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A B S T R A C T

We predict the fundamentally fastest, ultrafast optical currents in monolayer hexagonal Boron Nitride (h-BN)
by a circularly-polarized single-oscillation optical pulse. The femtosecond currents in gapped graphene and
transition metal dichalcogenides have been discussed. However, the extension of the gapped graphene model
for the large bandgap (∼5 eV) has not been shown before. The strong optical pulse redistributes electrons
between the bands and generates femtosecond currents during the pulse. The pulse generates both 𝑥−direction
and 𝑦−direction currents due to charge transfer through the system. Thus, femtosecond ultrashort laser pulses
provide an effective tool to manipulate and study the transport properties of electron systems and enhance the
conductivity in solids at an ultrafast time scale with high temporal resolution. Ultrafast currents and charge
transfer in monolayer h-BN may provide a fundamental basis for petahertz-band information processing.
1. Introduction

Femtosecond and attosecond-long ultrashort laser pulses provide
an effective tool to manipulate and study the electron dynamics in
solids at an ultrafast time scale with a high temporal resolution [1–16].
In particular, two dimensional (2D) materials exhibit unique proper-
ties due to the 2D nature of electron dynamics [17]. Among such
2D materials are dichalcogenides, complex oxides, bismuth telluride
atomic quintuples, and boron nitride [18,19]. This new world of two-
dimensional crystals is still very little researched, both in terms of their
fundamental properties and their potential applications [20].

Two-dimensional monolayer hexagonal Boron Nitride (h-BN) pos-
sesses a direct bandgap of 4–6 eV at the Brillouin zone corner points,
𝐾,𝐾 ′ [21–23]. Similar to graphene, h-BN has a hexagonal lattice made
of two sublattices, A and B (see Fig. 1(a)). Sublattices 𝐴 and 𝐵 consist
of Boron and Nitride atoms and break the inversion () symmetry and
opens up gaps at the 𝐾,𝐾 ′-points marking h-BN a wide-gap semicon-
ductor [21] with 𝐷3ℎ point symmetry group [24,25]. However, the
energy-dispersion symmetry between the 𝐾 and 𝐾 ′ valleys is protected
by the time-reversal ( ) symmetry. Due to the broken inversion sym-
metry, the Berry curvature (topological magnetic field), 𝜴, has finite
values with opposite signs in two valleys, 𝐾, and 𝐾 ′, (see Fig. 1(b)).
In contrast, the corresponding Berry curvature in graphene is non-zero
only at the Dirac points, at which it has a 𝛿-type singularity. The finite
Berry curvature gives rise to a new effect, topological resonance, which
occurs when the electron wave functions gradually accumulate the
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topological (geometric) phases along the electron Bloch trajectory in
the field of the pulse [2–4,12,26]. In monolayer h-BN the corresponding
Berry curvature is extended over finite regions near the 𝐾 and 𝐾 ′ points
(see Fig. 1(b)). This allows electron wave functions, in monolayer h-BN,
to gradually accumulate the topological phase.

Previously, we have shown that a single cycle of a circularly po-
larized optical pulse induces a large valley polarization, 25%–50%,
in hexagonal Boron Nitride (h-BN) monolayers [27]. Such a strong
pulse redistributes electrons between the bands and generates a valley-
selective conduction band population. The mechanism of producing
the fastest valley polarization fundamentally in h-BN monolayer has a
topological origin [27]. Intense optical pulse contributes to the gen-
eration of strong nonlinear electric currents and finite electric charge
transfer through the system. This is due to the strong coupling between
the valence band (VB) and conduction band (CB) states. VB to CB
transitions occur when an electron passes in the vicinity of the Dirac
point (𝐾 or 𝐾 ′) where the interband transition dipole matrix element
(non-Abelian Berry connection) is enhanced [2–4].

