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Abstract

Magnetic thin films with perpendicular anisotropy are widely studied as they
exhibit a broad spectrum of magnetic domain textures and compelling properties
for future spintronic and neuromorphic computing applications. A key factor
influencing domain behavior is the chirality of the surrounding domain walls,
which governs their stability, mobility, and topology. Since early research into
bubble domain materials in the 1960s, the properties and dynamics of domain walls
have been studied continuously. Although it has long been known that pinning
at material defects affects domain walls, the ability to study these interactions
at the microscopic level has been limited. Steady technological advancement in
ultrafast excitation techniques and x-ray imaging now enables new insights into

these nanometer-scale magnetic textures.

In this thesis, we examine how material defects and inhomogeneities affect the statics
and dynamics of chiral and topological spin structures. We focus on three case
studies, each targeting a distinct aspect of defect-induced magnetic behavior. For
each project, we develop and deploy x-ray imaging and characterization techniques
based on circular and linear magnetic x-ray dichroism contrast to resolve features
spatially on the nanometer scale and with picosecond time resolution, supported

by complementary measurements and modeling.

First, we investigate the impact of lateral inhomogeneities on the static domain
wall chirality in DyCo thin films. Our vector imaging technique reveals strong
lateral chirality variations imprinted by the local material properties, which appear

to be influenced by the initial as-grown domain state.

Second, we utilize vector x-ray imaging to analyze domain wall defects in all-
optically switched GdFe samples. Analysis of the defect density allows insights
into the switching and nucleation dynamics of the domain wall itself. We uncover
that post-nucleation domain wall propagation through an inhomogeneous material

matrix is the dominant nucleation channel for domain wall defects.

Third, we study the laser-induced nucleation and localization of magnetic skyrmions
in a patterned Co/Pt multilayer. We consolidate the homogeneous, exchange-
driven nucleation of skyrmions after laser excitation with the observation that
local anisotropy variations can induce a deterministic localization: We find that
the localization is determined by purely local stability characteristics that induce

skyrmion decay or proliferation.



iv Abstract

Our findings collectively demonstrate how lateral material inhomogeneities govern
both equilibrium configurations and dynamic processes of chiral and topological
magnetic textures, offering key insights for future device design and fundamental

studies of magnetic matter.



Contents

Abstract

1.

2.

Introduction

Fundamentals

2.1. Micromagnetism . . . . . . .. ..o
2.1.1. Magnetic exchange . . . . . . ... ... oL
2.1.2. Anisotropy . . . ... ..o
2.1.3. Stray fields — demagnetizing energy . . . . . . . . ... ...
2.1.4. Dzyaloshinskii-Moriya interaction . . . . . . .. ... .. ..
2.1.5. Applied magnetic fields — Zeeman energy . . . .. ... ..
2.1.6. Dynamics: The Landau-Lifshitz-Gilbert equation . . . . . .

2.2. Magnetic domain walls . . . . . ... ... L oo
2.2.1. Vertical Bloch lines . . . . .. ... ... ... ......
2.2.2. Field-driven domain wall motion . . . ... ... ... ...

2.3. Magnetic skyrmions . . . . . ... oL oo
2.3.1. The skyrmion stability model . . . . . . ... ... ... ..
2.3.2. Optical skyrmion nucleation . . . . . . ... ... ... ...

2.4. Ferrimagnetic rare-earth transition-metal alloys . . . . . . . .. ..

2.4.1. Helicity-independent all-optical switching . . . . .. .. ..

Experimental techniques

3.1. Accessing magnetic features with x-rays . . . . .. ... ... ...
3.1.1. Resonant x-ray absorption . . . . . .. ... ... ... ...
3.1.2. X-ray magnetic circular dichroism . . ... ... ... ...
3.1.3. X-ray magnetic linear dichroism . . ... ... ... ....

3.2. Synchrotron radiation-based techniques . . . . .. ... ... ...
3.2.1. Scanning x-ray transmission microscopy . . . . . . . . . ..
3.2.2. Small-angle x-ray scattering . . . . . ... ... ... .. ..
3.2.3. Fourier transform holography . . . .. ... ... ... ...
3.24. Summary . ... ..o

3.3. Auxiliary techniques . . . . . ... ... oL oo oL
3.3.1. MOKE and Kerr microscopy . . . . ... ... ... ....

3.3.2. Anomalous Hall effect measurements . . . . . . ... .. ..

10
10
11
12
12
13
15
16
18
20
22
24
25



vi Contents
3.3.3. SQUID magnetometry . . . . . ... .. ... ... ..... 45
3.34. Lorentz-TEM . . . .. ... ... ... . ... 46
4. Chirality variations in ferrimagnetic rare-earth transition-metal alloys 49

4.1. Introduction . . . . . . . . ... 49
4.2. Sample fabrication and characterization . . . . .. .. .. ... .. 51
4.3. XMLD vector imaging . . . . . . . .. .. ... Lo 53

4.3.1. Acquisition and reconstruction process . . . . . . . ... .. 53

4.3.2. Verification of reconstruction and integration of Lorentz-

TEM contrast . . . . . . . .. ... ..o 56

4.3.3. Resolution benchmark: Coherent XMLD vector imaging . . 58

4.4. Spatial variations of magnetic properties . . . . . . .. ... ... 60
4.4.1. Chirality variations in DyCo . . . . . ... ... ... ... 60
4.4.2. Micromagnetic investigation of the chirality variations . . . 62

4.4.3. Imprint of the as-grown domain state on material properties 64

4.5. Discussion . . . . . . ... 66
4.5.1. XMLD vector imaging as an experimental tool . . . . . .. 66
4.5.2. Lateral variations of chirality and composition . .. .. .. 67

Defects in magnetic domain walls after single-shot all-optical switching 69

5.1. Introduction . . . . . . .. ... L Lo 69

5.2. Materials & Methods . . . . . . . . ... ... .. ... ... ... 72
5.2.1. Materials . . . .. . . .. ... 72
5.2.2. Preparations . . . .. ... ... oL 73
5.2.3. XMCD vector spin imaging . . . . .. ... ... ... ... 74
5.2.4. Time resolved Kerr microscopy . . . . .. .. .. ... ... 75
5.2.5. Micromagnetic simulations . . . . .. ... ... .. 76

5.3. Results. . . . . . . . . e 76

5.4. Discussion . . . . . .. Lo 80

Skyrmion localization dynamics after optical excitation 83

6.1. Introduction . . . . . . . . . . . . ... ... e 83

6.2. Sample fabrication and characterization . . . . ... ... ... .. 85
6.2.1. Ionirradiation . . .. .. ... ... ... . 85

6.3. Quasistatic experiments . . . . . . . ... ... ... ... 87
6.3.1. Optical excitation . . . . ... ... ... ... ....... 87
6.3.2. Lorentz-TEM . . . .. .. ... ... ... .. ........ 89

6.4. Time resolved SAXS . . . . . . . . . . ... ... .o 90
6.4.1. Setup & experiment . . . . ... ... L. 90
6.4.2. Data treatment . . . . . . . .. ..o Lo 92
6.4.3. Results . . .. .. .. .. ... 95

6.4.3.1. Bragg peak analysis . . . .. ... ... .. .... 95

6.4.3.2. Analysis of integrated scattering intensity . . . . . 98



Contents vii

6.4.4. Atomistic spin dynamics simulation and interpretation . . . 99

6.4.5. Deriving the localization from the static skyrmion stability 101

6.5. Discussion . . . . . . ..o 104
7. Summary and outlook 107
A. Appendix 111
A.1. Temperature dependent SQUID measurements . . . . . ... ... 111
A.2. Determination of the magnetic anisotropy of DyCo . . . . . . . .. 112
A.3. Tilted sample XMCD vector imaging . . . . . . . . ... ... ... 113
A.4. Determination of micromagnetic properties of Co/Pt-multilayers . 116
A.5. XFEL probe beam intensity calibration . . . ... ... ... ... 119
List of Figures 122
List of Tables 123
Publications and Contributions 125
1. List of publications . . . . . . . .. ... ... ... ... ..., 125
2. List of conference talks . . . . . . ... ... o oL 126
Bibliography 127

Acknowledgments 143






Acronyms

ASD atomistic spin dynamics

DMI Dzyaloshinskii-Moriya interaction

DOS density of states

FTH Fourier transform holography

HAPRE holography-aided phase retrieval
HI-AOS helicity-independent all-optical switching
L-TEM Lorentz transmission electron microscopy
LH linear horizontal

LLG Landau—Lifshitz—Gilbert equation

LV linear vertical

MFM magnetic force microscopy

MOKE magneto-optical Kerr effect

NIR near infrared

OOP out-of-plane

PEEM photoemission electron microscopy

PMA perpendicular magnetic anisotropy

RE rare-earth

SAXS small-angle x-ray scattering

SEM scanning electron microscopy

SEMPA scanning electron microscopy with polarization analysis
STEM scanning transmission electron microscopy

STXM scanning transmission x-ray microscopy



X Acronyms

TM transition-metal

XAS X-ray absorption spectrum

XFEL x-ray free-electron laser

XMCD x-ray magnetic circular dichroism

XMLD x-ray magnetic linear dichroism



Chapter 1

Introduction

For many decades, magnetic thin films have been the focus of intense research and
engineering efforts. On the one hand, they allow for fine-tuning of their magnetic
properties by tuning not only their composition, but also the film thickness and
layer stacking, which is in contrast to their bulk counterparts. On the other
hand, magnetic thin films expose many unique magnetic phenomena: Not only are
magnetic textures within thin films uniquely accessible to experimental observation
techniques, their geometry also is the reason for many phenomena to emerge
in the first place. One such phenomenon is perpendicular magnetic anisotropy
(PMA). In a magnetic thin film with this property, the magnetization prefers to
align collinear with the film normal, such that the magnetization either takes the
magnetic state up or down. This binary distinction is the fundament for high
density magnetic storage media, as it allows the creation of sub-micrometer-sized
“bits” within a thin film that share one of these two magnetization directions.
Understanding the physics of such magnetization textures in the form of magnetic
domains on a fundamental level is not only the goal of countless research endeavors
but also necessary for advanced future magnetization-based information storage

and processing applications.

Of crucial importance for the behavior of magnetic domains are their boundaries,
called domain walls. In domain walls, the magnetization gradually rotates by 180°
from one perpendicular orientation to the other. The sense of the magnetization
rotation from up to down orientation within the domain wall defines its chirality.
Together with the domain wall width, this characteristic governs the behavior of the
domain wall and — in extension — many properties of the domain. Exemplary, the
chirality affects how (or even if) a domain wall moves in the presence of an external
stimulus, such as an applied magnetic field [1, 2] or electric currents. The internal
domain wall structure furthermore influences the stability, mobility, rigidity, and
even topology of magnetic domains. In the context of field-induced magnetization
reversal, the domain wall motion is also a determining factor in the nucleation and
growth process. It is therefore of great interest to be able to control the domain
wall chirality in the sense of selecting a certain chirality as well as determining the

realized domain wall structure.
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The domain wall characteristics can be tuned by manipulating the micromagnetic
parameters of the system [3, 4]. Relevant properties include the anisotropy (the
preferred orientation of the magnetization), the magnitude of the magnetization
itself, and the strength of the exchange interaction between individual magnetic
moments. Recently, asymmetric exchange in the form of the Dzyaloshinskii-Moriya
interaction (DMI) has garnered interest as a tool to tune the domain wall chirality
[5]. The presence of DMI favors the realization of one specific chirality, thereby

suppressing other senses of rotation in the sample.

In many cases, it is sufficient to consider the domain wall as homogeneous along its
spatial extent. Despite this stark simplification, the one-dimensional model accu-
rately describes many aspects of field- and current-driven domain wall motion, such
as the Doring mass and the Walker breakdown [6]. However, the one-dimensional
model breaks down as soon as spatial variations in the domain wall chirality come
into play. The most common of such chirality variations are domain wall defects in
the form of Bloch lines, which form between two domain wall sections of opposing
chirality. Bloch lines exhibit their own set of dynamics, as they can move along
the domain wall, bunch up, or annihilate with other defects [7]. They are also
particularly prone to being pinned at material defects in the magnetic film. These
additional dynamics therefore impact the motion characteristics of the domain
walls that host the Bloch line defects.

Material defects arise naturally during the deposition of the thin film. They
encompass local deviations of the magnetic material from the perfect spatially
homogeneous film. They can range from weak deviations like crystalline dislocations
to changes in the film thickness and interface quality due to surface roughness.
Of particular interest for this work are spatial variations of the composition in
ferrimagnetic alloys. These spatial stoichiometry variations are suspected to play
an important role in magnetization switching [8], but also in the formation of DMI
[9] and even perpendicular anisotropy [10, 11] in these alloys. Material defects are
generally undesirable, as they inhibit domain wall motion at low driving forces. They
also facilitate the nucleation and trap the remnants of domains at applied magnetic
fields far below or respectively above the film-averaged nucleation and collapse
fields. These effects negatively impact the performance of the film for devices, as it
broadens the switching-field characteristics of the magnetic film and makes motion
of magnetic textures less predictable [12]. Despite continuous efforts to reduce
the defect density by optimizing material deposition processes, some defects and
inhomogeneities are intrinsically present in the materials. It is therefore paramount
to understand the impact of material defects on magnetic structures. Furthermore,
various successful attempts were made to harness artificially manufactured material

defects to control the nucleation and movement of domains [13-16].

A lot of theoretical groundwork on films with perpendicular anisotropy was per-

formed in the 1960s and 70s, when scientists investigated thin films with perpendic-



ular anisotropy as hosts for small, circular “bubble” domains. While these bubble
materials were not commercially successful in data storage devices, research on
them highlighted the importance of the domain walls, including the wall-internal
defect structure [6, 17-19]. Some theoretical works also found a connection between
material inhomogeneities and the creation of Bloch line defects in the domain walls
[20, 21]. However, at the time, experimental imaging techniques were limited in
spatial and temporal resolution and contrast. Available methods with sensitivity
to the chiral information within the domain walls were mostly restricted to optical
Kerr- and Faraday-microscopy, which is resolution limited by the optical wave-
length, and Lorentz transmission electron microscopy (L-TEM), which has superior

resolution but requires strong magnetic moments for adequate contrast.

Today, magnetic imaging methods have matured and developed considerably. Op-
timized experimental setups, improved measurement routines and sophisticated
data processing allow us to resolve magnetic features down to tens of nanometers
in size, in films that are only a few monolayers in thickness and time resolutions of
femtoseconds. Together with improvements in optical and electron microscopy [22],
as well as scanning probe techniques (magnetic force microscopy (MFM) and polar-
ized scanning transmission electron microscopy (STEM)), x-ray magnetic imaging
has been established as a powerful tool to investigate microscopic magnetic textures
in thin films. With the discovery of x-ray magnetic dichroism at element specific
absorption edges [23], it is possible to selectively observe magnetic features with
strong, element-specific contrast by using polarized x-rays at synchrotron facilities.
Besides volume averaging spectroscopy and scattering techniques, dichroism-based
imaging methods include photoemission electron microscopy (PEEM), scanning
transmission x-ray microscopy (STXM) and Fourier transform holography (FTH)
[24]. Recently, with the help of fast parallelized computational resources, novel
algorithms push the spatial resolution towards the level of electron microscopes via
coherent imaging [25, 26].

A second critical technological advancement has been the development of optical
and near infrared (NIR) lasers that can emit femtosecond long pulses. Since the
discovery of ultrafast demagnetization by Beaurepaire et al. [27], the reaction of
many magnetic systems to ultrashort optical stimuli has been investigated. One
groundbreaking discovery was the phenomenon of all optical switching, where a laser
pulse could deterministically switch the magnetization direction in a ferrimagnetic
thin film [28, 29]. Another recent development was the possibility to nucleate
skyrmions by applying a single ultrashort laser pulse to a ferromagnetic multilayer.
Magnetic skyrmions are the conceptual successor to magnetic bubbles, as they are
essentially also circular domains. However, their domain wall is defect free, which
gives them a topological charge. The emergence and existence of topologically
non-trivial magnetic textures makes these material systems uniquely suited to

experimentally investigate the evolution, creation and annihilation of topological
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charge on ultrafast time scales. How these optically created skyrmions form and if

potential material defects play a role in that process is still not fully understood.

In this thesis, we investigate the influence of material defects and lateral inho-
mogeneities on chiral spin structures in the form of domain walls and magnetic
skyrmions. We develop vector reconstruction techniques based on x-ray-based
imaging methods to resolve the internal domain wall structure. These techniques
allow us to determine the local chirality as well as to distinguish Bloch line defects
in rare-earth transition metal alloys. We study the creation of domain wall defects
during all-optical switching and find a strong link between the Bloch line cre-
ation and material defects. Similarly, we explore how the localization of magnetic
skyrmions during an optically induced topological phase transition depends on
spatial variations of the magnetic material. Finally, we uncover strong domain
wall chirality variations that are not dynamically created defects but instead are

imprinted by the host material itself.

The thesis consists of three independent investigations that each focus on one facet
of the impact that material inhomogeneities have on chiral spin structures. After a
general overview of the required fundamental physical concepts in chapter 2 and
a brief introduction into the experimental techniques in chapter 3, each of the

following three chapters reports on one of these investigations.

Chapter 4 is based around the development of a novel linear X-ray dichroism-based
imaging technique for the investigation of local domain wall chirality. In combina-
tion with coherent imaging techniques, this method enables the full reconstruction
of the domain-wall magnetization with 15nm spatial resolution, which has not
been achieved before with sub-surface sensitivity. Deploying this technique on a
ferrimagnetic DyCo-alloy revealed the coexistence of extended Bloch- and Néel
-type domain walls within the same sample. Besides being a hint for the presence of
bulk DMI in the material, this coexistence also indicates an apparent spatial inho-
mogeneity of magnetic parameters that allow such chirality variations. Successive
ultra-sensitive MFM measurements revealed a field-independent contrast pattern
below the ferrimagnetic domains, which appears to be growth related. While we
could not find an obvious coincidence between these features and the domain wall
chirality, the data suggests a spatial composition variation that arises from an
interplay of the sample’s composition and its own magnetic stray fields during the
growth process. These findings have been compiled into a publication, which is still
work in progress. However, submission is postponed until the nature and origin of
these unexpected additional features has been confirmed.

In chapter 5, we resolve the static domain wall structure after single-shot all-optical
switching in GdFe thin films. We find high densities of vertical Bloch line defects,
irrespective of the optical excitation parameters. By comparing different samples
and optical nucleation with field induced switching, we highlight the impact of

material defects on the Bloch line creation. The contents of this chapter have been



published in the journal Structural Dynamics [30]. Paragraphs that are identical to
the paper manuscript or were only modified slightly, are marked with the symbol f.
These sections were written by the author and subsequently iterated with the
coauthors of the publication.

Finally, in chapter 6 we focus on the localization mechanism of magnetic skyrmions
upon nucleation with an ultrafast optical stimulus. We investigated this process
by performing time-resolved small angle x-ray scattering SAXS at an x-ray free
electron laser source. By patterning a magnetic cobalt platinum multilayer with
artificial nucleation sites, we could separate the scattering contributions from
localized and non-localized magnetic features. By matching experimental data to
atomistic spin dynamics simulations, we found that the localization of skyrmions
is a local, decay dominated process, which sets in after the system exits the initial
fluctuation regime. A manuscript for publication of these results is currently in
preparation.

The main results of the thesis are summarized in chapter 7. Additionally, we discuss
the ramifications of our results on the current scientific discourse and propose
possible follow-up experiments. Finally, supplementary measurements are reported

on in the appendix.






Chapter 2

Fundamentals

In this thesis, we investigate the formation, stability, and dynamics of a wide range
of complex spin structures in magnetic thin films. These complex spin structures
include domains, domain walls and topological features, such as domain wall defects
and skyrmions. All these textures represent non-uniform arrangements of magnetic
moments (compare Fig. 2.1a). The behavior of spin textures is governed by a
delicate interplay of exchange interactions, magnetostatic energy, anisotropy, and
other spin-orbit coupling effects, such as the Dzyaloshinskii-Moriya Interaction
(DMI). Understanding the influence of each of these contributions to the formation
of magnetic textures and how they can be used to tune magnetic behavior is
essential for designing experiments involving such textures and interpreting their

outcomes effectively.

Magnetic features emerge from collective quantum interactions within ensembles
of particles. The theoretical description of such systems is overly complex, with
analytical solutions existing only for a few exceptionally simple cases. Moreover,
first-principles computational approaches for magnetic systems are limited in the

simulated ensemble size by current computational resources.

Micromagnetic treatment offers a convenient theoretical framework for understand-
ing and modeling meso-scale magnetic textures — structures that are significantly
larger than the atomic spacing. Instead of representing individual spins, the
micromagnetic approach treats the magnetization in materials as a continuous
vector field M. This field locally represents the collective average magnetization,
characterized by a magnitude My and a direction m. By reducing the complexity
of the problem, micromagnetics enable the accurate modeling and analysis of a
wide range of spin textures, providing sufficient precision to address the concepts

and results explored in this thesis.

The following section provides a brief overview of the key competing micromagnetic
terms involved in determining the magnetic behavior. With these basic interactions
established, we introduce various spin textures in order of increasing complexity.
One kind of these spin textures are magnetic skyrmions. In their context, we
introduce topology, skyrmion stability, as well as recent advances in skyrmion

nucleation with ultrashort laser pulses. Lastly, we introduce the material class of
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Figure 2.1 | Magnetic textures and micromagnetic energy contributions involved
in their formation. a Sketch of a complex magnetic domain landscape in a ferromagnetic
thin film, including examples of objects that are discussed in this thesis. Extended
adaptation from [3]. b Sketch of the impact of each micromagnetic energy term that
contributes to the formation of complex spin textures.

ferrimagnetic rare-earth transition-metal alloys, focusing on the phenomenon of

all-optical magnetization switching that can be observed in these materials.

2.1. Micromagnetism

Micromagnetic textures are governed by a set of competing interactions (compare
Fig. 2.1b). Each interaction influences the orientation of the magnetization vector M

in a characteristic way:

e The magnetic exchange is the fundamental interaction between individual
magnetic moments to establish magnetic order and favors uniform magnetiza-
tion alignment. Depending on the sign of the exchange constant Ay, parallel

or antiparallel alignment is favored between neighboring magnetic moments.

e« Magnetic anisotropy describes the tendency of the magnetization to align
along one (or multiple) preferred axis. In our thin films, the magnetiza-
tion prefers alignment along the film-normal (z), which has been coined as

perpendicular magnetic anisotropy (PMA).

¢ Stray fields act against the PMA and exchange and are the main contributor

in breaking a uniform magnetization state into multiple domains.
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o The Dzyaloshinskii-Moriya interaction (DMI) favors a chiral orthogonal
alignment of neighboring moments and thus results in the creation of chiral

domain walls (i.e., domain walls with one preferred sense of rotation).

e Finally, a finite magnetic moment tends to align with an applied magnetic

field Hext, due to the Zeeman energy.

The impact of all contributions acting on the magnetization is expressed in the

total energy of the spin system
Etot = Eexchange + Eanisotropy + EZeeman + Edemag + EDM17 (21)

where each energy term F; is the volume integral of a local energy density €;(M) [31].
In the following, we briefly evaluate the form of each individual contribution as

well as their origin.

2.1.1. Magnetic exchange

The exchange interaction is fundamental for magnetic order. The exchange stiffness

gives rise to the energy density
€exchange = Aex [(VMg)? + (Vmy)? + (Vm.)?], (2.2)

where Vm; is the local gradient of the magnetization and Aqx the material specific
exchange stiffness [3]. The exchange stiffness term represents the direct Heisenberg
interaction between neighboring spins in a magnetic material that arises as an
interplay of Coulomb repulsion and the Pauli exclusion principle [32]. Despite the
fundamental picture of localized spins, the model also holds true in good approxima-
tion for non-localized magnetic moments, i. e. metallic band magnetism. Depending
on the sign of the exchange interaction, spins favor parallel (ferromagnetic) or

antiparallel (antiferromagnetic) alignment.

In this thesis, we consider ferro- and ferrimagnetic materials. While the latter show
antiparallel alignment between two different sublattices, the net magnetic moment
represents the average of many magnetic moments from both species. We may
therefore treat the ferrimagnet like a ferromagnet with a reduced magnetization
magnitude M.

The exchange stiffness favors (anti-)parallel alignment of neighboring magnetic
moments. Hence, uniform textures and slow, gradual changes of the magnetization
orientation incur a smaller energy penalty than abrupt spatial transitions of the

magnetization direction.
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2.1.2. Anisotropy

The magnetic anisotropy describes the preference of the magnetization to align
with a specific energetically “easy” axis, multiple equivalent axes, or an easy plane.
In this thesis, we exclusively discuss films that exhibit perpendicular magnetic
anisotropy (PMA). In this case, the magnetization favors out-of-plane orientation,
hence collinear alignment with the film normal n = (0,0,1). The micromagnetic

energy is thus formalized as
€anisotropy — _Ku(n : m)Q’ (23)

with the anisotropy strength K,. Multiple effects contribute to the sign and
magnitude of K, including magneto-crystalline, strain-induced, and interfacial

anisotropy terms.

The magneto-crystalline anisotropy is connected to the local crystal structure and
is a bulk material property. Exemplary, cubic bulk iron has three easy axes along
the <100> crystal directions [31]. Strain anisotropy stems from deformations of
the crystal lattice, e. g., due to a lattice mismatch between the substrate or seed
layer and the magnetic film. The interfacial anisotropy arises from symmetry
breaking at the interface between two different materials or at the surface of the
thin film. This symmetry breaking leads to modifications in the electron orbitals
in the direction of the interface, while orbitals in the plane are less affected. In a
Co-based multilayer, these interface interactions at periodically repeating material

interfaces dominate the other anisotropy contributions.

Amorphous rare-earth transition-metal alloys show strong perpendicular anisotropy,
even in relatively thick films. The exact origin of the PMA in this material class is
still under debate and a multitude of different origins for the anisotropy have been
proposed [33, 34]. Theories for the origin of PMA range from pseudocrystalline
short-range order in the amorphous matrix [35] over selective resputtering during
deposition that leads to pair ordering [36, 37] to the growth of columnar structures
in the thin film [38] and magnetoelastic coupling [39]. The more generally accepted
theories propose a structural origin from anisotropic packing of nearest neighbors
in-plane versus along the film normal [40, 41], with strong evidence from x-ray

absorption fine-structure measurements [42].

2.1.3. Stray fields — demagnetizing energy

The demagnetizing energy is caused by the fact that each finite magnetic moment
within the sample creates its own magnetic field. Hence, the finite magnetization

of a magnetic sample leads to a stray field inside and outside the material itself.
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This stray field is compensated by an internal demagnetizing field Hy, which leads
to the local energy density [31]

€demag = —%Hd M. (2.4)

Because the stray field and therefore the local demagnetizing field depends on
the global magnetic texture, the numerical treatment of stray field-related effects
is not straightforward and usually the most computationally expensive calcula-
tion. However, the demagnetization energy generally tends to minimize external
magnetic stray fields, which has two important consequences: True to its name,
the demagnetization energy is the main drive for the formation and stabilization
of magnetic domains. Dividing the material into regions with different magne-
tization directions allows for the suppression of far-reaching stray fields. In our
films with perpendicular anisotropy, only two types of domains coexist, with their
magnetization pointing parallel or antiparallel to the film normal.

Assuming a monodomain state, in which all magnetic moments point in the same
direction, stray field minimization prefers the magnetization to lie within the film
plane. This preference for an in-plane orientation is called shape anisotropy and
acts against the local perpendicular anisotropy K, which prefers out-of-plane
magnetization alignment. The strength of this easy-plane contribution to the

anisotropy is well described by Stoner and Wohlfahrt [43], assuming an infinite
poM?
5

Combining the local anisotropy with the shape effects results in the total effective

aspect ratio between film extent and thickness and can be quantified as

anisotropy

M2
Kog = Ky — “02 s (2.5)

If K is larger than the shape anisotropy term, the magnetic film exhibits PMA. If
the shape anisotropy is larger than K, however, the film tends to form in-plane

textures. The same relation is expressed in the quality factor

2K,
Q = /,L()M2 I (26)

which needs to satisfy @ > 1 for effective perpendicular anisotropy [44].

2.1.4. Dzyaloshinskii-Moriya interaction

The Dzyaloshinskii-Moriya interaction (DMI) [45, 46] is an indirect, asymmetric
exchange coupling between magnetic moments. It requires the presence of spin
orbit coupling and local breaking of inversion symmetry. DMI favors spiraling
spin structures with a specific sense of rotation, which depends on the sign of the

DMI-contant D. In our samples, strong DMI facilitates the formation of domain
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walls with a specific Néel chirality (see section 2.2). This effect is formalized in the

micromagnetic energy density contribution
epmr = D [M,VM — (M - V) M,] (2.7)

within a magnetic thin film [1].

One distinguishes between bulk and interfacial DMI. Bulk DMI is a material
specific effect and arises, e. g., in B20-crystals, in which the crystal structure itself is
non-centrosymmetric [47]. Recently, bulk DMI was also reported in the rare-earth
transition-metal GdFeCo, where symmetry breaking originated from a growth-
induced material composition gradient [9]. In contrast, interfacial DMI arises at
interfaces between a magnetic film and a heavy metal due to strong spin-orbit
coupling between the magnetic moments and the heavy metal atoms. Symmetry is
inherently broken at an interface. Interfacial DMI arises at the interface, but the
effect quickly diminishes further away from the interface. Therefore, interfacial DMI
mostly plays a role in films that are only few nanometers thick and in repeating
multilayer structures. Furthermore, the sign of the interfacial DMI depends on the
stacking order of the magnetic and heavy metal layer. Contributions from identical

interfaces on both sides of a magnetic film therefore tend to cancel each other.

