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Measurement of the Damping Dispersion of Exciton Polaritons in CdS
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At 2 K, at low intensity, and in good-quality samples, the source of the exciton-polariton dipole de-
phasing time (or phase-coherence time) is found to be extrinsic in nature and due to dephasing elastic
collisions for excitation below the transverse-A4-exciton frequency, and purely intrinsic and due to quasi-
elastic collisions with acoustical phonons for excitation above the longitudinal-4-exciton frequency. The
damping increases linearly with detuning for excitation above the longitudinal-A4-exciton frequency.

PACS numbers: 71.35.+z, 71.36.+c, 72.10.Di, 78.50.Ge

In this Letter, we report detailed measurements and a
comprehensive study of the damping dispersion of both
the 4 and B exciton polaritons in CdS over a wide fre-
quency range. We identify the source of the damping
and we demonstrate for the first time that, at low tem-
peratures and in high-quality samples, the source of the
damping is completely different for excitation above and
below the lowest transverse-exciton frequency (w7,4). It
is found that the damping below the w74 frequency is
extrinsic in nature and is governed by the impurity (and
point defects) content of the sample. Above the w74 res-
onance, the dephasing is intrinsic and the results can be
well explained by an exciton-acoustic-phonon interac-
tion through the deformation-potential mechanism. This
leads to a damping coefficient above the wr4 frequency
proportional to the detuning from the w74 resonance.
These results challenge the common use of a constant,
detuning-independent, phenomenological damping coef-
ficient in the expression of the exciton contribution to the

e(K,w)=c*K*w*(K)=(n+ix)?
47[[3,4(0,%,,4 (K)

complex dielectric function. Our approach for extracting
the exciton-polariton damping is based on the precise
measurement of the optical transmission of high-quality
CdS platelets. By working in a spectral region away
from the longitudinal (w;) and transverse (wr) excitons,
the present study deliberately avoids the need of deter-
mining the correct additional boundary condition and the
appropriate dead-layer thickness.'> Given the sample
thickness and purity used in the experiment, the addi-
tional wave is of too small amplitude to perturb
significantly the observed Fabry-Perot fringes. Future
work in and around the w;r region should provide a
means of testing different additional boundary condi-
tions, as was already suggested by Broser, Pantke, and
Rosenzweig,? but this is not the present intent.

We have restricted our present studies in CdS to light
polarized perpendicular to the ¢ axis and to frequencies
around the 4 and B excitons. The dispersion relation,
expressed by the dielectric function e(k,w), is given by
the following expression*~¢:
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where wp,4(K) and w,,5(K) are given by

hwma (K) =Emar+h>K*2M, (3a)

hwmp(K) =E g1+ h>K*/2Mp * ¢K; (3b)
k is related to the absorption coeflicient a by

2wk/c =a, (4)

and n is the index of refraction. E,.4 7 and E,p 1 are
the mth transverse-exciton energies, 84 and Bg are the A
and B exciton polarizabilities, €, is the background
dielectric constant, which contains contributions from all
interactions except the 4 and B excitons, and I'4 and I'g
are the damping coefficients of the 4 and B polaritons,
respectively.

