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Magnetic skyrmions are topological excitations of great promise for compact and efﬁcient memory storage. However, to interface
skyrmionics with electronic devices requires efﬁcient and reliable ways of creating and destroying such excitations. In this work, we
unravel the microscopic mechanism behind ultrafast skyrmion generation by femtosecond laser pulses in transition metal thin
ﬁlms. We employ a theoretical approach based on a two-band electronic model, and show that by exciting the itinerant electronic
subsystem with a femtosecond laser ultrafast skyrmion nucleation can occur on a 100 fs timescale. By combining numerical
simulations with an analytical treatment of the strong s–d exchange limit, we identify the coupling between electronic currents and
the localized d-orbital spins, mediated via Rashba spin–orbit interactions among the itinerant electrons, as the microscopic and
central mechanism leading to ultrafast skyrmion generation. Our results show that an explicit treatment of itinerant electron
dynamics is crucial to understand optical skyrmion generation.
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INTRODUCTION
Topological magnetic excitations are of large interest both from
a fundamental point of view and for the construction of
compact and energy-efﬁcient memory and computational
devices1–10. A notable example is magnetic skyrmions, chiral
topological spin conﬁgurations stabilized through competition
of exchange, Dzyaloshinskii–Moriya (DM), and Zeeman or
anisotropy interactions. Skyrmions have generated much attention due to their potential for realizing race track memories11–13
and quantum computation devices5,14,15. However, to exploit
magnetic topological excitations for technological purposes
requires efﬁcient ways of writing, deleting, and manipulating
them on short time scales and with high spatial precision. As
demonstrated in recent experiments16–18, a promising method
to create small skyrmion clusters is by irradiating chiral magnetic
ﬁlms with femtosecond light pulses. While several works have
addressed the process of laser-induced skyrmion excitation19–22,
an adequate understanding of the underlying microscopic
mechanism is still lacking.
More generally, recent developments in material engineering
via light–matter interactions and interlayer stacking/twisting23–29
raise the question of how light can be used to tailor chiral, nontrivial magnetic textures. While previous work has been mostly
conﬁned to isolated spin or electron systems17–22,30–32, thus
neglecting the dynamical interplay of itinerant electrons and
localized magnetic moments, this interplay is both ubiquitous in
real materials and has a signiﬁcant inﬂuence on the dynamics of
magnetic systems30–36. In particular, we here demonstrate that
the coupling of itinerant electrons and localized spins is a key factor
in understanding the optical generation of chiral topological spin
textures. Hence, to fully exploit material engineering for
optomagnetic phenomena and applications, an explicit description of the role of the itinerant electrons is necessary.

To substantiate our statement, we here propose a framework
to address the dynamical interaction of itinerant electrons and
localized spins out of equilibrium and to study how light can be
used to excite chiral topological spin textures. This is exempliﬁed
by the skyrmion creation process, where we identify a
microscopic mechanism for ultrafast skyrmion nucleation via
laser excitation of the itinerant electrons. Speciﬁcally, we
consider a two-band model of coupled itinerant s-electrons
and strongly correlated d-electrons in two dimensions, where
the d-electrons are described by an effective spin Hamiltonian.
We ﬁnd that (i) when the s–d exchange is the largest energy
scale in the system, skyrmions are excited on a 100 fs timescale.
(ii) The equilibrium phase diagram shows competing spin spiral,
ferromagnetic (FM), and skyrmion crystal regions, with a small
energy barrier to excite skyrmions from the FM state. Crucially,
the energy barrier is tunable via the s − d exchange. (iii) The
coupling between the s- and d-electrons mediated via spin-orbit
interactions in the s-electron system is essential to describe
skyrmion photo-excitation. Our model provides a proof-ofprinciple of skyrmion photo-excitation via a straightforward
protocol and standard laser sources.

RESULTS
Theoretical model
We consider a coupled system of s- and d-electrons on a square
lattice and subject to a laser drive. The light–matter coupling is
included via Peierls
substitution, where the Peierls phases are
Rr
θij ðtÞ ¼ ðe=_Þ rj i dr  Aðr; tÞ and A(r, t) is the vector potential. For
a strongly correlated d-band at half-ﬁlling, empty and doubly
occupied states can be projected out by a time-dependent
Schrieffer-Wolff transformation37,38 (see Supplementary Note 1).