2.1.5. Applied magnetic fields — Zeeman energy

Similar to the demagnetizing field contribution, applying an external magnetic
field to the film modifies the energy of each magnetic moment depending on the

direction of the moment with respect to the applied field [31]:
€Zeeman — _MOH M (28)

Hence, the Zeeman-contribution acting on a finite magnetization prefers alignment

of the magnetic moments with the magnetic field vector.

2.1.6. Dynamics: The Landau-Lifshitz-Gilbert equation

In magnetostatics, the magnetic configuration represents an energy minimum,
which constitutes either the energetic ground state (hence, the absolute energy
minimum) or a metastable state (a local minimum). Hence, to find a (meta-)
stable magnetic state, minimization of the total energy Ejo is sufficient. The
treatment of magnetization dynamics, however, requires solving (or computing)
the Landau-Lifshitz—Gilbert equation (LLG)

dM @ oM

S AM X Heg + —M x

AT TR TE (2.9)
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with the gyromagnetic ratio v and the Gilbert damping « [48, 49]. The expression
H.g translates the torque that all energy contributions exert on the magnetization

into an effective magnetic field, defined as the functional derivative

_i 5Etot
po OM

He.g = (2.10)
The Gilbert damping factor « is a phenomenological property that indicates how
fast a precessing magnetization dissipates angular momentum and returns to the
equilibrium position.

To conclude, the local micromagnetic properties of a magnetic film are described
by a set of parameters, namely the exchange stiffness Ay, the saturation magne-
tization Mjg, the anisotropy strength K, and the DMI constant D. To describe
dynamics, also the Gilbert damping « is necessary. Knowledge of all parameters is
required for proper micromagnetic treatment of a sample system. Note that these

parameters are not only material specific but also vary with temperature.

2.2. Magnetic domain walls

In ferro- and ferrimagnetic thin films, regions of opposite magnetization direction
are called magnetic domains. The transition region between two neighboring
magnetic domains is called a magnetic domain wall. In these domain walls, the
magnetization vector M = (M, My, M,) rotates continuously from one out-of-
plane direction M = (0,0, My) to the inverted direction M = (0,0, —M;). The
manner of rotation largely impacts the static and dynamic properties of the domain
walls and therefore the domains themselves.

Many domain wall characteristics can be discussed in a one-dimensional model,
where only changes of the magnetization normal to the domain wall are considered.
In this simplified model, the magnetization profile along the domain wall normal x

is well described by

cosh™ (z/A) cos(v)
M(x) = M | cosh™!(x/A)sin(p) | , (2.11)
tanh(x/A)

where A is the domain wall width parameter and 1 the transverse domain wall
angle, as indicated in Fig. 2.2a [6]. The width of the domain wall, in which the
transition from the spin up to the spin down orientation, or vice versa, takes place,

is mA, with
A
Keff .

Hence, the domain wall width increases with the exchange parameter and decreases

A= (2.12)

with the anisotropy strength. Both can be understood intuitively, as the exchange
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energy prefers larger, slowly rotating magnetic structures, while the perpendicular
anisotropy term is unfavorable if the magnetization is not collinear with the film
normal.

The transverse domain wall angle v defines the chirality of the domain wall, i.e.,
how the magnetization rotates in the transition between the two out-of-plane
magnetizations. For ¢ = +7/2, the magnetization rotates exclusively in the (y,z)-
plane of the domain wall. Such a configuration is called a Bloch domain wall.
For ¢ = 0 and ¢ = 7, the magnetization rotates in the (z,z)-plane, hence, the
magnetization tilts in the direction of the normal vector of the domain wall. These
domain walls exhibit Néel chirality (compare Fig. 2.2b). Solely taking exchange,
anisotropy and demagnetizing fields into account, Bloch walls are energetically
preferred over Néel walls or intermediate states [6]. The magnetization component
normal to the domain wall gives rise to magnetic volume charges at the edges of the
domain wall (see Fig. 2.2a). The resulting demagnetizing fields, which increase the
total energy of the wall, are absent in a domain wall with Bloch chirality. To make
Néel type domain walls energetically favored, in-plane fields or in-plane anisotropies
ar required [6]. A third way to stabilize Néel domain walls is the introduction of
sufficiently strong DMI to overcome the energy penalty from volume stray fields.

The total energy per domain wall section follows the expression [50]

ODW — 4\/ AexKeHiﬂ'D. (213)

Intuitively, the in-plane, twisting magnetization structure leads to an energy penalty
from the exchange and anisotropy terms. DMI favors one Néel orientation over the
other. Hence, the domain wall energy increases or decreases with the DMI strength,

depending on the present chirality. The domain wall angle 1 can be calculated via

—D/Diy,  |D| < Dy
cos(1p) = [P, IDE< Do (2.14)
—sgn(D), [D|> Dy

with the threshold DMI strength

2p0 M?

Do = (2.15)

2
o M2
Ko+ 205

% +m\ =
where ¢ is the thickness of the magnetic sample [51]. As expected, for D = 0,
the wall is Bloch-type with two degenerate solutions, ) = +m/2. For |D| > Dqy,
the domain wall exhibits one specific Néel handedness and smaller values stabilize
intermediate states.
The one-dimensional model breaks down if the chirality is not homogeneous along
the domain wall. Besides lateral inhomogeneities and domain wall defects (see

next section), the chirality may also vary along the thickness direction of the film
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Figure 2.2 |Static domain wall textures. a One-dimensional domain wall with
intermediate transversal domain wall angle ¢, domain wall width parameter A and
magnetic volume charges. b Néel and Bloch type domain walls with opposing chirality.
c Vertical cross section through a domain wall with flux closure end caps. d Bloch line
defect between two Bloch domain wall sections with opposite polarity. € Unwinding and
f winding pair of vertical Bloch lines

due to flux closure effects. These phenomena arise in thick magnetic films, where
the film thickness is larger than the exchange length lo, = 1/iOA—]\}’;2 [52, 53] and
in exchange-decoupled multilayer systems [54]. In such samples, the tendency to
minimize stray fields leads to a chirality profile as shown in Fig. 2.2¢ [55]: Without
DMI, the center of the domain wall is Bloch type but towards the top and bottom
of the film the chirality rotates towards two Néel configurations with opposite
chirality (¢» = 0 and ¢ = 7). The stray field induced stabilization of Néel chirality
acts like an effective DMI, that varies in magnitude and also changes sign across
the thickness dimension. As a result, the required DMI to achieve full uniform
Néel chirality across the entire layer increases: Irrespective of the sign of the DMI,

at one layer surface the effective DMI opposes the desired Néel chirality [54].

2.2.1. Vertical Bloch lines

The two possible polarities of a Bloch wall are energetically degenerate [6]. There-
fore, no polarity is preferred and both appear with equal likelihood in a magnetic
domain texture. If sections of opposite polarity are present within the same domain
wall, at their contact point the in-plane domain wall angle ¥» must rotate by 180°.
Such a defect in the domain wall structure is called a vertical Bloch line, in which
the in-plane magnetization rotation results in a locally confined Néel configuration
(compare Fig. 2.2d). Similar to how the manner of rotation of the magnetization
in a domain wall can be classified in terms of chirality, the handedness of a Bloch
line can be assigned based on the sense of rotation of ¢. The shape of a vertical
Bloch line is determined by the interplay of two types of arising magnetic charges:
On one hand, the local Néel character induces volume charges transversal to the

domain wall. On the other hand, the converging or diverging Bloch sections on
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either side of the vertical Bloch line induce a magnetic charge within the Bloch
line. The balance of these two contributions, in conjunction with the exchange

stiffness, lead to the profile of the domain wall angle

¥(y) = L arctan(exp(y/Ag)), (2.16)

with the vertical Bloch line width parameter Ag = 7/2p0Aex /M2 [3).

In a closed domain wall (e. g., of a circular bubble domain), vertical Bloch lines
must always exist in pairs. Bloch lines preferably form at material inhomogeneities
and pinning sites during domain wall dynamics [20]. Additionally, due to the energy
degeneracy of Bloch walls polarities, Bloch lines are expected to form naturally in
many material systems.

As a continuous rotation of the in-plane magnetization, isolated vertical Bloch
lines can easily propagate along the domain wall. At distances much larger than
their own size, multiple consecutive Bloch lines along the same domain wall section
always attract each other: The volume charge created by the opposing Bloch walls
on both sides of the defect alternates between consecutive Bloch lines because after
each Bloch line with converging Bloch wall sections a Bloch line with diverging
Bloch walls must follow. The volume charge is therefore opposite, which leads to
long-range attraction and causes Bloch lines to form clusters [6].

Once the distance of Bloch lines is comparable to their extent, the interaction of
consecutive Bloch lines depends on the sense of rotation from one Bloch polarity
to the other [3, 6]. At small distances, vertical Bloch lines with opposite handed-
ness (Fig. 2.2e) annihilate upon contact and continuously unwind their magnetic
configuration into the defect-free Bloch wall. However, two neighboring Bloch lines
with the same handedness cannot merge continuously. As the distance decreases,
the angle 1 must rotate more rapidly from one Néel chirality to the other. This
rotation would become essentially discontinuous if the centers of the Bloch lines
were to contact each other. As a result, the diverging exchange energy enforces a

minimum distance between winding pairs of vertical Bloch lines [6].

2.2.2. Field-driven domain wall motion

If an out-of-plane magnetic field is applied to an equilibrium multi-domain state,
one magnetization direction becomes energetically favored over the other due to
the Zeeman energy (see equation (2.1)). To reach the new global energy minimum,
domains with the energetically favorable orientation expand at the expense of
neighboring domains with opposite magnetization. The result is field-driven motion
of the domain walls.

The simplest way to model domain wall propagation is once again a one-dimensional
model, which assumes homogeneous dynamics along the entire domain wall. The

sketch in Fig. 2.3a depicts a Bloch wall traveling along the z-direction when field
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is applied along the z-axis. Colored vectors indicate the involved torques that
act on the magnetization within the wall. According to the LLG-equation 2.9,
the applied external field H induces a precession 7, of the magnetization in the
plane, while the damping term 7, acts in the direction of the applied field, hence
in the direction of the favorable magnetization [56]. Because the magnetization is
tilted away from the Bloch configuration towards a Néel chirality, volume charges
form on both sides of the domain wall, leading to a demagnetizing field Hk in
the z-direction. Importantly, this demagnetizing field creates a damping torque
TK,o, Which opposes the precessional term caused by the applied field and increases
further as the magnetization is canted away from the equilibrium chirality. The
precessional term Tk ,, that originates from the demagnetizing field further enables
the rotation of the magnetization towards the preferred out-of-plane magnetization

direction [6].
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Figure 2.3 | Field-induced domain wall motion. a Individual torques T acting on a
moving domain wall under an applied out-of-plane field in the one-dimensional picture.
At rest, the domain wall has Bloch chirality. b Qualitatively different motion regimes.
The domain wall velocity is plotted against an external driving force, e. g., an applied
magnetic field. Insets sketch the characteristic domain wall dynamics in the respective
motion regime. Graphics adapted from [56].

As long as the external field is moderate, a dynamic steady state configuration can
be achieved, where the precessional term from the external field and the restorative
damping term are equal. In this case, the domain wall travels with a constant
chirality that deviates from the static Bloch chirality, up to full Néel chirality.
The propagation speed is proportional to the applied field strength. If, however,
the applied field is strong enough such that restorative forces cannot stabilize
the precessional term, the domain wall continuously precesses in the plane and
the chirality periodically changes from Bloch to Néel. This continuous precession
leads to an oscillating domain wall speed and generally results in a decrease of

the propagation velocity compared to steady-state motion [55]. The driving field
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at which the precessional motion sets in is called the Walker breakdown field Bw
(compare Fig. 2.3b).

Extending the domain wall model to three dimensions introduces multiple new
phenomena into the picture of domain wall motion. Material imperfections can
trap the domain wall at pinning points, e. g., regions of reduced anisotropy, where
the in-plane components of the domain wall are more energetically favorable. At
low driving fields, this domain wall pinning leads to energy barriers that need to
be overcome, e. g., by thermal activation, after which the domain wall jumps to
the next pinning site [57]. This domain wall creep reduces the domain wall speed
at low driving fields, while at larger fields, pinning no longer plays a significant
role (“depinning”-regime). The motion regimes are illustrated in figure 2.3b for a
domain wall depinning threshold far below Bw. Depending on the Walker field, the
temperature, and the pinning strength, it is possible that the Walker breakdown is
masked entirely by pinning related effects [58].

A three-dimensional domain wall picture also allows for the dynamic creation and
motion of internal domain wall defects during propagation [59]. Similarly to the
Walker breakdown, vertical and horizontal Bloch lines form if the external driving
force reaches a particular threshold [6, 21, 55]. Under an applied magnetic field,
Bloch lines easily move along the domain wall. These dynamics lead to a reduction
in the domain wall mobility. The presence of Bloch lines tends to distort the
domain wall shape, as Bloch lines are more easily pinned and, in general, exhibit
lower mobility than a defect free domain wall section. Additionally, Bloch lines
tend to bunch up, hence forming clusters, which lead to highly inhomogeneous wall

mobility [6].

2.3. Magnetic skyrmions

Skyrmions are circular domains with non-trivial topology. The topological charge

of a two-dimensional magnetic texture is defined as [60]

1 0 7]
Q= E/m <8xm X &ym) dz dy. (2.17)

This quantity measures how many times the magnetization winds around the unit

sphere [61]. A more instructional expression for the topological charge is
Q=P W, (2.18)

where the polarity P indicates whether the OOP-magnetization inside the domain
points into or out of the plane and W is the winding number of the domain. W is
defined by the structure of the surrounding domain wall, which therefore dictates

the topological charge, assuming a fixed polarity.
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Skyrmions take the form of circular domains with a defect-free domain wall, as
illustrated in Fig. 2.4. They therefore carry a topological charge of @) = £1 with
P = 41 and also W = £1. Even though the topology is encoded in the structure of
the domain wall, the domain wall angle ¥ does not influence the topological charge.
However, the chirality influences the dynamic characteristics of the skyrmion, e. g.,
the response to electric current excitations. The topological charge leads to a
gyroscopic Magnus force, which induces motion perpendicular to the excitation
current in the form of the skyrmion Hall effect [62, 63]. This deflection angle varies,

depending on the chirality of the skyrmion [64, 65].

Q=1Lyp=1/2 Q=1 9yp=-n/2 Q=0

Q=1yp=mn

Figure 2.4 | Topology of circular domains defined by the domain wall structure.
All domains have the same polarity P = 1 but varying winding numbers W. a-d Magnetic
skyrmions with topological charge @ = 1 and winding number W = 1 and various domain
wall chiralities. € Example for a bubble domain with trivial topology. f Bubble domain
with topological charge @ = 2, as the magnetization winds twice around 360°. g Bubble
with topological charge @ = 1 but inhomogeneous domain wall chirality.

The homogeneously magnetized film does not carry topological charge (Q = 0).
The same is true for most domains with domain wall defects. In the example
shown in Fig. 2.4e, the in-plane magnetization does not realize a complete 360°
rotation along the domain wall, hence no topological charge is present. Specific
arrangements of winding sets of vertical Bloch lines can lead to magnetic bubbles
with topological charge > 1 (compare, e.g., Fig. 2.4f, where the magnetization
performs two full rotations).

In a continuous, micromagnetic picture, it is not possible to transform a magnetic
state with one specific topology into another state with a different topological charge
by gradually modifying the magnetization texture. At some point, neighboring
magnetic moments align antiparallel, which results in a large penalty in exchange
energy. The corresponding energy barrier associated with the necessary non-
continuous spin flip constitutes the topological energy barrier, sometimes mislabeled
as the topological protection of a skyrmion. Also note that the domain wall of a
skyrmion does not necessarily need to be homochiral to carry topological charge:
The bubble shown in Fig. 2.4g carries a unitary topological charge even though

the domain wall chirality varies locally.
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2.3.1. The skyrmion stability model

While skyrmions are often associated with DMI, the presence of DMI is not
necessarily required to form or stabilize a skyrmion texture in a magnetic thin film.
Indeed, skyrmions have been found in ferromagnetic multilayer structures with
symmetric interfaces. In these material stacks, interfacial DMI contributions from
two identical interfaces on both sides of one magnetic layer cancel each other due to
opposite signs of the effect. Hence, in such magnetic multilayer systems, observed
skyrmions are predominantly stabilized by stray fields. Even in asymmetrically
stacked multilayers with finite DMI, the stabilization of skyrmions is a balance
between multiple interactions, with demagnetizing fields always playing a key role.
The main effect of strong DMI on the skyrmion is the definition of the domain wall
chirality, hence the possible stabilization of a Néel wall.

Even before the rise of magnetic skyrmions, the interplay of energy terms was
investigated for the stability of bubble domains [66, 67]. These models were later
extended to topological features. Of particular interest here is the work of Biittner
et al. [64], who introduced a framework to calculate the stability of a spatially
isolated magnetic skyrmion, which allows for the computation of the energy of such
a skyrmion with a specified diameter compared to the homogeneously magnetized
film.
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Figure 2.5 | Stability of isolated skyrmions. a The total skyrmion energy depending
on the skyrmion radius R for various applied magnetic fields. The (meta-)stable skyrmion
radius is marked, as well as the nucleation and decay energy barriers. b Individual energy
terms contributing to the curves plotted in (a). All curves are qualitative and not to scale
with each other. Adapted from [64].

Figure 2.5a depicts the skyrmion energy curves as a function of the skyrmion
diameter d for various applied out-of-plane magnetic fields. Note, that the field
direction is opposite to the magnetization direction within the skyrmion. This
way, the field prevents the skyrmion from deforming from its circular shape and
breaking up into a maze domain state. For some field values, the energy curves
have a local minimum at a finite diameter, which corresponds to the equilibrium

skyrmion size for the chosen set of parameters. If the value of the total energy
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at this minimum is negative, the skyrmion is energetically favorable compared to
the saturated film and therefore stable (solid lines in Fig. 2.5a). In the case of a
positive total energy, the skyrmion state is metastable (dashed lines). If no local
minimum exists, no skyrmions can stabilize and any transiently nucleated skyrmion
will collapse. These stability considerations assume a continuous, deformation-free
contraction of the skyrmion towards d = 0 nm and a homogeneous material without
domain wall pinning.

Figure 2.5b splits the skyrmion energy into the elementary interaction terms
as introduced in section 2.1. With increasing skyrmion diameter d, the total
domain wall length increases linearly = 27d, while the area of inverted out-of-plane
magnetization increases with ~ 7d2. For large skyrmion diameters, the energy
is dominated by the Zeeman term from the applied magnetic field. The energy
increases with the skyrmion size (hence, d?), as the skyrmion polarization is
antiparallel to the applied field. As the term with the highest order d-dependence,
this term leads to the universal energy increase towards infinity, which we see in
Fig. 2.5a. Furthermore, with all other parameters fixed, an increase in the applied
field pushes the energy minimum, and thus the skyrmion size, towards smaller

values of d.

Because the domain wall disrupts the parallel, out-of-plane alignment of the
magnetization, each section of the domain wall has an energy cost due to exchange
and perpendicular anisotropy. The energy penalty from these terms therefore
increases linearly with d. Note that at small skyrmion diameters the exchange
deviates from the linear relation and is the only finite contribution at d = 0 nm.
The resulting energy offset only depends on the exchange stiffness Aqy of the
material and the thickness ¢ of the film, with reported values between 8w Aot [68]
and 38A.xt [69].

Also, the DMI contribution is proportional to the length of the domain wall, as it
prefers rotating spin structures, which reduces the domain wall energy accordingly.
If DMI is present, however, the domain walls have a Néel component. The induced
volume charges along the domain wall (compare section 2.2) introduce a small
energy penalty. Finally, the stray field contributes significantly to the stabilization
of the skyrmion. It is not straightforward to analytically determine an exact value,
but multiple approximations exist. For example, for very large d, the stray field

energy follows —dlog(d).

The model allows us to determine two important energy barriers: The nucleation
barrier F,, is the energy required to nucleate (meta-)stable skyrmions from the
homogeneous state (to which F = 0 is normalized). Conversely, the decay barrier
E4 describes the necessary thermal energy for a skyrmion to collapse (compare
Fig. 2.5b). In this framework, the creation of a skyrmion involves the nucleation
of a topological charge of infinitesimal size d = Onm and subsequently expanding

it to the stable diameter doq, while decay is the reverse process. The decay
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barrier strongly depends on all micromagnetic parameters, as shown for the applied
magnetic field. The nucleation barrier is essentially field independent, as it is

predominantly determined by the exchange.

2.3.2. Optical skyrmion nucleation

As discussed previously, the transition from a homogeneously magnetized magnetic
thin film to a topological skyrmion arrangement involves a significant topological
energy barrier that has to be overcome in the skyrmion nucleation process. This
exchange-induced threshold has magnitudes on the order of 500kg7" [70], which
makes it nearly impossible to adiabatically enter the skyrmion phase, for example,
via field cycling (even though the actual energy barrier may be much smaller
[71]). Hence, various kinds of external stimuli have been explored to overcome or
circumvent the topological barrier to enter the topologically non-trivial skyrmion
phase. Upon injecting electric current into an asymmetric magnetic multilayer,
the spin-Hall effect leads to the creation of spin-polarized currents within the
magnetic material. These spin currents induce a spin-orbit torque, which enables
skyrmion nucleation at naturally occurring or artificially created material defects,
which act as nucleation sites [70, 72, 73]. Another way to create skyrmions is to
heat the magnetic film, either by Joule heating of a magnetic strip [74], multiple
consecutive optical laser exposures [75] or direct thermal transfer from patterned
heating elements [76]. These experiments, however, mostly report on the creation of
skyrmions by breaking up existing stripe domain states into small circular bubbles,
instead of starting with a homogeneous state.

As technically another way of heating, skyrmions can be nucleated by exposing a
magnetic film with a single intense, femtosecond-short laser pulse. This nucleation
method is the fastest known way to nucleate skyrmions in magnetic multilayers and
significantly faster than conventional thermally induced domain creation in the same
material class [70, 77]. However, experimentally following the skyrmion creation
process is challenging and — so far — only few time-resolved investigations have
been reported [70, 78, 79]. These experiments use scattering and space-averaging
techniques and thus no time-resolved real-space imaging of the nucleation process
exists. Therefore, the interpretation of experimental results primarily relies on
simulations, mainly atomistic spin dynamics (ASD) and micromagnetic simulations,
which are tuned to match the experimentally recorded data.

In consequence, the transient dynamics during the transition from the topologically
trivial to the skyrmion state are still under debate. Zhang et al. found that,
as their perpendicular anisotropy is reduced at high sample temperatures, HoCo
films transiently enter an in-plane state during laser exposure. In the following
cooling process, skyrmions can form in the spin-reorientation transition back to an
out-of-plane state [79]. Parrapurath et al. observed in ASD-simulations of GdFeCo

that heating above the Curie temperature — hence, entering the paramagnetic state
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— is required to form skyrmions [80]. In contrast, Biittner et al. found that in
ferromagnetic multilayers it is not required to enter the paramagnetic state to form
skyrmions [70]. Instead, they found the footprint of a distinct high-temperature
transient phase, which is characterized by a severe reduction of long-range order
and exchange between individual magnetic layers as well as spatial and temporal
fluctuations of the magnetic order, while preserving short-range magnetic exchange.
Their findings are a particularly important foundation for our investigation in

chapter 6 and are therefore briefly summarized in the following.
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Figure 2.6 | Skyrmion nucleation after optical excitation. a Evolution of the
integrated topological charge computed via ASD-simulation. b-e Snapshots of the time
evolution of the out-of-plane magnetization M. f Respective experimental x-ray scattering
pattern. The intermediate fluctuating phase corresponds to homogeneous scattering up
to high ¢. Adapted with permission from [70].

The optical skyrmion nucleation process in ferromagnetic Co/Pt was experimen-
tally studied by small angle x-ray scattering (see section 3.2.2 for a methodological
description) and modeled with an ASD-simulation (compare Fig. 2.6). Approxi-
mately 100 ps after the laser excitation, the initially homogeneously magnetized
sample enters the transient fluctuation phase. In this phase, short-range exchange
is still present, but long-range order is suppressed. This breakdown of long-range
exchange together with the discrete spacing of individual magnetic spins greatly
reduces the required energy to discontinuously flip the magnetic moments to create
a local topological charge. This energy barrier can be overcome by the thermal

energy in the sample. In consequence, topological skyrmion cores stochastically



24 2. Fundamentals

nucleate and annihilate (Fig. 2.6b-2.6d), which leads to a rapid increase in the
integrated topological charge (Fig. 2.6a). Once the sample cools down and exits
the fluctuation phase, long-range exchange is established again and no skyrmion
nuclei are created or collapse. Instead, the skyrmions grow by interaction with
thermal magnons that coalesce with the nuclei [81] (Fig. 2.6e). While the duration
of the creation process of topological charges should be influenced by the temporal
temperature profile — and thus the heat-dissipation properties of the sample — it
could be determined experimentally that the nucleation of topological charge was

finished after as short as 300 ps after initial excitation.

2.4. Ferrimagnetic rare-earth transition-metal alloys

So far, we employed a purely ferromagnetic picture to describe the magnetization
textures in our magnetic systems. Hence, neighboring magnetic moments prefer
parallel alignment. Ferrimagnetic materials consist of two chemically different
ferromagnetic sublattices that each are comprised of one or multiple elements. These
two sublattices are antiferromagnetically exchange coupled, hence, their respective
magnetic moments have antiparallel alignment. As such, these ferrimagnetic
materials combine ferro- and antiferromagnetic properties, which gives rise to
phenomena that cannot be found in ferromagnetic samples.

One material class that is of elevated importance for this thesis are rare-earth
transition-metal alloys, specifically gadolinium iron (GdFe) and dysprosium cobalt
(DyCo) thin films. Here, the rare-earth (RE) and the transition-metal (TM)
sublattices couple in an antiferromagnetic manner. The net magnetization of the
material is the difference between the two sublattice magnetizations, Mgrg and
M. If both contributions are equal, the material is compensated and does not
exhibit any net magnetization, comparable to an antiferromagnet [31].

Figure 2.7 shows the temperature dependence of the two antiparallel magnetization
contributions of the sublattices as well as the absolute net magnetization in a typical
GdCo thin film. Due to the exchange coupling between both elements, they share
an ordering temperature T¢ between the Curie-temperatures of both pure materials.
Because the temperature dependence of the two sublattice magnetizations has
different slopes, the net magnetization also changes with temperature and reaches
compensation at one specific (magnetization) compensation temperature Ty;. The
compensation temperature of a RE-TM alloy uniquely identifies its stoichiometry.
Note that, depending on the material composition, full compensation may not be
possible between 0K and T, e.g., if the TM-concentration is so high that the
transition metal sublattice already dominates at T = 0K [82].

When approaching Ty, the net magnetic moment gradually reduces. In conse-
quence, the Zeeman energy term, which is proportional to the local magnetization,

weakens. The necessary field strength to change the magnetization orientation
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Figure 2.7 | Temperature dependent behavior of a ferrimagnetic alloy. Mag-
netic moments Mco, and Mgq of the Co and Gd sublattice in a GdCo alloy versus the
ambient temperature up to the ordering temperature T¢. The resulting total saturation
magnetization M is the difference of the two sublattice contributions. The coercive field
curve is a representative approximation of the behavior close to the compensation point
Twm. Magnetization data adapted from [31].

increases inversely. Therefore, the coercive field diverges at the compensation
temperature and measuring the divergence of H, is a particularly sensitive method
to determine Ty;. This simplified model, however, describes the ideal case of a ho-
mogeneous, defect-free RE-TM alloy. In real experiments, however, growth-induced
imperfections and inhomogeneities lead to modifications in the magnetic behavior
[8, 9, 83]. These inhomogeneities as well as the resulting complex hysteresis loops

are discussed in detail in sections 4.2 and A.1.

2.4.1. Helicity-independent all-optical switching

One of the most intriguing phenomena observed in ferrimagnetic rare-earth transition-
metal alloys is helicity-independent all-optical switching (HI-AOS). This process
describes the coherent inversion of the out-of-plane magnetization direction in
response to irradiation by a laser pulse. HI-AOS has attracted significant interest,
particularly for high-speed data storage and spintronics applications, due to its
ability to switch magnetization on a picosecond timescale without the need for an
external magnetic field [84].

Since its initial discovery in 2007 [85] — where circularly polarized light was used to
switch the magnetization of a GdFeCo film — subsequent studies have demonstrated
that laser pulses of arbitrary polarization can induce switching, provided they

are short (on the order of femtoseconds to a few picoseconds [86]) and deposit
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a suitable amount of thermal energy [87]. Recent findings have even reported
successful switching after heating with picosecond electric pulses [88], reinforcing
the understanding that HI-AOS is fundamentally a thermally driven process.
HI-AOS has been observed in a variety of ferrimagnetic materials, including Gd-
containing and Gd-doped RE-TM alloys, ferrimagnetic RE-TM multilayers [89—
91], and Heusler half-metal MnsRu,Ga [92]. Investigations using MOKE and
XMCD techniques [93], along with theoretical treatments through atomistic simu-
lations [29] and micromagnetic models [94, 95], have provided a general framework
for understanding the switching process.

The magnetization switching process critically depends on the temporal evolution
of the sample temperature following laser excitation as well as the structure and
composition of the ferrimagnetic material. These factors dictate the coupling and
angular momentum transfer between the sublattices and their interaction with the
non-magnetic electron and phonon system. The switching dynamics can be broadly
divided into three distinct regimes [96]:

Immediately after laser excitation, the sample is rapidly heated above its Curie
temperature T¢, as indicated in Figure 2.8a (marked in red). At this stage, the
exchange coupling between the RE and TM sublattices is lifted, and each sublattice
undergoes demagnetization at its own intrinsic rate. Notably, the Gd sublattice
demagnetizes significantly more slowly than the transition metal sublattice due to its
much larger magnetic moment (7.6 pupon: for Gd, compared to, e. g., 1.92 ppon, for
Fe [96]). While the transition metal sublattice can become completely demagnetized
on this timescale, the temperature drops below T¢ before the Gd system fully
demagnetizes, allowing exchange coupling to reestablish.

