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Coherent dynamics of bipolaritons in bulk CdS
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The coherent dynamics of an optically driven exciton–photon–bipolariton system is studied in bulk CdS.
Applying backward-scattering four-wave mixing~FWM! spectroscopy, we analyze the two-photon polarization
associated with excitonic molecules and determine the dephasing timeT2.4.8 ps. We demonstrate that the
molecule-mediated FWM signal persists at positive time delays even in thex (3) limit, due to the spatial pinning
of coherent polaritons induced by the second pulse. By generalizing the bipolariton model to uniaxial semi-
conductors, we calculatet rad

XX.2.8 ps, justify theT252T1 limit, and prove the bipolariton representation for
excitonic molecules in CdS.
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I. INTRODUCTION

Resonantly interacting excitons and photons give rise
polariton eigenstates in solids.1 Consequently, the optica
properties of excitonic molecules (XXs! can be described in
terms of polariton–polariton interaction, i.e., by the sche
‘‘two polaritons↔XX’’ which results in the bipolariton rep-
resentation ofXXs.2 Since the observation of photolumine
cence of excitonic molecules in CuCl,3 this semiconductor
became a prototype material in optics of molecules, due to
optical isotropy and the largeXX binding energy. The optics
of excitonic molecules in hexagonal semiconductors, l
CdS or CdSe, is more sophisticated and much less devel
because of the anisotropy in the exciton–photon transitio4

At present, the polariton concept is extended to semicond
tor microcavities and very recent studies address even
problem of cavity bipolaritons for semiconducto
nanostructures.5–8 Although the bipolariton eigenstate is
basic elementary excitation in solids, the optical propertie
these quasiparticles are not fully understood yet, mainly
to the lack of relevant experimental data. Except from b
CuCl,4,9–12the bipolariton picture of excitonic molecules h
not been experimentally verified for other materials, and
most no information is available about the coherent dyna
ics in the coupled exciton–photon–bipolariton system.

For optically isotropic semiconductors, the bipolarito
model interprets an excitonic molecule as two quasibo
s1 ands2-polarized polaritons provided that both exciton
exciton Coulombic interaction~attraction! and the exciton–
photon coupling~polariton effect! are treated simultaneousl
and beyond low-order perturbation theory.2 The bipolariton
concept implies a hierarchy of interactions: The coupling
molecules with the light field should be stronger than a
other scattering process. This means that the decay of
two-photon polarization associated with excitonic molecu
is mainly determined by the radiative decay ofXXs ~the T2
52T1 limit !. In particular, the optical decay of molecule
should dominate overXX-phonon scattering. In spite of th
long radiative lifetime of excitonic molecules in bulk CuC
t rad

XX.20 ps, the bipolariton representation is valid for th
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o

e

ts

e
ed
.
c-
he

f
e

k

l-
-

d

f
y
he
s

semiconductor2, due to an anomalously weak exciton
phonon interaction in CuCl.13 As we will show below, the
bipolariton picture is also valid for excitonic molecules
bulk CdS at low temperatures, because the radiative lifet
of the molecules is about 3 ps, while the relevant scatter
time due to exciton–LA–phonon interaction refers to a
picosecond time scale.14–16

Within the bipolariton picture the sequence ‘‘two incom
ing (s1 ands2) photons→two polaritons→XX→two out-
going polaritons’’ is a coherent process. For relatively lo
optical intensities and within the first 10 to 20 ps after t
sub-ps optical pump pulse, the resonantly coupled excito
photons, and excitonic molecules form a conservative
namical system in the optically active surface layer of hig
quality bulk CdS~i.e., Hopfield’s concept of a conservativ
exciton–photon system1 is generalized in order to includ
excitonic molecules created by nonlinear two-photon abso
tion!. As a result, the two basic processes, the coherent o
cal decay of excitonic molecules and propagation of
pump-/probe–pulse-induced polaritons in the optically act
surface layer, determine theXX-mediated response, e.g., in
four-wave mixing~FWM! experiment.

In this work, we study the dynamics of an optical
driven/decaying coherent ensemble of excitons, photons,
excitonic molecules in CdS and prove the validity of t
bipolariton representation for a Wurtzite-type semiconduc
at low bath temperatures. In Sec. II we outline the details
the experiment and discuss the relevant sample parame
The concept of backward-scattering FWM is presented,
its sensitivity to different group velocities of lower and upp
branch polaritons and excitonic molecules are illustrated
Sec. III, by adapting an exactly solvable bipolariton mode17

to hexagonal CdS, we calculate the radiative decay
G rad51/t rad

XX of the molecule state. In Sec. IV the FWM sig
nals observed at negative and positive delay timest are ana-
lyzed separately. We show that the calculated radiative l
time t rad

XX satisfies the condition 2t rad
XX.T2, whereT2 is the

dephasing time measured att,0, and, therefore, justify the
bipolariton representation of excitonic molecules in CdS
low temperatures. We discuss the bipolariton distribution
©2001 The American Physical Society06-1
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k space and show how it is mirrored in the spectral a
temporal response of the FWM signal at positive delay tim
t.0. A short summary of the results is given in Sec. V.

