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Nonlinear Current Injection in Hexagonal Boron Nitride
using Linearly Polarized Light in a Deeply Off-Resonant

Regime

Wenwen Mao,* Angel Rubio,* and Shunsuke A. Sato*

Light-induced electron dynamics in monolayer hexagonal boron nitride is
theoretically investigated under the influence of two-color linearly-polarized
laser fields at frequencies @ and 2w, by solving the time-dependent
Schrodinger equation with a tight-binding model. In the weak field regime, it
is confirm that the injection of ballistic current arises from the breakdown of
time-reversal symmetry. This phenomenon is attributed to quantum
interference between two distinct excitation paths: a one-photon (2/i®)
absorption path and a two-photon (#®) absorption path. In a strong field
regime, the analysis reveals that the two-color laser fields may generate a
substantial population imbalance within momentum space, consequently
facilitating the injection of ballistic current even in a deeply off-resonant
regime. The findings demonstrate that a pronounced population imbalance
exceeding 30% of excited electrons can be realized without relying on the
ellipticity of the fields. This highlights the potential of linearly polarized light
for efficient photovoltaic effects and valley population control in 2D systems

investigations into the photovoltaic effect
have been conducted from various per-
spectives, involving both fundamental and
technological points of view. Among the
various mechanisms of the photovoltaic
effects, the shift-current, classified as a
second-order nonlinear optical effect,!!]
has been attracting substantial atten-
tion for its potential in achieving a very
efficient light-to-current conversion.=!

Another  noteworthy  second-order
nonlinear optical effect is the injection
current,['®7] which can be induced by
the breaking of time-reversal symmetry
through elliptically or circularly polarized
light, in addition to the breaking of in-
trinsic spatial inversion symmetry. While
the shift-current occurs solely during laser

and heterostructures.

1. Introduction

The photovoltaic effect involves the conversion of light into
a flow of charges, forming a fundamental phenomena for
clean energy generation in our society. Consequently, extensive
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irradiation, the injection current may
persist even after the laser irradiation
ends. The persistence time of the injection
current is only limited by decoherence
and dissipation effects that disturb the phenomenon after the ir-
radiation is turned off. This persistent current arises from the
population imbalance in the Brillouin zone caused by the laser
excitation.!]

Expanding beyond the second-order nonlinear effect, the pho-
tovoltaic effects with an intense few-cycle laser pulse have been
explored.®13] Such a laser pulse can extrinsically break spatial
inversion symmetry. Moreover, a strong field can introduce a
highly nonlinear excitation channel, such as the tunneling excita-
tion path. Through the combination of extrinsic spatial inversion
symmetry breaking and intense nonlinear interactions between
light and matter, an intense few-cycle laser pulse may induce a
direct current (dc-current) even in a material with intrinsic inver-
sion symmetry. Because the photovoltaic effect with a few-cycle
pulse depends on breaking the inversion symmetry of the light
fields, the induced current can be manipulated by controlling the
intensity and carrier envelope phase of the pulse.[®11]

In recent research, an effective method for controlling valley
population has emerged, involving the combination of two cir-
cularly polarized lights with different frequencies, denoted as @
and 2w, specifically studied in the context of 2D systems.!1*13]
Each circularly polarized light individually breaks time-reversal
symmetry, and when combined, the fields can additionally break
spatial inversion symmetry. This dual breakdown of time-reversal
and spatial inversion symmetries leads to the creation of a
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population imbalance in momentum space following laser excita-
tion, resulting in a persistent net charge flow even after the laser
irradiation ends. Notably, this methodology has been extended
to numerical studies with first-principles calculations applied to
bulk solids.!¢]

