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Resolving the fundamental carrier dynamics induced in solids
by strong electric fields is essential for future applications,
ranging from nanoscale transistors'’ to high-speed electro-
optical switches®. How fast and at what rate can electrons
be injected into the conduction band of a solid? Here, we
investigate the sub-femtosecond response of GaAs induced
by resonant intense near-infrared laser pulses using atto-
second transient absorption spectroscopy. In particular, we
unravel the distinct role of intra- versus interband transitions.
Surprisingly, we found that despite the resonant driving laser,
the optical response during the light-matter interaction is
dominated by intraband motion. Furthermore, we observed
that the coupling between the two mechanisms results in a sig-
nificant enhancement of the carrier injection from the valence
into the conduction band. This is especially unexpected as the
intraband mechanism itself can accelerate carriers only within
the same band. This physical phenomenon could be used to
control ultrafast carrier excitation and boost injection rates in
electronic switches in the petahertz regime.

Shrinking structure sizes in integrated circuits inevitably lead
to increasing field strengths in the involved semiconductor mate-
rials"”. At the same time, ultrafast optical technologies enable the
extension of operation frequencies of electro-optical devices to the
petahertz regime’. Both applications ultimately require a deep fun-
damental understanding of ultrafast electron dynamics in solids in
the presence of strong fields for the development of the next genera-
tion of compact and fast electronic devices. A number of pioneering
experiments demonstrated the potential to measure and control car-
rier dynamics induced by intense near-infrared laser pulses (peak
intensity L., ~ 10" W cm™) in semiconductors*® and dielectrics™"
on a sub- to few-femtosecond timescale using transient absorption
and polarization spectroscopy. So far, resolving such dynamics with
attosecond resolution has been limited to the non-resonant excita-
tion regime, where the bandgap of the investigated material is larger
than the energy of a single pump photon. Here, in contrast, we
unravel the sub-femtosecond response of gallium arsenide (GaAs),
a prototype and technologically relevant direct-bandgap semicon-
ductor, in the resonant regime.

Besides the ‘vertical’ optical transition in the momentum space
that corresponds to the absorption of infrared pump photons (so-
called interband transition, Fig. 1b), the pump field can also accel-
erate electrons within the electronic bands (intraband motion, Fig.
1c). In a simplified picture, one can think of inter- and intraband
transitions as a consequence of the dual nature of the pump light that
behaves either as photons (interband) or as a classical electromag-
netic field (intraband). The role of intra- versus interband transitions
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in the presence of strong electric fields is highly debated''-"". For the
infrared intensities used in this experiment, we can neglect contri-
butions from the magnetic laser fields'.

In a recent publication, we demonstrated that during the inter-
action of a wide-bandgap dielectric such as diamond with a short,
intense, non-resonant infrared pump pulse, intraband motion com-
pletely dominates the transient optical response'’. However, it is still
unclear whether and how this situation changes in the technologi-
cally much more relevant resonant case where a single photon from
the pulse has enough energy to induce an interband transition that
creates real carriers in the conduction band (CB). The question of
whether intraband motion still dominates the interaction and how
the coupling between the two mechanisms influences the carrier
injection is not obvious and has not been experimentally investi-
gated so far.

To study the electronic response of GaAs when driven out of equi-
librium, we combine a 5-6fs infrared pump pulse (centre energy
hwpr~1.59 eV) with a delayed phase-locked single attosecond
pulse (SAP) probe as illustrated in Fig. 1a (further details are given
in the Supplementary Information and in ref. '*). The infrared pump
pulse has a peak intensity in vacuum of ~2.31+0.17x 10?W cm™,
which corresponds to a peak electric field of ~0.42V A~L. The esti-
mated intensity inside the sample reaches up to 60% of the intensity
in vacuum. The two beams are focused into a double target that
consists of a gas jet followed by a 100-nm-thick single-crystalline
GaAs membrane. The neon gas target enables the extraction of the
temporal shape of both pulses as well as a precise delay calibration
via a simultaneously recorded streaking measurement**'. We cali-
brate the time axis of the streaking trace by taking into account the
spatial separation of the two targets™.