1
Max Planck Institute for the Structure and Dynamics of Matter, Luruper Chaussee 149, 22761 Hamburg, Germany. 2Center for Computational Quantum Physics (CCQ), The
Flatiron Institute, 162 Fifth Avenue, New York, NY 10010, USA. 3Division of Mathematical Physics and ETSF, Lund University, PO Box 118, 221 00 Lund, Sweden.
✉email: emil.bostrom@mpsd.mpg.de; angel.rubio@mpsd.mpg.de; claudio.verdozzi@teorfys.lu.se

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

E. Viñas Boström et al.

2

This results in the Hamiltonian H(t) = Hs(t) + Hs−d + Hd with
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creates an itinerant s-electron at site i with spin
Here,
^iσ is the s-electron spin density operator at site i,
projection σ, n
and bsi ¼ cyiσ τσσ0 ciσ0 and b
Si are the s- and d-electron spin operators
where τ denotes the vector of Pauli matrices. Here and in the
following, repeated spin indexes are summed over. The hopping
amplitude between nearest-neighbor sites i and j is given by ts, αs,ij
accounts for Rashba spin-orbit interactions, and ϵsiσ is the selectron local potential. B is an external magnetic ﬁeld, g the
effective s–d exchange, and Jij and Dij give the exchange and DM
interactions (DMIs)39,40, respectively.
Although the effective spin parameters Jij and Dij should in
principle be time-dependent, a Floquet analysis shows that they
deviate signiﬁcantly from their equilibrium values only for very
large electric ﬁelds or when nhω ≈ U (where n is an integer and U
is the d-orbital Hubbard interaction)30–32,34. Therefore, in what
follows, we assume that the dynamic renormalization of the spin
parameters is small. This is no serious restriction since this regime
can be realized in experiments by tuning the frequency and ﬁeld
strength of the laser. There is in principle also a contribution to the
Peierls phases coming from the external magnetic ﬁeld B, which
would lead to an enlarged magnetic unit cell and Landau level
formation among the s-electrons. However, for the magnetic ﬁelds
considered here the ratio Φ/Φ0 of the magnetic ﬂux to the ﬂux
quantum Φ0 = e/2h is very small throughout the system (of the
order of 10−3), and can thus be neglected. In the effective spin
Hamiltonian describing the d-electrons, there is no effect, since
any static contribution to the Peierls phases cancels out (see
Supplementary Note 1).
We note that in magnetic thin ﬁlms, skyrmions are often
stabilized by an easy-axis anisotropy not included in the spin
Hamiltonian. However, since the main effect of the anisotropy is to
break the rotational symmetry of the spin system, and to lower the
energy of the skyrmion state relative to the spiral state preferred
by the DMI, the same role is played by the Zeeman interaction.
Neglecting such anisotropies will thus have no qualitative effect
on the results below.
Si i  Si ,
In the following, we take the semi-classical limit b
Si ! hb
which is exact for S → ∞ and in practice works well for systems
with large spins41–43. Within the semi-classical approximation, the
present model corresponds to a two-dimensional generalization
of the model introduced in ref. 33. To obtain the intertwined
dynamics of the d-electron spins and itinerant s-electrons, we
solve their coupled equations of motion as described in the
“Methods” section.
Relation to previous work
As mentioned in the introduction, previous work on skyrmion
photo-excitation has been restricted to isolated spin systems. One
proposed explanation relies on local laser-induced heating as
described via a stochastic Landau-Lifshitz equation44. This leads to
thermal skyrmion excitation within 0.1–1 ns18–20 but misses the
microscopic features underlying spin-lattice heating. A second
proposal invokes the inverse Faraday effect (IFE), where the laser
electric ﬁeld couples to the system’s magnetization via the
asymmetric imaginary part of the dielectric tensor17,21. However,
the IFE is inefﬁcient for atomically thin magnetic ﬁlms because of
the short propagation length and small associated Faraday
npj Computational Materials (2022) 62

rotation (see Supplementary Note 3). A third suggestion is to
consider electromagnetic vortex beams carrying orbital angular
momentum and a net magnetic ﬁeld22. However, this mechanism
does not explain skyrmion excitation by linearly and circularly
polarized laser pulses, as typically employed in experiments.
Our framework naturally incorporates heating effects via energy
transfer between the s- and d-electron systems, and both the IFE
and inverse Cotton–Mouton effect (ICME) can be taken into
account by additional light–matter coupling terms. Even though
the IFE and ICME are negligible in the present context, we show
below that laser-induced currents in the s-electron system couple
to the d-electron spins via strong s–d exchange and lead to
skyrmion excitation on ultrashort timescales.
Creating a skyrmion with light
The dynamics of the system is initiated by a laser pulse with the
electric ﬁeld
 
