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Abstract

Magnetic skyrmions are topologically non-trivial particle-like magnetic tex-
tures. Possible applications encompass ultradense magnetic memories and low
power computing. Skyrmions are therefore of great interest. In this work, we
focus on the nucleation of individual skyrmions in a controllable manner as this
still represents a challenge to be tackled to enable the realization of the possible
applications.

We explore two nucleation routes. The first is an electric field driven nucleation.
The application of a pulsed out-of-plane electric field induces a modification of
the Dzyaloshinskii-Moriya interaction which permits the nucleation of a single
skyrmion on the 100-fs timescale.

The second route to nucleation considered is the use of Laguerre-Gauss light
beams, which carry orbital angular momentum (OAM). The nucleation occurs
through the interaction with the electromagnetic field of the beam. We succeed
to nucleate a single skyrmion as well as a skyrmionium, target skyrmion and two
skyrmions. We show that the OAM helps reduce the nucleation threshold.

During this work, we also developed and implemented a generic algorithm for
the automatic identification of skyrmionic textures in order to treat simulation
results.
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Résumé

Les skyrmions sont des textures magnétiques topologiquement non triviales et
localisées dans l’espace. Les skyrmions sont de grand intérêt de par leur possibles
applications, tels que des mémoires magnétiques ultra-dense et le calcul à basse
puissance. Dans ce travail, nous nous concentrons sur la nucléation contrôlée de
skyrmions individuels étant donné que cela représente encore un défi à résoudre
pour permettre la réalisation des possibles applications.

Nous explorons deux voies pour la nucléation. La première voie est la nucléa-
tion via un champ électrique. L’application d’un champ électrique hors-plan pulsé
induit une modification de l’interaction de Dzyaloshinskii-Moriya. Cette modifi-
cation permet la nucléation d’un skyrmion isolé à l’échelle de 100 fs.

Le deuxième procédé de nucléation considéré est l’utilisation de faisceaux de
Laguerre-Gauss, ceux-ci possédant du moment angulaire orbital. La nucléation a
lieu via l’interaction avec le champ électromagnétique du faisceau. Nous arrivons
à nucléer un skyrmion isolé ainsi que un skyrmionium, target skyrmion et deux
skyrmions ensembles. Nous montrons que le moment angulaire orbital aide à
réduire le seuil de nucléation.

Pendant ce travail, nous avons également développé et implémenté un algo-
rithme pour identification automatique de textures skyrmionic dans le but de
traiter automatiquement les résultats de simulations obtenus.
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1
Introduction

1.1 State of the art
Spintronics is a field of research which aims to not only use the electrical charge

of the electron but also its quantum spin. Its macroscopic manifestation was ob-
served in 1988 [4] when the resistance of a Fe/Cr multilayer was changed as a
function of the external magnetic field. This effect is called the Giant Magne-
toresistance (GMR) and opened up the way to the manipulation of the resistivity
via the magnetization. Since then, new effects have been discovered such as the
spin torque which allows the manipulation of magnetic moments by polarized cur-
rents [56]. This concept has led to possible new devices such as the race track
memory device, which allows 3-Dimensional data and fixed read/write heads [46].
The information is then encoded into magnetic domain walls. To avoid possible
pinning of domain walls, the concept of racetrack was extended to skyrmions. As
opposed to domain walls which are 1 dimensional magnetic textures, skyrmions
are localized (0D) non-collinear magnetic textures which behave like particles [17].

Skyrmions are topologically non-trivial magnetic textures which are of great
interest as information carriers in information technology. Potential applications
include magnetic memories [54, 44], logic gates [63, 36] and even neuromorphic
computing [58]. As compared to domain walls, skyrmions can be manipulated at
lower current intensities, which would decrease power consumption [8, 62]. Fur-
thermore, their small size (a few nm) allows for ultradense memories and logic
devices [54].

These potential applications require the ability to control individual skyrmions.
In particular one should be capable of nucleating, annihilating, detecting and ma-
nipulating skyrmions in order to write, delete, read and process information. Re-
garding the nucleation, Romming et al. [48] managed to nucleate single skyrmions
in an ultrathin film in a reliable and controllable manner. The nucleation is
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1.1. STATE OF THE ART

achieved through the local injection of spin-polarized (SP) currents using a scan-
ning tunneling electron microscopy (STM) in conjunction with an external static
magnetic field. They observed that both the SP current and the bias voltage in-
fluence the nucleation speed. In 2016, Hsu et al. [24] demonstrated that a non
spin-polarized STM tip could generate an electric field and also nucleate a single
skyrmion.

Even though these two experiments demonstrated the feasibility of controlled
skyrmion nucleation through either a SP-current or an electric field, they have
the drawback of requiring the use of an STM. Furthermore both experiments were
carried out at low temperature (< 10 K). In 2017, Schott et al. [55] overcame
these drawbacks by nucleating skyrmions at room temperature using electric field
gating. Even though this represents a major step forward, it does not allow for the
nucleation of individual skyrmions as the electric field is applied on a large area.

Instead of gating, the nucleation of skyrmions could be achieved using a laser.
In this case, two distinct mechanism have to be considered: The Joule heating
and the electric field created by the laser pulse itself. When the nucleation is
caused by the joule heating due to the laser pulse, the process is stochastic and
the nucleation is non-coherent [6, 7, 9]. This process can occur from a non-collinear
state similar to a domain wall called a spin spiral in B20 compounds [6] and out of
a collinear FM state [7, 9]. The latter is a more surprising effect as it involves the
dynamical stabilization of skyrmions at finite temperature such as in MnSi [43] or
the presence of chiral magnons [35].

Theoretically, the efforts to describe temperature-induced magnetization dy-
namics are numerous. They all converge to the so-called three temperature model
[29], or other closely-related models [28], which considers three distinct tempera-
ture baths at different time scales. The first temperature bath is composed of the
electrons. It reacts at the femto- or atto-second timescale to the laser pulse. It
corresponds to thermally excited electrons which acts on the magnetization and
the lattice vibrations. The second bath is the magnetization lattice which hosts
thermal magnons on the 100 of fs timescale. Finally at the ps timescale, the
phonon bath dissipates the thermal energy into lattice excitations.

Magnetization dynamics can be induced coherently by a laser’s electromagnetic
field [57]. In that case, the dynamics occur on the atto-second or the femto-second
time scale which allows a drastic speed up of the writing process and possibly
a better control of the magnetic textures via the angular momentum of light.
Theoretically, direct control of magnetization via electric field has only recently
been proposed in [12], where it has been shown that skyrmion nucleation can be
induced by an electric field pulse of a few hundreds of femtoseconds.

Up to now in these efforts to seed skyrmions, only light with no angular mo-
mentum has been used. In this thesis, we explore the possibility of coherently

2



CHAPTER 1. INTRODUCTION

Figure 1.1: Demagnetization of a Nickel film from Ref. [5]

nucleating skyrmions using light carrying angular momentum. The nucleation
occurs both via the electric and magnetic field of the light. The use of angular
momentum is well suited for the nucleation of chiral structures, such as skyrmions,
during which a transfer of angular momentum could occur.

1.1.1 Ultrafast Magnetization

In 1996, Beaurepaire and Bigot showed the loss of magnetization in Ni thin
films due to a femtosecond laser pulse [5]. The observed loss of magnetization
occurs at a surprisingly fast timescale of 50 to 300 fs. Fig. 1.1 shows this rapid
decrease in magnetization after the application of the laser pulse. To explain
this, Beaurepaire and co-workers divided the electrons, the spins and the lattice
vibrations in three interacting subsystems (see the three temperature model in the
next section). The electrons and the spins interact with each other at a timescale
of about 50 fs [61, 45]. The spins and the lattice interact with a time constant of
∼ 200 fs. It has recently been uncovered that polarized phonons play an essential
role in this interaction as they act as a sink for energy and angular momentum [59].

To model such a process, it is convenient to use atomistic methods where the
atomistic nature of matter is taken into account, as opposed to continuum methods
where matter is considered as being a continuum. In that case, thermal excitations
are taken into account via three stochastic processes, one for each of the subsystems
(electrons, spins and lattice vibrations).

3



1.1. STATE OF THE ART

1.1.2 Modeling light matter interaction

The light-matter interaction can be studied in at least three different ways
depending on the degree of detail and the involved energy- and time-scales. On the
femto-second timescale electronic transitions occur, which can be described with
fully quantum methods. Atomistic spin dynamics (ASD) is used for the coherent
interaction with THz light at the 100-fs timescale, integrating away the electronic
degrees of freedom. When used in conjunction with explicit thermostats or electric
field coupling, ASD can also include temperature effects due to heating by larger
frequency light, for which electronic transitions cause a significant heating. At
larger time scales, the dynamics can be taken into account in an effective way by
the three temperature model as a series of coupled heating processes.

Electronic transitions

In semiconductors as the photon energy approaches the energy of the band
gap electronic interband transitions are more likely to occur. In metals, there is
no reason that such transitions cannot occur at lower energy. When a photon
is absorbed it will induce the transition of an electron from the ground state to
a higher electronic band (see Fig. 1.2) [37]. This will bring the electrons out of
equilibrium into excited states which can influence magnetization. As the electrons
absorb the photons’ energy, it will also bring heat to the system. It was found
that such electronic transitions could be induced by phonon displacements and
could even lead to a control of the magnetization in La0.5Sr1.5MnO4 [18] and more
recently in DyFeO3 [1].

