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Based on the first-principles prediction, we report the magnetoelectric coupling effect in two-
dimensional multiferroic bilayer VS,. The ground-state 3R-type stacking breaks space inversion symmetry,
therefore introducing a spontaneous polarization perpendicular to the layer plane. We further reveal that the
out-of-plane ferroelectric polarization of bilayer VS, can be reversed upon interlayer sliding of an in-plane
translation. Each VS, layer has a ferromagnetic state with an opposite magnetic moment between two
antiferromagnetically ordered layers. We found that ferroelectricity and antiferromagnetism can be coupled
together by a ferrovalley in bilayer VS, to realize electronic control of magnetism. Remarkably, a net
magnetic moment is generated by reducing the interlayer distance, and an electric field is able to achieve
linear and second-order nonlinear magnetoelectric coupling in bilayer VS,.
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Introduction.—The motion of electrons under the influ-
ence of the lattice periodic potential field follows Bloch’s
theorem. In addition to the two intrinsic properties of
charge and spin, Bloch electrons may also have the so-
called valley degree of freedom [I-3]. Analogous to
ferroelectric (ferromagnetic) materials with spontaneous
charge dipole (spin) polarization, systems with spontane-
ous valley polarization can be referred to as ferrovalley
materials [4]. Multiferroic materials with the coexistence of
(anti)ferromagnetism, ferroelectricity, ferroelasticity, and
ferrovalley, etc., have attracted great attention because of
the coupling of different ferroic orderings and the resultant,
for instance, magnetoelectric effect [4-7]. In the past
decades, multiferroic materials have been studied due to
the demand for a new generation of high-performance
electronic devices [8—13]. With the rapid rise of two-
dimensional materials represented by graphene, more
and more new layered structures emerge one after another
[14—-16]. However, two-dimensional ferromagnetic, ferro-
electric, and multiferroic materials of atomic layer
thickness are rare, which greatly limits the application of
two-dimensional materials with some special multifunc-
tionality. More recently, it has been reported that the
electric field might control the valley degree of freedom
of the layered material to realize the magnetoelectric effect,
where the valley degree of freedom is called pseudospin
[17-19]. The existence of two-dimensional ferromagnetic
and ferroelectric materials confirmed in experiment will
be of great significance for enriching the emergence of
two-dimensional materials and developing information
technology devices [20-23]. Although several theoretical
works predicted that magnetism and ferroelectricity could
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coexist in two dimensions, these proposals relied on
challenging tasks like doping or absorption, yet both
magnetism and ferroelectricity are independent on each
other while lacking intrinsic magnetoelectric coupling
[24,25]. An interesting two-dimensional compound
Hf,VC,F, was studied as a type-II multiferroic in which
the intrinsic magnetoelectric coupling was realized [26].
The specific in-plane 120° Y-type antiferromagnetic
structure induces ferroelectric polarization which can be
fully controlled by magnetic fields, but it is still difficult to
achieve electrically controlled magnetism. Furthermore,
by twisting the stacking angle between two layers of a
bilayer system, the electronic structures and physical
properties can be tuned effectively different from the bulk
or monolayer counterparts [27,28]. As examples, the
monolayer T,~-WTe, is not ferroelectric, while bilayer
WTe, exhibits spontaneous out-of-plane ferroelectric
polarization, and its direction could be switched by an
external electric field [29]. Bilayer H-phase MoS, was also
reported to have ferroelectric polarization [30]. And anti-
ferromagnetic bilayer Crl; was predicted to show a
magnetoelectric response effect [31]. Here, we consider
VS, with both magnetism and valley on top of polarization,
so that the bilayer VS, possesses ferroelectricity, ferro-
magnetism, and ferrovalley at the same time. Through the
analysis of electronic structure and Berry curvature (BC),
we found that ferroelectricity and antiferromagnetism
can be coupled by a ferrovalley to achieve electrically
controlled magnetism in bilayer VS,, which is of great
significance for understanding and manipulating the
interaction of electron charge, spin, and valley degrees
of freedom.
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(a) and (b) are the side views of the bilayer VS, crystal structures in which the ferroelectric polarizations are antiparallel and

parallel to positive z axes, respectively. The gray and red spheres indicate the top layer and bottom layer V atoms, respectively; the dark
yellow and bright yellow spheres are for the top layer and bottom layer S atoms, respectively. The band structure with SOC of
ferroelectric antiferromagnetic configurations P M7 and P?M |1 is shown in (c), and the Berry curvature distribution in the first
Brillouin zone is shown in (d). The band structure with SOC of configurations P{M |1 and PAM1 is shown in (e), and the Berry
curvature is shown in (f). In (c) and (e), the red (blue) colors represent the bands of the spin projection in the positive (negative)

directions of the z axis (spin up or spin down).

