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Photocurrent generation in solids via linearly polarized laser
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To add to the rapidly progressing field of ultrafast photocurrent, we propose a universal method to generate
photocurrent in normal and topological materials using a pair of multicycle linearly polarized laser pulses. The
interplay of the fundamental and its second harmonic pulses is studied for the generation of photocurrent in Weyl
semimetals by varying the angle between the polarization direction, relative intensity, and relative phase delay.
It has been found that the presence of a comparatively weaker second harmonic pulse is sufficient to generate
substantial photocurrent. Moreover, significant photocurrent is generated even when polarization directions are
orthogonal for certain ratios of the lasers’ intensities. In addition, the photocurrent is found to be susceptible to
the delay between the two pulses. We have illustrated that all our findings are extendable to nontopological and
two-dimensional materials, such as graphene and molybdenum disulfide.
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I. INTRODUCTION

Ongoing efforts to synthesize novel materials for power-
efficient and fast-responding photodetectors, solar cells, and
optoelectronic devices have captured our attention in re-
cent years [1–4]. The discovery of graphene, together with
transition-metal dichalcogenides, has heralded photodetection
sensitivity on an ultrafast time domain [5–14]. Furthermore,
the latest additions to novel quantum materials, such as Dirac
and Weyl semimetals, have fostered the prospect for efficient
conversion of light to electricity [3,15–19]. The topologically
protected states in Weyl semimetals can facilitate dissipation-
less transmission of information — a prerequisite for quantum
technologies. In this respect, applications of intense laser
pulses hold potentials of signal processing at the Petahertz rate
[20]. Thus employing an ultrafast intense laser on novel quan-
tum materials is an emerging avenue for converting light into
electricity efficiently [21–23]. However, a universal method to
transform light into electricity applicable to topological and
normal materials in two and three dimensions is lacking.

The present work introduces a universal way to gener-
ate photocurrent in topological and nontopological materials.
We will start our discussion by demonstrating photocurrent
generation in inversion-symmetric and inversion-broken Weyl
semimetals. Owing to a several picoseconds long electron
scattering timescale, Weyl semimetals seem ideal for coherent
light manipulation, including photocurrent generation [24].
Analysis of the photocurrent in Weyl semimetals is also useful
to unravel its topological aspects [25–31]. In addition, the
plethora of interesting optical phenomena in Weyl semimetals
makes them suitable candidates for interaction with intense
laser [32–38]. In recent years, two-color co- and counter-
rotating circularly polarized laser pulses have been employed
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to generate photocurrent in normal and topological materials,
respectively [22,23]. In addition, it has been demonstrated that
a single-color circularly polarized pulse is useful to tailor pho-
tocurrent in Weyl semimetals [21]. However, a method based
on linear polarization of light is desirable for its simplicity.

A schematic setup of our idea is shown in Fig. 1(a) where a
pair of linearly polarized pulses with frequencies ω and 2ω is
shined on a Weyl semimetal. The polarization of the ω pulse is
fixed along the x axis, whereas the polarization direction of 2ω

is making an angle θ with respect to the x axis in the xy plane.
When both ω − 2ω pulses are in collinear configuration (θ =
0), the resultant laser pulse contains both the components, ω

and 2ω, along the x direction with no component along the
y direction. In addition, there are more oscillations on the
negative side than the positive side resulting in an asymmetric
laser waveform as evident from the top panel of Fig. 1(b). On
the other hand, the orthogonal configuration of the ω − 2ω

pulses, i.e., θ = π/2, results in a symmetric laser waveform
in both x and y directions as reflected from the bottom panel
of Fig. 1(b). Note that the orthogonal configuration leads to
an interesting Lissajous figure with reflection symmetry only
along the x direction as shown in the inset [see Fig. 1(b)].
Hence orthogonal configuration results in an asymmetric laser
waveform along the y direction. Further, the asymmetry of the
total laser waveform can be tuned by changing the polariza-
tion direction and intensity of the 2ω field.

