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Resonant scattering of exciton polaritons by LO and acoustic yhonons
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A change in the shape of the Raman scattering spectrum in CdS is observed when the exciting laser
frequency co,- is tuned across the A-exciton resonance. When co,- is below resonance a single LO peak is
present in the forbidden Raman spectrum [x{yy)x]. U~der resonance. conditions two contributions to the
spectrum can be distinguished: (i) narrow peaks whose Raman shifts change with the exciting frequency
superimposed on (ii) a broad luminescence band which is stationary in frequency. The narrow peaks are
interpreted as acoustic-phonon interbranch exciton-polariton scattering followed by LO phonon emission.
Their. frequency shifts and shapes are consistent with this explanation when, the anisotropy of the
piezoelectric acoustic phonon —exciton interaction is included. The sudden appearance of these two phonon
modes when the exciting frequency is slightly above the A -exciton frequency can only be understood within
an exciton-polariton picture. This picture must also be invoked in order to explain the shape of the broad
luminescence band which is the LO replica of the free-exciton luminescence,

I. INTRODUCTION

Resonant Raman scattering (RRS) has been ex-
tensively studied in semiconductors. In particu-
lar, the frequency dependence of the cross sec-
tion of "forbidden" RRS by LO phonons has been
investigated near the absorption edge. ' ' In this
paper w'e report changes in the shape of the Raman
spectrum when the exciting frequency is tuned
through a dipole-allowed free-exciton resonance
in a direct-band-gap material. The propagation
of electromagnetic waves in this case is modified
by the strong exciton-phonon interaction leading
to coupled modes, ' i.e., exciton polaritons. These
have a strong dispersion near the transverse ex-
citon frequency. At slightly higher frequencies
two polariton modes can propagate simultaneous-
ly. New peaks, resulting from interbranch polari-
ton scattering, have been predicted' and recently
observed in the Brillouin spectrum. ' ' Here we
show that new peaks are also observed in the for-
bidden Raman spectra near the LO frequency. No
significant changes were seen near the "allowed"
TO peaks.

Undoped CdS was excited at helium tempera-
tures with a narrow-band cw dye laser at frequen-
cies below the A exciton. When tuning the exciting
frequency u,. close to the transverse 'exciton fre-
quency, a luminescence band developed, in addi-
tion to the usual narrow' LO peak. When increas-
ing &,. beyond the onset frequency, &„„ofthe
"inner" polariton branch, new Raman peaks ap-
peared near the LO peak. Their intensities were
comparable with that of the LO Raman peak when ~,

Q)Up their frequency shif ts, however, changed

with , At somewhat higher , . only these new
peaks' are seen; unexpectedly the "original" LO
peak is not observable above the luminescence
background, the LO replica of the free A -exciton
resonance. The evolution of this background as
~,. is tuned across the A -exciton resonance has
also been studied. The dispersing Raman peaks
are interpreted as two-phonon cascade processes
in which polariton scattering by acoustic phonons
is followed by LO-phonon scattering. Despite the
large exciton mass anisotropy, the two-phonon
peaks are very narrow. This behavior is attrib-
uted to the pronounced anisotropy of the piezoelec-
tric acoustic phonon-exciton interaction. "

Recently Permogorov and Travnikov" have stud-
ied the secondary emission spectrum of CdS in the
same frequency region at T= 77 K with monocho-
matic light derived from a white light source.
Their frequency resolution (-25 cm ') and higher
temperature, however, did not allow them to de-
tect the fine structure in the vicinity of the Lo
frequency which is clearly observable in our ex-
periment at helium temperatures. Sidebands in
resonant Raman spectra have previously been ob-
served by Yu and Shen" in Cu, O and, as weak fea-
tures beside a strong LO peak in CdSe." In both
experiments the sidebands were interpreted in an
exciton picture. Several important features of our
results in CdS, how'ever, can be explained only by
including the polariton aspect.

II. THEORETICAL CONSIDERATIONS

The energy relaxation of resonantly excited po-
laritons in pure crystals is via scattering by lat-
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tice phonons. Hopfield, "Bendow and Birman, "
and Burstein @a$.' describe these processes in
the conventional polaritan picture. " They find that
the Stokes efficiency S for incident polaritons
&o,(g) scattered by type-j phonons Q(q) into a
final polariton mode ~,(K,) inside the crystal is
given by

S(n,.) ~(n, + I))&e, [ M, ~e,&(2v„'.K2v,-,'. (1)

Here n& is the occupation number of the phonons
with frequency 0,. The energy dependence of the
scattering efficiency is primarily determined by
two factors: (a) the square of the scattering ma-
trix element M& which has to be evaluated between
initial and final polariton states%, . and%, , and (b)
a dynamical factor which is proportional to the
density of scattered polariton states(K, 'v,').v,. and
v„refer to the group velocities of incident and
scattered polaritons which (in the two-branch mod-
el) belong to either the inner or outer polariton
br anch. These polaritons have a frequency-depen-
dent transmission probability 7' of transforming
into an external photon at the crystal surface. "

