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Driven by the expected contribution of two-dimensional multiferroic systems with strong magneto-
electric coupling to the development of multifunctional nanodevices, here we propose, by means of first-
principles calculations, vanadium-halide monolayers as a new class of spin-chirality-driven van der Waals
multiferroics. The frustrated 120-deg magnetic structure in the triangular lattice induces a ferroelectric
polarization perpendicular to the spin-spiral plane, whose sign is switched by a spin-chirality change. It
follows that, in the presence of an applied electric field perpendicular to the monolayers, one magnetic
chirality can be stabilized over the other, thereby allowing the long-sought electrical control of spin
textures. Moreover, we demonstrate the remarkable role of spin-lattice coupling on magnetoelectricity,
which adds to the expected contribution of spin-orbit interaction determined by an anion. Indeed, such
compounds exhibit sizeable spin-driven structural distortions, thereby promoting the investigation of

multifunctional spin-electric-lattice couplings.
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Introduction.—Multiferroics, materials simultaneously
showing ferroelectric polarization and magnetic ordering,
allow, on one hand, the investigation of fundamentally novel
basic-physics phenomena and, on the other hand, their
employment in promising functional devices; as such, this
class of materials has attracted increasing attention in recent
decades [1-3]. In particular, type-II multiferroic systems
show ferroelectricity driven by a complex noncentrosym-
metric spin configuration and originating from various
microscopic mechanisms [4-9]. Notably, upon applying
a magnetic field that modulates the magnetic order, the
control of ferroelectric polarization can be achieved [10,11].
Type-II multiferroics intrinsically show a strong magneto-
electric coupling, which has been extensively studied.
Multiferroicity was initially reported in prototypical
TbMnO; perovskites, benefiting from their spin-spiral con-
figuration; the ferroelectric polarization could be controlled in
direction and even reversed in sign through a magnetic field
[12]. In addition, the peculiar E-type antiferromagnetism
(AFM), featuring up-up-down-down spin chains and occur-
ring in the perovskite-type HoMnO;, was also found to
induce ferroelectric polarization [13]. Moreover, the triangu-
lar lattice AFM configuration, known as “120°” magnetic
configuration, was found to be doubly degenerate as for
triangular spin chirality [ 14], and, due to breaking of inversion
symmetry, to induce ferroelectric polarization, as proposed
for CuCrO,, RbFe(MoQ,),, and Ba;NiNb,Oy [15-18].
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However, the vast majority of multiferroic compounds are
oxides, therefore limiting the understanding of the role of the
chemical identity of the anion in the final multiferroic and
magnetoelectric properties.

In parallel, two-dimensional (2D) layered compounds
have attracted hectic attention in the field of nanoelec-
tronics, owing to the weak interlayer van der Waals (vdW)
interaction, which easily allows the preparation of free-
standing monolayers and of complex 2D heterostructures,
free from the usual limitations of conventional 3D materials
derived from lattice mismatch, atomic interdiffusion at the
junctions, etc. The aim of achieving magnetoelectric
coupling to 2D layered compounds has been pursued for
a long time. The recently reported Mnl,, CuBr, in the bulk
phase and Nil, in the few-layers phase, all possess helical
magnetic order and show ferroelectric polarization [19-21].
On the other hand, the 120-deg magnetic structures and
related magnetoelectric coupling in transition metal halides
have not been fully investigated, and the microscopic
mechanism driving a possible emergence of ferroelectric
polarization remains to be studied.

