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We evaluate the field-dependent energy barriers associated with annihilation of a Néel skyrmion in
ultrathin magnetic nanodots with interfacial Dzyaloshinskii-Moriya interaction. Three scenarios of the
skyrmion annihilation are considered: expansion or contraction of the radius of the skyrmion and skyrmion
escape through the dot boundary. For typical parameters of Co/Pt circular nanodots, we find that at zero
magnetic field, the energy barrier associated with a displacement of the skyrmion core is always lower
than that corresponding to its expansion or contraction. Importantly, the energy barrier value is small, so
that the skyrmion in ultrathin dots is unstable versus thermal fluctuations at room temperature for a long
time scale. However, we find that the skyrmion can be stabilized by an out-of-plane magnetic field applied
parallel to its core. The increase of the energy barriers corresponds to a magnetic field interval, where
skyrmions of small and large radius coexist and the large-core-radius skyrmion is more stable than the
small one. In this field region, the skyrmion can be stable for hours before it is annihilated by thermal

fluctuations escaping through the dot edge.
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I. INTRODUCTION

Magnetic skyrmions have been proposed as building
blocks for ultralow power-consumption devices and mem-
ories in information technology [1-5]. This idea comes
from the topological protection of the skyrmion state,
which promises a long-time stability of information bits.
Indeed, in infinite thin magnetic films, the two-dimensional
(2D) topological charge (skyrmion number) is a conserved
quantity [6]. Therefore, a magnetization configuration with
a nonzero 2D topological charge cannot be brought about
by a continuous transformation to a uniform ground state
with zero topological charge. However, this statement is
only valid for infinite films. Moreover, the topological
protection does not mean that a skyrmion configuration
is the film ground state. It has been demonstrated that
the Bloch and Néel skyrmions in infinite films can only
be metastable [7] and thus they decay on a long time
scale to the stable state by thermal activation over the
energy barrier. This fact would not be important if the
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energy barriers separating the metastable and the stable
states were high. Thus, for any skyrmion applications, it is
important to ensure high energy barriers of the skyrmionic
states. Experiments conducted on skyrmions in bulk sam-
ples demonstrate that the skyrmion state may decay over
time [8].

For real device applications, skyrmions are most prob-
ably confined in magnetic stripes or dots. Recent cal-
culations have shown that the confinement of magnetic
skyrmions in circular dots favors their stabilization [9—14].
However, even in dots, most of the small-size skyrmions,
such as those in Co/Pt multilayers, are actually metastable
states [9,10]. It has been shown that thermal fluctua-
tions deform a skyrmion [15] and that these perturbations
may destroy it. Thus, the problem of long-time skyrmion
thermal stability is also important for magnetic dots and
stripes.

Long-term stability for any magnetization state (if two
or more equilibrium configurations exist) is defined via
the energy barrier (AFE) that separates these states, using
the Arrhenius-Néel law f = fy exp(—AE/kgT), where [
is the switching frequency, fy is the so-called Arrhenius-
Néel prefactor, kg is the Boltzmann constant, and T is
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the temperature. At room temperature 7, = 300 K, for
AE/kgTy ~ 25, the configuration is considered stable for
several hours, while if AE/kpTy =~ 50, stability over a
period of 20 years is expected. Thus, to know the thermal
stability of the skyrmions, knowledge of the energy bar-
riers that separate the skyrmion and the quasiuniform (or
other) states is essential.

No systematic study of skyrmion thermal stability, i.e.,
of the energy barriers in magnetic dots, with the aim of
searching for additional skyrmion stabilization versus ther-
mal fluctuations, exists so far. This is mainly due to the fact
that numerical calculation of energy barriers of strongly
inhomogeneous magnetization configurations is a nontriv-
ial problem because one should look for the saddle point in
a multidimensional space with rotational degeneracy (i.e.,
two points can be joined in this multidimensional space
in many ways—for example, by rotating a selected part
of the spins in the clockwise direction and the remaining
part in the anticlockwise one). One of the known meth-
ods is based on the nudged elastic band [16-21]. Here,
typically two magnetization configurations are joined by
a virtual spring and the maximum along the path should
be found. The problem here is that several energy barriers
separating the two configurations may exist in the mul-
tidimensional case, especially because the magnetization
dynamics occurs on a sphere with degenerate directions of
rotation. Thus, the initial path of the elastic band frequently
defines the reversal barrier, which may be not the lowest
one. Moreover, the maximum at the elastic band path may
correspond to a higher-order extremum with more than one
negative eigenvalue of the energy functional.

