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Optical control of ultrafast photocurrent in graphene
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The ability to manipulate electrons with the intense laser pulse enables an unprecedented control over the
electronic motion on its intrinsic timescale. Present work explores the desired control of photocurrent generation
in monolayer graphene on ultrafast timescale. The origin of photocurrent is attributed to the asymmetric residual
electronic population in the conduction band after the end of the laser pulse, which also facilitates valley
polarization. Present study offers a comprehensive analysis of the differences between these two observables,
namely photocurrent and valley polarization. It is found that the corotating circularly polarized ω-2ω laser pulses
allow the generation of photocurrent but no valley polarization, whereas counterrotating circularly polarized
ω-2ω laser pulses yield significant valley polarization without any photocurrent in graphene. Different laser
parameters, such as subcycle phase, wavelength, and intensity provide different knobs to control the generation
of the photocurrent. In addition, threefold increase in the photocurrent’s amplitude can be achieved by altering
electronic properties of graphene via strain engineering. Our findings reveal intriguing underlying mechanisms
into the interplay between the symmetries of the graphene’s electronic structure and the driving laser pulses,
shedding light on the potential for harnessing graphene’s properties for novel applications in ultrafast photonics,
optoelectronic devices, and quantum technologies.
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I. INTRODUCTION

Thanks to stupendous advancements in laser technology
and synthesis of novel materials that have allowed us to inves-
tigate laser-driven ultrafast phenomena in a variety of solids
[1–8]. In particular, recent years have witnessed an upsurge
in interrogating laser-driven coherent electron dynamics in
solids on attosecond timescale [9–12]. In this regard, various
static and dynamic symmetries play a key role in determining
the response of electrons within the solid under interrogation
to an externally applied perturbation. The interaction of an
intense laser pulse with a solid has potential to alter the
solid’s symmetry, consequently revealing novel effects that
were absent in solid at equilibrium conditions [13–17]. Gen-
erally the absence of an inversion symmetry is a prerequisite
to observe the photovoltaic effect and an emergence of the
electric polarization in solids [18–20]. However, few-cycle
intense laser pulses are employed to induce photovoltaic effect
in inversion-symmetric solids via controlling either carrier-
envelope phase (CEP) [21–26] or the chirp [27] of the laser
waveform. Recent work has demonstrated that the combined
effect of the CEP and chirp allows us to control photocurrent
in two-dimensional material [28].

The inherent asymmetry of the CEP-stabilized few-cycle
laser pulses results asymmetric residual electronic population
in the conduction band, which allows photocurrent genera-
tion. Alternatively, combination of the two-color relatively
long pulses, instead of the monochromatic CEP-stabilized
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few-cycle pulses, is employed to realize asymmetric resid-
ual population in the conduction band within the Brillouin
zone. Corotating circularly polarized ω-2ω laser pulses are
used to generate photocurrent in a variety of solids [29]. In
addition, it has been demonstrated that the counterrotating
circularly polarized ω-2ω laser pulses are able to generate
photocurrent in the inversion-symmetric topological materials
[30]. Note that the counterrotating ω-2ω combination has also
been used to induce an asymmetric population, which allowed
us to realize valley polarization in an inversion-symmetric
two-dimensional material [31].

Laser-driven photocurrent in a solid is defined as
J = ∫

[ρn(k) − ρn(−k)] ∂En
∂k dk, where ρn(k) is the residual

electronic population in the nth conduction band after the
laser pulse, and En(k) is the energy dispersion of the solid
as a function of crystal momentum k [32,33]. In addition,
the population difference is related to the valley polarization
as η = 2(nK − nK′ )/(nK + nK′ ) with nK(K′ ) = ∫ K(K′ )

