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We present a comprehensive experimental and theoretical study of the power dependence of coherently
controlled currents in bulk GaAs. Currents are optically induced by phase-stable femtosecond ω/2ω pulse pairs.
For moderate irradiances, these currents are linked to the third-order optical nonlinearity χ (3)(0; ω,ω,−2ω).
Here we focus on elevated irradiances where absorption saturation and ultimately the onset of Rabi oscillations
contribute to the optical response. Current diagnostics is achieved electrically by recording the photoresponse of
contacted specimens of low temperature grown GaAs as a function of the relative phase of the ω and 2ω pulses.
For stronger ω irradiance we find the magnitude of the coherently controlled current to be markedly reduced
when compared to the χ (3) expectation dJ/dt ∝ E2

ωE2ω. Additional pump-probe type experiments corroborate
that this current saturation is indeed predominantly linked to macroscopic band filling. Theoretical simulations
for the coherently controlled current based on a 14 band k · p model agree well with the experimental trends.
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I. INTRODUCTION

Current flow through semiconductor devices is usually
achieved by applying potential differences to contacts. Over
the last 15 years, however, all-optical concepts to induce
charge transport have sparked the interest of researchers.
Such techniques are particularly appealing because currents
can be located wherever one can focus an optical beam. In
addition, the use of femtosecond pulses provides a THz band-
width for current control—something contact-based methods
cannot do. Depending on the symmetry of the material,
different nonlinear optical configurations can be utilized to
induce electrical currents as well as pure spin currents. In
noncentrosymmetric media such as GaAs, currents can be
injected via a second-order nonlinearity. Referred to as circular
photogalvanic effect1,2 or shift current,3 it is related to a minute
shift of the charge distribution within the unit cell during
the optical excitation. Larger current flows can be induced
by phase-stable superpositions of a fundamental beam (ω)
and its second harmonic (2ω).4,5 In cubic semiconductors,
this process is related to a third-order optical nonlinearity
(χ (3)) and arises from a quantum interference of one- and
two-photon absorption pathways across the direct gap EG of
a semiconductor which satisfies h̄ω < EG < 2h̄ω. In essence
this current injection directly prepares an asymmetric carrier
distribution in k space and gives, thereby, rise to a macroscopic
current subject to subsequent momentum relaxation. The
process has been established in the prototypical material GaAs
and subsequently applied to two-dimensional systems, indirect
semiconductors as well as nanostructures.6,7

In practically all these experiments a current scaling
dJ/dt ∝ E2

ωE2ω sin(2φω − φ2ω) was found, where E and φ

denotes the electric field amplitude and the phases of the
pulses, respectively. Such a scaling is characteristic of a
χ (3)(0,ω,ω,−2ω) description of current injection. In some
studies, slight deviations were identified for elevated 2ω

illumination and related to an internal discharge of the photoin-
duced electron-hole dipole.8,9 However, for the conceptually
similar injection of pure spin currents where dielectric relax-
ation does not occur, even a detailed experimental analysis
did not reveal departures from the established χ (3) picture.10

Theoretical results, instead, suggest that strong irradiance
with either ω or 2ω pulses should reveal marked departures
from the perturbative χ (3) scaling.11–13 Those deviations are
related to macroscopic state filling during the interaction with
femtosecond light pulses. Ultimately, the simulations even
predict weak signatures of Rabi flops occurring at the interband
transition. While the field strengths required to achieve such
strong excitation conditions are within easy reach of modern
femtosecond optical sources, this limit remains experimentally
unexplored to date.

