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Exciton-light coupling in single and coupled semiconductor microcavities:
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A comprehensive theoretical and experimental study of linear exciton-light coupling in single and coupled
semiconductor microcavities is presented: emphasis is given to angular dispersion and polarization effects in
the strong-coupling regime. The phase delay in the dielectric mirrors carries a nontrivial angle and polarization
dependence. The polarization splitting of cavity modes increases with internal angle as sin2ueff . Comparison
with experimental results on a GaAs-based cavity with In0.13Ga0.87As QW’s shows that a quantitative under-
standing of polariton dispersion and polarization splitting has been achieved. Coupling of two identical cavities
through a central dielectric mirror induces an optical splitting between symmetric and antisymmetric modes.
When QW excitons are embedded in both cavities at antinode positions, the system behaves as four coupled
oscillators, leading to a splitting of otherwise degenerate exciton states and to separate anticrossing of sym-
metric and antisymmetric modes. These features are confirmed by experimental results on coupled GaAs
cavities with In0.06Ga0.94As QW’s. Finally, the polarization splitting in a coupled cavity is analyzed in detail
and is in good agreement with the experimental findings.@S0163-1829~99!03407-4#
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I. INTRODUCTION

Quantum well~QW! excitons embedded in semiconduct
microcavities ~MC’s! may be found in either weak- o
strong-coupling regimes. In the weak-coupling case the
cay rate and emission pattern of the exciton may be m
fied, but a radiative decay still occurs; in the strong-coupl
regime, instead, a reversible energy exchange between
ton and cavity mode takes place. This is related to the
mation of mixed exciton-photon states, usually termed ca
polaritons. After the pioneering observation of a Rabi~polar-
iton! splitting in Fabry-Pe´rot MC’s,1 the strong-coupling re-
gime of QW excitons in microcavities has been investiga
by a variety of spectroscopic methods. Reviews can be fo
in Refs. 2–4.

Recently the system of two coupled MC’s with embedd
QW’s has also been investigated,5–7 as a way to further con
trol both radiation and material degrees of freedom. In p
ticular, coupled MC’s allow a sizable radiative splitting
excitons in QW’s separated by a macroscopic distan
(.2mm) to be achieved.7 Angle- and polarization-resolve
reflectivity experiments on single and coupled cavities yi
detailed information on exciton-photon interactions, whi
call for accurate yet sufficiently simple theoretical tre
ments.

In this paper we present a comprehensive study of cav
polariton dispersion in single and coupled MC’s with embe
PRB 590163-1829/99/59~7!/5082~8!/$15.00
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ded QW’s. The structures we are considering are shown
Fig. 1. The effects of reflection phase delay in the dielec
mirrors, differences in the angular dispersion for TE and T
polarizations of light, energy dependence of the refract
index, and the effect of cavity mismatch and absorption
the intensity of reflectivity features are all considered in

FIG. 1. Refractive index profile of~a! the single cavity structure
and ~b! the coupled cavity structure. A set of three QW’s at t
center of each cavity is indicated.
5082 ©1999 The American Physical Society



n
nd
re

ive
en
e

ty
g
e

fo
on
av
cl
ar

ig
th

i
n
e

a

le
h

.

of
n

as
ha
ie
-

ic
ffi
n

the
ket

re

-
he

the
ick-
yer
en-

if-
hat
ty

be

ery
as

e

n

e
ac-
ion

PRB 59 5083EXCITON-LIGHT COUPLING IN SINGLE AND . . .
semiclassical transfer-matrix treatment. Angle- a
polarization-resolved reflectivity results on single a
coupled cavities are compared in detail with theoretical p
dictions.

This paper is organized as follows. In Sec. II we der
formulas for reflection phase delay in dielectric mirrors wh
the frequency is close to the center of the stop band. In S
III we study a single cavity and obtain results for the emp
cavity mode, polariton dispersion, and polarization splittin
Experimental results are then compared with theory. In S
IV we treat coupled cavities, and derive analytic formulas
optical splitting of the two modes, empty-cavity dispersi
and polariton energies; experimental results on coupled c
ties are presented and discussed. Section V contains con
ing remarks. Some formulas related to dielectric mirrors
given in the Appendix.

