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In this work, we explore the stability of magnetic skyrmions conﬁned in a disk geometry by analyzing
how to switch a skyrmionic state in a circular disk into a uniformly magnetized state when applying an
external magnetic ﬁeld. The technologically highly relevant energy barrier between the skyrmion state
and the uniformly magnetized state is a key parameter needed for lifetime calculations. In an inﬁnite
sample, this relates to the out-of-plane rupture ﬁeld against the skyrmion-core direction, while in conﬁned
geometries the topological charge can also be changed by interactions with the sample edges. We ﬁnd
that annihilating a skyrmion with an applied ﬁeld in the direction of the core magnetization—we call this
expulsion—the energy barrier to the uniform state is generally around one order of magnitude lower than
the annihilation via the rupture of the core in the disk center, which is observed when the applied ﬁeld is
acting in the direction opposite to the core magnetization. For the latter case a Bloch point (BP) needs to
be nucleated to change the topological charge to zero. We ﬁnd that the former case can be realistically
calculated using micromagnetic simulations but that the annihilation via rupture, involving a Bloch point,
needs to be calculated with the Heisenberg model because the high magnetization gradients present during
the annihilation process cannot be accurately described within the micromagnetic framework.
DOI: 10.1103/PhysRevApplied.16.044014

I. INTRODUCTION
Magnetic skyrmions [1,2] can be found in spin patterns
of magnetic systems with broken inversion symmetry, e.g.,
in thin magnetic ﬁlms with an interfacial DzyaloshinskiiMoriya interaction (DMI) [3,4]. They are quasiparticles
and their properties make them promising candidates for
next-generation nonconventional computing and storage
devices such as probabilistic computing [5,6] or racetrack memory [7,8]. For such devices, controlled nucleation [9–11], annihilation [12], and movement [13,14] of
skyrmions is generally required, while the existence or
absence of a skyrmion deﬁnes the logical bit. Skyrmions
can also be used in so-called bit-patterned media (BPM)
[15], where magnetic disk structures in the nanometer
range are lithographically patterned into a storage medium.
In that way, the superparamagnetic limits of conventional
*
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magnetic storage devices can potentially be mitigated to
some extent [16]. Apart from their potential for applications, skyrmions show interesting physical behavior,
such as the skyrmion Hall angle [14,17]. Some of these
eﬀects may arise due to their quasiparticle nature and their
topological stabilization. Recent work has shown pulseinduced nucleation of skyrmions or nucleation at pinning
sites [9–11,18] but the nucleation process is still not well
understood, since it is a process on and below the nanosecond time scale. However, nucleation of skyrmions is
possible by applying in-plane (IP) ﬁelds, as shown in various experiments [18]. Likewise, the lifetime of skyrmions
has been investigated [6,19] in the past, since this is an
important parameter for device applications. However, the
energy barrier between the skyrmionic and the uniformly
magnetized state remains a mostly elusive, yet required,
parameter for lifetime calculations and poses a major challenge for predicting the stability of skyrmions in potential
new devices. In our setup, it is related to the annihilation
ﬁeld H ∗ , which is needed to transform the skyrmion state
into the uniformly magnetized state via an out-of-plane
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(OOP) ﬁeld. The ﬁeld is applied in both directions; in the
skyrmion-core direction and against the skyrmion core.
The lifetime also depends on the temperature and the
attempt frequency, according to the Arrhenius-Neél law
[12,20,21]. To model future devices eﬀectively, it is important to know how a magnetic system will behave under certain conditions and how magnetic parameters inﬂuence this
behavior. This approach is important to avoid ineﬃcient
“trial-and-error” fabrications. Furthermore, the energy barrier of skyrmionic states is of interest to understand the
physics of topological protected spin structures and how
much their topology can contribute to their enhanced stability. Moreover, it is important to know the limitations of
a chosen simulation model.
In this work, we investigate the dependence of H ∗ on all
key magnetic material parameters, namely the exchange
constant, the DMI strength, the anisotropy constant, and
the saturation magnetization. We vary the disk size to analyze the dependence of the annihilation ﬁeld on the geometry present and we ascertain the computational models
required for robust analysis of the value of the annihilation ﬁeld. Using a multiscale model, we demonstrate
where the Heisenberg (HB) model is required and where
conventional micromagnetic approaches are suﬃcient.
II. COMPUTATIONAL MODELS
We use two diﬀerent computational methods to simulate the physics of the system: the micromagnetic model
(MM), which assumes that the magnetization of the sample is a vector ﬁeld deﬁned on a continuous region in space,
and a Heisenberg model, which represents the individual
magnetic moments of individual atoms.
A. Micromagnetics
The MM model [22] describes the magnetization using
partial diﬀerential equations (PDEs) derived from classical
ﬁeld theory. While these PDEs have to be discretized and
solved numerically, we can choose a discretization cell size
that is signiﬁcantly larger than the spacing of the actual
magnetic moments. For this reason, one is able to simulate the behavior of experimentally relevant mesoscopic
samples. The MM approach is generally not valid when
the system shows strong spatial variations of the spin texture. This is the case for small skyrmions or when dynamic
processes involving Bloch-point (BP)-type [23] conﬁgurations occur. Then, the spatial derivative of the MM
magnetization function can diverge: it is an assumption of
the numerical micromagnetic model that the magnetization
vector ﬁeld changes slowly as a function of space [22].
For example, it has been shown that the micromagnetic
exchange energy signiﬁcantly overestimates the exchange
energy of a spin-wave system with a wavelength of the
order of the cell size [24].