Addressing the photovoltaic effect within the perturbative
regime, significant attention has been directed toward the de-
scription of the injection of dc current using two-color linearly po-
larized light.['”-23] The early investigation has particularly empha-
sized the interplay between a fundamental frequency, denoted as
o, and its second harmonic, 2w.["7*] The utilization of two-color
fields, such as w and 2w, has opened a potential to break the time-
reversal symmetry of the systems, even when the combined field
is linearly polarized. This symmetry breaking leads to a popu-
lation imbalance induced by laser irradiation, consequently re-
sulting in dc-current injection. The population imbalance in this
scheme is caused by quantum interference between two excita-
tion paths: One is the two-photon absorption process with pho-
tons at the frequency w, while the other is the one-photon absorp-
tion process with photons at the frequency 2w. Hence, this pro-
tocol for dc-current injection is known as quantum interference
control (QuIC).**I By manipulating the relative phase of the opti-
cal fields at frequencies w and 2w, QulIC can be applied to achieve
control over one- and two-photon absorption processes, often re-
ferred to as (1 + 2 QulC). Subsequently, the scope of QuIC has
been broadened to involve general integer combinations, denoted
as (M + N QulC).[2123] In this extended scheme, two-color laser
fields operating at frequencies @ and w’ induce M- and N-photon
absorption processes, respectively.

Despite the considerable interest in the nonlinear photovoltaic
effect, there has been limited exploration of efficient current in-
jection in the deeply off-resonant regime with multi-cycle light
pulses, especially using linearly polarized light. In a previous
study,"*! deeply off-resonant bi-circular laser fields with frequen-
cies @ and 2w were utilized to create a substantial population
imbalance in the Brillouin zone. However, in principle, the use
of linearly polarized light with two frequencies is sufficient to
break time-reversal symmetry. Therefore, efficient injection of
dc-current and the creation of a substantial population imbalance
can be realized by employing two-color linearly polarized laser
fields with frequencies w and 2w, without relying on the ellipticity
of light. Furthermore, such analysis with linearly polarized light
will fill a gap between a novel nonlinear optical phenomenon with
bi-circularly polarized light in the highly nonlinear regime and
the traditional QuIC in the perturbative regime, providing novel
insights into nonlinear optical phenomena.

In this study, we theoretically investigate dc-current injection
and the generation of population imbalance through the applica-
tion of two-color linearly polarized laser fields with frequencies @
and 2. For practical analysis, we examine the light-induced elec-
tron dynamics in a prototypical 2D material, monolayer hexag-
onal boron-nitride (h-BN), using a simple tight-binding approxi-
mation. In the quantum dynamics simulation, we find that ballis-
tic current can be induced even in the deeply off-resonant regime
with two-color linearly polarized light. Furthermore, we demon-
strate that a significant population imbalance is formed even
without relying on the ellipticity of light. These findings may pave
the way for ultrafast and efficient control of electron population
in matter using multi-color linearly polarized light.
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2. Theoretical Methods

In this section, we provide a brief explanation of the theoreti-
cal methods used to investigate light-induced electron dynamics
and evaluate the light-induced current in monolayer h-BN. To de-
scribe the electronic structure of h-BN, we employ the following
tight-binding Hamiltonian:

Py €p tof (k)
H(k)‘<tof(k)* e ) "

where € and e represent the on-site energies for boron and ni-
trogen sites, respectively. The nearest neighbor hopping is de-
noted by t,, and the phase factor, f (k), is defined as f (k) = e*® +
et + ¢*® with the nearest-neighbor vectors &,.1°! In this work,
we set € — €y t0 5.9 eV to reproduce the bandgap of h-BN, which
is about 5.9 eV computed with first-principles calculations.2°]
The nearest neighbor hopping, t,, is chosen as 2.64 eV, in accor-
dance with previous work.!?’! The lattice constant is set to 2.5 A.
The resulting electronic structure yields bandgap minima of eg
— ey =5.9eVat Kand K’ points in the Brillouin zone.

