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Electrical tuning of skyrmion dynamics in multiferroic composite thin films
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A lack of space-inversion symmetry along with broken time-reversal symmetry at ferromagnetic/ferroelectric
interfaces gives rise to the electric field control of the effective magnetic field and the Dzyaloshinskii-Moriya
interaction, thus allowing for the formation of multiferroic skyrmions at room temperature. The electric-field-
driven evolution of spin textures at the ferromagnetic/ferroelectric interface is investigated by means of Monte
Carlo simulations. It is demonstrated that the skyrmion lattice can be stabilized by the moderate interfacial
magnetoelectric couplings. The chirality, radius, position, and numbers of skyrmions are found to be tunable
by an external the electric field. The nonequilibrium dynamics of skyrmions, however, strongly depends on
the frequency of the applied time-oscillating electric field. With the increase of the frequency of the ac
electric field, multiferroic skyrmions become unstable and after several periods they are, ultimately, damping
down to the helimagnetic phase. Under microwavelike electric fields, the dynamic multiferroic response of
the skyrmion lattice is anisotropic and inhomogeneous. The electric-field-induced resonance spectrum of the
magnetic skyrmion with a distinct peak in the imaginary part of permeability is successfully simulated by the

Fourier transformation of magnetization.
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I. INTRODUCTION

The magnetic skyrmion [1,2], a vortex-like spin-swirling
texture of topological origin, is of great interest to future
spintronic technology because of its numerous advantages,
such as nanoscale size [3,4], topologically protected stability
[5], and ultra-low power consumption [4,6]. So far, magnetic
skyrmions have been observed mainly in metallic chiral B20
structures [7], in which the skyrmion can be efficiently driven
by an electric current via spin-transfer torques [7—10]. The
skyrmion phase in insulating oxides was discovered in 2012,
namely, in the chiral-lattice magnet of Cu,OSeO3 [11]. The
intrinsic magnetoelectric (ME) coupling in Cu,OSeO; offers
the possibility of manipulation of the skyrmion by an exter-
nal electric field rather than electric current, which holds a
great advantage not only because of a significant reduction
in energy consumption (without Joule-heating energy loss),
but also due to the added nonvolatile functionality. However,
Cu,08Se03, as a single-phase multiferroic, is far from its
application in spintronic devices due to a low multiferroic
transition temperature and a weak magnetoelectric response
[12,13]. Therefore, the search for multiferroic skyrmions with
strong ME interaction at room temperature is highly desirable.

Theoretically, it is suggested that the competition be-
tween the symmetric (M; - M;)-like exchange interaction
(here M; and M; are spins on neighboring sites) and the
asymmetric (M; x M;)-like Dzyaloshinskii-Moriya interac-
tion (DMI) [14,15] is the key ingredient for the formation of
the magnetic skyrmion in chiral-lattice magnets. In addition,
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magnetic field H is found to play a substantial role in ma-
nipulating the skyrmion structure and its dynamics [16-18].
In this work, we show that all these phenomena can find
their analogies in the coupled ferromagnetic/ferroelectric
(FM/FE) heterostructures. Furthermore, the interfacial ME
effects can enable the formation of multiferroic skyrmions
at room temperature, and they may give rise to a number
of internal dynamic modes of the skyrmion by applying the
time-oscillating electric fields. The skyrmion dynamic modes
include the uniform breathing, the chirality reversal, and the
coherent displacements of the skyrmion lattice, which are
often accompanied by skyrmion annihilation and re-creation.
Under small microwave-like electric fields, the multiferroic
dynamics of the skyrmion lattice can be characterized by an
anisotropic ME response. The resonant frequency is simulated
in the work by tuning the frequency of the applied electric
fields. These findings demonstrate the feasibility of using the
ac electric field for the controllable manipulation of skyrmions
at the FM/FE interfaces.