Atomistic spin dynamics

In atomistic spin dynamics localized atomistic spins are used to model the
magnetization [15]. Although spins have quantum origins (e.g. quantized en-
ergy levels), we use a classical approximation, the Heisenberg model. Magnetic
moments can take any orientation instead of discrete ones. We model their interac-
tion using a Heisenberg Hamiltonian. The interaction with light occurs through its
electric and magnetic field. The electric field induces a spin orbit coupling which
acts indirectly on the spins [12]. Whereas the magnetic field interacts directly
via Zeeman effect. These interaction are treated as non-thermal and are therefore
coherent.

In this thesis, we will use atomistic spin dynamics as we aim to model coherent,
non thermal magnetization dynamics induced by THz light. The ASD framework
will be described in more details in chapter 2.
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CHAPTER 1. INTRODUCTION

(a) (b)

Figure 1.2: Electronic transition in a semiconductor between valence and conduc-
tion bands (left), in a metal between d and s bands (right) in idealized solids.
Figures taken from Refs. [20] and [31] respectively.

Three temperature model

In 1996 Beaurepaire et al. developed a three temperature model to explain the
ultrafast loss of magnetization in Nickel due to a laser pulse [5]. In this model the
electrons, the spins and the lattice form three interacting reservoirs, each with its
own temperature and specific heat (see Fig. 1.3 (a)). The time evolution of the
bath temperatures is described by the coupled equations:

Ce(Te)dTe/dt = −Gel(Te − Tl)−Ges(Te − Ts) + P (t),
Cs(Ts)dTs/dt = −Ges(Ts − Te)−Gsl(Ts − Tl), (1.1)
Cl(Tl)dTl/dt = −Gel(Tl − Te)−Gsl(Tl − Ts).

where Ce, Cs, Cl are the specific heat of the electrons, spins and lattice andGes, Gel,
Gsl are the interaction constants. The light-matter interaction happens through
the heating of the electrons. This is described via the term P (t) in the electronic
equation.

Fig. 1.3 (b) represents the time evolution of the temperature of the differ-
ent sub-systems after the laser is applied. The electron temperature increases
extremely fast, at the femtosecond time scale and can reach temperatures larger
than 1000 K [27]. Heat is then transferred to the spin sub-system which results
in the excitation of magnons at the 100-fs timescale and to the lattice at a much
slower rate. The rise in temperature of the spins explains the loss of magnetization
at the sub-picosecond timescale.

5
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Figure 1.3: Three temperature model Reproduced from Ref. [27]

Essentially, the laser pulse brings the system out of equilibrium and should
be treated correspondingly. However intra-system dynamics are presumed to act
faster than inter-system dynamics such that each system quickly thermalizes and
can be considered in equilibrium. This assumption is consistent with experimental
data [5].

1.2 Magnetic ordering

1.2.1 Collinear magnetization
There are different collinear spin orderings. The simplest one is the ferromag-

netic state. In this configuration all the atomic spins have the same magnetic
moment and they are all pointing in the same direction (see Fig. 1.4 (a)). An-
other collinear ordering is the case of antiferromagnetism: one half of the spins
are pointing in one direction and the other half in the opposite direction (Fig. 1.4
(b)). In this configuration the net magnetic moment of the material is zero. One
last general example of collinear ordering is the ferrimagnetic state (Fig. 1.4 (c)).
In this case we have two types of spins with different magnetic moments. One
type is oriented in one direction and the other type in the opposite direction. As
the two types of spin have different magnetic moment the net magnetization of
the material is non-zero.

Figure 1.4: Collinear magnetic orderings. Adapted from Ref. [40]

6



CHAPTER 1. INTRODUCTION

Figure 1.5: Different types of spin spirals. From top to bottom: conical spin spiral,
flat conical or Néel spin spiral, cycloidal spin spiral, flat cycloidal or Bloch spin
spiral. Image taken from Ref. [33].

1.2.2 Non-collinear magnetization

Other configurations, in which the spins are not all aligned with a single quanti-
zation axis, are termed non-collinear. We describe two important cases, spin spirals
and skyrmions, and a mathematical concept of topology which characterizes their
differences.

Spin spiral

A spin spiral is a periodic non-collinear configuration of spins. The periodicity
of the spiral is characterized by its wavevector q⃗. The wavevector also determines
the direction of propagation. A general formula [39] for the direction of the mag-
netic moment at position R⃗i in a spin spiral is

m⃗(R⃗i) =
[
R⃗q⃗ cos

(
q⃗ · R⃗i

)
+ I⃗q⃗ sin

(
q⃗ · R⃗i

)]
sin(θ) + P⃗q⃗ cos(θ), (1.2)

where R⃗q⃗, I⃗q⃗ and P⃗q⃗ are mutually orthogonal and of unit length. The two main
type of spin spiral are the conical and the cycloidal spin spirals. For the conical
spin spiral, P⃗q⃗ is perpendicular to q⃗ whereas for the cycloidal spin spiral P⃗q⃗ is
parallel to q⃗. The special case where θ = π/2 yields the flat conical and the flat
cycloidal spin spirals which are also called Bloch and Néel spin spirals. Fig. 1.5
summarizes the different types of spin spirals.

7



1.2. MAGNETIC ORDERING

Topology

Before carrying on with skyrmions, some concepts of topology must be intro-
duced as they are topologically non-trivial magnetic textures.

Two objects are said to be topologically equivalent if one can be continuously
transformed into the other. A ball can be continuously deformed into a cube or
a cylinder and is therefore topologically equivalent to them. However it is not
equivalent to a torus as we would need to pierce a hole in it [34]. In the context
of this example we can say that two objects are equivalent if they have the same
number of holes or topological charge. A ball, a cube and a cylinder have zero
holes and are therefore topologically equivalent. A donut and a cup of coffee both
have one hole and are equivalent, etc.

Let us go back to magnetic textures and define their topological charge. In the
case of ultrathin magnetic films, the system can be considered as two dimensional
and Cartesian coordinates x, y can be used. Let us define the unit magnetization
vector m⃗(x, y) = M⃗/

∥∥∥M⃗∥∥∥ with M⃗ the magnetization. As the norm of m⃗ is con-
stantly equal to one, m⃗ is restricted to the unit sphere. The topological charge
of a magnetic texture is defined as the number of times m⃗(x, y) wraps the unit
sphere. Mathematically [34], this is formulated as

Q = 1
4π

∫
m⃗ · dS⃗

= 1
4π

∫
m⃗ · (∂xm⃗× ∂ym⃗)dxdy, (1.3)

where we used the shorthand notation ∂x = ∂ · /∂x, ∂y = ∂ · /∂y. A ferromagnetic
state and a spin spiral both possess a zero topological charge.

Magnetic skyrmions

Skyrmions are topologically non-trivial spin configurations. They are localized
in space and can be viewed as excitations of the ferromagnetic state. They are
topologically non-trivial as they posses a non-zero topological charge and therefore
cannot be continuously transformed into the ferromagnetic state. Skyrmions can
be classified by their topological charge, which is also called winding number.
Skyrmions with different topological charges are represented in Fig. 1.6.

The definition of the topological charge from Eq. (1.3) only gives the total
topological charge of the system. It does not allow us to differentiate magnetic
textures with same total topological charge.

To get a better grasp on the topological charge of a skyrmion, let us consider
the case of an isolated skyrmion in a ferromagnetic background. Let us use polar
coordinates (r, ϕ) for spatial position and spherical angles for the magnetization

8



CHAPTER 1. INTRODUCTION

Figure 1.6: Spin lattice configuration corresponding to skyrmions with topological
charges of −1,−2, 1 and 2 (from left to right, top to bottom).

vector (θ, ψ) with θ ∈ [−π/2, π/2], ψ ∈ [−π, π]. We assume a spin configuration
with radial symmetry such that θ is a function of r only and ψ a function of ϕ
only. We can define the vorticity of the skyrmion as

n = 1
2π

∫ π

−π
dϕ
∂ψ

∂ϕ
. (1.4)

The vorticity represents the net number of (in-plane) rotations of the magnetiza-
tion along a closed curve encircling the center of the skyrmion. Exploiting the
assumption made on θ and ψ, the topological charge can be simplified and refor-
mulated as [34]

Q = n

2 (mz(0)−mz(∞)) , (1.5)

where mz(0) is the magnetization at the center of the skyrmion (r = 0) and mz(∞)
the asymptotic magnetization far outside the skyrmion (r →∞).

Before ending this section on magnetic skyrmion, and with it the first chapter,
let us take a look at several more complex skyrmionic textures. In Fig. 1.6, we
show skyrmions with different topological charge. Systems made up of several
skyrmions can also be considered. Fig. 1.7a shows a skyrmionium, which can be
viewed as a skyrmion inside a skyrmion and has a zero total topological charge

9



1.2. MAGNETIC ORDERING

(a) (b)

Figure 1.7: Spin lattice configuration corresponding to a skyrmionium (left) and
a target skyrmion (right).

as the two skyrmions have opposite charges. Fig. 1.7b depicts a target skyrmion
which is a skyrmion inside a skyrmionium and has a total topological charge of
−1. Lastly we have the skyrmion bag which consists of several skyrmions lying
inside a skyrmion or a skyrmionium. Its topological charge is, respectively, either
equal to the number of skyrmions inside minus one, or equal to minus the number
of skyrmions inside.

10



2
The extended Heisenberg model

This chapter introduces all the required theoretical concepts and tools to study
atomistic magnetization dynamics. Firstly, we cover the magnetic Hamiltonian
and motivate the choice of Hamiltonian made for this master’s thesis. Afterwards
we take a look at the modulation of the Dzyaloshinskii-Moriya interaction induced
by an external electric field as this modulation plays an important role in the
nucleation of skyrmions using an electric field. Finally we cover the governing
equations for the time evolution of magnetic textures.