II. EXPERIMENT

Four-wave mixing experiments in bulk semiconducto
with strong exciton–photon interaction show signatures
both dephasing and propagation dynamics. When detec
the FWM signal in the backward-scattering geometry,
propagation and dephasing effects can be discriminate18

Here, we apply this geometry to exploit the strong diffe
ences in the group velocities of resonantly interacting up
branch polaritons, lower branch polaritons, and excito
molecules in CdS.

A. Sample

CdS is a polar II–VI semiconductor of Wurtzite cryst
lattice structure with a band gap energy of 2.582 eV aT
54 K. The transverseA-exciton energy atk50 is ET

A

.2.5517 eV and the longitudinal-transverse~LT! splitting
amounts to\vLT.1.9 meV. The reported values for th
binding energy of the excitonic moleculeeXX vary between
2.5 and 5.4 meV depending on the applied experime
techniques. Experiments based on two-photon proce
yield values for eXX between 4.4 and 4.6 meV.eXX

52.5 meV has been determined in magnetooptical exp
ments andeXX55.4 meV was obtained in photolumine
cence measurements under high excitation by a pulsed2
laser.19–24

First studies of the coherent dynamics of polaritons
hexagonal CdS single crystals are presented in Ref. 25 u
femtosecond transient and spectrally resolved four-w
mixing experiments. The observed similar size of linewid
and longitudinal-transverse splitting energy\vLT implies
that only the polariton concept gives an adequate descrip
of the coherent dynamics in CdS. Consequently, the cohe
dynamics of excitonic molecules in CdS should also invo
the resonant coupling of excitons and photons resulting
transverse and mixed polariton modes.26–29

The investigated high-quality CdS platelet with an i
plane crystal axisc and a thicknessd.2 mm was mounted
stress free in a helium cryostat. Reflections from the b
surface were avoided by the wedge shape of the sample

B. Four-wave mixing in backward-scattering geometry

In a FWM experiment with incoming pump and prob
laser pulses of different delay times, the wave vectorsk1

(0)

and k2
(0) are not conserved at the crystal surface, i.e.,

incoming photons induce ak1- (k2-! distribution of copropa-
gating polaritons, which generally involves both branches
the polariton dispersion@i.e., the upper and lower polarito
branches~UPB and LPB!#, according to the pulse spectru
and energy position. For the delay timet between the pump
and probe pulse, two different regimest.0 andt,0 have
to be considered.

For negative delay timest,0 ~i.e., the pump pulse ar
rives earlier than the probe pulse! the propagation dynamic
23520
d
s

f
ng
e
.
-
r

c

al
es

ri-

N

ng
e

n
nt

e
in

k

e

f

does not influence the backward-scatteredXX-mediated
FWM signal because the group velocity of the optically ge
erated molecules ~bipolaritons! is small (vG

XX<1.5
3106 cm/s), due to the absence of one-photon reson
coupling between excitonic molecules and the light fie
This case allows us to examine the dephasing proces
bipolaritons.

For positive delay timest.0, however, the propagatio
effects become important for the FWM dynamics, beca
the probe pulse excites polaritons with strongly frequen
varying group velocities. With increasing positivet only the
slowly propagating polaritons among those induced by
probe pulse are still staying in the surface layer at the ti
when the pump pulse arrives. In other words, the propaga
dynamics segregates the polaritons: Upper branch polari
with smallk2 @vG

POL(k250)50# and lower branch polaritons
with large wave vectorsk2 @the smallest group velocity alon
the LPB is specified byvG

POL(k251.293106 cm21)52.14
3106 cm/s] survive, while all other polaritons with hig
vG

POL rapidly leave the optically active surface layer. Th
above scenario, which involves the coherent polarito
pinned in the surface layer, explains the molecule-media
FWM signal att.0 even by the lowest-order nonlinear su
ceptibility x (3).

In Fig. 1 we show the resonant polariton transitions
volved in theXX-mediated FWM backward scattering fo
frequency-degenerate two-photon excitation of molecules
this case anXX is created atK52k0 by resonant scattering
of two lower-branch polaritons withk15k185k0 ~for CdS,
uk0u.5.13105 cm21). The FWM signal in the backward
scattering direction is induced by lower-branch polarito
with k2.3k0, according to the momentum-energy conserv
tion law.

