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Optically induced splitting of bright excitonic states in coupled quantum microcavities
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Optically induced lifting of the degeneracy of spatially separated quantum-well excitons is reported from
angular-dependent studies of coupled-quantum-microcavity structures. Interaction between the symmetric and
antisymmetric photon modes of the coupled cavity and the corresponding combinations of the degenerate
excitonic states gives rise to two bright excitons with a sizeable splitting of several meV, which together with
the cavity modes lead to four dips in reflectivity spectra. In the near-resonance regime, evidence for motional
narrowing of the polariton spectra is found.
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The simultaneous confinement of electronic states and
tical fields in quantum microcavity structures~QMCs! has
opened up a very promising field of research allowing n
means to control the light-matter interaction in solids.1,2 The
quantized photon modes of the microcavity and the exc
states of quantum wells~QW’s! embedded in the QMC rep
resent an interesting physical example of a system of cou
oscillators. Strong coupling between the two oscillato
arises in the resonance regime, leading to the formation
new exciton-photon coupled modes, termed cavity pol
tons.

When two ~or several! identical QW’s are placed in a
QMC the vacuum Rabi splitting (DVRS) is increased but only
a single material excitation can be seen. In general, the
citonic states of two identical QW’s not embedded in a QM
can be classified in terms of symmetric (S) and antisymmet-
ric ~AS! states, which have a radiative splitting due to int
well dipolar coupling;3 the splitting is of the order of a frac
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tion of an meV and is therefore easily washed out
disorder. When the two identical QW’s are embedded in
single QMC in the strong-coupling regime only one of theS
and AS excitonic states is maximally coupled to light a
observable.4 Similarly, the radiative splitting in multiple
QW’s ~Ref. 5! is usually suppressed by disorder;N identical
excitons in a QMC give rise to a single ‘‘bright’’ state, an
N21 unobservable ‘‘dark’’ states.6 Thus only one excitation
can be detected at a time even when two or more oscilla
are present; neither a radiative splitting between bright e
tonic states, nor any effect related to dark states has b
observed up to now.

In the present work we show that specially designed s
tems containing more than one cavity with embedded QW
allow a sizeable ~several meV! radiative splitting to be
achieved betweenbright excitonic states. Optically induce
coupling, and hence splitting, between excitons confined
separate cavities is achieved over very large, macrosc
14 877 © 1998 The American Physical Society
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distances (.2 mm) as a result of the symmetry properties
the long-wavelength, long-coherence-length optical fie
The removal of degeneracy has analogous features in pu
electronic systems like double QW’s and superlattice7

where, however, the interaction length is typically less tha
nm as determined by quantum-mechanical tunneling of
electronic wave functions.

It has been demonstrated previously that coupled QM
lead to an optical splitting (DSAS) betweenS and AS cavity
modes,8 and even to dual lasing9 due to long-range optica
coupling. Cavity-induced interaction between localized
cillators has also been studied in the context of models
lateral disorder.10 In these studies the excitonic state a
peared as a single, unsplit oscillator. In fact whenDSAS
@DVRS, as in Ref. 8, theS and AS exciton states come int
resonance with each coupled cavity mode separately and
lifting of the exciton degeneracy does not occur. It does
arise either whenDVRS@DSAS, since then there is negligibl
coupling between the cavities. The present structure is
cifically designed to achieve splitting between the coup
optical modes of the same order asDVRS. A large splitting of
spatially separated bright exciton states is then achieved
their interaction with confined optical eigenmodes of t
same symmetry. Under resonance conditions, the couplin
S and AS cavity modes with the excitons yields four pola
iton states that are detected as distinct features in reflect
spectra. In the time domain, the coherent phenomena co
spond to the photon-mediated oscillation of excitation
tween macroscopically separated exciton states. As a re
of the symmetry properties of its optical modes the coup
QMC thus leads to qualitatively new physics compared
for example, the single QMC containing two QW’s,4 where
if the QW excitons have the same energy one of the
excitonic states remains dark and unobservable.

QMC’s are planar Fabry-Pe´rot cavities whose optica
lengths are equal to an integral number of half waveleng
(nl/2) of the exciton transitions of QW’s embedded in t
cavity. The high reflectivity mirrors are formed by distrib
uted Bragg reflectors~DBR’s!, alternatel/4 layers of high
and low refractive index. A schematic diagram of the tw
period coupled QMC employed here is shown in Fig. 1~a!. It
consists of two GaAs cavities, each onel thick, and three
sets of GaAs/AlAs DBR’s. In a single cavity, the optic
field strength in the cavity is enhanced relative to that of
external photon field. In a coupled cavity the same pheno
enon arises, but in addition there is coupling between
photon fields of the two cavities, as shown in Fig. 1~b!; S and
AS photon fields result with the coupling strength controll
by the transmission of the central mirror. The QMC inves
gated was grown by metal-organic vapor phase epit
~MOVPE!. The lowest GaAs/AlAs DBR contains 17.5 lay
repeats, the center 14.5 and the top 12 repeats. Each G
cavity contains three 100-Å In0.06Ga0.94As QW’s, 100 Å
apart, resulting in negligible electronic coupling. The nom
nal 1l cavity lengths were 2500 Å. A piece of the wafer wi
average cavity energies at normal incidence;15 meV below
that of the QW excitons was employed.