2.1 Magnetic Hamiltonian
As we are concerned with ultrathin films we consider a 2D magnetic lattice.

We take z as the out-of-plane component. To each site i of the lattice we asso-
ciate a magnetic moment M⃗i of constant amplitude

∥∥∥M⃗i

∥∥∥ = µs. We define the
magnetization direction vector as m⃗i = M⃗i/

∥∥∥M⃗i

∥∥∥, which is dimensionless.
The magnetic Hamiltonian is generally chosen to be of the form [15]

H = HHeis +Hani +HZeeman +HDM. (2.1)

2.1.1 Exchange interaction
The first term is the Heisenberg exchange interaction. Generally, it is dominant

compared to the other terms of the magnetic Hamiltonian. It is written as

HHeis = −
∑
i,j

Jij (m⃗i · m⃗j) (2.2)

The interaction between first nearest neighbors originates from wavefunction over-
lap. As electrons are fermionic identical particles, the wavefunction describing a

11



2.1. MAGNETIC HAMILTONIAN

system of interacting electrons has to be totally antisymmetric [52]. This means
that upon the exchange of two electrons the wavefunction must change sign. A
consequence of this antisymmetric behavior is that when there is an overlap be-
tween the wavefunctions of two electrons the energy of the system is lower (larger)
if their spins are antiparallel (parallel). This result in a direct exchange term in
the magnetic Hamiltonian.

Beyond first nearest neighbor, the interaction is usually carried by conduction
electrons.

In transition metals we have localized d electrons and delocalized s electrons.
This gives rise to localized and itinerant magnetism. In the case of an ultrathin
film, the s electrons can be treated as a 2 dimensional electron gas (2DEG), whereas
the d electrons can be viewed as localized magnetic moments. These localized
magnetic moments can interact indirectly via the 2DEG giving rise to an exchange
interaction beyond first nearest neighbors. In this case the interaction can be
described by the Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction.

When limited to first nearest neighbors, the exchange interaction favors collinear
spin configurations. A positive value of J favors a parallel configuration (or ferro-
magnetic state) whereas a negative J will rather favor an antiparallel configuration
(or antiferromagnetic state).

Instead of considering the exchange interaction with all the nearest neighbors,
we can limit ourselves to first nearest neighbors by considering an effective first
nearest neighbor exchange [60]. This effective exchange is tailored in order to
account for the beyond nearest neighbors exchange. This is an approximation and
does not reproduce all the features of a full treatment (e.g. antiskyrmions are not
stable in the effective model) but it greatly reduces the number of parameters for
the model.

2.1.2 Magnetic anisotropy energy
The second term in the Hamiltonian is the magnetic anisotropy energy (MAE).

It is generally written as

Hani = −K
∑
i

(m⃗i · e⃗an)2 (2.3)

with e⃗an the axis of anisotropy. Higher order terms ((m⃗i · e⃗an)4,. . . ) can be included
but they are generally of lesser significance. When K > 0 the anisotropic axis is
said to be an easy axis as the magnetization along this axis is favored. In the
opposite case, when K < 0, we have an hard axis, or easy plane, of magnetization
and a magnetization contained within the plane perpendicular to the hard axis
is favored. For ultrathin films the anisotropic axis is generally the z-axis and the

12



CHAPTER 2. THE EXTENDED HEISENBERG MODEL

anisotropy energy term can be rewritten as
Hani = −K

∑
i

m2
i,z (2.4)

with mi,z the z-component of m⃗i.
There are two contributions included in the MAE: the magnetocrystalline

anisotropy and the dipole-dipole coupling between magnetic moments.

Magnetocrystalline anisotropy

The magnetocrystalline anisotropy originates from spin-orbit coupling. The
spins are coupled to the crystal lattice. This has as consequence that some crys-
tallographic axes are more favorable than others. For a single principal axis, which
is generally the case for ultrathin films, it can readily be modeled by Eq. (2.4).
In the case of cubic crystal structures (e.g. bulk iron or nickel), there are three
principal axis [16] and the anisotropy is rather modeled by

Hcub
ani = −Kcub∑

i

(m4
i,x +m4

i,y +m4
i,z). (2.5)

As the magnetocrystalline anisotropy originates from SOC, it is particularly
important if heavy elements are present.

Dipole-dipole interaction

The second contribution included in the MAE is the dipole-dipole interaction
between the magnetic moments. The dipole-dipole interaction energy can be com-
puted from classical magnetostatics and is given by [15]

Hdd = −µ0µ
2
s

4π
∑
i,j

1
r3
ij

(3(m⃗i · r̂ij)(m⃗j · r̂ij)− m⃗i · m⃗j) , (2.6)

where r̂ij is the unit vector going from site i to site j and rij the distance between
the two. This is a long range interaction and can be computationally intensive. In
thin films, it can be seen as a shape anisotropy which favors an in-plane orientation
of the magnetization. This shape anisotropy can be formally accounted for by an
effective magnetic anisotropy of the form of Eq. (2.4) [42].

2.1.3 Zeeman energy
The third term in the Hamiltonian is the Zeeman energy and takes the form

HZeeman = −
∑
i

µsm⃗i · B⃗i (2.7)

where B⃗i is the external magnetic field at site i. It arises from the interaction of
the magnetic moments with the magnetic field.
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2.1. MAGNETIC HAMILTONIAN

Figure 2.1: Degeneracy lifting between spin spirals rotating in opposite direction
in ultrathin films. The left configuration is energitically more favorable (from Eq.
(2.8)). Figure taken from Ref. [39].
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Figure 2.2: Depiction of the direction of the DM vectors in the case of a square
lattice.

2.1.4 Dzyaloshinskii-Moriya interaction
The last term in the magnetic Hamiltonian is the Dzyaloshinskii-Moriya inter-

action (DMI/DM interaction) [14, 41]. It is an antisymmetric indirect exchange
between two magnetic moments caused by a third non-magnetic atom. It is written
as

HDM = −
∑
ij

D⃗ij · (m⃗i × m⃗j) . (2.8)

The vector D⃗ij is called the DM vector and we have D⃗ij = −D⃗ji. Generally,
only the interaction between two nearest neighbors is taken into account as it is
already an order of magnitude smaller than the Heisenberg exchange. It favors
non-collinear configurations. It also brings chirality to the system. Without DMI,
left- and right-rotating spin spirals are degenerate in energy. The DM interaction
lifts this degeneracy as it favors one over the other. This is visually explicited in
Fig. 2.1 in the case of an ultrathin film.

This interaction originates from SOC caused by the third atom in the presence
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CHAPTER 2. THE EXTENDED HEISENBERG MODEL

of an inversion asymmetry and is carried by conduction electrons in transition
metals. It can also originate from wavefunction overlap (in the presence of SOC
as well) as it is the case for α-Fe2O3 [41]. In the case where the DM interaction
is transferred via a single third atom, let R⃗i (resp. R⃗j) be the vector going from
site i (resp. j) to this third atom. Then the DM vector will be in the direction of
R⃗i × R⃗j [30, 10].

The required inversion asymmetry can either be due to a bulk inversion asym-
metry or due to an interface. They give rise to a bulk DMI or an interfacial DMI
respectively. Regarding the interfacial DMI, Crépieux and Lacroix [11] determined
the direction of the DM vector for several systems. In the case of a square magnetic
lattice, the DM vectors are represented in Fig. 2.2. The DM vectors are contained
in the plane of the interface and perpendicular to the vector joining the two spins.
Mathematically, the direction of the DM vector D⃗ij is given by

D⃗ij = Dij ẑ × r̂ij (2.9)

where ẑ is the unit normal to the interface.

2.2 Dzyaloshinskii-Moriya interaction induced by
an external electric field

In this section we will describe how an electric field can induce a DM-like
interaction in ultrathin metallic films. This section is a summarized version of the
first part of Desplat et al. [12].

The application of an external electric field E⃗ext induces an internal electric
field E⃗int inside the ultrathin film, proportional to the external field. The to-
tal electric field generates a Rashba spin-orbit coupling (SOC) among the 2DEG
formed by the conduction electrons:

HSOC = eℏ
4mc2 σ⃗ ·

((
E⃗ext + E⃗int

)
× p⃗

)
(2.10)

∝ σ⃗ ·
(
E⃗ext × p⃗

)
, (2.11)

with σ⃗ the vector of Pauli matrices and p⃗ the electron momentum. Starting from
here, we switch to the shorter notation E⃗ for the external electric field. The Rashba
SOC influences the RKKY interaction between localized spins which gives rise to
a DM-like interaction [26] which is of the form

HME = −
∑
i

∑
j∈NNi

D⃗ME
ij · (m⃗i × m⃗j) (2.12)

15



2.3. TIME EVOLUTION OF THE MAGNETIC TEXTURES

with the magnetoelectric DM vector

D⃗ME
ij = αME

(
E⃗ × r̂ij

)
. (2.13)

We call αME the magnetoelectric coupling constant. For 3d transition-metal mono-
layers, this constant is usually on the order of 1015 eVm/V [12]. We can formulate
an effective DM interaction by summing the pre-existing DMI and the induced
one:

HDM,eff = −
∑
i

∑
j∈NNi

[
D⃗ij + αME

(
E⃗ × r̂ij

)]
· (m⃗i × m⃗j) (2.14)

= −
∑
i

∑
j∈NNi

D⃗eff
ij · (m⃗i × m⃗j) (2.15)

with D⃗eff
ij the effective DM vector. This allows the modulation of the direction and

intensity of the DM interaction.
In the case of an electric field directed along the z direction, the effective DMI

on a square lattice can be reformulated as

D⃗eff
ij = (Dij + αMEE) ẑ × r̂ij (2.16)

where we used Eq. (2.9) for the expression of the interfacial DMI on a square
lattice. The induced DMI is of the same form as the interfacial DMI, which is
intrinsic to the material. This permits the modulation of the DM interaction in
intensity only.

