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Preface

This thesis contains the results of my PhD in the Kldui-Lab at the Johannes
Gutenberg-Universitit Mainz. With this thesis, I aim to document the knowledge
that I gained during my PhD. In particular, I hope to provide all the information that
is necessary to understand my (or our) work, and to be able to reproduce the findings,
focussing on the equipment that I have used and that is available in the Kldui-Lab.
The main results of this thesis are already published as articles in scientific journals
or as preprint on arXiv. I have experienced that those articles are often referred to in
scientific discussions — both in the international community as well as within the lab.
Therefore, I base my thesis on those articles and include them in the formatted ver-
sion as documentation of the main results. I therefore aim to provide the framework
around those articles, connecting the published main results among each other and
to the progress in the related fields and groups.

The work behind the articles includes however also a lot of additional results and
various experimental approaches, which are typically not specified in detail in the
published articles. Moreover, I have experienced that theses are very often read in
parts only and not as a whole work — in order to understand and reproduce those
results and procedures, for instance from a specific article. Therefore, I include for
every article an additional section entitled “Additional Results and Experimental Re-
marks”, where I describe the background information that I gathered within the last
years. In particular, I provide the experimental details that I followed in order to real-
ize the experiments and which I consider useful to know for future students. Also, I
present additional results which are maybe only of minor importance and thus omit-
ted in the article, but which I consider instructive when investigating the system in
detail or when comparing the results to related experiments.

For the experiments and samples, I also provide links to the corresponding electronic
labbook entries for maximum reproducibility. Please note that access is only possible
for Klaui-Lab members. To access the entries, click the link in the pdf version of this
thesis or — if reading the print version or in case links do not work — log in to the
labbook and search for the specified entry ID.

And now: dive deep into 2D physics :)



Abstract

Abstract — English Version

Magnetic skyrmions are chiral magnetic spin textures of non-trivial topology, whose
topological stabilization allows them to be treated as quasi-particles.

Owing to their nanoscale size and efficient means of manipulation, skyrmions have
attracted considerable research interest as potential information carriers in future
low-power data storage and data processing devices. However, reliable device op-
eration requires strict conditions on performance, thermal stability, and robustness
against external perturbations, which remain challenging to achieve. Consequently,
exploring the static and dynamic properties of skyrmions, as well as their interactions
with each other and the host material, is an ongoing and central topic of spintronics
research.

A major factor limiting skyrmion dynamics is pinning, caused by material inho-
mogeneities that induce non-uniform magnetic properties. In this thesis, I show
that skyrmions in CoFeB thin-film multilayer stacks experience a continuous two-
dimensional energy landscape, leading to pronounced pinning effects. Pinning is
dominated by the skyrmion boundary, implying that skyrmions cannot be fully de-
scribed as point particles, but that their finite size and shape play a decisive role.
Consequently, the pinning strength depends sensitively on skyrmion size. Since the
skyrmion size can be tuned efficiently by magnetic field excitations, oscillating fields
periodically modulate the skyrmion radius, thereby reducing effective pinning and
enabling depinning. Under such conditions, the diffusion coefficient increases by up
to two orders of magnitude compared to thermal diffusion without external driving.
The chosen magnetic CoFeB multilayer composition stabilizes skyrmions of approx-
imately 1 pum diameter near room temperature, allowing for direct optical imaging
with Kerr microscopy. This provides unique access to the thermal dynamics of indi-
vidual skyrmions and their collective behavior. Beyond their relevance for spintronic
applications, such micrometer-sized skyrmions in nanometer-thin films constitute an
ideal model system to study fundamental two-dimensional physics. In particular,
dense skyrmion arrangements exhibit Kosterlitz-Thouless-Halperin-Nelson-Young
(KTHNY) phase behavior and the corresponding phase transitions. I demonstrate
that skyrmion lattices can form spontaneously in these systems, although the non-
flat energy landscape prevents the emergence of true quasi-long-range order. In-
stead, multiple lattice domains of distinct orientation develop, separated by effec-
tively pinned domain boundaries that impose boundary conditions on the surround-
ing lattice.

By confining skyrmion lattices to finite geometries, such boundary conditions can
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also be imposed artificially. I show that commensurate hexagonal confinement en-
hances lattice order and favors uniform orientation, whereas non-commensurate ge-
ometries lead to multi-domain configurations with suppressed order. Furthermore, I
show that skyrmion lattices in a solid regime with translational order can be melted
into a disordered, isotropic liquid regime through an intermediate hexatic phase ex-
hibiting only orientational order, in agreement with KTHNY theory. The melting
transitions can be driven both by shrinking skyrmions, which reduces the packing
fraction, and by applying oscillating fields, which enhance diffusive dynamics. Cru-
cially, direct time-resolved imaging enables the identification and tracking of the
topological defect dynamics that mediate the melting transitions — the key feature
of KTHNY theory.

In summary, this thesis presents experimental studies of thermally diffusing mag-
netic skyrmions, revealing how they interact with the underlying magnetic energy
landscape and how their diffusion can be tuned by external fields. I demonstrate
how skyrmion lattices form, respond to geometric confinement, and undergo phase
transitions, thereby establishing skyrmions as a unique platform for investigating
two-dimensional melting and related fundamental phenomena with unprecedented
resolution.

5 Kurzzusammenfassung — German Version

Magnetische Skyrmionen sind chirale magnetische Spinstrukturen mit
Quasiteilchen-Eigenschaften.  Ihre nichttriviale Topologie verleiht ihnen dabei
besondere Stabilitit. Aufgrund ihrer Grofie im Nanometer- bis Mikrometer-
bereich und ihrer effizienten Manipulierbarkeit haben Skyrmionen besonders als
potenzielle Informationstrager in kiinftigen stromsparenden Speicher und Datenver-
arbeitungsanwendungen das Forschungsinteresse geweckt. Fiir einen zuverlédssigen
Gerétebetrieb sind jedoch hohe Anforderungen an Leistung, thermische Stabilitét
und Robustheit gegeniiber dufleren Einfliissen zu erfiillen - Ziele, die bislang schwer
zu erreichen sind. Daher bleibt die Untersuchung statischer und dynamischer
Eigenschaften von Skyrmionen sowie ihrer Wechselwirkungen untereinander und
mit dem Wirtsmaterial ein zentrales Thema der Spintronik Forschung.

Ein wesentlicher Faktor, der die Skyrmionendynamik begrenzt, sind Pinningeffekte,
die durch Unregelméfiigkeiten im Material hervorgerufen werden und inhomogene
magnetische Eigenschaften verursachen. In dieser Arbeit zeige ich, dass Skyrmionen
in diinnen CoFeB-basierten Metallschichten einer kontinuierlichen, zweidimension-
alen Energielandschaft ausgesetzt sind, die Pinningeffekte verursacht. Das Pinning
betrifft hauptsdchlich den Rand der Skyrmionen, sodass diese nicht vollstindig als
Punktteilchen beschrieben werden konnen; stattdessen spielen ihre endliche Grofie
und Form eine entscheidende Rolle. Folglich hdngt die Pinningstarke auch von der
Skyrmionengrofie ab. Da die Skyrmionengrofie direkt {iber das magnetische Feld
kontrolliert werden kann, sorgen oszillierende Felder fiir periodisches Ausdehnen
und Schrumpfen der Skyrmionen. Die Anderung des Skyrmionenradius wiederum
hilft den Skyrmionen, sich aus der Energielandaschaft zu l16sen und verringert so das
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effektive Pinning. Dabei steigt der Diffusionskoeffizient um bis zu zwei Grofienord-
nungen gegeniiber der rein thermischen Diffusion (ohne duflere Anregung) an.

Die gewihlte magnetische Materialzusammensetzung ermdglicht es, Skyrmionen
mit Durchmessern in der Grofienordnung von 1um bei Raumtemperatur zu sta-
bilisieren, was eine direkte optische Bildgebung mittels Kerr Mikroskopie erlaubt.
Dies ermoglicht einen einzigartigen Zugang zur thermischen Dynamik der einzel-
nen Skyrmionen sowie zu ihrem kollektiven Verhalten. Uber die Relevanz fiir spin-
tronische Anwendungen hinaus stellen solche mikrometer grofien Skyrmionen in
nanometer diinnen Filmen ein ideales Modellsystem zur Untersuchung fundamen-
taler zweidimensionaler Physik dar. Insbesondere dichte Skyrmionenanordnungen
zeigen Kosterlitz Thouless Halperin Nelson Young (KTHNY ) Phasenverhalten —
und die zugehdrigen Phaseniibergidnge. Ich demonstriere hier, dass in diesen Syste-
men spontan Skyrmionengitter entstehen konnen, wobei die Energielandschaft das
Auftreten echter quasi langreichweitiger Ordnung verhindert. Stattdessen entwick-
eln sich mehrere Gitterdoménen mit unterschiedlicher Orientierung, die durch effek-
tiv gepinnte Domédnengrenzen voneinander gepinnt werden und so die Randbedin-
gungen fiir das umgebende Gitter festlegen.

Durch gezieltes Einschréanken des Skyrmionengitters auf endliche Geometrien kon-
nen solche Randbedingungen auch kiinstlich erzwungen werden. Ich zeige, dass
eine kommensurable, hexagonale Struktur die Gitterordnung verstarkt und eine
einheitliche Orientierung begiinstigt, wihrend nichtkommensurable Geometrien
zu Multidomédnenkonfigurationen mit verminderter Ordnung fithren. Schliefdlich
demonstriere ich, wie sich ein Skyrmionengitter von einem kristallinen Regime
(mit translationaler Ordnung) durch ein intermedidres hexatisches Regime (das nur
orientationale Ordnung aufweist) in ein ungeordnetes, isotropes fliissiges Regime
schmelzen lasst —im Einklang mit der KTHNY Theorie. Das Schmelzen kann sowohl
durch Schrumpfen der Skyrmionen (Verringerung der Packungsdichte) als auch
durch Anlegen oszillierender Felder (Steigerung der Diffusion) ausgelost werden.
Eine Haupterrungenschaft des Experiments ist, dass die verwendete zeitaufgeltste
Videomikroskopie die Identifikation von topologischen Gitterdefekten und die
Beobachtung deren Dynamik ermoglicht. Die Defektdynamik ist ndmlich charak-
teristisch fiir die Schmelzvorginge und damit das zentrale Merkmal der KTHNY
Theorie.

Zusammenfassend présentiere ich in meiner Dissertation Experimente zu ther-
misch diffundierenden magnetischen Skyrmionen, beschreibe ihre Wechselwirkun-
gen mit der zugrundeliegenden magnetischen Energielandschaft und zeigt, wie
ihre Diffusiondurch angelegte Magnetfelder gesteuert werden kann. Ich demon-
striere, wie Skyrmiongitter entstehen, auf geometrische Einschrankung reagieren
und Phasentibergdnge durchlaufen. Dabei etabliere ich Skyrmionen als einzigartige
Plattform zur Untersuchung von zweidimensionalen Schmelzphdnomenen und ver-
wandten fundamentalen Effekten mit bisher unerreichter Auflosung.
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Introduction

The increasing number of electronic and computing devices for automatization and
artificial intelligence demands ever larger amounts of power. As existing techniques
approach their performance limits, a new generation of data storage and processing
devices must be developed.

Magnetism is already a key enabler of modern technologies [1-3]. For instance, the
Giant Magneto-Resistance (GMR) [4, 5] and Tunneling Magneto-Resistance (TMR)
[6-8] enabled the development of hard drives [1, 2]. Yet, magnetism can offer
more. The research field of spintronics [9] investigates magnetization effects on the
nanoscale, where information is carried not by electric charge, as in conventional
electronics, but by magnetic states. With a strong focus on device applications, spin-
tronics enables the design of efficient low-power architectures, particularly at the
nanoscale.

Among the information carriers that have entered the focus of spintronics are
magnetic skyrmions [10-12]. A skyrmion is a chiral magnetic spin texture ex-
hibiting quasi-particle behavior with stability enhanced by its non-trivial topology.
Skyrmions can be created, annihilated [13], and moved [14, 15] with high efficiency,
making them promising candidates for both storage and computing architectures.
Their existence in magnetic compounds further renders them compatible and inte-
grable with CMOS technology.

The existence of magnetic skyrmions was first predicted theoretically [10, 11], and
their experimental discovery was reported in 2009 in the bulk crystal MnSi — at cryo-
genic temperature and large magnetic fields. In the following years, skyrmions were
observed in a wide range of materials and experimental conditions [14, 16-19] — in-
cluding room-temperature observations in ultrathin magnetic multilayers.

A central focus of current skyrmion research is the identification of material systems
that allow for efficient operation in everyday devices. Key requirements include sta-
bility at practical operating temperatures and magnetic fields, robustness against ex-
ternal stimuli such as magnetic field fluctuations or mechanical stress, and efficient
interfaces for reading, writing, and moving skyrmions [20, 21]. Equally important
is the investigation of their fundamental behavior, aiming to exploit both static and
dynamic properties for future applications [22, 23]. This includes their mutual inter-
actions, their coupling to the host material, and their response to external driving.
In this thesis, I present my research on the thermal dynamics of magnetic skyrmions.
Based on Kerr microscopy experiments, I investigate both their static and dy-
namic properties — contributing to closing the gap in our understanding of intrin-
sic skyrmion behavior and paving the way toward the development of low-power
skyrmionic devices. In Part I, I provide the theoretical background on magnetic
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skyrmions (chapter 1), two-dimensional phase behavior (chapter 2), and the experi-
mental methods employed (chapter 3).

In Part II, I investigate the thermal diffusion of magnetic skyrmions in thin-film sys-
tems. I analyze pinning effects in a non-flat energy landscape (chapter 4), and show
how magnetic field oscillations effectively reduce pinning and enhance skyrmion
diffusion (chapter 5).

In Part I1I, I study the formation and behavior of dense skyrmion arrangements form-
ing two-dimensional lattices. I present results on multidomain lattice formation in a
non-flat energy landscape (chapter 8) and under geometric confinement (chapter 9).
Finally, I elucidate the topological defect dynamics mediating the two-step melting
of a skyrmion lattice from ordered to disordered states (chapter 10).



Part |I.

From Spins to 2D Skyrmion
Lattices



1. Spins Forming Magnetic Structures

1.1. Magnetic Moments and the Micromagnetic Model

1.1.1. Magnetic Moments and Magnetization

Both the spin and the orbital angular momentum of electrons contribute to a angular
momentum called the magnetic moment y, which are the elementary quantity of the
phenomenon magnetism. Thus, magnetism is of purely quantum mechanical origin
and depends on the atomic configuration of the underlying material [1].

The magnetization

M = Z% (1.1)

defines the total magnetic moment per unit volume V;,. The saturation magnetization
M is the sum of the absolute values of p; (in a ferromagnet), corresponding to the
maximum possible magnetization when all moments are aligned. Together, we can
define the reduced magnetization

_M
-

as a unit vector, indicating the magnetization direction [1].

As magnetic moments are local and bound to discrete atomic positions, also the
magnetization is discrete in space. However, averaging the magnetization over a
mesoscopic scale allows to construct a continuous function m(r). This continuous
modelling is referred to as micromagnetic approximation. Wherever appropriate,
this model yields computational advantages due to the description as continuous
function. The micromagnetic approximation is valid in a magnetically ordered sys-
tem, where the system size is much larger than the atomic lattice distance and where
structural changes in the magnetization happen on scales larger than the mesoscopic
averaging [2].

m (1.2)

1.1.2. Magnetic Domains and Chiral Domain Walls

Magnetically ordered areas, in which the magnetization is uniform apart from fluc-
tuations, are called domains. Mostly, a ferromagnet (FM) consists of several domains
[1]. The region between two domains is called a domain wall (DW). Inside the DW,
the magnetization changes gradually from one to the other domain, yielding a chiral
transition. Between two domains of opposite out-of-plane (OOP) magnetization as
shown in Fig. 1.1, this chiral transition can happen in two distinct ways: In a Néel



1. Spins Forming Magnetic Structures

DW, the magnetization rotates out of the plane of the DW; In a Bloch DW, the mag-
netization rotates within the plane of the DW [24].

In magnetic thin film systems with Dzyaloshinskii-Moriya interaction (DMI) — as
studied in this thesis — Néel DWs are mostly favorable [2].

a right-handed b left-handed
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Figure 1.1.: Chiral Domain Walls between OOP Domains. (a) Right-handed Néel,
(b) left-handed Néel, (c) right-handed Bloch, (d) left-handed Bloch DW. A superposition
of a Bloch and Néel type DW is also possible. The color represents the in-plane (IP)
direction, the (color) saturation the IP magnitude and the lightness the OOP magnitude
of the magnetization (see Fig. C.1).

1.1.3. Magnetic Skyrmions

A magnetic skyrmion is a topologically protected spin texture characterized by a core
domain magnetized opposite to the surrounding background, delineated by a DW
exhibiting the same chirality in all radial directions. Depending on the type of DW,
both Néel-type and Bloch-type skyrmions can be realized. Magnetization textures
for the two types of skyrmions are shown in Fig. 1.2. The uniform chirality of the
spin structure gives rise to a well-defined topological winding number [25]

1 dM(r) dM(r)
Q_47TM§/drM.< ax dy >'

where Q = *£1 for a skyrmion. This integer-valued quantity serves as the topological
charge of the spin texture [10-12].

Topology, in the context of magnetic textures, classifies configurations based on their
topological charge Q. Two states with the same Q can be transformed into one an-

(1.3)
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Figure 1.2.: Magnetic Skyrmions. Magnetization texture of (a) a Néel and (b) a Bloch
skyrmions. The color represents the IP direction, the (color) saturation the IP magnitude
and the lightness the OOP magnitude of the magnetization (see Fig. C.1).

other via continuous deformations, whereas states with different Q are topologically
distinct. As a result, a skyrmion with Q = +1 is topologically stabilized and cannot
be continuously transformed into a uniformly magnetized state (Q = 0) [10, 26].

In the idealized micromagnetic approximation, where the magnetization is treated
as a continuous field, transforming between topologically distinct states requires a
discontinuity — equivalent to an infinite energy barrier. However, in real materials,
magnetization is defined on a discrete atomic lattice. Thus, the energy barrier be-
comes finite and is determined by the energy required to flip individual spins ofr
instance nucleating a Bloch point. While this allows for skyrmion creation or anni-
hilation when sufficient energy is supplied (e.g., via temperature sweeps, magnetic
tield pulses, or thermal fluctuations), topological protection still imparts a degree of
stability [11, 26].

The skyrmion’s emergent properties arise from the collective behavior of many inter-
acting spins. As such, a skyrmion constitutes a quasi-particle — a localized, particle-
like excitation of the magnetic system with a well-defined dispersion relation [10,
11, 26]. Magnetic skyrmions were first experimentally observed in the chiral mag-
net MnSi [12], and subsequently in other bulk materials such as Fe; 5;Co 55i [16] and
Cu,0SeO; [17]. They were later also found in magnetic thin films [14, 18, 19], where
reduced dimensionality and interfacial effects give rise predominantly to Néel-type
skyrmions, while Bloch-type skyrmions are more common in bulk crystals.
Skyrmions generally occur at different scales ranging from few nanometers [13] to
several micrometers [19]. A change in skyrmion size can be realized by both ex-
tending the skyrmion core as shown in Fig. 1.3, or by enhancing the width of the
skyrmion’s delineating DW. In the CoFeB multilayer stacks used in this thesis, the
skyrmion core is typically a few micrometers in diameter, while the DW only spans
tens of nanometers [19, 27]. Hence, the magnetization is mostly uniform but only
transitions rapidly in a comparably narrow region.

In ultrathin films, with thicknesses down to the sub-nanometer scale, the skyrmion
spin texture is approximately uniform across the film thickness, making them effec-
tively two-dimensional quasi-particles [19]. With increasing film thickness or in bulk
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Figure 1.3.: Different Skyrmion Sizes. (a) A magnetic skyrmion consists of a core
(black, downwards), which is separated from the FM background (white, upwards) by a
delineating chiral DW. The color represents the IP direction, the (color) saturation the
IP magnitude and the lightness the OOP magnitude of the magnetization (see Fig. C.1).
In (b) the core is extended, moving the DW outwards. Here, the DW thickness stays
constant and only the core area is enhanced. The topological winding number Q remains
unaffected as it is only determined by the chirality of the DW by the integral over the whole
compact structure. In (c), the core is further extended and represents a more extreme
case where the DW width is small in comparison to the skyrmion core. This structure is
often referred to as bubble skyrmion.

materials, skyrmions become inherently three-dimensional, leading to more complex
internal structures. In the simplest case, a skyrmion may form a tube-like struc-
ture with constant cross-sectional spin texture across the material [28, 29]. How-
ever, even slight material inhomogeneities can cause these tubes to twist, deform, or
even split, resulting in the formation of multiple skyrmions at opposite surfaces [28,
29]. Skyrmion tubes can also terminate within the material at Bloch points, giving
rise to three-dimensional magnetic objects known as chiral bobbers [30]. Further-
more, in specifically engineered multilayer systems, skyrmion cocoons have been
observed, wherein skyrmion tubes span the entire thickness but become significantly
constricted near the surfaces [31].
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1.2. Energy of a Magnetic System

1.2.1. Gibbs Free Energy

The magnetic structure in a magnetic material forms by minimization of the thermo-
dynamic potential [3]. As commonly, the controlled experimental parameters are the
externally applied magnetic field and the temperature, the Gibbs free energy

G(p,T)=U+pV-TS (1.4)

with internal energy U and system volume V is adequate for describing the system.
Stable states can be the global or a local minimum of G. Various interactions con-
tribute to the Gibbs free energy and thus determine the magnetic state of a magnetic
system. The most important terms relevant for the work presented in this thesis are
discussed in the following section 1.2.2 [3, 32].

1.2.2. Magnetic Interactions

1.2.2.1. Exchange Interaction

Magnetic moments interact quantum-mechanically due to the Coulomb interaction
and the Pauli exclusion principle. This so-called exchange interaction is particularly
significant for nearest-neighbor electrons [3].

When two electrons i and j are exchanged by the permutation operator Pj;, the anti-
symmetric nature of the fermionic wavefunction implies

PY(i,j) = =Y(,i), (1.5)
while the charge density remains symmetric:

¥ (i) =¥, D) (1.6)
In general, the total wavefunction may be written as a product

Y=9¢x (1.7)

where ¢ is the spatial part and x the spin part, each depending solely on the spatial
coordinates r and spin coordinates s, respectively [1, 33].
If the two electrons occupy a bonding orbital, the spatial wavefunction is symmetric:

oy = Yit ¥
V2
To satisfy the Pauli exclusion principle, the corresponding spin wavefunction must

then be antisymmetric. This configuration corresponds to a singlet state, expressed
as:

(1.8)

YO (i, 1) = ¢s(i,§) xali ) (1.9)
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Conversely, if the electrons occupy an antibonding orbital, the spatial part is anti-
symmetric,
_ Y-y

a 1.10
¢ 2 (1.10)
requiring a symmetric spin wavefunction. This triplet state is given by:
YO (i) = ¢ali ) x5(iJ) (1.11)
Both ¢s and ¢, satisfy the time-independent Schrodinger equation
g n? . N .
H, ) ¥, ]) = [—Zm(vf +VH) + V(i) + V()| ¥(ij) = E¥(i)) (1.12)

where V is the Coulomb potential and m is the electron mass. Although both are
solutions of the same Hamiltonian, they correspond to different eigenenergies. These
energies can be computed as

ES = [dn [ de ¢l Houa (113)
and the energy difference between the two states defines the exchange constant:
(T) — E®)
J= % (1.14)

A positive exchange constant (] > 0) favors parallel spin alignment, leading to fer-
romagnet (FM) coupling, while ] < 0 favors antiparallel alignment, corresponding
to antiferromagnet (AFM) coupling. The sign and magnitude of | depend on both
kinetic and Coulombic contributions [1, 2, 32].

a b
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Figure 1.4.: Magnetic Exchange Coupling. (a) | > 0 leads to FM coupling favoring
parallel spin alignment while (b) | < 0 favors antiparallel alignment in the AFM coupling.
White and black denote spins points up- and downwards, respectively.

The interaction energy between two spins can be directly written as

— 8; - S]' (115)
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where s; denotes a (continuous) spin at site i. In many-electron systems, the Heisen-
berg model generalizes this interaction through an effective Hamiltonian

Hex = —)_JiiSi*S; (1.16)
ij

with S; denoting the spin operator at site i. The factor of two is absorbed into Jjj,
and each spin pair is only counted once [1]. If only nearest-neighbor interactions are
considered, the Hamiltonian simplifies to

Hex =—J ). Si-S; (1.17)
(i)

where | is a constant parameter for all nearest-neighbor pairs [1, 2].

In micromagnetic theory, the discrete spins are replaced by a continuous unit mag-
netization vector field m(r). The ferromagnetic tendency to minimize spin misalign-
ment is then described by an energy term penalizing spatial gradients of m [2]:

Eox = A [ dr[(Vm,)?+ (Vm,)* + (Vm.)’ (118)

where A is the exchange stiffness constant. In terms of microscopic parameters, A is
given by
cs ] S?

a

A=

(1.19)

with lattice spacing a, spin magnitude S, and a structure-dependent factor c¢; (cs =
1 for simple cubic, ¢cs = 2 for body-centered cubic, cs = 4 for face-centered cubic
lattices) [2].

For systems lacking cubic symmetry, A becomes a second-rank tensor Ay, and the
exchange energy takes the generalized form [2]:

om; om;
E. = / dry " A, M o 1.20
1% 1‘; K ark ai’l ( )

Because the exchange interaction strongly couples adjacent spins, it is essential for
establishing magnetic order, including FM domain formation [2]. Above a critical
temperature — the Curie temperature T¢ — thermal fluctuations disrupt this order. A
stronger exchange interaction corresponds to a higher Tc [1].

The exchange stiffness A is temperature-dependent and often modeled by the em-

pirical relation
A(T) (MS(T)>”
= 1.21
A0~ \m© -
where M(T) is the saturation magnetization at temperature T, and v is a scaling

exponent. In mean-field theory, v = 2, but empirical studies often report smaller
values. For instance, in hexagonal Co, v ~ 1.8 [34].
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1.2.2.2. Dipolar Interaction

Every magnetic moment generates a magnetic stray field, which interacts with sur-
rounding magnetic moments. The energy required to sustain this stray field is com-
monly referred to as stray field energy or magnetostatic energy [1, 2].

The dipolar interaction energy between two magnetic moments, p; and p, separated
by a vector r, is given by

Egp = 105 <u1 2 W) : (122)

which highlights the long-range and anisotropic nature of this interaction. In a many-
body system, all magnetic moments are, in principle, mutually coupled via dipolar
interactions. Due to their long-range character, these interactions cannot generally
be neglected. While they are negligible in the limits of monolayers or infinitely large
systems [2, 24], the dipolar interactions are relevant in materials as studied in this
thesis [35].
The collective stray field generated outside the sample by the ensemble of magnetic
moments is referred to as the stray field. From a distance, the superposition of all
dipolar contributions approximates the field of a single effective dipole with the same
net moment. Internally, the system also experiences a magnetic field — the demagne-
tizing field — which opposes the magnetization and is defined as [1]

1
Hemag = %B ~ M. (1.23)

In the absence of external fields and applied currents, Maxwell’s equations yield
V X Hgemag = 0, (1.24)

allowing us to express the demagnetizing field in terms of a scalar magnetic potential

¢:

Hdemag = _V(P (1.25)
Additionally, applying Gauss’s law for magnetism,
0=V B=uV - (Hiemag + M), (1.26)
we obtain
V- Hdemag =-V-M= _VZ(P, (1.27)

which shows that the scalar potential ¢ satisfies Poisson’s equation [1, 2].
The general solution of this equation is

(,b(r):417T(/Vdr’ o) [ gy o) ) (1.28)

=] S =7

where the volume magnetic charge density is defined as

p(r) =-V-M, (1.29)
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and the surface magnetic charge density as

o(r) = M(r) - n(r), (1.30)

Figure 1.5.: Flux Closure State. Magnetization alignment with the edges of the system
minimizes magnetic surface charges o, while the magnetization pointing along a closed
contour reduces magnetic volume charges p at the same time. The resulting spin structure
is called a flux closure state or Landau state. The color represents the IP direction,
the (color) saturation the IP magnitude and the lightness the OOP magnitude of the
magnetization (see Fig. C.1)

Combining Eq. 1.25 and Eq. 1.28, the corresponding energy contribution to the
Hamiltonian is

Haip = _% /Vdr M(r) 'Hdemag(r) = _% /le‘ Héemag(r)/ (1.31)

where the second equality holds in the absence of externally applied magnetic fields.
As this energy is always positive, the system minimizes it by reducing both surface
and volume magnetic charges, as implied by Eq. 1.28 [1, 2].

In ellipsoids with uniform magnetization, the demagnetizing field Hgemag is also spa-
tially uniform [3]. However, in general geometries, particularly non-ellipsoidal sam-
ples, dipolar interactions tend to favor non-uniform magnetization structures. In
such cases, the demagnetizing field is related to the magnetization via

(Hdemag)i = —Nij M, (1.32)

where Nj; are components of the demagnetization tensor N, which satisfies Tr(N) =
11[2].

In thin films, an OOP magnetization is energetically unfavorable from the perspec-
tive of dipolar interactions, as it gives rise to large surface magnetic charges and cor-
respondingly strong stray fields. Instead, the dipolar interaction favors an IP orienta-
tion of the magnetization. This geometry-dependent preference of the magnetization
orientation is commonly referred to as shape anisotropy, [2, 24].
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1.2.2.3. Magnetic Anisotropy

Magnetic anisotropies lead to a preferred alignment of magnetization with specific
axes or planes [1, 2, 24].

The magnetocrystalline anisotropy causes such preferred alignment with crystallo-
graphic symmetry axes. The total energy of the overall electron wavefunction de-
pends on the overlap of the constituting orbitals. If the atomic wavefunctions are
anisotropic and cause non-spherical orbitals, the alignment of the orbitals is crucial
to minimize the overlap and thus energy [24, 32]. The alignment of the orbitals is
however coupled to the spin alignment via spin-orbit coupling (SOC). Thus, the
magnetization favors alignment such that the orbital overlap is optimized. The mag-
netocrystalline anisotropy can favor spin alignment along various axes and planes,
depending on the crystal symmetry and orbital shape [1, 2]. In the case of a uniax-
ial magnetocrystalline anisotropy, alignment along one crystallographic axis is pre-
ferred - e.g., the z-axis. It contributes to the free energy as

Euni — / av K1— +O(M?) (1.33)

with a positive anisotropy constant K;. The omitted higher-order terms are all of
even power: due to the crystal symmetry, only the alignment with an axis is favor-
able, independent of the magnetization direction. The z-axis is therefore called an
easy axis. If K; < 0, magnetization alignment along the z-axis is unfavorable and
the system thus exhibits an easy-plane anisotropy for the xy-plane, while the z-axis
becomes a so-called hard axis [2].

Besides the crystalline structure of a material itself, also interfaces with other materi-
als can induce a similar magnetic anisotropy, the so-called interface anisotropy. The
corresponding energy term

Ei-uni _ / av s FW +O(MY) (1.34)
with an anisotropy constant K; and depending on the layer thickness d of the ferro-
magnetic material. The amsotropy is commonly expressed by the uniaxial interfacial
isotropy constant K,, = d Such interfacial uniaxial anisotropy can arise in ferro-
magnetic films at interfaces with oxides (such as CoFeB/MgO) due to hybridization
of the 3d orbitals d,2, dy, and d,, with the p, orbital of oxygen [36-39]; or at the inter-
faces with heavy metals like due to hybridization of the 3d and the 54 orbitals of Co
and Pt, respectively [40].

Interfacial uniaxial anisotropy is a key ingredient in magnetic thin film systems since
it enables perpendicular magnetic anisotropy (PMA) and thus OOP magnetization in
thin films, even though the dipolar interaction would favor in-plane magnetization,
what is referred to as shape anisotropy. Since in polycrystalline films as studied in
this thesis, there is no net IP magnetocrystalline anisotropy, the effective anisotropy

Ki 1

Ko = Ky — K = j — EyoMg (1.35)
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is a trade-off of the shape anisotropy Ks and the interfacial uniaxial anisotropy. Con-
sequently, positive values of K¢ lead to PMA while IP magnetization is favored for
negative values [41].

Besides the magnetic layer thickness d, also the temperature T is a crucial factor de-
ciding on the anisotropy constants K; and K;. Both follow a temperature dependence

K(T) Ms(T) \°

(rr=o1) - (=91 10
with a material-dependent scaling exponent c (c=2 in mean-field approximation) [42—
44]. The transition point in d or T, where the system flips from preferring OOP mag-
netization to preferring IP alignment Is called the spin reorientation transition (SRT)
[2, 41]. Due to the strong temperature dependence of the anisotropy, also the SRT is
changing strongly with T [42-44].
Additional to the crystal structure (magnetocrystalline anisotropy), also crystal de-
formations affect the overlap of orbitals. Therefore, an induced strain can control the
preferred orientation and induce a magnetoelastic anisotropy [2].

1.2.2.4. Zeeman Interaction

Magnetic moments interact with externally applied magnetic fields Bex;. Thereby, the
associated energy
Ez = —u Bext (137)

for every magnetic moment y is minimized, when it aligns with Bex [3, 32].
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Figure 1.6.: Magnetization Alignment with External Field. The magnetization follows
the externally applied magnetic field B, for instance to point (a) upwards or (b) downwards.

The corresponding energy of a many-particle system contains simply the sum over
all moments. Considering the magnetization as a continuous function in the mi-

cromagnetic approximation, the sum turns into an integral over the whole system
volume V and yields a contribution

Er = — /Vdr M(r) - Bext (1.38)
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to the energy of the system [2].

When flipping the magnetization from pointing upwards to downwards by reorien-
tation of B, the magnetization exhibits hysteresis. The dependence of the net magne-
tization on the magnetic field is thereby governed by all the present interactions and
their magnitudes [24].

1.2.2.5. Dzyaloshinskii-Moriya Interaction

In systems with broken inversion symmetry, an antisymmetric exchange interaction
arises, commonly referred to as Dzyaloshinskii-Moriya interaction (DMI) [45, 46].
In contrast to the symmetric exchange interaction described in section 1.2.2.1, DMI
favors canting of neighboring spins. The interaction arises due to SOC leading to a
Hamiltonian

Howmr = Djj - (S; X Sj) (1.39)

coupling neighboring spins S; and S;. Thereby, the DMI vector D;; determines a pre-
ferred direction of the canting and therefore leads not only to spin canting, but also
to a preferred handedness, being the basis for chiral spin structures, such as chiral
DW and skyrmions. The strength of the DMI is primarily set by the SOC strength of
the involved atoms, whereas the direction follows from the symmetry of the system
[1,2,24].

DMI can arise as a bulk effect in non-centrosymmetric compounds. The broken inver-
sion symmetry is necessary, as the Hamiltonian has to reflect the system symmetry:
For systems with inversion symmetry, we obtain D;; = Dj; for symmetry reasons,
while Eq. 1.39 generally yields D;; = —Dj; (because of the cross product) — conse-
quently, D;; = Dj; = 0 for inversion-symmetric materials. An example of a bulk
material with finite DMI are the B20 compounds MnSi [12, 47], Fe, 5Co,55i [17] and
FeGe [18].

Similarly, also material interfaces cause broken inversion symmetry. In that case, the
SOC of the layer adjacent to the ferromagnet determines the DMI strength. There-
fore, especially interfaces of ferromagnets with heavy metals (which have large SOC)
yield sizable DMI. For an interface in the z-plane, the interfacial DMI (iDMI) vector
takes the form D;; = %ﬂ rjj X e; where r;; is the connecting vector of two atoms in
the FM layer and d determines strength and direction of the vector [48]. Using the
micromagnetic description, the iDMI yields a contribution

Eomi = % [ 4V M.()VM(r) — M5 VM. () (1.40)

to the energy of the system. Thereby, D is the DMI constant, which can be expressed
by the DMI strength d, the film thickness t and the atomic lattice constant 2 as D « %.
As the iDMI is an interface effect, it is effectively suppressed for increasing layer
thickness t of the ferromagnet and therefore especially relevant for magnetic thin
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films [25]. The sign of D — and thus, the preferred chirality of spin canting — is deter-
mined by the stacked materials and the stacking order [49].

The DMI exhibits a similar temperature dependence as the (symmetric) exchange
interaction A [50]. Therefore, the periodicity of spin spirals A « 4 remains often
effectively independent of temperature [50].

1.2.3. Stabilizing Magnetic Skyrmions in CoFeB Thin Films

The interactions present in a magnetic system, along with their respective magni-
tudes, determine its equilibrium state. The interactions discussed in section 1.2.2
permit the existence of skyrmions in the Ta/CoFeB/Ta/MgQO/Ta thin film multilayer
stacks used in this thesis. In addition to the exchange interaction, which underpins
the FM order, the interplay between PMA and the DMI is crucial. Achieving a suit-
able balance between PMA and DMI poses a central challenge in sample fabrication.
Moreover, the dipolar interaction plays a non-negligible role in shaping the magne-
tization texture and its stability [35].

Skyrmions may exist either as metastable states or as ground states. In both cases,
the experimental parameters, particularly the temperature T and the applied mag-
netic field B, must support the existence of skyrmions as local or global energy min-
ima. Under appropriate conditions, skyrmions can emerge spontaneously [11, 51].
However, in many cases, transitioning from an arbitrary initial state to a skyrmionic
configuration requires surmounting an energy barrier to establish the characteristic
topological structure [14, 19].

A variety of methods have been developed to induce skyrmion formation across
different material systems. Energy input can be provided, for instance, via local
heating from laser pulses or electrical currents [52-54]. Alternatively, local magnetic
fields [55-57] or electric fields [19, 58, 59] can be used to write or delete individual
skyrmions. Additionally, spin-orbit torques arising from electrical currents can in-
duce the formation of skyrmions [13, 60]. Local material inhomogeneities, where
magnetic parameters are spatially modified (see section 1.3.3), can further facilitate
the spontaneous or externally stimulated nucleation of skyrmions [61, 62].

In this thesis, an alternative and well-established method is employed to generate
skyrmions in CoFeB-based multilayer stacks [19, 63, 64]. The sample is first brought
into a parameter regime where skyrmions are energetically stable by adjusting T and
B. Subsequently, a strong I magnetic field is applied to rotate the magnetization into
the film plane [19]. Full saturation of the magnetization IP is not necessary; rather,
the field must be sufficiently strong to transiently suppress the PMA. Rapid removal
of the IP field then allows the PMA to reassert itself, leading to the formation of OOP
magnetic domains. Provided the system is not trapped in a competing OOP con-
figuration, this procedure enables the random nucleation of skyrmions distributed
across the sample. Notably, the magnitude of the applied IP field pulse provides
control over the number and density of generated skyrmions.
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1.3. Skyrmion Dynamics

1.3.1. Magnetization Dynamics

The energy contributions in a magnetic system determine the equilibrium magneti-
zation state at T = 0K and form the basis for deriving the effective magnetic field

1 6E[M]

Hyf= —— ———
eff 10 SM

(1.41)

defined via the functional derivative of the total energy functional E[M] with respect
to the magnetization M in the continuum limit.
This effective field exerts a torque

1dM _ dL

_ H.— _1dM _dL 142
T = oM X Heg T T, (1.42)

on the magnetization, which can be interpreted as the rate of change of the angular
momentum L associated with the magnetization, according to Newton’s second law.
Here, v = % is the gyromagnetic ratio, with g the Landé g-factor, e the elementary
charge, and m, the electron mass [1, 2].

The resulting time evolution of the magnetization under the influence of Hcg is gov-

erned by

dM
aF —HoY M X Hegg, (1.43)

which describes the precession of the magnetic moments around the effective field.
However, this precession alone conserves the total energy and therefore cannot drive
the system toward its equilibrium state. To account for relaxation, Landau and Lif-
shitz introduced a phenomenological damping term, yielding the Landau-Lifshitz
(LL) equation:

dM

A
qr = MY M X Heg — oM X (M x Heff) , (1.44)
S

where A is a damping constant and M denotes the saturation magnetization. The
damping term allows the magnetization to relax towards alignment with the local
effective field [2].

Using a Lagrangian formulation, Gilbert later derived an alternative expression for
the dynamics — the implicit Landau-Lifshitz-Gilbert (LLG) equation

dM % dM
—_— = —"M()’)/M X Heff— —M x

ar MM qr (1.45)

where « is the Gilbert damping factor. In the limit of small «, the LL and LLG equa-
tions become equivalent [65].

In addition to field-induced dynamics, thermal fluctuations at finite temperatures
introduce stochastic variations in the magnetization. These fluctuations can be
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modeled as thermal white noise and enter the system according to the fluctuation-
dissipation theorem. While the average temperature (T) remains constant in the
canonical ensemble, the instantaneous temperature undergoes random fluctuations.
Because this thermal noise affects the system’s energy — like the damping — it plays a
critical role in enabling the system to reach equilibrium.

The LLG equation can be used to simulate the magnetization dynamics of various
magnetic structures. Software packages such as mumax [66] solve these equations
numerically by computing Hei at each step. However, for complex spin textures
or large-scale systems, such simulations can become computationally intensive — or
even infeasible — due to memory and time constraints [67].

1.3.2. Thermal Skyrmion Diffusion

Thermal spin fluctuations at finite temperature can induce motion of skyrmions as
collective spin configurations stabilized by their topological properties. Since tem-
perature introduces thermal white noise into the system, this motion manifests as
random diffusion [19].

The dynamics of a quasi-particle skyrmion — treated as a rigid steady-state spin tex-
ture i with velocity v; — can be described by the Thiele equation [68-71]

v — Ge, X v; = ZFsk t; — 1j) + Fext + Fin (1.46)

with phenomenological forces F in a dynam1cal force equation. Here, 4 denotes the
effective damping constant, and G is the gyrocoupling constant. I use the notation ¥
to avoid confusion with the gyromagnetic ratio (y) introduced in Eq. 1.43. The term
Ge, x v; represents the Magnus force acting on the skyrmion [69]. The right-hand
side of Eq. 1.46 includes the sum of interaction forces from surrounding skyrmions
j, Fsk, additional external forces Fex such as drive fields, and the stochastic thermal
contribution Fy, [70, 71].

The Thiele equation as presented in Eq. 1.46 is specifically adapted to magnetic
skyrmions, which are well-approximated as point-like particles due to their com-
pact, rotationally symmetric structure and topological stability [70, 71]. The effective
damping is given by ¥ = a Tr(D) and is derived from the dissipation tensor D, with

components
M Jom oJm

as determined by the magnetization texture m(r). This texture also defines the gyro-
coupling tensor G [68, 72], with components

om am
9i=Za / drm ( or; o, > (1.48)
In the case of a skyrmion in the xy-plane, this yields a scalar gyrocoupling
M
G=Gy= ,7—;47TQ (1.49)
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with Q denoting the winding number (see Eq. 1.3) [72].
The Thiele equation describes overdamped dynamics without inertia and corre-
sponds to Brownian motion. From this, the diffusion coefficient

,72
D =kgT 1.50
R e (1.50)
can be derived for a rotationally symmetric skyrmion [72].
In Brownian dynamics, the mean squared displacement (MSD)

MSD(t) = ([r(t) — r(0)]*) = 2dDt (1.51)

is linear in time ¢, with d denoting the dimensionality of the system. This relation
enables experimental extraction of the diffusion coefficient D through direct tracking
of skyrmion trajectories and fitting according to Eq. 1.51 [19].

As seen in Eq. 1.46, a critical contribution to skyrmion dynamics is the skyrmion-
skyrmion interaction potential Ug (). While in general such interactions may exhibit
both attractive and repulsive components [73-75], the skyrmions in the CoFeB multi-
layer stacks used in this thesis experience a purely repulsive interaction [70, 71] from
other skyrmions. Yuqing Ge and Jan Rothorl [70] applied real-space imaging in com-
bination with the iterative Boltzmann inversion (IBI) method to experimentally deter-
mine this skyrmion-skyrmion interaction potential. The data can be well described
by either an exponential decay or a power-law potential of the form Ug(r) o r ",
with an exponent n ~ 8, depending on the specific system and configuration.
Together, the Thiele equation and the experimentally determined skyrmion interac-
tion potential Uy (7) provide a robust foundation for modeling experimental systems
using Brownian dynamics simulations. This is typically implemented via molecular
dynamics frameworks and enables quantitative analysis of skyrmion behavior at fi-
nite temperature [70, 71].

1.3.3. Pinning Effects in a Non-Flat Energy Landscape

Local inhomogeneities in magnetic materials give rise to spatial variations in the en-
ergy landscape experienced by spin textures. These inhomogeneities may stem from
lattice defects, impurities, doping, grain boundaries or general variations in crys-
tallinity within the bulk of a crystal. Additionally, structural features such as inter-
facial roughness or variations in layer thickness can induce such energetic modula-
tions. Depending on the specific origin and nature of the inhomogeneity, various
magnetic parameters — such as the exchange stiffness, magnetic anisotropy, or DMI —
can be locally affected. The resulting non-uniform energy landscape creates energet-
ically favorable and unfavorable regions for magnetic spin structures [23].

Magnetic skyrmions, which consist of a topologically protected core and a surround-
ing delineating DW, are particularly susceptible to such energy variations. The phe-
nomenon in which a skyrmion preferentially resides at specific spatial locations is
referred to as a pinning effect. These pinning forces may be attractive, repulsive, or a

22



1. Spins Forming Magnetic Structures

combination of both, depending on the interaction mechanisms and material param-
eters involved. While numerous theoretical models have been proposed to explain
skyrmion pinning, experimental verification remains a topic of ongoing research [23].
First-principles calculations for PdFe bilayers on an Ir substrate have shown that the
presence of atomic impurities — either embedded within or deposited atop the sur-
face layer — can lead to attractive potentials, or to a mixed interaction characterized
by long-range attraction and short-range repulsion [76]. Related studies have inves-
tigated the influence of adatoms arranged in specific geometries, such as dimers and
trimers, revealing that the resulting skyrmion interaction can be tuned to be either
repulsive, attractive, or hybrid in nature [77].

Substitutional defects, in which host atoms are replaced by foreign atoms, have also
been studied using density functional theory. These substitutions have been shown
to yield either attractive or repulsive potentials for skyrmions, depending on the
specific element used [78]. Similarly, the absence of atoms (i.e., vacancies) has been
modeled using micromagnetic simulations and effective quasi-particle equations of
motion. These models predict short-range attractive and long-range repulsive inter-
actions for skyrmions in the presence of spin vacancies [79].

Analytical models have further demonstrated that spatial modulations of the
strength of the DMI and the perpendicular magnetic anisotropy (PMA) can give
rise to complex pinning forces exhibiting both attractive and repulsive components
[80]. Micromagnetic simulations have confirmed such pinning effects for modulated
anisotropy landscapes [81], and similar effects have been reported for modulations
in the exchange stiffness due to local variations in electron density [82, 83].
Experimental observations in ultrathin films have revealed that pinning is often dom-
inated not by single-atom impurities but rather by grain boundaries within the poly-
crystalline film structure [14]. Subsequent simulations have shown that increasing
the grain size can reduce the pinning strength [60].

In CoFeB-based thin film multilayers, the energy scale of pinning sites can be com-
parable to thermal excitation energies at room temperature. Under such condi-
tions, skyrmions may overcome pinning barriers via thermal activation and exhibit
stochastic motion. Experimental studies have observed this behavior as Brownian-
like diffusion, which is not purely isotropic but modulated by the underlying energy
landscape. This results in a hopping-like diffusion process, which has been leveraged
for novel computing approaches. For instance, thermally driven skyrmion motion
has been utilized as a passive reshuffling mechanism in bit stream decorrelation, and
as an automatic reset function in non-conventional computing architectures, such as
Boolean logic gates [84] and gesture recognition systems [85]. Moreover, controlled
diffusion can serve as a transport mechanism in token-based computing [86].

In general, pinning effects lead to anisotropic and non-linear skyrmion dynamics,
often requiring external driving forces for depinning. This can impair the reliability
of skyrmion-based data storage or processing devices. However, pinning can also be
harnessed beneficially — for instance, as an intrinsic reset mechanism in computing
[84, 85], or to enable guided skyrmion motion along predefined tracks [87, 88].

To enable such guided motion, the energy landscape of a material can be artificially

23



1. Spins Forming Magnetic Structures

tailored. Focused ion beam irradiation has been employed to irreversibly modify
magnetic parameters and thereby control skyrmion pinning sites and allow guided
skyrmion motion [88]. Similarly, recent studies have demonstrated the feasibility of
using optical laser writing to effectively tune the local energy landscape [89].

