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While the transition between skyrmionic and non-topological states has been widely explored as
a bit operation for information transport and storage in spintronic devices, the ultrafast dynamics
of such transitions remains challenging to observe and understand. Here, we utilize spin-dynamics
simulations and harmonic transition state theory (HTST) to provide an in-depth analysis of the nu-
cleation of skyrmionic states in helimagnets. We reveal a persistent blinking (creation-annihilation)
phenomenon of these topological states under specific conditions near the phase boundary between
skyrmion and conical states. Through a minimum-energy path analysis, we elucidate that this blink-
ing behavior is favored by the formation of chiral bobber (CB) surface states and that the collapse
of CBs differs from that of skyrmions in thin films due to their different oscillation modes. We
further employ HTST to estimate the typical blinking time as a function of the applied magnetic
field and temperature. Finally, we illustrate the practical use of skyrmion blinking for controlled
probabilistic computing, exemplified by a skyrmion-based random-number generator.

I. INTRODUCTION

The interest in non-traditional computing architec-
tures and in-memory systems is growing due to their
ability to tackle problems that conventional computers
struggle with. Spintronic technologies, such as stochas-
tic magnetic tunnel junctions [1] and nano-oscillators [2],
are promising for their low energy consumption and
high-speed computing capabilities. Particularly, mag-
netic skyrmions – topologically protected quasiparticles
– show potential for unconventional computing applica-
tions [1, 3, 4], offering the stability, compacted size, and
facilitated manipulation with low energy consumption as
needed for modern applications. The intense research
effort over the years led to a range of skyrmionic technol-
ogy, such as proposals for magnetic memory devices and
logic operators [5], skyrmion-based Qubits [6, 7], reser-
voir computing [8, 9], and many others. Recent works
also suggested that thermally induced skyrmion dynam-
ics can be used for probabilistic computing devices [10–
12]. In most cases, realizing such applications necessi-
tates the ability to intentionally generate and eliminate
individual skyrmions, as well as manipulate their spatial
and temporal positioning [13].
It is well known that magnetic skyrmions can emerge

from the conical phase in chiral helimagnets such as
MnSi and FeGe as the system is excited by the appro-
priate applied magnetic field and temperature [14, 15].
Understanding the nucleation mechanism of magnetic
skyrmions in such materials can potentially grant the
capability to control their stability [16–20] and orches-
trate their spatial and temporal arrangement, crucial for
various applications. Recent works aiming to achieve
such understanding have shown the temporal evolution
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of skyrmion nucleation from the conical phase in thin
plates of Co8Zn10Mn2 [21, 22]. Among other interest-
ing features, such as clustering, the process of skyrmion-
lattice (SkL) formation is characterized by a combination
of skyrmion nucleations and collapses. We suggest that
this blinking behavior (creation-destruction process) is
favored by the local stability of an intermediate state
between the conical and skyrmion phases (observed in
Ref. 21 with about 60% of the contrast of a fully formed
skyrmion, dubbed a skyrmion embryo), the so-called chi-
ral bobber (CB) [23] — a topologically protected swirl
of the magnetization localized at the material’s surface
— which breaks the nucleation process into stages with
a lower energy cost compared to homogeneous skyrmion
nucleation [24]. Once at this intermediate state, the en-
ergy barrier for the system to transition to the skyrmion
phase can be similar to the barrier to return to the conical
phase. This could lead to sequential instances of nucle-
ation and collapse of CBs (skyrmion embryos) during the
formation of the skyrmion lattice, as seen, for example,
in Lorentz transmission electron microscopy (LTEM) im-
ages in Ref. 21. In fact, a detailed description of such rich
dynamics remains elusive to date.

In this work, we provide an in-depth analysis of
skyrmion blinking behavior and demonstrate that the
skyrmion system can be set to uniform blinking when
gauged by the appropriate applied field and tempera-
ture. We show that this condition is favored when the
system is close to the phase boundary between the SkL
and conical states, specifically on the conical side of the
phase boundary, where CBs are metastable. Addition-
ally, we calculate the oscillation modes of the CB states
to demonstrate that their collapse differs from that of
skyrmions in thin films, as a different number of zero
modes of oscillation are associated with the two states.
We then use transition state theory to estimate the typ-
ical blinking time of CBs as a function of the applied
field and temperature, and exemplify the use of skyrmion
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blinking for controlled probabilistic computing, such as
in a random-number generator.
Since CBs can be considered skyrmion embryos, and

their dynamics may be difficult to distinguish from the
dynamics of fully-formed skyrmions in magnetic surface
measurements, in this work, we refer to CB creation-
destruction process as skyrmion blinking.
The paper is organized as follows. In Sec. II, we pro-

vide the analytic considerations and describe the spin
model used to simulate the magnetic system (Sec. IIA),
as well as the geodesic nudged elastic band method used
to calculate minimum energy paths along the magnetic
phase transitions (Sec. II B) and the harmonic transi-
tion state theory considered to estimate the state lifetime
(Sec. II C). In Sec. III, we report the phase diagrams of
the considered magnetic films with different thicknesses
(Sec. III A) to then investigate the nucleation mechanism
of skyrmions from the conical phase, as well as the de-
pendence of their activation energies on the applied field
and film thickness (Sec. III B). In Sec. III C, we detail the
formation of fully formed skyrmions, after nucleation of
CBs. Sec. IV is devoted to the skyrmion blinking dynam-
ics, investigated by spin dynamics simulations (Sec. IVA)
and transition state theory (Sec. IVB). Finally, in Sec. V,
we exemplify the use of skyrmion blinking for controlled
probabilistic computing, and demonstrate the basic func-
tionalities of a skyrmion-based random-number genera-
tor. Our results are summarized in Sec. VI.

