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We present the results of a direct comparison between experiment and theory of the temperature

dependencies of the integrated intensities and spectral linewidths in the quasielastic light-scattering spec-
tra from the electron gas in!II-V semiconductors. An explicit expression for the inelastic-electronic
light-scattering cross sections in semiconductors with nonparabolic dispersion of energy bands is given

for a realistic hydrodynamic free-electron-gas model. We find rather different effects of single-particle
electronic excitations on polarized and depolarized scattering in n-InP in the temperature range 27-300
K with near infrared excitation of the spectra. The results provide clear evidence for the existence of
strong temperature-dependent free-electron-gas fluctuations and prove unambiguously the observation

of light scattering from energy- and momentum-density fluctuations.

I. INTRODUCI lON

One of the most important subjects of semiconductor
physics remains the many-body properties of the electron
gas and inelastic light scattering by electronic excitations
which is of strong current interest and is a fast develop-
ing branch of optical spectroscopy. In particular, the pa-
pers concerning the electronic light scattering cover one
of the most exciting chapters in the optics of rnicrostruc-
tures and superlattices. '

In spite of the considerable distinction between elec-
tronic properties of solids (metals, semiconductors, sem-
imetals, and superconductors) there is an obvious resem-
blance in their light-scattering spectra. A common
feature of all the types of electronic Raman-scattering
(RS) processes comes from conservation laws, which
govern them and make the energy %co, and the momen-
tum fiq, transferred during the scattering process, small.
Within the framework of the efFective-mass approxima-
tion the light-scattering mechanisms in semiconductor
quantum wells and superlattices are similar to those of
the parent three-dimensional (3D) systems. '

These are all conditions for observation of the majority
of known single-particle excitations by the RS technique
in III-V semiconductors. These excitations form the
basic mechanisms of scattering which include charge-
density fluctuations, energy- and momentum-density
fluctuations as well as spin-density fluctuations. '

Scattering from charge-density fluctuations are well
known from classical atomic plasmas. Scattering from
energy-density and momentum-density fluctuations was
first proposed by Wolf and is based on deviations from
parabolic behavior which exist for electronic bands of
III-V compounds.

The most efFective mechanism of light scattering from
spin-density fiuctuations comes from spin-orbit interac-
tions. Such scattering has been observed in depolarized
spectra (when polarizations of the incident and scattered
light are orthogonal) of direct-gap bulk semiconductors
such as CxaAs, InSb, InP, CdTe, ' as mell as of lower-

dimensional structures such as heterostructures and
quantum wells —an especially active field [see Ref. 11 for
a review and recent reports (Refs. 12—16)].

In polarized spectra (the two polarizations are parallel
to each other) light scattering from energy-density fluc-
tuations was first observed by Mooradian and from
momentum-density fluctuations by Pinczuk et al. and
can be found in the spectrum shown in Ref. 17. In the
later work, it was, namely, momentum-density rather
than energy-density fluctuations that scatter the light, be-
cause scattering occurred at a rather low temperature
T=10 K. Light scattering from energy-density fluctua-
tions was explored once again by Abramson, Tsen, and
Brey' at room temperature.

All of these works are concerned with the bulk crys-
tals. But RS from energy-density fluctuations is also
clearly seen in 2D electron systems. It has been observed
by Pinczuk et al. and can be found in polarized spectra
shown in Fig. 4.12. from Ref. 2 and Fig. 1.8. from Ref.
19. This is not surprising since the nonparabolicity of the
electronic energy bands is highly enhanced in quantum
wells by interface states.

Nevertheless, there has been considerable controversy
concerning the origin of electronic scattering from
single-particle excitations. While the details of depolar-
ized scattering are generally well known, ' ' the exact
mechanisms for polarized scattering still remain un-
resolved. Polarized spectra are usually interpreted as
arising from charge-density excitations. Recently, Car-
dona and Ipatova ' have pointed out that it is necessary
to find additional quantitative comparison between pre-
dicted and measured absolute scattering efficiencies from
energy- and momentum-density fluctuations in order to
lift uncertainty concerning the efficiency of the scatter-
ing.

Most of the recent inelastic electronic light-scattering
experiments have been carried out in GaAs with excita-
tion photon energies %co; in the range 1.5 —1.9 eV close to
the resonance with fundamental Eo, spin-orbit split-off
So+60 optical gaps, or with quantum-well excitons pro-
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viding the large scattering enhancement required for
sufficient sensitivity. On the other hand, the simultane-
ous appearance of a strong hot luminescence in such
cases allows one to carry out measurements only in a
limited electron concentration range and prevents
temperature-dependent measurements which, as we will
show below, are essential for the observation of new
features in the light-scattering spectra from electronic ex-
citations in semiconductors.

