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Quantized movement of magnetic skyrmions in moiré multiferroic heterostructures
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Moiré superlattices made with van der Waals layers are an excellent platform for exploring a wide range of
exotic and important physical phenomena. In this study, we used first-principles calculations and atomistic spin
dynamics simulations to design a two-dimensional van der Waals MnS2/CuInP2S6 multiferroic moiré heterosu-
perlattice with tunable skyrmions through magnetoelectric coupling. The inherent lattice mismatch between the
two monolayers of MnS2 and CuInP2S6 creates incommensurate moiré patterns, along with modulated magnetic
anisotropy and emerging magnetic skyrmions in MnS2. The magnetic skyrmion in MnS2 is strongly influenced
by magnetoelectric coupling and can be tuned by the ferroelectric polarization of CuInP2S6. Furthermore, these
magnetic skyrmions can be controlled by a pulsed current to move or freeze within the moiré period under
different ferroelectric polarization states of the CuInP2S6 layer. Our work showcases a two-dimensional van
der Waals moiré heterosuperlattice with magnetoelectrically tuned magnetic skyrmions, which establishes a
foundation for designing future spintronic devices.
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I. INTRODUCTION

Two-dimensional (2D) van der Waals (vdW) materials with
strong intralayer coupling but weak interlayer coupling of-
fer an additional “tuning knob” [1–5]. When two or more
2D crystals are superimposed with a relative twist or lat-
tice mismatch between the layers, a moiré superlattice with
modulated electronic properties of the heterostructure (HS)
emerges, which opens a different research frontier for emerg-
ing and intriguing physical phenomena [6,7]. For instance,
the spin topology textures of magnetic CrI3 bilayers [8], Mott
insulators in WSe2/WS2 moiré superlattices [9,10], and un-
conventional superconductivity have recently been observed
in twisted graphene with small magic angles [11–14]. Moiré
superlattice materials can be made of two layers of the same
material stacked with a twist angle (homobilayers) or from
different materials with a lattice mismatch and without resort-
ing to any twist angle (heterobilayers) [15]. In particular, for
moiré heterobilayers, the vast array of 2D vdW crystals can
be fully combined with moiré physics, which enjoys structural
flexibility, providing a vast range of possibilities for engineer-
ing HSs with superior properties [15,16].

Exploring the evolution of the moiré pattern in 2D vdW
multiferroic HSs is an exciting topic. The long periodic moiré
superlattices offer fertile ground for tuning magnetic prop-
erties, including magnetic topological textures, as well as
strong magnetoelectric coupling in an atomically thin 2D
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limit, which can lead to technological advances in a variety of
applications such as nonvolatile memories and sensors [8,17–
22]. It is important to emphasize that the investigations into
the physical phenomena of magnetism in vdW moiré HSs
are just becoming a research frontier. Particularly, multiferroic
moiré superlattices remain unexplored.

When single layers of 2D magnetic materials are stacked
on top of a ferroelectric monolayer with a small lattice mis-
match, even a slight lattice mismatch can lead to sustained
in-plane lattice displacement, generating a local change in
the stacking configurations over a long range. Together with
the switchable polarization, this can reconfigure the magnetic
anisotropy and Dzyaloshinskii-Moriya interaction (DMI) of
the magnetic layers, resulting in spin textures that can be
tuned by an electric field [23]. First-principles calculations
have shown that different stacking configurations play key
roles in determining the magnetic physical properties, such as
the magnetism tuning realized with stacking configurations in
Fe3GeTe2/In2Se3 [24] and CrGeTe3/In2Se3 [25] HSs. There-
fore, more exotic tuning of magnetism by moiré field is highly
expected in the multiferroic HS system.