Computational details.—The first-principles density
functional theory (DFT) calculations were performed by
using the Vienna ab initio simulation package (VASP)
[32,33]. The projector-augmented wave pseudopotentials
method [34] and the generalized gradient approximation
(GGA) in the Perdew-Burke-Ernzerhof (PBE) form [35]
have been applied. The plane-wave cutoff energy for the
wave function was set to be 500 eV. For the geometry
optimization, the PBE-D3 method of Grimme with Becke
and Johnson damping was considered for taking the van der
Waals interaction into account [36,37]. To treat localized d
orbitals, we use the GGA + U approach introduced
by Dudarev et al. [38] with Uy = 3.0 eV for V atoms,
which has been widely used in previous reports [39-41].

I'-centered 33 x 33 x 1 Monkhorst-Pack & mesh was
adopted for the k-point sampling, and a sufficiently large
vacuum distance of 15 A along the out-of-plane direction
was adopted to eliminate interaction between layers. The
structures were obtained through structural relaxation until
Hellmann-Feynman forces were less than 0.001 eV/ A.The
ferroelectric switching pathway was obtained by using the
climbing image nudged elastic band method [42], and
the ferroelectric polarization value was calculated by using
the Berry phase method [43,44]. The external electric field
is introduced by using the planar dipole method [45].
Results and discussions.—Consistent with the previous
investigation, our calculated results show that the most
stable structure of the monolayer VS, is the ferromagnetic

247601-2



PHYSICAL REVIEW LETTERS 125, 247601 (2020)

H phase with a total magnetic moment of 1up per V atom
[40,46,47]. For the bilayer VS, case, each layer has a
ferromagnetic state with opposite magnetic moments
between two antiferromagnetically ordered layers, which
is similar to the result of bilayer VSe, [48]. However, the
most stable bilayer VSe, has 2H stacking, while in our
bilayer VS, the ground state is the 3R stacking as shown in
Fig. 1(a) or 1(b). 2H type is a stacked structure with space
inversion symmetry, and therefore the ferroelectric polari-
zation is absent; but 3R-type stacking breaks space
inversion symmetry, therefore showing a spontaneous
polarization. Figures 1(a) and 1(b) illustrate the side views
of structures in which ferroelectric polarizations are neg-
ative and positive in the z axis. Similar to the polarization
switching mode in bilayer T ,-WTe, [49,50], the out-of-
plane ferroelectric polarization of bilayer VS, can be
reversed upon interlayer sliding of an in-plane translation.
The origin of ferroelectricity is the same as that of T,~-WTe,
and T;-MoTe,, due to the different environments of the S
atoms at the gap of two layers, forming uncompensated
interlayer vertical charge transfer and the out-of-plane
dipole (see Supplemental Material [51], Figs. S1 and
S2). The ferroelectric polarization value of bilayer VS,
calculated by using the Berry phase method is
2.018 x 1073 C/m?, larger than the experimental reports
of T;-WTe, (3.204 x 107* C/m?) [29] and T,-MoTe,
(5.768 x 107+ C/m?) [54].

Bilayer VS, is thus found to be multiferroic with
coexistence of both ferroelectricity and interlayer antifer-
romagnetism. Therefore, we consider four different con-
figurations, namely, P{tM*1|, PtM|1t, PJM1|, and
P|M |1 [here, P1 represents the ferroelectric polarization
direction toward the positive z-axis direction; M? | repre-
sents the magnetic moment of bottom (top) layer VS, along
the positive (negative) direction of the z axis]. Through our
DFT calculations, we discover that all four ferroelectric
antiferromagnetic configurations are degenerate in energy.
The electronic band structures of the ferroelectric bistable
states with reversed ferroelectric polarization should also be
indistinguishable. The spin projection band structure and
BC of all four different configurations with spin orbit
coupling (SOC) are shown in Figs. 1(c)-1(f). For two-
dimensional honeycomb lattice systems, the extrema of the
conduction band and valence band have the same wave
vector and are distributed at the corners of the hexagonal
Brillouin zone K, and K_ [2]. The band structures near the
extreme points are called energy valleys K, and K_, which
are related to each other by time reversal symmetry and
cannot be converted by translational symmetry.

