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A generalization of the Landau—Placzek theory, which is used to treat quasielastic light
scattering spectra of media having a complicated and imperfect structure, is devised. Media
containing mobile charge carriers are studied. A new theory of hydrodynamic fluctuations in such
media is developed for this purpose. ‘‘Forced’’ solutions of a system of coupled
inhomogeneous diffusion and heat-conduction equations corresponding to density and temperature
fluctuations are obtained. Random heat and density fluxes serve as the fluctuation sources.

The discovery that there are no correlations between them provides a substantial simplification. It
allows the extinction coefficient for light scattering to be represented in the form of a

simple rational function of the difference frequency. Numerical results of this representation are
compared with experimental results for semiconductor crystals. An important parameter of
matter, viz., the thermodiffusion coefficient Dy of the mobile charge carriers, is determined for the
first time. The representation of the extinction coefficient found is also applicable to media
containing mobile charge carriers which are not described by a kinetic equation. Experiments on
quasielastic light scattering in superionic glasses are discussed as an example. © 1996
American Institute of Physics. [S1063-7761(96)03004-1]

1. INTRODUCTION

Completely new solids containing mobile charge carri-
ers, viz., compounds with an A 5 structure, intermetallic ac-
tinides, high-T,. superconducting crystals, and superionic
glasses, have been synthesized for research purposes. Sound
undergoes strong dispersion in them, phonon anomalies as-
sociated with the charge carriers are observed, and the quasi-
elastic light scattering spectra contain an intense wing adja-
cent to the laser line."”? This wing has been thoroughly
studied and attributed to electronic processes in semiconduc-
tors and plasmas.>* Although electronic light scattering has
not yet been observed in normal metals,? it has become a
convenient tool for investigating intermetallic actinides with
heavy fermions® and high-T, superconducting crystals.’
Quasielastic scattering has also been observed in superionic
glasses® and has been used to investigate temperature
waves.” The spectra of newly synthesized solids having a
complicated and imperfect structure are usually described in
terms of the macroscopic Landau—Placzek theory.w’“ Thus,
a need has arisen for a generalization of this theory to media
containing mobile charge carriers with consideration of tém-
perature fluctuations.

When mobile charge carriers are present in a medium, a
self-consistent electric field E appears, which causes acoustic
plasma oscillations.'>!* They differ significantly from sound
waves, i.e., isobaric density fluctuations, in molecular media
(see, for example, Ref. 14). Therefore, the Landau—Placzek
theory requires significant revision before it can be applied to
solids.

Section 2 of the present work discusses the role of tem-
perature fluctuations in quasielastic scattering. Particle-
density fluctuations define a plasmon, i.e., shifted, scattering
line. The central line is caused entirely by the temperature
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fluctuations. For this reason, the temperature (67) and den-
sity (On) fluctuations, rather than the entropy (Js) and pres-
sure (OP) fluctuations traditionally used in the theory of mo-
lecular scattering,“ were selected as the fundamental
thermodynamic variables in this work. In Sec. 3 these fluc-
tuations are studied under conditions with overlapping fre-
quency ranges, i.e., for w,T~1, where ), is the characteris-
tic frequency of the plasma oscillations and 7 is their
relaxation time. A new theory of hydrodynamic fluctuations
taking place in a system of mobile charge carriers in con-
densed media under high-viscosity conditions is devised. An
analytical expression for the scattering cross section, which
describes manifestations of the interference of the *‘tempera-
ture waves’’ studied in Ref. 9 with plasma oscillations in
spectra, is derived. In Sec. 4 the numerical results are com-
pared with experimental results for semiconductor crystals
and superionic glasses. It is shown that the theory devised
faithfully describes the spectra. In addition, a rarely studied
parameter of matter, viz., the thermodiffusion coefficient
D of the mobile charge carriers, is determined for the first
time. The calculation method developed in this work can be
applied to the investigation of light scattering on hypersound
with strong dispersion, which is not necessarily associated
with free charge carriers.

