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By examining the interaction of two copropagating ultrafast optical pulses in a semiconductor multiple
quantum well, we experimentally determine the temporal dependence of the induced polarization.
Based on this technique we observe that the optically induced density goes through a maximum at

sufficiently high excitation intensity. Microscopic calculations show that the observed phenomena are

a manifestation of Rabi flopping in semiconductors.

PACS numbers: 78.47.+p, 42.50.Md

Laser excited intrinsic excitations in a semiconductor
provide a prototype for an interacting many-body sys-
tem and, in particular, the coherent phenomena of the
intrinsic excitations can yield extensive insight into the

underlying many-body physics. The intrinsic excitations,
however, display very short dephasing times, on the or-
der of hundreds of femtoseconds or less, making the use
of laser pulses with similar temporal durations necessary.
Now that such pulses are routinely available, many of the

optical measurements that were performed in atomic or
molecular systems can be performed in semiconductors

[1]. However, due to the many-body nature of a laser
excited semiconductor, it is not a priori certain that co-
herent phenomena, such as free polarization decay, pho-
ton echo, quantum beats, self-induced transparency, etc. ,

should even be observable, and if so whether they will be
modified in a many-body system as compared to atoms or
molecules. Consequently, if they are observed, any such
modifications provide a powerful tool for studying the

many-body interactions themselves. One coherent phe-
nomenon that is theoretically predicted to occur in a semi-
conductor with many-body modifications [2], but that has

not been directly experimentally observed, is the Rabi
"Hopping" of the optically induced excitation density, i.e.,
the induced excitation density is driven through a maxi-

mum by the incident field.
The oscillation of a two level system between the

ground and excited states in the presence of a strong
resonant driving field, often called transient nutation or
Rabi Aopping, is a basic quantum mechanical effect
and a textbook topic today [3]. It was first treated

by Rabi in the context of molecular beam magnetic
resonance experiments [4] where it was also observed [5].
Later it was observed in magnetic resonance experiments
in bulk material [6]. With the advent of the laser

many of the resonance effects first studied in magnetic
experiments were reproduced in optical experiments on

atomic and molecular systems, including Rabi Hopping

[7]. The observation of density flops in semiconductors

has been hindered by not only the rapid dephasing. but

also by the fact the dephasing times are even shorter
at elevated densities. And, to make matters worse in

semiconductors, employing shorter pulses increases the

hot carrier density. also increasing the dephasing. As
a consequence, Rabi Hopping in semiconductors has not

been previously reported.
An important aspect of Rabi flopping is that it is

a manifestation of the coupling between the optically
induced coherence and the induced excitation density. As
a consequence, it is sensitive to aspects of many-body
phenomena that are not apparent in previously reported
experiments in semiconductors, which have primarily
focused only on the decay of the optically induced
coherence (e.g. , four wave mixing) [8]. For example„ the

theoretically expected enhancement of the Rabi flopping
frequency by the internal field arising from many-body
effects [2] is not observable in an experiment that is

sensitive to the decay of the coherence alone.
The experimental technique presented here for observ-

ing density Hops is based on measuring the modification
of the shape of a femtosecond pulse that has propagated
through a thin semiconductor film, similarly to the first

studies in molecules [7]. However, because the effect is

weaker and on a femtosecond time scale, more elaborate
techniques are necessary. The pulse shape modification is

observed via cross correlation with a reference pulse, as in

experiments which have observed linear pulse propagation
effects [9,10], however, this alone is not sufficient, The
critical ingredient is the comparison of the pulse modi-

fication after propagation through an unexcited sample to
that in a weakly excited sample. This is achieved by a
weak copropagating prepulse, which is chopped, and per-

forming differential detection via a lock-in amplifier [as
depicted schematically in the inset in Fig. 1(a)].

To show that this technique is sensitive to the polariza-
tion (proportional to the temporal derivative of the exci-
tation density), let us consider the cross-correlation signal

detected by the lock-in„which is the difference between
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completely inverted system. If the effect of the prepulse is
to induce a small excitation which increases np by 6, then

I„,~ (aEcog/Qg) sin(Q, t) + c.c.