In this Letter, we predict multiferroicity in 2D VX,
(X = (1, Br, I) monolayers with the 120-deg spin structure,
whose spin-spiral planes may locate on the (001) and (100)
crystalline planes, resulting in a tunable ferroelectric polari-
zation, perpendicular to the spin-spiral plane. Furthermore,
the polarization induced by the noncollinear arrangement in
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a spin dimer can be expressed via a “magnetoelectric” (or
“magnetopolarization”) matrix calculated via the four-states
method [22]; this procedure clarifies the origin of spin-
driven polarization, and leads to comparable results with
respect to the modern theory of polarization. In addition, itis
found that polarization does not show a simple dependence
upon the strength of atomic spin-orbit coupling. We dem-
onstrate that this unexpected feature is partly due to a strong
spin-lattice interaction in transition metal halides, which
enables even weakly spin-orbit-coupled systems to exhibit a
sizeable spin-driven polarization. Additionally, we show
that the spin configuration of the bulk counterpart with
interlayer antiferromagnetic interaction displays the same
spin chirality, and it is thus also capable of exhibiting spin-
induced polarization. Finally, considerable ion displace-
ments are also evaluated, with the aim of estimating more
realistically the ferroelectric polarization magnitude.
Results and discussion.—VX, (X =CI, Br, I) com-
pounds show the CdI,-type structure, common to many
vdW systems [23], with layers arranged in AA stacking, as
seen in Fig. 1(a). Each transition metal cation is octahedrally
coordinated with six surrounding nearest anions, and the
vanadium cations (V2%), i.e., the source of magnetism
(S = 3/2), are arranged in a triangular lattice [cf. Fig. 1(a)].
The calculated lattice constants are 3.60, 3.78, and 4.06 A
for the VCl,, VBr,, and VI, monolayer, respectively, in
agreement with corresponding values known for the bulk
counterpart [23,24] (cf. Table S1 in Supplemental Material
[25]). Here we focus on two possible frustrated magnetic
configurations for VX, monolayers. In Fig. 1(b), the spin-
spiral plane is located within the 2D monolayer, i.e., the
(001) plane [denoted below as “(001) AFM’’] with magnetic
modulation vector q = (1/31/30), where the angle
between the magnetic moment of each V atom and the
nearest one is 120 deg, and the directions of all magnetic
moments are arranged in plane. As shown in Fig. 1(c), we
also consider a spin-spiral plane perpendicular to the 2D
monolayer, i.e., the (100) plane (denoted below as “(100)
AFM”) with magnetic modulation vectors q = (1/31/30),
where each magnetic moment possesses an out-of-plane
component. Both configurations exhibit spin chirality that
breaks inversion symmetry, allowing for a FE polarization to
develop perpendicularly to the spin-spiral plane. It is
important to confirm that the three compounds are indeed
able to exhibit a 120-deg spin-spiral structure. According to
experimental characterizations of the magnetic structure in
bulk VX,, each layer of the three compounds shows a spin-
spiral structure, which is parallel to the (100) plane, and there
is an AFM coupling between the layers [35-38]. These
findings call for an analysis of whether VX, halides maintain
the spin-spiral order even down to the monolayer limit.
With this aim, various selected magnetic configu-
rations for the three monolayers were calculated, observed
in triangular lattices [39], including FM, stripe-type
AFM, up-up-down ferrimagnetism, and 120-deg AFM
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FIG. 1. (a) Structural side view (left panel) and top view (right
panel) of transition metal halides. (b),(c) Spin arrangement of
120-deg structure with (b) (001) and (c) (100) spiral planes.

configuration (see related sketch and results shown in
Fig. S1 in Supplemental Material [25], where a /3 x

V3 x 1 supercell was constructed consistent with the
periodicity of the spin-spiral structure). Based on the
energy comparison obtained by means of simulations
based on density functional theory (DFT) complemented
with Hubbard-like correlations, we confirmed that the
anticipated frustrated configuration is the magnetic ground
state for a wide range of U values. The exchange
interactions (in the general tensor form) from the first to
third nearest neighbor (J;, J, and J;) of three VX,
monolayers are calculated using the four-state energy
mapping method [22]. The first nearest neighbors all show
AFM behavior, the interactions of the second nearest
neighbors are almost zero, and sizeable J; values
(cf. Table S2 [25]) are obtained; this behavior of exchange
constants is characteristic of triangular lattices exhibiting a
120-deg frustrated magnetic configuration. Furthermore,
we calculated the energy difference between the (001)
AFM and (100) AFM, as well as the energy evolution of
the bulk and monolayer from (001)-AFM to (100)-AFM
configurations (cf. Fig. S2 and Table S3 [25]). The results
indicate that (100) AFM is the energetically favorable state
for all monolayers and bulks of the three compounds, so
that rotating the spin-spiral plane requires crossing a
potential barrier. However, the small energy differences
simultaneously suggest that the transition between (001)
and (100) AFM is achievable with an external magnetic
field, thereby in principle realizing the magnetic-field
control of the polarization direction, as reported in
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FIG. 2. (a) Potential double well of the three monolayers. The

ferromagnetic state is selected to be the paraelectric phase, and
the horizontal axis represents the angle between the transition
magnetic moments and the initial moments. (b) Magnetic (100)-
AFM configuration of the ferroelectric bistable states with
clockwise and counterclockwise spiral order exhibiting opposite
arrangements of spin chirality. The corresponding polarization is
perpendicular to the spin-spiral plane. The intermediate state
(ferromagnetic) is also reported in the central panel.

Mnl,, and CuCrO,, where the magnetic field modulates
the spin-spiral structure [16,21].