As the sample cools but remains at an elevated temperature, angular momentum
is transferred from the Gd sublattice to the transition metal sublattice. Due to
angular momentum conservation, a reduction in Gd magnetization leads to an
increase in transition metal magnetization in the same direction, forming a transient
ferromagnetic-like state in which both sublattices are aligned parallel—contrary to
their equilibrium antiferromagnetic order [93]. In this phase, momentum transfer
between the two magnetic sublattices dominates over dissipation into the phonon
system.

The tendency of angular momentum to transfer from Gd to the transition metal
can be understood by examining the temperature-dependent magnetization curves
(Figure 2.7). As the temperature rises, the equilibrium magnetization of the
transition metal sublattice decreases more slowly than that of the rare-earth element,
leading to an increasing magnetization ratio in favor of the transition metal. The
momentum transfer continues until the magnetization of both sublattices is inverted
in relation to the initial state.

As the switched magnetization stabilizes, the reestablished antiferromagnetic cou-

pling between the sublattices drives the system toward its new equilibrium configu-
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Figure 2.8 | Helicity-independent all-optical switching dynamics in a RE-TM
alloy. a Time evolution of the Gd and Fe sublattices in a GdFeCo sample after exci-
tation with a single fs-short laser pulse. The plots show the XMCD-signal (which is
proportional to the out-of-plane magnetization) of the two elements. The pulse profile,
the relativistic regime, and the transient ferromagnetic state are indicated. Adapted
with permission from [93]. b Trajectories of a two-component system during HI-AOS
for various pulse lengths. Srg and Stm correspond to the angular momentum of the
rare-earth and transition-metal sublattice, respectively. The dashed line corresponds to
thermal demagnetization according to the inset. Dotted and solid lines represent full
magnetization switching with and without an initial decoupled demagnetization phase,
respectively. Reproduced with permission from [95].

ration. In this final phase, angular momentum dissipation into the surrounding

environment plays a dominant role in determining the final magnetic state [96].

The dominance of either the initial demagnetization or the intersublattice momen-
tum transfer in driving HI-AOS depends on the material properties and excitation
parameters. Figure 2.8b illustrates the trajectories of sublattice magnetization
in a GdFe alloy in response to heat pulses of varying durations. Slow, adiabatic
heating (dashed line) allows the sample to remain in equilibrium, following the
magnetization curves of Figure 2.7, ultimately leading to full demagnetization
above T¢ [95]. In contrast, rapid heating via a femtosecond pulse (dotted line)
results in ultrafast demagnetization of the transition metal sublattice, followed by
relaxation into the switched state. The solid trajectory in Figure 2.8b represents
a scenario where strong interlattice momentum transfer enables switching even
after relatively slow picosecond pulses, allowing angular momentum to be directly

transferred from Gd to Fe while maintaining angular momentum conservation [95].

Note that these considerations mostly operate in macro-spin picture. In such a
model, the magnetization is considered as spatially homogeneous. Additionally,
only longitudinal dynamics are considered, as the transversal dynamics are expected
to only come into play at large time scales during the final phase of the switching
process. Lateral dynamics cannot be ignored, however, as Graves et al. found that

lateral chemical inhomogeneities lead to lateral angular momentum transfer on the
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nanometer scale [8]. Recent studies further underline the inhomogeneous nature of
the switching dynamics in RE-TM materials [81, 97].



Chapter 3

Experimental techniques

The primary results presented in the experimental chapters have been obtained
using imaging, scattering, and spectroscopy techniques that rely on soft x-ray
radiation. Consequently, most experiments were conducted at synchrotron and
x-ray free-electron laser (XFEL) facilities. This chapter therefore aims to introduce
the general working principles of the employed methods.

We begin with an introduction into the origin of the contrast mechanisms in the
form of magnetic circular and linear dichroism effects. This is followed by a general
overview of the working principles of each utilized x-ray radiation-based technique,
including scanning transmission x-ray microscopy, small angle x-ray scattering, and
Fourier transform holography. Details regarding specific experimental setups, as
well as the data acquisition and processing workflows, are provided in the respective
chapters.

In addition to x-ray-based methods, the experiments were complemented by a
variety of laboratory-based imaging and bulk characterization techniques. These
include magnetic force microscopy (MFM), L-TEM, STEM, and Kerr-microscopy
for imaging and SQUID, laser-MOKE, and Hall transport measurements for bulk
magnetometry characterizations. Details about these techniques are provided in
section 3.3 of this chapter and in the relevant topical chapters, where they support

the presented findings.

3.1. Accessing magnetic features with x-rays

The interaction of photons with matter is fundamental for a majority of experimental
techniques in the research of solid-state magnetism. Visible light is widely used in
microscopy, spectroscopy, and scattering experiments. However, as samples become
more complex and the investigated textures shrink towards smaller feature sizes, the
limits of such optical techniques become apparent. The absolute resolution-limit of
a microscope is given by the Abbe diffraction limit, which determines the minimum

resolvable distance d,;, between two features as

(3.1)
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where A is the optical wavelength and NA = nsin(0) is the numerical aperture of
the microscope setup [98, 99]. In consequence, even the best immersion microscope
with an (practically impossible) optical half-opening angle of # = 90° and an
immersion oil with refractive index n = 1.45, using violet light (A = 400 nm), can at
best expect a resolution of approximately 70 nm. Even though resolutions beyond
the diffraction limit have been demonstrated, the involved methods are highly
complicated and in practice, resolutions beyond 200 nm are immensely challenging
[100, 101]. In this thesis, however, we need to resolve magnetic features as small as

30nm, hence, one order of magnitude smaller.

The transition from visible light (400-700nm) to the soft x-ray regime (0.4-2keV,
corresponding to 0.6 - 3nm) offers two major advantages: First, the smaller
wavelength results in a significant improvement of the (theoretically) achievable
resolution, proportional to the reduction in wavelength. Second, while visible light
primarily interacts with electronic states in the valence band, the increased photon
energy of x-rays also allows us to excite the inner, localized electron states [102].
The resulting absorption edges allow for element-specific probing of materials and
give access to versatile magnetic contrast mechanisms in the form of x-ray magnetic
circular dichroism (XMCD) and x-ray magnetic linear dichroism (XMLD). These
two dichroism effects are key for magnetic imaging with x-rays. Despite these
advantages, the use of soft x-rays introduces specific challenges that one must take

into consideration when designing experiments [103].

First, aside from material specific resonant conditions, the real part of the refractive
index of x-rays in matter is close to unity. Additionally, the penetration depth
in most materials is limited to a few hundred nanometers [104]. In consequence,
efficient high-power refractive x-ray optics do not exist, which inhibits the con-
struction of refractive imaging systems. Therefore, alternative, less conventional
imaging techniques using diffraction or reflection must be used. We used two
of these methods in this work, namely scanning transmission x-ray microscopy
(STXM), which uses a Fresnel zone plate as a diffractive focusing optic [105],
and Fourier transform holography (FTH), which entirely eliminates the need for
focusing elements in the experiment chamber. When imaging is impractical, pure
x-ray scattering techniques can provide valuable insights into magnetic phenomena

on the nanometer scale.

Second, magnetic imaging with soft x-rays imposes strict requirements on the light
source. The x-rays must be monochromatic, coherent, and usually polarized, with
controllable polarization being crucial for many techniques. These requirements are
fulfilled at undulator-equipped beamlines at synchrotron and x-ray free-electron
laser (XFEL) facilities, which also deliver the high photon flux necessary for achiev-
ing reasonable integration times. Additionally, the short x-ray pulses produced by
these sources enable time-resolved experiments with temporal resolutions on the

picosecond (synchrotron) and femtosecond (XFEL) scales.
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In the following sections, we first introduce the origins of XMCD and XMLD
contrast, which the entirety of our x-ray-based research relies on. Afterwards,
we discuss the deployed x-ray imaging techniques, STXM and FTH, as well as

small-angle x-ray scattering.

3.1.1. Resonant x-ray absorption

Absorption-based imaging techniques measure the spatially varying attenuation
of x-rays through a material. The exponential decay of the x-ray transmission

intensity I for a homogeneous film of thickness d is given by the Beer-Lambert law
I(d) = Ipe ™. (3.2)

Here, u is the energy dependent, material specific absorption coefficient [106].
In the soft x-ray regime, absorption processes are dominated by photoelectric
excitations. Generally, 11 decreases with increasing photon energy, roughly following
a ps-relation [106].

Exceptions to this rule are material specific absorption edges. Here, the photon
energy matches the required energy to excite an electron from a strongly bound core
level into an unoccupied state in the valence band. Because of the Pauli-exclusion
principle, the excited electron must be elevated above the Fermi energy Er. The
X-ray absorption spectrum (XAS) is therefore a probe of the number of excitable
electrons in the core state and the unoccupied density of states (DOS) above
FEr. The fact that localized core electron states are excited gives the XAS its
element specificity: The higher the atomic number, the stronger electrons in
a particular state are bound and the excitation energy for a specific transition
increases accordingly.

Relevant for this work are the L3 edge of the transition metal cobalt as well as the
M;5 edges of the rare-earth elements gadolinium and dysprosium, which are shown
in Fig. 3.1. They correspond to the excitation of electrons from the 2p3/,-level into
empty 3d-states and from the 3d;/p-states into the valence 4 f-band, respectively
[107].

The existence of multiple absorption edges in a close energy range is caused by
spin-orbit splitting of the core states. Exemplary, the Lo and L3 edges in a 3d-metal
like cobalt stem from the j =1+ s and j =1 — s spin orbit coupling, which results
in two levels 2p; /5 and 2ps /o, roughly 15eV apart [107]. Because the electronic
occupation of the 2p3 o-state is twice as high as the occupation of the 2p; /5 state,
the photon absorption at the corresponding edge is doubled as well. The spin-orbit
splitting of the core states is also of fundamental importance for the dichroism
effects.

In resonant x-ray absorption spectroscopy, the imaginary part 8 of the complex

refractive index n = & + i of the material is probed. Exactly on resonance, the



32 3. Experimental techniques

contribution of the transition to the refractive index is purely imaginary, hence,
only the absorption is affected. Nevertheless, away from the absorption maximum,
the real part § of the refractive index is finite and can be estimated from the
absorption spectrum via the Kramers-Kronig relations [108]. Indeed, even many
electronvolts away from the absorption edge, the real part can still be considerable
[109] and lead to a finite phase contribution down to vanishing photon energy.
Because the real part imprints a phase shift on the propagating photons, it can be
probed by phase-sensitive techniques, such as holography and ptychography [110].
With one exception, x-ray experiments performed in this thesis were either not
phase sensitive and only measured the photon absorption or were performed on
the resonance energy. We therefore simplify the discussion of contrast mechanisms

by only considering contrast that arises from differences in the x-ray absorption.

3.1.2. X-ray magnetic circular dichroism

XMCD describes the phenomenon that the resonant absorption of circular polarized
x-rays varies depending on the alignment of the magnetization of the sample with
the angular momentum of the photon. The effect was first theoretically described
in 1975 [111] and experimentally observed in 1987 [23] at the Fe K-edge. Much
larger dichroism effects are observable in the soft x-ray regime at the L and M
edges of rare earth elements and transition metals.

We explain the XMCD-effect for a magnetic transition metal, e. g., cobalt. Fig-
ure 3.la shows the spin resolved electronic configuration of the orbitals in a
ferromagnetic 3d-metal that are responsible for the emergence of XMCD. The
spin-up and spin-down 3d-valence bands are shifted with respect to each other,
due to Stoner-splitting [32]. As a result, the occupation of up- and down-states is
different. This causes the existence of a spin-majority, hence a non-zero magnetic
moment. Importantly, the minority band has more electron-holes, respectively
non-occupied electron states. While the 4s-states also contribute to the DOS at the
Fermi energy, they are essentially homogeneously distributed over a wide energy
range and can therefore be ignored when considering the spin asymmetry of the
DOS.

The 2p-orbitals are split into two distinct energy levels, 2p; /5 and 2p3/2, due to
spin-orbit coupling. A circular polarized photon with matching energy can excite
an electron from a 2p-orbital into the valence band. In this process, dipole selection
rules mandate that the orbital moment quantum number of the excited electron
needs to change by Am; = £1 (as the electron absorbs the orbital momentum
of the photon), while the electron spin is conserved (Am, = 0) [106]. Thus, a
2p-electron with spin s = +1/2 can only be excited into an empty spin s = +1/2
state.

During the excitation process, the photon couples to the orbital momentum of

the electron. The spin-orbit coupling of orbital momentum and spin in the 2p-
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states leads to a difference in the photonic excitation probability of a spin-up or
spin-down electron, depending on the total angular momentum of the 2p-state and
the circular polarization of the photon. The circular polarization or “helicity” of
the photon is either left- (¢7) or right-handed (o). The excitation probabilities
and resulting electron spin polarizations are shown in Tab. 3.1b for a o -polarized
photon [106]. For o~ -polarization, all probabilities and polarizations are flipped.
Note that these values assume empty valence states (or at least equally empty
bands, hence no Stoner splitting). The key observation is that circular polarized
x-rays excite electrons from a spin-orbit-split 2p-orbital with a bias towards one

specific electron-spin polarization.

Due to the Stoner-splitting, the valence 3d-bands offer more possible final states
above the DOS for electrons with minority spin-polarization. The transition
probability increases accordingly, compared to an electron with majority spin-
polarization. Hence, in the state presented in Fig. 3.1a, a spin-up electron is
more readily excited than a spin-down electron. Therefore, a oT-photon is more
likely to excite an electron from the 2ps, states into the valence band than a
o~ -photon. The photon-absorption in the material scales accordingly, which results
in the circular dichroism. Note that the sign of the dichroism is opposite for the
transitions 2p; , — 3d and 2p3,5 — 3d. The identical dichroism effect can either
be measured by changing the photon polarization or by inverting the direction of

the magnetic moment.

The experimentally determined XMCD absorption spectrum for the Lo and Lg
edges of cobalt is shown in Fig. 3.1c. As predicted, the sign of the dichroism at
the two absorption edges is inverted, as they correspond to excitations from core
states with opposite orbital momentum. Figure 3.1d shows the XMCD at the M5
edge of dysprosium. The circular dichroism is large with up to 50 % of the peak

resonant absorption and therefore allows for high imaging contrast.

If the spin quantization axis and light polarization are not collinear, the absorption
probability of a photon by a minority or majority electron scales with the geometrical
projection. Hence, the XMCD-induced absorption is sensitive to the direction of
the magnetic moment m with respect to the angular momentum direction of the

photon Ly, which can be generalized to
Ixmep o m - Ly, o< cos(6), (3.3)

for arbitrary angles 6 between m and Ly [102]. In practical terms, Lyn points
along the axis of photon propagation and XMCD is therefore sensitive to the
magnetization component along the photon propagation direction. Most thin-film
transmission experiments probe the sample in a normal incidence geometry, in which
XMCD probes the out-of-plane magnetization component. This is particularly

useful for imaging magnetic domains in magnetic thin films with perpendicular
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Figure 3.1 | Origin of x-ray magnetic circular dichroism. a Spin-resolved density of
states for the 2p and 3d bands in a 3d-metal. b Excitation probabilities for photoelectrons
excited by a right-handed circular polarized photon. ¢ XAS and XMCD spectrum of the
L2 and L3 edges of Co. d XAS and XMCD spectrum of the M5 and My absorption edges
of Dy. Absorption data was acquired by transmission spectroscopy at the VEKMAG
endstation at BESSY.

anisotropy. Non-normal incidence setups additionally allow probing components of
the in-plane magnetization. In general, XMCD can be used to probe ferromagnets
and ferrimagnets, hence, materials that exhibit a finite element-specific magnetic
moment. This is particularly interesting for probing compensated ferrimagnets, as
the dichroism contrast does not depend on the net magnetization but has selective

sensitivity to a single element.

3.1.3. X-ray magnetic linear dichroism

XMLD is a complementary dichroism effect that was postulated [112] and experi-
mentally confirmed [113] around the same time as XMCD. It describes an angular
dependence in the absorption spectra of linear polarized photons in the presence of
a magnetic moment. The XMLD arises from a charge anisotropy induced by axial
spin alignment, mediated by spin-orbit coupling [102]. Here, the electric field of
the photon acts as a “search light” that probes the spatial distribution of valence
band holes in alignment with the polarization axis E of the x-rays [24].

At an absorption edge without linear dichroism, the charge distributions of all
energetically degenerate valence orbitals sum up to an isotropic spherical charge
distribution. Hence, the excitation probability of electrons from a core state
to a valence state does not depend on the polarization direction of the photon.

If, however, the energy levels of individual orbitals are split, e.g., by spin-orbit
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coupling or multiplet-splitting, certain photon energies may become sensitive to
non-isotropic orbitals in which the electron occupation depends on the direction of
bonding orbitals (x-ray natural linear dichroism, XNLD) or the magnetic moment

(x-ray magnetic linear dichroism, XMLD).

XMLD is particularly strong in materials that

exhibit well-defined multiplet splitting, which

—M| E —— XMLD
—MLE XMCD

increases the distance between energy levels of
individual orbitals. One example for materials
exhibiting such strong XMLD are transition-

metal oxides [102]. In pure 3d-metals, however,
the XMLD effect is weak: The strength of the —05F . . .
XMLD signal at the Lo 3 edges is roughly 5 % of 1280 1300 1320 1340
the XMCD signal [114] due to weak spin-orbit Energy (ev)
coupling and a large bandwidth [115]. Further- Figure 3.2|XAS and XMLD

more, transitions from individual multiplets of in DyCo a the Dy M; edge.
The XMCD spectrum is shown
for comparison. Measured at
2p; /2 state in Fe) can contribute to the XMLD VEKMAG /BESSY-II.

the same spin-orbit split core state (e.g., the

signal with opposite sign.

In comparison, the Ms-edges of the rare earth elements exhibit much more struc-
ture within their absorption spectra [116]. Exemplary, in Dysprosium individual
absorption peaks are separated by approximately 2eV. Accordingly, the XMLD
effect is expected to be much larger than in transition metals. Indeed, Luo et al.
measured a noticable amount of XMLD signal in a narrow energy band at the
rare-earth Ms-edge of Dy [83].

Figure 3.2 shows the XMLD spectrum of one of our DyCo alloys at the Dy Ms-edge.
Note that the effect is still significantly smaller than the XMCD effect at the same
edge shown in Fig. 3.1d. The three peaks of the M5 edge correspond to different
transitions where the magnetic moment of the involved 4 f-orbital is (in order of
increasing energy) antiparallel, transversal, or parallel oriented with respect to the
x-ray propagation direction [117]. Unsurprisingly, the XMLD effect appears on the

peak corresponding to the transversal direction.

In practical terms, the XMLD-intensity depends on the alignment of the magneti-

zation with the polarization axis E of the photon according to [102]
Ixmip o |m - E|? o< cos?(6). (3.4)

In normal-incidence on a thin-film, the electric field direction of the x-rays lies
in the plane. Therefore, the XMLD absorption probes the axial alignment of the
in-plane magnetization with the polarization. Because XMLD is only sensitive to

the magnetization axis, it is also uniquely suited to probe natural antiferromagnets.
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3.2. Synchrotron radiation-based techniques

3.2.1. Scanning x-ray transmission microscopy

In a scanning transmission x-ray microscope STXM, the light is focused on a small
spot on the sample to determine the local x-ray attenuation [118]. By scanning the
sample position and by exploiting XMCD and XMLD, the map of transmission
versus position is recorded, which results in an image showing magnetic contrast.
By recording the same field of view with positive and negative circular polarized
photons (or two orthogonal linear polarizations), purely magnetic contrast can be
extracted by calculating the difference or ratio of the two images.

Figure 3.3 depicts the experimental geometry

of the imaging system. The polarized and photodiode

monochromatized photons are focused by a Fres- N sample

nel zone plate, which uses diffraction to focus %
zone plate N

the x-rays on a spot of few tens of nanome- *{g‘ie ,

ters. Because the zone plate essentially acts as \)

a diffraction grating, multiple orders of diffrac-

tion exist behind the sample. Besides the fo-

cused first order beam, the Oth order direct Figure 3.3|Schematic of a typ-
ical STXM setup, including the
Fresnel zone plate, order-selecting
are undesirable and need to be blocked by an aperture, sample on xy-scanner
stage and photodetector.

transmission and higher order diverging beams

order-selecting aperture (OSA). The sample it-
self is positioned exactly in the focal plane to
minimize the area of material that is probed and therefore maximize the spatial
resolution. Behind the sample, a photodetector measures the transmission through
the measured film. The sample stage is moved by piezo-electric scanners with
nanometer precision.

STXM images presented in this thesis were acquired with the MAXYMUS-instrument
at BESSY-II [119]. The beamline supplies photon energies at all relevant absorption
edges (transition-metal Lz- and rare-earth Ms-edges). The undulator can be tuned
to supply circular polarized photons of positive or negative helicity as well as
horizontal and vertical linear polarized light. The microscope setup is equipped
with a He-cryostat and the ability to apply magnetic fields of up to 250 mT. A
fiber laser allows for the in-situ optical excitation of samples with pulse lengths
below 1ps. Furthermore, it is possible to mount the sample rotated by 30° in the
plane, which allows for non-normal incidence measurements. [120]

The main advantage of the STXM setup lies in its straight-forward manner to
acquire images. The recorded data is immediately interpretable without the need
for complex processing. The recording of large sample areas is possible, and one can
freely choose the desired field of view, as long as the magnetic material is deposited

on a large x-ray-transparent membrane. Additionally, STXM is a quantitative
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technique: The total amount of transmitted photons is recorded, which allows
precise determination of the local magnetic polarization of the sample. Potential
downsides of the technique include the achievable spatial resolution of about 20 nm,
which is given by the numeric aperture of the zone plate and mechanical vibrations,
and the necessity to regularly realign the sample laterally and in the focus due to
thermal drift. Finally, the distances between zone plate, OSA, sample and detector
are small (< 1 mm), which restricts sample sizes and geometries and makes the
integration of sample environments and actuators challenging (for example, strong

electromagnets or azimuthal sample rotation stages).

3.2.2. Small-angle x-ray scattering

Small-angle x-ray scattering (SAXS) is an experimental characterization technique
that uses elastic scattering of x-rays to probe structural, topographic, and magnetic
correlations in materials [104, 121]. The prototypical transmission-based SAXS
setup, as depicted in Fig. 3.4a, involves an x-ray beam passing through a semi-
transparent sample. For sufficient x-ray transmission, the sample must be a thin
film or lamella, either freestanding or deposited on an x-ray transparent substrate.
The scattered x-rays are recorded by a pixel detector, typically an in-vacuum
CCD or CMOS camera, while a beamstop is positioned to block the high-intensity,
directly transmitted Oth-order light to prevent saturation or damage to the detector.
In elastic scattering, the wave vector magnitudes of the incoming (k;) and outgoing
(ky) x-rays are identical. Angular deflections (26) correspond to a momentum
transfer ¢ = 2ksin(f) (with ¢ = |q|, compare Fig. 3.4b). For a thin, homoge-
neous sample, the incident wave function ¥o(z,y) is modulated by the material’s
transmission function T'(z,y), resulting in an exit wave Weyit (z,y) = T(z,y)Vo(z,y).
The transmission function 7" has contributions from both topographic variations
(T.) due to material density, thickness, or composition, and magnetic texture (T5,)
arising from magnetic contrast mechanisms. Thus, T' = T, - T,,, [104].

According to the Fraunhofer approximation, the scattered wave front in the far
field represents the Fourier transform of the exit wave. Assuming an incident plane
wave Wo(x,y) = |Pol, the scattering pattern on the detector Wyet(Zdet,Ydet) relates

to the real space transmission via

\Ildet(wdetvydet) = -F[\Ilexit(mvy)](q) = |\IJO‘-F[T(xay)](Q), (35)

where F is the Fourier transform operator [104]. Consequently, the scattering
pattern encodes spatial wave vectors corresponding to the modulations in the
transmission function. When the scattering pattern is centered on the detector,
low-frequency information (corresponding to large features) appears near the center,
while high-frequency information is recorded near the frame edges. The largest q and

thereby the smallest detectable spatial feature size is therefore geometrically limited
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by the detector size and distance, in combination with the x-ray wavelength. The
Fraunhofer approximation assumes full spatial and temporal coherence. However,
if the spatial coherence of the x-rays is less than the illuminated sample area, the
SAXS signal represents the ensemble average of non-coherently added contributions,
suppressing speckle patterns while retaining spatial correlation information common

to the entire area.
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Figure 3.4 | Small angle x-ray scattering geometry. a Sketch of a typical experi-
mental setup. b Scattering geometry of a magnetic sample with stripe domains with a
spatial period of L. c-f Various magnetic domain configurations (top) and their expected
SAXS diffraction pattern (bottom). The scattering patterns were calculated from the real
space STXM-images.

The magnetic transmission factor T}, is primarily governed by the XMCD effect,
which is sensitive to the out-of-plane magnetization. Consequently, magnetic SAXS
is particularly effective at probing domain structures in films with perpendicular
magnetic anisotropy (PMA), where periodic changes between up and down mag-
netization create maximum transmission contrast. Notably, circularly polarized
x-rays are not mandatory for magnetic SAXS scattering, as linearly polarized or
unpolarized light can be expressed as the sum of two circular polarized compo-
nents with opposite polarization. Even though the XMCD contrast of the two
polarizations is inverted, the probed correlations are the same. Both polarizations
therefore add constructively in the far-field scattering pattern.

As shown in eq. (3.5), the scattering contains contributions from the non-magnetic
charge topography as well as the magnetic texture. To isolate the magnetic
scattering signal, the following methods are utilized [104]: By using clean samples

with minimal inhomogeneities, defects, and contamination, the charge scattering
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contribution is reduced by ensuring T.(x,y) = const. If topographic features are
required for the experiment, e. g., lithography-patterned structures, they can be
designed in a way that their scattering occupies different g-space regimes than
the magnetic scattering, such that these parts can be blocked with a beam stop.
Finally, recording and subtracting a scattering image of purely the charge scattering
without magnetic contributions, e. g., of a magnetically saturated sample reliably

removes remaining topographic scattering contributions [104].

Figures 3.4c-f illustrate how specific magnetic domain patterns in thin films corre-
spond to distinct SAXS patterns. A maze domain state, characterized by worm-like
domains, produces ring-like scattering: The uniformity of domain widths gives rise
to a specific dominant scattering angle |q|, while the random domain arrangement
is reflected in the azimuthal isotropy of the SAXS pattern (Fig. 3.4c). Reducing
the domain width shifts the scattering maximum to larger g-values (Fig. 3.4d). In
cases where magnetic features are sparsely distributed across the sample, the lack
of short-range order manifests as diffuse scattering that increases towards ¢ = 0
(Fig. 3.4e). Interestingly, an arrangement of closely packed skyrmions produces a
ring-like scattering pattern nearly identical to that of a maze domain state (compare,
e.g., Fig. 3.4a), highlighting the importance of complementary characterization
techniques for definitive structure determination. In contrast, a stripe domain state
with preferred alignment yields an anisotropic scattering pattern, as depicted in
Fig. 3.4f. If stripe domains have a preferred alignment direction, the SAXS signal
reflects this symmetry breaking by predominately scattering in the direction of the

magnetization modulation.

While it is not possible to directly access the real space magnetic texture via SAXS,
the technique does have certain advantages over imaging techniques. First, because
full spatial coherence of the light is not required, the technique still performs well at
x-ray sources with limited coherence, which can be the case at synchrotron facilities.
Second, it enables the acquisition of XMCD-based magnetic information even at
linear or unpolarized light sources, providing greater experimental flexibility. Third,
SAXS can probe large sample areas simultaneously, yielding statistical information
and improved signal-to-noise ratios that make weak signals detectable. Advanced
analysis techniques allow for the extraction of domain properties, such as the
domain wall width, from the g-dependence of the SAXS pattern [122, 123].

SAXS is particularly useful for rapidly characterizing static and dynamic domain
states, especially in samples with short-range domain order. It also enables inves-
tigations of processes inaccessible to direct imaging, either due to experimental
limitations or intrinsic properties of the process. A prime example are time-resolved,
stroboscopic pump-probe experiments at x-ray free-electron laser (XFEL) facilities,
where SAXS can overcome challenges such as limited spatial coherence due to

beam jitter and stochastic dynamics on the nanometer scale. By averaging over
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many events, SAXS can reveal the overall dynamics, offering a robust approach to

studying ultrafast magnetic phenomena.

3.2.3. Fourier transform holography

Fourier Transform Holography (FTH) is a powerful technique for magnetic imaging
that overcomes fundamental limitations of conventional x-ray scattering experiments
[124, 125]. While the diffraction pattern of a magnetic sample mathematically
contains all information about the real space magnetic configuration, common x-ray
detectors can only measure the intensity but not the phase of the scattered light.
This phase information, however, is crucial for the recovery of real space information.
Therefore, while SAXS patterns encode characteristic spatial frequencies and
provide insight into certain properties of domain walls, the reconstruction of the
real space magnetization configuration is impossible from the recorded intensity
alone.

Holographic methods solve this phase problem by encoding the phase information
into the recorded diffraction pattern through modulation of the intensity signal
originating from the sample by superposition with a known reference wave. In
Fourier transform holography [126], the sample and reference wave are spatially
separated to facilitate the reconstruction. The experimental setup is virtually
identical to SAXS (compare Fig. 3.5a), but the method imposes some additional
requirements on the sample. The magnetic film is covered by an opaque absorption
mask (in our case a 3.5pm thick Cr/Au multilayer), into which a holographic
mask is milled using focused ion beam lithography. This mask contains a 1-5 pm
large object aperture that exposes only a part of the magnetic film and one or
more through holes (with a diameter between 20 and 80 nm) serving as reference
apertures (compare Fig. 3.5b). The exit wave from the object hole and the reference
wave interfere and form the hologram on the detector.

