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50 and 10 °K. It is believed that the low-tempera-
ture hopping conduction observed in our In-doped
CdS samples is taking place at this unknown donor
state because the thermal energy in this temperature
range is much smaller than E,, Optical-trans-
mission experiments revealed another defect level
at 0.175 eV below the band edge. The scattering

LI AND C. 1.

HUANG 3

of electrons is independent of the types of impuri-
ties for 7' >200 °K and is mainly due to the longi-
tudinal optical-mode scattering, Impurity-hopping
conduction was observed for In-doped CdS for

T <20°K. This was not observed for the case of
Cu-doped CdS with the same amount of impurity
concentration,
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A theoretical discussion of inelastic light scattering from acoustic plasma waves and single-
particle excitations in a one~-component spherical-band semiconductor plasma in a magnetic
field is given. A phenomenological relaxation time is used to treat collisional effects. Detailed
scattering spectra are computed as a function of magnetic field using physical parameters
appropriate for infrared experiments with conduction electrons in indium antimonide. It is
shown that screening effects predicted by a simple effective-mass theory are grossly different
from those predicted by a more realistic theory which properly treats virtual interband transi-

tions.

The general results indicate that the acoustic-plasma-wave damping in high magnetic

fields is sufficiently small and the cross section is sufficiently large to yield an unambiguous
spectral identification of this wave with currently available experimental apparatus.

I. INTRODUCTION

In the absence of a dc magnetic field EO, the
cross section for inelastic light scattering from a
single-component plasma in a semiconductor ex-
hibits! (for long wavelengths) (a) broad quasi-
elastic scattering of single particles in the fre-
quency range 0<wS qv,, where v, is a character-
istic particle speed and ¢ is the scattering wave-

vector magnitude, and (b) plasma-wave scattering
near w =w,, the free-carrier plasma frequency. 2
Both of these scattering processes have been ob-
served®~® and theoretically discussed.*°~* If a
magnetic field is applied to the plasma, the scat-
tering spectra peaks occur in similar frequency
bands. However, if one considers a strong field
applied to low-temperature (degenerate) carriers,
so that Landau orbital quantization is important,
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the quasi-elastic scattering is drastically al-
tered, ''® The electrons on each occupied Landau
level effectively become a one-dimensional elec-
tron gas, and the single-particle scattering spec-
trum splits into a series of separated peaks. Fur-
thermore, for long relaxation times, the quasi-
elastic scattering will have additional peaks!® !¢
due to the excitation of longitudinal acoustic (LA)
plasma waves!™ 9 at frequencies between the single-
particle peaks. Neither of these features of mag-
netoplasma quasielastic light scattering has been
observed.

Wolff!® has given some specific theoretical dis-
cussion of this magnetoplasma scattering in addi-
tion to the general discussion given by Blum., !°
He discusses the coupling via spin-density fluctua-
tions to the highest-lying acoustic plasma mode in
III-V compound semiconductors. He treats the case
in which only the two lowest Landau levels are oc-
cupied, and concludes that the acoustic plasma-
wave scattering should be dominant over the single-
particle scattering. Because of the relatively short
relaxation times 7 in real semiconductors and the
multiplicity of scattering resonances in the quasi-
elastic regime, the inclusion of relaxation effects
is vital to the interpretation and physcical under-
standing of observed scattering spectra. For very
short 7 and/or weak magnetic fields the multiple
peaks may strongly overlap, yielding a broad
smooth scattering spectrum similar to that found
for zero magnetic field and dominated by single-
particle excitations.

