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Radiative corrections to the excitonic molecule state in GaAs microcavities
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The optical properties of excitonic molecules~XX’s ! in GaAs-based quantum well microcavities~MC’s! are
studied, both theoretically and experimentally. We show that the radiative corrections to the XX state, the
Lamb shiftDXX

MC and radiative widthGXX
MC, are large, about 10%–30% of the molecule binding energyeXX , and

definitely cannot be neglected. The optics of excitonic molecules is dominated by the in-plane resonant
dissociation of the molecules into outgoing 1l-mode and 0l-mode cavity polaritons. The later decay channel,
‘‘excitonic molecule→0l-mode polariton10l-mode polariton,’’ deals with the short-wavelength MC polari-
tons invisible in standard optical experiments—i.e., refers to ‘‘hidden’’ optics of microcavities. By using
transient four-wave mixing and pump-probe spectroscopies, we infer that the radiative width, associated with
excitonic molecules of the binding energyeXX.0.9–1.1 meV, isGXX

MC.0.2–0.3 meV in the microcavities and
GXX

QW.0.1 meV in a reference GaAs single quantum well~QW!. We show that for our high-quality quasi-two-
dimensional nanostructures theT252T1 limit, relevant to the XX states, holds at temperatures below 10 K and
that the bipolariton model of excitonic molecules explains quantitatively and self-consistently the measured
XX radiative widths. A nearly factor 2 difference betweenGXX

MC andGXX
QW is attributed to a larger number of XX

optical decay channels in microcavities in comparison with those in single QW’s. We also find and characterize
two critical points in the dependence of the radiative corrections against the microcavity detuning and propose
using the critical points for high-precision measurements of the molecule binding energy and microcavity Rabi
splitting.

DOI: 10.1103/PhysRevB.69.075312 PACS number~s!: 78.66.Fd, 78.47.1p, 71.36.1c
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I. INTRODUCTION

The optical properties of an excitonic molecule origina
from the resonant interaction of its constituent excitons~X’s!
with the light field. For the semiconductor~GaAs! nanostruc-
tures we analyze in this paper, the above interaction refer
quasi-two-dimensional~quasi-2D! QW excitons and is dif-
ferent in single, microcavity-~MC-! free quantum wells and
in microcavities. In the first case, the breaking of trans
tional invariance along the growth direction (z direction!
leads to the coupling of QW excitons to a continuum of bu
photon modes. This results in an irreversible radiative de
of low-energy QW excitons into the bulk photon modes a
to interface, or QW, polaritons for the QW exciton stat
lying outside the photon cone.1–3 An interface polariton is
the in-plane propagating eigenwave guided by a single Q
and the light field associated with interface polaritons is e
nescent; i.e., it decays exponentially in thez direction. In
contrast, the MC polariton optics deals with the quasistati
ary mixed states of quasi-2D MC photons and Q
excitons;4,5 i.e., one realizes a nearly pure 2D exciton-phot
system with resonant coupling between two eigenmodes~for
a review of the MC polariton optics see, e.g., Refs. 6 and!.
In this case the radiative lifetime of MC polaritons originat
from a finite transmission through the cavity mirrors. T
main aim of the present work is to develop coherent optics
quasi-2D excitonic molecules in semiconductor microca
ties.

The XX-mediated optical response from GaAs microca
ties has been addressed only recently.8–14 The Coulombic
0163-1829/2004/69~7!/075312~15!/$22.50 69 0753
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attractive interaction of cross-circular polarized (s1

and s2) excitons, which gives rise to the XX bound stat
has been invoked and estimated in order to anal
the frequency-degenerate four-wave mixing~FWM!
experiment.8 Pump-probe spectroscopy was used in Ref. 9
observe the XX-mediated pump-induced changes in the
reflectivity spectrum. However, in the above first expe
ments the microcavity polariton resonance has a large bro
ening so that the spectrally resolved XX transition was
detected. Only recently the spectrally resolved ‘‘polarit
↔ XX’’ photon-assisted transition in GaAs-based MC
has been observed by using differential reflecti
spectroscopy.10,11 In particular, the transition is revealed in
pump-probe experiment as an induced absorption from
lower polariton dispersion branch to the XX state, at posit
pump-probe time delays.10 In the latter work the MC Rabi
splitting V1l

MC , associated with a heavy-hole QW excito
exceeds the XX binding energyeXX for more than a factor of
3. The last experiments on excitonic molecules in GaAs
crocavities use a high-intensity laser field to investigate
XX-mediated changes in the polariton spectrum12,13 and
parametric scattering of MC polaritons.14 In this work we are
dealing with alow-intensitylimit of the XX optics, aiming to
study the radiative corrections to the molecule state in
high-quality GaAs single QW embedded in a coplanarl
cavity. Recently, the optical properties of large binding e
ergy excitonic molecules in a MC-embedded ZnSe QW h
been studied.15 The theoretical model we work out ca
straightforwardly be adapted to the quasi-2D molecules
II-VI nanostructures.
©2004 The American Physical Society12-1
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In the previous theoretical studies16,17 the XX radiative
corrections are not included, so that the models deal with
optically unperturbed molecule wave functionCXX and
binding energyeXX . According to Ref. 16, the XX radiative
corrections are rather small, even ifV1l

MC@eXX . The authors
argue qualitatively that a volume of phase space, where
resonant coupling of the constituent excitons with the lig
field occurs, is rather small to affect the XX state. As w
show below, an exactly solvable bipolariton model,18,19

adapted to excitonic molecules in GaAs-based qu
2D nanostructures, yieldsGXX

MC and DXX
MC of about

(0.15–0.30)eXX for microcavities andGXX
QW and DXX

QW of
about (0.10–0.15)eXX for single QW’s. The calculated val
ues refer to the weak confinement of quasi-2D QW excit
and QW excitonic molecules we deal with in our study.
the weak-confinement limit, the QW thicknessdz is compa-
rable with the in-plane radius of the above electron-h
bound complexes, which are still constructed in terms
well-defined transversly quantized quasi-2D electro
states. In contrast, in the strong-confinement limit,dz is
much less than the in-plane radius of QW excitons~excitonic
molecules!.

The radiative corrections to the XX state cannot be
glected, because the exciton-photon coupling~polariton ef-
fect! changes the dispersion of excitons not only in a v
close vicinity of the resonant crossover between the relev
exciton and photon energies, but in a rather broad banp
;p0. Here wave vectorp0 is given by the resonant conditio
\vg(p0)5cp/A«b5EX(p0) between the bulk photon an
exciton dispersions («b is the background dielectric con
stant!. For GaAs structuresp0.2.73105 cm21. The dimen-
sionless parameterdR

(D) , which scales the XX radiative cor
rections, is dR

(D)5(aXX
(D)p0)D, where aXX

(D) is the molecule
radius andD is the dimensionality of a semiconductor stru
ture. Remarkably, as we demonstrate below,dR

(2D) does not
depend upon the MC detuning between thel-cavity mode
andEX—i.e., is the same for microcavities and single QW
For our high-quality GaAs QW’s with weak confinement
excitons one estimatesaXX

(2D).200 Å, so thatdR
(2D).0.3. The

latter value clearly shows that the exciton-photon coupl
does change considerably the quasi-2D XX states. Even
the X wave vectors far away from the resonant crosso
point p0, the polariton effect can still have a considerab
impact on the dispersion of optically dressed excitons in b
semiconductors and QW’s. To illustrate this, note that
bulk GaAs, e.g., the effective mass associated with the up
polariton dispersion branch atp50 is given by
Meff.Mx/4—i.e., by factor 4 is less than the translation
massMx of optically undressed excitons. In a similar wa
the dispersion of QW excitons dressed by MC photo
which gives rise toDXX

MC and GXX
MC , refers to the in-plane

wave vector domainpi&p0 rather than to a close vicinity o
the crossover pointpi.0.

An excitonic molecule can be described in terms of t
quasibound polaritons~bipolariton!, if the coupling of the
molecule with the light field is much stronger than the inc
herent scattering processes. In this case the sequence
incoming polaritons~or bulk photons! → quasibound XX
07531
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state→ two outgoing polaritons’’ is a completely cohere
process of the resonant polariton-polariton scattering and

be described in terms of the bipolariton wave functionC̃XX .
The latter includes an inherent contribution from the outg
ing ~incoming! polaritons and should be found from the b
polariton wave equation. The solution also yields the rad
tive corrections to the XX energy—i.e.,2eXX52eXX

(0)

1DXX2 iGXX/2, whereeXX
(0) is the ‘‘input’’ XX binding en-

ergy of an optically inactive molecule. For some particu
model potentials ofs1-exciton–s2-exciton interaction—
e.g., for the deuteron and Gaussian potentials—the bipo
ton wave equation can be solved exactly.18,19The bipolariton
concept was verified in high-precision experiments with lo
temperature bulk CuCl~Refs. 20–22! and CdS~Ref. 23!, and
was also applied successfully to explain the XX-media
optical response from GaAs/AlGaAs multiple QW’s~Ref.
24!. The latter experiment dealt with quasi-2D XX’s in th
limit of strong QW confinement. In this case the bipolarito
model shows that the main channel of the optical decay
QW excitonic molecules in MC-free structures is the res
nant photon-assisted dissociation of the molecule into
outgoing interface~QW! polaritons. Note that the Coulombi
interaction between two constituent excitons of the molec
couples the radiative modes and the interface polar
states, so that an ‘‘umklapp’’ process between the modes
intrinsically be realized. The above picture refers to the f
lowing scenario of the coherent optical generation and d
sociation of QW molecules: ‘‘s1 bulk photon1 s2 bulk
photon→s1 virtual QW exciton1 s2 virtual QW exciton
→ QW molecule→s1 interface polariton1 s2 interface
polariton.’’

