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Laser-induced topological spin switching
in a 2D van der Waals magnet

Maya Khela1, Maciej Da̧browski 2 , Safe Khan3, Paul S. Keatley 2,
Ivan Verzhbitskiy4,5, Goki Eda 4,5,6, Robert J. Hicken 2,
Hidekazu Kurebayashi 3,7,8 & Elton J. G. Santos 1,9

Two-dimensional (2D) van derWaals (vdW)magnets represent oneof themost
promising horizons for energy-efficient spintronic applications because their
broad rangeof electronic,magnetic and topological properties. However, little
is known about the interplay between light and spin properties in vdW layers.
Here we show that ultrafast laser excitation can not only generate different
type of spin textures in CrGeTe3 vdW magnets but also induce a reversible
transformation between them in a topological toggle switch mechanism.
Our atomistic spin dynamics simulations and wide-field Kerr microscopy
measurements show that different textures can be generated via high-intense
laser pulses within the picosecond regime. The phase transformation between
the different topological spin textures is obtained as additional laser pulses are
applied to the systemwhere the polarisation and final state of the spins can be
controlled by external magnetic fields. Our results indicate laser-driven spin
textures on 2D magnets as a pathway towards reconfigurable topological
architectures at the atomistic level.

The finding of long-range magnetic ordering in 2D magnetic mate-
rials has been attracting considerable research interest on different
forefronts ranging from fundamentals up to energy-efficient
applications1–11. In this context, the ability of spin-light coupling to
control the magnetic properties of atomically thin layers for inte-
gration in all-optical switching (AOS) devices12–14 might provide a
feasible pathway for faster and low-power magneto-optical imple-
mentations. Previously demonstrated on different compounds under
ultrafast laser pulses15–18, AOS has potential to give a major impact on
data memory and storage technologies due to the fast, and scalable
character of optical probes. Apart from the switching between var-
ious magnetic states under specific circumstances of field, laser
energy and temperature, optical pulses can also lead to formation of

different spin textures with specific topology or chirality19–21. In par-
ticular, topologically non-trivial spin quasiparticles that can be
erased, nucleated and spatially manipulated as in writing and
register-shifting of logical bits6,22–26 have been attracting substantial
attention. The inherent localized nature of the spin textures and their
coupling with the environment which is governed by exchange and
spin-orbit interactions define the underlying femtosecond time scale
of magnetic dynamics.

Different spin textures have been previously observed in vdW
magnets (e.g., Fe3GeTe2, CrCl3, Cr2Te3, Fe5GeTe2, CrGeTe3). They
range from magnetic bubbles4,27,28 and stripe domains29, up to topo-
logical quasiparticles, such as skyrmions30–36 and merons37,38, as
recently summarised in the 2D Magnetic Genome9. These evidences
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provide a broad territory for exploration either in more fundamental
levels or in functional applicationswhere the control of spin textures in
device platforms is the ultimate step. On that, the formation of sky-
rmions in vdW layers has been mainly due to the intrinsic magnetic
features of the layers (e.g., sizeable Dzyaloshinskii-Moriya interactions,
dipolar fields, etc.) or the application of external magnetic fields in
order to break any inversion symmetry in the system.Nevertheless, the
use of light probes such ultrafast laser pulses to generate and manip-
ulate topological spin textures on 2D vdW compounds is currently
unknown. There have been recent reports on pump probe measure-
ments on 2D magnets39–41, but the demonstration of the formation of
spin textures via ultrafast laser excitations is yet to be reported.

Here we show that ultrashot laser excitations can be used to
imprint spin textures with different chiralities on the centrosymmetric
CrGeTe3 magnet. We observe that skyrmions, anti-skyrmions, stripe
domains canbegenerated throughout the surface after the application
of laser pulses with high stability after thermal equilibration. Addi-
tional laser pulses canmanipulate their topological character inducing
the transformation of skyrmions into stripe domains, and vice versa,
with an externalmagnetic field providing control on the polarity of the
final state. This toggle switching mechanism is observed to be com-
plete and reversible in CrGeTe3 providing a practical way to write and
erase information with topological features in a short time scale.

