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Radiative corrections to the excitonic molecule state in GaAs microcavities
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The optical properties of excitonic molecul@éX’s) in GaAs-based quantum well microcaviti@dC'’s) are
studied, both theoretically and experimentally. We show that the radiative corrections to the XX state, the
Lamb shiftAY and radiative widtH Yy, are large, about 10%—30% of the molecule binding eneggy, and
definitely cannot be neglected. The optics of excitonic molecules is dominated by the in-plane resonant
dissociation of the molecules into outgoing-ode and @-mode cavity polaritons. The later decay channel,
“excitonic molecule— OX-mode polaritor- ON-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 energyy=0.9-1.1 meV, isFQ"sz.Z—O.S meV in the microcavities and
FQ‘XN:O.l meV in a reference GaAs single quantum wW&W). We show that for our high-quality quasi-two-
dimensional nanostructures tlie=2T, 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 betwe}; andI' 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.
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[. INTRODUCTION attractive interaction of cross-circular polarizedo™(
and o) excitons, which gives rise to the XX bound state,
The optical properties of an excitonic molecule originatehas been invoked and estimated in order to analyze
from the resonant interaction of its constituent excitol's)  the frequency-degenerate four-wave mixingFWM)
with the light field. For the semiconduct@@aAs nanostruc- experiment Pump-probe spectroscopy was used in Ref. 9 to
tures we analyze in this paper, the above interaction refers tobserve the XX-mediated pump-induced changes in the MC
quasi-two-dimensionalquasi-2D QW excitons and is dif- reflectivity spectrum. However, in the above first experi-
ferent in single, microcavityMC-) free quantum wells and ments the microcavity polariton resonance has a large broad-
in microcavities. In the first case, the breaking of transla-€ning so that the spectrally resolved XX transition was not
tional invariance along the growth directiorz @irection detected. Only recently the spectrally resolved “polariton
leads to the coupling of QW excitons to a continuum of bulk< XX” photon-assisted transition in GaAs-based MC's
photon modes. This results in an irreversible radiative decajjas been observed by using differential reflection
of low-energy QW excitons into the bulk photon modes andspectroscopy’* In particular, the transition is revealed in a
to interface, or QW, polaritons for the QW exciton statespump-probe experiment as an induced absorption from the
lying outside the photon corfe® An interface polariton is lower polariton dispersion branch to the XX state, at positive
the in-plane propagating eigenwave guided by a single QWpump-probe time delay¥.n the latter work the MC Rabi
and the light field associated with interface polaritons is evasplitting Q'i"f, associated with a heavy-hole QW exciton,
nescent; i.e., it decays exponentially in thalirection. In  exceeds the XX binding energyy for more than a factor of
contrast, the MC polariton optics deals with the quasistation3. The last experiments on excitonic molecules in GaAs mi-
ary mixed states of quasi-2D MC photons and QWocrocavities use a high-intensity laser field to investigate the
excitons®®i.e., one realizes a nearly pure 2D exciton-photonXX-mediated changes in the polariton specttdhi and
system with resonant coupling between two eigenmdftes  parametric scattering of MC polaritof$In this work we are
a review of the MC polariton optics see, e.g., Refs. 6 and 7 dealing with alow-intensitylimit of the XX optics, aiming to
In this case the radiative lifetime of MC polaritons originatesstudy the radiative corrections to the molecule state in a
from a finite transmission through the cavity mirrors. Thehigh-quality GaAs single QW embedded in a coplanar
main aim of the present work is to develop coherent optics otavity. Recently, the optical properties of large binding en-
quasi-2D excitonic molecules in semiconductor microcavi-ergy excitonic molecules in a MC-embedded ZnSe QW have
ties. been studied® The theoretical model we work out can
The XX-mediated optical response from GaAs microcavi-straightforwardly be adapted to the quasi-2D molecules in
ties has been addressed only recefithf. The Coulombic  [1-VI nanostructures.
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In the previous theoretical studi8s’ the XX radiative state— two outgoing polaritons” is a completely coherent
corrections are not included, so that the models deal with thprocess of the resonant polariton-polariton scattering and can

optically unperturbed molecule wave functioifxx and  pe described in terms of the bipolariton wave functibpy .
binding energyexy . According to Ref. 16, the XX radiative The latter includes an inherent contribution from the outgo-
corrections are rather small, ever(if\“> ey, . The authors  ing (incoming polaritons and should be found from the bi-
argue qualitatively that a volume of phase space, where thgolariton wave equation. The solution also yields the radia-
resonant coupling of the constituent excitons with the lighttive corrections to the XX energy—i.e.; exx=— €
field occurs, is rather small to affect the XX state. As We L A —iT /2, whereeg(o)z is the “input” XX binding en-

show below, an exactly solvable bipolariton modfet? ergy of an optically inactive molecule. For some particular
adapted to excitonic molecules in GaAs-based quasi,,ge| potentials ofe*-exciton-o -exciton interaction—
2D nanostructures, yieldsl'yx and Q%NXX of Q%Pout e.g., for the deuteron and Gaussian potentials—the bipolari-
(0.15-0.30kxx for microcavities a,ndFXX and Az of 51 wave equation can be solved exaél{®The bipolariton
about (0.10-0.1% for single QW's. The calculated val- ;oncent was verified in high-precision experiments with low-
ues refer to the \(veak confinement of qu:_;13|—_2D QW exc'tonﬁemperature bulk CuGRefs. 20—22and CdS(Ref. 23, and
and QW excitonic molecules we deal with in our study. In\ a5 5150 applied successfully to explain the XX-mediated
the weak-confinement limit, the QW thicknedsis compa- optical response from GaAs/AlGaAs multiple QWRef.
rable with the in-plane radius of the above electron-hole)4) The |atter experiment dealt with quasi-2D XX's in the
bound complexes, which are still constructed in terms Ofjmit of strong QW confinement. In this case the bipolariton
well-defined  transversly quantized quasi-2D electronicnggel shows that the main channel of the optical decay of
states. In contrast, in the strong-confinement lindif, i G\ excitonic molecules in MC-free structures is the reso-
much less than the in-plane radius of QW excit@@ecitonic  nant photon-assisted dissociation of the molecule into two
moleculeg. _ outgoing interfacéQW) polaritons. Note that the Coulombic

The radiative corrections to the XX state cannot bé nNejnieraction between two constituent excitons of the molecule
glected, because the exciton-photon couplipglariton ef- 4 hjes the radiative modes and the interface polariton
fect) ch_anges the dispersion of excitons not only in a VelYstates, so that an “umklapp” process between the modes can
close vicinity of the resonant crossover between the relevanhinsically be realized. The above picture refers to the fol-
exciton and photon energies, but in a rather broad hand |4y ing scenario of the coherent optical generation and dis-
~ po- Here wave vectop is given by the resonant condition gqciation of QW molecules: ¢+ bulk photon+ o~ bulk
fhw?(po)=cplep=Ex(po) between the bulk photon and photon— o virtual QW exciton+ o~ virtual QW exciton
exciton dispersions g, is the background dielectric con- _, QW molecule— o™ interface polaritont+ o~ interface
stan). For GaAs structurep,=2.7x 10> cm™*. The dimen-  pojariton.”
sionless parameteiy’ , which scales the XX radiative cor- ~ The experiments we report on deal with weakly confined
rections, is 68 =(al5)po)®, where af) is the molecule QW excitonic molecules; i.e., the QW thickneds= 250 A
radius andD is the dimensionality of a semiconductor struc- is comparable with the radius of excitons in bulk GaAs. The
ture. Remarkably, as we demonstrate belﬁfﬁ,D) does not quasi-2D weak confinement allows us to neglect inhomoge-
depend upon the MC detuning between dheavity mode neous broadening in the detected X- and XX-mediated sig-
andEy—i.e., is the same for microcavities and single QW's. nals. The MC-free single QW is used as a reference struc-
For our high-quality GaAs QW'’s with weak confinement of ture: All the N microcavities, which we study, are embedded
excitons one estimates3’)=200 A, so thais®®=0.3. The  with a single QW nearly identical to the reference one. By
latter value clearly shows that the exciton-photon couplinganalyzing the coherent dynamics of the XX-mediated signal
does change considerably the quasi-2D XX states. Even fdh spectrally resolved transient FWM, we infer the XX radia-
the X wave vectors far away from the resonant crossovefive width in the microcavities and in the reference single
point p,, the polariton effect can still have a considerableQW, T% and TRy, respectively. The measurements yield
impact on the dispersion of optically dressed excitons in bullf)“(")? larger thanl“%‘é" by nearly factor 2. Furthermore, by
semiconductors and QW's. To illustrate this, note that forusing pump-probe spectroscopy we also estimate the XX
bulk GaAs, e.g., the effective mass associated with the uppésinding energiesyy ande2y’ . Our measurements deal with
polariton dispersion branch atp=0 is given by the MC detuning band-2 meVs<s<+2 meV.
Mes=M,/4—i.e., by factor 4 is less than the translational Similarly to quasi-2D XX’s in high-quality single QW'’s,
massM, of optically undressed excitons. In a similar way, the main mechanism of the optical decay of MC molecules is
the dispersion of QW _excitons dressed by MC photonstheir in-plane resonant dissociation into MC polaritons. Thus
which gives rise toAYSx and T'Y¥y, refers to the in-plane the coherent optical path of the XX-mediated signal in our
wave vector domaiip < p, rather than to a close vicinity of experiments is given by ¢* (pump bulk photon+ o~
the crossover poinp=0. (pump bulk photon— MC molecule—o* MC polariton