II. THEORETICAL FRAMEWORK

A. Spin model

To investigate the formation of magnetic skyrmions
in chiral helimagnets, we perform spin-dynamics simula-
tions by employing the numerical package SPIRIT [25].
We make use of the extended Heisenberg Hamiltonian
that describes the system of classical spins and can be
written as

H =−
∑

〈i,j〉

Jijni · nj −
∑

〈i,j〉

Dij · (ni × nj)

−
∑

i

µB · ni,
(1)

where µi = µni is the magnetic moment of the ith spin
site, with magnitude µ and orientation ni. Here, Jij

represents the exchange interaction, Dij is the Bloch-
type Dzyaloshinskii-Moriya (DM) vector, B is the ap-
plied magnetic field, and 〈i, j〉 denotes pairs of spin
sites i and j accounting up to second nearest-neighbour
(NN) sites. For the simulations, we adopt a spin-system
parametrized by the first NN exchange interaction J1 =
Jex = 1 meV. The NN DM interaction is chosen as
D1 = tan(2π/10)Jex ≈ 0.727Jex, which corresponds to
a typical pitch length LD of ten lattice sites for a helix

state at zero magnetic field. Next-nearest-neighbor in-
teractions are chosen according to Ref. 26, J2 = Jex/16
and D2 = D1/8, which leads to a good representation of
the magnetic phase diagram of helimagnets. Although
intrinsic exchange and cubic anisotropies [27] may define
a preferential direction for the spin rotation in helimag-
nets at zero field, such high-order contributions are much
weaker than the energy terms in Eq. (1) and are there-
fore neglected in the calculations. Similarly, the small
contribution from a dipolar interaction is also not in-
cluded [28, 29]. The dynamics of the spin system is gov-
erned by the Landau-Lifshitz-Gilbert (LLG) equation

∂ni

∂t
= − γ

(1 + α2)µ

[

ni ×B
eff
i + αni × (ni ×B

eff
i )

]

,

(2)
where γ is the electron gyromagnetic ratio, α is the
Gilbert damping parameter and B

eff
i = −∂H/∂ni is

the effective field. For the cases where it is applica-
ble, temperature-dependent simulations are implemented
by the introduction of a stochastic thermal field B

th,
which is added as a contribution to the effective field act-
ing on the localized spin-sites, i.e., Beff

i → −∂H/∂ni +

B
th
i . The magnitude of the thermal field is obtained

by the fluctuation-dissipation theorem, and is given by

B
th
i (T, t) = ηi(t)

√

2D/∆t = ηi(t)
√

2αkBT
γµ∆t , where T is

the temperature, kB is the Boltzmann constant, ∆t is
the time-step considered in the simulation, and ηi(t) is
a Gaussian white noise that represents the thermal fluc-
tuations on each spin site i. The ensemble average and
variance of the thermal field satisfies 〈Bth

i (t)〉 = 0 and

〈Bth
ia(t)B

th
jb(t

′)〉 = 2Dδijδabδ(t − t′), respectively, where

a, b indicate the components of the vector B
th
i . The

stochastic LLG equation provides equivalent results for
the magnetic ground state as those obtained by Monte
Carlo methods [25].

B. Minimum energy paths

To characterize the dynamics of skyrmions during their
nucleation from the conical phase, it is crucial to deter-
mine the nucleation mechanism and the energy barriers
involved in the phase transition. To do so, we calculate
the minimum energy paths (MEP) for skyrmion nucle-
ation by making use of the geodesic nudged elastic band
method (GNEB) [30] with the assistance of a climbing
image (CI) method [31], both readily implemented in
SPIRIT [25]. These methods enable an accurate deter-
mination of the highest-energy configuration, or saddle
point, along the minimal energy path connecting the two
states, from where the activation energy of the phase
transition is determined.
In the GNEB method, we consider a path given by

a discrete chain of NI magnetic configurations, called
“images” of the system, between two considered mag-
netic states. The initial guess of the path is then rep-
resented by the set of images [M1, ...,MNI ], where



3

M
ν = (nν

1 ,n
ν
2 , ...,n

ν
N ) represents the magnetic configu-

ration of the νth image of the system withN spins. In our
calculations, we generate these initial configurations by
applying a homogeneous rotation of magnetic moments
between the two magnetic states under consideration. In
order to converge from the initial guess to the nearest
MEP, the effective force at each image is calculated by
the negative energy gradient −∇Hν , where Hν is the en-
ergy of the νth magnetic configuration and ∇i = ∂/∂ni.
The force component along the local tangent to the path
is then supplemented by an artificial spring force between
the images, which ensures uniform distribution of the im-
ages along the path, while the energy gradient forces or-
thogonal to the path tangents are applied, thus moving
the images towards the minimum energy position. The
first and last images of the chain are fixed and given by
the local minima corresponding to the initial and final
states. In the CI method, the spring forces acting on the
highest energy image are deactivated during the iterative
optimization, and the energy gradient force is inverted to
point along the path. This procedure makes the image
to move uphill in the energy landscape along the path.
After the CI-GNEB calculation has converged, the posi-
tion of the CI coincides with the saddle point along the
MEP and gives an accurate value of the activation en-
ergy, defined by the energy difference between the saddle
point and the initial state.

