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Résumé

Les skyrmions magnétiques sont des enroulements chiraux de I’aimantation que 1’on peut visu-
aliser comme de minuscules domaines magnétiques circulaires délimités par des parois de domaine
chirales. En raison de leur taille potentiellement nanométrique et car on leur prédit un déplace-
ment efficace sous courant, les skyrmions magnétiques sont devenus des candidats prometteurs pour
transporter I'information dans des mémoires et des dispositifs logiques non-volatiles et a forte den-
sité de stockage. Ils ont récemment été observés a température ambiante dans des empilements
du type métal lourd/ferromagnétique/non-magnétique, franchissant une étape importante en vue
de développer des dispositifs utilisant des skyrmions. Suivant ces premiéres observations, I’objectif
de cette theése est d’étudier certaines propriétés clés des skyrmions que sont leur nucléation, leur
stabilité et leur déplacement sous courant ; toutes a température ambiante. Les premiers résultats
présentés portent sur la nucléation de skyrmions dans des films ultra-minces (pour une épaisseur de
ferromagnétique de l'ordre de 1 nm) réalisée par ingénierie des propriétés magnétiques aux interfaces
ainsi que de la géométrie des échantillons. La nucléation de skyrmions dans des films ultra-minces
étendus, en géométrie confinée, dans des films polarisés par échange inter-couche puis dans des mo-
tifs définis par irradiation d’ions est présentée. La deuxieme partie de ce travail concerne ’étude de
la dynamique des skyrmions magnétiques sous courant. Dans un film ultra-mince de composition
Pt/Co/MgO, on mesure des vitesses atteignant 100 m s~!, pour des skyrmions de l'ordre de 100
nm. Cette étude met également en lumiere l'effet Hall de skyrmion, signature de leur topologie,
qui décrit la déviation de la trajectoire d’'un skyrmion par rapport a celle dictée par le courant.
Nous trouvons que cette déviation dépend nettement de la vitesse des skyrmions, contrairement a
ce que prédisent les modeles existants. En combinant modele analytique et simulations micromag-
nétiques, s’appuyant sur une caractérisation poussée des propriétés du film, nous trouvons que cette
dépendance avec la vitesse peut étre entierement attribuée a des effets de piégeage qui entravent le
déplacement des skyrmions. Enfin, la derniére partie de ce travail porte sur ’étude expérimentale de
multi-couches antiferromagnétiques synthétiques, caractérisées par un moment magnétique net nul.
Dans ces systémes, on s’attend a ce que le déplacement des skyrmions s’effectue dans la direction du
courant — sans effet Hall de skyrmion, une condition requise pour les applications. L’optimisation
de multi-couches spécifiques permet ’observation, en microscopie a rayons X, de skyrmions an-
tiferromagnétiques synthétiques de l'ordre de 100 nm. Puisque leur nucléation est délicate, un
dispositif est par la suite congu pour injecter localement du courant électrique a travers des pointes
lithographiées. Ce dispositif permet de créer et de supprimer des skyrmions de maniere controlée,
en utilisant uniquement du courant, rapprochant ces skyrmions un peu plus des applications.
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Abstract

Magnetic skyrmions are chiral magnetisation windings that can be pictured as minuscule, circu-
lar magnetic domains bounded by chiral domain walls. Owing to their potential nanometre size and
predicted efficient current-driven motion, magnetic skyrmions hold great promise as future informa-
tion carriers in high-density, non-volatile memory and logic applications. Their recent observation at
room temperature in material stacks consisting of heavy metal /ferromagnet /non-magnet has lifted
an important bottleneck towards the practical realisation of skyrmion-based devices. Following
these early observations, the objective of this work is to tackle certain key attributes of magnetic
skyrmions that are their nucleation, stability and current-driven motion; all at room temperature.
The first results presented in this thesis deal with the stabilisation and nucleation of skyrmions in
ultra-thin films (for a ferromagnet thickness around 1 nm) by engineering of the interfacial magnetic
properties and the geometry. The nucleation of skyrmions in extended films, confined geometries,
exchange-biased films and ion-irradiated films are presented. The second part of this work concerns
the current-driven dynamics of magnetic skyrmions. In an ultra-thin Pt/Co/MgO film, we measure
velocities up to 100 m s~! for skyrmion sizes in the range of 100 nm. This study further highlights
the skyrmion Hall effect, a hallmark of the skyrmion topology, which describes the deflection of a
skyrmion trajectory from that imposed by the current. The angle of deflection is found to be depen-
dent on the skyrmion velocity, in contrast with existing models. Combining analytical modelling
and micromagnetic simulations, based on a thorough characterisation of the film properties, we
find that this dependence on the velocity can be entirely attributed to pinning effects hindering the
skyrmion motion. Finally, in the last part of this work, we investigate experimentally synthetic an-
tiferromagnetic multilayers with vanishing magnetic moment. In such systems, magnetic skyrmions
are expected to be driven along the current direction — without skyrmion Hall effect, a prerequisite
for applications. By optimising specific multilayers and using element-sensitive X-ray microscopy,
we observe synthetic antiferromagnetic skyrmions at room temperature with sizes in the range of
100 nm. As their nucleation is somewhat challenging, a device is then designed to locally inject
current through patterned tips. This allows to create and delete skyrmions in a controlled fashion
using solely current, bringing them one step closer to applications.
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Introduction

Information storage and handling continuously demands faster, denser, non-volatile and low-
power-consuming technologies, which have been fuelling research beyond the conventional semicon-
ductor technologies. In this context, spintronics, which utilises both electronic and spin degrees of
freedom, has provided some novel concepts to ameliorate the erstwhile state of the art.

A major breakthrough came with the discovery of the giant magneto-resistance (GMR) effect
in late 1980’s [1,2]. The GMR refers to a significant change of the resistance of two ferromagnetic
(FM) layers separated by a metallic spacer, depending on their relative magnetisation orientation
(parallel or anti-parallel). This discovery notably led to a soaring increase in the storage capacity
of hard disk drives (HDDs), which revolutionised information storage.

Later on, the tunnel magneto-resistance (TMR) effect [3,4], in the case of two FM layers sepa-
rated by an insulator, also known as a magnetic tunnel junction (MTJ), was found to be an order of
magnitude larger than the GMR, improving the reading power consumption in present-day HDDs.
During this period a new memory concept emerged: known as magnetic random access memory
(MRAM), it combines the short access time of semiconductor-based RAMs with the non-volatility
of magnetic memories. MRAMs essentially consist of a reference (pinned) layer and a free layer
separated by an insulating spacer, in which the parallel /anti-parallel magnetisation orientation cor-
responds to a 0/1 bit. While TMR provides the reading part, several writing mechanisms were
explored to achieve fast, reliable and low-power switching of the free layer. These included local
magnetic fields applied via current lines (Oersted fields) until new current-induced mechanisms
emerged. Spin-transfer torque (STT) is one such method which utilises the reference layer as a
spin-polariser for the electrical current flowing through the MTJ [5,6]. This spin-polarised current
then switches the free layer magnetisation via spin angular momentum transfer.

More recently, a new mechanism, the so-called spin-orbit torque (SOT), was discovered in sys-
tems with structural inversion asymmetry using large-spin-orbit-coupling (SOC) materials such as
a heavy metal (HM), adjacent to a FM [7]. In such systems, when a charge current flows in the
HM, a spin accumulation is generated at the HM/FM interface by SOC-related mechanisms, either
in the bulk of the HM (spin Hall effect) or at the interface (Rashba effect). This results in a torque
exerted on the FM layer magnetisation and subsequently switches it. This type of switching was
proven to be more efficient and hence lower power consuming than the conventional STTs. It there-
fore triggered the idea of SOT-MRAM, combining the advantages of low energy writing and high
endurance by separating the read and the write paths, as opposed to STT-MRAM.

In parallel emerged an alternative idea to manipulate information using magnetic domains in
domain wall (DW) racetrack memories [8]. Here an information bit is no longer localised in an
MRAM cell but is mobile in a nanowire consisting of a chain of 1 and | domains separated by DWs.
Building three-dimensional nanowires arrays with integrated reading and writing elements would
allow to achieve even higher storage density. Nevertheless, this concept faces drawbacks of limited
speed as it relies on STTs to displace the DWs.

In systems with structural inversion asymmetry (SIA), a new interaction was unveiled: the
Dzyaloshinskii-Moriya interaction (DMI). The DMI imposes a chiral configuration on the DW, i.e.
a fixed direction of rotation of the magnetisation from 1 to |. When combined with SOTs, it was
shown to lead to extraordinarily high DW speeds, promising even faster manipulation of information.
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In recent years, a new protagonist entered the game of spintronics: the magnetic skyrmion.
A magnetic skyrmion is a chiral, localised whirling of the magnetisation stabilised by the DMI.
In simpler words, it consists of a small magnetic domain enclosed by a chiral DW. The potential
nanometre size of magnetic skyrmions, their expected efficient current-induced manipulation by
SOTs and high stability have made them promising candidates to store and manipulate information
in so-called skyrmion racetrack memory, heir of the DW racetrack memory [9]. While theoretically
discussed thirty years ago, they were only recently observed at low temperature first in 2009 in bulk
materials, and shortly after in 2011 in systems with SIA. An important breakthrough came with
their observation at room temperature (RT) in 2015 and 2016, which has made skyrmionics a ‘hot’
topic in magnetism since then. This is well reflected by the number of publications and citations of
articles containing the words ‘magnetic’ and ‘skyrmion’ shown in Fig. 1.1 for the past two decades.

400 12000
Il n° of publications
Il n° of citations - 10000

Year

Fig. I.1: Magnetic skyrmions: a ‘hot’ topic | Number of publications (red) including the words
‘magnetic’ and ‘skyrmion’ and number of citations (blue) of these articles over the last twenty years.
The two arrows indicate the first observations of magnetic skyrmions at low temperature in bulk
materials (2009) and in systems with structural inversion asymmetry at room temperature (2015)
(source: Web of Science).

At the beginning of this thesis, in 2016, we are in what one may call the ‘boom’ of room-
temperature skyrmionics. Following these early observations, there are many challenges that lie on
the way to skyrmion-based devices. These include their controlled nucleation, stability, scalability
and current-driven motion. The observation of magnetic skyrmions at RT in Pt/Co/MgO in 2016
at Spintec provided the starting point of my PhD. In this context, the primary objectives of this
work were to study the skyrmion nucleation and stabilisation as well as their current-driven dynam-
ics. Different mechanisms to nucleate and stabilise skyrmions were explored in Pt/Co/MgO-based
systems through engineering of the interfacial magnetic properties and geometries. In parallel, the
current-driven skyrmion dynamics was studied in the same system. This study notably highlighted
the skyrmion Hall effect, a signature of the skyrmion topology, that imposes a deflection of the
skyrmion in a direction perpendicular to the applied current. As this effect is detrimental for future
applications, it would need to be suppressed. For this purpose, the last part of this work is dedicated
to the study of synthetic antiferromagnetic (SAF) skyrmions which are foreseen to resolve this issue.
The outline of this manuscript is given below.
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Introduction

Outline This thesis is divided into six main chapters, a conclusion chapter and an appendix.
A list of the abbreviations and symbols used is provided. All links (figures, equations, chapter and
section names, footnotes, references) are click-able. The manuscript is organised as follows:

Chapter 1: Essential notions on interfacial magnetism and domain walls | This chapter
is meant to introduce the basic concepts required to understand the results of this thesis. The
magnetic energies at play in magnetic materials and in particular in ultra-thin HM/FM/NM films
(i.e. for FM thickness of 1 nm or less) are first recalled. Further, essential notions on DW statics
and dynamics driven by an external magnetic field and an electrical current are provided.

Chapter 2: Magnetic skyrmions: properties and dynamics | This chapter is entirely
dedicated to magnetic skyrmions in ultra-thin HM/FM/NM films with perpendicular magnetic
anisotropy. It aims to provide a clear definition of what a magnetic skyrmion is and some key
elements to understand their stability and current-driven motion. It draws on the state of the art
of the research in the field of skyrmionics (including results published during my thesis).

Chapter 3: Experimental techniques | This chapter presents the different experimental tech-
niques of magnetic characterisation and microscopy used during my thesis. A particular attention is
drawn to X-ray microscopy techniques to interpret the images presented in the following chapters.
The nanofabrication process used to make the different devices studied is also detailed.

Chapter 4: Skyrmion nucleation in ultra-thin films | This chapter presents different ap-
proaches investigated during my PhD to tackle certain key aspects regarding the skyrmion nucleation
and stability in ultra-thin FM films at RT. It consists mainly of the study of skyrmion nucleation
in extended films, confined geometries, exchange-biased films and He™-irradiated films.

Chapter 5: Current-driven skyrmion dynamics in ultra-thin films | This chapter presents
the study of the current-driven motion of magnetic skyrmions in an ultra-thin Pt/Co/MgO film at
RT. The experimental results, including the observation of the current-driven skyrmion motion and
characterisation of the magnetic film properties, are first presented. These results are then discussed
and interpreted in the light of the Thiele model and micromagnetic simulations.

Chapter 6: Skyrmions in synthetic antiferromagnets | Here, the optimisation of SAF
multilayers is first detailed, followed by the observation of SAF skyrmions using element-sensitive
X-ray microscopy. Finally, an approach to locally nucleate skyrmions by injection of ns current
pulses is presented.

Chapter 7: Summary and perspectives | Here, the main results of this thesis presented in
the three previous chapters are briefly summarised, highlighting the future prospects of this work.

Appendix: Forces of the Thiele equation | This chapter details the different steps to calculate
the skyrmion velocity and skyrmion Hall angle using Thiele’s approach to model the current-driven
skyrmion dynamics.






Chapter 1

Essential notions on interfacial
magnetism and domain walls

This chapter is meant to introduce the basic concepts required to understand the results of this
thesis. First, an overview of the different magnetic energies and interfacial properties is provided.
Then, focusing the discussion on ultra-thin films exhibiting perpendicular magnetic anisotropy
(PMA) and structural inversion asymmetry (SIA), we explore their role in determining the sta-
ble magnetic configuration; in particular the formation of domain walls (DWs). Finally, as an
introduction to the case of magnetic skyrmions, discussed in the next chapter, an insight into the
mechanisms governing the dynamics of domain walls is given.

1.1 Overview of magnetic energies in thin films

1.1.1 Introduction: magnetic order and micromagnetism

In a magnetic material, each atom at site ¢ carries a net magnetic moment, also referred to as
atomic spin or simply as spin, S;.! The volume density of magnetic moments defines the magneti-
sation, M (in A m~!). The saturation magnetisation, Mj, is the maximum magnetisation available
in the system when all the magnetic moments are collinear.

A ferromagnet (FM) is a material exhibiting a net magnetisation below the ordering tempera-
ture, T, called the Curie temperature, such that M(T' < T,.) > 0. Above T, the thermal fluctuations
outweigh the interaction between magnetic moments, resulting in a net cancellation of the magneti-
sation (My(T > T.) = 0), which defines the paramagnetic state. In contrast, an antiferromagnet
(AF) is a material exhibiting a zero net magnetisation as a result of the anti-parallel alignment of
neighbouring magnetic moments. The AF state is again dependent on temperature and exists below
an ordering temperature, Ty, called the Néel temperature. For T' > T, the AF order is broken
by the thermal fluctuations, leading to the paramagnetic state. Finally, if the magnetisation of a
system with AF order is not fully compensated, owing to the different magnitudes of the AF-coupled
magnetic moments, the system is referred to as ferrimagnetic.

The magnetisation of non-atomically-small systems is usually handled in the framework of micro-
magnetism. This model, originally developed by Brown [10], is based on a continuum approximation:
since the length scale of the variation of the atomic magnetic moments direction, typically the ex-
change length 4 — 10 nm, is much larger than the inter-atomic distances, typically 0.2 — 0.3 nm, their
discrete nature can be overlooked and the magnetisation can be described by a continuous function,
M (r), of the spatial coordinate r. In addition, for a given material and at a given temperature,
T, the norm of the magnetisation is constant and equal to the saturation magnetisation, M,(T),
in a uniformly magnetised part of the system (i.e. a magnetic domain). It is therefore suitable to
define the reduced magnetisation vector, m(r) = M (r)/Ms(T), a continuously varying unit vector
indicating the local direction of the magnetisation.

!To avoid confusion, it will be specified in the following when referring to the spin of electrons.
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1.1.2 Zeeman energy

The Zeeman energy is related to the interaction of magnetic moments with an external magnetic
field. Its density (in J m~3) is given by

€z = _MOMsm - H eyt (11)

with pg the vacuum permeability, M, the saturation magnetisation, m the reduced magnetisa-
tion vector and H.,; the external magnetic field. It promotes the alignment of the magnetisation
along the external field. Note that all the magnetic energy contributions described hereafter can be
associated with an effective magnetic field such that each term can be written as in eq. (1.1).

1.1.3 Symmetric exchange interaction

The symmetric exchange interaction, first introduced by Heinsenberg in the 1920’s, promotes
the alignment of two neighbouring magnetic moments S; and S;. This short-range interaction
originates from the Coulomb repulsion between electrons of atoms on sites ¢ and j and is spin-
dependent because of the Pauli exclusion principle. Using an atomistic description, the Hamiltonian
takes the following form:

Heg = — Z JZJSZ : Sj (12)
i<j

Here, Jj; (in J) is the exchange integral between two neighbouring atoms i and j and the sum is
over all neighbouring atoms. Considering only the nearest neighbours and an isotropic material, one
has J;; = J for all pairs of nearest neighbours ¢ and j. The sign of J then determines the magnetic
ordering: when J > 0, the FM state is energetically favoured (all the spins parallel) while the AF
state (neighbouring spins anti-parallel and zero net magnetisation) is favoured when J < 0. Note
that in certain alloys where an AF coupling exists, e.g. Co,Tby_,, Co,Gdi_,, a net magnetisation
can exist if the magnetic moments of the two sub-lattices do not compensate: these materials are
referred to as ferrimagnets. In the continuum approximation used in micromagnetism, the energy

density associated with the exchange interaction can be written as follows:

Eex = A ((Vmg[;)2 +(Vmy,)? + (sz)z) (1.3)

with A the exchange constant! (in J m™') given by A ~ JS?n/a, with a the lattice parameter
and n the number of atoms per unit cell [11]. A is typically in the range 10 — 30 pJ m~! for FM
transition metals (Co, Fe, Ni).

1.1.4 Dipolar energy

Each magnetic moment inside a magnetic body generates a magnetic stray field, called dipolar
field or magneto-static field, and written Hy4. This field interacts with all the other magnetic
moments composing the magnetic body. The dipolar energy density thus takes the form of a
Zeeman-type energy (see eq. (1.1)):

_MOMS

Ed =

Here the 1/2 factor is introduced not to count twice the interaction between two magnetic mo-
ments. The dipolar energy can further be obtained by integrating over the volume of the magnetic
body considered. The dipolar interactions depend on the relative orientation of the magnetic mo-
ments and on the distance r between them as 1/r73. This long-range and fundamentally non-local
character makes it difficult to calculate analytically e4; it is often required to evaluate it numeri-
cally. A way to handle this interaction is to introduce the concept of magnetic charges. Writing the

Lor exchange stiffness
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second Maxwell equation in the absence of external field yields V- B = ugV - (Hy;+ M) = 0, and
hence V- H; = —V - M. Note that only the part of the dipolar field occurring inside the magnetic
body, the so-called demagnetising field, is considered. From this equation, it is possible to define
magnetic volume charges as pyy = V - M, by analogy with electrostatic charges. Furthermore, it
appears that the magnetisation at the edges goes abruptly from a finite value, M, to zero. This
singularity can be lifted by introducing surface magnetic charges: oy = M - fi, with fi the unit
vector normal to the surface of the. When considering only the dipolar interaction, the ground
state is then given by the magnetic configuration that minimises the volume and magnetic surface
charges. As a result, the shape of the magnetic body strongly influences the dipolar energy, giving
rise to a shape anisotropy.

z
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Fig. 1.1: Demagnetising field inside a uniformly magnetised thin film | M denotes the
magnetisation, Hy the demagnetising field and the +/— symbols indicate the magnetic surface
charges created by the uniform magnetisation. In the case of a thin film with [ > w > ¢, the mag-
netisation aligns preferentially with the length of the film as this configuration minimises magnetic
surface charges.

To illustrate this, let us consider the case of a uniformly magnetised thin film with length [,
width w and thickness ¢ such that [ > w > t, as illustrated in Fig. 1.1. The demagnetising field
can be expressed simply in terms of the demagnetising coefficients NV; as:

Hy; = —N;M, (1.5)

with ¢ = x,y,2z and N; + N, + N, = 1. For the thin film considered, one has N, < N, < N,
hence N, ~ 1 [12]. Therefore, in the absence of any other anisotropy, the magnetisation would
spontaneously align along the length of the sample. This can be seen in Fig. 1.1: if the magnetisation
aligned along the y- or the z-axis, the amount of surface charges would increase, thus increasing
the demagnetising energy. Therefore, any deviation from the z-axis would constitute a cost in
dipolar energy, which introduces a shape anisotropy in the system. If the two lateral dimensions
are identical, it defines an easy plane for the magnetisation. Assuming that the magnetisation is
uniform and subtends an angle # with the film normal, eq. (1.5) yields H; = —M ,. The dipolar
energy density (eq. (1.4)) thus reads

M2
€4 = 'UOTS cos® ) = Kqcos? 0 (1.6)

where K, is the shape anisotropy constant (in J m~3). This shape anisotropy tends to bring
the magnetisation in the plane of the film. Ky is a measure of the maximum energy density that
may be connected with demagnetising fields.

1.1.5 Spin-orbit coupling

In magnetic materials, and in particular in multi-layered films, the spin-orbit coupling (SOC) is
the source of a multitude of emergent phenomena such as the perpendicular magnetic anisotropy,
the spin Hall effect, the Rashba-Edelstein effect and the Dzyaloshinskii-Moriya interaction [13]. The
SOC describes the relativistic interaction between the electron spin and orbital angular momenta.
Let us consider a semi-classical picture of an electron orbiting around the nucleus of an atom. In
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the nucleus rest frame, the electron moves at a velocity v in an electric field E generated by the
nucleus. In its rest frame, the electron experiences a magnetic field that can be written as

1
Bso=—=F 1.7
so= s Exv (1.7)

where ¢ is the speed of light. This leads to a Zeeman-type interaction between the intrinsic
magnetic moment of the electron, o, and this magnetic field, given by the following Hamiltonian:

HSO = —0 - BSO = )\50L - S (1.8)

Here, L and S are respectively the electron orbital and spin angular momenta and Agp is a
constant. This energy is thus greatly dependent on the local electric field E which can arise from
the same ion or from a neighbouring ion in the material, in the bulk or at an interface. In addition,
one can show that Ago scales as Z4, with Z the atomic number [14]. This explains why the SOC is
strong in heavy elements such as Pt, Ta, W and Ir.

Br(k)
>

Fig. 1.2: Orientation of the Rashba field in the momentum space | The Rashba field
Br(k) (black arrows) of eq. (1.9) is orthogonal to the momentum k of the electron at the interface.
In this picture, 2 is the normal to the interface.

In systems with structural inversion asymmetry (SIA), e.g. a stack A/B/C composed of three
different materials,! a particular SOC-related phenomenon takes place at the interface: the Rashba
SOC [15,16]. Due to SIA, an asymmetric potential exists at the interface, which generates an electric
field, E = EZ%, 2 being the interface normal. The itinerant electrons moving in this electric field
experience a momentum-dependent effective magnetic field, Bg (k), referred to as Rashba field.
The interaction between the electron spin magnetic moment and the Rashba field is given by the
following Hamiltonian [17]:

Hp=—0-Bpr(k) = apro - (k x 2) (1.9)

where ap « E is the Rashba coefficient (~ 0.1 ¢V nm) and k the electron momentum (i.e.
its wave vector). As depicted in Fig. 1.2, the Rashba field is always orthogonal to the electron
momentum. This means that electrons with different k-vectors experience different Br and pre-
cess around it. In the following, we discuss two major implications of the Rashba SOC on the
Dzyaloshinkii-Moriya interaction and the current-induced spin-orbit torques, in §1.1.7 and §1.3.3.2
respectively.

'A/B/C means that A is the bottom layer (first deposited) and C the top layer. This convention will be used
throughout this thesis.
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1.1.6 Magnetic anisotropy

1.1.6.1 Magneto-crystalline anisotropy

The exchange interaction predicts the spontaneous magnetisation but cannot account for other
properties of magnetic materials such as the hysteresis phenomenon. In real systems, the spins tend
to align along specific crystallographic directions that are not necessarily the direction given by the
shape anisotropy: this contribution is referred to as magneto-crystalline anisotropy (MCA). The
MCA is linked to the crystal field, that is the static electric field produced by the surrounding charge
distribution of the crystal. Due to the SOC, the spins prefer to align along certain crystallographic
directions that minimise the SOC energy (see eq. (1.8)). One type of MCA is the uniaxial anisotropy,
which is present for example in hexagonal, tetragonal and rhombohedral structures. In this case,
the MCA energy density has the following form (in the second-order approximation):

evc = Ky sin® o (1.10)

K is the volume uniaxial anisotropy constant (in J m~3) and « the angle between the spin (or
the magnetisation vector in a micromagnetic picture) and the high-symmetry axis of the crystal
(e.g. the ¢ axis for the hexagonal structure). This axis, along which the spins preferentially align,
is referred to as easy axis, while any crystallographic axis perpendicular to it is called a hard axis.
Note that only the second-order term is considered: for large positive K values, this approximation
is valid and one has indeed a uniaxial anisotropy. However, for negative K1, the system exhibits an
easy plane, perpendicular to the high-symmetry axis, and higher-order terms need to be taken into
account.

1.1.6.2 Interface-induced magnetic anisotropy

In multi-layered films, the broken symmetry at interfaces can generate an additional anisotropy.
First predicted by Néel in 1953 [18], it is described by a uniaxial anisotropy energy [19]:

K
€s = TSSiHQH (1.11)

where K is the surface anisotropy constant (in J m~2), ¢ the magnetic film thickness and 6
the angle between the magnetisation and the film normal. This contribution tends to bring the
magnetisation in the out-of-plane (OOP) direction, hence the convention Ks > 0. Note that K
contains the contributions from the two interfaces. This term introduces an easy axis, perpendicular
to the film plane, and adds up to the aforementioned bulk MCA as well as to the shape anisotropy.
The total anisotropy of the system is thus usually described by an effective anisotropy constant:
Kepr = K1+ K/t — pipM?2 /2. In ultra-thin films, the volume contribution to the anisotropy is in
most cases dominated by the shape anisotropy.! The effective anisotropy constant then simplifies
into:

K M?
Kepp= =2 - H (1.12)
t 2
The quantity K, = K/t (in J m™3) is referred to as uniaxial anisotropy constant such that

K.ty = Ky — K4. Therefore, if the interface anisotropy outweighs the shape anisotropy, i.e. Kcrr >
0, it promotes an OOP easy axis, giving rise to perpendicular magnetic anisotropy (PMA). From
eq. (1.12), it is hence possible to define a critical FM thickness t. above which the magnetisation
preferentially lies in the film plane. It defines the spin reorientation transition between PMA
and in-plane (IP) anisotropy; typically, ¢, ~ 1 nm for Pt/Co-based systems. Fig. 1.3.a displays
schematically the variation of the quantity K¢t with the magnetic film thickness ¢ [20]. The
slope at large ¢ provides the volume contribution (largely the shape anisotropy) while the intercept
provides the interface contribution. For very small thicknesses (typically 0.2 — 0.3 nm), the Curie

'Except in the case of epitaxial films where it is usually of the same order as the MCA.
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temperature and thus M, decrease due to intermixing of the FM with the adjacent layers, resulting
in a deviation from linearity.
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Fig. 1.3: Perpendicular magnetic anisotropy | a. Evolution of the effective anisotropy con-
stant with the FM film thickness ¢. For Pt/Co/MgO, the critical thickness is t. ~ 1 nm. b. A
typical PMA stack composed of a heavy metal (HM), a ferromagnet (FM) and a non-magnetic
(NM) layer, for example an oxide or another HM.

A typical PMA stack is represented in Fig. 1.3.b. It is composed of a HM (Pt, Ta, W, Pd), an
ultra-thin (¢ ~ 1 nm) FM (Co, CoFeB) and a NM layer; the latter can either be an oxide (AlOg,
MgO) or another HM. In this type of stack, both interfaces contribute to the PMA.

At the HM/FM interface, the PMA is attributed to the hybridisation of the 5d orbitals of the
HM and the 3d orbitals of the FM, which modifies the crystal field at the interface. In the case
of the Pt/Co interface, due to the large SOC of the Pt, this leads to an enhancement of the OOP
Co magnetic moment and results in an induced Pt magnetic moment that aligns parallel to the Co
moment [21,22].

Let us consider the case of a HM/FM/Ox stack, for instance Pt/Co/MgO which has been used
in this thesis to study the stability and dynamics of magnetic skyrmions. The FM/Ox interface
also contributes to the PMA [23]. Here, the SOC is much weaker and the PMA stems from the
hybridisation of the 3d orbitals of the FM and the 2p orbitals of the oxygen [24]. The PMA is
thus greatly dependent on the oxidation state at the interface and is therefore sensistive to oxygen
migration, for example upon annealing [25,26].

M
A
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Fig. 1.4: Determination of the effective anisotropy | Schematic representation of the easy-
axis and hard-axis hysteresis loops for a FM film with large PMA. Hy is referred to as the anisotropy
field.
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Experimentally, the effective anisotropy can be determined from the hard-axis hysteresis loop.
It is represented schematically in Fig. 1.4 (in red) in the case of a sample exhibiting a large PMA
(M = Mj in the OOP direction at zero field). K¢ is the energy barrier that needs to be overcome
to bring the magnetisation in the film plane. The energy density needed to change the magnetisation
by an amount dM is given by € = ugHdM, where H is the external magnetic field. Graphically,
this energy is given by the area comprised between the easy- and hard-axis loops (in green). When
H = Hg, with Hg the so-called anisotropy field, the magnetisation is completely saturated in the
plane, hence Krr = poHp M/2.

1.1.7 Dzyaloshinskii-Moriya interaction

The Dzyaloshinskii-Moriya interaction (DMI) is an antisymmetric exchange interaction. It is a
key element in the stabilisation of chiral magnetic textures such as chiral domain walls and magnetic
skyrmions. It was first proposed by Dzyaloshinskii in 1958 [27] to explain the weak yet non-zero
spontaneous magnetisation observed in certain AF materials. He understood that there was a direct
link between the symmetry of the crystal and the magnetic configuration. Shortly after, in 1960,
Moriya demonstrated how to calculate this additional exchange by taking into account the SOC in
a crystal lacking inversion symmetry [28,29]. The DMI Hamiltonian has the following form:

Hpur=—»_ dij - (Si x S;) (1.13)
1<j

with d;; the DMI vector whose direction depends on the crystal symmetry and whose amplitude
is proportional to the SOC. The DMI energy is minimum when the two spins S; and S; are
perpendicular to each other and when the cross product S; x S; is parallel to d;;. The DMI hence
favours non-collinear spin textures with a preferred sense of rotation such as chiral domain walls,
spin spirals and magnetic skyrmions. This preferred sense of rotation, given by the sign of d;;,
defines the spin texture chirality. It can be seen that — in the absence of any other interaction
— the DMI and the exchange interaction act on the same length scale and compete directly to

determine the type of magnetic texture, collinear or non-collinear.

4

FM

‘s HM

Fig. 1.5: Dzyaloshinskii-Moriya interaction at the HM /FM interface | Schematic repre-
sentation of the DMI at the interface between a HM and a FM as described by the 3-site mechanism
proposed by Fert and Levy [30,31].

The DMI can exist in crystals lacking inversion symmetry, like B20 crystallographic structures
(e.g. MnSi, FeGe), and is referred to as bulk DMI. It was notably in MnSi that magnetic skyrmions
were first observed in 2009 [32].

In addition, the DMI can arise at interfaces in systems exhibiting STA. SIA naturally exists in
multilayers where the FM layer is sandwiched between two different materials. The resulting DMI is
hence referred to as interfacial DMI [30,33,34]. This interfacial DMI has been predicted by Fert and
Levy to arise from a 3-site mechanism between two neighbouring spins of the FM S; and S; and a
non-magnetic ion with a large SOC (e.g. a HM) [30,31]. It is illustrated in Fig. 1.5: in this case, the
DMI vector is given by d;; = d (#;; x £) where 2 is the unit vector perpendicular to the film plane
and #;; is the unit vector connecting the two spins and pointing towards S; [9,31]. The sign of d
hence defines the favoured direction of rotation: d > 0 promotes left-handed (anticlockwise) rotation

11
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of spins 1"\ ¢—/| while d < 0 promotes right-handed (clockwise) rotation of spins 1,/—\,.! In
addition, the DMI depends by definition on the stacking order. For example, Co on Pt favours a left-
handed chirality while Pt on Co favours a right-handed chirality. Consequently, the DMI vanishes
for a Pt/Co/Pt film and in general for symmetric stacks. Note however that for polycrystalline
films, because of the different growth conditions, the two interfaces may not be identical and a
small DMI can be measured [35]. Similarly, the DMI can be artificially enhanced by combining
interfaces with opposite DMI signs [36] such as Pt/Co and Ru/Co into Pt/Co/Ru [37,38].

