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Magnetoelectric coupling and cross control in two-dimensional ferromagnets
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The coexistence and coupling of multiple ferroics may not only cause some novel physical phenomena
but also provide new means for the detection and control of electronic degrees of freedom. In recent years,
two-dimensional (2D) ferroelectricity and ferromagnetism have been experimentally confirmed in van der
Waals materials but their coexistence and coupling have rarely been demonstrated in single-phase materi-
als. Here, a general mechanism for the coexistence and coupling of three ferroics has been demonstrated in
van der Waals monolayer ferromagnets lacking inversion symmetry, in which spin-orbit coupling leads to
spin-direction-dependent ferroelectricity and ferrovalley. This causes the emergence of some interesting
phenomena, such as the anomalous valley Hall effect without an applied electric field. The ferroelec-
tric polarization induced in a 2D ferromagnet with strong spin-orbit coupling can be close to the largest
known spin-induced polarization. Importantly, the magnetoelectric coupling effect enables the cross con-
trol of ferroic order parameters by external fields, such as controlling magnetization by an electric field
and polarization by a magnetic field.

DOI: 10.1103/PhysRevApplied.20.064011

I. INTRODUCTION

Finding new ways to manipulate electrons has become a
key challenge in the development of next-generation elec-
tronic devices with high density, high processing speed,
multifunctionality, and low energy consumption [1–5].
The detection and control of electrons are often insepara-
ble from their inherent degrees of freedom [1–3]. Besides
charge and spin, electrons have another novel degree of
freedom in the momentum space of the crystal, the valley,
which has been proposed as a potential information car-
rier [6]. The coupling between different electronic degrees
of freedom can not only cause some novel physical phe-
nomena such as the quantum anomalous Hall effect and the
valley Hall effect but also enable the cross control of elec-
tronic degrees of freedom by external fields, which is of
great significance for the development of spintronics and
valleytronics [7–13].

Two-dimensional (2D) ferroelectricity and ferromag-
netism, rooted in charge and spin degrees of freedom,
respectively, have recently been demonstrated in van der
Waals materials [14–19]. In addition, the concept of fer-
rovalley with spontaneous valley polarization has also
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been proposed in 2D materials [8,20]. Since then, the coex-
istence and coupling of multiple ferroics in single-phase
2D materials has attracted increasing interest [21–25].
From the perspective of symmetry, ferroelectricity and fer-
rovalley require the breaking of spatial-inversion symme-
try, while ferromagnetism breaks time-inversion symme-
try. 2D ferromagnetism also requires spin-orbit coupling
(SOC) to remove the restriction of the 2D isotropic Heisen-
berg model on the emergence of long-range magnetic order
[26]. SOC is known to cause a variety of fascinating
physical phenomena in nonmagnetic crystals lacking an
inversion center, such as inducing momentum-dependent
effective magnetic fields and leading to spin-valley locking
[7,27]. In 2D magnetically ordered materials, the combi-
nation of inversion symmetry breaking and SOC may also
cause some novel effects [11,28].

In this work, we demonstrate the spin-direction-
dependent ferroelectric and valley polarization caused by
SOC in 2D ferromagnets lacking inversion symmetry, as
well as the magnetoelectric cross-control effects, by com-
bining symmetry analysis, first-principles calculations, and
Monte Carlo and atomistic spin-dynamics simulations.
We explain the microscopic mechanism of the discov-
ered spin-induced ferroelectricity and reveal the rules of
spin-polarization coupling and spin-valley coupling. We
show that not only the coexistence and coupling of mul-
tiple ferroics but also the control of various ferroic order
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parameters by external fields can be realized in the mono-
layer system.

