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We extract the damping dispersion I (co) of excitonic polaritons in CdS on the basis of precise mea-

surements of the transmission and reflectance. On the low-energy side of the A„& exciton, the damp-

ing, which corresponds to the inverse dipole dephasing time, is independent of temperature, due to the

scattering with impurities. On the high-energy side the damping increases with temperature and with

the detuning from the resonance frequency due to the scattering with acoustic-phonons between different

polariton modes. The probability of exciton-phonon scattering mediated by the deformation potential

and by the piezoelectric effect is calculated and the measured damping spectrum is described qualitative-

ly and quantitatively. By analyzing our results different relaxation channels of acoustic-phonon scatter-

ing are clearly discriminated.

I. INTRODUCTION

The dispersion relations of excitonic polaritons in semi-
conductors, expressed by the dielectric function e(co, k),
contain a damping parameter I which describes the in-
teraction with all other particles and quasiparticles such
as impurities and phonons. I is commonly assumed to
be a wave-vector-independent constant. It was pointed
out in the theoretical work of Tait and Weiher' that the
interaction of polaritons with acoustic phonons yields a
wave-vector-dependent scattering probability and, conse-
quently, a dispersion of the damping term I (co).

A spectral dependence of the damping term I (co) has
been introduced by several authors to explain experimen-
tal results received in the frequency domain from Raman
scattering, Brillouin scattering, ' and transmission ex-
periments. Yu and Shen introduced a wave-vector-
dependent damping for the 1-s yellow exciton in Cu20
due to acoustic-phonon scattering to explain the disper-
sion in the experimental Raman cross sections. A
significant broadening of the Brillouin peaks was ob-
served by Ulbrich and Weisbuch in GaAs and by Shi-
genari, Lu, and Cummins in CdS during laser scanning
from below to above the exciton resonance frequency.
From transmission and reQection experiment a detuning
dependence proportional to the group velocity of the po-
lariton was reported by Broser, Pantke, and Rosenzweig
for the region just around the resonance frequency of the

, exciton in CdS. They speculated that the observed
spectral dependence is due to the scattering by charged
impurities, and neglected the role of acoustic phonons.
Dagenais and Sharfin fitted the measured transmission in
the region between the A„, and B„& resonances in
CdS assuming a scattering of polaritons by LA-acoustic
phonons via the deformation-potential interaction, and
obtained a reasonable agreement between experiment and
theory. However, they completely ignored the contribu-
tions from other intrinsic scattering processes other than
deformation-potential interactions. Similar results were
received by Refs. 7 and 8.

The damping parameter I corresponds to the inverse
exciton polariton dipole dephasing time T2, and its

dispersion can be also observed in the time domain.
The first experiments by means of time-resolved, nonde-
generate four-wave mixing in CuC1 were performed by
Masumoto, Shionoya, and Takagahara. The observed
energy dependence of the dephasing times at about 100-
kW peak power excitation was attributed to the process
of polariton-polariton scattering under high excitation.
The authors failed to measure the low-intensity dephas-
ing time, and did not obtain information about intrinsic
relaxation channels, such as scattering of polaritons by
phonons. Very recently, Vallee, Bogani, and Flytzanis'
measured the dephasing time of the exciton polariton in
CuC1 by use of a time-resolved coherent two-photon exci-
tation and probe technique. They obtained dephasing
times in the low-intensity regime; however, their tech-
nique restricted the measurements to discrete photon en-

ergies of the probe beam. From the dephasing times
measured at two spectral positions, they concluded that
for low temperatures the deformation-potential scattering
and the piezoelectric scattering contribute to the relaxa-
tion process.

In the present paper we extract the damping spectrum
of exciton polaritons from measurements in the frequency
domain. Measurements in the frequency domain can be
performed in the low-intensity regime and, furthermore,
they are not limited by discrete values of the spectrum as
in two-photon excitation. In contrast to other publica-
tions ' our analysis is based on precise measurements of
reflectance and transmission spectra in the region be-
tween the A„& and B„&exciton polariton, which estab-
lishes both the real and the imaginary parts of the dielec-
tric function. The damping spectrum obtained will be de-
scribed quantitatively, and di6'erent scattering processes
discriminated.