2.3 Time evolution of the magnetic textures
In this section we will first cover the equation of motion for quantum mechanical

spins. The obtained equation then serves as a basis for the derivation of the
equation of motion for classical magnetic moments.

2.3.1 Spin dynamics
We start from Pauli’s equation [51] for the electron

iℏ∂tψ = Ĥψ =
(

1
2m

( ˆ⃗p− qA⃗
)2

+ qϕ− qℏ
2m

ˆ⃗σ · B⃗
)
ψ, (2.17)

where ψ =
(
ψ+ ψ−

)
is the electron spinor, A⃗ the magnetic vector potential, ϕ the

electric scalar potential, q = −e is the charge of the electron and ˆ⃗σ is the vector
of Pauli matrices. In index notation the Hamiltonian reads as

Ĥαβ =
( 1

2m
( ˆ⃗p− qA⃗

)2
+ qϕ

)
δαβ −

qℏ
2mσ̂jαβBj. (2.18)
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CHAPTER 2. THE EXTENDED HEISENBERG MODEL

The expectation value for the spin is defined as

⟨s⃗⟩ = ψ∗ ˆ⃗sψ = 1
2ψ

∗ ˆ⃗σψ. (2.19)

Its time evolution is given through its commutator with the Hamiltonian by

∂t⟨s⃗⟩ = 1
2iℏψ

∗[ˆ⃗σ, Ĥ]ψ. (2.20)

In index notation we have

∂t⟨si⟩ = 1
2iℏψ

∗
α[σ̂i, Ĥ]αβψβ. (2.21)

From (2.18), the commutator of σ̂i and the first term of the Hamiltonian is zero.
For the commutator with the second term, let us recall that [σ̂i, σ̂j]αβ = 2iϵijkσ̂kαβ.
The time evolution is given by

∂t⟨si⟩ = − q

2mψ∗
αϵijkBjσ̂kαβψβ (2.22)

= q

2mψ∗
α(ˆ⃗σαβ × B⃗)iψβ (2.23)

⇒ ∂t⟨s⃗⟩ = −|γe|⟨s⃗⟩× B⃗, (2.24)

with γe = q/m = −e/m the gyromagnetic ratio of the electron. Under the appli-
cation of a constant magnetic field the expectation value for the spin will start to
precess around the magnetic field.

2.3.2 Magnetization dynamics
The Landau-Lifshitz-Gilbert equation (LLG) [15] describes the time evolution

of magnetic moments and can be written as

∂m⃗i

∂t
= − γ

µs
m⃗i × B⃗i,eff − αLLG

γ

µs
m⃗i × ∂m⃗i

∂t
(2.25)

with γ the gyromagnetic ratio, B⃗i,eff the local effective magnetic field and αLLG
the dimensionless damping parameter. It is similar to Eq. (2.24), to which a
phenomenological damping term was added by Gilbert [21]. The damping term
was added in order to account for the observation that magnetic moments in
an external magnetic field do not precess indefinitely but eventually align with
the external field. The motivation for the form of the damping term originates
from classical mechanics: classically a particle moving through a viscous medium
experiences a drag force proportional to its velocity and opposite in direction.
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The Landau-Lifshitz-Gilbert equation can be reformulated as

∂m⃗i

∂t
= −γL

µs
m⃗i × B⃗i,eff − αLLG

γL
µs
m⃗i ×

(
m⃗i × B⃗i,eff

)
(2.26)

where γL = γ/(1 + α2
LLG) is the renormalized gyromagnetic ratio. The first term

on the right hand side of the equation will cause the magnetic moment to pre-
cess around B⃗i,eff and is energy conserving. The second term is responsible for
dissipation and will bring m⃗i to align with B⃗i,eff.

With H the magnetic Hamiltonian (as defined in Eq. (2.1)), the effective
magnetic field B⃗i,eff at site i is given by

B⃗i,eff = − ∂H
∂m⃗i

. (2.27)

This effective field takes into account the external applied magnetic field as well as
the interaction of the magnetic moment with its neighbors and with the external
electric field. The numerical time integration of Eq. (2.26) will allow us to study
the dynamical nucleation of skyrmions. All the magnetization dynamics carried
throughout this master’s thesis were performed using the Matjes code1 developed
by Dr. Bertrand Dupé within the Nanomat group.2

2.3.3 Magnetization dynamics for laser pulses
The Landau-Lifshitz-Gilbert equation used in combination with the magnetic

Hamiltonian enables us to model the time evolution of magnetic textures under
the application of a laser pulse. The laser pulse acts upon the magnetic texture
via the modulation of the DMI by its electric field (see Eq. (2.13)), and via the
Zeeman term in the Hamiltonian through its magnetic field.

Non-uniform time-dependent fields can be considered. Naturally, these should
obey Maxwell’s equation. We decided to use Laguerre-Gauss beams as they are
monochromatic solutions to Maxwell’s equations, have finite spatial extension and
carry orbital angular momentum (OAM). Our main interest in Laguerre-Gauss
beams lies in their OAM as we aim to transfer angular momentum to the magnetic
system in a controllable way and nucleate topological magnetic texture. The LG
beams will be the main subject of the next chapter.

In chapter 4, we perform magnetization dynamics simulation on a square lat-
tice with the particular case of beams with an electric field directed along the z
direction. Using Eq. (2.16) for the expression of the effective DMI, we can already

1https://github.com/bertdupe/Matjes
2http://www.nanomat.ulg.ac.be/
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CHAPTER 2. THE EXTENDED HEISENBERG MODEL

particularize the expression of the magnetic Hamiltonian (2.1) for this case:

H =HHeis +Hani +HZeeman +HDM,eff

=−
∑
i

∑
j∈NN

Jm⃗i · m⃗j −
∑
i

Km2
i,z −

∑
i

µsm⃗i · B⃗i

−
∑
i

∑
j∈NN

(D + αMEE) (ẑ × r̂ij) · (m⃗i × m⃗j) . (2.28)

We use an effective first nearest neighbor exchange as well.
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3
Theory on Laguerre-Gauss beams

Laguerre-Gauss beams are electromagnetic waves carrying orbital angular mo-
mentum. They are therefore able to transfer angular momentum to the spin lat-
tice. This transfer may help reduce the amount of energy needed for the nucleation.
These symmetries may also enable the nucleation of topologically non-trivial struc-
tures such as skyrmions but also target skyrmions, skyrmion bags and higher order
skyrmions.

As they are electromagnetic waves, they are composed of an electric field and a
magnetic field. The main steps to derive the shape of the electric field are detailed
in the first section of this chapter. A more in-depth derivation can be found in
references [47, 19]. In the second section, we will derive the expression of the
magnetic field. This derivation is a result of this thesis. This derivation was not
found in the specialized references consulted for the derivation of the electric field
and had to be carried out from scratch. LG beams were also implemented in the
Matjes code, used for the spin dynamics simulation, as part of this master’s thesis.

As a matter of reference, we will recall Maxwell’s equations formulated in
vacuum in the absence of charges/currents (in SI units):

∇ · E⃗ = 0, (3.1)
∇ · B⃗ = 0, (3.2)

∇× E⃗ = − ∂

∂t
B⃗, (3.3)

∇× B⃗ = ε0µ0
∂

∂t
E⃗. (3.4)
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CHAPTER 3. THEORY ON LAGUERRE-GAUSS BEAMS

3.1 Electric field
The starting point of the derivation is the wave equation:

∂ttE⃗ − ε0µ0∇2E⃗ = 0, (3.5)

where we used the shorthand notation ∂tt· = ∂2 · /∂t2. The wave equation can
readily be derived from Maxwell’s equations. Since each component of the electric
field obeys the wave equation independently from the others, we can solve the
equation for one component only, i.e. solving ∂ttEi−ε0µ0∇2Ei = 0, with i = x, y, z.
Searching for a monochromatic wave propagating in the +z direction the electric
field is of the form

Ei(x, y, z, t) = Ei(x, y, z)e−i(ωt−kz) + E ∗
i (x, y, z)ei(ωt−kz) (3.6)

with ω = 2π/T = kc, c being the speed of light in vacuum. Inserting this expression
in the wave equation, we get

(∂xx + ∂yy + ∂zz + 2ik∂z) Ei = 0. (3.7)

Within the paraxial approximation we consider that the electric field varies much
more rapidly along x and y than along z. Therefore the term in ∂zz is ignored and
we obtain the paraxial wave equation

(∂xx + ∂yy + 2ik∂z) Ei = 0. (3.8)

This equation can be solved by separation of variables either in Cartesian or in
cylindrical coordinates giving rise to the Hermite-Gauss modes and the Laguerre-
Gauss modes respectively. Each type of modes forms a family of solution that
can be indexed by two integers which are usually denoted m,n for Hermite-Gauss
and l, p for Laguerre-Gauss, with m,n and p being non-negative integers. The
Hermite-Gauss modes are given by

E HG
m,n(x, y, z) =

E HG
0(m,n)

w(z) Hm

(
x
√

2
w(z)

)
Hn

(
y
√

2
w(z)

)
e

− r2
w2(z) eiψ(z) (3.9)

and the Laguerre-Gauss modes by

E LG
l,p (r, ϕ, z) =

E LG
0(l,p)

w(z)

(
r
√

2
w(z)

)|l|

L|l|
p

(
2r2

w2(z)

)
e

− r2
w2(z) ei

kr2
2R ei[lϕ−(2p+|l|+1)ψ(z)] (3.10)

where Hm and L|l|
p are Hermite and generalized Laguerre polynomials respectively.

