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Skyrmions as quasiparticles: Free energy and entropy

Daniel Schick ®, Markus WeiBenhofer®, Levente Rézsa®,” and Ulrich Nowak
Fachbereich Physik, Universitit Konstanz, DE-78457 Konstanz, Germany

® (Received 5 December 2020; revised 20 May 2021; accepted 20 May 2021; published 9 June 2021)

The free energy and the entropy of magnetic skyrmions with respect to the collinear state are calculated
for a (Pt 9s5Ir05)/Fe bilayer on Pd(111) via atomistic spin model simulations. The simulations are carried out
starting from very low temperatures where the skyrmion number is conserved up to the range where skyrmions
are constantly created and destroyed by thermal fluctuations, highlighting their quasiparticle nature. The higher
entropy of the skyrmions at low temperature leads to a reduced free energy, such that the skyrmions become
energetically preferred over the collinear state due to entropic stabilization as predicted by linear spin-wave
theory. Going beyond the linear spin-wave approximation, a sign change is shown to occur in the free energy as

well as the entropy at elevated temperature.
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I. INTRODUCTION

A magnetic spin configuration where the spin directions
span the entire unit sphere is called a magnetic skyrmion
[1,2]. Magnetic skyrmions were theoretically predicted to
exist as solitons in the continuum two-dimensional isotropic
Heisenberg model [3], but they were demonstrated to be desta-
bilized by the external field, magnetocrystalline anisotropy,
or lattice discretization effects. Robust mechanisms for the
stabilization of skyrmions were identified later, including the
Dzyaloshinskii-Moriya interaction (DMI) [4-6], four-spin in-
teractions [7], and the frustration of Heisenberg exchange
interactions [8,9]. The first experimental indications for the
formation of a skyrmion lattice were found in MnSi via neu-
tron scattering [10]. Since then, skyrmions have been directly
observed experimentally in other magnetic materials includ-
ing Fe;_,Co,Si [11,12], Cu,0SeO; [13], Pd/Fe/Ir(111) [14],
and GaV,Sg [15]. Skyrmions were even observed close to or
at room temperature in Pt/Co/MgO nanostructures [16], in
thin films of FeGe [17] and Pt/Co/Ta [18], and in Co-Zn-Mn
alloys [19]. Skyrmions are often regarded as exceptionally
stable, turning them into a candidate for future use in logic
and memory devices [20-22]. The operation of such devices
relies on the demonstrated possibility of writing and deleting
individual skyrmions [21,23], and of moving them with elec-
trical currents [24].

Skyrmions are characterized by an integer topological
charge Q, counting the number of times the spin configuration
wraps the unit sphere. Because the topological charge cannot
be changed dynamically in a continuum model, skyrmions
are often referred to as topologically protected. However, the
topological charge is not a conserved quantity in lattice spin
models as the energy barrier between topologically trivial
states and skyrmions is finite, allowing for the possibility of
spontaneous creation and annihilation of skyrmions at finite
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temperature. Therefore, skyrmions should rather be thought of
as quasiparticles, with their lifetime following the Arrhenius
law as demonstrated in numerical simulations [25,26] and
experiments [27]. The decisive factor for skyrmion stabil-
ity can be understood based on linear spin-wave theory or
the harmonic approximation of the energy functional close
to the metastable solution. In contrast to the collinear state,
skyrmions are characterized by a number of low-frequency
magnon modes which are easily excited by temperature, giv-
ing rise to a higher spin-wave entropy and, consequently, a
free-energy preference for skyrmions over collinear configu-
rations as the temperature is raised [10]. The larger entropy
means that the attempt frequency, i.e., the preexponential fac-
tor in the Arrhenius law, is lower for skyrmion annihilation
than for the creation of a skyrmion from the collinear state
[25,28,29], referred to as entropic stabilization. However, lin-
ear spin-wave theory is expected to gradually lose its validity
at elevated temperatures, where magnon-magnon interactions
become more prominent and the fast creation and destruc-
tion of skyrmions makes the expansion around a well-defined
equilibrium state questionable. Numerical simulations are a
suitable method for investigating magnetic systems beyond
the linear spin-wave approximation, but extracting the free
energy or the entropy is typically challenging since these
quantities are not defined for single microstates. Therefore,
the thermodynamic properties of skyrmions beyond the linear
spin-wave approximation remain to be explored.