This paper gives a theoretical discussion of
magnetoplasma quasi-elastic light scattering for
spherical-band semiconductors. Particular at-
tention is given to the coupling through both charge-
density and spin-density fluctuations. Detailed
scattering spectra are computed as a function of
B, for realistic physical parameters (including 7)
appropriate for infrared experiments with InSb.
The calculations of this paper have two primary
motivations. First, the subject at hand is a nat-
ural extension of zero-field light-scattering work
and the chances of experimental observation ap-
pear good. '® The study given here can serve as a
valuable guide in performing experiments. Sec-
ond, whereas the notion of LA plasma waves in
solid-state plasmas is well established theoretical-
ly, none of the various possible acoustic plasma
modes!""?! has been observed by any technique.
Waves included in this important class of plasma
waves in solids also occur (By=0)!""2"2! in two-
component (electrons and holes) and single-com-
ponent multivalley plasmas in semiconductors and
semimetals. They generally involve a weak den-
sity perturbation which is not easily coupled to.
Light scattering may be the best way to over-
come® 18 this difficulty, and the acoustic plasma
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waves described here may be the first of this class
to be observed.

Section II of this paper discusses the application
to the quasi-elastic regime of a general light-scat-
tering cross section which was derived previous-
ly. ™% 1In Sec. IIl we specialize the results of Sec.
II to an effective-mass approximation. The light
couples to the plasma only through charge-density
fluctuations. It is found that for realistic physical
parameters the quasi-elastic scattering is rather
small, and tends to be washed out and lost in the
wings of the plasmon scattering. Some spectra
computed with long relaxation times are used to
illustrate the basic features of the scattering.
Specific discussion of a realistic treatment for de-
generate conduction electrons in InSb is given in
Sec. IV. Virtual interband transitions are properly
accounted for and lead to additional coupling via
spin-density fluctuations. Detailed spectra are
calculated with magnetic field as a parameter,
showing the complex interplay of the various terms
in determining the physical nature of the observed
spectra. The scattering which involves spin-den-
sity fluctuations is not lost in the plasmon wing.
For weak fields the scattering is a broad hump
resembling the zero-field spectra, and is largely
composed of single-electron excitations. For
strong fields (particularly for two levels occupied)
the spectra develop strong narrow peaks which
result from acoustic-plasma-wave excitation. When
the field is increased to the point that there is
only one level occupied, there are no acoustic-
plasma-wave excitations. The scattering reverts
to single-electron excitations and is dramatically
screened to essentially zero (relative to lower field
spectra) over the quasi-elastic regime. This
strong screening results from the approximation of
the interband matrix elements and is shown not to
occur in general. The results of Sec. IV indicate
that the acoustic-plasma-wave damping in high
fields is sufficiently small and the cross section
is sufficiently large to yield unambiguous results
with currently available experimental apparatus.
Finally, it is shown that in strong magnetic fields
the spin-density driving term couples to the optical
plasma waves, leading to depolarized plasmon
scattering.

II. CROSS SECTION

We have previously included®? phenomenological
damping (orbital and spin) in a calculation of the
cross section for inelastic light scattering from
semiconductor plasmas in a dc magnetic field. We
use this result®® as a basis of the calculations of
this paper. The original cross-section calculation!®
was based on an approach given by Hamilton and
McWhorter, '* and neglected electro-optic and mag-
neto-optic scattering mechanisms. Coulomb inter-
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actions were treated in the random phase approxi-
mation. The neglect of electro-optic effects should
be particularly appropriate for infrared experi-
ments with small-gap semiconductors.” It is this
class of experiments at which the present dis-
cussion is aimed.

The general differential cross section for the
scattering of a photon from the state (w,, k;, €,)to
the state (wp, Kp, €7) is given by Eq. (49) of Ref.
22. We can ignore spin relaxation [set (1/7,)=0],
since the excitations that we consider involve mo-
mentum perturbations (with no spin-flips) and, for
the situations we consider, spin relaxation times
are very long compared to the orbital relaxation
times. For the III-V semiconductors this means
that we restrict our attention to conduction-band
excitations (as opposed to excitations involving
valence-band states which are strongly spin-orbit
mixed). .