The DMI is usually handled in the continuum approximation. From eq. (1.13), one can express
the DMI energy density [39]:

epmr =D ((m-V)m, —m,V -m) (1.14)

with D (in J m~2) the micromagnetic DMI constant. Similarly to the exchange constant A
(see §1.1.3), the DMI constant can be expressed as D ~ d/at where d is the amplitude of the DMI
vector, a the lattice parameter of the FM and ¢ the magnetic film thickness [40,41]. D is typically
in the order of 1 — 2 mJ m~2 for Pt/Co. Then, the associated effective magnetic field is [42]:

2D
MOMS

In an ultra-thin film exhibiting PMA, this magnetic field exists only inside DWs: it is oriented
in the film plane and perpendicular to the DW. As detailed hereafter (§1.2), H pyr favours the
formation of Néel DWs over Bloch DWs which would otherwise minimise the DW dipolar energy.

Different methods are used to measure the DMI. A first approach consists in measuring the
effective DMI magnetic field by propagating DWs with an easy-axis OOP field in the presence of
an IP field [35,43,44]. The external field for which the DW velocity is zero provides a measurement
of Hppsr and hence of D. Moreover, it was shown that the DMI can be extracted from spin-wave
spectroscopy techniques such as Brillouin light spectroscopy (BLS) [41,45,46] as it will be presented
in §5.3.2.

Furthermore, the DMI can also exist in the absence of HM or large-SOC material. To explain
this, a mechanism based on the Rashba SOC was proposed [47]. As explained in §1.1.5, the itinerant
electrons at an inversion-asymmetric interface experience a momentum-dependent magnetic field,
the Rashba field B . The precession of the electron spins around B g results, through s—d exchange
coupling with the local magnetic moments, in the canting of the magnetisation in a specific direction.
The direction of the canting is dictated by the direction of the Rashba field. This effect is hence
referred to as Rashba DMI with the associated DMI constant: Dg = 4agmeA/h? [47]. This Rashba
DMI can notably explain the DMI arising at a FM/Ox interface, e.g. Co/MgO or Fe/MgO [36],
and can account for the large DMI measured in Pt/Co/AlO, [41] and Pt/Co/MgO [48], systems
that combine a HM/FM and a FM/Ox interface. Finally, it can also explain the voltage-induced
tuning of DMI measured experimentally [49].

To summarise, for both mechanisms, the DMI is of interfacial origin and requires the presence
of SIA. As predicted by ab initio calculations, the sign and amplitude of the DMI for a given set
of materials is largely determined by the atoms right at the interface [36,40]. Being of interfacial
origin, it follows an inverse-dependence with the FM film thickness ¢ [41,50] such that an interfacial
DMI parameter Dy can be defined by D = D,/t. Dy is in the order of 1 pJ m~!, that is one order of
magnitude smaller than the exchange constant. Note however that the interfacial DMI also depends
on the thickness of the adjacent HM layer in a HM/FM stack [51,52]. For example, Kim et al. [51]
found that in a sputtered Pt(¢p;)/Co(1.6nm)/AlO,(2nm) film, the DMI increases monotonically
with the Pt thickness, up to tp;y ~ 2.5 nm where it saturates. One possible explanation is the
improvement of the interface quality and the promotion of the (111) texturing of the Pt as it is
made thicker. In this work, all the stack studied are Pt/Co-based and exploit the large DMI present
at the Pt/Co interface.

Hpyr=— (Vm, —(m-V)2) (1.15)

!Note that this sign convention can be different in the literature as it depends on the definition of Hpasr and dij.
For consistency, we will use the same throughout this work. In addition, only the denomination left/right-handed will
be used in the following.
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1.2. Domains and domain walls in films with PMA

1.1.8 Interlayer exchange coupling: artificial magnetic order

In the above sections, we saw the different energies at play inside a magnetic material: the
Zeeman, exchange, dipolar, anisotropy and DMI energies. In particular, we saw that the exchange
interaction is responsible for the magnetic ordering, FM or AF. In magnetic multilayers, magnetic
order can be induced artificially by an indirect exchange interaction mediated by a non-magnetic
metallic spacer, the so-called Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [53,54]. In a
FM;/NM/FM; stack, the magnetic ions in one FM layer spin-polarise the conduction electrons in
their neighbourhood, which then mediate the interaction with the magnetic ions in the other FM
layer through the NM spacer, resulting in an indirect exchange coupling. This coupling between
the two FM layers, FM; and FMs, can be FM or AF depending on the NM spacer thickness. The
RKKY energy density can be written as erxxy = —J12 (m1 - ms) (in J m~2), with m; and ms the
magnetisation in FM; and in FMs respectively. The interlayer exchange constant has the following
form [55]:

Jig x % sin (2kptny + @) (1.16)
NM
where t s is the NM layer thickness, kr the Fermi wave vector and ® a constant. When Ji5 > 0
(J12 < 0), a FM (AF) coupling is promoted. This has a damped oscillatory nature as a function of
tnr, as shown in Fig. 1.6. This interaction is notably utilised to build synthetic AFs (SAFs), which
consist of two AF-coupled FM layers. SAFs are used to build magnetic tunnel junctions, magnetic
sensors and can also be employed to stabilise skyrmions as it will be explained in Chapter 6
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Fig. 1.6: Ruderman-Kittel-Kasuya-Yosida interaction | RKKY exchange constant measured
in a CoNi/Ru/CoNi film as a function of the Ru spacer thickness. The solid line is a fit using eq.
(1.16). Adapted from ref. [55]

1.2 Domains and domain walls in films with PMA

In the previous section, we saw an overview of the magnetic energies that determine the stable
magnetic configuration. In the following, we focus only on ultra-thin films with PMA. Before
discussing in details the particular case of magnetic skyrmions in Chapter 2, we describe the case
of magnetic domains and domain walls.

Let us first consider a system with PMA, exchange and dipolar interactions only. If the film is
uniformly magnetised OOP, magnetic charges appear at the opposite edges (see Fig. 1.1), increasing
the total demagnetising energy. In order to minimise this energy, the magnetic texture divides into
domains with opposite magnetisation directions (1 / |). The small region separating two domains
is called a domain wall (DW). The magnetisation inside a DW can rotate in different ways, the
two limiting cases being the so-called Bloch and Néel DW schematically represented in Fig. 1.7.
In a Bloch DW, the magnetisation rotates in DW plane (yz plane in Fig. 1.7) while it rotates
perpendicular to the DW plane (zz plane) in a Néel DW. The configuration that minimises the
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Fig. 1.7: Bloch and Néel domain walls | Schematic representation of a Bloch DW and a Néel
DW in an ultra-thin film of thickness ¢ and width w exhibiting PMA.

magneto-static energy is the Bloch DW. Indeed, it prevents the additional creation of magnetic
charges since V - m = 0m,/0x = 0, whereas V -m # 0 in a Néel DW. Therefore, the Bloch DW is
energetically favoured. Nonetheless, as the stripe is made narrower (w — 0 in Fig.1.7), the surface
demagnetising energy of the Bloch DW increases (due to surface charges in the y direction), which
can lead to a reorientation from Bloch to Néel is w if small enough, typically w < 100 nm [56]. We
will not consider this particular case in the following.

The formation of a DW is energetically expensive: it results from a competition between the
exchange and anisotropy energies on the one hand and the demagnetising energy on the other hand.
The DW energy o pw, that is the energy per unit area of the DW (in J m™2) is opw = 4\/AK. s [57].
The energy competition also determines the equilibrium width of the DW, which is given by the
Bloch width parameter A [57]:

A

A:
Keyy

(1.17)

Let us now add the DMI to the problem. As explained previously in §1.1.7, the DMI is equivalent
to an effective magnetic field that exists inside the DW and oriented perpendicular to it. If large
enough, the DMI can outweigh the gain in dipolar energy that constitutes the Bloch DW and can
promote a Néel DW. This is emphasised in Fig. 1.8.a. The DMI hence reduces the DW energy such

that [58]:
opw =4\ AKcpp =D (1.18)

a Bloch DW Bloch-Néel DW Néel DW Spin spiral
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Fig. 1.8: Chiral Néel DW in the presence of DMI | a. Transition from Bloch to Néel DW
with increasing DMI. When Dy < D < D, a pure Néel DW is stabilised. When D > D., the
DW energy (eq. (1.18)) becomes negative and a spin spiral is stabilised, that is the magnetisation
rotates continuously. b. In a left-handed (right-handed) Néel DW, promoted by D > 0 (D < 0),
the magnetisation rotates anticlockwise (clockwise) when moving from left to right across the DW.

14



1.3. Magnetisation dynamics: the case of DWs in films with PMA

Here, the + sign indicates that one chirality is favoured over the other. More precisely, as
previously explained in §1.1.7, D > 0 (D < 0) promotes a left-handed (right-handed) chirality, as
represented in Fig. 1.8.b. Therefore, in addition to determining the orientation (Bloch/Néel), the
DMI also fixes the direction of rotation of the spins inside the DW. The resulting DMI-stabilised
Néel DW is then referred to as homochiral. In the absence of DMI, both chiralities are equiprobable
and the DW is referred to as achiral. Different thresholds can be distinguished (see Fig. 1.8.a):
Dy (~ 0.1 mJ m~2) such that for Dy < D a pure Néel DW is stabilised; and D, such that for
Dy < D. < D, the DW energy becomes negative. When opy < 0, the magnetisation rotates
continuously with a given sense of rotation and describe a homochiral spin spiral. This critical DMI
D, can be obtain from eq. (1.18): D, = 4,/AK.ss/m. Note finally that the DW width (eq. (1.17))
is expected to be independent of the DMI [58].

1.3 Magnetisation dynamics: the case of DWs in films with PMA

The present section focuses on certain key aspects of the magnetisation dynamics and draws
on the example of DWs as an introduction to the case of magnetic skyrmions. The dynamics of
DWs driven by an external field is first described, followed by their current-driven dynamics and its
underlying mechanisms.

1.3.1 The Landau-Lifshitz-Gilbert equation

The spatial and temporal evolution of the magnetisation is described by the Landau-Lifshitz-
Gilbert (LLG) equation [59,60]:

om om

W:—’YO (mXHeff)—i-a(me) (119)

Here, vo = poy with v = gle|/2m. the gyromagnetic ratio. g is the Landé factor! (g ~ 2), e
the electron charge and m, the electron mass. Hy is the effective magnetic field that includes all
the micromagnetic energies (exchange, anisotropy, magneto-static, external field and DMI) as well
as any other effective field that may be interacting with the magnetisation. Finally, o > 0 is the
magnetic damping parameter.

‘ Heff

v

Fig. 1.9: Magnetisation dynamics described by the LLG equation | The first term on the
right-hand side of eq. (1.19), T'p, describes a precession of the magnetisation m around the effective
magnetic field H.y;. The second term, Ty, is the damping torque that tends to align m with H .

The right-hand side of the LLG equation is the sum of two torques, 9m /0t = T, + T';. They
are represented in Fig. 1.9: the first term, T, is a conservative torque that describes the precession

Lor g-factor
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Chapter 1. Essential notions on interfacial magnetism and domain walls

of the magnetisation around H.s¢. The second, Ty, is a damping term. It tends to align the
magnetisation with H.r; by describing a spiral around it. Without this term, the magnetisation
would precess endlessly. The damping describes the dissipation of magnetic energy within the lattice
of the system and encompasses many mechanisms, both intrinsic or extrinsic to the system [61].

1.3.2 Field-driven domain wall dynamics

In magnetic materials, the magnetisation reversal driven by an external magnetic field can occur

though domain nucleation and DW propagation. When an external field H ... is applied, two torques
are exerted on the magnetisation: T'p g, = —vo(m X Heyy) and Ty, = a(m x 0m/ot) ~
—yoa (m x (m x Heyy)) (if a? < 1). These two terms are represented in Fig. 1.10 in the case of
a film exhibiting PMA and Néel DWs and for a field applied along the easy axis. For simplicity,
the torques have been represented only in the centre of the DWs. The green arrows indicate the
direction of DW motion, which results in the expansion of the domain with magnetisation parallel
to the field.

@ Hext DW motion
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Fig. 1.10: Field-driven domain wall dynamics | Direction of DW motion (green arrows) under
an external magnetic field H.,; applied along the easy axis for a film exhibiting PMA and Néel
DWs. The two torques of the LLG equation (eq. (1.19)) due to the external field are represented
in the centre of the DW.

The dynamics of DWs driven by an external magnetic field applied along the easy axis was first
described by Walker in 1974 [62]. In this model, the DW dynamics is divided into two regimes: a
steady-state regime at low field, and a precessional regime at high field, represented in Fig. 1.11.a.

In the absence of DMI, hence for a Bloch DW, the torque T', due to the external field rotates
the magnetisation in the zy plane. This creates magnetic charges at the DW edges and produces a
demagnetising field perpendicular to the DW. The resulting torque pulls the magnetisation OOP,
leading to the displacement of the DW. The damping torque opposes T', such that, at equilibrium,
they compensate, hence resulting in a steady motion of the DW with an equilibrium angle in the
xy plane. This regime is characterised by a large and constant DW mobility, upw = 0v/0Hez.
Increasing the external field further rotates the magnetisation in the xy plane, hence increasing the
demagnetising field. Above a certain critical field Hyy, called the Walker field, the damping torque
no longer compensates the precessional torque and the magnetisation starts to precess in the xy
plane. This phenomenon is referred to as Walker breakdown. When further increasing the external
field, the DW enters the precessional regime: the magnetisation at the centre of the DW undergoes
back and forth displacements, resulting in a smaller mobility [63].

In the presence of DMI, the DW is pinned in the Néel configuration (Fig. 1.10) by the DMI
effective field which opposes the magnetisation precession. As shown by Thiaville et al. [58], the
Walker breakdown is pushed towards higher fields, extending the steady-state regime (see Fig.
1.11.b). Hence, much larger velocities can be reached using asymmetric trilayers with large DMI
such as Pt/Co/AlO, [64,65] or Pt/Co/GdO, [65] than with symmetric stacks exhibiting zero or
weak DMI like Pt/Co/Pt [65,66].
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Fig. 1.11: Velocity of a DW driven by an external magnetic field | a. Schematic diagram
showing the DW velocity as a function of the external magnetic field applied along the easy axis, as
depicted in Fig. 1.10. The dynamics exhibits two regimes, a steady-state regime and a precessional
regime separated by the Walker breakdown for H.,; = Hy. b. DW velocity obtained from micro-
magnetic simulations and analytical calculations for different DMI values. Adapted from ref. [58].
c,d. In real systems, defects and imperfections introduce different thermally-activated regimes: the
creep, depinning and flow regimes. The depinning field Hg., separates the creep and depinning
regimes. The measured flow regime can be either c. the steady-state regime or d. the precessional
regime.

However, this model is only valid for ideal systems. In real systems, material defects and thermal
activation play a major role in the DW dynamics. In particular, material defects are a source of
pinning for DWs. Pinning introduces different thermally-activated regimes in the dynamics [66-68],
represented in Fig. 1.11.c and 1.11.d. At low external field, the DW dynamics occurs by successive
deformation of the DW lines between pinning sites, resulting in small velocities: this is the creep
regime. Above a certain critical field Hye, called depinning field, the dynamics enters the depinning
regime. In this regime, the DW motion proceeds by thermally-activated jumps between pinning
sites. Upon further increasing the driving force, the DW mobility eventually reaches a constant
value, characterised by a linear velocity as predicted theoretically: this is the flow regime. Note
that the Walker breakdown can be hidden by the creep and depinning regimes (Fig. 1.11.d) in
which case the flow regime observed is the precessional regime [66].

1.3.3 Current-driven domain wall dynamics

In order to describe the current-driven dynamics of magnetic skyrmions, we shall first introduce
that of DWs and some of its underlying mechanisms. To this end, the case of an ultra-thin HM/
FM/NM film is considered. To drive magnetic textures, two main mechanisms have been widely
studied in recent years: spin-transfer torque (STT) [69] and spin-orbit torque (SOT) [7]. The former
describes the transfer of angular momentum between the spins of the conduction electrons within
the magnetic layer and the local magnetic moments. The latter also describes a transfer of angular
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Chapter 1. Essential notions on interfacial magnetism and domain walls

momentum from the electron spins to the local magnetic moments. However, the spin polarisation
originates from the injection of spin currents through an interface which are generated by SOC-
related phenomena. While both of these effects can exist, in ultra-thin HM /FM-based stacks, the
SOTs are expected to dominate and to be more efficient at driving DWs and magnetic skyrmions
than the STTs [70,71]. For this reason, we will not dwell at length on the STT and focus on the
more efficient SOT driving scheme.

1.3.3.1 Spin transfer torques

When a current flows in a FM metal, it gets spin-polarised along the magnetisation direction
due to the different scattering rates of 1-spin and |-spin conduction electrons. When conduction
electrons flow from one magnetic domain to another with a different magnetisation orientation —
hence crossing a DW — their spin rotates. Since the s — d exchange interaction conserves the spin,
this variation of spin angular momentum is transferred to the local magnetisation, resulting in a
torque on the DW internal magnetisation; the so-called STT. This torque is the sum of two terms:
an adiabatic and a non-adiabatic torque.

The adiabatic describes a situation where the spins of the conduction electrons follow perfectly
the local magnetic moments inside the DW. This torque tends to align the magnetic moments with
the spins of the conduction electrons and has the following form [72]: Tq = — (u - V) m, where
u = (gupP/2eM) J with P > 0 the spin-polarisation of the current and J the current density
(oriented against the electron flow). It results in a DW motion along the electron flow.

The non-adiabatic torque had to be introduced [73,74] to account for the measured DW ve-
locities which were much smaller than the one predicted using solely the adiabatic term [75,76].
It takes the following form [72]: Thon—aq = fm X ((u- V) m), with § is a dimensionless coeffi-
cient that quantifies its strength. This term, analogous to a dissipative torque, was attributed to
spin-relaxation phenomena inside the DW [77]. To summarise, we can write the LLG equation (eq.
(1.19)) including the STT terms [72]:

om om

B = —yo (m x Hepf) + (m X 875) —(u-V)m+pm x ((u-V)m) (1.20)
The STT induces a DW motion against the current direction (7.e. along the electron flow). One

can show that the DW undergoes an instability analogous to the Walker breakdown for a critical

u value, uy. For u < uyw, the DW velocity increases linearly as v = (8/a)u. When u > uw,

the magnetisation inside the DW starts to precess, which is reflected either by a drop in the DW
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Fig. 1.12: Current-driven DW dynamics in Pt/Co/AlO, | DW velocity as a function of the
current density measured in a Pt(3)/Co(0.6)/AlO(2) film (thicknesses in nm) at RT. The observed
direction of motion is against the electron flow. The inset shows the DW velocity as a function of
the external OOP magnetic field. Adapted from ref. [64].
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velocity if 8 > «, or by an increase of the DW velocity if § < « [72]. In addition, similarly to the
field-driven DW motion, a critical depinning current density, u., needs to be reached to set the DW
in motion. Therefore, significant efforts have been concentrated on reducing u. and optimising the
B/ ratio to increase the efficiency, particularly interesting for the development of applications like
DW racetrack memories [8]. DW velocities up to 120 m s~! have notably been reported in NiFe
films [78].

More recently, much larger DW velocities were reported in perpendicularly magnetised films
with SIA, without any Walker breakdown signature. For instance Pt/Co/AlO, [64], Pt/CoFe/
MgO [79], Ta/CoFe/MgO [79] and Pt/Co/Ni/Co/TaN [80]. Fig. 1.12 shows the results obtained
by Miron et al. [64]: the authors measured DW velocities up to 350 m s~! in a Pt(3)/Co(0.6)/
AlO4(2) film (thicknesses in nm). The measured current-driven DW velocity exhibits a very similar
evolution to that driven by a field with a pinning and a depinning regime (inset of Fig. 1.12). The
shaded area delimits the maximum velocity that can be obtained with STTs. Here, neither the large
velocities nor the direction of motion, against the electron flow, could be completely explained with
the conventional STTs. An additional mechanism was introduced: SOTs.

1.3.3.2 Spin-orbit torques

In the case of STTs, the electrical current gets naturally spin-polarised within the magnetic
material due to the different scattering rates for 1-spin and J-spin electrons. In the case of SOTs,
obtained in systems with STA, the spin current is generated by the conversion of orbital angular
momentum into spin angular momentum via the SOC, either in the bulk of the HM layer or at the
HM/FM interface. Two main effects have been proposed to explain the generation of SOTs: the spin
Hall effect (SHE) [81-83] and the Rashba-Edelstein or inverse spin-galvanic effect! [17,84]. Similarly
to the STT, which contain two terms acting in two perpendicular directions, the SOT can be
decomposed into two orthogonal components: the damping-like (DL) and field-like (FL) SOT, T'py,
and T 1. They take the following general form [7]: Tpr ~ mx (m x €) and Trr, ~ mx§, with € a
unit vector that depends on the charge-to-spin conversion mechanism. These torques, by definition
perpendicular to the magnetisation, can be expressed in terms of their effective magnetic fields,
Hpy, and H py, respectively, such that: Tprrr) = —70 (m X HDL(FL)). The DL-SOT effective
field depends on the magnetisation direction whereas the FL-SOT is equivalent to a magnetic field
applied perpendicular to the current direction, hence their respective designation. The general LLG
equation (eq. (1.19)) including the SOTs thus reads:

9 o
A o (mx Hop)+a (m x m) — o (m x Hpr) — 7o (m x Hpr) (1.21)
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In general in HM/FM/NM systems, both the SHE and the Rashba-Edelstein effect can produce
simultaneously a DL-SOT and a FL-SOT. This complex interplay has been fostering an ongoing
debate on the origin of the SOTs in different systems [7]. Nonetheless, in HM/FM/NM systems, and
in particular in Pt/Co-based films, studied in this thesis, the SHE is expected to provide a stronger
contribution to the DL-SOT while the Rashba effect is expected to provide a stronger contribution
to the FL-SOT.

Let us first describe the DL-SOT produced by SHE and its implication on the current-driven DW
dynamics, which is our main interest in this section. The mechanism is represented schematically
in Fig. 1.13.a and 1.13.b: when a charge current J flows in the HM layer, the SOC induces a
deflection of the conduction electrons according to their spin: electrons with opposite spins are
deviated in opposite directions. This produces a pure spin current, Jg, flowing perpendicular to
the charge current. Note that no charge is transported in a pure spin current; it can be seen as the
superimposition of two equal electron flows propagating in opposite directions, each flow carrying
opposite spins. This spin current reads Jg ~ § x J, where § is the spin polarisation direction. For
a spin polarisation along —¢ and a charge current flowing along +&, the spin current propagates

yeferred to simply as Rashba effect in the following
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along +2, i.e. from the HM bulk towards the HM/FM interface. The transfer of spin angular
momentum to the local magnetic moments located close to the interface results in a torque on the
magnetisation with the associated effective field as follows [85]:

Hpp = Hpp ((2x3) xm) (1.22)

Here, 3 is the unit vector in the direction of the current such that J = Jﬁ, and H% 1, < OspJ
where Ogy is the so-called spin Hall angle (SHA) [7]. The SHA, expressed as the ratio Jg/J of the
spin current to the charge current, quantifies the charge-to-spin conversion efficiency in the HM. In
particular, one can show that HY, = hO@gyJ/(2|e|Mt), with ¢ the FM film thickness [85]. Note
that the measured SHA often differs from the intrinsic SHA of the bulk HM due to additional effects
lowering the efficiency such as dissipation of the spin current in the HM or reflection at the HM/FM
interface which can make its evaluation difficult [7]. In addition, its sign and its amplitude depend
on the combination of HM and FM materials as well as their respective thicknesses. For instance,
©sm > 0 (Fig. 1.13.b) for Pt [79,86,87], and ©gy < 0 (Fig. 1.13.a) for Ta [79,88] and W [89].
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Fig. 1.13: Spin Hall effect and current-driven DW dynamics | a,b. Illustration of the SHE
for two materials with opposite spin Hall angle ©gp. a. For Ogy < 0 (e.g. Ta), the direction of the
spin accumulation at the HM/FM interface when the current flows along +& is along +g. b. For
O©sm > 0 (e.g. Pt), it is along —g. H py, is the effective magnetic field associated with the DL-SOT
(eq. (1.22)). c-f. Direction of motion of Néel DWs with ¢,d. D < 0 (right-handed) and e,f. D >0
(left-handed). In this thesis, all the systems studied are Pt/Co-based, which corresponds to f.
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1.4. Conclusions

The direction of the DL-SOT hence depends on the sign of the SHA. Considering that it also
depends on the direction of the magnetisation, this has major implications when determining the
direction of DW motion with respect to the current/electron flow direction. This is illustrated in
Fig. 1.13.c-f for different combinations of ©gg and D. In particular, all the systems studied in this
work are Pt/Co-based, which corresponds to Ogy > 0 and D > 0 (left-handed chirality), that is
a DW motion along the current direction (Fig. 1.13.f). These diagrams only represent homochiral
Néel DWs. Two consecutive Néel DWs with opposite chiralities would move in opposite directions,
resulting in the expansion of one domain and the contraction of the other. Furthermore, it can easily
been inferred from Fig. 1.13 that for a Bloch DW, m L 3 in its centre, and the DL-SOT vanishes,
resulting in no DW motion. This model, including both DMI and SHE-induced DL-SOT [58] can
notably explain the direction of DW motion as well as the large velocities observed experimentally
in stacks with SIA [64,79,80].

Let us now consider the FL-SOT and focus on the Rashba effect. This effect describes the
electrical generation of a spin density when a current flows in a system lacking inversion symmetry.
In a HM/FM/NM stack, the lack of inversion symmetry originates from the interfaces (SIA). As
described earlier in §1.1.5, the electrons at the interface experience a Rashba field, B g, perpendicular
to their direction of motion. When a current flows in the stack, the spins of the conduction electrons
interact with Bg and align parallel to it, thus generating a non-equilibrium spin density. This spin
density results — via s — d exchange interaction — in a torque on the magnetisation [17,90,91].
It was shown that this torque has a FL symmetry with the associated effective magnetic field as
follows [17]:

Hopp = Hpyp (2% 3) (1.23)

Here HY., oc agJ, with ap the Rashba coefficient introduced earlier (§1.1.5). This FL-SOT is
equivalent to the action of a magnetic field perpendicular to the current direction whose amplitude
is proportional to the injected current density. The effect of the FL-SOT on the current-driven
dynamics of magnetic skyrmions will be discussed in §5.5.

Finally, different techniques exist to measure SOTs in magnetic multilayers: spin-torque fer-
romagnetic resonance [92], magneto-optical Kerr effect [93] and harmonic Hall voltage measure-
ments [87,94]. The harmonic Hall voltage measurement technique was used in this thesis to measure
the SOTs in a Pt/Co/MgO film to model the skyrmion dynamics (see §5.3.5).

1.4 Conclusions

In this chapter, we first saw an overview of the different energy contributions that determine the
stable magnetic configuration in perpendicularly magnetised ultra-thin films with SIA; in particular
the role of the DMI in the stabilisation of homochiral Néel DWs. Focusing the discussion on these
Néel DWs, we then gave the principal mechanisms governing their current-driven dynamics, in
particular the SOTs. As it will be detailed in the next chapter, a magnetic skyrmion can be seen
as a small domain enclosed by a chiral DW. The present notions can hence be naturally extended
to the case of magnetic skyrmions.
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Chapter 2

Magnetic skyrmions: properties and
dynamics

This chapter describes in detail magnetic skyrmions in systems with SIA and tackles certain key
aspects regarding their stability, nucleation and current-driven dynamics.

2.1 Definitions and topology

Magnetic skyrmions are non-collinear spin textures pictured as localised whirlings of the mag-
netisation (see Fig. 2.1) [39,95,96]. They are named after the physicist Tony Skyrme who proposed
in the 1960’s a quantum field theory to describe interacting elementary particles as topological
defects in a vector field [97]. In magnetic materials, a skyrmion can be described as a small, two-
dimensional, circular magnetic domain enclosed by a chiral DW. This means that the magnetisation
undergoes a continuous 360° rotation in one and only one direction when moving outwards from the
skyrmion centre (Fig. 2.1). The swirling structure of a skyrmion is characterised by a topological
charge (or skyrmion number), N, defined by [98,99]:

1 om _ Om

where m is the reduced magnetisation vector and the integration is performed over the whole
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Fig. 2.1: Spin texture of a magnetic skyrmion | a. A Bloch skyrmion with core polarity
number p = —1, winding number W = 1 and helicity ¥ = 7/2 (right-handed). b. A Néel skyrmion
with p = =1, W = 1 and ¥ = 7 (right-handed). ¥ is defined in Fig. 2.2. A cut along the radial
direction is represented below each skyrmion. Adapted from ref. [100].
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Chapter 2. Magnetic skyrmions: properties and dynamics

It can already be pointed out that Ny = 0 for the FM saturated state where all the spins are
collinear since Om/dx = Om/Jdy = 0. To calculate the topological charge of a single skyrmion
in an otherwise uniformly magnetised background, it is suitable to use a polar coordinate system,
(r,p), such that * = rcosy and y = rsiny. The reduced magnetisation vector is contained
within a unit sphere, described by the coordinates (1, ® (¢),0 (7)), such that m = (mg, my,m,) =
(cos @ sin 6, sin @ sin 0, cosf). The different angles are defined in Fig. 2.2. Here, 6 is a function of
r only since the skyrmion exhibits a rotational (cylindrical) symmetry. Furthermore, ® is assumed
to be independent of the radial coordinate r for the present calculation. Although this is in general
not true, especially for a large skyrmion exhibiting an extended plateau — |m.| = 1 — in its centre,
it does not change the result since the skyrmion core does not contribute to the topological charge.
Eq. (2.1) can then be rewritten as follows:
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In eq. (2.2), p is the skyrmion core polarity number and W the winding number! given by:

b= % [m2(0) — ma(+00)] = £1 (2.3)
W= [ () (2.4)

Fig. 2.2: Schematics of a magnetic skyrmion | Definition of the polar coordinates, (r, ), and
the spherical coordinates for the magnetisation m, (1,®,6). The thick black arrows indicate the
direction of the magnetisation in the region where m, = 0. This skyrmion is characterised by a core
polarity number p = +1, a winding number W = +1 and a helicity 0 < ¥ < 7/2.

Therefore p = +1 (p = —1) for a skyrmion core with magnetisation m, = +1 (m, = —1). The
winding number counts how many times the magnetisation wraps the unit sphere. In other words,
it counts by what angle ® the magnetisation has rotated upon performing a complete, 27 rotation
around the skyrmion core, from ¢ = 0 to ¢ = 27. A magnetic skyrmion is characterised by a winding
number W = 1 while a spin texture with W = —1 is referred to as an antiskyrmion [99], represented
in Fig. 2.3. After performing a 27 rotation around the antiskyrmion core, the magnetisation has
rotated by —2m, hence W = —1. Thus, the topological charge of a skyrmion is quantised and
determined only by its core polarity: Ny, = p = £1 (Ng = —p for an antiskyrmion). Note
that a non-circular domain enclosed by a chiral DW also has a topological charge of £1 as it

Lalso referred to as vorticity number or simply vorticity
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2.2. Observations of magnetic skyrmions

can be transformed continuously into a circular domain. It can hence still be referred to as a
skyrmion from this point of view. Furthermore, because of its peculiar topology, a skyrmion (or
an antiskyrmion) cannot be easily ‘unwound’ by continuous transformations. This means that one
cannot go continuously from the skyrmion state to a state with a different Ny (e.g. the uniform FM
state with Ny = 0) without having to overcome a large energy barrier. This property of magnetic
skyrmions has often been referred to as topological protection. Nevertheless this description is valid
for a continuously varying vector field m. In real magnetic systems, the magnetic moments are
located on discrete atomic sites and this topological protection derived from continuity arguments
is not observed...

LA ESSET
' " {/ \\\/ '

Fig. 2.3: Spin texture of a magnetic antiskyrmion | An antiskyrmion is characterised by
a winding number W = —1. This particular antiskyrmion has a core polarity p = —1 hence its
topological charge is Ny, = +1. Adapted from ref. [101].

A classification of magnetic skyrmions can be established based on their helicity number, that is
the angle U between the magnetisation and the radial axis, defined by the relation ® (¢) = W+ .
The limiting cases are the so-called Bloch skyrmion (Fig. 2.1.a) and Néel skyrmion (Fig. 2.1.b),
characterised respectively by ¥ = 7/2 or 37/2 and ¥ = 0 or 7, named by analogy with the Bloch
and Néel DWs. Intermediate helicities define composite Bloch-Néel skyrmions such as the one drawn
in Fig. 2.2. Each skyrmion type (Bloch and Néel) can exhibit two different polarities (p = £1)
and two different chiralities (left- and right-handedness), which we define here as the direction of
rotation of the magnetisation when propagating along the radial direction, and from left to right.
For instance, the two skyrmions of Fig. 2.1 exhibit a right-handed chirality.!

Both Bloch and Néel skyrmions can be realised in magnetic materials as detailed hereafter.
Their presence originates in most cases from the DMI and the stabilisation of either type skyrmion
depends on the the symmetry of the DMI, that is the orientation of the d;; vector introduced earlier
in §1.1.7: when d;; || r;;, Bloch skyrmions are favoured, while Néel skyrmions are promoted when
d;; L 7;;. The chirality is selected by the sign of the DMI, i.e. by the direction of the d;; vector
for a given orientation.