It is worth characterizing the polarization value and the
ferroelectric switching mechanism. Both (100)- and (001)-
AFM configurations can achieve the polarization switching
upon changing the spin chirality. In order to create a
switching path, the FM configuration with the magnetic
moment along the [001] direction is chosen as the para-
electric phase for (001) AFM, and the FM configuration
with [120]-direction magnetic moment is selected for (100)
AFM. The total energy evolution of the spin-driven
polarization inversion of the (100) AFM of the three
compounds is shown in Fig. 2 [those relative to (001)
AFM are displayed in Fig. S3 [25]]. The clockwise and
counterclockwise rotations of the magnetic moments re-
present two opposite arrangements of spin chirality.
Figure 2 displays the expected potential double well, where
the ferroelectric switching is realized by the spin-chirality
inversion. Upon confirming nonmetallicity in the entire
transition path, we used the modern theory of polarization
(i.e., Berry-phase approach) to estimate the polarization
values of three monolayers with (001) and (100) AFM
reported in Table I. Since there is no unambiguous
definition for the “monolayer volume,” here we chose
the volume of the bulk counterpart of each compound to
calculate the final polarization. Polarization values range
from 12.2 pC/m? for the VI, (001)-AFM to 54.2 pC/m?
for VCI, (100)-AFM configuration; these values are
comparable to those of other magnetoelectric materials,
i.e., 17 uC/m? of Cu,0SeO5 [40], 31 pC/m? of CuCl, [41],
and 40 pC/m? of TbMn,Os [42]. For a more complete
description, the band structure and projected density of
states of the three monolayers are shown in Fig. S4 [25].

The origin of spin-driven ferroelectric polarization in
triangular AFM lattices is nontrivial. The generalized spin
current model (gKNB) proposed by Xiang et al. is adopted

TABLE 1. The polarization values of three monolayers with
two spin-spiral configurations calculated via the Berry phase
(first and second columns) and via the gKNB model (third and
fourth columns). Results for different spin-spiral planes are
reported in the first and third (second and fourth) columns for the
(001)-AFM (100-AFM) spin configuration. The effective vol-
umes () = 196.31, 228.20, 289.50 A3 for VCl,, VBr,, and VI,
monolayers, respectively (consistent with the bulk volumes).
The monolayer includes three vanadium atoms in order to
represent the magnetic configuration.

DFT (001) DFT ¢KNB gKNB

Units AFM  (100) AFM (001) AFM (100) AFM
VCl, pC/m? 23.6 60.3 22.3 56.6
105 eA 289 73.9 273 69.0
VBr, pC/m? 22.3 64.8 21.9 63.5
105 eA 317 92.3 31.2 90.4
VI, pC/m? 122 48.1 12.9 52.2
105 eA 220 86.9 23.4 94.3

here to study the spin-induced polarization [43] and proved
to reliably characterize the magnetoelectric phenomena at
play. We recall that, considering the magnetoelectric
coupling between the first nearest-neighbor magnetic
atoms, the polarization can be expressed as

Pt = "MU(S, x S;). (1)
(i.J)

where S represents the normalized spin vector, and M is a
third-order matrix to describe the Cartesian components of
polarization produced by a spin dimer in different spin
states. This magnetoelectric matrix is determined by
performing a four-state mapping analysis by means of
DFT simulations. The results for the three halide mono-
layers are shown in Table II. The matrix elements are
represented by the indices of rows and columns, i.e.,

TABLE II. The magnetoelectric matrix for the three vanadium
halides, when considering nearest-neighbors coupling contribu-
tion (in units of 1075 eA).

Units (1075 €A)

val, ~13 0 0
0 ~16.5 —13.5
0 4.8 3.5

VBr, 0.3 0 0
0 —235 —21.0
0 6.3 4.0

VI, 4.8 0 0
0 ~29.0 ~18.0
0 53 3.0
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My 0 0
M= 0 My My)|. (2)
0 M3 Mj

The calculated results of total polarization show that, for
(001) AFM, P® = (003+/3 M33), and for (100) AFM,
P = (0 —3/3/2(M,, + M) 0) in Cartesian coordi-
nates. This approach demonstrates that the polarization
orientations of the two AFM configurations are consistent
with our previous Berry-phase calculations. The polariza-
tion of the (001) AFM is dominated by the M35 element,
while the polarization of the (100) AFM is dominated by
the sum of M;; and M,,. The values for the matrix indicate
that VX, exhibits considerable deviation from the “stan-
dard” (i.e., nongeneralized) spin current model of Katsura,
Nagaosa, and Balatsky (KNB) [44], which would predict
the only nonzero values to be M,; and Ms,, opposite in
value. The polarization magnitudes were further calculated
by Eq. (1) and compared with the results obtained from the
Berry-phase method, in units of pC/m?, as shown in
Table I. The results obtained by the two methods are
comparable for both (001) and (100) AFM for the three
monolayers. Therefore, we infer that, starting from the
(crucial) magnetopolarization matrix between neighboring
magnetic atoms, reliable polarization values driven by any
arbitrary spin configuration can be estimated in such
triangular lattices, indicating this approach as an important
tool in type-II multiferroics [45,46].