Nevertheless, in the case of skyrmions, at least three
types of energy barriers have been found using this method
[19,20]. One corresponds to the symmetric skyrmion col-
lapse, the second is mediated by topological reorganiza-
tion, and the third (frequently reported as the lowest one),
corresponds to the skyrmion escape through the track or
dot edge. A detailed analysis of the energy barriers, transi-
tion states, and configurational entropy has been evaluated
for skyrmion collapse, escape, and annihilation at defects
in Ref. [20], for a simple Heisenberg model with no mag-
netostatic interactions. It has been shown that the problem
is even more complicated, since a higher energy barrier
may be compensated by a high transition rate, leading
to the lowest energy path [20]. A simpler constriction
method has been used in Ref. [22] for skyrmions showing a
very low energy barrier in a monoatomic Co/Pt layer. The
problem with this method is that it projects the multidimen-
sional space to a one-dimensional space, which can hide
the lowest energy barrier [23]. Finally, the magnetic stabil-
ity of skyrmion bits in atomic layers has been evaluated by
Monte Carlo simulations [24]. In any case, it seems to be
established that skyrmions in ultrathin films such as bilay-
ers are unstable versus thermal fluctuations and, in order
to stabilize them, the multilayers strategy (i.e., additional

magnetic material volume in the out-of-plane direction) is
used [25,26].

The above discussion indicates that the problem of
determining the lowest energy barrier for complex mag-
netic structures is highly complicated, with a complete
multidimensional analysis feasible only for small systems
with a particular set of magnetic parameters and geometry.
On the other hand, a simpler semianalytical method using
an analytical skyrmion ansatz [10,27] allows us to vary the
micromagnetic and geometrical parameters rapidly. How-
ever, such an approach is bound to the ansatz symmetry
and, therefore, only one energy barrier (corresponding to
skyrmion contraction) is found. In the present paper, we
expand the semianalytical method to account at least for
three types of energy barriers for skyrmions in circular
magnetic dots, corresponding to their collapse, expansion,
and escape through the dot boundary. The magnetic field
dependence of energy barriers for skyrmions in nanodots
has not been investigated so far. The field dependence of
the energy barriers is important for applications where a
bias magnetic field is present. It allows us to characterize
the dynamical coercivity and to easily evaluate its tem-
perature dependence [28]. Here, we show that while at
zero field, small skyrmions are typically unstable versus
thermal fluctuations for ultrathin dots, the application of a
magnetic field parallel to the skyrmion cores can stabilize
them.

II. CALCULATION OF THE ENERGY BARRIERS

We study the energy barriers separating the skyrmion
state from the (quasi)uniform state in a circular Co/Pt nan-
odot with strong interfacial Dzyaloshinskii-Moriya Inter-
action (DMI), which favors stabilization of the Néel
skyrmions. The thickness L of the Co layer is 0.6 nm. We
study the energy barriers as a function of the dot radius
R and the intensity of the magnetic field B parallel to the
symmetry axis of the dot. In our convention, positive mag-
netic fields are applied parallel to the skyrmion core, while
negative ones are applied in the opposite direction [the
studied system is depicted in Fig. 1(a)]. Note that in dots,
the skyrmion stability and radius strongly depend on the
dot size due to the finite-size (confinement) effect [9—11].
In particular, the skyrmion size can be smaller than that in
a thin film with the same micromagnetic parameters.

We choose the magnetic parameters corresponding to
an asymmetric Pt/Co/Pt multilayered system with a strong
interfacial DMI between the Co/Pt layers [2], a saturation
magnetization of My = 580 kA/m, an exchange constant
A =15 pJ/m, a perpendicular anisotropy constant K, =
0.7 MJ/m?, and a DMI parameter of D = 3 mJ/m?. In this
system, the skyrmion is always a metastable state, that is,
its energy is higher than that of the quasiuniform config-
uration. As has previously been shown in Ref. [10], the
radius of the metastable skyrmion has a weak dependence
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FIG. 1. (a) A skyrmion in the cylindrical nanodot at a mag-
netic field B pointing along the dot symmetry axis. The skyrmion
energy as a function of the skyrmion radius R; in a Pt/Co/Pt dot of
radius 100 nm and thickness 0.6 nm, for (b) B = 0 and (c) B = 25
mT. (d) An enlargement of the bistability region in (c). We denote
explicitly the energy barriers between the different magnetization
states. The arrows indicate the energy barriers for skyrmion con-
traction AE;, expansion AEs;, and between skyrmions of small
and large diameter, AE s and AEg;, respectively.

on the magnetic field when it is applied out of plane, until
it reaches some critical field, at which point the radius
suddenly increases. The skyrmion is bistable if the bias
magnetic field is close to this critical field, that is, a small
and a large skyrmion can coexist within some range of the
magnetic field values. Skyrmion-state bistability (the coex-
istence of small- and large-radius skyrmions) in thicker
circular Co nanodots at zero magnetic field has also been
predicted in Ref. [29]. The bistability is a result of compe-
tition between the DMI and the magnetostatic interaction
increasing the dot thickness. In our case of ultrathin Co/Pt
dots, the bistability results from a finite out-of-plane mag-
netic field within relatively narrow field intervals (shown
later in Fig. 5).

