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Abstract

Spintronics offers huge potential for data storage and processing and, thus, for
overcoming the challenges arising from the ever-increasing demands in the field of
electronics. To fully utilize this potential in real-world applications, appropriate
materials are required. Graphene-ferromagnetic interfaces show great promise in this
context. Combining graphene with a ferromagnet, such as cobalt, results in a system
with many advantageous effects, such as Dzyaloshinskii—Moriya interaction (DMI).
These effects allow for the formation of useful spin structures with high stability.
Furthermore, such structures can also be induced in cobalt by combining it with a

heavy non-magnetic metal such as platinum.

In this study, the magnetic interlayer coupling and domain structure of ultra-thin
ferromagnetic cobalt (Co) layers embedded between a graphene (G) layer and a
platinum (Pt) layer on a silicon carbide (SiC) substrate (G/Co/Pt on SiC) were
investigated. The (6\/§ X 6\/5) R30°-reconstruction was prepared on SiC and served
as a precursor for graphene. It was prepared using two techniques, namely confinement
controlled sublimation (CCS) and polymer assisted sublimation growth (PASG).
Consequently, the sample properties varied slightly. Following this, the metal layers

were prepared by intercalation.

Experimentally, a combination of x-ray photoemission electron microscopy (X-PEEM)
with x-ray magnetic circular dichroism (XMCD) was carried out at the Co L-edge to
study the system’s magnetic structure. Furthermore, structural and chemical proper-
ties of the system were investigated using low-energy electron diffraction (LEED)
and x-ray photoelectron spectroscopy (XPS). In-situ LEED patterns revealed the
crystalline structure of each layer within the system. Moreover, XPS confirmed the
presence of quasi-freestanding graphene and the absence of cobalt silicide. These
characteristics of a clean and homogeneous Co-layer provide an excellent foundation
for magnetic features to form. The magnetic structure of all samples exhibited
numerous spin vortices and anti-vortices. In spintronics, these can be used as data
carriers. The general magnetic structure of the material is heavily influenced by the
preparation method. Different aspects were identified, which enhance or impede the

formation of vortices. [1]
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Kurzfassung

Die Spintronik bietet enormes Potenzial im Bereich der Datenspeicherung und
-verarbeitung und zur Uberwindung der immer weiter steigenden Anforderungen im
Bereich der Elektronik. Um dieses Potenzial zu nutzen, werden geeignete Materialien
bendtigt. Diesbeziiglich sind Graphen-Ferromagnet-Grenzschichten besonders vielver-
sprechend. Wird Graphen mit einem Ferromagneten, wie Kobalt, kombiniert, ergibt
sich ein System mit vielen vorteilhaften Eigenschaften, wie Dzyaloshinskii—Moriya
Wechselwirkung (DMI). Diese erméglichen die Bildung von stabilen, niitzlichen Spin-
Strukturen. Solche Strukturen konnen ebenfalls in Kobalt hervorgerufen werden,
wenn es mit einem schweren, nicht magnetischen Metall, wie Platin, in Verbindung
steht.

In dieser Arbeit wurde die magnetische Grenzschicht-Kopplung und Doméanenstruktur
von ultradiinnen ferromagnetischen Kobaltschichten zwischen Graphen und Platin-
schichten auf einem Siliziumcarbidsubstrat (SiC) untersucht. Die (6v/3 x 6v/3) R30°-
Rekonstruktion von SiC diente als Vorstufe fiir Graphen. Sie wurde mit zwei
Methoden prapariert, der Raumbegrenzten-Sublimation (CCS) und der Polymere-
unterstiitzen Sublimation (PASG). Diese fithrten zu leicht verschiedenen Probeneigen-

schaften. Anschliefend wurden die Metallschichten mittels Interkalation prapariert.

Die magnetische Struktur des Systems wurde mittels Synchrotronstrahlung an-
geregter Photoemissions-Elektronenmikroskopie (X-PEEM) an der Kobalt-L-Kante
unter Nutzung des zirkularen magnetischen Roéntgendichroismuses (XMCD) unter-
sucht. Strukturelle Eigenschaften wurden mittels niederenergetischer Elektronenbeu-
gung (LEED) und chemische mittels Rontgen-Photoelektronenspektroskopie (XPS)
analysiert. In-situ LEED-Messungen zeigten die kristalline Struktur jeder Schicht im
System. Mittels XPS wurde quasi-freistehendes Graphen und die Abwesenheit von
Kobaltsiliziden nachgewiesen. Die somit reine und homogene Kobaltschicht bildet
eine hervorragende Grundlage fiir die Ausbildung von Spin-Strukturen. Die mag-
netische Struktur aller Proben zeigte eine Vielzahl von Spinwirbeln und -antiwirbeln.
In der Spintronik konnen diese als Datentrager genutzt werden. Die generelle mag-
netische Struktur wurde stark von der verwendeten Préiparationsmethode beeinflusst.
Verschiedene Aspekte wurden entdeckt, die die Bildung von Spinwirbeln begiinstigen

oder erschweren. [1]
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Introduction

The ongoing tremendous progress of electronic devices towards further miniaturiza-
tion and enhanced performance poses a number of significant and further growing
challenges. Among these challenges are the requirements for decreased power con-
sumption and improved heat dissipation [2]. The field of spintronics [3] offers
solutions to these challenges, as it provides enormous potential for high-density
data storage, high processing speed, and low power requirements [4-7]. Within
this research field, effects such as giant magnetoresistance (GMR) [8-10] and tun-
nel magnetoresistance (TMR) [11-13] enable a wide variety of applications. For
instance, magnetoresistive random access memories (MRAM), MRAMs with spin-
transfer torque (STT-MRAM), and magnetic field sensors are the subject of current
research [14, 15].

In order to use the great potential of spintronic applications, there is a requirement for
suitable spin transport channels, topologically stable spin textures, and fast motion of
chiral textures [16]. One highly promising candidate in this context is graphene since
it is known for its long spin-lifetime and diffusion-length of several micrometers even
at room temperature. These features make it extremely interesting for applications
such as in lateral spin-transport devices [17]. Graphene is a 2D material composed of
a single layer of carbon atoms arranged in a hexagonal structure. Its first successful
production in isolated form in 2004 was followed by numerous studies demonstrating
its remarkable properties, including its immense potential in spintronics [17-19].
In 2010, Geim and Novoselov were awarded the Nobel Prize for their pioneering
work in preparing and investigating of this groundbreaking material [20, 21]. The
original preparation method was a process of detaching graphene flakes from graphite
using adhesive tape. While this method is straightforward, other techniques are

needed to produce larger sheets of graphene in a reproducible and reliable manner.



1 Introduction

In addition to chemical vapor deposition, which can be used for preparation on
conduction substrates, graphene can also be grown by sublimating silicon atoms from
a silicon carbide (SiC) wafer. Initially, the growth of graphene on SiC was conducted
in ultra-high vacuum (UHV). This variant suffered from an inhomogeneity of the
graphene layers due to the too-high sublimation rate. Preparation in an inert gas
atmosphere overcame this issue and paved the way for high-quality, single domain

graphene on SiC as a foundation for many different sample systems [22, 23].

Combining graphene with a ferromagnet like cobalt (Co) results in several advanta-
geous effects, such as Dzyaloshinskii—Moriya interaction (DMI), a strong Rashba
effect, and spin filtering [24, 25]. Moreover, it enhances perpendicular magnetic
anisotropy (PMA) in cobalt and other transition metals [16, 26-28], which stabilizes
magnetization states over a long time [29-36]. Another method that has been re-
cently used to induce PMA in cobalt is combining it with a heavy non-magnetic
metal such as platinum (Pt) [37, 38]. A Co/Pt system also offers the possibility of
spin-based high-density memory storage as well as high domain-wall velocities due
to the presence of chiral Néel-type magnetic domain walls [16]. This feature may

enable faster processing speed in future applications [39].

In this thesis, the combined G/Co/Pt system prepared on SiC was investigated.
Combining the G/Co and Co/Pt systems aims to unite the respective mentioned
beneficial properties. Figure 1.1 shows a schematic sketch of the system. Next to
the magnetic structure, its chemical and general structural properties were studied
as a foundation for future spintronic applications. In addition to all advantageous
characteristics mentioned, the inert properties of graphene protect the sample surface
from oxidation [40]. Moreover, the Pt-layer is effective as a diffusion barrier up to
certain temperatures, which prevents the formation of cobalt silicide beneath the
surface [41]. Cobalt silicides are suspected of weakening the Co-layer’s magnetic
order [38, 42-44].

DMI and PMA were reported in a G/Co/Pt system prepared on MgO(111) [16]. In
that study, a rather thick Pt-layer of 300 A reduced the influence of the substrate.
One purpose of the present study was to experimentally investigate the influence of
the substrate. Thus thin films of platinum were studied, ranging from 2 A to 8 A. The
SiC-substrate offers several decisive advantages. Most importantly, the film quality

of graphene grown on SiC is of utmost quality. For instance, single-crystallographic



Figure 1.1: Sketch of the G/Co/Pt sample system on SiC.

graphene domains have been reported over exceptionally large areas on this substrate,
in contrast to others [16, 40]. Furthermore, it has been observed that graphene
grown on SiC exhibits a very high spin injection efficiency [45]. In contrast, graphene
grown on metal or metal oxide substrates usually leads to multiple domains over the
whole sample surface [16]. Multiple domains might impair the formation of magnetic

structures.

To incorporate the platinum and cobalt layers within the sample system, intercalation
was utilized. Intercalation originated from chemistry and describes the insertion of
so-called guest species into a lamellar host structure [46]. In the context of graphene
grown on SiC, it means the insertion of atoms between the graphene layer and the
SiC substrate by penetrating the graphene. Thus, the preparation of ultra-thin
metal layers beneath graphene is enabled. This method is well-established for many
different materials, such as Hy [47], Au [48, 49], and in addition to cobalt [38], further
3d-metals like Fe [50] and Cu [51]. A range of distinct properties of the resulting
system can be tailored by selecting the material to be intercalated and specifying its
thickness beneath graphene [47, 52, 53]. Moreover, bonds between the first carbon
layer on SiC, referred to as (6\/§ X 6\/§) R30°-reconstruction, and the substrate




1 Introduction

impair this layer’s properties in comparison to freestanding graphene. Intercalating
a material underneath the reconstruction results in the release of the bonds and the

transformation of the reconstruction into quasi-freestanding graphene [47].

This work employs three main techniques to offer a comprehensive study. These are
photoemission electron microscopy (PEEM), low energy electron diffraction (LEED),
and x-ray photoelectron spectroscopy (XPS). Intercalation is induced by sample
annealing up to a temperature determined by the material to be intercalated. Insights
into the intercalation process and determination of the required temperatures for both
platinum and cobalt intercalation will be gained using ultraviolet PEEM (UV-PEEM).
Structural and chemical properties of the system in each state of the preparation
will be revealed by LEED and XPS, respectively. This includes investigating the
crystalline structure of each layer of the sample system and showing which types
of silicide compounds form. Finally, the morphology of the embedded Co-layer
and, especially, the magnetic domain structure will be analyzed by means of x-ray
PEEM (X-PEEM) in combination with x-ray magnetic circular dichroism (XMCD).
This investigation will show the presence of numerous spin vertices of different sizes

and types, indicating strong DMI and offering potential use in spintronics. [1]

This thesis is structured in 7 chapters. Following this introduction, Chapter 2
will introduce the topics of graphene and magnetism, while Chapter 3 will present
the theoretical background of the measurement techniques used. Subsequently,
all experimental setups will be presented in Chapter 4 and the steps for sample

preparation will be reviewed in Chapter 5.

Chapter 6 will provide the results of each measurement technique, which are UV-
PEEM in Section 6.1, LEED in Section 6.2, XPS in Section 6.3, and X-PEEM in
Section 6.4. Lastly, a conclusion of the results, provided in Chapter 7, will complete
this thesis.



Background

In this chapter, the foundation for this work is set. It begins by introducing graphene,
covering aspects such as its atomic structure, the substrate silicon, the growth
methods used, and the interaction of graphene with silicon carbide. Subsequently,
ferromagnetism and magnetic structures like skyrmions and merons are explained
as a basis for analyzing photoemission electron microscopy images with magnetic

contrast.

2.1 Graphene: Introduction and preparation

2.1.1 Discovery, Structure, and Properties

Graphene is a two-dimensional material composed of a single layer of carbon atoms
arranged in a hexagonal lattice. It captures significant attention due to its exceptional
mechanical and electronic properties and potential applications, for example, in
electronic and spintronic devices [4-7, 17]. In this chapter, graphene’s discovery,
structure, and electronic properties are introduced, highlighting its relevance to

surface science and beyond.

In 2004, single-layer graphene was successfully isolated and characterized by Novoselov
and Geim using the ”Scotch tape” method [20]. This groundbreaking research,
honored with the Nobel Prize in Physics in 2010, paved the way for extensive
exploration of graphene’s properties and applications. Before this, it was controversial
whether isolated graphene could exist since it was assumed to be strictly two-

dimensional, and theoretical physics states that two-dimensional crystalline structures



2 Background

are unstable at finite temperatures [54]. Later studies have resolved this inconsistency

by showing that the atoms in graphene do indeed exhibit slight buckling [55].

Graphene’s atomic structure and orbital configuration are shown in Figure 2.1.
It consists of planar-arranged carbon atoms connected in a honeycomb lattice.
Neighboring atoms in this lattice have a distance of 1.42 A and the lattice constant is
2.46 A. With this structure, graphene can be described as a single graphite layer [56].
The atoms in graphene are sp2-hybridized. Consequently, each carbon atom forms
three in-plane o-bonds with its three nearest neighbors, resulting in a highly stable
lattice. The remaining electron of each carbon atom contributes to an out-of-plane 7-
bond orbital. These orbital formations are responsible for many of graphene’s unique
characteristics, like the linear energy dispersion of the band structure near the Dirac

point or its extraordinarily high carrier mobility and mechanical strength [57-60].

For graphene to truly possess these outstanding properties, it requires high-quality
preparation. There are various methods to prepare graphene [61]. The one used in

this work is the epitaxial growth on silicon carbide [22, 23, 62].

o9

d=1.42A
o~

o 9O
(a) (b)

Figure 2.1: (a) Schematic sketch of the graphene structure. Lattice vectors @, and
d,, with |d;| = 2.46 A, and the next-neighbor distance d are shown. (b) Represen-
tation of graphene’s orbital configuration. Exemplary, some o- and 7*-bonds are
marked.




2.1.2 Silicon Carbide: Composition and Structure

Silicon carbide (SiC) has a wide bandgap, a high thermal conductivity, and is
chemically inert, making it suitable for a variety of applications in the field of
electronics [63, 64]. To prepare graphene, silicon carbide can be used as a substrate
for epitaxial growth. This section introduces the composition and structure of silicon
carbide. This provides the basis for the explanation of graphene preparation in the

next section.

Silicon carbide is a compound semiconductor consisting of silicon (Si) and carbon (C)
atoms in a 1 : 1 ratio. The silicon and carbon atoms form covalent bonds in a
tetrahedral structure, resulting in Si-C double layers. These double layers can be
stacked congruently or being rotated by 60°, as shown in Figure 2.2. Due to these
options, SiC exists in various stacking sequences. These so-called polytypes are named
by the number of layers in one unit cell and the crystal symmetry: H: hexagonal,
C: cubic, and R: rhombohedral. Different polytypes differ in their properties. For
example, the band gap ranges from 2.3 eV for 3C-SiC up to 3.3 eV for 6H-SiC [65].
In this study, the polytypes 4H-SiC and 6H-SiC were used. For preparation, it
is important whether the surface is silicon or carbon terminated. For hexagonal
SiC, these surfaces are referred to as the (000 1)-surface and the (000 1)-surface,
respectively. Referring to the termination, the surfaces are also called silicon side and
carbon side. In this study, only the silicon terminated side was used for preparation,

since preparation on the carbon side is much less reproducible.
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Figure 2.2: Schematic sketches of a silicon carbide double layer (a) and the two
possible silicon carbide double layer stacking types, which differ in that the upper
Si-layer is rotated by 60° (b). (Based on [66])
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2.1.3 Graphene on Silicon Carbide: Growth and Properties

Graphene can be grown on silicon carbide substrates by annealing in a vacuum or
inert gas atmosphere. When silicon carbide is heated to high temperatures, silicon
atoms from the top layers sublimate while the carbon atoms remain on the surface.
This is due to the vapor pressure of carbon being negligible compared to that of
silicon [23]. Under proper preparation conditions, the remaining carbon atoms
self-assemble into well-ordered 2D layers. Annealing above 1000 °C leads to the
(\/§ X \/3) R30°-reconstruction of silicon carbide. This converts into the desired
(6v/3 x 6+/3) R30°reconstruction for temperatures above 1100 °C [66]. The crystal
structure of the underlying SiC substrate is retained in this layer. It already has the
structure of graphene, but its properties are attenuated due to covalent bonds to
the substrate. For this reason, this layer is called buffer layer. Figure 2.3 illustrates
this state. Continuing annealing leads to the growth of additional graphene layers
underneath. Unfortunately, it is usually unavoidable that one layer starts growing

while the previous layer is still forming.

Proper preparation conditions are crucial to control this and other effects, thus
obtaining high-quality graphene, characterized by single-domain layers and low
defect densities. The two distinct methods to prepare such high-quality samples are

explained in the following.
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Figure 2.3: Representation of the partially bonded
(6v/3 x 6v/3) R30°reconstruction, also called buffer layer, on SiC. (Based on [40])



Confinement controlled sublimation (CCS)

The sublimation rate of the silicon atoms and the mobility of the carbon atoms
forming the graphene layers are crucial to the quality of the resulting sample. A
low sublimation rate increases the time available for the carbon atoms to form the
reconstruction, while a high temperature increases their mobility in this process [22].
Both of these properties are desirable. Unfortunately, since a high temperature leads
to a high sublimation rate, it is a challenge to tune both. The confinement controlled
sublimation method (CCS) and preparation in inert gas keep the sublimation rate
low even for high preparation temperatures [23]. The pressure of the gas acts as a
barrier, making it less likely for a silicon atom to leave the surface. Confinement
controlled means closing the sample in a confined small volume. Due to the small
confinement, the local partial pressure further increases during the sublimation of
the silicon atoms because they cannot easily leave the vicinity of the sample. This

makes the sublimation rate self-limiting. A small leak is used to tailor this effect.

Unfortunately, when preparing buffer layer on silicon carbide, step-bunching and
monolayer growth of graphene over the buffer layer is unavoidable if a complete
reconstruction layer is to be prepared [23, 67]. Both these effects are undesirable.
Step-bunching describes the merging of several terraces into a single large one with a
huge step-height. This reduces the structural and magnetic homogeneity of the system
and thus hinders the formation of magnetic features in a final sample system, for
instance. Monolayer growth also reduces the system’s homogeneity, as the monolayer
is only present in some regions. Completing this layer would result in another layer
starting to form. Elements added to form further layers can avoid monolayer regions,

resulting in these layers being incomplete [22, 38].

Polymer assisted sublimation growth (PASG)

The flatness of the buffer layer can be improved using the polymer-assisted sublimation
growth (PASG) method, which comprises four steps. First, the substrate surface is
coated with a polymer consisting mainly of carbon. Subsequent annealing leads to
the decomposition of the polymer. The remaining carbon atoms form disordered

carbon networks. In the third step, the temperature is increased. This initiates



2 Background

sublimation growth and causes the networks to combine and convert into buffer
layer. In the fourth step, the temperature is increased even further. As a result,
more silicon atoms sublimate and the buffer layer grows over the step edges into one

continuous layer.

Due to the additional carbon from the polymer, step-bunching is avoided. Therefore,
samples prepared using this method are ultra-smooth with ultra-small terrace heights
of only one or two SiC layers [68]. This is the most important criterion for a
good quality buffer and graphene layer, resulting in enhanced electron mobility and

increased charge carrier densities [69].

