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Nonvolatile electric field control of spin-valley-layer polarized anomalous Hall effect
in a two-dimensional multiferroic semiconductor bilayer
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The coupling of the lattice, charge, spin, and valley degrees of freedom is a fundamental scientific issue
in spintronics and valleytronics. The nonvolatile electric field control of the spin and valley polarization
has important potential applications for the development of next-generation ultrahigh speed processors and
memories. However, the efficient electrical control of spin and valley degrees of freedom remains a challenge due
to the weak coupling between them and external electric fields. Here we report the strong coupling between the
spin, valley, and electric polarization in a two- dimensional multiferroic material Nb3I8 with a breathing Kagome
lattice. The ferroelectric transition controls the local sublattice symmetry in the ferroelectric monolayer Nb3I8

and thus results in the sublattice-dependent Berry curvature switching in the momentum space, where the sign
reversal of the Berry curvature can be controlled by reversing the ferroelectric polarization. More importantly,
for the ferroelectric bilayer Nb3I8 with A-type antiferromagnetic coupling, the spin-valley-layer polarized
anomalous Hall effect can be realized by coupling the electric polarization to spin, valley and layer degrees
of freedom. So, the electrically driven the ferroelectric transition in a Nb3I8 bilayer can be applied to design
nonvolatile memory and switch based on the spin, valley and layer dependent Berry curvature. Our findings
open an avenue towards exploring the coupling between the ferroelectricity, ferromagnetism, and ferrovalley
in the hidden local sublattice symmetry and demonstrate a nonvolatile electric-field controlled anomalous Hall
effect in the atomically thin limit.
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I. INTRODUCTION

Two-dimensional (2D) layered materials often exhibit
exotic quantum phases due to the delicate coupling and com-
petitions of various degrees of freedom such as the charge,
lattice, orbital, and spin [1–4]. Valley, as an electronic de-
gree of freedom, has received considerable attention in recent
years due to its important implications in both basic quantum
physics and advanced information technology [5–10]. Atomi-
cally thin monolayer transition metal dichalcogenides possess
the coupling of spin and valley degrees of freedom due to the
strong spin-orbit interaction and broken inversion symmetry
which gives rise to a series of exotic valley effects [6,11,12].
Usually, external means are needed for controlling the valley
degrees of freedom, including the circularly polarized optical
excitation [13–15], external magnetic field [16–20], external
electric field [21], optical Stark effect [22], magnetic doping
[23–29], and magnetic proximity effect [30–34]. All the above
methods have a fatal limitation, that is, volatility. When the
external field is removed the system immediately returns to
the initial paravalley state. Very recently, Liu et al [9]. found
that the ferromagnetism and sliding ferroelectricity in the
bilayer VS2 can be coupled together via the ferrovalley, so
as to realize the electric control of magnetism. These studies
are of great significance for understanding and manipulating
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the interaction between the charge, spin and valley degrees of
freedom.

2D multiferroic materials with the coexistence and cou-
pling of multi ferroic orders have attracted a great deal of
attention due to the basic physics and potential applications
[35–39]. A series of multiferroic materials have been pre-
dicted theoretically [40–43] and some have been verified
experimentally [43,44]. If the material has the coupled fer-
roelectricity, ferromagnetism and ferrovalley, the nonvolatile
electric field control of the spin and valley degrees of freedom
can be realized. This is of great significance for designing the
nonvolatile memory and switching devices using the spin and
valley degrees of freedom. In this work, we propose a strategy
to realize the coupling between the spin, valley and layer
degrees of freedom and the nonvolatile electric field control
of the spin-valley-layer polarized anomalous Hall effect in
a 2D multiferroic Nb3I8 bilayer with the breathing Kagome
lattice. The ferroelectric (FE) polarization controls the local
sublattice symmetry in the monolayer Nb3I8. This results in
a sublattice-dependent Berry curvature change in momentum
space, where the sign reversal of the Berry curvature can be
controlled by the FE polarization. More importantly, for the
bilayer Nb3I8 with A-type antiferromagnetic (AFM) coupling,
the spin-valley-layer polarized anomalous Hall effect can be
realized by the pure electric filed. So, the layer, spin and
valley dependent Berry curvature in the bilayer Nb3I8 can
be applied to design nonvolatile memory and switch. These
findings demonstrate a different nonvolatile electric-field con-
trolled anomalous Hall effect in 2D layered materials, which
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has important application potential in the field of information
storage.