We represent the Néel skyrmion energy profile £ as a
function of the skyrmion radius R, for a skyrmion posi-
tioned in the dot center using an analytical ansatz for
the skyrmion magnetization. In cylindrical coordinates
(with the z axis directed parallel to the dot symme-
try axis), the unit magnetization vector reads m(r, R;) =
m,(r,Ry)z + m,(r, R,)7, where m, = — cos [@¢(r, Ry)] and

m, = /1 — m2, are written in terms of the ®¢(r, R,) func-
tion [30]:
tan [w} — &e&-(Rs—r)/lex. (1)
r

Here, r and I =,/ 2A/M0M§ are the radial cylindri-

cal coordinate and the exchange length, respectively, and
£2 = Q— 1, where Q = 2K, /puoM¢ is the quality factor.

The trial ansatz of Eq. (1) has previously been used in
Refs. [10,15] to evaluate the equilibrium skyrmion radius
as a function of an applied magnetic field and as a func-
tion of the temperature, respectively, showing very good
agreement with the direct numerical simulations.

We include in the magnetic energy functional £ of the
skyrmion an out-of plane uniaxial magnetic anisotropy, the
exchange, magnetostatic, and Zeeman energies, and the
interfacial Dzyaloshinskii-Moriya interaction:

E:/dV 4> (Vm)> —K,m*> —MyB - in
v i=x,y,z

My . - - L o
_ Ko Y- Hy— DIm.V -in— (- Vym.] |, (2)

where o and Hy are the vacuum permeability and mag-
netostatic field, respectively. Note that all of the energy
terms, except the magnetostatic one, are directly propor-
tional to the dot thickness L.

For the calculation of the energy barriers for skyrmion
escape via the dot boundary, we consider an off-center
skyrmion. Therefore, it is convenient to use a coordinate
system with its origin in the skyrmion core center (instead
of a coordinate system with its origin in the dot center), as
shown in Fig. 2(a). Also, we consider ultrathin dots and,

(@ OE

(=}

:—9

=-10
0
50"
R (nm) 100 N\
150~ 150
0 [ (nm)
(c)
= -85
T 9.
=-95
ST i

50"
Rg(m)j00 . )
150 0 5 100

FIG. 2. (a) The scheme of a skyrmion with its center deviating
a distance / from the dot center. The energy of a skyrmion as a
function of the skyrmion radius and its deviation with respect
to the dot center in a Pt/Co/Pt dot of R = 100 nm and thick-
ness 0.6 nm, at (b) B =0 and (c) B = 20 mT, respectively. (d)
An enlargement showing the skyrmion energy [displayed in (c)],
highlighting four magnetic configurations the snapshots of which
appear in (e).
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therefore, for this case we approximate the magnetostatic
interaction as an easy-plane magnetic anisotropy, which
can be included in the uniaxial anisotropy term by replac-
ing the uniaxial anisotropy constant K, by an effective
uniaxial anisotropy constant K. = K, — qug /2 [11,31].
We also assume that the dot is thin enough and that the
dot magnetization does not depend on the thickness coordi-
nate, z. Therefore, due to the translational invariance along
the z axis, we have to integrate the energy density in Eq. (2)
over the dot surface,

2r rmax (¢,0)
/ do f Edrr, [ <R,
0 0
b4 3)

L I+R
/ drr/ Edp, >R,
I-R b (1))

where  rpax(@, ) = —Ising + /R — P cos2¢ and ¢
(r,1) = £ arccos [(** + 1> — R?)/2r1] + 37 /2. Note that

by defining a coordinate system at the magnetic texture
center, the displacement / of the skyrmion core from the
dot center appears in the surface-integral limits [Eq. (3)].
The rigid skyrmion ansatz Eq. (1) is very good for calcu-
lating the energy barriers for centrosymmetric skyrmions.
However, it cannot describe the possible deformations of
the skyrmion shape when it approaches the dot border.
In this case, the corresponding skyrmion energy will be
overestimated.

