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Controlling the anomalous valley Hall (AVH) effect by external means is crucial for valleytronic devices
in practical applications; however, most of the previously proposed control approaches are either irreversible
or volatile. Here, we present a general scheme for achieving nonvolatile electrical control of the AVH effect
based on multiferroic van der Waals heterostructure. Using density functional theory calculations and k · p
model analysis, we further demonstrate the feasibility of this design principle by stacking ferromagnetic
monolayer VSe2 on ferroelectric monolayer Al2S3. The reversible switching of AVH can be finely manipulated
by reversing the ferroelectric polarization of Al2S3 via electric field. The regulated AVH state of VSe2 can
be stably preserved due to the ferroelectric nonvolatility of Al2S3. In addition, the sign of valley polarization
can be simultaneously inverted by reversing ferroelectric polarization. Our results not only provide the basis
for an intrinsic ferroelectricity controlled ferrovalley, but also uncover an outstanding candidate for realizing
bidirectional and nonvolatile switching valleytronic devices.
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I. INTRODUCTION

Exploring new quantum degrees of freedom and find-
ing effective control approaches potentially open up a new
paradigm for the next-generation nanoelectronics devices [1].
For instance, in certain crystals with two or more degenerate
but inequivalent energy extrema in momentum space, carriers
can endow a valley degree of freedom in addition to con-
ventional charge and spin [2,3]. Because the valleys are well
separated by a large momentum space, intervalley interactions
are expected to be suppressed [4], which can provide enough
time to manipulate the carriers and complete the designed
function. As a result, the valley has been proposed to encode,
process, and store information, leading to a new technology
known as valleytronics [5–11]. To date, manipulating valley-
related effects has become an exciting new frontier for both
fundamental research and practical applications.

The valley-dependent physical quantities, such as Berry
curvature and orbital magnetic moment [12,13], provide pow-
erful handles to address and control the valley-related effects.
For instance, encoding Berry curvature with valley degrees of
freedom in valley-polarized materials can lead to new types
of Hall effect called the anomalous valley Hall (AVH) effect
[14,15]. The emergence of two-dimensional (2D) materials,
particularly hexagonal lattices with valley polarization and
strong spin-orbit coupling (SOC), has reinvigorated the AVH
effect field in the past several years [16–19]. For example,
the electrical control of the AVH effect was confirmed in
an antiferrovalley bilayer VSe2 system [20], which had
applications in all-electric reading and writing memory
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devices. Very recently, on the basis of inversion symmetric
single-layer lattices, the AVH effect in bilayer T −FeCl2
was theoretically identified, which can be controlled by the
ferroelectric switching [21]. In addition, the AVH effect in
antiferromagnetic monolayer MnPSe3 was proposed, which
was well dependent on the stacking pattern with monolayer
Sc2CO2 [22]. The electric field and ferroelectric polarization
are also identified as effective methods to control valleytronics
in multiferroic heterostructure, such as in AgBiP2S6/CrBr3

[23], WSe2/VSe2 [24], and CrOX/In2Se3 [25] multiferroic
heterostructure. All these elaborate design principles expand
the candidates with AVH effect and enrich the research for
achieving the electrical control of the AVH effect in 2D
materials. However, it is still challenging to finely filter
carriers with certain spin and valley indexes in one specific
system, and realize reversible and nonvolatile control of the
AVH effect.

In this work, we show that multiferroic (ferrovalley/
ferroelectric) van der Waals heterostructures provide an
embodiment to realize reversible nonvolatile control of val-
leytronic devices. We further predict a real heterostructure
of VSe2/Al2S3 to demonstrate the feasibility of this design
principle through first-principles calculations and k · p model
analysis. The spontaneous valley polarization of VSe2 can be
changed from valence band maximum (VBM) to conduction
band minimum (CBM) when the ferroelectric polarization of
Al2S3 is switched via a short-term voltage. Thus, the signs
of Hall voltage in the AVH effect can be precisely controlled
based on the direction of ferroelectric polarization. These re-
sults indicate that reversible and nonvolatile electrical control
of the AVH effect can be realized by ferroelectric switching,
which is very interesting for designing next-generation all-
electric valleytronic devices.
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FIG. 1. Design principle based on multiferroic heterostructure. Diagrams of band structures around the K and K ′ valleys and FE-controlled
AVH effect under in-plane electric field. The white arrows represent the direction of FE polarization. The holes/electrons are denoted by white
+/− symbols. The δC (δV ) is the energy difference of CBM (VBM) between K and K ′ valleys.