The pump-probe principle of attosecond transient absorption
spectroscopy is illustrated in Fig. 1. The infrared pulse can induce
both inter- and intraband transitions. The SAP probes the modified
charge distribution by exciting electrons from the As-3d core levels
to available states around the bandgap region. Figure 1d shows the
measured static absorption spectrum of the GaAs membrane. It is
important to note that the broad extreme-ultraviolet (XUV) spec-
trum of the SAP simultaneously probes the dynamics in the valence
band (VB) and the CB.

Figure 2a displays the absorption modification of GaAs
induced by the resonant pump pulse, AAbs(E, ) (for definition,
see Supplementary Information). A red (blue) region indicates
increased (decreased) absorption. In the following analysis, we
concentrate on two different delay regimes: (1) when the pump
and probe overlap, and (2) when the probe pulse arrives well after
the pump.
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Fig. 1| Pump-probe mechanism in GaAs. a, Schematic diagram of the experimental set-up with the double-target configuration to perform simultaneous
streaking and transient absorption spectroscopy. b,c, lllustration of the pump-induced dynamics in GaAs. The strong resonant infrared pulse excites
carriers either via the absorption of photons from the VB to the CB taking into account nonlinear carrier injection (interband transition, b) or accelerates
electrons within a band (intraband motion, €). The energy axis is defined with respect to the top of the VB. The bandgap of GaAs at room temperature

is ~1.42 eV (ref.?®). The horizontal axis illustrates the crystal momentum k around the I" symmetry point. The SAP probe measures the distribution of
electrons and holes around the bandgap through a transition from the As-3d core levels, lying around 40.73 eV below the VB edge*®, to empty states in
the VB and CB (violet arrows). In b, the spectra for the infrared and XUV pulses are plotted with respect to the top of the VB and the As-3d core level,
respectively. In ¢, the field-induced carrier motion is illustrated for two instants during the interaction with the infrared pump field. d, Transmitted SAP
spectrum measured with and without a 100-nm GaAs membrane in the beam path. The red solid line (shaded area) represents the mean value (standard
deviation) of the absorption extracted from 42 sets of spectra acquired with and without transmission through the sample.
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Fig. 2 | Attosecond transient absorption spectroscopy. a, Measured infrared-induced absorption change AAbs(E, 7). The interaction is divided into two
delay windows: (1) transient response during the pump-probe overlap, and (2) lasting signal after the pump interaction. A positive delay means that the
infrared pump comes first and the XUV probe second. We applied a frequency filter to the measured data to reduce the high-frequency noise (v>1PHz).
The horizontal black dashed lines mark the position of the VB and CB edge of field-free bulk GaAs. Zero delay is defined by the maximum of the squared
vector potential of the pump pulse (see Supplementary Information). b, Separate scan over region (1) with longer signal integration, which shows the
infrared-induced oscillations in the CB with higher signal fidelity. ¢, First-principles simulation of the imaginary part of the dielectric function, S(Ae(E, 1))
, which describes the absorption modification. A positive energy shift of 4.23eV is applied to the numerical results to correct for the underestimation of
the energy gap between the core level and the VB in the first-principles simulation (see Supplementary Information). d, Square of the infrared (IR) vector
potential extracted from a simultaneous streaking trace and compared with the measured AAbs(E, ) at 43.4 and 45eV in b (0.2 eV integration widths).
The dots represent the experimental data, while the solid lines are fits with an oscillatory function to guide the eye. The vertical lines mark the peak
position of the fit closest to zero time delay. The phase offset between the two energy windows is also reflected in the tilted shape of the fast oscillating
features in b. The error bars for the attosecond transient absorption spectroscopy signals include the standard deviation of the mean extracted from 400
signal-reference pairs acquired per delay step and the standard deviation due to the signal variation within the finite-energy integration windows.
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Without temporal overlap after the infrared pump pulse, we see
a long-lasting signal (that is, regime (2) in Fig. 2a), which persists
after the pump interaction over a considerable delay range. During
the interaction, electrons are excited via interband transitions from
the VB to the CB. This mechanism fully takes into account the
nonlinear injection of carriers (see Supplementary Information).
The creation of holes in the VB and electrons in the CB causes an
increased XUV absorption at the upper VB edge (around 40eV) and
ableached absorption at the lower CB range (around 43 eV), respec-
tively. The system returns to its equilibrium ground state through
electron-hole recombination, which happens for bulk GaAs on a
timescale of 2.1 ns (ref.”*). By looking at negative delays, we can see
that the absorption of the system recovers completely between sub-
sequent pulses, which means that there are no accumulative effects
and heating of the sample by the laser is negligible.

