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We explore the helicity-independent light-induced nucleation of skyrmion lattices in ferromagnetic
cobalt-based trilayers with perpendicular magnetic anisotropy. Using Atomistic Spin Dynamics
simulations, we show that a high temperature excitation followed by magnon drops and their non-
equilibrium relaxation, accessed by an ultrafast laser excitation with specific duration and intensity,
can lead to the generation of a skyrmion lattice stable at room-temperature. The nucleation window,
the topological density and the skyrmion polarity can be additionally manipulated by external
magnetic fields. Our results provide insight into the non-equilibrium nature of skyrmionic excitations
at non-zero temperatures and pave additional routes for their use in information technologies.

Magnetic Skyrmions (Sk) are nanometer sized topo-
logically protected spin-textures appearing in mag-
netic systems that exhibit Dzyalonshinskii-Moriya
interaction(DMI)[1, 2]. Due to their reduced sizes and
transport properties via spin-polarised currents, mag-
netic skyrmions are considered promising candidates as
information carriers in next-generation spintronic devices
[3–6] or novel reservoir and neuromorphic computing
[7, 8]. Among several possibilities, skyrmions in thin
multilayers composed of transition metals and high spin-
orbit coupling materials [3, 6, 9] are especially interesting
due to the potential usage at room temperature (RT) and
long-time thermal stability. The use of skyrmions in tech-
nological applications is constrained by the necessity to
nucleate them with controlled polarization. Since in thin
film multilayers small Neel skyrmions in the absence of
an external field are typically metastable structures, this
frequently requires special protocols such as bipolar cur-
rent pulse trains [10], current injection through nanocon-
tacts [6] or specially designed patterned constrictions and
injectors [11, 12].

Recently, research on optically induced ultrafast mag-
netisation dynamics triggered by femtosecond laser
pulses in ferro- and ferrimagnetic materials is gaining
considerable interest given its localised and ultrafast
character[13]. In this scenario, magnetisation dynamics
can be induced due to purely thermal magnetic excita-
tions by ultrafast heat produced by a linearly polarised
laser pulse [14]. Particularly, it has been shown that
skyrmions or bubbles can be nucleated by applying laser
pulses [15, 16]. The skyrmions densities and sizes were
reported to depend on the laser parameters. Since intrin-
sic characteristics of skyrmions only rely on the material
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properties, these dependencies can be explained by ther-
mal magnetisation reversal in a large region under the
laser spot stabilised by magnetostatic interactions giving
rise to large magnetic bubbles [15].

In the present Letter, using atomistic spin dynam-
ics (ASD) modelling we demonstrate the efficient gen-
eration of small skyrmions (with diameters below 20
nm) in realistically parametrised Pt/Co(3ML)/Heavy-
metal(HM) magnetic trilayers [17, 18] under the effect
of non-equilibrium temperature dynamics produced by a
femtosecond laser excitation. It has been shown that Co
layers sandwiched between different heavy metals exhibit
a strong DMI [9, 18, 19] that leads to stabilisation of small
skyrmions. Moreover, the large and tunable perpendicu-
lar magnetic anisotropy (PMA) of Co-based systems and
the topological protection of these nanostructures can
benefit their thermal stability. ASD models have been
demonstrated to be a powerful technique in studying
laser-induced magnetization dynamics [14, 20, 21], con-
cerning especially a rapid heating to temperatures above
the Curie temperature (TC). In this Letter we show that
a slow cooling from paramagnetic state creates a stripe-
domain configuration in our modelled system. At the
same time for a set of specific laser-pulse parameters it
is possible to nucleate skyrmions in the absence of mag-
netic fields due to the highly non-equilibrium excitation
and relaxation path of magnon drops. Furthermore, we
demonstrate that the skyrmion density can be manipu-
lated by the laser properties and external magnetic fields.

The ASD simulations were performed using the soft-
ware package VAMPIRE [22]. The spin Hamiltonian,
consisting of the Heisenberg exchange, anisotropy, Zee-
man and DMI energies, is written as:

Hspin = −
∑
i<j

Jij(Si · Sj)−Ku

∑
i

(Si · ê)2 −

−µS
∑
i

(Si ·Bapp)−
∑
i<j

Dij · (Si × Sj)
(1)

where Si and Sj are unit vectors referring to the spin
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FIG. 1. (Color online) Illustration of the nucleation pro-
tocols. a) Sketch of the Pt/Co(3ML)/HM system modelled
by using the parameters listed in Table 1. The top layer
presents the initial spin configuration; b) Ground state ob-
tained after slow cooling (temperature profile presented in d))
from a paramagnetic state (above system’s TC = 754.29 K)
to the room temperature following a quasi-equilibrium dy-
namical path. c) Skyrmion lattice obtained when a laser-
pulse is applied to the system (fluence F0 = 5.6mJ/cm2 and
pulse-length of 10fs); The electron temperature profile is pre-
sented in panel e). The final temperature of both systems is
Tf = 300K.