In our FWM setup the femtosecond pulses are genera
by an optical parametric oscillator pumped by a Ti:Sa la
system. The Gaussian optical pulses of 18 meV spec

FIG. 1. Scheme of the optical transitions ink space generating
the backward-scattered FWM signal at the energy of
bipolariton–polariton transition for the particular example of dege
erate two-polariton excitation of excitonic molecules. Bipolarito
are excited by the LPB1LPB→XX process.
6-2
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COHERENT DYNAMICS OF BIPOLARITONS IN BULK CdS PHYSICAL REVIEW B64 235206
width ~FWHM! are centered at 2.549 eV and polarizedE'c.
Using a spectrometer and a CCD camera with 0.3 meV sp
tral resolution, we measure the time-integrated~TI! and spec-
trally resolved~SR! backscattered FWM signal as a functio
of delay timet between the two pulses. Figure 2 shows t
temporal FWM response measured in the backscattered
rection at energyEXX2ET

A (XX–A transition, whereEXX is
the molecule energy! and at the energiesEUPB

A and ELPB
A of

the upper- and lower-branch polaritons. The large spec
width of the laser pulse~see the inset of Fig. 2! allows us to
detect simultaneously the above-mentioned resonant tra
tions. For positive delay timet.0, the modulation of the
UPB signal by a 2.2 ps-period stems from coherent pol
tons sharply distributed atET

A andET
A1\vLT . Thus the pe-

riod of this oscillations is given by the LT-energy splitting
1.9 meV. The fast oscillations at the UPB and LPB energ
observed for22 ps,t,0 are due to interference betwee
the FWM signals associated with theXX and unbound two-
polariton states, respectively.2,30 The period of these oscilla
tions yields the molecule binding energyeXX.5.1 meV.

In the following analysis of the molecule-mediated FW
response, which proves the bipolariton picture for excito
molecules in CdS, we focus on the FWM signals measure
theXX–A transition. Here the interesting signatures are~i! a
slow exponential rise of theXX-mediated FWM signal a
negative delay times, and~ii ! a modulation of theXX–A
signal with an oscillation period of 6.2 ps at positive del
times.

III. THE BIPOLARITON MODEL FOR EXCITONIC
MOLECULES IN CADMIUM SULFIDE

The bipolariton model of excitonic molecules in Wurtzit
type semiconductors, such as CdS, deals with a quasibo

FIG. 2. The intensity of the TI backward-scattered FWM sign
as a function of delay timet. The FWM signal is measured at th
energies of the UPB, LPB, andXX–A transition in bulk CdS atT
55 K. The curves are displaced for clarity. The inset shows
spectrum of the exciting laser pulses polarizedE'c, centered at
2.549 eV with an intensity ofI pulse.64 nJ/cm2 and a bandwidth of
18 meV~FWHM!.
23520
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state of two optically dressed excitons, which are interpre
in terms of both, transverse and mixed, polaritons. In t
section we~i! characterize briefly transverse and mixed p
lariton modes and~ii ! adapt the exactly solvable bipolarito
model to molecules in CdS.

A. Transverse and mixed polaritons

The mixed and transverse polariton modes in lo
temperature bulk CdS have been studied in experiments.26–29

The optical transition to ground-stateA excitons is forbidden
in the Eic polarization and allowed forE'c, whereE is the
electric field vector. Thus in the spectral vicinity of th
A-exciton line, the permittivity tensor« i j (v,k) in the
principal-axes coordinate system has only two independ
components,« i(v,k)5«b and «'(v,k), for Eic and E'c,
respectively. Apart from the background dielectric const
«b , «'(v,k) has also a resonant contribution from th
A-exciton state. The tensor« i j gives rise to transverse an
mixed polaritons with dispersions determined by

c2k2[c2~k'
2 1ki

2!5v2@«b14px'
A~k' ,ki ,v!#, ~1a!

c2ki
25@v22~c2k'

2 !/«b#@«b14px'
A~k' ,ki ,v!#, ~1b!

respectively, whereki (k') is the component of the polarito
wave vectork along ~perpendicular to! the main crystallo-
graphic axis c. The exciton-mediated resonant suscep
bility x'

A is given by 4px'
A5(«bVc

2)/@vT
21(\vT /M i)ki

2

1(\vT /M')k'
2 2v2#, where \vT5ET

A(k50), M i
52.85m0 and M'50.9m0 are the longitudinal and trans
verse A-exciton masses, respectively,«b58.9, and \Vc
5\(2vTvLT)1/2.98.5 meV yields the polariton Rabi fre
quency for transverse modes.31

The dispersion Eqs.~1a!–~1b! yield the frequencies of
transverse (v trans

6 ) and mixed (vmix
6 ) polaritons,

~v trans
6 !25@v trans

6 ~k' ,ki!#
2

5 1
2 @~vx

21vg
21Vc

2!

6@~vx
22vg

21Vc
2!214Vc

2vg
2#1/2#, ~2a!