B. Heisenberg model
The HB model [25] represents the magnetization
through dipole moments that are associated with the discrete magnetic moments in the crystal lattice. It is a more
accurate way of the sample than the micromagnetic model:
we can simulate every single magnetic moment and the
HB model makes no approximations regarding the spatial
variation in the magnetic moments.
However, due to the larger computational cost, the material volume that can be simulated in the HB model is
limited [26].
C. Hamiltonians
We next describe the Hamiltonians for the discretized
MM model and the HB model.
The exchange-energy values Exc for the Hamiltonian for
the HB and the MM model are given by
1
Ji,j Si · Sj ,
2 i,j

A
= 2 dr|∇M(r)|2 ,
Ms V

Exc,HB = −

(1)

Exc,MM

(2)

where Si the spin vector at position ri , and |Si | = μi is
its magnetic moment, and Ji,j is the exchange coupling
constant between spin i and spin j . In the MM model,
M(r) is the magnetization at point r with the saturation
magnetization MS = |M| and A the exchange stiﬀness.
The conversion between the models can be realized
using μ = a3 MS and A = J · S2 · cs /a, where a is the lattice constant and cs is the number of nearest neighbors
in the lattice [27]. To describe the Dzyaloshinskii-Moriya
interaction (DMI), the energy terms in the two models are
as follows:
1
Di,j · Si × Sj ,
2 i,j

A
= 2 dVDa M(r) · [∇ × M(r)],
MS V

EDMI,HB =

(3)

EDMI,MM

(4)

where D is the DMI interaction strength, D = Dri,j × ez
for interfacial DMI, and Da = −D/a2 , where ri,j is the distance between two neighboring spins and ez is the unit
vector in the z direction. For Zeeman and the uniaxial
anisotropy energy, the terms for HB and a discretized
MM model are equivalent; hence we provide only the HB
description:
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EZeeman = −μ0



Hext · Si ,

(5)

Ku · (Si · eu )2 ,

(6)

i

EAnisotropy = −μ0


i
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where Hext is the external ﬁeld, Ku is the anisotropy
constant, and eu is the unit vector in direction of the
low-energy axis. The MM expression can be obtained by
substituting S with the MM magnetization vector M.
The dipolar energy relates to the stray ﬁeld and can be
computed as the sum over all dipole-dipole interactions
between two spins. The energy contribution of a magnetic
dipole μ2 exposed to the stray ﬁeld Hμ1 of dipole μ1 in the
Heisenberg model is
EZeeman = −μ2 · Hμ1 =

μ0  μ1 · μ2
(r · μ1 )(r · μ2 ) 
,
−
3
4π
r3
r5
(7)

where r is the distance of the evaluated spin pair.
The computational eﬀort of the total energy of the system is of complexity O(N 2 ), where N is the number of
spins, due to its pairwise nature. For the micromagnetic
model, the structure and computational complexity of the
equation for conventional calculations is similar and N
represents the number of discretization cells.
A more eﬃcient way of solving this convolution operation is to carry it out in Fourier space [28]. Both the MM
and the HB model use a demagnetization tensor combined
with a fast Fourier transform (FFT) to calculate the stray
ﬁeld eﬃciently. While the MM framework uses the demagnetization tensor according to the calculations by Newell et
al. [29], the demagnetization tensor N HB of the HB model
(a)

is calculated as [24]



(ri − rj ) (ri − rj )
1
1
−
3
.
N HB =
4π |ri − rj |3
|ri − rj |5

(8)

For the MM simulations, the graphics-processing-unit(GPU) enabled software package MicroMagnum [30,31]
is used, with extensions for DMI [32]. The HB code is
adapted from MicroMagnum, validated in Ref. [24], and
it has recently been parallelized for a GPU [33].
D. Multiscale model
To combine the advantages of the MM and HB simulation models, a multiscale (MS) MicroMagnum approach
is used [24,33], with DMI included. The central idea
is to use a micromagnetic model where possible and to
use the—more accurate and computationally more expensive—HB model where necessary. A schematic illustration
of the idea is shown in Fig. 1(b). The MS simulation
approach is an eﬃcient method to simulate next-generation
devices, since large mesoscopic samples have to be simulated micromagnetically, while HB model accuracy may be
necessary for accurate dynamics of the system on atomistic
length scales. Both solvers are connected with cross-scale
eﬀective ﬁeld terms for the nearest-neighbor interactions
as well as for the stray ﬁeld, which yield a correct transition of the two solver regions. For more details about the
embedding and veriﬁcation of the HB solver into the MM
(b)

FIG. 1. (a) An illustration of a Bloch-skyrmion conﬁguration computation using the micromagnetic model (the pure HB and the
multiscale models produce very similar results). The arrows and their size indicate the direction and strength of the in-plane component,
while the color indicates the out-of-plane magnetization component. The skyrmion core (blue) is pointing into the plane, whereas
the surroundings point out of the plane. In the remainder of this work, we study such Bloch skyrmions conﬁned in a cylindrical
disklike geometry. The size of a typical skyrmion can reach from a few nanometers up to a few micrometers. (b) The concept of the
multiscale approach [24]: a part of the simulation (here shown with the gray mesh) can be computed atomistically, whereas all other
parts are computed using the micromagnetic model. A typical application is to use an atomistic region (such as here the skyrmion)
for the part of the sample that shows high spin canting and in which the micromagnetic assumption may break down and to use
a micromagnetic model for those parts of the sample where the magnetization gradient is lower (such as the nearly homogeneous
magnetization surrounding the skyrmion in this pedagogical example).
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mesh and the time integration, see Ref. [24]. Our investigation shows in which cases of the skyrmion annihilation
a MM simulation is suitable and when a more accurate HB
model is necessary.
E. Torque minimization
Our expanded MicroMagnum software package (as outlined above) performs micromagnetic and HB simulations
on a rectilinear spatial grid. For the relaxation of initial states and the determination of (meta)stable conﬁgurations, we use the dissipative Landau-Lifshitz-Gilbert
(LLG) equation [34] to ﬁnd the steepest gradient energy
path, which is given by only the dissipative term of the
Landau-Lifshitz equation:
dm
= −αγ m × m × Heﬀ ,
dt