Results
To probe the magnetic properties of CrGeTe3 crystal we use a com-
plementary suite of theoretical and experimental techniques com-
prising multiscale theoretical approximation4,6,8,37,42–43 and wide-field
Kerr microscopy (WFKM) in a polar geometry44 (see Methods for
details). We start showing theoretically that ultrafast laser pulses
(Fig. 1a) can beused todrive the formation of different spin textures on
CrGeTe3 at different conditions.Wedescribe the interactions via a spin
Hamiltonian including most of the contributions previously found to
play a role in the magnetic properties of 2D materials42:
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where i, j represent the atoms index, Jij represents the exchange
tensor that for CrGeTe3 contains only the diagonal exchange terms,Aij

is the Dzyaloshinskii-Moriya interaction (DMI), Kij is the biquadratic
exchange interaction42, Di the uniaxial anisotropy, which is orientated
out of plane (e = (0, 0, 1)), and Bdp is the dipolar field calculated using
the macrocell method4. The exchange interactions for CrGeTe3 have
been previously parameterized from first-principles calculations2 and
contains up to three nearest neighbors. The inclusion of biquadratic
exchange42, four-site four spin interactions and next-nearest exchange
interactions have been shown to lead to the stabilisation of non-trivial
spin structures in vdWmagnets37,45 and thin films46. For the latter, large
effects on the energy barriers preventing skyrmion and antiskyrmion
collapse into the ferromagnetic state have been observed. In this
context, we have also investigated the role of the different interactions
in Eq. (1) in stabilising topological spin textures in CrGeTe3.
Supplementary Table 1 provides a summary of the main driving forces
used, where the presence of DMI is crucial (see Supplementary
Movie S1) for the formation of skyrmions and more complex spin
textures as discussed below. Even though the system is centrosym-
metric which rules out DMI at first-nearest neighbours, the same is not
applicable for second-nearest neighbours where a sizeable DMI is
present. Thismagnitude has been bothmeasured and calculated using
inelastic neutron scattering47 and ab initio48 simulations, respectively,
resulting in ∣Aij∣ ≈0.31 meV. The Landau-Lifshitz-Gilbert (LLG)
equation is used to describe the dynamics4,42 at different times and

temperatures. We include the effect of the laser pulse and further
relaxations of the spins and ionic lattice via the two-temperature
model (2TM)43,49 (see Methods). In the 2TM simulations the spin
interactions (e.g., bilinear exchange, anisotropic exchange, biquadra-
tic exchange, DMI, single-ion anisotropy) are not modified by the
excitations, but rather the ultrashort pulses change the spin dynamics
under different fluences, as commented below. This is an effect of the
time-evolution of the system to minimize the energy towards thermal
equilibration after being optically excited

Figure 1b shows that as a short laser pulse is applied into the
system at 100 ps, the electron (Telec) and phonon (Tphon) reservoir
temperatures are substantially modified as time evolves. An initial
sharp increase of Telec is observed within the sub-picosecond regime
(~0.5 ps) taking the system above the Curie temperature TC = 68K2.
Tphon follows the variation of Telec as thermal relaxation takes place
shortly after the excitation. The behaviour of both temperatures is
dependent on the fluence energy applied to the layers displaying
variation on the stabilisation of Telec and Tphon towards equilibration.
That is, the higher the fluence the larger the stabilised temperatures.
This affects directly how the magnetisation (Mz/Ms) responds to the
laser pulse, which is strongly fluence-dependent (Fig. 1c). At low flu-
ence magnitudes (e.g., 0.03mJ cm−2), the demagnetisation process
completes before the electron-phonon temperature equilibration is
reached (0.34 K). Supplementary Table S2 shows all the equilibration
temperature at the different fluences used. There is a short decay of
the magnetisation from the saturation state to Mz/Ms = 0.75 which
rapidly recovers on the timescale of ~4 ps. This demagnetisation pro-
cess can be classified as type-I dynamics as a single-step demagneti-
zation within the electron-phonon equilibration is achieved50. At
higher fluences (i.e., 0.2mJ cm−2) there is an initial rapid demagneti-
sation (Mz/Ms = 0.04) of the CrGeTe3 (Fig. 1c) driven by the electron
temperature. After the electron-phonon temperature equilibration is
achieved (2.25 K) themagnetisation does not significantly recover, and
instead a second, far slower stage of demagnetisation proceeds which
is determined by the phonon temperature. This is a two-stage
demagnetisation process defined as a type-II dynamics50. Indeed, this
result is in good agreementwith recent time-resolvedmagneto-optical
Kerr effect measurements39 at similar energy fluence.

