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Abstract
The quest for electric-field control of nanoscale magnetic states such as skyrmions, which would
impact the field of spintronics, has led to a challenging search for multiferroic materials or
structures with strong magnetoelectric coupling and efficient electric-field control. Here we report
a theoretical prediction that such phenomena can be realized in two-dimensional (2D) bilayer
FE/PMM and trilayer FE/PMM/FE heterostructures (two-terminal and three-terminal devices),
where FE is a 2D ferroelectric and PMM is a polar magnetic metal with strong spin–orbit coupling.
Such a PMM has strong Dzyaloshinskii-Moriya interactions (DMI) that can generate skyrmions,
while the FE can generate strong magnetoelectric coupling through polarization-polarization
interactions. In trilayer heterostructures, contact to the metallic PMM layer enables
multiple polarization configurations for electric-field control of skyrmions. We report
density-functional-theory calculations for particular material choices that demonstrate the
effectiveness of these arrangements, with the key driver being the polarization-polarization
interactions between the PMM and FE layers. The present findings provide a method to achieve
strong magnetoelectric coupling in the 2D limit and a new perspective for the design of related
spintronics.

Topologically protected, noncollinear nanoscale spin
textures in magnetic materials, e.g. magnetic skyrmi-
ons, bimerons, etc, hold promise for applications in
next-generation data-storage devices and spintronics
[1–3]. The utility of such magnetic structures would
be enhanced significantly if they can be generated or
manipulated by applied electric fields. Thus, onemust
identify multiferroic materials or heterostructures
that feature magnetic properties favoring noncollin-
ear magnetism, ferroelectricity (FE), and strongmag-
netoelectric coupling, i.e. large ∂P/∂H or ∂M/∂E.

Inmagneticmaterials, the ratio ofDzyaloshinskii-
Moriya interaction (DMI) d and the exchange integral
J controls the magnetic ordering—large J produces
collinear ferromagnetism or antiferromagnetism,
while large DMI produces noncollinear orderings.
In order to have large DMI, it is necessary for

the magnetic material to lack inversion symmetry
and have strong spin–orbit coupling (SOC) [4, 5].
Thus, magnetic skyrmions and bimerons are usually
observed in magnets without inversion symmetry
[6–10] and noncentrosymmetric thin-film hetero-
structures comprising a ferromagnetic (FM) metal
film and one or more heavy-metal (HM) films, e.g.
Pt/Co/MgO and Pt/Co/Ir [11–13].

It follows that a targeted optimal FM/FE mul-
tiferroic system must feature large DMI (non-
centrosymmetry, large SOC) and strong magneto-
electric coupling. One would expect that all these
conditions might be satisfied in a single FM/FE
multiferroic material and magnetoelectric coup-
ling would be strong because the FM/FE properties
would be intimately linked. So far, control of polar-
ization by magnetic fields has been achieved in bulk
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multiferroics [14–16], however, control of magnet-
ism by electric fields has not proved to be very prac-
tical in bulkmultiferroics [17–19]. In 2018, magneto-
electric coupling was demonstrated in a FE/FM het-
erostructure of perovskite-structure transition-metal
oxides, namely BaTiO3/SrRuO3 (BTO/SRO) [20].
Magnetoelectric coupling is achieved by electric-
field-controlled polarization reversal in the FEmater-
ial. We note, however, that the magnetic material,
SRO, is centrosymmetric, whereby nonzero DMI is
generated only by the breaking of inversion symmetry
by the presence of BTO. As a result, the induced DMI
values in SRO are quite small, ranging from zero to
∼1.25 meV and from zero to ∼0.6 meV in the SRO
layer in the two polarization directions. Additionally,
the corresponding small DMI changes induced by
polarization reversal indicate relatively weak magne-
toelectric coupling.

The recent discovery of two-dimensional (2D)
FM [21–23] and FE [24–28] materials triggered
interest in 2D FM/FE heterostructures for skyrmion
generation and manipulation. Several theoretical
papers have predicted the possibility of generating
and annihilating skyrmions or bimerons in such 2D
heterostructures [29–31]. Once more, however, we
note that, as in the BTO/SRO thin-film heterostruc-
ture, the FMmaterials in the studied 2D heterostruc-
tures are centrosymmetric, resulting in DMI values
that are <1 meV in both polarization directions.