The magnetic skyrmion, a spin texture characterized by
topologically protected magnetic and transport properties
[26,27], holds promise for next-generation information stor-
age and processing devices, such as racetrack memory [28].
By integrating this magnetic texture into 2D vdW multifer-
roic moiré HSs and manipulating it with out-of-plane electric
polarization of a 2D ferroelectric instead of a tunneling cur-
rent, energy dissipation of skyrmion-based devices can be
effectively reduced [29,30]. Unlike skyrmions usually ob-
served in bilayer moiré lattices constructed with two same
2D vdW magnetic layers, the skyrmion in HSs composed
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of one nonmagnetic layer arises innovatively from the DMI
effect introduced from the broken inverse symmetry of the HS.
This skyrmion can be easily driven by current and crucially,
the ferroelectric layer offers switchable properties in moiré
potential, adding an extra degree of tunability to the physical
property of the HS. Moreover, the moiré field generated in the
HS may cause the skyrmion to move in an ordered potential
well, potentially enabling addressability and eliminates the
transverse drift of the skyrmion caused by the Hall effect [31].

In this study, we have developed a moiré multiferroic
HS by stacking a magnetic 2D vdW single layer of MnS2

on top of ferroelectric 2D vdW CuInP2S6, resulting in the
emergence of magnetic skyrmions. Using a combination of
ab initio calculations and micromagnetic simulations, we
have demonstrated the modulation of magnetic anisotropy and
skyrmions by different polarized states in MnS2/CuInP2S6

moiré HS. Moreover, we have found that magnetic skyrmions
can be transported quantitatively with periodic steps, driven
by pulsed current. In the P+ state, Cu ions of CuInP2S6 layer
in the R0 region move towards the MnS2 layer, leading to a
change in the magnetic easy axis and enabling tunable quan-
tized skyrmion transport in the moiré potential well. Based
on these findings, we have designed two pulsed currents to
control skyrmion moving, freezing, and direction. This study
demonstrates the concept of ME coupled tuning of magnetic
skyrmions in a 2D vdW moiré superlattice, laying the founda-
tion for designs of related spintronics devices.

II. METHODS

A. Density functional theory calculation

The magnetic properties and electronic structure of the
materials were calculated using first-principles simulations
within density functional theory (DFT) [32,33]. The projected
augmented wave pseudopotentials method was used as imple-
mented in the Vienna Ab initio Simulation Package (VASP)
[34,35]. The exchange correlation energy was calculated us-
ing the generalized gradient approximation (GGA) of the
Perdew-Burke-Ernzerhof form [36]. A Hubbard Ueff param-
eter of 4 eV was applied to Mn d orbitals using the Dudarev
method to correct the strong Coulomb interaction on the 3d
orbital of the transition metal [37]. The semiempirical DFT-
D3 method was used to include the van der Waals interaction,
and the plane wave cutoff energy was set to 500 eV [38]. For
the calculation of MnS2 and CuInP2S6, a centered 18 × 18 ×
1 Monkhorst-Pack k-point mesh was used. The plane lattice
constant and atomic coordinates were fully relaxed until the
energy and force converged to 10–5 eV and 10–2 eV/Å, re-
spectively, using the conjugate gradient method. The magnetic
anisotropy energy (MAE) was determine using a high energy
convergence standard of 10–6 eV and spin-orbit coupling.
To eliminate the periodic boundary effect, the vacuum space
between adjacent slabs was set to be larger than 15 Å along
the z direction. For more details, please refer to part 1 of the
Supplemental Material [39] (see also Refs. [40,41] therein).

Before analyzing the effective magnetic Hamiltonian, we
will describe the configuration of our HSs. The 1T-MnS2

monolayer has a space group of P3̄1m with a Mn-S-Mn
bond angle of ∼90◦, and it exhibits intralayer ferromagnetic

ordering through the Mn-S-Mn superexchange interaction.
The CuInP2S6 ferroelectric monolayer has a P3 space group
and switchable spontaneous out-of-plane polarization result-
ing from the relative displacement of Cu ions along the z axis.
The polarized state is referred to as P+ when the Cu atom is
close to the upper surface and P− when it flips over. To better
match the CuInP2S6 lattice, we used a

√
3 × √

3 MnS2 super-
cell for calculations with DFT-calculated lattice constants of
3.43 Å for MnS2 and 6.08 Å for CuInP2S6 monolayers. Due
to the lattice mismatch of δ = 0.02, the stacked bilayers of
2D MnS2 and CuInP2S6 form the period moiré HS, in which
the stacking order in each local region R closely resembles the
lattice-matched stacking configuration but changes smoothly
over a long range. The moiré periodicity, shown in Fig. 1(a), is
approximately A ≈ a/

