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High-resolution resonant Brillouin-scattering (RBS) experiments were performed in the vicinity of
the 4 exciton in cadmium sulfide. The spectroscopic system used in these investigations consisted
of a single-mode dye laser which was frequency tuned through the exciton resonance, and a triple-
pass Fabry-Perot interferometer combined with a tandem grating spectrometer which was used to
analyze the scattered light. This experimental arrangement enabled Brillouin shift, linewidth, and
intensity measurements to be made on several different Brillouin components which result from the
scattering by acoustic phonons of both inner- and outer-branch exciton-polaritons in the crystalline
medium. Very good agreement was obtained between the Brillouin shift data and theory resulting
in revised values for the exciton effective mass, transverse frequency, background dielectric con-
stant, and oscillator strength. However, the Brillouin linewidth data indicated that the exciton
damping constant I" is not constant in value but instead increases monotonically for frequencies
greater than wt. In an attempt to identify the correct additional boundary condition (ABC) which is
needed to describe the simultaneous propagation of two degenerate exciton-polariton modes, a
theoretical external scattering cross-section calculation was developed (see the following paper) and
compared with the measured Brillouin intensities. Although the RBS intensity measurements did
not fit very well with theory for any of the three ABC’s, agreement between theory and experiment
was considerably better with either ABC2 or ABC3 than with ABC1. The RBS results were also
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checked for self-consistency by reflectivity and absorption experiments on the same CdS sample.

I. INTRODUCTION

The existence in crystals of exciton-polaritons which are
hybridized excitations of strongly interacting photons and
dipole-active excitons was postulated in the late 1950s by
Pekar! and by Hopfield.? The finite effective mass of the
exciton results in the crystalline medium becoming spa-
tially dispersive which leads to the simultaneous propaga-
tion of two degenerate exciton-polariton modes at frequen-
cies above the exciton resonance. In order to properly
describe the electrodynamics at the surface of this spatial-
ly dispersive medium, Maxwell’s boundary conditions
must be supplemented by an additional boundary condi-
tion (ABC).

During the 1960s and 1970s, extensive experimental and
theoretical research was directed towards elucidating the
properties of exciton polaritons and the ABC problem of
spatially dispersive media. Much of the relevant work has
been summarized recently in a collection of articles in
Ref. 3.

In 1972, Brenig, Zeyher, and Birman (BZB) explored
the consequences of treating exciton polaritons as inter-
mediate states in Brillouin scattering at incident laser fre-
quencies near an exciton resonance.* In contrast to
resonant Raman scattering where the use of exciton polar-
itons as intermediate states leads to predictions which are
hardly distinguishable from those using bare excitons,’
spectacular changes in the predicted Brillouin spectrum
were found. Because acoustic phonons exhibit linear w-
vs-k dispersion (in contrast to nearly dispersionless optical
phonons), BZB found that (1) the Brillouin shifts should
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increase rapidly as the incident frequency is increased to-
wards the exciton resonance from below, and (2) for fre-
quencies above wy where both inner- and outer-branch po-
laritons can participate as intermediate states, a Brillouin
octet representing all combinations of Stokes and anti-
Stokes interbranch and intrabranch scattering would be
present (see Fig. 1) in place of the Brillouin doublet seen
below wy.

The analysis of BZB also produced several other predic-
tions for the Brillouin scattering spectrum of semicon-
ducting crystals near exciton resonances: (3) the linewidth
of Brillouin components should increase as the resonance
is approached, reaching a maximum near wy and should
then decrease; (4) the relative intensities of the Brillouin
components produced by the same type of acoustic pho-
non but with different intermediate polariton states de-
pends critically on the choice of the ABC; and (5) varia-
tion of the intensity of a particular Brillouin component
with incident laser frequency also depends strongly on the
ABC.

The seminal paper of BZB led to numerous experimen-
tal studies which have confirmed many of their predic-
tions. Resonant Brillouin scattering (RBS) has been stud-
ied in GaAs, CdTe, ZnSe, CuBr, CdS, CdSe, and Hgl,,
and has been reviewed by Yu,® Ulbrich and Weisbuch,’
and most recently by Koteles.® Most experiments report-
ed to date have employed grating spectrometers to analyze
the scattered light. However, the resolution of these spec-
trometers has usually been too low to permit observation
of the Brillouin components resulting from inner-branch
polariton scattering (1-1' in Fig. 1), or of the Brillouin
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FIG. 1. Schematic representation of the kinematics of a Bril-
louin backscattering experiment. The incident photon (w;)
creates a polariton propagating in the +K direction. A one-
phonon scattering event creates a polariton propagating in the
-k direction, simultaneously either creating (Stokes) or annihi-
lating (anti-Stokes) a phonon. For w; <, only two scattered
polaritons are possible. For w; >y, the existence of two polari-
ton branches gives rise to eight scattered polaritons, indicated by
the tips of the arrows.

linewidths. Furthermore, all of the experiments with the
exception of Yu and Evangelisti’s study of CdS have con-
centrated on kinematics (mapping out the polariton
dispersion curves), and have ignored the quantitative
study of cross sections required for investigation of the
ABC problem.’