In the following, we will show the generation and the
manipulation of the photocurrent in Weyl semimetals when
the setup is in collinear or orthogonal configuration. Fur-
thermore, it has been found that the presence of even a
weak 2ω pulse is enough to generate photocurrent, which can
be further tailored by tuning the intensity of the 2ω pulse
with respect to the ω pulse. In addition, the photocurrent
can be further tuned by controlling the interplay of ω − 2ω

pulses through variations in angle θ , amplitude ratio, and
time delay between them. To demonstrate the universality and
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FIG. 1. (a) Schematic setup for ultrafast photocurrent generation where two linearly polarized pulses with frequencies ω and 2ω with
polarization directions at an angle θ are interacting with a Weyl semimetal. (b) Amplitude of the vector potential of the two pulses when both
pulses are in collinear (top panel) and orthogonal (bottom panel) configurations. The Lissajous curve of the total vector potential in the xy plane
is shown in respective insets. (c) Variations in the photocurrent with respect to θ in an inversion-symmetric Weyl semimetal. (d) Same as (c) for
an inversion-broken Weyl semimetal. Wavelength of the ω pulse is 3.2 μm with pulse length ∼100 fs. Laser intensity equal to 5 × 1010 W/cm2

with R = 1 is used for both inversion-symmetric and inversion-broken Weyl semimetals.

robustness of our idea, we will extend our study to inversion-
symmetric and inversion-broken two-dimensional materials
with trivial topology. Asymmetry of the carrier-envelope-
phase stabilized few-cycle laser waveform has been utilized
to generate photocurrent in two-dimensional materials, where
the photocurrent was controlled by tuning the carrier-envelope
phase of the pulse [39–41]. In addition, coherent control over
electronic motion and current in graphene is achieved by
a pair of few-cycle linearly polarized laser pulses [42,43].
Additionally, the resultant photocurrent gives a lower bound
on coherence time in graphene [44]. The present approach
shows a universal application of intense light to engender pho-
tocurrent in both topological and nontopological materials in

two and three dimensions. Notably, ω − 2ω pulses have been
employed to explore strong-field driven light-matter interac-
tion phenomena in solids, namely high-harmonic generation
[45–51]. It is well established that intense laser driven high-
harmonic generation in solids is nonperturbative in nature
[52,53]. Thus it is expected that the intense laser pulses will
generate nonperturbative photocurrent in solids.

II. THEORETICAL FRAMEWORK

Interaction of an intense laser pulse with a solid is de-
scribed within the density matrix framework. The temporal

104309-2



PHOTOCURRENT GENERATION IN SOLIDS VIA … PHYSICAL REVIEW B 109, 104309 (2024)

evolution of the density matrix, ρ, can be written as [54,55]

ρ̇k
mn = iE(t ) ·

∑
l

(
d kt

mlρ
k
ln − d kt

ln ρk
ml

)

−
[

(1 − δmn)

T2
+ iEkt

mn

]
ρk

mn. (1)

In the above equation, A(t ) and E(t ) are, respectively, vector
potential and electric field of the incident laser pulse, which
are related as E(t ) = −Ȧ(t ). In the presence of the laser pulse,
crystal momentum k changes to kt = k + A(t ). In this work,
the electronic band structure of solids are described by a tight-
binding Hamiltonian H(k), which is diagonalized to obtain
eigenstates |m, k〉 and |n, k〉 corresponding to eigenvalues
Ek

m and Ek
n , respectively, at each time step in the presence

of laser. After obtaining the eigenstates, the momentum and
dipole matrix elements are, respectively, calculated as pk

mn =
〈m, k|∇kH(k)|n, k〉 and dk

mn = i〈m, k|∇k|n, k〉 at each time
step numerically as well as the energy gap, Ek

mn = Ek
m − Ek

n . A
phenomenological dephasing time T2 = 1.5 fs is introduced
to consider decoherence between electron and hole during the
excitation process.