24



2. Phases and Phase Transitions in Two
Dimensions

2.1. Macroscopic Theory of Phase Transitions

According to the second law of thermodynamics, a system tends to evolve toward
a state of minimal free energy. This principle governs a wide range of physical phe-
nomena, including spin ordering (see section 1.2), atomic arrangements in solids,
and the configuration of quasi-particles such as skyrmions. At constant tempera-
ture, the relevant thermodynamic potential is the Helmholtz free energy, defined as
F = U —TS. Minimization of F can occur through two distinct mechanisms: by
decreasing the internal energy U, or by increasing the entropy S [3, 32, 90].

The equilibrium state thus represents a compromise between energetic stability and
entropic disorder. A reduction in internal energy generally promotes order, favoring
low-temperature phases that exhibit reduced — often discrete — symmetry. At higher
temperatures, however, entropy becomes the dominant term, favoring disordered
phases with increased symmetry. A familiar example is the water—ice transition: in
its solid phase, ice adopts a hexagonal lattice with discrete translational and rota-
tional symmetries. In contrast, liquid water exhibits macroscopic isotropy, due to
the random distribution of molecules. An analogous situation arises in spin systems
such as a FM: above the Curie temperature Tc, the system resides in a disordered,
paramagnetic phase with full rotational symmetry. Below T, spontaneous magneti-
zation breaks this symmetry, yielding an ordered ferromagnetic phase [1, 3, 91].

In general, two classes of phase transitions are distinguished. First-order transitions
are characterized by latent heat — a finite, often large energy difference between the
two phases at the transition temperature. During such a transition, both phases coex-
ist while latent heat is exchanged, until the transformation is complete. In contrast,
second-order (or continuous) phase transitions proceed without latent heat. These
are marked by a diverging correlation length and the emergence of an order pa-
rameter, which is zero in the disordered phase and finite in the ordered phase. A
canonical example is the FM-to-paramagnet transition: in the ferromagnetic phase,
the magnetization is finite and decreases continuously with increasing temperature.
At Tc, the magnetization vanishes, and the system becomes disordered. At this criti-
cal point, the magnetic susceptibility diverges, reflecting the long-range correlations
that emerge in the system [3, 91].

The phase behavior of a system is governed by external parameters such as temper-
ature, pressure, and density. Changes in these variables affect macroscopic response
functions — such as magnetic susceptibility or elastic moduli — which often exhibit
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discontinuities or singular behavior at phase transitions [91]. On macroscopic scales,
these properties depend on the nature of interparticle interactions, spatial order, and
thermal energy. Microscopically, transitions from ordered to disordered phases are
accompanied by increased lattice defects, vibrational entropy, and excitation of dy-
namical modes. These modes are intimately linked to phase behavior: for example,
in a liquid, sound waves are purely longitudinal, as the absence of long-range order
precludes support for shear stresses [90-92].

Despite extensive study, the microscopic mechanisms driving many phase transitions
remain only partially understood [92]. Analytical solutions to the equations of state
for three-dimensional (3D) interacting systems remain inaccessible, and theoretical
treatment often relies on phenomenological models. Near criticality, such models
suggest that microscopic details are largely irrelevant to macroscopic behavior — a
concept formalized by the theory of universality [91, 92].

In two-dimensional (2D) systems, the situation is markedly different. A key distinc-
tion arises from the role of long-wavelength fluctuations. While such fluctuations are
energetically suppressed in infinite 3D systems, they become thermally accessible in
2D. According to the Mermin-Wagner theorem [93, 94], these fluctuations prohibit
the existence of true long-range positional order in 2D crystals: lattice displacements
diverge with system size. As a result, only quasi-long-range order (QLRO) is pos-
sible. In such systems, discrete rotational symmetries remain intact, but the Bragg
peaks in the structure factor are broadened, reflecting algebraic rather than exponen-
tial decay of correlations [95-98].

2.2. KTHNY Theory — A Microscopic Theory of 2D Phases

A microscopic theory of 2D phases and phase transitions was developed by Koster-
litz, Thouless, Halperin, Nelson and Young (KTHNY theory) [95, 97-99]. Their de-
scription is based on the emergence of topological defects in the lattice as discussed
in the following sections.

Kosterlitz-Thouless-Halperin-Nelson-Young (KTHNY) phase behavior has been ob-
served for lattices of superconducting vortices, colloids or skyrmions. It is therefore
accessible for a range of different systems, but the phase behavior depends on several
parameters, such as the interaction potential present in the system [100].
Accordingly, also other theories of 2D melting exist. Alternative approaches suggest
first-order phase transitions and are based on the formation of grain boundaries [101,
102] or the condensation of geometrical defects [103, 104]. Also metastability of the
hexatic phase [105, 106] has been observed. While fluctuations and finite-size effects
in hard core potentials play an important role [107, 108], more long-range interactions
are less affected by fluctuations and show second-order transitions [109].
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2.2.1. Topological Defects

In a perfect two-dimensional hexagonal crystal, each lattice particle has N = 6 near-
est neighbors, as illustrated in Fig. 2.1a. However, when even a single particle is suf-
ficiently displaced, the nearest-neighbor connections between neighboring particles
are altered, resulting in the formation of topological defects. Any particle for which
N # 6 constitutes such a defect. These defects are considered topological objects
because their existence is encoded in the connectivity of the lattice; they cannot be
removed unless they annihilate with another defect of opposite topological charge,
such as in a dislocation pair composed of a 5-7 defect [92].

In Fig. 2.1b, a local shearing of four adjacent particles alters a single neighbor connec-
tion, thereby creating a pair of oppositely oriented dislocations. These dislocations
form a bound pair and are topologically stable [91].

Such a local distortion does not necessarily disrupt the global lattice symmetry, pro-
vided the two dislocations remain tightly bound. If further displacements are in-
troduced in the vicinity of the dislocation pair, the two defects may separate. This
process is visualized in Fig. 2.1c and d, where the propagation of a dislocation is
achieved by successively continuing the local shear. As the separation increases, the
lattice lines between the two dislocations become increasingly bent. While the lat-
tice spacing is locally perturbed, the global orientation of the lattice remains nearly
preserved [90].

The orientation of each dislocation is determined by its Burgers vector b. In Fig. 2.1e,
the gray path is constructed by taking four steps in each of the three lattice directions
in a counterclockwise manner. In a defect-free lattice, this would form a closed loop.
However, in the presence of a dislocation, an additional step equal to b is required to
close the path. This Burgers vector is independent of the exact path taken, provided
no other defects are enclosed. Since the configuration originates from a defect-free
lattice, the total Burgers vector must sum to zero. Consequently, the Burgers vectors
of the two dislocations exactly cancel, and a dislocation cannot arbitrarily reorient
[91].

Further local rearrangements of particle positions, as shown in Fig. 2.1f, can convert
one of the dislocations into an isolated defect — a disclination — along with a nearby
cluster of three particles. This cluster can be interpreted as the combination of a dislo-
cation and a disclination. Due to the underlying topology, the Burgers vectors of this
disclination and the associated cluster cancel that of the remaining dislocation, which
remains unaltered. This emphasizes that significant local distortions are required for
a disclination to emerge [91, 92].
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Figure 2.1.: lllustration of Dislocations. (a) In an ideal hexagonal lattice, each particle
has N = 6 neighbors. The gray net illustrates the neighbor connections and each site
is colored according to its N. (b) Local twisting of lattice sites changes one neighbor
connection, generating a dislocation pair (5-7 defects) with opposite orientation. (c-d) If
the twisting also affects (c) the next or (d) second-next site, the dislocations separate by
one or two lattice sites. (e) Further distortion can yield an isolated defect, a disclination.
(f) The orientation of a dislocation is defined by the Burgers vector b. In a perfect lattice,
a closed path formed by four steps in each of the three lattice directions encloses no area.
Around a dislocation, this path fails to close and requires an additional vector b.

Although the disclinations in Fig. 2.1f remain locally compensated by nearby defects,
a more extreme case is presented in Fig. 2.2a and b. There, isolated N =5and N =7
disclinations are embedded in otherwise defect-free regions. The resulting deforma-
tion of the lattice causes the lattice lines to bend, leading to a globally undefined
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orientation of the hexagonal lattice.

Figure 2.2.: lllustration of Disclinations. (a) Isolated N = 5 and (b) N = 7 disclinations
in an otherwise perfect hexagonal lattice lead to bent lattice lines and undefined global
orientation. The gray net illustrates the neighbor connections and each site is colored
according to its number of neighbors N. (c) Four separated disclinations originating from
a dislocation pair, spanning a finite region. Although the dislocation has disintegrated,
the overall topological charge is still balanced, and global lattice order is preserved outside
the defect region.

The extreme case of a dislocation pair dissociating into four isolated disclinations is
shown in Fig. 2.2c. In this configuration, maintaining the dislocation requires sub-
stantial distortion of both the lattice spacing and orientation, indicative of a break-
down of long-range order. Nevertheless, as long as the total topological charge re-
mains neutral — as in this case — the lattice outside the region spanned by the discli-
nations remains ordered. Only when defects fully dissociate — either by diverging
spatially or interacting with new defect structures (as seen in Fig. 2.1f) on arbitrarily
large length scales —, the global lattice order becomes compromised [98, 99].

2.2.2. Correlation Functions & 2-Step Melting

KTHNY theory describes the emergence of QLRO in two-dimensional systems as a
consequence of the proliferation of topological defects. Notably, it predicts an inter-
mediate hexatic phase between the solid and isotropic liquid phases. In the solid
phase, only bound dislocation pairs — localized lattice distortions — are present. Ata
critical temperature Tj, these pairs unbind into free dislocations, marking the break-
down of translational lattice order and the onset of the hexatic phase. However,
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this intermediate phase retains orientational QLRO and does not yet exhibit the full
isotropy of a liquid. Only at a second transition temperature T, does the system
fully melt into an isotropic liquid, characterized by the unbinding of dislocations
into disclinations and the proliferation of defect clusters [97-99].

The degree of order in the system is characterized through correlation functions. The
translational correlation function

Gr(r = [rj = x]) = (£77%) @.1)

evaluates the spatial correlation between particles j and k separated by r = [r; —
r;| via a reciprocal lattice vector G, averaged over all particle pairs. For practical
evaluation, Gr(r) is computed by binning the distances r. In the solid phase, Gr
decays algebraically as Gr(r) o r " with 57 < 1. At the transition into the hexatic
phase, the exponent reaches its critical value 7 = % In the hexatic and liquid phases,
translational QLRO is lost, and Gr decays exponentially as o exp(—r/{r), with {r
denoting the translational correlation length [92, 97, 98].

Despite the disappearance of translational QLRO at Tj, the system can retain orien-
tational QLRO. The local orientational order parameter

Polt) = = Y et 22)
° ! N k=1 ‘

quantifies, for each particle j at position r;, the degree to which the angles 6 formed
with its N nearest neighbors match a hexagonal symmetry. Here, 0j is the angle
between the horizontal axis and the vector r; — 1. The argument of the complex
number 1 defines the local lattice orientation as a(rj) = arg [ips(r;)] /6 [92, 97, 98].
The construction of ¢4 and its associated orientation « are illustrated in Fig. 2.3.

a b

o 00 o
-30° -15° 0° 15° 30°

lattice orientation «

Figure 2.3.: Hexagonal Lattice Order. (a) The local orientational order parameter
6(r;j) for particle j is computed from the angles 6 between the horizontal axis (dotted
line) and the bond vectors to its neighbors k (black lines). (b) The Euler angle of
determines the local lattice orientation a. The shown examples depict different local 6-
fold configurations, with the orientation « indicated by solid gray lines. Due to the sixfold
symmetry of the hexagonal lattice, the examples at —30° and 30° are equivalent (dotted
gray line), justifying the use of a cyclic color bar.
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The spatial correlation of ¢s values defines the orientational correlation function

Go(r = |tj — 1e|) = (g (1) e (rx)) (2.3)

after averaging over all particle pairs j, k. In the solid phase, G4 remains constant
with increasing r. Upon entering the hexatic phase, it decays algebraically as o< =76
with 76 < . At the transition to the liquid phase, 77 reaches its critical value of
1, after which G also decays exponentially, « exp(—r/), indicating the loss of
orientational QLRO [92, 97, 98].

In general, both translational and orientational correlation functions exhibit the uni-
versal form

r=T-exp <—%) , critical (QLRO) phase with § — oo
G(r) o (2.4)

exp (—%) , disordered phase

comprising both algebraic and exponential components. The algebraic term, gov-
erned by the exponent 7, exists only in the critical phase exhibiting QLRO, where the
correlation length ¢ diverges. Consequently, the exponential term becomes negligi-
ble, and a pure power-law behavior is observed [91, 92, 97, 98].

Temporal correlations of orientational QLRO further reflect the phase behavior. The
orientational time correlation function

Ge(T) = (Y5 (t) Yo(t + 1)) (2.5)

is obtained by correlating the local ¢ values of individual particles at time t and at
a delayed time t + T, averaged over all particles [110]. Its behavior mirrors that of
the spatial correlation: constant in the solid phase, algebraic in the hexatic phase, and
exponential in the liquid. At the liquid transition temperature T, the time correlation
reaches its critical exponent 77 = §. As such, G¢(T) provides equivalent insight into
phase behavior as Gg(r), although its computation requires full access to individual
particle trajectories [110].

In summary, the melting of a two-dimensional solid proceeds in two distinct steps:
translational QLRO is lost at T7, and orientational QLRO at T, giving rise to the inter-
mediate hexatic phase that retains only orientational QLRO between T; and T, [97-
99]. This two-step melting is a unique feature of 2D systems. In three dimensions, the
loss of translational QLRO simultaneously destroys orientational QLRO, precluding
a hexatic analogue [91, 92]. In 2D, however, the presence and nature of the hexatic
phase depend sensitively on system-specific factors such as the interaction potential,
which also influence the type of phase transition observed [100].

2.2.3. Defect Energies & Elasticity

The deformation of a lattice — whether homogeneous or localized as topological de-
fects — requires energy. A displacement field assigns to each particle a displacement
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vector u from its ideal lattice position, which defines the strain tensor € with compo-
nents

1
€ij = E (a,‘u]‘ + a]'ul') , (2.6)

constructed from the spatial derivatives of the displacement components u; [3, 32].
Exemplary lattice deformations associated with different tensor components are il-
lustrated in Fig. 2.4.
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Figure 2.4.: Strained Lattices. Non-zero entries in the strain tensor € deform an originally
ideal hexagonal lattice (purple crosses), producing distorted positions (pink dots). The
four independent components cause (a) uniaxial strain along x, (b) shear deformation in
x, (c) shear deformation in y, and (d) uniaxial strain along y. All other components are
zero in the respective configurations.

The associated free energy density of a deformed hexagonal 2D crystal is given by

2
f= %)\ €ii€jj + Y €jj€ji = %B 61'21' +u (61']' — ;51']'6;(]() , (2.7)
where A and y are the Lamé coefficients and summation over repeated indices is
implied. The second form results from a decomposition of the strain tensor into
a scalar (dilatational) and a traceless symmetric (shear) part, introducing the bulk
modulus B = A + pu. The bulk modulus B quantifies the energy cost of uniform
area changes, while the shear modulus y governs energy contributions from shape
changes at constant area [92].

Alternative elastic descriptors include Young’s modulus

4B
_ =r 2.8)
B+p
which characterizes elongation under uniaxial stress, and the Poisson ratio
B—
o=2"F (2.9)
B+u

which couples lateral contraction to uniaxial elongation [91].
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In the hexatic phase, orientational fluctuations of the local bond directions are domi-
nant and are captured by the angular field 6(r). The corresponding elastic energy is
described by the Hamiltonian

1
Ha = E1<A/c1r |Ve(r)|?, (2.10)

with K denoting Frank’s constant. In contrast, in the isotropic liquid phase, the only
non-vanishing elastic response is the compressibility [92].

Since topological defects necessarily involve local lattice distortions at the scale of
the lattice constant r(, their energetic cost is controlled by the elastic constants [97-
99]. For a dislocation « located at position r,, the lattice displacement field can be
approximated by its Burgers vector b,, which encapsulates the net lattice mismatch.
Additionally, a short-range contribution arises from the dislocation core and is cap-
tured by the core energy Eore, Wwhich generally requires a microscopic treatment. The
total interaction energy of a system of dislocations is then given by

2
. - _ @1 ’r”‘ — 1‘,,/] _ [btx ) (rtx - rzx/)] [ba’ : (r,x - ra’)]
%dlSIOC - ) lx;{/ |:b(x ba/ In < 0 (ra _ ra/)Z

+ Ecore : Z ‘bzx|21 (2.11)
o

where the first term describes the long-range interaction depending on the separation
and orientation of dislocation pairs, and the second term accounts for the core energy
[91, 92].

Neglecting the angular interaction in Eq. 2.11, one obtains the effective interaction
potential between two dislocations as

r Kr3 r
Udistoc () = Cdistoc In <ro> = 477? In (Vo) , (2.12)
explicitly linking the interaction strength to Young’s modulus K [91, 92].
Disclination interactions, by contrast, depend both on the distribution of disclina-
tions and the presence of dislocations, which act to screen these interactions. The
resulting interaction potential is

r Kamt r
udiscl(r) = Cdiscl In <7’0> = 1A78 In (7’0> ’ (2.13)

with Ka governing the interaction strength, highlighting the relevance of orienta-
tional elasticity [91, 92].

The interplay between elastic constants and defect energetics becomes particularly
significant when considering the thermally driven unbinding of defect pairs. The
mean squared separation of such a pair is given by

u
JdrPep (—42)  agT - e
— L= — 73,
[ dr exp (——%%) 4kT —c

(r?) (2.14)
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which diverges when the interaction strength c equals 4kgT. This divergence marks
the unbinding of the defect pair and defines the associated phase transition. Accord-
ingly, the unbinding of dislocations — corresponding to the solid-hexatic transition —
occurs at

_ _Kng
N 167‘[kB,

as derived from Eq. 2.12. The unbinding of dislocation pairs to isolated dislocations
automatically destroys translational QLRO as collective displacement of the interme-
diate particles is necessary to maintain the dislocations as indicated in Fig. 2.1d.
Similarly, the hexatic-liquid transition, driven by disclination unbinding, takes place
at

) (2.15)

. KATC
27 kg’

according to Eq. 2.13. The unbinding of dislocations to disclinations eventually also
requires significant bending of the lattice lines as indicated in Fig. 2.1f and Fig. 2.2,
which causes orientational QLRO to vanish [91, 97-99].

In summary, the emergence, unbinding, and proliferation of topological defects are
fundamentally governed by the elastic properties of the system. Enhanced elastic
compliance facilitates defect formation, and conversely, the presence of defects mod-
ifies the elastic response — establishing a dynamic feedback between elasticity and
defect-mediated phase transitions, [91, 92].

(2.16)
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2.3. 2D Skyrmion Lattices

Skyrmions have been shown to arrange in hexagonal two-dimensional (2D) lattices,
both in bulk materials [12, 16, 17, 111] and in thin films [18, 112, 113].

In thin films with thicknesses down to the sub-nanometer scale, the exchange length
typically exceeds the layer thickness, resulting in an approximately uniform mag-
netic structure across the film. Consequently, skyrmions with diameters of up to
several micrometers exhibit quasi-2D behavior [14, 18, 112]. In contrast, skyrmions
in bulk materials form extended tubes with complex three-dimensional (3D) config-
urations [114], limiting the applicability of strictly 2D models to their phase behavior.
In most skyrmion-hosting systems, the applied magnetic field B and temperature T
serve as tunable external parameters that influence the stability and arrangement of
skyrmions. In bulk systems, such tuning can enable the formation of skyrmions [12,
17] or allow control over skyrmion density and inter-skyrmion interactions, which in
turn affect the degree of 2D lattice order [111].

A central challenge in investigating the phase behavior of skyrmion lattices lies in
their observation and detection (see chapter 3). Techniques such as small-angle neu-
tron scattering [12, 115] and ac susceptibility measurements [116] provide indirect in-
sights, while direct real-space imaging is achieved via Lorentz transmission electron
microscopy (LTEM) [16, 111], magnetic force microscopy (MFM) [113], or Kerr mi-
croscopy [112]. Among these, Kerr microscopy (see section 3.2) offers several advan-
tages: it enables real-time imaging with millisecond time resolution, is non-invasive,
and does not perturb the magnetic configuration. However, its spatial resolution
is diffraction-limited to a few hundred nanometers, requiring the skyrmions under
investigation to be sufficiently large.

This constraint is met in the micrometer-sized skyrmions in CoFeB-based thin film
multilayers studied in this thesis. In these systems, the skyrmion size [64, 117, 118]
and density [27, 64, 112] can be tuned by adjusting the magnetic field. Addition-
ally, the temperature controls both the spin dynamics and the underlying magnetic
parameters, thereby influencing the stability and density of skyrmions [112]. A suf-
ficiently high temperature is required to stabilize a dense and periodic skyrmion
lattice. However, excessive thermal fluctuations increase entropy and may destroy
lattice order. Striking this balance represents a fundamental challenge in sample fab-
rication, where slight variations in material composition or growth conditions can
critically determine whether a skyrmion lattice can form.

Another key challenge in stabilizing ordered skyrmion lattices in thin films arises
from the non-flat energy landscape, which gives rise to pinning effects [112, 113].
These effects generally hinder lattice formation; weak pinning may still allow 2D
crystalline order, while stronger pinning can suppress order entirely [23]. Notably,
such pinning can expand the narrow parameter space where the intermediate hex-
atic phase occurs, thus facilitating access to this unique regime and enabling its de-
tailed exploration [23, 119]. In addition, the roughness of the energy landscape con-
tributes to heterogeneities in the skyrmion ensemble, including shape deformations,
size polydispersity, and spatially varying diffusion behavior — all of which present
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further limitations for sample optimization.

The effective interaction potential between skyrmions [70] exhibits a form compati-
ble with KTHNY-type melting behavior [100]. Importantly, recent investigations in
CoFeB thin films have shown that this potential is only weakly sensitive to changes
in skyrmion density [120], allowing for the system to remain within the regime where
KTHNY transitions occur. Thus, the skyrmion packing fraction — a key determinant
of the phase state [100] — can be dynamically controlled via the applied magnetic field
without significantly altering the interaction potential.

This in-situ dynamic tunability of skyrmion size and density, combined with their
inherent diffusive dynamics, makes skyrmions a uniquely suitable system for study-
ing 2D phase transitions. Compared to other systems exhibiting KTHNY behavior,
such as colloidal suspensions and superconducting vortices, skyrmions offer unique
experimental control and time resolution. In superconducting systems, vortex imag-
ing is typically performed via scanning tunneling spectroscopy, which provides high
spatial resolution but is limited in temporal resolution — thereby restricting access
to dynamical information [121-123]. In colloidal systems, optical video microscopy
allows real-time tracking of particle trajectories, but achieving thermal equilibrium
can require hours [124], and the 2D character is only approximated by suspending
the particles at fluid interfaces [124, 125].

In summary, skyrmion lattices in CoFeB thin films provide a promising and highly
tunable platform for investigating 2D phase behavior — particularly KTHNY transi-
tions — with real-time access to both structural and dynamical observables (see chap-
ter 3).
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3. Imaging Skyrmions with Kerr
Microscopy

Imaging skyrmions is essential for investigating their static and dynamic properties,
forming the foundation for both fundamental research and towards application de-
sign. Depending on the technique employed, imaging can be performed in either
real space or use reciprocal space measurements to reconstruct real-space informa-
tion, each imposing distinct experimental conditions on the sample and its magnetic
structures [1, 126].

X-rays offer high spatial resolution, enabling the visualization of magnetic textures at
the nanometer scale. However, conventional x-ray imaging typically requires expo-
sure times on the order of several seconds to minutes to achieve sufficient contrast.
Coherent correlation imaging techniques can mitigate this limitation by resolving
state fluctuations and, in some cases, enabling single-shot imaging. Both reciprocal
space methods such as small-angle x-ray scattering and real-space reconstructions
via holography are available. Nevertheless, these approaches often demand special-
ized sample preparation, including deposition on membranes for transmission-mode
imaging. Moreover, x-ray-based methods generally require access to a synchrotron
facility, representing a significant experimental bottleneck [126].

Real-space imaging at the nanoscale can alternatively be achieved using Lorentz
transmission electron microscopy (LTEM), which offers direct visualization of mag-
netic structures but is typically limited in temporal resolution [111, 126].

Magnetic force microscopy [126] constitutes another real-space imaging technique,
operating as a scanning probe method. A cantilever equipped with a magnetic tip
scans the sample surface, with tip deflections caused by local stray fields — originat-
ing from the sample’s magnetization — being measured. This technique can resolve
structures at nanometer resolution — however, it suffers from limited temporal reso-
lution due to its sequential scanning nature. Additionally, since the tip interacts with
the stray field, it can inadvertently perturb or modify the magnetic configuration of
the sample [1].

For magnetic structures with length scales on the order of hundreds of nanometers
to micrometers, optical techniques can be employed. In particular, imaging based
on the magneto-optical Kerr effect (MOKE) [127] in dedicated optical microscopes
— so-called Kerr microscopes — provides an effective and accessible solution. One
of the main advantages of Kerr microscopy is its simplicity: it enables rapid imag-
ing without requiring specialized infrastructure and can be implemented in a stan-
dard laboratory environment. The method is suitable for samples with relatively
smooth surfaces (typically nanometer-scale roughness) and magnetization that in-
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teracts strongly enough with light to yield sufficient contrast [126, 127].
In the following sections, I detail how Kerr microscopy is employed in the experi-
ments presented in this thesis.

3.1. Magneto-Optical Kerr Effect

Light is an electromagnetic wave characterized by oscillating magnetic (B) and elec-
tric (E) fields, and a propagation direction k, all mutually orthogonal [3]. Magneto-
optical effects describe the interaction between light and additional electromagnetic
tields, such as the magnetization within a magnetic material [24].
The propagation of light through matter is governed by Maxwell’s equations, where
the displacement field

D =¢E+ P =¢€E (3.1)

captures the material’s electric response via the vacuum permittivity €y, the electric
polarization P, and the material-specific permittivity tensor € [3]. In general, € is
complex and depends on the material’s symmetry. For cubic crystals, it reduces to
the form

1 iQm,  —iQmy, Bim2  Bymym, Bymym.
e=¢y | —iQm, 1 iQmy | + [ Bamymy, B1m§ Bymym, (3.2)
iQm, —iQm, 1 Bymym, Bymym. — Bym?

where the Voigt constant Q describes the linear magneto-optical response (i.e., the
Kerr effect), and the second-order contributions are characterized by the material-
specific constants By and B (Voigt effect) [24]. As By and B, typically have magni-
tudes on the order of 107#, they are negligible for the present discussion and will not
be considered further [127].
The MOKE manifests as circular birefringence, in which left- and right-circularly po-
larized light propagate with different refractive indices, resulting in anisotropic re-
fraction. Since linearly polarized light is a superposition of two circularly polarized
waves of opposite handedness, the linear MOKE also influences linearly polarized
beams. Combining Eq. 3.1 with the linear magneto-optical term in Eq. 3.2, one ob-
tains

D =¢)(E+iQm X E), (3.3)

which resembles the action of a Lorentz force acting on the electronic response [126].
This cross product introduces a polarization component perpendicular to m [127].

The precise influence of the MOKE on the polarization state of the incident electric
field E; depends on the experimental geometry. The polar, longitudinal, and trans-
verse configurations are illustrated schematically in Fig. 3.1. The skyrmion-hosting
systems investigated in this thesis exhibit PMA, with the magnetization predomi-
nantly oriented OOP, corresponding to the polar MOKE configuration (Fig. 3.1a).
For an incident polarization E; lying within the incidence plane yz, the birefringence
introduces a Kerr-induced rotation, resulting in an elliptical polarization state upon
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reflection. The reflected polarization vector E, is governed by the displacement field
D in Eq. 3.3. In the polar geometry, E, is rotated by the Kerr angle 0k with respect to
the ideal mirror-reflected polarization E; (i.e., the case for zero magnetization) [24].
The effect is maximized at an incidence angle & = 90°, where E; | m, enhancing the
cross product in Eq. 3.3. For typical values of Q ~ 0.003, Kerr rotations are of the or-
der of milliradians; however, under certain conditions, rotations exceeding 0x > 1°
have been observed [127].

a polar b longitudinal
E;

C transverse

E; I

g ’ (OMNOLXO,

X

Figure 3.1.: Magneto-Optical Kerr Effect. (a) Linearly polarized light with electric field
E; impinges on the sample at an angle a with a plane of incidence P aligned with the
yz-plane. In the polar configuration, the magnetization m points along the z-axis. As E;
induces electron oscillations, m introduces an effective Lorentz force F;, as described by
Eq. 3.3. This causes the displacement field D to rotate by the Kerr angle 0, yielding a
reflected polarization E, rotated with respect to E;. (b) In the longitudinal configuration,
m || e, lies within the plane of incidence and again produces a Kerr rotation. (c) In
the transverse configuration, where m || ey, the z-component of E; does not lead to a
polarization rotation but modifies the magnitude |D].

Different geometries provide complementary access to the MOKE. In the longitu-
dinal configuration (Fig. 3.1b), both the magnetization m (along the y-axis) and the
electric field E; lie in the plane of incidence, resulting in a Kerr rotation similar to the
polar case. In contrast, in the transverse configuration — where the magnetization m
is IP along the x-axis and thus m L E; (Fig. 3.1c) — the effect manifests as a change in
reflectivity without a polarization rotation. Here, the MOKE is observed as a mod-
ulation in the reflected intensity and therefore modulates the sample’s reflectivity
[126].
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3.2. Detecting Skyrmions with Kerr Microscopy

Because the magnetization of a material alters the polarization of reflected light in a
direction-dependent manner, the MOKE effect can be exploited to generate magnetic
contrast. For optimal contrast, the sample surface must be smooth, and the magnetic
layer should lie close to the surface. This ensures sufficient penetration depth of the
incident light to probe the magnetic structures of interest. Fig. 3.2 shows a schematic
of a Kerr microscope setup [127].

light
source b 0 camera

polarizer analyzer

ﬁ

Figure 3.2.: Schematic of a Kerr Microscope. Light from a light source is first polarized
linearly in a polarizer. When reflected by a magnetic material, the polarization is altered as
illustrated in Fig. 3.1. An analyzer filters one polarization component of the reflected light
along, such that the intensity detected by the camera establishes contrast for domains of
differently oriented magnetization.

Linear incident polarization E; is established by placing a polarizer between the light
source and the sample. An analyzer positioned in the reflected beam path — be-
tween the sample and the camera — detects changes in polarization E; induced by
the magnetization vector m. In the polar configuration, the analyzer is typically
adjusted such that one magnetization direction (e.g., pointing out-of-plane and up-
wards) yields minimal detected intensity, while the opposite direction (downwards)
produces maximum intensity [128].

For the experiments presented in this thesis, a commercially available Kerr micro-
scope manufactured by evico magnetics GmbH was used. The light source consists of
an array of blue LEDs, each coupled to a glass fiber that transmits the light into the
microscope. The optical unit, which includes the polarizer, aligns and focuses the
incident beam onto the sample. The complete beam path for this microscope is il-
lustrated in Fig. 3.3. After reflection, the light — now elliptically polarized due to the
magneto-optical effect — passes through a compensator, which converts it back into
linear polarization. The analyzer then filters one polarization component to extract
the magnetic contrast. The resulting beam is directed to a CCD camera that records
the reflected intensity [128, 129].

The microscope’s LED array consists of eight individually selectable sources. Each
LED is positioned such that selecting a specific LED defines the incidence plane of
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Figure 3.3.: Beam Path of the evico Kerr Microscope. Light enters the microscope
from the left and passes through the polarizer and an optical unit, which focuses the light
onto the sample. The path of the reflected light is depicted separately on the right to
ensure better readability. The reflected beam passes the analyzer and compensator to
establish magnetic contrast and is then directed onto the camera for imaging. From Ref.
[129].

the beam. The incidence angle is nearly normal to the sample surface, making the
system optimized for the polar configuration. Selecting a single LED always yields
sensitivity to the out-of-plane (OOP) magnetization component. However, this also
introduces a finite sensitivity to in-plane (IP) components — either transverse or lon-
gitudinal — depending on the incidence plane. By simultaneously illuminating the
sample with two opposing LEDs, the polar components remain unchanged while
the IP components acquire opposite signs. Summing the images from both configu-
rations cancels the IP contribution, isolating the pure OOP contrast [129, 130].
Imaging pure longitudinal or transverse magnetization is more challenging, as it re-
quires suppression of the polar contribution. This is achieved by subtracting images
obtained from opposing LEDs. To do so, the microscope alternates between two
opposite LEDs, recording their signals sequentially. The resulting difference image
isolates the desired IP magnetization contrast [129, 130].

The setup also includes a set of independently controlled electromagnets for apply-
ing external magnetic fields. An in-plane coil is capable of generating magnetic fields
up to 200mT and is primarily used for skyrmion nucleation, as discussed in sec-
tion 1.2.3. However, the coil generating out-of-plane fields is the primary one used in
nearly all measurements. This coil provides the field necessary to stabilize skyrmions
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and control their size and density. It is specially designed for precise field control
with sub-microtesla resolution, as the skyrmions in the studied CoFeB thin films are
extremely sensitive to such small field variations. Depending on the measurement,
different coils are used: air-core coils (up to ~ 2uT) or soft-iron-core coils (up to ~
15 uT), with the latter introducing only minimal hysteresis. A Peltier element placed
directly on the coil core serves as the sample holder, enabling fine control over sam-
ple temperature while keeping it as close as possible to the coil center to ensure field
homogeneity. Magnetic field calibration is performed using a Hall probe placed at
the sample position, allowing precise and reproducible field control. A Pt100 sensor
mounted directly on the Peltier element — adjacent to the sample - enables accurate
temperature measurement and regulation, maintaining fluctuations below 0.1 K [64].
To further stabilize the temperature, the microscope is enclosed in a laminar flow
box. Prior experiments revealed that the local sample temperature is highly sus-
ceptible to environmental disturbances: each person working near the microscope
increased the temperature by approximately 0.5 K within 15-30 min, and even walk-
ing past the setup could lead to a sudden drop of similar magnitude. While a PID
temperature controller could, in principle, correct such fluctuations by adjusting the
heating current, such active feedback often perturbs an otherwise equilibrated setup.
The laminar flow box thus plays a crucial role in maintaining a stable thermal en-
vironment. The Peltier element permits control of the sample temperature within a
range of approximately 285 to 370 K. The lower bound is limited by condensation,
which typically begins near 285K, depending on ambient humidity, while the upper
limit is constrained by the efficiency of the Peltier element [19, 112].

All image data for the experiments were acquired using a Hamamatsu ORCA-03G
CCD camera . With a 2 x 2 binning configuration, the camera delivers an effective
resolution of 672 x 512 pixels (excluding legend) at a maximum frame rate of 16 fps,
with a typical exposure time of 62.5ms. Binning modes of 4 x 4 and 8 x 8 enable
higher frame rates of up to 27 fps and 43 fps, respectively, at the cost of reduced spa-
tial resolution by factors of 2 and 4 along each axis.

For automated skyrmion detection, I employed the trackpy Python package [131, 132].
The algorithm identifies local intensity maxima (or minima, if inverted) by fitting a
2D Gaussian kernel. Two primary parameters govern detection: diameter, which de-
fines the feature size and kernel scale, and separation, which sets the minimum dis-
tance between features. Additional parameters such as percentile (minimum relative
peak intensity) and minmass (minimum integrated intensity) are particularly useful
for refining detection in cases where noise or poor contrast limit performance with
default settings.

Experimental Note

Over the past years, a machine-learning based approach has been developed in our
group to detect skyrmions, specifically in Kerr microscopy videos [133]. The trained
UNET model can detect skyrmions efficiently and precisely without requiring explicit
parameter choices. However, at the moment, trackpy still outperforms the UNET for
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certain conditions. For linking skyrmion occurrences to trajectories, trackpy [131, 132]
thus remained the state-of-the-art method.

3.3. Fabrication of Magnetic Thin Film Samples

Magnetic materials — whether hosting skyrmions or not — can be deposited via var-
ious deposition techniques. For the multilayer stacks investigated in this thesis, de-
position was performed using a Singulus Rotaris magnetron sputtering system.
Sputtering is a physical vapor deposition technique that enables the continuous
transfer of material from a target — serving as the source — to a substrate, under ultra-
high vacuum conditions [134, 135] (here: <1 x 10~° mbar). The deposition chamber
is filled with Argon gas, and a voltage — either constant (DC) or alternating (RF) —is
applied to the target. This induces ionization and forms a plasma near the target. The
Argon ions are accelerated towards the target, dislodging individual atoms through
momentum transfer [134, 136]. A magnetic field near the target region enhances elec-
tron confinement, thereby increasing the frequency of ionizing collisions with Argon
atoms and improving plasma stability. The liberated atoms then travel ballistically
through the chamber and condense on the substrate surface [134, 136]. Upon arrival,
the atoms reorganize — ideally — into smooth, homogeneous thin films, which can
be either crystalline or amorphous. The structural properties of the resulting layer
can be tuned by adjusting the sputtering power and Argon pressure, which in turn
influence the deposition rate and energy of the adatoms [134, 137].

The multilayer stacks used in this thesis (and in similar studies conducted in the
Klaui group) are typically of the form Ta/CoFeB/Ta/MgO/Ta [19, 63, 112]. The fer-
romagnetic layer CoFeB, with a thickness of approximately 0.8 nm to 1 nm, serves as
the functional magnetic material. The composition Co,yFeq,B,, has been found to
yield exceptionally smooth films with homogeneous magnetic properties, which is
critical for achieving low pinning and a flat energy landscape conducive to skyrmion
dynamics. The bottom Ta layer functions as a heavy metal base that induces iDMI
in the adjacent CoFeB layer. For optimal interfacial quality and to promote smooth
growth, Ta thicknesses in the range of 4nm to 5nm are commonly employed. The
CoFeB/MgO interface provides the PMA required to stabilize skyrmions in the thin-
film geometry. A thin Ta dusting layer, inserted between CoFeB and MgO, enables
further tuning of PMA, DMI, and the effective energy landscape [19, 63, 112]. This
layer is subatomic in average thickness (typically 0.05-0.09 nm) and consists of dis-
continuous islands of a few atoms, randomly distributed across the sample [138]. A
final top Ta layer serves as a capping layer to protect the stack from oxidation. In-
stead of Ta, also other materials can be used. In particular, we have started using
the transparent material HfO, as capping in order to optimize the magnetic contrast.
However, I have made the experience that samples with HfO, instead of Ta capping
may lead to faster aging effects in terms of changing magnetic properties at identical
measurement conditions. As substrates, both Si/SiO, and SiN wafers are used, with
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minor variations in substrate composition possibly influencing the magnetic proper-
ties of the film.

The ability to deposit ultrathin layers — including submonolayer dusting layers [138]
— with high smoothness is one of the main advantages of magnetron sputtering. The
multilayer structures are thus optimized such that skyrmions emerge at tempera-
tures close to room temperature, with micrometer-scale diameters suitable for Kerr
microscopy, and in an energy landscape as flat as possible to minimize pinning and
enable thermal diffusion [19, 63, 112].

Thin films are typically deposited onto substrates of several millimeters in lateral di-
mensions. For the study of skyrmions in confined geometries or wire-like structures
— as relevant for device applications — patterning of the magnetic stack is required.
One common method for patterning is based on physical removal of material outside
the desired geometry via electron beam lithography (EBL) [139]. The process begins
with spin-coating a resist onto the sample. A focused electron beam then exposes the
resist according to a predefined pattern with nanometer-scale precision. The expo-
sure modifies the resist by polymerization, rendering the exposed areas resistant to
subsequent processing. Development in a suitable solvent removes the unexposed
resist. The remaining resist protects the underlying material during ion beam etch-
ing, which removes all unprotected regions of the stack. Finally, the resist is stripped
using a strong solvent (e.g., acetone), leaving behind only the patterned magnetic
structure [139].

Contributions

The sample deposition and patterning was done my my lab colleagues. Their contri-
butions are described in detail in the Author Contribution section of every project.

Alternatively, patterning can be achieved without physical removal of material by al-
tering the magnetic properties through local irradiation. Techniques such as focused
ion beam (FIB) irradiation [88] or optical microwriting [89] deposit energy into spe-
cific regions of the film. At sufficiently high power, this energy input irreversibly
transforms the originally FM layer into a non-magnetic phase. In this way, the func-
tional magnetic structure is defined by spatially modulating the magnetic properties,
rather than the physical geometry, of the film [88, 89].
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agnetic skyrmions are topologically stabilized chiral
M magnetic structures which are stabilized by bulk or

interfacial Dzyaloshinskii-Moriya interaction (DMI)!-3.
Due to their quasi-particle nature, skyrmions are of special
interest in research for their promising applications*8. In parti-
cular, skyrmions are suggested as information carriers in data
storage devices”!0 and logic devices®$11:12 since they can be
moved deterministically and efficiently by ultralow current den-
sities due to spin-orbit and spin-transfer torques. Recently, the
diffusive motion of skyrmions due to thermal excitations was
demonstrated in thin-film multilayers which makes them
applicable for nonconventional computing!3-1¢ and leads to 2D
phases and phase transitions!718.

While for strongly driven fast skyrmion motion, pinning effects
are expected to be small'®, pinning effects have been shown to
play a crucial role in most skyrmion-based spintronic device
proposals. For racetrack memories, for example, pinning may be
used as notches to maintain a fixed distance between
skyrmions!220. Also nonconventional computing proposals such
as reservoir computing require strong pinning of the
skyrmions?122. The key step to realizing such nonconventional
computing in skyrmion textures is to obtain the appropriate
pinning strength for which one needs a method to quantify and
then understand the pinning effects. Moreover, in applications,
which rely on skyrmion diffusion, such as Brownian computing
and probabilistic computing, pinning effects are of crucial
importance as the pinning strength is often comparable to the
scales of thermal excitation and thus impacts the operation of
skyrmion-based devices!41%. Pinning or more precisely a nonflat
energy landscape for skyrmions occurs in skyrmion systems
where different interactions on similar energy scales appear.
Pinning effects due to local changes in the material parameters
compete with magnetic interactions and have a strong impact on
the static and dynamic skyrmion properties* such as the shape
and profile of skyrmions in the static ground state and during
motion2324, In particular also properties of skyrmion motion and
dynamic effects such as the skyrmion Hall effect?42> are strongly
affected by the distribution of pinning sites leading potentially to
different skyrmion Hall angle dependences on the skyrmion
size?027. The local material inhomogeneities leading to local
variations of the magnetic parameters define an energy
landscape?®> which can qualitatively impact the dynamics
depending on the details of the pinning!424.26,

Skyrmion pinning in general is an open question and hence,
quantifying and understanding the nature of the pinning
experimentally is crucial??. So far there have been only first
attempts to characterize pinning strengths by measuring the
driving forces required to unpin the skyrmion from a specific
point in space?8. Furthermore, energy landscape dependences on
pinning effects have been studied, but limited to skyrmions of
sizes similar to the grains of the sample?2:2%:30,

In particular, the current understanding of pinning is primarily
based on micromagnetic simulations or on theoretical predictions
considering effective potentials or the rigid particle description of
skyrmions?331-39, Several mechanisms have been considered to
be responsible for pinning effects and give plausible origins for
the wide range of pinning strength occurring in various materials
at different external parameters?3. These mechanisms include
local changes of the magnetic parameters induced by variations in
anisotropy3!, exchange interaction32-33 or DMI?** and the impact
of missing spins, atomic impurities>> or surface adatoms3¢:37.
Depending on the mechanism, defects attracting®2-3>-38% and
repelling3>~38 the skyrmion center or even exhibiting a combined
behavior of attraction and repulsion3®37 have been predicted and
established the conventional picture of skyrmion center pinning.
Thereby, the skyrmion center has been used to describe the

position of the skyrmion with respect to a pinning site as centered
or off-center. These theoretical predictions have been based on
micromagnetic simulations3!-3438, first principle calculations3>-37
or the equations of motion for a quasi-particle model®® with partly
contradicting claims about the mechanism of the pinning. Even
though previous investigations have noticed an influence of
deformations of skyrmions, a thorough investigation and solid
understanding of the mechanism is still missing0-3338, Experi-
mentally, little work is available with in particular strong pinning
reported in thin films?$2%40-43 where explanations for pinning
have been based on grain boundaries that are expected to occur in
the polycrystalline films and thus pinning has so far always been
considered to be a static property of the sample. However, these
predictions and possible explanations have not been explored in
detail experimentally. In particular, the effective potential or rigid
quasi-particle descriptions typically used for skyrmions have
neglected their complex spin structure with a core as well as a
delineating domain wall boundary both being deformable and do
not allow for a description of many of the complex pinning
properties observed experimentally.

In this paper, we experimentally explore the skyrmion pinning
behavior present in a thin film system. We develop a method to
ascertain the energy landscape for skyrmions quantitatively and,
by magnetic microscopy we reveal the details of the spatially
resolved skyrmion pinning. We show in our analysis of the
pinning mechanism that one has to go beyond a simplified quasi-
particle model as skyrmion pinning arises from the domain walls
allowing us to understand the complex skyrmion pinning
observed in multilayer samples and we demonstrate that sky-
rmion pinning can be tuned on-the-fly by switching certain
pinning sites on and off.

Results

Skyrmion energy landscape. We start by probing the spatial
dependence of the skyrmion pinning strength in a Ta(5)/
CoyoFegoBao(1)/Ta(0.08)/MgO(2) sample (thicknesses in nm,
details for sample fabrication in the methods section) as the first
important piece of information necessary to understand the
pinning is to ascertain the energy landscape. To achieve this, we
make use of the unique thermal dynamics of skyrmions that leads
to a diffusive random walk motion that explores the full space of
the sample!*. We measure spatially resolved the occurrence
(dwell time in relation to the full measurement time) and plot in
Fig. la the probability of pixels being occupied by skyrmions
throughout the measurement time (for details, see methods sec-
tion). These results thus reflect the probability of finding a sky-
rmion covering a certain area of the sample.

We notice that at specific positions, skyrmions are found over
nearly the entire observation time despite the regular re-
nucleation procedures in between the single videos (see methods
for details). These positions are characterized by localized high
peaks of the probability density corresponding to skyrmions
being strongly pinned. Other pinning sites show a weaker effect
on skyrmions, meaning that they pin the skyrmions for a short
period of time and then the skyrmion depins (for instance blue
meaning probabilities of 20%). Finally, the very dark blue
background corresponds to the area of low probability density
where skyrmions occur only in few or single frames throughout
the measurement (for further details about the analysis, see
Supplementary Note 1 with Supplementary Fig. 1).

Figure 1b shows the energy landscape for the sample area
corresponding to the probability distribution from Fig. 1a. We see
a non-flat surface with distinct valleys connected to pinning sites
and peaks for the positions with few observations. Thus, our
method allows us to quantitatively ascertain the full energy
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Fig. 1 Skyrmion energy landscape. a Occurrences of skyrmions in a 45 x 100 um? film are measured at 312.5 K and —88 uT. The color scale represents the
probability of pixels to be covered by skyrmions throughout the whole measured time. For example, at red positions, skyrmions were present around 80 %
of the whole measurement time whereas the dark blue areas are rarely visited. The skyrmions explore the full space of the sample, only few single pixels
are never covered by skyrmions. b Relative energy landscape surface in kgT determined from the probability distribution at 312.5K in (a).

landscape of a sample and these results can then be used to gauge
the applicability for nonconventional computing schemes.

Single skyrmion pinning. Having identified the presence of
individual pinning sites, the next step is to investigate the
underlying pinning mechanism for single skyrmion pinning. To
realize this, we focus on a small confinement structure in a Ta(5)/
CoyoFes0B20(0.9)/Ta(0.08)/MgO(2) stack (thicknesses in nm,
details in the methods section) presenting a non-uniform prob-
ability density. We study a single skyrmion in this area, which
allows for observing thermal skyrmion dynamics governed only
by the energy landscape and excluding any skyrmion-skyrmion
interaction effects.