In this paper, we calculate the free-energy and entropy dif-
ference between topologically trivial and skyrmionic states in
a wide temperature range through numerical simulations for a
(Pto.osIrg 9s)/Fe bilayer on a Pd(111) surface. The free-energy
difference is shown to decrease with temperature, leading to a
range where the free energy of skyrmionic states with Q = 1
is lower than for topologically trivial states. The dependence
of this temperature range on the magnetic field and the system
size is demonstrated. Remarkably, we also find a tempera-
ture range where skyrmions possess a lower entropy than
topologically trivial states, reversing the entropic stabilization.
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These results highlight the thermodynamic properties and the
quasiparticle character of skyrmions.

II. METHODS
A. Spin dynamics simulations

The system being modeled is a (Ptg 9s1rg 5)/Fe bilayer on
aPd(111) surface. The magnetic Fe moments are described by
the following classical atomistic Hamiltonian:

H= %Zsij,-js,- +) SiKS;— sy B-Si. (1)
i#j i i
Here, i, j are site indices and  is the spin magnetic moment.
The interaction tensors J;; include Heisenberg exchange in its
diagonal terms J;; = %Trj,- j» DMI in its antisymmetric part
D;;(SixS;) = %S,(J,-j — Z;)Sj, and two-site anisotropy in
its traceless symmetric part. IC denotes the on-site anisotropy
tensor. B is an applied external field perpendicular to the
surface. The exchange coefficients 7;; and K were determined
by ab initio calculations using the Korringa-Kohn-Rostoker
[30,31] multiple scattering formalism with the relativis-
tic torque [32] method, and are reported in Refs. [33,34].
The interactions were included between pairs of spins up
to a distance of eight lattice constants. In particular, the
competition between ferromagnetic nearest-neighbor and an-
tiferromagnetic next-nearest-neighbor interactions leads to
the stabilization of localized spin structures with various
topological charges, including skyrmions and antiskyrmions
[33,35-37].

The dynamics of the spin system is described by the
stochastic Landau-Lifshitz-Gilbert (LLG) equation,

a8 14

— =5 Six(H; +aS;xH;), 2
o T+ x(H; + aS;xH;) 2)

where « is the damping parameter and y the gyromagnetic ra-
tio. H; is the local effective field with H; = ¢; — dH/9S;. ¢; is
a Gaussian noise term with (£;(#)) = 0 and (; ,(t)¢;, () =
8, j8,v8(t — t')20kpT ps/y, with i, j denoting different spins
and u, v representing different Cartesian coordinate direc-
tions.

The simulations were performed on a two-dimensional
triangular lattice with periodic boundary conditions. The
damping constant was set to ¢ = 1 in order to increase the
speed of relaxation towards thermal equilibrium and to make
transitions between states with different topological charges
more frequent. The simulations were started from a collinear
field-polarized state or from a configuration with a prepared
skyrmionic structure of given topological charge and the time
evolution was calculated according to the stochastic LLG
equation for a time of 50.4 us with a total of five indepen-
dent realizations for each temperature and initial condition.
The time step of the simulation was set to 50.4 fs and the
topological charge was calculated at each step.

B. Calculation of thermodynamic quantities

The free energy and the entropy of a skyrmion are not
defined for single microstates of the system; therefore, they
cannot be calculated as time or ensemble averages. Instead,

they were determined from the time dependence of the topo-
logical charge and the energy of the system at various values
of the external parameters.

The topological charge of a continuous vector field can be
calculated as a surface integral with the spin vectors S of unit
length,

1
0= 1 / @rS - (8,5%3,S). 3)

The sign convention is chosen such that a skyrmion on an
out-of-plane-oriented collinear background has a topologi-
cal charge of Q = 1, while an antiskyrmion is described by

Q = —1. For our spin model simulation we use a discretized
version of Eq. (3) [38], calculating Q via
1 Si - (S;%x8¢)
S)=—- ) ——arct ! ,
o) {;} 2w an(l S S, +8 8+, -sk>
“)

where S; (i =1,2,3) denotes the spin unit vectors on a
nearest-neighbor triangle on the lattice. This value is calcu-
lated for all simulated triangles and summed up to determine
the topological charge for the entire system. For the simulated
system with periodic boundary conditions, Q is always an
integer value.