An excitonic molecule can be described in terms of two+ o~ MC polariton—o* (signa) bulk photon+ o~ (sig-
quasibound polaritonsbipolariton, if the coupling of the nal) bulk photon.” The latter escape of the MC polaritons
molecule with the light field is much stronger than the inco-into the bulk photon modes is due to a finite radiative life-
herent scattering processes. In this case the sequence “twitne of MC photons. In order to explain the experimental
incoming polaritons(or bulk photong — quasibound XX data, the bipolariton model is adapted to weakly confined
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quasi-2D molecules ifGaAs microcavities and MC-free  reference QW [V¢~0.2-0.3 meV andl'Q¥~0.1 meV),
(GaAs single QW's. One of the most important features of and show that the bipolariton model does reproduyaanti-

the optics of excitonic molecules in microcavities is a largetatively and self-consistentlyoth 'y andI'Qy'. It is shown
contribution to the bipolariton staty, from OA-mode MC  that theT,= 2T, limit, which is crucial for the validity of the
polaritons. The relevant\dmode polariton states refer to the bipolariton model, starts to hold for excitonic molecules at
in-plane wave vectorp|~py—i.e., are short wavelength in cryostat temperatures below 10 K._ We also discuss the un-
comparison with the 1-mode polariton states activated in derlaying physical picture responsible for the large XX ra-
standard optical experiments. An “invisible” decay channeldiative corrections in high-quality quasi-2[IzaAs nano-

of the MC molecule into two outgoingXdmode polaritons ~ Structures. o

in combination with the directly observable dissociation path A Short summary of the results is given in Sec. V.

“XX —1N-mode MC polaritor-1\-mode MC polariton” ex-

plains qualitatively the factor of 2 difference betweEKy Il. BIPOLARITON STATES IN MICROCAVITIES

and'{Y. The use of the microcavities embedded with a AND SINGLE QUANTUM WELLS

single QW allows us to apply the bipolariton model without
complications due to the dark X states in multiple QW'’s
(Ref. 16. The bipolariton model quantitatively reproduces model®%in order to calculate the XX radiative corrections

our experimental data and predicts new spectral featu'&%s, likéhd to describe the optical decay channels of excitonic mol-
Ml,%/lcc”t'cal pl\?clnts o the  detuning-dependentyy’  gcyles in high-quality GaAs-based microcavities and single
=I'xx(8) andAyx=Axx(9). W's.

Thus the main results of our study on weakly confined
guasi-2D molecules in GaAs microcavities drg rigorous
justification of the bipolariton modelji) importance of the
XX radiative corrections, andii) existence of the efficient For a single QW, the resonant coupling of excitons with
“hidden” XX decay channel, associated witlhemode MC  the light field can be interpreted in terms of the radiative
polaritons. in-plane modesijspo, which ensure communication of

In Sec. Il, we apply the bipolariton model in order to low-energy QW excitons with incoming and outgoing bulk
analyze the XX radiative corrections, the XX Lamb shift photons(the only photons used in standard pump-probe op-
Ayy and XX radiative width 'y , relevant to our microcavi- tical experiments with QWX and interface polaritons,
ties and reference QW. After a brief discussion of interfacewhich refer to the states outside the photon cofms|
and MC polaritons, we demonstrate that in GaAs-based w,\/z,/c. The latter in-plane propagating polariton eigen-
quasi-2D structures the XX radiative corrections can be asodes are trapped and waveguided by the X resonance; they
large as 10%—30% of th@nput) XX binding energye§(°>2. It are accompanied by the evanescent, interface light field—
is shown that independently of the MC detunidghe XX i.e., are invisible at macroscopic distances from the QW.
radiative corrections in microcavities ariceferencg QW'’s For an ideal QW microcavity the MC photons with in-
are scaled by the same dimensionless paraméié?’ plane wave vectop can be classified in terms o\ trans-
=(a§<2XD)p0)2 and that the main XX optical decay channels verse eigenmodes&0,1,2 ... ). The MCpolariton eigen-
in microcavities are “XX — 1\-mode MC polariton+1x-  states arise when some of the MC photon eigenmodes
mode MC polariton” and “XX — ON-mode MC polariton+ resonate with the QW exciton state. As we show below, only
ON-mode MC polariton” against the main decay path in ON- and I\-polariton eigenmodes are relevant to the optics
single QW’s, “XX — interface polariton+ interface polar- of QW excitonic molecules in our MC structures. With in-

iton.” We also find and classify tweritical points M; and ~ creasing MC thickness towards infinity the microcavity po-
M, in the spectrum of the XX radiative corrections in mi- lariton eigenstates evolve into the radiative and interface po-

crocavities, IMC=T¥C(5) and/or A¥C=AMC(5), and pro- lariton eigenmodes associated with a MC-free single QW
pose to use the critical points for high-precision measure(Re_f- 5. ) i ) _ ) )
ments of the MC Rabi splitting and the XX binding energy. (i) The light field resonantly interacting with quasi-2D
In Sec. Ill, the investigated GaAs-based MC sample an@Xcitons in a single (GaAs) QWhe interaction of a QW
the reference GaAs single QW are characterized. We de@xciton with in-plane momentunip; with the transverse
scribe the FWM measurementsTat 9 K. which allow us to  light field of frequencyw is characterized by the dispersion
. . . ! . i~d-3
estimate the XX dephasing width for the MC detuning bancequatiort

—2 meV=6=<2 meV, T ¥¢(T=9 K)~0.3-0.4 meV, and

In this section we briefly discuss interfa@uantum well
and microcavity polaritons, and apply the bipolariton

A. Interface and microcavity polaritons

the pump-probe experiments &5 K, which yield the bi- c’pf o, w?RYM\pj—ep(wlc)?
polariton (XX) binding energy in our microcavitiessyy en w2+ fioPPM,— i 0 yx— 02’ @
=0.9-1.1 meV.

In Sec. IV, by analyzing a temperature-dependent contriwhereM, is the in-plane translational X mass, = Ex(p|
bution to the dephasing widtHs}c andT'Qy’, which is as- =0) is the X energyyx is the rate of incoherent scattering

sociated with XX—LA-phonon scattering, we estimate theof QW excitons, andRSW is the dimensional oscillator
corresponding XX radiative widths in the microcavities andstrength of exciton-photon interaction per QW unit area.
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Equation(1) refers to a singldGaAs QW confined by two
identical (AlIGaAs) bulk barriers.

For|pj| = w\/e,/c—i.e., for the momentum-frequency do-
main outside the photon cone—HEd) describes the in-plane
polarized transverse interface polaritong-rhode polari-

tons. The evanescent light field associated with the interface

polaritons is given by E(w,pj,z)=E(w,p))exp(-«|2),

where k= \/p‘z‘ —ep(w/c)?. The exciton and photon compo-
nents of a QW polariton with in-plane wave vecmgrare

K R)?W

KkRIW+ Z[wt+hpﬁ/2Mx— wp(p1?’

uip(p =

vE(pp=1—uk(p)), 2

respectively. Herey» = wp(p)) is the polariton dispersion de-
termined by Eq(1). Note that thez-polarized transverse in-
terface polaritons4{-mode QW polaritonsassociated with
the ground-state heavy-hole excitons are not allowed
GaAs QW's(Ref. 3.
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(i) The MC polariton dispersion relevant to excitonic
molecules in (GaAs-based) microcavitieBhe dispersion
equation for MC polaritons, which contribute to the XX-
mediated optics of & cavity we study in our experiments, is
given by

(Q)©)2
12— i0yr— o
(QC)2 1
2 1

(ng)z— iwyr—
(6)

where the photon frequencies, associated with the dnd
ON-microcavity eigenmodes, are],= w{)\(p”)z(czpﬁ/sb
+wg)*? and w = wd(p)=cp|/ ey, respectively. Here
wo=(2mc)/(L\ep) is the cavity eigenfrequency,, is the

wt2+ﬁwtp2/MX—iw'yx—w2=w2[(w

iMC thickness, andr is the inverse radiative lifetime of MC

photons, due to their escape from the microcavity into exter-

The low-energy QW excitons from the radiative zonenal bulk photon modes. The MC Rabi frequer@}f\ refers

|pj|<po=wiep/c couple with bulk photons—i.e., can ra- to _the I-eigenmode of the light field, 18(2)
diatively decay into the bulk photon modes. In this case Eq= y2/L,cod(2mz)/L,] (we assume that the QW is located at
(1) yields the X radiative decay rate into bulk in-plane z=0 so that|z|<L,/2), and is determined by

(Y-)polarized transverse photons:

1 €p on
=T"(pp= =R —=—=. 3)
f c 65— Pf

One can also rewrite Eq3) as I'Y"(p)=T%"(p;=0)
Po/(P5— P2 WhereFSW(pH=0)=ﬁ(\/é‘E/C)RQW is the
radiative width of a QW exciton with in-plane momentum

fipy=0. In high-quality GaAs QW's at low temperatures, the
conditionT'$V>7 vy can be achieved, so that the X disper-

sion within the photon cone is approximated by)gw(p”
<po) =haw+h2pfl2M,—iT"(p))/2.