The experiments we report on deal with weakly confin
QW excitonic molecules; i.e., the QW thicknessdz5250 Å
is comparable with the radius of excitons in bulk GaAs. T
quasi-2D weak confinement allows us to neglect inhomo
neous broadening in the detected X- and XX-mediated
nals. The MC-free single QW is used as a reference st
ture: All thel microcavities, which we study, are embedd
with a single QW nearly identical to the reference one.
analyzing the coherent dynamics of the XX-mediated sig
in spectrally resolved transient FWM, we infer the XX radi
tive width in the microcavities and in the reference sing
QW, GXX

MC and GXX
QW, respectively. The measurements yie

GXX
MC larger thanGXX

QW by nearly factor 2. Furthermore, b
using pump-probe spectroscopy we also estimate the
binding energieseXX

MC andeXX
QW. Our measurements deal wit

the MC detuning band22 meV&d&12 meV.
Similarly to quasi-2D XX’s in high-quality single QW’s

the main mechanism of the optical decay of MC molecule
their in-plane resonant dissociation into MC polaritons. Th
the coherent optical path of the XX-mediated signal in o
experiments is given by ‘‘s1 ~pump! bulk photon 1 s2

~pump! bulk photon→ MC molecule→s1 MC polariton
1 s2 MC polariton→s1 ~signal! bulk photon1 s2 ~sig-
nal! bulk photon.’’ The latter escape of the MC polariton
into the bulk photon modes is due to a finite radiative lif
time of MC photons. In order to explain the experimen
data, the bipolariton model is adapted to weakly confin
2-2
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quasi-2D molecules in~GaAs! microcavities and MC-free
~GaAs! single QW’s. One of the most important features
the optics of excitonic molecules in microcavities is a lar

contribution to the bipolariton stateC̃XX from 0l-mode MC
polaritons. The relevant 0l-mode polariton states refer to th
in-plane wave vectorspi;p0—i.e., are short wavelength in
comparison with the 1l-mode polariton states activated
standard optical experiments. An ‘‘invisible’’ decay chann
of the MC molecule into two outgoing 0l-mode polaritons
in combination with the directly observable dissociation p
‘‘XX →1l-mode MC polariton11l-mode MC polariton’’ ex-
plains qualitatively the factor of 2 difference betweenGXX

MC

and GXX
QW. The use of the microcavities embedded with

single QW allows us to apply the bipolariton model witho
complications due to the dark X states in multiple QW
~Ref. 16!. The bipolariton model quantitatively reproduc
our experimental data and predicts new spectral features,
M1,2 critical points in the detuning-dependentGXX

MC

5GXX
MC(d) andDXX

MC5DXX
MC(d).

Thus the main results of our study on weakly confin
quasi-2D molecules in GaAs microcavities are~i! rigorous
justification of the bipolariton model,~ii ! importance of the
XX radiative corrections, and~iii ! existence of the efficien
‘‘hidden’’ XX decay channel, associated with 0l-mode MC
polaritons.

In Sec. II, we apply the bipolariton model in order
analyze the XX radiative corrections, the XX Lamb sh
DXX and XX radiative widthGXX , relevant to our microcavi-
ties and reference QW. After a brief discussion of interfa
and MC polaritons, we demonstrate that in GaAs-ba
quasi-2D structures the XX radiative corrections can be
large as 10%–30% of the~input! XX binding energyeXX

(0) . It
is shown that independently of the MC detuningd the XX
radiative corrections in microcavities and~reference! QW’s
are scaled by the same dimensionless parameterdR

(2D)

5(aXX
(2D)p0)2 and that the main XX optical decay channe

in microcavities are ‘‘XX → 1l-mode MC polariton11l-
mode MC polariton’’ and ‘‘XX→ 0l-mode MC polariton1
0l-mode MC polariton’’ against the main decay path
single QW’s, ‘‘XX → interface polariton1 interface polar-
iton.’’ We also find and classify twocritical points M1 and
M2 in the spectrum of the XX radiative corrections in m
crocavities,GXX

MC5GXX
MC(d) and/or DXX

MC5DXX
MC(d), and pro-

pose to use the critical points for high-precision measu
ments of the MC Rabi splitting and the XX binding energ

In Sec. III, the investigated GaAs-based MC sample a
the reference GaAs single QW are characterized. We
scribe the FWM measurements atT59 K, which allow us to
estimate the XX dephasing width for the MC detuning ba

22 meV&d&2 meV, G̃ XX
MC(T59 K).0.3–0.4 meV, and

the pump-probe experiments atT55 K, which yield the bi-
polariton ~XX ! binding energy in our microcavities,eXX

MC

.0.9–1.1 meV.
In Sec. IV, by analyzing a temperature-dependent con

bution to the dephasing widthsG̃XX
MC and G̃XX

QW, which is as-
sociated with XX–LA-phonon scattering, we estimate t
corresponding XX radiative widths in the microcavities a
07531
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reference QW (GXX
MC.0.2–0.3 meV andGXX

QW.0.1 meV),
and show that the bipolariton model does reproducequanti-
tatively and self-consistentlybothGXX

MC andGXX
QW. It is shown

that theT252T1 limit, which is crucial for the validity of the
bipolariton model, starts to hold for excitonic molecules
cryostat temperatures below 10 K. We also discuss the
derlaying physical picture responsible for the large XX r
diative corrections in high-quality quasi-2D~GaAs! nano-
structures.

A short summary of the results is given in Sec. V.

II. BIPOLARITON STATES IN MICROCAVITIES
AND SINGLE QUANTUM WELLS

In this section we briefly discuss interface~quantum well!
and microcavity polaritons, and apply the bipolarito
model18,19 in order to calculate the XX radiative correction
and to describe the optical decay channels of excitonic m
ecules in high-quality GaAs-based microcavities and sin
QW’s.

A. Interface and microcavity polaritons

For a single QW, the resonant coupling of excitons w
the light field can be interpreted in terms of the radiati
in-plane modesupiu<p0, which ensure communication o
low-energy QW excitons with incoming and outgoing bu
photons~the only photons used in standard pump-probe
tical experiments with QW’s!, and interface polaritons
which refer to the states outside the photon cone,upiu
>v tA«b/c. The latter in-plane propagating polariton eige
modes are trapped and waveguided by the X resonance;
are accompanied by the evanescent, interface light fiel
i.e., are invisible at macroscopic distances from the QW.

For an ideal QW microcavity the MC photons with in
plane wave vectorpi can be classified in terms ofnl trans-
verse eigenmodes (n50,1,2, . . . ). The MCpolariton eigen-
states arise when some of the MC photon eigenmo
resonate with the QW exciton state. As we show below, o
0l- and 1l-polariton eigenmodes are relevant to the opt
of QW excitonic molecules in our MC structures. With in
creasing MC thickness towards infinity the microcavity p
lariton eigenstates evolve into the radiative and interface
lariton eigenmodes associated with a MC-free single Q
~Ref. 5!.

~i! The light field resonantly interacting with quasi-2
excitons in a single (GaAs) QW.The interaction of a QW
exciton with in-plane momentum\pi with the transverse
light field of frequencyv is characterized by the dispersio
equation1–3

c2pi
2

«b
5v21

v2RX
QWApi

22«b~v/c!2

v t
21\v tpi

2/Mx2 ivgX2v2
, ~1!

whereMx is the in-plane translational X mass,\v t5EX(pi
50) is the X energy,gX is the rate of incoherent scatterin
of QW excitons, andRX

QW is the dimensional oscillato
strength of exciton-photon interaction per QW unit are
2-3
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Equation~1! refers to a single~GaAs! QW confined by two
identical ~AlGaAs! bulk barriers.

For upiu>vA«b/c—i.e., for the momentum-frequency do
main outside the photon cone—Eq.~1! describes the in-plane
polarized transverse interface polaritons (Y-mode polari-
tons!. The evanescent light field associated with the interf
polaritons is given by E(v,pi ,z)5E(v,pi)exp(2kuzu),
wherek5Api

22«b(v/c)2. The exciton and photon compo
nents of a QW polariton with in-plane wave vectorpi are

uIP
2 ~pi!5

kRX
QW

kRX
QW12@v t1\pi

2/2Mx2v IP~pi!#
2

,

v IP
2 ~pi!512uIP

2 ~pi!, ~2!

respectively. Herev5v IP(pi) is the polariton dispersion de
termined by Eq.~1!. Note that thez-polarized transverse in
terface polaritons (Z-mode QW polaritons! associated with
the ground-state heavy-hole excitons are not allowed
GaAs QW’s~Ref. 3!.

The low-energy QW excitons from the radiative zo
upiu<p05v tA«b/c couple with bulk photons—i.e., can ra
diatively decay into the bulk photon modes. In this case
~1! yields the X radiative decay rate into bulk in-plan
(Y-!polarized transverse photons:

1

\
GX

QW~pi!5
«b

c2RX
QW v t

Ap0
22pi

2
. ~3!

One can also rewrite Eq.~3! as GX
QW(pi)5GX

QW(pi50)
p0 /(p0

22pi
2)1/2, where GX

QW(pi50)5\(A«b/c)RX
QW is the

radiative width of a QW exciton with in-plane momentu
\pi50. In high-quality GaAs QW’s at low temperatures, t
conditionGX

QW@\gX can be achieved, so that the X dispe
sion within the photon cone is approximated by\vX

QW(pi
<p0)5\v t1\2pi

2/2Mx2 iGX
QW(pi)/2.