The centrosymmetric energy barriers of the annihilation
of the skyrmion by its core expansion and contraction can
be obtained from the energy profile as a function of the
skyrmion radius. Examples of several energy profiles as a
function of the skyrmion radius are presented in Fig. 1 for a
Co/Pt dot with radius R = 100 nm and at applied magnetic
field values (b) 0 and (c) 25 mT. Note that the minimum of
the energy profile at a skyrmion radius R, located below the
dot radius R corresponds to the skyrmion state, while the
minimum of the energy located above the dot radius repre-
sents the quasisaturated state, with the net magnetization
parallel to the skyrmion core magnetization. These two
states are separated by the energy barrier of the skyrmion
annihilation by expansion of its core, which we call AE,.
The energy functional is finite for Ry, — 0 corresponding
to the finite value of the exchange energy for the ansatz
Eq. (1) when Ry — 0. This is since the studied ansatz
in this limit coincides with the Belavin-Polyakov soliton
ansatz, which is known to have a finite exchange energy
independent of its radius [6]. The gap between this finite
value and the energy of the skyrmion state with a finite
radius corresponds to the energy barrier for the skyrmion
annihilation by contraction of its radius, which we here call
AE;, .

Furthermore, for R = 100 nm, the skyrmion states are
bistable at high fields, as seen in Figs. 1(c) and 1(d) (as has
been reported in Ref. [10]), with coexisting small- (s) and

E =

large- (S) radius metastable skyrmions. These two states
are also separated by the energy barriers here called AEg
and AFEg;. In the particular case of Pt/Co/Pt, the bistabil-
ity region spans approximately the field interval from 20
to 30 mT for dot radius R = 100 nm. The energy barriers
separating these two states are quite small, approximately
equal 5—10 kzTy, and the large skyrmion is more stable
than the small one, i.e., it is separated by a larger bar-
rier from a quasisaturated state. In agreement with this, in
the presence of thermal fluctuations, the initial state in the
form of a small skyrmion in Fig. 1(d) decays quickly at
B = 25 mT to the skyrmion state of larger diameter. For a
longer time scale at these fields, skyrmions are superpara-
magnetic, i.e., they spontaneously increase and decrease
their radii between large and small values, thus exhibiting
breathing behavior, and they stay longer in a state with a
larger diameter. We note that in a typical situation shown in
Fig. 1, the energy profile around the skyrmion minimum is
very asymmetric and has a small curvature toward increas-
ing radius. This means that under the influence of thermal
fluctuations, the skyrmion increases its radius more easily
than it decreases it.

On the other hand, an example of the energy profile as
a function of the skyrmion radius and the displacement
from the dot center is shown in Figs. 2(b), 2(c) for a Co/Pt
dot of R = 100 nm for magnetic fields B = 0 and B = 20
mT, respectively. Figure 2(d) shows an enlargement of
the energy profile at 20 mT, where four points of interest
are explicitly highlighted, the snapshots of which are pre-
sented in Fig. 2(e). s and S correspond to skyrmions with a
small and a large skyrmion radius, respectively, both cen-
tered in the dot, that is, with / = 0. Points s — and S —
correspond to the critical points (saddle points), where
the skyrmion core moves to the dot edge (with / # 0),
for the small and large skyrmion radius, respectively. By
fixing the magnetic and geometric parameters, the func-
tion E (R, /) describes a surface in the configuration space
where the saddle points separate the skyrmion states from
the uniform states through displacement of the skyrmion
center from the nanodot center. Note that the radius of
the small skyrmion decreases when it escapes through the
boundary while, on the contrary, the radius of the large one
increases. The energy barrier associated with the annihi-
lation of the skyrmion via its center displacement can be
calculated by evaluating the minimum energy pass, i.e.,
the lowest difference of energies between the saddle-point
energies and the skyrmion-state energies,

AE,_, = |min[E(s =), E(S —)] — min[E(s), E(S)]|
“4)

when the small or the large skyrmion state has the low-
est energy, respectively. For the case of absence of the
skyrmion bistability region [such as in Fig. 2(b)], there is
only one skyrmion state.
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III. RESULTS AND DISCUSSION

