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Direct observation of an ac Stark splitting in semiconductor microcavities excited above
the continuum onset
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We study the coherent optical response of a very high-finesse microcavity with a single quantum well by
means of degenerate subpicosecond pump-probe spectroscopy. The dynamics of the ac Stark effect versus
pump intensity is investigated upon tuning the empty-cavity mode below and above the exciton transition
energy, at the exciton continuum onset. The evolution from a simple dynamical excitonic shift to a dynamical
splitting is clearly observed in both cases. The qualitative agreement with numerical calculations based on the
semiconductor Maxwell-Bloch equations is good.

Since the pioneering observation of thecitonic ac Stark A deep study of the transient coherent response of semi-
blueshiftin semiconductor$,many aspects of the transient conductors embedded in high-finesse MC’s is therefore im-
coherent dynamics of photoexcited semiconductors havportant to establish a conclusive correspondence between the
been understood by comparison with the physics of atomifundamental nonlinear processes in semiconductors and
systems. In the last decade, direct observations &ahi  those in atomic systems.
flopping from resonantly field-driven excitofig' have rein- In this paper, we report subpicosecond degenerate pump-
forced the establishment of a basic analogy between the c@robe experiments in a MC having artremely high finesse
herent response of atoms and that of excitons in semiconduend embedding a single QW.
tors. Tuning the empty-cavity modg.e., the intracavity optical

A large body of experimental as well as theoretical worksexcitation below and above the exciton transition energy,
on the ac Stark effect in semiconductors, however, pointeglightly above the continuum onset, we carefully study the ac
out the influence of continuum states and related many-bod$tark effect by analyzing the probe spectrum at zero time
effects® delay. Increasing the pump field intensity, the ac Stark effect

The role of Coulomb scattering has continuously beerevolves from a simple exciton line shift towards a dynamical
addressed. In the case of self-induced transparency frosplitting centered at the cavitylike resonance. Several field-
semiconductor excitons, excitation-induced dephadiip) driven Rabi oscillations are detected versus probe delay. The
has been found to decrease the transparency level and éxcitonic shift is towardow (high) energy forpositive(nega-
dampen the Rabi flopping as wall. tive) cavity to exciton detuning. The experimental results are

As for resonantly excited 1lI-V microcavity(MC)-  compared with numerical solutions of the Maxwell-Bloch
embedded QW's, it was often believed that EID is the domi-equations for semiconductors in the Hartree-F@dk) ap-
nant nonlinearity in the excitation regime below the Mott proximation. Calculations are done in a realistic pump-probe
density, which causes an abrupt collapse of the excitonarrangement with subpicosecond input pulses. The qualita-
polariton Rabi splitting’ tive agreement with the experimental results is good. This

Very recently, direct observation of a Rabi flopping andclearly demonstrates that selective excitation of low-kinetic-
an ac Stark splittingof excitons has been reported in MC- energy carriers near the continuum onset also permits the
embedded I1I-V QW'S. Such an effect is the analog of the observation of the ac Stark effect in semiconductor QW's.
Mollow spectrumobserved more than 20 years ago in so- The investigated sample is grown by molecular-beam ep-
dium atomic beam&,and clearly demonstrates by itself that itaxy on a GaAs substrate and consists of a single, 80-A-
EID is not the most important nonlinear effect of the coher-wide Ing ofGay o/AS QW positioned in the middle of a
ent dynamics of resonantly pumped excitons in MC's. It hasGaAs spacer. Top and bottom cavity mirrors are distributed
been found thahigh-finessMC’s excited by subpicosecond Bragg reflectors made of 15 and 19,AG&, ;As/AlAs \/4
pulses are very suitable systems to observe a Rabi floppinggirs, respectively.
and an ac Stark splitting in semiconductors. The linewidth of the empty-cavity mode is about zZ@V