The oscillator strengthRX
QW associated with QW exciton

is given by

RX
QW5

4p

\

v t

«b
ufX

(2D)~r50!u2udcvu2, ~4!

wherefX
(2D)(r ) is the X wave function of relative electron

hole motion anddcv is the dipole matrix element of the in
terband optical transition. In the limits of strong and we
QW confinement Eq.~4! yields

RX
QW5H 16aX

(3D)v,tv t , aX
(3D)@dz ,

2dzv,tv t , l52p/p0@dz*aX
(3D) ,

~5!

respectively, whereaX
(3D) is the Bohr radius of bulk exciton

and v,t is the longitudinal-transverse splitting associat
with bulk excitons~in bulk GaAs one hasaX

(3D).136 Å and
\v,t.80–86meV, respectively25!. Thus we estimate the up
per limit of the oscillator strength in narrow GaAs QW’s
\2RX

QW(dz→0).0.26–0.28 eV2 Å. For our GaAs QW’s
with weak confinement of excitons one evaluates from
~5! that \2RX

QW(dz5250 Å).0.061 eV2 Å.
07531
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~ii ! The MC polariton dispersion relevant to exciton
molecules in (GaAs-based) microcavities.The dispersion
equation for MC polaritons, which contribute to the XX
mediated optics of al cavity we study in our experiments, i
given by

v t
21\v tpi

2/Mx2 ivgX2v25v2F ~V1l
MC!2

~v1l
g !22 ivgR2v2

1
~V0l

MC!2

~v0l
g !22 ivgR2v2G ,

~6!

where the photon frequencies, associated with the 1l- and
0l-microcavity eigenmodes, arev1l

g 5v1l
g (pi)5(c2pi

2/«b

1v0
2)1/2 and v0l

g 5v0l
g (pi)5cpi /A«b, respectively. Here

v05(2pc)/(LzA«b) is the cavity eigenfrequency,Lz is the
MC thickness, andgR is the inverse radiative lifetime of MC
photons, due to their escape from the microcavity into ex
nal bulk photon modes. The MC Rabi frequencyV1l

MC refers

to the 1l-eigenmode of the light field, eˆ
1l(z)

5A2/Lzcos@(2pz)/Lz# ~we assume that the QW is located
z50 so thatuzu<Lz/2), and is determined by

~V1l
MC!25

16p

\

v t

«b
ufX

(2D)~r50!u2udcvu2
uI 1u2

Lz
, ~7!

where I 15I 1(dz /Lz)5@Lz /(pdz)#sin@(pdz)/Lz#.12(p/6)
3(dz /Lz)

2. In turn, the Rabi frequencyV0l
MC is associated

with the 0l-eigenmode of the MC light field, eˆ
0l(z)

51/ALz5const, and

~V0l
MC!25

8p

\

v t

«b
ufX

(2D)~r50!u2udcvu2
1

Lz
. ~8!

From Eqs.~4!, ~7!, and~8! one gets

~V1l
MC!252uI 1u2~V0l

MC!254
RX

MC

Lz
uI 1u2. ~9!

Because the factoruI 1u2.1 ~for our microcavities dz
5250 Å andLz.2326 Å, so thatuI 1u2.0.96), we conclude
that V1l

MC.A2V0l
MC.2(RX

MC/Lz)
1/2. The factor of 2 differ-

ence between (V1l
MC)2 and (V0l

MC)2 originates from the dif-
ference of the intensities of the light fields associated w
microcavity 1l- and 0l-eigenmodes at the QW position,z

50—i.e., is due touê1l(z50)u2/uê0l(z50)u252.
Thus, the dispersion equation~6! deals with a three-

branchMC polariton model. In Fig. 1 we plot the polarito
dispersion branches, designated by 1l-UB ~upper branch!,
1l-LB ~middle branch!, and 0l-LB ~lower branch!, respec-
tively, and calculated by Eq.~6! for a zero-detuning GaAs
based microcavity with \V1l

MC53.70 meV and \V0l
MC

52.67 meV. The ratio between the Rabi frequencies sa
fies Eq.~9!, and the used value ofV1l

MC corresponds to tha
observed in our experiments. For small in-plane wave v
tors upiu&pi

(1l).0.53105 cm21 ~see Fig. 1! the 1l-UB and
1l-LB dispersion curves are identical to the upper and low
2-4
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MC polariton branches calculated within the standa
1l-eigenmode resonant approximation.6,7 In this case the
1l-UB and 1l-LB polaritons are purely 1l eigenwaves; the
0l-LB dispersion is well separated from the X resonance
that in Eq.~6! one can putV0l

MC50 in order to describe the
1l-UB and 1l-LB dispersions in the wave vector doma
pi&pi

(1l) . The anticrossing between the X dispersionv t

1\pi
2/2Mx and the MC 0l-mode photon frequency

cpi /A«b, which occurs atpi5p0.2.73105 cm21, gives
rise to the MC 0l-eigenmode dispersion associated with t
1l-LB and 0l-LB short-wavelength polaritons withpi
@pi

(1l) ~see Fig. 1!. This picture is akin to the two-branc
polariton dispersion in bulk semiconductors; forpi.p0, the
1l-LB and 0l-LB polariton dispersions can accurately b
approximated by Eq.~6! with V1l

MC50. In this case Eq.~6!
becomes identical to the dispersion equation for bulk pol
tons, if in the latter the bulk Rabi splittingVbulk (\Vbulk

.15.6 meV in GaAs! is replaced byV0l
MC and the bulk pho-

ton wave vectorp is replaced bypi . Note that for the MC
0l-eigenmode the light field is homogeneous in thez direc-
tion within the microcavity—i.e., foruzu<Lz/2. With in-
creasing detuning from the X resonance the 1l-LB and
0l-LB polariton dispersions approach the photon frequ

ciesv0l
g 5cpi /A«b andṽ0l

g 5cpi /A«b
(0), respectively, where

the low-frequency dielectric constant is given by«b
(0)

5«b@11(V0l
MC/v t)

2#. The interconnection between two M
polariton domains occurs via the 1l-LB polariton disper-
sion: With increasingpi from pi&pi

(1l) towardspi*p0 the
structure of the photon component of 1l-LB polaritons
smoothly changes, as a superposition of two modes, f
purely 1l mode to purely 0l mode.

Because 1/aXX
(2D).p0, the nonzero exciton component o

all three MC polariton dispersion branches contributes to
molecule state and, therefore, to the XX-mediated optics

FIG. 1. Three-branch microcavity polariton dispersion calc
lated with Eq.~6! for zero detuning. The parameters are adapted
the GaAs microcavities used in our experiments:\V1l

MC

53.70 meV, \V0l
MC52.67 meV, «b512.3, Mx50.4 m0, and

EX(pi50)5\v t51.5219 eV. The dashed lines show the 1l-mode
MC photon and exciton dispersions~the 0l-mode photon disper-
sion is not plotted!.
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microcavities. The X component, associated with the 0l-LB,
1l-LB, and 1l-UB dispersions, is given by

~ui
MC!25F11

v i
4~V1l

MC!2

v tv1l
g @v i

22~v1l
g !2#2

1
v i

4~V0l
MC!2

v tv0l
g @v i

22~v0l
g !2#2G21

, ~10!

where v i 50lLB,1lLB,1lUB5v i 50lLB,1lLB,1lUB
MC (pi) are the po-

lariton dispersion branches calculated with Eq.~6!. For a
given pi the X components satisfy the sum rule (u0lLB

MC )2

1(u1lLB
MC )21(u1lUB

MC )251. The exciton components, whic
correspond to the 0l-LB, 1l-LB, and 1l-UB dispersions
shown in Fig. 1, are plotted in Fig. 2. The above polarit
branches have nonzero X component when the frequen
v i

MC(pi) resonate with the X state—i.e., atpi&pi
(1l) for the

1l-UB, at pi&p0 for the 1l-LB, and at pi*p0 for the
0l-LB, respectively~see Fig. 2!. In our microcavities the X
component of the 2l-, 3l-, etc., eigenmode MC polariton
is negligible.

A nonideal optical confinement of the MC photon mod
by distributed Bragg reflectors~DBR’s! leads to the leakage
of MC photons and gives rise to the radiative rategR in Eq.
~6!. Thus the radiative width of MC polaritons, due to the
optical escape through the DBR’s, isG i 50lLB,1lLB,1lUB

MC

5\(v i 50lLB,1lLB,1lUB
MC )2gR, where the photon component o

the polaritons is given by (v i
MC)2512(ui

MC)2. Note that for
our GaAs-based macrocavities at low temperatures,gR is
much larger thangX ~Refs. 26 and 27!.

B. Bipolaritons in GaAs quantum wells

The quasi-2D excitonic molecules in single QW’s witho
coplanar optical confinement of the light field can eith
resonantly dissociate into interface polaritons or decay ra
tively into the bulk photon modes. In our optical expe
ments, which deal with pump and signal bulk photons on
the first route of the XX optical decay cannot be visualiz

-
o

FIG. 2. The exciton component of 0l-LB ~dotted line!, 1l-LB
~solid line!, and 1l-UB ~dashed line! polaritons in a zero-detuning
GaAs microcavity.
2-5
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directly. Thus this channel refers to the ‘‘hidden’’ optics a
sociated with the evanescent light field resonantly guided
QW excitons.

~i! Resonant dissociation of QW excitonic molecules i
outgoing interface polaritons.The bipolariton model allows
us to calculate the XX radiative width GXX

QW(1)

5GXX
QW(1)(K i), associated with the resonant dissociation

the molecule with in-plane translational momentum\K i , by
solving the wave equation18,19

@EIP~pi1K i/2!1EIP~2pi1K i/2!#C̃XX~pi ,K i!

1 f IP~pi ,K i!(
pi8

Ws1s2~pi2p8i!C̃XX~p8i ,K i!

5ẼXX
QW~K i!C̃XX~pi ,K i!. ~11!