II. DIELECTRIC MIRRORS

A distributed Bragg reflector8–14 ~DBR! is a periodic
stack consisting of alternating quarter-wave layers of h
and low refractive index materials. A proper treatment of
phase delay on reflection by a DBR is a preliminary issue
order to calculate the angular dispersion of cavity polarito
for TE and TM polarizations. Previous work on angular d
pendence of phase delay in Fabry-Pe´rot filters ~but neglect-
ing the difference of polarizations! is described in Ref. 11.

We consider a DBR with layer thicknessesa,b and re-
fractive indicesn1 ,n2 , which can be either in the ordern1
,n2 ~as exemplified in Fig. 1! or n1.n2 ; our treatment
applies to both situations. The DBR is surrounded by a c
ity ~external! medium with refractive indexnc(next). At fre-
quencies close to the center of the stop bandvs

a(u), a
5TE,TM, the reflection coefficient of a DBR at a fixed ang
u may be assumed to have a constant amplitude and a p
that is linear inv:

r DBR
a ~v!56ARaexpF i

nc

c
LDBR

a ~v2vs
a!cosucG , ~1!

whereuc5arcsin(sinu/nc) is the angle in the cavity region
The upper~lower! sign holds forn1,n2(n1.n2), in which
case the phase of the reflection coefficient is zero (p) at the
center of the stop band.

The quantityLDBR
a (u) represents a penetration depth

the field in the dielectric mirror, dependent on both angle a
polarization. At normal incidence it equals 2Lt , whereLt is
defined in Ref. 12 as the distance at which a fixed-ph
mirror has to be displaced in order to produce the same p
delay on reflection. Expressions for the quantit
Ra(u),LDBR

a (u),vs
a(u) are given in the Appendix. The pen

etration depth is found to increase withu for TM, and to
decrease for TE polarization.

III. SINGLE MICROCAVITY

We consider a symmetric Fabry-Pe´rot cavity structure of
lengthLc surrounded by dielectric mirrors, with a symmetr
layer characterized by reflection and transmission coe
cientsr c ,tc placed at its center. The eigenmodes are fou
from the poles of the transmission coefficient.13,15The eigen-
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frequencies are the solutions of15 @with kz5(ncv/c)cosuc]:

@r DBR~r c1tc!e
ikzLc21#@r DBR~r c2tc!e

ikzLc21#50. ~2!

This is an equation for the frequencyv in the complex plane.
One can easily prove14 that the first bracket in Eq.~2! equals
zero at the eigenfrequency of a mode even with respect to
center of the cavity, while the zero of the second brac
corresponds to an odd cavity mode.

A. Empty cavity

By specifying Eq.~2! to the case of an empty cavity (r c
50, tc51), the eigenfrequencies of the cavity modes a
determined by the equationr DBR

2 exp(2ikzLc)51. The com-
plex frequency is denoted byvm

a (u)2 igm
a (u), wherevm is

the real frequency of the mode andgm is the mode half-
width at half-maximum~HWHM!. By using the parametri-
zation ~1!, the cavity-mode frequencyvm can be expressed
as ~the polarization indexa is understood for simplicity!

vm~u!5
Lcvc~u!1LDBR~u!vs~u!

Leff~u!
, ~3!

where Leff5Lc1LDBR is an effective length, andvc
5mpc/ncLccosuc is the Fabry-Pe´rot frequency if there is no
phase delay in the mirrors; the integerm represents the num
ber of half wavelengths contained in the cavity region. T
cavity-mode frequency is a weighted average ofvc andvs ;
in most casesLDBR is much larger thanLc , so thatvm is
mostly determined by the center of the stop bandvs . This
often unappreciated result implies that the frequency of
cavity mode has only a weak dependence on cavity th
ness, while it depends more sensitively on the DBR la
thicknesses. A useful approximate formula for the dep
dence of mode energy on cavity lengthLc is dvm /vm
.dLc /Leff . The half-widthgm is found in the limitR→1 as

gm~u!5
c„12R~u!…

2ncLeff~u!cosuc
. ~4!

Similar results hold for an asymmetric cavity. The main d
ference in optical properties of an asymmetric cavity is t
the minima of reflectivity do not reach zero, i.e., reflectivi
dips are much less pronounced.