The oscillator strengtRY" associated with QW excitons
is given by

4ar

(O
RW=— —¢Z"(r=0)[?|d?, 4
fl 8b

where P)(r) is the X wave function of relative electron-
hole motion andl,, is the dipole matrix element of the in-

1

67 w ||1|2
()2 =—= 182 =0) | do,

T, (7)

where 1,=1,(d,/L,)=[L,/(d,)]sin(md)/L,]=1(/6)
X(d,/L,)?. In turn, the Rabi frequenc2{iC is associated
with the On-eigenmode of the MC light field,Aog(z)
=1/\L,=const, and

(Q&CV%—”83;|¢&2D>(r=0>|2|dw|2§2. ®
From Egs.(4), (7), and(8) one gets
RMC
<9¥f)2=2ll1|2<9310>2=4%Z||1|2. )

Because the factofl,|?>=1 (for our microcavities d,

=250 A andL,=2326 A, so thatl;|?=0.96), we conclude
that QM= 2QM°=2(RY/L,)Y2 The factor of 2 differ-
ence between®})? and (A¥)? originates from the dif-

terband optica| transition. In the limits of strong and Weakference of the intensities of the |Ight fields associated with

QW confinement Eq(4) yields

ow 16a§<3D)w€twt, ag(sD)>dz,
RX"= (3D) )

2dzw“a)t, )\227T/p0>d22ax y

(3D)

microcavity I\- and O\-eigenmodes at the QW position,
=0—i.e., is due tde;,(z=0)|% e (z=0)|?=2.

Thus, the dispersion equatiof®) deals with athree-
branchMC polariton model. In Fig. 1 we plot the polariton
dispersion branches, designated by-UB (upper branch

respectively, wheray ~ is the Bohr radius of bulk excitons 1\-LB (middle branch and \-LB (lower branch, respec-
and w; is the longitudinal-transverse splitting associatedtively, and calculated by Ed6) for a zero-detuning GaAs-
with bulk excitons(in bulk GaAs one haa{’”=136 A and based microcavity withAQ}\°=3.70 meV and #QH°
hw=80—-86ueV, respectivel§’). Thus we estimate the up- =2.67 meV. The ratio between the Rabi frequencies satis-
per limit of the oscillator strength in narrow GaAs QW'’s as fies Eq.(9), and the used value &} corresponds to that
72RYM(d,—0)=0.26-0.28 e¥A. For our GaAs QW's observed in our experiments. For small in-plane wave vec-
with weak confinement of excitons one evaluates from Eqtors|p|=<p{"™=0.5x10° cm * (see Fig. 1the I\-UB and

(5) that 2°R{™(d, =250 A)=0.061 e\* A. 1\-LB dispersion curves are identical to the upper and lower
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0A-LB
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20 30 6265
R -1
wavevector p, (um™) wavevector p, (um’)

FIG. 1. Three-branch microcavity polariton dispersion calcu- FIG. 2. The exciton component ohGLB (dotted ling, 1\-LB
lated with Eq.(6) for zero detuning. The parameters are adapted tdsolid ling), and I\-UB (dashed ling polaritons in a zero-detuning
the GaAs microcavities used in our experimenBQ}C  GaAs microcavity.
=3.70 meV, hQHC=267 meV, ,=12.3, M,=0.4my, and
Ex(pj=0)=%w;=1.5219 eV. The dashed lines show the-thode  microcavities. The X component, associated with thel(,
MC photon and exciton dispersiorihe On-mode photon disper-  1)\-LB, and IN-UB dispersions, is given by
sion is not plotted

] (1)
MC polariton branches calculated within the standard (u'©)?=| 1+ 2 v 212
1\-eigenmode resonant approximatfohln this case the wopof=(0))7]
1N-UB and I\-LB polaritons are purely & eigenwaves; the w}(QNC)2 -1
OM-LB dispersion is well separated from the X resonance so ' 5 On 55| (10
that in Eq.(6) one can puf2}i°=0 in order to describe the whof = (0§)°]

1N-UB and I\-LB dispersions in the wave vector domain

_ MC -
p=pf*". The anticrossing between the X dispersion e er avsunsue b ousnige(E) S0 0 PO
+%pj/2M, and the MC O-mode photon frequency P )

. . iven p; the X components satisfy the sum rulefg)?
cpy/ep, which occurs atpj=po=2.7x10° cm !, gives gven b P ol olis)

. : ! . : _ +(ulSs)%+ (US)?=1. The exciton components, which
rise to the MC Q.-eigenmode dispersion asspuated ywth thecorrespond to the X0LB, 1\-LB, and 1\-UB dispersions
IN-LB and On-LB short-wavelength polaritons wittp,

N _ o i . shown in Fig. 1, are plotted in Fig. 2. The above polariton
>pf ~ (see Fig. 1 This picture is akin to the two-branch pranches have nonzero X component when the frequencies
polariton dispersion in pulk se_mwoqductors; foE=po, the wiMC(pH) resonate with the X state—i.e., pf=< phlx) for the
IN-LB _and O\-LB poIantc_m dlf/lpéersmns can accurately be 1)\ .y, at pj=po for the I\-LB, and atp;=p, for the
approximated by Eq6) with (11,"=0. In this case Eq6)  0O\-LB, respectively(see Fig. 2 In our microcavities the X
becomes identical to the dispersion equation for bulk polaricomponent of the ®-, 3\-, etc., eigenmode MC polaritons
tons, if in the latter the bulk Rabi splitin@® (2Q®% s negligible.

=15.6 meV in GaAsis replaced by and the bulk pho- A nonideal optical confinement of the MC photon modes
ton wave vectorp is replaced byp;. Note that for the MC by distributed Bragg reflector®BR’s) leads to the leakage
On-eigenmode the light field is homogeneous in #hdirec-  of MC photons and gives rise to the radiative rgjein Eq.
tion within the microcavity—i.e., forlz|<L,/2. With in- (6). Thus the radiative width of MC polaritons, due to their
creasing detuning from the X resonance the-lB and  OPtical escape through the DBR's, B! 5 1108
ON-LB polariton dispersions approach the photon frequen-:ﬁ(vi'\A:Cox_LB,le_B,m_JB)ZYR, W(tlezre the pngtg” component of
cieSwgﬁcp”/\/s_b andz)gkch“/\/;(m’ respectively, where the polaritons is given byu(-'\’I ) =1—(u;"")*. Note that f_or
the low-frequency dielectric constant is given our r(]; ?As—bat:;ed maRcr?ca;/gles datzéow temperatungss
=gp[ 1+ (Q5/ w,)?]. The interconnection between two MC much larger tharyx (Refs. 26 and 2)

polariton domains occurs via thenidLB polariton disper-

sion: With increasing; from py=p{*" towardsp;=p, the B. Bipolaritons in GaAs quantum wells

structure of the photon component of-1B polaritons The quasi-2D excitonic molecules in single QW's without
smoothly changes, as a superposition of two modes, frorgoplanar optical confinement of the light field can either
purely 1IN mode to purely @ mode. resonantly dissociate into interface polaritons or decay radia-

Because 11§<2XD)> po, the nonzero exciton component of tively into the bulk photon modes. In our optical experi-

all three MC polariton dispersion branches contributes to thenents, which deal with pump and signal bulk photons only,
molecule state and, therefore, to the XX-mediated optics ofhe first route of the XX optical decay cannot be visualized
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directly. Thus this channel refers to the “hidden” optics as- 0.3 —
sociated with the evanescent light field resonantly guided by [
QW excitons.

(i) Resonant dissociation of QW excitonic molecules into
outgoing interface polaritonsThe bipolariton model allows
us to calculate the XX radiative widthT'QV(®)
=TM(K)), associated with the resonant dissociation of
the molecule with in-plane translational momentai;, by
solving the wave equatiof®®

\
\

0.028 eVZA—|

02

~-0.035 eVZA—

radiative widths (meV)

[Er(py+K/2)+Epp(—p+ K /2) W (b K))

~ 0.02 0.04 0.06
+fip(py ,K”)Z Wt o= (P =P PN xx (P}, K|) oscillator strength R (eV?A)
Pl
FIG. 3. The calculated radiative decay widths of the exciton and
bipolariton states vs the oscillator stren@ﬁw. The XX radiative

~ =ow _ _ _ widths associated with the decay into interface polaritdgy ™,
HereWyy andEyy’ are the bipolaritortXX) wave function  4n4 into bulk photon moded;QV?), are plotted separately. The

and energy, respectivelip=7wp is the QW polariton en- jnpyt XX binding energyeld=1.1 meV. The two circle symbols
ergy determined by the dispersion E@L), fip(p).K|)  showIQ¥ andT'QY inferred from the experimental data.
=uip(p)+ K/2)ufs(—pj+K|/2), whereup is given by Eq.
(2), fpj is the in-plane momentum of the relative motion of . QW(2) _ ow
the optically dressed constituent excitons, &g ,- is the )(<1,(2D)Eq.2 Q(\:/I\-/Z) yields  T3%)=2A (Vew/C) xR
attractive  Coulombic  potential  betweens*- and  =8(&xx< Po)I'x"(pj=0). However, for our reference
o -polarized QW excitons. The complex bipolariton energyGaAi QW V1Vl;h Wetaktct%nflnﬁment of tlhe electrqmct.state]:s
- ZQW_ o _ _(0) 4 AQW_ i 1-QW one hasy=1.2 so that the above simple approximation o
can also be rewritten aBxy =2Ex—exy t Ay — 1'% /2, Eq. (12) cannot be used.