HereC̃XX and ẼXX
QW are the bipolariton~XX ! wave function

and energy, respectively,EIP5\v IP is the QW polariton en-
ergy determined by the dispersion Eq.~1!, f IP(pi ,K i)
5uIP

2 (pi1K i/2)uIP
2 (2pi1K i/2), whereuIP

2 is given by Eq.
~2!, \pi is the in-plane momentum of the relative motion
the optically dressed constituent excitons, andWs1s2 is the
attractive Coulombic potential betweens1- and
s2-polarized QW excitons. The complex bipolariton ener
can also be rewritten asẼXX

QW52EX2eXX
(0)1DXX

QW2 iGXX
QW/2,

whereeXX
(0) is the XX binding energy with no renormalizatio

by the coupling with the vacuum light field. For the nonloc
deuteron model potentialWs1s2(upi2p8iu), which yields
within the standard Schro¨dinger two-particle~two-X! equa-
tion the wave functionCXX

(0)(pi)52A2paXX
(2D)/@(piaXX

(2D))2

11#3/2 for an optically inactive molecule, the bipolarito
wave equation~11! is exactly solvable.18 The input param-
eters of the model are the binding energyeXX

(0) and the oscil-
lator strengthRX

QW. Thus the exactly solvable bipolarito
model simplifies the exciton-exciton interaction, but tre
rigorously the~interface! polariton effect.

~ii ! Resonant decay of QW excitonic molecules into
bulk photon modes.The decay occurs when at least one
the constituent excitons of a QW molecule moves within
radiative zone—i.e., whenu1pi1K i/2u<p0 and/or u2pi
1K i/2u<p0. Note that the exciton-exciton resonant coher
Coulombic scattering within the molecule state intrinsica
couples the X radiative and QW polariton modes. Thus
XX width, associated with the optical decay into the bu
photon modes, is given by

GXX
QW(2)~K i50!5

1

pE0

p0
uCXX

(0)~2pi!u2GX
QW~pi!pidpi

5\
A«b

c
RX

QW
Ax

4~11x!5/2
@~512x!Ax~11x!

13 ln~A11x1Ax!#, ~12!

where x54dR
(2D)[4(aXX

(2D)p0)2 and GX
QW(pi) is given by

Eq. ~3!. In the above integral over the QW radiative zo
we approximateCXX

(0) by the deuteron wave function. Fo
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x!1, Eq. ~12! yields GXX
QW(2).2\(A«b/c)xRX

QW

58(aXX
(2D)p0)2GX

QW(pi50). However, for our reference
GaAs QW with weak confinement of the electronic sta
one hasx.1.2 so that the above simple approximation
Eq. ~12! cannot be used.

In Fig. 3 we plot the radiative widthsGX
QW(pi50),

GXX
QW(1)(K i50), GXX

QW(2)(K i50), and GXX
QW(1)(K i50)

1GXX
QW(2)(K i50) against the oscillator strength of QW exc

tonsRX
QW. The widths are calculated with Eqs.~11! and~12!

for the input XX binding energyeXX
(0)51.1 meV. As we dis-

cuss in Sec. III, the oscillator strengthRX
QW of the high-

quality reference QW used in our experiments is given
\2RX

QW(dz5250 Å).0.035 eV2 Å. The above value, which
is inferred from the experimental data, refers to the Ga
QW sandwiched between semi-infinite bulk AlGaAs barrie
and is consistent with that estimated in the previous sub
tion by using Eq.~5!. A cap layer on top of the referenc
single QW modifies the evanescent field associated with
terface polaritons and reduces the oscillator strength
\2R̃X

QW(dz5250 Å).0.028 eV2 Å ~for the details see Sec
IV !. As shown in Fig. 3, for\2RX

QW50.035 eV2 Å Eqs. ~11!
and ~12! yield GXX

QW(1)(K i50).148 meV and GXX
QW(2)(K i

50).33 meV, so that the total XX radiative width is give
by GXX

QW(K i50)5GXX
QW(1)1GXX

QW(2).0.18 meV. For\2R̃X
QW

.0.028 eV2 Å one calculatesGXX
QW(1)(K i50).100 meV,

GXX
QW(2)(K i50).26 meV, and GXX

QW(K i50)5GXX
QW(1)

1GXX
QW(2).0.126 meV. The latter value is indeed very clo

to the XX radiative widthGXX
QW.0.1 meV inferred from our

optical experiments with the reference QW~see Sec. III!.
The photon-assisted resonant dissociation of QW m

ecules into outgoing interface polaritons is more efficie
than the XX optical decay into the bulk photon modes by
factor of 4.5 for\2RX

QW.0.035 eV2 Å and by a factor of 3.8

for \2R̃X
QW.0.028 eV2 Å, respectively. This conclusion is

consistent with that of Ref. 24, where for the limit of stron

FIG. 3. The calculated radiative decay widths of the exciton a
bipolariton states vs the oscillator strengthRX

QW . The XX radiative
widths associated with the decay into interface polaritons,GXX

QW(1) ,
and into bulk photon modes,GXX

QW(2) , are plotted separately. Th
input XX binding energyeXX

(0)51.1 meV. The two circle symbols
showGX

QW andGXX
QW inferred from the experimental data.
2-6
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QW confinement (dz→0) the relative efficiency of the two
optical decay channels was estimated to beGXX

QW(1) :GXX
QW(2)

.25:1. The latter ratio refers to the idealized case of
extremely narrow GaAs QW surrounded by infinitely thi
AlGaAs barriers. The resonant optical dissociation of
QW molecules into interface polaritons is much strong
than the radiative decay into the bulk photon modes, beca
the constituent excitons in their relative motion move mai
outside the radiative zone, with the in-plane momentau6pi
1K i/2u*p0. In this case the excitons are optically dress
by the evanescent light field; i.e., they exist as QW polarito
and, therefore, decay mainly into the confined, QW-guid
interface modes. The picture can also be justified by ana
ing the joint density of states relevant to the two optic
decay channels. Note that in both main equations, Eq.~11!
and Eq.~12!, dR

(2D)5(aXX
(2D)p0)2 does represent the dimen

sionless smallness parameter of the~bipolariton! model.

C. Bipolaritons in GaAs-based microcavities

The bipolariton model for excitonic molecules inl mi-
crocavities requires one to construct the XX state in term
quasibound 0l-LB, 1l-LB, and 1l-UB polaritons. In this
case the radiative corrections to the XX state withK i50 are
given by

DXX
MC~K i50!5

27

8
Ap

2
eXX

(0)ReH A

11BJ ,

GXX
MC~K i50!52

27

4
Ap

2
eXX

(0)ImH A

11BJ , ~13!

where

A5
1

2pE0

1`

pidpiF G̃~pi!S eXX
(0)1

\2pi
2

Mx
D 11GCXX

(0)~pi!,

B5
27

16

1

A2p
eXX

(0)E
0

1`

pidpiG̃~pi!CXX
(0)~pi!. ~14!

In Eq. ~14! the bipolariton Green functionG̃(pi) is

G̃~pi!5(
i , j

@ui
MC~pi!uj

MC~2pi!#
2

EXX
MC2\v i

MC~pi!2\v j
MC~2pi!1 ig0

,

~15!

whereEXX
MC52EX(pi50)2eXX

(0) , the MC polariton eigenfre-
quencyv i ( j )

MC and the X component@ui ( j )
MC#2 with i , j 50l-LB,

1l-LB, and 1l-UB are given by Eq.~6! and Eq.~10!, re-
spectively, andg0→10. The XX radiative corrections—i.e.
the Lamb shiftDXX

MC and radiative widthGXX
MC—depend upon

the relative motion of the constituent QW excitons ov
whole momentum space; i.e., Eqs.~13! and ~14! include in-
tegration overdpi . The change of the input XX binding
energy,eXX

(0)→eXX5eXX
(0)2DXX

MC(K i)1( i /2)GXX
MC(K i), occurs

because in their relative motion the constituent excito
move along the MC polariton dispersion curves, rather th
07531
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possess the quadratic dispersionEX5\v t1\2pi
2/(2Mx)

~the latter is valid only for optically inactive excitons!.
The solution of the exactly solvable bipolariton mode

given by Eqs.~13!–~15!, includes all possible channels of th
in-plane dissociation of the microcavity molecule into tw
outgoing MC polaritons—i.e., ‘‘XX (K i50) → i th-branch
MC polariton (s1,pi) 1 j th-branch MC polariton (s2,
2pi). ’’ Note that the solution of the bipolariton wave equ
tion ~11! for excitonic molecules in a single QW can b
obtained from Eqs.~13!–~15! by putting i 5 j 5IP and re-
placingui ( j )

MC andv i ( j )
MC by uIP andv IP , respectively.

The radiative widthGXX
MC(1)5GXX

MC(d) and Lamb shift
DXX

MC5DXX
MC(d) calculated by Eqs.~13!–~15! as a function of

the MC detuningd5\(v02v t) between the 1l cavity
mode and QW exciton are plotted in Fig. 4 for three valu
of the input XX binding energy,eXX

(0)50.9 meV, 1.0 meV,
and 1.1 meV. By applying Eq.~9!, we estimate for this plot
the Rabi frequenciesV1l

MC and V0l
MC relevant to the used

three-branch MC polariton dispersion given by Eq.~6!.
Namely, for\2RX

QW50.035 eV2 Å, associated with the ref-
erence QW, andLz52326 Å, Eq. ~9! yields \V1l

MC

.7.76 meV and\V0l
MC.5.60 meV. As a result of nonidea

optical confinement in thez direction by DBR’s, our GaAs-
basedl microcavity ~i! has a smaller value ofV1l

MC—i.e.,
\V1l

MC.3.7 meV—and ~ii ! with increasing pi loses the
strength of optical confinement for 1l-mode MC photons of
frequencyvg.v0. The latter means that the MC photo
radiative widthgR is pi dependent and smoothly increas
with increasingpi . The DBR optical confinement is com
pletely relaxed forpi;p0 so that the dispersion equation~6!
becomes inadequate, and the microcavity 0l-LB polariton
dispersion evolves towards the interface polariton dispers
associated with the single QW and given by Eq.~1!. Thus, in
order to model the experimental data with Eqs.~13!–~15!,
we use\V1l

MC.3.70 meV and\V0l
MC.2.67 meV, and re-

place the 0l-LB polariton dispersion by the interface, QW
polariton dispersion with\2RX

QW50.035 eV2 Å. For this

FIG. 4. The radiative corrections to the excitonic molecule sta
GXX

MC and DXX
MC , calculated against the MC detuningd with Eqs.

