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Stacking-dependent anomalous valley Hall effect in bilayer Janus VSCl
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H-phase hexagonal two-dimensional lattices have been extensively studied in the field of valleytronics. In
contrast, their counterparts in the T phase have received relatively less attention due to the presence of inversion
symmetry, which limits the potential for generating an anomalous valley Hall effect (AVHE). However, the
Janus and bilayer stacking structures provide additional prospects to discover extra candidates. Herein, we
employed first-principles calculations to predict the stacking-dependent AVHE in bilayer Janus VSCl. Owing
to the intrinsic net magnetic moment, the valleys of the monolayer Janus VSCl are spontaneously polarized
by out-of-plane magnetization, obviating the need for the external magnetic substrate. This valley polarization
can be maintained through specific stacking configurations, allowing electrons with identical spins but different
valley indices to flow toward the same side, which results in a significant AVHE and the emergence of a spin
current. Notably, we found that interlayer coupling can selectively enhance or diminish the Berry curvatures of
the two nonequivalent valleys, even without any external strain. Additionally, the results are effectively explicable
through the analysis of our proposed model. In this paper, we present a promising material and put forth ideas
for uncovering valleytronic candidates.
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I. INTRODUCTION

Valleytronics has rapidly emerged as an advancing field
with enormous potential for the development of informatic
devices and logic processors [1,2]. The appearance of the
valley provides practical applications with an additional de-
gree of freedom (DOF) that mainly exists in two-dimensional
(2D) materials. These valleys are located at the corners of
the Brillouin zone (BZ) and represent the extreme energy
levels of the band dispersion [3,4]. However, manipulating
and generating valley polarization by lifting the degeneracy
between the +K and −K valleys remains a challenge for
the development of valleytronic devices. This is where 2D
ferromagnetic (FM) semiconductors come in—offering an
unprecedented opportunity for quantum control of the valley
index [5–8]. Meanwhile, the valley Hall effect in ferrovalley
materials possesses an attractive feature: the presence of ad-
ditional charge Hall current originating from the spontaneous
valley polarization [9], known as the anomalous valley Hall
effect (AVHE). The AVHE based on valley DOF has been ex-
tensively studied in 2D hexagonal materials [10,11]. However,
for real applications, a large valley polarization difference
is highly desirable to avoid the impact of thermal noise on
valleytronic devices.

Currently, there are numerous approaches employed for
achieving valley polarization, including optical pumping [12],
magnetic field manipulation [13–15], magnetic substrates
supporting [16–18], and magnetic doping [19,20]. However,
each of these techniques presents certain limitations. For
instance, optical pumping and the application of a magnetic
field are known to exhibit volatility, while the use of magnetic
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substrates or carrier doping can disrupt the intrinsic band
structures of valley materials [21]. Consequently, the quest
for materials that exhibit spontaneous valley polarization
assumes significant importance in the realm of AVHE
research. Authors of early reports mainly concentrated on
the monolayer H-phase lattice due to its broken inversion
symmetry (IS) and better stability generally compared with
the T-phase counterpart [22–25]. Moreover, bilayer stacking
can pose challenges to maintaining IS and thus may not be the
preferred strategy. Fortunately, recent approaches that involve
constraints imposed on crystalline symmetry have paved the
way for a specific coupling between layers. This yields the
realization of valley-contrasting linear dichroism, optical
selection of the valley, and polarization of interlayer excitons,
even with the proposal of the layer-polarized anomalous Hall
effect (LP-AHE) [26–28]. Nonetheless, authors of few works
have considered the intrinsic valley polarization in bilayer
systems stacking by T-phase monolayers [29–32]. Bilayer
T-FeCl2 exhibited a valley polarization of 5.3 meV, where
van der Waals interaction is introduced through constructing
a bilayer lattice [33]. However, the small valley polarization
still largely restricts its application. To address this issue, the
occurrence of Janus transition metal dichalcogenides (TMDs)
has provided a platform and strategy to investigate the effect
of interlayer coupling on valley polarization and design feasi-
ble materials [34,35]. Janus materials are currently becoming
more and more attractive in spintronics, as evidenced by previ-
ous researchers discussing their potential to realize skyrmion
states and Dzyaloshinskii-Moriya interaction (DMI) [36,37].
In this context, it is particularly interesting to explore their
applications in valleytronics. By considering the monolayer
Janus structure without IS, considerable work has been carried
out to study the valley polarization [38–41]. Interestingly,
unlike H-phase Janus VXY (X = Cl, Br, I; Y = S, Se, Te)
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with no magnetic moments [42], the monolayer T-phase
Janus VSCl is an inherently FM semiconductor with a Curie
temperature of 125 K [43]. The significance of Janus bilayers,
as compared with monolayers, lies in their concentrated Berry
curvature at the K points, resulting in a more pronounced
and pure valley Hall effect. Additionally, Janus bilayers
exhibit prolonged persistence of valley excitons from the
same valley but different layers, surpassing the temporal
limitations observed in single-layer structures. These benefits
will be thoroughly discussed. Therefore, we are curious about
the stacking-dependent valley polarization in such a Janus
bilayer system.