The purpose of the present article is a careful experimental
and theoretical analysis of room-temperature current injection
in GaAs in order to explore departures of current injection
from the perturbative χ (3) limit. It is organized as follows:
Section II lays out the theoretical work based on a 14-band
k · p model for GaAs and the interaction with optical pulses as
used in the experiment. The simulation results for elevated
irradiances predict current injection to deviate markedly
from the perturbative χ (3) picture. The experimental setup is
described in Sec. III. Currents are induced with tightly focused
ω/2ω pulse pairs derived from a femtosecond Er:fiber source
and characterized by electrical contacts attached to mesoscopic
GaAs specimens. Section IV A shows the experimental results
for the coherently controlled photocurrents as a function of
ω and 2ω irradiances and compares them to the simulation.
For elevated excitation levels we clearly identify pronounced
reductions of the current magnitude when compared to the
χ (3) expectation. In the remainder of Sec. IV, we present
additional experimental checks to confirm that the current
saturation observed in the experiment is indeed related to
absorption saturation as well as band filling and only in part to

165204-11098-0121/2013/88(16)/165204(7) ©2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.88.165204


E. STERNEMANN et al. PHYSICAL REVIEW B 88, 165204 (2013)

an internal discharge of the photoinjected electron-hole dipole.
Those results are particularly helpful in putting our results into
perspective to previous reports on apparent departures from the
perturbative χ (3) picture8,9 which are indeed well described
by dielectric discharge of the photoinduced electric dipole
rather than revealing novel aspects of the coherent control
process.

II. THEORETICAL MODEL AND SIMULATION RESULTS

We follow the theoretical approach described in Ref. 13. In
short, we analyze the dynamical optoelectronic response using
the multiband semiconductor Bloch equations (SBE)13
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describes either the relaxation of population or the dephasing
of coherence. Here, we treat this term in a phenomeno-
logical approach. We assume that the relaxation towards
the quasiequilibrium Fermi-Dirac distributions nλ

FD(k,T ) is
given by ∂

∂t
nλ

k|coll = −[nλ
k − nλ

FD(k,T )]/τ1 and the dephasing
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k /τ2. In the calculation we

use a typical value of 150 fs for both relaxation time τ1

and dephasing time τ2. In order to obtain the realistic band
energy ελ

k and momentum matrix elements �λλ′
k in Eq. (1),

we employ a 14-band k · p theory14 with room-temperature
parameters for GaAs. The vector potential A in Eq. (1) is
given by A(t) = − ∫ t

−∞ E(t)dt , where E(t) is the electric field
of laser pulses. For the optical excitation of two collinearly
polarized ω and 2ω pulses, the field takes the form

E(t) = Eωe−(t2/2τ 2
L) cos(ωt + φω)

+E2ωe−(t2/2τ 2
L) cos(2ωt + φ2ω). (2)

Since we consider the optical excitation with energies far above
the excitonic levels, the contribution of excitonic effects would
be small and has been neglected in our calculations.

The population obtained from the SBE is used to evaluate
the time-dependent current density

J(t) = e

m0

∑
λ,k

�λλ
k nλ

k. (3)

We calculate the current density in GaAs bulk which is excited
by Gaussian ω/2ω pulses with τL = 100 fs and 2h̄ω = 1.6 eV.
The phase relation φ2ω − 2φω = π/2 is chosen in order to
maximize the current. The dependence of the calculated
current density on the amplitude of the electric field Eω for
fixed E2ω amplitudes is shown in Fig. 1.

III. EXPERIMENTAL SETUP AND SAMPLES

The scheme of the experimental setup is displayed in
Fig. 2. The optical source for the current injection experiments
is a commercial femtosecond Er:fiber laser (Toptica FFS).

FIG. 1. Simulated dependence on the Eω amplitude for fixed E2ω

amplitudes of current density at 100 fs after the pulse maximum.
Here, incident pulses have a duration of τL = 100 fs, the 2ω pulse
has photon energy of 1.6 eV, and the temperature is T = 300 K. The
parabolic fits correspond to the perturbative χ (3) model.