We have undertaken an experimental investigation of
resonant Brillouin scattering in CdS using a high-
resolution spectrometer consisting of a triple-pass Fabry-
Perot interferometer in series with a tandem grating spec-
trometer. The composite spectrometer allowed us to ob-
serve the previously undetected Brillouin components aris-
ing from inner-branch (1-1’) scattering as well as the in-
crease in Brillouin linewidth with increasing laser frequen-
cy. Preliminary results of this experiment were presented
in a previous paper.!® In this paper we present our com-
plete results for Brillouin shifts and linewidths, and for
the frequency-dependent cross sections.

In Sec. II we present a brief review of previous experi-
mental studies of resonant Brillouin scattering in CdS fol-
lowed by a description of our apparatus and experimental
procedures in Sec. III. In Sec. IV we present our results
and compare them to theoretical predictions, and in Sec.
V we discuss the results and give our conclusions. A full
discussion of the theory used in our data analysis is
presented in the following paper.

II. SUMMARY OF PREVIOUS RBS EXPERIMENTS
ON Cds

The crystal in which Raman and Brillouin scattering
have been most extensively studied in the region of an ex-

citon resonance is the II-VI wurtzite-structure semicon-
ductor CdS. Even prior to the RBS predictions by BZB,
Pine!! had investigated resonant effects in the Brillouin
spectrum of CdS by temperature tuning the 1S 4 exciton
toward a fixed-frequency (6328- A) laser. He observed a
strong resonant enhancement in the LA Brillouin cross
section as the frequency of the exciton was lowered (via
increasing crystal temperature) towards the laser frequen-
cy. This temperature tuning technique was also utilized
by Bruce and Cummins,'?> who observed both the strong
resonant dispersion predicted by BZB and resonant
enhancement of the LA Brillouin component as the A4-
exciton frequency was lowered toward the 4880-A line of
an argon laser. However, the additional features predicted
by BZB could not be observed due to severe broadening ef-
fects and decreasing intensity resulting from phonon-
assisted absorption at the temperature required to achieve
resonance. Both of these studies used Fabry-Perot inter-
ferometry to analyze the scattered light.

In 1977, Winterling and Koteles utilized a tunable dye
laser and grating spectrometer to perform RBS experi-
ments in the region of the n=1 4- and B-exciton reso-
nances in CdS at 4.2 K.!* For the 4 exciton, both LA and
TA phonons were observed in the backscattering geometry
with incident laser wave vector perpendicular to the hex-
agonal ¢ axis. Only intrabranch scattering involving the
outer exciton-polariton branch (2-2’) could be observed in
these one-phonon scattering processes. Inner-branch par-
ticipation, however, was ascribed to a two-phonon scatter-
ing feature which was observed when the incident laser
frequency was above the longitudinal exciton frequency.!*
These two-phonon effects are possible because of the an-
isotropic and piezoelectric properties of CdS, the latter
property also being responsible for the observation of the
“forbidden” TA phonon which was first observed in
CdS.”® The B exciton was also investigated by this same
group.!® These RBS experiments proved to be extremely
interesting since the B-exciton resonance was shown to ex-
hibit either a two- or three-branch behavior for the in-
cident laser light polarized either parallel or perpendicular
to the crystal ¢ axis. The three-branch behavior results
from terms linear in wave vector in the B-exciton energy.
As in the A-exciton case, both TA and LA one-phonon
scattering was observed, although no two-phonon scatter-
ing processes were seen.

Yu and Evangelisti also carried out an investigation of
RBS in CdS.” They considered the role of the ABC’s in
determining the cross section, as proposed by BZB, and
suggested a new model for the CdS surface including, fol-
lowing Hopfield and Thomas,!” a surface “dead layer”
with a large damping constant. They found that the addi-
tional boundary condition ABC3 (see Sec. IV C of the fol-
lowing paper) gave the best fit to their LA 2-2’ cross-
section data with a 70-A-thick lossy surface Iayer having
I"'=14cm™".

Flynn and Geschwind have investigated the linewidth
of RBS in CdS. In a preliminary report of their results
obtained with a multipassed Fabry-Perot interferometer
and CdS platelets immersed in superfluid helium, they
give maximum linewidths of 400 and 250 MHz for 2-2’
scattering of LA and TA phonons, respectively.'® We will
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return to a discussion of these narrow linewidths in Sec.
V.