We introduced several quantities:
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• the Rayleigh range zR = kw2
0

2 ,

• the beam size w(z) = w0

√
1 +

(
z
zR

)2
, with w0 the size of the beam at the

waist,

• the radius of curvature of the wavefront R(z) = z
(

1 +
(
zR

z

)2
)

,

• and the Gouy phase ψ(z) = arctan
(
z
zR

)
.

For z = 0 the beam size is minimal and equal to w0 and the wavefront is planar
as R→∞.

The factors E HG
0(m,n) and E LG

0(l,p) are normalization factors and are given by

E HG
0(m,n) = 1√

2nn!

( 2
π

)1/4
, (3.11)

E LG
0(l,p) =

√√√√ 2|l|+1p!
π(p+ |l|)! . (3.12)

Each family of solutions forms a complete basis of orthogonal functions. Therefore
any Laguerre-Gauss mode can always be viewed as a superposition of Hermite-
Gauss modes and vice versa.

We will now put aside the Hermite-Gauss modes as our main interest lies
in the Laguerre-Gauss modes as they carry angular momentum (which Hermite-
Gauss modes do not). The spatial distribution and time evolution of lowest order
Laguerre-Gauss modes are represented in Fig. 3.1 and 3.2. The absolute value of l
dictates the number of nodes and anti-nodes along the azimuthal direction whereas
p dictates the number of nodes and anti-nodes along the radial direction. Therefore
we will call l the azimuthal number and p the radial number. Furthermore the
electric field seems to “rotate” counter-clockwise for modes with a strictly positive
azimuthal number. For negative values of l, the rotation would be clockwise.

At the beginning of the section we mentioned that each component of the
electric field obeys the wave equation independently and we chose to solve it for
one component. Therefore in the most general case each component of the electric
field is a superposition of Laguerre-Gauss modes. In the context of this master’s
thesis we will consider electric fields whose z component is the sole non-zero one
(the x and y components are set to zero). The electric field is consequently of the
form

E⃗ =
(
E LG
l,p e

−i(ωt−kz) + E LG
l,p

∗
ei(ωt−kz)

)
ẑ. (3.13)

This choice was initially motivated by the encouraging results obtained by Desplat
et al. [12] with a pulsed electric field directed along z. Such an electric field induces
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Figure 3.1: Spatial distribution and time evolution of the electric field for Laguerre-
Gauss modes with p = 0 in the xy-plane at z = 0.
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Figure 3.2: Spatial distribution and time evolution of the electric field for Laguerre-
Gauss modes with p = 1 in the xy-plane at z = 0.
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a DMI interaction whose DM vector is in-plane. This induced DMI is similar to
the already existing interfacial DMI for a square lattice so that it modulates only
the norm of the effective DM vector and not its direction (as already seen in the
previous chapter, see section 2.2).

3.2 Magnetic field
We now take a look at the magnetic field of the Laguerre-Gauss beam. The

magnetic field should obey Maxwell’s equations and be consistent with the electric
field we found in the last section. To derive a solution for the magnetic field
starting from the electric field we could use either Eq. (3.3) or (3.4). If we re-
inject the magnetic field obtained using either equation in the other equation, this
would yield back the original electric field.

For simplicity we will use (3.3) (Faraday’s law). Considering Eq. (3.13), we
have

∇⃗× E⃗ = ∇⃗× (Eẑ)

= 1
r

∂E

∂ϕ
r̂ − ∂E

∂r
ϕ̂

= −∂B⃗
∂t
. (3.14)

Therefore the magnetic field is entirely in-plane and can be written as B⃗ = Brr̂+
Bϕϕ̂. Furthermore the magnetic field should be of the same form as Eq. 3.6 and
we have

Br(x, y, z, t) = BLG
r,(l,p)e

−i(ωt−kz) +
(
BLG
r,(l,p)

)∗
ei(ωt−kz), (3.15)

Bϕ(x, y, z, t) = BLG
ϕ,(l,p)e

−i(ωt−kz) +
(
BLG
ϕ,(l,p)

)∗
ei(ωt−kz). (3.16)

In order to lighten the notation, we will simply write E LG
z , BLG

r,(l,p) and BLG
ϕ,(l,p) as

E , Br and Bϕ. Eq. (3.14) becomes
1
r

∂E

∂ϕ
= iωBr, (3.17)

−∂E
∂r

= iωBϕ. (3.18)

For the radial component we get

Br = l

rω
E

= l

rω

E LG
0(l,p)

w(z)

(
r
√

2
w(z)

)|l|

L|l|
p

(
2r2

w2(z)

)
e

− r2
w2(z) ei

kr2
2R ei(lϕ−(2p+|l|+1)ψ(z) (3.19)
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and for the azimuthal one

Bϕ =E0

√
2|l|

w|l|+1

[
i|l|
ω
r|l|−1L|l|

p

(
2r2

w2

)
− i

ω

4r|l|+1

w2 L
|l|+1
p−1

(
2r2

w2

)

− i
ω

2r|l|+1

w2 L|l|
p

(
2r2

w2

)
− 1
Rc

r|l|+1L|l|
p

(
2r2

w2

)]

· e− r2
w2 ei

kr2
2R ei[lϕ−(2p+|l|+1)ψ(z)]. (3.20)

Injecting these results in Eq. (3.15) and (3.16) and recombining the complex
exponentials in sine and cosine, one obtains

Br = 2l
rω

E LG
0(l,p)

w(z)

(
r
√

2
w(z)

)|l|

L|l|
p

(
2r2

w2(z)

)
e

− r2
w2(z) cos (kz − ωt+ φ) , (3.21)

and

Bϕ = −2|l|
ω

E LG
0(l,p)

r|l|−1√2|l|

w|l|+1 L|l|
p

(
2r2

w2

)
e− r2

w2 sin(kz − ωt+ φ)

+ 8
ω

E LG
0(l,p)

r|l|+1√2|l|

w|l|+3 L
|l|+1
p−1

(
2r2

w2

)
e− r2

w2 sin(kz − ωt+ φ)

+ 4
ω

E LG
0(l,p)

r|l|+1√2|l|

w|l|+3 L|l|
p

(
2r2

w2

)
e− r2

w2 sin(kz − ωt+ φ)

− 2
Rc

E LG
0(l,p)

r|l|+1√2|l|

w|l|+1 L|l|
p

(
2r2

w2

)
e− r2

w2 cos(kz − ωt+ φ), (3.22)

with
φ = kr2

2R + lϕ− (2p+ |l|+ 1)ψ(z). (3.23)

We see that the beam rotates around its center at an angular speed of ω/l. This
result can be obtained by taking the time derivative of the argument of the
sine/cosine functions and setting it to zero.1 This has as a consequence that a
beam with a larger value l will rotate slower.

The shape of the lowest order modes in the xy-plane at the beam waist at time
t = T/4 are represented in Fig. 3.3 and 3.4. We see that the magnetic field forms
closed loops. This is in accordance with the fact that the magnetic field has a zero
divergence. By comparing these figures with those of the electric field (Figs. 3.1

1This result could have already been obtained from the expression of the electric field but
would have probably been less obvious as its expression was not re-expressed in terms of
sine/cosine functions.
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p=0, l=0
t=

T/
4

p=0, l=1 p=0, l=2

Figure 3.3: Spatial distribution at t = T/4 of the magnetic field for Laguerre-
Gauss modes with p = 0 in the xy-plane at z = 0.

p=1, l=0

t=
T/

4

p=1, l=1 p=1, l=2

Figure 3.4: Spatial distribution at t = T/4 of the magnetic field for Laguerre-
Gauss modes with p = 1 in the xy-plane at z = 0.

and 3.2), we also see that the closed loops encircle the anti-nodes of the electric
field. For non-zero values of l the closed loops will rotate around the center of the
beam in the same way as the electric field.
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4
Results

In chapter 2 we covered the theory regarding the magnetic Hamiltonian and
magnetization dynamics, applied to laser pulses. Afterwards, Laguerre-Gauss
beams were explained in chapter 3, including a derivation of the analytical ex-
pressions of the electric and magnetic fields. In this chapter we present the results
obtained throughout this master’s thesis as well as the development made to obtain
these results.

This chapter is divided in 3 parts. First, we describe an algorithm for the
identification of skyrmionic textures. The aim of this algorithm is the automatic
treatment of simulation results. Afterwards, in the second part, we explore the
nucleation of single skyrmions via an external electric field. Then we consider
Laguerre-Gauss beams in the last part.

4.1 Automatic identification of skyrmions
In this section we will describe an algorithm for the identification of skyrmions.

We can readily compute the total topological charge of the whole magnetic system
using Eq. (1.3). However this does not allow to differentiate a target skyrmion
from a simple skyrmion, or a skyrmion with a charge of −2 from two individual
skyrmions with a charge of −1 each. Regarding the current state of the art,
most of the effort on the subject is focused on either the determination of the
magnetic phase (ferromagnetic, skyrmion lattice, spin spiral) [25, 53, 2] or the
counting of skyrmions in a system [38]. All works make use of machine learning or
neural networks. As far as I am aware, no works has yet been carried out towards
the identification of complex skyrmionic textures such as higher order skyrmions,
target skyrmions, etc. The algorithm presented here is able to reliably identify
such textures.