Figure 2.4: Illustration of the four steps of the PASG method. (I) Coverage (II)
Polymer decomposition (III) Sublimation growth and buffer layer formation (IV)
Connecting individual domains. [70]

2.1.4 Intercalation of Graphene on Silicon Carbide

To release the covalent bonds between silicon carbide and the buffer layer, intercalation
can be performed. Intercalation is the insertion of additional atoms, called intercalant,
between the buffer layer and the substrate. This is done by first coating the buffer
layer with the intercalant, which can then intercalate if the system is annealed
to a sufficient temperature. The temperature needed for intercalation depends
on the material and ranges from room temperature to several hundred degrees
Celsius [71, 72]. As a result, the covalent bonds of the substrate are saturated by the

intercalant and the buffer layer is lifted and becomes quasi-free standing graphene.

The intercalated atoms can modify the properties of the graphene and vise versa,
leading to new possible applications, like high-performance field effect transistors
(FETs) [73], gas sensing applications [74], and quantum Hall devices [75]. In this
work, first platinum and than cobalt is intercalated. Due to the interaction of the

individual resulting layers, the magnetic structure of Co-layer is of great interest.
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2.2 Magnetism: Fundamentals and structures

Materials can be paramagnetic, diamagnetic, or ferromagnetic. While paramagnetic
and diamagnetic materials usually do not influence a magnetic field noticeably,
ferromagnetic materials do. This magnetism primarily originates from the electrons’

orbits and spins and is characterized by the Bohr magneton pp.

In this section, we introduce fundamental aspects of magnetism, including ferro-
magnetism concerning spontaneous magnetization and the band model, as well as
resulting effects and structures, like magnetic domains, anisotropies, and skyrmions.
This serves as a theoretical basis for both the investigated magnetic properties of

the sample system and the techniques used to study them.

2.2.1 Spontaneous magnetization

Spontaneous magnetization is the alignment of magnetic moments in individual

domains, even without an external field. This characterizes ferromagnetic materials.

Spontaneous magnetization is made possible as a result of Pauli’s exclusion principle
and Hund’s rules [76, 77]. These show that it is energetically more favorable if
electrons have the same spin due to a lower coulomb repulsion. Consequently, the
energy resulting from the coulomb repulsion is minimized for electrons with the same
spin [78]. The difference between parallel and anti-parallel aligned spins is called
exchange interaction [79]. This interaction causes the ferromagnetic character of 3d

metals since these metals contain unpaired electrons, which can align accordingly.

However, magnetic order is disturbed by thermal fluctuations. Moreover, if the
material specific so-called Curie temperature 7Tt is exceeded, no stable magnetic
order is possible. To describe the Curie temperature, the exchange interaction can
be defined by an effective field, called the exchange field, molecular field, or Weiss
field. This field only acts on the electron spin, not on its orbital magnetic moment.
It is the origin of long-range inter-atomic magnetic order. Consequently its value
determines the Curie temperature. The only elements for which a Curie temperature
is significantly above room temperature are iron, cobalt, and nickel. For this reason,

they are called ferromagnets.

11



2 Background

2.2.2 Band model of ferromagnetism

Simple calculations of the atomic moments of iron, cobalt, and nickel under Hund’s
rules unexpectedly led to odd fractions of the Bohr magneton. An explanation for
this was found by assuming that the 3d electrons in these atoms are not strictly
localized, followed by the development of the band theory. A suitable description for
ferromagnetic materials in this context was found with the Stoner model. [80, 81] It

derives from the Hartree-Fock approximation of the Hubbard model [82].

The model assumes that the bonding interaction between the 3d electrons causes
smearing of their energy states into a band [83-85]. In a lattice, the periodically
arranged atoms cause a periodic variation of the individual energy states. This
increases the bandwidth with the inverse lattice constant. In a simple approximation,
the resulting bands can be described as semicircles. Considering the exchange
interaction and exchange field, the bands for spin-up and spin-down electrons are
shifted relative to each other by the exchange splitting A ~ 1eV [86]. The Fermi
level is the same for both spin configurations, resulting in such a rearrangement of
the electrons that one band is filled more than the other. In the ground state, states
below the Fermi energy Ep,,,,; are filled and called electron states. Those above
are empty, these are called hole states. The spin states with the larger number of
electrons are called majority spins and the corresponding band is the majority band.
Vice versa, the terms minority spins and minority band describe the spin states with
the smaller number of electron states and the corresponding band. An illustration of
the electronic band structure of a ferromagnetic 3d metal near the Fermi energy is

shown in Figure 2.5.

In this image, an external field H,,, || M is used to align the magnetization M. The
difference in the number of majority and minority states determines the magnetic

moment |m/|, which is given in units of .

12
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Figure 2.5: Illustration of the Stoner model for the 3d shell. Occupied states, called
electron states, are filled in gray, unoccupied ones, called holes, are unfilled. The
density of states is simplified by semicircles. [80]

2.2.3 Magnetic Domains

As spontaneous magnetization occurs, areas with collective magnetization direction
form. These are called magnetic domains or Weiss domains. They orient themselves
in different directions to minimize the resulting stray field and, thus, the total
magnetization [87]. Individual domains are separated by so-called domain walls.
Within these the magnetization direction rotates from the direction of one domain
to that of the other. Since the magnetization direction of the domain walls is not
aligned with that of the domains, the total energy is increased. For that reason,
spontaneous magnetization can lead to a single domain state if the stray field energy
of such a state is lower than the domain wall energy. Specific ultra-thin films and

nano-sized particles are known to exhibit such behavior [87].

The domain width is determined by the exchange energy and the anisotropy energy,
explained in the next section. A wide domain wall with slowly rotating magnetization
minimizes the exchange energy. In contrast, the anisotropy energy is minimized for

a domain wall with zero width and a sharp change in direction. [88]
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2.2.4 Magnetic Anisotropy

To align individual magnetic domains of a sample, an external field can be applied.
For crystalline samples, the strength of the applied field needed for full alignment
depends on its direction relative to the orientation of the crystal lattice. Directions
in which minimum strength is required are called easy axes and those with maximum
strength required are called hard axes. Multiple easy and hard axes can exist for one

crystal lattice. This directional dependence is aligned with the magnetic anisotropy.

Magnetic anisotropy is mainly determined by the shape anisotropy and the magne-
tocrystalline anisotropy. The film thickness of the magnetic layer strongly influences
which of these anisotropies dominates. Normally the magnetisation is parallel to
the surface of the material, which is called in-plane magnetization and is caused by
the shape anisotropy. Shape anisotropy results from the energy reduction associated
with the magnetic stray field outside the lattice and is related to dipole-dipole inter-
action. In thin films, magnetocrystalline anisotropy may predominate. This leads
to perpendicular magnetic anisotropy (PMA), where the magnetization direction is
perpendicular to the surface normal. This type of anisotropy is essential for certain
applications like spintronic devices. It arises from the the coupling of an electron’s
spin moment to its orbital moment, which in turn is linked to the lattice. Thus, the

magnetization direction is aligned with the crystal axis. Both types of anisotropies

%

ﬁ L

are depicted in Figure 2.6. [80]
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(a) Shape anisotropy (b) Magnetocrystalline anisotropy

Figure 2.6: Magnetic anisotropies in a bulk and in a layered system. (Based on [80])
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Furthermore, the substrate and other layers in a system can also influence or change
the magnetic easy axis by interdiffusion, its roughness, or steps [89]. Since easy
axis directions are aligned with the direction of spontaneously formed domains,
experimental methods can directly determine the easy axis. A suitable method for

this purpose is X-PEEM, introduced in section 3.3.

2.2.5 Magnetic skyrmions

Magnetic skyrmions are nano-sized vortex configurations of spins in a thin magnetic
layer, initially predicted by Tony Skyrme in the context of particle physics [90, 91].
They are topologically protected, which makes them extremely stable even at small
scales [92]. Therefore, they are promising candidates in spintronics as information
carriers in data storage devices, such as racetrack memory devices [93, 94], and in

logic devices [95].

Skyrmions exist in ferromagnetic environments with magnetic anisotropy. They can
be described by a continuously changing magnetization density pp,4(r) which in its
center is oriented opposite to the confinement. This structure leads to a non-trivial
real-space topology [96, 97]. Different types of skyrmion are primarily determined

by two parameters:

1. polarity p = +1: Out-of-plane magnetization direction of the skyrmion host
("down /up”)

2. vorticity ¢ € (0,4+1,4+2,...): Also, but not as precisely, called chirality (”anti-
clockwise/clockwise”). Describes the winding type of the skyrmion and results
from the polar angle, which can only wrap around the center in multiples of

2m. Skyrmions with negative ¢ are called antiskyrmions.

Combined, these lead to the topological charge Ny, =c-p =0,+1, 42, ...

For positive/negative values, skyrmions are called right-handed /left-handed.

15
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Some basic skyrmion types are depicted in Figure 2.7. Another characteristic is the in-
plane magnetization polar angle ©,, ., which depends on the position vector ¢,, and
the magnetization density ppq. It is given by 6,,,, = pna®, + 7. Its offset v, called
helicity, is the distinguishing parameter between Néel-type skyrmions with v = 0 and
Bloch-type skyrmions with v = £7/2. Intermediate versions are also possible, as
shown in Figure 2.7b. Special types are ferrimagnetic and synthetic antiferromagnetic
skyrmion, shown in Figures 2.7g and 2.7h, for which the topological charges of the

two subskyrmions compensate each other.

OH"

Biskyrmion Skyrmionium Ferrimagnetic skyrmion Antiferromagnetic skyrmion

Figure 2.7: Overview of different skyrmion types. The first row shows skyrmions
with various helicities and vorticities: (a) antiskyrmion (¢ = —1, Ng = —1), (b) in-
termediate skyrmion (v = 7/4, Ng, = 1), (c) higher-order skyrmion (Ng, = 2), and
(d) bimeron (Ng, = —1).

The second row shows combinations of two skyrmions: (e) biskyrmion (Ng, = 2),
(f) skyrmionium (Ng, = 0), and (g) ferrimagnetic and synthetic antiferromagnetic
skyrmion.

The arrow color and direction represent the orientation of the local magnetic mo-
ment. [96]
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Merons

This work focuses on merons, which are skyrmionic formations in an in-plane magne-
tized system. They can be described as half-skyrmions and possess properties of both
skyrmions and domain walls. Equivalent to antiskyrmions, merons with Ng, = —1
are called antimerons. The combination of two merons, as shown in Figure 2.7d, or
of a meron and an antimeron is called a bimeron. Merons also differ in polarity and
vorticity. Four types of Bloch-type merons with p = +1 and ¢ = 41 are depicted in
Figure 2.8. [98-100]
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Figure 2.8: Simple Bloch-type merons with different polarities and vorticities. [101]

Stabilizing mechanisms - Dzyaloshinskii-Moriya interactions (DMI)

A crucial property of skyrmions is their stability. If the stability is high enough, not
only do single skyrmions appear, but they can also form periodic lattices over large
surfaces [102, 103].

If the magnetic moment describing a skyrmion would be continuously in space, they
would be stable due to the topological protection preventing their transformation into

a uniform ferromagnet. However, since real skyrmions consist of magnetic moments at
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discrete positions, this protection is not strict [104]. Consequently, further stabilizing
interactions are necessary. The most important ones in this context are the exchange
interaction [105], the dipole—dipole interaction [106], and the Dzyaloshinskii-Moriya
interaction (DMI) [95]. While the dipole-dipole interaction can stabilize larger
objects up to several micrometers in diameter, the DMI is crucial for objects down

to sizes in the sub-nanometer range [95].

Concerning the sample system investigated, DMI is known to play the most important

role [16, 107]. This chiral interaction, given by:

1
ij
acts as an antisymmetric exchange interaction, with DMI vectors D,; = —D;. It is

an energy correction due to spin—orbital coupling in a system with broken inversion
symmetry [108]. Depending on the exact properties of the system, the DMI favors
different types of skyrmions [102, 109, 110]. In addition, its strength significantly
affects the size and stability of a skyrmion [111, 112].

At an interface of a magnet and a heavy metal, like the investigated Co/Pt interface,
the DMI vectors are perpendicular to the bonds of the magnet’s atoms and parallel to

the interfacial plane [96]. As a result, skyrmionic formations are stabilized. [107]
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Theoretical background

All the methods used in this work are based on the detection of electrons emitted
by a sample. Such emission is explained by the photoelectric effect. In addition,
the depth from which electrons can leave a sample without losing energy is of great
importance. It defines the surface sensitivity of a method and is determined by the
inelastic mean free path. In this chapter, these two fundamentals, the photoelectric
effect and the inelastic mean free path, are first introduced. Then the measurement
methods are described. These are photoelectron spectroscopy, photoemission electron

microscopy, and low energy electron diffraction. [113]

3.1 Fundamentals

3.1.1 Inelastic Mean Free Path of electrons in solids

The inelastic mean free path A (IMFP) quantifies the average distance an electron
travels within a material before undergoing inelastic scattering. When electrons move
through matter, they can undergo different scattering processes. Elastic scattering
results solely in a change in the electron’s direction of motion without any energy
loss. In contrast, inelastic scattering involves energy exchange between the electrons
and the matter. In a solid, energy can be exchanged with the lattice vibrations
(phonons) or with the electrons of the solid. The electron-electron interaction strongly
dominates the resulting energy exchange due to its higher probability. Depending
on whether the electron’s kinetic energy FE\;, is smaller or greater than the plasmon
energy E,, electron-electron interaction leads to single-electron scattering or plasmon

excitations, respectively. [88, 114]
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The initial intensity I, of unscattered electrons traveling through a solid is exponen-
tially reduced as a function of the travel depth d and the IMFP:

1(d) = I exp (—%) . (3.1)

Thus, the IMFP quantifies the distance electrons can travel in matter without losing
energy, which influences the depth sensitivity of various microscopy and spectroscopy

techniques used in surface science [115].

Within the kinetic energy range used for most surface science techniques, electrons
behave similarly to a free-electron gas. Consequently, the plasma frequency primarily
determines the energy loss function, which is approximately the same for all mate-
rials [116]. For this reason, the IMFP within this energy range can be described
by the so-called universal curve, which depends only on the energy of the incident

electrons:

538a
Ave (Byin) = n +0.41\/a®Ey,. (3.2)
kin

The parameters of this equation were determined by fitting experimental data. The

thickness of a monolayer a is given by:

SERE »

Here A is the molecular weight, p is the density, n is the number of atoms in

one molecule, and N, is the Avogadro constant. The universal curve applies to
elements, inorganic compounds, organic compounds, and adsorbed gases, while its
parameters differ for all of them. For elements, it has its minimum at A &~ 0.4nm
with Ey;, ~ 40eV [117]. It describes the experimental data well for kinetic energies
up to about 50eV. Beyond this range, the theoretical TPP-2M formula provides a

better description:

) B Ekin
TPP-2M = E[Q) (Bln (’yEkin> o (C/Ekin> + (D/Elgln)) .
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The parameters 3, v, C, and D are empirically determined, and E, is the materiel-
dependent plasmon energy of the free electron gas [118]. Figure 3.1 shows data
of measured IMFP of different materials, the universal curve and the calculated

TPP-2M function for the elements relevant in this work.
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Figure 3.1: Experimental data of the IMFP, the universal curve, and the TPP-2M
function for C, Si, Co, and Pt. [117, 118]

Experimentally, the IMFP can be determined using techniques such as low-energy
electron diffraction (LEED) and elastic peak electron spectroscopy (EPES) [119,
120].

3.1.2 The Photoelectric Effect

When electromagnetic radiation, such as a photon, interacts with matter, a bonded
electron within the matter can absorb the photon’s energy and be emitted as a
result. This phenomenon is called the photoelectric effect and an electron emitted
this way is referred to as a photoelectron. The effect was first reported in 1887 by

Heinrich Hertz, who exposed a metal cathode to ultraviolet light, resulting in electric
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sparks [121]. His student Wilhelm Hallwachs continued his work by isolating the
phenomenon and studying it quantitatively [122]. However, the dependence on the
frequency of the light was not determined until 1902 by Philipp Lenard [123]. Still,
the question remained as to why a minimum frequency is required to cause the effect.
In 1905, Albert Einstein answered this by describing light as particles, photons, with
an energy of Epy ., = hv, with v being the frequency of the photons [124].

During photon-electron interaction, this energy is completely transferred to the
electron. If the energy of a photon exceeds the sum of the binding energy E,;, with
respect to the Fermi level and the materials work function ® = E,,. — Ey, it may

induce the emission of an electron with the kinetic energy:

Ekin — hV - Ebin - q) (35)

This is called the Einstein equation [124] and its validity was proven in 1916 by
Robert A. Millikan in his study about the "determination of the Plank’s h” [125].

The work function is defined by the vacuum level F . and the Fermi level Ey.

In a simple model, the photoelectric effect can be described in three steps. First, a
photon excites a bonded electron. Second, this photoelectron propagates through
the solid. And third, if the photon’s energy was sufficient, the electron can escape
the solid [116, 126]. A more detailed description would require to include quantum

mechanical processes [127-129).

Even though there are other interactions, such as the Compton effect or pair pro-
duction, the photoelectric effect strongly dominates at photon energies for typical
measurements. Typical energies are below 1000eV, as are all those used in this
work. [130]

The photoelectric effect is applied in a wide variety of techniques. The ones used in

this work are presented in the following sections.
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3.2 Photoelectron spectroscopy (PES)

Photoelectron spectroscopy (PES) is a powerful analytical technique to explore a
sample’s chemical properties. Based on the fundamental principles of the photoelectric
effect and the Einstein equation 3.5, samples are irradiated with photons of a defined
frequency and spectra of the number of electrons emitted are obtained as a function
of their kinetic energy. These spectra provide an insight into the energy levels,

electronic states, composition, and many other properties of a sample’s surface.

The emission of photoelectrons and a resulting PES spectrum are sketched on the
left side of Figure 3.2. In PES, the photon energy is fixed and the work function is
constant. Therefore, there is a direct correlation between the kinetic energy and the
binding energy. This allows the peaks in a spectrum to be assigned to individual core
levels. In the case of strongly pronounced core level signals, additional quantized
energy-loss peaks, e.g., plasmon peaks, may also occur. Furthermore, electrons
originating from the valence band also cause a peak. In addition to these signals,
there is a background caused by inelastically scattered electrons and a signal increase

at low energies due to secondary electrons. [131]

Moreover, the photoelectric effect can induce further processes that can cause signals
in PES spectra and in other investigative methods. If the electron emitted was a
core level electron, an unoccupied hole-state remains. At the end of the lifetime of
such a state, an electron with a lower binding energy fills up this state to lower the
total energy of the atom [132]. During this transition, the electron releases energy,
leading to either of two processes. In the first process, the energy is transferred to
another core level electron and causes it to leave its bonded state, which is referred
to as the Auger-Meitner effect [133, 134]. In the second process, the energy is
emitted as a fluorescence photon [135, 136]. The Auger-Meitner process is depicted
in Figure 3.2b. It dominates for atomic numbers Z < 30. The fluorescence process,
shown in Figure 3.2¢, dominates for Z = 90. [137]

The kinetic energy of an Auger electron is defined as

Eyin ([Auger]) = By — E; — E

state, Auger>

(3.6)
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(a) Photoemission (b) Auger-Meitner process (c¢) Fluorescence

Figure 3.2: Schematic representation of the photoemission (a), the Auger-Meitner
effect (b), and fluorescence (c¢). Incoming photons, represented by wavy orange
arrows, excite electrons, indicated by blue spheres, of different energetic levels. A
corresponding XPS survey spectrum is depicted on the upper left. (Based on [138,
139])
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where E;, Ej, and E

state, Auger are the energies of the relaxed final state, the initially

excited state, and the initial state of the Auger electron, respectively. Thus, the
kinetic energy of the Auger electron F,;, ([Auger]) is independent of the energy of the
incident photon and depends only on the energies of the atomic states. Consequently,
the spectral lines of Auger electrons in a PES spectrum can be distinguished from

core level signals by varying the photon energy.

