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FROM DYNAMICS TO APPLICATION IN UNCONVENTIONAL COMPUTING
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This dissertation explores the magnetic behavior and manipulation of skyrmions -
topologically protected spin textures in metallic thin films - focusing on their dy-
namics, confinement, and application in low-power unconventional computation.
Skyrmion flow in the creep regime was studied in straight and modulated chan-
nels, revealing boundary-dependent velocity profiles in qualitative agreement with
Thiele-based simulations.

Controlled He' and Ga™ irradiation enabled tuning of magnetic properties and en-
abled creating artificial barrier for e.g., skyrmion compression. The experimental
findings of the latter are compared and supported by adapted theoretical models
and simulations.

A key part is the development of a novel reservoir computing (RC) scheme based
on the Brownian dynamics of confined skyrmions. Even in a simplistic confining
geometry like an equilateral triangle, the system performs Boolean logic operations,
even nonlinear logic at ultra-low current densities. Its scalability and potential for
increased complexity make skyrmion-based RC a promising platform for energy-
efficient, unconventional computing.
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Chapter 1

Introduction

As global electricity consumption in general and specially from data centers accel-
erates - the latter driven primarily by the rapid adoption of machine learning and
artificial intelligence (AI) technologies that rely on high-performance, accelerated
computing architectures - concerns over the energy and environmental impact of
modern computation are intensifying. Electricity use by data centers is projected
to nearly double from 460 TWh in 2024 to over 945 TWh by 2030, with Al-specific
workloads playing a dominant role in this increase. High performance servers,
tailored for machine learning inference and training tasks, are expected to grow
at an annual rate of 30%, contributing to nearly half of the overall growth in data
center electricity demand. By 2030, data centers are anticipated to account for
nearly 3% of global electricity consumption - up from 1,5% in 2024 - highlighting
their rising significance in the global energy landscape. Despite contributing less
than 10% to the total projected growth in electricity demand, data centers present
distinct integration challenges due to their localized power density and deployment
timelines that outpace conventional energy infrastructure development [1].

This trajectory underscores the critical importance of energy-efficient computing
paradigms. In this context, spintronics, and particularly skyrmionics - the utilization
of magnetic skyrmions in spintronic systems - emerges as a highly promising alter-
native or addition to conventional CMOS-based logic, sensor or storage technology.
Magnetic skyrmions are topologically protected, nano-scale spin textures that can be
manipulated using extremely low current densities through spin-transfer (STT) or
spin-orbit torques (SOT). Their intrinsic nonlinear dynamics, therlly driven stochas-
tic motion, and pronounced sensitivity to geometric confinement render skyrmions
particularly well-suited for unconventional, low-power computing paradigms, such
as neuromorphic and reservoir computing, as well as energy-efficient memory and
sensing applications. These architectures seek to emulate features of biological neu-
ral processing by exploiting the stochastic and nonlinear behavior of skyrmions
for efficient information storage and computation. Beyond their utility in energy-
efficient applications, skyrmions also serve as a potential model system in statisti-
cal physics. Their tunability and two-dimensional (2D) nature make them an ideal
platform for studying a variety of collective phenomena, including lattice ordering,
phase transitions, rheological flow, and emergent interactions under confinement,
such as skyrmion-skyrmion and skyrmion-boundary repulsion. Their Brownian-like
thermal motion and size adaptability further enable the experimental investigation
of 2D non-equilibrium systems.

This thesis also explores permanent tuning of the magnetic properties of thin
films via ion irradiation, enabling controlled modifications of skyrmion phase be-
havior and confinement through engineered boundary conditions. A central contri-
bution of this work is the demonstration of Boolean logic operations and complex
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FIGURE 1.1: Regional data center electricity consumption from 2020 to 2030, with
projections beyond 2024. the observed and projected increase in energy consump-
tion is primarily driven by the expanding deployment and operational demands of
machine learning and artificial intelligence systems. Adapted from [2].

dynamic behavior of skyrmions within minimal geometries at ultra-low power lev-
els. These results reinforce the potential of skyrmion-based logic elements as highly
energy-efficient building blocks for next-generation Al hardware.

Given their compatibility with existing thin-film fabrication techniques, scalabil-
ity in 2D geometries, and sensitivity to external stimuli, skyrmion-based spintronic
devices represent a compelling route toward sustainable, unconventional comput-
ing. As the computational demands, especially for Al, continue to rise, integrat-
ing skyrmionic architectures offers a pathway to reduce power consumption while
preserving or enhancing computational complexity. These concepts are of growing
importance alongside the integration of renewable and sustainable energy sources,
aimed at mitigating the escalating anthropogenic environmental impact of contem-
porary digital infrastructure and overall energy consumption.



Chapter 2

Theory

This chapter provides an overview of the fundamental origins of magnetism, its gov-
erning principles, and its manifestation in solid-state systems. It further discusses
methods for the manipulation and measurement of magnetic properties, as well as
the connection to spin-related phenomena and structures, including domain walls
and spin spirals, known as skyrmions. The study of spins and associated phenom-
ena is of significant interest due to their considerable potential for applications in the
emerging field of spintronics - a fusion of spin physics and electronics - which aims
to develop novel memory and sensor technologies, and unconventional computing
architectures.

2.1 Magnetism

The Standard Model of particle physics is the prevailing theoretical framework
describing all currently known fundamental particles and their interactions, with
the exception of gravity. It is, from a theoretical standpoint, a quantum field theory
that unifies the electromagnetic, weak, and strong nuclear interactions [3-6]. In
this model, particles are broadly classified into Fermions - matter constituents with
intrinsic half-integer spin - and Bosons, the force carriers, which possess integer
spin. The interactions among particles are governed by four fundamental forces:
the strong nuclear force, the weak nuclear force, the electromagnetic force, and
gravity. The strong force, the most powerful of the four, is mediated by gluons and
is responsible for binding quarks together within protons and neutrons, as well as
holding atomic nuclei intact. The weak force, mediated by the W and Z Bosons,
governs subatomic processes such as beta decay and plays a central role in nuclear
fusion and fission. Gravity, although negligible at subatomic scales, dominates
at astronomical scales and governs the attraction between massive bodies such
as stars, planets, and black holes. Notably, gravity is not currently encompassed
within the Standard Model but is instead described by Einstein’s general theory of
relativity, which interprets gravitational interaction as the curvature of spacetime
induced by mass [7]. The fourth fundamental interaction, and the second strongest,
is the electromagnetic force. It is responsible for electric and magnetic phenomena
and is mediated by the photon. This force plays a central role in the behavior of
charged particles and electromagnetic radiation. Since the focus of this thesis lies
in the study of magnetism and particle interactions within solid-state systems, the
electromagnetic force is of primary relevance. The classical field theory of electro-
magnetism was formulated by James Clerk Maxwell and published in 1865 in his
seminal work "A Dynamical Theory of the Electromagnetic Field" [8]. Maxwell’s
original equations were later reformulated into the concise and widely known set
of four vector equations by Oliver Heaviside, Josiah Willard Gibbs, and Heinrich
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Hertz, forming the foundation of classical electrodynamics.
The microscopic Maxwell equations:

Gaussian law of electricity:

g Pe
VE=L 2.1)

where E is the electric field and p, is the charge density. Electric field lines diverge if
charge is present. Electric charge is source of the electric field.

Gaussian law of magnetism:
V-B=0 (2.2)

where B is the magnetic field. Magnetic field lines do not diverge; field of magnetic
flux is source free; magnetic mono poles do not exist.

Faraday’s law of induction:
oB

ot

where E is the electric field, and B is the magnetic field. Temporal change in
magnetic flux induces an electric cortex field.

V xE= (2.3)

Ampere’s law (with Maxwell’s correction):

oE
V x B = po] + poco - (2.4)
where ] is the current density, o is the permeability of free space, and ¢ is the
permittivity of free space. Electric currents lead to magnetic vortex fields.

These simple-looking equations imply that there are just two origins for mag-
netism: the motion of electrically charged particles creating a magnetic (vector) field
and the intrinsic magnetism of elementary particles based on their spin. A mag-
netic moment of an electron in an atom is composed of two components. First, the
orbital motion of an electron around a nucleus generates a magnetic moment by Am-
pere’s circuital law. Second, the inherent rotation, or spin, of the electron has a spin
magnetic moment. The first part is fundamental for the transformation of energy
in a process called induction. A time-varying magnetic field forces the motion of
electrical charge and can thus be used to transform, e.g. kinetic energy in electrical
potentials, which causes electric currents. This process, colloquially known as “elec-
tricity production”, is fundamental to our society, since electricity is most likely the
primary means of energy form used (transformed) day-to-day in the 21st century.
The reverse effect, the creation of magnetic fields by time-varying electric currents
through a coil, is described by the Biot-Savart law and plays an essential role in the
experiments shown later in this thesis. The second part, namely the phenomenon of
magnetism in matter, originates from the magnetic moments of elementary particles,
particularly electrons. Within atoms, an electron’s magnetic moment arises from two
primary contributions: its intrinsic spin and its orbital angular momentum. These
components combine to form the total angular momentum of the electron. When
the magnetic moments of all electrons within a material are summed, the resulting
quantity determines the material’s net magnetization. Magnetization, in a macro-
scopic sense, is defined as the magnetic dipole moment per unit volume.
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dm
M= i (2.5)

with M, the magnetization, dm the magnetic dipole moment per volume segment
dv.

2.1.1 Magnetic moment of an electron

Most elementary particles like, e.g. electrons have intrinsic magnetic moments that
are fundamentally linked to their angular momentum based on quantum mechanics
[9, 10]. A free electrons magnetic dipole moment mg is defined as

mg — _ 85" 18S (2.6)
h

in which pup is the Bohr magneton, S is electron spin, and 7 the Planck constant.
The g-factor gs is a particle-specific constant that characterizes the proportional-
ity between a particle’s magnetic moment and its angular momentum. According
to Dirac’s relativistic quantum theory, the value of gs for a free electron is exactly
2. However, quantum electrodynamics (QED) predicts a small deviation from this
value due to radiative corrections, giving rise to what is known as the anomalous
magnetic moment. This deviation has been calculated and experimentally verified
with remarkable precision, making it one of the most accurately measured quantities
in modern physics [11, 12]. It is important to note that, due to the negative electric
charge of the electron, its magnetic moment vector m is oriented anti-parallel to its
spin S. Consequently, the magnetization contributed by electrons is conventionally
represented as a negative quantity. When an electron occupies an atomic orbital, it
possesses not only an intrinsic magnetic moment from its spin but also an orbital
magnetic moment resulting from its orbital angular momentum L. Analogous to the

spin magnetic moment mg, the orbital contribution m; can be expressed as:

m; = S EEY 27)

With L the orbital angular momentum and a differing g-factor gr, of 1. To get the
total magnetic moment, the spin magnetic moment and orbital magnetic moment
need to be combined by spin-orbit coupling [13, 14].

2.1.2 Magnetization of atoms and matter

The magnetization of a single atom, without the magnetic moment of the nucleus
considered, can be calculated by adding the total spins of the electrons and their an-
gular momenta to a total orbital angular momentum. By angular momentum cou-
pling, a total angular momentum can be derived:

Matomic = &§J * UB ](] + 1) (28)

where | is the total angular momentum quantum number, g; is the Landé g-factor,
and pp is the Bohr magneton.

A complete description based on quantum mechanics for a few atoms is already
challenging, since all total magnetic momenta of all particles and their interactions
would need to be considered. For macroscopic systems, different models are em-
ployed to describe magnetization and interactions on varying length scales, e.g., the
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Heisenberg model [15] for below nanometer scale, the Stoner-Wohlfarth model [16]
above 100 nanometers for the conduction bands, or the coarse hysteresis model [17]
for any length scale. Approximations made in these models are justifiable for their
specific purposes, since, e.g., discrete spin orientations vanish on larger scales and
can instead be replaced by a continuous classical model like micromagnetics [18, 19].

The energy of such a macroscopic system in this model can be described using
thermodynamics by the Gibbs free energy G

G=U-TS—VM:Bey+pV (2.9)

with U being the internal energy of the system, T the temperature, S the en-
tropy, V the volume of the whole system, p the pressure, M the magnetization vec-
tor, and B,y the applied external magnetic field. Using the derivative of the Gibbs
energy to find a static equilibrium in the system and employing the second law
of thermodynamics for closed systems results in minimizing G [20, 21] at equilib-
rium at a constant temperature. The derivative of the inner energy U in this case is
dU = TdS — pdV + VBext - dM and putting it into 2.9 leads to

dG = dU — TdS — SAT — VM - dBey; — VBext - dM + Vdp + pdV

(2.10)
— —SdT + Vdp — VM - dBey

Considering an equilibrium state at constant temperature (dT = 0) and constant
pressure (dp = 0) and applied field B.yt, we can express the magnetization M of the
system as the sum of all magnetic moments m; divided by the system’s volume V at
constant pressure and temperature:

1 1 oG
M — VZml — _V (aBext>p,T (211)

1

Magnetic materials can be classified according to the alignment and interac-
tions of their atomic or total magnetic moments, leading to distinct magnetic order-
ing phenomena. Common classifications include ferromagnetic, antiferromagnetic,
ferrimagnetic, altermagnetic, helimagnetic, and non-collinear systems, among oth-
ers. In paramagnetic materials, the magnetic moments (spins) are disordered in
the absence of an external field. Upon application of a magnetic field, these mo-
ments tend to align with the field, enhancing the net magnetization. However, this
alignment is weak and thermally unstable - thermal agitation at elevated temper-
atures increases spin disorder, thereby reducing the magnetization. All materials
also exhibit **diamagnetism** to some degree, wherein an applied magnetic field
induces an opposing magnetic moment due to changes in the orbital motion of elec-
trons. This effect is typically weak and universal but can dominate in materials
lacking other forms of magnetic ordering. In ferromagnetic materials, the majority
of magnetic moments align parallel due to strong exchange interactions, resulting
in a spontaneous net magnetization even in the absence of an external field. In con-
trast, antiferromagnets exhibit equal and oppositely aligned spins on neighboring
atoms or sublattices, leading to complete cancellation of the net magnetic moment.
Ferrimagnetic materials feature anti-parallel spin alignment as well, but the mag-
nitudes of the opposing moments are unequal, yielding a residual net magnetiza-
tion. Altermagnets represent a novel class of magnetic materials characterized by a
symmetry-protected spin-sublattice configuration that breaks spin-rotational sym-
metry but preserves global time-reversal symmetry. This unique structure leads
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to spin-polarized electronic bands similar to those found in ferromagnets, despite
exhibiting zero net magnetization. In helimagnets, the magnetic moments rotate
gradually from one atomic plane to the next, forming a helical spin structure along a
specific crystallographic direction. This arises from competing interactions, such as
symmetric exchange and antisymmetric Dzyaloshinskii-Moriya interaction (DMI).
Non-collinear magnets also exhibit complex spin arrangements, but with magnetic
moments oriented at arbitrary angles rather than strictly parallel or antiparallel con-
figurations.

The interactions underlying these diverse magnetic orders significantly influence
the magnetization behavior of materials and will be discussed in greater detail in the
following sections.

2.1.3 Energy terms of magnetism
Exchange energy

The exchange energy arises from a quantum mechanical effect rooted in the indistin-
guishability of electrons and is a direct consequence of the Pauli exclusion principle.
This principle asserts that no two identical Fermions (particles with half-integer spin,
such as electrons) can occupy the same quantum state simultaneously. For electrons
in atoms, each must differ in at least one of the four quantum numbers: the principal
quantum number n, the azimuthal (orbital angular momentum) quantum number 1,
the magnetic quantum number m;, and the spin quantum number m, [9, 13]. In a
two-electron system, the total wave function must be antisymmetric under particle
exchange to satisfy Fermi-Dirac statistics. This total wave function is composed of
the product of a spatial (orbital) wave function and a spin wave function. To main-
tain antisymmetry, if the spatial wave function is symmetric, the spin wave function
must be antisymmetric, and vice versa. The spin wave function can adopt either a
singlet state, in which the total spin is zero (antisymmetric spin configuration), or
a triplet state, in which the total spin is one (symmetric spin configuration). The
exchange interaction energetically favors one of these spin states depending on the
spatial overlap of the electron wave functions. This leads to either ferromagnetic
or antiferromagnetic coupling, depending on whether parallel or antiparallel spin
alignment minimizes the system’s total energy. In position space, considering two
electrons with individual spatial wave functions ®,4 and ®3, the total wave func-
tions for the two configurations can be written as [9, 13]:

(Pa(r1)Pp(r2) £ Pa(r2)Pp(r1)) (2.12)
V2

With the antisymmetric wave function ¥4 for the triplet state and symmetric
wave function ¥ for the singlet state, the electrons A and B wave functions 6; and
the according spatial position r;. Considering a Coulomb potential U(r;, r2) between
the electrons leads to the energies E4 and Eg for the antisymmetric state and sym-
metric state, respectively. The difference ],y in energy between both states is then
given by

E

Joo = =4 Ea _ / dridr, @ (r1) D (1) U (1, 12) D (11 )D 4 (11) (2.13)

2

The value J.y is called the exchange constant, and its value determines which
state is energetically more favorable. For J., > 0, the antisymmetric spatial wave
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FIGURE 2.1: Schematically aligned spins from a) ferromagnetic and b) an antiferro-
magnetic structure. Taken from [22].

function is energetically favorable, which results in a symmetric spin wave func-
tion, while for J., < 0, a symmetric spatial and antisymmetric spin wave function is
favored. Thus, the value of the exchange constant describes either an antiferromag-
netic system with anti-parallel spins with negative J., or a ferromagnetic state with
parallel spins and positive J.y.

The Hamiltonian for two electrons in the discrete spin model can be expressed
using the exchange constant and the electrons spin wave functions.

Horitals = —2JexS152 (2.14)

Up till now we considered only a two-electron system. To expand the system
into a state of e.g. solid matter, we consider the Heisenberg exchange energy, which
is the generalized Hamiltonian for homogeneous nearest neighbor interactions with
Jex of adjacent spin pairs.

Eexchange = Jex Z Sisj (2.15)
i

With the exchange constant J., and the sum over spin wave functions S of neigh-
boring spins i and j. Exchange interaction based on the quantum mechanical indis-
tinguishability of electrons is the main cause of the existence of macroscopic ferro-,
ferri, and antiferromagnetic materials.

In the continuum micromagnetic model the energy is the integral over magne-
tization gradient, using Taylor expansion for small angle ®; ; between two adjacent
spins [23, 24].

exCs M\ | (aM\? | [oM)\?
Fotanse = 155 | dV((ax> (%) *(a)) 210
S

with exchange constant J,, the lattice constant a, lattice-dependent factor c;, the
saturation magnetization Mg and M the magnetization.

Zeeman energy

A sufficiently strong external field applied to a system causes the magnetic moments
of said system to align with the applied field. The resulting potential energy of the
magnetized system is called the Zeeman energy and can be expressed as the integral
over the system’s volume.

EZeeman - — /dv,uOHexchangeM (2-17)

With the system’s volume V, the vacuum permeability yg, the external field Hexternal,
and the (macroscopic) magnetization. For a discrete spin model, the energy between
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a single magnetic moment m and the external field Hexternal iS

EZeeman = _,uOHexchangem (218)

Stray field energy

While the Zeeman energy describes the influence of an external field on the magnetic
body, the magnetic moments of the system itself also create a field. The stray field
energy describes this field analogously to the Zeeman energy [24, 25]:

1
Estrayﬁeld = _E,MO / dVHstrayﬁeld ‘M (2.19)

Without any external electromagnetic fields or induction by electric currents, the
body’s magnetic field, consisting of the stray field Hstray and magnetization M and
displayed as B = jig Hsiray+M), needs to be conserved as stated by Gauss’s law for
magnetism (Eq.2.2) and Ampere’s circuital law (Eq. 2.4). From the latter, we can use
the general solution of a scalar potential U(r): H = —VU. The flux density with
Hstray and the magnetization M can thus be written as

1
0= %V ‘B = v(Hstrayﬁeld + M) (2.20)

Using the general solution of the Poisson equation we can derive the stray field

to be
S ([ )
®(r) = - </agdr\r—r/\+ Odr’r_r,’ (2.21)
. _ 1 2 M(1)n(r) / 5., —V'M(r')
Hstrayﬁeld(r) = 47‘[v </8(2d r 7“ — 1'/| + Qd r 7|1‘ — 1'/| (2.22)

With the integrals over the magnetic system with the volume charges p(r) =
—VM(r) and the system’s surface expressed by o (r)=M(r)n(r) with the surface
normal vector n(r). To minimize the stray field, the magnetic charges need to be
minimal in the system’s body and surface. This results in the magnetization favor-
ing flux-closure states, so all magnetic field lines need to be closed in the system.

(a) (b) (c) (d)
§SSSS SS/NN SIN'S'N <==
Y

FIGURE 2.2: The stray field energy progressively decreases from a) a monodomain
out-of-plane (OOP) configuration to b) and d) domain structures with opposing po-
larity, ultimately reaching a minimum in d) where a flux-closure configuration is
formed. Taken from [22].



10 Chapter 2. Theory

Magnetic anisotropy energy

Anisotropy refers to the directional dependence of certain properties of (solid) mat-
ter, particularly within crystalline materials. Magnetic anisotropy describes the vari-
ation of free magnetic energy as a function of the magnetization direction and is
the combination of several effects, if applicable to the system. Magneto-crystalline
anisotropy, the structural order of the crystal on the atomic level, causes energeti-
cally preferential directions for the magnetization. This phenomenon is intrinsically
tied to the symmetry properties of the material. The interactions of the atomic lattice
and its orbital moments via spin-orbit coupling can influence the lattice structure by
changing the spin-wave functions and overlapping orbitals. This change in electron
density also explains the influence of strain and tension on the system’s magnetiza-
tion, called magnetoelastic anisotropy. In an effect called exchange bias or exchange
anisotropy, an antiferromagnetic body or layer can interact with a ferromagnetic
material, e.g., a hard magnetization antiferromagnetic layer can cause a shift in the
(soft) magnetization of the ferromagnetic layer. The directions that correspond to the
lowest energy configurations for magnetization are referred to as easy axes. In this
thesis, magnetic thin films are used, which show a particular uniaxial anisotropy:
perpendicular magnetic anisotropy (PMA).

Uniaxial anisotropy The energy of PMA in thin films refers to the tendency of the
magnetization vector in the ferromagnetic layer to align along the surface normal
of the film, i.e., perpendicular to the plane of the layer. The associated anisotropy
energy for a single spin S is typically expressed as being proportional to cos?(a),
where « denotes the angle between the spin direction and the uniaxial easy axis -
here defined by the film’s surface normal, and thus out-of-plane (OOP). With the
uniaxial easy-axis in z-direction, the anisotropy energy is [24, 25]

MZ M4
Euniaxial, 7z = — /dV (Kcl 7; + KW*AZL -+ HOTS) (223)
Mg Ms
with the saturation magnetization M, the magnetization along the easy axis M;, K, a
composition and temperature dependent parameter, and HOTs, higher order terms.
The influence of temperature on magnetic anisotropy is particularly critical. Mod-
erate increases on the order of several tens of kelvin can significantly impact the
anisotropy energy, as described by Zener’s classical theory [26]. At elevated tem-
peratures beyond this moderate regime, annealing effects may occur, which can ir-
reversibly modify the structural composition of thin-film stacks. Such thermal treat-
ment enhances atomic diffusion across interfaces, leading to permanent intermixing
and alteration of the magnetic and structural properties of the multilayer system.

Dzyaloshinskii-Moriya Interaction

The antisymmetric exchange interaction, also known as the Dzyaloshinskii-Moriya
interaction (DMI) [27, 28], is a spin-spin interaction that arises in systems with bro-
ken spatial inversion symmetry and high spin-orbit-coupling (SOC). This contribu-
tion to the total magnetic exchange interaction between neighboring spins becomes
significant in bulk materials with non-inversion-symmetric unit cells, as well as at
interfaces between different materials. The latter is particularly relevant to this the-
sis, as all used samples consist of thin film metal stacks. In the discrete model. the
Hamiltonian term representing the DMI must remain invariant under symmetry op-
erations such as inversion or spatial rotation:
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( Large SOC

FIGURE 2.3: Schematic representation of interfacial Dzyaloshinskii-Moriya interac-
tion (DMI) at the interface between a ferromagnetic layer (gray) and an adjacent
heavy metal layer (blue). The Dzyaloshinskii-Moriya (DM) vector Dy, is oriented
perpendicular to the plane defined by two neighboring spins and an adjacent heavy
atom with strong spin—orbit coupling at the interface. Image adapted from [29]

HDMI = ZDZ',]' (Sl' X S]) (224)
L]
With D; ; is the tensor element with the interaction constant between S; and S, the
spins of two neighboring electrons.

In symmetric systems the DMI must vanish, illustrating that the DMI only occurs
when inversion symmetry in the system is broken. For bulk systems, the symmetry
in each unit cell needs to be broken for DMI to take place, while in thin films DMI
exists primarily at the material’s interfaces. Important to note is that the materials
at the interface need to be of different atoms. In Figure 2.3, the DMI vector lies in
the x-y plane due to rotational symmetry. The energy associated with the DMI is
minimized when the two spins are oriented in a plane normal to the DMI vector
and perpendicular to each other. In contrast, the normal exchange interaction favors
parallel or antiparallel spin configurations.

The DMI induces spin canting, which promotes stable spin spirals, and, with
additional applied external field causes non-collinear spin textures, such as conical
spirals and Bloch skyrmions in bulk materials, as well as spin spirals, chiral mag-
netic domain walls, and Néel skyrmions in multilayer stacks. Skyrmions are intro-
duced in a later chapter. The strength of the DMI is proportional to the spin-orbit
coupling, which scales with the atomic number Z*. Consequently, the presence of
heavy metals with an interface to a ferromagnet in the multilayer stack leads to a sig-
nificant DMI, enhancing the formation of chiral magnetic spin structures (see Figure
2.4), which are the focus of this thesis. Considering for simplification only DMI and
exchange interaction, both lead to a minimization of the total energy for a helical
magnetization with periodicity of | = 47r%. Using rotational symmetry conditions,
the following equations about the tensor elements of the DMI tensor can be derived
[30]:

Dy; = Dzy = Dy; = Dzy= 0, Dy = Dy, -Dyy = Dyx and for a Néel domain wall D,=D.
= 0 leading to the interfacial Néel DMI tensor:

0 D
DNéel =|-D 0
0 0

(2.25)

o O O

For the magnetic thin films examined in this thesis, the z-contributions of the DMI
tensor are thus zero. In the continuum micromagnetic model the energy term is as
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follows [24]
Epwi = % [V (M. (1) YM(x) — M(r) VM, (1)) (2.26)
S

with D the DMI constant, M the saturation magnetization and M, the magnetiza-
tion dependent on r. An overview of the tensor entries and its according symmetries
are represented in the following image (Figure 2.4):
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FIGURE 2.4: A.) Matrix and schematic illustration of the DMI, displaying represen-
tative DMI vector configurations for all relevant symmetry elements (Dj,;; with n,m
€ [1,3]). Especially important are the interfacial elements D, and D,j, causing the
Néel-like skyrmions (see Section 2.4) as seen in B. left upper corner. B.) Classifi-
cation of major DMI types, visualized through color-coded DMI vectors and their
corresponding energetically preferred spin textures. Solid-colored regions indicate
uniform DMI strength and orientation, while striped areas represent spatial varia-
tions in DMI magnitude or direction. Regions marked with a negative sign denote
a reversal in the DMI vector relative to those of identical color. C.) Schematic repre-
sentations of DMI vector patterns associated with all non-centrosymmetric crystal-
lographic point groups (excluding C;). Image adapted from [30]
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2.2 Magnetic spin structures

Before exploring complex spin textures such as skyrmions, it is essential to first
understand the fundamental magnetic configurations - particularly domain walls
- and their underlying dynamics. A diverse range of nontrivial spin structures,
including antiskyrmions, magnetic bobbers, and Bloch points to name a few, has
been identified and continues to be an active area of research. The metallic thin
films studied in this thesis support skyrmionic spin textures, with their formation
resulting directly from the interplay and total energy minimization of the magnetic
interactions previously discussed, within the framework of Gibbs free energy.

The emergence and stabilization of specific complex spin structures are determined
by energy minimization, which is the result of the interplay of the relative magni-
tudes and competing contributions of the individual energy components introduced
in prior sections, thereby favoring certain spin textures within the material system.

Anisotropy: Spins align along the easy anisotropy axes. Used thin film sam-
ples in this thesis show perpendicular magnetic anisotropy, meaning spins point
OQP either parallel or antiparallel to the surface normal.

DMI: Maximum spin canting to adjacent spins, causing spin canting primar-
ily at the interfaces and leading to chiral domain walls.

Exchange interaction: An exchange constant of A > 0 is called ferromagnetic
exchange and causes all spins to align parallel with each other. Main driver for
ferromagnetism.

Stray field: Flux closure at the surface. Magnetic volume and surface charges
get minimized. In thin films, spins align with the longest axis of the sample,
basically in the x-y plane due to macroscopic size in comparison to film thickness
(millimeters vs. nanometers).

Zeeman: Spins align with the applied external field.

2.2.1 Magnetic domain walls

One of the simplest forms of spin structures is the domain wall, which serves as an
interfacial transition between two regions with differing magnetization orientations
- typically 90° or 180° rotations of magnetization in ferromagnetic materials [25, 31,
32]. Due to the exchange interaction, an abrupt change in spin direction is energet-
ically unfavorable. Consequently, the transition occurs gradually, with spins pro-
gressively tilting toward the opposite direction across atomic orbitals. This gradual
reorientation is balanced by the magnetocrystalline anisotropy energy, which acts in
opposition to the exchange energy [33]. Both energy components seek to minimize
their values. The anisotropy energy is minimized when the individual magnetic mo-
ments align with the crystal lattice axes, thereby reducing the domain wall width.
Conversely, the exchange energy favors parallel alignment of magnetic moments,
which results in an increased domain wall width due to the repulsive interaction
between anti-parallel spins.

The delicate interplay between magnetocrystalline anisotropy and exchange energy
fundamentally determines the domain wall width [25, 34], which typically extends
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over 100 to 150 atomic spacings in ferromagnetic materials. In real crystals, struc-
tural imperfections - such as vacancies, foreign atoms (from intentional doping or
unintentional inclusions), oxides, mechanical strain, and interfaces - modify the lo-
cal anisotropy and can significantly affect the formation and dynamics of domain
walls [35-37]. These defects often require the application of stronger external fields
or alternative techniques to initiate or control domain wall motion [38].

Moreover, domain walls can be actively manipulated by external stimuli, including
magnetic fields and temperature (gradients) [39-42]. They can also be nucleated [43,
44] and driven [45] by spin currents generated through electric currents or by volt-
age gating [46], enabling a range of functionalities in spintronic applications [29, 47—
61].

Domain walls can be classified into several types based on the spin-tilting mech-
anism. Here the Bloch-type and Néel-type domain wall is introduced [25]. In a
Bloch-type domain wall, the spins rotate within a plane parallel to the domain wall,
whereas in a Néel-type domain wall, the spins tilt within a plane perpendicular to
the domain wall’s direction. Considering the simplification of only anisotropy and
exchange energy contributing to domain walls, the profile k, the width Ve, and
the domain wall energy €gype can be displayed as:

X

KBloch (X) = 2arctan (—g(vBloch)> KNéel(X) = 2arctan (e(_ V;Zel)) _z

with with

(2.27)
A A
VBloch = 7T X VNéel = 7T 7KN
u
€Bloch = 4 V AK,y €ENéel — 4/ AK, = D

With x the spatial position, A the exchange constant, and K, the uniaxial
anisotropy. For Néel walls (terms on the right), one must additionally consider
the DMI constant D and the shape anisotropy caused by dipolar interaction in
the film [33]. The latter depends on the direction of the hard axis saturation field
Hg, ultimately, depending on the film thickness and its value ranging between
Ky = 3uoHMs and Ky = JpuoM3 [24, 32].

Bloch-type domain walls show low stray fields at out-of-plane anisotropy and
are therefore more commonly observed in bulk materials, whilst in thin film (multi-
layer) stacks, the interfacial DMI favors Néel-type domain walls [33]. In thin films
this effect is increased since thinner layers cause smaller stray fields. The energy of
a Néel wall also depends on the polarity of the DMI constant, displayed as the &
sign in the formula, thus breaking the system’s symmetry. This also determines the
chirality of the wall: A negative DMI contribution to the energy will result in a right-
handed rotation, a positive contribution towards left-handed. This chiral rotation of
spins can lead to the spin structure called a skyrmion, which will be explored further
in a later section.
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FIGURE 2.5: The formation of magnetic domains is driven by the interplay between
exchange interaction, anisotropy, and stray fields, which collectively minimize the
system’s total energy according to an optimal ratio. To reduce stray fields, flux clo-
sure patterns are formed. The strength of the anisotropy influences the size of the
edge domains, with higher anisotropy leading to smaller domain boundaries (as il-
lustrated in the top right). The boundaries between adjacent domains are referred to
as domain walls, which can adopt two primary spin configurations: Néel and Bloch,
depending on the geometry of the system. Image adapted from [62].

2.2.2 Landau Lifshitz Gilbert equation (LLG)

So far, the magnetization and spin structures like domain walls have been investi-
gated in a static fashion. To analyze the dynamic in a system, one needs to calculate
the time derivation of the magnetization %M(r, t). The needed differential equa-
tions were derived by L. Landau and E. Lifshitz in 1935 and further modified by
T. L. Gilbert in 1955 [18, 63]. Starting with the effective field with all components
previously introduced.

Han = Hani + Hpmr + Hexch + Hstray + Hzeeman (2~28)
0Han

H.,; =2 2.29

eff M (2.29)

and the exerted torque in the perpendicular direction of H.¢, experienced by the
magnetic moments. The magnetic moments start rotating, consequently changing
Hegs until the torque vanishes and the rotation stops. The torque is proportional to
the rate of change of angular momentum, which leads to a change of direction of
the spin, ultimately leading to the precession. This effect is described by the Lan-
dau-Lifshitz equation:

dM
W = —’)/M X Heff — AM x (M X Heff) (230)

with 7y the gyromagnetic ratio and A = tleS a phenomenological damping pa-
rameter with & the damping coefficient. Gilbert improved the equation by introduc-
ing the time dependence of the magnetization:

Ldm o M — om o T
- eff m dt

Where m is the magnetic moment, 7 is the gyromagnetic ratio, A’ is the damping

(2.31)
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FIGURE 2.6: The precessional motion of a magnetic moment M (blue) in the pres-
ence of an applied external field H, s (green) is described by the LLG equation. The
terms of the LLG equation include time derivative of magnetic moment m (red), pre-
cession (cyan) and damping (pink). Due to the damping term, the magnetic moment
m undergoes a gradual alignment during its rotational motion, ultimately aligning
with the effective field H, s (blue trajectory). Image taken from [64].

coefficient, and H, ¢ is the effective magnetic field. The first term describes the pre-
cession of the spin due to the effective field, while the second term is the damping
term, related to the dissipation of energy caused by interaction with the environ-
ment. The latter causes the magnetization vector to align with the magnetic field,
which leads to precession, circling closer towards the effective field vector (see Fig-
ure 2.6).

Influence of finite temperature

So far, we have explored the static and the dynamic case in a continuous model at
0 K, ignoring the influence of temperature. Temperature, as in all physical systems,
plays a crucial role in determining the magnetic properties of materials. As heat en-
ergy in a closed system increases, thermal agitation affects the electrons in the atomic
orbitals, potentially overcoming the exchange interactions. This has a randomizing
effect on their alignment to neighboring magnetic moments, leading to significant
changes in a material’s magnetization order. If the temperature of a ferromagnetic
material rises above a critical, material-specific point called the Curie temperature,
its magnetic order is destroyed, and the material shows no longer ferromagnetic but
paramagnetic behavior [25]. As an example, the Curie temperatures for the three fer-
romagnetic elements are IronT¢ (Fe) = 1041 K, Cobalt T¢ (Co) = 1423 K, and Nickel
Tc (Ni) = 633 K. Heating a permanent magnet above its corresponding Curie tem-
perature effectively destroys its magnetic order, and it loses permanent magnetiza-
tion. Above T¢, the material no longer exhibits spontaneous magnetization, and its
magnetic susceptibility follows the Curie-Weiss law [65]:

X(1) = 232)

The stochastic Landau-Lifshitz-Gilbert (sSLLG) equation extends the conventional
LLG equation by incorporating thermal fluctuations as a stochastic magnetic field
Hiherm for temperatures below the Curie Temperature. It models the time evolution
of a magnetic moment MM under the influence of both an effective magnetic field
and random thermal noise. This is crucial for accurately simulating magnetization
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dynamics at finite temperatures, where thermal agitation affects stability, switching
behavior, and noise in magnetic systems. The stochastic term is typically modeled
as a Gaussian white noise field, consistent with the fluctuation-dissipation theorem
[39, 66], ensuring that the system reaches thermal equilibrium.

dM % dM
W = _7M X (Heff + cherm) + HSM X W

(2.33)
Finite temperature: saturation magnetization At absolute zero temperature, the
magnetization M(0) represents the maximum saturation magnetization of the sys-
tem. At such low temperatures, spin structures - such as domain walls - exhibit
minimal mobility due to the absence of thermal energy, effectively freezing the mag-
netic configuration. As the temperature T increases, thermal fluctuations enhance
spin excitations, promoting domain wall motion and enabling phenomena such as
thermally driven diffusion. Upon approaching the Curie temperature Tc, thermal
agitation becomes sufficient to overcome magnetic ordering, leading to a phase tran-
sition into the paramagnetic state where long-range magnetic order vanishes. The
saturation magnetization Ms(T) decreases with rising temperature (2.34) [10], and
this reduction accelerates at higher temperatures due to increased spin excitation

2.35.
Ms(T) = M(0) (1 _ (gc) 2) (2.34)

The temperature dependence of Mg(T) near zero temperature often follows a
power-law behavior, consistent with Bloch’s law

Ms(T) o« (T — Tc)P (2.35)

with unit-less B ~0,4, which depends on the materials composition at temperature
T, according to [65] Due to the Curie-Bloch-relation, equations 2.34 and 2.35 can be
combined to

Ms(T) = Ms(0) (1 - (TTC> uc)ﬁ (2.36)

with « and B, empirically determinable by measuring Ms(T).

Finite temperature: anisotropy The anisotropy in the here investigated materials
tends to depend quite strongly on the temperature - If temperature affects the sys-
tem only like local random fluctuations in the magnetization vectors, a characteristic
exponent n can be derived, which depends on the crystal structure at temperature T
[26].

