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Skyrmion-bimeron dynamic conversion in magnetic nanotracks
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In this paper, we address the skyrmion-bimeron dynamical transformation during the propagation of such
structures along a magnetic nanotrack with anisotropy gradients. Using a micromagnetic approach and simula-
tions, we observe that a skyrmion continuously transforms into a bimeron, and vice versa (in a reversible way).
Furthermore, our results show that the topological charge and the velocity of the intermediary magnetic textures
emerging during the transformation are constant. These results can contribute to understanding the dynamic
transformation between solitonic magnetic textures with the same topological charge.
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During the last decade, the study of magnetic skyrmions
has aroused much interest due to their fascinating basic
properties and strong potential for applications related to high-
density data storage and logic devices [1–6]. This potential
emerges from several characteristics that skyrmions exhibit,
such as their current-driven transport that requires smaller
currents than other spin textures [7–9] and their topology
that provides a significant energy barrier to avoid skyrmion
annihilation, preventing data loss from thermal fluctuations
[1,10,11]. In addition, although skyrmion radii [12] are, in
general, greater than vortex core sizes [13–16], the former
have a smaller size than other textures, such as skyrmioniums,
magnetic bubbles, and others [17–23]. Usually skyrmion-
based technological propositions demand the displacement
of these topological textures under external stimuli applied
along a strip [1,2,24–27]. Therefore, analyzing their dynam-
ical properties under different contexts is a topic of intense
research [28–35].

Another two-dimensional (2D) magnetic texture whose
properties have been widely studied is the bimeron [36–42],
which consists of a meron and an antimeron with opposite
polarities and can be viewed as a magnetic skyrmion in a
bidimensional magnet. Bimerons also share several appealing
properties with skyrmions, making these structures suitable
for applications in spintronic devices [42–44] as well. There-
fore, authors of several recent studies have focused on the
dynamic properties of bimerons under different external stim-
uli [41,42,45,46], revealing that, as skyrmions, bimerons also
present the skyrmion Hall effect [47], a transverse drift during
force-driven propagation [46]. However, structural changes in
the shape of the bimeron during its displacement allow it to
remain in a magnetic nanostripe for longer distances than the
skyrmion before annihilating itself at a racetrack border [42].
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Topological spin textures can be formally described in-
side the homotopy theory [48,49]. This formalism describes
solitons by mapping the spin-space sphere S onto the physi-
cal space. Therefore, skyrmions emerge as solitonic textures
belonging to the second homotopy group �2(S) and are char-
acterized by a topological charge Q, representing the number
of times the spin sphere covers the physical space. This map-
ping can be represented by �2(S) = Q [48,49]. Under this
framework, Belavin-Polyakov skyrmion configurations [50]
with Q = ±1 can have two faces, depending on the boundary
conditions (spin stereographic projection). Indeed, the O(3)
symmetry allows us to look at the situation as follows: For
a skyrmion, we have m(r → ±∞) → (0, 0,±1), and for a
bimeron, m(r → ±∞) → (0,±1, 0), where r =

√
x2 + y2,

and m(r) ∈ S is the normalized magnetization vector, with
m2 = 1. In an isotropic theoretical model, both configurations
have the same topological properties. Nevertheless, depend-
ing on parameters like small anisotropies, external magnetic
fields, or others favoring out-of-plane or in-plane spins, struc-
tures like skyrmions or bimerons, respectively, could be
excited [51]. Indeed, Ohara et al. [52] showed that variations
in the external magnetic field and perpendicular magnetic
anisotropy nucleate isolated skyrmions and transform them
into isolated bimerons in a magnetic disk. Thus, one can
conjecture that properly tuning the anisotropy of magnetic
nanotracks should allow the dynamical conversion between
skyrmions and bimerons during their current-driven motions.