πt
2
2
sinðωtÞb
x
(2)
Eðr; tÞ ¼ Eer =2σ sin2
2τ
for t ∈ (0, 2τ) and zero otherwise. The pulse width is set to τ =
60 fs, giving a full width at half maximum of 30 fs, and the photon
energy is 
hω = 0.5 eV. The distance r is measured from the system
center, and the spot size of the laser is controlled by the
parameter σ = 6a where a is the lattice spacing. Taking a = 5 Å
and ﬁeld strength of E = 109 V m−1, the pulse has an integrated
ﬂuence F = 2.9 mJ cm−2 similar to typical experiments18.
For the spin parameters we take J = 50, D = 25, and B = 10 meV,
consistent with the values for the transition metal ﬁlm CoFeB/
Ta45–47 at a lattice parameter a = 5 Å. We include a small Gilbert
damping αG = 0.01 in the Landau–Lifshitz equation to mimic a
dissipative environment and to stabilize the dynamics at long
times. The parameters for the s-electrons are chosen as ts = 1 eV,
αs = 0.5 eV, and ϵsiσ ¼ Bsgn σ. Finally, since typically the direct
FM exchange is larger than the s–d hybridization induced
antiferromagnetic exchange48,49, we take g > 0.
In Fig. 1, we show the photo-induced nucleation of a Néel
skyrmion in a system with 30 × 30 sites (for Rashba spin–orbit
interaction the induced DMI favors Néel skyrmions), starting from
an FM state. The skyrmion nucleates by a single spin-ﬂip process,
and then expands to a size determined by the magnetic
parameters (see Supplementary Note 4). During the subsequent
time evolution, the skyrmion remains stable but its radius
oscillates. This could indicate that the skyrmion is created in a
breathing mode50,51, however, a full characterization of this
excited state is beyond the scope of the present work. The
topology of the spin texture is quantiﬁed via the lattice
topological charge Q = ∑iQi (see “Methods”), where Qi = ∓1 for a
single skyrmion (anti-skyrmion). As seen in Fig. 1b, laser irradiation
leads to the excitation of a single skyrmion after a time t ≈ 127 fs,
where the topological charge suddenly jumps to Q = −1.
As discussed in refs. 52–54 and illustrated in Fig. 2b, skyrmions in
lattice systems experience no real topological stability and are in
practice only protected by an energy barrier. By looking at the
energy per spin ϵ = E/N (Fig. 1c), we note that it takes the system
about 100 fs to transfer energy from the itinerant s-electrons to
the d-electron spins and overcome the barrier. Therefore, the
excitation of the d-electron spin system is delayed with respect to
the s-electron system, and the skyrmion is created sometime after
the pulse has passed.
The demonstration of photo-induced skyrmion nucleation on
ultrafast timescales via excitation of the s-electron subsystem
constitutes the central result of this work. To pin down the factors
contributing to skyrmion photo generation, an explicit description
of the s-electron dynamics is necessary. This will become clear as
we critically assess the microscopic mechanism behind skyrmion
excitation and its parameter dependence. In particular, a
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Fig. 1 Laser-induced skyrmion nucleation. a Spin textures of the d-electron system at t = 140 fs (just after skyrmion excitation), 210, 265, and
325 fs. The coloring shows the out-of-plane component of the spin vector ranging from Sz = − 1 (blue) to Sz = 1 (red). The system has 30 × 30 sites
and the spin parameters are J = 50, D = 25, and B = 10 meV. The s-electrons parameters are t = 1 and α = 0.5 eV, and the s–d exchange coupling is
hω = 0.5 eV, pulse length τ = 30 fs, and a spot size of ≈14 nm (indicated by the
g = 2.5 eV. The laser has a ﬁeld strength E = 109 V/m, frequency 
blue circle). The time-dependent electric ﬁeld is schematically shown above panel (b). b, c Topological charge Q and the energy per spin ϵ = E/N as
a function of time. The total energy ϵtot is decomposed into the exchange, DM and Zeeman contributions ϵex, ϵDM, and ϵZ.