To each value of the topological charge O we assign the
conditional free energy Fyp. This can be connected to the
conditional partition function Zy, defined as the phase-space
integral of the Boltzmann exponential factor over all configu-
rations with topological charge Q,

FQ = —kBT ln(ZQ) = —kBT In (/ exXp (—,BH(S)) dS),
o

&)

with 8 = 1/(kgT). The direct calculation of the conditional
partition functions is numerically not feasible. However, the
difference in free energies between two values of the topolog-
ical charge, for example, 1 and 0, can be calculated from the
ratio of partition functions using the corresponding condition:

AFy=F —Fy = —ksgT In(Z,/Zy). (6)

($)=0

During a numerical simulation, a total number N of spin
configurations, or recorded events, are created. Once the sys-
tem has reached thermal equilibrium, the configurations are
generated with the probabilities according to the Boltzmann
distribution. Therefore, we expect the number of recorded
events, Ny, fulfilling condition Q divided by the total number
of recorded events, N, to converge to the ratio of the partition
function Zy and the total partition function Z in the thermo-
dynamic limit:

lim No/N = Zy/Z. (7)

N—oo
Using Eqgs. (6) and (7), a formula to calculate free-energy dif-
ferences can be derived, only based on the number of recorded

events during simulation time that fulfill a certain condition
[391,

AFl(),count(T) == nggo _kBT ln(Nl /NO) = _AFOI,coum(T)a
3
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which we apply to spin configurations with different topo-
logical charges Q. Equation (8) requires that the simulation
explores a large part of the phase space, such that a sufficient
amount of changes in the topological charge take place during
simulation time, with both states being present at a consider-
able number of time steps.

The lifetime of configurations with a given value of the
topological charge is expected to follow the Arrhenius law
T x exp(AE /(kgT)), where 7 is the lifetime of the state and
AE is the energy barrier separating it from a configuration
with a different topological charge. The lifetimes in the sim-
ulations have been measured using the method described in
Ref. [26], and the energy barriers were estimated from an
Arrhenius fit to the data. These energy barriers were com-
pared to values obtained from the geodesic nudged elastic
band (GNEB) method [40] as implemented in the UPPASD
simulation code [41]. The GNEB method provides an analytic
approximation for the energy barrier and has been used for in-
vestigating skyrmion lifetimes in numerous works previously
[28,29,42].

At lower temperatures, switching events between configu-
rations with different topological charges become exceedingly
rare. In the regime where no changes in topological charge
take place during the simulation, another method must be
employed to calculate the free energy. Using the internal
energy Ug = (H(S))gs)=¢ and a single value of AFjg at a
high temperature T calculated from Eq. (8), AFjy can be
determined at all temperatures based on the internal energy
difference AU,y = U; — Uy via [39,43]

T g dr’
’
AFIO,imeg(T) = AFlO,(:oum(T()) - Tf A(]10(T ) 0
Ty T T

C))

AUy is easily accessible as the time average of the Hamilto-
nian, which may be determined from independent simulations
initialized in states with different topological charges, rather
than requiring a high number of switching events during a
single run. Note that Eq. (9) may still become numerically
inaccurate close to 7 = 0 where the denominator goes to zero.

The entropy difference between skyrmionic and topologi-
cally trivial states can be calculated by the negative derivative
of the free-energy difference,

(10)

which is done numerically by using the central finite differ-
ence.

The average value of the topological charge can be calcu-
lated as a time average of Q using the number of recorded
events with corresponding topological charge:

ZQ ONo
ZQNQ .

This method of calculation is appropriate at high tempera-
tures. However, at low temperatures there are no changes in
topological charge during the simulation time, making the
calculated value dependent on the initial condition.

(Qtime = (11)

For the low-temperature calculations, we use the formula

>0 Qexp(—BAFy)
Yo exp(—=BAFg)

(Q)ensemble = (12)

where AFpg is determined from Eq. (9). Note that here the
free-energy difference of the entire system has to be used and
not an average per spin. Since this method requires performing
simulations with different initial values of Q, we refer to it
as an ensemble average. For simplicity, the summation in
Eq. (12) was restricted to the values Q = —1, 0, 1, which is
possible since skyrmions and antiskyrmions are both stable
at zero temperature in the system [33]. Calculating the free-
energy difference for other values of the topological charge is
numerically demanding, and their relative Boltzmann weight
is significantly lower. When the number of states with other
topological charges increases, this restriction of the sum to
Q0 = —1,0, 1 is no longer a good approximation, and Eq. (11)
can be used directly instead.

C. Linear spin-wave theory

At sufficiently low temperatures, the internal and the free
energy, as well as the entropy may be determined analytically
based on linear spin-wave expansion. In this approximation,
the conditional free energy may be expressed as [44]

Fo=Uy—TSy, (13)
with
NS /,L
Up=Eg+ ) —woingx (14)
k=1
and
Ns
So=ks Y Inngy, (15)
k=1

with Ey the energy of the equilibrium spin configuration
at zero temperature and wg; denoting the spin-wave fre-
quencies in the vicinity of the local energy minimum. This
method corresponds to approximating the energy landscape
close to the minimum with the potential of independent
harmonic oscillators. The calculation of the spin-wave fre-
quencies for noncollinear spin configurations is discussed in,
e.g., Ref. [45].