~13!–~15! for the MC Rabi energies\V1l
MC57.76 meV and\V0l

MC

55.60 meV. The input XX binding energyeXX
(0) is 0.9 meV~dash-

dotted line!, 1.0 meV~solid line!, and 1.1 meV~dashed line!.
2-7
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case the plot ofGXX
MC and DXX

MC against the detuningd is
shown in Fig. 10, below~for details see Sec. IV!.

There are two sharp spikes in the dependenceDXX
MC

5DXX
MC(d) which are accompanied by the jumplike chang

of the XX radiative widthGXX
MC5GXX

MC(d) ~see Figs. 4 and
10!. The above structure is due to van Hove critical poi
M1 andM2 in the joint density of the polariton states~JDPS!
relevant to the optical decay ‘‘MC excitonic moleculeK i
50 → MC polariton pi 1 MC polariton 2pi’’ ~for the
critical points we use the classification and notations p
posed in Ref. 28!. The first critical pointM1 in energy-
momentum space$d,pi% refers to a negative MC detuningd1

and deals with the condition Re$ẼXX
MC(K i50)%52\v t

2eXX
(0)1DXX

MC5\v1lLB
MC (pi50)1\v1lUB

MC (2pi50). This
point is marginal for the optical decay ‘‘XX
→1l-LB polariton11l-UB polariton’’: For d<d1 the
above channel is allowed, while it is absent ford.d1. The
critical point M2 occurs at a positive detuningd2, which
corresponds to the condition Re$ẼXX

MC(K i50)%52\v t

2eXX
(0)1DXX

MC5\v1lLB
MC (pi50)1\v1lLB

MC (2pi50), and is
the main marginal point in the JDPS for the XX optical d
sociation into two outgoing 1l-LB polaritons. Namely, for
d<d2 the molecule can decay into two 1l-LB polaritons,
while for d.d2 the optical decay of MC molecules with zer
in-plane wave vectorK i into 1l-LB polaritons is completely
forbidden. With a very high accuracy of the order ofudu/v t
!1, one finds from Eq.~6! that \v1lUB/1lLB(pi50)5\v t

1(d/2)6(1/2)@d21(\V1l
MC)2#1/2. Thus from the energy-

momentum conservation law we estimate the detuningsd1,2:

critical point M1 :d152eXX
MC ,

critical point M2 :d25
~\V1l

MC!22~eXX
MC!2

2eXX
MC

, ~16!

whereeXX
MC5eXX

(0)2DXX
MC is the true, ‘‘measured’’ binding en

ergy of the bipolariton stateK i50—i.e., of the optically
dressed molecule.

In order to visualize the optical decay channels of M
excitonic molecules, in Figs. 5 and 6 we plot the grap
solution of the energy-momentum conservation law,EXX

MC

2\v i
MC(pi)2\v j

MC(2pi)50 (i , j 50l-LB, 1l-LB, and
1l-UB!. The roots of the equation are the poles of the bip
lariton Green functionG̃ given by Eq.~15!. Figure 5, which
refers to the zero-detuning GaAs-based microcav
clearly illustrates that apart from the decay pa
‘‘XX → 1l-LB polariton 11l-LB polariton’’ there are
also the decay routes which involve the 1l-LB and 0l-LB
microcavity polaritons withpi;p0—i.e., ‘‘XX → 0l-LB
polariton 1 0l-LB polariton’’ and ‘‘XX → 1l-LB polari-
ton 1 0l-LB polariton.’’ The graphic solution of energy
momentum conservation for the wave vector domainpi
&pi

(1l) is shown in a magnified scale in Figs. 6~a!–6~c! for
d5d1, 0, andd2, respectively. The touching points atpi
50 between the 1l-upper and 1l-lower @see Fig. 6~a!# and
1l-lower and 1l-lower @see Fig. 6~c!# dispersion branche
07531
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correspond to theM1 and M2 critical points, respectively.
The graphic solution of the energy-momentum conserva
law is shown in Fig. 6~d! for the vicinity of pi5p0. Accord-
ing to Eq. ~6!, the 1l-LB and 0l-LB polaritons with pi
;p0 practically do not depend upon the MC detuningd; i.e.,
the plot shown in Fig. 6~d! is not sensitive tod.

The value of theGXX
MC jump andDXX

MC spike nearby the
critical point M1—i.e., at d5d1—shows that the contribu
tion of the decay path ‘‘XX→1l-UB polariton11l-LB po-
lariton’’ is rather small, about 1%–2% only. This is main
due to a small value of the JDPS in the decay chan
The main contribution to the XX radiative correction
in microcavities is due to the frequency-degener
decay routes ‘‘XX → 1l-LB polariton 1 1l-LB polar-
iton’’ and ‘‘XX → 0l-LB polariton 1 0l-LB polariton’’
~or ‘‘XX → interface polariton1 interface polariton,’’ as a
result of the relaxation of the transverse optical confinem
at pi;p0). The JDPS associated with the first main chan
is given by

r
\ v 5\ v t-e XX

MC/2
XX→1lLB11lLB

5
p

2\v t
~aXX

(2D)p0!2

3F11S V1l
MC

eXX
(0) D 2GQ~d22d!, ~17!

whereQ(x) is the Heaviside step function. The above JD
is relevant to the calculations done by the bipolariton, E
~13!–~15!. The appearance of the dimensionless param
dR

(2D)5(aXX
(2D)p0)2 on the right-hand side~RHS! of Eq. ~17!

is remarkable. Thus the same control parameterdR
(2D) deter-

mines the optical decay of excitonic molecules in the ref
ence single GaAs QW and in the GaAs-based microcavit
Furthermore, the JDPS given by Eq.~17! depends upon the
MC detuning only through the step functionQ(d22d). The
latter dependence gives rise to the critical pointM2. By com-

FIG. 5. The graphic solution of the energy-momentum cons
vation law for the optical decay of a MC molecule withK i50. The
microcavity Rabi energies are\V1l

MC53.70 meV and \V0l
MC

52.67 meV; the MC detuning is zero. The solutions are shown
the bold pointsS1 (XX→1l-LB polariton11l-LB polariton), S2

(XX→0l-LB polariton10l-LB polariton), and S3,4 (XX
→0l-LB polariton11l-LB polariton). The efficiency of the las
decay channel is negligible in comparison with that of the first tw
The XX binding energyeXX

(0)51 meV.
2-8
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paring the XX radiative corrections ford,d2 andd.d2 ~see
Figs. 4 and 10!, one concludes that the first main decay cha
nel ‘‘XX →1l-LB polariton11l-LB polariton’’ has nearly
the same efficiency as the second one, ‘‘XX→0l-LB
polariton10l-LB polariton’’ ~or ‘‘XX → interface polariton
1interface polariton’’!. Note that the ‘‘virtual’’ decay paths
like ‘‘XX →1l-UB polariton11l-UB polariton,’’ still con-
tribute to the XX Lamb shift in microcavities, according
Eqs.~13!–~15!.

III. EXPERIMENT

The investigated sample consists of a molecular-be
epitaxy- ~MBE-! grown GaAs/Al0.3Ga0.7As single quantum
well of the thicknessdz5250 Å and placed in the center of
l cavity. An AlAs/Al0.15Ga0.85As DBR of 25 ~16! periods
was grown at the bottom~top! of the cavity. The spacer laye
is wedged, in order to tune the cavity mode along the po
tion on the sample. Details of the growth and sample des

FIG. 6. The graphic solution of energy-momentum conserva
for ~a! the decay channels ‘‘XX→1l-LB polariton11l-LB polar-
iton’’ and ‘‘XX →1l-LB polariton11l-UB polariton’’ ~the MC de-
tuningd521 meV; the marginal solutionS5 at pi50 refers to the
critical point M1), ~b! the decay path ‘‘XX→1l-LB polariton
11l-LB polariton’’ ~the MC detuningd50), ~c! the decay path ‘‘
XX→1l-LB polariton11l-LB polariton’’ ~the MC detuning d
56.345 meV; the marginal solutionS1 at pi50 refers to the criti-
cal pointM2), and~d! the decay channels ‘‘XX→0l-LB polariton
10l-LB polariton’’ and ‘‘XX →0l-LB polariton11l-UB polar-
iton’’ ~this plot is practically independent ofd). The MC Rabi
frequenciesV1l

MC andV0l
MC and the XX binding energyeXX

(0) are the
same as in Fig. 5.
07531
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can be found in Ref. 11. The optical properties of the ref
ence single QW grown under nominally identical conditio
are reported in Ref. 26: The spectra show the ground-s
heavy-hole ~HH! and light-hole ~LH! exciton absorption
lines separated in energy by about 2.6 meV. In the M
sample, the coupling of both HH and LH excitons with th
1l-mode cavity photons results in the formation of thr
1l-eigenmode MC polariton dispersion branches 1l-LB,
1l-MB, and 1l-UB.11 The 1l-mode polaritons have a nar
row linewidth: The ratio between the HH Rabi splitting an
the polariton linewidths at zero detuning is about 20~Ref.
27!.