Interestingly, between the low and large fluence limits, there is a
transitional regimewhere a rapid and almost complete recovery of the
magnetisation occurs within 200 ps initially following a type-I
dynamics. Nevertheless, over a much longer timescale ( >200ps) the
system enters in a second demagnetisation stage steered by the pho-
non temperature as in a type-II dynamics. In this transitional domain,
the laser pulse drives the formation of a variety of magnetic objects
suchasbubbles (circular andelongated), spirals or stripedomains, and
donut-shaped textures (e.g., 0.14mJ cm−2 in Fig. 1d–f). By analysing the
local spindistributions of thedifferent textures (Fig. 1g–i), and through
the computation of the total topological charge Nsk via

37,51,52:

Nsk =
1
4π

Z
n � ∂n

∂x
×
∂n
∂y

� �
d2r ð2Þ

where n is the direction vector of magnetisation M (e.g., n = M
∣M∣), we

identify the formation of skyrmions (Nsk = − 1) and anti-skyrmions
(Nsk = + 1) of Bloch-type, and skyrmioniums (Nsk = 0)48,53. We estimated
their diameters in the range of 20 − 35 nm using the magnetic
parameters (e.g., exchange interactions, anisotropies, DMI)47,48 avail-
able for CrGeTe3. It is worth mentioning that these diameters can be
changed with further optimisation of the parameters as previously
demonstrated54. This associated with the limitations in length scale of
the atomistic spin dynamicsmethods55,56 resulted in smaller diameters
relative to the experiments as showed below. We however assumed a
more qualitative approximation to demonstrate the existence of non-
trivial spin textures into the layer, and how to control them through
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Fig. 1 | Laser-induceddemagnetisationprocessesand spin textures. aSchematic
of the ultrafast laser pulses with linear polarisationπonCrGeTe3.b Evolutionof the
electronic (Telec) and phonon (Tphon) temperatures using the 2TM approach after
the application of a singlepulse at different energyfluences (mJ cm−2). cVariation of
the out-of-plane magnetisationMz/Ms versus time (ps) at the fluences showed in b.
Line breakings are used to separate the three regimes observed in the simulations.
d–f Snapshots of the spin dynamics (Mz) following the pulse at 115 ps, 400ps, and

8000ps, respectively. A fluenceof 0.14mJ cm−2 was used.g–i Local view of the spin
textures with their respective topological number Nsk = + 1 (anti-skyrmion), −1
(skyrmion), and 0 (skyrmionium), respectively. The scale bar of 5 nm applies to
both g and h. Skyrmions are generally more energetically stable than anti-
skyrmions or skyrmionium even though both can stay for several nanoseconds and
disappear as observed in our spin dynamics simulations.
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optical excitations. Domain wall widths were extracted and resulted
in ~ 5.2 nm which follows those found in strong 2D ferromagnets such
as CrI3

4, CrBr3
6, and Fe3GeTe2

45,57. It is worth mentioning that the
formation of skyrmioniums into the system is more efficient via
ultrafast laser pulses than via cooling. We have tested our simulation
setup and found that statistically one out of four repeats of a field-
cooling LLG-simulations (11.7mT) yielded the formation of skyrmio-
niums. This suggests that excited ground states are be more feasible
for the stabilisation of spin textures since any energy barrier for the
formation might be overcome54.