The exciton polariton interacts with phonons
through its exciton content. The exciton-phonon
interaction is governed by deformation potential
(DP) coupling and coupling through the longitudinal
electric field E~ of LO phonons or piezoelectrical-
ly active acoustic phonons. The first mechanism
produces wave-vector-independent ("allowed" )
terms in the scattering matrix while the second
leads to wave-vector-dependent ("forbidden") ma-
trix elements (intraband-Frohlich scattering) and
wave-vector-independent (allowed) scattering
through the linear electro-optic effect in noncen-
trosymmetric crystals. Close to an exciton reso-
nance forbidden LO scattering has been shown to
dominate allowed LO scattering in pure polar
crystals like CdS.'"

In a first approximation (neglecting contributions
from other bands and excited exciton states), po-
Igyi'ton scattering due to the intraband-Frohlich in-
teraction is obtained by computing intraband scat-
tering between excite states in the Wannier ap-
proximation. For hydrogenic 1S wave functions" '
and an isotropic mass the corresponding scatter-
ing matrix element M (for intraband-Frohlich
coupling) is given by

M(Z~, q) ~(e/q)(Z~Z~*)'@([1+ (r „a q)~] 2

—[1+(r,a,q)'] '], (2)

where r&~m„/2(m, +m,) andr, =m, /2(m, +m„), m,
and rn„are the effective electron and hole mass,
respectively, a, is the exciton radius, and q is
the wave vector of the scattering phonon. The q-
dependent quantities inside the curly brackets are

the Fourier transforms of the charge distributions
of the electron or hole in the internal motion.
They lead, as in the case of the DP interaction,
to a decrease of the exciton-phonon interaction at
phonon wavelengths 2m/q smaller than the Bohr
radius a,. For (raoq)'«1 which corresponds in
CdS to q&ao'=3. 5x10' cm ' the q dependence of M
in Eq. (2) can simply be described by

M(z„q) ~ e(z,z,+)'"a',q
mIg ™~

M' increases rapidly with increasing q reaching a
maximum at aoq-1. 8. Thus, in comparison to the
DP coupling, the strength of the intraband-Froh-
lich scattering at small q contains an additional q'
dependence.

The coupling of pieozoelectrically active acous-
tic phonons with excitons can be described in a
fashion similar to LO-phonon-exciton coupling;
in particular the scattering matrix element M has
the same form as that of the Frohlich interaction
described in Eq. (2). However, there are two dif-
ferences which result from the differing proper-
ties of the relevant electric fieMs, E~. First, M'
for acoustic phonons has an additional factor q (for
acoustic phonons E~ is proportional to the strain
while for LO phonons E~ is proportional to the dis-
placement). Second, in wurtzite crystals, such as
CdS, the strength of the piezoelectric field E~~ is a
sensitive function of the angle, p, between Q and
the c axis' and possesses strong maxima in both
symmetry and off-symmetry directions. In con-
trast, the quasi-LO and -TO frequencies and con-
sequently the electric field. E~L are weakly de-
pendent on p inCdS. 2' Intraband-Frohlich coupling
involving acoustic phonons has been shown to be
responsible for forbidden TA backscattering2' and
narrow two-phonon peaks in the Brillouin spec-
trum of CdS. On the other hapd, the I@'ular
dependence of DP coupling is much weaker (see
the Appendix).

Significant changes have been observed in the
resonant Brillouin spectra of' GaAs and'" CdS
when the exciting frequency ~, was tuned through
the onset frequency ~„,of the inner polariton
branch (labeled 1 in Fig. 1). Brillouin lines, seen
when &, & ~„weakened and a new set of peaks ap-
peared. These changes are intimately related to
the transmission properties of the polariton-pho-
ton system at the crystal surface. For 40 ~ Q)Up

mainly the outer polariton branch (labeled 2 in
Fig. 1) is populated while for &u, &&u„, the inner
branch is dominantly populated. Therefore, only
polaritons of branch 1 have a high probability of
transforming into an external photon when ~,.0 Q)Up

(The energy transmission coefficient T 'of the out-
er branch has been shown to decrease quite rapid-
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FIG. 1. Schematic exciton polariton dispersion curves
in the vicinity of theA exciton in CdS. Possible one- and
two-phonon scattering channels are illustrated. While
the initial- (branches 1 and 2) and final-state (branch
2') polaritons propagate with K& c axis, intermediate-
state polaritons (branch 2") propagate in different dir-
ections so that the angle Q (K&~«„c) &90", the disper-
sion of branch 2" is determined by a heavier exciton
mass due to the mass anisotropy in CdS, K; and K&
denote the wave vectors of incident and final-state
polari tons.

ly in CdS,"for +,.&~„„details of its frequency
variation, however, depend on the choice of the
additional boundary condition'4).

