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Abstract

Skyrmions are swirling, topologically protected spin structures, which show great potential
for next-generation magnetic data storage. they can have a typical size down to a few nm,
and can be manipulated with small electronic currents. Therefore, they are an exciting new
candidate for carrying information in data storage devices. One of the most promising ap-
plications for skyrmions is the skyrmion racetrack memory. Bits represented by skyrmions
are moved along a magnetic wire to be written and read at stationary positions.

In the present work, skyrmion bubbles have been generated in a Pt/Co/Ir stack, where
the thickness of the Co layer is varied, as well as in stacks where the Co layer has a constant
thickness of 0.7 nm. To stabilise the bubbles, an external magnetic field of ∼ 0.1 mT is
applied. The skyrmion bubbles are stable in a very narrow parameter space. The thickness
dependence of relevant magnetic parameters has been determined, and a good agreement
between experiment and the theory describing skyrmion bubbles in thin films has been
found. Skyrmion bubbles with a typical size of 1 − 5 µm have been observed. However,
theory indicates smaller bubbles should exists at thinner Co in the Pt/Co/Ir as well.

In partnered nanostructures, a bubble-edge interaction was observed. It was shown
experimentally that this interaction is caused by dipole-dipole interactions between the
bubble and the surrounding magnetic material within the nanostructure. This has been
confirmed with a toy model used to calculate the energy landscape due to dipole-dipole
interaction in the nanostructures. It was shown that the thermal movement of skyrmions
bubbles can be suppressed significantly in geometries with a size comparable to the bubble
size, allowing for precise control over the position of the bubbles.

The current induced motion of the skyrmion bubbles has been reported as well. The
threshold current for skyrmion bubble movement in the Pt/Co/Ir stack is ∼ 10 kAcm−2,
which is smaller than typically reported in literature. Other recent studies have shown
equally low threshold currents in similar material stacks, indicating that the ultrathin
films studied in this thesis are promising as a building block for the skyrmion racetrack
memory.
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1
Introduction

Magnetic storage devices are universally used in industry as well as day-to-day life, due to
their high read and writing speed, high storage density and low cost [1]. The quality and
functionality of magnetic hard-disk drives (HDD) has improved greatly during the past
few decades. This can largely be ascribed to the increased understanding of materials and
and fabrication techniques, leading to a huge downscaling of integrated circuits (IC’s) and
individual magnetic grains. However, this technology is currently facing a bottleneck, due
to interactions between increasingly small magnetic bits [1]. Together with the emergence
of the faster solid-state drive (SSD), this calls for new means to achieve higher bit density
and faster reading/writing speeds in magnetic storage devices. Contemporary magnetic
HDDs are restricted to 2D space, greatly limiting its potential performance. The natural
road to improvement is to extend this space to three dimensions. Amos et al. proposed
a solution utilising multiple isolated levels of magnetic hard disks [2]. Another, already
available technology, is magneto-resistive random access memory (MRAM), which can be
stacked vertically. This new technique makes use of tunnel magnetoresistance (TMR), and
is especially promising because it is a non-volatile RAM technology. It is also fast and has
relatively low power consummation [3]. A third promising technology with the possibility
to utilise the third dimension is called the racetrack memory (RTM). This technology is
the main focus of this thesis, and will be discussed in detail in the next section.

1.1 The Racetrack Memory

The RTM, proposed by Parkin [4, 5] in 2004, is a central subject of this thesis. A schematic
overview of the device is presented in figure 1.1. The racetrack memory consists of nanos-
trips containing domains with ↑ or ↓ configuration, corresponding to magnetisation directed
in the positive and negative z direction respectively. Between these domains, either ↑↓ or
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2 1 Introduction

↓↑ domain walls (DW) are formed, where the magnetisation transitions from ↑ to ↓, or
vice versa. Injecting a current in the strip moves the domain wall along the wire, via
mechanisms described in section 2.3.

Figure 1.1: Schematic overview of the racetrack memory. Blue and red domains corre-
spond to the ↑ or ↓ configuration, respectively. Each bit is represented by a domain with
constant volume within the racetrack. Bits are written and read at the far ends of the race-
track, using writing and reading devices. The device acts like a shift register, where short
current pulses are used to shift the bits through the racetrack.

The RTM works as follows. Domains in the strips, represented by blue and red in the
figure, represent ‘1’ and ‘0’ bits, respectively. Bits are read and written at stationary po-
sitions along the racetrack. Reading can for instance be done with a magnetic tunnelling
junction element, and writing with a local magnetic field [5]. The advantage of this system
is that only one reading and writing device is needed per racetrack, which can contain
hundreds of bits. Current pulses are used to displace all domains within the racetrack by
one bit per pulse, allowing to read and write bits similar to a shift register. Additionally,
there are no moving parts in this device, contrary to the contemporary HDD, making it
a more robust technology. The wire depicted in figure 1.1 is a 2D representation of the
RTM. To increase the bit density of the memory device, bits can be stacked vertically,
utilising the third dimension [4]. With large DW velocities, the device is expected to be
less expensive, denser and faster than currently used memory devices [6]. DW velocities
of up to 750 ms−1 have been reported in synthetic antiferromagnetic racetracks [7], which
is sufficient to be competitive with existing technologies [5]. Although much progress has
been made to show the feasibility of the racetrack memory, several bottlenecks still remain.
Large threshold current to induce domain wall motion are observed in experimental studies
[5, 7]. The minimal operating current ultimately determines the energy consumption of
the device. Another challenge is avoiding the detrimental effects of defects, which not only
increase the threshold current, but also diminish the reliability of bit manipulation in the
racetrack memory.

Magnetic skyrmions provide a way to overcome these challenges. Magnetic skyrmions
are topologically protected, swirling spin structures. The magnetisation profile of a mag-
netic skyrmion is seen in figure 1.2b. They are circular domains, where the magnetisation
at the centre of the skyrmion is polarised oppositely to the environment, and can have
a typical size down to a few nm [8]. A skyrmion-based racetrack memory is presented
in figure 1.2a. Instead assigning bits to ↑ and ↓ domains, the presence and absence of a
skyrmion correspond to the ‘1’ and ‘0’ bit respectively.
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Figure 1.2: a) Schematic overview of the skyrmion racetrack memory. Skyrmions repre-
sent ”1” bits, while the absence of a skyrmion corresponds to the ”0” bit. Bits are written
and read at either side of the racetrack, using writing and reading devices. The device
acts like a shift register, where short current pulses are used to shift the bits through the
racetrack, b) Magnetisation profile of a skyrmion, taken from ref. [8].

Compared to the stripe domains RTM, the skyrmion RTM has two main advantages:

1. Skyrmions are not affected by defects at the edges of the racetrack memory. There-
fore, they are more mobile than straight domains depicted in figure 1.1. Experimental
studies have shown the threshold current to be multiple orders of magnitude lower
[8, 9, 10, 11] than the threshold current for domain wall motion in the conventional
racetrack memory [5], resulting in lower power consumption.

2. Skyrmions can be in the order of a few nm large. Bit spacing can be in the order of
a few times the skyrmion diameter. In the straight domain RTM, domain size, and
thus the distance between bits, can hardly be reduced below 40 nm [8]. Thus, using
skyrmions as bits can greatly increase bit density in the RTM.

However, as can be seen in figure 1.2, confinement of skyrmions in the y direction becomes
a crucial aspect of RTM design [12]. These interactions between the skyrmions and the
device edges are one of the main topics discussed in this thesis.

1.2 Generating skyrmions in magnetic thin films

The first experimental evidence of magnetic skyrmions was reported by von Bergmann et
al. in 2006. They grew a monolayer of Fe on an Ir(111) surface, and studied the structure
with spin-polarised scanning tunnelling microscopy (SP-STM) at 13 K [13]. They found
that due to the Dzyaloshinskii-Moriya interaction (DMI) –an anti-symmetric exchange
interaction favouring relative canting of two neighbouring spins– at the interface between
the magnetic Fe and the heavy metal Ir, these complex circular spin structures could be
stabilised [14, 15]. In the search for room temperature stabilisation of skyrmions, sputter-
deposited trilayers consisting of a heavy metal, an ultrathin magnetic layer and an oxide
(e.g. Pt/Co/AlOx) showed great promise [16, 17]. However, literature reports skyrmions
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with a typical size in the order of a micrometer in such stacks, which is too large for
applications such as the skyrmion racetrack memory. A recent development suggests the
use of [Ir(1)/Co(0.6)/Pt(1)]10 multilayer stacks to significantly increase the magnitude
of the DMI, which favours skyrmion formation, leading to a subsequent decrease of the
skyrmion size to ∼ 100 nm.

In this thesis, skyrmions are generated with a method first reported by Schott et al.
[17]. They showed that in a Pt/Co/oxide trilayer, where the thickness of the Co layer
is varied, there exists a narrow Co thickness range in which skyrmions can be stabilised
using a small external magnetic field in the order of 0.1 mT. In figure 1.3, an image of the
magnetic structure at various Co thicknesses and applied magnetic fields is visualised. In
this image, black and white correspond to the up and down direction of the magnetisation,
similar to the blue and red colour coding used in figure 1.1 and 1.2. In the area indicated
with red, stable skyrmions are observed.

Figure 1.3: Kerr microscope images of the magnetic domain structure in a Pt/Co/Oxide
trilayer, at various applied fields and Co thicknesses. Black and white correspond to up
and down direction of the magnetisation. In the area indicated with red, skyrmion bubbles
are observed. Image taken from ref [17], figure 1a.

As can be seen in the figure, controlling the field and Co thickness allows for the control
over the existence, size and density of the generated skyrmions. This method of generating
skyrmions in simple stacks provides a useful platform to explore the fundamental physics



1.3 This thesis 5

and behaviour of skyrmions in fullsheet samples with and without variation in the thickness
of the magnetic layer, as well as in patterned nanostructures and devices. A thorough
analysis of this system can provide insights in the fundamental physics governing the
skyrmion bubbles, as well as provide suggestions and restrictions for future skyrmion-based
device design.

1.3 This thesis

In this thesis, skyrmions generated in a trilayer stack are investigated thoroughly. The
stack of choice is is a Pt/Co/Ir trilayer, which is predicted to exhibit a relatively large
DMI. Specifically, the Co thickness dependence of several magnetic parameters is mea-
sured near the Co thickness at which skyrmions are observed. An analytical model is
used to explain the existence and behaviour of the observed skyrmions. Additionally, the
bubble-edge interactions in patterned nanostructures is explored, with the aim to identify
the dominant phenomenon mediating these interactions, as well as to uncover important
parameters to control during device design. These interactions are particularly important
for the design of the skyrmion racetrack memory; thermal movement of skyrmions within
the racetrack compromises the reliability of bits. The experimental work presented in this
thesis provide a basis for a number of design recommendations for future racetrack memory
design.

Chapter 2 is dedicated to explaining basic concepts in magnetic theory, as well as
to introducing skyrmions. Also, a model that describes the skyrmion bubble phase in
thin films is derived. The sample fabrication process and the used experimental methods
are discussed in chapter 3. In chapter 4, the experimental results obtained for this the-
sis are presented. First, the bubble phase is analysed, focusing on bubble size, stability
and the thickness dependence of relevant physical parameters. Hereafter, a closer look is
taken at bubble-edge interactions in nanostructures. Lastly, the current induced motion
of skyrmions is presented. Chapter 5 consist of a conclusion and an outlook, where fu-
ture prospects and the potential continuation of this project are discussed. Additionally,
a device for writing bits in the racetrack memory is presented.
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2
Theory and fundamentals

The aim of this chapter is to provide a solid theoretical basis to help understand the results
presented in this thesis. In the first section, basic concepts of magnetic theory are discussed,
followed by an introduction of magnetic skyrmions. In the second section, a model used
to study skyrmion bubbles in magnetic thin film materials is derived. The last section
is dedicated to current induced domain wall dynamics, and in particular the dynamics of
skyrmions.

2.1 Magnetic properties

The transition metals Cobalt (Co), Nickel (Ni) and Iron (Fe) are ferromagnets. A fun-
damental property of ferromagnets is the tendency of neighbouring spins to align their
magnetic moment. This direct interaction is caused by the Pauli exclusion principle in
combination with the Coulomb interaction, and prevents short ranged inhomogeneity of
the magnetisation [19]. The energy associated with this interaction is given by the Heisen-
berg Hamiltonian

H =
∑
i̸=j

Ji,jµi · µj , (2.1.1)

where µi and µj are the magnetic moments of two interacting spins and Ji,j the exchange
constant. A common way to express the strength of the exchange interaction is via the
exchange stiffness constant A, which depends on Ji,j as well as the crystal structure. The
exchange interactions result in a macroscopic magnetic moment, commonly denoted by the
magnetisation M , below the critical Curie temperature TC. However, these interactions
are isotropic. In practise, the magnetisation has a preferential direction. The energy that
breaks the isotropy is referred to as the magnetic anisotropy energy.

7
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2.1.1 Magnetic anisotropy

Magnetic anisotropy is the directional preference of the magnetisation of a magnetic
medium, with respect to the crystalline axis (magneto-crystalline anisotropy) and to the
shape of the magnetic body (shape anisotropy) [19]. This magnetic property is instrumen-
tal in most magnetic applications, because the magnetisation of a magnet can be switched
from one preferential direction to another using an external force, and will remain in this
state even after the force is removed.

The microscopic origin of magnetic anisotropy is twofold. Magneto-crystalline aniso-
tropy primarily originates from spin-orbit coupling (SOC), where the orbital motion of
the electrons couples to the electric field of the crystal [20]. Shape anisotropy originates
entirely from dipole-dipole interactions [20]. Dipole-dipole interactions are long ranged,
so the shape of the magnetic body influences the magnetic field induced by these inter-
actions, resulting in a preferential direction of the magnetisation associated with shape.
Shape anisotropy prefers the magnetisation to be aligned with the long axis of a magnetic
body, in order to minimise the dipole-dipole energy. Energetically preferred directions of
the magnetisation are called easy axes, and directions of high energy are called hard axes.
The magnetisation tends to align with the easy axis without external influences.

For thin films, the total anisotropy constant can be phenomenologically decomposed
into two parts; a volume term KV and a surface term KS, and is given by [21]

K = KV +
2KS

t
, (2.1.2)

where t denotes the thickness of the film, and the factor 2 arises from the fact that every
layer has two interfaces, which are assumed to be identical. This decomposition is done
because spins close to an interface have a different environment than spins in the bulk. In
the case of the thin film samples studied in this thesis, KV is mostly determined by the
shape anisotropy and KS is a result of SOC. The sign of K determines the preferential
direction of the magnetisation in the film. The sign is defined such that a possitive K
means the magnetisation prefers to point out-of-plane. KV is generally negative for thin
films [22]. Equation 2.1.2 shows it is possible to grow thin films with out-of-plane and
in-plane magnetisation by controlling the thin film thickness t. For large t, KV dominates,
yielding a negative K, thus resulting in in-plane magnetic anisotropy (IMA). Consequently,
the magnetisation of the structure is directed in the in-plane direction, when no external
forces are applied. If t is reduced sufficiently, K becomes positive and favours perpendicular
magnetisation (PMA). The magnetic films studied in this thesis are ultrathin and thus have
PMA.

2.1.2 Magnetic domain walls

In the case of PMA, the positive and negative out-of-plane directions are equally favourable,
and can be toggled using an external force, such as an external magnetic field. Another phe-
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nomenon can occur; multiple domains of opposing magnetisation direction can be formed
to minimise the total energy. Between two domains, a domain wall is present, where the
magnetisation transitions from, in the case of PMA, up to down (↑↓) or down to up (↓↑).
These domain walls can be manipulated using for instance a magnetic fields or an electrical
current, as will be discussed in section 2.3. It is possible to observe no macroscopic mag-
netisation after domain formation, if the total volume of up and down domains is equal.
In this case, the magnetisation of the sum of the individual domains is zero.

Why a multi domain state can form becomes clear when comparing the demagneti-
zation energy associated a single domain state to the energy associated with the situation
with two domains. The demagnetisation energy associated with single domains is large,
and determined by the demagnetisation or stray field [19]. As visualised in figure 2.1a, a
large amount of magnetic flux leaks into the environment, resulting in a large demagneti-
sation energy. The amount of flux leaking into the surroundings, and thus the total energy,
can be reduced by forming a domain (figure 2.1b) [24]. In general, domains are formed
until the energy it costs to form a domain wall is larger than the demagnetisation energy
decrease.

Figure 2.1: Sideview of a magnetic body with PMA, visualising the demagnetisation
field of a) single domain particle and b) two domain particle. The thin arrows denote the
demagnetisation field, and the thick arrows denote the direction of the magnetisation within
the magnetic body.

There are two main classes of domain walls for thin films with PMA: Bloch and Néel
walls. The configurations are depicted in figure 2.2. Bloch walls rotate in the direction
parallel to the plane separation up and down spins, and Néel walls rotate through this plane.
Which domain wall is energetically favourable depends on the material and geometry of the
magnetic device. In thin films, this depends on the thickness of the magnetic film, where
Bloch walls are favoured for thicknesses below a certain critical value [26]. A different
mechanism which favours Néel walls will be discussed in the following subsection.
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The width of a 180◦ Bloch domain wall is calculated by minimising the domain wall
energy with respect to the domain wall width. The domain wall energy is defined as the
difference between the energy of the magnetic moments when they are within the domain
wall and when they are part of the domain [24], and will be derived in section 2.2. The
width of the Bloch domain wall is given by [19]

∆ =

√
A

K
, (2.1.3)

where A is the exchange stiffness constant and K the effective anisotropy constant. The
domain wall width can thus be tailored by controlling the interplay between anisotropy and
exchange coupling. This interplay is due to the fact that anisotropy favours instant switch-
ing to avoid misalignment between the magnetisation direction and the easy axis. Con-
versely, the exchange coupling favours slow switching, such that misalignment between two
consecutive spins is minimal. For PMA thin films, which have relatively high anisotropy,
domain walls are smaller than for in-plane magnetised samples, which is favourable for
down-scaling of applications [25]. Keep in mind equation 2.1.3 only approximates the
actual domain wall width. A more accurate definition is presented in ref. [27]. The mag-
netisation profile of Néel walls is more spread out than is the case for Bloch walls, making
the width of Néel domain walls more difficult to calculate. The core thickness, however,
is comparable to the exchange length, given by lex =

√
2A/µ0M2

S [28]. The energetics of
domain walls is further discussed in section 2.2.

Figure 2.2: Magnetic structure of a) a Bloch domain wall and b) a Néel domain wall in
a PMA thin film. Bloch walls rotate in the direction parallel to the wall plane, and Néel
walls rotate through the wall plane.

2.1.3 Dzyaloshinskii-Morya Interaction

Recent studies have shown that growing a thin magnetic film on top of a heavy metal
layer, as well as introducing structural inversion asymmetry (SIA) to the system, yields
Néel domain walls [29, 30]. An example of such a system is Pt/Co/AlOx, where symmetry
is broken at the Co interfaces. Being able to generate Néel walls in thin films is essential
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for current based applications [5], as will be further discussed in section 2.3.
The physical mechanism which causes this phenomenon by Dzyaloshinskii-Moriya in-

teraction (DMI). It was first coined by Dzyaloshinskii, when he realised that in systems
with reduced symmetry, an anisotropic superexchange coupling could arise between two
spins, in the form of [31]

HDMI = D1,2 · (s1 × s2) , (2.1.4)

where D1,2 is is a constant vector that describes the strength of the interaction and s1 and
s2 are the interacting spins. Moriya later discovered the effect is directly related to SOC
[32]. The wave functions of the two spins overlap with the heavy ion, giving rise to the
anisotropic exchange interaction.