The femtosecond currents, driven by a linearly-polarized single-
oscillation of an intensive laser pulse in gapped graphene [15], and
in transition metal dichalcogenides (TMDC) [28] have been discussed
recently. However, the extension of the gapped graphene model for the
bandgap of h-BN has not been shown before. Here, a large bandgap
resembling the electronic structure of monolayer h-BN is introduced
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Fig. 1. (Color online) (a) The honeycomb lattice structure of graphene is made of two
sublattices A (Boron) and B (Nitride). It is equivalent to assume that boron or nitrogen
is on the A or on the B sublattice. (b) The Berry curvature (topological magnetic field),
𝛺(𝐤) = 𝜕

𝜕𝐤 ×(𝐤), near the 𝐾 and 𝐾 ′ points in the extended zone picture. Here  is
the intraband Berry connection.

contrary to other recent literature where mostly a small bandgap of
gapped graphene and TMDC monolayers are investigated [15,28]. h-
BN is of particular interest for the investigation of strong-field physics
in two-dimensional materials, as energy dissipation to the material is
generally reduced compared to small bandgap materials, which allows
investigating more extreme regimes before optical breakdown.

In this article, we study the femtosecond currents driven by a
circularly-polarized single-oscillation of an intensive laser pulse in
monolayers of h-BN. A highly valley-specific electron population is
allowed with helicity of the ultrafast circularly-polarized optical pump-
ing [29–34]. We assume that the electron scattering (dephasing) in
monolayer h-BN is longer than the duration of the optical pulse [35].
Then the corresponding electron dynamics in the field of the pulse
is coherent and can, therefore, be described by the time-dependent
Schrödinger equation (TDSE).

2. Model and main equations

The electron dynamics in the field of the optical pulse is described
by the time-dependent Schrödinger equation (TDSE) with the Hamilto-
nian of the form

𝑖ℏ 𝑑𝛹
𝑑𝑡

= 𝐻0𝛹 − 𝑒𝐅(𝑡)𝐫𝛹, (1)

where 𝐅(𝑡) is the electric field of the pulse, 𝑒 is electron charge, and
𝐻0 is the Hamiltonian of h-BN in the absence of the optical field. For
h-BN, we consider the nearest neighbor tight-binding model, which is
described by the following Hamiltonian [27]

𝐻0 =

( 𝛥𝑔
2 𝛾𝑓 (𝐤)

𝛾𝑓 ∗(𝐤) − 𝛥𝑔
2

)

. (2)

Here 𝛥𝑔 = 𝐸𝐵 − 𝐸𝑁 is the gap between the CB and the VB at the 𝐾
or 𝐾 ′ points and 𝐸𝐵 and 𝐸𝑁 are boron and nitrogen on-site energies.
𝑓 (𝐤) = exp

(

𝑖 2𝜃13
)

+ 2 exp
(

−𝑖 𝜃13
)

cos 𝜃2, where 𝜃1 =
√

3𝑎𝑘𝑦
2 and 𝜃2 = 𝑎𝑘𝑥

2 .
𝛾 = −2.33 eV is the hopping integral, 𝑎 = 2.51 Å is the lattice constant
and 𝐤 = (𝑘𝑥, 𝑘𝑦) is the wave vector. The energies of CB and VB can be
found from the above Hamiltonian, 𝐻0 [27].

The applied electric field generates both the intraband and inter-
band electron dynamics. The intraband dynamics is determined by the
Bloch acceleration theorem [36]. Time-dependent wave vector 𝐤(𝐪, 𝑡),
for an electron with initial wave vector 𝐪, is expressed as

𝐤(𝐪, 𝑡) = 𝐪 + 𝑒
ℏ ∫

𝑡

−∞
𝐅(𝑡′)𝑑𝑡′. (3)

Then, the solutions of Schrödinger equation (corresponding wave func-
tions), within a single band 𝛼, i.e., without interband coupling, are the
well-known Houston functions [37],

𝛷(H)
𝛼𝐪 (𝐫, 𝑡) = 𝛹 (𝛼)