~vmix
6 !25@vmix

6 ~k' ,ki!#
2

5 1
2 @~vx

21vg
21Vc

2!

6@~vx
22vg

21Vc
2!214Vc

2vgi
2 #1/2#, ~2b!

where v2(v1) refers to the lower~upper! dispersion
branch, vx

25vT
21(\vT /M i)ki

21(\vT /M')k'
2 and vg

2

5(c2k2)/«b are theA exciton and photon dispersions, re
spectively, andvgi

2 5(c2ki
2)/«b . According to Eqs.~2a!–

~2b!, for kic ~i.e., k'50) the mixed polariton state is trans
verse (E'k) and vmix

6 5v trans
6 ; for k'c ~i.e., ki50) mixed

polaritons decouple into transverse light and longitudinal
citons. The latter means thatvmix

6 →vg(k') and vx(k')
1vLT . In a general case, when the angle between the po
iton wave vectork and the axisc is equalu (0,u,p/2),
the mixed polariton mode is neither purely transverse
purely longitudinal, i.e., 0,k•E,ukuuEu. Asymptotics of the
polariton lower dispersion branches fork→` and fixedu are
given by v trans

2 (k→`)→vT and vmix
2 (k→`)→vT

1vLT sin2u. The asymptotics are important for the exac

l

e
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solvable bipolariton model. The energies of lower-branch
laritons associated with theA-exciton resonance,Etrans

LPB

5\v trans
2 (k' ,ki) and Emix

LPB5\vmix
2 (k' ,ki), are plotted in

Fig. 3.

B. Exactly solvable bipolariton model for excitonic molecules
in CdS

The bipolariton model2 interprets an excitonic molecul
with the center-of-mass wave vectorK as the bipolariton

state which is characterized by the energyẼXX(K )
5EXX(K )1D rad(K )2( i /2)G rad(K ). Here, D rad(K ) and
G rad(K ) are the radiative corrections, i.e., the Lamb shift a
the radiative width of theXX state, respectively, an
EXX(K )52ET

A(k50)2eXX1\2K2/2MXX is the energy of
the optically undressed molecule (MXX is the molecule trans
lational mass!. Note thatD rad(K ) andG rad(K ) are the output
parameters of the bipolariton model and should be found
solving the bipolariton wave equation. In order to adapt
exactly solvable bipolariton model17 to excitonic molecules
in optically highly anisotropic bulk CdS, we include equ
contributions of transverse and mixed polariton modes to

total bipolariton wave functionC̃. Namely, according to the
group theory study,32 ~i! the molecule wave function include
with equal probabilities the constituent excitons which g
rise to transverse and mixed polaritons, and~ii ! there is no
quantum interference between the two decay pathes, i.e.
molecule decays either in two transverse or in two mix
outgoing polaritons. The latter means thatG rad5(1/2)
3@G rad

trans(K )1G rad
mix(K )#, where G rad

trans/2 and G rad
mix/2 are the

partial radiative rates of the photon-assisted resonant di
ciation of the molecule into two transverse and two mix
polaritons, respectively.

The bipolariton wave equations for the molecule st
constructed as a linear combination of two quasibound tra
verse polaritons (i 5trans) and two quasibound mixed p
laritons (i 5mix), are given by

FIG. 3. The dispersion of lower-branch transverse polarito
Etrans

LPB(k' ,ki)2ET
A(k50), and of lower-branch mixed polaritons

Emix
LPB(k' ,ki)2ET

A(k50). The energies of transverse~the lower sur-
face! and mixed ~the upper surface! polaritons coincide atk
5$ki ,k'50%.
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LPB~p1K /2!1Ei

LPB~2p1K /2!#C̃ i~p,K !

1 f i~p,K !(
p8

W12~p2p8!C̃ i~p8,K !5Ẽi
XX~K !C̃ i~p,K !,

~3!

wherep is the reduced relative momentum of two constitue
polaritons, W12 is the Coulombic potential of exciton–
exciton interaction,

f i~p,K !5ui
2~p1K /2!ui

2~2p1K /2!,

utrans
2 ~p!5@114d trans

2 ~p!/Vc
2#21,

umix
2 ~p!5$11@11nmix~p!#@4dmix

2 ~p!/Vc
2#%21,

\d i~p!5ET
A~p' ,pi!2Ei

LBP~p' ,pi!,

and

nmix~p!5@~\cp' /A«b!2~\cpi /A«b!2#/$@Emix
LPB~p' ,pi!#

2

2~\cp' /A«b!2%2.

The bipolariton energy is given by

ẼXX~K !5~1/2!~Ẽtrans
XX 1Ẽmix

XX !

5EXX1~1/2!~D rad
trans1D rad

mix!2~ i /4!~G rad
trans1G rad

mix!.

