
PHYSICAL REVIEW B 15 AUGUST 1997-IVOLUME 56, NUMBER 7
Coherent transient in photoluminescence of excitonic molecules in GaAs quantum wells
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Time-resolved photoluminescence~PL! of excitonic molecules in GaAs quantum wells~QW’s! reveals an
initial transient characterized by a finite rise and an extremely fast nonexponential decay@H. Wang, J. Shah,
and T. C. Damenet al., Solid State Commun.98, 807~1996!#. The transient is attributed to coherent quantum
evolution towards the molecule ground state of two optically correlated excitons,s1 ands2, which undergo
the Coulombic attraction. In the present paper, we develop a theory of the transient PL and fit the experimental
data. The radiative decay of a quasi-two-dimensional~2D! excitonic molecule is analyzed with the giant
oscillator strength model adapted to QW’s and with the bipolariton model. Within the 2D bipolariton model,
the main ‘‘hidden’’ channel of the radiative decay of an excitonic molecule is the resonant dissociation into
two outgoing interface~surface! polaritons rather than the observable decay into the bulk radiative modes. We
conclude that quasi-2D molecules dissociate already within the initial transient of PL, while the following
exponential decay of the molecule-mediated PL is due to the escape of secondary interface polaritons into the
bulk modes. According to the 2D bipolariton model, the sequence ‘‘two incoming photons→two virtual
excitons→2D molecule→two outgoing interface polaritons’’ is a completely coherent process. The fit of the
time-resolved molecule-mediated PL provides us with numerical estimates of the exciton-photon coupling in
GaAs QW’s.@S0163-1829~97!08431-2#
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I. INTRODUCTION

The quasi-2D excitonic molecules~m’s! contribute to the
various linear and nonlinear resonant optical processe
GaAs QW’s. Them PL has been reported in Refs. 1–5, t
m resonance has been detected in the time-resolved diffe
tial absorption,6,7 and them-mediated transient four-wav
mixing ~FWM! has been studied in Refs. 8–14.

Subpicosecond radiative dynamics in lower dimensio
systems such as GaAs QW’s is a subject of intense exp
mental and theoretical efforts. While the exciton (x) dynam-
ics after resonant or nonresonant optical excitations has b
extensively investigated,15–17very little information is avail-
able on the radiative dynamics of quasi-2D excitonic m
ecules in these structures. Recent PL measurements18 with
femtosecond resolution have shown a delayed rise of thx
PL following a resonant excitation. The rise is determined
the initial exciton momentum relaxation, mainly due to t
density-dependent x(s1(2))2x(s1(2)) Coulombic scatter-
ing.

A preliminary discussion of the radiative dynamics wi
100 fs resolution of quasi-2D excitonic molecules in Ga
QW’s has been reported in a previous paper.4 Here, the ob-
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servation of the coherent transient at the very beginning
the m-mediated PL is interpreted in terms of distructiv
quantum interference between them ground state andx-x
continuum. Thedensity-independenttemporal behavior of
the initial transient stems from the quantum evolution
wards them bound state of two excitons,s1 ands2, opti-
cally correlated at timet50 by the short pump pulse. Th
x(s1)2x(s2) Coulombic attraction causes this cohere
motion and gives rise to the inherently decaying beats
tween them ground state and thex-x dispersive continuum.
The importance of the wave vector dispersion of thex-x
continuum has been emphasized in Ref. 19 for
m-mediated FWM.

In this paper we are mainly interested in the theoreti
model and numerical simulations of the experimental res
on them-mediated transient PL. Our main result is a the
retical evidence that the resonant radiative dissociation o
quasi-2D molecule into QW polaritons is considerably mo
effective than the observable decay into the bulk radiat
modes. In addition, we model a complete kinetics of t
m-mediated PL and, in particular, estimate numerically
oscillator strength of the exciton-photon coupling in Ga
QW’s. The rest of Introduction summarizes the experimen
3941 © 1997 The American Physical Society
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3942 56A. L. IVANOV et al.
data of Ref. 4. We also provide some additional argume
that the initial transient of them-mediated PL is due to in
herently decaying quantum beats between them ground state
and thex-x dispersive continuum.

Three high-quality samples have been used in our m
surements and qualitatively the same behavior observe
all three samples. Sample no. 1~no. 2! contains 15 periods o
130 Å ~175 Å! GaAs QW and 150 Å Al0.3Ga0.7As barrier and
sample no. 3 contains four periods of 200 Å GaAs QW a
150 Å Al0.3Ga0.7As barrier. The temporal evolution of th
m-mediated cross linearly polarized PL is shown in Fig
1~a! and 1~b! ~points refer to the experimental data! for
samples no. 1 and no. 3, respectively. Them-mediated PL
reveals an initial transient characterized by a finite rise
an extremely fast nonexponential decay. A much slower

FIG. 1. Time-resolved cross-polarized PL from GaAs QW
samples no. 1~a! and no. 3~b!. Points, experiment; solid line, fi
within the 2D bipolariton model; dashed line contribution of ex
tonic molecules to the resonant photoluminescence.
ts
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ponential decay follows the initial transient. In the dens
range 109 to 1010 cm22 the rise time of the initial transient is
independent of the excitation level and of the temperat
T,30 K ~see Figs. 1 and 2 of Ref. 4!.

The initial transient of them-mediated PL cannot be ex
plained within a standard picture of incoherent lumine
cence, which implies aninstanteneousPL signal right after
the optical excitation att.0. We attribute the very first stag
of the cross-polarized PL to a transient coherent quan
evolution towards them ground state of twox’s, s1 and
s2, virtually excited att.0 by the femtosecond pulse wit
durationtpulse!\/e0

m ~e0
m is them ground-state binding en

ergy!. The optical pump induces coherently the real and v
tual x’s with fixed in-plane momentumP5\ki!\/am , due
to momentum conservation along the QW. Here,ki is the
in-plane component of the wave vector of the pump light a
am is the quasi-2Dm radius. Thesex’s cannot emit photons
~g’s! in the detection direction. On the other hand, such
impact optical excitationprovides the well-defined initia
conditionC(p,t50)5d(p) for the wave function of relative
motion of two optically correlatedx’s.