2.2 Observations of magnetic skyrmions

Although the idea of magnetic skyrmions dates back to the early 1990’s [39,95,96], they were only
recently observed in 2009 [32]. Magnetic skyrmions were first reported in bulk non-centrosymmetric
single-crystals (or chiral magnets) such as MnSi [32], Fe;_,Co,Si [102,103], FeGe [104] and Cua0SeOs3
[105]. They were observed in the form of Bloch skyrmion lattices, in the presence of an external
magnetic field and below RT, with sizes in the order of 20-90 nm (see Fig. 2.4.a). In these chiral

'Taking a cut of a Néel skyrmion with p = —1 along the radial direction, the magnetisation rotates according to
1T\ N1 for a right-handed skyrmion and 1™\ <+ | \,— 7 for a left-handed skyrmion.
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Chapter 2. Magnetic skyrmions: properties and dynamics

magnets, the presence of Bloch magnetic skyrmions is attributed to a bulk DMI, originating from
the absence of inversion symmetry of the crystal structure.

They were later observed in ultra-thin epitaxial films composed of an atomically-thin FM grown
on a single-crystal HM substrate, such as Ir(111)/Fe [106] and Ir(111)/Fe/Pd (Fig. 2.4.b) [107,108].
In these systems, the combination of interface-driven PMA and DMI leads to the stabilisation of
Néel skyrmions. Ultra-small skyrmions counting only a few atomic magnetic moments, down to ~ 2
nm, were observed [108]. However, their stabilisation required large external magnetic fields (1-3
T) as well as cryogenic temperatures (7' < 10 K) as these films are paramagnetic at RT.

400 NM — — —_— 400 nm

Fig. 2.4: Observations of magnetic skyrmions | a. Bloch skyrmion lattice in a 50-nm-thick
FeGe plate (uoH, = 0.1 T, T = 260 K) observed by LTEM. b. Néel skyrmions observed in an
epitaxial Ir(111)/Fe/Pd film (uoH, = 1.5 T, T'= 2.2 K) by SP-STM. c-f. Magnetic skyrmions in
sputtered HM/FM/NM stacks observed at room temperature in c. Ta/FegyCo20Bag/TaO, by polar
MOKE microscopy (poH, = 0.5 mT), d. [Pt/CogoFezoB2o/MgO]15 by STXM (uoH, ~ 10 mT), e.
Pt/Co/MgO in a square dot by X-PEEM (uoH, = 0) and f. [Ir/Co/Pt]ip by STXM (poH, = 68
mT). Adapted from ref. a. [104], b. [108], c. [109], d. [110], e. [48] and f. [111].

Very recently, an important breakthrough was made with the observation of magnetic skyrmions
at RT, in sputtered HM/FM(tppr)/NM stacks with tpps ~ 1 nm, exploiting here also the interface-
induced PMA and DMI, favouring the formation of Néel skyrmions. Most of the observations were
reported in typical PMA systems where chiral Néel DWs had been evidenced. These stacks are
typically composed of one or several repetitions of the HM/FM/NM trilayer: Ta/FeCoB/TaO,
(Fig. 2.4.c) [109], [Pt/Co/Tal15 [110], [Pt/CoFeB/MgO]i5s (Fig. 2.4.d) [110], Pt/Co/MgO (Fig
2.4.e) [48], [Ir/Co/Pt]1o (Fig. 2.4.f) [111], [Ir/Fe/Co/Pt]ao [112], [W/FeCoB/MgO];5 [113].! Here,
as for DWs introduced earlier (§1.2), the skyrmion chirality depends on the sign of the DMI: D > 0
(D < 0) promotes left-handed (right-handed) Néel skyrmions. Skyrmion sizes ranging from a few
10 nm [111] to several pm [109] were reported in these systems. It should be pointed out that large
pm-sized skyrmions are often referred to as skyrmionic bubbles. This is because they are mainly
stabilised by dipolar interactions rather than by DMI for more compact skyrmions, which has been

LA more extensive report on the state of the art of the observations of skyrmions in sputtered films can be found
in the most recent reviews published on the topic [114-116].
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2.3. Motivations: potential skyrmion-based applications

fuelling an ongoing debate [117,118]. However, in the presence of a large enough DMI (D > Dy),
both ‘types’ of skyrmions share the same topology (|Ng;| = 1) and some of its resultant properties.
Consequently, the skyrmionic bubbles are fundamentally distinct from the ‘conventional’ magnetic
bubbles, widely studied in the 1970’s [57]. Magnetic bubbles are cylindrical magnetic domains,
also observed in perpendicularly magnetised FM films, but they are solely stabilised by dipolar
interactions. In the absence of any chiral interaction imposing a well-defined chirality such as the
DMI (whether of bulk or interfacial origin), these bubbles might present complex, non-uniform
topologies and chiralities, with arbitrary winding numbers [57,119,120].

Regarding the detection and observation of skyrmions, a broad range of experimental techniques
has been employed. The early observations of skyrmion lattices in chiral magnets were done in the
reciprocal space using neutron scattering [32,102], and later using real-space techniques such as
Lorentz transmission electron microscopy (LTEM) (Fig. 2.4.a) [103—-105]. LTEM utilises the deflec-
tion of electrons by the local magnetisation to image magnetic textures with a high resolution, and
allows to determine their chirality. The observation of ultra-small skyrmions in epitaxial systems was
achieved using an ultra-high-resolution microscopy technique, namely spin-polarised scanning tun-
nelling microscopy (SP-STM) (Fig. 2.4.b) [106-108]. In sputtered films, the intermediate skyrmion
sizes, their stability at RT combined with the fact that the films can be grown on different sub-
strates' have allowed to employ a large variety of microscopy techniques: magneto-optical Kerr effect
(MOKE) microscopy [109] (2.4.c), most suitable to observe pm-sized spin textures, scanning trans-
mission X-ray microscopy (STXM) (Fig. 2.4.d and 2.4.f) [110,111], X-ray photo-emission electron
microscopy (X-PEEM) (Fig.2.4.e) [48], magnetic force microscopy (MFM) [121] and LTEM [122]. In
this thesis, we employed X-PEEM, STXM and MFM to image magnetic skyrmions. The principle of
these techniques will be explained later in §3.3. Finally, apart from imaging techniques, skyrmions
were also detected by extraordinary Hall effect measurements [123,124] and their signature was
recently detected in a magnetic tunnel junction by tunnel magneto-resistance measurements [125].

2.3 Motivations: potential skyrmion-based applications

One of the the reasons why magnetic skyrmions are being extensively studied, besides their
fundamental interest, is their potential for applications. Their unique topological properties and
very small size confer them particle-like properties. In particular, the possibility to displace magnetic
skyrmions with an electrical current has opened a new paradigm to manoeuvre the magnetisation at
the nanoscale. Following the early observations of skyrmion lattices in chiral magnets, their current-
driven motion, driven by STT, was demonstrated. It revealed very low depinning current densities,
four to five orders of magnitude below those required to move DWs [126,127]. From the promise
of a compact, potentially nm-sized magnetic object, [108] with a foreseen efficient current-induced
manipulation, has emerged the idea of utilising skyrmions in technologies [9]. The most prominent
skyrmion-based application is the so-called skyrmion racetrack memory in which the information is
encoded on a chain of individual skyrmions; the presence/absence of a skyrmion coding for a 1/0
bit [9,70,71,128].

Among the different classes of materials hosting skyrmions, the sputtered HM/FM/NM films are
those which — so far — combine the most interesting features for applications: (i) skyrmions are
stable at RT, a prerequisite for using them in any kind of technology;? (ii) sputtering deposition is
a versatile tool that allows to deposit a large variety of materials on different substrates with a high
deposition rate, hence easily integrable with standard spintronic technologies unlike epitaxial films;
(iii) the current-induced SOTs constitute a more efficient mechanism than the STTs to manipulate
magnetic skyrmions [70,71]. In the following, only the case of thin films with PMA and interfacial
DMI will be considered.

!They are usually grown on Si substrates and can be grown on membranes for transmission microscopy experi-
ments.

2Note that skyrmion lattices have been recently observed near and above RT in the chiral magnet Co,Zn,Mn, [129-
131].
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Chapter 2. Magnetic skyrmions: properties and dynamics

In this context, the concept of skyrmion racetrack memory shares certain similarities with the
previously proposed DW racetrack memory where the information is encoded on a chain of do-
mains with opposite magnetisation [8,132]. In both cases, the information bit (0/1) is encoded on
the magnetisation orientation (/1) and the magnetic texture (DW or skyrmion) is driven by an
electrical current. In the case of skyrmion racetrack memory, the spacing between two skyrmions
can be as small as their diameter [70,133] and the skyrmions can be compressed by reducing the
track width [114] as it will be shown experimentally in §4.3.2. Finally, although the driving mech-
anism is the same, there are substantial differences between the SOT-driven dynamics of DWs and
skyrmions. Notably, as explained hereafter in §2.5, the peculiar topology of magnetic skyrmions
causes their deflection from the trajectory imposed by the current, an effect referred to as skyrmion
Hall effect.

From the concept of racetrack emerged the idea of performing logic operations with skyrmions.
Concepts of AND and OR skyrmion-based logic gates were notably proposed [134]. Beyond the
racetrack and skyrmion-shift operations, other applications exploiting the dynamical skyrmion
breathing modes [135] have been put forward for the development of skyrmion-based microwave
detectors [136] and nano-oscillators [137]. Finally, applications in probabilistic computing are also
foreseen [138,139].1

In order to realise skyrmion-based devices, optimising skyrmion stability and their current-driven
dynamics is crucial. In the following, we address some of the key features for understanding these
aspects.

2.4 Skyrmion stability and nucleation

2.4.1 Balance of energies inside a magnetic skyrmion

The stability of magnetic skyrmions results from a subtle interplay between the different mag-
netic energies of the system. In order to provide a good representative picture of this balance of
energies, we use the analytical model developed by Bernand-Mantel et al. [118]. This model incorpo-
rates the contributions from the exchange (Fe, ), effective anisotropy (Fx ), DMI (Epar), long-range
dipolar interactions (Ey) and Zeeman (Eyz) energies. All these terms express the energy difference
between a single skyrmion with core magnetisation m, = —1 (p = —1) and a FM background with
uniform magnetisation m, = 1. The total skyrmion energy with respect to the saturated state, E,
is the sum of all the aforementioned contributions, Eg, = Fer + Ex + Epyr + Eq + Ez, and can
be written as follows [118]:

Ey

2R
TA

Here, ¢ is the FM film thickness, R is the skyrmion radius, opw = 4\/AK.fy — 7D is the DW
energy introduced earlier (§1.2), Ey = Eq (R = 0) = 8mAt, H, > 0 is the external magnetic field
applied in a direction opposite to the skyrmion core magnetisation and I (2R/t) is a function of the
complete elliptic integrals of the first and second kind. The first two terms on the right-hand side
of eq. (2.5) correspond to E.; + Fx + Eppg, the third to E; and the fourth to Ez. To evaluate
numerically these terms, we use a set of parameters corresponding to Pt/Co(0.9nm)/MgO: A = 16
pJm™, My =142 MA m™!, Kepp=7x10" Jm™3 (K, = 1.34 x 10° Jm™3), D = 1.27 mJ m~?
and t = 0.9 nm.? The different energies are plotted as a function of the skyrmion radius in Fig.
2.5.a-c for different external fields pgH,. The total energy for the different field values is plotted in
Fig. 2.5.d. All the energies are normalised by Err = kT with T = 298 K.

It shows that all the energies evolve monotonically with the skyrmion radius and that their
sum results in the formation of an energy minimum, defining the equilibrium skyrmion radius R,
(black dots in Fig. 2.5.d). A criterion can be established to distinguish magnetic skyrmions from

2R
Ey = + 2nRtopyw — 2mpuo M2 Rt T <t> + 2mpug M H, R*t (2.5)

'More details on the envisaged skyrmion-based applications can be found in different reviews [114-116,140].
2The determination of these parameters is detailed in §5.3.
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2.4. Skyrmion stability and nucleation

skyrmionic bubbles, based on the sign of the slope OF;/0R when R — 0. Skyrmionic bubbles are
characterised by 0Fg/OR > 0 while magnetic skyrmions are characterised by 0F,/OR < 0 (as in
Fig. 2.5). This shall allow to compress magnetic skyrmions to much smaller radii upon applying
an external magnetic field [118]. Note that this model is valid only for large skyrmion-bubbles with
R > A. Nevertheless, the role of each interaction can be analysed qualitatively from these plots.
The aim here is to provide some basis of understanding and to draw a guideline for the results
presented in the following chapters.
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Fig. 2.5: Competing energies inside a magnetic skyrmion | a-c. Energies of an isolated
magnetic skyrmion in a uniform FM background as a function of the skyrmion radius R calculated
from eq. (2.5); exchange E., (red), anisotropy Fx (green), DMI Epyss (blue), dipolar E; (orange),
Zeeman (external field) E; (magenta) and total skyrmion energy Fgj (black) for different applied
magnetic fields. d. Total skyrmion energy for these three values of the applied field. The black
dots indicate the equilibrium skyrmion radius R.y. The energies are normalised by Erpr = kT
with 7" = 298 K.

First of all, increasing the external field results in the compression of the skyrmion and in a
shallower energy minimum, indicating the existence of a critical radius below which the skyrmion is
not thermally stable. This stability can be defined by the annihilation barrier, E, = Ey — Es;(Req),
that is the energy required to annihilate a skyrmion, which exhibits a non-trivial dependence on the
different micromagnetic parameters; RT applications requiring typically E,/FErr > 50. Note that
at H, = 0, no minimum is observed for F, highlighting the necessity to apply an external field to
stabilise skyrmions.

Then, it appears that F., and Ex promote smaller R., and smaller E,, while Ep/; promotes
larger R., and larger F,. This can be understood from the contribution of A, K.f; and D to
the DW energy opw: larger A and K.y; result in a larger DW energy, hence promoting shorter
DWs, and therefore smaller skyrmions. Likewise, a larger D results in a smaller DW energy, hence
promoting larger skyrmions. This is true if all the other terms — in particular H, — are kept
constant. Indeed, if decreasing K.;y and increasing D promotes larger R4, it also enhances the
skyrmion stability by shifting the energy minimum downwards. To better visualise this, we plot in
Fig. 2.6 different diagrams showing the variation of Ry, E, and the ratio E,/R.q as a function of
different parameters: (D, uoH.) and (Kerf, poH-).
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Chapter 2. Magnetic skyrmions: properties and dynamics

Let us first look at the influence of the DMI (Fig. 2.6.a-c), which is varied in the range D = 0—2
mJ m~2, typical for HM/FM-based films. Upon increasing D, at constant field, we see that both
the equilibrium skyrmion size (Fig. 2.6.a) and the annihilation barrier (Fig. 2.6.b) increase. A
good figure of merit to evaluate the impact of D on the skyrmion stability can be obtained from the
annihilation barrier to equilibrium radius ratio, E,/Req, given in Fig. 2.6.c. This plot reveals that
Eq/Req greatly increases with increasing D. Hence, for identical skyrmion sizes, the DMI enhances
the thermal skyrmion stability. Smaller skyrmions can therefore be stabilised in systems with a
larger DMI, provided that a larger external field is applied.
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Fig. 2.6: Influence of the DMI and the effective anisotropy on the skyrmion size and
stability | a-c. (D, puoH,) diagrams showing a. the equilibrium skyrmion radius R4, b. the
annihilation barrier F, = Ey — Ey, and c. the ratio E,/Req. d-f. (Kcff, poH,) diagrams. All
diagrams were calculated from eq. (2.5) using the following parameters: A = 16 pJ m~!, M, = 1.42
MA m~!, t = 0.9 nm with a-c. Kepp=17x 10* J m™3 and d-f. D =1.27 mJ m—2.

A similar analysis can be performed for the effective anisotropy Ky (see Fig. 2.6.d-f), which
is varied in the range K.rr = 1 x 10? — 61 x 10* J m™3 (for D = 1.27 mJ m~2). The lower limit
corresponds to a vanishing PMA, i.e. the spin reorientation transition; the higher limit corresponds
to the effective anisotropy measured in Pt/Co(0.63nm)/MgO (§5.3). We first notice that no stable
solution is found if K¢ exceeds a certain value (see the white areas on the diagrams). Then,
as discussed previously, decreasing the effective anisotropy promotes larger equilibrium skyrmion
sizes (Fig. 2.6.d) as well as larger annihilation barriers (Fig. 2.6.e). Finally, the E,/R., diagram
(Fig. 2.6.f) reveals here also that reducing the effective anisotropy enhances the thermal skyrmion
stability. Note that a similar conclusion can be drawn for the exchange constant A [117].

Lastly, the dipolar interactions Ey also contribute to the stabilisation of magnetic skyrmions by
decreasing their total energy (E; < 0). Furthermore, since E; oc M2, increasing M; favours larger
R, as well as larger E,. The precise impact of M is nonetheless delicate to quantify in a simple
manner as it is involved in all the terms of eq. (2.5). Numerical calculations suggest for instance
that reducing drastically M, to ~ 10* A m~!, .e. one or two orders of magnitude below the typical
M; of FM, should allow to reach very small skyrmions (below 10 nm), stable at RT [117].

To summarise, low-K. ¢ and high-D HM/FM-based systems appear as good candidates for the
observation of stable, small RT skyrmions.
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2.4. Skyrmion stability and nucleation

2.4.2 Skyrmions in single- vs multi-layers

The model described above [118], and two-dimensional models in general [117,118], are valid
for a FM film with homogeneous magnetisation across its thickness ¢, which can be assumed if
t < leg, where lez = /2A/ (uoM?Z) is the so-called exchange length (typically 4-10 nm). This is
in most cases verified in ultra-thin HM/FM/NM films since ¢ is usually around 1 nm or less. In
multilayers however, i.e. [HM/FM/NM]y stacks composed of N repetitions of the HM/FM/NM
trilayer, although ¢t < l., within each FM layer, the inter-layer stray fields have a non-negligible
influence and tend to favour the formation of flux-closure domains. If large enough, the inter-layer
dipolar interactions can outweigh the DMI, resulting in the stabilisation of skyrmion with different
helicities in different layers. This effect has been evidenced in several material stacks: [Pt(3)/
Co(1.1)/Ta(4)]10 [141], [Pt(1)/Co(0.8)/Al203(1)]20 [142] and [Ta(3)/FeCoB(1.45)/MgO(2)]16 [143]
(thicknesses in nm). Fig. 2.7 displays the results of micromagnetic simulations obtained by Li
et al. [143] for the parameters of [Ta/FeCoB/MgO]i6. It shows that the skyrmion helicity in the
bottom-most layer corresponds to the one dictated by the DMI. However, the skyrmion helicity
evolves from layer to layer due to the dipolar interactions and one goes continuously from a left-
handed Néel skyrmion (bottom-most) to a right-handed Néel skyrmion (top-most) via a Bloch
skyrmion in an intermediate layer. The position of this Bloch skyrmion within the multilayer
depends on the relative strength of the DMI and the dipolar interactions. This effect is all the more
important when N, My and ¢ are large and when the spacer thickness (i.e. the distance separating
two FM layers) is small. A homogeneous Néel configuration can hence be stable if the DMI is large
enough and/or the inter-layer dipolar interactions are small enough [144,145]. More specifically,
recent analytical calculations [144] suggest that for typical D, My, t and spacer thickness values,
the critical number of layer above which hybrid chiralities are expected is around N = 10, which
remains in the order or below the common choice of N in experiments [110-113,121,122,146]. Hence,
this stray-field-related effect is an additional complexity to consider when working with multilayers.
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Fig. 2.7: Hyrbid skyrmionic textures in FM multilayers | Simulated skyrmion profile in
a [Ta(3)/FeCoB(1.45)/MgO(2)]16 multilayer. The bottom-most and top-most layers host Néel
skyrmions with opposite helicities, respectively left- and right-handed. Intermediate layers host
skyrmions with composite Bloch-Néel characters and a pure Bloch skyrmion is stabilised in layer
10. Adapted from ref. [143].
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2.4.3 Skyrmion nucleation

In order to nucleate skyrmions in physical systems, the strength of the different interactions needs
to be engineered to create the appropriate energy minimum. As presented in §2.2, RT skyrmions can
be realised in HM/FM/NM stacks. From the analysis of the competing energies inside a magnetic
skyrmion (§2.4.1), we saw that materials with low K s and large D are good candidates for hosting
RT skyrmions. So far, Pt/Co-based systems are those which offer the largest DMI magnitudes. This
has notably motivated the choice of exploiting the Pt/Co interface — which also provides the PMA
— in the different material stacks studied in this thesis. The most easily implementable method to
reduce the effective anisotropy in a given material stack is to increase the FM thickness. Lowering the
effective anisotropy or increasing the strength of the dipolar interactions, for example by increasing
the number of repetitions in a multilayer, leads to the formation of stripe or worm-like domains. In
the presence of an OOP external field, this multi-domain state can shrink into individual skyrmions
or a skyrmion lattice depending notably on the ratio D/D, [147]. This was evidenced experimentally
in [Ir/Fe/Co/Pt]oo multilayers by varying the Fe/Co thickness ratio [112]: increasing D /D, leads
to a transition from individual skyrmions to a skyrmion lattice in the presence of an external field.
Reaching the (meta-)stable skyrmion ground state almost always requires an external field. This
remains the most commonly used method to stabilise skyrmions. This, as well as other approaches
relying on the tuning of the static properties of the film, will be discussed in more details in Chapter
4, in the light of experiments conducted during this thesis.

Moreover, other stimuli can be used to overcome the energy barrier between a given state, e.g.
stripe domains, and the more stable skyrmion state such as current-induced (Joule) heating [121,148]
or SOTs in constricted tracks [109]. Besides current-induced mechanisms, electric fields can also be
employed to tune the skyrmion stability. Electric-field-induced skyrmion nucleation/annihiliation
was notably demonstrated for small skyrmions in epitaxial films at low temperature [149] and
for pm-sized skyrmionic bubbles in sputtered films at RT [49,150], as a result of a change of the
anisotropy and saturation magnetisation [150] and of the interfacial DMI [49].

2.5 Current-driven skyrmion dynamics

An crucial aspect for the development of skyrmion-based devices and for performing of skyrmion-
shift operations is their motion. In this section, the principal theoretical elements to describe the
current-driven dynamics of magnetic skyrmions are presented. As mentioned earlier, we consider
a HM/FM/NM film, with interfacial PMA and DMI. Moreover, we only focus on SOTs which
are expected, as for DWs, to provide a more efficient driving mechanism than STTs [70,71]. The
SOT-driven dynamics of magnetic skyrmions shares many similarities with that of DWs introduced
earlier in §1.3.3.2. Hence, its mechanisms can naturally be extended to magnetic skyrmions. For
the present description, we only consider the DL-SOT term. The FL-SOT is omitted for now as it
does not impact the skyrmion dynamics in the model described below. Its effect will be discussed
later using micromagnetic simulations (§5.5). In this framework, the magnetisation dynamics is
described by the following LLG equation (§1.3.3.2):

om om

atz—%(mxﬂeffHa(mxat)—%(mxﬂm) (2.6)

where H py, = H%L (m X (3 X 2)) is the effective field associated with the DL-SOT and J = J3

is the charge current (opposite to the electron flow). For consistency, we will consider a DL-SOT of
the same sign as that of Pt, i.e. H); > 0. Defining 7 =& leads to Hpp, = HY, (§ x ). A good
picture of the SOT-induced skyrmion motion containing the essential physical ingredients necessary
to its description is provided by the Thiele equation [151]. In Thiele’s formalism, the skyrmion is
assumed to be a rigid spin texture so that one may only consider the motion of its centre of mass.
Under this assumption, the steady-state skyrmion velocity, v, results from an equilibrium between
different forces. Its derivation from the LLG equation is detailed in §A.1. It reads:
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2.5. Current-driven skyrmion dynamics

Fpr+Gxv—aD-v=0 (2.7)

Here, Fp; is the force due to the DL-SOT, G the gyrotropic vector and D the dissipation
matrix. They are given respectively by:

Fpra

om,, omey
FDL = FDL,y 7FDL,i = _MOMStH%L/ d:vdy (mm O — my O ) (28)
0 7 7
0 Mt om Om
G=|0|,G=- / dxdym-(x) (2.9)
a ~y ox oy
D D Mt adm O0m
D= (" ""| ,Dy="> / dxd C— 2.10
(Dym Dyy> i ol vy <8xi 8a:j> (2.10)

with ¢ = z,y and ¢t the FM film thickness. Note that the FL-SOT does not generate a force
on a rigid skyrmion as its action is equivalent to that of a homogeneous external magnetic field,
perpendicular to the current. Assuming further that the skyrmion exhibits a rotational symmetry,
one has (0m/0z) L (0m/dy). Consequently, D,y = Dy, = 0 and D, = Dy, = D. Then, noticing
that G = —(Mt/v)4m Ny, (see eq. (2.1)), the above equations become:
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The expressions of the longitudinal (v;) and transverse (v,) skyrmion velocity can hence be
derived:

aDFpr . — GFpry

v = T (2.14)
GFprz+aDFpr,
vy = (2.15)

From Fig. 2.2 and eq. (2.11), it can be inferred that Fpr, = 0 for a Bloch skyrmion and
Fpry = 0 for a Néel skyrmion. In other words, the DL-SOT drives a Bloch (Néel) skyrmion in
a direction perpendicular (parallel) to the current direction. Accordingly, a composite Bloch-Néel
skyrmion is driven along an intermediate direction. Néel skyrmions hence present a clear advantage
for performing skyrmion-shift operations in tracks. Then, the direction of motion, that is the sign
of Fpr, and Fpr,, depends on the skyrmion chirality (left/right-handedness). Furthermore, the
dissipative force —aDv, proportional to the magnetic damping, is directed against the direction of
motion. Finally, the gyrotropic force G x v describes a deflection of the skyrmion from the direction
imposed by the driving force F'pr: this is the so-called skyrmion Hall effect (SKHE). The SKHE is
characterised by the skyrmion Hall angle (SkHA), Ogxp, defined as the angle between the driving
force and the skyrmion motion direction, Ogry = (Fpr,v). Its expression can be simplified into:

tan @Sch = % (2.16)
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Here, it can already be pointed out that the SkHA is independent of the current density or the
skyrmion velocity. More specifically, it only depends on the skyrmion core polarity p (and not on its
helicity). To better visualise this effect, the direction of motion of magnetic skyrmions with p = 1
and different helicities is represented schematically in Fig. 2.8. For each skyrmion, the orientation
of Fpr, and v is represented. For the opposite skyrmion polarity (p = —1), G > 0, resulting in an
opposite SKHA. A parallel can be drawn with the conventional charge Hall effect, which describes
the deflection of charged particles (electrons and holes) in a direction transverse to the current flow
in the presence of an external magnetic field, as a result of the Lorentz force, ¢ (v x B). Particles
with opposite charges ¢ are deflected in opposite directions. Likewise, upon reversing the magnetic
field direction, the direction of deflection is also reversed. The difference with a skyrmion however
is that reversing the magnetic field also reverses its charge Ngy.

Note that there is a fundamental difference between magnetic skyrmions and bubbles: magnetic
bubbles have arbitrary topological charges, leading to a complex topological-charge-dependent dy-
namics. On the contrary, all magnetic skyrmions in a given material stack are virtually identical
and exhibit the same direction of motion, which constitutes a clear advantage for technological

purposes.
AY

Rm=-z

N | /

Fig. 2.8: SOT-driven skyrmion motion direction | Direction of motion of magnetic skyrmions
with p = 1 and different helicities driven by the DL-SOT with the sign according to Pt (HY, > 0).
The charge current J (opposite to the electron flow) flows along +& and the gyrotropic vector G
points along —2 for all skyrmions (p = 1). The skyrmion Hall angle is defined as the angle between
the driving force and the skyrmion motion direction, Ogry = (Fpr,v).
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2.5. Current-driven skyrmion dynamics

Let us now focus the discussion on Néel skyrmions only as they are the stable configuration
promoted by the interfacial DMI in HM/FM/NM films. As detailed in §A.2, if R > A, analytical
expressions for Fpr, (Fpry = 0) and D can be derived [152]: Fpr, = +poMstn?HY; R and
D= %ZW%. The + (—) sign in the expression of Fpy, , stands for a left-handed (right-handed)
chirality. We can then derive the skyrmion velocity and the SkHA as follows:
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Here, we have written poH % 1. = CprJ, with Cpp, the effective field per unit current density (in T
A~ m?) associated with the DL-SOT. Note that in this case, because the driving force Fpy, is along
the current, the expression of the SkKHA simplifies into tan O gy = vy/v,. From these equations,
it appears that smaller skyrmions exhibit smaller velocities, which constitutes an evident downside
for applications. This shall be compensated by using low-damping and/or large-SOT materials.
Furthermore, although Néel skyrmions are driven along the current direction, in track geometry, the
SKkHE will always impose a deflection towards one edge of the device. This remains true for curved
tracks since the current is always locally parallel to the edges. Micromagnetic studies predicted that
the skyrmion should experience a repulsion from the track edge [70,133,153]. This repulsion would
counterbalance the SKkHE, resulting in a sliding motion along the edge. This would then cancel the
transverse skyrmion velocity and enhance its longitudinal velocity; provided that the current density
is kept below a certain critical value above which the skyrmion is expelled from the track [154].
However, in experiments [155], a reduced velocity is rather observed for skyrmions ‘sliding’ along a
track edge as compared to skyrmions free from any confining potential. This may be due to edge
defects created during the fabrication process [155]. Other proposals have been put forward to inhibit
the SKHE. These involve novel chiral magnetic textures like antiskyrmions [156] and AF skyrmions
[157].!  Antiskyrmions were recently observed at RT in bulk tetragonal Heusler compounds [101]
and could be stabilised in interfacial systems with anisotropic DMI [160,161]. AF skyrmions may be
realised in AF materials, synthetic AF (SAF) or compensated ferrimagnets. Chapter 6 is dedicated
to the study of SAF multilayers for the observation and nucleation of skyrmions.

In recent years, mostly during the course of my thesis, intense efforts have been directed towards
achieving current-driven skyrmion motion in HM/FM-based systems by several groups, in both
single- and multi-layers. The main results are summarised in Fig. 2.9. Overall, the velocity was
observed to increase monotonically with the injected current density, and the observed direction of
motion was consistent with that expected for Néel skyrmions driven by the SHE-induced DL-SOT,
as well as with the skyrmion chirality expected from the sign of the DMI. Velocities ranging from
a few m s7!, for ~ l-pm-diameter skyrmions in Ta/FeCoB/TaO, (Fig. 2.9.b) [155], to ~ 100
m s~! for ~ 150-nm-diameter skyrmions in [Pt/CoFeB/MgO];5 (Fig. 2.9.a) [110], were reported.
Furthermore, these measurements have revealed the existence of a critical depinning current density
below which no motion is observed. This depinning current densities were found in the order of 10'°
A m~2 for pm-sized skyrmions and in the order of a few 10’ A m~2 for skyrmion sizes in the 100
nm range. Although larger than those reported for STT-driven skyrmion lattices in chiral magnets
(~ 10° A m~2) [163], these values remain just below or in the order of those measured for DWs.
Regarding the SKHE, two studies [146,155] have revealed that the SkHA depends on the current
density (or similarly on the skyrmion velocity), in sharp contrast with the predictions of the model
described above. This aspect of the skyrmion dynamics will be addressed in more detail in Chapter
5 in the light of experiments conducted during this thesis.

Finally, it is important to note that the description of the current-driven skyrmion dynamics
presented in this section is valid only for a FM film with homogeneous magnetisation across its

! As well as more exotic spin textures such as skyrmioniums [158,159].
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Fig. 2.9: Current-driven skyrmion motion: observations | Skyrmion velocity v as a func-
tion of the current density J measured in different material stacks at RT. a. [Pt/Co/Tal15 (av-
erage skyrmion diameter dg; ~ 150 nm) and [Pt/CogoFe20Bao/MgO]15 (dsi =~ 150 nm). b. Ta/
FGGOCOQOBQO/TaOCE (dsk =~ 1000 nm). c. Pt/Ni/CO/Ni/Au/Ni/CO/Ni/Pt (dsk ~ 160 nm). d. [Pt/
Fegs.6GdasCog.4/MgOlag (dsk ~ 180 nm). Adapted from ref. a. [110], b. [155], c. [152] and d. [162].

thickness. In stray-field-coupled multilayers, the possible presence of layer-dependent skyrmion he-
licities may lead to layer-dependent SOTs [144]. Indeed, it can be inferred from Fig. 2.7 and 2.8 that
different skyrmion helicities result in different DL-SOT-induced directions of motion. Furthermore,
as suggested by recent theoretical studies [145,164], the hybrid skyrmions in multilayers may not
conserve their topological charge during the motion and therefore loose their skyrmionic character,
strongly impeding their motion and limiting their applicability [164]. Lastly, for a given current
density, a larger Joule dissipation is also expected in multilayers and in thicker films in general. If
we write P = RI? the dissipated power, since R is inversely proportional to the total thickness of
the conductive layer(s) and I is proportional to it, P scales with the total film thickness. Hence,
for a multilayer [HM/FM/NM]y, P o< N so the dissipated power is N times larger than in a single
HM/FM/NM layer. These aspects further motivate the choice of using single-layer films to study
the skyrmion dynamics.

2.6 Conclusions

In this chapter, we saw that magnetic skyrmions are small magnetic domains enclosed by a
chiral DW, characterised by a quantised topological charge, |Ng;| = 1. Their stability at RT in
sputtered films combined with their small size and efficient current-induced manipulation by SOTs
make them promising candidates for memory and logic applications. In the following chapters, we
address certain key aspects concerning the skyrmion stability and nucleation and their current-driven
dynamics. Chapter 4 presents different approaches investigated to stabilise magnetic skyrmions at
RT. Chapter 5 is dedicated to the study of their current-driven motion. Chapter 6 presents the
results obtained on the optimisation of SAF multilayers, motivated by the foreseen advantages
of SAF skyrmions. Before addressing these aspects, Chapter 3 details the different experimental
techniques employed during this thesis.
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Chapter 3

Experimental techniques

In this chapter, the different experimental techniques used in this thesis are explained. It
includes a brief description of the deposition and characterisation tools as well as a more detailed
explanation of the X-ray microscopy techniques employed to image magnetic skyrmions. Finally,
the nanofabrication steps for the samples observed with X-ray microscopy are detailed.

