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Multiscale simulations of topological transformations in magnetic-skyrmion spin structures
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Magnetic skyrmions belong to the most interesting spin structures for the development of future information
technology as they have been predicted to be topologically protected. To quantify their stability, we use an
innovative multiscale approach to simulating spin dynamics based on the Landau-Lifshitz-Gilbert equation.
The multiscale approach overcomes the micromagnetic limitations that have hindered realistic studies using
conventional techniques. We first demonstrate how the stability of a skyrmion is influenced by the refinement
of the computational mesh and reveal that conventionally employed traditional micromagnetic simulations are
inadequate for this task. Furthermore, we determine the stability quantitatively using our multiscale approach.
As a key operation for devices, the process of annihilating a skyrmion by exciting it with a spin polarized current
pulse is analyzed, showing that skyrmions can be reliably deleted by designing the pulse shape.
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I. INTRODUCTION

Magnetic skyrmions [1] are topological spin structures
that arise in the spin pattern of ferromagnetic systems with
broken inversion symmetry, such as chiral crystals [2,3] or thin
chiral magnetic films [4,5]. Skyrmion lattices [6–9] constitute
the ground state for some systems, while isolated skyrmions
can appear as metastable states of some magnetic nanostruc-
tures [10]. Isolated skyrmions have been recently considered
[11–15] as the building blocks for ultradense magnetic storage
devices [16].

Skyrmions carry a topological charge Q = ±1 defined
as [17]:

Q =
∫

A

q dxdy = 1

4π

∫
A

m ·
(

∂m
∂x

× ∂m
∂y

)
dxdy, (1)

where q is the topological charge density, A the area of the
system, and m the unit magnetization vector. Since transitions
that change Q are forbidden [17] in a continuum description of
m, such structures are topologically protected. Nevertheless,
in a real system composed of discrete magnetic moments
localized on the atomic lattice sites, no strict topological
protection exists [18]. Thus it is necessary to overcome a
finite energy barrier to induce transformations that change
Q [17,19–21], such as the annihilation of a Bloch line (BL)
[21–26]. Since it maximizes locally the exchange energy, the
BL formation process likely includes an energy saddle point.

The stability against perturbations is indeed a key feature
of skyrmions, making them a good candidate as information
carriers in next generation storage devices [27–29]. The
fundamental prerequisites for applications are ascertaining
the stability of skyrmions, as well as reliably annihilating
them. However, the computational treatment of processes
involving annihilating skyrmions is very delicate. In analytical
micromagnetic theory, singularities in the exchange field
tend to arise during topological transformations, making
numerical simulations very susceptible to the mesh being
used [30] and therefore often inaccurate. The necessity for

a computational model, capable of performing quantitatively
accurate simulations is therefore obvious and a key step.
While more accurate atomistic simulations would overcome
this problem, the computational power required to run such
simulations for a sample of realistic experimental size makes
this possibility not feasible.

In this Rapid Communication, the annihilation of isolated
skyrmions is studied by simulating the Landau-Lifshitz-
Gilbert (LLG) equation with a multiscale approach at 0 K [31].
Within this approach the core of the skyrmion is simulated
atomistically, while the remaining part of a nanodisk host-
ing the skyrmion is simulated using micromagnetics. This
technique was designed to ensure computational accuracy
combined with feasible computational times. Though mul-
tiscale simulations are a well established method in com-
putational micromagnetism [32–41], the research presented
here constitutes the first application of an approach capable
of selectively employing different models to different regions
of the magnetic system according to the peculiarities of the
magnetization structure of interest. A quantitative demonstra-
tion of the limitations of the micromagnetic model and a brief
description of the multiscale approach [31] are given in the
Supplemental Material [42].

