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Ferroelectric control of magnetic skyrmions in multiferroic heterostructures
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Magnetic skyrmions with a topological particle nature are considered as potential information carriers for
future spintronics memory and logic devices. The stabilization of magnetic skyrmions at zero magnetic field in
nanostructured components is a prerequisite for incorporating them into advanced nonvolatile memory devices.
Here, using a real-space phase field model based on Ginzburg-Landau theory, we demonstrate that ferroelectric
polarization can stabilize magnetic skyrmions at zero magnetic field in multiferroic heterostructures composed of
MnSi, PbTiOs3, and SrTiOs. The stabilization of magnetic skyrmions in multiferroic heterostructures essentially
depends on the directions of spontaneous polarizations and the size ratios of different constituents, in which
polarization-induced inhomogeneous strain plays an important role. By applying an electric field, the polarization
switching takes place in the ferroelectric constituent and the polarization-induced strain changes in the
multiferroic heterostructures, resulting in a transition from skyrmion to helical phase in the ferromagnetic
constituent. In addition, the skyrmion and helical phases can coexist in the absence of an external field and
be switched reversibly by a local magnetic field with a small magnitude. Stabilization and control of magnetic
skyrmions by spontaneous polarization at zero magnetic field may create additional opportunities for nonvolatile
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skyrmion memory devices.
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I. INTRODUCTION

Magnetic skyrmions are topologically protected vortexlike
spin textures in a magnetic material with the Dzyaloshinskii-
Moriya interaction (DMI) [1,2]. The formation of magnetic
skyrmions is mainly determined by the delicate balance be-
tween the DMI and exchange interaction. The spontaneous
magnetic skyrmion was first predicted theoretically in noncen-
trosymmetric ferromagnetic crystal [1]. Experimentally, mag-
netic skyrmions were observed in both bulk noncentrosym-
metric MnSi crystals [2] and interfacial symmetry-broken thin
films [3]. Due to their nanoscale size, topological protection,
and low current density required for motion, skyrmions are
promising for applications in high-density and low-power
spintronic devices, which have drawn extensive attention in
recent years [3-5]. For the application of skyrmions in non-
volatile memory devices, the prerequisite is to stabilize the
skyrmions at zero magnetic field. In general, a ferromagnetic
material with DMI often exhibits a spin spiral or helical
ground state in the absence of a magnetic field [5,6]. When
an intermediate magnetic field is applied, a periodic skyrmion
lattice arises in the material before reaching the field-polarized
ferromagnetic state at increased magnetic field. In most ferro-
magnetic materials, skyrmions can usually be stabilized only
under an intermediate magnetic field and below or close to
room temperature.
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To stabilize skyrmions in a broad range of temperatures
and with low or zero magnetic field, different approaches have
been employed to suppress the helical states in ferromagnetic
materials, such as laterally confined geometries [7], lateral
magnetic fields [3], defects [8], current-induced spin-orbit
torque [9], and electric field [10]. Due to the magnetoelastic
coupling effect of ferromagnetic materials, elastic strain engi-
neering has also become a promising approach to modulate
topological magnetic structures and stabilize skyrmions in
ferromagnetic materials [11]. For example, a strain induced
by thermal mismatch can cause large anisotropic deformation
of skyrmion lattices in an FeGe plate [12]. The uniaxial strain
can modulate the skyrmion phase transitions in both MnSi
bulk [13] and FeGa thin film [14]. In a magnetic nanostripe,
strain can control the creation and propagation of skyrmions
[15], or chop skyrmions from the helical phase [16]. In
addition, the nonuniform strain distributions can provide the
stability of skyrmions in a magnetic nanodot [17], nanostripe,
and thin film [18]. By applying a nonuniform displacement to
the surface of an FeGa thin film, Shi and Wang [18] predicted,
from phase field simulations, that skyrmions can be stabilized
by a nonuniform out-of-plane strain in the absence of an
external magnetic field.

