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Tools for controlling electrically the motion of magnetic skyrmions are important elements towards
their use in spintronic devices. Here, we propose and demonstrate the transport of skyrmions via
GHz and THz electric pulses. The method relies on using polarization textured pulses such that the
skyrmion experiences (via its inherent magnetoelectricity) the out-of-plane and in-plane components
of the pulse electric field. It is shown how the electric field drags efficiently the skyrmion. The control
of the skyrmion motion depends solely on the amplitude of electric fields, frequency, polarization or
phase in case two pulses are applied. Micromagnetic calculations supported by analytic modeling
and analysis indicate the experimental feasibility of the control scheme.

I. INTRODUCTION

Magnetic skyrmions are topological textures formed in
thin magnetic films with no inversion symmetry. Their
unique physical features, such as nanoscale size, high sta-
bility, and high mobility, make them ideal for diverse
applications in future spintronic devices [1–10]. The
high mobility of skyrmions reduces the energy costs of
skyrmion-based transfer of information and manipula-
tion of skyrmion-based memory elements. Recent stud-
ies showed that skyrmion displacement can be effec-
tively driven by electric/magnonic spin transfer torques
[4, 11–18], magnetic field gradient [19–21], voltage [22],
microwave magnetic field [23, 24], or thermal gradi-
ent [21, 25, 26]. Recently it has been reported that
an electric field gradient can be used for manipulating
skyrmions [27–29]. The inherent spin non-collinearity
renders skyrmions magnetoelectric. Exploiting magneto-
electric coupling enables an optical tweezing of skyrmions
and vortices [30–32], even though near intense focused
fields are necessary.

In this paper we propose a new protocol to move
skyrmions with propagating electric field pulses. The
fields are polarized such that they possess a component
in the plane and a component orthogonal to the plane of
the skyrmion. The speed and direction of the skyrmion
motion are determined by the amplitudes, frequencies,
and phases of the electric pulses. This mechanism is
different from the skyrmion motion driven by the mi-
crowave magnetic field, where an asymmetric skyrmion
distortion induced by an in-plane static magnetic field
is necessary [24]. Our mechanism is operational when
using harmonic as well as for two broad-band THz time-
asymmetric pulses with perpendicular components. The

pulses are applied uniformly to the sample, and field fo-
cusing at the nanoscale is not necessary. Our results
point to new opportunities for the optical control of
skyrmions.

II. THEORETICAL MODEL

To study the skyrmion motion governed by an electric
field, we consider a magnetic system with the free energy
containing the exchange, Zeeman, and magnetoelectric
(ME) interaction terms

F [m] =

∫
[Aex(∇m)2 − µ0MsmzHz + Eme]dr. (1)

Here, M = Msm, Ms is the saturation magnetization,
Aex is the exchange constant, and Hz is the external mag-
netic field applied along z direction. The ME interaction
allows a coupling to an electric field E via the effective
electric polarization P = cE[(m·∇)m−m(∇·m)], which
is associated with the nonuniform magnetic distribution
within the skyrmion. The ME coupling parameter cE
plays the role of an effective Dzyaloshinskii-Moriya (DM)
constant D = cE|E|.[33, 34] The skyrmion dynamics is
governed by the Landau-Liffhitz-Gilbert (LLG) equation,

∂m

∂t
= −γm×Heff + αm× ∂m

∂t
, (2)

where γ is the gyromagnetic ratio, and α is the phe-
nomenological Gilbert damping constant. The effective
field Heff = − 1

µ0Ms

δF
δm consists of the exchange field,

the applied external magnetic field, and the effective DM
field. The total electric field E = Es + E(t) includes a
perpendicular static electric field Es and a time-varying
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FIG. 1. (a) Magnetization configuration of skyrmion struc-
ture and its z component mz profile. (b-c) Ey and Ez com-
ponents of GHz microwave electric fields. (d-e) Two periodic
time-asymmetric pulses Ey(t) and Ez(t). The red (d) and
black (e) envelopes show the time profile of an experimentally
feasible asymmetric pulse, and the blue dotted line describes
the shape of the field adopted in numerical simulations.

