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Non-equilibrium heating path for the laser-
induced nucleation of metastable skyrmion
lattices

*3 Mara Strungaru,” Sergiu Ruta,”

*0€ Adrian Gudin,® Paolo Perna, (22 Roy Chantrell ©2° and
C

Pablo Olleros-Rodriguez,
Paul-lulian Gavriloaea,
Oksana Chubykalo-Fesenko

Understanding formation of metastable phases by rapid energy pumping and quenching has been intri-
guing scientists for a long time. This issue is crucial for technologically relevant systems such as magnetic
skyrmions which are frequently metastable at zero field. Using Atomistic Spin Dynamics simulations, we
show the possibility of creating metastable skyrmion lattices in cobalt-based trilayers by femtosecond
laser heating. Similar to the formation of supercooled ice droplets in the gas phase, high temperature
ultrafast excitation creates magnon drops and their fast relaxation leads to acquisition and quenching of
the skyrmion topological protection. The interplay between different processes corresponds to a specific
excitation window which can be additionally controlled by external fields. The results are contrasted with
longer-scale heating leading to a phase transition to the stable states. Our results provide insight into
the dynamics of the highly non-equilibrium pathway for spin excitations and pave additional routes for

rsc.li/nanoscale

1 Introduction

In many physical systems metastable phases can be formed by
means of rapid energy pumping (e.g. by heat, light or electri-
city), leading to a highly non-equilibrium state, and employing
subsequent fast quenching. Multiple examples include rapid
thermal and thermo-mechanical processes used in metallurgy
with the aim to obtain non-equilibrium phases,' formation of
metastable phases upon a quench in colloidal crystals,” ioniza-
tion of the liquid without cracking and void formation by
ultrafast high electric fields,®> liquid-liquid transitions in
specific molecular and atomic systems from a supercooled
phase,” formation of Bose-Einstein condensate in magnetic
systems by heating and rapid cooling etc.” Many of the above
systems share similarities based on a general theory for non-
adiabatic phase transitions. At the same time, microscopic
understanding of non-equilibrium kinetics of metastable
phase formation involving nucleation theory and energy trans-
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skyrmion-based information technologies.

fer physics is far from being complete. The prominent impor-
tant example of nucleation kinetics is the formation of super-
cooled ice droplets in clouds directly from the gas state
(vapor). The droplet formation occurs in highly non-equili-
brium conditions when a warm air mass passes into a rela-
tively cold air and the nucleation of ice is thermodynamically
preferred. Importantly, the stage of freezing is very rapid
because the heat is efficiently removed.® Many physical
systems in close situations are governed by similar kinetics,
although of course each case is governed by its own internal
energies. Understanding similarities and differences in terms
of the nature of non-equilibrium fluctuations and correlations
is the key point for the control of the conditions for the gene-
ration of metastable states.

Magnetic Skyrmions (Sk) are nanometer sized topologically
protected spin textures appearing in magnetic systems that
exhibit Dzyalonshinskii-Moriya interaction (DMI).””® The
nucleation of these structures in the metastable state is an
interesting problem to address, since skyrmions have a non-
trivial topology which should be constructed upon nucleation.
Hence, in the present article, we investigate the kinetics of
forming metastable skyrmions by following a non-adiabatic
path produced by the application of a femtosecond laser pulse
onto a ferromagnetic sample, i.e. by taking the spin system to
a “superheated” far-from-equilibrium state with an excess of
exchange energy. Finding conditions to get a metastable long-
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lived topologically-protected skyrmion phase and understand-
ing its formation is especially important because of its techno-
logical relevance. Due to their reduced sizes, and transport
properties (via spin-polarized currents), magnetic skyrmions
are considered promising candidates as information carriers
in the next-generation of spintronic devices’*? or novel reser-
voir and neuromorphic computing.”>'* Among several possibi-
lities, skyrmions in thin multilayer transition metals/high
spin-orbit coupling materials®'*'* are especially interesting
due to their potential usage at room temperature (RT) and
long-time thermal stability. The use of skyrmions in techno-
logical applications is constrained by the necessity to nucleate
them. Since in thin film multilayers small Néel skyrmions in
the absence of an external field are typically metastable struc-
tures,'? these skyrmions are usually nucleated in the presence
of an external field, i.e. when they become the system ground
state. Alternatively, special protocols such as bipolar current
pulse trains,'® current injection through nanocontacts' or
specially designed patterned constrictions and injectors'”"*®
are employed.

Recently, research on optically induced ultrafast magnetiza-
tion dynamics triggered by femtosecond laser pulses in ferro-
and ferrimagnetic materials is gaining considerable interest
given its localized and ultrafast character.”® In this scenario,
non-equilibrium magnetization dynamics can be induced due
to purely thermal magnetic excitations by ultrafast heat pro-
duced by a linearly polarized laser pulse.?® Particularly, it has
been experimentally shown that skyrmionic bubbles (large
ground state magnetic configurations) can be nucleated by
applying ultra-fast laser pulses in ferrimagnetic® or fully com-
pensated synthetic antiferromagnetic structures respectively,”>
in the absence of external fields. In recent works by Je et al.*®
and Biittner et al>! the nucleation of skyrmion lattices was
obtained with laser pulses in ferromagnetic multilayers under
constant magnetic field, i.e. in the conditions when skyrmions
were the ground state. The fact that skyrmions were nucleated
independently of the polarization of the laser source revealed
that the nucleation of such topological structures was due to
thermal fluctuations, ie. either by overcoming the energy
barrier from the saturated to the skyrmion state or by an adia-
batic phase transition from the paramagnetic to the ferro-
magnetic skyrmion ground state. In the above situation the
slow heating would also lead to the same results, but impor-
tantly the heating with pulse duration above 1 picosecond®*
was sufficient to produce the phase transition. Numerical
modeling of skyrmion nucleation under ultrafast laser-
induced heating®*>° was also performed in the situation when
skyrmions were the ground states. The question arises: is it
possible to nucleate the skyrmion phase when it is metastable,
ie. in the absence of any external field by rapid energy
pumping and cooling, as is reported in other physical
systems?