We treat the conduction-band states in an effec-
tive-mass and effective g-factor approximation and
denote the corresponding eigenstates of the one-
electron Hamiltonian Hy by 1i) o) = In, &y, k) 10)
where { represents the orbital quantum numbers
and o the spin quantum number. The energy eigen-
values of H, are given by

E(ky, n, 0) =2 kE/2m* + iw, 0 +%) +0% i, ,

m
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where 7w, = g* uz By is the spin-flip energy and
iw, =TieBy/m*c is the cyclotron energy. The first
problem one faces in evaluating the cross section
is the calculation of the “driving-term” matrix
element!®
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Since we are interested in the quasi- elastlc scat-
tering, we choose the simple geometry q all Bo and
select terms in v,; which have the form

Yas = V(Raes Mg, Op) 6"&’"3 LI 5( Ry = kay)

X a(kﬂl*’q"ka‘:) ’

where the z direction is taken along ﬁo. We define
the scattering wave vector and frequency by g

=K, -k and w=w; - wp. Denoting the orbital re-
laxation time 7, the differential scattering cross
section is given by?
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where
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and ¢ is the longitudinal dielectric function
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In Egs. (2)-(5) we have used the definitions
A(l) f(E(k‘, n, o ) f(E(k +4q,n,0 )) (7)

koket< " iig 1+ E(k,, n, 0)—E(k,+4, 1, 0)

and
_S(ERy, m, 0) =fE(;+q,m,0)) (g
era E(k‘, n, U)—E(kg +‘q’ n, o) '

The first term on the right-hand side of Eq. (6) is
the sum of the electronic interband contributions to
€ which give the optical dielectric constant €, and
the optical-phonon contributions for polar semi-
conductors, where w,(w,) is the zone-center, lon-
gitudinal- (transverse-) optical-phonon frequency.
Note that Eqs. (1)-(8) are quite general and not
restricted to spherical-band materials.

Although Eqs. (1)—(8) are rather complex in gen-
eral, we can discern some interesting features of
Eq. (1). Neglecting Coulomb interactions (v,=0),
only the first summation in Eq. (1) contributes.
For long relaxation times (wT>>1), this term re-
duces to '
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d% wp ny,+1 Im < 2 f(E(k,, n, 0)) = F(E(k,+q, n, 0))
agde Vo, Tn VLA ks, O G Gy~ % ® )
n,c
r
which gives the cross section for scattering from and
unscreened single-particle excitations. The pri- 1 1
mary contributions to the cross section will be at LPO) =7 20—, (11)
2rm Ye n VFno

frequencies along the branch cut(s) defined by w
=ik, q/m* +1q%/2m* (the zeros of the real part of
the energy denominator). For a zero-temperature
Fermi gas with ¢ <kp, there is one such distinct
branch cut for each of the N occupied Landau lev-
els, assuming that Zw, = O(Ey) so that the cuts are
not overlapping. This leads to N distinct single-
particle scattering peaks'® centered at W=qUpne
where

Vpno = [2/M*|V3[Ep — (n+5)iw, ~30hiw]*?

is the velocity along ﬁo of an electron at the Fermi
surface with orbital quantum number » and spin o.
In the absence of collisions [(1/7)=0], each peak
has a width Zg?/m*. Each peak results from the
scattering of a single particle on one Landau level
from just inside to just outside the Fermi surface.
The electrons on each occupied Landau level scatter
the light independently, acting effectively as a one-
dimensional electron gas.

Returning to Eq. (1), it can be shown that the in-
clusion of the Coulomb interaction terms leads to
two important effects.!®'® First, the single-parti-
cle scattering cross section is reduced, owing to
screening of the charge-density fluctuations. De-
pending on the physical situation, this screening
can be enormous'®!? (see below). Second, for long
relaxation times the scattering will have additional
peaks, because of the excitation of LA plasma
waves'’~? at frequencies between the single-parti-
cle peaks. For a case in which there are N occu-
pied Landau levels, there are (N - 1) possible
acoustic modes. This rule applies only if all modes
are well defined (not damped by single-particle ex-
citations) and for N = 2. For one level occupied
(N=1), no acoustic plasma waves can be ex-
cited!™® and the quasi-elastic scattering consists
only of single-particle excitations. This results
from the fact that the acoustic plasma wave in-
volves, roughly, the motion of electrons on differ-
ent levels in a manner yielding an almost charge-
neutral wave.

