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The lowest-order nonvanishing contribution to the viscosity of a crystal lattice is considered. This con-
tribution depends on the cubic anharmonic momentum-flux operator previously derived by the author. An
inhomogeneous transport equation, which describes both anharmonic and imperfection phonon scattering
and whose solution determines the viscosity, is presented. The scattering operator is then replaced by a single-
relaxation-time approximation where the effective relaxation time is found from lattice-thermal-conductivity
experiments. With the aid of a Debye-like model, solutions are obtained for the coefficients of viscosity. From
these solutions the attenuations of longitudinal and transverse sound waves are calculated and compared
with experiment for Ge and Si, where qualitative agreement is found.

I. INTRODUCTION

ONEQUILIBRIUM statistical mechanics gives us
expressions for such transport coefficients as the
thermal conductivity, viscosity, and coefficients of
diffusion. The transport relations, which incorporate
these coefficients (e.g., Fourier’s law of heat conduc-
tion), together with the macroscopic conservation laws
form the hydrodynamic equations of motion. Here, the
term hydrodynamic refers to processes which can be
described in terms of a limited class of macroscopic
variables such as the local energy density, particle
number density, momentum density, etc., or equiva-
lently, local thermodynamic variables such as the
temperature, chemical potential, velocity, etc.

It has been shown that the transport coefficients are
given by time integrals of correlation functions in-
volving the microscopic fluxes. This formulation is valid
for all phases of matter. For a complete discussion see
McLennan,! and DeVault and McLennan.? To reduce
the correlation-function formulas of a solvable form, one
is confronted with a many-body problem. For example,
for a gas one attempts to reduce the formula to a sum
of quantities which involve the motion of a single
particle. For a dielectric crystal it is convenient to re-
duce the formula to a sum of quantities involving a
single phonon mode. Even with these simplifications the
problem is still rather formidable ; however, one is in a
position to make meaningful approximations.

Starting with the kinetic theory of Peierls® and more
recently with the correlation-function treatment of
Hardy ef al.,*=% the theory of lattice thermal conduc-
tivity has been discussed in considerable detail. Hardy,
Swenson, and Schieve® give a perturbation expansion
for the thermal conductivity. The Hamiltonian for the

* Research done under the auspices of the U. S. Atomic Energy
Commission.
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lattice is written as H'+MH’, where H° is the harmonic
Hamiltonian for a perfect lattice and NH’ is the pertur-
bation due to anharmonic forces and lattice imperfec-
tions. The lowest-order term in the perturbation expan-
sion is of order \=2. The N~'-order corrections have been
treated in detail by Hardy and Schieve.$

Some confusion appears to exist concerning what is
meant by the viscosity of a crystal. To make the concept
clear consider the macroscopic conservation laws for a
system with one atomic constituent,

dp .

—+V-j=0, (1.1)
at

ou

—+V-s=0, 1.2)
at

Api Al

—+—=0, (1.3)
at ax,-

where p, #, p are the densities of mass, energy, and
momentum and j, s, #; are the associated fluxes. The
energy flux for slowly varying hydrodynamic processes
can be written as!

Si= Sio—- )\ijaT/axj . (14)
s is the reversible part of the energy flux, which is
zero for a system with a vanishing local velocity. A is
the thermal conductivity and can be determined from
its correlation-function formula. Similarly the momen-
tum flux or pressure tensor can be written as

ti=1,0—1p . le_ %
ij 5 2Nijim + ’
Xm 0%y

(1.5)

where v is the local velocity. ;0 is the reversible part of
the pressure tensor which in general is not zero even for
systems with vanishing local velocity. The coefficient
Nijim 1S the viscosity and can be determined for any
phase of matter from its correlation-function expression.
In a solid the symmetric part of the velocity gradient is
often referred to as the strain rate.
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Just as a temperature gradient will disrupt the
equilibrium phonon distribution of a crystal, so will a
velocity gradient. In fact, it has been shown’ that the
disturbance of the phonons caused by a velocity gradient
does lead to a finite viscosity. The lowest order (A~2)
contribution to the viscosity was discussed in Ref. 7;
however, it has recently been shown?® that the diagonal
part of the harmonic part of the momentum-flux
operator, which was used there, actually vanishes
identically with the result® that the A2 contribution to
the viscosity also vanishes. (Although the derivation
of the harmonic momentum-flux operator in Ref. 7 was
in error, the remaining conclusions cited there are
correct.) The NL-order contributions also vanish since
each of the six possible contributions at this order also
depends on the diagonal part of the harmonic part of
the momentum-flux operator being nonzero.