2. LIGHT SCATTERING BY DENSITY AND TEMPERATURE
FLUCTUATIONS

Light scattering is a process involving the emission of a
secondary wave with a frequency wg, a wave vector qg, and
a polarization vector eg under the action of incident radiation
with the parameters w;, q;, and ¢;. In the macroscopic
theory it is convenient to express the extinction coefficient in
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terms of a correlator of the susceptibility fluctuations
6x(r,t) of the medium.'® In the case of an isotropic medium,
the corresponding expression has the form

*h 1 [o)\* _
0w¢90=§_’7-r-(_6-‘_) (er 'eS)ZI de drefren

X(Sx(R+r,t+7)6x(R,1)). (1)

Here w=w;— wg, and k=q ;— qg. The general method for
treating hydrodynamic fluctuations involves separating the
statistically independent fluctuation parameters. For ex-
ample, in the theory of molecular scattering the susceptibility
fluctuation Sx(r,t) from (1) is expanded into a series in
adiabatic pressure (sound) fluctuations, which relax in accor-
dance with the viscosity of the medium, and isobaric entropy
fluctuations, whose relaxation is governed by heat conduc-
tion. Such a treatment is applicable to Mandel’shtam—
Brillouin scattering and the scattering of anisotropy fluctua-
tions in molecular media.!® However, in media containing
free charge carriers, the set of fluctuation parameters must
include the density, i.e., the concentration of quasiparticles
on. Since the thermodynamic parameter which is conjugate
to the density is the temperature T, we find

_[9x 124
3X—(3;)T5n+(ﬁ)n5T. (2

The macroscopic theory of scattering reduces to a calculation
of the temporal correlation functions of the thermodynamic
variables in terms of which the cross section is expressed
after a expansion in the form (2) is substituted into (1). For
molecular media without sound dispersion'> this leads to the
formula for the relative scattering intensity by isobaric en-
tropy fluctuations and adiabatic sound fluctuations known as
the Landau—Placzek ratio (see, for example, Refs. 10 and
11). Such a description of the various fine-structure compo-
nents of the spectrum, which is based on their integrated
intensities, is applicable only when the components are so
narrow that their frequencies do not overlap (see, for ex-
ample, Ref. 15). Nevertheless, an anomalously intense, broad
structureless quasielastic scattering peak was observed in the
intermetallic actinide UPt; in Ref. 16. It was attributed in the
review in Ref. 6 to the enormous values of the Landau-
Placzek ratio, R=(Cp— Cy)/Cy=10%-10°, where Cp and
Cy are the specific heats at constant pressure and constant
volume, respectively. Since Brillouin scattering lines were
not observed at all in UPt;, this ‘‘explanation’’ is essentially
based on division by zero.

It has traditionally been assumed that scattering by the
temperature fluctuations { 6T2)=T?/Cy, (Ref. 17), which can
be described in terms of a total extinction coefficient of the
form!%!!

T’} [dx\?2
h= 1 _X R (3)
3¢ CV oT n

is difficult to observe because of its small amplitude. On the
other hand, a quadratic temperature dependence of the inte-
grated intensity corresponding to (3) was reliably recorded in
the superionic glass (Agl),(AgP0O3), -, for values of x from
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0 to 0.55 (Ref. 8). A cubic dependence of the extinction
coefficient on the temperature appears as a result of acciden-
tal degeneracy in some semiconductor crystals.>*!? It seems
likely that the scalar quasielastic scattering peak observed in
Ref. 16 in the intermetallic actinide UPt; is also caused by
temperature fluctuations. The spectral manifestations of tem-
perature fluctuations just enumerated can be caused both by
resonance enhancement and by the large specific heat of mo-
bile charge carriers.>*

The spectral composition of scattered light is determined
by the kinetics of the susceptibility fluctuations Sy and
therefore reflects the temporal correlation between the
thermodynamic variables selected. Such a correlation also
exists between independent parameters (see, for example,
Ref. 14); therefore, when (2) is substituted into (1), all the
correlation functions appearing and not just the mean squares
must be considered. This gives

#n 1 2)\2
TN ﬁ(m) (er-e5)*{(8n*)yo+ 1 (6T

+r[(8n5T)kw+(8n6T)—k,—w]}' (4)
Here m* is the effective mass, the coefficient
dx/oT
. (9x/9T), )
(¢9xl¢9n)T

shows the degree of participat.on of the temperature fluctua-
tions in the scattering, and the notations of the correlation
functions are found in accordance with Ref. 10, for example,

