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Direct Observation of Excitonic Rabi Oscillations in Semiconductors
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We observe multiple excitonic optical Rabi oscillations in a semiconductor quantum well. Up to eight
oscillation periods of the heavy-hole exciton density on a subpicosecond time scale are observed. An
approximate linear dependence of the oscillation frequency on the light field amplitude is established.
The experiment is based on a two-color detection scheme which allows for the observation of the
heavy-hole exciton density via transmission changes at the light-hole exciton. The observations are
in good agreement with theoretical computations based on multiband semiconductor Bloch equations.
[S0031-9007(99)08665-2]

PACS numbers: 71.35.Cc, 42.50.Md, 78.20.—e, 78.47.+p

Optical Rabi oscillations are among the most funda+eported in [11,12] but excitonic Rabi oscillations do not
mental examples of coherent nonlinear light-matter in-occur since no bound electron-hole pairs (excitons) are
teractions. In atomic and molecular two-level systemsgexcited.
optical Rabi oscillations are well established [1]. Exposed In this Letter we present experimental results along
to a strong stationary light field, the electron populationwith theoretical calculations for excitonic optical Rabi os-
oscillates between the lower and upper states with theillations in semiconductor quantum wells. The observa-
Rabi frequency that is proportional to the dipole momentions are based on a direct time-resolved measurement of
and the light field. Early experiments in atoms evolvedthe exciton density utilizing a two-color pump-and-probe
from indirect observations which utilized the fact that scheme similar to the one used in [11]. An important as-
Rabi oscillations yield certain signatures in the tempo-pect of our measurement is that we are able not only to
ral reshaping of transmitted light pulses [2,3], to ratherobserve multiple oscillations but also to determine the de-
direct observations of multiple oscillations [4,5]. In the pendence of the excitonic Rabi oscillation frequency upon
latter, the fluorescence signal was used to measure oscpulse intensity. This permits a detailed comparison of
lations as a function of pulse area (i.e., time-integratedhe observations with theoretical computations and plays a
Rabi frequency). These experiments established the cosignificant role in establishing the desired correspondence
respondence in principle between optical Rabi oscillationsvith atomic systems.
and the original Rabi oscillations of magnetic two-level Figure 1 shows the experimental scheme. The linear
systems [6] and proved the applicability of the theory oftransmission spectrum of the (lfGajoAs/GaAs mul-
two-level atoms in nonlinear optics. tiple quantum well sample with 20 periods and 8 nm well

During the last decade, attempts have been made wwidth is given in Fig. 1(a). This sample is characterized
establish the correspondence and to identify principaby small inhomogeneous line broadening and an inten-
differences between two-level atoms and excitons irtionally large strain induced splitting of 18.5 nm between
semiconductors. In spite of the fact that coherent nonis heavy-hole (hh) ands light-hole (Ih) exciton absorp-
linear optical effects in semiconductors require ultra-tion resonances. Independently tunable pump and probe
fast experimental techniques because of short dephasiqylses are generated by an amplified Ti:Sapphire laser
times, many analogies have been successfully investsystem that pumps two optical parametric amplifiers at
gated, such as the excitonic optical Stark effect, freea 1 kHz repetition rate. Pulse shaping and polarization
induction decay, and photon echoes in four-wave mix-€lements result in 770 fg~ circularly polarized pump
ing experiments [7]. As for excitonic Rabi oscillations, pulses with a narrow spectrum resonant to thehh ex-
indications for their existence have already been obeiton transition, and 150 f&* probe pulses that are cen-
tained from measurements of temporal pulse reshapintgred at thels Ih exciton resonance [see Fig. 1(b)]. The
[8-10]. These nonlinear light propagation effects arepulses are focused down to 200 and 30 for the pump
however, only very indirect indications of possible Rabiand the probe, respectively, on the sample that is held at
oscillations. This is particularly true for optically thick 5 K. The zero delay is measured by cross correlation in
samples, where the backreaction of the medium can na BBO (beta barium borate) crystal, and the time jitter
longer be neglected and self-induced transparency rdsetween pump and probe is found to be less than 20 fs.
places Rabi oscillations. A more direct observation ofAn optical multichannel analyzer has been used to detect
interband density oscillations due to optical fields withthe differential transmission signal (DTS) as a function of
center frequencies far above the exciton resonance wasimp-probe delay.
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FIG. 1. (a) Transmission spectrum of the, {Ga . As/GaAs . . o )