Exemplary holographic diffraction patterns are depicted in Fig. 3.5¢ for left and
right-handed circular x-ray polarizations, respectively. The high frequency modula-
tions represent the interference pattern with the reference waves. In the difference
image asymmetries between the two polarizations become evident, which are caused
by magnetic domain contrast within the object aperture. Assuming small scattering
angles and valid Fraunhofer conditions, the real space information is reconstructed
by applying an inverse Fourier transform to the diffraction pattern, yielding a
convolution of the exit wave front with itself (Fig. 3.5d). This autocorrelation
contains the self-correlations of object and references in its center, while the cross-
correlations of object and reference appear at distances corresponding to their real
space separation. For an infinitesimally small reference hole, this cross-correlation
directly represents the exit wave form of the object, which — assuming XMCD
contrast achieved by tuning the photon energy to a suitable x-ray absorption edge

— gives an image of the domain structure [125].
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Figure 3.5 | Fourier transform holography of magnetic thin films. a Experimental
geometry of a Fourier transform holography setup b Example for a holographic mask
attached to a magnetic thin film. ¢ X-ray scattering patterns of the same sample for
left- and right-handed circular polarized light and the difference. d Patterson map and
enlarged view of an object hole reconstruction.

The design of reference holes requires careful consideration of several factors.
They must be positioned far enough from the object to prevent overlap of the
reconstruction with the object’s autocorrelation but also close enough to maintain
spatial coherence between the apertures. The spatial resolution of FTH is primarily
limited by the reference hole size, hence, reference apertures should be as small
as possible. However, reduced hole diameters result in decreased transmitted
intensity and consequently weaker cross-correlation signals. Focal propagation and

deconvolution methods can further improve the resolution [127].

Recent developments have combined FTH with phase retrieval algorithms, achieving
significant improvements in spatial resolution beyond the reference hole size [25,
26, 128]. Phase retrieval recovers the phase of the scattering pattern by iteratively
optimizing the phase data while keeping the recorded intensity in g-space and the

spatial extent of the sample (the “support”) as optimization restraints.

Limitations of FTH include the intricate and time-intensive fabrication of the
holographic mask. Moreover, the field of view is restricted to the object aperture,
which is typically no larger than a few micrometers in diameter. However, FTH
also offers significant advantages: The fixed field of view facilitates observation of
the same specific sample area over a long time [129, 130], which can be particularly
beneficial for time-resolved experiments. Additionally, because the holographic
mask is directly attached to the sample, FTH is highly resistant to sample drift. The
technique requires only basic experimental equipment for direct imaging, and the
absence of nearby optics allows for versatile sample environments, including strong

magnets, cryostats, optical lasers, and conduction lines for electrical excitations.
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Table 3.1. | Comparison of the utilized soft x-ray-based techniques.

Advantages Disadvantages

Straight forward image creation Limited spatial resolution

STXM Large, unrestricted field of view Tight sampl}e environment
Prone to drift
E;g}gesfriflfziriiolflfrients required Restricted field of view
FTH & 4 Labor intensive sample preparation

Spacious sample environment

Inherently drift-free Involved image reconstruction

Works with arbitrary x-ray polarization
SAXS Signal accumulation over a large area No direct real-space imaging
Easy to implement

3.2.4. Summary

To summarize, we use a set of x-ray-based techniques due to their element-specific
magnetic contrast mechanisms and high-resolution options. Table 3.1 gives an
overview of the comparative advantages and disadvantages of the three techniques
discussed. Most static imaging experiments were carried out with STXM. This
includes domains and domain walls in ferrimagnetic alloys in the chapters 5 and 4,
as well as skyrmions and worm domains in Co/Pt multilayers (chapter 6). To push
the spatial resolution, coherent imaging was used in chapter 4 to record a detailed
image of the domain wall structure. To achieve picosecond temporal resolution,

SAXS was used at an X-FEL facility to follow the skyrmion nucleation in chapter 6.

3.3. Auxiliary techniques

Many different techniques aside from x-ray-based methods were deployed to record
the data presented in the topical chapters. Parts of the experimental results were
supplied by our collaborators, and some datasets required careful analysis and post-
processing. Also, some specific requirements for measurements made modification
of existing experiments and the creation of multiple entirely new setups necessary.
In the following, we highlight lab-based techniques that were set up, modified and

utilized over the course of the PhD.

3.3.1. MOKE and Kerr microscopy

The interaction of light in the optical wavelength regime in the form of the
magneto-optical Kerr effect (MOKE) and Faraday effect has become the go-to
characterization technique for magnetic thin films [131]. These optical methods
detect magnetization-induced changes in the polarization state of reflected light,

providing a direct and non-invasive probe of the sample’s magnetic state [132, 133].
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Figure 3.6 | Sample characterization via MOKE. a Hysteresis loop of a Co/Pt-
multilayer recorded with the newly implemented laser-MOKE setup. The inset demon-
strates the vanishing drift between two consecutive measurements (red versus blue) and
the low base noise level of <0.4 %. No filters and drift corrections are applied. b Overview
of the flux-closed magnet design. The pole geometry close to the sample is shown in the
inset. ¢ Wide-field image of the domain structure in an ion-patterned Co/Pt-multilayer
sample. d Raw data of local hysteresis loops extracted at the positions marked in (c) for
various ion doses.

In this thesis, MOKE was used both to record field-dependent hysteresis loops and

to investigate domain nucleation dynamics with picosecond temporal resolution.

A laser-based MOKE setup was constructed for rapid and reliable magnetic char-
acterization. It enables hysteresis loop measurements under applied fields of up
to 1.4 T, averaged over a circular spot of approximately @ = 2mm. A single loop
is recorded within 0.1s to 10s, depending on the required field resolution. To
minimize long-term drift, the optical path was kept compact, and all components,
including the sample, were rigidly mounted. The resulting system exhibits min-
imal signal drift and maintains a low noise floor (<0.4%), as seen in Fig. 3.6a.

Oversampling and digital filtering can further improve signal quality if necessary.

The laser-MOKE setup averages over a large area of the sample surface. However,
for the engineering of artificial nucleation sites, we required the measurement of the
field-response of microscopic patches of material, where the local magnetic properties
were altered by ion bombardment. To this end, we built an epi-illuminating Kerr-
microscope, which uses the Kerr-effect to make magnetic domain contrast visible.
The microscope integrates a custom-built electromagnet with a flux-closed yoke
(Fig. 3.6b) that provides fields up to 1.4 T. Its enclosed geometry effectively confines
the magnetic field, significantly suppressing stray fields and minimizing parasitic
Faraday rotation within optical components, such as the objective lens.

Figure 3.6c shows ion-bombarded patches in a Co/Pt film arranged in a checker-
board pattern. For the color-indicated regions of size 10 pm x 10 um the local

hysteresis loop is plotted in Fig. 3.6d. The locally extracted measurements not
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Figure 3.7 | Sketch of the time-resolved Kerr microscopy setup. The infrared
laser pulse is split up into the pump part and the frequency-doubled probe beam, which
is used for real space imaging of the magnetic state via MOKE.

only demonstrate the strong lateral variability of the shape of the hysteresis loop
but also show the almost negligible contribution of the parasitic Faraday signal:
At saturation, signal plateaus confirm the negligible contribution of Faraday rota-
tion, matching the performance of the laser-MOKE system with slightly reduced
acquisition speed.

Quasi-static and time resolved domain nucleation studies were performed with a
laser-based full-field pump-probe MOKE microscope (compare Fig. 3.7 and [134]
for a detailed description). A fiber laser emits 1030 nm pulses with durations as
short as 250fs. Each pulse is split into an excitation beam at the fundamental
frequency and a probe beam, which is frequency-doubled with a BBO crystal. Both
pulses hit the sample collinearly through an objective lens with a tunable delay
between —50 ps and 1ns. Fine-grained field control was achieved by integrating

the same electromagnet design as described above.

3.3.2. Anomalous Hall effect measurements

A custom-built Hall transport setup was developed to record hysteresis loops of
thin film samples under varying temperatures and applied magnetic field angles (see
Fig. 3.8). Compared to MOKE, anomalous Hall effect (AHE) measurements offer
several advantages: The measured signal is free from strong parasitic contributions,
in contrast to potentially strong Faraday contributions in MOKE measurements,
and the only additional unavoidable signal in an AHE-measurement is the normal
Hall effect, which is negligibly small in comparison [135, 136]. Additionally, AHE
probes the full thickness of the sample, rather than just the surface, making it
particularly valuable for analyzing thick or inhomogeneous films. Finally, samples

do not need to be optically accessible or mechanically stable. Instead, only four
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Figure 3.8 | Anomalous Hall effect measurement setup. a Schematic of the
experimental setup. The transversal sheet resistance is measured with the Tensormeter
with a repetition rate of 50 Hz. Its trigger signals are recorded simultaneously with the
magnetic field by an ADC at 5kHz. b Example for a OOP hysteresis loop of a DyCo
thin film measured in the rapid acquisition scheme.

electrical connections to the sample are required, which facilitates the integration
into a complex sample environment.

Similar to MOKE, AHE primarily probes electronic states near the Fermi level
[102, 137, 138]. In rare-earth transition-metal alloys, this implies that the measured
magnetic signal originates almost exclusively from the transition metal, since the
magnetic 4f states of the rare-earth element lie several electronvolts above and
below the Fermi energy Fg [139].

The setup (Fig. 3.8a) is built around a commercial Tensormeter RTM1 measurement
device. This device can measure the offset-free Hall signal in a four-wire geometry
by switching the input-output configuration between consecutive measurements.
By capturing the magnetic field strength simultaneous to the trigger signal of
the Tensormeter, each field value and data entry can be matched. Samples are
mounted and connected onto a carrier board with electric signal lines either by
metal clamps or wire bonding. The carrier is inserted into a flow cryostat between
the pole shoes of an electromagnet. Because the sample can be freely rotated within
the cryostat, the angle of the applied field can be freely chosen while measuring
the OOP magnetization component (exemplary shown in Fig. 3.8b). The sample
environment allows for arbitrary magnetic fields up to 2 T and temperatures between
80 K and 450 K. The capabilities of the setup are used in chapter 5 to determine the
composition of a RE-TM alloy and in chapter 6 to specify the magnetic anisotropy

of a ferromagnetic thin film.

3.3.3. SQUID magnetometry

An MPMS3 magnetometer was used to determine material parameters and to
investigate the low-temperature behavior of our ferrimagnetic samples. The device
employs a commercial implementation of a superconducting quantum interference

device (SQUID), allowing for the precise measurement of a sample’s magnetic
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moment in applied bipolar magnetic fields up to 7T and at cryogenic temperatures.
Since a SQUID measures a signal proportional to the total magnetic moment along
the instrument’s oscillation axis, the absolute magnetization can be determined if
the sample dimensions are known and the instrument is properly calibrated. Owing
to its superior sensitivity compared to classical vibrating sample magnetometers
(VSMs), SQUID magnetometry is particularly well suited to determine saturation
magnetization values of our magnetic thin-film samples [31, 140].

For measurements, samples were mounted inside plastic straws, aligned either OOP
or IP with respect to the field and oscillation axis (see also [141]). The high-speed
VSM-SQUID mode was typically used to acquire high-quality hysteresis loops.
When absolute magnetization values were required, the DC-SQUID mode was
employed. While the latter offers slightly lower signal-to-noise performance, it is
significantly less susceptible to sample drift, which can lead to erroneous readings
of the magnetic moment.

Additional care had to be taken with the sample preparation and data interpreta-
tion [142]: Substrates add a para- or diamagnetic background to the signal that
needs to be removed. Additional impurities and contaminations on the sample
and sample holder give rise to parasitic signals. Finally, the calibration of the
instrument assumes a specific size and oblong cylindrical shape of the sample.
Our deviating sample geometry may skew the absolute measured values of the
magnetization [143]. Indeed, measuring the same sample in OOP- compared to
IP-configuration led to variations in measured Mg by up to 10 %.

Examples for data acquired with SQUID can be found in the appendices A.1, A.2,
and A.4.

3.3.4. Lorentz-TEM

Lorentz transmission electron microscopy (L-TEM) is a powerful technique for
resolving magnetic structures in thin films at nanometer scale. All measurements
presented in this work were performed by our collaborators in the group of Prof.
Claus Ropers at the Georg-August-Universitat Gottingen.

When electrons are transmitted through a magnetic sample with a finite magnetiza-
tion, the electrons are exposed to a Lorentz force F1, = —e(v x B). Here, —e is the
electron charge, v the propagation direction of electrons and B the local induction
caused internal and external stray fields due to the magnetization of the specimen.
This Lorentz force leads to deflection of electrons passing through the sample [144].
By slightly defocusing the electron microscope (Fresnel mode) this deflection be-
comes visible on the detector. Due to the cross product, only magnetization
perpendicular to the electron beam contributes to the Lorentz-contrast.

For samples with perpendicular magnetic anisotropy, this implies that contrast
arises primarily from domain walls, where in-plane magnetization components

exist. Specifically, under normal incidence (6 = 0°), only Bloch-type domain
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Figure 3.9 | Interpretation of Lorentz-TEM data. a Expected domain wall contrast
for Bloch and Néel -type domain walls in defocused Fresnel-mode. While in normal
incidence (6 = 0°), only Bloch-type walls are visible. Tilted incidence enables contrast
from Néel-type walls. Adapted from [145]. b L-TEM images of Bloch skyrmions with
clockwise and counterclockwise chirality and their corresponding reconstructed in-plane
magnetization. Non-topological bubble domains show deviating contrast.

walls produce Fresnel contrast, appearing as black-white or white-black transitions
depending on their chirality (Fig. 3.9a) [145]. In contrast, the electron deflection
of Néel-type domain walls cancels out in normal incidence, such that no contrast
emerges. Tilting the sample away from normal incidence gives additional signal at
the domain walls, hence also Néel walls become visible (compare Fig. 3.9a).

At a vertical Bloch line, two Bloch domain walls with opposite chirality meet. This
results in an inversion of the Lorentz-contrast along the domain wall — shifting from
black-white to white-black or vice versa. In consequence, a defect-free, homochiral
domain wall of a magnetic Bloch-type skyrmion exhibits a uniform contrast orien-
tation across its perimeter [146]. Figure 3.9b shows examples of Bloch skyrmions
with both chiralities, along with their reconstructed in-plane magnetization. For
comparison, bubble domains with non-topological wall structures display distinct

contrast patterns that deviate from those of skyrmions.






Chapter 4
Chirality variations in ferrimagnetic rare-

earth transition-metal alloys

The material class of rare-earth transition-metal alloys exhibits many appealing
physical properties, including ferrimagnetism, perpendicular magnetic anisotropy,
all-optical switching and bulk DMI. The latter is of particular importance for the
stability of small, mobile skyrmions in compensated magnetic materials. Such
compensated skyrmions can be moved without detrimental skyrmion Hall effect.
The most unambiguous way to determine the presence of DMI in a magnetic thin
film is to observe Néel-type domain walls. In this chapter, we introduce a vector
spin imaging technique based on x-ray magnetic linear dichroism contrast. We
demonstrate the technique on thin films of a DyCo alloy with perpendicular magnetic
anisotropy. In this material, we find not only Néel-type domain walls that are
likely bulk-DMI stabilized but also observe generally strong lateral variations of the
domain wall angle. Hence, while the material exhibits DMI and hosts chiral domain
walls, the chirality is a local property. Even defect free skyrmionic bubbles are not
necessarily surrounded by a homochiral domain wall. We present evidence that
the chirality variations could be caused by regions of altered material composition.
Our findings suggest that the lateral material composition changes emerge during
sample growth and are directly linked to and potentially even caused by the as-grown
magnetic domain configuration. These magnetism-induced inhomogeneities join the
growing set of exotic phenomena in rare-earth transition-metal alloys. While they
give rise to fundamental questions about the growth characteristics, they also offer
possibilities to control the local domain wall chirality as well as the micromagnetic

properties in future nano-spintronics applications.

4.1. Introduction

Rare-earth transition-metal alloys combine many unique magnetic properties and
phenomena, including ferri- and sperimagnetism [147], skyrmions [148, 149] and
helicity-independent all-optical switching [28]. The material class is therefore highly

appealing for fundamental research and for potential future applications. Among
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these intriguing phenomena is the recent discovery of bulk Dzyaloshinskii—-Moriya
interaction (DMI) in GdFeCo thin films [9]. Bulk DMI does not rely on the
symmetry breaking at a heavy metal material interface. It is therefore a highly
desirable property for the development of thick, compensated magnetic films with
strong DMI, which do not require stray field interactions like high-DMI repeating
multilayer structures. Such films are ideal hosts for thermally stable, yet small
and mobile skyrmions with Néel chirality. These compensated skyrmions would be
movable by electric currents, without the emergence of the skyrmion Hall effect,
which introduces a generally undesirable skyrmion propagation perpendicular to
the current flow [63, 150], and generally have a higher skyrmion velocity. Bulk
DMI was found to emerge from a growth-induced vertical composition gradient
in combination with spin-orbit coupling within the ferrimagnetic material. In the
same material class, in the context of all-optical switching, it was observed that
also lateral composition variations exist in the sputtered films [8]. The question
remains how such lateral composition gradients impact the statics and dynamics

of magnetic textures in the thin film and specifically the domain wall chirality.

The chirality of a magnetic domain wall is one of its most defining properties. Of
heightened interest for spintronics applications are domain walls and skyrmions
with pure Néel-type chirality, as these can easily be moved by electric currents [148,
151]. Local domain wall defects, such as vertical Bloch lines, further modify the
stability [6], topology and mobility [152, 153] of magnetic features. It is therefore of
great scientific interest to engineer and tune the domain wall to a desired chirality.
Equally important, however, is the ability to also investigate and resolve the local
domain wall spin structure. Techniques range from volume-averaging methods like
chiral XRMS [154, 155] to direct imaging techniques, including Lorentz-TEM [145,
156], MFM [157], SPLEEM [158, 159] and SEMPA [22, 160]. Each technique
has specific strengths for particular use cases, such as the element-specificity of
x-ray-based techniques, the high resolution and sensitivity of MFM or the bulk
sensitivity of Lorentz-TEM. Missing, however, is a technique that combines the
power to resolve the domain wall chirality with high spatial and temporal resolution
with bulk sensitivity and element specificity, while also working well in complex

sample environments.

In this study, we investigated DyCo thin films with the goal to find bulk DMI-
stabilized Néel-walls as well as to develop a robust technique to identify such chiral
structures. We developed an XMLD-based vector spin imaging technique, which
allows the unambiguous distinction between Bloch and Néel type domain walls as
well as states of intermediate chirality. We observed strong spatial variations of
the domain wall chirality in the as-grown state of the magnetic film, ranging from
full Bloch to full Néel handedness. Complementary MFM-imaging revealed a faint
magnetic background contrast that coincides with the position of the initial as-grown

domain walls. We connect both observations to spatial variations of the material
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composition, which leads to modifications in the local saturation magnetization
and DMI strength. We suspect an interplay between these phenomena and the

domain wall formation during sample growth.

4.2. Sample fabrication and characterization

We prepared DyCo-alloy thin films on x-ray transparent SiN-membranes. The spe-
cific layer configuration was SiN/Ta(4 nm)/Pt(6 nm)/Dyg.19Cog.s1 (50 nm) /Ta(3 nm)
/Pt(4nm), as shown in Fig. 4.1a. We chose DyCo for two reasons: First, the re-
quired composition gradient [83] as well as strong spin-orbit coupling have been
reported in this material [161], which makes it a likely candidate to show bulk DMI.
Second, the material reportedly exhibits measurable XMLD at the Dy Ms-edge [83],
which our imaging method is based on. The alloy was terminated asymmetrically
with Ta and Pt to allow for future spin-orbit-torque-based spintronics experiments.
We do not expect that the induced interfacial DMI has a major impact on the
domain wall chirality, due to the considerable thickness of the magnetic layer.
The DyCo samples were grown via magnetron (co-)sputtering at a base pressure of
Phase = 1.4x 1078 mbar and a working pressure of py, = 1.5x 1073 mbar. All growth
rates r for each individual component were determined prior to the deposition
with a quartz crystal monitor at the substrate position and the deposition times
were linearly extrapolated. For the growth rate of the co-sputtered DyCo alloy we
assumed Tpyco = TDy + TCo-

We determined the volume averaged alloy composition by measuring the compen-
sation temperature Thy = 162K with SQUID (comp. Fig. 4.1d). This temperature
value was then compared to compensation-temperature versus composition data for
DyCo found in the literature [162]. The precise sample thickness was determined
by cutting a lamella of the thin film and resolving the element distribution with
transmission electron microscopy (Fig. 4.1¢). The magnetic anisotropy K, was
calculated as described in appendix A.2.

A room temperature hysteresis curve of the material is shown in Fig. 4.1b. The
loop is generally square shaped, with full remanence and a sharp nucleation at
Hy = —40mT. However, the following gradual approach towards full magnetization
inversion at Hg = —110mT hints towards low domain wall mobility. The cause
for the mobility reduction is strong magnetic pinning within the material, which
hinders the domain wall propagation at moderate driving fields. A side effect of
the pinning is the possibility to create a stable multi-domain state via field cycling.
The domains in such a demagnetized state are, however, considerably larger than
in the initial as-grown domain state (comp. Fig. 4.1b).

While the room temperature hysteresis loop is essentially square, its form changes
considerably when approaching the compensation temperature (Fig. 4.1e). Here,

the magnetization stays almost zero, up until a transition above 2T. Such behavior
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Figure 4.1 | Characterization results of the DyCo thin film. a Sputter-grown
materials stack. b AHE-recorded OOP-hysteresis loop, including the virgin curve. The
inset shows the as-grown domain state. ¢ TEM cross section through the sample. On
top of the capping layer, a protective Pt-cap was deposited for the lamella milling. d
Saturation magnetization versus temperature measured at an OOP holding field of 1.5 T.
The inset shows a zoomed in view around the compensation temperature (162K). e
SQUID-recorded OOP hysteresis loop at the compensation temperature. The magnetic
transitions at high fields by creation and annihilation of the horizontal domain wall are
visible. The transition at zero field could also be parasitic signal from magnetic material
deposited on the edges of the substrate [163]. The bottom inset illustrates the varying
compensation temperature in the material due to a composition gradient, which splits
the magnetic layer into two regions, one below and one above Ths. The top insets show
the magnetic configuration in these two regions for the highlighted field regimes.
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is the fingerprint of a synthetic antiferromagnet [164]. It was shown that in DyCo
this effect originates from a composition gradient along the film normal, such
that the material is partially above and below the local compensation [83, 165].
Compare appendix A.1 for the entire temperature dependent dataset.

With signs of the compositional gradient present, our sample exhibits all require-
ments for bulk DMI. We cannot measure the DMI directly: Brillouin light scattering
(BLS) requires the sample to be in-plane magnetized and low damping of spin
waves. The first requirement would call for strong, technically challenging in-plane
fields, while the second requirement is simply not given in our samples. We at-
tempted field-angle dependent coercivity measurements as described in [166]. This
method did not succeed, however, also due to the considerable magnetic pinning.
The same would likely be the case for domain expansion experiments. Hence,
determining the DMI strength from the domain wall chirality and searching for
Néel-type domain walls was the most logical procedure. Here it was important
to use a thickness-averaging measurement technique to probe the chirality of the
entire domain wall profile along the film normal. A surface sensitive technique
(e.g., SEMPA) would not be able to distinguish between DMI-stabilized Néel-type

domain walls and flux closure Néel caps (compare section 2.2).

4.3. XMLD vector imaging

We developed XMLD vector imaging as a technique to resolve the local chirality
of magnetic domain walls. We aimed to be able to clearly distinguish Bloch and
Néel walls as well as intermediate states of chirality. The analysis method was
adapted from a technique used to image magnetic vortices with XMLD-PEEM in
IP-hematite [167] to domain wall imaging in transmission geometry in our thin
films with perpendicular anisotropy. In this section, we detail the steps necessary to
get a domain wall reconstruction. We show the requirements for the experimental
setup to achieve a high-quality vector image and verify the validity of the method
by comparing it to Lorentz-TEM. Finally, we show our best reconstruction result
thus far, which was achieved by combining our technique with the resolving power

of coherent x-ray imaging.

4.3.1. Acquisition and reconstruction process

The XMLD effect describes the different absorption of linear polarized x-rays in
a magnet, depending on the angle between light polarization and magnetization
(compare section 3.1.3). In first approximation, the additional absorption is
proportional to cos?(a), with a being the angle between the light polarization
and magnetization: The XMLD effect is maximal if the light polarization and the

magnetization direction align, and minimal if they are orthogonal. Depending on
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Bloch
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Néel DW

Bloch DW

Figure 4.2 | Calculated XMLD contrast examples for a variety of basic magnetic
features, including skyrmions and domain walls of pure Bloch- and Néel chirality. The
black-white contrast in the first column is proportional to the expected XMCD-contrast.
The other columns show the expected XMLD absorption for linear polarized x-rays with
varying polarization angle (indicated by white arrows).

the photon energy, the magnitude and sign of the XMLD can change. However, in
our samples, at the photon energy with maximal XMLD contrast, alignment of the
polarization and magnetization always resulted in increased absorption, hence a
reduction in transmission (compare Fig. 3.2). Recording the local XMLD-absorption
in a magnetic thin film with x-rays under normal incidence is therefore sensitive to
the direction of the in-plane magnetization. Figure 4.2 shows simulations of the
XMLD-induced transmission contrast for various prototypical magnetic features
and x-ray polarizations. One finds that the XMLD-contrast solely depends on
the in-plane magnetization axis and not the actual magnetization direction. This
loss of directionality stems from the fact that linear light polarization of a certain
angle 6 is equivalent to the polarization angle 6 + 180°. This property also transfers
to the XMLD contrast.

With full directional information, two orthogonal linear light polarizations would
suffice to reconstruct the two-dimensional in-plane magnetization vector: They
would each be proportional to one in-plane component of the magnetization (com-
pare XMCD imaging in chapter 5, where this is the case). However, with the
directional degeneracy added as a degree of freedom in the XMLD-contrast, certain
magnetic configurations cannot be distinguished: Compare, e.g., in Fig. 4.2 the
Bloch and Néel domain walls, which give the identical signal for both diagonal x-ray
polarizations. In consequence, it is required to record more than two polarization
angles to unambiguously reconstruct the in-plane magnetization axis. We opted
for four different angles, 45° apart, which worked well for us in practice.



4.3. XMLD vector imaging 55

0.1

Q=0 <->_¢
0 0.0 ——\/v—
-1 1 1 —0.1 &1 1
1290 1300 1290 1300
XMCD XMLD
10F
— M| €
05| — Mile

XAS (a.u.)

0.0 Jkl—

1280 1300 1320 1340
Energy (ev)

Figure 4.3 | Overview of the XMLD vector reconstruction process. Each image
in the top row shows the recorded transmission data for the indicated x-ray polarization
from the reconstructed magnetization pattern. Inset plots show the XMCD-spectrum
(left) and XMLD-spectrum (right) around the absorption edge, as well as the extended
XAS spectrum, highlighting the small XMLD contribution. Images were recorded at
MAXYMUS and spectra at the VEKMAG enstation at BESSY-II.

Laterally resolved images of the XMLD contrast under different angles must be
aligned with each other, and possible sample drift needs to be removed. All images
are normalized against the maximum transmission, hence the parts of the material
where the magnetization is orthogonal to the polarization. Each pixel-coordinate
has a set of four different absorption values, one for each polarization angle (identical
to the images in Fig. 4.2). By fitting Ii;ansm. = Io(1— A cos?(a— aumax)) to this data,
the angle of maximum absorption — and therefore the angle of the magnetization
axis — can be determined. Here, « is the x-ray polarization angle, ayax is the
fit parameter that determines the magnetization axis, and A an arbitrary scaling
factor of the XMLD strength.

In practice, most beamlines that we used for XMLD-imaging only supplied linear
polarized light in two orthogonal angles (i.e. the horizontal and vertical linear
polarization axes). Other beamlines did offer arbitrary linear polarization angles.
However, angles aside from the two prime polarization directions were often not
perfectly linear but contained a small amount of circular polarization. Because the
XMCD effect is substantially stronger than XMLD in DyCo, even when the photon
energy was optimized for XMLD contrast, the recorded images were dominated
by XMCD-based out-of-plane signal, which completely drowned out the XMLD
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contributions. In consequence, to record four different angles of linear polarization,
we opted to rotate the sample instead by 45° and align the images in post-processing.
The vector reconstruction method is compatible with any x-ray absortion based
imaging technique. We opted to deploy the reconstruction-method with STXM and
Fourier transform holography. Both microscopy techniques are transmission-based
techniques that have high spatial image resolution with bulk sensitivity and allow
for potential time-resolved experiments as well.

Exemplary absorption data acquired by STXM is shown in Fig. 4.3. Each panel
shows the absorption contrast for either circular polarized light or for one of each
linear polarization direction. The additional absorption from the XMLD clearly
appears within the domain walls. However, while the XMCD contrast is essentially
noise free, the individual absorption images of linear light exhibit far poorer signal
quality. In fact, the XMLD effect is very small in our DyCo alloy and requires
long integration times (compare the energy scans in Fig. 4.3, where the XMCD
magnitude is ten times larger than the XMLD). However, for this work, only the
in-plane spin information within the domain walls was of interest for us, i e. the
in-plane information along a one-dimensional manifold that follows the domain
wall. We thus applied a directional smoothing algorithm that applies a biased local
Gaussian filter, which is very broad normal to the domain wall but narrow parallel
to the wall. This treatment improved the signal quality by averaging perpendicular
to the wall while conserving the original imaging resolution along the domain wall.
As an additional benefit, the impact of slight misalignments between individual
images was reduced this way.