In this paper, we examine the different scattering
mechanisms from electronic excitations by using
nonresonant near-infrared excitation of n-InP:
E +b,o=1.43+0.11=1.54 eV (at T=10 K) and

%co; = 1.17 eV. The absence of an intense background hot
luminescence in this case has provided us with an oppor-
tunity to carry out not only the conventional polarization
studies but also temperature-dependent measurements of

the integrated intensities and spectral linewidths of the
quasielastic electronic-scattering spectra. We find rather
different effects of electronic excitations on polarized and
depolarized scattering and undertake both theoretical
and experimental comparison between intensities of
scattering from energy- and spin-density fluctuations.
We find this approximately equal at room temperature
which removes any possible doubts concerning scattering
from energy-density fluctuations, since scattering from
spin-density fluctuations is well established.

II. EXPERIMENTAL SETUP

Our polarized quasielastic scattering measurements
were performed by using the 1064.2 nm line of a cw
Nd +:YAG laser and doped n-InP sample in the temper-
ature range 27-300 K. The temperature stability was
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FIG. 1. (a)—(f) Experimental Raman spectra of n-Inp sample with n =1.1X 10" cm ' for crossed polarizations e~l.e, at diferent

temperatures which are indicated in the figures. Quasielastic Lorentzian contours correspond to spin-density fluctuations.
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typically +1 K. We used intentionally doped high-
quality homogeneous single crystals oriented along (112),
(110),and (111)directions. The free-electron concentra-
tion n =1.10X10' cm (at T=300 K) was determined
by Hall measurements and independently from Raman
scattering by coupled plasmon-LO-phonon modes. All
measurements were conducted in a right-angle scattering
geometry with the incident light always being along (112}
and scattered light along (111) directions:
(112)I (110),(110)J (111)for polarized spectra, further la-
beled by e;~~e, and (112}I(110),(112)I(111)for depolar-
ized spectra further labeled as e;le, . The scattered light
was analyzed by a double monochromator with a spectral
resolution of 2.1 cm ' and detected with a cooled pho-
tomultiplier tube with photon-counting electronic sys-
tem.

To avoid sample heating effects the laser power was

maintained at a suSciently low level of less than 20 mW,
which we found was insuScient to afFect the detected
spectra. At each measured temperature we monitored
the position of the sharp TO-phonon line and no detect-
able shifts were observed within the accuracy of better
than +0.05 cm '

(by using Ne spectral hnes for frequen-
cy calibration}.

III. EXPERIMENTAL RESULTS

Figures 1(a)-1(f) show typical Raman spectra obtained
from our n-InP sample in the frequency range from—150 up to 450 cm ' and at difFerent temperatures from
300 to 27 K for depolarized scattering configuration
(e;J.e, }. Figures 2(a)-2(f} show the same for polarized
scattering configuration (e, ~~e, ). The scan is linear in
wavelength and the positions of the lines are indicated in
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FICx. 2. The same as in (a)—(f} for scalar ez ~~e, scattering configuration. Quasielastic Lorentzian contours discussed in the text are
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wave numbers.
We first consider the sharp narrow peaks observed in

all spectra. They are due to the scattering by zone-center
transverse optical TO (I ) phonon. For the deconvoluted
(corrected for instrumental resolution) intrinsic linewidth
of this phonon line, we obtain 2.2 cm ' at T=300 K.
Both the linewidth and frequency of this phonon are not
affected by the presence of a free-electron gas and are ex-
actly the same as in semi-insulating InP with
n =1.0X10 cm . The frequency of the TO (I )-

phonon shifts with decreasing temperature from 303.7
cm, which is exactly equal to that in semi-insulating
InP at 300 K, up to 306.7 cm ' at T=27 K. This shift
as well as the temperature dependence of the intensity of
the TO (I )-phonon line, which is proportional to (n + 1),
where n = [exphco~o(r) //Ikey T 1] —is the Bose-Einstein
phonon occupation factor, is typical for first-order Ra-
man scattering, if one takes into account cubic anhar-
monicity. '4

