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Ensemble effect on Rabi oscillations

of excitons in quantum dots
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We observed excitonic Rabi oscillations (ROs) in quantum
dots (QDs) by four-wave mixing (FWM) and pump-probe
techniques. When a large number of QDs are excited by a
spatially nonuniform laser, the inhomogeneous distribution of
the transition dipole moments of the QD excitons and the spa-
tial distribution of the input electric field induce distribution
of the Rabi frequencies. We investigated this ensemble effect
on the ROs of the excitonic polarization and the excitonic

1 Introduction Optical Rabi oscillations (ROs) in
two-level systems play crucial roles in processing and stor-
ing quantum information [1-3]. Excitonic states in semi-
conductor quantum dots (QDs) have been attractive candi-
dates for the demonstration of ROs in solid-state structures
because they are approximately identified as two-level sys-
tems and they maintain their coherence for a long time. In
a QD, time-integrated ROs are usually observed as sinu-
soidal oscillations of excitonic population or excitonic po-
larization with respect to the area of the excitation pulse.
However, most of the reported excitonic ROs showed sig-
nificant deviation from the ideal two-level ROs; for exam-
ple, strong damping of the oscillation amplitude and modu-
lation of the oscillation period with an increase in the pulse
area [1]. The reasons for the deviation observed in single
QDs include the excitation-induced dephasing effect [4],
biexciton effect [S] and local-field effect [6, 7]. Strong
damping is expected in ROs occurring in a macroscopic
number of QDs excited by a spatially nonuniform laser,
mainly owing to the ensemble effect, i.e. the pulse area dis-
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population observed in the FWM and pump-probe signals. By
calculating the FWM and pump-probe signals including the
Gaussian distribution of the pulse area, we first showed that a
part of the ensemble effect can be cancelled out only in case
of the ROs of the excitonic polarization. This reflects the dif-
ferences between the characteristics of excitonic polarization
and population.
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tribution for each QD with an exciton; this distribution is
attributed to the inhomogeneous distribution of the exciton
transition dipole moments and the spatial distribution of
the input electric field. Strong damping of the ROs of exci-
tonic population caused by the distribution of the transition
dipole moments was reported in an InGaAs QD ensemble
[1]. However, the ensemble effect on the ROs of excitonic
polarization has never been studied so far. Moreover, there
is no report on the comparison of ROs of excitonic polari-
zation with those of the excitonic population in QDs.
Recently, we observed the ROs of excitonic polariza-
tion in strain-compensated InAs QDs using a four-wave
mixing (FWM) technique [8] but did not discuss the
ensemble effect. In this study, we measured the ROs of the
excitonic population by a pump-probe technique in the
same QD sample and compared the ensemble effect on the
ROs of the excitonic population with those of the excitonic
polarization. We calculated the FWM and pump-probe
signals by taking into account the Gaussian distribution of
the pulse area in order to investigate the ensemble effect.
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2 Experiment The sample was fabricated using
molecular beam epitaxy; it contained 150 layers of
InAs self-assembled QDs embedded in 60-nm-thick
In, 5,Ga, ,Aly;3As spacers on an InP(311)B substrate [9].
Our QDs are elliptical in shape and are elongated in
the [233] direction which is one of the crystal axes on
the (311)B surface. The back side of our sample was anti-
reflection coated to prevent multiple reflections. The sam-
ple was fabricated using strain compensation to control the
emission wavelength and to stack 150 QD layers without
degrading the crystalline quality. The corresponding
effective QD density was ~1 x 10" dots/cm®. The highly
stacked structure of our sample is an advantage for enhanc-
ing weak nonlinear signals that are measured to observe
excitonic ROs under resonant excitation [8]. We recently
found that the ground-state excitons in our QDs showed an
extremely long dephasing time due to the negligible pure
dephasing and non-radiative population relaxation [10, 11].
Therefore, our strain-compensated QDs are suitable for the
investigation of excitonic ROs.