Simpler expressions for the cavity mode dispersion can
given for the common case in whichnc ,n1 ,n2 are close to
each other. Let us denote byneff the common value of the
refractive index. Then the center of the stop band is v
closely the same for the two polarizations and behaves
vs(u)5pc/@neff(a1b)cosueff#: it has therefore the sam
angular dependence as the Fabry-Pe´rot frequencyvc(u).
This leads to the frequently used formulavm(u)
5vm(0)/cosueff , which can also be viewed as a definitio
for the effective refractive index.10,11,16However this implic-
itly assumes thatneff is independent of energy. When th
energy dependence of the refractive index is taken into
count, it is easy to show that the cavity-mode dispers
becomes

vm~u!5
neff@vm~0!#

neff@vm~u!#

vm~0!

cosueff
. ~5!
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Although the energy dependence of the refractive index
small, it has an important effect on the angular depende
of the cavity-mode.

A formula for the polarization splitting can also be give
for the casenc.n1.n2 . While vs is very nearly the same
for both polarizations, the penetration depthLDBR depends
markedly on polarization, as it increases with angle for T
and it decreases for TE polarization. From Eq.~3! it can be
seen that ifvc5vs the cavity-mode frequency is indepe
dent of Leff and thus it depends very little on polarizatio
Therefore the polarization splitting is controlled by the m
match between the center of the stop bandvs and the Fabry-
Pérot frequencyvc . We exploit the fact thatvs(u) varies
roughly as 1/cosueff , and obtain the approximate form

vm
TM~u!2vm

TE~u!

.
Lc„LDBR

TM ~u!2LDBR
TE ~u!…@vs~0!2vc~0!#

Leff~0!2cosueff

. ~6!

The penetration depths can be evaluated by means o
formulas in the Appendix. Forn1.n2.nc[neff we obtain

vm
TM~u!2vm

TE~u!

.
LcLDBR~0!

Leff~0!2

2cosueff sin2ueff

122 sin2ueff

@vs~0!2vc~0!#.

~7!

This equation~which is valid for both casesn1,n2 andn1
.n2) is somewhat less accurate compared to Eq.~6!, but it
displays more clearly the angular dependence: basically
polarization splitting increases with angle like sin2ueff . We
emphasize that the TM mode can be at higher or lower
ergy, according to which ofvs(0) or vc(0) is higher: the
first case is realized when the DBR perioda1b,l/2, while
the second case~TE higher! occurs whena1b.l/2.

B. Single cavity with quantum wells

We now consider a cavity of widthLc with one QW at the
center@see Fig. 1~a!#. The dispersion equations for TE an
TM polarized modes can be written in the form~2!, where
r c5r QW, tc5tQW are now the amplitude reflection an
transmission coefficients of light from the QW.17,15 For the
heavy-hole exciton tQW511r QW, and r QW5
2 iG/(D1 iG), where D5v2vex1 igex. The quantity
G represents the radiative width of the exciton amplitu
and it depends on the internal angleuc according to17,15

GTE5G0 /cosuc ,GTM5G0 cosuc , where G0
5e2f xy/(4e0ncmc) is the oscillator strength per unit area,m
is the free-electron mass ande0 is the vacuum permittivity!.

The vanishing of the second bracket in Eq.~2! gives sim-
ply r DBRexp(ikzLc)521: this is equivalent to saying that th
symmetric QW exciton state is not coupled to an antisy
metric cavity mode. The mixed exciton-cavity modes cor
spond to the symmetric solutions and are described by z
of the first bracket in Eq.~2!. Close to resonance, the excito
and the cavity mode are found to behave like two coupl
damped oscillators:13

~v2vex1 igex!~v2vm1 igm!5V2, ~8!
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where the exciton-cavity couplingV is given by

VTE~u!5S 1

4pe0

2pe2f xy

nc
2mLeff

TE~u!
D 1/2

1

cosuc
, ~9!

VTM~u!5S 1

4pe0

2pe2f xy

nc
2mLeff

TM~u!
D 1/2

. ~10!

Equation~8! is often derived by diagonalizing a 232 Hamil-
tonian, in which two oscillators of frequenciesvex2 igex and
vm2 igm are coupled by a matrix elementV. The present
treatment yields microscopic expressions for the various
rameters, with their angle and polarization dependence.
two-oscillator model describes the weak- and stron
coupling regimes and the crossover between them as a f
tion of the coupling parameterV, as discussed previously.13

When N identical QW’s are placed in the microcavity
only one ‘‘bright’’ state can be observed, while the rema
ing N21 states are ‘‘dark.’’18,19The matrix elementV to the
bright state is multiplied by an effective number of we
Neff5(N6sinNkl/sinkl)/2,16,13,14with the upper~lower! sign
appropriate for a symmetric~antisymmetric! electric field in-
side the microcavity, and withl indicating the period of the
multiple QW. All states are bright and observable if th
QW’s are not identical.18

C. Experiments

The experiments were carried out on a sample20 consist-
ing of a one-wavelength (l) GaAs cavity sandwiched by 20
periodl/4 Al0.13Ga0.87As/AlAs DBR’s. The top and bottom
DBR werep andn doped, respectively. The cavity contains
set of three centrally placed 10-nm-wide In0.13Ga0.87As
QW’s with 10-nm barriers. Further details of the experime
tal setup can be found in Ref. 21.