The final vector reconstruction is shown in Fig. 4.3. The black-white contrast de-
notes the out-of-plane magnetization component, while the in-plane magnetization
is shown as arrows. The color coding of the arrows follows the convention of Bloch
walls being red and Néel walls being blue. Note that the arrow heads are not a
result of the XMLD reconstruction but are at this point essentially arbitrarily
chosen and may serve as a guide to the eye. The scientific interpretation of the

magnetization structure will be discussed in section 4.4.

4.3.2. Verification of reconstruction and integration of
Lorentz-TEM contrast

We performed Lorentz-TEM imaging to verify the validity of our vector spin imaging
technique. In Fresnel mode, the objective lens is deactivated, ensuring that the
sample remains free from externally applied magnetic fields. Thereby, the as-grown
magnetic state can be imaged without disturbance by defocusing the beam. In
this imaging mode, the deflection of electrons by the local magnetization of the
magnetic material can be detected. In normal incidence, no magnetic contrast

arises within the OOP-magnetized domains, due to vanishing Lorentz-forces in
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the case of parallel field and electron propagation direction. Within domain walls,
however, the in-plane magnetization component gives rise to a Lorentz deflection.
Bloch type domain walls lead to a characteristic black-to-white fringe pattern,
wherein the direction of black-to-white contrast depends on the chirality of the
wall. Pure Néel type domain walls do not show Lorentz contrast.

In Fig. 4.4a) and Fig. 4.4b) the same field-of-view of the DyCo film is shown as
reconstructed from XMLD imaging and recorded via Lorentz-TEM. Wherever the
XMLD reconstruction predicts a domain wall with a non-zero Bloch component,
the domain wall shows Lorentz contrast. Where we expect Néel walls, the Lorentz
contrast vanishes (sections marked blue in Fig. 4.4b). Due to the good agreement
between both techniques, we can reasonably assume that the results from XMLD
vector imaging are valid. Specifically, we can distinguish pure Néel chirality from

sections with a Bloch component and reliably determine the domain wall angle.

b ¢
XMLD recon. L-TEM 0°-tilt combined

Figure 4.4 |Integration of Lorentz-TEM data. a XMLD-based reconstruction
without directional information. b Lorentz-TEM contrast of the same state. Solid lines
indicate the domain wall position in the STXM data. Red arrows show the derived Bloch
chirality. Dashed blue lines denote domain wall sections with vanishing Lorentz contrast
due to Néel chirality. ¢ Recovered full directional in-plane magnetization information.
Black arrows highlight mismatching chirality.

Additionally, the information of Bloch directionality in the L-TEM data allows us
to lift the directional degeneracy in the XMLD reconstruction. Where a sufficiently
large Bloch component is present, the direction of the black-to-white transition in
the Lorentz-contrast directly defines the direction of the in-plane magnetization
(such sections are marked by red arrows in Fig. 4.4b) Adjacent Néel sections can
be recovered by minimizing the total exchange energy in the simplified domain
wall: In general, the ferro- and ferrimagnetic exchange interaction favors parallel
alignment of the magnetization (within the same sublattice). Hence, magnetic
moments in the domain wall should rotate smoothly. Starting from the Bloch
sections with known directionality, the alignment between pairs of neighboring
spins is compared and the orientation chosen such that the scalar product between
the two is maximized. This in return minimizes the magnetostatic energy. This
Ising-like optimization routine of the spin alignment is performed throughout the

entire domain wall, thereby “combing” the magnetic moments into one direction.
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Aside from few exceptional points (marked with black arrows in Fig. 4.4c), this
method returns a smooth vector field for the majority of domains. We can attribute
these points to either local domain wall defects such as vertical Bloch line defects,
which are so small that the finite resolution of the STXM makes them appear as

discontinuities or XMLD-reconstruction artifacts due to a low signal-to-noise ratio.

4.3.3. Resolution benchmark: Coherent XMLD vector imaging

STXM is an extremely versatile and user-friendly technique that works well together
with XMLD vector imaging. However, the achievable resolution is limited by the
size of the scanning x-ray spot on the sample, caused by the relatively small
effective numerical aperture of the focusing x-ray optics. Additionally, sample
drift makes longer acquisitions for better SNR and the alignment of the different
polarizations difficult, especially for samples with weak XMLD-contrast. Coherent
imaging techniques are a way to overcome the spatial resolution limit, as they
theoretically allow for resolutions up to the wavelength limit. Fourier transform
holography is particularly interesting for low-contrast samples, as the fixed mask
makes the technique inherently drift free and the alignment of multiple images
trivial. The relatively new HAPRE imaging and reconstruction method promises to
combine cutting-edge resolution with drift-free imaging [26]. Here, we demonstrate
XMLD vector reconstruction working exceptionally well together with this coherent
imaging technique.

Coherent imaging experiments were performed at the BOREAS-beamline at the
ALBA synchrotron. We used a holographic mask layout that was designed specifi-
cally for HAPRE. A SEM-micrograph is shown in Fig. 4.5a. The total footprint of
the mask was minimized such that the spatial coherence between the object and
reference wave from the two small reference holes is as large as possible. Additional
large transmission holes were placed close to the object aperture. Their size and
position results in increased scattering over a large g-range, which makes it easier
to acquire magnetic signal at large scattering angles through heterodyne mixing
and thereby resolve smaller features.

An exemplary XMLD-scattering pattern is shown in Fig. 4.5a. It depicts the
difference in the holograms acquired with horizontal and vertical linear polarized
light. We can see modulations of the magnetic signal up to the edges of the screen,
which corresponds to a reconstructed pixel resolution of 15 nm at the Dy M5 edge
(1292.6 ¢V [107]). Each individual hologram is a composite of two scattering images
with differently sized beam stops. The phase of each hologram was reconstructed
via phase retrieval as detailed in [26].

The real space reconstructions of the XMLD contrast are shown in Fig. 4.5b and 4.5¢
for the two sets of orthogonal linear polarizations. Each image is presented as the
difference of two polarizations such that the otherwise dominant topographic signal

cancels out. Combining the individual images results in the vector reconstruction
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as shown in Fig. 4.5d. Here, the in-plane domain wall information is depicted on
top of the XMCD contrast, which corresponds to the out-of-plane magnetization.
The color of the in-plane component corresponds to the reduced domain wall angle
U = arcsin | sin(¢)|, which indicates if the domain wall is closer to a Néel (¥ = 0°)
or Bloch configuration (¥ = 90°).

mask layout

Figure 4.5 | XMLD holography scattering image and reconstruction. a SEM
image of the FIB-fabricated optimized holography mask and difference scattering pattern
LH-LV linear polarization. b Difference image of the phase retrieved reconstructions
of linear horizontal and vertical XMLD contrast, ¢ the same for diagonal polarizations.
d Vector reconstruction of the domain wall chirality overlaid with out-of-plane magnetiza-
tion from XMCD contrast. The color indicates the reduced domain wall angle ¥ with red
equalling Bloch and blue equalling Néel chirality.

In the top third of the field of view, the domain walls are essentially monochiral
with dominant Bloch characteristics. The rest of the reconstruction reveals strong
in-plane modulations in the form of chirality variations and domain wall defects.
We focus on the small, circular bubble domain in the center of the reconstruction.
At the top of the bubble, a vertical Bloch line separates two Bloch domain wall
sections (marked). Because this domain wall defect is compact, it results in
rapid contrast changes in the XMLD difference images. Indeed, in Fig. 4.5b we
observe a transition from white to black to white over just four pixels. Each
individual transition therefore must be less than two pixels in width, which is close
to the theoretical recoverable maximum resolution. Our reconstruction resolution
therefore likely takes full advantage of the capabilities of the imaging setup with
the potential to easily achieve even higher spatial resolutions by deploying a larger
detector or a smaller sample-detector distance to capture a larger g-range.
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4.4. Spatial variations of magnetic properties

4.4.1. Chirality variations in DyCo

With the validity of XMLD-based vector spin imaging established, we can utilize
the method as a tool to resolve the domain wall chirality in our DyCo thin film.
Figure 4.6a shows the full field vector reconstruction of the as-grown state in DyCo.
X-ray data was recorded with STXM at MAXYMUS (BESSY-II) and the in-plane
magnetization directionality was added via Lorentz-TEM. The large field of view of
3.3nm x 3.3 pm contains many domains, which results in representative statistics
of the overall domain wall chirality. The histogram of the chirality distribution is
shown in Fig. 4.6b. A significant amount of domain walls exhibits Néel character.
Indeed, we observe multiple extended sections of pure Néel chirality (examples
are marked by blue dashed lines in Fig. 4.6a). These sections are too large to be
simple Bloch line defects; hence they are likely stabilized by DMI. In the same field
of view, we also find some domain wall sections of Bloch chirality (marked red)
and a majority of sections with intermediate chirality. Throughout the sample, the
domain walls exhibit strong spatial variations of their chirality. Even in 200-300 nm
small bubble domains (e. g., top-left in Fig. 4.6a) we find transitions from Néel to
Bloch chirality.
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Figure 4.6 | XMLD vector reconstruction. a Full vector reconstruction of the
magnetization. Colors denote the local chirality of the domain wall, with red=Bloch and
blue=Néel. Gray contrast with missing domain wall information are domains that were
annihilated during sample manipulation between scans and are therefore missing full
in-plane information. The scalebar is 500 nm. b Distribution of the reconstructed reduced
domain wall angle W. The right axis denotes the required DMI strength to stabilize a
certain chirality according to equation (2.14), assuming a fixed M.



4.4. Spatial variations of magnetic properties 61

Cooling the sample from room temperature towards Ty without an applied field
leads to no change in the observed OOP domain pattern contrast. Hence, the
domain wall positions are stabilized by pinning.

At room temperature, we also saturated the sample with an OOP magnetic field
and demagnetized it subsequently by field cycling with decreasing amplitude. The
as-grown domain pattern and the demagnetized state of the same sample area are
shown in Fig. 4.7 for a fixed FOV. The average domain size after demagnetization
is generally larger than the as-grown domains. Notably, the domain walls prefer to
form at the same positions where the as-grown domain walls were located before.
The domain walls in the material therefore exhibit high magnetic return-point
memory.

Figures 4.7c and 4.7d show XMLD difference images of the same magnetic textures
before and after the (de-)magnetization process. Domain walls that coincide in
both magnetic states show identical XMLD absorption contrast modulations. Even
though the recorded information is insufficient to fully reconstruct the magnetization
vector, the observation of identical XMLD-contrast heavily implies that the local
chirality is the same in both states. Hence, the local chirality largely does not
depend on the history of the sample, but rather on the location in the magnetic film.
In consequence, the observed variations in chirality must originate from laterally

varying material properties.
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Figure 4.7 | Comparison of domain states in DyCo before and after field-cycling.
a XMCD image of the original as-grown domain state. b Same FOV after saturation and
demagnetization by field cycling. The domain outlines were transferred to (a) as red lines
for easier comparison. ¢ & d XMLD difference image (LH-LV) for the same two magnetic
states. Examples for regions with high similarity are marked by dashed lines for easier
comparison.
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4.4.2. Micromagnetic investigation of the chirality variations

We performed micromagnetic simulations to investigate which material parameter
variations could lead to the observed strong chirality modulations. We used
mumax3 [168] to simulate a 3um x 3pum large area of the thin film, discretized
into cells of size 2nm x 2nm x 7.1nm (hence, 7 layers along the film normal z).
We used the material parameters as determined in section 4.2. An initial random
magnetization was energetically relaxed to achieve a demagnetized domain pattern.
To model the material parameter variations, the film was subdivided into Voronoi-
tessellated grains with an average size of 250nm. A random parameter value
was assigned to each grain. We separately varied the local anisotropy K, the
magnitude of DMI D, and the saturation magnetization M.

The resulting domain patterns are illustrated in Fig. 4.8. Figure 4.8a shows the
impact of the variation of the DMI, while Fig. 4.8b depicts the results for lateral
variations in Ms. We omit the results from varying the anisotropy, as we did
not find strong chirality variations. This simulation result is reasonable when
considering formula (2.15), where Dy, (and therefore the chirality) only weakly
depends on K. Note that these considerations only include variations of the
perpendicular anisotropy, without taking potential in-plane anisotropy terms into
account, which go beyond the scope of this thesis.

In contrast, we find strong chirality variations when varying either the DMI or the
saturation magnetization. As expected, Bloch and Néel walls in Fig. 4.8a correspond
to areas with lowered and increased DMI strength. The threshold for pure Néel
chirality is D = 0.16 mJ/m?. In comparison, in Fig. 4.8b, domain walls turn more
Néel upon reduction of M. Such behavior is expected, as the required Dyy,, for
pure Néel chirality is reduced accordingly (eq. (2.15)). Noteworthy, however, is the
required range of Ms-variation to achieve (almost) pure Bloch and Néel chirality in
the same sample: The chosen constant DMI-strength D = 0.1 mJ/m? requires the
saturation magnetization to vary between 200 kA /m and 320kA/m to form Néel
and Bloch walls, respectively, with otherwise identical parameters.

Besides the chirality variations, the variation of My also leads to a variation of
the local domain size: As the local magnetic moment increases, the stray field
energy increases accordingly, which makes smaller domains energetically favorable,
as these textures suppress the stray fields outside the film. The same effect leads
to domain wall pinning in regions with high Mg, as in-plane structures are favored
in high- M areas. Note that the domain size is not a good metric to compare to
the experimental observations. Aside from a varying Ms-value, the domain size in
the simulation is mainly influenced by the size of the grains, which was arbitrarily
chosen.

Both simulated magnetization patterns exhibit large amounts of vertical Bloch line
defects. Unlike the extended areas of Néel chirality due to parameter variation, these

defects are spatially confined to a few nanometers. The experimental STXM data
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Figure 4.8 | Micromagnetic simulations of inhomogeneous films. Relaxed domain
pattern from a random state. a Spatial variation of DMI-strength D. b Spatial variation
of the saturation magnetization Ms. The voronoi-pattern of the parameter variation is
shown in the subplot, superimposed with the domain outlines. Other micromagnetic
parameters are kept spatially homogeneous. Cross-sectional views of marked domain wall
sections and the corresponding parameter value are shown.

in Fig. 4.6 also shows some spin structures that are likely Bloch lines. Especially
in domain wall sections where the in-plane component abruptly changes by 180° a
Bloch line is likely hidden beneath the finite STXM resolution. In fact, the Bloch
line defects are clearly resolved in coherent imaging (Fig. 4.5d).

Figure 4.8 also shows cross-sections through domain walls of varying chirality.
On the one hand, these confirm the pure Néel-type chirality all throughout the
film for sections with high DMI or low Mj. On the other hand, intermediate and
“Bloch”-sections show a pronounced twist of the in-plane component from Néel
to Bloch to Néel with inverse chirality. Such behavior is typical for flux closure
effects, which minimize the energy cost of stray fields outside the magnetic film by
rotating the domain wall chirality. In a DMI-free material, the center of the domain
wall is Bloch, and twists towards Néel at the interfaces. Once DMI is introduced,

one Néel chirality becomes energetically favorable. In consequence, the Bloch
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section is localized closer towards the interface, thus reducing the higher-energy
Néel component.

Due to the twisting domain wall angle, a zero-DMI flux closure domain wall is
not purely Bloch type. However, it still appears as such in the XMLD vector-
analysis as well as the Lorentz-TEM data. The former averages over the entire
film thickness and determines the average magnetization axis, which is the central
Bloch-alignment. The latter is inherently not sensitive to Néel-components in the
0°-tilt configuration, due to the contrast mechanism. Nevertheless, “Bloch-like”
flux closure domain walls are still a sign for either vanishing DMI or increased

saturation magnetization.

4.4.3. Imprint of the as-grown domain state on material
properties

According to the micromagnetic simulations, variations of the DMI and the satura-
tion magnetization can equally contribute to the domain wall chirality variations.
To untangle both contributions, we performed MFM imaging in search for variations
in M. Measurements were performed with a custom-built in vacuum setup by our
collaborators in the group of Prof. Hans Josef Hug at EMPA. The high quality
factor of the cantilever in combination with single pass operation [169] allows for
exceptional sensitivity and resolution of the setup, even within applied magnetic
fields (compare, e. g., [170-172]). We imaged the same sample that was investigated
in the XMLD-imaging experiment in STXM.

Our findings are illustrated in Fig. 4.9. Figure 4.9a shows the purely magnetic signal
of the DyCo film after demagnetization via field cycling. This signal corresponds
to the stray field gradients near the sample surface. The domain walls are therefore
visible as strong black-to-white contrast variations. Large signal deviations of the
MFM-frequency shift are shown with an extended color scale. We find that the
domain wall signal varies considerably along the walls. These strong variations of
multiple Hz along the domain walls are another sign of chirality modulation within
the domain wall [157], which agrees with our findings thus far.

Besides the primary domain wall contrast, the MFM image also uncovers additional
unexpected features in the form of thin, worm-like structures all throughout the
sample. They have a consistent width of few tens of nanometers and are thus
significantly smaller than the magnetic domains. These features are purely of
magnetic origin and do not appear at all in the topographic signal. Indeed, when
the magnetization direction of the major domain pattern is switched by applying
a field, the contrast of the worms also inverts. This behavior can be observed in
Fig. 4.9b, where the same field of view was imaged after saturating the magnetic
film. Additionally, the worm contrast is stable against very high fields: The patterns

remain seemingly unchanged, even after exposure to an ex-situ 7T strong OOP-
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field. We can thus conclude that these features must be related to local material
properties. They are decisively not, e.g., strongly pinned trapped 360°-domain
walls, as reported in [173, 174].
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Figure 4.9 | Compositional lines in DyCo. a MFM-image of the demagnetized
domain state. Strong black-white contrast corresponds to domain walls, while weaker
worm-like contrast stems from the compositional lines. b Saturated state of the same film
region. ¢ Micromagnetic simulation of MFM-signal for a Néel domain wall and stripes of
reduced M;. d Comparative cross-sections of the MFM-signal found experimentally (top,
blue line in (a)) and in simulations(bottom). e Comparison of the MFM-contrast of the
saturated film (left) with the as-grown magnetic state as observed via STXM (right). The
center image shows both datasets overlayed, with red-blue hue representing the STXM
data and dark-bright representing the MFM-data.

We simulated the MFM contrast for lateral variations in the major magnetic
parameters (Aex, Ky, Ms, D) with the built-in simulation toolbox of mumax. Of
these parameters, only a variation of the saturation magnetization resulted in
a measurable MFM signal. Figure 4.9c shows the simulated MFM-signal for a
vertical Néel domain wall and three 40 nm wide horizontal strips of reduced M.
The contrast is qualitatively identical to the experimental data. Hence, we attribute
the additional worm contrast to a local reduction in the saturation magnetization.
Assuming a reduction in the saturation magnetization, the most probable explana-
tion for such a locally reduced M; are spatial variations of the material composition.
In the following we therefore call the worm contrast compositional lines. Indeed,
we can infer that the lines represent a local Dy enrichment: The reduction of Mg

at room temperature is caused by a shift of T from cryogenic temperatures closer
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towards room temperature. This in turn is the result of a stronger Dy-sublattice.
Overall, it is important to consider that the evaluated model is not complex enough
to extract quantitative information from the MFM data, which requires much more
involved modeling of the probe [175]. Nevertheless, the simulations give a rough
qualitative idea about the origin of the contrast.

A crucial detail is the connection between the compositional lines and the as-grown
domain state. Figure 4.9e depicts the MFM-signal of the saturated DyCo film
and compares it to the as-grown domain pattern. Even though the signal quality
in the MFM data is not optimal due to considerable carbon deposition on the
sample surface from previous x-ray imaging, the general form of the compositional
lines is recognizable. Upon comparison of the MFM and STXM image, it becomes
apparent that the compositional lines follow exactly the as-grown domain walls and
perfectly trace the initial domain state. A second, not depicted MFM experiment
on a fresh as-grown sample confirmed that as the as-grown domains collapse, they
leave behind worm contrast at their original borders.

Compositional lines only exist at positions of original as-grown domain walls. Along
the domain outline, however, the observed MFM signal of the compositional lines
varies. We compared the chirality variations (Fig. 4.6) with the MFM-contrast
(Fig. 4.9¢) in the same field of view. We did not find a relation between the chirality
and the MFM-signal, even though the latter should be a sign for local change of
magnetic parameters. However, we must consider the degraded MFM signal quality
of this particular image, which may mask an existing correlation of composition

lines and chirality variations.

4.5. Discussion

4.5.1. XMLD vector imaging as an experimental tool

We have demonstrated that XMLD vector imaging can be used to reliably probe
and reconstruct the domain wall chirality in rare-earth transition-metal thin films.
We could realize an imaging resolution up to 15nm, which corresponds to the
diffraction limit of the used imaging setup. It is likely that significantly higher
resolutions can be achieved by using specialized coherent imaging endstations that
can record higher spatial frequencies. The increased photon flux and coherence
from new 4th-generation synchrotrons may further help to improve image quality.
Although already useful, the technique was held back by the necessity to rotate the
sample for a full in-plane magnetization reconstruction. Having an x-ray source
with full polarization control without ellipticity at arbitrary polarization angles
is the main step to fully unlock the potential of the imaging technique. When
applied to samples that exhibit stronger XMLD, or at lower temperatures where

the XMLD in rare-earth transition-metal alloys generally is stronger [161], a high
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throughput of samples for fast chirality determination should be achievable. Using
XMLD vector imaging also in combination with novel techniques like ptychography
[176] would combine quantitative scanning of large field-of-views with the high
resolution of coherent imaging techniques.

With improved SNR it also becomes viable to utilize more complex physical de-
scriptions to model the x-ray transmission. By not only determining the maximum
absorption angle but also the amplitude of the angle dependent absorption modula-
tion, also three-dimensional textures inside the walls could become reconstructable,
including horizontal Bloch lines and flux closure domain walls. For full three-
dimensional imaging of complex structures, techniques like tomography [177, 178]
and laminography [179, 180] are still necessary. Nevertheless, XMLD-vector imag-
ing has the potential to be a faster and easier complementary technique, because
— in contrast to tomography and laminography — it is not strictly necessary to
rotate the sample, which greatly reduces the complexity of the sample-stage design.
Additional benefits are the faster acquisition, the robust data analysis, and the

possibility to deploy the technique even in complex sample environments.

4.5.2. Lateral variations of chirality and composition

In our samples we found strong lateral domain wall chirality variations. We have
seen in simulations that such variations can be caused by lateral changes of the DMI
or the saturation magnetization. However, the simulations predict a considerable
spread of M for Bloch and Néel sections in the same domain wall, for which we
do not find strong evidence in the MFM signal. Therefore, either lateral variations
of the DMI strength or considerable in-plane anisotropy terms are likely necessary
as well to achieve such strong chirality variations.

We furthermore observed worm-like MFM contrast modulations, which — based
on our current knowledge — we connect to lateral compositional variations that
intriguingly are present exactly along the as-grown domain walls. As these variations
are present even in pristine samples, they must have formed during sample growth.
The question remains whether the compositional lines influenced the formation of
the as-grown domain state or the other way round.

The compositional lines appear to act as pinning sites for domain walls, as after
field cycling domain walls prefer to form where they are present. Therefore, one
could assume that the compositional lines appeared first and then acted as natural
boundaries that imprinted their position in the later emerging magnetic domains.
However, it appears more likely that the domains where present first, following a
thought experiment: If the compositional lines were present first, we would expect
to see instances where during the establishment of the as-grown magnetic state two
domains with the same OOP magnetization direction merged at such a pinning site.
The result woud be a compositional line inside an as-grown domain and without an

accompanying domain wall. Because we find compositional lines exclusively at the
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as-grown domain walls, such domain-merging phenomena did not occur. Hence,
it is likely that the domains were present first and, in some way, imprinted their
texture onto the material properties.

It remains to be investigated whether it is possible to engineer the compositional
lines and to control their emergence. Because not all DyCo-samples showed the
compositional lines, some growth parameter needs to exist that determines whether
the compositional lines appear. Possible, yet unexplored parameters include the
deposition rate, the base and partial argon pressure, and fine-tuning of the material
composition. The appearance of compositional lines can likely be inhibited by
suppressing the as-grown domain state, e.g., by growing the magnetic material
within an applied magnetic bias field. At the same time, it might be possible
to take advantage of the interdependence between the domain state and the
local composition: As discussed in chapter 1, nanometer engineering of magnetic
properties is an emerging field. In chapter 6, we focus on the local modification
of the magnetic anisotropy. By artificially enforcing a specific domain pattern
during the material growth in the spirit of magnetolithography [181], the controlled
creation of microscopic patterns of reduced saturation magnetization might be
possible in the long term.

To conclude, by utilizing our newly developed XMLD-based vector imaging tech-
nique, we have found strong spatial chirality changes along domain walls in DyCo
thin films. As these chirality variations are caused by variations in the material
properties, the challenge remains to pinpoint which material property is fluctuating
and predominately causing the chirality variations.

Particularly puzzling are the newly discovered compositional lines. It is essential
to identify and verify the underlying mechanism connecting them to the as-grown
domain wall positions and local domain wall chirality. In particular, the origin of
the compositional lines needs to be discovered. The significance of our findings
is underlined by recent developments with Dy and Co based multilayer systems,
grown in another chamber, which indicate that the emergence of compositional
lines may very well be a general phenomenon that is not restricted to few special

films, but appears in a variety of RE-TM sample structures.



Chapter 5
Defects in magnetic domain walls after

single-shot all-optical switching

fHelicity-independent all-optical switching (HI-AOS) is the fastest known way to
switch the magnetic order parameter. While the switching process of extended areas
is well understood, the formation of domain walls enclosing switched areas remains
less explored. Here, we study domain walls around all-optically nucleated magnetic
domains using z-ray vector spin imaging and observe a high density of vertical
Bloch line defects. Surprisingly, the defect density appears to be independent of
optical pulse parameters, significantly varies between materials, and is only slightly
higher than in domain walls generated by field cycling. A possible explanation
is given by time-resolved Kerr microscopy, which reveals that magnetic domains
considerably expand after the initial AOS process. During this expansion, and
likewise during field cycling, domain walls propagate at speeds above the Walker
breakdown. Micromagnetic simulations suggest that at such speeds, domain walls
accumulate defects when moving over magnetic pinning sites, explaining similar
defect densities after two very different switching processes. The slightly larger
defect density after AOS compared to field-induced switching indicates that some
defects are created already when the domain wall comes into existence. Our work
shows that engineered low-pinning materials are a key ingredient to uncover the

intrinsic dynamics of domain wall formation during ultrafast all-optical switching.

5.1. Introduction

Switching of order parameters is a critical aspect of both current and emerging
information technologies, with applications in data storage and logic operations
due to its ability to toggle between binary states [182-185]. Examples for such
order parameters include ferroelectric polarization and the magnetization of ferro-
and ferrimagnetic materials. The magnetization is particularly interesting, as
magnetic materials can be engineered to maintain switched states persistently
without degrading the host material, allowing for virtually unlimited consecutive

switching cycles. Consequently, substantial research efforts are directed towards
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understanding the fundamental limits of switching speed, energy efficiency, and
reproducibility. Notable examples include investigations of switching field distribu-
tions in hard drives and switching current distributions in magnetic random access
memory (MRAM) devices [186, 187]. Across these research areas, defects emerge
as a central theme, encompassing defects in the host material but also intrinsic
defects of the order parameter itself, such as defects in magnetic domain walls.
From an applications perspective, domain wall defects are generally undesirable as
they introduce stochasticity to switching dynamics and compromise the long-term
stability of switched states. However, these defects can also serve as valuable
indicators of underlying switching mechanisms and provide insight into switching
dynamics. Therefore, it is important to study the creation of defects in domain

walls, particularly following ultrafast excitation.

Switching processes and the involved defect creation are best understood in the
framework of phase transitions. First-order phase transitions follow a nucleation
and growth model [188], exemplified by magnetic field switching via domain
nucleation and subsequent driven domain wall motion, where nucleation and
pinning occur at material inhomogeneities. These processes are thermally activated
(following Arrhenius behavior) and therefore stochastic in nature. In contrast,
second-order phase transitions, such as heat-induced transitions or continuous
rotation of order parameters, can in principle enable homogeneous switching via
the transient vanishing of the order parameter. In practice, however, extrinsic
effects like material inhomogeneities and pinning lead to spatial modulation of the
switching dynamics. Additionally, even in perfect materials, defects may emerge
if symmetry breaking is present, as multiple different emerging states that are
energetically degenerate (such as clockwise and counterclockwise Bloch chirality in

magnetic domain walls) have the same probability to emerge.

This phenomenon has been formalized as the Kibble-Zurek mechanism, which
states that areas of the same sample must choose their order parameter orientation
independently if their distance is larger than information can propagate during
the phase transition [189, 190]. At the boundaries of mismatching areas, defects
may form. The size of these areas, and therefore the defect density, depends on the
speed of information propagation (magnon propagation in magnetism) and crucially
on the speed of the phase transition. Kibble-Zurek-like defect generation behavior
has been observed in both magnetic [191] and ferroelectric material systems [192,

193] and primarily comes into play in ultrafast switching processes.

Helicity-independent all-optical switching (HI-AOS) is a prime example for ultrafast
order parameter switching [29, 85]. HI-AOS occurs predominantly in ferrimagnetic
Gd-containing rare-earth transition-metal alloys, where a single femtosecond to
picosecond laser pulse switches magnetization within picoseconds [194], representing
the fastest known way to switch magnetization. While the dynamics are well

understood in the macro spin picture, where lateral variations and dynamics
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Figure 5.1 | Schematic of the performed AOS domain wall imaging experiment.
a The domain wall defect structure of optically nucleated bubble domains and stripe
domains created by in-plane field cycling is investigated. b Expected XMCD x-ray absorp-
tion contrast along the domain walls for a tilted measurement geometry and difference
imaging, corresponding to the magnetization configuration shown above. ¢ Schematic top
view of the magnetization structure of a single vertical Bloch line domain wall defect.

are neglected and the sample is described as a singular coherent magnetization
vector, recent investigations have revealed that the switching may also have a
spatial component [86, 87, 93, 95]. Graves et al. found that ferrimagnetic alloys
exhibit significant composition modulations on the nanometer scale, which leads to
transversal, non-local angular momentum transfer during the switching process [8].
Independent of such material inhomogeneities, order recovery after optical excitation
was also shown to involve spatially inhomogeneous transient localization and
coalescence of magnons, mediated by strong non-local spin currents [81]. So far,
however, the vast majority of studies do not consider the role of the boundary

surrounding the switching area, hence its domain wall.