The lowest-order nonvanishing contribution to the
viscosity comes from the A’ order of the perturbation
expansion. There are six possible contributions at the
M order. It was shown in the preceding paper® that five
of these are zero. Here we treat the remaining non-
vanishing contribution which depends on the diagonal
elements of the anharmonic momentum-flux operator.
This operator has been derived in an earlier paper.?

In Sec. II the inhomogeneous transport equation
whose solution determines the viscosity is discussed,
and the collision operator is replaced by a single-
relaxation-time approximation. Since the collision oper-
ator is the same as that for thermal conductivity, the
effective relaxation time is obtained for particular mate-
rials from thermal conductivity experiments. The results
of Sec. IT are used in Sec. III to compute the coefficients
of viscosity by employing a Debye-like model for a
primitive lattice with a cubic symmetry. Both an ap-
proximate analytic solution and a numerical solution
(by use of a computer) are obtained for germanium
and silicon. It is interesting to note that, in a sense,
lattice viscosity depends more strongly on the anhar-
monicities than does the lattice thermal conductivity.
Both the homogeneous and the inhomogeneous parts
of the transport equation for the viscosity are involved
with the anharmonicities. This will be shown to mean
effectively that in considering the damping of an
infinitesimal strain sound wave one must use finite
strain to determine the viscosity.

In Sec. IV the viscosity is used to determine the
attenuation of longitudinal and transverse sound waves
in germanium and silicon. Comparison is made with
experimental results reported by Mason and Bateman!0
and qualitative agreement is found. The conclusion
previously suggested by Mason and Bateman® and by

7G. P. DeVault and J. A. McLennan, Phys. Rev. 138, A856
(1965).

8 G. P. DeVault, Phys. Rev. 149, 624 (1966).

9 G. P. DeVault and R. J. Hardy, preceding paper, Phys. Rev.
155, 869 (1967).

10'W. P. Mason and T. B. Bateman, J. Acoust. Soc. Am. 36, 644
(1964).
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Klemens! that the relaxation time associated with
longitudinal wave attenuation should be about twice
that of thermal conductivity seems reasonable here. The
results are discussed in Sec. V.

The Appendix discusses a simple model for extending
the present analysis to describe materials which exhibit
viscoelastic behavior, i.e., materials which “remember”
their past history.?

II. THE TRANSPORT EQUATION

It was shown in Sec. IIT of Ref. 9 (the preceding
paper) that the lowest-order nonvanishing contribution
to the coefficients of viscosity for a lattice is given by

Nijim= V"1 2 hows[vies =V (ONT )/ OCH")) Jowes™,
ks (2.1)

where \T';; is the perturbation to the volume-averaged
momentum-flux operator T';;=T:°+NT;/, T.° is the
harmonic part of the flux, and A\T;;’ is due to anharmonic
forces and lattice imperfections. The same separation
occurs for the system Hamiltonian H=H'+\H’, where
H°® is the harmonic Hamiltonian. The brackets { )
imply an average taken with the unperturbed-equilib-
rium canonical ensemble f,°. The quantities wys and
vxs'/ are, respectively, the frequency and generalized
Griineisen parameters associated with mode (k,s).® V is
the volume of the system. ¢xs'™ is defined by

Orlm= (V/KT)ﬂz fo*(@) Ny (@)
XAT 1w’ (B) =N (8)1Pe(a8), (2.2)

where the diagonal elements of an operator in the
phonon representation are denoted by, for example,
fo®(@)={a| fo’|«). The time average of ATy’ is denoted
by M 1.2 Pe(apB) is the lowest order perturbation ap-
proximation to the Laplace transform of the transition
probability |{a|exp(—iH/%)|B)|?%; Nks is the phonon
number operator associated with mode (k,s); and T
and « are, respectively, the temperature and Boltz-
mann’s constant. ¢xs'™ satisfies the transport equation

d(Ny,) AT 1 )0
T <’Ykslm_ V———--—
T BN 0%

>=L[¢kslmj, (2.3)

where the operator L describes the effect of the scatter-
ing of the phonons due to anharmonic forces and lattice
imperfections, and is given by the right side of Eq.
(4.49) in Ref. 7.