II. METHODS

Our first-principles calculations were performed based
on the density functional theory (DFT) [26] by the Vienna
ab initio simulation package (VASP) [27]. The generalized
gradient approximation (GGA) in the form of the Perdew-
Burke-Ernzerhof (PBE) functional [28,29] was employed to
treat the exchange-correlation effect among electrons. The
projector augmented wave (PAW) method [30,31] was em-
ployed to describe the ionic potential. The plane-wave cutoff
energy was set to be 520 eV. The convergence criteria of total
energy and force were set as 10−5 eV and 0.01 eV/Å, re-
spectively. The Brillouin zone was sampled using �-centered
Monkhorst-Pack [32] k-point grids of 9 × 9 × 1. A vacuum
space of 20 Å was inserted along the z direction to elimi-
nate the spurious interactions between adjacent layers. The
Heyd-Scuseria-Ernzerhof (HSE06) [33] hybrid functional was
employed to obtain accurate band structures. A dipole cor-
rection [34] was considered. The interlayer van der Waals
interaction was described by the DFT-D2 [35] method. For
the calculations of Berry curvature, the maximally localized
Wannier functions (MLWFs) implemented in the WANNIER90
package are employed [36].

III. RESULTS AND DISCUSSION

The realization of the AVH effect hinges on optional con-
trol of valley polarization. In principle, the breaking of both
spatial inversion symmetry and time-reversal symmetry is re-
quired for valley polarization. Without losing any generality,
we take the well-known ferrovalley monolayer VSe2 [14],
shown in Fig. S1(a) in the Supplemental Material [37], as an
example to discuss our design principle. It is worth noting
that 2D H-phase VSe2 has been successfully synthesized in
experiment [38]. Monolayer VSe2 has D3h symmetry and a
ferromagnetic ground state. In this regard, both inversion sym-
metry and time-reversal symmetry are broken, which can lead
to nonzero Berry curvature with unequal size and opposite
sign at the K and K ′ valleys. The band structure of monolayer
VSe2 with SOC is shown in Fig. S2 [37]. The energy degen-
eracy between two valleys is lifted and valley polarization
appears. When an external in-plane electric field is applied,
Bloch electrons from one valley (K/K ′) acquire transverse
velocities toward the side under the effective magnetic field

generated by Berry curvature at K/K ′, and the AVH effect can
be generated. Because the valley polarization of monolayer
VSe2 originates from the spin-orbit coupling coexisting with
the inherent exchange interaction [14], an external magnetic
field can be applied to tune the valley polarization, and then
the sign of the AVH effect. Compared with the control of
valley polarization by the energy-intensive magnetic way,
alternative manipulation via a reversible and nonvolatile elec-
trical method is highly desirable.

To this end, 2D ferroelectric (FE) materials with two stable
and electrically switchable polarized states [39,40] are ideal
candidates for precise control of ferrovalley materials. Note
that the reversed polarized state will be retained even if the
external electrical control is removed. It means that electrical
switching between these two polarized states is nonvolatile.
In principle, if the ferrovalley monolayer VSe2 is placed on
the top of a FE substrate, the valley polarization and AVH can
be potentially modulated by ferroelectric switching, achieving
an electrically controlled AVH effect. Our proposed design
principle is schematically illustrated in Fig. 1. The valley
polarization of VSe2 can be changed from VBM to CBM
when the polarization direction is reversed. Such a transition
is accompanied by the valley of the VBM or CBM being sub-
merged in the trivial bands, while for the case under doping, it
will not lead to the submersion of valleys in the trivial bands.
More importantly, the sign of the AVH effect can be well
tuned with reversibility and nonvolatility by the FE substrate,
which cannot be realized by tuning the doping type.