Over the years, it has been customary to use a phe-
nomenological constant damping coefficient in the ex-
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pression for the dielectric function.>””7 This has been sat-
isfactory since very few experiments require a detailed
knowledge of the functional dependence of the damping.
The techniques that have been used to study polaritons
include reflectance, transmittance, resonant Brillouin
scattering, photoluminescence, and nonlinear techniques
such as four-wave mixing and hyper-Raman scattering.
To our knowledge, the first convincing experimental evi-
dence for a detuning dependence of the damping came
from the work of Yu and Shen in Cu,0.%® In their exper-
iment, it was found necessary to introduce a wave-
vector-dependent damping term for the 1s yellow exci-
ton to explain the dispersion of their Raman cross sec-
tion. More recently, in the work by Ulbrich and Weis-
buch in GaAs,’ and Shigenari, Lu, and Cummins in
CdS,'? a significant broadening of the Brillouin peaks
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was observed as the laser was scanned from below to
above the transverse-exciton frequency wr. From such
measurements, Shigenari, Lu, and Cummins extracted
a complicated detuning dependence of the exciton-
polariton damping. At frequencies more than 20 cm ~!
above the w7 frequency, a rapid decrease in the resonant
Brillouin-scattering efficiency as well as increasingly seri-
ous local heating by their incident beam (=8mW) made
reliable measurements of the linewidth very difficult.
For excitation below the wr or above the w; frequencies,
the source of the damping was not clearly identified.
Very recently, Broser, Pantke, and Rosenzweig moni-
tored both the transmission and the reflection of a CdS
sample and extracted the detuning dependence of the
damping around the A-exciton resonance.''! They
claimed that the damping coefficient just around the res-
onance has the same detuning dependence as the group
velocity of the A4 polariton. They speculated that the fre-
quency dependence of the damping can be explained by
the collision of polaritons with charged impurities. The
role of acoustical phonons was completely ignored. In a
different approach, Masumoto, Shionoya, and Taka-
gahara'? reported a nonlinear technique based on four-
wave mixing for extracting the frequency dependence of
the dephasing time of exciton polaritons in CuCl. Un-
fortunately, their technique failed to measure the low-
intensity (concentration independent) dephasing time of
exciton polaritons.

In our experiment, a krypton-ion-pumped cw ring dye
laser operating with coumarin 102 dye around 487 nm is
used as the source. The laser has a multimode linewidth
of about 0.6 cm ~!. A photodiode monitors a small frac-
tion of the 0.25-mW incident input power and another
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FIG. 1. Measurement of logjo(transmission) vs 1/A (solid
line) for a high-quality 1.2-um-thick CdS sample for frequen-
cies around the 4 and B excitons. The short-dashed line is a
theoretical fit to the experimental data with use of a detuning-
dependent dephasing time above the wr4 region. Good agree-
ment is obtained. The long-dashed line is a fit under the as-
sumption of a constant dephasing time (7, =35 ps) above the
wTt4 region. As can be seen, a single-value dephasing time only
fits the experimental results over a very small energy range.

photodiode placed beyond the sample monitors the
transmitted beam. The laser is scanned continuously
with a computer-controlled stepping motor that turns the
birefringent filter inside the dye laser. The wavelength
of the light is accurately monitored by a Burleigh
wavemeter and this number is stored in memory at the
same time as the transmission is read and stored in
memory. The CdS samples are held stress-free in
superfluid helium. A recording of the transmission of a
good optical-quality 1.2-um-thick sample around the A4
and B excitons is shown in Fig. 1. The Fabry-Perot
transmission oscillations are due to Fresnel reflection
from the surfaces of the sample. A numerical fit that
uses the theory to be described below is shown. Very
good agreement between theory and experiment is ob-
tained. The value of the physical parameters extracted
from the best fit to the transmission data are shown in
Table 1.'> e;r is the longitudinal-transverse exciton
splitting and f is the oscillator strength of the free exci-
ton per unit cell of the crystal. The standard expressions
for a Fabry-Perot etalon with losses were used.'* There
is a substantial literature of optical studies of CdS
designed to extract the parameters of exciton polari-
tons.!> These studies are in good agreement with the
present results after due account is taken of Ref. 13.
Even though many parameters are involved in the fit,
they each have different effects on the spectrum.! The
small uncertainty on the parameters shown in Table I is
a measure of the accuracy of our fitting procedure when
applied to different samples.

For excitation above the w;4 frequency, the inner-
branch polaritons are mostly responsible for the absorp-
tion process (conversion of the incident photon to a po-
lariton). Subsequent to the absorption process, the
inner-branch polariton is scattered to an outer-branch
polariton by an acoustic phonon via the deformation-
potential interaction. The total number of collisions per
unit time W of an upper-branch polariton with a phonon
system at 0 K is given by '®

W(K)=(C.—C.)*K>2rpcs heg, )

where ¢, is the LA phonon velocity, vg, is the group ve-
locity of the lower branch polariton, C, and C, are the
deformation potential of the valence and conduction

TABLE I. Physical properties of CdS measured in our ex-
periment.

Sfaexe=2.30x10 "3
SBexc=1.68x1073
Er4=20583.8+0.5¢cm ™!
Er8=20706.0+1.0 cm ™!
ny =€, 2=2.40=%0.1
ELT|A“C=I5.8 +0.3 cm_'
Eiri,, =145%03cm ™!
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TABLE II. Measurement of the 4 and B exciton-polariton dephasing rates in different sam-

ples for different laser detunings.

