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ABSTRACT: Electronic coherence is of utmost importance for the access and control
of quantum-mechanical solid-state properties. Using a purely electronic observable, the
photocurrent, we measure a lower bound of the electronic coherence time of 22 + 4 fs
in graphene. The photocurrent is ideally suited to measure electronic coherence, as it is
a direct result of coherent quantum-path interference, controlled by the delay between
two ultrashort two-color laser pulses. The maximum delay for which interference N
between the population amplitude injected by the rst pulse interferes with that \\
generated by the second pulse determines the electronic coherence time. In particular, © pulse
numerical simulations reveal that the experimental data yields a lower bound on the
electronic coherence time, masked by coherent dephasing due to the broadband
absorption in graphene. We expect that our results will signi cantly advance the understanding of coherent quantum control in solid-
state systems ranging from excitation with weak elds to strongly driven systems.
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W ithin the last 25 years, the role of electronic coherence by the interference of an even- and odd-order pathway from a

in solid-state systems has been pivotal in ultrafast given initial to a nal momentum state, as schematicalléy shown
optoelectronics.” © Several experimental schemes have been in Figure 1b for one- versus two-photon absorption,*® %282
applied to study the underlying lifetime of coherence, which By changing the relative phase via the temporal delay between
can range from picoseconds in cold atoms’® down to single the two colors, the quantum interference and thus the net
femtoseconds in highly excited semiconductors and metals."* current amplitude and direction can be controlled. Intriguingly,
One key to measure coherence is the access to an interference this interference process persists beyond the perturbative
process, such as used in coherent spectroscopy™®®*® or four- regime and expands to the strong- eld regime. In the strong-
wave mixing."* As a counterpart to these experiments relying eld limit the wavenumber of electrons signi cantly changes
on optical polarization or nonlinear photoemission spectros- with the laser electric eld, ie., dk(t)/dt  E(t), which gives
copy,'%*? *° we will show that a residual current, which is a rise to coupled intraband electron dynamics and interband
direct result of quantum-path interference in solids, can serve transitions. Depending on the symmetry of the applied laser
as an ideal observable to measure electronic coherence in _eld, the interference between intra- and interband light-
solids. While there are various measurements demonstrating induced electron dynamics, so-called Landau Zener Stuckel-
the coherent control in solids,"® 2 the underlying time scale of berg_interference, leads to a phase-controllable net cur-
electronic coherence is mostly obscured due to the lack of rent.” While for low eld strengths and long laser pulses

the latter can be neglegted, it becomes important for strong
and few-cycle laser pulses. Generally, in all these regimes, i.e.,
weak or strong excitation, the residual current generation
process requires electronic coherence to emerge, as it relies on
interference.®® Scattering with phonons is a source of
decoherence, leading to a suppression of the light-injected

ultrafast pulses. Furthermore, when short laser pulses and thus
broadband resonant excitations are used, coherent dephasing,
also known as inhomogeneous broadening, masks the current
signal for large temporal delays.”> We discuss this e ect in the
context of Figure 3.

Figure la shows schematically the experimental setup to
measure a coherently injected residual current using two

ultrashort laser pulses, one oscillating at frequency Received: June 29, 2021
( 800 nm, red pulse) and one at 2 (400 nm, blue pulse). Revised:  October 14, 2021
In particular, light of low temporal symmetry can generate net Published: November 4, 2021

currents in solids, even in the absence of a bias voltage or
spatial asymmetries in the material.>*® '#2°2% 27 |n the
perturbative limit, such light-induced symmetry breaking arises
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Figure 1. Residual current generation using + 2 two-color laser

elds. (a) Experimental scheme. The x-polarized two-color laser eld
injects a directional residual current in the x-direction, which is
probed with two metal electrodes. (b) Schematic illustration of two-
color quantum-path interference near the band gap. The interference
of one- vs two-photon excitation generates a phase-dependent
asymmetry in the electron and hole population distributions, giving
rise to a residual current. (c, d) Electric eld waveform of a 6 fs few-
cycle laser pulse and its second harmonic with a pulse duration of 19
fs for a temporal delay of t=35fs (c) and t=0 (d). (¢) Light-
induced electron dynamics for t = 0 [case (d)] exhibits a clear
negative peak in momentum space (k-space), breaking the inversion
symmetry of graphene [black arrows in (b)].