in the sites i and j respectively. Jij is the symmet-
ric exchange interaction between spins i and j, Ku is
the uniaxial anisotropy of the system with the easy axis
pointing along the direction defined by the unit vector
ê, µS is the magnetic moment of the spin, Bapp is the
external applied field and Dij is the DMI vector calcu-
lated as Dij = D(z × rij) [18], with z and rij being the
unit vectors that point along z direction and the relative
distance between atoms i and j respectively. The mod-
elled system consists of 3 monolayers (3ML) of hexagonal
closed-packed Cobalt. The sample is parametrised using
the uniaxial perpendicular anisotropy and exchange en-
ergy corresponding to bulk Co [17]. The DMI interaction
for a Pt/Co interface is parametrised from first principles
calculations [18] and matches that obtained experimen-
tally [23, 24] and calculated in the micromagnetic approx-
imation [25]. The parameters used in the simulation are
given in Table I. The magnetisation dynamics is obtained
by solving the set of atomistic stochastic Landau-Lifshitz-
Gilbert (LLG) equations coupled to the electronic tem-

TABLE I. Magnetic and 2TM parameters used for
modelling Co trilayers.

Magnetic parameters (Co)
Exchange energy, Jij 4.8× 10−21J/atom (a)

DMI energy, D 4.8× 10−22J/atom (a)

Uniaxial Anisotropy, Ku 5.85× 10−24J/atom (b)

Damping, α 0.3 (c)

2TM parameters
Electron specific heat parameter, γsp 662J/m3K2 (d)

Phonon specific heat, Cl 2.07× 106J/(m3K) (d)

Electron-phonon coupling, Gel 4.05× 1018J/(sm3K) (d)

Heat-sink coupling, κe 4× 109s−1 (e)

(a) Reference [18]
(b) Reference [17]
(c) Reference [27]
(d) Reference [28]
(e) Reference [29]

perature Te(t). The effect of the laser pulse is included
by the Two-Temperature Model (2TM)[26] for coupled
electronic (Te) and lattice (Tl) temperatures dynamics
excited by a laser pulse of a power density P (t):

Ce
∂Te
∂t

= −Gel(Te − Tl) + P (t)

Cl
∂Tl
∂t

= Gel(Te − Tl)− κe∇Tl
(2)

where Ce = γsp · Te is the electronic specific heat, Cl is
the lattice specific heat, Gel the electron-phonon cou-
pling and κe the diffusion coefficient representing the
heat dissipation to the environment. The laser power
density is considered with a Gaussian form P (t) =

[2F0/(δtp
√
π/ln2)] · exp[(−4ln2)( ttp )2] where F0 is the

laser fluence (in units of energy density), tp the pulse
temporal width and δ the optical penetration depth, as-
sumed to be δ = 10 nm. Note that the deposited energy
is independent of the pulse width for a given laser flu-
ence. The 2TM parameters used in the simulation are
given in Table I.

Fig.1 illustrates the nucleation protocols used in this
work for skyrmion generation in zero external field; Panel
a) shows schematically the modelled Co-based trilayer.
Following a quasi-equilibrium dynamical path, i.e., a slow
cooling process from temperature T > TC (See Appendix
A) to RT as indicated in Fig.1d, the final magnetic con-
figuration (the ground state) consists of labyrinthine do-
mains (Fig.1b) as typically obtained in systems with
PMA. On the contrary, starting from a saturated state
(Fig.1a) the application of a laser pulse, shown in Fig.1e
excites highly non-equilibrium electronic states (leading
to a non-equilibrium spin dynamics) which is responsible
for the nucleation of a skyrmion lattice shown in panel c).
Note that although in both cases the final temperature
of the systems is RT, the nucleation of skyrmions is only
achieved with ultrafast temperature dynamics resulting
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from the application of femtosecond laser pulse, proving
that skyrmion lattice is a metastable configuration and
that non-equilibrium dynamical path is responsible for
its generation. This is different from modelling results
of Ref.[30, 31] where skyrmions were a ground state cre-
ated due to a phase transition from ferromagnetic to the
paramagnetic state and consequent cooling in which case
there is no necessity for specific ultrafast non-equilibrium
excitation.

