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Frequency-dependent damping constant and the linewidth of resonant Brillouin scattering
of exciton-polaritons in Cds
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The linewidths of Brillouin components involving lower-branch 2-exciton polaritons in the
resonant-Brillouin-scattering (RBS) spectrum of CdS have been carefully measured and analyzed. It
was found that the exciton damping constant y must be frequency dependent to explain the ob-
served increase of the linewidth in the resonance region. In particular we suggest that mixing of the
I 5(A) polariton and I 6(A ) exciton states induced by the k-linear interaction is the most probable ex-
planation for the observed sharp increase of the linewidth slightly above the exciton resonance fre-
quency. Interpretation of our linewidth data based on this mechanism led to a coefficient for the k-
linear term for the A exciton of Pz ——(1.9+0.2) && 10 " eV cm. The frequency-dependent damping
constant y(co) must also be used to analyze the intensity of RBS which is related to the additional-
boundary-condition (ABC) problem. Preliminary results of intensity fitting using a generalized form
of the ABC are presented.

I. INTRODUCTION

Since the pioneering paper by Brenig, Zeyher, and Bir-
man (BZB),' many resonant-Brillouin-scattering (RBS) ex-
periments have been performed on semiconductors such
as GaAs, CdS, and CdSe. It was shown that the
kinematics of RBS (i.e., the dependence of the Brillouin
shift on laser frequency) is very well fitted by the BZB
theory, which allowed us to determine parameters such as
the effective exciton mass m', the exciton-photon cou-
pling constant 4m.ao, the transverse resonance frequency
aiT, and the background dielectric constant eb of CdS
from our previous RBS experiments. However, other in-
teresting and important dynamical quantities such as the
Brillouin linewidth and intensity have not yet been clari-
fied.

Brillouin-linewidth measurements were reported by
Weisbuch and Ulbrich for GaAs, by Hermann and Yu
for CdSe, and by Wicksted et al. '5 for CdS. Significant
disagreement with the predictions of the BZB theory with
a frequency-independent damping term was noted. On
the other hand, the bottleneck effect of exciton-polaritons
observed in luminescence spectra indicates that the life-
time of polaritons changes considerably in the region of
the resonance frequency. ' Furthermore, it was proposed
by Yu that the damping constant should be proportional
to k where k is the polariton wave vector. To date,
however, no systematic investigations of RBS linewidths
have been reported, primarily because of the difficulty of
the experiments.

RBS intensity has been studied fairly extensively be-
cause it is sensitive to the additional boundary condition
(ABC) which determines the relative intensity of the two
degenerate polaritons that exist in spatially dispersive
media. The intensity, however, depends not only on the
ABC, but on other factors such as the dead-layer thick-
ness as well. ' Recent numerical calculations by
Matsushita et al. have shown that, even in the absence of

a dead layer, the RBS intensity depends strongly on the
damping constant y. " Therefore, it is crucial to know
the frequency dependence of y before one attempts to use
RBS-intensity data to resolve the ABC problem.

In this paper, we report an extension of our previous ex-
periments to the measurement and analysis of the
linewidth of RBS components from the lower-branch
(branch 2) A-exciton polaritons in CdS. We discuss dif-
ferent forms for y(co) and propose a new line-broaderung
mechanism —the decay of I 5 polaritons into I 6 dipole-
forbidden excitons via the k-linear interaction. ' The ex-
periments are reviewed in Sec. II. Results of the linewidth
analysis are presented in Sec. III. A preliminary result on
the fitting of our RBS-intensity data using the y(co) ob-
tained from the linewidth data and a generalized ABC re-
cently proposed by Nakayama' is also given in Sec. III.
In Sec. IV we discuss the problem of polariton lifetime as
well as other possible explanations for the observed fre-
quency dependence of the Brillouin linewidth.
Throughout this paper we will use co =to/2' to represent
frequencies expressed in cm ', with a similar definition
for the damping constant y.

