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Orientation dependence of even-order harmonics generation in biased bilayer graphene
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We theoretically study the orientation dependence of even-order harmonics in biased bilayer graphene (BLG)
by numerically solving the semiconductor Bloch equations in the velocity gauge. It is shown that the yield
of even-order harmonics has a perfect periodicity of 60◦ with the rotation of the crystal orientation. The
even-harmonic intensity reaches the maximum when the laser field is polarized along with the nearest-neighbor
atom. By investigating the crystal orientation dependence for the parallel and perpendicular components of even
harmonics, it is found that the Berry curvature plays an insignificant role in the even-harmonic generation of
biased BLG. Further analysis reveals that the asymmetric electron density between in-plane adjacent atoms
caused by polarization is responsible for the generation of even harmonics in biased BLG. Additionally, we
study the ellipticity dependence of even harmonics in biased BLG when the elliptical principal axis of the laser
pulse is along with the in-plane nearest-neighbor atoms. As expected, the yield of even harmonics decreases with
the ellipticity. Our findings give access to understanding deeply the mechanism of the orientation dependence of
even harmonics in biased BLG.
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I. INTRODUCTION

High-order harmonic generation (HHG), an important and
nonperturbative optical phenomenon in strong-field physics,
has been investigated as a means for providing new extreme
ultraviolet and soft X-ray light sources. Despite the extensive
investigations of gas HHG [1–5], the low atomic density leads
to the low conversion efficiency of HHG. This limits the de-
velopment and application of gas HHG. Thanks to the advance
of midinfrared laser technology, solid HHG has become a hot
topic in strong-field and condensed matter physics so far. It not
only provides a new approach to attosecond photonics [6,7],
but also brings a powerful tool for the detection of structures
and ultrafast dynamic processes in condensed matters [8,9].

Compared with HHG in gases, solid HHG presents more
abundant physical phenomena and more complex character-
istics, such as multiplateau structures [10–12], linear scaling
of cutoff energy with laser field amplitude [13], anomalous
ellipticity dependence of HHG [14–18], and so on. The spatial
symmetry of translation, rotation, inversion, and reflection of
the periodic lattice structure strongly influence HHG in solids.
As is known, the harmonic intensity is sensitive to the crystal
orientation [16,19,20]. This orientation dependence of HHG
was demonstrated to be related to many ultrafast processes
in crystals [21–28]. For example, it was found in the mono-
layer MoS2 [16] that the even harmonics are predominately
polarized perpendicular to the polarization of the laser field
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and the intensity reaches the maximum when the laser field
is perpendicular to the mirror plane. This is attributed to the
anomalous current induced by the Berry curvature. However,
for ZnO crystal [29], even harmonics are only generated if the
laser polarization is along the mirror plane. This indicates that
the orientation-dependent higher-order harmonic spectra con-
tain the structure information of crystals and can be applied to
probe crystal band structure [30].

Two-dimensional (2D) materials exhibit unique electronic
properties [31–34] and symmetry properties [35] that have
a significant impact on the process of HHG. Graphene, a
2D hexagonal lattice of carbon atoms, its electronic band
structure has led to massless Dirac fermion physics [36] and
an anomalous quantum Hall effect [37]. Recently, it was
shown that the valley polarization can be achieved by using
two counterrotating circularly polarized laser pulses [38,39].
With one more graphene layer added, bilayer graphene has
an entirely different but equally interesting band structure.
Compared with monolayer graphene, the electronic states of
biased bilayer graphene (BLG) are considerably richer [40]
and the band gap is widely tunable [41]. Both theoretical and
experimental studies [41–44] showed that the band gap of
BLG can be controlled by an applied electric field which is
perpendicular to the graphene plane [41–43]. This makes BLG
the only known semiconductor with a tunable energy gap up
to 250 meV and opens the way for developing applications
like nanoelectronic and nanophotonic devices [44], thermo-
electric devices [45], photodetectors [46], high-frequency
transistors [47], and so on. As is well known, the gapped
BLG can generate even-order harmonics because of symme-
try breaking [42,43]. However, the generation mechanism of
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FIG. 1. (a) Crystal structure of the BLG (AB stacked) with the
Slonczewski-Weiss-McClure parameters. (b) Top view of BLG (AB
stacked). (c) Brillouin zone. (d) Band structure of the biased BLG
with � = 0.4 eV.