The acoustic-plasma-wave scattering peaks occur
at the frequencies given by Re(€)=0. This condition
yields a maximum in Im(1/€). For long wavelengths
q < kg4 [note that this condition fails for- a level
with E(0,n, o)~ Eg], one can show that

v
qzzz- ang_

LiP(o) ~
0 (©) 2nmty; g wz"'(qvl"nc)z

(10)

where 7,=7/m*w,. For the simple case in which
only the two spin-split n=0 levels are occupied,
there is one acoustic wave and we find

2 2 2
ve (LW _2e7q (1
=< (F=5) -1 () e 1
where
WqVpg,
Q= - qVro
@2 = (qupes) 21 + 1/iwT)
+ WGVpo. . (13)

02 = (qupe) (1 +1/iwT)

Since for long wavelengths and low frequencies the
coefficient in front of @ is large compared to €.,
the condition Re(€)=0 reduces approximately to
Re(Q)=0. This feature is the essence of the acous-
tic plasma waves: Electrons on neighboring Landau
levels give almost equal and opposite contributions
to € (and, therefore, almost equal and opposite
density fluctuations) yielding a low-frequency plas-
ma wave. Then for wr>>1 and w near the acoustic-
plasma-wave resonance, we calculate

1) G5 0. Vro.
(L)~ — -9 VEe VR0
(Q q(Vpgs + Vpg) W

qz(va - UFo-)z > . (14)

X Im .
<w(w -i/7) -qzvpmvro-

Thus, the acoustic-plasma-wave resonance occurs
near w=q(vpg,vpo. )% and has a full width = 2/7.
Note that the condition for a weakly damped wave is
q(Upg. vpo) 27> 1, -and that the wave velocity is the
geometric mean of the two Fermi velocities.!®

In Secs. III and IV, we will apply Egs. (1)-(8) to
specific model calculations of the quasi-elastic
scattering spectra.

1II. EFFECTIVE-MASS APPROXIMATION

In this section we consider a simple first approx-
imation to light scattering in real semiconductors
in which we use a one-band effective-mass Hamil-
tonian for coupling to the radiation field.®!® Such
an approach can be valid only for Zw; small com-
pared to any characteristic interband energies. The
effect of the interband terms in ¥ is to produce an
effective-mass correction so that ¥(%,, n, o)
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= (e®/mcd(m/m*)€; €. Equation (1) then simpli-
fies considerably, yielding® !°

()

. 1
x €5(w) Im<€———(a’ w)) , (15)

n,+1
T

d’c _wp
dQdw Wr

*,» = oV
op(€;- €F)2_
vq

where o%= (e®/m* 62)2 is the effective Thomson cross
section,

. [wi=w?

eo(w) = €w(;§—_—w—g-> ’
and ¢ is given by Eq. (6). The light effectively
couples to longitudinal charge-density fluctuations
and the scattering spectra show the peaks of
Im(1/€). All scattering processes have the simple
polarization selection rule (€, €,)% The nature
of the quasi-elastic scattering spectra (see I) can
be determined from the properties of the dielectric
function.

Figure 1 shows the relative Stokes-scattering
spectrum, computed using Egs. (6) and (15) for
zero-temperature n-type InSb with the following
parameters, which will be used throughout the pa-
per®: m*/m=0.015, g*=50, €.=16, w,/2rc
=193.8 cm™, w;/27c=181.4 cm™!, and n,=10"7 cm®
for the carrier concentration. We have taken A;
=10 pm, appropriate for experiments with a car-.
bon-dioxide laser® and %iw,/E=0.5. These param-
eters yield qup/27c~20 cm™ for a right-angle scat-
tering experiment. The dielectric function used

(16)
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FIG. 1. Cross section vs frequency for InSb in the

effective~-mass approximation. The magnetic field is
fixed; qugo T =500, and Ay =10 pm. The arrows denote the
values of w=qvpy, g
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FIG. 2. Cross section vs frequency for InSb with mag-
netic field as a parameter. The effective-mass approxi-
mation is made, qup,T =10, and A;=10 Km.