(9)

where m refers to our (macro)spin in the respective simulation model (i.e., in the Heisenberg model, it is the atomistic
magnetic moment with mμ = S, and in the micromagnetic
model, it is the magnetic moment associated with a uniformly magnetized micromagnetic discretization cell, with
m · MS = M), α is the damping constant, γ is the gyromagnetic ratio, and Heﬀ the eﬀective ﬁeld acting on the
spin, containing all energy contributions. It is possible to
neglect the precession term in the Landau-Lifshitz-Gilbert
equation here, since we are not interested in the correct
precessional dynamics but only in the relaxed state, i.e.,
we use the dissipative equation to minimize the energy of
the system. The damping constant is chosen to be α = 0.5
to accelerate the process of ﬁnding the nearest (meta)stable
conﬁguration.
III. SIMULATION PROTOCOL
The investigated system is a circular disk with diameter d = 160 nm and thickness t = 4.8 nm. The lattice
constant a of the HB model is chosen as a = 0.4 nm in
each direction. For the micromagnetic regions in the MS
approach, the cell size is chosen as x = y = 2 nm,
while the cell size in the z direction is as thick as the sample, z = t = 4.8 nm, which is a size comparable to the
eﬀective thickness of thin-ﬁlm systems [13]. The circular shape of the disk is chosen to address the shape of the
skyrmion and to avoid deformations due to the geometry.
We use interfacial DMI, as it is present in thin-ﬁlm systems
with broken inversion symmetry [35].
To determine the skyrmion states, simulations are performed with the following protocol. A skyrmion is artiﬁcially put into the system by initializing a uniform state
pointing in the z direction out of the plane, with a centered circular area magnetized in the opposite direction.
The radius of this area is chosen with 40 nm. Then this
initial state is relaxed to ensure that we have at least a

skyrmion state as a (meta)stable state for diﬀerent values of
the material parameters MS , A, D, and Ku . The relaxation
occurs via torque minimization by time integration of the
dissipative LLG equation. Figure 2(d) shows such a conﬁguration and we discuss the observed initial conﬁgurations
systematically in Sec. A and Fig. 3.
Those parameter combinations that exhibit a skyrmion
after energy minimization are used for further investigations: we apply out-of-plane ﬁelds until the skyrmion is
annihilated at an annihilation ﬁeld H ∗ , which we aim to
determine.
In more detail, the annihilation ﬁeld H ∗ is determined
by applying an external magnetic OOP ﬁeld either in the
direction of the skyrmion-core magnetization or in the
opposite direction to the skyrmion-core magnetization.
The ﬁeld is increased in steps with an adjustable step
size and a subsequent relaxation, i.e., energy minimization. The simulation starts with large ﬁeld steps. When
the skyrmion annihilates, the last stable skyrmion conﬁguration is reloaded and the ﬁeld step is then decreased.
The process is repeated consecutively with smaller ﬁeld
steps until the desired accuracy of 1 mT in the applied
ﬁeld is reached. More precisely, the ﬁeld steps are adjusted
logarithmically (1000 mT, 100 mT, 10 mT, 1 mT). It is
important to not choose too large instantaneous jumps of
the ﬁeld; otherwise, an overshooting of the skyrmion during the shrinking process can annihilate it prematurely due
to the excited dynamics [36].
For the MS model approach, the simulation is started
with just one MM region. The HB solver is added to the
simulation, when the skyrmion is small enough to ﬁt into
the 40 nm × 40 nm area, which is the size of the HB solver
in the MM simulation. For more details about the implementation and validation of the MS approach, see Ref.
[24]. Purely HB model and purely MM simulations are
performed in the same way for validation and comparison,
respectively.
In the case of the applied ﬁeld acting in the direction of the skyrmion core, we observe an expansion of
the skyrmion core and an unwinding of the magnetization helix at the open boundary of the sample. In this
scenario, we call the annihilation ﬁeld the expulsion ﬁeld
Hexp = H ∗ . The process can be seen in Figs. 2(d)–2(f) and
is discussed in detail in Sec. D. In the expulsion case, we
ﬁx the ﬁeld step directly at 1 mT, since the relaxation of
the increasing skyrmion at larger steps takes more computation time than a larger number of relaxations at smaller
ﬁeld steps.
In the case of the applied ﬁeld acting in the direction opposite to the magnetization in the skyrmion core,
we observe shrinking of the skyrmion core until the
skyrmion disappears. In this scenario, we call the annihilation ﬁeld the rupture ﬁeld Hrup = H ∗ . The process can
be seen in Figs. 2(a)–2(d) and is discussed in detail in
Sec. B.
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(a)

(b)

(c)

(d)

(e)

(f)

1 × 10–23

FIG. 2. The process of rupture and expulsion of a skyrmion, starting at zero ﬁeld (d). Applying the ﬁeld against the skyrmion core
[(b),(c)], its center shrinks until a BP ruptures the topological charge [the process is visualized in Fig. 6(a)] and the system stays in the
uniform state (a). Applying the ﬁeld in skyrmion-core direction, it blows up (e) until the topological charge is eliminated at the sample
boundaries, also ending up in a uniform state (f). Once the skyrmion is annihilated, it is not possible to reverse the process with an
applied ﬁeld alone.

Regarding the computational models, we run simulations using the micromagnetic model (as it is the fastest)
or the multiscale model if required. We carry out regular
simulations with the full HB model (with the assumption
that this provides the most accurate numerical solution) to
ensure that the results of the other computational models
are accurate.
While they are discussed in more detail in the following
sections, we can summarize the key ﬁndings already here
for guidance. The expulsion process can be accurately simulated using the micromagnetic model. For the rupture process, the skyrmion shrinks and collapses when it reaches
Hrup . At that point, the simulation grid is no longer able to
resolve the skyrmion size. We ﬁnd that this process needs
to be resolved atomistically (Sec. C), so that we need to use
the multiscale model with a Heisenberg model around the
collapsing skyrmion (or use the—computationally more
expensive—Heisenberg model for the whole sample).
IV. RESULTS
A. Initial configuration
We follow the procedure described in Sec. III to establish an initial magnetic conﬁguration for each combination of four material parameters. We vary the material
parameters, such as the saturation magnetization Ms , the