In the present work, we overcome the above lim-
itations and design optimal bilayer and trilayer het-
erostructures exhibiting strong and, in the trilayer,
tunable magnetoelectric coupling for the manipu-
lation of skyrmions and other noncollinear spin
structures. We first identify 2D materials that sat-
isfy the aforementioned criteria for large DMI [non-
centrosymmetric (polar) FM 2D materials that also
have strong SOC, i.e. contain heavy elements], which
are needed for the generation of stable noncollin-
ear spin structures. We then combine a polar 2D
FM material and a 2D FE material to construct
2D FM/FE bilayer and FE/FM/FE trilayer hetero-
structures. In such structures, strong magnetoelectric
coupling would arise via polarization-polarization
interactions between the polar-FM and FE materi-
als, causing large changes of magnetic parameters, i.e.
∆d, ∆J, etc, during FE polarization reversal. Addi-
tionally, for the 2D FM material, a metallic one is
more desirable as it can function as an electrode in a
FE/FM/FE trilayer heterostructure, enabling multiple
polarization configurations, i.e. tuning the magneto-
electric strength. Polar metals were theoretically pro-
posed in 1965 by Anderson and Blount [32], but the
first realization of polar metals was reported in 2013
[33], and they remain relatively rare. Magnetic 2D
materials were first reported in 2017 and also remain
relatively rare [21–23]. In 2020, two 2Dmaterials were
reported that meet the desired criteria: The Janus
transition-metal dichalcogenidesMnSTe andMnSeTe

are stable metallic polar 2D magnetic metals with
large SOC and, as expected, they have been predicted
to have large DMI values and skyrmions [34, 35].
We, therefore, propose bilayer MnSeTe/In2Se3 het-
erostructures, where monolayer In2Se3 is the 2D
FE material, and trilayer In2Se3/MnSeTe/In2Se3 het-
erostructures, which can form the core of a three-
terminal device. MnSeTe is selected to construct het-
erostructures because MnSe2 has been fabricated
[36], whereby the Janus MnSeTe is likely to be fab-
ricated. Single-phase FE In2Se3 has been fabricated
in multilayer form [25, 37, 38]. We perform calcula-
tions using a single quintuple layer In2Se3 for com-
putational convenience, but multilayers would work
just as well, or perhaps be even better by providing
tunability of the polarization in the FE layer in het-
erostructure.We employ DFT calculations to demon-
strate that strong magnetoelectric coupling is indeed
achieved in the proposed heterostructures. In the tri-
layer In2Se3/MnSeTe/In2Se3 heterostructure, we also
find that through the combination of multiple polar-
ization states, both tunable magnetoelectric coup-
ling and control of the magnetic-skyrmion evolu-
tion inMnSeTe can be achieved. The present findings
provide a method to achieve strong magnetoelectric
coupling in the 2D limit, as well as a new perspective
for the design of related spintronics.

We first describe briefly how to characterize the
expected properties exhibited in a MnSeTe/In2Se3
heterostructure, i.e. strong magnetoelectric coupling
and FE polarization-controlled skyrmion evolution,
through computational approaches. To demonstrate
the strong magnetoelectric coupling in such het-
erostructures, we compare the polarization-reversal-
induced changes of the magnetic parameters, includ-
ing changes of the DMI parameter d, Heisenberg
isotropic exchange parameters J, and magnetic-
anisotropy energy (MAE), to the corresponding
changes in a bilayer heterostructure composed of FE
and nonpolar-FM 2Dmaterials, as shown schematic-
ally in figure 1(a). Larger changes of magnetic para-
meters are expected in MnSeTe/In2Se3 heterostruc-
ture if magnetoelectric coupling in MnSeTe/In2Se3 is
stronger. Additionally, the state of skyrmions, includ-
ing the formation of skyrmions and skyrmion dens-
ities, can be described by the ratio between DMI
and exchange parameters d/J [39]. Thus, as shown in
figure 1(b), the FE polarization-controlled skyrmion
evolution can be characterized by comparing the d/J
before and after polarization reversal. Other mag-
netic interactions, e.g. anisotropic exchange interac-
tion, are not discussed here since the such interactions
in MnSeTe are one order of magnitude smaller than
DMI and J [34, 35].