II. COMPUTATIONAL DETAILS

The first-principles calculations based on density-
functional theory (DFT) were performed using the
projector-augmented-wave (PAW) method [29], as imple-
mented in the Vienna ab initio simulation package (VASP)
[30]. The Perdew-Burke-Ernzerhof functional was used
as the exchange-correlation functional and the Hubbard-
U method within the rotationally invariant formalism was
used to treat the electron correlation in the d shell of
transition-metal ions [31]. The effective values of Ueff =
2.1, 1.5, 0.6 eV for the d electrons of the VSe2, VTe2, and
RuBr2 monolayers, respectively, were determined by self-
consistent calculation based on the constrained random-
phase approximate method [32]. For each monolayer, a
vacuum space of 20 Å was used to separate the neighbor-
ing images along the vertical direction due to the periodic
condition. A plane-wave cutoff energy of 600 eV was used
for the plane-wave expansion and a convergence threshold
of 10−7 eV was used for the electronic self-consistency
loop. A �-centered 15 × 15 × 1 k-point mesh was used
for the Brillouin-zone integration. The in-plane (IP) lat-
tice constants and internal atomic coordinates were relaxed
until the Hellman-Feynman force on each atom was less
than 5 × 10−3 eV/Å. The ferroelectric polarization was
calculated by using the Berry-phase method [33] and SOC
was switched on in the calculations. The phonon band
structures were calculated using density-functional pertur-
bation theory. The ab initio molecular-dynamics simula-
tions at 300 K were performed in a canonical ensemble
using the Nosé heat-bath scheme with a simulation time
over 9 ps and a time step of 3 fs.

The Monte Carlo simulations were performed to ver-
ify the magnetic ground state and estimate the magnetic
transition temperature. The Heisenberg spin model with a
magnetic anisotropy term was adopted and a 64 × 64 spin
lattice with periodic boundary conditions and the annealing
algorithm were used in the simulations. For each tempera-
ture, 5 × 105 steps were taken to reach equilibrium and 106

steps were performed for sampling by using the Metropolis
algorithm.

The atomistic spin dynamics were studied by solving the
Landau-Lifshitz-Gilbert (LLG) equation [34],

∂Si

∂t
= − γ

1 + λ2 [Si × Hi
eff + λSi × (Si × Hi

eff)], (1)

where γ is the gyromagnetic ratio and λ represents the
Gilbert damping constant and is set to 0.5. Hi

eff is the effec-
tive magnetic field on each spin, which can be obtained
from the negative first derivative of the spin Hamiltonian,

Hi
eff = − 1

μS

∂H
∂Si

, (2)

where μS is the local spin moment. The LLG equation was
solved using Heun’s method with a time step of 1 fs.

III. RESULTS AND DISCUSSION

A. Spin-induced ferroelectricity in 2D ferromagnets

The invariance of spin orientation under spatial inver-
sion prohibits the emergence of spin-induced ferroelec-
tricity in ferromagnets with an inversion center, so spin-
induced ferroelectricity usually requires a complex anti-
ferromagnetic structure to break the inversion symmetry
[35,36]. However, in ferromagnets lacking an inversion
center, a single spin acting as an axial vector due to SOC
can break the rotation and mirror symmetry, which may
cause the nonpolar symmetry to change to a polar symme-
try [23]. Thus, in principle, spin-induced ferroelectricity
can occur in ferromagnets lacking an inversion center.

Most of the 2D ferromagnets discovered so far have
spatial-inversion symmetry [37]. The monolayer of 2H -
phase VSe2 is one of the few 2D ferromagnets that have
been experimentally confirmed to lack an inversion cen-
ter [38]. It forms a trigonal prismatic coordination and
has a nonpolar point group D3h [Fig. 1(a)]. We first deter-
mined its spin-direction-dependent magnetic symmetry.
When the spin direction is along a twofold rotation axis
(x axis), this rotation axis and the two mirror planes par-
allel to this rotation axis are retained, resulting in a polar
point group of m′m′2 [Fig. 1(b)]. The IP spin direction (y
axis) perpendicular to this rotation axis has the same sym-
metry (m′m2′), except for the difference in time reversal.
When the spin is along the general IP direction, the mag-
netic symmetry is further reduced to only the horizontal
mirror plane m′, thus allowing the simultaneous occur-
rence of two IP polarization components. All symmetry
operations are retained for the spin direction along the z
axis. When the spin deviates from the z axis within the
vertical planes parallel (x-z plane) and perpendicular (y-z
plane) to the twofold axis, the magnetic symmetry changes
to m′ and 2′, respectively [Figs. 1(c) and 1(d)]. The for-
mer can cause both IP and out-of-plane (OP) polarization
components, while the latter only allows the polarization
component along the twofold axis.