In Figs. 3(a)-3(c), we present the zero-field energy bar-
riers as a function of the dot radius for the annihilation of
the skyrmion by its center displacement, contraction, and
expansion of its diameter, respectively. While the energy
barriers for the skyrmion expansion are as large as 100
kgTy at room temperature 7y = 300 K, on the contrary,
the energy barriers for the skyrmion contraction are of the
order of 20 kpTp, while for the skyrmion escape they are
small, of the order of 3 kz7y. We note that in all cases,
the energy barrier for the skyrmion escape is the smallest
one, which suggests that the skyrmion at zero field in an
ultrathin dot will be quickly annihilated by its core dis-
placement toward the dot edge. The decrease of the escape
energy barrier for the dot radii above approximately 40 nm
can be explained by the decrease of the confinement effect
and dot curvature as the dot size increases. In this system,
the skyrmion size has a weak dependence on the dot radius
[10]. As the dot radius increases, the skyrmion practically
maintains its size close to the dot border, whereas the
effects of confinement and dot curvature decrease. Thus,
it is easier for a skyrmion in an ultrathin Pt/Co/Pt dot to
escape through a boundary of the dot of a larger size.
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FIG. 3. The energy barriers at zero field for the annihilation
of a skyrmion by (a) core displacement toward the dot edge, (b)
core contraction, and (c) core expansion as a function of the dot
radius for a Pt/Co/Pt dot of thickness 0.6 nm.

It is well known that the skyrmion ground states can be
stabilized by external magnetic fields. This allows us to
assume that external fields could also help to stabilize them
with respect to thermal fluctuations, via the increase of the
energy barriers. Thus, in the following we aim at evalua-
tion of the energy barriers as a function of external fields.
In Figs. 4 and 5, we show the three energy barriers for
the annihilation of the skyrmion states as a function of the
applied magnetic field for different values of the dot radius.
Our first observation comes from the comparison between
the skyrmion contraction and expansion: evidently, while
for positive fields skyrmion expansion is more favorable,
for negative fields it is skyrmion contraction, the transition
being dependent on the dot radius. Most importantly, the
results of Fig. 4(a) demonstrate a very different behavior of
the escape barrier as a function of the dot size as compared
to the zero-field case shown in Fig. 3(a). Namely, although
this energy barrier remains the smallest one (except for
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FIG. 4. The energy barriers of the annihilation of a skyrmion
by (a) core displacement toward the dot edge, (b) core expansion,
and (c) core contraction in a Pt/Co/Pt dot of thickness 0.6 nm and
radius 50, 100, and 150 nm, as a function of the magnetic field
applied in the out-of-plane z direction. The insets in (b) and (c)
show the range where the energy barriers of core expansion and
contraction are small. The solid symbols denote the energy barri-
ers for the escape of the small skyrmion, while the open symbols
are for that of the large one.
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FIG. 5. The energy barriers for the skyrmion annihilation

through the three studied mechanisms as a function of the mag-
netic field in a Pt/Co/Pt dot of thickness 0.6 nm when (a) R = 50,
(b) R = 100, and (c) R = 150 nm. The bistability region, where
the small radius skyrmion state s and the large radius skyrmion
state S coexist, corresponds to the shaded region. Note that for
R =50 nm, there is no bistability region. The solid symbols
denote the energy barrier for the escape of the small skyrmion,
while the open symbols are for that of the large one.

the small region close to the field value of 20 mT, when
R =150 nm), there exists a range of positive external
fields where it increases sufficiently to make the skyrmion
stable for typical magnetometer measurements, i.e., reach-
ing a lifetime with a duration of several seconds to several
hours, depending on the prefactor fy of the Arrhenius
law [20].

To better visualize the results of Fig. 4, in Fig. 5 we
present the three energy barriers in the same plot for com-
parison of their magnitudes at low fields. The bistability
region where the small skyrmion coexists with the large
skyrmion is marked by the shaded region in Fig. 5. Note
that the bistability region does not exist for the dot with a
radius of 50 nm. The values of the energy barriers between
the small and large skyrmion radius states calculated in
Ref. [29] for thicker skyrmion dots are of several kzTy,
which is in agreement with our simulations.

In Fig. 4(a), we define three types of skyrmion escape
barriers, which we denote as C;, C,, and Cs. For the C;