To find the answer, steered via first-principles calcula-
tions, bilayer stacking models are proposed to discover the
stacking-dependent AVHE in bilayer Janus VSCl. All stack-
ing configurations behave as FM semiconductors with band
edges located at the +K/−K points, giving rise to valley-
dependent physics. As a result, both the band gaps and valley
polarizations are sizeable, suggesting that bilayer VSCl can be
applied to information storage devices. More intriguingly, the
valley polarization can be almost completely inherited from
the monolayer due to the large band-edge energy difference
between two layers, which is conventionally achieved by an
external electric field [30]. Furthermore, we analyzed the ef-
fect of different stacking models on the Berry curvature by
applying the two-band model considering the valley polar-
ization. In this paper, we reveal that bilayer Janus VSCl is a
promising candidate for valleytronic applications.

II. METHOD

First-principles calculations were performed based on den-
sity functional theory with the projector augmented-wave
method as implemented in VASP [44–46]. The exchange-
correlation interactions were treated by generalized gradient
approximation (GGA) in the form of the Perdew-Burke-
Ernzerhof functional [47]. The cutoff energy of the plane-
wave basis was set to 520 eV. To avoid interactions between
adjacent layers, the vacuum space was set to 20 Å. In addition,
the van der Waals corrections were included as parametrized
in the semiempirical DFT-D3 method [48]. A 5 × 5 ×
1 K-point mesh was used to sample the 2D BZ to deter-
mine the most stable magnetization type and the optimal
stacking configurations. A �-centered 11 × 11 × 1 mesh
was used for further lattice relaxation and the following
steps. The force convergence criterion was set to 0.01 eV/Å,
and the convergence criterion of the total energy was set
to 10−5eV. To better describe the strong correlation effect
for the localized 3d electrons of V atoms, the GGA+U
method was considered [Ueff = (U − J ) = 2.0 eV] [43].
The Heyd-Scuseria-Ernzerhof (HSE) hybrid functional was
employed for comparison [49]. The spin-orbit coupling (SOC)
effect was included in the calculation of the band struc-
tures. The stacking energy and magnetic anisotropy energy
(MAE) computations were conducted with the help of the
VASPKIT package [50]. Berry curvatures were computed by
employing the VASPBERRY package [51], and the anoma-
lous Hall conductivity was computed by implementing the
maximally localized Wannier functions in the WANNIER90
package [52].

FIG. 1. (a) Top and (b) side views of the crystal structure of
monolayer Janus VSCl. (c) Two-dimensional (2D) Brillouin zone
(BZ) marked with the high-symmetry k points and path. (d) The
band structure of the single-layer VSCl (GGA + U + SOC) with the
Fermi level set to 0 eV.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the structure of monolayer
Janus VSCl, which appears to be a hexagonal lattice with the
space group of P3m1. Like the T-phase TMDs with octahedral
coordination [53], in monolayer Janus VSCl, the upper and
lower surfaces are occupied by chlorine and sulfur atoms,
respectively, sandwiching the transition metal in the middle.
Because of this unique arrangement, monolayer Janus VSCl
exhibits the intrinsic broken IS. The magnetic moment per
unit cell is computed to be 2 µB, which is consistent with the
previous study [43]. Figure 1(c) shows the high-symmetry k
points and the selected path in the first BZ, which displays
the two nonequivalent valleys, namely, +K and −K. The band
structure of single-layer VSCl is illustrated in Fig. 1(d), with
considerable energy splitting between the valleys.