K(T) _ (Ms(T))"
xo = () @

Finite temperature: DMI Since DMI relevant to this work is of interfacial ori-
gin, elevated temperatures that enable atomic diffusion across the interface can re-
sult in intermixing of the constituent layers. Such interfacial interdiffusion leads
to irreversible modifications of the interfacial symmetry and chemical composition,
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thereby significantly altering the DMI. Even in the absence of intermixing, the tem-
perature dependence of DMI remains complex and is not yet fully understood. Only
a limited number of theoretical models address this behavior. Some studies suggest
that the atomistic DMI constant, along with the atomistic exchange interaction, ex-
hibits minimal variation with temperature. However, the effective DMI used in spin
wave-based descriptions is often found to scale linearly with the exchange stiffness
parameter [67]. In this context, the temperature dependence of the exchange con-
stant can be described by the relation:

A(T) _ (Ms(T>>9
40) ~ \M5(0) (2:39)
with <2 and M;(T) according to 2.36 [34].

Finite temperature: noise The Stochastic Landau-Lifshitz-Bloch (LLB)) equation
is a modification of the traditional LLG equation that incorporates random thermal
fluctuations, representing the influence of temperature on the magnetic system. This
equation is used to model the dynamics of magnetic moments in the presence of
both deterministic and stochastic forces. The deterministic part describes precession
and damping of the magnetic moment in an external field, while the stochastic term
accounts for random thermal noise that leads to deviations from the deterministic
motion. [68]

- %m x (m x (Hos + Y, ) (2.39)

with 7~ = poy /(1 + A?) a reduced gyromagnetic ratio, m = M/M;s(0) the reduced
magnetization, Mg(0) the saturation magnetization at 0 K, «; and ol transversal and
longitudinal damping parameters [69, 70]. Vector ) is white noise random numbers
as a spatially and temporally stochastic field with zero mean and variance with a
diffusion constant Y, for the parallel and perpendicular case and T the absolute
temperature.

((XJ_—OCH)kBT o (XHkBT
HoMoV 2 ' oMoV

Temperature in this thesis also influences the stability of skyrmions, spin tex-
tures introduced in a later section. Skyrmions can be thermally activated, leading to
Brownian diffusion (see Section 2.4.2), nucleated, or annihilated depending on tem-
perature variations, improving their particle-like behavior. Generally, temperature
plays an important role in the magnetic behavior of our ferromagnetic thin films, and
temperature stabilization in our open systems is crucial. Temperature in this thesis
ranges around ambient (room) temperature, with the lowest temperature measured
being 285 K and the highest around 370 K. These are primarily due to experimental
limitations, which will further be explored in Chapter 3 methods.

V. = (2.40)
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2.2.3 Thiele equation of steady-state motion

The Thiele equation [71] is a reduced, analytical form of the Landau-Lifshitz-Gilbert
(LLG) equation that describes the steady-state motion of rigid magnetic textures,
such as domain walls or skyrmions, under the influence of external forces. It as-
sumes that the magnetic structure retains its shape during motion and reduces the
full magnetization dynamics to a collective coordinate approach, typically describ-
ing the center-of-mass motion.The Thiele equation balances three main contributions
- the gyroscopic (Magnus) force, arising from the topology of the spin texture, act-
ing in the perpendicular direction of transverse motion. The damping force, which
results from energy dissipation due to Gilbert damping, and an external or effective
force, such as spin-torques or magnetic field gradients.

G XV—D v+ Fegernal =0 (2.41)

with G the gyromvector, D the damping tensor, v the velocity vector of the mag-
netic texture, and Feyternal iS the net external force.

M
Gij = TOS elmn/d2xnl(8inm)(8jnn),
== [ 2a(om) @, 2.42
Dz,] - 70 d x(alnk)(a]nk), ( R )

Fi,j — —Ms /dzx(ainj)Heff,j

This Thiele equation of motion is used to model and understand the dynamics
of skyrmions, magnetic bubbles, and domain walls, particularly in the presence of
spin-transfer or spin-orbit torques, which are introduced in the next section. The
influence of skyrmion inertia can be incorporated into the system’s description [72-
75], although the existence and definition of an effective skyrmion mass remain sub-
jects of ongoing debate [76]. While classical particles exhibit inertial behavior due
to well-defined mass, skyrmions - being topologically stabilized spin textures - ex-
hibit inertia as an emergent, dynamic response associated with the deformation of
the spin structure during motion.

2.3 Current induced spin torques

Thus far, various strategies for manipulating magnetic spin configurations and the
resulting magnetization in materials have been introduced, including the applica-
tion of external magnetic fields, structural and geometrical engineering (e.g., thin
films versus bulk systems), mechanical strain (e.g., modulation of orbital overlap)
[77], and temperature variation. Among emerging techniques, the control of mag-
netic domain walls and skyrmions via electric currents has garnered particular atten-
tion due to its lower energy requirements and compatibility with existing electronic
architectures, offering promising prospects for spintronic applications [78]. This sec-
tion focuses on fundamental mechanisms underlying current-induced skyrmion ma-
nipulation like spin-transfer torque (STT) [79], spin Hall effect (SHE) [80-82] and
the resulting spin-orbit torque (SOT) [83-86].

Section 2.3.1 focuses on the well-established STT mechanism. While STT has
found widespread implementation in commercial spintronic technologies such as
magnetic random access memory (ST-MRAM) [87], its relatively low efficiency im-
poses limitations on its suitability for skyrmion manipulation. In contrast, Section
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2.3.3 addresses the more recently explored SOT, which offer substantially improved
efficiency for skyrmion control. However, the effective utilization of SOT requires
more complex multilayer heterostructures, as its underlying physical origin [78] -
partly attributed to the SHE - is discussed in detail in Section 2.3.2.

2.3.1 Spin-transfer torque (STT)

The manipulation of magnetic domain walls, including skyrmions, can be effectively
facilitated through the application of electric currents, with spin-transfer torque
(STT) serving as a crucial mechanism. This phenomenon arises from the interaction
between spin-polarized electrons and the local magnetization in ferromagnetic
materials. In these systems, electrons whose spins are aligned parallel to the
local magnetization experience less scattering compared to those with antiparallel
spins, resulting in a spin-polarized current. When these spin-polarized electrons
encounter regions of varying magnetization, such as domain walls, they attempt
to align their spins with the new magnetization direction. Due to the conservation
of angular momentum, this change in the electron spin induces a corresponding
change in the local magnetization.

This interaction generates a force on the domain wall in the direction of electron
flow, which also influences the motion and dynamics of skyrmions. Consequently,
skyrmions can be manipulated via spin-transfer torque[79, 88, 89]. However, the
effectiveness of this effect is limited by the quantum nature of electron spin. An
individual electron, carrying a spin of 1/2e, can transfer a maximum angular mo-
mentum of 71/e during a complete spin flip, which imposes a fundamental limit on
the efficiency and scale of spin-transfer torque in skyrmion manipulation.

2.3.2 Spin Hall effect (SHE)

The spin Hall effect (SHE) is a cornerstone phenomenon in spintronics, functionally
analogous to the classical Hall effect but governed by spin-dependent mechanisms.
Whereas the classical Hall effect generates a transverse voltage as a result of charge
carriers being deflected by an external magnetic field, the SHE produces a trans-
verse spin current without the necessity of an applied magnetic field [19, 80-82, 90].
In the SHE, the flow of a charge current through a material leads to a transverse spin
current due to spin-dependent deflection of electrons, resulting in spin accumula-
tion with opposite polarization at the lateral edges of the conductor (see Figure 2.7
a)). This effect arises from two principal mechanisms first predicted by Dyaknov
and Perel in 1971 [91]: The extrinsic SHE, caused by spin-dependent scattering of
electrons off impurities or defects (see Figure 2.7 ¢, d)), and the intrinsic SHE, aris-
ing from the band structure of the material and the intrinsic SOC associated with
the host atoms. Materials with strong SOC - particularly heavy metals such as, e.g.,
platinum, tantalum, and tungsten - exhibit pronounced intrinsic SHE and are widely
employed in spintronic applications. The spin Hall angle (6,,) is essential, repre-
senting the efficiency of spin-charge interconversion. It is defined as the ratio of the
transverse spin current density to the directed charge current density. Complemen-
tary to the SHE is the inverse spin Hall effect (ISHE), which enables spin-to-charge
current conversion. In the ISHE, a pure spin current flowing through a material gen-
erates a transverse charge current via the same SOC mechanisms (see Figure 2.7 b),
enabling electrical detection of spin transport phenomena.
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FIGURE 2.7: Schematic representation of the spin Hall effect (SHE) and inverse spin
Hall effect (ISHE): a) In the spin Hall effect, a longitudinal charge current induces a
transverse spin current through spin-dependent scattering processes, leading to spin
accumulation with opposite spin orientations at the lateral edges of the material. b)
In the inverse spin Hall effect, an injected spin current is converted into a transverse
charge current via spin-orbit coupling, enabling electrical detection of spin trans-
port. ¢, d) For the extrinsic SHE, two key scattering mechanisms are illustrated: c)
skew scattering, where spin-dependent asymmetry in scattering leads to transverse
spin flow, and d) side-jump scattering, where electrons experience a lateral displace-
ment upon scattering near a potential atomic center due to spin-orbit interactions.
Images adapted from [90].

Rashba-Edelstein effect (REE)

The Rashba—Edelstein effect (REE) occurs in systems exhibiting strong SOC and bro-
ken structural inversion symmetry, such as at material interfaces. It describes the
generation of a nonequilibrium spin accumulation in response to an applied in-
plane electric field, e.g., at interfaces between a ferromagnet and a heavy metal.
In such systems, the Rashba spin—orbit interaction gives rise to spin-momentum
locking, wherein the electron spin orientation is intrinsically tied to its momentum.
When a charge current is applied parallel to the interface, the resulting shift of the
Fermi surface leads to an asymmetric occupation of momentum states. Owing to
spin-momentum locking, this imbalance produces a net spin accumulation oriented
transverse to the current direction. This spin accumulation causes opposite spin ori-
entations at opposite edges of the material and can be interpreted as an interfacial
spin current. The REE originates from the coupling between electron spin and the
electric field at the interface, causing electrons with momentum to experience an
effective magnetic field, leading to spin polarization.

2.3.3 Spin orbit torque (SOT)

Spin-orbit torque (SOT) is caused by the spin accumulation, itself caused by the
aforementioned effects like SHE. It can be observed in multilayer systems, in which
a ferromagnetic layer is interfaced with a non-magnetic layer that exhibits strong
spin-orbit coupling. In these systems, the SHE in the non-magnetic layer generates
spin currents when an electric current is applied. These spin currents diffuse across
the interface into the adjacent ferromagnetic layer, resulting in spin accumulation
and the exertion of torques on the local magnetization. This torque subsequently
induces motion of magnetic textures within the ferromagnetic layer.
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FIGURE 2.8: a) The Rashba spin-orbit torque originates from structural inversion
asymmetry, typically caused by an electric field at an interface between two ma-
terials. This field induces spin—orbit coupling, resulting in momentum-dependent
spin polarization of conduction electrons (with momentum) at the interface. b) Al-
ternatively, the Rashba effect can emerge from a momentum-dependent splitting of
the electronic band structure, leading to spin-momentum locking. i) In equilibrium,
the electron spins (red) are aligned perpendicular to their momentum, forming a
Rashba-split Fermi surface. ii) When an electric current ] (green) is applied, the
Fermi surface shifts in momentum space. Electrons experience an additional effec-
tive spin-orbit field (blue arrow), leading to a current-induced spin polarization.
The resulting spin tilt generates a transverse spin accumulation and a net spin cur-
rent along the y-direction. Adapted from [82].

In addition to SHE, the accumulation of spin-polarized electrons at the interface
can also be driven by the spin polarization of REE. While SOT is exclusive to multi-
layer systems, it offers significantly higher efficiency compared to pure STT, with an
enhancement factor of approximately tenfold [85]. This increased efficiency is due
to the ability of electrons to diffuse multiple times between layers, repeatedly exert-
ing torque on the magnetic layer, unlike pure STT, where the angular momentum
transfer is limited to a single 7.

Figure 2.9 illustrates the spin-orbit torque mechanism, which can be character-
ized by two components - an effective field-like component and a damping-like
component:

Brield-like = D(M X ) Bpamping-like = 4m X (m X o) (2.43)

with m the magnetization, ¢ the spin polarization, and a and b coefficients. These
terms are analogous to the torques in the LLG equation, in which the magnetic fields
exhibit similar symmetry. However, this analogy is lacking, as both fields introduce
additional precession and damping torques corresponding to the LLG equation, re-
sulting in spin canting. This, in turn, induces a demagnetization field, further intro-
ducing precession and damping torques. While a detailed analysis of these effects is
highly complex [54] and is not further pursued, it is important to note that most of
these torques cancel out.

oM % oM
—_— = —yYM x (H,rr+a; (M X (e; xj)) +br(ey; Xxj)) + —M x —
] = N (g (M e ) by e ) + o

with M the magnetization, oy the gyrocoupling, e, x jthe interfacial electric current,
and SOT parameters aj and b; [24].

with Ogp the spin Hall angle, M, the saturation magnetization and d;;;, the thickness
of the magnetic material. Due to this thickness dependence, the effective torque

(2.45)
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(b)

FIGURE 2.9: a) Schematic representation of the SHE. A longitudinal electron cur-
rent, Jc, flowing through a HM is converted into a transverse spin current via spin-
orbit scattering. This spin current causes spin accumulation at the HM /FM interface,
which then diffuses into the FM and exerts torque on the local magnetization. b) The
effective field induced by the REE at the interface, which can drive the switching of
the magnetization. Images adapted from [92].

decreases with increase of thickness, since the same amount of spins have to diffuse
through thicker material.

The cumulative effect of all torques resulting from the field-like induced mag-
netic field tends to cancel out, preventing any significant movement of domain
walls. However, it may cause deformation, which could indirectly influence the
motion of magnetic structures [93]. In contrast, the damping-like field induces a
torque on the magnetization when it has a finite component along the direction of
the electric current. Referring to the two types of domain walls discussed in Section
2.2.1, only Néel domain walls possess this component and are therefore affected
by spin-orbit torques, assuming the domain boundary is perpendicular to the
charge current. When aligned with the charge current, Bloch domain walls move
perpendicular to the charge current, while Néel domain walls remain unaffected.
The direction of the torque is influenced by two key factors: the spin polarization ¢
and the orientation of the magnetic component parallel to the electric field, making
domain wall chirality a crucial factor. In systems where chirality is not fixed,
spin-orbit torques cause domain walls of opposite chirality to move in opposite
directions. To establish a preferred chirality of the spin textures, DMI becomes
significant. The DMI breaks the symmetry between chiralities, favoring one over the
other (see Section 2.1.3). At sufficiently high DMI values, one chirality dominates,
ensuring consistent domain wall movement direction [46].

Since skyrmions, introduced in the next section, exhibit a single chirality, the
torques on opposite sides of the skyrmion add up rather than cancel, leading to
efficient (directed) skyrmion motion. Therefore, the presence of a sufficiently strong
DMI that stabilizes chiral skyrmions positions spin-orbit torque as a reliable and
highly efficient mechanism for skyrmion manipulation [83, 94-99].

Orbital torques are a subject of ongoing research and promise even higher effi-
ciency, potentially offering another order of magnitude improvement. In this case,
the orbital Hall effect generates orbital currents perpendicular to the charge current,
while the orbital Rashba-Edelstein effect results in the accumulation of orbital
angular momentum at interfaces. This accumulated orbital angular momentum
is subsequently converted into spin currents in materials with strong spin-orbit
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coupling, often facilitated by an additional heavy metal layer. The resulting spin
current then applies torque to the magnetic layer through spin-orbit torques [84,
100-102].

24 Magnetic Skyrmion

In 1961, Tony H. R. Skyrme proposed a theoretical framework describing topologi-
cally stable soliton-like configurations - referred to as skyrmions - as quasi-particles
within field theory to model the strong nuclear force and the structure of atomic
nuclei, consistent with the principles of the Standard Model [103]. Although the
quark model, developed later in the 1960s, gained greater empirical support -
particularly through scattering experiments that validated its predictions - Skyrme’s
mathematical formalism experienced a resurgence in the 1980s when it was found
applicable to condensed matter systems, particularly in the study of topological
magnetic structures. In condensed matter physics, magnetic skyrmions - topologi-
cally non-trivial spin textures - were theoretically predicted to emerge in magnetic
materials lacking inversion symmetry. The first experimental observation of such
magnetic whirls occurred in bulk MnSi in 2009 at 28 K [104], followed by their
identification in metallic thin films in 2011 [105]. Today, magnetic skyrmions are
recognized as topologically protected solitons with exceptional stability, which
arises from their non-linear and non-trivial topological configuration [106-109].
Their stability, nano-scale size, and low depinning currents have rendered them
promising candidates for applications in information storage, magnetic sensing,
and neuromorphic or unconventional computing technologies [58, 110-113]. The
ability to stabilize skyrmions at room temperature further accelerates their rele-
vance in spintronic device design [110]. In this thesis, experimental investigations
are focused on skyrmions in metallic thin-film systems with interfacial inversion
symmetry breaking.

To rigorously describe and classify magnetic skyrmions, the mathematical frame-
work of homotopy theory is employed. This theory categorizes continuous
mappings - representing spatial configurations of magnetization - into distinct
topological equivalence classes based on their deformability into one another
without discontinuities [114, 115]. In this context, the magnetization field is mapped
onto a unit sphere [108], where each spin orientation corresponds to a point on the
sphere’s surface.

The stability of magnetic skyrmions is a fundamental characteristic that underlies
their promise for technological applications. A key stabilizing mechanism is the
interfacial DMI, which energetically favors chiral, non-collinear spin textures in sys-
tems with strong spin-orbit coupling and broken inversion symmetry. Depending
on the material properties and system geometry, the DMI can stabilize skyrmions
either as metastable configurations - corresponding to local energy minima - or as
the true ground state of the magnetic system. In addition to DMI, thin-film systems
with strong PMA contribute to skyrmion stabilization through a reduction in stray
field (demagnetizing) energy. This reduction minimizes magnetostatic repulsion,
allowing for the formation of relatively large, thermodynamically stable skyrmions,
particularly in ultrathin films where magnetostatic effects are suppressed (see Sec-
tion 2.4.1)[116, 117]. The topological stability of skyrmions is further characterized
by a quantized invariant known as the winding number or topological charge [109,
118-120]. This integer value quantifies the degree of non-collinearity by counting
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(a) Hedgehog-type skyrmion

P : Stereo projection

R : Rotation (z-axis)

(c) Neel-type skyrmlon (b) Bloch-type skyrmion

FIGURE 2.10: a) A hedgehog-type skyrmion, initially proposed by Tony Skyrme in
the early 1960s, features a radial spin configuration in which the magnetization vec-
tors point outward or inward from the skyrmion core. b) A Bloch-type skyrmion
is characterized by a spin texture where the magnetization vectors rotate within a
plane perpendicular to the radial direction, resulting in a tangential spin arrange-
ment around the skyrmion core. c) A Néel-type skyrmion exhibits magnetization
vectors that rotate within a plane parallel to the radial direction, leading to a cy-
cloidal spin configuration from the core outward. These three skyrmion types are
topologically equivalent and can be transformed into one another through stereo-
graphic projection and rotational operations about the z-axis. Taken from [121].

how many times the local magnetization vector wraps around the unit sphere across
the 2D magnetic texture [108]. As illustrated in Figure 2.10, this mapping provides
a geometric interpretation of the skyrmion’s topology, where the total number of
wrappings determines the structure’s classification within topological homotopy
classes.

1
Q= [ m- (9um x 9,m) dady (2.46)

The typical skyrmion is visualized in the 2D form as a stereographic projection of
the three-dimensional (3D) unit sphere with the spins often depicted in color code.
In Figure 2.10, the surrounding magnetization with the according spins (edge) point-
ing up is here displayed in red, the chiral domain wall in a color spectrum, rotating
towards the single spin pointing down in blue (center). Skyrmions can also be char-
acterized by their domain wall type, Bloch and Néel type, basically how the spins
are aligned and rotate between the opposite spin configurations of center and edge.
In Bloch-type skyrmions, the magnetic moments rotate tangentially, basically a cir-
cular, perpendicular rotation around the skyrmion center. They can exist without
DMI, which can lead to both chirality in one system but are primarily stabilized
by bulk DMI and thus occur commonly in chiral bulk magnets [122]. The 3D unit
sphere would be depicted cortex-like, with the spins aligned tangentially to the unit
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Néel-Type Bloch-Type
Spin Rotation | Radial (in-/outward) | Tangential (circ.)
Analogy Hedgehog-like Vortex-like
DMI origin Interfacial DMI Bulk DMI
Stabilization Films, interfaces Bulk chiral magnets
Materials e.g. Heavy metal/FM Chiral magnets

TABLE 2.1: Comparison of properties between Néel-type and Bloch-type skyrmions.

sphere’s surface. The magnetic moments in Néel-type skyrmions, in comparison,
rotate in or outward along the radial direction, which results in a hedgehog-like
unit sphere, where spins are parallel with the unit sphere’s surface normal. These
skyrmions are stabilized by interfacial DMI and are thereby commonly found in
thin film heterostructures with strong SOC at the interface (e.g., heavy metal (HM)-
ferromagnetic metal (FM)) [107, 116, 123-125].

In Table 2.1, the differences between both types are summarized.!

Since only metallic thin film heterostructures have been used, the skyrmions in
this thesis are of the Néel-type. Material parameters, in addition to interfacial DMI,
such as exchange stiffness (A) and magnetic anisotropy (K) need to be carefully bal-
anced for skyrmions. To achieve this balance, the intrinsic material parameters must
be tuned and adjusted, like e.g. the thickness or composition. A material parameter
criterion for thermodynamically stable skyrmion is a reduced energy when DWs are
present. [119, 126]:

D > 4v AK (2.47)
With the DMI constant D, exchange stiffness A and anisotropy K.

2.4.1 Observed magnetic skyrmion

Skyrmion size can vary drastically and depends strongly on the stabilizing mech-
anism [127]. Skyrmions can be stabilized by the dipolar or stray field-dominated
mechanism, which occurs at low magnetic fields and results in large skyrmion
diameters, exhibiting lower rigidity, and their diameter decreases rapidly with
increasing out-of-plane field [128, 129].

In systems dominated by the DMI, typically stabilized under the influence of exter-
nal magnetic fields, skyrmions exhibit enhanced robustness due to the chiral nature
of the DMI, which energetically counteracts their collapse. These DMlI-stabilized
skyrmions are usually characterized by nanometric dimensions, ranging from
several tens of nanometers down to a few nanometers [130], with the ultimate size
limit determined by the crystal lattice of the material [127, 131-133].

In contrast, skyrmions stabilized by magnetostatic (stray field) interactions tend to
be significantly larger, with typical sizes spanning from tens of nanometers [130]
up to tens of micrometers [116]. Magnetic bubbles, which are circular regions of
reversed magnetization enclosed by domain walls with trivial topology, can appear
on similar or even larger spatial scales [134]. These bubbles are separated from the
surrounding magnetization by domain walls that are typically 100 to 300 atomic
layers thick.

INote that also Néel skyrmion can be caused by bulk DMI (e.g., in GaV4Sg)
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FIGURE 2.11: Simulated skyrmion in micrometer-scale with the inner core (blue),
the domain wall (yellow gradient) and the outer magnetization (red). Courtesy of K.
Leutner.

The primary distinction between skyrmions and magnetic bubbles lies in the topo-
logical character of their domain walls [94]. Skyrmions possess a non-trivial domain
wall topology, characterized by a continuous chiral rotation of the magnetization
vector and a non-zero topological charge, whereas magnetic bubbles exhibit trivial
domain wall configurations and lack such topological protection. Consequently,
the classification of a magnetic structure as a skyrmion should be based on its spin
texture and topological characteristics rather than its size or morphology.
Importantly, skyrmions with micrometer-scale diameters can still be classified as
such if they exhibit chiral domain walls with non-trivial topology, as their spin
structure remains equivalent to that of nanometer-scale skyrmions. The manipu-
lation of skyrmion size is investigated in 5 and can be realized by a multitude of
internal [127, 135, 136] and external parameters, the latter like electric and magnetic
fields [128, 137-139], temperature [67, 110, 139], temperature gradients [140], strain
[141], irradiation [142], SOT [143, 144], or occurrence in confined lattices [145].

In this thesis, the investigated skyrmions are of micrometer size and are hosted
in metallic thin films composed of sub-nanometer-thick ferromagnetic CoFeB layers
[136]. Given their lateral dimensions in the micrometer range and a thickness that
is more than three orders of magnitude smaller, these skyrmions can be treated as
effectively 2D. Moreover, their particle-like behavior in such confined geometries
makes them an attractive platform for studying collective phenomena and statistical
physics, drawing parallels to systems such as colloidal particles.

The formation of skyrmions in these samples is governed by a complex energetic
balance between the PMA, the DMI, and the dipole-dipole interactions (stray-field
effects). This interplay results in skyrmions with diameters in the micrometer range
in samples presented in this thesis. Notably, the magnetic properties in these sam-
ples are highly sensitive to temperature variations, necessitating strict temperature
control to prevent undesired annealing effects during the sample structuring, ion
etching, additional material deposition (e.g., contact pads), or detrimental effects to
the skyrmion phase in long-term measurements.

2.4.2 Skyrmion diffusion

Diffusion refers to the movement of particles within a medium driven by concen-
tration gradients, first described by Brown [146] and mathematically formulated by
Fick’s laws [147, 148]. From an energetic perspective, diffusion is driven by gradients
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in Gibbs free energy or chemical potentials. Unlike bulk material transport, diffu-
sion occurs without any net movement of the medium itself; particles in the medium
move stochastically, while the medium itself remains stationary, distinguishing dif-
fusion from mass flow. To describe the thermally activated diffusive motion of rota-
tionally symmetric skyrmions, Schiitte et al. [73] proposed a theoretical framework
based on the Thiele approach [71], which was derived from Gilbert’s equation [63].
The Thiele equation, as defined earlier in section 2.2.3, for a moving skyrmion with
the constituents (2.42):

g,',jvj + (X'Dl’,jV]' +F =0 (2.48)

Schiitte’s approach provides a quantitative description of skyrmion dynamics
under thermal fluctuations, accounting for their topological and dissipative proper-
ties. The derived diffusion constant D is

aD

D=kgT————
D)2+ @

(2.49)

With D the dissipative tensor, & the damping, and G the gyrocoupling tensor.
Atomistic spin simulations demonstrate that equation (2.49) is linked with the mean
squared displacement (MSD), which can easily be measured experimentally by
tracking the location of a magnetic structure over time intervals:

((R(t) — R(0))?) = 2dDt" (2.50)

R represents the spatial position of the particle at time t = 0 and t = t/, d the
dimensionality of the system, D the diffusion coefficient, and a the exponent that
characterizes the type of diffusion. When a = 1, the MSD exhibits a linear depen-
dence on time, corresponding to normal (Brownian) diffusion [39], which is well
described by Fick’s laws. However, for « > 1 (superdiffusive behavior) or & < 1
(subdiffusive behavior) (see Figure 2.12), the system deviates from normal diffusion
and can no longer be accurately described by Fick’s diffusion models.

N
=
L | superdiffusion
) r* o« 1”, a>l1
(7p]
= norm. diffusion

(YD~
subdiffusion
(r* o« 1%, o<l

N

. 7z
time

FIGURE 2.12: Mean square displacement for normal (blue), super- (red) and sub-
(green) diffusion. Taken from [149]

Thermally activated skyrmion diffusion is inherently a stochastic process, gov-
erned by thermal fluctuations and random motion [42, 73]. This intrinsic random-
ness renders skyrmions promising candidates for applications in stochastic comput-
ing architectures, where probabilistic behavior is exploited for data processing [99,
110, 150-152]. To harness and optimize this potential, current research investigates
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strategies to enhance skyrmion diffusivity [110, 129, 153], achieve direction manip-
ulated diffusion [154, 155], and mitigate or regulate pinning effects that impede
skyrmion mobility [129, 156-158]. These efforts aim to enable reliable and tunable
manipulation of stochastic skyrmion dynamics for functional device integration.

2.4.3 Skyrmion pinning and confinement

The energy landscape of magnetic materials like thin films utilized in this thesis is in-
herently non-homogeneous due to local variations in material parameters caused by
e.g., natural or artificial impurities. This heterogeneity leads to energetically favor-
able regions, known as pinning sites [156, 158, 159], which increase the probability of
skyrmion localization at these specific positions. Pinning is intrinsically dependent
on the skyrmion size and its chiral domain wall [129, 157], with the pinning effect
diminishing as thermal energy increases. At sufficiently high temperatures, thermal
fluctuations allow skyrmions to overcome pinning sites, thereby increasing their dif-
fusive motion [110]. Lesser pinning directly correlates with the reduction in the crit-
ical current required for skyrmion motion [160, 161], as the applied spin torques no
longer need to overcome the energy barriers associated with pinning sites. Pinning
sites, natural or artificial, can also be used for applications or potentially for bias-
ing lattice order [162]. Additionally, pinning can be mitigated through oscillation
of skyrmion size; skyrmions are pinned primarily at their domain walls rather than
at their cores [157]. Consequently, forced size fluctuations by an oscillating mag-
netic out-of-plane field induce a repulsive interaction between the domain wall and
the pinning sites, increasing skyrmion depinning [129]. Skyrmion motion can not
only be inhibited by pinning sites, but they can also be confined in 2D structures
by a repulsive interaction with the system’s boundaries [94, 159, 163-166] or artifi-
cial barriers [45, 46, 155, 167-169]. The long-range repulsion from structural edges
arises primarily due to dipolar energy effects, which originate from the structure’s
stray magnetic field [116, 170] or by interlayer exchange coupling [171]. In geomet-
rically constrained systems, such as triangular structures, this effect increases the
localization probability of skyrmions in the geometries” center [99, 152, 172]. When
a skyrmion is displaced from the central equilibrium position, it experiences a re-
pelling force directed inwards. Higher temperatures improve this depinning and
diffusive mechanism. The repulsive interaction exists not only between skyrmion
and system boundaries but also between skyrmion themselves [163, 172-174], lead-
ing to intricate lattices at higher skyrmion density. Comparative analysis indicates
that the repulsive potential between the boundary and skyrmion is of an exponential
decay nature [173].

2.4.4 Skyrmion lattice

Skyrmions nucleated under appropriate magnetic bias out-of-plane fields can form
a densely packed 2D lattice due to their mutual repulsion [104, 105, 145, 175].
In confining structures, the repulsion of the boundaries can influence skyrmion
density and lattice order [170, 172]. To characterize this lattice and its phase
transitions, the Kosterlitz-Thouless-Halperin-Nelson-Young (KTHNY) theory of 2D
melting can be utilized. According to the KTHNY theory, 2D systems of particles
interacting via short-range forces can exhibit a distinct intermediate phase known
as the hexatic phase - an ordering phase absent in 3D systems [176, 177]. This
phase is characterized by quasi-long-range translational order and true long-range
orientational order, distinguishing it from both the crystalline and liquid phases.
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The KTHNY framework describes a two-step continuous phase transition in which
the system progresses through three distinct phases: crystalline (solid), hexatic,
and isotropic liquid, each marked by the unbinding of topological defects such as
dislocations and disclinations [176].

Solid phase: Translational correlation functions decay algebraically, and dislo-
cations remain bound in pairs.

Hexatic phase: Features quasi-long-range orientational order but short-range
positional order, with free dislocations emerging.

Liquid phase: Both positional and orientational correlations decay exponen-
tially, with free dislocations decomposing into disinclinations, leading to isotropic
behavior and semi-free skyrmion diffusion.

To characterize the lattice, the dimensionless relation between one skyrmion and
their nearest neighbors is introduced:

1 Nun o
Yo(r;) = N Y e (2.51)
j=1

Let N, denote the number of nearest neighbors of a skyrmion located at position
r;, and let 6;; represent the angle between the vector connecting the skyrmion center
at r; to its nearest neighbor at r;, relative to a predefined reference axis. The bond-
orientational order parameter ¥, is used to quantify the degree of angular order
in the lattice, where n corresponds to the symmetry being investigated. A value of
|'¥6|=1 indicates a perfectly ordered hexagonal lattice, characterized by six equidis-
tant nearest neighbors positioned at 60° intervals, reflecting six-fold rotational sym-
metry (see Figure 2.13 a)). In the context of this thesis, both six-fold (hexagonal)
and four-fold (square) lattice symmetries are evaluated. The latter corresponds to
|'¥4|=1, which denotes a square lattice where each skyrmion has four equidistant
nearest neighbors arranged at 90° angles (see Figure 2.13 b)). The |¥4| order param-
eter is defined by:

Nun

Fy(r) = Yy et (2.52)
Nnn j=1

Skyrmions can be accurately modeled as 2D disk-like particles, allowing for the
application of classical statistical mechanics frameworks to describe their phase be-
havior [104, 175, 178, 179]. Their unique properties, along with the ability to control
their size, lattice structure, phase transitions, confinement, and diffusion, make them
a compelling subject of research in 2D systems, analogous to colloidal particles.
This section has been adapted from “Dynamics of topologically non-trivial spin struc-
tures”, K. Raab, MSc. Thesis, section 3.2.8. Lattice Formation [180].

2.4.5 Skyrmion Hall effect

Skyrmions subjected to external driving forces - such as SOT generated by spin cur-
rents - exhibit a characteristic transverse displacement known as the skyrmion Hall
effect (SKHE) [97, 181-186]. This phenomenon is analogous to the classical Hall
effect observed in charged particles but originates from the topological nature of
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a)

FIGURE 2.13: Schematic of hexagonal and square lattice order, and their respective
symmetry axes.

skyrmions rather than electric charge. Specifically, when skyrmions move, they ex-
perience a Magnus force, which acts perpendicular to the direction of the applied
force. This transverse response arises from the skyrmion’s non-trivial topology, char-
acterized by its integer-valued winding number (see eq. 2.46 in section 2.4). The
topological structure gives rise to an effective emergent electrodynamic field during
motion, which governs the interaction between skyrmions and conduction electrons.
As a result, the skyrmion trajectory deviates from the direction of the applied cur-
rent, leading to a deflection angle. This deflection is influenced by the interaction
mechanism - either via STT or SOT - and manifests both in driven [184, 187] and
thermally activated diffusive regimes [153, 188]. The equation of motion follows the
Thiele equation:

Gxv—aD-v+FE,;=0 (2.53)

with G is the gyrocevtor, which is proportional to the topological charge Q, v
the skyrmion velocity, « the damping coefficient, D is the dissipative tensor, and F,;
the external forces. The combination of the Magnus force and dissipation results in
a skymrion trajectory deviating from the external force direction at a specific angle.
This angle is known as the skyrmion Hall angle:

Osxg = arctan <3> (2.54)

Since the gyrocoupling is dependent on the topological charge Q by

G = £271Qz (2.55)

the skyrmion Hall angle also depends on Q. With z the out-of-plane vector, con-
sidering motion in the x-direction. The angle also depends on the skyrmion size,
the velocity and thus the driving force, and the underlying material properties, e.g.,
damping «.

The transverse motion resulting from the Magnus force presents a significant
challenge, particularly in confined geometries. As the Magnus force is proportional
to the skyrmion velocity (G x v), skyrmions driven at high velocities experience an
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FIGURE 2.14: a) Illustration of the Magnus force acting on a rotating sphere: when
the ball is propelled in a certain direction (blue arrow), it experiences a transverse
Magnus force (red arrow) due to its rotation, which alters its trajectory relative to the
surrounding airflow (gray streamlines). b) Analogously, a magnetic skyrmion expe-
riences a transverse Magnus force (red arrow) when subjected to an external driving
force, such as a spin-polarized current (blue arrow). This force results in a lateral
deviation of the skyrmion’s trajectory (gray path), analogous to the classical Magnus
effect. ¢) and d) Schematic representations of skyrmions with different topological
charges Q, highlighting their contrasting responses to the Magnus force. Upon appli-
cation of a spin current (blue arrow), skyrmions are driven along a central channel
but are deflected toward opposite channel edges (red) due to the sign of their re-
spective topological charge. This topologically induced deflection demonstrates the
chirality-dependent nature of the Skyrmion Hall Effect. Adapted from [184, 189]

increasingly strong lateral deflection. This deflection can cause skyrmions to drift
toward device boundaries, as illustrated in Figure 2.14 c,d), potentially leading to
their annihilation. Such behavior imposes a critical limitation on velocity and thus
the performance and reliability of skyrmion-based technologies, including racetrack
memory [48] and spintronic computing architectures, where controlled and robust
skyrmion motion is essential, e.g., token-based computing [190]. One way to mit-
igate the influence of the skyrmion Hall effect is to employ systems with synthetic
skyrmion bilayers or antiferromagnetic skyrmions, due to the cancellation of fields
from opposite topological charges [153, 191, 192].

A deliberately induced SKkHE presents challenges for practical applications, as one
of the primary advantages of skyrmions lies in their controllable and deterministic
motion.

In the experimental investigations presented in this thesis, the skyrmion Hall effect
is considered negligible. This is attributed to the relatively low current densities
employed (10° to 108%), which result in skyrmion velocities that are insufficient to
produce a significant skyrmion Hall angle. Consequently, transverse deflection of
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skyrmion trajectories due to the Magnus force remains minimal with skyrmion Hall
angles below 1° under the applied conditions.

2.4.6 Skyrmion compression theory

In Chapter 5, the influence of external and internal pressure on skyrmion size
is systematically investigated. As previously discussed in Sections 2.4 and 2.4.1,
skyrmion size is highly sensitive to various intrinsic and extrinsic parameters [110,
127,128, 135, 136, 139, 144, 145, 193]. This study extends current understanding by
examining skyrmion deformation under two forms of mechanical confinement; the
internal lattice pressure and forced compression against artificial barriers. Internal
pressure effects have been experimentally explored in cobalt-based bulk materials
[194, 195]. Moreover, simulations incorporating the SKHE have demonstrated a
reduction in both skyrmion lattice spacing and ordering, and individual skyrmion
size when subjected to directional forces that push skyrmions against rigid bound-
aries, as a consequence of the Magnus force [143].

When a driving force is applied, skyrmions follow the direction of motion. In con-
fined systems where the skyrmion lattice is densely packed, repulsive interactions
between skyrmions, as well as between skyrmions and boundaries, generate an
effective internal pressure. This pressure leads to local compression of skyrmions
near immovable barriers, such as physical sample edges [89, 163, 171] or irradiated
regions [155, 158, 169, 196-198].

Analogous to atmospheric pressure, which depends on the number density of gas
particles, the local density of skyrmions within the lattice seem to critically influence
the degree of compression, with implications for lattice structure, stability, and
dynamic behavior under confined geometries as observed in Chapter 5.

The following theoretical Ansatz was derived by K. Leutner? based on experi-
mental findings and supported by simulations presented in the second half of chap-
ter 5 and is currently still under development.

The derivation starts with an extended Thiele equation for position r and radius
R analogous to the normal Thile equation, only for energy minimization. Also the
gyroscopic force is neglected and D is set to D = 1.