0 ρn(k)dk
[31]. From the expressions of J and η, it appears that both
the quantities rely on the asymmetric distribution of the resid-
ual electronic population. However, the mechanism through
which the asymmetry of a laser pulse results in valley polar-
ization or the photocurrent is not obvious a priori. Moreover,
the importance lies not only in the generation of photocur-
rent but also in the imperative need to tailor and enhance
photocurrent’s amplitude for numerous technological appli-
cations [23,34–36]. From the definition of the photocurrent,
it is straightforward that the photocurrent’s amplitude can
be controlled by two ways: either by increasing the asym-
metry in the residual electronic population, i.e., [ρn(k) −
ρn(−k)], or by engineering a solid in such a way that
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FIG. 1. Schematic of the photocurrent generation in a two-
dimensional monolayer graphene via tailored ω-2ω laser pulses.

the topology of the energy dispersion, i.e., ∂En/∂k, can be
tailored.

Present work is dedicated to comprehensive investigation
about the underlying mechanism for the photocurrent gen-
eration and valley polarization in the monolayer graphene
via tailored ω-2ω laser pulses as illustrated in Fig. 1. In the
following, we will explore the conditions to generate pho-
tocurrent and/or valley polarization. Additionally, we will
illustrate the subcycle phase between the ω-2ω laser pulses
allow us to tailor photocurrent. To gain deeper insights on
enhancing the asymmetry in the residual population, we sys-
tematically explore how different laser parameters, such as
intensity and wavelength of the ω-2ω laser pulses impact
photocurrent generation. Our findings reveal a remarkable
threefold enhancement in the photocurrent’s amplitude when
pristine graphene undergoes strain engineering, underscoring
its potential for tailoring photocurrent generation signifi-
cantly. To generate perturbative photocurrent in graphene,
coherent interference of ω and 2ω interband excitation path-
ways was theoretically predicted [37,38] and experimentally
realized [39,40]. Moreover, conditions to obtain asymmetric
population in the conduction band to generate perturbative
photocurrent for linearly polarized, corotating and counterro-
tating circularly polarized lasers were discussed.

II. THEORETICAL METHOD

The nearest-neighbor tight-binding model is employed to
describe monolayer graphene with the corresponding Hamil-
tonian as [41]

HTB = −t0
∑

i∈nn

eik·di â†
kb̂k + H.c. (1)

Here, t0 = 2.7 eV represents the hopping energy, di corre-
sponds to the separation between the atom and its nearest
neighbor, such that |di| = a = 1.42 Å signifying the inter-
atomic distance and H.c. stands for Hermitian conjugate. The
operator â†

k (b̂k) denotes the creation (annihilation) operators
for A (B) type atom in the unit cell. Graphene has zero
band gap at the two points in the Brillouin zone known as
K and K′ points around which energy dispersion is linear in
nature. Interaction of the tailored laser pulses with graphene is
simulated by employing density-matrix-based semiconductor
Bloch equation formalism within the Houston basis [42,43].
The total time-dependent current as a function of crystal mo-
mentum is calculated as

J(k, t ) =
∑

m,n∈{c,v}
ρk

mn(t )pk+A(t )
nm . (2)

Here, pnm(k) = 〈n, k|∇kHTB|m, k〉 is the momentum matrix
element with |n, k〉 and |m, k〉 as the eigenstates of HTB and
A(t ) is the vector potential of the driving laser pulse. By
performing the integration with respect to k over the entire
Brillouin zone, we obtain the total time-dependent current
J(t ). The total vector potential corresponding to the circularly
polarized ω-2ω laser pulses is defined as

A(t ) = A0 f (t )√
2

([cos(ωt + φ) + cos(2ωt )]êx

+ [sin(ωt + φ) ± sin(2ωt )]êy). (3)

Here, + (−) represents the corotating (counterrotating) con-
figuration, A0 is the amplitude of the vector potential, f (t ) is
the temporal envelope for the driving field, and φ is subcycle
phase between ω and 2ω pulses. In the present work, the
fundamental ω pulse has a wavelength of 2.0 µm with peak
intensity of 0.3 TW/cm2 and 10 fs is used to mimic the deco-
herence between electron and hole during strong-field-driven
dynamics [44]. The intensity ratio of the ω and 2ω pulses are
unity throughout this work. The driving laser pulse has eight
cycles with a sine-square envelope. The laser parameters used
in this work are below the damage threshold of graphene [45],
and similar laser parameters have been used to investigate
strong-field-driven electron dynamics in graphene [46,47].

