8, and ¢ are the spherical
coordinates with one of the crystal axes as the z axis.

Interaction ,leifowz (k)

and mode ¢—0
Eq. (10) 0Q%d*¢
Longitudinal
Eq. (10) (3)Qd5¢? sin? sin?¢ cos? o (ky— ky)?
Transverse
Eq. (12) [3G1:2{cos (cos?—sin%)

Longitudinal -+sin?f (cos? p—sin? e cos?p+sintp) }

+4G,4? sin® (cos?0+sin%d cos? o sin?ep) Jg?
Eq. (12) [9G11? sin% sin%¢ cos?e
Transverse + G2 {cos’+sin% (cos? p—sin?)? } ]2

point according to the manner in which (XJ)7 increases.
The exponent n depends upon the method which one
chooses to compute the diffusion coefficient and has the
bounds ($)S95 (3).

We call attention to the fact that treating the spin
system in the RPA leads to no attenuation of the
phonons in the neighborhood of the Curie point,” for
both 24, and B B.. We also want to emphasize that
all estimates of the behavior of D near 8, are as yet
bery unreliable.!®

We may easily extend our present calculation to
include the attenuation of transverse modes and the
propagation of the sound in arbitrary directions relative
to the crystal axes. For the volume magnetostriction,
Eq. (10), the attenuation of a longitudinal mode is
independent of the direction of propagation. The at-
tenuation of a transverse mode is zero for sound waves
propagating along the crystal axes. When the trans-
verse mode propagates off the crystal axes, the attenua-
tion depends upon the angles that the propagation vec-
tor and the polarization vector make with the crystal
axes. Equation (51) gives us these angular dependences.
In addition, the attenuation of an off-axis transverse
mode exhibits a different temperature dependence in
the neighborhood of the Curie point from that given by
Eq. (63). Equation (51) for a transverse mode (off-axis
propagation) gives a k dependence of the effective
coupling v»2(k,q) which is different from that obtained
for a longitudinal mode. When we perform the k inte-
gration, the singular factor (XJ)32 does not occur and
the increase in the attenuation now arises from the
(1/D) factor. The explicit temperature dependence of
the attenuation depends on the methods by which the
diffusion coefficient D and the static susceptibility X

15 J. Kocinski, J. Phys. Chem. Solids 25, 211 (1964). This work
derives an expression for D which is finite at 8 =8,. However, this
calculation uses the constant coupling approximation which ig-
nores the fact that the values of the molecular field differ from
site to site. This neglect leads to serious error, particularly in the
neighborhood of the Curie point.
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TaBLE II. Temperature dependence of the attenuation pre-
dicted by Eq. (34). The temperature factors are Fo=[ (xJ)?/8D],
F,=[(xJ)¥?/BD7], and F.= (1/8D). The respective attenuation
coefficients are directly proportional to these temperature factors.

Interaction Temperature factor
and mode B—0 B — Be

Eq. (10) F, F,

Longitudinal

Eq. (10) Fo Pt

Transverse

Eq. (12) Fo F,

Longitudinal

Eq. (12) Py 3

Transverse

are calculated, as we have indicated in Egs. (70), (73),
and (74).

For the single-ion magnetostriction interaction (12),
which is the dominant interaction in most solids, both
the frequency and the temperature dependence of the
attenuation are independent of the relative direction of
the propagation vector and the polarization vector and
of the directions of these latter vectors relative to the
crystal axes. The effective coupling is, however, dif-
ferent for the different cases. For a transverse mode
propagating along a crystal axis, the effective coupling
3G12? in Eq. (65) is replaced by Gss®. For both longitudi-
nal and transverse modes propagating in an off-axis
direction, the effective coupling becomes a linear com-
bination of G2 and Gu?, for which the coefficients
depend on the angles which the propagation vector and
the polarization vector make with the crystal axes. We
obtain the explicit angle dependence in a straightforward
manner from Eq. (25). Tables I and II contain a sum-
mary of the contents of the above two paragraphs.