Engineering complicated strain distributions should be
more promising to modulate the skyrmions in ferromagnetic
materials, in contrast to the simple uniaxial and homogeneous
strains that can only increase the stability of skyrmions in the
presence of an external magnetic field. The skyrmions at zero
magnetic field, as desired for application, can be stabilized
by inhomogeneous strains in ferromagnetic materials [17,18].
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The stabilization of skyrmions at zero magnetic field is highly
dependent on the spatial distribution of the inhomogeneous
strains. For the stabilization of skyrmion arrays, the peri-
odic magnetization distribution in the materials may require
a periodic strain distribution. Although the inhomogeneous
strain has been demonstrated to stabilize the skyrmion array
in ferromagnetic thin films [18], how to provide such an
inhomogeneous and periodic strain in the materials at zero
magnetic field has not been proposed yet. In particular, how
to the change the inhomogeneous and periodic strain in a con-
trollable way, which is important for the control of skyrmions,
is still unknown.

In this work, the spontaneous polarization of ferroelectrics
is proposed to provide an inhomogeneous and wavelike strain
in multiferroic heterostructures. Based on phase field simu-
lations, we demonstrate that the spontaneous polarization in
ferroelectric constituents can stabilize magnetic skyrmions
in the ferromagnetic constituents at zero magnetic field in
multiferroic heterostructures combining ferromagnetic MnSi,
ferroelectric PbTiO3, and paraelectric SrTiOs constituents.
The polarization-induced wavelike strains are found to play
an important role in the stabilization of magnetic skyrmions
in multiferroic heterostructures. By applying an electric field,
polarization switching takes place in ferroelectric PbTiO3
and the coincident polarization-related strain changes in the
multiferroic heterostructures, resulting in a transition from
skyrmion phase to helical phase in ferromagnetic MnSi. For
the multiferroic thin films with out-of-plane spontaneous po-
larizations, the skyrmion and helical phases can coexist at
zero magnetic field and can be switched reversibly by a local
magnetic field, which makes them promising for application
in spintronic devices bases on topological magnetic structures.

II. METHODOLOGY

A real-space phase field model based on Ginzburg-Landau
theory is employed to investigate the evolution of the polar-
izations and magnetizations in multiferroic heterostructures.
The polarizations and magnetizations are taken as the order
parameters for ferroelectric and ferromagnetic constituents,
respectively. The time-dependent Ginzburg-Landau (TDGL)
equation is employed to describe the evolution of polariza-
tions P in the ferroelectric constituent as [19-21]
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where Lgg is the kinetic coefficient and F is the total free
energy. The total free energy can be expressed as F = [ fdv,
where f represents the total free-energy density. The detailed
formula of the total free-energy density for the multiferroic
heterostructures with MnSi and PbTiO3/SrTiO5 constituents
is given in the Supplemental Material [22]. In general, the
temporal evolution of magnetizations M in ferromagnetic
materials is described by the Landau-Lifshitz-Gilbert (LLG)
equation as [18,23,24]
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overdamped assumption [18,25-27], the LLG equation is
reduced to the TDGL equation as
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evolution [19]. In addition to the TDGL and LLG equations,
the mechanical equilibrium equation,
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must be satisfied for the stresses o;;, electric displacements D;,
and magnetic induction B; in the multiferroic heterostructures,
respectively. A nonlinear finite-element method is employed
to solve the above governing equations. In the space dis-
cretization, an eight-node hexahedral element with 11 degrees
of freedom at each node is employed. The degrees of freedom
are three displacement components, one electrical potential,
three polarization components, one magnetic potential, and
three magnetization components. For the time integration, the
backward Euler method is employed. The detailed procedure
for solving these equations and the used material parameters
are given in the Supplemental Material [22].

