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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, one must
identify multiferroic materials or heterostructures
that feature magnetic properties favoring noncollin-
ear magnetism, ferroelectricity (FE), and strong mag-
netoelectric coupling, i.e. large 9P/OH or OM/OE.
In magnetic materials, the ratio of Dzyaloshinskii-
Moriya interaction (DMI) d and the exchange integral
J controls the magnetic ordering—Ilarge ] produces
collinear ferromagnetism or antiferromagnetism,
while large DMI produces noncollinear orderings.
In order to have large DMI, it is necessary for

© 2022 IOP Publishing Ltd

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 bulk multiferroics [17-19]. In 2018, magneto-
electric coupling was demonstrated in a FE/FM het-
erostructure of perovskite-structure transition-metal
oxides, namely BaTiOs/SrRuO; (BTO/SRO) [20].
Magnetoelectric coupling is achieved by electric-
field-controlled polarization reversal in the FE mater-
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 FM materials 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/FEM/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.
Ad, AJ, 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 2D materials were
reported that meet the desired criteria: The Janus
transition-metal dichalcogenides MnSTe and MnSeTe
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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/In,Se; het-
erostructures, where monolayer In,Ses is the 2D
FE material, and trilayer In,Ses/MnSeTe/In,Ses het-
erostructures, which can form the core of a three-
terminal device. MnSeTe is selected to construct het-
erostructures because MnSe, has been fabricated
[36], whereby the Janus MnSeTe is likely to be fab-
ricated. Single-phase FE In,Se; has been fabricated
in multilayer form [25, 37, 38]. We perform calcula-
tions using a single quintuple layer In,Se; 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 In,Ses/MnSeTe/In,Ses 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 in MnSeTe 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/In,Se;
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 2D materials, as shown schematic-
ally in figure 1(a). Larger changes of magnetic para-
meters are expected in MnSeTe/In,Se; heterostruc-
ture if magnetoelectric coupling in MnSeTe/In,Se; 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 ] [34, 35].

Given the above framework, we calculated the
magnetic parameters of MnSeTe in a MnSeTe/In,Se;
heterostructure to check whether interlayer magne-
toelectric coupling is established between MnSeTe
and In,Ses;. Considering the combinations of the
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Figure 1. Magnetoelectric coupling in MnSeTe/In,Ses 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 In,Ses interacts only with very small induced polarization in the nonpolar-FM layer; and
(b) the effect of polarization reversal in the In,Se;s layer on a skyrmion in the polar-FM layer. (c) Possible configurations of the
MnSeTe/In;Ses 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 In,Ses;, there are
total of four possible atomic configurations of
MnSeTe/In,Se; 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, ] and MAE of
MnSeTe in the two distinct MnSeTe/In,Se; 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 In,Ses layer (from
red bars to blue bars or the reverse), proving the exist-
ence of the interlayer magnetoelectric coupling in the
MnSeTe/In,Se; heterostructure.

To examine the strength of the magnetoelectric
coupling, we further compare the modulation amp-
litudes of d, ] and MAE of MnSeTe/In,Se; to the cor-
responding values of some reported nonpolar-FM/FE
systems, as listed in table 1. The MnSeTe/In,Se; het-
erostructures show significantly enhanced modula-
tion of the magnetic parameters. For example, in a
MnSeTe/In,Se; heterostructure with a Te/Se inter-
face, the modulation amplitude of the DMI para-
meters, |Ad|, is nearly six times larger than that of
the Cr,Ge,Teg/In,Se; heterostructure, as summar-
ized in table 1, indicating that the magnetoelectric
coupling in the MnSeTe/In,Se; 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 ], magnetic-anisotropy energy MAE and d/] 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, ] and MAE among all possible transitions (see

figure 2). Arrows represent the FE polarization directions.