:ESY(KH)‘T’XX(F)H K- (11

wheree(Q) is the XX binding energy with no renormalization In Fig. 3 we plot the radiative widthd"$"(p=0)
by the coupling with the vacuum light field. For the nonlocal _ow(1),, W(2 TN '
. S FMOK,=0), TWV(K,=0), and TI'YPI(K,=0)

deuteron model potentialV,+,-(|pj—p’yl), which yields XX~ - " XX ==/ XX I .
within the standard Schdinger two-particle(two-X) equa- +F><><QW(KH:O) against the oscillator strength of QW exci-
tion the wave function\lfggg(p”)zz /—zwag(%(D)/[(p”ag(sz))z tonsRg™ . The widths are calculaged with Eq4.) and(12)
+17%2 for an optically inactive molecule, the bipolariton for the input XX binding e.nergys§<x)=1.1 Qﬁv' As we dis-
wave equatior(11) is exactly solvablé® The input param- C€uss in Sec. lll, the oscillator streng®Ry;™ of the high-
eters of the model are the binding enewd§) and the oscil- qgagt\/)\/l reference QW used in our experiments is given by
lator strengthRQ". Thus the exactly solvable bipolariton #°RX" (d;=250 A)=0.035 eV A. The above value, which
model simplifies the exciton-exciton interaction, but treats!S inferred from the experimental data, refers to the GaAs
rigorously the(interface polariton effect. QW sandwiched between semi-infinite bulk AIGaAs barriers

(i) Resonant decay of QW excitonic molecules into thénd is consistent with that estimated in the previous subsec-
bulk photon modesThe decay occurs when at least one oftion by using Eq.(5). A cap layer on top of the reference
the constituent excitons of a QW molecule moves within theSingle QW modifies the evanescent field associated with in-
radiative zone—i.e., Wher1|+pH+ K|\/2|$Po and/or |—p|| terface polaritons and reduces the oscillator strength to
+K /2| <po. Note that the exciton-exciton resonant coherenti?RY"(d,= 250 A)=0.028 eV A (for the details see Sec.
Coulombic scattering within the molecule state intrinsicallyIV). As shown in Fig. 3, fori?R3"=0.035 e\f A Egs. (11)
couples the X radiative and QW polariton modes. Thus theand (12) yield T ™(K =0)=148 ueV and I'"?(K;
XX width, associated with the optical decay into the bulk =0)=33 eV, so that the total XX radiative width is given

photon modes, is given by by F%‘{V(K”=0):1“%‘?’(1)+F%‘?’(2):0.18 meV. ForﬁTRQW
1 feo =0.028 e A one calculatesI' 3¢ ")(K =0)=100 eV,
PR =0)=— f [WiR(2pp PR (P pydpy LK =0)=26ueV, and TEY(K=0)=IZ™
0 +IQM2)=0.126 meV. The latter value is indeed very close
Jeu X to the XX radiative widthl'Q'=0.1 meV inferred from our
— SW—SQ[(5+ 2x)Vx(1+x) optical experiments with the reference Q#ée Sec. Il
¢ 4(1+x) The photon-assisted resonant dissociation of QW mol-
43 In(\/m+ \/;)]’ 12 ecules into outgoing interface polaritons is more efficient

than the XX optical decay into the bulk photon modes by a
where y=4522=4(a@Ppy)? and I'(p)) is given by factor of 4.5 forh?RYV=0.035 e\* A and by a factor of 3.8
Eq. (3). In the above integral over the QW radiative zonefor hZNRSW:O.OZB eVt A, respectively. This conclusion is
we approximate\If&‘Q by the deuteron wave function. For consistent with that of Ref. 24, where for the limit of strong
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QW confinement d,—0) the relative efficiency of the two
optical decay channels was estimated toltg'(¥): TQ(2)
=25:1. The latter ratio refers to the idealized case of an
extremely narrow GaAs QW surrounded by infinitely thick
AlGaAs barriers. The resonant optical dissociation of the
QW molecules into interface polaritons is much stronger
than the radiative decay into the bulk photon modes, because
the constituent excitons in their relative motion move mainly
outside the radiative zone, with the in-plane momér_ﬁm
+K/2|=po. In this case the excitons are optically dressed
by the evanescent light field; i.e., they exist as QW polaritons
and, therefore, decay mainly into the confined, QW-guided TP SRR SRR
interface modes. The picture can also be justified by analyz- 0 10 20 30
ing the joint density of states relevant to the two optical microcavity detuning & (meV)
decay channels. Note that in both main equations, (E4.
and Eq.(12), 62P=(a3Pp,)? does represent the dimen-
sionless smallness parameter of thgolaritor) model.

XX radiative corrections (meV)

FIG. 4. The radiative corrections to the excitonic molecule state,
¥ and AYS, calculated against the MC detuninywith Egs.
(13)—(15) for the MC Rabi energies Q}\°=7.76 meV andi Q"
=5.60 meV. The input XX binding energsid) is 0.9 meV(dash-

C. Bipolaritons in GaAs-based microcavities dotted ling, 1.0 meV(solid line), and 1.1 meMdashed ling

The bipolariton model for excitonic molecules M mi-
crocavities requires one to construct the XX state in terms opossess the quadratic dispersi@(:ﬁwt+ﬁ2p”/(2|\/|x)
quasibound @-LB, 1\-LB, and IN-UB polaritons. In this  (the latter is valid only for optically inactive excitons

case the radiative corrections to the XX state V{0 are The solution of the exactly solvable bipolariton model,
given by given by Eqs(13)—(15), includes all possible channels of the
in-plane dissociation of the microcavity molecule into two
MC (0) outgoing MC polarltons—| e., “XX K;=0) — ith-branch
Axx(Ky=0)= GXX 1+B MC polariton (*,p;) + jth-branch MC polariton ¢,

—py).” Note that the solution of the bipolariton wave equa-
27 [ tion (11) for excitonic molecules in a single QW can be
I (Kj=0)=— —\Geg&nm (13  obtained from Eqs(13) (15) by puttingi=j=IP and re-
placing uI(J) andw (y Py u;p and w,p, respectively.
where The radiative WIdthFMC(l) M®(8) and Lamb shift
AYC=AYC(6) calculated by Eqi.lB) —(15) as a function of
©) the MC detuning =% (wo— w;) between the 1 cavity
Wi (P mode and QW exciton are plotted in Fig. 4 for three values
of the input XX binding energye{3)=0.9 meV, 1.0 meV,
and 1.1 meV. By applying Eq9), we estimate for this plot

1+B]’

2.2
04 h P
XX MX

+1

1o [
A=gfo Pidpy| Gpy)

_2r 1 (O)J+x = (0) the Rabi frequencie$))'® and QM relevant to the used
16 \/ﬁexx PR Gpy) Wiex(py)- (A4) three-branch MC polal?iton disgersion given by E®).
B Namely, for#?R2"=0.035 e\* A, associated with the ref-
In Eq. (14) the bipolariton Green functio®(p)) is erence QW, andL,=2326 A, Eq. (9) yields ﬁgﬂc
. Ve ) 27_.76 meV andiﬂg"fzS.GQ meV. As a result of nonideal
Spon= Lui - (ppu; ™~ (=pp] optical confinement in the direction by DBR’s, our GaAs-
=« E)'\{'f—ﬁwi“"c(p”)—ﬁw}v'c(—p”)+iyo' based)\ microcavity (i) has a smaller value d2}\°—i.e.,

hQYC=3.7 meV—and (i) with increasing p, loses the

strength of optical confinement foixtmode MC photons of
whereEYy ZEx(PH—O)—Eg&), the MC polariton eigenfre-  frequency w?=w,. The latter means that the MC photon
quencyw]; and the X componeriti(;]1? with i,j=0\-LB,  radiative widthyg is pj dependent and smoothly increases
1A-LB, and IN-UB are given by Eq(6) and Eq.(10), re-  with increasingp;. The DBR optical confinement is com-
spectively, andyo—> +0. The XX radiative corrections—i.e., pletely relaxed fop;~ pg so that the dispersion equati¢h)
the Lamb shiftA}x and radiative widtH ¥x—depend upon becomes inadequate, and the microcavih-LB polariton
the relative motlon of the constltuent QW excitons overdispersion evolves towards the interface polariton dispersion,
whole momentum space; i.e., Eq$3) and(14) include in-  associated with the single QW and given by Eq. Thus, in
tegration overdp The change of the |nput XX binding order to model the experimental data with E¢k3)—(15),
energy, {3)— * —eg&)— (K +(1/2)T¥(K)), occurs  we usefi)\°=3.70 meV andiQp =267 meV, and re-
because in their relative motlon the constituent excitongplace the (R LB polariton dlsperS|on by the interface, QW
move along the MC polariton dispersion curves, rather thamolariton dispersion with#?R3"=0.035 e\¥ A. For this
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case the plot offy¢ and AYS against the detuning is

shown in Fig. 10, belowfor details see Sec. IV

There are two sharp spikes in the dependencf;
=A>"é')?(6) which are accompanied by the jumplike changes
of the XX radiative widthI'¥x=T"%x(5) (see Figs. 4 and
10). The above structure is due to van Hove critical points
M, andM, in the joint density of the polariton state¥DPS
relevant to the optical decay “MC excitonic moleculg
=0 — MC polaritonp;, + MC polariton —p;" (for the
critical points we use the classification and notations pro- -
posed in Ref. 2B The first critical pointM; in energy- [

i (@-0) (meV)

v
[
1
1 -
[l
'
'
1

- | IR B | I 2 S S R A LS S '
momentum spacgs, py} refers to a negative MC detuningy 40 2 4 6' 26,5 27.0 27.5
and deals with the condition REX(K;=0)}=2%w, wavevector p, (um")