III. RESULTS AND DISCUSSION

The total current in graphene induced by the corotating
ω-2ω laser pulses with zero subcycle phase is shown in Fig. 2.
The photocurrent is nonzero along the x direction only with
negative in magnitude, which is consistent with the recent
report [29]. The reason for the nonzero photocurrent can be
attributed to the axial symmetry with respect to the x axis of
the the vector potential as reflected from the inset of Fig. 2.
Consequently, any current generated along the positive and
negative y axes cancels each other, resulting zero photocurrent
along the y direction. However, it is crucial to emphasize that
the vector potential is asymmetric about the y axis, which
leads to an asymmetric residual electronic population with
respect to the y axis, and therefore the observed photocurrent
is along x direction. At this juncture, it is pertinent to wonder
how the generated photocurrent varies with the subcycle phase
of the corotating ω-2ω pulses.

Figure 3 presents the sensitivity of the photocurrent with
the subcycle phase of the corotating pulses. It is apparent
that the directionality of the photocurrent can be strategically
tailored via controlling the subcycle phase. Photocurrent be-
comes zero along the x direction while becoming finite along
the y direction for the subcycle phase value of 45◦ as evident
from Fig. 3. On the other hand, the photocurrent is positive
and finite along the x direction but becomes zero along the
y direction for the subcycle phase of 90◦. For this value of
the phase, the total vector potential manifests asymmetry with
respect to the x axis, while symmetric along the y axis as
reflected from the Lissajous curve at the top panel. Conse-
quently, this configuration results finite photocurrent along
the x direction only. Moreover, generation of the positive
photocurrent can be attributed to the laser waveform of the
vector potential, which predominantly drives more electrons
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FIG. 2. Time-dependent total current in a monolayer graphene driven by corotating ω-2ω laser pulses with zero subcycle phase for
wavelength of 2 µm and intensity of 0.3 TW/cm2. The Lissajous curve corresponding to the total vector potential is shown in the inset.

towards the positive kx direction in the momentum space. On
the other hand, when the subcycle phase acquires a value of
120◦, the vector potential exhibits asymmetry along both the
x and y axes, resulting in finite photocurrent along both axes.
From the analysis of the Lissajous curve of the vector potential
for different subcycle phases shown in the top panel of Fig. 3,
it can be concluded that the directionality of the generated

FIG. 3. Sensitivity of the photocurrent with respect to the subcy-
cle phase of the corotating ω-2ω laser pulses. Lissajous curves of the
total vector potential for different subcycle phases of the ω-2ω laser
pulses are depicted in the top panel. Rest of the laser parameters are
the same as in Fig. 2.

photocurrent is inherently linked to the asymmetry present in
the vector potential of the corotating laser pulses. Moreover,
the intensity ratio between ω and 2ω pulses does not alter the
symmetry of the Lissajous curve as shown earlier [48]. Thus,
the subcycle phase of the corotating ω-2ω pulses provides a
tunable knob to tailor the photocurrent in a controlled manner.

The generation of the photocurrent relies on the fact that
[ρn(k) − ρn(−k)] �= 0. Along the same line, it is natural to
think that the asymmetric residual population also allows us
to observe valley polarization as the asymmetric characteris-
tic is intertwined with the valley polarization as η = 2(nK −
nK′ )/(nK + nK′ ) with nK(K′ ) = ∫ K(K′ )

0 ρn(k)dk. In addition, it
has been shown that the counterrotating ω-2ω laser pulses
lead to significant valley polarization in monolayer graphene
[31,49]. Thus, it is crucial to delve deeper to unravel the
underlying mechanisms of how corotating and counterrotating
ω-2ω laser pulses facilitate photocurrent and valley polariza-
tion in graphene.