When stacking two single layers, three different interlayer
terminations including Cl-S, S-S, and Cl-Cl are considered.
Additionally, direct stacking (D) like AA-type in bilayer
TMDs and the inverse stacking (I) by flipping the top layer
are also included [54]. Therefore, six stacking configura-
tions are initially constructed for searching the ground states,
as shown in the Supplemental Material [55]. To screen the
most stable magnetization type and optimal stacking site
for each configuration, the corresponding energies are com-
puted for each model sliding along the 2D grids shown in
Fig. 2. The operations involve fixing the bottom layer and
sliding the top layer throughout the entire unit cell region,
followed by relaxing the lattice for FM and antiferromagnetic
(AFM) cases to obtain the ground state energies. Interest-
ingly, all the stable stacking models have FM ground states.
It is intriguing to discover that, for direct stackings, the
lowest-energy states are all shift free, as the minimum values
of the diagrams are all at the origins of coordinates, while for
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FIG. 2. The stacking energy associated with the ferromagnetic (FM) state depicted in red and the antiferromagnetic (AFM) state depicted
in blue for each stacking configuration. The projection onto the x0y plane represents the range of sliding vectors, which corresponds to the size
of the unit cell.

inverse stackings, the lowest-energy states are all character-
ized by a sliding displacement of ( 1

3 , 2
3 ). All stacking types

tend to be FM coupling, given that the energy levels of the
FM states are lower than those of the AFM states, regardless
of the configurations. More interestingly, the stacking energy
differences between FM and AFM are most pronounced in
D-2 and I-2 types, while D-3 and I-3 are almost equivalent.
This indicates that the atomic types of interlayer coupling
affect the magnetic stability, i.e., the ease of transitioning
from FM to AFM. In addition, it should be noted that the
diagrams of I-2 and I-3 demonstrate diagonal mirror symme-
try. This characteristic arises since the two distinct stacking

configurations associated with the symmetrical points on the
graph exhibit enantiomeric chirality. The structures of the
optimized configurations with FM states and optimal stacking
sites are shown in Fig. 3. To confirm the dynamic stability
of each stacking configuration, the phonon spectra were illus-
trated (see Supplemental Material [55]) to exhibit the absence
of imaginary frequencies in the whole BZ [56].

Based on the above stable configurations, we further com-
pute the MAE to ascertain the most favorable magnetization
direction. Figure 4 illustrates the orientation that facilitates
the most accessible magnetization and the corresponding ex-
treme values of MAE. Obviously, all stacking configurations

FIG. 3. Side view of six stacking configurations after optimization with the lattice parameters and interlayer distances.
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FIG. 4. Spherical plot of magnetic anisotropy energy (MAE) arises from rotating the spin axis from the easy axis of each stacking
configuration (units: µeV). The MAE is set to zero in the out-of-plane direction.

favor out-of-plane magnetization, which arises from perpen-
dicular magnetic anisotropy (PMA). Distinct from VSi2N4,
the VSCl monolayer demonstrates inherent PMA without
requiring external strain and surpasses the MAE of the pre-
viously documented VSe2 monolayer (∼150 µeV) [57,58].
This property has been extensively investigated in the field of
spintronics due to its potential for scalable magnetic random-
access memories [59]. Beyond this, FM bilayers have shown

even broader applicability, as evidenced by their utilization in
various devices such as self-rotating torque and self-transfer
torque devices, as reported previously [60,61]. The angu-
lar dependence of MAE is determined by the symmetry of
the crystal structure, which can be described by E (θ ) =
Keff

1 sin2θ + K2sin4θ . After fitting the results, it is found that
the extreme value corresponding to the in-plane magnetization
is Keff

1 , i.e., the maximum value of the color bar in Fig. 4

FIG. 5. Band structures of each stacking configuration (GGA + U + SOC) with the Fermi level set to 0 eV. The color gradient indicates
contributions from different layers to the band, where green represents contributions from upper layers and red represents contributions from
lower layers.
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FIG. 6. Orbital-resolved band structures of each stacking configuration with the red, green, and blue dots representing the contribution
from dz2 , dxz/dyz, and dxy/dx2−y2 orbitals, respectively.