—§§<OX)+.Awf(::ﬁwg\(iB(p”:0)+ﬁw¥)\%3(.—pH=O). This
point Is marglnal for thg ?pt'cal decay “XX vation law for the optical decay of a MC molecule wkh=0. The
—1\-LB polaritont 1\-UB polariton™  For 6<6; the  mpicrocavity Rabi energies ardQYC=3.70 meV and #QMC
above channel is allowed, while it is absent @ 6;. The  —2 67 meV; the MC detuning is zero. The solutions are shown by
critical point M, occurs at a positive detuningz, which  the bold pointsS; (XX~ 1\-LB polariton+1X-LB polariton), S,
corresponds to the condition FE(K =0)}=2%iw,  (XX—O\-LB polariton+ ON-LB polariton), —and  S;, (XX

— Q)+ A)"é‘)%:ﬁw’i/lﬁla(p”: 0)+hw)Ss(— pj=0), and is —O\-LB polariton+1\-LB polariton). The efficiency of the last
the main marginal point in the JDPS for the XX optical dis- decay cha_mn_el is negllgl(tg)l)e in comparison with that of the first two.
sociation into two outgoing X-LB polaritons. Namely, for ~ The XX binding energyex=1 meV.

< 5, the molecule can decay into twa\iLB polaritons,  correspond to thévi, and M, critical points, respectively.
while for 5> &, the optical decay of MC molecules with zero The graphic solution of the energy-momentum conservation
in-plane wave vectoK into 1A-LB polaritons is completely  |aw is shown in Fig. €0) for the vicinity of p;=p,. Accord-
forbidden. With a very high accuracy of the order|6f/w;  ing to Eq. (6), the I\-LB and O\-LB polaritons with p|

FIG. 5. The graphic solution of the energy-momentum conser-

<1, one finds from Eq(6) that i wy,ugne(Pj=0)=%w;  ~p, practically do not depend upon the MC detunifig.e.,
+(6812) = (1/2) 2+ (hQY)21¥2. Thus from the energy- the plot shown in Fig. @) is not sensitive tos.
momentum conservation law we estimate the detuniigs The value of thel'Ys jump andAYY spike nearby the
critical point M;—i.e., at §= §;—shows that the contribu-
critical point M;: 8;=— exv, tion of the decay path “XX-1A-UB polariton+I\-LB po-

lariton” is rather small, about 1%—2% only. This is mainly
due to a small value of the JDPS in the decay channel.
(hON)2—(€X5)? The main contribution to the XX radiative corrections
26%% ' (16) in microcavities is due to the frequency-degenerate
decay routes “XX— 1IN-LB polariton + IN-LB polar-

where ell€= Q) — AMC is the true, “measured” binding en- iton” and “XX — OA-LB polariton + ON-LB polariton”

critical point M,: 8,=

0(5,-0), (17

ergy of the bipolariton stat& =0—i.e., of the optically (or “XX — interfac_e polariton+ interface p(_)lariton,”_asa

dressed molecule. result of the relaxation of the transverse optical confinement
In order to visualize the optical decay channels of MC&tP|~Po). The JDPS associated with the first main channel

excitonic molecules, in Figs. 5 and 6 we plot the graphiciS 9iven by

solution of the energy-momentum conservation |dx -

~fio}'(p) ~fiw}'°(~p)=0 (i,j=0\-LB, 1\-LB, and Phu—hmee U = 37 (855 Po)?

1A-UB). The roots of the equation are the poles of the bipo- L @t

lariton Green functiorG given by Eq.(15). Figure 5, which Qle\?

refers to the zero-detuning GaAs-based microcavity, X| 1+ —oy

clearly illustrates that apart from the decay path XX

“XX — 1N-LB polariton +1A-LB polariton” there are where®(x) is the Heaviside step function. The above JDPS

also the decay routes which involve th&-1B and O\-LB is relevant to the calculations done by the bipolariton, Egs.

microcavity polaritons withp~pg—i.e., “XX — OA-LB (13)—(15). The appearance of the dimensionless parameter

polariton + ON-LB polariton” and “XX — IN-LB polari- 622 =(a{3™p,)? on the right-hand sidéRHS) of Eq. (17)

ton + ON-LB polariton.” The graphic solution of energy- is remarkable. Thus the same control paramét&?’ deter-

momentum conservation for the wave vector domjn  mines the optical decay of excitonic molecules in the refer-

<p{*™" is shown in a magnified scale in Figsab-6(c) for  ence single GaAs QW and in the GaAs-based microcavities.

6= 061, 0, and 6,, respectively. The touching points af Furthermore, the JDPS given by Ed.7) depends upon the

=0 between the X-upper and 1-lower [see Fig. €8] and  MC detuning only through the step functi@y 5,— 5). The

IX-lower and I\ -lower [see Fig. €)] dispersion branches latter dependence gives rise to the critical pdit By com-
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can be found in Ref. 11. The optical properties of the refer-
ence single QW grown under nominally identical conditions
are reported in Ref. 26: The spectra show the ground-state
heavy-hole (HH) and light-hole (LH) exciton absorption
lines separated in energy by about 2.6 meV. In the MC
sample, the coupling of both HH and LH excitons with the
1N-mode cavity photons results in the formation of three
1N-eigenmode MC polariton dispersion branches-11B,
1N-MB, and I\-UB.!! The In-mode polaritons have a nar-

/) (o) (meV)

__ first critical point { | ; L . S
35 \\Irssc:.;c:,g?m J E-. 3=0mev | row linewidth: The ratio between the HH Rabi splitting and

the polariton linewidths at zero detuning is about (Zef.
27).

For the reference GaAs QW at temperatlire 10 K the
homogeneous width'$" is dominated by the radiative de-
cay. The absorption linewidth, measured alongzdeection
and extrapolated to zero temperature, yields a HH-X radia-
tive width of 98+ 10 neV. Note that this value is affected by
optical interference which occurs at the position of the QW,
z=0, due to bulk photons emitted by the QW excitons and
partly reflected back by the top surface(L c,;~499 nm)
of a cap layer. In this case one has a constructive interference

hi (o-0) (meV)

second critical point

-3 5 = 6.345 meV which results in the enhancement of the light fieldzatO0.
Y P I S I S By treating the optical interference effect, we estimaf’
0 1 2 3 265 27.0 275 =60 eV for the reference QW sandwiched between semi-
wavevector p, (um'™) infinite bulk AlGaAs barriers. This radiative width yields the

intrinsic  oscillator strength of quasi-2D HH excitons
FIG. 6. The graphic solution of energy-momentum conservatiorft Ry (d,=250 A)=0.035 e\*A (see Fig. 3 The mea-
for (a) the decay channels “XX-1\-LB polariton+1A-LB polar-  sured characteristics of excitonic molecules in the reference
iton” and “XX —1\-LB polariton+1\-UB polariton” (the MC de- QW are consistent with those reported in Ref. 26: The XX
tuning §= —1 meV; the marginal solutioB atpj=0 refers to the  binding energyeyy=0.9-1.1 meV and the XX radiative
critical point My), (b) the decay path *XX-IN-LBpolariton  width T'¥c=0.1 meV. The latter value is obtained by ex-

+ 1\-LB polariton” (the MC detunings=0), (c) the decay path “ . . =MC
XX —1\-LB polariton+ 1\-LB polariton” (the MC detuning & trapolating the measured homogeneous W'dwx

=6.345 meV; the marginal solutio®, at p;=0 refers to the criti- =T¥(T) to T=0 K.
cal pointM,), and(d) the decay channels “XX-O\-LB polariton The optical experiments with the MC sample were per-
+0N-LB polariton” and “XX —O0N-LB polariton+1N-UB polar-  formed using a Ti:sapphire laser source which generates
iton” (this plot is practically independent of). The MC Rabi  Fourier-limited 100-fs laser pulses at a 76-MHz repetition
frequenciesD}\* and QgC and the XX binding energy{d) are the  rate. Two exciting pulses 1 and 2 with variable relative delay
same as in Fig. 5. time 71, propagate along two different incident directions
p. . at small angle £1°) to the surface normal. Pulse 1
paring the XX radiative corrections fé< &, and5> 3, (see  precedes pulse 2 for;,>0. The reflectivity spectra of the
Figs. 4 and 1§) one concludes that the first main decay chanprobe light and the FWM signal were analyzed with a spec-
nel “XX — 1\-LB polaritont+ 1\-LB polariton” has nearly  trometer and a charge-coupled-device camera of 140
the same efficiency as the second one, “XEBA-LB  full width at half maximum(FWHM) resolution. The sample
polaritontON-LB polariton” (or “XX — interface polariton was held in a helium bath cryostat @=5 K for all the