In addition to the uncoupled TO (I )-phonon line,
broad peaks of coupled low- and high-frequency plasmon
LO (I ) phonon are also clearly seen at 224.5 and 387.8
cm ' (at T=300 K), respectively. Their frequencies are
in good agreement with calculations based on deforma-
tion potential together with Frolich (electro-optic) or
electric-Geld interaction mechanism by consideration of
both effects of lattice and plasma damping of free-
electron gas as well as nonparabolicity of conduction
band. The weak structure at 136 cm ' detectable in the
spectra taken at 300, 233, and 180 K is due to overton
scattering by transverse acoustical phonons at X point of
Brillouin zone. The shoulder at 252 cm ' comes from
scattering by acoustical combination of longitudinal and
transverse phonons at K point. They are clearly
identified in the second-order Raman-scattering spectra
obtained for semi-insulating InP. [The LO(I')-phonon
frequency in undoped InP is 345.6 cm ' at 300 K].

In our n-InP doped with shallow Si donors with
n =1.0X10' cm (at T=300 K) due to overlap of im-

purity band with conduction band, the concentration and
mobility of free-electron gas are almost temperature in-

dependent. And this behavior is reflected in observed
small temperature dependencies of the low- and high-
frequency plasmon-LO(I )-phonon bands. Finally, we
unambiguously identify in all the spectra, sharp quasi-
elastic parts of Raman scattering from free-electron gas
located within +150 cm with the required characteris-
tic finite intensity at frequencies close to zero. The
Stokes and anti-Stokes components at near room temper-
atures are equal in intensity due to response of the detec-
tor and spectrometer used.

First of a11, we find that the intensities of electronic
quasielastic scattering at each measured temperature in-
creases linearly with the excitation laser power, while for
the frequencies of the low- and high-frequency plasmon-
LO( 1 )-phonon bands under the same conditions, no
shifts are observed. This is a strong indication that ob-
served quasielastic scattering is caused by electrons
which are already present in conduction band, rather
than being photoexcited from shallow levels.

In order to determine the integrated values of the in-
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tensities of the quasielastic electronic scattering we used
unoccupied TO(I )-phonon spectra for calibration, so
that the spectra at different temperatures may be directly
compared. So it is easily observed that the intensity as
mell as linewidth of quasielastic electronic scattering
spectra considerably decreases with temperature. Figures
3 and 4 compare the corresponding experimental in-
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tegrated intensities and linewidths. It is particularly
striking, that a pronounced difference in the temperature
dependencies of the intensity, as well as the linewidth of
quasielastic electronic scattering between polarized and
depolarized scattering configurations is readily observ-
able.

IV. HYDRODYNAMIC FREE-ELECTRON-GAS MODEL
AND THEORY OF QUASIELASTIC

LIGHT SCATI KRING

A. Mechanisms of scattering

It was recognized in the experimental work con-
cerned with light scattering n-Si in that momentum con-
servation within the elementary act of scattering is violat-
ed and the scattering process should be treated taking
into account electron impurity collisions. Therefore the
hydrodynamic model of electron gas is useful. It enables
one to express the difFerential scattering cross section in
terms of the correlation function of the electron suscepti-
bility fluctuations 5X,J (r, t ),

dpi dQ 27r c

X f dt f d re" ' ""&5X;(r, t)5X»„(0,0)),

N NP

co being the plasma frequency, i is the electron relaxa-
tion time. It is not considered here.

Energy-density fluctuation 5E gives rise to RS due to
nonparabolicity of electronic band structure. Corre-
sponding contribution to 5X is proportional to the fluc-
tuation 5E of the electron kinetic energy

2
5X'= B,(cot )5E, (7)

mNy

where in the two-band approximation, see, e.g., Ref. 30,

2P,„E~+ (Picot )
B,(~&)=

3m . [E2.—(irtte )2]2

2d3 2,E f (2irf't)3 2m,'

m,*1+
m.J

tions. They have the same (scalar) symmetry and are not
statistically independent. Coupling of them is treated in
Ref. 29. When the heavy screening condition holds

qr, ((1,
where r, is the screening length, the charge-density fluc-
tuations lead to RS from plasmon-phonon modes which
is realized in the region of higher frequencies

5X,'» = ,'(5X,»+5X—»,. ——', Tr5X5,» }

and antisymmetric

5X'»'= 2(5X» 5X»}—(2)

(3)

parts of electronic susceptibility.
The correlation function (5X; 5X»„)qco from Eq. (1)

reduces in the case of isotropic medium to the equation
[see Eq. (117.13) from Ref. 28].

where Nz is the frequency of the incident light, ez and e,
are the polarization vectors of the incident and scattered
light, co =cot —co, and q being the energy and the momen-
tum transferred during the RS process, the angular
brackets denote statistical averaging over the initial states
of a crystal.