even-order harmonics is yet to be discussed. Moreover, the re-
search on the orientation dependence of even-order harmonics
in biased BLG is still lacking.

In this work, we explore the orientation dependence of
even-order harmonics in biased BLG. Differing from the
even-order harmonic generation caused by the Berry cur-
vature [16,24,48–50], we find that the even harmonics are
mainly polarized along with the polarization of the laser field.
In addition, the maximum harmonic yields occur only when
the laser field is polarized along with the in-plane nearest-
neighbor atoms. Further investigation demonstrates that the
interlayer coupling can lead to the polarization of in-plane
adjacent atoms due to the existence of interlayer voltage in
biased BLG. The radiation of even-order harmonics is the
consequence of the asymmetrical electron density of neigh-
boring atoms. An intuitive physical model is established to
understand the orientation dependence of even-order har-
monics. Finally, we study the ellipticity dependence of even
harmonics.

This paper is organized as follows. In Sec. II, we introduce
the theoretical method. In Sec. III, the orientation dependence
of even harmonics in biased BLG is studied in detail. The
orientation dependence of high harmonics is presented in
Sec. III A. In Sec. III B, we investigate the generation mech-
anism of even-order harmonics and explain the orientation
dependence of even-order harmonics by a molecular model
extracted from the biased BLG. Section III C focuses on the
ellipticity dependence of even harmonics. Finally, the sum-
mary is given in Sec. IV.

II. THEORETICAL MODEL

The BLG is a system between graphene and bulk graphite.
The crystal structure of AB stacking is shown in Fig. 1(a),
where sites A1 and B1 denote the two inequivalent atoms
on the lower unit cell. A2 and B2 are the counterparts on
the upper cell. The layers are arranged as follows: the atom

TABLE I. Tight-binding parameters used for biased BLG in units
of eV.

γ 0 γ 1 γ 3 γ 4 � ′

3.16 0.381 0.38 0.14 0.022

B2 is on the top of the atom A1. These two atomic sites are
referred to as “dimer” sites because the electron orbitals on
them are coupled together by a relatively strong interlayer
coupling. Atoms B1 and A2 are located, respectively, at the
center of the hexagonal lattice on the other layer and are
referred to as “nondimer” sites. The commensurate top view
is illustrated in Fig. 1(b). a1 = (

√
3a
2 , a

2 ) and a2 = (
√

3a
2 ,− a

2 )
are the two primitive lattice vectors with the lattice constant
a =2.46 Å. The Brillouin zone (BZ) is displayed in Fig. 1(c).
b1 = ( 2π√

3a
, 2π

a ) and b2 = ( 2π√
3a

,− 2π
a ) are the reciprocal lattice

vectors. K = ( 2π√
3a

, 2π
3a ) and K′ = ( 4π√

3a
, 4π

3a ) represent two in-
equivalent high-symmetry points referred to as Dirac points.
E is the polarization direction of the laser electric field and
θ is the angle with the Kx axis. We sample the Brillouin
zone shown as the dashed lines in Fig. 1(c) using a grid with
1000 × 1000 points in the calculations. This processing is
equivalent to sampling the first Brillouin zone.