There is no photocurrent either along the x or y direction
when graphene is irradiated by counterrotating ω-2ω laser
pulses as shown in Fig. 4(a). An absence of the photocurrent
can be attributed to the underlying symmetry of the total vec-
tor potential associated with the counterrotating laser fields.
For a given subcycle phase of the counterrotating field, the
vector potential exhibits asymmetry with respect to the y
axis [48]. However, if one takes the projection of the vector
potential along the x and y axes, it is straightforward to see
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FIG. 4. (a) Total time-dependent current in graphene generated by the counterrotating ω-2ω laser pulses with zero subcycle phase. The
corresponding Lissajous curve to the total vector potential is shown in the inset. (b) Time-dependent charge dynamics induced by corotating
and counterrotating configurations around K and K′ valleys. The Green dashed dot and violet dashed line correspond to the charge dynamics
for K (Kcoun) and K′ (K′

coun) during a counterrotating laser fields. On the other hand, blue and green solid lines stand for K (Kcoro) and K′ (K′
coro)

associated with the corotating configuration. The integrated photocurrent along the (c) kx and (d) ky axes for the corotating configuration. (e)
and (f) are same as (c) and (d) for the counterrotating configuration, respectively. The laser parameters are the same as in Fig. 2.

that the vector potential is symmetric about both the x and
y axes, which results in no photocurrent. However, it is es-
sential to emphasis that this asymmetric residual population
in the momentum space also has implications for the valley
polarization.

The integrated residual populations in the vicinity of K
and K′ valleys, induced by corotating and counterrotating
ω-2ω laser pulses, are illustrated in Fig. 4(b). It is interesting
to observe that nK and nK′ are identical for the corotating
fields, which results in no valley polarization. On the other
hand, nK and nK′ are significantly different in the case of
the counterrotating fields, which provide significant valley
polarization. Analysis of Fig. 4(b) for counterrotating config-
uration is consistent with previous reports [31,49]. Moreover,
corotating configuration leads to photocurrent but no valley
polarization, whereas counterrotating configuration results in
valley polarization with zero photocurrent.

To gain a deeper understanding of these intriguing behav-
iors, let us analyze the integrated photocurrent for both the
configurations. As previously discussed, the vector potential
of the corotating configuration exhibits asymmetry along the
y axis for the phase of 0◦. Consequently, the photocurrent
integrated along the ky axis also displays asymmetry as re-
flected from Fig. 4(c). On the other hand, the photocurrent
integrated along the kx axis exhibits symmetry as depicted
in Fig. 4(d), which allows photocurrent exclusively along the
x direction in this scenario and no photocurrent along the
y direction. In the case of the counterrotating configuration,
the photocurrent integrated along both the ky and kx axes
exhibit symmetry as shown in Figs. 4(e) and 4(f), respectively.
Thus there is no photocurrent in either direction for the coun-
terrotating configuration. For significant valley polarization,
it is important to note that the total vector potential must
align with the trigonal warping of the graphene’s energy band
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FIG. 5. Variation of the photocurrent’s amplitude, Jx and Jy, with respect to wavelength of the fundamental ω pulse of the corotating ω-2ω

pulses for the subcycle phase (a) 0◦ and (c) 135◦. (b) and (d) are same as (a) and (c) for the intensity of the ω pulse, respectively.

structure around K and K′ valleys to induce asymmetry in
the population distribution within these valleys [31]. In the
case of the corotating configuration, the total vector potential
does not align with the band structure around K or K′ valley,
leading to no valley polarization. However, counterrotating
configuration exhibits trefoil-shaped Lissajous structure [see
inset of Fig. 4(a)], which aligns perfectly with one valley over
the other, giving rise to the observed valley asymmetry as
reflected in Fig. 4(b).