was computed numerically using exact closed-form
expressions derived from Eq. (6). The curve was
calculated for a very long relaxation time (qupoT
=500, where vp, is the zero-field Fermi velocity)
and illustrates the features described above. The
three strong peaks each result from the excitation
of an acoustic plasma wave and clearly dominate the
scattering (note the logarithmic scale). The four
small peaks result from single-electron excitations
on each of the four occupied levels. Note the cor-
relation of the latter peaks with the values of qug,,,
which are marked by the arrows. For somewhat
shorter relaxation times the single-particle peaks
will be completely obscured by the dominant acous-
tic-plasma-wave scattering.

Figure 2 shows the development of the spectra as
the magnetic field is varied for a (qupq7)=10. Each
curve in Fig. 2 is computed with the correct (quvzT)
which differs slightly from 10, owing to the varia-
tion of the Fermi energy with magnetic field. Each
bump in the lower curves results from a peak in the
acoustic wave scattering which is completely dom-
inant, as expected. As the magnetic field increases
there are fewer and fewer levels occupied and,
therefore, fewer scattering peaks. For fiw,/Ep
=1.5, there is only one Landau level occupied and
no acoustic waves can be excited. At first sight,
the monotonic rise in the scattering with no peak
at qupg. for this case is rather curious. However,
following this curve out to the region of the (optical)
plasmon peak (w= w,) shows that the behavior of the
low-frequency scattering is dominated by the wing
(or tail) of the plasmon scattering. The single-
particle excitation peak is completely lost for this
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short value of 7.

Although this model calculation illustrates some
of the general features of magnetoplasma quasi-
elastic scattering, it is not expected to be quantita-
tively accurate of InSb. A value of qupoT=10 is
optimistic by a factor of 5 for 10-um light and
n-InSb with #,~10'" cm™ and T=0. For qup,T=2
(T~5%10" sec), the peaked spectra of Fig. 2 are
strongly smeared and tend to become lost in the
wings of the plasmon scattering, as is the case for
the top curve. Also, the effective-mass approxi-
mation neglects coupling mechanisms involving the
spindegree of freedom and spin-orbit coupling which
.are important in real semiconductors, 131516 24-26
These mechanisms can significantly alter the order
of magnitude of the cross section, the polarization
selection rules, and the nature of the line shapes.
A more realistic calculation is given in Sec. IV.

IV. 1I-V COMPOUNDS: INDIUM ANTIMONIDE

The first problem one faces in treating complex
semiconductors such as the III-V compounds is the
proper calculation of v,s. Several papers?*% have
been written on the evaluation of the interband ma-
trix elements in y,; for specific scattering process-
es such as inter-Landau-level scattering. Some
useful approximations for reducing ¥ are given in
I. We will make the dipole approximation®*®
(e ¥ ¢ % r'f~1) and consider only interband in-
termediate-state contributions to ¥ since these are
the largest. We neglect intermediate states other
than the three P-like valence bands since their con-
tributions should be small.?” Since the direct gaps
for these three bands E,; are large compared to
typical Zw,, Er, and w, we replace the denomina-
tors in the expression for Y.z by Eg;+ iw;. This
procedure is reasonable as long as (E,; —7iw;) > iw.
To make things tractable we adopt a decoupled band
scheme, % assuming the conduction band is pure
S like, the split-off band is pure P like, |3, +3),
and only the light and heavy holes are mixed by a
finite 2,. This scheme picks out the major charac-
ter of the wave functions for the four bands, thus
giving the most important terms in y. Finally, we
make the band-edge approximation (k,=0) in eval-
uating the matrix elements of p. This last approx-
imation is less appropriate than the others. It is
made largely for simplicity and has important con-
sequences which will be discussed below. We find