II. INTERFACIAL MAGNETOELECTRIC EFFECTS

The asymmetric DMI requires a broken space-inversion
symmetry and spin-orbit coupling. The FM/FE interfaces are
an excellent candidate for realization of the multiferroic DMI
since their structure-inversion symmetry is naturally broken
and an interfacial spin-orbit coupling of the Rashba type
additionally exists due to the electrostatic potential difference
at the interface [19],

Fso =a(k x &) s, ey
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where k is the momentum of electrons, s is the Pauli’s spin
matrices, and €, is the unit vector normal to the interface.
The strength of the Rashba spin-orbit interaction (RSOI) «
is determined by the surface potential gradient V,V (r), thus it
can be tuned by changing the shape of the interfacial confining
potential using an external electric field [20]. If a ferromag-
netic metal is attached with the gate polarized electric dipole
moments, the electric field modulation can be substantially
enhanced at the interface due to the large interface screening
that linearly depends on the normal component of the FE po-
larization [21-23]. Based on a Rashba band [24], the indirect
DMI mediated by spin-polarized conduction electrons in FM
metal occurs at the interface owing to the presence of RSOI,
which brings together the spin and the real space (the lattice).
The strength of the DMI is reported to be a linear function
of the strength of the RSOI «, and so is the FE polarization
in the FE systems. Together with the tight-binding model, in
which the DMI is mediated by conduction electrons and relies
on the existence of high spin-orbit heavy-metal atoms of the
adjacent layer [4,25], the asymmetric exchange interaction at
the FM/FE interface can be, in general, written as

= Dy (M; x M)) 2

ij

Fi DMI

with Dy = (Dg + Dg), where Dg is assumed to originate from
the interaction between transition metal atoms and heavy
element impurities and is insensitive to the applied electric
field. DE , however, varies with the FE polarization P, linearly.
As for the direction of the DMI, it is shown that both Dg and
Dg are all perpendicular to the unit vector r;; between M; and
M; and lie in the interface plane, i.e., Djj ~ (rj x &,).

On the other hand, the FM/FE interface with intrinsically
broken space-inversion symmetry and time-reversal symme-
try is suggested to exhibit a ME coupling restricted to the
nanometer-sized region of near-interface [26-28],

Fue =y (P) - M — 210 cos’ . 3)

The first y term takes its origin from a nonuniform, inter-
facial spin density coupled to the ferroelectric polarization
due to the spin-dependent surface screening in the vicin-
ity of the spin-diffusion length [29-31]. y is the coupling
strength in units of s/F. Below terahertz and with the spin-
diffusion length being around tens of nanometers in transition
metals [32], the linear direct magntoelectric coupling is as-
sumed to involve all magnetic moments in the present ultra-
thin FM film (~5 nm), where variations along the interface
normal are neglected. The second A term involves piezoelec-
tricity and the magnetostriction at the interface, associated
with an additional voltage-controlled uniaxial anisotropy en-
ergy for the FM layer [28,33,34]. A is the average magne-
tostriction coefficient, and ¢ is the angle between the mag-
netization M = ) ", M /Ngy and the direction of the stress o
across the interface. From Eq. (3), the ME coupling can result
in an effective magnetic field

Hyg = —0Fve/SM, 4

which directly responds to the applied external electric field.
The aforementioned description of the multiferroic prop-
erties at the FM/FE interface allows for the formulation of

FIG. 1. A schematic of the FM/FE heterostructure. The epitaxi-
ally grown multiferroic heterostructure in a coarse-grained approach
consists of Neg = Npy = 21 x 21 electric dipole moments P; (white
arrows) and magnetic moments M; (black arrows), respectively. The

interfacial DMI, Dy ~ (rj; x €,) (red arrow), lies in the interface
plane. E(¢) is an applied (time-oscillating) electric field normal to
the interface.

conditions for the ferroelectric tuning of both the asymmetric
DMI [Eq. (2)] and the effective magnetic field [Eq. (4)]
in the skyrmion phase. The possibility of manipulation of
the magnetic skyrmion by an external electric field at room
temperature makes these vortex-like structures a potential
candidate for spintronic applications.