Di = —V,E + Fsorx

. 2.56
DR = —aRE + FSOT,R ( )

Considering the magnetic film height h is significantly smaller than the radius R
of the skyrmions (R>>h), while the domain wall width A is also significantly smaller
than the radius R (R>> A), the energy E consists of the following terms:

E = Epw + Ez + Ed,s,s<—>f + Ed,s<—>s + Ed,sab
with Epw = 2nRho (2.57)
and  Ezeeman = 2B, M hmtR?

With Epy the domain wall energy, Ezeeman the Zeeman energy, By .. the dipole
skyrmion self-energy with magnetic film skyrmion interaction for R>>h term, E; .,
the dipole skyrmion-skyrmion interaction with distance 1 between skyrmions,
Ejscp, the dipole skyrmion-boundary interaction (at xp). The complete terms

2with helpful discussions with Dr. R. Fromter
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Eissesfr Basos and By can be found in Section C.1.

The external force on the skyrmion, the electric current induced SOT, is derived
by integration of the skyrmion magnetization ansatz to be:

hr?

Fsor: = _§95H]R (2.58)

Fsorr =0

The first term, Fsor,, represents the external SOT-induced force acting on a
skyrmion of radius R located at spatial position r, and depends on the spin Hall an-
gle 05y and the applied current density j. The second term corresponds, Fsor g, to a
hypothetical radial SOT-induced force directed toward or away from the skyrmion
center, which is set to zero in this context, as there is currently no experimental evi-
dence indicating a change in the skyrmion size due to SOT in free, unconfined con-
ditions.

Macroscopic description

In a macroscopic description K. Leutner derived further modeling of skyrmion com-
pression system. Starting with the analytical skyrmion lattice model with the expres-
sion of energy in a unit cell E,.(R,Pc,B;). Analogous to the barometric formula, the
derivation of dp ~ pdx with p the particle density is calculated, followed by p(p) for
skyrmions, mimicking an ideal gas law for skyrmions with limited degree of freedom
for p = 21\76 The resulting analytical and simulation results are used to compare with

the experimental findings. The detailed derivation can be found in the Section C.1.2.
The ideal gas law for skyrmions derived by K. Leutner:

R

P(R) = k———

(Rc —R)?
41
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with W_; the Lambert W function
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Finally leading up to the formula to determine pressure out of the experiment (see
5) and Thiele equation.

R(P) =

(2.60)

dp = "0 R(p)o(p)dx — plx) = — T / dx'R(x)p(x)
p= =g OsuisR(plo(p)dx > p(x) = =2 Bsmjs [ p( |
2.61

and the formula for unit-cell energy in dependence of R, P, and p.
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Eue(P) = / Capp [T arR()p(x')
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(2.62)
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The analytical and simulation results in comparison with the experimental data
will be shown in Chapter 5 and the detailed calculation in Section C.1.2.

2.5 Magneto-optical Kerr effect

The experimental key aspect of this thesis is the use of Kerr microscopy, which
enables the visualization of the magnetization in thin film samples. By capturing
images and videos, the magnetization dynamics can be recorded and analyzed.
To understand this technique, the underlying theory of magneto-optical effects is
introduced:

These interactions give rise to magneto-optical phenomena, where the optical
response depends on the magnetization M of the material. In transmission, the
Faraday effect describes the magneto-optical modification of light that is linearly
proportional to the magnetization (< M), whereas the Voigt effect involves changes
that scale quadratically with magnetization (« M?) [199]. When light is reflected
and modified magneto-optically, the phenomenon is known as the magneto-optical
Kerr effect (MOKE). Depending on the power of magnetization contributing to the
optical response, MOKE can be categorized into

Linear MOKE (LinMOKE), with an intensity change proportional to M («
M),

Quadratic MOKE (QMOKE), scaling with the square of M (x M?), and

Cubic MOKE (CMOKE), dependent on the cube of M (e M?3).

Although higher-order MOKE contributions are theoretically possible, they are
challenging to detect experimentally and remain less explored. MOKE can further
be classified by the angle of incidence in relation to the direction of magnetization.
In polar MOKE, the magnetization points out-of-plane, optimally parallel to the sur-
face normal of the sample. If the incidence and reflection plane is parallel with the
in-plane magnetization in the sample, the effect is called longitudinal MOKE and
transversal MOKE, if the in-plane magnetization is perpendicular to the incidence
and reflection plane. All MOKE effects originate from the off-diagonal elements of
the dielectric permittivity tensor, which encapsulate the anisotropic and magneto-
optical properties of the material. These tensor elements govern how the material’s
permittivity responds to the magnetization and the electromagnetic field of the in-
cident light. The difference in refractive indices (n) for left- and right-circularly po-
larized light - responsible for magneto-optical rotation and ellipticity - originates
from the asymmetry in the dielectric tensor. This asymmetry is influenced by the
material’s permittivity, which itself is dependent on the magnetic induction B. Thus,
the magneto-optical Kerr effect reflects both the intrinsic dielectric properties of the
material and their modulation by the magnetic field.

A phase shift occurs upon reflection due to the real value of the diffraction in-
dex and its dependence on B. This phase shift causes a rotation of the polarization
axis, which is characteristic for the magneto-optical Kerr effect. Additionally, due to
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FIGURE 2.15: Transversal amplitudes of elliptically polarized light with the ellipse
axes a and b, ellipticity 77x and Kerr rotation angle 0x. Taken from [200]

different absorption coefficients for left- and right-circularly polarized light, the re-
flected beam acquires an elliptical polarization, a phenomenon known as magnetic
circular dichroism. ®g, Kerr rotation and ellipticity, is dependent on the material
properties and the relative orientation of the magnetization, applied magnetic field,
and plane of incidence of the light, and can be written with the real value of the Kerr
angle 0x and ellipticity #x:

Py = Ok +ink (2.63)

I
K = arctang = arctan ( I;) (2.64)

with a and b the amplitudes (see Figure 2.15), and I, and I; the intensity of the left-
circular and right-circular polarized light, respectively.

In his thesis the focus lies exclusively on the linear MOKE, using a Kerr micro-
scope in which light is reflected from the used magnetic samples. MOKE can be
further classified based on the orientation of the magnetization vector relative to the
surface and orientation of incident light. The detailed theory is shown later for the
polar case, for which the light vector and magnetic field vector are both orthogonal
to the materials” surface.

Polar MOKE (PMOKE): The magnetization is perpendicular in respect to the
material’s surface and parallel to the plane of incident and reflected light. The latter
undergoes polarization rotation and transitions from linear to elliptical polarization.

Longitudinal MOKE (LMOKE): The magnetization lies parallel to both the
surface and the plane of incidence. The incident light must hit the surface at a finite
angle to the normal. Similar to the PMOKE, the polarization of the reflected light
becomes elliptical.

Transversal MOKE (TMOKE): The magnetization is parallel to the surface but
perpendicular to the plane of incidence. Instead of measuring polarization changes,
this mode relies on reflectivity measurements, which depends on the magnetization
component perpendicular to the plane of incidence.
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2.5.1 Theoretical derivation of PMOKE

The following theoretical derivation of the PMOKE is from reference [201]. The
derivation starts with a linear polarized light beam composed of equal amplitudes
of left and right circular waves along the e, direction.

1 , ,
E.(r,t) = —=Ep(ey £ ie,)eke 7wt 2.65
( ) \@ ( X y) ( )
The related dielectric tensor with nondiagonal elements as a consequence of mag-
netism and the symmetry of €, = —¢&yx

€xx &y 0
0 0 &y

The normal mode solutions for light parallel to the z-axis (n=n -e;) are:

ni = ey tieyy (2.67)

Leading to the corresponding electric field modes

E.(r,t) = %Eo(ex +ie, el i) (2.68)
Setting the direction of the reflected light as the positive z-direction, the incident
right-/left-circular light mode corresponds to E’, = E_ and E’; = E;. Amplitude
and phase of the reflected modes are unequal due to the non-zero diagonal element
¢xy- The polarization of the reflected light tilts over a small angle in respect to the
incident light’s polarization and becomes elliptically polarized. The quotient of the
two amplitudes can be expressed using the phase factor a:

Er/' ‘E” i(ay—ay) 1+n11_n7’
E}  |E] 1—n1+n, (2.69)
Using the Fresnel equation [202] expression for the reflection coefficient r
E! -
I L (2.70)

- Ey - ny +1
The Kerr rotation 6k is the angle over which the main axis of the polarization ellipse
is rotated with respect to that of the incident light. The Kerr angle is then

O = 5 (o0 — ) @.71)

The Kerr ellipticity is the quotient of the long and short axes of the ellipse. Together
with the complex amplitudes and rewriting, one gets

|- |E) /| 1+ tanpy
tanyx = ——=1 = = 2.72
=BT IE] Bl ~ 1 tanng 272
In combination with 2.69 one gets the exact expression for PMOKE
1+ tan K it _ 1+m1—mn, (2.73)

1 —tanyk C1-n1+mn,
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Kerr rotation and ellipticity are commonly less than 1° for most materials. The above
exact expression can be approximated for small ex and 8k by expansion to the lead-
ing order of n, - n;.

ny —n

—_ 2.74
nynyp —1 ( )

Ok +inx ~ i
Substituting nf/l = €yx T i€y, leads to an approximation of the Kerr angle and ellip-
ticity depending on the permittivity and/or conductance of the material. Since the
permittivity and conductivity are linked by the Maxwell equations 2.1, one can ex-
press equation 2.69 depending om permittivity and conductivity.

. Txy (2.75)
v (—:xx(l N €xx) Oxx (1 + 477-[1'(730()
On account of the Onsager relationship [203] 0,y (w, —B;) = —0yx,(w.B;), one gets
—0yy (B
Ox + ink ~ v (B:) (2.76)

Oxx (1 + 477-”'0&3()

In the case where the incident light impinges on the material surface at a non-
normal angle of incidence B, the solution to the Fresnel equations can be expanded
to first order in the off-diagonal dielectric tensor element ¢y,. This perturbative
approach accounts for the magneto-optical effects introduced by the material’s
anisotropy, allowing a linear approximation of the reflected or transmitted light’s
polarization state due to the magnetization-induced dielectric asymmetry.

nzi = €xy T i€xy COS B (2.77)

Using the Fresnel equation one can use its solution in first order in ¢, leading to
Kerr rotation and ellipticity for s-polarized light at an angle j to be

—0yy cos fB

Ok + inx ~ (2.78)

Trey/ (14 o)

From this expression, it becomes evident that polar magneto-optical Kerr effect
(PMOKE) measurements conducted at a small incidence angle B deviate from
those obtained under strictly normal incidence only by terms of second order in
B. Consequently, the influence of a slight angular deviation on the Kerr signal
is minimal, rendering small-angle PMOKE experiments effectively equivalent to
measurements at perpendicular incidence for practical purposes.

2.6 Tunnel magneto resistance

Tunnel magnetoresistance (TMR) [204, 205] is a quantum mechanical effect observed
in magnetic tunnel junctions (MT]s) [206-212], where the electrical resistance of the
junction depends on the relative orientation of the magnetizations of ferromagnetic
layer(s) separated by an insulating barrier [211], typically made of MgO or Al,Os. In
an MT], when the magnetizations of the two ferromagnetic layers are parallel, elec-
tron tunneling is more likely, resulting in low resistance. When the magnetizations
are antiparallel, the tunneling probability decreases, leading to higher resistance.
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FIGURE 2.16: A magnetic tunnel junction with interfacial perpendicular magnetic
anisotropy (PMA-MT]J) is composed of multiple ultrathin layers, including two fer-
romagnetic layers (CoFeB, blue) separated by a thin insulating barrier (MgO, laven-
der). Each FM layer is interfaced with a heavy metal layer (Ta, yellow) to enhance
spin-orbit effects and promote efficient spin current generation. Additionally, a
synthetic antiferromagnetic (SAF [Co/Pt],, green) structure is often incorporated
adjacent to the reference layer to provide magnetic stability and minimize stray
fields, positioned near the bottom electrode. The PMA configuration ensures that
the magnetization of the ferromagnetic layers is oriented perpendicular to the plane
of the layers. Magnetization switching between the parallel and antiparallel states is
achieved via the spin-transfer torque (STT) mechanism. When a bidirectional current
I exceeds a critical threshold current I, spin-polarized electrons transfer angular
momentum to the free layer, inducing a torque that drives the magnetization rever-
sal. This enables the PMA-MTJ to switch between high and low resistance states,

corresponding to binary logic states in spintronic memory applications. Taken from
[209].

The ratio between these resistance states defines the TMR ratio, which is a key per-
formance indicator for reliably differentiating the magnetic states close to the MT].

TMR plays a fundamental role in spintronic devices, particularly in applications
such as magnetic random-access memory (MRAM) [87], magnetic sensors [60], and
read heads in hard disk drives. Its functionality arises from the spin-dependent
tunneling of electrons and is strongly influenced by the spin polarization of the fer-
romagnetic electrodes and the quality of the tunnel barrier. High TMR ratios and
thermal stability have made MT]Js essential building blocks for non-volatile mem-
ory technologies and advanced logic and stochastic architectures [213-215]. Addi-
tionally, in chapter 6 hypothetical MT]s would be used for skyrmion detection and
skyrmion nucleation [55, 161, 216-218].

2.7 Non-conventional computing

Non-conventional computing [219] refers to a class of computational paradigms
that deviate from the traditional von Neumann architecture. Among these, ma-
chine learning (ML) plays a central role, utilizing statistical algorithms to identify
patterns, extract insights, and generate predictions or novel outputs based on pre-
viously acquired data. ML is a foundational component of Al development and
finds widespread applications in areas such as natural language processing, pattern
recognition, facial and speech recognition, and exploratory data analysis (EDA) [220,
221]. A key subset of non-conventional computing is neuromorphic computing [58],
which aims to replicate the functional principles of the human brain. This approach
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input layer

FIGURE 2.17: Neural network with the nodes (circles) of the input layers on the left,
nodes of the hidden layers in between and the nodes of the output layer to the right.
All nodes of one layer are connected via synapses (lines) to all nodes of the next layer.
Taken from [223].

seeks to overcome the energy and scalability limitations of conventional computing
systems. In the biological brain, neurons are interconnected through vast networks
of synapses, enabling highly parallel, adaptive, and energy-efficient information
processing. Although the dynamics of biological neural networks (NN) - especially
spiking neural networks - remain only partially understood, ongoing research seeks
to emulate these processes to develop low-power and high-performance computing
systems. In this context, Chapter 6 explores the potential use of skyrmions within
a specific non-conventional computing framework known as reservoir computing
[222]. Prior to introducing this model, the foundational concepts of artificial neural
networks are presented to establish the necessary theoretical background.

2.7.1 Artificial neural networks

Neural networks consist of interconnected nodes, equivalent to neurons in a
biological brain, organized in layers that propagate signals to several nodes in the
next layer [223]. The network can be tailored by modifying both the number of
nodes per layer and the total number of layers. The connections can be compared to
synapses in a brain and are assigned a specific weight for signal forwarding.

The layers themselves are organized in the following layers (see Figure 2.17): The
input layer receives data or signals (e.g., image pixels, text components, frequency
and amplitude information); the hidden layers process data and adjust weights,
basically the main processing unit; and the output layer produces the final result,
a classification or prediction, using the processed data of the hidden layers (e.g.,
whether the image shows a cat or not). Training of these networks is achieved
through supervised learning with labeled datasets (e.g., image with or without cat).

Every node n; assigns a numerical value to each incoming connection from the
prior node n; known as a weight W; ;, while the signal itself is just a real number.
The resulting value of this node is computed by a non-linear function, called the
activation function, and is based on the incoming signals and the weight of the con-
nection over which the signal was received. The non-linearity of the function allows
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networks to engage nontrivial problems with a limited number of nodes. If the re-
sulting value of this node is below a certain threshold value, no signal will be sent.
If the value is above the threshold, the node will send this value as a signal forward
through all connections to the neurons in the next layer. In the beginning of the train-
ing of a neural network, all weights W; ; are randomized, while during training, the
weights and thresholds are adjusted continually. The data is passed through the lay-
ers until the training data delivers the same results, or, in other words, the prediction
equals the hypothesis (e.g., the image is properly recognized with cat or not). Note
that this explanation is simplified and resembles only the basic functionality.

2.7.2 Back-propagation

In NNs, back-propagation is an essential algorithm for training by minimizing the
discrepancy between predicted and actual outputs [220, 224]. It operates by prop-
agating the error from the output layer backward through the network, enabling
the adjustment of synaptic weights via gradient descent, an iterative optimization
method.

The training process begins with the forward pass, during which input data are
propagated through the network to generate an output. This is followed by the back-
ward pass, where the error is quantified using a predefined loss function, and the
gradients of the loss with respect to each weight are computed through the applica-
tion of the chain rule. These gradients guide the adjustment of weights in a direction
that reduces the overall loss. Back-propagation facilitates the effective training of
deep neural networks by systematically refining the network parameters. However,
its iterative nature demands substantial computational resources, including energy,
processing time, and specialized hardware, particularly in large-scale or real-time
applications.

2.7.3 Reservoir computing

Reservoir computing (RC) is a non-conventional computing concept derived from
recurrent neural networks (RNN) [222, 225-227]. A recurrent neural network pro-
cesses data in multiple time steps using a special hidden layer in the form of a state
memory. The state of this layer is updated each time step and is the combination of
the time step’s current input value and the previous state value of this layer, creat-
ing an effective feedback loop. This way the RNN can include previous input signals
in the current processing. In reservoir computing, this special layer is the physical
reservoir itself.

Reservoir computing uses intrinsic, non-linear dynamics of a reservoir (e.g., a
physical system) to process input data and project it into high-dimensional state
spaces, effectively reducing complex tasks into linear problems. The fundamen-
tal principle of RC is inserting input signals using a dynamic reservoir, a physical
medium characterized by intricate internal interactions. The internal state caused by
the input is mapped to the output layer and analyzed. Training all synaptic weights
in an RNN is computationally and energetically expensive, while in an RC only the
weights for the outputs are optimized. The reservoir itself needs to exhibit certain
necessities: non-linearity, guaranteeing minor input differences cause distinguish-
able states; high-reproducibility, identical inputs should lead to the same output
state; a reset mechanism for the reservoir state, prioritizing newer inputs over older
inputs when analyzing the output state.
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FIGURE 2.18: The concept of reservoir computing consists of an input layer (repre-
sented by red squares), a physical reservoir (depicted as a dashed circle containing
green circles as nodes, analogous to the hidden layers in deep neural networks), and
an output layer (blue square), with connections indicated by black arrows. Owing to
the reduction of computational complexity to a linear (single) output, the resulting
solution can be efficiently mapped onto the output layer. Taken from [228].

By evading back-propagation, the iterative adjustment of all weights, the main com-
putational function of an RC, executed by the physical reservoir’s internal dynamic,
leads to inherently energy-efficient computation [225] and high potential for appli-
cation [226].

2.7.4 Skyrmions in unconventional computing

The integration of magnetic skyrmions into non-conventional computing paradigms
represents a compelling and rapidly advancing frontier in the field of information
processing. Skyrmions offer a combination of topological stability and dynamic
manipulability, making them particularly well-suited for a range of computational
applications [113].

In recent years, skyrmions have been extensively explored as nano-scale infor-
mation carriers across various computing and storage architectures. In particular,
their implementation in the racetrack memory concepts has been demonstrated,
where they serve as mobile data bits in energy-efficient, high-density memory sys-
tems [29, 48, 108, 163]. Additionally, their thermally driven diffusive motion has
high potential in the context of Brownian computing, which exploits stochastic dy-
namics for computation [99, 110, 113, 152, 190, 229]. One of the most promising de-
velopments has been the application of skyrmions in reservoir computing schemes
utilizing the complex, nonlinear dynamics of physical systems for data processing
[56, 99, 141, 152, 230, 231]. Theoretical and computational studies have provided
insights into the viability of skyrmion-based reservoirs [57, 151, 229, 231-233], and
recent experimental advancements have further validated their potential through di-
rect implementation [99, 141, 152, 227, 234]. This thesis focuses on the investigation
and development of skyrmion-based triangular reservoir computing systems per-
forming Boolean logic operations. Moreover, skyrmions have also been proposed
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and utilized in a variety of other non-traditional computing approaches, underscor-
ing their versatility and significance in the broader context of next-generation com-
putational technologies [110, 111, 232, 235, 236].
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Chapter 3

Methods

This chapter explores the fundamental experimental setups, methodologies, and
fabrication processes employed to create structured samples capable of hosting
skyrmions. It further details the techniques used for skyrmion measurement and
visualization, as well as the additional equipment designed, developed, or utilized
to ensure accurate experimental conditions. Additionally, an overview is provided
of key processes for measuring critical properties such as surface roughness,
temperature control, and general magnetic parameters.

3.1 Physical vapor deposition

Modern microchips are fabricated from thin, multilayered material systems de-
posited onto substrates, incorporating a wide array of functional materials and
nanoscale architectures [237]. This structural configuration facilitates the high-
density integration of electronic components—such as integrated circuits—within
limited spatial dimensions, thereby supporting a broad spectrum of electronic func-
tionalities and beyond [238]. The formation of these thin-film structures primarily
relies on physical vapor deposition (PVD) techniques [239-241], which offer precise
control over film thickness, uniformity, and chemical composition, in conjunction
with lithographic patterning methods [242] essential for defining nanoscale features
and device architectures.

PVD is based on the fundamental process of vaporizing a target material within
a vacuum chamber, followed by the transport of the vapor phase species to a sub-
strate, where condensation, nucleation, and film growth occur. This process not only
yields coherent thin films but can also lead to significant alterations in the deposited
material’s morphology, crystallinity, and functional properties. A variety of PVD
techniques are employed depending on the target material [243], desired film char-
acteristics, and application-specific requirements. These methods include ablation-
based approaches such as pulsed laser deposition (PLD), and thermal-based pro-
cesses such as pulsed or continuous electron beam evaporation, thermal laser epi-
taxy, cathodic arc deposition, and conventional thermal evaporation. The films are
typically deposited onto planar substrates, referred to as wafers, which serve as the
foundational platform for thin-film deposition and subsequent device fabrication.

Wafers are commonly fabricated from materials such as e.g., crystalline silicon
(5i), tused silica, silicon carbide (SiC), sapphire (Al,O4), Gallium arsenide (GaAs),
indium phosphite, or aluminum nitride (AIN) [244]. The choice of substrate ma-
terial is dictated by considerations including lattice parameter matching, thermal
expansion compatibility, optical transparency, electronic properties (e.g., high car-
rier mobility for high-frequency applications), and economic factors such as cost
and availability [244, 245]. Wafer thicknesses are application-dependent, ranging



46 Chapter 3. Methods

METAL / ALLOY
PART CLE

' ARGON ATOM

T COOLING SYSTEM

T MATNETIC SYSTEM

. ARGON ION

® ELECTRON

T 'liﬁvxp...“*faé’?
. ‘:‘Wﬁf‘ /’-p"’t..

.- MAGNETIC FIELD

FORMATION OF METALLIC
COATING LAYER

SUBSTRATE -—

FIGURE 3.1: Scheme of the PVG process of magnetron sputtering. Argon atoms (yel-
low) get ionized (orange) by the combined effect of electric and magnetic fields, get
accelerated and forced onto the target cathode. By elastic and inelastic scattering, the
argon ions can punch out single atoms of the target material, which gets vaporized
and condensates onto a substrate. Adapted from [248].

from ultra-thin membrane-like structures to several millimeters, with a commonly
employed standard of approximately 0.5 mm.

These substrates are integral to the advancement of modern microelectronic and

optoelectronic devices, underpinning the fabrication of integrated circuits, sensors,
photonic components, and magnetoelectric systems. The thin-film samples used
in this study were fabricated via magnetron sputtering deposition, a plasma-based
coating and layering technique, within an ultra-high vacuum (UHV) deposition sys-
tem. Magnetron sputtering employs an inert noble gas, such as argon or xenon, at
low pressure, which is ionized into plasma through interactions with applied electric
and magnetic fields. After the ionization process, the ions are accelerated towards
the cathode, also known as the target electrode, which leads to intense scattering
processes between gas atoms and the target material, facilitating material ejection
and deposition onto a substrate. During sputtering, an electric field is applied be-
tween the substrate (anode) and the target material (cathode), causing ionization of
the inert gas and subsequent acceleration of its ions toward the target. A toroidal
magnetic field is introduced parallel to the target, increasing plasma density and en-
hancing the ionization rate at the target surface and gas-target collisions, raising the
sputtering efficiency.
When the accelerated gas atoms bombard the target, they penetrate the surface, in-
ducing collision cascades within the material. If sufficient energy is transferred,
atoms at the target surface overcome their atomic bonds and are ejected. These
ejected atoms then travel toward the substrate, where they condense and form a
thin film. The motion of these atoms varies between high-energy ballistic trajectories
and lower-energy thermal diffusion, with their behavior influenced by adjustments
to inert gas pressure and flow rate [246, 247]. A schematic of the UHV chamber
illustrating the magnetron sputtering process is shown in Figure (3.1).

Since the sputtering process generates substantial heat, the target material must
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be actively cooled to prevent thermal degradation or dissolution. Magnetron sput-
tering techniques can be categorized into direct current (DC) sputtering, suitable for
conductive target materials, or radio frequency (RF) sputtering, which allows for
deposition from non-conductive targets [249, 250]. For optimal momentum transfer
and efficient sputtering, the atomic mass of the inert gas should closely match that of
the target material - for instance, neon for lighter elements and krypton for heavier
elements [239, 241, 251].

3.1.1 Thin film growth

The deposition of material onto the substrate results in the accumulation of atoms,
allowing for the controlled growth of thin films to a specific layer thickness. This
thickness is primarily determined empirically based on the sputtering rate, the num-
ber of atoms reaching the substrate per unit time. However, the way in which ma-
terial accumulates is a complex process, influenced primarily by inert gas pressure
and flow, temperature and sputtering rate [239, 241, 246, 247]. Upon reaching the
substrate, each atom seeks the most energetically favorable position to establish a
crystallographic bond, which can lead to surface diffusion before its final spot is
found. This diffusion process can result in the rather unwanted formation of small
atomic islands (e.g., a dusting layer; see below) or the preferential development of
a homogeneous, continuous thin film, where vacancies between larger islands are
gradually filled by incoming or diffusing atoms. Imperfections in atomic accumula-
tion can lead to structural inhomogeneities, such as crystal polymorphism, in which
different crystal orientations form within the same material, allotropic variations,
where the same material adopts distinct structural or electronic properties, or im-
purities or doping effects, introduced by the incorporation of foreign atoms. These
variations potentially modify the sample’s energy landscape, introducing challenges
in achieving consistent thin film properties across multiple depositions.

A specific example relevant to this study is the ultra-thin dusting layer of tantalum
(<100 pm) inserted between the ferromagnetic CoFeB layer and the insulating MgO
layer. This dusting layer plays a crucial role in modulating the interface [252-254],
especially the magnetic anisotropy, thereby promoting the mobility of skyrmions.
However, the term dusting layer can be misleading, as the covalent radius of tantalum
(=~ 138 pm) exceeds the nominal layer thickness. Given the short sputtering duration
required to achieve such a layer, it is more plausible that the tantalum forms semi-
homogeneously distributed atomic islands rather than a uniform atomic monolayer.
In multilayer thin films, the interfacial growth dynamics play an important role in
determining the material properties. Parameters such as surface energy [255], lat-
tice mismatch [256, 257], and deposition conditions [239, 246, 247] influence how
layers form atop one another. To further modify or stabilize film properties, a post-
deposition heat treatment known as thermal annealing can be applied. During ther-
mal annealing, the sample is heated over a specified period, promoting interfacial
diffusion between layers, leading to intermixing, vacancy reduction, improving film
uniformity, and stress relaxation, mitigating internal strain introduced during sput-
tering. For example, in CoFeB-based films, boron diffusion into the thicker tanta-
lum layer during annealing alters the magnetic anisotropy [258], further influencing
skyrmion behavior and film stability. Since the effects of annealing cannot directly
be controlled, the samples in this thesis have not been thermally annealed, and any
extensive heat exposure over extended periods of time has been avoided.
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3.1.2 Ferromagnetic thin films

The ferromagnetic thin-film samples analyzed in this study were provided by AG
Klduis group alumni (censored name) (sample identifier MVK), PhD candidates F.
Kammerbauer (sample identifier FAB) and D. Tran (sample identifier TMD). These
samples were fabricated using a Singulus Rotaris deposition system [259] at the
Institute of Physics, Johannes Gutenberg University Mainz, Germany, a system
capable of processing industrial-scale wafers up to 200 mm in diameter. Prior to
the fabrication of FAB629, an extensive optimization process was conducted to
achieve the desired magnetic properties, such as thermally diffusive skyrmions and
dense skyrmion lattices near ambient temperatures. This optimization involved
systematic adjustments and fine-tuning of key deposition parameters, including
sputtering conditions (e.g., power, pressure, deposition rate), film thicknesses, and
post-deposition thermal annealing treatments [258]. Each iteration was visually
analyzed by PMOKE to assess its skyrmionic properties, ensuring that the final
sample exhibits the preferred magnetic properties. Table A.3 in appendix A shows
the characterization of diffusive skyrmion samples. The three main samples used
for this thesis:

MVK763 Ta (5.7) | Pt (3.4) | CogoFezoByg (0.8) IMgO (1.4) | Ta (5)

FAB629  Ta (5) | CoyoFegoByg (0.95) I Ta (0.09) IMgO (2) | Ta (5)

TMD109 Ta (3) | C020F660B20 (095) | Ta (008) | MgO (2) | Ta (5)
In the provided material stacks, numerical values in parentheses indicate the
thickness of material layers in nanometers, while subscripted numbers denote the
stoichiometric composition in percentages. For example, the CoFeB layer consists
of 60% iron, 20% cobalt, and 20% boron. A review of the relevant energy terms
discussed in Chapter 2 may be beneficial for the following sections. The initial
tantalum (Ta) layer is deposited onto the thermally oxidized SiO, surface of the
wafer substrate, where it forms a polycrystalline structure, likely comprising the
phase [260], the a phase, or a mixture of both [261]. This layer serves as a seed layer,
providing a smooth surface for the subsequent growth of other layers. Additionally,
as a heavy metal, it plays a crucial role in introducing spin-orbit torques (SOTs) into
the ferromagnetic CoFeB layer, which facilitates spin current-driven magnetization
dynamics. The thickness of the CoFeB layer is a critical parameter influencing the
magnetic properties [136, 258], as increased thickness reduces the perpendicular
magnetic anisotropy [262], resulting in a preferential alignment of spins within the
plane rather than out-of-plane. Furthermore, the interfaces between CoFeB and
Ta significantly affect the structural and magnetic characteristics of the stack [263],
contributing to modifications in anisotropy and overall magnetic behavior. In the
MVKY763 sample, platinum (Pt) replaces Ta as the heavy metal layer, enhancing
the spin-orbit torque effect. The interface between the heavy metal layer and the
ferromagnetic alloy generates DMI, which is essential for stabilizing chiral magnetic
textures, such as skyrmions.
At the interface between MgO and CoFeB, PMA is induced [168, 253, 254, 262, 264].
To fine-tune the PMA and optimize the skyrmionic properties, a dusting layer of
tantalum is introduced between CoFeB and MgO. It is important to note that the
dusting layer thickness is a statistical value derived from the sputtering process
rather than a uniform atomic monolayer. Beyond spin-orbit torques, additional
interfacial effects influence the system. At the CoFeB/heavy metal interface, REE
emerge due to electric fields. Similarly, at the CoFeB/MgO interface, a Rashba-type
DMI arises due to charge transfer effects, leading to the formation of an interfacial
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electric dipole between the ferromagnetic layer and oxygen atoms.

To prevent oxidation of the underlying layers, a 5 nm tantalum capping layer is
added. Intermixing at the layer interfaces significantly modifies magnetic properties
and can be influenced by thermal annealing or aging effects such as stress relaxation.
For instance, boron from the CoFeB layer can diffuse into the adjacent Ta layer,
altering the magnetic anisotropy [258, 262]. To mitigate oxidation at the samples
edges and aging effects, the samples are stored in desiccators under vacuum which
are flooded with nitrogen during opening.

Table A3 in Appendix A presents a characterization of samples in the opti-
mization process, including proper skyrmionic phases observed at four different
temperatures. Sample FAB629, a wafer regrowth of diffusive skyrmion stacks, and
TMD109 were deposited on a 500 pm thick silicon wafer, which can be cut using
a diamond cutter and further divided into smaller pieces (typically 10 x 10 mm
or 7 x 7 mm) for compatibility with the Kerr microscope sample holders. Lastly,
the skyrmions observed in this study exhibit a negligible skyrmion Hall effect at
the current densities employed, making them suitable for precise transport and
manipulation experiments.

3.2 Lithography and structuring

The observation of skyrmions in confined spaces is essential for the upcoming chap-
ters in this thesis and requires the transformation of uniformly layered thin film
samples into structured samples with functional geometries. In this section, lithog-
raphy, the process of structuring a sample, is introduced, as well as the necessary
methods explained [242, 265, 266].

3.2.1 Cleanroom and cleaning procedures

To ensure that during the lithography process the sample surface is not compro-
mised by airborne particles, the whole process is performed in cleanrooms. Clean-
rooms are classified in ISO values by the amount of airborne particles above cer-
tain sizes. The cleanroom used for lithographic processes in the AG Kldui group
is classified as ISO 5 (Class 100 according to the U.S. Federal Standard), with parti-
cle concentrations of 0.5 um-sized particles maintained below 3,500 per cubic meter
[267]. To limit the amount of airborne particles, a special high efficiency particulate
air (HEPA) filtration system catch airborne particles or microbes, while a constant
laminar stream of filtered air pushes potential remaining particles down onto the
ground. A slight overpressure inside keeps polluted air out when a door to the
sluice is opened. Anti-static suits, gloves, and facial protection must be worn by the
operators to prevent pollution or potential electrostatic discharge (ESD). Handling
samples and other tools can be transported through a special sluice. The lighting
in cleanrooms for microfabrication can be switched to a reduced spectrum of visi-
ble light without short wavelengths (e.g., violet, blue, and greenish light), resulting
in perceived yellow light. This is necessary since resin-based resists utilized in the
lithographic processes can be UV sensitive, and exposure to white light would alter
the chemical structure of said resist. More details on the cleanroom environment in
appendix A section A.3.
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FIGURE 3.2: Scheme of a cleanroom with laminar flow to prevent airborne particle
pollution. Filtered air is equally distributed into laminar flows and gets vacuumed
at the bottom part. Taken from [268].

Sample cleaning prior lithography

Prior to lithographic processing, samples must be thoroughly cleaned to eliminate
surface contaminants such as dust particles, organic residues (e.g., carbohydrates),
and remnants from wire bonding or adhesives. The standard cleaning protocol in-
volves sequential solvent exposure, beginning with a puddle rinse followed by im-
mersion of the sample in acetone (2-propanone) and isopropanol (2-propanol), each
for a duration of one minute, using clean glassware or compatible beakers. This
is followed by a rinse with de-ionized (DI) water to remove residual solvents. If
surface contamination persists, the sample-containing beaker can be placed in an ul-
trasonic bath. The ultrasonic agitation induces alternating high- and low-pressure
waves that generate cavitation bubbles. The implosion of these bubbles produces lo-
calized mechanical forces that aid in dislodging and removing residual particles and
films from the surface. Following the cleaning steps, the sample is briefly heated
on a hotplate at a temperature not exceeding 85°C - lower than the standard post-
bake temperature of 120°C - for approximately one minute. This step ensures the
evaporation of any remaining deionized water, preventing moisture-induced issues
in subsequent lithography steps.

3.2.2 Lithography process

Lithography involves the application of a thin resist layer [269, 270], whose chemi-
cal properties can be selectively modified by exposure to ultraviolet (UV) light [242,
271-273] or high-energy electrons, as in electron beam lithography (EBL) [265, 266].
The resist is deposited onto the sample through spin coating, a method that ensures
uniform thickness. The sample is placed on a vacuum-suction spin-coater holder
inside a closed chamber to maintain cleanliness, and a liquid resist is applied onto
the sample surface. The holder spins at a controlled rotational speed and accelera-
tion, spreading the resist into a thin layer via centrifugal forces. The thickness of the
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resist layer depends on spin parameters (speed, acceleration, duration) and resist
viscosity, as specified by the manufacturer. Note that due to surface tension at the
sample’s edge, the resist can bulge, resulting in a slightly thicker layer. The coated
sample undergoes soft baking to evaporate residual solvents and harden the resist.
For EBL processing, an additional conductive coating may be required since most re-
sists are insulating and could cause electron accumulation during scanning electron
microscopy (SEM) or EBL, leading to image distortions during SEM or diversion of
the electron beam. The silicon (Si) substrate wafers [245, 274], functioning as semi-
conductors, can exhibit electrical conductivity through controlled doping processes.
It is important to note that the wafers employed in this study have undergone ther-
mal oxidation, resulting in the formation of an insulating silicon dioxide (S5iO,) layer
on their surface [275].

A mask or a focused electron beam is used to selectively expose certain regions of the
resist layer, altering its chemical composition. After exposure, the resist is processed
with developer solutions, which dissolve either the exposed or unexposed areas, de-
pending on the type of lithography. In positive lithography, the exposed resist is
dissolved, leaving open spaces where material can be sputtered or deposited, while
in negative lithography, the unexposed resist is dissolved, exposing the underlying
material for etching (chemically or physically).

3.2.3 Etching and lift-off technique

In positive lithography, new material is sputtered onto both the exposed substrate
and the remaining resist layer. Upon dissolving the resist, the material on top of it
lifts off, leaving behind the deposited structures in the developed areas—known as
the lift-off process. In negative lithography, the exposed resist acts as a protective
layer, allowing material removal (etching) from the developed areas. After etching,
the remaining resist is removed (e.g., with acetone), revealing the structured material
beneath.