Y0, n, 0)= (e®/mc®) [A &+ Ep+ioB (€,XEL),] ,

@am
where

A=1+

ig E, E +A
Im (Eg‘(ﬁw1)2+(Eg+A)Z_(ﬁwl)?> (18)
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and

ZPZ 1 1
B=hor g (E? =i~ (B, +8F - Wwﬁz)
(19)

In Egs. (18) and (19), E, is the direct-energy band
gap of InSb, A is the valence-band spin-orbit split-
ting, and P=~-i(SIp,l Z) is the interband momentum
matrix element. Note that in the limit 7w; <E,,
A~m/m*, and B~0. Note also that B goes to zero
as the spin-orbit parameter (A/E,) goes to zero.
The results embodied in Egs. (17)=(19) are rather
surprising since (0, n, 0) is independent of the
Landau-level quantum number. Equation (17) is,
in fact, identical to one component of the zero-field
result for ¥ found by Hamilton and McWhorter. '3
Each of the individual contributions to y does depend
on n, but the sum is independent of n. While this
result is appealing because of its simplicity, it is
peculiar to our approximate calculation and we will
find that it leads to overestimation of screening ef-
fects. In general, both A and B depend on n and
ky.

The simple form for ¥ [Eq. (17)] leads to simpli-
fication of the cross-section expression Eq. (1):

dzo' ~ T’iV >

—Z [ A2%(€E, 2.2
aQde 7 o, [A2(Z, &5)%3(w) Im(1/€)

+BE (X&) m(J)], (20)
where

2 (1) (2) 2
22V o L{ (o) L{P (o) > ’
JE-e-eTT s (? L (0) +iwTL? (0) (21)

and we have assumed wp~ w; and zero tempera-
ture. For the form of ¥ given by Eq. (17), the two
components of ¥ give independent noninterfering
contributions to the cross section proportional to
A% and B? respectively. The first term (< A2) re-
sults from coupling to charge-density fluctuations,
while the second term (< B?) results from coupling
to spin-density fluctuations'® ¢ via virtual inter-
band transitions. Only the second term was con-
sidered by Wolff!® in his discussion of the acoustic-
plasma-wave scattering. Wolff’s results are ob-
tained from Eq. (20) if one sets A and 1/7 equal to
Zero.

Equations (20) and (21) donot correctly treat inter-
Landau-level (including spin-flip) processes. 24~%:28
The following discussion and computations assume
that the magnetic field is strong enough to remove
these scattering peaks from the quasi-elastic re-
gime (w,, ws>qup). Plasmon scattering is correct-
ly included in the expressions.

In the limit %Zw,/E,~ 0, we are left with only the
first term on the right-hand side of Eq. (20), and
the result is identical with the effective-mass re-
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sult Eq. (15). Therefore, within the approximations
made above, the scattering spectra with the polar-
ization rule (€,-€,)? have the behavior computed in
Sec. III. The results merely need to be scaled by
a constant factor. It should be noted that this re-
sult is peculiar to the simple form used for ¥ in
which A is independent of the orbital quantum num-
bers. This approximation gives a cross section
« Im(1/€) which predicts very heavy screening of
the quasi-elastic excitations as discussed in Sec.
III. If one uses a correct expression for A which
includes its dependence on orbital quantum numbers,
the cross-section expression is much more complex
than Im(1/€) and the cross section can be orders of
magnitude larger as a result of the reduction in
screening. The actual results one obtains are very
sensitive to the form of A since the result Im(1/¢)
gives a small number resulting from the cancella-
tion of two large numbers. This phenomena is anal-
ogous to the strong reduction in screening of zero-
field quasi-elastic scattering.®13

In an actual experiment one can distinguish the
two contributions to the cross section in Eq. (20)
by appropriately arranging the scattering geometry
and analyzing the scattered light. Therefore, we
present in this section a separate calculation of
the scattering spectra given by the second contri-
bution [=(€,X€,)2]. First, note that in the extreme
quantum limit where By is so large that only one
Landau level is occupied, one has

Im(J) = €§(w) Im(1/€) . (22)