A schematic representation of DMI is visualised in figure 2.3. As can be seen in
the figure, at for instance the Co/Pt interface of a Pt/Co/AlOx structure, DMI favours a
canting of spins at the interface, as opposed to an (anti)parallel configuration for the direct
exchange interactions in the bulk. This leads to fundamentally interesting and industrially
promising magnetic ordering in thin films. The most striking example of the manifestation
of DMI are skyrmions; vortex-like magnetic structures, which are topologically stable and
have particle-like properties [33]. Skyrmions will be further discussed in the following
section.

Figure 2.3: Schematic representation of ferromagnetic coupling governed by the
Dzyalshinskii-Moriya interaction, at the interface between a magnetic (red circles) and
a heavy metal (light grey circles) layer.

To understand why DMI leads to Néel walls, consider a racetrack memory device as pre-
sented in figure 1.2. For this strip, x ≫ y ≫ z. The strip is assumed to be infinitely thin,
and thus dM

dz
= 0. The DMI exchange energy for a thin film in the continuum form is given

by [35]

EDMI =
∑
i

Di

M2
s

·

[
M × ∂M

∂i

]
, (2.1.5)

where Di is the DMI constant defined with respect to the crystal axis [35] and i the in-
plane components i = x, y of the magnetisation. Di is perpendicular to M , so for i = x,
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Dx = Dêy and for i = y, Dy = Dêx. Writing equation 2.1.5 out yields:

EDMI =
D

M2
s

[
Mz

∂Mx

∂x
−Mx

∂Mz

∂x
+Mz

∂My

∂y
−My

∂Mz

∂y

]
. (2.1.6)

In the case of a narrow strip, such as the racetrack memory device, it is assumed there is
no gradient in the magnetisation in the y-direction, causing the last two terms in equation
2.1.6 to vanish. This means the only relevant component of Di points in the y direction. In
this case, equation 2.1.4 predicts the magnetisation profile depicted in figure 2.3, which is a
Néel wall structure. By inverting Mx in equation 2.1.6, both remaining terms change sign.
That means when transitioning from an ↑ domain to a ↓ domain in a PMA racetrack, the
energy is minimised when the magnetisation at the centre of the domain wall is aligned in
the −x-direction, while transitioning from ↓ domain to a ↑ domain, the magnetisation will
align in the +x-direction. Thus, the sense of rotation is the same for ↑↓ and ↓↑ domains.
In other words, the chirality of the domain walls is conserved. The rotation direction can
either be clockwise of counterclockwise, depending on the studied structure. Néel walls
can only be formed if the DMI is strong enough. Franken et al. demonstrated a transition
from Bloch walls, which is the stable configuration in symmetric films, to Néel walls by
varying the symmetry between the Co/Pt and the Pt/Co interface in a Pt/Co/Pt stack
[37], and thus the strength of the DMI. When the two interfaces are identical, the DMI
is zero. The devices used in this thesis are stacks with large SIA, so a sizeable DMI is
expected, as well as a Néel domain wall configuration.

2.1.4 Skyrmions

In magnetic samples with high DMI, chiral particle-like spin structures can be stabilised.
These structures are commonly referred to as skyrmions, named after nuclear physicist
Tony Skyrme. He proved topologically protected field configurations could exist within a
theoretical framework describing pions. Analogously, these configuration can also exist in
magnetic structures, where they take the shape of magnetic bubbles [8]. The magnetisation
profile of a Néel skyrmion is visualised in figure 2.4a.

Topological protection refers to topological inequality to the uniform state. It can
be understood intuitively that a sphere and a plane are topologically identical because
a plane can be stretched over a sphere. Conversely, a plane is not topological identical
to a torus because a plane cannot be stretched over a torus without tearing the plane.
In other words, there is an energy barrier associated with stretching the plane over the
torus, which means the torus is topologically protected. Analogously, skyrmions are topo-
logically protected because their magnetisation profile is topologically different from the
uniform state [38]. An energy barrier has to be overcome to abolish this spin structure,
making them stable quasi-particles. Skyrmions are defined by their topology, and are
characterised by their topological charge W . Formally this topological charge is referred
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to as the winding number, which is the number of times the magnetisation profile can be
wrapped around the unit sphere. This is sketched in figure 2.4b for W = 1, 2. For W = 1,
the magnetisation profile corresponds to the magnetisation profile presented in figure 2.4a.
This profile can be wrapped once around the unit sphere. In this case, all spins along the
skyrmion radius point in the same direction. For W = 2, the magnetisation profile can
be wrapped twice around the unit circle. This yields more complex skyrmion systems, of
which the outer spins are depicted in figure 2.4b. However, in this thesis, only skyrmion
with W = ±1 are considered, where the sign of W determines the polarity of the skyrmion.

(a) (b)

Figure 2.4: a) Magnetisation profile of a large Néel skyrmion with winding number W = 1.
Image taken from ref. [39], b) folding of the magnetisation profile around the unit sphere,
with a top view of outer spins of the corresponding skyrmion.

By definition1, skyrmions can be of arbitrary finite size and arbitrary shape [40]. However,
the physics governing the stability of the skyrmions depends greatly on its size compared
to the domain wall. For R ≈ ∆, the inner domain is reduced to a single point. These
skyrmions are called vortex skyrmions, and can be as small as a few nm (figure 2.5a).
At this length scale, DMI is important due to highly non-uniform spin structure of the
skyrmion [40]. If R ≫ ∆, a large uniform domain is present at the centre of the skyrmion,
as can be seen in figure 2.5b. In this limit, skyrmions are referred to as skyrmion bubbles,
and dipole-dipole interactions become more important for skyrmion stabilisation [17]. The
skyrmions studied in this thesis are of the latter kind, and typically have a size in the order
of a few micron.

1In this thesis, Buttner’s definition of skyrmions is used [40]. By this definition, skyrmions are solely
defined by their topology. It should be noted the definition is still being debated in the community [41].



14 2 Theory and fundamentals

Figure 2.5: Spin structure of skyrmions of different sizes. a) vortex skyrmion, b) skyrmion
bubble.

The spin structure and topological protection of skyrmions make them interesting candi-
dates for novel data storage technologies, as discussed in the introduction. This is reminis-
cent of similar research conducted in the 1970s, where bits were assigned to the presence or
absence of classical magnetic bubbles [42], which were moved using an external field. These
bubbles were generated in thick films and required large field controllers to operate, and
were consequently never used in commercial devices. The skyrmion bubbles discussed in
this thesis have a given chirality induced by the DMI at the interface of ultrathin magnetic
layers, allowing for field-free bubble motion using spin-orbit torques. This will be further
elaborated on in section 2.3.

The stabilisation of nanoscale skyrmions has been reported extensively. Romming et
al. reported skyrmions as small as 3 nm in Pd/Fe layers, although at 2.2 K and using
an external stabilisation field of 1.5 T [43]. In pursuit of skyrmion based applications,
skyrmions of a few hundred nanometer have been stabilised at room temperature and zero
field [44, 45]. This is, however, not small enough for competitive skyrmion based data stor-
age devices [46]. More recent studies have shown that the interface DMI can be increased
enough to stabilise sub-100 nm skyrmions in Pt/Co/Ir multilayered systems, using a field
of only a few mT [47]. In the following section, a model which can be used to calculate the
size and stability of the skyrmion bubbles studied in this thesis is introduced.
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2.2 Energetics of skyrmion bubbles

The equilibrium state of skyrmion bubbles can be determined by minimising the total en-
ergy function of the system. In the case of skyrmion bubbles, the Zeeman energy, demag-
netisation energy and the domain wall energy are responsible for the bubble stabilisation,
as first shown by Thiele [48]. First, expressions for these energy terms will be derived, fol-
lowed by an in-depth analysis of the energy model. At the end of this section, a numerical
model is presented to calculate the demagnetisation energy in arbitrary magnetic thin film
systems with PMA.

2.2.1 Overview of magnetic energy terms

Zeeman energy

The energy associated with magnetic fields permeating the magnetic body are described by
two energy terms. The Zeeman energy describes the interaction between a magnetic body
and an external magnetic field, and the demagnetisation energy accounts for magnetic
fields generated by dipoles within the magnetic body itself. The Zeeman energy is given
by [19]

EZ = −µ0MS

∫
Hext ·m dV , (2.2.7)

where V is the volume of the magnetic body and m the reduces magnetisation given by
m = M/MS, where MS is assumed to be constant throughout the magnetic body. The
equation shows it is energetically favourable to align M with Hext. Assuming the applied
field and the magnetisation of the magnetic body are aligned, the Zeeman energy can be
simplified to

EZ = −µ0HextMSV . (2.2.8)

Demagnetisation energy

Dipole-dipole interactions between individual spins in the magnetic body generate an ad-
ditional magnetic field. This so-called demagnetisation field Hd can be calculated with
Gauss’ law [19]:

∇ ·B = µ0∇ · (Hd +M ) = 0 ⇒ ∇ ·Hd = −∇ ·M . (2.2.9)
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The total demagnetisation energy2 depends on the orientation of the magnetisation with
respect to the stray field, and is given by

Ed =
µ0

2

∫
space

H2
d dV =

µ0

2

∫
body

(Hd ·M ) dV . (2.2.10)

The first integral is over all space, and implies Ed is always positive and is only zero if the
studied system is non-magnetic. The second integral is a more convenient formulation of the
demagnetisation energy, because the integration bounds are determined by the considered
magnetic body. A general solution for Hd can be reached using potential theory. Taking
a closer look at equation 2.2.9, the equation suggest the demagnetisation field is generated
by an effective magnetic charge density ρ given by

∇ ·Hd = −∇ ·M = ρ . (2.2.11)

In the magnetostatic limit does not change over time, and no net charge is injected into
the system. The demagnetising field can then be written in terms of a magnetic potential
Φ [49]:

Hd = −∇Φ , (2.2.12)

which takes the form of the Poisson equation

∇2Φ = −ρ . (2.2.13)

The Poisson equation is a well known partial differential equation, and can be solved using
Green’s functions. The Green’s function must satisfy

∇2G(r − r′) = δ(r − r′) (2.2.14)

whereG(r−r′) is the solution to the Poisson equation for a point charge with unit-strength,
located at r = r′ [49]. The Poisson equation can then be solved by integrating over the
whole volume of the body:

Φ(r) =

∫
dr′ G(r − r′)ρ(r′) =

∫
dr′ρ(r′)

4π|r − r′|
. (2.2.15)

In uniformly magnetised bodies, the net internal charge density is zero. However, on the
surface of the bodies, there is a sudden step in the magnetisation function, corresponding to
a delta peak in the charge density function at the surface. This means a surface magnetic
charge density of opposing sign on top and bottom surface is responsible for generating the
demagnetisation fields in thin films, even though the net charge is zero. This is sketched
for a thin film with PMA in figure 2.6.

2In literature, this term is also referred to as magnetostatic energy, dipolar energy or stray field energy
as well.
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Figure 2.6: Side-view of the surface charge density in a uniformly magnetised thin film
with PMA. The arrow denotes the magnetisation of the film.

This charge is defined as σ = M ·n [48], where n is the vector normal to the surface, and
results in an extra term in the equation describing the magnetic potential. In the case of
a thin film, the magnetic potential becomes

Φ(r) =

∫
dr′σ(r′)

4π|r − r′|
. (2.2.16)

Using equations 2.2.16, 2.2.12 and 2.2.10, a general solution for the demagnetisation energy
can be calculated [50]:

Ed =
MS

2

[ ∫
dS σ(r)Φ(r)

]
. (2.2.17)

Here, S denotes a surface integration. In the following section, this equation will be used
to calculate the demagnetisation energy in an isolated bubble system.

Domain wall energy

The demagnetisation energy is lowered when domains of opposite magnetisation are formed
within the magnetic layer. This, however, introduces a domain wall energy to the system,
as discussed in section 1.1.2. For a 180◦ Néel wall, the domain wall energy density is given
by [35]

σNéel
DW = 4

√
AK − πD . (2.2.18)

Here, the first term corresponds to a domain system without DMI. The equation is extended
with a term accounting for DM interactions [35, 17]. The systems studied in this thesis
have a positive D. Thus, DMI reduces the domain wall energy because it favours relative
canting between neighbouring spins, so it becomes energetically cheaper to create domain
walls. The domain wall energy density is a surface energy density, concentrated in the
domain wall separating domains. In a thin film with uniform thickness t, the total domain
wall energy can be calculated by integrating this energy density over the total length l of
the domain wall:

ENéel
DW = t

∫
σNéel
DW dl . (2.2.19)
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2.2.2 Thin wall isolated skyrmion model

The stability and existence of the skyrmion bubbles studied in this thesis are determined by
the interplay between the above discussed energy terms. In this section, the energy function
of an isolated bubble in an uniform film is derived. The skyrmion bubbles investigated in
this thesis are cylindrical domains with radius R and a height equal to the thickness t of the
film they are stabilised in. Consider such a bubble in an otherwise uniformly magnetised
infinite thin film. A schematic overview of the system is presented in figure 2.7.

Figure 2.7: Schematic overview of the system considered in the thin wall skyrmion bubble
model.

The thin film has PMA, so the magnetisation in both the bubble and the surroundings is
out-of-plane, but in opposite directions. The external stabilisation field Hz points in the
direction of the magnetisation of the material surrounding the bubble. The two domains
are separated by a Néel wall. Note that the model is only valid if the wall is thin compared
to the size of the bubble, so ∆ ≪ R, which means the model cannot be used to describe
the physics of vortex skyrmions (figure 2.5a). Buttner et al. proposed an extension to this
model taking into account the variation of the domain width and structure with the bubble
radius, which provides an extended theoretical framework for skyrmion of arbitrary size
[40]. However, as the bubbles studied in this theses are skyrmion bubbles (figure 2.5b),
Thiele’s model for magnetic bubbles is sufficient.

Calculating the Zeeman and domain wall energy terms is straightforward for this
system. The bubble can be seen as an superposition of a cylindrical domain with mag-
netisation 2MS in an otherwise uniform form with magnetisation −MS [52]. The Zeeman
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energy, given by equation 2.2.8 is then written as

EZ = −µ0HextMSV = 2µ0HextMSπR
2t . (2.2.20)

Similarly, the domain wall energy can be calculated by integrating equation 2.2.19 over
the area of the domain wall, assuming a constant domain wall energy density in the wall.
This yields

ENéel
DW = t

∫
σNéel
DW dl = σNéel

DW 2πRt . (2.2.21)

To calculate the demagnetisation energy, the magnetic charge density has to be determined
first. The bubble is uniformly magnetised, so the volume magnetic charge density ρ is zero.
The surface charge density in the bubble is thus equal to the system presented in figure
2.6, and given by

σ(z) =

{
+2MS for z = 0 ,

−2MS for z = −t .

Thus, the scalar potential of the bubbles is a superposition of two disks positioned at z = 0
and z = −t, with opposing magnetic charge density. The scalar potential of a disk with
radius R and homogeneous magnetic charge density σ at a distance z from the disk is a
well known solution of potential theory, and is described by [50]

ϕdisk(r, z) = 2πR

∞∫
0

1

k
e−kzJ0(kr)J1(kR) dk , (2.2.22)

where Jn is the Bessel function of the nth order. This solution satisfies the Poisson equation
[50]. By plugging this expression for the demagnetisation field of a disk at z = 0 and z = −t
into equation 2.2.17, the demagnetisation energy of the bubble domain can be calculated,
and is given by

Ed, bubble =

∫ R

0

∫ 2π

0

drdφ(ϕdisk(r, 0)σ(0)− ϕdisk(r,−t))σ(−t))− 8π2M2
SR

2t . (2.2.23)

Here the second term corresponds to the demagnetisation energy of a uniform film, such
that Ed, bubble represents the decreases of the demagnetisation energy due to the creation
of the bubble domain. The resulting energy term is given by [17, 48, 50]

Ed, bubble =
2µ0

3
t3M2

Sd

[
d2 + (1− d2)

E(u2)

u
− K(u2)

u

]
, (2.2.24)

where d = 2R/t u2 = d2/(1+d2) and K(u2) and E(u2) are the complete elliptical integrals
of the first and second kind respectively. In figure 2.8, the Zeeman, domain wall and
demagnetisation energy terms are plotted individually as a function of bubble radius for
realistic values [17]. As can be seen in the figure, the demagnetisation energy decreases
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with increasing bubble size. When the bubble domain grows, the domain wall separating
the two domains grows as well. This means more spins within the thin film are anti
parallel, decreasing the demagnetising field leaking into the environment, and thus the
demagnetisation energy. The growth of the domain wall also results in an increase of
the domain wall energy. The two competing energy terms have a similar magnitude in
systems where bubbles can be stabilised. The third term, the Zeeman energy is very small
compared to the other energy terms. This highlights the fact only a very small amount of
energy is needed to stabilise skyrmion bubbles.

Figure 2.8: The Zeeman, domain wall and demagnetisation energyy as a function of
bubble radius. The used parameters are realistic values reported by Schott et al. [17].

Adding the Zeeman, domain wall and demagnetisation energy terms yields a function
representing the total energy of the isolated bubble:

Etotal = πµ0M
2
S t

3

[
1

2
hextd

2 +
lc
t
d+

2d

3π

(
d2 + (1− d2)

E(u2)

u
− K(u2)

u

)]
(2.2.25)

Here lc is the characteristic length, which is a measure for the balance between domain
wall energy and demagnetisation energy, and thus determines the magnetic structure in
the film. It is defined as lc = σDW/(µ0M

2
S). hext = Hext/MS is a reduced magnetic field

defined to clean up the equation. As presented in figure 2.9, equation can be plotted as a
function of bubble radius. On the vertical axis, the total energy of the bubble is divided by
the thermal energy at room temperature, providing a more intuitive picture of the thermal
stability of the bubbles. Realistic, experimentally determined parameter values reported by
Schott et al. are used; MS = 0.92 MAm−1, t = 0.468 nm, Bext = 0.15 mT and σDW = 1.33
mJm−2 [17]. A minimum in this energy function corresponds to the equilibrium radius of
the skyrmion bubble.
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Figure 2.9: Bubble energy as a function of bubble radius. The used parameters are realistic
values reported by Schott et al. [17].

Skyrmion bubble stability

There is only a limited parameter space where a local minimum in the energy function
is present, and thus where isolated bubbles can be stable. In experiments, the bubble
stability thickness, saturation magnetisation and domain wall energy are all determined
by the material parameters, while the applied field can be varied. Therefore, the energy
function is plotted for various applied fields in figure 2.10.

The bubble shrinks with increasing applied fields. This is expected, because Zeeman
interactions favour an alignment of the applied field and the magnetisation, causing the
bubble domains to shrink. One can image when the applied field reaches a sufficient value,
all spins will gradually align with the field, and the film is fully saturated due to the
increasing Zeeman energy. However, the bubble collapses at a slightly lower field. This is
because as the bubble shrinks, its demagnetisation energy decreases faster than the cost
of creating and maintaining a domain wall, resulting in a sudden collapse of the bubbles
[52]. This field is commonly referred to as the bubble collapse field hbc.

The bubble collapse field and the equilibrium radius can be determined from the plots
in figure 2.10. The blue and red curve clearly display a local minimum at a nonzero
radius. The position of this minimum can be determined graphically. Conversely, the
energy function corresponding to the grey curve does not have a local minimum. Bubbles
instantly collapse in this case. Thus, the corresponding applied field is equal to the collapse
field. Additionally, the size of the smallest stable bubbles in the studied thin film can be
estimated by considering fields just below the collapse field. Both the equilibrium radius
and collapse field are experimentally determined in this thesis and compared to the values
predicted by the model.
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Figure 2.10: Bubble energy as a function of bubble radius for three different applied fields.