Symmetry arguments allow separation in the cross sec-
tion (1) three independent contributions corresponding to
the scalar —,

' Tr5X, symmetry

P, being the interband momentum matrix element,
5f"'—the spherically symmetric fluctuation of the elec-
tron distribution function, and mj —the effective mass of
the heavy holes (j=1), light holes (j=2), and the spin-
orbit split-ofF band (j=3 ). Further, we settle
Eg & Eg2 Eg Eg3 Eg +6, 6 being the spin-orbit split-
ting of the valence band in the I' point of Brilloiun zone.
The scattering cross section corresponding to Eq. (7) is
observed in parallel polarizations et ~~e, .

The symmetric contribution into the correlation func-
tion (4) is also caused by nonparabolicity of electronic en-
ergy spectrum. It should contribute to light scattering
from momentum-density fluctuations. It is seen from Eq.
(4) that this scattering is statistically independent from
scattering by charge-density fluctuations and therefore is
not screened. Appropriate contribution to the fluctua-
tion of the electron susceptibility in case of weak nonpar-
abolicity has the form

+ ,'(5X') qco(5;»—51„5;„5»). — .(4)

(5XJ5X», )qadi=( —'Tr5X} q~5~)5»,

+ ,', (5X') qco(5;»—5„+5;„5»——', 5,"5»„)
,f,B,(~t)P.P,5f,"',

m cot (2irfi')

P,„E+(Kiri)t)
B (~&)=—

3 m 2E [E2 (~ )2]2'

(10}

Here, in the standard notations of the textbook
( } qco denotes the Fourier transform in time and
space of the correlation function entering the cross sec-
tion (1). Three terms on the right-hand side of Eq. (4)
represent the three different mechanisms of light scatter-
ing.

The scalar contribution into the correlation function
(4) includes charge-density and energy-density fluctua-

P„,P~ being Cartesian projections of electron momentum,
5f~~ ' the anisotropic fluctuation of the electron distribu-
tion function. The scattering cross section corresponding
to Eq. (1) is nonzero both in parallel and in perpendicular
polarizations of the incident and scattered light.

The antisymmetric part of the tensor, 5y,j is caused by
the spin-density fluctuations. It is equal to
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2
5g'=i B (5n& 5—n&) .

m col
(12)

2
2

(ere, ) B,(col)C, T
mc

(17)

Here 6n
&

—5n
&

is the difference of the populations of the
spin subbands and in the two-band approximation

2P„ b(b, +2Eg )B.(~, ) =a~,
[Eg (A—col) ][(E +b, ) (Acyl—) ]

(13)

The light-scattering matrix elements (8), (11},and (13) are
expressed through the same two-band parameters. That
is why formulas (8), (11), and (13) enable one to estimate
relative values of different RS cross sections and to
reduce the problem of confirming them to the mechanism
of spin-density fluctuations as most reliable. This pro-
cedure enables us to describe the light scattering in paral-
lel polarizations (or so-called "polarized" light scattering)
in terms of energy-momentum density fluctuations
without measuring absolute scattering efficiencies.

B. Scattering cross section

d X F(~)
dQ ~2+ p2 (14)

The coefftcient I has the dimensions of (length x frequen-
cy) ' and characterizes integrated cross section. It
equals squared scattering amplitude (8), (11),or (13) mul-

tiplied by appropriate mean-square fluctuation. The con-
stant represents the inverse time needed for fluctuation
decay. Frequency dependent factor

It is seen from Eq. (1) that the light-scattering cross
section is proportional to the Fourier transform in space
and time of the susceptibility correlation function and the
scattering spectrum reflects the hydrodynamical stage of
fluctuation decay. This stage is described by Lorentzian-
like correlation functions ' and, therefore, scattering
cross sections:

It follows from Eq. (17) that the integrated RS cross
section should decrease considerably with the lowering of
temperature due to freezing out of energy fluctuations.
This process is accelerated by the temperature depen-
dence of the heat capacity C„which is sufficient when
statistics become degenerate:

1

J
2Vd P fo

(18)
(2W)' P 2

where V is the crystal volume, fo is the Fermi distribu-
tion function and g is the chemical potential of the elec-
trons.