electric field E(t). Due to the ME term cE, Es = (0, 0, Es)
acting the electric polarization P changes the energy by
−Es · P. This coupling can be viewed as an effective
DM interaction with the constant D0 = cEEs. The effec-
tive DM term stabilizes a skyrmion magnetic structure of
Néel type (Fig. 1(a)). The impact of the static field Es

is similar to a breaking of inversion symmetry of the lat-
tice structures such as B20 and ferromagnet/heavy metal
bilayers [1, 2, 35, 36]. The time-dependent field E(t) is
applied to the whole sample to trigger the skyrmion dy-
namics. Here, we consider two types of E(t): (i) a har-
monic pulse E(t) = Ez0 sin(2πft)ez+Ey0 sin(2πft+φ)ey

with a frequency f (Fig. 1(b-c)), and (ii) periodic time-
asymmetric broad-band THz pulses (i.e., half-cycle laser
pulses, see Fig. 1(d-e)) with the period T and delay time
τ . In the following analysis, the frequencies f and 1/T
are in the GHz range, and the length of the laser pulse
head is 15 ps. Such THz pulses were used to control the
vortex dynamics even in metallic samples [37] but here
we consider insulting samples.

In numerical calculations we assume the following pa-
rameters: the saturation magnetization Ms = 1.4 × 105

A/m, the exchange constant Aex = 3 × 10−12 J/m, the
ME coupling strength cE = 0.9 pC/m, and the Gilbert
damping constant α = 0.01. The Néel skyrmion is sta-
bilized by the constant electric field Es = 2.5 MV/cm
and Hz = 1 × 105 A/m. The finite difference simu-
lations based on Eq. (2) are done for the magnetic
film with the size of 600nm × 600nm × 10nm, and the
3nm × 3nm × 10nm cell size is adopted. From the sim-
ulated profile m(x, y), we extract the topological charge
density c(x, y) = (1/4π)m · (∂xm × ∂ym), and the total
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FIG. 2. (a-b) Center of the skyrmion (qx, qy) steered through
the applied microwave electric fields (Ez0 = Ey0 = E0 = 1
MV/m, f = 2.825 GHz, (a) φ = 0 and (b) φ = π). (c-d)
The velocity (vx, vy) as a function of the phase difference φ
(c) and amplitude E0 (d). The solid dot lines are obtained
from micromagnetic simulations, while the open dot lines are
estimated from Eq. (5).

topological charge of a single skyrmion is Q =
∫
c dxdy =

−1. In the following simulations, the single skyrmion
starts to move under the effect of time-varying electric
field, and by defining the skyrmion position q = (qx, qy)
weighed by the topological charge q =

∫
d2r (cr)/Q, we

characterize the skyrmion motion by q(t).

III. SKYRMION MOTION DRIVEN BY
MICROWAVE ELECTRIC FIELD

Considering the skyrmion motion driven by GHz elec-
tric fields with two y and z components, when only one
component y (or z) is applied, the motion of the skyrmion
is not continuous. Figure 2 shows the displacement of
a single skyrmion for Ez0 = Ey0 = E0 = 1 MV/m,
f = 2.825 GHz, and φ = 0. As evident, both x and y
components of q = (qx, qy) change in time, and the speed
vx = 7.4×10−4 m/s along x is higher than vy = 2.1×10−4

m/s along y. The velocity of the skyrmion depends on
the phase difference φ. In Fig. 2(b), the directions of
vx and vy are reversed by changing the phase to φ = π.
The relation between the skyrmion velocity v and the
phase difference φ is shown in Fig. 2(c). Apparently,

the magnitude of |v| =
√
v2

x + v2
y is a constant and does

not depend on φ. One component of the velocity ap-
proaches its maximum when the second component tends
to zero. The velocities can be enhanced by increasing
the field amplitude E0. As follows from Fig. 2(d), |v|
increases quadratically with the microwave field ampli-
tude, indicating a linear dependence on the combination
of Ey0 × Ez0. We conclude that a GHz microwave elec-
tric field with a certain frequency moves the skyrmion



3

effectively. The direction of the skyrmion motion can be
controlled through the differences in the phase between
y and z components, and the microwave field amplitude
enhances the speed.