Based on the above, in this paper, we study the dynamical
and reversible conversion of current-driven skyrmions into
bimerons displacing along a thin ferromagnetic stripe whose
anisotropy varies from out-of-plane to in-plane along the nan-
otrack length. To analyze the dependence on the anisotropy
needed for the skyrmion and bimeron stabilization, we start
considering the 2D-isotropic ferromagnet described by the
nonlinear σ model, given by H = ζA

∫
(∇m)2dS, where A

is the exchange stiffness, ζ is a constant depending on the
crystalline structure of the material [53], m = M/Ms, and
Ms is the saturation magnetization. From parametrizing m =
(sin θ cos φ, sin θ sin φ, cos θ ), one can obtain two equivalent
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solitonic static solutions having the same exchange energy,
depending on the boundary conditions: A skyrmion centered
at the origin with radius Rs = ds/2, given by φs = arctan(y/x)
and θs = arccos[(d2

s − r2)/d2
s + r2], and a bimeron with the

merons separated by a distance Rb = db/2 and its center
of mass at the origin. The latter texture can be described
as φb = arctan[(x − db)/y] − arctan[(x + db)/y] − π/2 and
θb = arccos[Rbx/(r2 + d2

b )]. Nevertheless, the nucleation of
different types of solitons in the same material is not usual
since each texture results from different energetic equilibria.

Looking for such a possibility, we assume a chiral and
anisotropic magnetic system described by

E =
∫

[A (∇m)2 + D m · (∇ × m) + K (m · z)2] dV, (1)

where the first, second, and third terms in Eq. (1) are the
exchange, Dzyaloshinskii-Moriya (DM), and anisotropy con-
tributions to the magnetic energy, with D and K the DM and
anisotropy constants, respectively. One can notice that K > 0
(K < 0) favors the spin alignment along the in-plane (out-
of-plane) direction. Therefore, we can analyze the difference
in the energies of the above-described skyrmion and bimeron
as a function of K . For all our calculations, we consider that
the material parameters are an exchange stiffness A = 8.78 ×
10−12 J/m, a saturation magnetization Ms = 1.1 × 105 A/m,
and a bulk DM constant given by D = 1.5 mJ/m3. These
values are in the order of magnitude of the parameters charac-
terizing several magnetic materials such as FeGe [30,54].

We now evaluate Eq. (1) considering both magnetization
profiles, the bimeron and the skyrmion. For such calculation,
we run micromagnetic simulations to obtain values for Rs and
Rb. These simulations will be presented later in this paper,
giving Rs = 27 nm and Rb = 9 nm. Figure 1(c) illustrates
both energies for K ranging from −200 × 10−3 to 200 ×
10−3 J/m3. One can notice that the skyrmion is the lower-
energy state up to K � −45 J/m3, while the bimeron becomes
the lower-energy configuration for larger values of K . This
finding allows us to conjecture the possibility of a reversible
dynamical transformation of skyrmions into bimerons when
these structures displace along a ferromagnetic nanotrack with
varying anisotropy. We highlight that we are dealing with a
very thin system in such a way that the magnetostatic contri-
bution can be reduced to an effective easy-surface anisotropy
[55–58], which results in a shift of the anisotropy constant
K → K − μ0M2

s /2. This approximation is widely used to de-
scribe statics and dynamics of skyrmions [59–61].

To find such behavior, we performed micromagnetic sim-
ulations considering a FeGe thin ferromagnetic stripe with
length l = SB = 1750 nm, thickness h = 10 nm, and width
w = 1000 nm, as shown in Fig. 2(a), using a cell size for
the simulations of 1 × 1 × 1 nm3. These geometrical param-
eters were selected to guarantee enough volume to nucleate
stable skyrmions and bimerons. To ensure the stability of
skyrmions and bimerons at the ends of the racetrack, we
divided it into three regions according to the anisotropy in
each. In the region limited by S and O, SO = 250 nm, as
shown in Fig. 2, there is a constant easy-axis anisotropy along
the z direction defined by the constant KSO = 2.5 × 105 J/m3.
In the region between L and B, LB = 250 nm, there is an
easy-plane anisotropy pointing along the y direction, defined

FIG. 1. Magnetization component along the z axis for (a) a
skyrmion and (b) a bimeron obtained from the adopted analytical
model. (c) The magnetic energy of a skyrmion (red line) and a
bimeron (blue-dashed line) is a function of the anisotropy constant.
The color bar represents the z component of the magnetization in
(a) and (b).

by an anisotropy constant KLB = 1.4 × 105 J/m3. Finally,
in the intermediate region OL = 1250 nm, we consider that
the anisotropy axis continuously rotates ∼10, while the soli-
ton displaces 15 nm. The easy-axis anisotropy changes from

FIG. 2. Panel (a) represents a nanotrack divided into three re-
gions defined by the anisotropy direction. Panel (b) illustrates the
skyrmion and bimeron profiles stabilized in the regions SO and LB,
respectively. x and y axes in panel (b) show the position coordinates
along the nanotrack. The color bar represents the z component of the
magnetization in (a) and (b).
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out-of-plane to in-plane along the OL region. In addition, the
anisotropy constant changes linearly from 2.5 × 105 J/m3 at
O in Fig. 2 to 1.4 × 105 J/m3 at L.

