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Abstract: The electron valley pseudospin in two-dimensional hexagonal materials is a crucial de-
gree of freedom for achieving their potential application in valleytronic devices. Here, bringing
valleytronics to layered van der Waals materials, we theoretically investigate lightwave-controlled
valley-selective excitation in twisted bilayer graphene (tBLG) with a large twist angle. It is demon-
strated that the counter-rotating bicircular light field, consisting of a fundamental circularly-polarized
pulse and its counter-rotating second harmonic, can manipulate the sub-cycle valley transport dynam-
ics by controlling the relative phase between two colors. In comparison with monolayer graphene,
the unique interlayer coupling of tBLG renders its valley selectivity highly sensitive to duration,
leading to a noticeable valley asymmetry that is excited by single-cycle pulses. We also describe
the distinct signatures of the valley pseudospin change in terms of observing the valley-selective
circularly-polarized high-harmonic generation. The results show that the valley pseudospin dynam-
ics can still leave visible fingerprints in the modulation of harmonic signals with a two-color relative
phase. This work could assist experimental researchers in selecting the appropriate protocols and
parameters to obtain ideal control and characterization of valley polarization in tBLG.

Keywords: valley pseudospin; twisted bilayer graphene; counter-rotating bicircular field

1. Introduction

It is a widely accepted fact that electrons possess two intrinsic degrees of freedom,
namely, their charge and spin properties. In the last century, there has been significant
advancement in conventional electronic components, primarily based on the manipulation
of charge. However, several studies on magnetic nano-multilayer films and their magne-
toresistance effects [1,2] have demonstrated the role of spin in information storage and
transmission, thereby leading to the emergence of spintronics [3]. Furthermore, recent
research has established that electrons in two-dimensional hexagonal materials possess
an additional degree of freedom, known as the valley pseudospin, which corresponds
to extreme points on the electron band dispersion curve. Such electrons are commonly
found in materials such as graphene [4], layered transition metal dichalcogenides [5,6],
and Weyl semimetal systems [7–9]. For instance, the energy band structure of graphene
features two unequal yet degenerate Dirac points on the Fermi surface of the first Brillouin
zone (BZ), referred to as the K1 and K2 valleys. Leveraging this novel quantum degree
of freedom, valleytronics has emerged as a promising avenue for information encoding.
In comparison with traditional electronic devices, the benefits of processing information
with valleys include high integration, fast running speed, low energy consumption, and
minimal information loss [10].

Valleytronics aims to manipulate the motion of electrons to induce valley polarization,
a novel quantum degree of freedom that carries information and can be achieved by break-
ing spatial symmetry [11,12]. Over the past decade, significant progress has been made in
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both theoretical and experimental studies on valley-related transport properties [13–15]. In
addition, various optical-driven approaches have been proposed to achieve transient valley
polarization [16–19]. Valley-selective excitation is governed by the resonance between the
driving field and the energy bands. Therefore, precise sub-cycle control over the laser pulses
provides new opportunities for valleytronics. However, there are several practical limita-
tions and the short valley lifetimes (103v106 fs) pose a significant challenge; thus, ultrafast
valley polarization manipulation on the femtosecond timescale is an urgent need [20,21].
The lightwave-driven subcycle switching of the valley pseudospin in a tungsten diselenide
monolayer opens the way for valley-selective control within several femtoseconds [22].
Recent theoretical works validate the feasibility of such ultrafast valley polarization ma-
nipulation [23–25]. The effect of optical excitation systems on valley polarization is also
explored [11,26]; in particular, two-color circularly-polarized laser fields are demonstrated
to contribute a robust mechanism for valley polarization [4,11]. Inversion symmetric mate-
rials, such as transition metal dichalcogenides bilayers and graphene, exhibit high degrees
of valley polarization excited by few-cycle linearly polarized pulses [23]. The ultrafast
valley switching in graphene [27], a typical Dirac material, has also been studied. Unlike
dielectrics, the zero band gap property makes graphene exhibit an important interband
transition, which can be intensively affected by intraband motion, especially under higher
driving fields [28]. Owing to its high carrier mobility, electrical conductivity, and ther-
mal/chemical stability, graphene is widely used and exhibits ideal properties in many
fields, including quantum information [29], quantum dots [30], transport properties [31],
and so on. It is worth mentioning that graphene can also be used to create various compos-
ites [32,33]. As another important Dirac material, tBLG receives significant attention due to
its excellent electrical properties and application potentials in nanodevices. For example,
tBLG possesses a unique Berry phase, translation symmetry, and periodicity of Moiré pat-
terns, which make it totally different from monolayer graphene (MLG) [34]. Furthermore,
tBLG has a high mobility [35], making it a suitable raw material for future high-speed
electronic devices. However, similar to monolayer graphene, tBLG also has two unequal
valleys. In addition, if the time inversion symmetry breaks spontaneously, tBLG enters a
valley-polarized ground state [36]. To date, valley polarization induced by optical fields in
pristine graphene has been partly investigated, while laser-induced valleytronics in tBLG
has not been extensively discussed. The shorter spacing and more complex interference of
the two valleys in tBLG may be detrimental to sharp valley asymmetry.