To quantify the topology of the structures created by
the laser pulse, we evaluate the total topological charge
Q of the simulated system. In the continuous approach
this is given by: Q = 1

4π

∫
S(δxS × δyS)dxdy. For

a discrete lattice, the topological charge is calculated
as in [32], based on the sum of spherical areas given
by sets of 3 neighbouring spins placed in a triangle.
For a skyrmion lattice with a well-defined chirality of
the domain walls and a unique skyrmion polarization
PCore = ±1, the total topological charge of the system
characterizes the number of nucleated skyrmions NSk,
i.e. Q = NSk · PCore. For the numerical characterisa-
tion of the nucleated skyrmion lattices, independent on
the simulated system size, we compute the topological
charge surface density.

In our simulations we start from an initial saturated
state with the magnetisation pointing along the out-of-
plane (OOP) direction (as indicated in Fig.1a) and equi-
librate the system at RT (T = 300 K). Then, we apply
a non-polarised laser pulse of fluence F0 and temporal
width tp. Fig.2 shows the temperature profile (Panel
a) and the magnetisation dynamics (Panel b) following
the application of a laser pulse of tp= 50 fs and F0= 6
mJ/m2. Panels c)-f) represent the spin configuration of
the system at selected times during the process. After
equilibrating the system for 10 ps (Region I, left white
area in Fig.2b) the laser pulse is applied, leading to an in-
creased electronic temperature. The highly excited elec-
trons change the spin thermal reservoir driving the sys-
tem to quasi-demagnetised state (Region II, yellow area
in Fig.2b). Eventually a mutual thermalisation between
the electronic, lattice and spin subsystems takes place on
the timescale of hundreds of femtoseconds (Region III,
grey area in Fig2b). Finally, in Region IV (green area)
and V(extreme right white region), the heat diffusion dis-
sipates the deposited energy outside the system leading
to its thermalisation at RT.

Similarly to the multi-scale domain nucleation pro-
cesses in ferrimagnetic alloys described in [21], we can
separate the ultrafast dynamics and the subsequent
skyrmion lattice formation in 2 stages. First, the laser
pulse rapidly quenches the magnetisation (see Fig.2c).
However, as was pointed out in models of ultrafast mag-
netisation dynamics[20, 33], the spin correlations are not
destroyed. During the so-called magnon localisation pro-
cess (Region III, grey in Fig.2b, and Fig.2d) the recovery
of the ferromagnetic order takes place in localised areas
of the system due to the short-range atomic exchange
interactions. This process leads to the nucleation of un-

FIG. 2. (Color online) Laser-induced magnetisation dy-
namics. Panel a) Phonon (red solid line ) and electron (blue
dashed line) temperature dynamics during the simulated light
induced nucleation of skyrmion lattices (laser fluence F0 = 6
mJ/m2 and a pulse width tp = 50 fs). Panel b) Dynamics
of magnetisation components during the light induced nucle-
ation of skyrmion lattice. It can be separated in five regions
of interest: (I) Thermal equilibration of the initial OOP sat-
urated state. (II) Demagnetisation process induced by the
increase of the electronic (spin) subsystem. (III) Remagneti-
sation and nucleation of magnon drops. (IV) Growth and
stabilisation of the magnon drops during the magnon coales-
cence. (V) Room-temperature thermalisation of the system.
Panels c-d) OOP-Spin configurations of the 55nm2 simulated
thin film at selected times (c) t = 10.2ps; demagnetized state
(d) t = 11ps; the MDs localisation (e) t = 20 ps; magnon
coalescence (f) t = 250ps; the skyrmion lattice stabilisation.

stable and localised spin textures, namely magnon drops
(MD) [34], following a non-equilibrium path in the spin
configuration space. After a time-scale of hundreds of
femtoseconds, during the so-called magnon coalescence
process (Region IV, green in Fig.2b, and Fig.2e) MD can
scatter, split or merge until some equilibrium configura-
tion is achieved[35]. Relaxing the spin system to RT by a
heat-sink coupling (Region V in Fig.2b), which occurs at
the ns timescale, little change in the spin dynamics is ob-
served and the skyrmion structures remain stable versus
thermal fluctuations at RT (Fig.2f).

It is worth to emphasise that the magnetisation dy-
namics leading to the generation of skyrmion lattices
takes place in a time scale of picoseconds, following a
rapid temperature change in the timescale of the order
of 10 ps and below, i.e. it is a highly thermodynami-
cally non-equilibrium path. Instead, slow temperature
variations as the one used in Fig.1d and 1b with zero-
field cooling from a temperature above TC=754.29K (see
Appendix A) in a time scale of few nanoseconds always
lead to a complex stripe domain-like configuration (see
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more results in Appendix B). This behaviour unveils the
crucial role of the ultrafast character of the laser-induced
nucleation of skyrmion lattices.