It is pointed out in Ref. 30 that RS from momentum-
density fluctuations is very weak with respect to the light
scattering from the energy-density fluctuations. Ap-
propriate small numerical factor

~p
emerges due to angu-

lar integration of the squared second Legandre polynomi-
al which enters Eq. (10). Rigorous calculation undertak-
en in Refs. 32 —34 leads to the equation

'2dr'
dip

10T
(19)

5n T 1+ 10T
5(

(20)

It follows from Eq. (19) that there is an opportunity to
see light scattering from momentum-density fluctuations
in experiment with the degenerate statistics of current
carriers corresponding to low temperatures. In order to
describe temperature dependence of the cross section in
the case of parallel polarizations er ~~e„one should take
into account both contributions from energy and
momentum-density fluctuations:

2
2

I, ~
=

2 [(B~(col)]
mc

'2

2

2I,= (ere, ) B,(col)(5E ) .
mc

(15)

The mean-square classical fluctuation of energy (5E ) is
determined by the temperature and by the heat capacity
at constant volume C, : '

(5E') =C, T2 (16)

provided fluctuations of electron concentration are negli-
gible due to Eqs. (5,6}. By substitution of Eq. (16} into
(15), one gets

1 —e

provides the well-known Stokes to anti-Stokes ratio:

d ystokes
fico/T

d shanti

Thus, in the case of energy-density fluctuations, we have

2
2

I =V B (col) ~elXe, ~ ((5n& 5n&) ) —.
mC

(21}

The mean-square fluctuation of the relative populations
of the different spin subbands equals [see Ref. 31, part I,
formula (115.2)].

( (5n ) 5n t ) ) =T— (22)

where n =n &+n &
is the full population of the conduc-

The effect of nonparabolicity is ruled out for crossed po-
larizations of incident and scattered light by the selection
rules for energy and by the small factor (gB ) (& I for
the momentum-density fluctuations.

One more contribution to the quasielastic scattering is
determined according to Eq. (4) by the antisymmetric
part of the electron-susceptibility tensor. It has the cross
section
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tion band. It should be noted that in Eq. (21) the factor
T(5n/g')z means the fraction of current carriers in the

layer T near the Fermi surface.
Electron concentration n is a function of temperature

in semiconductors. This function is determined by
thermal ionization of impurities. It should be expanded
in T/g « 1 in the case of degenerate statistics:

(30)

where

The ratio of the cross sections in parallel and crossed
polarizations of incident and scattered light equals

T
'
D2

de
n =no+ T

dT r=p
(23)

The Fermi level EF is well above the bottom of con-
duction band. It has a very weak temperature depen-
dence which we assumed to be negligible. Linear tem-
perature dependence of the band gap Eg appears to be
more significant. In order to take it into account in Eq.
(23) one should count electron energy E in the equilibri-
um Fermi distribution function:

Es +(Picot ) m,'
[E2 (trtco )2]2 m e

1 1

Es (Ac—ot ) (Es+5) —(Scot )

V. NUMERICAL COMPARISON
OF CALCULATED SCATTERING

CROSS SECTIONS WITH EXPERIMENT

(31)

1

E—Ef
e +1

(24)

g=EF Ec (25)

which is counted from the bottom of the conduction
band. The temperature derivative of the concentration n

is expressed through a distribution function fo from Eq.
(24) by means of identity

dfo 1 p
2m'

5fo 5fo dg
5g z 5( dT

(26)

The second item of dfo/dT from Eq. (26) is nonvanish-

ing at T=O only. It gives after integration over the Bril-
louin zone:

dn (2m') —dg
dT r p 2n fi dT r=o

(27)

The temperature derivative dg/dt/z o coincides with
temperature shrinkage coefFicient of the band gap:

dEc
dT r=o dT r o

(28)

Substitution of Eqs. (28}, (27}, and (23) into (22) and (21)
gives

2
2

I =—V B (co } le Xe*l n 1+———e T cx T
CT 2 2 CT I I s

(29)

There is a small parabolic correction to the usual linear
temperature dependence in this equation.

from the steady vacuum origin. Thus, we have

2

E=E,+ ~
2@i

where Ec denotes energy of the bottom of the conduction
band. Thermal shift of Ec gives rise to linear tempera-
ture dependence of the chemical potential

A. Temperature dependencies of integrated intensities
of quasielastic light scattering f'rom spin-,

momentum-, and energy-density fluctuations

The estimation for n-InP and with Rcot=l, 17 eV,
E =1,43 eV, E +ho=1.54eV gives

2

D = ' =53.47; =3.88. 10
0.48 '

fin)t
(32)

and, thus,

I, =53 47 X3.88'10 =1.11 .
cr

(33)

So Eqs. (32) and (33) show that mechanisms of spin- and
energy-density fluctuations give comparable intensities
for the conditions of our experiments.