II. EXPERIMENT

Most of the experimental configuration for the present
experiments was identical to that described in Ref. 3. A
Kr-laser-pumped single-mode cw dye laser (Coumarin 102
dye) provided the incident light. Backscattered light was
collected in a solid angle (outside the crystal) of 10 m. sr.
The angle of incidence was approximately 6 '. In the reso-
nance region the refractive index n was about 7.5, and
thus the range of internal scattering angles was
=179.2'+0. 8'. Therefore, line broadening due to finite-
collection-angle effects was less than 5 X 10 of the Bril-
louin shift and can be ignored.

Scattered light was first focused onto a 200-pm pinhole
to define the scattering volume. Light transmitted
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imum (FWHM) of each Brillouin component was ob-

tained by subtracting the average Rayleigh linewidth from
thc obscrvcd Brillouin IIIlcw1dth, assU011ng that both 11ncs

are Lorentzian. Deconvolution of the line shape was not
performed.

Figurc I shows thc change In thc LA 2-2 Brillouin
component as the incident laser frequency was varied
from below coT ——20588.8 cm ' to above rot ——20604.4
cm '. The observed Brillouin shifts agree well with our
previous data, and in the following analysis we used the

parameters m* =0.83mo, 4mo.'0 ——0.0142, and e~ ——9.38, as
determined in Ref. 3.

The experimentally observed linewidths (after subtrac-
tion of the instrumental linewidth) are shown by the dots
in the Figs. 2(a)—2(c), while the solid lines are calculated
linewidths based on three different models for y(co), to be
discussed below. For laser frequencies well below coT, the

I

linewidth is small and close to the limit of resolution
when the FSR of the Fabry-Perot interferometer is large
(8 to 14 cm '). However, these linewidths were also mea-
sured with high resolution (a FSR of about 1.2 to 4 cm ')
and found to be independent of the FSR used in the mea-
surement, in contrast to the results of Flynn and
Gesch wind. '

The observed linewidth increases from 0.03 to about 0.3
cm ' within a narrow range of laser frequencies between
20585 and 20595 cm ' and remains appI'oximately con-
stant for higher frequencies. Although the data at high
laser frequencies exhibits considerable fluctuation, a slight
decrease in lincwidth around 20598 cm ' was observed
repeatedly in several series of experiments and is believed
to be a real effect.

The differential cross section for Stokes RBS from the
ith to the jth polariton branch is given by"

dQdd)
=t 1+n,h(~l —~s)l, , T (col)TJ(~s)(~s I ~&{kI ks, )

I

']
(2m) (Pic) C,

P

i
I 0(q =kr; —ks ) i

UE;(~1)
~
UGJ(~s)

~

1 kg +ks— +(kI'+ksJ )

where T(r0) is the ABC-dependent transmissivity of pho-
tons at the crystal surface, Uz and uG are the energy and
group velocities of polaritons, C, is the sound velocity,
and S, is the illuminated area of the crystal surface.
kI ——kI+ikI" and ks ——ks+iks' are the complex wave
vectors of the incident and scattered polaritons, respec-
tivdy, 3;I is the exciton-strength function, and I 0(q) is
the exciton-phonon —interaction kernel. In the present
case (i.e., backward scattering by LA phonons via the
deformation-potential interaction), I 0(q) is proportional
to the square root of the phonon wave vector q. For the
derivation and notation of Eq. (1), see Ref. 11.