For the reference GaAs QW at temperatureT&10 K the

homogeneous widthG̃X
QW is dominated by the radiative de

cay. The absorption linewidth, measured along thez direction
and extrapolated to zero temperature, yields a HH-X rad
tive width of 98610 meV. Note that this value is affected b
optical interference which occurs at the position of the Q
z50, due to bulk photons emitted by the QW excitons a
partly reflected back by the top surface (z5Lcap.499 nm)
of a cap layer. In this case one has a constructive interfere
which results in the enhancement of the light field atz50.
By treating the optical interference effect, we estimateGX

QW

.60 meV for the reference QW sandwiched between se
infinite bulk AlGaAs barriers. This radiative width yields th
intrinsic oscillator strength of quasi-2D HH exciton
\2RX

QW(dz5250 Å).0.035 eV2 Å ~see Fig. 3!. The mea-
sured characteristics of excitonic molecules in the refere
QW are consistent with those reported in Ref. 26: The X
binding energyeXX

MC.0.9–1.1 meV and the XX radiative
width GXX

MC.0.1 meV. The latter value is obtained by e

trapolating the measured homogeneous widthG̃XX
MC

5G̃XX
MC(T) to T50 K.

The optical experiments with the MC sample were p
formed using a Ti:sapphire laser source which genera
Fourier-limited 100-fs laser pulses at a 76-MHz repetiti
rate. Two exciting pulses 1 and 2 with variable relative de
time t12 propagate along two different incident direction
p1,2 at small angle (<1°) to the surface normal. Pulse
precedes pulse 2 fort12.0. The reflectivity spectra of the
probe light and the FWM signal were analyzed with a sp
trometer and a charge-coupled-device camera of 140meV
full width at half maximum~FWHM! resolution. The sample
was held in a helium bath cryostat atT55 K for all the
pump-probe measurements and atT59 K in the FWM ex-
periments.

A. Bipolariton dephasing in GaAs microcavities

In order to measure the bipolariton dephasing we perfo
spectrally resolved FWM. The FWM signal was detected
2p22p1 in reflection geometry. The spot size of both exc
ing beams was;50 mm. In Fig. 7 we plot the spectrally
resolved FWM signal for different polarization configur
tions of the laser pulses. The positive detuning between
cavity 1l-eigenmode and HH exciton isd50.76 meV, and
the delay time ist1251 ps. Pulse 1 of about 500 fs duratio
was spectrally shaped toexcite only the 1l-LB polaritons,

n

2-9
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and the FWM was probed with the spectrally broad puls
at all 1l-mode polariton resonances. For colinear and cro
linear polarization configurations, the 1l-LB polariton to ex-
citonic molecule transition (1l-LB–XX ! is observed in the
FWM signal~see arrow in Fig. 7! at a spectral position con
sistent with that found in our previous pump-pro
experiments.10 The XX-mediated FWM signal disappears f
cocircular polarization, in accordance with the polarizati
selection rules for the two-photon generation of excito
molecules in a GaAs QW.

Although the analysis of FWM in microcavities can b
rather complicated,8,29 the interpretation of our measure
ments is simplified by the selective excitation of the 1l-LB
polaritons only. The observed TI–FWM is a free polarizati
decay, due to the dominant homogeneous broadening o
X lines in our high-quality 250-Å-wide QW’s~Ref. 26!. At
positive delays the FWM signal is created by the followi
sequence. At first, pulse 1 induces a first-order polariza
associated with 1l-LB polaritons. The induced polarizatio
decays with the dephasing timeT2

1l-LB of the 1l-LB polari-
tons. The dephasing timeT2

1l-LB is dominated by the lifetime
of 1l-mode MC photons. Pulse 2 interacts nonlinearly w
the induced polarization, and a third-order FWM signal
created with an amplitude that decreases with increasingt12,
due to the decay of the first-order polarization associa
with the 1l-LB polaritons. The TI-FWM intensities at al
probed resonances therefore decay nearly with the time
stantT2

1l-LB/2. At negativet12 the FWM signal stems from
the two-photon coherence of the crystal ground state to
excitonic molecule transition~0-XX! induced by pulse 2. Ac-
cording to energy–in-plane momentum conservation, si
pulse 1 is resonant with 1l-LB polaritons only, the FWM
signal, associated with bulk photons, is emitted in the dir
tion 2p22p1 with the energy of the 1l-LB–XX transition.
Thus the TI-FWM dynamics at negative time delays allo
us to study the polarization decay of the 0-X

transition30—i.e., to findG̃XX
MC .

FIG. 7. Spectrally resolved four-wave mixing for cocircul
~dashed line!, colinear ~bold dotted line!, and cross-linear~solid
line! polarizations of the exciting pulses. The microcavity detun
is d50.76 meV. The pulse along thep1 direction induces only
1l-LB polaritons, and its spectrum is shown by the grey area.
07531
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The t12 dependence of the TI-FWM signals associat
with the 1l-LB–XX and 1l-MB–XX transitions is shown
in Fig. 8. As expected, at negativet12 one finds the same
dynamics for both transitions. Therefore, independently
the 1l-eigenmode MC polariton branch selectively excit
by pulse 1, we can infer the polarization decay rate of
0-XX transition. The homogeneous linewidth of the 0-X

transitionG̃XX
MC measured at low excitation energies per pu

(;4 nJ/cm2) is potted against the MC detuningd in the

inset of Fig. 8. Only a weak detuning dependence ofG̃XX
MC is

observed for the detuning band22 meV<d<2 meV. Note

that the deduced valuesG̃XX
MC(T59 K).0.3–0.4 meV are by

a factor of 1.5–2 larger thanG̃XX
QW.0.2 meV measured from

the reference QW at nearly the same bath temperaturT
510 K ~Ref. 26! ~see the dotted line in the inset of Fig. 8!.

B. Binding energy of bipolaritons in GaAs microcavities

The bipolariton energyEXX
MC was found by analyzing the

pump-probe experiments. Pulse 1 acts as an intense p
while pulse 2 is a weak probe. The spectrum of the pu
pulse is shaped and tuned in order to excite resonantly
1l-LB polaritons only. The spectrally broad probe pulse h
a spot size of;40 mm. In this case the in-plane spatia
gradient of the polariton energy is not significant. In order
achieve a uniform pump density over the probe area,
cross section of the pump pulse is chosen to be by a facto
2 larger than that of the probe light.

In Ref. 10 we show a well-resolved pump-induced a
sorption at the 1l-LB–XX transition in the investigated MC
sample. The 1l-LB–XX absorption was observed in the re
flectivity spectra at positive pump-probe delay times and
the cross-circularly (s1- and s2-! polarized pump and
probe pulses, according to the optical selection rules. In p
ticularly, the induced absorption for three different positi

FIG. 8. Comparison between the FWM dynamics measure
the 1l-LB–XX transition, when pulse 1 resonantly induces t
1l-mode lower-branch polaritons only, and at the 1l-MB–XX
transition, when pulse 1 resonantly excites only the 1l-mode
middle-branch polaritons. Inset: the XX homogeneous linewi

G̃XX
MC against the MC detuningd, measured atT59 K with about

4 nJ/cm2 pump fluence.
2-10
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MC detunings was measured. Here we extend the pu
probe experiment to study the detuning dependenceEXX

MC

5EXX
MC(d), including d,0. In Fig. 9 the probe reflectivity

spectra measured att12.0.5 ps for the cross-circularly po
larized pump and probe pulses is plotted. Indicated by
arrows~see Fig. 9!, a spectrally well-resolved pump-induce
absorption resonance is observed. In the upper~LHS! part of
Fig. 9 the energy position of the 1l-LB, 1l-MB, and 1l-UB
polariton resonances and of the induced 1l-LB–XX absorp-
tion are plotted against the MC detuningd. The fit done with
a three-coupled-oscillator scheme (1l-eigenmode MC pho-
ton, HH exciton, and LH exciton resonances! are shown by
the solid lines. The energiesEX

HH andEX
LH of the HH and LH

excitons (EX
HH.1.5219 eV andEX

LH.1.5245 eV) are in-
ferred from the fit, and the molecule energyEXX

MC is deter-
mined as the sum of the measured 1l-LB and 1l-LB–XX
transition energies. The bipolariton binding energy, evalua
aseXX

MC52EX
HH2EXX

MC , is plotted against the MC detuningd
in the lower LHS part of Fig. 9. We find thateXX

MC

.0.9–1.1 meV—i.e., is similar to the value ofeXX
QW in the

reference single QW and slightly larger than that previou
reported in Ref. 10.

IV. DISCUSSION

The optical decay of MC bipolaritons can also occur
rectly through escape of the photon component of the c

FIG. 9. The reflectivity spectra of the probe light at differe
detuning values. The spectra are measured for the cross-circu
polarized pump and probe pulses at delay timet12.0.5 ps andT
55 K. The pump fluence is about 0.1mJ/cm2. The arrows indicate
the 1l-LP–XX pump-induced absorption. Upper left inset: th
measured energy position of the 1l-LP, 1l-MP, 1l-UP resonances
~open square points! and of the induced 1l-LP–XX absorption
~open star points! vs the MC detuningd. The fit of the MC polar-
iton branches, associated with LH and HH QW excitons, is sho
by the solid lines. Lower left inset: the XX binding energyeXX

MC

determined as the difference between twice the bare HH exc
energy and the sum of the 1l-LP and 1l-LP–XX transition ener-
gies.
07531
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stituents1- and s2-polarized MC polaritons into the bulk
photon modes. The XX radiative width associated with t
channel is given by

GXX
MC(2)~K i50!5

\

p
gRE

0

`

uCXX
(0)~2pi!u2

3F(
i

@12~ui
MC!2#Gpidpi , ~18!

whereui
MC5ui

MC(pi) are determined by Eq.~10! and i runs
over 0l-LB, 1l-LB, and 1l-UB. Equation~18! is akin to
Eq. ~12! and can be interpreted in terms of optical evapo
tion of the MC excitonic molecules through the DBR mi
rors. Using the measured radiative linewidth of 1l-LB po-
laritons,GX

MC(pi.0.133105 cm21).0.1 meV, we estimate
\gR.0.3 meV, so that the radiative lifetime of MC photon
is given bytR.2.4 ps. In this case Eq.~18! yields GXX

MC(2)

.122 meV for eXX
(0).0.9–1.1 meV and assuming thatgR is

pi independent. ThusGXX
MC(2) is less thanGXX

QW(2) , estimated
with Eq. ~12! for the reference QW~see Fig. 3!, by more
than one order of magnitude. This is because instead of
smallness parameterdR

(2D)5(aXX
(2D)p0)2, which appears on

the RHS of Eq.~12!, Eq. ~18! is scaled by (aXX
(2D)pi

(1l))2

!dR
(2D) .

