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The Raman spectra of plasmons in In- and Ga-doped cadmium sulfide are shown to consist
of very asymmetric peaks. A prominent interference shape is exhibited which is very similar
to that manifested by anharmonic phonon interactions between two optical phonons, as in A1PO,
and BaTiO;. In the present case, the interaction between the heavily damped plasmon mode
and one longitudinal optical phonon is due to the Coulomb interaction. The interference fea-
tures of the Raman spectrum are related to the electronic (plasmon) and ionic (phonon) charge-
density correlation functions, where the ionic charge is multiplied by a factor to include the
nonionic (electronic) part of the light-phonon scattering amplitude. In other words, we treat
the spectrum as due to interfering amplitudes for scattering into the plasmon state (PL| via
two channels: one direct, (PL|a | 0); and one via an intermediate LO-phonon state coupled
by the Coulomb interaction, (PL|Coul. | LO)X(LO|a|0). This calculation gives very good
agreement with the observed line shape, and demonstrates the inadequacy of treating the
spectrum in terms of the usual dielectric function. In the special case when the light-phonon
scattering is purely ionic, however, our Green’s-function calculation is shown to be equivalent
to the dielectric-function formulation which includes both the plasmon and phonon contributions.
A detailed comparison of our theory with the experimental spectrum yields an estimate of the
relative contributions to the light-phonon scattering amplitude from electronic and ionic
charges. For CdS, these contributions are found to be of the same order of magnitude, but

opposite in sign.

I. INTRODUCTION AND EXPERIMENTAL

Very recent experiments! on inelastic light scat-
tering from plasmons in CdS revealed several

anomalies: First, the plasmon line shape was some-

what asymmetric; second, the plasmon linewidth

was 25% narrower than calculated from measured
Hall mobilities;, third, relatively featureless scat-
tering in the 0-200-cm™ region assigned as non-
collective electron transitions? (“single-particle
scattering”) occurred for both trace and off-diagonal
polarizabilities, whereas the trace scattering is ex-
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pected to be completely screened out in the high-
charge-density samples examined.® In the present
paper we present additional experimental data
which unambiguously establish the mixture of elec-
tronic and ionic origins of all the scattering fea-
tures in question, together with a many-body
random-phase-approximation (RPA) calculation

of the line shape, which is in remarkable agree-
ment with our observations. The resulting inter-
pretation of the electron spectrum reconciles the
previously reported selection rules! and the spin-
density fluctuation theory® of Hamilton and McWhor-
ter for noncollective electron scattering.

We have been prompted in this work by the strong
resemblance between CdS plasmon line shapes and
the phonon spectra of BaTiO; *® and A1PO,.*" In
the above cases, two different optical phonons con-
tribute to the first-order Raman spectra, and inter-
act via coupling to a two-acoustic-phonon interme-
diate state.’=" A Fano-type® interference appears
in the spectrum as a result of the anharmonic in-
teractions, in a manner similar to the previous re-
sults of Barker and Hopfield,  which were based on
a classical model.

In CdS, the two excitation modes which contri-
bute directly to the charge-charge correlations are
a plasmon and one longitudinal optical phonon. We
introduce an “effective” charge to take into account
that part (electronic) of the light-phonon scattering
amplitude which is not due to the charge density
induced by the longitudinal phonon (the ionic part).
The light-scattering cross section is given by the
“effective” charge-charge density correlation func-
tion. We have supposed that the interaction be-
tween the two modes is purely Coulombic. The in-
terference in the spectrum occurs in the off-diagonal
(i.e., plasmon-phonon) terms of the correlation
function which includes electronic and ionic charges.

The data were obtained with approximately 200
mW at 5145 A from an argon ion laser (spectra
were checked with 5682-A Kr II excitation also),
and detected by means of a cooled S-20 phototube,

a double spectrometer, and electron counting. The
spectra were displayed on a strip-chart recorder;
typical data are shown in Fig. 1. L, and L_are
the upper and lower branches of the coupled LO-
phonon and plasmon system.