current, as the electrons lose their ability to interfere.*343°

Whereas the current is a purely electronic observable arising
from electron interference, commonly applied methods to
measure coherence, based on the optical response of matter,
rely on measuring the optical polarization. While such
measurements o er information about coherence between
optically active states, it is often hard to disentangle electronic
and vibrational contributions to the resulting signal, making it
challenging to directly measure electronic coherence.®*® 3

In this Letter, we demonstrate the ability to monitor
electronic coherence by injecting a two-color photocurrent in
graphene, using the scheme shown in Figure 1a. The combined
two-color laser eld is described as E(t) = E (t) cos( t+ )
+E (t+ t)cos(2 (t+ t)+ ), with t the delay
between both pulses and E (t) and E, (t+ t) the envelope
functions of the laser pulses with angular frequencies of and
2, respectively. Figure 1c,d shows the combined electric elds
for a temporal delay of t=35fsand t=0. From E(t), the
corresponding electron trajectory in the reciprocal space is
obtained by the Bloch acceleration theorem dk(t)/dt

LeE(t) (Figure 1e). We have previously demonstrated that
such an asymmetric electron trajectory results in the injection
of a residual current, which can be interpreted on the basis of
Landau Zener Stuckelberg interference.>*° To the lowest
order, the net DC current densitg/ jsemerges as a third-order
process in the photoresponse®® 7533
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where E, and Ey, are the peak electric eld strengths. The
dependence of the relative phase on the time delay between
the two colors is given by pee( t ) =2 t™' The
formalism that leads to eq 1 requires continuous wave
excitation, where only excitations separated by 2 contribute
to the phase-controllable residual current (see blue and red
arrows in Figure 1b). In other words, the asymmetry of the
excitations probability can be understood by considering the k-
dependence of the interband momentum matrix elements,
which can be out of phase for electrons at k<0 and k, > 0.*
Thus, if the interference at k, <0 is constructive, resulting in
net population transfer from the valence (VB) to the
conduction band (CB), the interference at k, > 0 is destructive
(no population). This imbalance in the population distribution
creates a net phase-controllable residual current. In the context
of pulsed excitation (broad optical spectrum), this refers to a
broader set of energy levels that are excited. In contrast, when
strong laser pulses are applied, intraband motion may become
important and di erent spectral components cannot be treated
independently, which are beyond eq 1. We will discuss the
latter case in Figure 3, on the basis of numerical simulations.
In the experiment, we focus a few-cycle fundamental and a
frequency-doubled femtosecond laser eld to the center of a 10
x 2 m? graphene strip, as depicted in Figure la. The
monolayer graphene is epitaxially grown on silicon carbide
(4H-SiC) and connected to two electrodes.” The focal radii are
1.9+0.1 m (1/¢® intensity) for both the and 2 pulses,
and thus, the electrodes are hardly illuminated by the laser
eld. The sample is placed under vacuum ( 10 ®hPa). Laser
pulses from an 80 MHz Ti:sapphire laser oscillator with a
center wavelength of 800 nm are frequency-doubled usinga -
barium borate (BBO) crystal. Both colors are separately
controlled in a two-color interferometer and sent to the
sample. This setup allows independent control of the relative
phase, intensity, polarization, and dispersion. The resulting
pulse duration of  =6.0 &+ 0.5 fs [intensity full width at half-
maximum (fwhm)] for the fundamental is measured via
spectral phase interferometry for direct electric- eld recon-
struction (SPIDER), while its second harmonic with a pulse
duration of , =19 £ 2 fs (17 fs Fourier limit) is determined
via a cross-correlation frequency-resolved optical gating
(XFROG). We note that both pulses do not spectrally overlap,
and thus, optical interference between both pulses does not
occur. We perform a lock-in measurement referenced to a
periodic modulation of the temporal delay between both colors
to isolate the relative phase-dependent current as given by eq
1. For further noise suppression, we apply post-processing
Iters to eliminate high-frequency noise and DC contributions,
which may occur due to sample imperfections.*’
Figure 2a shows the measured phase-dependent current as a
function of the temporal delay t. The applied peak electric
eld strengths are E, = 2.1 V/nm and Ej, = 0.3 V/nm,
resulting in a maximum  + 2 current of 5 nA. The central
region of the overlap scan is magni ed in Figure 2b. Changing
the temporal delay t by a fourth of the 2 -period, i.e., by
T, /4 =0.34 fs, results in a fully symmetric electron trajectory
and, thus, no current is measured. Delaying the two pulses by
T, /2 = 0.68 fs reverses the current direction. The amplitude
of the Fourier transform over the entire phase-sensitive current
signal, shown in Figure 2c, exhibits a clear peak at 2 =2 x
750 THz (800 nm 375 TH2), as also expected from eq 1.
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Figure 2. Coherent + 2 phase-controlled current generation in graphene. (a) Measured current as a function of temporal delay t t<0
means that the 2 pulse arrives before the  pulse. The eld strengths are E, = 2.1 V/nm and E;, = 0.3 V/nm. The maximum current is
observed when both pulses are in temporal overlap. The blue dashed lines mark the main temporal overlap region of the laser pulses. Note that for
a coherence time shorter than the pulse durations, a coherent signal can only be observed within the blue dashed envelope. The gray lines enclose
delays beyond the temporal overlap of the pulses, hence, electronic coherence is required to form this current via two-color interference. (b)
Magni cation of the central area of (a). A sine function with a frequency of 2 (2 x 750 THz) is shown as a thick light line. (c) Fourier transform
(FT) amplitude of the data in (a). The current consists almost exclusively of an oscillatory component at 2 . (d, €) Amplitude of the + 2
current as a function of E, and E,, . (d) E; was varied between 1.9 and 3.0 V/nm, while E;, was xed to 0.07 V/nm. (e) E,, takes values
between 0.06 and 0.42 V/nm, with E;  xed to 2.1 V/nm. The solid lines are linear ts of the double-logarithmic representation, indicating the
perturbative orders of the response: 2 for the variation of E, and 1 for E, , as expected.

