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Abstract: The injection of directional currents in solids
with strong optical fields has attracted tremendous atten-
tion as a route to realize ultrafast electronics based on
the quantum-mechanical nature of electrons at femto- to
attosecond timescales. Such currents are usually the result
of an asymmetric population distribution imprinted by
the temporal symmetry of the driving field. Here we com-
pare two experimental schemes that allow control over
the amplitude and direction of light-field-driven currents
excited in graphene. Both schemes rely on shaping the
incident laser field with one parameter only: either the
carrier-envelope phase (CEP) of a single laser pulse or
the relative phase between pulses oscillating at angular
frequencies @ and 2w, both for comparable laser parame-
ters. We observe that the efficiency in generating a current
via two-color-control exceeds that of CEP control by more
than two orders of magnitude (7 nA vs. 18 pA), as the
o + 2w field exhibits significantly more asymmetry in its
temporal shape. We support this finding with numerical
simulations that clearly show that two-color current con-
trol in graphene is superior, even down to single-cycle
pulse durations. We expect our results to be relevant to
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experimentally access fundamental properties of any solid
at ultrafast timescales, as well as for the emerging field of
petahertz electronics.
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Dedicated to Professor Mark Stockman, with whom we intensely
and with utmost pleasure and joy discussed strong-field physics in
solids for many years — the last time when he spent a week with us
in Erlangen in December 2019.

Controlling currents in solids using light fields is pivotal for

ultrafast optoelectronics [1-8]. Furthermore, this ultrafast
optical control might give direct access to novel solid-state
properties, such as quantum-mechanical phases [5, 9-12],
topological properties [13-20], ultrafast magnetism [21],
and spin control [22], which are impossible to control with
today’s conventional electronics. Starting almost 30 years
ago, early experiments used two optical fields oscillating at
angular frequencies w and 2w to inject and control currents
in semiconductors. By changing the relative delay and
thus, the relative phase between these two laser fields, the
direction and amplitude of the injected photocurrent can
be controlled [23-32]. More recently, such a phase-control
of photocurrent is also achieved with a single ultrashort
laser pulse with a controlled carrier-envelope phase (CEP).
In this case, the CEP of the laser pulse takes the role of the
relative phase and, thus, controls the injected photocurrent
[5, 8, 11, 33-41].

Most of the early experiments have been performed
in the resonant regime, where electrons are excited from
the valence to the conduction band via the absorption of
one or multiple photons. Here, the transient light-induced
momentum transfer to electrons is usually neglected [42].
In contrast, when long optical wavelengths or strong elec-
tric fields are applied, the light field can significantly
change the transient momentum of the electrons and
can no longer be neglected [5, 42-45]. This momen-
tum change drives coupled inter- and intra-band electron
dynamics, which may span multiple bands and motion
throughout the Brillouin zone [3, 46, 47]. The underlying
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electron dynamics give rise to novel phenomena, which
have been pioneered by Mark Stockman and his group
[9, 48-53]. Stockman’s ground-breaking theoretical pre-
dictions were particularly focused, but not limited to the
two-dimensional (2D) material graphene, as it serves as
an ideal model system to study light—matter interaction.
Recently, it has been confirmed that a simple tight-binding
model Hamiltonian is sufficient to capture the essential
light-field driven electron dynamics in graphene [54].

We have demonstrated the current generation in
graphene using a single laser pulse with a controlled
CEP [5, 55-57]. In these experiments, we applied the
formalism worked out by Mark Stockman and his group
[50] and demonstrated how combined inter- and intra-
band electron dynamics may result in a measurable
net current after the exciting laser pulse is gone. The
measured current amplitude for the maximal applied
field strength of 3.0 V/nm is typically in the range of
tens of tens of picoamperes. Recently, we also realized
a two-color @ + 2w excitation scheme. By admixing the
second harmonic pulse we observed a maximal current of
7 nA, more than two orders of magnitude larger compared
to the single-pulse CEP-dependent current [58]. We note
that the same laser system and an identical graphene
sample were used for both experiments.

In this letter we take these observations as an oppor-
tunity to compare both approaches — CEP control and
two-color control — and, find and discuss the superior
nature of the two-color excitation scheme.

We start our discussion with general requirements for
the generation of a residual current in bulk graphene, with-
out applying a bias voltage. To obtain a residual current, an
imbalance of excited electrons with respect to the under-
lying band structure, i.e., net electron momentum, must
remain in the system after the pulse is gone. This can be
achieved by
(1) Applying alaser pulse that breaks population symme-

try in momentum space [5, 54, 57]. Using the Bloch
acceleration theorem, k(t) = —h~1eE(t), with E(t) the
electric field waveform and e the electron charge, the
temporal evolution of an electron wavenumber k(t)
can be described.