In the present article we demonstrate, using atomistic spin
dynamics (ASD) modelling, the efficient generation of small
skyrmions (with diameters below 20 nm) in realistically para-
metrized  Pt/Co(3ML)/Heavy-metal (HM) ferromagnetic
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trilayers>”*® in the absence of external fields and under the
effect of a femtosecond laser excitation. It has been shown that
Co layers sandwiched between different heavy metals exhibit a
strong DMI that leads to stabilization 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 long-time thermal stability. Using this prototype system,
we show that a zero-field slow cooling process from an initial
paramagnetic state creates a stripe-domain configuration in
accordance with previous work®*?** and the well-known behav-
ior of systems with PMA. At the same time for a set of specific
laser-pulse parameters with femtosecond duration, it is poss-
ible to nucleate skyrmions in the absence of magnetic fields
due to the rapid energy pumping leading to creation and freez-
ing of localized unstable spin excitations, called magnon dro-
plets.’® We demonstrate that their topological protection
arises on the hundreds of fs timescale although within this
timeframe the topological charge fluctuates and stabilizes
around 10 ps. We present a phase diagram of the skyrmion
nucleation in terms of the laser pulse duration and intensity at
zero and non-zero applied field. Application of an external
field leads to the situation when skyrmions become the
ground state and the ultrafast heating timescale is not necess-
ary. Interestingly, we show that for certain applied fields, sky-
rmions with both polarizations (i.e. metastable and stable) can
be obtained by varying the laser parameters. Finally, we
present micromagnetic simulations resembling a laser pulse
actuation on the central part of the sample, demonstrating
that a pattern consisting of skyrmions surrounded by stripe
domains is stable for longer timescale. We discuss that the
ultrafast nucleation scenario resembles many other physical
systems where metastable states are created by rapid energy
pumping and cooling."®

2 Results

2.1 Laser-induced nucleation of skyrmions in zero-field

Our modelling is based on a thermodynamical approach
where we explore non-equilibrium spin dynamics under the
rapid action of high temperatures produced by the laser pulse.
ASD models have demonstrated to be a powerful technique in
studying laser-induced magnetization dynamics,?>***"*? con-
cerning especially the rapid heating to temperatures close or
above the Curie temperature T.. The effect of the laser pulse is
introduced in the ASD via the Two-Temperature Model
(2TM),* that couples the electronic temperature (7.) to the
lattice temperature (77) and the laser power density P(¢) (see
Methods). The spin coupling to the electron temperature is
defined by the coupling-to-the bath (atomistic damping) para-
meter. In a microscopic picture this parameter is proportional
to the spin-flip probability®® which in turn is defined by the
underlying mechanism and the spin-orbit coupling. Fig. 1
illustrates the nucleation protocols used in this work for sky-
rmion generation in zero external field. In our simulations we

This journal is © The Royal Society of Chemistry 2022
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Illustration of the nucleation protocols. (a) Sketch of the modelled Pt/Co(3ML)/HM system. The top layer presents the initial saturated spin

configuration which has been pre-equilibrated at room temperature during 1 ps; (b) ground state obtained after slow cooling from a paramagnetic
state (above system’s T = 754.29 K) to the room temperature following a quasi-equilibrium dynamical path. (c) Skyrmion lattice obtained when a
laser-pulse is applied to the system (fluence Fo = 5.6 mJ cm™2 and pulse-length t, = 10 fs). (d) Temperature profile followed in the simulated anneal-
ing process with slow zero-field cooling. (e) The electron temperature profile following the application of the laser pulse. The final temperature of

both cases is Ty = 300 K.

start from an initial saturated state with the magnetization
pointing along the out-of-plane (OOP) direction (as indicated
in Panel a) and equilibrate the system at room temperature
(RT) (T = 300 K). Fig. 1a shows schematically the modelled Co
trilayer. Following a quasi-equilibrium dynamical path via
simulated thermal annealing, i.e., firstrapidly increasing temp-
erature up to T = 1000 K > T¢ (T¢ = 754 K); see section 1 in
(ESIT) and obtaining a paramagnetic state and then following
a slow cooling process from this temperature to the RT as indi-
cated in Fig. 1d. The final magnetic configuration (the most
thermodynamically favorable one) consists in this case of
labyrinth-like domains (Fig. 1b) as typically obtained in
systems with PMA. In the following, we will refer as ground
states of the systems at different temperatures to the most
stable configurations that are reached following a slow field-
cooling process from the paramagnetic state. On the contrary,
starting from a saturated state (Fig. 1a) the application of a
non-polarized laser pulse of fluence F, = 5.6 mJ cm™> and tem-
poral width ¢, = 10 fs shown in Fig. 1e, excites highly non-equi-
librium electronic states (leading to a non-equilibrium spin
dynamics) which is responsible for the nucleation of a sky-
rmion lattice shown in Fig. 1c. As corresponds to these
materials, the nucleated skyrmions are of the Néel type with
the clock-wise chirality (see section 2 in ESI{ for more details).
Although in both cases the final temperature of the systems is
RT, the nucleation of skyrmions is only achieved with ultrafast
temperature dynamics resulting from the application of the
femtosecond laser pulse, proving that the skyrmion lattice is a
metastable configuration and that a non-equilibrium dynami-
cal path is responsible for its generation. This is different from
modelling results of ref. 25 and 26 where skyrmions were a

This journal is © The Royal Society of Chemistry 2022

ground state created due to a phase transition from ferro-
magnetic to the paramagnetic state and consequent cooling in
which case there is no necessity for specific ultrafast non-equi-
librium excitation. Note that at zero temperatures the differ-
ence between the skyrmion and the stripedomain energies in
the simulated system of 55 nm is 0.33 x 102 J, the skyrmionic
configuration being more energetic.