C. Harmonic transition state theory

Once the energy barriers involved in the skyrmion nu-
cleation and annihilation processes are known, the rate of
such phase transitions under thermal fluctuations can be
estimated by making use of harmonic transition state the-
ory (HTST) [32], which assumes a Boltzmann distribu-
tion within the region of configuration space that corre-
sponds to the initial state, i.e., before the system escapes
(overcomes the energy barrier) due to thermal fluctua-
tions. This assumption is valid when escape events are
rare compared to the timescale of magnetization dynam-
ics. The transition rate, Γ, is then given by an Arrhenius-
type law, with exponential dependence on the inverse
temperature T and the energy barrier ∆E, and can be
written as

Γ = Γ0e
−∆E/kBT . (3)

The pre-exponential factor, Γ0, also known as the attempt

frequency, is dictated by the energy surface’s curvature
– the Hessian matrix – at both the saddle point and the
initial state minimum, and is given by [25, 32]

Γ0 =
γ

2π
v

√

∏′
i λ

min
i

∏′
i λ

SP
i

, (4)

with

v =
V SP

V min

√

2πkBT
(Nmin

0
−NSP

0
)

√

∑

i

′
a2i
λSP
i

. (5)

Here, λi are the eigenvalues of the Hessian matrix, calcu-
lated at the initial state (min) and saddle point (SP). N0

is the number of zero modes – modes with λ = 0 – and V
denotes the phase space volume associated with the zero
modes (if present, otherwise V = 1). ai are expansion
coefficients of the velocity along the unstable mode of
the saddle point [32]. The primes next to products and
sum indicate that the terms associated with the unstable
(λ < 0) and zero modes are omitted from the calculation.
The transition time (or lifetime) of the process is finally
estimated as τ = 1/Γ.

III. SKYRMION NUCLEATION FROM THE

CONICAL PHASE

A. Magnetic phase diagrams

Before investigating the nucleation mechanisms of the
skyrmion phase, we first calculate the magnetic ground
states of the considered spin system. For the simulations,
we consider a sample of size 2LD ×LD

√
3× d, where we

explore three different thickness values for the magnetic
film, denoted as d = LD, d = 2LD, and d = 3LD, with
LD representing the pitch length, discretized into 10 spin
sites. In all three cases, periodic boundary conditions
are set along the film plane, while open boundary condi-
tions are applied across the film thickness. Additionally,
we simulate the bulk system by considering d = 3LD

and periodic boundary conditions across the film thick-
ness. To construct the equilibrium phase diagrams of the
magnetic system as a function of the applied field and
temperature, the spin system is initialized from four dif-
ferent configurations: random, skyrmion lattice (SkL),
conical (CON), and helical (HL) configurations. The en-
ergy is then minimized numerically using stochastic LLG
simulation. We calculate the average spin configuration
from 2000 spin configurations separated by 10 time steps.
The energies of all found configurations are further eval-
uated and compared with each other to obtain the phase
boundaries. Additionally, to avoid boundary-size effects,
we checked the calculations for slight variations in the
lateral size of the sample in cases close to phase bound-
aries.

Fig. 1 (a) shows the magnetic phase diagrams obtained
in the simulations for the different film thicknesses, where
the HL, CON, and SkL phases are mapped out. It is note-
worthy that decreasing the film thickness favors SkL for-
mation over the CON phase, attributed to the increasing
significance of surface effects. As our aim is to character-
ize the skyrmion nucleation from the conical phase, these
results will guide us in selecting the appropriate values
for magnetic field and temperature to perform further
simulations.
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FIG. 1. (a) Magnetic phase diagrams for films of different thickness, as obtained in the simulations. Here, the dots represent
the lowest energy configurations obtained in the simulations, including the HL (blue), CON (gray), and SkL (red) phases.
Paramagnetic and field-polarized phases are shown as light gray dots, and shaded regions are drawn for better visualization
of the diagram. (b-c) Exemplified chiral bobber (b) and toron (c) phases, as obtained in the spin-resolved simulations. (d)
Minimum energy paths for CB nucleation, for different values of the applied magnetic field, for film of thickness d = 2LD.
Here, x = 0 corresponds to the conical state and x = 1 corresponds to the CB state. (e) Comparison of the minimum energy
paths for CB and toron nucleation, for film thickness d = 2LD and applied field µB/Jex = 0.4125.

B. Nucleation mechanism and activation energies

To characterize the nucleation and annihilation dy-
namics of skyrmions during their transition from the con-
ical phase, it is essential to identify both the nucleation
mechanism and the energy barriers associated with such
a transition path. Therefore, in this section, we employ
the GNEB method (see Sec.II B) to obtain the corre-
sponding MEPs and activation energies of the mentioned
transitions at zero temperature. For the simulations, we
consider a sample of size 5LD×5LD×d, where the mag-
netization is initialized in the CON state, and the nucle-
ation of a single skyrmion at the center of the sample is
investigated. In general, the transition between the two
phases can be mediated by different intermediate states.
Here, we have considered the following: (i) the formation
of chiral bobbers (CB) [21, 33, 34], and (ii) the forma-
tion of torons [33]. Fig. 1 (b) and (c) show the considered
intermediate states (see also animated data in Ref. 35).
The MEPs obtained in our calculations for the case of

CB formation in a film of thickness d = 2LD and for dif-
ferent values of the applied field are shown in Fig. 1 (d),
where the reaction coordinate, x, defines the normalized
(geodesic) displacement along the formation path. Notice
that the activation energy for CB nucleation, i.e., the en-
ergy difference between the highest energy state (saddle
point) and the initial state (CON state), decreases as the
applied field decreases and the CB state becomes energet-
ically favorable. Furthermore, at lower field values, the
nucleation of CBs would lower the system’s energy, and
the conical background becomes metastable. Since there
is an energy barrier for CB nucleation, the conical back-
ground can still be stabilized at those field values, even
at nonzero temperatures, provided they are low enough
for the system not to overcome the said energy barrier.