In this study, we investigate the valley asymmetry in tBLG with a large twisted angle.
To induce valley-selective excitation, we employ a counter-rotating bicircular (CRB) light
field that consists of a fundamental and counter-rotating frequency-doubled circularly-
polarized pulse. The vector potential of the CRB field exhibits a specific trefoil pattern,
and the relative orientation of vector potential to the lattice is controlled by a two-color
phase, which is a key parameter. We present two typical vector potential patterns with
different phases in Figure 1c,d, corresponding to the maximum excitation of the K1 and
K2 valleys, respectively. The electron dynamics in tBLG is studied by solving the density
matrix equation within the framework of the tight-binding approximation, with the basis
vectors expanded in the Wannier gauge to avoid the problem of random phases of the
dipole couplings [37]. We show that the valley asymmetry decreases with the increase in
pulse duration, which is not observed in monolayer graphene. The underlying physical
mechanism is elucidated by analyzing the evolution of the k-space total conduction band
population over time. Additionally, the measurement of valley-selective polarization is
achieved by harmonic characterization. Several characteristics, in addition to the two-color
phase and duration, are briefly explored. Overall, this work provides a new insight into the
control of valley dynamics in tBLG using the CRB field, and offers a promising avenue for
the development of valleytronics based on tBLG.
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Figure 1. (a) The BZ of commensurate tBLG with a twisted angle θ ≈ 21.8◦ (m = 1, r = 1). Starting
from a perfect AB stacked, the first BZ of the top layer (blue-dashed hexagon) rotates θ ≈ 21.8◦

counterclockwise relative to the first BZ of the bottom layer (red-dashed hexagon). The seven smaller
black hexagons are the BZ of superlattice tBLG. G1 and G2 are the reciprocal lattice primitive vectors.
The first BZ of tBLG is divided into K1 (purple shade) and K2 (green shade) valleys. (b,c) The relative
position of CRB vector potential and Dirac points in reciprocal space, where two-color phase is set to
(b) φ = 16◦ and (c) φ = 106◦ respectively.

2. Theoretical Method

We define the lattice structure of the tBLG by vertically stacking two MLG sheets
together in an arbitrary orientation such that one of the layers is rotated by an angle θ
with respect to the other layer. The interference of the two lattice periods results in the
formation of a Moiré pattern, which can exist for any θ. However, a strictly periodic
superstructure, characterized by the repetition of a large multiatomic supercell, only occurs
for certain “commensurate” twist angles θ [38]. The commensurate rotation angle should
satisfy [39–41]

cos θ =
3m2 + 3mr + r2/2

3m2 + 3mr + r2 , (1)

where m and r are coprime positive integers. Here, θ represents the angle of rotation of the
top layer, starting from an AB-stacked bilayer. The details of lattice structures are discussed
in our previous work [42]. Among the superstructures with θ < 30◦, there is a special
subset corresponding to r = 1, whereas the other commensurate superstructures with r > 1
can be seen as almost periodic repetitions of superstructures with r = 1 [34]. In this work,
we focus on the commensurate structure given by m = 1 and r = 1, which corresponds to a
twist angle θ ≈ 21.8◦. This angle is large enough to cause significant inter-valley coupling,
making it an ideal system to study the control mechanism of valley excitation in tBLG.
Moreover, this configuration has the smallest supercell and requires the least computational
power, making it an efficient system to study. For other twist angles, the tBLG manifests as
either an incommensurate structure or a commensurate structure with a larger unit cell.
The BZ of tBLG possessing the twist angle θ ≈ 21.8◦ ( m = 1 and r = 1 ) is displayed as the
black bold hexagon region situated at the center of Figure 1a.