𝐤(𝐪,𝐭)(𝐫) exp
(

𝑖
∑

𝜙(j)
𝛼 (𝐪, 𝑡)

)

, (4)
2

𝑗

where 𝛼 = 𝑣, 𝑐 for the VB and CB, correspondingly and 𝑗 = 𝐷 and 𝐵
respectively. 𝜙(D)

𝛼 (𝐪, 𝑡) = −1
ℏ ∫ 𝑡

−∞ 𝑑𝑡′
(

𝐸𝛼[𝐤(𝐪, 𝑡′)]
)

is the dynamic phase
and 𝜙(B)

𝛼 (𝐪, 𝑡) = 𝑒
ℏ ∫ 𝑡

−∞ 𝑑𝑡′𝐅
(

𝛼𝛼[𝐤(𝐪, 𝑡′)]
)

is the geometric (Berry) phase.
𝛹 (𝛼)
𝐤 are Bloch-band eigenfunctions in the absence of the pulse field.

Here 𝛼𝛼 =
⟨

𝛹 (𝛼)
𝐪 |𝑖 𝜕

𝜕𝐪 |𝛹
(𝛼)
𝐪

⟩

is the intraband Berry connection. The
expressions for the intraband Berry connections, 𝛼𝛼 = (𝛼𝛼

𝑥 ,𝛼𝛼
𝑦 ), can

be found from the tight-binding Hamiltonian [27].
The interband electron dynamics is described by TDSE (1). The

solution of TDSE can be expanded in the basis of Houston functions
𝛷(𝐻)

𝛼𝐪 (𝐫, 𝑡) [38],

𝛹𝐪(𝐫, 𝑡) =
∑

𝛼=𝑐,𝑣
𝛽𝛼𝐪(𝑡)𝛷

(𝐻)
𝛼𝐪 (𝐫, 𝑡), (5)

where 𝛽𝛼𝐪(𝑡) are expansion coefficients, which satisfies the following
system of coupled differential equations

𝑖ℏ
𝜕𝐵𝐪(𝑡)
𝜕𝑡

= −𝑒𝐅(𝑡)̂(𝐪, 𝑡)𝐵𝐪(𝑡) , (6)

where the wave function (vector of state) 𝐵𝑞(𝑡) and ̂(𝐪, 𝑡) are defined
as

𝐵𝐪(𝑡) =
[

𝛽𝑐𝐪(𝑡)
𝛽𝑣𝐪(𝑡)

]

and ̂(𝐪, 𝑡) =
[

0 𝑐𝑣(𝐪, 𝑡)
𝑣𝑐 (𝐪, 𝑡) 0

]

(7)

where 𝑐𝑣(𝐪, 𝑡) = 𝑐𝑣[𝐤(𝐪, 𝑡)] × exp

(

𝑖
∑

𝑗
𝜙(j)
𝑐𝑣(𝐪, 𝑡)

)

, (8)

𝜙(j)
𝑐𝑣(𝐪, 𝑡) = 𝜙(j)

𝑣 (𝐪, 𝑡) − 𝜙(j)
𝑐 (𝐪, 𝑡) (9)

𝑐𝑣(𝐪) =
⟨

𝛹 (𝑐)
𝐪 |𝑖 𝜕

𝜕𝐪
|𝛹 (𝑣)

𝐪

⟩

. (10)

Here 𝑐𝑣(𝐪) is a matrix element of the non-Abelian Berry connec-
tion [27,39–41].