We note that as was discussed in Ref. 9, Egs. (2.1),
(2.2), and (2.3) depend only on the diagonal part of
AT;;. Only ‘the cubic anharmonic part of the perturba-
tion contributes to the diagonal part and thus®

A/ (8)= V1 2 heos[Nieo (8)+5 Jria™.  (2.4)
ks

1P, G. Klemens, in Physical Acoustics, edited by W. P. Mason
(Academic Press Inc., New York, 1965), Vol. 3.
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The quantity ¢i,'™ bears a close relation to the non-
equilibrium ensemble f for the system. For the process
we are considering, f is given by’

J=f1+Dfo
14 3'1)1 ® N

= fp——— dt e[ Tim(—8)—T1mlfo, (2.5)
KT axm 0

where f1, is the local equilibrium ensemble and fo is the
strict equilibrium ensemble. To the order of perturba-
tion we are considering,

_ ) V 01;; 0
fl@)=frla "Erxmfo (@)
X% AT’ (8)—NT 1w’ (B)1P(e8).  (2.6)

By forming the average of the number operator with
(2.6) we find

(Nis)=2 f(@)Nis(a)
6211

= <Nks>L—"—‘_‘Pkslm,
Em

2.7

indicating the relation between ¢x,/™ and the deviation
of the average number of phonons in mode (k,s) from
the local equilibrium average.

Also by using (2.6), the expression (2.1) for the
viscosity can be simplified. From the definition of
thermodynamic variables for the nonequilibrium state!
one has the condition that the average energy density
must be equal to the local equilibrium average. This
condition, together with (2.6), leads to

Z hwks‘PksML:O- (28)
ks

Thus (2.1) can be simplified to

Nijim= V1 2 TV pics™™. (2.9)
ks

Equation (2.9), in conjunction with the solution of the
transport equation (2.3), then determines the viscosity.

Relaxation-Time Model

By using the local equilibrium ensemble! one can
show to the order of approximation we are considering
that

d<Nks>L
dt

14
=—73 fo*(8)Nw: (B)
kT 8

A, v,
X[)\szl (5)—)\] lm,(ﬁ)] *
%m

(2.10)
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We now assume that (V) relaxes according to

d{Nxs) B (Nis)r— (Nxs)
s -

, (2.11)

collisions Te

where 7, is a combined relaxation time for normal and
umklapp processes, and imperfection scattering. Then
by combining (2.11), (2.10), (2.7), and (2.4) the integral
equation (2.3) takes the form

d{Ny; d{Nxs
W) 2] , (2.12)
di dt  |collisions
AN AT/
T (yks’"‘— V—————>=—¢k,’"‘. (2.13)
aT 3<H0>0 Te

Thus the solution to the relaxation equation is

A{N,) AT )0
T< k <7ks""—V< i)
6<H°>°

) . (2.14)

The possibility that solutions to the homogeneous part
of the integral equation (2.3) should be added to the
solution (2.14) must be considered. However, such
solutions are multiplied by constants which are to be
determined. Condition (2.8) serves to show that the
homogeneous solution proportional to #wy, (which exists
for all processes considered here) is not to be included in
(2.14). Furthermore, it is obvious that the homogeneous
solution linear in k (which exists for normal processes
only) does not contribute to the viscosity since (2.9) is
only sensitive to the part of ¢x,'” which is an even func-
tion of k. It was pointed out in Ref. 7 that, in principal,
a finite viscosity exists even when only normal processes
are considered. In contrast to these remarks, in lattice
thermal conductivity one cannot treat normal processes
alone; furthermore, in the conductivity treatment of
more general processes which include normal processes,
the homogeneous solution linear in k must be included.!?