To tune the interaction and to achieve resonance betw
the coupled cavity modes and the QW exciton ang
dependent reflectivity techniques were employed. The ca
mode energy of a QMC depends strongly on the exte
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angle of incidence~u!,11 the energy at angleu being given by
E(u)5E0@12(sin2u/n2)#21/2, whereE0 is the energy atu
50 andn is an average refractive index. Variation ofu from
0 to 50° leads to an increase ofE(u) by ;35 meV, and
permits tuning of the cavity modes through the ang
independent exciton features. White light illumination from
tungsten-halogen lamp was employed. The reflected l
was dispersed by a 0.75-m spectrometer and detected
Ge photodiode.

A series of unpolarized reflectivity spectra taken at 10
is shown in Fig 2 for angles of incidence from 10 to 51.5
At low u the two coupled cavity dips are observed, labe
CS andCAS, respectively, together with a weak exciton fe
ture (X) to higher energy. With increasingu the CS , CAS
dips shift to higher energy and move into the interacti
resonance regime with the exciton feature. From 20 to
the exciton peak splits into two bright states and a four-
spectrum is observed; the lifting of the degeneracy of s
tially separated exciton states has been achieved, and
splitting of the bright excitons is in the meV range. Foru
.35° the cavity modes have moved to higher energy th
the exciton, and the three-dip spectrum is restored, with
exciton feature weakening as it moves out of resonance.
dip energies are plotted versusu in Fig. 3, the transition from
three dips at lowu, to four dips on resonance, back to thr
dips at highu being clearly visible. Anticrossing between th
coupled cavities and the exciton features is observed in
25–40° range, the characteristic behavior of coupled mo
in a strongly interacting regime.

The physical behavior in the resonance regime can
understood by considering the cavity and exciton modes
four oscillator system; this description can be derived rig
ously from an analytic treatment of semiclassical light-mat

FIG. 1. ~a! Schematic diagram of coupled quantum microcavi
~b! Symmetric~full ! and antisymmetric~dashed! photon fields, cal-
culated using transfer matrix reflectivity techniques for cavities
slightly different lengths, as in the present structure.
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interaction.12 The optical fields in the cavities, considered f
the moment to have equal lengths, couple to give theS and
AS cavity modes. The coupled cavity energies are obtai
from diagonalization of the Hamiltonian,

S Ec Vopt

Vopt Ec
D , ~1!

where Ec is the energy of the uncoupled modes andVopt

5\cA12Rc/(2nLeff cosuc) is the optical coupling betwee
the cavities, determined by the transmission 12Rc of the
central mirror~Leff'1 mm is the effective cavity length in
cluding DBR phase delay, anduc is the internal angle!. The
energies of the coupled cavity modes are given byES,AS
5Ec6Vopt, with splitting DSAS52Vopt.

The exciton states in the two separate cavities also f
symmetric and antisymmetric combinations (cS ,cAS),
which are degenerate to a very good approximation. ThS
coupled cavity mode couples only to theS exciton statecS
and likewiseCAS couples only tocAS. The energies (E) of
the coupled polariton states, neglecting damping, are g
by the solutions of

FIG. 2. Reflectivity spectra~full lines! as a function of angle of
incidenceu. At low angles the symmetric and antisymmetric phot
modes, labeledCS andCAS , are observed, with the exciton dip (X)
to higher energy. In the strongly interacting regime from 20° to 2
four features are seen, due to lifting of the degeneracy of the e
ton states. Foru.35°, three peaks are again observed. All spec
are on the same vertical scale, theCS dip at u510° corresponding
to a 40% decrease in reflectivity from the near 100% value in
high reflectivity region. The dotted lines are TMR fits to the 10
29°, and 51.5° spectra. The 10° and 51.5° fits employ an exc
linewidth of 0.9 meV, whereas for 29° a width of 0.3 meV is use
The weak feature at 1.482 eV in the 51.5° spectrum probably ar
from interaction with quantum-well excited states.
d

m

n

~ES2E!~Ex2E!5Vxc
2 , ~2!

~EAS2E!~Ex2E!5Vxc
2 , ~3!

obtained from diagonalization of 232 Hamiltonians very
similar to Eq.~1!, but with theEc on the first row replaced
by ES or EAS, andEc on the second row replaced byEx , the
unperturbed exciton energy.Vxc5@2pe2\2Nefffxy/
(n2mLeff)#

1/2 is the exciton-photon coupling potential (2Vxc
5DVRS) expressed in terms of the oscillator strength per u
areaf xy and an effective numberNeff of QW’s.13 The solu-
tions of Eqs.~2! and ~3! give rise to four distinct eigenval
ues; the degeneracy of the exciton states derived from
QW’s in the two cavities is lifted by coupling to theS and
AS photon modes of the coupled cavities.