(8n6T)y= f dr f dPreikr=em)

X{on(R+r,t+7)6T(R,¢1)). ©)

To obtain the integrated scattering intensity, it is sufficient to
switch from spectral to simultaneous correlation functions in
(4). For this purpose, it should be assumed that the temporal
arguments in (6) coincide, but since there is no simultaneous
correlation of the independent parameters, this correlation
function vanishes, and the terms remaining in (4) lead to the
Einstein formula.'® At the same time, the correlation function
(6) can be significant for determining the spectral composi-
tion of scattered light, since its frequency dependence, which
is calculated in the next section, has an antiresonance profile.

A similar picture is obtained for molecular scattering in
the variables s and P. When there is strong sound dispersion
in the medium, the Landau—Placzek theory by itself is insuf-
ficient. For example, in Sec. 6.8 in Ref. 19 the heat-
conduction and Navier—Stokes equations were used to de-
scribe the scattering spectrum.

3. THEORY OF HYDRODYNAMIC DENSITY AND
TEMPERATURE FLUCTUATIONS

In the media exhibiting scattering that were mentioned in
the Introduction the charge carriers are characterized by low
mobility. The macroscopic velocity is then equal to zero, and
instead of the Navier—Stokes equation, the following diffu-
sion equation must be used to determine the particle flux
(see, for example, Sec. 59 in 20):
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D, o
dj= —DV&n——T-V6T+ —e-E'l'g, @)

which should be supplemented by the continuity relation

9n | div 5i=0 ®)
a1 \'/ J— .

Here D, D, and o are the diffusion, thermodiffusion, and
conductivity coefficients, and g is the random particle flux
caused by thermal motion. The thermodiffusion current leads
to the appearance of correlations between the density and the
temperature, since it relates the diffusion equation (7) to the
equation for the heat flux 8q (see, for example, Sec. 59 in
Ref. 20):

8q— udj=T18j— kV T+ £ ©)

Here u is the chemical potential of the charge carriers,

"#(%);T(:ﬁ)n (10

is the Peltier coefficient, « is the thermal conductivity coef-
ficient, and £ is the random heat flux, which serves as the
source of the temperature fluctuations. The continuity equa-
tion for the heat flux has the form

5% | div 8q=0 11)
ot A\ 6‘]" s (
where de is the fluctuation of the volumetric energy density
of the particles in the medium. The electric field E satisfies
the Poisson equation

g div E=4medn, (12)

where &, is the dielectric constant of the crystal lattice. For
completeness, the system of hydrodynamic equations (7)—
(9), (11), and (12) should be supplemented by an equation
which relates de to the fundamental thermodynamic vari-
ables &n and 8T. For this purpose, in the expression for the
derivative

d0¢ 0T [de\ ddn
(_) 13

o S G Lo

we employ the exact equation of state of a degenerate gas,V’
P=2¢g/3, which gives

de 3/oP 3 [du
(:a'r:):i(sz)fi"(?n'),- 9

As was shown in Ref. 15, the scattering spectrum is deter-
mined by the particular solution of the system of hydrody-
namic equations associated with its inhomogeneous terms
g(r,t) and &(r,t). It is conveniently found by Fourier trans-
forming Egs. (7)—(9) and (11)~(13). Taking into account the
frequency dispersion of the kinetic coefficients, for an unre-
stricted medium we obtain
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where y=«/Cy is the thermal diffusivity of the medium.
The common denominator appearing in Eqgs. (15) and (16)
contains bands at imaginary frequencies, which correspond
to temperature waves mixed with a plasmon (see also Ref.
9). Using (15) and (16), we can express each of the functions
appearing in (4) in terms of quadratic functionals of g(r,?)
and &(r,t), whose mean values are determined by the corre-
lation properties of these random fluxes. The correlator of
the random currents g; and g, is found from the Nyquist
relation (see, for example, Sec. 78 in Ref. 21)

ad
(gigl)km=(5%) F(w)d; Re D(w), 17
T

where F(w)=hw[1—exp(—%a/T)]™. The analogous cor-
relator derived from the projections of the random heat
fluxes £&; and £, is also well known (see, for example, Sec. 88
in Ref. 21):

(&i€)ro=CvTF(®)8;; Re x(w). (18)