The occupation number of the spin-wave modes according
to classical statistics is calculated as

[ bt oidgor ke
— > == for wg i # 0,
f e ? 7wQ,kqQ‘kdquk 5 @0k

nox =

(16)

where the integration limits for the phase-space variable gg x
are extended to infinity. For eigenmodes with wg ; = 0, the
harmonic-oscillator approximation loses its validity. Such
Goldstone modes naturally occur for skyrmions in the con-
tinuum limit, since translation along one of the two in-plane
directions does not influence the energy of the system. As
discussed in Ref. [42], the phase-space variable belonging to
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the translational modes can be expressed as

qo.u =Agulu a7

(18)

where i = x, y denotes translation along one of the in-plane
coordinates r,. Substituting Eqs. (17) and (18) into Eq. (16)
yields
2 72

— AQJJ-LM’ (19)
f dqo.p 3
with L,, the system size along the given direction. Since the
zero as well as the nonzero eigenvalues enter Eq. (14) in pairs,
the occupation number for the pair of translational modes will
be written as ng x=1 = \/fgNQy-

Equations (13)—(15) imply AFjo = AUy at T =0 K.
Since “fa)Q,an,k = kT is independent of the spin configura-
tion for finite-frequency modes, one has AUy = AUo(T =
0) — kT because of the translational mode of the skyrmion.
For the entropy difference one obtains

2
n _ qu,udqQaM o
. =

ksT

s
=n
y

1 Ns Ns
gAslo = Iy — Y Inwy—In (20)
k=1 k=2
The main contribution to the temperature dependence of AFjg
comes from the entropy contribution of the finite-frequency
modes, leading to a linear decrease. A logarithmic divergence
of the entropy difference due to the Goldstone modes of the
skyrmion is predicted from Eq. (20) at low temperatures, an
effect also observed in the calculation of the configurational
entropy of skyrmions [46]. In the lattice model considered
here, this divergence is regularized since the atomic sites
create a weak but finite periodic modulation potential for the
skyrmion position, and the translational modes obtain a finite
frequency. In Ref. [28], it was argued that the translational
modes in a lattice model can be treated like all other spin-wave
excitations, rather than Goldstone modes, during the calcula-
tion of skyrmion lifetimes. The logarithmic singularity should
be less pronounced for larger system sizes, since the number
of Goldstone modes does not scale with the number of spins.
Linear spin-wave theory is expected to break down as
the temperature becomes comparable to the energy barrier
separating the different metastable equilibrium states. For the
translation of skyrmions, this effect is observable already at
the energy scales corresponding to the atomic modulation
potential of the skyrmion position, above which a Brown-
ian motion of the quasiparticles can be observed [34,36].
Overcoming the energy barrier between the skyrmion and the
topologically trivial state requires considerably higher temper-
atures. Finally, increasing the temperature also enhances the
role of magnon-magnon interactions as the spin-wave occupa-
tion numbers become higher, further limiting the applicability
of the linear approximation.

II1. RESULTS

Before discussing the thermodynamic properties of
metastable skyrmions, we present the observed phases in the
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FIG. 1. Phase diagram of the (Pt gslrgos)/Fe/Pd(111) system.
(a) Energy per spin in the spin spiral (SS), skyrmion lattice (SkL),
and field-polarized (FP) states as a function of magnetic field at
T =0 K. By, and By denote the metastability field for an isolated
skyrmion and the transition field from the spin spiral to the field-
polarized state, respectively. (b) Static susceptibility as a function of
temperature at B = 0 T. T, denotes the transition temperature from
the SS to the paramagnetic (PM) phase.

system. The zero-temperature energies of the different states
are displayed in Fig. 1(a). For lower external fields the ground
state is a spin spiral which transforms into a collinear field-
polarized state at around Bs =~ 0.21 T [47]. The skyrmion
lattice is not a ground state for any value of the external field,
since its energy already exceeds that of the field-polarized
state at B;. A single isolated skyrmion leads to a positive
energy contribution to the field-polarized state for fields above
By, =~ 0.1 T. Due to the short-range attractive interaction be-
tween the skyrmions, this field is slightly lower than where the
energy curves for the skyrmion lattice and the field-polarized
states cross in Fig. 1(a). In the following, we study the ther-
mal properties of metastable skyrmions at field values higher
than By,.