There are two requirements on the use of this algorithm. The first one is
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4.1. AUTOMATIC IDENTIFICATION OF SKYRMIONS

that we must have a ferromagnetic background. Therefore it will not work for
antiferromagnetic skyrmions but could easily be modified for that purpose. It
could also be modified in order to work with half integer topological magnetic
textures. The second requirement is that the magnetization must be relaxed.
This requirement does not allow for the dynamical identification of skyrmions.

(a) Spin lattice (b) Skyrmion contour

Figure 4.1: Detection of the contour of a skyrmion starting from the spin lattice.
The magnetic moments forming the forming the contour should be ordered such
as to run over the contour counterclockwise.

The first step is to identify the contour of the skyrmions’ core. We define the
contour of a skyrmion’s core as the set of points where the z-component of the
magnetization changes sign (i.e. where it goes through zero) and the core as the
region inside. In order to identify the contours, we go through the lattice from left
to right and from bottom to top and detect whenever mz changes sign. Fig. 4.1
shows the contour of a skyrmion as identified by the algorithm.

Once the contours are determined, we compute the topological charge associ-
ated to each. Let (m⃗i)i∈{0,...,n} be the indexed set of magnetic moments forming
a contour, as depicted in Fig. 4.1b. The magnetic moments are indexed so as
to run over the contour counterclockwise. Using spherical angles to represent the
magnetic moments, we denote by θi and ψi the polar and azimuthal angles associ-
ated to m⃗i with θi ∈ [−π/2, π/2], ψi ∈ [−π, π]. We discretize the definition of the
vorticity (as defined in Eq. (1.4))

n = 1
2π

n∑
i

f(ψi+1 − ψi). (4.1)

The function f essentially brings any angle back to the interval [−π, π] and is
defined as

f(x) = [(x+ π) mod 2π]− π. (4.2)
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(a) Spin lattice (b) Skyrmion contours: blue
curves have a charge of 1 an
the red ones a charge of −1

Magnetic
lattice

Q = -1

Q = -1

Q = -1

Q = 1

Q = 1

Q = 1

(c) Tree structure rep-
resentation

Figure 4.2: Demonstration example of automatic identification of skyrmionic tex-
tures.

This enables us to compute the topological charge of each contour.
The next step is to determine whether or not a skyrmion is comprised within

another, as it is the case for a skyrmionium, target skyrmion, skyrmion bag, etc.
Formally, we define the core of a skyrmion as the set of magnetic moments lying
inside the contour. A skyrmion is then said to be comprised within another one if
its core is a subset of the other’s core.

This last step allows us to sort the skyrmions and build a tree-like graph. Such
a graph is represented in Fig. 4.2 alongside the corresponding magnetic lattice and
skyrmion contours. The graph can then be compared to a pre-generated database
in order to automatically identify the detected structure of skyrmions.

4.2 Nucleation using an electric field
In this section we show how a femtosecond pulsed electric field can coherently

nucleate a skyrmion. This mechanism was demonstrated by Desplat et al. [12].
At the start of the magnetization dynamics simulation the magnetic lattice

is initialized in the ferromagnetic state with a single in-plane magnetic moment.
This in-plane magnetic moment is required in order for the electric field to exert a
torque on the magnetic moments of the lattice. Indeed as the electric field induces
a DM-like interaction, non-collinear moments are needed for its effect to be non-
zero. This in-plane moment is clearly artificial. A similar effect could be obtained
by performing simulations at finite temperature. This would have the advantage
of being physically more accurate. However it would also complexify the study
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4.2. NUCLEATION USING AN ELECTRIC FIELD

and the analysis of our results.
Throughout this section the applied external electric field is directed along the

z-direction and is spatially homogeneous. The electric field is applied for a short
period of time and is constant during that time. Mathematically we have

E⃗(x, y, z, t) =
Eẑ if t ∈ [0, texc],

0 otherwise.
(4.3)

The magnetoelectric coupling constant is taken to be α = 1015 eVm/V as it is
usually of that order.

Taking J = 11 meV, K = 0.5J and D = 0.44J , the application of a 100-fs
pulse with an electric field intensity of 16.5 × 1012 V/m leads to the nucleation
of a skyrmion within 54 fs. The evolution of the topological charge and the total
energy per magnetic moment is plotted in Fig. 4.3. Fig. 4.4 shows snapshots
of the magnetic lattice at different key steps: initial configuration, nucleation,
switching off of the electric field and relaxed final configuration. We see that
at the time of nucleation the skyrmion is of minimal radius. We also see that,
shortly after, the energy starts decreasing linearly with time. This is due to the
fact that, after the nucleation, the skyrmion radius increases with time, increasing
the domain boundary size. As the DMI is enhanced by the electric field, the non
collinear domain boundary is energitically favored over the collinear ferromagnetic
background. Switching off the electric field causes a discontinuity in the energy as
the DMI is suddenly reduced.

After the off-swithing of the electric, the skyrmion remains stable.
If the intensity of the electric field is too low no skyrmion is nucleated. There

therefore exists a minimal or threshold value for nucleation. We can use a bisection
algorithm to determine this minimal value. For the values of K and D given above
the minimal electric field intensity is 16.35× 1012 V/m. This is an unrealistically
large value as modern-day THz lasers can only go up to about 1010 V/m [32].

We can repeat the same procedure to find the minimal electric field intensity
for various values of K and D. This gives us the phase diagram shown in Fig. 4.5
as a function of the reduced anisotropy and DMI constants k = K/J and d = D/J .
The colormap represents the minimal electric field intensity. When the DMI is too
weak in comparison with the anisotropy skyrmions are not metastable and will
relax into the ferromagnetic state after nucleation. This corresponds to region I in
the phase diagram. The time between nucleation and annihilation depends on the
electric field intensity and increases with it. A larger electric field will transfer more
energy to the magnetic lattice and more time will be needed for it to dissipate this
excess of energy and return into the ferromagnetic state (we recall that a skyrmion
is an excitation of the ferromagnetic state).

When the DMI is too strong in comparison to the anisotropy the ground state
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Figure 4.3: Time evolution of the topological charge and of the total energy per
magnetic moment during the nucleation of a skyrmion by an electric field pulse.
The reference zero energy is that of the ferromagnetic state.

(a) Initial configura-
tion

(b) t = 54 fs (c) t = 100 fs (d) Final (relaxed)
configuration

Figure 4.4: Snapshots of the magnetic lattice at different times during the nucle-
ation of a skyrmion by an external electric field using a magnetic defect.
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Figure 4.5: Phase diagram for nucleation of a skyrmion using a pulsed electric
field of 100 fs. Regions I, II, III represents non-metastable skyrmions, metastable
skyrmions and spin spiral phase respectively. This graph reproduces the one found
in the supplementary material of Ref. [12].
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switches from ferromagnetic to a Néel spin spiral and skyrmions can no longer
exist. This transition from ferromagnetic to spin-spiral occurs at d = 2

√
k/π [23].

Region III in the phase diagram corresponds to this spin-spiral state.
Finally region II corresponds to metastable skyrmions in a ferromagnetic back-

ground. The values for d and k taken for the example above lie in this region. By
looking at regions I and II, we see that the minimal electric field for nucleation
increases with the anisotropy but decreases with the DMI.

From the graph, we would ideally want a material with large values of K and
D in order to have the smallest required electric field for nucleation. However for
most systems both K and D are rather located at the bottom left of the graph. For
example for Pd/Fe/Ir(111), ab initio simulations give k ∼ 0.12J , d ∼ 0.18J [60].

4.3 Nucleation using Laguerre-Gauss beams

In the previous section, we were able to nucleate a skyrmion by applying a
spatially-homogeneous electric field for a duration of 100 fs. However the minimal
electric field is on the order of 1013 V/m which is quite large and we should seek to
reduce this value. In this section we consider Laguerre-Gauss beams (as introduced
in chapter 3), including the effect of the magnetic field. Our main motivation for
the use of LG beams lies in that they carry orbital angular momentum and could
transfer their angular momentum to the magnetic system. Furthermore LG-beams
are spatially non-homogeneous This is in contrast to the spatially homogeneous
electric field considered in the previous section. These two characteristics could
reduce the minimal intensity for the nucleation of a skyrmion and even nucleate
more diverse topological magnetic textures such as target skyrmions, skyrmion
bags and higher-order skyrmions.

This section will be divided in two sub-sections. The first one is concerned with
the simplified case of a Gaussian beam, which corresponds to a LG-beam with both
azimuthal and radial numbers equal to zero (l = 0, p = 0). LG-beams with non-
zero azimuthal numbers (and therefore non-zero orbital angular momentum) are
considered in the second sub-section.

4.3.1 Case of a Gaussian beam

A Gaussian beam is a special case of LG-beam with l = 0, p = 0. The general
expressions of the electric and magnetic fields given by Eq. (3.13), (3.21), (3.22)
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become for z = 0

E(r, ϕ, t) =
√

2
π

2
w0
e

− r2
w2

0 cos (ωt) (4.4)

Br(r, ϕ, t) = 0 (4.5)

Bϕ(r, ϕ, t) =
√

2
π

4r
ωw3

0
e

− r2
w2

0 sin (ωt). (4.6)

For a first example we take K = 0.5J and D = 0.44J as in section 4.2.
Skyrmions are metastable for this set of parameters. For the beam parameters, we
take a width w0 of 10 nm as it is comparable to the size of a skyrmion. The period
is taken to be 400 fs. The beam is applied for a duration of 200 fs i.e. for half a
period. The time dependence of the electric and magnetic fields are summarized
in Fig. 4.6.