When we analyze the skyrmion probability density map, we
find surprisingly that skyrmions of different sizes pin in very
different positions. We vary the size (core area) of the skyrmion
by up to a factor two using different applied fields at a certain
temperature?®44, We start our analysis by the conventional
effective potential rigid quasi-particle model investigating the
distribution of the positions of the effective center of mass of the
skyrmion. All observed skyrmion center occurrences at out-of-
plane field values between —43 and —31 uT are shown in a scatter
plot in Fig. 2a. The color indicates the size of the skyrmions
located at the observed coordinates. The color opacity reflects the
probability of finding a skyrmion there. In the measured field
range, the mean skyrmion radius varies from 1.27 pum at —43 uT
up to 1.68 pm at —31 pT. For comparison, those skyrmion sizes
are indicated schematically below the scatter plot in Fig. 2a and in
the color code established there. The histogram on the top shows
the size distribution from all measurements.

As a key finding we see, that at different magnetic field values
we find different pinning sites at which skyrmions are observed to
be predominantly positioned. And at each of the pinning sites, the
detected skyrmions are of a specific size. Thus, the pinning
position of the skyrmion center and the skyrmion size are
strongly correlated. To corroborate this concept, we study the
probability distributions for skyrmions at distinct field values.
Figure 2b-e show histograms of the occurring skyrmion center
coordinates for external fields between —39 and —33 pT. Also,
the size distribution of the skyrmions observed there is depicted
with the color code as used before. We find a strong size
dependence of the positions where the skyrmion center is pinned.
For instance, when we vary the applied magnetic out-of-plane
(OOP) field by only 2 uT corresponding to a skyrmion size
change by 5-8 %, the obtained probability density distribution of
the skyrmion center position varies drastically. This means that
by varying the field and thus the size, we can switch on and off
certain pinning sites and thus tune the pinning on-the-fly.

Skyrmions observed for —39 pT and below are relatively small
with an average size 1.33 um and mainly observed to be pinned at

pinning site 1 as depicted in Fig. 2d. Increasing the skyrmion size,
Fig. 2c, d show that various other pinning sites become
prominent. For the large skyrmions with an average radius of
1.63 um at fields of —33 uT and for higher fields yielding larger
skyrmions, only pinning site 3 is effective and skyrmions depin
from all other pinning sites. Throughout all measurements, the
skyrmions exhibit thermal dynamics and by varying the field we
can pin them but also then depin them from all pinning sites.
This means that the pinning is flexible and that we can move
skyrmions between different positions on-the-fly by tuning their
size: once a skyrmion becomes larger or smaller than the
characteristic size of a pinning site, this site no longer exhibits
pinning behavior. Since there is no pinning site at which the
skyrmions are permanently trapped and cannot be depinned
from, there is no universal deep minimum energy position with
strong attraction and permanent trapping. Hence, we can flexibly
tune the position where skyrmions are pinned.

For all investigated skyrmion diameters we identify pinning
sites so that the energy landscape is found to be clearly nonflat
with the probability density of finding skyrmions being strongly
nonhomogeneous. In particular, we see that the distances between
the observed pinning sites are smaller or comparable to the
skyrmion radius. Hence, the area of a skyrmion core may cover
several of the sites 1-4, which correspond to pinning sites for the
skyrmion centers of mass. We notice however that for such large
skyrmions of micrometer size, the core is homogeneously
magnetized. Thus, the translation of the homogeneous core
corresponds to a zero mode*> and cannot influence the pinning
site. In contrast, the skyrmion boundary (SB) corresponds to a
large gradient in magnetization and to a nonzero energy density
being sensitive to the energy landscape as especially the high
energy of the boundaries favors being compensated by low
potential regions*>. Figure 3 provides a schematic of how
skyrmions are pinned by the SB in the non-flat potential and
how the energetically most favorable position changes with
skyrmion size.

Due to a fixed SB, skyrmions of characteristic size still have
specific center positions. The corresponding pinning of the center
as presented in Fig. 2 and suggested in the conventional picture of
rigid particles or effective potentials acting on the centers of
skyrmions31-38 is therefore an effective approach. For the large
skyrmions investigated in this paper, the energy landscape is
responsible for a more complex pinning behavior.

Shape of pinned skyrmions. We notice that pinning of the
skyrmion governed by the boundary implies not only a size
dependence of the skyrmion but also a shape dependence. To
understand the mechanism of the pinning, we next study the
detailed shape of the skyrmions when they are pinned at different
pinning sites. For this we carry out high resolution Kerr

NATURE COMMUNICATIONS | (2022)13:3144 | https://doi.org/10.1038/541467-022-30743-4 | www.nature.com/naturecommunications 3

49

Raphael Gruber, Skyrmions in Motion — Thermal Dynamics and Ordering in 2D, PhD Thesis, Johannes Gutenberg-Universitit Mainz (2025)




ARTICLE

4. Skyrmion Pinning Energetics in Thin Film Systems

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30743-4

a
2500 250 J 250
8 ° 0 °0
0 1.25 1.50 1.75 125 150 1.75
:ljffr)mionls.iszz [um1]-75 skyrmion size [um] skyrmion size [um]
1.8 1 1 40
1 80
L] £ g F g
162 =) 60 ¢ =) e
) El g El e
= 0 M = I = & 20 &£
g ® > 40 3 > g 3
= s -1 8 -1 5 3
= 1.4_; L] 20 10
-1 & 5
1.2° -1 0 1 2 0 -1 0 1 2 0
X [um] X [um]
T 0 ! dU' 250 € 250
X [um] 9 0 9 0
125 1.50 1.75 125 150 1.75
skyrmion size [um] skyrmion size [um]
. 30 . .
3 80
1 S 1
4 = . 60 «
b 208 g
1.27 um T o & s T o g
3 ] 15 & 3 o
2 # £ 2 40 £
> S S > 2
-1 = 1og -1 8
i 20
(#'. 1 5
10 1 2 © T o0 1 2 °©
X [um] X [um]

Fig. 2 Skyrmion size dependence of the pinning. a Skyrmion occurrences in all measurements at fields between —43 and —31 uT with an average
skyrmion size between 1.27 and 1.68 um with standard deviations of about 5%. Every detected skyrmion is depicted by a scatter plot point at the coordinate
of observation. The colors represent the skyrmion size. The color intensity indicates the probability density of finding a skyrmion at a certain position. The
top histogram shows the size distribution of all observed skyrmions. The colored circles on the bottom indicate schematically the size relation of the
skyrmions among each other and the coordinate frame. b-e Histograms of the occurring skyrmion center positions in the same sample area at external
fields of (b) —39 uT, (¢) —37 uT, (d) —35 uT, and (e) —33 uT. The greyscale denotes the number of skyrmion center occurrences at a position. Even for
small field changes of 2 uT corresponding to size changes of 5-8% in region depicted by (b-e), the skyrmion distribution varies drastically and skyrmions
are pinned at different positions indicating size-dependent pinning sites. In (d), predominant pinning sites are highlighted by the dashed purple circles and
labelled with integers 1-4.
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Fig. 3 Schematics of skyrmion pinning in a nonflat energy landscape. a The 3D surface schematically shows the magnetization of a skyrmion. The dashed
line plot besides shows the negative energy density -wg of this skyrmion along a profile as shown by the purple plane. It indicates that the (exchange-)
energy density is most important in the domain walls delineating the skyrmion. The bottom part shows an exemplary schematic of a non-flat energy
landscape in blue exhibiting three distinct minima. The peaks in energy density of the specific skyrmion match two of the valleys which leads to a favorable
state of low energy in the region shaded in green as indicated by the dashed purple line. Other states as in the case of the dotted purple line yield a higher
energy and are therefore unfavorable to be pinned at this position as indicated by the red-shaded region. b shows a similar scenario for a smaller skyrmion.
Here, a minimal energy is achieved at a different position where the skyrmion energy density best matches the energy landscape (dashed purple line in the
favorable green region). Hence, the position which was favorable in (a) is now in the unfavorable red region.

microscopy. The central coordinate frame in Fig. 4a shows the
skyrmion shapes by plotting the positions of the domains walls
that constitute the SB for skyrmions at pinning sites 1-4. The SB
is defined as the position where the Kerr intensity intersects the
mean of the values belonging to the skyrmion core and the

ferromagnetic background. The average Kerr contrast intensity of
skyrmions is depicted in the surrounding plots for every pinning
site. We see that although the corresponding skyrmion center
coordinates deviate, their boundaries coincide in significant parts
of the boundary length. To demonstrate the relevance of this
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Fig. 4 Pinning of skyrmion boundaries. a The central coordinate frame shows the observed skyrmion boundary positions of the skyrmions at —35 uT at
pinning sites 1 (in blue), 2 (black), 3 (red) and 4 (green) as introduced in Fig. 2d. The positions of the corresponding skyrmion center coordinates are visualized
by the dashed purple circles, which are additionally filled in grey for better visibility. The surrounding plots depict the average intensity for each pinning site with
a color scale matching to the boundary color. b Kerr microscopy images of arbitrary stripe observations in the same sample area. Black corresponds to
magnetization pointing out of the plane while white denotes magnetization pointing into the plane. The previously determined skyrmion boundaries are plotted
additionally for comparison. The paths of the skyrmion boundaries fit the domain boundary position of the stripes in significant parts.

effect, we present an additional example for differently sized
skyrmions pinned at the same position is presented in Supple-
mentary Note 2 with Supplementary Fig. 2. Note that for such
large skyrmions, translation and deformation of the SB in a flat
potential require very little energy>. Thus, recurring SB positions
that coincide between different configurations provide strong
evidence that pinning has to be present at the SB. However, the
distance between the clearly distinct clusters of pinning sites 1
and sites 2—4 is of the order of or larger than the skyrmion radius
and suggests that the difference between the pinning sites cannot
be associated solely with a change in shape but the size is crucial.
The equilibrium size of a skyrmion is thus governed by the
applied magnetic field and temperature, based on the funda-
mental magnetic material properties! 44446,

To corroborate this pinning mechanism further, we explore
pinning of stripe domains: the pinning mechanism should also be
visible when studying domain walls in the stripe domain phase,
rather than in the skyrmion phase. By tuning the OOP field and
the nucleation process we obtain stripe domains as shown in
Fig. 4b in the same confined sample as used for the skyrmion
observation (single frame examples of stripe domains originating
from different nucleation events). The domain walls of the stripe
domains match the contours where the skyrmion domain wall
boundaries were observed previously.

Having identified the domain walls at the skyrmion boundary
as decisive for the pinning, we finally demonstrate how such a
mechanism can arise. We use micromagnetic simulations with an
arrangement of regions, which pin the domain wall. Exemplarily,
the anisotropy is reduced in these regions as it is the magnetic
property most sensitive to structural variations in the film and in
particular the interfaces. As shown in Fig. 5, we can reproduce the
observed pinning behavior by reducing the perpendicular
magnetic anisotropy in three regions which are indicated as red
boxes. Similar as in the experiment, the trajectory of a single
skyrmion is tracked inside a small confinement and the skyrmion
center positions are different when varying the skyrmion size due
to the skyrmions being pinned with their boundary. Figure 5a, b
shows histograms of the occurring skyrmion center coordinates

for both skyrmion sizes. A strong dependence of the center
accumulation positions on the skyrmion size is observed,
qualitatively supporting the experimental findings. Moreover,
distinct skyrmion center accumulation points are observed
although the underlying mechanism is pinning of the skyrmion
boundary and not of the skyrmion center. The size of the smaller
skyrmion is 5.7 nm meaning that its boundary can overlap only
with two of the three pinning areas whereas the boundary of the
larger skyrmion can overlap all three areas with a mean size of
10.3 nm. The occurring skyrmion sizes are shown in a histogram
for Fig. 5a, b and furthermore, the mean sizes with respect to the
coordinate frames used are depicted in Fig. 5¢c. Note that the SB
usually makes up a much larger proportion of the skyrmion for
nanometer-sized skyrmions than for the micro-scale skyrmions
used experimentally. Given that the domain walls are the most
highly energetic part of the skyrmion because of the rapid
variation in the magnetization direction on a nm scale as
compared to a homogeneously magnetized core of pm extension
in the experiment, one can understand why variations in the
magnetic properties most strongly influence the pinning of
the skyrmion boundary domain walls. Further details on how the
skyrmions of different size arrange in the simulation setup are
found in Supplementary Note 3 with Supplementary Fig. 3.

Discussion

Our results show that thermal skyrmion dynamics is a powerful
method to ascertain the energy landscape of a sample. As a key
finding, we demonstrate that the skyrmions explore by thermal
dynamics nearly the full area of a state-of-the-art thin-film device
and exhibit significant pinning at certain locations with a parti-
cular distribution. This highlights that the energy landscape
contains distinct minima but virtually no highly repulsive max-
ima. Since the pinning positions are featured at different tem-
perature and out-of-plane field values, we deduce the behavior to
be based on local variations in the materials parameters26-47-48
originating from the thin film growth process. As shown in our
previous work on such samples, the observed pinning sites in this
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Fig. 5 Skyrmion boundary pinning simulation. Histograms of occurring skyrmion center positions for external out-of-plane fields of (a) 0.15T and
(b) 0.05 T based on micromagnetic simulations. The greyscale represents the number of skyrmion center occurrences at a position. Red boxes indicate the
area where the magnetic anisotropy is reduced. The top histograms show the skyrmion size distribution. ¢ Size comparison of the average sizes from

(a) and (b). The scaling is identical for (a-c).

sample are weak enough so that driving skyrmions by spin-orbit
torques is able to overcome the pinning and move skyrmions!.
So the combination of quantified pinning sites and a possible
skyrmion manipulation bodes well for applications in non-
conventional computing since for instance reservoir computing
needs pinning to ensure the reservoir’s stability. A quantitative
description of the pinning strengths and locations, as obtained in
this work, gives access to the reservoir’s performance, in parti-
cular regarding the reservoir’s complexity, memory, and its
nonlinearity?>4°.

We find that the pinning sites, at which skyrmion centers are
located, vary drastically with the skyrmion size. In particular since
the skyrmion size can be directly tuned by the applied external
field at a fixed temperature!426:4446 this observation allows for
an experimental control of the skyrmion pinning sites that goes
beyond the previously assumed static pinning energy landscape.
In particular, we can actively manipulate the efficiency of the
pinning sites by varying the skyrmion diameter and thus tune the
effectiveness of single pinning sites: once the size of the skyrmion
is incommensurate with the pinning site, the pinning site is
effectively shut off. This allows for an unprecedented engineering
of the skyrmion energy landscape on-the-fly during device
operation, which might prove useful for a possible application
with tunable pinning as theoretically suggested?>.

By magnetic microscopy, we find that the spacing between the
distinctly observable positions where center positions of differ-
ently sized skyrmions accumulate, is sometimes smaller than the
skyrmion radius. The experimental evidence shows that the
observed effects cannot arise due to the pinning of the skyrmion
core, which is uniform over an area exceeding the distances of
the pinning sites. Instead, the skyrmion pinning originates from
a mechanism that pins the domain walls at the skyrmion
boundary (SB). From the direct observation of SB position, we
conclude that the observed pinning sites arise due to the SB being
pinned along certain complex contours. We furthermore note
that since the obtained distinct regions where the skyrmion tends
to be pinned are much smaller than the homogeneous core of the
skyrmion, the skyrmion is not pinned at a point-like grain but
rather by a distribution of points within a region of at least the
size of the skyrmion. Due to characteristic occurring sizes, still
distinct skyrmion center positions arise but are not very mean-
ingful measures for the present pinning. In general, pinning
yields a spatially varying additional energy contribution for the
equilibrium state compared to the case without pinning and thus
impacts the skyrmion shape. At a constant applied field, a

distribution of skyrmion sizes is observed and in particular, it
becomes clear that the detailed energy landscape is responsible
for the size and shape of a skyrmions occurring at a specific
position. Finally, we can conclude that this mechanism is decisive
for the position that the skyrmion is pinned at and determines
the path of the contour along which the SB is positioned. From
the shape-determining SB pinning mechanism, we especially
deduce that conventional rigid particle descriptions or effective
potentials are not sufficient to portray the actual complex pin-
ning mechanism.

Since the thermal excitation is competing with the pinning
energy on the same energy scale, the skyrmion is able to move in
the sample region in the non-flat energy landscape. Moreover, it
can undergo size changes of on average 5-10 %. Increasing its
size, a skyrmion can match two different pinning features with
different sections of its boundary. For example, while skyrmions
at sites 2 and 4 show approximately the same size of around
1.5 pm, site 3 yields characteristic values above 1.7 um. Thereby,
the energy difference arising from the size variation occurring
even at a fixed field can be explained by a compensation due to
the pinning. In particular, both states featuring different sky-
rmion size and pinning are accessible by the thermal fluctuations
present. Furthermore, we clearly observe that not only the size is
determined by the pinning, but also the shape. Skyrmions at site 2
are elongated with the average eccentricity of 0.13. The resulting
shape can again be well explained by the SB being pinned along a
contour as set by the grain level such that an enhanced coin-
cidence of SB and pinning feature may be energetically more
favorable than the equilibrium shape in a flat potential. SB pin-
ning introduced in micromagnetic simulations reproduces the
size-dependent skyrmion center positions, which cannot arise
from previously often assumed pinning due to the skyrmion core.
The boundary pinning concept is further corroborated by the
analysis of randomly generated static configurations of stripe
domains which are shown to share the same boundary positions
as the investigated skyrmions.

Since antiskyrmions® are also surrounded by domain walls
that delineate the spin structure®, the boundary-induced pinning
effect should occur analogously to the skyrmion case studied here.
In the case of antiferromagnetic skyrmion-like textures”!»>2
however, the specific influence of the magnetic parameters that
are unique to (synthetic) antiferromagnets, such as local varia-
tions of the antiferromagnetic exchange between the sub-lattices
(respectively the RKKY between the two layers) will lead to
additional effects®>34.
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In conclusion, pinning is a key feature relevant for many
skyrmion-based spintronic devices. It allows to control many
aspects of skyrmion dynamics such as nucleation, direction of
motion, and speed. In racetracks memory concepts, for example,
pinning allows to control the inter distance between
skyrmions!2°>-57, Pinning is even more essential for devices,
which exploit skyrmion diffusion as in neuromorphic®3-0,
probabilisticl461, reservoir?24° or Brownian computing!®62,
Thus, pinning effects must not only be taken into account when
realizing applications but certain pinning is actually required for
the operation of some non-conventional computing devices and
so understanding the pinning is a key requirement to ensure
functionality. Whereas in some cases, the particle-like approach
with the skyrmion being pinned in the center of site works, we
find that in other cases it is the SB, which is pinned - depending
on the skyrmion size and stiffness, as well as the energy land-
scape. Thus, with our findings, the pinning effect can even be
exploited in new kinds of applications. For instance, a parameter
variation as in terms of the anisotropy or DMI that can be tuned
by electric fields or simply by varying the applied external mag-
netic field as shown here, we can switch on or off pinning at
certain sites. This provides a flexible means to control skyrmion
dynamics for potential new applications. And by tuning the
pinning efficiency, applications such as reservoir computing or
other non-conventional computing schemes can be enabled.

Methods

Sample characterization. Multilayer stacks of Ta(5)/Co,FesoB20(0.9-1)/Ta(0.08)/
MgO(2) as used in previous studies'43 are investigated. The values in parentheses
indicate the layer thickness in nanometers. After deposition, the stacks are
annealed at 250 °C at vacuum pressure to obtain perpendicular magnetic
anisotropy.

For the energy landscape analysis, the skyrmions are observed within a
confinement structure of 60 x 120 um?2. However, the extension of the device is
large enough to be treated as continuous film with respect to used skyrmion sizes,
the governing diffusion constant and the observation time scales!“.

For the detailed study of magnetic pinning at a certain position, a disc with
17 pm diameter as previously investigated for diffusion in confinement®? is used to
ensure a single skyrmion to be present in a specific region.

The stacks were deposited by DC magnetron sputtering with a Singulus Rotaris
sputtering tool using a base pressure of 3 x 10~8 mbar. With the mentioned tool,
the layer thickness can be controlled precisely with a reproducible accuracy of less
than 0.01 nm. The stacks used are comparable in terms of the temperature and
magnetic field region where skyrmions occur as well as in the obtained skyrmion
sizes showing good reproducibility.

All confinement structures were patterned by electron beam lithography (EBL)
and Ar ion etching. The samples exhibit perpendicular magnetic anisotropy (PMA)
and we confirmed that they host magnetic structures of non-trivial topology
demonstrating skyrmion character!463,

Measurement setup. A commercial evico magnetics GmbH Kerr microscope
including an in-plane (IP) field coil is used in combination with an electromagnetic
coil for out-of-plane (OOP) field control which was custom-made at the University
of Mainz. For this small coil without magnetic core, a precise current control is
used to realize OOP fields of the order of microtesla and with sub-pT precision.
The field values are calibrated with a sensitive Hall probe, corrected by the hys-
teresis offset and reproduced in several measurement series. The magnetic struc-
tures are made visible exploiting the polar magneto-optical Kerr effect (MOKE)
using a time resolution of 62.5 ms corresponding to 16 frames per second. To
enable heating, the sample is placed on a Peltier element and a Pt100 sensor is
attached to the Peltier element right next to the sample for temperature control.
The temperature stability was ensured to be within 0.1 K.

The samples are heated by a Peltier element to temperatures between 300 and
350 K in order to get stable skyrmion phases exhibiting thermal motion!4.

Investigated skyrmion systems. The skyrmions are nucleated at measurement
temperature and OOP field by additionally applying an IP field sweep. During a
sweep, a saturating IP field is rapidly switched off to relax spins into an equilibrium
state. We are able to control the number of skyrmions in the geometry by the field
strength to obtain desired skyrmion densities®>.

To quantify and investigate the occurrence of pinning in the continuous sample,
an array of many skyrmions is nucleated. The high number of skyrmions helps to
acquire statistically relevant skyrmion occurrences throughout the whole region
within the observation time. However, the skyrmion density is kept sufficiently low

with the skyrmions appearing at distances of several skyrmion diameters so that a
significant influence of repulsive skyrmion-skyrmion interactions on the thermal
motion can be ruled out!%. To obtain the necessary statistics to quantify the
strength of single pinning sites but also to qualitatively observe where pinning sites
occur on the sample, 20 videos of 9600 frames (ten minutes length) each with re-
nucleated skyrmions are recorded. The re-nucleations thereby enable the
skyrmions to occur at new positions each time. Especially, we ensure that skyrmion
nucleation does not occur directly at pinning sites so that skyrmions exhibit
significant thermal dynamics before they might eventually become trapped at a
strong pinning site and thus the full space of the sample is explored and not limited
by repulsive skyrmion-skyrmion interaction!4.

To study the skyrmion dynamics near pinning effects in a thin film, we nucleate
a single skyrmion in a disc with 17 um diameter. In this confined geometry, the
skyrmion can explore the energy landscape but cannot escape from the disc. For
the analysis of the experiment, we have selected a sample where we find that the
skyrmion positions are not homogeneously distributed but influenced by pinning
but there is no pinning site, which permanently traps the skyrmion. This
furthermore enables to study the skyrmion dynamics even for differently sized
skyrmions. The skyrmion was nucleated and recorded for ten minutes (9600
frames) for each skyrmion size related to a certain value of the OOP field value. As
the skyrmion is continuously moving between different positions and thus never
permanently trapped at a pinning site, multiple nucleation events are not required
in this case.

The skyrmion size can directly be tuned by the applied magnetic out-of-plane
field!446 and temperature!444. With our measurement at constant temperature, we
can thus tune the average skyrmion size by the external field value!440. We do not
find that the skyrmion is ever leaving the disc or is annihilated inside the disc
during the measurements for the field and temperature ranges studied.

Skyrmion imaging and tracking. The videos are acquired with the CCD camera of
the microscope, the trackpy®* package is used to preprocess the frame images and
detect the skyrmions. The preprocessing includes both background gradient
compensation and noise filtering. The detection is then performed by fitting two-
dimensional Gaussian kernels for localized intensities exceeding certain thresholds
in terms of intensity and size. The optical spatial resolution of the MOKE
microscope (=300 nm) is better than the skyrmion size but domain boundaries
cannot be resolved. Changes in the magnetization lead to a significant intensity
edge and the dimensions of the skyrmions can be determined with subpixel
accuracy. The validity of those obtained quantities well below the single-pixel range
was ensured by a wide variation of the tracking parameters and comparison of
intensities of single frames as well as averaged over frames yielding quantitatively
identical results. Therefore, a spatial resolution well below 100 nm is reached for
the detection of the skyrmion center of mass positions. As the skyrmion size, the
gyration radius of the fitted intensity profile is established by the tracking
algorithm®. Note that this size is smaller than but still a measure for the actual
extent of the magnetic texture.

The video contrast is enhanced by the microscope performing background
subtraction. Since we have access to both unprocessed images and used background
images, sample drifts occurring can be detected at the confinement edge and
quantified with precision well below the single-pixel regime. In the analysis, the
drift can thus be compensated. Furthermore, comparing the position of the
confinement edges for every measurement makes it possible to establish a reference
coordinate frame. All detected skyrmion positions are expressed in this coordinate
system. There, the observations are compared with all the conducted
measurements.

A further important part of the analysis is the detection of skyrmion boundary
(domain wall) positions. These cannot be obtained directly from single-frame
images since the magnetic contrast in images from the Kerr microscope is too low.
The skyrmions observed here are of micrometer size and their center of mass can
therefore be detected and located precisely since they cause an average difference in
the intensity level over all the several pixels that they cover. However, the domain
walls present at the skyrmion boundaries are of widths in the subpixel regime!463.
Therefore, the intensity edge originating from the transition between the skyrmion
core and the ferromagnetic background would be expected to occur within one
pixel but the present noise prohibits even a skyrmion boundary (SB) detection with
pixel accuracy. Nevertheless, the SB can be determined accurately when averaging
over similar frames due to gained statistics regarding the position and noise being
averaged out. Therefore, the individual frames are assembled in groups such that
each group contains skyrmions located at one specific position. The intensities of
those frames are then averaged within every group to average out noise. Edge-
preserving bilateral filtering is used to further reduce the noise present despite the
frame averaging. The position of the SB per pinning site is then obtained as the
contour where the filtered intensity profile intersects the mean value between core
and ferromagnetic background level. The group elements are selected by skyrmion
center coordinates corresponding to the centers of peaks in the probability density
distribution. Due to the selection by a small range of center coordinates, we
consider only skyrmions with negligible variations and hence ensure that the SB
position is preserved in the averaging. Still, at least 350 corresponding to 3.7% of
the total observations are considered per pinning site and hence allow for an
adequate determination of the SB position.
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Supplementary Notes

Supplementary Note 1

Supplementary Fig. 1 provides additional information regarding the skyrmion occurrences in the thin
film sample. Besides the probability of finding a skyrmion at certain positions, it shows the positions of
skyrmions in the beginning and at the end of the observations in Supplementary Fig. 1a. Whereas the
newly nucleated skyrmions (blue dots) are evenly spread over the sample, the skyrmions at the end of
every video (red dots) are as expected often found at pinning sites. The histograms along the x and y
axis indicate furthermore that the skyrmion distribution is uniform along the sample axes throughout
the measurement time.

Within the observed area, the positions featuring strong pinning appear evenly spread. The green
annotations in Supplementary Fig. 1a exemplarily provide a few distances in micrometers between
pinning spots. To study the spatial distribution of pinning sites, we therefore also look at the Fourier
transformation of the histogram of skyrmion center positions. The radial dependence of the FFT
intensity is depicted in Supplementary Fig. 1b as a function of real space distances. The distances
denoted in Supplementary Fig. 1a are indicated by the green solid lines and lay within the FFT region
with high intensities. This indicates a range of characteristic distances between positions at which
skyrmions appear for a significant amount of time. We therefore conclude the existence of typical
lengths under which strong pinning centers occur. In the analysis, we restrict ourselves to the radial
dependence of the FFT since the angular distribution is homogeneous meaning that there is no
preferred axis in the sample along which pinning sites are observed.

The detailed investigation of the underlying physical reason for this repeated appearance of pinning
centers is beyond the scope of this paper. However, since locally varying material parameters result in
the occurrence of pinning sites, this effect is potentially featured by a periodic appearance of impurities
which can be governed by the physics of the manufacturing procedure of the amorphous multilayer
stack. Therefore, the sample growth must be considered when fabricating a stack with specific pinning
properties.
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Supplementary Note 2

Skyrmions at pinning site 1 can appear at slightly varying positions depending on the skyrmion size.
Supplementary Fig. 2a shows skyrmion boundaries for two different occurring skyrmion center of
mass positions, which are indicated in Supplementary Fig. 2b. The SB position coincides at one side for
both skyrmion sizes indicating a pinned behavior. However, the extension is different on the other side
and determined by the size. Therefore, different skyrmion center positions can occur at this particular
site (see Supplementary Fig. 2b). The size difference belonging to this variation of the center positions
is visible in Supplementary Fig. 2c.

Supplementary Note 3

The small skyrmions appear between the regions of lowered anisotropy introduced in the simulation.
Supplementary Fig. 3a shows the probability map of skyrmion center occurrences as presented in Fig.
5. Supplementary Fig. 3c,e show the perpendicular magnetization component of two such simulated
skyrmions at different positions exemplarily. As proposed by our SB pinning concept, the area with
reduced anisotropy is thereby occupied mainly by the SB depicted in white. Similarly, Supplementary
Fig. 3b,d,f show the center occurrence probability and magnetization components along the z-direction
for two simulated skyrmions, respectively. Now, the large skyrmions do not fit between the boxes
anymore with their core. Instead, they arrange above or below to maximize the overlap of their SB with
the reduced anisotropy region while keeping the same overlap small for their core.

During that process, the skyrmions are also deformed with average eccentricities of 0.05 and 0.11 for
the small and the large skyrmion, respectively.
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Supplementary Figures
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Supplementary Fig. 1. Occurrence of the pinning. (a) The greyscale image shows the probability of
skyrmions covering certain pixels as established in Fig. 1. The blue and red scattered spots depict the
skyrmion center positions at the beginning and end of every video, respectively. The normalized
histograms on the top and right show the uniformity of the of x- and y- coordinate distribution of every
observed skyrmion center. The green lines with annotations in micrometers show distances between
arbitrarily selected pinning sites. In (b), the radial part of the FFT intensities of the skyrmion occurrences
from (a) is depicted whereby the frequencies are rescaled to real space distances. The green lines indicate
the distances denoted in (a).
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Supplementary Fig. 2. Pinning of differently sized skyrmions at same pinning site. (a) The bottom
coordinate frame shows the contours of the two distinct skyrmion sizes occurring at the same pinning
site during the measurement at -37 uT. The above panels show the Kerr intensities of the respective
skyrmions analogously to Fig. 4. (b) Skyrmion center occurrence probabilities at -37 uT from Fig. 2c. At
the pinning site which was labeled as 1 in the main text, the skyrmion center position can vary slightly
depending on the skyrmion size. Two possible positions labeled as 1A and 1B are picked which
correspond to the red and black boundaries and intensities shown in (a), respectively. (c) Similarly, the
two positions presented in (b) are indicated also in the size dependence plot from Fig. 2a.
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Supplementary Fig. 3. Arrangements of skyrmions in boundary pinning simulation. (a-b) Histograms of
occurring skyrmion center positions for external out-of-plane fields of (a) 0.15 T and (b) 0.05 T based on
micromagnetic simulations as presented in Fig. 5. (c-f) The z-component of the unitary magnetization
direction M,/M; of simulated skyrmions. The small skyrmions at 0.15 T in (c,e) fit between the pinning
areas which are thereby covered by the SB, but not the core. In contrast, the large skyrmions at 0.05 T in
(d,f) move to the top and bottom to maximize the overlap of the SB (corresponding to white region) with
the area of reduced anisotropy while not covering it with their cores.
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4.2. Additional Results and Experimental Remarks

Additional results and methods related to the article in section 4.1 are explained in
detail in my Master thesis [140].
Specifically, my Master thesis contains information about:

¢ the perpendicular alignment of OOP and IP field coils by monitoring the hys-
teresis shift

¢ determination of the magnetic background field due to the earth magnetic field
as well as due to magnetic fields in the surrounding by analyzing the field offset
of the hysteresis loop

¢ explanation of the background subtraction method for enhanced magnetic con-
trast

¢ determination and compensation of physical sample drifts when recording
videos with background subtraction

¢ coordinate mapping for independent measurements of the the same sample
area

¢ analysis of the skyrmion boundary occurrence as shown in the article in sec-
tion 4.1 [64] as well as for a different sample, where a skyrmion circles around
a strong pinning site

4.3. Author Contributions

I performed all the experiments at the Kerr microscope on my own. Previous mea-
surements of similar kind were done by Chengkun Song and analyzed by Maarten
A. Brems. The majority of the data analysis shown here was done by me and I also
developed the Python code that I used. I specifically performed the skyrmion detec-
tion using trackpy [131]. With the help of Jakub Zazvorka, I calculated the probability
density map of skyrmion occurrences to extract the energy landscape. For the exper-
iments, I analyzed the skyrmion occurrence positions yielding the size-dependent
pinning effect. I also developed and performed the analysis of domain boundaries
for both skyrmions and stripe domains. Maarten A. Brems had the idea of investi-
gating the effect for stripe domains.

The micromagnetic simulations were performed and analyzed by Maarten A. Brems
with the consulting help of Davi R. Rodrigues. The schematic Fig. 3 in section 4.1 [64]
was created by me and conceptualized by Maarten A. Brems and myself based on an
idea by Karin Everschor-Sitte and. The magnetic multilayer samples were deposited
by Mehran Vafaee and Jakub Zazvorka. The patterning of the devices was done by
Nico Kerber and Boris Seng.
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Davi R. Rodrigues helped with the interpretation of the results and with the paper
outline design. He also suggested the micromagnetic simulations. Karin Everschor-
Sitte, Peter Virnau and Mathias Kldui supervised and guided this work. Takaaki
Dohi provided consulting help as postdoctoral researcher in our skyrmion research
group. Peter Virnau and Mathias Kldui contributed as PhD supervisors and principal
investigators and provided advice in regular discussions.
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300-Times-Increased Diffusive Skyrmion Dynamics and
Effective Pinning Reduction by Periodic Field Excitation

Raphael Gruber, Maarten A. Brems, Jan Rothérl, Tobias Sparmann, Maurice Schmitt,
Iryna Kononenko, Fabian Kammerbauer, Maria-Andromachi Syskaki, Oded Farago,

Peter Virnau, and Mathias Klédui*

Thermally induced skyrmion dynamics, as well as skyrmion pinning effects, in
thin films have attracted significant interest. While pinning poses challenges

in deterministic skyrmion devices and slows down skyrmion diffusion, for
applications in non-conventional computing, both pinning of an appropriate
strength and skyrmion diffusion speed are key. Here, periodic field excitations
are employed to realize an increase of the skyrmion diffusion by more than two
orders of magnitude. Amplifying the excitation, a drastic reduction of the effec-
tive skyrmion pinning, is reported, and a transition from pinning-dominated dif-
fusive hopping to dynamics approaching free diffusion is observed. By tailoring
the field oscillation frequency and amplitude, a continuous tuning of the effec-
tive pinning and skyrmion dynamics is demonstrated, which is a key asset and
enabler for non-conventional computing applications. It is found that the peri-
odic excitations additionally allow stabilization of skyrmions at different sizes for
field values that are inaccessible in static systems, opening up new approaches

applications in data storage and logic in
thin film multilayer systems. The topo-
logically non-trivial magnetic skyrmion
textureB34 is stabilized by the Dzyaloshin-
skii-Moriya interaction (DMI) and exhibits
quasi-particle properties.’®! Hence, the
skyrmion can serve as stable informa-
tion carrier in logicl®! and memory!*10-12
devices. Thereby, tailoring the skyrmion
dynamics is a key asset for efficient device
operation. For certain devices, determin-
istic motion is required, which can be
realized by a number of mechanisms
including external fields, temperature, as
well as their gradients,>”! and by spin
torques generated by currents.'8261 In
the latter case, the skyrmion velocity can be

to ultrafast skyrmion motion by transiently exciting moving skyrmions.

1. Introduction

Skyrmions are chiral magnetic structures™ that are of major
scientific interest as they are promising candidates for various
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efficiently set by the applied current den-
sity. However, skyrmions can also undergo
thermally activated diffusion,®*31 which
is dependent on temperature and sample-specific material
characteristics!®?/2l and has been lacking means to control
the diffusive motion. Thermal diffusion is desired for various
applications in non-conventional computing with the perfor-
mance scaling with the diffusion. Non-conventional computing
has recently moved to the focus of research because it enables
low-power realizations of complex computing tasks, for which
a special need has become apparent in the context of the enor-
mous power consumption of information technology. In case of
skyrmions used in Brownian computing concepts,[6:%29:30:32-34
the energy necessary for the actual computation may predomi-
nantly be provided as thermal activation from the surrounding.
Specifically, skyrmion diffusion has been employed recently in
a Brownian reshuffler™ as a decorrelation mechanism for prob-
abilistic computing,®#3 but also in Brownian reservoir com-
putingB®¥ and in Brownian token-based computing.l*3%-3? In all
these skyrmion-based computing devices, both operation speed
and energy efficiency are heavily dependent on and scaling with
the skyrmion diffusion speed: In Brownian token-based com-
puting on the one hand, diffusion is used as propagation mech-
anism for the skyrmions to search forward paths in token-based
computing networks. On the other hand, in Brownian reser-
voir computing, skyrmion diffusion serves as automatic reset
mechanism and is necessary to overcome device imperfections.
Even though skyrmion diffusion on the reported time scales!®l
has recently been experimentally demonstrated to successfully
enable Brownian reservoir computing,?4 a faster operation of

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

Raphael Gruber, Skyrmions in Motion — Thermal Dynamics and Ordering in 2D, PhD Thesis, Johannes Gutenberg-Universitat Mainz (2025)




5. 300-Times-Increased Diffusive Skyrmion Dynamics and Effective Pinning Reduction by Periodic Field Excitation

ADVANCED

ADVANCED
MATERIALS

SCIENCE NEWS

www.advancedsciencenews.com

such devices or especially processing input signals on shorter
time scales—such as for the newly proposed audio recogni-
tion®*l—is only enabled by higher skyrmion diffusion speeds.
Unless strongly driven, the skyrmion dynamics has been found
to be heavily impacted by size-dependent pinning effects that
induce a non-flat effective energy landscape.”-”l Thus, pinning
causes non-homogeneous probability densities for skyrmion
occurrences,”’] reducing the reliability of conventional skyr-
mion devices and making device operational properties vary
between samples. Thus, pinning leads to unwanted and uncon-
trolled variations from device to device. Consequently, pinning
can impede the functionality of devices relying on deterministic
skyrmion motion and has additionally been shown to massively
slow down skyrmion diffusion® to the detriment of the perfor-
mance of diffusion-exploiting devices.”) For skyrmion-based
neuromorphic computing, skyrmion pinning of an appropriate
strength can be an essential source of non-linearity, though
one needs to be able to tune the pinning effect so it appro-
priately competes with other interactions in the system.[343!
Hence, there is a clear need for means to control the diffusion
and attenuate pinning effects to achieve higher operation reli-
ability and to speed up or even enable specific computations
by enhanced diffusion as proposed for pinning-free thermal
dynamics.*!

Periodic excitations of systems have become a topic of major
interest recently as periodic modulation can not only vary the
properties in time but even stabilize new states epitomized by
Floquet states.*”) In magnetic systems, periodic drive even in
the classical limit has shown to excite eigenmodes—such as the
skyrmion breathing mode in the GHz regime—and parametric
pumping can be used to manipulate skyrmions.*! However, so
far the impact on the motion and translational dynamics has
not been explored.

In this work, we study how the skyrmion diffusion can be
tuned by periodic excitations due to an oscillating out-of-plane
magnetic field. In contrast to the well-studied case of static
fields, %] we find that we can directly control the effective

www.advmat.de

pinning by applying field oscillations. Therefore, the observed
effect can be a key enabler for non-conventional computing
schemes. We find specifically that the skyrmion diffusion coef-
ficient can be increased by more than two orders of magni-
tude at a constant temperature. Unlike other methods to tune
skyrmion diffusion by external drives, which employ random
sequencing of deterministic excitations,””) our method does
not require to input any external randomness to the system.
Instead, we solely rely on deterministic (periodic) excitation in
the sub-Hz to kHz regime and exploit the intrinsic system prop-
erties. Beyond the drastic increase in the dynamics, we find that
qualitatively, the dynamic regime changes from pinning-domi-
nated to approaching free diffusion. Moreover, we observe that
during the oscillating field excitation, skyrmions remain stable
at field values that lead to much larger and smaller diameters
than achievable for stationary field configurations. This obser-
vation may lay a foundation for ultrafast skyrmion transport by
transiently tuning the size of skyrmions during brief applica-
tion of spin torques or field gradients to move them.

2. Diffusion Enhanced and Tuned by Magnetic
Field Oscillation

We investigate the diffusion of skyrmions in a Ta(4)/
CoyoFegoB,0(0.85)/Ta(0.08)/MgO(2)/HfO,(4) multilayer stack
exhibiting low pinning.l®?”) Layer thicknesses are given in
nanometers in parentheses. The skyrmion density is controlled
by the nucleation sequence including the out-of-plane (OOP)
magnetic field and is kept low to suppress skyrmion—skyrmion
interactions. The magnetic contrast is established in real time
using Kerr microscopy with blue light and a time resolution of
62.5 ms. From the obtained movies, the skyrmions are detected
and trajectories are linked with trackpy.l*?) We start by studying
the diffusion using our previously established method.%®]
Then, we compare this diffusion to the dynamics when addi-
tionally applying an oscillating OOP field. Figure 1la shows
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Figure 1. Enhanced skyrmion diffusion and stability in field oscillation. a) The skyrmion diffusion constant D depends on field oscillation frequency
fand peak-to-peak amplitude A. Solid lines are guide to the eye along a frequency scan at fixed amplitude. For low frequencies, the maximum appli-
cable field amplitude A,,,, for which skyrmions do not annihilate, is limited. Therefore, not all amplitudes can be evaluated over the whole frequency
range, the inaccessible region is indicated by the gray-shaded area. b) A, (gray) increases with frequency. Higher amplitudes lead to an increasingly
fast decay of the number of skyrmions. Amplitudes are shown that correspond to a half-life of 10 (orange) and 1s (red). c) A, also increases with
increasing offset field values (i.e., skyrmion size) while keeping f constant at 100 Hz, as shown by the gray line. Amplitudes leading to half-lives of 5
(orange) and 1s (red) behave similarly.

Adv. Mater. 2023, 35, 2208922 2208922 (2 of 8) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

65

Raphael Gruber, Skyrmions in Motion — Thermal Dynamics and Ordering in 2D, PhD Thesis, Johannes Gutenberg-Universitat Mainz (2025)

85U8017 SUOWIWOD BA1ER1D 8 cedt [dde au Aq peusenob afe e joie YO ‘8SN J0 S8|nJ o A%eiq1T8UlUO A8]IAA UO (SUO I PUOO-PUB-SWLBILIOY" A8 | 1M Afe.d 1jBu [UO//:Sdny) SUONIPUOD pue sWwie | 8U) 89S *[6202/90/02] U0 ARiqi]auliuo A8]IM ‘ZUlR I XRyIo![qIcsISBAIUN Ad 226802202 BUIPE/Z00T 0T/I0P/WO0D A8 | im Ake.q Ul |uo'peoueApe//Sdny woiy pspeojumoq ‘2T ‘€202 ‘S60vTZST




5. 300-Times-Increased Diffusive Skyrmion Dynamics and Effective Pinning Reduction by Periodic Field Excitation

ADVANCED

ADVANCED
MATERIALS

SCIENCE NEWS

www.advancedsciencenews.com

how the diffusion coefficient depends on field amplitude and
frequency. Generally, larger amplitudes yield a higher diffusion
constant. For constant amplitude, however, D increases from
the unexcited case up to a peak at f= (10 + 2) Hz and decreases
again for higher frequencies. By variation of the frequency and
amplitude, we can effectively tune the skyrmion diffusion coef-
ficient even at a constant temperature. In particular, we find a
maximum increase by a factor of = 330 in the diffusion coef-
ficient comparing excited and unexcited diffusion. And this
maximum is currently only limited by the time resolution of
our optical detection scheme. As discussed in Note S2 (Sup-
porting Information), such an acceleration in the diffusion can
be a key enabler for non-conventional computing by signifi-
cantly decreasing the mean computation time of, for example, a
skyrmion-based microscale Brownian half-adder.’)

Next, we discuss the mechanism of the diffusion enhance-
ment effect due to size oscillations in the context of skyrmion
boundary pinning. Previous investigations have shown (both
experimentally and micromagnetically) that the position where
a skyrmion is pinned at a fixed external field without applied
oscillation is often not favorable when the skyrmion becomes
smaller or larger.”’l Thus, when the size of the skyrmion is
changed by an out-of-plane field,*?*} the effective pinning
energy landscape changes as well and new pinning positions
become favorable.”’) We note that the change in size due to
field oscillations up to the kHz regime is qualitatively different
from the skyrmion breathing mode,*! possibly leading to only
segments of the skyrmion boundary moving to expand the
skyrmion.[*’]

During the field oscillation, the skyrmion with its varying
size experiences a variety of different effective energy land-
scapes, some of which may make it easier for the skyrmion
to escape from its current position by thermal diffusion, and
thus effectively depin the skyrmion. We note that the diffusion
enhancement is generally larger when the oscillation amplitude
is larger. We attribute this effect to a stronger variation of the
skyrmion size making a broader range of energy landscapes
accessible such that skyrmions become more likely to experi-
ence a low-pinning landscape. However, note that we cannot
apply oscillations of arbitrary amplitude for every frequency due
to skyrmions decaying differently rapidly. This stability effect
is discussed in detail in the following Section 3. Sometimes,
during the increased-size half-cycle, the boundary of the skyr-
mion may stick to a distant strong boundary pinning site and
then contract toward this pinning site and thereby also increase
diffusion. However first, the latter effect cannot explain why
the diffusion coefficient decreases in the high-frequency limit.
Second, we observe an increase in diffusion even if the skyr-
mion size during the oscillation never exceeds a given static
size. In particular, the diffusion coefficient at a static field of
21 uT is D = (0.105 + 0.006) um? s7!, which is smaller than the
diffusion coefficient for an oscillating field = 30 uT with peak-
to-peak amplitude of 15 uT, which is D = (0.121 £ 0.004) um? s}
even though the field is never reduced to values < 21 pT. This
effect can also not be explained solely by expansion and pin-
ning of the skyrmion boundary but requires consideration of
thermal effects as discussed above.

Moreover, the change in diffusion depends clearly on the
oscillation frequency. In the low-frequency limit, the size-
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change-induced depinning is on the same timescale as the
thermal depinning; therefore, the resulting diffusion coefficient
approaches the unexcited case (limit toward 0 Hz). Therefore,
those very low frequencies are in general not able to cause sig-
nificant diffusion enhancement. In the high-frequency limit,
the time interval during which the skyrmion remains in a pos-
sible low-pinning energy landscape is too short to significantly
move away from its current position by thermal diffusion. It
remains close to the position where it has been pinned and
thus, high frequencies are not suitable to cause effective depin-
ning either. In between these two limits, there exists a regime
where, due to the change in size, the skyrmion temporarily is
in a low-pinning energy landscape and can diffuse away from
the position where it is pinned when it has a different size.
Imagine—without loss of generality—the skyrmion is currently
at a position where pinning is strong at small sizes but weak at
much larger sizes. Assume that during a certain time interval as
part of the field oscillation, the skyrmion is large enough such
that it feels only weak pinning. Then, it thermally diffuses to a
position where large skyrmions are pinned strongly, but very
small skyrmions are pinned weakly. When the size is reduced,
the skyrmion is weakly pinned and can diffuse again to a posi-
tion where small skyrmions are pinned strongly. Thereby, the
total diffusion is effectively increased.

To corroborate the proposed general concept of depinning
of domain walls due to field excitations, we additionally ana-
lyze stripe domains in oscillating magnetic fields. We find that
in analogy to the case of skyrmions, the stripes (or more spe-
cifically, the domain walls at their boundaries) move more for
applied excitations, in particular for higher field amplitudes.
Kerr microscopy data visualizing the effect can be found in
Figure S2 (Supporting Information). To stress the scope of
the effect beyond the specific system presented here, we fur-
thermore analyze the influence of field excitations on various
skyrmion systems. Plots similar to the one in Figure la are pre-
sented in the Supporting Information for a system with com-
parable skyrmion density but stronger pinning (Figure S3a,
Supporting Information) as well as for a very dense skyrmion
system (Figure S3b, Supporting Information) showing qualita-
tively consistent behavior. We note that in confined geometries
such as wires, the size variations of the skyrmions due to field
oscillations may be limited by the device edge effects. In Figure
S3c (Supporting Information) however, we show that even in
a wire geometry with a width of 1.8 skyrmion diameters, we
can still enhance the diffusion by a factor of nearly 100. Hence,
the mechanism of periodic field excitations is not strongly sup-
pressed by geometrical confinements. Therefore, it appears
widely applicable to as well as useful for a variation of different
skyrmion systems and for several devices based on skyrmion
diffusion in different geometries.