To describe light-induced electron dynamics, we employ the
following time-dependent Schrodinger equation for each k-point:

A A
in ) = b+ S iy @

where k is the Bloch wavevector, and |y (t)) represents the single-
particle electronic wavefunction at k. The vector potential A(¢) is
related to the applied electric field E(t) through E(t) = —dA(t)/dt.
In the Hamiltonian, the wavevector shifts k — k + eA(t)/h is in-
troduced by using the Peierls substitution.[?”]

By employing the time-dependent wavefunctions, |y, (t)), we
evaluate the induced current as

5= s [kt o)
here, J,(t) is the current operator and is defined as

A . A(t

Jk(t)=%H<k+eh()> (4)

Note that this current operator is widely used, and it can also de-
scribe phenomena related to Berry curvature, such as anomalous
Hall effects.[28%°]

For practical simulations, we employ the following expression
for the vector potential of the applied two-color fields:

E
Aty =—- epao [cos (wt+0) + % cos 2wt + ¢ + 29)]

x cos* (%t) (5)

within the interval —7/2 <t < 7/2 and zero outside this range.
Here, ¢, represents a unit vector along the polarization direction
of the laser field, E, denotes the peak field strength, w is the fun-
damental frequency, and 7 is the duration of the laser field pulse.
We introduce a relative phase ¢ between the two-color fields and
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Figure 1. a) Atomic configuration of monolayer h-BN and b) the Brillouin
zone are shown. In each panel, the blue arrow shows the laser polarization
direction. The time profiles of the electric field given by Equation (5) are
shown for (c) $ =0and (d) ¢ = /2.

a global phase 6 as a common phase for the two fields. The rel-
ative phase governs quantum interferences among different ex-
citation paths induced via w and 2w laser fields, while the global
phase is utilized to extract a dc-like response from the quantum
dynamics simulations.

3. Results

3.1. Third-Order Nonlinear Regime: 1 + 2 QuIC

In this section, we revisit the 1 + 2 QulC process, which is a
third-order nonlinear optical process for injecting a dc current
using two-color fields, by employing the methods introduced in
Section 2. For practical calculations, we set the laser polarization
direction, €, with the I'-K direction, as illustrated in Figure 1a,b.
Furthermore, the pulse duration, 7, is set to 40 fs.

By utilizing two-color fields with frequencies w and 2w, it is
possible to induce a population imbalance and, consequently, a
dc current by extrinsically breaking the time-reversal symmetry.
This can be achieved by manipulating the relative phase ¢ in the
vector potential described in Equation (5). Figure 1 c illustrates
the electric field generated by the vector potential with a relative
phase of ¢ = 0, while Figure 1 d presents the field with a relative
phase of ¢ = /2. Itis evident that the field with ¢ = 0 in Figure 1c
breaks the time-reversal symmetry, as E(t) # E(—t), while the field
with ¢ = #/2 in Figure 1d maintains the symmetry E(t) = E(—t).
Hence, the time-reversal symmetry of the Hamiltonian is broken
when ¢ = 0 and preserved when ¢ = z/2. Consequently, a popu-
lation imbalance and resulting dc current injection are expected
when ¢ = 0, while symmetric excitation population and the ab-
sence of net residual current are anticipated when ¢ = 7 /2.

For a practical analysis of the dc component of the current in-
duced by the fields, we introduce the global phase 6 into the fields
of Equation (5), as done in our previous work.**l Formally, the
electric current J(t), evaluated with Equation (3), is a functional
of the vector potential A(t). The current becomes a function of
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the global phase 8 when the vector potential follows Equation (5).
Hence, we explicitly denote the current as J(t, 8). By fixing all the
laser parameters in Equation (5) except the global phase 6, the dc-
like component of the induced current can be extracted through
the following integral:

Sl = 5= [ dogie ©

here, the higher-frequency components are averaged out, allow-
ing for the clean extraction of the dc-like slow-frequency compo-
nent.