It delivers a 75 MHz pulse train of 250 mW average power
and 90 fs pulse duration at a central wavelength of 1.55 μm.
Such telecom radiation is well suited to induce two-photon
absorption in GaAs since 2h̄ω = 1.6 eV > EG = 1.42 eV
(values refer to room temperature where the experiment
is conducted). The light is passed through a 2 mm BiBO
nonlinear optical crystal to generate several mW of second
harmonic radiation at 775 nm. A phase-stable superposition of
copolarized fundamental (ω) and second-harmonic radiation
(2ω) is synthesized in a two-color Michelson interferometer
utilizing a dichroic beamsplitter. A high-precision motorized
stage and polarization optics ensure full control over the
relative phase and the polarization state of the ω/2ω pulse pair.
The light is focused onto the sample using an aspheric lens with
a numerical aperture of NA = 0.26. Spot sizes are ≈(10 μm)2

for ω radiation and 20 μm × 35 μm for 2ω light (note that

FIG. 2. (Color online) Schematic of the experimental setup: An
Er:fiber laser generates 1.55 μm femtosecond pulses that are partially
frequency doubled in a BiBO crystal. The individual intensity, the
relative delay τ , and the polarization of the fundamental and the
second harmonic can be controlled in a two-color interferometer. Both
beams are focused on a contacted LT-GaAs sample; the photoinduced
potential difference between the contacts is measured with a lock-in
amplifier.
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slightly different spot sizes are linked to the second-harmonic
generation and the chromatic aberration of the focusing
optics). The photocurrent is extracted with a lock-in amplifier
referenced to the exciting light that is mechanically chopped at
570 Hz. For the experiments presented in Sec. IV C, we add a
third interferometer arm into the setup. It allows for additional
pumping of the semiconductor specimen with ω excitation
with a variable timing with respect to the ω/2ω pulse pair
injecting the current.

The sample is based on a nominally undoped, annealed
2 μm thick low temperature grown (LT-)GaAs epilayer on an
intrinsic GaAs substrate. This material has proven well suited
for efficient injection and electrical detection of coherently
controlled photocurrents.5,15 The most favorable aspect of
this material is the possibility to characterize coherently
controlled currents by metallic electrodes in the vicinity of the
excitation. In essence, the short lifetime of unbound electrons
in LT-GaAs inhibits dielectric charge relaxation and leads to
a long-lived in plane electrical dipole which manifests as a
voltage drop between adjacent metal pads.5,15 We note that
we have measured the lifetime of the unbound electron-hole
pairs by time-resolving the free-carrier absorption subsequent
to photoexcitation. For the sample of this study, we find a
lifetime of 1–2 ps, consistent with previous reports.16,17

On the LT-GaAs specimen, gold electrodes with a gap
of 50 μm are formed by optical lithography. Coherently
controlled currents can be generated and electrically measured
in the LT-GaAs substrate throughout the entire gap between
the gold electrodes. Due to differing detection efficiencies, the
magnitude of the phase-dependent signal in the external circuit
varies with the distance between the excitation position and
the electrodes as found before.15 A phase-independent pho-
tocurrent offset reflects photoresponses from the illumination
outside the center of the device. As expected from the response
of Schottky contacts, it is most pronounced for excitations
close to the electrodes. We therefore illuminate the center of
the device to reduce potential influences of the metal contacts.

Figure 3(b) shows an exemplary scan of photocurrent as
a function of the relative timing within the ω/2ω pulse pair.
In contrast to theoretical models typically predicting dJ/dt ,
our measurement detects a current magnitude temporally
integrated over the optical pulse and averaged over many
excitation cycles. The data shows pronounced interferometric
oscillations ∝ sin(2φω − φ2ω), i.e., a carrier wave with the
wavelength of the second harmonic. This phase dependence is
consistent with the established picture of current injection.4–6

The amplitude of the oscillatory signal reveals the magnitude
of the coherently controlled photocurrent. However, the actual
in plane-current is probably larger since no effort is made to
optimize the charge extraction to the contacts. We also note
that even current magnitudes as small as ∼500 pA evidence
substantial μA in-plane peak currents, since current bursts
of sub-picosecond duration are injected every 13 ns and we
measure time-averaged quantities. For most of the discussion
below, we analyze the peak amplitude of the interferometric
signal as a function of the ω/2ω irradiance (note that these
signal strengths will be referred to as coherently controlled
currents in the remainder of the manuscript even though
the actual values will differ because of the imperfect charge
extraction to the contacts and the intrinsic pulsed character

FIG. 3. (a) Current interferogram as recorded by detecting the
photoresponse upon ω/2ω irradiance as a function of the relative
timing τ . A τ -independent offset is subtracted from the data. The
shape corresponds to a convolution of both pulse envelopes modulated
with a sine wave at a wavelength of the 2ω light. (b) The closeup
around τ = 0 reveals the carrier wave.

of coherently controlled currents). However, for some aspects
presented in Sec. IV it proves advantageous to also consider
the entire τ dependence of the photocurrent.