II. EXPERIMENT

Measurements in the temperature range of 2 —30 K
were performed with crystals of about 1-mm area and
about 10-pm thickness. The CdS samples of good optical
quality, as-grown in the vapor phase, were placed free
from any mechanical stress between paper masks and
were immersed in a variable-temperature helium cryo-
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FIG. 2. Temperature-dependent transmission spectra of a

10.25-pm-thick CdS sample within the spectral range of the
1 and B„&exciton. The photon energies have been nor-

malized to the 8-K spectrum.
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FIG. 1. Temperature-dependent transmission spectra of a
10-pm-thick CdS sample within the spectral range of the 2„
and B„=& exciton. The photon energies have been normalized
to the 2-K spectrum.

stat. As a tunable and monochromatic light source we
used a unit consisting of a xenon high-pressure lamp and
a two-grating monochromator with a resolution of 0.25 A
at a slit width of 40 pm. The light passing the exit slit of
the monochromator was polarized in Elc and focused
onto the sample. Depolarization effects inside the crystal
required a second polarization filter Eic behind the sam-
ple. To separate weak signals from stray light and
luminescence the divergence of the transmitted beam was
restricted by small pin holes and finally detected by a
photomultiplier. All spectra wee recorded for a normal
angle of incidence. With this apparatus a transmission of
less than 10 could be detected.

From a number of investigated crystals we selected a
10- (sample No. 1) and a 10.25-pm- (sample No. 2) thick
sample, which, however, showed different transmission
spectra in the region of free and bound excitons.

The predominant structures of the measured transmis-
sion spectra of sample No. 1 in Fig. 1 are due to the ab-
sorption of the free A —

&
exciton and the free B„1exci-

ton, which is partly cutoff on the high-energy edge of the
figure. The sharp line on the low-energy side of the A„
exciton corresponds to the creation of an impurity-bound
exciton complex. While, with increasing temperature,
the transmission of the low-energy wing of the A„& ex-
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FIG. 3. Temperature-dependent energy shift of exciton lines.

citon is nearly constant, a drastic decrease of intensity in
the window of transparency between the free exciton res-
onances is observed. The photon energies have been nor-
malized to the 2-K spectrum to compensate for the tem-
perature dependence of the band-gap energy, which has
been determined from the shift of impurity-bound exciton
lines.

The transmission spectra of the 10.25-pm-thick sample
No. 2 in Fig. 2 reveal as well a pronounced decrease of in-

tensity with temperature in the window of transparency
between the free exciton resonances, while on the low-

energy side of A„1 the transmission is independent of
temperature. However, in comparison with sample No. 1

the free and bound exciton lines are broadened and the
overall transmission is much weaker.

The measured shift of exciton lines with temperature in

Fig. 3 can be fitted by a linear dependence. We obtain
hE,„=—0. 10 meV/K, which is a little larger than the
value of the band-gap shift hE,q,

= —0.079 meV/K cal-
culated by Bleil' and Azuma' considering the interac-
tion of electrons and acoustic phonons via the deforma-
tion potential and the piezoelectric potential and the
thermal expansion of the lattice.

Measured reflectance and transmission spectra of sam-

ple No. 1 are compared in Fig. 4 for T =8 and 29 K. For
low temperatures the minimum of reQection of the A„
exciton coincides with the minimum of transmission near
the resonance frequency of the longitudinal exciton coL.

Up to 29 K, the shape of the reAectance changes only
slightly with increasing temperature, while the transmis-
sion decreases as described above. With increasing tem-
perature the reflectance increases slightly near the longi-
tudinal frequency coL of the A„1 exciton and decreases
slightly at the resonance frequency coo of the B„,exci-
ton, which shows a double structure, due to the k-linear
term. '

In the following sections we analyze the measured
spectra in detail to elaborate the damping dispersion of
excitonic polaritons and, furthermore, to fit the curve ob-
tained.