The combination of positive and negative lithography techniques enables the
fabrication of samples with structures, such as fine lines, channels, and complex
planar geometries, by selectively removing material layers. Beyond 2D structuring,
these techniques facilitate the construction of 3D functional architectures through
the controlled stacking of additional material layers. Such advancements form the
technological foundation of the microchip industry, allowing for the continuous
miniaturization of functional components, which has driven the exponential im-
provement in semiconductor performance. As outlined previously, the reduction in
functional structure size not only increases computational efficiency and density per
unit area but also introduces challenges, such as higher power densities and associ-
ated thermal management issues. The sustained Moore’s Law, which predicted an
exponential increase in computational performance, has been primarily attributed
to advancements in lithography techniques and hardware as well as the adoption of
multi-core architectures in processors. The beam width in electron beam lithogra-
phy (EBL) systems equipped with modern electron optics is fundamentally limited
by optical aberrations and space charge accumulation [277-279]. However, the ul-
timate resolution is predominantly constrained by forward scattering of electrons
within the resist and the generation of secondary electrons, both of which define the
minimum achievable feature size (see Figure 3.5) [280]. Enhanced resolution can be
attained by using thinner resist layers or by increasing the electron beam energy,
thereby reducing secondary electron scattering.
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(a) Lift-off Procedure
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(b) Etching Procedure

1. Clean Substrate 2. Sputter AZO 3. Spin coat photoresist 4. Expose with clear field mask
and soft bake
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FIGURE 3.3: Sketch of the standard (negative) and lift-off (positive) lithography pro-
cess with arrows (green) in procedural order. Photoresist (yellow and red) is coated
onto the samples and soft-baked. Selective exposure by UV with masking or e-beam
for both procedures (Step 5). Development to remove (a) unexposed or (b) exposed
resist. a) Material (orange) sputtering and lift-off for structuring. b) Etching and re-
sist removal for structuring in the etching procedure. Taken from [276].
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In contrast to optical or ultraviolet lithography, where entire wafers or large write
fields are exposed simultaneously, EBL operates via serial exposure of individual
features. This results in significantly longer exposure times, making the technique
impractical for high-throughput wafer-scale production. Furthermore, precise align-
ment - referred to as stitching - is critical, particularly when writing features across
adjacent write-field boundaries, which was avoided during this thesis Beam current
is measured using a Faraday cup, where the electron beam is directed into the con-
ductive enclosure. The measured current is then used to determine the appropriate
step size, dwell time, and beam scanning speed required to deliver the resist-specific
electron dose (3.1).

D-A=T-I 3.1)

with D, the dose [C/cm?], A, the area to be exposed [cm?], T, the time to expose the
area [s] (which can also be expressed as exposure time/step size), and I the beam
current [A].

To overcome the time limitations of EBL and resolution limitations of near
UV lithography, deep ultraviolet (DUV) and extreme ultraviolet (EUV/xUV)
lithography have been implemented in semiconductor fabrication [281], enabling
the production of increasingly smaller features [271-273]. The transition to shorter
wavelengths (Beyond UV, BUV) necessitated the replacement of lenses with
high-precision mirrors, improving beam focusing capabilities. This evolution
has culminated in the development of sub-3 nm fabrication processes, where the
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smallest functional structures reach single-digit nm in size [281, 282].

3.2.4 Process optimization

For the fabrication of samples FAB629 and TMD109, a modified lithography protocol
was employed, building upon the standard procedures established in the AG Klaui
group for patterning structures larger than 10 nm. The original processing methods,
detailed in appendix A, were observed to induce unintentional annealing effects
due to prolonged thermal exposure during structuring. These effects can lead to a
reduction in magnetic anisotropy and enhanced interfacial intermixing [253, 258,
262], likely accompanied by increases in grain size and improved crystallographic
ordering . As a result, shifts in the skyrmion phase stability window were observed,
and in some instances, skyrmion formation was completely suppressed within the
typical temperature range of 300 K to 340 K and OOP magnetic field range of -1 mT
tolmT.

To mitigate these thermally induced alterations, the lithography protocol was
refined by optimizing process parameters. These included a reduction in electron
beam exposure time, the introduction of cooling intervals during etching and addi-
tional sputtering steps, and the adjustment of the soft-bake temperature exposure
to minimize cumulative thermal load while ensuring effective solvent removal.
Lithography process adjustments:

1. Cleaning and preparation - Nitrogen blow drying followed by a 30-second
heat treatment at 85°C was found to be sufficient for water desorption during the
cleaning step.

2. Negative Lithography with E-Beam Resist - Spin-coating of AR-N-7520.17 (.17
indicates 17% AR-N-7520 in solution) [283] with soft-bake process at 85°C for one
minute, which remained unchanged from the standard recipe

3. Lift-Off Lithography with MMA and PMMA [284] - An optimized soft-bake
at 85°C for 150 seconds was determined to be sufficient for solvent evaporation,
ensuring a resist viscosity suitable for EBL. The original soft-bake process of 180°C
for 90 seconds for both MMA (methyl methacrylate) and PMMA (polymethyl
methacrylate) was adjusted.

These process modifications minimized thermal exposure on the samples during
fabrication, preserving the desired magnetic properties and skyrmion phase stabil-

ity.

3.2.5 Electron beam lithography (EBL)

Electron beam lithography (EBL) is a high-resolution patterning technique that uti-
lizes a focused beam of accelerated electrons to modify the molecular structure of
a resist through inelastic electron scattering. The primary advantage of EBL over
conventional optical lithography (e.g., UV exposure) lies in its superior resolution,
which is fundamentally limited by electron scattering within the resist rather than
diffraction constraints. However, the exposure process of the resist is influenced by
secondary electron scattering, leading to an unwanted broadening of the exposed
area - an effect known as proximity effect [285, 286].

Unlike photolithography, where an entire wafer is exposed at once using a mask
and ultraviolet light, EBL requires serial exposure by scanning the electron beam
over the designated regions. This inherently results in significantly longer exposure
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times, particularly for large-area patterns, due to the necessity of beam movement
across the sample (see 3.1). The exposure dose is typically expressed in terms of
energy per unit area (mJ/cm?) and is substantially different from the power-based
process used in UV lithography (mW/cm?).
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FIGURE 3.4: Schematic of an electron gun with beam booster, allowing to focus the
electron beam and detect the reflected electrons from the sample as an scanning elec-
tron microscope. Detection can take place with the Inlens SE detector (secondary
electron) or the Inlens EsB detector (energy selective backscattering). Taken from
[287].

Even though slow, the key advantage of EBL is its maskless operation, which
allows for flexible and rapid prototyping of nano-scale designs. In this work, sam-
ple layouts were generated using the EBL system’s proprietary PIONEER software
[287]. The lithography process is conducted in a high-vacuum chamber, where sen-
sitivity to external electric and magnetic fields necessitates environmental shield-
ing. In the laboratory Helmholtz coils spanning the room are employed to nullify
residual magnetic fields, ensuring stable beam positioning. The sample, coated with
electron-sensitive resist, is mounted within a conductive holder equipped with a
grounding clamp to prevent charge accumulation. Prior to exposure, the electron
beam system needs to undergo focusing and calibration of the SEM and EBL aper-
tures.

The alignment of the design layout with the sample’s reference markers is crit-
ical for accurate pattern transfer. Exposure is performed in discrete regions called
writing fields, typically measuring 1x1 mm?. To maintain pattern fidelity, features
spanning multiple writing fields require precise alignment to avoid stitching errors
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&

FIGURE 3.5: Primary electron scattering (red) and secondary electron scattering
(blue) in resist (yellow). The secondary electrons can also expose out of bounds
resist, an effect known as proximity effect. Taken from [288].
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FIGURE 3.6: The PIONEER layout featuring fine lines was employed for electron
beam dose testing. Insufficient doses can lead to underexposure of the resist, result-
ing in partial or complete removal of the exposed resist during development, which
in turn can cause unintended etching of the target structure. Conversely, excessive
doses increase the proximity effect, leading to overexposure of the resist. This may
result in incomplete development, causing excessive masking during ion etching
(see [286]). Such effects can manifest as rounded edges in the etched structures or,
in the case of narrow nano-scale gaps, residual material bridging adjacent features.
The structural labels indicate the applied electron beam dose as a percentage of the
nominal reference dose (28 nC/cm?).

at field boundaries. In this study, all structures were confined within single writing
fields to eliminate such complications. Following the first EBL step, development,
etching and cleaning, the second spin coating and EBL exposure, a lift-off process,
was employed to establish the spaces for added material sputtering for electrical
connections between the patterned structures and then larger contact pads. Proper
alignment during exposure is crucial to ensure connectivity between these elements.
Specialized alignment markers, positioned at strategic locations on each corner of
write fields, aiding in proper structural overlap, and on the outer corners of the sam-
ple for calibration, alignment, and prevention of unintended exposure of the resist.
Additionally, these markers can help account for resist bulging at sample edges. To
optimize exposure parameters, dose tests were conducted, allowing for qualitative
evaluation of dosage needs desired for sharp edge and corner quality. A representa-
tive dose test is presented in Figure 3.6.

This methodology ensures high-resolution, reproducible nano-structures with pre-
cise alignment, demonstrating the efficacy of EBL for advanced micro- and nano-
scale fabrication. As an example, in Figure 3.7 typical EBL layouts are presented.
More layouts can be found in Section A.10.
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FIGURE 3.7: PIONEER layout examples. a) Full sample layout designed for
skyrmion compression studies on a 7x7 mm? work field, incorporating a 5x5 ar-
ray of write fields. Blue regions indicate thin film stack after etching, while hatched
yellow areas are Cr/Au pads. Gold markers - bars in the lower-left corner and an
N in the upper region - serve as visual aids for sample orientation. b) Individual
alignment markers are positioned in the corners outside the write fields (dashed red
box) to facilitate coarse alignment without accidental exposure. ¢) Magnified view
of a dose test region corresponding to Figure 3.6. The dashed green box highlights
the selected area, which includes additional dose test structures located in both the
corners and central write field of panel a). d) Single 1x1 mm? write field used for
skyrmion-based temperature gradient measurements. Red-shaded areas represent
gold pads, blue to the stack, and turquoise a resistive heating structure. Some align-
ment marker feature automatic alignment recognition (green).



3.2. Lithography and structuring 57

3.2.6 Ion etching

Between the negative lithography step, during which structures are defined within
the resist, and the subsequent positive lithography step used to define contact
pad areas, it is necessary to remove both the excess resist and any unwanted
surrounding material. In negative (positive) lithography, non-exposed (exposed)
resist is selectively dissolved during the development process using a chemical
developer that specifically targets and removes non-exposed (exposed) resist.
Metallic material removal is achieved via ion beam etching, which employs
an argon plasma to bombard the sample within a vacuum chamber, enabling
controlled, layer-by-layer material ablation. For uniform etching, the sample is
mounted on a cooled, rotating stage. While the incidence angle of the plasma
can be adjusted by tilting the stage, a standard perpendicular (normal incidence)
configuration was used in this work. Following development, the remaining resist
acts as a hard mask, protecting underlying regions from ion bombardment. The
fidelity of this masking layer is highly dependent on the quality of EBL exposure
and development. Underexposure increases the risk of overdevelopment, which
dissolves the underexposed resist too much during development and may lead to
unintended etching of the protected features. Conversely, overexposure coupled
with insufficient development can leave excessive resist on the sample, hindering
complete material removal. These effects may result in irregular feature edges or
even the persistence of unetched regions, thereby degrading the pattern transfer
fidelity [285, 286].

The precision of development and etching was especially critical in this study for
fine structures and edge definition (see Figures 3.6 and 3.7). This was particularly
relevant for geometries such as triangular confinements and their extensions, which
were designed to enable efficient electrical contact (see Chapter 6). Furthermore, the
comb-like structure played a dual role: ensuring robust electrical connectivity and
serving as an effective skyrmion barrier, as discussed in Chapter 5.

Based on manufacturer-supplied and empirical parameters like etch rates for the
constituent materials, the etching duration for sample FAB629 was estimated at 93
seconds. To ensure complete removal of residual conductive layers, the etch time
was extended to 120 seconds, reaching the thermally oxidized substrate layer. To
mitigate potential thermal effects, etching was performed in 30-second intervals
interspersed with 60-second cooling periods under closed-shutter conditions. For a
list of all standard parameters see Section A.5.

T Argon ion

Thin film T
matrial Reist T T ?-

FIGURE 3.8: Ion etching on a sample with resist in red and thin film stack in blue on
substrate in black. Noble gas plasma (here argon) is accelerated towards the sample,
bombarding and ablating material, which is not protected by resist. This process is
essential for negative lithography. Adapted from [289]

For more precise etch control, endpoint detection techniques - capable of real-
time monitoring of the plasma composition and etched material - may be employed
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to determine the exact moment when the desired layer is fully removed. For addi-
tional accuracy of etch rates, the thickness was measurements using x-ray reflectom-
etry (XRR) by AG Kldui alumni. Following ion etching, the residual resist is often
thermally degraded, making its removal more challenging. Complete removal typ-
ically requires multiple cleaning steps, including acetone rinses and ultrasonic bath
treatment, to ensure the surface is fully cleared and ready for subsequent lithogra-

phy.

3.2.7 Electric contact sputtering

To establish electrical connectivity to the fabricated structures, conductive contact
pads were deposited following the second EBL step. During development, the ex-
posed MMA /PMMA resist [284] was selectively dissolved by the developer, creat-
ing defined openings for subsequent metal deposition.

DC magnetron sputtering was then performed in a dedicated vacuum chamber.
A 5 nm chromium adhesion layer was first deposited to promote strong adhesion to
the substrate [290], followed by the deposition of a gold layer ranging from 30 to 60
nm, depending on the sample. As with the negative lithography and etching steps,
the quality of EBL exposure and development critically influenced the definition of
the pad edges and corners. During deposition, the Cr/Au layers were deposited
both within the patterned pad regions and on top of the unexposed resist. The un-
wanted metal layers were subsequently removed through a lift-off process. This
process involved puddle soaking, the submersion of the sample in a beaker with
acetone, and, when necessary, ultrasonic bath treatment. Ultrasonic agitation gener-
ates cavitation bubbles that implode, producing localized mechanical forces that aid
in dislodging the resist and the metal layer deposited on top of it. This ensures that
only the metal within the predefined developed regions remains, thereby preserving
the intended geometry of the contact pads.
Effective lift-off requires complete resist removal to avoid residual contamination
that may impair electrical contact. In particular, proper overlap and edge contact
between the Cr/Au contact pads and the underlying thin film structure is essen-
tial to ensure reliable electrical connection across all layers, especially at the edges
of the stack. To minimize thermal effects during the sputtering process, deposition
was performed in 30-second intervals, interspersed with 90-second cooling breaks.
As only the cathodes in the sputtering system were actively cooled, passive cooling
was achieved via thermal conduction through the sample holder. Gold, due to its ex-
cellent malleability and conductivity, is well suited for wire bonding. In this process,
an aluminum wire is ultrasonically bonded to the gold surface, forming a robust and
low-resistance electrical connection between the on-chip devices and external leads
or contact pads.

3.3 Kerr microscope set-up

The experimental setup utilized in this study for the visualization of skyrmions in
magnetic thin-film samples is a wide-field Kerr microscope, specifically a commer-
cially available Zeiss AX10, which has been modified by Evico Magnetics GmbH to
enable different MOKE analysis (see Figure ??). Depending on the selected mag-
nification and objective lens, the system can visualize sample areas ranging from
millimeter-scale regions down to structures or objects as small as a few hundred
nanometers when using the highest magnification (100x objective).
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FIGURE 3.9: a) Schematic overview of the Kerr microscope setup. The system is
based on a modified Zeiss AX10 wide-field microscope, enclosed within a lami-
nar flow box and mounted on a vibration-isolated optical table. Peripheral compo-
nents such as power supplies, temperature controllers, and auxiliary instruments are
housed in the adjacent equipment rack. b) Close-up view of the optical table in front
of the microscope. The OOP coil and its holder are positioned in front of the black
x-y-stage, which is mounted on the microscope’s focus stage. The IP coil is placed
on a separate support, mechanically decoupled from the focus stage. c¢) Microscope
equipped with a camera system mounted above the optical path. The camera deliv-
ers a live image feed - typically displayed via differential imaging (see Section 3.3.2)
- to the control PC and user. Magnetic contrast is optimized by appropriate adjust-
ment of the analyzer, compensator, and polarizer. d) Detailed view between the IP
coil arms. The OOP coil holder, mounted on the focus stage, is located directly be-
neath the objective lens. Pictures c) and d) were taken professionally for AG Klaui.

For illumination, high-intensity blue light is generated by eight light-emitting
diodes (LEDs) and delivered to the microscope via optical fiber cables. The fiber-
optic inputs are arranged in a cross configuration, with two light sources oriented in
each of the four directions. The internal beam paths of the microscope, illustrated in
Figure [3.10], result in light reflection at an incident angle on the sample surface, pro-
viding sensitivity to the magnetization components along the three principal axes.
This enables multiple MOKE measurement modes (see Section 2.5).

MOKE is classified based on the magnetization orientation relative to the incident
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and reflected light. The three primary MOKE configurations include polar MOKE
(PMOKE), sensitive to magnetization perpendicular to the sample surface, aligned
with the reflection direction. Longitudinal MOKE (LMOKE) with sensitivity to in-
plane magnetization aligned parallel to the incidence plane, and transverse MOKE
(TMOKE), sensitive to IP magnetization-oriented perpendicular to the incidence
plane.

b ) Conoscopic image Observation
Maltese
Polarizer CI08S
Analyser €«—

a) Collector | d FheId Analyser
iaphragm

Aperture

Glass plane
fiber I

Polarizer focal plane

Objective
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FIGURE 3.10: a) Schematic light beam paths in and out of the microscope. Explana-
tion from left to right: Light enters microscope through glass fibers; gets collected
and focused through the aperture plane; becomes linearly polarized by the polarizer
and is redirected by the reflector through the objective onto the sample. After reflec-
tion the beam enters the microscope through the objective again (right beam path).
It is important to note that the aperture plane b) (Maltese cross, also extinction cross)
is used to extinct the central light path perpendicular to the sample, as no phase shift
happens during reflection. The off-center beams (here yellow and orange) experi-
ence a different plane of incidence and thus a phase shift, resulting in an elliptical
and rotated polarization state. Due to this polarization state, the reflected beam is not
fully extinguished by an analyzer perpendicular to the central plane. After reflection
(beam path to the right) the beams pass through the compensator and analyzer, in
which the main part of non-rotated component of the reflected light is extinct. The
reflected light influenced by magnetization can either be seen or recorded with the
camera. c) Schematic of two beams with different incidence angles produce either
enhanced polar and reduced in-plane contrast in a sum image or enhanced in-plane
and reduced polar contrast in a difference image. Adapted from [291] manual.

Figure [3.10 c)] demonstrates how beam path configurations can be used to en-
hance contrast selectively. By summing the signals from both beams, the polar
MOKE contrast is maximized while in-plane magnetization effects cancel out. Al-
ternatively, for enhanced in-plane sensitivity, a difference image is generated by al-
ternating the activation of each beam in synchronization with the detecting camera,
effectively isolating in-plane contrast while subtracting the polar contribution.

For the primary purposes of this thesis, only the polar MOKE configuration is em-
ployed, as it is ideal for observing out-of-plane magnetization, e.g. skyrmions. In
the polar MOKE configuration, the polarizer converts the incoming light into lin-
early polarized light. Under ideal conditions, a perfectly aligned beam would pass
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through the polarizer and reflect off the sample without undergoing any phase shift.
However, in the polar configuration, both light rays are intentionally misaligned
from the central axis, as depicted in Figure 3.10. This misalignment, combined with
extinction of the main beam path caused by the Maltese cross in the aperture plane,
causing Kerr effect upon reflection from the sample surface. As a result, the polar-
ization axis is rotated, and the light is transformed into elliptical polarization (See
Section 2.5).

After reflection, the elliptically polarized light first passes through the compensator,
aA/4wave plate, which converts the light back into linear polarization. It then passes
through an analyzer, which converts the Kerr effect caused polarization rotation into
an intensity difference by extinguishing the unrotated component of the light. This
modulated light can either be visually observed or captured by the camera’s charged
coupled device (CCD) sensor. To achieve high contrast, precise adjustments of the
polarizer, compensator, and analyzer are required, as well as proper aperture align-
ment and equalization of LED light intensity.

For recording, the transmitted light is captured by the CCD sensor with a native
resolution of 1344x1024 pixels, integrated into a digital camera (Hamamatsu ORCA-
03G) mounted atop the microscope. This setup provides a live video feed to the con-
nected computer. Spatial resolution can be reduced through pixel binning, where
squares of multiple physical pixels are combined into fewer digital pixels, improv-
ing time resolution (frames per second, fps). In this study, 2x2 binning was applied,
yielding a spatial resolution of 672x512 pixels and a maximum frame rate of 16 fps,
corresponding to an exposure time of 62.5 ms. The highest frame rate of 40 fps is
achieved with an 8x8 binning, at the expense of reduced spatial resolution (168 x 128
pixels). The KerrLab software provided by Evico Magnetics, includes various tools
and settings to optimize contrast and control the systems devices.

An advantage of using the Kerr microscope in a laboratory setting is its user-friendly
interface and flexibility. The LED lamp house, microscope camera, and power sup-
ply devices are all connected through a BNC box, which is connected with the PC.
Figure 3.11 shows the organigram of the Kerr microscope setup, which allows the
KerrLab software to control the LEDs, the Kepco BOP power supplies connected to
the coils, as well as the camera and the acquisition of its captured signals.

3.3.1 Additional equipment
Holders and electromagnets

Several sample holders have been designed, created and adapted for use with the
Kerr microscope. These holders are compatible with the microscope’s x-y-focus
stage and can be positioned between the commonly used IP coil and its holder (see
Figure 3.12 a)). The most essential component of the holders is the coiled wire, which
generates an out-of-plane magnetic field when a current is applied. The in-plane coil
consists of two spatially-separated, hollow coils with the same helicity, formed by a
continuous wire, and is used with soft magnetic pole shoes made from stacked sheet
metal inside the coils. This configuration enhances the maximum achievable mag-
netic field strength.

The out-of-plane coils, mounted on brass bases, slide into the x-y holder and gen-
erate the OOP field for the samples placed on top beneath the objective lens. Due
to the limited space under the microscope and between the IP coils, the size of wire
windings is constrained, resulting in magnetic field strengths only ranging from 3
to 8 mT. However, an OOP coil with a cylindrical soft magnetic pole shoe in the
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FIGURE 3.11: Organigram of the Kerr microscope setup. PC’s data acquisition
(DAQ) card controls both Kepco power amplifiers and thus the magnetic fields of
the coils through the BNC box and simultaneously controls the camera and receives
signals. Taken from [291] manual.

center is capable of producing a field of up to 13 mT. Several parts and whole hold-
ers were designed using computer-aided design (CAD) software and manufactured
using 3D printing and/or in the in-house workshop. Additionally, custom printed
circuit boards (PCBs) were designed and ordered to facilitate the application of elec-
trical currents, which are transferred to the sample via wire bonding of the gold pads
on both the sample and the PCB (see Figure 3.12 b)).

Power supplies and coil calibration

Two linear Kepco bipolar operational power supplies (BOP) in current mode are
used to provide stable electric currents for the coils in the Kerr microscope system.
The primary Kepco BOP, with 100 V and 4 A (L-version, suitable for inductive loads
up to 2 mH), is commonly used for the out-of-plane coil, while the secondary Kepco
BOP, with an output of 48 V and 12 A, is used for the IP coil. It is important to note
that the magnetic field is not directly measured during experiments with the Kerr
microscope. Instead, the magnetic field strength is inferred using calibration files
specific to each coil. These files convert the applied current into the corresponding
magnetic field strength, which is then displayed in the software and added in the
image frame legend. To calibrate the electromagnets, a Hall probe is used. The ex-
perimental setup is shown in Section A.8.1.

A voltage is applied to the electromagnets, and the resulting magnetic field is man-
ually entered into the KerrLab software while the according current is automatically
added. By measuring multiple data points, the relationships between voltage and
magnetic field, as well as current and magnetic field, can be interpolated and saved
as a calibration file. It is crucial to consider whether the residual Earth’s magnetic
field should be treated as a constant offset or whether a constant current should be
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FIGURE 3.12: A.) Close-up of the Kerr microscope with the IP coil on its holder and
Piezo stage holder in front. B.) Titanium sample holder with coil on three axis piezo
stage with brass base and PCB holder on top, providing 10 pin connected to various
gold pads on top for wire bonding. On top of PCB is the Peltier element (connected
via black and red wire) and Pt100 heat sensor (top right). Taken from [291] manual.

applied to cancel out the Earth’s magnetic field at the sample position when cali-
bration files are created. The current offset can also be accounted for in software by
shifting the interpolation curve by the offset value. Accurate calibration relies on
proper positioning, alignment, and polarity of the Hall probe during measurements.

Peltier element heating

For temperature control, Peltier elements are installed on top of the sample holder,
accompanied by a Pt100 temperature sensor, allowing for both heating and cooling
of the sample placed on the holder. Used Peltier elements and their specifications
are listed in Section A.6. The Pt100 sensor is adhered to the sample holder using a
two-component thermal conductive glue, though the adhesive has limited stability.
G. Beneke found that the temperature distribution of the Peltier element is not per-
fectly homogeneous due to the thermal sink effect of the lead wires, which causes
a temperature gradient during heating. In addition to serving as thermal sinks, the
lead wires also generate magnetic fields during DC operation. Owing to their close
proximity and the opposing direction of current flow (as illustrated schematically in
Figure 3.13), the resulting magnetic field near the wires exhibits an OOP component.
Since the magnetic field is not measured at the sample location, it may nevertheless
interfere with sensitive magnetic measurements. To minimize such artifacts, Peltier
elements with low current and high voltage specifications were selected, thereby
reducing the magnitude of the current-induced magnetic fields.

Temperature sensing

A Pt100 temperature sensor, in its simplest form, consists of a platinum wire with
specific spatial dimensions such that its electric resistance is exactly 100 Ohms at 0°
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FIGURE 3.13: A.) Infrared thermal imaging of the holder’s Peltier element reveals a
temperature gradient of approximately 20C, attributed to the heat dissipation effect
of the connected lead wires (indicated by red and blue dashed lines), which act as
thermal sinks. Due to their lower surface temperature and the presence of rubber
insulation, the wires are not visible within the infrared detection range of the ther-
mal image. The heat sensor located in the upper left corner of the image records
the maximum temperature at 42.20C, while the ambient background temperature is
approximately 21.50C, indicated by the blue regions. Yellow arrows denote the di-
rection of the applied DC. Courtesy of G. Beneke. B.) Schematic illustration of the
magnetic field lines induced by two parallel wires carrying current in opposite di-
rections, shown in the x-z cross-sectional plane leading to the Peltier element. At el-
evated current levels, the resulting magnetic fields may interfere with sensitive mag-
netic measurements conducted on samples placed atop the Peltier element. Adapted
from [292].

C. The resistance of the Pt100 sensor increases linearly with temperature for a large
temperature range, and the temperature range used in this thesis is determined by
the resistance measured via four-terminal sensing for high accuracy, with the data
recorded by a Lakeshore 330 temperature controller. The sensor can be seen on top
of the Peltier element in Figure 3.12 B.).

3.3.2 Recording magnetic images

Once the sample is correctly positioned and the microscope manually adjusted for
optimal measurement settings (e.g., polarizer, analyzer, compensator, focus), the
KerrLab software can be used to enhance contrast and record magnetic contrast
videos. To improve magnetic contrast, a differential imaging approach is employed.
First a background image is taken in a magnetically saturated state in z-axis, typi-
cally at 1 mT for the presented skyrmion stacks, and then the intensity subtracted
from the current image. This subtraction enhances the magnetic domain contrast,
which can be further optimized using an internal contrast shift mechanism, though
this increases noise levels successively. To mitigate this noise, averaging over mul-
tiple images (typically powers of two) is applied, at the cost of reduced or smeared
dynamics. The intensity values of the resulting images are recorded in 8-bit gray-
scale, with values ranging from 0 to 255. Single images or video sequences can be
recorded, with a legend added on the frame to provide information on the image
settings and applied magnetic fields.
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In hysteresis loop mode, image averaging is automatically activated to ensure accu-
rate gray-scale evaluations. The KerrLab software controls the electromagnet, step-
ping through the desired field values, with the option for finer steps, particularly
near zero field, to accommodate sensitive samples. To ensure proper field setting
and optimal averaging of the gray-scale levels, the step time should not be less than
0.2 seconds.

3.3.3 Skyrmion Nucleation

Skyrmion nucleation is initiated by heating the sample to a specific skyrmion phase
temperature range and applying a bias out-of-plane field. This bias field is typi-
cally set at the spin-reorientation transition point (see hysteresis figure), where spins
aligned along a given axis (e.g., positive z-direction) have a low energy barrier for
flipping to align with the bias field (e.g., negative z-direction). An in-plane field
burst magnitudes stronger than the bias field is then applied, forcing spins to align
approximately in-plane. After the in-plane field is turned off, the spins tend to re-
align either parallel or anti-parallel to the bias field, aided by the strong PMA of the
sample. During this realignment process, skyrmions can form. It should be noted
that while the theoretical understanding of this process is still incomplete, it remains
a reliable experimental method for nucleating skyrmions.

Experimentally, also other ways of skyrmion nucleation has been realized using,
e.g., laser [83, 119, 169], current and electric field pulses at artificial [94, 293-297] or
natural inhomogeneties or structures [110, 119, 161], or induced by SOT [298].

3.3.4 Piezo drift correction

During extended measurement times, sample drift occurs due to a combination of
mechanical slack and thermal expansion in the mechanical parts of the holders, po-
tentially leading to defocusing and reduced object visibility. Subtraction imaging
further amplifies drift-induced artifacts, particularly at structural object boundaries
or defects like scratches or dirt, producing artificial high-contrast black-and-white
edge lines that degrade image quality and hinder quantitative image analysis. To
mitigate these detrimental effects, a self-regulating, three-axes piezoelectric system
was implemented [299]. The piezoelectric holder utilizes piezo crystals, which un-
dergo elongation along a specified axis when an electric potential is applied. This
system enables precise movement of up to 80 um along each spatial axis (x, y) for
real-time drift correction, while simultaneously compensating for focus drift along
the z-axis. A dedicated image plugin within the KerrLab software facilitates auto-
matic spatial correction by continuously analyzing predefined object features in a
previously recorded mask to detect and counteract drift in real-time. For focus sta-
bilization, the field diaphragm is adjusted to partially close until an edge feature
becomes visible in the image. Due to the principles of Kohler illumination [300, 301]
in scientific microscopes, optimal focus on the sample coincides with focus on the
field diaphragm. Consequently, defocusing induces measurable changes in contrast
sharpness along the diaphragm’s edge, intensified by the subtraction imaging, al-
lowing for automated focus correction. This self-regulating process ensures stable
focus and well-defined structural edges over prolonged exposure times, thereby en-
hancing the reliability of the subtraction imaging.
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3.3.5 Electric connections

Wire bonding is the process of connecting the contact pads of the sample to off-
sample pads electrically using a thin wire. In this process, the wire is pressed into
the pads by a needle, creating a connection between two pads, and then cut using a
combination of mechanical force and ultrasonic vibration from the needle. Custom-
designed and fabricated printed circuit boards (PCBs) with chemical gold (electro-
less nickel immersion gold, ENIG [302]) contact pads are mounted onto the out-of-
plane holders to facilitate wire bonding between the PCB gold pads and the corre-
sponding gold pads on the sample. The PCB features a 10-pin connector, enabling
up to 10 simultaneous electrical connections. However, achieving this is technically
challenging due to potential wire overlap or crossing, which may lead to short cir-
cuits. For all on-sample current applications, a Keithley 2400 SourceMeter was uti-
lized, ensuring stable and precise current delivery.

Device safety from electric burnout

High electrical currents lead to extensive Joule heating causing potentially the
burnout of conductive elements, such as wires or micro-structures on chips. In
particular, highly sensitive devices, such as the triangular micro-structures dis-
cussed in Chapter 6, which exhibit a decreasing cross-sectional area toward the
corners, are susceptible to high current density even at relatively low applied
currents. When activating power supplies connected to the electromagnets, a
transient high-voltage pulse is generated. This pulse induces a magnetic field surge
within the coil, which may induce unintended currents within the circuit of the
on-chip device. Additionally, the movement of conducting leads in the presence of
external magnetic fields can generate destructive currents through electromagnetic
induction. To mitigate these risks, a self-built breaker box has been implemented,
allowing for the sensitive devices and their conducting leads to be grounded prior
to the application of any intended current. By short-circuiting and grounding the
electromagnet power supplies, the detrimental effects of the initial power surge can
be effectively suppressed, thereby protecting the integrity of the micro-structures.

3.3.6 Laminar flow box temperature stability

To facilitate ongoing highly temperature-sensitive CoFeB-based skyrmion research,
a protective laminar-flow box was installed to enhance temperature stability. Func-
tionally, the laminar-flow box operates as a controlled cleanroom environment, uti-
lizing filtered, adjustable laminar airflow. This airflow minimizes contamination
within the box and can be thermally regulated via a heat exchanger, which improves
temperature stability. The heat exchanger can cool by water from either the internal
in-house cooling system or by an external chiller, and heat by an integrated elec-
tric heating element. Although the laboratory’s ambient temperature is regulated
by an air conditioning system, it exhibits fluctuations over extended periods due to
external factors such as the day-night cycle, human activity within the lab or heat-
ing by absorption of extensive sunshine by the laboratory’s laser absorption (safety)
curtains.

To assess the temperature stability within the box, a Pt100 temperature sensor
was positioned for multiple hours inside the box with 100% airflow and the front
panels closed. Temperature measurements were recorded over several days using
a custom LabVIEW-based program in conjunction with the Lakeshore 330 temper-
ature controller (see Section A.7.1). It is important to note that the sensor used for
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FIGURE 3.14: Full microscope setup with device rack on the left and PC on the right.
The microscope is placed on top of a vibration reduction table and inside the laminar
flow box. Temperature and flow control on the right upper side of the flow box.

these measurements was independent of the proportional-integral-derivative (PID)
control unit of the flow box, which may introduce a systematic offset from the set
temperature.

Temperature measurements conducted in spring 2022 using the in-house cooling

water system demonstrated a temperature stability of approximately +0.1°C over
several days. However, unexpected temperature oscillations were observed, with
their origin initially unknown with the PID controller under suspicion to be the
cause. Further investigation involved monitoring the temperature of the internal
cooling water supply at the laboratory’s valve, which also exhibited oscillatory
behavior. These findings suggest that the oscillatory temperature fluctuations
within the laminar-flow box are correlated to the temperature of the internal cooling
water system.
A Fast Fourier Transform (FFT) analysis of the cooling water temperature revealed
periodic fluctuation with a cycle of approximately 14 minutes (see Figure 3.16). In
contrast, the temperature oscillations within the laminar-flow enclosure exhibited
a periodicity of ~28 minutes, corresponding to twice the periodicity of the cooling
water fluctuations. This indicates a potential thermal coupling effect between the
cooling system and the laminar-flow box.
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FIGURE 3.15: Temperature measurements on same y-range. Top) Temperature in-
side laminar flow box using the internal house cooling water system over multiple
days in June 2022. Yellow background represents daytime, while dark violet night-
time. Shaded area is the standard deviation, every data point has its own error bar.
The temperature shows oscillatory behavior with a periodicity of approximately 15
minutes and the overall increase trend around 45h is most likely attributed to a re-
duction of ventilation by a laboratory user. Measurement every 15s. Bot) Tempera-
ture graph of internal house cooling water system. Inset shows zoomed-in data and
its oscillatory behavior. Extract of larger data set (see appendix). Green shading is
the standard deviation. Yellow and dark violet resemble day-night cycle. Data was
taken by Censored Name with an unknown temperature sensor at the laboratory’s
water valve in June 2022.
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FIGURE 3.16: 12 h extract of >60 h comparative temperature measurement inside
flow box (top, blue) and house intern cooling water (middle, orange) in June 2022
(see 3.15). Shaded area presents standard deviation of the data. Both temperatures,
of cooling water and laminar flow box, show oscillatory behavior. Bot) Fast Fourier
Transforms (FFT) of both data sets reveal main periodicity of the cooling water at
~14,0 minutes and ~28,4 minutes for temperature in laminar flow box.

In an email conversation Censored, head of cooling department JGU, wrote: “Temper-
ature fluctuations [of the cooling water] are normal; the system has a control mechanism
via valves, which reduce the primary water flow when the temperature is reached and reopen
when the temperature rises. Furthermore, the cooling system is distributed throughout the
entire building, and multiple consumers are connected, which can lead to fluctuations. A
precise temperature control cannot be guaranteed.” !

The observed rough doubling of the periodicity within the laminar-flow en-
closure lacks a definitive explanation. It is likely influenced by the interaction
between the cooling water supply and the delayed response of the PID controller,
which regulates temperature based on measurements taken at the height of the
microscope. Further investigations, including experiments with alternative PID
settings, are recommended to better understand this phenomenon.

Since modifications to the internal cooling system were not feasible, an external
chiller set to 18°C was connected to the flow input of the laminar-flow box.
This resulted in a stabilized temperature without significant fluctuations after a
equilibration period of several hours, as illustrated in Figure 3.17, particularly
when compared to the ambient laboratory temperature. For experiments requiring
high-precision temperature stability, the use of a chiller in conjunction with closed
flow box doors is essential.

1,,Schwankungen der Temperatur sind normal, das Netz hat eine Regelung tiber Ventile, welche
bei erreichen der Temperatur die Primarwassermenge reduzieren und wieder 6ffnen bei Temperat-
uranstieg. Des Weiteren ist das Kiihlsystem {iber das ganze Haus verteilt und mehrere Verbraucher
sind angeschlossen, was zu Schwankungen fiihren kann. Eine Punktgenaue Temperatur ist da nicht
zu gewahrleisten.” — Censored, Sachgebietsleiter TLM 1.4, Kélteversorgung
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FIGURE 3.17: Top) Temperature stability of the flow box used with an external chiller
set at 20°C and measured with sensor A (blue) and Mid) outside the flow box (or-
ange) measured with sensor B. Shaded area is the standard deviation, also displayed
in the legend with the standard error. Yellow and dark violet parts represent day-
and-night cycle in October 2022. An excerpt of the data for better visibility is dis-
played in appendix A.3. Bot) Measurement of both sensors located in the laboratory.
Difference could be caused by the holders varying heat absorption or dissipation.

Due to the combined effects of the laminar-flow box and the integrated Peltier
element, temperature stability can be maintained over several days following an ini-
tial equilibration period of a few hours. However, external disturbances such as
frequent flow box openings, increased personnel activity within the laboratory, or
enhanced sunlight exposure on the laboratory’s laser-absorbing curtains may com-
promise temperature stability.

3.4 Feature analysis and skyrmion tracking

To extract skyrmion features like their trajectories, velocity, and other characteris-
tics such as size, ellipticity, and skyrmion-skyrmion distances, recorded images and
videos from the KerrLab software require detailed analysis. In this study, three dis-
tinct methods were employed for image processing and skyrmion tracking:

3.4.1 Fiji (ImageJ/Image]2)

The first approach utilized Fiji, a distribution of Image]/ImageJ2 (Image Processing
and Analysis in Java) [303] with various plugins for image processing. The primary
tool used was the TrackMate plugin, originally developed for tracking biological
cells in dark field microscopy [304, 305]. The Simple Linear Assignment Problem
(LAP) tracking algorithm by Jagaman et al. [306] was primarily employed, enabling
efficient skyrmion detection and trajectory analysis.
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3.4.2 Python-based analysis with trackpy

The second method involved trackpy [307], a Python-based library for particle track-
ing, implementing the algorithm developed by Crocker and Grier [308]. Python’s
extensive ecosystem of libraries for image processing and data analysis provides
a flexible and powerful framework for skyrmion research. Once objects are de-
tected and tracked using trackpy, further statistical and quantitative analyses can
be efficiently performed. For both Fiji and trackpy approaches, image preprocessing
was necessary to enhance skyrmion identification and tracking accuracy. Low con-
trast, high noise, and high-contrast defects pose significant challenges for skyrmion
classification. To improve tracking performance, the image preprocessing consisted
of Gaussian blurring to reduce noise, contrast enhancement for improved feature
distinction, and binarization of images into black and white features to facilitate
skyrmion identification. Since only the center of mass of skyrmions is required for
tracking, these preprocessing steps effectively improved detection accuracy.