To find the optimum conditions for the nucleation of
skyrmion lattices, we have computed the phase diagram
of the topological charge density q as function of laser-
pulse width tp and fluence F0 in the absence (Fig.3) and
presence (Fig.4) of a magnetic external field. This is com-
puted at a short time (250 ps) after the laser pulse is ap-
plied, but when all three subsystems(electrons, phonons
and spins) are in mutual equilibrium, i.e. have the same
temperature. To neglect the effect of a subsequent slow
thermal relaxation, a vanishing heat-sink coupling (i.e.
κe=0) is considered. Due to the stochastic nature of the
dynamics in the presence of temperature, the computed
phase diagrams were averaged over 10 random realisa-
tions. It is important to note that the skyrmions can
nucleate either with their core pointing parallel (P-Sk),
i.e. q > 0, or antiparallel (AP-Sk) i.e. q < 0 to the initial
magnetisation direction.

FIG. 3. (Color online) Phase Diagram of skyrmion nucle-
ation in zero external field. a) Topological charge density
q (color scale) as a function of laser fluence and pulse length.
b) High resolution phase diagram showing the region with
maximum topological density, averaged for 20 realisations; c)
Topological charge density at selected pulse lengths as a func-
tion of fluence, the data correspond to the horizontal lines in
panel a); Panels d),e),f) show examples of spin configurations
for different topological charge densities;

Fig.3 shows the nucleation results in zero external
field. The diagram indicates that the skyrmion nucle-
ation takes place for short pulse durations (below 100fs)
and in a window of fluences around F0 = 6mJ/cm2.
Fig.3c shows the topological charge density dependence
on the laser fluence for selected laser pulse lengths (corre-
sponding to the horizontal lines in Fig.3a). It can be ob-
served that |q| increases initially with the fluence, show-
ing a maximum at a fluence of about 6 mJ/cm2, which
corresponds to 8 skyrmions generated in the simulated
area (see Fig.3f). By analysing the spin configurations,
a well defined skyrmion lattice can be obtained with a
minimum topological density of |q| ' 1.9 × 1015 m-2.
This value is considered here as a criterion for the nu-
cleation of a skyrmion lattice. For smaller values of |q|,
labyrinthic domains coexisting with skyrmions are ob-
tained. A closer inspection of the magnetisation dynam-
ics reveals that the successful nucleation of skyrmion lat-
tices depends on two aspects: i) it is necessary to popu-
late the sample with a sufficiently large number of MDs
during the magnon localisation; ii) once the MDs are nu-
cleated, they should gain topological protection so their
merging is impeded. Thus, for short pulses and below
F0 ≤ 5 mJ/cm2 the system is not demagnetised suffi-
ciently to nucleate a large number of MD. At the same
time, the topological protection is achieved with ultra-
fast cooling. For fluences larger than F0 > 7mJ/cm2 the
energy deposited in the system is too high and the tem-
perature fluctuations are too strong to allow stable MD
and they merge into larger labyrinth-like domains. Fur-
ther analysis and dicussions are present in appendices.
For pulses longer than 100fs, the system stays longer
at high temperature and thermal activation is therefore
more likely to lead the system to reach the ground state.
Thus, the competition of different factors defines a unique
window for laser parameters.

In the following we analyse the behaviour of the
skyrmion lattice formation as a function of external mag-
netic fields applied in different orientations. Fig.4 shows
the nucleation phase diagrams under several magnetic
fields that are applied parallel (Bapp > 0) or anti-parallel
(Bapp < 0) to the initial magnetisation direction. It is
worth noting that in the presence of external fields of
these magnitudes, skyrmion lattices are stable ground
states of the system (See Appendix B). Consequently,
under long heating and subsequent cooling (for pulses
longer than tp ≥ 200 fs and high fluences), the system
reaches the skyrmion state. In this case either the inter-
mediate paramagnetic state is achieved or the skyrmion
nucleation process goes through thermal activation from
the ferromagnetic state over the energy barrier in which
case the deposited laser energy and its duration should
be sufficient to achieve high reversal probability in order
to reach a skyrmion state.