The formation of spin textures in CrGeTe3 after the laser pulses
canbeexplained in termsof the spin correlations present in the system
that do not vanish during the initial rapid quenching of the magneti-
sation (<250 fs) during the demagnetisation process58,59. Following the

application of the laser pulse, ferromagnetic recovery occurs in loca-
lised regions of the surface which is driven by short-range exchange
interactions. This localised recovery or magnon localisation, results in
the nucleation of small, non-equilibriummagnetic structures known as
magnon droplets60. The nucleation of these droplets at an early stage
of the dynamics can be seen in Supplementary Fig. 1 at different flu-
ences. Within a time scale of a few picoseconds, these droplets can
split, merge and scatter until thermal equilibration is reached which
induced the formation of more stable textures with a defined spin
configuration ( >200ps). Once this magnon coalescence step60 is fin-
ished, the magnon droplets evolved into skyrmions with a specific N
and energetic stability against thermal fluctuations.

We observed that this phenomenon can be tuned by adjusting
the energy fluence applied to the system. That is, different types of
magnetic textures can be created in CrGeTe3 with the laser pulse. At
low fluences, 0.001−0.055mJ cm−2 (Fig. 2a, and Supplementary
Movie S2) the final topological charge is nearly zero with the mag-
netisation in the type-I dynamics. This is expected at this weak spin-
light interaction regime as the magnetisation recovers to a polarised
ferromagnetic (FM) state after a few picoseconds. As the fluence
increases within the range of 0.055−0.087mJ cm−2, the pulse sig-
nificantly demagnetises the system, creating densely packedmagnon
droplets transiting the system to the formation of non-trivial objects
such as spin stripes (Supplementary Movie S3). The temperature
equilibration in this case is not high enough to break the stripes in
more localized spin quasiparticles. The formation of skyrmions
however can be achieved as the energy is slightly increased to
0.09−0.180mJ cm−2. At this limit, the temperature of the system is
suitable for the magnon droplets to gain topological features, and
hence they evolve into skyrmions rather than merging (Fig. 2b,
Supplementary Movie S4). It is noteworthy that is within the region
of 0.14−0.18mJ cm−2 there is the simultaneous formation of sky-
rmioniums with skyrmions which are randomly distributed over the
surface. At fluences above 0.18mJ cm−2 (Fig. 2c, Supplementary
Movies S5–S6), a hybrid spin state consisting of skyrmions, stripes
and skyrmioniums are formed. The large amount of energy depos-
ited in the CrGeTe3 layers at this limit results in thermal fluctuations
which are sufficient to inhibit the creation of magnon droplets.
Instead, the non-equilibrium spin textures tend to merge and evolve
inmixed labyrinthine domains with the appearance of skyrmions and
skyrmioniums. In all these different processes, the magnitude of Nsk

can work as a descriptor indicating the different spin objects formed
by the excitations. However, visualisation of the spin distributions is
critical to further characterise their spatial correlation and
interactions.