The electronic structure of biased BLG is modeled by
the tight-binding approximation with the Slonczewski-Weiss-
McClure (SWMc) parametrization [34,40]. The Hamiltonian
in reciprocal space reads

H (k)=

⎛
⎜⎜⎜⎜⎝

−� − �′
2 −γ0 f (k) γ4 f (k) −γ3 f ∗(k)

−γ0 f ∗(k) −� + �′
2 γ1 γ4 f (k)

γ4 f ∗(k) γ1 � + �′
2 −γ0 f (k)

−γ3 f (k) γ4 f ∗(k) −γ0 f ∗(k) � − �′
2

⎞
⎟⎟⎟⎟⎠,

(1)
where the function f (k) is given by

f (k) = exp

(
i
akx√

3

)
+ 2 exp

(
−i

akx

2
√

3

)
cos

(
aky

2

)
. (2)

Here, the effect of the bias field is incorporated by shifting the
onsite potentials of the two layers by ±� with � = 0.4 eV.
γ0, γ1, γ3, and γ4 are illustrated in Fig. 1(a). γ0 is the hop-
ping parameter between in-plane nearest-neighbor atoms. γ1

describes the interlayer coupling between pairs of orbitals on
the dimer sites A1 and B2. γ3 describes the interlayer cou-
pling between pairs of orbitals on the nondimer sites A2 and
B1. γ4 describes the interlayer coupling between dimer and
nondimer orbitals A2 and A1 or B2 and B1. �′ is the energy
difference between dimer and nondimer sites [51]. In Table I,
we list the SWMc parameters used in our simulation and
these parameters can be found in Ref. [34]. The eigenvalue
Ek

n and eigenfunction uk
n are obtained by diagonalizing the

Hamiltonian. Here, uk
n is the periodic part of Bloch function

�k
n = uk

neik·r. Figure 1(d) shows the band structure of the
biased BLG with � = 0.4 eV.

To describe the interaction of strong-laser fields and bi-
ased BLG, we solve the velocity gauge semiconductor Bloch
equations (SBEs) in the Bloch representation. In general, the
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SBEs of the velocity gauge require more bands to guarantee
converged results [52–54]. However, for bilayer graphene of
the tight-binding model with four bands since the basis set
is complete in this condition, the SBEs of the velocity gauge
in the tight-binding model can obtain reliable results [24,55–
57]. The SBEs are used as follows (atomic units are used
throughout unless otherwise stated):

∂ρk
mn(t )

∂t
= i

[
Ek

m − Ek
n + i(1 − δmn)

T2

]
ρk

mn(t )

− iA(t ) ·
∑

l

[
Pk

nlρ
k
ml (t ) − Pk

lmρk
ln(t )

]
, (3)

with the density matrix element ρk
mn(t ), defined as ρmn =

a∗
man. am and an are the expanded coefficients of the time-

dependent wave function under the Bloch representation.
The matrix element of the momentum operator Pk

nl can be
obtained by

Pk
nm = 〈 unk|∂H (k)

∂k
| umk〉. (4)

The driving laser field is

E(t ) = E0√
1 + ε2

f (t )[cos(ω0t )êx + ε sin(ω0t )êy], (5)

where the vector potential is calculated by A(t ) =
− ∫ t

−∞ E(t )dt . E0 and ω0 are the amplitude and the angular
frequency of a 3000 nm laser field with the intensity
3.15 × 1011 W/cm2. The laser field has a cos2 envelop
with a total duration of 20 optical cycles. ε is the ellipticity.
The polarization of the laser field transitions from linear to
circular when the ellipticity varies from ε = 0 to ε = 1. The
dephasing time is set as T2 = 5 fs. Decoherence describes
the phenomenon that the coherence of a quantum system
decays as the interactions within the system that increase
with time. In HHG of solids, the dephasing time involves the
interaction between the electron under consideration and its
environment: other electrons, ions, phonons, impurities of the
system. The clear high-order harmonic spectrum observed in
experiments can be reproduced theoretically when taking the
dephasing time into account [52]. However, the dephasing
time has not been determined in solid harmonic generation so
far. Different dephasing times are used in different literature.
Here, the dephasing time T2 = 5 fs is applied to obtain clear
harmonics and does not affect the result of the orientation
dependence.