A series of polarization-resolved reflectivity spectra
different angles was shown in Ref. 21 and is not repea
here. We just recall the main features: at low angles
cavity mode~C! is at lower energy compared to the excito
(X), which appears weakly in reflectivity. On increasing t
angle the cavity mode shifts to higher energy and an a
crossing behavior typical of the strong-coupling regime
seen. The two reflectivity dips have equal intensities au
530°; at this angle mixed cavity polaritons with equal e
citon and photon amplitudes are realized. For larger ang
the cavity mode rapidly shifts to higher energy and the ex
ton is again barely visible.

The cavity-polariton dispersion for both polarizations
shown in the inset of Fig. 2. The Rabi splitting is;5 meV,
consistent with an oscillator strength22 f xy54.2
31012 cm22. It is important to notice that the polariton dis
persion at high angles~where it almost coincides with the
cavity-mode dispersion! can be reproduced only if the en
ergy dependence of the index of refraction is taken into
count. The refractive indices are taken from the 300-K d
of Ref. 23, decreased by 1.3% for use at 10 K; at 8650 Å
values are 3.5467 for GaAs and 3.0108 for AlAs. The effe
tive index neff increases by 0.7% from 1.4 to 1.45 eV; a
cording to Eq.~5!, the cavity-mode energy is lowered~com-
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pared to the 1/cosueff dependence! by ;10 meV atu560°.
Discrepancies previously noticed in the literature16 are
thereby removed.

In Fig. 2 we compare the calculated TM-TE splitting
upper and lower cavity polaritons with the experimental
sults. Experimentally the TM mode is higher in energy; t
TM-TE splitting of the upper cavity polariton is;1.7 meV
at the largest angleu560°. From the discussion of Se
III A, and, in particular, Eq.~6!, this implies that the cente
of the stop bandvs is greater than the bare Fabry-Pe´rot
frequencyvc . This expectation is confirmed by wide-ban
reflectivity spectra where the cavity dips are found to
displaced to lower energy relative to the center of the s
band by;10 meV, implyingvc,vs . We employ the fol-
lowing parameters:Lc5257 nm, a573 nm, b563.8 nm,
which consistently givevc51.358 eV andvs51.409 eV at
u50. The polarization splitting of the bare cavity mode i
creases like sin2ueff @see Eq.~7!#: this behavior appears fo
the lower polariton at low angles, and for the upper polari
at large angles. The formation of mixed exciton-cav
modes aroundu530° is also reflected in the TM-TE split
ting, which has a strongly nonmonotonic behavior in the
ticrossing region. Although the experimental results sh
some unavoidable spread~note the scale on the energy axi!
agreement between experiment and theory is very satis
tory.

IV. COUPLED MICROCAVITIES

A. Empty, coupled cavities

We will now derive formulas for the energies and widt
of the cavity modes for two empty coupled microcavitie
We first consider the symmetric structure of Fig. 1~b!. The
number of quarter-wave pairs in the symmetric central mir
is half-integer: we denote it byNc21/2.

The central mirror breaks the degeneracy of the isola
cavity modes. The coupled modes may be classified as s
metric ~S! and antisymmetric (A). Since the central mirror is

FIG. 2. TM-TE polarization splitting of upper and lower polar
tons in a GaAs cavity with three In0.13Ga0.87As QWs and
AlAs/Al 0.13Ga0.87As mirrors. Solid lines: theoretical curves; close
and open squares: experimental data. Inset: Dispersion of ca
polaritons.
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assumed to be symmetric, its reflection and transmission
efficients satisfytc /tc* 52r c /r c* .13,15 This implies that the
phase oftc differs from the phase ofr c by 6p/2, or tc5
6 ir cA(12Rc)/Rc ~the 6 sign corresponds to an even o
odd Nc). The dispersion equation~2! can therefore be writ-
ten as

rr ce
2ikzLc5

1

16 iA12Rc

Rc

. ~11!