In fact, the cavity spectral filtering effect enables ofig: (FWHM), which corresponds to a photon lifetime of 10 ps
to realize a high-resolution energy-selective excitatiohto  inside the empty cavity, and to a quality fac@r>2x 10°.
generate long-living field transients acting on the embeddedhe sample features strong exciton-photon coupling in the
semiconductor under examination while keeping an effectivdow-temperature and low-density limits. The ratio between
subpicosecond time resolution in measurements versus proltiee (low-field) Rabi splitting and the polariton linewidths is
to pump delay. =30 (not shown. This means that the excitonic resonance is
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measured ac Stark splittingsAs confirmed by a basic dy-
namical Maxwell-Bloch model? these oscillations corre-
spond to a real Rabi flopping of the population created by the
pump pulses in the QW, and are in fact the time-domain
counterpart of the ac Stark splitting.

To investigate the possibility of observing an ac Stark
effect degenerate with continuum states, we now tune the
pump at energiekigherthan the exciton transition enerdy.

In Fig. 1(c), the probe transmission spectrum at zero delay is

\\ plotted versus pump intensity, for a cavity to exciton detun-
. 0 ing A=+7 meV.
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ton binding energy is<5.5 meV;” we actually realize an

FIG. 1. (a) Probe transmission spectrum at zero probe delayenergy-selectivexcitation slightly above the continuum on-
(At=0), for different pump intensities. The cavity to exciton de- set.
tuning isA=—7 meV. Pump photon rates are given in units of  Coupling between the cavity and the continuum states re-
lo=10" photons cm? per pulse. The spectrum of the incident sults in a broadening of the upp@avitylike) polariton[low-
pump and probe pulses is plotted as dashed (B)éSame asa) but  est curve of Fig. (c)]. Most of the observations concerning
A=+7 meV.(b) Probe transmissioA 7/ 7= (7{At) —7(0))/7{0), Fig. 1(a) apply also to Fig. ().

versus probe delajt. The cavity to exciton detuning i8=—7 Actually, the system response to the probe pulses evolves
meV, and the pump intensity i§,=27.6 Io. (d) Same adb) but  from an ac Starkedshiftof the lower(excitonlike polariton
A=+7 meV andl ;=34 I, to an ac Stark triplet*

almost homogeneously broadened Both ac Stark dips are smoother than in the case of low-

The measurements are done with co-circularly polarize@nerdy €xcitation. Resonant pumping at the continuum onset
100-fs pump and probe pulses, at near normal incidence sults in fact in larger dephasing rates. This also affects the
the sample. The transmitted pr(;be light is spatially filtered tovisibility of the field-driven Rabi oscillations detected versus

avoid effects of inhomogeneous excitation. Both the incidenProbe delaysee Fig. 1d)]. _

pump photon flux and the probe delay are varied. Pump in- W€ notice that in both cases of low-enerigy<0, Fig.

tensities as large as>3L0M photons cm? per pulse are 1(a)] and high-energyA>0, Fig. 1(c)] excitation the high-

used. The lattice temperature is 2 K. energy ac Stark dip is more pronounced than the low-energy
Figure 1a) shows the transmission spectrum of the probe®€: The intensity asymmetry of the ac Stark splitting is not

pulses at zero probe delay for different pump intensiies. astonishing if one considers that a continuum of resonances

Here the empty-cavity mode is tuned below the exciton/i€S @bove the “atomiclike” excitonic resonance.

mode. The cavity to exciton detuningis equal to—7 meV. We now analyze quantitatively the dynamics of the split-

In this condition, the exciton and the cavity mode are onlylind Occurring in the probe spectrum versus pump intensity.