As the temperature is increased, the spin spiral phase is
transformed into the paramagnetic phase at 7, ~ 50 K for
B =0T, as evidenced by the singular behavior of the static
magnetic susceptibility shown in Fig. 1(b). Based on pre-
vious studies [26,38], the critical temperature only changes
weakly as the field is increased to Bs. The field-polarized
regime is part of the paramagnetic phase, with a continuous
crossover in the physical observables as the temperature is
increased. Above the critical temperature, strong thermal fluc-
tuations lead to the formation of a considerable number of
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FIG. 2. Time-averaged spin configurations for topological
charges (a) Q = 1 and (b) Q = 0. (c) Time evolution of the topologi-
cal charge for a sample run with external field strength B=1T, T =
80 K, and number of spins Ny = 25x25. The spin configurations
in (a) and (b) result from a time average for each spin’s Cartesian
coordinates over the indicated time intervals.

metastable skyrmions in an intermediate regime reaching ap-
proximately up to 120 K, where an inflection point in the static
susceptibility is found. This intermediate regime extends to
considerably higher field values than B, as has been investi-
gated for similar systems in Refs. [26,38].

As a first step, it has to established whether configura-
tions with topological charge O = 1 may indeed be identified
as skyrmions in our simulations, while Q0 = 0 states remain
close to the collinear configuration. This question is especially
relevant in the strongly fluctuating regime above T; &~ 50 K,
illustrated at 7 = 80 K in Figs. 2(a) and 2(b). Besides the lo-
calized, cylindrically symmetric equilibrium skyrmion known
at zero temperature, a Q = 1 spin configuration may denote
a combination of two skyrmions plus an antiskyrmion or a
completely disordered state with various signs of the local
topological charge density. However, the latter configurations
turn out to be significantly higher in energy and are conse-
quently expected to occur very rarely in our simulations for
a wide temperature range. In Fig. 2(c), the topological charge
is shown over a short timescale for a sample run with visible
changes in the topological charge over time. We calculate a
time average of each spin’s Cartesian coordinates over the
time intervals denoted by thick lines in Fig. 2(c) in order to
demonstrate that the recorded spin structures with Q = 1 are
actually skyrmions. Note that the individual spins do not have
unit length after taking the average. Figure 2(a) demonstrates
that the average structure still consists of a downwards-
pointing core in an upwards-pointing background, with the

2) . T T T
@ 4 t-|-|-+++++ + AUlo,sim
% ‘~.\.~ + —-—-AUjsw
‘\X .\~~_§ X AFw,count
= 3 \\x + "\.\_\ 10,integ
& % TSeal T AR sw
> \ % + T~
o 2 Y ~ o
5] \ X ~
g X
3 s X +
-&E‘: 1k + K
i \\‘rf
e N + 4+t 4+t ]
o el wEEEEE NN R E
f-g Op-———————- *-‘-“—‘r;rﬁ&-—-;“‘— --------------
\\ + +
s +
N+
1k 'y + i
\ hy
1 N 1
0 50 100 150 200
Temperature (K)
(b) \y T T T
70 ﬂ‘\ a AS]O,SiIIl B
E\:}\\ —'_'Aslo,SW
— 60F S i
3 ] ”ﬂmum
& o0 L 1
o a0} o TS
2
?g 30 =] e
/20t -
,%: =]
S
g 10 o E
e ===~ 0.0.0.0.0.0.m
-10 F n:nnunaua |
0 50 100 150 200

Temperature (K)

FIG. 3. (a) Internal- and free-energy difference per spin between
skyrmion (Q = 1) and topologically trivial (Q = 0) states as a func-
tion of temperature, for B =1 T and Ny = 25x25. The free-energy
difference AFjgcoun is calculated from Eq. (8) and AFjgipe from
Eq. (9). (b) Difference in entropy per spin between skyrmionic and
topologically trivial states as a function of temperature, for the same
parameters. Dashed lines denote the prediction of linear spin-wave
theory, Eqgs. (13), (14), and (20).

spin directions spanning the whole unit sphere as indicated by
the color coding. The time average over configurations with
0 = 0, shown in Fig. 2(b), still resembles the collinear state
even at this elevated temperature.

By determining the skyrmion lifetime as a function of tem-
perature between 7 = 60 K and T = 85 K, an energy barrier
of AE /kg =~ 922 K was obtained using the system parameters
in Fig. 2.

The difference in internal and free energy between the Q =
0 and Q = 1 states can be seen in Fig. 3(a). For using Eq. (9),
AF1p count Was determined at a temperature of 7p = 190 K
by comparing the number of states with different topological
charges. Because the free-energy differences agree between
the counting and the integral methods for temperatures
T > 70 K, the choice of Tj is not critical for our results.
The deviations at lower temperature can be attributed to the
limitations of the simulation length discussed after Eq. (8).

