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Manipulation of magnetic skyrmions by nonuniform electric fields
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Magnetic skyrmions are topologically protected spin textures in ferromagnetic materials that hold great
promise for both classical information storage and processing, as well as for fault-tolerant quantum computing.
Realizing practical skyrmion-based devices demands an energy-efficient and precise method for their flexible
manipulation. In this paper, we theoretically propose such a tool, leveraging the inhomogeneous magnetoelectric
effect induced by a localized electric field generated by one or several charged tips. Combining complementary
numerical simulations and analytical approaches, we develop a consistent theory describing the stability and
dynamics of Néel-type skyrmions under the influence of the electric field from a charged tip. Specifically, we
demonstrate that the electric field can create, drive, and annihilate skyrmions of both chiralities, as well as more
complex textures such as skyrmioniums and target skyrmions. We identify several distinct dynamical regimes
of skyrmion motion near the tip and map them onto a phase diagram. Finally, we discuss the feasibility of a
practical device capable of controlled skyrmion manipulation based on this principle.
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I. INTRODUCTION

Magnetic skyrmions—whirllike spin textures in chiral fer-
romagnetic materials—were theoretically predicted in the
1980s [1] and experimentally observed only recently [2,3].
Owing to their topological nature [4], skyrmions are ex-
traordinarily metastable and exhibit particlelike behavior,
offering new opportunities in spintronics and in information
storage and processing [5]. These prospects motivate the
development of effective tools for skyrmion manipulation,
including their creation, motion, resizing, and annihilation.
Current approaches [6] typically employ electric currents in
the ferromagnetic layer or in an adjacent metallic substrate,
which interact with the topologically nontrivial magnetiza-
tion distribution to drive skyrmion motion. However, several
drawbacks—such as Joule heating [7], the mismatch between
the directions of skyrmion motion and current flow caused
by the skyrmion Hall effect [8], and the inherently nonlocal
action of the currents—highlight the need for more flexible
and versatile control methods. Among the various alternatives,
external nonuniform magnetic [9,10] and electric [11–13]
fields are of particular interest because they can be applied
locally and used to manipulate, create, or annihilate individual
skyrmions.

The interaction between the skyrmion magnetization and
the external magnetic field is straightforward: the spins tend
to align with the field, minimizing the Zeeman energy. A uni-
form magnetic field determines the equilibrium skyrmion size,
whereas a nonuniform field additionally influences its position
and shape [10,14]. Hence, in principle, magnetic fields can
be employed to manipulate skyrmions. A notable example
of a nonuniform magnetic-field source is a superconducting
vortex in a substrate layer. The skyrmion and the vortex can
attract each other to form a stable bound pair—either coaxial
or eccentric—depending on material parameters [15–18]. The

coaxial configuration is of particular interest because theoret-
ical predictions [19,20] suggest that such hybrid topological
structures may host Majorana electronic states, providing
a possible platform for topological quantum computations
[21,22]. A key experimental challenge lies in generating mag-
netic fields localized on the characteristic skyrmion length
scale.

In contrast, nonuniform electric fields can be realized more
easily, for instance by applying voltage to a thin metal tip
[11,13]. Due to the inhomogeneous magnetoelectric effect
(ME) [23–25], a nonuniform magnetization induces an elec-
tric polarization, cf. Eq. (3), and the applied electric field
interacts with this polarization to drive domain walls and
skyrmions [12,26]. We note that in literature this effect can
also be called the “flexomagnetoelectric effect” [27], and it
refers to the electric field-dependent contribution, cf. Eq. (4),
to the Dzyaloshinskii-Moriya interaction [28,29]. In conduct-
ing thin films, an applied electric field also partially penetrates
the material, inducing local charge inhomogeneities that
further influence the nonuniform magnetization. To avoid ad-
ditional complications, we focus here on insulating magnetic
materials.

In this work, we develop a theory for metastable Néel-type
skyrmion states near a pointlike source of electric field (see
Fig. 1). Using an analytical approach based on the symmetric
skyrmion profile, cf. Eq. (5), and confirming it with micro-
magnetic simulations, we demonstrate that an electric field
can not only move and resize existing skyrmions but also
create and annihilate them. Furthermore, we show that the
electric field can stabilize skyrmions of both chiralities as well
as so-called target skyrmions. Finally, we propose a possible
realization of a device for electrically controlling skyrmions
in a ferromagnetic film (see Fig. 5).

The paper is organized as follows. In Sec. II, we present
a detailed description of the model and methods employed in
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FIG. 1. Scheme of the setup. The skyrmion in the thin ferromag-
netic film is subjected to the electric field from the charged tip. The
black arrows correspond to the magnetization, while green arrows
with shading illustrate the ME-induced polarization. Electric field
lines are nearly perpendicular to the ferromagnetic film due to the
high dielectric permittivity of the substrate.

our theoretical study of skyrmion dynamics in a chiral ferro-
magnetic film subjected to an electric field. In particular, we
discuss the inhomogeneous ME that drives skyrmion motion,
the Landau-Lifshitz-Gilbert and Thiele equations governing
magnetization dynamics, and the spatial profile of the elec-
tric field generated by a single charged tip. In Sec. III, we
analytically characterize the possible (quasi)stable configu-
rations of a skyrmion located at a distance a from the tip.
Interestingly, while truly stable skyrmion states are coaxial
with the tip (a = 0), the analysis of quasistable states for
a �= 0 provides valuable qualitative (and in some cases quan-
titative) insight into the dynamics of a moving skyrmion as
the distance a varies. We conclude this section with the phase
diagram shown in Fig. 4, which maps the regions of pos-
sible skyrmion quasistable states in the parameter plane of
the skyrmion-tip distance and the electric field intensity. The
skyrmion dynamics using both analytical approaches based on
the Thiele equation and numerical micromagnetic simulations
are studied in Sec. IV. We demonstrate that skyrmions can be
created and annihilated by switching the voltage applied to
the tip. In Sec. V, we introduce a conceptual device architec-
ture comprising multiple charged tips capable of manipulating
skyrmions in a ferromagnetic film. Finally, we summarize our
findings and outline potential directions for future research
and extensions of the present work in Sec. VI.

II. MODEL AND METHODS

We consider a thin chiral ferromagnetic film whose mag-
netic free energy is given by [1]

Fmagn[m]

dF
=

∫
d2r

{
A(∇m)2 + K

(
1 − m2

z

) + wDM[m]
}
,

(1)

where m(r) denotes a unit vector in the direction of magneti-
zation, dF is the film thickness. The magnetic free energy (1)
is normalized such that Fmagn = 0 for the ferromagnetic state
with mz = 1 where the z axis is oriented normal to the film
interface. The parameters A > 0 and K > 0 are the exchange

stiffness and effective1 perpendicular anisotropy constants,
respectively. The density wDM[m] represents the contribution
from the relativistic antisymmetric exchange, also known as
the Dzyaloshinskii-Moriya interaction (DMI). It depends on
the crystal symmetry class of the material and gives rise to
various noncollinear spin textures. Here, we focus on mate-
rials with “pyramidal” symmetry groups Cnv , for which the
DMI contribution takes the form

wDM[m] = D[mz∇ · m − (m · ∇ )mz], (2)

where D is the DMI constant. Expressions for wDM[m] corre-
sponding to other symmetry classes can be found in Ref. [1].
In the present study, for the sake of concreteness, we focus on
the case of D > 0, whereas most results can be easily extended
to D < 0. Moreover, we assume that the DMI is weak enough,
D < (4/π )

√
AK , to ensure that the uniform ferromagnetic

state, m = ez, is the ground state.
In the present study, we focus on the case of insulating

magnetic films placed on a substrate slab, see Fig. 1, which
can be either a heavy metal or an insulator with a high
dielectric permittivity. Such configurations exhibit a surface-
induced DMI consistent with Eq. (2) (see Refs. [32,33] for
a setup with a heavy metal and Refs. [34–36] for a setup
with an insulating substrate) and imply the stabilization of the
Néel-type skyrmions.

A. Inhomogeneous magnetoelectric effect

A nonuniform magnetization in the ferromagnetic film in-
duces a ferroelectric polarization [23–25],

P = γME[m∇ · m − (m · ∇ )m], (3)

where γME is the magnetoelectric coupling constant. Con-
sequently, the energy of the ferromagnetic film acquires an
additional contribution with the density −P · E when an ex-
ternal electric field E is applied.