3. Skyrmion Stability in Oscillating Field

Next, we discuss the effect of the magnetic field oscillations
on the stability of the skyrmions. In response to the magnetic
field, the skyrmions vary their size during the oscillations. At
constant external fields, we find that in our sample, skyrmions
are only existing as a stable phase in the field range from
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21 to 63 uT. For higher fields, skyrmions become too small and
annihilate on time scales of <1 s whereas for lower fields, skyr-
mions start expanding into stripes as previously observed.l’!
When applying field oscillations, we choose a field offset that is
inside this field range. We note however that we can apply field
oscillation amplitudes of the order of milliteslas, hence orders
of magnitude beyond what is applicable in the static case, when
going to frequencies in the kHz regime: for low oscillation
frequencies, the maximum applicable amplitude A, without
leading to a significant amount of skyrmions annihilations is
coinciding well with the field region at which skyrmions are
stable at static fields. However, beyond 10 Hz, A, increases
clearly with frequency. For frequencies in the kilohertz regime,
even amplitudes of hundreds of microteslas can be applied
even though the sample reaches saturation at 150 UT already in
the static case. In Figure 1b, A, as well as the field amplitudes
corresponding to half-lives of 10 and 1 s are shown as function
of the frequency.

We furthermore find that A, is dependent on the offset
field. Figure 1c shows A, as well as the field amplitudes cor-
responding to halflife times of 5 and 1 s for varying offset
fields. In particular, A, increases with increasing offset. Thus,
Ay increases with the average skyrmion size. We find that
large skyrmions become stripe-like when the field is decreased
to values <21 uT. In contrast, when starting with the smallest
stable skyrmions and increasing the magnetic field to values
>63 UT, the skyrmions annihilate.

We conclude that skyrmions start annihilating when their
size drops below a threshold value. The skyrmion annihilation
process is thermally activated and small skyrmions below this
size threshold are not stable anymore but still require additional
energy to overcome the topological stabilization energy barrier
to annihilate. This leads to a finite probability of annihilation
and an exponential decay of the number of skyrmions. Hence,
the speed at which the skyrmions decay depends on the time
interval during which the size is below the threshold for sta-
bility. However, the fraction of a time-span for which the field
is below a certain value depends on the amplitude only, not on
the frequency. Therefore, we conclude that the skyrmion per-
manently adjusts itself to the non-flat energy landscape leading
to a multi-step process approaching the small skyrmion state,
such that the long-term decay rate is indeed dependent on the
oscillation period time. Hence, the enhanced stability of skyr-
mions in field oscillation is a consequence of pinning effects.

Potentially, the ability to briefly change the size of skyrmions
beyond their static stability limits is promising for ultrafast
skyrmion motion. As the skyrmion velocity depends on its size,
one can enhance the size of a skyrmion briefly while generating
spin-torques by injecting a current pulse to induce much faster
motion than accessible within the static stability limits.

4. Effective Reduction of Pinning Effects

For the case of excitation with an amplitude of A = 30 uT we
experimentally observe a maximum diffusion constant increase
of =300% compared to the case without excitation. In contrast,
the diffusion we would obtain by keeping the skyrmion small
all the time by statically applying the lower bound size of the
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field oscillation is only 31% higher than the diffusion at the
offset field. Moreover, increased diffusion based on the non-
linear dependence of the dissipation tensor on the skyrmion
size derived by Schiitte et al.?% can only account for an increase
of 1.6%. The corresponding calculation as well as the experi-
mentally determined relations between magnetic field, skyr-
mion size, and diffusion constant can be found in Note S1 and
Figure S1 (Supporting Information). Therefore, we conclude
that the main reason for the enhanced diffusion cannot be the
non-linear size dependence of the dissipation tensor. Instead,
we propose that the periodic size change effectively reduces the
skyrmion pinning. Recently, a strong size dependence of skyr-
mion pinning has been reported,*’] allowing one to attenuate
the influence of certain pinning sites by changing the skyrmion
size. Finally, we note that skyrmions have been found to exhibit
hopping-like diffusion in a non-flat energy landscape due to the
pinning effect®’! in contrast to the expected free diffusion of
Brownian particles.l*

Similar to our analysis in the previous work,?’] we ascertain
the spatially resolved occurrence map with and without excita-
tion as described in the Experimental Section. We observe in
Figure 2a,c that with applied oscillating field, the occurrence
map is significantly more homogeneous indicating an overall
flatter energy landscape and thus lower effective pinning. At a
constant field of 30 T, large parts of the sample are never vis-
ited within 10 min of measurement. Utilizing a field oscillation
of 2100 uT peak-to-peak amplitude at 2 kHz however, we can
tune the system such that almost every pixel of the video hosts
the center of a skyrmion a least once within the same time. The
data shown in Figure 2a,c are limited to the occurrences within
10 min for both plots to allow for comparison. The full gathered
statistics for the unexcited case in Figure 2a as well as the cor-
responding spatially resolved energy landscapes are provided in
Figures S4 and S5 (Supporting Information), respectively. Kerr
microscopy data corresponding to the unexcited and excited
case are shown in Videos S1 and S2 (Supporting Information),
respectively. We conclude that by oscillation of the out-of-plane
field, we can strongly attenuate the effective skyrmion pinning
and enable a rather uniform movement of skyrmions anywhere
in the sample.

The ability to tune the pinning energy landscape is of impor-
tance for skyrmion-based neuromorphic computing such as
reservoir computingl3#38l since pinning is a valuable source
of the required non-linearity of the system but must be of the
order of other interactions in the system for efficient opera-
tion. Moreover, the effectively flattened energy landscape with
more isotropic skyrmion movement reduces variations between
equivalent devices and thus increases or even ensures the oper-
ation reliability but also the potential for applications.

Figure 2b,d displays two sets of trajectories comparing
the unexcited case with the amplitude-frequency pair from
Figure la yielding the highest diffusion. We find that with
increasing amplitude of oscillation, the diffusion becomes less
hopping-like and approaches isotropic free diffusion. Note that
the scales of Figure 2b,d is different as more strongly diffusing
skyrmions cover more of the sample area within the same time.

This now calls for a final analysis, where we check whether
there is not just a quantitative but really a qualitative differ-
ence in the type of diffusive motion as discussed above. To
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Figure 2. Skyrmion movement with and without periodic field excitation. a) The positions of skyrmion occurrences at a static field of 30 uT over 10 min
are found at distinct places while large parts of the sample are never visited. b) Example trajectories with respect to the coordinate origin of the case
in (a) show a clear hopping behavior. Each color represents one skyrmion. The grayscale background depicts a single Kerr microscopy frame image of
one of those skyrmions at the coordinate origin. c) Analogously, the occurrence histogram—for the same time interval as in (a)—as well as d) example
trajectories are evaluated for a magnetic field oscillating = 30 uT with a frequency of 2 kHz and a peak-to-peak amplitude of 2100 uT. During the excita-
tion, the skyrmions travel over larger distances and explore nearly the whole sample. As in (b), a single Kerr microscopy frame image with one of the

respective skyrmions in the center is used as grayscale background.

understand and quantify the difference between the dynamics
with and without excitation, we analyze the distributions of the
skyrmion displacements after 2 s to gauge the system’s relative
proximity to the free diffusion limit. In a classical freely dif-
fusing system, each component of the displacement should be
Gaussian distributed. The absolute displacement should conse-
quently follow a Rayleigh distribution

Ax?

p(Ax)~ Ax ¢ 20" 1

Figure 3a,b shows the displacement in x-direction and the
absolute displacement, respectively, after 2 s as histograms for
the excited case established in Figure 2¢, which corresponds to
a magnetic field oscillating around an offset value = 30 puT with
a frequency of 2 kHz and a peak-to-peak amplitude of 2100 uT.
We find that the measured x-displacement distribution is com-
posed of two contributions: The sharp peak around zero dis-
placement (labeled as A) reflects the marginal movement in
the vicinity of pinning sites, for example, in a harmonic well.
The wider part (label B) corresponds to the quasi-free motion
leading to larger displacements and is the dominating com-
ponent here. Since both contributions are expected to exhibit
random motion, we fit a sum of two Gaussians to the distri-
bution in Figure 3a. Because the two regimes A and B are
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separated such that pinned skyrmions are found in regime A
for both x and y displacement (while free-like motion corre-
spondingly leads to regime B for both dimensions), we fit the
2D case in Figure 3b with a sum of two Rayleigh distributions
accounting for each A and B. The fitted distributions are clearly
in good agreement to the observed displacements, endorsing
the random walk nature of the skyrmions for both the motion
within pinning sites and the quasi-freely diffusing regime. That
is, we indeed see a qualitatively different, free-like type of diffu-
sion—in contrast to the hopping motion observed in previous
investigations.[®?®] The small additional peak present at dis-
placements of = 4 um in Figure 3b is a consequence of skyr-
mions hopping from one pinning site to a close neighboring
pinning site once. It arises as soon as the neighboring pinning
site is in reach of the skyrmion boundary during the size oscil-
lation. We observe that the peak position is related to the skyr-
mion size and the characteristic distances between pinning
sites, which have been discovered previously as a consequence
of the sample fabrication.”’] Quantitatively, the peak is of minor
importance and not generic but sample-specific and therefore
omitted in the fit. Furthermore, we note that a small net motion
component due to a slight field gradient shifts the regime B
of the x-displacement slightly to negative values. For the unex-
cited case from Figure 2a, we observe in comparison that the
peak around zero displacement corresponding to movement
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Figure 3. Skyrmion displacement distributions. a) The x-components and b) absolute values of skyrmion displacements within 2 s under a field oscil-
lation at 2 kHz with a peak-to-peak amplitude of 2100 UT around an offset field of 30 UT are shown as histogram in light blue. The peak around zero
displacement (labeled as A) represents movements within the pinning site whereas the wider distribution (labeled as B) corresponding to further
displacements belongs to the quasi-free diffusive behavior. The shift of the wider distribution B in (a) toward negative values reveals a slight net motion
due to a small field gradient throughout the sample. In good agreement with the experimental data, a sum of two Gaussian distribution accounting for
each A and B is fitted to the 1D case in (a) as this behavior is expected for Brownian-like random walk independently for both regimes. Analogously,
a sum of two Rayleigh distributions is fitted as the 2D equivalent in (b). The small additional peak at displacements = 4 um arises from skyrmions

hopping to close neighboring pinning sites.

within pinning sites dominates whereas hopping between pin-
ning sites leads to only slightly larger displacements. The cor-
responding plots are provided in Figure S6 (Supporting Infor-
mation). Note that the displacement distributions in Figure 3
and Figure S6 (Supporting Information) are taken for the same,
finite time scale and the component-wise displacement distri-
bution will converge to a Gaussian in both in the limit of infi-
nite timescales. For the strongly excited case shown in Figure 3,
we conclude however that the observed diffusion is governed
by a diffusive motion close to free diffusion leading to large
displacements.

5. Conclusion

We demonstrate a mechanism to tune the diffusive dynamics
of skyrmions in a magnetic thin film by an oscillating magnetic
field. We show that we can enhance the diffusion by two orders
of magnitude, limited only by the time resolution limit of our
imaging technique and with the potential to drastically speed
up skyrmion-based non-conventional computing methods orig-
inating from Brownian computing and reservoir computing
paradigms. When the diffusion is enhanced, we find that the
energy landscape becomes effectively flattened corresponding
to a reduction of the effective pinning. In accordance with the
recently reported strong size dependence of the pinning, we
can conclude that the effectiveness of pinning sites is strongly
reduced as the skyrmions undergo significant size changes,
which compensates for sample specific pinning landscapes and
hence suppresses undesirable effects resulting from device-to-
device variations. In the analysis of the dynamics, we can iden-
tify a qualitative difference: when strongly excited, the skyrmion
diffusion is dominated by Brownian motion approaching free
diffusion while in the case of no or weak excitation, hopping
displacements within the pinning site are dominating. During
the field oscillation, we find that skyrmions remain stable even
when exposed to magnetic fields at which they immediately
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annihilate without oscillation. The enhanced stability is also
traced back to pinning mediated effects and can be a key ena-
bler to tune skyrmion properties by size changes and thus
enhance operation reliability of skyrmion devices. Therefore,
our findings present a method to tune and drastically enhance
speed and operation reliability of skyrmion-based non-conven-
tional computing devices and open up an unexplored gateway
to ultrafast and efficient skyrmion transport.

6. Experimental Section

Sample Characterization: The investigated material was a Ta(4)/
CoyoFegoB,0(0.85)/Ta(0.08) /MgO(2) /HfO,(4)  multilayer stack  with
layer thicknesses given in nanometers in the parentheses. The piece
of 10 X 10 mm? size was deposited with a Singulus Rotaris magnetron
sputtering tool at a base pressure of 3 x 1078 mbar. Thereby, the layer
thicknesses were reproducible with an accuracy of better than 0.01 nm
and the surface roughness was found to be <1 nm. The interface between
the ferromagnetic Co,oFegoB,o(0.85) and the MgO(2) causes the sample
to exhibit perpendicular magnetic anisotropy, which was tuned by the
Ta(0.08) interlayer.l’l The saturation magnetization (Ms = (0.46 + 0.02)
MA m™) and effective anisotropy constant (K.s = (41 £ 3) k] m™)
were determined from a hard axis hysteresis loop with anisotropy field
Bs = (179 £ 10) mT using a superconducting quantum interference
device. From this, a magnetic domain wall width of A = (16£1) nm was
calculated for a typical exchange stiffness of A = (10 £ 1) p) m™.l¢l The
Ta(4)/CoyoFegoB2o(0.85) interface provides interfacial DMI that was
measured for similar stacks to be D = (0.30 £ 0.08) m) m=2[6:2845] The
HfO,(4) was used as capping to prevent the sample from oxidization
while still allowing for good imaging contrast due to being optically
transparent. The out-of-plane hysteresis loop of the used sample is
shown in Figure S7 (Supporting Information). The topologically non-
trivial structure of the observed skyrmionic bubbles was confirmed
by studying the displacements using spin-orbit torques as well as by
evaluating the spin structure in micromagnetic simulations, proving
that indeed chiral skyrmions are studied.[®?28

Measurement Setup: Magnetic contrast was established using the
polar magneto-optical Kerr effect (MOKE) in a commercially available
Kerr microscope from evico magnetics GmbH. Magnetic fields in
in-plane (IP) as well as out-of-plane (OOP) direction can be applied by
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separate and perpendicularly aligned electromagnetic coils. The OOP
magnet was custom-made and constructed to generate small fields with
sub-microtesla precision. Directly on top of the coil, there was a Peltier
element for sample temperature regulation, where a Pt100 heat sensor
was used to observe the actual temperature directly next to the sample
with accuracy and stability better than 0.1 K. The whole setup was housed
additionally in a thermally stabilized flow box. Magnetic structures and
hystereses were characterized between 315 and 330 K. For the diffusion
measurements, the sample temperature was kept constant at 319.0 K,
where skyrmions were found in various densities and stable between
21 and 63 UT OOP field and exhibiting thermal diffusion. The magnetic
field values were calibrated by a sensitive Hall probe and external fields
were corrected by the hysteresis offset. The OOP field was found to be
constant and reproducible with a gradient at the sample position of
<0.01 uT um™". For the field oscillation, the OOP coil was supplied by an
Agilent 33250A Arbitrary Waveform Generator and the current through
the coil was checked with an oscilloscope. Data was acquired by a CCD
camera as gray-scale videos with a field of view of 200 x 150 um? at
16 frames per second with a time resolution of 62.5 ms.

The skyrmions were nucleated at a fixed OOP field by applying a
saturating IP field pulse such that skyrmions form as stable state when
the IP field was switched off and the spins relax into OOP domains.
The number of skyrmions (i.e., the skyrmion density) was controlled
by the IP and OOP field value. The skyrmion size was directly tuned by
the OOP field at constant temperature.

Skyrmion Detection and Tracking: From the grayscale videos, the frames
were preprocessed and skyrmions were detected using the trackpy
package.*] The detection was performed by a 2D Gaussian fit into local
intensity maxima exceeding threshold values for both maximum intensity
values, intensity peak size, and integrated intensity within the fit region.
The magnetic contrast between opposite magnetized domains yields the
required significant intensity edges. The contrast was further enhanced
by applying background subtraction with respect to a saturated state.
Due to the detection fit over a large pixel number and beyond the
skyrmion core, the skyrmion center can be determined with accuracy
below the optical resolution of the microscope (=300 nm) as previously
reported.”’l Originating from the tracking procedure, the skyrmion size
refers to the radius of gyration of the fitted Gaussian kernel.

All measurements were performed in one run and at the same
position on the sample. Since the sample size exceeds the field of view
by more than one order of magnitude, the skyrmion system was treated
as infinite allowing boundary effects to be neglected. However, one could
still map positions between the single videos due to topographic defects
at the sample surface and the performed background subtraction with a
static background image. From the subtracted images, it was deduced
that the sample drift throughout the measurement series was <300 nm,
which means that indeed all measurements were performed at the same
sample position.

Investigating Skyrmion Dynamics—Diffusion Coefficients, Occurrence
Maps, and Displacement Distributions: The diffusion coefficients in
Figure 1 have been calculated based on the skyrmion trajectories
using the relation ([Ax(At)]?) = 2dDAt. Here, [Ax(At)]? is the squared
spatial displacement during the time At, d = 2 is the dimension of
the system and D is the diffusion coefficient. Angled brackets indicate
the average over the individual skyrmions as well as over different
sections of each trajectory with length At (sliding window method).
The diffusion coefficient D was calculated by fitting the well-sampled
regions of ([Ax(At)]%) with 2dDAt for 3 to 5 videos of 1 min length for
each amplitude-frequency pair and averaging over the values for each
video. The uncertainty of the diffusion coefficient was estimated using
the standard error of the mean.

Occurrence maps were calculated from the tracked skyrmion center
positions in videos with equal experimental conditions. Tracked positions
were put into bins with a bin width of 1 um resulting in an occurrence
landscape that was plotted logarithmically for readability. Some bins
were never visited by a skyrmion leading to incomplete sampling of the
landscape. To improve comparability between experiments with and
without applied field, the number of points in both maps were kept
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equal by using only part of the statistics recorded for skyrmions without
an applied field.

Distributions of displacements were calculated by determining
the displacement of a skyrmion after At = 2 s. As for the diffusion
constant, the sliding window method and multiple videos were used
to improve the statistics. The values were then divided into equally
distributed bins in a histogram. While the instantaneous velocities were
experimentally inaccessible, the distributions of displacements to gauge
the two systems’ relative proximity to the free diffusion limit on the
same timescale could still be compared. The shape of this distribution
depends on the time At, soa time was chosen that was long enough
to contain both, movement between pinning sites as well as skyrmions
staying at their place.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Supporting Note 1 — Micromagnetic Calculation of Size Dependent Diffusion
Tensor

To obtain information about the relation between skyrmion size and skyrmion diffusion one can use
micromagnetic calculations. Micromagnetic simulations akin to the ones in a previous study™™ show
that the width of the domain wall is approximately constant for differently sized skyrmions created by
different applied fields in our material stacks and that the domain wall width is always much smaller
than the radius of the skyrmion while the size of the skyrmions depends roughly linearly on the field.
The same parameters!l are employed as for the sample Ta(5)/CozoFesoB20(1)/Ta(0.08)/MgO(2)/Ta(5)
that is very similar to the one in this study, Ta(4)/Coz0FesoB20(0.85)/Ta(0.08)/MgO(2)/HfO,(4). The layer
thicknesses in nanometers are given in parentheses. In the systems used in this work, the damping
aDr is in general significantly larger than the Magnus force amplitude G. Therefore, we can simplify
the formula for the diffusion constant from Schiitte et al.®! to a Taylor series to first order

aDr kgT

D = kgT ~
BY G2+ (aDy)? ~ aDy

(51)

with reduced temperature kgT, Gilbert damping «, and Dy being half the trace of the dissipative
tensor. Temperature and Gilbert damping are independent of the skyrmion size and thus D ~ DT_l.

D7 can be calculated from the spin structure of a skyrmion. We consider a Néel skyrmion with a
hyperbolic tangent shaped domain wall, skyrmion radius a and domain wall width b .

m, = cos(p) Jl — tanh? (r ; a)

m, = sin(q))\/l — tanh? (r _ a) (52)

b
m, = tanh (r ; a)

For this spin structure we can calculate the trace elements of the diffusion tensor:
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+ —

Dyx = Dyy = fmdr—_ [a + blog2 + blogcosh (i)] (83)
¥ Jo 7 reosh? (rbTa) b

b

Using the previously mentioned assumption that the skyrmion size a is much larger than the domain
wall width b, one can further simplify this calculation using

a 1
cosh (E) ~2 e/b (54)
and the fact that the first integral is close to 0 for a > b:

DXXzg[a+blog2+b(%—log(2))] =% (55)

Now we can write D ~a. With a being linear in the applied field B, we obtain
Co
¢ —B

D= (56)
as a fitting function to fit to the experimentally determined field dependence of the diffusion constant.
The fit gives ¢o = 8.91 uT um? st and ¢; = 114.33 uT and is shown in Figure S1. Here, we ignore both the
leftmost and rightmost experimentally determined points. While for the leftmost point, skyrmions
decay extremely fast and therefore strongly pinned skyrmions dominate the measurement, the
rightmost point already contains some worm domains which are hard to distinguish from skyrmions
making the determined diffusion less robust. They lead to increased measured diffusion due to the
inherent difficulty of tracking an elongated object with a circular mask.

One can now integrate over one period of the alternating field, arriving at:

¢1— By — 5 ABsin (25 J(Cl _By)?— (%AB)Z

Without oscillations, AB = 0 and we get a diffusion constant of 0.1057 pm? s* for 30 uT. If we now
add a change of the applied field of AB = 30 uT (peak-to-peak), we can increase the diffusion to
0.1074 um? s, which is an increase by 1.6 %. This increase is significantly smaller than the increase in
diffusion observed in the experiment.

1 (T C C
D =_f dt 0 - 0 . (57)
T 0
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Supporting Note 2 — Impact of skyrmion diffusion enhancement on the viability
of Brownian computing

In a previous work,” the mean computation time of a skyrmion-based Brownian half-adder is
estimated using a minimal random walk model. Moreover, the mean computation time is inversely
proportional to the diffusion coefficient. Employing the crossing-free skyrmion-suited half-adder
layout by Brems et al.) with 5 um wire lengths, one obtains a mean computation time of about
56.2 min using measured diffusion constant without excitation Dunex = 0.1 pm? s, In contrast, using
the highest diffusion constant with excitation Dex = 33.2 um? s the mean computation time is reduced
to about 10.2 s. Thereby, Brownian computing is much more viable for real applications. Finally, as the
oscillating field excitation can be activated and deactivated as necessary leading to a tunability of the
diffusion, the hybrid Brownian computing method developed by Brems et al.'¥ can be realized using
our system. Compared to using randomly directed spin torques, our excitation method does not rely
on an external random number generator.

Supporting Figures
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Figure S1. Field effect on skyrmions. (a) The skyrmion size is directly tuned by the applied magnetic
field B and increases for large field values. (b) The experimentally determined diffusion coefficient D
depends on the skyrmion size and hence the applied field. The orange regions indicate the fields at
which skyrmions are not stable. For fields above 63 uT, skyrmions annihilate on the time scale of
several seconds, the annihilation process is faster for higher fields corresponding to smaller skyrmions.
For fields of 25 uT, we notice occasional formations of stripe-like, elongated skyrmions. The formation
of stripes increases for lower fields until a pure stripe domain state is reached. The diffusion constant
in the region of stable circular skyrmions (white region) is fitted with Equation S6 yielding the dashed
purple line with parameters co = 8.91 uT um?stand ¢; = 114.33 uT.
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Figure S2. Stripe domains in periodic field excitation. (a) The single frame image (16 frames
per second) and (b) average frame image over 15 s of a stripe domain state observed by Kerr
microscopy at constant field of =51 uT are almost identical. White/black correspond to
magnetization pointing up-/downwards. Generally, contrast is improved by frame averaging
due to noise cancellation. In (b), most pixels are very bright/dark representing regions where
the magnetization is permanently pointing in one direction while at some positions, the stripes
are fluctuating slightly as indicated by intermediate nuances of grey. The comparison of (c) a
single frame image and (d) the average image for 15 s under an additionally applied magnetic
field oscillation with a frequency of f = 100 Hz and peak-to-peak amplitude of A = 150 uT yields
that the stripes are moving clearly, but still large parts of the pattern are hardly moving. (e) For
an excitation with f = 100 Hz and A = 600 uT, the expansion and contraction of the stripes due
to the field oscillation are so large, that they become visible in the frame image. As the fis
larger than the imaging rate, a grey transition regime arises in the image representing the area
which changes magnetization direction during the oscillation while thin stripes remain in one
direction only. (f) In the average over 15 s corresponding to (e), the stripe structure is only
partly recognizable anymore due to the fast motion. However, the non-uniform intensity
indicates that several positions keep their magnetization on that timescale.
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Figure S3. Diffusion constant in alternating magnetic fields on different samples. In analogy to Figure
1a, the diffusion constant D is shown for magnetic field oscillations of frequency f and peak-to-peak
amplitude A for two different systems. (a) A Ta(4)/CoxFesoB20(0.85)/Ta(0.08)/Mg0O(2)/Hf0O,(3) stack
exhibiting stronger pinning as the one used in the main text shows qualitatively the same effect of
enhanced diffusion due to field oscillations, in particular when increasing A. However, the frequency-
dependent peak is shifted to slightly higher f (for similar skyrmion density). The experiments are carried
out at T=323.0 K and an offset field of 28 uT. The diffusion constant for the skyrmions in the system
without excitation is D =(0.07+0.02) um?s®. (b) A Ta(5)/CozoFesoB20(0.9)/Ta(0.08)/MgO(2)/HfO,(3)
system hosting high skyrmion densities at 320.0 K and 20 uT is used to investigate the effect of field
oscillation on dense skyrmion systems. Also there, D is drastically enhanced by the field oscillation with
a frequency-peak around f= 100 Hz. The diffusion constant for the skyrmions in the system without
excitation is D = (0.27+0.01) um? s’X. The inset shows a part of a MOKE image of the used system.
(c) Skyrmions in a wire geometry as narrow as 1.8 times the skyrmion diameters in a stack of
Ta(5)/Cox0FesB20(0.95)/Ta(0.09)/MgO(2)/Ta(5) do also show a significant effect of diffusion
enhancement. We determine a factor of 97 for the strongest excitation compared to a values of
=(0.1940.03) um? s in the static field of 80 uT.
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_ 103
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= 102 3
(@)
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Figure S4. Skyrmion occurrences without excitation. Here, we present the full occurrence map
corresponding to Figure 2a with constant offset field of 30 uT for the whole measurement duration of
225 minutes.
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Figure S5. Energy landscapes. Skyrmion pinning energies at (a) constant magnetic field of 30 uT and
(b) at additional magnetic field oscillation with frequency of 2 kHz and peak-to-peak amplitude
2100 uT. We calculate the energy landscape from the skyrmion occurrence maps as provided in
Figure 2 using the potential of mean force approach V(x,y) = —kgT InN (x,y). For this we use all
available statistics instead of using the same number of points for the excited and non-excited case.
One problem of this approach is the occurrence of bins with 0 skyrmions over the whole measurement
which would lead to an infinite repulsive potential. To prevent this unphysical effect, we set all bins
with 0 occurrence to 1 occurrence and calculate the potential normally from there. We see that the
energy landscape at static OOP field is significantly deeper than the effective landscape with applied
field oscillation. This is another indication that applying an alternating field leads to an effective
reduction of pinning.
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Figure S6. Skyrmion displacements for unexcited case. The (a) x-component and (b) absolute values
of the skyrmion displacements after 2 seconds are shown in analogy to Figure 3, but for the unexcited
case established in Figure 2a with constant offset field of 30 uT. The displacement distributions are
dominated by small displacements within pinning sites whereas hopping between pinning sites leads
to only slightly larger displacements. The fits (dark blue lines) are performed analogous to the ones in
Figure 3 in the main text.

80

Raphael Gruber, Skyrmions in Motion — Thermal Dynamics and Ordering in 2D, PhD Thesis, Johannes Gutenberg-Universitat Mainz (2025)




5. 300-Times-Increased Diffusive Skyrmion Dynamics and Effective Pinning Reduction by Periodic Field Excitation

1.01

0.5

0.0

{ [arb. units]

—0.51

~1.01
-300 -200 -100 O 100 200 300
B [uT]

Figure S7. Sample hysteresis. The red line shows the MOKE intensity for the out-of-plane hysteresis
loop of B. The red-shaded areas indicate the field range from 21 to 63 uT in which skyrmions are

observed.
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5.2. Additional Results and Experimental Remarks

5.2.1. Suitable System for Skyrmion Diffusion Experiments

Determining the diffusion coefficient D of skyrmions imposes several requirements
on the experimental system. First, the system must provide appropriate material pa-
rameters to host skyrmions at a suitable density. If the density is too low, only a small
number of skyrmions is available, which results in poor statistics for the analysis.
Conversely, if the density is too high, skyrmion—-skyrmion interactions [70] become
increasingly dominant and govern the thermal dynamics [19, 64, 70].

The multilayer stacks used in this work to study skyrmion dynamics (see section 3.3)
exhibit a characteristic temperature dependence of their magnetic behavior. Fig. 5.1
shows the hysteresis loops of sample IK120 (Rl labbook database ID 5833) for a range
of T.

1.0 A

0.5 1

0.0 A

mz

—0.5

—1.0 =gl

T T T
-200 -100 0 100 200

Figure 5.1.: Temperature Dependence of the Hysteresis Loop. Relative OOP mag-
netization m, for cycles of the magnetic field B, starting from saturation. The different
colors denote loops at different temperature T. The loops are centered and normalized,
the shown data points are interpolated as guide to the eye.

At 318K, the hysteresis loop exhibits a large coercivity and a relatively sharp switch-
ing when reversing the field from a saturated state. The loop has a saturation re-
manence |m;(B = 0)| = 1 and a finite coercivity B(m, = 0). When approaching
saturation in the opposite direction (under opposite OOP fields), the loop flattens
out rapidly. In this regime, typically only sparse, isolated skyrmions can exist. Low-
ering T further by ~5XK, the coercivity increases and the hysteresis reaches a sharp
switching behavior [1].

With increasing T, the hysteresis loop flattens towards larger saturation fields
B(|m;| = 1), while both coercivity and remanence decrease until they vanish. At
intermediate T (323-328 K), the loop forms two pockets at finite fields while closing
around zero field and towards saturation. Such a shape indicates the possibility of
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higher skyrmion densities. When the pockets become very narrow, the system fa-
vors dense skyrmion lattices, while isolated skyrmions no longer exist and instead
expand into stripes. With further increasing T, the skyrmions generally shrink in
size and, due to the enhanced thermal energy available, also become more mobile
[19, 72]. Eventually, at sufficiently high T, the system undergoes the SRT, preferring
IP magnetization alignment and thereby prohibiting OOP skyrmion bubbles.

The measurements reported in section 5.1 [27] were carried out at 319 K (R labbook
experiment ID 16725). This temperature allows for the existence of sparse skyrmions,
thereby minimizing the influence of skyrmion-skyrmion interactions [70] and en-
abling the measurement of diffusion unaffected by inter-skyrmion effects [19]. A
further important requirement is the stability of skyrmions, especially since oscillat-
ing magnetic fields of varying amplitude and frequency are applied. A larger sta-
bility widens the accessible parameter space for AC excitation, which motivated the
choice of this temperature. At lower T, the system is too close to a sharp switch-
ing regime, leading to fewer skyrmions and frequent spontaneous annihilations. At
higher T, denser systems cause significant skyrmion-skyrmion interactions, while
enhanced thermal fluctuations promote annihilations, or stripe formation under os-
cillating fields.

Another prerequisite for determining D is a sufficient imaging contrast of the
skyrmions. Imaging skyrmions can be challenging, even with Kerr microscopy. I
typically set the polarizer to ~0.5°, keep the compensator in its middle position,
and adjust the analyzer to maximize contrast [129]. With these settings, the multi-
layer stacks usually provide adequate visibility. A transparent capping layer such as
HfO, - as introduced by Maria-Andromachi Syskaki and used in IK120 (R labbook
database ID 5833) — enhances the contrast significantly compared to commonly used
metallic caps such as Ta [19, 64, 112]. Nonetheless, detection becomes difficult when
skyrmions move rapidly.

Fig. 5.2 shows Kerr microscopy snapshots from Supplementary Video 2 of section 5.1
[27]. The frames, recorded at 16 fps, are taken consecutively at t =18.75s. The im-
ages reveal a strong contrast of the OOP magnetization of skyrmions. However,
rapidly moving skyrmions (two examples are indicated by red and blue arrows) ex-
hibit blurred contrast, complicating their detection. Importantly, these fast-moving
skyrmions contribute significantly to the average MSD and thus to D, making their
reliable detection and trajectory linking essential for a robust diffusion analysis.
Since single skyrmions become nearly unresolvable within individual frames, this
video effectively marks the upper limit of diffusivity D that can still be analyzed
in the experiment. In this regard, the experiments reported in section 5.1 [27] are
- so far — primarily limited by the ability to resolve and reliably track the diffusing
skyrmions, rather than by their intrinsic stability. Nevertheless, stability remains a
crucial factor. In an earlier implementation of the experiment, we performed similar
measurements on the comparable multilayer stack FAB1077 (RB labbook database
ID 5672). This sample exhibits stronger pinning as well as a more pronounced T-
dependence of the hysteresis.

On the one hand, the stronger pinning generally reduces D, causing the skyrmions
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Figure 5.2.: Kerr Snapshots of Diffusing Skyrmions. Kerr microscopy snapshots at
(a) t =18.6875s, (b) the subsequent frame, and (c) the second subsequent frame from
Supplementary Video 2 of section 5.1 [27]. The recording rate is 16fps. The Kerr
microscope provides sufficient contrast to resolve the OOP magnetization of skyrmions.
However, rapidly moving skyrmions — as the two examples indicated by the red and blue
arrows — appear blurred, which complicates detection and analysis.

to move more slowly. This can be advantageous, as it allows a larger margin for dif-
fusion enhancement before reaching the resolution limit. However, it also restricts
skyrmions to nucleate and persist primarily at the strongest pinning centers. These
centers represent only a few discrete points in the 2D energy landscape but dominate
the statistics, which biases the analysis. Moreover, I observed an increased tendency
of strongly pinned skyrmions to elongate into stripes rather than to depin. On the
other hand, the stronger T-dependence of the magnetic properties reduces skyrmion
stability as the system is energetically closer to the SRT and stripe domain phases. As
a consequence, skyrmions in FAB1077 annihilate or form stripes more readily when
exposed to oscillating fields. Furthermore, the nucleation of skyrmions in compara-
ble configurations proved challenging — in fact, it was impossible to nucleate them at
temperatures only 0.6 K lower than optimal. This limitation was the primary reason
for restarting the experiment on a different sample. The diffusion characterization of
this stack is reported in the Supporting Information as Fig. S3 in section 5.1.1 [27].
In addition, the experiment is subject to naturally occurring temperature fluctuations
in the laboratory environment. The presence of a person near the Kerr microscope
typically increases the sample temperature by approximately 0.5 K, whereas air cur-
rents caused by rapid movement near the setup can reduce the temperature by a sim-
ilar amount. Even though T can be adjusted and controlled precisely, this requires
continuous monitoring and often entails waiting periods until the sample tempera-
ture has stabilized again.
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Experimental Note

The experiments described here and in section 5.1 [27] were conducted prior to the
installation of the laminar flow box enclosing the entire Kerr microscope. The laminar
flow box provides independent temperature control, thereby stabilizing the environment
of the microscope and the sample, and significantly facilitating the maintenance of
reproducible measurement conditions.

Another sample that I tested for diffusion experiments under oscillating fields is
MAS763 (R labbook database ID 3197). At 292.5K, this sample hosts sparse, iso-
lated skyrmions. Fig. 5.3a shows D as a function of the oscillation frequency f and
amplitude A, in analogy to Fig.1 in section 5.1 [27]. However, the skyrmions in
MAS?763 are highly sensitive to the applied field. This sensitivity can be beneficial, as
it requires only small field amplitudes — and thus lower power — to enhance diffusion
through oscillations. At the same time, it renders the system much more susceptible
to distortions caused by field gradients. Despite aligning the OOP and IP coils per-
pendicularly and positioning the sample above the center of the OOP coil, the system
is clearly exposed to a gradient, as illustrated in Fig. 5.3b. When oscillating fields are
applied, the skyrmion density increases towards the top left corner of the image,
where skyrmions expand into stripes, while the bottom right corner remains nearly
empty. This strong density variation likely explains why D does not exhibit a peak
with increasing f, but rather decreases monotonically. Overall, this system yields
inconclusive results but underscores the importance of carefully selecting an appro-
priate sample for diffusion experiments, with homogeneous skyrmions of sufficient
stability.

When increasing the temperature to 320.5 K, skyrmions appear in a denser arrange-
ment. In this regime, the diffusivity D exhibits a clear peak in the frequency scan
and generally increases with higher A, as shown in Fig. 5.4. The corresponding data
points are also included in Figure S3 of the Supporting Information in section 5.1.1
[27]. However, since the skyrmions form a dense lattice-like structure, skyrmion-
skyrmion interactions [70] become significant. Field oscillations thereby enhance
skyrmion annihilation rates (see also chapter 8). The number of skyrmions remain-
ing after 30s, Ngk(t = 305s), is indicated as a colored ring around the diffusion data
points. At higher A, more skyrmions annihilate. Since annihilation events alter both
the skyrmion size and their effective spacing, they directly affect the measured dif-
fusivity. The contributions of annihilation dynamics and field-driven diffusion can
therefore not be disentangled.

Interestingly, although measured in the same run as the sparse-skyrmion results in
Fig. 5.3 (MM labbook experiment ID 16725), the field gradient plays only a minor role
for the dense skyrmion system at elevated T. Fig. 5.4b—c shows Kerr microscopy
snapshots for f = 500 Hz with A = 30 uT and A = 300 uT, respectively. Only for the
larger amplitude does a gradient become visible in the magnetic structures.

Another crucial aspect when probing skyrmion diffusivity is the long-term stability
of the sample properties, even under constant T and applied field. During the ex-
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Figure 5.3.: Diffusion of Sparse Skyrmions in MAS763. (a) Diffusion coefficient D of
sparse skyrmions exposed to oscillating magnetic fields of frequency f and amplitude A
(peak-to-peak). For increasing f, D does not show a peak but decreases monotonously.
Data points and error bars represent the mean and standard error of the mean from three
independent measurements. (b) Kerr microscope snapshot of the sparse skyrmions in an
oscillating field of f =100Hz and A =150 puT after t =30s. A clear gradient is visible,
with skyrmions becoming larger and denser towards the top left, where they expand into
stripes, while the bottom right remains almost empty.

periments for section 5.1 [27], Tobias Sparmann and I recorded almost all data in a
single continuous run over 48 h. While maintaining the sample at 320 K, we observed
irreversible changes in the magnetic multilayer stack, indicating sample aging. This
aging led to systematic shifts of D in Fig. 1 of section 5.1 [27]: at frequencies in the
kilohertz range, field oscillations are too rapid to directly affect D, yet the diffusion
curves recorded later in the run consistently showed lower values. We attribute this
trend to gradual, irreversible material changes.

Similar aging effects have been observed in earlier experiments. For instance, in sec-
tion 4.1 [27], a sample several years old required higher T for skyrmion nucleation.
Likewise, the sample IK120, tested again in 2024, showed strongly altered skyrmion
characteristics and could only host skyrmions above 330 K (Rl labbook database ID
5833). The aging is most likely due to atom interdiffusion at the interfaces, changing
the anisotropy and thus altering the magnetic behavior [138]. That such aging effects
could be detected even within a two-day run highlights the sensitivity of our exper-
iments: probing the entire parameter space of skyrmion stability makes even small
variations in material properties measurable. Conversely, this sensitivity provides
precise insights into the stability range of skyrmions. In particular, the applied OOP
offset field and oscillation amplitude critically define skyrmion stability, as demon-
strated in Fig. 1b-c of section 5.1 [27]. There, skyrmions are found to exist only
within a 42 uT field window and to be particularly stable across a narrower 26 uT
range. Over experimental timescales of several hours, the background field at the
sample position can drift by a few uT due to laboratory devices being switched on
or off or remanence in microscope components. During the 48 h run, I observed fluc-
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Figure 5.4.: Diffusion of Dense Skyrmions in MAS763. (a) Diffusion coefficient D
of densely packed skyrmions exposed to oscillating magnetic fields of frequency f and
amplitude A (peak-to-peak). Data points and error bars represent the mean and standard
error of the mean from three independent measurements and are also shown in Figure S3b
of section 5.1.1 [27]. Colored rings around the data points denote the number of skyrmions
Nk remaining after + = 30s. (b—c) Kerr microscopy snapshots of skyrmion lattices in an
oscillating field of f = 500 Hz with amplitudes A = 30 uT (b) and A =300uT (c) after
30s. Only in (c) does the field gradient observed in Fig. 5.3 become visible,but of minor
impact.

tuations of £10 uT in the background field. Nevertheless, by exploiting the precisely
known stability criteria, these drifts can be compensated quickly and with remark-
able reproducibility to within better than 1 uT.

5.2.2. Data Analysis for Diffusion Determination

Once a suitable skyrmion system and arrangement is established and recorded, the
skyrmions must be detected and their occurrences linked to trajectories in order to
extract the diffusion coefficient. For the experiments presented here, I exclusively
used trackpy [131] for skyrmion tracking. Fig. 5.5a-b shows snapshots at t = 10s
from Supporting Videos 1-2 of section 5.1 [27], respectively.

In addition to the Kerr microscopy snapshots, I display the trajectories over the pre-
vious 5s and annotate the detected mass, defined as the integrated intensity of the
detected feature. Note that the parameter called mass in the output by trackpy is not
to be confused with the mass connected to the skyrmion inertia [141]. In the unex-
cited case (Fig. 5.5a), skyrmions are both smaller and slower compared to the strongly
excited case (Fig. 5.5b).
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Figure 5.5.: Detection of Diffusing Skyrmions. (a) Kerr microscopy snapshot from
Supporting Video 1 of section 5.1 [27] after 10s without field oscillation. The grayscale
contrast represents the OOP magnetization of the skyrmions. The blue circles mark the
detected skyrmions in the snapshot, with the circle color denoting the detected mass, i.e.,
the integral of the fitted feature. Red lines indicate skyrmion trajectories over the previous
5s. (b) Kerr microscopy snapshot from Supporting Video 2 of section 5.1 [27] after 10s
with field oscillation of A = 2100 uT at 2kHz. Analogous to (a), trajectories and mass
are shown. Under oscillating fields, the skyrmions move faster and appear larger.

This different appearance of the skyrmions — despite identical temperature and off-
set field — requires particular consideration for the tracking algorithm described in
section 3.2. Reliable and robust detection of skyrmions is a key prerequisite to deter-
mine D, as discussed in section 5.2.1. In Fig. 5.6, I present the tracking parameters
used for trackpy [131] to analyze the experiments in section 5.1 [27].

By default, I use diameter= 27, separation= 15, and minmass= 4000. The parame-
ters diameter and separation are usually kept at their default values and only slightly
adjusted depending on skyrmion density and image contrast. The most influential
parameter is minmass. Since skyrmions appear in varying sizes — as the size fluc-
tuates around the constant offset field — the integrated intensity also varies signifi-
cantly. In addition, the contrast can change, either due to the specific background
subtraction applied or because fast skyrmion motion smears out the Kerr image con-
trast, especially when D is large. Consequently, minmass must be chosen such that
all skyrmions are reliably detected, while background noise and surface defects are
excluded. In rare cases, I additionally filter by the signal value of the detection to ex-
clude sharp intensity changes from scratches on the sample surface, which otherwise
appear as very large signal values.

88



5. 300-Times-Increased Diffusive Skyrmion Dynamics and Effective Pinning Reduction
by Periodic Field Excitation

a diameter b separation C minmass
22 24 26 28 30 16 18 20 2000 3000 4000 5000
[ 1 [ 1 [
10° 5 0|10 00 00|10 ; e 00
= ° o | oo o0 | °
= ] ]
= [ o 00 0o
< 10 4 102 - 102 4
[ 1 o 000 00 00 1
[ {0® 000 000 000 00 {00@
[ [ 0 o0 000 00 00 [ 0
T T T T T T T T T T T T T T T
10° 10 102 103 10* 10° 10* 102 103 10% 10° 10 102 103 10%
f[Hz] f[Hz] f [Hz]

Figure 5.6.: Parameter Variation for Detection of Diffusing Skyrmions. Parameters
(a) diameter, (b) separation, and (c) minmass used for detecting skyrmions in section 5.1
[27] with trackpy [131].

Experimental Note

Over the past years, a machine-learning based approach has been developed in our
group to detect skyrmions, specifically in Kerr microscopy videos [133]. The trained
UNET model can detect skyrmions efficiently and precisely without requiring explicit
parameter choices. However, at the time of this study, the UNET could not reliably
handle the varying contrast induced by fast skyrmion diffusion. For linking skyrmion oc-
currences to trajectories, trackpy [131, 132] thus remained the state-of-the-art method.

Once the skyrmions are detected and their trajectories linked, the MSD can be di-
rectly calculated according to Eq. 1.51. In Fig. 5.7, I present the MSD — including the
number of skyrmions present (Ng) and the number contributing to the MSD (Npsq)
— for three different amplitudes A of the oscillating field at f = 1kHz.

In the conventional definition following Eq. 1.51, the MSD is evaluated with respect
to a fixed starting time fg. Consequently, only skyrmion trajectories that are already
present at typ and remain observable at a later time t contribute to MSD(t). Skyrmions
that leave the field of view or trajectories that cannot be continuously linked are ex-
cluded, thereby reducing the number of contributing skyrmions N,,s;. Since espe-
cially fast-moving skyrmions are prone to being not captured in this analysis, such
restrictions can lead to a systematic underestimation of the diffusion coefficient D,
particularly at longer timescales.

In the experiments considered here, the MSD exhibits a linear and stable behavior
up to at least 20s. Therefore, I also perform the fit of D within this time window.
To enhance statistical robustness, however, I employ a sliding-window approach:
instead of fixing the starting time ¢, every video frame is treated as a new starting
point.< and I consider the average over all combinations. Accordingly, a skyrmion
that remains observable for k + 1 consecutive frames contributes
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Figure 5.7.: MSD for Varying AC Field Amplitude. (a) MSD as a function of time ¢
relative to tp = 0 for skyrmions in an oscillating field of A = 60uT at f = 1kHz. The
number of skyrmions N present in the frame can vary as skyrmions leave or enter the
field of view. The number contributing to the MSD, Nj,sq, decreases over time since only
trajectories starting at fyp = 0 are included and exiting skyrmions are not replaced. Light,
medium, and dark colors represent three independent measurements. Analogously, (b)
and (c) show N4, Nek, and the MSD for skyrmions at A = 300 uT and A = 900 uT,
respectively. For larger A, the MSD increases more rapidly, and the slope determines the
diffusion coefficient D. Due to the enhanced dynamics, trajectories are more frequently
cut and annihilations occur more often, reducing both Nsq and Ny significantly.

e for k steps starting at frame 0,
e for k — 1 steps starting at frame 1,

¢ for k — 2 steps starting at frame 2,

¢ for 1 step starting at frame k,

where one step corresponds to the time between two frames, here 0.0625s. This
method significantly improves the statistics of the MSD, as each trajectory is consid-
ered multiple times, always with respect to different starting points. The resulting
MSD is thus obtained as a function of the time delay 7 relative to the starting times.
This approach particularly increases Nysq for small 7. For T comparable to or ex-
ceeding the recording length, only skyrmions present from the beginning contribute.
Fig. 5.8 presents the corresponding results to Fig. 5.7, but obtained with the sliding-
window method, which is also employed in the article in section 5.1 [27].
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Figure 5.8.: MSD with Sliding-Window Analysis. MSD as a function of delay time
T, number of tracked skyrmions Ny, and number of skyrmions contributing to the MSD
for oscillating magnetic fields at f =1kHz and (a) A =60uT, (b) A =300uT, and
(c) A =900uT. Data are evaluated with the sliding-window method, which enhances
statistics particularly for small T. Light, medium, and dark colors denote three independent
measurements.