Equation (1) is solved numerically by sampling the Bril-
louin zone with 80 × 80 × 80 grid size and a time step of
0.015 fs. We start with a filled valence band and an empty
conduction band. Using this as the initial condition, Eq. (1)
is solved using the Runge-Kutta method to obtain the den-
sity matrix, ρ(t ), at each time t . A photocurrent, J(t ) =∫

k dk [ρ(k) − ρ(−k)] ∂E (k)
∂k , arises if there is an asymmetric

electronic population in the conduction band after the end
of the laser pulse, i.e., ρ(k) �= ρ(−k) [21,56]. In the present
work, we analyze the photocurrent for various configura-
tions of the laser pulse to ascertain suitable configurations
for producing the asymmetric population and hence, in turn,
photocurrent in solids.

The total vector potential of a pair of linearly polarized
laser pulses is written as

A(t ) = A0 f (t )[cos(ωt )êx + R cos(2ωt )

× {cos(θ )êx + sin(θ )êy}], (2)

where A0 is the amplitude, f (t ) is the sin2 envelope, R is
a dimensionless parameter to tune the intensity of the 2ω

pulse with respect to the ω pulse, and θ is the angle between
the polarization of two linearly polarized pulses as shown in
Fig. 1(a).

Let us write the Hamiltonian of Weyl semimetals as
H(k) = d(k) · σ , where σ ’s are the Pauli matrices. The com-
ponents of d(k) for an inversion-broken Weyl semimetal are
expressed as [57]

d(k) = [t{cos(k0a) − cos(kya) + μ[1 − cos(kza)]}, t sin(kza),

× t{cos(k0a) − cos(kxa) + μ[1 − cos(kza)]}], (3)

and for an inversion-symmetric Weyl semimetal as

d(k) = [t sin(kxa), t sin(kya), t{cos(kza)

− cos(k0a) + 2 − cos(kxa) − cos(kya)}]. (4)

Here, k0 = π/(2a) represents the position of the Weyl
nodes for both Weyl semimetals with a = 6.28 Å as the
lattice parameter of a simple cubic crystal structure. The
Weyl nodes for inversion-broken and inversion-symmetric
Weyl semimetals are at k = [±π/(2a),±π/(2a), 0] and
k = [0, 0,±π/(2a)], respectively. A dimensionless parame-
ter μ = 2 and isotropic hopping parameter t = 1.8 eV are
used in the present work. Similar tight-binding Hamiltonians
for pristine graphene and MoS2 are adopted from Refs. [54]
and [58], respectively.

III. RESULTS AND DISCUSSION

A. Photocurrent in Weyl semimetals

We start our discussion by analyzing the sensitivity of the
photocurrent with respect to θ for an inversion-symmetric
Weyl semimetal as shown in Fig. 1(c). It is evident that there is
nonzero photocurrent along the laser polarization for θ = nπ

with n as an integer. The origin of the finite photocurrent can
be attributed to the asymmetric laser waveform [see Fig. 1(b)],
which results in an asymmetric residual electronic popula-
tion in the conduction band, i.e., [ρ(k) − ρ(−k)] �= 0. The
asymmetry of the laser waveform can be flipped by chang-
ing θ = 0 or 2π to π . As a result, the magnitude of the
photocurrent tunes from negative to positive by changing the
collinear configuration from parallel to antiparallel. In addi-
tion, the waveform asymmetry reduces as θ deviates from the
collinear configuration, such as at θ = π/4, which leads to the
reduction of the photocurrent. The orthogonal configuration
of the ω − 2ω pulses renders a symmetric waveform along
the x direction, which results in zero photocurrent. Thus the
underlying mechanism for the photocurrent generation is the
asymmetric laser waveform, which is imprinted in the exci-
tation processes leading to asymmetric electronic population.
Interestingly, there is also a small photocurrent along the y di-
rection for θ �= nπ as reflected in the figure. The photocurrent
along the y direction arises due to the asymmetric waveform
in the y direction [see inset of bottom panel of Fig. 1(b)]. We
will discuss later how this photocurrent can be enhanced. Thus
the analysis of Fig. 1(c) establishes that the magnitude and
direction of the photocurrent is tunable with θ .