In this work, we explore the use of a localized, nonuniform
electric field to manipulate skyrmions. Such a field can be
generated by an electrically charged thin tip [11] positioned
at some height h above the ferromagnetic film, see Fig. 1.
Assuming that the substrate is metal or insulator with high
dielectric permittivity, we can assume that the electric field
inside the thin magnetic film is oriented nearly perpendicular
to the interface, E|z=+0 ≈ E (r)ez. Under these conditions, the
magnetoelectric energy term takes the same form as the DMI
energy, cf. Eq. (2),

FME[m]

dF
=

∫
d2rDME(r)[mz∇ · m − (m · ∇ )mz], (4)

where DME(r) = −γMEE (r) can be regarded as a spatially
nonuniform DMI coefficient.

B. Skyrmions

The DMI in the form (2) allows the stabilization of Néel-
type skyrmions in the ferromagnetic film [1]. As follows from

1The contribution of the demagnetizing field is included in
the effective perpendicular anisotropy constant, K = K0 − 2πM2

s

[15,30,31].
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Eq. (4), a uniform external electric field produces the same
effect as the common DMI. This can be used to control the
parameters of skyrmions across the entire film [4,37], but
not their positions. If the external field is nonuniform, the
skyrmion can move and change its size during motion.

To develop an analytical approach, we assume that the
skyrmion, both in its stable state and during evolution, retains
a radially symmetric shape that can be described by the fol-
lowing magnetization profile:

m = ez cos θ (r) + er sin θ (r). (5)

Here er and ez are unit vectors in the radial and axial di-
rections of the cylindrical coordinate system with the origin
at the skyrmion center, and θ (r) is commonly referred to
as the skyrmion angle. This assumption enables a series of
analytical results highlighting various quasistable states and
evolution regimes, such as motion, creation, and annihilation.
Its accuracy is verified by numerical micromagnetic simula-
tions, see Sec. IV. A more general expression for a radially
symmetric shape including skyrmion helicity η is discussed
in Appendix B and is given by Eq. (B1).

To determine the metastable state of a skyrmion in an
external electric field E (r), one should minimize the total free
energy, F = Fmagn + FME. Assuming the skyrmion center is
located at a certain point a, we shift the coordinate origin
to that point. The expressions for the free energy defined by
Eqs. (1) and (4) remain unchanged except for the translation
DME(r) → DME(r + a). We then substitute the radially sym-
metric magnetization profile from Eq. (5) into the total free
energy, integrate over the azimuthal angle φ (which does not
enter the skyrmion profile), and, upon minimization, derive
the Euler-Lagrange (EL) equation for the skyrmion angle
θ (r):

−�2
w

r
∂r (r∂rθ ) + r2 + �2

w

2r2
sin 2θ − 2εeff

r/�w

sin2 θ = �w∂rεeff .

(6)

Here �w = √
A/K is the characteristic magnetic length,

known as the domain-wall width, and εeff (r) = ε0 + ε̄a(r)
is the effective dimensionless DMI function composed of a
constant term, ε0 = D/2

√
AK , and a nonuniform term,

ε̄a(r) = − γME

4π
√

AK

∫ π

−π

dφ E (r + a). (7)

Equation (6) should be supplemented by appropriate
boundary conditions. Since the magnetization far from the
skyrmion is uniform, m(r→∞) = ez, we set θ (r→∞) = 0.

The other boundary condition, θ (r = 0) = νπ , where ν

is an integer, specifies the magnetization direction at the
skyrmion center. In particular, odd ν corresponds to magneti-
zation in the center inverted with respect to the surroundings,
m(r = 0) = −ez, while even ν indicates alignment, m(r =
0) = m(r → ∞). It should be emphasized that the absolute
value |ν|, and its sign are equal to the number of skyrmionic
walls and their chirality,2 respectively, see details in

2We define a skyrmionic wall at r = r0 with chirality χ = + or
χ = − when mz(r0) = 0 and ∂rθ (r0) > 0 or ∂rθ (r0) < 0, respec-
tively.

Appendix D. In the main text, we consider only states with
|ν| � 2, since these configurations are found to have the low-
est energies and are accessible in micromagnetic simulations
for experimentally reasonable intensities of the electric field.
Accordingly, we refer to the solutions with ν = 0, |ν| = 1, and
|ν| = 2 as the no-skyrmion, skyrmion, and skyrmionium (or
2π -skyrmion) states, respectively. Note that skyrmions with
|ν| � 2 are also known as target skyrmions due to their spe-
cific spin texture with alternating concentric circular domains
[38].

The topological protection of a skyrmion is related to the
conservation of the so-called topological charge Q that in 2D
takes the following form,

Q =
∫

d2r ρ(r), ρ(r) = − m
4π

·
[
∂m
∂x

× ∂m
∂y

]
. (8)

Calculating Q for the skyrmion configuration given by Eq. (5)
and for the boundary conditions mentioned above, we obtain
Q = 0 for even values of ν, and Q = 1 for odd values of ν.
This means that the creation or annihilation of a skyrmion
with |ν| = 1 can only occur with the breaking of the conser-
vation of the topological charge. Conversely, a skyrmionium
(|ν| = 2) can spontaneously annihilate because Q = 0 for
both the skyrmionium and the no-skyrmion states. We will
return to this discussion in Sec. IV.

Equation (6) with the specified boundary conditions is a
strongly nonlinear differential equation that does not admit
an explicit analytical solution and therefore should be solved
numerically, for example, by the shooting method. One should
solve it for different positions a of the skyrmion center, com-
pare the corresponding energies, and identify the local and
global minima, which correspond to the metastable and stable
skyrmion states at the respective positions a.

C. Evolution equation

The evolution of magnetization can be described by the
Landau-Lifshitz-Gilbert (LLG) equation [39,40],

∂t m = −γ m × Heff + αm × ∂t m, (9)

where Heff = −M−1
s δF/δm is the effective magnetic field,

Ms is the saturation magnetization, and γ and α are
phenomenological constants governing the precession and re-
laxation of the magnetization, respectively.

Numerical solution of the LLG equation on a discretized
lattice, known as micromagnetic simulation (MMS) [41],
is widely used to analyze theoretical and experimental re-
sults. MMS enables the identification of stable states and
the study of time-dependent processes, such as the motion,
creation, and annihilation of skyrmions. Although the LLG
equation describes continuous processes and conserves the
total topological charge of the magnetization in a ferromag-
netic film, the discretized lattice in MMS, as well as real
spin systems, breaks this continuity, allowing the creation and
annihilation of skyrmions to be captured. Simulations pre-
sented in this paper were performed using the Object-Oriented
MicroMagnetic Framework (OOMMF) software package [42]
and the Ubermag environment [43]. Additional details are
provided in Appendix E.
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Beyond MMS, which requires substantial computational
resources, an analytical approach based on the LLG equation,
known as the Thiele equation [44], can be used to study the
motion of skyrmions or other localized magnetic textures. By
describing the magnetization of a skyrmion using a specific
shape function with parameters, such as the skyrmion center,
radius, and wall thickness, one can derive an evolution equa-
tion for these parameters.

Assuming the skyrmion center is located at the point a
in a quasistable state described by Eqs. (5) and (6), one can
substitute its magnetization into the LLG equation (9) and
derive the Thiele equation:

Ĝȧ − αD̂ȧ + F = 0, F = − γ

4πMs

∂F
∂a

. (10)

Here, F is the force induced by the electric field, while Ĝ
and D̂ are the antisymmetric gyrotropic and symmetric drag
tensors, respectively, defined as

Gi j =
∫

dr
4π

m ·
(

∂m
∂ai

× ∂m
∂a j

)
, Di j =

∫
dr
4π

∂m
∂ai

· ∂m
∂a j

.

(11)

This form of the Thiele equation is relatively simple, but
may not accurately describe skyrmion motion in all cases.
The generalized Thiele equation, which accounts for the joint
evolution of such skyrmion parameters as the center, radius,
domain wall thickness, and helicity, as well as explicit expres-
sions for the tensors Ĝ and D̂, is discussed in Appendix B.

Equation (10) describes the motion of a skyrmion driven
by an electric field. Note that the right-hand side of Eq. (10) is
proportional to the gradient of the free energy, which aligns
with the field gradient. Since the dissipation parameter is
typically small, α � 1, the velocity direction is primarily
determined by the antisymmetric tensor Ĝ and the skyrmion
moves nearly perpendicular to the field gradient. This phe-
nomenon can be either an obstacle or an advantage, and we
return to this discussion in Sec. IV.