From

t
k(t) = % / E(")dt' =k, — %A(t), (1

where k; is the initial electron wavenumber, it can
be seen that the vector potential A(t) is the quantity
responsible for breaking the population symmetry to
inject net momentum.
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(2) Interference of electron wave packets via interband
dynamics. Without interference, k(tf) may be
asymmetric, however, ask(t = —o0) = k(t = o0) =k,
every electron regains its initial momentum after
the laser pulse. Thus, the role of interference is to
translate transient momentum asymmetry to a resid-
ual populationimbalance. In the weak-field limit (i.e.,
E, < 1 V/nm) interference of an odd and an even
multiphoton absorption pathway (e.g. @ + 2w inter-
ference) [5, 55] or for strong optical fields (i.e., E,
> 1 V/nm) interference of electron wavepackets that
undergo subsequent Landau—Zener processes may
act as the required processes [5, 42, 59].

(3) To satisfy condition (2), electronic coherence must be
maintained sufficiently long.

Since conditions (2) and (3) are of equal importance for
current control via the CEP and w + 2w fields, we focus
on the temporal symmetry of the applied laser fields, i.e.,
condition (1), which can largely differ for the two cases.

In the excitation with a single few-cycle CEP-controlled
laser pulse, maximum imbalance of residual conduction
band population and therefore the maximum residual
current is obtained for a vector potential with different
amplitudes for positive and negative half-cycles, as out-
lined in the above paragraph. Figure 1a with the electric
field waveform and Figure 1b for the corresponding vector
potential demonstrate that this is given for a CEP of ®zp =
+7 /2. In this case, an electron starting from positive or
negative wavenumber accumulates a different dynami-
cal phase between subsequent Landau-Zener transtions,
which results in a different interference condition and thus
a population imbalance and a residual current.

In case of the two-color @ + 2w excitation scheme, two
laser pulses are temporally overlapped, with one pulse
oscillating at the fundamental angular frequency » and
the second pulse, which is the second harmonic of the
fundamental pulse oscillating at 2w. In this scheme, the
symmetry of A(t) is determined by the relative phase @,
between two pulses. When both colors are delayed by @,
=+ /2, as shown in Figure 1c and d, A(t) is again asym-
metric with respect to positive and negative amplitudes
and thus, net momentum can be transferred to the system.

To quantify the asymmetry and finally compare
CEP- and two-color-control, we introduce the asymmetry
parameter [60]

, @

with A, () the absolute value of the global maximum and
minimum of the resulting vector potential. When I" =1,
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Figure 1: Electric field and vector potential waveform of a single and a two-color laser field. The top panels show the electric field waveform
(a, ¢, and e), with the corresponding vector potential in (b, d, and f). (a) Gaussian electric field waveform for a 5.4 fs laser pulse oscillating at
@ = 27 - 375 THz and an electric field amplitude of 3 V/nm. The carrier-envelope phase is set to @, = —7 /2. (b) Corresponding vector
potential. For @, = —7 /2 the vector potential exhibits a clear peak toward positive values, i.e., |A,| > |A_|. The asymmetry parameter I"
(see Eqg. (2)) is 1.1. (c) Two-color electric field, shown in case of a continuous wave (red: w and blue: 2w), with the corresponding vector
potential in (d). When both pulses are phase-shifted by 7 /2 and the electric field strengths of the w- and 2w-pulse are equal (corresponding
to a 2:1ratio in A(t)), the vector potential has its maximal asymmetry with respect to A, and A_ (' = 2). (e) The two-color electric field with
the same field strengths and pulse duration as for the w-pulse shown in (a) and a @, = 0, while the 2w pulse has a pulse duration of 8 s, a
field strength of 3V/nm and @, = 7 /2. These parameters are chosen to visualize the strongly asymmetric vector potential, i.e., I = 2

shown in (f).

the maximum value of the vector potential equals its min-
imum value (up to the sign) and, therefore, A(t) does not
break the inversion symmetry. In contrast, for I" > 1 the
vector potential breaks the inversion symmetry and can
introduce net momentum [61, 62]. In Figure 1, we show
the I" parameter for both excitation schemes. For the CEP
control, we achieveal” = 1.1, which is smaller than the one
achieved for the w + 2w control (I' = 2). The larger I' tells
us already that the largest residual current can be expected
with the two-color field.