Gaussian envelope with two error functions, shown as a gray
line. Importantly, the signal outside the main temporal overlap
region, indicated by the blue dashed line, is used in the
following to determine the electronic coherence time.

To understand the role of electronic coherence in the
current generation process more quantitatively, we model the
electron dynamics in graphene using a nearest-neighbor tight-
binding model with minimal coupling of the laser eld for the
applied laser parameters.>***? The residual conduction band
population is obtained by numerically integrating the time-
dependent Schrodinger equation (TDSE). In the simulation,
we use a carrier-envelope phase of zero for the fundamental to
avoid current generation due to the low temporal symmetry of
the fundamental pulse.” Thus, all currents obtained in the
following are of two-color nature.

Additionally, we determine the scaling of the maximal current
amplitude j,mp as a function of E;  and E;, . We observe a
power-law scaling with nonlinearities of N = 1.86 + 0.15 and
N, 1.09 + 0.10 for the variation of E, and Eg, ,
respectively (Figure 2d,e), which is also supported by eq 1.
Hence, the periodicity of the current modulation as a function
of the delay and the power-law scaling corroborate the + 2
excitation scheme even in the presence of broadband excitation
and high electric eld strengths.

The entire signal shown in Figure 2a consists of two regimes.
The inner part resembles a Gaussian distribution with a width
of 17 fs (fwhm, blue dashed line). Furthermore, there is an
asymmetric outer part with a broadening of the signal up to

32 fs for negative delay (2 arrives rst) and 39 fs for
positive delay ( arrives rst). To obtain these values, we ta
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Figure 3. Numerical simulation results of two-color excitation in graphene. (a) Electron trajectory k(t) for t = 35 fs, when both pulses barely
overlap in time. (b) TDSE results of g(k) around the K-point after excitation with the two-color laser eld ( t=35fs). ¢z =1 means that the
entire population is transferred from the valence to the conduction band. The dashed lines indicate multiphoton resonances, where the energy
di erence of VB and CB corresponds to the photon energies ,2 ,and 3 . (¢) Schematic illustration of the current excitation process.
Although separated in time, one-photon absorption with a photon energy of 2 and two-photon absorption with a photon energy of may
interfere, governing . Due to the broadband optical spectrum of the applied laser elds, a set of energy levels is involved in the photocurrent.
Each level accumulates a phase given by 2 t. Averaging over this ensemble of contributions leads to coherent dephasing of the photocurrent.
This e ect is also known as inhomogeneous broadening. (d f) Panels for t = 0 fs. The two arrows in (d) indicate the asymmetry between
maximum positive and negative k,. We note that this asymmetry is absent in (), as t = 0. (g) Energy-dependent current as a function of t. For
| t| > 17 fs, excitation is found resonantly only at 2, with a width given by the spectral width of the laser elds. With the increasing delay and
thus, increasing spectral phase, the populations at di erent excitation energies are increasingly out of phase causing coherent dephasing in the
(energy-integrated) residual current [see (h)]. When both pulses temporally overlap, additional symmetry breaking, caused by intraband motion
results in 0 -resonant current contributions. (h) Total current, as a function of t.