anisotropy strength Ku , the exchange coupling A, and the
DMI strength D, systematically.
Figure 3 shows such initial conﬁgurations obtained for
selected parameter combinations. For all of them, there is
no external ﬁeld applied and they have been calculated
in a micromagnetic model with a discretization cell with
edge lengths of 2 nm in the x direction and 2 nm in the
y direction (the two lateral dimensions) and one cell in
the z direction with edge length z = t = 4.8 nm. A ﬁner
discretization of the disk in the z direction may change
the conﬁguration [37] but several data points are repeated
using the full Heisenberg model and all reported states are
also metastable in the Heisenberg model.
We observe diﬀerent classes of conﬁgurations in Fig. 3,
including a skyrmion [e.g., the middle row in Fig. 3(b)
for D ≥ 1.2 mJ/m2 ], a uniform state [for example, the left
row in Fig. 3(b) for Ku ≥ 120 MJ/m3 ], and targetlike conﬁgurations in the bottom-right corner of Fig. 3(b), which
have also been reported in Ref. [37]. Deformed topological objects are also visible—e.g., in the top-right corner
of Fig. 3(d)—which carry a topological charge of 1 but
do not show a circular shape after the initialization. In
Fig. 3(e), the three top conﬁgurations in the right corner are
so-called incomplete skyrmions, with a topological charge
below 1 [37]. We also see two states that undergo a BP
reversal, which results from zero anisotropy [e.g., in
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 3. Metastable conﬁgurations at zero ﬁeld for selected magnetic material parameter combinations. The colors indicate the normalized out-of-plane magnetization component (blue = −1, red = 1, white = 0). Six two-dimensional cuts through the phase space
are shown. The conﬁguration in each circle shows the metastable states after relaxation of an initial skyrmion on the 160-nm disk.
Conﬁgurations enclosed by a black box indicate conﬁguration sets that are analyzed in more detail in the following sections.
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Fig. 3(c), the top-left conﬁguration]. Further, spin spiral
states are visible [the bottom-right corner of Fig. 3(a)].
It is visible from Fig. 3(a) that skyrmions exist within
a certain range of the DMI strength D and the exchange
constant A. For large values of D, the system relaxes into
a spin spiral state, whereas large values of A favor the uniform state (US). Thus, neglecting other eﬀects, skyrmions
exist for a distinct ratio A/D. Due to similar eﬀects of A and
Ku , the skyrmion states show a band shape in the respective plot, where both values cannot be too high or low
[see Fig. 3(c)]. However, low exchange prefers spin spiral states, while low anisotropy favors targetlike states, as
is visible in Figs. 3(b), 3(c), and 3(f). These ﬁndings about
the skyrmionic phase are in good agreement with the literature [19,37,38], where skyrmions are at least metastable
when the magnetic parameter conﬁguration does not diﬀer
from the ratio of
√ D/Dc to a great extent, with the critical DMI Dc = AK/π . Since we have OOP anisotropy,
the eﬀect of increasing Ku is similar to increasing the
exchange [Fig. 3(b)]. Varying MS , one sees a transition
from the uniform to the skyrmion phase and then into an
in-plane conﬁguration above the spin-reorientation transition [Figs. 3(d), 3(e), and 3(f)] [39]. This happens due
to the strong far ﬁeld, which is generated by the OOP
magnetization. Lower anisotropy makes the IP skyrmion
domain wall (DW) energetically more favorable and can
stabilize them in a low-Ku and low-MS system [Fig. 3(f),
for MS = 0.7 MA/m. The DW width increases with lower
Ku ] by reducing surface charges. In an intermediate range
of dipolar interactions, skyrmions can occur due to strayﬁeld stabilization, reducing the far ﬁeld of the sample. This
result is also in agreement with the literature [19,40].

B. Rupture field of skyrmions
Starting from the initial skyrmion states obtained at zero
applied ﬁeld (see Sec. A), we now investigate the process of annihilating the skyrmion by applying an external
ﬁeld. In particular, given the initial skyrmion conﬁguration as represented in Fig. 2(d), we apply an external ﬁeld
in the negative z direction. The skyrmion core will shrink
[Fig. 2(c)] in response to this, to reduce the Zeeman energy
in the core area (where the applied ﬁeld points in the opposite direction to the magnetization ﬁeld in the core). As
the ﬁeld is increased further, the skyrmion shrinks further
[Fig. 2(b)] and at some point disappears, leading to the
conﬁguration shown in Fig. 2(a).
Figure 4 shows the annihilation process in more detail.
We show a cross-section side view of the disk, focused at
the skyrmion core in the conﬁguration where the skyrmion
core has shrunk to its smallest possible size. This is a
the situation between Figs. 2(b) and 2(a). The blue vertical region in Fig. 4(a) is the skyrmion core and the color
represents the z component of the magnetization, which

is pointing in the +z direction in the skyrmion core. The
external ﬁeld is acting in the opposite direction (−z).
These simulation results are obtained using the Heisenberg model with a 0.4 nm spacing between the magnetic
moments. As the thickness of the sample is 4.8 nm, we
have 12 discrete layers in the z direction in the HB model.
The numbers on the y axes of the subplots correspond to
these layers.
Figures 4(a)–4(i) represent diﬀerent times in the magnetization dynamics that is computed for the annihilation of
the skyrmion. In Figs. 4(d), 4(e), and 4(f), we can see a
reversal of the magnetization, starting from the bottom and
propagating toward the top of the sample. The reversal of
the skyrmion core is completed in Fig. 4(i).
We interpret the data in Figs. 4(d)–4(f) as a Bloch point
[23] entering the sample at the bottom and moving up
along the skyrmion core to the top of the sample, thereby
facilitating the reversal [37] of the magnetization. From a
topological perspective—where we assume that the magnetization vector ﬁeld is continuous—the skyrmion can
only disappear from the sample by breaking that continuity, i.e., by creating a (topological) rupture in the ﬁeld. This
is the reason for describing this annihilation process as the
rupture and the associated applied ﬁeld at which this annihilation occurs as the rupture ﬁeld Hrup and also highlights
the importance of the MS model, since these dynamics
cannot be resolved in the MM model. For nonskyrmion
conﬁgurations, we deﬁne Hrup as the ﬁeld where the magnetization makes its transition to the uniformly magnetized
phase.
We compute this rupture ﬁeld systematically for those
material parameter combinations shown in Fig. 3, following the iterative incrementing of the applied ﬁeld as
described in III.
Figure 5 shows the rupture ﬁeld as a function of one
material parameter per subplot for a subset of all combinations. Figure 9 in the Appendix shows the rupture ﬁeld for
all the conﬁgurations shown in Fig. 3.
Figure 5(a) shows the rupture ﬁeld Hrup as a function of the exchange stiﬀness A, where Hrup decreases
with increasing A. A strong exchange constant A favors
the uniform conﬁguration, since the exchange energy is
minimized for a parallel alignment of the spins in a ferromagnet. We can also look at the energy of a (skyrmion)
domain wall, for which the energy density is given by [41]
√
σDW ∝ 4 AK − π |D|.