Fluorescence photons do not cause any signals in a PES spectrum. Their energy is

given by

hy = E; — E,. (3.7)

Depending on the radiation’s frequency range, a distinction is made between two
types of PES, ultraviolet photoelectron spectroscopy (UPS) and x-ray photoelectron
spectroscopy (XPS). In the 1950s, XPS was developed independently by the groups
of Steinhardt et al. [140] and Siegbahn et al. [141] for general chemical analysis and
surface analysis. Since the late 1950s, UPS has become established in solid state

research, e.g., for band gap measurements [142].

In UPS, ultraviolet light, e.g., provided by ultraviolet lamps, is used for excitation.
It is particularly sensitive to the valence electronic structure, providing information

about the density of states and the band structure near the Fermi level.

In XPS, x-rays generated by x-ray tubes are used. The energy distribution in the
resulting spectra is suitable for determining the binding energies of electrons in a
sample. This enables the identification of chemical elements, their chemical states,
and bonds in a sample. Later, synchrotrons became the dominant light source
because they provide monochromatic light with tunable frequency, high intensity,
and brilliance. A tunable frequency allows the depth sensitivity to be varied and
the cross-section to be optimized [138]. In addition, synchrotrons cover most of
the frequency range for both XPS and UPS. Because of these advantages, the use
of synchrotron radiation has become the standard for producing high-quality XPS
spectra. In this work, only XPS was performed, utilizing synchrotron radiation as

the sole light source.
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3 Theoretical background

Line shape

Theoretically, the well-defined energy levels of electrons in atoms would lead to 6-

peaks. However, there are two main reasons why real XPS peaks do have a non-zero
width.

The first reason is experimental imperfections, such as the non-zero linewidth of the
exciting light, the non-zero angular acceptance of the spectrometer, and temperature
effects, as well as structural imperfections of the sample. In XPS spectra, this is

visible as a convolution of the initial é-peak with a Gaussian [143-145].

The second reason for a non-zero width of XPS signals is that core holes have a
finite lifetime. After this, such a state is filled by an electron with lower binding
energy. The lifetime and the uncertainty in energy I are linked by the Heisenberg
uncertainty relation. For a typical lifetime in the order of 7 ~ 1fs, this leads to a
lifetime broadening of 0.1eV [132]. In XPS spectra, this is visible as a Lorentzian
broadening [146]. To describe the resulting signal, the Lorentzian and Gaussian

functions have to be convoluted, leading to the so-called Voigt profile. [147]

Moreover, XPS peaks of metals have an asymmetric line shape with an increased
width on the side of lower kinetic energies. This is a consequence of the formation of
electron-hole pairs due to core holes being screened by conduction band electrons
shortly after they have been generated [116]. A corresponding spectrum can be
described by a power law diverging at the position of the initial d-distribution. Its
convolution with a Lorentzian is called Doniach-Sunji¢ profile. It is characterized by

the asymmetry parameter o [148].

Spin-orbit coupling

Spin-orbit coupling (SOC) is the interaction between the spin and the orbital angular
momentum of an electron bonded to a nucleus. An atomic state is characterized by
the quantum numbers n: principle quantum number, /: orbital angular momentum
numbers, and s: spin. In the case of I > 0, the spin § and orbital momentum 7
are no constants of motion, which is why the total angular momentum j = [+3is

introduced. The spin and orbital momentum can be aligned parallel or antiparallel
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resulting in j = [+ 1/2 for the total angular momentum quantum number. These two
different values cause the splitting of a single level (singlet) into two levels (doublet).
The amount of shift in the energy levels, called spin-orbit separation Ego, mainly

depends on the atomic number Z [149]:

Z4

n3l(l+1) (38)

Egoc o
To illustrate the splitting, an artificial Si 2p spectrum is shown in Figure 3.3. For a
p-orbital, the quantum numbers j € {1/2,3/2} exist, corresponding to the levels p, /2
and p, s The ratio of the peak area of split levels is determined by the order of their
degeneration. The angular momentum takes values between —j and j in steps of 1/2,
which degenerates each level 2j + 1 times. As a result, the p, /o level is degenerated 2

times and the P39 level 4 times, leading to a ratio of A(p3/2)/A(pl/2) = 2.

The amount of shift between the split levels is quantified by j. Higher values lead to
lower binding energies or higher kinetic energies. For the Si 2p doublet, the p, /9 level

is shifted by Egoc = 0.608 €V in its binding energy with respect to the p, /2 level.

T T T T

Esoc .

i 0.608eV | ]
2p13

2p1p

normalized counts / a.u.
T

B 0.32eV b

101.0 100.5 100.0 99.5 99.0 98.5
kinetic energy / eV

Figure 3.3: Illustration of spin-orbit coupling on the example of an artificial Si 2p
spectrum with its split levels p, /2 and p, J2° (Based on [150])
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3 Theoretical background

Angle-Resolved Photoelectron Spectroscopy (ARPES)

To gain additional structural information about a system, angle-resolved photo-
electron spectroscopy (ARPES) can be performed. In an experiment, the energy-
dependent IMFP also defines the maximum depth from which electrons can leave
a sample unscattered, called escape depth. The corresponding depth regarding
the surface normal, termed effective depth d;, determines an experiment’s depth
sensitivity. It can be adjusted, e.g., by changing the angle between the spectrometer

and the sample surface normal, called the polar angle ©:

dy = Acos(O). (3.9)

By increasing this angle, the electrons have to travel farther to come from the same
depth, making the measurement more surface sensitive. This is depicted in Figure 3.4.
Thus, by comparing spectra taken at different angles ©, the arrangement of layers

and elements within a sample can be determined.

dcf. (9 > 00)

T T T T T
- —— sum curve
I surface

1 bulk

normalized counts / a.u.

kinetic energy / eV

Figure 3.4: Illustration of the principle of angle-resolved photoelectron spectroscopy.
On the left side, the angle of measurement is @ = 0°. A larger angle, as shown on
the right, reduces the effective escape depth, resulting in increased surface sensitivity.
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Chemical sensitivity

If one atom is bonded to another which has a different binding energy, a shift of
the corresponding PES peaks proportional to the relative electronegativity of the
bonding partners occurs [151]. This shift is called chemical shift. This effect makes it
possible to gain information about the chemical environment of an atom by analyzing

its core level signals recorded at high resolution.

Figure 3.5 shows the C 1s spectrum of ethyl-trifluoroacetate as an example. Each
carbon atom in this molecule is bonded to different atoms with different electronega-
tivities. Hydrogen has the lowest at 2.1 and fluorine the highest at 4.0 [152]. As a

result, four chemically shifted components appear in the corresponding spectrum.

normalized counts / a.u.

-12 -10 -8 -6 -4 =2 0 2 4
chemical shift / eV E,;, =291.2¢V

Figure 3.5: Photoelectron spectrum model of the C 1s core level of ethyl-
trifluoroacetate. The different chemical environments of the carbon atoms lead
to chemically shifted components. [151, 153]
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XPS-Data analysis

A full XPS analysis includes survey spectra and high resolution spectra. Survey
spectra show a large energy range of several hundred electronvolts. They give an
overview of the chemical elements present in a sample, identified by using a suitable
database such as that of NIST [154]. Survey spectra can be used, e.g., for rough
quantity estimations and to prove a sample’s cleanliness by checking for contaminants.
High resolution spectra, showing a range of only a few electronvolts, enable an in-
depth analysis of individual core level signals regarding chemical bonds. Combined

with ARPES, these bonds can be assigned to individual layers.

To identify all components present in a high resolution peak, it must be modeled using
a fitting-procedure. Prior to this, the spectrum’s continuous background, caused by
inelastically scattered electrons and secondary electrons, must be fitted and removed.
The simplest estimation of this background is low-order polynomial [155]. However,
this is only appropriate for small backgrounds. A better approximation is given by
the Shirley- and by the Tougaard-background [156, 157].

The Shirley-background assumes a uniform energy loss function making it suitable for
symmetric signals. For asymmetric signals, the Tougaard-background is a convenient
approach. It connects the energy loss to the electron’s energy and path length traveled
in the solid [155]. In practice, a combination of the Shirley- or Tougaard-background
with a polynomial one has proved to be a good approach to describe a spectrum’s
background [158, 159].

For fitting, the LG4X-V2 software was used [160]. It fits both the background and a
freely selectable number of profiles. It uses the Marquardt-Levenberg algorithm and
performs a least-square fit weighted by the squared count-rate. The quality of the fit
is optimized regarding the reduced chi-squared y2". This is given by the sum of the
squared differences between the point of the data and the fit divided by the number
of free parameters. [161, 162]
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3.3 Photoemission electron microscopy (PEEM)

Photoemission electron microscopy (PEEM) is a powerful technique that enables
the acquisition of structural, chemical, and magnetic contrast images on a pm-
scale in real-time. It is based on mapping the spatially resolved yield of secondary
electrons emitted by a sample. These secondary electrons are released by the
scattering of photoelectrons. Their high number and low energy compared to primary
photoelectrons improve the intensity and quality of PEEM images. The image quality
is improved in terms of a lowered aberration and a high immersion factor. To filter
for secondary electrons, an aperture is used. Figure 3.6 sketches the part of the
electron spectrum transmitted after filtering. This aperture is placed inside an
electron-optical lens system that realizes the magnification of the microscope. The
different contrast mechanisms of the technique are achieved by using exiting light of
a certain energy range, namely ultraviolet light or x-ray light. These two variations

are presented below, along with their respective contrast mechanisms. [163]

A transmitted electrons

electron yield

inelastic tail

Y

kinetic energy

Figure 3.6: Illustration of the yield of secondary electrons in PEEM transmitted by
an energetic low-pass filter, usually an aperture. (Based on [113, 164])

3.3.1 Excitation with ultraviolet light

Using ultraviolet light for excitation enables ultraviolet photoemission electron
microscopy (UV-PEEM). Typical UV light sources provide photons with an energy
only slightly above the work function of many elements. Therefore, only valence
band electrons near the Fermi energy are emitted. The small energy dispersion of

this variant leads to a particularly good spatial resolution.
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3 Theoretical background

Topographic contrast

UV-PEEM provides two contrast mechanisms. The first originates from the sample
topography. Electrons leaving the sample surface are accelerated towards the micro-
scope due to a transfer voltage between the sample and the objective lens. This field
gets distorted by height differences on the surface. This affects the trajectory of the
electrons, which is visible as topographic contrast. In addition, structures on the
surface can cause shadowing of surrounding regions. These are not irradiated by the
exciting light and appear black in PEEM images. By rotating the sample, shadowing
can be distinguished from other effects. An illustration of the topographic contrast

is shown on the left of Figure 3.7.

Work function contrast

The second and dominating contrast mechanism for UV-PEEM is the work function
contrast. UV-PEEM mainly probes electrons originating from the atoms’ valence

bands. For these, the rate of emitted electrons, called photocurrent ¢ follows

i o< (hv — @), (3.10)

with « = 2 for metals and x € [1, 2.5] for semiconductors [146]. Consequently, lower
work functions result in higher photocurrents, corresponding to brighter PEEM
images. This allows distinguishing regions of a sample surface with different work
functions, with the greatest contrast difference for work functions near the photon
energy. Different work functions can originate from different chemical elements,
different structural features like surface orientation or reconstruction. For example, in
the case of SiC, different polytypes and surface reconstructions can be distinguished
in PEEM images this way [38, 165]. In this work, this is used, for example, to

distinguish between different numbers of graphene layers [166].

This mechanism is sketched on the right of Figure 3.7. If the work function is above
the photon energy @ > fiv, no electrons are emitted resulting in a dark PEEM

image.
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In UV-PEEM, the work function contrast is the dominant mechanism. The low
electron energy associated with this contrast causes a large IMFP, which would
reduce the surface sensitivity. However, since the work function is very sensitive to

the surface’s properties, UV-PEEM is also very surface sensitive [167].

corresponding PEEM images

electron
trajectories

t bt »
Sy Y

(O} < D, <

surface topography surface work function

Figure 3.7: Schematic representation of the topographic (left) and work function
(right) contrast mechanism in PEEM. The sample’s topography leads to altered
electron trajectories, resulting in contrast changes in the corresponding regions. The
local work function of the sample determines the number of emitted electrons and,
thus, the brightness of the associated image region. (Based on [164])

3.3.2 Excitation with synchrotron radiation

Using monochromatic synchrotron radiation during PEEM is called x-ray photoe-
mission electron microscopy (X-PEEM). Depending on the density of states at the
Fermi level, here the IMFP is typically in the range of 1 — 10nm [168]. In addition
to topographical contrast, this variant also provides chemical contrast, which is
made possible by the excitation of core level electrons. When polarized synchrotron
radiation is used, it also provides magnetic contrast. These two additional contrast

mechanisms are explained in the following.
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Chemical contrast

Chemical contrast can be obtained by exciting core level electrons to empty states
near the Fermi energy by x-ray absorption. Subsequently, the generated core level
holes are filled by electrons from states with lower binding energy, accompanied by
the emission of Auger electrons. Inelastic scattering of these Auger electrons causes
cascades of secondary electrons that are imaged by the microscope. The advantage of
imaging secondary electrons is, again, their much higher intensity compared to that
of the Auger electrons themselves. The chemical contrast is enabled due to the yield
of secondary electrons being proportional to the x-ray absorption cross section [169].
Thus, the contrast of X-PEEM images represents the relative local amount of the

element emitting Auger electrons at the energy used for the excitation light [163].

A series of X-PEEM images taken at different photon energies can thus be described
as a spatially resolved x-ray absorption spectrum (XAS). Summing the number of
electrons of either the whole field of view or of specific regions of interest for each
of these images and plotting the sums against the photon energies represent XAS
spectra. Figure 3.8a shows such spectra of two regions in the X-PEEM image shown
in Figure 3.8b. The corresponding sample is a Si substrate covered with an Fe-Ni
alloy deposited in squares. While the spectrum of the uncovered substrate has no
characteristic features, the one of the covered area clearly reveals the Ni and Fe Lj
absorption edges. However, due to a higher cross section the overall signal intensity
of the uncovered area is higher than that of the covered areas. To remove this effect
and increase the visibility of the chemical contrast, an image taken at an absorption
edge with intensity I,

dge and one taken a few eV below [, . can be combined like:

I'=1TI45e — e (3.11)

This is done for each image pixel. In the resulting image, the surface concentration
of the investigated element is shown isolated, since all other contrast mechanisms are
removed. Optionally, the result can further be divided by I, to remove the effects of
possible unequal sample irradiation. This is particularly beneficial due to the striking
angle of incoming photons and in case of a large field of view. Figure 3.8c shows a

difference image of the Ni L;—edge for the previously described sample. [168, 170]
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Figure 3.8: XAS spectra (a) of two regions marked in the corresponding X-PEEM
image of an iron-nickel alloy deposited in squares on a silicon substrate (b). Difference
image for the L;—edge calculated after Equation 3.11 (c). [170]

Magnetic contrast

The absorption cross section of a ferromagnetic system irradiated with circularly
polarized x-rays depends on the orientation of the system’s surface magnetization
direction m with respect to the direction of the photon angular momentum Lp,.
This effect is called x-ray magnetic circular dichroism (XMCD) and it enables the
magnetic contrast in X-PEEM. [80, 171]

It can be explained by a two-step model sketched in Figure 3.9a for the Ly 5 transition
of a 3d transition metal. In the first step, photoelectrons are excited from the initial
states, here the 2Dy (L) and 2p, (L) states. Due to the conservation of angular
momentum, the photon angular momentum is transferred to the spin of the excited
electron, resulting in a spin-polarized photoelectron [172]. For the 2p, /2 state,

left circularly polarized light (4%, spin-up photons) preferentially excites spin-up
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photoelectrons and right circularly polarized light (—#, spin-down photons) prefers
the excitation of spin-down photoelectrons. This is reversed for the 2p, /a state

because of the opposite spin-orbit coupling.

In the second step, the photoelectrons occupy empty 3d states if those with matching
quantum numbers are available. As explained in Section 2.2.2, the net magnetic
moment in a ferromagnetic material arises from an unequal number of empty states
near the Fermi energy regarding their spin. As a result, photoelectrons with opposite
spin can occupy different numbers of states. Thus, the final state acts as a "spin-
detector” of the spin-polarized photoelectrons. If the sample magnetization m is
parallel to the wave vector k, there are more empty spin-up states than empty
spin-down states. Due to the spin-conservation, photoelectrons originating from the
2p, /2 (2p, /2) state excited by spin-up photons mostly occupy spin-up (spin-down)
states above the Fermi edge. Consequently, the absorption of left (right) circularly
polarized light is enhanced (reduced) at the Lj edge and reduced (enhanced) at the
L, edge. This links the XAS intensity to the sample’s magnetization. In summary,
the usage of polarized light with an energy corresponding to the absorption edge of a
specific element makes X-PEEM an element-specific, magnetic, and surface sensitive
technique. [171, 173]

To isolate the magnetic contrast, the difference between two intensity images acquired
with opposite helicity, I*(F) (left) and I~ (FE) (right), can be calculated. This results
is the so-called XMCD or asymmetry intensity:

Ixyep =17 (E) — IM(E). (3.12)

Since all other contrast mechanisms, like the topographic contrast, are unaffected by
the light’s helicity, they are subtracted this way. Normalization by It (E)+1~(E) can
further be used, to eliminate the effect of a potential uneven irradiation. The XMCD
the strength of

the surface magnetization |m/| and to the cosine of the angle between the surface

intensity is proportional to the degree of circular polarization P,

magnetization m and the incident photons p, given by @ = X (m, p) [80, 175]:

Ixpiep X Py | M| cos 6. (3.13)
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Figure 3.9: Illustration of the XMCD effect at the L, 5 edges for a 3d transition
metal (a) and the corresponding experimental XAS and XMCD spectra for Fe
(b). (Based on [174])

The geometry of the experiment is shown in Figure 3.10. The sample surface
represents the xy-plane. The photon direction is fixed and lies in the xz-plane. The
angle between the sample surface and the incident photon beam is 16° = 90° — a.
The in-plane and out-of-plane components of the local surface magnetization are
represented by m and m , respectively. The initial azimuthal angle between m
and p is given by ¢,. For the measurements, the sample was rotated around its
normal by ¢. Therefore, the resulting azimuthal angle of the magnetization direction

is ¢y + ¢. Thus, the vectors are given by:

my| cos (¢ + ¢q) —psin (o)
m = | mysin (¢ + ¢g) | p= 0 : (3.14)
m, —pcos (@)
It follows that:
|m| cos © = |m| ﬁ = —m cos (¢ + @) sin (o) —m cos (). (3.15)
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Figure 3.10: Geometry of the experimental setup. Note that p is shifted in its
position compared to Equation 3.14 for better visibility. However, only its orientation
is relevant to the analysis.

Defining the proportionality constant in Equation 3.13 as —k/ [P,;..sin ()] and

irc

introducing 7 := km and 7 := km, finally results in:

Ixnicp = My cos (¢ + ¢g) + My / tan (o). (3.16)

Combining images recorded at three equidistant angles ¢, here 0°, 90°, and 180°,
leads to an analytically solvable system of equations for ?fL”, ¢y, and m . This
equation system is discussed and solved in Appendix B. As a result, %H, b, and
m, can be determined for each pixel of the field of view. The resulting images can
be analyzed, e.g., for the relative strength of the in- and out-of-plane components

and for structures.

