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ABSTRACT: Nonvolatile multistate manipulation of two-dimensional (2D) magnetic
materials holds promise for low dissipation, highly integrated, and versatile spintronic devices.
Here, utilizing density functional theory calculations and Monte Carlo simulations, we report
the realization of nonvolatile and multistate control of topological magnetism in monolayer
Crl; by constructing multiferroic heterojunctions with quadruple-well ferroelectric (FE)
materials. The Pt,Sn,Tes/Crl; heterojunction exhibits multiple magnetic phases upon
modulating FE polarization states of FE layers and interlayer sliding. These magnetic phases
include Bloch-type skyrmions and ferromagnetism, as well as a newly discovered topological
magnetic structure. We reveal that the Dzyaloshinskii—Moriya interaction (DMI) induced by
interfacial coupling plays a crucial role in magnetic skyrmion manipulation, which aligns with
the Fert—Levy mechanism. Moreover, a regular magnetic skyrmion lattice survives when
removing a magnetic field, demonstrating its robustness. The work sheds light on an effective
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approach to nonvolatile and multistate control of 2D magnetic materials.
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n recent years, two-dimensional (2D) magnetic materials

have attracted significant attention owing to their intriguing
physical properties, including room-temperature ferromagnet-
ism,'~* magnetoelectric coupling,”~” spin glass behavior,” and
distinctive topological spin textures.””'" These findings open
up exciting possibilities for both fundamental physics research
and the development of future information technologies.'*~ ">
Achieving ultrafast operation speeds, ultrahigh storage density,
low energy dissipation, and nonvolatile information storage
technology is crucial for future electronic devices but remains a
big challenge. One promising avenue involves utilizing an
electric field to control the magnetism of 2D magnets,
eliminating the requirement of electron current and thus
enabling rapid and localized changes in magnetic properties
with minimal energy dissipation.”'®™'® Nevertheless, tradi-
tional methods of magnetic control through an electric field
rely on a continuous external electric field, resulting in volatile
information storage.

The construction of multiferroic van der Waals hetero-
junctions using 2D magnets and a ferroelectric (FE) gate offers
an alternative strategy.~ ' Examples can be found in systems
such as Cr,Ge,Tes/In,Se;”> and MnSeTe/In,Se;”* hetero-
junctions. The synergetic effect among Rashba spin—orbit
coupling, electronic reconstruction, and others at the interfaces
enables the modulation of magnetic interactions,>** thus
resulting in the generation of magnetic phases which are absent
in the pristine building blocks. Nevertheless, due to the fixed
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bistable structures typically found in FE materials, achieving
the desired magnetism and interconversion between different
magnetic phases is not straightforward as the magnetic order
depends on the delicate balance among exchange interaction,
single-ion anisotropy, and Dzyaloshinskii—Moriya interaction
(DMI).”***® Consequently, exotic magnetic phases such as
spontaneous magnetic skyrmions are still rarely reported.”” >’
By employing materials with diverse polarizations, various
interactions are altered under different polarization states,
thereby facilitating the transition among different magnetic
phases and supporting multistate storage and computation.
Notably, quadruple-well ferroelectricity, which is the coex-
istence of four polarization states, was reported in layered bulk
CulnP,S,, offering increased degrees of freedom to address
diverse application requirements.”’ However, the quadruple-
well property of CulnP,Ss diminishes substantially when
considering few-layer configurations,’" thereby rendering it less
conducive for the generation of 2D magnetic multistates.
Here, based on density functional theory (DFT) calcu-
lations, we report that the quadruple-well ferroelectricity can
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Figure 1. (a) Side and top views of M,Sn,Y, under high and low polarization. (b) Workflow for screening quadruple-well FE materials. (c) and (d)
show two possible FE switching paths within FE M,Sn,Y, monolayers. In path 1, two Sn atoms in one unit cell move together, resulting in a
transition through high polarization, low polarization, and centrosymmetric S1 states. Alternatively, in path 2, the centrosymmetric state changes to
S2, in which the two Sn atoms are out of the MY surfaces. These curves show quadruple-well characteristics. According to the relative energies,
switching barriers for path 1 are 0.489, 0.276, 0.336, and 0.232 eV/fu. for Pt,Sn,Ses, Pt,Sn,Tey, Pd,Sn,Seq, and Pd,Sn,Te,, respectively, while

those for path 2 are 0.804, 0.828, 0.558, and 0.703 eV/fu.