II1. SIMULATIONS OF SKYRMION DYNAMICS

In the present study, the electric-field-driven magnetic
dynamics of a two-dimensional FM/FE bilayer structure
is investigated by means of Monte Carlo simulations [35].
We choose Fe and BaTiOs; as the candidates for FM and
FE subsystems, respectively. From a computational point of
view, without loss of general physical properties, the coarse-
graining with cell size a = 5 nm is conveniently used to obtain
the quantities of polarization P and magnetization M [36].
Calculations are mostly carried out for Ngpyy = Npg = 21 x 21
classical (three-dimensional) electric dipole moment P; and
magnetic moment M; (cf. Fig. 1).

For the FE layer, the elastic Gibbs function Fgg correspond-
ing to the tetragonal phase of BaTiOj film reads [28]

FFE=—%ZP?+§ZP?+K%(P1—PJ‘)2
ZE P..

Here, ceff = 2¢31 — ¢33/n with C3e = 8PZ/8ug =123
being the improper piezoelectric tensor of the FE film. The
symmetry c3; = c3; is considered in order to derive the ef-
fective piezoelectric constant c.g [37]. It should be noted
that, for epitaxially strained FE films, the strain components
satisfy us = us = ug = 0, u; = uy # 0, and the strain perpen-
dicular to the interface is determined by the Poisson ratio
n = —u;/us. E is the external electric field and C, is the
stiffness coefficient of the FE. For the FM layer, the energy
density can be expressed by Frpv = Fxc + Fpmr with

Fxe = — QZ Zm ©)

M; (ij)

©)
+ Cefitt ZPW + C u,
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FIG. 2. (a) Phase diagram as a function of the ME coupling strength y. The color and arrows denote the vertical components and
directions of the magnetization, respectively. (b) Time evolution of skyrmions and FE polarization (red line) under an ac electric field with
the period 7' = 3000 MCS and the ME coupling y = 0.55 s/F. Snapshots show, respectively, the instantaneous spin configurations at time:
t =0, 1000, 1100, 1200, 2100, 2400, 2600, 2700, and 3000 MCS. (c) The corresponding hysteresis loops of the total chirality x (red line)

and average polarization (P,)/P; (blue dashed line).

where M, A, and K, are, respectively, the saturation magne-
tization, the nearest-neighbor exchange interaction, and the
magnetocrystalline anisotropy constant with the easy axis
perpendicular to the interface.

The multiferroic dynamics of the electric dipole moment
P; and the magnetic moment M; is governed by the total
free energy F' = Fpg + Fpm + Fume. The material parameters
for the FE layer are chosen as o = 2.77 x 107 Vm/C [38],
B =1.70 x 108 Vm®/C3, [38] x = 1.0 x 108 Vm/C [39],
and P, = 0.27 C/m>. Here, C, = 3.90 x 10° N/m? is used
to reproduce the lattice mismatch (~1.4%) between the bcc
Fe[001] film and the tetragonal BaTiO3 at room temperature
[40]. The improper piezoelectric constants are set as those
of BaTiO; [37]: ¢33 = 0.3 C/m?, ¢33 = 6.7 C/m?, and the
Poisson ratio n = 0.64 [41]. Further parameters of the FM
(iron) layer are A = 2.07 x 1073 along Fe[100] [33], A =
2.1 x 107" J/m [42], K; = 4.8 x 10* I/m? [42], and M, =
1.71 x 10% A/m [42]. The induced stress acting on the FM
body is given by o = —C[uy, up, u3] with the elastic con-
stant C;; = 1.78 x 10" N/m? of BaTiO; at the interface [43].

Firstly, the equilibrium spin configurations based on a
high-temperature annealing Metropolis algorithm with pe-
riodic boundary conditions are investigated in detail [44].
5 x 10* Monte Carlo steps (MCS) were used at each temper-
ature of the annealing process. Figure 2(a) shows the ground-
state phase diagram as a function of the ME coupling strength
y. Note that a normal static electric field E = (0, 0, Ey) with
Ey = 17 MV/m is used to obtain a fully electric polarized FE
layer. Djj/J = 1 with exchange interaction J = aA is used to
have enough skyrmions in the limited samples and save the
computational cost at the same time. Similarly to the spin
textures driven by an external magnetic field in chiral-lattice
magnets [45], we found that the helimagnetic phase, the
skyrmion lattice phase, and the ferromagnetic phase emerge

successively with the increasing strength y . The critical values
of y are 0.28 and 0.72 s/F, which range in the typical interval
of the measured ME coupling strength of coupled FE/FM
heterostructures [30,46,47]. This is a very important result,
implying that the skyrmion phase would exist even for a
relatively weak interfacial ME coupling, for instance in real
materials with a smaller value of DMI, once the condition
0.2D72 < |yF| < O.SDT2 is satisfied.