√
δ2 + θ2 for a small lattice mismatch

δ and/or twisting angle θ , where a is the lattice constant of
the MnS2 monolayer. The moiré periodicity A can be further
tuned with a relative twisting between the layers. For the
MnS2/CuInP2S6 moiré HS, the stacking order in any local
region in the moiré pattern can be obtained by translating the
MnS2 monolayer with the vector r = ηa1 + νa2, where η, ν

� [0, [1]], and a1 and a2 are the lattice vectors of the MnS2

unit cell. In one moiré period, the local region R0, R1, R2

stacking configuration corresponds to the MnS2 shift r =
(a1 + a2,

1
3 a1 + 2

3 a2,
2
3 a1 + 1

3 a2) with respect to CuInP2S6,
as shown in Fig. 1(b).

To determine the magnetic properties of a moiré pattern,
it is challenging to directly calculate them due to the large
number of atoms involved, which is proportional to (A/a)2.
Therefore, we follow the method outlined in Refs. [8,42] to
derive the effective magnetic physical parameters in moiré
HS. The exchange constant and magnetic anisotropy were
parametrized by evaluating the energy on a 6 × 6 grid of
points for a moiré HS, where MnS2 was shifted relative
to CuInP2S6 in the unit cell to sample the entire moiré
range. Each grid point corresponded to a lateral shift r =
( i

6 a1 + j
6 a2) for i, j = 0–6 along the crystalline axes. We then

interpolate these data by fitting to a polynomial to obtain the
magnetic physical parameters for the entire moiré HS. To
ensure that the lateral shift vector r remained unchanged
during structural relaxation, we fixed the in-plane positions
of all atoms in the bilayer but allowed them to relax in the
out-of-plane direction.

B. Atomistic spin dynamics simulations

Based on the magnetic parameters derived above, we used
the SPIRIT package to simulate the steady state and dynamics
of the magnetization textures [43]. The time evolution of
the magnetization is described by the Landau-Lifshitz-Gilbert
(LLG) equation [44,45], which can be written as

∂mi

∂t
= − γ

(1 + α2)μi
mi × Beff

i (t ) − γα

(1 + α2)μi
mi

× [
mi × Beff

i (t )
] − α − β

(1 + α2)
umi × (ĵ · ∇)mi

+ 1 + βα

(1 + α2)
umi × [mi × (ĵ · ∇)mi]. (1)
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FIG. 1. (a) Top and (b) side views of a moiré HS. Three local regions R0, R1, and R2 of the stacking configurations are amplified to show
their different interlayer configurations in the moiré superlattice.

Here, γ is the electron gyromagnetic ratio, α = 0.05 is
the damping parameter, and β = 0.01 is a nonadiabaticity
parameter. The term u is defined as jPgμB/(2eMs), where
j is the current density, P is the polarization of the current,
e is the electron charge, and Ms is the saturation magneti-
zation. The vector ĵ = x denotes the electron current normal
vector, and ∇ = ∂/∂r is the spatial gradient acting on the spin
orientation.

III. RESULTS

Figure 2 displays the exchange interactions and single-
ion anisotropy energy of the MnS2 section in the moiré
patterns. According to the Goodenough-Kanamori-Anderson
rule, ferromagnetic superexchange interactions remain stable
regardless of interlayer stacking configuration and polariza-
tion directions, as long as the Mn-S-Mn bonds of the MnS2

system are near 90◦ [46–48]. Therefore, the exchange in-

teraction value remains between 1.9 and 2.1 meV for both
upward and downward polarized states, as shown in Figs. 2(a)
and 2(b). The relatively large value is evident in the R0 re-
gion as well. However, as illustrated in Figs. 2(c) and 2(d),
the single-ion anisotropy is closely linked to the interlayer
stacking configuration. Particularly interesting are situations
in which the easy axis’s direction changes from in-plane to
out-of-plane near the R1 region in the P+ state, resulting in
an effective moiré field that weakens significantly after polar-
ization reversal. Thus, stacking-related anisotropy generates
a prominent local difference over a long period, but it can
be freely shifted between in plane and out of plane by the
external electric field-induced switching of polarization states.
This capability opens interesting opportunities for developing
2D vdW multiferroic HSs.