Upon analyzing the polarization results of the (001) and
(100) AFM of the three compounds, as well as the magneto-
polarization matrices obtained by the gKNB theory, we
observe that the trend of polarization of the three compounds
is not directly dependent on the strength of the atomic spin-
orbit coupling (SOC) determined by the anion. To test the
dependence on SOC, we calculated the magnetopolarization
matrix when artificially changing the strength of the SOC
matrix elements, as shown in Table S4 [25]. All of the matrix
elements are identically zero in the case of zero SOC, and
increase upon increasing the SOC intensity, elucidating that
the polarization of VX, is driven by the SOC and affected by
its strength. Since the transition metal Vatom is considered to
show a rather weak SOC and it is the same in the three
halides, itis the SOC intensity of the anion that is shown to be
important in determining the magnetoelectric coupling. Here
we unexpectedly observe that, while the CI atom exhibits
weak atomic SOC, the multiferroicity of VCI, is even
stronger than that of VI,. In order to explain this phenome-
non, we note that the three compounds have largely different
lattice constants, and calculate the magnetopolarization
matrices under different lattice constants to explore the
possible correlation between structural and multiferroic
properties (cf. Table S5 [25]). The estimated electric dipole

moments per vanadium (in units of eA/V) are shown in
Fig. 3, where the dipole moment per V atom is used to

(@ sof 76.4 Ve, (b)SOO 3203 mva,
70} 663 VB, [ [ vBr, |
_ 60} vy, 400} v, |
og sol 53 (001)-AFM "fE 323 (100)-AFM
= 40l 300
2 31 g
5302 2347 B8 200F 160,
20¢ L. 1001 6 90. 943 |
10 -
0 2 11.714.

=)

a,=3.60 a,=3.78
Lattice constant (A)

ay=4.06

a,=3.60 a,=3.78
Lattice constant (A)

ay=4.06

FIG. 3. The lattice-size effect on magnetoelectric coupling,
including dipoles induced by (a) (001)- and (b) (100)-AFM
configurations. The dipoles of the three compounds are derived
from the gKNB theory. Each compound contains three V atoms in
the cell.

eliminate the influence of the volume change. We conjecture
that the spin-induced electric dipole moment of each com-
pound is affected by the lattice change: Small lattice
constants lead to a larger dipole moment, i.e., a larger
polarization. Specifically, taking VBr, as an example, the
lattice parameters of the three compounds are used to
calculate the magnetoelectric matrix, the final polarization
results for (001) and (100) AFM of three compounds being
shown in Fig. 3. The lattice constant of VCI, corresponds to a
compressive stress of 4.8% for VBr,, while the lattice
constant of VI, corresponds to a tensile stress of 7.4% for
VBr,. The results highlight that under a 4.8% compressive
stress, the polarization (with respect to the value for the
equilibrium lattice constant) from (001) AFM increases by
70% and the polarization from (100) AFM increases by 88%.
Furthermore, at a 7.4% tensile stress, the polarization from
(001) AFM decreases by 80%, and that of (100) AFM
decreases by 84%. These results highlight the crucial effect of
the spin-lattice interaction on the magnetoelectricity in VX,,
and explain why VI, with a strong SOC effect exhibits a
small magnetopolarization. These findings indicate that the
SOC effect is indeed the origin of magnetoelectricity, but
the spin-lattice effects also play an important role on the
magnetoelectric coupling, whose effect exceeds the conven-
tional atomic SOC interaction determined by the anion.
Accordingly, there is a potential and feasible way to achieve a
strong magnetoelectric system by applying compressive
strain, for instance, in strong spin-induced ferroelectric
TbMnO; perovskite [47]. In addition, according to the
gKNB theory, we obtained that the third nearest-neighbor
magnetoelectric interactions are almost zero for VCI, and
VBr,, as shown in Table S6 [25]. For VI,, showing a heavy
ligand with delocalized 5p states, the third nearest-neighbor
coupling is considered and used to recalculate the polariza-
tion for comparison. These results indicate that magneto-
electricity in VX, mainly originates from the coupling in the
nearest-neighbor spin dimers; however, a longer-ranged
coupling effect also deserves consideration in the systems
with heavy ligands (iodine). Furthermore, this coupling is
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strongly susceptible to the interatomic distance, and it is
therefore significantly affected by the lattice.