First, the effects of the lattice on the stability are studied,
showing how the mesh density influences the annihilation
of skyrmions. Then, BLs are excited along the domain
wall separating the two out-of-plane magnetized domains
in the skyrmion. For this purpose we employ current
pulses that generate spin-orbit torques [43–45], showing
how the shape of these pulses influences the skyrmion
and induces changes to the topology. The application of
spin-orbit torques to skyrmions constitutes a topical field
of research. While analytical continuum theory cannot
predict skyrmion annihilation due to the inherent limitation
that a continuum theory entails such as no possibility to
nucleate Bloch lines, currently employed experimental
techniques lack the combined time and space resolution
required to analyze changes in the magnetization topology
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with atomistic accuracy. So far the main focus has been
on reproducible spin-orbit torque dynamics such as the
displacement of skyrmions rather than on their annihilation
[9,15,27,46–48]. For this reason the research presented in this
paper constitutes a pioneer study on skyrmion annihilation
induced by spin-orbit torques. Finally, we analyze how we
can reliably annihilate the skyrmions by tailoring the pulse
shape, which thus presents a quick and robust way to delete
selected skyrmions.

II. METHOD AND RESULTS

The simulations were performed in a ferromagnetic disk
with the radius of 53 nm and thickness of 3 nm, using the satu-
ration magnetization Ms = 106 A/m, out-of-plane anisotropy
constant Kz = 1.3 × 106 J/m3, the exchange constant A =
1.1 × 10−11 J/m, and the damping constant α = 0.5. These pa-
rameters are comparable to those of CoFeB [49] in multilayer
stacks that are widely used in thin film nanostructures [9]. In
such systems skyrmions are stabilized by the Dzyaloshinskii-
Moriya and magnetostatic interactions for a wide range of
applied fields. The central part of the system was simulated
atomistically (fine scale region), while the remaining part
was simulated using the micromagnetic model (coarse scale
region), following the approach described in Ref. [31]. The size
of the fine scale region was chosen to fit the entire skyrmion
at rest but without sacrificing too much computational time.
The position of the fine scale region is automatically adjusted
in order to contain the skyrmion spin structure. It should be
stressed that larger skyrmions can still be simulated accurately
as far as no discontinuities occur in the coarse scale region.
First, magnetic Néel skyrmion states were relaxed for different
values of the Dzyaloshinskii-Moriya interaction (DMI), then
simulations with a constant uniform magnetic field applied in
the direction opposite to the magnetization inside the skyrmion
were performed. All the micromagnetic parameters were kept
fixed, whereas the atomistic ones were changed. In particular,
the distance a between two neighboring nodes of the mesh
was changed, in order to increase the density of spins. While
a can be interpreted as the lattice constant of the material, it
is treated in this case just as a computational parameter. As a
result, the magnetic moment of the spins μ and the exchange
constant J were rescaled according to μ = a3Ms and J = aA.
This effectively simulates materials that are consistent with the
same micromagnetic parameters, which are used for the coarse
scale region.

In Fig. 1(a) we show that an application of an external
out-of-plane magnetic field leads to the skyrmion shrinking
until it reaches its new equilibrium size. This behavior is
reproduced for magnetic fields up to a critical value Hdel. For
fields larger than Hdel, the skyrmion shrinks until it completely
annihilates. The analysis of the skyrmion dynamics in nonzero
out-of-plane fields shows that the spins magnetized in plane,
corresponding to the center of the skyrmion’s circular domain
wall, tilt counter-clockwise while the skyrmion shrinks [see
Figs. 1(b) and 2(b)]. When the shrinking stops, i.e., the
skyrmion reaches a new equilibrium size, the magnetization
in the domain wall aligns along the radial direction again,
recovering the Néel skyrmion character.