+interface polariton]. Note that the “virtual” decay paths, pump-probe measurements andTat9 K in the FWM ex-
like “XX —1\-UB polaritort 1X-UB polariton,” still con-  periments.

tribute to the XX Lamb shift in microcavities, according to
Egs.(13-(15). A. Bipolariton dephasing in GaAs microcavities
In order to measure the bipolariton dephasing we perform
spectrally resolved FWM. The FWM signal was detected at
The investigated sample consists of a molecular-beam2p,—p; in reflection geometry. The spot size of both excit-
epitaxy- (MBE-) grown GaAs/A} sGa, 7As single quantum ing beams was-50 um. In Fig. 7 we plot the spectrally
well of the thicknessl,= 250 A and placed in the center of a resolved FWM signal for different polarization configura-
N cavity. An AlAs/Alg 15Ga ssAs DBR of 25 (16) periods tions of the laser pulses. The positive detuning between the
was grown at the bottorttop) of the cavity. The spacer layer cavity Ix-eigenmode and HH exciton i§=0.76 meV, and
is wedged, in order to tune the cavity mode along the posithe delay time isr;,=1 ps. Pulse 1 of about 500 fs duration
tion on the sample. Details of the growth and sample desigwas spectrally shaped texcite only the 1-LB polaritons

I1l. EXPERIMENT
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FIG. 7. Spectrally resolved four-wave mixing for cocircular ~ FIG. 8. Comparison between the FWM dynamics measured at
(dashed ling colinear (bold dotted ling, and cross-lineafsolid ~ the I\-LB—XX transition, when pulse 1 resonantly induces the
line) polarizations of the exciting pulses. The microcavity detuning1A-mode lower-branch polaritons only, and at th&-MB-XX
is 5=0.76 meV. The pulse along the, direction induces only transition, when pulse 1 resonantly excites only the-node
1\-LB polaritons, and its spectrum is shown by the grey area. middle-branch polaritons. Inset: the XX homogeneous linewidth

T'YC against the MC detuning, measured aT=9 K with about

and the FWM was probed with the spectrally broad pulse 2 nJ/ent pump fluence.

at all Ix-mode polariton resonances. For colinear and cross- . .
linear polarization configurations, the.4LB polariton to ex- _The 712 dependence of the TI-FWM s_lgnals_ associated
citonic molecule transition (1-LB—XX) is observed in the With the I\-LB—XX and 1I\-MB—XX transitions is shown

FWM signal (see arrow in Fig. Vat a spectral position con- 1N Fig. 8. As expected, at negativa, one finds the same
sistent with that found in our previous pump-probe dynamics for both transitions. Therefore, independently of
experiment? The XX-mediated FWM signal disappears for the 1\-eigenmode MC polariton branch selectively excited
cocircular polarization, in accordance with the polarizationPy Pulsé 1, we can infer the polarization decay rate of the
selection rules for the two-photon generation of excitonicO-XX transition. The homogeneous linewidth of the 0-XX
molecules in a GaAs QW. transition' Y measured at low excitation energies per pulse
Although the analysis of FWM in microcavities can be (~4 nJ/cnt) is potted against the MC detuning in the

rather complicated}?® the interpretation of our measure- inset of Fig. 8. Only a weak detuning dependencd %f is

ments is simplified by the selective excitation of the-lIB  gpserved for the detuning bare2 meV<s<2 meV. Note

polaritons only. The observed TI-FWM is a free polarization = MC na
decay, due to the dominant homogeneous broadening of yipat the deduced valudgC(T=9 K)=0.3-0.4 meV are by

X lines in our high-quality 250-A-wide QW'sRef. 26. At @ factor of 1.5-2 larger thahi{y'=0.2 meV measured from

positive delays the FWM signal is created by the followingthe reference QW at nearly the same bath temperafure
sequence. At first, pulse 1 induces a first-order polarizatior= 10 K (Ref. 26 (see the dotted line in the inset of Fig. 8

associated with 1-LB polaritons. The induced polarization

decays with the dephasing tirﬂ'zx'LB of the IN-LB polari- B. Binding energy of bipolaritons in GaAs microcavities

tons. The dephasing timE;* 2 is dominated by the lifetime The bipolariton energgYS was found by analyzing the

of 1x-mode MC photons. Pulse 2 interacts nonlinearly Withpump-probe experiments. Pulse 1 acts as an intense pump

the induced polarization, and a third-order FWM signal ishije pulse 2 is a weak probe. The spectrum of the pump
created with an amplitude that decreases with increasifig  pyise is shaped and tuned in order to excite resonantly the

due to the decay of the first-order polarization associateq, .| g polaritons only. The spectrally broad probe pulse has
with the IN-LB polaritons. The TI-FWM intensities at all 5 spot size of~40 um. In this case the in-plane spatial

probedl{_?gonances therefore decay nearly with the time copyagient of the polariton energy is not significant. In order to
stantT;~"/2. At negativer;, the FWM signal stems from gchieve a uniform pump density over the probe area, the

the two-photon coherence of the crystal ground state to thgross section of the pump pulse is chosen to be by a factor of
excitonic molecule transitiof0-XX) induced by pulse 2. Ac- 2 |arger than that of the probe light.

cording to energy—in-plane momentum conservation, since |n Ref. 10 we show a well-resolved pump-induced ab-

pulse 1 is resonant withX:LB polaritons only, the FWM  gorption at the 1-LB—XX transition in the investigated MC
signal, associated with bulk photons, is emitted in the direcsample. The 1-LB—XX absorption was observed in the re-

tion 2p,—p; with the energy of the X-LB—XX transition.  flectivity spectra at positive pump-probe delay times and for

us to study the polarization decay of the O0-XX probe pulses, according to the optical selection rules. In par-
transitiori®—i.e., to findl“';é'f. ticularly, the induced absorption for three different positive
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% 10 FIG. 10. The radiative corrections to the excitonic molecule
ujé state, 'Y and AYS, calculated versus the MC detuningwith
T I | Egs.(13)—(15) for the MC Rabi energy: Q}\°=3.70 meV and as-
o~ 2 4 0 1 2 1.520 1525 suming that the DBR optical confinement is completely relaxed for

5 (meV) photon energy (eV) p;=pf*"=10° cm™*. In this case the D-LB dispersion is replaced

by the interface polariton dispersion with the oscillator strength
FIG. 9. The reflectivity spectra of the probe light at different #2R3"=0.035 eV A. The input XX binding energyely) is 0.9
detuning values. The spectra are measured for the cross-circularipeV (dash-dotted ling 1.0 meV(solid line), and 1.1 meMdashed
polarized pump and probe pulses at delay timg=0.5 ps andT line).
=5 K. The pump fluence is about 04J/cn?. The arrows indicate

the IN-LP—XX pump-induced absorption. Upper left inset: the stituento ™ - and o~ -polarized MC polaritons into the bulk

measured energy position of tha-LP, 1\-MP, 1\-UP resonances photon modes. The XX radiative width associated with this
(open square pointsand of the induced A-LP—XX absorption  channel is given by

(open star poinjsvs the MC detunings. The fit of the MC polar-

iton branches, associated with LH and HH QW excitons, is shown % ”

by the solid lines. Lower left inset: the XX binding energl< 1“>’\€'§(2)(KH:0): _')’Rf |\pg<0>2(2pu)|2
determined as the difference between twice the bare HH exciton w 0

energy and the sum of theniLP and I\-LP—XX transition ener-

gies. %

> [1-(uM9?]

pidp;, (18

MC detunings was measured. Here we extend the pump-

probe experiment to study the detuning dependeBls whereuC=uMC(p) are determined by Eq10) andi runs
=EMC(6), including §<0. In Fig. 9 the probe reflectivity oyer o\-LB, 11-LB, and I\-UB. Equation(18) is akin to
spectra measured at,=0.5 ps for the cross-circularly po- g4 (12) and can be interpreted in terms of optical evapora-
larized pump and probe pulses is plotted. Indicated by theq, of the MC excitonic molecules through the DBR mir-
arrows(see Fig. 9, a spectrally well-resolved pump-induced rors. Using the measured radiative linewidth of-LB po-
absorption resonance is observed. In the uppES) part of | 't. MC(H ~013¢10° e 1 =0 1 meV timat
Fig. 9 the energy position of the\tLB, 1\-MB, and I\-UB ~ '21MONS. 1 x (p=0. cm 7)=0.1 meV, we estimate
polariton resonances and of the inducedllB—XX absorp- 7 ¥r=0.3 meV, so that the radiative lifetime of MC 52(02")0”5
tion are plotted against the MC detunidg The fit done with 1S 9iven by 7s=2.4 ps. In this case Ed18) yields I'xy
a three-coupled-oscillator scheme\teigenmode MC pho- =1—2 ueV for €)=0.9-1.1 meV and assuming thgy is
ton, HH exciton, and LH exciton resonangese shown by  pj independent. ThuEY¢® is less tharl'{¢'®), estimated
the solid lines. The energi@g" andEY" of the HH and LH  with Eq. (12 for the reference QWsee Fig. 3, by more
excitons EXH=1.5219 eV andEL'=1.5245 eV) are in- than one order of magnitude. This is because instead of the
ferred from the fit, and the molecule energY(S is deter- smallness parametes&®) = (a3?p,)2, which appears on
mined as the sum of the measurex-UB and I\-LB-XX  the RHS of Eq.(12), Eq. (18) is scaled by 45pf™)?
transition energies. The bipolariton binding energy, evaluateds 5(R2D)_
asexx = 2Ey" —Exy , is plotted against the MC detuning The radiative width'}¥¢(?), associated with the decay of
in the lower LHS part of Fig. 9. We find thakx  XXs into the bulk photon modes, is by two orders of mag-
=0.9-1.1 meV—i.e., is similar to the value efy’ in the  nitude less thai VS calculated with Eqs(13)~(15). Thus
reference single QW and slightly larger than that previouslythe resonant in-plane dissociation of molecules into outgoing
reported in Ref. 10. MC polaritons absolutely dominates in the XX-mediated op-
tics of microcavities, so that the total XX radiative width is
given by I'MC=McL) L PME@) MM (see Figs. 4 and
The optical decay of MC bipolaritons can also occur di-10). The extremely small value df}x?) allows us to inter-
rectly through escape of the photon component of the conpret a MC excitonic molecule as a nearly “optically dark”