For our simulations, we use the micromagnetic code
MUMAX3 [62], a numerical time integration of the Landau-
Lifshitz-Gilbert-Slonczewski (LLGS) equation widely used
which exhibits good agreement with several experimental re-
sults concerning skyrmions. The LLGS equation is defined as

dm
dt

= −γ0 (m × Heff ) + α

(
m × dm

dt

)
+ τstt, (2)

where γ0 = μ0γ , γ is the gyromagnetic ratio, μ0 is the
magnetic permeability, and α is the Gilbert damping con-
stant. Here, Heff is the effective field given by the sum
of the exchange, dipolar, anisotropy, and bulk DM energy
contributions. All the simulations include these four energy
contributions. Additionally, τstt is the spin transfer torque
term, given by

τstt = −(v j · ∇ )m + βm × (v j · ∇ )m, (3)

where v j = −μBPje/[eMs(1 + β2)], je is the spin-polarized
current density, P = 0.5 is the polarization rate of the current,
e is the electronic charge, and β gives the degree of nonadia-
baticity. To study only the skyrmion-bimeron conversion, we
consider the parameters α = β = 0.1 to avoid the skyrmion
Hall effect [4,63,64]. To visualize the magnetization obtained
in MUMAX3, we use Paraview [65].

We start our simulation by nucleating a skyrmion at the SO
region. After that, we apply a spin-polarized current density
pointing from right to left (−y direction) along the larger
side of the stripe je = −4 × 1012 A/m2. This current density
allows the skyrmion to propagate along the stripe, going to
the OL region. Figure 3 shows the evolution of the solitonic
texture while propagating along the region OL. At t = 0, a
perfect skyrmion is presented with mz showing a circular sym-
metry in the xy plane, as seen in Fig. 3. After t ≈ 0.34 ns, the
skyrmion loses its circular symmetry, forming an ellipticallike
magnetic texture. Nevertheless, my starts acquiring a circular
symmetry along the xy plane, as shown in Fig. 3(b). Finally,
at t ≈ 1.24 ns, when the soliton reaches the LB region, it
completely transforms into a bimeron.

Once the bimeron is at the right extreme of the race-
track, we change the direction of the current density, and the
bimeron starts propagating through the SO region, where a
skyrmion appears. Therefore, the described phenomenon is
reversible. A video showing the skyrmion-bimeron transfor-
mation is included as Supplemental Material [66].

To clarify the transformation process, we obtain the
topological charge Q = (4π )−1

∫
dS m · (∂xm × ∂ym) of the

magnetic texture during the dynamics. Our results are illus-
trated in Fig. 4(a), showing that Q is constant during all the
motion of the soliton and close to −1. Small deviations from
the unity of the topological charge appear due to the finite
size of the soliton that creates small numerical artifacts. This
behavior indicates that the soliton keeps its topological pro-
tection against configurations belonging to other topological
sectors with different values of Q.

Furthermore, the analysis of the soliton position as a func-
tion of time presented in Fig. 4(b) evidences that the magnetic

FIG. 3. Magnetization components as a function of time of the
conversion of the skyrmion into a bimeron. Panels (a) and (b) illus-
trate the magnetization along the z and y directions, respectively. x
and y axes show the coordinates of the position along the nanotrack,
according to the coordinate system shown in the inset. The color
bar represents the z component of the magnetization in (a) and the
y component of the magnetization in (b).

texture has a constant velocity during its propagation along
the nanostripe while changing from skyrmion into bimeron
and vice versa.