3.1 Thin film deposition: magnetron sputtering

Magnetron sputtering is a physical vapour deposition technique among the most widely used in
the microelectronics industry. Although sputtering often does not result in long-range crystalline
order but rather partially-ordered or amorphous layers, unlike epitaxial films, it is compatible with
all standard applications and industrial requirements and is fast as well as easily implementable.
This has motivated the choice of sputtering to deposit the samples studied in this thesis. The
principle is the following: the substrate is placed in a chamber at room temperature and under
vacuum (typically 107% to 107? mbar) to ensure a good purity of the deposition. A plasma is
generated from an inert gas, in our case Ar, by applying a RF electric field between the substrate
and the target material to deposit. The Ar™ ions are then accelerated onto the target, leading to
the ejection of a target atom that deposits on the substrate. Then, a magnet located near the target
imposes helical trajectories on the electrons of the plasma in the vicinity of the target, leading to
an increased number of ionising collisions with the Ar atoms. This further increases the number of
Art ions and subsequently the deposition rate. Typical deposition rates are in the order of 0.05 nm
s~!. In addition, the deposition tool is equipped with a treatment chamber where oxidation steps
can be performed, for example to form MgO by oxidation of Mg.

on-axis off-axis (wedge deposition)

Fig. 3.1: Sputtering geometries | Schematic representation of the two possible deposition
geometries. The off-axis geometry allows to deposit the material as a wedge with a thickness
variation up to a factor of 2 on a 100 mm wafer.

<
100 mm
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Two depositions geometries, represented in Fig. 3.1, can be used. In the on-axis geometry, the
substrate is placed under the target and set in rotation, ensuring a spatially homogeneous deposi-
tion. In the off-axis geometry, the substrate is shifted from the on-axis position and the rotation
is stopped. This allows to deposit materials as wedges, i.e. with a thickness gradient. For a shift
of 100 mm, on a 100 mm wafer, the thickness can be varied up to about a factor of 2 along the
wedge. Finally, by rotating the substrate by 90°, we can deposit double wedges, perpendicular to
each other, and span a wide range of material properties. For each material, the thickness gradient
is calibrated by X-ray reflectivity. Wedges that allow to finely tune the material properties were
used extensively all along this thesis as it will be detailed in the following chapters. All the samples
studied were deposited on Si/SiOy substrates for X-ray photo-electron microscopy and characterisa-
tion, and on 100-nm-thick Si3N4 membranes for scanning transmission X-ray microscopy. Note that
sputtering does not require a specific substrate, as opposed for example to epitaxy, which makes it
a very versatile tool.

All the samples were deposited at Spintec by Stéphane Auffret and Miguel Rubio Roy.

3.2 Characterisation techniques

In this section, the magnetic characterisation techniques used during this thesis are briefly
presented: magneto-optical Kerr effect (MOKE), vibrating sample magnetometry (VSM) and su-
perconducting quantum interference device (SQUID).

3.2.1 Magneto-optical Kerr effect

The magneto-optical Kerr effect (MOKE) is a powerful tool to measure local changes of the
magnetisation. It describes the change in the polarisation of a light that is reflected from a magnetic
material [165]. The principle is the following: when a linearly polarised light is reflected from
a magnetic material exhibiting a net magnetisation, it acquires an elliptical polarisation (Kerr
ellipticity) with a rotated plane of polarisation, i.e. the plane containing the incident light and the
sample surface normal (Kerr rotation). The magnetisation of a sample can hence be measured by
determining the change in the polarisation of the reflected light. This is achieved with a polariser,
through which a linearly polarised laser beam can be produced and directed onto the sample, plus
an analyser to determine the Kerr rotation.

a b C

TM > M v M

Fig. 3.2: Magneto-optical Kerr effect configurations | a. Polar, b. longitudinal and c.
transverse MOKE configurations.

The Kerr rotation depends on the direction of the magnetisation with respect to the incident
beam. Three limiting configurations can be distinguished: the polar, longitudinal and transverse
MOKE, represented in Fig. 3.2. In the polar configuration, the magnetisation is contained in the
plane of incidence and perpendicular to the sample surface. In the longitudinal configuration, the
magnetisation is also contained in the plane of incidence but lies in the sample plane. Finally, in
the transverse configuration, the magnetisation is normal to the plane of incidence but lies in the
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sample plane. Since the laser spot can be focused, it allows to locally measure changes in the sample
magnetisation, typically hysteresis loops.

In this thesis, we used the commercial NanoMOKE3® from Durham Magneto Optics (see Fig.
3.3). It conmsists of a laser source (660 nm), a polariser, an analyser and a detector, as well as
an electromagnet and a motorised stage. The laser beam is focused to a ~ 300 pm spot at an
angle of 45° with respect to the sample surface. This geometry allows the observation of the three
MOKE configurations. In this work, only perpendicularly magnetised samples were studied. For
this purpose, the set up was adjusted to measure the polar MOKE. The electromagnet position was
also adjusted to produce an OOP magnetic field at the position of the laser spot (up to ~ 200 mT).
The motorised stage and the small spot size allow to measure hysteresis loops as a function of the
sample position, which is suitable for mapping magnetic properties in wedged films.

Fig. 3.3: Schematics of the NanoMOKE3® setup | The sample is placed on a motorised
stage and the laser spot size is ~ 300 ym. The electromagnet is located below the stage. Adjusting
its position allows to apply a (quasi-)pure OOP external magnetic field. (Courtesy of Titiksha
Srivastava [166]).

3.2.2 Magnetometry techniques
3.2.2.1 Vibrating sample magnetometry

In vibrating sample magnetometry (VSM), the sample is introduced in a constant, uniform
magnetic field which induces a magnetisation in the sample. As the sample is vibrated at a certain
frequency, it induces perturbations in the external field, perturbation that are then measured by
a set of coils (the pick-up coils) arranged around the sample. The measurement principle is based
on Faraday’s law of electromagnetic induction, which states that a change in the magnetic flux
in a circuit produces an electrical current. Hence, using a lock-in technique, the change of the
magnetisation of the sample as a function of the applied magnetic field can be extracted. VSM
provides a measurement of the magnetic moment in the direction of the applied field, hence OOP
and IP hysteresis loops can be measured by changing the orientation of the sample with respect to
the applied field.

In this thesis, we used the VSM from MicroSense, at room temperature, which allows to apply
magnetic fields up to 1.8 T with a sensitivity in the order of 107¢ emu (1072 A m?). It was
typically used to measure hysteresis loops of thin films with a large saturation fields such as SAF
multilayers (Chapter 6). It is a fast technique to measure the IP and OOP saturation fields of ultra-
thin magnetic films. However, for more precise magnetisation measurements, we used a SQUID as
described hereafter.
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3.2.2.2 Superconducting quantum interference device

A SQUID is a magnometre used to measure weak magnetic moments within a large range of
external magnetic fields and temperatures. A SQUID consists of two Josephson junctions in parallel
that form a superconducting loop inside which the magnetic flux is quantised. Any change in this
magnetic flux, for example upon passing a magnetised sample through the SQUID, can be measured
as an output voltage change. A SQUID hence provides a measurement of the total magnetic moment
of the sample in the direction perpendicular to the SQUID.

In this thesis, we used a SQUID from Quantum Design with a electromagnet allowing to apply
magnetic fields up to 5 T with a sensitivity in the order of 5 x 1078 emu (5 x 107! A m?). It was
used to measure precisely the magnetisation of ultra-thin Pt/Co/MgO films at room temperature.

3.3 X-ray microscopy techniques

In this section, the principle of the X-ray microscopy techniques used in this thesis is detailed,
namely X-ray photo-emission electron microscopy (X-PEEM) and scanning transmission X-ray mi-
croscopy (STXM). Both of these techniques utilise the absorption of circularly-polarised X-ray light
produced by synchrotron radiation. In X-PEEM, the magnetic texture is imaged using the photo-
emitted electrons extracted from the sample surface (photon-in/electron-out) while STXM utilises
the X-ray light transmitted through the sample (photon-in/photon-out).

3.3.1 X-ray magnetic circular dichroism

The X-ray magnetic circular dichroism (XMCD) denotes the difference in the absorption of X-
ray photons with circular left (CL) and circular right (CR) polarisation by a magnetic material.
The absorption of an X-ray photon induces an electronic transition from a core level to the valence
band with a well defined energy. By tuning the energy of the X-ray on a specific absorption edge,
one can then probe different elements and magnetic properties in the same sample. Most of the
XMCD-based techniques utilise the synchrotron radiation as it produces a monochromatic soft X-
ray light with a high brilliance whose polarisation can be tuned (CR, CL, linear). In FM transition
metals (Fe, Co, Ni), magnetism stems from the uneven occupation of 3d and 4s bands by 1-spin
and |-spin electrons at the Fermi level. The absorption edges exhibiting the largest XMCD are the
L3 and Ly, corresponding respectively to 2ps 5 — 3d and 2p, 5 — 3d electronic transitions. For Co,
the Ls and Lo energies are respectively 779 eV and 794 eV.
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Fig. 3.4: X-ray Magnetic Circular Dichroism (XMCD) | a. Electronic transitions induced
by the absorption of an X-ray photon with circular left (CL) polarisation at the L3 (2ps/, — 3d)
and Lo (2p, /2 = 3d) edges of a FM transition metal. b. Typical absorption spectrum and XMCD
at the Lg and Lo edges of a FM transition metal.
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The absorption process is represented schematically in Fig. 3.4.a for a CL-polarised light. A
circularly polarised X-ray photon carries an orbital angular momentum that can be transferred to
the electron spin angular momentum, via the SOC, following specific selections rules. By tuning
the X-ray energy on a specific absorption edge, an electronic transition from a core level to the
valence band can be induced. The transition probability depends on the number of empty states
at the Fermi level, D(Er). In FM metals, the density of states at the Fermi level is different for 1-
spins and |-spins electrons (D4(Er) # D (EF)) hence the absorption of CL and CR X-ray photons
is different at a given transition. More specifically, it can be shown that at the L3 (L2) edge, a
CL photon excites 62.5% (25%) of 1-spin electrons and 37.5% (75%) of |-spin electrons [167,168].
For the CR polarisation, the photon carries an opposite angular momentum and the absorption
probabilities are opposite to those of the CL case. In the example of Fig. 3.4.a, D+(EFr) > D (EF),
meaning that more T-spin than |-spin states are available: the absorption is therefore larger for CL
photons than for CR photons at the Lg edge. Accordingly, more CR photons than CL photons are
absorbed at the Lo edge. The absorption is represented in Fig. 3.4.b. The XMCD is calculated
as the difference between the absorption of CL and CR photons. Hence, at a given absorption
edge, different magnetisation directions will results in different XMCD signals. Accordingly, for a
non-magnetic material, since D4(Er) = D|(EF), the absorption of CL and CR X-rays is identical
and hence does not produce an XMCD contrast. In the following sections, two techniques that
utilise this effect to image magnetic textures are presented. For both techniques, the images were
acquired at the L3 edge of the FM material as it exhibits the largest absorption.

3.3.2 X-ray photo-emission electron microscopy

X-ray photo-emission electron microscopy (X-PEEM) is a hybrid technique that uses the elec-
trons emitted from a sample upon irradiation by X-rays to image its magnetic texture.

magnified image
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Fig. 3.5: X-ray photo-emission electron microscope | The X-ray beam impinges at a grazing
angle of 16° on the sample surface as shown in the inset. The XMCD-PEEM contrast, C, is given
by C' «x kx - m.
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The principle of the technique is based on the Auger process: when a circularly polarised X-ray
photon is resonantly absorbed by the magnetic material, an electron from a core level is excited
(e.9. 2p3/o — 3d for the L3 edge), hence creating an empty state. Electrons from an intermediate
state, between the core and the Fermi level, fill this empty core state. As the energy of the process
must be conserved, an electron from the intermediate state is excited just above the Fermi level
to compensate the decay from the intermediate state to the core level. Finally, if this electron is
given enough kinetic energy, upon applying a large voltage, it can be extracted from the sample
and collected.

A schematics of the microscope is shown in Fig. 6.5: the sample is placed in ultra-high vacuum
(1078 —10~? mbar) and illuminated by the X-ray beam. The photo-electrons emitted are accelerated
by the high voltage applied between the sample surface and the objective lens (10 to 20 kV). The
accelerated electrons are then processed by the different electron-optic components before reaching
an electron-sensitive screen. This is a full-field technique since all the photo-electrons on a given
area of the sample are collected simultaneously. In the experiments conducted during this thesis, the
sample was placed on a sample-holder with a built-in electromagnet to apply an OOP magnetic field.
The sample-holder can be displaced horizontally using piezoelectric motors. In the experiments of
current-driven skyrmion dynamics presented in Chapter 5, the sample was stuck with silver paste on
a PCB to ensure a common electrical ground, and electrical contacts were realised by micro-bonding.
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Fig. 3.6: XMCD-PEEM image of Néel DWs | a. XMCD-PEEM image of the domain config-
uration in an ultra-thin Pt/Co/MgO film at RT acquired at the Co L3 absorption edge. b. XMCD
contrast along the white dashed line in a. The red line is a fit with a 180° DW profile. The XMCD
contrast is proportional to the projection of the incident X-ray beam on the magnetisation direc-
tion. Hence, the brightest and darkest contrasts in the direction of the beam at the DW indicate a
left-handed Néel configuration. Adapted from ref. [48].

Since the absorption of circularly polarised X-rays is spin-dependent (§3.3.1), so is the number
of photo-emitted electrons. Furthermore, the absorption is proportional to the projection of the
X-ray beam direction on the magnetisation. Consequently, the absorption is maximum (minimum)
when the magnetisation and the X-ray beam are parallel (anti-parallel). The imaging process is the
following: for each polarisation (CL and CR), the intensity is averaged over typically 60 images.
The two resulting images are then subtracted to obtain the XMCD-PEEM image.! In the micro-
scope used during this thesis, the SPELEEM III Microscope from Elmitec GmbH, the X-ray beam
impinges at a grazing angle of @ = 16° on the sample surface (inset of Fig. 6.5). If the beam is
contained in the xz plane with & in the sample plane and 2 its normal, the XMCD-PEEM contrast
is given by C « kx - m = —m, sin a + m,, cos o, kx being the X-ray wave vector. Consequently, the
contrast is about 3.5 times larger for the IP component of the magnetisation in the direction of the
beam (m;) than for the OOP component (m). Similarly, the contrast is zero for the magnetisation
component perpendicular to the beam (m,). This technique is hence of particular interest to image

!Note that X-PEEM refers to the microscopy technique and we call X-PEEM image an image acquired with a
given polarisation (CL or CR). An XMCD-PEEM image is the subtraction of two X-PEEM images acquired with
opposite polarisations.
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3.3. X-ray microscopy techniques

the internal magnetisation of DWs and skyrmions. Fig. 3.6.a shows an XMCD-PEEM image of the
domain configuration in a Pt/Co/MgO sample with PMA at RT, taken from the study of Boulle
et al. [48]. For DWs perpendicular to the X-ray beam direction, black and white lines can be seen,
indicating that the magnetisation is parallel /anti-parallel to the X-ray beam. On the contrary, this
effect is not seen for DWs orientated parallel to the beam: this is the signature of a left-handed
Néel DW. Fig. 3.6.b displays the measured XMCD contrast in the beam direction. It reveals two
peaks at the position of the DWs. Fitting this contrast with the expression of C' given above and
assuming a 180° Bloch DW profile provides a very good agreement with the experiments.

The X-PEEM experiments were carried out on the SPELEEM III Microscope (Elmitec GmbH)
at the following beamlines: CIRCE beamline, Alba synchrotron, Cerdanyolla del Vallés (Barcelona),
Spain; Nanospectroscopy beamline, Elettra synchrotron, Basovizza (Trieste), Italy; 106 beamline,
Diamond Light Source, Didcot, United Kingdom. These experiments were realised with the support
of Lucia Aballe, Michael Foerster and Jordi Prat at the CIRCE beamline; Andrea Locatelli, Teuvfik
Onur Mentes and Francesca Genuzio at the Nanospectroscopy beamline; Francesco Maccherozzi at
the 106 beamline.

3.3.3 Scanning transmission X-ray microscopy

The results presented in Chapter 6 have been obtained by using another X-ray imaging technique,
namely scanning transmission X-ray microscopy (STXM).

Detector

Zone plate

magnetic
stack

SizN,
membrane

Fig. 3.7: Scanning Transmission X-ray microscope | The circularly polarised X-ray beam is
focused through a zone plate and the order selecting aperture (OSA) filters out high-order diffraction
modes. The sample is placed in the focus of the zone plate and is scanned laterally using piezoelectric
motors. The light transmitted through the sample is collected by the detector and the image is
acquired pixel by pixel. The inset shows a schematics of the SisN4 membrane with the magnetic
stack deposited on it.
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Chapter 3. Experimental techniques

STXM is an all-optical technique that measures the absorption of circularly polarised X-rays by
detecting the light transmitted through the sample. For this reason, the magnetic stack needs to be
deposited on a membrane transparent to X-rays. In the experiments conducted during this thesis,
100-nm-thick SigN; membranes, of lateral dimensions 100 x 100 pm? were used (see inset of Fig.
3.7). In addition, only primary vacuum (10~2 mbar) may be used.

The principle of the technique is represented in Fig. 3.7: the X-ray beam is transmitted through
a zone plate, which consists of alternating transparent and opaque rings of varying period (spacing),
decreasing from the inner rings to the outer rings. The resulting diffraction pattern of the transmit-
ted beam is a spot, whose size is determined by the period at the outer-most ring. Hence, the zone
plate acts as a focusing lens. Higher diffraction orders are then filtered out by an order selecting
aperture (OSA) locating between the zone plate and the sample at a distance of typically 1 mm
from the sample. The sample is placed in the focus of the zone plate and is scanned laterally using
piezoelectric motors. The transmitted light is collected by the detector and the image is acquired
pixel by pixel (scanning). Finally, performing two scans for CL and CR polarisations allows to
calculate the XMCD-STXM, exactly like the XMCD-PEEM image.

In the experiments conducted during this thesis, the X-ray beam was perpendicular to the sample
surface, such that the observed contrast is proportional to the OOP component of the magnetisa-
tion (m;). STXM is thus perfectly suitable to study perpendicularly magnetised materials. The
IP components of the magnetisation may also be measured by tilting the sample with respect to
the beam axis, although the tilt angle is limited by the distance between the OSA and the sample,
limiting the measurable contrast in the IP direction. In STXM, contrarily to X-PEEM which is a
surface-sensitive technique, thicker materials provide a larger X-ray absorption and hence a larger
contrast. Accordingly, X-PEEM is more suitable to study ultra-thin magnetic layers while STXM
is preferable to study thicker PMA stacks, typically multi-layered films.

The STXM experiments were carried out at the following beamlines: HERMES beamline, SOLEIL
synchrotron, Saint-Aubin, France; MAXYMUS beamline, BESSY II, Berlin, Germany. These ex-
periments were realised with the support of Rachid Belkhou, Stefan Stanescu, Brice Sarpi and Adrien
Bession at the HERMES beamline; Joachim Grife and Markus Weigand at the MAXYMUS beam-

line.

3.4 Nanofabrication process

In the experiments of skyrmion dynamics and confinement in nanostructures as well as current-
induced nucleation in synthetic antiferromagnetic multilayers, the sample were patterned using the
process described in Fig. 3.8. The same process was used for samples deposited on Si substrates and
on SizsN4 membranes, only with additional precautions when working with membranes, as explained
below. Here is the detailed fabrication process represented in Fig. 3.8:

o a. The stack is deposited by magnetron sputtering (§3.1).

o b. Contact pads consisting of Ti(10nm)/Au(100nm)/hard mask are defined by UV lithography
and deposited using electron-beam (e-beam) evaporation. The hard mask consists of Pt(5nm)/
Al(ta;) where ta; is adjusted according to the thickness of the stack to be etched. The
Pt(5nm) layer needs to be inserted to prevent the formation of a AugzAl, alloys that has a
poor conductivity.

o c. The nanostructures are defined by e-beam lithography. The hard mask consisting of Al(% 4;)
is deposited by e-beam evaporation.

o d. The parts not protected by the mask are etched out by ion-beam etching (IBE). The
remaining Al is removed by chemical etching using a dedicated developer (AZ 326 MIF).
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3.4. Nanofabrication process

o e. Injection tips consisting of Ti(10nm)/Au(100nm) are defined by e-beam lithography and
deposited by e-beam evaporation. This additional step is realised to perform skyrmion nucle-
ation experiments (Chapter 6).

stack /Hard Mask C
uv e-beam //
> >
lithography lithography

substrate

e
|on -beam e beam ‘
etchmg I|thography

Fig. 3.8: Nanofabrication process | Schematic diagrams of the different steps in the patterning
of the nanostructures studied in this thesis. Details about each step is given below.

NOTE: When the process is performed on SisN4 membranes, additional precautions must be
taken. In particular, the use of ultrasonics during lift-off steps is to be avoided as it would tear
the membrane. For the resist coating and all deposition steps, the membrane must be fixed on a
substrate, like a Si wafer, using for example Kapton® tape. Moreover, if the membrane is placed
under vacuum, it may be stuck on a Si wafer with PMMA! resist. This allows to equalise the
pressure on both sides and prevents trapping air beneath the membrane, which might otherwise
break it when placed under vacuum. Finally, during IBE steps, over-etching the membrane must
also to be avoided since thinning it down would make it even more fragile. This can be achieved by
controlling the etching time as well as the hard mask thickness. Apart from these additional precau-
tions, the nanofabrication processes for Si substrates and SizN4 membranes are essentially the same.

The fabrication process was realised by me at the Plateforme Technologique Amont (PTA), in
Grenoble, with the support of Gilles Gaudin and Olivier Boulle for e-beam steps.

! Poly(methyl methacrylate)
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Chapter 4

Skyrmion nucleation in ultra-thin
films

This chapter presents different approaches investigated during my PhD to tackle certain key
aspects regarding the skyrmion nucleation and stability in ultra-thin FM films. First, the nucleation
of skyrmions in extended films is presented. Then in confined geometries where the effect of pinning
on the field-dependence of the skyrmion size is discussed. Further, a novel approach to achieve stable
zero-field skyrmions in exchange-biased extended films is introduced. Finally, some preliminary
results on local writing of skyrmions using He™ irradiation are put forward. All the experiments
were carried out at RT using the Pt/Co/MgO trilayer as a building block.

4.1 Introduction: Pt/Co/MgO system and observation of chiral
Néel skyrmions

Most of the experiments conducted during this thesis were performed on an ultra-thin Pt/Co/
MgO film. This was motivated by the early observations of magnetic skyrmions at Spintec by Boulle
et al. [48] using X-PEEM. Fig. 4.1.a shows a XMCD-PEEM image! of a magnetic skyrmion in a
420 nm square dot at zero external magnetic field. Fig. 4.1.b shows a line-scan of the contrast in
the direction of the X-ray beam.
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Fig. 4.1: Room-temperature Néel magnetic skyrmion in Pt/Co/MgO | a. XMCD-PEEM
image showing a magnetic skyrmion in a 420 nm square dot. The direction of the X-ray beam is
indicated by the white arrow. b. XMCD contrast measured along the black dashed line in a. The
red line is a fit with a 360° Bloch DW profile.? c¢. Micromagnetic simulations using the experimental
parameters of a. Adapted from ref. [48].

!Subtraction of two X-PEEM images acquired with opposite circular X-ray polarisation (§3.3.2).
2m. = cos@ (r) with 0 (r) = —2arctan (exp (%)) [108]. Note that the DW /skyrmion profile is expected to be
independent of the DMI [58] and therefore of its Bloch or Néel character.
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Chapter 4. Skyrmion nucleation in ultra-thin films

As explained earlier in §3.3.2, the XMCD-PEEM contrast is proportional to the projection of the
magnetisation on the X-ray beam direction, which impinges the sample surface at a grazing angle
of 16°. Hence, following the X-ray beam direction from left to right, one comes across two Néel
DWs with opposite magnetisation. The magnetisation hence rotates as follows: |\ — "N <+."|.
The same contrast is obtained by rotating the sample by 90° with respect to the beam. This is
exactly the signature of a left-handed Néel skyrmion. The spin texture obtained from micromagnetic
simulation is shown in Fig. 4.1.c.
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Fig. 4.2: Hysteresis loops for Pt/Co/MgO | The sample consists of Pt/Co(0.6-1.1nm)/MgO
and the magnetic field is applied in the OOP direction. a. MOKE hysteresis loops measured at
different locations on the Co wedge. b. Zero-field MOKE signal (remanence) as a function of the
Co thickness. The loops in a are indicated by the corresponding symbols in b.

The complete stack that has been used for the experimental studies presented in this chapter
and the next is Ta(3)/Pt(3)/Co(0.6-1.1)/Mg0O(0.9) /Ta(2) (thicknesses in nm), grown by sputtering
on a Si/SiOg substrate. This stack contains the essential ingredients required to stabilise magnetic
skyrmions: PMA and a strong interfacial DMI [48,169]. The Ta(3) buffer layer is used to promote
a good adherence of the layers deposited on SiO2 and to favour a (111)-oriented textured growth of
the Pt(3) [170], resulting in a strong PMA. This Pt layer also allows the injection of spin current
via the SHE to exploit SOTs for the skyrmion motion. The top Ta(2) layer serves as a capping layer
to protect the MgO from further oxidation. In the experiments presented hereafter, the Co layer
was deposited as a wedge (i.e. with a thickness gradient). Fig. 4.2.a. displays the hysteresis loops
measured at different locations on the wedge. The external magnetic field is applied perpendicular
to the film plane. For t¢, = 0.7 nm, the large PMA leads to a square hysteresis loop, indicating
that the sample is fully magnetised at remanence (H, = 0). When increasing the Co thickness, the
decrease in the PMA combined with the larger demagnetising field, i.e. the diminution of K.y,
results in a bended loop, characteristic of a reversal involving multi-domain states. A decrease
in the magnetisation at remanence is observed around tc, = 0.85 nm, indicating the presence of
worm-like domains at zero field. Fig. 4.2.b. displays the normalised remanence, measured from
the zero-field MOKE amplitude, as a function of the Co thickness. It shows the decrease in the
anisotropy for increasing tc, and the spin reorientation transition — from PMA to IP anisotropy
— for tco, =~ 0.95 nm. Note that the nominal thickness for which this spin reorientation transition
occurs can vary from one deposition to another as all the parameters are dependent on the interface
quality. Depositing the Co layer as a wedge allows us to use the Co thickness as a tuning parameter.
This way, we select the desired thickness for which the characteristic bended hysteresis loops are
observed.

4.2 Skyrmions in extended films

Let us now look at the magnetisation texture close to the spin reorientation transition. Fig.
4.3.a displays the OOP hysteresis loop measured on a Pt/Co/MgO film at a position on the wedge
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4.2. Skyrmions in extended films

corresponding to tc, = 0.96 nm.! Fig. 4.3.b-f show magnetic force microscopy (MFM) images

for different external magnetic field values. The first image (Fig. 4.3.b) displays the remanent
magnetisation configuration (H, = 0) after OOP saturation with puoH, ~ 100 mT. It exhibits a
labyrinthine worm-domain pattern with zero (or very close to zero) net magnetisation, as indicated
by the vanishing Kerr amplitude in the hysteresis loop. In the absence of external field or other
stimuli, this is the most stable configuration that minimises notably the demagnetising energy.
Then, upon progressively increasing the external field, the worm domains shorten (Fig. 4.3.c) and
eventually shrink into isolated skyrmions (Fig. 4.3.d-f), reaching a diameter of dg = 65 nm on
average, at poH, = 18 mT (Fig. 4.3.e). As explained in §2.4.1, the external field modifies the
energy of magnetic skyrmions: it shifts the energy minimum towards smaller sizes and reduces
the annihilation barrier. Indeed, increasing the field from pgH, = 14 mT to poH, = 26 mT
leads to a compression of the magnetic skyrmions towards smaller sizes. At ugH, = 40 mT, all the
skyrmions have been annihilated. The fact that some skyrmions have disappeared at pugH, = 26 mT
(Fig. 4.3.f) while others have remained stable, indicate that they might have different annihilation
barriers, most likely due to material inhomogeneities.

|J0HO _ 11 mT

norm. Kerr ampl. (a.u.)

|J0Hz (mT)

14 mT 26 mT

Fig. 4.3: Magnetic skyrmions in extended films | a. MOKE hysteresis loop measured on
a Pt/Co(0.96nm)/MgO sample. b-f. MFM images showing the magnetic texture for different
external magnetic fields puoH, indicated by the corresponding symbol on the hysteresis loop. Images
dimensions: 3 x 3 pm?.

In extended films, it is necessary to apply an OOP external magnetic field to stabilise magnetic
skyrmions. Furthermore, the skyrmion position is not controlled. In the following sections, we
explore different approaches to tune the skyrmion size and stability by confining them in nanos-
tructures (§4.3), by inserting a bias layer (§4.4) and by light-ion irradiation (§4.5).

!This sample was deposited in another batch and the spin reorientation transition here was rather found at
tco =~ 1.02 nm. The sample of Fig. 4.2 corresponds to the reference sample for the study of the skyrmion dynamics
presented in Chapter 5.
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Chapter 4. Skyrmion nucleation in ultra-thin films

4.3 Skyrmions in confined geometries

The stability of magnetic skyrmions in confined geometries is quite different from that in ex-
tended films. In finite geometries, the demagnetising field, which depends on the size and shape
of the nansotructure, strongly influences the magnetic ground state [171,172]. In this section, we
explore the effect of confinement on the skyrmion stability in the light of experiments and micro-
magnetic simulations performed during this thesis. First in circular dots, in which a skyrmion is
confined in all directions, and then in tracks where a skyrmion is only confined along the width.
Most of the results presented in this section (§4.3) can be found in ref. [173].

4.3.1 Dot geometry

The image of Fig. 4.4.a shows a magnetic skyrmion in a 630-nm-diameter circular dot at zero
field with a diameter of 200 nm. Here the dimensions of the nanostructure play a major role in the
skyrmion stability: in larger dots (1.2 num), a worm-like pattern is rather observed and an external
field is required to stabilise magnetic skyrmions [48], as in the extended film of Fig. 4.3. We also
notice that the skyrmion is positioned near the edge of the dot, whereas the dipolar repulsion from
the edges rather favours a skyrmion position in its centre. This suggests that the skyrmion is
pinned by local defects. The application of a small perpendicular magnetic field does not modify
substantially the skyrmion structure and size (Fig. 4.4.b), up to a critical field poH, = 2.8 mT
(Fig. 4.4.c) where a sharp decrease of the skyrmion diameter to 90 nm is observed. This is visible
on Fig. 4.4.e which shows the skyrmion diameter (star symbols) as a function of the external field.
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Fig. 4.4: Magnetic skyrmions in a dot | a-d. XMCD-PEEM images of a magnetic skyrmion in
a 630-nm-diameter circular dot for different external magnetic fields poH.. e. Skyrmion diameter as
a function of the external field. Experimental data (black stars), micromagnetic simulations without
disorder (red dots) and with disorder (blue squares). In the simulations including disorder, the grain
size is ¢ = 10 nm and the anisotropy is varied randomly within (1 + §K,)K, with éK, = 2.5%,
K, being the macroscopic, measured anisotropy. f-h. Micromagnetic simulations: skyrmion for
different external fields corresponding to the blue squares in e. The red (blue) colour indicates a
magnetisation pointing along +2 (—2). The bright (dark) grains indicate regions with stronger
(weaker) anisotropy.
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4.3. Skyrmions in confined geometries

To better understand these experimental results, we carried out micromagnetic simulations with
the open-source code Mumax3 [174]. The cell size is 1 x 1 x t nm?® and the following parameters,
taken from a previous study [48], were used: the exchange constant A = 27.5 pJ m~!, the uniaxial
anisotropy constant K, = 1.45 x 105 J m—3, the DMI constant D = 2.05 mJ m~2, the saturation
magnetisation M, = 1.44 MA m~! and the FM film thickness ¢ = 1.06 nm. The initial state is
a 200-nm-diameter circular bubble positioned in the centre of the 630-nm-diameter circular dot.
This configuration is then relaxed at zero field and the field is increased step by step. Upon
increasing H,, the skyrmion diameter decreases continuously and covers a wider range of sizes than
the one observed (see Fig.4.4.e, red dots). Moreover, the contraction of the core is isotropic and the
skyrmion remains in the centre of the dot (not shown), as expected notably from the symmetry of
the demagnetising field.
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Fig. 4.5: Micromagnetic simulations: effect of the disorder on the skyrmion size | a.
Average skyrmion diameter as a function of the external magnetic field in a 630-nm-diameter circular
dot, for different grain sizes, g = 10— 100 nm, and for a disorder parameter K, = 2.5%. Black stars
are experimental data and red dots simulations without disorder. b. Average zero-field skyrmion
diameter as a function of the grain size, for 0K, = 2.5% (black squares) and 0K, = 10% (red dots).
The curves are shifted along the z-axis for clarity. Error bars denote standard deviation. In all
simulation with disorder, the diameter is averaged over 50 realisations. c-f. Zero-field skyrmion

texture for different {g,0K,}: c. {10 nm, 2.5%}, d. {10 nm, 10%}, e. {50 nm, 2.5%} and f. {50
nm, 10%}.