Broser and Rosenzweig have recently performed RBS
experiments on CdS while the crystal was subjected to
high magnetic fields (HL#).!° Owing to the field-induced
mixing and splitting of the allowed I'Y and forbidden Iy
states of the A exciton, a three-polariton-branch model
was required to fit the Brillouin shift data. The LA
Stokes line corresponding to outer-branch scattering at
H =0 was seen to split into three sublines with increasing
magnetic field. For a fixed field, the Brillouin shifts of
these three lines were theoretically fitted by considering
interbranch and intrabranch LA-phonon scattering be-
tween the two outer polariton branches only. These fits
resulted in the determination of the singlet (I'J)—triplet
(') energy splitting. Corresponding splitting of the TA
Stokes line could not be resolved in these experiments.
Rosenzweig has also described his efforts to extract infor-
mation on the ABC problem from these experiments. He
concludes that different kinds of experiments (RBS, re-
flectivity, and transmission) seem to suggest different
ABC’s.”

III. EXPERIMENTAL DESIGN AND PROCEDURE

A. Experimental design

The experimental arrangement used for the RBS studies
is shown in Fig. 2. A Spectra Physics model no. 171
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krypton-ion laser operating in the deep blue (4067—4226
A) with an output power between 2.0 and 2.5 W was used
to pump a Coherent Radiation model no. 590 dye laser us-
ing coumarin 102 dye. Selection of a single mode from
the broad dye fluorescence bandwidth (4700—5150 A) was
achieved using the intracavity combination of a quartz
birefringent filter and double-etalon assembly consisting
of thick (1-cm) and thin (0.5-mm) fused-quartz etalons.
The single-frequency output of the dye laser could be
quasicontinuously tuned in frequency increments of 0.3
cm ™! over a frequency range of 19 600—21200 cm™".
Certain instabilities in the output-frequency spectrum
of the dye laser complicated the RBS experiments, the
most important of which was the fluctuation of the out-
put power which induced thin-etalon mode hopping. This
problem was partially alleviated by incorporating a Spec-
tra Physics model no. 373 dye-laser light stabilizer into
the experimental setup which maintained a dye-laser out-
put of 15 mW. However, mode hops still occurred on the
average of one every 5 min. Thus the output spectrum of
the dye laser had to be continuously monitored by a
Coherent model no. 470 optical-spectrum analyzer so that
undesirable modes could be eliminated through the tilting
of the thin etalon. The light was then passed through a
polarization rotator to obtain the desired polarization be-
fore being focused onto the CdS sample. A backscattering
geometry was used with both the wave vector and polari-
zation of the incident laser light perpendicular to the crys-

tal ¢ axis (K1&,EL®).
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FIG. 2. Schematic of RBS experimental arrangement. L,, L, L3, and L, are sample focusing, pinhole focusing, Fabry-Perot col-
limating, and spectrometer focusing lenses, respectively. Focal lengths of these lenses are 13, 5.5, 5.5, and 18.7 cm, respectively.

Pinholes P and P, have diameters of 200 and 150 um, respectively.
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The CdS platelets were vertically attached to a hexago-
nally shaped copper sample mount via a conductive vacu-
um grease mixture consisting of Air Products Crycon and
Apiezon N-grease. The sample mount was then placed in-
side a Janis “supervaritemp” liquid-helium Dewar (model
no. 8DT), which allowed optical access. Cooling of the
sample was obtained by helium exchange gas flowing over
the copper sample mount and by conduction between the
sample and the mount. Most RBS experiments were per-
formed at 4.2 K although occasionally the liquid helium
was allowed to fill the sample space and was pumped to
obtain temperatures of 2.7 K.

Light scattered by the sample was collected and focused
onto a pinhole by a camera lens. A second lens then col-
limated the light emitted from the pinhole which acted as
a point source for a Burleigh Instruments model no. RC-
110 triple-pass piezoelectric Fabry-Perot interferometer.
This interferometer used two plane mirrors which were
coated for 93% reflectivity in the spectral region
4500—5500 A. Its finesse varied between 40 and 60 with a
contrast ~1X10%2! The free-spectral range (FSR) of the
interferometer was measured by scanning over the dye-
laser output with two thin-etalon modes (Av~6.7 cm™})
present.

The light emerging from the ramped Fabry-Perot inter-
ferometer was focused into a +-m Spex model no. 1401
double-grating spectrometer which served two purposes:
(i) It determined the incident dye-laser frequency by scan-
ning over the scattered Rayleigh light, and (ii) it acted as a
tunable laser filter allowing only Rayleigh and Brillouin
components to pass during the interferometer scan. Light
leaving the spectrometer was focused onto the cathode of
a cooled ITT FW 130 photomultiplier tube whose output
was processed with photon-counting electronics and
recorded on a strip-chart recorder, or alternatively multi-
scaled into a PDP-8E minicomputer.