Focusing on shorter pulses (below tp < 200 fs) for
applied fields parallel to the initial magnetisation direc-
tion (Fig.4a and 4c) we observe that the region where
skyrmion lattices are obtained is substantially increased
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FIG. 4. (Color online) Phase diagram when external fields are applied. a) Phase Diagram when an external field of 1
Tesla is applied parallel to the initial magnetisation. b) Phase Diagram when an external field of 1 Tesla is applied antiparallel
to the initial magnetisation. c)Phase Diagram when an external field of 2 Tesla is applied parallel to the initial magnetisation.
d) Phase Diagram when an external field of 2 Tesla is applied antiparallel to the initial magnetisation. e)Topological charge
density vs Laser fluence for selected external fields and for a fixed pulse width of 10 fs

for fluences F0 > FC = 6mJ/cm2. This behaviour can
be ascribed to the hindering of the growth of domains
oriented antiparallel to the field. At the same time, once
the skyrmion is created, an external field parallel to their
core increases the energy barrier separating it from the
other states [36] and the structure is more stable against
fluctuations. The average topological charge densities are
larger than those obtained in the zero-field case. This fea-
ture is in the first place related to the smaller skyrmion
sizes due to the influence of external fields, allowing a
large number of structures in the sample (see inset in
Fig.4c). The effect of the applied field on the skyrmion
size is investigated in Appendix D. Importantly, there is
a substantial influence of the non-equilibrium excitation.
For example, in Fig.4a the region with fluences larger
than F0 > 8 mJ/cm2 and for tp < 200fs does not show
the formation of the stable skyrmion lattice, while for
less intense pulses skyrmion formation is obtained. This
effect reveals once again that for pulses below tp < 200fs
the system follows a non-equilibrium excitation and the
magnon localisation and coalescence processes take place.

Figs.4b and 4d show the nucleation phase diagrams
for anti-parallel fields. Under an applied negative field,
a ferromagnetic system can undergo ultrafast switching.
In these cases, MD are nucleated with their core pointing
parallel to the initial magnetisation. Thus, P-Sk lattices
arise and the topological charge density carries a posi-
tive sign. This can be observed in Fig.4b and 4e (yellow

line), where both positive and negative polarisations of
skyrmion core can be obtained with field Bapp = −1T for
short pulse lengths. Negative q < 0 values are consistent
with the fact that larger fluences favor the magnetisation
switching. For Bapp = −2T, the Co trilayer magnetisa-
tion always switches its orientation. The effect of exter-
nal fields is summarised in Fig.4e for a fixed ultrashort
pulse width of tp = 50 fs.

In conclusion we have modelled the linearly-polarised
laser- (heat-)induced nucleation of skyrmion lattices in
epitaxial cobalt-based asymmetric trilayers with perpen-
dicular magnetic anisotropy. The system presents a
ground state with labyrinth domains. The computed
phase diagram for topological charge showed a nucle-
ation window in terms of laser pulse intensity and du-
ration, corresponding to ultra-fast lasers pulses shorter
than tp < 200fs. This shows the importance of highly
thermodynamically non-equilibrium path for skyrmion
generation. This path involves magnon drop nucleation
after the sample demagnetisation, and their topologi-
cal protecion during the magnon coalescence. Addition-
ally, external fields enlarge the nucleation window, re-
duce skyrmion sizes and change the nucleation proba-
bility. Thus, we propose the important techniques and
protocols to influence the desired skyrmion densities by
a combined action of the laser pulse and external fields.
Our results are important for the control of skyrmion
nucleation for novel applications.



6

ACKNOWLEDGMENTS

The authors acknowledge the networking opportuni-
ties provided by the European COST Action CA17123
”Magnetofon” and in particular the short-time scientific
missions awarded to P.O.-R. and M.S. The work in Spain
was supported by the Regional Government of Madrid
through Project P2018/NMT-4321 (NANOMAGCOST-
CM) and by the Spanish Ministry of Economy and Com-
petitiveness (MINECO) through Projects SKYTRON
(FIS2016-78591-C3-1-R and FIS2016-78591-C3-3-R) and
FUNSOC (RTI2018-097895-B-C42). This project has re-
ceived funding from the European Union’s Horizon 2020
research and innovation programme under grant agree-
ment No 737093 FEMTOTERABYTE and under the
FLAG-ERA JTC2019 Project SOgraphMEM (MINECO
PCI2019-111867-2). IMDEA Nanoscience Institute is
supported by the “Severo Ochoa” Programme for Centres
of Excellence in R&D, (MINECO grant SEV-2016-0686).

Appendix A: Curie Temperature.