This chapter aims to investigate the creation dynamics of such all-optically created
domain walls. As discussed in section 2.2, in a domain wall the magnetization M
performs a gradual rotation from one fully out-of-plane magnetized up to down
state via a fully in-plane intermediate configuration M = (sin(¢)), cos(¢/),0) that
is defined by the domain wall angle ¢». When a finite-sized area of the initially
homogeneously magnetized film is switched, a domain wall is created. During
the formation of the domain wall, the in-plane component of the order parameter
transitions from zero to a finite value, which can in principle be considered a second-
order phase transition on its own. Unless strong DMI imprints a certain chirality
on the domain wall, the two possible Bloch chiralities are energetically degenerate,
which leads to spontaneous symmetry breaking in the domain wall angle and
creation of domain wall defects (vertical Bloch lines) during the creation process [6].
It remains unknown on what time- and length-scales the initial in-plane order is
established and how the domain wall forms. As it is unfeasible to study the ultrafast,

stochastic creation process of the internal domain wall magnetization structure
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directly in time-resolved experiments, the final state domain defect pattern is the
most accessible observable that can provide insight into the involved mechanisms.
Here, we use x-ray vector imaging to investigate the domain wall structure and
domain wall defect density after all-optical switching and laser-induced demagneti-
zation, as well as field cycling (Fig. 5.1a). A high density of Bloch line defects is
observed across all excitation schemes (Fig. 5.1b,c). Importantly, we find an almost
negligible difference in the defect density when comparing different excitation meth-
ods and parameters in the same sample, which is unexpected in the framework of
the Kibble-Zurek mechanism: Different excitation pulse lengths should in principle
change the speed of the transition by altering the delay between switching of the
rare-earth and the transition-metal element [95, 194] and thereby affect the defect
density. By comparing optical defect nucleation in materials with different pinning
with time-resolved Kerr microscopy data and micromagnetic simulations, we find
evidence that post-nucleation the domain wall accumulates defects by moving
over magnetic pinning sites. The dominance of this additional extrinsic defect
nucleation process would then mask defects that are intrinsically created by the

phase transition itself.

5.2. Materials & Methods

5.2.1. Materials

1X-ray imaging experiments were conducted on Ta(3 nm)/GdFe(20 nm)/Pt(3nm)
and Ta(3 nm)/GdFe(20 nm)/Ta(3 nm) samples, sputter-grown with nominally iden-
tical GdFe alloy layers on x-ray transparent SiN-membranes. Both samples have
perpendicular anisotropy and exhibit HI-AOS. The variation in capping materi-
als, Ta and Pt, is motivated by the frequent use of these materials in spintron-
ics applications; sizable spin-orbit interactions, such as interfacial anisotropy or
Dzyaloshinskii-Moriya interaction, are not expected to emerge from these interfaces
in the present case due to the large thickness of the magnetic film. This is confirmed
later by the lack of a preferred chirality in the domain walls.
tTemperature-dependent measurements of the out-of-plane magnetic coercivity H.,
as shown in Fig. 5.2a, yield the magnetization compensation temperature Ty of the
materials. Both materials compensate above room temperature, at slightly different
temperatures of 323K (Ta/GdFe/Pt) and 370K (Ta/GdFe/Ta). We use the
compensation temperature as a sensitive indicator of the actual composition of the
magnetically active layer. Specifically, by interpolating composition-compensation-
temperature graphs from literature [195], we reconstruct the compositions of the
GdFe layers as Gdg.a55Feq.745 for the Ta/GdFe/Pt sample and Gdg.259Feq 741 for
the Ta/GdFe/Ta sample. The slight difference in composition is likely caused by
diffusion of Gd into the Pt capping layer [196].
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Figure 5.2 | Magnetic material properties and preparations. a Coercive field
vs. temperature, acquired by zero-offset Hall-transport measurements. The estimated
compensation temperatures are marked by the dashed lines, solid lines are guides to the
eye. b Room temperature hysteresis curves recorded with MOKE. ¢ Kerr microscopy
image of laser-nucleated domains in Ta/GdFe/Pt. The laser pulse energy for each bubble
is given in arb. units. Gray contrast corresponds to out-of-plane magnetization. Marked
bubble domains were imaged with STXM.

1The main difference between the two samples is in their magnetic pinning. Specif-
ically, Ta/GdFe/Ta shows a sharp, square hysteresis loop at room temperature
(Fig. 5.2b), indicating that switching at the coercive field H, = 20mT is domi-
nantly nucleation-limited. That is, the nucleation threshold of domains is above the
pinning-threshold required to move domain walls. In contrast, Ta/GdFe/Pt shows
a smoother field induced transition and a higher coercivity of H. = 82mT. The
more roundish shape of the hysteresis loop of Ta/GdFe/Pt indicates that domains
nucleate at low fields but remain pinned until the field exceeds the depinning field.
Notably, in either sample, the motion of domain walls takes place primarily at the
coercive field, and for both samples this driving field during field cycling is above
the Walker breakdown field expected for materials with low DMI [1].

5.2.2. Preparations

tBubble domains were created with single shots of a linearly polarized, 1030 nm
wavelength fiber laser in the initially uniformly out-of-plane magnetized film of
both samples. Multiple laser fluences and temporal pulse widths above and below
the AOS-threshold [87] were chosen, such that all-optically switched domains of
varying size and also demagnetized bubble domain clusters were created (Fig. 5.2c).
Very small switched domains below a sample-specific size threshold collapsed

spontaneously within milliseconds to seconds after nucleation (as observed in similar
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setups [194]). The laser fluence was therefore increased such that domain sizes
were above the collapse threshold. These nucleated domains were extraordinarily
stable; no change in shape was observed between nucleation and x-ray imaging
experiment. Even one year later, the domains still proliferated with their original
shape.

1We investigated the asymmetric Ta/GdFe/Pt sample also in a demagnetized state,
achieved by cycling an in-plane field with decreasing amplitude, which resulted in

stable, more than 100 pm wide stripe domains.

5.2.3. XMCD vector spin imaging

TMagnetic images were recorded by scanning transmission x-ray microscopy (STXM)
at the MAXYMUS endstation of the BESSY-II synchrotron [120] with an instrument-
limited spatial resolution of 25 nm (full width at half maximum, FWHM). Magnetic
contrast was obtained using the x-ray circular magnetic dichroism (XMCD) at the
Gd M5 absorption edge (1184 eV). This method is sensitive to the component of
Gd sublattice magnetization that is collinear to the x-ray beam. To gain vector
spin information, we imaged the sample under various tilt and rotation angles,
as illustrated in Figure 5.3. Specifically, the samples were tilted by +30° along
the vertical axis (where the —30° tilt was realized by rotating the sample 180°
around the out-of-plane axis, see appendix A.3) and further rotated by 90° around
the out-of-plane axis. At each set of angles, we recorded images with sizable
XMCD contrast, see Fig. 5.3a. The sums and differences of a set of effectively
+30° tilted images yield the components of the normalized magnetization m along
the in-plane (z,y, comp. Fig. 5.3b) and out-of-plane (z) directions of the sample,
respectively. By combining them all, we obtained full vector spin images (Fig. 5.3c).
In these full reconstructions we find high densities of vertical Bloch line defects
(points of chirality reversal, i.e., 180° rotations of the in-plane magnetization in
the domain wall), but no generally preferred domain wall chirality. Note that this
technique works particularly well for our materials since the domain wall width
(measured to be roughly A = 60 nm, see appendix) is larger than the achieved
spatial resolution ((44 £ 3) nm in our data, see appendix A.3).

tIn practice, we realized that vertical Bloch line defects are already visible in single
in-plane-component images (Fig. 5.3b), where they manifest as black-to-white
transitions on length scales where the domain wall itself is approximately straight.
To optimize time usage at the synchrotron experiment, we therefore omitted the
90° rotation in most cases and henceforth present images of a single in-plane
component.

TAll raw images analyzed in our study are presented in Fig. 5.4. Some sections of
the domain walls could not be reconstructed using our method and are marked
with dashed lines in Fig. 5.4. These sections — comprising at most 20 % of any

imaged domain wall — either have a signal that is too weak to analyze, or exhibit
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500 nm

Figure 5.3 | XMCD vector imaging and reconstruction. a STXM-images of a
domain wall section, recorded with circular polarized x-rays for £30° effective sample
tilt. b In-plane components derived from the difference contrast of both tilts. Insets
indicate the respective sample tilt directions. ¢ Vector reconstruction of the domain wall
magnetization shows rapid spatial rotation of the in-plane component.

black-to-white contrast variations perpendicular to the wall which do not align
with the expected patterns illustrated in Fig. 5.1. The unusual contrast in these
sections may originate from an exceptionally high density of vertical Bloch lines
with separations below our imaging resolution. However, simulations indicate
that this contrast could also stem from membrane wrinkling (see Fig. A.5 in
appendix A.3). Given the lack of conclusive data on defect density within these
sections, we excluded them from our analysis. Note that this exclusion has minimal
impact on our statistical analysis, as more than 86 % of the total domain wall
length exhibits clear black-white contrast modulations, enabling us to resolve the
local in-plane magnetization of the domain walls and, consequently, the defects
within them. Also note that for circular domains, this method overestimates the
total number of vertical Bloch lines by two (see, e. g., Fig. A.5 in appendix A.3).
However, since we observe more than 28 vertical Bloch lines in each bubble domain,

the impact of this effect is negligible for our study.

5.2.4. Time resolved Kerr microscopy

tTime-resolved data of the all-optical switching process was recorded with wide-field
Kerr microscopy. We used a Ta(3 nm)/GdaosFers oBis g(20 nm)/Ta(3 nm)-sample
with added Bi for an enhanced Kerr-rotation angle [197]. The setup consisted of a
custom-built epi-illumination microscope [134] with a 250 fs pulsed laser optical
excitation at A = 1030nm as well as the time-delayed probe illumination at

A/2 = 515nm (compare Fig. 3.7). Images were recorded at 1kHz pump-probe
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repetition for probe delays between —15ps and 1ns. To reset the magnetic film
between pump-probe events, a static magnetic field above H. was applied in the
out-of-plane direction. For each delay, images with and without the excitation pulse
were recorded and subtracted from one another. Contrast was normalized against
the final state image, assuming that the nucleated domain is fully “up”-magnetized,
while the material far away is “down”-magnetized. To remove high frequency image
noise, a spatial Gaussian filter with standard deviation ¢ = 200 nm was applied to

each image.

5.2.5. Micromagnetic simulations

1We performed micromagnetic simulations to support our experimental observations
to model how material inhomogeneities enable the creation of Bloch line defects
during field-induced domain wall propagation. We used mumax3 [168] to simulate
a 50nm thick magnetic film with exchange stiffness Ao, = 7pJ/m?3, saturation
magnetization My = 198 kA /m, and perpendicular anisotropy K, = 97.5kJ/m?,
which were experimentally determined for a comparable DyCo-film of the same
material family. The simulated area of 3000 nm x 3000 nm x 50 nm was spatially
discretized into cells of size 3nm x 3nm x 50nm. For the Gilbert damping we
chose a generic value of @ = 0.5.

1To simulate pinning within the material, the simulation area was divided into
grains with an average size of 100nm. Each grain was assigned a local anisotropy
that randomly deviates from the mean in a Gaussian distribution of width ok, .
We modeled the pinning strength by varying ok, between 1kJ/m? and 25kJ/m?3.
tEach individual simulation for a specific set of pinning strength and driving
field proceeded as follows. First, a single defect-free Bloch skyrmion was placed
within the inhomogeneous material and relaxed to an initial stable state. Next,
an out-of-plane field was applied that favors the magnetization direction within
the skyrmion. The system was allowed to evolve for 15ns or until the domain
expanded to a volume of 25 % of the simulation space. Finally, the magnetic field
was removed again and the relaxation dynamics were simulated until the system

reached equilibrium.

5.3. Results

1Our main observations are summarized in Fig. 5.4, where we show images of
magnetic domain walls after all-optical switching, laser-induced demagnetization,
and magnetic field cycling in our materials. All recorded XMCD difference images
show strong in-plane contrast variations within the domain wall, corresponding to
vertical Bloch line domain wall defects. Defects are present in both samples and

for all nucleation methods and parameters. We measured the distance between
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consecutive domain wall defects in each imaged domain wall. We find that the
defect density is not constant along any domain wall. Instead, we observe sections
with densely packed defects but also defect-free domain wall sections, seemingly
without preferential direction.

1We studied the defect density in bubbles created by various laser pulse durations
and intensities in Ta/GdFe/Pt. Surprisingly, we did not find any evident excitation
parameter dependence (see appendix A.3). In consequence, we combined all of
these data sets into a single histogram of the distances d between neighboring
defects (Fig. 5.4a). The distribution shows a prominent peak that can be well
described by a I'-distribution. The count of observed distances drops to zero at
50 nm, the realized imaging resolution in the experiment.

1We use the fitted peak position as the measure for the characteristic defect distance
and the reported fitting errors as the corresponding uncertainty. For optically
created domains in Ta/GdFe/Pt we obtain a characteristic defect-defect distance of
dpeak = (134+15) nm (Fig. 5.4a), for a field-cycling-created wall in the same sample
(201 + 93) nm (Fig. 5.4b), and for an all-optically created domain in Ta/GdFe/Ta
(289 £ 84) nm (Fig. 5.4c). These peak distances are, even within their error bars,
comfortably larger than the spatial resolution of the images. The same applies to
the entire left-hand tail of the distributions and to the size of vertical Bloch lines in
full vector spin images (Fig. 5.3c). Therefore, we are confident that our statistical
analysis is valid despite the finite resolution of our images.

1We turned to time-resolved Kerr microscopy (Fig. 5.5) in search for the dynamics
that could be responsible for the observed defect densities. Figure 5.5a shows
multiple stages of the all-optical switching process. The initially homogeneously
magnetized film is demagnetized shortly after the laser pulse hits the sample. After
approximately 50 ps, the switched domain starts to form within the exposed area.
The remagnetization of the material occurs first at the edges, where less heat
is deposited by the laser pulse. Also, a fully connected domain wall around the
switched area is first observable at this delay. The switching of the center of the
domain follows subsequently. The apparent granular structure of the switched
domain is experimental noise, which is also present in the data before the excitation
(Fig. 5.5a at —15ps). Due to this graininess, we cannot clearly determine whether
the domain wall forms initially as a circumference of the entire bubble or as small,
local segments. What we clearly see, however, is a well-defined domain wall after
50 ps which gradually expands outwards. This domain wall motion continues up to
the maximum measured delay time of 1ns, as illustrated in Fig. 5.5b. Note that
expansion occurred even though the external resetting magnetic field was applied
in the opposite direction.

1The domain expands on average (290 + 90) nm between 50 ps and 1 ns. This value
is considerable compared to the size of domains imaged in Fig. 5.4 and especially in

comparison to the defect-defect distances and the domain wall width. The average
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Figure 5.5 | Time-resolved Kerr microscopy of all-optical domain nucleation. a
Snapshots of the nucleation process before laser irradiation, during thermal demagnetiza-
tion and during the formation of the switched domain. The color scale is normalized such
that the contrast at the largest delay corresponds to full negative (blue) and positive (red)
magnetization. b Threshold of the MOKE-contrast for multiple states between the domain
wall formation and the maximum recorded delay, which shows the gradual expansion of the
domain outwards. The inset shows one exemplary line-scan with the Gaussian-smoothed
raw data (filled lines) and the corresponding profile after thresholding (dashed lines). The
threshold corresponds to M, = 0, as determined in the fully demagnetized state.
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domain wall velocity of 250 ms™—! during the expansion is safely above reported
Walker breakdown speeds for comparable materials, even with finite DMI [1]. Cause
for the expansion could be the laser-induced transient thermal gradient. Notably,
the domain wall moves away from the hot region, which is generally unexpected,
but has been observed in ferrimagnets before [198, 199].

TMicromagnetic simulations provide a model to reproduce the expansion dynamics.
Instead of a thermal excitation, an external magnetic field was used as a generic
driving force for the expansion. We find that the originally defect-free domain
wall accumulates defects during the expansion, as shown in Fig. 5.6b. While some
defects annihilate in the relaxation step, most of the Bloch lines still exist in the
final state (Fig. 5.6c). Generally, a higher material inhomogeneity leads to the
generation of more vertical Bloch lines and increases their stability. Moreover,
we find that driving fields around and above the Walker breakdown field By
result in a high density of defects, whereas fields far below the Walker breakdown
create almost no domain wall defects. These observations are in line with previous
theoretical studies that report on a critical field value above which Bloch lines
nucleate during propagation [200]. Generally, this value is at or slightly below the
Walker breakdown field and — in the related case of horizontal Bloch lines, which
can themselves cause the creation of vertical Bloch lines [59] — depends on the local
anisotropy [6]. The presence of areas with reduced perpendicular anisotropy, as in
our simulation, therefore explains the Bloch line creation below the critical field
value [21].

5.4. Discussion

1Our findings suggest that the domain wall defect structure after HI-AOS is at
least partially influenced by post-nucleation domain wall propagation dynamics.
The speed at which domain walls propagate during this post-nucleation expansion
is well above the Walker breakdown velocities. Even though the exact driving
forces for the domain expansion after HI-AOS are not known, the likelihood of
precessional motion at such velocities is high. The simulations indicate that under
such precessional motion, domain walls accumulate vertical Bloch line defects if
they move over sufficiently strong pinning sites. Intuitively, we can understand this
behavior by considering that local variations of the magnetic properties lead to
locally different domain wall precession frequencies. The consequence is a spatial
mismatch in the internal spin structure. If the mismatch becomes too large, a pair
of vertical Bloch lines forms.

1The creation of defects during propagation does not exclude the possibility that
some defects are already produced during the initial HI-AOS process. However, the
experiments suggest that propagation-induced defects dominate in our experiments

as this explains the insensitivity to the laser excitation parameters (e.g., pulse
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Figure 5.6 | Micromagnetic simulations of field-induced bubble-domain ex-
pansion in an inhomogeneous medium. a Initial homochiral Bloch domain and b
final state bubble after field-induced expansion. ¢ Bloch line defects after subsequent
relaxation of the dynamic state. d Density of vertical Bloch line defects for increasing
material inhomogeneity for various out-of-plane driving fields B,. Each data point is the
average of five simulations with randomized material inhomogeneity. The inset shows
the dependence of the domain wall propagation speed on the applied driving field in a
defect-free sample, with the determined Walker breakdown field.

duration and fluence), the similarity of defect densities after HI-AOS and field
cycling, and the larger defect density in the higher-pinning Ta/GdFe/Pt as compared
to the lower-pinning Ta/GdFe/Ta.

1The small increase in defects in optically created domain walls compared to field
cycling provides a hint that some defects were present in the domain walls already
at the moment of their creation. The increase is small, however, compared to the
total number of present defects and lies within the uncertainty of the analysis. To
properly investigate the nature of vertical Bloch line defects produced intrinsically
by HI-AOS, the likelihood of defect production during post-switching dynamics
must be strongly reduced. Our study suggests that the defect density in domain

walls after magnetic field cycling can serve as a valuable metric in this optimization.

1To conclude, our investigation has revealed a high density of domain wall defects
within domain walls produced by helicity-independent all-optical switching. We
attribute their origin to post-nucleation expansion dynamics, during which the
nucleated domain walls move at high speeds over magnetic pinning sites. This
interpretation is consistent with the insensitivity of the defect density on the
stimulus that has triggered the switching, and the dependence on extrinsic pin-
ning in the material. Our study demonstrates that systematic investigation of
defects can provide insights into the dynamics of the switching process without

requiring time-resolved experiments — particularly valuable for stochastic dynamics
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where stroboscopic imaging is impossible. The observed behavior contrasts with
predictions based on the Kibble-Zurek mechanism, suggesting that in magnetic
systems with strong pinning, post-nucleation domain wall motion dominates defect
generation. More broadly, our findings illustrate how defect analysis can provide
valuable perspectives on the limitations of speed, reproducibility, and stability in
order parameter switching, with potential implications beyond magnetization to
other switchable states, such as polarization in ferroelectrics or charge density in

correlated electronic materials.



Chapter 6
Skyrmion localization dynamics after

optical excitation

The nucleation of skyrmions by an ultrashort laser pulse is the fastest known way
to create such topological textures. Despite their technological relevance, the in-
volved nucleation mechanisms are still under debate. The discovery of a transient
fluctuating regime during the topological phase transition suggested that the nucle-
ation dynamics are exchange driven and laterally homogeneous. However, recent
engineering developments in ion-patterned magnetic multilayers allowed for the
controlled positioning of optically nucleated skyrmions, which is in stark contrast to
previously reported spatially homogeneous nucleation statistics. Here, we report on
the localization dynamics of optically nucleated skyrmions in magnetic multilayers.
By patterning the sample with a regular grid of artificial nucleation sites, the time-
resolved small angle z-ray scattering contributions of localized and non-localized
skyrmions can be separated. With the support of atomistic spin dynamics simula-
tions we can ascertain that skyrmion nuclei are homogeneously created throughout
the entire film. In the subsequent cooling process the nuclei collapse or proliferate
depending on the local material properties. The localization is therefore a local and
decay-driven process. Surprisingly, the local skyrmion stability is described with
good precision by an analytical model with room temperature parameters, providing

a pathway for materials screening.

6.1. Introduction

Fundamental interactions in physics can be accessed by reaching high energies,
small length scales, or short timescales. Hence, ultrafast dynamics provide a means
to probe such fundamental interactions. For example, ultrafast demagnetization has
revealed energy dissipation channels [27], while all-optical switching has provided
insight into the complex exchange interactions between ferrimagnetic sublattices [85,
93]. Additionally, ultrafast studies of metal-insulator transitions have shed light on

the interplay of lattice and electron dynamics [201].
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One particularly exotic property of physical systems is their topological charge,
which, as an originally mathematical concept, can have significant influence on
their behavior. In magnetism, topological spin textures cannot be transformed
(“combed”) into a homogeneous and therefore topologically trivial ferromagnetic
state without a discontinuous transition [202, 203]. In the micromagnetic framework
this discontinuity gives rise to an intrinsic exchange energy penalty, which needs to
be overcome in the nucleation of topological textures. This energy barrier has been

coined as “topological protection” of a topologically non-trivial magnetic texture.

Magnetic skyrmions are circular bubble domains that carry topological charge. Due
to their particle-like response to external stimuli, skyrmions are of great interest
for spintronics applications [204], which gives the involved switching speeds and
the topological energy barrier direct technological relevance. Avenues to create
skyrmions in ferromagnetic multilayer systems include resistive heating [76], field
cycling [149] and spin-torque pulses [151, 205]. However, the fastest known way
to create a skyrmion state in such samples is by laser heating [70, 206]. The
observed sub 300 ps nucleation dynamics were interpreted as the transient removal
of the topological energy barrier due to a reduction of the exchange interaction and
decoupling of individual magnetic layers in the stack [70]. The reduction of the
fundamental exchange interaction is expected to dominate the nucleation process.
In consequence, lateral variations of DMI and anisotropy should be inconsequential
and nucleation should be a laterally homogeneous process. This expectation was
confirmed by simulations as well as by homogeneous nucleation statistics in quasi-
static imaging experiments [70]. In contrast, recent quasi-static experiments in
ion-irradiated multilayers demonstrated controlled skyrmion nucleation by optical
means at predetermined artificial pinning sites [16, 207]. These opposite results
raise the question of when and how local material properties influence skyrmion

localization during the optical nucleation process.

In this chapter, we investigate the localization dynamics of skyrmions during the op-
tical nucleation process in a Co/Pt-multilayer with time-resolved SAXS (Fig. 6.1a).
By creating a regular square grid of artificial nucleation sites (Fig. 6.1b), we can
determine whether the majority of magnetic features are localized at one of these
sites. Such a localized magnetization configuration applies the symmetry of the
grid onto the magnetic state, which in turn results in qualitatively different mag-
netic x-ray scattering compared to a disordered magnetic state. The concept is
illustrated in Fig. 6.1, where the simulated SAXS scattering pattern from a state
of localized, ordered skyrmions (Fig. 6.1d) reflects the square symmetry of the
magnetic configuration. In comparison, a non-localized magnetic state with (at

most) close range order shows broad, isotropic scattering (Fig. 6.1c).

We find a delayed onset of the localization after the initial fluctuation-mediated
skyrmion nucleation. Our data reveals that the localization starts approximately

300 ps after the optical stimulus, hence, after the reported nucleation time, and is
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Figure 6.1 | Concept of the localization experiment. a Schematic of the time
resolved SAXS scheme, including the optical pump, x-ray probe, sample, and x-ray
detector. b Grid of artificial pinning sites with locally reduced perpendicular anisotropy.
Qualitative difference in scattering patterns for c¢ disordered and d ordered (hence,
localized) skyrmions on artificial nucleation sites.

essentially complete after one nanosecond. Atomistic spin dynamics simulations
suggest that localization is a purely decay-driven, local process: Fluctuations
enable the global emergence of skyrmion nuclei, holding topological charge, in the
high-temperature phase. However, these skyrmions collapse during cooldown if
they are not located in a suitable environment. This way, our findings unite the
current understanding of global, exchange-driven nucleation dynamics with the

recent reports of localization of laser-induced skyrmions.

6.2. Sample fabrication and characterization

As a basis for this experiment we used a Co/Pt multilayer with the layer con-
figuration SiN/Ta(3nm)/[Co(0.6 nm)/Pt(0.8nm)];5/Ta(2nm), which is a well-
established host for optically created, stray-field stabilized magnetic skyrmions [70,
78, 208]. The Co/Pt-multilayer material was fabricated by confocal ac- and dc-
magnetron sputtering at a base pressure of 6.5 x 10~ mbar and Argon working pres-
sure of 2.7 x 1073 mbar on 150-nm-thick SisN,-membrane chips. Layer thicknesses
were calibrated with a quartz monitor prior to the deposition. 200 pm x 200 pm large

x-ray transparent apertures allowed for transmission-based scattering experiments.

6.2.1. lon irradiation

Bombardment of multilayer materials with various accelerated ions can modify the
physical properties of a solid-state sample. Carefully choosing the used element,
acceleration voltage and ion dose allows for modification of the topography or
only the magnetic properties of a thin film. The development of focused ion
beam microscopes has enabled the manipulation of material parameters on a
microscopic level with the goal of creating magnetic microstructures for spintronics

applications [209]. Bombarding the film with ions leads to an intermixing at
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the interfaces between individual layers. Such intermixing reduces the interfacial
anisotropy. The interfacial DMI is reduced in the same manner [210, 211]. Multiple
studies have shown that the ion-treatment makes magnetic multilayers more
hospitable for magnetic skyrmions, which has been demonstrated for He [16,
212], N [213] and Ga [214, 215] ions. Intriguing are recent studies on skyrmion
confinement: By selectively irradiating small patches of material with He-ions,
where the patch diameters are comparable to the skyrmion size, a preferable
nucleation site for skyrmions could be established by multiple groups [14-16].
Indeed, independent of the nucleation method, for certain applied field ranges,

skyrmions exclusively and repeatedly nucleate at these sites.

We chose to create such artificial nucleation sites with a focused ion beam microscope
using gallium-ions (Thermofisher HELIOS 600). The maximum available ion-
acceleration voltage of 30keV was used, such that the Ga-ions penetrate through
the entire material stack and modify the layers homogeneously. Due to the strong
exchange coupling between individual Co-layers, we expect the multilayer material
to still act as a homogeneous material along the film normal, even if the ions induce

stronger intermixing in the top layers of the material stack.

We determined the most suitable ion dose by irradiating 15 x 15 pm2-large patches
of the multilayer sample with various ion doses and characterizing the irradiated
areas with Kerr-microscopy and STXM. Figure 6.2 illustrates the impact of the
ions on the material: The plots in Fig. 6.2a show the OOP-hysteresis loop of
two ion doses compared to the pristine, non-irradiated film. Higher irradiation
doses enable spontaneous domain-nucleation at higher applied fields and also push
the saturation field to higher values. Hence, the stability of magnetic domains is
increased and their nucleation barrier is reduced. Additionally, the domain size
decreases with increasing ion-dose (compare top-left insets in Fig. 6.2a). This is a
sign for a decreasing perpendicular magnetic anisotropy, which was postulated as
the main material modification in the artificial pinning sites [16]. We chose a dose
of 2.3 ions/nm? for our experiment, as this dose neither altered the topography of
the sample nor changed the qualitative shape of the sheared hysteresis but still
substantially altered nucleation- and saturation-fields compared to the pristine

material.

With the identified ideal ion dose we prepared rectangular grids of nucleation
sites (henceforth called “dots”). We chose a lattice period of 400 nm between
dots and a dot diameter of 100nm (compare Fig. 6.1b). As observed in STXM,
the natural mean domain width in the pristine material is roughly 175nm and
shrinks to approximately 90 nm in the irradiated areas (compare insets in Fig. 6.2a).
In consequence, the magnetic structures can be comfortably localized within
neighboring dots and their periodicity can be distinguished from the non-treated

material. Additionally, each individual dot is only large enough to host a single
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Figure 6.2 | Characterization of the irradiated sample. a Out-of-plane hysteresis
loops recorded with Kerr-microscopy within 15 x 15 pm?-large regions of the specified Ga-
irradiation dose, specifically no irradiation, the dose used in the time-resolved experiment
(2.3ions/nm?) and a significantly higher dose. Insets on the left show the domain state
at 0mT applied field for each dose. Insets on the right show the domain state in the
irradiated dot-array after excitation of the initially homogeneously magnetized sample
with an optical laser pulse for three regimes of applied fields. b Skyrmion states after
single-shot laser irradiation for various applied magnetic fields. Each state was created
from saturation. The dashed circle indicates the rough outline of the laser spot. Recorded
with STXM.

skyrmion, assuming that the skyrmion diameter is roughly identical to the width

of individual worm domains.