II. COMPUTATIONAL METHODS

All calculations are performed based on density functional
theory (DFT) [45] implemented in the Vienna Ab initio Sim-
ulation Package (VASP) [46]. The projector-augmented wave
pseudopotentials method [47] and the generalized gradient
approximation (GGA) in the Perdew-Burke-Ernzerhof form
[48] have been applied. The plane-wave cutoff energy was set
to be 350 eV. The structures are relaxed until the force on
each atom is less than 0.01 eV/Å. The electronic iteration
convergence criterion is set to 1×110−6eV. For the geom-
etry optimization, the DFT-D2 method of Grimme [49,50]
was considered for taking the van der Waals interaction into
account. The Brillouin zone was sampled using an 8×8×1
Monkhorst-Pack k-point grid [51] for the FM states, and a
4×4×1 grid for the 2×2 supercell used for the AFM states.
An adequate vacuum space of ∼20 Å was set between pe-
riodic replicas along the direction orthogonal to the planes
(assumed to be the z direction), in order to avoid spurious
interactions induced by the periodic boundary conditions. It is
well known that GGA function cannot adequately describe the
strong correlated systems which contained the partially filled
d subshells. To describe the on-site Coulomb repulsion of Nb
4d electrons, the GGA + Ueff method has been considered
[52–54]. Based on previous reports for a Nb3I8 monolayer
[55], we set Ueff as 2 eV. We also verified the different Ueff

values (from 1 to 3 eV) and confirmed that our conclusion
and proposed physical mechanism remain qualitatively un-
changed [56]. The spin orbit coupling (SOC) is incorporated
in electronic structure calculations. The FE switching pathway
was obtained by using the climbing image nudged elastic
band (CINEB) method [57,58]. The Kohn-Sham Bloch wave
functions on the discretized k mesh are extracted to calculate
the Berry curvature [59].

III. RESULTS AND DISCUSSIONS

A. Structural symmetry and ferroelectricity

Nb3I8 crystallizes in the trigonal crystal system with the
rhombohedral space group R3̄m and has 2D crystalline struc-
ture with very weak interlayer van der Waal interaction
[60–62], as shown in Fig. 1(a). Similar to graphene and tran-
sition metal dichalcogenides, they can be thinned down to
2D monolayer limit via mechanical exfoliation [55,62,63].
Importantly, the Nb atoms in each monolayer form a breathing
Kagome lattice and are sandwiched between the top and the
bottom I-atom layer. Also, every three Nb atoms assembles
into a Nb3 trimer in monolayer, leading to two kinds of dif-
ferent Nb-Nb distances and triangles as shown in Fig. 1(b).
The Nb-Nb distance in the trimer is 3.02 Å, and the Nb-Nb
distance between the trimers is 4.66 Å, resulting in the dis-
torted octahedral environment of I atoms. In this way, the
structure forms a breathing Kagome Nb-atom network com-
posed of bigger equilateral triangles and smaller equilateral
triangles [64]. In a ideal octahedral crystal field, d orbital
of Nb atom splits into the double degenerate eg and triple
degenerate t2g orbitals. When the Nb3 trimer are formed, due

to the distorted octahedral environment of I atoms, the orbital
degeneracy will be further lifted. Each Nb3 trimer contributes
seven electrons and thus generates a magnetic moment of 1μB
due to an unpaired electron. Therefore, the Nb3 trimer can be
seen as a superatom with 1μB magnetic moment per trimer
[55,63]. Although the magnetic properties of Nb3I8 have
not been measured experimentally, several theoretical analy-
ses and first-principless calculations have predicted that the
monolayer is a ferromagnetic semiconductor [55,63,65]. Our
calculations also indicate that the magnetic ground state of
the monolayer is ferromagnetic and the magnetic anisotropic
energy is small with a energy difference of 0.25 meV/Nb
between the out-of-plane and in-plane direction, which are
consistent with previous studies [66]. The small magnetic
anisotropy indicates that the magnetization direction can be
easily controlled by applying a magnetic field.