In the absence of any dephasing, twos1 ands2 excitons
start to evolve coherently from the above initial conditio
due to the resonantx(s1)2x(s2) attraction. This coheren
quantum evolution given by the wave function of relati
motion C(p,t) can be described by the time-depende
Schrödinger equation. Alternatively, one can expand t
wave function:

C~p,t !5Cm
~0!~0!Cm

~0!~p!ei e0
mt1(

p0

cp0
Cp0

~p!e2 i e~p!t,

~1!

where Cm
(0)(p) is the ground-statem wave function and

$Cp0
(p)% is thex-x unbound eigenstates. We assume tha

quasi-2D m in GaAs QW’s has no excited states we
separated from the continuum. In further numerical eval
tion of Eq. ~1! the approximation of free-particlex-x con-
tinuum states is used, i.e.,Cp0

(p)5d(p2p0) and

e(p)5p2/Mx , where Mx is the x translational mass. The
expansion coefficientscp0

are then determined by the initia

conditionC(p,t50)5d(p).
The functionuC(p,t)u2, which describes the quantum co

herent relative motion of two correlatedx’s, is plotted in Fig.
2 for timestn5np\/(2e0

m) (n50,1,2,3,4). Here, we use th
2D deuteron wave function Cm

(0)(p)52A2pam /
(p2am

2 11)3/2 for the m ground state@in real spaceCm
(0)(r )

5A2/(pam
2 ) exp(2r/am)#. According to Fig. 2, att50 the

wave packet is concentrated atp50. Then, the wave packe
isotropically spreads in momentum space up to momen
p;\/am and att5p\/e0

m starts to evolve back to the initia
form. The wave packet approaches again its initial form
t52p\/e0

m . Then, the motion repeates itself. The beats
tween them ground state and thex-x continuum eventually
damps out within a few periods due to complicated interf
ences involving simultaneously all modesp<\/am . These
inherently decaying oscillations differ from usual quantu
beats in transient optical measurements which are due to
interference of the optical polarization field of different di
crete transitions. Moreover, the transientm-mediated PL
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56 3943COHERENT TRANSIENT IN PHOTOLUMINESCENCE OF . . .
FIG. 2. Temporal evolution in momentum space of t
m-mediated wave functionuC(p,t)u2.
cannot be modeled within the few-level optical Bloc
equations11,12where thex-x continuum is approximated by
discrete level.

The initial coherent stage of them-mediated PL is
governed by the time dependent wave functi
C@(ki82ki)/2,t#, where the in-plane wave vectorki8 charac-
terizes the direction of observation of the cross-polarized
The finite rise of them-mediated PL is due to the cohere
evolution of the reduced relative momentum fromp50 to
p56(ki82ki)/2 caused by thex(s1)2x(s2) Coulombic
attraction. The coherent stage of the PL allows us to estim
the m binding energye0

m by

e0
m5

p\

t~ I'
max!

, ~2!

where t(I'
max) is the rise time of the cross-polarized P

Physically, Eq.~2! is consistent with the basic result of qua
tum mechanics: according to the time-energy uncerta
principle one cannot measure them binding energye0

m

quickly than duringDt;\/e0
m . The finite rise timet(I'

max)
of PL determines the duration of the coherent ‘‘measu
ment’’ of e0

m .
Within the above picture, one deals with Bloch cohe

ence: right after an impact optical excitation the evolution
excitons follows the initial condition. On the other hand, t
initial transient of them-mediated PL is insensitive to photo
statistics of the pump pulse. Basically, several important f
tures distinguish them transient from similar collisionless
vibrational transients in polyatomic molecules:20,21 ~i! the
m-mediated quantum beats occur for theelectronicexcita-
tions ~excitons! rather than for the considerably more hea
atoms; ~ii ! the x(s1)2x(s2) quantum motion under the
Coulombic attraction is described in momentum, rather th
in real, space;~iii ! the complicated interference in them
transient involves thex-x continuum rather than a quas
equidistant discrete spectrum as for atomic oscillations.

According to the experimental data~see Figs. 1a,b and
Fig. 2 of Ref. 4!, only the first half-period of them-mediated
quantum beats is observed in the coherent initial transi
Therefore, in order to develop a complete kinetics of t
cross-polarized PL one needs to analyze the correspon
dephasing and damping processes. Formally, the depha
rate influences the off-diagonal terms ofuC(p,t)u2 given by
Eq. ~1!, while the damping rate is presented in the both
agonal and off-diagonal terms. In GaAs QW’s, thex dephas-
ing time is typically tc

x51.3
26.0 ps.8–11,18As will be shown below, the strongest dam
ing process in them-mediated PL, which even dominate
over the dephasing, is the radiative dissociation of quasi
molecules into interface~surface! polaritons. Them radiative
decay is determined by thex-photon coupling in QW’s.

In Sec. II, the radiative decay of a quasi-2Dm in GaAs
QW’s is examined theoretically. We discuss briefly the Q
~interface! polaritons and bulk radiative modes. The gia
oscillator strength model is adapted to the optical decay o
quasi-2D molecule into the bulk modes. Alternatively, a po
sible dissociation ofm’s into QW polaritons is analyzed. Fo
this purpose, we generalized the recently developed exa
solvable bipolariton model of an excitonic molecule22 in or-
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3944 56A. L. IVANOV et al.
der to include the both radiative and confined~interface!
modes. Within the generalized 2D bipolariton model, it
shown that the dissociation of molecules into QW polarito
is much more effective than them radiative decay into the
bulk modes.

In Sec. III, we apply the 2D bipolariton model to descri
the complete kinetics of them-mediated PL from GaAs
QW’s. The model yields a dissociation ofm’s already during
the initial transient of the cross-polarized PL. The fit of t
experimental data allows us to estimate the oscilla
strength of thex-g coupling in the QW’s. We also discuss
spatial anisotropy of them-mediated PL.

II. OPTICAL DECAY OF A QUASI-2D EXCITONIC
MOLECULE

In this section we analyze the radiative decay of
quasi-2D excitonic molecule both within the giant oscillat
strength model adapted to QW’s and with the 2D bipolari
model. It will be shown that the main ‘‘hidden’’ channel o
the decay ofm’s in QW’s is the dissociation into two outgo
ing QW polaritons rather than the observable radiative de
into bulk modes.