Quantitatively, the methods with and without window sliding yield results for D
that are in good agreement. Nevertheless, the sliding-window approach provides
substantially improved statistics. As discussed above, broken trajectories due to
skyrmions entering or leaving the field of view, or due to mismatched linking, can
bias the results. In particular, strongly pinned skyrmions are continuously present
and reliably tracked; when they are then counted repeatedly in the sliding-window
analysis, D may be systematically underestimated.

Alternatively, avoiding the sliding-window method and instead selecting a fixed
starting time ty allows one to directly compare MSDy;;(7), i.e., the MSD as a func-
tion of 7 for different, fixed starting times ty. This approach can reveal how the MSD
evolves over time and permits extraction of the temporal evolution of D, as illus-
trated in Fig. 5.9. However, one has to be careful that fluctuations in D can also occur
for statistical reasons.
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Figure 5.9.: Time Series of MSD and Diffusion Coefficient. (a) MSDy (7) for time
delays T at different fixed starting times fy. (b) Corresponding diffusion coefficients D
obtained from fits over T <10s. The dashed line and shaded area indicate the mean value
and standard deviation of D across all tg.

5.2.3. Setup Characterization for Field Oscillations

To apply oscillating magnetic fields in the experiments, I use an Agilent A33250A
waveform generator, which can operate up to 80 MHz. The generator drives the
electromagnetic OOP coil by applying an oscillating voltage. The effective magnetic
field generated by the coil is, however, determined by the current I flowing through
it. Since the coil represents an inductive load, it does not follow Ohm’s law and must
be characterized separately [142].

For this purpose, I include an Ohmic resistor R of 1 () in series with the coil. Using an
oscilloscope, I measure the voltage U across R, which provides a direct measure of
I (see Fig. 5.10a). Applying AC voltages of fixed amplitude but varying frequency, I
record the resulting U, from which I is determined. The time axis is rescaled such that
signals of different frequencies can be displayed on the same axis. By normalizing
I(f) to the current at low frequency (f =1Hz), I obtain the transmission coefficient
T(f) shown in Fig. 5.10b. The transmission decreases sharply above 100 Hz due to
the inductive response of the coil counteracting field modulation. Since the input
is purely sinusoidal, only the amplitude of the transmitted signal is reduced, while
its waveform remains sinusoidal [142], allowing to obtain a constant generated field
amplitude even for higher frequencies by adjusting the used power.

To calibrate the coil field, I place a Hall probe at the sample position directly above the
coil. The waveform generator is set to deliver a constant output. As the generator
cannot supply true DC voltages, I mimic constant signals by applying oscillations
of amplitude 100 uV superimposed on offset voltages up to 100mV. The measured
fields B as a function of U are shown in Fig. 5.11, together with a linear fit yielding
the conversion factor (3.0 + 0.1) ptTmV !, The calibration depends on the output
load setting of the generator. Since the coil resistance is 3 (), I also set the generator
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Figure 5.10.: Transmission of AC Currents in the Field Coil. (a) Voltage U across
the Ohmic resistor R for different frequencies f of an AC input voltage of fixed amplitude.
The time axis is normalized to show all signals on the same periodicity for direct com-
parison. The transmitted current I decreases with increasing f. Thin, semi-transparent
lines indicate measured I (smoothed by a rolling mean over 10 data points for visibility);
dashed lines show sinusoidal fits used to extract amplitudes. (b) Transmission coefficient
T = I(f)/I(f = 1Hz), which decreases strongly for f > 100 Hz.

output load to 3 Q).

In the experiments, I correct the applied amplitude by a factor 1/T(f) to achieve
the desired oscillation amplitude A. For example, at T(1kHz) = 0.57, reaching
A = 100 uT requires applying an effective amplitude of 175.4 nT, corresponding to
an output voltage of 58.5mV.

Initially, I attempted to use the waveform generator at frequencies up to the MHz
range to approach the skyrmion breathing mode in the GHz regime [143]. However,
above approximately 5 kHz, the transmitted current deviates from a clean sinusoidal
shape, and the generator alone does not provide sufficient power to generate mea-
surable field amplitudes due to the low T(f). In complementary test measurements,
oscillating fields up to the GHz range with amplitudes of approximately 25 uT were
generated using an omega antenna (prepared by Philipp Schwenke, RPTU Kaiser-
slautern, and tested together). No measurable influence on skyrmion diffusion was
observed.

Since the oscillation frequencies at which the diffusion peaks lie in the range of a few
to a few hundred hertz in our system, the Kepco BOP power supply integrated into
the microscope setup is sufficient. The microscope software provides built-in func-
tionality to generate simple waveforms such as sine and square waves. For quan-
titative experiments, however, it remains essential to verify the transmitted signal
amplitude and shape — analogous to the procedure described above.

93



5. 300-Times-Increased Diffusive Skyrmion Dynamics and Effective Pinning Reduction
by Periodic Field Excitation

200 - slope: (3.0 £0.1) uT/mV )
100 -
?
= 0
5 G
o C
- 2
—100 )
<
2
—200 - ()
9
—300 -

T T T T T T T
—-40 =20 0 20 40 60 80 100
U[mV]

Figure 5.11.: Calibration of Coil Field Strength. Constant voltages U applied by the
waveform generator produce constant magnetic fields B, measured with a Hall probe at
the sample position. Applying 1mV (for a generator output load of 3()) corresponds to
B = (3.0£0.1) uT. Gray points show measured data; the green dashed line is a linear fit.

5.3. Author Contributions

I performed all the experiments at the Kerr microscope. Thereby, Tobias Sparmann
kindly assisted me, so we could run long measurements over two full days working
in alternating shifts.

I performed the skyrmion detection and trajectory linking using trackpy [131]. I also
developed the Python code to calculate the MSD and diffusion coefficient. One mea-
surement run was analyzed by Maarten A. Brems and aggregated as shown in Fig. 1
of section 5.1 [27], based on a common idea of the two of us. The code was developed
by myself to analyze several measurement runs and to generate the plots shown in
section 5.1 [27]. The energy landscape based on skyrmion occurrences was analyzed
by me and Jan Rothorl independently. The analysis of the skyrmion displacements
was done by Jan Rothorl, with me providing the data and plotting the final result.
The argument that the enhanced diffusion cannot simply be explained by the size-
dependence of the diffusion coefficient was developed by Maarten A. Brems.

The magnetic multilayer samples were deposited by Iryna Kononenko, Fabian Kam-
merbauer and Maria-Andromachi Syskaki. The optimization for the material compo-
sition was primarily done by Fabian Kammerbauer and Maria-Andromachi Syskaki.
Oded Farago helped with the interpretation of the results regarding diffusion in pin-
ning landscapes. Peter Virnau and Mathias Kladui supervised and guided this work.
Peter Virnau and Mathias Kldui contributed as PhD supervisors and principal inves-
tigators in our skyrmion research group and provided advice in regular discussions.
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6. Conclusion — Thermal Skyrmion
Diffusion in a Non-Flat Energy
Landscape

6.1. Summary

In summary, I investigated the thermal dynamics of isolated skyrmions in CoFeB
thin films using Kerr microscopy.

In the presence of a non-flat energy landscape [64], material inhomogeneities induce
spatial modulations of the magnetic parameters. These inhomogeneities give rise to
position-dependent variations of the skyrmion energy, thereby creating pinning sites
that are energetically more favorable than their surroundings. From the occurrence
probability density, I reconstructed the effective potential landscape. Our analysis
reveals that skyrmions are predominantly pinned at their boundary, such that the
pinning strength depends on the skyrmion size [64].

The skyrmion size can be tuned efficiently by the applied magnetic field [19, 64, 117].
When oscillating magnetic fields are applied, the skyrmion size undergoes periodic
modulation, which effectively exposes the skyrmions to a time-dependent energy
landscape. This external driving assists skyrmions in escaping pinning sites and
thereby enhances their diffusion. The diffusion coefficient exhibits pronounced peaks
at frequencies ranging from a few to several hundred hertz, depending on the sys-
tem parameters. In general, larger oscillation amplitudes further enhance diffusion,
but at the same time destabilize skyrmions, leading to an increased probability of
annihilation [27].

6.2. Challenges

Experimentally, reconstructing non-flat energy landscapes is relatively well estab-
lished. However, extracting detailed pinning characteristics and predicting the cor-
responding skyrmion behavior [64, 144] remain challenging. Acquiring a robust en-
ergy landscape, in which a significant portion of the field of view is sampled, typ-
ically requires several hours of measurement and thus yields a landscape for only
a single skyrmion size. On the one hand, mapping the landscape for all possible
skyrmion sizes is practically not feasible. On the other hand, pinning effects are not
fully captured by position probabilities alone, since boundary pinning dominates.
Determining which sections of the boundary remain inaccessible, even across mul-
tiple size-dependent landscapes, is nontrivial. Significant further work is required
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to extract boundary pinning from such data, for instance by correlating boundary
occurrences [145], which in turn necessitates sufficient spatial resolution. Depending
on the level of detail required, however, a simplified treatment of skyrmions as rigid
particles is often sufficient.

Maintaining stable measurement conditions constitutes another major challenge.
Skyrmions are sensitive to OOP magnetic field variations on the order of only a
few microtesla — smaller than the Earth’s magnetic field and typical stray fields from
neighboring equipment. Such fields must therefore be carefully monitored. Since
magnetic fields from distant sources are largely homogeneous across the microscope
region, they can be measured effectively with a three-dimensional Fluxgate sensor,
which provides nanotesla sensitivity and millisecond time resolution [146]. Owing
to its centimeter-scale dimensions, the Fluxgate sensor cannot measure directly at
the sample position, but this limitation is acceptable for homogeneous background
fields. Detecting and compensating remanence fields from within the microscope it-
self is more difficult. Because the samples are significantly more sensitive to OOP
fields (microtesla relevant) than to IP fields (millitesla relevant), the OOP component
is critical. Variations in the size, homogeneity, and stability range of the skyrmions
reflect the effective OOP field and can thus serve as indirect monitors of stability,
although continuous attention is required. Temperature stability, by contrast, is eas-
ier to maintain at the necessary level of about (0.3 £ 0.2) K combining the laminar
flow box and the Peltier element. In addition, long-term stability is affected by aging
processes in the multilayer stacks, such as annealing or intermixing at the interfaces,
which irreversibly alter the magnetic parameters.

Maintaining constant measurement conditions therefore requires not only careful
control of directly adjustable parameters such as magnetic field and temperature,
but also consideration of uncontrollable influences such as sample aging.

A further challenge in diffusivity measurements is temporal resolution. Exposure
times must be long enough to ensure sufficient magnetic contrast, yet short enough
to resolve the skyrmion motion — a balance that is especially critical when diffusion
is fast.

Experimental Note

In 2024, a new camera was installed on the Kerr microscope. In samples with trans-
parent HfO, capping, Grischa Beneke succeeded in recording skyrmion dynamics at
frame rates up to 500 fps.

Alternatively, moving intensity averages of consecutive frames and advanced pro-
cessing techniques such as coherent correlation imaging provide powerful means to
improve the effective temporal resolution.

On the simulation side, the central challenge remains modeling non-rigid skyrmion
structures on large scales. Micromagnetic simulations can capture flexible skyrmion
structures in non-uniform magnetic parameter landscapes [64], but they are compu-
tationally demanding and limited to systems extending only from nanometers to a
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few micrometers. Since the skyrmions studied here are micrometer-sized and mea-
sured in millimeter-scale samples, such approaches are currently impractical. In-
stead, molecular dynamics simulations treating skyrmions as particles provide an
efficient framework [70, 71]. Up to now, the model developed by our collaborators
in the group of Prof. Peter Virnau has treated skyrmions as rigid point particles. Ex-
tending this model to incorporate non-rigid boundary effects represents an important
step toward more realistic and predictive simulations.

6.3. Outlook

Thermal diffusion of magnetic skyrmions constitutes a powerful two-dimensional
model system for addressing open questions in fundamental physics.

Modeling oscillating magnetic fields as flashing potentials can refine our understand-
ing of the mechanisms underlying enhanced diffusion and effective pinning reduc-
tion. A central open question is whether this mechanism can drive skyrmions to
diffuse faster than they would in a flat, pinning-free landscape. Since the oscillating
field represents a permanent external drive, it is expected to induce non-equilibrium
effects that remain largely unexplored. Another unresolved question is whether os-
cillating fields — by shifting skyrmion dynamics from local hopping to long-range
quasi-free diffusion — enhance the effective Magnus force, thereby enabling the in-
vestigation of odd diffusivity effects [147].

It also remains to be clarified to what extent other driving mechanisms yield compa-
rable effects. Experiments by Tobias Sparmann and Leonie Dany have demonstrated
that alternating currents can induce similar enhancements. Additional proposals in-
clude non-symmetric surface acoustic waves [148], as well as pulsed local heating or
stray fields.

For the study of fundamental aspects of two-dimensional physics, enhanced
skyrmion diffusion — particularly with potential non-equilibrium features and Mag-
nus force contributions — offers a highly attractive platform. For skyrmion-based
spintronic devices, however, the central issue is not diffusion itself but rather de-
pinning mechanisms under external driving. Efficient depinning is essential for
device operation, and proposed driving schemes must therefore be tested across a
broader range of skyrmion systems and materials. While CoFeB thin films are ideally
suited for laboratory studies — with room-temperature skyrmions observable opti-
cally and magnetic properties readily accessible — technological applications demand
nanoscale operation together with significantly stricter thermal and magnetic stabil-
ity. Identifying materials and systems that simultaneously fulfill these requirements
remains a major open challenge.

On the technical side, the extraction of skyrmion energy landscapes is already well
established [64, 71]. Advanced processing techniques such as coherent correlation
imaging [145] promise substantial improvements in efficiency and spatial resolution,
making them particularly valuable for system characterization in view of future de-
vice applications.
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Introduction

Phases and phase transitions in two dimensions (2D) are fundamentally distinct from those in
other dimensions, a feature that has drawn significant scientific interest over decades[1]. While in
3D, the translationally ordered solid phase and the isotropic liquid phase are well-known, the
situation is more complex in 2D, where an intermediate hexatic phase with only orientational
order can arise[1,2]. The landmark theoretical framework developed by Kosterlitz, Thouless,
Halperin, Nelson, and Young (KTHNY theory) predicts that topological defects play a pivotal role
in mediating the phase transitions between those 2D phases[2]. In this picture, each site in a 2D
lattice with a coordination number N#6 constitutes a topological defect. While the solid phase
features only tightly bound dislocation pairs (with a fivefold and a sevenfold coordinated site
comprising a dislocation), the hexatic phase is characterized by the unbinding of these
dislocations. Finally, in the isotropic liquid phase, dislocations further decompose into
disclinations (isolated single defects), which then proliferate (Fig. 1a)[2].
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Fig. 1. (a) Schematic of topological lattice defects. Lattice neighbor connections are indicated by
the grey lines. The colored dots indicated the number of lattice neighbors (coordination number)
N. For slight distortions of an ideal lattice (N=6), dislocation pairs of two N=5 and N=7 defects
form. With decreasing order across 2D phase transitions, they unbind into dislocations and
disclinations. (b) Kerr microscopy snapshot of a skyrmion lattice in a CoFeB thin film. Black/white
contrast corresponds to magnetization pointing up/down.

This sequence of defect-mediated transitions has been directly observed in 2D skyrmion lattices
(SkLs), realized in a variety of material platforms including magnetic monolayers (e.g.,
Fe/Ir(111)), van der Waals magnets (e.g., Crls, FesGeTe,), oxide heterostructures (e.g., Cu,0Se03),
and amorphous or polycrystalline thin films (e.g., CoFeB, Fig. 1b)[3-5]. Advances in materials
synthesis techniques such as molecular beam epitaxy (MBE) and chemical vapor deposition (CVD)
have enabled the engineering of key magnetic parameters—Dzyaloshinskii-Moriya interaction
(DMI), anisotropy, and exchange stiffness—allowing precise stabilization of SkLs under ambient
and tunable conditions.
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As a result, 2D SKL phases have become highly relevant not only for fundamental studies in
topological matter and phase transitions, but also for emerging spintronic applications. Their
inherent topological stabilization, tunability, and compatibility with thin-film technologies
position them as a versatile and promising class of physical systems.

Relevance

At the heart of the relevance of 2D SKLs is their function as an accessible and tunable platform to
investigate topological phase transitions and defect-mediated dynamics in two dimensions. Unlike
colloidal or superconducting vortex lattices, SkLs allow exceptional control over parameters such
as lattice spacing, interaction potential, and both skyrmion as well as defect mobility[3,4,6]—
making them uniquely suited to experimentally realize and manipulate the scenarios described by
KTHNY theory[7].

In thin CoFeB films, for example, the skyrmion size and mobility can be modulated in situ via the
applied magnetic field[6]. In Cu,0Se0s3, the interaction potential among skyrmions is similarly
field-dependent, enabling fine control over lattice rigidity[3]. More generally, both temperature
and external magnetic field govern SKL properties such as density and spacing, allowing the phase
space of 2D transitions to be thoroughly explored[5,8] and enabling tuning of the dynamics[4,6].

While nanoscale skyrmions are most relevant for device applications, micrometer-sized
skyrmions offer distinct advantages for fundamental studies: they are optically detectable in real
time and real space, permitting direct visualization of phase transitions and defect dynamics[4,5].
Kerr microscopy of SkLs in CoFeB thin films has confirmed the emergence of dislocations and
disclinations consistent with KTHNY theory, and enabled the tracking of defect trajectories,
revealing that dislocations—acting as higher-order quasiparticles—exhibit diffusion coefficients
orders of magnitude larger than the skyrmions forming the underlying lattice[4].

Importantly, SkLs can extend KTHNY physics beyond equilibrium. Due to the chiral nature of
skyrmions, they experience a transverse Magnus force, making them ideal for studying topological
defect dynamics under non-conservative forces—a largely unexplored frontier[4,9]. Furthermore,
dynamic perturbations such as magnetic field oscillations or different parameter sweeps can drive
SkLs out of equilibrium([4,6], facilitating studies of, e.g., shock waves, lattice phonons, and
dissipative phase transitions.

The system’s versatility is further expanded by external control techniques. Electric gating and
local irradiation can dynamically manipulate magnetic properties and even pin individual
skyrmions to predetermined lattice sites, enabling artificial SkLs with engineered defect
structures or novel phases[9,10].

Beyond fundamental insights, these properties translate into technological potential. For example,
deliberately introducing and manipulating dislocations may provide new modes of low-power
information transport[4]. If a dislocation hops between two metastable configurations and this
distortion can be electrically detected (e.g., via industrially established devices like magnetic
tunnel junctions), it could serve as a logic state. Similarly, the nonlinear, history-dependent
responses of SkLs to external fields position them as candidates for reservoir computing, where
dynamic complexity is an asset[11]. Key observables include order parameters, elastic constants,
noise spectra, and even thermally driven stochasticity, the latter enabling explorations of
Brownian computing paradigms[11].
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Challenges

Despite significant advances, several key challenges must be addressed to fully realize the promise
of 2D SKLs.

First, spatial or time resolution are currently limiting factors. In many systems, skyrmions are only
tens of nanometers or less in diameter, requiring high-resolution techniques such as Lorentz
transmission electron microscopy (TEM), scanning tunneling microscopy (STM) or magnetic force
microscopy (MFM)[3]. These methods, however, offer limited time resolution, complicating the
study of dynamics. By contrast, systems such as CoFeB with micrometer-scale skyrmions allow
time-resolved optical imaging[4] but suffer from pinning effects due to inhomogeneities and
roughness in the film[8,9]. Even with optimized growth conditions, such imperfections are
unavoidable in real materials and hinder the formation of perfect SkLs[4].

Second, device integration remains a formidable challenge. For SkLs to be functional in practical
architectures, they must be stable over large areas, reproducible, and compatible with CMOS
technologies[11]. Precise control over skyrmion generation, annihilation, and manipulation
within a lattice is essential, yet more complex than for isolated skyrmions due to collective
behavior. Skyrmion-skyrmion interactions and the elastic properties of the lattice can restrict the
motion of individual skyrmions[4], necessitating new schemes for local and reversible control—
e.g.,, via tailored current pulses, localized heating, or strain fields—without destabilizing the
lattice.

Third, readout and interfacing strategies must be refined. Detection techniques such as tunnel
magnetoresistance (TMR) and manipulation by current-induced spin-transfer torque (STT) need
to be combined with maintained skyrmion integrity, while providing robust signal contrast and
low-power manipulation. Similarly, scalable, in situ, and ideally non-invasive methods for imaging
SkLs—especially in buried interfaces and ambient conditions—remain a key requirement.

Finally, from a theoretical standpoint, accurate modeling of SkLs in realistic environments must
incorporate disorder, thermal noise, complex interfacial couplings, and non-equilibrium
dynamics[12]. Multiscale modeling frameworks that bridge atomistic simulations with
micromagnetic and continuum approaches are essential to capture both local defect behavior and
long-range lattice dynamics.

Conclusion

In summary, 2D skyrmion lattice phases present an exciting frontier at the convergence of
topological statistical physics, materials science, and spintronic device engineering. They not only
offer an exceptional platform for studying fundamental aspects of 2D phase transitions and defect
dynamics, but also hold promise for applications in reconfigurable, energy-efficient information
processing. As we look toward 2026 and beyond, coordinated progress in materials development,
experimental methodology, and multiscale modeling will be crucial to unlocking the full potential
of SkLs in both scientific discovery and technological innovation.
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Magnetic skyrmions are chiral spin structures with non-trivial topology that comprise two-dimensional
quasi-particles and are promising information carriers for data storage and processing devices.
Skyrmion lattices in magnetic thin films exhibit Kosterlitz-Thouless-Halperin-Nelson-Young (KTHNY)
phase transitions and have garnered significant interest for studying emergent 2D phase behavior. In
experimental skyrmion lattices, the main factor limiting the quasi-long-range order in thin films has
been the non-flat energy landscape - often referred to as pinning effects. We demonstrate direct
control of the skyrmion lattice order by effectively tuning the energy landscape employing magnetic
field oscillations. By quantifying lattice order and dynamics, we explore how domain boundaries form
and evolve due to pinning effects in Kerr microscopy experiments and in Brownian dynamics
simulations, offering a pathway to control and study emergent skyrmion lattice properties and 2D

phase behavior.

Two-dimensional (2D) lattices encompass a unique nature of ordering
phenomena'”, qualitatively different from 3D or other dimensions.
Specifically, the transition between the solid phase—where translational
quasi-long-range order (QLRO) is present—and the isotropic liquid
phase can be marked by the emergence of an intermediate hexatic
phase™’. This hexatic phase possesses only orientational, but no trans-
lational QLRO and is described within the framework of the
Kosterlitz-Thouless-Halperin—Nelson-Young (KTHNY) theory'™.
Magnetic skyrmions—chiral spin textures that exhibit quasi-particle
properties due to their topologically non-trivial spin structure’*—are an
ideal platform for exploring the fundamental physics of ordering in 2D’
In thin magnetic films with layer thicknesses of around 1 nm, skyrmion sizes
can range from nanometers to a few micrometers®. This size range, com-
bined with the uniformity of their texture across the film thickness, makes
those skyrmions ideal 2D quasi-particles'””. In Ta/CoFeB/MgO multilayer
stacks, the repulsive interaction potential“"” enables skyrmion arrange-
ments of high densities to form ordered hexagonal lattices at room
temperature'”'>'’. Thereby, the thermal excitation of spins is sufficient to
cause Brownian motion of the quasi-particle skyrmions'*’. The skyrmion
dynamics is even tunable on the fly’' and the individual skyrmions can be
tracked with high resolution imaging by Kerr microscopy in real-time and
-space'®™’. Therefore, their versatility in order to induce and observe the
dynamics associated with the KTHNY phase transitions'’ is a key advantage

of skyrmions over previously studied colloidal” or superconducting
vortex™*”* systems.

However, achieving QLRO for skyrmion lattices in continuous thin
films is challenging because of the underlying non-flat energy
landscape'®'**°. The roughness of the energy landscape arises from non-
uniform magnetic properties’”’ due to non-uniform interfaces or locally
varying crystallinity within the material stack’>”’~"'. The material inhomo-
geneities cause preferred positions for the skyrmions - so-called pinning
sites. The term pinningis often used to describe the general roughness of the
energy landscape. It is however important to note that the overall non-flat
landscape may feature both attractive and repulsive positions™” " of
varying strengths as a continuous variation of the energy of a skyrmion
across the sample. In the energy landscape of thin films, skyrmions are
typically pinned at their delineating domain wall, which makes pinning
effects dependent on the skyrmion size™ and effectively tunable by magnetic
field oscillations™’. While theoretical predictions allow for the existence of
QLRO in skyrmion lattices with weak pinning, stronger pinning suppresses
ordering transitions entirely””*>”’. Experimental investigations have
revealed that the non-flat energy landscape significantly impacts skyrmion
lattice formation'"", resulting in polycrystalline lattice domains, which are
separated by domain boundaries (DB). Hence, QLRO is maintained only on
a local scale within a domain, but broken by the DBs'"">. Overcoming the
non-flat energy is therefore the key challenge to achieve single-crystal
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skyrmion lattices and to study emergent 2D phases and phase transitions on
large scales.

In this article, we enhance the size of polycrystalline skyrmion
lattice domains by exploiting the effective reduction of pinning due to
magnetic field oscillations™'. We study the interplay between the non-flat
energy landscape and the lattice order. Specifically, we show that sky-
rmions, which stay pinned due to the effects of the non-flat energy
landscape, cause domain boundaries between the lattice domains and
support our experimental findings with Brownian dynamics simula-
tions. Since enhancing lattice domain sizes towards true QLRO is the
main challenge to observe true 2D phase behavior of skyrmions in thin
films'*""?, our results pave the way to experimentally explore the statics
and dynamics of 2D phases and phase transitions in 2D skyrmion
lattices.

Results and discussion

Field oscillations assist lattice ordering

We use a Ta(5nm)/CoyoFesoB2(0.9 1m)/Ta(0.08 nm)/MgO(2 nm)/
HfO,(3 nm) magnetic multilayer stack to nucleate densely packed sky-
rmions and establish magnetic out-of-plane (OOP) contrast in real space at
16 frames per second using Kerr microscopy (see Methods section for
details). After nucleation, the field of view of 200 x 150 um?® contains
between 4000 and 5000 skyrmions. Using the trackpy Python package™, we
detect the skyrmions and calculate the local order parameter

applying a Voronoi tessellation™ to determine the nearest lattice neighbors.
Here, 1; denotes the position of a particle with N,,,, nearest neighbors at ry,
and 0y represents the angle of the connecting vector ri-r; relative to a fixed
arbitrary axis’. The phase of the complex value defines the local orientation
o = arg(ye)/6 of the lattice.
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Fig. 1 | Skyrmion lattice domain growth in oscillating fields. a Skyrmion positions
colored by the lattice orientation « directly after nucleation. The orientation «
(illustrated as gray line in color-bar label) is determined by the neighbor positions
and is 6-fold symmetric. b After 60 s in an oscillating magnetic field (180 pT peak-to-
peak at 100 Hz), the lattice domains have grown significantly. The insets show the
corresponding Kerr microscopy image with greyscale representing the OOP-
component m, of the magnetization. ¢ Influence of the field oscillation amplitude on
local order parameter s, orientational correlation length &, skyrmion diffusion

Figure 1a shows the positions of the skyrmions as nucleated (t,=0s),
with their local orientations « color-coded. The schematics next to the color
bar illustrates examples of different @, where the lattice orientation is
highlighted by the differently aligned crystal axes depicted as gray lines. Note
that the hexagonal lattice is six-fold symmetric - i.e., the color bar is cyclic
with « = —30° being equivalent to « = 30°. Figure 1b shows the same sky-
rmion lattice, but after waiting for t; =60 s while an oscillating field of
A =180 pT peak-to-peak amplitude at a frequency f=100 Hz is applied.
Both at ty and t;, we find a multi-domain structure with regions of equivalent
orientation «, which we identify as lattice domains. Between those lattice
domains, & changes abruptly, forming a domain boundary (DB) which
breaks QLRO. The inset shows the polar Kerr microscopy snapshot of the
corresponding region, where every white dot represents one skyrmion.
During the waiting time of 60 s, we find a significant increase of the lattice
domain size.

To quantify the lattice domain size, we calculate the orientational
correlation function

Gs(r=Ir,— )= <W2(rj)1l’6(rk)> & exp(—r/fﬁ)

as spatial quantifier of orientational order. In the absence of QLRO, G4
decays exponentially with a correlation length &, which provides a measure
for the lattice domain size>*'’. While the lattice domains also grow slightly at
constant applied field, the field oscillations significantly enhance the
ordering effect. In Fig. 1¢, we demonstrate that introducing field oscillations
(f=100 Hz) can significantly enhance both the orientational order (|ys|)
and the domain size measured by &. As field oscillations effectively reduce
pinning”, skyrmions are enabled to rearrange into larger lattice domains.
Similar driving mechanisms have already been reported to lead to depinning
and lattice formation of superconducting vortices™. In principle, alternative
driving mechanisms like current-induced motion’*”, local heating™ or
surface acoustic waves” have also been shown to assist skyrmion depinning
and therefore provide potential alternatives to stabilize skyrmion lattice
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coefficient D and number of skyrmions N. Data points and error bars denote average
and standard deviation, respectively, of 10 s window (160 snapshots between 50 and
60 s after nucleation), averaged for three independent measurements each. As a
trade-off of effectively reduced pinning and increased random diffusion, ys and &
(as measures of the order and lattice domain size, respectively) peak around

A =180 pT. Generally, increased oscillation amplitudes enhance the diffusion D and
reduce the number of skyrmions N.
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Fig. 2 | Lattice domain boundary analysis. a The scattered dots mark the skyrmion
positions and local orientation « as in Fig. 1b. The background colormap visualizes
the absolute change A« in orientation between neighboring skyrmions as an inter-
polated map, which highlights the positions of the domain boundaries. The black
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rectangle serves as reference marker for the following analysis. b Considering every
Aa > 10° as a DB, the grayscale map yields a probability map of hosting a DB during
the 1000 frames of the 62.5 ms video of lattice formation.

order - either separately or even in combined approaches. Here, we use
magnetic field oscillations as they act isotropic and since we can apply the
excitation on the fly within the relevant field range and time scale. In
contrast, additional patterning or devices are necessary for the other
techniques.

During the driving by the oscillating field, the system is expected to
exhibit non-equilibrium properties. Unlike for superconducting vortices
however, the skyrmion order persists even when the driving mechanism
(i.e., the field oscillations causing the depinning) is switched off. That is, after
switching off the driving by the oscillating field, an equilibrium lattice with
significantly enhanced order remains. However, there is a threshold for this
mechanism: at large amplitudes (here, A > 180 pT), the increased diffusivity
—similar to an elevated effective temperature—appears sufficient to
counteract lattice stability, leading to a decreased order again. We further
show that the diffusion coefficient D of the skyrmions increases mono-
tonously with A. At the same time, larger amplitudes cause increasing
annihilation events and decrease the number of present skyrmions N
(Fig. 1c). The time evolution of all shown parameters as well as the corre-
lation function Gg are shown in Supplementary Fig. 1. Additionally, we
characterize the effect in a similar scan of varying amplitude at f= 500 Hz as
well as in a frequency scan at fixed amplitude in Supplementary Fig. 2. Here,
we use the frequency of 100 Hz as it leads to a maximum enhancement of the
skyrmion diffusion in this system.

Annihilations are a result of skyrmions being destabilized in the field
oscillation. This effect has previously been observed for isolated skyrmions®'.
In a dense lattice, it becomes pronounced already for smaller amplitudes A
due to the strong skyrmion-skyrmion interactions present. Therefore,
especially skyrmions in “overpopulated” regions tend to annihilate. Note
that the packing fraction—i.e., the area occupied by skyrmions—is pre-
dominantly set by the magnetic hysteresis. Therefore, skyrmion annihila-
tions do typically not lead to a reduction of the packing fraction but to an
increased size of the remaining skyrmions. Consequently, annihilations may
solve space conflicts of individual skyrmions in “overpopulated” regions,
which can facilitate the ordering process—provided the overall skyrmion
density remains sufficient to stabilize an ordered lattice, as seen here. If too
many skyrmions annihilate, the remaining skyrmions expand into stripes.

We note that despite the effective reduction of pinning effects due to
the oscillating field”', remaining effects of the non-flat energy landscape are
still present™. As pinning effects have been shown to play an important role
for breaking QLRO'"'>”*, we now analyze the role of the non-flat energy
landscape during the lattice formation. This effective energy landscape

could previously be determined directly from the occurrence probability of
the skyrmions as a result of the spatially inhomogeneous skyrmion-material
interaction®”*’. However, in dense systems such as in a skyrmion lattice,
skyrmion-skyrmion interactions between the particles themselves play an
important role'*'’. Those interactions also affect the occurrence distribution
of skyrmions as illustrated in Supplementary Fig. 3, for instance when a
skyrmion is confined by its lattice neighbors. Hence, the effects of the
skyrmion-skyrmion interaction and the pining potential cannot be
decoupled, and a direct determination of the energy landscape remains
inaccessible in this regime. Instead, we access the effect of pinning indirectly
though the resulting lattice properties in the following.

Pinning effects confine lattice domains geometrically

As the non-flat energy landscape hampers QLRO and instead favors a
“polycrystalline” structure with multiple domains, we first analyze the
occurrence of lattice domains and domain boundaries. The orientation « is
uniform within a lattice domain but changes at a DB. Therefore, we
determine the orientation change Aa between neighboring skyrmions. We
assign to every connection between nearest neighbors in the skyrmion lat-
tice the absolute value of the change in orientation and interpolate these
values onto the pixel grid. We show the determined A« as background in
Fig. 2a. For visualization, we overlay the corresponding orientation data
from Fig. 1b as scattered dots, so that the orientation change Aa between the
lattice domains (i.e., clusters of similar color) becomes clearly visible. The
existence of a DB, however, is independent of the exact value of Ax - as long
as it exceeds the typical fluctuations of a few degrees within a domain. Thus,
we define all orientation changes A« above a threshold of 10° as DB.

In Fig. 2b, we present the probability of hosting a DB for each pixel
within 62.5s (1000 frames) after nucleation. The domains fluctuate, rear-
range, and grow from £, to t; (snapshots in Fig. 1a, b, respectively). Despite
the fluctuations due to the diffusive dynamics, the DB occurrence prob-
ability map in Fig. 2b reveals significant spatial variations: some regions
consistently host DBs, while others remain firmly inside lattice domains—
suggesting an effective pinning of DBs.

To examine the ordering details on a local scale, we now zoom into the
area marked by a black rectangle in Fig. 2. For this region of interest, we
recall in Fig. 3a-c both the skyrmion positions (from Fig. 2a) and the DB
occurrence probability map (from Fig. 2b), for reference. We color the
occurring skyrmions by their local lattice orientation « (Fig. 3a), local order
parameter |y,| (Fig. 3b) and number of lattice neighbors (Fig. 3¢), respec-
tively. The small red dots mark where the absolute orientation change Ax
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Fig. 3 | Pinning effects induce lattice domain boundaries. Onto the DB occurrence
probability of the rectangle as greyscale background, we superimpose the a local
orientation, b |ys| and c number of lattice neighbors for every skyrmion as dots using
the data from Fig. 2a for a more detailed visualization. Red dots denote the occur-
rences of Aa > 10° between neighboring skyrmions and the red lines mark the
corresponding domain boundaries. As the orientation changes along such bound-
aries, the local order |ys| is reduced and lines of topological defects occur. d Average
Kerr contrast for three different Kerr videos of 1 min length in the marked circular
areas. The yellow dashed line serves as marker to map positions of high domain wall
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occurrence probability from (a). Despite the three different nucleations, we find
significant average contrast due to skyrmions at the positions where we have found
high probability of a DB, thus indicating pinning effects. Contrarily, different con-
figurations arise elsewhere as seen by the blurred contrast. e, f Plotting local
orientation « of the two different nucleations (snapshots 60 s after nucleation) as
colored dots onto the grayscale map of Aa from (a-c), we find again that domain
boundaries of Aa > 10° (red lines) overlap with the DB occurrence probability from
before, corroborating that pinning plays an important role for the occurrence of
domain boundaries.

between two skyrmions exceeds 10°, contributing to a DB. Neighboring red
dots are further connected by red lines to illustrate the DB contour. The
marked red boundaries align well with positions where & changes in Fig. 3a,
validating our DB identification. Since the orientational order is disrupted
locally along a DB, we see in Fig. 3b that the corresponding local order
parameter || is reduced at these positions. This disruption also gives rise to
topological defects, characterized by the number of lattice neighbors dif-
fering from the perfect order with six neighbors.

Next we probe the reproducibility of the skyrmion boundary for-
mation. Since skyrmion pinning effects are a local material property, they
are independent of the specific skyrmion configuration resulting from a
nucleation event. Therefore, we compare the skyrmion occurrences in
the same area but from different nucleations to analyze the DB pinning
effect. Firstly, we investigate the circular areas marked in Fig. 3a, where
the DB occurrence probability is particularly high. In Fig. 3d, we average
the Kerr intensity for these circles across three videos, each capturing the
first 62.5s (1000 frames) of a newly nucleated skyrmion lattice. Despite
averaging over three nucleations (with respective independent lattice
domain formations) and long observation times relative to the diffusion
timescale, we observe significant contrast. This contrast indicates that
skyrmions recur at identical positions over time and across re-
nucleations. For reference, we add (to Fig. 3d) a dashed yellow contour
along which the DB occurrence probability in Fig. 3a is particularly high.
These regions of high DB occurrence probability align well with the
recurring skyrmions. In contrast, the intensity is more diffuse in areas
further away from the primary DB positions, suggesting more fluctua-
tions there. Therefore, we conclude that pinning effects play a crucial role
in the formation of DBs within the skyrmion lattice, which inhibit QLRO
and favor a polycrystalline multi-domain arrangement.

To further support this conclusion, we analyze snapshots showing the
local orientation « (scattered dots) and DBs (red) from the second and third

nucleation in Fig. 3e, f, respectively. In both cases, we plot the DB occurrence
probability map from the first nucleation as the background (i.e., from
Fig. 2b) for reference. The DBs identified in these additional snapshots
frequently align with those from the first nucleation. As these DBs recur at
identical positions across different nucleations, our observations confirm
that the pinning of individual skyrmions effectively pins DBs within the
lattice. As a result, pinned DBs suppress domain rearrangement towards
QLRO, instead acting as geometric confinement for lattice domains.

To understand our experimental findings, we perform corresponding
Brownian dynamics Thiele model simulations to elucidate the role of the
non-flat energy landscape for the formation of lattice domains and DBs.

Simulation results

We simulate skyrmion lattices within the Thiele model using a typical
repulsive skyrmion interaction potential ' (see Methods). The simulations
are conducted at a fixed density of 1.25, which places the system deep within
the solid phase in the absence of an external potential landscape'*".

First, we use an experimentally derived skyrmion energy landscape™ as
the potential energy input (Supplementary Fig. 4), varying only the depth of
the potential landscape while keeping the skyrmion density constant. As
shown in Fig. 4a, introducing a non-flat energy landscape results in a multi-
domain skyrmion lattice. Pinning reduces the average local order s, the
orientational correlation length & and the diffusion coefficient D (Fig. 4a).
As the depth of the potential landscape decreases, all three quantities—, &
and D—increase, consistent with the experimental observations. However,
beyond a certain point, further increases in lattice order lead to a decrease in
D, as the system favors preserving order over maximizing diffusivity. In the
experiment, these opposing effects cannot be disentangled, as field oscilla-
tions primarily enhance diffusivity™".

In Fig. 4b, we show that strong pinning results in small domains
extending over only a few particles, while weaker pinning allows for
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Fig. 4 | Pinning leads to multi-domain states. a We use an experimentally deter-
mined energy landscape in a Brownian dynamics simulation of 5300 particles at
density 1.25, which is deep in the solid phase in the absence of a potential. The
pinning leads to reduced local orientational order ys, smaller correlation length &,
and suppressed diffusivity. D is given in terms of the nearest neighbor distance r, and
the simulation time unit STU. When the pinning is reduced in the simulation, s, &,
and Dincrease. For increasing order, D decreases again to preserve lattice order. Data
points and error bars denote average and standard deviation, respectively, of the last

200 writeouts, averaged for four independent simulation runs each. b Local lattice
orientation « for individual skyrmions (dots) at differently strong pinning. While
stronger pinning with only 20% reduction of the energy landscape leads to poly-
crystalline lattice multi-domain state, reducing pinning by 70% results in an almost
uniform a. ¢ For the rectangle highlighted in (b), we show the experimental energy
landscape (left) and the occurring domain boundaries (right). The grayscale back-
ground is the domain boundary occurrence probability throughout the 800 write-
outs in 80 STU. The red markers denote the domain boundaries identified in (b).
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increasingly uniform lattice orientation «. For a selected region of interest
(Fig. 4c), we present the experimental energy landscape used in the
simulation and the associated DBs. The landscape consists of energy
variations on the scale of the skyrmion diameter, forming randomly
distributed pinning sites separated by energy barriers of varying height
on the order of few kzT. By analyzing 80 simulation time units (STU) of
an equilibration, we demonstrate that this heterogeneous energy land-
scape leads to a highly inhomogeneous probability for domain boundary
occurrence. Some DBs appear to remain persistently pinned by the
landscape.

To further understand the mechanism of DB pinning, we next intro-
duce designed synthetic energy landscapes into the simulation. In Fig. 5, we

employ a landscape composed of randomly distributed angle-shaped pin-
ning features. Each feature spans three skyrmion spacings in both directions
and has a depth of —7.5 kzT relative to the flat background. The opening
angle is set to 135°, which is deliberately chosen to be incommensurate with
the hexagonal lattice. The background of Fig. 5a shows the DB occurrence
probability over 80 STU, revealing a clearly inhomogeneous distribution.
This minimal pattern suffices to create distinct lattice domains and to
effectively pin D3Bs.

Figure 5b shows a snapshot of the local lattice orientation « per sky-
rmion after 80 STU. At several locations, a changes sharply at the angle-
shaped pinning sites, which mark and anchor DBs. However, these angles
can also be located within a single domain, merely inducing local distortions.

Communications Physics| (2026)9:29

109

Raphael Gruber, Skyrmions in Motion — Thermal Dynamics and Ordering in 2D, PhD Thesis, Johannes Gutenberg-Universitdt Mainz (2025)




8. Skyrmion Lattice Domain Formation in a Non-Flat Energy Landscape

https://doi.org/10.1038/s42005-025-02462-x

Article

While domain configurations fluctuate, DBs tend to connect the angular
pinning features, though the specific features involved vary over time.

To explore the influence of different pinning geometries, we compare
several synthetic patterns. In the case of linear pinning features (Supple-
mentary Fig. 5), domain fragmentation along the pinning lines is unfa-
vorable, as the lines are commensurate with the lattice. Instead, the lines tend
to stabilize the interior of a domain and confine DBs to the interstitial
regions. Conversely, a landscape consisting of overlapping sinusoidal lines
(Supplementary Fig. 6)—which are incommensurate with the hexagonal
lattice—favors domain fragmentation. Since the sinusoidal lines are curved,
a single domain covering the sine is unfavorable. Instead, breaking of the
domains is induced. However, the continuous curvature does not anchor
one fixed DB but instead causes small domains and DBs in its vicinity.

In the experimental system, the material’s energy landscape is random
in nature”*® and likely incommensurate with the hexagonal skyrmion lat-
tice, as shown in Fig. 3d. Additionally, the observed pinning features pre-
dominantly exhibit a local character, resembled by the angle-shaped
patterns used in the simulation (Fig. 5).

Conclusions

The non-flat skyrmion energy landscape in magnetic thin films has been
known to be the key inhibitor of quasi-long-range order (QLRO) of sky-
rmion lattices'""”. In this work, we demonstrate how skyrmion pinning
effects in a non-flat energy landscape cause the local stabilization of lattice
domain boundaries. The effectively pinned domain boundaries delineate
and confine the polycrystalline lattice domains, breaking QRLO. As we can
effectively tune the energy landscape and reduce pinning effects by magnetic
field oscillations™, we can significantly increase the size of the lattice
domains, leading to enhanced average local order. We therefore provide a
key enabler to access intrinsic properties and dynamics of skyrmion lattices'’
and their fundamental 2D phase behavior—within the limit of domains as
well as towards single crystals of true QLRO in the future. The oscillating
fields furthermore allow us to study both equilibrium and non-equilibrium
phase behavior. Different mechanisms like current-induced motion™”,
local heating™ or surface acoustic waves” may also depin® and increase
lattice domains in an alternative or additional approach. We reproduce our
experimental results by quasi-particle simulations and we show that local
modifications of the energy landscape** in order to deterministically pin
single skyrmions at their ideal lattice sites pose an option to stabilize artificial
lattices on larger scales—in a reverse engineering approach to access lattice
properties beyond the current observations in systems with a natural energy
landscape.

Methods

Magnetic multilayer material

The magnetic thin film stack is deposited using DC/RF magnetron sput-
tering in a Singulus Rotaris system under a base pressure of 3 x 10" mbar.
We use a stack composition of Ta(5 nm)/Co,FegoB20(0.9 nm)/Ta(0.08
nm)/MgO(2 nm)/HfO,(3 nm) (with layer thicknesses in nanometers,
accurate to within 0.01 nm). The perpendicular magnetic anisotropy (PMA,
at the CoyoFesoB2/MgO interface) and the interfacial Dzyaloshinskii-
Moriya interaction (DML, primarily at the Ta/Co,,Feg,Bs interface)** are
key ingredients for the stabilization of magnetic skyrmions in our thin film.
Thereby, the dusting layer of Ta(0.08 nm) optimizes the material for low
pinning and skyrmion lattice formation by fine-tuning the balance between
DMI and PMA'**. The non-trivial topology of our magnetic skyrmion
structures is confirmed by driving skyrmions using spin-orbit-torques as
well as by micromagnetic simulations'****. We show the magnetic hys-
teresis curve for an out-of-plane (OOP) field cycle loop in Supplemen-
tary Fig. 7.

Experimental setup

To image magnetic skyrmions in the multilayer compound, we operate a
commercially available Kerr microscope manufactured by evico magnetics
GmbH in polar mode, resulting in grayscale contrast of the OOP

magnetization. With a blue LED light source and a CCD camera, we reach a
resolution of 200-400 nm and 62.5 ms (16 fps) in real-time and -space. We
control and monitor the sample temperature with a Peltier element and a
Pt100 with a precision of 0.1 K, respectively'*”. Enclosing the entire
microscope in a thermally stabilized flow box further improves temperature
stability. Electromagnetic coils provide independent magnetic fields in in-
plane(IP) and OOP direction. The OOP field coil is custom-made to allow
field control with sub-uT precision to ensure stable measurement conditions
for the skyrmion system.

While a magnetic OOP offset field is required to stabilize skyrmions, a
saturating IP field pulse is used to nucleate skyrmions while keeping the
temperature constant. We control the density of the nucleated skyrmions by
the OOP offset and IP pulsed field”*"**. Under the varying oscillating fields
described in the main text, we take videos of 62.5 s length (1000 frames) and
detect skyrmions by the trackpy Python package™, which is based on 2D
Gaussian kernel fitting. Due to the skyrmions being a collective spin
ensemble spanning over many pixels, the detection works with sub-pixel
precision”. Except for the geometric patterned confinements, the magnetic
film exceeds the field of view by more than one order of magnitude and is
therefore considered as continuous, where we neglect boundary effects.

Lattice order and diffusion analysis
From the detected skyrmion positions, we apply a Voronoi tessellation™ to
determine lattice neighbors. From the Voronoi grid, we determine the
complex local order parameter v, for every skyrmion. The local lattice
orientation directly follows as a=arg(ys)/6'>. We then calculate the
orientational correlation function Gg as a function of distance  for every
frame'. As no quasi-long-range order (QLRO) is present due to multi-
domain structures®, we determine the decay of the correlation function as
an exponential o exp(—r /&) with a correlation length &, which we use as
a measure for the lattice domain size. As an additional result of the Voronoi
tessellation, we directly gain information about topological lattice defects™:
every skyrmion with a number of lattice neighbors N,,, different from 6
(which is the case in a purely hexagonal lattice structure) is a topological
defect.