Fig. 2 shows the temperature profile (Panel a) and the mag-
netization dynamics (Panel b) following the application of a
laser pulse of ¢, = 50 fs and F, = 6 mJ cm ™. After equilibrating
the system for 10 ps (Region I, left white area in Fig. 2b) the
laser pulse is applied, leading to an increased electronic temp-
erature close or in this case even higher than the Curie temp-
erature. The highly excited electrons change the spin thermal
reservoir driving the system to a quasi-demagnetized state
(Region II, yellow area in Fig. 2b). Eventually, a mutual ther-
malization between the electronic, lattice and spin subsystems
takes place on the timescale of hundreds of femtoseconds
(Region III, grey area in Fig. 2b). 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
thermalization at RT.

Similar to the multi-scale domain nucleation processes in
ferrimagnetic alloys,®> we can separate the ultrafast dynamics
and the subsequent skyrmion lattice formation in several
stages. First, the laser pulse rapidly quenches the magnetiza-
tion (see Fig. 2d). The fast energy pumping into the spin
system excites thermal high-frequency magnons with a non-
equilibrium population.?’ Due to the intrinsic delay in the
transfer of energy between the electronic and the spin subsys-
tems, although the electronic temperature is higher than T,
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Fig. 2 Laser-induced magnetization dynamics. (a) Phonon (red solid line) and electron (black solid line) temperature dynamics during the simulated
light induced nucleation of skyrmion lattices (laser fluence Fo = 6 mJ cm™2 and a pulse width to = 50 fs). (b) Dynamics of magnetization components
during the light induced nucleation of skyrmion lattice. It can be separated in five regions of interest: (I) thermal equilibration of the initial OOP satu-
rated state. (Il) Demagnetization process induced by the increase of the electronic (spin) subsystem temperature. (Ill) Remagnetization and nuclea-
tion of magnon drops. (IV) Growth and stabilization of the magnon drops during the magnon coalescence. (V) Room-temperature thermalization of
the system. (c) Dynamics of the total topological charge Q (d—i) OOP-Spin configurations at selected time moments of the 55 nm x 55 nm simulated
thin film illustrating the skyrmion nucleation process (d) a quasi-demagnetised state (e) the MDs nucleation and localization (f and g) their coalesc-

ence (h and i) the skyrmion lattice stabilization.

the magnetization is small but not zero, i.e. the spin system is
still ferromagnetic and is characterized by the presence of cor-
relations and strong excitations, as was reported in ultrafast
magnetization  switching  modelling in  amorphous
ferrimagnets.®"*> As the temperature goes down, thermal
magnons decay into magnons of lower frequency on longer
timescale. The high-frequency magnons are also responsible
for thermally activated nucleation processes. During the so-
called magnon localization process (Region III, grey in Fig. 2b
and e) the recovery of the ferromagnetic order takes place in
localized areas of the system. The rapid energy input creates a
state with an excess of the exchange energy, leading to the
nucleation of unstable and localized spin textures, namely
magnon droplets (MDs),>*?*?3¢ following a non-equilibrium
path in the spin configuration space. After a time-scale of hun-
dreds of femtoseconds, following rapid cooling, the so-called
magnon coalescence process starts (Region IV, green in Fig. 2b
and f-g). MDs can scatter, split or merge until some quasi-
equilibrium configuration is achieved (Fig. 2h). Relaxing the
spin system to RT by a heat-sink coupling (Region Vin Fig. 2b),
which occurs on the nanosecond timescale, little change in
the spin dynamics is observed and the skyrmion structures
remain stable versus thermal fluctuations at RT (Fig. 2i). To
quantify the topology of the structures created by the laser
pulse, we evaluate the total topological charge Q of the simu-
lated system. For a discrete lattice, the topological charge is
calculated as in Rozsa,”” based on the sum of spherical areas
given by sets of 3 neighboring spins placed in a triangle. For a
skyrmion lattice with a well-defined chirality of the domain

Nanoscale

walls and a unique skyrmion polarization Pc. = +1, the total
topological charge of the system characterizes the number of
nucleated skyrmions Ngy, i.e. Q = NgiPcore- For the numerical
characterization of the nucleated skyrmion lattices, indepen-
dent of the simulated system size, we compute the topological
charge surface density g = Q/S, S being the surface of the simu-
lated sample (i.e. nm?).