The samples employed were of several varieties.
In-doped CdS from both Harshaw and Eagle Picher
were used, with carrier concentrations ranging
from 5% 107 to 4x10'° cm™. In order to verify the
electronic origin of several of the spectral features,
we examined compensated indium-doped samples
with 10'° indium ions per cm?® (in which the features
were absent) and also gallium-doped CdS (z~10'°
cm™) in which they were present. This unquestion-
ably establishes the nature of the scattering peak
at ~230 cm™ and the “continuum” from 0-200 cm™
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FIG. 1. Observed @,, spectrum of In-doped CdS
having n~4x10'® cm™3, Spectra were recorded ~ 10 °K
with 5145-A excitation and the geometry x(z2)y, with z
the [0001] optic axis. The feature labeled “2LO” is a
resonant 2 LOT excitation; “A” is an ordinary (nonres-
onant) two-phonon state; L _ is the lower branch of the
usual LO-phonon-plasmon pair and is essentially a TO
phonon in this highly screened sample. The feature at
w~280 cm™! is thought to be bare LO-phonon scattering
via bound exciton intermediate states. The shaded
portion represents the contribution from the coupled

plasmon-phonon system.

as electronic and independent of the dopant.

We show in Sec. II that the entire complex spec-
trum shown in Fig. 1 is due to plasmon-phonon
scattering. The antiresonant interference shape
and the dip at w ~300 cm™ are explained in terms
of Coulomb coupling between the plasmon and longi-
tudinal phonon. In contrast to Ref. 1, therefore,
we interpret the a,, spectrum of n-CdS as devoid
of single-particle scattering; this is in accord with
the predictions of Ref. 3 which indicate that trace
scattering (which arises from charge-density fluc-
tuations) should be vanishingly small for degenerate
semiconductors. We believe that the Hamilton-
McWhorter theory is appropriate for CdS, despite
the hexagonal symmetry, since spin-flip scattering
from conduction electrons in CdS has been found
to obey cubic selection rules with no anisotropy.®
The «,, and a,, single-particle spectra in these
CdS samples, in accord with expectations, were
broad and relatively featureless, extending from
0-600 cm™, with a full width at half-height of about
200 cm™, a broad maximum at about 250 cm™, and
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no sharply defined high-energy cutoff (because of
the low mobility). The ¢,, spectrum in Fig. 1 also
contains a broad peak at about 275-300 cm™. We
believe that this is because of the bare LO phonon.
In undoped CdS, the A; LO phonon is at about 298
cm™!. We believe that the LO in Fig. 1 arises from
LO phonons having ¢~3x10% cm™; this scattering
occurs via bound exciton intermediate states.

These ¢ ~3x%10° cm™ do not couple to plasmons®
because the latter are damped out (Landau damping)
at such momentum values.

II. THEORY OF PLASMON-PHONON INTERFERENCE

Although plasmon-phonon coupling has been ex-
tensively studied!! and considered to be well under-
stood in the case that the two excitations are well
separated in energy, the peculiar Raman line
shapes discussed in the present work exhibit an
overlap and mixing of plasmon and phonon excita-
tions which appear to be rather anomalous. The
fact that the plasmon-phonon coupling could give
rise to such anomalous structure in the Raman
spectrum was not realized in previous theoretical
work based on the dielectric-function formulation.

The aims of the present theory are twofold: (a)
to explain the experimental anomalies in CdS in
terms of plasmon-phonon interference induced by
Coulomb coupling, and relate the spectrum to the
similar case of the Raman spectrum of two optical
phonons interacting via anharmonic coupling to
a two-acoustic-phonon continuum,®7 and (b) to
generalize the theory of light scattering from
phonons to include both the phonon-induced charge
density (ionic part of the scattering) as well as the
nonionic charge density induced by the atomic
displacements.!? The present analysis closely
parallels the dielectric-function formulation, which
can be obtained from our theory in the special case
of purely ionic light-phonon scattering.