We obtained the Curie Temperature of the system TC
by reproducing the reduced magnetisation m = M/MS

dependence with the temperature T . The Dzyaloshinskii-
Moriya Interaction (DMI) (having negligible influence on
TC) is deactivated in this case as it produces the nu-
cleation of labyrinth domains with no net magnetisa-
tion. The simulation starts from an initial saturated
state pointing along the positive out-of-plane direction
(i.e. mZ = +1) increasing the temperature in steps of
∆T = 25 K and equilibrating the system at each temper-
ature by solving the stochastic LLG equation with a time
step ∆t = 10−16 s during 100ps. After the initial equili-
bration stage, the magnetisation is averaged over 100ps.
In figure 5, the averaged magnetisation m is plotted ver-
sus temperature (blue dots) T . The Curie temperature
TC is obtained by fitting (red solid line) the resulting
curve to the following expression.

m(T ) = (1− T

TC
)β (A1)

giving TC = 754.29 K and β = 0.39 for the considered 3
monolayers of hcp-Cobalt system. The susceptibility of
the system is calculated as following:

χα =
µi
kBT

(< m2
α > − < mα >

2), (A2)

mα = mx,my,mz, |m| (A3)

The divergence point of susceptibility associated to the
ferromagnetic to paramagnetic phase transition agrees
with the fitted Curie Temperature.

FIG. 5. (Color online) Curie Temperature. Simulated
magnetisation m = M/Ms (blue dots, left axis) and mag-
netic susceptibility (green dashed line, right axis) versus tem-
perature. The Curie Temperature of the system is obtained
by fitting the simulated m vs T curve to the expression
m(T ) = (1 − T/TC)β (red solid line).

Appendix B: Comparison of magnetic states after
slow field-cooling and laser-induced processes.

The role of the non-equilibrium character of the laser-
induced nucleation of skyrmion lattices is emphasized by
contrasting them with the ground states of the system
when following a slow field cooling process (FCP) from
an initial paramagnetic state. In these simulations the
system is initially placed at a temperature T=1000K and
is cooled down at a constant rate of dT/dt = 175K/ns
until different final temperatures are reached. In all cases
the LLG equation is integrated during a total simulated
time of 4.5ns. The final temperatures were selected to be
comparable to the final quasi-equilibrium temperatures
after a laser pulse, when both the electronic and the lat-
tice temperatures have reached thermal equilibrium. It
is important to remark that the latter temperature de-
pends only on the laser fluence F0 and not on the laser
pulse width. The ground states were obtained under dif-
ferent external fields. In order to minimise the thermal
noise and highlight the spin textures, the final states have
been averaged during the last 100ps of simulation. In fig-
ure 6 we present the comparison of the topological charge
density computed when following a FCP and an ultrafast
laser heating. Fig.7 presents the obtained configurations
following the FCP while the configurations resulting from
ultrafast heating are presented in the main text, Figs.3
and 4.

For the FCP processes the topological charge density of
the system increases with the strength of the external ap-
plied field. This result is expected given the fact that un-
der the influence of the external fields smaller skyrmions
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FIG. 6. (Color online) Laser-induced vs Field-Cooling
processes. Comparison of the topological charge density q
obtained from ultrafast (filled symbols) and quasi-equilibrium
field-cooled (empty symbols) processes as a function of the
final system temperature. The simulations were carried out
under different external fields. The lines are guidelines.

nucleate. Note that the behaviour is symmetric with re-
spect to the sign of the applied field. In the absence of
external fields, the topological charge vanishes and takes
values close to zero indicating that no skyrmion lattice
can be nucleated by following quasi-equilibrium paths.

When compared to the results obtained after applying
a laser pulse, the first remarkable difference that can be
seen is for temperatures lower than T <550K (Fluences
F0 < 6 mJ/cm2). In that range the topological charge
densities obtained by means of the laser pulse heating are
smaller than those obtained after a field-cooling process.
This is due to the fact that these laser fluences are not
high enough to increase the temperature of the system
above or even close to TC . Thus, the system retains the
ferromagnetic state and only a small amount of magnon
drops are nucleated in the film. At the same time in the
simulated FCP, the system always starts from a param-
agnetic state and a large number of magnetic domains
are nucleated in all cases.

Secondly, when final temperatures are close to T ≈
550K (F0 = 6mJ/cm2), the skyrmion lattice is nucle-
ated with ultrafast heating for the cases of no field and
positive external fields while for FCP the effect of the
field is necessary in order to obtain a skyrmion lat-
tice. The main difference introduced with the laser pulse
is the large amount of magnon drops nucleated during
the far from equilibrium magnetisation process. These
magnon drops are able to survive as the rapid decrease
of the temperature impedes their destabilisation and al-
low their growth. Note that the skyrmion densities ob-
tained in the absence of external fields (blue solid tri-
angle at T ≈ 550K) are close to those obtained when

FIG. 7. (Color online) Ground states. Obtained after slow
field-cooling processes at different applied fields.

a positive field is applied (pink solid triangle and green
solid diamond at T ≈ 550K). This may be attributed to
the nucleation of a large number of magnon drops which
achieve topological protection before they meet. Thus,
when external positive fields are applied it is possible to
prevent some merging events during the magnon coales-
cence stage. The above is in contrast to the results of the
FCP which show a larger difference in topological charge
under an applied field.