The time dependence is simple and permits a better eased understanding of the
nucleation mechanism. It also prevents from a null time averaging of the effects
of the excitation.The second half of a period, where the electric field is negative,
would cancel the first half of the period, where the electric is positive. However,
it can be experimentally challenging to generate such sub-cycle pulses.

Before proceeding to the simulation, a comment is to be made on the value of
the parameters. For the chosen beam period, the wavelength is equal to c ·T = 120
µm, which is about 104 times larger than the beam waist w0. Therefore these are
classically not realistic parameters. However recent developments in the field a
plasmonics opened the way towards subwavelength focusing of beams [22, 3]. A
factor 40 between the spatial resolution of the beam and its wavelength has been
achieved numerically [50]. Further development could lead to even larger factors.
Nevertheless a factor 104, as in our case, do not seem feasible (or at least not in
a near future). We chose to remain with this value of the beam waist as it could
provide a basis to future works with either systems with larger skyrmion radii
and/or beams with a smaller period which would render our beam wais values
feasible.

When fixing the peak intensity of the electric field of the beam to 4.8×106 V/m
a skyrmion is successfully nucleated, which is much lower than for a homogeneous
beam, and experimentally accessible. Fig. 4.7 shows snapshots of the magnetic
moments throughout the nucleation process. For this intensity of the electric
field the peak intensity of the magnetic field is 52 T. This is a large value but
it remains within reach, as the production of such high intensity fields has been
experimentally demonstrated [32]. It must also be noted that the ratio of the
electric and magnetic fields has been artificially boosted by the sub-wavelength
beam waist size. Indeed, by examining Eqs. (4.4) and (4.6), we see that the ratio
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Figure 4.6: Time dependence of the electric and magnetic fields. The beam has a
period of 400 fs.

(a) t = 0 fs (b) t = 100 fs (c) t = 200 fs (d) t = 400 fs (e) t = 5 ps

Figure 4.7: Snapshots of the magnetic lattice during the nucleation of a skyrmion
using a Gaussian beam.

Bϕ/E scales as
Bϕ/E ∝ 1/ωw0. (4.7)

In future works, if a larger beam waist and/or a larger beam frequency is chosen,
the intensity of the electric field might increase for a fixed magnetic field intensity.

A first remark has to be made here. In section 4.2 we introduced a magnetic
defect in the initial configuration, to enable the electric field induced DMI to act.
However, the magnetic field is able to exert a torque on the magnetic moments
without any defect. Therefore the in-plane spin is no longer required and the
simulation was carried out with all spins initially along the z-direction.

A second remark can be made considering the respective amplitude of the elec-
tric and magnetic fields and their impact on the magnetic lattice dynamics. In
the extended Heisenberg Hamiltonian, the electric field contributes to an order
of α

∥∥∥E⃗∥∥∥ ∼ 4.8 × 10−6 meV whereas the magnetic field contributes to an order of
µs
∥∥∥B⃗∥∥∥ ∼ 9.0 meV. We see that the impact of the electric field on the magnetic

moments can be neglected with respect to that of the magnetic field. We can
further compare these orders of magnitude to the effective Heisenberg constant
J = 11meV . We see that the Zeeman energy term (through which the magnetic
field acts) is on par with the effective exchange. This further points out that the

35



4.3. NUCLEATION USING LAGUERRE-GAUSS BEAMS

magnetic field is the essential part of the nucleation process here. The mechanism
of nucleation is sensibly different as well. The nucleation via an electric field, which
was first detailed by Desplat and coworker [12], occurs through the modification of
the effective DMI. This is as if we move through the phase diagram and momen-
tarily switch to the spin spiral ground state which destabilizes the ferromagnetic
state and gives the opportunity to nucleate a skyrmion. Here, with the magnetic
field, the nucleation happens rather through a local reversal of the magnetization.
This mechanism resembles much more a precessional magnetization reversal.

We mentioned earlier that the chosen beam waist is 104 smaller than its wave-
length and the ratio Bϕ/E scales as 1/ωw0 (cfr. Eq. (4.7)). If by increasing the
beam waist and/or its frequency the beam waist becomes comparable to its wave-
length, the electric field intensity would be multiplied by 104, for a fixed magnetic
field intensity. Despite this large increase, its effect on the magnetization dynamics
would still be negligible as α

∥∥∥E⃗∥∥∥ would merely attain 0.1 meV. Therefore the mag-
netic field would remain the essential part of the beam regarding the nucleation
process.

(a) Bpeak = 45 T (b) Bpeak = 52 T (c) Bpeak = 61 T (d) Bpeak = 105 T

Figure 4.8: Obtained final magnetic configurations after the application of a Gaus-
sian beam for different peak intensities of the magnetic field.

As a first example we fixed the peak intensity of the magnetic field at 52 T
and this resulted in a skyrmion. By increasing or decreasing it we can obtain
different end results. The first few possible end magnetic configurations are shown
in Fig. 4.8. Obviously when the peak intensity is below some threshold nothing
is nucleated. Above that threshold a skyrmion is nucleated. When the peak
intensity increases above a second threshold a skyrmionium is nucleated instead
of a skyrmion. If we keep increasing the peak intensity we will get a different
successive magnetic textures for larger threshold values. With this we are able to
draw a graph representing the obtained magnetic texture as a function of the peak
intensity of the applied beam. This is shown in Fig. 4.9. The labeling of the y-axis
is arbitrary and is chosen to be monotonous with the beam intensity for clarity. To
draw this figure, we performed spin dynamics simulations for each beam intensity,
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and used the automatic identification algorithm developed in section 4.1 on the
obtained magnetic texture.

We see that the relation between the beam intensity and the obtained magnetic
texture is a piece-wise constant function.
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Figure 4.9: Nucleated magnetic texture as a function of the peak intensity of the
magnetic field of the Gaussian beam.

Modified bisection algorithm

We will now present a modified bisection algorithm in order to determine the
threshold values of the intensity of the beam for the nucleation of the different
magnetic textures. It takes advantage efficiently of the piecewise constant behavior
previously highlighted.

Let f be the function that for any value of the beam intensity associates to it
the name of the nucleated magnetic texture (skyrmion, skymionium,...). Let a, b
with a < b be a lower and an upper bound defining a search-interval [a, b] for the
beam intensity. If f(a) ̸= f(b), there must exist (at least) one threshold value in
the interval at which we have a change in the nucleated magnetic texture. As in
a standard bisection method we look at the middle of the interval c = (a + b)/2.
If f(c) is equal to f(a) then the search-interval can be reduced to [c, b]. If f(c) is
equal to f(b) then the search-interval is rather reduced to [a, c]. In the last case
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where f(c) is neither equal to f(a) nor to f(b), the search-interval is divided in two
subsequent search intervals [a, c] and [c, b]. Each subsequent interval must contain
(at least) one threshold as we have f(a) ̸= f(c) and f(c) ̸= f(b). This procedure
is repeated until the search-intervals are reduced to satisfying accuracy.

This modified bisection can be written in pseudo-code as shown in Algorithm 1.

Algorithm 1 Modified bisection
Require: a < b

1: procedure bisection(a, b)
2: fa ← f(a)
3: fb ← f(b)
4: if fa = fb then
5: return
6: end if
7: err← b− a
8: while err > tol do ▷ tol is the tolerance on the threshold values
9: c← (a+ b)/2

10: fc ← f(c)
11: if fa = fc then
12: a← c
13: fa ← fc
14: else if fb = fc then
15: b← c
16: fb ← fc
17: else ▷ fc ̸= fa, fb
18: bisection(a, c)
19: bisection(c, b)
20: return
21: end if
22: err← b− a
23: end while
24: Output(a, b, fa, fb)
25: end procedure

Results

We are now able to identify the different magnetic textures possible to nucleate
with a Gaussian beam and the corresponding beam intensity threshold for their
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nucleation. This process can be carried out for several values of k and d and we
can draw color plots similar to Fig. 4.5 from section 4.2.

We recall that we previously identified 3 regions in the k − d plane (see Fig.
4.5). In the first region the ground state is ferromagnetic and skyrmions are not
metastable but can be nucleated dynamically. In the second region, skyrmions
become metastable. In the third and last region the ground state switches to a
spin spiral and skyrmions no longer exist. As we use the automatic identification
of topological magnetic textures algorithm which can only treat relaxed magnetic
lattices, we have to restrict ourselves to region II.

The upper bound delimiting region II from region III is analytical and is given
by dmax(k) = 2

√
k/π. The lower bound dmin(k) delimiting region II from region I

has no analytical expression (as far as I am aware of). Therefore it had to be
determined numerically. This was performed by relaxing a skyrmion via spin-
dynamics.

With these considerations in mind, we can plot colormaps of the threshold
intensities in function of k and d. The threshold intensity for the nucleation of a
single skyrmion is shown in Fig. 4.10. The solid red lines represent the limits of
region II. Fig. 4.11 and 4.12 show the threshold peak intensity for the nucleation
of skyrmionium and a target skyrmion. Blank squares indicate either that the
threshold intensity lies above the maximum peak intensity investigated (which is
200 T) or that the magnetic texture cannot be nucleated. The latter occurs only
for the nucleation of a skyrmionium with values of k comprised between 0.15 and
0.25. The skyrmionium cannot be nucleated as it gets broken down in 4 individual
skyrmions. This is shown in Fig. 4.13. This is most certainly due to the use of a
square lattice and would be different on an hexagonal lattice.