To evaluate the diffusivity of the skyrmions, we use trackpy™ to link the
skyrmion coordinates r from the single frames at time t to trajectories. We
then calculate the mean squared displacement

MSD(t) = <[r(t) — r(to)]2> — 24Dt

with respect to a start time #, by averaging over all skyrmion trajectories as
indicated by the angled brackets'**". Since the MSD is related to the diffusion
coefficient D via the time t and the system dimensionality d = 2, we extract D
as a linear fit over a 1s interval. The accessible fit region is limited in the
experiment as it required reliable trajectory linking over the full fit window.
We can use any time £, as starting time to evaluate the time evolution of the
diffusion coefficient"’.

The occurrence probability p of skyrmions at low skyrmion densities
can furthermore be used to determine the energy landscape. Following a
well-established procedure”’, we determine the energy landscape in units
of kgT as —In(p). The sample used for the lattice measurements features only
high skyrmion densities at the measurement temperature. Reducing tem-
perature allows also lower densities, but increases the skyrmion size (which
is relevant for the energy landscape) and suppresses the relevant thermal
skyrmion diffusion. Since sparse (and thermally diffusing) skyrmions are
required in this procedure to minimize contributions from skyrmion-
skyrmion interactions, we use a different, similar sample (Ta(5nm)/
Co,oFesoB20(0.9 nm)/Ta(0.09 nm)/MgO(2 nm)/Ta(5nm) measured at
316 K) to obtain a realistic energy landscape for the simulations.

Brownian dynamics simulation
We use Brownian dynamics simulations in the Thiele model” to simulate
thermally diffusing skyrmions. Sets {r} of skyrmions at positions r positions
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with velocity v, the damping y (effective skyrmion damping for Brownian
Dynamics simulation, not the Gilbert damping) and satisfy the equation of
motion'**

—yv-— Grelyez XV + F'rherm + FSkSk({r}) + Fpin(r) =0

while using y=1 in simulation units. Since the relative Magnus force
strength G, is negligible in our system, we do not consider the term in the
simulations. The dynamics is influenced by several forces F: the thermal
white noise Fyer,n (fulfilling the fluctuation-dissipation), skyrmion-
skyrmion interactions Fsyg, and pinning forces Fy;, originating from a
non-flat energy landscape. Based on previous experiments'”", we use a
skyrmion-skyrmion interaction potential V(r) = r* with a cutoff distance of
3 simulation units. While theoretical studies™** have shown the possibility
to adjust the original Thiele equation by adding a mass term, we can
confidently estimate the inertia of the skyrmion to be negligible in our
system using previous determinations of mass* and damping’.

The equation of motions are integrated using a Heun algorithm and
periodic boundary conditions. Writeouts are performed every
10,000 simulation time steps, which corresponds to every 0.1 simulation
time units (STU). The lattices are typically equilibrated after 20 STU (thus,
200 writeouts). The density of the skyrmions is determined as number of
particles per squared simulation length unit. The system is initialized as a
square lattice.

Data availability
The data that support the findings of this study are available on Zenodo™
under https://doi.org/10.5281/zenodo.17406183.

Code availability

The computer code used for analyzing the experimental results as well as for
generating and analyzing simulation data of this study is available from the
corresponding author upon reasonable request.
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Supplementary Fig. 1. Skyrmion Lattice Evolution in Magnetic Field Oscillations. a) Orientational correlation
function Gs as a function of distance r at t=0s and t=60s after nucleation for lattice stabilization at A=180 pT
(corresponding to Fig. 1d-e, respectively). The dashed lines represent the exponential fit of the correlation length &
through the marked dots. b) Ge at t=60 s for allused amplitudes A, averaged over the three measurements. As described
in the main text, G6 decays slowest, signaling maximum order, around A=180-240 uT. Due to the enhanced skyrmion
annihilation for increasing A, the nearest neighbor spacing also increases. c¢) Time evolution of the parameters shown
in Fig. 1-i starting right after nucleation. Lines represent the mean over three different nucleations (as rolling average
over 2 s); the shaded area visualizes the corresponding standard error of the mean.
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Supplementary Fig. 2. Amplitude and Field Scan of Magnetic Field Oscillations. a) Average local order parameter
{|ws|, diffusion coefficient D, and number of skyrmions N for varying oscillation amplitude A at fixed frequency f of
500 Hz. Data points and error bars denote average and standard deviation, respectively, of 4 s starting 4 s after
nucleation, averaged for four independent measurements each. The average order is lower than in Fig 1 as the lattice is
less dense and recorded for shorter times, i.e. evaluated faster after nucleation. Otherwise, the behavior is equivalent.
b) Similarly, | ys|?, D, and N for a fixed amplitude of 150 uT at varying frequency. D shows a peak around 100 Hz marking
the maximal effect on the lattice dynamics and being the basis for choosing f=100 Hz for the further investigation in the
main text. At low frequencies, the skyrmion spin structures have more time to react to the imposed field changes and
are therefore increasingly destabilized, leading to lower N, but also reduced {| ys|). For higher frequencies, ¢| ys|) is only
little affected.
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Supplementary Fig. 3. Skyrmion Occurrence Map. Every scattered pink dot represents the position of a skyrmion
during three lattice formation videos of 62.5s length. The grayscale background recalls the domain boundary
occurrence probability from Fig. 3a. A regular pattern of frequent skyrmion occurrences forms not only due to pinning
sites but also due to skyrmions being confined between their neighbors. Since the occurrences are therefore dominated
by both skyrmion-material and skyrmion-skyrmion interactions, the occurrence map remains inconclusive with respect
to the pinning potential and does not allow the direct determination of the energy landscape.
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Supplementary Fig. 4. Skyrmion Energy Landscape. From the occurrence probability of sparse skyrmions, we extract
the skyrmion energy landscape. We fill up the unsampled pixels with noise. The roughness of the energy landscape
determines the strength of present pinning. In order to provide a large enough energy landscape to fit >5000 skyrmions
while keeping the relation between pinning site distance and skyrmion distance constant, the energy landscape is
repeated periodically to fill the whole space.
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Supplementary Fig. 5. Skyrmion pinning along straight-line-shaped pinning landscape. a) The green straight lines
pin skyrmions with an energy of -7.5 ksT with respect to the flat background potential. Over a simulation run of 100 STU
with 5300 skyrmions at a density of 1.25, lattice domains and boundaries form and have an occurrence probability as
shown by the grayscale background. Since straight lines are commensurate with the hexagonal lattice, they anchor the
inside of a lattice domain and render domain boundaries unfavorable. Instead, the domain boundaries form between
the lines of different orientation. b) Snapshot of the lattice orientation « per particle after 100 STU, showing how the
lattice domains are anchored along the lines while domain boundaries form in between.
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Supplementary Fig. 6. Skyrmion pinning along sinusoidal-line-shaped pinning landscape. a) The green sinusoidal
lines pin skyrmions with an energy of -7.5 ksT with respect to the flat background potential. Over a simulation run of 100
STU with 5300 skyrmions at a density of 1.25, lattice domains with domain boundaries form in the vicinity of the sine.
Here, the continuous curvature of the sine favors frequent breaking of lattice domains. b) Snapshot of the lattice
orientation o per particle after 100 STU, showing how the lattice domains break along the sinusoidal lines.
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Supplementary Fig. 7. Hysteresis Curve. Relative out-of-plane (OOP) magnetization m, for OOP field cycle. Note the
small saturation field of less than 200 pT.
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8.2. Additional Results and Experimental Remarks

8.2.1. Establishing Skyrmion Lattice Order in Experiments

A central challenge in studying 2D skyrmion lattices in CoFeB-based thin films lies
in fabricating samples that are both magnetically and structurally optimized. On one
hand, the sample must exhibit a suitable balance between PMA and DMI to support
skyrmion formation at high packing fractions, as required for ordered lattice phases
[100]. On the other hand, the energy landscape must be sufficiently smooth to avoid
pinning-induced disruption of QLRO. However, thermal fluctuations that enable
skyrmion motion and lattice reconfiguration must remain below a critical threshold.
Beyond this threshold, the system favors entropy maximization, and lattice order
becomes thermodynamically unfavorable.

The multilayer stacks of composition Ta/CoFeB/Ta/MgO/Ta (or capped with HfO,)
— which are typically used in our group for thermal dynamics studies of skyrmions
(see section 3.3) — demonstrate high skyrmion packing fractions near the SRT, as il-
lustrated by the hysteresis loop in Supplementary Fig. 5 in section 8.1. The magnetic
properties can be tuned such that skyrmions and skyrmion lattices occur within a
temperature range of 295K to 340 K, which is accessible using the integrated Peltier
element, through careful adjustment of sputtering parameters and layer thicknesses
[19, 35]. However, approaching the SRT, OOP magnetic structures become increas-
ingly unstable [27, 41]. Even though the multilayer deposition is relatively smooth
for our sample, Fig. 8.1 shows that close to the SRT, the magnetic behavior can be
markedly different for the regions on a large sample piece of 5 cm lateral extension.
A significant remaining fabrication challenge is to control the energy landscape
smoothness, which depends on the homogeneity of individual layers and interfaces.
At present, only two magnetic multilayer stacks — FAB435 (Rl labbook database ID
2167) and MAS763 (RB labbook database ID 3197) — provide sufficient structural and
magnetic quality to enable the experiments presented in this thesis.

The results presented in section 8.1 establish a reproducible and systematic proce-
dure to stabilize skyrmion lattices (Rl labbook experiment ID 9498). The method is
repeatedly applied across several equivalent runs and under different experimental
conditions (e.g., field oscillation amplitude) to ensure statistical robustness. While
this approach does not aim at optimizing individual lattice snapshots with maximal
order — discussed further in chapter 10 — it provides critical insight into the underly-
ing mechanisms of skyrmion lattice formation and stabilization.
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Figure 8.1.: Hysteresis Map. Hysteresis loops of the OOP magnetization m, over OOP
field cycles B of 300 uT. Each loop corresponds to a measurement location on a 5mm
X 5mm sample. The measurements are taken at 295K, which is approximately at the
SRT. A gradient in hysteresis shape is visible across the sample surface. While the top
left corner shows hysteresis loops suitable for skyrmion lattices, the bottom right corner
is already in the IP phase.

8.2.2. Skyrmion Lattice Statistics

Given that a skyrmion lattice is inherently a many-body system, statistical analysis
offers a powerful approach to extract structural and dynamical information. Here, I
compare two skyrmion lattices — (I) and (II) — formed at different packing fractions
and imaged via Kerr microscopy, as shown in Fig. 8.2. These lattices are similar to
the ones discussed in section 8.1, but measured in the very similar FAB435 stack (R
labbook database ID 2167).

The skyrmion size is not fixed but varies slightly across the lattice. I quantify the
skyrmion size using the radius of gyration r returned by the trackpy package [132].
While r does not correspond to the actual skyrmion radius, it provides a consistent
measure for comparative purposes. As shown in Fig. 8.3a, r varies systematically
with the skyrmion’s coordination number N.

Skyrmions at N = 5 sites are typically smaller, whereas those at N = 7 sites are larger
than the mean. This behavior reflects their quasi-particle nature: unlike hard-sphere
particles, skyrmions adapt their shape and size depending on magnetic boundary
conditions. Particularly close to the SRT, the magnetic field precisely dictates the ra-
tio of up- and down-magnetized domains. At high packing fractions, the skyrmions
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I 100 ym = Mz

Figure 8.2.: Kerr Microscopy Snapshots of Skyrmion Lattices. (a) Kerr microscopy
image of a dense skyrmion lattice at 332K and 60 uT. Each bright spot corresponds to
a single skyrmion. (b) Under 125uT, the skyrmions shrink and the lattice becomes more
dilute.

tend to expand, filling the available area. A 5-fold defect is therefore more tightly
confined due to fewer neighbors. In contrast, the neighbors of a 7-defect form a
larger shell, allowing for more spatial freedom, leading to larger r (see Fig. 2.2). This
effect is more pronounced in the denser lattice (I); in the more dilute configuration
(I), the size differences are reduced as the skyrmion size is generally reduced.
Inter-skyrmion distances d also vary with N, following the same trends: 5-defects are
more tightly packed, resulting in shorter d, while 7-defects show increased spacing.
When defects of different N are adjacent, such as in 5-7 pairs, the opposing effects
partially cancel, yielding distances similar to regular N = 6 pairings.

Linking the detected skyrmions over time allows us to quantify displacements be-
tween consecutive frames (62.5ms). Skyrmions that maintain their N exhibit rela-
tively uniform displacements. In contrast, transitions in N are associated with larger
displacements. These transitions correspond to the creation or annihilation of topo-
logical defects. As illustrated in Fig. 2.1 defect formation requires spatial displace-
ment of particles, which is observed here statistically across the lattice.

8.2.3. Related Works in Different Systems

Our findings have interesting similarities to studies on periodically driven systems
and 2D phase transitions in both skyrmion and non-skyrmion contexts.

Driving mechanisms have long been employed to facilitate lattice ordering. In su-
perconducting vortex systems, both static and oscillatory currents were used to de-
pin vortices and enable transitions into more ordered states [149-153]. Our ap-
proach of applying oscillating magnetic fields draws on these principles, adapted
for skyrmions.
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Figure 8.3.: Skyrmion Lattice Statistics. (a) Distribution of skyrmion radii r (radius of
gyration) by coordination number N. (b) Inter-skyrmion distances d between neighbors
with different N. E.g., 5 <> 6 refers to distances between neighboring N = 5 and
N = 6 skyrmions. (c) Skyrmion displacements within 62.5ms, segmented by neighbor
transitions. Top: dense lattice (I); bottom: dilute lattice (II). All histograms are normalized
to probability densities. Statistics accumulated over 62.5s for both lattices.

Similarly, colloidal lattices have been driven into QLRO phases using periodic mag-
netic excitations [124]. Additionally, colloidal systems with tunable particle sizes
were explored by exploiting temperature-dependent hydrodynamic radii [154], al-
though this introduces a coupling to temperature that differs from the skyrmion case.
Earlier magnetic bubble experiments also employed oscillating OOP fields to form
ordered lattices [155]. While these systems have similarity to ours in multilayer struc-
ture and methodology, their bubble sizes and spacings differ significantly.

Recent research on skyrmions has shown increasing interest in periodic driving. In
our prior work (section 5.1), we demonstrated enhanced skyrmion diffusion under
oscillating magnetic fields. In a similar CoFeB-based multilayer system, a similar
effect was shown [156]. There, however, the hopping motion of the skyrmions was
explicitly shown to follow the expansion and contraction of the skyrmion via a stripe
appearance. Also, magnetic field oscillations assist a slight diffusion of skyrmions in
FeGe [157].
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ABSTRACT

Magnetic skyrmions forming two-dimensional (2D) lattices provide a versatile platform for investigating phase transitions predicted by
Kosterlitz-Thouless—Halperin—-Nelson-Young theory. While 2D melting in skyrmion systems has been demonstrated, achieving controlled
ordering in skyrmion lattices remains challenging due to pinning effects from a non-uniform energy landscape, which often results in poly-
crystalline structures. Skyrmions in thin films, however, offer thermal diffusion with high tunability and can be directly imaged via Kerr
microscopy, enabling real-time observation of their dynamics. To regulate lattice order in such flexible systems, we introduce geometric con-
finements of varying shapes. Combining Kerr microscopy experiments with Thiele model simulations, we demonstrate that confinement
geometry critically influences lattice order. Specifically, hexagonal confinements commensurate with the skyrmion lattice stabilize monodo-
main hexagonal ordering, while incommensurate geometries induce domain formation and reduce overall order. Understanding these
boundary-driven effects is essential for advancing the study of 2D phase behavior and for the design of skyrmion-based spintronic applica-
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tions, ranging from memory devices to unconventional computing architectures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0299901

Magnetic skyrmions are topologically non-trivial chiral spin tex-
tures that exhibit quasi-particle behavior." * Their small size, stability,
and dynamic properties make them highly promising for energy-
efficient spintronic applications ranging from data storage4 to sensing5
and unconventional computing—where so far single skyrmions have
been used.”” For enhanced complexity, however, arrangements of
multiple skyrmions can be envisaged.'” Beyond their technological sig-
nificance for data processing, systems of dense skyrmion arrangements
give rise to intriguing phenomena such as skyrmion drag.'' Even
denser lattice arrangements of skyrmions provide an ideal platform
for exploring fundamental two-dimensional (2D) ordering
phenomena'”"” as quasi-long-range order (QLRO) can arise.'”1°

Skyrmion quasi-particles can exhibit thermally activated
Brownian dynamics'’ " and offer on-the-fly tunability of both their
size and their diffusivity.'®”" ** This versatility allows us to investigate
lattice phenomena beyond current observations and is a key advantage
of skyrmions over other 2D systems like colloids or superconducting

vortices. In particular, the tunability can be exploited to drive and
observe 2D phase transitions'~ as described in Kosterlitz-Thouless—
Halperin-Nelson-Young (KTHNY) theory.””” These 2D phase
transitions differ fundamentally from behavior in other dimensions,
particularly from 3D. In particular, the KTHNY theory describes the
existence of a hexatic phase with only orientational QLRO between the
solid phase (with translational QLRO) and the isotropic liquid (no
QLRO).”*” Eventually, these ordered lattices can even allow data
transport by exploiting shock waves or the dynamics of topological lat-
tice defects, which can move orders of magnitude faster than
skyrmions.'>'® Consequently, 2D phase transitions have attracted sig-
nificant fundamental research interest for decades, both in theory and
in experiments.' > >** %

In experimental skyrmion lattices, the key challenge in realizing
QLRO is the underlying non-uniform energy landscape caused by
material inhomogeneities.” >*° The non-flat energy landscape
describes a continuously varying potential with attractive as well as

Appl. Phys. Lett. 127, 212403 (2025); doi: 10.1063/5.0299901
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repulsive sites'>’' —often commonly referred to as pinning effects. It
causes quenched disorder, topological lattice defects, and polycrystal-
linity, together breaking the QLRO of the lattice.'**” The local order is
quantified by the orientational order parameter

l//6(rj) = %; 60k 1)

for every skyrmion j at position r; and with n nearest neighbors at posi-
tions r (k= 1...n); where 0 denotes the angle between the horizontal
axis (arbitrarily chosen) and the vector r; — r; connecting the neighbor
pair j and k. The Euler angle of the complex value of i directly
determines the local orientation «(r;) = arg[i/s(r;)]/6 of the lattice for
every skyrmion. Regions of similar orientation « form a lattice domain.
In a polycrystalline lattice, multiple lattice domains exist with different
orientations of each domain. The domains are separated by boundaries
at which o changes abruptly. These domain boundaries have been
shown to be effectively pinned due to a non-flat energy landscape.”
Thus, the lattice domains and their orientation appear pinned by the
sample-specific energy landscape, imposing uncontrolled boundary
conditions that are likely to be incommensurate with the ideal hexago-
nal skyrmion lattice.

To overcome this limitation, in this work, we artificially tune
the boundary conditions by confining the skyrmion lattices inside
different geometrical shapes. We find that commensurate shapes
enhance the lattice order compared to an unconfined lattice, while
the order is suppressed by incommensurate shapes. The results are
consistent for Kerr microscopy experiments as well as Thiele
model simulations.”"
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We stabilize a polycrystalline skyrmion lattice close to room tem-
perature (335K) in a Ta(5nm)/CoyoFesoB20(0.9 nm)/Ta(0.07 nm)/
MgO(2 nm)/Ta(5 nm) magnetic thin film multilayer stack with various
confinement patterns (see the supplementary material with Fig. S1 for
details). The skyrmions are imaged in real-time (16 fps) and -space by
using a commercially available Kerr microscope by evico magnetics
GmbH using the polar magneto-optical Kerr effect. In Fig. 1(a), we
show a Kerr image of a skyrmion lattice in a hexagonal confinement.
We use the trackpy’ Python package to track the skyrmions and a
Voronoi tessellation™ to determine the lattice neighbors as well as the
local order. After nucleation, the lattice evolves in time. In Fig. 1(b), we
color the local lattice orientation o for different snapshots of one video.
While several small lattice domains are present in the beginning, the
whole lattice aligns with the hexagonal confinement within minutes.
The growth of the lattice domains is accelerated by an oscillating mag-
netic out-of-plane (OOP) field.”” The hexagonal confinement is com-
mensurate with the hexagonal skyrmion lattice structure and therefore
allows stabilization of QLRO on this finite length scale.'”

As a comparison, in Fig. 1(c), we present skyrmion lattices con-
fined in different, incommensurate geometric shapes. All confinements
are patterned on the same sample piece and have nominally the same
area as the hexagon. Furthermore, all shapes are regular, except for the
heptagon, which is a hexagon with an additional kink. In all geome-
tries, the lattice locally aligns with the confinement edges and is there-
fore frustrated for the incommensurate shapes. Consequently, distinct
lattice orientations are anchored at the boundary and enforce the
occurrence of domain boundaries between each other.”’ While for the
pentagon, every corner induces only a slight distortion, in total causing

t=5min 30

circle

FIG. 1. (a) Polar Kerr microscopy image of a skyrmion lattice in a hexagonal confinement. (b) After nucleation, the skyrmion lattice arranges into hexagonal order on time
scales of minutes within the commensurate hexagonal confinement, illustrated by the color-coded lattice orientation o per skyrmion for t = 0,1,5min after nucleation. Due to the
sixfold symmetry of the hexagonal lattice, the color map of « is cyclic. (c) In different geometries, the incommensurate edges anchor different lattice domains, suppressing hex-

agonal order even after t=5min.
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one domain boundary through the center, the many orientations
around the octagon and the circle lead to much smaller areas of similar
orientation. The distortions caused by the subtle irregularity of the
heptagon can range from only slight misalignment of the outermost
2-3 skyrmion layers to even significant distortions far inside the lattice.
In principle, a regular triangle would also be commensurate with the
hexagonal lattice and therefore expected to enhance lattice order.
However, edge effects may play a role in comparison to the hexagonal
shape, as the distances of every skyrmion to the edges are distributed
differently.

To compare the lattice order in the different confinements quan-
titatively, we calculate the average local order Ws= (/4| as well as
16=|{(¥e)| in Fig. 2. For both parameters, higher values indicate better
ordering. We furthermore compare the results to videos of a continu-
ous sample of millimeter extension, where no confinements are pat-
terned and around 3500 skyrmions are nucleated in the field of view.
We find that the ordering is enhanced in the commensurate hexagon
and suppressed for the incommensurate shapes. Thereby, 74 reveals
more drastic differences as it globally averages over o, thus providing
more long-range information but being significantly affected by
changes of « that occur, for instance, at domain boundaries.

Correspondingly, the fraction of skyrmions being a topological
lattice defect (i.e., n# 6 lattice neighbors) increases for reduced order-
ing. The topological defects emerge not only as an intrinsic property of
2D lattices mediating their phase behavior” > but also at domain
boundaries or pinning sites. Even though a similar amount of
N=510 = 20 skyrmions is created per nucleation (at t=10) in every
geometry, we notice a clear difference in the annihilation rate for the
different shapes: Skyrmion annihilation is less pronounced for the
hexagon being commensurate with the hexagonal lattice, resulting in
around N =395 * 5 skyrmions remaining at t =5 min, which is par-
ticularly close to the centered hexagonal number 401. In the incom-
mensurate shapes, however, the different lattice domains and domain
boundaries cause space conflicts, which lead to skyrmion annihilations
and result in only N=365 * 15 at t=>5 min. In the continuous refer-
ence area, N = 2620 * 15 skyrmions are left after 5 min, all of them are
included to calculate the plotted order parameters. The time evolution
of all shown parameters is presented in Fig. S2 in the supplementary
material.

Our results demonstrate that confinement geometries play a criti-
cal role in stabilizing lattice order. By carefully designing the boundary
conditions, however, the degree of order in skyrmion lattices can be
effectively controlled—while the finite size itself has been shown to
only have a minor effect on the 2D phase behavior.'” To understand
the commensurability effect, we next perform Thiele model
simulations’' ”” using confinements of different geometries.

In the simulations, we employ a purely repulsive interaction
potential of the form 7% which has been demonstrated to describe
our experimental skyrmion system well ™" (see the supplementary
material with Fig. S3 for details). We find that the simulated particles
align with the edges of the confinements as in the experiment and
anchor differently oriented domains. We show examples of snapshots
for every shape in Fig. 3(a). The extent of the single domains varies
between the 1000 snapshots of three different equilibration sequences
of the system. However, the average ordering (reflected by W, 16, and
the fraction of lattice defects) is consistent as presented in Fig. 3(b).
Especially, we reproduce the experimental result that the lattice order

lled by Confinement Geometry
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is suppressed in geometric confinements that are incommensurate.
The error bars (calculated as standard error of the mean from the three
equilibration sequences) are only visible for the incommensurate
geometries, as different lattice domains are forced to coexist but vary
in extent and distribution from snapshot to snapshot. For example, the
distortion induced in the heptagon affects the eight outermost sky-
rmion layers in Fig. 3(a). However, in some equilibration sequences, it
may only affect two to three layers but can—in analogy to the experi-
ment—even reach the center of the geometry in other sequences,
depending on the specific configuration. In contrast, the distribution
of domains in the experiment is additionally influenced by the energy
landscape, which yields certain preferences for domain orientations
and domain boundaries.”

In conclusion, we demonstrate in both Kerr microscopy experi-
ments and molecular dynamics simulations that the order of a confined
magnetic skyrmion lattice can be tuned as it strongly depends on the
confinement geometry. While a hexagonal confinement is commensu-
rate with the hexagonal skyrmion lattice structure and stabilizes the lat-
tice order, incommensurate geometries suppress order, and differently
oriented lattice domains form along the edges. In magnetic thin films,
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FIG. 2. Order parameters W5 and y, the fraction of lattice defects, and the number
of skyrmions N compared for different confinement geometries and a lattice in an
unpatterned, continuous film (N > 3000) for reference. Data points are the average
values from the last minute (4 min < ¢ < 5min) of three independent videos. While
the commensurate hexagonal confinement enhances the lattice order, incommensu-
rate geometries suppress order with respect to the continuous case. From the
mean values of the three different nucleations, we calculate the standard error of
the mean as the error bar.
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FIG. 3. (a) Local orientation o for simulated skyrmion lattices (N =400) in confinement, reproducing the alignment of lattice domains with the confinement edges and leading to
multidomain states in incommensurate geometries. (b) The ordering parameters Wg and ys as well as the fraction of lattice defects behave similar to the experiment: the lattice
order is significantly enhanced in the commensurate hexagon and the closely related heptagon. Data points are averages over 3 x 1000 snapshots, where the error bar is cal-

culated as the standard error of the mean from the three independent datasets.

lattice domains are typically pinned in a similar way by the non-flat
energy landscape.” Therefore, understanding these boundary effects is
key to studying 2D phase behavior with skyrmions on larger scales.
Magnetic skyrmions are of special interest for investigating 2D phase
behavior as their real-time accessibility in Kerr microscopy can allow
one to investigate key open questions like the dynamics of topological
defects'” and their interaction potential—even in the presence of a
Magnus force. Understanding and controlling the dynamics of densely
packed skyrmions in a confined geometry®™”'” also plays a key role for
realizing low-power non-conventional computing applications.” ”

See the supplementary material for a detailed description of the
experimental and simulation setups.
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Magnetic Multilayer Material

The Ta(5 nm)/CozoFesoB20(0.9 nm)/Ta(0.07 nm)/MgO(2 nm)/Ta(5 nm) multilayer stack is
deposited using DC/RF magnetron sputtering in a Singulus Rotaris system under a base pressure
of 3x10-8 mbar. The layer thickness is accurate to within 0.01 nm. The geometric confinements are
patterned by electron beam lithography (EBL), followed by Argon ion etching. The continuous film
reference measurements are performed on the same sample in a region of millimeter lateral
dimension.
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Fig. S1. Skyrmion Lattice and Hysteresis Curve. (a) Skyrmion lattice in the continuous film
(millimeter extension) imaged by Kerr microscopy. The grayscale contrast denotes the out-of-
plane (OOP) magnetization. (b) Relative OOP magnetization m, for an OOP field cycle measured
by Kerr microscopy at 333 K. Note the small saturation field of less than 200 pT.

The interfacial Dzyaloshinskii-Moriya interaction (DMI)12 arises primarily at the Ta/CozoFes0B20
interface, while the CozoFesoB20/MgO interface induces perpendicular magnetic anisotropy (PMA).
We use a dusting layer of Ta(0.07) to balance DMI and PMA34, thereby stabilizing skyrmions and
optimizing the energy landscape for skyrmion lattice formation and dynamics. Skyrmions are
stable in the continuous film as shown in Fig. S1a. For the patterned structures, the stack is
physically removed to provide geometric confinement.
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We provide the out-of-plane (OOP) hysteresis loop in Fig. S1b of the Supplementary Material to
characterize the magnetic properties of the multilayer stack. Using spin-orbit torque-driven
skyrmion motion and micromagnetic simulations, we confirm the non-trivial topology of the
magnetic bubbles in our experiment3>5-7.

Skyrmion Imaging and Order Analysis
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Fig. S2: Typical time evolution of the order parameters ¥ and ys, the fraction of lattice defects
and the number of skyrmions N in the different confinements. For better visibility, only the rolling
mean over 5 s is shown.

We establish magnetic contrast by magneto-optical Kerr effect in polar mode using a commercially
available Kerr microscope manufactured by evico magnetics GmbH with a blue LED light source.
We acquire Kerr images and videos (16 frames per second; 62.5 ms exposure time) with a CCD
camera yielding gray-scale contrast at a field of view of 200x150 um?. We can control the magnetic
field in in-plane (IP) and out-of-plane (OOP) direction separately by perpendicularly aligned
electromagnetic coils. The OOP field coil is custom-made and allows for field control with a

2
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precision better than 1 uT. The fields are calibrated using a Hall probe and corrected for
background fields by the offset of hysteresis loops89. A Peltier element on top of the coil allows for
temperature control with a precision better than 0.1 K36. The thin film sample is placed directly
on top of the Peltier element and temperature is monitored by a Pt100 sensor directly next to the
sample. The whole setup is within a thermally stabilized flow box to improve stability of the
operating conditions.

Skyrmions are nucleated by applying a large IP field pulses1011 while keeping the OOP field
constant at its set value. The resulting skyrmions are a stable OOP domain state when the IP field
is switched off again. We control the density and size of the skyrmions by the applied OOP field at
a constant temperature®1213, We accelerate the formation of lattice order by reducing effective
pinning with OOP field oscillations. We compare this formation process for several nucleations in
videos capturing the 5 min after nucleation.

We use the 2D Gaussian kernel fitting within the trackpy Python package!4 to detect skyrmion
positions in every frame. In the continuous reference area, the magnetic film extent of several
millimeters exceeds the field of view significantly and is therefore considered as continuous,
where we neglect boundary effects. We use a Voronoi tessellation!s in every frame to extract
nearest neighbor connections and the complex local order parameter ys for every skyrmion,
where a=arg(ys)/6 determines the local lattice orientation!é. Every skyrmion with more or less
than six nearest neighbors is a topological lattice defect!7.18,

Thiele Model Simulations of Skyrmion Lattices

To simulate the thermal dynamics of skyrmions in a lattice configuration, we perform computer
simulations. Since the experimental skyrmions are of micrometer size in a system spanning
hundreds of micrometers, the skyrmions and especially their dynamics are not accessible in
micromagnetic or atomistic simulations. Instead, we use a coarse-grained approach using the
Thiele model??. The corresponding equation of motion reads20.21

—Yv-— Grelyez XVv+ Ftherm + FSkSk({r}) + FSand(r) =0 (51)

with the set {r} of skyrmion positions r, the skyrmion velocity v, the total damping y (in the context
of a Brownian Dynamics simulation, not the Gilbert damping) and the relative Magnus force
strength G (as tangent of the skyrmion Hall angle). We use y=1 in simulation units. As G is
negligible in our system and furthermore only influences the lattice dynamics but not the static
ordering, it is neglected here. The thermal Gaussian white noise Fupem fulfils the fluctuation-
dissipation theorem at a simulation unit temperature of kgT=1. Fsksk and Fskpna represent the
repulsive skyrmion-skyrmion and skyrmion-boundary interaction. For the skyrmion-skyrmion
interaction, a V(r)=r8 is used (cutoff distance of 1.8 simulation units?z), which has been
demonstrated to match the experimental system820, This skyrmion interaction potential has
previously been determined in a very similar material stack by using Iterative Boltzmann
Inversion (IBI)20 without assuming any general form of the potential. The exact potential form
used in this manuscript was however not determined from the conducted measurements
presented here but in a less dense skyrmion liquid, as high density lattices generally lead to
artefacts in the IBI20. In general, the skyrmion-skyrmion interaction in this system can be well
described by both exponential and power-law forms since the potential within the cutoff radius is
sufficiently steep. Choosing the power-law potential has the advantage that this form is widely
studied in theory and allows comparison to previous works82022, For the skyrmion-boundary
interaction, we use a fully repulsive Lennard-Jones potential

e =4[ ()~ &) +3] (52)

r
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with rc=216 and e=o=1. We simulate systems of different skyrmion densities (see Fig. S3) by
varying the spacing between skyrmions and set the density p as the number of skyrmions per
squared simulation unit length. With an Euler algorithm

r(t + At) =r(t) + v(t)At (83)

applying a time step of At=10-4 in the HOOMD-blue software package?3, we determine the equation
of motion.

The system is initialized with a square lattice and equilibrated for 10¢ steps before running for
107 steps with the trajectory saved every 104 steps. Three independent equilibrations runs lead to
3x1000 saved position arrays (of all the 400 skyrmions) for every geometry.
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Fig. S3. Average local order ¥ for Thiele model simulations of 400 skyrmions at different density
p and for different confinement geometries. (a) The resulting average value of ¥ is presented as
color-code for the different densities and confinement geometries. (b) The identical average
values of Y% are now alternatively plotted for the different shapes (lines as guide to eye) where the
color of the individual lines denotes the density p.
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9.2. Additional Results and Experimental Remarks

9.2.1. Map of Confinement Geometries

The sample FAB435p (R labbook database ID 2168), used for the experiments pre-
sented in section 9.1 and section 10.1, contains a wide range of confinement geome-
tries patterned via EBL. An overview of the labeled structures is shown in Fig. 9.1.
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Figure 9.1.: Pattern Map of Sample FAB435p. Map of the geometric confinement
patterns on sample FAB435p (RB labbook database ID 2168). The turquoise layout
reflects the underlying EBL design created by Elizabeth M. Jefremovas. The red and
black labels, as well as the blue-shaded areas serve to better distinguish the different
geometries in this visualization.
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The pattern set includes regular geometries such as triangles ("3"), squares ("4"), pen-
tagons ("5"), hexagons ("6" or unlabeled), octagons ("8"), and circles ("0"), as well as
irregular or less conventional shapes, including heptagons ("7"), symmetric parallelo-
grams ("P"), and non-symmetric trapezoids ("NP"). The abbreviations in parentheses
correspond to the labels used to distinguish between the different confinement types.
The irregular heptagon ("7") is derived from a regular hexagon, with one edge mod-
ified by a kink offset of 15°. Each geometry is realized in multiple sizes. Notably,
hexagons with an edge length of 100 um are labeled "100". Geometries of equal area
to this reference hexagon are labeled "100S", while those sharing the same edge length
are denoted "100E". To uniquely identify multiple instances of the same geometry,
an additional alphanumeric suffix (e.g., "a2") is appended. For example, "100S4a2"
refers to a square ("4") with the same area as the 100 um hexagon ("100S"), assigned
to subgroup "a" and representing its second instance. The precise confinement geom-
etry employed in each measurement is documented in the corresponding eLabFTW
[158] labbook entry.

Not all confinement instances are equally effective in supporting skyrmion lattice
formation. Strong pinning centers or edge roughness frequently suppress lattice or-
dering. Among all tested structures, the hexagonal confinement labeled "100a2" con-
sistently produced the most well-ordered skyrmion lattices. In contrast, triangular
confinements of comparable area — which, in principle, are also commensurate with
a hexagonal lattice — exhibit defects such as surface scratches that hinder the forma-
tion of ordered configurations. Fig. 9.2 shows the best lattice order I have managed
to stabilize in the triangular confinement.

Figure 9.2.: Skyrmion Lattice in Triangular Confinement. The triangular confinement
has the same area as the hexagon with 100 um edge length and is also commensurate
with the hexagonal lattice. However, | have never reached equally good lattice order in the
triangular confinement. This skyrmion lattice is the best ordered | have managed in the
triangle with ¥ = 0.83, compared to regular observations of ¥4 > 0.9 in the hexagonal
structures.
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9.2.2. Stabilizing Skyrmions in Confinement

To nucleate skyrmion lattices within confinement geometries, I apply both OOP and
IP magnetic fields, as outlined in section 1.2.3. However, the optimal OOP field for
achieving a well-ordered lattice often differs from the field strength that maximizes
the overall skyrmion population —i.e., the condition favorable for nucleating a dense
skyrmion ensemble. Additionally, the effect of geometric confinement on the mag-
netic behavior plays a significant role in stabilizing skyrmions [159].

Generally, elevated temperatures are required to stabilize skyrmion configurations
within confinement such that they resemble those found in extended (unconfined)
regions. This temperature dependence becomes increasingly relevant as the lateral
dimensions of the confinement are reduced [160, 161].

All measurements discussed in chapter 9 are performed on the same physical sam-
ple piece and at a constant temperature of 333.5 K (Il labbook experiment ID 7155).
At this scale, the confinement geometries are sufficiently large such that the intrinsic
magnetic properties of the material remain largely unaffected — at the same temper-
ature, the behavior of the skyrmion lattices is equivalent to that in the continuous
film.

In contrast, for smaller confinements, a moderate increase in temperature — typically
a few kelvin — is necessary to achieve a comparable level of skyrmion stability and
ordering. For example, I have successfully stabilized skyrmion lattices in smaller
hexagonal confinements with an edge length of only 80 pm (Rl labbook experiment
ID 7886). There, lattice configurations of comparable quality to those in the 100 um
hexagon can be achieved, but only at elevated temperatures of approximately 338 K.
Representative images of these lattices are shown in Fig. 9.3.
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Figure 9.3.: Skyrmion Lattices in a Smaller Hexagon. The four hexagons with 80 um
edge length labeled 80a 1-4 according to Fig. 9.1 host well-ordered skyrmion lattices at
338 K with values of ¥¢ up to 090. The grayscale contrast represents a measure for the
OOP magnetization. The first hexagon is still covered by a resist, which was not washed
away during development of the pattern.

Due to the smaller confinement area, fewer skyrmions are present in the system, and
the boundaries exert a stronger relative influence on the overall lattice configuration.
As a result, it is somewhat easier to achieve a high degree of lattice order than in
the 100 pm case. However, the significantly reduced number of skyrmions (approx-
imately 330 instead of 400) leads to poorer statistical reliability in the computation
of correlation functions. In particular, the statistics at intermediate length scales —
around 10 nearest neighbor distances — are notably suppressed. This range is criti-
cal for determining 2D phase behavior; therefore, the larger hexagonal confinement
provides more robust and informative insights. Furthermore, smaller systems are
generally more susceptible to boundary effects, as discussed in section 10.1.1.

9.2.3. Treatment of Skyrmions Along the System Edge

Skyrmions located along the system boundary define the geometric limits of the lat-
tice and play a critical role when the lattice is subject to confinement. These edge
skyrmions typically possess fewer than six nearest neighbors, which is reflected in a
locally reduced order parameter. Consequently, I exclude them from the order anal-
ysis and do not classify them as topological defects.

To isolate skyrmions within the confined region from the outset, I apply a masking
procedure to each frame of the Kerr microscopy video sequences. This masking sets
all pixels outside the confinement geometry to a constant intensity value. Careful
masking also ensures that intensity discontinuities at the system boundary — caused
by topographic features of the pattern or residual background drift following im-
age subtraction — are effectively suppressed. If not masked, these sharp gradients
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frequently lead to false detections or obscure true skyrmion signatures. Fig. 9.4 com-
pares a raw Kerr image with its corresponding masked version to illustrate the effec-
tiveness of the procedure.

b

@ inside system
along edge

Figure 9.4.: Confinement Masking and Edge Detection. (a) Skyrmion lattices in two
neighboring hexagonal structures. The grayscale contrast represents a measure for the
OOP magnetization (b) For the skyrmion detection, the relevant image part (here: white
box in (a)) is first masked with uniform gray color to cover the confinement edge and the
region outside. Depending on the angles between neighboring skyrmions, particles along
the edge (yellow) and inside the system (blue) can be distinguished.

To identify which skyrmions reside along the edge, I first detect all skyrmions and
compute their local environment using a Voronoi tessellation [162]. This tessellation
provides information on neighbor connectivity and allows determination of angles
between adjacent neighbor bonds. At the system edge, the lack of a complete hexago-
nal neighborhood typically results in at least one unusually large angular separation
between neighboring skyrmions. I label a skyrmion as an edge skyrmion if it exhibits
at least one inter-neighbor angle exceeding 100°. Empirically, this threshold offers a
reliable compromise: smaller angles can occur in the lattice interior and may lead
to false positives, whereas higher thresholds risk overlooking genuine edge cases,
particularly where skyrmions are misaligned with the confinement boundary.
Although this angular criterion provides a good initial estimate, it is not fully robust.
Therefore, I impose an additional constraint: a skyrmion is only confirmed as being
at the edge if it has at least two neighbors that are also preliminarily identified as
edge skyrmions. This second condition improves the stability of edge labeling by
enforcing spatial continuity along the system boundary.

Fig. 9.4b visualizes the outcome of this classification, where yellow and blue dots
indicate skyrmions that are and are not identified as edge particles, respectively,
thereby demonstrating the effectiveness and robustness of the combined detection
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method.

9.3. Author Contributions

I performed all the experiments at the Kerr microscope on my own. The majority of
the data analysis shown here was done by me and I also developed the used Python
code. I specifically performed the skyrmion detection using trackpy [132], calculated
the Voronoi tessellation, neighbor connections, local order parameter and correlation
functions. I also introduced the orientation gradient to identify domain boundaries.
I was provided with existing code for the analysis of ¢s and Gg by Jan Rothorl. I
used this code as basis to rewrite the analysis from scratch to optimize robustness,
efficiency. Jan Rothorl and Simon M. Frohlich also developed their code further and
we used the two independent code sets to validate our results. Particularly, Simon
and Jan always calculated s independently for the simulation data.

The simulations in this project were all conducted by Jan Rothorl with the support of
Simon M. Frohlich and Maarten A. Brems. Jan Rothorl and Simon M. Frohlich also
developed their analysis code further and we used the two independent code sets to
validate our results. Particularly, Simon and Jan always calculated ¢4 independently
for the simulation data.

The magnetic multilayer sample was deposited by Fabian Kammerbauer, the pat-
terning of the geometric confinements was done by Elizabeth M. Jefremovas. How-
ever, I also used samples grown by Maria-Andromachi Syskaki while encountering
the reported effect and while gathering data to design the final experiment.

Sachin Krishnia and Elizabeth M. Jefremovas especially helped me in developing the
experiment, the data interpretation and writing the article during frequent discus-
sions in their function as postdoctoral researchers.

Asle Sudbg, Peter Virnau and Mathias Kldui supervised and guided this work. Peter
Virnau and Mathias Kldui contributed as PhD supervisors and principal investiga-
tors in our skyrmion research group and provided advice in regular discussions.
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Topological defects are the key feature mediating two-dimensional phase

transitions. However, both resolution and tunability have been lacking to
access the dynamics of these transitions in the various two-dimensional
systems explored. Skyrmions in magnetic thin films are two-dimensional,
topologically non-trivial quasi-particles that provide rich dynamics as

well as tunability as an essential ingredient for the control of their phase
behaviour. With dynamic Kerr microscopy, we directly capture the melting
of aconfined two-dimensional magnetic skyrmion lattice in a Ta/CoFeB/
Ta/MgO/Ta magnetic multilayer system with high resolutionin real time
andreal space. By the applied magnetic field, we tune the skyrmion size

and effective temperature on the fly to drive the two-step melting through
anintermediate hexatic regime between the solid lattice and the isotropic
liquid. We quantify the characteristic occurrence of topological defects
mediating the transitions and reveal the dynamics of the lattice dislocations.
The full real-time and real-space imaging reveals the diffusion coefficient of
dislocations, whichis two orders of magnitude higher than that of skyrmions.

Magnetic skyrmions are topologically non-trivial chiral spin structures
exhibiting quasi-particle behaviour' . Besides being ideal candidates
forlow-power applicationsin datastorage and processing* ', skyrmi-
ons hosted in nanometre-thin films® are a flexible model system for
studying two-dimensional (2D) system properties*™¢, particularly
2D phase transitions.

The Kosterlitz-Thouless-Halperin-Nelson-Young (KTHNY)
theory?! describes 2D melting from a solid with translational
quasi-long-range order (QLRO) to a disordered, isotropic liquid in
two steps via an intermediate hexatic phase with orientational QLRO
only. Thetwo KTHNY phase transitions are associated with the unbind-
ing and proliferation of pairs of topological defects of the lattice and
have been observed in several systems and experiments, including

colloids***, superconducting vortices*** and skyrmions'***, How-
ever, inall these previous experimental investigations, resolution'*!>+%
or tunability'>**?*% of the system have been insufficient to drive the
system through phase transitions and elucidate the dynamics of melt-
ing, including the defect evolutioninreal time and real space.
Skyrmions in Ta/CoFeB/Ta/MgO magnetic thin films form 2D lat-
tices with their purely repulsive interaction potentials®*~°, exhibiting
rich Brownian dynamics™**? and providing the required tunability of
size and diffusivity”**>* to control transitions on the fly. Additionally,
in Kerr microscopy, their dynamics is directly accessible in real time
and real space, which is challenging in many other techniques'".
However, pinning effects in the form of a non-flat-energy landscape
in the magnetic multilayers have hampered the formation of QLRO
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Fig.1|Skyrmion lattices with different order. a-c, Kerr microscopy images

of 401 skyrmions comprising lattices in hexagonal geometric confinement:
snapshots (i)-(iii) at 60 uT (a), 84 uT (b) and 114 uT (c); greyscale contrast
represents the OOP magnetization m,. The insets visualize the local order
parameter || per skyrmionin the black circle. d-f, Translational correlation
functions G;(r) as a function of distance rin units of nearest-neighbour distances
ro. The dashed line represents the power-law (d) and exponential (e and f)
envelope fits for snapshots (i)-(iii), and the dots are fitted points. The dotted

r/ro r/ro

blacklineis the power law with the critical exponent ; = 1/3 for reference.
Although the data in d decay algebraically with an exponent smaller than1/3,
the datain e and fdecay exponentially. g-i, Analogous orientational correlation
functions G,(r) as a function of distance r/r, (solid orange line), envelope fit
(dashed line) and fitted points (dotted line) for snapshots (i)-(iii). The dotted
black line represents the power law with critical exponent n, = 1/4. Although the
dataingand hexhibit power-law behaviour with n, smaller than1/4, the dataini
yields a faster decay.

of skyrmion lattices''****>*¢, Therefore, for sufficiently low pinning,
the structural disorder may be small enough to allow for translational
orderand enhancing the phase space of the hexatic phase’®*, enabling
better feasibility to study the phases and transitions.

In this study, we exploit the on-the-fly tunability of our 2D skyr-
mion lattice to melt the system to disorder in a two-step process
using two independent methods: (1) by shrinking the skyrmions and
reducing the packing fraction and (2) by increasing the skyrmions’
diffusivity corresponding to an effective temperature. We stabilize
the skyrmion lattice in a low-pinning Ta/CoFeB/Ta/MgO magnetic
thin-film stack”**** at 333.5 K using hexagonal geometric confine-
ment providing commensurate boundary conditions® for the lattice
formation, and we identify the two-step melting by spatial and time
correlation functions. With high-resolution Kerr microscopy in real
time and real space, we capture the topological defect dynamics and
find that the diffusion coefficient of dislocationsis two orders of mag-
nitude larger than that of skyrmions. Therefore, the rich dynamics of
the systemyields powerfulinsightsinto the formation and dissocia-
tion of topological defects, which is the key feature mediating the

melting transitions in two dimensions—but has so far been experi-
mentally inaccessible.