The corresponding temporal behavior of the inversion is
given by [11]
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FIG. l. Experimental (a) and theoretical (b) differential cross-
correlation signal as a function of reference pulse delay and
pulse intensity (traces offset vertically for clarity, zero is
marked by dashed line and indicated intensities in GW/cm2
apply to both experiment and theory). The bottom trace is
the pulse cross correlation for reference [dotted line in (a)
shows pulse without propagation through sample]. Inset in (a)
shows experimental geometry. Inset in (b) shows the signal
(solid line), calculated density with dephasing (dotted line) and
without dephasing (dashed lined) as a function of time for a
pulse intensity of 0.84 GW/cm'.

pulse propagation with and without a prepulse, i.e.,

i„,(r) f i, (t)l(t —r) d&, —f l, (t)l, (t —r) dr

Id t —I, t I„t—7 dt,

where Id (I,) is the transmitted pulse intensity with
(without) a prepulse and I„is the intensity of the reference
pulse. In turn the difference

I„s= Id —I, ~ IE + Pd/eI —IE + P, /el'

= (EPd —EP,* + c c )/e +. (.IPdl' —IP, I') /e'.
where E is the electric field of the incident pulse, P, (Pd)
the polarization induced by the pulse without (with) a
prepulse, and e the dielectric constant. For E && P the
last two terms can be ignored and only the absorptive
polarization component need be considered.

To proceed further, we discuss the basic idea using the
example of a two level system before proceeding to a more
realistic analysis for semiconductors, where we must resort
to numerical techniques. The Rabi solution to the optical
Bloch equations (OBE) for a strongly driven two level
system, where the driving field is constant and switched
on at t = 0 (i.e., a square pulse), is [11]

P ~ np sin(Qgt), Atr = d + tug, rug =
Ag h

if there is no coherence present in the sample at t = 0, and
where 5 is the frequency detuning between the field and
resonance, p, the dipole moment, E the electric field,
and np the inversion at t = 0. The inversion is np = 1

for a system in the ground state and increases to +1 for a

n = no[5 + cu~cosglgt)j/II„

from which we see that a zero crossing in the signal occurs
at the point at which the inversion reaches a maximum (for
an unexcited or weakly excited system np & 0). Therefore
we conclude that (1) a zero crossing that appears for
sufficiently high intensity is a signature of Rabi flopping,
(2) the zero crossing shifts toward decreasing time with
increasing pulse area, and (3) it is independent of prepulse
intensity.

This result can be understood intuitively by considering
the limiting case where the prepulse drives the system to
transparency (n = 0), and the square primary pulse causes
exactly one Rabi flop (a 2n. pulse). In the absence of the
prepulse the system undergoes a Rabi flop, and during the
first half of the pulse it absorbs energy from the pulse as
it goes from the ground state to completely inverted, after
which it returns energy to the pulse as it is driven back
to the ground state, i.e., the second half of the pulse sees
gain, analogously to self-induced transparency [11]. If the
prepulse incoherently drives the system to transparency,
neither of these occur; the pulse simply propagates through
the sample unimpeded. Hence, in the presence of the
prepulse, the first half of the pulse is stronger, because the
absorption is missing, and the second half weaker, because
the gain is missing. Consequently, when the difference
between the transmitted pulses with and without a prepulse
is taken, a positive difference occurs for the first half of the
pulse and a negative one for the second half. This picture
is a gross simplification, the first pulse does not drive the
system to transparency and the pulses are not square, but
it does provide insight into the technique.

To observe Rabi flopping in semiconductors we em-

ploy this technique on an InoosGao9zAs/GaAs 20 period
multiple quantum well, with 10 nm wells and 40 nm bar-
riers grown on a GaAs substrate. It is held at 5.5 K
in helium vapor and displays a strong ls exciton reso-
nance at 1.454 eV. The GaAs substrate is not removed
as it is transparent at this energy. The sample is de-
scribed in more detail elsewhere [12]. A self-mode-
locked Ti:sapphire laser produces the incident pulses,
which are initially 100—110 fs duration and not com-
pletely bandwidth limited. Because of glass in the optical
path the pulses incident on the sample are chirped and
have a duration of 140—150 fs and an 18—20 meV full
width at half maximum bandwidth. After passage through
the sample the pulses are further stretched by the strongly
dispersive GaAs substrate.