This behavior is typical of bistable systems, where two
phases coexist as local free energy minima over a particu-
lar range of the external field [36]. As it will be discussed
in more detail later in this section, similar behavior is
obtained for different film thickness, i.e. d = LD and
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FIG. 2. (a) Minimum energy paths for CB nucleation mechanism for different film thicknesses, for applied field µB/Jex = 0.5.
Gray arrows indicate the activation energies for the CB nucleation (∆EN ) and annihilation (∆EAN ) for the case of d = LD.
(b) Activation energies for CB nucleation (solid symbols) and annihilation (open symbols) as a function of the applied magnetic
field, for the three film thicknesses considered in (a). (c) Activation energy difference for the CB nucleation and annihilation,
for the three film thicknesses considered in (a). Gray (red) shaded region indicates the parameter space where the conical
(CB/SKL) phase is the ground state.

d = 3LD.

In the case of toron nucleation, the toron phase was
found to be unstable for d = LD. On the other hand, for
the larger film thicknesses d = 2LD and 3LD, although
the MEPs can be stabilized, the formation of torons is
shown to be energetically unfavorable with respect to the
CB formation, as shown by the high activation energies
in the MEPs in Fig. 1 (e), for d = 2LD. As discussed in
Ref. 33, the surface effects play an important role in the
stabilization of skyrmion tubes in a conical background.
Particularly, the formation of torons is favored when in-
creasing the ratio d/LD. Therefore, for magnetic films of
thickness d ≤ 3LD, as considered in this work, we expect
the preferential intermediate state for skyrmion nucle-
ation [directly observed in Ref. 21 with about 60% of
the contrast of a fully formed skyrmion] to correspond to
CBs instead of torons. From here on, we therefore focus
on the formation of CBs as the predominant mechanism
for skyrmion nucleation in chiral magnetic thin films.

Fig. 2 (a) shows the calculated MEP for CB nucleation
for different film thicknesses, for applied field µB/Jex =
0.5. The activation energies for the nucleation (∆EN )
and annihilation (∆EAN ) are marked by gray arrows for
the case of d = LD. Notice that, by decreasing the film
thickness, the activation energy for CB nucleation suffers
minor changes as the saddle point of the phase transition
corresponds to the formation of a Bloch point [24] located
only at the film surface, without major bulk contribution.
The energy of the fully formed CB state, on the other
hand, is strongly affected as the film thickness becomes
of the order of the CB size (≈ LD/2) [33], as shown for
the d = LD case. In this way, the activation energy for
CB annihilation can be strongly affected.

Fig. 2 (b) displays the calculated activation energies
for CB nucleation (solid symbols) and annihilation (open

symbols) as a function of the applied magnetic field, con-
sidering the three specified film thicknesses. The activa-
tion energies exhibit significant sensitivity to variations
in the magnetic field. For instance, reducing the field by
0.075Jex from the point where ∆EN = ∆EAN (where CB
and CON states are energetically degenerate) results in
an approximate 20% decrease in the activation energies
for CB nucleation across all thicknesses. As previously
mentioned, ∆EAN is notably influenced at reduced thick-
nesses, with the same change in field inducing an increase
of approximately 70% in ∆EAN for d = LD, and around
20% for d = 2LD and 3LD.
In all scenarios, the difference between nucleation and

annihilation energies follows a nearly linear relation as
the magnetic field approaches the phase boundary, as
shown in Fig. 2 (c). Furthermore, it is noticeable that in-
creasing the film thickness from d = 2LD to 3LD results
in small alterations in the activation energies, as the CB
state predominantly resides near the film surface. Con-
sequently, although the energy of the fully formed SKL
state is significantly influenced by the value of d, one
might anticipate that further increases in film thickness
will yield comparable CB activation energies to those ob-
served for d = 3LD.

C. From chiral bobber to skyrmion

Once in the CB state, the formation of the skyrmion
can proceed to the next stages. Fig. 3 (a) shows the min-
imum energy paths obtained in our calculations for the
nucleation of a single skyrmion from the conical phase,
for different film thicknesses, at a fixed magnetic field
µB/Jex = 0.5. The first and second peaks along the for-
mation paths correspond to the nucleation of the Bloch
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FIG. 3. (a) Minimum energy path for the nucleation of a single skyrmion from the conical phase, for different film thicknesses
and for applied field µB/Jex = 0.5. The first and second peaks along the formation paths correspond to the nucleation of CBs
at the top and bottom surfaces. For d > LD, a third peak along the formation path corresponds to the connection of the CBs
into the skyrmion tube. (b) The stable states along the MEPs in (a). (c) Topological charge Q calculated at the film surface as
a function of the simulation time, for different values of applied field, for thickness d = 2LD and temperature kBT/Jex = 0.7.
Histograms on the right-hand side show the normalized number of occurrences of the states with Q = 0 (CON phase), Q = 1,
and Q = 2.

points of CBs at the top and bottom surfaces. For
d > LD, a third peak along the formation path corre-
sponds to the connection of the CBs into the skyrmion
tube. Since the CBs have a typical depth of LD/2, the
nucleation of CBs at both surfaces in the case of d = LD

is sufficient to connect the skyrmion tube across the sam-
ple; therefore, for that case, only two peaks are seen along
the MEP. Fig. 3 (b) shows the stable states encountered
along the formation path.