Since the inner and outer branches involve quite
different wave vectors significant changes are ex-
pected in the forbidden Raman spectrum when ~,.
is tuned across &u„,. (No equivalent changes are
expected for the allowed Baman spectrum since its
efficiency is only weakly dependent on q. ) In par-
ticular two-step cascade processes involving
acoustic phonons become possible (see Fig. 1).
Incident polaritons on the inner branch are first
scattered by acoustic phonon emission or absorp-
tion into large-4 intermediate states on the outer
branch; these are then scattered by LO emission
into photonlike final states. These processes lead
to new'peaks on either side of the LG emission
peak. Their frequency shifts are linked, via the
acoustic-phonon wave vector, with the exciton
polariton dispersion and, thus, they are disper-
sive. The spectral shape of these two-phonon
bands is obtained by summing the contributions of
all intermediate states. If the phonon-exciton cou-
pling is isotropic, these bands should be rather
broad in CdS due to the anisotropy of the exciton
mass. " For example, at ~,- =20640 cm ', fre-
quency shifts for (1-2') Stokes scattering range
from 3 to 6 cm ' for quasi-TAphonons and from
7 to 13 cm ' for quasi-LA phonons for Qzi and

Q ~~c, respectively.

III. EXPERIMENT

The undoped, single crystal CdS platelets mere
grown from the vapor phase and were about 30 p, m
thick. Samples were selected which exhibited a
free-exciton luminescence relatively strong in
comparison with bound exeiton lines. They were
cooled by helium exchange gas down to 6 K in or-
der to reduce the background luminescence result-
ing from multiphonon processes. The exciting ra- .

diation was provided by a cw dye laser employing
coumarin 402 pumped mith the deep blue lines of a
high-power krypton laser (-1 W). It was focused
onto the sample with a cylindrical lens resulting
in an excitation power density of about 1 W/cm'.
The incident light mas directed normal to the face
of the platelet which contained the crystallographic
g axis. Thus~ polarltons propagating with KJ c
mere excited. The backscattered light mas collect-
ed with an f/3. 5 lens. After passing through a
polarizer it was spectrally analyzed with a stan-
dard double grating monochromator employing
photon counting detection. The combined spectro-
meter-dye-laser half-width was about 0.6 cm '.
The Raman shifts were reproducible to within
+0.3 cm '; their absolute values, however, were
uncertain by + I cm ' due to inaccuracies of the
spectrometer drive.

IV. EXPERIMENTAL RESULTS

The secondary emission spectrum of CdS was
mainly investigated in a range centered on the
longitudinal-optic (LO) phonon frequency (-30V
cm ' below &u,.). For incident frequencies &u; about
20 cm ' below ~~, the transverse A. -exciton fre-
quency, the forbidden scattering spectrum jgeome-
try x(yy) x in. the standard notation25] contained
only one narrow Raman peak corresponding to the
Z, (LO) phonon with +„o=30"Icm ' for q-0. The al-
lowed LO scattering, observable" in x(zy) x and
x(yz) x, was weaker by at least a factor of 20.

As ~,. approached ~~, the character of the spec-
trum changed; a broad luminescence band (the LO
replica of the free-exciton luminescence) appear-
ed and quickly came to dominate the emission spec-
trum. (See, for example, the spectrum with w,.
=20 600 cm ' in Fig. 2, where the narrom Raman
peak is superimposed on the broad asymmetric
LO replica luminescence. ) The peak separation
of the free-exciton luminescence and the LO rep-
lica wa, s about 298 cm ', or approximately 9 cm '
less than the LG frequency. The LO peak inten-
sityI, „, uncorrected for absorption or reflection
losses, had a maximum at ~; =20585 cm ', i.e.,
slightly belom w~ =20 589 cm ILo then decreased
and reached a minimum ai co;=20593 cm ', which
is close to the position of the transmission mini-
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FIG. 2. Emission spectra of CdS excited by a sequence
of different incident frequencies && and observed in the
scattering geometry x{yy)x. The values of cg; are given
in wave numbers. The linear vertical scale on the left-
hand side is reduced by factors of 0.33 or 0.74. The
dash-dotted line marks the position of the LO peak for
cu; below resonance.

mum of very thin platelets. The intensity of the
LO replica luminescence, on the other hand, in-
creased monotonically with ~,. throughout this re-
gion.