Present results

MnSeTe/ In,;Se3/MnSeTe/ MnBi,Tey/ Cr,Gey Teg/ WTe,/CrCls/
In,Ses In,Ses In,Se; [40]  InpSes [29,41] LaCl/In,Ses [30]  CulnP,Se [31]
|Ad|(meV) 0.84 (Te/Se) 1.25 Ady 0.35
0.53 (Se/Se) (™) to J11)  No report 0.14 Ad, 0.36 0.04
Ads 0.53
|AJ|(meV) 2.32 (Te/Se) 3.01 AJi 1.94
1.78 (Se/Se) (111 to L11) ~0.6 0.62 A 2.39 1.81
AJ3 3.36
|AMAE|(meV)  0.63 (Te/Se) 0.66 ~0.1 0.17 No report 0.13
0.18 (Se/Se) (1) to JT1)
dilli 0.43 (1)
0.22 (M11) 0.07 (1)
d 0.39 (1, Te/Se) 0.17 (M) 0.017 (1) 0.09 (1) 0.07
4 0.26 (|, Te/Se) ~ 0.31 (J11)  Noreport 0.023 () b1 0.07 (1) 0.04 EB
0.25 (J14) 0.10 (1)

&l 006 )

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

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 | 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/In,Se; heterostructure, i.e. controlling
the density or the creation (elimination) of skyrmi-
ons. Here, we note that, for a MnSeTe/In,Se; 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 d? to consider
the effect of MAE 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/] ratios of the MnSeTe/In,Se; 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/] 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/], namely 0.39 — 0.26 = 0.13, is also much lar-
ger in MnSeTe/In,Se; 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/In,Se; 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 40.13, 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 the magnetic field to create skyrmions
depends on the value of d/J.

Based on the bilayer MnSeTe/In,Se; hetero-
structure, we further built a trilayer heterostructure
In,Ses/MnSeTe/In,Se;. 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 In,Se; layers and
a third electrode on the metallic MnSeTe interlayer,
which allows multiple configurations of the FE polar-
izations of the two In,Ses; layers. The several com-
binations of the polarizations of the top and bottom
In,Sej; layers allow tunable and stronger magnetoelec-
tric coupling compared to the bilayer case, as well
as multi-state control of skyrmions, as we shall now
demonstrate. Naively, there are eight different polar-
ization configurations of the trilayer heterostructure,
but for every specific polarization combination (e.g.
1), there is an equivalent one (e.g. |JJ), finally
leading to only four possible configurations, as shown
in figure 2(a). The d, Jand MAE of MnSeTe in the four
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Figure 2. The modulation of magnetic parameters of MnSeTe in an In,Ses/MnSeTe/In;Ses heterostructure through the
polarization reversal of In,Se;s. (a) Possible configurations of the MnSeTe/In,Ses 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
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unique In,Se;/MnSeTe/In,Se; heterostructure con-
figurations are shown in figures 2(b)—(d), respect-
ively. We list the largest values of Adand AJin 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, Ad, AJ, and AMAE 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 Ad and AJ 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/] 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/In,Se; het-
erostructure, both MnSeTe and In,Se; 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/In,Se; het-
erostructure, the Mn-Se(Te)-Mn bond angle 0 (@)
exhibits a larger change than that of MnSe,/In,Se;
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 (In,Ses) 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,
MnSe,/In,Se;, MnSeTe/Hf,Ge,Tes, MnSeTe/In,Se;
and MnSeTe/bilayer-In,Ses;, are named as OP/1P,
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Figure 3. The effects of polarization-polarization interaction on magnetoelectric coupling. (a) Atomic configurations of
MnSe,/In;Ses, MnSeTe/Hf, Ge, Tes and MnSeTe/bilayer-In,Ses heterostructures, which are denoted as OP/1P, 1P/0.42P and 1P/2P,
respectively. Here mP/nP represents the polarizations of FM and FE materials relative to MnSeTe/In,Ses (1P/1P). (b)—(d) The
DMI parameter d, exchange parameter ] and magnetic anisotropic energy (MAE) of FM material in the heterostructure.
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1P/0.42P, 1P/1P and 1P/2P, respectively, according
to the polarizations of FM (FE) materials relat-
ive to MnSeTe (In,Ses), as shown in figure 3(a).
Details of the selected materials are shown in sup-
plementary material. The d, ] and MAE values of
these heterostructures are shown in figures 3(b)—(d).
Evidently, for the heterostructure MnSe;/In;Ses
(OP/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 the MnSeTe/In, Se; heterostructures are larger than
that of MnSeTe under an electric field equivalent to
the polarization of In,Ses, 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, In,Se;. The bilayer MnSeTe/In,Se;
heterostructure  exhibits strong magnetoelec-
tric coupling originating from the polarization-
polarization interaction between MnSeTe and In;,Ses,
resulting in more efficient ferroelectric control of
the magnetic interactions and skyrmions in MnSeTe.
Furthermore, we proposed a trilayer heterostructure,
In,Se;/MnSeTe/In,Ses, 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
the MnSeTe/In,Se; 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 T and T,
here). Thus, by setting the operating temperature
between T} and T, a ferromagnetic-to-paramagnetic
transition in MnSeTe can be expected by reversing the
polarization of In,Ses;. Within mean-field theory, a
calculated change of 21% for J in the MnSeTe/In,Se;
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.