The model implies that by decreasing the applied field, the bubbles will grow indefinitely
until zero field is reached. In reality, this is not the case. A round shape is energetically
favourable for sufficiently small bubbles [42], because then the cost to create domains in a
uniform film is minimal. However, the bubble becomes elliptically unstable for fields below
a critical value, referred to as the bubble strip-out field hso. Below this field, bubbles are
too large to maintain their round shape. The elliptical instability of bubble domains has
first been described by [54], but theoretically determining the value of this field is beyond
the scope of this thesis.

The thin wall model holds information about another aspect of bubble stability. An
energy barrier has to be overcome to either annihilate or nucleate a skyrmion bubble in the
thin film. The energies associated with nucleation EN and annihilation EA are depicted
in figure 2.11. According to Néel-Brown theory [55, 56], the nucleation and annihilation
rates ΓN and ΓA are directly related to the height of the respective barrier. Consequently, if
EA > EN, bubble nucleation is more probably than annihilation, and bubbles are thermally
stable. If EA < EE, annihilation becomes thermally activated and the bubble state largely
disappears. Schott et al. used this phenomenon to switch skyrmions by controlling MS

and EDW, and thus the energy function, with an electric field [17].
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Figure 2.11: Bubble energy as a function of bubble radius for two different applied fields.
The nucleation and annihilation fields are defined for the blue curve.

2.2.3 Revealing the phase diagram

The previously discussed framework does not capture the complete phase diagram of do-
main structures in thin films. For instance, elliptic deformations of isolated bubbles below
a critical strip-out field is predicted, but no information about the domain structure be-
low this field can be extracted. A stripe domain structure with equal sized domains of
opposing polarity is observed at zero field. This was first discussed by Kooy & Enz [53].
A third, intermediate phase can also be observed, referred to as the bubble lattice [52]. In
this case bubbles are closely packed, and interaction between bubbles counteract elliptic
deformations at lower fields. In figure 2.12, the full phase diagram of the thin films studied
in this thesis is plotted, showing critical fields for all three phases.

At zero field the stripe domain structure is stable. The size of domains of a certain
polarity with increasing applied field, depending on the direction of the field. Analytically,
the stability range is determined by hs0, when the stripe domain structure collapses and
the film is uniformly magnetised [53]. However, in practise, a different domain structure
is observed well before this collapse field is reached. For hext > htr, the bubble lattice
phase becomes energetically favourable [52]. The bubble lattice phase consists of interact-
ing cylindrical domains in a hexagonal pattern. The cylindrical shape of the domains is
maintained by the repulsive bubble-bubble interactions in this lattice. This phase remains
metastable if the field is decreased from hext > htr to zero, decaying back to the stable stripe
domain structure due to thermal fluctuations [50]. hb0 indicates the theoretical collapse of
this system.
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Figure 2.12: The phase diagram of thin films studied in this thesis. Image based on figure
1.24 of ref. [50].

The third phase is the previously discussed isolated bubble phase. Compared to the bubble
lattice phase, a larger stabilisation field is needed due to the absence of stabilising bubble-
bubble interactions. The stability range of this phase, hbc > hext > hbs is indicated in the
figure with grey.

In figure 2.12, an overlap between the stability ranges of the three phases is observed.
For hb0 > hext > hbs, the isolated bubble is metastable, and only becomes unconditionally
stable for hbc > hext > hb0. However, in practise, skyrmion bubbles can be treated as
isolated, non interacting domains for fields between the collapse and strip-out field [50].
Experimental studies should be able to reproduce this phase diagram, which will be done
in detail in section 4.1.

2.2.4 Numerical simulation of the demagnetisation energy

The analytic solution for the demagnetisation energy of a skyrmion bubble is rather com-
plicated, and can only be applied to the limited case of an isolated bubble in an infinite
film. However, one of the goals of this thesis is to study confined skyrmion bubbles in
patterned structures. For that purpose, a numerical method is developed, which can be
used to calculate the demagnetisation energy of skyrmion bubbles in arbitrarily patterned
samples.

Consider two magnetic dipoles with magnetic moment µi and µi, interacting at a
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distance rij, the demagnetisation energy is given by [51]

Edipole
d =

µ0

4π

[
µi · µj

r3ij
−

(µi · rij)(µj · rij)
r5ij

]
. (2.2.26)

Any macroscopic system can be considered as a sum of small interacting dipoles. Thus,
the system of interest is divided into N cells of equal size, each with their own magnetic
moment µ. The demagnetisation energy in cell i is then given by

Edipole
d,i =

µ0

8π

N∑
j ̸=i

[
µi · µj

r3ij
−

(µi · rij)(µj · rij)
r5ij

]
. (2.2.27)

A factor 1/2 is included to account for double counting. Each cell is uniformly magnetised.
Consequently, the absolute value of the magnetic moment of each cell is also constant. The
demagnetisation energy can thus be expressed in terms of the direction of the magnetic
moment of a cell.

Edipole
d,i =

µ0µ
2

8πr3

N∑
j ̸=i

[
1

p3
(cos(θi+j − θi)− 3 sin θi sin θi+j)

]
. (2.2.28)

Here, rij = rp, where r is the cell size and p the distance between cells in steps of 1. The
magnetic moment of each cell is equal to µ = MS · V = MS · tr2, for a thin film system
with t ≪ r. Finally, to acquire the total energy of the system, Ed,i is summed over all i,
resulting in

Edipole
d =

µ0M
2
S t

2r

8π

N∑
i

N∑
j ̸=i

[
1

p3
(cos(θi+j − θi)− 3 sin θi sin θi+j)

]
. (2.2.29)

To qualitatively test the validity of this model, a 1D chain of micro spins is simulated.
From section 2.1.2, we know the demagnetisation energy is minimised upon the formation
of a domain. In figure 2.13, the demagnetisation energy as a function of the number of
domains in the chain is presented. As can be seen in the figure, the demagnetisation energy
is indeed minimal for the maximal number of domains possible in the system, as discussed
in section 2.1.2, confirming that the model indeed exhibits the correct behaviour.
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Figure 2.13: The demagnetisation energy of a 1D chain in configurations a through d,
compared to the uniform state. The energy is minimal for a maximal number of domains,
as expected from domain theory.
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2.3 Current induced domain wall dynamics

The notion of moving domain walls under a magnetic field already exists for a couple of
decades, with it’s first major application being the magnetic bubble memory [57]. The
biggest downside of this technology is the need of an external magnetic field to move the
bubbles, greatly limiting the down-scalability of the device. It wasn’t until the 1970s,
when Berger and Slonczewski predicted domain walls can be driven by an electric current
[58, 59, 60, 61], that the interest in domain wall motion grew significantly. In this section,
several mechanisms for domain wall motion with an electrical current are introduced. Also,
the current driven motion of skyrmions is discussed. The theoretical framework will not be
used explicitly in this thesis, but will function as a basis to understand the experimentally
observed behaviour.

2.3.1 Spin transfer torque

Berger and Slonczewski showed that a spin-polarised current running through a domain
wall exerts a torque on it [58, 59, 60, 61]. This phenomenon is called spin-transfer torque
(STT), and is schematically visualised in figure 2.14a. When an current density je is
injected into a ferromagnetic layer, it becomes spin polarised because majority and minority
spins have different mobilities in these layers [61]. Initially, the spins of the electron current
point in the direction of the magnetisation of the ferromagnet. The mobile sp-like electrons
couple to the localised d electrons in the metal via the s-d exchange interaction [62].

Figure 2.14: a) Adiabatic spin transfer torque, b) misalignment between the spin of con-
duction electrons and local magnetisation result in a non-adiabatic spin-transfer torque.
The orange arrows denote the STT working on the magnetisation in the thin film.

When the mobile electrons encounter a gradient in the magnetisation, e.g. a domain wall,
it is energetically favourable for the spins to align with the local magnetisation. This re-
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sults in a reaction torque working on the local magnetisation due to the conservation of
angular momentum [64], as depicted in figure 2.14a. The direction of domain wall motion
is always in the same direction as the electron flow (positive x-direction in figure 2.14a). In
the approximation that all the angular momentum of the mobile electrons follows the local
magnetisation directly, STT is adiabatic. This approximation is sound for large domain
walls ( ∆ ∼ 100 nm), because in that case the gradient of the magnetisation is small,
allowing for the full transfer of angular momentum to the local magnetisation [65].

However, experimental studies showed a large discrepancy between experiment and
theory, calling for a correction of existing theories. Thiaville et al. proposed that the adi-
abatic approximation is not valid for experimentally studied systems, because the domain
wall width is typically much smaller than 100 nm [66]. They proposed a phenomenological
non-adiabatic STT, accounting for all non-adiabatic processes. This non-adiabatic torque
is perpendicular to the previously discussed adiabatic torque. Although the microscopic
origin of this term is still unclear [66, 67], the common conception is that the gradient of
the magnetisation in the domain wall is too high for the spins to align locally with the
sample magnetisation (dark and light grey arrows in figure 2.14b). This, in turn, gives
rise to an additional torque acting on the magnetisation. Other processes, such as spin-
flip scattering and momentum transfer also affect the size of this torque [68]. The term
becomes especially important in PMA structures where domain walls can be in the order
of a few nm [69].

2.3.2 Spin Hall effect

STT has been widely investigated as a driving force for racetrack memory devices [5].
However, experimental studies have shown the maximum efficiency and speed of these
memory devices is too low for competitive applications. Therefore, other, more efficient
driving mechanisms have to be investigated. A promising candidate is the spin Hall effect
[63, 70].

The Spin Hall effect describes accumulation of spins at the interfaces of NM films with
high SOC, when an electronic current is injected into the layer. The effect is caused by
spin-dependant deflection of electrons in the direction transverse to the electron current
[71, 72]. When a FM layer is grown on top of the NM heavy metal, e.g. a Pt/Co stack, it
is possible to inject the spins accumulated, at the Pt/Co interface into the Co layer. This
spin current is polarised in the y-direction. The situation is depicted for a Pt/Co system
in figure 2.15. The maximum transverse spin current js due to the longitudinal charge
current density je is given by

js = θSHEje , (2.3.30)

where θSHE is the spin Hall angle, which signifies the maximum yield for the conversion
from je to js. Large spin Hall angle have been reported in for instance W (θSHE = 0.33) [73]
and Ta (θSHE = 0.15) [34], which were large enough to drive domain walls in nanowires [29]
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and switch magnetisation of adjacent magnetic layers [74]. The effect can be described as
an effective field HSHE in the positive z direction, lifting the in-plane magnetisation at the
centre of the domain wall out-of-plane, moving the domain wall in the direction opposite
to the electron current [37].

Figure 2.15: Schematic representation of the spin Hall effect in a Co/Pt structure. The
grey arrows represent a Néel domain wall and orange arrows indicate the change of the spin
structure in the domain wall under influence of the spin Hall effect. The direction of the
spin angular momentum of the injected conduction electrons is directed in the y direction.

Notice the spin Hall torque would be zero if a Bloch wall is assumed. This situation is
sketched in figure 2.16. Both the spin of the injected electrons and the magnetisation at
the centre of the domain wall point in the same direction, so no torque is exerted and thus
no domain wall motion occurs. Néel wall preference is thus essential to induce domain wall
motion with the SHE. As discussed in section 2.1.3, stacks with strong DMI stabilise Néel
walls in thin films, making them promising candidates for SHE-based devices.

Figure 2.16: Schematic representation of the spin Hall effect in the case of a Bloch wall.
The spin of the injected current points in the same direction as the magnetisation, and thus
domain wall motion does not occur.

Material with strong DMI have another important advantage for SHE-induced domain wall
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motion. Namely, conservation of chirality allows for the unidirectional movement of both
↑↓ and ↓↑↓ domain walls. This property is important when creating a shift-register like
device such as the racetrack memory [5]; if all domain walls move in the same direction,
domain area and thus the information bit is conserved.

Figure 2.17: ↑↓ and ↓↑ domain walls in nanowires. The domains rotate with the same
handedness when DMI is present, resulting in unidirectional domain wall motion.

The domain walls depicted in figure 2.17 shows counterclockwise rotation of both the ↑↓
and ↓↑ configuration. The injected spin current, polarised in the y direction, exerts a
torque in the y direction for the ↑↓ wall, and in the −y direction for the ↓↑ wall. This
results in unidirectional movement of both configurations. Suppose they would have op-
posite chirality, ↑↓ and ↓↑ domain walls move in opposite direction due to the spin Hall
effect. The direction of SHE-induced domain wall motion is determined by the sign of the
DMI, as demonstrated by Emori et al. [75].

In general, Spin Hall effect induced domain wall motion is more efficient than STT
driven domain wall motion [70, 7], resulting in faster and more efficient memory devices.
Additionally, Uede et al. demonstrated a strong temperature dependence of the thresh-
old current3 in asymmetric Co/Ni nanowires, where SHE is the dominant mechanism for
domain wall motion. Conversely, the threshold current is insensitive to temperature in
symmetric Co/Ni wires, where STT induced domain wall motion, indicating a sizeable
intrinsic component of the threshold current [79, 78]. Consequently, the threshold current
for SHE driven domain walls in structures with large DMI is determined by the structural
integrity of the device [79], which allows for a maximal reduction of this current through
device design, and thus also a reduction of energy consumption of such SHE based devices
[76].

2.3.3 Current induced dynamics of skyrmions

Skyrmion can be driven by the same mechanisms as domain walls. However, skyrmions can
move in two dimensions, complicating the theoretical framework describing their motion.
The motion of magnetic bubbles under influence of an external force was first described

3The threshold current of a device is the minimal current needed for torque-driven motion of domain
walls to occur. This is analogous to sliding an object on the ground; a minimal mechanical force is needed
to induce motion.
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by Thiele [80] in 1973. His framework proved a powerful tool to understand and design
the magnetic bubble memory device [42]. Although interest in magnetic bubbles dwindled
over the years, it skyrocketed recently for skyrmion bubbles. Based on this theoretical
framework, Tomasello et al. proposed an analytical formulation of skyrmion dynamics in
systems with interfacial DMI and current injection via SHE [81]. This modified Thiele
equation has been used successfully to describe skyrmion dynamics in experiments [9, 82].
The dynamics of skyrmions can be described by

G× v − α ¯̄D · v + 4πb ¯̄RNéel · jhm = 0 . (2.3.31)

Here, G is the gyrocoupling vector, which is an intrinsic quantity related to the mag-
netisation profile of the skyrmion. v is the drift velocity of skyrmions, and the tensor ¯̄D
corresponds to the dissipative channel, quantified by the Gilbert daping constant α. The
third terms corresponds to the driving force induced by SHE. ¯̄R is the position of the centre
of the skyrmion, jhm the current injected into the system via the heavy metal layer and b
a constant related to the efficiency of the SHE. STT and confinement effects are neglected
in this framework [81].

For a single skyrmion with a constant magnetic profile and radius, G and ¯̄D can be
written as [81]

G =

 0

0

−4πW

 , ¯̄D =

(
D 0

0 D

)
,

where D is the dissipative force constant and W the winding number of the skyrmion.
As discussed in section 2.1.4, the skyrmion studied in this thesis have a winding number
of W = ±1. The bubble can freely move in the plane of the thin film. In the system
defined in figure 2.15, this is the x,y-plane. The Skyrmion velocity due to a current density
jhm = (jhm, 0) is then given by {

vx =
αDB

1+α2D2 jhm ,

vy =
QB

1+α2Djhm ,
(2.3.32)

which implies a linear relation between the injected current and the bubble velocity. Note
that the model predicts the absence of an intrinsic threshold current. The ratio vy/vx
depends heavily on the size of the skyrmion, and is vy/vx > 1 for vortex skyrmions and
vy/vx < 1 for skyrmion bubbles [9]. Opposed to straight domain walls in wires, where
domain walls exclusively move in the direction of the injected current [5] the velocity of
skyrmion bubbles have and x and y component. The skyrmion movement in the direction
perpendicular to the direction of the current is commonly referred to as the skyrmion
or topological Hall effect, which has been shown unequivocally by Jiang et al. [9]. In
this thesis, equation 2.3.32 is not used explicitly to model the skyrmion dynamics or fit
experimental data, but rather to explain the observed behaviour qualitatively.

What makes skyrmions promising candidates for spintronics applications is the low
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threshold current associated with this movement under influence of the SHE. Experimental
studies have shown the threshold current to be multiple orders of magnitude lower [9,
10, 11] than the threshold current for domain wall motion in the conventional racetrack
memory [5]. This is due to their lateral mobility, and thus their ability to circumvent local
defects. The threshold current is not captured in equation 2.3.32, but can be determined
experimentally. This is done for the skyrmion bubbles investigated in this thesis.



3
Sample fabrication and experimental

techniques

In this chapter, the samples used to study skyrmion bubbles are presented, as well as the
method used to grow these sample. Lithography is used to create magnetic nanostructures,
which are designed to unravel the physical principles governing the stability of skyrmion
bubbles. In the first sections of this chapter, the nanofabrication process is discussed, fo-
cusing on sample fabrication and lithography. A method used to locally change the magnetic
anisotropy of thin film samples is discussed in section 2. The last section is dedicated to
measurement techniques used to characterise and test samples and devices.

3.1 Sample design and nanofabrication

3.1.1 Sample growth and material choices

One of the main goals of this thesis is to investigate skyrmion bubbles in patterned struc-
tures, using the method first discussed by Schott et al. They reported skyrmion bubbles in
carefully designed Pt/Co/AlOx thin film stacks, where the Co thickness varies in a single
direction. A relatively simple and cost-efficient deposition method to grow such stacks is
the sputter deposition technique [83].

The sputter deposition tool used in this thesis is depicted schematically in figure 3.1.
A Si substrate coated with 100 nm thick thermally grown SiO2 is cleaned successively in a
acetone and isopropanal ultrasonic bath, after which it is placed upside down in a vacuum
chamber, at a typical base pressure of < 10−8 mbar. The SiO2 coating assures electrical
isolation between the semiconducting Si and the metallic stack to be grown on top of it,
allowing for electrical measurements. Below the substrate, extremely pure discs of target
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materials are situated. Ultra pure argon gas is lead into the chamber, increasing the cham-
ber pressure to 2 · 10−2 mbar. The desired material can be deposited onto the substrate
by applying a large potential difference between a target and a cathode, resulting in the
ionisation of the Ar atoms. A magnetic field can be added to confine the plasma near the
target, allowing for lower background gas pressure [84]. The high energy Ar+ ions collide
with the target, knocking out atoms of the target material. These atoms condense upon the
substrate, forming thin film layers. Switching between targets during the growth process
allows for the growth of complex multilayered structures, such as the thin films discussed
in this thesis. The growth rate depends on the applied voltage, the argon pressure and
the distance between the target and the substrate, but is generally in the order of 1 Å/s [84].

Figure 3.1: Schematic overview of sputter deposition. An argon plasma is generated near
a target of desired material. Argon ions knock out target atoms, which can subsequently
diffuse and condense unto the substrate. A wedge mask can be used to grow samples with
a gradient in the layer height.

Growing samples with height variation in a single direction can easily be a achieved by
using a sharp-edged mask placed between the sample and the target material, as depicted
in figure 3.1. Gradually sliding the mask over the sample during the growth process results
in a wedge shaped layer.