Notice that, as discussed in the previous section, the
activation energies for the nucleation of CBs are not sen-
sitive to the film thickness. However, the energy cost for
the formation of the skyrmion tube strongly increases
with d, as the skyrmion energy is proportional to its
length. Therefore, one can observe that, once in the CB
state, the energy barrier for the system to transition to
the skyrmion phase can be much larger than the barrier
to return to the conical phase, as illustrated, for instance,
in the MEPs for d = 2LD and 3LD in Fig. 3 (a). This
can lead to sequential instances of nucleation and col-
lapse (blinking behavior) of CBs during the formation of
the skyrmion lattice. Moreover, the probability of nucle-
ating two opposite CBs, which is required for skyrmion
formation, can be low when they are sparsely distributed
throughout the sample. Interestingly, this increases the
likelihood of the CBs collapsing before skyrmion tubes
can nucleate. Consequently, this favors the blinking pro-

cess, as the probability of skyrmion nucleation is reduced
either due to CB mismatch or because the nucleation
occurs through a transition path with a higher energy
barrier than the MEP.

As discussed in Sec. III B, the activation energies can
be tuned up and down by the applied magnetic field, in
a way that one can seek the optimal parameters that
support the blinking behavior. As we will show in the
next section, the blinking is favored when the system is
close to, but not exactly at, the phase boundary between
the SkL and CON states.

IV. SKYRMION BLINKING

A. Spin dynamics simulations

To characterize the dynamics of the blinking process in
more detail, we employ spin dynamics simulations based
on stochastic LLG approach (as detailed in Sec. II A).
To monitor the nucleations and collapses of CBs over
time in our simulations, we compute the two-dimensional
topological charge at the film surface, defined as Q =
1
4π

∫

n ·
(

∂n
∂x × ∂n

∂y

)

dxdy, which in its discrete form can
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be written as [25]

Q =
1

4π

∑

l

Al, (6)

with

cos

(

Al

2

)

=
1 + ni · nj + ni · nk + nj · nk

2
√

(1 + ni · nj)(1 + nj · nk)(1 + nk · ni)
,

(7)
where l runs over all elementary triangles formed by
neighbouring spin sites i, j, k.

This enables easy differentiation between the CON
phase, where Q = 0, and skyrmionic states, where each
CB or skyrmion carries a topological charge of Q = 1.
For simplicity, this section considers a simulation box ca-
pable of accommodating a maximum of two skyrmions
only, with the damping parameter set to α = 0.3. The
spin system is initialized in the conical phase, and the
skyrmions are allowed to nucleate and occupy the sam-
ple. Magnetic configurations are saved every 140 ps (with
simulation time step ∆t = 10−15 s), derived from the
average of 2000 configurations obtained during the fi-
nal 40 ps of each period. Fig. 3 (c) shows the topo-
logical charge calculated at the top surface of the film
as a function of simulation time for various values of
the applied field, for temperature kBT/Jex = 0.7 and
film thickness d = 2LD. Notice that, for the highest
field considered in Fig. 3 (c) (µB/Jex = 0.55), the CON
phase (Q = 0) is the lowest energy state, and CBs rarely
nucleate and are rapidly destroyed. Consequently, the
system predominantly resides in the CON state. Con-
versely, for the lowest field (µB/Jex = 0.45), CBs rapidly
nucleate, and the system quickly transitions to the SkL
phase, with a stable topological charge of Q = 2. At in-
termediate fields, the system encounters scenarios where
the energy barriers for transitioning a CB phase to the
skyrmion phase can be significantly larger than the bar-
rier to return to the conical phase, resulting in a se-
quence of CB nucleations and collapses (blinking behav-
ior). Specifically, for µB/Jex = 0.523, we observed the
system spending 50% of the time in the CON phase and
the other 50% in the CB phase, as depicted by the his-
tograms in Fig. 3 (c). This condition characterizes uni-
form blinking behavior, where neither the CON phase nor
the CB/skyrmion phase predominates. Interestingly, this
condition is achieved for a field value significantly above
the critical field, Bc, where the energy barriers for nucle-
ation and annihilation become equal (µBc = 0.4941 Jex
for d = 2LD). As we will discuss further in this section,
this feature stems from the different attempt frequencies
associated with the CB nucleation and annihilation pro-
cesses.
The condition for uniform blinking is therefore primar-

ily determined by the applied field. On the other hand,
the temperature regulates how frequently the transitions
occur, thereby influencing the blinking time. Fig. 4 shows
the topological charge calculated at the film surface as a
function of simulation time at different temperatures, for

FIG. 4. Topological charge Q calculated at the film surface as
a function of the simulation time, for different temperatures,
for film thickness d = 2LD and applied field µB/Jex = 0.523.
Histograms on the right-hand side show the normalized num-
ber of occurrences of the states with Q = 0 (CON phase),
Q = 1, and Q = 2.

µB/Jex = 0.523 and d = 2LD. A typical blinking time is
depicted in Fig. 4 for the scenario where kBT/Jex = 0.6,
representing the time interval between consecutive nu-
cleations of the CB. It is noteworthy that, except for the
case of kBT/Jex = 0.5, where no CBs nucleate during
the simulated time window, the system remains divided
between the CON and CB phases, with a slight increase
of CB occurrences (Q = 1) with temperature. However,
the blinking time significantly decreases with increasing
temperature. Table I summarizes the average transition
times 〈τ〉 obtained in the simulations, at different temper-
atures, for the CB nucleation, annihilation, and blinking
processes, in the case considered.