(ranging from 177 to 249), while K2 ∼ 0. This ensures that
all the configurations fall under the category of out-of-plane
magnetization type [59].

After discussing the structure and magnetization, Fig. 5
presents the band structures of each stacking configuration
with their respective Fermi energy subtracted. It turns out
that all stacked configurations are semiconductors with va-
lence band maximum (VBM) and conduction band minimum
(CBM) both located at the +K/−K points. The band gaps
of D-1 and I-1 are significantly reduced compared with the
single layer due to a considerable band-edge energy dif-
ference between the upper and lower layers, while other
configurations exhibit band gaps �690 meV, with a negligible
band-edge energy difference. As for valley exciton physics,
the persistence of excitons with valley-specific characteristics
originating from the same valley but different layers would
be significantly prolonged, as is the case in the first stack-
ing type, exceeding the possible duration in a single layer.
This phenomenon presents a potential avenue for inquiry and
applications in the field of information [62]. Additionally,
it was observed in a previous study on general TMDs that
an applied electric field was required to achieve the band-
edge energy difference between two coupled layers [30].
However, the materials designed in this paper, namely, I-
1 and D-1, exhibit intrinsic band-edge energy differences,
which will be further discussed later. Additionally, D-1 and
all inverse stacking configurations exhibit large valley po-
larization, which is made even more significant in the HSE
band structures up to ∼ 70 meV (shown in the Supplemental

Material [55]), suggesting the potential for their applica-
tion as relatively high-temperature semiconductors. Since the
most stable states of shift-free D-2 and D-3 possess intrin-
sic IS, the valley polarization vanishes. This indicates that
the two degenerate valence band tops at the +K/−K val-
leys can be considered as contributions from two different
V atoms.

The generation of valley polarization relies on the com-
bined influence of magnetism and SOC. Magnetism removes
spin degeneracy in energy, while SOC distinguishes spin
states in momentum space. To explore the cause of the
discrepancy at +K/−K valleys, the orbital-resolved band
structures are shown in Fig. 6, from which it is obvious that the
bottom of the conduction band and the top of the valence band
are predominantly contributed by dz2 and dx2−y2 /dxy orbitals,
respectively. Moreover, the tight-binding model was used to
approximate the treatment, neglecting the effect of interlayer
coupling and treating the hybridized orbitals as the orbitals
of individual atoms. For FM material, considering the states
around the Fermi level are from the same spin channel, the
Hamiltonian for SOC can be expressed as [63,64]

ĤSOC = λŜz′
(
L̂zcosθ + 1

2 L̂+e−iφsinθ + 1
2 L̂−e+iφsinθ

)
. (1)

When the magnetization orientation is along the z axis, θ = 0;
thus, we have

ĤSOC = λŜz′ L̂z. (2)
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FIG. 7. Berry curvatures of I-1, D-2, and D-3 as a countermap over the two-dimensional (2D) Brillouin zone (BZ) obtained by the Kubo
formula approach.

Considering the orbital contribution around the valleys and the
C3 symmetry, the basis functions of conduction and valence
bands can be chosen as

|ψc〉 = |dz2〉, (3)

|ψv〉 =
√

1

2
(|dx2−y2〉 + iτ |dxy〉), τ = ±1, (4)

where c/v indicates the conduction/valence band, and τ repre-
sents the valley index. The energy levels of the +K/−K valleys
can be written as

Ec = 〈ψc|ĤSOC|ψc〉, (5)

Ev = 〈ψv|ĤSOC|ψv〉. (6)

As a result, the valley band-edge energy differences in both
conduction and valence bands can be written as

�Ec = E+k
c − E−k

c = 0, (7)

�Ev = E+k
v −E−k

v = i〈dx2−y2 |ĤSOC|dxy〉 − i〈dxy|ĤSOC|dx2−y2〉
= 4λh̄

〈
d2

x −y2
∣∣Ŝz′ |dx2−y2〉 = 2λh̄2. (8)