The dynamics of the topological charge during the sky-
rmion nucleation is presented in Fig. 2c. The topological
charge is zero during the pre-equilibration time (¢ < 0) as the
system is saturated along the positive axis of the OOP direc-
tion. When the laser is introduced and the electronic tempera-
ture is drastically increased above T, the topological charge
strongly fluctuates and it can even show spurious large positive
and negative values. Once the magnon localization has taken
place starting at ca. 300 fs, the topological charge acquires
meaningful values demonstrating that the magnon drops start
to gain a topological character. However, topological charge
fluctuates due to the fact that those magnon drops that have
not earned topological stability, or those with an unstable
topological protection, rearrange and merge until a certain
number of them survive. Up to 17 topologically protected MDs
were observed in this simulation, although finally only 10 sur-
vived. Thus, the complete topological phase transition associ-
ated to the nucleation of topological spin texture does not
occur until the magnon localization takes place at a time ¢ ~
0.3-0.5 ps. For the presented simulation, at ¢ = 4 ps the topolo-
gical charge stabilizes around the constant value Q = —10.
Note that, although thermal fluctuations are quite large (T =

This journal is © The Royal Society of Chemistry 2022
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450 K), no new skyrmions are arising neither they disappear To find the optimum conditions for the nucleation of sky-
after this time. Following the observations made during the rmion lattices, we have computed the phase diagram of the
present study with many thermal realizations, we deduce that topological charge density g as function of laser-pulse width ¢,
in all cases the complete topological protection is acquired in and fluence F, in the absence (Fig. 3) and in the presence

timescales of several picoseconds. (Fig. 4) of a magnetic external field. This is computed at a
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Fig. 3 Phase Diagram of skyrmion nucleation in zero external field. (a) Topological charge density g (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 10 realizations. (c) Topological
charge density (left axis) and total topological charge (right axis) at selected pulse lengths as a function of fluence, the data corresponds to the hori-
zontal lines in panel A. (d—f) show examples of spin configurations for different topological charge densities. As in the previous cases, the modelled
ferromagnetic samples shown in the figure have lateral dimensions of 55 x 55 nm?. The error bars indicate the standard deviation of the computed
topological charge density over N = 10 different sets of simulations.
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Fig. 4 Phase Diagram when external fields are applied. (a) Phase Diagram when an external field of 1 Tesla is applied parallel to the initial magneti-
zation. (b) Phase Diagram when an external field of 1 Tesla is applied antiparallel to the initial magnetization. (c) Phase Diagram when an external
field of 2 Tesla is applied parallel to the initial magnetization. (d) Phase Diagram when an external field of 2 Tesla is applied antiparallel to the initial
magnetization. (e)Topological charge density (left axis) and the total topological charge (right axis) vs. Laser fluence for selected external fields and
for a fixed pulse width of t = 50 fs. The insets within the phase diagrams show configurations obtained at the specific laser pulse parameters indi-
cated by the arrows. These insets correspond to the modelled 55 x 55 nm? samples. The error bars indicate the standard deviation of the computed
topological charge density over N = 10 different sets of simulations.
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short time (250 ps) after the laser pulse is applied, but when
all three subsystems (electrons, phonons and spins) are in
mutual equilibrium, i.e. have the same temperature. After this
time, skyrmions remain stable in our simulations. To neglect
the effect of a subsequent slow thermal relaxation, a vanishing
heat-sink coupling (i.e. k. = 0, see Methods) is considered. Due
to the stochastic nature of the dynamics in the presence of
temperature, the computed phase diagrams were averaged over
10 random realizations. It is important to note that the sky-
rmions can nucleate either with their core pointing parallel
(P-Sk), i.e. ¢ > 0, or antiparallel (AP-Sk) i.e. g < 0, to the initial
magnetization direction.

Fig. 3a shows the nucleation results in zero external field.
The diagram indicates that the skyrmion nucleation takes place
for short pulse durations (below ¢, < 200 fs) and in a window of
fluences around F, = 6 mJ] cm > (see region in Panel b). Fig. 3c
presents the topological charge density dependence on the laser
fluence for selected laser pulse lengths (corresponding to the
horizontal lines in Fig. 3a). It can be observed that |g| increases
initially with the fluence, showing a maximum at a fluence of
about 6 mJ cm™2, which corresponds to 8 skyrmions generated
in the simulated area (see Fig. 3f). By analyzing the spin configur-
ations, a well-defined skyrmion lattice can be obtained with a
minimum topological density of |g| ~ 1.9 x 10"> m 2. This value
is considered here as a criterion for the nucleation of a skyrmion
lattice. For smaller values of |g|, labyrinth-like domains coexist-
ing with skyrmions are obtained.

A closer inspection of the magnetization dynamics reveals
that the successful nucleation of skyrmion lattices depends on
two aspects: (i) it is necessary to populate the sample with a
sufficiently large number of MDs during the magnon localiz-
ation; (ii) once the MDs are nucleated, they must gain topological
protection so their merging is impeded. Thus, for short pulses
and below F, < 5 m] cm™> the system is not demagnetized
sufficiently to nucleate a large number of MDs. At the same time,
the topological protection is achieved with fast cooling. For flu-
ences larger than F, > 7 mJ cm™> the energy deposited in the
system is too high and the temperature fluctuations are too
strong to allow for stable MDs that merge into larger labyrinth-
like domains (ground state). For pulses longer than 200 fs, the
system stays longer at high temperature and thermal activation is
therefore more likely to lead the system towards the ground state.
The detailed analysis (see discussion in section 3 of ESIt) shows
that the MD creation requires a large demagnetization below 0.25
(in reduced units) and the quasi-equilibrium laser-induced temp-
eratures below 580 K. Thus, the competition of different factors
defines a unique window for laser parameters where the sky-
rmion lattice is obtained.