Two-step skyrmion lattice melting

We stabilize a skyrmion lattice in ahexagonal geometric confinement
of100-pm edge lengthinaTa(5 nm)/Co,Fe¢,B,,(0.9 nm)/Ta(0.07 nm)/
MgO(2 nm)/Ta(5 nm) stack. We observe the skyrmions in real time
and real space with Kerr microscopy’ (Supplementary Video 1)*.In
Fig.1a-c,we show Kerr microscopy snapshots (i)-(iii) at different mag-
netic out-of-plane (OOP) field, which controls the skyrmion size®****°
and, thus, the packing fraction.

We determine the local order parameter ¢ (Fig. 1a—c, insets) and
calculate the translational (Fig. 1d-f) and orientational (Fig. 1g-i) correla-
tion functions to analyse the ordering. We fit the correlation functions
G:(r) and G4(r) with a power-law decay, yielding exponents n; and 7,
respectively. Furthermore, we performan exponential fit to determine
the corresponding correlationlengths & and & (Methods). Despite our
finite system, we use the terms solid, hexatic and liquid measured in anal-
ogy tothe KTHNY theory to distinguishbetween the different regimes.
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Fig. 2| Time-resolved quantification of the melting. a, The applied magnetic
field B (black) isincreased stepwise, directly causing the skyrmion diameter d
(brown, average and standard deviation) to decrease. The vertical black lines
delimit the intervals of constant OOP fields in all panels. b, Exponent ;. of G;
and rolling mean over 6.25 s. The dashed horizontal line marks the critical
exponent of 1/3. ¢, Correlation length &; of G; and rolling median over 6.25s. §;
is well beyond the system size in the critical (QLRO) regime (grey) and within
the system size in the disordered regime (red). d, Exponent n, of G, and rolling
meanover 6.25s. The dashed horizontal line marks the critical exponent of 1/4.
e, Correlation length & of G; and rolling median over 6.25 s for the QLRO
(grey) and disordered (orange) regimes. The dark-grey, light-grey and white
backgrounds represent the solid, hexatic and liquid regimes, respectively.

f, Shear modulus x of the skyrmion lattice determined from fitting the local
lattice deformations on alogarithmic scale. Fit (solid line) and standard
deviation of the fit (shaded area) are shown for sliding window averages over
6.255 (100 frames).

For the densely packed skyrmions insnapshot (i), the translational
correlation G;(r) decays algebraically with an exponent i smaller than
1/3. The orientational correlation G(r) is almost constant. Hence,
the system exhibits translational and orientational orders, which we
identify as solid. For snapshot (ii), G(r) decays exponentially, whereas
G(r)isstill decaying algebraically with an exponent ,smaller than1/4.
Thus, the translational order has vanished, whereas the orientational
order persists; we identify this as hexatic. In snapshot (iii), both G(r)
and G,(r) decay faster with the critical exponent; therefore, we classify
this unordered state as liquid.

Finite-size effects occurring for the correlation functions, suchas
deviations for larger distances and the unclear exponential behaviour
for snapshot (iii) (Fig. 1i) are described in Supplementary Note 1and
Supplementary Fig. 1. Furthermore, inthe Thiele model simulations, we
seethat hexagonal confinementsindeed stabilize ordering, particularly

for smaller systems and with commensurability (Supplementary Note
2with Supplementary Fig. 2). Regarding the qualitative processes and
critical exponents, however, neither simulations nor experiments
appear to be affected noticeably by finite-size effects. Therefore, we
use the confinement for lattice stabilization and preventing local pin-
ning centres from macroscopically hampering the lattice order'¢*,
Therefore, we reveal intrinsic effects and dynamics during a two-step
melting expected from the KTHNY theory.

In contrast to other systems in which 2D phases have been
observed*>**, our systemis highly flexible in the sense that we can tune
the skyrmions’ size®** and mobility** on the fly by the OOP magnetic
field, inaddition to the thermal Brownian-like diffusion’. Together with
direct real-time observation in Kerr microscopy, this allows for a full
real-time and real-space analysis of the dynamics associated with 2D
phase transitions and critical phenomena, which have not beenrevealed
inother systems. Inthe following, we perform the time-resolved quan-
titative analysis of the observed melting.

Real-time quantification of the melting

To capture the full melting process, we stepwise increase the magnetic
field to shrink the skyrmions and, thus, reduce their packing fraction.
We observe the evolution of lattice order—disorder emerging fromthe
field steps and fluctuations in the intervals of constant field—to fully
capture the melting dynamicsinaquasi-equilibrium process (Methods).
InFig.2a, we visualize the OOP field (black) and the corresponding skyr-
miondiameter (brown). The black vertical lines represent the times at
whichthefield changesinall panels. Since the shrinking skyrmions have
effectively more space available, the number of accessible microstates
and, thus, the configurational entropy increase, which we exploit to
drive the system to disorder.

Figure 2b shows the time evolution of n;; the black dotted line
marksits critical value of 1/3. We find that initially, the exponent is below
the critical value, signalling translational QLRO, which we identify as
the solid regime. After 70 s, the exponent starts fluctuating around
the critical value. At around 225 s, after further shrinking steps, n;
permanently exceeds 1/3. However, the power-law exponent is only
well defined in the critical, ordered phase delimited by the critical
exponent (n; =1/3), where the decay becomes solely exponential.
Figure 2c shows the corresponding correlation length &;. Note that &;
must be determined differently for the critical (QLRO) and disordered
regimes (Fig. 2c). In the solid regime, we accordingly observe &; being
orders of magnitude beyond the system size—effectively corresponding
to divergence as predicted by the KTHNY theory™", highlighting the
quality of the power-law fit. Reaching the critical exponent, the corre-
lation length drops below the system size. Hence, the solid character
given by translational QLRO has vanished.

Analogously, we plot r, and the associated correlation length &
(Fig. 2d,e, respectively). We see that n, starts well below its critical
value of 1/4 (black dots) in the solid, meaning G, is almost constant (in
contrast to G;). At the point where the translational order vanishes,
however, the orientational order persists as 1, still stays below its criti-
cal value of 1/4, which we identify as hexatic. In the hexaticregime, the
exponent n, grows significantly until reaching 1/4 eventually, denoting
the transition to a liquid. It fluctuates around the critical value after
around 450 s and permanently exceeds it after 490 s. We visualize the
three determined regimes by the grey shading in Fig. 2.

Since we drive the melting by shrinking the skyrmions with the
applied magnetic field, we additionally present the respective data
based on the applied magnetic field (Extended Data Fig. 1)—as both
time average and time-dependent orientational correlation G,(7) for
every field interval, showing good agreement with theory®.

To further underline the robustness of our analysis, we go beyond
the entropy-mediated melting due to skyrmion shrinking and exploit
the tunability of our system further to provide a second, independ-
ent approach to drive the system across disordering transitions. By
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Fig. 3 | Fluctuations of topological defects. a, Lattice defects of snapshots
(i)-(iii), coloured by the number of lattice neighbours N. Snapshots (i)-(iii) from
Fig.1la-care used, which correspond to the images of melting shown in Fig. 2
att;=50.0s, ¢ =301.6 sand ¢; = 576.3 s, respectively. The grey net shows

the nearest-neighbour connections between the experimental skyrmions. The
insets show how defect configurations can change between discrete states, and
the attached green step plots visualize the fluctuations between those states in

measurement time ¢. Example Burgers vectors are drawn as red arrows.

b, Four lattice vectors (grey) along each crystal direction would yield a closed
pathinaperfect lattice. However, to surround a dislocation counterclockwise, an
additional lattice vector (red) is missing; it is identified as the Burgers vector.

¢, Histogram of dislocation displacements 4 within 62.5 ms (one frame)
compared for snapshots (i)-(iii) (using the statistics of 31 s).

magnetic OOP-field oscillations, we increase the diffusivity** (that is,
the effective temperature of the system; Supplementary Video 2)**
and, therefore, induce melting (Extended Data Fig. 2). The results are
consistent for the two approaches; however, in the case of field oscilla-
tions present, we expect the emergence of non-equilibrium properties
due to the permanent driving of the skyrmion size.

Finally, we can even probe the shear modulus u (refs. 41,42) by
analysing local lattice deformations as the characteristic behaviour
associated with melting transitions is also exhibited by elastic con-
stants. InFig. 2f, we show that iz is approximately constantin the solid.
Whentranslational QLRO vanishes, z decreases significantly. However,
pisnotvanishing since we must assume linear elasticity in our analysis,
whichbecomesless applicable whenreducing the packingfraction. Yet,
qualitatively, the resulting shear modulus clearly supports our conclu-
sions. In Extended Data Fig. 3, we present example shear components
and their energies.

Hence, we demonstrate that we can drive afinite lattice from solid
ordertoaliquid viathe hexaticregime, particularlyimage the melting
processdirectly with high time resolution. This allows us to access the
dynamics of every skyrmion quasi-particle. With the full information
of the individual skyrmion trajectories, we can uniquely identify the
topological lattice defects and probe their dynamics, which is typi-
cally not accessible. The topological defects are the key feature of 2D
melting, as described in the KTHNY theory. Therefore, we need to
quantify the occurrence and dynamics of those lattice defects to fully
understand the transitions.

Topological defects dynamics

The formation and dissociation of topological defectsis the key feature
of 2D melting in the KTHNY theory. Our system allows us to observe
the defect dynamics, gaining insights into the melting processina
unique way. The thermally activated diffusion of skyrmions induces
richdynamicsincludinglattice fluctuations and defect formations on
sub-second timescales and dynamic imaging allows us to unambigu-
ously identify the topological defects (Supplementary Video 3). Due to
the timeresolution of 62.5 ms, we can further analyse the dynamics of
the topological defects. In particular, we can tune the dynamics of both
skyrmions and defects by the applied magnetic field. We note that previ-
ous observations of 2D phase transitions lack sufficient resolution'**
or tunability of order andits fluctuations™®****% to explicitly investigate
the defect dynamics.

InFig.3a, we present the topological defect map for the previously
defined snapshots (i)-(iii). In the dense-packed (solid) snapshot (i), only
four dislocations exist. We identify those dislocations as a consequence
of the incommensurate number of skyrmions (Supplementary Note
3 and Supplementary Fig. 3), combined with the underlying energy
landscape of the sample®**, These dislocations remain stable and
may only hop between the nearest-neighbour sites. An example of
such afluctuating dislocationisshownin the clippedinset connected
to the black circle (Fig. 3a). The dislocation fluctuates back and forth
between two discrete states. The discrete states are represented onthe
vertical axis in the black boxes in Fig. 3a, where the green line shows
the temporal fluctuation between the statesin measurement time t. We

Nature Nanotechnology

147

Raphael Gruber, Skyrmions in Motion — Thermal Dynamics and Ordering in 2D, PhD Thesis, Johannes Gutenberg-Universitdt Mainz (2025)




10. Real-Time Observation of Topological Defect Dynamics Mediating 2D Skyrmion Lattice Melting

https://doi.org/10.1038/s41565-025-01977-2

Article
Solid Hexatic Liquid
a 604
~—| Dislocations
8 501 Disclinations
8 40 /\/
2 304 /J\f
3
Q 20 4
S 10 4 ‘M./“‘”‘
A
0 —
b T T T
40 4| ~—| Dislocations /"\-\
= 30 /
w
g 20 | /‘\ /\4'/\
S A Y
0 -—NM.N’JJ
T T T
c oadl — Skyrmion
7 ™
g 0.3 -
Q 024 'J
I s

T T T T T
0 100 200 300 400 500 600

t(s)

Fig. 4| Time-resolved defect dynamics. a, Number of dislocations and
disclinations observed during the melting for each frame (shaded) and arolling
mean over 6.25 s (100 frames). b,c, The diffusion coefficient D of the dislocations
(b) is up to two orders of magnitude larger than the one for skyrmions (c). The
solid lines represent the mean of the diffusion constant fit for a sliding window
of 6.25 s (100 frames); the shaded area denotes the corresponding standard
deviation. The dark-grey, light-grey and white backgrounds represent the
predetermined solid, hexatic and liquid regimes, respectively.

see that the Burgers vector (red arrows in the insets) associated with
the dislocation is preserved when the dislocation hops. An example
construction of the Burgers vector is shown in Fig. 3b. In addition to
the four dislocations present in the solid, dislocation pairs can form
spontaneously and annihilate again within ashort time. The dislocation
pairs are the characteristic clustersin the solid phase and have opposite
Burgers vectors, which cancel out to zero.

In the 5-s time window around the hexatic snapshot (ii), new
defects appear and exhibit more dynamics, also indicated in Fig. 3a.
In the corresponding inset, the fluctuations between the identified
states are showcased asastep function. The top inset shows how a dis-
location canrearrange into two dislocations. Indeed, the total Burgers
vector is conserved during the rearrangement. Furthermore, the
second (bottom) inset for snapshot (ii) reveals how a dislocation pair
canbe created and annihilated, split up, merge and, therefore, move.
Theselocal fluctuations resultin at least the six presented states. Note
that during the fluctuation, the total Burgers vector is always zero.
However, the opposing vectors can change direction as the dislocation
pair cansplitinto either two horizontally or two vertically oriented dis-
locations. By the controlled manipulation of the energy landscape**,
such fluctuations could, in principle, become deterministicand, thus,
transportinformation rapidly with very low power in specially designed
devices. By tailoring the boundary conditions and comparing the skyr-
mion latticesin distorted hexagons, even topological defect dynamics
under shear® could be experimentally explored. The defect interaction
potential, however, remains an open question as our limited system
size does not provide sufficient statistics.

Inthe disordered liquid snapshot (iii), the created and constantly
rearranging defects form a complex pattern consisting of several defect
clusters. The clusters still span dislocations and square dislocation
pairs, butalsoisolated defects, linear defect chains and more complex
configurations. The corresponding inset in Fig. 3a shows an example
of how a dislocation can splitinto two disclinations or rearrange into

anisolated defect plus a chain of three defects as a key feature of the
liquid regime. Since dislocations and clusters, ingeneral, canrearrange,
splitand merge in many ways and, therefore, increasingly interact with
neighbouring clusters, the number of observed states as well as their
dynamics increases drastically. Eventually, the complexity does not
allow us anymore to determine specific states and their fluctuations
intime within a clipped region only.

This becomes more apparent when we investigate the dynamics
of defect pairs. To this purpose, we match all defects into pairs of one
N=5and N=7 defect (Methods). We consider the nearest-neighbour
matches asdislocations (otherwise, disclinations) and link their occur-
rences to trajectories using trackpy*®. We provide a detailed visualiza-
tion of the pair matching in Supplementary Fig. 3, including a more
generalized defect clusteringin good agreement with previous simula-
tionresults”. Figure 3c shows the histograms of the found dislocation
displacements 4 within 62.5 ms for snapshots (i)-(iii) by using statistics
ofatotal of 31 saround each snapshot. We find that in the solid regime
(snapshot (i)), the defects are stable and may only rarely hop by a
nearest-neighbour connectionr,. Inthe hexatic regime (snapshot (ii)),
nearest-neighbour hopping becomes more frequent and displace-
ments different from r, occur. The inset of snapshot (ii) (Fig. 3a) may
serve asanillustration. The splitting of one dislocation into two causes
a displacement of ro/2 due to the associated reorientation, whereas
dislocation pairs changing between two horizontal and two vertical
pairs contribute with displacements of \/rp/2 each. Intheliquid regime
(snapshot (iii)), an almost continuous distribution of displacements
for the identified dislocations arises due to the complex rearrange-
ments and interactions of defect clusters, signalling the unbinding of
topological defects.

Our full real-time and real-space analysis allows us to ascertain
the quantitative evolution of dislocations and disclinations (Fig. 4a).
We find that the occurrence of dislocations (beyond the ones existing
initially due toincommensurability and a vacancy) starts as predicted
by theory at the transition from solid to hexatic. The occurrence of
disclinations starts at the transition from the hexatic to liquid regime,
alsoingood agreement with the KTHNY theory.

Finally, the identification of dislocations as topological quasi-
particles throughout the melting process allows us to investigate their
dynamics. Fromthe meansquared displacement (MSD) of the disloca-
tions (Supplementary Video 4), we fit the diffusion coefficient D (Meth-
ods), as shown in Fig. 4b. We find that for the dislocations, D is almost
constantinthesolid regime andincreases drastically when transitioning
from solid to hexatic due to dislocation unbinding. Within the hexatic
regime, D continues to increase slightly as fluctuationsincrease. When
entering the liquid regime, D starts increasing drastically again due to
complex defect rearrangements. For comparison, we also determine the
diffusion coefficient of skyrmions (Fig.4c).For skyrmions, Dincreases
continuously during melting; however, it does not change its behaviour
qualitatively at the found transitions, highlighting the key role of topo-
logical defects in mediating melting. As the underlying mechanism,
we see that the increasing skyrmion diffusivity due to areduced pack-
ing fraction enables the formation and rearrangement of topological
defects, which drastically speeds up the dislocation dynamics. During
melting, D for the dislocations becomes up to two orders of magni-
tudelarger than for the skyrmions forming the underlying lattice. This
canbeexplained by the fact that dislocations are second-order (meta-)
quasi-particles of the lattice (comprising quasi-particle skyrmions) and
can, thus, hop significantly evenif skyrmions are only slightly displaced.
The fact that the dynamics of topological point defects canexceed the
particle dynamics has been previously demonstrated for vacancies
and interstitials*®**°. Such point defects do not break QLRO and can
also occurin our skyrmion lattice. An example of aquadruple vacancy
is discussed in Supplementary Note 3. For 2D melting, however, the
additional emergence of topological defects and especially the dynam-
icsdue to their dissociationis the key ingredient.
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Fig. 5| Time correlation of defect occurrences. a, Two-time correlation
map of the Pearson correlation coefficient g,(¢,, t,) correlating the defect
occurrences of times t; and ¢, per skyrmion. The red dashed lines indicate the
previously determined transitions from solid to hexatic and hexatic to liquid.
The correlation generally decreases over time, with steps at the transitions.
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b, One-time correlation function g,(7) as afunction of delay = ¢, - ¢, for every
magnetic-field interval of 62.5-s (1,000-frame) length. For increasing field
throughout melting, g,(t) decays faster, corresponding to an enhanced dynamics
of topological defects.

Although dislocation identification and tracking work gener-
ally well until deep in the hexatic regime, they become increasingly
unstable at the onset of the liquid regime (Methods). Therefore, we
also provide a different approach to access the defect dynamics by
assessing the time correlation g, of defect occurrences per skyrmion at
times t;and ¢, (refs. 50-52) inFig. 5 (Methods). As g, decays increasingly
fast throughout melting, we corroborate that the dynamics of defects
keepsincreasing—also throughout the liquid regime.

Conclusions

Inconclusion, we find the on-the-fly tunability of our systemto be key to
provide two unique andindependent methodsto controllably drivea2D
skyrmionlattice to disorder viaahexatic regime. We exploit a developed
geometric confinementto locally stabilize the lattice, allowing usto cap-
ture the fullintrinsic dynamics. Due to the rich dynamics and flexibility,
real-time and real-space Kerr microscopy yields the necessary insights
to understand the 2D melting process. We capture the emergence and
dynamics of the characteristic topological defects mediating the phase
transitions inthe KTHNY theory and quantify the dynamics of the involved
dislocations. Therefore, we image the so far unrevealed key mechanism
of 2D melting, including ameta-quasi-particle diffusion coefficient of the
dislocations thatis found to be orders of magnitude higher than skyrmion
diffusion. We quantify the correlationfunctions and shear modulus, which
behave in excellent agreement with the KTHNY theory. Thus, our work
provides a new approach to access the key dynamics in 2D melting and
opens up new possibilities to study theintrinsic phase behaviour, bound-
ary effectsandidentify the role of topological defectsin 2D systems. Inthe
future, the development of material stacks with further reduced pinning
effects can even allow the use of skyrmion lattices for experimentally
exploring 2D melting in the presence of a significant Magnus force™ as
well as for determining the interaction potential of topological defects.
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Methods

Magnetic multilayer stack

The Ta(5 nm)/Co,,Fe,B,,(0.9 nm)/Ta(0.07 nm)/MgO(2 nm)/Ta(5 nm)
multilayer stack (layer thickness with an accuracy better than 0.01 nm)
is deposited by d.c./radio-frequency magnetron sputtering using a
Singulus Rotaris machine with a base pressure of 3 x 10" mbar. The
hexagonal geometric confinement is patterned by electron-beam
lithography followed by argon-ion etching.

Interfacial Dzyaloshinskii-Moriyainteraction’** is mainly induced
atthe Ta/Co,yFe,oB,, interface; the Co,,Feq,B,,/MgO interface causes
perpendicular magnetic anisotropy. The Ta(0.08) dusting layer is
used to not only balance the perpendicular magnetic anisotropy and
Dzyaloshinskii-Moriya interaction™® to host skyrmions but also to
optimize the energy landscape for skyrmion lattice formation and
dynamics. We provide the OOP hysteresis loop in Supplementary Note
4 with Supplementary Fig. 4. The non-trivial topology of the observed
bubbles is experimentally confirmed by spin-orbit-torque-driven
skyrmion motion and supported by micromagnetic simulations™*"*,

Furthermore, the skyrmion interaction potential has been dem-
onstrated to be purely repulsive in the studied material stack?; in
particular, we notethatitis ofaforminwhichthe KTHNY transitions are
predicted to occur®. In contrast, other materials canalso lead to attrac-
tive skyrmioninteraction potentials®~’, Although fundamentally, the
existence of aMagnus forceisafurther unique property of skyrmions,
the relative strength of the effect is, however, smallin our system. Itis
roughly proportional to theratio of the domain-wall width (10-20 nm)
to the skyrmion core diameter (few micrometres)***° and, therefore,
negligible in our system, resulting in a maximum skyrmion Hall angle
of afew degrees®. Additionally, the hopping-like skyrmion dynamicsin
the non-flat-energy landscape is dominated by pinning forces”****, sup-
pressing the Magnus effect. Small skyrmions or (close-to) pinning-free
diffusion systems can, however, lead to asizable Magnus force, which
is of special interest as topological defect dynamics in systems with a
Magnus force and odd elasticity® is an open question.

Skyrmion stabilization and imaging

A commercially available evico magnetics Kerr microscope is used to
establish magnetic contrast with a resolution of 300 nmin space and
62.5ms in time, using a blue light-emitting diode light source and a
charge-coupled device camera with a field of view of 200 x 150 pm?.
Magnetic fields canbe applied in bothin-plane (IP) and OOP directions.
Thealignment of coils is optimized by aligning the shift of OOP hyster-
esisloops withand without anIP field. The OOP magnetis custom made
toallow field control with sub-microtesla precision. The sample itselfis
placed onto a Peltier element directly on top of the coil for temperature
control. The temperature is kept constant at 333.5 K and monitored
by a Pt100 sensor directly next to the sample to ensure temperature
stability better than 0.1K.

Skyrmions are nucleated by applying an IP-field pulse, which satu-
ratesthesampleintheIP direction ataconstant OOP field. Theresulting
skyrmion lattice is equilibrated by an oscillating OOP magnetic field
at 100 Hz with amplitudes up to 60 uT in addition to the constant
OOP-field offset before measuring the obtained configuration.

We have direct and precise control over the skyrmion size via the
applied OOP magnetic field****°. The sizes of the individual skyrmions
are detected by a machine learning-based pixel-wise classification®.
Additionally, we can continuously tune the skyrmion diffusivity by sinu-
soidal OOP-field oscillation inaddition to the offset field***. In the melt-
ing procedure presentedin Figs.1-4, we increase the external OOP-field
offset every 62.5 s (corresponding to 1,000 frames) in steps of 6 uT.
During eachinterval of 62.5 s, the field is kept constant to obtain rea-
sonable statistics for every field value. In a constant externalfield, the
skyrmionensembleisinequilibrium. Inthe picosecond-nanosecond
timescale of the magnetization dynamics, the intrinsic precessional
dynamics of magnetizationis always damped out on the timescales we

investigate, whereas the thermally activated diffusive skyrmion dynam-
icstakes place onthe millisecond-second timescale that we investigate.
The skyrmions also react fast (Smilliseconds)* to field changes and
the steps of 6 uT are very small—the system ordering responds to size
changes typically faster than 1s, apart from fluctuations close to the
observed transitions. Therefore, we can treat the whole melting process
tobein quasi-equilibrium. Accordingly, we have chosen the timeinter-
vals and field steps to preserve quasi-equilibrium and ensure stable
measurement conditions during the whole melting protocol. However,
oscillating fields—which are only used toinitialize the skyrmion lattice
order here, but which can also be used to destabilize the lattice order
(Supplementary Fig. 4)—are expected to introduce non-equilibrium
properties as they permanently drive skyrmion size changes.

Quantification of 2D order
The translational order is quantified by the translational correlation
function

Gy (r =|r— ) = <e_ic‘("j—l‘k)>’ 1)

averagingthe link between two particle positionsr;and r, with respect
to areciprocal lattice vector G over the distance r. The orientational
correlation function

G (r = [t = 1al) = (W (1)) 6 (ro)) @

quantifies the orientational order based on the local orientational
order parameter

18
lpé (rj) = N I(Zle_léefk (3)

of a particle at position r; with N nearest neighbours labelled k=1to
N. 8, denotes the angle of the connecting vector r,—r; with respect to
anarbitrary axis®.

Ina2Dsolid, G(r) decays algebraically as « r~r, signalling QLRO.
When the exponent 77; reaches its critical value of 1/3, an exponential
decay <exp(-r/&) with correlation length & setsin; translational QLRO
has disappeared”. In contrast, G,(r) is constantinasolid, but shows an
algebraicdecay « r—*whenthe translational order vanishes if orienta-
tional QLRO persists. Hence, orientational order is still presentinwhat
is referred to as the hexatic phase, which is unique to 2D systems'*?°.
When r reaches its critical value of 1/4, G¢(r) becomes exponential
(<exp(-r/&)) with correlation length &, resultingin anisotropic liquid.
At the transition from exponential to algebraic decay, the respective
correlation lengths of both correlation functions diverge, causing the
exponential term to vanish in the critical (QLRO) phases™.

Similar to the correlation functions in space, we calculate the
orientational time correlation as

G (1) = (P (D Y6 (£ + 1)) @)

asafunctionoftime delay 7, which reveals the dynamics for every field
interval®. The angle brackets represent the average over all particles
andall starting times ¢ within the interval of constant field. Theory sug-
gests aconstant behaviour of G,(7) inthe solid phase, algebraic decay
in the hexatic phase and exponential decay in the liquid phase?. The
hexaticand liquid phases are separated by a critical exponent n, =1/8.
Ourresults shownin Extended DataFig.1 matchthe theory qualitatively
well. The predicted critical value of , = 1/8 for aninfinite system is, how-
ever, too large to match our scenario. We can attribute the enhanced
time correlation in our experiment to the effects of confinement and
non-flat-energy landscape.

Any lattice site with the number of nearest neighbours different
from N =6 is a topological defect. A dislocation is a pair of defects
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with opposite topological charge: one N=5and one N=7 defect.Ina
solid, only a few dislocation pairs occur, which are tightly bound and
of opposite orientation. The orientation of a dislocation is specified
by the Burgers vector. The Burgers vector is determined as the miss-
ing vector when encircling a dislocation counterclockwise with a set
of lattice vectors, which would yield a closed pathin a perfect lattice.
Atthe transition point separating the solid from the hexatic phase, the
dislocation pairs unbind and proliferate. This formation of isolated
free dislocations causing theloss of translational QLRO is measurable
macroscopically as a vanishing shear modulus u. At the transition
point separating the hexatic from the liquid phase, the dislocations
eventually unbind and proliferate into two isolated disclinations'®".

Data analysis

For the detection of skyrmions from the greyscale video and linking
them to trajectories, we use the trackpy package*® in Python. The
obtained positions are used for every skyrmion to determine the local
order parameter y, and its nearest neighbours applying a Voronoi
tessellation, which automatically determines the lattice defects. Skyr-
mions at the edge of the system are neglected for the analysis of ¢, and
lattice defects as their position at the edge produces artefacts in the
Voronoi tessellation®.

For all skyrmions that are not located at the edge of the system,
we determine avalue for Gyand G, with respect to all other skyrmions.
Webin the values of the respective correlation and perform an average
ineverybin, resultingin the distance-dependent correlation functions
G(r)and G4(r) (Fig.1d-i). The determination of the correlation function
works for single-frame images; however, we average the correlation
functions of ten consecutive frames (over 0.625 s) to reduce noise
significantly. Therefore, all the plots and fits of the correlation func-
tions are performed on the averaged data. To determine the decay of
the translational correlation function, we fit G;(r) with a power-law
decay « (r/ry) "™ as afunction of distance rin units of the skyrmion lat-
tice constant r,. We use the initial power-law fit to determine if the
systemis translationally ordered (r;belowacritical value of1/3) or not
(n:>1/3).Indisorder, however, the exponent n;isno longer well defined
since the decay of G; is now solely exponential. Therefore, for the
disordered cases, we fit the exponential (<exp(-r/&;)) instead of the
power law. Since the exponential termis technically also presentinthe
ordered critical regime, we also fit an exponential for the occurrences
of ny <1/3, but as an additional factor to the power law. We use this
additional factor in the fit as confirmation that the correlation length
& becomes infinite in the ordered regime. For the orientational cor-
relation function G, we proceed analogously to determine the expo-
nent n, as well as the correlation length &,. However, the orientational
correlation has a different critical value of n, =1/4, which we use to
determine whether the system is orientationally ordered (1, <1/4) or
not (, = 1/4) and whether we fit the exponential as an additional factor
to or instead of the power law, respectively.

In our system, we lack the possibility to apply stress forces to
directly measure the elastic moduli. Instead, we analyse the local defor-
mations of the lattice in real space to estimate the shear modulus u
(refs.41,42,64). Asthereferencelattice, we use acentral skyrmion with
six perfectly arranged nearest neighbours at positions X' with average
lattice spacing. To this reference, we fit a local deformation tensor 6
for every skyrmion and its neighbours in the experimental lattice, such
that the squared distance

d? = 31 (8Xi) - X0 )

between experimentallattice positions X;** and the tweaked reference
isminimized. To extract the shear component, we decompose § = € + R,
toasymmetric straintensor e and an anti-symmetric rotation R, by an
angle a. The diagonal elements of ¢ describe the strain along x and y,

whereas the off-diagonal element is the shear component. In case of
linear elasticity, ashear deformationis associated withashear energy
Echear = §(2exy)2 V. u, where Vdenotes the volume over which the shear-
ing takes place (area spanned by the nearest neighbours in our case).
Assuming a Boltzmann distribution P(E) =< exp(-E/kgT) of the shear
energy attemperature T, we fit z as the slope of

log[P(E)] = —% + constant = [%(Zexy)zavr] +constant  (6)
when calculating a histogram over the square bracket as a measure of
thelogarithm of the shear energy distribution. The procedurerequires
theassumption of linear elasticity, whichbecomes less applicableina
less dense system, especially in liquid. Therefore, the shear modulus
does not vanish completely during melting. Also, the distribution of
shear energies associated with the determined deformations is not
perfectly Boltzmann like, as already observed for colloid systems*.
Since the dependence is not perfectly linear, we perform a set of fits
over different ranges and use the standard deviation as error of the
mean value.

The determination of topological defects follows directly from
the Voronoitessellation used for calculating the local ordering. Every
skyrmion with a number of nearest neighbours N different from 6,
whichisnotlocated at the edge of the system, isidentified as alattice
defect.Since defectsin the solid and hexatic regimes almost only occur
pairwise, identifying those pairs as dislocations is trivial. However,
transitioningtoaliquid, complex clusters of defects evolve. The com-
plex appearance, including the interactions between defect clusters,
makes the identification of the formal connection between defects
impossible. To analyse the further evolution of defects, we establish a
simplified approach of identifying pairs of defects. To every 5-defect
i, we assign exactly one 7-defectj and take the distance between the
defects as dj. To establish unique pair connections, we minimize the
total square distance

dtf)t = %:dyz 7)

associated with all possible connections ij using the Hungarian
method®. We identify a determined defect pair as a dislocation if the
corresponding d; is a nearest-neighbour connection; otherwise, we
identify the two connected defects as two disclinations. To study the
dislocation dynamics, we keep only the centre of mass of all the iden-
tified dislocations and link them to trajectories with trackpy*’. Note
that the 5/7-defect pair matching as well as the linking of dislocation
trajectories work generally well until deep in the hexatic regime as
defectsalwaysoccurin pairsand do not fully dissociate. At the onset of
theliquid regime, however, disclinations and complex defect clusters
start occurring and make the formally correct matching and evolution
of defect pairsinaccessible. With our approach being purely based on
distance minimization, we, therefore, expect a possible systematic
errorinthe quantification of defect dynamics from the onset of theliq-
uid regime, whereas theincreased dynamics as adirect consequence of
defect fluctuations, rearrangements and dissociationis still reflected.

To evaluate the diffusion coefficient of the skyrmions at different
times of the measurement, we determine the MSD as

MSD (¢) = <[r(t) - r(to)]2> =2dDt (8)

by calculating the square distance of skyrmion position r at time ¢
relative to the position at the time of initial occurrence ¢, and take the
average over all skyrmions. The MSD is further related to the dimen-
sionality d of the system (here d =2) and D over ¢t in the case of normal
diffusion”**, Since we want to determine D at any time t, with reliable
statistics, we consider all trajectories present in a 10-s time window
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around t, and use the time of first occurrence as t,. We then fit the
first 1s of the resulting MSD to determine D. For the dislocations, we
proceed analogously but use all the trajectories occurring in a time
window of 31 s around ¢, to fit D for statistical reasons because there
are significantly fewer dislocations than skyrmions.

To correlate defect occurrences of time, for every skyrmion n at
time ¢, we associate a variable

1 (no defect)

() = 9
tn © 0 (is defect) )

tobe correlated. We calculate the Pearson correlation

(u)—-RENUB)-RED, _ @)U, ~ @), uE)
t = n = n n n 1
2) at)o(ty) altyolty) 10)

8 (t,

for every pair of times ¢, and ¢, by averaging over all skyrmions n
(refs.50-52). Here pand orepresent the mean and standard deviation
of u at the respective time. The corresponding two-time correlation
mapisshownin Fig. 5a. The correlation decreases over time during the
melting and one can observe more rapid changes in the time regions
ofthe previously determined transitions (Fig. 5a, dashed red lines).
By averaging over equal time delays 7=¢, - t;, we convert the
two-time correlation map to a one-time correlation function g,(7)
for every interval of constant magnetic field (as the field is changed
stepwise every 62.5 s). Although g,(7) (Fig. 5b) stays almost constant for
thefieldsrepresenting the solid regime, it decays notably and increas-
ingly rapidly throughout the melting process. As the decay of g,(7) is
directly related to the dynamics of the underlying feature™*’>—that is,
the topological defects in this case—this corroborates that the defect
dynamics keeps increasing throughout the melting procedure.

Data availability

The data supporting the findings of this study are available within
thearticle and Supplementary Information. These data are also avail-
ableviaZenodo at https://doi.org/10.5281/zenodo.15472065 (ref. 38).
Source data are provided with this paper.
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Extended Data Fig. 1| Quantification of Melting - Dependence on Magnetic
Field. aIncreasing the magnetic field B causes the skyrmion diameter d (mean
and negligible standard error of the mean) to shrink. Correspondingly, we
plot the time-average over the fluctuations (error bar: standard deviation)
ofthe ordering quantities presented in Fig. 2 for the 62.5 s interval (1000
frames) recorded at every field value: exponent i, of and correlation length &
of the translational correlation function G;(r), exponent n, of and correlation
length & of the orientational correlation function G,(r), and shear modulus z.
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b Orientational time correlation function G4(7) for every time delay 7 (sliding
window average) at every field value. We see a clear separation between the
correlationin the three different regimes. While G4(t) is almost constant in the
solid regime, it decays notably in the hexatic regime and much faster in the liquid,
ingood agreement with theory. The predicted critical value of 7,=1/8 for an
infinite systemis however too large to match our scenario. We can attribute the
enhanced time correlation in our experiment to effects of the confinement and
the non-flat energy landscape.
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Extended Data Fig. 2 | Lattice Melting by Increasing Skyrmion Diffusivity.
aTheamplitude A (peak-to-peak at 100 Hz) of the oscillating applied field is
increased in steps (black) while the offset field is kept constant at 102 uT. This
causes the diffusion coefficient D of the 378 skyrmions to increase (gray, rolling
mean and standard deviation). With increasing diffusivity, skyrmions start
annihilating. Black vertical lines denote the field steps in all sublots. b Average
absolute value (|g,|) of the local order parameter, for each frame (shaded) and
rolling average over 6.25 s (solid line). ¢ Exponent 7, of G, and rolling mean

over 6.25s. The dotted horizontal line marks the critical exponent of 1/4. We
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find that tuning the diffusivity, we can drive the n,from well below to above the
critical value of 1/4. d Correlation length & of G, and rolling median over 6.25 s
(100 frames). e, fKerrimages averaged over Ssat (e) t=75sand (f) t =575s. The
smeared-out contrast visualizes the increased diffusivity in (f). g, h Orientational
correlation functions G, for (e) and (f), respectively. The black dots represent a
power-law decay with the critical exponent of 1/4. The dashed line is the envelope
fitand the dots are the points used for the fit. While in the hexatic casein (g),
G decays algebraically, it is now exponential in the liquid case shown in (h).
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Extended DataFig. 3| Shear Analysis of the Lattice. a Shear components ¢, of
the determined local lattice deformations for snapshots (i)-(iii) from Fig. 1a-c.
During the melting, larger components of the strain tensor become possible and
more likely. b Visualization of determined local lattice deformation at ¢ = 0. The
gray circles denote the observed skyrmion positions. The pink dots represent
thelocally deformed lattice at exemplary sites: For every skyrmion position,
adeformation of alocal hexagonal lattice (up to the first nearest neighbors) is
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fitted to match the neighboring positions best. €, is extracted as the asymmetric
component of the deformation matrix. c Every shear component over the area
spanned by the nearest neighborsis associated with ashear energy E,.,, in

units of the shear modulus u and k3T, which is related to the Boltzmann energy
distribution P(E). The slope of the distribution determines the shear modulus u.
The shear energy contributions are shown for the snapshots (i)-(iii) using
statistics of 12.5s.
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Supplementary Note 1: Finite Size Effects in the
Experiment

Since the experimentally observed lattice is a finite system, it is expected to exhibit finite size
effects. In contrast, measures to classify phases in KTHNY are derived for infinite systems.
Therefore, we investigate in the following how our results align with those measures.

Analyzing the behavior of Gr and Gs at larger distances (Fig. S1a and b, respectively; both for
snapshots I-11I), we see that the correlation functions can increase with distance due to the lattice
stabilization by the boundary, especially for distances beyond ten nearest neighbor distances ro.
In contrast to Fig. 1, we use a semilogarithmic plot to highlight the larger distances. The effect is
stronger for the orientational correlation since the confinement with its commensurate shape
provides primarily orientational stabilization. We observe the boundary effect on Gr starting at
distances of approximately 12 ro; for Gs, an influence is visible already at 7 ro. We therefore use
those distances as limits for the fit range when we determine the decay exponents 7y and 7,
respectively.

According to KTHNY theory, the correlation functions are expected to change their functional
behavior qualitatively between power-law and exponential at the critical point determined by the
critical exponents. We therefore compare the reduced x? of pure power-law and pure exponential
fits during the entire melting procedure. For each distance bin of the correlation functions, we use
the mean and standard deviation from the performed average over 10 frames (0.625 s) for the fit.
In Fig. S1c, we show that a power-law fit for Gr is indeed more favorable in the predetermined
solid regime (dark-gray shading). Entering the hexatic regime (light-gray shading), the
exponential becomes more favorable. Hence, the critical value of 1/3 does not appear to be
affected by finite size effects. At t>450 s, the power-law fit yields decreasing values y* and seems
to become favorable again; however, this is only because of the small values of Gr deep in disorder,
which therefore become increasingly prone to noise and the present boundary effects. For Ge., x*
of the power-law fit is always smaller than of the exponential, thus indicating better description
by a power-law behavior for all times. However, due to the boundary effect seen in Fig. S1b, the fit
region is strongly limited and yields maximum 7 points; especially, we lack values over larger
distances, which are decisive to analyze the functional behavior. In contrast to the critical QLRO
regime, we therefore do not find a clear preference for either a power-law or exponential behavior
but our results remain inconclusive regarding the exact form. In the experiment presented in
Fig. S3h however, we find that Gs is indeed exponential as soon as the stabilization due to the
boundary is overcome; there, with sufficient diffusion.

For the translational correlation, we furthermore notice an anisotropy of the crystal order. Fig. S1le
shows the Fourier transform (FFT) of the Kerr microscopy snapshotI. We clearly see discrete
peaks (even in higher order) in sixfold symmetry as expected for a hexagonal lattice. The first-
order peaks determine the reciprocal hexagonal lattice vectors used for the calculation of Gr. The
stripes through the center (in six-fold symmetry) are an artefact caused by the hexagonal shape of
the confinement. As a feature of the finite nature of our system, Gr. can evolve differently
depending on the choice of the lattice vector used. Fig. S1f provides a comparison for the usage of
the three lattice vectors in Gr resulting in differently fast decays. The anisotropy I only possible on
finite scales and depends on the specific location of lattice defects.
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Supplementary Fig. 1. Analysis of Finite Size Effects in the Experiment. a-b Gt (a) and Ge (b) for single-
frame snapshots of snapshots I-1ll (as examples for solid, hexatic, liquid) as presented in Fig. 1, but up
to the maximum system distance of ~20r,. Note that in contrast to Fig. 1, we show a semilogarithmic
plot to highlight the effect of larger distances: Due to the orientational stabilization by the hexagonal
confinement, the correlation functions may increase again due to large distances being increasingly
affected by boundary effects. c-d Reduced y? for fitting a pure power-law (colored) or exponential (gray)
to the correlation functions Gt (c) and Gg (d) throughout the melting over time t. Average and standard
deviation over 10 s are drawn. The dark-gray, light-gray and white shading represent the solid, hexatic
and liquid phase, respectively. e Fourier transformed frame image of snapshot | exhibiting sixfold
symmetry and determining the reciprocal lattice vectors Gi-Gs (drawn as arrows). The six-fold lines are
due to the hexagonal geometry of the system. f Due to the finite system size and the specific lattice
defect configuration present, the translational correlation function may depend on the choice of lattice
direction (G1-Gs) as presented here for snapshot I.
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Supplementary Note 2: Finite Size Effects in Simulations

To analyze finite size effects and their dependence on the system size, we perform computer
simulations in the Thiele model! applied to magnetic skyrmions. In the case investigated in this
article, the equation of motion reads?3

-yYv-— Grelyez Xv+ Ftherm + FSkSk({r}) + FSand(r) =0 (51)

where r is the skyrmion position, v the skyrmion velocity and {r} indicates the set of all skyrmion
positions. y indicates the damping (in the context of a Molecular Dynamics simulation, not to be
confused with the Gilbert damping) and G is the relative Magnus force amplitude which is
calculated as tangent of the skyrmion Hall angle. In this article, Gr. and thereby the Magnus force
is set to zero as the Magnus force affects only dynamics of the system but not static properties such
as ordering. y is set to 1 (in simulation units). Fuerm is thermal Gaussian white noise satisfying the
fluctuation-dissipation theorem at a temperature of ksT=1 (in simulation units). Fsksk and Fskgna
indicate skyrmion-skyrmion and skyrmion-boundary repulsion. The skyrmion-skyrmion
interaction is approximated by a V(r)=r8 potential with a cutoff distance of 1.8 simulation units*
and the skyrmion-boundary interaction is using a fully repulsive Lennard-Jones potential

o\12 o\ 1
V() = 4e [ 3 -C)+ Z] (52)
with rq=21/6 and e=o=1. Skyrmion interaction potentials for similar materials have previously
been extracted using Iterative Boltzmann Inversion (IBI)2, where no assumptions on the potential
form had been made. The distances and the exact potential form are not directly extracted from
the experiment in this case as such high densities generally cause artefacts in the IBI2. Instead, the
exponent n=8 is determined from a slightly less dense skyrmion liquids. Comparing with other
measurements in similar material stacks, we have made sure that the exponent changes by less
than 1 for size variations two times larger than covered in this investigation - thus not affecting
the theoretically predicted phase behaviort. In particular, the r8 potential features well-known
liquid-hexatic and hexatic-solid phase transitions in continuum*. To explain the lattice melting
induced by shrinking the skyrmions (i.e., the packing fraction), we simulate the system at different
skyrmion densities. Accordingly, we adjust the interaction radius of the skyrmions, but not the
form of the potential given by the approximately constant exponent.

Densities pin this simplified model are defined as skyrmions per unit length squared in simulation
units. The equations of motion were integrated using an Euler algorithm

r(t + At) = r(t) + v(£)At (53)

with a time step of At=10-* implemented in the HOOMD-blue software packageé. The system is
initialized with either perfect hexagonal order (for commensurate numbers) or hexagonal order
with a few particles missing (for non-commensurate numbers) and equilibrated for 106 steps
before running for 107 steps with the trajectory saved every 104 steps. Correlation functions are
calculated and fitted individually for every saved step. Simulations of non-commensurate numbers
are all averaged over atleast 10 independent runs with independent initialization. Results of these
simulations are presented as the mean over each individual simulation. Commensurate
simulations use only one simulation run (except for 11 and 12 skyrmions per edge where we
perform 10 runs) as there is only one specific starting condition and for large number a
significantly longer computation time is required.

The main approximations of the Thiele model include that skyrmions are described as perfectly
circular and of constant size as well as neglecting skyrmion creation and annihilation. These
approximations are justified by the small amount of size polydispersity (standard deviation of the
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diameter: 11 %) as well as deformations found in the experiments. Also, the system investigated
does not feature spontaneous skyrmion creation; skyrmion annihilation is only observed deep in
the liquid regime. This makes the Thiele model applicable for a description of the skyrmions used
in this article.

In Fig. S2a, we show for computer simulations of a hexagonal system with commensurate numbers
of skyrmions (centered hexagonal numbers) that the hexagonal boundary condition stabilizes
QLRO in the system. The stabilization becomes stronger for smaller systems, causing QLRO to
persist down to lower skyrmion density. We plot the fraction of states observed in the solid, hexatic
and liquid regime, respectively. For smaller systems, transition regions between the different
regimes at identical parameters also become larger. For larger systems, the influence of the finite
size effects decreases, the regimes occur separated and the densities where the system transitions
between the regimes approach the values for an infinite system*.

In addition to the size scaling of the system, we also investigate how the commensurability of the
particle number with respect to the confinement geometry? affects the ordering. Fig. S2b depicts
similar simulations for various numbers of skyrmions around and between the commensurate
(centered hexagonal) numbers of 397 (11per edge) and 469 (12per edge). As
incommensurability enforces the existence of dislocations, it strongly suppresses translational
QLRO, i.e. the solid regime; in return, the liquid and especially the hexatic regime are widened and
enhanced due to quenched disorder8®. Interestingly, we find a half-commensurate state
alternatingly combining 11 and 12 skyrmions per edge, weakly stabilizing QLRO.

The experiments presented in the main text are performed with 401 skyrmions, i.e. slightly off
commensurability. Indeed, the system exhibits the three different, well-separated regimes of order
and is thus in good agreement with the simulations and KTHNY theory in general. In particular,
we observe a relatively wide parameter space for the hexatic regime due to slight
incommensurability and low pinning, while still benefitting from sufficient local stabilization due
to the geometric confinement.
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Supplementary Fig. 2
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Supplementary Fig. 2. Ordering for different numbers of skyrmions in a hexagonal confinement.
a Ordering regimes in computer simulations of skyrmions in the Thiele model for different particle
densities p and system sizes using commensurate numbers of skyrmions Ny (centered hexagonal
numbers) between 331 (10 skyrmions per edge) and 19441 particles (80 per edge). The black dots
represent the parameters at which simulations are performed. The coloring of the parameter space
denotes which fractions of the recorded simulations is in the respective regime; for visualization
purposes, we show the linear interpolation of the determined fraction over the entire parameter space.
The three regimes (solid, hexatic, liquid) exist for all system sizes and QLRO is stabilized by the
hexagonal confinement: The smaller the system, the lower the density at which QLRO can still be
stabilized; transition regions between different regimes also become larger. The square artefact
between simulation parameters are due to the linear interpolation displayed on a logarithmic scale.
b Analogously, ordering regimes of non-commensurate numbers of skyrmions. Between the
commensurate states containing 397 (11 per edge) and 469 skyrmions (12 per edge), translational
QLRO and thus the solid regime is strongly suppressed. Instead, the liquid and especially the hexatic
regime are enhanced. In between, we find a half-commensurate state (alternating combination of 11
and 12 skyrmions per edge), QLRO is weakly stabilized.
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Supplementary Note 3: Defect Clustering and Defect
Pair Matching

To detect and classify defect clusters, an approach based on the Voronoi tessellation of the system
is used. For each particle with a neighbor number less (greater) than N=6, its neighbors are
checked and neighboring particles with more (less) than N=6 neighbors are considered an
associated pair. If no neighbor with an opposing neighbor number defect is found, it is classed as
an isolated disclination. Otherwise, all particles within a graph of shared associations are
considered part of the same cluster. Clusters consisting of exactly one 5- and one 7-defect are
classed as isolated dislocations. Dislocation pairs are defined as consisting of exactly two 5- and
two 7-defects where each defect is neighbor to both of the opposing defects. Chains are defined as
any cluster consisting of at least 3 particles, which are connected linearly only.