Dephasing Dephasing speed Dephasing speed
time of the A4 exciton of the B exciton
Sample below A4 above the A below the B

thickness exciton exciton resonance exciton resonance
(um) (ps) (cm/s) (cm/s)
12.5 100 1.9x10° 9% 1083
2.8 28 2.1x10° 8x108
15.6 100 1.8x10° 7x108
1.21 40 3.8x10° 1x10°

bands (for CdS, C. and C, are tensorial entities), p is the
crystal density, and K is the polariton wave vector in its
final state. The exciton-polariton damping is directly re-
lated to the phonon collision rate by I'(K) =2W(K) or
to the exciton-polariton dipole dephasing time by
I'(K)=2/T,(K). For large values of K (K> M,C;/h),
the damping is directly proportional to the detuning from
the wr frequency. Even though CdS is an anisotropic
crystal, we can approximately evaluate the importance of
the LA phonon-scattering mechanism by using the
following parameters: C,—C.=3.0 eV, M,=1.3m,
(based on the average mass of an exciton in an ellip-
soidal band), p=4.82 g/cc, ¢, =4.2%10° cm/s. For large
K, we can define a dephasing speed v, in the following
way:

W(K) =v,Ac, (6)

where Ao is the detuning in reciprocal centimeters. We
calculate a dephasing speed of vgmeor =7.0%10% cm/s
compared to the experimentally measured dephasing
speed of tgexpt=1.9%10° cm/s. The agreement is quite
reasonable considering the uncertainty in the values of
the deformation-potential parameters in CdS. !’

For excitation below the wr4 frequency, we have re-
cently worked out a theory to explain the dephasing of
exciton polaritons from elastic collisions with impurities
and point defects. We have found that polaritons de-
phase at a rate!8

1 sin(2zAl/vgT)
W-—T—2 = NimpOrg |1 ————2”A1/L‘GT , @
where vg is the polariton group velocity, niyp is the im-
purity concentration, 6 is the impact cross section, and
Al is an effective length that characterizes the collision.
For small vg, W is proportional to vg. For large vg, the
dephasing rate W is inversely proportional to vg. When
different types of impurities contribute to the polariton
scattering, a phenomenological, sample-dependent, con-
stant dephasing rate often provides a reasonable fit to the
transmission data in the spectral region of interest.
Table II shows the values of the parameters used to
characterize the dephasing both above and below the

1778

transverse-exciton frequency in four different samples.
As can be seen, widely different dephasing times are re-
quired to characterize the absorption below the frequen-
cy ot in different samples. On the other hand, above wr
the dephasing speeds are found to vary little from sample
to sample, indicating the intrinsic nature of the process
responsible for dephasing the polaritons. Only in the
thinner sample, where thermal effects are more likely to
play a role, do we observe a larger dephasing speed.
Indeed, a temperature of only 5 K is sufficient to explain
this result. A temperature study revealed that the damp-
ing below w7 is independent of temperature up to 50 K
and that the damping above wr is a very sensitive func-
tion of temperature. These temperature results also sup-
port the extrinsic nature of the damping below wr
and the intrinsic nature of the damping above the
transverse-A-exciton frequency.

In conclusion, detailed transmission measurements
have clearly identified the extrinsic origin of the damping
below the A4 free exciton and the intrinsic role of acousti-
cal phonons in the dephasing of polaritons above the
transverse-exciton frequency. Precise values of the de-
phasing rate of exciton polaritons were obtained over a
very wide frequency range around the 4 and B excitons
in CdS.

The authors wish to thank Mr. John Greene, Jr., and
Mr. Peter Ketteridge for their expert technical assis-
tance. The authors also acknowledge may useful discus-
sions with Dr. E. Koteles, Dr. R. J. Seymour, and Pro-
fessor E. Hanamura. Further thanks go to Dr. D. C.
Reynolds from Wright-Patterson Air Force Base for his
having supplied the high optical quality CdS crystals
used in these studies. This work was supported by the
U.S. Air Force Office of Scientific Research under Con-
tract No. F49620-84C-0052.