Again, the scattering spectra have the form given
in Sec. III and the screening of the single-particle
excitations will be grossly overestimated. A set
of quasi-elastic scattering spectra [ Im(J)] for n-
type InSb are shown in Fig. 3. The parameters
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FIG. 3. Quasi-elastic scattering spectra for InSb with
magnetic field as a parameter. The theory of Sec. IV is
used, qupeT =2, and Ay=10 pm.
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FIG. 4. Scattering spectra for InSb with magnetic field
as a parameter [(qupoT) =4, A\;=5pm]. For %w,/Ep=0.8,
1.1, 1.4 there are only two levels occupied.

chosen were the same as those of Sec. III with the
exception of the choice (qugy 7)=2.0, which is real-
istic for A, =10 pm and #, =10'" cm™® in InSb. There
are several important characteristics of the curves
of Fig. 3. First, the relative cross-section scale
in Fig. 3 is four ovders of magnitude larger than
the scale for Fig. 2. This results because of in-
effective screening of the spin-density fluctuations
associated with the B driving term in y. [Math-
ematically, the second term on the right-hand side
of Eq. (21) subtracts very little from the first term.
However, for 7w,/ Ep=1.5 there is only one level
occupied, so that Eq. (22) applies, and a spin-den-
sity perturbation inherently involves a charge-den-
sity perturbation which is heavily screened. The
scattering in the quasi-elastic regime drops by or-
ders of magnitude. As stated above, this latter
result is an artificial feature of the theoretical
model. While one expects the high-field screening
to be larger, the actual reduction will depend criti-
cally on the behavior of B(n, k,). Finally, note that
even for the realistic value of 7 chosen, the spectra
of Fig. 3 are not dominated by the wing of the plas-
mon peak due to ineffective screening of the spin-
density oscillations.

‘As an additional example, Fig. 4 gives a set of
spectra for A;=5.0 um and (qupa7)=4.0. Such
conditions are roughly appropriate for experiments
using a carbon-monoxide gas laser.” This case is
interesting because the cross-section enhancement
obtained by using a 5-p light source would improve
the chances of observation. For the cases in which
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only two levels are occupied (7w, /Er=0.8, 1.1,

1. 4) the spectra have a sharp well-defined peak due
to acoustic-plasma-wave scattering. For the con-
ditions of both Figs. 3 and 4, the dominant contri-
bution to the spectra at weak fields is from Im(e),
which is the first term in Im(J). This implies that
electron-electron interactions can be ignored in
computing the cross section. Also, since the col-
lective-mode scattering derives from the second
term in J [Eq. (21)], the scattering is predominantly
single-particle excitations. Both of these features
are consistent with the zero-field calculations of
Hamilton and McWhorter. !* At higher fields (two
levels occupied) the second term on the right-hand
side of Eq. (21) predominates, yielding acoustic-
plasma-wave scattering. At still higher fields
(Zw,/Ep=1.5, one level occupied) the two terms
give almost equal and opposite contributions to
Im(J) and the cross section is dramatically re-
duced.

Finally, it is of interest to examine the behavior
of this depolarized (B-term) scattering in the vi-
cinity of plasma resonance. A set of spectra with
magnetic field as a parameter is shown in Fig. 5.
The physical parameters are the same as those of
Fig. 4. There are two peaks in the high-field spec-
tra which result from excitation of coupled plas-
mon-phonon modes. ®~7 These peaks disappear at
low fields. This result is important for the inter-
pretation of experimental results since it indicates
the presence of an additional mechanism, besides
electrooptic coupling, ! for the occurrence of de-
polarized plasmon scattering. Physically, this
scattering has its origin in the fact that the spin-
density driving term inherently induces charge-
density fluctuations in the electron plasma in a
strong magnetic field. These charge-density fluc-
tuations are driven resonantly at the plasma fre-
quency, yielding the plasmon-scattering peak.
This phenomenon is most easily visualized for the
case in which all the electrons are in the lowest
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FIG. 5. B-term plasmon scattering spectra for InSb with

magnetic field as a parameter [(qupT) =4, A;=5um].
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(0, +) Landau level, having all their spins aligned.
It should be emphasized that Eqs. (17)-(19) are
not quantitatively accurate under strong resonance

enhancement which would occur for experiments
with sources in the 5-6-um range with InSb. The
full and correct energy denominators in ¥,,; must
be kept, in order to obtain accurate scattering ef-
ficiencies. However, the qualitative nature of the
spectra of Figs. 4 and 5 will not be affected by such
details.