Two-pulse FWM and pump-probe techniques were
used to investigate the ROs of the excitonic polarization
and population, respectively. Excitation was performed
using 1.1-ps optical pulses generated by a Ti:sapphire-
pumped optical parametric oscillator at a repetition rate of
76 MHz. We measured the FWM intensity |[Ppyy,/* in the
2k, — k, direction and the differential transmission (DT) of
the probe pulse as a function of the average area of pulse 1,
6, as schematically shown in Fig. 1.

The time delay between two excitation pulses was
fixed at 20 ps in all the measurements. Since both the pulse
duration AT and the time delay were considerably shorter
than the dephasing time and the population relaxation time
(>1 ns) [10, 11], we can ignore the relaxation processes in
the present experiment. -

The average pulse area @, which was calculated using
the equation &, = uE; AT/h, was changed by changing the
average excitation intensity /,, while maintaining the tem-
poral profile of the excitation pulse constant. Here, we as-
sume a rectangular pulse with a time duration of AT. z and
E, represent the average transition dipole moment of the
excitons and the average electric field, respectively. E, is
defined by the relation E; o I, o< {I,}/(nR*), where (I.)
represents the spatially integrated excitation intensity
measured in front of the sample using a power meter. R
(~60 pm) corresponds to the beam radius estimated by fit
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Figure 1 Experimental arrangements of (a) FWM and (b)
pump—probe techniques.
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Figure 2 Bloch sphere for a two-level system. Excitonic popula-
tion is proportional to sin’ (6/2) and excitonic polarization is
proportional to sin ©),.

ting the spatial profile of the excitation pulses on the sam-
ple surface to the Gaussian function. x was estimated to be
58 Debye from the average radiative lifetime (1.01 ns) [11].
Thus, ®, was determined to be independent of the observed
FWM and pump—probe signals.

The wavelength of the excitation pulses was tuned to
1468 nm to resonantly excite the ground states of the exci-
tons. Due to the narrow pulse bandwidth, only 3% of 10°
QDs in the beam spot were resonantly excited. The polari-
zation direction of k,, k, in the FWM measurements and
that of the pump pulse in the pump-probe measurements
were aligned in the [233] direction in order to selectively
excite one of the two nondegenerate exciton ground states
[11]. The excitation density of the probe pulse was set at
0.4 nJ/cm?*/pulse in order to read out the excitonic popula-
tion excited by the pump pulse. The polarization direction
of the probe pulse was perpendicular to that of the pump
pulse in order to cut off the pump pulse by a polarizer in
front of the detector. All the measurements were performed
at3 K.

In an ideal two-level system, the Bloch vector rotates
from the lower to the upper state with an increase in the
pulse area, according to the optical Bloch equations, as
shown in Fig. 2.

In the case of excitonic ROs, the upper state is equiva-
lent to the exciton ground state, and the lower state is
equivalent to the crystal ground state, where no exciton ex-
ists in a QD. The excitonic polarization corresponding to
the value of v is proportional to sin @,, while the excitonic
population corresponding to the value of w is proportional
to sin” (6,/2). Therefore, the amplitude of the FWM sig-
nals observed in the arrangement shown in Fig. 1(a) is de-
scribed by Pryy o< sin @, sin’ (0,/2) [12], while the DT in-
tensity observed in the arrangement shown in Fig. 1(b) is
described by DTe< sin” (©,/2). By changing @,, we expect
to observe the ROs of excitonic polarization (population),
which are consistent with the above-mentioned equations.