Let us now add disorder to the problem. Is it well known that the polycrystalline grain structure
of sputtered magnetic films is a source of pinning for DWs [175-177]. Pinning centres may originate
from any source of inhomogeneity in the film such as grain boundaries, roughness and fluctuations
of Co thickness. To model it qualitatively, a grain distribution with local anisotropy fluctuations
is introduced [137,178]. The average grain size is g and, from grain to grain, we assume that the
anisotropy fluctuates randomly within (1+JK,,) K, around the macroscopic, measured value K,. We
refer to § K, as disorder parameter. The grain size and the anisotropy were varied respectively in the
ranges g = 10—100 nm and 6 K, = 2.5% — 10%, with multiple realisations for each set of parameters
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Chapter 4. Skyrmion nucleation in ultra-thin films

{g9,0K,}. The simulations reveal a behaviour very similar to the experimental case for different
realisations of grains distributions. Fig. 4.4.e. shows the dependence of the skyrmion diameter on
the perpendicular magnetic field for a specific realisation with g = 10 nm and § Ku = 2.5% (see Fig.
4.4.£-h). As observed experimentally, the skyrmion diameter decreases in a step-like fashion when
the magnetic field reaches a certain critical value. In Fig. 4.4.f-h, the magnetisation texture (red/
blue) is superimposed on the grain distribution where bright (dark) grains correspond to regions
with stronger (weaker) anisotropy. For poH, < 2.0 mT, the skyrmion is trapped in its initial
location and slightly stretched away from its initial circular shape by the local grain structure; the
magnetic field affects little its shape and position. When the depinning field (uoH, = 2.5 mT)
is reached, the skyrmion prefers to ‘jump’ in a neighbouring region, despite the additional cost in
dipolar energy far from the centre, and again shows a smaller susceptibility to the external field
than in the disorder-free scenario. This characteristic step-like decrease of the skyrmion diameter
is observed for various sets of parameters {g, 0K, }.

We now investigate the influence of the characteristic parameters of the disorder. For each
{g,0K,}, the diameter is averaged over multiple realisations. For deformed skyrmions, we calculate
an effective diameter defined by dg, = 2/ Ag/m, where Ay is the area defined by m, < 0. Fig.
4.5.a shows the evolution of the average effective skyrmion diameter as a function of the external
field for g = 10 — 100 nm and 0K, = 2.5%. It appears that the susceptibility of the skyrmion size
to the external field is reduced by the disorder. Furthermore, on average, the field-dependence of
the skyrmion size is found to be almost independent of the grain size; except for the smallest one
considered (¢ = 10 nm) where skyrmions are less sensitive to pinning at high field. In fact, this
behaviour is observed for larger values of 0K, (up to 10%), which suggests lesser pinning effects
when the skyrmion is large as compared to the grain size.

To complete the picture, Fig. 4.5.b shows the evolution of the skyrmion diameter with the
grain size, at zero external field and for two disorder parameters: 6K, = 2.5% and 10%. Typical
realisations corresponding to four different situations (strong/weak disorder and small/large grains)
are shown in Fig. 4.5.c-f. We observe that for small disorder, the zero-field skyrmion size is
approximately constant with the grain size, whereas it increases on average as the disorder increases.
Note that this remains true at larger field. In fact, for strong disorder, the initial state is stretched
out after relaxation and very often turns into a worm-shaped domain. This effect is much larger
for large grains (see Fig. 4.5.c-f). On the contrary, for weaker disorder (0K, = 2.5% and 5%),
the skyrmion recovers its initial circular shape at large fields, as shown in Fig.4.4.h. An additional
interesting feature is that the standard deviation (error bars in Fig. 4.5.b) increases with increasing
grain size, for both disorder parameters. This suggests that for a strong anisotropy disorder and
for a large film surface, one will be more likely to observe an important dispersion in the skyrmion
size and shapes for large grains.

Furthermore, note that the simulations represent the system at 7' = 0 K. An increase in temper-
ature is expected to lower the effect of pinning [179]. Indeed, the disorder introduces some energy
barrier that needs to be overcome for the skyrmion size to follow the disorder-free field-dependence,
which can be enabled by thermal fluctuations. This energy barrier has another consequence: the
skyrmion size depends on the initial state since the path for the skyrmion to shrink from a large
size and the path to expand from a small size are different [179]. This can result in a hysteresis in
the field-dependence of the skymrion size [180]. Note that for the experiments of Fig. 4.4.a-d, the
skyrmion recovers its initial size and position when switching off the external field.

4.3.2 Track geometry

The track geometry is of particular interest for applications based on skyrmion-shift operations
such as racetrack memories. Fig. 4.6.a-c show XMCD-PEEM images of magnetic skyrmions in 500-
nm-wide tracks for different applied fields, ugH,. In this geometry, at remanence or in the presence
of a small magnetic field (uoH, < 2 mT), worm-like domains are observed. This configuration
minimises the dipolar energy in the absence of confinement along the track length, allowing their
expansion in this direction. These worms tend to align with the tracks, while they are randomly
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a MoH,=2 mT b 4.9 mT C 6.6 mT

500 nm

Fig. 4.6: Magnetic skyrmions in tracks | a-c. XMCD-PEEM images of the magnetic texture
in 500-nm-wide tracks for different external magnetic fields, puoH,. Insets dimensions: a. 800 x 800
nm? and b. 500 x 500 nm?. Below each image is represented the simulated magnetisation texture
in the absence of disorder. d. XMCD-PEEM image of a magnetic skyrmion in a 540-nm-wide track
at zero field.

oriented in the largest areas of the nanostructures. We observe a strong white (black) contrast on
the upper (bottom) DWs perpendicular to the X-ray beam (inset of Fig. 4.6.a), indicating their
left-handed Néel character.

Upon applying a larger field, uoH, > 2 mT, the initial worm-like domains shrink into isolated
skyrmions (Fig. 4.6.b-c), as in extended films (Fig. 4.3).! Again, the white/black contrast in the
direction perpendicular to the beam demonstrates that the homochiral Néel structure is preserved.
Interestingly, stable skyrmions in racetracks are also observed in the absence of external field (see
Fig. 4.6.d), most probably due to pinning effects preventing their expansion along the track length,
as explained in the previous section.
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Fig. 4.7: Skyrmion size in tracks | Average skyrmion diameter as a function of the external
magnetic field measured in 500-nm-wide tracks (red stars) and in 300 nm-wide tracks (black stars).
The red (black) dots correspond to micromagnetic simulations.

'Note that some skyrmions are not visible anymore as the field is increased (Fig. 4.6.c) to uoH, = 8 mT. In fact,
they are probably too small to be observed since by decreasing the magnetic field down to =~ 1 mT, the skyrmions
expand and turn into worm-like domains at the same position where they were initially.
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Chapter 4. Skyrmion nucleation in ultra-thin films

The average skyrmion diameter measured in the tracks is plotted as a function of the external
field in Fig. 4.7. The same experiments were performed in 300-nm-tracks. For both track widths,
a large decrease of the skyrmions size is observed in the range of applied field and reaches 80 nm
in the 300-nm-wide tracks. In addition, we observe that the track width affects the skyrmions size,
especially at low magnetic field: the narrower the track the smaller the skyrmions. This geometrical
confinement effect can be explained by the dipolar interactions of the DWs delimiting the skyrmion
with the magnetic charges on the track edges. As the magnetic field increases and the skyrmion
diameter decreases, the influence of the track width on the skyrmion diminishes. This indicates
that the skyrmion equilibrium size is governed by the Zeeman energy term and that the dipolar
interactions with the track edges play a less significant role. These experiments suggest that the
size of magnetic skyrmions can be easily tuned by narrowing down the tracks, as predicted by
micromagnetic simulations [114,133], provided that the track edges do not compress the skyrmion
down to a non-thermally stable size.

In Fig. 4.7, we also plotted the result of micromagnetic simulations obtained in 300- and 500-
nm-wide tracks in the absence of disorder. It reproduces the confinement effect: skyrmions are
smaller in narrower tracks and the size difference introduced by the confinement diminishes as the
skyrmions are compressed by the field. Furthermore, it shows that the skyrmion size exhibits a
larger susceptibility to the external field than in the experiments, which can be accounted for by
pinning-related effects as explained in the previous section. We note that a better agreement is
found in the 300 nm case. This may be due to the reduced susceptibility of the skyrmion size to
the field in narrower tracks, even in the absence of disorder, which reduces the discrepancy between
the two scenarios, with and without disorder.

4.4 Zero-field skyrmions in an extended exchange-biased film

The stabilisation of magnetic skyrmions in extended films (§4.2) and tracks (§4.3.2) requires the
presence of an external field to prevent their expansion into worm domains. When confined in all
directions, skyrmions can be stabilised in the absence of external field (§4.3.1) and their stability
is strongly dependent on the nanostructure dimensions. This is quite restrictive for applications,
which require stable zero-field skyrmions, as we would like to use other geometries than just dots.
In the present section, we explore a different approach to stabilise magnetic skyrmions in extended
films, in the absence of both external field and geometrical confinement. To achieve this, we exploit
the internal exchange field arising from the RKKY coupling between a hard FM layer, referred to
as bias layer (BL), and a FM layer hosting skyrmions [181].

The BL consists in our case of Pt(5)/[Pt(0.25)/Co(0.5)]; and the stack hosting skyrmions is
Pt(0.75)/Co(1.1)/MgO(0.9) (thicknesses in nm). The RKKY coupling is obtained by inserting a
Ru spacer between the BL and the Pt/Co/MgO stack [182]. The complete stack, BL/Ru(tg,)/Pt/
Co/MgO, is shown in Fig. 4.8.a. The BL exhibits a strong PMA leading to a uniform magnetisation
at remanence with a coercive field ugH, = 43 mT, as seen from Fig. 4.8.b. To tune the interlayer
exchange field, the Ru layer is deposited as a wedge, hence exploiting the thickness-dependence of the
RKKY interaction. Note that the top Co layer is also deposited as a wedge, perpendicular to the Ru
wedge. We selected a position, hence a Co thickness, for which we observe the characteristic bended
loops indicating a multi-domain configuration at remanence. Furthermore, the top Pt thickness is
decreased to 0.75 nm in order to transmit an — attenuated — AF coupling [183].

The major (black) and minor (red) hysteresis loops measured at three locations on the Ru wedge
are shown in Fig. 4.8.d. Let us first look at the loop for £, = 0.94 nm. It exhibits four plateaus with
three magnetisation reversals, characteristic of an AF RKKY coupling. Schematically, coming from
negative saturation and increasing the field leads to the following reversals: ¥ --» T ——» ¥ —_» 1,
where the top (bottom) arrow represents the top Co layer (BL). The reversal of the BL occurs at
|H.| = |H.| and the minor loop (in red) corresponds to that of the top Co layer. This can be seen
from its relative amplitude to the full loop. The minor loop is shifted by poHpiqs With respect to
H, = 0, which we refer to as bias field. This bias field quantifies the strength of the RKKY coupling
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4.4. Zero-field skyrmions in an extended exchange-biased film

between the BL and the top Co layer. In other words, it is the effective magnetic field exerted on
the top Co layer by the BL. For tg, = 0.94 nm, poHpqs is larger than the saturation field of the
top Co layer such that, at H, = 0, the top Co layer is uniformly magnetised in a direction opposite
to the BL uniform magnetisation. Then, increasing the Ru thickness leads to a decrease of poHp;qs-
For tg, = 1.04 nm, the bias field is smaller than the coercive field of the BL, H., but larger than
the saturation field of the top Co layer. As a result, the top Co layer is still uniformly magnetised
at H, = 0. Increasing further the Ru thickness to tg, = 1.12 nm leads to a cancellation of the
bias field. We also note from Fig. 4.8.d that the coercive field of the central hysteresis increases
with increasing RKKY coupling, i.e. with decreasing tr,. This can be attributed to the biasing
effect of the top Co layer on the BL. Indeed, the coercive field of the BL measured independently
(Fig. 4.8.b) is recovered in the limit of zero coupling (tg, = 1.12 nm in Fig. 4.8.d). The evolution
of the bias field with the Ru thickness is shown in Fig. 4.8.c. It was measured from the minor
loops at different locations, 0.5 mm apart on the wedge. It exhibits a variation consistent with the
oscillatory behaviour expected on a wider range of Ru thicknesses [183,184], and the maximum AF
coupling is obtained for tp, = 0.82 nm. Therefore, moving along the Ru wedge is equivalent to
tuning the value of an effective field exerted on the top Co layer. Note that for ¢z, > 1.12 nm the
RKKY coupling becomes FM (poHpias < 0).
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Fig. 4.8: Exchange-biased Pt/Co/MgO film | a. Schematics of the complete stack (BL =
bias layer), thicknesses in nm. The Ru(tg,) layer is deposited as a wedge with tg, = 0.67 — 1.14
nm. b. OOP MOKE hysteresis loop for the BL, measured in Ta/BL/Ru/Pt. c. Bias field as a
function of the Ru thickness. d. Major (black) and minor (red) loops measured for the complete
stack (a) at three locations on the Ru wedge. For tg, = 0.94 nm, 1.04 nm and 1.12 nm, the bias
field is respectively poHpiqs = 100.6 mT, 45.7 mT and 1.7 mT.
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Chapter 4. Skyrmion nucleation in ultra-thin films

To stabilise magnetic skyrmions in the exchange-biased Pt/Co/MgO film, the bias field must be
finely controlled. Fig. 4.9.a displays the minor loops measured at five different locations on the Ru
wedge ~ 1 mm apart, starting from tg, = 1.12 nm, for negligible RKKY coupling (p9Hpies = 1.7
mT). For 1.08 nm < tg, < 1.12 nm, the bias field is smaller than the saturation field of the top Co
layer, so one may expect a non-uniform magnetisation texture in the top Co layer.
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Fig. 4.9: Zero-field magnetic skyrmions in exchange-biased Pt/Co/MgO | a. Minor
hysteresis loops measured at five locations, ~ 1 mm apart on the Ru wedge, with nominal thickness
try. For tg, = 1.08 nm, 1.09 nm, 1.10 nm, 1.11 nm and 1.12 nm, the bias field is respectively
poHpias = 18.1 mT, 13.1 mT, 9.1 mT, 5.7 mT and 1.7 mT. b-f. XMCD-PEEM images of the
the magnetic texture at these five locations and at zero external magnetic field. The white arrows
indicate the X-ray beam direction. Images dimensions: 5 x 5 pm?. g. Zoom in the region delimited
by the dashed square in f. h. Line-scan of the XMCD contrast (squares) along the X-ray beam
direction corresponding the the dotted line in g. The solid line is a guide for the eye.

To observe the magnetisation texture, we performed X-PEEM experiments. The sample was
saturated beforehand with a positive OOP field, poH, =~ 200 mT. At H, = 0, the magnetisation
relaxes in the state indicated by the symbols on the hysteresis loops (Fig. 4.9.a). The images of
Fig. 4.9.b-f display the XMCD-PEEM contrast observed at these 5 locations, all at zero field. For
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try = 1.12 nm, owing to the negligible bias field, poHpias = 1.7 mT, labyrinthine worm domains
are observed. Then, gradually increasing o Hp;qs, by decreasing tg,, lifts the degeneracy between
up and down domains. The worms shorten and eventually shrink into isolated skyrmions, exactly
mimicking an external field. In theses images, the light (dark) gray colour indicates a magnetisation
pointing along —2 (+2). Since the BL is uniformly magnetised along +2, the AF coupling results
in a uniform bias field in the —2 direction, 7.e. promoting light gray contrast, hence leading to the
stabilisation of skyrmions with core magnetisation along +2.

Note that within each 5 x 5 pm? image, the small Ru thickness variation corresponds to a bias
field variation of ~ 0.02 mT. Hence, in one image, the variation of pgHp;.s across the wedge can be
neglected. Therefore, a clear parallel can be drawn between the application of an external field in a
Pt/Co/MgO film (Fig. 4.3) and the tuning of the Ru thickness in the exchange-biased Pt/Co/MgO
(Fig. 4.9). We notice however a certain dispersion in the skyrmion size and shape in Fig. 4.9.f,
unlike the sample without BL (Fig. 4.3). As discussed earlier in §4.3.1, this can be attributed to
material inhomogeneities. Furthermore, a larger roughness can also be expected for the Pt/Co/
MgO stack grown on the BL as compared to that grown directly on Si. In addition, the roughness
of the Ru layer may induce local fluctuations of the bias field.

Furthermore, the observed contrast in the direction of the X-ray beam is consistent with DWs and
skyrmions exhibiting a left-handed Néel chirality, as expected from the sign of the interfacial DMI
in Pt/Co/MgO. To emphasise this, Fig. 4.9.g shows a zoom in a region of Fig. 4.9.f that displays
several skyrmions. The line-scan of the intensity along the beam (white dashed line) is plotted in
Fig. 4.9.h. The maximum (minimum) corresponds to a magnetisation parallel (anti-parallel) to
the X-ray beam and the plateaus to a magnetisation pointing along —2. The magnetisation hence
rotates according to |—1<|. The distance between the two peaks then provides a measurement of
the skyrmion diameter: dg, = 124 nm.

To conclude, we saw that magnetic skyrmions can be nucleated in the absence of both geometrical
confinement and external field by exploiting the RKKY interaction between a hard FM layer and
a FM layer specifically designed to host skyrmions. Controlling the Ru spacer thickness allows to
finely tune the internal field exerted on the top FM layer. This method, exactly mimicking an
external field, allows to stabilise magnetic skyrmions in the absence of external excitations and
patterning. Finally, note that a bias field can also be induced by exploiting the direct exchange
arising at the interface between an AF and a FM, as it was recently demonstrated for 600-nm-
diameter skyrmionic bubble in an IrMn/FeCoB/MgO film [185]. This was recently demonstrated at
Spintec for small, sub-100 nm skyrmions, in Pt/Co/NiFe/IrMn films with a significant DMI [186].

4.5 Writing magnetic skyrmions using light-ion irradiation

In the above sections, we saw how the skyrmion size and stability can be tuned in confined
geometries, which allows to compress them by reducing the nanostructure dimensions. In extended
films, skyrmions can be nucleated in the presence of either an external magnetic field (§4.2) or an
internal exchange-bias field (§4.4). Nonetheless, their precise nucleation position is hardly control-
lable. In the present section, we explore a novel approach to nucleate skyrmions and control their
position, using light-ion-irradiation (He™) in an ultra-thin Pt/Co/MgO film.

The first demonstration of the modification of magnetic properties by He™ irradiation dates back
to 1998. In their pioneering work, Chappert et al. [187] observed that the anisotropy of ultra-thin
Pt/Co-based films was reduced upon increasing the irradiation dose (ID), defined as the number
of incoming ions per unit area,' leading to a reorientation of the easy magnetisation axis from
OOP to IP. They also explored the potential of patterning using He™ ions to create DW arrays.
The reduction of the anisotropy was later investigated in Pt/Co/Pt films and was attributed to
irradiation-induced intermixing at the Pt/Co interfaces [188]. One particularly exciting feature of
ion-irradiation is the possibility to pattern magnetic films using a focused ion beam (FIB), permitting
a local tuning of magnetic properties [189]. In particular, Zhang et al. [190] investigated the effect

Lalso referred to as fluence
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Chapter 4. Skyrmion nucleation in ultra-thin films

of local Ga™ irradiation in perpendicularly magnetised [Co/Pt]s multilayers. In ~ 500-nm-diameter
disks, patterned with a Ga™ FIB, the authors observed the formation of bubbles while the pristine —
non-irradiated — area remained uniformly magnetised. However, these bubbles exhibited random
helicities while chiral Néel DWs were observed in the pristine part. This was mainly attributed
to an important irradiation-induced disorder and alloying, expected to be much larger for heavier
ions [191]. Similarly, Balk et al. [192] recently showed that the DMI can be spatially tuned in
Pt/Co/Pt by Art irradiation. They observed a reversal of the sign of the DMI, attributed to the
etching of the top Pt layer and the subsequent oxidation of Co. One advantage of lighter ions like
He™, is that they induce much less intermixing and disorder at the interfaces and do not etch the
film [191]; they rather stop in the substrate after passing through the stack and induce short-range
atomic displacements.

The effect of Het irradiation has been extensively investigated in recent years in crystalline
Ta/FeCoB/MgO films. More specifically, upon increasing the ID, a diminution of the effective
anisotropy [193-195] and the saturation magnetisation [193] was reported in several papers. In
addition, it was observed that increasing the ID also leads to an increase of the DMI, from D = 0.01
mJ m~2 in the pristine film to D = 0.08 mJ m~2 for ID = 16 ion nm~—? [194,195], leading to an
enhancement of the field-driven DW velocity in the flow regime [194]. This increase in the DMI was
attributed to a broadening of the Ta/FeCoB interface upon irradiation-induced intermixing [194].
Note that it is also possible that irradiation affects the Rashba-type DMI at the FeCoB/MgO
interface.

Finally, in Pt/Co/Pt films, He™ irradiation was shown to reduce the pinning of DWs. This effect
was attributed to a homogenisation of pinning centres in the Co layer as a result of short-range
irradiation-induced atomic displacements [196,197]. All the results mentioned above offer exciting
perspectives to locally control magnetic properties.
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Fig. 4.10: Patterning using a He™ focused ion beam | a. SEM image of a 3-pm-wide Pt/
Co/MgO track. The red lines indicate the irradiated patterns, of dimensions 6000 x 150 nm?, with
a spacing of 300 nm. The image in the black dashed rectangle shows the topography acquired by
AFM for ID = 6 ion nm™2. b. OOP MOKE hysteresis loops for different ID, measured in 2 x 2
pm? irradiated areas using a sub-pm focused laser spot.

So far, the effect of He™ irradiation in material stacks hosting skyrmions has not yet been
reported. Here, I present some preliminary results obtained during my PhD. As mentioned above,
we use our well-known Pt/Co/MgO stack. The film consists of Ta(3)/Pt(3)/Co(0.97)/Mg0O(0.9)/
Ta(2) (thicknesses in nm), patterned into 3-pm-wide tracks using the process described in §3.4. The
Pt/Co/MgO tracks were then irradiated with Het ions. The irradiation procedure was carried out
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at RT using a FIB at constant ion energy (25 keV). The FIB allows us to control the geometry of the
irradiated pattern with a high spatial resolution. Fig. 4.10.a displays a scanning electron microscopy
(SEM) image of a Pt/Co/MgO track. The irradiated patterns, drawn in red, are 6000 x 150 nm?
lines. These lines can be seen on the topography image (black dashed rectangle), acquired by AFM
for ID = 6 ion nm~2. The brighter colour corresponds to a slightly larger height, indicating that
the film has swollen upon irradiation, most probably caused by He'-ion implantation. Different
IDs were realised: Fig. 4.10.b displays the OOP hysteresis loops measured for IDs ranging from 0
(pristine) to 12 ion nm~2. These loops were measured by MOKE in 2 x 2 ym? irradiated areas on
the same sample. To do so, we used a sub-pm focused laser spot, which allows us to measure local
changes of the magnetisation as a function of the external field. Fig. 4.10.b reveals that, as the ID
increases, the coercivity decreases, suggesting a decrease of the effective anisotropy. For ID = 12
ion nm~? the hysteresis indicates an IP easy magnetisation axis. Note that XMCD-PEEM images
confirmed that for this ID, the magnetisation has turned IP in the irradiated areas.
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Fig. 4.11: Magnetic skyrmions in irradiated tracks | a-h. MFM images showing the magnetic
texture in the irradiated lines of Fig. 4.10.a, with ID = 6 ion nm~2, for different external OOP
fields: a. poH, = 0 mT, b. 4 mT, c. 8 mT, d. 10 mT, e. 19 mT, f. 24 mT, g. 33 mT and h.
43 mT. Scale bar is 500 nm for all images. i. Line-scans of the MFM signal (symbols) acquired for
the three skyrmions in h. Solid lines are Gaussian fits. j. Average skyrmion diameter as a function
of the external field measured in the irradiated tracks from images f~-h. The diameter is defined as
the full width at half maximum of the Gaussian.
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Let us now look at the magnetisation texture in the irradiated lines of Fig. 4.10.a. Fig. 4.11.a-h
show MFM images acquired for different external fields ugoH,. The magnetisation was saturated
beforehand with ugH, ~ — 100 mT. At H, = 0 (Fig. 4.11.a), the image displays a labyrinthine
worm domain pattern. We note an imbalance between up and down domains, which could be due
to the small remanent magnetisation of the pristine area. Then, upon increasing the external field,
the domains progressively shrink, up to a point where the pristine part is uniformly magnetised, at
poH, = 10 mT (Fig. 4.11.d), revealing worm domains aligned in the irradiated lines. Increasing
further the field (Fig. 4.11.e-h) leads to the separation of these worms into isolated skyrmions,
which are then compressed towards smaller sizes. In the pristine area, no magnetic skyrmion are
observed upon increasing the field, unlike for example the sample of §4.3. This can be explained by
the larger anisotropy, visible from the non-zero remanence on the ID = 0 loop in Fig. 4.10.b.

In the irradiated lines however, the reduced anisotropy allows the nucleation of magnetic skyrmions,
that reach very small sizes. Fig. 4.11.i shows line-scans of the MFM signal (symbols) acquired at
poH, = 43 mT for the three skyrmions marked in Fig. 4.11.h. The skyrmion diameter can be esti-
mated from the full width at half maximum of the Gaussian fit (solid lines), which gives: dg; = 33
nm, dgro = 22 nm and dg3 = 41 nm. Using this definition, we plot in Fig. 4.11.j the skyrmion
diameter as a function of the external field extracted from Fig. 4.11.f-h. The average skyrmion
diameter reaches very small values, down to 35 nm for poH, = 43 mT.

Material characterisation is under way at Spintec, which shall allow to determine the precise
impact of He™ irradiation on magnetic properties such as D and M. We can expect the irradiation
to introduce intermixing at the Pt/Co interface [188]. In Ta/FeCoB/MgO, the DMI was observed
to increase upon He™ irradiation [194,195]. In Pt/Co, ab initio calculations rather predict a slight
decrease of the DMI upon increasing Pt-Co intermixing [198]. Further experimental investigation
needs to be carried out to confirm the actual effect of Het-irradiation on the DMI in Pt/Co/MgO.

To conclude, He™ irradiation provides a method to locally write magnetic skyrmions in a film
where they would not otherwise be stable. This external degree of control offers promising perspec-
tives to tune the skyrmion stability in ultra-thin films, bringing them one step closer to applications.

This work was realised in collaboration with the Centre de Nanosciences et de Nanotechnologies
(C2N), Palaiseau, with the support of Mamour Sall, Dominique Mailly and Dafiné Ravelosona.
The MFM experiments were performed with the help of Kumari Gaurav Rana at the Institut Néel
in Grenoble.

4.6 Conclusions

In this chapter, I presented different approaches investigated during my PhD to nucleate and sta-
bilise magnetic skyrmions in ultra-thin Pt/Co/MgO films. This system, known to host left-handed
Néel skyrmions, was used as a building block for the different studies. In extended films, optimising
the Co thickness close to the spin reorientation transition allows to nucleate skyrmions from the
labyrinthine worm domains on applying an external magnetic field. In confined geometries, the
skyrmion size can be tuned by playing on the nanostructure dimensions. From these observations,
we also saw that the field-dependence of the skyrmion size is greatly impacted by pinning, which can
be qualitatively accounted in micromagnetic simulations by introducing a grain distribution with
anisotropy disorder. Then, instead of using an external field or geometrical confinement, we demon-
strated that skyrmions can also be stabilised by coupling the Co layer to a uniformly magnetised
FM layer, via a Ru spacer, which produces an internal effective field. Tuning the Ru thickness is
hence analogous to varying an external field. Finally, a novel approach to locally control skyrmion
nucleation using a He™ FIB was shown. In the next chapter, we will see more on the current-driven
motion of magnetic skyrmions.
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Chapter 5

Current-driven skyrmion dynamics in
an ultra-thin film

5.1 Introduction

For the future development of skyrmion-based applications involving memory-shift operations
such as racetrack memories [9] and logic devices [134], it is necessary to control and to characterise
the motion of skyrmions induced by an electrical current. In the previous chapters, we saw that
sputtered HM/FM/NM stacks combine several key features: the presence of stable skyrmions under
ambient conditions combined with large SOTs enabling fast skyrmion motion. In recent years,
mostly over the course of my PhD, significant progresses have been made in the observation of
the current-driven skyrmion motion [109,110,121,146,152,155,162]. These studies notably revealed
that the SKHE exhibits a pronounced dependence on the skyrmion velocity (or the current density)
[146,155]. In particular, quite a few studies focused on [HM/FM/NM]y multilayers with a large
number of repetitions N. It is notably in [Pt/CoFeB/MgO];5 that the the largest skyrmion velocities
(= 100 m s~!) were reported, for skyrmion in the range of 100 nm [110]. However, as explained
previously in §2.4.2, the large dipolar fields in these stray-field-coupled multilayers may outweigh
the DMI, leading to the stabilisation twisted spin structures with non-uniform chirality across
the stack [141-143]. This results in a complex current-driven dynamics due to layer-dependent
SOTs [144,145,164]. In particular, these hybrid-chirality textures may not conserve their topological
charge during the motion, even at relatively low current density, and therefore not be skyrmions,
which strongly impedes their motion [164]. Furthermore, for a given current density, a larger Joule
dissipation is also expected in multilayers since the dissipated power scales with the total film
thickness. For these reasons, single-layer films with homogeneous skyrmion chirality present a clear
advantage for technological purposes.

This chapter presents the results obtained on the current-driven skyrmion motion in an ultra-
thin Pt/Co/MgO film. In Chapter 4, we saw that this system hosts left-handed Néel skyrmions at
RT with diameters in the range of 100 nm. First, a description of the experiments is provided and
the main experimental results are exposed: the observation of the current-driven skyrmion motion,
reaching velocities up to 100 m s~!, and the observation of the SkHE which exhibits a marked
drive-dependence. Then, in order to interpret as accurately as possible these results based on the
Thiele model as well as micromagnetic simulations, a detailed characterisation of the magnetic film
is carried out. After detailing the different measurements, the comparison with the predictions of the
Thiele equation, in terms of velocity and skyrmion Hall angle (SkHA), is presented. These results
are then complemented by real-scale micromagnetic simulations including material inhomogeneities.
The simulations reveal the prominent role of pinning on the skyrmion motion and allow to reproduce
the different regimes of the dynamics. Finally, the present experimental results are compared to
previous experimental studies.
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5.2 Experimental observation of the current-driven skyrmion
motion

To study the current-driven motion of magnetic skyrmions, a Ta(3)/Pt(3)/Co(0.6-1.1)/MgO(0.9)/
Ta(2) film was deposited by magnetron sputtering on a 100 mm high-resistivity Si wafer. The film
was then patterned into 3-pm-wide tracks with contact pads consisting of Ti(10nm)/Au(100nm),
using the nanofabrication process described in §3.4 (see Fig. 5.1). The skyrmion motion was ob-
served by X-PEEM, at RT, at a position on the Co wedge corresponding to tc, = 0.9 nm. To
stabilise skyrmions from the initially demagnetised configuration, an OOP external magnetic field
pwoH, = — 5 mT is applied, hence stabilising skyrmions with a core magnetised along +2.

] Pt/Co/MgO o
2 ‘ R ’ i

Fig. 5.1: Device for current-driven skyrmion motion experiments | SEM image showing
a 3-pm-wide Pt/Co/MgO track with Ti/Au contact pad. A superimposed XCMD-PEEM image
displays isolated skyrmions at ugH, ~ — 5 mT.

From XMCD-PEEM images, we can extract an average diameter for these skyrmions. For
deformed skyrmion, we calculate an effective diameter assuming an elliptical shape: if a and b are
the major and minor axes of the elliptical skyrmion, its diameter is approximated by dg, = 2v/ab.
Fig. 5.2 displays a histogram of the effective diameter measured for a large number of skyrmions, at
poH, ~ —5 mT. From a Gaussian fit (solid line), we extract an average dg; = 156 £45 nm, the error
being the standard deviation. This dispersion is a consequence of the disorder and inhomogeneities
inherent to granular films that affect the skyrmion size and morphology [173,179,180], as discussed
in §4.3.1.

b dg, =156 nm
80 ”/
7 %7
.

b 40 80 120 160 200 240 280 320
Effective skyrmion diameter (nm)

Fig. 5.2: Skyrmion diameter | Distribution of the measured effective skyrmion diameter at
pwoH, =~ —5 mT. The solid line is a fit assuming a Gaussian distribution, with average 156 nm and
standard deviation 45 nm.

To follow their current-driven motion, ns current pulses are injected in the track, and the
skyrmion position is recorded before and after each pulse (static imaging). In Fig. 5.3.a-d and
5.3.e-1, two sequences of imagess show the characteristic skyrmion motion. Before each acquisition,
a single 11 ns current pulse of amplitude J = 5.6 x 10" A m~?2 is injected along +&. Overall, some
skyrmions exhibit a net motion of several hundreds of nm along the current, i.e. against the elec-
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5.2. Experimental observation of the current-driven skyrmion motion

tron flow (yellow and orange circles). The same directionality is also observed for skyrmions with
opposite core polarity, when H, > 0. In addition, these skyrmions experience a net motion perpen-
dicular to the current direction: this is the signature of the SKHE. This kind of motion is consistent
with the current-driven dynamics of left-handed Néel skyrmions governed by the SHE and with
the skyrmion core polarity, as explained in §2.5. Nevertheless, the skyrmion motion also exhibits a
stochastic character, with events of nucleation (black circle) and annihilation (red and blue circles).
In addition, the sequences of Fig. 5.3.a-d and 5.3.e-i reveal that the skyrmion displacement are not
identical for each current pulse. Finally, some skyrmions appear distorted after a current pulse, and
sometimes acquire an elongated shape. This stochastic behaviour can be attributed to the presence
of pinning sites obstructing the skyrmion motion [121,178].

