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High-purity valley-polarized currents induced by bichromatic optical fields
in two-dimensional materials
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Producing currents predominantly from a single valley, namely, valley-polarized currents, at optical-cycle
timescales is an important aspect of the petahertz valleytronics, yet it remains less developed. This work exhibits
the feasibility of achieving this goal using bichromatic optical fields, which allow for the precise control of
subcycle electron dynamics. The combined effect of the helical and asymmetric waveforms of the optical fields
leads to highly asymmetric excitation at different valleys and displacement of the excited electrons concurrently,
thereby inducing valley-polarized currents with high valley purity, on the sub-optical-cycle timescale. Inherently,
the purity of the currents built up from the optical approach remains high even for materials with short
decoherence time. Moreover, the direction of the currents can be precisely controlled by adjusting the relative
phase of the bichromatic components. Our work offers a promising avenue for generating and modulating
high-purity valley-polarized currents at the femtosecond timescale, facilitating the development of petahertz

valleytronics.
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I. INTRODUCTION

In the electronic band structure of a material, local minima
in the conduction band (CB) or local maxima in the valence
band (VB) are referred to as valleys. In addition to charge and
spin, an electron also possesses a valley degree of freedom
that indicates the specific valley it occupies. The valley degree
of freedom holds promise for energy-efficient information
storage and presents intriguing prospects for going beyond
classical information processing [1-3].

Utilizing the opposite Berry curvature associated with the
different valleys, the manipulation of the valley polariza-
tion (the population imbalance at different valleys) has been
achieved in diverse materials, [4-16] which is a key topic
of valleytronics. Since the valley index is a concept within
the reciprocal space, the next pivotal challenge in valleytronic
devices is how to transfer the valley information to the ex-
ternal environment [3]. One promising solution is to generate
and deliver the valley-polarized currents, where the carriers
predominantly originate from a single valley. As a key com-
ponent, it can be seamlessly integrated with other existing
devices to form the foundation of future valleytronic devices
[3,17]. Over the past two decades, numerous efforts have been
devoted to generating valley-polarized currents [18-31], in-
cluding designing valley filters [18] and valleytronic transistor
[22], utilizing lattice symmetry [19-21], the valley-Hall effect
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[23,24,26] and employing advanced strain engineering tech-
niques [28-31], and so on. These approaches relied on rigid
architectures, such as a fixed pair of electrodes to supply a
strong external bias or organized heterostructures [27], which
restricted their scalability. Moreover, the complex structure, in
turn, increased the demands on processing difficulty. Recently,
it was also proposed to generate valley-polarized currents
with high valley purity utilizing strong terahertz (THz) pulses
[32,33], whose periods in experiments were typically on the
picosecond scale. Despite all the above advances, the inherent
characteristics of these configurations have precluded gener-
ating and modulating valley-polarized currents at petahertz
(PHz) rates.

To address this critical void, an optical approach to
build-up a high-purity valley-polarized current is essentially
required, where the applied fields oscillate at optical frequen-
cies with femtosecond scale periods. There is an abundance
of studies investigating the manipulation of valley polariza-
tion [8—16] and the injection of photocurrent in perturbative
[34,35] and nonperturbative [36—43] regions using optical
fields. For instance, the counterrotating bicircular fields were
employed to induce valley polarization in various materials
[9,11,15,16]. Besides, it was proposed to generate photocur-
rents in a variety of solids with the corotating circular fields
[41], where the direction of the currents can be controlled
by the relative phase of the bichromatic components [41-43].
To inject the photocurrents, one would induce an asymmetric
electron population along the current direction throughout
the Brillouin zone (BZ), namely, breaking the mirror sym-
metry of the population about the axis perpendicular to the
current direction. Consequently, the corresponding injected
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photocurrents in hexagonal two-dimensional (2D) materials
are often accompanied by a valley asymmetry [44]. However,
without a specific design, the valley purity of the current is
typically low, which hinders the effective transport of valley
information and the development of corresponding applica-
tions. Therefore, in the pursuit of valley-polarized currents,
the term valley-polarized current consistently refers to those
with high valley purity [22,32,33,45-47].