By steering the frequency f of microwave electric field
E(t) (Fig. 3), we find that the skyrmion speed |v| is
frequency dependent and several peaks appear on the
|v| versus f curve. These peaks originate from the ex-
citation of internal modes of the skyrmion texture. To
study the excitation mode of the skyrmion, we calcu-
late the oscillation spectrum. Applying a periodic pulse
Ez(y)(t) = Ez0(y0) sin(ωst)/(ωst) along z (or y) axis, we
compute the Fourier transform of the magnetization os-
cillations, depicted in Fig. 3(c-d). The oscillation excited
by Ez(t) (inset of Fig. 3(c)) is located in the skyrmion
outer boundary and is synchronized in phase with the
external field, i. e., the typical feature of a breath-
ing mode [27, 38–40]. The lowest-order breathing mode
with 2.825 GHz frequency cannot propagate outside the
skyrmion texture. At higher frequencies, 3.68 GHz or
4.55 GHz, the propagating higher order breathing modes
are reflected from the geometric boundary and generate
standing wave modes. As for the mode excited by Ey(t),
the oscillation in the boundary of a skyrmion is divided
into two parts with opposite phases, corresponding to
an asymmetric mode (inset of Fig. 3(d)). Propagating
asymmetric modes generate standing waves in the finite
magnetic film, leading to higher-order peaks in the spec-
trum [27, 38–40].

Several peaks in the velocity vs. frequency curve can
be found in the spectrum excited by Ez(t), and other
peaks correspond to the Ey(t) component. To clarify the
connection between the skyrmion velocity and skyrmion
modes, we multiplied the spectrum excited by Ez(t)
and the spectrum excited by Ey(t), see Fig. 3(b), and
achieved a better agreement between the spectrum and
the |v|(f) curve. From this feature we infer that combin-
ing two types of oscillation modes drives the skyrmion
motion. For the analytic description of the skyrmion
motion driven by the microwave electric field, we use
a slow varying magnetization vector ms corresponding
to the moving skyrmion profile and a fast vector n for
the GHz magnetization oscillation. Exploiting the ansatz
m = ms + n for the total magnetization vector in the
LLG equation (2), and following the procedure from Ref.
[24], we deduce the Thiele’s equation for the skyrmion
motion:

G× v + D̂v = F, (3)

where we used the following notations: v = (vx, vy), G =

4πQez, and the tensor D̂ij = α
∫

(∂ims · ∂jms)dxdy =
δij4πα, where i, j = x, y. We note that several terms
such as 〈n × ṅ〉 and 〈n × ṁs〉 do not contribute to the
Thiele’s equation because their time average over the fast
oscillations vanish. The driving force F explicitly reads

Fi = γ

∫
ms · [∂ims × 〈m×Heff〉]dxdy. (4)
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FIG. 3. (a) The skyrmion speed v = (v2
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y)
1
2 as a func-

tion of the electric field frequency f . (b-d) The frequency
spectra obtained from the Fourier-analysis of the magneti-
zation component mz. Oscillations are excited by applying
a periodic electric field (c) Ez(t) = E0sin(2πfct) and (d)
Ey(t) = E0sin(2πfct) with E0 = 5 MV/m and fc = 20 GHz.
The curve in (b) is the product of the results shown in (c) and
(d). The insets show the spatial distributions of the excited
oscillation amplitudes.

The skyrmion velocity is defined as follows:

vx1 =
−αFx + Fy

4πQ
, vy1 = −Fx + αFy

4πQ
. (5)

Extracting the force density from the simulation results,
we draw their spatial profiles in Fig. 4. If one applies
Ez(t) (without Ey(t)), the force density is symmetric,
and the total force is zero. Therefore, the skyrmion does
not move. Simultaneous application of the two compo-
nents of the electric field Ez(t) and Ey(t) leads to asym-
metric force distribution and a nonzero net force. Substi-
tuting the net force into Eq. (5), we obtain the velocity
(vx1, vy1) in a good agreement with the simulation results
(Fig. 2(c)).