The microscopic processes responsible for diffusion and heat
conduction were considered in Refs. 3 and 4, as well as in
Sec. 6.3 in Ref. 19, and it was shown that they are totally
different in nature. A kinetic equation was used for this pur-
pose in Refs. 3 and 4. For this reason, the random forces
g and £ corresponding to the diffusion fluxes Jj and
8q— (u—I1) 8j are uncorrelated, i.e.,

(éi8)r0=0. (19)

Using (15) and (16) to write the spectral correlation func-
tions of the concentration and the temperature, from (17)—
(19) we find fairly elaborate explicit equations for them in
terms of the dispersive kinetic coefficients. These equations
are essentially reminiscent of the familiar Callen—Welton re-
lation (see, for example, Ref. 17). Unfortunately, the charac-
ter of the dispersion law for some of the kinetic coefficients
appearing in (15) and (16) is unknown. Therefore, we shall
not write out these cumbersome equations, noting only that
the mixed correlation function (6) is proportional to
k*D ;(w). To determine the spectral line shape from Eq. (4)
we assume that the simplest form of the dispersion law com-
patible with the causality principle is valid:

(20)

o(w)= D(w)=

l-iwr’ l1-iwt’
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etc., where o is the static conductivity and D, is the corre-
sponding diffusion coefficient. The conditions for the appli-
cability of Egs. (20) to systems described by a kinetic equa-
tion were considered in Refs. 3 and 4 and reduce to requiring
that the collisions be elastic. Taking the dispersion law (20)
for all the kinetic coefficients appearing in (15)—(18), for the
cross section we obtain a rational function of the form

*h 1 [ e?
dwdQ 2w

J reor{g] o+
7| (e-es) EP T"' (w)

m*c

NA—-MB—-(2N-M)(w7)?+M(w7)*
X [(0n)*—(A+1)(w7)?+B*+ (o)A -2(w1)*]*"

21
Here
A=(w,7)*+(T+T,+T )7, ' (22)
B=TI)7%+(w,7)T,T, (23)
M=T,7+2r T ,Tcr+r¥(T+T ()7, (24)
N=I'T,72+rB, (25)
where
D%, (4
[e=k TDOTZV ( 3’;‘) . (26)
I',=k2D,, T,=k%xo, (27)

J T
r1=r\,(7':-)Tb—v. (28)

Since Eq. (21) was obtained from general hydrodynamic dif-
fusion and heat-conduction equations, the region where it is
applicable is in no way related to the possibility of using the
kinetic equation. The main result of the present work is the
generalization of Egs. (21)—(27) to media in which the ki-
netic equation is inapplicable: to crystals with a hopping con-
duction mechanism or with heavy fermions, high-T'.-super-
conducting crystals, and superionic glasses. Thus, the theory
developed here is just as general as the Landau—Placzek
theory. It adds the case of media containing free charge car-
riers to the latter.

4. NUMERICAL ANALYSIS OF THE FORM OF THE
SPECTRUM AND COMPARISON WITH EXPERIMENT

Experiments on light scattering by mobile charge carri-
ers in semiconductors using a Nd:YAG laser have a very
long history. Despite the numerous publications of experi-
mental scalar (polarized) scattering spectra,zz‘26 the literature
does not offer a single method for describing them over the
entire frequency range. Equation (21) provides this possibil-
ity. To illustrate this we utilize the spectrum of Bairamov
and Toporov, which was borrowed from Ref. 22 and is rep-
resented by curve / in Fig. 1. Curve 2 shows the results of a
calculation based on Egs. (21)—(25) and the parameters listed
in Table I. The values of I'y, I';, w,, and 1/7 were esti-
mated preliminarily from experimental values of the concen-
tration (n=5.6X10"7 cm™3) and the mobility (b=2000
cm?/V-s) using the Einstein relation and the Wiedemann—
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FIG. 1. Experimental quasielastic light scattering spectrum of a crystal of
n-InP with n=5.6X 10" cm™2 at T=300 K (curve 1) and its theoretical
description according to Eq. (21) (curve 2). The theoretical curve is shifted
upward by an arbitrary amount for convenience in making the comparison.
The spectra of light scattered on transverse and longitudinal optical phonons
are also presented for calibration with indication of a scaling factor of 2.5.