Here, we used L̂z|dz2〉 = 0, L̂z|dx2−y2〉 = 2ih̄|dxy〉. These ex-
planations clarify why there is little splitting in the conduction
band, while in the valence band, the splitting is pronounced.
Here, since the interlayer hopping is inappreciable compared
with the intralayer ones, the van der Walls interaction only
causes a loose coupling. Therefore, the behavior of electrons
in the bilayer can be roughly described by the superposi-
tion of band structures for two unstacked single layers. The
symmetry operation results in the cross-superposition of K
valleys in I-1, D-2, and D-3. In this case, the +K valley of
the upper layer overlaps with the −K valley of the lower layer
to form the same K valley in the bilayer. On the contrary,
the other valley in the bilayer is composed of the respec-
tive antithesis of the single layers. Hence, for the upper and
lower layers, the valence band features contrasting relative
heights in the K valleys. Additionally, due to the significant
band-edge energy difference between the two single layers in
I-1, it is unconventional that the valley polarization is almost

completely preserved even when the two K valleys are cross-
superimposed, making it a unique and intriguing property of
the Janus structure.

Along with the band structure, when the K valleys are
cross-superimposed, the positive and negative peaks in the
Berry curvature of the coupled single layers cancel each other
out, resulting in a net value that represents the Berry curvature
of the bilayer. According to the semiclassical dynamics of the
wave packet, the group velocity can be expressed as [65]

�̇r = 1

h̄

∂Ẽ�k
∂�k − �̇k × 
̃, (9)

with the second term denoting the anomalous velocity,
which is directly proportional to the magnitude of the
Berry curvature since the Berry curvature can be regarded
as the magnetic field in reciprocal space. Meanwhile, for
the monolayer, the Berry curvature is not concentratedly
localized at the K points [43], i.e., the VBM and CBM in
the reciprocal space, which can cause an impure valley Hall
effect. In that case, three of the six configurations, I-1, D-2,
and D-3, were chosen with their Berry curvatures computed.
Here, the Kubo formula approach was utilized, and the Berry
curvature was calculated for the entire valence bands. The
perturbation method is used to convert the computation of
Berry curvatures into a calculation of the interband energy
difference, with the expression [66]:


n(k) = −
∑
n �=n′

2Im〈ψnk|vx|ψn′k〉〈ψn′k|vy|ψnk〉
(En − En′ )2 , (10)


(k) = −
∑

n

∑
n �=n′

fn
2Im〈ψnk|vx|ψn′k〉〈ψn′k|vy|ψnk〉

(En − En′ )2 , (11)

Here, fn, En(k), and vx/y are the Fermi-Dirac distribution
function, the eigenvalue of the n th-band wave function (ψnk),
and the velocity operator, respectively. As illustrated in Fig. 7,
due to the K-valley cross-superposition, all K points have a
positive value, which can be macroscopically exhibited as
a very apparent AHE, where the electrons with the same
spin but of different K valleys are biased in one direction.
Moreover, due to the intrinsic IS of D-2 and D-3, all six
valleys have the same values, while in I-1, the two unequal
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FIG. 8. (a) Berry curvatures of I-1, D-2, and D-3 as a countermap over the two-dimensional (2D) Brillouin zone (BZ) obtained from the
derived formula with the fitted results. (b) Schematic diagrams of upper- and lower-layer superpositions of Berry curvatures for (b) I-1 and (c)
D-2/3.

k valleys become relatively enlarged and diminished to some
extent in magnitude, correspondingly, as a result of breaking
both time-IS (TIS) and IS, which is usually achieved by
applying external strain in other materials [67,68].

To further understand the difference that occurred at
+K/−K valleys, we qualitatively assessed the stacking effect
on the AVHE. Since the band dispersion near CBM and VBM
are comparably symmetric, we can construct the Hamiltonian
in the range of neighborhoods that expanded at six K points in
the first BZ by applying the two-band model. Considering the
band gap and valley polarization in the band structure, which
can respectively be expressed by the second and third terms
in the following formula [69]:

H = at (τkxσ̂x + kyσ̂y) + �

2
σ̂z − λh̄τ (σ̂z − 1)Ŝz, (12)

where a is the lattice parameter, t is the equivalent
nearest-neighbor hopping term, τ is the valley index, values
of ±1 represent ±K, � is the band gap in the case of valley
polarization, and σ̂ with subscripts from x to z are the Pauli
matrices. We can derive the following expression (related
derivation shown in the Appendix):


v = τ
a2 t2

(
�−λh̄2τ

2

)
2
[
a2 t2 k2 + (

�−λh̄2τ
2

)2]3/2 . (13)