Equation~3! assumes~i! the excitonic representation of mo
ecules and~ii ! the leading contribution of lower-branch po
laritons to the bipolariton wave function. The first assum
tion is valid if the ratio between the molecule and excit
binding energies is small, i.e.,eXX/eX!1 (eXX/eX.0.18 for
CdS!. While in our experiments the upper-branch polarito
do contribute to the stimulatedXX-mediated scattering pro
cesses, their contribution to the spontaneous decay of m
ecules is of two to three orders of magnitude smaller th
that due to lower-branch polaritons~see the detailed discus
sion of this question in Ref. 2!. Thus the bipolariton wave
Eq. ~3! describes the Coulombically correlated relative m
tion of two polaritons~transverse and mixed! along the two
energy sheets plotted in Fig. 3.

Being applied to hexagonal CdS, the exactly solvable
polariton model~i! uses decoupling of the bipolariton wav
functions into two parts,C̃ i5C i

XX1dC i , where C i
XX is

dominant atupu;1/aXX@(A«bET
A)/(\c) (aXX is the mol-

ecule radius! and is determined by the Schro¨dinger equation
for optically undressed excitons, anddC i is dominant at the
optical rangeupu<(A«bET

A)/(\c) and describes the outgoin
~incoming! part of the wave function;~ii ! needs a particular
shape of the model potential of exciton–exciton interacti
W12(p)}C i

XX(p). The wave equations forC i
XX are given by

S \2pi
2

M i
1

\2p'
2

M'
DC trans

XX ~p!1(
p8

W12~p2p8!C trans
XX ~p8!

52e trans
XX C trans

XX ~p!, ~4a!

,

6-4
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S \2pi
2

M i
1

\2p'
2

M'
DCmix

XX~p!1(
p8

W12~p2p8!Cmix
XX~p8!

1@vLT sin2u#Cmix
XX~p!52emix

XXCmix
XX~p!, ~4b!

so thateXX5(1/2)(e trans
XX 1emix

XX). While Eqs.~4a!–~4b! do not
include the resonant polariton effects, the last term on
left-hand side of Eq.~4b! describes a ‘‘staircase’’ repulsiv
contact potential, which is due to the nonanalytic part
long-range electron-hole exchange interaction and can
be interpreted in terms of exciton–photon interaction. Eq
tions ~3! and ~4a!–~4b! take into account the optical an
electronic anisotropy effects in bulk CdS. By using a mo
deuteron potential of exciton–exciton interaction~attraction!
and applying straightforwardly a method developed in R
17, we calculate from Eqs.~3! and~4a!–~4b! the bipolariton
radiative corrections,D rad(K ) andG rad(K ). Thus the exactly
solvable model simpifies the exciton–exciton interaction,
treats exactly, nonperturbatively the polariton effects. T
control input parameter of the model is the binding ene
eXX of a ‘‘bare’’ molecule.

In Fig. 4 we plot the energy2eXX1\2K2/2MXX
1D rad(K50) ~dashed line! of optically undressed excitoni
molecules, the bipolariton energy2eXX1\2K2/2MXX
1D rad(K ) ~solid line!, and the bipolariton radiative width
G rad(K ) ~dotted line! calculated forK'c. The strength of
exciton–exciton Coulombic interaction is adjusted to g
the input XX binding energyeXX54.87 meV so that the
optically renormalized binding energyeXX2D rad(K50)
55.08 meV, i.e., reproduces the value of about 5.1 m
found in our experiments. The curveG rad5G rad(uK u) has a
spike atuK u.10.23105 cm21 ~see the dotted line in Fig. 4!,
which is due to a van Hove singularity in the energ
momentum conservation law for the frequency- and wa
vector-degenerate two-polariton generation/decay of e
tonic molecules (\v15\v25EXX/2 and k15k25K /2)2.
The van Hove singularity refers to the path ‘‘XX↔two trans-
verse polaritons’’; the path ‘‘XX↔two mixed polaritons’’ has
no van Hove singularity forK'c. The singularity gives rise
to the so-called ‘‘Mexican hat structure’’ in the bipolarito

FIG. 4. Calculated radiative width and binding energies: bip
lariton energy2eXX1\2K2/2MXX1D rad(K ) ~solid line!, shifted
bare XX energy 2eXX1\2K2/2MXX1D rad(0) ~dashed line!, and
G rad(K ) ~dotted line!.
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energy ~see the solid line in Fig. 4!. The latter structure
caused by the radiative renormalizations is, however, bey
the resolution of our experiment.

For uK u<106 cm21 the radiative widthG rad.0.23 meV,
which is only weakly dependent on the wave vectorK ,
yields theXX radiative lifetimet rad

XX5\/G rad.2.8 ps. In our
experiments the signal optical pulses are induced by tra
verse polaritons withk'c and propagating in the backward
scattering direction. However, theXX radiative corrections,
D rad(K ) and G rad(K ), include all possible polarizations an
propagation directions of outgoing polaritons in the dec
paths ‘‘XX→two transverse or two mixed polaritons.’’