When ~,. was increased beyond the onset frequen-
cy of the inner polariton branch (+„p=20 605 cm '),
the spectral shape near the LO frequency changed
dramatically. Several narrow Raman peaks sud-
denly appeared superimposed on the luminescence
background. No significant changes were observed
near the TO frequencies. As &,. was increased
further the frequency shifts of all the peaks
changed; the two strong peaks increased in fre-
quency while the other tw'o peaks decreased in fre-
quency. Surprisingly no separate Raman peak
could be seen at the LO position (-307 cm ') from
about +,.—-20 610 cm ' to &,.—-20 640 cm ' when a
weak feature reappeared. This feature became
comparable in intensity to the other Raman peaks
only when u,. was close to the B-exciton frequency
(see Fig. 2; &u, =20705.2 cm '). Previously Ra-
man sidebands had been observed in CdSe (Ref.
12) which has the same crystal structure as CdS.
There are, however, important differences be-
tween the spectra of CdSe and those of CdS re-
ported here. First the sidebands in CdSe mere
weak and broad compared with the strong narrow
LO peak; in contrast the new' Raman peaks in GdS

290—

20680 20600 20620 20640 20660 20680 20700

LASER FREQUENCY (cm-t)

FIG. 3. Measured (circles) and calculated pines)
Raman shifts vs incident frequency. The numbers beside
the brackets refer to the angles @ between the phonon
wave vector' q and the c axis. The arrows at the left
indicate LO frequencies for q 0 (/=14', 32', 64',
and 90' in sequence of increasing frequency).

are strong and relatively narrow. Furthermore,
the LO peak was not observable in CdS within a
certain frequency range (see Fig. 2). Hence, the
expression "sidebands" is not appropriate, in gen-
eral, for CdS. Finally, the new Raman peaks
were observed in CdS over a wide frequency range
between the A and B exciton mhile the sidebands
in CdSe were seen only in a limited range around
the 8 exciton.

The dispersion of the Raman shifts as a function
of ~,. is summarized in Fig. 3. Here the top curve
refers to the weak feature (labeled with arrows in
Fig. 2) which appears on the left-hand side of the

strong Raman peak. The intensities of the Raman
peaks and the LO replica luminescence band both
had the same dependence on &,. for &,.»„,. First
they rapidly increased with &,, passed through
maxima between 20620 and 20630 cm ' and then
slowly decreased.

The dispersing Raman peaks exhibited an unus-
ual asymmetry in their polarization characteris-
tics. They were most intense, as expected, in the
forbidden scattering polarization yy but could also
be seen, "weaIJy, inlay. However, within the lim-
its of the experimental signal to noise, they were
absent in yz and zz. The intensity ratio zy/yy of
the strongest Raman peak remained constant at
about 0.15 for (dUp&Q)&&20 660 cm '. Then it bega'n

to increase, reaching 0.5 at &,. -—20 690 cm '. The
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luminescence background for m,- & (d„, had the same
polarization characteristics as the strongest Ra-
man peak.

V. DISCUSSION

TA phonons, "TA") and 0 (LA) and weaker maxi-
ma when /=90' (TA) and 64' ("LA"}. Thus acous-
tic phonon scattering due to intraband-Frohlich
coupling is strong only near these four angles. The
two-phonon Raman shift 4+ was calculated as a
function of ~, at these angles according to

A. Intensity of the LO Raman peak
a~=&u, ~~ =&.„o(y)+q(y)v(y). (4)

The scattered intensity of the LO peak is deter-
mined by the product of the transmission coeffi-
cients, the LO scattering matrix elements, and
the decay length of the incident polaritons. (The
final-state polaritons at frequencies ~& -—co~ —~«
suffer practically no damping at helium tempera-
tures. ) There are two channels for the 1 LO scat-
tering: first 2-2', the only possible channel w'hen

&u, &~,and second 1-2', which opens up when &u,.

The contribution of channel 2-2' becomes
rapidly weaker for w,. »„p since most of the inci-
dent light energy transfers to the inner branch 1
instead of the outer branch 2."" The scattering
matrix element [intraband-Frohlich interaction,
see Eqs. (2} and (3)] of the 1-2' channel, however,
is much smaller than that of channel 2-2' because
of the smaller phonon wave vector involved. For
example,

q'(1 -2')jq'(2 -2') = 2~5

at a,. =&„p. Thus the contribution of channel 1-2'
is also weak so that a large decrease of the total
LG scattering efficiency is expected for ~,.»„,
xn the exc~ton polariton picture. This is in agree-
ment with the observed disappearance of the LO
peak (Fig. 2). In impure crystals the effect would
be difficult to observe since impurity-induced LG
scattering can be comparable to or stronger than
intrinsic scattering due to the intraband- Frohlieh
inter action.