Debye Model

In order to be able to explicitly calculate the coeffi-
cients of viscosity, we now consider a Debye-like model
of the lattice. From the expressions (2.9) and (2.14) the
coefficients of viscosity are

Nijlm= V=T Z Te (ks)eks')’ksij
ks

X (Y™ = VONT 1)/ 9CH)), (2.15)
where A
Creo= o (2.16)
aT

Cy, is a heat capacity associated with the mode (k,s).
Since the collision operator L is the same as that.of the

2 J, Callaway, Phys. Rev. 113, 1046 (1959); P. G. Klemens,
Proc. Roy. Soc. (London) 208, 108 (1951).
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lowest-order contribution to the thermal conductivity,*
we will use the relaxation time 7. obtained from thermal
conductivity experiments on cubic crystals. In particu-
lar, we use the effective temperature-dependent relaxa-
tion time defined through

A=1rCye?, (2.17)

where X\ is the thermal conductivity, Cy is the specific
heat per unit volume,® and ¢ is the Debye-averaged
sould speed. The resulting 7, is taken independent of ks
but, obviously, is temperature-dependent.

Further, we use the long-wave limit for the pressure
tensor as discussed in Ref. 8,

(T )0 =V—KH") v, (2.18)

where

Y= (127r)"‘/d(2 2 Yis', (2.19)

and dQ is an element of solid angle in k space. The
Griineisen parameters, in the long-wave limit,?

'Yksij“_—'_ekaieksj_% Z eksleksp(kmkr/pwks2)

Impr
X[Cijlmpr+0i1mr5lp] y (220)

are assumed not to depend on the magnitude of k but
rather only on the direction #=k/k. The ¢ijnr and cijimpr
are the second- and third-order elastic constants.

Also, all polarizations are considered to contribute
equally to the total specific heat when weighted with
the Debye-averaged sound speed. With these assump-
tions and

Vry ——>(27r)‘i/dk kZ/dQ, (2.21)
k
one can re-express (2.15) as follows:
Nijim= ‘rcTCV{ (127r)“1/d(2 > fyks’if’ykslm_,yij,ylm} .
(2.22)

III. EVALUATION OF VISCOSITY COEFFICIENTS

We ultimately wish to compare the results of the
evaluation of (2.22) with the results from experimental
measurements of attenuation of sound waves in cubic
crystals. There are three independent second-order
elastic constants and six independent third-order elastic
constants for crystals with cubic symmetry.!* It might
be thought that the easiest way to approximate the
very complicated integrals involved in (2.22) would be
to assume spherical symmetry. For the case of spherical
symmetry there are two independent second-order

18 By specific heat per unit volume we mean the specific heat
per unit mass multiplied by the density. By context the thermal
conductivity A is not to beconfused with the perturbation strength.
( 14 R) N. Thurston and K. Brugger, Phys. Rev. 133, A1604

1964).
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elastic constants and three independent third-order
elastic constants. To approximate cubic symmetry by
spherical symmetry there must then exist certain rela-
tions™ between the elastic constants. Although these
relations concerning the second-order constants are
reasonably well satisfied for such cubic crystals as Ge
and Si, the relations concerning the third-order con-
stants are not at all well satisfied. We must preserve the
anisotropy of the crystal.

We now proceed to discuss a computer calculation
of the integrals involved in Eq. (2.22) for the coefficients
of viscosity. It is convenient to define

IijlmE (127{')—1/(19 Z "/kgij’)/kslm, (3.1)
so that (2.22) becomes
Nijim= T L Cy (Lijim—"y'™). 3.2)

For cubic symmetry there are three independent coeffi-
cients of viscosity. For our purposes it is sufficient to
calculate two of them. Using the abbreviated notation!
for the coefficients of viscosity and elasticity we consider

m=7.TCy(Iu—7?, (3.3)
N44= TCTCVIM ) (3.4)

where v is the Griineisen constant defined by
=y Gon [T S ws 69

The polarization vectors ey, are chosen so that they
form a mutually orthogonal basis with the longitudinal
polarization in the direction of k. It is convenient for
the purpose of the solid-angle integration to make the
arbitrary choice of taking one of the transverse polariza-
tion vectors to be in the azimuthal plane.