In this work, we demonstrate the generation and modu-
lation of high-purity valley-polarized currents by applying
the optical fields. It is realized by engineering the sub-
cycle electron dynamics with corotating bicircular fields
[41-43,48-56] that consist of a circularly polarized fun-
damental field and its corotating second harmonic. The
combined effect of the helical and asymmetric waveforms
of the fields concurrently leads to significant asymmetric ex-
citation at different valleys and displacement of the excited
electrons, giving rise to valley-polarized currents with high
purity on the sub-optical-cycle timescale. Our scheme gener-
ates valley-polarized currents primarily through the waveform
of bichromatic optical fields, which not only greatly elimi-
nates material constraints, but also enables optical-frequency
manipulation of valley-polarized currents. Its feasibility is
demonstrated by numerical simulations for the two typical
categories of valley-active materials, gapped graphene and
transition metal dichalcogenides (TMDs), based on a tight-
binding model and the time-dependent density functional
theory (TDDFT), respectively. Numerical results show that
the purity of the optically built up valley-polarized currents
can be only slightly degenerated by less than one-twelfth even
when the decoherence time is reduced to 5 femtoseconds.
Besides, it is also shown that the direction of the currents
can be precisely controlled by adjusting the relative phase of
the bichromatic components. Our work presents a promising
approach for generating and modulating high-purity valley-
polarized currents at the femtosecond timescale, facilitating
the development of PHz valleytronic devices.

II. RESULTS AND DISCUSSION

A. Generation of valley-polarized currents
via tailored optical fields

Here, we outline the basic concept and offer guidelines
for designing the tailored optical driving fields aimed at gen-
erating valley-polarized currents. To obtain valley-polarized
currents, two conditions are required: electron excitation pre-
dominantly takes place in one valley over the other, and
the excited electrons are asymmetrically distributed around
the valley. Thus, the driving field must concurrently sat-
isfy two crucial criteria. It should induce different electron
dynamics in respective valleys and it must be capable of pro-
voking the displacement of excited electrons. In this context,
a corotating bicircular field, composed of a circularly polar-
ized fundamental-frequency field and a frequency-doubling
field with the same helicity, will fulfill the aforementioned
requirements. Its helical waveform drives distinct electron dy-
namics around different valleys with opposite Berry curvature.
Simultaneously, its asymmetric waveform displaces the ex-
cited population [41] inducing the valley-polarized currents.
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FIG. 1. (a) The main panel schematically illustrates the gen-
eration and control of valley-polarized currents in 2D materials
driven by the corotating bicircular field. The upper panel shows the
Lissajous figures of the corotating bicircular fields with different
relative phases. (b) The schematic illustration of the excited electrons
in the VB and CB around two valleys. (c) The first Brillouin zone
(BZ) is separated into two regions around two valleys, as indicated
by the red and blue regions.

Considering the corotating driving laser is polarized in the x-y
plane and traveling in the z direction as illustrated in the main
panel in Fig. 1(a), its electric field can be described by

1
Fco = =
® ﬁ[

w is the frequency of the fundamental component. F; and F>
are the amplitudes of each circularly polarized component,
corresponding to intensity /; and I, respectively. 6 is the
relative phase between the bichromatic components. Recent
developments in modern light generation technology have
enabled the customization of nontrivial optical waveforms by
synthesizing lights with different colors [49,50,52,57], and
thus such a field is readily available in experiments.

For simplicity, we consider F; = F, = Fy. Equation (1)
can be factorized and rewritten as F(t) = V2F,
cos(%)[cos(%), sin(#)]i which indicates that
the w — 2w corotating driving field can be viewed as a
circularly polarized field modulated by cos(%w) [53,58].
Then, one can obtain

Fi cos(wt) + F> cosQwt + 6) )
F; sin(wt) + F> sinQot +0) |

t 46
F2A(t) = 2F cos? (%) = F}[1 + cos(wt +6)]. (2)

Namely, the magnitude of the field Fcf)(t) exhibits a cos-type
modulation around 1, which indicates that the waveform of
corotating bicircular fields [including not only the electric
field but also the vector potential A(z) = —foto F(t')dt'] is
naturally asymmetric. The electric field reaches the maximum
value at wt = —6 + 2xN (N is an integer). Therefore, the
symmetric axis of the corresponding Lissajous figure, which
aligns with the maximum and minimum values of Fc%), as indi-
cated by the dashed grey lines in the upper panel in Fig. 1(a),
is oriented along e, = cos(—0)e, + sin(—6)e,. Here, e, (e,)
represents the unit vector along the x (y) direction. ey rep-
resents another unit vector, which makes an angle ¢ with e,.
Here, ¢ = —6. Therefore, the orientation of the waveform can
be controlled by 6, as illustrated in the upper panel in Fig. 1(a).
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FIG. 2. Valley-polarized currents in gapped graphene. (a) The vector potential of the driving field given in atomic units (a.u.). (b) The time
evolution of electron occupation around valleys N, and the square of the time-dependent electric field of the driving laser F2(¢). NX and Ne’(x/
are calculated by integrating the electron population in the red and blue regions in CB, as illustrated in Fig. 1(c). (c) The x and y components
of the currents from different valleys. (d), (e) The residual momentum-resolved electron population around K and K’ in CB, respectively.
(f) The dependence of the calculated J, and corresponding 1 on the delay of the double-frequency component of the driving laser.