A. Surface polaritons and bulk radiative modes
in GaAs quantum wells

The conventional polariton concept gives an adequate
scription of the exciton-photon system of a bulk direct-ban
gap semiconductor, if thex-g interaction is dominant. Due
to the momentum conservation in the optical transit
‘‘photon↔exciton,’’ an incoming photon with momentum
\p can be many times resonantly reabsorbed and re-em
by the x’s with the same momentum. Within the polarito
picture, this process is coherent and does not lead to ‘‘
optical absorption.’’ The dispersion law of bulk polariton
c2p2/(e0v2)511Vc

2/@vx
2(p)2v2# gives rise to the uppe

@v5vpol(p)5v1(p)# and lower @v5vpol(p)5v2(p)#
dispersion branches. Here,vx(p)5v t1\p2/2Mx is the x
dispersion,\v t is the energy of the transversex, e0 is the
background dielectric constant, and the polariton param
Vc characterizes the exciton-photon coupling. The polari
states have been observed in bulk GaAs.23 The polariton dis-
persionv5v6(p) is plotted in Fig. 3 for bulk GaAs~solid
lines!. Following the experimental data of Ref. 23, we u
the longitudinal-transverse splitting\v l t50.08 meV which
gives\Vc5\A2v l tv t515.6 meV.

The polariton eigenstates are more complicated
quasi-2D QW’s. In this case, the momentum conservation
the exciton-photon interaction holds only along a QW in t
x-y plane. In thez direction~a growth direction! there is no
translational invariance and, therefore, the photon mom
tum is not conserved in resonant absorption or emiss
This simple argument allows us to classify two kinds
modes, bulk and confined ones.24–26Bulk or radiative modes,
which are activated in conventional optical experiments, c
respond to a plane-wave light field far outside (z→6`)
from the QW. These modes lie inside a photon cone,
p<vAe0/c. Surface or confined modes are associated w
interface~surface! QW polaritons. The electromagnetic fie
of interface polaritons decays exponentially outside the Q
s
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i.e., they are localized in thez direction. These modes canno
be excited straightforwardly by means of the external lig
i.e., they are ‘‘nonradiative.’’ In other words, the 2D pola
iton picture, which needs the momentum conservation in
resonant exciton-photon coupling, holds only in thex-y
plane of the QW. Roughly, with increasing confinement inz
direction the upper dispersion branch of the bulk polarito
gives rise to radiative modes, while the lower one transfor
into confined modes associated with the interface polarito

A complete classification of interface excitonic polarito
of a quasi-2D QW has been developed in Refs. 25 and
For a fixed polariton wave vectorpx along thex axis, there
are X-, Y-, and Z-mode interface polaritons in accordan
with polarization of the light field. TheX (Y,Z) mode refers
to a polarization parallel to thex (y,z) axis. We concentrate
on theY-mode transverse interface polaritons with in-pla
wave vectorp and polarization parallel to the QW. The 2
bipolariton model deals with these polaritons. The dispers
equation forY-mode polaritons is given by25

c2p2

e0
5v21

v2RcAp22v2e0 /c2

v t
21v tp

2/Mx2v2 , ~3!

where the parameterRc is proportional to the oscillator
strength per unit area of the QW and refers to the quasi
exciton-photon coupling. The 2D QW polaritons are sen
tive to the design of a concrete semiconductor microstr
ture. Equation~3! implies a symmetric GaAs QW sand
wiched in between two identical GaAlAs barriers. Th
thicknessd of the well corresponds to the long waveleng
limit, i.e., satisfies the conditionpd!1.

For narrow-width QW’s (d→0), one can estimate th
x-photon coupling parameter in Eq.~3! as Rc5

Vc
2uw (2D)(0)/w (3D)(0)u2516ax

(3D)v l tv t . Here,w (2D)(r ) and

FIG. 3. The polariton dispersion in bulk GaAs~solid lines! and
quasi-2D GaAs QW’s ~interface polaritons,\2Rc56.031022

eV2 Å, dashed-dotted line, and\2Rc530.731022 eV2 Å dashed
line!. The corresponding dependencesw2,QW5w2,QW(p) for bulk
and interface~surface! polaritons. The following parameters o
GaAs have been used:\v t51.592 eV,\Vc515.6 meV,e0512.9,
andMx50.44m0 .
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56 3945COHERENT TRANSIENT IN PHOTOLUMINESCENCE OF . . .
w (3D)(r ) are the real-space wave functions of the grou
state 2D and 3Dx’s, respectively, the corresponding 2D an
3D x Bohr radii satisfy the conditionax

(2D)5ax
(3D)/2, and the

polariton parametersVc and v l t refer to bulk material. For
GaAs QW’s, we estimate the upper limit of the couplin
parameter as\2Rc.30.731022 eV2 Å. The Y-mode polar-
iton dispersionsv5vQW(p) given by Eq.~3! are plotted in
Fig. 3 for \2Rc56.031022 eV2 Å ~dashed-dotted line! and
\2Rc530.731022 eV2 Å ~dashed line!. Figure 3 traces an
evolution of the lower polariton branchv5v2(p) towards
the interface polariton dispersions.

The Y-mode dispersion shown in Fig. 3 reflects the fo
lowing general tendency. The quantum confinement in QW
enhances the exciton-photon coupling in comparison w
that in bulk material. The coupling parameterRc is respon-
sible for this effect. On the other hand, from compa
son of the dispersions of 3D and QW polaritons, one c
introduce an effective polariton parameter@V

c
(p,v)#2

5RcAp22v2e0 /c2. This parameter provides the fast dec
of the polariton effects with a decrease ofv5vQW(p)
@vQW(p)→cp/Ae0 for p→0#. The photon factor
Ap22v2e0 /c2 is responsible for such a behavior. The 2
polaritons have been observed in GaAs QW’s.27

One can still apply Eq.~3! to describe the radiative mode
located within the photon cone given byp0(v)5vAe0/c. In
this case,Ap22v2e0 /c25 iAp0

22p2 and the frequencyv
can be approximated byv t2 i (Gp

x/2), whereGp
x is the radia-

tive decay rate of the quasi-2D exciton with momentump.
Formally, Gp

x/2 is the imaginary part of the complex fre
quencyv5v(p) which is the solution of Eq.~3! for real
p<p0 . In the resonant approximation one gets

Gp
x5

e0

c2 Rc

v t

Ap0
22p2

5G0
x p0

Ap0
22p2

, ~4!