The third-order elastic constants have recently been
measured at room temperature for germanium and
silicon.’s By using these values together with the meas-
ured second-order elastic constant,!® calculations per-
formed on an IBM 7094 computer gave the results:

for Ge,

for Si,

An estimate of the validity of these calculations can
be obtained by comparing the calculated Griineisen
constants with the experimental values as obtained from

'y=aK/CV, (3'8)

where a is the volume thermal expansion coefficient and

’Y=0.491, 111=0.682,

15 H, J. McSkimin and P. Andreatch, Jr., J. Appl. Phys. 35, 3312
(1964).

16 H. J. McSkimin and P. Andreatch, Jr., J. Appl. Phys. 34, 651
(1963) ; 35, 2161 (1964).
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K is the bulk modulus defined by

K=3%2 ciiji=3(cut2c1). 3.9)
]

By using the thermal data compiled by Corruccini and
Gniewek! for « and Cy, one obtains y=0.75 for Ge and
v=0.41 for Si at room temperature. The agreement is
very good for Ge but rather poor for Si. However, the
thermal data compiled by Gschneidner!® yield y=0.56
for Si. The computed value (3.7) of v for Si is equal to
the mean of the two experimental values.

The calculated results (3.6) and (3.7) will be used in
in the next section in computing the attenuation of

NONVANISHING CONTRIBUTION TO LATTICE

VISCOSITY 879
longitudinal and transverse sound waves. First, how-
ever, we turn to an approximate hand calculation of
I, T4, and . The results of these calculations will
indicate the dependence of the viscosity on the elastic
constants. The basis of these calculations is the ap-
proximation which results from ignoring any polariza-
tion dependence in the denominators in (2.20) and
(2.22). The following replacement is made:

¥/ pwrs=1/pl?; (3.10)

¢ is a velocity chosen such that the Griineisen constant
(3.5) will be equal to the value calculated on a com-
puter. One obtains

11 1 1 1
Iy= —-I-— ——{35 (c11F2¢19)+23c111+ 8112+ 40105+ 8c1aa+ 626166]"“% —‘[84 (3c1172¢12) (c111+ 2¢166)

45 315 pé?

4168 (c1144c12) (c112+ craa+c166) + 126 (3c112+4e11c19+ 8c192) + 2c111 (43¢111+ 16¢ 140+ 326110+ 100166+ 8c123)

+4¢144(S7c14a+61c119+ 58¢ 166+ 156 125) + €112 (369¢ 110+ 440¢ 166+ 38¢123) 4166 (149¢ 166+ 8C125) +57c1257 ], (3.11)
2 1 1 1
Ty=—+— —-(96144+ 47c166+180456) +—— '—_[2526442-1' 168¢44(2¢166+C456)
45 630 pé? 3780 p2%¢
4 +¢104(29¢ 144+ 46¢ 156+ T4cas6) + c166 (269¢ 166+ 118c456) + 116¢4562 ], (3.12)
an
1 11
y= _;_E —A;[S (c11t2¢12) 4 (c1nt-4e16+ 20110+ 20140) ] (3.13)
K ot

For Ge, (3.11) and (3.12) reduce to
I;,=1.230, I,=0.289, (3.14)

and agree sufficiently well with (3.6) and (3.11) and
(3.12) may be useful in indicating the effect on the
viscosity if future measurements report changes in the
elastic constants.

IV. ATTENUATION

Necessary for a discussion of the attenuation of a
sound wave are the macroscopic conservation laws
(1.1)-(1.3). For linear slowly varying processes they
can be reduced to, with the aid of standard thermo-
dynamic relations,

aélm (92T
C—+3Tatipm—=\y SN CRY
L dt Jdx:0x;

0%u; 91y
— =0, (4.2)

012 ij

where

tii=3m(T—To)Cijim— Cijim€tm—Niyimd€1m/0t, (4.3)

17 R, J. Corruccini and J. J. Gniewek, Natl. Bur. Std. (U. S.)
Monograph 21, (1960); 29 (1961)
K. A. Gschneldner Jr., in Solid State Physics, edited by F.
%elicz %nd D. Turnbull (Academlc Press Inc., New York, 1964),
ol. 16.

and where summation over repeated subscripts is under-
stood. Here, C. is the specific heat per unit volume at
constant strain; a;;, the thermal expansion coefficient
tensor; e;;, the infinitesimal strain tensor; \;;, the
thermal conductivity tensor; u, the displacement vec-
tor; T, the temperature; and T, the reference tem-
perature. For crystals with cubic symmetry

aig=a51’j, )\U=>\5“. (4.4)

Substitution of a transverse wave traveling in the
1 direction and polarized in the 2 direction leads to a
dispersion relation in terms of the wave number and the
frequency. For the boundary-value problem this is
solved for the wave number in terms of the frequency
and to lowest order in the frequency the imaginary
part of the wave number, i.e., the attenuation with
distance, is

Tp= («*/20c7%)144, (4.5)

where w is the angular frequency of the wave and ¢r is
the transverse wave velocity. The next term in the
expansion is of order w* and is negligible for the fre-
quencies being considered here.