We can experimentally validate the formation of spin textures and
further tuningwith the laser pulses viaWFKMtechniques (seeMethods
for details). We initially zero-field cooled the system to ≈ 18.5 K, and
then applied a sequence of N = 1, 10, and 100 pulses under an out-of-
plane field of 25mT. Figure 2d, e show the spin states obtained in
CrGeTe3 after N = 100 and N = 10 pulses, respectively. Strikingly, these
results follow closely those obtained in the simulations (Fig. 2b, c) with
the formation of magnetic bubbles and their coexistence with mag-
netic stripes throughout the surface. The nominal fluence used in the
measurements (16mJ/cm2) agrees on the hybrid spin structures found
formagnitudes above 0.30mJ/cm2 in the phasediagram in Fig. 2a. This
indicates a complex scenario for the stabilisation of the spin textures
with the laser excitations.We alsonoticed that a high number of pulses
is normally necessary in the measurements to induce the creation of
the spin textures (Fig. 2d, e). That is, forN ≤ 10 we barely observed any
modifications of the spin textures at the same laser fluence. As dis-
cussed previously, this is related with the number of magnon droplets
populating the surfaceduring themagnon localisation phenomenon60.
A closer look at themagnetisation dynamics reveals that depending on
the amountof energy transferred to the layers via thedifferent number
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Fig. 2 | Fluence-dependent spin textures. a Final topological charge (Nsk) versus
energy fluence (mJ cm−2) of the applied laser. The different energies determine the
spin states created in CrGeTe3 within the range considered: spin polarised ferro-
magnetic (FM), magnetic stripes, skyrmions and hybrid (stripes and skyrmions
coexisting). In each case, CrGeTe3 was in a spin-polarised saturated state (Mz = 1)
prior to the laser pulse.b–c Snapshots of the simulation results for 0.10mJ cm−2 and
0.30mJ cm−2, respectively. The out-of-plane magnetisationMz after 3 ns relaxation
following a single laser pulse is used. Thewhite scale bar is 50nm.d, e Experimental
results obtained via WFKM after 100 and 10 laser pulses, respectively. The black
scale bar is 5 μm and the laser fluence is 16mJ/cm2. The measurements were per-
formed at 18.5 K. A 25mT magnetic field is used.
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of pulses N, the magnon droplets can either be isolated and give place
to the formation of skyrmions or magnetic bubbles; or, they can coa-
lesce and form long stripe domains with smaller contributions from
localised droplets. We noticed that both situations are possible in
CrGeTe3 depending on the number of pulses applied under an external
magnetic field. Moreover, the size of the magnetic spin textures sta-
bilised in the areas studied (~1−2.90 μm) exceeded those calculated in
the atomistic computations (~17−29 nm). However, we have observed
smaller spin textures (Supplementary Fig. 4) within the range of the
simulations (~20−60 nm) which could not be resolved due to optical
limitations of the technique. Higher resolution techniques, e.g., Lor-
entz transmission electron microscopy, would be required to resolve
such small-diameter textures.

An outstanding question raised by these results is whether the
ultrafast laser pulses can induce the transformation of magnetic
stripes into bubbles/skyrmions, and vice-versa, like in a spin-toggle
switch13. This AOS process normally requires two magnetic states
with equal energies where the switching between them can be rea-
lised at a negligible heat generation61,62. The switching however needs
to be reproducible and reversible in order to allow full writing of the
magnetic information62,63. To investigate this we probed the variation

of the spin textures with laser excitations but also taken into account
an external field to unveil any polarisation effect that might be pre-
sent in the system. As laser pulses are applied to CrGeTe3, there are
clear transformations of the magnetic textures from one state to
another which can be further manipulated via a magnetic field
(Fig. 3). We considered three steps in this switching phenomenon
under a field of +25mT (Fig. 3a–c), 0mT (Fig. 3d–f) and −25mT
(Fig. 3g–i). We initially obtained a spin state with mixed labyrinthine
domains (Fig. 3b) prior laser application, which will be used as a
reference for the switching process. We then applied N = 100 laser
pulses at +25mT on this state to generate a switching between a
stripe dominant-state (Fig. 3b) to a random network of magnetic
bubbles (Fig. 3c). We continued this process through magnetic fields
of 0 mT (Fig. 3d–f) and −25mT (Fig. 3g–i) to show that this toggle
switching is reversible, complete and reproducible. It is noticed that
the polarity reversal of the spin textures with magnetic fields (Fig. 3c,
i) provides an additional ingredient for controlling on-demand the
polarisation of the spin textures or to determine which spin textures
are created. For instance, the switch frommagnetic bubbles to stripe
domains occurs without the application of magnetic fields. However,
the transition from stripes to bubbles has been noticed to require a