We then investigated the dependence of the spin-
induced polarization on the spin direction by first-
principles calculations. Consistent with the above symme-
try analysis, the IP spin orientation induces two polariza-
tion components, Px and Py , which vary with the spin angle
according to the cosine and sine functions, respectively
[Fig. 1(b)]. The spin-induced polarization varies with a
period of 180◦ due to the axial-vector property of the spin,
so the polarization is reversed when the spin is rotated by
90◦. When the spin lies in the x-z plane, the Px component

064011-2



MAGNETOELECTRIC COUPLING... PHYS. REV. APPLIED 20, 064011 (2023)

0 2 4 6 8 10

0.0

0.3

0.6

0.9

1.2

1.5

Px
Pz (×100)

P 
(μ

C
/c

m
2 )

λ

VSe2

VTe2

RuBr2

0 60 120 180 240 300 360

–0.4

–0.2

0.0

0.2

0.4

P
(μ

C
/c

m
2 )

Spin angle (deg) 
0 60 120 180 240 300 360

–20
–15
–10

–5
0
5

10
15
20

Px

Spin angle (deg)

6m' 2'

m'm2'

z

P
(n

C
/c

m
2 )

2'

y
θ

0 60 120 180 240 300 360

–10

0

10

20

30

40

50

Px Pz (λ=10)P P (λ 10)

6m'2'

m'm'2
z

x

P
(n

C
/c

m
2 )

Spin angle (deg)

θ

m'

0 60 120 180 240 300 360

–20
–10

0
10
20
30
40
50
60

Px PyP P

m'm2'

m'm'2x

P
(n

C
/c

m
2 )

Spin angle (deg)

θ

m'
y

(a) (b) (c)

(d) (e) (f)

FIG. 1. The spin-direction-dependent ferroelectricity in 2D ferromagnets lacking inversion symmetry. (a) A schematic of the crystal
structure and symmetry operations of the 2H -phase VSe2 monolayer. (b)–(d) The dependence of the magnetic symmetry and the spin-
induced polarization on the spin direction in the (b) x-y, (c) x-z, and (d) y-z planes, respectively. (e) The variation of the polarization
components Px and Pz with the relative strength (λ) of SOC. For comparison, the value of the Pz component is multiplied by 100. (f)
The variation of the polarization component Px with the IP spin direction for some 2D ferromagnets with the same structure (2H phase).

occurs and its sign remains unchanged but the Pz com-
ponent allowed by the symmetry does not emerge within
the calculation accuracy. We then increased the strength
of SOC by an order of magnitude and recalculated the
Pz component to verify its existence. It emerges with the
enhancement of SOC, exhibiting a more complex rela-
tionship with the spin angle and reaching its maximum at
approximately 30◦ [Fig. 1(c)]. For spin orientation in the
y-z plane, only the Px component appears and its variation
with the spin angle is the same as for the x-z plane but with
the opposite sign [Fig. 1(d)].

B. Mechanism of spin-induced ferroelectricity

The polarization component can be expressed as a
quadratic function of the spin component according to the
phenomenological model of spin-induced ferroelectricity
[39–41]. For the local electric polarization induced by a
single spin, it can be expressed as

Pα =
∑

βγ

Mα
βγ SβSγ , (3)

where α, and β and γ , represent the polarization and spin
components, respectively. The form of the coefficient ten-
sors can be determined from the local structural symmetry
of the spin site. For the VSe2 monolayer, the coefficient
tensors have only one independent tensor element M x

xx =
−M x

yy = −M y
xy (for its derivation, see the Supplemental

Material [42]). Then, the spin-induced polarization of the

three spin planes can be described as

Pxy = δ(cos 2θ , − sin 2θ , 0),

Pxz = −Pyz = δ(cos2 θ , 0, 0),
(4)

where δ is proportional to the only nonzero tensor element
and θ represents the spin angle. These expressions explain
the calculated spin-direction dependence of the ferroelec-
tric polarization well, except for the Pz component. That is,
the general model of spin-induced ferroelectricity cannot
explain the emergence of the OP polarization component.

