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Chiral-magnetic/ferroelectric composite systems offer the possibility of electrically inducing
magnetic Bloch skyrmions [Wang and Grimson, Phys. Rev. B 94, 014311 (2016)]. They are
appealing for potential applications in spintronics due to their self-protection behavior. To realize
skyrmion-based spintronic devices, it is essential to control the motions of the skyrmions. In this
work, we propose a mechanical technique to manipulate skyrmions collinearly with a mobile external electric field that is imposed on the chiral-magnetic/ferroelectric system. The role of propagation velocity strongly impacts on the quality of magnetic skyrmions. Published by AIP Publishing.
https://doi.org/10.1063/1.5049832

Magnetic Bloch skyrmions are topological vortex-like
spin structures with a range of sizes from 10 nm to approximately 100 nm, which have been introduced theoretically1,2
and observed experimentally3 in many studies. The existence
of these skyrmions has been detected in chiral-magnetic
(CM) crystals, such as the B20 metallic MnSi,3 FeGe,4
MnGe,5 Mn-Fe-Ge alloys,5 Fe-Co-Si alloys,6 and the multiferroic Cu2OSeO3,7,8 which has no inversion symmetry. This
can allow the emergence of magnetic skyrmions due to their
non-centrosymmetric lattice structure which gives rise to a
Dzyaloshinskii-Moriya (asymmetric exchange) interaction
(DMI).1 In micromagnetics, this phenomenon is caused by
the interplay of a weak nearest-neighbor collinear exchange
interaction and the inherent Dzyaloshinskii-Moriya coplanar
interaction. The competition between the two stabilizes the
helicity of magnetic skyrmions.2
Lately, magnetic skyrmions attract much attention within
the spintronics community for a possible application in memory devices and computing.9 The inherent stability of these
topologically protected structures combined with their low
pinning probability to defects are intriguing characteristics. To
use skyrmions as information holders, it is necessary to control their motion. Previous studies revealed several nonmechanical methods, such as by using electric currents,10
spin-polarized currents,11 microwave fields,12 temperature
gradients,13,14 and magnons.15 However, a mechanical method
has not been explored. In this work, we investigate a mechanical technique to move magnetic Bloch skyrmions collinearly
with a mobile electric field source.
Multiferroism allows us to create magnetic skyrmions
by the electric polarization.16–18 This is a result of the small
magnetoelectric (ME) coupling between the magnetization
and electric polarization fields. Unfortunately, the multiferroic insulators, e.g., Cu2OSeO3, have a low transition temperature and a limited magnetic response, which is adverse
for applications.19 But in composite systems, which are synthetic heterostructures of magnetic and ferroelectric (FE)
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orders can produce a remarkable ME coupling due to the
microscopic mechanism of the strain-stress effect.20
Specifically, a mechanical strain can be internally generated
by applying an electric field in the FE film due to the piezoelectric effect, then this strain acts on the coupled CM film
and results in a net magnetization due to the inverse magnetostrictive effect, as shown in Fig. 1. It is known as the converse ME effect.21 A previous study has demonstrated that
creation of skyrmions can be induced by the converse ME
effect in a composite system that consists of a coupled CM
and FE bilayer film.18
In a composite CM/FE bilayer, the magnetic skyrmions
are moved by an external electric field source along the
bilayer film as shown in Fig. 2(a) (Multimedia view). The
CM film is on the top of the bilayer and it is glued to a FE
film by a strong ME coupling. The CM film can support
magnetic skyrmions. A localized electric field source is
located above and below the bilayer. It can travel in a plane
parallel to the film. Then, we carry out a spin dynamics
method to determine the time dependent behaviors of the
magnetic and electrical responses.
The magnetic component of the system having a CM
structure is described by the classical Heisenberg model on a