When it is subject to a laser field, the time-dependent Hamiltonian of tBLG can be
expressed within the dipole approximation and in the length gauge. Specifically, the Hamil-
tonian takes the form:

H = H0 + E(t) · r, (2)

where H0 is the field-free Hamiltonian, E(t) is the electric field, and r is the position
operator. To describe the quantum states of the electrons in the tBLG, we adopt the tight-
binding model of Ref. [37]. The tight-binding parametrization is taken from Ref. [43].
Unless otherwise indicated, atomic units (a. u.) are used throughout: e = h̄ = me = 1,
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where e and me are the electron charge and mass. The temporal evolution of the density
matrix elements reads [37]

∂ρmn(k, t)
∂t

= −i[H0(k), ρ(k, t)]mn − iE(t) · [d(k), ρ(k, t)]nm, (3)

where n and m are the band indexes, d(k) is the transition dipole moment, k(t) = k0 +A(t)
is the time-dependent momentum, k0 is the initial reciprocal coordinate, and A(t) is the
vector potential. Only the pz orbital of each carbon atom site is considered, and the intra-
atomic dipole transition is forbidden. Hence, d(k) is zero in the calculation. After solving
the density matrix equation, the current operator can be defined as [37]:

J = − ∑
k∈BZ

∑
n,m

(
∂

∂k
H0(k)

)
ρmn(k, t). (4)

The harmonic spectrum is calculated from the Fourier integral of the time derivative
of current J(t). In the Bloch gauge, the diagonal terms of a density matrix represent the
population of different bands at the end of the laser pulse. We assume that all valence bands
in tBLG are initially occupied, and that the conduction bands are empty before excitation.
These initial conditions can be easily linked to the Bloch density matrix. However, it is nec-
essary to obtain the density matrix in the Wannier gauge by unitary transformation before
evolution; it is obtained through unitary transformation from the Bloch representation as
the initial conditions. The conversion between both gauges can be expressed in a set of
unitary transformation [37]:

ρ
(H)
mn (k, t) = ∑

ab
U†

nb(k)ρ
(W)
ba (k, t)Uam(k), (5)

ρ
(W)
mn (k, t) = ∑

ab
Unb(k)ρ

(H)
ba (k, t)U†

am(k), (6)

where U(k) is a unitary matrix that diagonalizes HW
0 (k). The superscript (H) denotes

the Hamiltonian gauge, and (W) denotes the Wannier gauge. The representation of the
density matrix element is determined by the type of base vector, while the density matrix
Equation (3) does not depend on gauge.

Considering the electron–electron or electron–phonon scattering beyond the mean-
field approximation, a dephasing process is introduced for a proper model. Thus, we define
the dephasing time T2 and give the relaxation term as the product of the nondiagonal
element and exp(−∆t

T2
) in the Hamiltonian gauge. Due to the fact that the dephasing

process describes the exponential decay of interband polarization, the relaxation term
cannot be directly added to Equation (3), thus acting on ρ

(H)
nm (k, t) rather than ρ

(W)
nm (k, t).

Therefore, the dephasing mechanism is described as follows: At each evolution step of
solving Equation (3) with the time interval ∆t, ρ

(W)
nm (k, t) is transformed to ρ

(H)
nm (k, t) via

Equation (5), followed by multiplying the off-diagonal element ρ
(H)
nm (k, t) by exp(−∆t

T2
),

and finally transformed back to ρ
(W)
nm (k, t) via Equation (6). The above procedure is repeated

until the end of the dynamics evolution. The dephasing time T2 = 20 fs is set throughout
this study, and our simulation results are verified to be insensitive to dephasing time.