Considering the light to be scattered from the
charge distribution in the solid, the cross section
for Raman scattering is given by the Van Hove
formula

d’o ~e_2 iwt< oft t) off (0)) at 1)
dﬂ dw €°2e e pq p-q > ’

where d%s/dS dw denotes the double-differential
cross section which is related to the Fourier trans-
form of the effective charge-charge correlation
function €®( pi'* (¢) p%f(0)), where the complex ef-
fective charge p®'f will be explained below. Mo-
mentum and energy transfers are denoted by g and
w, respectively. Furthermore, the Fourier trans-

form of the charge distribution p(r) is defined as
p.=J e plr)d®r . (2)

A “background” dielectric constant €, is defined
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in our model system as follows: The charge p, to
be considered consists of two contributions

P =0 +p', ®)

where p° represents the charge of the degenerate
electron gas in the conduction band, while p’ is
associated with the ionic charge induced by phonons.
Then €., is the momentum- and energy-independent
dielectric constant describing the background
charge which is responsible for screening the
charge distribution p, by a factor €z, as can be
seen in Eq. (1).

As we have mentioned above, the light-phonon
scattering amplitude consists of two parts: an ionic
part designated by p} and a nonionic part pf’®"=es,
We introduce an “effective” charge p{"’*!! which
describes the tofal phonon contribution to the light-
scattering amplitude. Hence, the effective charge
for the plasmon-phonon system becomes

eff _ e (i)eff
Py =P+ P

ALY (3")
where pf is the usual electronic contribution from
the plasmons. The coefficient A, determines the
ratio of electronic to ionic contributions from the
phonon scattering, i.e.,

)\q - (pq(e)phonon +p:)/p: .

The A, factor may be complex, and consequently
we define A, =)' +4)"" in terms of the real quantities
A" and A", If the matrix elements relating the
charge density to the phonon mode are considered
to be real, then the “effective” charge will in gen-
eral be complex, since the nonionic contribution of
the light-scattering may be proportional to the
divergence of atomic displacements (div #) as well
as to the displacements #. Consequently we treat
X and )\’ as adjustable parameters and estimate
their relative strengths from a fit of the theoretical
line shape to the experimental results shown in
Fig. 1.

To calculate the charge-charge correlation func-
tion we employ zero-temperature Green’s-function
techniques.!® Thus, we introduce the Green’s func-
tion

Flg, t)=i (T [p2(t) p22(0)]) , 4)

where T denotes the usual time-ordering operator.
The corresponding Fourier transform is

F(q,w)=[e*t F(g, t)at . (5)

Following standard procedures,!! the light-scatter-
ing cross section can be related to the imaginary
part of F(q, w), i.e.,

d’c e
19 do ""67 ImF(q, w) . (6)
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The Green’s function F(g, w) describes the correla-
tion of different kinds of charges, and can be de-
composed into three additive contributions of the
general form

FR(q, 1)=i(T [p; &) p%,(O)]) , (7)

where @=pf=e denotes the purely electronic con-
tribution; a= =i represents the diagonal ionic
contribution; and a=e(;), B=i(e) corresponds to
the mixing of electronic- and ionic-charge distri-
butions. Of these terms [i.e., F=F°+2\'F°!

+ (X84 1""2) F't], the mixing term F°' is responsible
for the plasmon-phonon interference which forms
the basis of the present work.

We consider the interaction between the charge
distributions to be purely Coulombic and screened
by the background. Therefore, in our model, the
interaction Hamiltonian can be written as

27e?
choulomb = Z

e PaP-a- (8)
. 0€a

In the absence of interactions, only the diagonal
terms of the Green’s function are nonvanishing and
given by

FaB(q’ Q)) éaBFa(m (q’ w) ’ (9)
e2+ 0

where F®9 is the unrenormalized Green’s function.