6.3. Quasistatic experiments

While time resolved measurements give direct insight into the dynamics of the
nucleation and localization process, quasistatic experiments readily unlock informa-
tion about the final states long after the excitation. In this section, we report on
the magnetic domain states that result from the optical heating with an ultrashort
laser pulse. We investigated the field and pulse-energy dependence of the nucleation
statistics as well as the impact of the artificial nucleation sites on the topology of

pinned features.

6.3.1. Optical excitation

Magnetic-field and fluence studies were performed with STXM. The sample was

saturated in-situ by an OOP-field and consequently exposed to a few-picosecond
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long laser pulse after reducing the applied field to a desired value. The resulting

images of magnetic states are shown in Figure. 6.2.

Generally, the laser pulse leads to the nucleation of circular magnetic domains,
which are assumed to be skyrmions. However, depending on the applied field, their
location and density varies (compare Fig. 6.2a, insets): At low fields (30 mT up to
approx. 75mT), a dense cluster of bubble domains is created, as it is the case in
the non-irradiated material without artificial sites. At high fields (> 130mT), the
final state remains homogeneously saturated. In a medium field range in-between,
however, each irradiated dot is occupied by a single bubble, while the rest of
the material is homogeneously magnetized. In this regime, the final, localized
skyrmion arrangement after optical excitation is an almost perfectly spatially
ordered magnetic state, as desired for the time resolved SAXS experiment. The
three field regimes are not sharply separated. Instead, with increasing field, the
density of skyrmions decreases, first in the non-irradiated areas and at higher fields
also at the irradiated positions. Finally, increasing the applied field leads to a
reduction of the size of the nucleated magnetic features. Note that the magnetic
skyrmions in the irradiated dots are generally larger than in the pristine material.
In contrast, the worm domain size decreases with the ion dose and thus exhibits the
inverse behavior. Both behaviors reflect the reduction in the domain wall energy.
In the case of densely packed worm domains, this allows for a reduction in the stray

field, while an isolated magnetic feature can grow (as discussed in section 2.3.1).

In the STXM setup, the laser spot on the sample had a Gaussian profile with a
diameter of roughly 10 pm. By imaging the entire laser-exposed area, we could ob-
serve the dependence of the nucleation statistics on the deposited heat. Irrespective
of the absolute amount of deposited thermal energy, we can assume a monotonous
increase in fluence towards the center of the laser excitation profile. Three example
images are shown in Fig. 6.2b for the identical laser fluence but varying applied
field. In general, we found a ring-like structure with lower skyrmion densities in the
center of the exposed area compared to the surrounding. Right at the edge of the
laser spot, we found only a few nucleated skyrmions exclusively on irradiated sites,
as the deposited thermal energy is generally not high enough to nucleate domains.
The density of skyrmions increases as the laser-deposited energy increases, which
also includes skyrmions outside the irradiated dots. However, in the center of the
laser spot, where the highest amount of energy was transferred into the material,
the skyrmion density is reduced. At higher fields, the effect was more pronounced.
While artificial pinning sites were occupied in regions of intermediate deposited
heat, the center of the exposed area stayed bare of any magnetic texture. We
confirmed that lowering the laser intensity lead to an increase of nucleated features

in the center.
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Figure 6.3 | Lorentz-TEM evaluation of skyrmion topology. a Overview image of
the laser-induced bubble-domain state after saturation and subsequent laser excitation
at 100mT. The associated topology for each bubble is indicated in the inset, with each
circle corresponding to one bubble domain in the main image. b Magnified examples
for each category. The first two images show Bloch skyrmions with opposite chirality.
The third image depicts a feature that is clearly not a skyrmion, while the fourth feature
bears similarity to a skyrmion but does not clearly show the expected ring-like contrast.

6.3.2. Lorentz-TEM

While the STXM measurements could confirm the presence of round magnetic
features on the irradiated dots, we also needed to determine the topology of the
observed magnetic bubbles. While laser-heating of Co/Pt-multilayers has been
observed to create clusters of Bloch-skyrmions [70], the impact of local Ga™-
irradiation on the topology of the nucleated features was not clear. Lorentz-TEM
is particularly well suited to image domain walls with Bloch chirality, especially in
ferromagnetic samples with large, non-compensated magnetic moments. Therefore,
we performed Lorentz-TEM imaging to verify that these magnetic features on
the irradiated dots were indeed skyrmions. The film was optically excited in-situ
with an in-coupled laser in the microscope setup. For each applied magnetic field,
the initial and final state were recorded and the difference image computed to
suppress topographic charge contrast. Figure 6.3a shows the difference contrast of
the magnetic state at an applied field of 100 mT, hence, a value where magnetic
features exclusively nucleate on the irradiated dots. Topology classification of
the nucleated magnetic bubbles was performed fully manually (i.e., by examining
each feature and comparing to the expected contrast [146, 216] for a Bloch type
skyrmion and deciding whether the similarity is high enough).
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Our samples were grown on x-ray transparent membranes that are not specially
prepared for TEM imaging. Together with the significant amount of platinum within
the sample itself, imperfections in the membranes caused a significant topography
signal, which still persists in the signal even after background subtraction. Due
to the remaining background signal, the topology of some magnetic textures was
hard to determine. Each magnetic domain was therefore classified as one of three
options: As a Bloch-skyrmion, a non-topological bubble domain or as a magnetic
feature with non-identifiable topology. Examples for each feature class are shown
in Fig. 6.3b. The classification for each bubble domain is depicted in the inset of
Fig. 6.3a. Of all features, the topology of 29 % remains unknown and a rigorous
investigation would require regrowing the sample on specialized TEM-substrates.
Of the remaining magnetic bubbles, (63 & 10) % match the Lorentz-TEM signal of a
Bloch skyrmion, while the rest clearly has a different (usually trivial) topology. The
estimated error takes the uncertainty into account that stems from the unidentified
bubbles, assuming that the ratio of skyrmions to non-topological features is the
same.

The significant amount of non-topological bubble domains specifically on the
irradiated dots is unexpected, as the pristine film reportedly hosts exclusively
skyrmions after laser excitation [70]. Also, we need to interpret the time-resolved
SAXS experiments with the knowledge that during the nucleation process both
species of bubble domains emerge. Nevertheless, the majority of nucleated and
localized bubbles are in fact skyrmions, making the sample a suitable system to

study their dynamics.

6.4. Time resolved SAXS

6.4.1. Setup & experiment

The main scattering experiment was performed at the SCS-beamline at the Euro-
pean XFEL facility in Hamburg, Germany. An illustration of the setup is depicted
in Fig. 6.4a. Scattering patterns were recorded on a PIMTE3 in-vacuum CCD
detector equipped with a wire-mounted beamstop to block Oth-order transmission.
An electromagnet was used to apply magnetic fields and in-situ restore the saturated
magnetic state before each pump-probe event. The intensity of the x-ray probe
pulses was adjusted with a gas attenuator such that the pulse did not perturb the
magnetic state of the sample. We determined the x-ray perturbation threshold
by recording SAXS hysteresis loops at varying FEL-intensities, where intensities
above the threshold lead to a shift of the spontaneous nucleation field towards
higher values (compare appendix A.5).

In prior experiments we had observed that the XFEL showed strong pulse-to-pulse

variation of the Poynting vector. Averaging the scattering patterns of many pulses
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lead to an effective reduction in coherence. To reduce the spatial jitter of the FEL,
an up-stream circular aperture was introduced. Only a small, coherent portion
of each FEL pulse was transmitted through and scattered at the aperture. The
resulting Airy disk pattern at the sample position was then solely defined by the
aperture. As trade-off, the intensity variability of pulses on the sample as well
as the illuminated sample area increased. For the excitation we used an optical
pulsed fs-laser (“OL”) with a central wavelength of A = 800 nm and pulse length of
7 = 50{s), which was synchronized to the FEL-pulse delivery with an adjustable
delay. We observed spatial jitter between consecutive pulses much stronger than
the FWHM of the laser spot itself, which lead to strongly varying intensities on
the probed part of the sample. To monitor the spatial OL-jitter we installed a
secondary camera to record a virtual image of the laser spot during each excitation
for later sorting and classification of the data.

Time resolved data was recorded with a conventional stroboscopic pump-probe

scheme, with each cycle consisting of the following steps (compare Fig. 6.4b):

1. The electromagnet applies a magnetic field of Bieset = 300mT, which is
comfortably above the saturation field of the sample, to reset the magnetic

state to a homogeneous OOP-magnetization.

2. The magnetic field is reduced to the value Biyeas, for which we want to record

a pump probe event.

3. The OL is triggered and excites the magnetic material to start the skyrmion

nucleation process.

4. A singe FEL pulse hits the sample after a delay 7 and is scattered at the

magnetic contrast, which is recorded on the detector.

5. The camera starts the readout of the recorded scattering information and
prepares the sensor for the next acquisition. Meanwhile, steps 1 and 2 are

performed to prepare for the next pump-probe cycle.

To ensure proper synchronization to the 10 Hz logic of the FEL facility, the duration
of one complete pump-probe cycle was set to 0.3s, with the majority of the time
being dedicated to magnet cycling and the synchronization of individual triggers.
Each pump-probe event was recorded roughly 2000 times and each event stored
separately (in contrast to accumulating multiple events into one frame before
triggering the readout of the camera) for the subsequent separation of frames where
the local fluence of the OL was not strong enough to excite the sample fully.

The position of the pump laser spot on the sample was monitored by recording
the partial reflection of the laser on the vacuum-incoupling window at the virtual
sample position. Quasi-static data of the final states was recorded with the same

pump-probe logic. However, the number of x-ray pulses per bunch was increased
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Figure 6.4 | Experiment procedure for time resolved SAXS. a Sketch of the
idealized experimental setup. b Utilized control scheme to record time-resolved data.
After resetting the magnetic state at Breset and consequently reducing the applied field
to Bmeas, the optical pump and x-ray probe pulse hit he sample with the specified time
delay 7. ¢ Example of a final state CCD-exposure, showing magnetic scattering but
additionally undesirable artifacts that need to be removed in post-processing.

to 48, which lead to a corresponding 48 times stronger signal on the camera for

each cycle.

6.4.2. Data treatment

We recorded time resolved SAXS data for three applied magnetic fields Byeas, with
each corresponding to one of the three field regimes introduced in section 6.3.1.
In the following, the applied fields of 65 mT, 115mT and 165 mT will therefore
be referred to as low, medium and high applied magnetic field. An exemplary
out-of-camera CCD-frame is shown in Fig. 6.4c. The signal consists of multiple
components: On one hand, the magnetic signal, divided into isotropic (often ring-
like) scattering from disordered magnetic features and a grid of Bragg-scattering-like
dots from magnetic features with long-range order. On the other hand, parts of the
scattering are covered by camera defects, the beamstop shadow and multiple bright,
square spots. The latter are direct transmission of x-rays through neighboring
membranes, caused by the large spot size due to the widening of the FEL by the
upstream aperture. Figure 6.5 shows SAXS images for various pump-probe delays
at the three chosen magnetic field values. The following post-processing steps were
applied to the data shown.

Adaptive thresholding: In each individual pump-probe CCD frame, large areas
were not exposed to any photons. Especially at high ¢ scattering statistics are
low and the recorded signal mostly consists of single photon events, while for the
majority of frames, most pixels do not record a photon. If no photon is recorded,

these areas of the frame only contribute thermal readout noise to the final image
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that is the average over all individual frames for the same delay. To remove
this noise contribution, thresholding was applied to each frame slightly above the
background noise level and all pixels below this threshold were counted as zero.
Due to the electronic readout design of the CCD, each quadrant of the image has
a different background level. To compensate for this, a spatially varying threshold

was applied, depending on the pixel coordinate.

Azimuthal averaging and separation of signal contributions: In some parts
of the CCD-frames, a combination of Bragg scattering, isotropic scattering and
artifacts collectively define the acquired signal. For proper analysis, these three
components needed to be separated. Bragg peak positions were first determined by
manually selecting four different Bragg positions, extracting their scattering order
and base vectors and using these to calculate the remaining peak positions. All
peaks, as well as the areas with parasitic stray light and the beamstop-covered parts
of the CCD, were masked. The remaining image contains only isotropic scattering.
Exploiting the isotropic nature, the masked areas were filled in with the azimuthal
average of the scattering intensity for each particular ¢ to get an approximation of
the isolated isotropic scattering part (top-right sections in Fig. 6.5). The Bragg-
contribution was obtained by subtracting the purely isotropic scattering from the
original SAXS pattern (bottom-right sections in Fig. 6.5). For the few peaks that
were coinciding with parasitic transmission, the final state CCD image at 165 mT
was subtracted as background, as it only contains the direct transmission without
any magnetic small-angle scattering. The left image sections in Fig. 6.5 show the

total processed SAXS image as a composite of Bragg and isotropic contributions.

Filtering by optical excitation strength: Comparison of absolute scattering
intensities requires adequate normalization of the data. The fluctuations in x-ray
intensity could be corrected by normalizing the scattering images against the
parasitic direct x-ray transmission through the neighboring membranes. However,
fluctuations in the optical excitation also need to be identified, because they can
lead to qualitatively different magnetic states, as discussed in sec. 6.3.1. It is
particularly important to deposit enough energy to excite the system above the
nucleation threshold for skyrmions, as demonstrated in [208]. For each pump-probe
event, the optical laser spot was recorded with a separate camera outside the
endstation. By comparing the monitored laser positions of pulses that resulted in
strong SAXS scattering, we could identify a region on the monitor that corresponds
to the sample position. The intensity in this region is therefore proportional to the

laser fluence in the actual magnetic sample.

Figure 6.6 shows the final scattering intensity of 100 individual final-state CCD-
frames versus the estimated laser intensity. The data is noisy in both axes: While
only the SAXS images with the highest transmission signal are shown, in these
plots the scattering intensity of each frame (hence, data point) is not normalized.

The monitored laser fluence also has significant uncertainty. Nevertheless, we can
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Figure 6.6 | Final state scattering intensity vs. optical excitation strength. The
integrated isotropic and Bragg contributions of the 100 brightest individual final state
scattering frames are shown. a SAXS contributions at low applied field. b Scattering
contributions at medium applied field. Lines are guides for the eye.

identify a field dependent threshold value, below which the magnetic state essentially
stays saturated. Above the threshold, the scattering signal increases rapidly and
saturates approximately at 10 % higher intensity. We therefore discarded any
frames with a laser monitor signal below this upper saturation threshold, thereby

excluding excitations below the nucleation threshold.

6.4.3. Results

Depending on the field regime, the final-state scattering pattern exhibits a prominent
structure of bright, Bragg-like peaks. The emergence of these peaks corresponds
to magnetic features aligning with the grid of artificial pinning sites in real space.
In contrast, isotropic, ring-like scattering stems from features forming outside the
irradiated nucleation sites, as is the case for low fields, where the entire film can host
stable skyrmions (Fig. 6.5a). While the final state at a low field of 65 mT consists of
both an isotropic ring on top of Bragg peaks (hence, mostly disordered skyrmions
with a bias towards localizing on the artificial sites), a medium field of 115mT
leads to exclusively pronounced Bragg scattering (Fig. 6.5b). At higher fields,
even the Bragg scattering is suppressed in the final state, as the sample returns
to homogeneous magnetization. Notably, Bragg features still emerge transiently
after the excitation (Fig. 6.5¢). The weak, almost uniform, frame-filling scattering
at 100 ps delay is the footprint of the sample entering the spatially disordered

fluctuation phase, which emerges irrespective of the applied field.

6.4.3.1. Bragg peak analysis

Because the real space magnetic texture and the SAXS image are related by a
Fourier transform, we can interpret the Bragg scattering as follows: The periodicity
of Bragg peaks correlates inversely with the period of the regular skyrmion lattice.

Because we imprinted the periodicity ourselves during the sample preparation, this



96 6. Skyrmion localization dynamics after optical excitation

property is already known to us. The form of each Bragg-point is related to the
size and shape of the probed area on the sample, hence, the XFEL spot-profile on
the membrane (assuming that the optical excitation is homogeneous in the probed
area). We find perfectly round, Gaussian spot profiles, which corresponds to a well
conditioned Gaussian-like beam shape on the sample. This is likely the result of the
deployed up-stream aperture, which conditions the XFEL-beam profile. Finally, the
enveloping function of the Bragg peak intensity (hence, the global g-dependence of
the brightness of each Bragg peak) stems from the form of the individual scatterers,
hence the skyrmions on each dot. Specifically, the envelope is impacted by the
average shape, size, and positioning of all skyrmions that contribute to the SAXS
pattern and is therefore called the structure factor. In the following, we take a
closer look at the evolution of the structure factor of the Bragg intensity.

Figure 6.7 shows the average Bragg peak intensity against ¢ for different time delays
and for low and medium applied field. The irregular sampling of ¢ reflects the
discrete Bragg orders at distances ¢; ; = qo \/m, i,j € Z. For both field values,
the final states exhibit a local intensity minimum (or even two in the case of low
magnetic field). Such a minimum is also visible in some of the time resolved data.
There, the minimum is mainly observable for large time delays, which have stronger
scattering signal than earlier times. Such radial local minima are characteristic
for Airy patterns, which are the result of diffraction on a circular feature. In such
a scattering pattern, the position of the first minimum directly depends on the
diameter of the feature.

To find the skyrmion diameter, we optimized the fit of the Airy intensity

2
Taivy = Lo <2J1(7)> ; (6.1)
Y

with v = T2 sin(¢) and 6 = 2arcsin(%) [99] to each dataset. J; is the first Bessel
function. Fit parameters were the intensity scale Iy and the skyrmion diameter D.
However, we found that the Airy disk pattern well describes the intensity profile for
small ¢, but fails to properly model the intensity drop at larger q. An example is
shown in Fig. 6.7c for the final state. Indeed, the model assumes perfect alignment
of all skyrmions on their lattice sites and perfectly sharp domain walls around
the skyrmion core, which both do not reflect reality. While multiple ways exist
to treat disorder and finite boundaries, we opted to adjust the intensity drop by
multiplying a Gaussian envelope function 6_072, which allows fit and data to agree
nicely. The multiplication with a Gaussian essentially models a drop of spatial
coherence of the scattering centers, which is caused by deviations from the perfect
grid positions as well as a deviation from perfectly circular scattering centers, due
to a finite domain wall width.

Fits of the combined model function in Fig. 6.7 are shown for larger delays, with

the additional distinction whether the first Airy minimum is clearly observable
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Figure 6.7 | Scattering order resolved Bragg intensity vs. time delay. a Final
state SAXS pattern at low field shows a radial minimum in the Bragg peak intensity
(marked by the dashed line). b Fit results from the g-dependent Bragg intensity distribu-
tion. Solid lines act as guide to the eye. The average intensity of each order of Bragg
scattering for each recorded delay at ¢ low and d medium field is plotted logarithmically.
An offset increasing with the delay is applied for better readability. Lines show fits of
an Airy disk with an additional (fixed) Gaussian envelope. Solid lines show fits where
the minimum coincides with the data. Dashed lines show fits for which the intensity
minimum position cannot be verified visually due to low SNR. The dotted line shows the
expected Bragg amplitude without the Gaussian envelope.

in the data. If the first minimum is not determinable against the noise floor, the
fit cannot safely distinguish between a change of the skyrmion diameter D and
the width of the Gaussian o. The final state skyrmions have a diameter of 89 nm
and 71nm at low and medium field, respectively. Hence, they are smaller than
the irradiated dot and thus completely reside within the area of altered material
properties. The field-dependence of the size is expected and matches with previous
studies [208].

While the signal strength at small time delays does not allow for quantitative
analysis of the evolution of the skyrmion profile, the fits at larger delays give
valuable insight into the long-term dynamics. In the low field regime, we observe
that the skyrmion size is constant after 1ns, as the position of the first Airy
minimum does not change with the time delay. Instead, we find a gradual decrease
of o versus time, which correlates to an increase of spatial coherence between

skyrmions (Fig. 6.7b). Hence, either the domain walls sharpen or the alignment of
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skyrmions to the square grid improves. The fits at smaller delays suggest that the
skyrmion diameter is indeed already constant after 750 ps, even though these fits
are less reliable. Additionally, the medium field data appears to also show constant
skyrmion sizes for large delays, which hints that the constant skyrmion diameter

at low fields is not purely a result of close packing of magnetic textures.

6.4.3.2. Analysis of integrated scattering intensity

The Parseval-Plancherel identity [217] describes a relation between the total inten-

sity in real and Fourier space:

o0 o0

[ @Pa= [ 1FO@R (62)
— 00 —0o0

In the Fraunhofer approximation, the SAXS scattering wave front F(g) on the

detector is proportional to the Fourier transform of the real-space transmission 7'

in the sample plane. Hence, we can relate the scattering intensity I(q) = |E(q)|?

back to the scattering sources in the sample itself via

o0 o0 o0 (o]
/ / I(4z,qy) dgs dgy o / / |T(oc,y)|2 dx dy. (6.3)
—o00 J—00 —o00 J —o0

In section 6.4.2, we completely isolated the isotropic and Bragg-like SAXS scattering
intensities liso and Iprage in the experimental data. Consequently, as the integral
over the sum Iiso + IBragg is the sum of individual integrals, eq. 6.3 holds true for
each of the two scattering contributions. Specifically, ignoring coherent scattering
cross terms, Ipragg is caused exclusively by magnetic scatterers that occupy the
artificial nucleation sites and form a perfect square grid. As a result, it serves as a
direct measure for the total amount of magnetic contrast localized on these sites.
Complementary, Iis, is a measure for the strength of magnetic contrast modulation
that at most exhibits short range order, hence, the amount of magnetic features
that are not localized on the artificial sites. In detail, the interplay of scatterers is
somewhat more complex, which will be discussed later.

Although we only recorded a small part of the entire Fourier space, the majority
of Fourier intensity is confined to the camera dimensions. Only for small delays
significant parts of the isotropic, high-g scattering are cut off. Additionally, the
central beamstop covers the low-q regime. Because we only lose a single Bragg
peak and the majority of the isotropic scattering intensity is concentrated at higher
q, the deviation from Parseval’s theorem should be minimal. For each time delay,
we integrated the SAXS intensity over the entire available g-space. We performed
this analysis for all three magnetic fields, however, we mostly focus on the medium
field case, as it most clearly shows the localization dynamics in the dots.

The time evolution of the integrated scattering contributions at medium magnetic

field is shown in Fig. 6.8a. Shortly after the optical excitation, the isotropic
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Figure 6.8 | Separated isotropic and Bragg-like g-space contributions in the
scattering signal vs. the pump-probe delay. a Experimental data recovered by
separating scattering contributions from the CCD-frames as shown in Fig. 6.5. Vertical
dashed lines show the peak of the isotropic scattering and the inflection point of the
increase in ordered scattering contributions. b Data from atomistic spin dynamics
simulations that was also separated into Bragg- and isotropic scattering. The deviating
timescale compared to the experiment stems from scaling factors in the simulation to
speed up the computation. ¢ Snap shots of the atomistic simulation state of the real-
space magnetization evolution. Colors correspond to the local out-of-plane magnetization
component. The areas of reduced anisotropy are indicated by dashed squares.

scattering increases rapidly when the sample enters the fluctuation phase. After
a maximum at around 280 ps, the isotropic scattering decays exponentially. At
the same time, the Bragg contribution starts to increase, with an inflection point
around 750ps. At 1.5ns, the Bragg scattering begins to saturate. Therefore,
the localization process sets in with a delay only after the sample has exited the
fluctuation phase. The same localization delay can be observed for lower and higher

field strength (Fig. 6.9) and hence is a field-independent phenomenon.

6.4.4. Atomistic spin dynamics simulation and interpretation

To understand the spatial localization dynamics, atomistic spin dynamics (ADS)
simulations were performed by our collaborators in the group of Prof. Johan

Mentink, in which a temperature pulse imitates the optical excitation (gray line
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Figure 6.9 | Time evolutions of integrated scattering for high and low field.
a Integrated Bragg and isotropic Scattering intensity at 165 mT. For better visibility,
the Bragg signal is also plotted with increased amplitude. b Scattering contributions at
65mT.

in Fig. 6.8b). The evolution of the initially homogeneous magnetic material is
shown in Fig. 6.8c. Irradiated spots were modeled by regular square sections of
reduced anisotropy (outlined in Fig. 6.8c for 0ps). For faster convergence of the
simulation, scaled time- and length-scales were used. Fourier-transform of the
snapshots returns the SAXS pattern that would correspond to the simulation results.
Performing the same separation process of isotropic and Bragg scattering as for
the experimental data results in graphs that correspond well with the experiment
(Fig. 6.8b), including the initial peak and subsequent exponential decrease of
isotropic scattering as well as the delayed gradual increase of the Bragg component.
We therefore have the opportunity to match the experimental scattering curves
with the simulated real space events.

We can distinguish three phases in the nucleation and localization process. First,
the nucleation-dominated regime directly after the laser irradiation until 280 ps
(experiment time). In this regime, the material reaches its maximum temperature
and enters the fluctuation phase, which incites the continuous creation of topological
nuclei homogeneously within the magnetic layer (Fig. 6.8¢c, 3ps and 16 ps). This
leads to a rapid increase in the total topological charge in the system (Fig. 6.8b)).
After 300 ps, once the sample cools down sufficiently, the system enters the decay-
dominated regime. Here, most nuclei outside the spots of altered anisotropy
become unstable and quickly collapse, while those within the spots proliferate
and grow towards their final skyrmion diameter (Fig. 6.8¢c, 38 ps). Finally, when
each spot is occupied by only a single skyrmion, the sample has reached the
rearrangement regime (after roughly 1.5ns experiment time). Here, each skyrmion

relaxes towards the center of the respective irradiated area (Fig. 6.8c, 75ps to
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100 ps). Furthermore, the decreasing temperature also reduces the mobility of the
bubbles, and they stay closer to their equilibrium position. The result of these
dynamics is a comparatively slow, gradual transfer of scattering signal from the
isotropic into the Bragg contribution, without the necessity to nucleate or destroy

any magnetic features.

6.4.5. Deriving the localization from the static skyrmion stability

In section 2.3.1, we introduced a framework to model the stability of skyrmions in
ferromagnetic thin films. The model allows us to determine whether the skyrmion
state or homogeneous out-of-plane magnetization is the energetic ground state.
Previous studies suggest that for skyrmions to form as the result of thermal (hence
also laser induced) excitation, the skyrmion state needs to be this energetic ground
state [70]. In the following we investigate if it is sufficient to determine the long-
term stability of a skyrmion to predict the outcome of the localization dynamics
after laser excitation.

We extracted a set of realistic micromagnetic parameters for the Co/Pt-multilayer,
which are listed in table 6.1. See appendix A.4 for a detailed description of how we
determined the material parameters by using a variety of characterization tools.
Note that the parameters were collected from two samples from different sputtering
runs and may have considerable uncertainties but should still reflect a possible set
of material properties of a Co/Pt multilayer.

As the ion bombardment effectively leads to

an intermixing at the Co-Pt interfaces, sam- Table 6.1.|Micromagnetic mate-

ple characteristics that are governed by these rial parameters.

interfaces are much more affected than bulk

Parameter value
properties of the Co-layers. The latter include
the saturation magnetization and the exchange Aex (pJ/m?) 12
stiffness. In contrast, the perpendicular mag- Ms (MA/m) 1.354
netic anisotropy is an interfacial effect, which is D (mJ/m?) L5

sensitive to the intermixing [16, 210]. Note that  £u, pristine (MJ/m?)  1.35
we use a finite DMI value, even though we ex- Ky, imadiated (MJ/m?)  1.25

pect vanishing net-DMI due to symmetric layer

stacking. Instead, we utilize the DMI term to take into account flux closure effects
in the domain walls. The skyrmion stability model assumes monochiral domain
walls and therefore does not take a chirality twist along the sample thickness into
account and in consequence overestimates the domain wall energy. As discussed
in [54], the flux closure can be expressed as an effective DMI, which we use as
a phenomenological correction term here. Because this effective DMI strength
thus arises from stray fields and not from indirect interfacial exchange, we do not

expect interface intermixing to significantly modify the value. In summary, for our
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discussion we therefore assume that the only impact of the ion-irradiation is the

local reduction of the perpendicular magnetic anisotropy.

Figure 6.10 shows the analytically calculated skyrmion stability for various applied
fields that correspond to the experimental field strengths that were used in the
XFEL scattering experiment. Each plot compares the skyrmion energy curve of
the irradiated regions with the non-irradiated film. Figure 6.10a corresponds to the
high-field regime that does not show any skyrmions in the final state. Accordingly,
the energy curve of the non-irradiated film does not show any stable finite skyrmion
size, while in the irradiated area a local minimum exists. However, the skyrmion
state is not the ground state and the decay energy barrier is extremely shallow.
In the low-field regime (Fig. 6.10c), the model predicts a deep global minimum
at large skyrmion diameters > 200nm for irradiated as well as non-irradiated
areas. In the medium field regime, we find that for the nominal external field
value of 115 mT skyrmions should be stable throughout the (non-)irradiated film
(Fig. 6.10b, dashed lines), as both curves have a global minimum. If we allow for
a slight adjustment of the field upwards to 130 mT, however, the system enters a
regime where skyrmions are the ground state in the irradiated areas but at best

meta-stable in the non-irradiated film.