D. Electric field distribution

To proceed, we determine the specific distribution of the
external electric field used to derive analytical results and
perform micromagnetic simulations. Since an experimentally
consistent field source is generated by a thin, electrically
charged tip [11], we model it as a point charge q positioned
at height h above the point r = −a on the thin ferromagnetic
film, placed on the metal or dielectric substrate with high
dielectric permittivity, see Fig. 1 and the discussion about
shifting the coordinate origin to the skyrmion center near
Eq. (6),

E (r) = E0E (|r + a|), E (r) = h�2
w

(h2 + r2)3/2
, (12)

where E0 = −2q/(ε f �
2
w ) is a spatially constant magnitude,

ε f is the dielectric permittivity of the film, and E (r) is the
normal component of the electric field. Although the realistic
electric field distribution may be more complex, we expect the
qualitative findings of this study to remain valid.

TABLE I. Numerical magnitudes of parameters used for esti-
mates in the main text.

Notation Value

Electron gyromagnetic ratio γ 1.76 × 1011 (s T)−1

Saturation magnetization Ms 105 A/m
Exchange coefficient A 10−11 J/m
Anisotropy coefficient K 103 J/m3

DMI D 10−4 J/m2

Domain wall length �w 10−7 m
Field intensity (β = 1) E0 108 V/m
Timescale t0 10−10 s

Hereafter, we assume that the height h is on the order
of the magnetic length �w. Consequently, it is convenient to
introduce a dimensionless effective field intensity β of the
electric field,

β = γMEE0

2
√

AK
= −qγME

ε f �2
w

√
AK

, (13)

which can reach values on the order of 10 in realistic experi-
mental setups, see Table I. The effective DMI function εeff (r)
induced by the electric field, see Eq. (6), can then be expressed
as

εeff (r) = ε0 + βĒa(r), Ēa(r) = 2h�2
wE[4ar/h̄2(r + a)]

π h̄2(r − a)h̄(r + a)
,

(14)

where a = |a| represents the distance between the skyrmion
center and the tip, E[z] denotes the elliptic integral of the
second kind, and h̄(r) = √

h2 + r2.

III. STABLE SKYRMION STATES

We have performed analysis of the stable configurations of
the skyrmion near the charged tip in several stages.

Firstly, we have solved the EL equation (6) for different
distances a and skyrmion numbers ν, and identified that only
coaxial configurations are stable for the chosen model of the
electric field, Eq. (12). Note that, in principle, a skyrmion can
be stable in an eccentric configuration with some other form
of external field even when it is radially symmetric, e.g., see
Ref. [10], in which eccentric configurations of skyrmions and
a superconducting vortex have been predicted.

Secondly, we systematize the coaxial configuration and
identify the lowest-energy states. In particular, we reveal that
in some parameter ranges the skyrmions or skyrmioniums ap-
pear to be more energetically favorable than the no-skyrmion
state, which implies the possibility of skyrmion creation.

Finally, we verify our analytical findings by means of
MMS and present the phase diagram, which maps the regions
of possible skyrmion states in the a-β plane.

A. Skyrmions with |ν| = 1 at different distances a

We have solved the EL equation (6) for different distances
a and skyrmion numbers ν for certain values of effective
field intensity β and DMI parameter ε0. Interestingly, each
set of these parameters can produce several solutions. For

144427-4



MANIPULATION OF MAGNETIC SKYRMIONS BY … PHYSICAL REVIEW B 114, 144427 (2026)

FIG. 2. Dependences of the skyrmion radius R(a) (top) and
free energy F (a) (bottom) on the distance a from the charged
tip, shown for ν = ±1 and |β| = 1, 2, 3.5, 5, 7 (values indicated
as numbers next to the curves). Left panels correspond to β > 0,
where only skyrmions with positive chirality (ν = +1) are sta-
ble due to the positive DMI. Right panels correspond to β < 0;
here superscripts + and − label the skyrmion chirality (ν = ±1).
The black dashed curves show analytical approximations for β = 5
resulting from (i) Eq. (16) with the definition of f (r) given by (C2),
and (ii) Eq. (17) for relevant ranges of a and R. Parameters: ε0 = 0.3,
h/�w = 1.

comparison, there is a single solution related to a free
skyrmion, i.e., for β = 0, and this solution corresponds to ν =
sgn ε0. When the absolute value of the effective field intensity
|β| is finite, multiple solutions for each ν = 0,±1,±2, . . .

can appear, and the number of them generally increases
with |β|, see Appendix D. In this section, we focus only
on skyrmions with |ν| = 1. The skyrmioniums (|ν| = 2) and
target skyrmions (|ν| > 2) are discussed in the next section.

We identify quasistable skyrmion states as local minima
of the total free energy F at a certain distance a from the
tip. In addition to the energy, it is convenient to characterize
each skyrmion by its radius R, defined as the distance from the
skyrmion center to the outer skyrmionic wall, determined by
the condition |θ (r = R)| = π/2.

Figure 2 presents the skyrmion radius R(a) (top panels) and
free energy F (a) (bottom panels) for the quasistable states
with |β| = 1, 2, 3.5, 5, 7. The left panels correspond to
β > 0, where only skyrmions with positive chirality (ν = +1)
exist. The right column shows the case β < 0, for which both
chiralities ν = ±1 are realized; these are distinguished by
superscripts on the curve labels. Note that parts of the curves
plotted in lighter colors correspond to unstable skyrmion
states that can be nonminimum (saddle-point) solutions of the
EL equation or dynamically unstable.

In Fig. 2, one can identify different types of R(a) depen-
dence with one or several branches. A branch that we marked

as “Regular Sk” corresponds to skyrmions with smaller radius
R that are realized at relatively small field intensities, |β| � 3,
or large distances to the tip, a � 2. Both cases imply the weak
influence of the field on the skyrmion; therefore, it behaves
regularly.

Oppositely, at |β| � 3, there are a pair of branches (sta-
ble and unstable) which grow almost linearly in radius with
an increase of distance from the tip, R 	 a � 2. Skyrmions
from these branches differ from regular ones in their physical
nature. For β > 0, the tip attracts the skyrmion wall mak-
ing distant skyrmions increase their radius until it becomes
attached to the tip. For β < 0, the tip repels the skyrmion
wall making the closer skyrmion inflate until it covers the tip.
Therefore we call such skyrmions “Attached Sk” for β > 0
and “Inflated Sk” for β < 0, respectively.

Since the dependence of the skyrmion radius on the dis-
tance can have several branches, there can be envisaged a
“hysteresis” when moving the charged tip and changing the
distance a. For example, when increasing the distance from
the coaxial configuration, a = 0, the skyrmion radius should
increase along the corresponding upper branch, see Fig. 2.
However, experimental challenges arise because the skyrmion
starts to follow the tip, and the velocity of the tip should
be tuned accurately to maintain quasistatic conditions. Oth-
erwise, the skyrmion shrinks (for β > 0) or is destroyed (for
β < 0), see Sec. IV. Moreover, large skyrmions are energet-
ically unfavorable and dynamically metastable; see the lower
panels in Fig. 2 and the discussions in Sec. III C. Therefore, in
practice, such a “hysteresis” appears unattainable.

Note that we have found asymptotic expressions for F (a)
and R(a) in two limiting cases: (i) R 
 �w and |β| 
 1,
and (ii) R � a, both shown in Fig. 2 as black dashed lines.
The first case corresponds to the “attached” or “inflated”
skyrmions, cf. Fig. 2, and is based on the assumption that the
skyrmion of a large radius can be considered as a cylindrical
magnetic domain with radius R and a wall of thickness �w.
Therefore its energy is approximately equal to

F
8πAdF

≈ R

�w

+ �w

2R
− πR

2�w

[ε0 + βĒa(R) f (R − a)]. (15)

The explicit expression for factor f (r) is given by Eq. (C2)
in Appendix C. It can be approximated by the simple rational
function of r, see Eq. (C4). The other terms were calculated in
Ref. [45]. Then the free energy achieves a minimum at radius
R defined by the algebraic condition

ε0 + β∂R[RĒa(R) f (R − a)] = [2 − (�w/R)2]/π. (16)

Notably Eq. (16) for some values of a and β can have sev-
eral solutions due to the nonlinear dependence of RĒa(R) f
(R − a) on R. Indeed, it results in the existence of branches of
the inflated or attached skyrmions.