Based on the above design principle, we consider 2D Al2S3

as a FE substrate to tune the AVH effect of VSe2. Its crystal
structures with two polarizations are presented in Figs. S1(b)
and S1(c) [37]. The stable 2D Al2S3 monolayer shows quin-
tuple layer structures of S-Al-S-Al-S with space group P3m1.
The calculated lattice parameter of Al2S3 is 3.59 Å, which
agrees well with a previous report [41]. Due to the asym-
metric displacement of atoms in the central S layer, Al2S3

exhibits ferroelectricity with reversible spontaneous electric
polarization in out of plane orientations. The FE polariza-
tion states are denoted as Pup and Pdw when the middle S
atom is vertically aligned with the upper and lower Al layers,
respectively. Al2S3 belongs to the well-known ferroelectric
family of In2Se3, which has been experimentally reported
to be a room temperature FE [42,43]. The band structure
without spin-orbital coupling (SOC) of 2D Al2S3 indicates
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FIG. 2. Crystal structures of (a) type-Vup and (b) type-Vdw configurations from top and side views. Black rhombus in (a), (b) marks the
unit cells. Band structures of (c) type-Vup and (d) type-Vdw configurations without SOC. Band structures of (e) type-Vup and (f) type-Vdw

configurations with SOC. White arrows show the FE polarization direction. Blue and red lines represent the contributions from spin-up and
spin-down channels of VSe2, and orange lines denote the contributions from Al2S3. The Fermi level is set to zero.

that it is a semiconductor with indirect band gap 2.97 eV; see
Fig. S1(e) [37]. The VBM is located along the K-� line of the
Brillouin zone and the CBM at the � point. We also consider
the SOC effect. However, it modifies the band structure of
Al2S3 slightly; see Fig. S1(f) [37].

To construct VSe2/Al2S3 multiferroic heterostructure, the
unit cell of 2D Al2S3 is adopted to match the unit cell of
2D VSe2. The small lattice mismatch of 3.6% between them
suggests the experimental fabrication of such heterostructure
would be easily achieved. Here, six possible stacking config-
urations are considered for two polarized states, as shown in
Figs. S3(a) and S3(b) [37]. To confirm the energetically most
stable stacking pattern, we calculate the relative energies of
different structures (Table S1 [37]). It shows that the type V
for two polarization directions is energetically lower than the
other configurations. The obtained interlayer distances of type
V are 3.18 Å (Pup) and 3.19 Å (Pdw), respectively, which are
also smaller than other stacking patterns; see Table S1 [37].
More importantly, the ferromagnetic (FM) ground state of
VSe2 is maintained in the multiferroic heterostructure. Table
S2 [37] lists the energies of different magnetic configurations.
Meanwhile, for the magnetic moment, it is almost contributed
by the V atom, which can be found in the spin-polarized
charge densities (Fig. S4 [37]).

Next, we will take type V as an example to discuss the
possibility of controlling valley polarization and the AVH ef-
fect. The top and side views of type-V heterostructure with Pup

(type Vup) and Pdw (type Vdw) are shown in Figs. 2(a) and 2(b),
respectively. The V (Se) atom of the VSe2 layer is located
above the S (Al) atom of the Al2S3 layer in type V. The energy
difference between type Vup and type Vdw was found to be
0.043 eV. Their band structures without considering SOC are
shown in Figs. 2(c) and 2(d). For the type-Vup configuration,
it shows a semiconducting property with an indirect band
gap of 0.20 eV. The VBM is located at the � point and the

CBM at the K point. The VBM and CBM are contributed by
Al2S3 and the spin-up channel of VSe2, respectively, forming
the typical staggered-gap (type II) band alignment. Clearly,
the CBM holds two energetically degenerate valleys with the
same spin components at K/K ′; see Fig. 2(c). Although the
highest valence band still forms energy extrema at the K/K ′
points, a pair of valleys is submerged in the trivial bands of
Al2S3. As for the type-Vdw case, the band structure undergoes
a major change. The indirect band gap is changed to 0.97 eV,
which is larger than that of type Vup. The VBM is changed
to the K point and the CBM to the M point; see Fig. 2(d).
Although type-II band alignment is preserved, the band edge
contributions are flipped compared with type Vup. As a re-
sult, the contributions of VBM and CBM are dominated by
spin-up channel of VSe2 and Al2S3, respectively. In contrast
to type Vup, the valleys of VBM are preserved well at the
K/K ′ points, while the valleys in the lowest conduction band
are submerged in the trivial bands of Al2S3. As a matter of
fact, these two valleys are inequivalent because of the in-
trinsic inversion symmetry breaking, and thus both type Vup