During the pulse, both intraband and interband electron dynamics
generate electric current, 𝐉(𝑡) =

{

𝐽𝑥(𝑡), 𝐽𝑦(𝑡)
}

. The current has both
interband and intraband contributions, 𝐉(𝑡) = 𝐉(intra)(𝑡)+𝐉(inter)(𝑡), where
the intraband current is proportional to the group velocity and has the
following form

𝐉(intra)(𝑡) =
𝑒𝑔𝑠
𝑎2

∑

𝛼=c,v,𝐪

|

|

𝛽𝛼(𝐪, 𝑡)||
2 𝐯(𝛼)(𝐤(𝐪, 𝑡)) , (11)

where 𝐯(𝛼)𝐤 = 𝜕
𝜕𝐤𝐸

(𝛼)(𝐤) is the group velocity and 𝑔𝑠 = 2 is spin
degeneracy. The group velocities can be written as

𝑉 c
𝑥 (𝐤) = −𝑉 v

𝑥 (𝐤) = 𝜂 × sin 𝜃2
(

cos 𝜃1 + 2 cos 𝜃2
)

(12)

𝑉 c
𝑦 (𝐤) = −𝑉 v

𝑦 (𝐤) =
√

3𝜂 × sin 𝜃1 cos 𝜃2. (13)

Where 𝜂 = −𝑎𝛾2

ℏ

√

|𝛾𝑓 (𝐤)|2+
𝛥2𝑔
4

.

The interband current is given by the following expression

𝐉(inter)(𝑡) = 𝑖
𝑒𝑔𝑠
ℏ𝑎2

∑

𝐪
𝛼,𝛼′=v,c
𝛼≠𝛼′

𝛽∗𝛼′ (𝐪, 𝑡)𝛽𝛼(𝐪, 𝑡)

× exp{𝑖
∑

𝑗
𝜙(j)
𝛼′𝛼(𝐪, 𝑡)}

×
[

𝐸𝛼′ (𝐤(𝐪, 𝑡)) − 𝐸𝛼 (𝐤(𝐪, 𝑡))
]

(𝛼𝛼′) (𝐤(𝐪, 𝑡)) , (14)

where

𝜙(j)
𝛼′𝛼(𝐪, 𝑡) = 𝜙(j)

𝛼 (𝐪, 𝑡) − 𝜙(j)
𝛼′ (𝐪, 𝑡), (15)

3. Results and discussion

We consider a single-oscillation ultrafast circularly-polarized pulse
propagating along the 𝑧 axis. The electric field 𝐅(𝑡) is given by the
following expression

𝐹𝑥(𝑡) = 𝐹0

[

1 − 2
( 𝑡 )2

]

𝑒−(𝑡∕𝜏)
2
, 𝐹𝑦(𝑡) = ±2

( 𝑡 )𝐹0𝑒
−(𝑡∕𝜏)2 , (16)
𝜏 𝜏
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Fig. 2. (Color online) Residual CB population 𝑁 (res)
CB (𝐤) for h-BN in the extended zone

picture. (a) For right circular polarization with the amplitude of 1 V Å
−1

(b) Same as in
(a) but for the left circular polarization. Inset [left (RCP) and right (LCP)]: Waveform
of the pulse 𝐅(𝑡) = {𝐹𝑥(𝑡), 𝐹𝑦(𝑡)} as a function of time 𝑡. The straight and cove white
lines represent the boundary of the first Brillouin zone, with the 𝐾,𝐾 ′-points, and the
separatrix respectively. 𝛥𝑔 = 5 eV and 𝜏 = 0.5 fs.

where 𝜏 determines the pulse duration and its mean frequency. The ±
sign in Eq. (16) defines helicity of the applied pulse: + for the right-
handed circular polarization (RCP) and – for the left-handed circular
polarization (LCP). Defined by Eq. (16), these left- and right-handed
pulses are  -reversed with respect to one another.

