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Recently, a dependence of Rabi flopping on the carrier-envelope phase of the exciting laser pulses was pre-
dicted theoretically [Phys. Rev. Lett. 89, 127401 (2002)] for excitation of a thin semiconductor film with intense

few-cycle pulses.
pulses.

Here, we report corresponding experiments on 50—100-nm thin GaAs films excited with 5-fs
We find a dependence on the carrier-envelope phase arising from the interference of sidebands from

the fundamental or the third-harmonic Mollow triplet, respectively, with surface second-harmonic generation.
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Nonlinear optics has recently entered a new era
in which the phase between the rapidly oscillat-
ing carrier wave and the electric field envelope of
a laser pulse, the carrier-envelope phase ¢, plays
an important role. Several different schemes to
measure ¢ itself have been proposed'™® and real-
ized experimentally.*"® In 2002 carrier-wave Rabi
flopping was proposed as an interesting candidate.”
The underlying physics is schematically shown
in Fig. 1. For resonant excitation of a two-level-
system-like transition, the Rabi frequency Qpg(t) =
dh YE(t)cos(wot + ¢) = Qg cos(wot + ¢) modulates
the transition frequency ()} = wo. Here, d is the dipole
matrix element, E(¢) is the electric field envelope,
and wg is the carrier frequency. This modulation
leads to sidebands around the fundamental as well
as the third harmonic. Together with the central
peaks, one obtains a fundamental Mollow triplet and
a third-harmonic Mollow triplet with phases ¢ and
3¢, respectively. When the condition Qr/wg = 1 is
approached, the high-energy sideband of the funda-
mental Mollow triplet interferes with the low-energy
sideband of the third-harmonic Mollow triplet. The
beat note with a difference phase of 2¢ leads to a
dependence on the carrier-envelope phase. Because
of the underlying inversion symmetry, the sign of
the electric field would remain undetermined. If,
on the other hand, a second-order process (which
was neglected in Ref. 7) with phase 2¢ could be
added, the difference phase would be 1¢, and the
sign of the electric field would matter (see ellipse in
Fig. 1). A peculiarity of carrier-wave Rabi flopping
is that, in principle, one gets a dependence on the
carrier-envelope phase even for pulses containing
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many cycles of light. For strong-field excitation of
atoms, a phase dependence in the multicycle regime
has been discussed only recently.®

However, skepticism was expressed as to whether
the above simple and intuitive picture of carrier-wave
Rabi flopping would actually apply to semiconductor
experiments in which the bands (rather than discrete
levels), Coulomb correlations, renormalization effects,
scattering, and dephasing complicate the situation.
This has recently been clarified by a microscopic
theory based on the semiconductor Bloch equations
that accounts for all these aspects. A comparison
of calculated and measured third-harmonic spectra
for single pulses showed good qualitative agreement,
indicating that the above simple picture is indeed
qualitatively correct.

In this Letter we present experiments on thin films
of GaAs (E; = 1.42 eV) revealing the anticipated
dependence on the carrier-envelope phase under
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Fig. 1. Scheme of emission spectra arising from carrier-
wave Rabi flopping. The interference (see ellipse) of the
two Mollow triplets and (or) surface second-harmonic gen-
eration (SHG) leads to a dependence on carrier-envelope
phase ¢.
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conditions closely similar to those described in Ref. 7.
Following the suggestions of the theory,” we employ
thin GaAs layers of thickness [/ (without AlGaAs
barriers) directly grown on a sapphire substrate in a
molecular-beam epitaxy machine. The growth of the
GaAs layer on the 0.43-mm-thick, 51-mm-diameter
epiready sapphire substrate (University Wafer)
mounted in an In-free molyblock was performed
the same as for a GaAs wafer with a growth rate
of 0.25 nm/s. We investigated four samples with
[ = 25 nm (two samples), [ = 50 nm, and / = 100 nm.
Only the latter two turn out to have a damage
threshold sufficiently large to actually perform the
experiments at large Rabi energies. In our experi-
ments 5-fs linearly polarized optical pulses!® from a
mode-locked laser oscillator are tightly focused onto
the GaAs film through the air—GaAs interface (as
opposed to the air—sapphire interface) by means
of a high-numerical-aperture (N.A. 0.5) reflective
microscope objective. This leads to a spot radius of
approximately 1 um. We estimate that an average
laser power of 36.5 mW in front of the sample at
a repetition frequency of f, = 81 MHz corresponds
to a peak intensity of I = 2.8 X 102 W/ecm?. With
dielectric constant € = 10.9 and d = 0.5 e nm for
GaAs we further estimate a peak electric field of
Ey=2.1 % 10° V/m or a Rabi energy of Qr/wo = 0.76
inside the GaAs film. To get to such high Rabi ener-
gies in the experiment without damaging the sample,
we have already chopped the laser intensity at a fre-
quency of approximately 100 Hz and with a duty cycle
of approximately 3%. The light emitted by the sample
into the forward direction is collected by a second
reflective microscope objective (N.A. 0.5), spectrally
prefiltered and sent into a grating spectrometer.