In the second limiting case, R � a, the skyrmion is located
relatively far away from the tip. Thus the effective DMI is
approximately homogeneous over the whole area with nonho-
mogeneous magnetization,

εeff 	 ε0 + βh�2
w

(h2 + a2)3/2
. (17)

Therefore we can use the results obtained for the free
skyrmion with the constant DMI parameter εeff , see Ref. [45].
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Equation (17) yields an approximation for the branch with
regular skyrmions of both positive and negative chiralities,
see Fig. 2. As is known, the skyrmion is stabilized by the
DMI, therefore the zero effective DMI, εeff 	 0, estimates the
critical distance acr,

acr 	
√∣∣βh�2

w/ε0

∣∣2/3 − h2, (18)

which separates branches for the regular skyrmions of posi-
tive, ν = +1, and negative, ν = −1, chiralities for β < 0. No-
tably, acr vanishes for sufficiently small 0 > β � −(h/�w )2ε0,
i.e., there are no stable skyrmions with ν = −1.

The corresponding curves for both limiting cases, resulting
from Eqs. (16) and (17), are plotted by the black dashed lines
in Fig. 2 for β = 5 in the relevant ranges. One can see the
good qualitative agreement with the corresponding solutions
of the EL equation plotted by the solid curves for β = 5. Note
that the deviation between the exact and approximate curves
becomes smaller if (i) R or |β|, or (ii) a become larger.

B. Energy of coaxial configurations

From the studies of dependence F (a), we can conclude
that the electric field in the form of Eq. (12) provides only
coaxial stable configurations or repels the skyrmion from the
charged tip. To systematize the possible coaxial configurations
we have disregarded the high-energy states for each value of β

and identified only several stable coaxial configurations with
the lowest energy. Figure 3 shows the total free energy F and
skyrmion radius R as a function of β of the lowest-energy
states, while insets show the characteristic magnetization
profiles of several generic classes of coaxial solutions with
ν = 0, ±1, ±2, +3 observed in our micromagnetic simula-
tions for experimentally relevant values of |β| < 7.

The blue, orange, and pink curves correspond to skyrmions
(ν = +1), skyrmioniums (ν = +2), and target skyrmions
(ν = +3) with positive chirality, while the yellow and green
curves represent skyrmions (ν = −1) and skyrmioniums
(ν = +2) with negative chirality, respectively. The higher-
order target-skyrmion configurations (ν � −3 and ν � +4)
appear at larger values of β than those shown in Fig. 3. The
curves plotted in the lighter colors represent the corresponding
unstable (saddle-point) branches, cf. Fig. 2. The dashed curve
denotes configurations without skyrmions (ν = 0) and serves
as a reference, showing that there are ranges of β where the
skyrmion or skyrmionium becomes energetically favorable.

In particular, for DMI parameter ε0 = 0.3 and height
h = �w used in Fig. 3, the skyrmions of positive (or negative)
chirality have lower energy than no-skyrmion states when β >

β+ ≈ 2.2 (or β < β− ≈ −4.1), while skyrmioniums of posi-
tive chirality favor β > β+2 ≈ 5.4. Skyrmioniums of negative
chirality and target skyrmions may be energetically efficient
for the higher intensities than are experimentally relevant,
β > 7. It shows that skyrmion or skyrmionium, in principle,
can be created or annihilated by the electric field of certain
magnitude.

C. Phase diagram

To verify results obtained analytically, we perform a series
of micromagnetic simulations. These simulations confirm the

FIG. 3. Dependence R(β ) and F (β ) for the coaxial con-
figurations. The top panel shows the skyrmion radius R (in
units of �w), while the bottom panel presents the corre-
sponding total free energy F normalized by 8πAdF . Solid
curves indicate skyrmionic states: regular skyrmions with positive
(ν = +1, blue curve) and negative (ν = −1, yellow curve) chirality,
skyrmioniums with positive (ν = +2, orange curve) and negative
(ν = −2, green curve) chirality, and target skyrmions (ν = +3, pink
curve). The lighter-colored curves denote unstable branches. The
dashed gray curve corresponds to the no-skyrmion state (ν = 0).
Insets show the distribution of mz (in color gradient) obtained by
micromagnetic simulations for each type of the magnetic configura-
tions for some value of β marked by the point on each curve. All the
insets have the same spatial scale to demonstrate the relative sizes
of the magnetic configurations. Parameters used are ε0 = 0.3 and
h/�w = 1.

possibility to stabilize skyrmion or skyrmionium for the corre-
sponding ranges of β. Summarizing the results obtained ana-
lytically and verified by numerical micromagnetic simulations
we plot Fig. 4, the diagram presenting the regions of different
possible skyrmionic configurations in parameter space of the
distance a and the electric field intensity β.

The blue area corresponds to regular skyrmion states of
positive chirality, ν = +1, that are influenced by the electric
field weakly, whether β is small or distance a is great. The
MMS confirms that they retain their radially symmetric shape
and move relatively slowly to or from the tip, whereas circular
orbiting motion dominates over radial attraction or repulsion,
see Sec. IV A for details.

Configurations with inflated (β < 0) and attached
(β > 0) skyrmions of positive chirality, ν = +1, occupy
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FIG. 4. Phase diagram for the quasistable skyrmion states in the
plane of distance a to the tip and field intensity β, obtained by solving
the EL equation (6). For positive chirality, ν = +1, three regions can
be distinguished: regular, attached, and inflated skyrmions. The re-
gions of attached and inflated states bounded by the solid and dashed
curves on either side correspond to states with greater energy and are
inaccessible in MMS. Orange and olive regions correspond to target
skyrmions of positive and negative chirality, respectively. The purple
dotted curve is defined by condition εeff = 0 in Eq. (17) and separates
the areas of skyrmions with negative, ν = −1, and positive, ν = +1,
chirality. The solid curves bound areas of parameters, for which
attached or inflated states can be observed in MMS. Parameters:
ε0 = 0.3, h/�w = 1.

the gray vertical-hatched and green horizontal-hatched
areas, respectively. Note that these areas have two types
of boundaries: solid lines indicate the boundary of the
regular-skyrmion area and the end of the regular-skyrmion
branches from Fig. 2, while the dashed curve corresponds
to the end of the inflated- or attached-skyrmion branches
there. The MMS shows that the inflated and attached states
outside the solid border lines are not possible because the
regular skyrmions are stabilized there. Additionally, it should
be noted that inflated (unlike attached) skyrmions are stable
only if their domain wall is wrapped around the tip, see details
in Sec. IV D.

An area of skyrmions of negative chirality (ν = −1) is
located only for β < 0 and marked by yellow shadowing. The
pink region denotes the absence of stable skyrmion states.
The purple dotted curve represents approximate boundary be-
tween skyrmions of positive and negative chirality described
by Eq. (18). Physically, this condition means that the effective
DMI vanishes, εeff = 0, cf. Eq. (17), and skyrmions cannot be
stabilized.

The orange and olive dotted areas show the possible target
skyrmion states with ν � +2 and ν � −2, respectively. Their
boundaries are given approximately based on the assump-
tion that the target skyrmions are stable only when the outer
skyrmion wall covers the tip, which is consistent with the
MMS.

IV. MOVING, RESIZING, CREATING,
AND ANNIHILATING SKYRMIONS

In this section, we discuss the manipulation of skyrmions
using a nonuniform electric field created by a charged tip.
Based on the results of the previous Section, we can conclude
that this field can

(i) drive skyrmions to move, because the free energy de-
pends on the distance between the skyrmion and the tip, see
the lower panels of Fig. 2;

(ii) create/annihilate skyrmion or skyrmionium switching
to appropriate ranges of field intensity β, where the energy
of skyrmion or skyrmionium appears to be lower/higher than
some other configurations, see the lower panel of Fig. 3;

(iii) resize skyrmions located under the tip, because their
radius depends on the field intensity, see the upper panel of
Fig. 3.

The possibility to create and annihilate skyrmion or
skyrmionium is based on the results of MMS. Indeed, due to
the discrete nature of the real spin system as well as the model
of macrospins used in MMS, see details in Appendix E, the
topological charge Q, see Eq. (8), may not be conserved in the
creation or annihilation process. The graphical representation
of creation and annihilation of skyrmions of both chiralities
can be found in Ref. [46].