FIG. 1. Dynamics of a skyrmion for different values of a constant
out-of-plane field. The system shows an oscillatory behavior, where
both (a) its size, expressed in terms of the skyrmion magnetic moment
S, and (b) the angle θ between the in-plane magnetization components
of the domain wall and the radial direction, reach a certain nonzero
value before relaxing back to the equilibrium. The data corresponding
to 250 kA/m shows the skyrmion annihilation. (c) The minimum
magnetic field Hdel necessary to adiabatically annihilate a skyrmion
for different values of the DMI constant D and linear spin density a−1.
Hdel is shown to linearly increase as a function of the spin density.
Data points corresponding to the lowest value of a−1 were simulated
in purely micromagnetic simulations.

As a measure of the skyrmion size we use the total magnetic
moment S inside the skyrmion’s domain wall. It is proportional
to

∑
i (mz,i − 1), where mz,i is the out-of-plane component

of the normalized magnetization at the lattice site i, and the
sum runs over all sites in the fine scale region, which always
completely includes the skyrmion’s domain wall. This allows
one to evaluate the size of the skyrmion regardless of its shape.
For fields below Hdel, we observe that S reaches a minimum,
depending on the Gilbert damping α, before relaxing back
to a slightly larger value [Fig. 1(a)]. While the skyrmion
increases in size, the magnetization in the domain wall tilts
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FIG. 2. (a) Path to annihilation of a skyrmion in 300 kA/m
external magnetic field. The internal energy Eint of the system and
the total energy (internal plus Zeeman energies) are compared as
functions of time. A potential barrier exists for the internal energy
which has to be overcome by the application of an external field. All
the quantities are presented in arbitrary units. (b) Dynamic snapshots
at various stages of the annihilation process. The initial configuration
of a Néel skyrmion is perturbed when the structure is shrinking.
The scale on the axes is expressed in units of the micromagnetic
computational cell (3 nm).

counterclockwise [Fig. 1(b)]. The aim here is to demonstrate
how the simulation results can be influenced by the refinement
of the mesh rather than testing the stability of the skyrmion for
different material parameters, as previously investigated, e.g.,
in Ref. [18].

We find that decreasing a, i.e., increasing the density
of magnetic moments, leads to an increase of Hdel [see
Fig. 1(c)]. This is in agreement with Ref. [50] and shows
how the minimum size which a skyrmion can reach before the
annihilation strongly depends on the lattice constant.

The energy barrier [51–53] is shown in Fig. 2(a), where
the internal energy Eint of a skyrmion shrinking under the
influence of a constant magnetic field is plotted as a function
of time. It can be noticed that Eint, consisting of the exchange,
anisotropy, dipolar energy, and DMI contribution, increases
until the annihilation occurs. The energy barrier is overcome by
the application of the Zeeman energy. The skyrmion moment
S is also shown, to stress that once the skyrmion reaches its
minimum size, the topological barrier is overcome, and the
system relaxes in the more stable uniform ferromagnetic state.
It can be further noticed that the skyrmion charge Q instantly
switches to zero when the barrier is overcome.

A purely micromagnetic simulation with a 1.5 nm cell
size (a−1 � 0.667 nm−1) was included for comparison. It
is paramount to stress that a multiscale approach is able to
simulate the singularities atomistically using realistic material
parameters, and the uniformly magnetized external region
in the micromagnetic model. This allows one to predict the
dynamics of a similar system with better quantitative accuracy
than obtainable using only the micromagnetic model, making

multiscale approaches the only existing method to realistically
predict skyrmion annihilation.

Unlike the atomistic model, where the correct lattice
constant must be used in order to obtain realistic results, the
micromagnetic model becomes more and more accurate by
refining the mesh. Ideally, in the infinitely fine mesh limit the
analytical theory is recovered. Nevertheless even in the ana-
lytical theory, predictions made by the micromagnetic model
can be in disagreement with the experimental evidence. These
intrinsic limitations are derived from the micromagnetic model
neglecting the length scales comparable to the lattice constant.
The magnetization vector itself, which is the fundamental
quantity that the model investigates, is proportional to the
local average of the atomic magnetic moments. According to
the definition [54]