microscopic analysis of the skyrmion photo-excitation process
reveals the s–d exchange and the spin-orbit interaction among the
s-electrons as the key parameters determining the skyrmion
excitation probability. This identiﬁcation allows the skyrmion
excitation probability to be optimized through material engineering, by manipulating these parameters by material choices, optical
drives and interlayer twisting.
Energetics of skyrmion formation
Starting with the equilibrium properties of the d-electron spin
system, Fig. 2a shows the magnetic state as a function of external
magnetic ﬁeld B and DMI D. The equilibrium state is found by
simulated annealing to a target temperature kBT/J = 0.02 using the
Monte Carlo Metropolis algorithm33, corresponding to T = 11.5 K
for J = 50 meV. To minimize stochastic effects in the phase
diagram and the subsequent dynamics, the ﬁnal state for each set
of parameters is averaged over 100 Monte Carlo realizations. We
ﬁnd three competing equilibrium phases: a spin spiral phase, a FM
phase, and a skyrmion crystal (SkX) phase. To excite skyrmions
from an initially FM state, we choose the spin parameters D/J = 0.5
and B/J = 0.2 close to the FM-SkX phase boundary, as indicated by
the orange dot in Fig. 2a. This is in good agreement with the
parameters of CoFeB/Ta.
To understand how the s-electrons inﬂuence the magnetic state,
we calculate the excitation energy of a single skyrmion on top of the
FM state, E = ESk − EFM, as a function of skyrmion radius R and s–d
exchange g (Fig. 2b). Here, ESk is the energy of the coupled system for
2
the spin conﬁguration, nðrÞ ¼ ðxf ðuÞ; yf ðuÞ; 1  2eu Þ, where
f ðuÞ ¼ ð2=RuÞðeu  e2u Þ
2

2

1=2

, u = r/R and r is measured from the

center of the system. We have veriﬁed that this skyrmion proﬁle
agrees very well with numerical results for a relaxed skyrmion (see
Supplementary Note 5). As shown in Fig. 2b, there is for the pure spin
system (g = 0) an energy barrier of E ≈ 0.75 eV to overcome to excite
a skyrmion of ﬁnite radius, while for g = 2.5 the barrier is reduced to
E ≈ 0.15 eV. In addition, for g ≳ 2, the skyrmion state is lower in
energy than the FM state. Due to the reduction of the energy barrier
with increasing g, a lower laser ﬂuence is expected to be required to
excite skyrmions at the larger coupling.
The role of spin–orbit interactions
Since a strong s–d exchange is expected to facilitate skyrmion photoexcitation, we here explore this limit further. Additional insight into
the microscopic mechanism behind the excitation process can be
gained by deriving an effective equation of motion for the d-electron
spins in this limit. For large g, s-electrons with spin antiparallel to the
localized d-electron moments will be penalized by an energy ~2g,
and for g → ∞ the antiparallel component vanishes55.
To exploit this fact we adopt a continuum description and
perform a local gauge transformation to align the s-electron spins
with the localized d-electron moments (see Supplementary Note
6). Eliminating the antiparallel spin component to the lowest order
gives a modiﬁed Landau–Lifshitz equation


a2
1
(3)
∂t n ¼ 
n ´ ½Bs þ αs ´ je  þ _ðjs  ∇Þn :
_M
2
The prefactor describes the total magnetization density M = S + ms,
where m is the local s-electron spin density and s = 1/2, that appears
since for g → ∞ the s- and d-electron spins form an effective
magnetic moment of magnitude M. The effective magnetic ﬁeld Bs
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Fig. 2 Equilibrium magnetic properties. a Magnetic phase diagram of the isolated d-electron spin system (g = 0) as a function of external
magnetic ﬁeld B and Dzyaloshinskii–Moriya interaction (DMI) D. Blue areas indicate a ferromagnetic (FM) state, red areas a spiral (Sp) state and
white areas a skyrmion crystal (SkX) state. b Excitation energy E = ESk − EFM of a single skyrmion as a function of skyrmion radius R and s–d
exchange g, for the parameters J = 50, D = 25, and B = 10 meV, ts = 1 and αs = 0.5 eV. The orange dot in (a) indicates the values of the
d-electron spin parameters used in (b).