To illustrate dc current injection, we simulate electron dynam-
ics using the vector potential from Equation (5) with w setto 3 eV.
Note that the photon energy satisfies the condition (w < E, < 2A0)
for the 142 QuliC process.!'®]

Figure 2a shows the calculated dc component of the scaled cur-
rent, J,(t)/E;, computed with a relative phase of ¢ = 0. Results
for various field strengths, E,, are presented. The residual dc cur-
rent persists even after the laser fields end (t > 7/2). Since the
scaled quantity, J, (t)/E:, remains identical to each other across
different field strengths, the dc component of the induced cur-
rent can be interpreted as a third-order nonlinear optical effect.
This observation is consistent with the nature of the 1+2 QuIC
process, involving interference between one- and two-photon ab-
sorption processes, making it a third-order nonlinear optical phe-
nomenon.

Figure 2b shows the dc component of the scaled current,
Ja(t)/E;, computed with a relative phase of ¢ = x/2. In contrast
to the results with ¢ = 0 in Figure 2a, the currents in Figure 2b do
not exhibit a persistent dc component after the laser irradiation.
This result indicates that the applied field with a relative phase
of ¢ = #/2 does not break the time-reversal symmetry, and the
population imbalance is not induced, resulting in the absence of
a persistent current. It is worth noting that, even in the case of
¢ = /2, the dc component of the current is induced only dur-
ing the laser irradiation due to yet another third-order nonlinear
optical process.

Having observed that the persistent current after the laser ir-
radiation originating from the population imbalance in the Bril-
louin zone, we proceed to analyze the population distribution of
photocarriers induced by the laser fields. To achieve this, we com-
pute the conduction population distribution by projecting onto
the eigenstates of the Hamiltonian defined as:

Hk|¢bk> = el dpr) ()

where b is a band index, |¢,,) is an eigenstate, and ¢, corre-
sponds to the eigenvalue. As the Hamiltonian is a 2-by-2 matrix
in this work, the band index b denotes either a conduction (b = ¢)
or valence (b = v) state.

Using eigenstates defined with Equation (7), the conduction
population distribution n, after the laser irradiation can be eval-
uated as:

ng = [(balvi(te)| (8)

where ¢, is a time after the laser field ends (t; > 7/2). By imposing
the normalization of |¢,,) and |y, (), the computed conduction
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Figure 2. a, b) The dc components of the currents J4.(t) are shown as a function of time. The results using the relative phase of ¢ = 0 are shown in the
panel (a), while those using ¢ = 7/2 are shown in (b). ¢, d) The conduction population distribution n, (k) computed with (c) ¢ =0 and (d) ¢ = /2. e,
f) The population imbalance distribution An, (k) computed with (e) ¢ =0 and (f) ¢ = z/2.

population satisfies 0 < n, < 1. Itisimportant to note that, in the
present theoretical setup, the conduction population is a constant
of motion after laser irradiation since any relaxation processes are
not considered.

To assess the persistent dc current after the laser irradiation
in Figure 2a, we compute the photo-excited conduction popula-
tion n, with a field strength of E, = 2.57 MVem™! and a relative
phase of ¢ = 0. The resulting conduction population is shown in
Figure 2c. Additionally, Figure 2d shows the conduction popula-
tion ng, computed using a field with the same strength of E, =
2.57 MVem™! but with a different relative phase of ¢ = x/2. In
both cases, the conduction populations exhibit pronounced exci-
tations around the K- and K'-points, suggesting that the photo-
absorption process is dominated by a one-photon absorption at
the photon energy of 24w and a two-photon absorption at the
photon energy of fw.

Although the population distributions in Figure 2¢,d may ini-
tially appear identical, a closer examination reveals distinctions.
In the case of the time-reversal symmetry-broken field (¢ = 0) in
Figure 2c, the population distribution must exhibit an imbalance
between time-reversal Kramers pairs (e.g., k and —k, or Kand K')
since there is a persistent current after the laser irradiation, as
shown in Figure 2a. In contrast, in the case of the time-reversal
field (¢ = z/2) in Figure 2d, the population distribution n 4, should
not display such a population imbalance since there is no persis-
tent current.