IV. EXPERIMENTAL RESULTS

This section contains the central experimental results of the
paper. We start with an analysis of the magnitude of the coher-
ently controlled current as a function of the ω/2ω irradiance
(cf. Sec. IV A). Since those data do potentially not only reflect
the photoinduced current strengths but are also influenced by
the relaxation dynamics of the photoinduced electron-hole
dipole, we offer additional time-resolved experiments to pro-
duce a consistent overall picture of photocurrent generation,
absorption saturation, and carrier relaxation dynamics. In
particular, in Sec. IV B we directly confirm the absorption
saturation during the ultrafast light-matter interaction. Then we
elucidate the dynamics and the diagnostics of the photoinduced
electric dipole in Sec. IV C. Finally, signatures of saturation
effects on the temporal shape of the current interferograms
will be presented in Sec. IV D.

A. Irradiance dependence of the coherently controlled currents

Figure 4 displays the magnitude of the injected current for
numerous combinations of the field strengths Eω and E2ω. The
electric fields represent the peak field amplitudes of the pulses
within the GaAs sample deduced from the incident optical
intensity corrected for reflection losses. For comparison, the
upper abscissa of Fig. 4 also contains information about the
corresponding irradiance levels. The values for the current
strengths are determined from the amplitude of the oscillatory
signal during optimal ω/2ω overlap (cf. the exemplary traces
in Fig. 3). For all the E2ω irradiances used for Fig. 4 we
observe a quadratic rise of the coherently controlled current
as a function of a moderate field Eω. This is consistent
with the perturbative picture of coherent control whereby
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FIG. 4. Amplitude of the phase-dependent photoresponse for
various combinations of illumination strengths Iω and I2ω. The data
represent amplitudes of the sinusoidal signals at τ ≈ 0 as seen
in Fig. 3(b). The dashed lines are quadratic dependencies which
correspond to the perturbative χ (3) model.

dJ/dt ∝ E2
ωE2ω is expected. More interestingly, marked

departures from this prediction are seen for field strength Eω �
0.5 MV/cm. Those saturation effects occur at very similar
ω/2ω excitation strengths as predicted from the simulation
results shown in Fig. 1. In particular, the Eω dependence seen in
Fig. 4(a) matches the theoretical results for E2ω = 180 kV/cm
in Fig. 1 very well. For moderate E2ω illumination [cf.
Fig. 4(c)] the saturation effects in the experiment are more
pronounced when compared to the theoretical expectation.
Ultimately, even a pronounced decrease of the current as a
function of the ω field strength is visible in Fig. 4(c). As
further corroborated by experiments shown in Sec. IV C, the
current reduction in Fig. 4(c) is mainly driven by internal
discharge effects due to the elevated carrier density generated
by ω irradiance.

We also note that we have additionally analyzed current
injection with perpendicularly polarized ω and 2ω pulses.
In such a configuration, current injection takes advantage of
the element ηxyyx of the current injection tensor. This tensor
describes the relation of the current injection rate to the driving
electrical fields and is directly linked to the imaginary part of
χ (3)(0,ω,ω,−2ω).4 ηxyyx is much smaller when compared to
the element ηxxxx and gives rise to a current in the direction
of the 2ω polarization. In the experiment, the observed phase-
dependent photoresponses are indeed markedly reduced to the
values seen in Fig. 4. However, the current saturation looks
very similar to the above results for parallel ω/2ω polarizations
(data not shown). In addition, we observe increased current
magnitudes but similar saturation effects in a sample with a
gap of 25 μm between the gold electrodes. Taken together, the

saturation effects are therefore actually linked to the optical
irradiance levels as opposed to potential saturation effects in
the charge extraction.