As shown in Fig. 1(b), once the corotating bicircular field
illuminates the 2D hexagonal materials lying in the x-y plane,
the electrons are preaccelerated in the VB before being excited
to the CB in the vicinity of the valleys [59,60]. The excita-
tion predominately occurs when the electric field reaches its
maximum of each optical cycle [e.g., see Fig. 2(b)]. After the
excitation, the electrons continue to evolve in the CB with
the driving field, occupying different regions in the BZ. The
electron wavepacket evolves in the reciprocal space according
to the Bloch acceleration theorem (K(7) = Kex + A(2), Kex 1S
the electron wave number of the excited electron). Therefore,
the vector potential A(¢) is the quantity responsible for the
asymmetric electron population symmetry in each valley [see
Fig. 1(b)], and the excited population is displaced along the
negative direction of the maximum of A(r), which is similar
to the current generation using a few-cycle laser pulse that
arises from symmetry breaking [38—40]. Consequently, the
nonlinear residual photocurrents along the negative direction
of the maximum of A(¢) are obtained [41,42] (for a particular
example, see Fig. 2). Meanwhile, due to the helical waveform
of the field synthesized by the two corotating components,
the electrons around one valley can be dominantly excited, as
indicated by the red and blue arrows. This can be understood
by the fact that the electrons are driven by the optical field
around the respective valleys following the same reciprocal
trajectories, including the same cycling direction. For elec-
trons around the K and K’ points, they accumulate dynamical
phases similarly, but geometric phases and transition dipole

phases oppositely, which lead to the growing or canceling
electron populations for different valleys in CB [61]. As a re-
sult, the residual photocurrent dominantly originates from one
valley only, thereby resulting in the valley-polarized currents.
This can also be understood with the broken time-reversal
symmetry of the corotating fields. The process occurs within
each optical cycle, which is a characteristic common to the
manipulation of electron dynamics by light wave [38,39,41],
allowing great potential for generating and modulating valley-
polarized currents in the sub-optical-cycle timescale.

According to the principle of our scheme, it primarily
relies on the helical and asymmetric waveform of the opti-
cal field to initialize the valley polarization and induce the
currents. More fundamentally, it benefits from the breaking
of symmetry [41,62], which are independent of the specific
material properties. Thus, this scheme will apply to a broad
range of valley-active materials. In the following sections, we
will demonstrate its feasibility through numerical simulations
using the two most widely employed valley-active materials,
gapped graphene and TMDs, respectively.

B. Valley-polarized currents in gapped graphene

Due to its unique electronic properties and high mo-
bility, graphene has emerged as a promising material for
valleytronic nanosystems [11,18,23,26,28-31]. In this sub-
section, we demonstrate the generation of valley-polarized
current in the gapped graphene with 0.4 eV gap, which can
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be achieved by growing on an incommensurate substrate [63].
A recent work demonstrates that the tight-binding approach
can provide an excellent description for the laser-induced
electron dynamics in graphene. [64]. Therefore, the corre-
sponding electronic dynamics in gapped graphene is described
by solving the density matrix equations based on a tight-
binding model [61,65]. Technical details are provided in the
Supplemental Material [66].

First, to verify the aforementioned idea of generating
valley-polarized currents, we consider an example set of laser
parameters with the fundamental wavelength of 5000 nm
(corresponding to the photon energy with 0.25 eV) and the
total intensity I =1, + L =1 x 10° W/cmz, which is below
the damage threshold of graphene [67]. The corresponding
photon energy is below the band gap. The relative phase 6
of the bichromatic components is 0, and the intensity ratio
bL/I; is 1. The driving laser pulse is characterized by a sine-
squared envelope with a full width with six optical cycles of
the fundamental field. A 35 fs decoherence time 7, [61,65] is
used in this simulation.