Data availability statement

The data generated and/or analysed during the cur-
rent study are not publicly available but are avail-
able from the corresponding author on reasonable
request.

Acknowledgments

Work in China was supported by the National Nat-
ural Science Foundation of China (51922011 and
61888102) and K. C. Wong Education Foundation.
Work at Vanderbilt was supported by the U.S. Depart-
ment of Energy, Office of Science, Division of Basic
Energy Sciences, Materials Science and Engineering
Directorate Grant No. DE-FG-02-09ER46554 and the
McMinn Endowment.

Conflict of interest

The authors declare no competing interests.

ORCID iDs

Andrew O’Hara ® https://orcid.org/0000-0002-
0323-9039

Shixuan Du ® https://orcid.org/0000-0001-9323-

1307
Sokrates T Pantelides
0002-2963-7545

https://orcid.org/0000-

References

[1] Fert A, Reyren N and Cros V 2017 Magnetic skyrmions:
advances in physics and potential applications Nat. Rev.
Mater. 217031

[2] Wiesendanger R 2016 Nanoscale magnetic skyrmions in
metallic films and multilayers: a new twist for spintronics
Nat. Rev. Mater. 1 16044

[3] Gobel B, Mertig I and Tretiakov O A 2021 Beyond
skyrmions: review and perspectives of alternative magnetic
quasiparticles Phys. Rep. 895 1

[4] Dzyaloshinsky I 1958 A thermodynamic theory of “weak”
ferromagnetism of antiferromagnetics J. Phys. Chem. Solids
4241

[5] Moriya T 1960 Anisotropic superexchange interaction and
weak ferromagnetism Phys. Rev. 120 91

[6] Miihlbauer S, Binz B, Jonietz F, Pfleiderer C, Rosch A,
Neubauer A, Georgii R and Béni P 2009 Skyrmion lattice in
a chiral magnet Science 323 915

[7] Jonietz F et al 2010 Spin transfer torques in MnSi at ultralow
current densities Science 330 1648

[8] Yu X Z, Koshibae W, Tokunaga Y, Shibata K, Taguchi Y,
Nagaosa N and Tokura Y 2018 Transformation between
meron and skyrmion topological spin textures in a chiral
magnet Nature 564 95

X Jin et al

[9] Jani H et al 2021 Antiferromagnetic half-skyrmions and

bimerons at room temperature Nature 590 74

[10] Tokunaga Y, Yu X Z, White J S, Rennow H M, Morikawa D,
Taguchi Y and Tokura Y 2015 A new class of chiral materials
hosting magnetic skyrmions beyond room temperature Nat.
Commun. 6 7638

[11] Boulle O et al 2016 Room-temperature chiral magnetic
skyrmions in ultrathin magnetic nanostructures Nat.
Nanotechnol. 11 449

[12] Moreau-Luchaire C et al 2016 Additive interfacial chiral
interaction in multilayers for stabilization of small individual
skyrmions at room temperature Nat. Nanotechnol. 11 444

[13] Yang H, Thiaville A, Rohart S, Fert A and Chshiev M 2015
Anatomy of Dzyaloshinskii-Moriya interaction at Co/Pt
interfaces Phys. Rev. Lett. 115 267210

[14] Kimura T, Goto T, Shintani H, Ishizaka K, Arima T and
Tokura Y 2003 Magnetic control of ferroelectric polarization
Nature 426 55

[15] Ishiwata S, Taguchi Y, Murakawa H, Onose Y and Tokura Y
2008 Low-magnetic-field control of electric polarization
vector in a helimagnet Science 319 1643

[16] Zhai K et al 2017 Giant magnetoelectric effects achieved by
tuning spin cone symmetry in Y-type hexaferrites Nat.
Commun. 8 519

[17] Fiebig M, Lottermoser T, Meier D and Trassin M 2016 The
evolution of multiferroics Nat. Rev. Mater. 1 16046