Theoretical temperature dependencies of the integrated
intensities I, and I from Eqs. (20) and (29) are plotted
in Fig. 3 by solid and dot-dashed lines, respectively, while
filled and open circles represent corresponding experi-
mental points. Adjustable parameters a and g equal
a=4, (=99 meV. The dashed line represents a theoreti-
cal curve for I,

'2

I,~= [gB~(co;)] V
100T

(34)

which is obtained using a temperature-independent clas-

The theory of electronic light scattering, which is in-
duced by different fluctuations of an electron gas in semi-
conductors with nonparabolic dispersion law of energy
bands, described in the preceding section for a hydro-
dynamic free-electron-gas model, is applicable to the case
of III-V compounds. We chose n-Inp with n =1.1 X 10'
cm, which served as a well controlled model system.
The experimental verification is obtained by the tempera-
ture dependent measurements of integrated cross sections
and linewidths of quasielastic light-scattering spectra in-
duced by different fluctuations of the electron gas in po-
larized and depolarized scattering configurations.
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sical value of the electron heat capacity

C, =—,'k~n, (35)

B. Temperature-dependencies of Lorentzian linewidths I

The decay of electron energy-density fluctuations
occurs either via heat conductivity or via energy transfer
to the host lattice of the crystal. The corresponding in-
verse time needed for the decay I, is the sum of two
different contributions:

(36)

where ~, is the electron temperature relaxation time,
y=x/C„, x is the heat conductivity, and y is often re-
ferred to as heat diffusivity. ' Relaxation time ~, has
been calculated in Ref. 37 (Sec. 6.4). The appropriate re-
sult is

1 2 1 &0

37 T

2
%coo

T
(37)

where %coo is the energy of the low-frequency optical
plasmon-phonon mode. It is equal for our n-lnp, with
n = 1 1.10 cm No =225 cm ' T is the charac-
teristic time of electron-phonon interaction. It is equal to
v =0.14 ps for n-GaAs, which has related to n-InP elec-
tronic structure. To our knowledge this time is still un-
known for n-InP today. Its adjusted value which we
obtain from our experimental results, plotted in Fig. 4 by
filled circles is r =0.06 ps. Corresponding to Eq. (37) the
theoretical curve is plotted in Fig. 4 by a dotted line.

The effect of the acoustic phonons on the linewidth
I'(36) is negligible. The Wiedemann-Franz law gives for
quasielastic collisions

k~ being the Boltzmann constant. It gives a poor fit to
experimental points as compared with the solid line. The
temperature dependence of C, is, therefore, significant in

accordance with the rather large value of g» T. Before
closing this section we would like to mention that our
theoretical Eq. (33) and experimental findings (Figs. 1 —3)
demonstrate that there is no reason to neglect any of the
above considered mechanisms of RS.

diffusion current of electrons from different spin sub-
bands. The contribution from the self-consistent electric
field E, which is, in general, responsible for screening
effects drops out from the relative diffusion current. It
gives the inverse time for fluctuation decay:

I =qD, (40)

where D is the diffusion coefficient. In the nondegenerate
case this linewidth is also proportional to the temperature
To

I =Tq
8

(41)

The ratio of the straight line slopes plotted according to
Eq. (39)—the upper one in Fig. 4—and to Eq. (41)—to
the lowest one —gives the power index r:

2r+5
I 3

(42}

A fitting procedure gives the following adjustable values
r=0.435 and p=1060 cm/Vsec. Electrical measure-
ments give considerably higher values for p =2000
cm /V sec (Ref. 34) and @

= 1720 cm /V sec. Our adjust-
ed value of r coincides with a mean of corresponding
values listed in Ref. 35 [Eqs. (3.5a) —(3.5d)].