(10)

The energy of the skyrmion will thus increase for increasing A mainly due to the spin canting in the DW. Thus, the
presence of DWs becomes energetically unfavorable with
increasing A, increasing the energy level for the skyrmion
and in this case consequently lowering the energy barrier
toward the uniform conﬁguration.
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(b)

Center of disk (HB cells)

(d)

Ruture at 4.05 ps

Ruture at 4.93 ps

Center of disk (HB cells)

(c)

Center of disk (HB cells)

(e)

Center of disk (HB cells)

(g)

Ruture at 3.48 ps

Ruture at 4.35 ps

Center of disk (HB cells)

(f)

Center of disk (HB cells)

(h)

Ruture at 5.8 ps

Center of disk (HB cells)

Ruture at 3.77 ps

Ruture at 4.63 ps

Center of disk (HB cells)

(i)

Ruture at 6.96 ps

Center of disk (HB cells)

FIG. 4. The rupture process in detail in a side view of the disk: the skyrmion core, as visible in (a), switches its directions on the
order of femtoseconds, generating a Bloch point that travels through the sample [(d)–(f)] to enable the skyrmion-core reversal. The
previous skyrmion domain wall still exists after the reversal and the system then transforms into the uniform state. The simulation is
counted from a point in time shortly before the reversal occurs.

Figure 5(b) shows that the rupture ﬁeld decreases (linearly) with increasing values of the anisotropy strength
Ku . For small Ku , one is closer to the spin-reorientation
transition: this stabilizes the skyrmion DW, since in-plane
conﬁgurations are more favorable compared to systems
with high anisotropy, leading to a lower energy of the
skyrmion state in comparison to the uniformly magnetized conﬁguration. The energy of the FM state decreases
since the absolute value of Eani decreases with increasing anisotropy strength. A similar linearity is also given in
the simpler Stoner-Wolfarth (SW) model [42]. The model
describes a hysteretic behavior of single-domain ferromagnets, while the coercive ﬁeld HC of the systems scales
linearly with the anisotropy constant, HC = 2K/MS . The
coercive ﬁeld in the SW model is the ﬁeld strength at
which a sample shows zero net magnetization. While HC
increases with K, we see a linear decrease of Hrup with the
anisotropy.
Figure 5(c) shows the DMI-strength dependence of
Hrup , which increases for higher D. The DMI stabilizes
chiral spin structures and favors the skyrmion state compared to the FM state. The energy of the skyrmion state
shrinks, resulting in a higher energy barrier, assuming a
scaling of the barrier between the FM and the skyrmion
state. The energy of the FM state should increase with
higher D, since the parallel alignment does not minimize EDMI . The results are thus in agreement with previous publications [12,36] for skyrmion rupture. Hrup
increases with D in the whole range of (meta)stable
skyrmions.

Figure 5(d) shows data for the inﬂuence of MS on
the annihilation ﬁeld. Due to stronger dipolar interactions
between the skyrmion core and the ring, with opposite
magnetization surrounding the skyrmion, a higher MS stabilizes the skyrmion. A stronger stray ﬁeld should increase
the energy of the FM state due to the stronger far ﬁeld
of this conﬁguration. The combined eﬀect can lead to an
increasing Hrup for larger MS .
We repeat the simulations for a smaller disk size (ddisk =
120 nm instead of ddisk = 160 nm). The resulting data
for the rupture ﬁeld are also displayed in each subplot of
Fig. 5. The qualitative behavior is the same as for the disk
with ddisk = 160 nm. Quantitatively, the values are up to a
few percent lower. Those changes are small, although the
area of the disk decreases by nearly a half, reducing, for
example, the stabilizing stray ﬁeld. Our interpretation is
that the annihilation of the small skyrmion is the dominating factor in the process. For this, it does not matter very
much how large the disk is.

C. Limit of the micromagnetic model
The dependence of the annihilation ﬁeld Hrup on single magnetic parameters is shown in more detail in Fig. 5.
To underline the importance of the simulation model, we
perform the described simulations above in a purely micromagnetic model with diﬀerent lateral cell sizes (al = 2 nm
and al = 1 nm), and also in a full Heisenberg model, and
using the multiscale model (see Sec. II).
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(a)

(b)

(c)

(d)

FIG. 5. The rupture ﬁeld Hrup as a function of diﬀerent magnetic parameters, studied with diﬀerent computational models, for two
geometries. The most important data points are from the Heisenberg (HB) model (red) and the multiscale with Heisenberg (MS) region
(yellow). We consider the HB data to be the most accurate data and the MS data to be a computationally eﬃcient approximation. The
two data sets are practically identical and we describe them ﬁrst and then, additionally, comment on the other lines shown: (a) the
rupture ﬁeld Hrup decreases with increasing exchange stiﬀness A; (b) Hrup decreases linearly with the anisotropy constant Ku ; (c) Hrup
increases as a function of the DMI strength D; and (d) Hrup , as a function of the saturation magnetization MS , is roughly constant up to
Ms = 0.6 MA/m and then increases for larger Ms . The two black lines show results computed using the micromagnetic (MM) model
(black) for a discretization cell size of 1 nm (dotted) and 2 nm (dashed). The micromagnetic model results should be independent
of the chosen discretization length: as this is not the case, the main observation is that the micromagnetic model does not accurately
describe the rupture process. The blue crosses in (d) show results computed with OOMMF. This is evidence that our micromagnetic
model agrees with the OOMMF micromagnetic model as benchmark. All of the data discussed above are for a disk diameter of 160 nm.
In addition, the thin blue line shows multiscale-model results for a diameter of 120 nm, to give an indication of the sensitivity of Hrup
to the geometry.