III. RESULTS AND DISCUSSION

A. Stable skyrmions in a multiferroic nanostripe

We first discuss the stabilization of skyrmions in a mul-
tiferroic nanostripe as shown in Fig. 1(a). In the multiferroic
nanostripe, the upper layer is the chiral ferromagnetic material
MnSi while the lower layer includes the alternative ferroelec-
tric PbTiO3; (PTO) and paraelectric SrTiO3 (STO). The mul-
tiferroic nanostripe is assumed to be grown on a conductive
substrate, so that the lower PTO/STO layer is under a short-
circuited electrical boundary condition. A real-space phase
field model of multiferroic heterostructures (see Sec. II) is em-
ployed to simulate the magnetization and polarization distri-
butions in the upper and lower layers, respectively. Figure 1(b)
shows the spatial distribution of polarization vectors obtained
from the phase field simulation in the PTO/STO layer of
the multiferroic nanostripe. It is found that polarizations in
each PTO block form a single domain while polarizations
in each STO block form an opposite single domain with a
much smaller magnitude. Figure 1(c) gives the distribution of
polarization components along the x; direction in the middle
plane of the PTO/STO layer. The polarization components
P, and P, in both PTO and STO are trivial, whereas the
polarization component P; is nontrivial. The average mag-
nitude of polarizations in PTO is 0.57 C/m? while it is less
than 0.13 C/m? in STO. The small polarizations in STO are
induced by the depolarization field of PTO because STO is an
improper ferroelectric that has no polarization if there is no
external field. The polarization direction of STO is opposite

014440-2



FERROELECTRIC CONTROL OF MAGNETIC SKYRMIONS ...

PHYSICAL REVIEW B 102, 014440 (2020)

. t
> N
X3 H
“Zioy ‘2‘4./”1
),
(C)O e P e P e P
_ 06
i
E
(i 04
s NN NN 2
-0.2

30 20 -0 0 10 20 30 g
Position across nanowire along x, axis (nm ) el

FIG. 1. (a) Schematic diagram of a multiferroic nanostripe con-
stituted of PbTiO3, SrTiOz, and MnSi. (b) The spatial distribution
of polarization vectors obtained from phase field simulation in the
PTO/STO layer of the multiferroic nanostripe. The polarizations in
each PTO block form a single domain, while polarizations in each
STO block form an opposite single domain with a much smaller
magnitude. (c) The distribution of polarization components in the
middle plane of the PTO/STO layer. The polarization components of
Py and P, in both PTO and STO are trivial, whereas the polarization
component P; is nontrivial. (d) The wavelike strain induced by the
wavelike polarizations in (c) due to the coupling between polariza-
tion and strain. This kind of wavelike strain is transferred into the
upper MnSi layer via the coherent interface to stabilize the skyrmion
phase.

to that of PTO, which is to reduce the total depolarization
energy of the PTO/STO layer in the multiferroic nanostripe.
The periodic wavelike polarizations in the PTO/STO layer
generate a wavelike strain in Fig. 1(d) due to the coupling
between polarization and strain. This kind of inhomogeneous
and periodic strain is transferred into the upper MnSi layer
via the coherent interface, which could stabilize the skyrmion
phase in the MnSi layer. To stabilize the skyrmion phase in
MnSi, the period of the wavelike strain should be comparable
to the equilibrium period of the helical phase in MnSi, which
is determined by the ratio of the DMI and exchange coupling
coefficients. The period of the helical phase is about 14 nm
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in MnSi, and so the period of the PTO/STO unit is taken as
14 nm in the present study.

