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Quantum beats of free and bound excitons in GaAs/Al„Gat „As quantum wells
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We report the observation of quantum beats due to the interference of the polarization decay of
free- and bound-exciton states in a GaAs quantum-well structure.

If two energetically closely spaced transitions are excit-
ed with a short optical pulse, a coherent superposition is
created. The macroscopic polarization then shows an in-
terference due to the slightly different transition energies;
the frequency of this beating is given by v= AE/h, where
AE =Ep E

&
is the difference in the transition energies.

These so-called "quantum beats" (QB's) can be observed
by techniques like time-resolved fluorescence or wave
mixing and are a powerful tool of nonlinear spectrosco-
py.

' The interference has been observed for transitions
with the same ground state (i.e., three-level systems),
which represents an interference of the wave functions,
and between separate two-level systems, where the polar-
ization interferes due to the different phase factors of the
wave functions.

Recently, QB's originating from extended electronic
states in solids were observed. At a first glance, those
observations were surprising: The broad energy bands in
a solid can be considered as an inhomogeneous distribu-
tion in k space. The excitation of such a distribution
would lead to a rapid decay of the macroscopic polariza-
tion. However, the presence of energetically well-defined
excitonic levels allows the observation of QB's. We have
already reported the first observation of QB's between
heavy-hole excitons split by spatially varying con-
finement and QB's between heavy-hole (hh) and light-
hole (lh) excitons. The first system corresponds to in-
dependent two-level systems and the second to a three-
level system. The latter observation also confirmed the
recent observation of a novel coherent polarization in-
teraction.

In this Brief Report, we present the first observation of
quantum beats originating from the polarization interfer-
ence of free heavy-hole exciton states and exciton states
bound to an impurity in a semiconductor quantum well.
The quantum beats are observed in the decay of the
diffracted signal in a self-diffracted degenerate four-
wave-mixing experiment. The quantum beat period in
the time domain corresponds to the splitting between
free- and bound-exciton levels observed in luminescence
spectra.

The sample is grown by molecular-beam epitaxy on n-

type doped [100] GaAs substrate and contains 10 GaAs
quantum wells of 170 A nominal width. The substrate of
the sample is removed to allow experiments in a
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FIG. 1. Upper part: Schematical drawing of the experimen-
tal geometry. Lower part: Photoluminescence spectrum (solid
line) and photoluminescence excitation spectrum (dotted line) in
the vicinity of the lowest hh exciton transition, taken with a
low-intensity cw laser at TI =2 K. The small peak at 1.5292 eV
in the PLE spectrum is scattered light from the laser.

transmission configuration. The sample is mounted in a
liquid-helium cryostat and cooled to about 5 K. For the
time-resolved experiments, we use a synchronously
mode-locked Styryl 8 dye laser, tandem pumped by a rho-
damin 6G dye laser and a mode-locked yttrium lithium
fluoride laser. The laser pulses have a second-order in-
tensity autocorrelation width (full width at half max-
imum, FWHM) of 700—800 fs and a spectral width
(FWHM) of about 3.5 meV.

Figure 1 shows in the lower part the photolumines-
cence spectrum (solid line) and the photoluminescence
excitation (PLE) spectrum (dashed line) in the vicinity of
the first subband heavy-hole (hh) transition, taken at
TL =2 K with a low-intensity cw laser. Visible are the hh
free-exciton transition at 1.531 eV of about 0.8 meV
FWHM and (only weakly visible in the PLE spectrum) a
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second peak, whose energy is about 1.4 meV lower. This
peak disappears at slightly elevated temperatures and sat-
urates at high excitation densities. All these observations
indicate a bound-exciton transition. The relative intensi-
ty of this peak compared to the hh free-exciton peak
varies laterally across the sample.

The polarization decay of the excitons is traced by the
two-pulse self-diffracted transient-grating technique.
This technique was introduced to study the dephasing ex-
citons in quantum wells by Schultheis, Sturge, and Hegar-
ty and is schematically depicted in the upper part of Fig.
1. The excitation with two perpendicularly polarized
pulses creates an excitonic-orientational grating as long
as the delay time T between the pulses is of the order of
the phase relaxation time T2. The photons of the second
beam are also diffracted by this transient grating into the
direction k3 =2k2 —k, , where k& and k2 are the wave vec-
tors of the incoming beams. The decay of the polariza-
tion is reflected by the diffracted signal measured for
varying delay time T=t2 —t, between the pulses. The
decay of the diffracted intensity is exponential with T2/2
and T2/4 as the characteristic time constant for homo-
geneously and inhomogeneously broadened systems, re-
spectively. '

Figure 2 shows the diffracted signal versus the time de-
lay between the two pulses. The peak intensity of the ex-
citation laser was chosen about 2.5 meV below the hh
peak to avoid excitation of the lh transition. The upper
three traces (solid lines) show the signal at low intensity
Io =160 kW/cm (corresponding to an exciton density of
about 4 X 10 cm ) for lattice temperatures of TL =5,
15, and 30 K. The decay of the diffracted signal for
TL =5 K clearly shows a modulation with a period of
about 2.8 ps. This period corresponds to a splitting of
1.47 meV, in close agreement with the splitting between
free- and bound-exciton transitions observed in the
luminescence spectrum. The depth of modulation varies
laterally across the sample, in agreement with the
luminescence observations, which show a spatially vary-
ing bound-exciton luminescence intensity. Note that the
rising wing (T (0) does not show a modulation, in con-
trast to the observation of light-hole and heavy-hole beats
at negative delay time in another experiment. This indi-
cates that free and bound excitons show a weaker interac-
tion compared to free excitons among themselves. This
observation agrees with bleaching experiments of free
and bound excitons, where only the free excitons show a
pronounced blueshift due to the many-body effects.
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FIG. 2. Diffracted signal as a function of the delay time for

low intensity (Io=160 kW/cm') and various lattice tempera-
tures: TL =5, 15, and 30 K (solid lines), and for TL =5 K and
higher intensity 15ID (dotted line).

For higher lattice temperatures (traces for T=15 and
30 K in Fig. 2), the quantum beats disappear very quick-
ly. However, if the phase relaxation time T2 is similarly
reduced" by increasing the exciton density (I =15Io,
dotted line in Fig. 2), the quantum beats are still visible.
This difference could be caused by the rapid disappear-
ance of bound-exciton transitions with increasing lattice
temperature, in agreement with the luminescence mea-
surements.

In conclusion, we report the observation of quantum
beats between free- and bound-exciton transitions in
GaAs/Al, Ga, „As quantum wells. The beat frequency
corresponds to the splitting between the excitonic transi-
tions observed in luminescence spectroscopy.
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