Figure 6.10d depicts the skyrmion energy at the minimum position for both
irradiation conditions. The three field regimes of skyrmion stability are marked,
assuming that laser-induced skyrmion nucleation is only possible if they represent
the local magnetic ground state. Due to the shift between both curves, we find the

same regions as in the experimental data and as indicated in Fig. 6.2a.

The skyrmion stability model qualitatively fits the observations well. We find,
however, that the necessary applied field values in the model do not match perfectly
with the experiment, as the former generally tend towards higher values. Besides
deficiencies in the measurement of the magnetic field in the experiment, we cannot
rule out errors in the determination of the micromagnetic parameters. Parameters
were sourced from multiple samples and have strong interdependence, which may
lead to increasing deviations from the actual values due to error propagation.
Also, the model predicts a skyrmion diameter of 82nm at medium field inside
the irradiated dots. While this value is in the same range as the experimentally
observed diameter of 74nm, it further highlights that the determined material

parameters do not perfectly represent the experimental system.

Nevertheless, one likely reason for the difference in the field values is the fact that
the model does not take interactions between multiple skyrmions into account.
As sketched in Fig. 6.10e, each magnetic bubble or skyrmion creates a stray field
in its vicinity. This stray field adds to the applied magnetic field and thereby
increases the effective local field compared to the homogeneously magnetized film
for any skyrmion that may form close to the existing skyrmion. For the low and

medium field regimes, the average distance between skyrmions in our system is
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Figure 6.10 | Skyrmion stability considerations of the SAXS sample. Calculated
skyrmion energy vs. diameter for the pristine material and the irradiated film at a 165 mT
b 130mT and ¢ 65 mT. In b also the experimental medium field value 115 mT is shown as
dashed lines. The dashed and dotted lines mark the transition between skyrmion ground
state and metastable state, as well as the energy where the metastable state disappears.
d Energy of stable, finite sized skyrmions inside and outside the irradiated areas vs.
the external field. The red area marks the calculated field regime where skyrmions are
the magnetic ground state exclusively inside the irradiated dots. e Sketch of additional
stray fields induced by already existing skyrmions in the magnetic layer. The existing
inversely magnetized skyrmion (blue) creates a stray field Hgiray, which adds to the
applied magnetic field Hext in the rest of the film.
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smaller than 400 nm, as determined by the artificial nucleation sites. We can expect
stray field interactions to matter at such distances. As the density of skyrmions
increases with lower fields, the effect should become even stronger. A similar effect
is particularly visible in the low field regime, were neither the predicted skyrmion
size nor the equilibrium energy matches the experiment in the slightest, as only
isolated individual skyrmions are considered in contrast to the experimentally

observed dense skyrmion clusters.

The skyrmion stability model predicts the localization after optical excitation
well. While stray field skyrmion-skyrmion interactions need to be considered
to optimize the quality of the prediction, even this comparatively simple model
of local energy contributions is quantitatively not far from the observed values.
Notably, we did not need to consider any dynamic qualities of the system. For
example, the anisotropy and saturation magnetization are temperature dependent
and thus change transiently during laser heating. Entering the fluctuation state also
induces the breakdown of interlayer coupling. Nevertheless, the final-state skyrmion
localization pattern appears to depend almost exclusively on the equilibrium

stability of the skyrmions.

6.5. Discussion

The dynamics that we find in the simulations allow us to reconcile the contradict-
ing expectation of global optical nucleation with the observed localization. The
magnetic system always enters the fluctuation phase — as long as sufficient energy
is deposited in the material — and enters the nucleation regime. Independent of
the final skyrmion state, the intra- and interlayer exchange reduction leads to the
homogeneous emergence of nuclei with topological charge. Notably, topological
charge is created exclusively in this regime. However, once exchange is reestablished
at lower temperatures, Zeeman and local anisotropy terms again dictate whether a
skyrmion is energetically favorable or not. Consequently, skyrmion cores shrink
and collapse where they are not energetically stable and proliferate and grow where
the local environment is accommodating. Hence, the localization is independent of

the initial nucleation, but a purely decay-driven process.

Furthermore, the localization appears to be a local effect. While the simulation
shows rearrangement dynamics at larger time delays, these are only small corrective
moves towards the center of the irradiated areas once the skyrmions already have
grown close to their final diameter. The increase in spatial coherence found in the
Bragg-peak analysis at delays past 750 ps, while keeping the Airy-minimum at a
constant position, is compatible with the rearrangement of fully formed skyrmions,
even though the same observation could also be caused by a contraction of magnetic

contrast towards the center of the nucleation sites. This would require that the
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overall diameter stays constant, but the effective domain wall starts broad and

diffuse and gradually becomes more defined.

The system that is modeled in the atomistic spin dynamics simulations has some
drastic simplifications compared to the experiment. The simulation space is two-
dimensional and therefore ignores effects along the film’s normal direction, including
interactions between individual Co-layers. Furthermore, stray field interactions are
not simulated, which are the primary energy term that allows for stable skyrmions.
Instead, the simulation assumes finite DMI in the material as a substitute stabilizing
term for skyrmions. While reports on strong DMI in symmetric multilayers exist
[218], our Co/Pt-multilayer cannot exhibit strong DMI, as we observed skyrmions
with a Bloch component in Lorentz-TEM. Considering the simplifications, the
experimental observations and the modeled dynamics match surprisingly well.

The quasistatic Lorentz-TEM images revealed that a majority of nucleated bubbles
on the irradiated dots are Bloch skyrmions. However, a significant number of
nucleated features appears to be non-topological. This is in stark contrast to the non-
irradiated film, which hosts essentially only skyrmions after the optical excitation
[70]. Hence, the local material inhomogeneity created via ion implantation might
influence the topology of the locally created magnetic bubbles. Potential causes
could be inhomogeneous material modifications along the film normal, due to the
low penetration depth of the Ga ions, as well as the more severe structural damage
caused by the bombardment, compared to lighter He ions. Thus, it would be of
interest to further investigate the impact of the type of ions used on the topology

of the localized magnetic textures.

In any case, we can rule out that the shape of the localized bubbles is determined
by the irradiated dot. For both low and medium applied fields, the observed
skyrmion diameter was below the size of the dot. Crucially, the size is field
dependent and shrinks with increasing field, as expected for individual skyrmions
in a homogeneous film [64]. In Fig. 6.8a, the decay of the isotropic scattering and
the increase of the Bragg contribution can be well described by an exponential
decay and a logistic growth model. Notably, the logistic growth describes the
recorded data well with a single time constant and it is not necessary to optimize
a combination of two independent growth models. Hence, we can surmise that the
characteristic timescales of localization are identical for skyrmions and topologically
trivial bubbles.

In quasistatic imaging as well as in scattering we observe a significant dependence
of the nucleated skyrmion texture on the strength of the optical excitation. We
found a minimum threshold intensity to create skyrmions in the multilayer, which
depends on the local parameters, including the anisotropy and the applied field. In
quasistatic imaging, we also observed an apparent drop of the skyrmion density in
the center of the heated area. One explanation for this reduction of the skyrmion

density with increasing deposited heat could be that some skyrmions in the regime
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of intermediate heat are indeed metastable skyrmions. Hence, they are not the
energy ground state but are instead a frozen configuration. Because less energy
was deposited in these regions during the excitation, metastable skyrmions had
less time to overcome the local decay barrier, compared to the hotter center.
Nevertheless, we do not find the same effect in the scattering data. Additionally,
the inhomogeneous laser irradiation could also play a role, e.g., in the form of
inhomogeneous stray fields arising from a gradient in M; as a consequence of locally
varying demagnetization.

To conclude, we found strong evidence that the localization of optically created
magnetic skyrmions sets in after an initial global topological nucleation phase.
The effect is driven by the local stability characteristics of the skyrmions, which
determine whether they grow or collapse. The locality of the nucleation and
localization underlines the potential of laser induced (and generally heat induced)
skyrmion nucleation for spintronics applications: Because the localization does
not involve ,e. g., magnon currents over large distances or extended movement of
topological charge, it should be possible to miniaturize the host sample towards
technologically relevant scales while retaining the capability of controlled ultrafast
skyrmion creation. Of technological relevance is also the upper boundary of the
time window of skyrmion growth, which we determined to be around 1 ns, after
which the skyrmion is essentially fully formed, circular and with its final diameter.
So far, the nucleation and localization dynamics discussed here have been observed
in one particular kind of Co/Pt multilayers. Future investigations should expand
the parameter space and also investigate multilayer structures with strong DMI.
Furthermore, the skyrmion nucleation and localization dynamics and time scales in
thicker multilayers with only stray field interlayer coupling as well as ferrimagnetic

multilayer structures would be of interest.



Chapter 7

Summary and outlook

In this thesis we explored how material inhomogeneities and defects influence
both the static configurations and dynamic behavior of chiral spin textures. We
elucidated the influence of the presence of such inhomogeneities on the static
equilibrium structure of chiral domain walls. We have furthermore explored their
involvement in the nucleation dynamics of magnetic domains after laser excitation.
The interplay between chiral magnetization patterns and material defects during
the ultrafast nucleation dynamics could be derived from quasistatic experiments
and also directly followed in the time domain. For our investigations we developed
and implemented various characterization techniques based on the use of x-rays.
These include multiple implementations of direct imaging techniques that enabled
us to resolve the magnetization structure within domain walls. An extended time-
resolved small angle x-ray scattering method allowed us to directly investigate

ultrafast processes with time resolution.

In the first results chapter (chapter 4), we investigated the domain wall structure
in ferrimagnetic DyCo thin films by utilizing XMLD-based vector imaging. We
observed strong chirality variations within the domain walls, which resulted in
extended Bloch- and Néel-type sections along the same domain wall. Our results
show that domain wall chirality is locally imprinted by the material and does
not depend on the magnetic history of the sample. We explored possible ways
in which the chirality variations can emerge naturally from locally modified ma-
terial properties assuming full PMA. We found evidence that suggests a relation
between the chirality variation and lateral composition changes of the host material
and developed a theory around such a lateral phase segregation: Compositional
variations can modify the local saturation magnetization and the DMI, leading
to the stabilization of Bloch and Néel type domain walls within the same sample.
Further investigations revealed that these postulated composition variations are
predominately located along the domain walls of the as-grown domain state, leading

to a faint background contrast visible in MFM.

Indeed, this thesis has only been the foundation for establishing a conclusive
explanation for this faint domain contrast. Continued investigation into the topic

by Tamer Karaman have recently brought to light the possibility that an in-plane



108 7. Summary and outlook

anisotropy axis at the original domain wall positions exists that is imprinted at
growth. Such an in-plane anisotropy would not only explain the local chirality
preference but — in combination with the sperimagnetic nature of certain DyCo
alloys — also give an explanation for the faint domain contrast.

In chapter 5, we applied vector imaging to analyze the domain wall defect structure
of all-optically created domains. We have found evidence that the strength of the
material inhomogeneity impacts the existence of defects in magnetic structures.
Irrespective of the involved nucleation method, a higher inhomogeneity leads to
a higher density of vertical Bloch line defects. We observed that in all-optical
switching, after the initial domain nucleation, the domain wall expands. Similar
to field cycling, during the domain wall movement, the propagation through the
inhomogeneous medium can introduce Bloch lines. In consequence, we found that
the Bloch line nucleation at material inhomogeneities dominates the formation of
the domain wall defect structure.

Equipped with these findings, we know that to further investigate the intrinsic
nucleation and switching process of domains by HI-AOS, the manufacturing of
samples with extremely low pinning will be necessary to remove the inhomogeneity-
related domain wall defects. In such samples, the creation of Bloch lines during
domain wall propagation is expected to be greatly suppressed and in consequence
the domain wall defect density would solely depend on the order and speed of the
involved phase transition, e. g., following the Kibble-Zurek formalism. This way,
domain wall defect analysis could give insight into the fundamental timescale of
domain wall formation during all-optical switching.

So far, helicity-independent all-optical switching has almost exclusively been ob-
served in Gd-containing rare-earth transition-metal alloys. To create such low-
pinning samples, the inherent tendency of these alloys to segregate spatially needs
to be overcome [8, 33]. Alternatively, one can look at other material systems that
show HI-AOS, such as ferrimagnetic multilayers and Heusler-compounds.

In chapter 6 we utilized nano-patterning of a magnetic film to investigate the
localization dynamics of magnetic skyrmions at artificial pinning sites. We found
that in contrast to the spatially homogeneous process of creation of topological
nuclei, the localization of final state skyrmions is a purely local process. Skyrmion
cores proliferate and grow via magnon coalescence or decay, depending on the
local magnetic properties of the host material. Indeed, we found evidence that
the final-state skyrmion texture can be predicted exclusively by static skyrmion
stability considerations.

With the knowledge that the SAXS technique gives insight into the localization
dynamics, the exploration of a larger parameter space is now possible, e. g., varying
the ion dose, irradiated dot size and laser parameters. Due to the concentration of
the scattering intensity on the Bragg spots, it could be feasible to perform this kind

of experiment at a lab-based HHG- or plasma-source that operates in the ultraviolet
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and soft x-ray regime. Here, phase space explorations could be performed without
the tight time restrictions of an XFEL beamtime.

Similar to previous investigations of ultrafast skyrmion dynamics, we have per-
formed an indirect investigation of the nucleation process: We recorded the time
resolved scattering signal which we then matched to a fitting atomistic model.
Although this method already gives enough evidence to make conclusions about the
nucleation dynamics, directly following the dynamics with time-resolved imaging
methods would be beneficial. As discussed in chapters 5 and 6, it is challenging to
follow stochastic dynamics in real-space imaging, as stroboscopic methods cannot
be used. Nevertheless, it is highly desirable to be able to directly follow the
dynamics with imaging. Here, we laid the groundwork for directly accessing the
chirality.

With XMLD-based vector spin imaging we developed a technique to efficiently and
reliably record the local chirality of domain walls in materials with perpendicular
anisotropy. By using x-ray sources with full polarization control and improving the
purity of linear polarization at arbitrary polarization angles, the full potential of
the imaging method for robust and fast in-situ domain wall imaging experiments
can be unlocked. In particular high-resolution coherent imaging will allow for
many experiments even in complex sample environments, due to the simplicity of
the optical setup. If XMLD-contrast exists at lower energy absorption edges, the
application can likely be extended to lab-based HHG-sources [219].

Finally, combining the time resolution of x-ray free electron lasers with coherent
imaging and XMLD vector reconstruction promises time resolved imaging of local
chirality and topology dynamics. By also utilizing modern classification routines
like coherent correlation imaging [130], one could even disentangle stochastic
dynamics with a finite number of possible states. Such dynamics of interest could
include the formation of topology during skyrmion nucleation or the response of
the chirality of magnetic domain walls and skyrmions to electric, thermal and
magnetic perturbations. Altogether, these advances pave the way toward capturing
ultrafast nanoscopic spin dynamics and chirality evolution in real space and with
fs resolution — a key milestone toward future spintronic and magnetic memory

technologies.






Chapter A
Appendix

A.1. Temperature dependent SQUID measurements

To determine the internal material distribution of the DyCo film, temperature
dependent magnetization hysteresis curves were recorded via SQUID-magnetometry.
To improve the signal quality, magnetization data was recorded in “VSM”-mode,
for which the sample oscillates quickly inside the SQUID pickup coils (similarly to
conventional vibrating sample magnetometry) and the SQUID signal is acquired by
lock-in amplification. This method increases the signal quality and reduces outliers
in the data. However, temperature-related sample drift can introduce a deviation
(generally a reduction) of the measured magnetic moment. Temperature changes
were generally carried out at zero applied field and before each measurement an
automatic recentering routine was performed.

The omnipresent transition at zero-field in the loops (comp. Fig. A.1) stems likely
from magnetic material that was deposited on the exposed edges of the substrate
during sputtering. As this superfluous material does not grow on the flat side of
the substrate, it does not share the same properties as the sample film, including
its anisotropy, and behaves like a magnetically soft impurity.

Near the compensation temperature the coercive field of the major loop increases.
Additionally, a second transition at high magnetic field appears, which has been
connected to the introduction of a domain wall that separates the film in two
domains along the normal direction [83]. These two domains are above and
below their local compensation temperatures, respectively, due to a gradient in
the material composition. Therefore, at low fields, exchange leads to parallel
alignment of the elemental sublattices and thus antiparallel alignment of the total
magnetization of the domains. The increased Zeeman term at high fields overcomes
the exchange along the film normal and flips the net-magnetization in the field
direction. This behavior is typical for a synthetic antiferromagnet. Another
clear indicator for a complex sample of at least two antiferromagnetically coupled
subsystems is the observation of negative hysteresis close to the compensation
temperature. Note that the loops alone do not specify the spatial shape of the

composition variation.
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Figure A.1l|Out-of-plane magnetization curves of DyCo vs. temperature
recorded via SQUID. While the main figures all show the same range, the insets show
a individually chosen zoomed in region to highlight certain features and transitions.

A.2. Determination of the magnetic anisotropy of
DyCo

To determine the magnetic anisotropy of the DyCo thin film, we utilized a technique
based on determining the saturation energy as described in [220] and [221]. The
saturation energy Eg describes the difference in free energy between the saturated
(Fs) and demagnetized (Fp) state and is defined as the path integral from full

demagnetization to saturation
M
Es:FS—Foz/ HdM. (A1)
0
By assuming that Fj is identical for in-plane and out-of-plane, i. e. by starting the

integral from the same or an equivalent demagnetized domain state, and shifting

the arbitrary free energy scale such that Fyp = 0, we get

Fs oop = Es.0op — Es1p (A.2)
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as the free energy of the out-of-plane saturated state. This energy is comprised of
energy contributions from the uniaxial anisotropy and magnetostatic energy from
the stray field.

M2
Fso0p = M02 = — Ky (A.3)

By inserting equation (A.2) into equation (A.3) and rearranging, we obtain an

expression for the anisotropy constant:

M2

Ky
2

— Es 00p + Eq 1P (A.4)

a Out of plane field b In plane field
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Figure A.2|SQUID measurements of DyCo to determine K,. Magnetization
and hysteresis curves are shown for a out-of-plane b in plane sample alignment within
the SQUID geometry.

We determined the saturation energies by recording magnetization curves in SQUID.
We demagnetized the sample via field-cycling with diminishing amplitude and
subsequently recorded the magnetization curve once in the out-of-plane and once
in the in-plane configuration (compare Fig. A.2). The highlighted areas represent
the integrals according to eq. (A.1). The saturation magnetization was obtained
from the same curves by normalizing the measured magnetic moment with respect

to the volume of the sample.

A.3. Tilted sample XMCD vector imaging

1The experimental setup of the MAXYMUS microscope allowed for a sample tilt
of +30° along the y-axis, but not —30° along the same axis. XMCD absorption
contrast is proportional to the projection M - k of the local magnetization M on
the propagation direction of the x-ray beam k. Subtracting a set of £30° images
isolates the in-plane component because the projections of out-of-plane magnetic
moments cancel out while in-plane components perpendicular to the rotation axis
add constructively (compare Fig. A.3b and Fig. A.3c). Figure A.3d illustrates that
a sample rotation of 180° around the out-of-plane axis results in the same projected

image contrast as —30°, albeit rotated.
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Figure A.3|Sample manipulation steps performed during vector imaging.
Shown is the cross-sectional view through a simplified Néel domain wall. Arrows show the
local magnetization and the projection on E, which is proportional to the XMCD contrast
recorded by the detector. a Normal incidence, b +30° tilt, ¢ —30° tilt. d Additional
rotation of the +30° tilted sample by 180° around the out-of-plane axis.

tWe estimate the spatial resolution of the vector images from the contrast and
the apparent width of domain walls in the in-plane images. Specifically, we know
that some spins in a domain wall with vertical Bloch lines must point along
the x-ray beam in the tilted geometry. Hence, we expect these sections to show
sin(30°)/ cos(30°) = 57.7 % of the out-of-plane contrast within the domains (where
the factor is due to the 30° tilt angle). Multiple measurements of the in-plane
domain wall contrast, as indicated in Fig. A.4a, return values between 70 % and
85 % of this expected contrast amplitude. The in-plane domain wall magnetization
profile follows Miyp(z) = M/ cosh(x/A), with the domain wall width parameter A,
from which the domain wall width can be estimated as mA (compare Fig. A.4b).
The finite imaging resolution r results in an apparent smoothing of the domain
wall profile, which is modeled by convolving with a Gaussian with FWHM r.

tAs shown in figure A.4b, the convolution of the physical domain wall profile with
the Gaussian not only widens the observed profile, but also reduces the amplitude,
solely depending on the width of the Gaussian r compared to the domain wall
width A. By adjusting the amplitude of the broadened domain wall profile to
the measured values, we find ratios between © = 1.6 and 2.7. Notably, even the
larger value for r is below the full domain wall width 7A, hence the resolution is
small enough to reasonably resolve the domain walls and Bloch lines of similar
size. Fitting a line-scan of the in-plane contrast with the convolved domain wall
profile with the known ratio % results in a numeric estimate of A = (19 & 2) nm,
which corresponds to a domain wall width of #A = (60 £ 6) nm and a resolution of
r = (44 £ 3) nm. Note that the estimated resolution is weaker than the potentially
attainable 25 nm of the MAXYMUS instrument and also spatially variable, due to
the tilted sample geometry and resulting depth-of-field effects.

tSimulations of the XMCD transmission contrast show that the in-plane contrast
can also be affected by membrane wrinkling, which takes the form of an additional,

inherent tilt of the magnetic film. The rotation of the two-dimensional magnetic
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Figure A.4 | Estimation of imaging resolution and domain wall width. a £30°
XMCD difference image. Yellow crosses indicate sampling positions for the contrast
measurement. b Domain wall cross section. Red dots show line scan indicated in (a).
Dashed line shows the isolated domain wall profile, while the continuous line shows the
domain wall profile convoluted with the imaging resolution.

a b

Figure A.5|Impact of membrane wrinkling on the recovered in-plane infor-
mation. a Magnetic bubble with high density of vertical Bloch lines. b Simulation of
the XMCD-based +30° difference image, assuming a perfectly flat sample. c Difference
image for the same state with an additional permanent sample tilt of 2° around x and 7°
around y.

pattern of a defect-rich bubble domain (Fig. A.5a) was calculated by applying a
set of consecutive rotations on the position and direction of each magnetic moment
within the simulated magnetic layer. The XMCD-contrast was approximated as
the local magnetization component collinear with the beam propagation direction.
Figure A.5b shows the difference of one simulated transmission image for a 30°
rotation around the y-axis and one image for a 180° rotation around z followed by a
30° rotation around y (as described in Fig. A.3d). Figure A.5c shows the difference
image for the same transformations where an additional sample tilt of 2° around x
and 7° around y was introduced ahead of the other rotations to imitate a wrinkling
membrane. In both cases, the second image was rotated by 180° to restore the
original orientation before subtraction. While the domain wall in Fig. A.5b exhibits
a clear black-white transition for each vertical Bloch line, the contrast is less clear
in Fig. A.5c. Due to the additional tilt, the contrast modulations are suppressed,

some sections are biased, while the domain wall contrast is reduced in others.

tWe note that we exclude scanning artifacts to be the origin of the black-and-
white modulations in the in-plane difference images. Repeated scans of the same
domain wall with a stable point-by-point scanning mode resulted in the same
recovered in-plane component, hence stochastic and systematic distortions did not
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Figure A.6|Dependence of the vertical Bloch line statistics on the laser
parameters. a Histograms of the defect-distances and best fitting I'-functions for each
nucleated bubble in the Ta/GdFe/Pt sample with the annotated pulse length I and pulse
energy p (in a. u.). b Fitted peak positions against the laser fluence. ¢ Fitted peak
positions against the pulse length.

impact the reconstruction. All small domains were imaged in this point-by-point
scanning mode. Large domains were imaged in the faster line-at-once scanning
mode, which has introduced distortion artifacts in the past. However, we found no
signs of distortions in the present experiment, neither in direct comparison with
point-by-point test scans nor in the process of combining images from different
angles.

tMultiple bubble domains resulting from various sets of laser excitation parameters
were imaged in the Ta/GdFe/Pt sample. Figure A.6 shows the distance statistics
of domain wall defects for each parameter set. Within the fit uncertainties, no
parameter dependence is apparent, neither for the pulse energy (Fig. A.6b), nor

for the pulse duration (Fig. A.6c).

A.4. Determination of micromagnetic properties of

Co/Pt-multilayers

The validity of our discussion of the local skyrmion stability in the Co/Pt-multilayer
samples requires the model to be as close as possible to the experimental system. To
make the calculations as realistic as possible, we performed a set of measurements
to acquire the micromagnetic parameters of the material. Besides the spatial
structure of the film, these include the exchange stiffness Ay, the saturation
magnetization My, the DMI strength D and the magnetic perpendicular anisotropy

constant K. It is difficult to extract all parameters from the same sample, especially
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in case of local ion irradiation (examples from literature require, e. g., the creation of
microscopic Hall crosses [210]). We therefore obtained the parameters by measuring
properties on two multilayer samples (the actual membrane sample and a nominally
identical reference multilayer on a silicon substrate that was fabricated in the same
sputtering system around the same time), in combination with a set of crucial

assumptions:

1. The saturation magnetization, the exchange stiffness and the DMI do not
vary between the two samples. The first two are mainly bulk properties of the

Co-layers, which should not drastically change between sample depositions.

2. The exchange stiffness is expected to be in the range of 10-25 pJ/m. Previous

reports measured values in this range for similar samples [222].

3. Flux closure domain walls are expected in the material, which we model by

allowing a finite DMI strength.

4. Skyrmions and domain walls show clear Bloch contrast in Lorentz-TEM
(compare section 6.3.2). Therefore, the DMI cannot be so strong that it
stabilizes exclusively Néel type domain walls.

5. The main effect of ion irradiation is a reduction of the local perpendicular
anisotropy. We ignore any further parameter modifications by ion bombard-

ment.

We measured the saturation magnetization of the reference sample via SQUID
magnetometry in an MPMS3-setup. The out-of-plane hysteresis loop was recorded
and the linear diamagnetic background subtracted. The resulting magnetization
curve is shown in figure A.7a. The determined saturation magnetization My =
1.354 MA /m as well as the saturation field Hg,y = 130 mT are indicated.

We used Stoner-Wohlfahrt analysis to determine the magnetic anisotropy Ky pristine
of the same reference film. We recorded hysteresis curves for various different angles
between the sample and the applied field direction. For each angle, we measured the
out-of-plane magnetization component with a zero-offset corrected Hall-transport
setup, as depicted in Fig. A.7b. For the evaluation, we only considered the high field
regime (upH > 1T). In this field range, no domains exist and the magnetization
rotates coherently. In consequence, the Stoner-Wohlfahrt model description solely
requires the material parameters to determine the effective anisotropy of the film.
Fitting the dataset according to the procedure described in [223], we acquired a
ratio of Keg/Ms = 1.6 J/Am2. With the known Mj, this result corresponds to
K, = 1.57TMJ/m3.

With the saturation magnetization and anisotropy known, we estimated the strength
of exchange and DMI interaction from the saturation field. We used the analytical

skyrmion model [64] to find a set of parameters which predict a skyrmion collaps for
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Figure A.7| Auxiliary measurements of micromagnetic properties. a Measure-
ment of the Co magnetization in a reference sample measured with SQUID. b Magnetiza-
tion vs. field of the same reference sample for various applied field angles. Solid lines show
the fit result of a single-domain Stoner Wohlfahrt model. ¢ Skyrmion energy curve at the
saturation field Hgat, at which the local minimum vanishes. The shaded area depicts the
range caused by a 10 % variance in the material parameters, exemplary shown for the
exchange stiffness.

the measured saturation field. When increasing the field, a domain state will only
be stable until Hg,; is reached. In the skyrmion model, this condition is reflected
in the disappearance of the local energy minimum at finite skyrmion diameter
(comp. Fig. 2.5a). Figure A.7c depicts this condition for the reference film. We
find D = 1.5mJ/m? and A, = 12pJ/m?, respectively. Note that the values are

not entirely unambiguous because a larger D also results in a larger Aey.

Finally, in a similar manner, the anisotropies of the irradiated and non-irradiated
sample where determined. While the reference film has a saturation field of
H,¢ = 130mT, the non-irradiated multilayer exhibits saturation at Hgay = 175 mT
and the irradiated patches an even higher Hg,; = 200 mT (compare MOKE curves
in Fig. 6.2a). By decreasing the perpendicular anisotropy, we can also shift the
saturation field to higher values in our model: The domain wall surrounding the
skyrmion is less energy intensive and thus a stronger external field is required to
destabilize the skyrmion. We find anisotropy values of K, = 1.35 MJ/m? for the

non-irradiated film and K, = 1.25 MJ/m? for the ion-irradiated areas.
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Figure A.8|SAXS hysteresis curves for various XFEL intensities. Plots show the
frame-integrated total scattering intensity vs. the applied magnetic field for the specified
photon transmission through a gas cell upstream of the sample. Small green arrows
indicate the direction of the field sweep.

Similar to infrared and optical irradiation, high intensity x-ray pulses can modify
the magnetic state of the Co/Pt multilayer. For the pump-probe experiment it was
paramount to only modify the magnetic texture with the optical pump pulse and
not perturb the sample with the x-ray probe. Specifically, high-intensity X-FEL
pulses can initiate skyrmion nucleation by themselves and excessive x-ray fluences
may anneal the magnetic host material irreversibly. To determine the highest
possible x-ray fluence, we recorded static hysteresis curves. Figure A.8 shows
the integrated SAXS scattering intensity during the field sweep for various x-ray
fluences in the sample. The intensity is directly related to the number of domains
in the probed area, hence, no scattering is equivalent to a saturated sample. While
1% and 10 % x-ray intensity show identical nucleation fields, 20 % intensity exhibits
a higher nucleation field. At this X-FEL intensity, the deposited energy per x-ray
pulse is high enough to nucleate magnetic patterns by itself.
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