Secondly, a time-dependent oscillating electric field
E() = (0,0, —Epcoswt) is applied to explore the nonequi-
librium behavior of the skyrmion dynamics via the kinetic
Monte Carlo method. The initial (nearly perfect) skyrmion
lattice with the ME coupling y = 0.55 s/F is prepared via
the annealing procedure. At the first step of our numerical
calculations, the DMI is assumed to be independent of the
applied electric field (the effects of the field-dependent DMI
will be demonstrated in Fig. 5). Following the reference [44],
we define a local chirality xp at the lattice site r as

xr =Mr - Mriz X Myyg) + My - Myr_z X Mr_g). (7)

For a single localized skyrmion, | ) "y xr| is equal to unity in
the continuum limit. Therefore, the value of the total chirality
X = Y_r xr of the FM layer can determine the number and
the topological charge of skyrmions. As demonstrated in
Figs. 2(b) and 3, the FE layer possesses a typical ferroelectric
hysteresislike behavior under the ac electric field [cf. also
the P-E loop in Fig. 2(c)]. The skyrmion dynamics, however,
does depend on the frequency of the applied electric fields.
Under a slowly changing electric field with long period, the
magnetic dynamics can adiabatically follow the effective ME
field determined by the FE polarization. The periodic changes
of the skyrmion lattice and the hysteresis loop of x-E are
shown in Figs. 2(b) and 2(c), respectively. One can see that
the dramatic change of skyrmions happens within the narrow
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FIG. 3. The total chirality x (red line) and the average polariza-

tion (P,)/P; (blue dashed line) as a function of time in the presence
of time-oscillating electric field with the periods (a) 800, (b) 700, and
(c) 600 MCS.

range of the FE polarization reversal process. Interestingly,
during the switching process, the onset nucleation of skyrmion
reversal accompanied with coherent periodic displacements
of the skyrmion lattice is observed, as demonstrated in the
snapshots of the dynamic process of electrical skyrmion an-
nihilation and creation in Fig. 2(b). However, the skyrmion
lattice becomes unstable with increasing the frequency of the
ac electric field (cf. Fig. 3). The simulated critical frequency
is about w = 27/600 MCS~!. Above this frequency, the
damping of skyrmions becomes fast and after several periods
the skyrmions eventually melt into the helimagnetic phase.
For a more complete scenario of the skyrmion dynam-
ics, a single skyrmion is generated with the open boundary
condition. Differently from the skyrmion lattice, the single
skyrmion is confined at the center of the FM layer. Figure 4
presents the time evolution of the single skyrmion with the
same ME coupling strength y as that used in the periodic
boundary conditions. A uniform breathing mode rather than
the nucleation of skyrmion reversal is driven by the time-
dependent electric field with longer period 7 = 6000 MCS.

T

/5 2T/5 3T/5 4T/5

FIG. 4. Snapshots of simulatd dynamics of a single skyrmion
within one period T. Here, D;;/J = 0.35, the period of ac electric
field T = 6000 MCS, and the open boundary condition are used
during the numerical calculations.
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FIG. 5. Dynamic process of x (red line) and (P,) /P, (blue dashed
line) under the polarization-dependent DMI: (a) Dj; = Dy, (b) Dy =
Dy + 0.1Dy(P,(t))/P;, and (c) Dy = Dy(P,(t))/P;. Here the period of
applied ac electric field T = 3000 MCS, the ME coupling y = 0.55
s/F, and DMI Dy/J = 0.99.