Using this sample growth technique, stacks similar to those reported by Schott et al.
can be grown. The thin film structure that is the basis of this thesis is presented in figure
3.2. The first layer grown on top of the SiO2 substrate is a 5 nm thick Ta layer, which acts
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as a seed layer to ensure smooth growth of subsequent layers [85]. 4 nm of Pt is grown on
top of this buffer layer, followed by a wedged Co layer with a thickness ranging from 0.4
to 1 nm over a horizontal length of 2 cm. Pt is a heavy metal and thus has a large SOC.
Spin-orbit interactions at the Pt/Co interface give rise to 1) DMI at the Pt/Co interface,
2) PMA in the Co layer and 3) SHE in the Pt layer in the case of electric current injection,
as discussed in section 2.3. The stack is capped with 4 nm of Ir. Ir is very resistant to
oxidation at room temperature [86], so it provides a good protection for the underlying
Co. Additionally, it is known from literature the DM interaction at the Pt/Co and Co/Ir
interface have the same sign, leading to an enhanced DMI in the stack [87].

Figure 3.2: Basic stack used in this work, consisting of Ta(5 nm)/Pt(4 nm)/Co(0.4-1
nm)/Ir(4 nm) on a Si/SiOx substrate.

3.1.2 Device fabrication

Now the desired stacks are grown, they can provide the basis for nano-scale, skyrmion-
based electronic devices. Lithography is a common and cost-efficient way of creating such
nano-scale devices. In this thesis, we specifically use electron beam lithography (EBL)
for nano fabrication. With this technique, high-resolution patterning at the micron scale
be easily achieved, and there is sufficient freedom in terms of device design [88]. In this
section, a description of the EBL process used in this thesis is presented.

Lithography process

The basic principle of the EBL process is presented in figure 3.3. The starting point of
the process is the thin film stack presented in figure 3.2. The negative ma-N 2410 resist is
spin-coated onto the sample, followed by a baking step to evaporate the resist solvent, thus
solidifying the resist layer. As depicted in figure 3.3c, local electron beam exposure results
in the cross-linking of the resist, changing its properties locally. The beam current and dose
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determine the resolution of the written pattern, which is in the case of the nanostructures
created in this thesis in the order of 50 nm. The next step is development. The developer
ma-D 332s dissolves the soft, unexposed ma-N 2410 resist (figure 3.3d), while the exposed
areas remains untouched. The written pattern is transferred onto the mask, as seen in
figure 3.3d.

Figure 3.3: EBL steps, as performed to create nanostructures and devices in this thesis.
a) sample growth, b) resist spincoating, c) e-beam lithography, d) development, e) etching
and f) lift-off.

After the removal of unexposed resist during the development step, the undesired parts of
the stack are etched away. Etching is done with the ion-beam milling (IBM) technique.
The basic principle of IBM is presented in figure 3.4. In essence, IBM is very similar
to magneton sputtering. High-energy Argon ions are accelerated toward the sample in a
parallel beam, knocking off sample atoms. The remaining resist acts as a hard mask to
protect the sample, resulting in a transfer of the resist pattern to the sample. Hard mask
resists typically have much lower milling rates than metals [89], and typically are in the
order of 1 Å/s for the stack used in this thesis. Thus, the stack beneath the hardmask
is well protected against ion irradiation. The sample is rotated to ensure homogeneous
etching without undercut. Additionally, the sample can be tilted. An angle of roughly 70◦

is used, to improve the etch profile and reduce re-deposition of sample atoms. Secondary
ion mass spectroscopy (SIMS) can be used to track sputtered species, allowing for layer
specific monitoring of the etching process.
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Figure 3.4: Schematic overview of ion-beam milling. An ion source (a) generates a
unidirectional Ar+ ion beam (b), directed at the deposited stack (c) on top of the substrate
(d) glued to a sample plate (e) at a given angle. The ion beam sputters the sample, which
can be detected via secondary-ion mass spectrometry (f).

Lastly, the mask is removed in an acetone bath, and the product is a magnetic nanostruc-
ture with the desired shape, as presented in figure 3.3f. For future reference, the lithography
recipe is included in appendix A.1. The EBL nanostructures discussed in section 4.2 are
created with the help of Schippers [90].
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3.2 Focused ion beam irradiation

The previously discussed IBM technique is used to etch away large areas from a samples,
using masks to define nanostructures. Alternative, a highly focused ion beam can be used
to locally etch away material. This technique is referred to as focused ion-beam irradiation
(FIB). However, when a sufficiently low dose is used to irradiate the sample, the beam
energy is not large enough to remove material, but large enough to significantly change
the magnetic properties of the sample [36, 91].

In this thesis, a Ga FIB is used to locally lower the anisotropy of the sample, in order
to have local control over the presence and absence of skyrmion bubbles. In figure 3.5,
a schematic overview of a sample before and after FIB irradiation is presented. Due to
the lattice mismatch between the deposited material, the Co layer is under tensile stress.
This leads to an increase of the anisotropy [92]. Ga irradiation leads to intermixing at the
interfaces, which relieves this stress, decreasing the anisotropy. In ultrathin films (tCo ∼ 1
nm), such as the films studied in this thesis, the dominant contribution to the decrease of
the anisotropy is the increase of roughness at the interfaces between the layers [36]. Co
is more mobile than the heavy metal Ir and Pt atoms, and thus Co migration is mostly
responsible for the intermixing. Co atoms moving in the direction of the Ga ions travel
further than the atoms moving up, resulting in a rougher interface at the bottom than
at the top, in the case of identical interfaces. For the asymmetrical Pt/Co/Ir stack, this
also depends on how far the Co can penetrate into the Pt and Ir material. When Co
atoms travel farther then one atomic length, they are completely encapsulated by heavy
metal atoms, resulting in alloying. This further reduces the anisotropy. The dominant
mechanism is difficult to pinpoint, and depends greatly on the composition of the stack.
However, all identified mechanisms leads to a reduction of the magnetic anisotropy, making
FIB irradiation a useful technique to lower the anisotropy in multilayer thin film systems.

Figure 3.5: Schematic representation of the atom structure in a Pt/Co/Ir stack a) before
and b) after FIB irradiation.
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3.3 Measuring techniques

3.3.1 Kerr microscopy

The change of the polarisation of light when it is reflected off a magnetised surface is
known as the magneto-optical Kerr effect (MOKE). The effect was discovered by John
Kerr in 1877, after Micheal Faraday discovered the same effect for light transmitted through
magnetic media [93]. The Kerr effect is proportional to the magnetisation of a medium,
and its strength depends on material composition. This effect can easily be measured using
simple optical components and detectors, making it a valuable magnetic characterisation
technique [94].

Figure 3.6: The working principle of MOKE. After reflection of a magnetic sample, the
polarisation of incident light becomes elliptic and rotates. Image based on figure 6 in ref
[95].

The working principle of MOKE is depicted in figure 3.6. Linear polarised light, which can
be considered as a linear combination of right handed circular polarised (RCP) and left

handed circular polarised (LCP) light, undergoes a complex rotation Φ̃ upon reflection.
This complex rotation is defined as

Φ̃ = θ + iε , (3.3.1)

where θ is the Kerr rotation and ε the Kerr ellipticity. The rotation occurs because the
refractive index, and consequently the reflection coefficient, is different for LCP- and RCP
light in a magnetic medium. The Kerr rotation is proportional to the magnetisation M ,
and is generally in the form of

Φ̃ = FM , (3.3.2)
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where F is a complex constant which depends on the studied material, and M the absolute
value of the magnetisation [96]. The angle of incidence of the light determines for which
component of the magnetisation the technique is sensitive. The MOKE configuration used
in this thesis makes use of perpendicular incident light, commonly referred to as polar
MOKE. In this configuration, the setup is sensitive to the out-op-plane component of the
magnetisation, and is thus useful for measuring the magnetisation in PMA samples.

The Kerr effect can be measured by using two polarisers with their polarisation axis
perpendicular to each other. All light passing through the first polariser is linearly po-
larised, whereafter the light is completely absorbed by the second polariser. However, the
polarisation of the light changes after reflecting off a magnetic surface –which is placed
between the two polarisers– due to MOKE. Consequently, the intensity measured after
the second polariser is a measure for the Kerr rotation of the polarisation, and thus also
a measure for the magnetisation of the sample. Modulation techniques can be used to
improve the signal-to-noise ratio.

Figure 3.7: Simplified schematic representation of the Kerr microscope. Linearly polarised
light is focused onto the sample. The reflected light undergoes a polarisation change due
to the magnetisation of the sample. The magnetisation information is extracted by an
analyser and projected unto a CCD camera. The domain structure in the sample can be
visualised using specialised software.
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The MOKE technique can be implemented in an optical microscope, such that magnetic
domains can be distinguished by contrast. This measurement technique is referred to
as Kerr microscopy. A schematic overview can be found in figure 3.7. The resolution
is ultimately limited by the diffraction limit, making it possible to study domains down
to approximately 300 nm. The Kerr microscope is a low-budget and easy-to-use setup.
Samples can be of arbitrary size and shape, provided the reflection coefficients are sufficient.
It is a non-destructive method and the magnetisation of the sample remains unchanged by
the setup.

The Kerr microscope used in this thesis is based on a Zeiss Imager D2m microscope.
Various lens combinations can be used to achieve a field of view ranging from 10 µm to
1 cm. High intensity light from a XBO 75 Xenon arc lamp is focused onto the sample.
A Hamamatsu ORCA 03G CCD camera –which can record videos at 16 fps– is used to
visualise domain-wall dynamics in the sample in real-time. A magnetic field can be applied
using a home-made solenoid, which can generate out-of-plane magnetic fields of up to ∼
6 mT. The coil is powered via a Kepco bipolar power supply. Additionally, probes can be
landed on the sample, making it possible to study current induced dynamics of magnetic
domains.

Interpreting Kerr microscope images

In the following chapter, Kerr microscopy is used extensively to visualise magnetic domains.
To illustrate what can be expected of such measurements, an example Kerr microscope is
visualised in figure 3.81. In figure 3.8, a top-down view of two domains separated by a
domain wall can be seen.

Figure 3.8: Example of a Kerr microscope image of two domains separated by a do-
main wall, a) before and b) after background subs traction. c) changing the sign of the
saturation field also changes the polarisation and thus the colour values of the domains.
The magnetisation direction of the left and right domain are indicated by ML and MR,
respectively.

1In this thesis, scale bars are indicated with black, but are usually on a white background to improve
visibility.
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The Kerr microscope is sensitive to the out-of-plane component of the magnetisation,
which translates to a slight shade difference between the domains of opposing polarities, as
is visible in figure 3.8a. The contrast is very low and the domains are hard to distinguish.
To increase the contrast, information unrelated to the magnetic structure is subtracted; the
sample is saturated at a large external field and the background image taken at this field is
subtracted from the live image. The resulting image only contains information about the
spatial magnetisation distribution. Thus, the contrast can be increased drastically (figure
3.8b). The value of the domain colours depends on the used saturation field for background
subtraction, as well as various camera and setup settings, and hold no information about
the magnitude of the magnetisation. This effect can be observed in figure 3.8c, where the
up and down domains are depicted after saturation and background subtraction at a large
negative field.

In this thesis, the Kerr microscope is used to visualise skyrmion bubbles. The Kerr
microscope images of this domain structure will be discussed in section 4.1.1.

3.3.2 Superconducting Quantum Interference Device

MOKE can be used to qualitatively study the hysteresis of magnetic samples. However,
the exact value of the magnetic moment is very hard to determine. Therefore, different
techniques are generally used to determine material parameters of magnetic structures.
One such technique is the Vibrating-Sample Magnetometry (VSM). Here, a magnetic sam-
ple is vibrated between pick-up coils, generating a current in these coils due to magnetic
induction. The magnetisation can be related directly to this current, independent of the
studied magnetic material [99]. The typical resolution of VSM systems is ∼ 10−2 Am2,
close to the magnetic moment of the thin film structures considered in this thesis. There-
fore, a superconducting quantum interference device VSM (SQUID-VSM) is used instead.
Here, the pick-up coils are superconducting, and are interrupted by Josephson junctions
[64]. The magnetic flux is measured in terms of magnetic flux quanta, making it possible
to measure much smaller changes in the magnetic moment than is possible with the stan-
dard VSM setup [99]. In this thesis, the Quantum Design MPMS-5S SQUID VSM is used,
with the possibility to apply magnetic fields up to ±5 T, as well as temperature control
between 1.8 K and 400 K. Additionally, the specified sensitivity is 10−4 Am2, low enough
for the characterisation of ultrathin magnetic films. However, this sensitivity corresponds
to a piece of roughly 0.1 × 0.1 × 1 nm of iron, making this technique extremely sensitive
to dust particle contamination.
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Results and discussion

In this chapter, a detailed analysis of the experimentally observed bubble domain structure
is presented. The first section concerns the characterisation of skyrmion bubbles in our
stacks. In section 2, a closer look is taken at bubble-bubble and bubble-wall interactions
in patterned structures. The third section is dedicated to current induced motion of these
bubbles.

4.1 Characterisation of skyrmion bubbles

4.1.1 A qualitative study of skyrmion bubbles

As discussed in section 2.2, skyrmion bubbles can be stabilised in magnetic thin films with
very specific material parameters. Due to the wide range of material parameters that
can be considered in wedge samples, the right combination of parameters is likely to be
found in such samples. This approach was first reported by Schott et al., and will be used
throughout this thesis.

The skyrmion bubbles are generated in a Ta(5)/Pt(4)/Co(0.4-1)/Ir(4) stack, as dis-
cussed in section 3.1. The bubbles are stable for a narrow range of Co thicknesses. A Kerr
microscope image of the bubbles is presented in figure 4.1a. Three distinct regimes are
observed. For thin cobalt, the domain structure cannot be observed via Kerr microscopy.
This could be due to the limitations of the used Kerr microscope in both spatial and time
resolution, but it is also possible the sample is in-plane magnetised or nonmagnetic in
this region and the bubble domain structure is not stable. To make a statement about
the domain structure in this region, other high-resolution techniques such as Lorentz tun-
nelling electron microscopy (LTEM) are necessary. In the intermediate regime, individual,
micron-sized skyrmion bubbles are visible. Increasing the Co thickness even further leads
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to a collapse of the bubble state and the magnetisation is uniform. A small perpendicular
field of 0.07 mT is used to stabilise the skyrmion bubbles. Note that the phase diagram is
symmetric around zero field; negative stabilisation field can be used to stabilise skyrmion
bubbles with opposing polarity. At zero field, the system relaxes into a labyrinth state, as
can be seen in figure 4.1b. The dark and light domains are of equal size due to the absence
of an external magnetic field, resulting in zero net magnetisation.

(a) (b)

Figure 4.1: a) Skyrmion bubbles in a Pt/Co/Ir stack, where the Co layer is wedged. A
small perpendicular field is used to stabilise the bubbles. b) Magnetic structure of the same
sample at zero field. The Co thickness varies ∼ 0.06 Åbetween the right and left side of the
image.

Skyrmion bubbles are stable at a specific thickness tB, which is referred to as a the bubble
transition thickness. Note that tB refers to a very small range of thicknesses Given that
the samples are 2 cm long and the Co thickness increases from 0.4 to 1 nm along this
length, the slope of the wedge is 0.03 Å per 100 µm. The thickness thus varies ∼0.06
Å within the range depicted in figure 4.1. Surprisingly, material parameters vary enough
in this thickness range to account for significant changes of the domain structure, as can
be seen in figure 4.1a and b. The bubble transition thickness is close to the percolation
threshold. Percolation refers to cluster formation of atoms during sample growth, when
the concentration of deposited atoms is not sufficient to grow smooth monolayers. For
ferromagnets, this leads to the quenching of the long-range magnetic order [100]. This
effect can be visualised by measuring the magnetic remenance as a function of Co thickness.
Magnetic remenance refers to the magnetisation of a sample at zero field, defined with
respect to the saturation magnetisation. In appendix A.2, the measurement is discussed
in more detail. The measured remenance as a function of Co thickness is plotted in figure
4.2. The insets provide a schematic representation of the Co configuration at various
thicknesses. For Co thicknesses below 0.6 nm, the magnetic clusters are too small and too
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far apart for long range magnetic ordering to occur, leading to zero remenance. Conversely,
beyond the percolation threshold, continuous layers are grown. The remenance saturates
to 100 %, characteristic of magnetic thin films with PMA. At the percolation threshold,
the Co density is sufficient to create large interconnected atom islands, of which the area
increases drastically with increasing Co concentration, resulting in a sharp increase of the
magnetic ordering and thus also the remenance for thickness variation on a sub-angstrom
scale.

Although the behaviour of magnetic materials at the percolation threshold is still a
largely uncharted area, the dramatic change of the magnetic properties and behaviour
of thin films near the threshold have been reported. For instance, Choi et al. reported a
significant suppression of the coercivity of Ni films near the percolation threshold [101], and
Je et al. demonstrated a large negative STT in atomically thick Co [102]. Knowing that
skyrmion bubbles can only be stabilised in a very small parameter space, the appearance of
skyrmion within the extremely small thickness range bubbles is therefore attributed to the
strong thickness dependence of relevant material parameters near the percolation threshold.
In section 4.1.2 and 4.1.3, the thickness dependence of the saturation magnetisation and
domain wall energy is further discussed to confirm this hypothesis.

Figure 4.2: Magnetic remenance as a function of the thickness of the Co layer, measured
using MOKE. For thicknesses below 0.6 nm, the remenance is set to zero. Refer to appendix
A.2 for a discussion. The inset represent the grown cobalt ordering at (from left to right)
below, at and above the percolation threshold. The blue line is a guide to the eye.

As can be seen in figure 4.1, thickness variation of the Co layer has a significant effect on
the size of the observed bubbles. Being able to grow full sheet samples allows for studying
identical skyrmion bubbles in for instance patterned structures, the main focus of section
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4.2. Through careful sample engineering, the skyrmion bubble transition can be found in
full-sheet samples as well. With a growth rate of 0.17 Å/s –an order of magnitude lower
than commonly used growth rates– the Co concentration on the surface of the sample can
be controlled minutely throughout the growth process and due to substrate rotation during
the process, extremely uniform layers can be deposited. In figure 4.3, a large field of equal-
sized bubbles is observed in a Ta(5)/Pt(4)/Co(tb)/Ir(4) stack, with tb = 0.7 ± 0.1 nm,
where the error is determined by the uncertainty in the used growth rate. This indicates
Co thickness variation of less than 0.01 nm within areas of a few hundred µm large, and
thus extremely uniform samples.

Figure 4.3: Bubble stabilisation in a Pt/Co(0.7)/It stack. Large fields of a few hundred
µm containing identical skyrmion bubbles are observed.

Reproducing the growth of full sheet sample is possible, which implies growth parameters
do not vary significantly in between growths. It should be noted venting the sputter
chamber does result in noticeable changes of the growth parameters. Therefore, samples
used as a basis for the analysis in this section are growing without venting the system in
between growths, unless stated otherwise.

4.1.2 Thickness dependence of the saturation magnetisation and
anisotropy constant

To substantiate the claim that skyrmion bubbles can be stabilised near the percolation
threshold due to large variations in relevant material parameters, the thickness depen-
dence of these parameters is investigated. The theoretical framework presented in section
2.2 suggests the saturation magnetisation MS, the domain wall energy σDW and the bubble
transition thickness tB are of importance, alongside the applied stabilisation field Bext.

Using SQUID-VSM, hard-axis hysteresis loops are measured as a function of Co thick-
ness. Full sheet samples with uniform Co thicknesses ranging from 0.5 nm to 20 nm are
considered. A typical hysteresis loop is plotted in figure 4.4. A hysteresis loop is typically
measured to study the magnetic hysteresis –the dependence of the magnetisation M on its
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history– of a magnet, which is revealed by measuring the magnetisation during a magnetic
field sweep. The loop can be understood by considering the inset in figure 4.4. The sample
has PMA, so the preferential direction of M is out of plane. Starting from large negative
fields, the anisotropy field is completely overcome by the Zeeman energy associated with
the external field, and the magnetisation is completely aligned with the external field and
its magnitude is defined as the saturation magnetisation MS. Increasing the field to zero
decreases the Zeeman energy, and the magnetisation is gradually pulled out-of-plane by
the anisotropy until it is completely out-of plane at zero field. The observed behaviour
is typical for a hard axis loop. The magnetisation rotates coherently under influence of
the external field [19]. Another feature that can be extracted from hard axis loops is the
anisotropy field BK. The magnitude of BK is indicated in figure 4.4, and is defined as the
field at which the sample is fully saturated in a hard-axis loop. In reality, the curve is
slightly rounded, as can be seen in figure 4.4.