Since the metastability field By, for skyrmions in Fig. 1 is
significantly lower than the value of B =1 T used in Fig. 3,
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at low temperatures the topologically trivial configuration is
strongly preferred. AFjy has a minimum at around 7 &~ 85 K
with a value below zero, showing that the skyrmion quasipar-
ticles with the short lifetimes shown in Fig. 2 are energetically
preferred for a certain temperature range in this system even
for such a high value of the external field. From Eq. (8), it
is clear that skyrmions occur more often at these temperatures
than topologically trivial states. For higher temperatures, AFjg
is slightly positive, but rapid changes in Q may be observed in
this regime.

Up to T =~ 50 K, the weak temperature dependence of
the internal-energy difference and the linear decrease of the
free-energy difference agree with the predictions of linear
spin-wave theory in Sec. IIC. The negative slope of AFj,
indicates the entropic stabilization of skyrmions [25,28,29].
Note that for the considered external field and system size,
the free-energy difference only reaches negative values at
higher temperature where deviations from linear spin-wave
theory are observed, particularly in the rapid reduction of the
internal-energy difference.

From AFy, we calculate ASjy using Eq. (10), with the
result shown in Fig. 3(b). Between 25 and 50 K, the entropy
difference is slightly decreasing, in agreement with Eq. (20)
derived from linear spin-wave theory and indicated by the
dashed line in the figure. Unfortunately, at very low temper-
ature where the logarithmic dependence would dominate, the
inaccuracies caused by the numerical integration in Eq. (9)
and differentiation in Eq. (10) obscure its influence.

Above 50 K, approximately corresponding to the critical
temperature determined at zero field in Fig. 1(b), the en-
tropy difference between the considered states is drastically
reduced. As shown in the figure, spin-wave theory loses its
validity in this regime due to the strong thermal fluctuations,
which lead to the rapid creation and destruction of metastable
skyrmions. Remarkably, the skyrmion quasiparticles actually
have a lower entropy for certain temperatures than Q =0
states. The temperature range where AS, is negative is con-
fined between the extrema of AFjp, as expected from the
derivative expression (10), and shifted towards higher tem-
peratures as compared to the temperature range with negative
AFj. It is established that in the low-temperature limit where
spin-wave theory is applicable, the competition between posi-
tive internal-energy difference and negative entropy difference
contributions causes the free energy of skyrmions to become
lower than that of the collinear state as the temperature is in-
creased [10]. However, these results indicate that for skyrmion
quasiparticles with reduced lifetimes in the strongly fluctu-
ating regime the stabilization mechanism is more complex,
and the role of the internal-energy and the entropy terms
may become reversed as both of them change sign. In the
skyrmion lifetime, the preexponential factor of the Arrhenius
law is similarly affected by the entropy of the different states
[25,27-29,42], meaning that the observed decrease in ASjg
may also influence the lifetime in this regime. The temper-
ature in this regime is still relatively low compared to the
energy barrier AE /kg ~ 922 K, reinforcing the validity of the
Arrhenius expression.

In Fig. 4, AF is calculated for different external magnetic
fields applied perpendicular to the surface and different sizes
of the simulated system. It is visible in Fig. 4(a) that strong
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FIG. 4. (a) Free-energy difference per spin as a function of tem-
perature for different magnetic fields at a simulated system size of
N = 25x25 spins. (b) Free-energy difference per spin as a function
of temperature for different simulated system sizes at an external
magnetic field of B = 1 T. All curves are calculated using Eq. (9).

external fields increase the internal- and free-energy differ-
ence at zero temperature, which can suppress the minimum in
AFjy, meaning that skyrmion quasiparticles cannot become
favored even at elevated temperatures. At lower magnetic
fields, the temperature range where skyrmions are energeti-
cally preferred is larger and it extends to lower temperatures.
Also the minimum value of AFj is even lower than for higher
field values. The lower limit of the temperature range where
skyrmions are stable is expected to reach O K at B, ~ 0.1 T,
where isolated skyrmions on an infinite collinear background
become energetically preferable [cf. Fig. 1(a)].

Simulations with different system sizes are compared in
Fig. 4(b). In our finite-size system, the skyrmions interact
with themselves via the periodic boundary conditions, thereby
raising the internal-energy difference and with that also the
free-energy difference. Since even isolated skyrmions have a
higher internal energy at zero temperature than the collinear
state, the free-energy per spin also decreases with increas-
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TABLE 1. Entropy difference between the Q=1 and Q =0
states at 7 = 25 K, obtained from numerical simulations and from
linear spin-wave theory Eq. (20), respectively.