B. Dispersing two-phonon Raman peaks

We identify the observed dispersing Raman peaks
with the tw'o-phonon modes discussed previously.
At first sight two features of the data obscure this
explanation: (i) the dispersing peaks are narrow-
er than expected and (ii) one of them first appears
at the position of the LO Raman peak. These dif-
ficulties are resolved when the anisotropies of the
properties of CdS are taken into consideration.
The narrowing of the dispersing peaks follows
naturally if intraband-Frohlich coupling is assumed
to dominate the deformation-potential interaction
as pointed out by Yu and Evangelisti" (a good as-
sumption for TA scattering but somew'hat ques-
tionable for LA scattering, see the Appendix).
The magnitude of .the piezoelectric field E~ depends
strongly on the angle p between/ and the c axis. '
IE~~ has intense maxima when /=32' (for guasi-

Here the anisotropic exciton mass and phonon ve-
locities v were computed using values"" given in
the liter ature.

The a&gular dependence of the LO frequency
for Q-0 was calculated using its measured values
for P=O and P=90'. Details of the calculation are
given in the Appendix. The resulting theoretical
curves, using no adjustable parameters, describe
the measured dispersion of the Raman peaks quite
well (see Fig. 3). Our interpretation is also sup-
ported by the fact that; the same dispersing Raman
peaks are found in the scattering geometry z(yy)z
where the incident polaritons propagate with% ~~W.

It is important to note that the dispersing Raman
peaks are first observed w'hen &,. -—20605 cm '.
This is exactly the onset frequency of the inner
exciton polariton branch calculated using parame-
ters measured w'ith resonant Brillouin scattering. '
On the other hand, in an exciton picture, two-pho-
non Raman modes should first be visible when &,.
=a~=20589.5 cm '.

Let us now discuss some details of the interpre-
tation. The strong Raman peaks with Stokes shifts
larger than &«-—307 cm ' are narrow'er than the
peak with the smaller shift (see Fig. 2). This is a
consequence of the anisotropy of the properties of
CdS. While the LO frequency becomes somewhat
larger with increasing angle, the corresponding
acoustic-phonon frequency becomes smaller due
to the anisotropy of the exciton mass. Thus the
tw'o-phonon sum modes, for example, ~„
are narrowed while the difference modes v„o-(d~A
are broadened. In addition the anisotropy of the
TA velocity near P-32' tends to cancel the effect
of the mass anisotropy onq(P) so that the frequency
~(d» remains almost constant over a wide range
of intermediate Q states near P-32'. The differ-
ence peaks are less intense than the sum peaks
due to the small occupatio~ number of the relevant
acoustic phonons at T=6 K.

A feature peculiar to CdS is the observation that
the two-phonon sum peak "TA"+ LO (32') first ap-
pears at the position of LO(90'). This is a conse-
quence of the fact that for ~,. -, &„,the "TA" fre-
quency shift (-3 cm ') at P-32 is approximately
compensated by the anisotropy 0 of LO frequency
(~„o(~,o)-m„o(gp

&

—2.5 cm ').
In Fig. 2 the spectra taken at a&; «o„, (e.g., &u,

= 20 600 and 20 601.6 cm ') exhibit weak shoulders
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at frequency shifts ~(d~ around 301 cm ' which
are plotted as open circles in Fig. 3 (ar„~~; «u„p).
The values of 4uR also match w'ith a two-phonon
process; however here the initial state is not a
polariton of the inner but of the outer branch (label-
ed 2 in Fig. 1). This incident polariton is first
scattered by the absorption of a "TA" phonon into
intermediate polariton states with Q centered
around -32 . An additional scattering process by
LO emission leads to the observed final polariton
state. The corresponding process in which a "TA"
phonon is emitted produces a feature with a fre-
quency shift close to the strong LO Raman peak
making it difficult to distinguish in experiment.

Two-phonon scattering can be used to check ex-
citon dispersion at very large w'ave vectors which
are not accessible by studying one-phonon Brillou-
in scattering. " The calculated curves in Fig. 3
are based on a parabolic exciton dispersion with
mass values derived at small k values, 0 ~ 3x10
cm ', and on a linear acoustic-phonon dispersion.
The fact that the data for "TA"+LO (32') scatter-
ing are well fitted up to &,.-—20 V10 cm ' demon-
strates that the parabolic approximation is .a good
description up to k=qT„=8.3 @10' cm '. Here the
phonon wave vector q is already larger than the
reciprocal Bohr radius ao (i.e., q a0=2.3) and is
about + of the Brillouin-zone value. For compari-
son K „ in the z direction" is m/c =4.7x10' cm '.
The data for LA+ LO (14') scattering show a weak-
ening when ~,.&20 660 cm ' while those for LA+LO
(64 ) pick up relative strength. This observation,
which is not completely understood, is thought to
be related to the q dependence of the scattering
matrix elements. At a given &,, w'ave vectors of
the various scattering modes are unequal. Thus
their q-dependent intensities are also unequal.
Further, the mixing of A. - and B-exciton bands at
large K for Kz c is stronger at p= 64' than at p
-14'. This also affects the scattering intensities.