type, the minimum corresponds to the skyrmion with a
small radius (s state) compared to the radius of the dot and
also min[E(s —), E(S —)] = E(s —), i.e., the skyrmion
directly exits the dot while its radius decreases. As can
be seen, this energy barrier is very small (less than 5
kgTy) and the skyrmion is very unstable in the C| region.
On the contrary, for the C, region, as the applied mag-
netic field increases, the energy barrier increases strongly,
until a critical value for which AE,_, reaches its maxi-
mum. Interestingly, the transition between the C; and C,
regimes occurs in the skyrmion bistability region when the
skyrmion S of large radius exhibits less energy than the
small radius skyrmion s. The bistability region is shown in
detail in Fig. 6, where AEs and AEg, are the energy bar-
riers that separate small skyrmion s from large skyrmion
S and vice versa, respectively. In this figure, we explic-
itly denote by a vertical dashed line the transition between
C; and C,. Note that the energy barrier that separates the
small- radius skyrmion s from the large-radius skyrmion
S is very small in the C, region. Thus, the small-radius
skyrmion is unstable in this region versus thermal fluc-
tuations, so that it would first decay into the large-radius
skyrmion. The opposite energy barrier from the large to
the small skyrmion is quite large but still smaller than the
direct escape of the large-radius skyrmion through the dot
boundary. Consequently, in the C, region, the skyrmion
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FIG. 6. The energy barriers between the small-radius and the
large-radius skyrmion states, in the bistability region of the
Pt/Co/Pt dot when (a) R = 100 nm and (b) R = 150 nm. For
magnetic fields lower than those indicated by the dotted vertical
line, the small skyrmion has less energy than the large skyrmion,
while on the right, the opposite occurs. In order to compare the
scale of the magnitude between the small energy barriers, we also
include the field dependence of the barrier AE_, .
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exhibits a large radius and can be stable for hours before
it is annihilated. Note that the actual skyrmion lifetime
also depends on the Arrhenius-Néel prefactor [18,20]. It is
important to note that as the radius of the dot increases, the
skyrmion becomes more stable. When the thermal fluctua-
tions are of the order of the energy barrier, the skyrmion S
with a large core radius is annihilated first being converted
to the small-radius skyrmion and then passing through the
saddle point s —. The skyrmion radius contracts as the
skyrmion center deviates from the dot center until it is
annihilated at the dot edge, following, for example, the
path connecting S to the s — magnetization configurations
[sketched in Fig. 2(d)].

In the C5 region, which corresponds to magnetic field
values larger than the critical value (where the barrier
AE,_, is maximal), the energy barrier of annihilation of
the skyrmion by its center displacement decreases as the
magnetic field increases. In addition, the skyrmion has a
large core radius and it holds that min[E(s —), E(S —)] =
E(S —), showing that when the thermal fluctuations are
comparable with the energy barrier of the skyrmion dis-
placement, the skyrmion is annihilated by the deviation of
its center directly by the escape of the large-size skyrmion
through the dot boundary [following, for example, the tra-
jectory connecting S to S —, sketched in Fig. 2(d)]. In
order to distinguish the cases when the skyrmion escapes
through the dot edge with a small or large core radius for
the dot sizes that exhibit a bistability region, we use solid
and open symbols in the AE,_, curves when the skyrmion
escapes with a small and a large core radius, respectively.
Note that in the C; and C, field regions, when thermal
fluctuations destroy the skyrmion stability, the skyrmion
escapes with a small skyrmion radius, while in the C;
region it escapes with a large skyrmion radius. Thus, the
maximum of the lowest energy barrier in Figs. 4(a) and 5
corresponds to the change of the skyrmion lowest-energy
pass from the escape of the small skyrmion to the escape
of the large skyrmion. While in the former case the energy
barrier increases with the increasing out-of-plane mag-
netic field (until some critical field at which it starts to
decrease), in the latter case it decreases. In simple words,
a small skyrmion becomes more stable with an increas-
ing magnetic field because its size increases, while the
large one becomes less stable because it is more sensi-
tive to the boundary. Consequently, there is an optimal
skyrmion radius (defined by the bias magnetic field value)
that corresponds to the optimal energy barrier.

For completeness, with the aim of showing that the pro-
posed method can be applied to obtain the energy barriers
in different magnetic systems, in the Appendix we show
the behavior of the three energy barriers in Pt/Co/Ni or
[r/Co/Pt ultrathin multilayered dots. These results show
similar behavior of the three energy barriers, both as
a function of the dot radius and as a function of the
applied out-of-plane magnetic field for the annihilation

of magnetic skyrmions in a Pt/Co/Ni multilayered dot.
The similarity of the behavior of the energy barriers in
Pt/Co/Pt and Pt/Co/Ni agrees with the universal behav-
ior of skyrmions in both systems reported in Ref. [10].
Indeed, in this reference it is shown that in both systems,
the skyrmion is small and metastable at zero field and can
show a bistability region for certain values of the field. On
the other hand, skyrmions in Ir/Co/Pt are stable at zero
field and do not show a bistability region. In particular,
skyrmions there have a large core and a similar behavior
to the large-core skyrmions in the transition region for the
Pt/Co/Pt case. The lowest energy barrier again corresponds
to the annihilation of the skyrmion by escape through the
dot border. However, the skyrmions in a Ir/Co/Pt sys-
tem should be stable versus thermal fluctuations even at
zero field in dots with a radius of approximately 200 nm
and above and can be slightly stabilized by fields applied
parallel to their core magnetizations.