Fig. 5.3: Observation of the current-driven skyrmion motion | a-d. and e-i. Two distinct
sequences of XMCD-PEEM images. Each image was acquired after a single 11 ns current pulse
of amplitude J = 5.6 x 101 A m~2. In both cases, the charge current is flowing along +&. The
external magnetic field is poH, =~ — 5 mT.

Despite this irregular motion, systematic measurements of the current-induced displacements,
averaged over a large number of skyrmions, allow to extract an average skyrmion velocity and
an average SKkHA defined here as the angle ©gry between the current and the skyrmion motion
directions (see Fig. 5.4.a-c). Fig. 5.4.d displays the evolution of the skyrmion velocity with the
current density. The velocity is calculated for each skyrmion as the total displacement divided by the
measured pulse width (8 ns and 11 ns), and then averaged over multiple events for identical current
density. The current density is calculated for each pulse from the measured current transmitted
through the device, assuming that it flows uniformly in Pt(3)/Co(0.9), owing to the larger resistivity
of the Ta(3) under-layer. The thermal drift between each acquisition is corrected from larger images
using the right-angled corner of the track (see Fig. 5.1). Note that only the moving skyrmions,
i.e. those for which a significant displacement was observed after injection of a single current pulse,
were taken into account in the average.

Below a threshold current density, highlighted by the shaded area in Fig. 5.4.d, no significant
displacement was observed after injection of a single current pulse. Above J = 3.5 x 10'* A m~2,
the skyrmion velocity increases monotonically with the current density, and reaches 100 m s~ for
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Fig. 5.4: Experimental skyrmion velocity and skyrmion Hall angle | a-c. Sequence of
XMCD-PEEM images showing a skyrmion after 2 consecutive 8 ns current pulses with opposite
polarities (scale bar is 200 nm). The SKkHA, Ogxp, is defined as the angle between the current
and the skyrmion motion directions. d. Skyrmion velocity as a function of the current density.
e. SKHA as a function of the skyrmion velocity. The error bars denote the sum of the systematic
measurement error and the standard deviation. The shaded areas highlight the regime for which
no significant displacement was observed after injection of a single pulse.

J = 6.8 x 10" A m~2. Note that injecting larger current densities leads to skyrmion nucleation,
most likely on defects, making it difficult to distinguish displacements from nucleation events. Fur-
thermore, as previously mentioned, the current injection also leads to a motion perpendicular to
the current direction. The direction of deflection with respect to the current direction is unchanged
when reversing the current direction (see Fig. 5.4.a-c), which is a hallmark of the SKHE. The mea-
surements (Fig. 5.4.e) reveal that the SKHA depends on the skyrmion velocity: it also exhibits a
monotonic increase, up to about 50°.

In the following, these results are discussed and interpreted in the light of Thiele’s model (§5.4) as
well as micromagnetic simulations (§5.5). For this purpose, a complete characterisation of the static
and transport properties of the Pt/Co/MgO stack was carried out. Details about the measurements
of the different parameters are provided in the following section. A summary of all the parameters is
given in §5.3.6 so the reader may jump directly to this section and the followings for the discussion.

5.3 Characterisation of the system for modelling the skyrmion
dynamics
The different measurements were performed on a Ta(3)/Pt(3)/Co(0.6-1.1)/MgO(0.9)/Ta(2) full

film sample — hereafter Pt/Co/MgO — that was deposited alongside the wafer where the skyrmion
motion was studied (except for My measurements as detailed below in §5.3.1).

5.3.1 Saturation magnetisation and anisotropy

The saturation magnetisation and the anisotropy were measured by SQUID magnetometry.
To measure Mj, different — non-wedged — Pt/Co(tc,)/MgO samples were deposited, with tc,
ranging from 0.6 nm to 3 nm. The total magnetic moment was measured at RT from the IP and
OOP hysteresis loops on ~ 5 x 5 mm? samples. The area of each sample was precisely extracted
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5.3. Characterisation of the system for modelling the skyrmion dynamics

from SEM images. Fig. 5.5.a displays the measured magnetic moment per unit area, Mtc,, as a
function of the Co thickness, t¢,. The saturation magnetisation is extracted from a linear fit: we
find M, = 1.42+0.05 MA m™", that is the saturation magnetisation of the Co bulk. The intercept
of the fit with the z-axis is found very close to t¢, = 0, indicating the absence of magnetically dead
layer, in line with previous measurements [199].
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Fig. 5.5: Saturation magnetisation and effective anisotropy measurements | SQUID
magnetometry measurements at RT. a. Magnetic moment per unit area measured on different Pt/
Co(tco)/MgO samples. b. IP and OOP hysteresis loops measured on a Pt/Co(0.9)/MgO sample.

The anisotropy field was measured from the hard-axis hysteresis loop on a Pt/Co(0.9)/MgO
sample (~ 3 x 3 mm?), at the position on the wedge where the skyrmion motion was observed.
A value Kepp = 7 X 10* J m~3 was found for the effective anisotropy, from which we deduce the
uniaxial anisotropy constant, K, = K¢ + poM2/2 = (1.34 £0.12) x 10 J m~3.

5.3.2 Dzyaloshinskii-Moriya interaction

The DMI constant, D, was measured by Brillouin light scattering (BLS) spectroscopy on a Pt/
Co(0.91nm)/MgO sample.
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Fig. 5.6: Brillouin light scattering measurements | a. BLS spectrum measured for an IP
field poH = 0.6 T, and for kg = 20.45 pm~—'. The black squares are experimental data and the
red line is a Lorentzian fit. The blue line is the Lorentzian inverted with respect to f = 0. Af is
the shift between the Stokes and anti-Stokes peak frequencies. b. Frequency shift as a function of
the wave vector.

The principle of the technique is the following: the magnetisation is saturated in the film plane by

an external field (uoH = 0.6 T), and spin waves (SW) propagating along the direction perpendicular
to this field are probed by a laser with a well-defined wave vector, kgy . The preferred handedness
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Chapter 5. Current-driven skyrmion dynamics in an ultra-thin film

introduced by the DMI leads to an energy difference between two SW propagating in opposite
directions, 7.e. with opposite wave vector. This energy difference corresponds to a frequency shift:
Af (ksw) = fs(ksw) — fas (ksw), where fg and fag are the Stokes (a SW is created) and anti-
Stokes (a SW is absorbed) frequencies. This frequency shift is directly related to the DMI by the
relation Af (ksw) = 2vksw D/ (wMs), with v the gyromagnetic ratio [41].

Fig. 5.6.a shows a BLS spectrum measured for an IP field ygH = 0.6 T and for kg = 20.45
pm~!. It displays the Stokes and anti-Stokes peaks, characterised respectively by fg > 0 and
fas < 0. The frequency shift, Af, is obtained from a Lorentzian fit (red line). These measurements
are performed for several wave vectors (see Fig. 5.6.b, black squares). The DMI is then extracted
from the linear fit of Af (ksw) (Fig. 5.6.b, red line). We find D = —1.27 + 0.04 mJ m~2, us-
ing My = 1.42 MA m~! (§5.3.1) and v/(27) = 31 GHz T~ !, extracted from FMR measurements.
In these experiments, a negative D value indicates a left-handed chirality, in line with a previous
study [48]. For consistency with the convention used in this work, we will consider the absolute
value of D in the following. Note that to extract the DMI from BLS measurements, unlike with
other methods based on asymmetric DW propagation [35,43,44], it is not required to know the DW

width A = /A/K s, and therefore the exchange and effective anisotropy constants, thus reducing
the measurement error.

The BLS measurements were performed by Mohamed Belmeguenai and Yves Roussigné at the
Laboratoire des Sciences des Procédés et des Matériaux (LSPM) in Villetaneuse, France.

5.3.3 Exchange constant

In order to estimate the exchange constant, A, two different methods were used. On the one
hand, we compared the average domain width, measured at zero field in Pt/Co(0.91nm)/MgO using
MFM,! to that extracted from micromagnetic simulations for different A values. On the other hand,
we fitted the Stokes and anti-Stokes frequencies measured by BLS by their analytical expressions,
which depends on A.

The simulations were performed with Mumax3 [174] using the following parameters: M, = 1.42
MA m™, D =127mJ] m?, K, = 1.33 x 10° J m™3 and a = 0.5. Here the slightly lower
anisotropy accounts for the slightly larger thickness of the sample used. Fig. 5.7.a displays the
calculated domain width as a function of A. The insets of Fig. 5.7.a show the zero-field domain
configuration observed by MFM and that obtained from micromagnetic simulations with A = 15
pJ m~!. In the simulations, a 200-nm-diameter bubble is relaxed at zero field, resulting in this
particular domain pattern. Note that the equilibrium domain size does not depend on the initial
state. In addition, periodic boundary conditions are considered to mimic an infinite film. The red
lines in Fig. 5.7.a indicate the domain size extracted from the MFM image: 120 + 49 nm. We find
A =16 +6 pJ m~!. This value was chosen for the micromagnetic simulations.

We note the imprecision on the estimation of A given the uncertainty on the domain width
measurement. To support these findings, this value is then compared to that extracted from BLS
measurements, more precisely from the dependence of the Stokes and anti-Stokes frequencies on the
SW wave vector, ksy. These frequencies are given by [41]:

f(ksw) = fo(ksw) £ %Af(k‘sw)

= L0 (H + JokZyy, + Pleswt)M,) (H + Jokly, — P(kswt)M, — Hy) +

Y
wMs

Dksw (5.1)

Here Jo = 2A/(poMs), P(kswt) =1 — (1 — e"kSW't) / (lkswt), Hx is the anisotropy field and
the + (—) sign corresponds to fs (fas). Fig. 5.7.b displays the measured fg and fas (symbols).
Using eq. (5.1), we plot the analytical values for the two frequencies corresponding to A = 16 +

1Same sample as the one used for BLS measurements.
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5.3. Characterisation of the system for modelling the skyrmion dynamics

6 pJ m~'. A very good agreement is found in the range of A values extracted from domain

width measurements, and the best fit is found for A ~ 18 pJ m™!, which falls within the previous
estimation. This confirms the relevance of using A = 16 pJ m~! in the simulations. Note that for
modelling the skyrmion dynamics, A mainly impacts the DW width A, included in the calculation
of the skyrmion velocity and the SkHA. Since A o v/A, a small change in A would have very little
influence on these two quantities.
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Fig. 5.7: Estimation of the exchange constant | a. Micromagnetic simulations: average
domain width as a function of A. The error bars denote the standard deviation and the solid black
line is a guide for the eye. The red lines indicate the average domain width measured from the zero-
field MFM image: 120 + 49 nm. The insets display the zero-field domain configuration observed
by MFM and the one obtained from micromagnetic simulations with A = 15 pJ m~! (scale bar
is 500 nm). b. BLS measurements: measured Stokes (black squares) and anti-Stokes (red dots)
frequencies as a function of the wave vector, kgy. The lines represent the expressions given by eq.
(5.1) with A =164+6 pJ m~*.

5.3.4 Magnetic damping

The magnetic damping, «, was extracted from field-driven DW dynamics experiments. The DW
motion was followed by MOKE microscopy on the same Pt/Co(tc,)/MgO stack, at a position on
the wedge corresponding to t¢, = 0.63 nm where larger domains are observed, owing to the larger
effective anisotropy (Kepf = 6.7 x 10° J m~3). The external magnetic field is applied along the easy
axis (OOP) to displace DWs.
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Fig. 5.8: Field-driven DW dynamics experiments | The DW velocity, measured from MOKE
microscopy images on a Pt/Co(0.63nm)/MgO, as a function of the external OOP magnetic field.
The red line is a linear fit in the flow regime.
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Chapter 5. Current-driven skyrmion dynamics in an ultra-thin film

Fig. 5.8 shows the measured DW velocity as a function of the external field. In the steady-
state regime, the DW velocity can be expressed as follows: vpw = pupwuoH,, with ppw the DW
mobility. The mobility takes different values in the flow and precessional regimes, respectively
ppow = YA/a and pupw = yA/(a +a~t) [66]. Experimentally, we find ppw = 2.2 m s7! mT~L.
We extract A = 5 nm from our material parameters using A = 16 pJ m~! and Kepp = 6.7 x 10°
J m™3. A fit in the flow regime yields oo = 0.43 + 0.08, taking into account the uncertainty on A
and using 7/(27) = 31 GHz T~!. On the contrary, using the expression in the precessional regime
would lead to a non-physical, complex value for the damping. This implies that the DW dynamics
in the observed linear regime is in the flow regime, consistently with the large DMI (see §1.3.2).

The DW dynamics experiments were performed by José Pena-Garcia and Stefania Pizzini at the
Institut Néel in Grenoble, France.

5.3.5 Spin-orbit torques

The DL-SOT and FL-SOT were extracted from RT quasi-static harmonic Hall voltage mea-
surements [87,94] on a Pt/Co(0.9)/MgO film. The film was patterned into a 5-pm-wide cross, as
represented in Fig. 5.9.a. An AC current of frequency w/ (2r) = 10 Hz is injected along & and
the transverse resistance, along ¢, is measured. As introduced earlier (§1.3.3.2), the DL-SOT and
FL-SOT, Tprrr)y = —70 (m X HDL(FL)), can be expressed in terms of their effective fields as
follows: poHpr = CprJ[(2 x ) x m] = CprJ (§ x m) and poHpp = CprJ(2 x j) = CrrJ4,
where j = & is the unit vector in the current direction [87].
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Fig. 5.9: Harmonic Hall voltage measurements | a. Schematics of the device consisting of
a 5-pm-wide cross. b. Second harmonic FL component as a function of the external magnetic
field. The red line is a linear fit with fixed zero intercept: for an infinitely large external field,
the magnetisation is saturated in the field direction and the response to the SOTs vanishes. c.
Second harmonic DL and thermal components as a function of the effective field exerted on the
magnetisation. The red line is a linear fit in the regime H.,; > Hg. The DL-SOT effective field is
obtained from the slope while the intercept provides the thermal component.

The principle of the measurement is the following: the amplitude of these effective fields is
compared to that of an external field. The external field, H.,; = cos (¢) & + sin (¢) g, is rotated
in the sample plane and the transverse harmonic resistances are measured for 0 < ¢ < 27. Using
a spherical coordinate system, as defined in Fig. 5.9.a, the first harmonic expression for the Hall
resistance is given by: Ry, = R% cos (0) + Ry sin? (0) sin (2¢) [200]. This expression provides
the equilibrium position of the magnetisation, which depends on the first harmonic anomalous and
planar Hall coefficients, R4 ;; and R% ;- respectively. The second harmonic resistance R3¢ consists
of the FL, DL and thermal components, R%“’L, RQD“’L and R%‘”T, such that R% = R%“JL + R%"L + RQV“’T.
The components R% and R%; + R%. can be separated based on their distinct p-dependence. The
FL-SOT and DL-SOT effective fields can be further obtained from these two terms by considering
their dependence on the total magnetic field acting on the magnetisation. One the one hand, H gy,
is equivalent to a homogeneous IP magnetic field, independent of the magnetisation direction, and
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5.3. Characterisation of the system for modelling the skyrmion dynamics

it can be shown that R%“’L X 1/Heyzt. On the other hand, H pj, depends on the magnetisation
orientation. Since the Co exhibits PMA, the action of both external and anisotropy fields needs
to be taken into account to extract the DL component. Then, one can show that R%) + R&. o
1/ (Heyt — Hr). Fig. 5.9.b and 5.9.c display the dependence of these two terms.

The DL and FL components are then extracted from the slope in the linear regime (red lines)
and found to be Cpr, = 2.1 x 107 and Crr, = 0.9 x 107 T A~! m?, that is Cpy, = 2.1 and
Crr, = 0.9 mT per 101 A m~2. To calculate these terms, Cprrr) = Hprrry/J, we estimated
the current density J with the same assumption as for the skyrmion motion experiments: all the
current flows in the Pt(3)/Co(0.9) bilayer. Since the skyrmion velocity is proportional to Cpr, this
approximation does not introduce any discrepancy between the experimental data and the analytical
expression. Finally, note that the sign of the DL-SOT is consistent with the SHE in Pt (positive
SHA) [7,79,86,87] while the sign of the FL-SOT is consistent with the Rashba effect [7,201].

These experiments provide a direct measurement of SOTs. Therefore, the value of the DL-SOT
effective field can be used to calculate the skyrmion velocity predicted by the model and the mea-
sured ratio Cpr/Cpyr, can be implemented directly into the micromagnetic code. This way, it is not
required to estimate the SHA, which would constitute an additional source of error.

I realised the fabrication of the device. The harmonic Hall voltage measurements were performed
by Jayshankar Nath with the help of loan Mihai Miron at Spintec.

5.3.6 Summary

Below is a table that summarises the different parameter used to model the current-driven
skyrmion dynamics in Pt/Co/MgO. The determination of the different parameters is given in the
above sections. The DW width A was deduced from micromagnetic simulations (see §5.5 hereafter).

v/(2m) (GHz T—1) 31

Mg (MA m™1) 1.42 +0.05

K, (105 J m™3) 1.34 +£0.12

D (mJ m~2) 1.27 £0.04

a (tco =0.63 nm)  |0.43 4 0.08

A (pJ m™1) 16 +6
A (nm) 11.5
R (nm) 78 £23

Cpr (10714 T A~1 m?) 2.1

Crp (1071 T A=t m?) 0.9

Table 5.1: Summary of the parameters for Pt/Co/MgO | Gyromagnetic ratio 7, saturation
magnetisation M, uniaxial anisotropy constant K,, DMI constant D, magnetic damping «, ex-
change constant A, DW width A, average skyrmion radius R at ug|H.| ~ 5 mT, effective magnetic
fields associated with the DL-SOT and FL-SOT, Cp;, and Cry, respectively. All parameters were
measured for tc, = 0.9 nm, except «, measured for t¢, = 0.63 nm.
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Chapter 5. Current-driven skyrmion dynamics in an ultra-thin film

5.4 Comparison with the Thiele model

The experimental results are first compared with the prediction of the Thiele equation, intro-
duced in §2.5, and whose derivation is detailed in §A.1. Although simple, this equation captures
most of the physical ingredients that drive the skyrmion dynamics and is particularly relevant in
an ultra-thin film with homogeneous Néel chirality across its thickness. It reads:

F+Gxv—aDv=0 (5.2)

with F' the force due to the current. For a left-handed Néel skyrmion with p = 1, which corre-
sponds to most of the experiments described in §5.2, G = G2 with G = —4n Mt /~. Furthermore,
R > A yields D = %277%. Upon injecting a current into the Pt/Co/MgO stack, a DL-SOT
and a FL-SOT are exerted on the magnetisation, and an Oersted field is generated. These terms
result in different forces on the skyrmion. Litzius et al. [146] notably claimed that the observed
drive-dependence of the SkHA can be accounted for by the effect of a large FL-SOT on a deformed
skyrmion, and Hrabec et al. [152] showed that the Oersted field can be translated into a force
perpendicular to the current direction. Since the skyrmion is assumed rigid in the present model,
the FL-SOT, equivalent to the action of a homogeneous IP magnetic field, does not generate any
force. Its effect will be analysed with micromagnetic simulations in the next section. Therefore,
only the forces due to DL-SOT and the Oersted field, F pr, and Fo. respectively, are considered in
the following. We can hence write F = Fpr + Fo., with Fp;, = Fpr& and Fo. = Foc9 (see §A.2
for their calculation). The longitudinal (v,) and transverse (v,) skyrmion velocity can further be
expressed as:

aDFpr — GFo,

Ve = D (5.3)
GFpr, + aDFp,
vy = 2 1 o2D? (5.4)

The different forces exerted on the skyrmion are given in Fig. 5.10. Note that it represents a
snapshot of the moving, rigid skyrmion in the steady-state regime. The DL-SOT drives the skyrmion
along the current and the gyrotropic force G x v describes a deflection of the skyrmion in a transverse
direction, consistent with that observed experimentally (see Fig. 5.3.a-c). The observed direction
of motion is thus consistent with a dynamics governed by the SHE-induced DL-SOT. Then, the
Oersted field force is opposite to the y component of the gyrotropic force. Hence, we can already
point out that this term can only reduce the measured SkKHA and therefore cannot account for the
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Fig. 5.10: Direction of the forces exerted on a moving rigid skyrmion | The skyrmion is
of Néel type with a left-handed chirality and p = 1, 7.e. Ng; =1 (inset). G is the gyrotropic vector,
J the charge current (opposite to the electron flow) and Fpy, and Fo. are respectively the forces
due to the DL-SOT and the Oersted field.

70



5.4. Comparison with the Thiele model

observed drive-dependence of the SKkHA. This remains true for a left-handed skyrmion with opposite
core polarity, since upon reversing Ny, both G and Fp,. change sign but not Fpy, (see §A.2).

J (A m_z) Fpr, FG,y Fo.
4 %10 | 8.26 |—3.83(0.04
7 x 101 |14.46 | —6.71]0.07

Table 5.2: Amplitude of the forces exerted on a moving rigid skyrmion | The forces,
given in pN, are calculated from the expressions given in §A.2 using the parameters of Table 5.1.
F¢ 4 denotes the y-component of the gyrotropic force, Fg = G x v.

To emphasise this, the different forces were evaluated numerically assuming that the skyrmion
has a radial 360° Bloch DW profile, consistently with experimental observations [48,108], and us-
ing the experimental parameters of Table 5.1. The results are given in Table 5.2, with Fg, the
y-component of the gyrotropic force, F¢ = G x v. It reveals that Fp,. is negligible as compared to
Fg,y. Therefore, the Oersted field cannot explain the drive-dependence of the SkHA observed exper-
imentally and can be be neglected in the calculation of the skyrmion velocity and the SkHA. This
remains true for narrower tracks where the Oersted field gradient is larger: typically, Fz,,/Foe ~ 10
for 300-nm-wide tracks.! Finally, neglecting the terms proportional to Fo, in eq. (5.3) and eq. (5.4)
yields:

’U—f}?Tﬂ- R CDLJ (5.5)
2
(%) 1
2A
tan © = — 5.6
anOsen = —— (5.6)

where Ogrp is taken positive for consistency with the convention of Fig. 5.4 and Fig. 5.10.
Using the experimental parameters (Table 5.1), we plot the analytical solution on the experimental
data in Fig. 5.11 (red solid lines).
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Fig. 5.11: Comparison of the experimental skyrmion velocity and SKkHA with the

analytical model | a. Skyrmion velocity as a function of the current density. b. SkHA as a
function of the skyrmion velocity. The red lines are the analytical skyrmion velocity and SkHA,
calculated from a. eq. (5.5) and b. eq. (5.6), using the experimental parameters given in Table 5.1
for o = 0.43 (solid line) and a = 0.30 (dashed line).

!Note that in such narrow tracks, edge repulsion may also contribute by opposing the transverse skyrmion motion.
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Chapter 5. Current-driven skyrmion dynamics in an ultra-thin film

For the velocity (Fig. 5.11.a), a relatively good agreement is found with the experimental data at
high current density, considering that v depends critically on quite a few parameters (see eq. (5.5)).
Nevertheless, the experimental velocity is smaller than the one predicted by the Thiele equation
at low current density. A similar observation was pointed out for current-driven DW velocities
measured in Pt/Co/AlO, [64]. It can be accounted for by the effect of pinning on the skyrmion
dynamics, not taken into account in this simple model. Pinning is expected to introduce a thermally
activated regime at low driving current, characterised by smaller velocities. This indicates that the
skyrmion dynamics in our experiments is in a depinning regime and points at the existence of a
flow regime for the largest current densities injected.

Concerning the SkKHA (Fig. 5.11.b), a value Ogry = 34° £+ 8° is found, accounting for the
dispersion in the skyrmion radius. This SKHA is independent of the skyrmion velocity or the
applied current, in sharp contrast with our observations as well as previous experimental studies
[146,155]. This discrepancy with the experiments can also be explained by the presence of pinning
sites [121,178,202]. Moreover, the calculated — steady-flow — SkHA is found below the largest
measured values. However, as it will be shown hereafter by simulations (§5.5), the SKHA is expected
to tend towards the analytical value at large skyrmion velocity.
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Fig. 5.12: Influence of the damping on the skyrmion velocity and the SKkHA | a. Skyrmion
velocity calculated from eq. (5.5) as a function of the magnetic damping « for two current densities,
corresponding to the smallest and largest current densities used in the experiments (Fig. 5.11). b.
SkHA as a function of a calculated from eq. (5.6).

It is noteworthy that the damping is a critical parameter in the calculation of the skyrmion
velocity and the SkHA. This is emphasised in Fig. 5.12 which displays v and Ogpy as a function
of «, calculated for the smallest and largest current densities used in the experiments. Here, we
used a = 0.43, measured in Pt/Co(0.63nm)/MgO from the DW mobility in the field-driven steady-
flow regime (§5.3.4). Such a large damping is very often required to account for the measured
DW mobility in ultra-thin films, for example Pt/Co/Pt [65,66], Pt/Co/AlO, [64,65] and Pt/Co/
GdO, [65]. Different mechanisms have been proposed to explain these large a: roughness and
material inhomogeneities [203,204], spin pumping into the Pt [205] and Rashba SOC [206].1 These
additional damping contributions can significantly impact the DW and skyrmion mobility [209].
Although the determination of the different dissipation mechanisms is beyond the scope of this
work, one may argue that these terms are of interfacial origin (except for the material imperfections
contribution). Hence, the damping is expected to be lower for thicker Co. In fact, the o = 0.43
value was measured for thinner Co (t¢, = 0.63 nm), which is required to stabilise large domains
and drive DWs with an external field. The simplest approximation to account for the increase in
the Co thickness is to assume that o o« 1/¢, leading to a = 0.30 for ¢, = 0.9 nm. Accounting for

! An additional dissipation mechanism exists when large magnetisation gradients, i.e. DWs or skyrmions, are
present: intra-layer spin pumping [207]. This was proposed to explain the difference between the damping extracted
from field-driven DW dynamics and FMR experiments [208].
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this correction leads to an enhancement of the calculated skyrmion velocity and SkHA: Ogrg =
45° + 8° (see Fig. 5.11, red dashed lines). This provides a better agreement with the experimental
results, as it will be justified in the following section.

5.5 Micromagnetic simulations

To go beyond the assumptions and limitations of the analytical model, we carried out micromag-
netic simulations using the micro3D code [210], with the parameters of Table 5.1.1 The geometry
consists of a 1040 x 560 x 0.9 nm? track with a cell size of 3.2 x 3.2 x 0.45 nm?. Fig. 5.13.a displays
the initial skyrmion state. The magnetic field was tuned to obtain the same skyrmion radius at
rest as in the experiments: R = 78.8 nm at pugH, = —5.4 mT, in quantitative agreement with the
observations. In Fig. 5.13.b is plotted the OOP magnetisation profile (m,) across the skyrmion.
The radius as well as the DW width, A = 11.5 nm, are extracted from a fit with a 360° Bloch DW
profile.

HoH,=-5.4mT [RArA b = Simu.

I+1

" 1 " 1
-200 -100 0 100 200
Distance (nm)

Fig. 5.13: Micromagnetic simulations: initial state | a. Skyrmion at rest, ugH, = —5.4 mT.
b. Skyrmion profile (dashed black line in a). The red solid line is a fit with a 360° Bloch DW profile
from which are extracted the skyrmion radius (R = 78.8 nm) and the DW width (A = 11.5 nm).

To study the current-driven dynamics of this skyrmion, both the DL-SOT and the FL-SOT
were implemented into the micromagnetic code, using the measured ratio Cpr/Cpr, = 0.45. Fig.
5.14.a and 5.14.b show snapshots of the skyrmion dynamics during the application of a current of
amplitude J = 2.9 x 10 A m™2 and 6.7 x 10'" A m~2 respectively. As indicated by the red arrow,
the current is tilted by 45° so that the skyrmion roughly moves along the track. The simulations
reveal that the skyrmion expands and deforms, an effect even more pronounced when the current
is large. In addition, it is purely dynamical: when the current is switched off, the skyrmion shrinks
back to its original size and recovers its rotational symmetry. To highlight this effect, we calculated
the effective skyrmion size, defined as the area for which m, > 0, normalised by the skyrmion area
at rest, 7R?. Fig. 5.14.c displays its evolution with the current density. It shows that the skyrmion
size increases significantly, in contradiction with the rigid-core assumption of Thiele’s model. This
effect is actually analogous to another well-known effect observed for DW: the asymmetric DW
velocity relative to the current direction when driven by SOTs [211-213]. In short, different tilt
angles, that is the angle between the DW internal magnetisation (m, = 0) and the current, result in
different DL-SOT-induced velocities [214]. In a skyrmion, enclosed by an initially circular DW, the
tilt angle varies continuously from 0 to 360°. As a result, different sections of the skyrmion exhibit
different DL-SOT-induced velocities, resulting in its deformation.

!The micromagnetic simulations were performed by Liliana Buda-Prejbeanu at Spintec.
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Fig. 5.14: Micromagnetic simulations: current-driven skyrmion dynamics | a,b. Se-
quences of snapshots showing the skyrmion motion in a disorder-free film with a. J = 2.9 x 101 A
m~2 and b. J = 6.7 x 101 A m~2 (scale bar is 100 nm). c. Evolution of the skyrmion size with
the current density (at 5 ns). The size is defined as the area for which m, > 0 (in red) normalised
by the area at rest 7R?. d. Sequence of snapshots in a disordered film for J = 6.7 x 10'* A m~2.
The dark (bright) grains are region with stronger (weaker) anisotropy. e,f. Trajectories recorded
for different grain distributions for e. J = 2.9 x 10'* A m~2 and f. 6.7 x 10'' A m~2. The blue
dotted lines indicate the skyrmion trajectories in the absence of disorder. Deformed skyrmions are
located by their barycentre.

To follow the dynamics of a non-circular skyrmion, we record the position of its barycentre.
The skyrmion velocity and SKHA thus obtained are plotted as blue dots in Fig. 5.15.a and 5.15.b.
Remarkably, the simulations are in excellent agreement with the simple prediction of the analytical
model (red line), highlighting the relevance of discussing the experimental results in the light Thiele’s
model. Surprisingly, the DL-SOT-induced expansion/deformation does not alter significantly the
skyrmion dynamics in the range of current density considered, in spite of the large expansion.
Therefore, this effect cannot account for the evolution of the skyrmion velocity and SkKHA observed
experimentally.

Another explanation to account for the evolution of the skyrmion velocity and the SkHA is
the presence of pinning sites in the material [121,178,202]. To include such an effect, we introduce
disorder, modelled by a distribution of grains with different anisotropies [137,178], as already pre-
sented in §4.3.1. The average grain size is 30 nm and the anisotropy is varied randomly within
(1+0.05) K,,. Fig. 5.14.d displays the motion of a skyrmion for a given disorder configuration and
for J = 6.7 x 10" A m~2. It reveals that the skyrmion experiences an additional dynamical defor-
mation due to the local variation of anisotropy creating minima for the DW energy. This makes it
difficult to draw a distinction between the contributions of DL-SOT and disorder to the skyrmion
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5.5. Micromagnetic simulations

deformation. The skyrmion at rest is also distorted since it relaxes on an inhomogeneous energy
landscape (§4.3.1). Fig. 5.14.e and 5.14.f display the skyrmion trajectories recorded for different
grain distributions and for J = 2.9 x 101" A m~2 and J = 6.7 x 10'" A m~2, respectively. The blue
dotted lines represent the trajectories in the absence of disorder. The first plot reveals a stochastic
dynamics, with a large dispersion in the direction of motion. In some cases, the skyrmions are
stopped on a strong pinning site, preventing further motion. For larger current densities, the num-
ber of such events decreases and the trajectories approach that of the ideal case. This is emphasised
in Fig. 5.15.a, which shows the skyrmion velocity as a function of the current density with and
without disorder.
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Fig. 5.15: Micromagnetic simulations: skyrmion velocity and SkHA | a. Skyrmion
velocity as a function of the current density in a disorder-free film (blue circles) and in a disordered
film (black stars). b. SkHA as a function of the skyrmion velocity. The analytical solutions (red
solid lines) are calculated from a. eq. (5.5) and b. eq. (5.6). The error bars denote the standard
deviation. The shaded areas highlight the pinning regime.

The disorder introduces different regimes in the dynamics: at low driving current, the average
velocity, calculated from the total displacement after 8 ns computation time, is close to zero. This
pinning regime is highlighted by the shaded area in Fig. 5.15.a. At higher current density, the
driving force becomes large as compared to the pinning force, resulting in an increased mobility.
Eventually, the skyrmion velocity catches up with the disorder-free velocity, which can be identified
as the flow regime. This behaviour is completely analogous to that of current-driven DWs [64] and
points out that care should be taken when interpreting the regime of the skyrmion dynamics. In
the pinning regime, a reduction in the average SkKHA is observed (Fig. 5.15.b). Upon increasing
the driving force, the SkHA increases monotonically and converges towards the disorder-free SkHA
in the flow regime. These results can be understood as follows: pinning can be pictured as a force
opposite to the ideal skyrmion motion direction [215], thus lowering its velocity. The gyrotropic
response to this force will deviate the skyrmion from its initial trajectory, in a direction transverse
to this pinning force, according to G x v. This effect, sometimes referred to as extrinsic SkHE [178],
prevails at low current density and becomes negligible as the driving forces gradually outweighs the
pinning force.