The large difference of theXX radiative lifetimes in CdS
and CuCl (t rad

XX.3 ps in CdS versust rad
XX.20 ps in CuCl!

correlates with the considerable difference of the molec
binding energies in these materials (eXX.5 meV in CdS
versuseXX.32 meV in CuCl!: With decreasingeXX the bi-
polariton wave functionC̃ becomes more concentrated
the optical range resulting in the increase ofG rad.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In this section the coherent dynamics in an optica
driven ensemble of excitons, photons, and excitonic m
ecules is studied by analyzing the rise/decay times and
riod of oscillations of the FWM signal at theXX–A, UPB,
and LPB transitions~see Fig. 2!. From the measured ris
time of the FWM signal att<0 we estimate the bipolariton
dephasing timeT2 for the temperatureT→0. The compli-
cated line shape of the time-integrated~TI! signal att>0 is
attributed to the transient coherent dynamics of optically
duced polaritons and bipolaritons.

A. FWM signal at tË0

At negative delay timet, bipolaritons are excited by two
photonsk1 of the pump pulse, and the FWM signal is caus
by pump-induced two-photon coherence. According to F
2, the fast oscillations at the UPB and LPB energies dis
pear rapidly with increasingutu, due to fast dephasing cause
by destructive interference between theXX state and the
two-polariton continuum. The FWM signal itself, howeve
persists and shows an exponential decrease with increa
utu. As explained in Sec. II B, the observed dynamics in t
delay-time regime is determined only by dephasing of
XX states. Thus the temperature-dependent bipolar
dephasing timeT2 can directly be obtained from the mea
sured rise timet rise

FWM at theXX–A transition. The dephasing
spectral width is given by Gdec(T)5\/t rise

FWM(T)
52\/T2(T).

In Fig. 5 we plot the TI backward-scattered FWM sign
detected at the energy of theXX–A transition for three dif-
ferent temperatures. It clearly shows an increase of
dephasing~decay! width, i.e., decrease oft rise

FWM , with in-
creasing temperature. Our measurements yieldT2(T55 K)
.4.0 ps andGdec(T55 K).0.33 meV. In order to esti-
mate the zero-temperature limitGdec(T50 K) we measure
the decay width in the temperature range between 5 K and
K ~see Fig. 5!. In order to estimate the zero-temperature lim

-
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of Gdec we fit the experimental data byGdec(T)5Gdec(T
50 K)1C/@exp(DE/kBT)21#, according to the procedur
developed in Ref. 11. The relevant temperature-depen
scattering process is the absorption of LA phonons by m
ecules. The interaction strengthC and zero-temperatur
dephasing widthGdec(T50 K) are the fitting parameters
and the phonon energyDE52MXXvLA

2 .0.5 meV (vLA is
the longitudinal sound velocity!. Finally, we find C
.0.11 meV, Gdec(T50 K).0.28 meV, and T2(T
50 K).4.8 ps.

The comparison with the theoretically predictedXX ra-
diative lifetime of 2.8 ps, which yieldsT2.5.6 ps in the
T252T152t rad

XX limit, clearly demonstrates that the radiativ
decay of molecules gives the absolutely dominant contri
tion to Gdec(T50 K). No significant changes of the deca
time with increasing exciton density in the range betwe
531014 and 1016 cm23 are found. Thus for the used low
intensity optical excitations the exciton–exciton scatter
process is weak and practically does not contribute toGdec.
We attribute the small difference betweenG rad and Gdec(T
50 K) to spontaneous emission of LA phonons from t
optically populated XX states uK u>(MXXvLA)/\.6.6
3105 cm21 ~in our case the optically generated molecu
are widely distributed in the band 106 cm21<uK u<3
3106 cm21, see below Fig. 8!. ThereforeGdec(T50 K) is
given by Gdec(T50 K)5G rad1GLA

XX(T50 K), i.e., 2/T2

51/t rad
XX11/tLA

XX , wheretLA
XX is a characteristic time for spon

taneous emission of LA-phonons. The estimated valuetLA
XX

.12.5 ps is in a good agreement with a time-scale relev
to exciton- ~biexciton-! LA-phonon scattering at low
temperatures.15,16

B. FWM signal at tÌ0

In order to explain the observed oscillations with 6.2
period in the TI backward-scattered FWM signal detected

FIG. 5. Experimental determination of the radiative decay wi
Gdec(T) of the molecule-mediated FWM signal at the energy of
XX–A transition from the exponential rise time at negative de
times. We findGdec(0 K)50.28 meV by fitting the experimenta
data as explained in the text~solid line!. The inset shows the T
backward-scattered FWM signal detected at the energy of
XX–A transition for three different temperatures.
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theXX–A transition for positive delay times~see Fig. 2!, we
analyze experimentally and theoretically the temporal beh
ior of the bipolariton distribution ink space~Figs. 6–8!. The
spectrally resolved FWM response is plotted in Fig. 6
various delay timest between 0 ps and110 ps. At very
early delay times the signal arises from the interaction of
polaritons induced by the laser pulses. Fort.1 ps two spec-
tral peak develop at theELPB

A andEUPB
A polariton transitions.