S111ce tlM last factor of Eq. (1) 1s the only one which de-
pends strongly on frequency, the scattered spectrum is ex-
pected to have a I orcntzian line shape with a maximurL1

at

a)s ——a)1 C, (kf; +kg~ ), —

dco

mS~
T;(a)1)TJ (a)s )

(2n. )'(Pic)

cos [ A,J [ J
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/

X
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where 8 =ficoT/m *. Detailed numerical calculations
show that the dispersion curve k'(co) (and therefore the
Brillouin shift ros —co&) is very insensitive to y as long as
it 18 sIIlallcr than a critical value, which 1S f= 11 cID 1n

the case of the A exciton in CdS." The exciton-strength
function A,J and the energy and group veiocltles tn Eq. (1)
are also insensitive to y. On the other hand, k"(ro) and
T(co) depend strongly on y in the resonance region. '

Therefore, the linewidth given by Eq. (3) and the integrat-
ed 1nter s1ty g1ven by

6=2C, (kI'+kg~) . (3)

As originally pointed out by Sandercock, this linewidth is
determined by the uncertainty of the phonon wave vector
q, and ( kI"+ks') ' represents the effective scattering
length in which RBS takes place. '5 DaIDping of the
acoustic phonons, which would also contribute to the
linewidth, can be neglected at liquid-helium temperature.

By 1IltI'oduc1ng Gi. phcnomcnological daIIlping coIlstaIlt

y, the complex polariton wave vector k can be shown to
be related to the real frequency co by the following equa-
tion:

are both sensitive functions of the damping constant y.
Wc have cons1dcIcd thrcc contrlbut10ns to p corre-

sponding to different decay mechanisms of the polariton
in our attempt to determine y{co) from the measured
linewidths. These are (i) a frequency-independent damp-
ing constant yo, (ii) a damping constant proportional to
the polariton density of states corresponding to decay via
elastic scattering, and {iii) damping due to the decay of
I zT(A) polaritons to I 6(A) excitons via a wave-vector-
induced mixing of states which is significant only in the
resonance region.

Model I, consisting of the frequency-independent yo
alone, 1S thc s1IIlplest approxlmat1on. go can I'cpI'cscnt
both radiative recombination and the decay of polaritons
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to other exciton branches or localized states via interac-

tion with defects, internal stress, etc. , because such in-

teractions can scatter a polariton regardless of its wave

vector or energy. The solid curve in Fig. 2(a) is the calcu-
lated best fit to model I, with

yp ——0.625 cm (6)

k'(co)
r(oi) =ro+ri

ko

VG

(7)

where ko ——coTeb /c and vG
——uG(coT) have been intro-

0

duced for normalization purposes. Since the density of
states for the lower polariton branch is a monotonically
increasing function of co, the damping constant r(co) and

the Brillouin linewidth will therefore increase with in-

Obviously, the steep increase of the linewidth just above

AT cannot be explained by yp alone.
Decay of polaritons via intrabranch elastic scattering

can be taken into account by including term (ii) since the
transition probability for elastic scattering is roughly pro-

portional to the density of states at energy co if the de-

tailed co and/or q dependence of the interaction is

neglected. Assuming that the energy difference between

the initial and final states of the scattering event is suffi-

ciently small (i.e., elastic scattering or scattering by acous-

tic phonons is dominant), and also neglecting the anisotro-

py of the CdS wurtzite structure, the density of states is

proportional to k'(co) /
I

uG(co)
I
. In model II we have in-

cluded both terms (i) and (ii) with a total r(co) given by

creasing frequency. Figure 2(b) shows the best fit to
model II with the constants

pp=0. 117 cm ', y &
——0.345 cm

The r(~) of Eq. (7) fits the observed linewidth better than

ro alone, but is still not satisfactory.
It should be noted that if the intrabranch decay of po-

laritons came primarily from acoustic-phonon scattering,
which conserves energy and momentum, the second term
of Eq. (7) would be'

ri(~) f Iro(q) I'@~r—~s —~
I q I

)dq

(9)

instead of [k'(co)] /I vG(co) I. However, since [k'(co)]
increases more slowly than [k'(co)] /

I
uG(co) I, the

linewidth calculated using Eq. (9) was found to give a
worse fit to the data than that shown in Fig. 2(b).