Figure 2(a) illustrates the x and y components of the time-
dependent vector potential of the driving field. Due to the
helical waveform of the field, the electrons around the K point
are predominantly excited, as shown in Fig. 2(b). Thus, the
electron population around K point [Fig. 2(d)] is significantly
larger than that of K’ point [Fig. 2(e)]. Furthermore, the elec-
tron population in CB is displaced along the negative k, axis
by the asymmetric A,. Consequently, the intraband current
along the negative y axis is generated, as shown in Fig. 2(c),
consistent with the recent results [41,42]. Here, the intraband
current is calculated as

J=J4+J¢

- / 22N.(K) 9L (k)
BZ1 ak

The factor 22 comes from counting electrons and holes, and
two kinds of spins. BZ1 (BZ2) represents the region around
K (K’), as shown in Fig. 1(c), E. denotes energy of CB, and
N.(Kk) is the electron population on CB.

Combined with the fact that there are more electrons ex-
cited in the vicinity of the K point [see Figs. 2(d) and 2(e)],
the total current J dominantly originates from K point [see
the red and blue double arrows in Fig. 2(c)]. Namely, a highly
valley-polarized current is obtained. Its valley purity, eval-
uated by n = ([J%| — [J€D/(I*| + 1)), is n = 68%. For
the pristine graphene, recent works [42,43] demonstrated that
the corotating fields lead to photocurrents with nearly zero
valley purity. Besides, as shown by the solid red and blue lines
in Fig. 2(c), the valley-polarized current merges in one optical
cycle. This indicates that this scheme also works for shorter
few-cycle laser pulses.

In Fig. 2(f), we demonstrate the control of valley-polarized
currents by delaying the double-frequency component, which
allows for fine-tuning of the driving optical field and precise
control of the subcycle electron dynamics [36,68]. Accord-
ingly, the current along the y direction exhibits an oscillation
with a period of 8 fs, signifying a pivotal advancement toward
PHz valleytronics. Concurrently, the calculated  shows good
robustness to the delay. Besides, unlike the scheme using

IE:(k)
ok

dk + / 22N, (k) dk. (3)
BZ2

the valley-Hall effect, our scheme is not accompanied by an
unavoidable longitudinal electric current, which contributes to
the efficiency of the valley-polarized current generation.

Having validated the basic concept, we will next explore
strategies for optimizing the valley-polarized currents by al-
tering the parameters of the driving field. In Fig. 3(a), the
fundamental wavelength dependence of the valley-polarized
current generation is depicted. The optical parameters remain
consistent with those in Fig. 2, except for the funda-
mental wavelength. Within the range of 1000-6000 nm
(0.2-1.24 eV), the current from the K point (the red line) is
significantly larger than the current from the K’ point (the blue
line), which confirms the generality of the scheme over the
laser wavelengths. Consequently, the calculated 7, depicted
by the black line, reaches the maximum value at 2600 nm
and 5000 nm (dashed pink and light blue lines, corresponding
to 0.48 eV and 0.25 eV). The calculated 71 is 67% and 68%,
respectively. The minimum value of n occurs at 4000 nm,
which is directly correlated with the minimum of JX at the
same wavelength (as shown by the red line). This behavior
originates from the significant reduction in the asymmetry of
the residual electron population around the K valley.

By varying the intensity ratio I, /I; of bicircular fields, one
can achieve significant control over the electron dynamics
[48,54,69], making it possible to enhance the purity of the
generated valley-polarized currents. The impact of intensity
ratio I, /1, on the valley-polarized current generation with the
optimal fundamental wavelengths 5000 nm and 2600 nm is
shown in Figs. 3(b) and 3(c), respectively. In the limit of I, =
0, the vector potential A(¢) is symmetric, thus the residual
electron population is symmetric around K point, resulting
in the absence of residual current, as shown in Fig. 3(d).
With the increase of intensity ratio, the symmetry breaking
of A(z) increases and finally decreases [for the cases I,/I} =
0 and L /I = 0o, A(¢) is symmetric]. Thus, the symmetry
breaking of the electron population around each valley in
the CB increases and then decreases. Besides, the residual
electron population around each valley is almost unchanged
for different intensity ratios (not shown). Thus, the currents
from the two valleys also increase and then decrease with the
increase of intensity ratio, as the red and blue lines show in
Figs. 3(b) and 3(c). Regarding the purity 7, it is highest for
small /I, [the left regions in Figs. 3(b) and 3(c)]. However,
the generated currents from the two valleys are both small
in these cases, as the weak 2w component causes only min-
imal symmetry breaking in the electron population around
each valley. Thus, this configuration proves inadequate for the
effective valley-polarized current generation. For the case of
L /1) = 0.15, the purity of obtained valley-polarized current
is 78% and 72% for 5000 nm and 2600 nm, respectively.
Meanwhile, the generated currents are around their maximum
values. This can be regarded as the optimal intensity ratio. The
corresponding residual electron population around K is shown
in Fig. 3(e), exhibiting a pronounced asymmetric distribution.