Figure 4.4: Example of hysteresis loop measured with SQUID-VSM, for tCo = 2.5 nm.
The saturation magnetisation MS and anisotropy field BK can be extracted from these
data. Blue and grey data points correspond to fields sweeping from negative to positive and
positive to negative values respectively. The inset shows the orientation of easy axis of the
sample with respect of the applied field during the measurement.

MS is obtained by fitting a horizontal line to the magnetisation data at high fields. During
the experiments, a field range of ±3 T is used to make sure the sample is fully saturated.
This procedure is repeated for full sheet samples with various thicknesses. The results are
plotted in figure 4.5a as a function of Co thickness. The error bars are primarily deter-
mined by the uncertainty in the thickness of the sputtered samples, which is mostly due
to systematic error in the used sputter rates. The saturation magnetisation is increased
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by an order of magnitude in the investigated thickness range, and saturates to a constant
value for increasing Co thickness. This behaviour is well-reported in literature, both exper-
imentally [103] and theoretically [104]. The Co magnetisation should saturate to the bulk
value of approximately 1.4 MAm−1 [19]. However, the measurement implies a saturation
magnetisation of ≈ 1.1MAm−1. This is most likely caused by a systematic error made
during the SQUID-VSM measurements. The conversion from a the signal induced by the
SQUID-VSM to a magnetic moment depends on the size and shape of the sample. The
samples used in this thesis have a slightly larger size than is typically used, leading to an
underestimation of up to 20 % of the measured magnetic moment [99]. Because this is a
last-minute insight, the data has not been corrected for sample shape and size, but should
be done in future studies.

Skyrmion bubbles are observed at bubble stability thickness tB = 0.7 nm, indi-
cated in figure 4.4b by a grey shading, with a corresponding saturation magnetisation
of MS = 0.24± 0.07 MAm−1. Below this thickness, MS drops to zero instantly, indicating
long ranged magnetic ordering is lost and the percolation threshold is reached. From this
observation can be concluded that skyrmion bubbles are indeed stabilised at Co thicknesses
slightly above the percolation threshold. By fitting the data between 0.7 and 1 nm with a
linear function, the thickness variation of MS near the bubble transition can be estimated.
This is MS/t = (4.8± 0.9) · 105 A/m per nm of Co.

(a) (b)

Figure 4.5: a) Saturation magnetisation of samples with different thicknesses, as measured
with SQUID-VSM. The inset is a closeup of measurements close to the percolation thresh-
old, and the shaded area indicates where the skyrmion bubbles are observed. b) Anisotropy
constant as a function of Co thickness, measured with VSM-SQUID. The grey area denotes
the bubble stability range. The red red lines are linear fits used to determine the thickness
variation of MS and K close to the bubble transition.
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In the analysis presented in this section, a potential magnetic dead layer due to intermixing
at the top and bottom Co interfaces during sample growth is not considered. Such a dead
layer can have a large effect on the measured magnetisation of ultrathin samples. Assuming
a dead layer of = 0.2 nm already leads to an increase of MS of ∼ 20% in the 0.7 nm sample,
and MS is thus underestimated at the thickness skyrmion bubble thickness. However, the
data presented in figure 4.5a is insufficient to reliably determine the thickness of this dead
layer. In future experiments, a wider range of Co thicknesses should be investigated to
make a more accurate estimation of the saturation magnetisation.

As mentioned above, aside from MS, the anisotropy field can also be determined from
the hard axis loop depicted in figure 4.4. The effective anisotropy constant is proportional
to this field and is given by [19]

K =
1

2
BKMS . (4.1.1)

As discussed in section 2.2.1, the domain wall energy depends on this constant, and its
thickness variation is therefore captured in the thickness variation of K. The equation is
also used to determine the DMI constant from the measurements in the following section,
an important parameter of the studied system. The anisotropy constant is plotted as a
function of Co thickness in figure 4.5b. The data show the anisotropy changes dramatically
near the percolation. Again, a possible dead layer is not considered for this experiment.
Similar to MS, the anisotropy decreases with decreasing Co thickness, and is zero below
the percolation threshold. The anisotropy constant at the skyrmion bubble transition tB
is K = (4.3 ± 0.7) · 104 Jm−3. A linear fit is used to determine the thickness dependence
of K close to the bubble stability thickness. K/t = (7.5± 0.5) · 104 Jm−3 per nm of Co.

4.1.3 Domain wall energy near the skyrmion bubble transition

The last essential parameter is the domain wall energy. The domain wall energy σDW is
closely related to the domain structure at zero field [105]. In the limit of t ≪ D0, where
D0 is the so-called dipolar length given by D0 = σDW/(µ0M

2
s ). The typical domain size is

related to the film thickness via

L = αte
πD0
t , (4.1.2)

where α is a constant equal to ≈ 0.955 [105]. For thin films in general, t ≪ D0, so this
equation can be applied to the systems studied in this thesis. Thus, the domain wall
energy can be extracted from Kerr microscopy images at zero field. The equation implies
the typical domain size should decrease with increasing Co thickness. The opposite effect
is observed, however. To explain this observation, the thickness dependence of σDW is
expected to be dominant. Fast Fourier Transform (FFT) is used to extract the typical
size of the domains in the labyrinth pattern. This method of determining the domain wall
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energy is a visual method. Therefore, the thickness variation of the domain wall energy
cannot be studied for a wide range of Co thicknesses, but only for the regions where a
labyrinth domain structures is formed in the wedge sample, i.e. the region depicted in
figure 4.1b.

(a) (b) (c)

Figure 4.6: Snippets from figure 4.1b, including the 2D FFT of the images. The snippets
correspond to a) the left, b) middle and c) right of figure 4.1b. The ring patterns in the
Fourier spectrum correspond to the periodicity of the labyrinth structure. The thickness
varies 0.06 Å in between a and c.

Several fragments from figure 4.1b are presented in figure 4.6, including the 2D FFT of
the images. 4.6a and c span a ∼ 200 µm range. Periodic rings patterns are clearly
distinguishable in the Fourier spectra, corresponding to the periodicity of the magnetic
structure. These rings are close to uniform in all direction, which means the labyrinth
domain structure is amorphous. The bright point at the centre of the spectrum correspond
to DC components of the FFT. By inverting the measured frequency spectrum, a measure
for the typical domain size L can be found, which corresponds to the maximum of this
curve. To determine L, the radial average of the intensity is plotted as a function of
domain size. The results are shown in figure 4.7. The domain size does indeed increase
with increasing Co thicknesses, as can easily be observed by eye in figure 4.1b as well.

Using the peak fitting routine of Origin, the peak position and width, corresponding
to L and the uncertainty in L respectively, can be determined. Equation 4.1.2 can be used
to determine the domain wall energy variation. This equation also contains t and MS, so
thickness variations of MS are taken into account as well. The average domain wall energy
in the regions shown in figure 4.6 is determined. For the three discussed cases, the results
are shown in table 4.1. A significant difference in the domain wall energy is observed, again
showing the steep increase of material parameters near the bubble transition thickness.
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Figure 4.7: Radial average of the intensity of the 2D FFT of the domain structure, where
the blue data points correspond to figure 4.6a, red data points to figure 4.6b and grey data
points to figure 4.6c. The data is fitted with the Origin peak fitting routine. L is indicated
in the figure for the blue curve.

Plugging KU = (4.3± 0.7) · 104 Jm−3 and exchange stiffness A = 1.6 · 10−11 Jm−1 [63] into
equation 2.2.18, the DMI constant D can be determined for the three domain wall energy
values presented in 4.1. These results are also included in the table.

Table 4.1: Measured Domain size for the three Kerr microscope images presented in
figure 4.6, and the calculated domain wall energy and DMI constant, using MS = 0.24±0.07
MAm−1 and t = 0.7±0.1 nm for the value corresponding to figure 4.6b, and ∆M = ±0.0144
MAm−1, ∆t = ±0.003 nm and ∆K = 225 Jm−3 for the respective variations of MS, t and
K.

Source figure L (µm) σDW (mJm−2) D (mJm−2)

4.6a 9.0 ± 1.4 0.17 ± 0.02 1.0± 0.1

4.6b 6.7 ± 2.0 0.15 ± 0.03 1.0± 0.1

4.6c 4.4 ± 0.7 0.13 ± 0.02 1.0± 0.1

In literature, a clear thickness dependence of DMI in magnetic thin films is reported [106,
107]. The results, however, show that D is independent of the thickness in the investigated
region, indicating the DMI does not depend as strongly on the thickness as the other
material parameters discussed so far in this chapter. The average value of the DMI constant
is D = 1.0 ± 0.1 mJm−2. Hrabec et al. reported comparable values (D =1.2 mJm−2) in
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similar Pt/Co/Ir stacks [108]. In structures without DMI, the domain wall energy would
be 4

√
KA ∼ 3 mJm−2. Thus, for the structures studied in this thesis, the contribution of

DMI is large, reducing the domain wall energy significantly compared to structure without
DMI. DMI thus has a large positive effect on skyrmion formation, since it reduced the cost
to create domains.

4.1.4 Skyrmion bubble size

Now a careful look has been taken at the thickness dependence of relevant magnetic pa-
rameters near the bubble transition, the typical size of the stabilised bubbles is determined.
This is not only done for testing the validity of the thin wall skyrmion bubble model, but
is also important for possible future applications. The bubble size ultimately determines
the bit density in skyrmion based data storage applications.

Skyrmion bubble size in samples with constant Co thickness

To determine the size of skyrmion bubbles, an image of the bubble system is converted to
a binary image, where black and white correspond to background and skyrmion bubbles
respectively. In figure 4.8a and b, a fragment of figure 4.3 and its binary image respectively
are presented.

(a) (b) (c)

Figure 4.8: a) Snipped of figure 4.3, showing the bubble structure in a fullsheet sample
with tCo = 0.7 nm, and b) its binary image and c) the image after filtering out bubbles with
an eccentricity above 0.3.

In figure 4.8a, elongated bubbles can be observed. Bubbles can appear elongated in the
image due to 1) elliptic deformations caused by local energy density variations, 2) multiple
bubbles joining or splitting physically and 3) thermal movement within the exposure time
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of the used camera. Bubbles can also appear to merge during the binarisation of the original
image, as seen in figure 4.8b. However, the parameter of interest is the radius of single
round bubbles. Therefore, all bubbles with an eccentricity above 0.3 are removed from the
data, to ensure only round bubbles are considered. The resulting image is shown in figure
4.8c. The bubbles size is uniform throughout the image, confirming the Co thickness is
also uniform. Taking the average of the calculated bubble radii, the average bubbles size
in a 0.7 thick Co layer is rb,0.7 = 1.34± 0.10µm.

In previous sections, the parameters important for comparison with the thin wall
isolated bubble model have been determined at the skyrmion bubble thickness of tb = 0.7
nm. A summary of these results is presented in table 4.2.

Table 4.2: Summary of parameters determined in section 4.1.2 through 4.1.4, used for
comparison between experiments in the thin wall isolated bubble model.

tb 0.7 ± 0.1 nm

MS 0.24 ± 0.07 MAm−1

σDW 0.15± 0.03 mJm−2

Bext 0.8± 0.1 mT

rb,0.7 1.34± 0.10µm

The parameters presented in table 4.2 can be plugged into equation 2.2.25, the energy
function describing the bubble system. As discussed in section 2.2, is is assumed that the
bubble size is much larger than the domain wall separating the bubble and the environment.
The width of Néel wall is comparable to the exchange length:

∆ ≈ lex =

√
2A

µ0M2
S

∼ 20 nm ≪ rb,0.7 . (4.1.3)

Thus, the model can indeed be used to describe the studied bubble system. In figure 4.9,
the total bubble energy divided by the thermal energy at room temperature is plotted
as a function of bubble radius, as calculated with the thin wall bubble model. The used
parameters are all close to the experimentally determined values presented in in table
4.2. The equilibrium radius is equal to 1.3 µm, which is within the uncertainty range of
rb,0.7 = 1.34± 0.10µm. The thin wall bubble model thus correctly predicts the presence of
the bubbles studied in this thesis. However, the uncertainties of the determined material
parameters are relatively large, and thus a parameter space within the uncertainty range
can be chose such that no local minimum is found in the energy function. This is attributed
to a very large thickness dependence of the relevant parameters near the bubble transition
in combination with the fact that small changes of the material parameter have a large
impact on the shape of the energy function. A more extensive analysis of a full sheet
sample containing skyrmion bubbles can be performed to measure the material parameters
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more accurately for a single thickness, but due to time limitations this is beyond the scope
of the project.

Figure 4.9: Energy function as calculated with the thin wall bubble model. The used
parameters are tb = 0.7, MS = 0.244 MAm−1 and σDW = 0.12 mJm−2 and Bext = 0.07
mT.

Skyrmion bubble size in wedge samples

The same method can be used to study how the bubble size varies with thickness in a
wedged sample. To ensure a sufficient number of instances at all thicknesses are taken into
account for statistical analysis, a total of 100 images of the wedged sample are considered.
One of these images is shown in figure 4.10. A clear thickness dependence of the bubble size
is observed. As previously calculated, the slope of the wedge is 0.03 Å per 100 µm. Using
the previously calculated rb,0.7 = 1.34±0.10µm, the wedge position can be converted to the
Co thickness, and thus the bubble radius can be calculated as a function of Co thickness.
With data binning, the average bubble radius is determined in 20 bin. This is plotted in
figure 4.11. In the bubble stability range, where the Co thickness varies on a sub-Angstrom
scale, the bubble radius doubles. Note that the uncertainty in the grown Co thickness is
0.1 nm, which is larger than the plotted range. However, this uncertainty is determined
by the uncertainty in the growth rate, which is a systematic error and thus constant for all
grown samples. Therefore, the uncertainty in the thickness can only result in a horizontal
shift of the complete dataset, while the shape of the curve remains unchanged.
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Figure 4.10: a) Original image of a wedged sample and b) its binarised and filtered image.
A clear thickness dependence of the bubble size can be observed. Here, Bext = 0.8 mT.

The bubble radius increases linearly with the Co thickness. The results are compared to
the thin wall bubble model, depicted in the inset of figure 4.11. Here, thickness variations
experimentally determined in section 4.1.2 and 4.1.3 are used.

Figure 4.11: Bubble radius as a function of Co thickness. The bubbles doubles when the
Co thickness increases 0.01 nm. The red datapoint corresponds to rb,0.7. The inset shows
the bubble radius as a function of Co thickness as calculated with the thin wall isolated
bubble model. The used thickness variations are MS = 570 Am−1 and σDW = 0.01 mJm−2

per 0.01 nm Co.
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The model predicts exactly the opposite behaviour as is observed in experiment. The dis-
crepancy between theory and experiment is attributed to the large experimental thickness
variation of the domain wall energy compared to the thickness variation of the saturation
magnetisation. For the isolated bubble system, an increase in Co thickness and thus the
domain wall energy leads to a decrease of the bubble size. An increase in the demagneti-
sation energy, which is determined by MS, leads to bubble growth. This means that if the
thickness dependence of MS is severely underestimated, the behaviour observed in the inset
of figure 4.11 can be understood. Considering figure 4.5a, MS drops to zero instantly for
Co thicknesses below 0.7 nm, while the thickness dependence is much lower for Co thick-
nesses above 0.7 nm, which is used in the analysis. Additionally, the systematic error made
while determining MS, as discussed in section 4.1.2, underestimates the actual saturation
magnetisation of the sample.

4.1.5 Influence of the stabilisation field on the domain structure

Up until this point, the influence of the bubble stabilisation field has been omitted from
the analysis. However, the field has a large effect on the bubble stability within the stack,
as well as the domain structure itself. In figure 4.12, the bubble structure is presented for
several external fields in a small region of the sample. After saturating the field at a large
negative value, the external field is increased until -0.11 mT, where isolated bubbles appear
in the studied region. Increasing the field further results in a domain structure more akin
to a bubble lattice, because bubbles become stable at all thicknesses in the region and are
relatively close packed. This is predicted by the theoretical framework presented in section
2.2.

Figure 4.12: The domain structure in small region within the bubble stability range of a
wedge sample for various fields.

At some point, the field is not large enough anymore to stabilise round bubbles and elliptic
deformations become energetically favourable over uniform bubble growth. This phenom-
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ena is referred to as bubble strip-out, as discussed in section 2.2. At zero field, the labyrinth
structure is visible, and domains of opposing polarity are equal in size. Increasing the field
to positive values, an energy barrier has to be overcome to counteract bubble strip-out and
stabilise round bubbles again. Increasing the field further results in the gradual collapse
of the largest bubbles at thicker Co, ultimately leading to a saturated state.

The collapse of the bubble state can be modelled with the thin wall isolated bubble
model. In figure 4.13, the energy function is plotted as a function of bubble radius for 3
applied fields. The bubbles observed in figure 4.12 are comparable in size as the bubbles
observed in the full sheet sample with constant thickness tb = 0.7 nm, and thus the same
material parameters are used in the model. The bubble collapse field in the structure can
be extracted graphically, as depicted in figure 2.13. The Bubble collapse field is 0.185 mT.
However, in this case, the nucleation energy is much larger than the annihilation energy,
which indicates the bubble structure is not thermally stable, and bubble annihilation is
thermally activated. A better measure for the largest field at which bubbles are stable is
given by the blue line in figure 4.13, where EN = EA, and bubble nucleation and annihila-
tion are equally probable. The corresponding field is 0.14 mT, which is comparable to the
observed field at which the bubble state disappears in figure 4.12.

Figure 4.13: Energy function as calculated with the thin wall bubble model. Used parame-
ters are tb = 0.7, MS = 0.244 MAm−1 and σDW = 0.12 mJm−2, with corresponding applied
fields denoted in the legend.

To quantify the behaviour of the domain structure as a function of the applied field, the
bubble stability on the wedge sample as a function of the field. The complete stability
range cannot be determined because for thin cobalt, the domain structure is too small to
be observed with the Kerr microscope. Therefore, the range is defined as depicted in figure
4.14. The largest bubble observed in the sample at a field just above the strip-out field is
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defined as (figure 4.14a). By increasing the external field, the bubbles will collapse, starting
at the thick Co side, decreasing the stability range (figure 4.14b). A video of skyrmion
bubbles in the wedge is taken to determine the position of the leftmost bubble, taking into
account the thermal movement of this bubble. This is done because the observed bubbles
are very mobile, which affects the measured bubble position. The video has a frame rate
of 16 fps. Each frame is extracted from the video, and converted to a binary image. the
bubble position and size can be determined for each frame1. The decrease of the stability
range is then defined as the average position of the leftmost bubble.

Figure 4.14: Definition of the decrease of the bubble range stability due to applied external
field. The stability range is defined with respect to the position of largest bubble observed
in the sample (a), and is determined by the position of the leftmost bubble at a given field
(b).

The decrease of the stability range as a function of applied field is plotted in figure 4.15.
As also visible in figure 4.12, the bubble range increases with decreasing field because
larger bubbles become stable at thicker Co. The behaviour is symmetric around zero, as is
predicted by the thin wall isolated bubble model. In the figure 4.15, four distinct regimes
can be observed:

I. The labyrinth structure is stable in the first regime, where the field is too low to
stabilise bubbles. At zero field, domains of opposing polarity are of equal size. For
increasing field, depending on the direction of the field, one of the two domains will
grow while maintaining a labyrinth pattern.