Next, we consider the third term [term (iii)] in r(co). It
was first shown by Hopfield and Thomas that a perturba-
tion can exist for electron or hole (as well as exciton)
states with nonzero wave vector which is proportional to
ki. ' The existence of such an interaction was verified
experimentally in the reflectivity spectrum of CdS in the
region of the B exciton. From symmetry considerations,
however, the k-linear interaction can mix I &(A) spin-

triplet and I 5T(A) spin-singlet exciton states as well. ' In
the presence of this interaction, three modes must be in-

cluded in the calculation: I 5T(A) and I 6(A) excitons, and
photons. Instead of the two-branch dispersion curves
given by Eq. (4), one then has three-branch dispersion
curves which are the solutions to the following equation

I
r„(A))

I
r,(A))

I
photon)

coT +Bg k —ir /2 —co

iek

(2maoioT)
'~

—iek

cob+ B6k i r b/2 co— —
(2maooiT)'~ =0,

—eb +k c /co

(10)

where B& ——A'/2m', Bb=iti/2m6, cob coT b.56, m6 and-— —
rb are the effective mass and damping constant of the
I b(A) state, b&6 is the frequency difference between the

singlet I 5T(A) and triplet I 6(A) exciton states at k=0,
and e is the coefficient of the k-linear interaction. In the
following calculation we take' b.56

——1.6 cm ' and as-
sume that mb ——m*(I 5)=0.83mo. Equation (10) can be
solved as a function of real frequency u by reducing it to
an eigenvalue problem with respect to the complex wave
vector k. ' Figure 3 shows the dispersion curves for the
three branches I, I it, and I r, the last of which is almost
the same as the usual upper polariton branch (1) in the
two-branch theory of Eq. (4). These curves k'(co) are
again insensitive to the damping constants y and y6,
which have both been taken as 0.5 cm ' in the calculation
leading to Fig. 3.

Since the r&(A) frequency oi6 at k=O is 1.6 cm
below the r&T(A) exciton, the lower two branches would

cross at co„=20594 cm ', but the k-linear interaction
converts this to an anticrossing. Most polaritons are
created on the I & branch for co & co„and on the I branch

for oi &co„because I 6 excitons do not couple to photons.
To first approximation we neglect the upper polariton
branch I

&
and consider the mixing of I 6 excitons with

lower-branch polaritons (I ~i). Since the exciton-strength
function" 222-1 for co=co„, the k-linear interaction be-

tween these two branches is still iek. A simple perturba-

tion calculation for these two states with the same k gives

(1 la)

with
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FIG. 3. Calculated dispersion curves of I 5(A) exciton-
polaritons and I 6(A) excitons including the k-linear interaction
term between the I 5(A) and I 6(A) excitons. Inset: Schematic
representation of the dispersion curves near the crossing fre-
quency co„. The dashed lines show the lower-branch I 5I(A) po-
lariton and I 6(A) exciton without the k-linear interaction.
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FIG. 4. Anti-Stokes I.A 2-2' Brillouin linewidth vs incident
laser frequency. The dots are the experimental data. The lines
are theoretical predictions using the parameters found from the
Stokes LA 2-2' fits given in the caption of Fig. 2.

c
(E E6) +e

I

—k I2
(1 lb)

(12)

The three terms on the right-hand side of Eq. (12) corre-
spond to the three decay mechanisms (i), (ii), and (iii) dis-
cussed previously in this section. The solid line in Fig.
2(c) is the best fit to Eq. (12), with

where I'5~ is the lower-branch polariton of the I 5 trans-
verse exciton, and E~ E6 is the energy—difference be-
tween the perturbed I state and the unperturbed I 6
state. The fraction of I'6 in the mixed I & state is given by
Eq. (11) with a replaced by P. This I 6 part of the polari-
ton can decay to other states on the I 6-exciton branch via
successive interactions with acoustic phonons or defects.
Thus, the wave-vector-induced interaction can open an ex-
tra decay channel for polaritons with co=co„. In view of
the simplified model adopted here, for co & co„we approxi-
mate the energy difference