To illustrate the population imbalance in the Brillouin zone, we
define the population imbalance distribution An, as the differ-
ence in population between the time-reversal pair k-points, given
by An, =ngy —n__,. Since n_; is bounded by 0 <n, <1, the
population imbalance distribution is bounded by -1 < An, < 1.

Adv. Optical Mater. 2024, 2400651 2400651 (4 of 8)

When the external fields preserve time-reversal symmetry, the
populations at k and —k are equivalent, resulting in a population
imbalance distribution of zero. In contrast, when time-reversal
symmetry is broken, non-equivalent populations can be induced
at k and —k, leading to a finite population imbalance distribution
Ang,.

Figure 2ef shows the population imbalance distribution,
Ang, computed from the population distribution presented in
Figure 2c,d, respectively. As evident from the figures, when the
external field breaks the time-reversal symmetry (¢ = 0), a finite
population imbalance is induced. In contrast, when the field pre-
serves time-reversal symmetry (¢ = r/2), the population imbal-
ance vanishes completely.

By manipulating the relative phase ¢, one can control the
magnitude of time-reversal symmetry breaking, allowing for
control of the resulting population imbalance and dc current
injection.['”] For later convenience, we analyze the persistent dc
current by varying the relative phase ¢. Figure 3 shows the rela-
tive phase ¢-dependence of the dc current after the laser irradia-
tion, computed using a field with a strength of E, = 2.57 MVem™.
The amplitude of the induced dc current is greatest when ¢ =
0 and ¢ = x, but the signs are opposite for these two phases.
Furthermore, the induced dc current continuously changes by
manipulating the phase ¢, reaching zero when ¢ = 7/2 and ¢
= 37/2, where the applied fields recover time-reversal symme-
try. This simple phase dependence is consistent with previous
works.[1719]

At the end of this section, we explore the photon-energy depen-
dence of the 1 + 2 QulC process. This process originates from
interference between one- and two-photon absorption processes
induced by light with frequencies of w and 2w. The fundamental
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Figure 3. The persistent current . (t) as a function of the relative phase,
¢. The results are computed by setting Eq to 2.57 MVem ™ and A to 3 eV.

photon energy Ao must satisfy the condition Aw > E,/2, where
E, is the band gap. When the fundamental photon energy 7w is
smaller than the gap, both the 1 + 2 QuIC process and the result-
ing dc current vanish.

To examine this behavior in our theoretical framework, we cal-
culate the dc current after laser irradiation by varying the fun-
damental frequency w in Equation (5). Figure 4a shows the dc
current after the laser irradiation with a field strength of E,
= 1.03 MVm™. Consistent with the expected behavior of the

a le-8
@
2
S —27
o
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S -6
E —— 1.03 MV/cm
(b) s 1 2 3 4 5 6
. 0.50]
v
2 0.25]
2 0.001
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Photon Energy (eV)
Figure 4. The current after the laser irradiation is shown as a function
of the fundamental photon energy 7iw. The results computed different

field strengths: a) Ey = 1.03 MVcm~!, b) 51.43 MVem™!, and ¢) E, =
102.84 MVem™.
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1 + 2 QulIC process, the residual dc current vanishes when the
fundamental photon energy falls below half of the bandgap, Aw
< E,j2=2.95 V.

To gain insights into this highly nonlinear optical phenom-
ena, we investigate the photon energy dependence of the dc cur-
rent after laser irradiation while varying the field strength, E,.
Figure 4b,c shows the photon-energy dependence of the persis-
tent current after laser irradiation, computed with a field strength
of (b) E, = 51.42 MVem™ and () E, = 102.84 MVem™. Unlike
the weak field regime (the 1 + 2 QulC regime), the dc current can
be induced even with deeply off-resonant fields, where the pho-
ton energy is smaller than half of the bandgap (hw < E,/2), as
evident in Figure 4b. This result suggests that strong laser fields
introduce additional paths for exciting electrons involving mul-
tiple photons, beyond the two-photon absorption, leading to the
creation of population imbalance and a residual dc current even
in the deeply off-resonant regime.