persist down to the monolayer limit. We identify four 2D
materials, namely, monolayer Pt,Sn,Se¢, Pt,Sn,Tes, Pd,Sn,Seq,
and Pd,Sn,Te,, exhibiting such a remarkable property due to
distinct Sn atom displacements. We then construct a
heterojunction with FE Pt,Sn,Tes and ferromagnetic Crl,
due to the small lattice mismatch and also the large SOC
effect. By manipulating interfacial-coupling-induced DMI
through FE switching and interlayer sliding, we successfully
generate diverse magnetic states. The underlying Fert—Levy
mechanism explains the induced DMI, offering fundamental
insights into the emergence of these intricate magnetic
phenomena. Remarkably, a regular skyrmion lattice persists
even after the removal of an external magnetic field,
demonstrating nonvolatile control over the magnetic skyrmion
and other magnetic configurations. This research extends our
comprehension of multistate materials and holds immense
potential for advancing magnetic structures, with applications
spanning nonvolatile spintronics and magnetic devices.

To achieve multistate control over magnetism by FE
polarization, we first use high-throughput calculations to
screen potential 2D FE materials with quadruple-well FE
properties. The hypothesis that quadruple-well ferroelectricity
can persist down to the monolayer limit is inspired by a recent
discovery of intrinsic scale-free FE M,X,Y.”” Upon examina-
tion of the geometric structures of these M,X,Y,, it is found
that the extent of the X-X dimer displacement is the outcome
of a delicate interplay between the X-X distance and the size of
the surrounding skeleton; i.e., the materials tend to be FE
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when the skeleton is too small to accommodate the X-X dimer.
In addition, two stable M,X,Y, phases were reported, and one
key difference between these two phases is the X-X distance.
These phenomena naturally hint at the possibility of obtaining
two different FE M,X,Y, phases within the structures with
large X atoms and a proper surrounding skeleton (i.e., the one
with a larger (smaller) X-X distance corresponds to a high
(low) polarization state HP (LP), as shown in Figure 1a).
To verify this hypothesis, we design a screening pipeline to
identify new quadruple-well FE materials, as shown in Figure
1b. By scrutinizing 65 potentlal FE structures with Sn pairs as
suggested in the literature,”” 29 dynamically stable structures
are left. Among these structures, 11 structures possess 2
distinct polarization states (both HP and LP states).
Subsequent analysis of the phonon dispersions reveals that
only 6 exhibit dynamic stability under both polarization states.
Specifically, these stable structures are denoted as M,Sn,Y,,
where M can be Pt or Pd and Y can be S, Se, or Te.
Furthermore, we calculate the total energies of these M,Sn,Y,
structures under different states as presented in Table SI.
Therein, the structure with two Sn atoms inside (outside) the
skeleton denotes S1 (S2), as can be seen in the lower middle
structure in Figure 1c,d. Except for Pt,Sn,S4, which has the S2
ground state, other five structures have FE ground states and
thus are identified as quadruple-well candidates. Upon
applying biaxial strain ranging from —2% to 2%, M,Sn,Y
(M = Pt, Pd, and Y = Se, Te) retain their initial FE states, while
Pd,Sn,S4 has a transition from the LP state to the HP state
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Figure 2. (a—c) Structures of Crl;/Pt,Sn,Tes heterojunctions at (a) +HP, (b) +LP, and (c) —LP states. For each polarization state, only the
structure with the lowest energy is presented. (d—f) Band structures of the three heterojunctions in (a—c). The HSE06 hybrid functional has been
used in these calculations considering the SOC effect. (g—i) Monte Carlo simulations of magnetic configurations for the three heterojunctions in
(a—c). The black scale bar corresponds to 10 nm. For the +LP state, there is a spontaneously emerged Bloch-type skyrmion with a diameter of 12

nm highlighted by the red circle.

under small compression, which is thus not considered in
subsequent discussions. Their total energies under biaxial
strain are presented in Figure S1. Their phonon dispersions
(Figure S2), ternary phase diagrams (Figure S3), and ab initio
molecular dynamics simulations (Figure S4) are shown in the
Supporting Information, indicating that these materials are
dynamically, thermodynamically, and thermally stable.