We consider the first BZ spanned by the primitive reciprocal vectors, and sample k
points using a uniform grid spacing along two nonorthogonal directions, denoted by G1
and G2. The reciprocal space is sampled with a 400× 400 grid, which is deemed sufficient
for describing the valley polarization. The evolution time step is initially set to δt = 0.2 a.u..
The density matrix equation is numerically solved for each independent k by utilizing
the classical fourth-order Runge–Kutta method in combination with an adaptive step-size
routine. This adaptive algorithm is implemented to significantly reduce the calculation
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time and ensure that the error remains within the limit of ε = 10−6. We have confirmed the
numerical convergence of our approach.

3. Results and Discussion
3.1. Valley-Asymmetry Parameter in tBLG and MLG

Lightwave-controlled valley-selective excitation in tBLG is verified by our numerical
simulation. The vector potential of the CRB field is expressed as

A(t) =
A0 f (t)√

2

([
cos(ωt + φ) +

R
2

cos(2ωt)
]

êx +

[
sin(ωt + φ)− R

2
sin(2ωt)

]
êy

)
, (7)

where A0 = Fω/ω is the amplitude of vector potential for the fundamental light field,

Fω = 15 MW/cm2 is the strength of the fundamental field, f (t) = exp
(
−2 ln 2

(
t
td

)2
)

is

the envelope of the optical field, basis vectors êx and êy are two orthogonal unit vectors,
and ω is the fundamental frequency. φ is the phase difference between two fields, which
is measured in degrees throughout this work. R = 2 is the ratio of the doubled and
fundamental frequency electric field strengths (2ω:ω).

The first BZ is divided into two triangular regions centered on K1 and K2, as shown
in Figure 1a. We define the valley-asymmetry parameter to quantify valley-selective
polarization as [4]

η =
n1

c − n2
c

(n1
c + n2

c )/2
, (8)

where n1
c and n2

c are the residual electron populations of total conduction bands in the K1
and K2 valleys, respectively, at the end of the laser pulse. The residual conduction band
population n1,2

c is obtained by integrating all the lower-triangular diagonal elements of the
density matrix in the Bloch gauge ∑

c∈CB
ρ
(H)
cc (k) delineated by k.

Figure 2 illustrates the valley-asymmetry parameter (η) in tBLG (Figure 2a) and MLG
(Figure 2b) as a function of the two-color phase (φ), with the fundamental wavelength
set to 6000 nm. The temporal duration of the pulse is varied, using a single cycle (blue
solid), three cycles (red dashed), and five cycles (yellow dotted). Clearly, for both MLG and
tBLG, the valley asymmetry parameter exhibits a modulation as a function of phase, with a
modulation periodicity of 180◦. Additionally, tBLG can achieve the same level of valley
asymmetry when excited by a single-cycle 6000 nm CRB pulse. This phase-dependent
periodicity is consistent with MLG, as expected. The specific phase for extreme valley
asymmetry is determined by the interplay between the vector potential and band structure.
The valley-asymmetry parameter reaches its maximum at φ = 16◦, 106◦, corresponding to
the relative position of the CRB vector potential and the K1 and K2 valleys in Figure 1b,c,
and there is no valley selectivity at φ = 61◦. Comparing Figure 2a,b, the valley asymmetry
in tBLG exhibits a substantial decrease as the duration increases, whereas in MLG, it
remains nearly constant or even increases slightly. To elucidate the underlying mechanism
of this attenuation, we examine the time-dependent asymmetry, which is obtained from the
density matrix equation at each time step. As shown in Figure 2c, the valley asymmetry in
tBLG experiences a sharp decline after reaching its maximum. Notably, due to the fact that
the maximum η of tBLG is almost unaffected by the pulse duration, the valley asymmetry
at the end of the pulse related only to the decreased amplitude in the fallback process.
Therefore, it is suggested that the longer the duration, the lower the asymmetry. Turning
to the case of MLG, the asymmetry starts to increase abruptly when the optical peak field
approaches its maximum, and then remains stable after reaching the peak, as shown in
Figure 2d. This behavior of tBLG is markedly distinct from that of MLG.