III. THE DAMPING SPECTRUM I (a))
QF EXCITQNIC PQI.ARITQNS

The optical spectra in the region of the A„1and B„
excitons can be calculated from the dielectric function
e(co, k)=(n*) =c k /co (k), given by the following ex-
pl esslon:
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e( co, k ) =eo 1+
2co co

A =1 A =1

C00 CO + C00
Ak

An=1 ~ An=1

2co coOBn, LTBn

coo ri)—+ coo +Pk —iI (k)co
Ak

Bn =1 ~ Bn =1B

where eo is the background dielectric constant, pk the k-
linear term, and coow, Bn=» ~LT& B„—(, M~ B are the reso-
nance frequencies, longitudinal-transverse splittings, and
the effective masses of the A„, and B„&excitons, re-
spectively. The damping parameter I (k) describes the
dissipation of excitonic polaritons and is related to the
exciton polariton dipole dephasing time T2(k) by
I (k) =2/T2(k).

Equation (1) can be derived from the dielectric func-
tion of Lorentzian oscillators, in which the resonance fre-
quencies are replaced by k-dependent exciton energies.
The so-called "spatial dispersion" leads to the existence
of more than one propagation mode for one frequency,
and additional boundary conditions (ABC' s) are neces-
sary to distribute the incoming field strength on the
different modes. Furthermore, spatial dispersion of the
medium leads to a significant k dependence of the damp-
ing parameter I (k), because scattering processes between
different branches due to acoustic phonons are possible.

The line shape of the optical spectra depend on all pa-
I

I

rameters of the dielectric function including the damping
parameter I (k). However, surface experiments such as
reflectance are mainly governed by the real part of the
dielectric function and depend only weakly on the tem-
perature (see Fig. 4), while the absorption is more
influenced by the imaginary part which is incorporated
into the damping parameter I (k). In order to elaborate
the damping parameter I (k), we first establish the real
part of the dispersion for line-shape fits of the measured
reAectance. In these fits we used Pekar's ABC' and
neglected the exciton-free surface layer, ' the spatial
dispersion (M = oo), and the k-linear term of the B„,ex-
citon. The parameters of the real part of the dielectric
function e= ( co, k ) at T =2 K received from the analysis
of the refIectance are summarized in Table I.

We restrict the analysis of the transmission spectra to
the spectral range ~&co0B„&, and neglect the spatial
dispersion of the 8 resonance. The amplitude of
transmitted light through a plane parallel plate of thick-
ness d is given by'

—ikpd 4(1+F)(n iS i + n2SqF )Si S2ET= —E0e [(1+F)—n, Ti —n2TzF j SiSz —4(n, S2+n2SiF)
ik,.d —ik,.dS;=e ' —e

1
ik. d —ik. d

e '+e
n1 EO

2

2 7

n2 —e0

(2)

where the complex refractive indices n; and k vectors k;
are calculated from Eq. (1). To derive Eq. (2), Pekar's
ABC has been assumed for the front and back surfaces.
An exciton-free surface layer has been neglected at each
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FIG. 4. Re6ection and transmission spectra of a 10-pm-thick
CdS sample within the spectral range of the 3„=1 and B„=lex-
citon for T=8 K (solid curves) and T=29 K (dashed curves).
The photon energies have been normalized to the 8-K spectra.

TABLE I. Parameters of the real part of the dielectric func-
tion e=(co, k) determined from line-shape fits of the reflectance
at T =2 K for sample Nos. 1 and 2.

~PAn =1
~LTAn =1

, (sample No. 1)

copB„=, (sample No. 2)
~LTBn =1
6O

2.5518 eV
2.0 meV

0.9m p

2.5677 eV
2.56735 eV
1.4 meV
7.4

I

surface for simplicity, because its consideration would
change the calculated transmission only by a few percent,
in contrast to the variation of the measured intensity of
about 4 orders of magnitude.

The two samples under investigation are nearly equal
in thickness and the analysis of measured reflectance re-
veals more or less identical sets of parameters for the real
part of the dielectric function. The damping dispersion
1 (k) is the only free parameter to describe the measured
transmission curves which, however, has to be different
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T=o v 3K& T
I (co, T)=I; +I(co); T) 10 K,

2%coph

(3)

where K~ is the Boltzmann constant and %cosh the energy
of the scattered phonon.