The band structures of these four materials are obtained
using the HSE06 hybrid functional and considering the spin
orbit coupling (SOC) effect, as shown in Figure S5, indicating
that they are all semiconductors. Their electrostatic potentials
under the HP and LP states are shown in Figure S6. The
nonzero potential differences verify the existence of FE
polarization. Under the HP state, the potential difference is
larger than that under the LP state for all the four structures,
matching well with their FE polarization results in Table S1.
The FE switching paths through both S1 and S2 states are
calculated separately. The most intuitive FE switching process
is caused by the simultaneously shift of the Sn—Sn pair. This
particular FE switching path, labeled as path 1, is illustrated in
Figure Ic. Due to the presence of two steady states, namely,
HP and LP states, these curves exhibit a unique morphology
with four potential wells. Notably, this quadruple-well potential
can exist in a single layer, unlike the formation of the
quadruple-well potential in CulnP,S, that relies on multilayer
structure. This discovery marks the first instance that the
quadruple-well potential can exist in a single layer. FE
switching path 2 corresponds to the transition through the
S2 state. In this path, one Sn atom moves first while the other
remains motionless. As this transition state is also a metastable
state, these potential energy curves as a whole have one more

2347

minimum than those in path 1, as shown in Figure 1d. Since
path 1 has a lower barrier as compared to path 2, it is thus
more likely to happen in these materials. Voltages required for
FE switching are also estimated, and the results are shown in
Table S2. The estimated voltages are comparable to that of
CulnP,S,, indicating that the four FE M,Sn,Y¢ are
experimentally switchable. We further explore how the FE
polarization changes with an increasing number of layers.
Figure S7 illustrates the geometric structures of trilayer
Pt,Sn,Tes, while Table S3 provides information on their
relative energies and polarizations. It can be seen that Sn atoms
tend to be located in the middle of the two layers with the
increase in layers, making the structure symmetrical.
Consequently, the polarization does not exhibit a linear
increase with the number of layers. The polarizations of
bilayer and trilayer structures in the same state are similar. The
largest change compared to the monolayer is about 3.6 pC-m™"
in Pt,Sn,Ses, which is still less than that of the monolayer
(4.326 pC-m™"). Eventually, the polarization diminishes in the
bulk form due to the centrosymmetric structure.

In the literature, it has been observed that different
polarization states hold potential to regulate the magnetic
characteristics of other substances.”> To this end, the
ferromagnetic semiconductor Crl; has been identified as a
promising candidate for regulation due to its experimental
synthesis and extensive research background. As a representa-
tive FE material, Pt,Sn,Te4 is selected due to the lattice
mismatch of less than 5% with Crl; under both HP and LP
states, and also the large SOC effect of the heavy Te and Pt
atoms. For each polarization state, eight distinct stacking
arrangements have been examined, as presented in Figure S8.
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Figure 3. Magnetic configurations of Crl;/Pt,Sn,Te, heterojunctions with AD stacking in the +LP state. (a) Schematic diagrams of different phases
appearing in the MC simulations. (b) Magnetic phase diagram with temperature (T) and external magnetic field (B). (c) Atomic-layer-resolved
localization of the DMI-associated SOC energy (AEgoc). AEgoc is dominated by heavy atom L

Using a Sn atom as the baseline, it can be located at four
unequal high-symmetry points. According to the orientation of
the triangle formed by Te atoms, two structures can be formed
at each high-symmetry point. When Te atoms form an inverted
triangle, structures are labeled by AA, AB, AC, and AD,
otherwise AA’, AB’, AC’, and AD’. We find that —HP states
for all the stacking models are unstable due to the
depolarization effect.””* The relative energies under the
three polarization states are summarized in Table S4.

Structures with the lowest energy for each stacking mode are
shown in Figure 2a—c. The band structures of these three
heterojunctions, incorporating the effect of SOC and employ-
ing the HSEO6 hybrid functional, are illustrated in Figure 2d—f.
It is evident that all the three heterojunctions exhibit
semiconducting behavior. Under the +HP state, the band
gap of the heterojunction increases substantially, as demon-
strated by the projected density of states (Figure S9). The
charge density differences in Figure S10 show substantial
electron redistribution at the interface, suggesting a strong
interaction between Crl; and Pt,Sn,Tes Therefore, the
increased band gap originates from the strong interlayer
interaction.