It is also interesting to compare the results from Fig. 4
with the general expectations for higher order optical nonlin-
earities in GaAs. Current injection is usually attributed to the
imaginary part of χ3(0,ω,ω,−2ω). In a Taylor expansion of
the nonlinear optical polarization, any saturation effect seen
for elevated ω irradiance can be interpreted as arising from a
fifth-order term χ5(0,ω,ω,ω,−ω,−2ω). For the field strengths
Eω = 2.0 MV/cm and E2ω = 240 kV/cm [cf. Fig. 4(a)], this
correction term leads to an injected current 50% smaller than
predicted by the χ (3) scaling. This consideration gives rise to an
estimate of Imχ5(0,ω,ω,ω,−ω,−2ω)/Imχ3(0,ω,ω,−2ω) ≈
1 × 10−13 cm2/V2, consistent with an estimate based on
scaling laws for multiphoton absorptions.18,19

We now want to comment about the direct comparability
of the simulation results in Sec. II to the present experimental
findings. First of all, a comparison of the absolute current
magnitudes is beyond the scope of the study because the
experimental values, e.g., depend on the location of the exci-
tation spot on the metal-semiconductor-metal microstructure
as well as the unknown efficiency of charge extraction into
the contacts. The simulation takes into account a realistic
description of the band structure of GaAs and an appropriate
interaction of one- and two-photon absorption processes.
However, the experiment is likely influenced by two additional
factors: (i) We work with Gaussian pulse envelopes in time and
space whereas the simulation only considers plane waves with
the temporal profile of the experiment. (ii) The experiments
utilizes LT-GaAs samples because its large defect density
inhibits dielectric charge relaxation and leads to a long-lived
in plane electrical dipole which we in turn measure as a
voltage drop between adjacent metal pads. The simulation,
however, does only treat the current injection itself in pure
GaAs and does not account for the charge accumulation and
dipole relaxation.

The defect states in LT-GaAs provide an additional ab-
sorption path for ω excitation. From conventional infrared
spectroscopy we learn that the respective absorption coef-
ficient in our LT-GaAs specimen is αω ≈ 750 cm−1 which
probably corresponds to a defect density in the order of
1018 cm−3.20,21 From z-scan measurements we know that
the two-photon-absorption coefficient for GaAs is β =
3.5 cm/GW—comparable to previous studies.22 For an excita-
tion intensity of Iω = 15 GW/cm2 those quantities give rise to
a carrier density of 5 × 1017 cm−3 for two-photon absorption
and up to 8 × 1018 cm−3 for the absorption of deep defect
states. The latter quantity, however, can only be seen as an
upper bound because it is comparable to the overall density
of defects. We also note that the excitation of defect states
involves final states in the conduction band different from
those of the interband photon absorption.21,23

The generated carriers lead to a substantial blocking of
the final states. Furthermore, the elevated carrier density
might play an important role in discharge effects of the
coherently controlled electron-hole dipole. Such discharge
effects are not contained in the simulation in Sec. II. Taken
together, the qualitative agreement between the theoretical
results in Fig. 1 and the experimental results in Fig. 4
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are an important hint for departures from the perturbative
picture of current injection. However, in the following we will
present several additional experiments to confirm that many
aspects of the observed current saturation are indeed linked
to macroscopic states filling during the ultrafast light-matter
interaction.

B. Absorption saturation in GaAs

As a first step, we perform optical pump-probe experiments
to confirm that the ω irradiance of our experiment indeed
leads to substantial state filling via two-photon absorption. To
rule out any influence of the deep defects of LT-GaAs, this
part of the study is done with an intrinsic GaAs thin film of
400 nm thickness. For an intensity of Iω = 7.5 GW/cm2 and
a 775 nm (2ω) probe, we detect a transient increase of the
probe transmission as large as 1.6% that relaxes with time
constants of 100 fs and 2 ps, related to electron thermalization
via carrier-carrier scattering and electron-phonon interaction.
A comparison of the signal strength with previous pump-
probe experiments in clean GaAs24 points towards two-photon
induced carrier densities of 2 × 1017 cm−3. As a result,
the two-photon absorption responsible for current injection
leads to substantial final state blocking. Also the 2ω field
strengths of our study gives rise to such strong excitation
regimes. As an example, if one assumes a 90 fs pulse of
a field strength of I2ω = 280 MW/cm2 and an absorption
coefficient of α = 15 000 cm−1 typical for 775 nm light,
the photoinduced carrier density would be 1.5 × 1018 cm−3.
We note that these excitation conditions are similar to the
one found sufficient to drive interband Rabi oscillations in
the similar semiconductor InP.25 Taken together, our coherent
control study therefore certainly explores strong excitation
conditions that are appropriate to reveal departures from the
perturbative regime.