multiple quantum well at 5 K. (b) Spectra of the pump FIG. 2. (a) Differential transmission signal (DTS) vs pump-
and probe pulse. Inset: Schematic illustration of the spectraprobe delay measured at the |h exciton absorption resonance.
pump-probe configuration. The numbers indicate the angulafb) Theoretical calculation of the = +; electron density
momentum of the states close to the center of the Brillouindynamics for a 770 fs Gaussian-shaped pulse with (solid line)
zone. CB: conduction band, VB: valence band. Transition@ﬂd without (dotted ||ne) nonlinear Coulomb-renormalization
involving the states with opposite angular momentum are out€fms(ap = 13.5 nm).

of resonance, and hence not shown.

used. There it was found that the Coulomb interaction

While the long pump pulse drives the Rabi oscillationsallows for oscillations in the excitonic density, in spite
in the population, the much shorter probe pulse time gatesf the facts that (i) the underlying band-to-band transi-
the transmission changes. As illustrated schematically itions in the one-particle picture form a continuous set with
the inset of Fig. 1, the polarization of pump-and-probemomentum-dependent detuning, (ii) in contrast to a two-
pulses and the large hh-lh valence band splitting allowevel system there is no strict upper limit for the excitation
us to monitor separately the dynamics of the= +% density, and (iii) the light-induced charge carriers yield a
electron population in the conduction band. A directtime-dependent renormalization of the transition energy
excitation ofs = —% electrons is strongly suppressed dueand the Rabi frequency. A detailed study of the un-
to both the narrow spectrum of the pump pulse and theéerlying one-particle distribution functions shows that, at
large valence band splitting. In contrast to previous workow intensities, the distribution functions are proportional
[8,11], where 100 fs pulses were used, our long pumpo excitonic envelope functions. Because of fermionic
pulses have large (several) areas at relatively small Pauli blocking, the one-particle distributions deviate sig-
field intensities. Correspondingly, the induced carriemificantly from excitonic envelope functions at high inten-
densities are quite low, resulting in weak excitation-sities [14]. The theoretical description of the nonlinear
induced dephasing and, accordingly, long time windowsoherent excitation of semiconductors can also be based
for the observation of coherent dynamics. on appropriate extensions of the SBE [12,14] that include

Figure 2(a) shows the DTS at the position of thea microscopic description of carrier scattering and dephas-
Ih exciton resonance for a pump pulse energy flux ofing processes.
16 nJ/cm?. One can clearly resolve in time a sequence of In this Letter, we use the basic Hartree-Fock form of
eight Rabi oscillations during the interaction between thehe SBE, extended to include two hh, two |h, and two
pump pulse and the semiconductor material. One can alsnduction bands with input parameters corresponding to
see the time dependence of the period, with longer periodfie experiment, and compare the predictions of the SBE
at the leading and trailing edges of the pump pulse. with the experimental data. In this formulation one solves

The theoretical prediction of excitonic Rabi oscilla- equations of motion for the momentum-resolved interband
tions was made in [13] where the most basic form ofpolarizationsP,;(k), wheres and j are the conduction-
the two-band semiconductor Bloch equations (SBE) waand valence-band indices, and for the carrier distribution
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functions for electrons( fys) and holes(f;;). The
equations are given in [15]. These equations contain the ¢
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\
\

appropriate optical selection rules via the dipole energies é 6 e
wsiE(t) [where ug; is the dipole matrix element at the = e

zone center and(¢) is the electric field], Pauli blocking g Al R

terms, and Coulomb interaction terms. The latter include = 8

linear exciton effects and the nonlinear renormalization & 5L 20

of the one-particle energies and of the effective Rabi =) ‘

frequency energy within the mean-field [Hartree-Fock & . . , . .
(HF)] approximation. 00 1 9 3 4 5