[18] Spaldin N A and Ramesh R 2019 Advances in
magnetoelectric multiferroics Nat. Mater. 18 203

[19] Lu C, Wu M, Lin L and Liu J-M 2019 Single-phase
multiferroics: new materials, phenomena, and physics Nat!
Sci. Rev. 6 653

[20] Wang L et al 2018 Ferroelectrically tunable magnetic
skyrmions in ultrathin oxide heterostructures Nat. Mater.
17 1087

[21] Huang B et al 2017 Layer-dependent ferromagnetism in a
van der Waals crystal down to the monolayer limit Nature
546 270

[22] Gong C et al 2017 Discovery of intrinsic ferromagnetism in
two-dimensional van der Waals crystals Nature 546 265

[23] DengY et al 2018 Gate-tunable room-temperature
ferromagnetism in two-dimensional Fe;GeTe, Nature 563 94

[24] Liu F et al 2016 Room-temperature ferroelectricity in
CulnP,S¢ ultrathin flakes Nat. Commun. 7 12357

[25] Xiao J et al 2018 Intrinsic two-dimensional ferroelectricity
with dipole locking Phys. Rev. Lett. 120 227601

[26] Yuan S, Luo X, Chan H L, Xiao C, Dai Y, Xie M and Hao ]
2019 Room-temperature ferroelectricity in MoTe, down to
the atomic monolayer limit Nat. Commun. 10 1775

[27] Jin X, Zhang -Y-Y, Pantelides S T and Du S 2020 Integration
of graphene and two-dimensional ferroelectrics: properties
and related functional devices Nanoscale Horiz. 5 1303

[28] Jin X, Tao L, Zhang Y-Y, Pan ] and Du S 2022 Intrinsically
scale-free ferroelectricity in two-dimensional M, X, Ye
Nano Res. 15 3704

[29] Li C-K, Yao X-P and Chen G 2021 Writing and deleting
skyrmions with electric fields in a multiferroic
heterostructure Phys. Rev. Res. 3 L012026

[30] Sun W, Wang W, Li H, Zhang G, Chen D, Wang ] and
Cheng Z 2020 Controlling bimerons as skyrmion analogues
by ferroelectric polarization in 2D van der Waals
multiferroic heterostructures Nat. Commun.
11 5930

[31] Sun W, Wang W, Zang J, Li H, Zhang G, Wang ] and Cheng Z
2021 Manipulation of magnetic skyrmion in a 2D van der
Waals heterostructure via both electric and magnetic fields
Adv. Funct. Mater. 31 2104452

[32] Anderson P W and Blount EI 1965 Symmetry
considerations on martensitic transformations:
“ferroelectric” metals? Phys. Rev. Lett. 14 217

[33] ShiY et al 2013 A ferroelectric-like structural transition in a
metal Nat. Mater. 12 1024

[34] Liang J, Wang W, Du H, Hallal A, Garcia K, Chshiev M,
Fert A and Yang H 2020 Very large Dzyaloshinskii-Moriya