For Rc→1 the two cavities are decoupled, thus the secu
equation for each of the two cavities isrr cexp2ikzLc51. The
left-hand side~l.h.s.! can be expressed in terms of the is
lated cavity frequencies, and the complex energies of
coupled cavities are found as

v5vm2 igm1

ic lnS 16 iA12Rc

Rc
D

2ncLeff cosuc
. ~12!

The imaginary part of the logarithm yields the optical spl
ting betweenS and A modes, while the real part gives
correction to the single cavity linewidth. Writing

v5vm6Vopt2 i g̃m , ~13!

we obtain

Vopt5
c

2ncLeff cosuc
arcsinA12Rc ~14!

for the coupling between the two cavities~in the limit Rc

→1 we have arcsinA12Rc.A12Rc), and

FIG. 3. Calculated normal incidence reflectivity for two emp
coupled GaAs microcavities.~a! Each layer in the structure is de
scribed by a real refractive index.~b! The GaAs layers are describe
by a complex refractive index with an imaginary partk50.005.
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5086 PRB 59GIOVANNA PANZARINI et al.
g̃m5
c

4ncLeff cosuc
~2 ln R! ~15!

for the half-width. ForR→1 Eq. ~15! gives half the line-
width of Eq. ~4!. For evenNc the symmetric mode lies a
higher energy, while for oddNc the reverse is true~we are
now specifying to the casen1,n2 , otherwise the identifica-
tion of S and A mode is interchanged!. The angular depen
dence ofRc for the two polarizations~see Appendix! is such
that the couplingVopt increases with angle for TM, and de
creases for TE polarization.

When the two cavities have different lengths, it is
longer possible to speak of a symmetric and an antisymm
ric mode: the thicker~thinner! cavity has a larger weight in
the low- ~high-! energy mode. Figure 3 displays the norm
incidence reflectivity of two coupled GaAs microcavitie
with AlAs/GaAs mirrors. Figure 3~a! ~real refractive index,
no absorption! demonstrates that the cavity mismatch alo
yields reflectivity dips that are much less pronounced, si
the structure is now unbalanced, but produces only a sm
asymmetry unless the cavity mismatch is very large. Furth
more the reflectivity spectra are the same from both sid
irrespective of which cavity is thicker~this can be shown to
be a general consequence of time-reversal invariance, w
holds in the absence of absorption!. In Fig. 3~b! ~complex
e-

n-

e

m
c
m

-
e
b

t-

l

e
e

all
r-
s,

ch

refractive index! the cavity mismatch is taken to be muc
smaller, thus the dip positions are almost unchanged: h
ever, a small cavity unbalancing does produce a sizea
peak broadening and asymmetry when combined with a
nite imaginary part of the refractive index. Moreover, t
reflectivity spectra change when the order of the cavities
changed: when the top cavity is thinner~dashed line! the dip
at higher energy is stronger than the dip at lower ener
while when the top cavity is thicker~solid line! the lower dip
is stronger. Thus only the combined effects of cavity m
match and absorption give rise to differing intensities of t
reflectivity dips, since in the presence of absorption it is
top ~outer! cavity which gives the largest contribution to th
reflectivity spectrum. These conclusions will be importa
for interpreting the experimental results of Sec. IV C.

B. Coupled cavities with quantum wells

We now consider two identical microcavities of leng
Lc5l, each containing a QW at the antinode of the elec
field @see Fig. 1~b!#. Because of the symmetry of the syste
the dispersion equations in two coupled microcavities can
written again as two independent equations for symme
and antisymmetric modes:
G

D
5

2 i ~ARRc2ARce
2 ix1AReix2e22ix!6A12Rc~e2 ix1AR!

~11AReix!~11e22ix12ARce
2 ix!

, ~16!
ere
b-

e-
an

tes.
g

es

re-
with x5(nc /c)Leff(v2vm)cosuc . Expanding the r.h.s in
Eq. ~16! up to first order in (v2vm1 igm), we find that the
two equations reduce to

~v2vex1 igex!~v2vm1Vopt1 i g̃m!5V2, ~17!

~v2vex1 igex!~v2vm2Vopt1 i g̃m!5V2, ~18!

with the couplingVopt between the two cavities and the lin
width g̃m given by Eqs.~14! and ~15!, respectively. The
effective couplingV represents the exciton-cavity mode i
teraction: in the limitR,Rc→1, it reduces to Eqs.~9! and
~10!, i.e., it coincides with the coupling constant for th
single QW embedded in a microcavity.