In the following, we use

t0 = Ms�
2
w/(2γ A), (19)

as a time scale of skyrmion evolution according to the LLG
equation (9) and the Thiele equation (10), see Appendix B
for details. This time can be estimated as t0 ≈ 0.3 ns for the
parameters given in Table I.

A. Moving skyrmions

Below we discuss how to drive the skyrmions with the elec-
tric field. We focus on the skyrmion of the positive chirality,
ν = +1, because only such skyrmions can be stable without
an electric field for D > 0. The motion of the skyrmion can
be described numerically by the MMS and analytically by the
Thiele equation, which we employ in two formulations.

The first form, see Eq. (10), describes the motion of the
skyrmion center, while its shape is assumed to be taken from
Eq. (6) in each time moment for the corresponding value of
distance a. The second form is more general and governs
the evolution of the skyrmion center, radius, wall thickness,
and helicity, see Appendix B. Note that the second form
is preferable for the precise description of the complicated
motion because the evolution of the radius is related to the
evolution of helicity, see Eq. (B7). However, the first form
gives the qualitative description of the motion based on the
quasistable states discussed in Sec. III A and shown in Fig. 2.
Below we provide such a description.

Due to the force acting from a single charged tip, a
skyrmion generally moves along a spiral trajectory, attracting
(clockwise) or repelling (counterclockwise), nearly perpen-
dicular to the field (and energy) gradient, because its velocity
direction is mainly determined by the antisymmetric tensor
Ĝ. Interestingly, the velocity varies significantly depending on
the distance from the tip. In particular, the energy gradient, see
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FIG. 5. Trajectories of the topological center of the skyrmion,
rtc = ∫

d2r rρ(r), cf. Eq. (8), driven by a distant tip denoted with
“◦” (red arcs) and by a closer tip denoted with “×” (blue spirals) and
calculated by means of the Thiele equation Eq. (10) (dashed curves),
and extracted from the MMS (solid curves). The lighter dotted curves
are snapshots of the skyrmion walls for some intermediate time
moments. Parameters: ε0 = 0.5 and α = 0.05 for both curves, and
β = β◦ = −3 for the distant tip, β = β× = 2 for the closer tip.

Fig. 2, has a different scale: skyrmions that are closer than a
critical distance to the tip, a < acr ∼ 4�w, move several times
faster than those at larger distances, a > acr. Therefore it may
be reasonable to use multiple tips to control a skyrmion as
discussed in Sec. V.

In Fig. 5, we provide the comparison of the skyrmion
trajectories obtained from MMS (solid curves) and using the
Thiele equation (dashed curves). We consider two basic types
of trajectories, arclike motion (red curves) around the distant
charged tip (“◦” mark) and spiral motion (blue curves) around
the nearby tip (“×” mark). The idea behind Fig. 5 is as fol-
lows. We switch on the voltage (β◦ = −3) at the “◦” tip and
pull the skyrmion closer to the switched-off “×” tip. Then the
voltage (β× = 2) on the “×” tip is applied, and the skyrmion
starts to be attracted to the “×” tip, while “◦” tip is turned off.

We can see that for physically reasonable conditions,
α = 0.05, ε0 = 0.5, β◦ = −3, and β× = 2, used in Fig. 5,
cf. Table I, the Thiele equation gives good qualitative and
satisfactory quantitative agreement with the results of MMS
even in spite of the deviation of the shape of the skyrmion
from being centrally symmetric. Note that both forms of
the Thiele equation described above give approximately the
same trajectories, so we present only the one resulting from
Eq. (10). This justifies the use of the Thiele equations for es-
timating the skyrmion position and the characteristic times in
different regimes of motion, which can be used in the different
scenarios for skyrmion manipulation discussed in Sec. V.

Motion along the repulsion trajectory, around the “◦” tip,
takes approximately 200t0, while rapid motion around the
attracting “×“ tip takes 100t0, see Fig. 5. In more detailed
analysis, we found that a ratio v/β, where v is the skyrmion’s
velocity, weakly depends on β, although it has a certain de-
pendence on distance a, see the last section of Ref. [46].
This can be used to precisely control the speed of skyrmion
motion, since smaller voltages correspond to proportionally
lower speeds. In Fig. 5, the average speed is 10 m/s and

27 m/s along the red and blue curves, respectively, which
is comparable with experimental and simulated speeds of a
skyrmion motion induced by an electric current, see, e.g., Ref.
[47].

Note that as the skyrmion approaches the tip (see the
blue dotted curves near the “×” mark in Fig. 5), it under-
goes a pronounced deviation from its centrally symmetric
shape, effectively exhibiting a transient reshaping into an
elongated form. This deformation is driven by the strong
spatial inhomogeneity of the electric field near the tip, which
exerts a significantly larger force on the proximal side of
the skyrmion. While earlier literature has focused on stable
elongated skyrmions for potential applications [48–51], the
elongation observed here is a purely transient dynamical ef-
fect, which occurs over a short timescale of ∼15 ns just prior
to the skyrmion reaching the tip.

B. Creation of magnetic objects

1. Skyrmions of positive chirality

Here we introduce two methods for the creation of a
skyrmion of positive chirality (ν = +1) mediated by the elec-
tric field of the tip.

The first approach relies on a rapid reversal (“swing”) of
the field polarity. Initially, in the homogeneously magnetized
ferromagnetic film, m = ez, a strong enough electric field with
β = −β+sw < 0 induces a localized perturbation, whose mag-
netization resembles a coaxial skyrmion of positive chirality,
ν = +1, except in the region close to the tip, where again
m ≈ ez. When the field is rapidly switched to the opposite
polarity, β = β+sw > 0, the region near the tip, where m ≈ ez,
shrinks to the size of several spins (or macrospins used in
MMS). This state is energetically unfavorable, magnetization
near the tip turns over, m ≈ −ez, breaking the conservation of
topological charge, and a skyrmion with ν = +1 is created.

In the alternative (“direct”) approach, skyrmion creation
can occur without the field swing. One can use an abrupt
switching of electric field from the uncharged state, β = 0,
to sufficiently strong β > 0. A magnetization configuration
initially forming at β > 0 resembles a coaxial skyrmion of
negative chirality, ν = −1, except for the region close to the
tip. For sufficiently large β = β+dir > 0 this region shrinks to
the size of several spins, which is energetically unfavorable.
Therefore the skyrmion can be created, breaking the con-
servation of topological charge. However, the skyrmion with
ν = −1 cannot be stable at β > 0 and, therefore, the skyrmion
with ν = −1 has to transform into a skyrmion with ν = +1
via the rotation of its magnetization (changing helicity), now
conserving the topological charge. The definition of the he-
licity is given in Appendix B. The graphical representation of
both the creation methods can be found in Ref. [46].

We note that in the “direct” approach a higher field in-
tensity is required than in the “swing” method, β+dir > β+sw,
because there is no preliminary perturbation of the magneti-
zation, which helps a skyrmion with ν = +1 to be nucleated.
We estimate the values of the required electric fields from the
MMS: β+cr 	 7.6 and β+sw 	 4.4, see Appendix E.

Creation of a skyrmion takes 0.5t0 and 1.6t0 for the “di-
rect” and “swing” methods, respectively. These times can
be estimated as 0.13 ns and 0.41 ns, respectively, which are
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comparable to 0.2 ns achieved by numerical simulations in
Ref. [52] by applying a local magnetic field with parameters
α = 0.05 and �w ∼ 100 nm, the same as those used in our
simulations, see Table I.

2. Skyrmions with negative chirality

For the skyrmions with negative chirality, ν = −1, the
same two (“direct” and “swing”) methods can be applied with
the same qualitative results as for ν = +1. However, due to
the positive DMI parameter, ε0 > 0, the values of the critical
fields that are needed for the creation of a skyrmion with
ν = −1 appear to be slightly stronger than the field for ν =
+1, cf. the energies for ν = −1 and ν = +1 in the lower pan-
els of Fig. 3. Specifically, the corresponding critical values are
β−dir 	 −8.0 and β−sw 	 −5.4. The graphical representation
of both the creation methods can be found in Ref. [46].

3. Skyrmioniums and target skyrmions

Similarly to a regular skyrmion, skyrmioniums and target
skyrmions, |ν| � 2, can be created by applying electric fields
of higher intensity. In MMS, we observed the creation of tar-
get skyrmions when |β| � 8. The creation time is comparable
to that of a skyrmion with ν = 1. The graphical representation
of the skyrmionium creation can be found in Ref. [46].