I
E E6

I
by 5E=E—~ E—

calculated at k'(co) of the unperturbed lower-branch po-
lariton I 5I (see Fig. 3) and take y ~

I C~6 I
. For co ~ co„,

we approximate the energy difference
I Ep E6

I
by 5E—

and take y cc
I Cp6 I

. We then use the following form for
the total damping constant y(co) (model III):

r(~)=ra+yolk'(~)~ko] [UG &UG(m)1

+rzIe Ik(~)
I

&'~I I&«~) I'+Ie Ik(~) I]'j.

pp=0241 cm ', y~ ——0 091 cm

y2
—2.691 cm ', e =2.85)&10 cm/sec .

(13)

B. Linewidth of anti-Stokes LA 2-2' Brillouin component

The linewidths of the anti-Stokes LA 2-2 Brillouin
components were also measured and are shown by the
dots in Fig. 4. The sharp increase in linewidth occurs ap-
proximately 5 cm ' lower in frequency than for the
Stokes component since, for anti-Stokes scattering, the
scattered polariton has higher frequency than for Stokes
scattering.

It is seen that the frequency dependence of the Brillouin
linewidth including the rapid increase near co„ is well fit-
ted by the model-III y(co) of Eq. (12). The two peaks
which appear in the theoretical linewidth represent the in-
creased damping when either the incident- or scattered-
polariton frequency coincides with the frequency of
strongest mixing, co„. Although two peaks are not clearly
seen in the data, a slight decrease in the linewidth was ob-
served at about 20598 cm ' for the Stokes component
(Fig. 2) and at about 20593 cm ' for the anti-Stokes com-
ponent (Fig. 4). For higher frequencies, a rapid decrease
in the RBS intensity as well as increasingly serious local
heating (even with only 8 mW of laser power) made accu-
rate measurement of the linewidth very difficult.
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Using the parameters determined from the Stokes spec-
tra [given in Eqs. (6), (8), and (13)], the anti-Stokes
linewidth was calculated for the three models for y(co)
discussed above. The calculated linewidths are shown by
the solid curves in Figs. 4(a)—4(c). Again, the frequency-
indepenent damping constant yo of model I [Eq. (6)] or
the y(co) of model II [Eq. (8}] give poor fits to the data,
while model III [Eq. (13}]agrees reasonably well with the
measured linc% idth.

I.G

0.0

I
I

I

C. RSS intensity

The frequency-dependent damping constant y(co) and
the additional boundary condition (ABC) critically affect
the RBS intensity given by Eq. (5). Here, we present a
preliminary analysis using a generalized ABC together
with y(co) determined from the linewidth analysis dis-
cussed above.

Three ABC's have been used most frequently to com-
pare theory and experiments. These are the ABC given by
Pekar o [g, , (P;)„o——0, denoted ABC1 in Refs. 3
and 111, ABC2 given by Ting e~ al. 2' ~

[ g,. , (dP;/dx)„o=0], and the dielectric approxima-
tion (ABC3) in which the bulk nonlocal susceptibility for
an exciton is assumed to be valid in the entire crystal up
to thc boundary.

The RBS intensity of Stokes LA 2-2' Brillouin scatter-
ing was measured by lntcgratlng tlM Rica undcl each Bril-
louin component in the raw spectrum. The intensity data
were compared with the theory" with ABC's 1, 2, and 3,
with the y(~) given in Eqs. (12) and (13). As seen in Fig.
5(a), none of these commonly used ABC's agrees very well

with the data.
It has been noted9 that these three ABC's are special

cases of a generalized form of ABC including a parameter
Q)

P;(x)+a

CA
LLI

-I.G
40

Q
c%
O

-2.0
20560

CO
LLI

a -lg-
CA

-2.0
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20580 20600

INCIDENT LASER FREQUENCY (CITI )

l I i I i I I

CUT CUI

I I I I k I 1 I f) I

20580 20600

INCIDENT LASER FREQUENCY (CIA )

s =(iak, —1)/(iak, +1), (16)

where k, is the bare exciton wave vector and s = —1,
+ 1, and 0 corresponds to ABC 1, 2, and 3, respectively.