To get an overview and to obtain insight into
the dynamics," we excite the sample with a pair
of pulses from a balanced and stabilized Michelson
interferometer.!> The corresponding time delay of
the two pulses is called 7. For 7 = 0 the two arms
add constructively, leading to the largest Rabi energy.
For increasing |7| the effective Rabi energy gradually
decreases. Hence the largest splitting in the optical
spectra is expected for 7 = 0. The laser intensities
I quoted in what follows refer to the total excitation
intensity in front of the sample at time delay = = 0.
Figure 2 shows the spectra of light emitted into
the forward direction for the [ = 100 nm sample.
Figure 2(a) corresponds to low excitation intensity
I, and Fig. 2(b) corresponds to high excitation. The
contribution centered around the 425-nm wavelength
is due to surface SHG. This interpretation has
been confirmed in independent experiments (not
shown) in which / has been varied. In Fig. 2(a) for
7 = 0 an additional rather sharp peak around the
third harmonic of the GaAs bandgap is observed
(BE; = 4.26 eV). At high excitation [Fig. 2(b)] this
peak at 7 = 0 splits into three, one of which overlaps
with the surface SHG. The solid curves are guides to
the eye and indicate that the splitting decreases with
increasing |r| as expected. These three peaks are
interpreted as the third-harmonic Mollow triplet, an
assignment that was recently confirmed by com-
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paring single-pulse experiments with solutions of the
semiconductor Bloch equations.” Because of bandgap
renormalization the three peaks are redshifted with
respect to the third harmonic and are no longer
symmetrical around the center peak. Note also that
a contribution from the fundamental moves into the
picture from the top. Following our introduction this
is expected to be the high-energy peak of the funda-
mental Mollow triplet. The data of the / = 50 nm
sample (not shown) are compatible with those of the
{ = 100 nm sample.

We now come to the main result of this work. Fig-
ure 3 shows measured rf power spectra of the signals
corresponding to Fig. 2(b). To enhance the signal
levels, we removed the interferometer, leading to a
larger average laser power of approximately 43 mW
in front of the sample. In this set of experiments no
chopping with a low duty cycle is used (it would be
incompatible with using the rf spectrum analyzer).
Compensating this increased power by slightly moving
the GaAs film out of focus results in similar light
intensities in the GaAs sample, and hence in similar
Rabi energies, but leads to larger absolute signal
levels due to the increased area of emitting GaAs.
This trick boosts the signal levels in the rf power
spectrum upward, which is essential considering
the peak heights in Fig. 3. In these experiments
we employed a second optical grating spectrometer
(Jobin—-Yvon HR460 with a 300-line/mm grating
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Fig. 2. Emission spectra of an ! = 100 nm thin GaAs
film for excitation with a pair of 5-fs pulses with time
delay 7. Excitation intensity (a) I = 0.24 X 102 W/cm?,
(b) I = 2.8 X 102 W/cm?. The contribution centered on
the 425-nm wavelength is due to surface SHG. The single
peak in (a) centered around the 300-nm wavelength (the
third harmonic of the GaAs bandgap) evolves into three
peaks in (b), which are attributed to the carrier-wave
Mollow triplet. The corresponding three black curves are
a guide to the eye. The white curve at the top (another
guide to the eye) indicates the position of the high-energy
peak of the fundamental Mollow triplet. For (b) we
estimate that the peak Rabi energy inside the GaAs film
is given by Qg /wo = 0.76.
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Fig. 3. Experiment: rfpower spectra (logarithmic scale),
10-kHz resolution and video bandwidth, for various optical
detection wavelengths A and two GaAs film thicknesses [
as indicated. The peaks at the carrier-envelope frequency
fs and at (f, — f,) are highlighted by gray areas.

blazed at a 250-nm wavelength). Opening both slits
of this spectrometer to a width of 2 mm corresponds
to detection of a 20-nm broad spectral interval with
center wavelength A. The exit slit of the spectrometer
is connected to a photomultiplier tube (Hamamatsu
R4332, bialkali photocathode). Its output voltage is
fed into a rf spectrum analyzer (Agilent PSA E4440A)
operated at a 10-kHz resolution and video bandwidth.
In Fig. 3 selected examples are shown. The peak
at 81 MHz arises from repetition frequency f, of the
laser oscillator. At the wavelengths of A = 465 nm
and A = 340 nm in Fig. 3 we find the largest peaks
at the carrier-envelope frequency f, and at the dif-
ference frequency (f. — f,;). This corresponds to
optimum interference of the high-energy fundamental
Mollow sideband with the surface SHG and optimum
interference of the surface SHG with the low-energy
third-harmonic Mollow sideband, respectively. Note
that for these wavelengths the f4 and (f, — f) peaks
in the rf power spectrum are less than 8 dB smaller
than the f, peak, indicating that the relative modula-
tion depth of the beat signal versus time is as large as
40%. On the other hand, for wavelengths of A = 480,
400 nm, and 300 nm, respectively, no significant peak
at f4 occurs, even though the absolute signal levels
are larger (see larger f, peak). This overall situation
is consistent with the optical spectra shown in Fig. 2.
The value of f, changes between the rf power spectra.
This is mainly because we intentionally moved the in-
tracavity prism near the high reflector to demonstrate
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the influence of intracavity dispersion on the results.
Similar results are observed for the [ = 50 nm thin
sample (see lowest data set in Fig. 3).

In conclusion we have, for the first time to our
knowledge, observed a dependence on the carrier-
envelope phase resulting from the carrier-wave Mol-
low triplet in experiments on 50—100-nm thin GaAs
films excited with 5-fs pulses. Assuming that the
carrier-envelope frequency has already been stabilized
to zero by some other means, this effect could be used
to measure the carrier-envelope phase itself (at the
sample location) despite the fact that the signals are
rather small. This would require an appropriate
calibration and takes advantage of the fact that
the theory’ predicts only a minor variation of the
carrier-envelope phase within such thin GaAs films.
Carrier-wave Rabi flopping is unique in the sense
that, in principle, one would expect an appreciable
dependence on the carrier-envelope phase even for
pulses containing many cycles of light.
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