The radiative widthGXX
MC(2) , associated with the decay o

XX’s into the bulk photon modes, is by two orders of ma
nitude less thanGXX

MC(1) calculated with Eqs.~13!–~15!. Thus
the resonant in-plane dissociation of molecules into outgo
MC polaritons absolutely dominates in the XX-mediated o
tics of microcavities, so that the total XX radiative width
given by GXX

MC5GXX
MC(1)1GXX

MC(2).GXX
MC(1) ~see Figs. 4 and

10!. The extremely small value ofGXX
MC(2) allows us to inter-

pret a MC excitonic molecule as a nearly ‘‘optically dark

rly

n

n

FIG. 10. The radiative corrections to the excitonic molecu
state,GXX

MC and DXX
MC , calculated versus the MC detuningd with

Eqs.~13!–~15! for the MC Rabi energy\V1l
MC53.70 meV and as-

suming that the DBR optical confinement is completely relaxed
pi>pi

(1l)5105 cm21. In this case the 0l-LB dispersion is replaced
by the interface polariton dispersion with the oscillator stren
\2RX

QW50.035 eV2 Å. The input XX binding energyeXX
(0) is 0.9

meV ~dash-dotted line!, 1.0 meV~solid line!, and 1.1 meV~dashed
line!.
2-11
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state with respect to its direct decay into the bulk pho
modes. However, it is the resonant coupling betwe
1l-mode cavity polaritons and external bulk photons wh
is responsible for the optical generation and probe of the
states in microcavities: Our optical experiments deal o
with bulk pump, probe, and signal photons. In the meanti

the bipolariton wave functionC̃XX is constructed in terms o
0l-LB, 1l-LB, and 1l-UB polariton states, and umklap
between the MC polariton branches occurs through the
herent Coulombic scattering of two constituent polaritons

While the interpretation of the experimental data~see Sec.
III ! does require three-branch, 1l-LB, 1l-MB, and 1l-UB,
polaritons associated with HH and LH excitons, the con
bution to the XX optics from the LH X’s is very small. Thi
occurs because~i! the energyEX

LH is well separated from the
XX-mediated resonance atEX

HH2eXX
MC/2 ~the relevant ratio

betweeneXX
MC/2 andEX

LH2EX
HH1eXX

MC/2 is equal to 0.16—i.e.
is much less than unity! and~ii ! because a contribution of th
LH exciton to the total XX wave function is unfavorable
energy—i.e., is rather minor. We have checked numeric
that by the first argument only the LH-X resonance can
change the XX radiative corrections for more than 3%–5
Thus the bipolariton model we develop to analyze the opt
properties of MC excitonic molecules and to explain the
perimental data deals only with 0l-LB, 1l-LB, and 1l-UB
polaritons associated with the ground-state HH exciton.

In Fig. 10 we plot the XX radiative corrections against t
MC detuningd, calculated with Eqs.~13!–~15! by using the
MC parameters adapted to our GaAs microcavities. Nam
the 1l-mode cavity Rabi splitting is given by\V1l

MC

53.7 meV, and we assume that the DBR optical confi
ment follows the step functionQ(pi

(1l)2pi). For pi>pi
(1l)

the 0l-LB is replaced by the interface polariton dispersi
given by Eq.~1!. Due to the absence of the DBR transver
optical confinement atpi>pi

(1l) , the resonant optical deca
of the constituent excitons into the bulk photon mode is a
included in our calculations by using Eq.~12! with integra-
tion over dpi from pi

(1l) to p0. From Fig. 10 we conclude
that for the detuning band22 meV&d&2 meV the radia-
tive width GXX

MC is about 0.20–0.22 meV and indeed weak
depends upond, in accordance with our experimental data.
few-meV GXX

MC jump, associated with the critical pointM1, is
too small to be detected in the current experiments. Note
the contribution to GXX

MC from the decay channe
‘‘XX →1l-LB polariton11l-LB polariton’’ can easily be
estimated within a standard perturbation theo
GXX→ 1lLB11lLB

MC .(\V1l
MC)2r

\v5\v t2e
XX
MC/2

XX→ 1lLB11lLB
, where the JDPS

is given by Eq. ~17!. The above estimate yield
GXX→ 1lLB11lLB

MC .0.06 meV and is consistent with the valu
of theGXX

MC jump aroundd5d2—i.e., at theM2 critical point
~see Fig. 10!. An observation ofGXX

MC.0.10–0.15 meV atd
.d2, when the MC excitonic molecules become optica
dark with respect to the decay into 1l-mode MC polaritons,
would be a direct visualization of the hidden decay p
‘‘XX → interface polariton1 interface polariton.’’

The relative change of the XX radiative corrections
rather small to be observed in the tested MC detuning b
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udu<2 meV with the current accuracy of our measuremen
Eqs. ~13!–~15! yield eXX

MC(d52 meV)2eXX
MC(d522 meV)

.24 meV and GXX
MC(d52 meV)2GXX

MC(d522 meV)
.25 meV; the energy structure atd5d152eXX

MC—i.e.,
nearby the critical pointM1—is also of a fewmeV only ~see
Fig. 10!. On the other hand, the GaAs-based microcavit
we have now do not allow us to test the critical pointM2
which is located in the MC detuning band 5 meV,d
,8 meV. In the latter case the relative change ofDXX

MC and
GXX

MC is large enough, about 0.04–0.07 meV, to be detecte
our experiments. High-precision modulation spectroscop
very relevant to observation of the critical points, becau
the derivatives]n(DXX

MC)/]dn (n>1) and ]n(GXX
MC)/]dn (n

>1) undergo a sharp change in the spectral vicinity ofM1,2.
The modulation of d can be done by applying time
dependent quasistatic electric,31 magnetic,32 or pressure33

fields. Note that the measurement of the detuningsd1 andd2
will allow us to determine with a very high accuracy, b
using Eqs.~16!, the XX binding energyeXX

MC , and the MC
Rabi frequencyV1l

MC . A detailed study of the XX Lamb shift
DXX

MC versus the MC detuningd and, in particular, the detec
tion of the critical pointsM1 andM2 are the issue of our nex
experiments.

In order to estimate the radiative widthGXX
MC from the total

homogeneous widthG̃XX
MC measured atT59 K in our FWM

experiment, we assume that apart from the XX radiative

cay the main contribution toG̃XX
MC is due to temperature

dependent XX—LA-phonon scattering. Note that in the e

periment we deal with a low-intensity limit, whenG̃XX
MC is

nearly independent of the excitation level. ThusG̃XX
MC5GXX

MC

1GXX-LA
QW , whereGXX-LA

QW is due to the scattering of QW mol
ecules by bulk LA phonons. The DBR optical confineme
does not influence the XX-LA phonon scattering, so that
width GXX-LA

QW 5GXX-LA
QW (T) is the same for XX’s in the refer-

ence single QW and in the microcavities.GXX-LA
QW is given by

GXX-LA
QW ~K i50!52p

\

tsc
E

1

`

d««

3A «

«21
uFz~aA«~«21!u2n«

ph, ~19!

where tsc5(p2\4r)/(32Dx
2Mx

3vs), vs is the longitudinal
sound velocity,Dx is the X deformation potential,r is the
crystal ~GaAs! density,n«

ph51/@exp(«E0 /kBT)21#, and E0

54Mxvs
2 . The form factorFz(x)5@sin(x)/x#@eix/(12x2/p2)#

refers to an infinite rectangular QW confinement poten
and describes the relaxation of the momentum conserva
law in the z direction. The dimensionless parametera is
given bya5(2dzMxvs)/\.

The values of the deformation potentialDx , published in
the literature, disperse in the band 7 eV<Dx<18 eV. In
Fig. 11 we plotGXX-LA

QW 5GXX-LA
QW (T) calculated by Eq.~19!

for Dx5 8, 10, and 12 eV. The deformation potentialDx

58 eV, which givesGXX-LA
QW (T59 K).0.094 meV and is

close toDx.9.6 eV reported for GaAs in Ref. 34, fits th
2-12
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RADIATIVE CORRECTIONS TO THE EXCITONIC . . . PHYSICAL REVIEW B 69, 075312 ~2004!
temperature dependenceGXX-LA
QW 5GXX-LA

QW (T) measured for
the reference QW. In particular,GXX-LA

QW (T510 K)

.0.1 meV is inferred from the totalG̃XX
QW.0.2 meV~see the

inset of Fig. 8!. Thus from our FWM measurements ofG̃XX
MC

at T59 K we conclude that the XX radiative widthGXX
MC

5G̃XX
MC2GXX-LA

QW is about 0.2–0.3 meV—i.e., is consiste
with the values calculated within the bipolariton model~see
Fig. 10!.