Switching
c f

Switching Switching
i

Switching Switching Switching

b e h

N=100

+25 mT

a d

-25 mT

g

0 mT

N=100N=100

Fig. 3 | Light-induced spin toggle switch. a Schematic of CrGeTe3 crystal under
laser excitations (N = 100 pulses) and an out-of-plane magnetic field (+25mT). b–c,
Spin toggle switching observed between two magnetic configurations dominated
by stripe domains (b) and bubbles/skyrmions (c) via WFKM measurements.
A magnetic field of + 25mT and N = 100 laser pulses are applied to induce the
transition. d Similar as in a but without any applied field. e–f The magnetic con-
figuration in c is used as a reference state to a new switching process in ewith zero
field and under N = 100 laser pulses. The final equilibrated state is shown in fwith a

predominant amount of stripe domains throughout the surface. g Similar as in
a but with a magnetic field of opposite polarity (−25mT). h,i The magnetic state
in f is used as the reference state in h to induce a new switching step under −25mT
andN = 100 laserpulses. The reversal of thefield from+25mT(a–c) to −25mT (g–i)
with an intermediate step at 0mT can generate a full switching loop with a
different polarisation of the magnetic skyrmions and stripe domains. The scale
bar is 5 μm and the laser fluence is 16mJ/cm2. The measurements were
performed at 18.5 K.
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bias field. This indicates a switch mechanism where a defined spin
state can be obtained through the interplay between laser pulses and
field-induced symmetry breaking into the lattice. Simulation results
of the toggle switch found in the experiments are given in Supple-
mentary Fig. 2 which provided a theoretical background for our
observations.

Discussion
The discovery of laser-induced spin switching in 2D vdW magnetic
materials creates exciting avenues for imprinting and tailoring
topological properties at the atomic level in layered systems. Several
compounds such CrGeTe3 have been explored, isolated and inte-
grated in devices geometries9 which could be applied to the
exploration of ultrafast spintronics. Our results suggest that even
center-symmetric lattices butwith sizeable non-collinear asymmetric
exchange (e.g., DMI) in the second nearest-neighbors47 may be able
to hold similar features. The ultrafast laser-induced heating of elec-
trons in CrGeTe3 is able to trigger magnetization control which
liaised with external magnetic fields create a spin switch mechanism.
Different field polarisation also controls the polarity of the created
spin textures (e.g., stripes, bubbles, skyrmions, anti-skyrmions) as we
compare the final spin state with fields of different signs (Fig. 3).
Indeed, the skyrmions are stable after removal of the magnetic field
and can be switched back to the initial stripe pattern by exposing the
material to the same number of pulses without applying any external
field. This gives further flexibility to tune the spin configurations on-
demand without constraint on the setup to be coupled to large
magnets. The number of pulses N however still needs to be large
relative to single-pulse toggle switch in 3D ferrimagnets62,64 in order
to observe phase transformation of the magnetic textures (e.g.,
skyrmions into stripe domains, and/or vice-versa) or induce the
initial formation of topologically non-trivial spin objects. Even
though such difference could be seen as a limitation in terms of
single-pulses applications, it suggests that if a 2D ferrimagnet could
be isolated and chemically stabilised such system could potentially
be probed using the guidelines demonstrated in our work. This
opens a broad range of material possibilities to be explored where
fast high-throughput screening can be used to select potential can-
didates. Moreover, to be able to write information and switch mag-
netization between different spin states as those demonstrated on
CrGeTe3, the laser energy plays an important role. The challenge
therefore is to find a balance where minimum energy fluence can be
used whereas allowing efficient interaction between spins, light and
crystal symmetry towards topological modifications. It is worth
mentioning that the reversible topological switch mechanism
reported here is different to that shown in Pt/CoFeB/MgO and Pt/Co
systems65. On that, just one-way switching (either from a uniform
magnetisation state, or stripe domains, into skyrmions, but not vice-
versa) was found. In this aspect, the finding of a fully reversible
topological spin switch based on a 2D vdW magnet without any
interface issues or elaborate sample preparation presents as a leap
onward writing/reading topological information. The natural next-
step however is how to encode these magnetic objects with specific
information (e.g., bytes) and read them afterwards. Much work is
needed to fully explore the whole sets of switch phenomena at
strictly 2D compounds.