Photonics 2023, 10, 516 6 of 11

0 100 200 300
Phase (°)

-0.4

-0.2

0

0.2

0.4

A
sy

m
m

et
ry

 p
ar

am
et

er

22 fs
66 fs
110 fs

0 100 200 300
Phase (°)

-0.4

-0.2

0

0.2

0.4

A
sy

m
m

et
ry

 p
ar

am
et

er

22 fs
66 fs
110 fs

-200 -100 0 100 200
Time (fs)

0

0.2

0.4

A
sy

m
m

et
ry

 p
ar

am
et

er

22 fs
66 fs
110 fs

-200 -100 0 100 200
Time (fs)

0

0.2

0.4

A
sy

m
m

et
ry

 p
ar

am
et

er

22 fs
66 fs
110 fs

(b)

(d)(c)

(a) tBLG

tBLG

MLG

MLG

Figure 2. The valley–asymmetry parameter, denoted as η , as a function of the two-color phase in
tBLG and MLG, illustrated in (a,b), respectively; and the asymmetry in (c) tBLG and (d) MLG over
time, where the durations are set to 22 fs (blue solid), 66 fs (red dashed), and 110 fs (yellow dotted).

Because valley asymmetry is directly determined by population, the populations of
the K1 and K2 valleys are first investigated as shown in Figure 3a,b. Obviously, the pop-
ulation of an individual valley increases monotonically with time (Figure 3a), and the
population difference between the two valleys has a similar decline process to η (Figure 3b),
which is independent of duration. To reveal the underlying physics for the attenuation of
valley asymmetry in tBLG, it is necessary to focus on the interlayer coupling. The valley
asymmetry of uncoupled tBLG (blue solid line) is calculated and compared with that of
conventional tBLG (red dashed line) and MLG (yellow dotted line) (Figure 3c). All the
laser parameters are kept the same as those in Figure 2a. Figure 3c indicates that the valley
asymmetry of tBLG and uncoupled tBLG almost entirely overlap while increasing, imply-
ing that the interlayer interaction has no effect on asymmetry formation in the early stage.
However, the valley asymmetry in the coupled tBLG begins to exhibit a decreasing trend
within a time interval near to zero. Meanwhile, when all interlayer hopping is switched
off, η remains almost stable after reaching its maximum, which is extremely similar to the
behavior of MLG. Evidently, the decay of the valley asymmetry in tBLG disappears when
the interlayer interaction is artificially set to zero, even if the twisted angle still exists.
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Figure 3. (a) The time—dependent population of K1 (solid line) and K2 (dashed line) valleys in tBLG,
which is driven by CRB fields with durations of 22 fs, 66 fs and 110 fs. (b) The population difference
between K1 and K2 valleys as a function of time. The durations of the driving light field are 22 fs
(blue solid line), 66 fs (red dashed line) and 110 fs (yellow dotted line). (c) The valley asymmetry over
time in uncoupled tBLG (blue solid line), coupled tBLG (red dashed line) and MLG (yellow dotted
line); the fundamental wavelength of the drive field is 6000 nm and the pulse duration is set to 22 fs.
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3.2. HHG Analysis and Valley Pseudospin Measurement