The samples used in the RBS experiments were vapor-
grown single-crystal CdS platelets generously provided by
Wright-Patterson and General Motors (GM). The crys-
tals, with the crystallographic ¢ axis in the plane of the
sample, had typical surface-area dimensions of 3 X 5 mm?
with thicknesses ~10~2 cm. In a preliminary study, the
reflectivity, absorption, and luminescence spectra of these
CdS platelets were investigated.?? The GM platelets ex-
hibited a much weaker bound exciton luminescence (I
lines) indicating a lower concentration of impurities and
defects, and were therefore used predominantly in the
RBS experiments. We noted, however, that the strength
of bound exciton luminescence was not clearly correlated
with the sharpness of the A-exciton feature in the reflec-
tivity spectrum which was particularly narrow in some of
the Wright-Patterson platelets despite strong bound exci-
ton luminescence.

B. Experimental procedure

The experimental procedure will now be described.!”
The dye laser was first tuned to some frequency in the vi-
cinity of the A exciton in CdS (~20588 cm™!). The out-
put of the 8-GHz optical-spectrum analyzer was displayed
on the oscilloscope in order to verify that the dye-laser
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output consisted of a single frequency. The laser frequen-
cy was determined by allowing the Fabry-Perot inter-
ferometer to quickly ramp through its FSR with a ramp
duration of 20 msec. Since the elastic Rayleigh com-
ponent is dominant in the output of the Fabry-Perot inter-
ferometer, the laser frequency can be obtained by slowly
scanning the grating spectrometer with narrow slitwidths
over this elastic component. The slow scan (7.5
cm~!/min) allowed the experimenter to mark the strip-
chart record in 1-cm™! intervals by visual comparison
with the spectrometer wave-number indicator. Subse-
quent interpolation between the 1-cm ™! marks allowed the
laser frequency to be determined to the nearest 0.1 cm™!.
Measurements made in this way were reproducible to
about 0.2 cm™!. After the frequency was determined, the
spectrometer slits were opened to provide a passband
slightly larger than the FSR of the Fabry-Perot inter-
ferometer. The gratings of the spectrometer were then po-
sitioned so that either the Stokes or anti-Stokes Brillouin
components would be passed by the spectrometer. The in-
terferometer was then scanned through its FSR in ~ 100
sec and the output of the combined Fabry-Perot-
spectrometer system was recorded on a strip-chart recor-
der. The frequency of the dye laser was then changed by
tilting the thin etalon as previously described, and the
above procedure was then repeated. The end result was a
series of Stokes and anti-Stokes Brillouin spectra for a
range of dye-laser frequencies near the 4 exciton.

Figure 3 gives an illustrative comparison between the
RBS spectra obtained with the combined Fabry-Perot
interferometer-grating spectrometer system using the pro-
cedure described above, and the spectra obtained with a
scanning grating spectrometer alone, the latter technique
having been used in most of the previous RBS experi-
ments. The Stokes [Fig. 3(b)] and anti-Stokes [Fig. 3(c)]
TA(2-2') components are clearly resolved when the com-
bined system is used (effective resolution ~0.15 cm™))
whereas the spectra recorded by the grating spectrometer
alone [Fig. 3(a)] shows Stokes TA components which are
not completely resolved while the anti-Stokes TA com-
ponents are obscured by the wing of the Rayleigh line.

The FSR of the Fabry-Perot interferometer was chosen
in such a way that the Brillouin components resulting
from the scattering process could easily be observed. For
example, to observe intrabranch scattering from the upper
polariton branch (i.e., 1-1’ scattering), a FSR equal to 2.11
cm ™! was used.

IV. RESULTS

A. Brillouin shifts

Two illustrations of the Stokes Brillouin spectra are
given in Figs. 4 and 5 with the FSR of the Fabry-Perot in-
terferometer equal to 12.63 and 2.11 cm™!, respectively.
These illustrations clearly show (1-2’) and (2-1') inter-
branch and (1-1') intrabranch acoustic-phonon scattering
processes which have not been observed in previous RBS
experiments on CdS.!>1

Figure 6 shows all the observed one-phonon Brillouin
shifts obtained from a single CdS crystal sample (GM no.
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FIG. 3. Brillouin spectrum of CdS with w;=20584 cm™~!, analyzed with (a) double-grating spectrometer alone; (b) and (c) Fabry-
Perot interferometer and grating spectrometer in series. For the Stokes (b) and anti-Stokes (c) high-resolution spectra, the FSR of the
interferometer was 6.1 cm~"! and the grating slits were adjusted to give the passband indicated in (a). The Brillouin components re-

sult from LA(2-2’) and TA(2-2') scattering.