The P{M*| and Pt M| * configurations have the same
band structure as shown in Fig. 1(c), and the BC distri-
bution in the first Brillouin zone is shown in Fig. 1(d). The
same band structures of P/ M |71 and P1M1] configura-
tions are shown in Fig. 1(e), and their BC distribution is
shown in Fig. 1(f). Owing to the interaction of the interlayer

ferrovalley, the splitting values at the bottom of the
conduction band and the top of the valence band are not
equal at K and K _ points (in contrast to the monolayer or
two well-separated bilayers in Supplemental Material [51],
Figs. S3 and S4). Quantitatively, P{M1] and PIM|?1
configurations have energy splittings AEy, = 0.013 eV,
AEy =0.188eV, AEg =0.086eV, and AER =0.078eV;
whereas for P\ M |1 and P M1 configurations, AEy, =
0.188 eV, AEy =0.013eV, AE{ =0.078 eV, and
AE,C<+ = 0.086 eV. So we can clearly see that, for the
band structures of P|M*1| and P?M |1 configurations,
the spin projection of the topmost valence band is spin up,
and the bottom conduction band is spin down; while in the
band structure of P M| 1 and P M1 configurations, the
spin projections are completely reversed. For valley mate-
rials, the energy valleys K | and K _ are related to each other
by time reversal symmetry rather than translational
symmetry [2]. It might be thought that, when the bilayer
VS, ferroelectric polarization is switched, the direction of
magnetic moments in the top and bottom VS, layers needs
to flip 180° to keep the band structure unchanged. From
the perspective of qualitative definition of band structure,
the spin projection, and the influence of an external
electric field (see Supplemental Material [51], Figs. S5
and S6), this is our first evidence that ferroelectric
control of magnetism is achieved by ferrovalley coupling
in bilayer VS,.

Berry curvature can be regarded as a pseudomagnetic
field in momentum space. In general, the magnetic field is
written as the cross-product of the vector differential
operator and the magnetic vector potential B(7) =
V x A(7), and the definition of BC is in similar form:
Q,(k) =V x C,(k) [55-57]. Here, n is the band index,
C,(k) = i(u,(k)|V;|u,(k)) represents Berry connection,
and u,, (k) is the periodic part of the Bloch wave function.
We know that the electrostatic field is an irrotational field,
and its curl is zero: V x E = 0. Before proceeding to
further analysis and discussion, it is necessary to emphasize
that we have considered the sum of the BC values (“global”
BCs) for all the electron occupied bands below the Fermi
level. Consistent with the H-phase VSe, ferrovalley [4],
monolayer H-phase VS, also has spontaneous valley
polarization, such that the absolute BCs between the two
energy valleys are no longer equal. As shown in Fig. 1(d),
the BCs of P} M*| configuration at K_ is —19.52 A~2 and
19.58 A=2 at K. Because of the interlayer interaction,
their absolute values are slightly larger than those when the
interlayer interaction is absent (see Supplemental Material
[51], Figs. S3 and S4). When the magnetic moments are
reversed to P M| 1 configuration, as shown in Fig. 1(f),
the BC at K_ is —19.58 A=% and 19.52 A=2 at K, . While
the ferroelectric polarization is switched with the magnetic
moment unchanged, namely, P?M1| configuration, the
BC at K_ is —19.58 A=% and 19.52 A=? at K. which is
consistent with the results of P|M|?1 configuration.
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FIG. 2. Multistate control of two-dimensional multiferroic

bilayer VS,. The red and gray arrows represent the spin directions
of the bottom layer and top layer VS,, respectively. The blue
arrows represent the ferroelectric polarization direction of the
system. At the two energy valleys K_ and K, red and blue
curves represent bands where the spin projection is positive (spin-
up) and negative (spin-down) along the z axis, respectively.

According to Table S1 [51], regardless of monolayer or
bilayer VS,, the global BCs at K, and K_ points do not
change with the external electric field and ferroelectric
switching. If we consider only the “local” BCs of the
highest valence band at the K_/K_ point, the external
electric field dependences of the BC change for two
ferroelectric inversion partners should be opposite [58].
The BC change trends of P|M?] and PTM|1 are
symmetric, while the BC change trends of P M1] and
PtM1| are irrelevant (see Supplemental Material [51],
Fig. S7). Therefore, this means that P M1 | and P M |1
are ferroelectric inversion (bistable) partners, while
PlM?*] and PT?M1| are ferroelectric noninversion part-
ners. From the perspective of the quantitative value of the
Berry curvature, we observe that, when ferroelectric polari-
zation P flips between P1 and P/, the magnetic moments
in the top and bottom layers of VS, should also be reversed
between M| 1 and M?|. This is another evidence that
ferroelectric control of magnetism is achieved by ferroval-
ley coupling in bilayer VS,. From our further research, this
is not a special case but common in bilayer ferroelectric-
antiferromagnetic ferrovalley materials, such as transition
metal dichalcogenides VTe, and NbSe, (see Supplemental
Material [51], Figs. S8 and S9 and Table S2).