The scattering process of excitonic polaritons with
acoustic phonons is sketched in Fig. 7. In the spectral
range above the longitudinal exciton A'col & Ace, two prop-
agation modes exist: the excitonlike LBP and the pho-

for sample Nos. 1 and 2. Therefore, we assume a damp-
ing spectrum I (co) to be an unknown function of the
photon energy fico. In order to determine this function
the following iteration procedure is performed. For each
photon energy the damping is varied up to the greatest
agreement between the measured and theoretical
transmission due to Eqs. (1) and (2). The received damp-
ing spectrum I (co) is plotted in Fig. 5 for diFerent sample
temperatures. In the low-frequency part m&coL, the
damping function of the lower polariton branch (LBP) is
almost independent of temperature. This indicates col-
lisions with impurities or point defects, as described ear-
lier. In the high-frequency part co&col, the damping
I (co) of the upper polariton branch (UBP) increases
strongly with increasing temperature and with increasing
detuning from the resonance frequency coo&„&. Such a
temperature dependence indicates a scattering of excitons
by phonons.

In Fig. 6 we have plotted the temperature dependence
of the UPB damping I (co, T) for several photon energies
%co between the 3„,and B„,resonances. For a fixed
photon energy and for T ) 10 K the damping I ( T) is a
straight line intersecting with the ordinate. The common
intersection point I; for different photon energies fico is
due to impurity scattering, which, in our case, is different
for sample Nos. 1 and 2. Furthermore, the gradient at a
spectral position is equal for both samples. For high tern-
peratures (T ) 10 K) all curves can be fitted by a simple
law in an isotropic and homogeneous medium, assuming
a temperature-independent extrinsic term I; due to im-
purity scattering and an intrinsic term I' h(co, T) due to
acoustic-phonon scattering'
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FIG. 6. Temperature dependence of the damping I (T) for
different photon energies showing linear dependences between
I and T. Solid curves for T & 10 K are only to guide the eye.
The intersection with the ordinate I; =3.5X10 ' eV and
I; =2.5X10 eV for sample Nos. 1 and 2, respectively, are
due to impurity scattering.

2. 568

tonlike UBP. When an optical experiment in the range of
the UBP is performed, the measured absorption is due to
the emission or absorption of acoustic phonons. The
scattering process has to satisfy the conservation rules of
energy and momentum. Acoustic phonons have low en-
ergy and high momentum, so that photonlike polaritons
are converted into excitonlike polaritons.

With Eq. (3) the energy of the phonon fico~h involved in
the scattering process can be estimated from the experi-
mental damping spectra at T =2 K and T & 10 K, assum-
ing a homogeneous and isotropic medium. For
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FIG. 5. Damping spectra I (co) determined from transmis-
sion spectra measured at different temperatures for sample No.
1.

FIG. 7. Real part of the dielectric function of the exciton po-
lariton calculated with the parameters from Table I and an
averaged mass of M =0.95nzo. The points are the final states of
the scattering process estimated from the experiment (see text).



11 756 KARL-HEINZ PANTKE AND IMMANUEL BROSER 48

Ace =2.558 eV we obtain Ace h =0.7 meV, a value which is
in accord to the value determined by Brillouin scattering
experiments. ' The estimated phonon energies %soph in-
crease with increasing detuning from the resonance fre-
quency coo&„„as expected for the scattering of pol-
aritons from the UB to the LB by acoustic
phono ns. Neglecting the small transfer of phon on
energy, the polariton wave vector of the final state in
the scattering process kpBp can be approximated by
kt,Bp I kUQp kt,Bp l =%co&h/u, where u, is the sound
velocity of TA phonons. The estimated k vectors of the
polariton final states in the scattering process in Fig. 7
are fitted by the wave vectors calculated from the values
in Table I and an average mass of M =0.95mo has been
chosen as a variable parameter. Based on the assumption
of a homogeneous and isotropic medium we obtain an
average mass M =(M~M~~ )' larger than the perpendicu-
lar mass M~ =0.9mo and smaller than the parallel mass

M~~ =2.7mo, ' as expected for the scattering of polaritons
by acoustic phonons in a solid angle 4m. Within the
rough approximation of only one scattering channel, this
clearly proves that absorption and emission of acoustic
phonons dominates the measured absorption of exciton
polaritons in this spectra1 region.