As shown in Figure 4c, the magnitude of the dc current after
laser irradiation in the deeply off-resonant regime (7w < E,/2) ex-
ceeds thatin the 1 + 2 QuICregime (fiw > E,/2) when the applied

field strength becomes very large. This behavior can be under-

2 E?

stood by the fact that the ponderomotive energy, U, = ‘W:}]’ and
the corresponding light-induced intraband transitions are larger
for lower frequency driving.3!] Consequently, the resulting non-
linear effects and the dc current injection become more signifi-
cant in the deeply off-resonant regime rather than the resonant
condition. In the forthcoming section, we will delve deeper into
investigating efficient DC current induction with highly nonlin-

ear optical processes in the deeply off-resonant regime.

3.2. Deeply Off-Resonant Highly-Nonlinear Regime

To explore this mechanism of the dc current injection in the
deeply off-resonant regime demonstrated in the previous section,
we set the fundamental photon energy 4w in Equation (5) to 1 eV,
a value much smaller than half of the bandgap, E,/2 = 2.95 eV,
in this subsection.

We first analyze the light-induced current in the time domain
within the deeply off-resonant regime. Figure 5 shows the dc
component of the current, J, ()/E2, computed with varying field
strengths, E,. Here, the relative phase, ¢, is set to 0. Clearly, a
third-order nonlinear response dominates the induced current
when the field strength is weak. Given that the photon energy of
the second harmonic is smaller than the bandgap (2Aw < E,) and
the QulC process is forbidden, the third-order current returns to
zero after the laser irradiation. However, as the field strength be-
comes sufficiently strong, the dc-like component remains finite
even after laser irradiation, as shown in Figure 5. This outcome
suggests that a higher-order nonlinear process contributes to the
ballistic dc current injection beyond the third-order nonlinear ef-
fect.

We then examine the dependence of the ballistic current in-
duced by deeply off-resonant light on the relative phase, ¢.
Figure 6 shows the computed current as a function of the relative
phase, ¢. The calculations were conducted with a field strength
of E; =2 x 10 MVem™!. In alignment with the QulC case in
Figure 3, the persistent current is maximized when the relative
phase is ¢ = 0 or ¢ = x, and it vanishes when the applied field
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Figure 5. The dc components of the currents, J4(t), are shown as a func-
tion of time. The results are computed with the deeply off-resonant condi-
tion, A = 1.0 eV.

exhibits time-reversal symmetry (¢ = z/2 or ¢ = 3x/2). There-
fore, even in the deeply off-resonant regime, the direction and
magnitude of the persistent current can be controlled by manip-
ulating the relative phase ¢ between the two-color fields at fre-
quencies w and 2.

To elucidate the detailed mechanism of dc current injection
with deeply off-resonant light, we analyze how the injected cur-
rent scales with the field strength E,. Figure 7 shows the cur-
rent amplitude after laser irradiation as a function of the applied
field strength. Additionally, a line representing |E,|” is included
as a reference. As seen from the figure, the induced current is
proportional to |Ey|” in the weak field regime, indicating that
the seventh-order nonlinear process dominates the injection of
dc current.