However, more importantly we find that the trimerization
of Nb atoms results in different horizontal heights of I atoms
in the out-of-plane direction as shown in Fig. 1(b) and thus
break the mirror symmetry. So, the monolayer Nb3I8 is a
FE semiconductor with the out-of-plane vertical polarization
and the point group of C1

3v. By controlling the trimerization
distribution of Nb atoms, the polarization direction can be
reversed due to the asymmetric movement of I atoms. The
electric polarization of Nb3I8 monolayer is 0.489×10−12C/m,
which is comparable to the polarization values of Ti3Cl8

(0.641×10−12C/m), Ti3Br8 (0.644×10−12C/m) and Ti3I8

(0.579×10−12C/m) [64]. 2D FE semiconductors with the
out-of-plane FE polarization are the preferred materials for
building low energy consumption, high integration, and non-
volatile switching and memory devices. These types of FE
materials with the out-of-plane polarization are very rare, and
only a few such as CuInP2S6 [67,68] and α−In2Se3 [69]
have been verified in experiments. Following the approach in
Refs. [70–72], we use the classical Monte Carlo (MC) method
to estimate FE transition temperature. Our calculated transi-
tion temperature is 3500 K [56]. In the following, we firstly
propose a mechanism through a general theoretical model to
show the effect of the local structural symmetry on the Berry
curvature in a 2D system, e.g., Nb3I8 monolayer.

B. Theoretical model and Berry curvature of monolayer Nb3I8

Berry curvature is a fundamental concept in condensed
matter physics, which is related to various exotic topologi-
cal phenomena such as the anomalous Hall effect and valley
Hall effect. Generally, to obtain the nonzero Berry curvature
in a system, either the time-reversal symmetry or inversion
symmetry needs to be broken. A simple model to show this
physical mechanism is a 2D honeycomb lattice with two sub-
lattices A and B, as shown in Figs. 1(c) and 1(d). It has a pair
of degenerate valleys in the band structure near the K+ and K−
points at opposite corners of the hexagonal Brillouin zone in
Figs. 1(g) and 1(h), which gives rise to the valley-contrasting
physics and potential applications associated with the nonzero
Berry curvature in Fig. 1(e) and 1(f). A low-energy Hamilto-
nian (LEH) [5,11] can be used to describe electric structure
near the valleys, H= vF (τzσxkx + σyky) + �

2 σz. Here k is the

electronic momentum and vF the Fermi velocity.
⇀

σ and
⇀

τ are
Pauli matrices with σz = ±1 describing states on the A(B)
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FIG. 1. Schematic diagram of the structure of Nb3I8. (a) Side view of the bulk Nb3I8 crystal structure. (b) Top and side views of the
breathing Kagome network of monolayers with opposite polarization directions. Nb atoms are in green, and I atoms are in purple. The
direction of polarization is uniformly marked with yellow arrows. The Nb trimers are indicated by blue solid line triangles. (c), (d) 2D
honeycomb lattice with two sublattices A and B. (e), (f) Berry curvature distribution in momentum space. K+ and K− points are at opposite
corners of the hexagonal Brillouin zone. (g), (h) Valley band and valley magnetic moment m(k) near the K+ and K− points.

sublattice and τz = ±1 describing states at the K+(K−). The
�
2 σz term corresponds to a staggered sublattice potential with
a site energy difference � between sublattices which breaks
the inversion symmetry and thus opens a gap of �. This term
is odd under parity, and thus changes sign when the A and B
sublattices are interchanged, as shown in Fig. 1(d), leading to
the change of Berry curvature distribution in the momentum
space in Fig. 1(f).

From the LEH model the momentum-dependent berry

curvature can be expressed as �(k) = τz
2�v2

F

(�2+4k2v2
F )

3/2
. An-

other valley contrasting quantity is the valley magnetic

moment m(k) = τz
e�v2

F

h̄(�2+4k2v2
F )