Note that the appropriate field should be applied not only
for creating such target skyrmions, but also to keep them,
because they are not stable (deforming or/and annihilating)
in the absence of the field. Moreover, the slow change in the
high field intensity allows for precise control of the number of
domain walls, e.g., |ν|, in target skyrmions.

As is known, in most cases, skyrmioniums are created
randomly or within a bunch across a magnetic material surface
[53] and appear to be metastable [54]. Remarkably, using the
electric field, one can not only create target skyrmions in a
controlled way, but also stabilize them.

C. Annihilation of magnetic objects

1. Skyrmions of positive chirality

As one can see from Fig. 4, the skyrmion of the positive
chirality, ν = +1, shifted from the tip is stable practically for
any intensity of electric field. Therefore, to be annihilated, the
skyrmion should first be attracted to the tip nearly coaxially,
see Fig. 5 and details in Sec. IV A. Then one should switch
the voltage on the tip so that the skyrmion wall appears within
the region with approximately zero effective DMI, εeff (a, r 	
R) 	 0. In the case of a nearly coaxial skyrmion, assuming
radius R to be large and using Eq. (14), we can estimate the
required field intensity as

βan 	 −ε0
(h2 + R2)3/2

h�2
w

. (20)

Note that the skyrmion of ν = +1 can be repelled from the
tip, cf. Sec. IV A, inflate, cf. Sec. IV D, or even change chiral-
ity, if the electric field is substantially weaker or stronger than
βan, because the domain walls of the skyrmion are unstable

only for the zero DMI. The graphical representation of the
three possible dynamics—annihilation, inflation, and chirality
change—can be found in Ref. [46].

2. Skyrmions of negative chirality

Unlike skyrmions of positive chirality, skyrmions of nega-
tive chirality, ν = −1, require negative field intensity to exist.
However, turning on the positive field intensity β > 0 may
lead to a switch in the chirality of a skyrmion from negative
to positive, avoiding annihilation. Therefore, to annihilate a
skyrmion reliably, we should apply the same field βan as
discussed in the previous section.

3. Skyrmioniums and target skyrmions

Because skyrmioniums, |ν| = 2, and target skyrmions,
|ν| > 2, are not stable without additional conditions, in par-
ticular, the appropriate electric field, then it is enough to turn
the field off to destroy them.

Also the tip and skyrmion or target skyrmion can be pulled
apart somehow at sufficient distance, see the correspond-
ing areas in the phase diagram, Fig. 4, then they annihilate
spontaneously.

D. Resizing skyrmions

Some experimental applications of skyrmion-based de-
vices may require flexible control over the size of skyrmions.
For example, the above-mentioned skyrmion-vortex pairs in
hybrid ferromagnet-superconductor heterostructures can be
coaxial or eccentric depending on the size of the skyrmion
[30]. Moreover, the spatial structure of the Majorana states
being hosted in such pairs also depends on the size of the
skyrmion [20].

The electric field can be used to adjust the size of a
skyrmion with positive chirality, ν = +1, within a relatively
wide range. Indeed, one can see from Fig. 3 that the coaxial
skyrmion can be shrunk nearly to R 	 0 for small negative
values of β and slightly enlarged to R ∼ �w for β > 0.

Additionally, large enough negative values of β can cause
the skyrmion to inflate to large values R ∼ 3�w, see Fig. 3.
However, upon switching the electric field to negative val-
ues, the skyrmion does not necessarily inflate immediately.
Instead, for sufficiently strong or weak negative fields, the
skyrmion can become unstable and be destroyed. More pre-
cisely, stability requires that the skyrmion radius satisfies the
condition εeff (a, r 	 R) > 0. For a nearly coaxial skyrmion
with large enough radius R, this yields an estimate for the
required field intensity as βin > β > βan, where βin is the right
limit of the “Inflated Sk” branch and βan is given by Eq. (20).
Thus, after switching to β < 0, only skyrmions with large
enough radius can survive and subsequently inflate. Therefore
this regime can be realized only for sufficiently strong DMI,
ε0 � 0.4. Moreover, for ε0 � 0.47, the situation changes qual-
itatively, as the branches of regular and inflated skyrmions
turn out continuously connected. In this case, the transition
becomes smooth and can be achieved by a gradual change
of the electric field from positive to negative values without
destruction of skyrmion. The graphical representation of the
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FIG. 6. Platform for skyrmion manipulation. Several tips se-
quentially switch voltage to create, move, and annihilate a skyrmion.
Panels illustrate different scenarios: (a) internal manipulation; (b) ex-
ternal manipulation; (c) separation of skyrmions.

three possible dynamics—annihilation, inflation, and chirality
change—can be found in Ref. [46].

In principle, the size of the skyrmion of negative chirality,
ν = −1, can be adjusted in similar ways by varying negative
β, see Fig. 3. However, such skyrmions cannot be inflated by
switching to positive β.

V. PLATFORM FOR THE SKYRMION MANIPULATION

In this section, we present the conceptual design for a
platform that allows for the manipulation of skyrmions and
describe several possible applications of the use of the pro-
posed scheme.

The base of the platform consists of the ferromagnetic film
and N stationary tips distributed at a distance ltips ≈ 7�w from
each other, which enables the guided movement of a skyrmion
between any two points within the area S ∼ Nl2

tips. To pull a
skyrmion in the required direction, one should apply different
voltages to the three (or fewer) nearest tips. The exact values
of the required voltages can be found, for example, by solving
the Thiele equation, Eq. (10) or (B7).

The minimal number of stationary tips required to flexi-
bly manipulate skyrmions is N = 3, arranged in a triangular
pattern. Indeed, if a skyrmion is located under one of the
tips (e.g., created there), then the other two tips can drive
it in any desired direction by applying simultaneously the
relevant voltages. Below we consider three practical scenarios
for skyrmion’s control that can be realized by means of the
proposed platform, see Fig. 6.

Internal manipulation. The skyrmion, created by a tip, can
be guided along a desired trajectory by applying voltage to the
appropriate tips [see Fig. 6(a)]. Once the skyrmion has been
used, it can be annihilated.

External manipulation. Another scenario can be real-
ized if the platform is connected to several outputs/inputs
of skyrmions, e.g., racetracks [55,56] or other devices [see
Fig. 6(b)]. When the skyrmion appears from one of the inputs,

it should be guided to a certain output. For that purpose, the
tips should be set up closer than ltips/2 to the outputs/inputs,
and then they can guide the skyrmion to the proper position as
discussed in the previous scenario. Additionally, the skyrmion
arriving from the input can be annihilated if it should be
discarded or a skyrmion can be created and sent to the output.

Here we suppose that, outside the platform (e.g., along
the racetracks), the skyrmions are driven by alternative
mechanisms. In the confined geometry, the driving force from
the magnetoelectric energy gradient competes with edge-
repulsion forces. For a conventional racetrack, this may lead to
skyrmion deformation, pinning, or annihilation at the bound-
aries. Nevertheless, a special form of a racetrack can be
designed for use with the circular motion of skyrmions. In
particular, the charged tips can drive skyrmions over a net of
arclike tracks. A detailed study of these confined dynamics,
together with the compatible racetrack design, is an important
direction for future research.

Separation. In this scenario, we use the tips to separate a
single skyrmion from the skyrmion bunch created by some
other methods. When applied, the electric field affects all the
skyrmions, but with different forces. Moreover, the skyrmions
which are closer than ltips/2 ≈ 4�w to the tip are moving
with qualitatively higher velocity than more distant ones, cf.
the energy gradients ∂aF for the corresponding ranges in the
left lower panel in Fig. 2. Therefore we can separate nearby
skyrmions from the distant ones [see Fig. 6(c)]. Performing
such a separation sequentially by using different tips, one can
separate a single skyrmion from the others or even isolate all
the skyrmions.

VI. DISCUSSIONS AND CONCLUSIONS

In this work, we propose an energy-efficient and precise
tool for the flexible manipulation of Néel-type skyrmions in
ferromagnetic films. This method is based on the inhomoge-
neous magnetoelectric effect induced by a localized electric
field generated by one or several charged tips. Combining
complementary numerical micromagnetic simulations and an-
alytical approaches, the Euler-Lagrange and Thiele equations,
we develop a consistent theory describing the stability and
dynamics of skyrmions under the effect of the electric field.
We identify several distinct dynamical regimes of skyrmion
motion near the tip and map them onto a phase diagram, see
Fig. 4.