Figure 1(d) presents the variation in the photocurrent with
θ for an inversion-broken Weyl semimetal. The collinear con-
figuration results in a finite photocurrent in this case also. This
observation, together with the sensitivity of the photocurrent’s
magnitude for other θ , exhibits similar behavior as in the case
of the inversion-symmetric Weyl semimetal discussed above.
In addition, the trend in the photocurrent is universal in the
sense that it does not depend on the inversion symmetry of the
material. Thus Figs. 1(c) and 1(d) establish that the ω − 2ω

pulse setup generates a finite photocurrent, which emanates
by imprinting asymmetry of laser waveform on the elec-
tronic population. The overall magnitude of the photocurrent
is tunable with θ and critically depends on the material and
intensity employed. So far, we have investigated photocurrent
generation within the ω − 2ω setup with identical intensity of
the laser pulses. At this junction, it is worth wondering how
the photocurrent changes when the intensity ratio of the two
pulses varies.
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FIG. 2. Variation in photocurrent with the amplitude ratio (R) of the 2ω pulse with respect to the ω pulse for an inversion-symmetric Weyl
semimetal in the (a) collinear and (b) orthogonal configurations. Laser parameters are the same as in Fig. 1 with intensity of the ω pulse as
1011 W/cm2.

B. Role of the intensity ratio (R) in photocurrent

To address this pertinent issue, we will consider two cases
where the waveform’s asymmetry is extremum, i.e., θ = 0
(collinear) and π/2 (orthogonal) configurations. Moreover,
an inversion-symmetric Weyl semimetal is chosen for further
discussion from here onward as both inversion-symmetric and
inversion-broken Weyl semimetals behave similarly. Figure 2
presents the sensitivity of the photocurrent as a function of
the amplitude ratio R [see Eq. (2)]. The residual electronic
population in the conduction band, after the end of the laser
pulse, exhibits asymmetry along kx = 0 and the asymmetry
increase with R (see Fig. S1 [59]). Consequently, the pho-
tocurrent becomes significant as R is increased, as evident
from Fig. 2(a). Further, it is notable that the presence of a
weaker 2ω pulse is enough to generate photocurrent of the
same order of magnitude. Also, in comparison to R = 1,
there is an appreciable photocurrent even when the intensity
of the 2ω field is one-tenth of the ω field. In general, the
generation of the 2ω pulse from ω, say using a beta barium
borate crystal, reduces the intensity of the 2ω pulse drasti-
cally in typical experimental setups. Thus the presence of
a weaker 2ω pulse in the ω − 2ω setup in our approach is
sufficient for the photocurrent generation to provide flexibility
to the experimentalist. Note that the spatial distribution of the
residual population resembles the laser waveform as crystal
momentum k alters to kt = k + A(t ). Thus the laser wave-
form controls the asymmetry of the residual population and
therefore photocurrent.

Analysis of Fig. 1(c) indicates that there is insignificant
photocurrent along the y direction when θ = π/2 for R = 1.
However, photocurrent along the y direction can be boosted
by an order of magnitude by tuning R = 1 to 0.5 as reflected
from Fig. 2(b). Similar to the collinear configuration, the
residual population in the conduction band is fairly symmetric
along kx = 0 for R = 0.1. On the other hand, the population is
asymmetric along ky = 0, which results in photocurrent along
the y direction (see Fig. S2 [59]). Moreover, the orthogo-
nal configuration exhibits the nonmonotonic behavior of the
photocurrent, which is in contrast to the observation in the

collinear configuration. The nonmonotonic behavior can be
attributed to the laser-driven nonperturbative electron dynam-
ics in the conduction bands. A further increase in the intensity,
by increasing R, leads to the sign change of [ρ(k) − ρ(−k)],
which results in the reversal of the photocurrent’s direction.
Our observation about the direction reversal with intensity is
consistent with previous reports [21,39,60–62]. The same ob-
servations hold true for an inversion-broken Weyl semimetal
qualitatively. Thus R adds another knob to tune the photocur-
rent in Weyl semimetals along with θ .