1. V. Makarenko, I. N. Uraltsev, and V. A. Kiselev, Phys.
Status Solidi (b) 98, 773 (1980); V. A. Kiselev, B. S. Razbirin,
and I. N. Uraltsev, Phys. Status Solidi (b) 72, 161 (1975).



VOLUME 58, NUMBER 17

PHYSICAL REVIEW LETTERS

27 APRIL 1987

2C. Gourdon and P. Lavallard, Phys. Rev. B 31, 6654
(1985).

31. Broser, K.-H. Pantke, and M. Rosenzweig, Solid State
Commun. 58, 441 (1986).

4M. Dagenais and W. F. Sharfin, J. Opt. Soc. Am. B 2, 1179
(1985).

5C. Weisbuch and R. G. Ulbrich, in Light Scattering in
Solids 111, edited by M. Cardona and G. Guntherodt, Topics in
Applied Physics Vol. 51 (Springer-Verlag, New York, 1982),
p. 207.

SE. S. Koteles, in Excitons, edited by E. I. Rashba and M.
D. Sturge (North Holland, New York, 1982), p. 83.

7). J. Hopfield and D. G. Thomas, Phys. Rev. 132, 563
(1963); W. Brenig, R. Zeyher, and J. L. Birman, Phys. Rev. B
6, 4617 (1972); L. Schultheis, J. Kuhl, A. Honold, and C. W.
Tu, Phys. Rev. Lett. 57, 1797 (1986); P. Y. Yu, in Light
Scattering in Solids, edited by J. L. Birman, H. Z. Cummins,
and K. K. Rebane (Plenum, New York, 1979), p. 143;
R. Loudon, in Nonlinear Spectroscopy, International School of
Physics “Enrico Fermi” Course 64, edited by N. Bloembergen
(North Holland, New York, 1977), p. 296.

8P. Y. Yu and Y. R. Shen, Phys. Rev. B 12, 1377 (1975).

9R. G. Ulbrich and C. Weisbuch, in Festkorperprobleme:
Advances in Solid State Physics, edited by J. Treusch
(Vieweg, Braunschweig, 1978), Vol. 18, p. 217.

10T, Shigenari, X. Z. Lu, and H. Z. Cummins, Phys. Rev. B
30, 1962 (1984).

U], Broser, K.-H. Pantke, and M. Rosenzweig, Phys. Status
Solidi (b) 132, K117 (1985).

12y, Masumoto, S. Shionoya, and T. Takagahara, Phys. Rev.
Lett. 51, 923 (1983).

I3All the energies in reciprocal centimeters given in this paper
were taken as 1/Aya, where Ayac is the vacuum wavelength of
light accurately measured with a wavemeter. Our background
index of impaction is defined by Eq. (2), and consequently
differs from that of most workers in the field who incorrectly
measure it at a small detuning (30-50 cm ~!) from resonance.

14J. W. Austin, Ph.D. dissertation, University of Southern
California, 1972 (unpublished).

15]. Voigt, F. Spiegelberg, and M. Senoner, Phys. Status Soli-
di (b) 91, 189 (1979); 1. Broser and M. Rosenzweig, Phys.
Rev. B 22, 2000 (1980); A. B. Pevtsov, S. A. Permogorov, Sh.
R. Saifullaev, and A. V. Sel’kin, Fiz. Tverd. Tela (Leningrad)
22, 2400 (1980) [Sov. Phys. Solid State 22, 1396 (1980)].

16T, Takagahara, Phys. Rev. B 31, 8171 (1985); V. V. Trav-
nikov and V. V. Krivolapchuk, Zh. Eksp. Teor. Fiz. 85, 2087
(1983) [Sov. Phys. JETP 56, 1210 (1983)].

17D. W. Langer, R. N. Euwema, K. Era, and T. Koda, Phys.
Rev. B 10, 4005 (1970); O. Goede, M. Blaschke, and K. H.
Klohs, Phys. Status Solidi (b) 76, 267 (1976); J. E. Rowe,
M. Cardona, and F. H. Pollak, in II-VI Semiconductor Com-
pounds, edited by D. G. Thomas (Benjamin, New York, 1967)
p. 112.

I8M. Dagenais and W. F. Sharfin, unpublished.

1779