In our calculations, we use the classical fourth-order
Runge-Kutta method to solve the SBEs. The time step is
0.4137 a.u. The convergence of the time step and space step
in k space was tested. The electric current induced by the laser
field reads

J(t ) =
∑
m,n

∫
BZ

Pk
mnρ

k
mn(t )d2k. (6)

We decompose the current in the directions parallel and per-
pendicular to the laser polarization directions

J(t ) = J‖(t )e‖ + J⊥(t )e⊥. (7)

e‖ and e⊥ are unit vectors corresponding to the directions
parallel and perpendicular to the laser polarization. The

FIG. 2. Orientation dependence of (a) odd-order harmonics and
(b) even-order harmonics resulting from the linearly polarized laser
pulse with intensity 3.15 × 1011 W/cm2 and wavelength 3000 nm.

harmonic spectrum can be obtained by the modulus square
of the Fourier transform of the electric current

I (ω) = I‖(ω) + I⊥(ω),

I‖(ω) ∝ |FT[J‖(t )]|2,
I⊥(ω) ∝ |FT[J⊥(t )]|2. (8)

III. RESULTS AND DISCUSSIONS

A. Orientation dependence of harmonics

We first calculate the orientation dependence of the har-
monics generated from the biased BLG in the driving of the
linearly polarized field. As shown in Fig. 1(c), the angle θ

between the laser polarization and the Kx axis in the BZ
is defined as the polarization angle. When the polarization
direction of the laser field is along with �–M in the reciprocal
space, the laser field is polarized along the y axis in the real
space. In our calculation, the polarization angle varies from
0◦ to 360◦ with an interval of 5◦. Because of the symmetry
breaking caused by the biased electric field, both odd-order
and even-order harmonics are produced, see Fig. 3(c).
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FIG. 3. Orientation dependence of the (a) parallel and (b) per-
pendicular components of even-order harmonics. (c) Harmonic
spectra at different interlayer parameters with the laser polarization
direction located at 0◦. The various harmonic spectra are shown with
different curves: thick orange solid lines (bias voltage �, γ1, γ3, γ4);
olive dotted lines (bias voltage �); thin blue solid lines (bias voltage
�, γ1); red lines connected by stars (bias voltage �, γ3); and black
lines connected by circles (bias voltage �, γ4).

Figure 2 presents the orientation dependence of odd-order
[Fig. 2(a)] and even-order harmonics [Fig. 2(b)]. For clarity,
the harmonic intensity is normalized to the maximum har-
monic intensity of all scanned angles. The same normalization
is used in the latter harmonic orientation dependence. Here,
we focus on the harmonics with orders above sixth that are
contributed to by the interband currents. As shown, the odd-
order and even-order harmonics exhibit significantly different
orientation dependence. Although both of them have a 60◦
periodicity, the odd-order harmonics show a distinct double-
peak structure in every period. Both peaks locate at about
15◦ + 60◦n and 45◦ + 60◦n (n is an integer). However, for
even-order harmonics, there is only one peak in every period,
which appears around 30◦ + 60◦n (n is an integer). The ori-
entation dependence of odd-order harmonics was discussed in
Ref. [27]. In the following, we aim at studying the orientation
dependence of the even-order harmonics.

B. Interpretation of the orientation dependence
of even-order harmonics

For exploring the mechanism of even-order harmonic
generation, we decompose the current into the components
parallel and perpendicular to the polarized direction of the
laser field by Eq. (8). The harmonic spectra are obtained ac-
cording to Eq. (7). Figures 3(a) and 3(b) show the orientation
dependence of the parallel and perpendicular components,
respectively. By comparison, it can be seen that the parallel
current component mainly contributes to the generation of
even-order harmonics, while the contribution of the vertical

FIG. 4. (a) Schematic structure of the Y-type model. The size of
an atom reflects the electron density. (b) Top view of the model.