, which reaches its maximum
value m(K±) at the point K±. When � changes sign from
positive to negative, �(k) and m(k) will also change sign
for a certain valley, as shown in Figs. 1(f) and 1(h). This
provides a method to control berry curvature distribution in
the momentum space which will result in some important
topological-related physical properties. However, for a certain
material with a fixed A/B sublattice, � is usually a constant
value (e.g., h-BN monolayer) and thus it is difficult to tune by
simple electrical/magnetic methods. A feasible scheme is to
design a two-dimensional FE material in which the positions
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FIG. 2. Energy bands of the Nb3I8 monolayer with the SOC. Depending on the direction of the polarization and magnetization, four
configurations can be distinguished: (a) P ↑ M ↑, (b) P ↑ M ↓, (c) P ↓ M ↑, (d)P ↓ M↓. The red (blue) colors represent the bands of the spin
projection in the positive (negative) directions of the z axis. (e)–(h) Berry curvatures calculated for (e) P ↑ M↑, (f) P ↑ M↓, (g) P ↓ M↑,
(h) P ↓ M↓ configurations. (i)–(l) Schematic diagrams of anomalous Hall effects for (i) P ↑ M↑, (j) P ↑ M ↓, (k) P ↓ M↑, (l) P ↓ M ↓
configurations. The solid circles (hollow circles) indicate the holes in the K+(K−) valley, and the upward red (downward blue) arrows represent
the holes with spin-up (spin-down) states. The red (blue) curved arrows indicate the change of Berry curvature and hole transport processes
under an applied external electric field E (magnetic field H), while the green straight arrows denote the change under simultaneous action of
E and H.

of the two sublattices can be interchanged by the inversion
of FE polarization. In this work, we find that the sign of �

can be indeed changed by FE switching in a FE monolayer
Nb3I8 with the breathing Kagome lattice and out-of-plane
polarization. In a simplified way, Nb3I8 monolayer can be
modeled as a 2D honeycomb lattice with two sublattices, as
shown in Fig. 1(b). In a unit cell, one sublattice is composed
of a Nb3 trimer and four nearby I atoms as labeled by the
blue circular shaded area and the other is formed by four
I atoms as labeled by the red circular shaded area. Under
such a condition, the inversion symmetry is broken due to
two different sublattices. Two opposite polarization directions
corresponds to the interchange of two nonequivalent sublat-
tices. Therefore, the sublattice-interchange transition can be
realized by FE switching in Nb3I8 monolayer, leading to the
sign reversal of � and Berry curvature. In addition, based
on the symmetry argument, the two opposite FE states are

related to each other through an inversion operation. Under the
time-reversal, �(k) = −�(−k), and under the FE reversal,
�(k) = �(−k) because the P ↑ and P ↓ configurations are
inversion partners. Thus, �(k) must reverse its sign when
the polarization is reversed [73–75]. The band structures near
the Fermi level and Berry curvature from the first-principless
calculations are shown in Figs. 2(a)–2(h). By comparison, we
find that these results are clearly qualitatively consistent with
those from the LEH model on 2D honeycomb lattice with
two sublattices, as shown in Figs. 1(c)–1(h), indicating that
this simplified model describes well the low-energy electric
structure of Nb3I8 monolayer.

The monolayer Nb3I8 can be divided into four types,
P ↑ M ↑, P ↑ M ↓, P ↓ M ↑, and P ↓ M ↓, according to
the different polarization and spin directions, where P ↑
(P ↓) indicates the FE polarization direction and M ↑ (M ↓)

denotes the direction of magnetic moment. Through the
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FIG. 3. Side and top views of the bilayer AFEtt (a) and AFEhh (b). The light green and light purple balls represent, respectively, the Nb
and I atoms in the upper layer, while the dark green and dark purple balls denote, respectively, the Nb and I atoms in the lower layer. (c)
Layer-resolved band structures of the P ↑

↓M ↓
↑ configuration with the SOC. The left side indicates the energy band contributions of the upper

layer and the right side indicates the energy band contributions of the lower layer. (d) Under hole doping the layer-resolved spin Hall effect of
the P ↑

↓M ↓
↑ configuration. (e) The schematic band structures under a positive or negative perpendicular electric field. The red and blue curves

represent respectively the spin-up and spin-down bands.
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first-principles calculations, we found that these four configu-
rations are degenerate in energy. As shown in Figs. 2(a)–2(d),
the energy valley degeneracy at K + and K − points is
removed when the SOC is considered [56], resulting in
a long-sought spontaneous valley splitting, ferrovalley [6].
When the magnetism direction is reversed the valley splitting
is opposite, which is consistent with previous results [66].
To characterize the spontaneous valley splitting, we define
�v

val = E v
K−−E v

K+ (�c
val = Ec

K−−Ec
K+ ) as the energy difference

between the K − and K + valleys for the highest valence band
(lowest conduction band). �v

val and �c
val are, respectively, 10

and 78 meV, which are comparable with those of VAgP2Se6

(15 meV) [76], LaBr2 (33 meV) [77], MnPX3 (43 meV)
[78]. Another important discovery is when the polarization
direction is reversed (the magnetism direction is unchanged),
the valley splitting is also opposite.