The excursion of electron crystal momentum during the pulse can
be estimated as

𝛥𝑘 ∼
𝜋𝑒𝐹0
ℏ𝜔̄

, (17)

where 𝑒 is unit charge and ℏ is the reduced Planck’s constant. An
ultrafast pulse has no definite frequency since its Fourier component
is widely distributed in the frequency space. One can calculate the 𝜔̄ of
such an optical pulse as,

𝜔̄ = ∫ 𝜔𝑆(𝜔)𝑑𝜔∕∫ 𝑆(𝜔)𝑑𝜔, (18)

where the pulse spectrum, 𝑆(𝜔) is defined as 𝑆(𝜔) = |∫ 𝐅(𝑡)𝑒𝑖𝜔𝑡𝑑𝜔|2.
For the pulse, described in Eq. (16) with 𝜏 = 0.5 fs, we have calculated
ℏ𝜔̄ = 2.4 eV. To travel half of the Brillouin zone, this excursion should
be 𝛥𝑘 ∼ 𝜋∕𝑎, where 𝑎 is the lattice constant of monolayer h-BN. Taking
ℏ𝜔̄ = 2.4 eV and 𝑎 = 2.51 Å, we obtain 𝐹0 ≈ ℏ𝜔̄∕(𝑒𝑎) ≈ 1 V∕Å.
Estimating from Eq. (17), we obtain 𝛥𝑘 ≈ 0.2 Å−1. These values are in
qualitative agreement with the calculation results illustrated in Fig. 2.

Below we consider pulses of moderately high field amplitudes,
𝐹0 ∼ 1 V∕Å. At such intensities, the number of photons per pulse
within the minimum coherence area of ∼ 𝜆2, where 𝜆 ∼ 1 μm is
the wavelength, 𝑁𝑝 ∼

𝑐𝜏𝜆2𝐹 2
0

4𝜋ℏ𝜔̄ ∼ 109, where 𝑐 is the speed of light;
we assume realistic parameters: 𝜏 ∼ 0.5 fs is the pulse duration, and
ℏ𝜔̄ ∼ 2.4 eV is the mean photon energy. With a large photon number
involved, it is legitimate to describe 𝐅(𝑡) as a classical electric field
keeping quantum-mechanical description of the solid. This is a usual
approach in high-field optics [42–44]. Below, we numerically solve
the corresponding Schrödinger equation in the truncated Houston basis
without further approximations.

Fig. 2 shows the residual CB population distribution in the recip-
rocal space in h-BN for 𝐹0 = 1 V Å−1 and 𝜏 = 0.5 fs. The excitation
pulse has right-handed circular polarization [in Fig. 2(a)] and left-
handed circular polarization [in Fig. 2(b)]. The valley selectivity is
significantly high: the right-handed pulse populates predominantly the
K valleys [see Fig. 2(a)], while the left-handed pulse mostly the K′

valleys [see Fig. 2(b)]. Such a difference in the populations of the K vs.
K′ valleys are referred to as valley polarization which is protected by
the  -symmetry [27]. The K-valley population for a given handedness
pulse is inverted (𝐤 ↔ −𝐤) to the K′-valley population for the opposite
3

Fig. 3. (Color online) For a pulse with 𝜏 = 0.5 fs right-hand circular polarization and
amplitude 𝐹0 = 1 V Å

−1
, phases 𝜙(tot)

cv (𝐪, 𝑡), 𝜙(D)
cv (𝐪, 𝑡), 𝜙(B)

cv (𝐪, 𝑡), and 𝜙(DM)
cv (𝐪, 𝑡) are shown

for different valleys. (a) For the 𝐾 valley. (b) For the 𝐾 ′ valley.

handedness (compare the corresponding panels in Fig. 2. For a given
valley, its population predominantly occurs along a closed curve whose
apexes are at the K and K′ points (called the separatrix [45]).