current component can be ignored. It means the Berry curva-
ture does not dominate the even-order harmonic generation
since the polarization of even-order harmonics induced by
the Berry curvature is orthogonal to the polarization direc-
tion of the laser field [24]. We further study the influence
of the interlayer parameters on the generation of even-order
harmonics. The results are shown in Fig. 3(c). Both odd-order
and even-order harmonics are observed in the total harmonic
spectrum, labeled as thick orange solid lines in Fig. 3(c).
The total harmonic spectrum is calculated by including all
coupling parameters in the presence of the bias voltage. Olive
dotted lines represent the case only in the presence of the
bias voltage without interlayer coupling effects, in which the
even-order harmonics vanish. This indicates that the inter-
layer coupling is essential for the generation of even-order
harmonics.

The question now is which coupling parameter dominates
the generation of even-order harmonics. To answer this ques-
tion, as shown in Fig. 3(c), we use individual parameters γ1,
γ3, and γ4 to calculate the harmonic spectra of the biased
BLG. To distinguish the curves clearly, all lines (except for
black lines connected by circles) are shifted up by factors of
6 (red lines connected by stars), 12 (thin blue solid lines),
18 (olive dotted lines), and 24 (thick orange solid lines).
The following conditions are found. (i) As shown in the
black lines connected by circles (only with γ4), there exist
only the odd-order harmonics. (ii) The even-order harmonics
above order 16 can be generated in the case of considering
γ3, see the red lines connected by stars. (iii) When γ1 is
considered, clear and strong even-order harmonics can be
observed in the entire harmonic spectrum, see the thin blue
solid line. Therefore, the interlayer coupling parameters γ1

are responsible for the generation of even-order harmonics for
orders 6 to 14.

We next investigate how γ1 contributes to the even-
harmonic generation in the biased BLG from a symmetry
perspective. We choose four atoms A1, B1, A2, and B2 in
Fig. 1(a) to illustrate the impact of γ1 on the symmetry of
the structure. When the biased voltage � exists, the polar-
ization between atoms A1 and B2 caused by γ1 will lead to
the asymmetric electron density distribution between atoms
A1 and B2. This results in the unequal electron density be-
tween atoms A2 and B2 (atoms A1 and B1). A structural
schematic diagram in Fig. 4 is built to intuitively understand
such unequal distribution of electron density. The electron
density is mapped to the size of atoms. The upper and lower
layers of the crystal structure can be reproduced by translating
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FIG. 5. (a) High-harmonic spectra of the Y-type model at two
different polarization angles driven by an 800-nm laser field with
the intensity 3.5 × 1014 W/cm2. The angle θ is defined as the angle
between the laser polarization direction and the x axis. The sketch in
the middle part of (a) illustrates the structure of the Y-type modeling
molecules. The magenta arrow is the polarization direction of the
laser field. φ is the angle between the model bond and the x axis.
R is the internuclear distance. (b) Orientation dependence of the
corresponding even-order harmonics.

the Y-shaped structure, which is highlighted with green and
white balls. Based on this, we concentrate on the HHG from
the Y-shaped structure. According to the selection rule of
HHG [58], the even-order harmonics can be generated from
the Y-shaped structure in the driving of linearly polarized
lasers. This verifies that the even-order harmonics are induced
by the structural asymmetries caused by γ1.