21E-2). Three FSR’s of the interferometer were em-
ployed: 2.11, 5.87, and 12.63 cm~!. The solid lines
through the data points represent the best fit of the
theoretical Brillouin shift given in the following paper by
Eq. (3.34) to the data by a nonlinear least-squares-fitting
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FIG. 4. Brillouin spectrum of CdS with w;=20612.3 cm™".
The Fabry-Perot interferometer FSR was 12.63 cm ™! with the
spectrometer set to pass Stokes Brillouin components. These
one-phonon components result from LA(1-1"), TA(3), TA(2-2"),
LA(1-2"), and LA(2-2') scattering. The large unlabeled peak is
due to two-phonon scattering.

procedure. (Note that all equations referred to in this pa-
per are from the following theoretical paper.) The four
exciton parameters resulting from the fit, along with the
longitudinal and transverse sound velocities used are listed
in Table I. Also included in this table are the best fits ob-
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FIG. 5. Brillouin spectrum of CdS with w;=20613.6 cm~.
The Fabry-Perot interferometer FSR equaled 2.11 cm™! with
the spectrometer set to pass Stokes Brillouin components. These
Brillouin components result from LA(1-1°) and TA(1-1’) scatter-
ing. Hatched region of the LA(1-1') component represents the
area measured by a planimeter for determining the experimental
scattering cross section.
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FIG. 6. Brillouin shifts of observed one-phonon Stokes and anti-Stokes peaks as a function of incident laser frequency. Experi-

mental Brillouin shift data were obtained by using three different FSR’s of the Fabry-Perot interferometer (2.11, 5.87, and 12.63
cm™!). Solid lines represent the best fit of the theoretical Brillouin shift to the data.

tained by Winterling and Koteles.?> It should be noted  the incident laser frequency approaches the exciton reso-
that the theoretical Brillouin shifts are independent of the  nance from below.* The exciton damping constant T in
exciton damping constant I" (chosen here to be 0.5 cm™!)  the polariton dispersion relation [Egs. (3.6) and (4.1)] is re-
for0O<T<5cm~L sponsible for the linewidth increase of these components.
. Broadening of both the LA(2-2') and TA(2-2') components
B. Brillouin lincwidths was observed in the RBS experiments. Figure 7 shows the

The theoretical analysis of BZB predicted that the ' approximate full width at half maximum (FWHM) A of
linewidth of the Brillouin components should increase as  the Stokes TA(2-2') components determined by subtrac-

TABLE I. Best-fit values of the exciton parameters for the n =1 4 exciton in CdS.

Winterling
and
Parameter Current values Koteles?
Dielectric constant
€p 9.38
Effective mass
m* 0.83m, 9.3
Oscillator strength
4d7ay 0.0142 0.89m,
Transverse frequency
or 20588.8 cm™! 0.0139
Sound velocities®
Cspa 4.25%10° cm/sec 20589.5 cm™!
Copp 1.76 X 10° cm/sec

®G. Winterling and E. S. Koteles, in Lattice Dynamics, edited by M. Balkanski (Flammarion, Paris,
1978), p. 170.
*D. Gerlich, J. Phys. Chem. Solids 28, 2575 (1967).
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FIG. 7. Approximate experimental linewidths of the Stokes
TA(2-2') Brillouin components (FWHM with laser linewidth
subtracted) as a function of incident laser frequency. The solid
lines are theoretical predictions with four different values of the
exciton damping parameter I'.

tion of the instrumental linewidth (FWHM of the Ray-
leigh line) from the Brillouin linewidth at each laser fre-
quency (some of the data were digitally recorded after
which both the Rayleigh and Brillouin components were
fitted to Lorentzian line shapes). Additional broadening
of the TA Brillouin components due to finite collection
angle effects was estimated to be less than 10™* cm~1.%!
The solid curves in Fig. 7 are the theoretical predictions*
with four different values of I' [see Eq. (3.35)]. The
curves were computed using values of the exciton parame-
ters determined from the Brillouin shifts (Table I) and
with T taken as a frequency-independent constant. How-
ever, I'(w) may be an increasing function of o for o > wr,
as suggested by Cho,”* which would improve the agree-
ment between experiment and theory.