The computation of the exchange interaction parameter |
and single-ion anisotropy A is crucial for understanding their
magnetic configurations. The labels of Cr atoms in different
locations are depicted in Figure S11. The computed values of |
and A for each Cr atom are presented in Tables S5 and S7,
with all data assuming s = 1. Notably, A, — A, < 0 for Crl;
indicates an out-of-plane magnetization, consistent with
previous ﬁndings.35’36 Parallel tempering Monte Carlo (MC)
simulations are employed to explore the magnetic config-
urations of these heterojunctions using the Hamiltonian
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H=) 88+ S48 ) BS
i)j i i

where B represents the external magnetic field. All MC
simulations are gradually cooled from 300 K to the investigated
low temperature. MC simulations surprisingly show that the
magnetic moments under each FE state align in different
directions. For the +HP state in AB’ stacking, magnetic
moments align along the I—Cr—I direction, as shown in Figure
2g, while for the —LP state in AD stacking, magnetic moments
align in-plane, along the x direction, as shown in Figure 2i.
When the directions of the magnetic moment are set along
these directions, the calculated total energies are shown in
Table S8. The energies indicate that the Hamiltonian can
accurately describe the magnetic interactions of these systems.
It is noteworthy that under the +LP state of Crl;/Pt,Sn,Teq4
with AD stacking, spin spiral (SS) characteristics are observed.
Most of the magnetic configurations are striped, in which there
is a spontaneously emerged Bloch-type skyrmion, as labeled by
the red circle in Figure 2h. These distinct electronic bands and
magnetic configurations indicate the high tunability of 2D
magnets via a suitable FE gate.

Upon increasing the external magnetic field for Crl;/
Pt,Sn,Te, with AD stacking, a regular skyrmion (SkX) lattice
phase arises with a period of around 15 nm. The paramagnetic
(PM) phase is ascertained by high temperature, while the
fluctuation-disorder (FD) phase represents transition states
between SkX and PM phases. The criterion employed to
determine the transition from the SkX phase to the FD phase is
the blurring of skyrmions’ boundaries. Distinctive phase
illustrations are shown in Figure 3a, while Figure 3b presents
the phase diagram of the external magnetic field magnitude
and temperature, calculated at intervals of 0.1 T and 1 K. To
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explore the mechanism resulting in the skyrmions in the
heterojunction, symmetric and antisymmetric exchange inter-
actions are both considered separately as shown in Figure S12.
The MC simulation results reveal that the antisymmetric
exchange parameter (i.e., the DMI) is the key factor.

To gain further insight into the DMI, we computed the spin
orbit coupling energy AEgoc contributed by different atoms.
As illustrated in Figure 3¢, the principal contribution to DMI
does not originate from the magnetic Cr atoms but rather from
their adjacent I atoms. Despite the nonmagnetic characteristic
of the relatively heavy I atoms, they act as effective sites for
spin—orbit coupling scattering, which is vital for DMI
generation. Notably, larger atomic numbers correspond to
stronger SOC, amplifying the resultant DMI effect. This
suggests that the Fert—Levy mechanism accurately captures
the strength of the DML’ The I-Cr—I configuration can be
viewed as noncentrosymmetric due to the interface interaction,
supporting this conclusion.

The energy stabilities of the Crl;/Pt,Sn,Te, heterojunction
with other different stacking modes are also evaluated. We find
that after relaxation, the initial structures (+LP state of AB/AC
stacking and —LP state of AB stacking) exhibit a tendency to
form AA stacking structures. The AA stacking structures are
thus metastable structures. It is noteworthy that A, — A, is
observed to be positive in all three FE polarization cases,
indicating the presence of magnetization along the in-plane
directions. It is observed that heterojunctions associated with
the +LP and —LP states possess in-plane ferromagnetism,
while in the case of the +HP configuration, the emergence of
the SS phase is also observed. However, the magnetic moments
are predominantly aligned within the plane. When an external
magnetic field is applied, the Bloch-type SkX phase manifests
the similar leading mechanism but no regular skyrmion lattice.
The corresponding phase diagram can be found in Figure S13.

As reported in the literature,” the interface coupling would
induce electron reconstruction across the interface, and the
higher electron density at the interface leads to higher
inversion asymmetry and hence a larger DMI. We calculate
charge density differences of the heterojunction under different
stacking modes, as shown in Figure S10. Calculation results
reveal substantial charge reconstruction at the interface under
AA and AB’ stacking with the +HP state, while there is small
charge reconstruction at the interface under AD stacking with
both +LP and —LP states. Considering that the AD stacking
mode is able to generate a spontaneous magnetic skyrmion in
the Crl;/Pt,Sn,Tes heterojunction, the extensive charge
reconstruction at the interface does not necessarily guarantee
the formation of skyrmions. The alteration of intralayer
bonding induced by the interface interaction also plays a
significant role in this context.