It is interesting and useful to interpret the results in ter
of an oscillator model. The twofold-degenerate lowest ex
ton state in two identical and uncoupled QW’s has the sy
metric and antisymmetric eigenfunctions

uS&5~ uQW1&1uQW2&)/A2, ~19!

uA&5~ uQW1&2uQW2&)/A2, ~20!

whereuQW1& and uQW2& are the single exciton wave func
tions in the two QW’s. Similar combinations exist for th
coupled cavity modes, with complex frequencies given
Eq. ~13!. The symmetric~antisymmetric! exciton state only
interacts with the symmetric~antisymmetric! photon mode:
s
i-
-

y

since the coupled cavity frequencies do not coincide, th
are four distinct exciton-polariton states that may be o
served in reflection.

The two coupled cavities with QWs are therefore d
scribed by a four-oscillator model, whose Hamiltonian c
be written as

Fvm2 i g̃m Vopt V 0

Vopt vm2 i g̃m 0 V

V 0 vex2 igex 0

0 V 0 vex2 igex

G ~21!

in the basis of localized uncoupled exciton and cavity sta
Equation ~21! also allows for generalizations, like havin
different cavity parameters~in which casevm differs for the
two cavities! or different QW excitons~in this latter casevex
would have two different values!. By changing basis to the
states~19! and ~20! for the exciton and the analogous on
for the cavity states, the Hamiltonian~21! takes a 232 block
form in which S or A exciton states of energyvex2 igex are
coupled by a matrix elementV to corresponding cavity
modes of energyvm6Vopt2 i g̃m , leading again to Eqs.~17!
and~18!. The simple physical model used in Ref. 7 is the
fore recovered.
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C. Experiments

The coupled cavity structure was grown by metal orga
vapor-phase epitaxy and consists of twol-thick GaAs cavi-
ties ~nominal thicknessLc5250 nm) and three GaAs/AlAs
dielectric mirrors. The top DBR contains 12 periods, the c
tral one 14.5~thusNc515) and the bottom DBR 17.5 per
ods, ending on a GaAs substrate. Each cavity contains t
10-nm-wide In0.06Ga0.94As QW’s separated by 10-nm GaA
barriers. The number of periods in the central mirror w
chosen in order to achieve an optical splitting between s
metric and antisymmetric cavity modes of the order of
Rabi splitting: this allows the removal of degeneracy of e
citon states to be achieved, as is shown below. The diffe
number of periods in the top and bottom DBR’s partia
compensates for the presence of the substrate.

Figure 4 shows the calculated reflectivity curves for T
polarization~which dominates the unpolarized spectra, as
the single cavity case21! compared with a few selected unp
larized reflectivity curves.7 Parameters are chosen as follow
cavity lengthsL15253.6 nm,L25251 nm, DBR layersa
570.34 nm,b559.52 nm ~close to nominal values, an
again adjusted to reproduce mode energies and polariza
splittings!. The penetration depth and effective length atu
50 areLDBR5670 nm andLeff5922 nm. The reflectivity of
the central mirror isRc50.97 @note that Eqs.~A2!,~A5! ap-
ply also to a symmetric mirror, takingN5Nc , provided the
number of quarter-wave pairs isNc21/2 as in Fig. 1~b!#,
leading to Vopt55.2 meV. The exciton frequency isvex
51453 meV. The exciton half-width is taken to be differe
for each curve: starting from the experimental valuegex

FIG. 4. Calculated reflectivity spectra~solid lines! for two
coupled GaAs cavities each containing three In0.06Ga0.94As QWs. A
few selected experimental curves are also reported~open points!.
Parameters are given in the text and above the curves. Inset: di
sion of cavity polaritons. The arrows denote the separate anticr
ings of A andS modes.
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50.5 meV~HWHM! at low and high angles, reproducing th
width of the third peak at resonance requires values ofgex

down to 0.3 or 0.15 meV~as indicated on each curve!. The
oscillator strength per unit area is22 f xy54.231012 cm22.
We also account for absorption in the excitonic continuu
by adding a further contributionk50.05 to the imaginary
part of the refractive index in the QW regions, for energ
Eb;8 meV above the excitonic transition energy.