With the inclusion of the interaction, these unre-

normalized functions

FO_ 3 pe©
az=e,t
determine the dielectric function €(g, w) of electro-
dynamics according to the well-known expression
(for w >0),

(g, w)=€. +(@re*/¢®) F¥ (g, w)

=€, +(4re?/q) [PV (g, w) + F' P (g, )] .
(10)

With regard to the above formula, it should be
noted that the dielectric function is usually ex-
pressed in terms of the retarded Green’s functions.
However, in the zero-temperature formalism at
positive frequencies, the retarded propagators are
identical to the casual Green’s functions which are
employed throughout the present work.*

In order to describe our physical system, we
first exhibit the unperturbed Green’s functions
Fe(ﬂ) and Fi(ﬂ):

(i) F°‘© represents the electronic-charge correla-
tion of a conduction-electron band with a degener-
ate electron gas. The band is assumed to be para-
bolic with effective mass m* and the density of
electrons is denoted by n. The electron lifetime
7, due to collision broadening is included as a
phenomenological parameter. We are interested
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in the formation of a plasmon excitation with fre-
quency w, = (4mne?/m*€.)"? and lifetime 7,=37,.
In the frequency region near the plasmon energy,
the well-known expression for the unperturbed
Green’s function is

FO (g, )= — € wliq?/[4mew(w +i/T,)]. (11)

Neglecting phonon contributions, the dielectric
function € (g, w) of the system is obtained by insert-
ing Eq. (11) into (10). This straighforward sub-
stitution shows that the real part of € (g, w) tends to
zero at w =w, as expected.

(ii) F*® jncludes the ionic-charge correlations
which are induced by the longitudinal phonons.
Since the induced charge is related to the ionic dis-
placement « by the relation p'~div u (equivalently
p,~ tqu,, where u, is the component of the displace-
ment along g,), the ionic-charge correlation func-
tion is proportional to the ionic-displacement
Green’s function (for w>0)

FiO (g, 1)~ ig?( Tlu, (thu_,(0)])

2
2__Wo (12)

T = wi+is ’

in the more familiar form.!®> The unperturbed
longitudinal phonon frequency is w, which, for
g~0, is close to the TO-phonon frequency. To re-
late Eq. (12) to the charge correlation we need to
include a positive proportionality factor (€,—€.)/
4re® which describes the strength of the ionic
character of the phonon mode. Then, we obtain'®

260—5,,0 Wy . (13)

In analogy with case (i), we combine Eqs. (13) and
(10) to get the dielectric function for the ionic sys-
tem. In the latter case, the real part of the dielec-
tric function vanishes at a frequency w; = wy(€,/€.)"2,
which is the longitudinal phonon frequency renor-
malized by the polarization of the background
charge.

To calculate the Raman-scattering cross section
given by Eq. (6), we need to calculate the composite
Green’s function F(g, w) including the Coulomb
interaction. However, in order to obtain insight
into the physical origin of the plasmon-phonon in-
terference, we consider the different contributions
Fe F' and F° individually. We evaluate the
functions F*® in the RPA approximation which is
illustrated diagrammatically in Fig. 2. In Fig. 2,
the plasmon excitations are represented by solid
bubbles (corresponding to electron-hole pairs),
the wavy lines represent unrenormalized phonons,
and the Coulomb interaction is denoted by dotted
lines. The Coulomb interaction mixes phonon and
plasmon excitations, as can be readily seen from



3 PLASMON-PHONON INTERFERENCE IN CdS

O+ O ED + O—ED

e (ED + D

= e B D

FIG. 2. Diagrammatic representation of the Dyson
equations for the charge-charge correlation functions.
Solid bubbles denote plasmon (electron-hole) excitations,
wavy lines designate phonons, and the dotted lines repre-
sent the Coulomb interaction,

the diagrams. The standard technique for summa-
tion of the perturbation expansion (a geometric
series in the present case) gives

2
F(g, 0)=56,F* (g, w) - 32’:

9 F"““’(q,w)FB‘o’ (q’ w)
1+(4,”62/q2€w)[Fe(0)(q, w)+F”°’(q, 0))] ’

(14)

where 6,4 is the Kronecker 6§ and the other quan-
tities appearing in Eq. (14) have been previously
defined. Finally, combining Eq. (14) with the ex-
pression for the light-scattering cross section
[Eq. (6)], we obtain the Raman cross section, in-
cluding both electronic- (plasmon) and ionic-
(phonon) charge distributions,

do 1

s~ P+ 2V F e (R )R], (1)

where we have used the fact that F°*=F, The
above final result can be expressed in terms of the
unrenormalized functions F°‘(°’(q, w) by direct sub-
stitution of Eq. (14) into (15).