The asymmetric polarization characteristics of
the dispersing Raman peaks (observed only in

x(yy) x and x(zy) x as described previously] are re-
lated to the polarization properties of theA. and I3
excitons in CdS. While the A. exciton is dipole ac-
tive only for Ei '6, i.e.,~ polarization, the B ex-
citon is active both for Ex'6 and E

i'll,

i.e., y and

z polarization. " Thus for &,. near ~~, polaritons
are strongly excited only when E,.&%, but with in-
creasing &,, as the B exciton is approached, they
can also be excited with E;ii '6. The intermediate
polariton state on the outer branch, which may
have an admixture of the I3 exciton depending on
the angle (K,Z), has predominantly' -exciton
character. Since forbidden LO scattering is intra-
band and the final polariton state also has a dom-
inant A-exciton contribution, scattered light is ob-

served only with E,&c, i.e., y polarization. This
reasoning implies that the LO peak, which has no
intermediate polariton state, should be observable
in the forbidden scattering geometry, i.e., E, iiE, .
Indeed for incident frequencies ~, near the B ex-
citation the LO peak is observed only in x(yy)x,
but not in x(zy)x as are the dispersing two-phonon
peaks. For (d, above the 8-exciton frequency, the
LO peak is also seen in x(zz)x.

C. Multiple-acoustic-phonon scattering and the LO replica of the
free-exciton luminescence

ttleneck
ion

N (u))

(b)

N4o) x M(q)

(c)

"+LO

A"+ LO

many acoustic phonons'+ LO

ls
FIG. 4. {a) Schematic of the decay processes of the

initial polariton state I with emission of TA phonons
and one LO phonon. The spectral density A{co) of the
occupied polariton states on the outer branch which is
observed as free-exciton luminescence is presented in
{b). N {u) multiplied with the q-dependent matrix ele-
ment M{q) of the intraband Frohlich scattering is given
in {c). The resulting observed emission spectrum I~,
plotted schematically in {d), has three characteristic
features: a broad asymmetric peak representing the
LO replica of the free-exciton luminescence and two
narrower peaks arising from two-phonon and three-
phonon scattering processes.

The character of the secondary emission spectra
changes dramatically in the LO region when ~,. is
tuned through the free-exciton resonance. The
narrow LO peak, observed below resonance (but
with &u,. above the bound exciton lines) transforms
into a more complex spectrum with two contribu-
tions" (see Fig. 2 when &,.~20 615 cm '): (i) nar-
row two-phonon Raman peaks whose frequencies
change with the incident frequency +„(ii) a broad
background band whose peak position remains ap-
proximately stationary (in absolute frequency).
This is typical luminescence behavior.

The dual nature of the emission spectra is re-
lated to the different intrinsic scattering channels
taken by the excitonlike polaritons in the interme-
diate state Ilabeled with M in Fig. 4(a)]: (a) intra-
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branch scattering by the emission of one LO pho-
non giving rise to the dispersing two-phonon Ra-
man peaks, (b) interbranch scattering by acoustic
phonons (to the inner polariton branch} observable
as dispersing two-phonon Brillouin lines, ' " (c)
intrabranch scattering by acoustic phonons. Pro-
cess (c) leads through multiple- acoustic-phonon scat-
teringg

(denoted by the dashed lines in Fig. 4) to an ac-
cumulation of polar itons in the "knee" of the polar iton

dispersion curve where the acoustic-phonon scat-
tering rate is slowed down" (bottleneck region).
Here the relative probability of reaching the cryst-
al surface and transforming into an external pho-
ton is increased giving rise to free-exciton lumin-
escence. ""

The second step of the acoustic-phonon cascade,
involving scattering from state M toN on the outer
branch (see Fig. 4), can be seen in the secondary
emission spectra. It corresponds to the weak, dis-
persing feature with the largest Stokes shift (label-
ed with arrows in Fig. 2; spectra with &,.&20 630
cm '); its frequency shift 2"TA" +LO (32') is
plotted in Fig. 3 as the top curve.

The integrated strength of the luminescence band
is much larger than that of the dispersing two-pho-
non modes (see Fig. 2). Thus the acoustic-phonon
scattering rate, within the investigated frequency
range, must dominate the LO scattering rate.
This conclusion is consistent with an earlier find-
ing ' that the one-phonon Brillouin peaks in CdS
are stronger than the LO Raman peak near reso-
nance. However, it is contrary to the behavior
generally found in scattering studies of hot elec-
trons. " One reason for this difference is that the
intraband LO scattering of excitons, in contrast
to electron scattering, vanishes for q -0." This
conclusion is concerned with the scattering rate
and not with the energy relaxation rate. Theoreti-
cal comparisons of LO and I A scattering rates"
(the latter was only computed for the DP interac-
tion) are compatible with this conclusion.