M = lim
τ→0

1

τ

N∑
i

μi = lim
τ→0

N

τ
〈μ〉, (2)

where τ indicates a volume element containing N magnetic
moments μ. The limit τ → 0 should be considered to be
restricted to the volume of elements which are small compared
to the full magnetic system but large enough to contain a
statistically significant number of magnetic moments. Basic
examples are Bloch points [55,56] and the excitation of spin
waves with a wavelength smaller than the lattice constant,
a phenomenon that does indeed arise in a continuum model
despite being forbidden in experiments and in realistic atom-
istic simulations. This thus shows that the micromagnetic
model cannot be applied to systems where changes in the
magnetization occur on a length scale comparable to the atomic
lattice.

As the annihilation of a skyrmion includes the formation
and the annihilation of a BL, this phenomenon cannot be
properly simulated in the micromagnetic framework. Because
of this change in topology of the spin structure during the
process [24], the charge Q of the structure changes from ±1
to 0, thus lifting the topological protection. While previously
field induced dynamics was studied, and in Ref. [21] a BL is
formed and annihilated in a Bloch skyrmion via application
of a field gradient, here we study a singularity generated by
a spin-polarized current pulse applied along the x direction.
In general, using spin currents is more advantageous than
using fields to manipulate magnetization due to more favorable
scaling. The influence of the spin-orbit torques on skyrmions
[45] in particular yields many promising possibilities towards
the implementation of skyrmions as information bits. The LLG
equation implemented to include the effect of a spin-polarized
current (generated for instance via the inverse spin galvanic
effect or the spin-Hall effect) [44] reads:

dm
dt

= − γ ′[m × Heff + α(m × (m × Heff))]

− γ ′aJ [(ξ − α)(m × p) + (1 + αξ )(m × (m × p))],
(3)

where γ ′ = γ /(1 + α2) with γ being the gyromagnetic ratio,
Heff is the effective field, p the average polarization of the
current generated by the spin-Hall effect, aJ = h̄/2(αH ×
J )/(2eMsdμ0) (where αH is the Hall angle, d the thickness
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of the system, J the current density), the dampinglike term
[57–59], and ξ the ratio between dampinglike and fieldlike
torques. We apply current density pulses of Gaussian shape,
J (t) = J0 exp[−t2/(2σ 2)].

We find that the annihilation of BLs can be excited in a Néel
skyrmion for some combinations of J0 and σ . The material
parameters employed for this simulation were the same as
the stability simulations with the damping constant α = 0.1.
Furthermore the Hall angle αH = 0.1 and the constant ξ = 0.5
were used.

The results show that it is indeed possible to form a vertical
BL, as a vortex-antivortex couple on the domain wall of
the skyrmion, using spin-orbit torques. In the process the
domain wall deforms, increases in width on one side of the
skyrmion, and decreases on the opposite side. The duration
of the pulse plays a fundamental role, since a pulse that is
too short would not deform the domain wall of the Skyrmion
enough, while a pulse too long would act adiabatically on the
whole skyrmion and push it beyond the edge of the magnetic
system. Intermediate values result in the formation of the BL

FIG. 3. Spin structure of the skyrmion during the annihilation
process in cases I and II. The color code shows the out-of-plane
component, from red, to white, to blue. The initial state corresponds
to a relaxed skyrmion centered on the cell with coordinates (50,
50). (a) Case I: A BL is formed in the domain wall of the
skyrmion within a vortex-antivortex pair. The spins in the domain
wall turn counter-clockwise starting from the position of the pair,
meanwhile, the skyrmion increases in size and reaches a maximum
then starts shrinking in size. As the skyrmion shrinks below the
minimum size, it is finally annihilated. The system relaxes into
the ferromagnetic ground state. (b) Case II: The vortex-antivortex
pair annihilates, the skyrmion number immediately turns to zero,
the system quickly relaxes back to the ferromagnetic state. (c)
Different regimes depending on the peak height J0 and half-width
σ of the Gaussian pulse. The error bars were evaluated by performing
simulations with different values of σ .