Furthermore, we calculated the Berry curvature in the
momentum space, as shown in Figs. 2(e)–2(h). As a pseudo-
magnetic field in the momentum space, Berry curvature has
a great influence on the electronic transport properties and
is the core parameter of various intrinsic Hall effects [79].
When an in-plane longitudinal electric field is applied, the
group velocity of electrons will obtain an additional transverse
velocity, va ∼ E × �(k), where E is the applied in-plane lon-
gitudinal electric field and �(k) is the Berry curvature of the
Bloch electron. The signs of Berry curvatures at K + and K −
points are opposite and thus the carriers in the K + and K −
valleys gain anomalous velocities in the opposite direction.
By electron doping or hole doping, the carriers from a certain
energy valley will be dominant due to the spontaneous valley
splitting, resulting in the anomalous valley Hall effect, as
shown in Figs. 2(i)–2(l). For example, in the case of P ↑ M ↑,
under the hole doping the spin-down holes from the K − valley
acquire a transverse anomalous velocity and generate a spin-
and valley-polarized anomalous Hall effect. When only the
magnetism direction is reversed, the spin-up holes from the
K + valley acquire a opposite transverse velocity, resulting in
the opposite spin- and valley-polarized anomalous Hall effect
in the case of P ↑ M ↓. When only the polarization direction
is reversed in the case of P ↓ M ↑, the spin-down holes from
the K + valley acquire a unchanged transverse velocity due
to the simultaneously sign change of the valley splitting and
Berry curvature. Although in the monolayer the sign of the
anomalous Hall voltage is unchanged under the reversal of
electric polarization, the FE polarization will has a significant
effect on the spin and valley polarized anomalous Hall effect
for the bilayer system, as revealed in the following.

C. Layer-resolved spin Hall effect in AFE bilayer Nb3I8

Based on the above analysis, we consider the Nb3I8 bi-
layer by directly taking out two layers from the bulk. In
bulk, the polarization coupling between adjacent layers is
antiferroelectric (AFE), as shown in Fig. 1(a). We find that
there two different AFE configurations. One is called as the
head-to-head AFE configuration(AFEhh), and the other is de-
fined as the tail-to-tail AFE configuration(AFEtt), as shown
in Figs. 3(a) and 3(b). By the first-principles total energy
calculations, we found that the total energy of the AFEtt

is lower by 24.7 meV/unit cell than that of the AFEhh. In

addition, we also consider other AFE configurations by the
interlayer sliding and found that the AFEtt from bulk is the
most stable configuration, as shown in Fig. 3(a). For the
AFEtt bilayer, we determine the most stable magnetic ground
state by considering different magnetic configurations [56].
The results indicate that the magnetic ground state is the in-
tralayer FM and interlayer AFM configuration (A-type AFM),
similar to CrI3 [80,81]. The interlayer magnetic exchange
energy (defined as Eex = EFM − EAFM) is 3 meV/unit cell,
comparable with 4 meV(−10 meV) of AB’(AB) stacked CrI3

[80,82]. Based on the Heisenberg model we performed clas-
sical MC simulation to estimate the Neel temperature (TN)
of the Nb3I8 bilayer [56]. In our MC simulation, a 100×100
square supercell containing 5×104 local magnetic moments
was adopted and the simulated temperature ranges from 0 to
40 K with a step of 5 K. The TN can be estimated from the
temperature dependent specific heat curves, corresponding to
the abrupt change in the specific heat [83,84]. The calculated
TN for the Nb3I8 bilayer is about 10 K, which is compara-
ble with the VOF2 (∼ 15 K) [85], VOI2 (∼ 21 K) [86] and
Cr2Ge2Te6 (∼30 K) [87]. In addition, we also use the MC
simulation to study the FM transition temperature of Nb3I8

monolayer, and the simulated Curie temperatures are about
25 K.