The Berry curvature in the valence band is described by
applying the two-band model to characterize the ferrovalley
material, a version with SOC as the valley polarization being
considered. Based on the formula provided above, the corre-
sponding Berry curvature is illustrated in Fig. 8(a). When k =
0, two nondegenerate K valleys with distinct Berry curvature

values are obtained by substituting τ with either +1 or −1. It
is observed that the relative size of the energy gaps at these
K points is the main contributing factor, as it is inversely pro-
portional to the square of the band gap. Thus, different valleys
will exhibit discrepant gap values, corresponding to the Berry
curvature deforming away from being equally large and oppo-
site, which is the leading cause of AVHE. Moreover, the band
dispersion near CBM and VBM is determined by the energy
gap and the type of interlayer coupling, and the latter leads
to neglected hopping parameter t ∼ 0.41 meV, which has a
minor impact on the Berry curvature. To determine the Berry
curvature of a bilayer system, it is necessary to consider the
effects of interlayer coupling, which can result in small energy
differences in the band structure, i.e., �upper > �lower, causing
corresponding increases and decreases in the Berry curvatures
of the upper and lower layers. The Berry curvature of the bi-
layer can be determined by adding up the Berry curvatures of
the two coupled layers, instead of considering the individual
Berry curvatures of the unstacked monolayers, as shown in
Fig. 8(b). This suggests that controlling the Berry curvature
involves selecting appropriate stacking configurations.

Finally, we focus on evaluating the AHE of the material
of particular interest, denoted as I-1, with both valley po-
larization and concentratedly localized Berry curvatures. We
employed the formula:

σ = −e2

h̄

∫∫
BZ

d2k

(2π )2 
(k), (14)

to calculate the anomalous Hall conductivity as a function of
energy by integrating the Berry curvature over the BZ [70],
as depicted in Fig. 9. Notably, we observed positive values
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FIG. 9. Anomalous Hall conductivity as a function of energy
for I-1.

in the vicinity of both the VBM and CBM, affirming the
occurrence of the AHE during electronic transitions in this
semiconductor. However, further research is still warranted
to elucidate the underlying mechanisms responsible for the
observed AHE from experiments and to explore the potential
of tuning this effect for specific applications.

IV. CONCLUSIONS

In summary, via first-principles calculations, we found that
the designed bilayer VSCl is a direct band gap FM semi-
conductor that possesses several remarkable properties. These
include the complete retention of the sizeable spontaneous
valley polarization exhibited by the monolayer, a distinct
AVHE, and the generation of spin currents. The peculiarities
of the bilayer Janus structure enable a significant energy split-
ting between its two layers, even in the absence of an external
electric field. The computed extremes of the Berry curvature
appear at +K/−K, and the electrons in the VBM at the +K/−K
valleys come from the same spin channel. In this paper, we
also provide insight into the physical mechanism behind the

performance differences of the conduction/valence bands and
the +K/−K valleys and derived the expression for the Berry
curvature of the ferrovalley using the two-band model. Mean-
while, we fitted the computed results to qualitatively assess
the origin of the differences in Berry curvature for different
stacking configurations. Overall, our work resulted in the de-
sign of desirable valleytronics, and we analyzed the outcome
to provide ideas for finding more materials.
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APPENDIX: DERIVATION OF THE TWO-BAND
MODEL CONSIDERING SOC

According to the form of Hamiltonian, the eigenvalue,
namely, the energy of two bands can be written as

E = λh̄2τ

2
±

√√√√(
� − λh̄2τ

2

)
+ a2 t2 k2 (A1)

When k = 0, the VBM and CBM are

Ec = �

2
, E+k

v = λh̄2 − �

2
, E−k

v = −λh̄2 − �

2
. (A2)

The wave function corresponding to the valence band can
be obtained by solving for the eigenvector:

φv = C

( −atτkx + iatky

�−λh̄2τ
2 +

√(
�−λh̄2τ

2

)2 + a2 t2 k2

)
, (A3)

where C is the normalization factor.
The expression in the main text can be obtained according

to the definition of Berry curvature:


v = ∇ × A, A = −Im〈φv|∇k|φv〉. (A4)
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