Moreover, we predict analytically and demonstrate numeri-
cally that the electric field can create and annihilate skyrmions
of both chiralities, as well as more complex magnetic textures
such as skyrmioniums and target skyrmions. Our estimates
show, see Table I, that the characteristic magnitude of the elec-
tric field allowing creation of a skyrmion is E0 ∼ 1 MV/cm,
which can be reached locally near a thin charged tip in
experiments [11,13,26].

In addition, we discuss the principles of a platform, see
Fig. 6, that consists of a ferromagnetic film and an array
of metal tips that can guide the motion, creation, and de-
struction of individual skyrmions by applying voltage to the
tips. We also propose several scenarios for practical use of
this platform, such as separating individual skyrmions from a
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group and manipulating them inside or outside the platform
for further processing.

The developed approach obviously holds great promise for
classical information processing based on skyrmion manipu-
lation. Additionally, the skyrmions are predicted to assist the
existence [19,20] of the Majorana electronic state in hybrid
ferromagnet-superconductor heterostructures. This opens up
opportunities to use the platform for realizing fault-tolerant
quantum computation, as an alternative to those proposed in
Refs. [21,22]. In Ref. [20] it was shown that if the skyrmion
topological charge Q is odd, the skyrmion should be accom-
panied by a coaxial superconducting vortex in order to host
the Majorana states. Therefore it will be of practical interest
to extend our theory to the triple configurations: vortex-
skyrmion-tip. In particular, an electric field can change the
size of the skyrmion and, therefore, can couple or disentangle
the vortex and skyrmion influencing or even destroying the
Majorana state, because both coaxial and displaced configu-
rations of skyrmion-vortex can exist [10,14,30].

Moreover, our theory can be extended in the following
ways. Firstly, it is interesting to study the possibility of creat-
ing and manipulating high-order skyrmions, in particular, with
even topological charge, e.g., |Q| = 2, which are predicted
[19] to provide the existence of the Majorana state in super-
conductor without the vortex. For the high-order skyrmions,
the DMI should be nonhomogeneous not only radially, but az-
imuthal [57], that can be achieved by a pair of tips of different
voltages.

Secondly, it is interesting to study the motion of the
Bloch-type skyrmions near a charged tip. Due to the specific
orientation of the magnetization in the Bloch-type skyrmions,
the electric field does not affect them if we use Eq. (4) naively.
However, the effective DMI induced in the ferromagnetic film
by the inhomogeneous ME should restructure the skyrmion
magnetization, making them not exactly Bloch-type, and they
can then be attracted to or repelled from the tip. Moreover,
the electric field can be used to change the type of the
skyrmion from Bloch- to quasi-Néel-type and, therefore, to
obtain the Majorana state in ferromagnets with Bloch-type
skyrmions.
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APPENDIX A: FREE SKYRMION
AND DOMAIN WALL ANSATZ

The magnetic energy of the ferromagnetic film without any
external forces is presented in Eq. (1). It allows the existence
of the free skyrmions, whose radially symmetric magnetiza-
tion is described by Eq. (5). Minimizing the energy, we get
the Euler-Lagrange equation (6), where εeff = ε0 is a spatially
uniform DMI parameter. The exact solution can be found in
the same way as described after that equation, e.g., by the
shooting method. However, it is shown in Ref. [45] that a good
approximation for the free skyrmion angle θ (r) is

θRδ (r) = 2 arctan
sinh(R/δ)

sinh(r/δ)
, (A1)

which is known as 360◦ domain wall (DW) ansatz.
Note several important features of DW ansatz. Firstly, the

parameters |R| and δ mean the radius and the effective domain
wall thickness of the skyrmion, while χ = sgn(R) reflects the
chirality. Secondly, these parameters can be obtained by direct
minimization of the free energy, Eq. (1), with Eqs. (5) and
(A1) substituted. The resulting function θRδ (r) approximates
the exact solution of the EL equation (6) within only 1 − 2%
of deviations [45].

Thirdly, when the skyrmion radius is large, |R| 
 1, the
expression (A1) reduces to a simple, nearly straight domain
wall,

θRδ (r) ≈ χ arccos tanh[(r − |R|)/δ], (A2)

which forms a circle of radius |R|. Moreover, the skyrmion
wall δ obviously tends to the thickness �w of straight domain
wall, i.e., δ ≈ �w.

APPENDIX B: GENERALIZED THIELE EQUATION

Here we present the generalized Thiele equation describ-
ing the dynamics of a skyrmion whose magnetization is
parametrized by the collective coordinates ξ = (a, ϕ, R, δ, η).
They are position of the skyrmion’s center a, given in polar
coordinates by the radial distance a and azimuthal angle ϕ

relative to the origin, radius R, effective domain wall thick-
ness δ, and helicity η. Supposing the skyrmion angle can be
approximated by the domain wall ansatz, i.e., θ (r) = θRδ (r),
see Eq. (A1), we write the magnetization as follows:

m[ξ] = ez cos θRδ (ra) + (era cos η + eφa sin η) sin θRδ (ra),

(B1)

where era and eφa denote the unit vectors in the radial and
azimuthal directions of the cylindrical coordinate system with
the origin a, and ra = |r − a|.
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Substituting the skyrmion magnetization (B1) into the
LLG equation (9), multiplying it by ∂m/∂ξi, and integrating
over the whole ferromagnetic film, we derive the generalized
Thiele equation in the same form as presented in Eqs. (10) and
(11), but a should be changed to ξ.

Below we calculate the explicit expression for the nonzero
components of tensors D̂ and Ĝ,

Ga,ϕ = −Gϕ,a = a,

GR,η = −Gη,R = q0q1�w, Gδ,η = −Gη,δ = q3�w,

Da,a = Dϕ,ϕ/a2 = q2, Dη,η = q1�
2
w,

DR,R = q2
0q1, DR,δ = DR,δ = q0q3, Dδ,δ = q4. (B2)

Here we introduce functions qi(R, δ):

q0 = �w

δ
coth

R

δ
, q1 = 1

2

∫ ∞

0

dr r

�2
w

sin2 θRδ, (B3a)

q2 = 1

4

∫ ∞

0
dr r

[
(∂rθRδ )2 + sin2 θRδ

r2

]
, (B3b)

q3 = −q0q1
R

δ
+ 2�w

δ

∫ ∞

0

dr r

�2
w

sin2 θRδ

2
, (B3c)

q4 = −q1
(Rq0)2 + �2

w

δ2
− 2q0q3

R

δ
(B3d)

+ �2
w

2δ2

∫ ∞

0

dr r3

�2
w

[
(∂rθRδ )2 + sin2 θRδ

r2

]
. (B3e)

The free energy F = Fmagn + FME, see Eqs. (1) and (4), can
also be expressed via the functions qi(R, δ),

F = F
8πAdF

= (q1 + 2q2 + p cos η)/2, (B4)

where p(a, R, δ) is

p =
∫ ∞

0

dr r

�w

(
∂rθRδ + sin 2θRδ

2r

)
[ε0 − βĒa(r)]. (B5)

Then the force F ∝ ∂F/∂ξ can be calculated straightforward.
It is instructive to introduce a new collective coordinate

ρ(R, δ) that can be called “adjusted radius”, see also Eq. (C7),
defined by the following differential equation,

∂δρ

∂Rρ
= q3

q0q1
. (B6)

Then the Thiele equations can be split into three blocks:

−αq2ȧ + aϕ̇ = �2
w∂aF,−ȧ − αq2aϕ̇ = 0,

−α(q̃2
1/q1)ρ̇ + �wq̃1η̇ = �2

w∂ρF,−�−1
w q̃1ρ̇ − αq1η̇ = ∂ηF,

−α(q4 − q2
3/q1)δ̇ = �2

w∂δF, (B7)

where time is scaled in t0, see Eq. (19), and q̃1 = q0q1/∂Rρ.
Since dissipation is usually weak, α � 1, we can describe

qualitatively the evolution of the skyrmion far away from the
tip in the following way. Firstly, the variation rate �−1

w δ̇ ∼ α−1

is much larger than the other rates, �−1
w ȧ, �−1

w ρ̇, and η̇. Phys-
ically this means that effective wall thickness δ adapts much
quicker than the other parameters and can be considered as
some known function of a, ρ, and η.