3.4.3 U-Net - machine learning image segmentation approach

A third approach, developed during this study by I. Labrie-Boulay and T. Win-
kler, with subsequent improvements by K. Leutner, employed machine learning for
skyrmion detection and classification [309]. This method is based on U-Net, a convo-
lutional neural network (CNN) optimized for image segmentation. The model was
trained on raw Kerr microscopy data provided by AG Kldui group members [310],
incorporating features like skyrmions, defects and background identification. U-Net
demonstrated high accuracy in distinguishing manually pre-classified features, such
as skyrmions with dark MOKE contrast, bright contrast background, and potential
defects that could be misinterpreted as magnetic contrast. A procedure for oppo-
site magnetic contrast, dark background and bright skyrmions, is shown in Section
C.2.3. Unlike the previously introduced tracking methods, U-Net does not require
direct parameter tuning for detection. However, contrast adjustments and noise re-
duction can enhance classification accuracy and e.g. size determination [311]. The
primary limitations of this approach include the requirement for manually labeled
training data, and potential performance issues when processing images with pa-
rameters (e.g., contrast, resolution, image size) outside the range of the training data
set. Despite these limitations, U-Net offers significant advantages, particularly in
consistency, ease of use, and feature classification accuracy. The pre-determined
model parameters allow for reliable identification of skyrmion properties, such as
size, ellipticity, and positional tracking, facilitating comparative analysis.

The extracted skyrmion trajectories and quantified properties - including size, count,
and lattice distances - form the basis for further investigations discussed in the sub-
sequent chapters. An example for classification and identification can be found in
Section C.2.3.

3.5 Focused ion beam

A direct method for modifying the magnetic properties of a sample - including those
associated with skyrmions - is ion irradiation of the material layers. In this context,
irradiation involves exposing the sample surface to a focused, perpendicular flux of
energetic ions. The interaction between the incoming ions and the atomic lattice is
determined by the ion species and their kinetic energy. These ions can undergo both
elastic and inelastic scattering upon impact, leading to atomic displacements and
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FIGURE 3.18: a) Scheme of focus ion beam (FIB) and scanning electron mi-
croscope (SEM) system with focussing apertures. Sample will be rotated to-
wards FIB for perpendicular incidence. No SEM measurements are performed
during ion beam exposure. Adapted from [318] b) Gallium irradiation on the
MgO(red)/Ta(blue)/CoFeB(grey) interface. Gallium atoms (green) can implement
itself and displace the material and thus intermix the interface. Adapted from G.
Beneke.

potential implantation within the material. Consequently, the magnetic properties
are modified - primarily due to interfacial intermixing and alterations in magnetic
anisotropy [44, 253, 312-315] - thereby enabling the precise tuning of skyrmion char-
acteristics [142, 169, 198, 316, 317] and the implementation of artificially engineered
pinning sites or boundary conditions [155, 158, 169, 196, 197].

Localized irradiation of devices using high-energy ions was conducted with a
Helios NanoLab 600i DualBeam system, which integrates a focused ion beam (FIB)
and a SEM for precise irradiation control. Gallium, with its low melting point of
29,8°C [319], was liquefied, ionized in a strong electric field, and accelerated onto the
sample for irradiation. With this focused beam of Gallium ions, the sample can be
irradiated in fine structures, e.g. artificial skyrmion barriers as presented in Chapter
5. Additionally, wide area helium ion irradiation was performed on MVK763 using
an ion beam process provided by Spin-Ion Technologies in Palaiseau, France [320].

3.6 SQUID

SQUID (Superconducting Quantum Interference Device) is a highly sensitive
magnetometer that uses superconducting materials to measure very small magnetic
fields [321]. It works based on the principles of quantum interference, where a
current passing through a superconducting loop can be influenced by external
magnetic fields. The extreme sensitive SQUID technique was used to measure the
saturation magnetization and anisotropy of samples FAB629 and TMD109 in this
thesis at ambient temperature (see Section A.1.2).
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3.7 Atomic force microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy technique
used to study surfaces down to the nanoscale [322]. AFM measures the surface
topography by scanning with a sharp tip called a cantilever over the surface and
detecting the interaction forces between the tip and the sample by the varying re-
flection of a laser. It provides high-resolution images of surface features, including
roughness, texture, and mechanical properties. A type of AFM called magnetic force
microscopy (MFM) uses a magnetically coated cantilever tip, which is specifically
used to map the magnetic properties of a surface [323, 324]. It detects the magnetic
forces between the MFM tip and the sample’s magnetic domains, offering insights
into the material’s magnetic surface and behavior. AFM was used to scan the surface
of several substrates with varying heat conductivity for their specific roughness.
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Chapter 4

Modulated Skyrmion Flow

4.1 Introduction

Skyrmions are of significant interest not only for their potential in applications such
as unconventional computing [113, 325], data storage [29, 48, 54], and sensing, but
also as fundamental objects of study in condensed matter physics. The skyrmions
investigated in this work are confined along the out-of-plane (z) direction to the
thickness of the hosting ferromagnetic layer - typically less than 1 nm - while ex-
tending over micrometers in the in-plane (x-y) direction. This pronounced ratio
justifies their classification as effectively 2D objects [115].

Due to their topological stability [109, 118, 326], thermally driven Brownian motion
[42, 110, 154], and complex interactions with one another [163, 170, 175] as well as
with material or artificial boundaries [155, 157, 159, 163, 171-174, 198], skyrmions
exhibit behavior akin to quasi-particles [115, 327, 328]. These emergent characteris-
tics make them compelling model systems for investigating a wide range of physi-
cal phenomena, including non-equilibrium dynamics, topological phase transitions
[295, 329], and the formation of particle-like lattices [175] in 2D systems.

4.2 Skyrmion Diffusion

Thermally activated diffusion of individual skyrmions has been observed in the in-
house-fabricated CoFeB-based multilayer stacks, consistent with previous reports
[110]. In this context, skyrmions exhibit random, thermally driven motion across
the 2D plane of the sample [73], akin to the Brownian motion of small particles in
3D fluids or gases [147, 148]. However, unlike in ideal systems, this diffusive behav-
ior is strongly modulated by the sample’s intrinsic energy landscape [36, 157]. The
non-uniformity of the energy landscape—arising from structural inhomogeneities,
interface roughness, or compositional variations—leads to frequent pinning events.
These localized energy minima act as traps that impede the otherwise random mo-
tion of skyrmions, occasionally resulting in extended localization at particularly
deep pinning sites. The diffusion coefficient, which quantifies the extent of such
thermally driven motion, was extracted via analysis of the mean squared displace-
ment, as defined in Equation 2.50. This was achieved by tracking skyrmion trajec-
tories across sequential frames (see 3, Section 3.4). Multiple factors can influence
the diffusion behavior of skyrmions, including the material composition [253, 314]
and deposition parameters, out-of-plane magnetic bias fields [110], oscillating fields
[129], geometric confinement [99, 133, 330], temperature [110, 139, 331], in-plane
magnetic fields [154, 180], externally driven motion, and the use of synthetic antifer-
romagnetic configurations [153].
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Extensive efforts were dedicated to optimizing the multilayer stack fabrication to
achieve desirable skyrmion properties, including the formation of dense skyrmion
lattices and the realization of thermally activated skyrmion diffusion at room tem-
perature. Owing to the high sensitivity of CoFeB-based skyrmion systems [258],
even minor variations in the deposition recipe or sputtering parameters significantly
influenced the resulting skyrmion behavior [136, 263] within the targeted temper-
ature range of 290 K to 360 K. Through systematic optimization, skyrmion diffu-
sion was successfully observed across this temperature window, yielding a diffu-
sion coefficient comparable to that reported in Ref. [110]. A detailed overview of
the skyrmion phase behavior across multiple growth batches and temperatures is
provided in Table A.3.

Gruber et al. demonstrated that pinning of skyrmions occurs primarily at their
domain wall rather than their core [157]. This results in thermally activated mo-
tion around the pinning site; however, the overall diffusion is reduced due to the
extended periods during which the skyrmion remains pinned at these sites [36, 37],
which is temperature-dependent and governed by the attempt frequency and non-
flat energy landscape. Additionally, it was observed that the pinning strength itself
is temperature-dependent [110], with skyrmions being more likely to pin to differ-
ent sites as the temperature increases [157]. Gruber et al. further showed that the
introduction of additional out-of-plane magnetic field oscillations, in conjunction
with the skyrmion-stabilizing bias field, can increase the skyrmion diffusion coef-
ficient by over three hundred times [129], despite the limitations imposed by Kerr
microscopy and camera resolution.

The structural geometry and skyrmion size itself can also limit diffusion [145].
The stray field and exchange stiffness effects from the edges of the confining struc-
ture play a key role in restricting skyrmion motion [163]. Song et al. demonstrated
that the number of skyrmions within a given structure can be commensurate with
the host’s geometry, leading to a significant reduction in diffusion [172]. In contrast,
when the number of skyrmions is not commensurate with the structural geometry,
skyrmions move towards commensurate sites and interact with each other, which
leads to an increase in diffusion compared to the commensurate case.

Kerber et al. demonstrated that applying an in-plane magnetic field parallel to
the sample’s plane enhances skyrmion diffusion in the direction of the applied field
while simultaneously reducing diffusion perpendicular to it, in comparison to the
case without an in-plane field [154, 180]. This behavior was attributed to the de-
formation of the skyrmion caused by the applied field, resulting in the skyrmion
elongating into an ellipsoidal shape, which facilitates increased diffusion along the
direction of the field. Weiflenhofer et al. provided a theoretical explanation for this
phenomenon, attributing the differential diffusion to the off-diagonal elements of
the dissipation tensor (see Equation 2.49) [326].

While the majority of the skyrmion research presented in this work focuses on
single-layer CoFeB as the ferromagnetic material, skyrmions have also been ob-
served in synthetic antiferromagnets (SAF). These systems consist in the simplest
form of two magnetic layers with antiparallel magnetization, separated by a spacer
layer that induces compensation, thereby reducing the topological charge of the
skyrmion bi-system. This reduction leads to an enhancement of the diffusion rate
[153, 191, 326]. Zazvorka et al. highlighted the temperature dependence of the
skyrmion diffusion coefficient, showing that diffusion increases at higher temper-
atures [110].
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4.3 Skyrmion Lattice

If skyrmions are nucleated under appropriate conditions, which are primarily
dependent on sample- and external parameters like e.g., temperature and OOP bias
field, as well as an IP field burst (see Section 3.3.3), they can form a dense lattice
[175, 332]. In an idealized scenario where the skyrmions are uniformly sized and
perfectly spaced, the system would exhibit a hexagonal, even crystal-like lattice
structure with long-range orientational and translational order (see Section 2.4.4).
However, due to the non-homogeneous energy landscape of the samples, boundary
conditions of the host structure, and potential variations in skyrmion size also
caused by inhomogeneities, such a perfectly ordered lattice is rarely achieved. Song
et al. investigated how the confinement geometry of skyrmion-hosting structures
influences both the dynamic behavior and the lattice configuration of skyrmions,
with the effects strongly dependent on the exact number of skyrmions present [172].

To enhance the density and ordering of skyrmion lattices, a technique known
as lattice shaking was employed, wherein an AC was applied in a single direction
at varying frequencies and amplitudes. Figure 4.1 presents a representative mea-
surement of the skyrmion lattice before and after the application of an AC current
corresponding to a current density of 5-10% % at 10 Hz for a duration of 3 minutes.
Following this treatment, the lattice order parameter s exhibited an increase of ap-
proximately 8,5%, rising from P pegin = 0,517 t0 Pgend = 0,565.

FIGURE 4.1: Two frames of skyrmion lattices, only confined by the samples edges,
before and after application of an alternating current of 5-108% at 10 Hz for 3 min-
utes. Pink circles in top pictures are identified skyrmions by Fiji’s Trackmate (see
Section 3.4) of their respective bottom picture. It gives a clear visual impression that
the lattice is not well ordered and is dependent on the inherent non-flat energy land-
scape of the sample. Orange double arrow resembles the current direction.

It is important to note that this improvement in lattice ordering may not solely re-
sult from enhanced skyrmion mobility. A partial contribution could arise from tem-
perature, relaxation effects or skyrmion annihilation, which would reduce skyrmion
density and provide more free space for remaining skyrmions to reorganize into a
more ordered configuration.
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For these measurements, a fabricated sample was utilized, incorporating struc-
tured geometries that allowed current application along specific symmetry axes (see
Figure B.1). This was achieved by placing gold contact pads at selected edges or
corners of the sample. Applying current along multiple symmetry directions may
further enhance lattice ordering, as the experiment shown in Figure 4.1 was limited
to a single direction. The capability to direct current along symmetry axes of the
geometry is further exploited in Chapter 6, where it is applied for unconventional
computing applications.

According to the Kosterlitz-Thouless-Halperin-Nelson-Young (KTHNY) theory,
which contributed to the Nobel Prize awarded in 2016 [333], a distinct phase exists
between the solid and liquid phases in 2D [176]. As the solid phase begins to melt,
it first transitions into a hexatic phase, which is characterized by long-range orien-
tational order but only short-range translational order. This melting process can be
triggered by changes in external parameters such as temperature or bias field, in-
fluenced by the energy landscape, caused by inhomogeneities or pinning sites, or
geometrical confinements.

4.3.1 Skyrmion Pinning and Energy Landscape

Since skyrmion flow refers to the collective motion of skyrmions within a geomet-
rically confined structure, the overall dynamics can be significantly hindered by the
immobilization or reduced mobility of a single skyrmion. In the samples studied
in this thesis, the energy landscape is considered approximately flat—an essential
condition to enable skyrmion diffusion. However, Gruber et al. demonstrated that
in comparable samples, local variations in the energy landscape can lead to pinning
effects [157]. Their work further revealed that pinning predominantly occurs not at
the skyrmion core, but at the surrounding domain wall.

This observation introduces a size dependence to skyrmion pinning and, conse-
quently, to diffusion behavior: larger skyrmions are more likely to interact with
multiple pinning sites, increasing the probability of being trapped. In scenarios in-
volving externally driven motion, such as SOT-induced skyrmion flow, pinning can
act as a barrier to continuous motion. The magnitude of the applied driving force
- typically in the form of an electrical current - must therefore exceed the pinning
potential in order to sustain steady skyrmion transport.

In this thesis, the experimentally observed skyrmion flow operates within the
creep regime, characterized by a combination of thermally activated diffusion,
stochastic pinning, and SOT-driven drift. It is important to note that the simulations
presented for skyrmion flow dynamics do not account for the effects of pinning,
potentially leading to an idealized representation of the system.

4.4 Skyrmion Flow

Skyrmions as movable quasi-particles [115, 327] bear high potential in spintronic
applications like memory [29, 48] or unconventional computing [113, 325] as
information carriers. They can also be considered a highly tuneable 2D system for
e.g. rheological modeling [88, 185, 334]. One advantage of skyrmions as model
systems is that in experiments the trajectory of all particles inside the field of
view can be tracked and analyzed. If multiple skyrmions move together or in a
lattice /ensemble, their repulsive interaction and the interaction with the harboring
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FIGURE 4.2: Probability density of skyrmion occurrence in a triangular confinement.
Adapted from [99], supplementary material.

structure’s edges [163, 171, 173, 174] cause skyrmion motion in which no skyrmions
can overlap or merge due to topology [109, 118, 326] and can only exist inside the
structure during the motion. This motion of skyrmions in interacting distances to
each other exhibit fluid-like behavior which will be called skyrmion flow.

Skyrmion mostly annihilate rather near inhomogeneities due to a change in the
material properties at that location. During flow, skyrmion are moved towards
the electrical contact where they most likely annihilate at the edge due to the
mentioned material parameter, additional thermal energy due to Joulse heating
and being pressed due to current induced SOT. Skyrmions were only observed
annijhilating in a time-frame of seconds after nucleation and at the end of the
channel right at the contact. The interaction between skyrmions and boundary
influences the overall skyrmion flow. Due to the experimental limitations, the
skyrmion flow has only been observed in the creep regime, in which the pinning
plays a crucial role [157, 327, 335]. In this velocity regime the motion is the
superposition of the motion by SOT, induced by low electric current densities
of the order of 107A/m2, and the thermally activated diffusion, resulting in mean
velocities not exceeding single-digit micrometers per second, typical for the creep
regime. Quasi-particle simulations mimicking the experimental skyrmion flow
within the same velocity regime were performed, exploring additional geomet-
rical designs and the influence of artificial skyrmion Hall effect on the flow dynamic.

In classical incompressible Newtonian fluids, as described by Kirby [336], the
fluid motion under low Reynolds number conditions typically results in laminar
flow[337]. The governing dynamics of such flow are described by the Navier-Stokes
equations [338], and in the case of pressure-driven flow through a channel or pipe
with straight boundaries, the solution is known as Poiseuille flow [339, 340].

In this regime, the velocity profile across the cross-section of the channel assumes
a parabolic shape due to viscous interactions between the fluid and the confining
boundaries. These interactions cause the fluid velocity to be zero at the boundary
and maximal at the center, resulting from the internal friction of the fluid and the
boundary constraints. This scenario is referred to as the no-slip boundary condition,
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wherein the fluid at the interface with the boundary is stationary.

If the fluid exhibits a finite but reduced velocity at the boundary compared to the
center, the system is described by partial-slip boundary conditions. In contrast,
ideal slip boundary conditions - where there is no interaction between the fluid
and boundary, allowing the fluid to move unimpeded at the interface - are rarely
encountered in practical applications due to unavoidable interfacial friction. For
skyrmion flow in context of the LLG equation, the torque term (-y-MxH,ff, see Eq.
2.30) indicates that a higher gyromagnetic ratio 7y results in a faster precession of the
magnetic moments, thereby influencing the skyrmion’s dynamic response to stimuli
such as spin currents. According to the Thiele equation, the gyrotropic force (G xv,
see Eq. 2.41), where the gyrovector Gx —y, governs the transverse (Hall-like) mo-
tion of skyrmions under current (thus called skyrmion Hall effect, see Section 2.4.5).
Consequently, both the magnitude and direction of skyrmion velocity v are affected
by . At low current densities, the resulting skyrmion velocity remains small, and
thus the gyrotropic force is weak, leading to a minimal transverse component of
motion and a correspondingly small skyrmion Hall angle. Under these conditions,
skyrmions operate in the creep regime, where thermal activation and pinning dom-
inate their dynamics [88, 188, 327]. This contrasts with the high-current regime,
where the skyrmion enters the flow regime, characterized by higher velocities and a
more pronounced influence of the skyrmion Hall effect [83, 97, 184, 187].

4.4.1 Skyrmion Flow in periodically modulated Channels

To investigate the influence of boundary conditions on skyrmion flow dynamics
along confined geometries, channels with varying widths and engineered boundary
modulations were fabricated. Complementary micromagnetic simulations were
performed to explore the effects of geometric modulations and flow parameters
beyond the constraints of the experimental setup [341].

Several channels with distinct artificial modulations were patterned on sample
FAB629 using standard electron beam lithography techniques, followed by the
deposition of chromium/gold contact pads for electrical current injection (see
Section 3.2). This approach enables precise control over the boundary conditions
experienced by skyrmions propagating within the channels.

Figure 4.3 shows a section of a EBL design layout, displaying channels with differ-
ent widths. Additional layouts are presented in the appendixes. For the purposes
of statistical reliability, only a subset of these geometries was experimentally
characterized at a fixed temperature of 315 K.

The primary data set used for comparison with simulations was obtained from
measurements on channels with widths of 40 pm and 80 pm, each featuring straight
edges and a single type of geometric modulation. This modulation consists of peri-
odically arranged isosceles triangular indentations, each with a base of 20 ym and
a height of 10 um, patterned along the channel boundary. In the case of the 40 pm-
wide channel, this modulation results in a maximum channel width of 60 pm at the
triangular expansions and a minimum width of 40 pm at the unmodulated sections.

Following standard skyrmion nucleation (see Chapter 3, Section 3.3.3), a semi-
dense skyrmion configuration is established, populating both the larger reservoirs at
the channel ends and the channel itself, including its modulated regions. This initial
density is necessary to ensure a sustained skyrmion flow over an extended period.
The field of view in the video recordings used for analysis spans approximately
280 pm at 1.6x magnification and around 200 pum at 2.5x magnification, capturing
only the narrow, central section of the channel. Skyrmions from the reservoir flow
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FIGURE 4.3: PIONEER layout of channels with 60 pm inner widths and 10 pm mod-
ulation.

through the channel toward the opposite end, where they likely annihilate. Their
annihilation cannot be directly observed due to the overlapping electrical contacts
at the channel terminations, which - with a thickness of ~30 nm - obstruct optical
skyrmion detection within the thin film stack.

Upon depletion of skyrmions from the channel, worm domains begin to nucleate
at the electrical contact and propagate through the channel toward the opposite
reservoir and contact. To confirm that the influence of the SKHE on the flow is
negligible, the SKHA was measured for free skyrmions under applied current
densities, yielding a value of 654 = (0.58 £ 0.13)°.

It should be noted that a small apparent deflection in the skyrmion trajectory may
also result from slight misalignment of the camera relative to the channel axis
during recording. Such a misalignment can introduce an artificial angle between the
skyrmion flow direction and the horizontal axis of the field of view. Nevertheless,
COMSOL simulations confirm that the current density distribution within the
modulated channel remains homogeneous (see Figure 4.4), indicating that no
intrinsic angular deviation of current flow relative to the channel axis is expected.

For analysis of velocity profiles, the average skyrmion displacement between
consecutive frames was calculated over the time interval during which the current
was applied, yielding the mean skyrmion velocity.

The velocity profile observed in the 80 pm-wide channel with straight edges (Figure
4.5 a, b) reveals a nearly uniform distribution across the entire channel width,
indicating no significant velocity reduction near the channel boundaries. Instead,
the profile is relatively flat, suggesting slip boundary conditions. Minor deviations
from perfect flatness may result from localized pinning effects due to the intrinsic
energy landscape or, though less likely, from an inhomogeneous current density -
potentially highest at the stack corners pointing inwards. Additional measurements
for more statistics would likely further smooth the profile.

In contrast, channels with periodic geometric modulation exhibit markedly different
velocity profiles. For both the 40 ym and 80 pm-wide modulated channels, the
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FIGURE 4.4: Qualitative electrical current density distribution simulated in capping
Tantalum layer in COMSOL simulation package by M. Brems. The current density is
low inside the modulations but high at the narrowest parts of the modulated chan-
nel. Taken from [342], supplementary material.

mean skyrmion velocity is significantly reduced compared to the straight-edge case.
The velocity profile in the 40 pm-wide modulated channel (Figure 4.5 ¢, d) ap-
proximates a parabolic shape, characteristic of Poiseuille-like flow with partial-slip
boundary conditions. Meanwhile, the 80 um channel with modulation (Figure 4.5 e,
f) shows a pronounced velocity drop near the boundaries, yet the profile flattens in
the center, indicating partial-slip conditions but lacking the parabolic characteristic
expected from classical Poiseuille flow.

In the triangular protrusions of the modulated channels, the local current density
decreases due to the wider channel cross-section. Within these regions, current flow
is no longer aligned with the channel axis. However, the influence on skyrmion dy-
namics is negligible, as the skyrmions are repelled from these areas due to stray-field
gradients imposed by the modulation geometry, consistent with previous findings
[163, 171, 330].

In an idealized, pinning-free environment, skyrmions in straight channels uninflu-
enced by stray-field and exchange interactions at the boundaries would experience
no opposing forces, leading to purely slip boundary conditions.

To assess the impact of the skyrmion Hall effect, the current direction was reversed
in the 80 pm modulated channel. The resulting velocity profiles were symmetric
and could be mapped onto each other, confirming that observed asymmetries in
the original profiles primarily stem from the underlying energy landscape - most
likely from pinning - rather than from a non-zero skyrmion Hall angle. For this,
skyrmion flow in both channel directions was performed, which, without a SKHA,
should lead to mirrored velocity profiles, only influenced by the modulation and
non-homogeneous energy landscape.



4.4. Skyrmion Flow 83

(b),,

y-position [pm]
=}

0 1 2 3 4 5 6
( d) average z-velocity v, [pm/s]

20

y-position [pm]
o

=20

0 1 2 3 4 5 6
( f) average z-velocity 7, [pm/s]

y-position [pm]
o

=20

0 1 2 3 4 5 6
average z-velocity 7, [pm/s]

FIGURE 4.5: a), c), e) Single-frame Kerr microscopy images depicting skyrmions
(highlighted by red circles) within channels featuring straight boundaries a) and
modulated boundaries (c, e). Skyrmions are tracked on a frame-by-frame basis, and
their trajectories are analyzed to extract velocity profiles along the x-direction. The
blue dashed lines indicate the lateral confinement of the channels, which is not di-
rectly visible due to the use of differential imaging (see Section 3.3.2). b), d), f) Cor-
responding velocity profiles showing the mean skyrmion velocity (in um/s) as a

function of position across the channel width (y-direction), derived from the tracked
trajectories. Taken from [342]
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FIGURE 4.6: Velocity profiles of skyrmion flow in a geometrically modulated chan-
nel for both current directions. The blue curve corresponds to an applied electric
current of +25 pA, while the red curve represents the velocity profile for -25 pA.
These values correspond to a current density of approximately 3,1 - 1074/m? in the
narrowest part of the modulation of the channel. The near-symmetric shape of the
velocity profiles, which can be mapped onto one another by reversing the sign of the
current, indicates that the observed asymmetries in flow dynamics are most likely
a result of the stochastic non-flat energy landscape rather than the skyrmion Hall
effect. If the latter were dominant, a reversal in current direction would lead to dis-
tinctly different profiles due to the direction-dependent transverse deflection. Taken
from [342].

To further investigate skyrmion flow behavior in the creep regime, quasi-particle

simulations were performed using an extended Thiele equation framework (see Sec-
tion 2.2.3). The experimental velocity profiles were compared qualitatively to sim-
ulations in matching channel geometries. Note that the simulations operate in an
arbitrary time unit (7), and hence direct time-scale comparisons are not applicable.
Since the experimental skyrmion Hall angle is negligible
(Oskiza = (0.58 £ 0.13)°), the simulations were carried out with 64 = 0°, effectively
removing the Magnus force.
In the simulations, skyrmions are modeled without inertia or mass [74, 76], so upon
collisions their velocity is instantaneously reduced to zero but immediately restored
to the maximum driving velocity. As a result, the simulated flow mimics that of
particle-like systems such as colloids rather than classical viscous fluids [343-345],
showing no sharp velocity drop at the boundaries. The Thiele equation used for the
quasi-particle simulations:

—w—G*xv+F=0 4.1)

with the friction coefficient -, instantaneous velocity v induced by the total force F,
and gyrotropic vector G* = (0,0, G) responsible for the skyrmion Hall effect.

|V’ = ‘VmaX| = |FD|'Y (4.2)
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The simulations with Ogiya = 0° is compared with the experimental data for
the same modulated channel geometry. As seen in Figure 4.7, the simulated ve-
locity profile is flatter in the middle, while showing slight asymmetry towards the
outer modulation. The experimental velocity profile exhibits influence of the non-
homogeneous energy landscape in the middle and qualitatively similar characteris-
tic at the boundary.
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FIGURE 4.7: Skyrmion velocity profiles in a modulated channel of 80 pm width,
comparing averaged experimental data (blue, in um/s) with simulation results (red,
in pm/tau, where tau denotes the simulation time unit). In both cases, the velocity
profiles flatten in the central region of the channel. Unexpectedly, the velocities at the
modulated boundaries are more symmetric for the experimental data, even though
no SKHA was set in the simulation. Taken from [342].

4.4.2 Asymmetric Skyrmion Flow

An important aspect of current-driven skyrmion dynamics not yet addressed
is the transverse motion induced by spin-orbit torque, commonly referred to as
the Skyrmion Hall effect (see Chapter 2, Section 2.4.5) [97, 183-187]. This phe-
nomenon causes skyrmions to deviate from the direction of the applied electric
current, resulting in motion at a finite angle relative to the current axis. This
deflection angle is termed the Skyrmion Hall angle. The presence of this effect
leads to asymmetric flow behavior, particularly at high skyrmion velocities (on
the order of m/s), where skyrmions are driven toward one edge of the confining
geometry. This lateral drift increases the likelihood of pinning or annihilation at
the boundary, posing a significant limitation for prospective applications such as
racetrack memory [29, 48], where reliable and confined skyrmion motion is essential.
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To assess the influence of the skyrmion Hall effect on flow dynamics within
the experimental channel geometries and additional simulated modulation, the
Magnus term was incorporated into the Thiele equation framework. By setting
the gyrocoupling constant to G = 0,25 and damping ratio ¢ = 0, a skyrmion Hall
angle of approximately 15° is introduced into the simulated system. This results
in a transverse driving force and breaks the mirror symmetry of the skyrmion
trajectories along the channel width.

It is worth noting that in the creep regime explored here, lower skyrmion ve-
locities naturally lead to a reduced effective skyrmion Hall angle. In experiments,
higher applied currents would increase skyrmion velocity, reduce the influence of
pinning, and amplify the observable Hall effect. However, such regimes could not
be probed within this study due to experimental constraints such as limited tempo-
ral resolution and image contrast.

(a) (b) (c)
15 15 15
10 10 — 10
__ I
g 5 —— 2 5 — g 5 —
= — = — = —
= ] ] — = —
_g 0 | -E 0 | ,g 0 —
'g __ 'g __ 'g —
a, | 2, ] 2, —
5% -5 — 5 -5 — % -5 —
] -
[ ]
~10 —~10 —_ —~10
-15 -15 -15
-2 0 2 -2 0 2 -2 0 2
v, [pm/7] v, [pm/7] v, [pm/7]

FIGURE 4.8: Flow profiles are shown for modulation lengths of a) 3 um, b) 30 pm,
and c) flat interfaces with equivalent sample area. Backflow is observed in all ge-
ometries, but is more pronounced in the modulated configurations where sufficient
space allows skyrmions to traverse between adjacent triangular boundaries. The
corresponding confinement geometries are illustrated in light gray, with the vertical
positions aligned to the y-axis and the horizontal dimensions adjusted to accurately
reflect the proportions of the triangular features. Taken from [342], supplementary
materials.

4.4.3 Flow phenomenon: Backflow

In the simulations, various novel channel modulations were investigated under the
condition of a constant skyrmion Hall angle (see Figure [other channel modifica-
tions]). In the absence of pinning and with all other forces symmetric, the inclusion
of the skyrmion Hall effect alone causes the skyrmions to be deflected toward one
side of the channel. This asymmetric deflection results in a non-uniform distribution
of flow: skyrmions accumulate along the upper boundary (in the direction of the
Hall deflection), where interactions with both the channel modulation and neigh-
boring skyrmions increase. Conversely, the lower region of the channel experiences
a relative reduction in skyrmion density, allowing for more unobstructed flow.

This imbalance leads to an increase in the average velocity near the bottom
boundary, while complex dynamical phenomena emerge at the top edge. One
particularly notable effect is backflow, wherein a skyrmion—due to repulsive inter-
actions—forces another into the triangular modulation near the upper boundary,
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resulting in motion opposite to the applied drive. In regions where the current
density is reduced (e.g., inside the wider triangular pockets), such backflow can
lead to an overall negative mean velocity locally at the top of the channel. Figure 4.9
illustrates this behavior, showing the interaction-driven reversal of motion within
the confining geometry.

Backflow was observed not only for the modulation geometry used in experiments
but also for channels with steeper and flatter modulations. The phenomenon
is more pronounced in geometries that allow a larger transverse flow path, as
shown in Figure [negative velocities]b. Interestingly, backflow was also detected in
channels with flat or straight boundaries, highlighting that modulation is not a strict
prerequisite. Rather, backflow results from the interplay between the skyrmion Hall
effect, the driving force, and skyrmion-skyrmion interactions under confinement.
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FIGURE 4.9: a) Simulated asymmetric velocity flow profile of a 20 uym channel with
oblate modulation as seen in b) and skyrmion Hall angle of fgi1a = 15°. The mean
skyrmion velocity at the upper edge is negative, implying that skyrmions flow op-
posite to the applied driving force inside the modulation. b) Example of the dynamic
process of backflow occurring at the upper edge, leading to negative mean velocities.
Skyrmions experience a force from left to right due to SOT but will also be pushed
downwards due to the skyrmion Hall effect. This results in the skyrmion marked
red to be pushed into the space created between the flowing skyrmions and two tri-
angle tips (i-ii). (iii-iv) The red skyrmion moves against the applied force and moves
back in line with the flowing skyrmions, behind the skyrmion it was initially ahead
of. Taken from [342].

The emergence of backflow depends critically on the balance between skyrmion

Hall angle, driving force, and local skyrmion density near the upper boundary.
A sufficiently high skyrmion Hall angle is required to drive skyrmions close to
the boundary, where crowding and geometric constraints can induce this counter-
intuitive motion.
Experimentally, backflow has not been observed in the current study. As discussed
previously, the skyrmion velocities required to achieve a significant skyrmion Hall
angle (e.g., a = 15°) exceed the limitations of our imaging setup, particularly in
terms of temporal resolution and contrast.
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4.5 Conclusion

This chapter explored the flow dynamics of skyrmions in the creep regime—characterized
by externally driven, low-velocity motion—within both straight and periodically
modulated 2D channels. In this regime, skyrmion motion arises from a combination
of SOT-driven drift along the current direction, thermally activated diffusion,
and the influence of a non-uniform energy landscape. Due to the low velocities
involved, the contribution of the Magnus force, as described by the Thiele equation,
is negligible and thus can be omitted in first-order approximations.

Experimental observations of skyrmion flow in both geometries showed strong
agreement with Thiele-based simulations, revealing a range of flow and velocity
profiles modulated by the confining boundary geometry. In wider straight channels,
the influence of the boundaries is reduced, leading to a near-uniform velocity profile
dominated primarily by the underlying energy landscape. In contrast, in narrow
modulated channels, the velocity profile becomes parabolic, indicating strong
confinement and partial or no-slip boundary conditions, reminiscent of viscous
flow in soft matter systems.

Additional simulations incorporating a fixed fgpa = 15° demonstrated that
the inclusion of the Magnus term introduces notable asymmetries in the creep
flow-deviating from classical quasi-particle behavior. These asymmetries result in
novel phenomena such as localized backflow, previously predicted in particle-based
models but not observed in conventional systems.

Fundamentally, skyrmions in confined geometries exhibit transport behavior
analogous to other overdamped macroscopic particles, such as colloids, but with
additional tunable degrees of freedom arising from their topological nature. While
research into skyrmion hydrodynamics is still emerging, the ability to control
boundary interactions, skyrmion size, and density in real time positions skyrmion
systems as promising platforms for investigating fundamental transport processes
in non-equilibrium statistical physics.

The next chapter expands on these findings by introducing additional methods
for tuning skyrmion size, lattice density, and confinement, enabling more precise
control of skyrmion-based transport.
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Chapter 5

Skyrmion Compression

Skyrmions exhibit a broad size distribution, ranging from micrometer-scale to
nanometer-scale skyrmions, each characterized by distinct physical properties [115,
119]. These topological spin textures are of particular interest for applications in un-
conventional computing paradigms (see Section 2.7) [113, 325] and next-generation
data storage technologies [29, 48], where their size, dynamical behavior and
energy efficient driven motion play pivotal roles. Owing to their nanometer-scale
dimensions, skyrmion-based devices offer promising prospects for miniaturization,
potentially enabling high-density, energy-efficient systems.

To date, the skyrmion size has been extensively studied [119] both theoretically
[127, 135, 139, 145, 193, 346, 347] and experimentally [110, 128, 136, 348], with
dependencies identified on various factors such as material parameters [130, 136,
144], applied magnetic fields [110, 128, 139], temperature [110, 125, 139, 140, 349],
and local energy landscape [157] with inhomogeneities like pinning sites. Among
the mechanisms enabling skyrmion manipulation, SOT has emerged as particularly
efficient, enabling fast and controlled motion, which is central to most envisioned
skyrmion-based applications. However, the impact of SOT on skyrmion morphol-
ogy - specifically its size and shape - remains largely unexplored.

This chapter demonstrates that skyrmions driven by SOT into structurally
confined geometries or artificial barriers exhibit a measurable reduction in size. This
size reduction is attributed to increased magnetostatic interactions resulting from
compression and the decreased inter-skyrmion (lattice) spacing within the confined
region. While this phenomenon has been explored through numerical simulations
[143, 350], experimental verification had not yet been achieved.

This behavior bears a conceptual analogy to the vertical distribution of gas par-
ticles in an atmosphere, described by the barometric formula [351]. The barometric
formula is derived from the condition of hydrostatic equilibrium [352] and the
ideal gas law [353-355], expressing the balance between the gravitationally induced
compressive force of the overlying atmosphere and the opposing pressure exerted
by the lower atmospheric layers. In the isothermal case, increasing compression pri-
marily leads to a reduction in the average interatomic spacing, without significantly
altering individual atom sizes.

In the skyrmionic system presented here, current-induced SOT compresses
skyrmions against artificial boundaries, reducing not only the average spacing
between individual skyrmions but also their intrinsic size. This results in a unique
2D system that emulates internal pressure effects akin to those in gaseous systems -
yet within a solid-state context where such behavior is typically difficult to replicate,
for instance with colloidal systems [343, 344] that exhibit only fixed sizes. Before
examining the implications of confinement-induced modifications in skyrmion size
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and inter-skyrmion spacing, this chapter first addresses the qualitative effects of ion
irradiation (see 3.5) on the magnetic properties of the employed thin film stack, as
well as its role in creating artificial skyrmion boundaries that remain permeable to
electrical currents.

5.1 Ion irradiation

Irradiation refers to the deliberate exposure of materials to highly accelerated ions,
which may range from light noble gas atoms to heavier elements of the light atoms
such as Gallium. As described in Chapter 3, irradiation using ions - specifically
Gallium - is commonly carried out using a FIB system. In this process, Gallium,
which has a low melting point of 29.8°C [319], is liquefied and subsequently ionized
and accelerated toward the target multilayer stack. Ion irradiation significantly
modifies the magnetic properties of thin films, most notably the PMA [253, 312-314,
317]. At low ion doses, irradiation can enhance PMA due to an annealing-like
effect that promotes crystallization and atomic ordering. However, at higher
doses, interfacial intermixing becomes dominant, disrupting the delicate interface
structure and thereby reducing PMA. This effect is particularly critical at interfaces
responsible for anisotropy induction, such as the CoFeB/MgO interface [44, 253,
314] used in the present samples and in magnetic tunnel junctions.