To simulate the experiment quantitatively, we have to
know several parameters that characterize our specific ex- [Pulse Energy Flux (nJ/em?)}2
periment. We have determined the value Q5 by com-  FIG. 3. Measured (open symbols) and calculated (filled sym-
puting the linear absorption spectrum and adjusting thé&ols) Rabi oscillation frequency vs square root of the pulse
numerical value for the absorption at frequencies jusﬁg‘n*(r:gey ﬂg’c‘)-r gg‘r‘; 'g‘r‘iasso'r':“tﬂéaheog‘eed‘il?npéog;]rgs\}se lg‘:fgo‘?ﬁgft”ea
above the_ hh, band gap to coincide with _the experiment ependence omitF'zing the nonlinear Coulomb-renormalization
value. Thisyieldss.,/e = 5.75 A (here,e isthe electron  grms.
charge in vacuum). To relate the measured light intensity
outside the sample to its value inside the sample (the latter
is the one used in the calculations) we use the refractivextracted from the respective DTS vs time delay plots
indexn = 3.6 and a corresponding normal-incidence re-(see Fig. 2) by measuring the time separation between the
flection loss of 32%. The other parameters needed in thBTS maxima (we averaged over the two fastest oscilla-
microscopic calculation are the hh-lh splittifg,,.;, =  tions) and inverting this number. Different symbols cor-
30 meV), the Luttinger parameters( = 6.85, y, = 2.1,  respond to different measurement series, illustrating the
vz = 2.9), the effective electron mags:, = 0.067), the  reproducibility of our results. Within our range of intensi-
background dielectric constant entering the Coulomb poties we find an approximate square-root dependence of the
tential (g = 12.7), the quantum well thickness entering oscillation frequency on pulse energy flux that corresponds
the form factor of the Coulomb potentidl = 8 nm), and  to an almost linear relation between the frequency of the
the dephasing timéT, = 526 fs). Based on the experi- Rabi oscillation and the electric field amplitude. The filled
mental fact of small excitation induced resonance broadeircles show the corresponding theoretical results extracted
ening the dephasing time was chosen to coincide with then the same way from the calculated electron densities.
inverse width of the hh exciton absorption resonance thatVhereas in atoms the Rabi frequency is simply given by
represents a lower limit for the dephasing time. Since th€)z(r) = wE(¢)/h, the effective Rabi frequency in semi-
calculated Rabi oscillation period does not depend stronglgonductors i€)z(1) = u,;E(t)/h + Coulomb terms, i.e.,
on the exact value of the dephasing time [13] the concluit is renormalized by interaction effects. Within the HF
sions discussed below do not depend on the specific valubeory, the Coulomb renormalization has been found to be
of 7. significant [13] [cf. Fig. 2(b)]. On the other hand, Fig. 3

Figure 2(b) shows the calculated electron density in theshows that this renormalization does not alter the basic
s = +% conduction band induced by a 770 fs Gaussianiinear dependence on field amplitude very much, at least
shaped pulse with center frequency at the hh exciton andia the intensity regime under consideration. Figure 3 also
pulse energy flux outside the sampleléfnJ/cn?. This  suggests that calculations beyond HF can be expected to
corresponds to an unrenormalized pulse areB)d7, as  yield an intensity dependence in between the HF result and
shown by the dotted curve in Fig. 2(b) computed omittingthe results where nonlinear Coulomb terms are omitted,
all nonlinear Coulomb-renormalization terms (i.e., prod-and, thus, to yield even better agreement with the experi-
ucts of polarization and distribution functions). Resultsment than already obtained here.
including these nonlinear terms, solid curve in Fig. 2(b), In conclusion, we present the first direct measurement
agree well with the experimental data as shown by thef multiple-cycle excitonic Rabi oscillations in semicon-
same number of oscillations. This again illustrates the imductors and observation of an approximate linear depen-
portant prediction [13] that the effective dipole moment isdence of the oscillation frequency upon the electric field
increased by excitonic many-body Coulomb effects. amplitude. We also find surprisingly good agreement of

We have also performed a detailed study of the intenthe experimental observations with the predictions based
sity dependence of the oscillation period by varying theon the multiband semiconductor Bloch equations evalu-
pump pulse energy flux while the other pulse parameated in the Hartree-Fock approximation.
ters remain unchanged. In Fig. 3 we plot the measured We would like to acknowledge financial support from
and calculated oscillation frequency for different pump en-ARO, JSOP, AFOSR, and COEDIP (University of Ari-
ergy fluxes. The experimental data (open symbols) areona), and CPU time at the CCIT, University of Arizona.
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