Ng B (T) ASio,5im (nRy/K) AS1o,sw (nRy/K)
20x20 1.00 82.05 91.78
25%25 0.75 61.08 64.38
25%25 1.00 57.55 62.92
25%25 1.50 56.05 63.09
28x28 1.00 47.42 52.08

ing the system size for a fixed number of skyrmions as the
relative size of the field-polarized areas increase. However,
the increased ratio of the field-polarized areas decreases the
entropy difference as well, as indicated by the reduced slopes
of the free-energy curves in the low-temperature regime in
Fig. 4(b). It is obvious that simulating with too small systems
can cause the minimum in AFjg to only have positive values,
which means that topologically trivial states are always pre-
ferred over Q = 1 states. On the other hand, increasing the
number of simulated spins lowers the free-energy difference
per spin, as can be seen by comparing the case Ny = 25x25 to
N5 = 28x28, making Q = 1 states also being preferred over
a wider temperature range. Note that further increasing the
system size may cause the formation of multiple skyrmions
in the system at elevated temperature with a high probability,
which effect was to be avoided in our simulations, similarly to
Ref. [25]. We mention that increasing the system size does not
eliminate the interactions between skyrmions: at high temper-
ature, a finite density of interacting skyrmions is observable
instead of an isolated skyrmion at zero temperature, which is
reflected as a finite probability of finding a skyrmion in the
small systems considered here.

A numerical comparison of the entropy differences ob-
tained from the simulations and from linear spin-wave theory
at T = 25 K is presented in Table I. Treating the translational
degrees of freedom as Goldstone modes following Eq. (20)
provides reasonable agreement with the simulation data. This
is expected since the energy barrier between different posi-
tions of the skyrmion created by the modulating potential of
the atomic lattice, which technically breaks the continuous
translational symmetry, is negligible at all simulated temper-
atures (AFE /kg ~ 10~% K based on GNEB calculations). If
the finite frequency of the translational modes is taken into
account, similarly to the procedure in Refs. [28,48], then
achieving agreement with the simulation results requires as-
suming a frequency which is around three orders of magnitude
higher than the numerically calculated value for the trans-
lation mode. Treating the translations as a finite-frequency
mode does not reproduce the weak logarithmic temperature
dependence, which is more pronounced for smaller system
sizes, in agreement with Eq. (20) (see Fig. 1 of the Supple-
mental Material [49]).

Linear spin-wave theory apparently reproduces the de-
crease of the entropy difference for larger system sizes
observable in Fig. 4(b) and discussed above. While the en-
tropy difference only depends weakly on the external field
in the considered regime, it is remarkable that the linear
regime in the free-energy difference, indicative of the validity

TABLE II. Energy barriers for skyrmion annihilation AEg, and
skyrmion creation AEg,, where S denotes the saddle-point configu-
ration between the Q = 1 and Q = O states. The annihilation barrier
was determined from an Arrhenius fit to the skyrmion lifetimes
obtained from the simulations in the range 60 < 7T < 85 K, while
for the creation barrier the relation AEgy = AEg; + AE;y was used.
Values obtained from the GNEB method are provided for compar-
ison, displaying the same trends when varying the system size and
field strength.

AEjs; [k (K) AEg/ks (K)
Ng B (T) Simulation = GNEB Simulation =~ GNEB
20x20 1.00 918 800 1306 1190
25x25 0.75 1008 850 1328 1170
25%x25 1.00 922 800 1310 1190
25x25 1.50 835 720 1335 1220
28x28 1.00 929 800 1321 1190

of the linear spin-wave approximation, extends over a larger
temperature range for higher field values. On the one hand,
this effect is rather counterintuitive when only considering
the energy barriers, namely, the energy differences between
the stable states and the saddle-point configuration S: AEg;
for skyrmion annihilation decreases as the field is increased,
while AEjg, for skyrmion creation stays mostly constant (see
Table II for the numerical values), which would point to-
wards a reduced skyrmion stability and less reliability of
the linear spin-wave approximation. On the other hand, the
spin-wave frequencies also increase for higher field values,
as shown in Ref. [37] for the present system. This means
that although the energy barriers become lower as the field
is increased, the minima simultaneously become sharper, and
fewer magnons are excited at the same temperature. The re-
duced number of magnons suppresses the interaction between
them, which may explain why the noninteracting linear spin-
wave model remains applicable in a wider temperature range.
This observation also agrees with the phase diagrams obtained
in Refs. [26,38]: the crossover temperature from the field-
polarized regime to the completely disordered paramagnetic
regime is increasing for higher external field values, and this
temperature value marks the maximum of spin fluctuations at
a fixed field value.