The data based on the MM model in Fig. 5 deviate very
substantially from the HB-model results. This shows that
MM simulations with the chosen cell size (which is typical
for micromagnetic studies) can lead to inaccurate results.
We repeat the micromagnetic simulations carried out
using MicroMagnum with the Object-Oriented MicroMagnetic Framework (OOMMF) [43], which is driven through
the ubermag framework [44]. One set of results is shown
in Fig. 5(d) and agrees with the results obtained using
MicroMagnum. This is evidence that the observed deviation between the Heisenberg and micromagnetic models

originates from the micromagnetic model rather than our
MicroMagnum implementation of it.
We conclude that very small skyrmions, as they occur
in the annihilation process based on the shrinking of the
skyrmion, can no longer be resolved in a coarse mesh as
used for micromagnetics. Figure 6(a) shows the skyrmion
size in the HB (on the left) and the MM model (on the
right) within the same subplot. The x axis represents a
spatial coordinate of a scan through the disk, where for
positions < 200, data from the Heisenberg model are used
and for positions > 200, data from the micromagnetic
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model are used. The y axis correlates with the changing
external ﬁeld. The width of the blue region in the x direction corresponds to the size of the skyrmion core. We see in
Fig. 6(a) that the skyrmion size is in both models very similar, as long as the MM model is able to host the skyrmion.
The pure HB model gives the most accurate result and
is able to resolve a much smaller skyrmion (on the left)
than the micromagnetic model (on the right) can do. It is
therefore not surprising that the micromagnetic description
of the annihilation process—which involves the shrinking
and then annihilation of the skyrmion via a topological rupture—depends strongly on the chosen discretization when
computed with the micromagnetic model and is thus inaccurate. Alternative computational models include the HB
model, which is computationally too expensive. The multiscale model, which combines the Heisenberg model and
the micromagnetic model, is a compromise that provides
good accuracy where necessary and good performance
through use of the micromagnetic model where possible.
In Fig. 5, we compare results computed using the MS
model and the HB model. We ﬁnd that the multiscale
model overestimates the rupture ﬁeld by only 1-2 mT,
which is just above the chosen ﬁeld step size of 1 mT.
The small overestimation might come from the overestimation of the stray ﬁeld due to the exclusive MM part
of the sample: since there is no discretization in the z
direction, the stray ﬁeld might be higher than in a calculation performed in the full HB model, where spins can
tilt at the surface due to demagnetization eﬀects. However, the MS approach is not limited to any discretization
of the MM mesh, also allowing for discretization in the z
direction. The chosen discretization, however, shows suﬃcient accuracy for our purpose. Thus, the MS approach can
provide a fast and robust evaluation of spin dynamics

(a)

in larger samples, where HB calculations are not
feasible.
We also want to discuss brieﬂy the eﬀect of temperature
on the simulation results. In general, thermal noise should
lower the annihilation ﬁelds, since the random ﬂuctuations
allow the system to reach energetically higher states. However, increasing the temperature of a sample can also vary
the magnetic parameters drastically [45]. We expect this
eﬀect to have a much higher inﬂuence on the annihilation
ﬁeld, since varying those parameters may change Hrup by
some factors, as can be seen in Fig. 5. While the HB model
is able to simulate temperature eﬀects accurately, the MM
model has only restricted possibilities to simulate those
eﬀects, since the cell discretization leads to a cutoﬀ of the
spin-wave spectrum at wavelengths on the order of the cell
size. It might be challenging to include thermal eﬀects in
the multiscale model, since the wave spectra at the interface need to be treated in a way that minimizes errors in
the cross-scale embedding.
D. Expulsion field of skyrmions
Starting from the initial skyrmion states obtained at zero
applied ﬁeld (see Sec. A), we now investigate the process
of annihilating the skyrmion by applying an external ﬁeld
in the positive z direction (we discuss the application of the
ﬁeld in the negative z direction in Sec. B).
In the context of the initial skyrmion conﬁguration as
represented in Fig. 2(d), we apply the external ﬁeld in the
positive z direction, which is the direction of the skyrmion
core. The core will grow in response to the applied ﬁeld
because this will reduce the Zeeman energy of the system.
When the skyrmion core has expanded so far that the helix
of the skyrmion approaches the boundary of the disk, the

(b)

(c)

Profile of disk (HB cells)

FIG. 6. (a) The dependence of the skyrmion proﬁle on the ﬁeld and the computational model. The x axis represents a line scan
through the disk in the diametric direction, with the skyrmion core at the center (at position 200). The color shows the z component of
the magnetization. The left side of the plot (up to HB cell 200) is taken from a Heisenberg model (with an lateral magnetic moment
spacing of 0.4 nm), whereas the right (HB cell 201 and larger) is taken from the micromagnetic model calculations with a 2 nm lateral
cell size. (b) The transition state during the expulsion of the simulation point in Fig. 7(b), for Ku = 120 MJ/m3 . The skyrmion is not
directly expelled but undergoes a transition into a spin spiral state. (c) The transition state during the expulsion of the simulation point
in Fig. 7(d), for MS = 0.9 MA/m. The skyrmion is not directly expelled but undergoes a transition into a target conﬁguration without
a negative mz -component.
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(a)

(b)

(c)

(d)

FIG. 7. The expulsion ﬁeld Hexp as a function of diﬀerent magnetic parameters. The HB, multiscale, and micromagnetic simulations
are in very good agreement for the data shown here and only the micromagnetic data are shown. The gray lines indicate the transition
into nonskyrmionic states for the usual disk diameter. The dependence of the expulsion ﬁeld Hexp is shown as a function of (a) the
exchange stiﬀness A, (b) the anisotropy constant Ku , (c) the DMI strength D, and (d) the saturation magnetization MS .