At the lowest angleu510° the symmetric and antisym
metric cavity modes are clearly seen, together with a w
exciton feature. The unsplit exciton peak in the experim
indicates that the two sets of QW’s have nearly the sa
exciton energies. On the other hand, the different intensi
of the two cavity peaks, with the most pronounced one
lower energy, point to a slightly higher value for the leng
of the top cavity. On increasing the angle the two cav
modes shift to higher energies and gradually mix with t
exciton states. Atu520° the excitons appear as two pea
split by about 2 meV: the removal of degeneracy of spatia
separated exciton states has been achieved. For angu
;30° the four states are strongly mixed and can no longe
attributed to distinct exciton and cavity states. Foru.40°
the cavity modes are at higher energies than the excito
states, which again become degenerate. The relative inte
of the cavity modes is similar to that at low angles; howev
the dips are broader, since the cavity modes are now de
erate with the excitonic continuum in the QW’s.24

We notice that the two energetically split excitonic sta
are both observed in reflectivity spectra, i.e., they are b
‘‘bright.’’ This is a new situation compared to QW’s withou
microcavity, where the radiative splitting is very small an
easily washed out by disorder,25 or to the single-cavity case
where if the QW excitons are identical only one state
bright and the remaining ones are dark and unobservab19

Thus the double-cavity configuration allows a qualitative
new phenomenon to be obtained, namely a sizable radia
splitting between bright excitonic states, which cannot
observed either for free QW’s or for QW’s in a single cavit

It should be noticed that the relative intensities atu
526° are reproduced very well, and the linewidth of t
third peak agrees with the observed one, but only whe
very narrow excitonic homogeneous broadening is assum
Thus the present results give further evidence for the oc
rence of line narrowing of cavity polaritons at resonan
This was first attributed to ‘‘motional’’ narrowing due to th
very light in-plane mass of cavity polaritons;26,27 recently it
has been shown28,3 that a resonance narrowing occurs for a
mechanism of inhomogeneous broadening of the exc
line, although the ‘‘motional’’ effect is necessary to elim
nate scattering between low-k polariton states.29

The inset of Fig. 4 shows the cavity polariton dispersi
measured from the position of unpolarized reflectivity dip
compared to the one calculated for TE and TM polarizatio
The optical splitting is 2Vopt59.3 meV, as measured atu
510° or u550°, where the coupled cavity modes are w
separated from the excitonic resonance. Anticrossing
tween the A~S! states occurs atu.22°(u.35°), with the
same Rabi splitting;5 meV. The experimental dispersion
high angles agrees well with the calculated one and is clo
to that for TM polarization. Finally, we remark that goo
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agreement at high angles depends critically on inclusion
the energy dependence of the refractive index, as for
single cavity.

In Fig. 5 we present an example of polarization-resolv
reflectivity spectra at the largest measured external angu
551.5°. The exciton peak is seen to be unsplit, since
interaction between exciton and cavity modes is weak. T
peaks labeledC represent optically coupled modes of the tw
cavities. The lower-energy cavity dips are much more
tense for both polarizations: this is due to a slightly larg
thickness of the top cavity combined with the presence
absorption. Both the lower~symmetric! and upper~antisym-
metric! coupled cavity modes have a polarization splittin
the TM mode being higher in energy; the splitting is larg
for the upper peak. These features, as well as the rela
intensities, are reproduced well by the calculation. The in
in Fig. 5 illustrates the evolution of the polarization splittin
from the single to the coupled cavity for the present case
odd Nc . The polarization splittings of the upper and low
doublet are calculated as

DvA5Dvm1Vopt
TM2Vopt

TE52.2 meV,

DvS5Dvm2Vopt
TM1Vopt

TE50.8 meV,

respectively. The predicted order of levels is the same a
the experimental result, namely S-TE, S-TM, A-TE, A-T
on increasing energy. Note that this is not a general prope
since it depends on the polarization splitting for the sin
cavity ~which can have either sign! as well as onVopt

a . The
splitting of the antisymmetric mode is larger because
optical matrix elementVopt is larger for TM polarization. The
experimental values of the polarization splittings areDvA
52.5 meV for the upper doublet andDvS51.7 meV for the
lower doublet, in fair agreement with the above values. T
we can conclude that a good understanding of polariza
splitting of coupled cavities has been achieved.