In addition to what is shown for the monolayers, the
multiferroic effects in the bulk counterparts are worthy of
attention. As mentioned before, the AA-stacked bulk exhib-
its interlayer antiferromagnetic coupling. Interestingly, the
interlayer spin chirality does not change from plane to plane,
which enables the bulk of VX, compounds to exhibit
polarization. The values calculated by the Berry-phase
method, as well as the Hubbard U effect on polarization
of bulk and monolayer are shown in Table S7 [25]. The
polarization of bulk compounds also follows the depend-
ence on the lattice constant predicted for the monolayer.
Notably, the polarizations of bulk and monolayer from (100)
AFM are significantly close, whereas the monolayer polari-
zation is much smaller than that of bulk for (001) AFM. The
latter behavior might be ascribed to additional electrostatic
effects, when the (001)-AFM-induced polarization is paral-
lel to the [001] axis.

Furthermore, the spin-induced atomic displacements are
considered in the analysis of spin-driven polarization. This
has been previously investigated in magnetoelectric systems
dominated by Dzyaloshinskii-Moriya interactions [48-51];
however, not much is known in the triangular lattice 120-deg
frustrated structure. As shown in schematic Fig. S5 and
Table S8 [25], the polarization value is prominently increased
for both the (001) and (100) AFM of VCI, and VBr,
monolayer when including relaxations of the ions in the
polar spin-helix configuration [for example, the polarization
value of the (100) AFM of VCl, increases from 54.2 uC/m?
in the centrosymmetric structure to 200.8 uC/m? in the
relaxed geometry, i.e., about 3 times in polarization strength].
On the other hand, the final polarizations are reduced for the
two magnetic configurations of VI, monolayer. These results
indicate that the ionic displacements of VX, compounds can
show a relatively large response to spin-induced ferroelec-
tricity. The inclusion of the ionic displacements likely leads
to a more realistic ferroelectric polarization; however, we
note that these tiny quantities might be affected by the choice
of the exchange-correlation functional.

As expected, an opposite ionic displacement occurs in the
corresponding opposite spin-chirality structure. Further-
more, we characterized the magnitude of ionic displace-
ments: The (001) AFM of VCl, manifests the largest average
ion displacement (i.e., about 3.51 x 10~# A, comparable to
that of TbMnO; with strong magnetically induced ionic
displacements of about 2.4 x 10~ A) [52]. Interestingly,
with the same spin chirality, the three compounds have the
same sign of final polarization.

Finally, we analyze the polarization switching by an
external electric field, since the electric fields effect on
magnetoelectric materials is rarely mentioned, despite its
utter importance. By applying an electric field to the (001)-
AFM-induced polarization parallel to the [001] vacuum
layer direction, it is observed that the energy difference

between two spin-chirality configurations increases with
the electric field strength, as shown in Fig. S6 [25]. As
expected, upon applying an electric field, the energy
degeneracy between the opposite spin chiralities is
removed, and one of the two spin chiralities becomes
energetically favorable, thereby accomplishing the long-
sought electrical control of spin textures.
Conclusion.—In summary, we have fully characterized
the spin-chirality-driven ferroelectric polarization of vana-
dium-halide monolayers using first-principles calculations,
indicating their strong magnetoelectric coupling and mag-
netostructural distortions as three type-II multiferroics. A
change in the spin chirality induces polarization switching,
thereby enabling the spin-texture control by an applied
electric field. The polarization direction is found to be
perpendicular to the spin-spiral plane. Furthermore, by
means of the generalized spin current theory, we highlight
that the polarization mainly originates from the first
nearest-neighbor magnetoelectric interaction, and the cal-
culated gKNB polarization intensity is comparable to that
of the Berry-phase approach. The magnetoelectric inter-
action in VX, is strikingly affected by lattice constants and
atomic distances, thereby in principle enabling weak SOC
systems to exhibit stronger magnetoelectric coupling. In
addition, although the three compounds show interlayer
AFM coupling, the layers possess the same arrangement of
spin chirality and therefore result in a net observable spin-
induced polarization in their bulk counterparts. Finally,
significant spin-driven ionic displacements are predicted.
We hope that the diverse and complex magnetoelectric
coupling illustrated in VX, compounds will facilitate the
advancement of next-generation magnetoelectric devices.
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