3.4 Low-energy electron diffraction (LEED)

Louis de Broglie postulated in 1924 the wave nature of matter with its wavelength

h h h
Appog = — = — = ——, 3.17
Brog p mu /—QmEkm ( )

with the Planck constant h, the particle’s mass m, velocity v, and kinetic energy

E\i, [176]. In low-energy electron diffraction (LEED), this behavior is used to display
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the reciprocal lattice of a sample’s surface. For this purpose, an electron beam is
directed at sample surface under normal incidence. In the case of a crystalline sample,
elastically backscattered electrons can undergo constructive interference, which leads
to a diffraction pattern, also called Bragg pattern. This pattern reveals the structural
periodicity of the uppermost layers of a sample. Thus, LEED provided the first proof
for de Broglie’s theory in 1927 [177].

The ability to reveal the surface’s symmetry in reciprocal space at one glance makes
LEED a powerful and widely used technique in surface science. It is perfectly suited

for examining sample surfaces for successful preparation.

Depending on the sample system, typical kinetic energies used in LEED are in a range
Ey;, =5¢eV to 200eV. This corresponds to wavelengths of a few angstroms, making

the technique ideal for resolving typical periodicities of crystalline systems [138].

For constructive interference to occur, the Laue condition needs to be fulfilled:

G=Fk—Fk,. (3.18)

It states, that the momentum transfer, indicated by the difference between the
scattered and the incident electron wave vectors k — %0, needs to be equal to a
vector of the reciprocal lattice G. Due to the high surface sensitivity, it is sufficient
to consider only the components parallel to the surface, given by 7%“, 7%07H, and
Gy = ha* + kb*. The vectors @* and b* are the reciprocal unit vectors, which
correspond to the real space unit vectors a and b. Spots of a LEED pattern are
named by the Miller-indices (h k). [138§]

The Laue condition can be illustrated by the Ewald construction, which can be
displayed as a sphere in the reciprocal space intersecting the origin (00), as shown
in Figure 3.11 [88, 178]. In three dimensions the reciprocal lattice is constructed
by points. In two dimensions, the broken symmetry at the surface in z-direction
leads to a degeneration of these points into rods. Where the sphere intersects these

reciprocal lattice rods, constructive interference occurs.

The radius of the sphere is defined by k = [k,| = |k| = 27/ ABrog- In the case of
backscattering, as present in LEED), this leads to the angle between the incident and
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diffracted beam being proportional to Ag,., and anti-proportional to Ey;,. Therefore,
the spots move towards the center when increasing Fy;,. Only the (00) spot is fixed,

since it originates from the direct reflection of the electron beam.

v

A

(40) (30) (20) (T0) (00) (10) (20) (30) (40)

Figure 3.11: Ewald construction for two dimensional scattering. Energy and
direction of the incident and the scattered electron are indicated by k, and k,
respectively. As indicated by the reciprocal lattice vector G, a (20) reflex results
from this. The intensity modulation of the rods in real experiments is indicated by
ellipsoids. [88]

Patterns of reconstructions or superstructures directly display the Brillouin zone of
the reciprocal lattice. Therefore, the real space periodicity of the unit cell can be
calculated from LEED images. To describe these pattern the Wood notation can
be used. As an example, the description (\/6 x 1/6) R30° is used for a structure
that has a real space vector length of v/6 times the length of the substrate’s and
which has a unit cell rotated by 30° with respect to the substrate. The relative
position of the atoms of a reconstruction or superstructure compared to those of the
substrate cannot be determined by the position of the diffraction spots. Therefore,
their intensity modulation has to be used as predicted by scattering theory [179]. One
reason for this modulation is, that in the real LEED experiment incoming electrons
reach into the first few atomic layers of the solid. Because of that, it is not strictly
two dimensional, but represents an intermediate situation between the two and three
dimensional situation. This causes an intensity modulation in the rods of the Ewald
construction. Together with multiple scattering effects, this is used for structural
analysis during IV-LEED [178].
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Experimental setup

This chapter introduces all experimental setups used for sample preparation and
measurements in this study. These are the CCS and the UV-PEEM setup at TU
University, the PASG setup at PTB Braunschweig, the XPS system at DELTA, and
the X-PEEM system at BESSY, all located in Germany.

4.1 Ultra-high vacuum (UHV)

A high-quality vacuum is necessary to preserve the samples’ surfaces from contamina-
tion and other changes on the one hand and to enable electron-based measurements
on the other. According to the kinetic theory of gases, the rate of particles from the
gas phase impinging on a surface is proportional to the pressure. Under simplified
assumptions, it takes atoms from the gas phase approximately 1h to form one
monolayer on a surface at a pressure of 107 mbar. Since a typical measurement
takes about that long, the need for good vacuum becomes clear. Such a good vacuum
is called Ultra-high vacuum (UHV). It is defined as a pressure of p < 10~ mbar.
The usage of low-energy electrons and soft x-rays also requires good vacuum con-
ditions. Otherwise, their mean free path would be far too small for any practical
applications. [138, 180]

To reach such low pressure, combinations of different pumps are used. Starting from
atmospheric pressure, scroll pumps are used to lower the pressure to ppyy = 1073 mbar,
which is called fore-vacuum. Subsequently, turbo-molecular pumps decrease the
pressure to a high vacuum in the region of pyy = 1077 mbar. From there, a back-out
procedure is required to further reduce the pressure. For this, the complete chamber

is heated up for several days in order to increase the vapor pressure of the adsorbates
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on the inner walls of the setup. As a result, their desorption rate is increased and
they can be evacuated by the pumps way faster [180]. Temperatures used in this
work range from 150 — 180 °C, depending on the components’ limitations. After
this, pressures of about pyyy = 1071% mbar are reached. Lastly, further pumps, like
titanium sublimation pumps and getter pumps, help to increase the pumping rate
even further and are also advantageous because they are vibration-free. For specific

experiments, this can be crucial for focusing.

4.2 Setups for the silicon carbide preparation

In the following, the setups for CCS and PASG are introduced in sequence. The
CCS setup is shown in Figure 4.1. Its vacuum system consists of a turbo-molecular
pump connected to a scroll pump. With it, a pressure of 1 x 10~8 mbar is achieved
after 16 h for pumping without bake-out. For preparation in inert gas, the pumps are
sealed off from the rest of the chamber by a gate valve and argon is let in through
an inlet valve. The sample is placed in a graphite crucible (CTG GmbH), which
can be heated inductively by a water-cooled copper coil connected to a heating
station. It has been shown that a low temperature gradient across the sample surface
improves the resulting reconstruction quality. To achieve a low gradient, the crucible
is centered regarding the coil while the sample is positioned in the middle of the
crucible by placing it on a spacer with hg = 4.6 mm height. Concerning the usage of
inductive heating, only the crucible must be heated by the eddy currents. To prevent
heating the rest of the chamber, a quartz dome, which is electrically insulating, is
used as part of the vacuum chamber surrounding the crucible. However, since the
maximum operating temperature of quartz is about 1000 — 1200 °C and annealing
the crucible up to T &~ 1500 °C is necessary, there must be no contact between
these two components. This is ensured by mounting the crucible on a binder-free
hexagonal boron nitride (P100, Henze BNP) platform, which is electrically insulating
and resistant far beyond the required temperatures. Further details on the design
can be found in [113, 181].

The silicon atoms’ sublimation rate strongly affects the prepared samples’ quality.

A low rate results in a more homogeneous reconstruction and can be accomplished
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by sealing the crucible with a graphite cap that has a small bore with a diameter
of d = 1mm. This bore is the only way for evaporated silicon atoms to leave
the crucible. Thereby, the silicon partial pressure around the sample is increased,

resulting in the desired reduction in sublimation rate. [23]

The heating station (HS-4, Ultraflex) is a resonant circuit consisting of an induction
coil as inductivity L, the so-called tank capacitor C, and the resistance R given
by the crucible. The power supply (SMT-5/200, Ultraflex) provides an alternating
current with a frequency of f = 77kHz. Due to the skin effect, such a high
frequency is required to achieve high efficiency regarding the power absorbed by the
crucible [182, 183]. All samples were prepared with a maximum power of p = 2kW,
which heats the crucible to a temperature of T" &~ 1500°C. As a reference for
preparation, the temperature of the graphite crucible was measured as a function of
the heating power. For this purpose, a pyrometer (IMPAC® IGA 6/23 Advanced,

LumaSense Technologies GmbH) was used.
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Figure 4.1: Setup for the CCS preparation of the silicon carbide at TU University
(left) and schematic representation of the sample inside the graphite crucible, sur-
rounding quartz dome, and inductive coil (right; based on [23]).
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The setup is mostly the same for the CCS and the PASG method. The setup used
to conduct the PASG method is depicted in Figure 4.2. There are a few minor
differences compared to the CCS method. First, the temperature is measured during
each preparation and the heating power is adjusted to control it. Second, additional
valves are connected for the inlet of different gases. These are necessary, e.g., for the

hydrogen etching.
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Figure 4.2: Schematic representation of the setup used for the PASG preparation
located at the PTB Braunschweig [70].
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4.3 Analytic equipment

Three different experimental setups were used for sample analysis. Those are
a laboratory-based UV-PEEM at TU Dortmund University, Germany, the XPS
endstation at beamline 11 at DELTA, Dortmund, Germany, and the X-PEEM
system PEEM-IIT at the UE49-PGM beamline at BESSY II, Berlin, Germany. All

measurements were carried out at room temperature.

4.3.1 UV-PEEM at TU Dortmund

The vacuum chamber containing the UV-PEEM at TU Dortmund University is
shown in Figure 4.3. It consists of two parts: A preparation chamber and a PEEM

chamber.

preparation chamber

PEEM chamber

| S A —

Figure 4.3: Vacuum chamber containing the UV-PEEM at the TU University. The
system consists of two parts, visually separated by a green dashed line. The left part
is equipped for sample preparation including a LEED system. The right part houses
the PEEM and all further required components.
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4 Experimental setup

The UV-PEEM (PEEM 350-20, STAIB Instrumente GmbH) is combined with a
mercury short arc lamp with a cut-off energy of hv = 4.9eV, which illuminates the
sample at an angle of 30°. This setup has a lateral resolution of 0.2 pm and provides

work function and topographic contrast [164].

The microscope contains four electrostatic lenses, an objective lens, an interme-
diate lens, and two projective lenses. These are used for focusing, magnification,
and adjusting the projected image’s size, respectively [184]. Electrons leaving the
sample surface are accelerated towards the microscope due to a transfer voltage of
Ur. = 11.4kV between sample and objective lens. In the microscope, the trajectory
of the electrons is affected by the fields of the lenses while passing through them.
Each lens is constructed of three electrodes. The potential of the outer two is fixed
to Up, , which prevents strayfields. Especially for investigating magnetic samples, this
is advantageous. The potential of the middle electrode can be varied to adjust the
focal point of the corresponding lens. Furthermore, an aperture acts as an energetic
low-pass filter. A stigmator consisting of octupole lenses is used to minimize axial
astigmatism. At the end of the lens system, a micro-channel plate (MCP) amplifies
the signal and a phosphorous screen converts it to a light optical image digitized by a
CCD camera (pizelfly QE, PCO GmbH). The lens system is surrounded by a p-metal
shielding, shielding from the influence of external magnetic fields due to its high
magnetic permeability. The setup is depicted in Figure 4.4. To minimize stray light,
the microscope and the camera are covered by an aluminum housing. A five-axis

manipulator enables exact positioning of the sample under the microscope.

The PEEM chamber is pumped by an ion pump, a titanium sublimation pump,
and a turbomolecular pump backed with a scroll pump. Since the first two are
vibration-free, only they are switched on during measurements to improve the image

quality. With this pumping system, a base pressure of 1 x 107'Y mbar is reached.

The preparation chamber is equipped for sample annealing and coating. To achieve
reproducible sample coating with platinum and cobalt, two electron beam evaporators
(EFM 8 and EFM 3T, FOCUS GmbH), a quartz crystal microbalance (QO 40A1,
PREVAC sp. z.0.0.) with the corresponding thickness monitor (7M14, PREVAC
sp. z.0.0.), and a precise four-axis manipulator were used. To reach the sample
temperature necessary for intercalation, a sample holder was used that allowed direct

resistive heating. It represents a modified version of the sample holder, described
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Figure 4.4: Sketch of the UV-PEEM system with the illuminated sample, the
lens system influencing the electrons trajectory, and the components for image
amplification, visualization, and digitization. (Based on [113, 164])

in detail in [185]. The sample is mounted with its left and right sides connected to
one of the clamping contacts of the sample holder. A photo of the sample holder
can be seen in Figure 4.5. In this work, it has been shown that direct resistive
heating is a much more reliable method when compared with others, such as electron
bombardment. This is most likely due to the lower pressure during the heating or the
more controllable sample temperature or even both. The temperature was controlled
using an infrared pyrometer (IMPAC® IGA 6/23 Advanced, LumaSense Technologies
GmbH) calibrated with a type N thermocouple.

clamping /"~ - o\ bayonet joint

Figure 4.5: Sample holder used for UV-PEEM measurements.

A turbomolecular pump combined with a scroll pump is used for pumping the
preparation chamber, thus achieving a base pressure of 1 x 107'% mbar. In addition,

this chamber is connected to a load lock and contains a LEED system.
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4 Experimental setup

LEED system

Structural investigations were carried out using a 4-grid LEED system (ErLEED
150, SPECS Surface Nano Analysis GmbH), sketched in Figure 4.6. It uses an
electron gun with a thoria-coated iridium hairpin cathode. Inside this gun, electrons
are accelerated to a defined energy Ey; , tunable in the range of 0 — 3000eV. For
focusing, a lens system and a Wehnelt cylinder are used [186]. After impacting the
sample surface, the backscattered electrons have to pass through a grating system
to be detected. This system acts as an energy filter so that inelastically scattered
electrons cannot pass through it. Further, the two outer grids, as well as the sample,
are grounded to shield the retarding field originating from the inner grids from the
sample and from the fluorescent screen placed behind the grid system. The electrons
that pass the grids are accelerated onto the screen due to it being at a potential of
6 kV. This amplifies the resulting optical image, which is digitized by a camera in
the final step. The entire setup is surrounded by a p-metal shielding.

p-metal shielding

rids 1-4

1\

window

U.

screen —

Figure 4.6: Schematic representation of the LEED system used. (Based on [187])
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4.3.2 XPS setup at DELTA

The XPS setup used in this work is located at the endstation of beamline 11 (BL11)
of the electron storage ring DELTA, Dortmund, Germany. The facility accelerates
electrons up to an energy of 1.5GeV and provides a maximum current of I =
130mA. Beamline 11 is one of the soft x-ray beamlines at DELTA and uses the
undulator U55. The alternately oriented magnets of the undulator continuously
accelerate the electrons in such a way that they move on a wiggling trajectory and
emit synchrotron light, also called Bremsstrahlung, in the direction of the electron
beam. The energy of this radiation is freely tunable in the range of 50— 1500V [188].
The radiation intensity is maximized by adjusting the strength of the undulator’s
magnetic field [189]. After being emitted, the radiation is filtered by energy by
passing through a plane-grating monochromator. Subsequently, it is focused onto

the sample with a spot size of (70 x 30) pm?.

<«—— manipulator ——» pyrometer
x-ray tube
hemispherical

analyzer

tt
sputtergun LEED

N

beamline

mass

analyzer

evaporator linear transfer ion gauge

(a) left side view (b) right side view

Figure 4.7: Schematic representation of the UHV chamber containing the setup for
XPS, consisting of the beamline connection, the manipulator, and the hemispherical
energy analyzer. [139]

The chamber housing the spectrometer is shown in Figure 4.7. It is made of p-metal,
preventing the influence of external magnetic fields, and is connected to a load

lock for sample insertion. The setup is equipped with the same evaporators and
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4 Experimental setup

pyrometer as the UV-PEEM setup, ensuring easy preparation reproducibility. To
verify successful preparation, LEED was performed using the same model used in the
UV-PEEM chamber. A five-axis manipulator is used for sample positioning. With

the chambers pumping system, a base pressure of p = 5 x 10~!! mbar is reached.

The sample holder used is shown in Figure 4.8. By mounting the sample between
two tantalum half shells contacted to sliding copper contacts, direct resistive heating

is enabled. In this application, one of the three contacts is redundant.

half shells

sample copper contacts

Figure 4.8: Sample holder used for XPS measurements.

During XPS measurements, the sample is grounded to avoid electrostatic charging.
The spectrometer is grounded as well, whereby the measured kinetic energy is only

affected by the work function of the analyzer ®, and not by that of the sample ®g:

By, = hv — By — Og + (Og — @y)

(4.1)
= hV_Ebin_q)A'

To measure the energy-resolved XPS spectra, a hemispherical energy analyzer (CLAM
IV, VG Microtech; HEA) is used. This spectrometer consists of an electrostatic
lens system, an energy analyzer sphere, and a detector, as sketched in Figure 4.9.
After the synchrotron radiation impinges on the sample surface, photoelectrons of
different energies leave the surface in all directions. Those within a narrow cone of
the acceptance angle Oupa are accelerated into the spectrometer by a transition
field provided by the first lens. After being focused, the electrons pass through an
entrance slit, are decelerated by a retarding field, and enter the analyzer. Thereby,
the field enables the energy selectivity of the instrument. During the measurement,

its strength is varied to cover the desired energy range of the electrons. Inside
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the analyzer, an electric field between its hemispheres influences the trajectory of
the electrons. Consequently, only electrons with energy within a small specific
range F, . + AE, around the so-called pass energy E,., will pass through the
entire analyzer and be measured by the detector. The width of this energy range is
defined by the energy resolution AE' [126, 190, 191]. Variable exit slits with diameters
of 0.5 — 5mm allow to vary the energy resolution. However, it should be noted that
a higher resolution leads to a lower signal intensity. A one-dimensional channeltron
detector with nine channel electron multipliers (CEM) amplifies the passing electrons
by a factor of 106—108% [192].

Evin = Epass

detector

retarding
/i :
OOO field
Zy o
) channel electron multiplier
* |
hv ’“Q} lenses electron 106 electron

photoemitted
/electrons
secondary

sample electrons

Figure 4.9: Schematic representation of the XPS spectrometer. [139, 190].

During measurements, polarization effects of the exciting radiation distort the
measured counts of electrons. This effect is minimized by the instrument being
mounted to the UHV chamber at approximately 54.7° relative to the synchrotron

beam, which is the so-called magic angle « 193].

magic [
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4 Experimental setup

4.3.3 X-PEEM setup at BESSY II

The magnetic contrast PEEM images were acquired with the X-PEEM (PEEM-
IIT energy microscope, Elmitec Elektronenmikroskopie GmbH) equipped with an
energy analyzer placed at the UE49-PGM beamline at the BESSY II, Berlin, Ger-
many. This storage ring produces electrons with an energy of 1.7 GeV at a current
of 300mA. Operating in top-up mode, where the beam current is kept constant, en-
ables easy combination and comparability of microscopy images. At beamline UE49,
an Apple II-type undulator generates synchrotron radiation with full polarization
control. A plane-grating monochromator filters the radiation by energy, which is
freely tunable in the range of 80 — 1800 eV. The generated beam impacts the sample
at a grazing angle of incidence of 16° and with a spot size of (10 x 20) pm?. [194]

The experimental chamber contains of two parts, a preparation chamber and a
PEEM chamber, as shown in the lower panel of Figure 4.11. Using of several turbo-
molecular pumps backed with scroll pumps, a base pressure of 1 x 1079 mbar is
reached in both parts. The preparation chamber is connected to a load lock and
equipped with electron beam evaporators, a quartz crystal microbalance, and a
four-axis manipulator suited for sample annealing. A standard ELMITEC sample
holder was used, shown in Figure 4.10. It allows sample temperatures of up to

600 °C by applying electron bombardment. The temperature was measured with a

sample \(_\

pyrometer.

clamping
contacts

Figure 4.10: Sample holder used X-PEEM investigations. [195]

The second part contains the PEEM, which is optimized for synchrotron radiation,
has a lateral resolution of 30 nm, and is combined with a suitable sample manipulator.
This chamber part rests on a solid granite block and is spring-loaded to minimize

vibrations. A sketch and a photo of the microscope are shown in the top and bottom
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panels of Figure 4.11, respectively. Similar to the UV-PEEM, the microscope uses
a lens system, an MCP, and a screen. In addition, a semicircular energy analyzer
enables the energy sensitivity of the system, which, alongside PEEM, enables to
perform XAS and XPS measurements with spatial resolution. In order to change
the energy under investigation, a retarding field is used in front of the analyzer. A

mercury short-arc lamp also allows for UV-PEEM images to be taken.

preparation

chamber

sample MCP & screen lens system energy analyzer

C

Figure 4.11: Sketch (upper panel; [195]) and photo (lower panel) of the X-PEEM
system used, consisting of the lens system, energy analyzer, MCP, and screen. The
sample is located in front of the lens system. To the left and right of it, the preparation
chamber and beamline are respectively connected.
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Sample Preparation

The following chapter presents the two steps of sample preparation. First, the
preparation of the buffer layer reconstruction of SiC using the CCS as well as the
PASG method is described. Second, the coating and intercalation of these samples,

first with platinum and afterward with cobalt, is explained.