2.2 Laser-induced nucleation of skyrmions in applied field

Fig. 4 shows the nucleation phase diagrams under different
magnetic fields that are applied parallel (B, > 0) or anti-paral-
lel (Bypp < 0) to the initial magnetization direction. Note that
the above situations are not equivalent since the anti-parallel
field is expected to stabilize skyrmions while the parallel one -
to destabilize them and to promote the saturated state.
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Another important difference is related to the dependence of
the skyrmion size on the applied field (see section 6 in ESIY).
Particularly, under positive applied field skyrmion sizes are
reduced. Focusing on short pulses (below ¢, < 200 fs) for
applied fields parallel to the initial magnetization direction
(Fig. 4a and c) we observe that the region where skyrmion lat-
tices are obtained is substantially increased for fluences F, >
Fc = 6 mJ ecm ™2 with respect to what is observed at zero field.
This behavior can be ascribed to the hindering of the growth
of domains oriented antiparallel to the field.

Fig. 4b and d show the nucleation phase diagrams for anti-
parallel fields. Very interestingly, as can be observed in Fig. 4b
and e (red line), both positive and negative polarizations of sky-
rmion core (ie. stable and metastable skyrmions) can be
obtained with field B,p, = —1T for short pulse durations. This
happens because under an applied negative field, a ferro-
magnetic system can undergo ultrafast switching. In this case,
the MDs are nucleated with their core pointing parallel to the
initial magnetization. Thus, P-Sk lattices arise and the topological
charge density carries a positive sign. The negative g values
correspond to metastable states in this case, showing again the
possibility to nucleate them with ultrafast laser pulses. In this
case, once the skyrmion is created, an external field parallel to its
core increases the energy barrier separating it from the other
states,?®° and the structure is more stable against fluctuations.
For B,pp = —2T, the Co trilayer magnetization always switches its
orientation. The effect of external fields is summarized in Fig. 4e
for a fixed ultrashort pulse width of ¢, = 50 fs.

It is worth noting that in the presence of external fields of
these magnitudes, the skyrmion lattices are stable ground
states of the system (see Fig. S5 in section 4 of ESI{ where we
present the states obtained via slow cooling process from an
initial paramagnetic state and wunder applied field).
Consequently, under sufficiently long heating and subsequent
cooling (for pulses longer than ¢, > 200 fs and high fluences),
the system reaches the skyrmion state. This effect, which
agrees with the results presented in ref. 24, suggests that for
such pulse durations, the nucleation of skyrmion lattices is
due to a phase transition from the paramagnetic state towards
the skyrmion ground state. The latter results go along with the
fact that for pulses larger than ¢, > 200 fs in Fig. 4 the trends
observed barely depend on the laser pulse duration.
Importantly, there is a substantial influence of the non-equili-
brium excitation. For example, in Fig. 4a the region with flu-
ences larger than F, > 8 mJ ecm ™ and for ¢, < 200 fs does not
show the formation of the stable skyrmion lattice, while for
less intense pulses the skyrmion lattice is nucleated. This
effect reveals once again that for pulses below ¢, < 200 fs the
system follows a non-equilibrium excitation in such a way that
it is possible to access metastable states different to the
ground states obtained for longer pulses (t, > 200 fs).

2.3 Comparison between nucleation with ultrafast, fast and
adiabatic protocols

The role of the non-equilibrium character of the laser-induced
nucleation of skyrmion lattices is emphasized by contrasting

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Laser-induced vs. Field-Cooling processes. Comparison of the topological charge density g obtained from ultrafast (filled symbols and solid
lines) and quasi-equilibrium field-cooled (dashed lines) processes as a function of the final system temperature. (a) The laser pulse length is t, =
1000 fs (i.e. the longest considered laser pulse). (b) The laser pulse length is t, = 10 fs (i.e. the shortest considered laser pulse). The error bars indicate
the standard deviation of the computed topological charge density over N = 10 different sets of simulations.

them with the ground states of the system (see Fig. S5 in
section 4 of ESIT) obtained when following a slow field cooling
process (FCP) from an initial paramagnetic state. In Fig. 5 we
present the comparison of the topological charge density com-
puted when following a FCP (dashed lines) and an ultrafast
laser heating with 1 ps (Fig. 5a) and 50 fs (Fig. 5b) laser pulses
(symbols and solid lines). The final temperatures for the FCP
were selected to be comparable to the final quasi-equilibrium
temperatures after a laser pulse. Note that the topological
charge is strongly fluctuating and its values were averaged for
time series during the last simulated picosecond time interval.

During the FCP, the computed topological charge depends
on the applied field as expected given the reduced skyrmion
sizes due to increased applied fields (see section 6 in ESIf).
Although the skyrmion size increases with temperature, the
number of nucleated skyrmions is almost constant and conse-
quently, the topological density is independent of final temp-
erature. It is also important to note that the behavior of the
absolute value of |g| is in this case symmetric with respect to
the applied field direction (due to the fact that the skyrmions
were nucleated from the paramagnetic state). For applied
fields |Bapp| = 2T and |B,pp| = 1T we obtain values of the topo-
logical charge density around |g| ~ 2.5 x 10 m™ and |q| ~ 2
x 10" m~? respectively.

Next we focus on the long pulses cases (Panel a) in which
the system reaches its final state by following a 1 ps laser pulse
(solid lines and symbols). For low fluences (i.e. low tempera-
tures) the system does not reach a skyrmion lattice, but rather
some small number of skyrmions and labyrinth-like domains
coexist. It is important to note that now the situation is not
symmetric with respect to the field sign change. Indeed, for a
positive applied field B,p, = 1T with a fluence below F, < 6 m]
em ™~ (purple solid triangles for temperatures 7' < 550 K) AP-Sk
(i.e. g < 0) are nucleated, similarly to the field B,p, = —1T. For

This journal is © The Royal Society of Chemistry 2022

larger fluences the situation gradually approached the FCP
case. It is interesting to mention that at these pulse durations,
the level of demagnetization after the laser is applied starts to
be independent of the laser fluence. The latter shows that
these timescale and thermal excitations lead to the phase tran-
sition to a stable (ground) skyrmion state.