C. Photoinduced discharge of the coherently controlled
electron-hole dipole

The illumination of a semiconductor specimen with phase-
related ω/2ω pulse pairs leads to the generation of an
instantaneous current which decays on sub-picosecond time
scales governed by the momentum relaxation of charge
carriers. After the interaction with the light field, therefore,
an electron-hole dipole is present in the medium. From optical
measurements in GaAs bulk and quantum well samples, the
average electron-hole displacement is determined to be 20 nm
to 100 nm depending on the temperature and the irradiance
conditions.26,27 For intrinsic clean GaAs samples, the decay
time of the photoinduced electron-hole dipole is found to be in
the order of 1 ps.27 This ultrashort time scale originates from
the dielectric relaxation due to the internal electric field and
can be explained by a rigid shift model of slightly displaced
electron and hole sheet distributions.27 For the LT-GaAs
material of the present study, instead, unbound electrons and
holes are captured into deep defect levels within similar time
scales. As a result, a long-lived in plane electrical dipole
remains in the medium which manifests as a voltage drop
between adjacent metal pads.5,15 However, if one attempts to
compare largely different irradiances for coherent control as

FIG. 5. (Color online) Maximum amplitude of the coherently
controlled current plotted vs the delay of an additional ω pump
pulse for I pump

ω = 10 GW/cm2, Iω = 1 GW/cm2 and three different
I2ω. The signal amplitudes are normalized to the respective values
observed without the pump pulse. At negative delay times the
additional pump pulse impinges before the arrival of the ω/2ω pulse
pair that induces the current.

we have done in Sec. IV A, also the dipole relaxation probably
changes in addition to modified photoinduced electron-hole
dipole.

This question motivates the following set of experiments
where we analyze the coherently controlled photoresponse
of the metal-GaAs-metal structure under the influence of an
additional pump pulse generating unbound charge carriers.
The results are summarized in Fig. 5. It displays the maximum
amplitude of the coherently controlled current observed for a
relative ω/2ω timing τ ≈ 0 for irradiances of Iω = 1 GW/cm2

and three different I2ω given in the graph. In addition,
another portion of the ω light with a peak power of I

pump
ω =

10 GW/cm2 is incident on the sample before (negative time
axis) or after (positive time axis) those two pulses generating
the current. The pump pulse generates a carrier density of
5 × 1018 cm−3 via two-photon absorption and excitation of
defect states. All the values for the amplitude of the coherently
controlled current are normalized to the respective value
detected without the influence of the additional pump light.

We start the discussion by considering the lower (black)
curve in Fig. 5 where the pump induces a substantially larger
carrier density when compared to the combined absorption
associated with the ω/2ω pulse pair. Most strikingly, the
additional carriers injected by the pump reduce the signature
of the coherently controlled current by a factor of ∼6 almost
irrespective of the timing of the pump. Apparently, the
additional carriers lead to an efficient discharge mechanism for
the coherently controlled dipole. The lifetime of the electron-
hole dipole is determined by the RC time constant of the device.
Due to the large resistivity of LT-GaAs, it is probably larger
than the pulse separation of 13 ns. Consequently, the dipole
can be regarded as steady so that a certain pump pulse can
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imply a discharge of the dipole irrespective of its timing. Such
discharge effects explain the reduction of the amplitude of the
coherently controlled photoresponse in Fig. 4(c) and are also
consistent with previous studies reporting on signal reductions
in similar devices.8,9