5.1 Silicon carbide preparation

Homogeneous large-area and single-domain growth of the (61/3 x 6+/3) R30° surface
reconstruction of SiC was achieved by applying the CCS method [23] as well as by
applying a variation of it, a modified PASG technique [70]. The CCS and PASG
methods were conducted at TU University, Dortmund, and at Physikalisch-Technische

Bundesanstalt, Braunschweig, respectively.

All samples prepared by the CCS method were cut from on-axis 4H-SiC (n-type)
wafers from Cree, NC, USA, which had been chemically-mechanically polished (cmp)
and had an epi-ready (0001) surface. Samples prepared by the PASG method were
cut from on-axis 6H-SiC (n-type) a small miscut wafer of —0.03° towards the primary

flat was used.

Before sublimation, all wafers were cleaned and annealed. The cleaning process
started with an ultrasonic bath in acetone, followed by isopropanol for 10 min each.
In order to remove oxide contaminations from the surface, samples prepared by
CCS and PASG were handled differently due to the different possibilities of the
respective setups. For CCS-samples, a 5 min dip in 5 % hydrofluoric acid (HF) was
performed [196]. Samples prepared by PASG were cleaned by hydrogen etching [22].
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5 Sample Preparation

The etching was carried out in the corresponding chamber with a gas mixture of 5%
hydrogen and 95 % argon at a pressure of 1 bar and a temperature of either 1200 °C
or 1400 °C maintained for 15min [70].

In the following, the two types of preparation are described.

Confinement controlled sublimation (CCS)

During CCS, first degassing was carried out in a vacuum with a base pressure below
2 x 10~® mbar at 700°C for 3h. In the next step, Si sublimation was conducted
in an inductively heated graphite crucible in 900 mbar Ar at 1500 °C for 30 min,
leading to the (6v/3 x 6+/3) R30°%reconstruction [23]. Varying the pressure and
the temperature changes the sublimation rate of the silicon atoms and affects the
formation of the reconstruction. To yield a single-domain reconstruction of mostly
buffer layer over a large area, a slow sublimation rate together with a high carbon
mobility is needed. The parameters were optimized so that only one domain appeared
in the LEED patterns and only very small graphene monolayer stripes were observed
at step-edges in the PEEM images. The height and width of the steps are some nm
and several nm, respectively [38, 197].

Polymer assisted sublimation growth (PASG)

The PASG method uses the same principle as the CCS method, but in between
the ultrasonic bath and the hydrogen etching prior to the sublimation, the sample
surface is covered with a polymer serving as an additional carbon source. The
polymer used in this work is the photoresist AZ5214E, which is a Novolac based
thermosetting phenolic resin [70]. It is composed of hexagonal carbon rings and OH
groups, which are known to crosslink at higher temperatures. Sample coating was
carried out by spin-deposition with a spinning rate of 6000 rpm, held for 30s [198].
While spinning, two droplets of the polymer diluted with isopropanol at a volume
ratio AZ(pL)/IPA(mL) of 3.4 were dropped onto the surface.

The parameters of the PASG setup are slightly different from those of the CCS

setup. For initial annealing, the base pressure was 1 x 10~% mbar and the sample
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temperature was 400 °C. During this step, the polymer decomposes and amorphous
carbon clusters remain on the surface. Subsequently, buffer layer growth was carried
out at 1450 °C for 10 min at an Ar pressure of 1 bar. Thereby, the carbon clusters
act as seeds for the formation of a graphene layer and minimize the mass transport
of carbon atoms, which normally contributes to step bunching and monolayer growth
at the step edges. During this step, the clusters also connect and form a complete
layer. Different from the CCS setup, samples were vented continuously with argon

during sublimation at a flux of 20 sccm.

Since both setups were fully automated, samples could be prepared with very high
reproducibility [70, 199]. Regardless of the preparation method, subsequently, the
samples were inserted into another vacuum chamber and annealed at 550 °C for 3 h

before coating and intercalation.

5.2 Sample coating and intercalation

The coating of the sample surfaces was accomplished by physical vapor deposition
(PVD) with electron beam evaporators, such as the one shown in Figure 5.1. During
this process, the evaporant is heated utilizing electron bombardment to the point
where it evaporates. Therefore, a high voltage is applied between the material and
a filament, which is used as an electron source. A water-cooled copper cylinder
surrounds these parts and keeps the outer temperature low to prevent a sharp rise
in pressure during evaporation. A collimator and a shutter allow for focusing the
beam of evaporated material and controlling the deposition time, respectively. The
evaporant can be used in the form of granules placed in a crucible or in the form of
a rod, depending on the material to be evaporated. The use of granules is necessary
when the material’s melting point is below the temperature required for evaporation.
Otherwise a rod can be used. This results in a lower rise in pressure because the
heating energy can be focused more accurately and thus kept lower. Both cobalt and
platinum were used in the form of rods. For platinum, this is absolutely necessary.
The temperature required for evaporation is so high that only molybdenum, tantalum,
and tungsten can be considered as materials for a crucible [200]. Unfortunately, all
these metals are known to form alloys with platinum [201-203]. Cobalt was used in

the form of a rod because its high stiffness makes it very easy to handle.
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5 Sample Preparation

filament feedthrough
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insulating  water cooled copper cylinder
bearing ﬁ
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shutter actuator evaporant tungsten filament
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Figure 5.1: Image of an electron beam evaporator and schematic of the cooling
cylinder and its inner parts. [204]

During metal deposition, all samples were kept at room temperature. The deposition
rates were determined using a quartz crystal microbalance. This device indirectly
determines the thickness of a deposited film by measuring the change of the oscillating
frequency of quartz crystal Af due to a deposited mass Am [205]. The heating

powers applied and resulting deposition rates are:

A
pps = Uy - Iy = 4.5kV-3.3mA = 14.85 W, tp, = 0.025 —
min
A
P = Uy - Iy = 1.5kV-7.5mA = 11.25 W, e, =038 —.

The Pt-film thickness was chosen to be 4 A. During this work, it has been shown that
this thickness is sufficient to decouple the graphene from the substrate completely.
The Co-film thicknesses of 1.5 nm, 2.4nm, and 3.4 nm were selected. These are thick
enough to form a complete layer after intercalation. Furthermore, for a film thickness
of at least 3.0nm, the magnetic domains cover several terraces [38]. For thicknesses

greater than 4.0 nm, strong PMA is not expected [16].
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Results and Discussion

This chapter presents the analysis results. First, a systematic and comprehensive
preparation series was carried out to determine the annealing temperatures required
to induce the intercalation of Pt and Co. During this series, the sample surfaces
were studied by UV-PEEM, as shown in Section 6.1. These reveal the topography of
the graphene and prove the homogeneity of the deposited metal films.

In the second step, LEED and XPS were used to analyze the structural and chemical
properties of the system. Each layer of the system arranges itself in a crystalline struc-
ture, as shown by LEED in Section 6.2. Such long-range order is a great advantage
regarding the magnetic properties. Structural inhomogeneities would also disturb
the formation of magnetic features. The results of the XPS analysis are presented
in Section 6.3. They show the presence of quasi-freestanding graphene, proving
successful intercalation. In addition, cobalt silicide remained absent, indicating that
the Pt-layer effectively functions as a diffusion barrier, as desired. Lastly, two silicon
carbide surface components appeared, attributed to the uppermost substrate layers

being in a changed Coulomb environment after Pt intercalation.

Finally, the magnetic structure of the embedded Co-layer was investigated using
X-PEEM in combination with XMCD at the Co Ls-edge [80, 171]. Corresponding
results are discussed in Section 6.4. For all samples analyzed, numerous vortices
and anti-vortices were detected across the whole layer. The overall magnetization
was found to be predominantly in-plane. Thus, the different vortices are merons,
anti-merons, and bimerons. Neither defects nor the stepped layer structure were
found to affect the magnetic structure significantly. However, it was found that the
Co-layer thickness, the flatness of the initial substrate reconstruction, and additional
annealing steps influence the overall magnetic structure, its homogeneity and the

number of vortices within the system.
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6 Results and Discussion

6.1 Ultraviolet photoemission electron microscopy

To determine the temperatures needed for successful Pt- and Co-intercalation and
to check for homogeneity of the deposited metal films, UV-PEEM was used. After
examining the bare buffer layer on SiC, it was covered with Pt and systematically
annealed and investigated until the intercalation appeared. Subsequently, this was
repeated with Co. The temperatures initiating intercalations were determined by
running preparation cycles consisting of a 5 min annealing step and the recording of
a PEEM image (exposure time of 4s). Subsequent preparation cycles started with a
10 °C increase in annealing temperature compared to the previous cycle. A series of

resulting images showing each state of the preparation is presented in Figure 6.1.

The PEEM images of the (6\/§ X 6\/5) R30°-reconstruction of SiC are characterized
by lines, as shown in Figure 6.1a. These lines indicate step edges of the substrate,
resulting from the unavoidable miscut angle of the substrate. Besides the buffer layer,
which is present on the terraces, an additional monolayer of graphene accumulates as
thin strips at the step edges. Due to their higher work function compared to buffer
layer, they show a darker contrast. These stripes form while the first carbon layer is
still spreading over the surface during sublimation, making them unavoidable for the
preparation of a complete reconstruction layer [22, 38]. Increasing the preparation
time or temperature would cause this monolayer to spread across the terraces,
typically indicated by a wavy edge. Furthermore, additional graphene layers would
start to form, which are characterized by darker contrasts in the PEEM images due to

their higher work function compared to buffer layers and monolayer graphene [206].

(b) (c) (d) (e)

Figure 6.1: UV-PEEM images of the as-prepared buffer layer (a), after 4 A Pt
coverage (b), after annealing at 720°C (c), after 2.6 nm Co coverage (d), and after
annealing at 325 °C (e). Sketches in the upper left of each image depict the preparation
state. Colors indicate: -, SiC, Pt, and [Co. (FOV 220 pm)
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After metal deposition, all step edges and terraces are covered by an amorphous metal
film that obscures the substrate’s structure in the PEEM images. This observation
holds true for all investigated samples, even for the thinnest Pt-film of 2 A, which
corresponds to an estimated coverage of approximately one monolayer. Thus, the
metals seem to cover the surfaces very homogeneously. Images after the deposition

of 4A Pt and 2.6 nm Co are shown in Figures 6.1b and 6.1d, respectively.

During the Pt-preparation cycle, the first noticeable
change in the PEEM image occurred at 550 °C. Af- 550 °C!

ter annealing at this temperature, the step structure -
becomes visible again. However, the steps appear
quite blurred, as shown in Figure 6.2. This indicates
a structural change in the amorphous Pt-layer. It
most likely becomes flatter by wetting on the sur-
face, preferably at terraces [207] or additionally by
melting at the surface [208]. As a result, the to-
pography of the Pt-layer becomes more similar to

that of the stepped substrate while still being on

top of the buffer layer. Further investigations are
required to describe this process precisely. The next Figure 6.2: UV-PEEM im-
age of a sample after 4A

. N . . Pt deposition and subsequent
is shown in Figure 6.1c. After this annealing step, annealing at 550 °C The

change occurred after annealing at 700 °C, which

the Surface IOOkS hke the lnltlal bare buﬂer la,yer. Sketch at the top illustrates wet-
These results are consistent with those of Xia et ting of the Pt on the surface.

al. [72]. No further changes occurred after annealing Colors  indicate: -’

at 900 °C, the highest temperature applied in this SiC, and Pt. (FOV 220 um)

study.

Regarding the Co-preparation cycles, an annealing temperature of 325 °C was deter-
mined to initiate intercalation for all Co-layer thicknesses investigated, which is in
excellent agreement with the results of Honig et al. [38]. This final state of the prepa-
ration is shown in Figure 6.1e. To avoid structural changes due to Si-diffusion into
the Co-layer, Co-diffusion into the substrate, or reorientation of the Co-atoms [209],

no annealing temperatures above 325 °C were applied.
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6 Results and Discussion

6.2 Low-energy electron diffraction

In this chapter, the structure of each of the system’s layers is analyzed by means of
LEED, beginning with the pattern of the prepared SiC surface reconstruction, shown
in Figure 6.3. Next to two sets of hexagonally ordered spots originating from the
substrate and the graphene, a variety of spots caused by the (6/3 x 6+v/3) R30°-
reconstruction are visible. The individual spot-brightnesses within this image are
characteristic of different numbers of graphene layers, as analyzed by Riedl et al. [62].
The spots marked with green circles next to the graphene spot, being slightly brighter
than the graphene spot itself, indicate that a small amount of monolayer graphene is
present. This monolayer represents the stripes at the step edges, as mentioned in
Section 6.1.

Figure 6.3: LEED pattern of a pristine sample, showing the (6\/§ X 6\/§) R30°-
reconstruction on SiC. LEED-spots of graphene and SiC are marked in gray and
yellow, respectively. Furthermore, two spots indicating a small amount of monolayer
graphene on top of the reconstruction are marked by green circles. [40]
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After deposition of only 4 A Pt, the LEED pattern disappears completely, indicating
a homogeneous and non-periodic coverage. Subsequently, the samples were annealed.
In contrast to the results gathered by PEEM, using LEED, no changes were observed
after annealing at 550 °C. This supports the assumption that the changes visible via
PEEM after this heating step are due to wetting, as this only affects the smoothness of
the deposited layer. The first change in the LEED patterns occurred at a temperature
of 700 °C, which is in line with the PEEM results. After annealing at this temperature,
the hexagonally ordered graphene and SiC spots reappeared. Simultaneously, the
(6\/§ X 6\/§) R30°-reconstruction remained absent, indicating decoupling and
partial lifting of the carbon layer. Thus, the buffer layer became quasi-freestanding
graphene. In addition, a (4v/3 x 4v/3) R30°-reconstruction regarding the SiC
pattern appeared, which is assigned to the intercalated Pt-layer. It is indicated by
a prominent spot near each graphene spot and six hexagonal spots around each
SiC spot. At a temperature of Tp, = 720 °C, these spots became significantly more
pronounced, while no further changes were found up to temperatures of 900 °C. For
this reason, all samples were annealed at Tp, to induce the intercalation of Pt. An

image after the interaction of Pt is shown in Figure 6.4.

Figure 6.4: LEED pattern of the sample system after intercalation of 4 A Pt. A
(4v/3 x 4\/3) R30°-reconstruction appears, associated to intercalated Pt.
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6 Results and Discussion

These results agree with those reported by Xia et al. [72]. However, in the present
study, additional spots surrounding each SiC spot were found, which allowed iden-
tification of the superstructure. This difference can be explained by the increased
Pt-layer thickness used in the present work. Also, the electron kinetic energy
of Fi;, = 95eV used to record the LEED image corresponds to a slightly larger
mean-free path. Within the present study, improved spot sharpness and brightness
were found due to the increased layer thickness and increased mean-free path of

electrons.

More structural properties of the Pt-layer
were detected using confocal laser scan-
ning microscopy (CLSM). CLSM is a depth-
sensitive method with spatial resolution for
imaging a sample’s reflectivity [210]. Fig-
ure 6.5 shows a CLSM image of a sample after
intercalation of 8 A Pt. Three different con-
trasts are visible: dark, medium, and bright,
marked blue, orange, and green. These most

likely represent regions with one, two, and

three layers platinum, respectively. Their

h h lati fi
presence shows that platinum does not form Figure 6.5: CLSM image of a sample

one layer after the other, but several layers o1 intercalation of 8 A Pt. Three
form simultaneously. Remarkably, the bright different contrasts are present. These
areas have a hexagonal shape, reflecting the are associated with one, two, and three
structure found by LEED. The different con- layers Pt, ma?ked blue, orange, and
green, respectively. Moreover, a sur-
trasts and hexagonal features disappear after face defect is circled in black.
Co deposition and remain absent after its
intercalation. This can be explained by the increased depth in which the Pt-layer
is then located. In addition, some bright, round features with a blurry edge are
observed. One is marked by a black circle. Such a blurry edge indicates features
being on top of the sample surface. Therefore, these show platinum remaining on the
surface even after annealing. Such defects were also visible in the X-PEEM images,

as shown later in this work.

64



In the final phase of the preparation, Co deposition leads to the disappearance of
the pattern, as already observed during Pt-deposition. Consistent with the PEEM
observations, an annealing temperature of T, = 325 °C was found to be sufficient
to cause spots to reappear for all Co-layer thicknesses investigated. Figure 6.6 shows
the LEED pattern of a sample after depositing 2.4nm Co and subsequent annealing.
Two sets of hexagonally ordered spots appeared, associated with graphene and Co.
The Co-pattern is rotated by 30° with respect to the graphene pattern and has
a lattice constant that matches that of Co in hep-structure [209]. Spots of the
Pt-layer and the substrate did not reappear due to the relatively thick Co-layer. The
reappearance of graphene spots after annealing indicates that Co has successfully
been intercalated. This is also confirmed by the bright appearance of the graphene

spots compared to the cobalt spots.

To avoid Si diffusion through the Pt- and Co-layers and to keep Co in an hcp-
lattice structure [209], higher temperatures were not used in this preparation phase.
However, this relatively low temperature results in the Co spots not being very sharp.
This is likely due to limited long-range order, which would also affect the system’s
magnetic properties. The same spots were visible in the LEED images for all Pt-

and Co-layer thicknesses investigated.

Co

Figure 6.6: LEED pattern of the sample system after intercalation of 2.4nm Co. A
(1 x 1) R30°reconstruction appears, associated with the intercalated Co-layer.
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6 Results and Discussion

6.3 X-ray photoelectron spectroscopy

The following presents XPS spectra of a sample intercalated with 4 A Pt and

subsequently 3nm Co.

The chemical composition of the sample was verified by XPS survey spectra. The
spectra were recorded at normal emission, i.e., at an emission angle of ©® = 0°
and with a photon energy of hv = 700eV. The upper panel of Figure 6.7 shows a
spectrum taken before any metal deposition. Characteristic peaks of the Si 2s, Si 2p,
and C 1s orbitals, related plasmon-loss features, and two Auger signals are indicated.
After intercalation, signals of the Pt 4d, Pt 4f, and Co 3p orbitals, along with the
Pt OOO-Auger signal, emerged, as shown in the lower panel of Figure 6.7.
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Figure 6.7: XPS survey spectra of the initial SiC surface reconstruction and after
intercalation of 4 A Pt + 3nm Co in the upper and lower panel, respectively. The
electron signals of the respective elements, plasmon loss features, and Auger signals
are assigned in the figure. After intercalation, a very weak oxygen contamination
was detected, as visible in the green area in the lower panel.