Importantly, for both schemes, a single phase controls
the amplitude and the direction of current injected into
the graphene. While for CEP control @, itself is used,
the relative phase ®,,, takes over the dominating role for
two-color control. Both phases can be straightforwardly
accessed experimentally.

We note that the two-color excitation scheme is not
limited to w + 2w pulses. In general nw + mw excitation,
with n and m integer numbers, can result in a residual cur-
rent if n and m are of different parity [63, 64]. For example,
o + 3w will result in an inversion symmetric vector poten-
tial and thus, no current will be generated. In contrast,

higher orders suchasn=1andm=4orn=2andm=3
are able to inject a residual current. From an experimen-
tal point of view, we focus here on the lowest odd-order
process, i.e., @ + 2w, since these pulses are easy to gener-
ate and typically yield a larger symmetry breaking effect.

In Figure 2 we show experimental data on the
realization of CEP control (Figure 2a) and w + 2w control
(Figure 2b) of laser-induced currents in monolayer
graphene. The current is measured on a 10 X 2 pm? mono-
layer graphene strip contacted to two gold electrodes. The
monolayer graphene is epitaxially grown on 4H-silicon
carbide.

In Figure 2a the current is shown, injected by CEP-
controlled 5.4 fs near-infrared laser pulses (800 nm cen-
tral wavelength). The laser pulses are focused tightly to
the center of the graphene strip (1.8 pm 1/e? intensity
radius) to reach apeak electric field strength of 2.8 V/nm
on the substrate surface. Here, the CEP-dependent cur-
rent is isolated in a lock-in measurement referenced to the
carrier-envelope-offset frequency of the laser pulse train,
set to an arbitrary frequency of 3.3 kHz. By moving a fused
silica (SiO,) wedge in the beam path, the CEP is slowly
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Figure 2: Measured residual current in graphene. (a) CEP-dependent
current induced by a single laser pulse as a function of the relative
thickness of fused silica in the beam path. A 5.4 fs short pulse at
800 nm central wavelength with 2.8 V/nm peak field strength is
applied. (b) Delay-dependent current induced by a w + 2w laser
field as a function of the relative delay. The fundamental pulse has
identical properties as in (a), the second harmonic pulse Q2w) at
400 nm central wavelength is 19 fs long and reaches a peak field of
0.3 V/nm. For both experiments (a and b) the laser pulses were
focused on identical graphene strips with 10 pm length such that
neighboring electrodes were not illuminated. Clearly, the current is
much larger in (b).

modulated on top to control the amplitude and direction
ofthe CEP-dependent current. Clearly, the period of the cur-
rent signal is directly given by the change of SiO, thickness
that relates to a change in CEP by A® = 2r, i.e., introduc-
ing Ad = (gg%:m nm) = 57.5um SiO, shifts the CEP
by 2z. For CEPs of +7 /2, the current reaches its maximum
amplitude of +18 pA, while no current is generated for
Ocpp =0o0r 7.

In a second experiment performed with the identi-
cal laser system, we focus two laser pulses with central
wavelengths at 800 nm (5.4 fs, 2.8 V/nm) and at 400 nm
(19 fs, 0.3 V/nm) to a graphene strip with the same dimen-
sions. This corresponds to a w + 2w experiment at angular
frequencies w = 2z - 375 THz and 2w = 2 - 750 THz. Here,
the relative phase-dependent current is obtained by chang-
ing the delay between both laser pulses with a small
oscillatory modulation (719 Hz) on top as a reference for the
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lock-in measurement scheme. As shown in Figure 2b, the
measured current follows the relative phase between both
pulses while its periodicity is given by the 2w-component.
The current induced by the @ + 2w field exceeds the CEP-
controlled current by more than two orders of magnitude
as it reaches a maximum value at 7 nA. Further details on
this measurement can be found in [58].

While the I" parameter gives a simple estimate on the
occurrence and the magnitude of a current, the current
generation process is in fact more complex, in particular,
if strong and short laser pulses are applied. To compare
the magnitude of current injection via @ + 2w electron
control with that of an individual CEP-controlled few-
cycle laser pulse, we model the dynamics of the light-field
driven electrons in graphene using a nearest-neighbor
tight-binding model with minimal coupling to the laser
field [5, 50, 65]. The residual conduction band population
is obtained numerically by integrating the time-dependent
Schrédinger equation (TDSE). The injected current is then
derived from the residual conduction band population [5,
57]. Given the sub-cycle current generation process on a
time scale of less than 2.7 fs, which is shorter than the elec-
tron thermalization time constant in graphene [66—68], the
electron dynamics can be treated as fully coherent within
the TDSE simulation. Subsequent charge propagation
toward the electrodes will reduce the measured current
amplitude compared to the injected microscopic current.
We expect a similar reduction for the @w + 2w and CEP exci-
tation scheme [56] and thus, we can directly compare the
residual current densities obtained from the simulations.