whereG0
x5(Ae0/c)Rc is the radiative width of the exciton

with in-plane momentump50. Equation~4! is consistent
with the results of Refs. 26. However, the main advantage
our approach is an explicit inclusion of the same coupl
parameterRc for a description of the both conjugated, co
fined and bulk, modes. The parameterRc can be written in
terms of the oscillator strengthf xy per unit area of the QW
~the subscriptxy refers to the light polarization parallel t
the QW! by

Rc5p
e2

e0m0
f xy , ~5!

wherem0 is the free electron mass. The extension of the Q
polariton dispersion~3! on the bulk modes, i.e., Eq.~4!, cor-
responds to thes polarization of the incident or emitted ligh

B. Giant oscillator strength model for excitonic molecules
in quantum wells

Usually, one separates thex-g polariton coupling and the
x(s1)2x(s2) Coulombic attraction. First, the ground sta
of an excitonic molecule is evaluated variationally within t
underlying electron-hole picture. This procedure yields
ground-state eigenfunctionCm

(0)(r ) in the x representation.
-

’s
h

n

of
g

e

Then, the optical properties of the molecule are trea
within the giant oscillator strength model.

The giant oscillator strength model applied for the optic
creation of the molecule, real or virtual, operates with t
following two-step elementary scheme: ‘‘two incomin
photons→exciton1photon→excitonic molecule’’.28,29 This
two-photon process is effective due to~i! the nearly resonan
intermediatex level, and~ii ! the spatial extension of them
wave function. Within this scenario, the PL ofm’s deals with
an optical conversion ‘‘m→g1 recoil x. ’’ The 2D giant
oscillator strength model formulates them-mediated optics
in terms of coupling of molecules with the radiative mode

In order to adapt the giant oscillator strength model
excitonic molecules in QW’s, we estimate the spontane
optical decay of a quasi-2Dm into the radiative modes as

Gbulk
m 52E

0

kopt
uCm

~0!~2p!u2FG0
x kopt

Akopt
2 2p2G pdp

2p

58~amkopt!
2G0

x , ~6!

whereCm
(0)(p) is the deuteron wave function of the 2Dm

ground state andkopt5v tAe0/c ~kopt.2.93105 cm21 for
GaAs! is the resonant wave vector of the crossover betw
the unperturbed dispersions of free photons and 2D excit
Physically, the radiative widthGbulk

m is given by a product of
two probabilities in the integrand of Eq.~6!. The first one,
uCm

(0)(2p)u2, is the probability of two boundx’s with the
reduced relative momentum 2p to be in the radiative zone
p<kopt, i.e., within the photon cone. The second one,Gp

x

~the term in the square brackets!, is the probability per unit
time that an exciton with momentump<kopt emits a photon
into the radiative modes. The numerical prefactor 2 in E
~6! is because the bothx’s equally contribute to the optica
decay of the molecule.

According to the right hand side~r.h.s.! of Eq. ~6!, the 2D
giant oscillator strength model contains a natural enhan
ment factoram

2 @ax
2 . In other words, due to the spatiall

extendedm wave functionCm
(0) , the x with in-plane mo-

mentump acts like an ‘‘antenna’’ that collects~escapes! the
secondx with momentump8 from the whole coherentm
area;am

2 .
For am5130 Å (e0

m52 meV), we estimate from Eq.~6!
Gbulk

m .1.2G0
x . As a result,tbulk

m 5\/Gbulk
m ;20 ps, i.e., the gi-

ant oscillator strength model yields approximately the sa
lifetime of a quasi-2D molecule as the radiative lifetime
the constituentx’s @\/G0

x;25 ps~Ref. 26!#. This result con-
tradicts the conclusion of Ref. 30, where the giant oscilla
strength model has been interpreted as misleading
quasi-2D excitonic molecules in QW’s.

Within the 2D giant oscillator strength model one c
indeed reproduce them-mediated PL.4 The resulting theoret-
ical fit is shown by the dashed line in Fig. 2 of Ref. 4. He
for sample no. 1 we have taken the coherence lifeti
tc

m51.3 ps, them radiative lifetimetbulk
m 527.4 ps, and the

m binding energye0
m51.6 meV. In this approach, the initia

transient of them-mediated PL dies away due to the loss
the initial coherence and the following exponential decay
attributed to the observable decay of ground-statem’s into
the radiative modes.
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C. Bipolariton model of quasi-2D excitonic molecules

An exactly solvable bipolariton model of a molecule h
been developed recently22 to include the exciton-photon cou
pling in an equal manner with thex-x attraction. Thex-g
interaction influences them wave functionCm

(0)(p) unper-
turbed by the polariton effects. Even in the low-excitati
limit, both the x(s6) - photon (s6) and x(s1)2x(s2)
interactions have to be treated simultaneously and beyo
standard low-order perturbation theory. Within the bipola
ton concept, the true components of an excitonic molecul
direct-band-gap semiconductors are two polaritons qu
bound through the resonant Coulombic attraction, rather t
two excitons. The solution of the bipolariton wave equati
describes them resonant decay into two outgoing polarito
as a continuous quantum evolution of them internal state
rather than as a discrete act of the optical convers
‘‘ m→x1g. ’’ The importance of the bipolariton concept ha
been already recognized in Ref. 31 for molecules in b
semiconductors.

Within the 2D bipolariton model, both the confined an
bulk modes contribute to the internal state of a molecule. T
resonantx(s1)2x(s2) Coulombic attraction couples thes
modes in the relative motion of two quasiboundx’s. In other
words, an ‘‘umklapp’’ of thex between surface and radiativ
modes is possible. However, the main contribution to them
state is due to the surface modes, because the radi
modes are located atp<kopt, while the relative motion of
two constituentx’s involves the momentap;am

21@kopt.
Therefore, a quasi-2D molecule in QW’s exists mainly
two quasibound QW polaritons and, consequently, rad
tively dissociates primarily into two outgoing interface p
laritons. This important feature is completely ignored in t
conventional approaches tom-mediated optics of GaAs
QW’s. The 2D bipolariton model naturally emphasizes t
role of the confined modes.