Based on the Voronoi tessellation of the particle positions, particles that do not have exactly 6
neighbors are identified as defects and neighboring opposing defects are combined to clusters.
This allows for the identification of different types of defect clusters to compare them to
theoretical predictions3-16, While theory predicts only dislocation pairs in the solid phase, four
stable 5-7-defect pairs (dislocations) are present. As the number of particles (401) is not
commensurate with the confinement (closest match would be 397), one dislocation is needed to
fit the additional particles. In Fig. S5a, we find that the number of skyrmions along every edge
(black dots) is 12 except for the right edge, which contains 13 skyrmions, as indicated by the
surrounding arrows labelled with the number of edge skyrmions. The 13th skyrmion causes an
additional crystal line (green dots), which ends at one dislocation. Instead of only the four excess
skyrmions however, this additional line features eight skyrmions. That is, the other four skyrmions
have to be missing elsewhere. Thus, the other three, encircled dislocations comprise a quadruple
vacancy and are topologically trivial: their Burger’s vectors (red arrows) span all three lattice
vectors exactly once and add up to zero. In the inset, we compare the observed skyrmion
occurrences inside this vacancy (overall gray Delauney triangulation forming the nearest-
neighbor net) to the ideal case in which the surrounding lattice would continue (indicated by black
grid). When we match every occurring skyrmion to one ideal lattice site (purple links), indeed four
sites (open green circles) stay vacant, confirming the quadruple vacancy. The combination of the
observed dislocation (due to the incommensurability) together with the quadruple vacancy as
stable initial state is a consequence of the non-flat energy landscape. Consequently, the top
dislocation is bound to the right edge and can in the solid regime only move up or down with a
fixed distance of eight skyrmions to the edge (see Supplementary Video 3), or later interact with
other defects. In the hexatic phase, dislocation pairs as well as chains proliferate, but defects are
still bound in opposing pairs. The total number of defects again rises in the liquid phase and
dislocations disassociate leading to isolated defects.
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Supplementary Fig. 3
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Supplementary Fig. 3. Defect Clustering and Pair Matching. a Defect pair matching for snapshots I-lIl.
The black lines represent the connection within a pair. While the matching is trivial in the solid and
hexatic regime, the matching in the liquid is not obvious and obtained by distance minimization. In
snapshot |, we additionally note that every edge contains 12 skyrmions (black dots and number on
arrows), except the right edge with 13 skyrmions. The 13" skyrmion causes the existence of an
additional skyrmion row (marked in green), ending at a dislocation. The remaining three encircled
dislocations are topologically trivial as their Burger’s vectors (red arrows) cancel. They comprise a
quadruple vacancy as the lattice has four excess skyrmions (401 instead of 397), but eight are bound
to the top dislocation (green dots). The circle inset visualizes the appearance of the fourfold vacancy:
if we at the vacancy map in purple every skyrmion to the ideal surrounding lattice (black lines), four
sites remain unoccupied (green open circles). b Occurrences of more specific clusters of defects
occurring during the melting (rolling average and standard deviation over 10 s).
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Supplementary Note 4: Hysteresis Loop

We measure the OOP hysteresis loop in terms of the relative OOP magnetization m, by the total
intensity in Kerr microscopy over an OOP field (B) cycle. Note that the saturation field of the loop
is below 200 pT, which is of the order of the earth magnetic field. We correct the surrounding
magnetic offset field by shifting the hysteresis to be centered around zero. All field values given in
the manuscript are corrected for the background field.

Supplementary Fig. 4
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Supplementary Fig. 4. Hysteresis Loop. The red line shows the MOKE intensity corresponding to the
relative magnetization m, for a cycle of the OOP magnetic field B.
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10.2. Additional Results and Experimental Remarks

10.2.1. Optimizing Skyrmion Lattices for 2D Phase Observations

The skyrmion lattices with the highest number density (i.e., skyrmions per area) are
not necessarily the best ordered. While the magnetic field can effectively tune the
average skyrmion size [64, 117], individual skyrmions exhibit a distribution of sizes
due to pinning effects and skyrmion-skyrmion interactions [64]. Moreover, the non-
uniform energy landscape interacts with skyrmions of different sizes in distinct ways
[64].

To achieve maximal lattice order, the skyrmions should ideally be as uniform in size
as possible and minimally influenced by local energy inhomogeneities. In any case,
the number of skyrmions decrease over the first seconds to minutes after nucleation
due to spontaneous annihilation — even under constant field conditions, as shown in
section 8.1. Additional field oscillations have been demonstrated to promote lattice
ordering (section 8.1) but also enhance annihilation rates (section 8.1).

Observing a two-step melting process in 2D systems, as discussed in section 10.1,
requires high-quality skyrmion lattices exhibiting translational order. This is partic-
ularly challenging in the present experimental system, where lattice order typically
persists only over a few skyrmion distances. Even at short length scales, translational
order is difficult to maintain, as minor distortions readily disrupt it. Whether the
skyrmions self-organize accordingly is therefore difficult to control and reproduce.
My approach involves first nucleating a lattice with the highest possible skyrmion
density, usually at a temperature increased by 2to 3K. Subsequently, I reduced the
temperature to the value at which I have previously observed the best lattice qual-
ity. By tuning the magnetic field, I increase the skyrmion size [64, 117] and thereby
the packing fraction. This denser arrangement forces skyrmions into quasi-lattice
positions, improving overall order. In the best observed configuration — as shown,
for instance, in section 10.1 — most skyrmions are similar in size (Rl labbook ex-
periment ID 7155). Nonetheless, the standard deviation of the skyrmion diame-
ters of (0.57 & 0.02) pm remains relatively large. However, the intrinsic flexibility of
skyrmions enables them to locally adjust in size — either by extending or compress-
ing (section 10.1.1) — which helps smoothing out local density variations [163]. This
flexibility facilitates the accommodation of vacancies and interstitials with minimal
impact on global lattice order (see Fig. 10.3 in the following section 10.2.2).
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100 pm m, —

Figure 10.1.: Kerr Images of Skyrmion Lattices. Snapshots from Kerr microscopy
experiments on sample FAB435 at 335.0K and an applied magnetic field of (a) 85uT
(Y6 = 0.79), (b) 80uT (¥ = 0.80), and (c) 75uT (¥ = 0.83). Images (a)—(b) were
acquired approximately 4 min after nucleation; (c) was recorded 2 min after reducing the
field from (b) to 75uT.

An example of skyrmion lattice formation is shown in Fig. 10.1. The lattices in panels
(a) and (b) are nucleated under identical conditions using an IP field pulse of 100 mT
at an OOP field of 180T at 335.0K. The relatively high field at nucleation leads
to the formation of many small skyrmions. Subsequently, reducing the OOP field
increased the packing fraction and, correspondingly, improved lattice order. Even
though some skyrmions merge and the total number of skyrmions decreases, their
shape remains largely symmetric, favoring order. Only when skyrmions elongate
into stripe-like configurations, lattice order is compromised. The optimal field for
achieving maximum lattice order in this case is (75 & 2) pT. Despite greater size
homogeneity at 80 and 85 1T, order is best at 75 pT. This can be attributed to the fact
that the presence of vacancies and interstitials is more easily compensated by size
variations, which in turn reinforces lattice fidelity.

After optimizing the OOP field, I apply field oscillations at 100 Hz, which is close to
the frequency where the skyrmion diffusion peaks (section 5.1.1) [27]. Increasing the
oscillation amplitude assists depinning and enhances the diffusion coefficient, but
also contributes to skyrmion destabilization (section 8.1). This depinning is essential
to allow skyrmions to rearrange into ideal lattice positions. However, the associated
increase in diffusivity acts analogously to an elevated effective temperature, which
can destabilize the lattice if excessive.

Large oscillation amplitudes capable of inducing annihilation can therefore reduce
lattice order — a behavior comparable to that induced by large static fields. Never-
theless, this effect can be harnessed to regulate local skyrmion density. Because a
nucleation can yield regions of locally elevated skyrmion density, strong field oscil-
lations can selectively annihilate or merge skyrmions in these "overpopulated" areas,
thereby promoting a more homogeneous lattice configuration [163]. This behavior,
however, is highly non-deterministic, as the specific skyrmions that annihilate cannot
be predicted with certainty. In section 10.1, I employ amplitudes up to A = 150 uT
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(peak-to-peak) to induce annihilation in specific regions. However, if annihilation
occurred elsewhere, the configuration is typically lost and the procedure has to be
restarted (Rl labbook experiment ID 7155). In general, the amplitude A has to be
tuned dynamically depending on the current skyrmion configuration. For moder-
ate reconfiguration without inducing annihilation, amplitudes in the range of 80 to
100 uT are suitable.

In summary, there is no universal set of parameters that guarantees maximum lat-
tice order. Notably, I have so far only been able to stabilize a translationally ordered
skyrmion lattice once, despite hundreds of attempts. That singular measurement
eventually formed the basis for our most successful analysis. The corresponding
methods and theoretical context were developed in close collaboration with Prof.
Peter Virnau and Prof. Asle Sudbe. It took more than a year to thoroughly analyze,
interpret, and validate the results. Even the reproduction attempts provided crucial
insights that contributed to our understanding of lattice stabilization under confine-
ment.

10.2.2. Analysis of 2D Phase Behavior
10.2.2.1. Determination of Order

Once the skyrmion lattice is stabilized, tracking and order analysis becomes straight-
forward. The skyrmions are effectively confined by the surrounding lattice, sup-
pressing diffusive motion and reducing fluctuations. This enhances imaging contrast
and facilitates tracking based on single-frame images. Moreover, the skyrmions typ-
ically occur at regular distances, which makes the selection of appropriate diameter
and separation parameters in trackpy [131, 132] highly effective. In the case of dense
lattices, this method often outperforms the UNET algorithm [133], which is based on
machine-learning.
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connected feature double detection

Figure 10.2.: Skyrmion Detection Comparison. (a) Detection of the skyrmions in
a masked Kerr microscopy frame (grayscale background). The blue features are the
skyrmions labeled by the UNET. The red circles mark the detections by trackpy. In
the prediction by the UNET, two features are incorrectly connected and thus counted as
one skyrmion. (b) Similarly, in the next frame, a skyrmion is incorrectly detected as two
features by the UNET.

The performance of trackpy is robust within a relatively wide parameter range, typ-
ically exceeding 10 %, without a noticeable degradation in detection quality. This
robustness stems from the dense packing of skyrmions, where nearly every intensity
peak corresponds to a real skyrmion, leaving little room for false positives. In con-
trast, UNET - in the versions available so far — often suffers from both false negatives
(missed skyrmions) and false positives (merging of adjacent skyrmions into a single
labeled feature). The predictions using the UNET were run by Kilian Leutner.
Despite these limitations, the UNET is very useful for determining skyrmion sizes, as
it takes into account the actual extent of labeled features [133, 163], whereas trackpy
measures the size based on the radius of gyration of a fitted Gaussian kernel [64, 132].
The orientational order of the lattice can be readily determined from the skyrmion
positions. The local order parameter ¢ (Eq. 2.2) and the orientational correlation
function Gg(r) (Eq. 2.3) are computed directly from the Voronoi tessellation [162]
of the lattice. These metrics are generally robust, even in the presence of detection
errors. For example, a missing skyrmion in the nearest-neighbor shell of skyrmion
j, as illustrated in Fig. 10.3, does not affect is(r;) significantly, since the remaining
neighbors contribute with nearly ideal 60° angular spacing. However, the missing
particle leads to incorrect neighbor connections to second-nearest neighbors in the
tessellation, which can affect 1s(rj) to a limited extent, depending on the angles of
the connections between neighbors.
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Figure 10.3.: Effect of Vacancies and Interstitials on Lattice Order. Local order
parameter 1, lattice orientation «, and number of neighbors N per skyrmion in the
presence of (a) a vacancy and (b) an interstitial. A vacancy induces topological defects
(N # 6), slightly reduces s, but does not influence a. An interstitial causes similar effects
if symmetrically placed, but can perturb the orientation « if asymmetric. The exact defect
configuration depends on the particle placement.

The most critical impact of detection errors arises in diffusion analysis and defect
statistics. Missing detections break particle trajectories, reducing the accuracy of the
diffusion coefficient D, while spurious detections may lead to incorrect trajectory
linking. Moreover, false positives and negatives manifest as interstitials and vacan-
cies, respectively, artificially increasing the number of topological defects [164, 165].

The translational correlation function Gr(r) (Eq. 2.1) is only slightly affected by mis-
detections. Missing particles reduce Gt marginally, while additional detections pri-
marily influence the correlation between the peaks, which are irrelevant for Gr.
However, careful definition of the reciprocal lattice vector G is essential. One ap-
proach is via Fourier transform, identifying the six peaks associated with hexagonal
symmetry. However, these peaks are often insufficiently sharp for precise determi-
nation of G. Instead, I construct G from real-space data using the mean nearest-
neighbor distance rp and the orientation ¢ of the confinement geometry. For instance,
in section 10.1, T use rg = 13.35 px (equivalent to 8.66 um) and ¢ = 88.5° relative to

the x-axis. The corresponding reciprocal vector has modulus G = - and orienta-
\/570
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tion ¢ — 90° [3].
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Figure 10.4.: Gt for Variations in the Reciprocal Lattice Vector. Effects of variations
in the reciprocal lattice vector G: (a) changes in rg, and (b) changes in ¢ significantly alter
Gr(r). The data corresponds to snapshot (i) in section 10.1, with ry = (13.35 £ 0.05) px
and ¢ = (88.5+0.5)°. Here, 1px equals 0.65 um.

Hence, precise selection of G is vital for reliable Gr(r). Even small deviations in
ro or ¢ result in substantial differences in the correlation function. An additional
complication in finite lattices is anisotropy. In Supplementary Fig. 1 (section 10.1.1),
Gr varies across the three primary lattice directions, despite individual optimization.
This reflects a slight anisotropy in the lattice structure, with directional variations in

r(()i) and ¢(9). Specifically, I find:
o GW: ¢V = (13.35+0.05) px, V) = (885 +0.5)°,
o G@:r® = (13.35+0.05) px, @ = (33.0+0.5)°,

o GO): ¢ = (13.35+0.05) px, 4 = (—32.0+£0.5)°.

Although lattice vectors with non-six-fold symmetry can arise in deformed (e.g.,
sheared) lattices, the observed anisotropies are only viable on finite scales. On larger
scales, they would disrupt QLRO [92].
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Figure 10.5.: Bond Angles and Lengths of Neighbor Connections. (a) Histogram of
bond angle 6 between neighboring skyrmions in snapshots (i)—(iii), using 1's statistics and
2° bins. The angular distribution is initially peaked along lattice directions but becomes
more uniform during melting. (b) Distance to nearest neighbors as a function of bond angle
0, using 1s statistics and 4° bins. Despite lower statistics off the principal directions, a
general broadening of bond lengths is observed toward the isotropic liquid state (snapshot

ii).

It is not obvious which lattice direction yields the best translational order, so I opti-
mized all three. To guide this, I analyzed bond angle and bond length distributions
in Fig. 10.5. While sixfold symmetry is prominent in snapshot (i), this structure van-
ishes toward the liquid snapshot (iii). However, this analysis alone is insufficient to
determine G or to diagnose topological defects.
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Figure 10.6.: Histogram of Skyrmion & Defect Occurrences. Spatial probability P of
observing (a) a skyrmion with N = 6 neighbors, (b) a 5-fold defect, (c) a 7-fold defect,
and (d) average skyrmion number (Ng) per ideal lattice site. Statistics are gathered
over 1 min intervals around snapshots (i)—(iii), representing the solid, hexatic, and liquid
regimes.
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The hexagonal boundary conditions offer another approach for spatially resolved
analysis. Given the lattice orientation and a commensurate number of skyrmions N,
the skyrmion positions are essentially fixed. I therefore bin the sample into hexago-
nal cells along the ideal lattice sites and analyze the spatial distribution of skyrmions
and defects relative to these positions. In this experiment, Nyt = 401, compared to
the ideal centered hexagonal number 397, corresponding to four excess skyrmions.
These introduce minor irregularities but do not preclude the analysis. Fig. 10.6 com-
pares spatial defect distributions across the solid, hexatic, and liquid regimes.

10.2.2.2. Measuring Topological Defect Dynamics

A central advance in this study is the quantitative measurement of topological defect
dynamics. In addition to imaging the defects with high temporal resolution, I present
two complementary approaches for quantifying their dynamics.

The first method is based on tracking the trajectories of dislocations. These trajec-
tories are obtained using trackpy [132], following the detection and classification of
topological defects as described in section 10.1. From the tracked trajectories, we
calculate the MSD and fit an effective diffusion coefficient D, as shown in Fig. 10.7.
The MSD, however, exhibits sublinear growth in time ¢ (Fig. 10.7a) — at least on the
limited accessible time scale. In principle, the dynamics can be described by a gen-
eralized diffusion coefficient K,, with MSD(t) « K, t*. However, since trajectory
linking is only feasible over relatively short time intervals of a few seconds, the long-
time behavior remains inaccessible. Therefore, rather than introducing speculative
assumptions about the exact functional form of MSD(t), we perform a linear fit to
extract D for consistency and comparison. This choice allows us to directly compare
D between skyrmions and topological defects, as both exhibit qualitatively similar
MSD behavior on short time scales. In Fig. 10.7, we compare the time evolution of
D obtained using different upper fit limits. As non-linear MSD causes D to depend
on the (linear) fit range, the absolute values differ slightly between intervals. How-
ever, the trends are qualitatively consistent, corroborating the robustness of the anal-
ysis. Specifically, it confirms that dislocation diffusion increases markedly during the
melting process. Nevertheless, the influence of the fitting interval must be taken into
account when comparing D across different systems.

The second method utilizes a time-resolved boolean series assigned to each
skyrmion, indicating whether it is classified as a lattice defect (see section 10.1). The
autocorrelation decay of this series provides a quantitative measure of the defect dy-
namics. This approach is highly versatile and can be adapted to probe the dynamics
of various defect types, including dislocations, disclinations, 5-defects, and 7-defects,
by appropriately redefining the boolean series.
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Figure 10.7.: Measuring the Dislocation Diffusion. (a) MSD of the tracked dislocations
as a function of time delay T for each field interval. Since only few dislocations exist, all
trajectories within a 31s window are used to improve statistics. The MSD clearly shows
sublinear scaling. (b-c) Diffusion coefficient D fitted over different intervals: (b) 1s and
(c) 2s. Although absolute values differ, the qualitative evolution of D remains robust.
Full time resolution and a rolling mean over 6.25s are shown.

In Fig. 10.8, I present the one-time correlation function g»(7) for different field in-
tervals. Separate analyses are shown for 5- and 7-defects (Fig. 10.8b), as well as for
dislocations and disclinations (Fig. 10.8c).

Across all defect types, g2(7) exhibits progressively faster decay during melting, indi-
cating increasing defect mobility. However, the separated correlation functions offer
further insight. While 5- and 7-defects yield nearly identical g» profiles, both decay
more rapidly than the overall defect correlation. This initially counterintuitive result
reflects that individual skyrmions may switch between defect types (e.g., from 5- to
7-defect), while remaining classified as a defect. Thus, the fluctuations in defect type
are faster than the appearance or disappearance of defects themselves, a behavior
also observed qualitatively in section 10.1, and now quantified.
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Figure 10.8.: Time-Correlation of Topological Defect Occurrences. (a) Time corre-
lation g>(T) of all defect occurrences per skyrmion, as introduced in section 10.1. Faster
decay with time delay T corresponds to more rapid fluctuations. (b) g» evaluated sepa-
rately for 5-defects and 7-defects. The curves are nearly identical, with 5-defects showing
a slightly faster decay. In the hexatic regime, both fluctuate faster than the combined
defect signal. (c) g» evaluated for dislocations and disclinations. Dislocations and discli-
nations begin to fluctuate faster in the hexatic regime. In the liquid regime, disclinations
fluctuate even faster than dislocations. Note that disclinations are rare or absent in the
solid and most of the hexatic regime, which prevents a meaningful evaluation of ¢> in this
regime.

Similarly, dislocations and disclinations fluctuate more rapidly than defects in gen-
eral starting in the hexatic regime. It is important to note that a meaningful evalua-
tion of the correlation function g, for disclinations is not possible until deep into the
hexatic regime, as the persistence of QLRO suppresses the formation of disclinations,
rendering them either absent or exceedingly rare. However, once disclinations begin
to emerge in the hexatic regime, their dynamic fluctuations quickly surpass those of
dislocations — particularly in the liquid regime.

To validate the results shown in Fig. 5 of section 10.1, I repeat the analysis for a spatial
subset comprising only half of the system while declaring the rest as "no defect". This
yields deviations of only a few percent, confirming the robustness of the conclusions.
Nonetheless, the specific spatial configuration can slightly affect the quantitative re-
sults, and this must be taken into account in comparisons.
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10.2.2.3. Extraction of Shear and Strain

Elastic constants are directly linked to the two-dimensional phase behavior [91, 92],
and thus provide macroscopic insights into the structural transitions of the system.
For the analysis of the shear modulus, I quantify the deformation of the nearest-
neighbor environment for each skyrmion. Starting from an initially ideal hexagonal
shell, I locally fit a deformation tensor to match the experimental lattice configu-
ration around each skyrmion. From this, I extract the corresponding strain tensor,
which serves as the basis for calculating the local shear energy. The full procedure is
described in detail in section 10.1. Given its non-trivial nature, I aim here to provide
a reproducible framework for this analysis, which can serve future experiments.
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Figure 10.9.: Reference Lattice Fit. The larger pink dots represent the positions of
skyrmions in the experiment. The smaller purple dots are fitted reference lattice. The
gray lines connect every skyrmion with the closest reference lattice site. The reference
lattice is fitted such that the total distance between experimental and reference lattice
in minimal. Note that some reference sites are linked several times while other remain
unconnected, which happens because of the distortion present in the incommensurate

experimental lattice.
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Initially, I fit a reference lattice to the most ordered frames of the experimental data,
as illustrated in Fig. 10.9. Although this reference lattice is not strictly required for
the local determination of the strain tensor or shear modulus — since each skyrmion
is treated independently — it provides a useful visualization of the procedure and the
global lattice structure. Due to the slightly incommensurate number of skyrmions
(401 instead of 397 for a centered hexagonal configuration), local distortions are in-
evitable. These are reflected in the deviation between the experimental skyrmion po-
sitions (pink dots) and the corresponding reference lattice sites (purple plus signs).
The gray lines connect each skyrmion to its nearest reference site, and larger displace-
ments typically appear near topological defects —i.e., where lattice lines terminate or
are disrupted.

In principle, a displacement field derived from this reference lattice could be used to
calculate elastic moduli. However, because of the incommensurability, the mapping
from experimental skyrmions to reference sites is non-unique: some reference sites
may remain unassigned while others may be linked to multiple skyrmions. This
ambiguity renders such a global approach unreliable.

Therefore, I instead rely exclusively on a local analysis: the strain tensor is deter-
mined by fitting the deformation tensor in the immediate neighborhood of each
skyrmion. Even here, the assignment of reference sites plays a role. Since not all
skyrmions have six neighbors, the deformation fit is based only on the best local
matches. For example, in the case of a 5-defect, only the five nearest skyrmions are
matched to five of the six ideal reference positions, leaving one reference site unused.
Similarly, for a 7-defect, only six of the seven neighboring skyrmions are included in
the fit. While this procedure may introduce systematic variations, these are expected
to be small given the limited number of defects. A more general approach might in-
clude next-nearest neighbors or a larger neighborhood in the fitting procedure; how-
ever, this becomes increasingly unstable near domain boundaries.

Fig. 10.10 shows the distribution of the calculated shear energies, analogous to the
results in section 10.1. The histogram displays the occurrence frequency of shear
energy contributions associated with the off-diagonal strain components €y,. On a
logarithmic scale, the shear modulus y manifests as the linear decay slope of this
distribution.

Fig. 10.10a reveals the full distribution across all energy values. Clearly, the decay
of the probability P with increasing shear energy Egpe,r is not purely exponential. A
prominent peak at very low energies (close to zero) is visible, which has also been
reported in previous studies [166]. At higher energies, the distribution flattens and
displays a noisy background beyond 1.3 - 10'° uky T. This flattening may result from
fitting artifacts, such as imperfect neighbor matching, the assumption of linear elas-
ticity (which breaks down for large deformations), or the truncation of the fitting
domain to nearest neighbors only. Nevertheless, such high-energy occurrences are
rare and can be considered outliers compared to the well-behaved statistics at low
energies.

To obtain a reliable estimate of y, I restrict the fit range to a well-defined interval
of shear energies. Fig. 10.10b focuses on this range for improved clarity. To avoid
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Figure 10.10.: Shear Energy Distribution. (a) Occurrence probability P(E) of the ener-
gies corresponding to the determined shearing components. Note that the shear energies
Eghear depends still on the shear modulus y and is therefore not a true energy but a
measure for the energy. The increasing values for large energies resemble artifacts due
to the applied methods and are unphysical. (b) The same distribution on a truncated
energy scale yields a close-to linear decay. To determine the slope yielding p, | apply a
low-statistics cutoff nmin and a low-energy cutoff Epnin (here shown schematically only).

bias from the low-energy peak, I introduce a lower cutoff Ein; similarly, to exclude
the lacking statistics at high-energy, I apply a statistics cutoff 1y, disregarding the
distribution after it drops below nmin entries. Because both cutoffs are an arbitrary
choice, I systematically analyze their influence in Fig. C.2 and Fig. C.3, respectively.
Within a broad and stable region — specifically, for 10 < nyin < 20 (using energy bins
of width 1-108 ukpT) and 1 < Epin [10® pkpT] < 6 — the extracted values of u remain
consistent. Note that the energy, which I refer to here, contains units of the shear
modulus p due to the procedure and is therefore strictly speaking not an energy, but
a measure of the energy. I average the results across this parameter space and report
the mean value of i along with its standard deviation as the associated uncertainty.
Although the absolute values of y remain uncertain, the qualitative trend is robust
and in good agreement with predictions from KTHNY theory [97-99].

Finally, the present analysis assumes the shear energy (as one component of the total
deformation energy) to follow a Boltzmann distribution. The complementary con-
tribution stems from the isotropic strain energy, associated with the bulk modulus
B (see Eq. 2.7). However, unlike the shear component — which scales quadratically
with €y, and is associated with a clean exponential in the energy distribution - the
isotropic strain energy involves a more complex combination of both bulk and shear
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terms. Consequently, it is not possible to directly extract B using this method alone.

10.2.3. Non-Equilibrium Lattice Dynamics

Since our skyrmion lattice can be driven into disorder either by shrinking the
skyrmions or by increasing their diffusivity, a combined approach — shrinking the
skyrmions while applying an oscillating field — is also feasible. Here, I present a
measurement in which the skyrmion lattice is melted to disorder by reducing the
packing fraction (via skyrmion size reduction), while an oscillating magnetic field of
constant amplitude A = 60 puT and frequency 100 Hz is applied. This oscillating field
continuously drives the skyrmion size out of equilibrium [163, 167]. The procedure
thus enables the investigation of non-equilibrium phenomena in two-dimensional
phase transitions, which remains a vibrant and active area of research.

This experiment is based on the same initial nucleation as used in section 10.1. Af-
ter the described melting procedure, the lattice is re-stabilized by increasing the
skyrmion size (and thus the packing fraction), and field oscillations of varying
strength were applied as described in section 10.2.1. As a result, 398 of the initially
nucleated 401 skyrmions remained. With the oscillating field (A = 60 uT, peak-to-
peak, and f = 100 Hz) permanently activated, I again decreased the skyrmion pack-
ing fraction by incrementally increasing the applied magnetic field. The resulting
analysis, presented in Fig. 10.11, mirrors the methodology used for the equilibrium
melting case discussed earlier.
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Figure 10.11.: Melting by Skyrmion Shrinking under Field Excitation. The applied
magnetic field is increased in steps of 6 uT every 62.5s (corresponding to 1000 frames),
leading to a gradual shrinking of the skyrmions. An additional oscillating field (f =
100Hz, A = 60uT, peak-to-peak) is permanently active. As the packing fraction is
reduced, the exponent #1 of Gr increases — from values near the critical threshold of 1/3
(indicated by the dashed black line) to values clearly exceeding it. The corresponding
correlation length {1 spans the system size for QLRO (red) and matches the system size
in the disordered regime (gray) separately as the determination method is different for
both regimes. Due to the only few points of translational QLRO, intermediate only few
values are visible. Similarly, the orientational exponent 775 of Gg rises with decreasing
skyrmion size, crossing the critical threshold of 1/4 (dashed black line). The associated
correlation length ¢ decreases from values well above to approximately the system size.
The number of skyrmions N remains constant until the liquid regime is reached, where
the oscillating field destabilizes skyrmions and leads to their annihilation. Thick lines show
a rolling mean over 6.25s (10frames); thin lines indicate frame-to-frame fluctuations.
Background shading represents the degree of order: white (isotropic liquid), light gray
(hexatic regime), and dark gray (fluctuating solid-like states).
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Initially, the translational correlation exponent 77 hovers near the critical value of
1/3. Although it drops below this threshold in a few individual frames, translational
order is not well-established —and when present, remains highly unstable. This insta-
bility may arise from the additional fluctuations introduced by the oscillating field,
the specific skyrmion configuration (see section 10.2.1), or both — ultimately prevent-
ing the emergence of robust translational QLRO. Around ¢t ~ 150s, 5 increases
significantly above the critical value, indicating that the system is no longer near the
onset of a solid lattice state. At this stage, the correlation length ¢t is comparable to
the system size, consistent with the absence of QLRO. In rare frames where 7 < 1/3
(i.e., translational order exists), the correlation length exceeds the system size but re-
mains around 10?7y — much smaller than in the case without excitation - suggesting
only marginal translational QLRO.

To further characterize the system, I tracked the number of skyrmions Ny over time.
The oscillating field, known to destabilize skyrmions [27], enhances their annihila-
tion during shrinkage, thereby reducing Ny.. However, this reduction begins only
in the isotropic liquid regime, where QLRO has already vanished. Thus, the method
remains suitable for probing two-dimensional melting, even under non-equilibrium
conditions arising from the continuous size modulation.

Interestingly, the initial count of Ngx = 398 is only one above the commensurate
value of 397 for a centered hexagonal lattice, potentially enabling near-ideal ordering.
Nonetheless, the system consistently exhibits multiple defects. Moreover, due to the
enhanced diffusive dynamics under excitation [27], the defect configurations fluctu-
ate more strongly than in the equilibrium case. Fig. 10.12 visualizes these fluctuating
defects across consecutive frames, each displaying a distinct defect landscape.

t=62.62s t=62.69s t=6275s t=62.81s t=62.88s
8
7
B 6=
A 5
4

Figure 10.12.: Maps of Fluctuating Lattice Defects under Field Excitation. Gray
lines show nearest-neighbor connections between skyrmions at various times t. Colored
dots indicate the number of lattice neighbors N. Defect configurations change noticeably
from frame to frame — much more than in the absence of field excitation. Labels A and
B highlight defects with especially frequent rearrangements.

Fig. 10.12 further illustrates the dynamics of interacting lattice defects. While the con-
figurations at t = 62.62s and t = 62.81 s are nearly equivalent, the others are distinct.
Notably, the dislocation labeled A shifts downward between these frames. This mo-
tion involves a non-trivial rearrangement: the two dislocations labeled B merge into a
single dislocation. In contrast, the subsequent shift of A at t = 62.81 s occurs without
further rearrangement. In the final snapshot, a dislocation pair — frequently observed
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under excitation — reappears. These rapid and frequent fluctuations in topological
defects suggest that measurements under field excitation could serve as a promising
testbed for developing and validating defect interaction potentials.

A particularly intriguing phenomenon emerged during tests of lattice formation in
non-flat energy landscapes under oscillating fields: the formation of spiral domains
once the oscillation amplitude A exceeds a certain threshold. When the field ampli-
tude is ramped up from an initial skyrmion lattice state, the lattice begins to shake,
followed by skyrmion annihilation and eventual merging into spiral structures. As
illustrated in Fig. 10.13, these spirals appear to nucleate at pinning centers, recurring
at consistent positions upon repeated trials. Their centers remain fixed in space over
time. The spirals expand and rotate continuously until the available space is filled.
Occasionally, the direction of rotation reverses for short periods. Overall, spirals of
both helicities tend to emerge adjacent to one another. The underlying mechanism
for this spiral formation is currently under investigation in a project led by Jun.-Prof.
Dr. Michael te Vrugt.

_— 1My,

-1 0 1
Figure 10.13.: Formation of Spiral Magnetic Domains. (a) Starting from a skyrmion
lattice, an OOP field oscillation at f = 100 Hz is applied while the amplitude A is gradually
increased. Initially, the number of skyrmions decreases slowly, then more drastically. (b)
At A = 150 1T, remaining skyrmions elongate into stripes and rotate around fixed centers,
forming spirals. (c) These spirals grow and rotate until the system is filled, with motion
eventually suppressed by spatial constraints, here imaged 1 min after start.

10.3. Author Contributions

I performed all the experiments at the Kerr microscope on my own. The majority of
the data analysis shown here was done by me and I also developed the used Python
code. I specifically performed the skyrmion detection using trackpy [132], calculated
the Voronoi tessellation, neighbor connections, local order parameter and correlation
functions. I was provided with existing code for the analysis of s and G¢ by Jan
Rothorl. I used this code as basis to rewrite the analysis from scratch to optimize
robustness and efficiency.

I performed the analysis of the shear modulus based on existing works [166, 168] as
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suggested by Thomas Palberg. Also, I calculated the time correlation of defect oc-
currences based on my own idea and with the consulting help of Christopher Klose.
I also established the identification procedure of topological defects as dislocations
and disclinations as well as the method to link dislocation trajectories in order to de-
termine their diffusion coefficient. The detection runs using the UNET [133] (using
three models applied to one video) was run by Kilian Leutner.

The simulations in this project were all conducted by Jan Rothorl with the support of
Simon M. Frohlich and Maarten A. Brems. Jan Rothorl and Simon M. Frohlich also
developed their analysis code further and we used the two independent code sets
to validate our results. Particularly, Simon and Jan always calculated s indepen-
dently for the simulation data. Simon M. Frohlich established the defect clustering
algorithm.

The magnetic multilayer sample was deposited by Fabian Kammerbauer, the pat-
terning of the geometric confinements was done by Elizabeth M. Jefremovas. How-
ever, I also used samples grown by Maria-Andromachi Syskaki while encountering
the reported effect and while gathering data to design the final experiment.

Sachin Krishnia and Elizabeth M. Jefremovas especially helped me in developing the
experiment, the data interpretation and writing the article during frequent discus-
sions in their function as postdoctoral researchers.

Asle Sudbg, Peter Virnau and Mathias Kldui supervised and guided this work. Asle
Sudbe helped and guided me to develop analysis methods particularly regarding
correlation functions, the occurrence of topological defects and the shear modulus.
Peter Virnau and Mathias Kldui contributed as PhD supervisors and principal inves-
tigators in our skyrmion research group and provided advice in regular discussions.
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11. Conclusion — Formation & Phase
Behavior of 2D Skyrmion Lattices

11.1. Summary

In summary, we stabilize skyrmion lattices in CoFeB thin films and observe the lat-
tices in real-time and real-space using Kerr microscopy.

Due to the non-flat energy landscape of the materials, a state containing multiple
lattice domains forms. Applying magnetic field oscillations effectively reduces the
energy landscape and can be used to drastically enhance the lattice domain size and
average local order. However, remaining pinning effects are still present and cause
domain boundaries between the remaining lattice domains. We find that those do-
main boundaries are effectively pinned by features in the energy landscape, which
are not commensurate with the hexagonal skyrmion lattice structure. Thus, effec-
tively confining the lattice domains. In artificially patterned confinement geome-
tries, we furthermore find that the confinement geometry influences and controls
the lattice order. While a hexagonal confinement, which is commensurate with the
hexagonal skyrmion lattice structure, enhances lattice order, other, incommensurate
confinement geometries reduce the lattice order.

In a hexagonal confinement, we even manage to stabilize a skyrmion lattice fulfilling
translational order, i.e., corresponding to solid order. We melt his lattice to disorder
by reducing the skyrmion size and thus the packing fraction on the fly. Alternatively,
we can increase the skyrmion diffusivity by magnetic field oscillations to destabi-
lize and melt the lattice. Due to our real-space and real-time imaging method, we
can directly identify the emergence and dynamics of topological defects during 2D
KTHNY melting, which is challenging in other systems due to lacking tunability of
the system or insufficient imaging resolution.

11.2. Challenges

Challenges remain both for experiments and theory. In the experiment, advancing
lattice order towards true QLRO or at least longer length scales is a key step in order
to use skyrmion lattices in CoFeB thin films for novel insights into 2D phase behav-
ior. Both advances in the material composition and growth optimization but also
additional experimental methods in order to stabilize the actual skyrmion lattice can
contribute. An experimental technique that could be helpful is to also consider al-
ternating currents, which can induce a shaking effect similar to the magnetic field
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oscillations but provide an additional skyrmion depinning mechanism [71]. Another
approach could be based on using surface acoustic waves, for instance induced us-
ing a piezoelectric substrate [148]. These approaches may then require adjustment of
the experimental procedure or material composition to still feature densely-packed
skyrmion lattices of at least the known quality in terms of ordering.

Such a larger system with correspondingly better foundation for statistical analyses
can finally provide the possibility to extract the interaction potential of topological
defects, which is the key experimental challenge regarding the defect interaction po-
tential. However, from the theoretical perspective, it remains an open question how
this interaction potential can be determined in an adequate way. Statistics on the
inter-defect distances as previously established for the interaction potential between
skyrmions [70] may not be sufficient, since the topological defects are non-trivially
but formally bound; introducing possible conditions on the position, distance and
propagation direction of a defect, that may be of a complex nature and go beyond a
radial potential function for describing the defect interaction potential.

Another theoretical challenge is to translate existing scaling laws close to the phase
transitions into the experimental parameter space. Theoretical frameworks typically
describe melting by an increase in temperature. However, since we drive the tran-
sitions in an entropy-mediated way tuning for instance the packing fraction, corre-
sponding scaling laws for instance of the correlation lengths and the Young’s modu-
lus [91, 92] can give insight into universality class of the phase transitions.

A further open question is the theoretical description of phase transitions both in
non-equilibrium systems as well as under the presence of a Magnus force. Both can
or could be realized with skyrmions [163]. Experimentally however, a system show-
ing 2D skyrmion lattice order, exhibiting rich dynamics and tunability over phase
transitions, and exhibiting a sizable Magnus force while being observable with suffi-
cient resolution in time and space remains a challenge.

Furthermore, it remains a challenge to extract a second elastic constant to capture
the full elastic properties of the observed skyrmion lattices. To do so, an existing
framework [166] could be translated to a hexagonal lattice structure. Additionally,
experimental means to apply controlled stress to the skyrmion lattice — for instance,
by local stray fields [56] — would be helpful to directly determine the elastic constants
from the resulting displacement field. The method applying real-space fitting of a
strain tensor to particle coordinates [163, 166, 168] requires linear elasticity and does
not yield quantitatively reliable values [163].

11.3. Outlook

In the future, skyrmion lattice can be utilized for several novel investigations of
2D phase behavior. In short term, lattices in parallelogram confinements (see sec-
tion 9.2.1) can be utilized to introduce an artificial shearing to the lattice and study
the topological defect dynamics under applied shear. Also, controlled manipulation
of the energy landscape [88, 89] can be used to create pinning sites on ideal lattice
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positions, which may be used to stabilize a larger-scale skyrmion lattice in CoFeB
thin films artificially and extend the capabilities of the system for further lattice in-
vestigations — potentially obeying distinct scaling laws [169].

In more advanced projects, skyrmion lattices — with their tunability and possibility
to be observed with high resolution in real-time and -space — can give valuable and
novel possibilities to determine and study interaction potentials between topological
defects. Also, driving mechanism by magnetic or electric fields pave the way to study
emergent phase 2D behavior when driving the system out of equilibrium - and to
study a non-equilibrium extension of KTHNY theory.

On the longer time scale, skyrmions may eventually be used to study 2D phase be-
havior under presence of a sizable Magnus force. For this, a system showing 2D
skyrmion lattice order and exhibiting a sizable Magnus force, which however keeps
the rich dynamics and tunability over phase transitions as well as the possibility to be
observed with sufficient resolution in time and space. Besides lattice properties being
important for high density data storage and processing applications, even skyrmion
lattice defects could theoretically be used for information transport. If topological de-
fects can be reliably controlled to occur and fluctuate between fixed positions, this is
possible if the involved skyrmions’ positions can be read out efficiently and precisely.
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A. Overall Conclusion & Qutlook

In conclusion, the investigation of skyrmion dynamics provides valuable insights
into both their static and dynamic properties, which are relevant not only for the
design of novel spintronic devices but also for the study of fundamental two-
dimensional physics.

While the determination of the energy landscape [64] and the enhancement of
diffusion [27] have become established techniques, several open questions remain.
On the one hand, the microscopic origin of the energy landscape modulation on
the atomic scale requires further clarification. Electron microscopy studies of the
thin-film layers and their interfaces could provide important insights in this regard.
On the other hand, the precise mechanism underlying oscillating-field-enhanced
diffusion and the associated effective pinning reduction [27] is still not fully under-
stood. A promising direction is to compare the system to flashing-potential models
and to employ measurements with higher temporal resolution as well as coherent
correlation imaging [144]. In my view, one of the main remaining questions is which
alternative external stimuli — such as electric currents [15], surface acoustic waves
[148], or locally applied fields [56] and heating — can induce comparable effects, and
which of these are integrable into nanoscale devices with high efficiency. From a
fundamental perspective, a central open question is whether such driven systems
can achieve faster-than-free diffusion, i.e., exceed the diffusion expected for a given
spin structure and temperature in a flat potential. A major milestone would for
instance also be the observation of diffusion with a sizable Magnus force and odd
diffusivity [147, 170].

The formation of skyrmion lattices constitutes another well-established yet highly
intriguing phenomenon. Although the detailed investigation of lattice domain for-
mation in non-flat energy landscapes and under confined geometries is system-
specific [171], it nonetheless provides important general insights into the behavior of
skyrmions in dense configurations — a factor of high relevance for nanoscale device
design, where material imperfections and geometric confinement are unavoidable
[172]. The most important finding, however, is the observation of two-dimensional
phase behavior and the direct imaging of topological defect dynamics even on finite
length scales [173]. The on-the-fly tunability of skyrmion size and diffusivity pro-
vides a degree of flexibility not found in other two-dimensional systems and thereby
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A. Overall Conclusion & Outlook

opens up unique opportunities. A key question for the future is whether lattice order
in such tunable and highly dynamic systems can be stabilized over larger scales, thus
enabling further studies of two-dimensional phase phenomena with significantly im-
proved statistics. Furthermore, it remains to be explored whether additional key
features — such as non-equilibrium effects induced by oscillating fields, artificially
stabilized lattices, or the presence of a sizable Magnus force — can be incorporated to
broaden the scope of observable phenomena within an extended framework.
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C.1. Additional Data
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Figure C.1.: Coloring of 3D Magnetization. The color represents the IP orientation,

the (color) saturation the IP magnitude and the lightness the OOP magnitude m; of the
magnetization.
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Figure C.2.: Shear Fit with Statistics Cutoff. (a) The cutoff ny, sets a upper limit of
the fit range, where the occurrences in the 10%ukpT energy bins falls below 7. Note
that the shear energies Egpe,r depends still on the shear modulus p and is therefore not
a true energy but a measure for the energy. For different cutoff values (different colors),
the fit yields different values of u. (b) Requiring a larger #1min > 10 as minimum statistics
causes a shorter fit range and yields robust results. (c) Choosing smaller cutoffs nyin, < 10
for the occurrences leads to larger fit ranges, which pick up noise at high energies, leading
to an unstable fit. Data is shown as single-frame values and the rolling mean over 6.25s.
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Figure C.3.: Shear Fit with Low-Energy Cutoff. (a) Introducing a energy cutoff Enin
determining the start of the fit range affects the resulting shear modulus p. For smaller
cutoffs, the peak at very low energies has an increasing influence, leading to larger values
#. (b) Taking into account the choice of the statistics cutoff npmin > 10 as determined
in Fig. C.2, the fit becomes more robust, especially for 1 < Emm[108kaT] < 6. Data
is shown as single-frame values and the rolling mean over 6.25s. Note that the shear
energies Egnear depends still on the shear modulus p and is therefore not a true energy
but a measure for the energy.
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C.2. Code Availability

I have written Python scripts to detect and analyze skyrmion positions and trajec-
tories, which are available for lab members as repositories on eLabFTW (R labbook
database ID 7913).

I have listed all measurements with their respective parameters for both experiments
and data analysis in tables, which are also available for lab members on eLabFTW (R
labbook database ID 7974).
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C.3. Use of Large Language Models

Writing this thesis, I have used large language models (between June and August
2025) as described in the following.

I have written a draft of all texts myself. I then used GPT-40 [174] to improve the
writing style. I have only used the following prompt:

Review the following paragraph for coherence and cohesion and to fit the integrity and
style of a PhD thesis. The section [serves as introduction to skyrmion stabilization].
Keep the IATEX-code and referencing in your revised version, be especially careful to
format subscripts "_[...]" and spacings "\," correctly and format hyphens as "-". The
formatting functions "\mbf" and "\mrm" are custom-defined, you can keep them. All
acronyms used with "\ac" are predefined and should not be written in the full form.

[INPUT PARAGRAPH]

As indicated by the square brackets and the italic formatting, I provide a short
description of the input type (in the presented example: "introduction to skyrmion
stabilization") as well as my draft of the paragraph (here: stylized as "INPUT PARA-
GRAPH") within the single prompt.

Additionally, I used GPT-4o0 [174] to help with the formatting of this IXTgXdocument.
Example prompts are:

When referencing preprints: How can | make sure the preprint server as well as the
ArXiv ID are shown in the list of references using chem-acs and biber?

or
How can | set the font of figure captions to sans-serif, figure label as bold, and the
caption as left-aligned in plain (not hanging) format

In one case, I have asked GPT-40 [174] to suggest literature references for an effect

that I have experienced (but that I have not found in publications on my own) with
the following prompt:

| stabilize magnetic skyrmions in thin film multilayer stacks. | experience that the spin
reorientation transition is shifted to higher temperatures when geometric confinements
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are introduced, and when the confinements become smaller. What is an appropriate
(EXISTING!) reference to cite?

For the contribution to The 2026 Skyrmionics Roadmap shown in chapter 7, I generated
an initial suggestion for the roadmap article using GPT-4o0 [174] with the following
prompt:

Write 1100 words for a contribution to the "Skyrmioncs Roadmap 2026" on the topic
of 2D skyrmion lattice phases. It should have three sections: Introduction, Relevance,
Challenges

Since the output was mainly based on static skyrmion lattices and host materials, I
used the output as basis only to develop the roadmap article. I ran the following
command to improve the syntax:

Based on your suggestion and my expertise, | have created the following text. Please
review for coherence and cohesion, to fit the integrity of a review article.

For the Python code used for the data analysis, I have only used GPT-40 [174] for
small optimizations and adjustments starting in June 2025. The vast majority of the
code was however developed without using large language models. An example
prompt that [ have used is:

How can i reduce the filesize of a 340*370 px black-white video with 11000 frames
from 330 MB to 30 MB? | suggest using ffmpeg.

| have 16 fps and want to keept the framerate.

The video format is mp4. | would like to try libx264 encoding but still stay with 30
MB.

The German version of the Abstract is based on a translation of the English version
using the AI chat of the Johannes Gutenberg-Universitdt Mainz (model GPT OSS
120B).
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