The average transition times obtained in the simula-
tions can be related to the transition rates predicted by

kBT/Jex 〈τ〉N (ns) 〈τ〉AN (ns) 〈τ〉blink (ns)
0.60 60± 8 34± 6 92± 9
0.65 11± 2 16± 3 26± 4
0.70 4.7± 0.7 6.0± 0.9 11± 1
0.75 1.5± 0.1 2.2± 0.2 3.7± 0.2
0.80 0.85± 0.08 1.3± 0.1 2.1± 0.2

TABLE I. The average transition times for the CB nucleation
(〈τ〉N), annihilation (〈τ〉AN), and blinking (〈τ〉blink) processes,
calculated over 8000 intervals of 140 ps in the simulations, at
different temperatures, for magnetic field µB/Jex = 0.523 and
film thickness d = 2LD.
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FIG. 5. The dependence of ln(〈τ〉) on 1/kBT for (a) nu-
cleation and (b) annihilation processes of chiral bobbers, for
values taken from Table I. The values of τ0 and ∆E indicated
in (a) and (b) are obtained by linear fitting of the data, as
shown by the dashed lines.

HTST (see Eq. (3)), where one can write τ = 1/Γ =
τ0 exp(∆E/kBT ), with τ0 = 1/Γ0. As depicted in Fig. 5,
we observe a linear behavior of ln(〈τ〉) with 1/kBT , for
both nucleation and annihilation processes, which indi-
cates a temperature-independent pre-exponential factor
Γ0. According to Eqs. (4) and (5), that corresponds to
a system with the same number of zero modes at the
minimum and saddle point states.

Moreover, by linear fitting of the data, we can esti-
mate the effective energy barriers and pre-exponential
factors associated with the CB nucleation and annihi-
lation processes in our spin dynamics simulations. The
obtained energy barriers, indicated in Fig. 5 (a) and (b),
are similar to those obtained by the GNEB method for
the same value of applied field (∆EN

GNEB = 11.94Jex
and ∆EAN

GNEB = 9.38Jex), and a higher pre-exponential
factor is observed for the CB annihilation than for the nu-
cleation. The latter justifies the observation of uniform
blinking for B > Bc, as equal activation energies can re-
sult in different transition times due to the prefactors.
One should notice that the transition rates obtained by
LLG dynamics may differ for different damping parame-
ter α [32], or in presence of boundary effects, among other
conditions that can influence the system differently from
the nucleation of an isolated CB.

It is noteworthy that the collapse of CBs differs from
that of skyrmions in thin films, where the pre-exponential
factor linearly depends on temperature [25, 37, 38]. In
the case of two-dimensional skyrmions, the presence of
two translational zero modes contrasts with the absence
of such zero modes in the defect-like saddle point, result-
ing in a temperature dependent pre-exponential factor, as
predicted in Eq. (5) [39, 40]. On the other hand, for CBs,
the system also possesses a defect-like Bloch point. This,
combined with lattice discretization, results in nonzero
translational modes. As we will discuss below, another
zero mode, distinct from translational ones, exists in the
CB state.

B. Transition rates from HTST

To determine the transition rates of the CB within the
HTST framework, we compute the eigenvalues λi of the
Hessian matrix corresponding to the local minima and
saddle points along its formation and annihilation MEPs.
Figure 6 (a-c) presents the six lowest energy eigenvalues
obtained from our calculations as a function of the ap-
plied field. In both the minima and saddle point states,
only one zero mode is observed. This zero mode arises
due to the system’s degeneracy through rotations of the
magnetization perpendicular to the direction of the ap-
plied field, corresponding to the angular phase of the con-
ical state.
When a skyrmion or CB is embedded in the conical

state, its domain-wall region adjusts to the conical phase,
resulting in asymmetry across the cross section perpen-
dicular to the applied field, as shown, for instance, in the
inset of Fig. 6 (c) and discussed in previous works [41, 42].
Consequently, the zero mode also characterizes the rota-
tion of CB and saddle point states.
This result is consistent with our spin dynamics simula-

tions, where a temperature-independent pre-exponential
factor was determined, indicating a system with an equal
number of zero modes at both the minimum and saddle
point states. Figure 6 (d) illustrates the pre-exponential
factor τ0 = 1/Γ0, computed from Eqs. (4) and (5), along
with the corresponding eigenvalues as a function of the
applied field, for both CB nucleation and annihilation
processes. Similarly to the collapse of a skyrmion in thin
films [38], the pre-exponential factor undergoes signifi-
cant changes with the magnetic field, thereby playing an
important role in determining the rate of the phase tran-
sition. It is worth noting that, consistent with the spin-
dynamics simulations, the HTST also predicts a higher
pre-exponential factor τ0 for the CB annihilation process
compared to nucleation when µB > µBc. By analysing
each term in Eq. (4) separately, we observed that the
higher pre-exponential factor for the CB annihilation pro-
cess arises from the differing responses of the eigenvalue
magnitudes of the minimum state (λmin), specifically the
CON and CB states, to the applied magnetic field.
By combining the calculated pre-exponential factors

with the activation energies obtained via the GNEB
method, we can estimate the nucleation and annihilation
times using Eq. (3). Figure 6 (e) illustrates the resulting
blinking time, τblink = τN+τAN , as a function of applied
field and temperature.
It is noteworthy that, for each temperature, there ex-

ists a field value, denoted as B∗, at which the blinking
time is minimized, as depicted by the blue dashed line
in Fig. 6 (e). This condition corresponds to τN = τAN ,
signifying uniform blinking behavior, wherein CBs nucle-
ate and collapse at the same rate. Such uniform blinking
is achieved at a field value above the critical field, Bc