The influence of the polariton effects on them ground
state increases drastically with a reduction of the dimens
ality from 3D to 2D. This is because the fraction of the pha
space where the polariton effects dominate over the Coul
bic x(s1)2x(s2) attraction is roughly of the order o
(koptam)D. One gets (koptam)2;0.1 for GaAs QW’s. In Ref.
22, the exactly solvable 2D bipolariton model has been
veloped for the deuteronx-x attraction potentialW12(p).
This theory, which treats only the confined modes in a
bipolariton, yieldstQW

m .0.523.0 ps for them spontaneous
radiative dissociation into two outgoing interface polarito
~see the inset of Fig. 4!. Therefore,tQW

m is indeed consider-
ably shorter thantbulk

m estimated within the 2D giant oscilla
tor strength model. Here, we develop a 2D bipolariton the
which treats the both confined and bulk modes. This allo
us to make a self-consistent comparison of the two de
mechanisms. Apart from a generalization of the exactly so
able 2D bipolariton model to include the radiative modes,
find a bipolariton solution valid for an arbitrary short-ran
potentialW12.

In order to describe a molecule as a~quasi! bound state of
two excitons~polaritons! one can apply the standard diagra
technique. Namely, the poles of the vertex functionG, which
refers to thex(s1)2x(s2) Coulombic attraction, provide
the m energies.
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In the absence of the polariton effects, the Bethe-Salp
equation for a quasi-2D molecule is given by

G0~p,p8;K !5W12~p2p8!1(
p9

W12~p2p9!

3G̃0~p9,K !G0~p9,p8;K !, ~7!

where p5$p,v% and p85$p8,v8% are the reduced in-
plane relative momenta and frequencies of twox’s before
and after an interaction event,K5$K ,V% is the conserved
in-plane total momentum and frequency. The twox
Green function G̃0(p,K) is determined by G̃0(p,K)5
2( i /2p)*dvG(0)(2p1K/2)G(0)(p1K/2)5@V 2vx(2p
1K /2)1vx(p1K /2)] 21, where G(0)(p)51/@v2vx(p)
1 id# is the free-x propagator. In a spectral vicinity of th
ground-statem resonance, i.e., forV.VK

m , one approxi-
mates

G̃0~p,K !G̃0~p8,2K !G0~p,p8;K !5
Cm

~0!~p!Cm
~0!* ~p8!

V2VK
m1 id

.

~8!

With this basic property of the vertex functionG0 , the ho-
mogeneous part of the Bethe-Salpeter Eq.~7! reduces to

G̃0
21~p,K ,VK

m!Cm
~0!~p!2(

p8
W12~p2p8!Cm

~0!~p8!50.

~9!

From Eq.~9! one finally gets the standard wave equati
for an excitonic molecule unperturbed by the polariton
fects:

@vx~p1K /2!1vx~2p1K /2!#Cm
~0!~p!

FIG. 4. The radiative lifetimetQW
m (K.0) ~solid line! and

tbulk
m (K.0) ~dashed line! versus the exciton-photon coupling pa

rameterRc . Them binding energye0
m52 meV. Inset: the radiative

half-width GQW
m (K )/2 due to the dissociation of a quasi-2D mo

ecule into two interface polaritons in a narrow-width GaAs Q
with \2Rc530.731022 eV2 Å. The vertical arrow indicates the
positionK0 of the van Hove singularity in the joint density of QW
polariton states.
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1(
p8

W12~p2p8!Cm
~0!~p8!5VK

mCm
~0!~p!. ~10!

Due to the quadraticx dispersion, the center-of-mass motio
splits off and the wave functionCm

(0)(p) of the relative mo-
tion of two constituentx’s as well as the correspondingm
binding energye0

m52v t1K2/2Mm2VK
m are independent o

the translational in-plane momentum\K of the molecule.
In the bipolariton model, we include the polariton effec

in the Bethe-Salpeter equation:

G~p,p8;K !5W12~p2p8!1(
p9

W12~p2p9!

3G̃~p9,K !G~p9,p8;K !, ~11!

where the two-x Green functionG̃(p,K)52 i /(2p)*dvG
(2p1K/2)G(p1K/2) is now the frequency convolution o
two x propagators dressed by the light field. In the 2D bip
lariton model, the photon-mediatedx Green function is given
by

G~p,v!5G~0!~p,v!1 1
4 @Vc

eff~p,v!#2G~0!~p,v!

3D ~0!~p,v!G~p,v!

5
wQW@p,vQW~p!#

v2vQW~p!1 id
1

wbulk@p,vbulk~p!#

v2vbulk~p!
, ~12!
-

na
iv

s.
-

where D (0)(p,v)51/(v2cp/Ae01 id) is the free-particle
photon propagator in the resonant approximation and

wQW@p,vQW~p!#

5
Rc~p22v2e0 /c2!1/2

Rc~p22v2e0 /c2!1/214@vx~p!2vQW~p!#2 ,

wbulk@p,vbulk~p!#512wQW~p,vQW~p!!. ~13!

Here,vQW/bulk(p) are the dispersions of the interface pola
tons and thex radiative states, respectively. The last disp
sion is approximated byvbulk(p)5v t2 i (Gp

x/2) for p<kopt.
The initial dispersion Eq.~3! is cubic with respect tov.
However, only the two branches of its solution, i.e
vQW/bulk(p), have a physical meaning~the third branch cor-
responds to an amplified wave!.

The functionswQW/bulk characterize the distribution of th
x state between the confined and bulk modes. The last r
tionship of Eqs.~13! is a ‘‘sum rule’’ for the photon–
quasi-2D exciton transition. Thex-weight functions
wQW@p,vQW(p)# of interface polaritons andw2@p,v2(p)#
of the lower dispersion branch of bulk polaritons in GaAs a
plotted in Fig. 3.

Using Eq.~12! one derives
G̃~p,K !5 (
a,a8

wa@2p1K /2,va~2p1K /2!#wa8@p1K /2,va8~p1K /2!#

V2va~2p1K /2!2va8~p1K /2!1 id
, ~14!
in

ve

,

rnel
where a,a85QW/bulk. The x-g resonant coupling modi
fies the m ground-state energy ṼK

m5VK
m1Dm(K )

2 iGm(K )/2. Here,Dm(K ) is the radiative renormalization
of the m energy, i.e., them Lamb shift. Within the bipolari-
ton model, the 2D molecule is metastable due to the reso
interaction with the electromagnetic field. The both radiat
and confined modes contribute to totalGm(K ). Similarly Eq.
~8!, one has in the resonant approximation of them ~bipo-
lariton! ground state:

G̃~p,K !G̃~p8,2K !G~p,p8;K !5
C̃~p,K !C̃* ~p8,K !