Methods
Atomistic simulations
We model the system through atomistic spin dynamic simulations
methods4,42,56. Spin interactions are described via Eq. (1) with para-
meters from ab initio calculations2. The Landau-Lifshitz-Gilbert (LLG)
equation is used to describe the dynamics at different times and
temperatures. The LLG equation is a differential equation that
describes the precessional motion of magnetisation in a crystal. It is

given by:

∂Si

∂t
= � γ

ð1 + λ2Þ
Si ×B

i
eff + λSi × ðSi ×B

i
eff Þ

h i
ð3Þ

where Si is a unit vector describing the spinmoment orientation of site
i. γ is the ratio of a spin’s magnetic moment to its angular momentum,
known as the gyromagnetic ratio, andBi

eff is the effective netmagnetic
field. This effective field can be derived from the first derivative of the
spin Hamiltonian:

Bi
eff = � 1

μS

∂H
∂Si

ð4Þ

where μS is the local spin moment. The Heun method is used to
numerically integrate the LLG equation42.

Two-temperature model
The semiclassical two-temperature model (2TM)43,49 was utilised to
simulate the thermal transport during the ultrafast laser heating on
CrGeTe3. We previously modeled the laser-induced spin texture
formation in CrCl3

43 using this technique. We did not observe any
spin-toggle switch as that found in CrGeTe3, but rather the formation
of merons or anti-merons from a homegeneous magnetic state. This
suggests that the intrinsic magnetic properties of the vdW layer (e.g.,
easy-plane or easy-axis) play a role in the switching phenomena. The
2TM separates the temperature of the system into electron and
phonon (lattice) contributions represented by Telec and Tphon,
respectively. The model assumes that internal relaxations are faster
then the coupling heat baths which allow to describe the interactions
between lattice and electrons via coupled differential equations
given by:

m
∂v
∂t

+mv � ∇rv+ kb 1 +
Telec

Ce

∂Ce

∂Telec

� �
� eβ

� �
∇Telec = � eTelecv

μ0Tphon
ð5Þ

Ce
∂Telec

∂t
+ v � ∇rTelec +

2
3
Telec∇r � v

� �
+∇r � Qe = � GðTelec � TphonÞ+ Sðr,tÞ

ð6Þ
wherem is the electronmass, v is themean (drift) velocity vector, kb is
the Boltzmann constant, Ce is the electron heat capacity constant, β is
the electric field coefficient, e is the electron charge, μ0 is the mobility
of electrons at room temperature,Qe is the electronicheatflux,G is the
electron-phonon coupling, and Sðr,tÞ is the volumetric laser heat
source. Equations (5)–(6) describe the conservation ofmomentumand
energy in the electron subsystem.Thedescriptionof the lattice is given
by:

Cl
∂Tl

∂t
= � ∇ � Ql +GðTe � TlÞ ð7Þ

where Cl is the lattice heat capacity, and Ql is the lattice heat flux. The
coupling between lattice and electronic subsystems is given via:

τe
∂Qe

∂t
+Qe = � Ke∇Te

ð8Þ

τl
∂Ql

∂t
+Ql = � Kl∇Tl

ð9Þ

where τe is the electron relaxation time, Ke is the electronic thermal
conductivity coefficient, τl is the lattice relaxation time, and Kl is the
lattice thermal conductivity coefficient. The parametrization of the
2TM is fitted accordingly to experimental magnetisation dynamics on
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CrGeTe3 and parent compounds66–68 as shown in Supplementary
Table 3. The use of 2TM liaised with the LLG equation allows the
simulations of systems for several nanoseconds (>8 ns) at large areas
(e.g., 250× 250 nm2) which are unpractical using other techniques, for
instance, time-dependent density functional theory69 (TDDFT). Nor-
mally TDDFT is well suited for simulating attosecond to picosecond
phenomena which occurred immediately after the photo-excitation of
the system (i.e., charge transfer pathways)70. The time-step in such
simulations is generally within the sub-attosecond timescale (1
attosecond = 10−18 s) as high-frequency fluctuations arise from the
electron dynamics included in the time-dependent Kohn-Sham
equation69. In our case however the critical equilibration where the
topological spin textures are observed takes place long after the laser
pulses (>1 ns), and no electronic effects are present apart from the
thermal electronic bath provided via the 2TM. The sound agreement
between the experimental results and the simulations indicates the
LLG-2TM as a suitable approach to study photon-excitation in 2D
magnets.

Topological number
Calculations of the topological charge have been used to identify dif-
ferent spin textures in the CrGeTe3. By convention skyrmions have a
topological charge Nsk = − 1 while antiskyrmions have Nsk = + 1. Trivial
bubbles have a trivial topological charge Nsk = 0, similarly as sky-
rmioniums.Note that the topological charge depends onboth chirality
and polarity; reversal of either will correspondingly reverse the sign of
Nsk. In this convention a core-down, right-handed skyrmion has a
topological charge of Nsk = − 1. In the continuum case the topological
charge isdefined as in Eq. (2). In thediscrete approach,we calculateNsk

via the triangulation method37 where the spin texture lattice is parti-
tioned into triangles involving the spins and the sum is evaluated over
the whole surface. The calculation is performed 3 ns of relaxation after
the laser pulse.

Samples
Single-crystalline CrGeTe3 (CGT) flakes were synthesized using the
chemical vapor transport method. Elemental precursors of chromium
(≥99.995%), germanium (≥99.999%), and tellurium (99.999%) in the
molar ratio of Cr:Ge:Te = 10:13.5:76.5 were sealed in a thick-walled
quartz ampule evacuated by the turbomolecular pump down to ~10-
5mbar. Excess telluriumwas added as a flux. To ensure the high purity
of the product, no other transport agents were used. Once sealed, the
ampule was thoroughly shaken to mix the precursors. Then, the
ampule was loaded into a horizontal two-zone annealing furnace with
both zones slowly ramping to 950 °C. The ampule was kept at 950 °C
for 1 week and then slowly cooled (0.4 °C/h) with a temperature gra-
dient between two zones of the furnace. The gradient ensured the
crystallization predominantly at the cold end of the ampule. Once the
furnace reached 500 °C, the heaters at both zones were switched off
allowing the furnace to cool naturally to room temperature. The
crystals were extracted from the ampule under inert conditions and
stored for future use.Our samples are ~ 1mmthick, and 1.5 × 1.5mmfor
lateral dimensions. Supplementary Figs. S3–S5 show the results for the
characterisation on x-ray diffraction patterns, domain structures
obtained via WFKM and hysteresis loop, respectively. Supplementary
Movies S7 and S8 provide additional details on the measurements.

Microscopy
The measurements were performed by wide-field Kerr microscopy
(WFKM) in apolar geometry to sense theout-of-planemagnetization in
response to either a magnetic field or optical pulses. The sample illu-
mination was linearly polarized, while polarization changes of the
reflected light due to the polar Kerr effect were detected as intensity
changes using a nearly crossed analyzer, quarter-waveplate, and high
sensitivity CMOS camera. For switching experiments, an optical pump

beam (1035 nm) with linear polarization and 300 fs pulse duration, 1
MHz repetition rate and different number of pulses N was incident at
45∘ to the sample plane and focused to a 100 μm diameter spot
(intensity at 1/e2). Measurements were performed at temperatures
ranging from 15 to 50K. All images presented in this work are acquired
for the final magnetization state which remains the same until the
sample is exposed either to more optical pulses, or to an external
magnetic field.

Data availability
The data that support the findings of this study are available within the
paper, Supplementary Information and upon reasonable request.
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