V. DISCUSSION

One of the most striking features of the results
given above is the very large difference in the mag-
nitudes of screened and unscreened quasi-elastic
scatterings. Any scattering processes for which
y(n, k., o) is constant occurs entirely through
coupling to charge-density excitations and is
heavily screened in the quasi-elastic regime (for
long wavelengths). Because of the form of the
cross-section expressions, the theoretical scatter-
ing spectra are very sensitive, both in magnitude
and shape, to the specific form of y used. Similar
difficulties were encountered in discussions of
zero-field spectra.!® Since we know in general that
A will be dependent on the orbital quantum numbers,
the features of the A-term scattering [ (&,+ €,)?],
which are given qualitatively by the discussion
of Sec. IIl, are misleading. We expect the size of
this scattering to be much larger than that indicated
by Figs. 1 and 2. This may also remove the dif-
ficulty of the quasi-elastic spectra being lost in
the wing of the plasmon scattering. A theory which
is accurate on this point requires a full (and very
complex) calculation of ¥ without making the approx-
imations of Sec. IV. Such a computation is prob-
ably warranted only for a detailed comparison with
experimental data. The same difficulty is encoun-
tered for the B-term scattering in the high field
(one level occupied) where the cross section re-
duces to the form Im(1/€). While the single-par-
ticle spectrum is likely to be weak in this case,
the reduction will not be nearly so large as that
indicated.

The physical parameters chosen for the calcula-
tions of Secs. III and IV are not to be viewed as
particularly restricted. They were chosen to be
in a range thought to be accessible by experimental
observation.®? Most of the parameters can be
changed significantly without changing any of the
qualitative features of the results. The only ex-
ception is that all the above discussion applies to
the long-wavelength case g <<kp, kg, where kg, is
a characteristic screening wave vector. Reversing
the latter inequality to g > kg, will greatly alter the
screening effects. '

It is of interest to estimate the actual scattering
efficiencies expected for the quasi-elastic scatter-
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ing. We define the total scattering efficiency as
S=(1/V)(do/dS), where (do/dQ?) is the differential
cross section infegrated over the spectrum (or
line) in question. For m*/m =0.015, o%=3.5x 1072
cm? For right-angle scattering (&, L&), €. =16,
and 2; =10 um, we estimate Sz ~107® sr~'cm™! for
the B-term scattering. This scattering efficiency
is roughly that estimated for the A-term plasmon
scattering which has been observed in zero-field
5-u experiments.” We estimate S, =107 sr-lcm™?,
but this number is not expected to be reliable be-
cause of the overestimation of the screening.
Estimates of scattering efficiencies for 5-u experi-
ments have not been made, owing to the uncertainty
in the enhancement factors under conditions of
strong resonant enhancement. The efficiencies will
certainly be larger than those quoted for 10-pu ex-
periments.

The size of the estimated scattering efficiencies,
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coupled with the well-defined line shape of the scat-
tering from the acoustic plasma wave in high mag-
netic fields, yields a favorable prognosis for the
actual observation of the acoustic plasma wave in
infrared experiments with InSb. For 5-pu experi-
ments, (quvp/2rc)~40cm™ for n,=10"cm3, and

the acoustic-plasma-wave linewidth at high fields
(270 kG) is about 10~15 cm™!, Such a line should
be observable. It would be most interesting to

- measure the scattering spectra at still higher fields

(~ 100 kG) where only one level is occupied. The
behavior of these spectra and the A-term (diagonal)
scattering will tell how much the strong screening
is obviated by the complex energy bands of InSb.
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