Next, we examine how the purity 1 of the optically built
up valley-polarized currents is sensitive to the decoherence
time in Fig. 3(f). Here, n is calculated with different de-
coherence times and the optimized laser parameters from
Figs. 3(a) and 3(c) (I/I; = 0.15 and fundamental wave-
lengths with 5000 nm and 2600 nm). For the case of 5000 nm
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FIG. 3. (a) Fundamental wavelength dependence of the valley-polarized current generation. The optical parameters are the same as those
for Fig. 2, except for the fundamental wavelength. The current from K (K’) valley is shown by the solid red (blue) line. (b), (c) Intensity
ratio dependence of the valley-polarized current generation for the fundamental wavelength of 5000 nm and 2600 nm, respectively. (d), (e) The
residual momentum-resolved electron population around K point in CB with intensity ratio 1, /I; = 0 and 0.15, respectively. The corresponding
fundamental wavelength is 5000 nm. The green arrows indicate the direction and magnitude of the valley-polarized currents. (f) Robustness of
our scheme against decoherence considering the fundamental wavelength 5000 nm (black squares) and 2600 nm (red diamonds). The intensity

ratiois I, /I, = 0.15.

(2600 nm), one can see that n decreases from 78% (72%)
to 63% (67%), as the decoherence time reduces from 50 fs
to 5 fs. Even for the extremely short decoherence time of
1 fs, this scheme still works, yielding the 1 around 30% for
5000 nm (42% for 2600 nm). This feature arises from the fact
that the valley-polarized currents are established based on the
ultrafast electron dynamics. Thus, this scheme allows the es-
tablishment of the noticeable valley-polarized current for the
materials with short decoherence time, like Weyl semimetals
(a few femtoseconds, see [70-72]) and Dirac semimetals (for
instance, around 10 fs for a typical three-dimensional (3D)
Dirac semimetal CdsAs, [73,74]). It is worth noting that our
simulations specifically focus on 7> and do not include other
decoherence mechanisms, such as valley decoherence and
decoherence during nonlocal transport. The valley decoher-
ence time typically ranges from hundreds of femtoseconds to
picoseconds [75], exceeding the pulse durations employed in
our study by more than one order of magnitude, and its influ-
ence on our results is negligible. Regarding the decoherence
processes during nonlocal transportation, it could be over-
come through the design of micronano structures [23,24,38].
Another advantage of the all-optical approach based on the
tailored bichromatic optical field is the extremely high degree
of freedom, allowing versatile control of the valley-polarized
currents. Finally, we demonstrate the precise modulation of
the direction of valley-polarized current by adjusting the rela-
tive phase 6. According to the discussion based on Eq. (2), the
symmetric axis of the electric field of the corotating bicircular

field is oriented at e_g, along which the Lissajous figure is
asymmetric. Likewise, one will find for the vector potential
A)=—/ oto F(¢')dt’ that the symmetric axis is oriented at
€_g1rx 2, differing from that of the electric field by 7 /2. Con-
sequently, it is expected that the residual electron population
is displaced along e_g_5 >, which induces the residual valley-
polarized current with the angle of —6 — m /2, as shown by
the solid black line in Fig. 4(a).

To verify the above discussion, we numerically simulate
the valley-polarized current generation with different relative
phases. The directions of the resultant currents are depicted
by the red stars in Fig. 4(a). The optical parameters are the
same as Fig. 2(a), except for the relative phase 6. One can
see that the numerical results perfectly match the prediction,
which is consistent with the symmetry analysis and numerical
simulations in the recent works [41,62]. The corresponding
residual momentum-resolved electron population around K
and the magnitude of the residual currents (the green arrows)
for four representative cases with & = 7 /2, 7,37 /2, and 27
are shown in Figs. 4(b)—4(e), respectively. One can see that
the magnitude remains nearly unchanged with the variation
of 6, which allows ideal control over only the direction of
valley-polarized currents without changing their magnitude.