FIG. 1. The physical mechanism of the converse ME effect that forms magnetic Bloch skyrmions in the composite system. The processes of the reverse
piezoelectric effect and inverse magnetostrictive effect are represented in
the green and blue, respectively.
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where c is the gyromagnetic ratio which relates the spin to its
angular momentum, and kCM is the phenomenological Gilbert
damping term of CM materials.23,24 H eff
i;j ¼ dH=dS i;j is the
effective field acting on each magnetic spin, which is the functional derivative of the system Hamiltonian.
We employ a pseudospin model to solve the dynamical
behaviors of electric polarization.25,26 The local electric
moments
 are replaced
 by electric pseudospins, shown as
P k;l ¼ Pxk;l ; Pyk;l ; Pzk;l

that is regarded as a continuous vec-

tor, and k; l characterizes the location. The distinction
between pseudospins and classical spins is the variable size
and absence of precession. The electric polarization is
defined as the dipole moment density in dielectric materials.
The dipole moment density p is proportional to the external
electric field, , as p ¼ 0 ve Eext . In the pseudospin model, the
size of each electric pseudospin is proportional to the magnitude of its effective field as kE eff
k;l k ¼ kdH=dP k;l k. Hence

FIG. 2. (a) A schematic illustration of a composite bilayer consisting of a CM
layer and a FE layer stacked at the interface. A localized electric field source
can be moved longitudinally along the bilayer. (b) Sequential snapshots present the generation of a skyrmion in the bulk of the CM layer, as the localized
electric field is statically applied at the initial position. (c) Propagating a skyrmion by moving the electric field source with a velocity of v ¼ 0:02 spinsite/step. The color scale represents the magnitudes of the local z component
magnetization and polarization. Multimedia views: https://doi.org/10.1063/
1.5049832.1; https://doi.org/10.1063/1.5049832.2

two-dimensional rectangular lattice. The magnetic spin S i;j


¼ Sxi;j ; Syi;j ; Szi;j characterizes the local magnetic moments,
and it has a normalized length with kS i;j k ¼ 1, and i; j locates
the position. The total Hamiltonian HCM is given by
HCM ¼  JCM
D

X

X

½S i;j  ðS iþ1;j þ S i;jþ1 Þ

i;j

½ðS i;j  S iþ1;j Þ^
x þ ðS i;j  S i;jþ1 Þ^
y

i;j

K

X

Szi;j

2

:

(1)

i;j

The first term contains the familiar collinear nearest-neighbor

exchange interaction, and JCM
¼ JCM =kB T represents the
dimensionless exchange interaction coupling coefficient. The
second term shows the coplanar DMI in the two-dimensional
lattice system, and D ¼ D=kB T represents the dimensionless
DMI coefficient, where x^ and y^ are the unit vectors along the
x- and y-axes, respectively. This describes the Bloch-type
DMI in a non-centrosymmetric crystal.22 The third term
represents the perpendicular magnetic anisotropy, and K 
¼ K=kB T is the dimensionless uniaxial anisotropic coefficient.
The dynamics of magnetic spins have been studied by the
well-known Landau-Lifshitz-Gilbert equation, which numerically solves the rotation of a magnetic spin in response to its
torques


h

i
@S i;j
¼ c S i;j  H eff
 kCM S i;j  S i;j  H eff
;
i;j
i;j
@t

(2)

kP k;l k ¼ 0 Ne kE eff
k;l k, where Ne is the dimensionless pseudoscalar susceptibility. Consequently, the electric pseudospin
has a variable size as does the behavior of an electric dipole.
We use a transverse Ising model to describe the Hamiltonian
of pseudospins,27 as
X 

Pzk;l Pzkþ1;l þ Pzk;lþ1
HFE ¼ JFE
i;j

X

X
i;j

X 

Pxk;l  0 ve Eext
Pzk;~ l~ ;

(3)

i;j


¼ JFE =kB T represents the dimensionless electric
where JFE
exchange coupling along the Ising z direction. X ¼ X=kB T
represents the dimensionless transverse field along the x
axis, which is an in-plane field and perpendicular to the Ising
z direction. Eext ¼ 0 ve Eext =kB T represents the dimensionless
applied electric field along the z direction, where 0 is the
electric permittivity of free space, and ve is the dielectric sus~ l~ presents the pseudospin
ceptibility. A site of location k;
which in the presence of electric field. Note that the applied
electric field is mobile, localized, and located to relative
bilayer film to reduce edge effects (i.e., edge-merons) in the
simulations.28 The time evolution of pseudospins is expected
to perform a precession free trajectory.26 Because of the
electric dipole moment is a measure of the separation of positive and negative charges along the Ising z direction. It is a
scalar. Therefore, only the z component of pseudospin represents the real polarization. A modified Landau-LifshitzGilbert equation is used to describe the pseudospin dynamics, as
h

i
@P k;l
;
(4)
¼ kFE P k;l  P k;l  E eff
k;l
@t

where kFE is the phenomenological damping term in the FE
structure.
The interfacial effects between the CM and FE layers
are caused by a ME coupling. The analytic expression for
ME effect can be bilinear or nonlinear, particularly with
respect to the thermal effect.29 In this paper, we only account
for low-energy excitations between the CM and FE layers
and so we restrict ourselves to the bilinear expression of ME
interaction, as
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Szi;j Pzk;l ;