IV. CONCLUSIONS

In summary, we calculate three energy barriers that
separate the skyrmion states from the quasiuniform mag-
netization state in ultrathin circular Pt/Co/Pt nanodots, as
a function of the out-of-plane magnetic field for different
dot radii. At zero field, the energy barrier for the anni-
hilation of the skyrmion by its core displacement has a
small value and is always the lowest energy barrier. There-
fore, the skyrmion annihilates at the dot edge (due to the
skyrmion core escaping from the dot). We find that one
can stabilize skyrmions by applying an out-of-plane mag-
netic field parallel to their core magnetization. In our case,
this happens for magnetic field values close to 20 mT in a
Pt/Co/Pt dot of radius 150 nm, in which the energy barrier
for the skyrmion contraction is even lower than the energy
barrier for the skyrmion core displacement [see Fig. 5(c)].
In this case, the skyrmion can be stable for hours until it
annihilates due to its core contraction. The skyrmion sta-
bilization occurs in the bistability region when both small-
and large-radius skyrmions are stable (metastable) states
confined by the dot boundary. In this region, the large-
radius skyrmion is stable versus thermal fluctuations and
is separated by an energy barrier of the order of 20 kgTy
from the small-radius skyrmion. The lowest energy pass
goes through conversion of the large skyrmion to the small
one and then via the escape of the small skyrmion over the
energy barrier.

Our model is sufficiently general and can be extended to
perform a systematic study over several magnetic mate-
rials; for example, as a function of the DMI constant,
exchange stiffness, or saturation magnetization values. In
the Appendix, we also investigate ultrathin Pt/Co/Ni and
Ir/Co/Pt dots, also showing that the lowest energy barrier
corresponds to skyrmion annihilation by escape through
the dot boundary.
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On the other hand, since the ansatz [Eq. (1)] used for
the calculation of the three energy barriers corresponds to
a rigid skyrmion-magnetization configuration, the results
of the energy barrier for core deviation do not allow us to
estimate the deformation of the skyrmion core as the core
reaches the dot edge. Nevertheless, as any trial function of
the magnetization configuration, like the ansatz of Eq. (1),
leads to overestimation of the configuration energy, we
expect that the energy barriers including core deformation
are higher than those estimated analytically within the rigid
skyrmion model (since the minimized skyrmion energy
will be lower than that given by a rigid skyrmion model).

It is worth mentioning that, frequently, the energy-
barrier evaluation is sufficient for skyrmion thermal sta-
bility assessment in technological applications based on
the order of magnitude of the Arrhenius prefactor (the
attempt frequency). However, recently a large variation
of the prefactor, by several orders of magnitude, has been
reported for skyrmions, which shows the necessity of cor-
rect evaluation of the attempt frequency [20,32,33]. It
has been shown in Ref. [32] that the attempt frequency
for skyrmion collapse decreases with the applied mag-
netic field for fcc stackings such as in Pd/Fe/Ir and fcc
Pd/Fe/Rh systems, enhancing the lifetime stability as a
function of the field strength in these systems. Instead, for
hcp arrangements, the attempt frequency increases with the
intensity of the field. On the other hand, the behavior of
the attempt frequency also depends on the mechanism for
skyrmion annihilation. It has been shown in Ref. [33] that
the attempt frequency for skyrmion collapse (contraction
of its core) changes by several orders of magnitude with
the applied magnetic field, while the attempt frequency
for skyrmion annihilation by its core displacement has a
weak dependence on the applied magnetic field. Addition-
ally, the change in magnitude for the attempt frequency
for skyrmion collapse appears for variation in the mag-
netic field of a few teslas, while in our work the applied
field varies within the narrow interval from —40 to 100
mT. The above indicates that the assumption of a con-
stant field-independent prefactor can be reasonable for our
case. However, to clarify the complete picture of skyrmion
lifetimes, the behavior of the attempt frequency requires
further study.

We would like to point out that our findings related to the
lowest energy barrier given by the skyrmion exit through
the dot border will be important for the design of skyrmion
applications in confined nanostructures. In particular, it
is expected that in skyrmion-based racetrack memories
[34], the lowest energy barrier may also be that of the
skyrmion expelled from the stripe. The calculated values of
the energy barriers in circular magnetic dots of non-small
radius suggest that it is possible to stabilize the skyrmion
versus thermal fluctuations in ultrathin dots by an exter-
nal out-of-plane magnetic field. This opens an opportunity
for experimental measurements of the skyrmion dynamics

in ultrathin dots not solely at low temperatures, when
the thermal fluctuations are suppressed. We note that the
relaxation times and energy barriers of strongly inhomo-
geneous magnetization configurations such as skyrmions
or vortices can be found either by direct measurement of
the in-field magnetic viscosity [35] or by measuring the
time-dependent intensities of the broadband ferromagnetic
resonance peaks [36]. The field dependence of the energy
barriers is also an important characteristic of dynamical
coercivity [37,38]. The energy-barrier values can be fur-
ther optimized by varying the magnetic and geometrical
parameters of the system.
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APPENDIX: ENERGY BARRIERS FOR
SKYRMION ANNIHILATION IN ULTRATHIN
Pt/Co/Ni and Ir/Co/Pt MULTILAYERED DOTS