Raising the sample temperature up to liquid-
nitrogen temperatures increases the acoustic-pho-
non scattering rate [see Eq. (I}]while the LO scat-
tering rate (h~JK,»80 K) remains essentially
constant. Thus, at higher temperatures the two-
phonon peaks should lose weight in favor of the
luminescence band. This is indeed observed and
explains why it is more difficult in pure crystals
to observe two-phonon modes at nitrogen tempera-
tures.

The LO replica can be viewed as a probe which
maps out the energy distribution of polaritons. Un-
like free-exciton luminescence, LO scattering
probes polaritons throughout the crystal" since
the spatial damping of LQ scattered polaritons is
very weak. Specifically, the intensity distribution

of the LO replica reproduces the polariton popula-
tion (predominantly of the outer branch) integrated
over all Q directions and modulated by the Q depen-
dence of the Frohlich matrix element. . This q de-
pendence is primarily responsible for the reduced
frequency separation 4m~ between the peaks of the
LO replica and the free-exciton luminescence;
4&~ is found to be about g&—- 8 cm ' less than the
average LO frequency, (~g-306 cm ' as illus-
trated in Fig. 4. 'Ibis figure also includes a sche-
matic of the polariton population N(&u). The peaks
at states M andN can be viewed as emission by
"hot" polaritons while the smoother distribution at
the bottleneck reflects "quasithermalized" polari-
tons.

VI. SUMMARY

We have studied the secondary emission spec-
trum of CdS in the LO frequency region when the
incident frequency &,. is tuned across the free-ex-
citon resonance. Above resonance two contribu-
tions to the spectrum can be distinguished: dis-
persing Raman peaks and a luminescence back-
ground band. While the former arises from single-
acoustic-phonon scattering followed by LO emis-
sion, the luminescence band involves multiple-
acoustic-phonon scattering followed by LO emis-
sion. A polariton description, instead of an exci'-
ton picture, is required to explain the onset fre-
quencies of the dispersing Raman peaks, their
frequency dispersion close to resonance as well
as the sudden disappearance of the LO peak above
the onset frequency of the inner polariton branch.
This disappearance is attributed to the excitation
properties of the polariton branches in conjunction
with the q dependence of the intraband Frohlich in-
teraction and is consistent with the conclusion that
the dominant intrinsic damping mechanism of the
inner polariton branch"'6 is acoustic phonon and
not LO scattering.

Finally, we comment on the possibility of ob-
serving dispersing two-phonon peaks in other
polar semiconductors which have a direct band

gap, for example, GaAs. The strength of these
peaks relative to the luminescence background de-
pends primarily on the ratio of LO-phonon to
acoustic-phonon scattering rates (of outer branch
polaritons). In general LO scattering" and con-
sequently two-phonon peaks will be stronger the
more pronounced the polar character of the materi-
al. Thus CdS, and other II-VI compounds are good
candidates while it should be difficult to observe
these peaks above the luminescence background
in GaAs 38
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APPENDIX

The frequency shifts, 5&, of the dispersing two-
phonon modes in CdS were computed on the follow-
ing bases:

(i) The relevant LO frequencies are independent
of ~Q~ and so the dispersion of n fd arises solely
from acoustic-phonon scattering. However ~«
does have an angular dependence given by"

&„o(y)=f(&„cosy)'+(&s sin/)'1'",

where P is the angle between the c axis and the
phonon wave vector Q and

(A1)

(90'), Q z Z
~i

are experimentally measured.
(ii) The wave-vector-dependent Fr'ohlich and pie-

zoelectric coupling dominate the deformation-po-
tential coupling.

(iii) Only in K-space directions in which the pie- '

zoelectric acoustic-phonon-exciton coupling is
strong is there significiant two-phonon scattering.
The mean longitudinal electric field associated
with a sound wave is proportional to an effective
piezoelectric constant' e,«(P) and to the mean
strain Sp.

2

Eg(~)& eff 4 (S S4)f f pe (y
(A2)

Here ~p is the permittivity of free space and c„p is
the static dielectric constant, whose weak angular
dependence is neglected. For quasi-"TA" and
quasi-" LA" phonons the effective piezoelectric
constant has been shown' to be

e,«("TA")= (e» -e„-e»)cos'p sinQ+e» sin'p,

2 2 2 2
(OUP -(d~

(A4)

with c the vacuum velocity of light, &~ =20 589.5
cm ' the transverse A. -exciton frequency Up cLl'p

= 15.4 cm ' the longitudinal-transverse exciton
splitting, c„=9.3 the background dielectric con-
stant, M~ the anisotropic exciton mass" "given
by

M = +
sin2& cos'p

m m
II

where m~=0. 89m, and mII=2. 8m, . The theoretical
shifts A&o=&u„(p}+v(Q}q(p) were calculated using
no adjustable parameters. Figure 3 illustrates
the good agreement with the experimental data
points.