During the temporal overlap of the infrared pump and the XUV
probe pulse, we observe a transient signal (that is, regime (1) in
Fig. 2a), which oscillates with 2w, and lasts for the duration of the
pump pulse (Fig. 2b). The oscillations are visible in a broad probe
energy range, most pronounced in the CB between 42.5 and 46eV.
Below 42eV, they are not well resolved due to stronger fluctua-
tions of the SAP spectral amplitude. However, attosecond transient
absorption spectroscopy measurements performed with attosec-
ond pulse trains characterized by a more stable spectrum con-
firmed the appearance of oscillations also in the VB, around 40eV
(see Supplementary Information).

Figure 2d shows the squared vector potential A(t)* of the mea-
sured infrared pump and the measured transient absorbance for
two energy windows. A comparison among them reveals a strong
energy dependence of the oscillation phase, which is reflected in the
tilted shape of the oscillation features in AAbs(E, 7).

To understand the microscopic origin of the measured fea-
tures, we performed a first-principles electron dynamics simula-
tion (see Supplementary Information for details). We simulated the
pump-probe experiment” and calculated the pump-induced
change of the dielectric function including propagation effects,
Ag(E,7), which is directly related to the absorption change
AAbs(E, 7) (ref.'’). The numerical results show oscillations with a
tilted shape and a long-lasting signal, in good agreement with the
experiment (Fig. 2c).
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With a decomposition of the probe Hamiltonian of the first-
principles simulation into Houston states'®*, we can disentangle the
contributions of the two probe transitions (As-3d level to either VB
or CB) in the observed dynamics (see Supplementary Information).
The energy range above 42eV, where the strongest transient sig-
nal appears, is dominated by probe transitions from the core level
to the CB (Fig. 3a). Therefore, in the following, we focus on the
CB response.

In a previous study'’, we demonstrated that a non-resonant
pump can excite virtual electrons on a sub-femtosecond timescale
via intraband motion. Virtual electron excitations live only tran-
siently during the presence of the driving field. For the present
experiment, the resonant part of the pump radiation will also inject
real carriers into the CB via interband transitions. A population of
real carriers persists after the driving pulse has passed and decays
orders of magnitude slower than the timescale considered here.
To study the ultrafast carriers, we have to investigate the respec-
tive signal contributions of infrared-induced intra- and interband
transitions. Therefore, we simplify the description of our system
to a three-band model, which includes the As-3d level, the light-
hole VB and the lowest CB (see Supplementary Information). The
advantage of the three-band model is that intraband motion and
interband transitions between the VB and CB can be numerically
included or excluded. Figure 3b shows the CB response with both
types of transition involved. The good qualitative agreement with
the first-principles decomposition (Fig. 3a) justifies the use of
this model to study the respective optical response induced by the
two mechanisms.

In the intraband limit, no real electrons are excited from the VB
to the CB*. This explains why the dielectric function of GaAs fully
recovers immediately after the pump pulse (Fig. 3¢). In the inter-
band limit, real carriers are injected into the CB by resonant pho-
ton absorption, thus resulting in the blue long-lasting signal around
43 eV (Fig. 3d).