Next, a detailed analysis of the C 1s, Si 2p, Pt 4f, and Co 3p signals has been carried
out. For this purpose, high-resolution spectra were recorded in each preparation step.
The C 1s-, Si 2p-, Pt 4f-, and Co 3p-spectra were taken at 450eV, 180eV, 240eV,

and 180 eV, respectively. During the analysis, a combination of a linear and Shirley
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background was removed [156]. For some of the Si 2p-spectra, additionally, a slope
background was used [211]. The spectra were decomposed into components with
Voigt- and Gauss-Doniach lineshapes [148, 212]. The parameters for the background
and the components were determined by applying an active fitting-procedure [160].

The parameters for each component of each orbital are listed in Appendix A.

6.3.1 Carbon 1s signal

Figure 6.8 shows C 1s core level spectra of a sample in all preparation states. Spectra
of the bare reconstructed SiC are presented in the first row. They consist of four
components, assigned to SiC, graphene, S1, and S2. The components S1 and S2
are assigned to carbon atoms with bonds within the uppermost surface plane and
bonds towards the Si atoms underneath, respectively. Thus, they represent the
(6v/3 x 64/3) R30°-reconstruction. The presence of a small graphene component
results from graphene stripe formation at the step edges, as explained in Section 6.1.

The last component, SiC, originates from the substrate. [40, 62]

The deposition of 4 A Pt did not change the spectrum qualitatively, as can be seen in
the spectra in the second row of Figure 6.8. Only the graphene component becomes
slightly more pronounced, which can be attributed to the change in depth of the
individual components. Furthermore, a small part of the platinum possibly already
intercalated even without annealing. This process is usually limited to a small

amount of the intercalate.

Spectra after the intercalation of platinum are shown in the third row of Figure 6.8.
Due to this preparation step, the spectra change in three aspects. First, the pho-
toemission features of the (6\/§ X 6\/5) R30°-reconstruction, S1 and S2, almost
disappeared, while second, the graphene component increased significantly. These
findings indicate the decoupling of the carbon layer and its transformation into
quasi-freestanding graphene and, thus, a successful intercalation. The third change
is the appearance of two additional components, SiC’ and SiC”’. They are associated
with carbon atoms in the upper first SiC layers, which are in a changed Coulomb
environment now due to the presence of Pt. Comparing the heights of the components
in the spectrum taken at @ = 0° with those in the spectrum taken at & = 60°

supports the assumption that the new components are located at the top of the
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6 Results and Discussion

substrate. Similar effects, with only one additional component, were found for the
intercalation of H, Li, and Si [47, 72, 213, 214].

The deposition of 3nm Co only moderately changed the components’ height ratios,
as seen in the fourth row of Figure 6.8. The signals of the components belonging to

layers deeper inside the sample are suppressed slightly, especially at @ = 60°.

The only effect of the Co intercalation was another slight change in the height ratios
of the components and the disappearance of the last bit of components S1 and S2.

Corresponding spectra are shown in the fifth row of Figure 6.8.
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Figure 6.8: High resolution C 1s XPS spectra of the bear buffer layer (1s row),
after Pt deposition (2nd row), intercalation (3rd row), Co deposition (4th row), and
intercalation (5th row) at normal emission © = 0° (left) and at © = 60° (right).
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6 Results and Discussion

6.3.2 Silicon 2p signal

Components of the surface reconstruction, the silicon carbide, and its changed upper
first layers after platinum intercalation also appear in the Si 2p-spectra, shown in
Figure 6.9. Spectra of the bare reconstructed SiC are presented in the first row. Two
components can be identified, SiC and S2, representing the substrate and the silicon
atoms bonded to the (6\/§ X 6\/5) R30° surface reconstruction, respectively. The
component S2 reflects the same atomic bonds in the C 1s spectra and in the Si 2p
spectra. Since component S1 in the C 1s spectra represents carbon atoms with bonds
only within the surface reconstruction layer, it has no such counterpart in the Si 2p
spectra. Because the component S2 indicates the surface reconstruction in the Si 2p

spectra, it is also referred to in the literature as 6v/3 [47].

After the deposition of 4 A Pt, only a small change in height appears. Corresponding
spectra are shown in the second row. As for the C 1s signal, this change can be
associated with the change in depth of the components and with a small part of

platinum that has already intercalated, even without annealing.

After the intercalation of platinum, a total of seven new components appeared. The
spectra of this preparation step are shown in the third row of Figure 6.9. As for the
C 1s signal, there are two components assigned to the upper first layers of silicon
carbide, which are now in a changed Coulomb environment, SiC’ and SiC”’. They
are shifted towards smaller kinetic energies compared to the substrate’s component.
Next, there are three components, Pt;Si, Pt,Si, and Pt;Si, which originate from
different platinum silicide formations. These will be discussed in more detail when
analyzing the Pf 4f-spectra. They are located at higher kinetic energies compared to
the substrate’s component. In between the silicon carbide and the platinum silicide
components, a Si-Si component is placed. Comparing the spectra taken at © = (°
and © = 60° shows that this component’s height behaves almost the same as the
silicide components. Consequently, the silicon atoms forming Si-Si bonds seem to be
localized near or in the Pt-layer. This is true for all states of preparation. Lastly,
there is a component fitted by a singlet component. It is identified to be a Si 2p
satellite [215].

After 3nm Co has been deposited, a signal from the Co 3s orbital and a Si?t

component are added to the spectra. The spectra can be seen in the fourth row of
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Figure 6.9. Since the Si3t component is very small, it might also have been present

before cobalt deposition but not visible compared to the others.

After cobalt intercalation, this component grows, indicating that a thermally activated
process causes the silicon atoms to form this component. Its change in height
regarding the angle of emission is similar to that of the Si-Si and the platinum silicide
component. Therefore, it can also be attributed to the silicon atoms within the
Pt-layer. Furthermore, the cobalt component decreases in intensity because it is
covered by graphene after intercalation. The corresponding spectra are shown in the
fifth row of Figure 6.9.
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6 Results and Discussion
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Figure 6.9: High resolution Si 2p XPS spectra of the bear buffer layer (1s row),
after Pt deposition (2nd row), intercalation (3rd row), Co deposition (4th row), and
intercalation (5th row) at normal emission © = 0° (left) and at © = 60° (right).
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6.3.3 Platinum 4f single

Figure 6.10 shows XPS spectra of the Pt 4f doublet. Right after platinum deposition,
there are four components. One of them can be assigned to pure platinum, while
the others represent different platinum silicide formations, Pt,Si, Pt,Si, and Pt;Si.
In accordance with the growing graphene component in the C 1s signal and the
decreasing 61/3 component in the Si 2p spectra, the appearance of platinum silicide
even before annealing indicates that part of the platinum did already intercalate

even without thermal activation.

After annealing, almost all the platinum is bonded to Si, as shown in the spectra in
the second row of Figure 6.10. This can be explained by the platinum now being
located in between the graphene and the silicon carbide. Thus, the transformation of
practically all the pure platinum into platinum silicide is another result of successful

platinum intercalation.

Neither the deposition nor the intercalation of 3nm Co led to any further qualitative
change in the Pt 4f signal. Only the height ratios of the components changed slightly.
Thus, cobalt intercalation does not alter the chemical structure of the Pt-layer.
Corresponding spectra can be seen in the fourth and fifth row in Figure 6.10. In
all preparation states, the components in the spectra taken at @ = 0° and © = 60°
have approximately the same height ratios, which indicates a well-defined and thin

Pt-layer.
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6 Results and Discussion
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Figure 6.10: High resolution Pt 4f XPS spectra after Pt deposition (1st row),
intercalation (2nd row), and subsequent Co deposition (3rd row), and intercalation
(4th row) at normal emission © = 0° (left) and at © = 60° (right).
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6.3.4 Carbon 3p signal

The Co 3p spectra before and after intercalation can be fitted with the same
components and almost identical height ratios, as displayed in Figure 6.11. This
proves the successful prevention of cobalt-silicide formation by first intercalating
platinum. Next to the core level signal, two Co-satellite peaks are identified. These
are associated with shake-up (Satl) and shake-down (Sat2) signals [216]. Spectra in
the first and second rows of Figure 6.11 show the signal before and after intercalation,
respectively. After intercalation, the Pt 5p doublet is much more pronounced. Prior
to annealing, this signal was extremely small. As a consequence of the intercalation,
the cobalt is covered by the graphene layer, resulting in decreased photoelectron
intensity. Since the Pt signal is not affected by intercalation, its intensity remains the
same. Taken together, the intensity of the Co 3p signal decreases compared to the
Pt 5p signal. This makes the later signal more pronounced in the spectra. Moreover,
the Pt 5p signal is larger at ¢ = 0° than at ¢ = 60° when compared to the Co 3p
signal. This shows that the Pt-layer is still below the Co-layer after intercalation.
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Figure 6.11: High resolution Co 3p XPS spectra after Co deposition (1st row) and
intercalation (2nd row) at normal emission @ = 0° (left) and at @ = 60° (right).
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6 Results and Discussion

As desired, there is no chemical change in the cobalt signal due to intercalation, such
as the formation of silicides. However, this makes it necessary to prove successful
intercalation in another way. For this reason, angle resolved XPS (ARXPS) was used.
The spectra shown in Figure 6.12 display data of the C 1s and the Co 3p signals.
The data represents the intensities after intercalation divided by those before as a
function of polar angle. The Co 3p signal ratio decreases, while the C 1s signal ratio
increases at high polar angles. This indicates Co intercalated under the top carbon

layer due to annealing.
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Figure 6.12: Intensity ratios of normalized XPS intensities after to before annealing
of the Co 3p and C 1s signals as a function of polar angle. The Co-layer thickness
was 1 nm.
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6.3.5 Summary

To summarize the results obtained by XPS, the intercalation of platinum could be
successfully confirmed by the increasing graphene component in the C 1s signal
together with the decreasing components S1 and S2. Furthermore, due to platinum
intercalation, two components appeared in the C 1s and the Si 2p spectra. These are
associated with the uppermost silicon carbide layers being in a changed Coulomb
environment due to the presence of platinum. Moreover, a Si-Si signal appeared
in the Si 2p spectra. The corresponding silicon atoms are most likely located in
the Pt-layer. Lastly, three platinum silicide components have formed. All three of
these were already present in the Pt 4f signal prior to annealing, suggesting that
part of the platinum did intercalate even before thermal activation. This assumption
is supported by the finding that the reconstruction component decreases and the
graphene component increases moderately in the Si 2p and C 1s spectra due to

platinum deposition.

As desired, the cobalt signal did not change chemically as a result of annealing. Its
intercalation was confirmed by ARXPS. The last result was the appearance of a Si*"

component, which seems to be caused by the annealing.

77



6 Results and Discussion

6.4 X-ray photoemission electron microscopy

6.4.1 Data processing

After complete preparation, the magnetization orientation of the sample system’s Co-
layer was investigated using X-PEEM combined with XMCD. The steps of analyzing

these images are illustrated in Figures 6.13 and 6.14 and explained in the following.

Raw X-PEEM images were taken with circularly polarized light with both positive
and negative helicity at the Co Lj-edge and a few eV below, i.e., at 776.6eV and
770eV. At each sample position and azimuth angle, a total of 160 individual images

were acquired in a series with the following symmetrical sequence:

|12 [3 |4 |5 |6 |7 8.

Co Lj-edge X | X X | x
Energy Pre edge X x | x X
- Positive X | x X | X
Helicity Negative x| x| x| x
Number of Images | 20 | 20 | 20 | 20 | 20 | 20 | 20 | 20

Table 6.1: Sequence of images taken using X-PEEM at each sample position and
azimuth angle. The sequence of steps 1.-4. is reversed for 5.-8 to create symmetry.

The symmetry of the series reduces the mean thermal drift between the different
types of images. This drift causes the field of view to move slightly over time.
Consequently, a long exposure time would impair the image sharpness. However,
to improve statistics, a long exposure time is advantageous. To resolve this issue,
individual images with a short exposure time of 3s were taken, corrected for shift,
and summed up, as illustrated in Figure 6.13a. This was done for each type of image.
To do so, one image serves as a reverence in which a characteristic part is selected.
The Fourier transformation of this part is compared systematically to those of every
other image to find the best alignment. Subsequently, the summed images of different

helicities and energies were also aligned, which was done manually.

At each sample position, images were taken under azimuth angles ¢ = 0°, 90°, and

180° to obtain complete insight into the magnetic structure. By rotating the sample,
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imaging conditions are slightly changed, causing a small image distortion. Even a
small sample tilt or a minute unequal distortion of the electric field between the sample
and objective lens influences the resulting images. To correct this distortion, the
homography matrix G is used. It transforms an image I with points p, = (7;,¥;,1)

so that it is mapped to a reference image I” with points p; = (7, y;,1):

a,p, = Gp;, (6.1)

with a, being a scaling factor [217]. For the X-PEEM data, it is a; ~ 1. Since, in
practice, the distortion and determination of the points are not perfect, G has to be
determined by a fit. For this, the error of the back-projection is minimized by using
a least square fit. To obtain a reliable result, approximately 20 characteristic points
distributed over the entire field of view of two corresponding images were used per
fit in this work. For each sample position, one image was used as a reference, and
the other two were corrected. The distortion correction is illustrated in Figure 6.13b.
Rotating the sample leads to a change in the magnetic contrast images, while the
ones with topographic contrast remain unchanged. Therefore, it is much easier to
determine the homography matrices for the topographic contrast images. For this
reason, the homography matrices were calculated using the images with topographic
contrast and then used to correct the corresponding images with magnetic contrast.

Afterwards, the magnetic structure was analyzed.

The determination of the magnetic structure is illustrated in Figure 6.14. First,
the XMCD images were calculated for each azimuth angle. This was done by
combining the sum images taken at the Co Lj-edge with different helicities according
to Equation 3.12. In the images, the intensity Ixycp is given per pixel. Subsequently,
a plane background was removed for each image. It is strongly pronounced in the
XMCD image taken at ¢ = 90°. Before the plane background was removed, the upper
right part of the image showed a much darker blue color than the rest. For illustration,
the effect has been enhanced to make it more visible. Since there is no reason for
such inhomogeneity associated with the sample, this background is associated with
imperfect sample irradiation. It is particularly important that the mean value of
an image is not changed in this step. This would change the calculated strength
of the magnetic structure’s components. Lastly, the individual components of the

magnetization are calculated as described by Equation 3.16 and in Appendix B.
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6 Results and Discussion

reference image stack of images summed image

(a) Drift correction for images of one type and resulting summed image.
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(b) Image correction between summed images taken at different azimuth angles.

Figure 6.13: Illustration of the correction process for X-PEEM images.

80



6 =0 b =90° ¢ = 180°
pos. helicity  neg. helicity pos. helicity  neg. helicity pos. helicity  neg. helicity

y

y

XMCD images

(It—17)/(I"+1)

plane subtraction

Ixnien = My cos (¢ + ¢g) + M, / tan («)

m : in-plane value O, in-plane angle m | : out-of-plane value

>

magnetization
components

£ 4
— - -1.00

Figure 6.14: Illustration of the determination of the magnetization components using
X-PEEM images. First, the XMCD images are calculated for each azimuth angle.
Subsequently, a plane background is subtracted. Finally, the sample’s magnetization
components are calculated.
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6 Results and Discussion

6.4.2 Magnetic structure of the embedded Co-layers

To investigate the influence of the preparation on the magnetic properties of the

intercalated Co-layer, three different sample sets were prepared:

A CCS method and ex-situ treated,
B PASG method and ex-situ treated,
C CCS method and in-situ treated.

Ez-situ/in-situ sample treatment means that the samples were/were not exposed
to air between preparation and investigation. All previous investigations were done
solely in-situ. LEED patterns and XPS spectra of samples prepared with the two
preparation methods, CCS and PASG, were quasi-identical. No difference could
be identified. Figure 6.15 displays X-PEEM images of each sample type. The
first column depicts chemical contrast images obtained by spatially resolved x-ray
absorption spectroscopy displaying the morphology of the cobalt films. These images
were acquired by subtracting images recorded at an energy a few electronvolt below

the Co Ls-edge I, from those taken at the edge I,

re edge dge:

I, — 1
IXAS _ edgeI pre edge . (62)
pre edge

Dividing by /¢ cqge T€moved the effects of an unequal sample irradiation. Both
intensities represent sums of corresponding intensities recorded with positive and

negative helicity.

In the second column, images of the in-plane magnetization angle are presented. In
addition to the domain structure, the in-plane angle also shows features like vortices.
For this reason, it is used for structural analysis in the following. All the images
shown in Figure 6.15 and those presented in the following for samples A, B, and C

are also shown in a sample-wise overview in Appendix C.

Chemical contrast images

The chemical contrast images, shown in Figures 6.15 (Al) and 6.15 (B1), are

characterized by dark lines, depicting a decreased amount of cobalt compared to the
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Figure 6.15: First column: X-PEEM images with chemical contrast (XAS images)
recorded at the Co Lj-edge. Step edges are visible as dark stripes, indicating that the
Co-atoms avoid these areas. In image (A1), three different areas are visible, marked
with dots. These are one step edge with a green dot, one terrace with an orange dot,
and the continuous area with a red dot. XAS spectra of these areas are shown in
Figure 6.17. Second column: In-plane magnetization angle of the Co-layer embedded
between graphene and a 4 A Pt-layer on SiC. Rectangles and arrows mark regions of
which the in-plane magnetization direction is shown in close-ups in Figures 6.18-6.21.
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6 Results and Discussion

rest of the images. These lines indicate the substrate’s step edges. As explained in the
previous sections, cobalt avoids the edges due to graphene stripe-formation over the
buffer layer at step edges during preparation. The same was found for Co intercalated
graphene on SiC without Pt [38]. However, for sample A, Pt intercalation prior to
Co intercalation resulted in some small regions where no step edges were visible at
all. In Figure 6.15 (A1), such a continuously covered region can be observed around
the defect in the lower right. Its brighter contrast compared to the rest of the image
indicates a locally thicker Co-layer. Continuously covered regions were only found for
sample A. The increased Co-layer’s thickness of 3.4 nm for the presented sample A
compared to 2.6 nm for the other samples shown led to an overall more continuous
Co-layer for this sample type. However, locally increased Co-layer thicknesses were
also observed for thinner cobalt layers. Figure 6.16 presents the XAS image of a
sample intercalated with 2.6nm Co and 4 A Pt. One wide stripe, most probably
representing three or four terraces, shows such an area with locally increased Co-layer
thickness. The other terraces are indicated by a grainy structure, suggesting an
incomplete Co-layer on these. Interestingly, bright lines are present instead of dark
ones associated with the step edges. This might be due to the cobalt accumulating
near the step edges before it is fully covered. In this case, they would grow until a
terrace is completely covered, excluding only the area under the step edges. Although
only sample type A shows continuously covered regions, the flatter steps of the
PASG-samples lead to a weaker contrast between the step edges and the terraces
when compared to the CCS-samples. Moreover, many segments of the step edges

appear to be continuously covered.

Defects were observed throughout the sample surfaces, and inspection of several
images has shown that samples A and B exhibited approximately one defect per
220nm?. Since all defects appear dark, they are not caused by Co. Instead, they
most likely originate from Pt remaining on the surface, even after most of the Pt
had intercalated. This is consistent with the CLSM image shown in Figure 6.5. A

similar observation was reported for Au [218].