and type Vdw are valleytronic candidates. It should be noted
that the type-II band alignment is always preserved in these
two heterostructures. This can be attributed to the different
work functions and band gaps of the two materials. Based
on former research [44], when Eg1 > �W , the two materials
will not become metallic and tend to achieve type-II band
alignment. Here, Eg1 is defined as the band gap of the material
whose surface in contact has a larger work function than
that of the other material. �W is the work function differ-
ence between the two materials. For type-Vup configuration,
the Eg1 = 1.02 eV > �W = 0.59 eV. For type-Vdw configu-
ration, the Eg1 = 2.97 eV > �W = 1.79 eV. Therefore, these
two heterostructures always hold type-II band alignment.

When we consider the SOC effect, as shown in Figs. 2(e)
and 2(f), the valley spin splitting of VSe2 is maintained
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FIG. 3. (a) Plane-averaged electrostatic potentials of monolayer
Al2S3 and VSe2. (b) Band alignments of type-Vup and type-Vdw

configurations with respect to the vacuum level. Low-energy band
structures with SOC around the K/K ′ valleys for (c) type-Vup and
(d) type-Vdw configurations calculated from DFT results (lines) and
k · p model (circles). Gray shading represents the relative position of
electronic states contributed by Al2S3 in heterostructures.

at K/K ′, but the energy levels of the valleys become non-
degenerate, yielding the spontaneous valley polarizations.
For the Pup (Pdw) case, the band gap is found to be 0.44
(0.83) eV. The spontaneous valley polarization of type Vup

(type Vdw) in the CBM (VBM) is calculated to be �Ec =
42.48 meV (�Ev = 159.97 meV). These values are much
larger than some experimentally demonstrated magnetic prox-
imity systems (0.3–1.0 meV) [45] and available ferrovalley
[46] materials, which can resist the annihilation of valley
polarization caused by kinetic energy near room tempera-
ture (26 meV). Note that the valleys of VSe2 in the VBM
(CBM) at K/K ′ for type-Vup (type-Vdw) heterostructure are
submerged in the trivial bands of Al2S3, restricting any po-
tential utilizations. Thus, the effective response induced by
valley polarization is switched from CBM to VBM under
the ferroelectric polarization flipping. Such transition is also
accompanied with the change of valley physics as well as the
AVH effect. It means that the AVH effect can be well control-
lable by flipping the electric polarization of Al2S3, benefiting
the development of reversible nonvolatile controllable val-
leytronic devices. This is different from that of VSe2/Sc2CO2

heterostructure [47] wherein only the on-off switch of the
AVH effect is realized through ferroelectricity.

The underlying mechanism of the ferroelectric control
of the AVH effect was also explored. Note that monolayer
Al2S3 is a FE crystal with an out of plane FE polariza-
tion; it can produce the external electric field, leading to the
different potential energies on the two sides of the sample.
As for monolayer VSe2, the potential energy displays the
same value. To identify this, the plane average electrostatic
potentials of Al2S3 and VSe2 are calculated, as shown in

Fig. 3(a). The potential energy difference of Al2S3 is 2.39 eV,
while the value of VSe2 is 0 eV. When the VSe2 is de-
posited on the Al2S3 in two polarized states, the different band
edges are formed due to the polarization field; see Fig. 3(b).
Thus, the valley polarizations and signs of the AVH effect are
changed correspondingly by flipping the electric polarization.
For the Pup case, the bands from VSe2 move downward driven
by the polarization field, which results in the CBM and VBM
of VSe2 being lower than the CBM and VBM of the Al2S3

monolayer. Consequently, the CBM of the heterostructure is
associated with the VSe2, while the VBM comes from the
Al2S3 monolayer. The valley polarization feature of VSe2 in
the CBM is preserved. In contrast, for the Pdw configuration,
the energy bands of VSe2 shift to higher energy since the
polarization field is reversed. This change of energy level
finally leads to the CBM (VBM) of the Al2S3 monolayer
shifting below the CBM (VBM) of VSe2. In this case, only
the valley polarization of VSe2 in the VBM can be used.

