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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 ofton of an meV and is therefore easily washed out by
tical fields in quantum microcavity structuré®MCs has  disorder. When the two identical QW'’s are embedded in a
opened up a very promising field of research allowing newsingle QMC in the strong-coupling regime only one of e
means to control the light-matter interaction in soffidsThe  and AS excitonic states is maximally coupled to light and
quantized photon modes of the microcavity and the excitorobservablé. Similarly, the radiative splitting in multiple
states of quantum wellQW’s) embedded in the QMC rep- QW'’s (Ref. 5 is usually suppressed by disordarjdentical
resent an interesting physical example of a system of couplegixcitons in a QMC give rise to a single “bright” state, and
oscillators. Strong coupling between the two oscillatorsN— 1 unobservable “dark” state€Thus only one excitation
arises in the resonance regime, leading to the formation afan be detected at a time even when two or more oscillators
new exciton-photon coupled modes, termed cavity polariare present; neither a radiative splitting between bright exci-
tons. tonic states, nor any effect related to dark states has been

When two (or several identical QW'’s are placed in a observed up to now.

QMC the vacuum Rabi splittingXyrs) is increased but only In the present work we show that specially designed sys-
a single material excitation can be seen. In general, the extems containing more than one cavity with embedded QW'’s
citonic states of two identical QW'’s not embedded in a QMCallow a sizeable (several meV radiative splitting to be
can be classified in terms of symmetri8) (and antisymmet- achieved betweebright excitonic states. Optically induced
ric (AS) states, which have a radiative splitting due to inter-coupling, and hence splitting, between excitons confined in
well dipolar coupling® the splitting is of the order of a frac- separate cavities is achieved over very large, macroscopic
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distances 2 um) as a result of the symmetry properties of
the long-wavelength, long-coherence-length optical fields.
The removal of degeneracy has analogous features in purely
electronic systems like double QW’'s and superlattices, A AN
where, however, the interaction length is typically less than 5 f\ /{\/\
nm as determined by quantum-mechanical tunneling of the T
electronic wave functions. \/

It has been demonstrated previously that coupled QMC'’s )
lead to an optical splittingXsag) betweenS and AS cavity
modes® and even to dual lasifigdue to long-range optical

coupling. Cavity-induced interaction between localized os- L

cillators has also been studied in the context of models for

lateral disordef? In these studies the excitonic state ap- (b)
peared as a single, unsplit oscillator. In fact wh&gag . . . . '
>Ayrs, as in Ref. 8, thes and AS exciton states come into
resonance with each coupled cavity mode separately and the

lifting of the exciton degeneracy does not occur. It does not , .
arise either wheh g Agpg, Since then there is negligible o i
O
DBR QW

Photon electric field (arb. units)
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coupling between the cavities. The present structure is spe-
cifically designed to achieve splitting between the coupled ow o
optical modes of the same orderf&sgs. A large splitting of (a)
spatially separated bright exciton states is then achieved via
their interaction with confined optical eigenmodes of the
same symmetry. Under resonance conditions, the coupling of FIG. 1. (a) Schematic diagram of coupled quantum microcavity.

S and AS cavity modes with the excitons yields four polar- (b) Symmetric(full) and antisymmetriédashedl photon fields, cal-

iton states that are detected as distinct features in reflectivitgtlated using transfer matrix reflectivity techniques for cavities of
spectra. In the time domain, the coherent phenomena corrélightly different lengths, as in the present structure.

spond to the photon-mediated oscillation of excitation be-

tween macroscopically separated exciton states. As a resuingle of incidencéd),*! the energy at anglé being given by

of the symmetry properties of its optical modes the coupleE () =E[1— (sirfa/in®)] Y2, whereE, is the energy a®

QMC thus leads to qualitatively new physics compared to,=0 andn is an average refractive index. Variation ®from

for example, the single QMC containing two QW'syhere 0 to 50° leads to an increase &f6) by ~35 meV, and

if the QW excitons have the same energy one of the twgermits tuning of the cavity modes through the angle-
excitonic states remains dark and unobservable. independent exciton features. White light illumination from a