The increase in the gradient of the straight lines with
increasing photon energy Ace for T ) 10 K in Fig. 6 re-
sults from the increase of I (co)

=
with increasing de-

tuning from the resonance frequency, which is partly
compensated by the increase of Ace h, as discussed above,
in the denominator of Eq. (3). In the next section we give
a detailed analysis of the spectral shape I (co) to
discriminate the different processes contributing to the
scattering of polaritons by acoustic phonons.

IV. THE SCATTERING OF EXCITONIC POLARITONS
WITH ACOUSTIC PHONONS

k
W(k)DP= (E, E„)'; r=0 K-

UgpQs
(4)

where E, and E„are the deformation potentials of the

To determine the wave-vector dependence of the
damping dispersion I (k), the matrix elements of an exci-
ton polariton transition from an initial state to a final
state have to be calculated, whereby the scattering pro-
cess with acoustic phonons has to satisfy the conservation
rules of energy and momentum. ' ' The transition is
governed by the exciton content in the polariton mode,
which is a slowly varying and negligible function approxi-
mating to unity around the exciton resonance. Integra-
tion over all final states yields the result for the exciton-
phonon interaction under consideration. Excitons can be
scattered via the deformation potential (DP) and
piezoelectric potential (PE) by acoustic phonons and via
the Frohlich potential by optical phonons. The scatter-
ing by optical phonons gives no significant contribution
for T (30 K (Ref. 22) and will not be discussed here.

For the deformation-potential interaction the number
of collisions per unit time of an upper branch polariton
with a phonon system at 0 K is given by'

valence and conduction bands, u, is the sound velocity, p
is the crystal density and v and k the group velocity and
wave vector of the polariton in its final state, respectively.
In Eq. (4) the longitudinal-acoustic (LA) sound velocity
has to be introduced. Transverse-acoustic (TA) waves
can be neglected, because shear waves yield a very small
deformation potential.

In hexagonal-type crystals such as CdS, exciton polari-
tons are further mediated by the piezoelectric effect. For
this interaction the number of collisions per unit time of
an upper branch polariton with a phonon system at 0 K
is given by

W(k)p~=
2m6vg pu,

2
2&ee m Pal p

ag
E'o m +mp

T=O K

A eo
p

m, P71p,

m +Ply,
(4')

I (k)„h=2W(k)p„

=2[W(k)Dp+ W(k)p~+ W(k)g]; T =0 K.

From the calculated damping dispersion I (k) in Fig. 8,
which is plotted as a function of photon energy Ace, it can
be seen that the interaction of exciton polaritons with
acoustic phonons vanishes below the exciton resonance
frequency as observed in the experiment. On the low-

energy wing of the 3, exciton the experimentaln=1

where a~ is the exciton Bohr radius, e,„ is the spherical
average of the piezoelectric constants for the TA (LA)
phonons calculated after the equations derived from Hut-
son, e is the electron charge, and m„m& are the elec-
tron and hole masses, respectively. For the derivation of
Eqs. (4) and (4'), an isotropic and homogeneous medium
has been assumed and the exciton masses are averaged in
an ellipsoidal band. The corresponding equations for
scattering of lower branch polaritons differ only by a pre-
factor and show the same wave-vector dependences as
Eqs. (4) and (4'): WUBP(k) =—„' W„np(k). For simplicity,
we apply Eqs. (4) and (4') as well for the spectral region of
the LBP below the longitudinal frequency, where the ex-
perimental absorption is nearly independent of tempera-
ture.

The collision terms Eqs. (4) and (4') have different wave
vector and spectral dependences for the deformation-
potential and piezoelectric potential interaction. Substi-
tuting U =8k/M in the spectral range co) co~ we obtain
for the scattering probability for the deformation interac-
tion, W(k)DP~ k ~co —

coo, and for the piezoelectric in-
teraction, W(k)pao-k ~(co—coo) . Calculations with the
data for CdS yield that deformation-potential scattering
I Dp dominates around and below fhe longitudinal fre-
quency co&, while piezoelectric scattering I pz becomes
more and more dominant with increasing detuning from
the lowest free exciton resonance.