Now, we consider the results for short laser-pulses (solid
symbols at Panel b). The asymmetry with respect to the change
of the field sign is now larger and the values of the topological
charge higher. In the absence of an applied field (blue solid
triangle), the skyrmion densities are similar to the ones
obtained by FCP under an external field of B,,, = 2T, indicat-
ing a metastable skyrmion lattice. The largest number of
nucleated skyrmions (|g| ~ 3 x 10™°> m™) is obtained at T ~
580 K. Thus, the strong asymmetry with respect to the opposite
fields |g(Bapp = +2)| > |q(Bapp = —2)| reinforces the picture in
which the skyrmion survival is defined by MD nucleation and
quenching due to non-equilibrium dynamics (see further dis-
cussions in section 5 of ESIt). When the final temperatures are
larger than T > 580 K (i.e. F, > 6 mJ cm™>) the skyrmion den-
sities converge to the equilibrium case. In these cases, the
final temperature is so large that the transition to the ground
state through thermal activation is more likely to occur and
the evolution of the system is similar to the adiabatic FCP.

2.4 Longer-time simulations of an extended system

Due to the limitation of the atomistic approach the simulated
system corresponds roughly to 55 nm x 55 nm and most of
images are taken at a quasi-equilibrium temperature around T
~ 450 K. Larger simulations are possible with micromagnetics,
however those should use temperature-dependent macroscopic
parameters. We also point out that in the ASD model the mag-
netostatic interaction is not considered due to computational
limitations. It is known that on the ultrafast timescale and at
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Fig. 6 Extended micromagnetic simulations emulating skyrmion nucleation in the sample center by laser pulse. (a) An initial configuration consist-
ing of the skyrmion lattice with sizes and distances as nucleated by the atomistic simulations was placed in the sample center. Temperature-depen-
dent micromagnetic parameters (see section 7 in ESI{) were used. (b) The resulting configuration obtained by micromagnetic simulations after inte-
grating the system during 5 ns in the presence of thermal fluctuations at 300 K.

high temperatures (leading to very non-collinear spins) magne-
tostatic interaction plays a very minor role. Consequently, we
do not expect this interaction to play a significant role in the
nucleation of magnon droplets, as it is fully screened by the
strong inter-site exchange interaction due to the system disor-
dering and even it would help to prevent the merging of topo-
logically protected skyrmions during the magnon coalescence
phase. However, it will play a role on much longer timescales
when the temperature cools down. It will be also responsible
for the increase of the skyrmion sizes as the average magneti-
zation is recovered.

Furthermore, the ASD simulations are performed under the
assumption that the energy of the laser pulse is homoge-
neously deposited in the whole system, even though in labora-
tory experiments, the laser spot has a finite micron size and is
characterized by a temperature gradient. In this case, the
nucleation of skyrmions will take place most probably in the
central part of the spot but their long-time relaxation dynamics
will be affected by the temperature gradient and magnetostatic
interactions. Additionally, our modelled skyrmions are con-
strained due to the finite size of the simulated system and
their mutual interaction. In the absence of periodic boundary
conditions and with more realistic laser pulse temperature dis-
tribution, a slow expansion of the magnetic skyrmions lattice
is expected with time (as observed experimentally in ref. 23),
along with a convergence of the radii towards a single value
that depends solely on the magnetic parameters.

In our attempt to reproduce this effect on a longer time-
scale with a finite spot size we perform micromagnetic simu-
lations on a larger system (with lateral dimension of 512 nm)
and for longer timescale. The micromagnetic parameters were
evaluated at 300 K following the scaling relations with magne-
tisation: (see section 7 in ESI}) which ensure a similar sky-
rmion size as obtained in the ASD at this temperature. The
initial state (see Fig. 6a) corresponded to 37 skyrmions placed
on a hexagon lattice in the sample centre with the sizes and
distances from that of the atomistic simulations. The magneto-
static energy is now present. The system was then integrated at
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300 K during 5 ns. The resulting pattern is presented in
Fig. 6b. We observe the survival of skyrmions in the centre of
the simulated area while those at the edge merge with the
stripe domains. The distances between skyrmions and their
sizes slightly increase, however skyrmions remain confined
inside the stripe domain pattern which do not allow further
expansion of the skyrmion lattice. This structure is similar to
the one experimentally observed by Je et al.*

3 Conclusions

In the present work we have modelled the linearly-polarized
laser (heat-induced) nucleation of skyrmion lattices in epitax-
ial cobalt-based asymmetric trilayers with perpendicular mag-
netic anisotropy and Dzyaloshinkii-Moriya interactions. For
zero applied field, the system presents a ground state with
labyrinth-like domains. The computed phase diagram for
topological charge shows a nucleation window for skyrmions
in terms of laser pulse intensity and duration, corresponding
to ultra-fast laser pulses shorter than ¢, < 200 fs. This shows
the importance of a highly thermodynamically non-equili-
brium path for skyrmion generation. This path involves
magnon droplets nucleation after the sample demagnetiza-
tion, and stable creation of their topological protection
(created in the hundreds of fs timescale) during the magnon
coalescence following the ultrafast cooling. Importantly, the
results show that it is possible to nucleate metastable sky-
rmion lattices in the absence of external fields by following
non-equilibrium magnetization dynamics. Additionally, exter-
nal fields enlarge the nucleation window and change the
nucleation probability. Interestingly, even under applied fields,
both stable and metastable skyrmion lattices can be created
with ultrafast lasers. These results are important for the
control of skyrmion nucleation for novel applications.