So far we have investigated how the subcycle phase im-
pacts the directionality and amplitude of the photocurrent
driven by corotating ω-2ω pulses. Note that the magnitude
of the photocurrent is similar for all the subcycle phase
values. Now let us turn our discussion to understand how
the wavelength and intensity of the driving laser influence
the photocurrent’s amplitude. The variation in the photocur-
rent’s amplitude with respect to the wavelength of the ω

pulse is demonstrated in Figs. 5(a) and 5(c) for the sub-
cycle phase of 0◦ and 135◦, respectively. The photocurrent
exhibits a wavelength-dependent behavior along the x direc-
tion (Jx), which is increasing with wavelength initially and
starts decreasing beyond a critical value of the wavelength as
illustrated in Fig. 5(a). Note that the photocurrent along the
y direction (Jy) is zero for φ = 0◦ as shown in Fig. 3. It is
known that the electrons are driven along the direction of the
laser’s electric field, compelling them to move away from the
K and K′ points in the Brillouin zone [31]. As the wavelength

increases, electrons are pushed farther into the Brillouin zone,
introducing greater asymmetry and consequently causing an
increase in the photocurrent. However, beyond a specific
wavelength threshold, electrons start traversing between the
K and K′ regimes in the Brillouin zone. This introduces
interference between these paths, leading to a reduction in
the asymmetry in the residual population, which results in a
decrease in the photocurrent as depicted in Fig. 5(a).

As discussed earlier, the vector potential exhibits asym-
metry along both the x and y axes for φ = 135◦, resulting
photocurrent in both directions as evident in Figs. 3 and 5(c).
It is noteworthy that Jx becomes finite for a given threshold
of the wavelength. Beyond this threshold, Jx increases as the
wavelength increases. This peculiar behavior of the photocur-
rent arises due to the limited asymmetry of the total vector
potential with respect to the y axis. Hence, the asymmetry of
the vector potential along the y axis becomes noticeable only
when electrons are driven significantly away from the K and
K′ points within the Brillouin zone. This observed threshold
behavior in the x direction provides insights into how the
magnitude of the photocurrent responds to variations in wave-
length, shedding light on the intricate interplay between the
photocurrent and laser pulse characteristics. The variation of
Jy with wavelength in this case is similar to the one for φ = 0◦
with the similar underlying mechanism.

How the intensity of the laser pulse influences the pho-
tocurrent is illustrated in Figs. 5(b) and 5(d) for φ = 0◦ and
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FIG. 6. Variation in total photocurrent (J) and its components in strained graphene as a function of the (a) strain’s strength, ε, applied along
30◦ with respect to the kx axis, and (b) strain angle, θs, with respect to the kx axis for ε = 0.15. Rest of the laser parameters are same as in
Fig. 2.

135◦, respectively. Initially the photocurrent increases with
the intensity. However, as the intensity approaches around
TW/cm2, the photocurrent starts reducing due to a highly
nonlinear effect [29]. In addition, the decrease in the pho-
tocurrent’s amplitude can be attributed to the fact that beyond
a certain threshold of the laser’s intensity, the photocurrent
reverses its direction as discussed previously in Refs. [47,50].

Throughout our exploration so far, we have delved into
regulating photocurrent in pristine graphene by controlling
the subcycle phase as well as tuning wavelength or inten-
sity of corotating ω-2ω laser pulses. Nevertheless, it is also
feasible to tailor the graphene’s properties by engineering to
control the photocurrent. Strain engineering has emerged as a
highly effective approach for manipulating the characteristics
of graphene. Furthermore, it is important to note that the strain
naturally arises when graphene is placed on a substrate, such
as hexagonal boron nitride during device fabrication. In the
following, we will focus on the most common form of strain
engineering in graphene, i.e., uniaxial strain.