First, we present the contributions to the cross
section from the diagonal terms of Eq. (14). The
electronic-electronic term is

(1/€) ImF* = (€. wiw/DT,) (0? - ), (16a)
and the ionic-ionic term is
(1/€2) ImF* = (. wfw/DT,) (WE-wh)? ,  (16b)

where the denominator includes the function

D=[w?w? - - wl (0 - w)]P+ (0f = w?)? W¥/75,
(16¢)

and w; = wq(€y/€-)" 2 denotes the longitudinal phonon
frequency. The above diagonal contributions must
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be positive definite!

The contributions of these terms are indicated by
dotted lines in Fig. 3, and exhibit two superimposed
peaks without interference effects. On the other
hand, the cross term F°! gives a negative contribu-
tion to the Raman spectrum as can be seen from the
analytic expression

(1/€€) ImF® = (€, wiw/DT,) (0f = wd) (w® - wd),

(16d)
which is shown by dashed lines in Fig. 3. It is in-
teresting to note that the mixing term F°! is negative
only for w<w;, and exhibits an antisymmetric char-
acter as shown in Fig. 3. Assuming for the moment
that the “effective” charge induced by the phonon is
real, i.e., M'=0, it is apparent from Fig. 3 that
the mixing term F° gives rise to a deep minimum
{in fact, an exact zero at w=[w? -\ (w? -w?]"/?} at
a frequency between the peaks corresponding to the
hybridized plasmon and phonon excitations (L, and
L_.). Therefore, these mixing terms, which are a
consequence of the plasmon-phonon coupling, are
responsible for the antiresonance feature in the
Raman spectrum shown in Fig. 1. However, it is
rather apparent that the total calculated spectrum

08T T T 1 T 1 T T T T T
0.6 —
L i Fee
£TOTAL F /
Z 0.4~ % —
] N
ST >\ 7
& 0.2 : /’ S N
wn el U ! . AN
v =" ,-r‘—\\ 3 ®e =
8 —————————— o ® ° ‘\-\v' hd '\-
€ 0.0 - 1 =
CEE \ -
Z \ ,/
x-0.2— \ 7 -
’LI_J \ //
2 2Fe|_/‘\ ”
904 v -
L \ / .
\
-0.61— W/ —
G IS N NN WA A SN AN T NN MO N
600 400 200 0

FREQUENCY SHIFT IN cm*-!

FIG. 3. Calculated spectrum for the coupled plasmon-
phonon system in the limiting case of a real “effective”
charge (\" =1, A" =0). Dotted and dot-dashed lines rep-
resent diagonal contributions F*and F®, respectively,
while the dashed line shows the mixing term 2F¢ which
gives rise to the deep dip (antiresonance) in the total
spectrum given by the solid line. The parameters used
were wy=230 em™}, w;=300 cm™, w,=500 cm~!, and
plasmon width I',=660 em~!, These parameters were
taken from the Raman data discussed in the text.



1300

(assuming A’/ =0 and A\’ =1) gives a poor fit to the
experimental data for CdS, especially in the low-
energy region near the L_ peak. It is important to
note that our theoretical results in this limiting case
of a real “effective” charge (and taking A\’ =1) repro-
duce the light-scattering cross section derived on
the basis of a dielectric-function formulation by
Varga'® and others. The correspondence between
the dielectric-function formalism and our theory is
the following: The Raman cross section can be
written as

do 1

e ~Im(~————(q’ o)’ (17

where the dielectric function is defined in Eq. (10)
as

€(g, w) = € + (41€%/q%) [F* % (q, w) + F*V(g, w)].
(18)

Substituting the values of the unperturbed Green’s
function F*‘? from Eqgs. (11) and (12) into (18), we
obtain the dielectric function in the form derived
by other authors'®:

€0 w2
2 .
w¥+iw/T,

2
€0~ €
<=sw+( O ;“’0 -
Wo—w

19)

Note, however, that this correspondence holds only
in the special case M’’=0and A\’ =1, and the theoret-
ical light-scattering cross section for this limiting
case is in disagreement with experiment.