Given the above framework, we calculated the
magnetic parameters of MnSeTe in a MnSeTe/In2Se3
heterostructure to check whether interlayer magne-
toelectric coupling is established between MnSeTe
and In2Se3. Considering the combinations of the
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Figure 1.Magnetoelectric coupling in MnSeTe/In2Se3 heterostructure. Schematic illustration of (a) a polar-FM/FE
heterostructure (left), in which there exists a strong polarization-polarization interaction, and a nonpolar-FM/FE heterostructure
(right), in which the polarization of In2Se3 interacts only with very small induced polarization in the nonpolar-FM layer; and
(b) the effect of polarization reversal in the In2Se3 layer on a skyrmion in the polar-FM layer. (c) Possible configurations of the
MnSeTe/In2Se3 heterostructure. The− and+ signs represent the polarization directions. (d)–(f) The DMI parameter d,
exchange parameter J, and magnetic-anisotropy energy (MAE) of MnSeTe in the heterostructure. Te/Se and Se/Se represent the
interface of the heterostructure.

polarizations of MnSeTe and In2Se3, there are
total of four possible atomic configurations of
MnSeTe/In2Se3 heterostructures, classified into 2
types: one possesses a Te/Se interface and the other
possesses a Se/Se interface, as shown in figure 1(c).
These four configurations are named FM−/FE−,
FM−/FE+, FM+/FE− and FM+/FE+, in which
the signs – and+ denote the polarization directions.
The calculated magnetic parameters d, J andMAE of
MnSeTe in the two distinct MnSeTe/In2Se3 hetero-
structures are shown in figures 1(d)–(f). Evidently,
the strengths of d, J, and MAE are modulated when
reversing the FE polarization of the In2Se3 layer (from
red bars to blue bars or the reverse), proving the exist-
ence of the interlayer magnetoelectric coupling in the
MnSeTe/In2Se3 heterostructure.

To examine the strength of the magnetoelectric
coupling, we further compare the modulation amp-
litudes of d, J andMAE of MnSeTe/In2Se3 to the cor-
responding values of some reported nonpolar-FM/FE
systems, as listed in table 1. The MnSeTe/In2Se3 het-
erostructures show significantly enhanced modula-
tion of the magnetic parameters. For example, in a
MnSeTe/In2Se3 heterostructure with a Te/Se inter-
face, the modulation amplitude of the DMI para-
meters, |∆d|, is nearly six times larger than that of
the Cr2Ge2Te6/In2Se3 heterostructure, as summar-
ized in table 1, indicating that the magnetoelectric
coupling in theMnSeTe/In2Se3 heterostructure is sig-
nificantly stronger. The key difference between the
present and the reported system is that, the FM
layer in our system, MnSeTe, is polar. Thus, the
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Table 1. Comparison between the changes of DMI parameters d, exchange parameters J, magnetic-anisotropy energyMAE and d/J ratio
of the present system and those in reported nonpolar-FM/FE heterostructures when the polarization of the FE layer is reversed. In the
present results for the trilayer heterostructure, we list only the largest change values of d, J andMAE among all possible transitions (see
figure 2). Arrows represent the FE polarization directions.

Present results

MnSeTe/
In2Se3

In2Se3/MnSeTe/
In2Se3

MnBi2Te4/
In2Se3 [40]

Cr2Ge2Te6/
In2Se3 [29, 41] LaCl/In2Se3 [30]

WTe2/CrCl3/
CuInP2S6 [31]

|∆d|(meV) 0.84 (Te/Se)
0.53 (Se/Se)

1.25
(↑↑↓ to ↓↑↑) No report 0.14

∆d1
∆d2
∆d3

0.35
0.36
0.53

0.04

|∆J|(meV) 2.32 (Te/Se)
1.78 (Se/Se)

3.01
(↑↑↓ to ↓↑↑) ∼0.6 0.62

∆J1
∆J2
∆J3

1.94
2.39
3.36

1.81

|∆MAE|(meV) 0.63 (Te/Se)
0.18 (Se/Se)

0.66
(↑↑↓ to ↓↑↑)

∼0.1 0.17 No report 0.13

d/J 0.39 (↑, Te/Se)
0.26 (↓, Te/Se)

0.22 (↑↑↑)
0.17 (↑↑↓)
0.31 (↓↑↑)
0.25 (↓↑↓)

No report
0.017 (↑)
0.023 (↓)

d1/J1

d2/J2

d3/J3

0.43 (↑)
0.07 (↓)
0.09 (↑)
0.07 (↓)
0.10 (↑)
0.06 (↓)

0.07 (↑)
0.04 (↓)

stronger magnetoelectric coupling could be attrib-
uted to the polarization-polarization interactions
between MnSeTe and In2Se3.