If we apply negative external fields (i.e. pointing an-
tiparallel to the initial magnetisation) two different sce-
narios are observed. For Bapp = −1T (red solid circle
at T ≈ 550K) we observe a decrease in the skyrmion
density q. In this case, the external field is promot-
ing the growth of the magnon drops and their merg-
ing during the coalescence stage. As a result a smaller
amount of large skyrmions survive (see inset in Fig 4b)).
When Bapp = −2T (black solid square at T ≈ 550K)
the skyrmion density changes its sign meaning that now
the skyrmions have their core pointing opposite to the
previous cases. This may happen because of two rea-
sons. First, it might happen that due to the strong
external field, the sample exhibits a magnetisation re-
versal process. In that case, the magnon drops would
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be nucleated with their core pointing parallel to the
initial magnetisation and we would find the opposite
situation as in Bapp = +2T with approximately the
same absolute value of |q|. However, we observe that
|q|(Bapp = +2) >> |q|(Bapp = −2) and thus the above
explanation should be discarded. A second scenario can
be described taking into account that the external field
promotes the growth and merging of magnon drops dur-
ing the magnon coalescence. In such case, small regions
of the system with magnetisation pointing parallel to the
initial magnetisation might survive, playing the role of
parallel skyrmions. This scenario agrees with the pre-
dicted difference of the absolute value of the topological
charge compared with its counterpart for Bapp = 2T case.

Finally, if we increase the laser fluence (F0 > 6mJ/m2)
and reach temperatures higher than T = 600K, we find
that the results of the ultrafast and equilibrium excita-
tions are very close. We argue that in these cases the final
temperature is so large that the recovery of magnetic cor-
relations needs long time, thus, the magnon localisation
stage never takes place.

Appendix C: Influence of magnon localisation and
coalescence processes.

FIG. 8. (Color online) Relation of the induced demag-
netised state and final equilibrium temperature with
the computed skyrmion densities. a) Magnetisation of
the system after the laser pulse application. The dashed
black line represents a constant minimum magnetisation of
mMIN = 0.25. b) Final equilibrated phonon-electron tem-
perature. The dashed black line represents a constant equilib-
rium temperature of TMAX

phonon = 580K. c) Topological charge
density. The dashed black lines are transferred from panels
a) and b) and limit the region of interest. The insets show
particular cases in which large labyrinthic-like domains are
promoted.

The influence of the magnon localisation process and
the quasi-equilibrium phonon-electron temperature on
the nucleation of skyrmion lattices can be seen in Fig. 8.
In panel 8a we show the minimum magnetisation reached
by the system after the laser pulse is applied. In panel
8b we present the final quasi-equilibrium phonon-electron
temperature due exclusively to the effect of the laser. The
far from equilibrium nature of the magnon localisation
process requires a large level of demagnetisation in order
to nucleate a larger number of magnon drops. On the
other hand and during the magnon coalescence phase,
the thermal fluctuations affects the achievement of topo-
logical protection, and the final equilibrium temperature
(that matches the maximum temperature reached by the
phononic subsytem) should not overcome a certain value
to allow the protection of the domains. In panels a) and
b) the dashed black lines represent a constant minimum
magnetisation of mMIN = 0.25 and a constant equilib-
rium temperature of TMAX

phonon = 580K respectively. If
we transfer these lines to the computed phase diagram of
the topological charge density (Fig.8c) it can be observed
that the region of interest in which the skyrmion lattices
are nucleated is well delimited within the lines. Thus,
it can be interpreted that for fluences F0 > 6.5mJ/cm2,
the high temperatures reached by the system prevents
the topological protection of the magnetic domains and
they merge into larger and labyrinthic-like domains (see
right inset in Fig.8c). For fluences F0 < 6.5mJ/cm2 if the
minimum magnetisation is above mMIN > 0.25 we are
not demagnetising the system enough to promote the nu-
cleation of a sufficient number of magnon drops and only
a few of them arises and grow once again as large and
labyrinthic-like domains(see left inset in Fig.8c).

Appendix D: Skyrmion radii.