(indicated by the black dashed line in Fig. 6 (e)), where
the energy barriers for nucleation and annihilation be-
come equal. This finding aligns with our spin-dynamics
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FIG. 6. (a-c) Eigenvalue spectra obtained as a function of the applied magnetic field, for the CON, SP and CB states. For better
visualization, the negative eigenvalue of the SP state is not shown. Numbers in brackets indicate the number of degenerate (or
quasi-degenerate) modes. The inset in (c) illustrates the z-component of the magnetization in a cross section of the CB state,
with isolines shown as black dashed lines. (d) Pre-exponential factor calculated from HTST, for both CB nucleation (τN

0 ) and
annihilation (τAN

0 ) processes, as a function of the magnetic field. (e) Blinking time, τblink = τN + τAN , obtained from HTST
as a function of applied field and temperature. The black dashed line indicates the critical field, Bc, where the energy barriers
for nucleation and annihilation become equal. The blue dashed line indicates the uniform blinking behavior.

simulations, where, for µB = 0.523Jex > µBc, we ob-
served the system spending 50% of the simulated time in
the CON phase and the other 50% in the CB phase (see
Fig. 3 (c)). This observation stems from the distinct pre-
exponential factors associated with CB nucleation and
annihilation processes.

In essence, our results suggest that by appropriately
tuning the applied field and temperature, uniform blink-
ing of metastable chiral bobbers can be achieved. A sim-
ilar behavior is expected for other film thicknesses, in the
vicinity of the phase boundary between CON and SKL
states. It is worth mentioning that, in the HTST analysis,
we consider the lifetimes for the nucleation/annihilation
of CBs at a specific position. However, since in a uniform

CON state the CB nucleation site is degenerate, the rate
at which CBs nucleate at a generic position in the sam-
ple scales with the number of possible nucleation sites.
CBs can then experience blinking behavior at a specific
spot when the system is non-homogeneous, as observed,
for example, in the vicinity of skyrmion clusters [21] or in
confined geometries, as we discuss below, where a specific
nucleation site is energetically favorable.
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FIG. 7. (a) Schematic illustration of a 2× 2 array of blind holes (labelled I to IV), considered to simulate the random number
generator device. (b) For the appropriate applied field and temperature, skyrmions and CBs nucleate solely inside the blind
holes. (c) Topological charge Q calculated as a function of time (where t0 = 140 ps), for each blind hole in (a) separately. The
curves are shifted in Q for better visualization. Two examples of combinations (QI , QII , QIII , QIV ), measured at t/t0 = 200
and t/t0 = 600, are indicated in gray, as well as the time frame between consecutive measurements, δt. (d) The autocorrelation
function as a function of the lag, calculated in the simulations for different values of δt.

V. SKYRMION BLINKING FOR

PROBABILISTIC COMPUTING

The switching between skyrmionic and non-topological
states is well established as a promising bit operation for
information transport and storage [43]. Understanding
the temperature, thickness, and field dependence of the
nucleation and collapse processes of magnetic skyrmions
is therefore crucial to the development of novel tech-
nological applications. Of particular recent interest is
the thermally driven dynamics of skyrmions, that can be
used for probabilistic computing devices, such as signal
reshuffling devices [10, 11] and random number genera-
tors [12]. Both latter applications rely on the ability of
the thermally driven skyrmion system to generate uncor-
related copies of itself. In this section, we illustrate the
applicability of skyrmion blinking in an alternative design
of skyrmion-based random-number generators. Since the
stochastic nucleation and collapse of CBs in thin films
can be fine-tuned by temperature, film thickness and ap-
plied magnetic field, as discussed in the previous sections,
skyrmion blinking emerges as a viable base ingredient for
controlled probabilistic computing.

To demonstrate such a functionality, we envision the
device setup presented in Fig. 7 (a), where an array of
blind holes (regions with reduced thickness) is patterned

in the magnetic film. Since the magnetic phase diagram
is thickness dependent (see Fig. 1 (a)), by tuning the
magnetic field and temperature, one can achieve the sce-
nario where skyrmions/CBs nucleate only at the regions
of the sample with reduced thickness, as illustrated in
Fig. 7 (b), and excite the skyrmion blinking behavior at
the pre-selected locations of the sample where blind holes
are positioned. Considering the example of a 2 × 2 ar-
ray of blind holes, as illustrated in Fig. 7 (a-b), since
the skyrmions are located far apart from each other,
each skyrmion experiences a stochastic blinking behav-
ior that is uncorrelated with the others. By measuring
the skyrmion state at different times, one would obtain,
in this example, random sequences of four binary dig-
its, each digit representing the presence or absence of a
skyrmion in each blind hole.

We perform spin dynamics simulations of such a sys-
tem by considering a magnetic film of size 6LD × 6LD ×
2LD, with four blind holes of size 1LD×1LD×1LD, cen-
tered in the four quadrants of the sample (Fig. 7 (a)). For
the simulations, we consider temperature kBT/Jex = 0.7
and the applied field µB/Jex = 0.555, which yields uni-
form blinking behavior for the case of film thickness
d = LD (as inside the blind holes), but does not fa-
vor the formation of skyrmions/CBs in the regions where
d = 2LD (outside the blind holes). For comparison, the
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considered field value here is higher than the highest field
in Fig. 3 (c), where CBs rarely nucleate for d = 2LD un-
der the same temperature. Fig. 7 (c) shows the calculated
topological charge Q as a function of time for each blind
hole separately. Note that the topological charge of each
blind hole (labelled I to IV) independently oscillates as
the skyrmions undergo a blinking behavior. By measur-
ing the topological charges at different times, one can
therefore obtain random sequences of four binary digits,
from a total of 16 possible combinations. This demon-
strates the basic functionality of the system as a random
number generator. Two examples of sequences (QI , QII ,
QIII , QIV ) are indicated in Fig. 7 (c), measured at simu-
lation times t/t0 = 200 and t/t0 = 600, with t0 = 140 ps.