It is worth emphasizing that the magnetization dynamics
leading to the generation of metastable skyrmion lattices can
only be excited by femtosecond lasers following a rapid temp-
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erature change in the timescale below 1 ps, ie. in a highly
thermodynamically non-equilibrium situation. Instead, slow
zero-field cooling from a temperature above T in a time scale
of a few nanoseconds always leads to a complex labyrinth-like
configuration. By applying external fields, skyrmions become
the system ground state and the heating/cooling processes
with sufficient duration always lead to a skyrmion lattices so
the use of an ultrafast source is not necessary. We observed
that all heating/cooling scenarios share the same fundamental
mechanisms of magnon droplets nucleation via the action of
short-range exchange interactions. This is understandable
since the heterogeneous nucleation of the stable phase inside
the metastable one would also involve the formation of mag-
nonic drops that serve as aggregation centers for the stable
phase. However, it also indicates that there must exist essential
differences of the ultrafast laser-induced dynamics which
leads to nucleation of the long-time living metastable phase.

Our understanding of the process is based on physics of
ultrafast magnetization dynamics on femtosecond timescale
which is characterized by strong non-equilibrium between
electrons, phonons and spin energies. During the laser exci-
tation on this timescale, the spin system is brought to a
“superheated” state with an excess of the exchange energy.
Indeed, the laser energy is rapidly pumped into the system
and the electronic temperature rises close to or even higher
than the Curie temperature. However, the spin system on this
timescale is slower’>*"** and not able to follow the electronic
temperature, remaining in the ferromagnetic low magnetiza-
tion correlated state characterized by very strong fluctuations.
Importantly, on the femtosecond timescale the spin system
practically does not exchange energy with the external environ-
ment and the dynamics is mainly governed by exchange inter-
actions. Our analysis shows that this state is characterized by a
large amount of magnon droplets and much larger dispersion
in the number of nucleated skyrmions as compared to the FCP
nucleation. This indicates that the skyrmion nucleation is
defined by the survival of magnetic droplets rather than by
their =~ temperature-dependent  equilibrium  properties.
Importantly, magnon droplets already have the shape of sky-
rmions and show topological protection on the fs timescale. A
stabilized state is achieved on timescales of around =10 ps.
Note that for long pulses (i.e. t, = 1000 fs) the trends of the
topological charge are symmetric with respect to the sign of
external fields, whereas for short pulses, the computed topolo-
gical charges show an asymmetric behavior. We relate the
former with the possibility of manipulating the magnon
growth using external fields. Thus, for short pulses we can
impede the merging of two magnons by reducing their growth
enough to gain topological protection before they meet.

It is known from literature that when the system is relaxed
from a disordered state, topologically non-trivial structures can
be quenched.*® One would expect the above process to be sto-
chastic in nature and that the topological charge would be a
strongly fluctuating property. Herewith, in contrast, we nucle-
ate skyrmions from an ordered saturated state without going
to a real paramagnetic state since the magnetization never
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reaches the zero value. Also, although fluctuating, the topologi-
cal charge acquires (on average) a non-zero large value. Our
results indicate an important interplay of intensities and time-
scales for energy pumping and heat transfer which defines the
laser parameter window accessed by femtosecond lasers only.
A relatively small parameter window probably explains why
zero-field nucleation of metastable skyrmions has not been
observed in experiments up to now.>>** In contrast, nucleation
of skyrmions in the situation when they are stable involves a
phase transition from paramagnetic to ferromagnetic (sky-
rmion ground state) phases. This transition is very robust in
terms of laser parameters. In fact, the ultrafast heating is not
really necessary and as it is shown in ref. 24 any heating with
the timescale above 1 ps is sufficient.

Our final remark is about the importance of the spin-orbit
coupling in the ultrafast magnetization dynamics.*' From a
basic physics viewpoint, all microscopic processes leading to
energy uptake and its subsequent relaxation involve spin-flip
phenomena and are defined by the spin-orbit coupling. In our
model, its value is phenomenologically included in the coup-
ling-to-the bath (damping) parameter.** Note that the reversal
window and laser fluency necessary for skyrmion creation has
been calculated for one value of this parameter. A smaller
value could be compensated by larger pulse intensities but
ultimately very small damping impedes the system to take
sufficient thermal energy and skyrmion nucleation will not be
possible. Note that typical multilayers systems hosting sky-
rmions have large damping values due to the influence of
interfaces.

Our results underline the similarity of most physical situ-
ations in which the nucleation of metastable states is achieved
by rapid energy pumping and subsequent transfer to the
environment. The overall nucleation process resembles the
nucleation of supercooled droplets freezing on surfaces.®
Similar to our case, the freezing stage in this case is very rapid
and is accelerated by the efficient removal of the generated
heat by the unsaturated gas flow.® This also underlines the
hydrodynamic analogy of spin systems noticed by Iacocca
et al.*® In brief, as the skyrmions at zero field, the supercooled
ice droplets, which exist in a vapor clouds below the transition
temperature, are metastable state too. The ice droplets can be
nucleated directly from the gas by rapidly remove heat. This is
exactly the same way the ultra fast laser excitation temporarily
drives the ferromagnetic system above the Curie temperature
in a metastable state, which is not a paramagnetic since since
it conserves all correlations. Indeed, slow cooling in the water
dropletcase would make them water and in our case — would
nucleate stripe domains instead of the skyrmions. Many other
similarities can be noticed as for example, that the metastable
skyrmions are created in the conditions when they acquire the
topological creation of metastable phases in colloidal crystals
which take place because the nucleation kinetics of the stable
phase is slower than that of an intermediate metastable
phase." Similarly, in light-induced melting of charge density
waves*® metastable topological defects are created and play an
important role in the dynamics of slow recovery.
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4 Methods