The skyrmion radii can be computed by assuming
that in the cases where well defined skyrmion lattices
are nucleated (i.e. q ≥ 1.9 × 1015m-2), these adopt an
almost circular shape and the domain wall widths are
negligible compared to the skyrmion sizes. Taking this
into account, the reduced magnetisation is related to
the area of the sample with magnetisation pointing up-

wards(downwards) A↑(A↓) by m = A↑−A↓

A↑+A↓ = 1 − 2A↓

A ;

where A = A↑ + A↓ is the total area of the sample. In
a sample populated with skyrmions whose core is point-
ing downwards i.e. the negative values of the OOP di-
rection A↓ = NskπR

2
sk = AnskπR

2
sk. The magnetisa-

tion is thus related to the skyrmion density as m =
1 − 2nskπR

2
sk. Considering the polarization of the core

of the skyrmions, the latter relation can be generalized
as m = −Pcore + 2nskPcoreπR

2
sk = − q

|q| + 2qπR2
sk. This

allows to approximately evaluate the average skyrmion
size from magnetisation.

Our first observation is related to the fact that the
skyrmion radius depends on the number of nucleated
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FIG. 9. (Color online) Skyrmion radius vs temperature.
The skyrmion radii Rsk are computed considering the relation

Rsk =
√

(m+ q
|q| )/2qπ for the cases where a well defined

skyrmion lattice is obtained (i.e. q > 1.9 × 1015m-2). The
dashed lines are linear fits added for illustrative purposes.

skyrmion due to the finite size of the modelled system
and elevated non-equilibrium temperatures. This may
happen also in the experimental situation due to the fi-
nite size of the laser spot. Secondly, while during the
laser-induced nucleation we got from 5 to 10 nucleated
skyrmions, in the adiabatic heating/cooling simulations
we get a smaller dispersion in the number of nucleated
skyrmions (from 6 to 8).

In figure 9 we show the dependence of the com-
puted skyrmion radii for the selected cases in which 6
skyrmions(9a) and 7 skyrmions (9b) are nucleated within
the simulated sample (related to skyrmion densities of
q = 1.98× 1015m-2 and q = 2.31× 1015m-2 respectively).
The radii were computed for the cases in which both,

the laser-induced nucleation (solid symbols) and the adi-
abatic field-cooling processes (empty symbols) were fol-
lowed and they have been averaged over various sets
of simulations. With illustrative purposes, linear fits
of the light-induced nucleated skyrmion radii have been
added(dashed lines).

As expected, we can observe that the skyrmion radius
decreases as the external applied field is increased. Note
the background switching for 2T applied field. It also
increases with temperature following the predictions of
Ref.[37]. An interesting result reveals that in the high-
temperature region the skyrmion radius follows a linear
trend with temperature.

Interestingly, the slope of the in-field dependence of
the skyrmion radius with temperature is higher than at
zero. Thus, when an external field |Bapp| = 2T is applied
(green symbols) the slope is increased compared to the
|Bapp| = 1T (red symbols) and |Bapp| = 0T (black sym-
bols) cases. This is in agreement with the predictions of
Ref.[37] that the stable skyrmion have a more pronounced
temperature dependence that the metastable ones.

Comparing panel a (6 nucleated skyrmions) and panel
b (7 nucleated skyrmions) we also observe that the
skyrmion radius decreases as a function of the skyrmion
density. This result follows from the fact that skyrmions
are constrained due to finite size of the simulated sys-
tem and their mutual interaction. In the absence of pe-
riodic boundary conditions, an expansion of the mag-
netic skyrmions is expected with time, along with a con-
vergence of the radii towards a single value that de-
pends only on the magnetic parameters of the sample.
When comparing the results obtained following the laser-
induced protocol (solid symbols) and following the field-
cooling processes (empty symbols) we observe that in the
case where 6 skyrmions are nucleated following a field-
cooling process match perfectly with the trend shown
by the radii of the light-induced nucleated skyrmions.
However, in the case in which 7 skyrmions are nucle-
ated, the trends of the radii in both, the light-induced
and the field-cooling induced nucleated skyrmions do not
match. This mismatch might arise due to the constraint
described above which may affect the incidence of the
high temperatures in the fluctuations of the topologi-
cal protection. Thus, in a more stressed (constrained)
skyrmion, the large temperatures induces larger fluctu-
ations in q affecting our computed radii. If this is the
case, and given the good agreement of the linear fit ex-
posed in the case where 6 skyrmions are nucleated, we
can assume that q = 1.98 × 1015m-2 is the equilibrium
value of the skyrmion density hosted by a system with
the defined magnetic parameters. To conclude this anal-
ysis, we would like to point out that in our model the
magnetostatic interaction is not considered. While we
do not expect this interaction to play a significant role in
the nucleation, as it is fully screened during the magnon
localisation process and even it would help to prevent
the merging of topologically protected skyrmions during
the magnon coalescence phase, is it expected that the
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equilibrium skyrmion sizes will be increased.
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