FIG. 5. Experimental and theoretical reflectivity curves for t
coupled cavities atu551.5°, for TE and TM polarizations. Inse
schematic illustration of polarization splitting of the optical mod
in a single cavity~left! and in coupled cavities.
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V. CONCLUSIONS

The main results of this work can be summarized as
lows. The energy of single-cavity modes is determined
the bare Fabry-Pe´rot frequencyvc and by the center of the
stop bandvs , weighted with their characteristic lengths: th
penetration depth in the dielectric mirrors carries a nontriv
angle and polarization dependence. The polarization split
of single-cavity mode depends on the mismatch betweenvc
andvs , and increases with internal angle like sin2ueff . The
energy dependence of the refractive index has an impor
effect on the polariton dispersion. Coupling of two identic
cavities through a central mirror induces an optical splitti
between symmetric and antisymmetric modes, which a
depends on angle and polarization. A mismatch of cav
lengths combined with absorption in the structure leads
different intensities of reflectivity dips. When QW exciton
are embedded at antinode positions, the system behave
two coupled oscillators for a single cavity, and as four osc
lators for the coupled cavities, leading to a removal of d
generacy of exciton states separated by a macroscopic
tance. The energetically split excitonic oscillators are b
bright and observable, unlike the situation for two identic
QW’s in free space or in a single cavity. If the two cavitie
~and the two QW’s! are identical, separate anticrossing
symmetric and antisymmetric modes occurs. A detai
analysis of polarization splitting has been performed for b
single and coupled cavities. Comparison with experimen
results on GaAs-based cavities with InGaAs QW’s sho
that a good understanding of the exciton-cavity mode in
action, polariton dispersion and polarization properties
been achieved.
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APPENDIX PARAMETRIZATION
OF DBR REFLECTION COEFFICIENT

Evaluation of the quantities appearing in the parametri
tion of the DBR reflectivity, Eq.~1!, requires expanding the
elements of the transfer matrix9,10 up to linear order in terms
of two small parameterse1 ande2 defined as follows:

e j5
nj

c
aj~v cosu j2v js!, j 51,2, ~A1!

wherea1[a, a2[b are the thicknesses of DBR layers, an
u1 ,u2 are the angles in the layers with refractive indicesn1
and n2 , respectively. The frequenciesv1s and v2s are de-
fined by n1v1sa/c5n2v2sb/c5p/2. Note that our expres
sions can be used also when thel/4 condition is not exactly
satisfied. For the casen1,n2 , lengthy but straightforward
calculations lead —for a large numberN of periods— to the
following expressions:
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RTE~u!5124
next

nc

cosu

cosuc
S n1 cosu1

n2 cosu2
D 2N

, ~A2!

vs
TE~u!5

pc

2~a1b!

n1 cosu11n2 cosu2

n1n2 cosu1 cosu2
, ~A3!

LDBR
TE ~u!5

2n1
2n2

2~a1b!

nc
2~n2

22n1
2!

cos2u1 cos2u2

cos2uc

, ~A4!

RTM~u!5124
next

nc

cosuc

cosu S n1 cosu2

n2 cosu1
D 2N

, ~A5!

vs
TM~u!5

pc

2

n1 cosu21n2 cosu1

n1n2~a cos2u11b cos2u2!
, ~A6!

LDBR
TM ~u!5

2n1
2n2

2

nc
2

a cos2u11b cos2u2

n2
2 cos2u12n1

2 cos2u2

. ~A7!

At normal incidence the above formulas reduce to th
given in Refs. 12 and 13.

The reflection coefficient forn1.n2 may be similarly
s

n

h

-

a

r

e

evaluated. In this case it is parametrized according to
lower sign in Eq.~1! of the text, and we obtain

RTE~u!5124
nc

next

cosuc

cosu S n2 cosu2

n1 cosu1
D 2N

, ~A8!

vs
TE~u!5

pc

2

n1 cosu11n2 cosu2

n1
2a cos2u11n2

2b cos2u2

, ~A9!

LDBR
TE ~u!5

2

n1
22n2

2 ~n1
2a cos2u11n2

2b cos2u2!, ~A10!

RTM~u!5124
nc

next

cosu

cosuc
S n2 cosu1

n1 cosu2
D 2N

, ~A11!

vs
TM~u!5

pc

2~n1
2a1n2

2b!

n1 cosu21n2cosu1

cosu1cosu2
, ~A12!

LDBR
TM ~u!5

2 cos2u1 cos2u2~n1
2a1n2

2b!

cos2uc~n1
2 cos2u22n2

2 cos2u1!
. ~A13!
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