4.1 Atomistic simulations

The ASD simulations were carried out using the software
package VAMPIRE."” The spin Hamiltonian, consisting of the
Heisenberg exchange, anisotropy, Zeeman and DMI energies,
is written as:

Hspin = — > _JiSi-Sj—ka Y _ (Si- )~

i<j i

MSZS,- “ Bapp — ZD,]' - (8; % Sj)
i

i<j

(1)

where §; and §; are unit vectors referring to the spin in the
sites i and j respectively. J; is the symmetric exchange inter-
action between spins 7 and j, k, is the uniaxial anisotropy of
the system with the easy axis pointing along the direction
defined by the unit vector é, ug is the magnetic moment of the
spin, B,pp, is the external applied field and Dy is the DMI vector
calculated as D; = D(z x ry), with z and r; being the unit
vectors that point along z direction and the relative distance
between atoms i and j respectively. The modelled system con-
sists of 3 monolayers (3ML) of hexagonal closed-packed cobalt
with a 55 x 55 nm® square-shaped sample and Periodic
Boundary Conditions (PBC) along the x and y directions. The
sample is parametrized using the uniaxial perpendicular an-
isotropy k, = 5.85 x 107>* J per atom. To include the influence
of the thin film geometry, this parameter includes the shape
anisotropy factor giving a larger nominal anisotropy parameter
(1.68 MJ m™) typical for these structures. The DMI interaction
for a Pt/Co interface (|Dy| = 4.8 x 107 J per atom) is parame-
trized from first principles calculations*® and matches that
obtained experimentally*>** and calculated in the micromag-
netic approximation.*” In the absence of correct Heisenberg
exchange parameters we took its value (J; = 4.8 x 107" J per
atom) corresponding to bulk Co.”” The atomistic material
parameters employed are listed in Table 1. The magnetization
dynamics is obtained by solving the set of atomistic stochastic
Landau-Lifshitz-Gilbert (LLG) equations:

8S,' _ Y

o (1+2) [Si x Begy + ASi x (S; x Bygy)| 2)

Table 1 Atomistic and micromagnetic material parameters, the latter
being given both for 0 K and 300 K. It should be noted the atomistic k,
parameter includes the shape anisotropy contribution which at T = 0 K
corresponds to a larger macroscopic contribution of K, = 1.68 MJ m™.
However, as seen in the section 7 of the ESI,1 both micromagnetic an-
isotropy values have been discussed depending on the presence or
absence of the long range dipolar interactions

Micromagnetic Micromagnetic
Atomistic (0K) (300 K)
us = 1.61up Ms=135MAm™" Mg=111MAm™’

Jij=4.8x% 10’21] per atom
Dy =4.8 x 107 ] per atom
ky = 5.85 x 107>* J per atom

Aex=14.8pJ m™"
Ding =9 mJ m~>
K,=0.53MJ m™>

Aex =104 pJ m™*
Djng = 6.3 mJ m-
K, =029 MJ m™>

2
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here, y is the electron gyromagnetic ratio and A = 0.3 (ref. 46) is

the damping parameter. The effective field Bl; =
1 [ OHspi . o

-— < Spm> + Bthermal (T) contains contributions from
Ho 0S;

Hspin and it is augmented by the stochastic thermal field
Bihermal(T) coupled to the electronic temperature T, via the
scattering mechanisms. The thermal stochastic field is intro-

duced following the usual Langevin dynamics as Bihermal(T) =

re 22k T

YusAt
mean of zero and standard deviation equal to one and T =
T..*> The electron temperature is governed by the Two-
Temperature Model (2TM).** This model couples the electronic
T. and lattice 77 temperatures of the system with the laser
power density P(t):

where I'(¢) is a 3D Gaussian distribution with a

ce% — —Ga(Te — T}) — keVTe + P() 3)
oTy .
CIE = Go(Te — Th) (4)

where C. =y, T is the electronic specific heat, C; is the lattice

specific heat, G the electron-phonon coupling and . the

diffusion coefficient representing the heat dissipation to the

environment. The laser power density P(t) is considered with a
2F,

Gaussian form:
2
—4In2 (tL)
—— ¢ P
Stp/m/In2

where F, is the laser fluence (in units of energy density), ¢, the
pulse temporal width and 6 the optical penetration depth,
assumed to be 6§ = 10 nm. Note that the deposited energy is
independent of the pulse width for a given laser fluence. For
the 2TM model the electron specific heat coefficient y,, = 662 ]
(m® K*)7, the phonon specific heat C; = 2.07 x 10° J (m® K)™*
and the electron-phonon coupling G = 4.05 x 10"® J (sm® K)™*
were taken from Chimata et al.,*” while the heat-sink coupling
ke = 4 x 10° s7" was taken from Bigot et al.*®

For micromagnetic modelling the standard micromag-
netic software MuMax3 *° with thermal fluctuations was
employed. The micromagnetic parameters were considered
temperature-dependent and scaled with magnetization as
indicated in Table 1 and further discussed in the section 7
of ESL.}

P(t) = (5)

4.2 The field-cooling protocol

In these simulations the system is initially placed at a tempera-
ture T = 1000 K and is cooled down at a constant rate of d7/d¢
=175 K ns™" until different final temperatures are reached. In
all cases the LLG equation is integrated during a total simu-
lated time of 4.5 ns. In order to minimize the thermal noise,
the final states have been averaged during the last 100 ps of
simulation when the skyrmions were stable.
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