The interaction between light and tBLG results in valley polarization and harmonic
generation at the same time. Considering the measurement issue of valley dynamics in
experiments, this microscopic phenomenon can be characterized by numerical simulation
of the harmonic spectrum. We give a thorough investigation of the harmonics induced by
a light field with durations of 22 fs (Figure 4) and 110 fs (Figure 5), the two-color phase
of 16◦, and other parameters identical to those in Figure 2. Figures 4a and 5a illustrate a
polarization-resolved high-harmonic spectrum, including left-handed (blue solid), right-
handed (red solid) circular polarization, and total (yellow dashed) harmonic spectrum.
The (3n + 1) harmonics follow the polarization of the ω pulse, which is left-handed circular
polarization, while the (3n + 2) harmonics share the same polarization as the 2ω pulse,
which is right-handed. However, 3n harmonics are absent on account of spin-angular
momentum conservation, which has already been observed in gas high harmonics [44].
The fourth and fifth harmonic spectra excited by short (22 fs) and long (110 fs) pulses as a
function of the two-color phase are depicted in Figure 4b–g and Figure 5b–d, respectively.
Due to the low discreteness of harmonics driven by a single-cycle pulse (22 fs), we separate
H4 and H5 from the spectrum according to the polarization state. It can be found that the
harmonic yield in a single valley has the same modulation period as BZ valley asymmetry.
Hence, the φ-dependent valley pseudospin can be measured by the harmonic yield ratio
H5/H4. As shown in Figure 6, the harmonics ratio is oscillating with the same periodicity
of 90◦ as a function of the relative phase φ. For the harmonics generated from the K1 or K2
valleys, the periodicity is 180◦, which is consistent with MLG [4]. Meanwhile, reversing the
helicities of the fundamental and its second harmonic simultaneously, i.e., right-handed
circular ω field and left-handed circular 2ω field, does not change the conclusions from
Figure 4 and Figure 5. As a result, the valley excitation and harmonic emission can be
argued to be independent of the rotation of the driving pulse. Therefore, valley-selective
excitation in tBLG is feasible and observable. This could be beneficial in valleytronic devices
for information transfer.
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Figure 4. (a) The harmonic spectrum with circular polarization, including left—handed (blue solid),
right—handed (red solid), and total emission (yellow dashed); the duration of the fundamental field
is set to 22 fs. In addition, the fourth and fifth harmonic spectra from the BZ, K1 valley and K2 valley
are shown as a function of the two-color phase, where (b–f) correspond to the fourth harmonic,
(c–g) correspond to the fifth harmonic, and (b,c) correspond to the BZ, (d,e) correspond to the K1

valley, and (f,g) correspond to the K2 valley.

Incidentally, the field ratio and wavelength of CRB are also crucial in manipulating the
dynamics of valley asymmetry. Here, we investigate the effect of field ratio R by calculating
the valley asymmetry as a function of the two-color phase for R = 0.5, 0.707, 2 and 4,
as shown in Figure 7a. Because R directly determines the geometry of the driving field,
the CRB laser field with R = 2 can destroy the spatial inversion symmetry of tBLG to
a significant extent, resulting in great valley-selective excitation. Figure 7b is the time-
dependent asymmetry for a variable fundamental wavelength: purple dash-dotted line
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for 6000 nm, yellow dotted line for 3000 nm, red dashed line for 1600 nm, and blue solid
line for 800 nm. For all these wavelengths, the valley asymmetry begins to climb in an
early stage of the pulse, reaches a maximum, and then decreases and finally converges to a
constant value. By comparing the converged values of valley asymmetry, it can be found
that the longer the wavelength, the larger the valley asymmetry. Thus, it is preferential to
use a long wavelength pulse in valley-sensitive excitations.
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polarization and total (yellow dashed) emissions driven by CRB with duration of 110 fs. (b–d) The
fourth and fifth harmonic spectrum for (b) BZ, (c) K1 and (d) K2 valley as a function of φ.
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4. Conclusions

In this study, we have conducted a theoretical investigation into lightwave-controlled
valley-selective excitation in the minimal commensurate tBLG. The electron dynamics are
obtained by numerically solving the time-dependent density matrix equation in the length
gauge and under the tight-binding approxamation.

On the basis of the study performed, we can draw the conclusion that the sub-periodic
(with respect to fundamental pulse) valley dynamics in tBLG can be effectively manipulated
by a CRB light field via the two-color phase. In contrast to MLG, the valley selectivity
of tBLG is notably modified by its interlayer coupling, resulting in a high sensitivity to
duration. Additionally, the valley asymmetry reaches its maximum when the tBLG is illu-
minated with a single-cycle pulse. What is more, the valley selectivity can be conveniently
measured using the intensity ratio of the fourth and fifth harmonic signals.

These findings provide a new insight into the control of valley dynamics in tBLG
using CRB fields, and offer a promising avenue for the development of valleytronics based
on tBLG.
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