C. External scattering cross sections

In Fig. 8, the logarithm of the intensity of the Stokes
LA(2-2') Brillouin components resulting from RBS experi-
ments utilizing two different FSR’s of the Fabry-Perot in-
terferometer are shown along with the three theoretical
external scattering cross sections. The three theoretical
curves result from Eq. (3.36) with Ty(g) given by Eq.
(4.17) and Ti(w;) and Tj(ws) computed via Egs. (4.12)
and (4.13) for the three different ABC’s [Eq. (4.8)]. The
data in this figure have been normalized in the frequency
region where the three theoretical curves are approximate-
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FIG. 8. logjo comparison of the theoretical external scattering
cross section for the Stokes LA(2-2') scattering for various
ABC’s with the log;o of the experimentally measured Brillouin
intensity. Open (closed) circles represent the data which have
been obtained with a FSR equal to 5.87 cm~! (12.63 cm™)).
Both sets of data have been normalized to the curves in the fre-
quency region 20560 < w; <20570 cm ™.

ly equal (20560 <w; <20570 cm™!). The normalization
constant for the data obtained using a FSR equal to 12.63
cm™! (closed circles) was ~8.2 while the normalization
constant for the data obtained with FSR equal to 5.87
cm™! (open circles) was ~8.54. Each data point was
determined by measuring the actual Brillouin line area
from the strip-chart record using a planimeter. The equa-
tion used to determine the intensity of each Brillouin line
is (before taking the logarithm)

Aopsg || R

L 100
Here A is the averaged area of the Brillouin component as
measured several times with the planimeter (see Fig. 5 for
an illustration of the area measured), Awggg is the FSR of
the Fabry-Perot interferometer (in cm™!), L is the physi-
cal distance on the chart between the two Rayleigh lines
and R is the full scale reading of the ratemeter (in
counts/sec).

A similar illustration for the intensity of the Stokes
TA(2-2') data with the FSR equal to 5.87 cm ™! is given in
Fig. 9. Each data point here has been normalized by the
same normalization constant (~8.54) used for the Stokes
LA(2-2) data recorded with FSR equal to 5.87 cm™!
(open circles in Fig. 8). The three curves in Fig. 9

I=A4
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FIG. 9. log;o comparison of the theoretical external scattering
cross section for the Stokes TA(2-2) scattering for various
ABC’s with the log)o of the experimentally measured Brillouin
intensity. The closed circles represent the data which have been
obtained via a FSR equal to 5.87 cm~!. This data has been nor-
malized by the same constant used for the open circle data in
Fig. 8.

represent the external scattering cross sections for the
three ABC’s in the case of the piezoelectric polariton-
phonon interaction [Eq. (4.18)].

The logarithm of the intensities of the Stokes LA(1-1')
Brillouin lines obtained using two FSR’s equal to 2.11 and
12.63 cm~! are shown in Fig. 10 along with the three
theoretical scattering cross-section curves obtained from
Eq. (3.36) with I'y(q) given by Eq. (4.17). The open circles
are the data with FSR=2.11 cm~! which have been nor-
malized to the theoretical curves. The solid circles and
open triangles represent data obtained from two FSR’s
equal to 12.63 and 2.11 cm™!, respectively, which have
been normalized by the same normalization constant
(~8.12) used for the Stokes LA(2-2') with FSR=12.63

cm
D. Absorption and reflectivity

In order to test the self-consistency of the exciton pa-
rameters and ABC’s, we also performed absorption and
reflectivity studies of the same CdS samples used in the
RBS experiments. The absorption measurements were
performed at 4.2 K over the frequency region
20540 <w;< 20670 cm~! (k;L¢, E;18). The experi-
ment utilized the dye laser to vary the incident frequency
over this region. The intensity of the light transmitted

FREQUENCY Wx (cm™)

FIG. 10. logjo comparison of the theoretical external scatter-
ing cross section for the Stokes LA(1-1') scattering for various
ABC’s with the log;o of the experimentally measured Brillouin
intensity. Open circles plotted along the theoretical curves
represent data which have been normalized to the theory
(Awpsr=2.11 cm™Y). Closed circles represent data which have
been normalized by the same constant used for the Stokes
LA(2-2') data in Fig. 8 with Awpsg=12.63 cm~!. The open tri-
angles represent data obtained with Awpsg=2.11 cm~! which
have now been normalized to the closed circle data.

through the crystal, and the intensity of a reference beam
used to correct for equipment variations at different laser
frequencies, were measured by scanning the grating spec-
trometer over the incident laser frequency. It was noticed,
however, that small depolarization effects from the polari-
zation rotator and the fused-quartz Dewar windows re-
sulted in the incident polarization having a small com-
ponent parallel to the ¢ axis, and thus yielding a larger
transmission through the sample. A small polarizer was
therefore placed inside the helium Dewar to ensure a max-
imum incident polarization perpendicular to the ¢ axis.