IV. DISCUSSION
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state with respect to its direct decay into the bulk photon 5{<2 meV with the current accuracy of our measurements:
modes. However, it is the resonant coupling betweerggs. (13)-(15) yield 6%‘5(5:2 meV)— E)"g')%(gz_z meV)
1X-mode cavity polaritons and external bulk photons which~—4 ,ev  and r)"é')((?((s:z meV)—F)"{')%(5= —2 meV)
is responsible for the optical generation and probe of the XX~ —5 ev; the energy structure ab=45;=—ehc—i.e.,
states in microcavities: Our optical experiments deal onlyhearby the critical poinkl,—is also of a fewueV only (see
with bulk pump, probe, and signal photons. In the meantimerig. 10. On the other hand, the GaAs-based microcavities
the bipolariton wave functiol’ vy is constructed in terms of we have now do not allow us to test the critical poMb
ON-LB, 1A-LB, and IN-UB polariton states, and umklapp which is located in the MC detuning band 5 me¥d
between the MC polariton branches occurs through the co<8 meV. In the latter case the relative changeﬁ&tf and
herent Coulombic scattering of two constituent polaritons. T} is large enough, about 0.04—0.07 meV, to be detected in
While the interpretation of the experimental dédeae Sec.  our experiments. High-precision modulation spectroscopy is
Il does require three-branchAd.B, 1A-MB, and I\-UB,  very relevant to observation of the critical points, because
polaritons associated with HH and LH excitons, the contri-the derivativess"(AYS)/96" (n=1) and 9"(I'%%)/38" (n
bution to the XX optics from the LH X’s is very small. This =1) undergo a sharp change in the spectral vicinitivaf,.
occurs becausg) the energ)EkH is well separated from the The modulation of 8 can be done by applying time-
XX-mediated resonance &y — eXy/2 (the relevant ratio dependent quasistatic electicmagnetic’? or pressur®
betweeneyy /2 andEy"— EX+ X5 /2 is equal to 0.16—i.e., fields. Note that the measurement of the detunifigand 5,
is much less than unipyand(ii) because a contribution of the will allow us to determine with a very high accuracy, by
LH exciton to the total XX wave function is unfavorable in using Eqs.(16), the XX binding energyelx , and the MC
energy—i.e., is rather minor. We have checked numericall\Rrapi frequenc)()’i")\c_ A detailed study of the XX Lamb shift

that by the first argument only the LH-X resonance cannoy M€ yersys the MC detuning and, in particular, the detec-
change the XX radiative corrections for more than 3%—5%jion of the critical pointsvi; andM, are the issue of our next

Thus the bipolariton model we develop to analyze the Opticabxperiments.

properties of MC excitonic molecules and to explain the ex- |, order to estimate the radiative widE}'S from the total

perimental data deals only witt\GLB, 1\-LB, and I\-UB L=MC B .
polaritons associated with the ground-state HH exciton. homogeneous widiliyy’ measured al'=39 K in our FWM

In Fig. 10 we plot the XX radiative corrections against the €XPeriment, we assume that apart from the XX radiative de-

MC detuningd, calculated with Eqs(13)—(15) by using the cay the main contribution tcf“)'\{'f is due to temperature-

MC parameters adapted to our GaAs microcavities. Namelydependent XX—LA-phonon scattering. Note that in the ex-
the I\-mode cavity Rabi splitting is given byiQY®  periment we deal with a low-intensity limit, wheR}s is
=3.7meV, and we assume thatlar;e DBR optical Cﬁ?f'nehearly independent of the excitation level. THI&C=T"MC
ment follows the step functiod (pf*")—py). For p;=p| +TQ% ., wherel'QY, , is due to the scattering of QW mol-

the ON-LB is replaced by the interface polariton dispersion ecules by bulk LA phonons. The DBR optical confinement

given by Eq.(1). Due to thelil)bsence of the DBR transverseoqg not influence the XX-LA phonon scattering, so that the
optical confinement qbuzpﬁ , the resonant optical decay width F%\?/LA :F%\é\/LA(T) is the same for XX’s in the refer-
of the constituent excitons into the bulk photon mode is alsg y )

included in our calculations by using E(L2) with integra- ence single QW and in the microcavitids, is given by
tion overdpy from p{™ to po. From Fig. 10 we conclude .

that for the detuning band- 2 meV= =<2 meV the radia- r%é\_’LA(KH:o)zzw_J' dee

tive width T'Yx is about 0.20—0.22 meV and indeed weakly Tsc/1

depends upo#, in accordance with our experimental data. A

few-peV I\ jump, associated with the critical poilt,, is X\ /L|Fz(a\/M|2n§h, (19)
too small to be detected in the current experiments. Note that e-1

the contribution to 'Y< from the decay channel
“XX —1N-LB polariton+1A-LB polariton” can easily be
estimated within a standard perturbation theory
T s sme=R QN %0y~ lALB&?;B , where the JDPS

ho=fio;—€

where 7o=(7?h%p)/(32D2M3vy), v is the longitudinal
.sound velocityD, is the X deformation potentialp is the
‘crystal (GaAs density, nghz N expEEy/kgT)—1], and Eq
=4M,v2. The form factorF ,(x) =[ sin()/x][€*/(1—x%¥ )]
is given by Egq. (17). The above estimate yields refers to an infinite rectangular QW confinement potential
3% ip+1ms=0.06 meV and is consistent with the value and describes the relaxation of the momentum conservation
of the'¥< jump arounds= 8,—i.e., at theM, critical point  law in the z direction. The dimensionless parameteris
(see Fig. 10 An observation of }x=0.10-0.15 meV a8  given bya=(2d,M,v)/%.
>§,, when the MC excitonic molecules become optically ~The values of the deformation potentf),, published in
dark with respect to the decay inta.dmode MC polaritons, the literature, disperse in the band 7<BD,<18 eV. In
would be a direct visualization of the hidden decay pathFig. 11 we plotl'y) » =I'¢ 4 (T) calculated by Eq(19)
“XX —interface polaritor-interface polariton.” for D,= 8, 10, and 12 eV. The deformation potentid)
The relative change of the XX radiative corrections is =8 eV, which givesT'{¢| »(T=9 K)=0.094 meV and is
rather small to be observed in the tested MC detuning bandlose toD,=9.6 eV reported for GaAs in Ref. 34, fits the
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025 ———— ] Thus the bipolariton model, which attributes the XX
[ g ] radiative corrections mainly to the in-plane dissocia-
0.20 F tion of molecules into outgoing interface/MC polari
. tons, reproduces quantitatively the XX radiative widths
> o045k I and TQY estimated from the experimental data.
E [ The two main channels for the XX decay in microcav-
52 0.103_ ities, “XX — I1N-LB polariton + 1A-LB polariton” and
[ - “XX — ON-LB (or interface polariton+ O\-LB (or inter-
[ face polariton” in comparison with the one leading decay
0.05 route in single QW's, “XX — interface polaritor-interface
polariton,” explain qualitatively the factor of 2 difference
000 - betweenl'Y andI'Q)". The XX-mediated optics of micro-

cavities does require to include the “hidden’A@cavity (or
interface, if the transverse optical confinement is relaxated

FIG. 11. The temperature dependence of the homogeneoder large p)) polariton mode, which is invisible in standard
width T'QY, » associated with scattering of QW excitonic molecules optical experiments and, therefore, is usually neglected. Fur-
by bulk LA phonons. The calculations are done with EtP) for thermore, with decreasing temperatufes 10 K, 'f)l\él)((? and

the X deformation potentidD,=8 eV (dashed ling 10 eV (solid ~ . .
line). and 12 eV(doged ling. ( g ( QY effectively approacH Y and I'Q)Y, respectively, so

that the dephasing of the two-photon XX polarization in the
temperature dependendé%‘{VLAzF%‘?’LA(T) measured for Microcavities and the reference QW occurs mainly through
the reference QW. In particular,FQQ_’LA(Tzlo K) the optical decay of the molec.uleg,. Thus mp=2T1_ limit
_ o oW holds for the XX-mediated optics in our high-quality nano-
=0.1 meV is inferred from the totdl3,'=0.2 meV(seE the  structures and justifies the bipolariton model. The latter in-
inset of Fig. 8. Thus from our FWM measurements E;"ff terprets the XX optical response in terms of resonant
at T=9 K we conclude that the XX radiative widtR%yx  polariton-polariton scattering and requires nonperturbative
=1~“>'\{'>(<:—F%\2YLA is about 0.2—0.3 meV—i.e., is consistent treatment of both leading interactions: exciton-exciton Cou-

with the values calculated within the bipolariton modete lombic atFractlon and _ex0|tor_1—photon resonant coup_lmg.
Fig. 10. Note that in our calculations with the exactly solvable bipo-

In order to apply the bipolariton modgsee Eq.(11)] to lariton model only two control parameters of the theory—the

excitonic molecules in the reference single QW, one shouldlnlf\’,ll(J:t XX binding e”_ergyfg?x) and theWMC Rabi frequency
take into account that the reference QW is sandwiched be2ix (or the X oscillator strengttRZ" for the reference
tween a thick substrate and a cap layer of the thicknes@W)—are taken from the experimental data. No fitting pa-
Lca=499 nm. The evanescent light field associated with théameters are used in the numerical simulations. .