To consolidate the physical picture, we develop a molec-
ular model to investigate the orientation dependence of
even-order harmonics generated from the Y-shaped structure.
The Y-shaped structure processes the 120◦ rotation symmetry.
The model is constructed using three A atoms with the same
charge and one B atom with a larger charge, i.e., BA3. The B
atom is located at the crossroads of the Y type, and the three
A atoms are located at the three endpoints of the Y as shown
in the inset of Fig. 5(a). The time-dependent Schrödinger

equation (TDSE) in the length gauge reads

i
∂

∂t
ψ (r, t ) =

[
−∇2

r

2
+ V (r) + r · E(t )

]
ψ (r, t ). (9)

In this model, the movement of the electron is limited to 2D
space with the coordinate r. The interaction potential between
the electron and ions V (r) is constituted by four terms:

V (r) = − ZA√
(r − r1)2 + α

− ZA√
(r − r2)2 + α

− ZA√
(r − r3)2 + α

− ZB√
r2 + α

. (10)

Here, α = 2.0 a.u. is the softcore parameter. ZA and ZB

correspond to the charge of the atoms A and B. We obtain
the corresponding eigenstates by diagonalizing the tight-
binding Hamiltonian of the biased bilayer graphene in the
real space. Considering that the electrons at the top of the
valence band mainly contribute to the harmonic generation,
we calculate the electron population of different cells and
the electron population ratio of two unequal carbon atoms
in the same cell using the wave function of the highest
occupied state in the valence band. It is found that the
electron population ratios in cells with high electron popu-
lation are all close to the value 1.5. Therefore, we choose
ZA = 1 and ZB = 1.5. Note that, in a certain range, ZB does
not affect our conclusions. r1 = (R cos φ)ex + (R sin φ)ey,
r2 = (−R cos φ)ex + (R sin φ)ey, and r3 = −Rey are the co-
ordinates of the three A atoms, where R = 4.0 a.u. is the
internuclear distance between atoms A and B. φ = 30◦ is the
angle between the molecular bond and the x axis, as shown in
the inset of Fig. 5(a). The electric field E(t ) is given by Eq. (5)
with ε = 0. The wavelength is 800 nm and the intensity is
3.5 × 1014 W/cm2. The envelope f (t ) of the electric field is
trapezoidal with two-cycle linear ramps in ten optical cycles.

The 2D TDSE is numerically solved using the Crank-
Nicolson method [59] with a time step �t = 0.1 a.u. The
space box size is Lx × Ly = 200 × 200 a.u. with grids 4000 ×
4000. For each time step, the mask function along the x axis is
F (x) = cos

1
8 [π (|x| − x0)/2(Lx − x0)] for x0 � |x| � Lx and

F (x) = 1 for |x| � x0 with x0 = 4/9Lx. In the y direction, a
similar treatment is applied with y0 = 4/9Ly. Such a treatment
can avoid the reflections of wave functions at the boundary.
Once the time-dependent wave function is obtained, the dipole
acceleration a(t ) can be calculated via the Ehrenfest theo-
rem [60]

a(t ) = 〈ψ (r, t )|∂r(V (r) + r · E(t ))|ψ (r, t )〉. (11)

Then the harmonic spectrum can be given by the modulus
square of the Fourier transform of the dipole acceleration.

Figure 5(a) presents the harmonic spectra at two polariza-
tion angles of the laser field. Compared to the case of θ =
0◦, the intensity of the even-order harmonics is significantly
enhanced in the case of θ = 30◦. Further, the orientation de-
pendence of the even-order harmonics is shown in Fig. 5(b).
Here, we show the results of 0◦–180◦, which are the same as
those of 180◦–360◦. Clearly, the harmonic intensity has a peri-
odicity of 60◦ and reaches a maximum at θ = 30◦, 90◦, 150◦,
which are directions along the model bonds. Also, we de-
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FIG. 6. Orientation dependence of the (a) parallel and (b) per-
pendicular components of even-order harmonics generated from the
Y-shaped model. The laser parameters are same as Fig. 5.

compose the dipole acceleration using the same procedure
as in biased BLG. It is found that the parallel component
of the dipole acceleration dominates the generation of even-
order harmonics, see Fig. 6. These results match well with
those of the biased BLG. It means that the asymmetry of
the electron density distribution between two atoms (A1B1
or A2B2) is responsible for the even-harmonic generation in
biased BLG. For AA stacking bilayer graphene, the second
layer is placed on top of the first layer. Therefore, the electron
density is equally transferred between two layers when the
perpendicular electric field exists, which does not lead to the
asymmetric distribution of electron density between in-plane
adjacent atoms; thus no even harmonics are generated.