From the perspective of microscopic origin, the spin-
direction-dependent electric polarization originates from
the effect of SOC on orbital hybridization. Specifically, the
p-d hybridization between the magnetic ion and its lig-
and is modified by SOC, resulting in a change in charge
transfer along each coordination bond, depending on the
spin direction. The local electric polarization induced by a
single spin can be described as P ∝ ∑

n(S · en)
2en, where

en is the unit vector connecting the magnetic ion and the
nth ligand anion [39,43]. This mechanism has explained
the dependence of the spin-induced polarization on the
spin direction well in some antiferromagnets, such as
Ba2CoGe2O7 [44]. The polarization expressions in Eq. (4)
can also be derived from this formula (see the Supple-
mental Material [42]). However, note that this formula
is derived from the lowest-order perturbation of SOC
and that the higher-order perturbation needs to be con-
sidered when the effect of the lowest-order perturbation
disappears. The polarization induced by the second-order
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perturbation effect of SOC can be described as P ∝ ∑
n(S ·

en)
4en. It causes an additional polarization component Pz

for the x-z spin plane, which can be expressed as (see the
Supplemental Material [42])

Pz
xz ∝ cos3 θ sin θ . (5)

This polarization expression agrees well with the calcu-
lated spin-direction dependence of the OP polarization.

The magnitude of this spin-induced polarization
depends on the strength of the SOC. Both the IP and
OP polarization components increase significantly with the
enhancement of SOC and the latter rises more sharply with
the further increase of the SOC constant [Fig. 1(e)]. There-
fore, this spin-induced polarization is expected to be signif-
icantly improved in 2D ferromagnets with strong SOC. We
then calculated the spin-induced polarization of some other
2D ferromagnets, including VTe2 and RuBr2 monolayers,
which have the same structure as the VSe2 monolayer
but with stronger SOC for magnetic ions or anions. Their
dynamic and thermal stability are confirmed by phonon
dispersion (see Fig. S1 in the Supplemental Material [42])
and first-principles molecular-dynamics simulations (see
Fig. S2 in the Supplemental Material [42]), respectively.
Energy calculations of spin-spiral (see Fig. S3 in the Sup-
plemental Material [42]) and Monte Carlo simulations (see
Fig. S4 in the Supplemental Material [42]) confirm their
ferromagnetic ground states and estimate their Curie tem-
perature to be above room temperature except for the VTe2
monolayer. The spin-induced polarization is significantly
improved with respect to the VSe2 monolayer [Fig. 1(f)].
The IP polarization of the RuBr2 monolayer reaches up to
0.4 µC/cm2, which is close to the polarization induced by
the exchange-striction mechanism [45,46]. Therefore, this
ferroelectric mechanism enables the coexistence and cou-
pling of large spin-induced polarization and macroscopic
magnetization above room temperature.

C. Spin-direction-dependent ferrovalley

Ferrovalley may also arise in 2D ferromagnets lacking
inversion symmetry, where the combination of intrinsic
exchange interaction and SOC leads to spontaneous valley
polarization [8]. Similar to conventional valley materi-
als, the VSe2 monolayer shows valley-selective circular
dichroism independent of SOC (see Fig. S5 in the Supple-
mental Material [42]). However, it has an IP magnetization
(see Fig. S6 in the Supplemental Material [42]), resulting
in the disappearance of spontaneous valley polarization.
When the spin is along the OP direction, the valence-band
maximum (VBM) and conduction-band minimum (CBM)
between the two valleys are no longer equal, i.e., valley
splitting occurs (see Fig. S7 in the Supplemental Material
[42]). Figure 2(a) shows the energy variation of the highest
occupied valence band in the whole Brillouin zone caused

by the change of spin direction from IP to OP. The maxi-
mum and minimum values of the energy variation appear
at two valleys, K+ and K−, respectively, with opposite
signs and unequal magnitudes. The valley splitting in both
the VBM and the CBM exhibits spin-direction dependence
[Fig. 2(b)], which arises from the first-order and second-
order perturbation effects of SOC, respectively (see the
Supplemental Material [42]). This results in a difference
between the band gaps of the two valleys depending on the
spin direction, i.e., proportional to the OP spin component.