When the uniaxial strain is present in graphene, atomic
positions and the lattice vectors are transformed as

ũ = (I + ε) · u, (4)

where I is the 2 × 2 identity matrix and ε is the strain tensor.
The displacement of the atoms results in atomic distance
alteration in graphene, which results in modification to the

hopping energy [see Eq. (1)]. The modified hopping energy
is described by an exponential function of the interatomic
distance defined as γmn = γ0e−(dmn−a)/b with dmn as the sep-
aration vector between nearest-neighbor atoms in graphene
and b = 0.32a as the decay distance [51]. The change in the
hopping term is updated into the tight-binding Hamiltonian
for the strained graphene.

Figure 6(a) presents the variation in the photocurrent for
different strengths of the strain (ε) applied along 30◦ with
respect to the kx axis. The photocurrent is decreasing as the
strain’s strength is increasing and vice versa. In the absence of
any strain, we have finite Jx, which is related to the asymmetry
of the vector potential of the corotating fields with 0◦. How-
ever, the reflection symmetries along the XZ and Y Z planes
are broken when the uniaxial strain is along 30◦ [52]. As a
result of this symmetry breaking, photocurrent is also gen-
erated along the y direction. Graphene is stretched along the
direction of the strain and compressed along the perpendicular
direction to the applied strain when the uniaxial strain is
tensile in nature, i.e., strain’s strength is positive. The direction
of the photocurrent can be tuned from positive to negative in
y direction by changing the nature of strain from tensile to
compressive as evident from Fig. 6(a). The extent of asymme-
try increases as the strain’s strength increases, which results in
an increase in the photocurrent along the y direction. However,
photocurrent along the x direction decreases as strain transits
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from compressive to tensile strain. The reduction in the pho-
tocurrent can be attributed to a decrease in the group velocity
along the x direction. Here, the group velocity is defined as
vg = ∂E (k)/∂k, which is proportional to intraband current.

Let us turn our discussion to when the direction of the
applied strain, θs, is varied for a given value of ε. The sen-
sitivity of the photocurrent with respect θs for ε = 0.15 is
presented in Fig. 6(b). J monotonically increases with θs,
whereas Jy increases and reaches to maximum at θs = 45◦.
After that, Jy starts reducing and reaches to zero at θs = 90◦.
For θs = 0◦, graphene is distorted in such a way that the
reflection symmetries along XZ and Y Z planes are preserved,
which allows the photocurrent along the x direction only. The
reflection plane symmetries along both the planes are broken
as θs changes from 0◦ to 45◦. Moreover, the extent of the
asymmetry increases with θs and reaches to the maximum at
45◦, which allows Jy to be maximum at that angle. On the
other hand, extent of the asymmetry reduces as θs changes
from 45◦ to 90◦. For θs = 90◦, the reflection symmetries are
preserved, which leads Jy to be zero. An increase in Jx can
be attributed to an increase in the group velocity along the x
direction with θs. Thus, analysis of Fig. 6 establishes that the
strain engineering is viable route to control the photocurrent in
graphene. Moreover, photocurrent’s amplitude and direction
can be controlled by applying appropriate strain with suitable
strength along the desired direction.

In summary, we have explored how the waveform of
the tailored laser pulses allows us to create asymmetric
residual electronic population, which in turn generates pho-
tocurrent and/or valley polarization in graphene. The detailed
underlying mechanisms responsible for generating photocur-
rent and/or observing valley polarization, and their intricate
connection with the symmetries of the corotating and coun-
terrotating circularly polarized ω-2ω laser pulses, and energy
dispersion of graphene are analyzed in depth. We have also
explored the how the photocurrent can be tailored by tuning
the laser parameters of the corotating laser, such as subcy-
cle phase, intensity, and wavelength. In addition, we have
illustrated that the photocurrent’s amplitude can be also sig-
nificantly boosted by manipulating the electronic structure
of the monolayer graphene via uniaxial strain engineering.
Present research offers an avenue for graphene-based ultrafast
photodetectors and photonics devices operating on ultrafast
timescale.
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