Sample C was prepared by using CCS, followed by intercalation and in-situ inves-
tigation. [In-situ investigation was chosen to avoid any sample modification due
to air exposure or subsequent annealing after reinsertion into the vacuum. These

potential modifications include the diffusion of Co into the substrate, Si diffusion
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Figure 6.16: XAS image of a sample of type A after intercalation of 2.6 nm Co and
4 A Pt.

into to the Co-layer, and the possibility of a structural rearrangement [209]. The
corresponding XAS image is presented in Figure 6.15 (C1). It differs clearly from
Figures 6.15 (A1) and 6.15 (B1) in that it exhibits two types of alternating terraces.
One type is depicted in homogeneous gray, while the other is displayed in lighter
gray with numerous dark dots indicating defects. The dot defects are most probably
dewetted Pt remaining on the surface. This common phenomenon is caused by
minimizing the surface free energy upon thin film annealing [219]. After further
annealing, such dot defects can merge into larger ones, as visible in Figures 6.15 (A1)
and 6.15 (B1). The terraces with dot defects are lighter than those without. This

can be attributed to Co accumulation on them.

Information about the local chemical properties of the different identified regions
has been gained by XAS intensity spectra. Figure 6.17 shows the spectra of the
continuous region, the terraces, and the step edges of sample A, marked in Fig-
ure 6.15 (A1). Only the signal-to-noise ratio and the background shape differ between
the spectra, indicating no chemical differences between the Co within the different
areas. Furthermore, no oxide components are visible. The branching ratio of all
areas is in the interval of [0.63;0.67]. These results are comparable for the other

samples.
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Figure 6.17: XAS intensities of the three different areas of sample A, measured
around the Co Lj-edge. The areas are marked in Figure 6.15 (Al).

In-plane magnetization angles

The in-plane magnetization angles of all samples show a texture-rich structure
with different spin vortex formations, indicating a strong DMI. These structures are

discussed in the following, together with some close-ups of the magnetic formations.

Sample A: The continuously covered region in Figure 6.15 (A1) also differs from
the rest by its magnetic structure. The magnetization direction in this region is
much more uniform than it is in the stepped ones, as displayed in Figure 6.15 (A2).
This is probably caused by reduced DMI due to the increased thickness of the
Co-layer [220]. In contrast, the other sample areas are much more diverse and show
many structural features. More than 40 strongly pronounced and many more weaker
vortices can be found, indicating a much stronger DMI than in the continuously
covered area [221]. As an example, one vortex is shown in the close-up in Figure 6.18.
To further analyze these vortices, the in-plane and out-of-plane component in this
region are considered. Due to experimental uncertainties, it is particularly difficult to
accurately estimate the ratio of the in-plane component to the out-of-plane component.

However, using an approximation for a small out-of-plane component has almost the
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same result as the full analysis. This indicates that the sample is primarily in-plane
magnetized. Additionally, this was confirmed by magneto-optical Kerr effect (MOKE)
measurements. This effect describes how linear polarized light becomes elliptically
polarized when reflected off a magnetic surface [80]. The direction of polarization of
the light concerning the light’s propagation direction and the sample surface allows the
distinction between in-plane and out-of-plane magnetization. All samples investigated
showed a hysteresis curve using light with longitudinal and transversal polarization
direction, indicating in-plane magnetization. As an example, Figure 6.19 shows the
magnetic hysteresis curve of sample A taken with light polarization in transversal
direction. Using light polarized in polar direction, no hysteresis curve was detected,
meaning no significant out-of-plane magnetization was present. Consequently, the
vortices are merons. In fact, all samples are primarily in-plane magnetized, which is
in contrast to the results of studies of similar systems [16, 37]. Since the PtSi bonds
are the main difference from other systems, they are most likely the reason for the

absence of significant PMA in the studied system.
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Figure 6.18: Close-up of the in-plane magnetization angle of sample A marked in
Figure 6.15 by a black rectangle. It shows a meron, highlighted by a dark circle.
Arrows indicate the spin direction. Values of x and y are equal to those in the full
images.
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Figure 6.19: Magnetic hysteresis curve from MOKE measurements of sample A
taken with light polarization in transversal direction.

Sample B: Even though the Co-layer in Figure 6.15 (B1) appears to be more
continuous than in the striped areas in Figure 6.15 (A1), the magnetic orientation
shown in Figure 6.15 (B2) seems similar to the stepped regions in Figure 6.15 (A2).
This sample also shows numerous vortex formations over the entire surface. A total
of over 50 relatively large vortices can be identified. In addition, one bimeron was
found, which can be seen in the close-up in Figure 6.20. The centers of the anti-vortex
(bottom) and the vortex (top) are marked. Remarkably, the anti-vortex and the
vortex are surrounded by domains with different spin orientations, which seems to

be the reason for the formation of this particular bimeron.

Sample C: The magnetic in-plane angle of the third sample is presented in Fig-
ure 6.15 (C2). It is particularly striking that the two types of terraces visible in
Figure 6.15 (C1) do not differ in their magnetic structure. As an aside, this reinforces
the assumption that the dots in Figure 6.15 (C1) represent Pt, which remains on the
sample surface even after the interaction. Furthermore, the edges between the two

types of terraces also do not change the magnetization angle.
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Figure 6.20: Close-up of the in-plane magnetization angle of sample B marked
in Figure 6.15 by a black rectangle. It shows a particularly large bimeron. Its
anti-vortex (bottom) and the vortex (top) are highlighted by a dark circle. Arrows
indicate the spin direction. Values of x and y are equal to those in the full images.

The magnetic structure is primarily homogeneous, with many smaller domains of
different spin orientations. This indicates that the intercalated Co appears to have
formed a relatively homogeneous layer. The disorder in the other samples may be
associated with the additional annealing after reinsertion into the vacuum. At the
boundaries of the domains to the dominant spin direction, once again, a large number
of spin vortices are present. In addition to many weak vortex features, nearly 50
merons and over 20 bimerons are clearly visible. The potential influence of the
numerous dot defects on the formation of the merons and bimerons was analyzed
by comparing their location in the chemical and magnetic contrast images. No
correlation was found, indicating no pinning with a contribution of the defects. Thus,
the formations are solely stable due to topological protection [222]. One bimeron is
shown in the close-up in Figure 6.21. The center of the anti-vortex (left) and the
vortex (right) are marked. Compared to the bimeron of sample B, the ones found for

sample C are much more compact. Even more interestingly, some of them appear to
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be isolated. They are not connected to the boundary of two in-plane domains but are

located in a region where, otherwise, only the dominant spin direction is present.
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Figure 6.21: Close-up of the in-plane magnetization angle of sample C marked in
Figure 6.15 by a black rectangle. It shows a bimeron. Its anti-vortex (left) and the
vortex (right) are highlighted by a dark circle. Arrows indicate the spin direction.
Values of x and y are equal to those in the full images.

6.4.3 Out-of-plane magnetization

Even though the magnetic out-of-plane component is relatively weak, its structure is
analyzed to gain further insights into the samples’ magnetic properties. For sample A,
the domains of the in-plane and the out-of-plane component are aligned very well. Its
out-of-plane component is shown in Figure 6.22. Regions with an in-plane component
pointing to the left (turquoise color) have a positive out-of-plane component, while
those pointing to the right (red-purple color) have a negative one. Considering
both components, it can be seen that there are mainly two types of domains in the
magnetic structure of sample A, which point in opposite directions. Consequently,

the merons are located in areas with a changing out-of-plane component, even though
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this component is small. The region of the close-up shown in Figure 6.18 is also
marked by a black rectangle, and the corresponding close-up of the out-of-plane

component is shown in the upper right.
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Figure 6.22: Magnetic out-of-plane component of sample A, presented in the first
row of Figures 6.15. The black rectangle indicates the area whose magnetic in-plane
component is shown in a close-up in Figure 6.18. The corresponding close-up of the
out-of-plane component is shown in the upper right. The position of the meron is
highlighted by a blue circle.

In contrast to sample A, the out-of-plane component of sample B, shown in Fig-
ure 6.23, does not align with its in-plane component. Only very few domain walls
follow the same path in both the in-plane and out-of-plane component. As a conse-
quence, for this sample, the merons and bimerons are not positioned closely to the

domain walls of the out-of-plane domains.

As for sample A, the in-plane and out-of-plane component of sample C are aligned
almost perfectly. The corresponding out-of-plane component is shown in Figure 6.24.
The alignment also results in mainly two types of domains pointing in opposite di-

rections in both the in-plane and out-of-plane component. Regions with an in-plane
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Figure 6.23: Magnetic out-of-plane component of sample B, presented in the second
row of Figures 6.15. The black rectangle indicates the area whose magnetic in-plane
component is shown in a close-up in Figure 6.20. The corresponding close-up of the
out-of-plane component is shown in the upper right. The positions of the bimeron’s
anti-vortex (bottom) and the vortex (top) are highlighted by a blue circle.

component pointing to the top-left (blue color) have a negative out-of-plane compo-
nent, while those pointing to the bottom-right (red color) have a positive one. As
a consequence, the merons are located at domain walls of the out-of-plane compo-
nent. Moreover, most bimerons are positioned in such a way that their vortex and
anti-vortex are located on two sides of an out-of-plane domain. The close-up region
shown in Figure 6.18 is also marked by a black rectangle, and the corresponding

close-up of the out-of-plane component is shown in the upper right.

At last, the orientation of the magnetic domains was compared to the direction of
the step edges. For sample A and C, no correlation was found at all between the
magnetic domains and step edges. For sample B, the direction of many magnetic
in-plane domains is almost parallel to the step edges and a few domain walls are at
the position of step edges. However, the alignment of the domains of sample B does

not appear to be correlated with the direction of the step edges, as the vast majority
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Figure 6.24: Magnetic out-of-plane component of sample C, presented in the third
row of Figures 6.15. The black rectangle indicates the area whose magnetic in-plane
component is shown in a close-up in Figure 6.21. The corresponding close-up of the
out-of-plane component is shown in the upper right. The positions of the bimeron’s
anti-vortex (left) and the vortex (right) are highlighted by a blue circle.

of the domains reach over them instead of being confined or otherwise influenced
by them. In conclusion, the orientation of the step edges is not correlate with the

orientation or shape of the magnetic domains.
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6 Results and Discussion
6.4.4 Summary

To end this section, a concluding summary of the results obtained using X-PEEM is
provided below. The three investigated samples, sample A (CCS, ez-situ), sample B
(PASG, ez-situ), and sample C (CCS, in-situ), differ in both the chemical structure

and in the magnetic structure of their Co-layer.

The chemical contrast images revealed two distinct features: step edges, which were
visible due to a reduced amount of cobalt caused by graphene stripe-formation, and
numerous defects associated with remaining Pt.

Sample A: It appears that sample A has the most pronounced step edges. Uniquely
for this sample type, it has been observed that pm-sized continuously covered regions
appeared, associated with a local Co accumulation. It is possible that these regions
could form as a result of the significant height of the steps in this sample type. This
makes even distribution of the Co across steps more difficult.

Sample B: The flatter steps of sample B led to a weaker contrast between the step
edges and the terraces. Moreover, only for this sample many segments of the step
edges are covered by the Co.

Sample C: The defects of sample C are smaller in size and higher in number than
those of samples A and B. This indicates the defects to be Pt remaining on the
surface, even after most of the Pt had intercalated. The additional annealing of
samples A and B after they have been reinserted into the vacuum caused their

individual Pt-defects to merge into fewer and larger ones.

As proven by XAS intensity spectra, the chemical properties of the Co-layer are not
affected differently by the terraces, step edges, or defects. Its magnetic structure
also does not correlate with the step edges or defects. Neither are the magnetic
domains restricted by the step edges, nor is their value or orientation influenced
by crossing them. This is true for the in-plane and out-of-plane components. This
observation differs from the findings for the system graphene/Co/SiC(0001) without
Pt as a diffusion barrier. In this system magnetic alignment along the step-edges
was reported [38]. Moreover, the position of the dot defects is not connected with
those of the merons or bimerons identified in the structure. Therefore, it can be
concluded that the defects do not cause any pinning, and the stability of the magnetic

formations is solely due to topological protection.
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The samples appear to be primarily in-plane magnetized, which means that there is
no significant PMA. The presence of PtSi bonds in the studied system may be the
reason for this, as they represent the main distinguishing factor from similar systems
with PMA.

The domains of the in-plane and the out-of-plane components of samples A and C
are aligned very well. Both sample types display mainly two types of domains in
the magnetic structure, pointing in opposite directions. In contrast, for sample B,
the components are not aligned in any noticeable way. The cause of this is yet
to be determined. It seems that the samples with higher steps result in the two
magnetic components being connected. One possible explanation for this discrepancy
may be related to differences in the relative strength of the two components for the
different types of samples. Further investigation is needed to say for sure, such as an
examination of further Co-layer thicknesses. Moreover, many differences in the in-
plane magnetic structure of the different sample types were found. The continuously
covered region of sample A showed a magnetic structure without any merons. It
was much more uniform, similar to a bulk structure, in comparison to in the stepped
regions. This is explained by a reduced DMI due to the increased thickness of the
Co-layer in this region. The in-plane magnetization structure of the stepped region
shows many small domains of different directions and numerous merons. This is the
same for the magnetic structure of sample B. One of the main differences observed
between samples prepared using CCS and those prepared using PASG is that the
latter exhibits a more even distribution of Co, which results in the absence of regions

without merons.

In contrast to the ez-situ samples, which show many small domains, sample C shows
a predominantly homogeneous magnetic structure with numerous smaller domains
of different spin orientations. The transition from a single primary spin direction
to many small domains may have been caused by the additional annealing process
after reinsertion into the vacuum. It is worth noting that the required annealing
temperature was relatively high, i.e. the same that was needed to induce cobalt
interaction, and the annealing time was quite long at half an hour. These conditions
may have caused the alteration in the magnetic structure. At the boundaries of the
domains of sample C to the dominant spin direction, again numerous merons and

bimerons are present. The bimerons are very compact in size. Some of them appear
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to be isolated, meaning they are not connected to the domain wall separating two
larger in-plane domains. Since no such bimerons were found in the ex-situ samples,

it is possible that the additional annealing step may also cause this to change.
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Conclusion

This work presented the successful preparation and comprehensive investigation
of a G/Co/Pt multilayer system on SiC. The sample preparation was realized in
two steps. First, the (6v/3 x 6+v/3) R30°-reconstruction of the SiC(0001) surface
was prepared using either the CCS or the PASG method. Subsequently, Pt- and
Co-layers were prepared beneath the reconstruction by intercalation. The sample
system’s structural, chemical, and magnetic properties were investigated using LEED,
XPS, and PEEM. Different preparation variations were used to investigate possible
changes in the resulting samples. While the results obtained by LEED and XPS
were unaffected regardless of the sample type, the magnetic structure was proven to

differ depending on the preparation.

Initial systematic UV-PEEM investigations were used to determine the annealing
temperatures required to induce the intercalation of platinum and cobalt. The
corresponding images of the bare buffer layer show bright stripes restricted by dark
lines. These lines reflect the step edges originating from the substrate’s unavoidable
miscut angle. The additional monolayer graphene forming at these is the origin of
the step edges contrast. After metal deposition, the structure is no longer visible.
Even for the thinnest Pt layer thickness investigated, which was only 2 A thick, no
steps were observed at all. This indicates a highly homogeneous coverage. After
platinum coverage and subsequent annealing at 550 °C, the step structure reappeared
in a weak manner. This represented wetting of the platinum on the surface. The full
structure reappeared after intercalation, which occurred at an annealing temperature
of Tp, = 725°C [72]. The intercalation of cobalt was found to be induced for an
annealing temperature of T, = 325°C [38].

Subsequently, LEED and XPS were used to analyze the structural and chemical

properties of the system in every state of the preparation. The platinum intercalation
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lifts the (6v/3 x 6v/3) R30°reconstruction by which it becomes quasi-freestanding
graphene. In the LEED images, the transformation can be seen in the fact that
the spots of the reconstruction remain absent after intercalation, while those of the
substrate and graphene reappeared. Additionally, new spots emerged, showing the
platinum arranging in a (4v/3 x 44/3) R30°-reconstruction. Moreover, the Pt-layers
are growing in pm-sized hexagonal structures, as visible in CLSM images. In the XPS
spectra, the transformation of the buffer layer into quasi-freestanding graphene was
proven by an increase in the graphene component in the C 1s XPS spectra, together
with a decrease of the components associated with the buffer layer. Furthermore, the
intercalation of platinum led to the formation of PtSi, Pt,Si, and Pt4Si, as visible
in the Pt 4f and Si 2p spectra. Small signals of these silicides were already present
before annealing, which shows that part of the platinum did intercalate even without
thermal activation. After intercalation, the substrate stays in direct contact with
the Pt-layer, which changes the coulomb environment of its uppermost layers. As a
consequence, two additional components appeared in the C 1s and the Si 2p spectra,
reflecting these layers [47, 72, 213, 214].

The intercalation of cobalt caused a (1 x 1) R30°reconstruction with respect
to the graphene pattern to appear in the LEED image, which was attributed to
the intercalated Co-layer [209]. Next to it, only the graphene pattern reappeared.
All other former spots remained absent. This is due to the high thickness of the
the Co-layer preventing low-energy electrons from traveling through it, resulting
in the absence of diffraction signal of the deeper buried layers. The XPS spectra
indicated that there were no chemical changes resulting from the intercalation process,
specifically no formation of cobalt-silicide. Thus, the subsequent intercalation of
platinum successfully prevented these formations from occuring. To prove the
intercalation, ARXPS spectra were taken. These show that the graphene layer is
positioned above the Co-layer after annealing. In summary, the sample system
was prepared as desired. It is expected that the absence of cobalt-silicides and the
crystalline structure of the layers are of significant advantage for the formation of

magnetic structural features.

Finally, the magnetic structure of the embedded Co-layer was investigated using X-
PEEM in combination with XMCD at the Co Lj-edge. First and foremost, numerous

merons and bimerons were detected for all samples analyzed.
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The chemical contrast images showed the system’s step edges and surface defects.
The defects represent Pt remaining on the surface, even after intercalation. The
comparison of samples prepared in-situ and ex-situ showed that these initially small
and numerous defects merge into larger ones due to additional annealing. High
step edges cause the accumulation of cobalt in small regions in which the surface is
continuously covered. The height of the steps seem to impede an even distribution
of cobalt on their surface. Samples with flatter steps show no cobalt accumulation.
Moreover, flatter steps causes cobalt to cover many segments across the step edges.
In the area with Co accumulation, i.e., where the Co-layer is thicker, there are
no magnetic vortices due to reduced DMI. It appeared more like a magnetic bulk

structure.

As proven by XAS intensity spectra, the local chemical properties of the Co-layer
do not differ in the region of terraces, step edges, or defects. Its magnetic structure
also does not correlate with the step edges or defects. It is particularly noteworthy
that the positions of the dot defects do not correlate with those of the merons or
bimerons. This excludes pinning with a contribution of the defects. Consequently,

the systems merons and bimerons are solely stable due to topological protection.

Furthermore, all samples were found to be primarily in-plane magnetized. The
absence of PMA is associated with the PtSi bonds, as they are the main difference

from similar systems with PMA.

Regarding the domains of the in-plane and the out-of-plane component, samples
prepared using CCS showed the two magnetic components to be connected. This
was not the case for samples prepared using PASG. It is possible that the relative
strength of the two components is different for the samples prepared by the two
methods. Further research is needed to answer this question, such as investigating

more Co-layer thicknesses.

Samples prepared ex-situ showed a magnetic structure with numerous small domains
of different directions. In contrast, the magnetic structure of the sample prepared
in-situ was primarily homogeneous, with one preferred direction and many smaller
domains oriented in the opposite spin direction to the preferred one. This change
from one primary spin direction to many small domains seems to be caused by

the additional annealing step of the ex-situ samples after their reinsertion into the
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vacuum. The required annealing temperature and time are relatively high, which
may cause the changes in the magnetic structure. Moreover, the bimerons of the
in-situ samples were very compact in size and appeared to be isolated. Additional
annealing also changes this. Future studies could combine the advantages of a lower
step high and no additional annealing and investigate the magnetic structure of
samples prepared with PASG and treated in-situ. A capping layer could also be
used to reduce the necessary temperature or time of the additional annealing step or

make it obsolete at all.