To simulate the magnetization texture in a moiré field, we
utilized a 2A × 2A supercell with periodic boundaries and
employed the LLG equation [44,45]. The atomic effective
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FIG. 2. Panels (a) and (b) represent the magnetic exchange interaction texture, and (c) and (d) indicate the MAE texture in the Moiré HS
under the P+ and P− states, respectively.
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FIG. 3. Panels (a) and (b) represent the phase diagrams in the
P+ and P− states as a function of θ -dependent magnetic texture and
D/J. Panels (c) and (d) are the skyrmion diameter in the P+ and P−
states as a function of magnetic field, respectively.

Hamiltonian of MnS2 was written as follows:

H = −
∑

i

B · mi −
∑

〈i, j〉
J (ri j )mi · m j −

∑

i

K (ri j )(mi · ẑ)2

−
∑

〈i, j〉
D(ri j ) · (mi × m j ). (2)

Here, mi is the magnetic moment at the ith Mn site, and
〈i j〉 denotes that sites i and j are nearest neighbors. B rep-
resents the external magnetic field, where J and K are the
exchange interaction and single-ion anisotropy, respectively,
and both of which are functions of the interlayer relative
displacement ri j in Fig. 2. We denote D as the DMI, which
can arise from the symmetry breaking of heterostructures. We
have conducted DMI calculations for the R0 region and have
summarized the magnetic parameters, as shown in Table SI
of the Supplemental Material [39]. It is worth noting that
experiments have confirmed that DMI can be adjusted by
using different heavy metal substrates or via liquid ion gating
[49–51]. Therefore, we have introduced DMI as a variable in
our atomistic spin dynamics simulations. Moreover, since the
moiré periodicity A can be modulated by the twist angle θ

between layers, we depicted the phase diagram as a function
of the θ -dependent magnetic texture and D/J, as demonstrated
in Figs. 3(a) and 3(b).

Next, we choose a moiré HS with D/J = 0.05 and no
twisting angle (A ≈ 50a) to investigate the effects of an exter-
nal magnetic field on skyrmions with two polarization states
(see part 2 of the Supplemental Material [39] for details on
the spin texture). The insets in Figs. 3(c) and 3(d) show
the skyrmion configurations with the magnetic field near 0.5
and 0.9 T, respectively. An abrupt change in the skyrmion
diameter and accompanying location excursion emerged near
0.7 T, which was particularly noticeable for the P+ state.
This change can be attributed to two main causes: (1) easy
magnetic axis reversal introduces a larger energy potential
barrier at the local R1 region with a P+-polarized state, and
(2) the perpendicular magnetic anisotropy is able to host the

spin texture of a skyrmion core, pinning the relatively large
skyrmion at the center of the R1 region. As the radius de-
creases, shrinking of the edge of the skyrmion with in-plane
spin texture raises the energy levels in the R1 region and
eventually enables the skyrmion to slide towards the lower
energy region.

The switchable potential arises from the tunable magnetic
easy axis in the R1 region, while retaining in-plane magnetic
anisotropy in the R0 and R2 regions. This strongly suggests
that local interlayer stacking, which depends on the moiré
lattice mismatch, plays a crucial role in determining the fi-
nal properties. Two stacking configurations, R0 and R1, were
considered in the P+ state, which give rise to the distinct
Cu ion distribution shown schematically in Fig. 4(a). In the
freestanding CuInP2S6 monolayer and the CuInP2S6 part of
the HS in the R0 region, Cu ions are located in the interior
of the framework composed of S ions. For the R1 region,
this P+ configuration drives Cu ions towards the MnS2 layer.
Actually, a uniaxial quadruple potential well caused by the
Cu ion distance has been experimentally observed for the
CuInP2S6 multilayer system [52]. This is in sharp contrast to
our spontaneously formed triple potential well resulting from
different stacking configurations in the MnS2/CuInP2S6 HS.
It should be noted that our different potential scale is primarily
due to the consistent distribution of Cu ions, which leads to
unified polarization in the R0 and R1 regions under the P−
state.