Miki et al. reported that ion irradiation in a similar sample post exposure can
induce gradual, time-dependent modifications in magnetic thin films over the
course of several months. This continued aging effect changing material properties
is attributed to ongoing atomic diffusion and interfacial intermixing processes
triggered by the initial irradiation [155]. Potential annealing could improve the
atomic diffusion and intermixing, remove atomic vacancies, and, slowly cooled
down, remove strain and stop this time-dependent change in properties.

Beyond a critical irradiation dose, the effective anisotropy constant K¢ becomes
negative. In this regime, shape anisotropy prevails over weakened interfacial
anisotropy, causing a reorientation of the magnetization from OOP to IP. This transi-
tion has been observed to occur irrespective of the ion species used, with both heavy
and light ions (e.g., He, Ne) producing qualitatively similar effects on magnetic
anisotropy [44, 158, 198]. The underlying mechanism appears to depend not solely
on atomic mass but rather on the ion momentum - determined by both mass and
acceleration - which is sufficient to induce atomic displacements at the interfaces.
Light ions such as helium or argon exhibit high mobility and low solubility in
metallic systems, allowing them to diffuse out of the thin film stacks, particularly at
elevated temperatures or in uncapped structures. In contrast, heavier ions possess
greater mass and lower mobility, leading to their implantation and permanent
incorporation into the material, which can result in lasting structural and magnetic
modifications. Interfacial intermixing also modulates the interface-sensitive DMI,
thereby enabling precise tuning of its strength and symmetry [315]. This suggests
that irradiation-driven modulation of primarily anisotropy and secondly DMI is a
generalizable phenomenon across various ion species and energies.

Ion irradiation can also be employed to engineer artificial pinning sites by locally
modifying the magnetic anisotropy of thin film stacks [158, 169]. As domain walls
propagate into regions with strong PMA, they encounter a higher associated energy
density. In contrast, regions with locally reduced PMA - caused by ion irradiation
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- exhibit a lower domain wall energy density. This energy gradient promotes
the preferential localization and pinning of domain walls within the irradiated
areas, driven by energy minimization principles. Gruber et al. demonstrated that
skyrmions are predominantly pinned at their domain walls rather than at their cores
[157], suggesting that such irradiation-induced modifications can be strategically
utilized to control skyrmion pinning based on skyrmion size or domain wall
characteristics.

The exposure also exerts a substantial influence on the saturation magnetization
of the FM layer [44, 158, 196]. Typically, the saturation magnetization decreases
monotonically with increasing irradiation dose due to ion implantation and in-
terfacial intermixing within the thin film layers [253]. Even though this effect of
ion irradiation on saturation magnetization is generally less pronounced than its
influence on the magnetic anisotropy, high irradiation doses can induce significant
and irreversible changes to the stack. At critically high doses, the irradiated
area undergoes a transition from ferromagnetic to paramagnetic behavior [313],
marking the loss of long-range magnetic order and the suppression of spontaneous
magnetization.

When the irradiation dose exceeds a critical threshold, the induced transition
to in-plane magnetization gives rise to a repulsive interaction between magnetic
domains or topological structures, such as skyrmions, and the irradiated region.
This repulsion is primarily attributed to the mismatch in stray field configurations:
non-irradiated regions with strong PMA support alternating up- and down-oriented
OOP magnetization, thereby minimizing stray field energy. In contrast, irradiated
regions with IP magnetization contribute negligibly to the stray field. As a skyrmion
approaches such a boundary, the reduced compensation of stray fields leads to an
energetic gradient, raising the local energy density. Due to energy minimization,
this generates a repulsive interaction analogous to the skyrmion-edge repulsion
observed at physical boundaries or between skyrmions [163, 173, 356], effectively
driving the skyrmion away from the irradiated zone (and from each other).

The irradiation-induced repulsion provides a non-structural, tunable method for
locally confining skyrmions [198], enabling the creation of artificial magnetic bound-
aries that are permeable to electric currents. Such boundaries offer a promising ap-
proach for spatially controlled skyrmion manipulation, with significant potential for
application in skyrmion-based spintronic devices.

5.2 He™" irradiation

To illustrate the significant potential of ion irradiation for the precise tuning of
skyrmion properties and the creation of artificial magnetic boundaries, the promis-
ing thin film skyrmion sample MVK763 was partially irradiated by the external
company Spin-lon Technologies!. As the irradiation process was conducted exter-
nally and without direct involvement in the procedure, specific details regarding
the irradiation parameters - such as ion energy and dose - were not disclosed.
Approximately half of the MVK763 sample was subjected to irradiation, result-
ing in a localized modification of its magnetic anisotropy. The boundary between
the irradiated and non-irradiated regions was identified using PMOKE microscopy.

Thttps:/ /www.spin-ion.com/ [320]
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FIGURE 5.1: A PMOKE differential image of the MVK763 sample at room tempera-
ture reveals out-of-plane magnetic domain contrast, with alternating light and dark
grey regions corresponding to opposing magnetization directions. The image cap-
tures the boundary between the irradiated region (left and bottom) and the non-
irradiated region (top right), with a distinct transition line clearly delineating the
two areas. Near zero applied magnetic field, the non-irradiated region (top right) ex-
hibits smaller but more densely packed domains, indicative of stronger PMA. In con-
trast, the irradiated region (bottom left) shows larger, more widely spaced domains,
consistent with a reduced PMA. Furthermore, the bottom right corner displays an
asymmetry in domain distribution, characterized by an apparent bias toward one
magnetization polarity - evidenced by a predominance of light grey domains over
dark grey - suggesting a locally imbalanced magnetic state, possibly due to a slightly
higher irradiation dose in this area.

This boundary provides a clear visual representation of the spatial variation in mag-
netic properties caused by irradiation, as evidenced by the distinct domain struc-
tures observed under the same applied OOP magnetic field, shown in Figure 5.1.

In the top-left portion of the sample, the worm-like domain patterns exhibit a period-
icity of A =7,3 £ 1,1 pm, whereas in the lower-left area, the periodicity increases to A
=11,3 £ 1,8 pm, indicating a reduction in effective anisotropy. Furthermore, spatial
variation is observed between the right and left regions of the sample, with a notice-
able increase in positive m, magnetization bias. Figure 5.2 presents the correspond-
ing local hysteresis loops, further confirming regional differences in anisotropy.

It is hypothesized that the lower-right region of the sample received a slightly higher
irradiation dose than the remainder of the irradiated area. This conclusion is sup-
ported by the absence of observable temperature or magnetic field gradients during
the irradiation process, suggesting that dose variation is the primary factor influenc-
ing the observed anisotropy differences.
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FIGURE 5.2: Colored hysteresis loops corresponding to distinct regions of interest
(ROIs) in a differential MOKE image of the irradiated MVK763 sample are pre-
sented, highlighting the magnetic response across the boundary between irradiated
and non-irradiated areas. Three ROIs exhibiting different magnetic properties are
clearly distinguishable, as evidenced by the variation in domain sizes and coercive
fields. The region marked in green exhibits a characteristic "butterfly"-shaped hys-
teresis loop, indicative of skyrmionic behavior and reduced PMA. In contrast, the
region highlighted in red corresponds to the lower corner of the previously shown
image (Figure 5.1) and displays a further reduction in coercivity, consistent with in-
creased irradiation dosage and a subsequent decrease in PMA. A third ROI, outlined
in purple and located along the irradiation boundary, shows signs of image artifacts.
These are likely residues from resist or adhesive tape used to mask or protect por-
tions of the sample during the irradiation process. It is important to note that the
field of view in this image is not identical to that of Figure 5.1 but is instead posi-
tioned further along the irradiation boundary. The magnetic contrast across these
regions reinforces the spatially dependent modification of magnetic anisotropy in-
duced by ion irradiation.

5.2.1 Differences between treated and untreated area
Treatment as artificial boundary

As shown in Figures 5.1 and 5.2, a distinct boundary between the untreated and ir-
radiated regions is evident, marked by a change in the distribution and periodicity
of worm-like magnetic domains. From the perspective of skyrmion dynamics, this
boundary functions as an effective energy barrier. Skyrmions are unable to traverse
from the non-irradiated (as-grown) region into the irradiated region, as doing so
would require them to overcome a localized change in magnetic anisotropy, which
introduces an energy penalty. Figure 5.3 illustrates this barrier effect: despite the fact
that both regions support skyrmion formation - as evidenced by the presence of a
stable, isolated skyrmion in the irradiated area (bottom left) - skyrmions originating
in the non-irradiated domain remain confined and do not cross into the irradiated
side. This indicates that the anisotropy gradient at the boundary acts as a selective
and robust confinement mechanism for skyrmions, even when the magnetic param-
eters in both regions permit their existence.
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FIGURE 5.3: PMOKE differential image of the MVK763 sample recorded at 322.7 K
and 210 pT OOP field reveals a dense skyrmion lattice in the untreated top-right
region, with the skyrmions exhibiting alignment along the boundary with the irradi-
ated area. In contrast, the untreated bottom-left region contains individual, slightly
larger skyrmions that appear more sparsely distributed and mobile. The irradiation
boundary acts as a confining barrier, preventing skyrmion propagation across the
interface, thereby spatially restricting their distribution within the untreated area.

This example highlights the potential of ion irradiation as a powerful tool
for engineering and precisely tuning boundaries or confinement landscapes for
skyrmions and other magnetic textures. In the following sections, the effects of
helium ion irradiation on additional skyrmion properties - including skyrmion size,
inter-skyrmion spacing, lattice organization, and the emergence of skyrmions with
opposite core polarities - are examined in greater detail.

The UNet-based [309] procedure for classifying and identifying skyrmion and
their properties (see Section 3.4.3) was applied to a PMOKE differential recording of
MVK?763 at 311.5 K under an applied magnetic field of ~60 pT, using an inverted
gray-scale image (see Section C.2.3 and Figure C.8).
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FIGURE 5.4: UNet-based image analysis of a MOKE recording of the MVK763 sam-
ple at 311,5 K under an applied nominal magnetic field of 60 uT, illustrating the
skyrmion classification workflow. Left: Inverted greyscale image of the raw data.
Middle: Pixel-wise classification output of the UNet model, where green represents
the non-magnetic background and red corresponds to magnetic structures. Right:
Post-processed result showing isolated and filtered skyrmions highlighted in blue
against a pink background, corresponding to non-skyrmionic area.

Size: treated vs. untreated regions

As a result of the modified magnetic properties, substantial differences in average
skyrmion size, quantity (Figure 5.5), and density (Section 5.2.1) are observed be-
tween the irradiated and non-irradiated regions. In the untreated area, the average
skyrmion radius is measured to be ryngreated = 1,7 & 0,3 um, while in the He " -treated
region, the radius increases to Iireateq = 2,4 = 0,3 pm (Figure 5.6), representing a rel-
ative increase of approximately 32.2%.
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FIGURE 5.5: Average skyrmion radii (in um) for the treated (orange) and untreated
(blue) regions reveal a size difference exceeding 30%. The standard deviation, indi-
cating the distribution of skyrmion sizes within each region, is notably larger on the
treated side, likely due to the increased available space allowing for greater skyrmion
expansion.
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Density: treated vs. untreated regions

The irradiation-induced changes in skyrmion phase and size also affect the skyrmion
density. To quantify the skyrmion density for both regions, a square area of 250 x
250 px (equivalent to 166.7 x 166.7 pm?) was selected for analysis on each side. The
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in the treated region. Considering the average skyrmion sizes previously

skyrmion density was determined to be 3,0
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in skyrmion density and skyrmion area density between the untreated (grown-as)
and treated regions were calculated to be psky. density = 92.7% and parea density = 32.2%,
respectively.
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FIGURE 5.6: Number of skyrmions within a 250 x 250 pixel area (correspond-
ing to 167 x 167 um?) for each respective region. During the observation period,
skyrmions are able to enter and exit the defined area. In the untreated region, the
skyrmion lattice is relatively dense and appears to undergo slight relaxation, leading
to skyrmions moving out of the region and a corresponding decrease in the skyrmion
count (blue). In contrast, skyrmions in the treated region exhibit a lower density and
remain largely within the defined area, likely due to a more relaxed state resulting
from weaker inter-skyrmion interactions. Consequently, the average skyrmion count
remains nearly constant over time (orange)

Distance: treated vs. untreated regions

Under static conditions (311.5 K and 60 uT), the average nearest-neighbor skyrmion
distance within the irradiated region remains approximately constant—within the
range of measurement noise—indicating a relaxed skyrmion state with minimal
spatial constraints. In contrast, the unirradiated region exhibits a denser skyrmion
lattice, characterized by significantly reduced inter-skyrmion distances. Over the
course of the observation, a slight increase in average distance is observed in the
untreated area, which is attributed to gradual lattice relaxation. This relaxation is
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likely driven by the annihilation of skyrmions at inhomogeneities, both within and
outside the field of view, as e.g. the irradiation boundary itself (see Figure 5.6).
As skyrmions annihilate, the remaining skyrmions redistribute to occupy the newly
available space, leading to an increase in their average separation (Figure 5.7) and a
modest expansion in skyrmion size (Figure 5.5).
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FIGURE 5.7: Average skyrmion distance in the 250x250 px square in the untreated
and treated part. The lattice density is visibly different between both sides, with an
average distance of . While the averaged (over all skyrmions in the defined area) dis-
tance for the treated side stays almost constant, the average distance for the treated
side increases slightly, hinting at the slow relaxation process inside the lattice. Also
possible is the annihilation of skyrmions outside the field of view, resulting in more
space to expand into.

s parameter: treated vs. untreated

As discussed in Section 2.4.4, a key parameter for quantifying the local order of the
skyrmion lattice is s, which indicates the degree to which a skyrmion’s nearest
neighbors align with the sixfold symmetry of the lattice. In the untreated region
(top part), the lattice within the selected 250 x 250 pixel area exhibits a s value of
s = 0,63, whereas in the treated region (bottom part), the corresponding value is
= 0,52. The lower s value in the treated area is expected, as the skyrmions, despite
their larger size, exhibit a greater average distance between neighbors, providing
more space for diffusion and consequently resulting in poorer local ordering. Fur-
thermore, the treatment boundary impedes the formation of a commensurate, local
hexagonal order. The relative difference in local ordering between the untreated and
treated regions is calculated as

1lp6, untreated — lpé, treated) o 19, 1%. (5.1)
2 (lPG, untreated + lp6, treated)

Overall, the irradiation process significantly impacts the skyrmion properties,
with relative differences on the order of tens of percent in the applied parameters
(mainly OOP field and temperature), providing a valuable mechanism for tuning
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and manipulating magnetic properties, responsible for skyrmion properties and dy-
namic.

5.2.2 Skyrmions of opposite polarities

Additionally, through the skyrmion nucleation procedure outlined in Section
3.3.3, and under the appropriate bias field and temperature of 319 K, a skyrmion
state with opposite polarity was serendipitously achieved. In the treated region,
skyrmions exhibit a negative magnetization core (-m,, appearing bright in the
MOKE difference imaging) set against a positive magnetization background (+m.,
appearing dark in the MOKE difference imaging). In contrast, skyrmions in the
untreated region exhibit the opposite polarity: a positive magnetization core (bright
in dark grey) surrounded by a negative magnetization background (light gray),
with both regions separated by the irradiation boundary.

100pm, . ) ) 11724721 14:10:37
C FIELD: 0.11 mT on »££,16x | BitS:4.0 | Polar

FIGURE 5.8: PMOKE differential image of MVK763 showing the He™ irradiation
treated (bottom left) and untreated (top right) regions. The skyrmion nucleation pro-
cess at 319 K resulted in a skyrmion state with opposite polarities between the treated
and untreated sides. On the treated side, skyrmions exhibit a positive core with a
negative background (bright on dark), while on the untreated side, skyrmions dis-
play a negative core with a positive background (dark on bright), with both regions
separated by the treatment boundary. Notably, the skyrmions differ significantly in
terms of size, spacing, and shape uniformity between the two regions, hinting at the
irradiation induced altered magnetic properties like PMA and DML

This phenomenon is attributable to irradiation-induced interfacial intermixing
[253], which modifies both the interfacial PMA and DMI [315], thereby disrupting
the delicate energy balance that still persists in the untreated regions. The resulting
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altered magnetic properties in that treated region can stabilize skyrmions of oppo-
site polarity, even under a nominally uniform external OOP field that otherwise
support a uniform skyrmion polarity in the untreated region.

Moreover, under low OOP bias fields - such as the nominal ~110 pT applied here,
slightly exceeding the double maximum geomagnetic field at Earth’s surface - the
energy landscape may exhibit degenerate minima. In such cases, skyrmions with
opposite core polarity coexist as both configurations are energetically stable in their
respective regions. In CoFeB/MgO thin film stacks [253, 314], which inherently sup-
port nearly symmetric energy conditions under low-field environments, skyrmion
nucleation via IP magnetic field bursts (see Section 3.3.3) can thus generate both
core-up and core-down skyrmions, contingent on thermal activation and regional
magnetization orientation.

The He™ irradiation induces a tunable change in magnetic properties in the
treated region with a distinct boundary clearly separating the two regions [169, 196].
Significant differences are observed in the size, spacing, and density of skyrmions
between the two areas, as well as in the structural uniformity of the treated region.
Skyrmions in the treated area exhibit more frequent deformations from a circular
structure, while those in the untreated region maintain a more uniform shape.
Additionally, skyrmions located near the treatment boundary in the untreated
area are slightly larger than those farther from the boundary. These variations are
further examined in the following sections. It is important to note that identifying
and tracking skyrmions in this particular recording proved challenging due to the
opposite gray-scale contrast. Details of the analysis procedure for this recording can
be found in Section C.2.3.

Influence on skyrmion properties

Skyrmions on the untreated side, at the given bias field and temperature, exhibit an
average radius of ryntreated = 1,8 £ 0,3 pm, while on the treated side, the skyrmions
have an average radius of rieateq = 2,3 £ 0,3 pm, corresponding to a relative increase
of approximately 24.4%. It is important to note that due to the dual polarity of the
skyrmions, an increase (or decrease) in the bias field causes skyrmions on the un-
treated side, with their core antiparallel to the applied field, to shrink (or grow),
while skyrmions on the treated side, with their core parallel to the applied field, will
grow (or shrink) [110, 128]. Additionally, due to the deformation of skyrmions on
the treated side, these structures are likely nearing a transition to worm-like domains
but remain in the skyrmion state due to confinement within the lattice.

parameter units untreated treated relative diff.
Radius r [pm] 1,8£03um | 2,3 £0,3um 24,4%
Avg. distance (d) [pm] 54+ 03pm | 7,1 4+0,3pum 27 2%
Avg. amount density | [1/100um?] 42 +0,5 23+05 58,5%
Avg. area density [-] 46,8% 39,2% 17,7%
() [-] 0,61 0,56 8,5%

TABLE 5.1: Skyrmion lattice parameters for the treated and untreated side of
MVK763 at 319 K and ~110 pT bias OOP field.

As discussed in the previous section, the quantities for skyrmion size, distance, num-
ber density, area density, 15 [175, 176, 332], and their respective relative differences
for the recording of opposite polarity skyrmions are summarized in Table 5.1.
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FIGURE 5.9: The development of the overall skyrmion-averaged s value per time,
representing local ordering, is shown for the untreated (blue) and treated (orange)
regions. The blue and orange lines indicate the averaged s values across all
skyrmions and frames. The shaded areas represent the corresponding standard de-
viations. As both lattices relax slightly, the 15 value increases for both sides, even
though the untreated side has a significantly higher order than the treated side.

If such a state could be reliably realized in systems exhibiting local regions with
skyrmions of opposite polarity under identical global conditions, it would introduce
novel possibilities for skyrmion-based applications. For instance, in such systems,
the skyrmion size could respond oppositely to applied fields, where one skyrmion
shrinks while the skyrmion with the opposite polarity expands.

Considering the accumulated relative differences in size, densities, distance, and
lattice ordering between the untreated and treated sides in the presented examples,
a significant change in skyrmion parameters and phase is observed. This demon-
strates the potential for fine-tuning skyrmion properties both locally, for the creation
of barrier-like structures, and on a larger scale, for entire regions. Although irradi-
ation is irreversible and permanent, it enhances the available methods for effective
and efficient skyrmion manipulation.
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5.3 Skyrmion compression

As demonstrated in the previous section, irradiation can be employed to modify
skyrmion properties such as lattice density, skyrmion distance, and size due to the
change of the magnetic properties [253, 314, 315]. In this section, the concept of com-
pressing skyrmions against an artificial barrier is experimentally explored, along
with the resulting effects on skyrmion system size, inter-skyrmion distance, and
overall lattice ordering. This concept has been similarly explored numerically in
simulation in Ref. [350] and Ref. [143].

5.3.1 Skyrmion nucleation at irradiated barrier

A recurring challenge encountered during the skyrmion flow measurements dis-
cussed in Chapter 4 was the control over the number of skyrmions flowing into and
through the channel. Since no reliable method for creating additional skyrmions
was implemented, other than the system-wide nucleation via IP burst (see Section
3.3.3), only a limited stream of skyrmions, corresponding to the maximum number
nucleated, could be moved into and through the MOKE microscope’s field of view.
The availability of a reliable source for skyrmion generation, or a method to nucleate
skyrmions without disrupting pre-existing ones, would significantly enhance the
this skyrmion based experiment. In addition to the nucleation process described
in 3.3.3, skyrmions can also be created at inhomogeneities such as scratches, holes,
or strong pinning sites within the magnetic material, either due to thermal effects,
or DC and pulse injection. These sites act as sources for skyrmion formation and
subsequent outward movement, akin to an overflowing well, and are thus referred
to as skyrmion wells. The irradiation process and its modification of magnetic
properties, particularly through local reductions in PMA, can also induce such
irregularities, including artificial pinning sites or barriers, which could serve as
novel tools for manipulating skyrmion dynamics. Figure 5.10 illustrates the He™-
irradiation boundary at four distinct time points following IP burst nucleation. The
images reveal that skyrmions randomly nucleate along the boundary and gradually
populate the irradiated region, progressively displacing the pre-existing worm-like
domains. This behavior is attributed to the modified magnetic properties at the
interface between treated and untreated regions, in combination with thermally
activated effects.

Furthermore, by applying current pulses, skyrmions can be nucleated at these
sites under the appropriate conditions, including bias OOP field, irradiation-
induced reduction in PMA and DMI, temperature, and current (or pulse) strength
[96, 142,294, 329, 357]. The nucleation of skyrmions in the presence of an irradiation-
induced barrier, with an increasing dosage gradient towards the center, was tested
in a small channel in a FAB629 sample. While skyrmion nucleation was successfully
achieved in one of the four channels, its reliability was compromised, as the
nucleation process was often interrupted by the formation of worm-like domains.
This highlights the sensitivity of skyrmion spin structures to external parameters, as
well as the permanent alterations introduced by irradiation. Consequently, reliable
skyrmion nucleation without the formation of worm-like domains remains an
experimental challenge with the presented thin film samples.
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FIGURE 5.10: Differential PMOKE images of He"-irradiated MVK763 at 322.7 K,
captured at identical fields of view, show the system at successive time points fol-
lowing IP burst nucleation. The initial frame corresponds to 0.3 s (5 frames) after
nucleation. Skyrmions nucleate stochastically along the irradiation boundary, the ef-
fect driven by locally altered magnetic properties and thermally activated processes.

Filling of reservoir

A significant challenge encountered when artificially nucleating skyrmions at
irradiated barriers is that the current densities used for skyrmion nucleation and
movement into the reservoir are sufficiently high to cause the annihilation of
skyrmions at the adjacent electrode structures. This issue complicates the process of
filling the reservoir and subsequently increasing skyrmion pressure and potential
compression. A dynamic hydrostatic equilibrium, balancing skyrmion nucleation
and in-flow with skyrmion annihilation at the electrode, is not achieved. However,
skyrmions nucleated via the IP burst in the channel can be directed toward the
electrode, where they are annihilated upon the application of sufficient current.
Skyrmions moving in the channel outside the field of view flow towards the
electrode, with the eventual outcome being either the complete movement of all
skyrmions into the field of view, leaving some pressed against the electrode, or
the formation of worm-like domains that migrate towards the electrode, entering
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the field of view and exerting pressure on the remaining skyrmions. Qualitative
observations suggest a size difference between skyrmions near the electrode and
those in later stages of movement into the field of view, compared to the original
skyrmion size in the lattice post-nucleation. During skyrmion motion induced by
SOT, as discussed in the previous section, skyrmions move beneath the gold contact,
making them invisible to MOKE imaging. As a result, any changes in skyrmion
size or lattice structure beneath the gold contact remain unobservable. To address
this, a comb-like structure was designed and fabricated at the ends of the channels
using lithography (see Figure 5.11). The protrusions in the structure are 1.5 pm
wide, spaced 1.5 pm apart, and are specifically engineered to be too narrow for the
skyrmions, at the applied temperature and field conditions, to flow into. However,
current can still pass through these protrusions into the chromium/gold contact.
Skyrmions are also repelled by the edges of the protrusions, maintaining a specific
distance from them due to skyrmion-edge repulsion.

FIGURE 5.11: PIONEER layout with the stack in blue and overlaying
Chromium/Gold contact in hatched yellow. Protrusions allow for current to pass
through them and the channel while impassable for skyrmions due to the narrow
width.

5.3.2 Theoretical ansatz

An appropriate theoretical framework, grounded in experimental observations, has
been developed by K. Leutner (see Sections 2.4.6 and C.1). This model suggests that
skyrmion ensembles respond to SOT-induced forces exerted on a barrier, effectively
generating a pressure analogous to the atmospheric pressure resulting from gravita-
tional forces acting on gas molecules, as described by the barometric formula. The
key distinction between this pressure and the inert gas pressure due to gravity is
that, in the case of skyrmions, not only do the average distances between individual
constituents decrease with increasing pressure, but the size of the constituents at the
confining barrier also reduces. The dynamics underlying this behavior are derived
from an adapted version of the Thiele equation, as outlined in Section 2.2.3, and are
further corroborated through simulation results.

5.3.3 Experimental observations
Field offset

All experimental measurements were conducted at 300 K to minimize the influence
of temperature on the skyrmion size. To assess the impact of the OOP bias field
and its potential offset, the size of free skyrmions was measured in increments of
5 puT, beginning with the lower field limit where skyrmions begin to transition into
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worm-like domains and ending at the upper limit where skyrmions are annihilated.
Skyrmions were nucleated using an IP burst, and their numbers were progressively
reduced by carefully increasing the OOP field until only a few free skyrmions re-
mained. The field was then decreased, and the skyrmion size was measured at vari-
ous points. Size data for skyrmions with both positive and negative polarities were
linearly extrapolated, and the intersection point was calculated to be Byt = -38.0
pT, which corresponds approximately to the Earth’s magnetic field in Mainz at a
latitude of 50°.

Interpolated field offset based on free skyrmion size
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FIGURE 5.12: Skyrmion size measurements for both skyrmion polarities (red) were
conducted to determine the field offset (opaque red line) through linear extrapola-
tion (blue), assuming a linear field dependence as described in previous works [110].
At the lower field limit, skyrmions elongate into worm-like domains, while at the
higher field limit, skyrmions become too small and begin to annihilate randomly.
The shaded region represents the standard deviation of the skyrmion size across all
skyrmions and frames within the recorded data. The derived field offset is Bygtser =
-38 pT, which corresponds approximately to the earth’s magnetic field at a latitude
of 50°.

5.3.4 Artificial skyrmion barriers

Sample TMD109 was structured using the lithography procedure outlined in Section
3.2. A key feature of the structure is the comb-like barrier, composed of protrusions
at the ends of the channels, which allows electrical current to flow while prevent-
ing skyrmions from passing due to size constraints and skyrmion-edge repulsion.
In addition, Ga™ irradiation was applied in a straight line across the channel (see
Figure 5.13 (violet)), with a dose gradient (as detailed in the Section C.3.1) to serve
a dual purpose: to nucleate skyrmions and to create an artificial barrier. However,
nucleation via current at the irradiated sites was not achieved, and the irradiated
region was utilized solely as an artificial barrier. Further research on the used stacks
is required to investigate reliable skyrmion nucleation at irradiation sites and its
dependence on various parameters, including e.g., stack composition, irradiation
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FIGURE 5.13: SEM image showing distorted structures captured at a tilt angle of 52°
(green). Three structures treated with Ga™ irradiation are visible, with the irradiation
zone indicated by a dark line (violet). The data presented corresponds to the central
structure, C22, with the lithography layout shown in the inset (blue). For reference,
the gold pad is outlined by a yellow dashed box.

dose, temperature, current densities, pulse widths, and bias fields. Achieving reli-
able nucleation at specific sites could significantly enhance the potential applications
of skyrmions in storage and non-conventional computing technologies.

Size determination

Given the critical need for a reliable method to determine skyrmion size, the
video analysis using UNET offers an efficient and dependable approach, once the
recording and UNET [309] filtering parameters are configured. UNET estimates
the skyrmion size by fitting two Gaussian curves along the longest axis and its
perpendicular short axis, which approximate the skyrmion’s edge. These curves
form a convex hull, and the number of pixels within the hull is counted to represent
the skyrmion’s area. It is important to note that during the investigation, the
skyrmion size is presented as the radius (in yum) of a theoretical perfect circle
corresponding to the area determined by UNET in pixels. The average eccentricity
of the skyrmions over time, which reflects the deviation from a perfect circle due to
compression or deformation, is discussed in section C.3.3.

5.3.5 Experimental measurements

Significant changes in both size and lattice structure were observed for skyrmions
subjected to pressure against the structured comb and the irradiated artificial bar-
rier. In this thesis, only the results from one specific measurement will be examined
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in detail. Additional measurements were conducted at the same constant tempera-
ture, with skyrmions pressed against both the structural comb barrier and the irradi-
ated barrier. For each setup, two system states were considered: one with a densely
packed skyrmion lattice, as nucleated, and another where the lattice density was
reduced by increasing the bias field after nucleation.

FIGURE 5.14: Structure C22 under varying bias OOP fields and lattice states. The
top and middle images correspond to a densely packed lattice as initially nucleated,
while the bottom lattice represents a state where the bias field was increased to mod-
ify skyrmion size and inter-skyrmion distance. Skyrmions in the high-density lattice,
when pressed against the irradiation barrier, exhibit a larger size than the average,
attributed to the reduced PMA and DML

It is important to note that the skyrmion size for the free skyrmions, as presented

earlier in Section 5.3.3, differs significantly from those nucleated into a lattice state.
This suggests an internal inert pressure induced by the skyrmions themselves, as
they confine their size due to skyrmion-skyrmion and skyrmion-edge repulsion. At
the bias OOP fields used for the free skyrmions, the skyrmions would already elon-
gate into a worm-like domain state. Thus, the nucleation of complete skyrmion lat-
tices via the IP field burst method enables the formation of skyrmion lattices with
smaller skyrmions compared to individual free skyrmions under the same bias OOP
field.
Due to the reduced PMA at the irradiated barrier, skyrmions that are pressed to-
wards the barrier by skyrmion-skyrmion interactions exhibit a significant size in-
crease compared to the average skyrmion size in the channel. This is consistent with
the size difference observed in the He™ irradiated region in previous sections. The
size increase due to the reduction in anisotropy may counterbalance the size de-
crease resulting from the compression of the skyrmions against the barrier. These
effects overlap, making it challenging to differentiate them using the current evalu-
ation methods. Additional results using the structural comb boundary are provided
in Section C.4.

The applied currents ranged from I = 5 pA to I = 30 pA, resulting in a current
density range of Jsoum = 1,1-107A/m? to Js0um = 6,7-10’A/m? in the narrow 50 pm
wide channel. For the 80 pm reservoir, the current density range was Jgoum = 0,69 -
107A/m? to Jsoum = 4,17 - 107A/m2. Tt is important to note that widening the channel
results in a decrease in current density, and consequently, a reduction in the force
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applied to the skyrmions in the reservoir section of the channel.
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FIGURE 5.15: The variation in skyrmion count over the duration of the recorded
video is shown for the applied current densities. The red line indicates the start of
current application (green shaded area), while the green line marks the cessation of
current application. During the first 12 seconds, the skyrmion number decreases
only slightly, likely due to thermal effects at pinning sites. However, during the
period of current application (until second 94), the skyrmion count decreases sig-
nificantly, with a more pronounced reduction at higher current densities. Once the
current is stopped, the number of skyrmions stabilizes, with any fluctuations at-
tributed to noise caused by UNET’s difficulty in correctly identifying a few remain-
ing skyrmions.

During the measurements, depending on the applied current density, the num-

ber of skyrmions decreases due to annihilation at the barrier, particularly near the
structural edges of the channel. To confirm that the decrease in skyrmion number is
solely attributed to the applied current, no current was applied during the first 200
frames (12.5 s), allowing the system to equilibrate. After 200 frames, the current was
applied until frame 1500 (93.8 s), after which the system was allowed to equilibrate
again until frame 2400 (150 s). It should be noted that the current was applied by
manually switching on a current source, and thus the exact time points of current
application and cessation are known.
The annihilation of over 80% of nucleated skyrmions at the highest current density
poses a significant challenge for compressing skyrmions against barriers at elevated
current densities. This factor must be considered when analyzing phenomena such
as lattice effects. Lowering the temperature could potentially enhance the stability
of skyrmions pressed against the barrier, mitigating some of the effects associated
with high current densities.

The average skyrmion size shows as a function of time in Figure 5.16 increases
during the current application, with the rate of increase being steeper at higher
current densities. This behavior can be attributed to the fact that, during current
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FIGURE 5.16: The average skyrmion size over time for the applied current densi-
ties is shown, with the green and red lines indicating the start and end of current
application, respectively. During the current application, the average skyrmion size
increases as skyrmions move towards the barrier, thereby creating additional space
for their expansion. However, as the number of skyrmions decreases with higher
current densities, this effect becomes less pronounced. After the current is stopped,
a relaxation process occurs, during which the inert pressure drives the skyrmions
back into the channel, providing further space for their expansion.

application, skyrmions move towards the barrier and some annihilate (particularly
at higher current densities), leaving more space available for the skyrmions furthest
from the barrier. Due to the reduced skyrmion-edge and skyrmion-skyrmion
repulsion, the skyrmions positioned farther from the barrier are able to expand
more freely, leading to a significant increase in their size. As the overall number
of skyrmions decreases, the number of skyrmions being compressed, and thus
experiencing a reduction in size, also diminishes. This explains the noise observed
in the graph for Jos,4 = 5,6 -107A/m? and Jaoua = 6,7 -107A/m? in Figure 5.16. For
high current densities, the skyrmions are forced against the barrier, resulting in an
overall size reduction, even smaller than at half the current density.

This behavior changes significantly once the current is stopped. The pressure
built up in the compressed system state of the artificially denser lattice and the de-
creased size of the remaining skyrmions is released. The lattice undergoes relax-
ation, and the skyrmions move towards the left, opposite to the previous current di-
rection, resulting in a drastic increase in their size. This provides additional evidence
for the existence of an inert pressure in skyrmion lattice systems, even though the
lattice had been artificially compressed prior to the measurements. This expansion
effect occurs as the skyrmions move into the newly available space in the channel,
thereby creating more room for the previously compressed skyrmions to expand,
resulting in an increase in the average skyrmion size. For lower current densities,
where fewer skyrmions undergo annihilation, the lattice remains relatively full, and
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FIGURE 5.17: Single frames from MOKE microscopy recordings at different time
points are shown, with arrows indicating the order of the time series. The labels
"ON" or "OFF" in the right corner denote whether current was applied during the
respective frame. The violet area highlights the irradiated region, which remains
consistent across all frames for clarity. The increase in skyrmion size is evident
once more space becomes available for individual skyrmions (e.g., at frames 450 and
750) and reaches its maximum during the relaxation period (e.g., at frames 1600 and
2200). The majority of skyrmions undergo annihilation during current application,
and the compression of the skyrmion lattice, both in terms of ordering and size, is
observed in frame 1450.

no significant free space is created during the current application. As a result, the
relaxation process is less pronounced compared to higher current densities.
Comparing the different current densities in this specific measurement run, the com-
pression of skyrmions at the barrier and their subsequent expansion into the newly
created space are evident. The skyrmion size increase and their re-migration into the
channel upon cessation of the current are also observed.

In Figure 5.19, the focus is placed on the start and end of current application at
the barrier. In the [red] and [green] regions, the lattice structure of the skyrmions be-
comes particularly evident during the current application. In [red], after the current
is applied (to the right of the red dashed line), the skyrmions shift approximately 2
pm closer to the barrier compared to the as-nucleated, equilibrated lattice state (to
the left of the line), while their size decreases by roughly 20%. This effect reverses
once the current-induced SOT is turned off (to the right of the green dashed line): the
skyrmions move away from the barrier back into the channel and increase in size by
approximately 25%. As the lattice melts, the skyrmions move apart and diffuse into
free space, causing the lattice alignment to disappear. It is important to note that
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FIGURE 5.18: A spatial projection of the skyrmion positions along the x-axis as a
function of time, with skyrmion radius color-coded, is presented. Each point rep-
resents the x-position of an individual skyrmion over time. Skyrmions move to-
wards the bottom of the graph, toward the barrier (starting around 135 pm). As the
skyrmions approach the barrier, they increase in size when not confined by other
skyrmions or the edges, reaching a maximum size determined by the magnetic pa-
rameters, temperature, and applied bias field.

only the center of mass of the skyrmions is represented in the x-coordinate, and due
to the size change, the outer domain walls of the skyrmions may not move as far
into the barrier as the plot suggests.

A key difference from the analogy with the barometric formula and gravity-based
atmospheric pressure is that, for the latter, only the average distance between gas
atoms or molecules decreases as pressure increases (ignoring internal molecular de-
formations in larger molecules). In contrast, the skyrmion compression discussed in
this thesis involves not only a reduction in the average distance between skyrmions
but also a decrease in the size of the individual skyrmions, as demonstrated in the
previous sections.
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FIGURE 5.19: A detailed version of Figure 5.18 is shown, with insets displaying
small time intervals marking the start and end of current application. The red region
indicates that, due to the SOT, the skyrmions move closer to the barrier while simul-
taneously shrinking in size. Once the current-induced SOT ends (green region), the
skyrmions slightly move away from the barrier and experience an increase in size.

5.3.6 Distance

In an ideal gas, an increase in pressure under isochoric (constant volume) and
isothermal (constant temperature) conditions leads to a reduction in the average
distance between atoms, as the number of particles per unit volume increases.
In contrast, within a skyrmionic system, compression not only reduces the inter-
skyrmion distance but also decreases the individual skyrmion size. This behavior
arises from skyrmion-skyrmion and skyrmion-edge interactions under the influ-
ence of SOT driving the skyrmions against a confining barrier. Near this barrier, the
skyrmions are forced into closer proximity.