weakly coupled. The lower polariton practically coincides Th€ Rabi flopping energy is estimated by measuring the

with the empty-cavity mode and allows us to excite the QWSPIitting between the Stark dips and the cavity mode, as in
excitons mostly off resonantly, at low energy, while the inputRef- 7- The energy separation between the high-enéogy

pulses spectrally cover both polariton resonantizshed gnergy dip qnd Fhe cavitylike peak i'n the probe transmission
line). When increasing pump intensity, the excitonlike polar-1S 'éported in Fig. @) (b) as a function of the pump photon
iton starts to blueshift. This corresponds to the well-known'@(€lp (Squares As the ac Stark effect starts out of reso-
excitonic Stark blueshfftwhich occurs in the perturbative Nance with respect to the exciton transition, the Rabi flop-
excitation regime. At high pump fields, when the Rabi en-Pind energyR should have the following expression:

ergy in the cavity becomes comparable to or even larger than

the unperturbgd cavity to exciton detu_ning, the pro_be spec- R= ~/R07+ A2 )
trum changes into an almost symmetric ac Stark triplet.

The ac Stark triplet, previously reported in another sample _ _ . . .
for resonant excitatioh,occurs in the optical saturation re- . HereA is the zero-field cavity to exciton detuning aRg

gime for excitons. It represents the transient Mollow speciS the HF Rabi energy..,E,, + margl)é-.body termsg, is the
trum of ultrafast and coherently driven cavity-embeddedinterband dipole moment arigl,~1,%is the intracavity elec-
semiconductord? In fact, we observe the evolution from a tric field amplitude of the pump pulsesThis fact is checked
simple shift (perturbative excitation regimeiowards a dy- by plotting the quantityyR “—A<® versus pump intensity
namical triplet with saturation of the excitonic resonance(circles. A fit to the data shows thafR ?— A varies ad %,
(nonperturbative excitation regimewhen increasing the approximately, in both cases of negative and positive exciton
pump intensity. to cavity detunings. This leads us to infer that many-body

Figure 1b) depicts the temporal evolution of the probe corrections are either negligible with respectgg,E, (at
transmission. The signal is acquired within a 0.7-meV-widehigh pump field$ or proportional toE,, itself.
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FIG. 2. Rabi energieR (estimated as explained in the text, S
squares and Ry= R ?—A? (circles versus renormalized pump A [
|nten53|ty I=Ip/IO.72A is the cavity tq ex0|t0r_1 detunlng ank i A<0O A>0
=10" photons cm? per pulse. Continuous lines are fits Ty AFPE IR PFTPE P | <N TN IR TP
using a power functiorf (Z)«<Z“. Cavity to exciton detuning(a) 1470 1480 1490 1480 1490 1500 1510

A=-7 meV;(b) A=+7 meV. Photon Energy (meV)

FIG. 3. Calculated probe transmission spectra at zero probe de-

The observation of a Rabi flopping and a dynamical Starkay (At=0) for different pump intensities. The intensity scale is in
splitting when exciting above the exciton continuum onset isarbitrary units(a) Cavity to exciton detuninga) A= —7 meV; (b)
a result of great importance. Such a result means that th&=+7 meV. The parameters used for these calculations are re-
phase-space filling nonlinearity can be more important thamported in the text.
Coulomb interaction effects related to continuum absorption
such as EID. cavity is 10 ps, as experimentally observed, and the polariton

Actually, the further we tune the cavity mode and thecoupling constant is adjusted for the observed zero-field Rabi
laser pulses to high energies in the continuum region, theplitting of 3.6 meV. It is worth noticing that the only rel-
more the amplitude of the ac Stark dips decreases and f@vant phenomenological parameter in our current calcula-
A=+10 meV field-driven effects disappe&not shown. tions is the collisional broadening rate.
Vanishing of the ac Stark effect in the continuum is attrib- The theoretical results are reported in Fig. 3. Overall, the
uted to EID. qualitative agreement with the experimental findings is re-

To evaluate the current way of interpreting our experi-markable. In both cases of negative and positive cavity to
mental results, we now present numerical calculations basegkciton detunings, a crossover occurs between the perturba-
on the semiconductor Maxwell-Bloch equations for a MCtive and the nonperturbative regime for the ac Stark effect.
containing a QW and excited by 100-fs pump and probelhe first regime manifests itself just by a shift of the exci-
pulses. The semiconductor Bloch equatiof8BE) are tonlike polariton, while in the second one the spectrum fea-
treated at the level of the HF approximation in a two-bandtures an ac Stark splitting around tfeentra) cavity mode'’
scheme, using a quasi-two-dimensionéD) Coulomb For A=+7 meV, the initial exciton redshiftspectrum at
potential*® =0.25, panel boccurs simultaneously with the blueshift of