The narrowing of the two-phonon peaks is under-
stood as meaning that acoustic-phonon scattering
via the piezoelectric interaction is stronger than
that vj.a the DP interaction for the maxima direc-
tions when ~q~~2. 5x10' cm '. This assumption is
certainly valid for TA scattering since the weak
DP interaction is allowed only for off-symmetry
directions. Furthermore it was shown experimen-
tally in CdS (Ref. 21) that forbidden TA scattering
fvia the piezoelectric (PE} interaction] becomes
larger than allowed LA scattering (DP interaction)
at p=90'. For thiS case the ratio of scattering
matrix elements evaluated between s -like exciton
states is obtained from Eq. (3) in the limit (a q)'
(& 1.

90'(TA). Since the density of intermediate exciton
states (at equal ~Q~) approaches zero for p-0', the
effective position of the strong LA coupling is
shifted from 0' to -14 .

The frequency shifts h, &„of acoustic-phonon
scattering (1-2")were determined for the four
maxima:

Afd„=~ v(y) q(y).

The angularly dependent sound velocity v(P) was
computed from the known elastic constants" and
q(P) was determined by using the anisotropic ex-
citon polariton dispersion

e,«("LA")='e
2 cos2p+ (e„+2e„)cosp sin2p,

(A3)
~(M"(TA)&~' ee„q, a', m, -m2 '
~&~"tLA)&~2 2.~„,(C,+C,) ~.+m„

where

e» =0.49 C/m2,

e„=—0.25 C/m',

e» = —0.21 C/m2.

e' has strong maxima at /=0'(LA) and fgf

=32'("TA"}and weaker maxima at 64 ("LA") and

X LA +TA

A +LA+
(A5}

with Qp 2 8xi0 m the exclton radius Qp 8 8
x &0 "C V ' m ' the permittivity of free space, &,
=9 the static dielectric constant, C2+C,=1.6 eV
the deformation potential", m„=m„=0.7m the
hole mass6, m~=m~ =0.2m the electron mass",
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ALA=4. 25 x105 cm s ' the longitudinal sound veloc-
ity, ' vT„=1.76 x10' cm s ' the transverse sound
velocity", and nT„and nL„ the thermal occu-
pation numbers of the corresponding phonons
at T=6 K. For q.„=2x10 cm-', which corresponds
to ~,. -—20592 cm ', R=1.8+0.6 which is in rough
agreement with the experimental ratio" (uncor-
rected for frequency dependent ahsorption) of 1.0
+0.3.

On the other hand it is not clear from the avail-
able DP data whether the piezoelectric interaction
is stronger than the DP interaction for LA scatter-
ing. Both the piezoelectric and the DP interactions
have their maximum strengths in CdS at P=O'. Us-
ing Eq. (2) the

rations«of

piezoelectric scatter-
ing to DP scattering (for 'fg~ c) is

(MPE(LA})'
LA (MD(LA))P

ee„ f(q) '
(A6)

where

f(q}=[1+(x„aoq)']' —I1+(r,aoq)'] ' . (AV)

q 'f(q) increases linearly with small q and reaches

a maximum near g —2g = 7.$2x10
C„.„(q}is the effective deformation potential,

which, in general, is also q dependent. " In the
limit of small q [(-,'a, q)'«1], C„.~=C,+C,= 4.1 eV."
The ratio, R „isevaluated when g«=ao =3 57x10'
cm ' (near ~,. = 20610 cm ') where the q depen-
dence of P,«can still be neglected. Inserting ypgz

m„~m„]t ——1.36pyg and m, =0.2', R«-—1.17y0.47
with the uncertainty arising mainly from the val-
ues of the deformation potential. We note here
that exciton scattering by LA phonons via the pie-
zoelectric interaction is smaller than the corre-
sponding electron scattering so that, in contrast
to the electron case,"exciton scattering via the
DP interaction is not negligible relative to that
via the piezoelectric interaction.

In the interpretation of the frequency shift of the
two-phonon peak, the angular dependence of the
effective exciton-LA-phonon interaction is more
relevant than the assumed dominance of the piezo-
electric interaction. Since the DP interaction also
has a maximum for QI5 axis (/=0') and falls off
with increasing angle p (however less rapidly than
the piezoelectric interaction) it also yields a nar-
rowing of the two-phonon line with emphasis on q
directions close to Q-14'.
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