In order to apply the bipolariton model@see Eq.~11!# to
excitonic molecules in the reference single QW, one sho
take into account that the reference QW is sandwiched
tween a thick substrate and a cap layer of the thickn
Lcap.499 nm. The evanescent light field associated with
QW polaritons is modified by the cap layer. Indeed, for t
2eXX

(0)/2 energy detuning from the X resonance, one e
mates thatk.1.43104 cm21 so that exp(2kLcap).0.5 is
not negligible. The estimate refers to two frequenc
degenerate outgoing interface polaritons (\v5EX2eXX

(0)/2)
created in the photon-assisted resonant dissociation of
QW molecule withK i50. At z5Lcap the initial evanescen
field splits into two evanescent fields, ‘‘transmitted’’ to a
~or vacuum! and ‘‘reflected’’ back towards the QW. The firs
light field very effectively decays in thez direction, with
kair5Api

22(v/c)2.2.63105 cm21@k. The ‘‘reflected’’
evanescent light field makes atz50 a destructive superpos
tion with the initial evanescent field, because the reflect
coefficient of the top surface of the cap layer isr cap5(k
2kair)/(k1kair).20.9. The destructive superpositio
stems from thep jump of the phase of the ‘‘reflected’’ eva
nescent field. Thus the effective oscillator strength relev
to the QW bipolariton wave equation~11! is given byR̃X

QW

5RX
QW@11(r cap/2)exp(22kLcap)#2. For our reference struc

ture with \2RX
QW.0.035 eV2 Å we estimate \2R̃X

QW

.0.028 eV2 Å. In this case Eqs.~11! and~12! yield the total
radiative width GXX

QW(K i50).0.126 meV ~see Fig. 3!, a
value which is very close toGXX

QW.0.1 meV obtained from
the experimental data.

FIG. 11. The temperature dependence of the homogen
width GXX-LA

QW associated with scattering of QW excitonic molecu
by bulk LA phonons. The calculations are done with Eq.~19! for
the X deformation potentialDx58 eV ~dashed line!, 10 eV ~solid
line!, and 12 eV~dotted line!.
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Thus the bipolariton model, which attributes the X
radiative corrections mainly to the in-plane dissoc
tion of molecules into outgoing interface/MC pola
tons, reproduces quantitatively the XX radiative widt
GXX

MC and GXX
QW estimated from the experimental dat

The two main channels for the XX decay in microca
ities, ‘‘XX → 1l-LB polariton 1 1l-LB polariton’’ and
‘‘XX → 0l-LB ~or interface! polariton1 0l-LB ~or inter-
face! polariton’’ in comparison with the one leading deca
route in single QW’s, ‘‘XX → interface polariton1interface
polariton,’’ explain qualitatively the factor of 2 differenc
betweenGXX

MC andGXX
QW. The XX-mediated optics of micro-

cavities does require to include the ‘‘hidden’’ 0l-cavity ~or
interface, if the transverse optical confinement is relaxa
for large pi) polariton mode, which is invisible in standar
optical experiments and, therefore, is usually neglected. F

thermore, with decreasing temperatureT&10 K, G̃XX
MC and

G̃XX
QW effectively approachGXX

MC and GXX
QW, respectively, so

that the dephasing of the two-photon XX polarization in t
microcavities and the reference QW occurs mainly throu
the optical decay of the molecules. Thus theT252T1 limit
holds for the XX-mediated optics in our high-quality nan
structures and justifies the bipolariton model. The latter
terprets the XX optical response in terms of reson
polariton-polariton scattering and requires nonperturba
treatment of both leading interactions: exciton-exciton Co
lombic attraction and exciton-photon resonant couplin
Note that in our calculations with the exactly solvable bip
lariton model only two control parameters of the theory—t
input XX binding energyeXX

(0) and the MC Rabi frequency
V1l

MC ~or the X oscillator strengthRX
QW for the reference

QW!—are taken from the experimental data. No fitting p
rameters are used in the numerical simulations.

The relative motion of two optically dressed constitue
excitons of the bipolariton eigenstate~i.e., of the excitonic
molecule! is affected by the exciton-photon interaction, a
cording to the polariton dispersion law. The optically i
duced change of the X energy occurs not only in the cl
vicinity of the resonant crossover between the initial pho
and exciton dispersions, but in a rather broad band ofp ~or
pi). For example, in bulk semiconductors the effective m
associated with the upper polariton dispersion branch ap
50 is given by

MUB
(3D).

Mx

112~v,t /v t!@~Mxc
2/«b!/~\v t!#

. ~20!

For bulk GaAs, Eq.~20! yields Meff5MUB
(3D) nearly by a

factor of 4 less than the translational mass relevant to
pure excitonic dispersion,Mx.0.7 m0. From the microcav-
ity dispersion equation~6! one estimates forpi→0 the ef-
fective masses associated with the 1l-eigenmode polariton
dispersion branches:

M1lUB/LB
(MC) ~d!.

2EX

~c2/«b!@16d/~\V1l
MC!#

, ~21!

us
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where we assume thatudu&\V1l
MC . In particular, for a zero-

detuning GaAs-based microcavity Eq.~21! yields M1lUB
(MC)(d

50)5M1lLB
(MC)(d50)52EX /(c2/«b).0.731024 m0. In the

meantime, at relatively large in-plane momentapi;pi
(1l)

,p0 the 1l-LB polariton energy smoothly approaches t
exciton dispersion—i.e., @EX(pi)2\v1lLB

MC (pi)#upi;pi
(1l)

→@\(V1l
MC)2v t#/@2(c2pi

2/«b)#}1/pi
2 , according to Eq.~6!.

While the above difference is rather small in absolute ene
units, being compared with the in-plane kinetic energy of
exciton, Ekin

X 5\2pi
2/2Mx , it cannot be neglected. For ex

ample, the differenceEX2\v1lLB
MC becomes equal toEkin

X at
pi.1.353105 cm21. Note that for the above value of th
in-plane wave vectorpi the photon component, associat
with 1l-LB polaritons, is negligible—i.e., (u1lLB

MC )2.1
@(v1lLB

MC )2. Because it is a balance between the positive
netic and negative interaction energies of the constituent
citons that gives rise to an excitonic molecule, the descri
optically induced changes of the X effective mass atpi50
and the nonparabolicity of the X dispersion at largepi are
responsible for the large XX radiative corrections
quasi-2D GaAs nanostructures.

V. CONCLUSIONS

In this paper we have studied, both theoretically and
perimentally, the optical properties of QW excitonic mo
ecules in semiconductor~GaAs! microcavities. We attribute
the main channel of the XX optical decay to the reson
dissociation of MC molecules into outgoing MC polariton
so that the XX-mediated optical signal we detect is due to
resonant radiative escape of the secondary MC polari
through the DBR’s. The bipolariton model has been adap

to construct the XX wave functionC̃XX in terms of two MC
polaritons (1l-UB, 1l-LB, and 0l-LB! quasibound via
Coulombic attraction of their exciton components. The M
bipolariton wave equation gives the radiative corrections
the XX state in microcavities. The following conclusion
summarize our results.

~i! The radiative corrections to the excitonic molecu
state in GaAs-based microcavities—the XX Lamb shiftDXX

MC

and the XX radiative widthGXX
MC—are large~about 0.15–0.30

of the XX binding energyeXX
(0)) and definitely cannot be ne

glected.
~ii ! While usually the QW-exciton-mediated optics

semiconductor microcavities is formulated in terms of tw
1l-mode polariton dispersion branches only (1l-UB and
1l-LB, according to the terminology used in our paper!, we
emphasize the importance of the 0l-mode lower-branch po
lariton dispersion: The Coulombic interaction of the consti
ent excitons, which is responsible for the XX sta
07531
y
e

i-
x-
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e

ns
d
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,

does couple intrinsically three relevant MC polarito
branches, (1l-UB, 1l-LB, and 0l-LB!. Furthermore, the
XX decay path ‘‘XX→0l-LB polariton10l-LB polariton’’
is comparable in efficiency with the optical decay in
1l-LB polariton modes, i.e., ‘‘XX→1l-LB polariton
11l-LB polariton.’’ Due do the relaxation of the DBR op
tical confinement for in-plane wave vectorspi;p0

5v tA«b/c, with increasingpi the 0l-LB evolves towards
the interface polariton dispersion associated with QW ex
tons. However, the short-wavelength LB polaritons withpi
;p0 always contribute to the XX-mediated optics of micr
cavities.

~iii ! The zero-temperature extrapolation of the experim

tally found XX dephasing widthG̃XX
MC(T59 K) yields

GXX
MC(T50 K).0.2–0.3 meV and is in a quantitative agre

ment with the result of the exactly solvable bipolarito
model,GXX

MC.0.20–0.22 meV. From the analysis of the e
perimental data we conclude that the bipolariton model
MC excitonic molecules, which requires aT2.2T1 limit, is
valid for our high-quality GaAs-based nanostructures aT
&10 K. For the reference GaAs QW without the DBR tran

verse optical confinement we findGXX
QW5G̃XX

QW(T50 K)
.0.1 meV. The latter value is also quantitatively consist
with that calculated by solving the QW bipolariton wav
equationGXX

QW50.126 meV. The nearly factor of 2 differenc
betweenGXX

QW and GXX
MC clearly demonstrates the existen

of the additional decay channel for a quasi-2D excito
molecule in microcavities @‘‘XX →interface polariton
1interface polariton’’ in MC-free single QW’s versu
‘‘XX →0l-LB ~or interface! polariton10l-LB ~or interface!
polariton’’ and ‘‘XX→1l-LB polariton11l-LB polariton’’
for MC-embedded QW molecules#.

~iv! The critical Van Hove pointsM1(d5d1) and M2(d
5d2) in the JDPS of the resonant optical channel ‘‘X
(K i50) ↔ two 1l-mode MC polaritons’’ can allow us to
find accurately the molecule binding energyeXX

MC and the MC
Rabi frequencyV1l

MC . Thus, by using time-dependent M
detuning d5d(t), we propose to develop high-precisio
modulation spectroscopies in order to detect the ra
changes of the XX radiative corrections atd5d1,2 @spikes in
the XX Lamb shift DXX

MC5DXX
MC(d5d1,2) and jumps in the

XX radiative width GXX
MC5GXX

MC(d5d1,2)] and estimateeXX
MC

andV1l
MC .
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