As shown in Fig. 2, since ferroelectric control of
interlayer antiferromagnetism is achieved by ferrovalley
coupling in bilayer VS,, and the monolayer VS, is still
ferromagnetic, this suggests that it has significant potential
application in a new generation of high-performance
electronic functional device. Moreover, we can also switch

the antiferromagnetic structure of bilayer VS, by applying
an external magnetic field [22] or a magnetic proximity
coupling, as shown by the yellow arrows in Fig. 2. In this
way, using the external magnetic field and electric field, we
can realize arbitrary switching in all four different ferro-
electric antiferromagnetic configurations, which provides a
new possibility for realizing multistate storage.
Controlling magnetism by using electrical means is one
of the key challenges of the next generation of information
technology. Recently, it has been reported that a large linear
magnetoelectric coupling effect was observed in two-
dimensional van der Waals material bilayer Crlz [59].
Here, we studied the influence of an external electric field
on the magnetism of bilayer VS, with different interlayer
distance. The detailed effects of the ferroelectric polariza-
tion, V=S bond lengths, energy, and force by tuning the
interlayer distance are provided in Fig. S10 [51]. As shown
in Figs. 3(a) and 3(b), the layer separation (d) has an
important effect on the magnetic properties of bilayer VS,.
As we suppress d from the equilibrium d;, by a deviation
04 = doy — d, the bilayer VS, changes from antiferromag-
netism to ferrimagnetism, and the total magnetic moment of
the system increases with the increase of J,. Furthermore,
when 8, =0.6 A, the net magnetic moment changes
approximately linearly with a small electric field as shown
in Fig. 3(c). The induced magnetization change AM
depends on the electric field E as yyAM = agE, where
ag denotes the linear magnetoelectric coefficient [60]. Here
a positive electric field is defined to be along the positive
direction of the z axis. From the linear fit to the calculated
data, we find that for P{M |1 configuration ag ~ —9.8 x
107 Gem?/V (or —1.48 x 1077 s/m using SI units) and
for PtM?1] configuration ag~9.8x107'* Gem?/V
(148 x 1077 s/m). This magnitude is larger than the
Fe slab films o’ ~#2.9 x 107'* Gem?/V reported in
Ref. [60] and 10° times larger than Cr,0; a, =
1.45 ps/m reported in Ref. [61] or a;, = 1.04 ps/m
reported in Ref. [62]. When 6; = 0.8 A, the magnetic
moment displays second-order nonlinearity with the elec-
tric field as shown in Fig. 3(d). It can be numerically fitted
by the formula yigAM = BsE? + agE, where i denotes the
second-order nonlinear magnetoelectric coefficient. The
numerical values show that for P{ M |1 configuration fg ~
—45%x10722 Gem?/V? (= —6.98 x 107* s/V) and ag ~
—48x 107 Gem?/V (=—7.372x 1078 s/m) and for
PYM*] configuration fg ~ —4.5 x 10722 Gem?/V? and
ag~48x 107" Gem?/V. The rules of PlM?T)
(PtM 1) and P{M |1 (PtM?]) are the same, for equal
absolute values of the total magnetic moments, but opposite
signs. In Fig. S11 [51], we present the antiferromagnetic to
ferromagnetic transformation of bilayer VS, under the
external electric field. When the field intensity is greater
than 0.7 V/A, the ground state of the bilayer changes from
antiferromagnetic to ferromagnetic. At the same time, the
system is electronically transformed from a semiconductor
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Total magnetic moments (without SOC) on bilayer VS, as a function of the interlayer distance variation and external electric

field. The definition of the bilayer VS, interlayer distance d is shown in (a), which is the distance between two V atomic layers. The
interlayer distance of the equilibrium state obtained through structural optimization is defined as d,, and J, is the decrease of the
interlayer distance d as shown in (b). The net magnetic moment of the bilayer VS, system increases with the increase of §,. (c) and
(d) show the relationship between the net magnetic moments and the external electric field when §; = 0.6 and 0.8 A, respectively. The
red and blue data points and lines are the calculated and fitting results.

to a metal. For completeness, we present the spin projection
band structure and BC distribution for the ferroelectric
ferromagnetic configurations in Figs. S12 and S13 [51].
In summary, based on the first-principles density func-
tional theory, we studied the magnetoelectric coupling
effect in bilayer VS, multiferroic material. We found that
ferroelectricity and antiferromagnetism in bilayer VS, are
coupled together by a ferrovalley to achieve electrically
controlled magnetism. One can design switching of four
different ferroelectric-antiferromagnetic configurations,
which provide new possibility for realizing multistate
storage. From our further investigation, it is not a special
case only for the bilayer 3R VS, but is universal in the
bilayer ferroelectric-antiferromagnetic ferrovalley materi-
als. Moreover, the interlayer distance has an important
effect on the magnetic properties of bilayer VS,.
Furthermore, we can achieve giant linear and second-order

nonlinear magnetoelectric coupling at various interlayer
distances. Our investigations reveal a microscopic mecha-
nism of the coexistence and coupling between ferroelectric,
antiferromagnetic, and ferrovalley based on the bilayer
multiferroic materials, which is of great significance for
understanding and manipulating the interaction of electron
charge, spin, and valley degrees of freedom.
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