V2ṼK
m

,

~15!

whereC̃(p,K ) is the bipolariton wave function. From Eq
~11! and ~15! we find the 2D bipolariton wave equation

G̃21~p,K ,ṼK
m!C̃~p,K !2(

p8
W12~p2p8!C̃~p8,K !50, ~16!

whereG̃(p,K ,ṼK
m) given by Eq.~14! includes the bulk and

radiative modes.
nt
e

The 2D exactly solvable model has been developed
Ref. 22 for an interface~surface! bipolariton, i.e.,only the
confined modes have been treated. Here, we adapt this
method to include the bulk modes. The bipolariton wa
function can be written asC̃(p,K )5Cm

(0)(p)1dC(p,K ),
whereCm

(0)(p) is a known solution of the standardm wave
Eq. ~10!, while dC(p,K ) is large only in the optical range
i.e., for p.kopt!am

21 . With this substitution, Eq.~16! re-
duces to a Fredholm integral equation with separable ke
for dC(p,K ). The solution of this equation yields

C̃~p,K !5G̃~p,K ,ṼK
m!@Fm

~0!~p!1C̃KW12~p!#, ~17!

whereC̃K5ÃK /(11B̃K) and

ÃK5(
p

@G̃~p,K ,ṼK
m!2G̃0~p,K ,VK

m!#Fm
~0!~p!, ~18!

B̃K52(
p

W12~p!G̃~p,K ,ṼK
m!.

In Eqs. ~17! and ~18!, G̃0
21(p,K ,VK

m)52e0
m2p2/Mx and

Fm
(0)(p)5G̃0

21(p,K ,VK
m)Cm

(0)(p).
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For model potentials, which satisfy the conditio
W12(p)5bCm

(0)(p) with b5const,0, the bipolariton energy
is determined by the equation

ṼK
m5VK

m2bC̃K~ṼK
m!. ~19!

In this casedC(p,K )→0, C̃(p,K )→Cm
(0)(p) for p@kopt

and only the poles ofG̃(p,K ,ṼK
m) contribute todC(p,K ).

These poles are determined by the energy-momentum
servation ṼK

m2va(2p1K /2)2va8(p1K /2)50 ~a,a8
5QW, bulk! in the optical decay of the quasi-2D molecul
The condition ~19! provides that the poles ofCm

(0)(p) at
p56 i /am do not contribute todC(p,K ). Equation~19! is
transcendent with respect to the bipolariton energyṼK

m .
However, if the radiative corrections are small compa
with the unperturbedm binding energy (Dm,Gm!e0

m), one
can use the iteration procedure and p
ṼK

m5VK
m2bC̃K(VK

m).
The conditionW12(p)}C(p) indeed holds, e.g., for som

particular realizations of the 2D deuteronW12(p)
5W(0)/@(pam)211#3/2 and Gauss W12(p)5W(0)exp
3@2(pam)2/4# potentials. Namely, it is valid for the deutero
potential with W(0)5227p/2 ~Fourier transform to rea
space isW12(r )5(227/4)exp(2r/am), where r 5Ax21y2!
and for the Gauss potential withW(0)529p @in real space
W12(r )529 exp(2r2/am

2 )#. Here, the potentialW12 is given
in units of the RydbergMxe

4/(2\2e0).
The solution, Eqs.~17!–~19!, implies a ‘‘soft’’ potential

W12 which changes in momentum~real! space in the same
scale as the wave functionCm

(0) . Here, we construct an ap
proximate solution of the 2D bipolariton model for a sho
range ‘‘contact’’ potentialW12. In real space such a poten
tial can be modeled byW12(r )}d(r ), while in momentum
spaceW12(p) can be approximated byW12(0) within the
scale ;1/am of the change ofCm

(0)(p). In this case, the
second term in square brackets on the r.h.s. of Eq.~17! can
be neglected, i.e.,C̃(p,K )5G̃(p,K ,ṼK

m)Fm
(0)(p). Therefore,

from Eqs.~8! and ~15! one gets

G0~p,p8;K !5
Fm

~0!~p!Fm
~0!* ~p8!

V2VK
m1 id

,

G~p,p8;K !5
Fm

~0!~p!Fm
~0!* ~p8!

V2ṼK
m . ~20!

The substitution of the expressions~20! in the Bethe-Salpete
Eqs. ~7! and ~11! leads after some algebra to the final re
tionship

ṼK
m2VK

m5(
p

Fm
~0!~p!@G̃~p,K ,VK

m!

2G̃0~p,K ,VK
m!#Fm

~0!* ~p!, ~21!

where Fm
(0)(p)5G̃0

21(p,K ,VK
m)Cm

(0)(p)5(2e0
m2p2/

Mx)Cm
(0)(p). The potentialW12 does not enter Eq.~21! ex-

plicitly. The m binding energye0
m completely determines th

deuteron ground-state wave functionCm
(0)(p). This is a sig-

nature of the contact potential.
n-

d

t

-

The polariton dispersion in Eq.~14! does not allow us to
split off the center-of-mass motion in the bipolariton sol
tions given by Eqs.~17!–~19! and Eq.~21!, respectively. As
a result, the in-plane momentum\K of the molecule influ-
ences the relative motion of two constituentx’s and causes
theK -dependence of them radiative correctionsDm andGm.
Furthermore, the bipolariton model recovers the enhan
ment factoram

2 @ax
2 of the giant oscillator strength model.