To understand the constant velocity of the soliton texture,
we qualitatively analyze its dynamics from the perspec-
tive of the generalized Thiele equation [67,68]: Gz × (v j −
vs) + ↔

D(βv j − αvs) = F, where Gz = Msγ
−1

∫
m · (∂xm ×

∂ym) dV is the gyrovector,
↔
D is the dissipative dyadic tensor,

whose elements are Di j = Msγ
−1

∫
(∂im · ∂im) dV , and vs is

the soliton drift velocity. Although the Thiele equation should
be used to describe the dynamics of magnetic textures consid-
ered rigid bodies, the results obtained from our simulations
allow us to use this approach to analyze the soliton mo-
tion. Indeed, from considering the initial (skyrmion) and final
(bimeron) textures, the effects of variations in their gyrovector
and diagonal elements of the dyadic tensor produce very small
variations in the soliton velocity (see details in Supplemental
Material [66]). Therefore, although the intermediary config-
urations do not share the symmetries of the skyrmion and
bimeron, the Thiele equation accounts for the main aspects
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FIG. 4. Panel (a) presents the topological charge of the soliton as
a function of the time. Panel (b) shows the magnetic texture position
along y (red line) and x (blue-dashed line) directions as a function of
time.

of soliton dynamics. Under these assumptions, we obtain that
the soliton velocity along the racetrack is given by

vs = − μBP

eMs(1 + β2)
je, (4)

independent of the shape of the magnetic solitonic texture. We
call attention to the fact that we are considering α = β so
that the skyrmion velocity perpendicular to the propagation
direction vanishes [68]. This transformation from skyrmion
to bimeron with a conserved topological charge is also ob-
served when the skyrmion Hall effect is present, i.e., when
considering α = 0.1 and β = 0.05. The only difference when
comparing results in the latter case with those reported in
Fig. 4(b) is a change in the magnetic texture position in the
x axis as a function of time due to the skyrmion Hall effect.
That is, since vx strongly depends on β, if we increase β,
the Hall effect will rapidly annihilate the soliton. However,
vy exhibits a smaller β dependence, and no relevant changes
in the soliton propagation along this direction appear. Detailed
results and equations illustrating this dependence are included
as Supplemental Material [66]. We also highlight that our
simulations reveal that the anisotropy gradient is responsible
for a skyrmion motion even for a null electric current. The
associated velocities are two orders of magnitude smaller
than those obtained when we apply an electric current. It
is not possible to stabilize the skyrmion position inside the

FIG. 5. Velocity of the soliton along the y direction as a function
of the spin-polarized current density. Dots represent the data obtained
from simulations, and the blue line corresponds to Eq. (4).

transition zone since any fluctuation will produce the propa-
gation of the soliton. To stabilize it, additional mechanisms
such as notches are required. To overcome the anisotropy
gradient drift, a minimum current density is needed. However,
the analysis of this phenomenon is out of the scope of this
paper.

Finally, to corroborate the above statements, we analyze
the soliton velocity as a function of the current density ob-
tained from our micromagnetic simulations (red dots) and
the Thiele analytical approach presented in Eq. (4) (blue
line). Results are presented in Fig. 5, evidencing an excellent
agreement between both approaches and a linear dependence
of the soliton velocity on the spin-polarized current den-
sity in the range of −8 × 1012 to −2 × 1012 A/m2. The
phenomenology of the skyrmion-bimeron transformation is
also observed when an interfacial DM interaction is con-
sidered, as shown in Fig. S3 of the Supplemental Material
[66]. However, since the interfacial DM interaction yields
a Néel skyrmion [1,44], the bimeron profile obtained with
such a DM interaction is different from the bimeron origi-
nated from bulk DM interaction. Therefore, Bloch and Néel
skyrmions are, respectively, transformed in the here-called
Bloch and Néel bimerons, whose profiles are depicted in
Fig. 6.

In conclusion, we have studied the dynamics of a skyrmion
through a ferromagnetic stripe whose anisotropy rotates

FIG. 6. Magnetization patterns of (a) a Bloch and (b) a Néel
bimeron. x and y axes show the position components along the
nanotrack.
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continuously from out-of-plane to in-plane. Such a rotation
yields the soliton deforms while propagating along the nanos-
tripe, continuously transforming into a bimeron. During the
transformation, the topological charge and the velocity of
the magnetic texture are constant. We also observe that the
transformation from skyrmion to bimeron is reversible. These
results could be used to design spintronic devices demanding
the presence of different solitonic spin textures in the same
system.
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