For the AFEtt bilayer, there are two degenerate AFM con-
figurations, namely P ↑

↓M ↑
↓ and P ↑

↓M ↓
↑, where P ↑

↓ and M ↑
↓

denotes, respectively, the polarization directions and mag-
netism directions of the two layers. Figure 3(c) shows the
layer-resolved band structures of P ↑

↓M ↓
↑ configuration. Due

to the interlayer AFM coupling, the energy band is spin
degenerate with the valley character near the Fermi level.
Due to the opposite electric polarization and magnetism di-
rection between the upper layer and lower layer, the Berry
curvatures are also opposite for the upper and lower layer.
So, under hole doping the layer-resolved spin Hall effect
appears since the spin-up (upper layer) and spin-down (lower
layer) holes acquire opposite transverse velocities and accu-
mulate towards opposite sides of the sample, as shown in
Fig. 3(d). Similar results can be obtained for the P ↑

↓M ↑
↓

configuration [56].
When a vertical external electric field is applied, the spin

degeneracy can be lifted due to the interlayer potential differ-
ence. The opposite electric field lead to opposite spin splitting

FIG. 4. The transition path of bilayer Nb3I8 from one FE state to
the other opposite FE state.
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FIG. 5. (a)–(d) Energy bands of bilayer FE configurations with the SOC. Four configurations are classified according to different
combinations of the electric polarization and magnetization directions, namely (a)P ↑

↑M ↑
↓, (b)P ↑

↑M ↓
↑, (c) P ↓

↓M ↑
↓, (d) P ↓

↓M ↓
↑. Layer-resolved

bands and spin-resolved bands are shown respectively, where the orange circles and gray triangles represent respectively the contribution of the
upper and lower layer, and the red and blue curves represent respectively the spin-up and spin-down channel. (e)–(h) Berry curvature calculated
in the momentum space for (e) P ↑

↑M ↑
↓, (f) P ↑

↑M ↓
↑, (g) P ↓

↓M ↑
↓, (h) P ↓

↓M ↓
↑ configurations. (i)–(l) Schematic diagrams of the anomalous Hall

effect for (i) P ↑
↑M ↑

↓, (j) P ↑
↑M ↓

↑, (k) P ↓
↓M ↑

↓, (l) P ↓
↓M ↓

↑ configurations.

due to the interlayer AFM coupling, as shown in Fig. 3(e).
Under hole doping, the anomalous Hall effect can be realized
by applying an external electric field, similar to the electric
field control of bilayer VSe2 [8]. The direction of the spin
and Hall voltage can be reversed by controlling the direction
of the electric field, which cannot be realized in monolayer.
In addition, for the AFEhh bilayer the similar results can be
obtained [56].

D. The spin/valley/layer-polarized anomalous Hall effect
in FE bilayer Nb3I8

When the applied external vertical electric field is further
increased, the phase transition from the AFE state to FE state
may occur for the bilayer Nb3I8. The transition path obtained
by the CINEB method is shown in Fig. 4. Actually, we per-
formed two different FE transition calculations. One is the
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calculation from an AFE (P ↑
↓) to a FE (P ↑

↑) state, and the

other is from one FE (P ↑
↑) state to the other opposite FE (P ↓

↓)
state. The results indicate that the transition path from one FE
state to the other opposite FE state will pass through the AFE
(P ↑

↓) state, as shown in Fig. 4. In addition, if the bilayer Nb3I8

is initially in an AFE state, the phase transition from an AFE
state to a FE state may occur when a sufficiently large external
vertical electric field is applied. During the FE transition the
polarization direction of only one layer is reversed, so the
transition from an AFE to a FE state actually corresponds
to the FE transition of a single layer. The transition energy
barrier is 0.4 eV/Nb, which is lower than that of Sc2CO2

(0.52 eV) [88] and comparable with VOF2 (0.33 eV) [85]
and most extensively studied multiferroic BiFeO3 (0.427 eV)
[89]. In the experiment, BiFeO3 has achieved 180 °FE reversal
under the external electric field [90]. Therefore, the polariza-
tion reversal is expected to occur experimentally under the
external electric field. The large energy barrier indicates the
strong stability of the FE state at room temperature, although
the total energy of the AFE state is lower by 48 meV/Nb
than that of the FE state. Hence, when a positive electric field
is introduced, the AFEtt phase P ↑