According to Eqs.~21! and ~14!, three decay processe
contribute to the m radiative width Gm(K )/2
52Im$ṼK

m2VK
m%. The first one is the dissociation of th

quasi-2D molecule into two outgoing QW polaritons. Th
process satisfies the energy and in-plane momentum con
vation ṼK

m2vQW(2p1K /2)2vQW(p1K /2)50. The con-
servation of energy is well defined because within our mo
Im$vQW%50. In the second process ‘‘m→QW polariton
~bulk light!1bulk light ~QW polariton!,’’ the bulk outgoing
photon leaves a recoil QW polariton. This decay is also
lowed by the energy – in-plane momentum conservat
ṼK

m2vQW(bulk)(2p1K /2)2vbulk(QW)(p1K /2)50. How-
ever, the imaginary term (i /2)G6p1K/2

x due to the finite ra-
diative lifetime of the bulk states relaxes the energy cons
vation. The third channel is attributed t
ṼK

m2vbulk(2p1K /2)2vbulk(p1K /2)50. For the 3D bipo-
lariton model this process, which corresponds to them decay
into two outgoing polaritons of the upper dispersion bran
is strictly forbidden. However, the decay of the quasi-2
molecule into two bulk photons is weakly allowed due to t
energy uncertainty given by (1/2)(Gp1K/2

x 1G2p1K /2
x ).

Due to the pole structure ofG̃(p,K) given by Eq.~14!,
one can easily discriminateGQW

m ~the first channel! andGbulk
m

~the second and third channels!. From Eq.~21! we conclude

GQW
m ~K !1Gbulk

m ~K !

5~21/2p2!Im$*Fm
~0!~p!G̃~p,K ,VK

m!Fm
~0!~p!d2p%.

In our experiments, the molecules with in-plane wave vec
K.0.553105 cm21!kopt have been involved in transien
m-mediated PL. The dependences oftQW

m 5\/GQW
m (K.0)

~solid line! andtbulk
m 5\/Gbulk

m (K.0) ~dashed line! upon the
exciton-photon coupling parameterRc are plotted in Fig. 4.
We conclude that indeedGQW

m @Gbulk
m within the 2D bipolari-

ton model.
The dissociation of the molecule into two outgoing Q

polaritons is more effective than the decay into the b
modes due to ~i! the x-weight factors (wQWwQW)
.(wQWwbulk) in the numerators of Eq.~14! and~ii ! the joint
density of states determined by the denominator of Eq.~14!,
i.e., by the functionsdVa,a8(p,K )5ṼK

m2va(2p1K /2)

2va8(p1K /2). The joint density of QW polariton state
given by JQW,QW5(1/4p2)*d2pd@ṼK

m2vQW(p1K /2)
2vQW (2p1K /2)] is considerably higher than the join
density of states for them decay into the bulk modes. More
over, the energy-momentum conservation surfa
dVQW,QW(p,K )50 in 3D momentum space (px ,py ,K)
shown in Fig. 5 has a critical saddle pointO at K0.2kopt.
The critical point is characterized by]dṼ(p,K )/]px

5]dṼ(p,K )/]py50 and gives rise to a logarithmic va
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Hove singularity in the joint density of QW polariton state
This singularity, which is absent for them decay into the
bulk modes, is responsible for the strong coupling of
quasi-2D molecule with the interface~surface! light. One can
trace the influence of the critical point atK0 up to the small
in-planem wave vectorsK.0.

III. DISCUSSION

The 2D bipolariton model shows thattQW
m <tc

x . There-
fore, the excitonic molecules dissociate already within
initial transient stage, while the following exponential dec
of the cross-polarized PL@see Figs. 1~a! and 1~b!# is due to
escape of secondary QW polaritons into the bulk modes.
complete kinetics of the cross-polarized PL is approxima
by

I'~ t !5I 0$@e2t/tQW
m

1122e2t/2tQW
m

cos~e0
mt !#

12r~12e2t/tQW
m

!%e2t/tx
, ~22!

wheretx@tQW
m is the characteristic decay time of PL at th

second exponential stage andr is a parameter which charac
terizes the fraction of the secondary QW polaritons esca
into the bulk modes. These secondary polaritons are du
the quick dissociation of the quasi-2D molecules.

A fit of the cross-polarized PL within the bipolariton k
netics of Eq.~22! is shown in Figs. 1~a! and 1~b! ~solid line!
for samples no. 1 (d5130 Å) and no. 3 (d5200 Å), re-
spectively. We get the following parameters:tQW

m 50.5 ps,
e0

m51.8 meV, tx527.4 ps, r50.7 for no. 1 and
tQW

m 50.8 ps,e0
m50.7 meV, tx536.6 ps,r50.3 for no. 3.

Them contribution to the complete time-resolved PL is al

FIG. 5. The surface dVQW,QW(p,K )5ṼK
m2vQW(p

1K /2)2vQW(2p1K /2)50 in 3D momentum space~px , py , K!.
The pointO ~px5py50, K5K0! is the critical saddle point. The
wave vectorK0 corresponds to the degenerate two-QW-polari
resonant decay of the molecule with the in-plane wave vectorK0

into s1 and1s2 interface polaritons with the wave vectorK0/2.
.

e

e

e
d

d
to

plotted in Figs. 1~a! and 1~b! ~dashed line!. Although them
optical decay into the bulk modes is relatively we
(tbulk

m @tQW
m ), this channel yields them-mediated PL signal

in our experiments and tests the ‘‘hidden’’ dissociation
molecules into outgoing interface polaritons. In order to ge
direct evidence of the hidden channel, one should visua
the dissociation of quasi-2Dm’s into QW polaritons by the
QW grating technique27 or by the detection of the light from
the GaAs QW’s edges~this technique has been developed
Ref. 32!.

Using the dependenceGQW
m 5GQW

m (Rc) of Fig. 4, we esti-

mate \2Rc.2531022 eV2 Å for sample no. 1 and
\2Rc.1831022 eV2 Å for no. 3. The increase ofe0

m and
Rc with decrease of the thicknessd from 200 Å ~no. 3! to
130 Å ~no. 1! follows the theoretical conclusions of Ref. 3
and Refs. 25 and 26, respectively. Moreover, the 2D bi
lariton model with tQW

m ,tc
x explains the experimenta

results10 on four-wave mixing in GaAs QW’s (d5100 Å)
where them-mediated signal decays withtm.0.8 ps, while
the x dephasing timetc

x.3.9 ps@tm.
The width of the Lorentz spectral band of secondary Q

polaritons is determined by the energy uncertain
Gm(K.0) in the generation sequence two incomi
photons→virtual molecule→two outgoing QW polaritons.
The center of the band is located atṼK50

m /2. A fraction of the
secondary polaritons which belong to thex-like part of the
QW polariton dispersion is DN/N}*em/Gm