Given that the emergence and evolution of mag-
netic skyrmions mainly relies on the competition
between the DMI, which tilt spins, and exchange
interactions, which align spins, the enhanced d and
suppressed J during FE polarization reversal (as
shown in figures 1(d) and (e), red bars to blue bars)
indicate the possibility of controlling skyrmions in
the MnSeTe/In2Se3 heterostructure, i.e. controlling
the density or the creation (elimination) of skyrmi-
ons. Here, we note that, for a MnSeTe/In2Se3 hetero-
structure with Se/Se interface, the DMI enhancement
refers to the absolute values of d getting larger, since
the sign of d represents only the spin whirling direc-
tion. Further, we note that, as shown in figures 1(d)–
(f), the values of MAE are quite small relative to the
values of J and d, which are the main controllers of
magnetic ordering. Furthermore, the value of MAE
is to be compared with the value of d2 to consider
the effect ofMAE on the formation of skyrmions[1].
Overall, the MAE values are quite small and do not
play a significant role in the processes of interest.

To further characterize the evolution of skyrmi-
ons, we calculate the d/J ratio, as summarized in
table 1. The d/J ratios of the MnSeTe/In2Se3 hetero-
structure are in the typical range for skyrmion forma-
tion (∼0.1–0.3) [39] and comparable to that of freest-
anding MnSeTe monolayer (0.34) [35], indicating
skyrmions also exist in the heterostructure. Compar-
ing to the reported nonpolar-FM/FE heterostructure
[29–31, 40, 41], the present system exhibits both large
d/J and d as shown in tables 1 and S4, which bene-
fits the formation and stabilization of skyrmions.

Further, the polarization-reversal-induced change of
d/J, namely 0.39 − 0.26 = 0.13, is also much lar-
ger in MnSeTe/In2Se3 than that in the other reported
nonpolar-FM/FE heterostructures (table 1), which
is a direct consequence of the strong magnetoelec-
tric coupling. As a result of these large numbers,
in the MnSeTe/In2Se3 heterostructure, formation of
skyrmions can be achieved by applying an external
magnetic field. At the same time, in the presence
of a specific magnetic field, FE polarization reversal,
which induces a d/J change ±0.13, can change the
density and size of the skyrmions, but, depending on
the value of the magnetic field, can also eliminate or
create skyrmions. The latter can happen because the
critical value of themagnetic field to create skyrmions
depends on the value of d/J.

Based on the bilayer MnSeTe/In2Se3 hetero-
structure, we further built a trilayer heterostructure
In2Se3/MnSeTe/In2Se3. Given that MnSeTe in the
trilayer heterostructure is metallic, a three-terminal
device can be formed by contacting metal electrodes
on the surface of the top and bottom In2Se3 layers and
a third electrode on the metallic MnSeTe interlayer,
which allows multiple configurations of the FE polar-
izations of the two In2Se3 layers. The several com-
binations of the polarizations of the top and bottom
In2Se3 layers allow tunable and strongermagnetoelec-
tric coupling compared to the bilayer case, as well
as multi-state control of skyrmions, as we shall now
demonstrate. Naïvely, there are eight different polar-
ization configurations of the trilayer heterostructure,
but for every specific polarization combination (e.g.
↑↑↑), there is an equivalent one (e.g. ↓↓↓), finally
leading to only four possible configurations, as shown
in figure 2(a). The d, J andMAE ofMnSeTe in the four
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Figure 2. The modulation of magnetic parameters of MnSeTe in an In2Se3/MnSeTe/In2Se3 heterostructure through the
polarization reversal of In2Se3. (a) Possible configurations of the MnSeTe/In2Se3 heterostructure. (b)–(d) The absolute values of
the DMI parameters |d|, exchange parameters, J and magnetic-anisotropy energies (MAE) of MnSeTe in the four possible
heterostructures.

unique In2Se3/MnSeTe/In2Se3 heterostructure con-
figurations are shown in figures 2(b)–(d), respect-
ively.We list the largest values of∆d and∆J in table 1,
indicating that the modulation amplitudes of the tri-
layer heterostructures can be significantly larger than
what can be obtained by bilayer heterostructures. In
addition, ∆d, ∆J, and ∆MAE also exhibit different
values for different combinations of the FE polariza-
tions, demonstrating the magnetoelectric coupling is
also tunable in the trilayer heterostructure.Moreover,
as shown in figures 2(b) and (c), the opposite sings
of ∆d and ∆J during the polarization-reversal pro-
cess indicate that magnetic skyrmions can be modu-
lated via multiple polarization states, which is further
evidenced by the four different d/J ratios ranging from
0.17 to 0.31, as shown in table 1.