A further modification to the generalized ABC formal-
isxn eras recently proposed by Nakayama. ' In his theory,
an evanescent wave exp( —x/b) was introduced to make
thc total polarlzRtlon vanish Rt thc boundary. Thc paraIQ-
eter b may be considered as an effective dead-layer thick-
ness in which the orbital wave function of the exciton
differs significantly from the 1s function in the bulk crys-
tal fax from the boundary.

Considering s and b as adjustable parameters in the
ABC, the observed RBS intensity was fitted using y(co}

The equivalent condition on the exciton wave function
Pk(x) is

Pk(x)=(e ' +se ' )e(x),
where s is the exciton-reflection parameter and e(x) is the
usual unit step function. The reflection parameter s is re-
lated to the parameter a in Eq. (14}by

FIG. 5. (a) Logarithm of the integrated intensity of Stokes
I.A 2-2 Brillouin scattering peaks vs incident laser frequency.
The dots are the experimental data. The lines are the calculated
result using y(cu) given by Eq. (12) (model III) with ABC 1, 2,
and 3, respectively. The dead-layer thickness is taken as zero.
(b) I.ogarithm of the integrated intensity of Stokes I.A 2-2' Bril-
louin scattering peaks vs incident laser frequency. The dots are
the experimental data. The line is the best-fit result to
Nakayama's generalized ABC with 8 =1.0exp(i1. 84m) and
b=0.23 A, with y(~) given by Eqs. (12) and (13).

determined from the linewidth analysis with models I, II,
and III. Again, the y(r0) of model III, which includes all
three decay mechanisms, gave the best flt, as shown in
Fig. 5(b). The ABC parameters determined by the flt

s=1.oe ' ', b=0.23 A.
This result indicates that the dead-layer effect is very
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small and that the appropriate ABC is close to ABC2 of
Ting et aI. , but falls between ABC2 and ABC1.

IV. DISCUSSION

5.0
E

4
I '

I ' I

2.0-
CO

D

C9 I.O-
K
X
C)
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FIG. 6. Frequency dependence of the damping constant y(co)
found from the Brillouin linewidth data with models I [Eq. (6)],
II [Eq. (7)], and III [Eq. (12)].

A. Lifetime of polaritons

The damping constants y(co) found from fitting the
RBS-linewidth data to models I, II, and III are plotted in
Fig. 6. Let us compare these results to polariton lifetimes
obtained from luminescence experiments. In their
luminescence experiment, Wiesner and Heim excited po-
laritons with a picosecond laser pulse at 457.9 nm (21 839
cm '), which is well above coT, and measured the ex-
ponential decay of the luminescence at various energies.
Their result, reproduced in Fig. 7(b), shows that in the vi-
cinity of coT, r~„ increases with decreasing frequency
from almost 0 ns (less than the experimental resolution of
0.3 ns) up to about 3 ns for observation frequencies below
roT. This inrease of r&„has been attributed to the onset
of the bottleneck effect in polariton decay.

Sumi made a numerical evaluation of the polariton life-
time to explain the intensity ratio of zero-phonon and
one-LO-phonon luminescence. His result implies that
r=10 to 10 ' s with a maximum of about 1 ns at fre-
quencies several cm ' below coT. In contrast to the long
lifetimes measured by luminescence, r(co) =2/y(co) deter-
mined from the present RBS experiments is about 2 or-
ders of magnitude shorter. The experimental linewidth
of RBS in GaAs has been reported to increase from
about 0.02 to 0.3 cm ', which is similar to our results for
CdS.