FIG. 4. Details of the case I annihilation process. (a) The
topological charge density is accumulated in a vortex-antivortex pair.
(b) The system relaxes. (c) The skyrmion size increases until the Néel
character is recovered. (d) The skyrmion shrinks and then annihilates.
For the topological charge density q the relation min = −max holds.

that can either annihilate or relax. While the annihilation is
a topological transformation and leads to the annihilation of
the skyrmion, the relaxation of the BL results in its rapid
expansion. We can explain the rapid expansion of the skyrmion
as a consequence of the large exchange energy density of the
BL being dissipated in the breathing mode excitation of the
skyrmion. It is possible to distinguish three different regimes,
see Fig. 3. In the nonannihilating regime the relaxation of
the BL is accompanied by size oscillations of the skyrmion,
which do not lead to collapse. As was noted earlier in the
paper, skyrmions collapse once their size becomes too small
to stabilize them in the antiparallelly aligned surrounding
magnetization. This occurs in the annihilation regime of case
I [Fig. 4], which (while qualitatively similar to the nonan-
nihilating regime) results in stronger size oscillations that
annihilate the skyrmion due to overshooting in the shrinking
phase. The annihilation regime of case II, see Fig. 5, is indeed
qualitatively different since the vortex-antivortex pair with
opposite polarities forms and subsequently annihilates [51,60],
leading to the immediate annihilation of the skyrmion. This
regime could thus be exploited for practical applications since

FIG. 5. Zoom in on the case II annihilation process. (a) The
topological charge density is contained in a vortex-antivortex pair.
(b) A Bloch line is formed. (c) The Bloch line annihilates, generating
a topological charge density of the opposite sign. (d) The system
relaxes into the ferromagnetic state. For the topological charge density
q the relation min = −max holds.
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it allows one to lift the topological protection of skyrmions in
a quick and reliable manner.

In both annihilation cases, a spike occurs in the topological
charge density q. In case II, the structure corresponding to the
spike in q is a very tight Bloch line separating a vortex core
from an antivortex core. In this phase, the interplay between
the energy contributions provided by the exchange interaction
and the DMI plays a crucial role. At the moment of annihilation
a topological charge of the opposite sign is generated within the
peak in q. This corresponds to neighboring spins tilting in
the direction opposite to the one favored by the sign of the
DMI. This provides an increase in the DMI energy that is
balanced by the decreasing exchange energy. The system
then relaxes to a uniformly magnetized state. While the two
opposite topological charges annihilate each other, both the
energy contributions decrease, reaching a lower minimum of
the total energy. The movies showing the two processes in
detail are included as Supplemental Material [61].

III. CONCLUSIONS

In conclusion, we have determined the skyrmion stability
using a multiscale approach that allows for a more realistic de-
scription of skyrmion annihilation compared to conventionally
used micromagnetics. We have demonstrated that the stability
of skyrmions is strongly influenced by computational param-
eters, such as the mesh size. Using the multiscale approach
overcomes this problem and allows one to obtain the realistic
skyrmion stability parameters. The cell size here is fixed by
the appropriate lattice constant of the simulated material, and
the computational efforts are far lower than those of a purely

atomistic simulation. Furthermore, this approach reproduces
the dynamics including the spin spectrum realistically, which
even allows in the future to include thermal effects. We employ
this multiscale approach to study topological transformations
by applying spin-orbit torques due to spin-polarized current
pulses, introducing the possibility to annihilate skyrmions by
applying a properly tailored pulse. This is shown to be a
very fast and efficient method to delete isolated skyrmions
as required for applications. We ascertain the combinations of
pulse parameters, which robustly annihilate the skyrmion. This
may open up a path to delete skyrmions reliably as required
for future spintronic memory.
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