Similarly, a longitudinal wave in the 1 direction yields
for the attenuation

FL= (w2/2p!cL3) (7711+}\T72/CL2) )

where ¢y, is the longitudinal wave velocity.

(4.6)
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F16. 1. Measured and calculated longitudinal attenuation in
Ge normalized to unity at 300°K. Experimental measurements are
represented by solid line.

By expressing (4.5) and (4.6) in terms of 711 and T4
with the aid of (2.17) we obtain

T'r=(w*/2p¢¢*)7.TCv 44, (4.7)
Tr=(*/2pc) 7T TCyv{In—[1—5(c/c)v*]}. (4.8)

The temperature-dependent relaxation time was ob-
tained from the thermal conductivity experiments of
Geballe and Hull*® with one exception. Following the
suggestion of Klemens! and of Mason and Bateman,'
the relaxation time for #;; was given twice this value
thereby effectively doubling the Iy; in Eq. (4.8). Then,
by using the results calculated for Iy1, I44, and v which
are given by (3.6) and (3.7), the measured specific
heats,’” and the measured second-order elastic con-
stants,'® the longitudinal and transverse attenuations
can be compared with experiment. The results of these
calculations are compared with the experimental results
of Mason and Bateman'® for 7=300°K in Table I. The
numbers in parentheses in Table I are the frequencies of
the sound waves in Mc/sec. Table I indicates that
both the calculated longitudinal and transverse attenua-
tions are about 509, lower than the experimental values.
The ratio I'z/T'r calculated here, however, is very close
to the experimental ratio.

Only a qualitative discussion of the temperature
dependence of the attenuation can be given. This is

TasiE I. Theoretical and experimental attenuation.

Tz (dB/cm) T'r (dB/cm) I'./Tr
Ge (calc.) 1.34 (306) 0.42 (306) 32
Ge (expt.) 2.75 (300) 0.73 (306) 3.8
Si (calc.) 1.18 (480) 0.33 (495) 3.6
Si (expt.) 22 (480) 0.62 (495) 3.5

T, H. Geballe and G. W. Hull, in Low Temperature Physics
and Chemistry, edited by J. R. Dillinger (University of Wisconsin
Press, Madison, Wisconsin, 1958), Paper No. 42-6.
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because the integrals involved in the definitions of Iy,
I44, and v depend on the third-order elastic constants
which have only been measured at "= 300°K. However,
the experimental Griineisen constants as computed
from (3.8) for Ge and Si show a marked temperature
dependence indicating that the third-order elastic con-
stants are highly temperature-dependent. Since the
integrands of Iy, and 144 are quadratic in the Griineisen
parameters, we can attempt to obtain a qualitative
indication of the temperature dependence of the
attenuation by assuming that the temperature depend-
ence of the Griineisen parameters yx* is that of the
experimental Griineisen constant . One expects that
such an approximation will be better for Iy; than for
I44 since I1; depends on s and 744 depends on ',
ie., since y=v" and ¥?=0 for cubic symmetry. A
comparison between the temperature dependence cal-
culated in this way and as determined from experiment
is given in Fig. 1 for longitudinal attenuation in Ge.

The limitation of this approximation can be seen from
the following: For transverse waves the experimental
attenuation does not decrease nearly as rapidly with
decreasing temperature so that the preceding approxi-
mation is not an accurate portrayal. Furthermore, for
Si the thermal expansion coefficient vanishes at about
120°K, indicating by this approximation that the
attenuation should vanish at 120°K. This is not
observed.

V. DISCUSSION

There have been earlier treatments of the attenuation
of sound waves in solids in which it was realized that
a sound wave will disturb the equilibrium phonon
distribution thereby causing entropy production as the
system tends to return to equilibrium.?® Such treatments
are generally based on the use of a Boltzmann transport
equation to determine the attenuation due to viscosity.
However, as was discussed in Ref. 7, since the momen-
tum is not transported with the phonon group velocity
it is not obvious from the kinetic-theory viewpoint how
to formulate the correct transport equation. The result
of these analyses was that totally unrealistic values for
the Griineisen constants were necessary to bring about
agreement with experiment.