To further understand these properties, an effective k · p
model is established here to characterize the low-energy
band dispersions at K and K ′ valleys. Considering the or-
bital contributions of the band edges around the K and
K ′ valleys, the electronic states |ψτ

c 〉 = |dz2〉 and |ψτ
v 〉 =

1√
2
(|dx2−y2〉 + iτ |dxy〉) are adopted as basis functions, where

τ= ± 1 represents the two nonequivalent points of the
Brillouin zone and the subscript c/v indicates the conduc-
tion/valence band. For the pure monolayer VSe2 without a FE
substrate, the band gaps are located at valleys K and K ′ with
C3h point group symmetry. The k · p model can be employed
[3,14,48] to well describe the electronic properties of VSe2.
For the VSe2/Al2S3 heterostructures, the orbital contributions
at the valleys are all dominated by d orbitals of V atoms in the
VSe2 layers. Following the previous works [47,49], the effect
of the ferroelectric Al2S3 substrate in the k · p model is estab-
lished by adding an external electrostatic field term HE . The
total Hamiltonian is given by Hk = H0 + HSOC + Hex + HE .

Here,

H0(k) =
[

�
2 + ε t (τqx − iqy)

t (τqx + iqy) −�
2 + ε

]
, (1)

where � is the band gap in the valley, ε is the on-site energy,
and t is the effective nearest-neighbor hopping integral.

The second term HSOC originating from the SOC effect can
be written as

HSOC =
[
τ sλc 0

0 τ sλv

]
, (2)

where s = ±1 represents spin up and spin down, and λc(v)
represents the spin splitting due to the SOC effect.

The third term, Hex, is the inherent exchange interaction of
V ions:

Hex =
[−smc 0

0 −smv

]
, (3)

where mc(v) demonstrates the effective exchange splitting at
the band edges.
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The fourth term, HE , is given by

HE =
[

U
2 0

0 U
2

]
, (4)

where U is the potential induced by the FE layer.
The parameters of the model are listed in Table S3 [37].

The fitted bands around the K and K ′ valleys for type-Vup

and type-Vdw configurations by the k · p model are illustrated
in Figs. 3(c) and 3(d), which are close to the first-principles
results. The valley polarization features of VSe2 are well
reproduced for the two configurations. This verifies the AVH
effect is ferroelectrically controllable in the VSe2/Al2S3

heterostructure by the polarized electric field of the FE
substrate.

After identifying the design principle and underlying
physics, we characterize the valley properties by Berry curva-
ture, which is an important quantity in valleytronics. Because
of the inversion symmetry breaking in our design systems,
the charge carriers in the K and K ′ valleys exhibit a nonzero
Berry curvature along the out of plane direction, which is the
basis for realizing the AVH effect. The Berry curvatures are
derived from the Kudo formula [50], which can be expressed
as

	(k) = −
∑

n

∑
n �=n′

fn
2Im〈ψnk|νx|ψn′k〉〈ψn′k|νy|ψnk〉

(En − En′ )2 . (5)