https://orcid.org/0000-0002-0323-9039
https://orcid.org/0000-0002-0323-9039
https://orcid.org/0000-0002-0323-9039
https://orcid.org/0000-0001-9323-1307
https://orcid.org/0000-0001-9323-1307
https://orcid.org/0000-0001-9323-1307
https://orcid.org/0000-0002-2963-7545
https://orcid.org/0000-0002-2963-7545
https://orcid.org/0000-0002-2963-7545
https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1038/natrevmats.2016.44
https://doi.org/10.1038/natrevmats.2016.44
https://doi.org/10.1016/j.physrep.2020.10.001
https://doi.org/10.1016/j.physrep.2020.10.001
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1126/science.1166767
https://doi.org/10.1126/science.1166767
https://doi.org/10.1126/science.1195709
https://doi.org/10.1126/science.1195709
https://doi.org/10.1038/s41586-018-0745-3
https://doi.org/10.1038/s41586-018-0745-3
https://doi.org/10.1038/s41586-021-03219-6
https://doi.org/10.1038/s41586-021-03219-6
https://doi.org/10.1038/ncomms8638
https://doi.org/10.1038/ncomms8638
https://doi.org/10.1038/nnano.2015.315
https://doi.org/10.1038/nnano.2015.315
https://doi.org/10.1038/nnano.2015.313
https://doi.org/10.1038/nnano.2015.313
https://doi.org/10.1103/PhysRevLett.115.267210
https://doi.org/10.1103/PhysRevLett.115.267210
https://doi.org/10.1038/nature02018
https://doi.org/10.1038/nature02018
https://doi.org/10.1126/science.1154507
https://doi.org/10.1126/science.1154507
https://doi.org/10.1038/s41467-017-00637-x
https://doi.org/10.1038/s41467-017-00637-x
https://doi.org/10.1038/natrevmats.2016.46
https://doi.org/10.1038/natrevmats.2016.46
https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1093/nsr/nwz091
https://doi.org/10.1093/nsr/nwz091
https://doi.org/10.1038/s41563-018-0204-4
https://doi.org/10.1038/s41563-018-0204-4
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/s41586-018-0626-9
https://doi.org/10.1038/s41586-018-0626-9
https://doi.org/10.1038/ncomms12357
https://doi.org/10.1038/ncomms12357
https://doi.org/10.1103/PhysRevLett.120.227601
https://doi.org/10.1103/PhysRevLett.120.227601
https://doi.org/10.1038/s41467-019-09669-x
https://doi.org/10.1038/s41467-019-09669-x
https://doi.org/10.1039/D0NH00255K
https://doi.org/10.1039/D0NH00255K
https://doi.org/10.1007/s12274-021-3919-5
https://doi.org/10.1007/s12274-021-3919-5
https://doi.org/10.1103/PhysRevResearch.3.L012026
https://doi.org/10.1103/PhysRevResearch.3.L012026
https://doi.org/10.1038/s41467-020-19779-6
https://doi.org/10.1038/s41467-020-19779-6
https://doi.org/10.1002/adfm.202104452
https://doi.org/10.1002/adfm.202104452
https://doi.org/10.1103/PhysRevLett.14.217
https://doi.org/10.1103/PhysRevLett.14.217
https://doi.org/10.1038/nmat3754
https://doi.org/10.1038/nmat3754

10P Publishing

2D Mater. 10 (2023) 015007

[35]

[36]

[37]

interaction in two-dimensional Janus manganese
dichalcogenides and its application to realize skyrmion states
Phys. Rev. B 101 184401

Yuan J, Yang Y, Cai Y, Wu Y, Chen Y, Yan X and Shen L 2020
Intrinsic skyrmions in monolayer Janus magnets Phys. Rev. B
101 094420

O’Hara D ] et al 2018 Room temperature intrinsic
ferromagnetism in epitaxial manganese selenide films in the
monolayer limit Nano Lett. 18 3125

Cui C et al 2018 Intercorrelated in-plane and out-of-plane
ferroelectricity in ultrathin two-dimensional layered
semiconductor In,Se; Nano Lett. 18

1253

X Jin et al

[38] Poh S M et al 2018 Molecular-beam epitaxy of
two-dimensional In,Ses and its giant electroresistance
switching in ferroresistive memory junction Nano Lett.
18 6340

[39] Fert A, Cros V and Sampaio J 2013 Skyrmions on the track
Nat. Nanotechnol. 8 152

[40] Xue F, Wang Z, Hou Y, Gu L and Wu R 2020 Control of
magnetic properties of MnBi, Te, using a van der Waals
ferroelectric II1,-VI; film and biaxial strain Phys. Rev. B
101 184426

[41] Gong C, Kim E M, Wang Y, Lee G and Zhang X 2019
Multiferroicity in atomic van der Waals heterostructures
Nat. Commun. 10 2657



https://doi.org/10.1103/PhysRevB.101.184401
https://doi.org/10.1103/PhysRevB.101.184401
https://doi.org/10.1103/PhysRevB.101.094420
https://doi.org/10.1103/PhysRevB.101.094420
https://doi.org/10.1021/acs.nanolett.8b00683
https://doi.org/10.1021/acs.nanolett.8b00683
https://doi.org/10.1021/acs.nanolett.7b04852
https://doi.org/10.1021/acs.nanolett.7b04852
https://doi.org/10.1021/acs.nanolett.8b02688
https://doi.org/10.1021/acs.nanolett.8b02688
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1103/PhysRevB.101.184426
https://doi.org/10.1103/PhysRevB.101.184426
https://doi.org/10.1038/s41467-019-10693-0
https://doi.org/10.1038/s41467-019-10693-0

	Designing strong and tunable magnetoelectric coupling in 2D trilayer heterostructures
	References