II. In the second regime, The sweep direction matters. Coming from zero field, no
bubbles are observed in this field range, while coming from saturation, bubbles are
observed. When coming from the labyrinth ground state, an energy barrier has to be
overcome to break up the labyrinth pattern and stabilise round bubbles. Conversely,
coming from saturation, the largest bubble will keep their round shape for a smaller

1This analysis method will be used to track bubble motion in section 4.2 and 4.3 as well. The method
will henceforth be referred to as “bubble tracking”, and the used MATLAB software as “bubble tracking
software”
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field until strip-out happens. This asymmetry is due to the fact that it costs energy
to break up domain walls and rearrange the domain wall structure.

III. In the the third regime a bubble structure is stable regardless of the sweep direction.
The Zeeman energy is large enough to counteract bubble strip-out. Thus, for bubble
stabilisation regardless of the history of the system, a field of at least ±0.05 mT is
needed.

IV. The last regime contains no data because bubbles are too small and their thermal
movement too large to provide a large enough contrast for the tracking software to
consistently recognise the leftmost bubble. However, a continuation of regime three
is expected until bubble collapse is reached. This field is expected to be similar to
the collapse field calculated in figure 4.13.

Figure 4.15: The bubble stability range as defined in figure 4.14, as a function of applied
field. 4 regimes are identified and explained in the text. Negative field sweep refers to a
sweep from positive to negative fields, and positive field sweep to a sweep from negative to
positive.

Region III is the most interesting for applications. Regardless of saturation direction or
fluctuations in the field, bubbles are stable. This means a minimal field of ±0.05 mT
is necessary for skyrmion based applications using this stack. This field can be applied
locally, but this limits the down-scalability of the device. Field-free skyrmion creation
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in small nanostructures is discussed in section 4.2.2. A proposal for field-free skyrmion
creation in skyrmion racetrack is presented in section 5.
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4.2 Stabilising skyrmion bubbles in patterned struc-

tures

In section 4.1, only full sheet samples are discussed. However, the stabilisation of skyrmions
has to be possible in restricted geometries for applications such as the racetrack memory.
Dipole-dipole interactions play a crucial role for the stabilisation of skyrmion bubbles in
nanostructures. This will be discussed in-depth in the section 4.2.2. To study the skyrmion
bubble state in nanostructures, EBL is used to write a set of circles, squares and triangles
with varying sizes on a full sheet sample with constant cobalt thickness tCo = 0.7 nm. The
pattern is written in a sample area where bubbles are observed. A microscope image of
this set of shapes is presented in figure 4.16.

Figure 4.16: Microscope image of a set of circles, squares and triangles of various sizes,
fabricated with EBL. The structure size is l = 4, 6, 8, 10, 15 and 20 µm from right to left.

The sructure size l ranges from 4 µm –comparable to the typical bubble size– to 20 µm.
In figure 4.17, Kerr microscope images of the 20 µm large square are pictured for various
values of the applied field.

Figure 4.17: Kerr microscope images of the 20 µm square geometries at various fields.

The images show the bubble structure at indicated fields, using a negative saturation field.
At zero field, the labyrinth structure is stable. Increasing the field stabilises the bubble
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lattice configuration and consecutively the isolated bubble state. This is exactly what
domain theory predicts, as discussed in section 2.2.3, and also what has been observed in
full sheet samples, as shown in section 4.1.5. Thus, patterning a sample does not alter the
phases predicted by theory describing infinite films.

Taking a closer look at figure 4.17, a bubble-edge interaction is observed; the bubbles
do not touch the edge. This phenomenon allows for tremendous control over the position,
stability and directional movement of skyrmions in skyrmion based devices. In figure 4.17,
it can be seen that the geometry of the nanostructure determines how the domains are
distributed, unlike the amorphous domain structure in the fullsheet samples. A systematic
analysis of the influence of device shape and size is presented in section 4.2.2 and 4.2.3, but
first, how dipole-dipole interaction mediate bubble-wall interactions is discussed in detail.

4.2.1 The physical origin of bubble confinement

For the bubbles system studied in this thesis, two main stabilisation mechanisms can be
identified. The first is DMI, which was first discussed by Rohart and Thiaville [110].
They showed that due to DMI interactions at the interface of a magnetic thin film, the
magnetisation is tilted and fixed at the edge of a nanostructure such as the geometries
presented in figure 4.16, limiting skyrmion expansion and movement. In figure 4.18a, a
cross-sectional view of a skyrmion bubble in a nanostructure is schematically visualised.
At the edge of the device, the magnetisation is fixed and points either outward or inward
depending on the sign of the DMI.

Figure 4.18: Schematic cross-sectional overview of a bubble in a confined magnetic struc-
ture. The blue area indicates the skyrmion bubble, the red areas correspond to the sur-
rounding magnetisation and the grey areas indicate the fixed magnetisation profile at the
device edge, which is determined by interfacial DMI.

In figure 4.18b, the bubble is shifted to the left. From this position, moving the skyrmion
closer to the edge, thus compressing the spin structure, increases the domain wall energy.
This results in an effective repelling force between the skyrmion and the edge. The distance
between the skyrmion and the edge is comparable to the domain wall width ∆. The
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distance at which the skyrmion starts to feel this interaction is in the order of the this
width, which is ∆ ∼ 20 nm for the typical sample studied in this thesis. However, the
length scale on which bubble-wall interactions take place is in the order of a micron, as can
be seen in figure 4.17, and thus DMI cannot be responsible for the observed behaviour. In
smaller geometries (∼ 100 nm), DMI becomes an important mechanism for bubble-edge
interactions, as reported by Du et al. [109].

The second possible confinement mechanism is the dipole-dipole interaction between
spins in the skyrmions and surrounding material. Since dipole-dipole interactions are long-
ranged, they are a promising candidate to explain the observed behaviour. To study the
influence of dipole-dipole interaction on bubble-edge repulsion, a second technique to define
geometries in a magnetic sample is used. FIB allows for a local decrease of the anisotropy
of a sample. This technique is used to write geometric shapes in a full sheet sample with
a Co thickness slightly above the bubble stability thickness. Since the anisotropy depends
on the thickness of the Co, the right parameter space for bubble stabilisation can be found
by irradiating the sample with the right Ga+ dose. The technique can thus be used to
define regions of arbitrary shape and size where bubbles are stable. In figure 4.19, this is
illustrated using a Kerr microscope image of the square structure with l = 20 µm. Due to
the step in the anisotropy, the magnetic behaviour of the sample within and outside of the
irradiated region is significantly different.

Figure 4.19: Kerr microscope image of a 20 µm large square region irradiated with Ga+

ions, to create a step in the anisotropy of the sample.

Contrary to devices created with EBL, the surrounding material is not etched away, and
thus remains magnetic. Experimentally, this means bubbles can be studied in geometries
where the surrounding material is nonmagnetic (EBL) or points in the negative or positive
out-of-plane direction (FIB), each system with a different energy landscape due to dipole-
dipole interactions.
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Figure 4.20: Kerr microscope images of a 20 µm large square region irradiated with Ga+

ions, such that skyrmion bubbles are stable within this region. Images are taken at various
applied fields. Blue squares indicate the edge of the irradiated region.

Similar to the EBL nanostructures presented in figure 4.17, circles, squares and triangles
with l ranging from 2 to 20 µm are written on a thin film sample using FIB. In figure
4.20, Kerr microscope images of the largest square at various fields are visualised. Starting
from a saturated state at a large negative field, the field is slowly increased until isolated
bubbles start to appear in the irradiated region. When increasing the field further, the
bubble density increases as well, revealing the square shape of the irradiated region. At
zero field, the labyrinth configuration is observed, as expected. At positive fields, dark
domains become dominant, resulting in light bubbles on a dark background. Note the
difference between figure 4.20c and e. In figure 4.20c, the background inside and outside
of the irradiated region have the same polarity and in figure 4.20e, they have opposite
polarity. Further ramping up the field results in a decrease of the bubble density, and the
isolated bubble state becomes stable again, until the field is higher than the bubble collapse
field, and the irradiated region becomes uniformly magnetised. However, at a field of ∼0.5
mT, the magnetisation of the non-irradiated background gradually switches, as indicated
in figure 4.20f. As the magnetisation of the background switches, the energy landscape
changes drastically, resulting in a shift of the phase diagram. In figure 4.20h, the isolated
bubble state is stable again. Increasing the field again leads to a gradual decrease the
number of bubbles until the region is fully saturated.

Compared to the bubbles in figure 4.20c, where bubbles appear to be stable at the
edge of the irradiated region, bubbles are repelled by the edge of the region in figure
4.20e. The two situation will be referred to as configuration A and B respectively. Bubble
tracking software is used to track the thermal movement of bubbles to take a closer look at
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the bubble distribution. In figure 4.21, the results are shown. The positions of skyrmion
bubbles in 100 consecutive frames is plotted in figure 4.21a and 4.21c, corresponding to
configuration A and B, respectively.

Figure 4.21: a) and c) Positions of 2000 skyrmion bubbles measured from a 100 frame
video, corresponding to configuration A and B respectively. The grey box indicates the
irradiated area. b) and d) Histogram of the bubble distance from the region centre, corre-
sponding to a) and c) respectively. The red circles in a) and c) correspond to the maximum
in b) and d).

In both cased, a total of 2000 detected bubbles is considered in 100 frame. The aver-
age number of detected bubbles in each frame in 20. Data points are transparent, such
that high intensity regions correspond to multiple overlapping data points and thus high
skyrmion bubble count, indicating bubble pinning sites. These pinning sites are most
likely determined by structural defects in the sputtered layers, as well as variations in the
anisotropy due to slight variations in Ga irradiation dose during the FIB process. The size
of data points are smaller that the size of the bubbles to avoid clutter. For both configu-
rations, high and low data point density areas can be observed, but no distinctive pattern
in the spatial bubble distribution. This is attributed to the fact that the skyrmion bubbles
are much smaller than the irradiated region, so only the outermost skyrmion bubbles are
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directly influenced by the edge. Skyrmion bubbles at the centre are only subjected to
bubble-bubble interactions and local pinning sites, comparable to the bubbles in fullsheet
samples discussed in section 4.1.

In figure 4.21b and d, histograms of the distance between skyrmion bubbles and the
nearest edge, corresponding to configuration A and B respectively. The counts are nor-
malised by the area of the magnetic material in which the bubbles are counted, such that
the vertical axis represents a skyrmion bubble density. Note that the data points represent
bubbles in a total of 100 frames, so this value is not the bubble density at any given time,
but a cumulative density for all 100 frames. In figure 4.21b, the density fluctuates slightly
around a constant value. This fluctuating behaviour is attributed to pinning sites leading
to higher bubble counts at certain positions. Thus the bubbles are evenly distributed in
the irradiated square geometry. In figure 4.21d, the same fluctuating behaviour is observed
fore edge distances above µm, but the density decreases to 0 for smaller distances. At
this distance, bubble-wall interactions become apparent. The distance between the outer
bubbles and the edge is ∼ 2 µm, comparable to the bubble size as well as the inter-bubble
distance. This indicates domains of opposing polarity prefer to be evenly spaced within the
nanostructre. Additionally, the bubble-wall interactions lead to a larger bubble density,
pushing the bubbles towards the centre. This effect can be observed as well in figure 4.20c
and 4.20e.

To paint an intuitive picture of the observed bubble-wall interactions, consider two
down spins i and j in an infinite spin chain of otherwise opposite polarity, presented in
figure 4.22.

Figure 4.22: An infinite spin chain containing two spins i and j of opposite polarity, in
the case when a) j is within the dipole-dipole interaction range of i and b) when j is outside
of this range.

As discussed in section 2.2.4, the demagnetisation energy increases when two interacting
spins are parellel to each other, while the energy decreases if the spins are aligned anti
parallel. The magnitude of the energy increase or decreases depends on the distance
between the spins, with proportionality Ed,ij ∝ r−3

ij . Assume the demagnetisation of spin
i is primarily determined by the three neighbouring spins on each side, and contributions
of spins beyond that range are negligible. When spin i and j are close (figure 4.22a), the
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interaction between the two spins increases the energy. Conversely, when spin i and j are
far apart (figure 4.22b), spin i only interacts with spins of opposite polarity, resulting in a
lower demagnetisation energy. In essence, this means a spin wants to surround itself with as
many spins of opposite polarity as possible, resulting in an effective repulsive force between
domains of the same polarity, and an attractive force between domains of opposite polarity.
This leads to a rearrangement of the domain structure through domain wall motion.

Figure 4.23: a) Demagnetisation energy of configuration A and B is plotted as a func-
tion of the horizontal component of the displacement of the bubble centre xsh, defined with
respect to the centre of the structure. b) and c) are the lowest energy bubble configurations
corresponding to configuration A and B respectively, indicated by the dashed lines in a).

To further understand the bubble-edge repulsion in configuration B, equation 2.2.29 is
used to simulate the magnetostatic energy in a simplified version of the system presented
in figure 4.20. Four bubbles with radius rb = 1.6 µm are placed in a square pattern within
a 20 µm large square nanostructure. The structure is divided into 10000 cells with dimen-
sions 400 × 400 × 0.7 nm. The total demagnetisation energy is calculated as a function
of the diagonal displacement of the bubbles. The spin structure of the domain walls are
neglected, because in the case of the bubbles studied in this thesis, ∆ ≪ rb. In figure
4.23a, the demagnetisation energy of configuration A and B is plotted as a function of the
horizontal component xsh (indicated in figure 4.23b) of the displacement of the centre of the
bubble, ranging from the case where all bubbles are touching each other to the case for all
bubbles touch the edge of the structure. For configuration A, the bubble domains behave
similarly to the situation sketched in figure 4.22. They repel each other due to dipole-
dipole interactions, leading to a decrease of the demagnetisation energy with increasing
bubble-bubble distance. In practise, the bubbles are pinned at the edge of the irradiated
region. This is due to the discontinuity of the anisotropy at the edge. Franken showed that
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such a discontinuity leads in an energy barrier at the edge, which prevents the bubble from
leaving the irradiated region [36]. Similarly, bubbles repel each other in configuration B,
signified by the initial decrease of the demagnetisation energy with increases bubble-bubble
distance. However, the spins outside the irradiated region have the same polarity as the
spins within the bubble domain, resulting in a bubble-edge repulsion. Bubbles are then
spatially stabilised by bubble-bubble and bubble-edge interactions, and a local minimum
appears in the demagnetisation energy function. In figure 4.23c, it can be seen that for
the minimum energy configuration, the bubble-bubble distance and bubble-edge distance
is comparable to the bubble size. This confirms that domains of opposing polarity prefer
to be evenly spaced within the structure. Note that Ed is in general lower for configuration
B, because creating domains of opposite polarity lowers the total demagnetisation energy
of the system.

In conclusion, the dipole-dipole interactions are indeed responsible for bubble confine-
ment in patterned nanostructures, as the experimentally observed behaviour is reproduced
solely by considering the demagnetisation energy in the system.

4.2.2 Influence of structure size and shape on bubble confine-
ment

Now the physical nature of the bubble-bubble and bubble-edge interactions in nanostruc-
tures has been uncovered, the following section will provide a systematic overview of the
effects of the shape and size of the nanostructure in which the skyrmion bubbles are sta-
bilised.

Figure 4.24: Kerr microscope images of square geometries created with EBL, at various
fields. The structure size is 6, 8, 10, 15 and 20 µm from top to bottom.
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In figure 4.24, Kerr microscope images of the EBL squares are visualised for various applied
fields. The size of the nanostructure has a significant effect on the phase diagram of the
domain structure. More specifically, the bubble state collapses at lower fields for smaller
structures. The collapse field of the isolated bubble as a function of the structure area is
plotted in figure 4.25a, for all three shapes. The three curves overlap, which means the
volume of the magnetic material is the dominant parameter that determines the observed
shift in the phase diagram. The shape of the investigated structure does not significantly
influence the phase diagram, but only affects the spatial distribution of the domains. In
the figure, the bubble collapse field for an infinite fullsheet sample Bc,fs, as theoretically
determined in section 4.1.5, is indicated. It should be noted that the bubbles in the full
sheet sample discussed in section 4.1 are smaller than the bubbles observed in the EBL
nanostructures. This indicates a slightly different Co thickness, and thus a slightly different
collapse field is expected. Bc,fs is in general larger than the data, which is expected because
the size of typical samples is in the order of a few cm. As the structure area increases, the
collapse field approaches Bc,fs.

(a) (b)

Figure 4.25: a) Bubble collapse field as a function of nanostructure area, for circles,
squares and triangles. The collapse field of a bubble in an infinite field is indicated by the
dashed line, b) Thin wall bubble model, calculated using values presented in section 4.1.4.
The red line corresponds to the infinite film case, while for ϵ < 1, finite structures are
considered.

The thin wall bubble model does not capture the physics of confined bubbles. However,
the behaviour observed in figure 4.25a can be modelled qualitatively. The demagnetisation
energy term Ed,bubble in the thin wall bubble model given by equation 2.2.24 is the only
energy term that depends on the volume of the magnetic material. Thus, structure size can



70 4 Results and discussion

be taken into account by making the substitution Ed,bubble → ϵEd,bubble, where 0 ≤ ϵ ≤ 1
is a constant signifying the structure size qualitatively. Here ϵ = 1 corresponds to the
infinite film and ϵ = 0 to a nonmagnetic film. As seen in figure 4.25b, the demagnetisation
energy decreases for decreasing ϵ, resulting in a disappearance of the local minimum. This
effect can be observed in figure 4.24, where at a given field, bubbles are stable in the large
structures while they are unstable in the smaller structures.

Considering the zero-field domain configurations in figure 4.24, a bubble domain is
stable in the structures with sizes comparable to the bubble. A Kerr microscope of the 8
and 10 µm large structures at zero field is pictured in figure 4.26a. In full sheet samples,
the labyrinth pattern is stable. Due to the dipole-dipole interactions of the individual
spins, the domains arrange themselves such that a bubble is stable at the centre of the
nanostructure. The domain size is determined by the balance between the demagnetisation
energy and the domain wall energy, resulting in a two domain state within these small
structures. Why a bubble is stable rather than a straight domain structure schematically
represented in figure 4.26b, can be understood intuitively as follows. The circumference of
a round domain is larger than the side of the structure. Therefore, the number of electron
pairs with opposing spin polarity is larger for the configuration in figure 4.26c than in
figure 4.26b. This yields a lower demagnetisation energy for the bubble domain, which
is thus the preferred configuration in the confined nanostructure. Equation 2.2.29 can be
used to confirm this. The demagnetisation energy of the configuration in figure 4.26b is
Ed = 1.5 · 10−22 J, assuming l = 8 µm. For a 6 µm large bubble in a square structure with
l = 8 µm, Ed = 1.3 · 10−22 J. Thus the bubble state will be stable within the structure, as
observed in figure 4.26a.

Figure 4.26: a) Kerr microscope images of square geometries created with EBL, at zero
fields. l = 8 and 10 µm from top to bottom, and a schematic representation of a a)
straight domain and b) bubble domain configuration in a square nanostructure. Blue and
red represent domains with opposing polarity.

Field-free skyrmion stabilisation is a prerequisite for skyrmion based devices, because main-
taining external fields is energy inefficient, and local control over the field on a nanoscale
is hard to achieve. The above described effect can be used to create artificial skyrmion
lattices, by creating an array of evenly spaced nanostructures using for instance EBL.
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These systems are a promising candidate for magnetisation switching based technologies
[111]. However, for applications such as the racetrack memory, skyrmions are required to
be mobile. Therefore, other ways to stabilise skyrmions without an external field have to
be considered. A promising alternative for the racetrack memory is presented in chapter
5.