Franz law (see the first row in Table I). The parameters r,
and I'; are purely fitting parameters. The best agreement
between theoretical curve 2 and experimental curve I is
achieved for r,=0.85 and I'c=60 cm™'. The high value of
r, detected is typical of many semiconductors. Owing to it,
in particular, it was possible to observe light scattering by
acoustic plasmons in both allowed' and forbidden'? geom-
etries.

The value obtained for the fitting parameter I' - makes it
possible to determine the rarely studied thermodiffusion co-
efficient of mobile charge carriers in a substance. In the hy-
drodynamics of fluid mixtures (see, for example, Sec. 59 in
Ref. 20) the thermodiffusion coefficient is understood to be
the following linear function of D ;(w):

D (o)
n

2TCy | d
Dj(w)=—2~ —nz—v(ﬁ) D(w). (29)
T

TABLE 1. Estimated and adjusted values of the parameters characterizing
the spectra in Fig. 1.

Dy, Xo» Dro, w,, lr,
cm¥s cm¥s cm¥ r; cm™!' cm”!
Spectrum of
n-InP (curve 1)
n=5.6x10" cm™? 61  47° - - 200 140
b=2000 cm?/V-s
1=46 meV
Calculated spectrum,
(curve 2) 59 81 113 085 200 115

?Evaluated from the Einstein relation.
YEvaluated from the Wiedemann—Franz law.
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Although the sample of InP with n=5.6X 10'7 cm™3 used to
record the spectrum (see curve / in Fig. 1) is in an interme-
diate stage of charge carrier degeneracy, we restrict our-
selves here to the approximation for D7 from (29), which is
linear with respect to 7/ u<<1. With this accuracy, from (26)
we obtain

I _— —_—
DTO"DO#WW Fl- (30)

Substitution of the experimental values of I'; and I'; from
Table I gives the estimate Dj(w)~ 113 cm?/s.

The properties of the quasielastic scattering observed in
the superionic glasses (Agl),(AgPOs3),-, (Ref. 8) corre-
spond to the properties considered in the present work. Its
intensity increases linearly with the concentration x of the
superionic component in accordance with (21) and is qua-
dratically dependent on the temperature in accordance with
(3), and its spectrum is a result of superposing two Lorentz-
ian line shapes in accordance with the foregoing. A polariza-
tion dependence characteristic of quasielastic scattering by
mobile changes in solids has been observed in other
studies.?”?® However, before the spectra could be identified
completely, some difficulties arose in explaining the depen-
dences of the width I of the spectral line on the temperature
and the concentration (i.e., on x). The classical theory of
light scattering by mobile charges predicts only the possibil-
ity of a monotonic increase in I’y with the temperature (see,
for example, Fig. 5 in Ref. 13), although it allows both pos-
sibilities, i.e., an increase and a decrease in I'; as a function
of the mobility. No temperature dependence of I'y was dis-
covered in Ref. 8, in contradiction to the principles of the
theory of scattering by mobile changes. Here it is assumed
that T'y=k2D,. However, Eq. (21) allows another possibil-
ity, viz., [o=k%x,. In this case the constancy of I'y means
only that the gas-dynamic equation (=D, is not applicable
to media which have a superionic mechanism of conduction.
It is possible, for example, that the strong temperature de-
pendence of the specific heat Cy cancels the analogous de-
pendence of the superionic thermal conductivity «, so that,
as a result, their ratio y= x/Cy does not depend on the tem-
perature. Thus, the doubts expressed in Ref. 8 regarding the
superionic nature of the quasielastic scattering spectrum are
completely allayed.

'M. V. Klein, in Light Scattering in Solids Ill (Topics in Applied Physics,
Vol. 51), edited by M. Cardona and G. Guntherodt, Springer, Berlin, 1982
(Russ. transl. Mir, Moscow, 1985).

2G. Abstreiter, M. Cardona, and A. Pinczuk, in Light Scattering in Solids

799 JETP 82 (4), April 1996

IV (Topics in Applied Physics, Vol. 54), edited by M. Cardona and G.
Guntherodt, Springer, Berlin, 1984 (Russ. transl. Mir, Moscow, 1986, p.
12).