The experimental excitation conditions are chosen so as
to emphasize the desired phenomena. For a pulse reso-
nant with a strongly absorbing transition, linear effects,
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which are sensitive to the dephasing rate, alone can result
in strong distortion of the transmitted pulse [10]. Addi-
tionally nonlinear propagation effects can complicate in-

terpretation. To minimize these effects the peak of the
laser spectrum is tuned 9 meV below the 1s exciton reso-
nance for all results presented below. The low intensity
absorption of the pulse is uL = 0.15. The free polariza-
tion decay due to the prepulse is observable and yields an
estimated dephasing time of 300 fs (this is already sub-
stantially shorter than the low density value [12]). Be-
cause the pulse separation is 1.5 psec in the experiment,
coherent interaction between the pulses is not important.
A comparison between single and double pulse propaga-
tion indicates that nonlinear propagation effects are not
experimentally significant.

In Fig. 1(a) the measured differential cross-correlation
signal as a function of reference delay is shown. The
figure shows the cross-correlation signal which corre-
sponds to the modification of the second pulse due to the
prepulse and positive signal indicates an increase in the
detected intensity when the prepulse is present. Zero ref-
erence delay corresponds to the arrival of a pulse tuned
well below the resonance. For reference the bottom trace
is the cross correlation of the pulse propagating through
the sample alone (the dotted line is the cross correlation
for no sample, demonstrating the broadening due to the
substrate). Successive traces from bottom to top corre-
spond to increasing pulse intensity, varying from 0.14
to 1.12 GW/cm to within 10% including all reflection
losses. At 0.14 GW/cm2 the signal is essentially the
same as the pulse, although the peak is slightly delayed.
There is a small negative signal after the pulse that is due
to the suppression of the free decay due to the enhance-
ment of the dephasing rate caused by the prepulse exci-
tation. Once the intensity is increased to 0.56 GW/cm
the signal becomes asymmetric, at 0.84 GW/cm2 a zero
crossing during the pulse appears, which shifts toward the
center of the pulse at 1.12 GW/cm . This appearance of
a zero crossing above a critical intensity that shifts with
a further increase in intensity is exactly the behavior ex
pected for Rabi Popping

For a two level system the correspondence between a
zero crossing in the signal and a density flop is strict.
However, in order to verify that the zero crossings we
observe in semiconductors are indeed a signature of
Rabi flopping, we must perform microscopic calculations.
In a microscopic semiconductor theory the OBE must
be replaced with semiconductor Bloch equations (SBE),
which for a two-band semiconductor dipole coupled to an
external field E(z, t), can be written [13]

Bt
= —i(e.,R + eh, R)Pk

BPk
i(fe,k + fh, k 1)~R,k +

at
col

where

1
eih = eIh + —QVlk-qlftq + ~cH I = e, h,

q

1
~R,k — dcuE + g Vik —qiPq

q+k

aI I, is the zero density energy dispersion, d„the dipole
matrix element, F the envelope of the applied electric
field, E(z, t) = E(z, t) exp[ —i&opt + ikpz), Vk the kth
Fourier component of the screened Coulomb potential,
and XcH the Coulomb hole. Relaxation is treated by
the phenomenological collision terms BPk/Bt i„iand
Aflak/Bti«i.

We assume a constant polarization dephas-
ing time and treat the carrier intraband collisions in the
relaxation rate approximation [13]. The propagation of
the pulse through the sample is described by the reduced
wave equation

BE(g, $) i @prop ~ag ipV

(rt = z —t/vg, g = z),
where vg is the group velocity. To include possible
propagation effects the coupled Maxwell-SBE are solved
numerically for two copropagating pulses.