magnetization helix can unwind at the boundary (without
rupturing the continuous magnetization vector ﬁeld).
Figures 2(d)–2(f) show the process of expulsion. In this
scenario, we call the annihilation ﬁeld the expulsion ﬁeld
Hexp = H ∗ .
We deﬁne Hexp as the lowest ﬁeld value at which
no magnetization component is pointing against the ﬁeld
direction, which means when min(mz ) ≥ 0. During simulation of the ﬁeld application, some of the intermediate
magnetic conﬁgurations may not be skyrmion conﬁgurations but more complex spin spiral structures.
Figure 7 shows the dependence of Hexp on diﬀerent magnetic parameters. In contrast to the application of the ﬁeld
in the opposite direction—and the associated skyrmion
annihilation through skyrmion shrinking and rupture, the
expulsion process is within the domain of applicability
of the micromagnetic model and thus the Heisenberg and
the micromagnetic model provide very comparable results

(and there is no need to use the multiscale model). Here,
we discuss the results of the micromagnetic approach.
Figure 7(a) shows the dependence of the expulsion ﬁeld as
a function of the exchange coupling. Similar to the rupture
process in Fig. 5(a), a strong exchange lowers Hexp , as the
uniform conﬁguration becomes energetically more attractive than the skyrmion with increasing exchange coupling.
Although the skyrmion radius is smaller for a stronger
exchange constant A at zero ﬁeld [see, e.g., Fig. 3(a)], the
skyrmion increases in size much faster with an increasing ﬁeld, leading to expulsion at the disk boundary at
lower ﬁelds. In Fig. 7(b), an approximately linear dependence of Hexp for Ku is observed over a wide range of
anisotropy strengths. A strong anisotropy avoids large IP
components and thus tries to prevent the IP skyrmion DW
for a strong size increase with increased ﬁeld strengths.
Such linear behavior is also observed for Hrup . However, one outlier for Ku = 120 MJ/m3 is observed. This
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conﬁguration has a transition into a spin spiral state
during the ﬁeld ramping, which leads to the discontinuous behavior. The conﬁguration is also shown
in Fig. 6(b).
As seen in Fig. 7(c), for the DMI we ﬁnd an increase
in Hexp for stronger D, similar to the rupture. A skyrmion
conﬁguration reduces the DMI energy in the system with
high D; similarly, the energy of the FM state increases, also
increasing the barrier between the states. For strong DMI,
Hexp is therefore higher.
As is visible in Fig. 7(d), the dependence of Hexp on MS
shows a dip for intermediate values, rising slowly again
for MS = 0.8 MA/m. For this value, the system is close
to the spin-reorientation transition, when the system loses
perpendicular magnetic anisotropy and favors IP magnetization. In Fig. 7(d), a special case is the point for 160-nm
disk size and MS = 0.9 MA/m. Here, a target conﬁguration evolves without negative z component [see Fig. 6(c)],
reaching the criterion for the chosen deﬁnition of Hexp . For
the smaller disk size, the qualitative behavior is the same,
except for an outlier for large MS , where the magnetic state
transitions into a nonskyrmionic conﬁguration with a large
IP component.
Changing the disk size aﬀects the expulsion process
more strongly than the rupture process. We ﬁnd a maximum change of around 25% when comparing the expulsion ﬁeld for the disk with a 120-nm diameter to the one
with a 160-nm diameter (neglecting the discussed special
cases with complex transition states). The expulsion is not
a localized process and thus depends strongly on the sample geometry and the skyrmion size dependence on the
ﬁeld. For diﬀerent parameter sets, Hexp might increase or
decrease. Figure 8 shows two diﬀerent skyrmion diameters
for two parameter sets from Fig. 7(b). Figure 8(a) shows

V. CONCLUSION
We investigated the process of the transition from a
skyrmion in a disk geometry to a uniformly magnetized
state using an external magnetic ﬁeld that is applied in

(b)
Relative skyrmion diameter

Relative skyrmion diameter

(a)

the case where the smaller disk has a lower Hexp , Fig. 8(b)
shows the case where the smaller disk has a higher Hexp .
The ﬁrst case shows stray-ﬁeld stabilized skyrmions also
at zero ﬁeld. Both skyrmions increase their size approximately linearly, while the larger disk size allows for a
larger size before the expulsion takes place. In the latter
case—DMI-stabilized skyrmions at zero ﬁeld—we see a
large sudden increase of the skyrmion size at around 50
mT, which is the transition from the DMI stabilization to a
stray-ﬁeld stabilization [19]. In that case, the jump is less
distinct for the smaller disk, caused by less stray ﬁeld in a
smaller sample. Due to this eﬀect, the relative size of the
skyrmion in the stray-ﬁeld-stabilized regime is smaller for
the disk with d = 120 nm and the following linear increase
due to the ﬁeld stabilizes a skyrmion at higher ﬁelds than
in the large disk. This leads to diﬀerent trends of Hexp by
changing disk sizes.
For the expulsion process, there is no need to use a
HB model, since no BP or other strong spin canting
occurs that would require a more accurate model. Small
deviations between the HB and the MM model may originate from discretization errors, since the chosen ﬁnitediﬀerence method [46] approximates the circular disk by
a rectangular mesh.
We also ﬁnd that for most parameter sets, Hexp is in general around one order of magnitude smaller than Hrup , since
the topological charge does not protect the spin structure
against expulsion.