In this case the FWM signal is due to the interference grat
induced by the first and second laser pulses and can be
scribed as a1k12k21k18 third-order scattering process. Fo
delay timest.3 ps the FWM signal at theXX–A transition,
which can be specified as1k11k182k2 XX-mediated scat-
tering, dominates over that atELPB

A and EUPB
A energies. A

double-peak structure~energiesE1
XX–A andE2

XX–A) with the
energy splitting of 0.7 meV is observed.

As already explained in Sec. II B, fort.0 only polaritons
with a small group velocityvG

POL contribute to the backward
scattered FWM signal from the thin optically active lay
and give rise to the observed peaks atELPB

A .ET
A and EUPB

A

.ET
A1\vLT . This behavior can be visualized with the he

of Fig. 7 where the calculated energy distribution of upp

y

e

FIG. 6. The intensity of the SR backward-scattered FWM sig
at various positive delay timest between 0 ps and 10 ps. Th
curves are displaced for clarity. Each spectrum is normalized to
spectrally integrated FWM intensity.
6-6
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and lower-branch polaritons in the optically active surfa
layer is plotted for various delay times between 0 ps and
ps after the first laser pulse. The above calculations of
energy distribution refer to Pekar’s additional boundary c
dition ~ABC!.31 The distribution shows two distinct peaks
the energies.ET

A ~caused by lower-branch polaritons wi
small vG

POL, i.e., uku.k0) and .ET
A1\vLT ~caused by

upper-branch polaritons with smallvG
POL, i.e., uku.0). Note

that the peak at.ET
A shifts to slightly larger energies with

increasing delay time, whereas the peak atET
A1\vLT does

not change its position. As a result, the energy differe

FIG. 7. The calculated energy distribution of upper- and low
branch polaritons contributing to the backward-scattered FWM
nal calculated for different positive delay times betweent50 ps
and 10 ps in steps of 2 ps. The thickness of the surface la
optically active in backward-scattering FWM, is about 1/KX

max,
where the resonant absorption coefficient associated withA excitons
in CdS is given byKX

max.23105 cm21. In the calculations the
Pekar additional boundary condition is used.

FIG. 8. The calculated distribution functionNXX(K5k11k18) of
hot XXs ~bipolaritons! generated by the first laser pulsek1

(0) . The
inset shows the calculated spectral response of the FWM sign
the XX–A transition in backward-scattered direction derived fro
NXX(K ) for a delay time of 8 ps.
23520
e
0
e
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e

between the two peaks decreases from\vLT51.9 meV to
approximately 1.7 meV for 10 ps delay time. This explai
the energy differenceEUPB

A 2ELPB
A .1.7 meV observed for

SR FWM signal att.0 ~see Fig. 6!.
We attribute the double-peaked structure at theXX–A

transition in Fig. 6 to a hot, unrelaxed distribution of exc
tonic molecules optically generated by the pump pulse.
order to prove this interpretation we calculate theXX distri-
bution functionNXX(K ) for molecules resonantly created
the optically active surface layer by the first laser pulse w
the bipolariton model~see Fig. 8!. The numerical evaluations
deal with the basic process ‘‘polaritonk11polariton k18
→XX (K5k11k18)’’ and Pekar’s ABC for optically induced
incoming polaritons. The sharp spike in the distribution fun
tion NXX(K ) at K52k0 is due to the frequency-degenera
two-polariton generation of molecules, as illustrated in F
1. The broad distribution ofXXs at uK u>2uk0u originates
from the excitation path ‘‘LBP1LBP→XX,’’ and the narrow
distribution at uK u.uk0u is due to the excitation path
‘‘UBP1LBP→XX,’’ respectively. In the inset of Fig. 8 we
show the calculated backward-scattered SR FWM signa
t518 ps from the optically induced distributionNXX(K ).
The hot molecules, distributed in the two separate band
K.k0 andK>2k0, give rise to the FWM signal at the en
ergiesE2

XX–A and E1
XX–A in agreement with the observatio

of the double-peaked spectrum~see Fig. 6, the curve which
refers to 8 ps time delay!.