Stabilization and reversible manipulation, in addition to the
generation of skyrmions, are essential technologies for the
construction of skyrmion-based 2D spintronic devices. While
various forms of skyrmions have been reported in a number of
2D materials, most of them rely on the continuous application
of a strong magnetic field, which is a volatile approach.
Furthermore, how to reversibly tune the local skyrmions
remains unclear. The unique magnetic interactions within our
studied multiferroic heterojunction offer promising avenues to
address this challenge. As shown in Figure 4a, starting from AD
stacking and the +LP state of the Crl;/Pt,Sn,Te4 hetero-
junction, a regular skyrmion lattice is achieved by low-energy
excitation. When the magnetic field is removed, the regular
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Figure 4. Reversible magnetic configuration evolution for the Crl;/
Pt,Sn,Tes heterojunction as interlayer sliding and FE switching. The
black scale bar corresponds to 10 nm. (a) Starting from the AD(+LP)
state, the regular skyrmion lattice remains after demagnetization. (b)
Starting from the AA(+HP) state, the skyrmions deteriorate after
demagnetization.

skyrmion lattice remains. More details can be found in Figure
S14. The size of skyrmions becomes larger, consistent with the
literature.”® When the FE polarization state is switched from
+LP to —LP under the same AD stacking mode, the Bloch-type
skyrmions disappear and a new regular magnetic super-
structure arises. In such a magnetic superstructure, each spin
vortex along the —z direction is surrounded by multiple spin
vortices with the reverse direction. Interestingly, such magnetic
topological spin texture cannot be directly obtained by
annealing the structure under AD stacking with the LP state.
This finding suggests a new approach to discover novel
magnetic topological spin textures. Interlayer sliding is another
effective approach to tune the magnetic configurations of the
Crl;/Pt,Sn, Tey heterojunction. Under +LP states, when the
heterojunction slides from AD stacking to AA stacking, the
skyrmions transform to in-plane vortices. Notably, each
transform process among these magnetic spin textures is
reversible. As a stark contrast, the skyrmions deteriorate
dramatically when the magnetic field is removed for the Crl;/
Pt,Sn,Tes heterojunction under the AA stacking mode with
the +HP state, as shown in Figure 4b. Spin spirals and spin
vortices are also obtained by FE polarization switching or
interlayer stacking. The reaction paths associated with
polarization change and interlayer sliding for various stacking
methods are depicted in Figure S15a—c and Figure S15d,e,
respectively. Notably, the barriers along these reaction paths
are similar to those reported previously,”> indicating the
feasibility of skyrmion generation, elimination, and manipu-
lation in the Crl;/Pt,Sn,Te4 heterojunction.

The nonvolatile multistate modulation ability of magnetic
configurations holds promise for the design of versatile
electronic devices. In Figure S16, schematic diagrams depict
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two potential memory devices based on these heterojunctions.
Figure S16a illustrates a four-state memory device, highlighting
distinct magnetoresistance values associated with different
magnetic conﬁgurations,” enabling the storage of multibit
information in a single device. Additionally, Figure S16b
showcases the use of skyrmions in racetrack memory, where
skyrmions and ferromagnetic gaps represent bits “1” and “0”,
respectively. These discoveries pave the way for multifunc-
tional devices by integrating magnetic functionalities with
other properties. Fundamental physics research also advances
with insights into complex magnetic phenomena.

Utilizing first-principles calculations based on DFT, we
predict four novel FE 2D materials, namely, Pt,Sn,Se,,
Pt,Sn,Te,, Pd,Sn,Ses, and Pd,Sn,Te,, with intriguing quad-
ruple potential wells stemming from distinct vertical displace-
ments of Sn pairs. The unique property of these FE materials
with various polarization states offer a promising platform to
tune the adjacent 2D layers in heterostructures (e.g, 2D
magnets via interlayer electromagnetic interactions). A Crly/
Pt,Sn,Tes heterojunction is then constructed, and its
electronic and magnetic properties are investigated. It is
found that spontaneous skyrmions and low-energy excited
skyrmions can be generated in the heterojunction under AD
stacking (+LP) and AA stacking (+HP) modes, respectively.
The mechanism for the generation of skyrmions is the Fert—
Levy mechanism. Notably, the regular skyrmion lattice for the
AD stacking mode persists even after removing the external
magnetic field, whereas in the AA stacking mode, it transforms
into irregular spin textures. Despite FE switching, interlayer
sliding is also an effective approach to reversibly control the
skyrmions within these multiferroic heterojunctions. Addition-
ally, we observe an unreported magnetic superstructure
characterized by spin vortices with opposite orientations.
Our study provides a promising strategy toward nonvolatile
control over various magnetic states, showing potentials for
generating novel spin textures.
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