When examining Fig. 4.10, we see an abrupt change in the nucleation thresh-
old intensity around d ≃ 0.25, which does not decrease further as d increases.
This change is somewhat repeated in Figs. 4.11 and 4.12 but to a lesser extent.
Two possible explanations for this odd behavior are either that this is a spurious
numerical result, or there is actually a change in the behavior of the system. At
the time of writing we were not able to resolve this.

Let us focus on the region above the abrupt change, which is roughly delimited
by 0.25 < k < 0.5. We see that the nucleation thresholds for a skyrmion or a
skyrmionium do not vary much with d, whereas the threshold for a target skyrmion
decreases strongly with increasing d. In order to explain this dependence, let us
base ourselves on the profiles of the nucleated skyrmion, skyrmionium and target
skyrmion displayed in Fig. 4.8. There are noticeably more non-collinear magnetic
moments in the profile of the target skyrmion than in the profile of the other
two. The DM interaction favors non-collinear configurations. Therefore a target
skyrmion becomes more and more favorable energitically. It follows from this
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Figure 4.10: Threshold peak intensity of the magnetic field of the Gaussian beam
for the nucleation of a skyrmion. The two red lines represent the limits of the
skyrmion metastability region.
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Figure 4.11: Threshold peak intensities of the magnetic field of the Gaussian beam
for the nucleation of a skyrmionium.
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Figure 4.12: Threshold peak intensities of the magnetic field of the Gaussian beam
for the nucleation of a target skyrmion.

Figure 4.13: 5 skyrmions resulting from a target skyrmion whose skyrmionium
was broken down in four individual skyrmions during the nucleation (for k = 0.2
and d = 0.279)
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that the nucleation threshold intensity should also be impacted and decrease with
increasing d, as it is indeed the case from Fig. 4.12.

4.3.2 Case of a Laguerre-Gauss beam with l = 1
We now carry on with the case a LG beam with l = 1 and p = 0. Contrary to

the previous case of l = 0, here the beam is chiral as it rotates counterclockwise
(cfr. Chapter 3). The general expressions of the electric and magnetic fields given
by Eq. (3.13), (3.21), (3.22) becomes for z = 0

E(r, ϕ, t) = 4
√

2
w2

0
√
π
re

− r2
w2

0 cos (ϕ− ωt) (4.8)

Br(r, ϕ, t) = 4
√

2
ωw2

0
√
π
e

− r2
w2

0 cos (ϕ− ωt) (4.9)

Bϕ(r, ϕ, t) = 4
√

2
ωw2

0
√
π

(
2 r

2

w2
0
− 1

)
e

− r2
w2

0 sin (ϕ− ωt). (4.10)

In the following, we take the same beam parameters as in the last section. For
a first insight on the magnetic textures that can be nucleated through this change
from l = 0 to l = 1, we choose J = 11 meV, k = 0.5 and d = 0.44. Fig. 4.14
shows the nucleated textures in function of the beam intensity. Several results
are to be noted here. The first one is the asymmetry and the fact that we obtain
completely dissimilar results as compared to the case of l = 0 (cfr. Fig. 4.9). The
first texture to be nucleated is a single skyrmion which is offset with respect to the
beam center. This single skyrmion can be nucleated at a smaller beam intensity
than compared to the l = 0 beam case (∼ 36 T for the former and ∼ 52 for the
latter).

When increasing the beam intensity, 2 skyrmions are nucleated. For l = 0 a
skyrmionium is nucleated instead.

Repeating the same procedure as in Section 4.3.1, we can draw colorplots of
the threshold beam intensities for the obtained textures (single skyrmion and 2
skyrmions) as a function of k and d. These plots are presented in Figs. 4.15 and
4.16. The blank squares in Fig. 4.16 indicate that the threshold for nucleation lies
above the investigated maximum value (200 T). The first comment to be made is
that the abrupt change noted in the skyrmion nucleation threshold for the l = 0
case (see Fig. 4.10 is absent here.

A second comment that can be made is with respect to the dependence of the
nucleation thresholds with k and d. For Fig. 4.15, there is a strong dependence of
the nucleation threshold on k and d for small values of k and d (k ≲ 0.2, d ≲ 0.25).
For larger values, the nucleation threshold is almost constant. For Fig. 4.16, we
see that the dependence of the nucleation threshold intensity is non-monotonous.
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Figure 4.14: Nucleated magnetic texture as a function of the peak intensity of the
magnetic field of the beam (l=1 case).
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Figure 4.15: Threshold peak intensity of the magnetic field of the beam (l=1 case)
for the nucleation of a skyrmion. The two red lines represent the limits of the
skyrmion metastability region.
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Figure 4.16: Threshold peak intensity of the magnetic field of the beam (l=1 case)
for the nucleation of a 2 skyrmions complex.

This can be put in opposition with the results obtained for the case of the l = 0
beam.

As already mentioned, the nucleation threshold for a single skyrmion is de-
creased in comparison to the case l = 0. Let us recall the shape of the magnetic
field derived in chapter 3 (see Fig. 3.3). For l = 1, the magnetic field forms two
closed loops, each with opposite circulation. We can say that they possess oppo-
site chiralities. Furthermore these loops rotate counter-clockwise around the beam
center. When we investigated the nucleated textures as a function of the beam
intensity, we saw that a single skyrmion is first obtained and then, for larger beam
intensities, a second skyrmion is nucleated as well. This can be put in direct cor-
relation with the two loops of the magnetic field and their chirality, one chirality
favoring the skyrmion nucleation whereas the other is defavoring it.

We can conclude from this remark that the chirality of the LG beam effectively
helps reducing the nucleation threshold.
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5
Conclusion

In this Master’s thesis, I study the nucleation of a skyrmion by an electric
field pulse, either for a homogeneous beam, or for a shaped Laguerre-Gauss beam
including the B field component. For the electric field nucleation we reproduced
recent results obtained by Desplat and coworkers [12] and we managed to nucleate
an isolated skyrmion with a 100-fs pulse. We also studied the dependence of the
minimal electric field for nucleation as a function of the anisotropy and the DM
interaction.

The nucleation with Laguerre-Gauss beams was studied in more detail. First,
I derived the expression of the magnetic field starting from the expression of the
electric field, using Maxwell’s equations. The expressions of both the electric
and magnetic fields were implemented in the Matjes code. Then I developed and
implemented an algorithm for the automatic identification of topological magnetic
textures, in order to analyze simulation results. This algorithm is generic and is
able to detect and identify complex and composite topological magnetic textures
with arbitrary topological charge.

Using a THz Laguerre-Gauss beam I showed it is possible to nucleate skyrmions
and other magnetic textures (skyrmionium, target skyrmion and 2 or 5 skyrmions)
and that this nucleation occurs through the magnetic field of the beam. We consid-
ered the case of a standard (isotropic) Gaussian beam and the case of a beam with
a non-zero azimuthal number, carrying orbital angular momentum. Contrary to
the nucleation with a spatially homogeneous electric field, I used LG beams with a
spot size on the order of 10 mn which are therefore strongly non-homogeneous on
the length scale of the simulation supercell. I developed and implemented a modi-
fied bisection algorithm in order to determine the minimal beam intensity needed
to nucleate each of these magnetic textures. I also showed that the minimal beam
intensity for the nucleation of a skyrmion is significantly lowered when including
the magnetic field component and using a Laguerre Gauss beam. The orbital
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angular momentum of the beam further reduces the minimal beam intensity for
nucleation. This latter effect is due to the rotation of the beam.

To facilitate the experimental realization of skyrmion nucleation, one should
also seek to reduce the intensity of the beam. In this work the minimal beam
intensity for the nucleation resulted in a maximum magnetic field of ∼ 30 T and
a maximum electric field of ∼ 106 V/m. The latter is easily accessible experimen-
tally [32].

These encouraging results open the door to further work to approach exper-
imental conditions. Indeed the chosen beam spot is not realistic as it is much
smaller than the beam wavelength, and this also boosts the maximum B field
"artificially". In order to tackle this, systems with larger skyrmion radii could be
investigated, in larger simulation cells. Higher frequency beams could be employed
to reduce the wavelength, spot size and simulation box, but this could also result
in higher minimal beam intensities. The use of LG beams with larger values of l
could counteract the frequency increase as the beam rotate at an angular speed
dϕ/dt = ω/l, which would allow the magnetization to follow the magnetic field
more easily. Also as the beam spot size/wavelength ratio becomes more realistic,
the ratio E/B would increase as well, leading to larger values of E for a fixed value
of B.

Also I employed a simple effective magnetic model, with first nearest neighbor
interactions only, in order to reduce the parameter space. More complex models
could be explored with interactions beyond first nearest neighbor (Heisenberg ex-
change and DM interaction), and with frustrated exchange especially. This could
permit the nucleation of antiskyrmions and higher order skyrmions, as these are
not metastable in the effective model but can be stabilized with beyond first near-
est neighbor interactions [13, 49, 60].

Laguerre-Gauss beams with azimuthal numbers equal only to either zero or one
were considered. Larger values of l could lead to the nucleation of more complex
textures, especially when considering magnetic models with beyond first nearest
neighbor interactions. The nucleation of higher order skyrmions could realistically
be envisioned.

Finally, a last comment can be made regarding the fact that LG beams with
a longitudinal electric field were chosen. This choice was motivated by the results
obtained for an homogeneous out-of-plane electric field pulse. However as we later
shown, the electric field plays almost no role in the nucleation process and the
magnetic field plays the main part. Beams with an in-plane electric field could be
chosen instead in order to get experimentally more feasible beams to work with.
However the magnetic field would no longer be purely in-plane and this could
heavily impact the nucleation process.
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