With an aim of showing that the proposed method for
the calculation of the energy barriers of the annihilation of
the magnetic skyrmions can be straightforwardly applied
to several magnetic systems, in this Appendix we calculate
the energy barriers for the three studied mechanisms for
annihilation of magnetic skyrmions in ultrathin Pt/Co/Ni
and Ir/Co/Pt multilayered dots (for the same dot thickness
L = 0.6 nm as studied for Pt/Co/Pt dots). The magnetic
parameters of these systems are taken from Refs. [25,39]
and are given in Table I.

In Fig. 7, we show the energy barriers at zero magnetic
field as a function of the dot radius for the annihilation

TABLE I. The parameters for the Pt/Co/Ni and Ir/Co/Pt circu-

lar multilayered dots.

Magnetic parameters Pt/Co/Ni Ir/Co/Pt

Saturation magnetization, 600 956
M() (kA/m)

Exchange constant, 4 (pJ/m) 20 10

Perpendicular anisotropy constant, 0.6 0.717
K, (MJ/m?)

DMI parameter, D (mJ/m?) 3 1.6
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radius for skyrmion annihilation by (a) deviation, (b) contraction,
and (c) expansion of its core in Pt/Co/Ni dots.

of the magnetic skyrmion in a Pt/Co/Ni dot for the three
mechanisms: (a) by core deviation, (b) by core contraction,
and (c) by core expansion. As can be seen, the behavior
of the three energy barriers are similar to those shown in
Fig. 3. Indeed, like the barrier calculated for Pt/Co/Pt, the
lower energy barrier at zero field is small in Pt/Co/Ni dot,
below 5 kzT), and corresponds to the annihilation of the
skyrmion by core displacement and its escape from the dot.

On the other hand, the energy barriers as a function of
the out-of-plane magnetic field for Pt/Co/Ni are shown in
Fig. 8. Again, by comparing with Fig. 5, similar behav-
ior of the energy barriers for the three dot sizes can be
observed. The similarity of the behavior of the energy bar-
riers for skyrmion annihilation in Pt/Co/Pt and Pt/Co/Ni
dots agrees with the universal behavior of metastable
small magnetic skyrmions at zero magnetic field shown
in Ref. [10]. Indeed, both the Pt/Co/Pt and Pt/Co/Ni sys-
tems show a small-radius skyrmion, which is metastable at
zero field. Additionally, both systems also reveal a bista-
bility region for dot radius R = 100 and 150 nm in which a
small-radius skyrmion and a large-radius skyrmion coexist
for certain values of an applied magnetic field. Moreover,
as in a Pt/Co/Pt dot, the bistability region in the Pt/Co/Ni
dot allows to increase the value of the lower energy barrier
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magnetic field for skyrmion annihilation in a Pt/Co/Ni dot of
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to the values close to and above 20 kgT), for the dot radii
100 and 150 nm, respectively.

Now, we analyze the behavior of the three energy barri-
ers in a different magnetic system, an Ir/Co/Pt dot, which
shows a different universal magnetic skyrmion behavior.
Unlike the Pt/Co/Pt and Pt/Co/Ni systems, the skyrmion in
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FIG. 9. The energy barriers at zero field as a function of the dot

radius for skyrmion annihilation by the three studied mechanisms
in Ir/Co/Pt dots.
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a Ir/Co/Pt is large and stable at zero field and does not show
a bistability region in the presence of an out-of-plane mag-
netic field [10]. In Figs. 9 and 10, we show the behavior
of the three energy barriers for a skyrmion in this magnetic
material as a function of the dot radius at zero field and as a
function of the out-of-plane field, respectively. Unlike the
previous cases, all energy barriers increase as a function
of the dot radius. As in the previously studied materials,
the lowest energy barrier corresponds to annihilation by
core displacement from the dot center. However, for the
dots with a radius of approximately 200 nm and above,
this energy barrier has a reasonable value that ensures
skyrmion thermal stability at zero field. As a function of
the out-of-plane magnetic field, the energy barriers have
qualitatively the same behavior as in the above cases. The
lowest energy barrier is a maximum close to zero field
and can be increased slightly by applying a magnetic field
parallel to the skyrmion core.
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