Furthermore, the influence of the FL-SOT on such distorted skyrmions was also investigated.
In a recent study, the effect of a sizeable FL-SOT coupled to a skyrmion deformation was put
forward to explain the drive-dependence of the SkHA [146]. We considered different values of
the ratio Crr,/Cpr: 0, 0.45 and 1, 0.45 being the measured value (§5.3.5). The corresponding
skyrmion velocity and SkHA, obtained from disorder-free simulations, are plotted in Fig. 5.16.a
and 5.16.b respectively. It reveals that, even for FL-SOT amplitudes twice as large as the measured
value, its effect on the skyrmion dynamics is largely negligible in the range of current density
considered. Moreover, increasing the FL-SOT leads to a (small) decrease of the SkKHA rather than an
increase. Therefore, the FL-SOT cannot account for the velocity-dependence of the SkHA observed
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Chapter 5. Current-driven skyrmion dynamics in an ultra-thin film

experimentally. Lastly, as highlighted in Fig. 5.16.c and 5.16.d, the FL-SOT has very little influence
on the dynamical skyrmion deformation/expansion. Hence, for realistic relative SOTs amplitudes
(up to Crr, = Cpp), the effect of the FL-SOT on the current-driven skyrmion dynamics can safely
be neglected.
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Fig. 5.16: Micromagnetic simulations: influence of the FL-SOT | a. Skyrmion velocity and
b. SKkHA obtained from micromagnetic simulations in a disorder-free film for different Crr/Cpr;
0.45 is the measured value. c. Snapshots of a skyrmion after 5 ns at J = 6.7 x 101 A m~2 and for
different Crr,/Cpr. d. Evolution of the skyrmion size with the current density (at 5 ns). The size
is defined as the total area for which m, > 0 (in red in c) normalised by the area at rest.

By comparing Fig. 5.11 and Fig. 5.15, we see that the simulations are in excellent agreement
with the observations. This strongly supports that the observed drive-dependence of the skyrmion
velocity and that of the SKHA are due to pinning effects. Note that only the non-shaded areas are to
be compared as the pinning regime is not observed in the experiments. Although the critical current
densities and skyrmion velocities at which the depinning and flow regimes are reached depend on the
choice of disorder parameters [121,178], this approach constitutes a good qualitative description of
the pinning effect on the current-driven skyrmion motion. Indeed, the same three-regime behaviour
is obtained for DMI, exchange and saturation magnetisation disorder [121]. Qualitatively, the
simulations show reveal that the disorder-free velocity and SkHA constitute upper bounds for the
velocity and SkHA in disordered systems. This supports the aforementioned assumption of a lower
damping in Pt/Co(0.9nm)/MgO film. Now we see that considering o = 0.30 instead of o = 0.43,
measured for Pt/Co(0.63nm)/MgO, enhances the disorder-free velocity and SKHA (Fig. 5.15, red
dashed lines), leading to an excellent agreement with the simulations. Therefore, it points out that
the observed skyrmion dynamics is in a depinning regime, and suggests that the flow regime is
reached for the largest current densities.
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5.6 Comparison with other experiments

5.6.1 Skyrmion velocity

To date, several groups have reported the current-driven motion of magnetic skyrmions in HM/
FM/NM films (single- and multi-layers). The main results are presented in Table 5.3. Overall,
similar results were obtained for Pt/FM-based systems, with skyrmion sizes and velocities of the
same order of magnitude. Note that weaker pinning effects were reported in some amorphous
materials such as Ta/FeCoB/TaO, [155] and [Pt/CoFeB/MgO];5 [110,146].

Material dgp (nm) v (ms7!)|J (1011 A m—2) Ref.
[Pt/Co/Tal15 ~ 150 (estim.) 50 3.5 [110]
[Pt/CogoFegoBag/MgOl15 ~ 150 (estim.) 115 5 [110]
Ta/FegyConoBag/TaO, 800-1100 0.8 0.6 [155]
Pt/Ni/Co/Ni/Au/Ni/Co/Ni/Pt 160 65 4.5 [152]
[Pt/Fegs 6 Gdas Cog 4 /MgO]a 180 50 3.5 [162]
Pt/Co/MgO 160 100 7 This work
Pt/CogoFegBag/MgO 170 110 7.5 This work

Table 5.3: Skyrmion velocity: comparison between different systems | Material stack,
average skyrmion diameter dgj (estimated from the data when not mentioned explicitly), maximum
skyrmion velocity v and current density J at which v was measured.

During this thesis, we also studied the skyrmion motion in Pt/CoFeB/MgO, and performances
similar to Pt/Co/MgO were observed (see Fig. 5.17). We measured velocities up to 110 m s~!
for skyrmions of the same size. However, no reduction of pinning was noted, which could be due
to inhomogeneous material growth or annealing-related effects during the nanofabrication process.
Nevertheless, the maximum velocities measured in the ultra-thin films studied during this thesis
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Fig. 5.17: Skyrmion velocity: Pt/Co/MgO vs Pt/CoFeB/MgO | Skyrmion velocity as a
function of the current density measured in Ta(3)/Pt(3)/Co(0.9)/Mg0O(0.9)/Ta(2) and in Ta(3)/
Pt(3)/CogoFe20B20(0.95) /MgO(0.9) /Ta(2 films (thicknesses in nm) at room temperature.
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(Co and CoFeB) are comparable to those measured in stray-field-coupled multilayers for skyrmions
of similar size (see Table 5.3). And using single-layers allows to lower power dissipation by a factor
of the number of repetitions, i.e. by one order of magnitude. Moreover, it allows to prevent
stray-field-related effects, detrimental for the motion of skyrmions [144,145,164].

5.6.2 Skyrmion Hall effect

Two other studies showed the drive-dependence of the SKHE: Jiang et al. [155] in Ta/FeCoB/
TaO,, for dgx ~ 1 pm and v ~ 1 m s™1; and Litzius et al. [146] in [Pt/CoFeB/MgO]ys, for dg. ~ 100
nm and v ~ 100 m s~!. Note that another study by Woo et al. [162] reported on the drive-
dependence of the SKHA in a ferrimagnetic multilayer composed of [Pt/FeGdCo/MgO]la. To exploit
the dipolar coupling between each layer, in order to stabilise worm domains that can be shrunk into
isolated skyrmions by an external field, the GdFeCo thickness was optimised so that the magnetic
moment compensation temperature (450 K) was sufficiently far from RT. Hence, the conclusions
remain essentially the same as those for FM multilayers.!

In the first study, the SKHA was observed to increase with the current density and to saturate
(see Fig. 5.18.a). This is in agreement with the behaviour dictated by pinning effects, similarly to
our observations in Pt/Co/MgO. A steady-flow SkKHA Ogry = 28° was measured for a skyrmion
radius R = 550 nm, leading to A/a = 146 nm using eq. (5.6). In this study, the authors assumed
that o ~ 0.02 which would imply ©gry = 75° using their estimation of A = 21 nm. However, using
« as a fitting parameter rather yields a = 0.14, highlighting the crucial importance of a proper
evaluation of the damping in skyrmion dynamics experiments.

In the second study, a monotonic increase was observed in the same skyrmion velocity range
as in our experiments (see Fig. 5.18.b). Here, a ratio A/a = 7.6 nm was extracted from the
dependence of Ogxy on R. The authors claimed that the effect of a sizeable FL-SOT (Crr/Cpr =
5), coupled to skyrmion deformations, could be responsible for both the small A/« ratio and
the velocity-dependence of the SkHA. However, the assumed FL-SOT values were much larger
than those reported for Pt/CoFeB/MgO [216] and for Pt/FM/MgO stacks in general [7]. For
realistic relative SOTs amplitudes, in these systems, the FL-SOT has actually very little effect on
the skyrmion dynamics (see Fig. 5.16). Pinning effects could account for the measured A/« ratio: if
the flow regime is not reached, the measured SkHA would be smaller than the flow SKHA predicted
by eq. (5.6). Furthermore, the inter-layer stray fields in these multilayers can lead to a complex
dynamics and a drive-dependent SkHA even in the absence of disorder or FL-SOT due to layer-
dependent chiralities [145,164]. These effects, specific to multilayers and not taken into account in
2D micromagnetic simulations, may also contribute to the drive-dependence of the SKHE.?

In the present work (Fig. 5.18.c), although stronger pinning effects are observed, we combine
several interesting features of the two previous studies: the fast motion and small skyrmion sizes
measured in multilayers and the homogeneous through-thickness skyrmion chirality of single-layers.
This allows to interpret part of the experimental results based on the simple Thiele model. We
go a step further by performing a detailed characterisation of the film properties, in particular by
measuring to crucial parameters of the dynamics: the SOTs and the damping. The different effects
that may impact the SKHE in our system can so be sorted out, which notably enables to rule out
the influence of the FL-SOT. This allows in turn to conclude on the predominant role of pinning on
the current-driven skyrmion dynamics.

The present study also highlights the importance of evaluating the damping in ultra-thin films
hosting skyrmions. During the last months of this thesis, FMR measurements were performed by
Kyongmo An and Olivier Klein at Spintec in Pt/Co(tc,)/MgO, for t¢, = 0.63 nm and tc, = 0.9
nm. The following values were extracted: apprg (0.63nm) = 0.16 and apygr (0.9nm) = 0.10. As

! Although stray-field-related effects (hybrid chirality) are expected to be less prominent in ferrimagnetic multi-
layers, owing to the much smaller net magnetisation.

2 Actually, in a very recent study published a few weeks before the final submission of the present manuscript, the
same group showed that skyrmions in [Pt/CoFeB/MgO];5 do exhibit a uniform, left-handed Néel chirality across the
stack [217]; so pinning may be the only one to blame for this drive-dependent SKHE...
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Fig. 5.18: Drive-dependent SKkHE: comparison with other experiments | a. SkHA as a
function of the current density in Ta/FegoCo20Bag/TaO,, for a skyrmion diameter dg; ~ 1 pm and
a velocity v ~ 1 m s~!. Adapted from ref. [155]. b. SkHA as a function of the skyrmion velocity
in [Pt/CogoFea0B2o/MgO]15 for ds ~ 100 nm. Adapted from ref. [146]. c. This study: SKHA as a
function of the skyrmion velocity in Pt/Co/MgO for dg ~ 100 nm.

expected, a smaller damping is measured for thicker, and the damping ratio approximately follows an
inverse Co thickness dependence. This supports the aforementioned assumption of a lower damping
for tc, = 0.9 nm (§5.4). Nonetheless, the damping extracted from the DW mobility in the field-
driven steady-flow regime, apy (0.63nm) = 0.43, is about three times larger than the FMR value.
In a previous experimental report [208], this discrepancy was attributed to intra-layer spin-pumping
effects, expected to come into play when large magnetisation gradients are present, i.e. DWs. Note
that using the value appyg (0.9nm) = 0.10 in eq. (5.5) and (5.6) would enhance the skyrmion
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mobility as well as the SkKHA, thus shifting the flow regime to much higher current densities/
skyrmion velocities. Assuming that a larger damping is involved in the calculation of the skyrmion
velocity and the SkHA, as for DWs, provides a better agreement with the experimental result.
Further experiments shall allow to test this assumption, preferentially in a low-pinning material
with a clear saturation of the SkHA; for example Ta/FeCoB/TaO, which also hosts larger skyrmions
and hence does not require high-resolution microscopy. In this system, a value agz, = 0.14 can be
extracted from the steady-flow SkHA [155]. For consistency, a thorough material characterisation,
similar to the one presented in this chapter, must also be performed to extract an « from the
dependence of the skyrmion velocity on the current density. Finally, FMR measurements performed
on the same sample shall allow to compare the two values, namely o, and appg.

5.7 Conclusions

To conclude, we studied the current-driven dynamics of 160 nm skyrmions, at RT, in a model sys-
tem composed of a single-layer of Pt/Co/MgO. Velocities up to 100 m s~! were obtained, which cor-
respond to the state-of-the-art velocities measured in stray-field-coupled multilayers for skyrmions
of similar size. Using a single-layer allows to lower power dissipation by one order of magnitude and
to ensure a homochiral Néel skyrmion configuration, thus preventing additional complexity inherent
to multilayers. Furthermore, a detailed characterisation of the film properties enables to discuss in
detail the experimental results in the light of a simple analytical model based on the Thiele equation.
Completing these results by micromagnetic simulations including material inhomogeneities allows
to reproduce the different regimes of the dynamics, and to sort out the different effects impacting
the skyrmion motion. Finally, we can conclude on the origin of the observed drive-dependence of
the SKHE, that is pinning. Pinning hence appears to be the main difficulty to be overcome for the
development of skyrmion-based applications.
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Chapter 6

Skyrmions in synthetic
antiferromagnets

6.1 Introduction: why SAFs?

Magnetic skyrmions in FM materials are by nature subject to the SKHE, which deflects them
in a direction perpendicular to the driving force, e.g. the current direction for SOT-driven left-
handed Néel skyrmions. This effect is a downside for applications such as racetrack memories since
the a skyrmion will always move towards the edge of the device, which impedes their motion and
can result in their annihilation. To overcome this issue, antiferromagnetic (AF) skyrmions could be
utilised. An AF skyrmion can be pictured as the superimposition of two AF-coupled FM skyrmions,
exhibiting the same chirality but opposite core polarity, and hence opposite topological charge. Such
an AF skyrmion has a vanishing net magnetic moment, a zero topological charge and is expected
to be driven along the current direction, without SKHE [157,218]. Furthermore, cancelling the
dipolar interactions contribution is also predicted to be beneficial for the thermal stability of small
skyrmions [117].

FM,
NM

FM,

FM,
NM

FM;

Fig. 6.1: Illustration of a SAF skyrmion | Schematics of a SAF bilayer composed of two FM
layers, FM; and FMs, and a NM spacer mediating an AF coupling. Both FM layers host a Néel
magnetic skyrmion. The two AF-coupled skyrmions exhibit the same left-handed Néel chirality but
opposite topological charge: Ny, = +1 (—1) in FM; (FMs). Adapted from ref. [218].
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AF skyrmions may be realised in AF materials [157] but have not been observed so far. Opti-
mising AF materials to obtain the desired magnetic properties for their stabilisation still remains a
very challenging task. In particular, the DMI has not yet been reported in AF films. Additionally,
spin textures in fully compensated AFs are difficult to detect [219].

Another possibility is to employ ferrimagnets. Ferrimagnets are partially compensated AFs in
which two sub-lattices carry magnetic moments aligned in opposite directions; for example Co and
Gd in a Co,;Gd;_, alloy. Recently, magnetic skyrmions were evidenced in non-compensated ferri-
magnets consisting of [Pt/Feas Gdgs 6Cog.4/MgOJag [162] and Pt/CosqGdss/TaO, [220]. Optimising
ferrimagnetic materials to obtain the desired properties is also a challenging enterprise: the mag-
netisation ratio of the two sub-lattices depends critically on the temperature as well as on the alloy
composition. Even if the composition is finely adjusted to reach magnetic moment compensation
at room temperature, it can still be perturbed by current-induced heating.

Finally, another approach, investigated during this thesis, relies on synthetic AF (SAF) [218].
A SAF is composed of two FM layers antiferromagnetically coupled via a NM spacer, mediating a
RKKY-type interlayer exchange interaction. It is typically composed of one or several repetitions of
the FM; /NM/FM; stack. In such a system, we call SAF skyrmion the spin texture represented in
Fig. 6.1. It consists of two AF-coupled FM skyrmions, sharing the same chirality, here left-handed
Néel type, but with opposite topological charge: Ng = +1 (—1) for the skyrmion in FM; (FMy).
As a result, the gyrotropic vectors G o« — M tNg2 are opposite for each skyrmion. If the SAF is
fully compensated, i.e. if Mt is equal for FM; and FMs, the net gyrotropic vector vanishes for the
bilayer skyrmion, resulting in a cancellation of the SkHE. Furthermore, theoretical studies predict
that SAF skyrmions can be driven efficiently by SOTs [117] and, because the two constituent FM
skyrmions are tightly bound, a moving SAF skyrmion is also expected to benefit from an enhanced
thermal stability [221]. Lastly, SAF skyrmions, such as AF skyrmions in general, are expected to be
insensitive to moderate external fields. This advantage for technological purposes also constitutes a
challenge when it comes to their nucleation. In this chapter, we demonstrate a method to nucleate
and annihilate SAF skyrmions at zero field, by using only current injection.

6.2 Design of SAF multilayers and observation of SAF skyrmions

In order to stabilise skyrmions in SAFs, different requirements must be met for the two con-
stituent FM layers: (i) PMA; (ii) a large DMI; (iii) a strong AF coupling; (iv) the same total
magnetic moment, Mst, to obtain a fully compensated SAF; (v) SOTs. In addition, the DMI and
the DL-SOT must have the same sign for the two skyrmion to be driven in the same direction.!
Note that the two constituent FM layers can be composed either of the same or different materials.
Here, we chose to use different materials. This was motivated by the use of X-ray microscopy that
allows to probe a specific element by tuning the X-ray energy on a specific absorption edge, as
explained in §3.3. Therefore, even if the net magnetisation vanishes in a compensated SAF, it is
possible to image the magnetisation texture in only one constituent FM.

We designed SAFs with the following structure: Pt(0.5)/FM;/Ru(0.85)/Pt(0.5)/FMs/Ru(0.85),
where FM; = Co(0.3)/NigoFeao(tnire)/Co(0.3) and FMy = Co(tc,) (thicknesses in nm). Both FM;
and FMy are deposited on Pt to exploit the PMA and DMI originating from the Pt/Co interface.
The Ru spacer is inserted to induce an RKKY coupling between FM; and FMs [182]. We chose
try = 0.85 nm to reach the maximum AF coupling, according to the optimisation performed on
exchange-biased films (see §4.4). The Co/Ru interfaces in turn enhance the PMA. As suggested by
recent studies, they may also contribute to the net DMI by adding to that of Pt/Co [37,38].

The material stacks for the two constituent FM layers, Pt/FMy/Ru and Pt/FM;/Ru, are rep-
resented in Fig. 6.2.a and 6.2.b respectively. In Fig. 6.2.c the material stack for the SAF with
tco = 1.35 nm is represented. For each sample, the buffer layer (Buff.) consists of Ta(3)/Pt(2.5).
Each FM was tuned close to the spin reorientation transition. Fig. 6.2.d-f show the OOP hysteresis

!For example, if D > 0 and ©sy > 0 (as in Pt/Co), both FM skyrmion exhibit a left-handed Néel chirality and
are driven along the current direction.
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6.2. Design of SAF multilayers and observation of SAF skyrmions

loops measured by MOKE in these three samples. In Fig. 6.2.d, t¢, is varied between 1.25 nm
and 1.40 nm on different (non-wedged) samples and the loops display the gradual transition from
PMA to IP anisotropy. In Fig. 6.2.e, the NiggFegy layer (hereafter NiFe) is deposited as a wedge
with tny;pe = 0.76 — 1.55 nm. Here also, the loops display the gradual transition from PMA to IP
anisotropy and, for ty;re. = 1.32 nm, a reversal characteristic of a multi-domain state is observed.
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Fig. 6.2: Optimisation of compensated SAF multilayers | a,b. Material stacks for the
constituent FM layers, a. Pt/FMy/Ru and b. Pt/FM;/Ru, with FMy = Co(t¢,) and FM; =
Co(0.3) /NiggFeao(tnire)/Co(0.3) (thicknesses in nm). c¢. Material stack for the SAF, Pt/FM;/
Ru/Pt/FMsz/Ru, with tc, = 1.35 nm. Buff. denotes Ta(3)/Pt(2.5). The NiFe layer in b and c is
deposited as a wedge. d-f. OOP MOKE hysteresis loops measured in the above stacks. The loops
in d correspond to different (non-wedged) samples. In e and f, each loop is measured at positions 10
mm apart on the wedge. g. Material stack for the multi-layered SAF, [Pt/FM; /Ru/Pt/FMy/Ru|y,
with ty;rpe = 1.32 nm and to, = 1.35 nm. h. VSM hysteresis loop measured in g for different N.
The signal is normalised and multiplied by the total number of constituent FM layers (2.V).
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Chapter 6. Skyrmions in synthetic antiferromagnets

Fig. 6.2.f shows the loops for the SAF with tc, = 1.35 nm at different locations on the NiFe
wedge. These loops exhibit two reversals, characteristic of AF RKKY coupling of perpendicularly
magnetised layers. The amplitude of the central hysteresis, clearly visible for ty;re < 1.10 nm,
is proportional to the net magnetic moment. Upon increasing the NiFe thickness, this amplitude
decreases and eventually vanishes for ¢ y;r. = 1.32 nm, indicating magnetic moment compensation.
This is accompanied by a widening of the central hysteresis, consistently with the diminution of
the net magnetic moment. Note that the thickness of the Co layers surrounding the NiFe (0.3 nm)
was chosen so that the spin reorientation transition of FM; matches that of FMs. It also allows
to increase the magnetisation of FM; to match that of FMs, since M, (NiFe) < M, (Co). The
second reversal is followed by a constant-susceptibility region, corresponding to spin-flop processes,
characteristic of SAFs with weak anisotropy [182,222]. Note that the OOP saturation is not reached
due to the limited applicable field with the MOKE set up. It will appear on the VSM loop as
detailed below. The field at which this spin-flop transition occurs decreases with increasing NiFe
thickness, as a result of the weakening of the anisotropy and of the RKKY coupling [222].
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Fig. 6.3: Observation of SAF skyrmions | a,b. XMCD-STXM images acquired at a. the
Co L3 and b. the Fe L3 absorption edges after OOP demagnetisation. c. XMCD-STXM image
after injection of a 1 ns current pulse of amplitude J = 5.8 x 101 A m~2. d,e. XMCD-STXM
images acquired at d. the Co and e. the Fe edge in the area of ¢ delimited by a black rectangle.
f. Normalised XMCD signal obtained from line-scans along the white dashed line in d and e. The
signal for Co is inverted. The solid lines are Gaussian fits. g. Distribution of skyrmion diameters.
All images were acquired at RT and at zero field.
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As mentioned above, we used X-ray microscopy to probe a specific constituent FM layer. More
precisely, we used STXM, which measures the absorption of X-ray light transmitted through the
entire stack (see §3.3.3). A larger amount of magnetic material results in a larger X-ray absorption
and therefore in an enhanced contrast. For this reason, we deposited a multi-layered SAF, consisting
of [Pt/FM;/Ru/Pt/FMs/Ru|y with ty;pe = 1.32 nm and tc, = 1.35 nm, as represented in Fig.
6.2.¢. Fig. 6.2.h displays the OOP hysteresis loops measured by VSM for N = 1 and N = 2.
The signal was normalised then multiplied by the total number of constituent FM layers (2N). For
N =1, the saturation is now clearly visible at po|H.| = 340 mT. The loop for N = 2 also exhibits
a vanishing magnetic moment at zero field, characteristic of compensated SAFs. Here, while the
spin-flop transition occurs at the same field for all N, the saturation field is larger for N = 2 than
for N =1, as expected for multi-layered SAFs with weak anisotropy [222].

We now look at the magnetisation texture in these compensated SAFs, using STXM for its
element-sensitivity. The stack of Fig. 6.6.g with N = 2 was deposited on both a Si substrate
(reference sample of Fig. 6.2.h) and on a 100-nm-thick SisN4 membrane for STXM experiments (see
§3.3.3). The film deposited on the membrane was then patterned into 2-pm-wide tracks contacted
by Ti(10nm)/Au(100nm) pads using the process described in §3.4. Fig. 6.3.a and 6.3.b. show two
XMCD-STXM images acquired at the Co L3 and Fe L3 absorption edges. They were recorded
at zero external magnetic field after demagnetisation performed by the application of a decaying,
alternating OOP field. For reminder, an XMCD-STXM image is calculated as the difference between
two STXM images acquired with circular left and circular right X-ray polarisations (§3.3.1). It hence
displays only the magnetic contrast, which is proportional to m, since the beam is normal to the
sample surface.

The images of Fig. 6.3.a and 6.3.b display worm-like domains as well as a magnetic skyrmion.
They further reveal that the magnetic contrast is opposite at the Co and Fe edges. At the Fe edge,
the magnetic contrast originates purely from FM;. At the Co edge, it originates from FM; and
FM; as both layers contain Co. However, the Co thickness is larger in FMy (1.35 nm) than in FM;
(0.6 nm) (see Fig. 6.2.g). Consequently, the absorption — hence the XMCD — at the Co edge
is larger in FMs. The magnetic contrast observed at the Co edge therefore provides the magnetic
state in FMs, confirming that the domains in FM; and FMy are AF coupled.

norm. XMCD (a.u.)

o XMCD Fe
ro -XMCD Co
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Fig. 6.4: Effect of the external field | a. XMCD-STXM image acquired at the Co edge in the
presence of an external magnetic field pgH, = —50 mT. b. Same image with inverted contrast. c.
Same image at the Fe edge. d. Normalised XMCD signal obtained from the line-scans along the
white dashed lines in b and c. The solid lines are Gaussian fits.

Fig. 6.3.c shows the same track (at the Co edge) after injection of a 1 ns current pulse of
amplitude J = 5.8 x 10" A m~2. The current injection leads to domain and skyrmion nucleation,
most probably caused by the heating of the track. Fig. 6.3.d and 6.3.e show two XMCD-STXM
images acquired respectively at the Co L3 and Fe L3 absorption edges in the area of Fig. 6.3.c
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Chapter 6. Skyrmions in synthetic antiferromagnets

displaying two skyrmions. To emphasise this AF coupling, we plot in Fig. 6.3.f the XMCD contrast
acquired along the white dashed lines (open symbols). Due to the small skyrmion sizes and the
limited resolution of the instrument, the XMCD, proportional to m,, is best fitted by a Gaussian
(solid lines). For comparison purposes, the signal for Co is inverted and both signals are normalised
using the maximum and minimum obtained from the fit. Note that the drift between the two
acquisitions was corrected from larger images using a structural (i.e. non-magnetic) defect. Fig.
6.3.f reveals that both signals superimpose accurately, within the resolution limit of the instrument,
confirming that these magnetic textures are SAF skyrmions. These plots allow in turn to extract
their diameter, from the full width at half maximum: dg; = 90 nm and dge = 160 nm. By
repeating the same procedure, several skyrmions were nucleated. The histogram of Fig. 6.3.g shows
the diameter distribution, with average ds = 180 + 49 nm, the error being the standard deviation.
This falls within the typical size range of FM skyrmions in Pt/Co-based systems.

It is noteworthy that, unlike FM materials, the external field cannot be used to nucleate
skyrmions in SAFs. Applying a field results in non-compensated magnetic moments, as it can
be seen from the non-zero susceptibility in the hysteresis around H, = 0 (see Fig. 6.2.h). To em-
phasise this, Fig. 6.4.a shows a XMCD-STXM image acquired at the Co edge in the presence of an
external field pgH, = —50 mT, which promotes white contrast. Fig. 6.4.b shows the same image
with inverted contrast and Fig. 6.4.c the image acquired at the Fe edge. By comparing Fig. 6.4.b
and 6.4.c, we clearly see that the ratio of up and down domains is different in FM; and FMs. This
is highlighted in Fig. 6.4.d which displays the XMCD contrast acquired along the white dashed
lines in Fig. 6.4.b and 6.4.c. The width of the domain scanned is found to be 197 nm in FMs (Co)
and 128 nm in FM; (Fe). The SAF is therefore not compensated any more, in contrast with the
zero-field situation.

To conclude, these experiments demonstrate the existence of stable, zero-field, room-temperature
skyrmions in compensated SAFs.

6.3 Chiral DWs and skyrmions in a compensated SAF

In STXM experiments, only the OOP component of the magnetisation is accessible. To deter-
mine the chirality of the observed spin textures, we performed X-PEEM experiments on a compen-
sated SAF bilayer deposited on a high-resistivity Si wafer. Fig. 6.5.a shows the OOP hysteresis
loop measured by VSM, which exhibits a very similar trend as the sample of Fig. 6.2.h (N = 1).
Fig. 6.5.b shows an XMCD-PEEM image acquired at the Co Ls absorption edge and at zero ex-
ternal field. It displays alternate up/down domains as well as an isolated skyrmion of diameter
dgsi =~ 160 nm. In Fig. 6.5.c, we plot the XMCD contrast measured along the X-ray beam along the
white dashed line in Fig. 6.5.b. Since the contrast is proportional to the projection of the X-ray
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Fig. 6.5: Chiral DWs and skyrmion in a compensated SAF | a. OOP hysteresis loop
measured by VSM on a compensated SAF with two constituent FM layers. b. XMCD-PEEM
image acquired at the Co L3 absorption edge and at zero external magnetic field. c. Line-scan of
the XMCD contrast along the X-ray beam direction indicated by the white dashed line in a.
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beam direction on the magnetisation (§3.3.2), we choose DWs perpendicular to the X-ray beam.
The XMCD contrast exhibits the typical maximum and minimum corresponding respectively to a
magnetisation parallel and anti-parallel to the beam. Hence, the magnetisation rotates according
to T4|—7, which is the signature of a left-handed Néel DW. This strong white/black contrast is
not observed for DWs perpendicular to the beam direction, which further supports that the DWs
are of Néel type. This left-handed Néel character is consistent with the sign of the DMI in both
constituent FM layers, as dictated by the Pt/Co interfaces. Note that the photo-emission at the
Fe or Ni edge was too weak to allow imaging the spin texture in FM;. The NiFe layer is actually
buried under =~ 6 nm of material, which prevents the photo-electrons from being extracted, further
motivating the choice of STXM to image SAF spin textures. Nevertheless, the AF coupling, clearly
visible from the hysteresis loop (Fig. 6.5.a), promotes DWs of the same chirality in both constituent
FM layers so one can reasonably expect left-handed Néel spin textures in the NiFe layer as well.

6.4 Controlled current-induced nucleation/annihilation of SAF
skyrmions

In the experiments presented in the above, we saw that the high density of domains makes
difficult the nucleation of isolated skyrmions, especially because the external field cannot be utilised.
In the present section, we explore another approach to locally nucleate skyrmions using ns current
pulses. For this purpose, we optimised SAF multilayers with larger anisotropy, in order to obtain a
uniformly magnetised state at zero field.

The material stacks for the two constituent FM layers and for the SAF bilayer are shown in
Fig. 6.6.a, 6.6.b and 6.6.c respectively. Fig. 6.6.d-f display the OOP hysteresis loops measured by
MOKE in these three samples. Here, Pt/FMs/Ru exhibits full remanence due to the smaller Co
thickness (0.9 nm), while Pt/FM; /Ru is kept close to the spin reorientation transition by reducing
the thickness of the Co layers in contact with the NiFe to 0.2 nm. Fig. 6.6.f shows the loop for the
SAF bilayer (N = 1). Note that here also, the NiFe layer is deposited as a wedge. Only the loops
measured at a position corresponding to ty;re = 0.95 nm, for which the compensation is reached,
are shown.! Fig. 6.6.f reveals that the magnetisation reversals are sharper, owing to the larger
anisotropy.

For STXM experiments, we deposited SAF multilayers consisting of [Pt/FM;/Ru/Pt/FMa/
Ru]y (Fig. 6.6.g). The OOP hysteresis loops measured by VSM for different N are shown in Fig.
6.6.h, wherein the signal is again expressed in units of the total number of constituent FM layers
(2N). These loops exhibit a vanishing magnetic moment and zero susceptibility to the field in the
central plateau region, which is characteristic of uniformly magnetised, compensated SAFs. For
N =1, only one reversal exists, which defines the interlayer exchange field po|Hrxxy| = 200 mT.
For N > 1, an additional reversal appears at |H,| = 2Hggky. It corresponds to the reversal of
the internal FM layers, i.e. all but the top-most and bottom-most FM layers: since each internal
FM layer is AF-coupled on both sides (below and above), twice the external field is required to
switch their magnetisation [223]. This can be seen from the amplitude of the different plateaus in
Fig. 6.6.h: for Hrxry < |H.| < 2HRrk Ky, the net magnetisation is |m,| = 2, independently of NN,
while |m.| = 2N at saturation (|H,| > 2Hrkky). This means that (N — 1) layers have switched
between the two plateaus.

We then performed STXM experiments on this compensated SAF. The stack of Fig. 6.6.g with
N = 12 was deposited on both a Si substrate (reference sample) and a Si3sN4 membrane. The
loop of Fig. 6.6.h (N = 12) was measured by VSM on the reference sample at the location of the
membrane. The sample deposited on the membrane was then patterned into 2-pm-wide tracks with
Ti(10nm)/Au(100nm) contact pads. In addition, a triangular-shaped injection tip, consisting of
Ti(10nm)/Au(100nm), was patterned at one end of the track for skyrmion nucleation (§3.3.3).

!The apparent net magnetic moment in Fig. 6.6.f is probably an artefact due to the depth-sensitivity of the
MOKE or because the maximum applicable field does not suffice to fully saturate the SAF. The VSM loop (Fig.
6.6.h, N = 1), which provides a measurement of the total moment, confirms that the SAF is compensated.
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Fig. 6.6: Compensated SAF multilayers with large PMA | a,b. Material stacks for the
constituent FM layers, a. Pt/FMs/Ru and b. Pt/FM;/Ru, with FMs = Co(0.9) and FM; =
Co(0.2)/NiggFe20(0.95)/Co(0.2) (thicknesses in nm). c. Material stack for the SAF, Pt/FM;/Ru/
Pt/FMy/Ru. Buff. denotes Ta(3)/Pt(2.5). d-f. OOP MOKE hysteresis loops measured in the
above stacks. g. Material stack for the multi-layered SAF. h. VSM hysteresis loops measured for
different V. The signal is normalised and multiplied by the total number of constituent FM layers
(2N).