The observed scaling law might deviate from the expected scal-
ing of a simple M + N QulC process, where the M-photon ab-
sorption process is induced by light with frequency w, and the
N-photon absorption process is triggered by light with frequency
2w, resulting in the (M + N)-th order nonlinear process. In this
context, a six-photon process is required for multi-photon absorp-

05 f i

Jge(ty) (normalized)
o

1 :
0 0.25 0.5 0.75 1

Relative phase, ¢/2n

Figure 6. The persistent current, Jq. (), is shown as a function of the rel-
ative phase ¢. The results are computed with the deeply off-resonant con-
dition, i = 1.0 eV.
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tion with light of frequency w, and a three-photon process is antic-
ipated for light of frequency 2w. Therefore, the expected simple
M + N QulC process corresponds to the ninth-order nonlinear
process (M + N =6 + 3 =9). However, the observed scaling in-
dicates seventh-order nonlinearity. The apparent discrepancy be-
tween the observed and expected nonlinearities of the injected dc
current can be understood if an additional excitation channel in-
volving a four-photon absorption process, where two photons at
frequency w and the other two photons at frequency 2o combine
to excite electrons, is active. This additional four-photon excita-
tion channel interferes with the three-photon absorption process
at the photon energy of 27w, resulting in seventh-order (7 =3 +
4) nonlinear current injection.

To further elucidate the nonlinearity of the light-induced elec-
tron dynamics, we computed the number of photo-excited carri-
ers after laser irradiation using

N, =-2 [ dkn, 9)

ex
BZ JBZ

where Ay, = [, dk, is the area of the Brillouin zone.

Figure 7b shows the number of excited electrons as a func-
tion of the field strength, E,, along with a reference line propor-
tional to |Ey|°. In the weak field regime, the number of excited
electrons demonstrates proportionality to |E,|®, emphasizing the
dominance of the three-photon absorption process in the exci-
tation mechanism. However, as the field strength increases, the
deviation from the three-photon absorption line indicates the ini-
tiation of a nonperturbative mechanism in the excitation process.

In contrast to the |E,|°-dependence of the number of photo-
excited carriers in the weak field regime, the injected current
and the corresponding population imbalance goes as |E,|’, as
shown in Figure 7a. The difference in nonlinearities between the
absolute photo-carrier population and the population imbalance
suggests that the population imbalance is negligible concerning
the absolute photo-carrier population in the weak field regime.
However, in a strong field regime, the relative significance of the
population imbalance may become substantial as it grows more
rapidly than the absolute photocarrier population. Therefore, the
distinction in nonlinearities between the total photocarrier pop-
ulation and the population imbalance indicates the potential for
large-amplitude valley carrier population control.

To assess the population imbalance induced by a strong field
in the deeply off-resonant regime, we calculate the population
distribution n ; after irradiating the laser field with a strength
of 100 MVcm™!. A clear pattern can be observed in the excited
carrier population distribution around the K and K’ points. This
pattern may be understood through the multi-photon absorption
resonances of the light-induced Floquet states.*?] In Figure 8 a,
the computed population distribution in the conduction band is
shown. As anticipated from the preceding discussion, the photo-
carrier distribution reveals a significant population imbalance be-
tween k and —k points. To enhance clarity in visualizing the pop-
ulation imbalance, we compute the population imbalance distri-
bution Ang, = n,, — n,_;. Figure 8b shows the resulting popula-
tion imbalance distribution An. Since Ang is constrained by
—1 < Ang, <1, the population imbalance between k and —k is
maximized when |Ang| = 1. As observed in Figure 8b, the pop-
ulation imbalance distribution takes significantly large values,
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Figure 7. a) The persistent current, |4 ()], is shown as a function of the
field strength, Ey. b) The number ofconcfuction population after the laser
irradiation is shown as a function of the field strength E;.

comparable to the maximum values (1), across a wide range of
the Brillouin zone.

For further quantification, we calculate the population imbal-
ance ratio r;,, defined as

_ L5 dk|Ang| _ (10)
Joy dk(ng +n. ;) 2 [, dkng,

The computed imbalance ratio, r,,, from Figure 8 a,b is about
0.307. Hence, more than 30% of the excited electrons contribute
to the population imbalance.

In the previous work,'®] significant control over valley popula-
tion was proposed using bi-circular fields with counter-rotating
 and 2w two-color laser fields. In this work, we demonstrate that
significant valley population can be induced even without relying
on circular or elliptically polarized light; rather, bi-color linearly
polarized light alone can break time-reversal symmetry and cause
such population control.