↓M ↑
↓(P ↑

↓M ↓
↑) changes to

the FE phase P ↓
↓M ↑

↓(P ↓
↓M ↓

↑). When a negative electric field

is applied, the P ↑
↓M ↑

↓(P ↑
↓M ↓

↑) changes to the opposite FE

phase P ↑
↑M ↑

↓(P ↑
↑M ↓

↑).
By combining the directions of the electric polarization

and magnetization, we obtain four different FE and AFM
configurations, P ↑

↑M ↑
↓, P ↑

↑M ↓
↑, P ↓

↓M ↑
↓ and P ↓

↓M ↓
↑, with

degenerate energy. In addition, we also check the AFM
coupling between two layers and found that the interlayer
magnetic exchange energy Eex is 8.2 meV/unit cell, indi-
cating the A-type AFM is the ground state. The electric
polarization is 0.135×10−12C/m, which is comparable to
the polarization values of InSe (0.24×10−12C/m) and GaSe
(0.46×10−12C/m) [91]. Band structures with the SOC are
shown in Figs. 5(a)–5(d). The valley splitting of the valence
band and conduction band is 11 and 77 meV, respectively. Dif-
ferent from the AFE bilayer, the energy bands from the upper
and lower layers are no longer degenerate due to the potential
difference induced by the electric polarization between two
layers. In addition, the spin degeneracy is also lifted due to the
AFM coupling between two layer. So, only by reversing the
polarization direction, we can control spin and layer degree of
freedom.

Correspondingly we calculate the Berry curvatures of four
different FE configurations P ↑

↑M ↑
↓, P ↑

↑M ↓
↑, P ↓

↓M ↑
↓, P ↓

↓M ↓
↑,

as shown in Figs. 5(e)–5(h). One of the most important find-
ings is that the sign of the Berry curvature in the K + and K −
valleys changes when the polarization direction is reversed in
Figs. 5(e) and 5(g), while the sign of the valley splitting does
not change in Figs. 5(a) and 5(c). Therefore, this indicates that
the anomalous Hall effect can be controlled by the external
electric field. Under the in-plane electric field, the holes in the
K + and K − valleys will obtain opposite anomalous velocities
and move to the opposite edge of the sample due to the

opposite signs of Berry curvature, as shown in Figs. 5(i)–5(l).
For the P ↑

↑M ↑
↓, the spin-up holes from the K + valley of the

lower monolayer acquire anomalous velocities proportional
to the negative Berry curvatures and then gather at the one
side of the sample, achieving the spin/valley/layer-polarized
anomalous Hall effect in Fig. 5(i). When the polarization
direction is reversed (P ↓

↓M ↑
↓), the signs of Berry curvatures

of the K + and K − valleys are reversed accordingly. In this
case, the spin-down holes from K + valley of the upper mono-
layer acquire anomalous velocities in the opposite direction
and thus concentrate at the opposite edge of the sample, re-
sulting in the measurable opposite Hall voltage in Fig. 5(k).
That is, by controlling the electric polarization, we can real-
ize the electric field control of the spin/valley/layer-polarized
anomalous Hall effect, providing a possible ways for tuning
multiple degree of freedom by pure electric field. In addi-
tion, if the direction of the AFM coupling can be controlled,
P ↑

↑M ↑
↓ can be changed in to P ↑

↑M ↓
↑ and thus the spin/valley-

polarized anomalous Hall effect can be achieved in Fig. 5(j).
Therefore, the multiferroic Nb3I8 bilayer provides a very ex-
cellent platform to achieve the effective electric field control
of the spin/valley/layer-polarized anomalous Hall effect and
provides an alternative scheme for designing nonvolatile elec-
tronic information devices by using spin, valley, and layer
degrees of freedom.

IV. CONCLUSIONS

In summary, we study the coupling between the ferroelec-
tricity, ferromagnetism and ferrovalley in a 2D multiferroic
Nb3I8 bilayer with the breathing Kagome lattice. We find that
the local sublattice symmetry can be controlled by the FE
polarization in monolayer Nb3I8. This results in a sublattice-
dependent Berry curvature change in momentum space, where
the sign reversal of the Berry curvature can be controlled by
the FE transition. A LEH model in a 2D honeycomb lattice
with two sublattices can well reveal the underlying physi-
cal mechanism. Especially, we find that in the Nb3I8 bilayer
with A-type AFM coupling, the spin-valley-layer polarized
anomalous Hall effect can be controlled by the FE transition,
realizing the nonvolatile electric field control of the anoma-
lous Hall effect. This fascinating phenomenon is attributed
to the combination of the intrinsic electric polarization, inter-
layer magnetic coupling, and SOC effect. Therefore, the Nb3I8

bilayer provides an ideal platform for designing nonvolatile
memory and switch based on the electric-field control of the
spin/valley/layer-dependent Berry curvature.
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