C. Valley-polarized currents in MoS,

Having demonstrated the fundamental physics and feasibil-
ity of the scheme with gapped graphene using a tight-binding
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FIG. 4. (a) The red stars represent the direction of the calculated
valley-polarized current with different relative phases 6. The solid
black line indicates the predicted direction of the valley-polarized
current. The inserts show the waveforms of corotating bicircular
fields [-A(t)] for 6 = 7 /2, w, 3w /2, and 27 labeled by the big red
stars b, c, d, and e, respectively. (b)—(e) The residual momentum-
resolved electron population around K point in CB for the relative
phase & = 7 /2, w, 37 /2, and 27, corresponding to the big red stars
b to e in (a). The green arrows indicate the direction and magnitude
of the valley-polarized currents.

model, we now examine its applicability to TMDs. The TMDs
are the other promising class of material extensively explored
for valleytronics. Compared with graphene, the TMDs have
broader band gaps and stronger multielectron effects [76,77].
Thus, the valley-polarized current generation in TMDs is stud-
ied using state-of-the-art TDDFT simulations. This method

x107
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allows one to model the electron dynamics in solids with-
out making strong assumptions and has been shown to
provide good agreement between simulation results and ex-
perimental measurements [78,79]. The TDDFT simulations
are performed with the real-space grid-based code, OCTOPUS
[80-84]. Technical details are provided in the Supplemental
Material [66].

We take MoS, as a prototype. For the driving field,
the fundamental wavelength is 1900 nm (corresponding to
the photon energy with 0.65 eV) and the total intensity
is 1 x 10" W/cm?, which is below the damage threshold
of MoS, [76]. The other optical parameters are consistent
with those in Fig. 2(a). The waveform of the driving field
is similar to Fig. 2(a), and A, is still asymmetric. The re-
sult is shown in Fig. 5(a). One can see that the magnitude
of the current originating from the K point (JyK) is much

higher than that from the K’ point (JVK/). Thus, a signifi-
cant valley-polarized current is obtained along the negative
y direction with the purity of 88%. As previously discussed,
the emergence of the nonvanishing current results from the
displacement of the electron population due to the asym-
metric driving field and the high purity results from the
distinct excitation rates at different valleys [see Fig. 5(b)]. We
also calculate the current in MoS, by delaying the double-
frequency component, as shown in Fig. 5(c). Similarly, the
current along the y direction oscillates with a period of
3.5 fs while 1 remains robust to the variation of the delay.
These results suggest that this approach is model-independent,
cross-validating its feasibility across a wide range of valley-
active materials.

III. CONCLUSION

In conclusion, we theoretically demonstrate the produc-
tion of high-purity valley-polarized currents at the optical
frequency level. The applied corotating bicircular driving
fields with helical and asymmetric waveforms concurrently
induce significant valley polarization and population displace-
ment in 2D materials on the sub-optical-cycle timescale. This
approach is primarily dependent on the symmetry break-
ing, induced by the waveform of the driving field, and
thus should apply to a broad range of valley-active ma-
terials. The feasibility is further supported by numerical
simulations on the two typical categories of valley-active
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FIG. 5. Valley-polarized currents in MoS,. (a) The x and y components of the currents from different valleys. (b) The residual momentum-
resolved electron population in CB. (c) The dependence of the calculated J, and corresponding 1 on the delay of the double-frequency
component of the driving laser. The dashed orange line is drawn to guide the eye.
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materials: gapped graphene and TMDs. Numerical results
show the purity of the optically built-up currents only
slightly decreases even when the decoherence time falls
to 5 fs. Note that, although multicycle optical pulses are
employed in the numerical demonstration, the scheme also
works for even shorter few-cycle pulses as the valley-
polarized currents stem from the subcycle electron dynamics.
In addition, the direction of the currents can be precisely
controlled by adjusting the relative phase of the bichromatic
fields, with the magnitude of the current nearly unchanged.
Our work demonstrates a promising avenue for generat-
ing and modulating high-purity valley-polarized currents

at the femtosecond timescale, thereby promoting the PHz
valleytronics.
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