The difference between r~ and rRBs could be attribut-
ed in part to the fact that rRBs is the lifetime of a polari-
ton created directly at a specific co and k, while r&„ is a
net lifetime determined by the balance between polaritons
entering and leaving a particular energy range. Thus, ~]„
includes the sum of the contributions of all decay paths
which produce polaritons in states with a given co.
Another important difference between RBS and lumines-
cence lifetimes is that a polariton that undergoes elastic
scattering which changes the direction of k without
changing co can still contribute to luminescence, but not to
RBS. In RBS, the initial and final states are specified and
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FIG. 7. (a) Lifetime of polar[tons corresponding to the y(co)
obtained from the best fit of the RBS-linewidth data to model
III. (b) Polariton lifetime measured by Wiesner and Heim with
time-resolved luminescence spectroscopy (from Ref. 8).

any polariton scattering process, including elastic scatter-
ing from defects, internal stress etc., reduces the RBS life-
time.

Recently, Askary and Yu measured CdS luminescence
by a method similar to that of Wiesner and Heim and
found that there are two lifetimes, rf„, and r,l,„. How-
ever, their rr„, is still several tenths of a nanosecond and
is much longer than ~R&s. When the elastic scattering rate
[the second term in Eq. (12)] is dominant, i.e., when relax-
ation between states of the same energy occurs much fas-
ter than other relaxation processes, ~R&s can be much
shorter than r~„. However, our result [Eq. (13)] for y(ro)
indicates that processes other than elastic scattering also
contribute significantly to rR11s. Therefore, the origin of
the large difference between rRi1s and r~„ is not yet en-
tirely clear.

In spite of the difference in magnitude between the two
lifetimes, rRBs also sllows an 111crease of lifetime with de-
creasing ro near roT corresponding to the onset of the
bottleneck effect for lower-branch polaritons due to the
rapid change in the density of states. It should be noted
that in luminescence experiments the lifetime is too short
to be measured for frequencies co~~r, while RBS line
broadening is measurable in the region between coT and
rot, which is important for the ABC problem.

Recently, Masumoto et al. measured the relaxation of
exciton-polaritons in CuCl by time-resolved four-
wave —mixing spectroscopy. They identify y, defined
similarly to our Eq. (4), as a dephasing damping constant
(or transverse relaxation rate in a two-level system. ) Since
elastic scattering of polaritons causes dephasing of a light
pulse propagating coherently in a given direction, one may
expect that the damping observed in their experiment
would show behavior similar to that obtained from RBS
experiments. They observed an increase of y from 0.1

cm ' well below cuT to about 1.0 crn ' in the resonance
region, which corresponds to the same order-of-magnitude
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lifetime as IRBS. Because of the large scatter in the data,
however, it is very difficult to determine the frequency
dependence of y(co) from four-wave —mixing experiments.

B. I.inewidth expression in RBS

So far we have assumed that the RBS linewidth is given

by Eq. (3) with k determined by Eq. (4). Dervisch and
Loudon have shown that if phonon reflection at the crys-
tal surface is taken into account, the line shape of RBS
cannot be 8 simple I.OI'entzian Rnd shoUld be 8 ske%ed
Lorentzlan Instead. AccordIQg to their I'esult and 1ts ex-
tension by Tilley to the case of RBS via exciton polari-
tons, the linewidth is still given by Eq. (3) if the interfer-
ence between scattering involving different polariton
branches can be ignored. Since the LA 2-2' peak is well
isolated from other components and no line-shape distor-
tion was observed, we believe that the linewidth formula
Eq. (3) can still be used for this case.

In Eq. (1) we have also neglected the frequency depen
dence of the transmissivity T(co) when we calculate the
linewidth. Actually, T(~) changes considerably between

NT Rnd NL depeIK4ng on the ABC. However, numerical
evaluation" for different ABC's shows that a change of
50% in T(ru) occurs over a frequency range of at least 5
cm ', which is much larger than the typical Brillouin
linewidth (less than 0.5 cm '). Therefore the frequency
dependence of the transmissivity and the ABC which
determiness it have little effect on the RBS linewidth.