Fig. 3 Parameter dependence of skyrmion excitation. a, b Topological charge Q at t ≈ 320 fs as a function of laser ﬂuence F and
spin–electron coupling g, for a spin–orbit coupling αs = 0.5 eV. c, d Topological charge Q at t ≈ 320 fs as a function of laser ﬂuence F and
spin–orbit coupling αs, for a spin–electron coupling g = 2.5 eV. Panels a and c show the topological charge for a magnetic ﬁeld B = 7.5 meV,
and panels b and d for B = 10 meV. The system is square lattice with 30 × 30 sites with d-electron spin parameters J = 50 and D = 25 meV, and
hω = 0.5 eV, pulse duration τ = 30 fs, and spot size ≈ 14 nm.
s-electron hopping ts = 1 eV. The laser has a photon energy 

is determined by the interactions J → J + ρts/2 and D → D + ραs/2
that are renormalized by the interaction with the s-electrons, where
ρ is the density of s-electrons with spins parallel to the d-electron
magnetic moments. The term proportional to the s-electron charge
current je describes a spin-orbit induced effective magnetic ﬁeld,
which for a Rashba interaction lies in the substrate plane, and the
last term describes a coupling to the s-electron spin current js.
For a FM system with n(r) = n, ∂in = 0 and the last term of Eq.
(3) vanishes. The dominant coupling between the s-electrons and
the d-electron magnetic moments is then given by the term
ex (as induced by a linearly
proportional to je. For a current je ¼ j e b
polarized laser) this term generates an in-plane magnetic ﬁeld
npj Computational Materials (2022) 62

Bso ðr; tÞ ¼ αs je b
ey tilting the spins away from the z-axis. For zero
spin–orbit coupling αs = 0, the only effect of the s-electrons is to
renormalize the exchange parameter. Thus, without s-electron
spin-orbit coupling, skyrmion excitation will be strongly suppressed. This has been conﬁrmed in all our simulations, where we
always found no excited skyrmions for αs = 0 within the parameter
range considered.
Parameter dependence of skyrmion excitation
In Fig. 3a, b, we show the topological charge Q as a function of laser
ﬂuence F and s−d exchange g. For values of g below ≈ 2.3 no
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skyrmions are excited, while for larger values of g we ﬁnd the
topological charge to be an increasing function of F, with an
approximately linear dependence (the spin conﬁgurations containing multiple skyrmions are shown in Supplementary Note 7). This is
in agreement with the expectation from Fig. 2b: a ﬁnite amount of
energy, which decreases with g, must be supplied in order to
overcome the skyrmion excitation barrier. The results also qualitatively agree with the trend found in recent experiments52. In Fig. 3c,
d, we show the topological charge Q as a function of ﬂuence F and
s-electron spin–orbit coupling αs. As expected from the discussion of
the strong-coupling limit above, a ﬁnite value of αs is needed for
skyrmion nucleation to occur. Our results indicate the needed value
of αs depends on the ﬂuence of the laser as well as the remaining
parameters. We have also explored the polarization dependence of
the skyrmion excitation process, and ﬁnd no qualitative differences
between linear and circularly polarized pulses. Again, this is in
agreement with the experimental ﬁndings of ref. 52.
Material realizations
As shown above, favorable conditions to photo-induced skyrmions are a non-zero s-electron spin–orbit interaction and a large
s–d exchange. Since the equilibrium state of the system can be
controlled by external magnetic and electric ﬁelds (the Rashbainduced DMIs at an interface can be manipulated via a
perpendicular electric ﬁeld), we assume the equilibrium system
is close to the FM-SkX phase boundary. These conditions are likely
to be satisﬁed in transition metal monolayers and thin ﬁlms56,
where the s–d exchange is naturally strong and spin–orbit
interactions are enhanced by interfacial inversion symmetry
breaking. This includes in particular the well-studied systems Fe/
Ir(111) and Pd/Fe/Ir(111)13,43,57. Another interesting class of
systems is twisted magnetic van der Waals bilayers, which have
strong spin–orbit interactions and whose local interactions can be
tuned via the twist angle28,58.
DISCUSSION
We have proposed a microscopic theory of laser-induced skyrmion
excitation based on a two-band electronic model. Numerical
simulations predict ultrafast skyrmion excitation in the limit of
strong s–d exchange, which we attribute to the effective magnetic
ﬁeld generated by spin–orbit interactions and charge currents
among the itinerant s-electrons. Our results show that an explicit
treatment of itinerant s-electrons and their dynamic interaction
with the localized d-electron spins is an essential ingredient in
understanding skyrmion photo-excitation.
The proposed theory predicts photo-excitation of skyrmions on
a 100 fs second timescale and opens up for ultrafast manipulation
of topological magnetic textures. In addition, both the s–d
exchange and interfacial Rashba interaction are in principle
controllable via material choices and external ﬁelds, leading to
large possibilities of engineering candidate materials such as
transition metal thin ﬁlms and van der Waals bilayers to optimize
the skyrmion excitation. Our theory can also be applied to study
the inﬂuence of itinerant electrons on skyrmion transport33,
magnon and electron excitations in SkXs59–61, and charged
skyrmions on topological insulator surfaces62, thus opening an
avenue to explore a vast range of physical phenomena in nonequilibrium magnetic systems.
METHODS
Coupled equations of motion
Using the Heisenberg equation of motion for the d-electron spin operators,
and deﬁning ni = Si/S (with S = ∣Si∣), the spin dynamics is governed by the