The Berry-phase effect associated with the Bloch elec-
trons is known to cause valley-contrasting physics, such as
the valley Hall effect [6,7]. In the presence of an IP elec-
tric field, an electron will acquire an anomalous velocity
in the transverse direction proportional to the Berry cur-
vature. The Berry curvature has opposite signs at the two
valleys (see Fig. S8 in the Supplemental Material [42]),
causing electrons from the two valleys to deflect toward
opposite boundaries. Due to the dependence on the opti-
cal band gap, the Berry curvature of the two valleys varies
with the spin direction similarly to the valley splitting and
the difference in their magnitudes is proportional to the OP
spin component [Fig. 2(c)].

The combination of spin-induced ferroelectricity and the
Berry-curvature effect can lead to fascinating physical phe-
nomena, such as anomalous Hall conductivity dependent
on the spin direction and the valley Hall effect without
external electric field. The anomalous Hall conductivity,
derived from the summation of the Berry curvature of
the occupied states in the Brillouin zone [6], is also pro-
portional to the OP spin component (see Fig. S9 in the
Supplemental Material [42]). In addition, the voltage gen-
erated by the polarized charge may be superimposed onto
the Hall voltage, causing the measured Hall voltage to
depend on the spin direction. More interestingly, even in
the absence of an external electric field, electrons and holes
excited by circularly polarized light generate current along
the internal electric field induced by the polarized charge,
while the Berry-curvature effect leads to transverse charge
and spin currents, as shown in Fig. 2(d).

D. Magnetoelectric cross control

A spin-Hamiltonian model including electric and mag-
netic field terms,

H = −
∑

ij

Jij Si · Sj −
∑

i

K(Sz
i )

2 −
∑

i

gμBB · Si

−
∑

i

E · Pi(Si)

+
∑

ij

C
r3

ij

[
Si · Sj − 3(Si · rij )(Sj · rij )

r2
ij

]
, (6)
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FIG. 2. The spin-direction-dependent ferrovalley and anomalous valley Hall effect without an external electric field. (a) The energy
change of the highest occupied valence band of the VSe2 monolayer in the whole Brillouin zone caused by the change of spin direction
from IP to OP. (b) Valley splitting in the valence-band maximum (VBM) (
Ev), the conduction-band minimum (CBM) (
Ec), and
the optical band gap (
Eg), each as a function of the spin angle. The spin angle represents the angle between the spin and the a-b
plane. (c) The Berry curvature of a single valley and its magnitude difference between the two valleys as a function of the spin angle.
The insets show the distribution of the Berry curvature in the Brillouin zone with the spin along the +z and −z axes, respectively. (d)
A schematic of the anomalous valley Hall effect without an external electric field.

was used to study the control of polarization and mag-
netization by the external field, where Si and Sj are the
classical spin vectors at sites i and j , Jij and K are the
Heisenberg exchange interaction and single-ion anisotropy
constant, respectively, and g and μB denote the Lande fac-
tor and Bohr magneton, respectively. Pi(Si) represents the
local electric dipole moment induced by the single spin
Si. The last term represents the dipole-dipole interaction,
where C = μ0(gμB)2/4π is a constant and rij is the vector
connecting sites i and j . The time evolution of the spin is
described by the LLG equation.

Figure 3(a) shows the variation of the magnetization
component of the VSe2 monolayer with the magnitude
of the magnetic field applied along the y axis. The ini-
tial magnetization is oriented along the IP direction at
an angle of −60◦ to the x axis, due to the easy-plane
magnetocrystalline anisotropy and the shape anisotropy
caused by the demagnetizing field. The IP magnetization
and polarization components change dramatically when
the applied magnetic field reaches about 0.06 T. With the
further increase of the magnetic field, the magnetization
component Mx gradually reduces while My approaches sat-
uration, i.e., the magnetization is close to parallel to the

magnetic field. This results in an increase and decrease
in the magnitude of the polarization components Px and
Py , respectively, indicating that the polarization is gradu-
ally approaching the −x direction. When an OP magnetic
field is applied, the Mz component increases linearly with
the magnetic field, while the IP magnetization components
decrease gradually [Fig. 3(b)]. The magnetization changes
to the z-axis direction when the magnetic field exceeds
approximately 20 T. The induced polarization components
gradually reduce and disappear when the critical magnetic
field is exceeded.