In the maximally localized Wannier orbitals [53], a strong
orbital overlap between the Cu-d and Mn-d orbitals through
intermediate S ions is observed after the Cu ions extend be-
yond the van der Waals gap in the R1 region, as schematically
shown in Fig. 4(a). The orbital-projected density of states
(DOS) in Fig. 4(b) demonstrates the orbitals’ hybridization
between Cu-d and Mn-d states in the energy range 0–1.5 eV,
resulting in the generation of magnetic moment mCu = 0.1 μB

accompanied by out-of-plane magnetic anisotropy, as shown
in Fig. 4(c). This suggests that Cu ion spin-orbit coupling
plays a major role in MAE. In contrast, in the R0 region,
the vdW gap prevents the orbit overlap scenario and makes
the contribution of Cu ions to the MAE negligible. There-
fore, the reversal of the easy magnetic axis from in plane to
out of plane in the R1 region has emerged as a direct result
of Cu displacement-related orbital interactions, as shown in
Figs. 4(a)–4(c).

In the R1 region, the out-of-plane anisotropy is dominated
by Cu-d orbitals, while the Mn-d orbitals contribute a negative
MAE. This can be explained using a second-order perturba-
tion theory [54], where the MAE is described as

MAE =
∑

σσ ′
Eσσ ′

(x) − Eσσ ′
(z) =

∑

σσ ′
(2δσσ ′ − 1)ξ 2

×
∑

oσ uσ ′

|〈oσ |Lz|uσ ′ 〉|2 − |〈oσ |Lx|uσ ′ 〉|2
Eσ ′

u − Eσ
o

, (3)

where ξ represents the SOC constant and Eσ ′
u and Eσ

o
are the energy levels of the unoccupied states with spin
σ ′ and occupied states with spin σ , respectively, for the
magnetization along the x [100] and z [001] directions.
The difference in the square of the angular momentum
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FIG. 4. (a) The d-orbital Wannier function in the R0 and R1 regions under the P+ state, where the isosurface is set to ±2 Å−3/2. (b) The
orbital-projected DOS and (c) atom-resolved MAE in the R0 and R1 regions. Panels (d) and (e) are the MAE(Eo, Eu) density of Mn-d and Cu-d
states in the R1 region, respectively. Panels (f) and (g) shown the d-orbital-resolved MAEs of Mn and Cu atoms in the R1 region, respectively.

matrix element for the two magnetization directions
(2δσσ ′ − 1)(|〈oσ |Lz|uσ ′ 〉|2 − |〈oσ |Lx|uσ ′ 〉|2) is simplified as
the matrix element difference in Table I.

According to Eq. (3), the MAE primarily arises from the
hybridization between occupied and unoccupied electronic
states through SOC. Therefore, we computed the MAE(Eo,
Eu) density for Mn-d and Cu-d orbitals in the R1 region,
along with occupied and unoccupied densities of states. How-
ever, we ignored the SOC constant ξ as it acts only as an
overall scaling factor. For Mn-d orbitals, Fig. 4(d) displays
a strong negative peak near (Eo = −4.5, Eu = 2.5), which,

combined with the results listed in Table I, results from the
interaction of spin-up occupied states (do+

xy , do+
x2−y2 ) and spin-

down unoccupied states (du−
xy , du−

x2−y2 ). Moreover, a substrong
positive peak appears near (Eo = −5.2, Eu = 3.4) from the
interaction of spin-up occupied states (do+

z2 ) and spin-down

unoccupied states (du−
yz ). Integrating the MAE density, we

find that Mn-d orbitals contribute a weak negative MAE. In
contrast, the contribution of Cu-d orbitals to MAE mainly
arises from the interaction of occupied states (do+

z2 , do−
z2 ) and

spin-up unoccupied states (du+
yz ). Among them, do−

z2 states

FIG. 5. (a) Trajectory of skyrmions in the moiré field under different polarization states. (b) Schematic diagram of the motion of skyrmions
in superlattice potentials under different external conditions.
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TABLE I. Matrix differences between magnetization along z
[001] and x [100] in Eq. (3). o and u represent occupied states and
unoccupied states, respectively.