At high temperatures, the topological charge can take many
different values during a single simulation, and the time
average in Eq. (11) was used for calculating the average
topological charge. The resulting average of the topologi-
cal charge (Q) as a function of temperature 7 is shown in
Fig. 5. At low temperature where the transition times be-
tween different topological charges exceeds the simulation
times, the ensemble average in Eq. (12) was approximated
by using the free energies of topological charges Q = —1, 0,
and 1. For the data with topological charge Q = —1 we
performed simulations with an antiskyrmion as the initial
condition. Since the antiskyrmion has considerably higher
energy than the skyrmion in the system [33], we found no
minimum either in the free-energy difference AF_jy or in
the entropy difference AS_j( (see Fig. 2 of the Supplemental
Material [49]).
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FIG. 5. Average value of Q calculated with ensemble average
using free-energy values of topological charges O = —1, 0, 1 (green)
and time average over all topological charges (blue). System simu-
lated with Ny = 25x25 spins and B = 1 T external field.

In Fig. 5 it can be observed that the thermal fluctuations
cause a considerable increase in the average topological num-
ber in the system, especially in the regime directly above T, &~
50 K. This is in agreement with the results of Refs. [26,38]
in skyrmionic systems similarly described by spin models
based on ab initio calculations. Notice that at around T =~
85 K, there is a regime with average topological charge above
0.5 for the time average. This provides further evidence that
skyrmions are thermodynamically preferred at elevated tem-
peratures in the considered system. Note that the ensemble
average is close to the time average between 50 and 80 K,
but it stays below 0.5 for all temperature values. Although the
QO = 1 state has lower free energy than the collinear state close
to the maximum of the average topological charge, taking the
presence of antiskyrmions into account reduces the average
value below 0.5. However, a lot of changes of the topologi-
cal charge are recorded at this temperature range, as can be
seen in Fig. 2, and considering higher Q values in the time
average increases the average above 0.5. At low temperature,
the average topological charge vanishes since skyrmions are
energetically unfavorable compared to the topologically trivial
state. At very high temperature, (Q) again converges to zero
since all microstates, including those with positive and neg-
ative topological charges, contribute with similar weights to
the total partition function in this limit. Figure 5 demonstrates
that combining Eq. (11), accurate at high temperature, with
Eq. (12), which can be applied at low temperature, enables
the calculation of the average topological charge ranging from
the completely ordered to the completely disordered regime,
with reasonable agreement between the two methods in the
intermediate temperature range where both of them are valid.

IV. CONCLUSION

We calculated the free-energy and entropy difference be-
tween a skyrmion and the topologically trivial state in a
(Pto.9slrg0s)/Fe bilayer on a Pd(111) surface by means of
numerical simulations. We found that the free-energy differ-
ence turns from positive to negative as the temperature is
increased, meaning structures with Q = 1 are thermodynam-
ically preferred over topologically trivial states in a certain
temperature range. We demonstrated that this range vanishes
at higher magnetic fields or smaller system sizes, where the
internal energy of skyrmions with respect to the collinear
state becomes higher. We showed that Q = 1 configurations
in a time average can still be identified with skyrmionlike
spin structures in this temperature range, although they are
frequently created and destroyed by thermal fluctuations. The
preference for the formation of skyrmions at elevated temper-
ature agrees with the prediction of entropic stabilization based
on linear spin-wave theory, but qualitative deviations from
this approximation have been observed in the thermodynamic
quantities. In particular, we found that while skyrmions have
higher entropy at low temperature, their presence reduces
the entropy at elevated temperatures. We calculated a com-
posite average of the topological charge via combining an
approximate average in the canonical ensemble based on the
free-energy calculations at low temperature with a time aver-
age at higher temperatures. We found the time average of the
topological charge to reach values over 0.5 in the temperature
range where we found skyrmions to be thermodynamically
preferred.

Although skyrmions are preferred by the free energy in a
certain parameter regime, this does not mean that these topo-
logically nontrivial states are stable at this temperature. The
deviations from linear spin-wave theory based on stable equi-
librium structures are pronounced in this regime characterized
by strong thermal fluctuations, and the lifetime of skyrmions
is considerably reduced as confirmed by our simulations. This
shows that skyrmions cannot be interpreted as particles with
a conserved topological charge, but should rather be seen as
quasiparticles with a finite chemical potential. The noninteger
average topological number in this regime corresponds to
the probability of finding a skyrmion in the system, if the
contributions from higher or opposite topological charges can
be neglected. These results should stimulate further studies on
the properties of topologically nontrivial spin structures in the
presence of strong thermal fluctuations.
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