The theoretical calculation of the optical density is per-
formed by taking the intensity ratio of the light transmit-
ted through the crystal to the incident laser light

I%Xt 2
Tt = 2 Tilopexp(—2kL)T} () ,
I i=1

where T;(w;) and T;(w,) are given by Egs. (4.12a),
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(4.12b), and (4.13) (for i =1 and 2, respectively), k,’i' is the

imaginary part of the ith polariton wave vector and L is
the sample thickness. (Interference effects between the
two propagating modes and multiple reflections from the
sample surfaces have been neglected.) The curves result-
ing from this equation using ABC1 [Eq. (4.8)] are shown
in Fig. 11 for six different values of T along with the ex-
perimentally measured optical densities for several dif-
ferent incident laser frequencies. The I' value of ~0.05
cm™! in the frequency region between 20560 and 20 580
cm ™! seems to be the most appropriate one. This value of
I" should be considered as a lower bound since some light
was probably transmitted through the crystal due to the
depolarization effects mentioned earlier. Recently, how-
ever, Yu has measured the polariton luminescence follow-
ing fast pulse excitation in platelets from the same lot of
crystals used in our experiments and found an exciton life-
time of ~0.5 nsec,” suggesting I'~0.01 cm ™! which is
considerably less than the lower limit set by our transmis-
sion measurements. This result will be further discussed
in Sec. V.

Since we sought to obtain a self-consistent description
of the electrodynamics of CdS, we also measured reflec-

70

OPTICAL DENSITY

0.0

20560 20580 20600 20620 20640

FREQUENCY wdcm™)

FIG. 11. Comparison between the theoretically calculated
and experimentally measured optical densities. The theoretical
optical-density expression utilizes transmissivity expressions
from paper II using ABCI1. Six values of I' have been chosen: a
'=0.01 ecm~; b I'=0.02 cm~!; ¢ I'=0.05 cm~!; d I'=0.1
em™Y e T'=0.2 em™!; f T'=0.5 cm™'; other parameters used
are from Table I. (The peak in the optical density between
20550 and 20560 cm™~! is due to absorption by the I, bound ex-
citon.)
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tion spectra of our samples using a small tungsten lamp as
the light source and the Spex grating spectrometer to
analyze the reflected light (see Ref. 12 for details of the
experimental procedure). The reflection spectra obtained
exhibited the usual sharp feature at wr. A sharp spike
was sometimes observed at wy but usually disappeared on
repeated temperature cycling.

The reflectivity spectra obtained with the same samples
used in the RBS experiments were analyzed by including
the full spatially dispersive form for the 4 exciton and
treating the B exciton as dispersionless (infinite-mass ap-
proximation) [see Fig. 12(a)]. Fitting was restricted to the
frequency region 20 654—20482 cm~! which includes the
A-exciton resonance but not that of the B-exciton. Rela-
tively poor fits were obtained with all three ABC’s, and all
indicated large I" values (see Table II).

In view of the poor fits obtained, the analysis was re-
peated with the inclusion of an exciton-free dead layer at
the crystal surface [Fig. 12(b)]. In this fit, all the exciton
parameters except I were held fixed, and the fit was ob-
tained by varying I', the background dielectric constant
€5, and the thickness / and refractive index (assumed real)
of the dead layer. Much better fits were obtained this
time; however, the I' values obtained for ABC2 and
ABC3 were again unreasonably large as shown in Table
IL

V. DISCUSSION AND CONCLUSIONS

The nonlinear least-squares fitting of the RBS theory to
the Brillouin shift measurements resulted in revised values
of the CdS A-exciton parameters: 4mwag, m*, €, and o
(see Table I). These values were then incorporated into
the theoretical linewidth expression given by Eq. (3.35) for
comparison with the measured FWHM of the Stokes
TA(2-2') components. These comparisons showed that for
o <o7 a value of T between 0.3 and 0.5 cm™! might be
appropriate. However, in the frequency region between
ot and oy, the observed FWHM of the TA lines increases
monotonically. A similar trend was also observed for the
Stokes LA(2-2') components. Cho?* has suggested that for
branch-two polaritons near resonance (o< <), new
decay channels may come into effect due to the increase in
momentum. This would then result in an increase of T"
with increasing frequency, in qualitative agreement with
our FWHM data. Alternatively, the increased linewidth
may be due to attenuation of acoustic phonons which is
expected to increase with increasing Brillouin shift. [This
contribution to A was dropped at Eq. (3.32).]

There is, however, a more disturbing problem concern-
ing I'. Our Brillouin linewidth measurements indicate
'~0.3 cm™! in the resonance region and our absorption
measurements indicate a lower limit of ~0.05 cm~..
However, direct polariton fluorescence measurements on
similar crystals by Yu? give I'~0.01 cm™!, close to the
value determined by Flynn and Geschwind from their
Brillouin linewidth measurements.’® A possible though
untested explanation for this discrepancy is that elastic
scattering of polaritons from defects or dislocations would
contribute to both attenuation and Brillouin linewidth by
effectively removing polaritons from the initial or final
mode Ei or Es, but would not reduce the polariton life-
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TABLE II. Best-fit values resulting from reflectivity analysis
for each of the three ABC’s.