As a final point, we mention that if we remove the
restriction that the volume magnetostriction be invari-
ant under rotations and consider a more general inter-
action term,

Z [U'D (a;t) -U; (a’;t)]QiJ'k ((l,(l’)Sj((X,t)Sk (a,;t) ’

’
a,a

(75)

then we shall obtain the same frequency and tempera-
ture results because the Fourier coefficient Py;(q,w,)
will still have the form (37) and the k and q dependence
of the effective coupling v»2(k,q) will remain the same.
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APPENDIX A: PERTURBATION THEORY

We want to evaluate the spin-displacement correla-
tion function,

(Ui ) S (es) - S(e”,1))), (A1)
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to lowest order in the spin-phonon interaction, Hit. We
refer to Eq. (17) and consider the implicit numerator
of correlation (A1),

Ny=TrLe?7(U;(/,t')S(et)- S(a",1))1].  (A2)
The operator equation,
U(—ihB)=Uo(—ihB)Ur(—ihB), (A3)

relates the operator U(—ih3)=¢ ¥ to the correspond-
ing operator in the absence of the interaction Uo(—#%8)
=¢PHo where

U (—ihB)= (exp[ (—i/h)/—ihﬂdiHI(i)l) . (A4)

0

This relation is obtained by solving the equation of
motion for Uy ({)U(¢) in the usual way'® and then by
performing the analytic continuation to ¢= —i#3. Here
H;(t) is the interaction Hamiltonian in the interaction
representation,

H[(t)= U[(t)HimU[_l(t) . (AS)

By expanding the operator Ur(—i#8),

—ihf
Ui (—ihB)~1— (i/h) diH, ()4 -,

0

(A6)

we shall be able to compute the quantity N; to lowest
order in the spin-phonon interaction. The expression
(A6) yields

N,-zTrl:e—ﬂHO( { 1— (i/#) ~MdZH1 B+ }

><U,-(a',t'>S(a,z>-S(a",») ] (A7)
+

where we now take the trace over states which are
eigenfunctions of Hy. Since Hyhonon 1S invariant under a
uniform translation of the lattice, any term with an odd
number of displacement operators is zero. Thus, to the
lowest order in the interaction Hiny we find,

i
Ni=- 2 Quler—es) Tr[.«a‘m0

al,a2

—thf
>< / di({ Us(aw,d)— Us(an,d)} S (end) - S (s )

0

X S(e,t)-S(a" 1) U;(a’,t')) ] . (A8)
+

16 S, Schweber, An Iniroduction to Relativistic Quantum Field
Theory (Harper & Row Publishers Inc., New York, 1961), Chap.
II.
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Then using the finite temperature generalization of the
Wick’s theorem!” to contract the phonon operators, we
obtain

(Ui, )8 () - S(e”" D))~ —% 2 Qu(ar—e)

ar, a2’

—ihg
% f AE(S () - S (s, ]) S (e)- S(a”,)))

X[Dwi(ent; o't) = Dj(ent; o). (A9)

The term (22) in the text then follows from Eq.(A9).

APPENDIX B: FOUR-SPIN CORRELATIONS

Since we do not know the exact solution for finite tem-
peratures to the three-dimensional Heisenberg model,
we have introduced the factorization (34).

In this Appendix, we shall discuss the extent to which
this factorization is justified.

We may make three rigorous statements concerning
the factorization. First, the factorization is unique in
the sense that all other possible factorizations give no
contribution in the paramagnetic region to the expres-
sion for P;;(q, t—1%), Eq. (24) and Eq. (25). Second, the
factorization yields an exact expression for Py;(q, —1)
at 8J=0 and at t=4£. In the limit of 87=0, the spin
state n;(e;) at site a; becomes independent of the spin
state ;s (@) at the site ey, ey, and the trace over
all spin states reduces to the product of traces over all
spin states at each site,

lim TrN[‘ : ];'IIYI Trax[' : '];

BJ >0 =1

(B1)

i.e., we have an N product spin space. We then ex-
plicitly evaluate'® all traces appearing in the factoriza-
tion (34) and find that at 8/=0 and {={ the left-hand
side equals the right-hand side. Third, the extension of
the factorization (34) to the ferromagnetic region leads
to an exact expression for P;;(q, {—{) at BJ=c and
for any {—{. When 8J = o, the spins at all sites are in
the ground state and the trace reduces to one diagonal
matrix element. We then use the time evolution of
operators in the Heisenberg representation

Si(e,t)=[exp(¢/h)Hepin (t—1')]
XSi(e,t)exp(—i/M)Hypin(t—1)] (B2)

to prove the third statement for which the ground state
is an eigenfunction of Hpin.

A calculation of the specific heat gives us additional
insight about the physics which the {=% factorization
describes. We express the specific heat at constant vol-
ume in terms of the four spin correlations and lower-

17 C. Bloch and C. de Dominicis, Nucl. Phys. 10, 509 (1959).
18 J, H. Van Vleck, Phys. Rev. 74, 1168 (1948).
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order correlations;

4C,
—=2 2 J(e—d)J(e1—az)

kﬁ2 a,a’ a1,a2
X{((S(a2)- S(e/,))(S(er) - S(es)))
—(S(e0)- S(«,))(S (e, 1) - S (@)} -

In the 87 — 0 limit, we evaluate Eq. (B3) exactly and
then evaluate it with the four-spin correlations replaced
by the factorization (34). We find that the resulting
expressions for the specific heat (C,/NkB?) are the same.