In conclusion, this study comprehensively investigated the structural, chemical,
and magnetic properties of the graphene/cobalt/platinum multilayer system on
silicon carbide. The crystalline structure of each of the system’s layers, as well as
chemical bonds such as platinum silicides and an altered coulomb environment of the
uppermost SiC layers, were detected. The magnetic structure of the system’s Co-layer
was found to host numerous merons and bimerons. Moreover, the structure itself
was found to be strongly dependent on the type of preparation. These results are a
solid foundation for future investigations of similar sample systems and applications

in spintronics.
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XPS fit parameters

In this Section, the XPS fit parameters used to generate Figures 6.8-6.11 are pro-

vided.

A.1 Carbon 1s

©/°  Comp. Ey,/eV  AE.,/eV FWHM/eV A/% Q
0  graphene || 161.31 0 1.06 6.6 0.112
S1 160.97 -0.34 0.98 15.9 0
o S2 160.38 -0.93 1.02 31.8 0
n SiC 162.21 0.90 0.94 45.8 0
=
8 60 graphene || 161.23 0 1.19 21.7 0.112
S1 160.89 -0.34 1.11 20.4 0
S2 160.30 -0.93 1.11 40.8 0
SiC 162.12 0.89 1.02 17.1 0
0  graphene || 161.30 0 1.15 17.3  0.112
S1 160.96 -0.34 1.07 15.1 0
% S2 160.36 -0.94 1.06 30.2 0
g SiC 162.19 0.89 0.82 374 0
Q 60 graphene | 161.16 0 1.02 36.7 0.112
= S1 160.88 -0.28 1.07 15.9 0
S2 160.28 -0.88 1.06 31.7 0
SiC 162.12 0.97 0.98 15.8 0
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A XPS fit parameters

©/°  Comp. Ey,/eV  AE,/eV FWHM/eV A/% Q

0  graphene || 161.31 0 0.74 69.8 0.112
S1 160.98 -0.34 0.86 2.2 0

S2 160.39 -0.93 0.86 4.4 0

SiC 162.21 0.89 0.78 5.9 0

% SiC’ 162.74 1.42 0.78 6.3 0
g SiC” 163.30 1.99 0.78 11.5 0
é 60 graphene | 161.19 0 0.74 87.7 0.112
O S1 160.85 -0.34 0.86 1.8 0
S2 160.26 -0.93 0.86 3.7 0

SiC 162.08 0.89 0.78 0.6 0

SiC’ 162.61 1.41 0.78 1.4 0

SiC” 163.18 1.99 0.78 4.8 0

0  graphene || 161.52 0 0.66 78.5  0.112
S1 161.18 -0.34 0.86 1.1 0

S2 160.59 -0.93 0.86 2.1 0

O SiC 162.43 0.90 0.78 2.6 0
N SiC’ 162.95 1.43 0.78 4.8 0
§ SiC” 163.43 1.90 0.78 10.9 0
% 60 graphene || 161.48 0 0.74 89.5 0.112
g S1 161.14 -0.34 0.74 1.1 0
S2 160.55 -0.93 0.74 2.2 0

SiC 162.37 0.89 0.66 1.1 0

SiC’ 162.90 1.42 0.66 2.7 0

SiC” 163.37 1.89 0.66 3.5 0
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6/° Comp. | BEy,/eV AE,/eV FWHM/eV A/% «

0  graphene || 161.47 0 0.74 85.2  0.112

o SiC 162.37 0.90 0.74 3.3 0

%ZJ SiC’ 163.31 1.84 0.74 6.4 0

° SiC” 162.89 1.43 0.74 5.2 0
[al

g 60 graphene || 161.48 0 0.78 95.4 0.112

o SiC 162.37 0.90 0.74 1.2 0

SiC’ 163.32 1.84 0.70 2.2 0

SiC?” 162.90 1.43 0.70 1.2 0

Table A.1: Parameters for fitting the C 1s XPS spectra shown in Figures 6.8.
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A XPS fit parameters

A.2 Silicon 2p

©/° Comp. | Ey,/eV AE,/eV FWHM/eV A/% «a Egoc/eV
o 0 SiC 74.85 0 0.65 958 0 0.61
&f;z 6v3 74.33 -0.52 0.65 42 0 0.61
5 60  SiC 74.87 0 0.68 951 0 0.61
63 74.35 -0.52 0.68 49 0 0.61
QO 0 SiC 74.90 0 0.70 98.2 0 0.61
Cg 6v/3 74.38 -0.52 0.71 1.8 0 0.61
% 60  SiC 74.91 0 0.78 983 0 0.61
A 63 74.39 -0.52 0.78 1.7 0 0.61
0 SiC 74.84 0 0.72 234 0 0.61
63 74.32 -0.52 0.73 21 0 0.61
SiC’ 74.04 -0.80 0.72 1.6 0 0.61
SiC” 73.37 -1.47 0.73 04 0 0.61
Si-Si 75.36 0.52 0.73 187 0 0.61
Pt,Si || 75.87 1.03 0.60 274 0 0.61
Pt,Si | 76.54 1.70 0.60 169 0 0.61
% Pt,Si | 76.94 2.10 0.52 91 0 0.61
s Sitt 71.44 -3.40 0.45 04 0 -
Q 60  SiC 74.80 0 0.75 192 0 0.61
O 6v/3 || 74.28 0.52 0.75 12 0 0.61
SiC’ 74.00 -0.80 0.75 28 0 0.61
SiC” 73.33 -1.47 0.75 21 0 0.61
Si-Si 75.32 0.52 0.75 173 0 0.61
Pt,Si || 75.83 1.03 0.63 278 0 0.61
Pt,Si || 76.50 1.70 0.63 21.0 0 0.61
Pt,Si || 76.90 2.10 0.54 81 0 0.61
Si, Sat || 71.40 -3.40 0.45 05 0 -
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©/° Comp. || E,,/eV AE,,/eV FWHM/eV A/% o Egoq/eV

0 SiC 75.16 0 0.70 155 0 0.61
613 74.64 -0.52 0.71 16 0 0.61

SiC’ 74.36 -0.80 0.70 23 0 0.61

SiC” 73.69 -1.47 0.70 15 0 0.61

Si-Si 75.68 0.52 0.71 194 0 0.61

Pt,Si || 76.19 1.03 0.59 239 0 0.61

Pt,Si || 76.86 1.70 0.59 176 0 0.61

Pt,Si | 77.26 2.10 0.51 107 0 0.61

. Si, Sat | 71.13 -3.40 0.45 06 0 -
%f;z Si*t 73.05 2.11 1.06 0 0 0.61
° Co3s 76.11 0.95 1.26 70 03 0.6
% 60  SiC 75.15 0 0.82 186 0 0.61
Q? 6v/3 74.63 -0.52 0.83 1.9 0 0.61
SiC’ 74.35 -0.80 0.82 68 0 0.61

SiC” 73.68 -1.47 0.82 49 0 0.61

Si-Si 75.66 0.51 0.82 142 0 0.61

Pt,Si || 76.18 1.03 0.67 186 0 0.61

Pt,Si | 76.85 1.70 0.70 174 0 0.61

Pt,Si | 77.25 2.10 0.60 85 0 0.61

Si, Sat | 71.75 -3.40 0.53 0.7 0 -

Si3t 73.04 2.11 1.06 1.9 0 0.61

Co3s 76.10 0.95 1.39 6.6 0.3 0.6
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A XPS fit parameters

©/° Comp. || E,,/eV AE,,/eV FWHM/eV A/% a Egoc/cV

0 SiC 75.00 0 0.75 118 0 0.61
6v3 74.48 -0.52 0.75 0 0 0.61

SiC’ 74.20 -0.80 0.75 29 0 0.61

SiC” 73.50 -1.50 0.74 1.8 0 0.61

Si-Si 75.52 0.51 0.75 286 0 0.61

Pt,Si | 76.03 1.03 0.60 240 0 0.61

Pt,Si || 76.78 1.77 0.63 16.7 0 0.61

Pt,Si || 77.10 2.10 0.54 81 0 0.61

o Si, Sat || 71.63 -3.38 0.49 1.3 0 -
@A Si*t 72.90 2.11 0.98 1.5 0 0.61
E Co3s 75.95 0.95 1.31 3.4 031 0.6
%60 SiC 74.98 0 0.73 113 0 0.61
> 6v3 74.46 -0.52 0.73 0 0 0.61
SiC’ 74.18 -0.80 0.78 61 0 0.61

SiC” 73.48 -1.50 0.78 55 0 0.61

Si-Si 75.49 0.51 0.73 229 0 0.61

Pt,Si | 76.01 1.03 0.60 205 0 0.61

Pt,Si || 76.72 1.74 0.60 173 0 0.61

Pt,Si || 77.08 2.10 0.55 78 0 0.61

Si, Sat | 71.66 -3.32 0.49 15 0 -

Si?t 72.86 -2.12 0.95 49 0 0.61

Co3s 75.93 0.95 1.27 2.2 0.31 0.6

Table A.2: Parameters for fitting the Si 2p XPS spectra shown in Figures 6.9.

106



A.3 Platinum 4f

©/° Comp. || Ey,/eV  AE,/eV FWHM/eV A/% «a Egoc/eV

0 Pt 185.05 0 0.99 69.8 0.09 3.3l

Pt,Si || 184.34  -0.62 0.99 256 0.09  3.31

®) Pt,Si || 183.70  -1.35 0.99 26 009 331
[p]

5 Pt,Si || 183.10  -1.95 0.99 20 009 331

© 60 Pt | 184.99 0 1.02 721 009 331

A Pt,Si || 18437  -0.62 1.02 233 0.09 331

Pt,Si || 183.64  -1.35 1.02 25 009 331

Pt,Si || 183.04  -1.95 1.04 21 009 331

0 Pt 184.87 0 0.94 06 009 331

Pt,Si || 18425  -0.62 0.94 99 009 331

®) Pt,Si | 18352  -1.35 0.94 81.3 0.09 331
N

g Pt,Si || 18292  -1.95 0.94 82 009 331

& 60 Pt 185.16 0 0.92 07 009 331

© Pt,Si || 184.54  -0.62 0.92 11.0 009  3.31

Pt,Si || 18381  -1.35 0.91 776 009  3.31

Pt,Si || 18321  -1.95 0.92 10.7 0.09  3.31

0 Pt 185.33 0 0.87 08 009 331

o Pt,Si || 18471  -0.62 0.87 114 009 331

7 Pt,Si || 183.98  -1.35 0.87 782 009  3.31
]

c Pt,Si || 18338  -1.95 0.87 97 009 331
ol

o 60 Pt 185.33 0 1.01 07 009 331

S Pt,Si || 18471  -0.62 1.01 12.7 009  3.31

Pt,Si || 183.98  -1.35 1.00 79.7 009  3.31

Pt,Si || 18338  -1.95 1.00 69 009 331
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A XPS fit parameters

©/° Comp. | By, /eV AEy,/eV FWHM/eV A/% o Egoo/eV
0 Pt 185.27 0 0.88 0.6 009 331
o Pt,Si || 184.65  -0.62 0.87 58 0.09  3.31
& Pt,Si | 183.92  -1.35 0.88 836 009  3.31
g
8 Pt,Si | 18332  -1.95 0.88 10.0 0.09  3.31
ol
S 60 Pt 185.24 0 0.92 09 009 331
> Pt;Si | 184.62  -0.62 0.92 59 0.09 331
Pt,Si | 183.89  -1.35 0.91 825 009 331
Pt,Si | 132.28  -1.95 0.91 10.6 009  3.31

Table A.3: Parameters for fitting the Pt 4f XPS spectra shown in Figures 6.10.

The height ratio is between 0.74 and 0.75 for all components. [223].
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A.4 Cobalt 3p

©/° Comp. || E,/eV AE,,/eV FWHM/eV A/% «  Egoc/eV
0 Co 117.62 0 1.37 733 0305  0.60
Co, Satl | 118.67 1.05 1.37 6.8 0.305  0.60
Co, Sat2 | 11627  -1.35 1.37 180 0.305  0.60
5 Pt,Si || 123.90 6.28 2.35 20 0.101  14.74
v;z Pt,Si 123.35 5.74 2.41 0.7 0.101  14.74
8 Pt,Si || 124.48 6.86 1.77 02 0.101  14.74
% 60 Co 117.50 0 1.45 740 0305  0.60
O? Co, Satl | 118.55 1.05 1.45 6.9 0305  0.60
Co, Sat2 | 116.15  -1.35 1.45 18.0 0.305  0.60
Pt,Si || 123.78 6.28 2.57 1.0 0.101  14.74
Pt,Si || 123.24 5.74 2.52 0.1 0.101  14.74
Pt,Si || 124.37 6.86 1.99 0.1 0.101  14.74
0 Co 117.11 0 1.74 58.7 0.305  0.60
Co, Satl | 118.16 1.05 1.73 55 0305  0.60
Co, Sat2 | 116.76  -1.35 1.73 11.7 0305  0.60
o Pt,Si || 123.39 6.28 2.70 19.9 0.101  14.74
7 Pt,Si || 122.85 5.74 2.67 23 0.101  14.74
§ Pt,Si || 123.98 6.86 2.46 2.0 0.101  14.74
% 60 Co 117.22 0 1.73 63.8 0.305  0.60
> Co, Satl | 118.27 1.05 1.73 59 0305  0.60
Co, Sat2 | 11587  -1.35 1.73 12.7 0305  0.60
Pt,Si || 123.50 6.28 2.72 145 0.101  14.74
Pt,Si || 122.95 5.74 2.67 1.7 0101  14.74
Pt,Si || 124.08 6.86 2.36 14 0101  14.74

Table A.4: Parameters for fitting the Co 3p XPS spectra shown in Figures 6.11.

For all Co components, the height ratio is 0.6. The height ratio of all Pt components

is 0.75.
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Solution to the equation system
used to calculate the surface

magnetization components using
X-PEEM data

As discussed in Section 3.3.2, combining X-PEEM images recorded at three equidis-
tant angles ¢ leads to an analytically solvable system of equations regarding Equa-
tion 3.16. In the present study, images were taken at 0°, 90°, and 180°. As a result,
M|, ¢, and M, can be determined for each pixel of the field of view. The resulting
images can be analyzed, e.g., for the relative strength of the in- and out-of-plane

components and for structures.

The solution to the equation system is presented in the following. The data were
normalized, which reduced the range of values for the in- and out-of-plane components.

For the sake of simplicity, I is always used instead of Ixyicp-

m : In-plane magnetization strength; 7 € [0, 1]
¢, : In-plane orientation; ¢, € [0, 2m)

m, : Out-of-plane magnetization strength; m , € [—1,1]
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B Solution to the equation system used to calculate the surface magnetization

components using X-PEEM data

The equation system is given by:

112

IT
I1I

IT
I1I

(I+111) /2

IT

I(0°) = my - cos (0° + @) + 1
1(90°) = my - cos (90° + ) + M|
I(180°) = mH - COS (1800 + ¢0> + W’LL

1(0°) = my - cos (¢g) + 1
1(90°) = —m, - sin (¢g) + M|
I(180°) = —my - cos (¢g) + My

_ I(0°) + I(180°)

m, = 9

1(0°) + I(180°)
2

1(0°) = m - cos (Pg) +

1(0°) — 1(180°)
2

my - cos (¢g) =

1(0°) + 1(180°)

1(900) = —m” - sin (Qbo) + 9

1(0°) + I1(180°) — 2 - 1(90°)
2

m -sin (¢g) =

(B.8)

(B.9)

(B.10)

(B.11)



In the following, three different cases and associated sub-cases are analyzed sepa-

rately.

Case 1: 1(0°) = I(180°)

1.1 my =0 < I(0°) = I(180°) = [(90°) = 71, (B.12)
= ®o: Undefined

1.2 ¢, € {g 37”} & I(0°) = I(180°) = 7, # 1(90°) (B.13)
1.2.1 b = g = sin(gy) =1 (B.14)
11 my = 10+ 1(180; —2 1507 (B.15)
1.2.2 b = 37” = sin(¢y) = —1 (B.16)
0 oy 2. 1(90°) — (I;0°) +1(180°)) (B17

The condition my > 0 can be used to determine whether Case 1.2.1 or Case 1.2.2 is

present:

1(0°) + I(180°) — 2 - 1(90°) > 0
= 1.2.1 ¢ = g (B.18)

1(0°) + I(180°) — 2 - 1(90°) < 0

= 122 ¢, = 37” (B.19)
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B Solution to the equation system used to calculate the surface magnetization

components using X-PEEM data

Case 2: 1(0°) + I(180°) — 2 - I(90°) = 0 A 1(0°) # I(180°) # I(90°)
=@, € {0; 7} (B.20)

2.1 by =0=m = 1(0°) _21080()) (B.21)

2.2 by =7 =m = I<18OO>2_ 1(0°) (B.22)

Again, the condition my > 0 can be used to determine whether Case 2.1 or Case 2.2

is present:

I(0°) —1(180°) >0
= 21¢,=0

1(0°) — I(180°) < 0

Case 3:  I(0°) # 1(180°) # 1(90°) A 1(0°) + I1(180°) — 2 - 1(90°) + 0
1(0°) + I(180°) — 2 - 1(90°)

H/I tan (¢0) = I(Oo) _ 1(1800)
B 1(0°) + I(180°) — 2 - I(90°)
0o = arctan ( 1(0°) — 1(180°) )

—_T.T

The range of values for arctan (z) is limited to (5 %)

(B.23)

(B.24)

(B.25)

(B.26)

. Other angles can be deter-

mined using Equations (B.9) and (B.11), and the condition 7, > 0 as described in

the following:
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3.1:

I1(0°) —I(180°) >0

A

I(0°) + I(180°) —2-1(90°) >0

=

3.2

I(0°) — I(180°) >0

A

I(0°) + I(180°) —2-1(90°) <0

=

3.3:

I(0°) —1(180°) <0

A

I(0°) + I(180°) —2-1(90°) >0

=

3.4:
1(0°) — 1(180°) < 0

A

1(0°) + 1(180°) — 2 - 1(90°) < 0

=

I = ¢y € (0;7/2)V (3m/2;2m)

II = ¢, € (0;7)

¢o € (0;7/2)

I = ¢y € (0;7/2) V (3m/2;2m)

II = ¢, € (m;2m)

¢y € (3m/2;2m)

I = ¢y € (n/2;31/2)

II = ¢y € (0;7)

¢o € (7/2;7)

I = ¢y € (n/2;31/2)

II = ¢, € (m;2m)
¢o € (m;3m/2)
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B Solution to the equation system used to calculate the surface magnetization

components using X-PEEM data

The angles calculated using Equation (B.26) have to be corrected:

3.1:
3.2:
3.3:
3.4:

¢O = qbcalculated
Qb() - ¢calculated + 27
¢O = ¢calculated +m

¢O = ¢calcula‘ced +m

Lastly, m)| can be determined using Equations (B.9) or (B.11):

or

II
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1(0°) — I(180°)
2 - cos (¢y)

my =

1(0°) + I(180°) — 2 - 1(90°)

my =

2 - sin (o)

(B.43)

(B.44)



Appendix

Overview of the X-PEEM images
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Figure C.1: Overview of the X-PEEM images and close-ups of sample A.
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C Overview of the X-PEEM images

y/pm

y/pm
y/um

0.75

0.50

0.25

y/pm

0.00

-0.25

315 @ -0.50

-0.75

3% o6 07 08 09 1.0 T —1.00
X/ pum

Figure C.2: Overview of the X-PEEM images and close-ups of sample B.
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Figure C.3: Overview of the X-PEEM images and close-ups of sample C.
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