FIG. 8. The skyrmion radius for selected parameter sets from Fig. 7(b) for diﬀerent disk sizes. The insets show the magnetic conﬁguration at the respective ﬁeld. It is clearly visible that small skyrmions at lower ﬁelds show a large step during the transition from
DMI stabilization to stray-ﬁeld stabilization [in (b), at around 50 mT]. This jump is considerably smaller for smaller disk sizes due to
smaller stray ﬁelds in that sample, which then result in a higher expulsion ﬁeld. If the skyrmions are strayﬁeld-stabilized at zero-ﬁeld,
there is no sudden size increase and larger disk sizes show the larger expulsion ﬁeld (a).
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the out-of-plane direction. We ﬁnd two diﬀerent reversal
mechanisms, depending on the direction of the applied
ﬁeld relative to the direction of the magnetization in the
skyrmion core.
If the direction of the magnetization in the core of
the skyrmion points in the same direction as the applied
ﬁeld, then the skyrmion core will grow with an increasing ﬁeld, until the whole disk is uniformly magnetized
in the direction of the applied ﬁeld. The skyrmion in this
expulsion process is driven out of the sample by growing
the core and the skyrmion domain wall unwinding at the
circumferential boundary of the disk geometry.
If the direction of the applied ﬁeld points in the opposite direction of the magnetization in the corner, then
the skyrmion core shrinks with increasing external ﬁeld
strength, until the ﬁeld is suﬃciently strong to remove
the skyrmion from the sample. In the process, a rupture
of the magnetization vector ﬁeld occurs, to allow for the
skyrmion to be annihilated at the center of the disk. The
microscopic annihilation mechanism is facilitated by a
Bloch point moving through the thickness of the sample,
which reverses the direction of the core.
For both directions, we determine the required strength
of the applied ﬁeld that is required to annihilate the
skyrmion from the sample, which we refer to as the expulsion ﬁeld or the rupture ﬁeld, depending on the mechanism
of annihilation of the skyrmion.
We show that the rupture ﬁeld Hrup of skyrmions in
a conﬁned geometry depends strongly on the material
parameters, while the dependence on the disk size is rather
small in the observed regime of around 100 nm. The independence from the disk-size relates to the annihilation of
the skyrmion taking place in the center of the disk as a
local process, for which the total size of the disk is not
important. The disk size plays a large role for the expulsion
process though, as the skyrmion core grows until it reaches
the boundary of the disk. We ﬁnd that the skyrmion expulsion ﬁeld Hexp is in general one order of magnitude smaller
than Hrup , since no highly energetic BP occurs during the
annihilation of the topological charge.
For the potential use of skyrmions in a data-storage
device, the skyrmion lifetime has to be chosen in such a
way that, on the one hand, imprinting a state is possible
and energy eﬃcient but, on the other, data retention has
to be ensured over the device lifetime (or at least a reasonable time span) in the presence of thermal ﬂuctuations.
The energy barrier, probed indirectly by our investigations,
is the main parameter used to adjust this trade-oﬀ. One
important outcome of these investigations is that it is easier
to annihilate the skyrmion state without generating a BP.
This result is consistent with other studies, where a smaller
energy barrier has been found for skyrmions to disappear
via a sample boundary rather than through shrinking [12].
With skyrmions in conﬁned geometries one could
imagine designing a BPM storage device [15], which is

able to store more than one bit in one geometry: at least
four states are imaginable as metastable states for the
disks (skyrmion up, uniform up, skyrmion down, uniform
down). This would lead to a potentially very signiﬁcant
increase of the storage capacity for such devices: with n
binary storage units (i.e., bits), one can encode 2n states,
whereas with n storage units of this base 4, the number of
storable bits doubles for the same amount of bit patterns.
We use two diﬀerent simulation models, a Heisenberg
model and a micromagnetic model. We ﬁnd that the micromagnetic model cannot accurately resolve the annihilation
process due to BP formations: the computed behavior
depends on the micromagnetic cell size which, however,
should not aﬀect the observed physics in a reliable simulation. In the rupture process, the skyrmion core shrinks
down to one line of magnetic moments, which cannot be
resolved in the micromagnetic representation.
In all other simulations, we ﬁnd close agreement
between the Heisenberg model and the micromagnetic
model. Where the micromagnetic model cannot be used
but the Heisenberg model is computationally too expensive to employ, a multiscale model is used successfully,
which represents the sample in the Heisenberg model
where necessary and in the micromagnetic model where
possible.
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APPENDIX
To corroborate the robustness of our results, the HB
code of MicroMagnum is checked with simulation software developed by Markus Weiäenhofer [47,48]. The
resulting annihilation ﬁeld of a skyrmion conﬁguration
(cs = 4, a = 0.4 nm, Ms = 0.5 MA/m × a3 , J = 3 pJ ×
a/nnn , D = 3 mJ/m2 × a2 /nnn and Ku = 480 kJ/m3 × a3 ,
the sample was 16 nm × 16 nm) is in very good agreement (HB simulation in MicroMagnum Hrup = 3.62 T,
compared to Hrup = 3.625 T, deviation below 0.15%).
For a more general validation of the HB approach of
MicroMagnum, see Ref. [24].
To exclude simulation artifacts due to a lack of symmetry breaking in the ﬁnite-diﬀerence-method simulations,
the OOP Hrup is determined, by simultaneously applying a
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FIG. 9. The rupture ﬁeld Hrup as a function of diﬀerent magnetic parameters, evaluated in the MS model. The same parameter sets
as in Fig. 3 are used. If the conﬁguration is a nonskyrmion conﬁguration, Hrup describes the ﬁeld when the system is homogeneously
OOP magnetized. For a detailed discussion on the dependence of every parameter, see Sec. IV B.
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FIG. 10. The expulsion ﬁeld Hexp as a function of diﬀerent magnetic parameters, evaluated by an MM model with 2 nm lateral
cell size. The same parameter sets as in Fig. 3 are used. If the conﬁguration is a nonskyrmion conﬁguration, Hexp describes the ﬁeld
when there is no magnetization component in the −z direction. For a detailed discussion on the dependence of every parameter, see
Sec. IV D. Due to transitions into various magnetic conﬁgurations, the dependence is not always as continuous as for the rupture.
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small constant IP ﬁeld, not aligned with any of the simulation grid axes. The simulations show that the annihilation
ﬁeld does not vary for small IP ﬁelds of several tens of
millitesla. This is an indicator that our simulations are not
dominated by a lack of symmetry breaking, as could occur
due to the highly symmetric simulation.
Figures 9 and 10 show the rupture ﬁeld and expulsion ﬁeld, respectively, for all parameter sets presented in
Fig. 3.
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