IV. SKYRMION MOTION DRIVEN BY
BROADBAND THZ PULSE

For final results we apply a sequence of two time-
asymmetric broadband THz pulses with the period T and
delay time τ (Fig. 1(d-e)), where the length of the pulse
head is 15 ps (i.e., around THz). The employed pulses are
experimentally feasible [41]. The asymmetric pulses have
a strong head with a short duration, and a much longer



4

-60

-40

-20

0

20

40

60

     fx,y

(nm−1s−1)

y
 (

n
m

)

(a) fx [Εz (t)] (b) fy [Εz (t)]

-60-40-20 0 20 40 60

-60

-40

-20

0

20

40

60

x (nm)

y
 (

n
m

)

(c) fx [Εz (t) = Ey(t)]

-60-40-20 0 20 40 60

-60 0 60
-3.5x104

0.0
3.5x104

-60 0 60
-3.5x104

0.0
3.5x104

-60 0 60
-3.5x104

0.0
3.5x104

-60 0 60
-4.0x104

0.0
4.0x104

x (nm)

-4.0x104

0.0

4.0x104

(d) fy [Εz (t) = Ey(t)]
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and weak part in the opposite direction [42, 43]. Com-
pared to the previous section and a single frequency exci-
tation problem, the periodic time-asymmetric pulse car-
ries many frequencies (integer multiple of the frequency
fp = 1/T ). Our simulations validated the fact that such
a combination of two pulses Ez(t) and Ey(t) can gov-
ern the continuous motion of a skyrmion. As demon-
strated in Fig. 5(a), for Ez0 = Ey0 = E0 = 4 MV/m,
fp = 1/T = 2.825 GHz and τ = 0, the skyrmion veloci-
ties along x and y axis are positive. The velocity increases
with the pulse amplitude E0 quadratically (Fig. 5(b)).
This result is in agreement with the result obtained by
means of the microwave excitation (Fig. 2(d)). Changing
the pulse period T one changes the skyrmion speed, as
shown in Fig. 5(c). Multiple peaks are observed in the v
versus fp curve, indicating resonance features. Further-
more, the direction and speed of skyrmion motion are
affected by the delay time τ between Ey(t) and Ez(t), as
demonstrated in Fig. 5(d). As distinct from Fig. 2(c)
for microwave excitation, in the case of pulses, the de-
pendence of (vx, vy) on τ is more sophisticated, as the
skyrmion oscillations are excited by multiple frequencies.

V. CONCLUSIONS

Controlling skyrmion dynamics and skyrmion trans-
port is a challenging problem in skyrmionics. This is
especially important from the point of view of possi-
ble applications of skyrmions in information storage and

information processing. In the present work, we pro-
posed the protocols based on skyrmion-driving with GHz
microwave harmonic and THz broadband pulses. We
proved that an applied microwave electric field with
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both out-of-plane and in-plane components drags the
skyrmion persistently. In particular, the electric field’s
amplitude, frequency, and phase are critical parameters
for controlling skyrmion motion. The effective torque
that drives the skyrmion is traced back to two different
types of oscillations in the skyrmion magnetic texture.
The results obtained through micromagnetic simulations
are supported by analytical considerations, and are di-
rectly relevant for skyrmionic-based spintronic.
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A. Ernst, Phys. Rev. B 106, 104424 (2022).

[11] J. Zang, M. Mostovoy, J. H. Han, and N. Nagaosa, Phys.
Rev. Lett. 107, 136804 (2011).

[12] S.-Z. Lin, C. Reichhardt, C. D. Batista, and A. Saxena,
Phys. Rev. Lett. 110, 207202 (2013).

[13] J. Iwasaki, M. Mochizuki, and N. Nagaosa, Nature Nan-
otech. 8, 742 (2013).

[14] J. Iwasaki, A. J. Beekman, and N. Nagaosa, Phys. Rev.
B 89, 064412 (2014).

[15] Y.-T. Oh, H. Lee, J.-H. Park, and J. H. Han, Phys. Rev.
B 91, 104435 (2015).

[16] X. Zhang, Y. Zhou, and M. Ezawa, Nat. Commun. 7,
10293 (2016).
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