We discuss the simulation results of the delay-dependent resonant excitation (see Figure 3d longer electron trajectory
current in two parts: (A) when both pulses do not temporally for k, > 0 and Figure 3f). As a result, Figure 3e reveals a
overlap and (B) when both pulses do temporally overlap. strongly asymmetric resonant and o -resonant residual
These cases are marked with circled labels A and B throughout population distribution.*>*° While in principle the o -resonant
Figure 3. In Figure 3a (case A) both pulses are temporally population contributes to the current generation process, for
separated by t =35 fs and thus hardly overlap in time. Figure the applied laser parameters, the resonant contribution at 2
3b shows the corresponding numerically obtained residual dominates, which also matches the power-law scaling observed
conduction band (CB) population g close to the the K- in Figure 2d.e.
point. Around the K-point resonant one-photon and two- To understand how a residual current emerges, we rst
photon absorption of the  pulse can be found. Additionally, evaluate g along constant energies between the valence and
one-photon absorption of the 2 pulse excites carriers to the conduction bands = gz g (See inset of Figure 3g, orange
conduction band. In the spectral overlap region of the two rings around the K-point). The current at = 3.1 eV
colors, i.e,atthe 2  resonance line, g is manipulated by the corresponds to the energy of one-photon absorption of the 2
relative phase between the two absorption pathways (see inset pulse (1 x 3.1 eV) and two-photon absorption of the  pulse
of Figure 3b, red and blue arrows in Figure 3c). A population (2 x 1.55 eV). In Figure 3g we plot the current as a function of
imbalance between k-states on the left and right sides of the K- energy  for delays ranging from 50 to 50 fs. Finally,
points results in a net current. For t =0, all resonantly excited integrating over all energies results in the total residual current
k-states experience the same spectral phase. Increasing t (Figure 3h). This current is maximized when both pulses are in
introduces an additional spectral phase pee( t ) =2 't temporal overlap and decreases as a function of delay.
and, thus, a spectrally dependent phase at each k-point. As a On the basis of the simulation results, we are now able to
result, the population distribution is modulated as a function of discuss the roles of coherence, coherent dephasing, and o -
the spectral excitation energy, as shown in the numerical resonant excitations in the delay-dependent current. When
results (see the magni ed area in Figure 3b) and schematically both pulses are temporally separated (case A), we see from
illustrated in Figure 3c with the lled and solid circles. Figure 3g that the two-color current originates from a resonant
Depending on the phase, the interference at each single k-point excitation at around 3.1 eV. Also in Figure 3g we see that the
is either constructive, resulting in excitation, or destructive, spectral phase introduced by the delay results in a shearing of
resulting in no excitation. the current modulation in the t plot (see dashed lines).

Before we discuss this further, we note that in case B both Importantly, it is this shearing that leads to a reduction of the
pulses temporally overlap, as shown in Figure 3d. Here, total current after integration (Figure 3h). Thise ect is known
electrons experience asymmetric trajectories (intraband as coherent dephasing,*® originating from the spectrally
motion), resulting in additional symmetry breaking and o - dependent phase pee( t ). Therefore, in the simulation
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coherent dephasing reduces the integrated residual current,
despite the coherence at a single k-point is preserved.

In contrast, when both pulses are in temporal overlap (case
B) the current contributions are in phase and do not cancel
out. Further, additional symmetry breaking due to the two-
color laser eld results in 0 -resonant excitation, which slightly
in uences the current amplitude. In Video 1 (Supporting
Information), we show the time evolution of the conduction
band population. The video shows most clearly that in the
overlap region B 0 -resonant excitation emerges. Yet, the main
current contribution originates from the resonant excitation
(Figures 2d,e).