Firstly, we image the magnetisation texture. Fig. 6.7.a shows a STXM image of a track acquired
at the Co edge and at zero external field, that displays a uniformly magnetised state. Fig. 6.7.b
shows the same track after injection of multiple 10 ns current pulses with J =~ 10'2 A m~2, leading
to random nucleation of domains, most likely caused by the heating of the track. Fig. 6.7.c and 6.7.d
show two XMCD-STXM images of a skyrmion acquired respectively at the Co and Fe absorption
edges in the area marked with a rectangle in Fig. 6.7.b. It points out the AF coupling between FM;
and FMy as explained previously, which is emphasised in the plot of the XMCD contrast in Fig.
6.7.e (open symbols). Here, due to the larger size of the skyrmion, the signal, proportional to m,
is best fitted by a 360° Bloch DW profile (solid lines). Both signals superimpose very accurately,
confirming the SAF character of the nucleated spin textures. Note that the effects observed in
stray-field-coupled FM multilayers such as hybrid chiralities [141-143] are not expected is SAFs
since the stray fields emanating from two adjacent FM layers compensate.

Starting from a uniformly magnetised track, after OOP saturation with an external field (uoH, ~
400 mT), we now look closely at the local current injection through the tip. In Fig. 6.8.a-g,
a sequence of images acquired at zero field shows the skyrmion nucleation/annihilation process.
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Fig. 6.7: Observation of SAF skyrmions (large PMA) | a. STXM image of a 2-pm-wide at
the Co edge.b. Same image after injection of multiple 10 ns current pulses of amplitude J ~ 10'2
A m~2. ¢,d. XMCD-STXM images acquired at c. the Co and d. the Fe edges in the area of b
delimited by a rectangle. e. Normalised XMCD signal obtained from the line-scans along the white
dashed lines in ¢ and d. The signal for Co is inverted. The solid lines are fit with a 360° Bloch DW
profile. All images were acquired at RT and at zero field.

Before each image, a single 5 ns current pulse of amplitude J = 6.2 x 10! A m~? is injected. Here,
J = J& denotes the direction of the current, that is opposite to the electron flow. For J > 0, a
skyrmion is injected in the track below the gold tip. Upon reversing the current direction (J < 0),
the skyrmion is annihilated. This is highlighted in Fig. 6.8.h which displays the skyrmion diameter
measured in the images above: dg; ~ 420 nm. This process was found to be quite reproducible. In
addition, it was found to be independent of the initial direction of the magnetisation, in line with
recent experiments in FM multilayers [224]. Note that below this current density, no nucleation was
observed, regardless of the current direction. However, increasing the pulse length to 10 ns leads to
the nucleation of a multi-domain state similar to the one shown in Fig. 6.7.b, most likely caused by
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Fig. 6.8: Current-induced nucleation/annihilation of SAF skyrmions | a-g. Sequence of
STXM images acquired at the Co edge. Before each acquisition, a single 5 ns current pulse with
J = 6.2x 10" A m~? is injected in the direction indicated by the red and blue arrows. h. Skyrmion
diameter measured in the above images. The solid line is a guide for the eye.
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the heating of the track. Note that, starting from a nucleated skyrmion, the injection of another
pulse with J > 0 does not result in its annihilation but rather in its expansion as it is driven by the
diverging current lines. On the contrary, when injecting a current pulse with J < 0, the skyrmion
is pushed towards the tip, eventually resulting in its annihilation.

These experiments demonstrate that local current injection through patterned tips can be used
to nucleate skyrmions in compensated SAFs.

6.5 Conclusions and perspectives

In this chapter, we saw the foreseen advantages of SAF skyrmions, in particular the cancellation
of the SKHE. By designing compensated SAFs composed of two different FM materials, Co and
NiggFeqq, we observed SAF spin textures using element-sensitive STXM. These experiments revealed
SAF skyrmions with diameters in the range of 100 nm at zero field. Further, X-PEEM experiments
confirmed the left-handed Néel character of these SAF spin textures. As the skyrmion nucleation in
SAFs is challenging, particularly because external fields cannot be employed, we then studied the
potential of local current injection. By designing injection tips, we showed the controlled nucleation
and annihilation of skyrmions in an otherwise uniformly magnetised track. The possibility to
nucleate skyrmions by using purely current injection in compensated SAFs offers very promising
perspectives for future applications.

a substrate b substrate

J motion

—_— Au Au

Jnucl T A|203

C substrate

Jmotion
—>

Au

Jnucl

Fig. 6.9: Proposed designs for SAF tracks with integrated skyrmion injector | a. Device
with two contact pads for the motion and an injection tip. b. Here, two injection tips converge in a
small area. c. Same as b but the injection tips are connected and isolated from the track to exploit
only the heating effect when a current flows through the narrow constriction.

Nevertheless, the geometry employed was not optimised to study the skyrmion motion. Because
the current flows perpendicular to the film plane through the injector, one edge of the nucleated
skyrmion remained tied to the tip. To overcome this issue and to achieve both skyrmion nucleation
and motion in the same device, we propose different designs: in Fig. 6.9.a, a relatively simple
3-contact device combines the injection tip employed in the experiments presented above with two
contact pads for the skyrmion motion. The injector must be isolated from the SAF track by an
insulator (e.g. AlpOg3) to ensure that the current flows through the tip, perpendicular to the film.
In Fig. 6.9.b, another geometry is shown. Here, two injection tips converge in a small area, which
may allow a better control of the skyrmion size by preventing the current lines from diverging. It
would also allow to reduce the writing power, as the resistance for the writing path is significantly
lower than in the previous device. Lastly, Fig. 6.9.c shows an alternative design to that of Fig.
6.9.b. Here, two injection tips are connected and isolated from the SAF track by an insulator. This
would generate a ‘hot spot’ to nucleate skyrmions by pure heating, without passing current through
the magnetic stack.
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Finally, note that Legrand et al. [225] very recently reported the observation of SAF skyrmions
in Pt/Co/Ru/Pt/Co/Ru, using a different approach. In their experiments, a SAF with vanishing
anisotropy was deposited on a bias layer (BL), similar to the one used in §4.4, to bias one constituent
FM. Although this method allows to nucleate isolated skyrmions in compensated SAFs, it does not
seem suitable for their current-driven motion, because a significant part of the current would flow
in the BL. Exploiting the exchange at the interface between one constituent FM and an insulating
AF [186] such as NiO [219] may allow to overcome this limitation.
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Chapter 7

Summary and perspectives

7.1 Summary

Here is a brief summary of some of the important concepts and results of this thesis. We have
seen that magnetic skyrmions offer promising perspectives for future memory and logic applications
and that trilayer systems with SIA consisting of HM/FM/NM combine several key features for
the manipulation of magnetic skyrmions at RT. In particular, Pt/Co-based systems, that have
been used throughout this work, combine PMA, a large DMI and SOTs, which constitute some
of the essential ingredients to achieve stable, RT skyrmions and for their efficient current-induced
manipulation. At the beginning of this work, magnetic skyrmion had just been observed at RT
both in single- and multi-layered HM/FM/NM systems [48,109-111], and notably in Pt/Co/MgO
at Spintec [48]. At that time, the primary objective was to study their current-driven dynamics as
it is one crucial functionality for future skyrmion-based devices. In parallel, several studies were
conducted to engineer magnetic skyrmions in ultra-thin films.

In Chapter 4, I presented different experimental approaches to realise magnetic skyrmions in
ultra-thin Pt/Co/MgO films at RT. First in extended films, lowering the effective anisotropy close
to the spin reorientation transition by tuning the Co thickness allows to nucleate labyrinthine worm
domains, which can be shrunk into isolated magnetic skyrmions upon applying an external, OOP
magnetic field. We then saw that the skyrmion stability can be tuned by confining them in different
geometries: dots (confined in all directions) and tracks (confined in one direction only). The study
of the skyrmion size in dots notably unveiled the intricate role of pinning in determining its field-
dependence, which can be well accounted for by considering a granular film with local anisotropy
fluctuations [173]. When not confined in all directions, as in dots, the stabilisation of isolated
skyrmions almost always requires the presence of an external field, which constitutes an evident
limitation for applications. In this context, we investigated an alternative approach to integrate the
field within the magnetic stack, by exploiting the AF coupling between a Pt/Co/MgO stack designed
to host and a bias layer, via a Ru spacer. By gradually changing the Ru thickness, we observed the
transition from worm domains to isolated skyrmions, as in extended films, only without assistance
from an external field. Lastly, we explored the potential of ion-patterning to induce skyrmion
stability. In all the aforementioned experiments, the position of magnetic skyrmions was hardly
controllable. Using a focused He™ ion beam to locally modify the anisotropy, we showed that
skyrmion arrays can be nucleated and their position finely controlled in a film where they were not
originally stable.

In Chapter 5, I presented a detailed study of the current-driven skyrmion dynamics in an ultra-
thin Pt/Co/Co film. We measured velocities up to 100 m s~! for skyrmion sizes in the range of
100 nm and observed that the SKHE, a signature of the skyrmion topology, is markedly dependent
on the velocity, in contrast with the prediction of analytical models. This study combines the
homogeneous chiral spin texture and low power dissipation of single-layer films with small skyrmion
sizes and large velocities. This constitutes a step forward compared to multilayers by limiting
power consumption and by preventing stray-field-related effects that may lead to the stabilisation
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of hybrid-chirality spin textures with complex motion. Supported by a complete characterisation
of the film properties, including the measurement of the SOTs governing the dynamics as well as
the magnetic damping, the experimental results were accurately compared to the predictions of
the Thiele model, revealing a good agreement at large skyrmion velocities. Finally, micromagnetic
simulations including notably material inhomogeneities allowed to sort out the different effects that
may impact the skyrmion dynamics and in particular to rule out the effect of the FL-SOT, thus
clearly identifying pinning as sole responsible for the velocity-dependence of the SKHE [226].

In Chapter 6, the conception of SAF skyrmions, foreseen to exhibit SkHE-free motion, was
investigated experimentally. We designed compensated SAF multilayers comprising different FM
materials and, using element-sensitive STXM, we observed SAF skyrmions with diameter in the
range of 100 nm. The left-handed Néel character of these SAF spin textures was further revealed
by X-PEEM. While the first experiments relied on random current-assisted nucleation, we then
explored another approach to nucleate skyrmions in a controlled fashion using local current injection
through patterned tips. Starting from a uniformly magnetised state in a compensated SAF at RT,
we showed that magnetic skyrmions can be reproducibly nucleated and annihilated, in the absence
of external field. These last results open up new prospects for achieving RT skyrmion-based devices
beyond the conventional FM skyrmions.

7.2 Perspectives

In the continuity of this work, different possibilities for future developments and improvements
can be foreseen.

Regarding pinning, which is one current show-stopper for the development of skyrmion-based
technologies, different directions can be envisaged. Firstly, amorphous materials can be used.
In some studies, it was shown to mitigate pinning effects: in a single-layer Ta/FeCoB/TaO, for
skyrmion diameters dg ~ 1 pm and velocities v ~ 1 m s~! [109,155] and in a multilayer [Pt/
CoFeB/MgO]y5 for dg, ~ 100 nm and v ~ 100 m s~! [110,146]. Nevertheless, pinning-free motion
has not yet been reported for small skyrmions with large velocities in single-layer films, a prereq-
uisite to reduce power consumption and to prevent stray-field-related effects. During this thesis,
current-driven skyrmion dynamics experiments were conducted in a single-layer Pt/CoFeB/MgO
and performances similar to multilayers were measured (dsx =~ 100 nm and v ~ 100 m s~!). How-
ever, no reduction of pinning was observed as compared to Pt/Co/MgO. Note in addition that using
amorphous FMs greatly reduces the choice of materials. Other approaches shall be investigated to
improve the material quality to be closer to epitaxial films such as substrate heating during the
sputtering deposition and post-deposition annealing. Finally, He™-ion irradiation is also expected
to reduce pinning effects [196,197].

On another note, the demonstration of skyrmion nucleation induced by ion-irradiation (§4.5)
offers an exciting additional degree of freedom to further control magnetic skyrmions. Beyond these
preliminary experiments, the next step is to study their dynamics. In Fig. 7.1.a-f, two sequences of
XMCD-PEEM images show the current-driven motion of a couple skyrmions in irradiated lines at
two different angles with respect to the current direction: 0° (Fig. 7.1.a-c) and 22.5° (Fig. 7.1.d-f).
Remarkably, the skyrmions are moved back and forth within the irradiated lines, at velocities of
v(0°) ~ 35 m s~ and v(22.5°) ~ 60 m s~!, while a significant skyrmion Hall angle is expected at
these velocities (§5.2). HeT-patterning could hence offer the confinement effect to guide magnetic
skyrmions. Combined with the expected reduction of pinning in irradiated films, these results
offer promising perspectives to achieve reliable current-driven skyrmion motion. Note that for this
skyrmion core polarity, the SKHA is in the direction of the irradiated line of Fig. 7.1.d-f. This
may explain the difference in velocities measured: because the SKHE induces a motion at a finite
angle, a stronger confinement effect is observed when the irradiated line is parallel to the current
direction (Fig. 7.1.a-c). This may result in a reduction of the skyrmion velocity as it was observed
for skyrmions sliding along the physical edge of a patterned track [155].
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Fig. 7.1: Future prospects for ion-patterned films | a-f. Sequence of XMCD-PEEM im-
ages showing the current-driven skyrmion motion in irradiated Pt/Co/MgO tracks. The irradiated
patterns (in red) are 300-nm-wide lines at an angle a-c. 0° and d-f. 22.5° with respect to the
current direction. The external field is pgH, ~ + 10 mT. The current density is J = 6.6 x 10!
A m~2 and the pulse length 11 ns. g. XMCD-PEEM image of a compensated SAF composed of
Pt/Co/Ru/Pt/Co/MgO. The top track was irradiated using a He™ FIB while the bottom track is
pristine. Image acquired at zero field.

Finally, we have seen that the nucleation of skyrmions in compensated SAFs is somewhat chal-
lenging and different directions shall be explored.

HeT-irradiation can also be employed for this purpose. A preliminary result is shown in Fig.
7.1.g. This XMCD-PEEM image was acquired at zero field in a compensated SAF composed of Pt/
Co/Ru/Pt/Co/MgO. Here, only the top track was irradiated with a He™ FIB. While the pristine
(bottom) track is uniformly magnetised, the irradiated area in the top track exhibits stripe-like
domains, presumably caused by the diminution of the anisotropy. This shows the potential of using
ion-irradiation in compensated SAFs. Different patterns shall be investigated such as nanodots to
serve as nucleation centres upon passing a current in the track, as proposed theoretically [227].
Note further that a large contrast — at the Co absorption edge — is observed even if the SAF is
compensated and contains only Co. Indeed, since more photo-electrons originate from the top than
from the bottom FM layer, the magnetic state of the top layer is clearly visible. The image of Fig.
7.1.g shows in turn the potential of using X-PEEM to image compensated SAFs.

For the current-induced skyrmion nucleation in SAFs, we proposed different designs (§6.5) which
are being investigated to achieve both skyrmion nucleation and motion in the same device. This
shall allow in turn to investigate the SkHE in compensated SAFs.

Another approach to nucleate SAF skyrmions relies on exchange-biased SAF multilayers, whether
with a bias layer via RKKY coupling (§4.4) [225] or by exploiting the direct exchange at the inter-
face between an AF and one constituent FM layer [185,186]. The latter option, if realised with an
insulating AF such as NiO, offers the advantage of limiting short-circuits when passing a current in
the stack, hence limiting power dissipation.

Finally, in the long run, other stimuli already proven effective to nucleate FM skyrmions shall be
investigated in SAFs such as an electric field by application of a gate voltage [49,150] or ultra-fast
laser pulses [228]. To study the electric field effect, Pt/Co/Ru/Pt/Co/MgO (Fig. 7.1.g) would
typically be a good candidate as it is capped with an oxide.
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Appendix Forces of the Thiele
equation

This appendix contains the detailed steps to calculate the different forces of the Thiele equation.
First, the Thiele procedure is applied to the LLG equation in order to obtain the general Thiele
equation. Then the expressions of the forces are derived.

A.1 From the LLG equation to the Thiele equation

We first write the LLG equation [59,60] including the damping-like spin-orbit torque (DL-SOT):

om

0
atz—%(mxﬂeffHa(mx;)—vo(mxﬂm) (A1)

where Hopp = Hep + Hg +Hyg+ Hpygr+ Hegt (exchange, anisotropy, dipolar, DMI and external
fields). The Thiele procedure is the following: the right-hand side of eq. (A.1) is factorised into a
total effective magnetic field, H,., such that:

om

ot

Then, both sides of the above equation is cross-multiplied by m and the different terms rear-
ranged to express H.;y as follows:

= —yom X Hyo = —yom X <Heff_’y+HDL (A.2)

1 0m a 0m
Hyf=———xm+——-H am A3
eff —n +70 5 DL + (A.3)
where A = m-H ;. The fundamental assumption in Thiele’s approach is to consider a magnetisation
texture in rigid motion [151], which can be written m (r,t) = m (r — vt), v being the skyrmion

velocity. The time derivative can then be translated into a space derivative:

om om
The total force acting on the rigid magnetisation texture is [151]:
Iy
om
F=|F,|, Fi= —MOMS///d?’rHeff- o (A.5)
F, !

with i = z,y, z and d®r = dzdydz an infinitesimal volume element. Let us first consider the scenario
without DL-SOT (H pr, = 0) and calculate the different forces exerted on the spin texture. The
procedure is the following: we inject eq. (A.4) into eq. (A.3) and then apply eq. (A.5) to the terms
on the right-hand side of eq. (A.3). Doing so, we obtain the following expression:

oM // 3 om om om
B = K0T S v, gm , Zm : A.
o d’r [ j v; <m X oz, + a@xj + YoAm oz, (A.6)
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For a thin FM film of thickness ¢ with homogeneous magnetisation across its thickness (i.e.
along £), one has [[[d®r = [[[dxdydz = t [[ dwvdy. Moreover, m - (9m/dx;) = 0 so the term
proportional to A vanishes. Finally, H.¢; does not generate a force on the skyrmion,' hence one
can write F; = 0 in eq. (A.6), which yields (using vy = po7y):

Mt om Om
OZ—ZlFy / d:zdy<6xixaxj>.m]vj

+a;l //d dy <‘3:: gZZﬂU- (A7)

The two term of the right-hand side can further be written with their vectorial form:

Gxv—aD -v=0 (A.8)
with
0 om Om
G v y
_ [Dax Dy Mt om oOm
(%
v= |y (A.11)
0

Eq. (A.8) constitutes the so-called Thiele equation. G = G2 is the gyrotropic vector with
G = — (Mst/~) - 47 Ng, Ny being the topological charge. Since for a skyrmion Ng, = p = £1, the
direction of G only depends on the skyrmion core polarity p. Finally, D is the dissipation matrix.

A.2 Calculation of the forces acting on a moving skyrmion

A.2.1 Thiele equation with the force due to the DL-SOT

We can now calculate the force due to the DL-SOT using the same procedure. The effective
field associated is H py, = H?)L (m X (5 X 2)), where J = J3' is the charge current (i.e. opposite

to the electron flow). We consider HY, > 0, consistently with the sign in Pt/Co/MgO (§5.3.5).
Furthermore, we write MOH% 1, = CprJ, where Cpy, is the effective magnetic field per unit current
density (in T A~! m?). Defining 7 = & leads to:

Hpp = HY, (§ x 1) (A.12)
The Thiele equation thus becomes

Fpr+Gxv—aD-v=0 (A.13)
The DL-SOT-induced force, Fpy, is obtained by repeating the procedure described above:

om, 8mm> (A.14)

[e— mZ

Let us now assume a skyrmion with a rotational (cylindrical) symmetry. We can write 0m/0x =
0m/0y and Om/0x - 9m /0y = 0, and then D,y = Dy, = 0 and Dy = Dyy = D.

Fpr; = _MOMstH?)L/ dxdy <m:1:

!The external field H..: is assumed spatially homogeneous and applied in the OOP direction.
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The expressions of the longitudinal (v,) and transverse (v,) skyrmion velocities are then given
by:

OzDFDL’I — GFDL’y

Uy = 2 1 o2D? (A.15)
GFprz+aDFpry
vy = 2 1 o2D? (A.16)

Finally, the skyrmion Hall angle (SkHA), that is the angle ©grp between Fpy and v, can be
derived:

tan Ogry = 04% (A.17)

We now wish to calculate the different terms composing eq. (A.15) to (A.17). To do so,
we consider the geometry of Fig. A.2: a circular, left-handed Néel skyrmion with radius R and
core m, = 1 is placed in a uniform FM background with m, = —1 (p = 1). This situation
corresponds to the experiments presented in Chapter 5. For a Néel skyrmion, Fpr, = 0 and we
write Fpr, , = Fpr, # 0. It is suitable to use a polar coordinate system (r, ¢) such that z = r cos ¢,
y = rsiny and m = (m,, my, m.) (see Fig. A.2). For a Néel skyrmion, the orthoradial component
of the magnetisation vanishes (m, = 0), therefore the reduced magnetisation vector at position
(r, ) can be written as

my (7, ¢) sin 0 (r) cos ¢ my (1) cos
m(r,p) = | my(r,e) | = [sinf(r)sing | = | m, (r)sing (A.18)
m (1) cos @ (r) m (1)

Fig. A.2: Skyrmion schematics for the calculations of the forces | (Left) Top view of a left-
handed Néel skyrmion with core polarity p = 1. The thick black arrows represent the magnetisation
m at the perimeter of the skyrmion (m, = 0). R is the skyrmion radius. The charge current flows
in the +& direction. The inset defines the polar and azimuthal angles, § and ¢ respectively. (Right)
Magnetisation profiles for a 180° DW profile (eq. (A.29)) for R/A = 5.

The partial derivatives Om/0x and Om /0y as well as their cross and scalar products are needed
to calculate the different forces. They read:
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Srm COSZQO% + sin e
B sin ¢ cos ¢ (dgff - %) (A.19)
coS godgff
om sin ¢ cos ¢ (dzgf - %)
ﬁiy = sin%p% —|—d7(7:1052g0% (A.20)
sin &=
_m%
%7;1 y 367: _ _T:ZZ (A.21)
rdr
%’: . %TZ - a@’: . EZZ; = cos? o (?)2 + sin? ¢ (?)2 + cos® (dZ;Z)Q (A.22)

The different terms composing the Thiele equation can hence be expressed as follows:

0
M.t
G=|0|,G=—-4r—p (A.23)
G Y
D 0 Mgt [T dm,\? my\ 2 dm,\?
D = D= d — A.24
(8 5) p= et [ (s () () (%) 2
Fpr n
o0 dm, dm,
Fpr = 0 |, Fpr = —ungthODL/ dr (rmzm +mym, — rm, m ) (A.25)
0 0 dr dr

At this point, note that for a left-handed Néel skyrmion with p = 1 (Fig. A.2), Fpr, > 0 and
G < 0. Hence, the skyrmion is driven along the current direction (+&) and the SKHE is along —g.
For p = —1, Fpr, > 0 and G > 0 hence the skyrmion is still driven along the current but deflected
along along +¢ (opposite SkHA). Similarly, for a right-handed Néel skyrmion with p =1 (p = —1),
Fpr <0and G <0 (G < 0). It is therefore driven against the current direction and deflected in the
+9 (—9) direction. In the following, we only consider the situations of Fig. A.2. Using m, = cos 6
and m, = sinf, eq. (A.23) to (A.25) become:

0
Mt

G=|0|,G=—4r (A.26)
G Y
D 0 Mgt [+ do\? sin?6

D_<O D),D—T( S /0 dr(r(ch) + " (A.27)
For too  / dp

Fpr = 0 , Fpr, = —MoMstWH%L/ dr (Tdr + cos@sinH) (A.28)
0 0

In order to evaluate the different terms given by eq. (A.26) to (A.28), we assume that the
skyrmion has a radial 180° Bloch DW profile (see Fig. A.2), consistently with experimental obser-
vations [48,108]:

0 (r) = —2arctan (exp <TAR>> (A.29)

Then, by injecting eq. (A.29) into eq. (A.27) and (A.28), the different forces can be evaluated.
Furthermore, if R > A, the expressions of D and Fpy, simplify [70,152]:

!By noticing that df/dr = (sin @) /A.
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D 0 Mg (R A\ Mgt_ R
D= D =~ 21—+ = | = 27— A.
(0 D)’ ~ W<A+R> + A (A.30)
Fpr
Fpr=1| 0 |, Fpr = poMstm®*HY R (A.31)
0

A numerical integration of eq. (A.27) and eq. (A.28) allows to verify the consistency of the
above expressions for the parameters of our experiments (§5.3.6). Finally, injecting eq. (A.26),
(A.30) and (A.31) into eq. (A.15) and (A.16) yields (using uoH%; = CprJ):

R
UZUU%—F’U%ZT@QHCDLJ (A.32)

2A
tan Ogry = _ﬁ (A33)

A.2.2 Inclusion of the Oersted field

When a current flows in the stack, it generates an Oersted field. As proposed by Hrabec et
al. [152], this field exerts a force on the skyrmion. I borrow their calculation for the present section.
For the skyrmion dynamics experiments presented in Chapter 5, the skyrmions were displaced in
3-pm-wide tracks consisting of Ta(3)/Pt(3)/Co(0.9)/MgO(0.9)/Ta(2) (thicknesses in nm).

4 T T T T T

) ®I=Ix |

—J=4x10" A m?

—J=7x10" A m32
_4 N 1 N 1 N 1 N 1 N 1 N
15 10 05 00 -05 -1.0 -15
y (um)

Fig. A.3: Oersted field in a 3-pm-wide track | OOP component of the Oersted field, Boe -,
calculated from eq. (A.34) using the parameters of a 3-pm-wide, Ta(3)/Pt(3)/Co(0.9)/MgO(0.9)/
Ta(2) track: A = 3.9 nm and w = 3 pm.

In such an ultra-thin film, the Oersted field, Bo,, is essentially perpendicular to the film plane
and takes the following form [152]:

o Jh (h/2)? + (w/2 + y)* w/2+y h/2
BOe,z (y) = Tin lln ((h/2)2 n (u)/2 — y)2> +8 h/2 rctan ( >
—8w/2 Y arctan< h/2 )] (A.34)

w/2—y

where h = 3.9 nm is the total thickness of the conductive layers and w = 3 um is the track width.
The variation of the Oersted field as a function of the position in the track is given in Fig. A.3 for
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two current densities, J =4 x 101 A m=2 and J = 7 x 10'' A m~2, corresponding to the smallest
and the largest current density injected during the experiments.
In the central region of the track, this expression simplifies into:

2uoJh
Boe.. (y) = 222y (A.35)

W

Thus, from eq. (A.5), applying the same procedure as for the other forces, the force due to the
Oersted field can be derived for a skyrmion in the centre of the track:

0

2Jh +oo do
Foce=|Foe|,Foe= J,ungt/ dr (7“2 sin 9) (A.36)
0 w 0 dr

The expression for the skyrmion velocity components hence become:

oDFpr, — GFpe

Ve = on oo (A.37)
GFpr, + aDFp,
VW= or t o2p? (A.38)

Here, we see that Fp. > 0 for a left-handed Néel skyrmion with p = 1, that is opposite to
the gyrotropic force. Similarly, upon reversing the skyrmion core polarity, both Fp. and G change
sign so the Oersted field always act against the gyrotropic force. Since it turns out that Fp. is
negligible, adding the Oersted field to the problem does not modify the calculated velocity and
SkHA. Therefore, the expressions (A.32) and (A.33) remain valid for the experiments described in
Chapter 5.
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Titre: Nucléation et dynamique de skyrmions magnétiques dans des films ultra-minces

Résumé: Les skyrmions magnétiques sont des en-
roulements chiraux de l'aimantation que l'on peut
visualiser comme de minuscules domaines magné-
tiques circulaires délimités par des parois de do-
maine chirales. En raison de leur taille potentielle-
ment nanométrique et car on leur prédit un déplace-
ment efficace sous courant, les skyrmions magné-
tiques sont devenus des candidats prometteurs pour
transporter I'information dans des mémoires et des
dispositifs logiques non-volatiles et a forte densité
de stockage. Ils ont récemment été observés a tem-
pérature ambiante dans des empilements du type
métal lourd/ferromagnétique /non-magnétique, fran-
chissant une étape importante en vue de développer
des dispositifs utilisant des skyrmions. Suivant ces
premieres observations, l'objectif de cette these est
d’étudier certaines propriétés clés des skyrmions que
sont leur nucléation, leur stabilité et leur déplace-
ment sous courant ; toutes a température ambiante.
Les premiers résultats présentés portent sur la nu-
cléation de skyrmions dans des films ultra-minces
(pour une épaisseur de ferromagnétique de 'ordre
de 1 nm) réalisée par ingénierie des propriétés mag-
nétiques aux interfaces ainsi que de la géométrie des
échantillons. La nucléation de skyrmions dans des
films ultra-minces étendus, en géométrie confinée,
dans des films polarisés par échange inter-couche
puis dans des motifs définis par irradiation d’ions
est présentée. La deuxieme partie de ce travail con-
cerne 'étude de la dynamique des skyrmions mag-
nétiques sous courant. Dans un film ultra-mince de

composition Pt/Co/MgO, on mesure des vitesses at-
teignant 100 m s~!, pour des skyrmions de l’ordre
de 100 nm. Cette étude met également en lumiere
leffet Hall de skyrmion, signature de leur topolo-
gie, qui décrit la déviation de la trajectoire d’un
skyrmion par rapport a celle dictée par le courant.
Nous trouvons que cette déviation dépend nette-
ment de la vitesse des skyrmions, contrairement a ce
que prédisent les modeles existants. En combinant
modele analytique et simulations micromagnétiques,
s’appuyant sur une caractérisation poussée des pro-
priétés du film, nous trouvons que cette dépendance
avec la vitesse peut étre entierement attribuée a
des effets de piégeage qui entravent le déplacement
des skyrmions. Enfin, la derniere partie de ce tra-
vail porte sur I’étude expérimentale de multi-couches
antiferromagnétiques synthétiques, caractérisées par
un moment magnétique net nul. Dans ces systemes,
on s’attend a ce que le déplacement des skyrmions
s’effectue dans la direction du courant — sans ef-
fet Hall de skyrmion, une condition requise pour les
applications. L’optimisation de multi-couches spéci-
fiques permet ’observation, en microscopie a rayons
X, de skyrmions antiferromagnétiques synthétiques
de l'ordre de 100 nm. Puisque leur nucléation est
délicate, un dispositif est par la suite con¢u pour in-
jecter localement du courant électrique a travers des
pointes lithographiées. Ce dispositif permet de créer
et de supprimer des skyrmions de maniere controlée,
en utilisant uniquement du courant, rapprochant ces
skyrmions un peu plus des applications.

Title: Exploring different facets of magnetic skyrmion nucleation and dynamics in ultra-thin films

Abstract: Magnetic skyrmions are chiral magneti-
sation windings that can be pictured as minuscule,
circular magnetic domains bounded by chiral domain
walls. Owing to their potential nanometre size and
predicted efficient current-driven motion, magnetic
skyrmions hold great promise as future information
carriers in high-density, non-volatile memory and
logic applications. Their recent observation at room
temperature in material stacks consisting of heavy
metal /ferromagnet /non-magnet has lifted an impor-
tant bottleneck towards the practical realisation of
skyrmion-based devices. Following these early obser-
vations, the objective of this work is to tackle certain
key attributes of magnetic skyrmions that are their
nucleation, stability and current-driven motion; all
at room temperature. The first results presented in
this thesis deal with the stabilisation and nucleation
of skyrmions in ultra-thin films (for a ferromagnet
thickness around 1 nm) by engineering of the inter-
facial magnetic properties and the geometry. The
nucleation of skyrmions in extended films, confined
geometries, exchange-biased films and ion-irradiated
films are presented. The second part of this work
concerns the current-driven dynamics of magnetic
skyrmions. In an ultra-thin Pt/Co/MgO film, we
measure velocities up to 100 m s~ for skyrmion sizes

in the range of 100 nm. This study further high-
lights the skyrmion Hall effect, a hallmark of the
skyrmion topology, which describes the deflection of
a skyrmion trajectory from that imposed by the cur-
rent. The angle of deflection is found to be depen-
dent on the skyrmion velocity, in contrast with exist-
ing models. Combining analytical modelling and mi-
cromagnetic simulations, based on a thorough char-
acterisation of the film properties, we find that this
dependence on the velocity can be entirely attributed
to pinning effects hindering the skyrmion motion. Fi-
nally, in the last part of this work, we investigate ex-
perimentally synthetic antiferromagnetic multilayers
with vanishing magnetic moment. In such systems,
magnetic skyrmions are expected to be driven along
the current direction — without skyrmion Hall ef-
fect, a prerequisite for applications. By optimising
specific multilayers and using element-sensitive X-
ray microscopy, we observe synthetic antiferromag-
netic skyrmions at room temperature with sizes in
the range of 100 nm. As their nucleation is some-
what challenging, a device is then designed to locally
inject current through patterned tips. This allows to
create and delete skyrmions in a controlled fashion
using solely current, bringing them one step closer to
applications.
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