At elevated current densities (i.e., higher effective pressure), enhanced skyrmion
annihilation occurs, which reduces the overall skyrmion population (see Figure
5.15). As a result, more space becomes available for the remaining skyrmions,
allowing for expansion. This expansion manifests as both an increase in skyrmion
size and a greater average separation between skyrmions.

Figure 5.20 illustrates the temporal evolution of the mean inter-skyrmion
distance for various applied current densities. In general, the average distance
increases over time, which correlates with the decreasing number of skyrmions
due to annihilation. This indicates that internal pressure within confined skyrmion
lattices dominates over the externally induced compression.

For the highest applied current densities (Jos,4 = 5,6 -107A/m? and Jaoua = 6,7
-107A/m?), the averaged distance data exhibit increased fluctuation, likely reflecting
the stochastic nature of annihilation events and the resultant expansion in skyrmion
spacing and size (see Figure 5.16). When only a few skyrmions remain under high
current, they continue to be compressed near the barrier, leading to a transient
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FIGURE 5.20: Averaged skyrmion nearest neighbor distance for all measured current
densities. The influence of skyrmion annihilation at higher currents on the average
distance is visible, as more space for skyrmion expansion (in size and distance) is
available.

decrease in average distance and size. This is evident in the time window between
75 s and 94 s, after which the current is turned off.

Upon cessation of the current, the skyrmions undergo relaxation, diffusing away
from the barrier and reoccupying the channel. This free space leads to an increase
in both skyrmion size (Figure 5.16) and average inter-skyrmion distance. This
relaxation effect is most pronounced in the high-current cases, where only a few
skyrmions remain at the end of the current application.

It is important to note that the reported inter-skyrmion distances refer exclusively
to the nearest-neighbor separations, calculated based on the centroid coordinates
identified by UNet [309]. This process does not account for the physical size of the
skyrmions themselves. Consequently, larger skyrmions in a lattice inherently yield
greater centroid-to-centroid distances, even if the edge-to-edge spacing between
their domain walls remains hypothetically roughly the same.

Qualitative observations confirm that skyrmions in proximity to the barrier are not
only smaller in size but are also positioned closer to each other (see Figure 5.17).
When restricting the analysis to a 20 pm region in front of the barrier, as shown
in Figure 5.21, the average distance behavior differs. In this confined region, the
number of skyrmions remains approximately constant, implying that any observed
compression must result from either a reduction in skyrmion size, inter-skyrmion
spacing, or both. Following the onset of current application, a slight decrease in
inter-skyrmion distance is observed, particularly under high current densities.
After the current is switched off, the skyrmions undergo relaxation, evident in the
increasing mean distance—indicative of skyrmion expansion and diffusion into the
available free space.

A more detailed examination of the highest current density case in Figure 5.22
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FIGURE 5.21: Analogous to Figure 5.20, the average inter-skyrmion distance is
shown in this case specifically for the 20 pm region directly in front of the barrier.
This localized analysis highlights the compression effects near the barrier, driven
by the combined influence of external forces, skyrmion-skyrmion interactions, and
skyrmion-boundary interactions. Given that the number of skyrmions within this re-
gion remains approximately constant during current application, the observed com-
pression manifests as a reduction in both skyrmion size and inter-skyrmion spac-
ing. Notably, in the high current density cases, the onset of the relaxation process
- marked by a rapid increase in inter-skyrmion distance upon cessation of the cur-
rent - occurs swiftly. This rapid response suggests a substantial internal pressure
buildup within the skyrmion lattice, even when composed of only a few remaining
skyrmions.
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FIGURE 5.22: Close-up view of the average inter-skyrmion distance at the onset of
current application. A near-linear decrease in distance is observed over the initial
2 seconds of current application, after which the repulsive skyrmion-skyrmion and
skyrmion-boundary interactions counteract further compression, leading to a stabi-
lization of the average spacing.
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reveals an approximately linear decrease in the average inter-skyrmion distance im-
mediately following current application. This reduction continues until a quasi-
hydrostatic equilibrium is reached after approximately 2 seconds. It is important
to note that, due to the elevated probability of skyrmion annihilation at the barrier -
where skyrmions accumulate under the influence of spin-orbit torque - the average
distance does not converge toward a definitive lower limit. To robustly character-
ize the lower bound of inter-skyrmion spacing under compression, longer-duration
measurements with minimized annihilation effects and a broader barrier region (i.e.,
a wider channel geometry) would be necessary.

5.3.7 Density

This section examines the density of the compressed skyrmion system. Given the
significant loss of skyrmions at higher current densities, the skyrmion density per
spatial interval will be analyzed. The channel is divided into approximately 4.5 pm
(15 pixels) wide stripes (as shown in Figure 5.23), and the number of skyrmions
within each stripe is counted individually and presented as relative density his-
togram in Figure 5.24. During current application, the skyrmion density increases
at the barrier, particularly at higher current amplitudes. Note that the relative den-
sity is evaluated for the whole channel and does not account for the widening of
the channel into the reservoir. This is clearly visible in Figure 5.24 in the dark vi-
olet to turquoise histogram bars. After the current is removed, the skyrmions un-
dergo relaxation, diffuse back along the channel, and expand spatially, consistent
with diffusion-driven dynamics.
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FIGURE 5.23: Channel division in stripes of ~4.5 pm (15 pixels) width. Alternating
grayscale for visual clarification, while violet represents the irradiated barrier.
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FIGURE 5.24: The normalized, averaged skyrmion amount per 4.5 um stripe, as
shown in Figure 5.23. Skyrmion density is highest in front of the barrier (yellow)
and decreases with distance from the barrier (towards violet) during current appli-
cation. Note that due to the higher amount of skyrmions in the wider reservoir, thus
the relative density is higher (x<~220 px). The data is segmented temporally in four
intervals: initial lattice equilibration phase (0-12.5 s), two intervals during current
application (12.5-50 s and 50-94 s), and the final relaxation phase without current
(94-125 s). Grey background for visual aid when striped are not populated.
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FIGURE 5.25: a) MOKE microscopy image of the presented structure (rotated by 90°
to align with the simulations), showing skyrmions being pushed towards the irra-
diated barrier (red line) by a current density of ] = 4,4 x 107% (indicated by the
white arrow). b) Simulated skyrmion compression, based on the adapted Thiele
equation, demonstrates qualitatively similar behavior to the experimental obser-
vations, with the skyrmion radius and periodicity increasing as the distance from
the barrier increases. c) The density histogram (black bars) shows the number of
skyrmions per unit area (see Figure 5.23) between 85 and 90 seconds. The error is
represented in red. Green dots and the interpolation represent data derived by K.
Leutner using his adapted Thiele equation, while orange reflects the qualitative pre-
dictions from macroscopic theory. d) Black bars depict the decrease in skyrmion size
towards the barrier, with green representing the qualitative data derived from K.
Leutner’s Thiele-based simulation, and orange indicating the qualitative predictions
from macroscopic theory. Graphs partly created by K. Leutner.
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5.3.8 Comparison to similar simulations

As discussed at the beginning of the second part of this chapter, two research groups
have investigated skyrmion compression in confined geometries through numerical
simulations: Zhang et al. - Ref.[350] and Bellizotti Souza et al. - Ref.[143].

In Ref.[350], the authors simulate the temporal compression of a skyrmion lattice
by applying an external force at the entrance of a confining channel. As skyrmions
are driven toward a barrier, compression arises from mutual skyrmion-skyrmion
and skyrmion-edge repulsion, resulting in a reduced average inter-skyrmion
distance and a rearrangement of the lattice order. While the skyrmion size itself
remains constant in their simulation, the authors note occurrences of skyrmion
annihilation, likely due to skyrmion collisions during compression. The simulations
involve nanometer-scale skyrmions with dynamics on the nanosecond timescale,
enabling the analysis of a transient, compressive skyrmion wave. Given the tempo-
ral and spatial resolution limitations in our micrometer-scale experimental system,
comparable dynamic behavior is unlikely to be directly observable. Due to lack of
skyrmion size compression, only the qualitative lattice change is comparable.

In Ref.[143], skyrmions are also subjected to simulated compression by direct and
alternating current forces toward a confining barrier. The authors incorporate the
effect of the Magnus force, which causes the skyrmions to deviate from the direction
of the applied current, resulting in an asymmetric accumulation of skyrmions in
the lower left corner of the confinement. This leads to a gradient in skyrmion
size and spacing - denser and smaller skyrmions near the boundary and larger,
more sparsely spaced skyrmions farther from the wall - qualitatively resembling
the experimental results presented in this thesis, not taking the skyrmion Hall
effect into account. The authors describe this arrangement as a conformal crystal.
Skyrmion annihilation is observed at increasing current densities, culminating in
complete annihilation at a critical current density J§* = 1,76 -10'! %.

In our experiments, a similar behavior is observed at the maximum current density
of ]%‘Z‘A = 6,7 -107%, where the highest rate of skyrmion annihilation occurs.
However, since some skyrmions persist at this current level, it is likely that the
critical current density has not yet been reached. At higher current values, ex-
perimental limitations such as insufficient temporal resolution and the onset of
worm domain nucleation hindered further analysis. In contrast, Bellizotti Souza et
al. demonstrated that applying AC rather than DC allowed for an increase in the
critical current threshold, a method not experimentally explored in this work.

Overall, the findings of Ref.[143] exhibit qualitative agreement with the exper-
imental results presented here. The primary differences lie in the spatial and tem-
poral scales - nanometer-sized skyrmions under high-current conditions with pro-
nounced skyrmion Hall effects in their work versus micrometer-sized skyrmions
operating in the creep regime with negligible SkHA in this thesis.

5.4 Conclusion

This chapter explored the impact of wide-area and locally confined irradiation
on skyrmion stacks, examining how irradiation can alter magnetic properties and
thereby the resulting skyrmion properties. By modifying anisotropy, irradiation
plays a crucial role in fine-tuning skyrmion parameters, such as size and ordering,
and can also serve to confine skyrmions by introducing barriers, non-structural
confinements, or artificial pinning sites.
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Skyrmion properties, such as size, can be directly influenced by current-induced
SOT when a skyrmion ensemble, subjected to inter-skyrmion and skyrmion-edge
interactions, is compressed against a structural or, as in the present case, an irra-
diation induced artificial barrier. This compression not only reduces the size of
skyrmions near the barrier, which are confined by neighboring skyrmions, but also
decreases the inter-skyrmion distance, resulting in denser lattices. Building upon
these experimental findings, K. Leutner derived a theoretical model of skyrmion
compression, based on an adapted Thiele equation.

A comparison between the experimental results and the simulations presented
in Ref.[143] reveals qualitative agreement. However, further investigations are
necessary to fully understand the underlying mechanisms and detailed dynamics
of skyrmion annihilation and the inherent lattice pressure. Notably, the simulations
performed by K. Leutner, based on the extended Thiele equation - which has been
demonstrated to accurately describe the behavior of micrometer-scale skyrmions|[71,
110, 153, 174, 326] - exhibit also qualitative agreement with the experimental obser-
vations presented in this work.

Comparative systems in 2D or 3D that exhibit complex dynamics under compres-
sion - such as gases - typically consist of an extremely large number of particles,
enabling macroscopic descriptions through thermodynamic variables like pressure.
In contrast, the skyrmion compression experiments presented here involved an
initial amount of approximately 250 skyrmions, which continuously decreased due
to annihilation under externally applied forces. While the dynamics of colloidal
particles in liquids are influenced by interactions with the suspending medium,
the behavior of skyrmions is shaped by their interactions with a non-uniform
energy landscape, mutual interactions, and boundary effects. Despite the relatively
small particle number, skyrmions as 2D model systems offer unique advantages
over colloidal analogues, particularly due to their controllable nucleation and easy
manipulation. Expanding the system to include a larger number of skyrmions
within a denser lattice and over a broader spatial geometry may reduce the impact
of structural or artificial boundaries, thereby facilitating more accurate experimental
investigations of intrinsic lattice dynamics under compression. ~Compression
of skyrmions against an artificial barrier, such as voltage-controlled magnetic
anisotropy, could pave the way for new applications, such as token control in an
hourglass-shaped valve. Moreover, irradiation can be utilized to guide skyrmions
through confinements that are permeable to currents, offering new possibilities for
skyrmion-based circuitry.
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Chapter 6

Brownian Reservoir Computing

This chapter introduces an application of skyrmions in the realm of unconventional
computing [113, 219, 325, 358, 359]: exploiting energy efficient displacement of
skyrmions in combination with Brownian thermal diffusive motion, a demon-
stration device is introduced, able to perform Boolean logic operations, including
non-linear separable operations, by Brownian reservoir computing. A proof-of-
concept device is presented together with the prospect of a scaled down, nanometer
scale version and according readout process. An energy estimation for a single
skyrmionic operation shows the energy efficiency of such a concept. Optimizations
of the concept in general and for this device in particular are discussed.

6.1 Skyrmions in application

As discussed in previous chapters, skyrmions, exhibiting quasi-particle behavior
[115, 360, 361], can be displaced deterministically with high energy efficiency via
STT [79] and SOT [94, 95, 97, 98, 362], necessitating only low current densities. To
date, several potential applications for skyrmions have been proposed [110, 111,
190, 229, 235, 325, 363], with particular attention to their utilization as tokens in
novel memory devices [118] like, e.g., racetrack memory [29], taking advantage of
skyrmions’ potential nanometer size, stability [130] and achievable velocities [192].

However, many of these proposed applications have largely overlooked a fun-
damental characteristic of skyrmions: the stochastic nature of their thermally
driven Brownian motion. Deterministic approaches, which rely exclusively on
current-induced torques for skyrmion manipulation in memory and computational
devices, have not been systematically integrated with the inherently nonlinear and
thermally activated diffusion of skyrmions [110]. Specifically, the high current
densities required to induce deterministic motion and meet necessary skyrmion
velocity constraints pose a challenge to energy efficiency when compared to existing
spintronic reservoir computing architectures [51, 56].

Conversely, unconventional computing paradigms, such as RC (as introduced in
Section 2.7), leverage the probabilistic and nonlinear dynamics of skyrmions, po-
tentially reducing the required current densities for their overall displacement. The
stochastic and nonlinear behavior is also characteristic of a biological brain, which
processes information through networks of neurons connected by synapses. These
elements communicate via electrochemical signals (neurotransmitter), enabling
highly efficient signal transmission and processing with exceptional energy effi-
ciency [49] and inspire new neural networks based on biological systems [364-366].
Another critical factor in skyrmion dynamics is the ability to modulate their stochas-
tic behavior through geometrical confinement. Due to stray-field and exchange
interaction, skyrmions experience repulsion from structural or artificial edges [155,
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169, 172, 198, 367], enabling control over their otherwise semi-isotropic diffusion
and equilibrium arrangements within confined geometries. In this context, semi-
isotropic refers to diffusive skyrmion motion influenced by the relatively flat energy
landscape of the sample. The interplay between driven motion, confinement effects
and stochastic diffusion presents opportunities for tailored skyrmion behavior,
which can be exploited in computational [99, 152] and memory frameworks.

6.2 RC using skyrmions

Reservoir computing (RC) [222, 226], as outlined in section 2.7.3, harnesses the
intrinsic nonlinear dynamics of a physical system, referred to as the reservoir, to
project input signals into a higher-dimensional space. This transformation resem-
bles an efficient readout of the computational output. The input signal modulates
the reservoir state, which is subsequently read out and its output interpreted using
a perceptron that maps the reservoir output onto a desired result. Crucially, the
intrinsic properties of the reservoir perform the computation inherently, eliminating
the need for direct training within the reservoir itself. Instead, training is confined
to the output stage, simplifying the process to solving a linear optimization problem
and thereby reducing computational cost [368].

A fundamental requirement of RC is the implementation of an external reset mech-
anism that restores the reservoir to its initial state after each computational cycle.
This necessity poses significant challenges in many experimental realizations. Later
in this chapter, an energy efficient method for resetting the reservoir is introduced.
In previous skyrmion-based RC approaches [234], local pinning sites have been
employed [229, 232], which can hinder the effectiveness of skyrmion diffusion.
Furthermore, these nonlinear dynamics typically result in small displacements,
making the experimental readout in practical devices challenging.

This chapter presents an alternative RC concept that leverages the intrinsic proper-
ties of a single thermally activated skyrmion confined within a triangular geometry
[99, 152]. By incorporating low-power current-induced motion, the skyrmion is
directed toward the corners of the confinement. The geometric constraints and
repelling interactions at the edges establish a potential well, naturally driving
the skyrmion back to its initial state - centrally positioned within the triangular
structure - after each induced displacement. This automatic reset mechanism
enhances the reliability and reproducibility of the system, enabling the realization
of Boolean logic operations, including nonlinearly separable functions, within this
proof-of-concept framework.

6.2.1 The demonstrator device

The demonstrator device, fabricated from stack FAB629 (see details in Sections A.1,
A.1.2 and Ref. [99, 110, 152]), consists of equilateral triangles - one of the simplest
and symmetric shapes in 2D Euclidean geometry - with electrical leads extending
from its corners to enhance electric connectivity. The triangular structures were pat-
terned as described in chapter 3, with side lengths varying between 22 pm and 40
pm. The contacts measure 15 pm in length and have widths ranging from 2 um to 5
pm.

A well-balanced corner protrusion width is crucial: it must be sufficiently large
to ensure reliable electrical connectivity while remaining narrow enough to prevent
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e
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FIGURE 6.1: PIONEER layout for EBL design. Dark blue represents the remaining
material stack on the substrate (white) after first lithography step including etching.
Chromium/gold layer for second lithography step in diagonally-checkered green.
One device per writefield (1x1 mm?), with each device individually labeled (Hor-
izontal in numbers, vertical in letters), connected to 250 %250 pmz. Inlet represents
the zoomed in device B3 with 40 pnm side length and visible protrusions from corners
overlapped by the gold layer for better contacting.

skyrmions from entering. As shown in Figure 6.1, the gold contact pads are con-
nected via overlapping leads extending over the protrusions, ensuring efficient elec-
trical connectivity, particularly along the sides of the stack. Since the CoFeB- and
tantalum seed layer are separated by a non-conductive MgO layer, a gold contact
positioned solely on top of the stack would result in current flow primarily through
the 5 nm tantalum capping layer. The inhomogeneous current distribution within
the stack will be considered later in this chapter when estimating energy consump-
tion. The applied potentials required to induce skyrmion motion range between 2
mV and 5.5 mV, corresponding to electrical currents on the order of a few pA. Given
the device geometry, the estimated current densities at the half-height width of the
triangular structure (see Figure 6.16, green dashed line) range from ~ 2 - 1074 /m? to
~ 31084/,

The presented experimental results were obtained from a triangular device with
a 40 pm side length and a 4 pm wide protrusion, hosting skyrmions of approxi-
mately 5-8 pm in diameter at temperatures ranging from 315 K to 330 K.

6.3 Functionality of the device

6.3.1 Skyrmions in the reservoir

Devices with varying size were systematically tested and measurement parameters
optimized to accommodate a single skyrmion of sufficient size, exhibiting thermal
diffusion within the structure at ambient temperature and under a low out-of-plane
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FIGURE 6.2: The figure schematically illustrates the RC device, which consists of an
equilateral triangular geometry fabricated from stack FAB629, with gold electrical
contacts positioned at its corners. A single skyrmion is confined within this structure
and can be displaced through the application of electrical potentials at the corners.
In the absence of an applied potential, the skyrmion naturally returns to the central
position due to the geometric confinement, thereby resetting the reservoir. The red
annotations indicate the applied potentials used to demonstrate Boolean logic oper-
ations. The insets provide a schematic representation of the skyrmion spin structure
and the stack layer composition. Figure adapted from [99].

bias magnetic field. During this optimization process, devices were initially in-
spected for contaminants such as resist residues or dust, which could restrict visi-
bility in MOKE microscopy. Additionally, electrical connectivity was verified, resis-
tances determined, and the presence of strong pinning sites assessed, as excessive
pinning could displace the skyrmion from the central equilibrium position [156].
The occasional destructive burnout of devices during resistance measurements, ex-
perimental setup, and operation necessitated the implementation of extended safety
measures, as detailed in section 3.3.5. Skyrmions within the device were nucle-
ated using the procedure described in section 3.3.3 and Ref. [110]. Depending on
the applied out-of-plane bias field and the confinement size, multiple skyrmions
were typically generated, exhibiting spatial ordering commensurate with the ge-
ometry, as reported in prior studies [172]. For this proof-of-concept, the number
of skyrmions was controlled by increasing the bias field, which reduced skyrmion
size until stochastic annihilation occurred. The bias field was subsequently lowered
to achieve a favorable skyrmion size, ensuring that sufficient space remained for
thermal diffusion. This is particularly relevant for potential application involving
multiple skyrmions. In a scaled-down device, a single skyrmion could be nucleated
via spin-transfer torque exerted by a MT] [297, 298]. For this demonstrator, skyrmion
displacement was visualized using MOKE microscopy, as described in chapter 3 sec-
tion 3.3. However, for a practical spintronic device, optical readout combined with
image analysis for skyrmion tracking is not a viable solution due to its low speed and
high energy consumption. The use of MOKE image analysis in this study serves as
an experimental analog to MT]-based detection via TMR changes (see Section 2.6)
[369]. In a device incorporating MT]Js, skyrmions positioned beneath the junctions
can be detected via changes in TMR [216-218], provided a significant portion of the
skyrmion overlaps with the active area of the MT]. Accurate detection requires an
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FIGURE 6.3: A representative MOKE microscopy image displays a field of view mea-
suring 125x95 ym. The triangular device, containing a single skyrmion (visible as
a dark grey spot), is electrically connected to four contact leads. The contact protru-
sions are faintly discernible beneath the gold leads due to sample drift and differen-
tial imaging. Notably, the bottom contact was not utilized in this experiment.

optimized measurement frequency that is sufficiently high to resolve magnetoresis-
tive variations during the transient overlap, which must be matched to the veloc-
ity of the skyrmions. Additionally, the presence of the MT] must not perturb the
skyrmion dynamics, ensuring that the measurement process remains non-invasive.
An industrial spintronic implementation would require additional CMOS-based cir-
cuitry for MT] readout and signal processing. The potential dual functionality of
MT]Js, both as skyrmion nucleation sites and as readout elements in a miniaturized
version of this demonstrator, is explored further in subsequent sections.

6.3.2 Forced skyrmion dynamics

This RC concept operates by measuring the probability distribution of the
skyrmion’s position, which arises from the interplay between current-induced
motion driven by STTs and SOTs [79, 94, 95, 97, 98, 362], skyrmion-edge repulsion
[172, 367], and thermal diffusive dynamics [110]. By applying an electric potential
between the corners of the triangular confinement, the skyrmion is displaced from
its initial position at the center of the triangle toward one of the corners. Upon
removal of the potential, the skyrmion returns to the central position due to edge
repulsion, effectively resetting the reservoir. A key advantage of this system is its
energy-efficient operation, leveraging the combined effects of thermal dynamics
and edge repulsion. Once a single skyrmion is nucleated, these mechanisms
enable automatic initialization and self-resetting upon cessation of the applied
potential. The system achieves its initial state without requiring additional input or
adjustments to local pinning effects [229, 232], as a single skyrmion predominantly
remains near the center of the triangular confinement. Figure 6.4 schematically
illustrates the forces acting on the skyrmion within the confinement.

The skyrmion states, including the initial state and corresponding displacements
under varying applied potentials, are presented in Figure 6.5. The applied potentials
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FIGURE 6.4: Schematic of the device with forces acting on the skyrmion (dark gray
circle) within the triangular confinement, illustrated by red arrows: a) Skyrmion-
edge repulsion: Due to stray-field interactions, the skyrmion experiences a repulsive
force from the boundaries, resulting in its preferential localization near the center
of the triangular confinement. b) Semi-isotropic, thermally activated diffusion: The
skyrmion undergoes stochastic motion driven by thermal energy, with its diffusion
behavior significantly influenced by the intrinsic energy landscape of the system. c)
Current-induced displacement via SOTs: When an electric current (indicated by the
yellow arrow) is applied, the skyrmion is driven toward the bottom corner due to the
effect of SOTs. The applied potential configuration consists of a positive potential at
the bottom-left contact (red), a negative potential at the bottom-right contact (blue),
and a grounded contact (0 V) at the top (gray).

-0 +] [++]

[000] [+0-] [0+ -]

FIGURE 6.5: MOKE images of the same triangular device, each containing a single
skyrmion, are presented. The applied electrical potentials - ground (0), positive (+),
or negative (-) - are indicated in red characters at the respective contacts and are also
summarized in brackets below each image in the order [left, right, top]. In subfigure
(), the locations of potential MT] placements for readout are additionally marked
by circles (not to scale). Adapted from [99].

were controlled using two individual Keithley 2400 SourceMeters. In subfigure (e),
white circles indicate potential locations for MT] placements, representing the po-
sitions for the mimicked TMR readout [369]. While numerous input configurations
are possible, the Boolean functions presented later utilize only two voltage states -
ground (0) and positive voltage (1) - applied to two contacts, while the third contact
remains always at ground.

6.3.3 Current density distribution

To quantify the current density within this geometry, the half-height width of the
triangular confinement is used, as the cross-sectional area narrows toward the cor-
ner contacts. This results in an increased current density near these contacts, where
skyrmion annihilation was experimentally observed at higher applied currents. To
analyze the underlying mechanisms and precise locations of skyrmion annihilation
as current increases, a minimal model simulation was conducted by Censored Name
using COMSOL Multiphysics® [370]. As previously mentioned regarding the ne-
cessity of gold coating along the edges, the current primarily flows through the
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FIGURE 6.6: A simplified COMSOL Multiphysics® simulation was performed to an-
alyze the current density distribution within the device. The left panel displays the
current density distribution for a configuration in which a positive potential is ap-
plied at the bottom right contact, while the remaining two contacts are grounded.
The right panel shows the current density distribution for an alternative configura-
tion, where a positive potential is applied at the bottom right contact, the top con-
tact is grounded, and the bottom left contact remains floating. The highest current
density regions, highlighted in red, correspond to the bends where the gold contact
terminates on the material stack. At these locations, the elevated current densities
may result in localized heating, potentially leading to the annihilation of skyrmions.
Simulation performed by Censored Name. Adapted from [99], supplementary ma-
terial.

top tantalum layer and the bottom CoFeB-tantalum layers. Assuming a compara-
ble current distribution in both layers, the simulation was performed solely for the
5 nm-thick top tantalum layer. In the model, the electrical contact was represented
as a chromium pad surrounding the sides of the rectangular protrusion, excluding
the top. The resulting simulated current density distribution is shown in Figure 6.6,
where the highest current density (indicated in red) occurs at the initial interface
between the material stack and the 5 nm chromium contact. Although the actual
demonstrator device features a gold contact fully encapsulating the protrusion, em-
pirical observations of skyrmion annihilation at these exact bends align with the
predictions of the simplified simulation. Given the high thermal conductivity of the
gold pads, which serve as efficient heat sinks, significant thermal effects contribut-
ing to skyrmion annihilation are considered unlikely and the higher likelihood of
annihilation is assumed to arise due to interfacial effects between the material stack
and chromium/gold.

Since only the 0.95 nm CoFeB layer, along with the tantalum seed layer inter-
face, constitutes the active layer of the device, a reduction in layer thickness would
lower overall power consumption while maintaining a constant current density. In
an industrial application, the device would not include a conductive capping layer
directly connected to the contact leads and pads; instead, alternative passivation
methods, such as silicon nitride (Si-N) or silicon oxide (Si-O) [243], could be em-
ployed. Additionally, functional layers like a magnetic tunnel junction overhead
or CMOS-based systems could be incorporated above the active region, acting as
potential readout and analysis while other layers could further optimize device per-
formance and reduce the required current for achieving the same current density.
Distinctive current-induced skyrmion motion was first observed empirically at a
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current density of ] & 5 - 107A/m?> moving opposite to the direction of the technical
current flow. Notably, this current density is approximately four orders of magni-
tude lower than that reported in previous studies on similar thin-film stacks [95,
110]. This pronounced reduction underscores the low-energy landscape of the fab-
ricated FAB629 sample series and confirms the feasibility of skyrmion motion under
ultra-low power conditions. To achieve reliable skyrmion displacement toward the
corners of the triangular confinement geometry, a current density of approximately
J ~ 1084/m? was applied. A systematic analysis of the skyrmion Hall angle was
not conducted, as the dynamics within the triangular geometry were already highly
complex and dominated by geometric confinement effects.

6.4 Boolean Logic operations

The proof-of-concept was demonstrated using MOKE microscopy to visualize
skyrmion displacement. For a scaled-down nanometer-scale device, MTJs would
be employed, as TMR is sensitive to the local magnetization in the relevant region
[369]. To simulate readout via MT]Js in the image analysis, four circular readout
regions with a radius of 2,2 um were selected within the reservoir.

6.4.1 Training linear readout

A fundamental advantage of reservoir computing is that training is required only at
the reservoir’s output stage, where the system’s response is mapped to the desired
result [58, 222, 225]. In the presented demonstrator, the reservoir’s intrinsic dynam-
ics are not trained; rather, only the skyrmion’s position in response to specific input
conditions is considered. To simulate a potential device array system, multiple im-
ages with the same input configuration are analyzed, where each image represents
an individual device subjected to the given input. This approach mimics a form of
spatially multiplexed reservoir computing, which, unlike time-multiplexed systems
relying on temporal input variations, does not require time-dependent evolution of
the device state. However, achieving high stochastic accuracy necessitates sufficient
sampling, e.g., large number of devices operating simultaneously.

From a technical perspective, training must be performed on each individual de-
vice to associate its output with a specific result. In this presented work, training
was conducted on a single device, with measurements recorded over time across
multiple images to effectively replicate the spatial reservoir computing behavior of
multiple devices. The accuracy of this concept is dependent on the sampling, i.e.
number of devices utilized, which correlates with the total chip area and the num-
ber of samples employed per operation. Given the simplicity and scalability of the
triangular confinement geometry, a minimal area is required, making this system
particularly advantageous for large-scale chip integration.

Due to the inherent stochastic nature of the system, skyrmion positions vary across
different images, each representing a separate instance of the mimicked device. This
variability is accounted for during training by assigning a weight, a factor, to each
readout location, which corresponds to the probability of skyrmion occurrence at
that position. The skyrmion occurrence probabilities are processed externally using
a linear readout mechanism, where the final output is computed as a weighted sum
of these probabilities plus an offset.

The output Q, which represents the mapped result, is mathematically expressed as
the weighted sum of the skyrmion occurrence probabilities Py at a specific circular
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regions x, each multiplied by its corresponding weight W, along with an offset term
Wintercept- Region x refers here to the mimicked MT] positions as seen in color coded
Figure 6.7 e) with , right, middle and top.

FIGURE 6.7: Potential MT] positions color coded for visual aid - Reuse of Figure 6.5
e) for better positional clarification with same current applied.

This relationship can be formulated as:

Q: (P'W)+Wintr t
; x x ercep (61)

= Wleftp left + WtopP top + Wmiddlep middle 1 Wrightp right + Wintercept

The skyrmion occurrence probability Pregion is dependent on the input patterns
applied to the device, specifically the four configurations: [00], [01], [10], and [11]
(see Figure 6.8). Through weight optimization, the vector of skyrmion occurrence
probabilities across the four designated regions—arising as a result of the applied
input voltages—is mapped to either 0 or 1. This mapping is determined by the
specific Boolean operation being implemented for each input configuration.

This method enables the system to perform a variety of computational tasks de-
pending on the assigned weights for each individual device. In this study, weights
for multiple operations were trained using a single device, with Kerr microscopy
measurements comprising 13,000 frames captured at 16 frames per second. The
average skyrmion occurrence at four designated locations was determined over
1,000-frame intervals (corresponding to 62.5 s). These occurrence data were grouped
into sets, with the first four of all 13 sets used to optimize (train) the weights for
linear readout using the Scikit-learn software package [371], as presented in Table
6.1.1
The weight values (provided in Table 6.1) are determined based on the global
skyrmion occurrence distribution shown in Figure 6.8 and effectively adjust the
probability values to yield the desired output.

By setting the top contact to ground, logic operations were implemented using
only the left and right bottom contacts as inputs, where logical states [0] and [1] cor-
respond to ground (0 mV) and an applied potential (2 mV), as illustrated in Figures
6.9 or 6.10. For the OR logic operation, a logical output of [1] is expected for the
input voltage combinations [2 mV, 0 mV], [0 mV, 2 mV], and [2 mV, 2 mV], applied

LContributions to this work have been lined out in the Section D.6.
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FIGURE 6.8: Skyrmion occurrence probabilities were analyzed for the four desig-
nated readout locations (see Figure 6.7), as well as for the region outside these areas
(denoted as none), based on the two-contact input configurations across 13 sets of
1000 frames each. Taken from [99].

TABLE 6.1: Weights of the linear regression training process for Boolean logic op-
erations using 4 sets of 1000 images each for point-like skyrmion (center readout).
Taken from [99].

OPel‘ator Wleft wright Wtop Wmiddle wintercept
AND 1.124 | 7.497 | 0.623 1.022 -0.797
NAND | -1.124 | -7.497 | -0.623 | -1.022 1.797
OR 0272 | 1.09 | -1.403 | -2.908 0.942
NOR -0.272 | -1.09 | 1.403 2.908 0.058
XOR -0.852 | -6.407 | -2.027 | -3.93 1.739
XNOR 0.852 | 6.407 | 2.027 3.93 -0.739

to the left and right corners ([, right]) of the triangular confinement geometry. In
these cases, skyrmions are most likely detected either in the region (for [2mV,
0mV]), the right region (for [0mV, 2mV]), or in both regions? (for [2mV, 2mV]), with
the exact distribution influenced by pinning sites and thermally activated stochastic
motion. In the latter case, the grounded top contact allows current to flow symmet-
rically toward both bottom corners, promoting skyrmion motion toward either con-
finement regions3. In contrast, for the input configuration [0mV, 0OmV], correspond-
ing to a logical output of [0], the skyrmion remains predominantly localized in the

region due to the absence of a directional current drive. As illustrated in Fig-
ure 6.8, the skyrmion occurrence probability is consistently high in the left and/or
right readout regions for the logical [1] cases, resulting in the assignment of positive
weight values to these regions. The product of the skyrmion occurrence probability
P, and its associated weight W, determines the weighted output response Q, which
either exceeds or remains below a defined threshold, thereby enabling differentia-
tion between output states [1] and [0]. Conversely, skyrmion presence in the top

%It is important to note that the skyrmion cannot simultaneously occupy both regions; however, the
probability of its presence in either individual region is high.

3The likelihood of skyrmion occurrence is asymmetric, primarily due to the inhomogeneous energy
landscape and the (minor) influence of the skyrmion Hall effect (see Section 2.4.5).
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readout region is predominantly associated with the input condition [0OmV, OmV],
which corresponds to a logical [0]. As a result, a negative weight is attributed to the
top region to suppress contributions to the output signal in this configuration.

This approach necessitates that each device undergo individual characterization and
task-specific training.

The linear readout was trained to implement the Boolean logic operations AND,
NAND, OR, NOR, as well as the non-linearly separable XOR and XNOR. In the re-
spective graphs, the light blue sections of the curves represent the four-part training
set used for weight optimization, while the black sections correspond to the nine-
part test set. The dashed lines indicate possible threshold values for perceptron-
based readout, effectively mapping the results onto the output: values of Q above
the threshold are assigned to output [1], whereas values below the threshold corre-
spond to output [0]. Training and test set outputs demonstrates reliable performance
across all presented Boolean logic operations.

RPN T S 1ol N
[00] [01] [10] [11]
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FIGURE 6.9: 1-IV)) Differential MOKE images illustrating skyrmion occurrence
states as a function of the applied input (top-right corner). Skyrmions, appearing
as dark spots representing -m,, are displaced towards the corner or, for the input
state [1,1], towards the bottom edge. The fine dashed line outlines the triangular
confinement region. V.) and VI.) depict the output of Boolean logic operations: V)
AND and VI) OR. In each case, for a given input state [left, right], the blue region of
the graph represents four sets of 1000 images used for training, while the remaining
nine sets, also consisting of 1000 images each, serve as test sets. The dashed line in-
dicates the classification threshold, distinguishing between output states [0] and [1].
Partially adapted from [99].

Boolean operations remain invariant under the input transformation

[A,B] <= [B,A] (6.2)

and should yield identical skyrmion occurrence probabilities. Since the readout
regions in this system are symmetrically positioned around the vertical mirror axis
of the triangular confinement, the trained weights for the left and right regions are
expected to be equal, ensuring consistent outputs. For Boolean logic negation (NOT)
operations, the trained weights (excluding the offset) are simply the negative coun-
terparts of the corresponding positive logic operations, as NOT inverts the output
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FIGURE 6.10: Skyrmion occurrence probability maps are presented, where yellow
pixels indicate the highest likelihood of skyrmion presence and violet represents
the lowest probability. The applied electrical potentials at the device corners are
color-coded: black denotes ground (0.0 mV), while red indicates a +2.0 mV poten-
tial. a) Skyrmion undergoing free thermal diffusion, b) skyrmion displaced towards
the bottom-right corner, c) skyrmion displaced towards the bottom-left corner, and
d) skyrmion simultaneously influenced towards both bottom-left and bottom-right
corners due to stochastic effects. The red circles mark the designated readout regions
used for the linear readout analysis. Insets display corresponding MOKE images
capturing the skyrmion position for each condition. Adapted from [99], supplemen-
tary material.

mapping between 0 and 1. Despite the geometric symmetry of the device, variations
in electrical resistance between corner contacts result in different current density
distributions at identical applied voltage potentials. Consequently, skyrmion occur-
rence probabilities deviate strongly due to current density differences, in combina-
tion with pinning effects arising from the thermally diffusive interaction with the
local energy landscape. Although these irregularities could be minimized through
enhancing fabrication techniques, a more uniform energy landscape, or thermal ac-
tivation to overcome pinning effects, the linear readout training compensates for
sample imperfections and experimental variations, including temperature fluctua-
tions, as long as the skyrmion remains within the reservoir. Notably, the [0 mV, 0
mV] input configuration exhibits a high skyrmion occurrence probability in the top
region (see Figure 6.10), which reduces noise in logic operations that primarily dis-
tinguish this input from others (e.g., OR and NOR), as shown in Figure 6.11. As
discussed in Section 6.3.1, multiple devices were tested, all exhibiting qualitatively
similar behavior. This consistency highlights the robustness and reliability of the
system, despite its simplicity.