C. Photocurrent in two-dimensional materials

Until now, we have observed that the photocurrent is insen-
sitive to the symmetries and topology of the Weyl semimetals
and exhibits similarities with θ and R variations. This con-
clusion raises a crucial question about the universality of
our observation. To answer this important question, we tran-
sit from three-dimensional topological to two-dimensional
trivial materials, namely inversion-symmetric graphene and
inversion-broken molybdenum disulfide (MoS2). These two-
dimensional materials have been the center of exploration for
photodetection and other optoelectronic applications in recent
years [5,8,58,63–65].

There is a finite photocurrent along the x direction for
graphene in the collinear configuration (θ = 0, π , and 2π ) as
evident from Fig. 3(a). On the other hand, the photocurrent’s
magnitude reduces as θ changes and reaches a minimum
for θ = π/2 and 3π/2. A similar trend in the photocurrent
with θ is visible for MoS2 [see Fig. 3(d)]. Interestingly, the
photocurrent’s magnitude in MoS2 is reduced in comparison
to graphene, which can be attributed to the finite band gap of
MoS2. Overall, other features of the photocurrent along x and
y directions remain robust with a variation in θ .

Sensitivity of the photocurrent with R is presented in
Figs. 3(b) and 3(e) for graphene and MoS2, respectively. It is
noted that the small presence of the 2ω component in collinear
configuration is sufficient to generate photocurrent along the x
direction. On the other hand, the value of R crucially depends
on the material’s nature to maximize the photocurrent along
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FIG. 3. (a) Sensitivity of the photocurrent in an inversion-symmetric graphene with respect to (a) θ , the amplitude ratio (R) in (b) collinear
and (c) orthogonal configurations of the ω − 2ω setup. Panels (d), (e), and (f) are the same as (a), (b), and (c) for MoS2, respectively. Laser
parameters are the same as in Fig. 1 with intensity of the ω pulse as 1011 W/cm2.

the y direction in the orthogonal configuration, as evident
from Figs. 3(c) and 3(f) for graphene and MoS2, respectively.
Observations of Figs. 1–3 confirm that the photocurrent can be
tuned by varying the laser’s parameters in the ω − 2ω setup
irrespective of the materials and their underlying symmetry,
which establishes the universality of our approach.

D. Role of time delay between ω − 2ω pulses in photocurrent

At this juncture, we investigate how the photocurrent can
be additionally controlled by introducing a relative time delay
between ω and 2ω pulses. So far, we have considered zero
delays between the pulses. Figure 4(a) presents the varia-
tion in the photocurrent as a function of the delay for an

104309-5



AMAR BHARTI AND GOPAL DIXIT PHYSICAL REVIEW B 109, 104309 (2024)

FIG. 4. Effect of the time delay between of ω and 2ω pulses on the photocurrent in an inversion-symmetric Weyl semimetal. The ω and 2ω

pulses are in (a) collinear and (b) orthogonal configurations with R = 1 and 0.5, respectively. The laser parameters are the same as in Fig. 1.

inversion-symmetric Weyl semimetal in a collinear config-
uration (θ = 0) with R = 1 at which the photocurrent is
maximum [see Fig. 2(a)]. The photocurrent’s amplitude along
the x direction can be modulated from negative to positive
value by changing the relative delay in units of a quarter of
the fundamental (ω pulse) time period. The modulation in the
photocurrent can be attributed to the change in the asymmetry
of the laser waveform caused by the time delay. Figure 4(b)
shows a similar control over the photocurrent’s amplitude
along the y direction in the orthogonal configuration (θ =
π/2) with R = 0.5 at which the photocurrent is maximum
[see Fig. 2(b)]. Thus the photocurrent can be modulated by
merely introducing the delay, which adds another convenient
control knob to tailor photocurrent in materials.