On the other hand, the stability of the skyrmion phase is
also dependent on the profile and magnitude of the wavelike
strain, which is determined by the geometric configuration
of the multiferroic nanostripe. To investigate the stability
of skyrmions in the multiferroic nanostripe with different
geometrical configurations, the phase diagram is constructed
in terms of the width ratio of PTO and BTO and the thickness
ratio of the ferromagnetic MnSi layer and the ferroelectric
PTO/STO layer, as shown in Fig. 2(a). The horizontal axis
represents the width ratio of PTO and STO, in which the total
width of PTO and STO is fixed as 14 nm in one period along
the x; direction. The vertical axis denotes the thickness ratio of
the ferromagnetic MnSi layer and the ferroelectric PTO/STO
layer along the x3 direction, in which the thickness of the
PTO/STO layer is fixed as 2 nm while the thickness of the
MnSi layer varies. The width of the multiferroic nanostripe
along the x; direction is 28 nm. The phase diagram shows that
there are two phases separated by the phase boundary in the
MnSi layer. The insets of Fig. 2(a) show the simulated mag-
netization distributions in the skyrmions and helical phases,
respectively. The skyrmions can be stable in the region where
the width ratio of PTO/STO is large and the thickness ratio
of FM/FE is small. When the MnSi layer becomes thick, the
strain induced by the polarizations in PTO/STO is not enough
to stabilize the skyrmions. It is interesting that 4/3 is the most
favorable width ratio of PTO/STO to stabilize the skyrmions.
Furthermore, temperature also plays an important role in
the stability of magnetic topological structures [1,28,29]. To
demonstrate the effect of temperature on the skyrmion state
in the multiferroic nanostripe, a phase diagram in terms of
temperatures and the thickness ratio of FM/FE is given in
Fig. 2(b). The phase diagram shows that the temperature of
25 K near the Curie temperature of MnSi is the most favorable
temperature to stabilize the skyrmion phase. Based on the
phase diagrams of Figs. 2(a) and 2(b), the most favorable
width ratio of PTO/STO and the temperature for stabilizing
the skyrmion phase are 4/3 and 25 K, respectively, which are
employed in all of the following simulations in the present
study.
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FIG. 2. (a) The phase diagram in terms of the width ratio of PTO and BTO and the thickness ratio of the ferromagnetic MnSi layer and the
ferroelectric PTO/STO layer. There are two phases in the MnSi layer, and the insets show the simulated magnetization distributions of different
phases. The skyrmion phase is stable in the region where the width ratio of PTO/STO is large and the thickness ratio of FM/FE is small. (b)
The phase diagram in terms of temperatures and the thickness ratio of FM/FE. The temperature of 25 K near the Curie temperature of MnSi is
the most favorable temperature to stabilize the skyrmion phase. In this phase diagram, the width ratio of the PTO/STO layer is set as 4/3.
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FIG. 3. (a) The stable magnetic skyrmion array emerges in the MnSi layer of a multiferroic nanostripe in the absence of external fields
due to the wavelike strain in the below PTO/STO layer. (b) The energy profile of different magnetic states, in which FM, SK, TS, and HL
denote the ferromagnetic, skyrmion, transient, and helical phases, respectively. The insets show the corresponding magnetization distributions
in different phases. There is an energy barrier between the skyrmion and helical phases in the presence of the wavelike strain, which will
disappear as the dashed line if the wavelike strain is absent. (c) The skyrmion phase loses its stability and evolves into the helical phase in the
nanostripe when an in-plane electric field of E; = 5.7 x 107 V/m is applied in the x; direction. (d) The strain distribution along the x; axis in
the nanostripe with and without the in-plane external electric field. The strain approaches zero when the electric field is applied, which makes

the energy barrier in (b) disappear and the helical phase in (c) stable.

B. Electrical control of the skyrmion phase transition

As we showed in the previous section, the skyrmions are
stable in the absence of an external magnetic field in the MnSi
layer subjected to a wavelike nonuniform strain generated by
the periodic polarizations of the PTO/STO layer in multifer-
roic nanostripes. Figure 3(a) shows the simulated skyrmion
array in a multiferroic nanostripe in the absence of an external
magnetic field, in which the wavelike and nonuniform strain
is also shown below the skyrmion array. The wavelike strain
is the necessary condition for the stabilization of the skyrmion
array in the multiferroic nanostripe. To reveal the underlying
mechanism on the stable skyrmions in the absence of a
magnetic field, the energy profile of different magnetization
configurations with the wavelike strain is given in Fig. 3(b).
The insets of Fig. 3(b) show the different magnetization con-
figurations that correspond to the out-of-plane ferromagnetic,
skyrmion, intermediate, helical, and in-plane ferromagnetic
phases, respectively. The ferromagnetic phases with a single
domain at the left and right side of the curve have relatively
higher energy than the skyrmion and helical phases, which
are unstable. The ferromagnetic phase with the out-of-plane
and in-plane magnetizations will evolve to the skyrmion and
helical phases, respectively, to reduce the energy. Although
the skyrmion phase has a higher energy than the helical
phase, it cannot evolve to the helical phase spontaneously