C. Ellipticity dependence of harmonic yield

In this section, we study the ellipticity dependence of
harmonic yield in the biased BLG. Since the component am-
plitude of the laser field along the C–C bond decreases with
the laser ellipticity, it leads to the reduction of the coupling
between the two atoms (with asymmetrical electron density
distribution). Together with the above truth, we conclude
that the yield of even harmonics in the biased BLG should

FIG. 7. (a) Ellipticity dependence of HH13 (blue dashed line)
and HH15 (red line). (b) Ellipticity dependence of HH12 (blue
dashed line) and HH14 (red line). The harmonic yield is normalized
to the harmonic yield of ε = 0. The amplitude and angular frequency
of the laser field are the same as Fig. 2.

decrease with the increasing ellipticity of the driving pulse
when the elliptical principal axis of the laser field is along
the C–C direction in one plane. Here, the yield of the nth
harmonic is evaluated via

In =
∫ (n+0.5)ω0

(n−0.5)ω0

Iωdω. (12)

Figures 7(a) and 7(b) show the yields of odd-order and even-
order harmonics as a function of ellipticity. The harmonics
above 0.4 eV follow the same law because they are both
dominated by interband mechanisms. Therefore, we take the
results of HH12, HH13, HH14, and HH15 as examples. As
shown in Fig. 7(a), the ellipticity dependence of HH13 and
HH15 is anomalous, namely, the harmonic yield reaches the
maximum value at ellipticity around ε = 0.2, which was
studied in monolayer graphene [15]. Based on the previous
studies [18,61], we believe that the electrons and holes excited
near the K or K′ point may form an approximately closed
trajectory in real space when ε = 0.2, which may result in the
anomalous ellipticity dependence of odd harmonics in biased
bilayer graphene. As expected, for the even harmonics HH12
and HH14, the harmonic yields decrease with the ellipticity,
see Fig. 7(b).

IV. CONCLUSION

In summary, we investigate the orientation dependence of
even-order harmonics in biased BLG. It is found that, unlike
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the even-order harmonics contributed to by the Berry cur-
vature, the even-order harmonics in biased BLG are mainly
dominated by the electric current parallel to the polarized
direction of the laser field. Further studies show that, in the
presence of bias voltages, the interlayer coupling parame-
ter γ1 leads to the inhomogeneous distribution of electron
density between adjacent carbon atoms in the same layer of
BLG, causing the generation of even-order harmonics. The
good agreement of the orientation dependence of even-order
harmonics between a Y-shaped structural model (with the
asymmetric charge distribution) and biased BLG confirms our
conclusion. In addition, we study the ellipticity dependence
of the even-order harmonics in biased BLG. As expected, the
yield of even-order harmonics decreases with the ellipticity of
the laser when the elliptical principal axis of the laser is along
with the C–C bond in the layer. In the future, we expect the
ellipticity dependence of even-order harmonics in biased BLG
can be observed in the experiments.

Finally, we discuss the difference in even harmonic genera-
tion mechanisms between biased BLG and monolayer MoS2.
For biased BLG, the π covalent bonds formed by 2pz orbitals

of the two inequivalent C atoms mainly contribute to the
energy band structure near the Fermi surface. So the inhomo-
geneous distribution of the electron density between the two
inequivalent C atoms dominates the generation of even-order
harmonics in biased BLG. However, for MoS2, the dz2 , dxy,
and dx2−y2 orbits of the Mo atom mainly contribute to the
energy band structure near the Fermi surface. Therefore, the
contribution of the inhomogeneous distribution of electron
density between the Mo atom and S atom can be ignored. The
Berry curvature dominates the even-order harmonics genera-
tion in MoS2.
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