_ /BZ dk|Aan|

Tim

4. Summary

In this study, we conducted a theoretical exploration of light-
induced electron dynamics in h-BN by solving the time-
dependent Schrédinger equation, Equation (2), utilizing the
tight-binding Hamiltonian defined in Equation (1). The driving
force for electron dynamics was provided by two-color linearly-
polarized laser fields, as expressed in Equation (5), with frequen-
cies w and 2w.
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Our initial investigation focused on analyzing the electric cur-
rent induced by these two-color laser fields within the weak field
regime. We confirmed that the dc-component of the induced cur-
rent persists even after laser irradiation when the fundamental
photon energy 7w exceeds the optical gap, E,/2. This ballistic cur-
rent phenomenon originates from a population imbalance in the
Brillouin zone, arising from quantum interference between two
distinct excitation paths: one involving one-photon absorption at
the photon energy of 27w, and the other involving a two-photon
absorption path at the photon energy of 7.1~

Expanding our analysis to the deeply off-resonant regime,
where hw < E,/2, we observed an absence of population im-
balance under weak applied field strength. However, as the field
strength increased, a population imbalance in the Brillouin zone
is formed, leading to the injection of the persistent dc-current af-
ter the laser irradiation. Scaling analysis of the ballistic current in-
jection with respect to the applied field strength E; revealed that
the population imbalance and the ballistic current result from
an interference between three-photon absorption process with
three photons of energy 2sw and a four-photon absorption pro-
cess with two photons of energy 2w and two photons of energy
hw. Consequently, we demonstrated that a multi-photon absorp-
tion process, incorporating photons with different energies, plays

1 0.4
(@) \‘\ )
0.5 K — 0.3
\ . \ .
;i 0+ 1B 0.2%:,
05 49" ) (Y
A I . \&‘ I o
-1 0.5 0 05 1
ky (a.u.)
1 0.3
(b) 3\\%
0.2

5 - QW K R\

o \\“ \k“ 04
E o 10 %
& <

i - 0.1

05 1)) Y E

= -0.2
I 0.3

| (i

-1 -0.5
ky (a.u.)
Figure 8. a) The conduction population distribution n_ (k) after the irradia-

tion of the laser field, and b) the population imbalance distribution An, (k)
are shown. The results are computed by setting Ej to 10" Vm~1.
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a pivotal role in addition to the multi-photon absorption process
involving single-color photons.

Our analysis of the population distribution of photo-excited
electrons (Figure 8) indicated that more than 30% of excited
electrons contribute to the population imbalance when the field
strength E, reaches 100 MVcm™!. This implies the potential for
realizing a significant population imbalance through the use of
linearly polarized light alone.

In previous works,['>1¢] the formation of substantial popula-
tion imbalance and valley-population control has been discussed
in monolayer systems such as monolayer h-BN and graphene,
using bi-circular laser fields with frequencies w and 2w. Re-
cently, valley-population control with bi-circular fields has been
extended to multi-layer and bulk systems!*} without relying on
intrinsic inversion symmetry breaking and the Berry curvature at
the valleys. In this work, our study demonstrates the induction of
a large population imbalance and ballistic current injection even
without relying on the ellipticity of light. Instead, we rely on time-
reversal symmetry breaking achieved through relative phase con-
trol between two-color linearly-polarized fields at frequencies @
and 2w. Furthermore, similar to Ref. [33], the injection mecha-
nism with bi-color linearly polarized light does not rely on in-
trinsic inversion symmetry breaking, indicating an efficient dc
current injection and population control with the scheme using
linearly-polarized light. The potential of population control and
the photovoltaic effect with linearly polarized light, in addition
to circularly/elliptically polarized light, unveils novel avenues for
realizing ultrafast opto-electronics, marked by precise control of
current and population dynamics on the femtosecond time scale.
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