First, we apply a single laser pulse with ®qpp = 7 /2
for various pulse durations from 2 fs to 10 fs and a fixed
peak electric field strength of E; ,, = 2.8 V/nm. The calcu-
lated current is shown in Figure 3a as a red line. When
the pulse duration is long (r,, = 8 fs, Figure 3e) almost no
residual current is injected (I' ~ 1, Figure 3b). Decreasing
the pulse duration to 5 fs (Figure 3d, I' = 1.1) and 3 fs
(Figure 3c, I' = 1.3) increases I" and a nonzero residual
current is observed. We note that the oscillatory nature
of the current as a function of the pulse duration can be
explained based on the number of optical cycles involved
in Landau-Zener-Stiickelberg interference of electron
wavepackets [5, 42, 59].

The blue line in Figure 3a shows the current originat-
ing from the two-color laser field. The pulse duration of the
2w-pulse is kept at 19 fs, while that of the w pulse is varied.
The peak electric field strengths and the 2m-pulse duration
match the experimental parameters discussed in Figure 2:
E,=28V/nm.E,, =0.3V/nm, 7, =5.4fsand 7,, =19fs.
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Figure 3: Residual current as a function of pulse duration obtained
from TDSE simulations. (a) Residual current induced by a Gaussian
laser pulse centered at w = 2x - 375 THz, £, , = 2.8 V/nm,

Dcep = 7/2 (red line). For w + 2w control (blue line) a Gaussian
pulse centered at 2w = 27 - 750 THz with the same CEP and

Ey 2, = 0.3V/nmis admixed. In both cases, the pulse duration 7, of
the fundamental (w) is swept from 2 fs to 10 fs. (b) Corresponding I
parameter for both schemes. (c—e) Vector potential of the w-pulse
and the @ + 2w pulse for 7, = 3,5, 8 fs, see marks in (a).

Here, even for long w-pulses (z,, > 10 fs), the 2w contribu-
tion significantly breaks the inversion symmetry resulting
in["'=1.14at r,, =10 fs (Figure 3b). Independent of the fun-
damental pulse length, the asymmetry introduced by the
o + 2w field always dominates that of the single pulse.
Thus, for 7, = 5.4 fs, as used in the experiments, the
two-color-controlled currents exceed the CEP-controlled
ones, both in experiment and TDSE-simulations.

With our theoretical considerations and experimental
observations, we demonstrated the generation of residual
currents in graphene via control of the CEP of a single few-
cycle laser pulse and via control of the relative phase of a
o + 2w field synthesized by two separate laser pulses. We
found that the latter field is superior in the current ampli-
tude by two orders of magnitude (18 pA for CEP control
vs. 7 nA for two-color-control), which can be explained
straightforwardly by the symmetry of its underlying vector
potential given by the I" parameter. Our TDSE simulations

C. Heide et al.: Optical current generation in graphene = 3705

support the superior nature of the two-color excitation
scheme compared to the single pulse experiment for the
set of given pulse durations of the fundamental laser
field w and its second harmonic 2w. Despite the larger
experimental effort of generating the here applied two-
color laser field, it is of central importance for the ultra-
fast control of light-field driven phenomena in solids,
nanostructures, and gases beyond current generation [62,
69-72]. As it offers highly efficient symmetry breaking
and additional degrees of freedom, such as admixture,
polarization, and the CEP of both pulses, we expect this
scheme to be crucial for the understanding of ultra-
fast phenomena from the fundamental perspective and
for technological relevance. Especially when using tai-
lored light fields with orthogonal polarization, the tem-
poral confinement of charge injection, photoemission, or
high-harmonic generation can be largely enhanced by
the gating of a 2w component already at moderate field
strengths. Emerging fields such as petahertz electron-
ics may benefit significantly from the increase in signal
amplitude and precision that come with it. Or as Mark
Stockman put it in one of his last public talks on strong-
field physics in 2D-materials [73]: “There is a lot of work,
and for experimentalists, if I were you, I would have
done it.”
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