Mason and Bateman!® have developed an ingenious
heuristic model for the attenuation which has some
similarities with the results of this paper. Their develop-
ment is based on assuming the medium is viscoelastic
(see Appendix) so that the medium has a memory. An
essential difference, though, is that their end result
depends on the thermal energy (multiplied by a factor
of 3) rather than Cy7T.* This together with the visco-
elastic assumption yields a temperature dependence

20 A, Akhieser, J. Phys. (USSR) 1, 277 (1939); H. E. Bsmmel
and K. Dransfeld, Phys. Rev. 117, 1245 (1960); T. O. Woodruft
and H. Ehrenrelch 2bid. 123, 1553 (1961).

2t See Ref. 10, Eq (25).
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which agrees quite well with their experimental results
for both longitudinal and transverse attenuation. How-
ever, they assume the Griineisen constants to be
temperature-independent which clearly is not the case.
There is a need for further experimental work.

The approach used here and in the preceding paper,
i.e., a perturbation expansion of the correlation-function
expression for the viscosity, leads in a systematic way
to the correct transport equation at any given order of
the perturbation. At the lowest nonvanishing order,
meaningful approximations were applied and qualita-
tive agreement with experiment was determined without
the use of any adjustable parameters. The longitudinal
attenuation was found to be due to both viscosity and
thermal conductivity, and the transverse attenuation
due to viscosity alone. One cannot properly categorize
the part of the longitudinal attenuation due to thermal
conductivity as being due to viscoelasticity as was
attempted in the past.?

A deviation from the quadratic dependence of the
attenuation on w is observed at low temperatures.'®
Viscoelasticity, which is treated in terms of a simple
model in the Appendix, gives such a deviation. How-
ever, this could possibly be explained by boundary
scattering of the phonons, to which the hydrodynamic
theory presented here does not apply. Also it is possible
that a low temperatures wr, is sufficiently large com-
pared with unity that the lowest order in the Chapman-
Enskog expansion of the nonequilibrium system en-
semble, which is considered in the present theory, is not
sufficient.

Besides the transport coefficients of thermal con-
ductivity and viscosity, there is also the possibility of
cross terms in the relations between the macroscopic
fluxes and forces (gradients). That is, the energy flux
might have a term proportional to the velocity gradient
and the momentum flux a term proportional to the
temperature gradient. The associated transport coeffi-
cients would then be tensors of rank three which must
vanish for cubic symmetry. A more general analysis
indicates that these coefficients must also vanish for
more complicated symmetries (at least at the order of
perturbation we have considered). This is due to the
result that, for the case of the momentum flux, the
coefficients are sensitive only to the even part in k of
the solution of the proper transport equation. However,
this transport equation yields only solutions which are
odd in k.

APPENDIX

A brief discussion of a simple model of viscoelasticity
is given here. In the event that the medium is charac-
terized by large internal relaxation times, i.e., of the
order of or greater than times characterizing hydro-
dynamic rates of change, then Eq. (1.5) for the local

2 K. Lucke, J. Appl. Phys. 27, 1453 (1956).
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macroscopic pressure tensor is replaced by?
t
tij(X,t) = lf”‘O(X,i) —/ ar Kﬁlm(i—‘ l,) avl(x,t’)/axm s (Al)

where the relaxation function is given by

Kiin() = (V/«TNT5;()[ Tim—Tim 1o, (A2)

Basic properties of the relaxation functions have been
discussed in Ref. 2.
Consider the Fourier transform of Eq. (Al),

w0
dt ei“‘tﬁ (X,l)

—00

ti]‘ (x,w) =

=13 (%,0) = K ijim () 902(%,02) / 0%, (A3)

where Kjim(w) is the Laplace transform

Kz‘jlm(w)z/ dt eiwtKijlm(l)
0

(V) / 01 6T (O Tom— T Do (AD)

Note that in the limit w— 0, Kijm(w)— n4ijim,
K ij1m(8) = 15;8(8), and Eq. (A1) reduces to (1.5). Thus,
while for ordinary viscosity we only had to consider a
single number for a particular coefficient of viscosity, we
now are faced with determining a complete spectrum.