5
Landau–Lifshitz equation63,64
0
1
X 

∂ni
@
b
¼ ni ´
S J ij nj þ Dij ´ nj þ B þ ghsi iA;
∂t
hji

(4)

where the last term couples the classical d-electron spins to the quantum
averages of the s-electron spins. The quantum dynamics of the itinerant selectrons and their coupling to the classical d-electron spins are described
via the electronic single-particle density matrix ρij(t), governed by the
equation of motion
d
(5)
ρ ðtÞ þ i ½Hs ðtÞ þ Hsd ðnðtÞÞ; ρðtÞij ¼ 0:
dt ij
Here i and j are combined spin and orbital indexes, i = nσ, with n a site and
σ a spin-label. Knowledge of ρij allows obtaining any single-particle
expectation value of the s-electrons, such as the spins si ¼ Tr σσ0 ðτρii Þ and
spin densities nsnσ ¼ ρσσ
nn , by selecting the appropriate components of ρij.
The equation of motion for the density matrix can be derived from the
general theory of non-equilibrium Green’s functions33,65, and allows for
straightforward inclusion of electronic reservoirs and interactions among
the s-electrons. However, since this signiﬁcantly increases the computational effort, we here for simplicity take our system to be isolated and
consider non-interacting s-electrons.

Deﬁnition of the topological charge
To quantify the topology of the classical spin texture we use the lattice
topological charge Q deﬁned by66
1 X
Q¼
ΩΔ :
(6)
4π Δ
In this deﬁnition the lattice is triangulated and ΩΔ corresponds to the
signed area of the spherical triangle spanned by three neighboring spins,
given by66


eiΩΔ =2 ¼ ρ1 1 þ Si  Sj þ Sj  Sk þ Sk  Si þ iηijk Si  ½Sj ´ Sk 
(7)
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ρ ¼ 2ð1 þ Si  Sj Þð1 þ Sj  Sk Þð1 þ Sk  Si Þ;
where ηijk = +1(−1) if the path i → j → k → i is positively (negatively)
oriented. The surface area ΩΔ is well-deﬁned everywhere except at the
zero-measure set Si ⋅ (Sj × Sk) = 0 and 1 + Si ⋅ Sj + Sj ⋅ Sk + Sk ⋅ Si < 0, where
eiΩΔ =2 has a branch cut. The topological charge is a compact, convenient
indicator of the presence of a non-trivial spin texture: For a single skyrmion
Q = −1, for a single antiskyrmion Q = 1, and for a cluster of skyrmions and
antiskyrmions Q = ∑iQi with Qi their individual charges.
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