C. %'ave-vector-induced mixing of exciton states

For k =(k,0,0), wave-vector-induced mixing involving
A and B excitons in CdS can occur in the following
cases (i) between A and B excitons, I'5L(A) and I'l(B)
(where L denotes longitudinal) as suggested by Hopficid
and Thomas, l' or I'6(A) and I'~(8); (ii) among different
8-exciton states, I 5T(8) and I'zl8), or I 51,(8) and I i(8),
which was treated by Mahan and Hopfield (iii) among
the 2-exciton states, I qT(A) and I'6(A), or I 5L(A) and
16(A). The effects considered in Sec. III correspond to
case (iii). Although this case was suggested as a possible
cxplaIlatlon for 111RgIlctolllIBlllcsccllcc observations 111 tl1c

configuration Eic and H~ ~c, no explicit evidence for k-
linear interactions among the A-exciton states has been re-
ported to d8te.

It should be noted that in the third term of Eq. (12),
which gives the contribution to y(co) of the k-linear in-
tclRctlon, 5E (co ) Rlld k (co) Rl'c 11ot adjustable but wcl'c
calculated using only predetermined constants. IQ partic-
ular, 556——1.6 cm ' [frequency difference between I 5T(A)
and I 6(A) at k=0] (Ref. 19) and I'(16)=0.83mo
[equal to I'(I 5)] have been fixed. Those parameters
determine the level-crossing frequency m„(Fig. 3) where
the wave-vector-induced mixing is greatest. To check the
value of co„separately, we applied a weak magnetic field
(1.3 T) along the y direction (yJ.c and k) which also
mixes the I 5T(A) and I 6(A) states most strongly at co„
and cRQ WeITlan-split the RBS spectI'8 Rs 'well. CleRI'
broadening of the Brillouin lines (rather than the splitting
which would be observed with stronger magnetic fields)

was observed only when Fo;„, or co„was close to 20594
cm

Our result for the k-linear coefficient of A-excitons in
CdS RgI'ees reasonably well with the valUe determined
from the literature. Recent spin-flip Raman scattering ex-
periments by Romestain et al. gave the k-linear coeffi-
cient of the I I conduction band as C, =1.6)&10
CVcm, while the I'9 symmetry of the valence band re-
quires that its k-linear coefficient vanishes, Ci, =0. The
k-linear coefficient of the A-exciton is given by

Pg ——(CSml, i —C, m, i)/(mI", g+m, i) .
Using m, j ——0.208mo, and mi, q ——0.68mo, ' me obtain

~ Pz ~

=3.8 & 10 "CV cm,

which agrees within a factor of 2 with our experimental
result,

~ Pq ~

=Pie = 1.9)& 10 "eV cm .

It should be noted that the k-linear effect for the A ex-
citon is -20 times weaker than for the 8 exciton and
corresponds to an effective magnetic field of only 3.6 ko.
This is too small to cause any observable splitting of exci-
ton levels or reflectivity anomalies. However, it is suffi-
ciently big to cause significant broadening of the Brillouin
components in the vicinity of I0,„.

In conclusion, we have shown that the RBS-linewidth
measurement 1IDplies that the phenomenological damping
constant y(RI) depends on frequency in a rather coinpli-
cated way. In order to explain the sharp increase of the
linewidth above the exciton resonance frequency coT, the
decay of I 1T(A) polaritons to I'6(A)-exciton states via the
%ave-vector-Induced Interaction has been proposed. De-
tailed linewidth measurements with stronger magnetic
fields would be helpful to further clarify this mechanism.

The frequency-dependent damping constant y(co) is
also crucial in the analysis of RBS intensity, from which
it may be possible to resolve the still controversial ABC
problem of spatially dispersive media. Our prehminary
fitting presented in this paper indicates that none of the
three commonly used ABC's agree with experiment and
suggests the need for the generalized ABC of Nakaya-
ma. ' Further experiments in stronger magnetic fields are
in progress and will be reported in a subsequent publica-
tion.
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