QMC’s are planar Fabry-Pet cavities whose optical tungsten-halogen lamp was employed. The reflected light
lengths are equal to an integral number of half wavelengthsvas dispersed by a 0.75-m spectrometer and detected by a
(n\/2) of the exciton transitions of QW's embedded in the Ge photodiode.
cavity. The high reflectivity mirrors are formed by distrib- A series of unpolarized reflectivity spectra taken at 10 K
uted Bragg reflectoréDBR’s), alternaten/4 layers of high is shown in Fig 2 for angles of incidence from 10 to 51.5°.
and low refractive index. A schematic diagram of the twoAt low 6 the two coupled cavity dips are observed, labeled
period coupled QMC employed here is shown in Fi@) It Cs andC,s, respectively, together with a weak exciton fea-
consists of two GaAs cavities, each onehick, and three ture (X) to higher energy. With increasing the Cg, Cag
sets of GaAs/AlAs DBR’s. In a single cavity, the optical dips shift to higher energy and move into the interacting
field strength in the cavity is enhanced relative to that of theesonance regime with the exciton feature. From 20 to 33°
external photon field. In a coupled cavity the same phenomthe exciton peak splits into two bright states and a four-dip
enon arises, but in addition there is coupling between thepectrum is observed; the lifting of the degeneracy of spa-
photon fields of the two cavities, as shown in Fi¢p)1Sand tially separated exciton states has been achieved, and the
AS photon fields result with the coupling strength controlledsplitting of the bright excitons is in the meV range. For
by the transmission of the central mirror. The QMC investi->35° the cavity modes have moved to higher energy than
gated was grown by metal-organic vapor phase epitaxyhe exciton, and the three-dip spectrum is restored, with the
(MOVPE). The lowest GaAs/AlAs DBR contains 17.5 layer exciton feature weakening as it moves out of resonance. The
repeats, the center 14.5 and the top 12 repeats. Each GaA® energies are plotted verséds Fig. 3, the transition from
cavity contains three 100-A pGa sAs QW's, 100 A three dips at lows, to four dips on resonance, back to three
apart, resulting in negligible electronic coupling. The nomi-dips at highd being clearly visible. Anticrossing between the
nal I\ cavity lengths were 2500 A. A piece of the wafer with coupled cavities and the exciton features is observed in the
average cavity energies at normal incidercEs meV below  25-40° range, the characteristic behavior of coupled modes
that of the QW excitons was employed. in a strongly interacting regime.

To tune the interaction and to achieve resonance between The physical behavior in the resonance regime can be
the coupled cavity modes and the QW exciton angleunderstood by considering the cavity and exciton modes as a
dependent reflectivity techniques were employed. The cavitfour oscillator system; this description can be derived rigor-
mode energy of a QMC depends strongly on the externabusly from an analytic treatment of semiclassical light-matter
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. .FIG' 2. Reflectivity spectréfull Ilnes)_ asa fungtlon of a.”g'e of FIG. 3. Dip positions of Fig. 2 plotted as a function of angle of
incidenced. At low angles the symmetric and antisymmetric photon. . : .
. . ; incidence. The lines are calculated from the transfer matrix model.
modes, labele€s andC,g, are observed, with the exciton di) . : : . . .
. - ; . o JAnticrossings between the antisymmetric exciton/cavity modes at
to higher energy. In the strongly interacting regime from 20° to 29

24° and between the symmetric combination at 35° are indicated by

four features are seen, due to lifting of the degeneracy of the exci-
arrows.

ton states. Fop>35°, three peaks are again observed. All spectra
are on the same vertical scale, fig dip at #=10° corresponding

to a 40% decrease in reflectivity from the near 100% value in the (Es—E)(Ex—E) =V)2(c, 2
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 exciton (Eas— E)(EX_E):V)Z(C! 3)

linewidth of 0.9 meV, whereas for 29° a width of 0.3 meV is used.

The weak feature at 1.482 eV in the 51.5° spectrum probably ariseshtained from diagonalization of>22 Hamiltonians very

from interaction with quantum-well excited states. similar to Eq.(1), but with theE. on the first row replaced
by Eg or E,g, andE, on the second row replaced By, the

interaction*? The optical fields in the cavities, considered for unperturbed exciton energyV,.= [ZwezﬁzNeﬁfxy/

the moment to have equal lengths, couple to giveStend  ("’mLyg)]"? is the exciton-photon coupling potential (2

AS cavity modes. The coupled cavity energies are obtainee A,rg) expressed in terms of the oscillator strength per unit

from diagonalization of the Hamiltonian, areaf,, and an effective numbe of QW’s.*2 The solu-
tions of Egs.(2) and(3) give rise to four distinct eigenval-
E. Vo ues; the degeneracy of the exciton states derived from the
( p), ) QW’s in the two cavities is lifted by coupling to th& and
Vopt  Ec AS photon modes of the coupled cavities.