The formation of the resonant FWM signals in th
backward-scattering direction atE1

XX–A and E2
XX–A is illus-

trated in Fig. 9 by the graphic solution of the energ
momentum conservation law in two-polariton generatio
decay of the molecules. The observed energy of the FW
signal is given by Ei

XX–A5ELPB
A (k11k182k2)5ẼXX(k1

1k18)2ELPB
A (k2), where ELPB

A (k) is the dispersion of the
lower polariton branch andi 51,2 ~see also Fig. 1!. For i
51 one hasuk11k18u.2uk0u and uk2u.3uk0u, for i 52 we
approximate uk11k18u.uk0u and uk2u.2uk0u. In the both

-
-

r,

at

FIG. 9. Graphic solution of the energy-momentum conservat
law to determine the energy of the backscattered FWM respons
the XX–A transition. The spectral point marked byE1

XX–A(E2
XX–A)

originates from the induced transition fromXXs with wave vector
.2k0(.k0) by LPBs.
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cases the FWM signal is generated atk.2k0. In order to
determineEi

XX–A and the energy of low-branch polariton
which induce theXX–A transition atELPB

A (k2), we plot the
inverted dispersion of the lower polariton branch with t
origin point placed at the bipolariton energyẼXX(k11k18

.2k0) and ẼXX(k11k18.k0) by the dotted and dashe
curves, respectively. The resonant energies are given by
intersection of these curves with the lower polariton bran
and marked by the arrows. The values ofE1

XX–A andE2
XX–A

are in a good agreement with the peak energies of the ex
mentally found and theoretically calculated FWM spectru
~see Fig. 6 and the inset of Fig. 8!. With the help of this
analysis the oscillation att.0 for theXX–A transition ob-
served in the TI backscattered FWM signal~Fig. 2! can be
explained by the interference of the two polaritons wh
induce the FWM signal. Their energy differenceELPB

A (k2

.3k0)2ELPB
A (k2.2k0).0.6 meV nicely agrees with the

measured oscillation period of 6.2 ps.

C. Bipolariton k-space dispersion andk-dependent
dephasing times

In this subsection we will finally shortly comment on th
influence of the bipolaritonk vector on the observed rise
times in TI backscattered FWM signals detected at differ
energies. The preceding discussion in this section show
that the dephasing timeT2 of bipolaritons with wave vector
.k0 (.2k0) can be determined when the TI backscatte
FWM signal at negative delay timest,0 is directly detected
at the energyE2

XX–A (E1
XX–A) of theXX–A transition. As the

FWM signal at theXX–A transition in Fig. 2 is averaged
over both of the two resonances, we determined an avera
dephasing timeT2 ~respectively, decay widthGdec) in Fig. 5.
In Fig. 10 we show the TI backscattered FWM respon
measured separately at the energiesE1

XX–A andE2
XX–A for t

,0 at a temperature ofT55 K yielding two different
dephasing timesT2(K.k0)55.4 ps and T2(K.2k0)
53.5 ps. The radiative lifetime of bipolaritons at.2k0 is
smaller than that for bipolaritons at.k0.

The observed difference in these two dephasing times
be explained as followed. First of all, the calculated radiat
width G rad(K.2k0) is slightly larger thanG rad(K.k0) ~see
Fig. 4!, and thusT2 is slightly smaller for bipolaritons with
wave vectorK.2k0 than for bipolaritons withK.k0. Sec-
ond, bipolaritons atK.2k0 can be scattered on the bipolar
ton dispersion relation by LA phonons whereas this is
possible for bipolaritons atK.k0. Considering only the
E1

XX–A transition, the agreement with the theory is even b
ter than for the averaged dephasing time.
,
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We plot in Fig. 10 the FWM signal att,0 detected at the
energies of the LPB and the UPB for comparison. After t
fast oscillations disappeared due to the dephasing of the
cited unbound two-polariton states, a slowly exponentia
rising signal generated by bipolaritons remains. At the
ergy of the LPB~UPB! we estimate approximately the sam
dephasing timeT2 than at the energyE1

XX–A(E2
XX–A) of the

XX–A transition thus confirming that bipolaritons with wav
vector K.2k0(K.k0) contribute to the correspondin
FWM signal.

V. SUMMARY

In conclusion, by FWM experiments in the backwar
scattering geometry, we have proved the validity of the
polariton picture for excitonic molecules in high-quality bu
CdS at low bath temperatures. The exactly solvable bipol
ton model, adapted to this optically anisotropic semicond
tor, clearly shows that the risetime of theXX-mediated FWM
signal is mainly determined by the radiative decay of ex
tonic molecules witht rad

XX.2.8 ps.
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FIG. 10. The intensity of the TI backward-scattered FWM sign
for negative delay timest,0. The FWM signal is measured at th
energies of the UPB, LPB, and at the two resonancesE1

XX–A and
E2

XX–A of theXX–A transition atT55 K. The curves are displace
for clarity.
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