Importantly, as the skyrmions have a characteristic
blinking time, to ensure that the obtained random num-
bers are uncorrelated, one should ensure that the time
frame between consecutive measurements, defined here
as δt, is not much smaller than the typical blinking time
τblink. To verify this, we calculate the auto-correlation
function (ACF) of a sequence of N measured outputs,
representing a time-dependent, discrete random variable
Xt = {x1, x2, x3, ..., xN}, where xi ∈ {1, 2, ..., 16} corre-
sponds to one of the 16 possible output states, obtained
at the ith measurement. The ACF describes the correla-
tion between observations of the time series at two points
in time, separated by a specific lag, denoted here as k.
Essentially, it quantifies how a value in Xt is related to
its previous values. The ACF is defined as the ratio of
the covariance of Xt and Xt+k = {xk+1, xk+2, ..., xN},
and the variance of Xt, and can be written as [44]

ρ(k) =
N

N − k

∑N−k
i=1

(

xi − X̄t

) (

xi+k − X̄t

)

∑N
i=1

(

xi − X̄t

)2 , (8)

where X̄t is the mean value of Xt. An autocorrela-
tion ρ(k) = 0 means that the measured states xi can
be considered independent of each other, or uncorre-
lated. Fig. 7 (d) shows the ACF as a function of the
lag k, calculated in the simulations, in two scenarios: (i)
when the time frame between consecutive measurements
is given by δt = t0, and (ii) when δt = 20t0. Notice
that, in the first scenario, since δt ≪ τblink (in the sim-
ulations, 〈τ〉blink ≈ 40t0), consecutive measurements of
the skyrmion state are likely to yield the same output
configuration, as the system did not have sufficient time
to experience nucleations and collapses. This results in
high values for the ACF, as shown in Fig. 7 (d). Such
correlation decreases as one increases the lag, approach-
ing ρ(k) = 0 for k > 20, where the time shift between
the compared states becomes large enough for the sys-
tem to experience oscillations. In the second scenario,
where δt = 20t0 (≈ 50% of the blinking time), we obtain
ρ(k) ≈ 0 for every k > 0, thus demonstrating that one
can obtain a sequence of uncorrelated random numbers
with the proposed setup, as long as the time frame be-
tween consecutive measurements is larger than 50% of

the typical blinking time.
Although a comprehensive validation of a random

number generator involves several statistical tests [45],
which are beyond the scope of this work, the proposed
skyrmion-based system shows promise for such applica-
tions due to its reliance solely on thermal fluctuations.
Moreover, the number of possible output configurations
scales exponentially with the number of blind holes (i.e.,
2n possible states for n blind holes). This suggests that
similar setups could be designed to generate a wide range
of uncorrelated random numbers. For example, a 4 × 4
array of blind holes could generate up to 65,536 distinct
states.

VI. CONCLUSION

In summary, we have comprehensively characterized
the dynamic process of skyrmion nucleation from the con-
ical phase in helimagnets. Using a geodesic nudged elas-
tic band (GNEB) method and spin dynamics simulations,
we investigated different nucleation mechanisms and cal-
culated the activation energies for skyrmion formation
as a function of film thickness and applied magnetic
field. We revealed that a blinking behavior (a creation-
destruction process) of skyrmions is favored by the lo-
cal stability of chiral bobber (CB) states. We demon-
strated that such states can be set to uniform blinking
when excited by the appropriate applied field and tem-
perature. This condition is particularly favored near the
phase boundary between the skyrmion lattice and con-
ical states, specifically on the conical side of the phase
boundary, where CBs are metastable. We calculated the
oscillation modes of such CB states and demonstrated
that their collapse fundamentally differs from that of
skyrmions in thin films, as only one rotational zero mode
is present, in contrast to the two translational zero modes
of skyrmions. Combining harmonic transition state the-
ory and GNEB methods, we estimated the typical blink-
ing frequencies of CBs (ranging from KHz to GHz) as
a function of the applied field and temperature. Fi-
nally, we exemplified the use of skyrmion blinking for
controlled probabilistic computing and demonstrated the
basic functionalities of a skyrmion-based random-number
generator. Together, our results advance the understand-
ing of the nucleation mechanisms of skyrmions in chiral
magnets and, given the expected reproducibility of our
findings in readily existing experimental setups, we an-
ticipate that this work will spur further experimental in-
vestigations into skyrmion dynamics and further devel-
opment of skyrmion-based applications.
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N. S. Kiselev. Coupled quasimonopoles in chiral magnets.
Physical Review B, 101(18):184405, 2020.

[20] A. O. Leonov, T. L. Monchesky, J. C. Loudon, and A. N.
Bogdanov. Three-dimensional chiral skyrmions with at-
tractive interparticle interactions. Journal of Physics:

Condensed Matter, 28(35):35LT01, 2016.
[21] T.-H. Kim, H. Zhao, B. Xu, B. A. Jensen, A. H. King,

M. J. Kramer, C. Nan, L. Ke, and L. Zhou. Mecha-
nisms of skyrmion and skyrmion crystal formation from
the conical phase. Nano Letters, 2020.

[22] T.-H. Kim, H. Zhao, P.-V. Ong, B. A Jensen, B. Cui,
A. H. King, L. Ke, and L. Zhou. Kinetics of magnetic
skyrmion crystal formation from the conical phase. Nano

Letters, 21(13):5547–5554, 2021.
[23] F. Zheng, F. N. Rybakov, A. B. Borisov, D. Song,

S. Wang, Z-A. Li, H. Du, N. S. Kiselev, J. Caron,
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