σ = σ
′

σ = −σ
′

du
xy du

yz du
z2 du

xz du
x2−y2 du

xy du
yz du

z2 du
xz du

x2−y2

do
xy 0 0 0 −1 4 0 0 0 1 −4

do
yz 0 0 −3 1 −1 0 0 3 −1 1

do
z2 0 −3 0 0 0 0 3 0 0 0

do
xz −1 1 0 0 0 1 −1 0 0 0

do
x2−y2 4 −1 0 0 0 −4 1 0 0 0

contribute a positive peak near Eo = −0.75 and −0.4 eV,
and do+

z2 states contribute a negative peak near Eo = −0.2,
as shown in Fig. 4(e). Finally, the total MAE indicates an
easy-axis magnet dominated by Cu-d orbitals. These results
are consistent with the d-orbital-resolved MAE of the Mn
and Cu atoms displayed in Figs. 4(f) and 4(g), indicating
the conclusion’s reliability. In the R0 region, since the un-
occupied states of Cu-d orbitals near the Fermi level are
empty, according to Eq. (3), the contribution of Cu ions to
the MAE is almost negligible. Therefore, the total MAE is
an easy plane magnet dominated by Mn-d orbitals. Refer to
part 3 of the Supplemental Material [39] for MAE density and
orbital-resolved MAE in the R0 region.

In light of the successful modulation of localized easy mag-
netic axes in moiré HSs, we propose a strategy for quantized
transportation of skyrmions driven by electric polarization
switching. Since there is an abrupt change in the skyrmion
pattern with a magnetic field near 0.7 T, we considered the
scenario of 0.5 and 0.9 T to fully relax the structure within
a 4A × 4A supercell for a single skyrmion. We also tested
in a 5A × 5A supercell to avoid the artifacts due to periodic
boundaries (see the part 4 of the Supplemental Material [39]).
As outlined in Fig. 5(a), we employed a spin transfer torque
of magnitude u = jPh̄μB/(2eMs) = 0.01 meV and a width
of 60 ps to simulate the in-plane current pulses. As a result,
skyrmions moved more smoothly in the moiré field under the
P− state compared with their P+ counterparts when uniform
current injection was provided. Specifically, under a 0.5-T
magnetic field, skyrmions traveled orderly along the [100]
direction with a step size of A upon P− state; when switching
to the upwards polarized state, the move path is transformed to
the [1̄00] direction and the step size is kept constant. Surpris-
ingly, at a 0.9-T magnetic field under the P+ state, skyrmions
were trapped in a potential well and could not be transferred
to another well by current driving. In contrast, in the P− state
at 0.9 T, skyrmions experienced a change in movement with
steps of A/2. In addition, we also confirmed the influence of

different amplitudes and directions of current on the quan-
tized transportation of skyrmions driven (see part 5 of the
Supplemental Material [39]); this suggested the possibility of
tuning the moving step distance and moving direction of the
skyrmion by electric field control of ferroelectric polarization
approaches, and even movement and freezing of the skyrmion
can be controlled.

We calculated the moiré potential including the four en-
ergies described in Eq. (2), within a 2A × 2A supercell, as
illustrated in Fig. 5(b). It is evident that the flatter potential
field allowed for smoother driving of skyrmions by the current
pulse in the P− state compared to the P+ state, despite the
same external magnetic field. Moreover, since the current-
driven skyrmion moves periodically between highly organized
moiré potential wells, the disadvantage of transverse drift
caused by the Hall effect can be minimized during current in-
jection. Furthermore, the platform of the moiré lattice allows
for the realization of electric field tunable quantum transport
of skyrmions [8,55,56].

IV. CONCLUSION

In conclusion, our first-principles calculation has showed
that a slight mismatch between the stacked layers in a MnS2/

CuInP2S6 vdW HS generates moiré superlattice patterns,
which have a significant impact on the magnetic anisotropy
and magnetic skyrmion of MnS2, and can be controlled by
two ferroelectric polarization states. We have also investigated
the effect of different polarized states on magnetic texturing of
the MnS2, combining ab initio calculations with a micromag-
netic simulation approach. Our proposed approach for pulsed
current-driven skyrmion transport allows for the control of
skyrmion movement or freezing within the moiré period by
applying different ferroelectric polarizations, demonstrating
the interesting physical property of tunability/controllability
in the moiré superlattice.
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