The four oscillator model permits a good physical und
standing of the on-resonance behavior. In particular, it
counts for the presence of four reflectivity peaks in the re
nance regime. Due to the splitting betweenS and AS cavity
modes, anticrossing between the AS exciton and cavity st
occurs at an angleu>24°, while the anticrossing betwee
the S exciton and cavity states takes place atu>35°. Using
an exciton oscillator strengthf xy54.231012 cm22 for the
100-Å-wide In0.06Ga0.94As QW’s,14 and Neff52.52 for each
set of three QW’s, the Rabi splitting is calculated to
DVRS52Vxc54.9 meV, in good agreement wit
experiment.15 Also, the reflectivity of the central mirror is
Rc50.97, leading to an optical splittingDSAS'10 meV: this
agrees well with the experimental splitting between AS a
S cavity modes at low (u510°) or high (u551.5°) angle. It
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FIG. 3. Dip positions of Fig. 2 plotted as a function of angle
incidence. The lines are calculated from the transfer matrix mo
Anticrossings between the antisymmetric exciton/cavity modes
24° and between the symmetric combination at 35° are indicate
arrows.
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is important to note that off-resonance~at, e.g., 10° and
51.5°! only one exciton feature is observed, with linewid
0.9 meV@full width at half maximum~FWHM!#. This shows
that the excitonic energies in the QW’s are equal to wit
;0.5 meV, and that the splitting on resonance arises fr
optically induced coupling, and not from energy differenc
between the wells, or from direct electronic coupling b
tween them.16

To obtain a quantitative understanding of the spec
transfer matrix reflectivity~TMR! simulations17 were carried
out, with the excitons treated as Lorentz oscillators. TMR
to the 10°, 29°, and 51.5° spectra are shown by the das
lines on Fig. 2, and the dip energies as a function ofu by the
full lines on Fig. 3. The TMR simulations permit the optic
fields to be calculated; the photon fields in Fig. 1~b! were
calculated at the energies of the 10°CS andCAS dips ~Fig.
2!, with CS calculated to lie at lower energy thanCAS. To fit
the relative intensities of the cavity peaks at 10° it was n
essary to unbalance the cavities very slightly, with the up
cavity 0.6% longer than the lower cavity.18 For equal cavity
lengths the two dips are found to have very nearly eq
intensities, even in the presence of cavity absorption. U
form cavity absorption, leading to reduced finesse, was
cluded to fit the cavity linewidths~FWHM! of ;1.8 meV.
With these small adjustments, and the exciton energy
width chosen to agree with experiment, the good fit to
10° spectrum~Fig. 2! was obtained.19

The same set of parameters explain well the variation
the dip positions with angle~the full lines in Fig. 3!. In
particular, the on-resonance anticrossing and the lifting
the degeneracy of the exciton states is reproduced very w
The values employed for the interaction potentials
Vopt54.6 meV and Vxc52.5 meV, respectively, close t
those calculated above. As discussed in Ref. 12, the en
dependence of the refractive index19 is essential in order to
obtain the correct polariton dispersion at large angles.
high angle (.40°), the cavity peaks show significant broa
s
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ening, with linewidths a factor of 2.5 greater than those
low u. The increased widths arise since foru.40°, the
CSCAS, modes fall into the energy range of the exciton
continuum.20,21 A good fit to the 51.5° spectrum~see Fig. 2!
is obtained with inclusion of additional absorption in the Q
regions of 0.6% per QW, a very reasonable value for
continuum absorption of a 100-Å QW.22

We also obtain a very reasonable fit to the near-resona
spectrum at 29°~see Fig. 2!, but only by using an exciton
linewidth (DEx) of 0.3 meV as opposed to theDEx50.9
meV ~Ref. 19! employed for the 10° and 51.5° fits. It is see
that the intensity distribution of the spectrum is reproduc
well, with the third dip in order of increasing energy signifi
cantly deeper than the neighboring features. In addition,
simulated width of the third dip~0.9 meV! agrees with that
observed~0.9 meV!. If instead theDEx50.9 meV of the
off-resonance fits is employed, then the dip has width
meV, significantly greater than in experiment, and, furth
more, its depth is reduced relative to the other features. T
need to employ narrow exciton linewidths in the resonan
regime is consistent with recent observations of sin
QMC’s, where motional narrowing~MN! of exciton disorder
broadening, arising from the very strong polariton dispers
in the mixed mode regime, was shown to lead to narr
on-resonance linewidths.23 The present results suggest th
MN is also important in the present more complex fou
mode system.

In conclusion, the optically induced splitting of bright ex
citon states separated by macroscopic distances of over 2mm
has been reported. The symmetry properties of the opt
modes in the coupled QMC play a fundamental role in
achievement of a large radiative splitting. Control of t
macroscopic coupling has been achieved by the use of a
tuning techniques. Good theoretical understanding of the
flectivity spectra and of the polariton energies has been
tained.
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