4.2.3 Spatial stability of confined skyrmion bubbles

Skyrmion bubbles are very mobile in fullsheet samples, as briefly discussed in section 4.1.5.
Although this allows for easy control over bubble position in devices such as the racetrack
memory, confinement is needed to spatially stabalise bubbles. Zhang et al. discussed the
importance of bubble-edge interactions in the skyrmion racetrack memory [12], and showed
theoretically the racetrack memory is not feasible without it. Bubble wall interactions re-
sult in lateral confinement of bits in the racetrack, and play an important role in the control
of distance between bits.

To study the spatial confinement of bubbles, the triangular nanostructures are consid-
ered. Bubble tracking is used to track the thermal movement of the bubbles in a 100-frame
video, recorded at 16 fps. The triangular nanostructure with l = 20 µm is considered first.
In figure 4.27a, the position of the bubbles within the structure is visualised.

Figure 4.27: a) Bubble position in the triangular structure with 20 µm long sides, created
with EBL. An external field of 0.05 mT is applied. Bubbles are detected in a 100 frame
video using bubble tracking software, b) radial distance of the bubbles. The inset shows a
Kerr microscope image of the studied structure.

The data points are transparent, such that high intensity areas correspond to a large bubble
density. Note that the size of the data points does not correspond to the bubble size. A
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clear triangular skyrmion lattice can be observed, mediated by the edges of the structure.
In figure 4.27b, the bubble distance from the centre is plotted. The data shows two distinct
peaks. These two peaks are fitted with a Gaussian function. The peak position correspond
to the typical distance of the inner bubbles from the centre a1 and the typical distance of
the outer bubbles a2. The standard deviation S of the Gaussian fit is a measure for the
spatial stability of the bubbles2, and is equal to S1 = 0.37± 0.04 µm and S2 = 0.35± 0.09
µm.

A similar analysis can be done for structures with l = 8 and 15 µm. In figure 4.28a
and b respectively, the positions of bubbles in these structures is presented. In 4.28a, the
triangular lattice is observed again, while in figure 4.28b, a singular bubble is stable in the
structure.

(a) (b)

Figure 4.28: Bubble position in the triangular structure with a) 8 and b) 15 µm large
sides, created with EBL. An external field of 0.05 mT and 0.06 mT is applied respectively.
Bubbles are detected in a 100 frame video using bubble tracking software. The inset shows
a Kerr microscope image of the studied structure.

In table 4.3, several properties of the three systems are summarised. The average bubble
radius rb is also determined experimentally, similar to the analysis in section 4.1. rb
does not vary significantly with increasing l. Due to the decrease of the demagnetisation
energy in structures with smaller l an increase in the bubble radius is expected. This
is counteracted by applying a slightly larger stabilisation field is applied, as indicated in
figures 4.27 and 4.28, such that the bubble size is similar in all three cases.

2S is used instead of σ, to avoid confusion with other parameters defined with the same letter. The
error is determined by the fitting procedure.
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Table 4.3: Summary of results obtained from bubble tracking software, in triangular struc-
tures with l = 8, 15, 20 µm. a is the peak position and S corresponds to the standard
diviation of the Gaussian fit. rb is determined experimentally.

l (µm) rb (µm) Number of peaks a (µm) S (µm)

8 1.47 ± 0.10 1 0.20 ± 0.01 0.20 ± 0.02

15 1.47 ± 0.13 1 2.83 ± 0.21 0.32 ± 0.08

20 1.51 ± 0.21 2 2.92 ± 0.10 0.37 ± 0.04

5.80 ± 0.07 0.35 ± 0.09

Any difference between in the spatial stability of the bubbles is then attributed to bubble-
wall repulsion. The bubbles are confined more strongly in the structure with l = 8 µm.
Thus, the bubble-wall interactions confine a bubble more efficiently than bubble-bubble
interactions. The thermal movement of each bubble in the structure presented in figure
4.28b affects the movement of neighbouring bubbles, leading to enhanced bubble motion.
This has the effect that on average, the bubbles are more weakly confined than is the
case for the structure presented in figure 4.28a. Here, the bubble is confined by stationary
edges. This is in line with the observations in fullsheet films or even in nanostructures
where the bubble size is not comparable to the structure size, as presented in figure 4.21,
where bubble-bubble interactions do not stabilise a distinct bubble lattice.

These observations impact the design of skyrmion based devices. Consider a nanowire
with width w = 10 µm, fabricated with EBL. A Kerr microscope image of the bubble
domain structure within the wire is presented in figure 4.29. Bubble-wall interactions
stabilise a bubble-train in the wire, reminiscent of the skyrmion racetrack memory device
discussed in the introduction.

Figure 4.29: Kerr microscope image of a bubble train in a nanowire, with a width of
w = 10 µm. The external field is 0.06 mT.

The spatial confinement is studied with bubble track software, similar to the analysis pre-
sented earlier in this section. In figure 4.30a, the positions of bubbles from 100 consecutive
frames of a movie recorded at 16 fps are plotted. The X and Y coordinates are plotted
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separately in figure 4.30b and c respectively. Bubbles are confined in the vertical direction
due to bubble-wall interactions, with Swire,y = 0.43 ± 0.04. As can be seen in both figure
4.30a and 4.30c, bubbles have preferential positions due to local defects and bubble-bubble
interactions. However, the positions are spread out in the direction of the long axis of the
wire, indicating bubbles are very mobile in the X direction. As discussed by Zhang et al.,
bubbles should be spatially confined in the lateral directions to ensure bits can be written,
read and manipulated reliably in the racetrack memory [12]. The results presented in this
section results clearly indicate lateral bubble confinement is not enough to reliably control
the position of a bubble within a wire, and confinement in the direction of the wire is also
of great importance. This is especially true if the the bubbles are as thermally mobile as
the bubbles studied in this thesis. Possible racetrack memory designs where bubbles are
confined in both direction are discussed in chapter 5.

Figure 4.30: a) Bubble position in a wire with a width of 10 µm, created with EBL. An
external field of 0.06 mT is applied. Bubbles are detected in a 100 frame video using bubble
tracking software. b) The Y coordinate and c) X coordinate of the bubble position.
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4.3 Current induced motion of skyrmion bubbles

As discussed in the introduction, the racetrack memory is one of the most promising
skyrmion based applications [5], and encouraging experimental results have shown that
large bit manipulation speeds and bit densities compared to contemporary devices can be
attained, at lower operation powers [7]. The use of skyrmions rather than straight domains
as bits is expected to lead to even more efficient data storage devices, due to it’s lower
threshold currents for current-driven bit motion [8]. In this section, the current-driven
dynamics of skyrmion bubbles in ultrathin films is investigated by measuring the bubble
velocity as a function of current. The aim of these experiments is to extract information
about the threshold current and maximal bubble velocities in our stacks, as well as the
effects of injecting an electronic current on the stability of skyrmion bubbles in wedge
samples.

4.3.1 Current induced skyrmion bubble motion in fullsheet sam-
ples

First, the current induced motion of skyrmion bubbles is measured in a fullsheet sample
where the Co layer is wedged. Wires are glued to the samples at the far ends of the 2
cm long sample, such that a current in the direction of the Co variation can be injected
in a wedge sample. Bubble tracking software is used to track individual bubbles in the
bubble system. A 6 second video of the current induced bubble dynamics is taken while
injecting a current density j = 38.7 kAcm−2. The injected current density is assumed to
be constant in the studied range, because thickness variation are ∼ 0.01 nm within the
studied region, and thus have a negligible effect on the current density. The first frame
of this video is visualised in figure 4.31. Trajectories of 5 arbitrarily chosen bubbles are
visualised in figure 4.31. The bubbles move in the direction of the injected charge current,
indicating the driving force is the SHE. Their unidirectional movement indicates chiral
magnetic bubbles, as expected from SHE driven skyrmion bubble dynamics.

As discussed in section 2.3.3, skyrmions should have have component lateral to the
direction of the current, referred to as the skyrmion Hall effect. However, this effect can
not be observed in these samples because the current direction is not defined precisely
enough in the 6 mm wide sample. Additionally, it was shown by Jiang et al. that the
lateral component of the bubble velocity increases monotonically with increasing injected
current density, and current densities two orders of magnitude larger than reported in this
thesis were needed to observe clear lateral movement [9]. In future experiments, wires
with a width ∼ 100 µm can be used such, which is wide enough to have a well defined
current direction, while still wide enough to not suppress lateral skyrmion movement due
to bubble-edge interactions.
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Figure 4.31: First frame of a video of the bubble system under influence of a current
density of 38.7 kAcm−2. The coloured lines indicate trajectories of 5 arbitrary bubbles.
Bubbles move in the direction of the injected electronic current. The white lines indicates
the wedge position x defined as x = 0 and x = 250 µm. The lines are a guide to the eye.

In figure 4.31, the length of the trajectory depends greatly on the position of the moving
skyrmion within the wedge system. This indicates that the speed of the bubble depends
on the Co thickness. However, only a small amount of bubbles can be tracked throughout
the video. As discussed in section 4.1.4, bubbles can disappear, appear and merge due
to thermal fluctuations. Additionally, the surrounding domain structure and local defects
affect the trajectory of individual bubbles as well. Therefore, a different method is used to
analyse the bubble dynamics as a function of wedge position.

The region of interest is defined by the wedge positions where bubbles are visible, and
is given by wedge position between x = 0 µm and x = 250 µm. A frame is divided into
vertical strips between x = 0 µm and x = 250 µm, with steps of ∆x = 10 µm. Each strip
of frame i is moved pixel by pixel over frame i+1, and the correlation is calculated for each
step. A maximum in the correlation function corresponds to the average displacement of
the bubbles between frames i and i + 1, from which the average bubble velocity at each
wedge position can be calculated. In figure 4.32, this is schematically visualised.
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Figure 4.32: Basic principle of the method used to determine the average velocity of
skyrmion bubbles in wedge samples. A fragment of frame i is selected (a), and scanned
along frame i+1 (c-d). The correlation between the fragment of frame i and frame i+1 can
be calculated as a function of the wedge direction of the sample (e). The x position of the
maximum of this curve corresponds to the average shift of the bubbles between frames i and
i+1.

The bubble velocity is measured as a function of injected current density, for current
densities between 22.1 and 49.7 kAcm−2 with steps of 5.5 kAcm−2. In figure 4.33, the
bubble velocity for 5 different current densities are plotted as a function of the wedge
position. The results presented in figure 4.33 indicate a strong dependence of the bubble
dynamics on the wedge position and thus Co thickness. This is attributed to the skyrmion
size dependence of the dissipate tensor D in equation 2.3.32. Jiang et al. showed that for
skyrmion bubbles, D ∝ rb/t ≫ 1 [9]. In this limit, the horizontal velocity decreases with
increasing bubble size. For thicker Co, the bubble size increases, and thus the skyrmion
velocity decreases.

The bubble velocity of three individual bubbles, determined with bubble tracking
is included in the graph as well. The x error bars indicate the length of the measured
trajectory. Both methods yield the same bubble velocity at the same position and current
density, confirming their validity.
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Figure 4.33: Average bubble velocity, as a function of the wedge position for 5 current
densities. The black datapoints indicate 3 bubble velocities determined via bubble tracking,
and the horizontal error bars indicate the length of the trajectory.

The bubble velocity also depends on the injected current density, as expected from the
theory presented in section 1.3.4. In figure 4.34a, the average bubble velocity is plotted as
a function of current density for various wedge positions. Note that the data for only six
wedge position are plotted for the sake of clarity. The bubble velocity increases linearly
with the injected current density, as predicted by equation 2.3.32. Linear functions are used
to fit the data. The results presented in figure 4.34a also indicate a non-zero threshold
current density, which is not predicted by equation 2.3.32. This feature will be discussed
later in this section.

The average bubble velocity within the studied range is in the order of 10 µms−1.
This is lower than typically reported in literature. In figure 4.34b, the bubble velocity as a
function of the current density into a Ta/CoFeB/TaOx trilayer stack, as reported by Jiang
et al. is presented [9]. They reach bubble velocities ∼ 0.1 ms−1, although using much
larger current densities. However, extrapolating the data presented in figure 4.34a to the
MAcm−2 range, the bubbles reported in this thesis still move 10-100 times slower under
influence of a similar current density. This can be explained by considering the low current
regime indicated with yellow in figure 4.34b. In this regime, Jiang et al. report stochastic
movement of bubbles, where thermal motion and local defects affect the motion of bubbles
significantly, leading to a reduced bubble velocity in the direction of the current. The
same behaviour is observed in the experiments conducted in this section, so it is therefore
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expected the measurements are done in the yellow regime in figure 4.34b. A larger range
of current densities has to be investigated in future studies to confirm this hypothesis.

Another effect that can potentially lead to a decrease of the observed bubble velocity
is related to the material stack. Jiang et al. used a Ta/CoFeB/TaOx, where the only
source of SHE is the Ta layer. In the case of Pt/Co/Ir, both Pt and Ir exhibit a SHE.
Whether the SHE at opposing Co interfaces result in an enhanced or reduced total SHE
is currently unknown, and should be the basis of future research. In the case of a reduced
SHE in the Pt/Co/Ir system, lower bubble velocities are expected.

Figure 4.34: a) Average bubble velocity as a function of current density for 6 different
wedge positions, b) average bubble velocity as a function of current density in a Ta/CoFeB/-
TaOx stack, as measured by Jiang et al. [9].

Equation 2.3.32 does not predict an intrinsic threshold current density. Therefore, the ob-
served threshold current density is attributed to defects in the sample, which pin skyrmions.
This extrinsic threshold current jth horizontally shifts the measured curve with vx ∝ j−jth.
The threshold current density can be determined by fitting the data with a linear function.
In figure 4.35, jth is plotted as a function of the wedge position. The threshold current
density increases for increasing wedge position or bubble size. Assuming a constant defect
density across the entire sample, large bubbles are affected by more pinning sites than
small bubbles at x = 0. This means bubbles become less affected by local pinning sites
as they shrink, reducing the threshold current density of the bubbles. This highlights the
potential of skyrmions as data carriers in the racetrack memory, where skyrmion as small
as possible are desired. A threshold current density in the order of 10 kAcm−2 is measured
in the investigated wedge range.
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Figure 4.35: Threshold current density as a function of the wedge position. The line is a
guide to the eye.

This threshold current is significantly lower than reported for straight domain racetrack,
which is in the order of jth ∼ 105 kAcm−2 [5, 7] showing that skyrmions are more efficient
data carriers than straight domain walls. The skyrmion bubbles in the stack studied in
this thesis also exhibit a smaller threshold current than reported in literature. Woo et
al. reported a threshold current of ∼ 2 · 104 kAcm−2 in [Pt/Co/Ta]15 multilayers [112].
In a Ta/CoFeB/TaOx trilayer, a threshold current of ∼ 103 kAcm−2 was reported [16].
Hrabec et al. measured a threshold current of ∼ 3 · 104 kAcm−2 for coupled skyrmions
in a Pt/Ni/Au/Ni/Co/Ni/Pt bilayer stack [113]. More recently, Tolley et al. reported a
threshold current of 20 kAcm−2 in Pt/Co/Os/Pt [114]. This stack is very similar to the
stack studied in this thesis, and similar skyrmion bubbles are reported. Their results, in
tandem with the data presented in figure 4.35, indicate ultrathin magnetic layers sand-
wiched between platinum group transition metals (Pt, Ir, Os,...) are promising systems to
explore in future studies.

The high mobility of skyrmions in the Pt/Co/Ir stack not only results in a low thresh-
old current, the skyrmions are also easily moved by thermal fluctuations. This has been
discussed in section 4.2 extensively. In skyrmion based devices, 2D confinement is neces-
sary to control the position of skyrmions reliably, leading to an inevitable increase of the
threshold current. In future studies, the interplay between confinement and the threshold
current can be investigated to determine the extent to which the threshold current can be
reduced for application purposes.
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4.3.2 Influence of current on skyrmion bubble stability in wedge
samples

In the previous section, it was shown bubbles move at different velocities at different wedge
positions. The thickness variation of the Co layer introduces a symmetry breaking to the
system that is expected to influence bubble dynamics depending on the direction of the
injected current. This leads to fundamentally interesting and potentially applicable effects.
Two of these effects are discussed in this section. In figure 4.36, the effect of injecting the
current in opposite directions is visualised.

Figure 4.36: Bubble system under influence of a current flowing a) from left to right and
b) from right to left. An external magnetic field of Bext = −0.12mT is applied.

In figure 4.36a, the current flows in the direction of increasing Co thickness. This is the sit-
uation also described in section 4.3.1. Skyrmion bubbles maintain their round shape under
influence of an electric current. Conversely, in figure 4.36b, a current flowing from thick to
thin Co results in elliptic deformation of the bubbles, leading to a stripe domain structure.
This behaviour is not predicted by the theoretical framework presented in section 2.3.3,
where a uniform magnetic layer is assumed, nor reported in theoretical and experimental
studies of skyrmion motion in films with uniform thickness [81, 9]. In the previous section
it was shown bubbles move faster at thin Co, indicating domain wall motion becomes more
efficient as the Co thickness decreases. In the case of figure 4.36a, this means the left
side of the bubble moves faster than the right side. However, the magnetostatic energy
prevents the bubble from collapsing. Thus, the bubble retains its round shape and moves
in the direction of the injected current. For the situation presented in figure 4.36b, the
left domain wall moves faster as well, initially resulting in slight elliptic deformations in
the direction of the current. This effects increased the distance between the left and right
side of the bubble, and the velocity difference between to two side increases, resulting in
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an even larger elliptic deformation. this is a negative feedback loop, and eventually leads
to the domain structure presented in figure 4.36b

Another phenomenon is observed in the wedge samples: the bubbles can be pushed
beyond their initial stability range after saturation. In figure 4.37a, the magnetic structure
at 0.6 mT after saturation with a strong negative field is shown to show this effect. A cur-
rent can move the bubbles beyond the region where their stability is thermally activated,
increasing the range in which skyrmions are stable at a given field (4.37a)

¯
. To exclude the

possibility that the stability range is extended due to Joule heating of the sample under
influence of an electric current, the sample is studied after the current source is switched
off for several minutes, allowing it to cool down to RT. Within this timescale, the bubbles
remain stable. However, it is unknown whether they remain stable within the extended
range indefinitely. This phenomenon has some interesting technological prospects; as in-
dicated in figure 4.37 by the red box, the existence of bubbles on certain positions on the
wedge can easily be controlled with a current. A bit writing device making use of this
effect is presented in the outlook.

Figure 4.37: Extension of the stability range of bubbles in a wedge sample under influence
of an injected electronic current b), compared to the bubble system after saturation a). A
field of -0.06 mT is applied. The red box indicates the area on the sample in which skyrmion
existance can be controlled with a current.
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Conclusion & outlook

In this thesis, skyrmion bubbles generated in a Pt/Co/Ir trilayer have been extensively
investigated. The results presented in this thesis have been divided into three sections,
which will now for summarised and discussed in sequence. The first section concerns the
static analysis of skyrmion bubbles in fullsheet samples. In section 2, the confinement of
skyrmion bubbles in nanostructures has been reported. Lastly, the current induced dynamics
of skyrmions has been discussed. An outlook on future research is included when possible.
Four future research topics and possible applications are discussed separately.