Previous work! shows that as we approach the transi-
tion region the correlations of greater number of spins
become successively more important. For example,
whenever the temperature fails to satisfy the condition
[(8:/8)—1T]>0.01, then the correlations of three spins
become comparable in magnitude to the correlation of
two spins. We conclude from this that the factorization
(34) is much less reliable near the transition point. But
even though the factorization is suspect near the transi-
tion point, it is mathematically well defined for all
temperatures such that 3<f, and provides us with an
interpolation to the transition region. In particular,
using the factorization (34), the spectral weight func-
tion (43), and the RPA approximation for X(q,0), we
calculate the specific heat in the vicinity of the transi-
tion point for a simple cubic lattice. The result is that
the specific heat diverges as the square root of the static
susceptibility:

(B3)

— s (), (B4)
Nk 86 22

If one believes that the exact specific heat has a loga-
rithmic divergence and that the static susceptibility
diverges as (I'—7T.)~ where 2>v>1, then the critical
fluctuations described by the insertion of form (43) into
the factorization (34) are too large because they lead to
a divergence which is more singular than a logarithmic
divergence.

Since we require a knowledge of Im (e;Pye;) for small
wave vectors ¢ and low frequencies w, we want
the behavior of the four-spin correlation function,
fula,ejar 025 t—1), for times |t—i|>>7 and for dis-
tances |e—ai|, |e—as], |¢/—a|, and |&’—as| all
much greater than the lattice spacing d. In addition,
we may assert that the coupling Q;(a—<¢’) is a short-
ranged function; i.e., Q;(e—«¢) is very small for
|@—a'| >d. From this assertion we argue that those
terms of the kernel (24) for which « is near &’ and for
which «; is near @, dominate. The latter is compatible
with the previous conditions. But thus far we have dis-
cussed only the {=1 aspects of the factorization and we
may question whether the preceding discussion is
relevant to the attenuation coefficient; particularly
since only intuitive statements are available for the
t7#1 case at finite temperatures.
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The factorization is a statement that a given function
of ¢ and { behaves as the sum of a time-independent
function (#=1) and of products of two time-dependent
functions. The pair-correlation form (43) states that
for the paramagnetic region the self-diffusion of the
spins dominates over all other possible mechanisms at
large distances and long times (¢— 0 and w— 0).
Hence, in effect, the factorization (34) and the form
(43) permit us to obtain information about that part
of the large-distance long-time behavior of the four-spin
correlations which arises from the large-distance long-
time behavior of the pair correlations, whenever the
system is sufficiently far from the transition region.

We may strengthen our intuitive discussion for #>%{
by examining a simple solution to the diffusion equation
for the magnetization m(r,z),

om(x,t)/3t=DV?m(x,t), (B5)
with the =0 time boundary condition that
M if r=0
m(r,0)= ;
0 if r0
namely,
m(x,t)=M (m/Dit)*? exp[ — (+*/4D1)] (B6)

for £>7 and 7>>d. From Eq. (B6) we obtain the hydro-
dynamic domain and the condition that |m(r,)/M |<1,
whenever ¢ is great enough for fixed » or whenever 7
is great enough for fixed ¢. If we assume that the higher-
order correlations I and f4 exhibit diffusion properties
which are similar to those described by Eq. (B5), then
we may extend the suggestions of Eq. (B6) to these
functions. That is to say, for high enough temperatures,
the spin at site e at time { is very weakly correlated
with the spin at site @ at time {, whenever |{—{[>>r
= (#/J) and the spin at site e at time ¢ is very weakly
correlated with the spin at site @1 at time { whenever
| e— a1 |>>¢y, for fixed |¢—i| where c; is the correlation
length. A modified RPA method predicts' that when
=1, the correlation length behaves as (1+4XJ)V%d.
Bearing in mind the additional intuitive statements
of the preceding paragraph, we re-examine the four-spin
function f; and approximation (34) to it. We argue
that the hydrodynamic domain (g— 0 and & — 0) ob-
tains whenever all the unbarred variables are far from
the barred or numbered ones and that any approxima-
tion to f4 must maintain this feature. Observe that the
hydrodynamic domain of the last two terms of the
factorization (34) corresponds to the hydrodynamic
domain of the four spin function fi, but that the first
term fails to meet this criterion. However, because the
contributions due to the first term sum to zero in all
calculations of the specific heat (a #={ property) and of
the diffusion coefficient and the attenuation coefficient
(11 properties), the first term of the factorization leads
to no consequence for the above cases and we may
ignore its failure to describe the hydrodynamic domain.