because there is an energy barrier between these two phases.
The magnitude of the energy barrier between the skyrmion
and helical phases depends on the amplitude of the wavelike
strain. Shi and Wang [18] predicted that the energy barrier will
disappear when the wavelike strain is less than a threshold.
Although the skyrmion phase can be stable in the nanos-
tripe in the absence of an external magnetic field, it is a
metastable phase according to the energy profile in Fig. 3(b).
The metastable skyrmion phase will become the more stable
helical phase if the energy barrier is removed by reducing
the wavelike strain. To reduce the wavelike strain in the
multiferroic nanostripe, an in-plane electric field of E; =
5.7 x 107 V/m is applied in the x, direction to switch the
polarizations from out-of-plane to in-plane. The polarization
switching induced by the electric field leads to the elimination
of the wavelike strain in the MnSi layer, as shown in Fig. 3(d).
Without the wavelike strain, the energy barrier between the
skyrmion and helical phases disappears, as shown by the
dashed line in Fig. 3(b). Hence, the skyrmion phase loses
its stability and evolves into the helical phase, as shown in
Fig. 3(c). The detailed process of the phase transitions driven
by the electric field in the multiferroic nanostripe is given by
Fig. S1 in the Supplemental Material [22]. When the electric
field is removed, the polarizations will switch back to out-of-
plane due to the depolarization field in PTO and the wavelike
strain appears again. The helical phase is stable even under
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FIG. 4. (a) The schematic diagram of a sandwiched multiferroic
thin film with orthogonal PTO/STO layers. (b) The spontaneous
polarizations form single domains with orientations along the x3
negative and positive directions in the top and bottom PTO/STO
layers, respectively. (¢) The chessboard-like strain in the MnSi layer
generated by the orthogonal wavelike polarizations in the top and
bottom PTO/STO layers via the electrostriction effect. (d) The stable
skyrmion lattices appear in the MnSi layer of the multiferroic thin
film at zero magnetic field due to the chessboard-like strain. (e),(f)
The skyrmion lattices evolve into different helical phases when
in-plane electric fields are applied along the x; and x, directions,
respectively.

the wavelike strain due to the lower energy. The ferromagnetic
phase with out-of-plane magnetization can be obtained from
the helical phase if an out-of-plane magnetic field is applied.
When the magnetic field is removed, the unstable ferromag-
netic phase evolves to the metastable skyrmion phase. As a
result, the metastable skyrmion phase and the stable helical
phase can be switched back and forth by applying an in-plane
electric field and an out-of-plane magnetic field, respectively.
The two phases can be stable in the absence of an external
field, which are nonvolatile and useful for applications in
spintronic devices.

C. Skyrmion phase transition in a multiferroic thin film

Next, we investigate the electrical control of the skyrmion
phase transition in a multiferroic thin film, as shown in
Fig. 4(a). The multiferroic thin film is a sandwich structure,
in which the bottom and top layers are two orthogonally
arranged PTO/STO composite thin films while the middle
layer is a MnSi thin film. The thicknesses of the MnSi layer
and the bottom and top PTO/STO layers are 2, 2, and 5 nm,
respectively. The widths of PTO and STO in the PTO/STO
layers are 8 and 6 nm, respectively. The periodic boundary
conditions are employed in the x; and x, directions of the sim-
ulated thin film. In the simulation, the displacement 3 in the
x3 direction of the bottom surface is fixed. The traction-free
mechanical boundary condition is set to the top surface. The
“open-circuit” magnetic boundary conditions are set on the
interface. The short-circuit electrical boundary conditions are
set on the top and bottom surfaces and the MnSi layer. Similar
to that of the nanostripes, the spontaneous polarizations in