In both cases, absorption oscillations with twice the pump fre-
quency appear (Fig. 3e). They originate from the dynamical Franz-
Keldysh effect'*?” (DFKE, intraband limit) and the dynamical Stark
effect’ (interband limit). In contrast to the interband case, the
intraband limit clearly shows the strong energy dispersion as in the
experiment. In addition, a closer look reveals that the intraband
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Fig. 3 | Simulated energy- and delay-dependent change of the absorbance. a, Houston decomposition of the first-principles result considering only the
As-3d to CB probe transition. b, Conduction band response in the case of a simplified three-band model. ¢,d, The same calculation as in b but for the
intraband (c¢) and interband (d) limit. e, Signal at 43eV (0.2 eV integration width) extracted from a, ¢ and d. f, Comparison of the energy-dependent
delay between the driving field and the absorption response extracted from the experiment, the first-principles (FP) simulation and the three-band model
in the inter- and intraband limit. The experimental delay is the statistical average of nine measurements recorded on four different days. The shaded
areas represent the corresponding weighted error bars (see Supplementary Information for details about the extraction method and error definition).
The intraband limit calculation is in good agreement with the experiment. The first-principles calculation shows a qualitatively similar trend, however
with less good agreement. The residual temporal offset could result from the longitudinal dependence of the infrared intensity in the bulk material (see
Supplementary Information). On the other hand, the interband case clearly fails to reproduce the experiment even qualitatively.
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Fig. 4 | Time evolution of the real electron population n in the CB
extracted from the three-band model. The lower panel displays the square
of the instantaneous infrared electric field. Time zero corresponds here to
the maximum of the field intensity. In the upper panel, the blue and green
curves are the calculated CB populations in the inter- and intraband limit,
respectively. Rabi-flopping is responsible for the partial depopulation of the
CB during the second part of the pump interaction in the interband limit.
Intraband motion does not excite any real carriers into the CB itself. The
red curve shows the population with both transition mechanisms involved,
intra- and interband. Surprisingly, including intraband motion results in

a significantly larger amount of photo-excited carriers compared to the
interband limit.

trace oscillates nearly in phase with the decomposed first-princi-
ples simulation and therefore with the experimental results, while
the inter-band picture clearly fails to reproduce the experimental
phase (Fig. 3e).

To further verify this, we compare the energy dispersion of the
oscillation delay between the measured and simulated signal for the
different models and limits (Fig. 3f). The pure interband case of the
three-band model fails to reproduce the experiment while the delay
of the intraband limit shows excellent agreement with the experi-
mental results. Therefore, by looking at the attosecond timing of the
transient signal, we can conclude that infrared-induced intraband
motion (namely the DFKE) dominates the ultrafast response in the
CB of GaAs during the pump-probe overlap even in a resonant
pumping condition. This is a surprising result, as in the case of a
resonant intense pump it is believed that one should not be able to
observe DFKE around the bandgap'®***".

Finally, we look at the injection of real carriers from the VB into
the CB. We define the CB population, #;, by the projection of the
time-dependent wavefunction of the three-band model on the CB
state (see Supplementary Information). In the case of neglected
intraband motion (only interband transitions), the calculation pre-
dicts a stepwise oscillating increase of n; following the intensity of
the pump pulse (Fig. 4). During the second part of the pump inter-
action, Rabi-flopping partly depopulates the CB. Surprisingly, in the
realistic case involving both excitation mechanisms, the amount of
excited carriers increases by nearly a factor of three compared to
the model with only interband transitions. This result shows that,
although intraband motion does not create real carriers in the CB
by itself*, it assists in the carrier injection initiated by the reso-
nant part of the pump. This indicates that the nonlinear interplay
between intra- and interband transitions opens a new excitation
channel via virtually excited states at high pump intensities. It is
worth emphasizing that the observed enhancement of the injection
rate can also be seen in the multi-photon resonant pump regime
(see Supplementary Information). Further, it does not depend on
the pulse duration. However, using significantly longer pulses or
continuous-wave laser light with the same field strength could lead
to the target being irreversibly damaged.

To conclude, our measurements and simulations reveal the mech-
anisms of the sub-femtosecond electron injection in GaAs driven by
intense and resonant infrared laser pulses. In contrast to expecta-
tions, our results demonstrate that ultrafast transient absorption fea-
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tures, which characterize the early response of the semiconductor to
the resonant pump excitation, are dominated by intraband motion,
rather than by interband transitions. Furthermore, our simulations
show that the virtual carriers created by the intraband motion assist
in the injection of real carriers from the VB into the CB. Hence, the
interplay between both transition types significantly influences the
injection mechanism in the presence of strong electric fields. This
process is expected to be universal and persist in a large range of
excitation parameters. Therefore, our observation reveals important
information about sub-femtosecond electron dynamics in a solid
induced by strong fields, which is required for the scaling of the
next generation of efficient and fast optical switches and electronics
driven in the petahertz regime.

Data availability. The data that support the plots within this paper
and other findings of this study are available from the correspond-
ing author upon reasonable request.
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