3 Results and discussion Figure 3(a) shows the
change in the FWM signal intensity as a function of &, at
3 K. ©, was fixed to 7 in this study. The closed circles rep-
resent the observed signals, and the dashed line represents
the theoretical curve for the ideal two-level system,
|Peywl? o< sin® @,. The observed FWM intensity shows a
clear oscillatory behaviour. Surprisingly, the experimental
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Figure 3 Observed (a) FWM intensity and (b) differential trans-
mission as a function of average pulse area. The dashed lines rep-
resent the theoretical curves for an ideal two-level system.

result was almost consistent with sin® @, at @, < =, al-
though we did not use any fitting parameters without the
oscillator amplitude. Even in the region with large @,, the
signal decreased to zero at around nm (n = 1, 2), and a sec-
ond peak is observed at around ®, = 1.57, although the
amplitude is strongly damped. B

Figure 3(b) shows the DT signals as a function of 6,
at 3 K. The closed circles show the observed signals,
and the dashed line corresponds to theoretical curve,
DT osin® (6,/2). The observed DT reached its maximum
at around @, = w, though it did not decrease with a further
increase in @,. The oscillatory ‘behaviour was hardly ob-
served in the region with large ©,. This behaviour is mark-
edly different from that of the FWM signals.

The differences between the FWM and pump-probe

signals can be well explained by the pulse area distribution.

In this experiment, the focused beam is spatially distrib-
uted as a Gaussian function with a radius of 60 pm. As
many as 10® dots in the laser spot are simultaneously ex-
cited under resonance. Therefore, the QDs in the beam spot
are excited not by the same electric field strength but by
different field strengths depending on their positions. This
results in spatial distribution of the electric field for each
QD at each different position. In addition, each QD may
have an intrinsic exciton transition dipole moment. These
effects lead to a pulse area distribution for each QD, which
is referred to as the ensemble effect in this study.

We calculated the FWM intensity and DT as a function
of @, by assuming a two-dimensional Gaussian distribution
function of @, shown in Fig. 4. -
~ The maximum pulse area &, (0,0) equals V2 ©,, where
O, corresponds to the average pulse area used in the
experiments. We performed integration from x, y = —oco
to e corresponding to the ensemble average of various
ROs.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4 Distribution function of pulse area &,.

Figure 5 shows the results of the calculation for the (a)
FWM signals and (b) DT signals. The solid lines represent
the ensemble average of the signals for different pulse
areas. The calculations reproduce the experimental value
very well, although any fitting parameter without the os-
cillation amplitude was not used. For the DT signals, the
integration smears out the oscillation structures of
sin” (@,/2) owing to the superposition of sin’ (&, (x, ¥)/2)
with different @, (x, y). On the other hand, in the case of
the FWM signals, integration did not smear out the oscilla-
tion of sin @, i.e. the intensity peaked at around @, = m/2
and decreased to zero at around ®, = nm (n =1, 2). This
feature is considerably different from the DT signal. The
reasons for this difference are as follows: since the integra-
tion in the FWM signals involves the superposition of
sin @, (x, y) sin® (0, (x,y)/2), which have both positive
and negative values, the ensemble effect is partly cancelled
out in the integration. The compensation of the ensemble
effect becomes most effective at around nn, where the di-
rection of excitonic polarization changes. As a result, the
FWM signal intensity decreases to zero at around nm, and
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Figure 5 Numerical calculation of (a) FWM intensity and (b)
differential transmission as a function of pulse area @,. The
dashed lines represent the theoretical curves for the ideal two-
level system and the solid lines represent the theoretical curve
considering the distribution of the pulse area.
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the oscillatory behaviour is retained in a few cycles. These
features are clearly seen in the observed FWM signal. The
good agreement between the experimental results and the
calculation without any many-body effects confirmed that
those effects can be ignored in the present experiment.

4 Conclusions We observed excitonic ROs from a
macroscopic number of QDs using FWM and pump-probe
and investigated the ensemble effects on the ROs of exci-
tonic polarization and population. By calculating the FWM
and pump-probe signals including the pulse area distribu-
tion, we first showed that a part of the ensemble effect was
cancelled out only in case of the ROs observed in the
FWM signals. This phenomenon is attributed to the differ-
ences in the characteristics between the excitonic popula-
tion and excitonic polarization.
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