From Eqs. (4) and (4'), we finally obtain for the damp-
ing dispersion I (k) of exciton polaritons due to acoustic-
phonon scattering
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TABLE II. Parameter of the damping dispersion I (k).

0

G)
E

1

Q

CC
C3

CD0

me

my,

E,—E,
+TA

+LA

~31

e33

&is

'Reference 18.
From reflectance.

'Received from fit.
Averaged value from Ref. 25.

'Reference 26.
Reference 27.

0.2mp'
0.7(klc), 1.6(k~~c)mo'
3.0 V
1.85(kJ.c), 1.76(k~~c)10' ms
4.25(klc), 4.50(k~~c)10' ms
—0.244 Cm —"
+0.440 Cm
—0.210 Cm

transmission is purely extrinsic for low temperatures.
The curves in Fig. 8 are determined from wave vectors
received by Eq. (I) and with the parameters from Tables I
and II. The calculated damping dispersions for different
averaged exciton masses M=(M~M1)' reveal a strong
increase of the scattering probability with increasing
masses due to the wave-vector dependences in Eqs. (4)
and (4').

To fit the measured damping spectrum (solid curve) at
T =2 K in Fig. 9 we added to Eq. (5) an extrinsic damp-
ing term I; =2X10 eV due to impurity scattering,
which is about half the value obtained from the intersec-
tion with the ordinate in Fig. 6. For an average mass of
M =1.13mo we obtain good agreement between experi-
ment and theory in the spectral range outside the reso-

0

C

0=1. 13

2. 548 2. 558 2. 568
PHOTON ENERGY LBVj

FIG. 8. Calculated damping dispersion of excitonic polari-
tons I (co) due to acoustic-phonon scattering for different aver-
aged exciton masses and T =0 K. For parameters see Tables I
and II.

nance (dashed curve). In the region coo(co(coL the
damping spectrum is proportional to the polariton group
velocity, and no description with this approach is possi-
ble. Taking a perpendicular mass of M~=0. 9mo we
determine a parallel mass of M~~

=1~ 8mo from the fit,
which is slightly smaller than values known from the
literature.

Additionally, we have plotted in Fig. 9 the terms con-
tributing to the intrinsic scattering by acoustic phonons
due to Eqs. (4) and (4') via the deformation and piezoelec-
tric potentials (dotted curves). Similar results can be re-
ceived for sample No. 2 with the only difference of a
much larger contribution of impurity scattering.

The only fitting parameter we have used in the descrip-
tion of the measured damping spectrum is the averaged
exciton mass M and a term due to impurity scattering
I; . For the first the received value is close to the value
given in the literature, and for the latter we got a similar
value from the intersection with the ordinate in Fig. 6.
All other numbers are taken from the analysis of
reQectance spectra, or are known from the literature. We
believe that our analysis of the damping dispersion is very
convincing and clearly demonstrates that acoustic pho-
nons and impurities contribute via different scattering
processes to the measured damping spectrum above the
free A„, exciton resonance.

V. CONCLUSION

Q

CC
2

CD0

2. 548 2. 558 2. 568
PHQTQN ENERGY LBVj

FIG. 9. Line-shape fit (dashed curve) of the measured damp-
ing spectrum I (co) (solid curve). An extrinsic term
I; =2 X 10 ' eV due to impurity scattering is added to the in-
trinsic contributions due to phonon scattering (dotted lines) via
the piezoelectric I pE and deformation-potential interactions
rDp for TA (LA) transversal (longitudinal) acoustic phonons.
For parameters see Tables I and II.

From precise measurement of reAectance and transmis-
sion we quantitatively determined the damping dispersion
and discriminated different relaxation channels of exciton
polaritons such as impurities and phonons. Above the
free exciton resonance, upper branch polaritons are main-
ly converted by absorption or emission of acoustic pho-
nons into lower branch polaritons. The calculated
scattering probabilities for the deformation-potential in-
teraction and the piezoelectric interaction agree well with
the experimental results. In our investigations we chose
CdS as a model material. However, our results can be
applied to any spatial dispersive medium showing a
piezoelectric effect.
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