When an IP electric field is applied along the x axis,
the polarization component Px increases and approaches
saturation with an increasing electric field, while the Py
component is gradually suppressed [Fig. 3(c)]. The change
in polarization results from the transition of the spin direc-
tion toward the x axis. Applying an electric field along the
−y axis causes a similar transition of the polarization, i.e.,
it eventually turns to a direction parallel to the electric field
[Fig. 3(c)]. Correspondingly, the spin is stabilized to the
[1̄1̄0] direction by the increasing electric field.

Figure 3(d) shows the dependence of the spin direc-
tion on the IP electric field direction under different field
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FIG. 3. The control of magnetization and electric polarization by magnetic and electric fields. The variation of the magnetization
and polarization components of the VSe2 monolayer with (a) IP (B//y) and (b) OP (B//z) magnetic fields, respectively: f.u., formula
units. (c) The variation of the polarization components and the spin angle with an applied electric field along the x (upper) and −y
axes (lower), respectively. The spin angle refers to the angle of the average magnetization with respect to the x axis. (d) The variation
of the spin angle with the direction of the IP electric field under different field strengths.

strengths. At small electric fields, the spin angle varies
nonlinearly with the direction angle of the electric field
and the coupling relationship depends on the strength of
the electric field. However, at a large enough electric field,
such as 0.2 V/nm, it becomes completely linear, following
the rule θS = −1/2θE , where θS and θE are the direction
angles of the spin and electric field, respectively. This is
due to the fact that the spin-induced polarization, the direc-
tion angle of which is twice the spin angle, would be
parallel to an electric field with a sufficiently large field
strength.

At present, 2D multiferroics with the coexistence of fer-
roelectricity and ferromagnetism have been predicted in
some van der Waals materials but few of them exhibit
intrinsic magnetoelectric coupling effects [47,48]. Alterna-
tive routes such as constructing multiferroic heterostruc-
tures or multilayers with sliding ferroelectricity have been

proposed; however, their magnetoelectric coupling stems
from weak interfacial effects [49–52]. Ferrovalley usually
originates from the coupling effect of valley polarization
with ferromagnetic and ferroelectric order parameters. The
former is commonly found in 2D ferromagnetic semicon-
ductors with a hexagonal lattice and OP magnetization,
while the latter may arise in ferroelectrics the two val-
leys of which are symmetrically correlated by the crystal
symmetry operator [20,53]. Although the desired electric
field control of the valley can be achieved in the latter, it
does not exhibit the physical effects associated with Berry
curvature. The spin-induced ferroelectricity and magneto-
electric coupling effect discovered in this work enable the
coexistence and coupling of three ferroics based on dif-
ferent electronic degrees of freedom in single-phase 2D
materials and can be extended to other lattice systems, as
depicted in Fig. 4.
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FIG. 4. The coexistence and coupling of various ferroics based
on different electronic degrees of freedom. The possible coupling
effects include the magnetoelectric (ME) coupling and the cou-
pling of the electric polarization or magnetization with the valley,
denoted as EV and MV, respectively.

IV. CONCLUSIONS

In conclusion, we demonstrate the coexistence and cou-
pling between ferroelectricity, ferromagnetism, and fer-
rovalley in the van der Waals monolayer system. Both
ferroelectricity and ferrovalley arise from the combined
effects of inversion symmetry breaking and SOC. Spin-
induced ferroelectricity can be explained by the p-d
hybridization mechanism involving SOC, in which the OP
polarization component is derived from the higher-order
perturbation effect of SOC. The magnetoelectric cross
control can be achieved based on the spin-polarization cou-
pling, involving controlling magnetization by an electric
field and electric polarization by a magnetic field. This
work provides a design for 2D multiferroics with intrin-
sic magnetoelectric coupling and may help to facilitate the
cross fusion of spintronics and valleytronics.
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