A simple model is to use the Markoffian Pauli equa-
tion in conjunction with (A4) to determine Kjim(w),
the net result being non-Markoffian from the hydro-
dynamic point of view. However, we must now keep the
term in the Pauli equation which vanished in the limit
w—> 0 (see Ref. 7). Then following the procedure out-
lined in Sec. II of this paper, we find

I{ijlm(w)z V—“l Z hwks'yksﬁ‘ﬂkslm(w)’ (As)
ks
where
7T d(Ny.) ST )"
Pl () = ——— ("“’"" V—“‘“>‘ (a0
1—iwr, dT a(H®)°

Thus, by assuming an effective relaxation time inde-
pendent of k,

Kijin(w)=(1—107c)  ijim. (A7)
Inversion of the Laplace transform yields
Kijlm (t) = (I/Tc)e—t/ nnijlm . (AS)

We note that this relaxation function represents what
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the spring and dashpot people call a standard linear
solid.

In the limit 7,— 0, 7.~ exp(—#/7,) can be considered
as a representation of 6(¢) in the sense

1
lim —
0 Te

’ dielmf()=f(0), (A9)

by a well-known property of Laplace transform theory.
Therefore as 7,— 0, the model approaches ordinary
viscosity. .

The relaxation function (A8) modifies the expres-
sions (4.5) and (4.6) for the transverse and longi-
tudinal attenuations by multiplying them by a factor
(1+4w?r2)~L
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Temperature Dependence of the Width of the Fundamental
Lattice-Vibration Absorption Peak in Ionic Crystals.
II. Approximate Numerical Results
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The results of numerical calculations of the temperature dependence of the width and position of the
fundamental lattice-vibration absorption peak in NaCl and LiF are presented. The calculations are carried
out in the high-temperature limit, on the basis of the Hardy—Karo deformation dipole model of these crys-
tals. Cubic and quartic anharmonic terms are retained in the crystal Hamiltonian, but the approximation
of neglecting the anharmonicity of the Coulomb forces has been made. The expressions for the Fourier-trans-
formed anharmonic force constants have been approximated and simplified by a method suggested by
Peierls. The results of the calculations show that the quartic anharmonic terms in the crystal potential
energy make a contribution to the width of the fundamental absorption peak which is comparable in magni-
tude with the contribution from the cubic anharmonic terms, in agreement with the theoretical arguments of
Gurevich and Ipatova. Since the quartic anharmonic contribution to the width is proportional to the square
of the absolute temperature at high temperatures, these results provide an explanation for the experimental
observations that the width increases with a power of the absolute temperature which is intermediate be-
tween the first and the second. Quantitatively, the theoretical results are in quite good agreement with the
experimental data of Heilmann for the variation with temperature of the width of the fundamental absorp-
tion peak in LiF. In the case of NaCl, the agreement between theory and experiment is somewhat poorer, but
the theoretical values are still within a factor of about 2 of the experimental values of Hass. The frequency
dependence of the imaginary part of the dielectric constant of these two crystals has also been calculated,

and is compared with experimental data.

1. INTRODUCTION

IN the first part of this series! a formal expression
for the imaginary part of the dielectric constant of
an ionic crystal of the rocksalt structure was derived.
It has the form

Are M +M_
ealw) =
Ve MM
20)31";(0))

(w202 (w) 4wl (w)
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(1.1)

In this expression e is the first-order dipole-moment
expansion coefficient, V, is the volume of a primitive
unit cell, and M, and M_ are the masses of the positive
and negative ions, respectively. The frequency of the
incident light is denoted by w, and w. is the frequency of
the transverse optical modes of infinite wavelength.
Explicit expressions for the renormalized frequency
Q:(w) and the damping constant I';(w) were obtained
to second order in the cubic and quartic anharmonic
force constants in I. It was shown there as well that the
coefficient (4we2/V,) (M +M_)/ M, M_ can be identi-
fied with (go—e,)we?, where g and g, are the static and
Tela 8, 1064 (1966) [English transl.: Soviet Phys.—Solid State

8, 850 (1966)]. This paper will be referred to as I, and all refer-
ences to equations from this paper will be prefixed by I.