E. Role of the laser’s intensity in photocurrent

So far, we have limited our discussion on the photocurrent
for a fixed intensity of the ω pulse. At this point, it is worth
knowing how photocurrent scales with the intensity. Figure 5
discusses how the photocurrent scales with the intensity in
collinear and orthogonal configurations. The intensity of both

ω and 2ω pulses are varied in a fixed ratio, which corresponds
to the maximum photocurrent as in Fig. 2. It is evident that
the photocurrent becomes appreciable at 1010 W/cm2 and
exhibits nonmonotonic behavior in the collinear configuration
as shown in Fig. 5(a). The photocurrent peaks at 1011 W/cm2

and starts decreasing with an increase in intensity, which
results in the reversal of the photocurrent’s direction as
discussed above. The asymmetry in the residual electronic
population increases along kx as the intensity increases, which
leads to increase in photocurrent. However, after reaching
a maximum, the asymmetry starts reducing as the residual
population migrates from positive to negative kx region and
vice versa, which results in the reduction of the photocurrent’s
magnitude, and can be understood by analyzing the residual
population as shown in Fig. S3 [59]. The minimum inten-
sity required to generate photocurrent and its nonmonotonic
nature indicate that the generated photocurrent is nonpertur-
bative in nature. This observation is consistent with an earlier
report for graphene exposed to a few-cycle phase-stabilized
laser pulse [39,60] and Weyl semimetal [21]. In contrast, the
orthogonal configuration at the same intensity yields minus-
cule photocurrent as reflected from Fig. 5(b). Photocurrent

FIG. 5. Scaling of the photocurrent with the intensity of the ω and 2ω pulses in (a) collinear and (b) orthogonal configurations with R = 1
and 0.5, respectively. The laser parameters are the same as in Fig. 1 for an inversion-symmetric Weyl semimetal.
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in the orthogonal configuration increases monotonically with
the laser’s intensity studied. The residual population in the
conduction band in the orthogonal configuration for different
laser’s intensity is presented in Fig. S4 [59], which can be
analyzed in a similar fashion as discussed above. Note that the
maxima and directional reversal of photocurrent will appear at
intensity different from Fig. 5, if we choose a different value
of R for any configuration. Nonetheless, above a threshold
intensity, the ω − 2ω field can produce photocurrent which
can be optimized by tuning the ratio of amplitude.

IV. CONCLUSION

In summary, we present a universal method to generate
and tailor photocurrent in normal and topological materials,
namely graphene, MoS2, and Weyl semimetals. A pair of lin-
early polarized pulses comprised of ω − 2ω frequencies can
produce a highly asymmetric laser waveform, which steers
electrons on an attosecond timescale to generate photocurrent

in materials with trivial and nontrivial topology. In this regard,
we find that the presence of a comparatively weak 2ω pulse
is sufficient for the photocurrent generation. Interestingly, the
generated photocurrent can be tailored by simply varying the
laser parameters of the ω − 2ω setup. The photocurrent is
found to be sensitive to the variation in the angle between
the polarization directions, amplitude ratio, and relative time
delay of the two pulses. Even orthogonal linearly polarized
pulses drive asymmetric population for a certain amplitude
ratio and thus give rise to comparable photocurrent as the
collinear pulses. Our proposed method showcases various
ways to tailor laser waveform to generate photocurrent for op-
toelectronic and photodetection applications in a nonmaterial
specific manner — thus a universal way.
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