` SQW@dx/(1
1x2)#5SQW@p/22arctan(em/Gm)#, whereSQW5const is the
2D density of QWx states. The secondary quasi-2D ex
tons, i.e., thex-like QW polaritons, can populate the radia
tive modes and contribute to the cross-polarized PL
t.tQW

m . Estimates show that (DN/N)sample no. 1

.(DN/N)sample no. 3 within 20% accuracy. The secondar
‘‘cold’’ excitons equilibrate and completely thermalize wit
the lattice only in sub-ns scale.16,17 The measured decay o
the thermalizedx’s in samples nos. 1–3 also agrees with t
earlier measurements.15

The secondary quasi-2D excitons from the narrow f
quency bandv t<v<v t1Gx couple resonantly with the ra
diative modesp<kopt. The width of the band is due to th
energy uncertaintyGx(Gx!Gm.GQW

m ) of the radiative
modes. The umklapp between the bulk and confined mo
is due to Rayleigh scattering by QW impurities and interfa
fluctuations as well as due to Brillouin scattering by low
energy LA- and TA- phonons. The efficiency of the optic
escape of secondary QW polaritons is proportional to
population of the bulk modes and inversely proportional
the x radiative lifetime within the photon cone. As a resu
the parameterr of Eq. ~22! is r}^Gp

x&2}Rc
2 . Here, thex

radiative rateGp
x is given by Eq.~4!. The values of the cou-

pling parameterRc estimated from the transient stage
t<tQW

m yield (Rc,sample no. 1)
2/(Rc,sample no. 3)

2.1.9, while the
fit of the total kinetics by Eq.~22! gives rsample no. 1/
rsample no. 3.2.3. The coincidence of the numerical values
reasonable. Moreover, the characteristic decay time of
cross-polarized PL att.tQW

m is tx}^Gp
x&21}Rc

21 . Again,
the ratiotsample no. 3

x /tsample no. 1
x .1.3 is quite well reproduced

by the ratioRc,sample no. 1/Rc,sample no. 3.1.4 found from the
initial transient.
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The resonant scattering of the incident light by interfa
disorder can also lead to an initial transient in exciton
with the rise time given by the inverse of the inhomogene
width.34 The extremely short rise time of them-mediated PL
@t(I'

max)<1.5 ps for the all studied samples#, however, rules
out the possibility that the observed rise time is due to in
face disorder. According to our measurements, the typ
width (dv)x of the x PL line is less than 0.2 meV corre
sponding to a time scale longer than 5 ps. Formally,
radiative correctionsDm andGm to the quasi-2Dm binding
energye0

m is considerably large than (dv)x .
The dimensionless parameterd5(tQW

m e0
m)21,1 deter-

mines an accuracy of the estimate of them binding energy
e0

m by Eq.~2!. For d!1, Eq.~2! gives a precise value ofe0
m .

In our case,d;0.420.5 and Eq.~2! yieldse0
m52.4 meV for

sample no. 1 ande0
m51.4 meV for no. 3. These values a

about 20– 50 % large than the corresponding values obta
by the fitting procedure from Figs. 1~a! and 1~b!.

The initial transient of them-mediated PL after an impac
optical excitation should also occur in bulk semiconducto
For example, our 100 fs time-resolved technique is w
suited for bulk CdS or CdSe, wheree0

m.325 meV. Because
the 3D bipolariton model givesd!1, one anticipates to see
few complete beats in the transientm-mediated PL. More-
over, in this case the estimate ofe0

m by Eq. ~2! should be
very precise.

The extremely fast dissociation of the molecules into Q
polaritons withtQW

m <tc
x shows that the complete dynamic

sequence of the 2D bipolariton model, i.e., two incomi
photons s1 and s2→two virtual excitons s1 and
s2→molecule ~bipolariton!→two outgoing QW polaritons
s1 ands2, holds as a conservative, coherent process. S
a behavior, which shows that the coupling of the molec
with the light dominates over the scattering processes, is
fundamental signature of the bipolariton model. For e
ample, this property occurs for biexcitons in bulk CuCl
T<10 K due to an anomalously weakm(x) LA-phonon
coupling.35 In our experiments with high-quality GaA
QW’s, this feature also holds because them-mediated tran-
sient PL is independent of the temperatureT<30 K and the
intensity of the optical pump. In other words, an optica
generated molecule exists in a ‘‘frozen’’ state with the co
served in-plane momentum\K and radiatively decays befor
scattering or dephasing.

Within this picture, them-mediated PL from QW’s has a
spatial anisotropy about in-plane projectionki of the wave
ys
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vector of the pump light. Due to the unrelaxed in-plane m
mentum K52ki of the created quasi-2D molecules, th
emission occurs predominantly inki direction. This conclu-
sion, which is valid for them radiative decay into the both
confined and bulk modes, stems directly from the conser
tion of the total in-plane momentum. A similar effect ha
been discussed for transient PL from a photogenera
electron-hole plasma in GaAs QW’s.36

IV. CONCLUSIONS

In this work we analyze the transient coherent stage at
very beginning of the time-resolvedm-mediated PL from
GaAs QW’s. The following conclusions summarize o
study.

~i! The initial transient stage of them-mediated photolu-
minescence is attributed to the coherent quantum evolu
of s1 ands2 excitons towards them ground state right after
the impact optical excitation (tpulse!\/e0

m). The finite rise
time of PL provides us with a straightforward estimate of t
molecule binding energye0

m . The initial transient also re-
flects a type of quantum beats caused by thex(s1)2x(s2)
Coulombic attraction. These inherently decaying beats oc
between them ground state and thex-x dispersive con-
tinuum and cannot be analyzed within the standard few-le
optical Bloch equations which simplify the description of th
two-exciton continuum.

~ii ! The 2D bipolariton model clarifies that the main ‘‘hid
den’’ channel of them radiative decay is the dissociatio
into two QW polaritons rather than the observable decay i
the bulk modes with emission of photons outside a QW. W
conclude that excitonic molecules dissociate already wit
the initial transient, while the following exponential decay
the cross-polarized PL is due to escape of secondary in
face polaritons into the bulk modes. Moreover, due to
very short dissociation timestQW

m ;1 ps, the optical genera
tion of a quasi-2D molecule and the following radiative d
cay, i.e., the sequence two photons→ two virtual
excitons→molecule→two outgoing QW polaritons, is a co
herent process.
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