Here, n and n′ are the band indices, and fn, |ψn(n′ )k〉, and
νx/y are the Fermi-Dirac distribution function for the nth band,
the Bloch wave function with eigenvalue En(n′ ), and the veloc-
ity operator of the Dirac electrons along the x/y directions. The
corresponding Berry curvatures are displayed in Figs. 4(a) and
4(b). Obviously, the Berry curvatures around the K/K ′ valley
have different absolute values and exhibit opposite signs, sug-
gesting the robust valley-contrasting feature. Here, the valley
polarization is switched from CBM to VBM by the reversal
of ferroelectric polarization. Since the time-reversal operator
changes the orbital part of the Bloch function to its complex
conjugate and flips the spin, the VBM and CBM at either
the K or K ′ point show Berry curvatures with opposite signs.
Thus we get the reversal signs of the Berry curvature under
ferroelectric polarization. The Berry curvatures of monolayer
freestanding VSe2 are shown in Figs. S5(a) and S5(b) [37],
where we can find that the Berry curvatures around the K/K ′
valley hold different absolute values and exhibit opposite
signs, and the absolute values are different from that of the
case with the ferroelectric layer. To check whether the sign
change of the Berry curvature of VSe2 can be realized simply
by applying the opposite vertical electrical field, we apply
the vertical electrical fields with +0.1 and −0.1 eV/Å on it.
We find that the signs of Berry curvature remain unchanged;
see Figs. S6(a) and S6(b) [37]. Note that under an in-plane
electric field, the carrier will obtain an anomalous velocity
νa ∼ E × 	(k). For type-Vup (type-Vdw) states, by shifting
the Fermi level between the K and K ′ valleys in the conduc-
tion (valence) bands, the spin-up electrons (holes) from the
K valley move to the left (right) side of the sample under
an in-plane electrical field, resulting in the net Hall current.
Since the anomalous Hall conductivity is proportional to the
integral of the Berry curvature over the Brillouin zone, the

FIG. 4. Berry curvatures of (a) type-Vup configuration and (b)
type-Vdw configuration along the high-symmetry points. Insets in
(a), (b) show the contour maps of Berry curvatures over the 2D
Brillouin zone. Diagrams of the anomalous valley Hall effect and
memory devices in (c) type-Vup and (d) type-Vdw configurations. The
holes/electrons are denoted by white +/− symbols.

net Hall currents for the type-Vup and type-Vdw states are
distinguishable by checking the deflection angle of the pointer
in Figs. 4(c) and 4(d). Since the valley physics can be switched
between the conduction and valence bands through ferroelec-
tricity, we can realize the on-off switch of the valley physics
in both the conduction (electron doping) and valence (hole
doping) bands. Thus, the anomalous valley Hall effect is re-
alized significantly and controlled effectively by ferroelectric
switching.

To check whether the polarization direction in the
VSe2/Al2S3 heterostructure can be switched by an electric
field, we apply an electric field (0.5 eV/Å) along the −z
direction on the type-Vup configuration. We find that its po-
larization is inverted after structural relaxation; see Fig. S7
[37]. Therefore, the polarization direction and then the val-
leytronics properties can be well controlled by electrostatic
means, which can also be confirmed by some former studies
[23–25,51,52].

The results have demonstrated that the VSe2/Al2S3 het-
erostructure provides a promising opportunity for designing
valleytronic memory devices. Here, we proposed a mem-
ory device prototype based on this heterostructure, shown in
Figs. 4(c) and 4(d). The electric polarization in the Al2S3 is
switched by a vertical external voltage. When polarization
of the FE substrate is in the Pup configuration, the spin-up
electrons accumulate in the left side of the VSe2 monolayer
due to the valley polarization at the CBM, resulting in a
measurable transverse Hall voltage. Such state is identified as
the “1” state of the device, as shown in Fig. 4(c). As the polar-
ization direction of the FE substrate is reversed, spin-up holes
become majority carriers, leading to different signal strength
on transverse Hall voltage. This corresponds to the “0” state of
the device, shown in Fig. 4(d). In this context, the data reading
process is accessible by checking the FE coupling-induced
signal strength differences with damage-free Hall voltage,
thereby effectively avoiding the destructive effect caused by
detecting the polarized states.
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IV. CONCLUSION

In summary, through theoretical analysis, we propose a de-
sign principle for realizing reversible and nonvolatile control
of the AVH effect. Using first-principles calculations and k · p
model analysis, we further demonstrate that the AVH effect
can be well tuned by stacking ferrovalley VSe2 on FE mono-
layer Al2S3. The sign of the transverse Hall voltage related to
the AVH effect is strongly dependent on the FE polarization.
The FE driven and tuning AVH effect in such multiferroic
heterostructure offer a promising strategy for application in
advanced all-electric data memory devices.
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