The four oscillator model permits a good physical under-
where E. is the energy of the uncoupled modes &g,  standing of the on-resonance behavior. In particular, it ac-
=fcy1—R./(2nLgs cosh,) is the optical coupling between counts for the presence of four reflectivity peaks in the reso-
the cavities, determined by the transmission R, of the  nance regime. Due to the splitting betwe®and AS cavity
central mirror(Les=~1 um is the effective cavity length in- modes, anticrossing between the AS exciton and cavity states
cluding DBR phase delay, anl is the internal angle The  occurs at an anglé=24°, while the anticrossing between
energies of the coupled cavity modes are givenHy,s  the S exciton and cavity states takes placefat35°. Using

=E¢* Vopr, With splitting Agas= 2V an exciton oscillator strength,,=4.2x10'2 cm™2 for the
The exciton states in the two separate cavities also form00-A-wide Iny oGay 9 AS QW' and N4=2.52 for each
symmetric and antisymmetric combinationsys( as), set of three QW's, the Rabi splitting is calculated to be

which are degenerate to a very good approximation. $he Aygs=2V,.=4.9meV, in good agreement with
coupled cavity mode couples only to tSeexciton stateys  experiment® Also, the reflectivity of the central mirror is
and likewiseC,g couples only toyas. The energiesE) of  R.=0.97, leading to an optical splittingsas~10 meV: this
the coupled polariton states, neglecting damping, are giveagrees well with the experimental splitting between AS and
by the solutions of S cavity modes at low §=10°) or high (¢=51.5°) angle. It
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is important to note that off-resonandat, e.g., 10° and ening, with linewidths a factor of 2.5 greater than those at
51.59 only one exciton feature is observed, with linewidth low 4. The increased widths arise since fér-40°, the
0.9 meV[full width at half maximum(FWHM)]. This shows C¢C,s, modes fall into the energy range of the excitonic
that the excitonic energies in the QW's are equal to withincontinuum?®2* A good fit to the 51.5° spectruiisee Fig. 2
~0.5meV, and that the splitting on resonance arises fron obtained with inclusion of additional absorption in the QW
optically induced coupling, and not from energy differencesyegions of 0.6% per QW, a very reasonable value for the
between the wells, or from direct electronic coupling be-continuum absorption of a 100-A Q.

6
tween then! We also obtain a very reasonable fit to the near-resonance

transfer matrix reflectivit TMR) simulations’ were carried .=~ . 10 (AE,) of 0.3 meV as opposed to theE,—0.9
out, with the excitons treated as Lorentz oscillators. TMR fits eV (Ref. 19 )éamployled for the 10° and 51.5° fits >I<t i .seen

}icr)lgs]eorlmcl):i’ 23 ,aigdthSelldSi Zir)\:(r:triisa;(z zhfﬁ\;lvgtig}u; é;etﬁ:Sheirﬁat the intensity distribution of the spectrum is reproduced
9. < P 9 well, with the third dip in order of increasing energy signifi-

full li Fig. 3. The TMR simulati it th tical ) . o
ull lines on Fig. 3. The Simuiations permit e optca cantly deeper than the neighboring features. In addition, the

fields to be calculated; the photon fields in Figb)lwere ; ) . X
calculated at the energies of the 103 and C s dips (Fig. simulated width of the third dig0.9 me\j agrees with that
observed(0.9 me\. If instead theAE,=0.9 meV of the

2), with Cg calculated to lie at lower energy th&@hg. To fit =V ) )
the relative intensities of the cavity peaks at 10° it was nec®ff-resonance fits is employed, then the dip has width 1.5
essary to unbalance the cavities very slightly, with the uppef€V. significantly greater than in experiment, and, further-
cavity 0.6% longer than the lower cavit§For equal cavity ~more, its depth is reduced relative to the other features. This
lengths the two dips are found to have very nearly equan€ed to employ narrow exciton linewidths in the resonance
intensities, even in the presence of cavity absorption. Unifegime is consistent with recent observations of single
form cavity absorption, leading to reduced finesse, was inQMC'’s, where motional narrowingvIN) of exciton disorder
cluded to fit the cavity linewidth§FWHM) of ~1.8 meV.  broadening, arising from the very strong polariton dispersion
With these small adjustments, and the exciton energy anith the mixed mode regime, was shown to lead to narrow
width chosen to agree with experiment, the good fit to theon-resonance linewidtts. The present results suggest that

10° spectrum(Fig. 2) was obtained® MN is also important in the present more complex four-
The same set of parameters explain well the variation omode system.
the dip positions with angléthe full lines in Fig. 3. In In conclusion, the optically induced splitting of bright ex-

particular, the on-resonance anticrossing and the lifting otiton states separated by macroscopic distances of ouar 2
the degeneracy of the exciton states is reproduced very weklas been reported. The symmetry properties of the optical
The values employed for the interaction potentials aremodes in the coupled QMC play a fundamental role in the
Vopi=4.6 meV andV,.=2.5meV, respectively, close to achievement of a large radiative splitting. Control of the
those calculated above. As discussed in Ref. 12, the energgacroscopic coupling has been achieved by the use of angle
dependence of the refractive ind@xs essential in order to tuning techniques. Good theoretical understanding of the re-
obtain the correct polariton dispersion at large angles. Aflectivity spectra and of the polariton energies has been ob-
high angle &40°), the cavity peaks show significant broad- tained.
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