The origin of such valley-selective CB population is the topological
resonance due to the accumulation of topological (geometric) phases
along the electron Bloch trajectory in the field of the pulse. The topolog-
ical phase is a combination of the 𝜙(B)

cv (𝐪, 𝑡) and the phase of the dipole
matrix element, 𝜙(DM)

cv (𝐪, 𝑡). The topological resonance occurs when the
time variation of the topological phase cancels the time variation of
the dynamic phase or in other words when the total phase 𝜙(tot)

cv (𝐪, 𝑡)
is stationary. The corresponding phases, 𝜙(tot)

cv (𝐪, 𝑡), 𝜙(D)
cv (𝐪, 𝑡), 𝜙(B)

cv (𝐪, 𝑡),
and 𝜙(DM)

cv (𝐪, 𝑡), are shown in Fig. 3 for monolayer h-BN.
We can clearly see that the phases 𝜙(B)

cv (𝐪, 𝑡) and 𝜙(DM)
cv (𝐪, 𝑡), for a

given valley, have opposite signs [see Fig. 3(a) and (b)]. Thus, the
time variation of 𝜙(tot)

cv (𝐪, 𝑡) strongly depends on the valley, 𝐾 or 𝐾 ′.
As we see in the case of Fig. 3, the total phase, 𝜙(tot)

cv (𝐪, 𝑡), is stationary
at 𝑡 = 0 only for the 𝐾-valley [Fig. 3(a)] but not for the 𝐾 ′-valley
[Fig. 3(b)]. Thus, for the right-hand circularly-polarized pulse, the
topological resonance favors the residual population of the 𝐾-valley
while the residual CB population of the 𝐾 ′-valley is relatively small.
In contrast, for the left-hand circularly-polarized pulse, the topological
phase for a given valley has the opposite sign. Consequently, it is
the 𝐾 ′ valley that is predominantly populated, and 𝐾-valley is almost
unpopulated, i.e., the valley polarization is exactly the opposite.

Due to the residual conduction band population, ultrafast field-
driven intraband and interband electron dynamics generate an electric
current. For the circularly polarized pulse, the longitudinal current
𝐽𝑥, i.e., the current in the 𝑥- direction, and the transverse current
𝐽𝑦, i.e., the current in the 𝑦- direction, are generated. The generated
electric currents are shown in Fig. 4 for different values of the pulse
duration, 𝜏. As one can see, the magnitude of the 𝑥-direction and 𝑦-
direction currents decrease with the 𝜏, as shown in Fig. 4. This behavior
is because the duration of the pulse determines the energy of the
pulse. Both 𝑥 and 𝑦 components of the currents show the same profile
during the pulse, i.e., two fs < 𝑡 < 2 fs, but after the pulse, 𝐽𝑥 and
𝐽𝑦 have oscillatory behavior with the frequency of oscillations that
depends on the bandgap of monolayer h-BN. Such oscillations in the
residual current are because the main contribution to the current is the
interband one, while the intraband contribution, which depends only
on conduction and valence bands population and thus does not show
significant oscillation after the pulse.

The intraband current is completely determined by the asymmetry
of the electron density distributions in the CB and VB. The 𝑥-direction
current, which is a combination of both interband and intraband con-
tributions, is shown in Fig. 4(a). Unlike in small band gap 2D material
like gaped graphene, the CB population distribution is asymmetric with
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Fig. 4. (Color online) The current densities in monolayer h-BN are shown as a function
f time for various pulse durations, 0.5 fs, 0.75 fs and 1 fs. (a) The current density,
x is shown along the direction of the maximum field. (b) Same as in (a), but for
he direction, 𝑦, normal to the maximum field. The applied pulse has right circular
olarization with 𝐹0 = 0.5 V∕Å. The band gap of h-BN is 5 eV.

respect to the 𝑦-axis both during and after the pulse. Thus, the 𝑦-
direction current 𝐽𝑦 for h-BN is also determined by both interband and
intraband contributions [see Fig. 4(b)]. The 𝑥-direction current as a
function of time is oscillating with the frequency that depends on the
bandgap, see Fig. 4(a) while the 𝑦-direction current is almost unidi-
rectional, see Fig. 4(b)]. These oscillations are a mixture of oscillating
interband and non-oscillating intraband components of the current. In
Fig. 5 the 𝑥-direction, 𝐽𝑥 and 𝑦-direction 𝐽𝑦 currents are shown for
different field amplitudes, 𝐹0. As one can see, with increasing field
amplitude, the magnitudes of both currents increase. The frequency of
oscillations of the currents in monolayer h-BN not only depends on the
field amplitude, 𝐹0 [Fig. 5] but also depends on the duration of the
pulse, 𝜏 [Fig. 4].