Now, we will explore the effects of the ferroelectric tunable
DMI relating to the RSOI at the interface. For comparison,
the numerical simulations are carried out with (i) D;j = D,
(i) Dy = Do + 0.122 Dy and (iii) Dy = 2 Dy (note that
other parameters are the same). It is 1nterest1ng that, except
for the values of chirality, the overall behavior of skyrmion
dynamics is very similar in all the three cases, as shown in
Fig. 5. This implies that the skyrimion dynamics is mostly
dominated by the effective Zeeman field. However, DMI is
essential to formation of the multiferroic skyrmion in FE/FM
interfaces.

Experimentally, the magnetic permeability is usually mea-
sured to study the response of a material subjected to an
applied ac magnetic field [48,49]. In the present study, we
show that the magnetic dynamics can be driven by an ex-
ternal electric field via the interfacial ME coupling as well.
Therefore, it would be interesting to see how the skyrmions
are excited by applying small fransverse ac electric fields
under a large static electric field. Such dynamic multifer-
roic response of the skyrmion lattice is numerically inves-
tigated under the time-varying electric fields, E(t) = E,€, +
E, cos wt &, and is characterized by a spatially resolved ten-
SOI, ey = SMf.(t)/EX, which is termed as the magnetoelec-
tric permeability. As demonstrated in Figs. 6(b) and 6(c),
the anisotropic magnetoelectric permeability occurs in the
system; the half-moon-like pattern and circle-like pattern of
Re(uxx) and Re(u,x), respectively, are clearly observed. It
is found that the center region of each skyrmion exhibits
a relatively weaker electromagnetic response than the outer
region, when the ferroelectric polarization of the FE layer
is not perfectly excited along the x axis. Furthermore, as
indicated in ferromagnetic resonance dynamics excited by the
microwave electric field, the energy of the ac field can be
effectively absorbed by tuning of the frequency of the ac field
to the resonant frequency of the system. A noticeable peak
at the imaginary part of magnetic permeability Im(u,x) is
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FIG. 6. (a) The prepared (initial) skyrmion lattice for dynamic
multiferroic response. (b) and (c) are, respectively, snapshotted
patterns of the real parts Re(uy) and Re(u,x) of magnetoelectric
permeability at constant frequency w = 0.002 MCS ™. (d) Imaginary
part of the permeability Impu,, vs the frequency of applied ac electric
field. Here, the applied time-varying electric filed reads E(t) =
E,é, + E,coswt & with £, = 17 MV/m and E; = E,/10.

clearly observed in Fig. 6(c), which displays the z-direction
absorption spectra calculated from the Fourier transformation
of magnetization M(t) = (1/Npm) ) _y Mr (7). The resonant
frequency is about ~0.031 MCS~!. This dynamic multiferroic
response of the coupled FE/FM composites upon excitation
by the microwave electric field provides an alternative ap-
proach for probing the skyrmion lattice. In and above the giga-
hertz range, the spin-wave spectra and a frequency-dependent

ME coupling should be considered. Therefore, the dynamic
response of multiferroic skyrmions needs to be further inves-
tigated in order to better understand their complex behavior.

IV. CONCLUSION

In the present work, the effects of the interfacial ME
coupling on spin textures at the FM/FE interface were theo-
retically analyzed. The linear dependence of the Rashba spin-
orbit interaction, asymmetric DMI, and effective magnetic
field driven by the FE polarization are shown to bring about
the multiferroic skyrmion phase at room temperature. By
applying the time-dependent electric field, the nonequilibrium
evolution and resonance behavior of the skyrmion dynamics
were successfully simulated on the basis of the Monte Carlo
method. Several internal modes, such as nucleation of chiral-
ity reversal, uniform breathing, annihilation, and recreation
of the multiferroic skyrmion, were found to exist during the
dynamical evolution processes. The resonant frequency and
damping phenomena of the skyrmion lattice under ac elec-
tric fields are discussed accordingly. Our model simulation
successfully describes the nature, in particular, the dynamic
multiferroic response of skyrmions at FM/FE interfaces, and
gives a pathway for the ultralow power manipulation of
these skyrmions using the moderate electric fields at room
temperature.
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