QW polaritons is modified by the cap layer. Indeed, for the The relative motion of two optically dressed constituent
— Q)2 energy detuning from the X resonance, one esti€XCitons of the bipolariton eigenstatee., of the excitonic
mates thate=1.4x 10* cm™ so that expt kleay =0.5 is molepule) is affected .by thg exmtpn—photon mterag’uon, ac-
not negligible. The estimate refers to two frequency-cord'ng to the polariton dispersion law. The optlcally in-
degenerate outgoing interface polaritorisni= Ex— €Q)/2) ~ duced change of the X energy occurs not only in the close
created in the photon-assisted resonant dissociation of thacinity qf the .resongnt crossover between the initial photon
QW molecule withK=0. At z=L,, the initial evanescent and exciton d'SpeFS'O”S' but In a rather broad banp_j ar
field splits into two evanescent fields, “transmitted” to air PI)- FOr example, in bulk semiconductors the effective mass

(or vacuum and “reflected” back towards the QW. The first associated with the upper polariton dispersion branch at

temperature (K)

light field very effectively decays in the direction, with ~ — O IS given by

Kair= \Pf — (w/C)?=2.6x10° cm *>«. The ‘“reflected”

evanescent light field makes zt 0 a destructive superposi- (3D) My

tion with the initial evanescent field, because the reflection uB = 1+2(w(’t/wt)[(chz/Sb)/(ﬁwt)]. (20

coefficient of the top surface of the cap layerrigg;=(«
—kan! (k+ ka)=—0.9. The destructive superposition
stems fro_m ther jump of the phase O.f the “refiected” eva- actor of 4 less than the translational mass relevant to the
nescent field. Thus the effective oscillator strength relevan LT ; i

) ) ] T =ow pure excﬂqnlc dlspe.r5|ori\/lx:0.7 Mo. From the microcav-
to the QW bipolariton wave equatidiil) is given byRy ity dispersion equatiori) one estimates fop;—0 the ef-
=R 1+ (r cag2)eXxp(=2xLcap 1% For our reference struc- fective masses associated with the-gigenmode polariton
ture with #2RV=0.035eV¥A we estimate #°RFV  dispersion branches:
=0.028 e\f A. In this case Eqg(11) and(12) yield the total

For bulk GaAs, Eq.(20) yields Mqz=MEP) nearly by a

radiative width FS%V(KH=O):O.126 meV (see Fig. 3 a 2E,
value which is very close t6'2'=0.1 meV obtained from MM, a(8)= , (22)
the experimental data. (clep)[ 1% 81(RQY)]

075312-13



A. L. IVANOV, P. BORRI, W. LANGBEIN, AND U. WOGGON PHYSICAL REVIEW B69, 075312 (2004

where we assume thhd|<72QMC. In particular, for a zero- does couple intrinsically three relevant MC polariton

detuning GaAs-based microcavity EQ1) yields M{/{G3(s  branches, (1-UB, 1\-LB, and O\-LB). Furthermore, the
=0)=M{MA(5=0)=2Ey/(c%ep)=0.7X10"* my. In the XX decay path “XX—O\-LB polariton+ OA-LB polariton”
meantime, at relatively large in-plane momemta- p{™ is comparable in efficiency with the optical decay into

<p, the I\-LB polariton energy smoothly approaches the 1A-LB _polariton ) modes, i.e., “XX-1\-LB polariton
exciton  dispersion—i.e., [EX(pH)_ﬁwgﬂ)\cl:_B(pH)]|pH~pﬁl)‘ +1\-LB polariton.” Due do the relaxation of the DBR op-

MCh 2 5 2 5 i tical confinement for in-plane wave vectorg ~po
—[A(Q37) i ]/[2(C°pjlep) ] 1/pf, according to BQ(6). — _ , \f e, with increasingpy the Or-LB evolves towards

While the above difference is rather small in absolute energy,q interface polariton dispersion associated with QW exci-
units, being con;pgred with the in-plane kinetic energy of thens - However, the short-wavelength LB polaritons with
exciton, Eii,=Ap[/2M,, it cMa::nnot be neglected. I;or €X- ~p, always contribute to the XX-mediated optics of micro-
ample, the differenc&y —# wy, g becomes equal t&y;, at  cavities.

pj=1.35<10° cm *. Note that for the above value of the i) The zero-temperature extrapolation of the experimen-
|n.-plane wave vec.top” th_e photoin.comp'onent, Casséomatedta”y found XX dephasing width1~“§<"§(T=9 K) yields
with 1)-LB polaritons, is negligible—i.e., 1is)*=1 I(T=0 K)=0.2-0.3 meV and is in a quantitative agree-

MC 2 T i i
>(v3\(p)". Because itis a balance between the positive I("ment with the result of the exactly solvable bipolariton

netic and negative interaction energies of the constituent e?odel,r)’\ffzo.ZO—O.zz meV. From the analysis of the ex-

g';%g;ﬁ;?;g:’;%r'cshea:]oggg gﬁggn;cQfggﬁée&gs;;sg”be erimental Qata we concluqe that the bipolaritor_1 r'no.del of

and the nonparabolicity of the X dispersion at lafgeare MC. excitonic rr_lolecule_s, which requirestg=2T, limit, is

responsible for the large XX radiative correg{‘ions in valid for our high-quality GaAs—based' nanostructuresT at
=10 K. For the reference GaAs QW without the DBR trans-

quasi-2D GaAs nanostructures. i i ; ~
verse optical confinement we fin#=T{(T=0 K)
V. CONCLUSIONS :_0.1 meV. The latter value i.s also quantitqtively_ consistent
with that calculated by solving the QW bipolariton wave
In this paper we have studied, both theoretically and exequationl’ 3y =0.126 meV. The nearly factor of 2 difference
perimentally, the optical properties of QW excitonic mol- petweenI'Q)Y and I'Yc clearly demonstrates the existence
ecules in semiconductdGaAs microcavities. We attribute  of the additional decay channel for a quasi-2D excitonic
the main channel of the XX optical decay to the resonaninolecule in microcavities [“XX —interface polariton
dissociation of MC molecules into outgoing MC polaritons, tinterface polariton” in MC-free single QW's versus
so that the XX-mediated optical signal we detect is due to thexx _,o\-LB (or interfacé polariton+O\-LB (or interface
resonant radiative escape of the secondary MC polaritonl§0|aritonn and “XX— 1\-LB polariton+ 1x-LB polariton”
through the DBR'’s. The bipolariton model has been adapte¢yy McC-embedded QW moleculgs
to construct the XX wave functiol yy in terms of two MC (iv) The critical Van Hove point (5= 6,) andM,(S
polaritons (A -UB, 1A-LB, and O\-LB) quasibound via =§,) in the JDPS of the resonant optical channel “XX
Coulombic attraction of their exciton components. The MC(K;=0) « two 1A-mode MC polaritons” can allow us to
bipolariton wave equation gives the radiative corrections tdind accurately the molecule binding enerdfff and the MC
the XX state in microcavities. The following conclusions Rabi frequencyﬂ'ﬂc. Thus, by using time-dependent MC
summarize our results. detuning = 5(t), we propose to develop high-precision
(i) The radiative corrections to the excitonic molecule modulation spectroscopies in order to detect the rapid
state in GaAs-based microcavities—the XX Lamb shiffy  changes of the XX radiative correctionséat 8, , [spikes in

and the XX radiative widthYy—are largefabout 0.15-0.30  the XX Lamb shift AYS=ANS(5=5,,) and jumps in the

of the XX binding energy{y)) and definitely cannot be ne- XX radiative width =¥ (s= 812] and estimatee)s

glected. and Q)°.
(i) While usually the QW-exciton-mediated optics of

semiconductor microcavities is formulated in terms of two

1N-mode polariton dispersion branches only\¢UB and

1\-LB, according to the terminology used in our papeve We appreciate valuable discussions with J. R. Jensen and
emphasize the importance of tha-@node lower-branch po- J. M. Hvam. Support of this work by the DFG, EPSRC, and
lariton dispersion: The Coulombic interaction of the constitu-EU RTN Project No. HPRN-CT-2002-00298 is gratefully ac-
ent excitons, which is responsible for the XX state,knowledged.
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