To resolve the above discrepancy between theory
and experiment we need to consider the light-scat-
tering cross section including the possibility of a
complex “effective” charge as discussed above.
Thus, the general expression for the Raman cross
section is obtained by inserting Eqs. (16) into (15);
our final result can be written in the form

do
dsd dw

~ (owpw/DTy) {[w? = Wi+ N (W] - W) P

N (@F - W) (20)
The theoretical scattering cross section given by
Eq. (20) is shown by the curves in Fig. 4. The cal-
culation was made using the following parameters:
€.=5.2 from Ref. 17; €;= (wno/wro)? with wro
=300cm™ and wyo=230cm™! from Raman meas-
urements of the A; phonons; plasmon energy w,
=500cm™ and width T,=660cm™ from the data
shown in Fig. 1. The values taken for the plasmon
parameters w, and T, are compatible with Hall
measurements of carrier concentration and mobility
for the sample. In Fig. 4, the solid curve describes
the calculated spectrum for a veal effective charge
using parameters A’ =0. 2 and 2’'=0.0, which were
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chosen to fit data of Fig. 1. Note that a value of

A’ =0. 2 moves the “dip” closer to the LO-phonon
frequency (wyo=300cm™) and accentuates the L.
peak near 200 cm™!, The solid line bears a remark-
able resemblance to the experimental data of Fig.
1, in contrast to the results of the dielectric-func-
tion formulation shown in Fig. 3. To demonstrate:
the effect of a “complex” charge on the spectrum,
we plot the theoretical cross section with dotted
lines in Fig. 4 using parameters A’=0.2 and )"’
=0.5: It is apparent that the complex charge en-
hances the L_ somewhat. However, in the case of
CdS, the choice of a purely real charge to calcu-
late the spectrum seems adequate in fitting exper-
iment.

One feature of the experimental data which re-
mains puzzling is the existence of the double-peak
structure near o ~230-280 cm™'. Since the latter
structure appears in the Raman spectrum of CdS
with quite different dopant concentrations, it is
reasonable to consider the structure as intrinsic to
CdS. We believe the double-peak structure consists
of two contributions: (a) a contribution from the
TO-phonon mode with A; symmetry at wpq =~ 228

ecm™, '® which is Raman active for the a,, spec-

0.4 T I I T —

SCATTERING CROSS SECTION
o (&)

) w

|

©

0.0

'800 600 400 200 0

FREQUENCY SHIFT IN cm-!

FIG. 4. Calculated spectrum for the plasmon-phonon
system using the same parameters as in Fig. 3, but in-
cluding different values for the “effective’” charge param-
eters. The solid line represents a »eal charge with A’
=0.2, A" =0; while the dotted line exhibits the spectrum
for a complex charge (A\"=0.2 and A\’ =0, 5), respectively.
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trum, and (b) allowed ¢,, LO-phonon scattering near
280 cm™ due to g~ 3X10° cm™ LO phonons for

which Raman scattering via bound exciton interme-
diate states is possible. In the interest of clarity
we have not attempted to include the latter two con-
tributions in the theoretical cross section. Addition
of these phonon contributions would certainly im-
prove agreement with experiment, but necessitates
introduction of additional parameters.

It is amusing to realize the basic similarity be-
tween the plasmon-phonon interference and the in-
direct coupling of two optical phonons mediated by
the acoustic-phonon continuum.”’ A common feature
of both problems is the existence of two excitations
which are sufficiently broad in energy so that their
spectra overlap. Interactions between the excita-
tions cause a mixing of the two excitation modes.