Secondly, distance a changes much slower than the az-
imuthal angle ϕ (and, obviously, ρ and η),

ȧ ≈ −αq2�
2
w∂aF, ϕ̇ ≈ �2

wa−1∂aF, (B8)

therefore, the skyrmion moves along the spiral trajectory.
Finally, the ρ and η oscillate with the same frequency

(and dissipation proportional to α) near their quasiequilibrium
values when assuming a is almost constant.

APPENDIX C: ASYMPTOTIC EXPRESSIONS AT R � �w

Here we provide the details for the calculation of Eq. (15)
for the free energy F at large skyrmion radius, R 
 �w, and
solve the differential equation for the adjusted radius ρ, see
Eq. (B6).

1. Expression for qi(R, δ) and p(R, δ) without electric field

In this limiting case, we assume that the skyrmion is a
circular domain with radius R 
 �w and a wall of thickness
δ ≈ �w, and its magnetization can be described by skyrmion
angle from Eq. (A2). Then we can calculate functions
qi(R, δ) from Eqs. (B3) and p without electric field, β = 0,
asymptotically,

q0 ≈ �w

δ
, q1 ≈ Rδ

�2
w

, q2 ≈ R

2δ
+ δ

2R
, (C1a)

q3 ≈ π2δ

12�w

, q4 ≈ π2R

12δ
, p

∣∣
β=0 = −πR

�w

ε0. (C1b)

The calculation is straightforward and partly can be found in
Ref. [45]. Note that the above expressions for functions q0, q1,
q3, q4, and p|β=0 are calculated with exponential accuracy, i.e.,
neglecting the terms of order exp(−R/�w ), while the function
q2 is truncated at the terms of order (R/�w )−3.

2. Free energy

Then, to calculate the total free energy F = Fmagn + FME,
see Eq. (B4), we should use expressions for q1, q2, and p|β=0
to get the first two terms and the first term inside the square
brackets in Eq. (15). The second term in the square brackets
results from the ME energy and, in the main approximation in
R 
 �w, can be expressed as

βĒa(R) f (R − a) = β

π

∫ ∞

0

dr

�w

Ēa(r)

cosh[(r − R)/�w]
. (C2)

To calculate the last integral approximately, we note that
function Ēa(r) has a Lorentzian peak near r = a, see h̄2(r − a)
in the denominator in Eq. (14), and slowly changes far away
from that point. Analogously, function 1/ cosh[(r − R)/�w]
represents the peak near r = R. Then, we can approximate the
integrand by a rational function,

Ēa(r)

cosh[(r − R)/�w]
≈ Ēa(R)

{[(r − R)/2�w]2 + 1}2

h̄2(R − a)

h̄2(r − a)
,

(C3)

that can be easily integrated and yields

f (z) = (h2 + z2)[(h + 4�w )(h + 2�w )2/h + z2]

[(h + 2�w )2 + z2]2
. (C4)
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FIG. 7. Example of solutions θ (r) found by solving the EL equation (6) for different values of distance a and field
intensities β. Gray lines represent solutions without a skyrmion (ν = 0). Blue and yellow lines depict regular skyrmions
of positive and negative chirality, ν = ±1, respectively. Orange, green, and pink lines correspond to target skyrmions with
ν = ±2, +3, respectively. Multiple solutions of the same kind are distinguished by different line styles, where a solid line represents the
solution with the lowest energy, dashed lines represent other stable solutions, and dotted lines represent unstable solutions. Black dashed
vertical lines show the position of the tip relative to the skyrmion center.

Note that if the distance a between skyrmion center and the
charged tip significantly differs from skyrmion radius, |z| =
|R − a| 
 �w, then function f (R − a) is equal to 1. Then ex-
pression in square bracket in Eq. (15) becomes [ε0 + βĒa(R)],
which simply means that effective DMI should be taken at
the skyrmion domain wall, r = R. However, when the radius
is approximately equal to the distance, |R − a| ∼ �w � R,
e.g., skyrmion is attached to the tip, see Sec. III C, function
f (R − a) deviates from 1, in the following range: (1 +
�w/h)−1 < f (z) < 1 + �w/h.

3. Adjusted radius

In the limit R 
 �w, Eq. (B6) takes the following form:

∂δρ

∂Rρ
= π2δ

12R
. (C5)

This can be solved explicitly,

ρ = F (R2 + π2δ2/12), (C6)

where F is the arbitrary function, which can be naturally taken
as the square root. Therefore we get the adjusted radius ρ as

ρ =
√

R2 + π2δ2

12
≈ R + π2δ2

12R
. (C7)

APPENDIX D: MULTIPLE SOLUTION OF
EULER-LAGRANGE EQUATION WITH NONUNIFORM

ELECTRIC FIELD

Figure 7 shows solutions of Eq. (6) with εeff given by
Eq. (14) for certain values of the distance a, the field intensity
β, and the acceptable number ν.

Generally, the solutions of the Euler-Lagrange (EL) equa-
tion can correspond not only to the minimum of the free
energy, but to saddlelike solutions. The former are stable
(or quasistable), and the latter are unstable. Therefore solu-
tions shown in Fig. 7 correspond to stable (solid or dashed
line) or unstable (dotted line) states of skyrmion with |ν| =
1 (blue and yellow lines), skyrmionium with |ν| = 2 (or-
ange and green lines) or target skyrmion with |ν| > 2 (rose
lines). Also the solutions with ν = 0 describe the no-skyrmion
states (gray lines). The solid curves in Fig. 7 correspond to
the lowest-energy stable configurations for given ν, while
dashed curves denote higher-energy metastable configura-
tions. Hence, although multiple mathematical solutions of the
EL equation exist for the same parameters, only a subset of
them can be realized as stable skyrmion states.

The number of available solutions changes significantly
with variations in the distance a and the field intensity β. For
small distances a, where the influence of the field is strongest,
the electric field leads to the appearance of multiple stable and
unstable solutions. In particular, for sufficiently large positive
or negative values of β, several target skyrmion solutions
with different numbers ν may coexist with regular solutions,
cf. panels (a) and (b) in Fig. 7. As the distance a between
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skyrmion and the charged tip increases, the influence of the
field weakens, reducing the number of allowed configurations,
cf. panels (c)–(f) in Fig. 7. At sufficiently large a, only regular
skyrmions and the no-skyrmion state remain stable, cf. panels
(g) and (h) in Fig. 7.

One can compare Figs. 4 and 7 and identify corresponding
regimes, labeled as regular, attached, and inflated skyrmions,
as well as target skyrmions.

APPENDIX E: MICROMAGNETIC FRAMEWORK

In this section, we describe the numerical approach used
for the micromagnetic simulations in this work.

As mentioned in the main text, the time evolution of the
magnetization is modeled using the Landau-Lifshitz-Gilbert
(LLG) equation (9), while the stationary magnetization is ob-
tained by minimizing the total free energy F = Fmagn + FME,
see Eqs. (1) and (2).

The micromagnetic simulations (MMS) are a numerical
approach in which each group of close spins is treated as a
single macrospin, represented by a classical magnetic vector
placed in a grid cell with periodic boundary conditions, for the
overall configuration of which we seek the configuration that
minimizes the total energy. This macrospin approximation is
possible due to the existence of exchange interaction between
close spins, constraining their relative orientation to be almost
parallel.

In order to find the minimum-energy configuration, two
numerical methods can be employed: an energy driver and a
time driver. The energy driver uses gradient descent of the
energy in order to evolve the system towards a state with
lower energy. After a sufficient number of steps, the system
converges to a state with locally minimal energy. Different
starting configurations can be used in order to explore multiple
possible minima.

The time driver uses the LLG equation to evolve the system
in time towards the state with minimal energy due to the
existence of a dissipative term, which reduces the overall
energy with each time step. This approach is more precise
and realistic, showing the spiraling motion of the skyrmion
near the tip, although this approach is more computationally
expensive than the energy driver, which seeks the minimum
directly. In the cases described in this paper, both methods
agree on the final result of the modeling, although proper
skyrmion motion during its evolution is only obtained with
the time driver.

The simulations were performed using the Object-Oriented
MicroMagnetic Framework (OOMMF) [42] within the Uber-
mag environment [43]. The computational domain was chosen
as a square of size 2 × 2 µm2, discretized into a uniform grid
with a cell size of 2.5 nm. The chosen discretization ensures
sufficient spatial resolution to accurately capture the structure
of skyrmions and their domain walls. The damping parameter
α = 0.05 was selected to provide efficient convergence to
stationary states.
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[16] A. P. Petrović, M. Raju, X. Y. Tee, A. Louat, I. Maggio-Aprile,
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