5.1 Conclusions

In section 4.1, it has been shown that skyrmion bubbles can be generate in a Pt/Co/Ir
stack, where the thickness of the Co layer is near the percolation threshold – the thickness
of the magnetic layer where long-range magnetic order is lost. A small magnetic field of
∼ 0.1 mT is needed to stabilise the skyrmion bubble phase. The conclusions of sections
4.1 are:

1. Theory predicts a narrow parameter space for skyrmion bubble stability. It was
shown that magnetic parameters have a very strong thickness dependence near the
percolation threshold, and thus large parameters spaces can be considered in a wedge
sample near percolation. This leads to stable skyrmion bubbles at a specific thickness,
where the thickness range for bubble stability is in the order of 0.01 nm. For the
Pt/Co/Ir stack, this thickness is determined to be 0.7 ± 0.1 nm, although it should
be noted the existence of a magnetically dead layer at the Co interfaces is not ruled
out.

2. Due to the relatively large experimental uncertainties in the measured magnetic pa-
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rameters, a quantitative comparison to the thin wall isolated bubble model was not
possible. However, the behaviour of skyrmion bubbles in stacks with constant Co
thickness is qualitatively reproduced with the model, showing that the model indeed
captures the correct physics. Due to an experimental underestimation of MS, the
bubble behaviour as a function of the Co thickness could not be reproduced with
the model. In future studies, MS should be determined more accurately to compare
theory and experiment more rigorously.

3. One of the important properties of skyrmion bubbles for future applications is their
size. The bubbles studied in this thesis are 1-5 µm large, which is significantly larger
than what is required for future applications. Due to the limited spatial and tem-
poral resolution of the used Kerr microscope, the existence of sub-micron skyrmion
bubbles in the Pt/Co/Ir stack cannot be confirmed experimentally due to resolution
limitations of the used setup. However, smaller bubbles are predicted to be stable in
the Pt/Co/Ir stack, as will be discussed in section 5.2.

4. With the cutting-edge sputter deposition tool used in this thesis, full sheet samples
can be grown where the thickness is uniform to such a degree that skyrmion bubbles
can be stabilised in a large fields in the order of 1 mm large. This allows for the
study of large number of identical bubbles.

In section 4.2, the influence of sample patterning on skyrmion bubbles has been investi-
gated. A bubble-wall repulsion was observed in patterned nanostructures. The conclusions
of sections 4.2 are:

1. It has been shown unequivocally that the mechanism responsible for these interactions
is the demagnetisation energy, both experimentally and with a finite element model
used to calculate the demagnetisation energy of the experimental systems.

2. Using particle tracking software, the thermal movement of skyrmions in nanostruc-
tures is reported. Experimental results indicate that bubble-wall repulsion confines a
skyrmion more strongly than bubble-bubble interactions. This is expected behaviour
due to the mobile nature of the skyrmion bubbles, but has serious implications on
the design of the skyrmion racetrack memory. Here, bubbles are strongly confined in
the lateral direction, while the probability density of the bubble position is smeared
out in the direction of the racetrack due to thermal movement of bubbles.

3. Skyrmion confinement is in general not difficult to achieve, but in the racetrack mem-
ory, it is important that skyrmions can be moved along the racetrack as efficiently
as possible, and any form of skyrmion confinement will increase this current. There-
fore, confinement in the direction of the wire must be weak enough to allow bubble
movement along the wire, yet sufficient to have control over the position of skyrmion
bubbles. In section 5.3, two suggested designs are discussed for optimal control over
bubble position.

4. Bubble-wall interactions stabilise skyrmion bubbles in nanostructures with a size
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comparable to the bubble size at zero field. This was shown to be the the configura-
tion with the lowest demagnetisation energy. These zero-field skyrmions can be used
in artificial skyrmion lattices.

In section 4.3, the current induced motion of skyrmion bubbles has been discussed. The
main conclusions are:

1. All bubbles move in the direction of the injected current, indicating the bubbles are
driven via the spin Hall effect, and can rightly be referred to as skyrmion bubbles.

2. It was shown that the smaller the skyrmion bubble, the larger the bubble velocity,
and the lower the threshold current, which is in both cases attributed to the fact
that smaller domains are less influenced by local defects than large domains. This
is desirable for the racetrack memory and other skyrmion-based applications, where
bits should be as small as possible to ensure a large bit density.

3. The Bubbles in the Pt/Co/Ir stack exhibit a very small threshold current of jth ∼ 10
kAcm−2, which is several order of magnitude smaller than reported in literature.
However, Recent studies in similar ultrathin magnetic films report equally low thresh-
old currents, indicating the system studied in this thesis is a promising candidate for
low energy consuming memory devices.

4. In wedge samples, the thickness variation in the Co leads to effects which are not
captured by theory. A current can be used to drive skyrmion bubbles to areas where
bubble generation is not thermally activated. They remain stable in these areas
after the current is switched off, and can be moved back with a current in opposite
direction. This effect can be used for writing bits, as discussed in section 5.3.

Only the current induced dynamics of skyrmion bubbles in wedge samples has been dis-
cussed in this thesis. The next step is to measure the bubble dynamics in fullsheet samples
with constant thickness, as well as in devices such as the racetrack memory. Additionally,
the skyrmion Hall effect can be demonstrated for our bubbles in future experiments, to
demonstrate beyond doubt they are indeed skyrmion bubbles. The experiment conducted
by Jiang et al. can be used as a basis for future studies [9].

5.2 In search of smaller skyrmions in Pt/Co/Ir trilay-

ers

In this thesis, the typical bubble measured bubble radius is ∼ 1 µm. This is an order of
magnitude larger than what is required for competitive data storage devices [46]. However,
it is not clear how small these bubbles can become in the ultrathin films studied in this
thesis. At thinner cobalt, MS and σDW decrease as well, resulting in smaller domain
structures. Using the experimentally determined thickness variation in MS and σDW, the
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energy function at a thickness of tb = 0.68 nm can be determined, as presented in figure
5.1. Using MS = 0.14 MAm−1, σDW = 0.02 mJm−2 and a stabilisation field of 0.05
mT, the minimum of the energy function corresponds to skyrmion bubbles with a typical
diameter of 250 nm, which are already suitable for competitive devices [46]. The theoretical
predictions should be interpreted carefully, because in this case the bubble domain is no
longer much larger than the domain walls, and deviations from the model can be expected.
The theoretical framework reported by Buttner et al. will provide a better understanding
of skyrmions in this size range [40].

Figure 5.1: Energy function as calculated with the thin wall bubble model. Used parame-
ters are tb = 0.68, MS = 0.14 MAm−1, σDW = 0.02 mJm−2 and Bext = 0.05 mT.

These theoretical calculations show that even though the skyrmions studied in this thesis
are too large for competitive applications, smaller skyrmions can be expected at smaller
Co thicknesses in the Pt/Co/Ir structures. In combination with their high mobility, these
skyrmions would be an ideal candidate for low energy data storage devices.

Imaging methods with a higher resolution have to be used to investigate smaller bub-
bles, such as Lorentz TEM. Alternatively, low temperature Kerr microscopy can potentially
be used to study bubbles down to ∼300 nm large. By “freezing” skyrmion bubble, the
temporal resolution can be decreased in favour of an increase of the spatial resolution.
However, it is not clear how temperature affects the phase diagram, and thus if this tech-
nique is useful to study the system. In section 5.1, the thin wall isolated bubble model is
used to predict the existance of sub-micron skyrmion bubbles in the studied stack.



5.3 Writing bits in the skyrmion racetrack memory 87

5.3 Writing bits in the skyrmion racetrack memory

One of the most exciting possible skyrmion-based applications is the racetrack memory,
where the presence or absence of a skyrmion corresponds to the ‘1’ and ‘0’ in the racetrack
memory. An important challenge for the skyrmion racetrack memory is finding a reliable
and fast way to read and write bits. With this goal in mind, several methods of generation
skyrmions has been proposed. Jiang et al. reported that pushing an elongated domain
through a constriction using current pulses can be used to ”blow” skyrmion bubbles at
room temperature [16]. Woo et al. showed that a constriction is not needed, but bipolar
electronic pulses could be used to ”shake” stripe domains [112]. Recently, Buttner et al.
demonstrated deterministic skyrmion generation at local defects, using current pulses [115].

Figure 5.2: a-d) Basic idea of the bit writing device for the skyrmion racetrack memory,
shown in four steps: a) skyrmion bubbles are generated in the left arm of a cross structure,
b) a current pulse is used to push a bubble into the racetrack memory, writing a ‘1’ bit.
c) Bits within the racetrack memory can be manipulated with current pulses. d) ‘0’ bits
are written using a negative current pulse. Red bubbles correspond to bits already present
in the racetrack, while orange bubbles are generated in the left arm of the device. Proof of
principle in a e) full sheet sample and f) Hall cross structure with 20 µm wide arms. Here,
the top images corresponds to the system after saturation, the second image is taken after
a current pulse to the right and the third image after a current pulse to the left. The Co
thickness increases from left to right.
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In this section, a different method is proposed to facility the writing of bits in the memory
device. The basic concept is depicted in figure 5.2a, b c and d. The device consists of
two wires crossing each other. The skyrmion racetrack memory corresponds to the vertical
wire. The skyrmion bubbles are generated in the left arm of the device, where the thickness
of the magnetic layer is varied (5.2a). A current pulse Jh is sent through the horizontal
arm, in the direction of increasing Co. Due to the SHE, skyrmions are pushed into the
intersection of the two wires, essentially writing a ’1’ bit in the racetrack memory (figure
5.2b). Then, a current pulse Jv sent through the vertical arm, shifting all the bits in the
racetrack memory, such that the next bit can be written (5.2c). The process of writing a
’0’ bit is similar, but a negative current pulse −Jh is used to push back the skyrmion into
the left arm.

Preliminary experiments have been conducted in this thesis to prove the principle.
Figure 5.2e depicts a thin film where the Co thickness is varied. In the unperturbed state,
no bubbles are stable to the right of the dashed red line. Injecting a current pulse in the
direction of increasing Co thickness leads to bubble motion in the same direction. The cur-
rent pushes the bubbles to regions with thicker Co where bubble generation is not thermally
activated. The bubbles retain their position on a minute-timescale. As discussed in section
4.3.2, it is yet unknown if the bubbles remain stable indefinitely. A current in the opposite
direction pushes the bubble back towards regions with thinner Co. These measurements
show that the operations corresponding to figure 5.2b and d are indeed attainable in the
studied magnetic systems. As discussed in section 4.3, the domain structure is different
after a current pulse to the left or the right. Bubble domains lose their round shape when
the injected current is directed in the direction of decreasing Co thickness. Thus, writing
bits is not reproducible on a short timescale without re-saturating the system. In figure
5.2f, a bit writing device created with EBL is visualised. In a patterned structure, the
bubble state is maintained after current pulses in both directions, which means bit writ-
ing is a reproducible process and no re-saturation is needed. This phenomenon is not yet
understood.

In principle, this device is a possible candidate for bit writing in the skyrmion race-
track. However, the highest attainable bit writing rate, as well as the reliability of the
writing process are still unexplored territory, and should be the focus of future research.

5.4 Confining skyrmion bubbles in the racetrack mem-

ory

As discussed before, 2D confinement is crucial for absolute control over the position of
skyrmions in racetrack device. In figure 5.3, a geometry with oscillating width is presented,
which can be created with electron beam lithography. The walls will confine the bubbles at
the widest regions, but the skyrmions can still be manipulated with an electrical current.
This will, of course, increase the threshold current needed to shift the bits in the track. To
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what extent the threshold current increases should be investigated in future research.

Figure 5.3: Possible method to confine skyrmions in the racetrack memory, using the
geometry of the wire.

Similar to the solution presented in figure 5.3, confinement can be induced by steps in the
anisotropy. A possible way to control the anisotropy locally is via the electric field effect.
A schematic overview of the device is presented in figure 5.4. A Pt/Co stack is grown on
top of a Substrate and a Ta layer to ensure smooth growth. The Co is capped with an
insulator (e.g. AlOx), on top of which an electrode is grown. Bubbles can be stabilised
in a Pt/Co/oxide trilayer [17]. The oxide serves a second purpose: the 3d orbitals of
the Co couple to the 2p orbitals of the O atoms in the dielectric film [119], inducing an
anisotropy at the interface between the Co and the oxide. This anisotropy depends on the
oxygen stoichiometry at the interface. Oxygen vacancies migrate through the oxide when
an electric field is applied, effectively changing the anisotropy.

By patterning the contact in a comb geometry, barriers can be defined. Switching
on the electric field, the anisotropy is increased locally, confining the skyrmion bubble.
Switching off the field reverses the effect, and bubbles can move along the wire freely
again. The effect is analogous to a gate, which can be opened and closed by applying a
voltage. This is a very efficient method of locally controlling the anisotropy, with the added
benefit that the confinement can be removed when bits are moved around in the racetrack
memory. This allows for skyrmion displacement with small threshold currents, while the
detrimental effects of the large mobility are significantly oppressed.

Figure 5.4: a) Top view of the racetrack memory, making use of the electric field effect
to confine bubbles. b) Possible composition of the stack (side view).
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5.5 Field-free skyrmion creation

Another requirement of the skyrmion racetrack memory is the ability to stabilise skyrmions
without an external field. External fields are in general not desirable in magnetic devices
because they are energy inefficient and limit the down-scalability of devices. As discussed in
this thesis, field-free skyrmion creation is possible in nanostructures with a size comparable
to the bubble size. In this case, bubble-wall interactions stabilise a the skyrmion, rather
than the external field. In practise, this means the bubble is not mobile, and thus that this
skyrmion stabilisation technique cannot be used to create skyrmions without an external
field for the racetrack memory.

Figure 5.5: Possible stack where skyrmion bubbles are stabilised by the RKKY interaction,
coupling the two Co layers through the Ru layer. The stack is grown on a Si/SiOx substrate
capped with a Ta(5) layer to ensure smooth growth. The layer thicknesses x, y and z have
to be tuned to acquire the right coupling strength

Bezvershenko et al. proposed that the Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange
interaction can be used to stabilise skyrmions without the need of an external stabilisation
field [116]. RKKY coupling is a long range interaction between two magnets, mediated by
the conduction electrons of a metallic spacer layer. A detailed description of this interaction
can be found in ref [117]. The sign and the strength of the coupling can be controlled by
varying the thickness of the spacer layer [118]. A starting point for such a stack is visualised
in figure 5.5.

Here, the two Co layers are coupled through the Ru spacer layer, generating an effective
magnetic field that stabilises skyrmions in the bottom Co layer. The layers thicknesses X
and Y can be optimised to tune the magnitude of this field. This is also where challenges
concerning skyrmion stabilisation through RKKY coupling arise, because the external field
needed to stabilise is in the order of 0.1 mT, which is very small. Additional control over
the coupling can be achieved by inserting Pt ”dusting” layers between the Co and Ru, as
demonstrated by Lavrijsen et al. [120]. Additionally, the Pt layers are needed to induce
PMA in both Co layers. Although this principle has not been demonstrated experimentally,
realising field-free skyrmion stabilisation would be a huge step towards skyrmion based
spintronics devices.
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A.1 EBL recipe

Table A.1: EBL recipe for the ma-N 2410 resist, starting with a thin film magnetic
sample. Used equipment is the Roth & Rau Ion Beam Etcher [121] and Raith EBPG 515
[122]

Fabrication step Information

Cleaning 1 minute in acetone ultrasonic bath

1 minute in isopropanol ultrasonic bath

Stack deposition

Spin coating 30 s at 3000 rpm, for uniform ma-N 2410 layers with a thickness

of ∼ 1 micron

Soft baking 2:30 minutes at 90◦C,

EBL settings Beam current: 100 nA, Beam energy: 100 keV → spot size: 50 nm,

Dose: 400 µAcm−2

Development 80 s in ma-D 332s. Rinse in ultrapure water for 2 minutes

IBM Standard settings, etching angle: 70◦, milling time ∼ 2 minutes

Resist removal 3 minutes in acetone ultrasonic bath
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A.2 Thickness dependence of magnetic remenance

In section 4.1, the magnetic remenance as been measured as a function of magnetic layer
thickness. This is done by measuring hysteresis loops a various thicknesses along the
wedge sample. Hysteresis loops are measurements of the magnetisation as a function of
field. Sweeping the magnetic field from negative to positive values and vice versa reveals
information about the magnetic hysteresis of the magnetic sample. A complete description
of hysteresis can be found in ref [19]. In figure A.1, four examples of such hysteresis loops
are presented.

Figure A.1: Hysteresis loops of a Pt/Co/Ir stack, where the Co thickness is indicated in
the graphs.

Above the percolation threshold, the sample has PMA and the magnetisation points in
the direction perpendicular to the thin film. Because the used MOKE setup is sensitive to
the out-of-plane component of the magnetisation, an easy axis hysteresis loop is measured,
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where the magnetisation of the whole sample switches instantly at a given field [19]. As the
percolation threshold is reached, the Co density decreases and Co islands are formed. A
labyrnyth structure with a net magnetisation of zero is stable at zero field. As Co density
decreases further, the island become smaller and spaced further apart, thus reducing the
interactions between islands. This is reminiscent of paramagnetism, as seen in the hystere-
sis loops as well, where the magnetisation switches gradually rather than instantaneously.
At zero field, all grains will point in a random direction, resulting in a zero net magnetisa-
tion. At a Co thickness of 0.5 nm, no magnetism is observed anymore.

The magnetic remenance is defined as the magnetic moment of the sample at zero
field, after saturation, given in terms of a percentage by

Remenance =
M(Bext = 0)

MS

· 100 . (A.2.1)

For tCo = 0.8 nm, this is 100 %, while it is 0 % for tCo = 0.6 nm. The value can be extracted
from the data by fitting the hysteresis loop with an error function, and determining the
Bext = 0 crossing using the fitting parameters. As can be seen in the hysteresis loop for
tCo = 0.5 nm, the data dominated by, and thus the fitting procedure becomes arbitrary.
Therefore, the remenance is determined manually for thicknesses below tCo = 0.6.

A.3 Importance of nanostructure edge quality

In section 4.2, bubble stabilisation is investigated in nanostructures. To illustrate the
complexity of the nanofrabrication process, as well as the importance of creating straight
edges, a different fabrication process is used as the process described in section 3.1.2. The
ma-N 2410 resist used in this thesis is a negative tone resist, which means exposing it to
electron or UV beams crosslinks the resist, creating a hardmask for future etching steps.
Different results can be obtained using a positive tone resist; electron beam exposure softens
the resist, after which the irradiated parts can be removed chemically, creating a mask for
sample growth. The process is schematically visualised in figure A.2.

A detailed description of the nanofabrication technique, as well as the recipes used in
this thesis can be found in ref [64]. As seen in the close-up of the pattern transfer step,
the pattern is defined by the grooves in the resist layer. Because the resist layers are in
the order of a few hundred nm thick, shadow effects will play a significant role during the
growth process, resulting in a thickness variation of the grown stack at the edges of the
nanostructure.
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Figure A.2: Nanofrabrication process using a positive resist, with a close-up of the pattern
transfer step. Figure based on figure 2.8 in ref [64]

In figure A.3, a cross structure created with the process described above is presented. The
bubble phase can be stabilised in these nanostructures, but an additional effect is observed;
bubbles are stable at the nanostructure edges. This is attributed to the thickness variation
of the Co at the structure edge, leading to a second bubble stability range along the edge.

Figure A.3: Kerr microscope image of a cross structure created with a positive resist
nanofrabracation process. A second bubble transition if observed at the edge due to the
thickness variation of the magnetic layer at the edge. Bext = 0.6 mT.
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As discussed in section 4.2, using the nanofabrication process presented in section 3.1.2,
the edge are straight, and bubbles are consequently confined in the nanostructures. Thus,
edge quality is of great importance for future skyrmion-based application.
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