We note that for the applied laser parameters, we are in a
regime where the Rabi frequency at the two-photon resonance

r=Vee(E o+ B, o)(2 ) '=2 x 123 THzis high, but still
smaller than 2 =2 x 750 THz,>* with v = 1 nm/fs the
Fermi velocity in graphene and e the elementary electric
charge. Thus, non-resonant excitation might be expected, as
discussed above for case B, but the dominating current
contribution is expected to emerge from resonant excitation.
These 0 -resonant excitations are naturally included in our
TDSE model simulations. On the basis of the numerical
simulations and the power-law scaling, shown in Figure 2d, we
have not observed signi cant deviations from perturbative  +
2 coherent control. For higher electric eld strengths, we may
expect that the coherent control enters the strong- eld regime.

The good agreement between experiment (Figure 2a) and
simulation (Figure 3h) allows us to argue that electronic
coherence is preserved at least up to 18 fs for the negative
delay and 26 fs for the positive delay, given by the error
functions (black arrows in Figure 2a). For larger delays, the
signal is masked by coherent dephasing, causing the current to
decay. To account for dephasing in the simulation, we
implement a phenomenological dephasing time T, to our
model simulations.** For T, shorter than the wings shown in
Figure 3h, the coherently broadened signal vanishes. Video 2 in
the Supporting Information shows the temporal evolution of
the conduction band population and the resulting current trace
with (T, = 10 fs). The temporal evolution without additional
dephasing is shown in Video 1. This comparison clearly
supports that the temporal broadening of the current signal
originates from the preserved electronic coherence. Whereas
the experiment shows a shorter coherence time when the 2
pulse arrives rst, the simulation shows a symmetrical  + 2
trace. One reason for this asymmetric behavior might be that
for t < 0 the rst pulse (2 ) generates the population via
one-photon absorption, which could lead to a higher initial
population and a population-dependent T,. While the current
amplitude, which is the result of interference, is only sensitive
to the overlap of the two populations, a possible initial
population-dependent decoherence time might break the
symmetry." Time-dependent density functional theory simu-
lations accounting for the critical role of decoherence and
correlation e ects are required, which are beyond the scope of
this work.?®*> To determine the lower bound of the electronic
coherence time, we take the mean of both values to obtain
22+4fs

By comparing these decoherence times with a reported
thermalization time of 50 80 fs in graphene, which involves
multiple incoherent scattering events, we nd that the here
observed lower bound of the coherence time is about 2 3
times shorter.*® “3

9407

The coherence time obtained from the photocurrent
measurements re ects electronic coherence and coherent
dephasing. While the latter reduces the current amplitude, it
does not a ect the electronic coherence. In coherent
spectroscopy, such as in pulse echo experiments, these two
dephasing channels are usually considered as T,*, re ecting
both natural T, dephasing and deg)hasing caused by
inhomogeneities in the ensemble.*** >* By introducing a
frequency gradient to one of the pulses, T,* can be corrected
for coherent dephasing. A similar approach might be possible
here, namely by shaping the spectral phase of one of the laser
pulses to correct for coherent dephasing. In such a scenario,
the observed phase shift of the current as a function of energy,
shown in Figure 3g, can be compensated. Then, the
photocurrent can directly be used to monitor electronic
coherence.*?

In summary, we present a lower bound for the electronic
coherence time in graphene of 22 + 4 fs. To measure it, we use
quantum-path interference and the resulting current, generated
by a two-color laser eld as an observable. The ultrafast nature
of the laser pulses employed and the ability to time-delay them
o er an ideal probe for monitoring this coherence. By shaping
the spectral phase of the laser pulses, we propose the possibility
of disentangling decoherence and coherent dephasing in a
manner similar to pulse echo experiments. We expect that this
versatile and e cient method for measuring electronic
coherence based on a purely electronic observable will nd
widespread use in vastly di erent systems and experimental
con gurations.
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Video 1: Temporal evolution of the conduction band
population and resulting + 2 current without
additional dephasing (AVI)

Video 2: Temporal evolution of the conduction band
population and resulting + 2 current with additional
dephasing (T, = 10 fs) (AVI)
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