In Fig. 1(b) the numerical results are shown for condi-
tions corresponding to the experiment. The numerical re-
sults show behavior identical to the experimental results.
As a function of intensity, they change from being sym-
metric and slightly delayed to showing a zero crossing,
which shifts with increasing intensity. For these calcula-
tions a dephasing time of 200 fsec was used to include
further enhancement of the dephasing due to the stronger
second pulse, consistent with the upper limit obtained
from the observed free decay following the first pulse.
Note that the second zero crossing at the highest inten-

sity and following weak positive signal in the numerical
results are a manifestation of the nonlinearity of the SBE.
Because the frequency of oscillation between ground and
excited states depends on the detuning, and hence so does
the position of the zero crossing in the experiment, not
only the pulse width, but also the spectral position and
content of the incident fields employed in the experiment
must be closely reproduced in the calculation. Therefore
the calculations include the chirp on the incident pulses.
The additional chirp due to the GaAs substrate after the
sample is not included as it does not influence the physics,
however, it does result in additiorial stretching in the ex-
perimental results compared to the theoretical ones.

To show that the density does go through a maximum,
we show the calculated density and signal as a function
of time in the inset to Fig. 1(b). A density maximum
corresponding to the zero crossing is present. The fact
that the density decreases only -15% after the maximum
is due to the high dephasing rate, and to show this we also
plot the evolution without dephasing for comparison. In
this case the residual density is primarily due to many-
body effects [2]. 0.84 GW/cm2 corresponds to a pulse
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area of -1.3m. for a two level system, which in the
presence of the dephasing results in such a weak density
maximum that no zero crossing is observable for a two
level system. We therefore conclude that the oscillation
frequency enhancement due to the internal field arising
from many-body effects is necessary for the zero crossing
to be present at these intensities [14].

For these theoretical results, which correspond to our
best estimate of the experimental conditions, the density
flop is clearly identified as Rabi flopping. Generally, for
off-resonant excitation, nonmonotonic density dynamics
can be observed [15]due to adiabatic following. The tran-
sition between Rabi flopping and adiabatic following is
sensitive to both temporal and spectral pulse widths. Un-
der our experimental conditions the pulse spectrum shows
strong overlap with the exciton resonance, despite the de-
tuning, as a consequence of the chirp. Therefore both
adiabatic following and Rabi flopping contribute to the
experimental results. For all parametric excursions in the
calculations that are still consistent with the experimental
conditions, the primary contribution is clearly due to Rabi
flopping.

To verify that the zero crossing also fulfills the third re-
quirement for Rabi flopping, namely that it is independent
of the prepulse intensity, we present the experimental result
across an order of magnitude variation in prepulse inten-
sity in Fig. 2(a) and in Fig. 2(b) the corresponding calcu-
lations. At low intensity the zero crossing is essentially
independent of prepulse intensity, at the highest intensity
it shifts to later times. This shifting to later times can be
explained by the increased dephasing rate due to the higher
prepulse intensity, and an increase appears in the calcula-
tion if the dephasing rate is increased [dashed line in (b),
note that the prepulse always increases the dephasing rate
compared to an unexcited crystal, however, it does not af-
fect the signal until it becomes significant in comparison
to the dephasing due to the density excited by the primary
pulse]. These results are not only consistent with the afore-
mentioned expectation, but they also eliminate the possi-
bility that nonlinear propagation effects are important. In
particular, a bleaching of the exciton resonance due to the
prepulse resulting in increased transmission and modifica-
tion of the group velocity, could produce a zero crossing,
however, the group velocity then depends on the first pulse
intensity and hence so would any zero crossing.

Finally, we note that by minimizing the chirp on the in-
cident pulse we observe indications of a (possibly partial)
second flop. In this case the higher flopping frequency
makes the time resolution of the cross correlation the lim-
iting factor and more detailed analysis necessary.

In conclusion, we have presented the results of an
experimentaI technique that alIows us to observe density
flops in semiconductors. Theoretical calculations identify
the density variations as Rabi flops. The results clarify
the conditions in a semiconductor under which this class
of coherent experiment is possible and provide insight
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FIG. 2. As Fig. 1, except as a function of prepulse intensity.
Dashed line in (b) shows effect of higher dephasing rate.
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into the feasibility of other related phenomena (e.g., self-
induced transparency), which in turn will provide further,
otherwise inaccessible, insight into the influence of many-
body interactions on the coupling between the induced
coherence and excitation.
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