(5)

ði;jÞðk;lÞ

where g ¼ g=kB T represents the dimensionless strength of
the ME coupling. Nonlinear forms have not been studied
here for simplicity and due to their minor effects in the
micromagnetic modelling.
To investigate the dynamical manipulation of magnetic
Bloch skyrmions, we implement dimensionless parameters


¼ D ¼ 1, K  ¼ 0:1, JFE
¼ 0:8, X ¼ 0:1, g ¼ 0:4,
JCM



c ¼ 1, and kCM ¼ kFE ¼ 0:1. Note that “” characterizes
dimensionless quantity. The number of magnetic spins and
electric pseudospins was set to N ¼ 30  90 in each layer.
Free boundary conditions and a random initial state were
applied. Landau-Lifshitz-Gilbert equations are solved by a
fourth-order Range-Kutta method. A marginal electric field
was applied to order the FE and CM domain walls, and then
we apply the localized electric field with a dimensionless
magnitude of Eext ¼ 10 perpendicular to the bilayer surface.
The electric pseudospins quickly complete realignment, but
the responses of magnetic spins have a delay. The generation
process of a magnetic skyrmion in the bulk of the CM layer
is summarized in Fig. 2(b). Subsequently, this field source is
moved along the bilayer with a constant velocity. The velocity
is measured as v ¼ DN=Dt , where DN corresponds to spatial movement to equivalent locations (i.e., spin-sites), and Dt
is a dimensionless time step. Figure 2(c) shows a series of
diagrams that show the skyrmion transport in the CM
layer (Multimedia view). The skyrmions follow the polarized
pseudospins in the FE layer for a velocity of v ¼ 0:02
spin-site/step.
In this propagation process, we can see the skyrmion
track deflecting to the bottom edge due to the skyrmion Hall
effect.30 The behavior of a skyrmion is topologically like a
spinning disk and it generates a Magnus force when traveling
longitudinally. So, it induces a transverse force during the
translational motion of the skyrmion. The figure further
shows the electric polarization reflecting the passage of field
source. But the magnetization has a component that is noncollinear with the electric response and shows a spin spiral
alignment due to the existence of a finite DMI. CM crystals
have a non-centrosymmetric structure that enables the magnetic ordering to be broken.
The movement of the field source is externally controllable. We therefore explored two results of the effects of
higher velocity on the skyrmion transport. Figure 3(a) shows
a trial with a propagation velocity of v ¼ 0:05 spin-site/step
(Multimedia view). The skyrmion barely struggles to follow
the motion of field source during the propagation process.
Eventually, the system becomes more complicated, because
another two skyrmions are formed from edge-merons to
complement the energy contribution. In Fig. 3(b), we set the
velocity to v ¼ 0:1 spin-site/step and note the skyrmions are
lost immediately (Multimedia view). Furthermore, the skyrmion Hall effect acts in the high-speed operation and the
transverse motion of skyrmion transport may result in its
annihilation at the boundaries.
The magnetization processes in the CM bilayer are consistent with the magnetic phase diagrams calculated earlier.31,32 Furthermore the physics of isolated chiral skyrmions

FIG. 3. High velocity effects on skyrmion transport for (a) v ¼ 0:05 spinsite/step and (b) v ¼ 0:1 spin-site/step. The color scale represents the magnitude of the z component magnetization. Multimedia views: https://doi.org/
10.1063/1.5049832.3; https://doi.org/10.1063/1.5049832.4

have been investigated33 and they show that the formation of
isolated skyrmions, their structure, and stability limits are consistent with the results shown here.
In summary, we have investigated a mechanical method
to control magnetic Bloch skyrmions by moving an electric
field source parallel to the composite CM/FE bilayer system.
Skyrmions are supported by the electric polarization through
the converse ME effect. The results demonstrate that the skyrmion is moved collinearly with the field source at a slow
speed. But higher speeds may break the stability of skyrmion
transport and lead to annihilation of the skyrmions at the
edges.
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