We now turn towards the upper (blue) curve in Fig. 5
where the additional pump pulse generates an electron-hole
density smaller than generated by the ω/2ω pulse pair. In
this case, a marked influence of the pump-induced carriers on
the observed coherently controlled photoresponse is only seen
for slightly negative delay times. For such a pulse sequence,
the pump pulse massively populates valence and conduction
band states which, in turn, reduces the absorption and related
current injection induced by the ω/2ω pulse pair. The lifetime
of this signal reduction is ∼2 ps which can be interpreted as
a capture time of charge carriers into deep defect levels of
LT-GaAs. In contrast, a pump generating unbound carriers
right after the injection of a coherently controlled current
(cf. slightly positive delays in Fig. 5) does not reduce the
phase-dependent photoresponse (note that the data very close
to zero pulse delay widely scatter due to interference of the two
simultaneous pulses with central frequency ω). As a result, the
signatures of coherently controlled currents for elevated 2ω

peak powers [cf. Fig. 4(a) and the upper (blue) curve in Fig. 5]
are not strongly influenced by discharge effects. The results of
Fig. 5, therefore, are indicative of substantial band filling by
the irradiance conditions of the study.

D. Temporal shape of the current interferograms

Due to the finite pulse lengths the strong dependence on the
temporal ordering of the ω and 2ω pulses should also manifest
as asymmetries in the current interferograms such as the one
shown in Fig. 3(a). These asymmetries should give insight into
the short-time behavior of the saturation that is concealed by
interference artifacts in the previous measurements. Therefore
we have recorded current interferograms for various combina-
tions of ω and 2ω irradiances in the two-arm setup. Figure 6(a)
shows the temporal envelopes of such interferograms for a
fixed I2ω = 340 MW/cm2 and three different ω peak powers.
Note that the time-independent saturation cancels out as all
envelopes have been normalized to their respective maximum.
Furthermore, the reproducibility of the delay stage in the
interferometer is 50 nm and, therefore, reliably allows us
to trace minute changes of the temporal profiles of the
interferograms. The most pronounced modifications occur
for τ < 0 where the ω pulse precedes the 2ω. In such a
configuration, two-photon absorption and excitation of defect
states by the fundamental radiation already induce substantial
band filling.

For a more quantitative analysis, we have extracted the
temporal width (FWHM) of the interferograms’ envelopes that
is independent of the normalization. The result is depicted
in Fig. 6(b). With increasing peak intensity Iω, we find the
temporal width to decrease by about 10% for all three 2ω

illumination levels shown. The reduction of the temporal width
arises mainly from a signal reduction at the slope at τ < 0. In
such a configuration, elevated ω irradiances block final states
for the interband absorption such that the current is reduced
with respect to the χ (3) expectation.

FIG. 6. (a) Maximum amplitude of the coherently controlled
current as a function of the relative timing τ of the harmonically
related spectral components. The curves represent the normalized
difference of the upper and lower envelopes of current interferogram
such as displayed in Fig. 3(a). The different lines correspond to
different ω peak intensities. Negative delays τ < 0 indicate an arrival
of the ω pulse before the 2ω pulse. The arrow at τ = −60 fs illustrates
the signal reduction. (b) Temporal width (FWHM) of the envelopes
plotted for various combinations of ω and 2ω peak irradiances.

Taken together, the additional τ -dependent data confirm
that the saturation affects seen for elevated ω/2ω power
levels indeed reveal new insight into deviations of the
current injection process beyond the perturbative limit. The
results directly evidence that the scaling behavior dJ/dt ∝
E2

ωE2ω sin(2φω − φ2ω) only holds true in the weak-irradiance
limit while deviations for stronger excitation are necessary to
fully explain the interferograms’ envelopes seen in Fig. 6(a).

V. CONCLUSION

In conclusion, we have identified marked departures from
the perturbative χ (3) expectation of ω/2ω current injection in
bulk GaAs in both theory and experiment. They are directly
linked to macroscopic state filling during the ultrafast light-
matter interaction and lead to a significant current reduction
at elevated irradiances. The results are of particular impor-
tance for a quantitative understanding of current injection in
nanoscale devices where tightly focused femtosecond pulses
easily reach the irradiances of the present study.
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