A SBE model is necessary for a theoretical investigatiorthe continuum onset, which causes the upper ac Stark side-
of the ac Stark effect in semiconductors excited above théand to appear on the high-energy tail of the cavitylike
fundamental excitonic resonance. Polarization scattering duaode. Actually, the calculations overestimate the asymmetry
to Coulomb interactions is taken into account phenomenoef the ac Stark effect; this fact might be due to the lack of
logically, the collisional linewidth is taken to be proportional excitonic correlations in our HF mod#l.
to the total density. To calculate the effective optical suscep- Direct inspection of the temporal dynamics of the QW
tibility of the cavity-embedded QW, the Maxwell equation is electric field, polarization, and population induced by a
treated within quasimode approximatithThe effective op- pump pulse confirms to a large extent the simple picture
tical susceptibility is then inserted in a transfer-matrix calcu-previously drawn on the basis of atomiclike single-resonance
lation to obtain the optical transmission spectra of the wealMaxwell-Bloch models:*° At sufficiently high pump rates,
probe pulsegsee Ref. 10 agajn the pump pulse drives a coherent transient with a Rabi flop-

As for the parameters inherent to the calculations, we usping of the QW population. When probing such a transient
an effective length of 200 A for the quasi-2D Coulomb by means of a weak broadband pulse coherently coupled to
potential, which yields a realistic exciton binding energy ofthe pump pulse, the pump-probe wave mixing causes an ac
5.3 meV (using the dielectric constant of GaAShe zero-  Stark splitting to occur in the probe spectrum.
density line broadening is 1 meV. The probe transmission As the pump field is spectrally filtered at the energy of the
spectra are calculated at zero probe delay for various intergavity mode, the dynamical splitting occurs around the cav-
sities of the applied pump field. Calculations are do@: ity mode itself. At relatively high fields, the many-bo@yF)

For a cavity to exciton detuning of 7 meV with a colli-  corrections to the Rabi energy are found to increase linearly
sional broadening rate of 0.25 meX¥'10 19 cn?; (b) for a  with the applied pump field, approximately.
cavity to exciton detuning oft7 meV with a rate of 0.75 This is consistent with the experimental findiﬁg)oclrl)’z,

meV x 107 1% cn?. The field intensity lifetime in the empty and thus demonstrates that many-body effects do not size-
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ably influence the qualitative phenomenology of the atomiaeproduce qualitatively the experimental results. Overall, our
ac Stark effect. Quantitatively, we find that at the highestresults suggest that Coulomb-induced dephasing due to opti-
pump intensities the HF many-body correction enhances theal absorption in the continuum region does not dominate the
Rabi energy by=10-50 % (depending on time, wave vec- transient, nonlinear coherent dynamics of semiconductor
tor, and detuning Further, the role of EID is merely quan- QW’s, as long as carriers are photogenerated with near-zero
titative. Increasing the polarization scattering rate only re-£XCeSS energy.
sults in a decrease of the amplitude of the Rabi flopping and \we gratefully acknowledge stimulating discussions with
of the ac Stark sidebands. G. R. Hayes, C. Piermarocchi, and V. Savona. This work
In conclusion, we observe an ac Stark splitting in thewas partially supported by the Fonds National Suisse de la
optical spectrum of a MC-embedded QW when the system iRecherche Scientifique, by the Programme Prioritaire OP-
excited by intense subpicosecond pulses in the exciton corFIQUE du Conseil des Ecoles Polytechniquédéales, and
tinuum. Numerical calculations based on the Maxwell-SBE by the Italian Consiglio Nazionale delle Ricerche.
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