One of the characteristics of the electric current during the pulse
is the transferred electric charge, 𝐐, which is calculated as 𝐐𝛼 =
∫ ∞
−∞ 𝐉𝛼(𝑡)𝑑𝑡. The transferred charge can also be related to the residual

electric polarization of the system. The transferred charge is shown in
Fig. 6 as a function of the pulse amplitude for different values of the
pulse duration, 𝜏. The longitudinal transferred charge, 𝑄𝑥, monoton-
ically increases with the field amplitude. Small field amplitudes, up
to 0.6 V∕Å, transferred charge 𝑄𝑥 has a weak dependence on pulse
duration 𝜏, while at large amplitude, it strongly increases with 𝜏. The
transverse transferred charge, 𝑄 , has entirely different depending on
4

𝑦 w
Fig. 5. (Color online) Same as in Fig. 4, for various field’s amplitudes, 𝐹0, 1 VÅ
−1

,
0.75 V Å

−1
, 0.5 V Å

−1
and 0.25 V Å

−1
. The applied pulse has right circular polarization

with 𝜏 = 0.5 fs.

oth the pulse amplitude and the pulse duration. As a function of the
ulse amplitude, 𝐹0, it shows oscillations, which are more pronounced
t large values of 𝜏. The transferred charge, 𝑄𝑦, strongly depends on
ulse duration for small and large amplitudes. The results show that
he transverse transport is very sensitive to the pulse parameters, such
s pulse amplitude and pulse duration. In contrast, the longitudinal
ransport is more robust to such parameters.

. Conclusions

In this work, we theoretically predict the fundamentally fastest,
ltrafast optical currents that can be induced in monolayer hexag-
nal Boron Nitride (h-BN) by a circularly-polarized single-oscillation
ptical pulse. Such a strong pulse redistributes electrons between the
ands and generates femtosecond currents during the pulse. The pulse
enerates both longitudinal and transverse currents. The ultrafast field-
riven currents in monolayer hexagonal Boron Nitride are governed
y both interband and intraband contribution. As a result, the residual
urrent as a function of time shows oscillations, the frequency of which
s determined by the bandgap of the h-BN monolayer. The frequency
f oscillations of the currents in monolayer h-BN depends on the field
mplitude, 𝐹0 and the duration of the pulse, 𝜏. The CB population
istribution is asymmetric with respect to the 𝑦-axis both during and
fter the pulse and the intraband transverse current is none zero.

The longitudinal transferred charge, 𝑄𝑥, monotonically increases
ith the field amplitude. 𝑄 has a weak dependence on the small
𝑥
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b
o
a

Fig. 6. (Color online) The transferred charge densities are shown as a function of the
field amplitude, 𝐹0, for different pulse durations, 0.5 fs, 0.75 fs, 1 fs and 2 fs. (a)
The transferred charge density is shown along the direction of the maximum field, 𝑄x
and (b) The transferred charge density is shown in the direction perpendicular to the
maximum field, 𝑄y . The applied optical pulse has right handed circular polarization.
The band gap of h-BN is 5 eV.

values of 𝜏 whereas strong dependence on the large values of 𝜏. The
transverse transferred charge, 𝑄𝑦, has entirely different depending on
oth the pulse amplitude and the pulse duration. The more pronounced
scillations at large values of 𝜏 can be seen as a function of the pulse
mplitude, 𝐹0. The transferred charge, 𝑄𝑦, strongly depends on pulse

duration for small and large amplitudes. The results show that the
transverse transport is very sensitive to the pulse parameters, such
as pulse amplitude and pulse duration. In contrast, the longitudinal
transport is more robust to such parameters.
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