In either case, light is directly coupled to both ex-
citations which can be described as a linear combi-
nation of two operators: (i) “effective” charge dis-
tribution operators (p=p®+ qu‘) in the plasmon-pho-
non case; and (ii) a linear combination of phonon
field operators in the phonon-phonon case discussed
in Ref. 7. We have seen that the light-scattering
cross section is related to a correlation function
whose diagonal terms mainly determine the struc-
ture of two superimposed peaks, while the cross
terms of the correlation function cause the deep in-
terference minimum (antiresonance). The math-
ematical similarity between the present results and
those of Ref. 7 is quite apparent in the limiting case
M=1, A'"=0; as can be seen by replacing the phonon
Green’s functions D" in Ref. 7 by the charge-cor-
relation Green’s functions F*® and simultaneously
making the replacement

8a8B Déo)ac_’ _47Tea/q2€°° ’

where g, is the anharmonic interaction constant
which couples the optical phonons to a two-acoustic-
phonon continuum described by the two-phonon
Green’s function D{?. There is an important dif-
ference between the two cases, however. In the
case of two optical phonons, the lifetime of an opti-
cal phonon was mainly determined by decay to two
acoustic phonons, which are also responsible for
the indirect coupling between the optical phonons.

In the present case, the plasmon mode has a broad
width due to single-electron (or hole) collision
broadening. In the latter case, the unrenormalized,
phonon width is negligible in comparison to the plas-
mon width. Nevertheless, the plasmon-phonon
spectrum tends to zero at w=w,, in a manner quite
similar to the two-optical-phonon spectrum of
AlPO,.%" The fact that the experimental spectrum
for CdS does not dip completely to zero near w~ 280
cm™ ! could be a consequence of a complex “effec-
tive” charge as seen in Fig. 4, but more likely is
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due to the scattering from the LO phonon discussed
above.

In conclusion it is worth mentioning that the pres-
ent theory can be generalized to include a direct
electron-phonon interaction which may contribute
to the LO-phonon-plasmon coupling.

III. SUMMARY

We have presented the first plasmon data in which
linewidths are much greater than the w(L,) - w(LO)
separation, together with an analysis which accu-
rately describes line shapes under these conditions.
The analysis is in no sense dependent upon any pa-
rameters particular to CdS; hence the phenomenon
should be present in all heavily doped semiconduc-
tors in which low mobility causes plasmon line-
widths to be greater than (wpo —wro). On the basis
of the RPA approximation, a Green’s-function cal-
culation, which makes the physical origin of the in-
terference slopes explicit, has been given. The
present analysis reconciles previously reported
anomalies in the CdS plasmon spectrum.! The low-
frequency a,, scattering is shown to be part of the
L_ branch and not single-electron scattering; the
mobility determined linewidth is shown not to char-
acterize L,, but yields a full width at half-height
for the combined L,/L_ spectrum; finally, the dis-
tinct asymmetries of L, and L_ are completely ex-
plained.

A comparison between the experimental Raman
spectrum and our theory has shown that the ionic
and electronic parts of the light-phonon scattering
are of the same order of magnitude. It is interest-
ing to note that the latter two contributions have op-
posite signs, as demonstrated by the value X' =0, 2
(i.e., )’ <1) which was obtained from fitting the
theory to experiment. Furthermore, it appears that
the imaginary part A’/ of the effective charge should
be relatively small. The determination of the rel-
ative signs of electronic and ionic parts of the pho-
non contribution to the phonon amplitude was possi-
ble due to the coexistence of the plasmon peak. The
plasmon spectrum is well understood in terms of the
simple electromagnetic coupling to light. In the ab-
sence of plasmon contributions, the phonon cross
section is proportional to |A,1% Hence, a much
more accurate estimate of the ionic (electronic) part
of the phonon scattering could be obtained from
samples with varying dopant concentrations, espe-
cially in the case when the plasmon and phonon peaks
are well separated in energy. One example of the
latter situation is GaAs, !°® where a large discrepancy
exists between the observed plasmon-phonon inten-
sities and the value predicted by theories based on
the dielectric-function formalism. °

Note added in proof. The contributions termed
“electronic” and “ionic” scattering in the present
paper are more commonly designated in the litera-
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ture as “deformation-potential” and “electro-optic”
contributions, respectively. The relative magni-
tudes of the “deformation-potential” and “electro-
optic” contributions have been faind to be compar-
able and opposite in sign for a number of com-
pounds. 2172 Comparable contributions of the same
sign have been estimated for Zno, 2* however.
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