The second channel of spin-density fluctuation decay
originates from spin splitting of the conduction band. It
is discussed in a review paper together with correspond-
ing spin relaxation. The nonparabolic spin-orbit interac-
tion used in the paper has the form

H„=y, [o„P„(P P, )+r»„p —(P, P„)—
+o,p, (P„P» )], —

where y, is a phenomenological constant which equals 10
0

eVA for n-InP according to Ref. 38. The spin-orbit in-
teraction [Eq. (43)] is equivalent to the existence of an
effective magnetic field in the crystal which is parallel to
the unit vector entering Eq. (43):

Px (P» P, ) P—»(P, P„)—
x, (p)=, , x»(p) =

3 p3
(44)

Pz (P P)—
x, (p)=

x =enuTL, (3g)

where p is the mobility of electrons and L is the Lorentz
number.
In the nondegenerate case it gives a pure diffusivity

line width:

(39)

where r is the power index in relaxation time-energy
dependence v-c.". A straight-line plotted according to
Eq. (39) fits well with the experimental points (filled cir-
cles).

Decay of the spin-density fluctuations also occurs via
two different channels which are quite similar to the ones
discussed above. The first of them demands two opposite

I =1/w
p

(45}

where ~ is the relaxation time of the third Legandre po-
P3

lyminal. Theoretical estimation based on Hamiltonian
(43} gives b.cF=1 meV for n =10' cm in InP. Our
smallest value of T =1.5 meV~ECF. So we conclude

Therefore, the spin-quantization axis is not free. Its
direction according to Eq. (42) depends on the direction
of the electron quasimomentum. Thus, the spin-
quantization axis changes in every collision.

It is shown in Ref. 39 that when the Raman shift co is
much smaller than the characteristic value of the spin-
orbit splitting of the conduction band at the Fermi level
b, cF(m « b,c„),the Lorentzian half-width I' is equal
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II„„-P„p (46)

entering Eq. (10) is never conserved in a crystal with im-
purities. The corresponding Lorentzian half-width is
determined in Refs. 40 and 41 to be equal to

I'= I /rp (47)

where z is the relaxation time of the second Legandre
P2

polynomial. Experimental determination of the half-
width Eq. (47) in n-type materials demands more sensi-
tive instrumentation and lower temperatures than we
were able to obtain here.

VI. CONCLUSIONS

We have developed a hydrodynamical model for the
free-electron gas in semiconductors with nonparabolic
dispersion of energy bands under condition of frequent
collisions and derived explicit expressions for electronic
light-scattering cross sections. In our calculations, we
considered different scattering mechanisms induced by
spin-, energy-, and momentum-density fluctuations of the
electron gas. This theory is applicable to the case of elec-
tronic light scattering in III-V semiconductors. We have
demonstrated the first direct comparison with experimen-
tal results for temperature dependencies of the integrated
intensities and spectral linewidths of electronic quasielas-
tic light-scattering spectra. We found that various possi-
ble fluctuations of the electron gas were represented by
different adequate line shapes with rather unusual
discriminating polarized and depolarized scattering

that in our experiments spin splitting is not important.
Let us mention, however, that the opposite case
hcF »q D can be achieved by using appropriate uniaxial
stress which shifts the spin subbands with respect to each
other.

There is only one mechanism for the decay of
momentum-density fluctuations (10) because momentum
current

configurations and this gave us an opportunity to deter-
mine the corresponding relaxation times.

The experimental verification was performed on
n-InP (with room-temperature dopant concentration
n =1.1X10' cm ), which under the realization the
condition of nonresonant near-infrared excitation with
photon energies %co,-&E, served as a well-controlled
model system and enabled us to carry out reliable mea-
surements in a wide temperature range 27—300 K. This
situation is in contrast to the intensive electronic light-
scattering studies that have been carried out recently
with photon energies in resonance with spin-orbit split-off
gaps or with quantum-well excitons. These measure-
ments provided the required enhancement sensitivity,
but, due to the simultaneous appearance of intense hot
luminescence background, allowed one to carry out mea-
surements only in a limited electron concentration range
and prevented temperature-dependent measurements,
which we have found are essential in order to reveal con-
siderable controversy in the origin of different electronic
fluctuations in semiconductors.

Finally, the theoretical approach to the problem and
the observed experimental results provide clear evidence
for the existence of strongly temperature-dependent free-
electron-gas fluctuations in semiconductors with nonpar-
abolic dispersion of energy bands and proves unambigu-
ously the observation of light scattering from energy- and
momentum-density fluctuations. This gives a sensitive
measure of the magnitude of the different relaxation
times of the electron gas.
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