ABC1 ABC2 ABC3

Without dead layer

r 209 cm™' 697 cm™! 5.04 cm™!

€ 9.54 11.02 10.17
With dead layer

r 0.582 cm~! 6.36 cm~! 3.765 cm~!

% 8.79 7.46 7.41

1 162 A 148 A 112 A

n 1.92 2.68 2.83

time measured by fluorescence. Presumably, Flynn and
Geschwind used CdS samples with much less elastic
scattering than ours, which is also consistent with the
much smaller attenuation that they observed. We note
that Hermann and Yu found Brillouin linewidths in CdSe
qualitatively similar to our CdS results shown in Fig. 7,
and even larger numerically.6 They also attributed the
linewidth to elastic scattering of excitons from defects for
incident laser frequencies above wy .

The theoretical external differential scattering cross-
section analysis utilized the values of the exciton parame-
ters obtained from the Brillouin shift analysis. The value
of T was taken to be 0.5 cm ™! as discussed above. The in-
tensity measurements for both the Stokes LA(2-2') and
TA(2-2') (Figs. 8 and 9, respectively), seem to be peaking
around 20585 cm ™! (just below wy) and then suddenly de-
crease with a possible shoulder occurring around wp. Be-
cause of this behavior, it is difficult to determine whether
ABC2 or ABC3 gives the best agreement between theory
and data although it can be seen that ABCI gives the
worst fit. Therefore, one can only conclude that the data
in these two figures fall between the two theoretical curves
using ABC2 and ABC3.

The implication of Fig. 10 is that the general trend of
the Stokes LA(1-1') Brillouin intensity versus incident fre-
quency follows the theoretical predictions with any of the
three ABC’s. However, when normalized against the
Stokes LA(2-2') intensities of Fig. 8 (solid circles) one sees
that the intensity ratio I(1-1')/I(2-2') is about 100 times
smaller than predicted. Since both processes are mediated
by deformation-potential scattering, their relative
strengths are governed by differences in transmissivity, ex-
citon strength functions, energy and group velocities, and
the real and imaginary parts of the polariton wave vectors
[see Eq. (3.36) in the following paper]. The group (or en-
ergy) velocity is particularly significant because the inner-
branch polaritons participating in (1-1') scattering have
very small velocities leading to a large predicted cross sec-
tion since vg (wy) and ij(cos) both occur in the denomina-

tor of Eq. (3.36).

Comparisons between reflectivity measurements and
theory showed that much better fits could be obtained
when a dead layer was incorporated into the analysis, even
though no reflectivity “spike” was observed near the wy
frequency. With the dead layer included, a good fit be-
tween theory and experiment could be obtained for all the
ABC’s.
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The discrepancies observed between data and theory for
the RBS linewidth and intensity measurements might be
reduced by incorporating the following modifications in
the theoretical analysis.

(i) Utilizing a theoretical form of T" which increases
monotonically with frequency. A first approach might be
to use a linear form, I'=a[1+b(w—wt)] and fitting this
to the linewidth data of the TA(2-2') scattering (Fig. 7). If
this form of I" improves the comparison between theory
and experiment for the linewidth, then it could also be uti-
lized in the theoretical comparison with the RBS intensity
measurements for LA(2-2’) and TA(2-2') scattering (Figs.
8 and 9).

(ii) Incorporating a dead-layer effect into the theoretical
construction of the external cross section as well as the
slightly non-normal incidence employed in the RBS exper-
iments. Nonlinear least-squares fit between this revised
theoretical cross-section calculation and the measured
Brillouin intensity data could then be made for each ABC.
This type of analysis has already been done to some extent
by Yu and Evangelisti.” These authors incorporated a los-
sy dead layer into their theory and, upon comparison with
their measured data, found that ABC3 produced the best
fit to the Stokes LA(2-2') components. However, their in-
tensity measurements were obtained using a grating spec-
trometer which has a much lower resolution than the
triple-pass Fabry-Perot interferometer utilized in our RBS
experiments and were limited to the Stokes LA(2-2') Bril-
louin component.

(iii) The third possibility would be the utilization of a
general form of ABC. Such a form has recently been
presented by Halevi and Hernandez-Cocoletzi in their
analysis of CdS reflectivity data.?” Our feeling is that re-
flectivity comparisons are not very useful in the deter-
mination of the proper ABC since we have obtained good
fits using all three ABC’s. However, the general form of
ABC might be very useful in the RBS intensity compar-
isons.

We have initiated a new experimental and theoretical
study in which these (and other) modifications will be in-
corporated in an attempt to rectify the large discrepancy
between RBS theory and experiment. The results of this
analysis will be presented in a planned future publication.
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