3B. Kh. Balramov, V. A. Voitenko, and I. P. Ipatova, Usp. Fiz. Nauk 163,
67 (1993) [Phys. Usp. 36, 392 (1993)].

“B. H. Bairamov, I. P. Ipatova, and V. A. Voitenko, Phys. Rep. 229, 221
(1993).

5S. Klyama and L. A. Fal’kovskif, Zh. Eksp. Teor. Fiz. 100, 625 (1991)
[Sov. Phys. JETP 73, 346 (1991)].

$G. Giintherodt and E. Zimgeibl, in Light Scattering in Solids VI, Springer,
Berlin, 1991.

7S. L. Cooper, P. Nyhys, D. Reznik, and M. V. Klein, Phys. Rev. Lett. 70,
1533 (1993).

Sp.A.M. Rodrigues, P. Benassi, and A. Fontana, J. Non-Cryst. Solids 143,
274 (1992).

A. R. Vasconcellos and R. Luzzi, in Proceedings of the XIVth Interna-
tional Conference on Raman Spectroscopy, Wiley, New York, 1994, p.
382.

101, D. Landau and E. M. Lifshitz, Electrodynamics of Continuous Media,
Pergamon, Oxford, 1984.

111, L. Fabelinskii, Molecular Scattering of Light, Plenum Press, New York,
1968.

12y, A. Voitenko, B. H. Bairamov, V. V. Toporov, and V. K. Negoduiko, J.
Low Temp. Phys. 99, 121 (1995).

3B, Kh. Balramov, V. A. Voitenko, I. P. Ipatova et al., Fiz. Tekh. Polu-
provodn. 28, 913 (1994) [Semiconductors 28, 531 (1994)].

1E. M. Lifshitz, L. P. Pitaevskii, and L. D. Landau, Physical Kinetics,
Pergamon Press, Oxford, 1981.

5V. L. Ginzburg, Theoretical Physics and Astrophysics, Pergamon Press,
Oxford, 1979.

16R. Mock and G. Giintherodt, Z. Phys. 74, 315 (1989).

7L. D. Landau and E. M. Lifshitz, Statistical Physics, Vol. 1, 3rd. edn.,
Pergamon Press, Oxford—New York, 1980.

18A. Einstein, Collected Writings (1901-1956), Readex Microprint, New
York, 1960 (Russ. transl. Nauka, Moscow, 1966, Vol. 3, p. 216).

193, Keizer, Statistical Thermodynamics of Nonequilibrium Processes,
Springer-Verlag, New York, 1987 (Russ. transl. Mir, Moscow, 1990).
2L, D. Landau and E. M. Lifshitz, Fluid Mechanics, 2nd edn., Pergamon

Press, Oxford, 1987.

2IE, M. Lifshitz and L. P. Pitaevskii, Statistical Physics, Vol. 2, 2nd edn.,
Pergamon Press, Oxford—New York, 1980.

22B. H. Bairamov, L. P. Ipatova, V. V. Toporov, and V. A. Voitenko, in
Recent Trends in Raman Spectroscopy, World Scientific, Singapore, 1988,
p. 386.

0. Paetzold, G. Irmer, J. Monecke et al., Semicond. Sci. Technol. 9, 81
(1994).

24 A. Mooradian, in Light Scattering Spectra of Solids, Springer, New York,
1968, p. 285.

D, A. Abramsohn, K. T. Tsen, and R. Bray, Phys. Rev. B 26, 6571 (1982).

26p, M. Platzman and P. A. Wolff, Waves and Interactions in Solid State
Plasmas, Academic Press, New York, 1973 (Russ. transl. Mir, Moscow,
1975).

Z'W. Hayes, in Light Scattering in Solids Ill (Topics in Applied Physics,
Vol. 51), edited by M. Cardona and G. Guntherodt, Springer, Berlin, 1982
(Russ. transl. Mir, Moscow, 1985, p. 111).

M. J. Delaney and S. Ushioda, in Topics in Current Physics, Vol. 15,
Physics of Superionic Conductors, edited by M. B. Salamon, Springer,
Berlin—Heidelberg—New York, 1979 (Russ. transl. Zinatne, Riga, 1982).

Translated by P. Shelitz

V. A. Voitenko 799