Finally, we discuss the role of the polarization-
polarization (P-P) interactions in the strong mag-
netoelectric coupling. In the MnSeTe/In2Se3 het-
erostructure, both MnSeTe and In2Se3 possess

intrinsic polarizations. The polarization of MnSeTe
is enhanced or suppressed when the FE polarization
is reversed due to P-P interactions, which modify the
degree of inversion-symmetry breaking in MnSeTe
and the strength of associated magnetic interac-
tions (especially DMI). Definitely, such an effect is
rather weak in a nonpolar-FM/FE heterostructure.
As shown in table S1, for a MnSeTe/In2Se3 het-
erostructure, the Mn-Se(Te)-Mn bond angle θ (φ)
exhibits a larger change than that of MnSe2/In2Se3
heterostructure when the FE polarization is reversed,
validating that P-P interactions enhance the modific-
ation of inversion-symmetry breaking. To further
check the effect of P-P interactions, we replaced
the MnSeTe (In2Se3) in the bilayer heterostructure
by a 2D FM (FE) material with smaller or lar-
ger polarizations, whereby the strength of the P-P
interactions can be tuned. The obtained systems,
MnSe2/In2Se3, MnSeTe/Hf2Ge2Te6, MnSeTe/In2Se3
and MnSeTe/bilayer-In2Se3, are named as 0P/1P,
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Figure 3. The effects of polarization-polarization interaction on magnetoelectric coupling. (a) Atomic configurations of
MnSe2/In2Se3, MnSeTe/Hf2Ge2Te6 and MnSeTe/bilayer-In2Se3 heterostructures, which are denoted as 0P/1P, 1P/0.42P and 1P/2P,
respectively. Here mP/nP represents the polarizations of FM and FE materials relative to MnSeTe/In2Se3 (1P/1P). (b)–(d) The
DMI parameter d, exchange parameter J and magnetic anisotropic energy (MAE) of FM material in the heterostructure.

1P/0.42P, 1P/1P and 1P/2P, respectively, according
to the polarizations of FM (FE) materials relat-
ive to MnSeTe (In2Se3), as shown in figure 3(a).
Details of the selected materials are shown in sup-
plementary material. The d, J and MAE values of
these heterostructures are shown in figures 3(b)–(d).
Evidently, for the heterostructure MnSe2/In2Se3
(0P/1P) without P-P interactions, the ferroelectric-
modulation of the magnetic parameters (from red
dots to blue dots) is rather small, indicating the
magnetoelectric coupling is weak. However, with the
enhancement of the P-P interactions (from 1P/0.42P
to 1P/2P), the magnetoelectric coupling between FM
and FE materials is enhanced significantly. We also
note that such a P-P interaction is not a pure electric-
field effect, since the changes of magnetic parameters
in theMnSeTe/In2Se3 heterostructures are larger than
that of MnSeTe under an electric field equivalent to
the polarization of In2Se3, as discussed in figure S4.
Thus, the P-P interaction is the key to achieving the
enhanced magnetoelectric coupling.

In this work, we theoretically proposed van
der Waals heterostructures composed of a 2D
ferromagnetic polar metal, MnSeTe, and a 2D

ferroelectric, In2Se3. The bilayer MnSeTe/In2Se3
heterostructure exhibits strong magnetoelec-
tric coupling originating from the polarization-
polarization interaction betweenMnSeTe and In2Se3,
resulting in more efficient ferroelectric control of
the magnetic interactions and skyrmions in MnSeTe.
Furthermore, we proposed a trilayer heterostructure,
In2Se3/MnSeTe/In2Se3, in which the magnetoelec-
tric coupling is further enhanced and tunable. Such
a trilayer heterostructure also allows manipulation of
magnetic skyrmions via multiple polarization states.
In addition to electrical control of the magnetic
skyrmions, the strong magnetoelectric coupling in
theMnSeTe/In2Se3 heterostructure also enables other
potential applications. For example, the exchange
parameter J exhibits two different values before and
after FE polarization reversal, corresponding to two
different Curie temperatures (named as T1 and T2

here). Thus, by setting the operating temperature
between T1 and T2, a ferromagnetic-to-paramagnetic
transition inMnSeTe can be expected by reversing the
polarization of In2Se3. Within mean-field theory, a
calculated change of 21% for J in the MnSeTe/In2Se3
heterostructure would lead to a 21% change in the
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Curie temperature, which would be sufficient win-
dow for a possible application of the effect. Our find-
ings provide insights for achieving strong magneto-
electric coupling in the 2D limit, as well as a new
perspective for the design of related spintronics.
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