PTOs of thin films form single domains with orientations
along the x3 negative and positive directions in the top and
bottom PTO/STO layers, respectively, as shown in Fig. 4(b).
The top and bottom PTO/STO layers exhibit orthogonal wave-
like polarizations, which generate a chessboard-like strain in
the MnSi layer via the electrostriction effect, as shown in
Fig. 4(c). With this chessboard-like strain, the stable skyrmion
lattices appear in the MnSi layer of the multiferroic thin film
at zero magnetic field, as shown in Fig. 4(d). It should be
noted that the skyrmion lattice is stable in the absence of any
external field, which is also nonvolatile.

The skyrmion lattice in the multiferroic thin film can also
be controlled by an electric field. In Figs. 4(e) and 4(f), the
in-plane electric fields are applied in the top and bottom
PTO/STO layers. The initial skyrmion lattices evolve into
the helical phase when in-plane electric fields are applied
along the x; and x, directions, respectively. It is found that
the directions of the helical stripes are always along the
directions of the in-plane electric field. In the process of
a phase transition, the direction of the polarizations in the
ferroelectric PTO is switched from out-of-plane to along
the external electric field. Hence, the chessboard-like strain
disappears and a tensile strain along the direction of the
external electric field appears in the multiferroic thin film due
to the electrostriction effect. With the disappearance of the
chessboard-like strain, the skyrmion lattices lose their stability
and evolve into helical phases along the easy axis resulting
from the tensile strain. The detailed process of the skyrmion
phase transitions in a multiferroic thin film are given by
Fig. S2 in the Supplemental Material [22]. After removing the
in-plane electric field and applying an out-of-plane magnetic
field, the helical phase becomes a ferromagnetic phase with a
single domain, which can evolve to a skyrmion lattice again
when the magnetic field is removed. The switchable prop-
erty between the skyrmion and helical phases has potential
applications in microwave diode devices [30]. In addition, the
specific-heat capacity of skyrmions is larger than that of the
helical phase [31], which makes heat conduction quicker in
helical stripes than skyrmions lattices. The direction of heat
conduction can be controlled by changing the direction of
the helical phase though an electric field, which is useful for
nanoscale directional heat conduction devices.

D. Coexistence of skyrmion and helical phases

In previous sections, we have shown that both skyrmions
and helical phases are stable with the polarization-induced
nonuniform strain in the multiferroic heterostructures in
the absence of magnetic fields. The existence of an
energy barrier in the energy profile of Fig. 3(b) im-
plies that the skyrmion and helical phases may co-
exist stably. To verify this expectation, the 3 x 3
skyrmion lattices of Fig. 4(d) have been enlarged to the
6 x 6 skyrmion lattices as shown in Fig. 5(a) by doubling
the in-plane size of the multiferroic thin film of Fig. 4(a).
Although the transition from the skyrmion phase to the helical
phase occurs from Figs. 4(d) to 4(e), the coexistence of the
skyrmion and helical phases in the multiferroic thin films does
not occur because all skyrmions are transferred to the helical
phase under the uniform in-plane electric field. To realize
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FIG. 5. (a) The writing and erasing process of the helical stripe by the local magnetic field of MFM probe tip in the skyrmion lattices of a
multiferroic thin film, in which the skyrmions and helical stripe can coexist in the absence of magnetic field. The different helical stripes can
be used as information carriers, which have potential application in storage devices. (b) The double-well potential for common ferromagnetic
MnSi domains with different orientations and magnitudes. The energy barrier between two opposite domains is three times larger than that
between the skyrmions and helical phases in Fig. 3(b), suggesting that the energy consumption of data writing will be lower in the present
multiferroic thin films than that of traditional devices with domains as information carriers.

the coexistence of the skyrmion and helical phases, a local
magnetic field of H; = 1.56 x 10* A/m in the x3 direction is
applied at the gap between two skyrmions, which connects
the adjacent skyrmions to form a helical stripe. The helical
stripe can be stable in the skyrmion lattice after the local
magnetic field is removed. In practice, the local magnetic field
could be applied by a saturated magnetic probe of a magnetic
force microscope (MFM). When the magnetic probe scans
above the skyrmion lattice, different helical stripes can be
written in the skyrmion lattice, as shown by the letters “ZJU”
in Fig. 5(a). The written letters can be stable without any
external field, which is nonvolatile and can be employed as
an information carrier. To erase the information, an opposite
local magnetic field can be applied by the magnetic probe
to disconnect the helical stripe into isolated skyrmions, as
shown by the lower part of Fig. 5(a), in which the letter “U” is
deleted by the magnetic probe. The remained letters “ZJ” are
still stable and unchanged without an external field after the
probe is removed. When all the letters are deleted, the thin film
recovers its initial state with skyrmion lattices. The procedures
of writing and erasure are repeatable and can be controlled by
a computer program, which makes the patterns programmable
in the thin film.

Due to the nanoscale size, the information devices based
on skyrmions could have an ultrahigh density compared to
traditional domain-based information devices. Furthermore,
the energy barrier between the skyrmion phase and helical
phase is much smaller than that between the common fer-
romagnetic domains with opposite orientations. Figure 5(b)
shows the double-well potential for common ferromagnetic
domains with different orientations and magnitudes. Two
minimum points in the double-well potential correspond to
two stable domains with opposite magnetization orientations,
which are used as nonvolatile information carriers in tradi-
tional ferromagnetic data-storage devices. The energy bar-
rier between two opposite domains is around 6.0 x 10° J/m?
in Fig. 5(b), which is three times larger than the energy
barrier of 1.9 x 103 J/m? between the skyrmion phase and
the helical phase in Fig. 3(b). These results show that the
energy consumption of writing data in the storage devices

will decrease significantly if the skyrmion and helical phases
of the present multiferroic thin films are employed as non-
volatile information carriers to replace the traditional domain-
based information carriers. Furthermore, the energy barrier in
Fig. 3(b) could be reduced by decreasing the amplitude of the
wavelike strain in the thin films [18], which further reduces the
energy consumption. The skyrmion and helical phases in the
present multiferroic thin films are nonvolatile, programmable,
switchable, and they require low energy consumption for writ-
ing information, hence they may be applicable for nonvolatile
memory devices based on topological magnetic structures.

IV. CONCLUSIONS

In summary, we have investigated the stabilization and
phase transition of magnetic skyrmions in multiferroic het-
erostructures from phase field simulations. Two kinds of mul-
tiferroic heterostructures with a periodic distribution of spon-
taneous polarization are proposed to stabilize the skyrmion
phase in the ferromagnetic constituent of MnSi in the absence
of a magnetic field. The stabilization of skyrmions in the ferro-
magnetic constituents is attributed to a wavelike strain, which
is generated by the spontaneous polarizations in ferroelectric
constituents via electrostriction.

The detailed energy analysis shows that the skyrmion
phase is metastable under wavelike strain. When an in-plane
electric field is applied to the ferroelectric constituent of
multiferroic heterostructures, the spontaneous polarizations
switch from out-of-plane to in-plane, and thus the wavelike
strain disappears, resulting in a transition from the skyrmion
phase to the helical phase in ferromagnetic constituents. After
removing the electric field, the helical phase is stable even
under wavelike strain because it has a lower energy than the
skyrmion phase. The stable helical phase can return to the
metastable skyrmion phase via the intermediate ferromagnetic
phase induced by an out-of-plane magnetic field.

For multiferroic thin films with out-of-plane spontaneous
polarizations, the skyrmion and helical phases can coexist
in the absence of an external magnetic field, which can be
switched from one to the other through a local magnetic field
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generated by a probe of a magnetic force microscope. The
skyrmion and helical phases in multiferroic thin films exhibit
several excellent properties, including being nonvolatile, pro-
grammable, switchable, and having lower energy consump-
tion for phase transformation, thus they may be applicable
in future spintronic devices with ultrahigh density and low
energy consumption.
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