6.4.2 Role of non-flat energy landscape

Although the material stacks have been thoroughly optimized, the energy landscape
remains relatively flat, leading to skyrmion pinning, as observed in Figure 6.10 and
reported in [36, 37, 157, 172]. As previously discussed, under trivial input condi-
tions, the skyrmion is rarely located in the bottom right of the geometry. However,
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FIGURE 6.11: The outputs of the linear read-out, optimized for various Boolean op-
erations, are presented based on local skyrmion occurrence probabilities. For each
input combination ([0 0], [0 1], [1 0], [1 1]), the corresponding linear read-out out-
put Q is shown for 13 distinct sets of local skyrmion occurrence probabilities. The
blue and black segments of the curves indicate the data sets used for training and
testing, respectively. A dashed horizontal line represents a potential threshold for
perceptron-based read-out. Adapted from [99].

for certain input values, skyrmions can reach pinning sites that would be otherwise
inaccessible through diffusion alone. For instance, with an input of [0mV, 2mV], the
skyrmion is displaced so far to the right that its probability of occurring outside the
designated readout region increases. This suggests that the energy landscape in this
region is more favorable for skyrmion stabilization outside the readout location.

An increase in temperature - within the non-annealing regime* - modifies the nonlin-
ear interplay between exchange interaction, DMI, PMA, and, when magnetic fields
are applied, Zeeman energy, thereby directly affecting skyrmion size and thermally
activated motion [98, 110, 372] near pinning sites [157]. Specifically, elevated temper-
atures lead to a reduction in both PMA and exchange stiffness, which in turn results
in a shrinking of the large (micrometer-sized) skyrmions observed in this study. At
sufficiently high temperatures, thermal excitation may further destabilize the deli-
cate energy balance, leading to a reduction of skyrmion size below the resolution
limit of the Kerr microscope used or, above certain temperature limits, to complete
annihilation [110, 139, 166, 296, 349, 373]. Additionally, skyrmion size plays a critical
role in the interaction with the non-flat energy landscape. As demonstrated by R.
Gruber et al., the pinning of micrometer-sized skyrmions is primarily determined
by the surrounding domain wall rather than the skyrmion core [157]. Overall, the
impact of the non-flat energy landscape on this RC concept is minimal, as device-
specific training inherently compensates for pinning effects, provided the skyrmion
is not permanently immobilized. A potential challenge arises if temperature vari-
ations cause the skyrmion to become pinned at different locations, as temperature

“In this context, non-annealing refers to the application of temperatures that do not induce inten-
tional modifications to the sample’s structural or magnetic properties, although elevated thermal ex-
posure may still enhance interdiffusion at material interfaces.
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influences pinning behavior. Given that a key advantage of this RC approach lies
in its energy-efficient training - where training is performed only once for a specific
task - such temperature-induced variations could partially undermine this efficiency.

6.4.3 Signal-to-noise

To quantitatively assess the distinction between the chosen two output states de-
rived from the linear read-out Q, the signal-to-noise ratio (SNR) is employed, de-
fined as:

SNR = (T —AF) 63
OT + OF

where T and F represent the subsets of linear read-out outputs Q correspond-
ing to cases where the Boolean operation applied to the device input yields True
or False, respectively. The angled brackets indicate the mean values, while o1 and
or denote the standard deviations of the T and F subsets. For the presented sys-
tem, where a single skyrmion is used with two input contacts, the averaged SNR
across six different Boolean logic operations exceeds 5. This value is obtained from
the full data set of 13000 frames, effectively mimicking 13000 independent (trained)
devices operating simultaneously. The SNR decreases as the time interval used to
determine local skyrmion occurrence probabilities is reduced, which is equivalent
to decreasing the number of devices in this spatially multiplexed RC system. This
trade-off leads to increased energy efficiency at the cost of reduced SNR. If the time
interval is halved - while maintaining the ratio between training and testing sets -
the SNR decreases to approximately 4. The Boolean logic operation results obtained
with only half the number of frames (devices) are shown in Figure 6.12. To enable
robust discrimination between output states, it is essential to sufficiently sample the
skyrmion occurrence probabilities, thereby ensuring a comprehensive representa-
tion of the reservoir dynamics. Adequate sampling captures the spatial (or potential
temporal) variability required for the system to generalize effectively and perform

the intended computational task with high reliability.

6.4.4 Skyrmion size effect impact

The size of free skyrmions in the studied samples exhibits a temperature dependence
[110], which constrains skyrmion tracking and recognition via Kerr microscopy
at elevated temperatures. However, within the temperature range used for these
measurements, skyrmions remained sufficiently large for reliable identification and
tracking by Kerr microscopy. Skyrmion size can also be influenced by geometric
confinement and interactions with neighboring skyrmions, which compete for
available space, as described in Chapters 4 and 5. A critical factor related to
skyrmion size is that the analysis has been limited to determining the probability
of the skyrmion center - defined by tracking algorithms - located within one of
four predefined circular regions, emulating MT] read-out. The effects of skyrmion
size, particularly the partial overlap between a skyrmion and one or even multiple
MT] read-out regions, have not been fully characterized. Since the TMR signal is
influenced by the degree of overlap between the skyrmion and the read-out region,
the diameter of the circular read-out regions was selected to be approximately
equal to the skyrmion diameter. To account for the influence of skyrmion size, the
calculation of Pregion Was refined by weighting occupation counts in each frame
based on the relative areal overlap between the skyrmion and the read-out region



6.4. Boolean Logic operations 133

‘él- J'L"L.|_|_|“’ gl'Mﬂm ________
o |l BT !
O o
0ol (01 (10l  [11] 0ol  [01]  [10]  [11]
') D>— OR 22} > NoOR
Q9] B T R i T
>3 >
o S nhadbbabbb bl b S 0O e e e e —————
S 04 S0+ e R, NPT S
(@] (@]
0o] [01]  [10]  [11] [00] [01]  [10]  [11]

Output Q
[
—
1
1
1
1
i
1
i }
1
1
1
i
53\
1
i
i
1
1
1
i
Output Q

[0 0] [01] [10] [11] [0 0] [01] [10] [11]

FIGURE 6.12: The linear read-out output Q corresponding to the input combinations
[0,0], [0,1], [1,0], and [1,1] for various Boolean logic operations is presented for 13
sets of local skyrmion occurrence probabilities. In contrast to Figure 6.11, the time
interval used to average the local skyrmion position probabilities has been halved,
effectively reducing the number of sampled devices. This reduction leads to a de-
creased SNR. The blue and black segments of the curves represent training and test-
ing data, respectively, while the dashed lines indicate potential threshold values for
perceptron-based read-out. Compared to Figure 6.11, the signal distances from the
threshold are reduced, reflecting the lower SNR resulting from the decreased sam-
pling interval. Adapted from [99], supplementary material.

(assuming similar diameters for both). These weighted counts are then normalized
by the total number of frames to obtain Pregion- Additionally, given the proximity of
the read-out regions, a single skyrmion within a single frame (device) can contribute
weighted occupation counts to multiple read-out regions. This methodology alters
the calculated occupation probabilities, as illustrated in Figure 6.13.

These modifications can be comprehensively understood by analyzing the spa-
tially resolved skyrmion occurrence probability. For example, a prominent pinning
site is observed near the boundary of the right read-out region, resulting in a de-
crease in Prighy When using the revised calculation method. However, the overall
distribution of occupation probabilities for each Boolean input remains well-defined,
indicating that the influence of skyrmion size is negligible after optimizing the lin-
ear read-out (see Figure D.1 in Appendix D). As the relative overlap between the
skyrmion and the TMR readout affects the measured skyrmion probability in this
example, a real device would require the implementation of a threshold for the TMR
readout. This threshold should be defined to reliably identify a skyrmion even with
minimal overlap while ensuring a clear and significant distinction from noise. The
signal-to-noise ratio, however, remains largely unchanged, highlighting the robust-
ness of the investigated system. Notably, the observed reduction in Pgigp corre-
sponds to an increase in the optimized weight Wg;gnt (see comparison in Appendix
D, Tables D.1).
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FIGURE 6.13: The outputs of the linear read-out, optimized for various Boolean op-
erations, are presented based on local skyrmion occurrence probabilities determined
using two different methods: a) skyrmion center positions and b) the relative areal
overlap between the skyrmion and the read-out regions. For each input combina-
tion ([0 0], [0 1], [1 0], [1 1]), the corresponding linear read-out output Q is shown for
13 distinct sets of local skyrmion occurrence probabilities. The blue and black seg-
ments of the curves indicate the data sets used for training and testing, respectively.
A dashed horizontal line represents a potential threshold for perceptron-based read-
out. Adapted from [99], supplementary material.
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6.4.5 Three input operation

Thus far, only two input terminals have been utilized in the device, enabling the real-
ization of Boolean logic operations while maintaining the third contact at a constant
ground potential. To enhance computational complexity, the third input can also be
utilized, facilitating three-input composite logic operations, as exemplary illustrated
in Figure 6.14. This configuration allows for 27 possible input combinations, al-
though some of states are either redundant or inherit no function. Redundant states
arise due to gauge invariance, exemplified by input configurations a) [- - 0] and b) [0
0 +], both of which lead to skyrmion displacement toward the same corner, with a)
corresponding [0] and b) to [+]. States without function, such as [- - -], occur in cases
where electrical resistance remains uniform across the system. For the three-input
demonstration, the same data set comprising 13 sets of 1000 images each was em-
ployed, with four sets used for training and nine for testing. The resulting average
SNR for the three-input operations was SNR > 3, which is lower than that observed
for the two-input operations. This reduction is evident from the decreased sepa-
ration between output states and the decision threshold. The corresponding truth
tables for these operations are provided in the appendix D.2.
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FIGURE 6.14: The outputs of the linear read-out, optimized for various three-input
logic operations, are presented. For each input combination [A,B,C], the correspond-
ing output Q of the linear read-out is displayed across 13 sets of local skyrmion oc-
currence probabilities. The light blue segments of the curves represent the training
data set, while the black segments correspond to the testing data set. A dashed hor-
izontal line indicates a potential threshold for perceptron-based read-out. Adapted
from [99], supplementary material.

6.4.6 Influence of temperature

As previously discussed, a flat energy landscape and maintaining a sufficient tem-
perature to enable thermally activated skyrmion diffusion are essential for the func-
tionality of this RC concept, given that skyrmion diffusion exhibits an exponential
dependence on temperature [110]. For the present measurements, the device tem-
perature was selected to ensure diffusion dynamics compatible with the sampling
rate limitations of the Kerr microscope. The integration of MT]s would mitigate this
constraint [167, 208], as sampling occurs faster with MT]s in small-scale devices. This
is also due to the timescale of directed diffusive motion scaling with the square of
the characteristic length scale [148]. Consequently, a nanometer-scale device would
enable faster measurement cycles, as nanometer-scale skyrmions exhibit reduced
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FIGURE 6.15: Skyrmion occurrence probabilities across the four readout locations
and the surrounding region (none) are shown for the three-input combinations [0+],
[++], and [+0]. In the absence of thermal diffusion, the input [++] in this device
would result in the skyrmion occupying the same locations as for [0+], while the
locations characteristic of input [+0] would remain inaccessible. Consequently, the
input state [++] would become indistinguishable from [+0], highlighting the neces-
sity of thermal diffusion for maintaining the functional integrity of this RC concept.
Adapted from [99], supplementary material.

sensitivity to pinning effects [37, 127, 129, 157, 327]. This diminished pinning sus-
ceptibility enhances their mobility, allowing for more efficient dynamical response,
as further elaborated in the subsequent section on energy consumption (see Section
6.6).

6.5 Necessity of thermal diffusion

In a practical device, thermal fluctuations can be harnessed to mitigate imperfections
such as pinning effects and resistance asymmetries, thereby significantly enhancing
the robustness and reliability of operations. To demonstrate that thermal diffusion
is essential for this demonstrator, the hypothetical behavior of the device with three
inputs in the absence of Brownian motion is considered:

Since the top contact in this demonstration is always grounded, applying left and
right inputs, [0+] and [+0], drives the skyrmion into the right and left corners, re-
spectively. In an idealized device - characterized by the absence of pinning, perfectly
symmetric resistances and current distributions, uniform edge repulsion, and no
SKkHE - the input [++] would consistently direct the skyrmion to the central bottom
region, as illustrated in a single representative frame in Figure 6.5 e). However, in re-
alistic devices, including the presented demonstrator, fabrication-induced inhomo-
geneities and asymmetries in resistance result in deviations from this ideal behavior.
In the absence of thermal fluctuations, the skyrmion is predominantly pushed into
one specific corner - left, in this case - even for input [++]. Consequently, input [++]
would be indistinguishable from input [+0], as both would lead to high skyrmion
occupancy in the left corner. With thermal dynamics, however, the skyrmion, while
still preferentially moving toward the left corner due to inherent asymmetries, re-
tains the ability to overcome these energy barriers and diffuse toward the less favor-
able right corner. As a result, the probability distribution of skyrmion occurrence
becomes distinct from that of input [+0], where the likelihood of occupying the left
corner remains significantly higher (see Figure 6.15). This demonstrates that ther-
mal diffusion not only counteracts fabrication-related imperfections but also plays
a crucial role in preserving the distinguishability of different input states, thereby
improving the overall robustness of the system.



6.6. Energy consumption estimation 137

A similar consideration applies to skyrmion pinning effects. In a system
without Brownian motion, where resistance asymmetries are either absent or
compensated by adjusting input voltages, skyrmion pinning is the result of strongly
inhomogeneous effective energy landscapes, as demonstrated in Figure 6.10 and
previously reported in [298]. As a result, instead of settling into a central downward
position, the skyrmion follows the path of lowest energy (i.e., regions of highest
pinning), typically migrating toward one of the two sides where the current density
is relatively higher compared to the central region (see Figure 6.6). In this scenario,
Brownian motion can once again mitigate this effect by facilitating transitions
between pinning sites, thereby restoring distinguishable configurations for all three
input states ([++], [0+], and [+0]).

Since the applied current densities - and consequently the induced velocities -

are relatively low in this system (creep regime, see Chapter 4 and in Section 6.4.2),
the influence of the skyrmion Hall effect is negligible [183, 188, 327] and remains
superimposed with thermal diffusion, energy landscape variations, and fabrication-
induced imperfections. However, in a miniaturized device with potentially higher
current densities, the skyrmion Hall effect could become more prominent [97], lead-
ing to asymmetric skyrmion trajectories depending on the skyrmion’s topology. For
instance, considering the input combinations [+0], [++], and [0+] again, due to a
fixed topology the skyrmion Hall effect would cause skyrmions to preferentially
drift toward one side. In the case of [0+], the perpendicular force induced by the
skyrmion Hall effect could shift skyrmion occurrences closer to the bottom center
compared to the idealized scenario without a Hall angle. Similarly, under the [++]
input, skyrmions would be deflected rightward due to their motion but could ulti-
mately accumulate on the left, leading to a signal similar to that of [+0].
Thus, a balance must be maintained between induced motion, velocity, and ther-
mally activated diffusion in a scaled-down device to ensure reliable operation. If
the skyrmion Hall effect remains moderate, the system’s training process can com-
pensate for these asymmetries by adjusting the weights accordingly. To completely
circumvent the Hall effect, a (synthetic) antiferromagnetic stack - such as a com-
pensated ferromagnetic bilayer - could be implemented, which has been shown to
suppress or even eliminate skyrmion Hall motion. Moreover, diffusion in such com-
pensated bilayers is known to be enhanced [153], potentially leading to improved
system performance.

6.6 Energy consumption estimation

One of the key advantages of RC concepts is their intrinsic energy efficiency, as
the primary computational processes emerge from the system’s inherent dynam-
ics. This particular proof-of-concept device demonstrates significant potential for
energy-efficient operation due to several factors: i) training is required only once
for a given task, ii) the reservoir reset mechanism occurs passively, incurring no
additional energy cost, and iii) skyrmion displacement via SOTs requires minimal
power. Furthermore, since the device exhibits a stable skyrmion phase at ambient
and slightly elevated temperatures, no additional energy consumption for thermal
heating (or cooling) is assumed. Consequently, the primary energy cost in this sys-
tem arises from the current-induced skyrmion motion toward the designated read-
out regions.
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6.6.1 Scaled down device

To estimate the lower bound of energy consumption, a hypothetical down scaled
device is considered with an edge length of 400 nm and a skyrmion diameter of 40
nm (rgy = 20 nm), maintaining a similar ratio between device and skyrmion size
as in the present study. Readout in such a nano-scale system would entirely rely on
MT]s, as discussed in previous sections. Although it is technically feasible to assume
further reduction of the system size - down to single-digit nanometer skyrmions
and MT]J pillars, with an overall device size in the tens of nanometer range - the
conservative assumption of a 400 nm device is based on an upper limit for energy
consumption and the currently achievable and reliable fabrication of MTJs, despite
reports of single-digit nanometer MT]Js being realized [374, 375].

6.6.2 Electric resistance measurement and estimation

Experimental measurements of resistance between device contacts have shown vari-
ability across different contact combinations, devices, and samples. For estimation
purposes, an average resistance of R ~ 1 k() between two contacts is assumed.
The resistance measurements were conducted using a Keithley 2400 Sourcemeter
in combination with a specialized circuit (referred to as the blue box) designed to
prevent excessive loading on the device circuit (see Section 3.3.5) and were largely
distributed around R ~ 1 k(). To extrapolate resistance and current requirements
for a scaled-down device, the geometry between two contacts is approximated as a
rectangular wire with a width equal to the inner radius of the triangular device (11.5
pm) and a length of approximately 5/6 of the triangle’s edge length ( 33.3 yum). This
setup assumes one contact at a positive potential, one at ground, and the third con-
tact floating. Notably, when recalculating resistance using these spatial parameters
(see Section D.4), the scaling factor cancels out, meaning that the nano-scale device
would exhibit a resistance comparable to that of the current micrometer-scale proof-
of-concept, not assuming potential increased resistivity surface- or interface-effects.

6.6.3 Electric current density and current flow

For current density calculations, the 5 nm tantalum capping layer and full seed layer
isincluded. In a scaled-down spintronic device, the capping layer would be replaced
by TMR readout overhead, and only the functional bottom HM/FM layers would
remain connected in the circuit. Additionally, samples such as TMD109 (see Sec-
tion A.1) have demonstrated empirically that the tantalum seed layer thickness can
be reduced without significantly compromising skyrmion properties or dynamics.
Since a thinner layer reduces the overall current required for a given current density,
energy consumption decreases correspondingly. Given a lower threshold current
density of ] =5 x107A/m? for distinct skyrmion motion in the present stack, the es-
timated current required to move a skyrmion in the scaled-down device would be
I =110 nA.

6.6.4 Time estimation of skyrmion motion

In the absence of an applied current, the skyrmion experiences a repelling force that
drives it toward the center of the device, where thermally activated diffusion domi-
nates its dynamics. Estimating the time required for this reset process is challenging,
as the repelling mechanism does not directly scale from the presented micrometer-
sized demonstrator to nanometer-scale devices. A study conducted by K. Leutner
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FIGURE 6.16: a) Schematic representation of the device. The black dashed inner
and outer circles indicate the inner and outer radii. The orange box represents a
simplified approximation of the channel used for estimating current flow between
two contacts, while the third contact remains floating. The green dashed line marks
the half-height width of the triangular geometry, which is used for current density
calculations in previous sections. A dark gray sphere illustrates an in-scale skyrmion
positioned at its maximum displacement. The violet region highlights the area that
a skyrmion must traverse back to the center region (used in energy consumption
estimation) b) Close-up of the device corner with the maximum possible skyrmion
displacement (considering no skyrmion size change or deformation), indicated by
the blue dashed line. Trigonometric calculations reveal that the skyrmion remains
at a distance of y = 2 - rq, from the triangular tip, while the corresponding chord

touching the device edges is given by x = /3 Tsky (not considering protrusions with
finite width for electric leads).

et al. presents simulated results based on experimental parameters, demonstrating
the extrication of a skyrmion from a similar triangular geometry despite a sharper
opening angle. This phenomenon, termed automotion, exhibits relatively fast dynam-
ics [330]. If only diffusion is considered, the skyrmion would require additional time
to sufficiently explore the device to ensure proper functionality. The time required
for a skyrmion to diffusively explore an equivalent portion of the sample [148] in 2D
at a different scale can be approximated as:

Atriangle

taige = =D (6.4)

where t4;¢ represents the reset time, Agiangle is the surface area of the device, and
D is the skyrmion diffusion constant. This calculation provides an upper bound,
as it does not account for the edge-induced repelling force, which would accelerate
the skyrmion’s return to the center, thereby reducing reset time. Using a diffusion

constant of D = 1.5 x 10_10%2, as determined in a previous study [110], the esti-
mated exploration time for a micrometer-scale demonstrator (corresponding to one-
fourth of the device area, highlighted in violet in Figure D.2) is tgif, ym = 289 ms.
For a scaled-down nanometer-sized device - assuming the same diffusion constant
- the corresponding time is tgiff, yum = 29 ps. These values represent conservative
estimates, as they do not account for repelling forces, the expected increase in diffu-
sion constant for nanometer-sized skyrmions [42], or the fact that the skyrmion only
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needs to return to the central readout region through the readout area of its respec-
tive corner and does not need to be pushed towards the maximum possible position
in the corner (as displayed D.2 b)). MTJ readout times have been reported in the
nano- to picosecond range [167, 208, 375], making them negligible compared to the
skyrmion diffusion time. This fast readout speed allows for more than 1000 mea-
surements during a single operation. Since the presented concept employs spatially
multiplexed RC, a single readout per device should ideally occur at a predetermined
time to ensure sufficient skyrmion exploration. However, given the long exploration
time, multiple readouts per skyrmion displacement could further enhance sampling
accuracy or could reduce the necessary amount of devices.

6.6.5 Electric energy consumption

The electrical energy required for skyrmion displacement can be estimated using the
power equation P = U -1 = R - I?>, where I = 110 nA is the current and R = 1 k
() is the resistance, yielding P = 12.1 pW. Considering the previously calculated
skyrmion displacement time and the diffusion-based exploration time required for
a single readout, the energy per skyrmion displacementis E = P -t =2349-10"18 ] =
349 aJ. The Landauer limit (Ll) [376], the minimum heat energy wasted at the dele-
tion of one Bit of information - at the functional temperature of the device at 315 K
would be By = kg Teyne [In(2) = 3-10721] = 3 7]. The presented estimation therefore re-
mains approximately five orders of magnitude above the theoretical Landauer limit.
The total time for a Boolean logic operation, including multiple readouts for en-
hanced sampling, is estimated to be below t = 28.87 ps, excluding any additional
CMOS-based overhead.

Considering only the dimensions of a potential miniaturized device and assuming
similar current densities and dynamic behavior as the demonstrator, a simplified
derivation demonstrates that the required electrical energy is proportional to the
square of the scaling factor (E o« x2). For instance, if the device dimensions are
reduced by a factor of 2, the corresponding energy consumption decreases to one-
fourth of the original value. With a scaling factor of 100, as employed in the energy
estimation, the energy consumption would be reduced by a factor of 10000. The de-
tailed derivation of the proportionality of electrical energy can be found in Section
D.4.2.

6.6.6 Dependence on temperature

The skyrmion phase in the demonstrator is stable at and slightly above ambient
temperature, exhibiting thermally diffusive behavior. While it is technically feasi-
ble to actively cool or heat the device to achieve specific skyrmion properties, such
an approach is impractical, as it would primarily serve to counteract environmen-
tal overheating or undercooling rather than enhance performance. Moreover, active
temperature control could compromise skyrmion stability and overall device func-
tionality. Although localized heating has been shown to improve performance [331,
349], it would come at the cost of reduced energy efficiency - one of the key ad-
vantages of reservoir computing for complex computational and machine learning
tasks. For instance, a simplified energy estimation for a 10 K temperature increase
indicates an energy cost of E = 210 p]J for a micrometer-scale device and E = 21 f] for a
nanometer-scale device, excluding thermal losses due to dissipation or interactions
with electric leads, the substrate, or additional layers (see Section D.5).
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6.6.7 Discussion of energy estimation

Since conservative upper-limit assumptions were used, the actual energy and time
requirements could be further reduced. Additionally, even lower sampling rates
have been shown to yield satisfactory results, as demonstrated with half the sam-
pling rate in Section 6.4.3. While the presented proof-of-concept device demon-
strates competitive performance relative to other reservoir computing architectures
[51, 368], a comprehensive assessment of overall power consumption would also
account for the associated MT] readout and CMOS peripheral circuitry. Notably,
the device operates in a DC regime, which significantly lowers the requirements for
CMOS peripheral components compared to oscillator-based AC magnetic devices
[377-379]. Consequently, a reduction in CMOS overhead relative to previously an-
alyzed peripheral circuit configurations is anticipated. MTJs and any CMOS over-
head were thus not included in this estimate. However, compared to the energy con-
sumption of the down-scaled spin-torque nano-oscillator (~ hundreds of attojoules
per oscillation) reported by Romera et al. [377], the estimated energy requirements
for this skyrmion-based RC system appear highly promising despite the approxima-
tions used in this analysis.

6.7 Concept and device optimization

6.7.1 Complexity enhancement

When multiple skyrmions are confined within the system, the response to input
signals exhibits increased complexity. This effect is especially pronounced when
the number of skyrmions is incommensurate with the device geometry [172], as
long as their presence does not substantially hinder stochastic motion and spatial
exploration. As an illustrative example, two distinct four-skyrmion configurations
are presented in Figure 6.17. Moreover, the integration of multiple coupled devices
would introduce additional distinguishable states, further augmenting the system’s
computational capacity [174, 378].

FIGURE 6.17: Devices hosting four skyrmions demonstrate distinct internal states
governed by geometric commensurability and skyrmion-skyrmion interactions. The
inclusion of multiple skyrmions expands the device’s computational capacity. How-
ever, ensuring optimal performance requires a balance between the number of
skyrmions and the degree of stochastic motion within the confined geometry [174].
Adapted from [99], supplementary material.



142 Chapter 6. Brownian Reservoir Computing

6.7.2 Potential enhancements and developments

To enhance the RC device conceptually, as well as its micrometer-scale demonstrator
and potential nanometer-scale [130] implementation, several key parameters can be
optimized to improve skyrmion stability [349, 380], dynamics [42], computational
complexity, and processing speed. Given that this RC concept relies fundamen-
tally on skyrmion properties and dynamics, optimizing the material stack that hosts
skyrmions is crucial.

Temperature

Currently, the skyrmion phase in the presented system is stable only within a lim-
ited temperature range, restricting its potential commercial applicability. Expand-
ing the operational temperature range [349] while maintaining skyrmion properties
necessary for functionality would enhance its viability for commercial applications.
Additionally, since skyrmions exhibit improved thermal dynamics at elevated tem-
peratures [110], potentially leading to higher processing speeds, a balance must be
struck between maximizing performance and minimizing energy consumption.

Velocity trade-offs

Skyrmion motion driven by spin currents must be carefully optimized to balance
computational speed, energy efficiency and skyrmion stability. Enormous veloci-
ties up to 900 m/s have been reported at high current densities [98, 192]. Raising
the applied current density would increase the skyrmion velocity and thus improve
processing speed; however, it would also increase power consumption and by ap-
plying too much current, potentially deform, force and annihilate the skyrmion [94,
143, 166, 297]. Improving the spin current injection at the heavy metal /ferromagnet
(HM/FM) interface could allow for more efficient skyrmion manipulation at lower
currents, improving this trade-off. Importantly, the primary limiting factor for com-
putation time in this device is the exploration time required for skyrmions to diffuse
sufficiently during non-active periods.

Skyrmion Hall effect

Although the RC approach inherently compensates for dynamic asymmetries, at
higher velocities the SKHE [97] may disrupt controlled skyrmion displacement and
impair readout differentiation. This effect can be mitigated using synthetic anti-
ferromagnetic (SAF) stacks, where two highly or fully compensated ferromagnetic
layers host antiferromagnetically coupled skyrmions, effectively canceling out the
skyrmion Hall effect. Since diffusion also depends on skyrmion topology, employ-
ing antiferromagnetically coupled skyrmions with a net topological charge of zero
could enhance thermal diffusion dynamics [153], thereby improving overall com-
putation speed. An additional avenue of exploration could involve the deliberate
integration of the skyrmion Hall effect into the RC framework by employing higher
skyrmion velocities, achieved through increased current densities and potentially
optimized confinement geometries.

Device fabrication

A critical aspect of the proposed RC concept is its automatic reset mechanism, which
relies on the repulsive force generated by the stray field and exchange stiffness at
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the device edges. Further research into the influence of geometry and edge effects
on skyrmion behavior, along with precise control over the fabrication of skyrmion-
hosting geometries, would enable better tuning of skyrmion dynamics. This is par-
ticularly important for scaled-down devices, where edge effects are expected to be
more pronounced due to size scaling [330].

Artificial vs. inherent detrimental pinning

While the presented material stack exhibits a relatively flat energy landscape, resid-
ual skyrmion pinning still occurs. Reducing this pinning further would lower the
computational overhead required to compensate for pinned skyrmions during train-
ing while also minimizing the risk of skyrmions becoming trapped, which could de-
grade computational performance. Although uncontrolled pinning is undesirable,
artificially tuning the energy landscape, such as ion irradiation [262, 313] or VCMA
[137, 381, 382] to alter magnetic anisotropy, could be used to increase skyrmion mo-
bility [198, 253, 317], bias skyrmion positioning [158, 169, 196], cause skyrmion nu-
cleation [44, 142, 169] or introduce barriers within the geometry [155, 315]. This ap-
proach could confine skyrmions to specific regions, reducing their exploration area
and thus increasing computational speed without interfering with electric current
flow.

Other magnetic structure

Although this thesis focuses exclusively on skyrmions, other magnetic structures
with comparable properties, such as merons [383], could also be utilized within this
RC framework. Merons exhibit a reduced topological protection (Q = 0.5) compared
with skyrmions and thus need less energy for nucleation and manipulation, as well
as their asymmetry would allow for interesting directional bias.

Varying geometries

In principle, more complex geometries could be employed in skyrmion-based reser-
voir computing to enhance computational capabilities. However, increased struc-
tural complexity necessitates extended optimization like, e.g., MT] positioning based
on more complex skyrmion dynamic for specific tasks, potentially reducing overall
efficiency. Given that even a simple geometry, such as an equilateral triangle, has
been demonstrated to function effectively as a reservoir in this study [99, 152], prior-
itizing the optimization of dynamical complexity (e.g., multiple skyrmions, control-
lable biasing by artificial pinning, increased thermal diffusion) - rather than struc-
tural complexity - may yield greater improvements in performance. Nevertheless,
achieving an optimal balance between computational complexity, skyrmion stability
and dynamics, and energy efficiency remains a critical consideration.

6.8 Continuation of RC concept device: Gesture recognition

Demonstrating the execution of Boolean logic operations [99] is sufficient to validate
the presented device as a demonstrator. However, Boolean logic is not the primary
computational task for which RC is favorable. As a machine learning paradigm, RC
excels in pattern recognition [222] - an area that is inherently challenging for conven-
tional computational architectures, which rely on predefined algorithms and heuris-
tic methods for pattern identification. Building on the concept of skyrmion-based
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Brownian reservoir computing implemented in the presented device, G. Beneke et
al,, in collaboration with Infineon, demonstrated a time-multiplexed approach for
recognizing human hand gestures recorded by two radar sensors [152]°. This follow-
up study showcases the potential of the RC device in solving more complex compu-
tational tasks, for which reservoir computing is particularly well suited.

6.8.1 Time-multiplexed RC

In this approach, raw range-Doppler and range-angle data from two radar sensors
are digitally pre-processed via a FFT generating two-channel maps that represent
either the angle or the amplitude as a function of relative velocity and distance to the
radar sensors. A voxel of this map with the most distinguishable change between
two gestures is selected and converted into an amplitude time signal, which serves
as input to the RC device. The fundamental principle of this demonstration is similar
to the Boolean logic operation tests presented in this work; however, by processing
time-dependent signals, the system operates as a time-multiplexed RC. Utilizing the
reservoir in combination with a linear support vector machine (LIN-SVM) achieves
high accuracy in distinguishing between two hand gestures and outperforms the
LIN-SVM. This study highlights the significant potential of the proposed RC device
- not only in executing Boolean logic operations but also in successfully solving real-
world pattern recognition problems through a slightly modified implementation.

6.9 Discussion of concept

6.9.1 Solving Boolean logic

The RC framework, a simple geometry with a single confined skyrmion, has already
demonstrated sufficient performance for selected Boolean logic operations. NAND
and NOR operations each represent a functionally complete set of logical connec-
tives. Furthermore, the realization of the non-separable XOR function highlights
the capability of a single confined skyrmion to perform non-linearly separable tasks,
which are otherwise impossible for a conventional single-layer perceptron readout.
The demonstrator has been introduced as a spatially multiplexed RC concept, and in
a follow-up study, it achieved solving complex pattern recognition tasks in a time-
multiplexed configuration.

6.9.2 Enhancement potential

This concept can be readily extended by incorporating more complex inputs and in-
creasing the number of skyrmions. More complex inputs could involve a broader
range of input combinations, including time- and amplitude-varying signals. With a
higher number of skyrmions, the system exhibits richer dynamical behavior, such as
(in-)commensurable ground states, thereby expanding the overall number of accessi-
ble states in the reservoir. The computational complexity could be further improved
by linking multiple confined geometries, potentially providing an ultra-low-energy
alternative to neuromorphic computing architectures based on arrays of nano-scale
spintronic oscillators [377-379].

5Contribution to this work is listed in Section D.6.
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6.9.3 Scalability

Additionally, the scalability of this concept to nano-scale dimensions significantly re-
duces skyrmion displacement distances, leading to latency in the micro- to nanosec-
ond regime, primarily limited by the skyrmion exploration time. This latency can
be further decreased by reducing the required sampling rate, though at the cost of a
lower SNR, which could affect accuracy or even overall computational performance.

6.9.4 Conclusion

This novel RC paradigm, which leverages the stochastic Brownian dynamics of mag-
netic skyrmions in confined geometries, overcomes several challenges faced by ex-
isting theoretical proposals for skyrmion-based reservoir computing. By exploit-
ing the stochastic motion of skyrmions, this approach enables operation at current
densities several orders of magnitude lower than those required for conventional
spintronic RC architectures. The presented concept, based on a single confined
skyrmion within a simple and easily manufacturable geometry, has already demon-
strated the capability to perform non-separable operations, implement a universal
set of Boolean functions, and, in a time-multiplexed configuration, achieve complex
gesture recognition. Several concepts for improving this concept, including modi-
fications to the material stack and optimization of skyrmion properties, have been
outlined. The ultra-low energy consumption of the system has been estimated for a
single skyrmion displacement in a scaled-down version. Generalizing this concept
to multiple confined skyrmions and scaling it to nanometer dimensions presents a
highly promising path toward ultra-low-energy non-conventional computing.
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Chapter 7

Synthesis

General conclusion

This thesis has provided a brief investigation into the magnetic properties, fab-
rication techniques, and characterization methods of metallic thin films hosting
skyrmions - topologically non-trivial spin textures that exhibit quasi-particle
behavior. These structures exhibit unique dynamics such as Brownian diffusion
and can be efficiently manipulated via spin-orbit torques (SOTs), showing complex
interactions with structural boundaries and artificial confinements.

Skyrmion flow The dynamics of 2D skyrmion flow in the creep regime - where
motion is governed by low current densities - were studied in both straight and
periodically modulated channels. In this regime, skyrmion transport results from
a combination of SOT-driven drift, thermally activated diffusion, and interactions
with a non-uniform energy landscape. Experiments demonstrated characteris-
tic velocity profiles shaped by boundary conditions: straight channels showed
near-uniform flow, while modulated edges imposed partial or no-slip constraints,
producing parabolic-like profiles. These results were in strong agreement with
Thiele-based simulations. Due to the low velocities, the contribution of the Magnus
force was initially neglected; however, additional simulations incorporating a fixed
skyrmion Hall angle revealed asymmetric flow behaviors, including localized
backflow — deviations not observed in classical particle systems.

Skyrmions in confined geometries were shown to mimic the transport properties
of overdamped particles like colloids, while offering unique tunable properties.
Their manipulability - via edge design, density control, or size modulation, even in
real-time - positions skyrmion systems as compelling experimental platforms for
exploring non-equilibrium statistical physics.

Skyrmion compression The thesis further explored the role of Het and Ga™
irradiation in tailoring magnetic properties. Both large-area and localized irradi-
ation were employed to modify anisotropy, influencing skyrmion size, density,
and stability. Artificial barriers created by irradiation enabled confinement and
structural modulation, affecting skyrmion behavior under compression by SOTs.
As skyrmion ensembles are forced against these barriers, they exhibit reduced
size and spacing, forming dense, confined lattices. These experimental findings
were supported by simulations based on a modified Thiele model developed by K.
Leutner, showing qualitative agreement.

This ability to compress skyrmions opens up potential applications, such as
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current-controllable valves based on anisotropy modulation or guided skyrmion
transport through irradiated channels - laying groundwork for skyrmion-based
circuit components.

Brownian reservoir computing A key part of this work is the development of
a novel RC approach that exploits the stochastic Brownian dynamics of confined
skyrmions. This represents a new class of magnetic RC systems that overcome
several limitations of earlier theoretical models. Even in its simplest form - using
a single skyrmion in a equilateral triangular as scalable geometry - the system is
capable of performing nonlinearly separable operations, implementing universal
Boolean logic, and, in a later work, achieved gesture recognition through time-
multiplexing.

The required current densities are several orders of magnitude lower than those in
conventional spintronic RC architectures, potentially offering exceptional energy
efficiency. The system’s scalability to nanometer-scale enables displacement events
on nanosecond timescales, significantly reducing latency.

Proposed enhancements, such as increasing the number of confined skyrmions,
enable access to more complex dynamical regimes - including (in)commensurate
states — thereby potentially broadening the computational capacity of the system.
Furthermore, coupling multiple confined geometries could significantly increase
system complexity, drawing analogies to neuromorphic architectures based on
neural networks. These capabilities position skyrmion-based reservoir computing
as a highly promising platform for ultra-low-power, unconventional computation,
particularly adaptive learning tasks.

Overall, this thesis underscores the utility of skyrmions as highly tunable model
systems for transport and lattice studies and as a foundation for energy-efficient,
next-generation computing technologies, battling the anthropogenic environmental
impact of contemporary digital infrastructure.
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Magnetism as Art showcase

Magnetism, beyond its scientific and technological significance, can also possess aes-
thetic appeal. To highlight this aspect, major conferences such as Magnetism and
Magnetic Materials (MMM) and INTERMAG host "Magnetism as Art" showcases,
inviting submissions of magnetism-related artistic imagery. Throughout the course
of this thesis, numerous images were captured, some of which were considered to
exhibit notable artistic qualities. One image was submitted to each of the aforemen-
tioned conferences. It is a pleasure to report that both submissions were recognized
by the respective judging panels for their artistic merit and visual impact, with each
being selected as one of the four finalists in their respective competitions.

FIGURE 7.1: Magnetism as Art submission to Magnetism and Magnetic Materials
(MMM) conference in Minneapolis, USA (2022). Best of four.

FIGURE 7.2: Magnetism as Art submission to Intermag conference in Sendai, Japan
(2023). Best of four.
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Appendix A

Appendix: Methods

The appendices are organized thematically and separated to the respective chapters
of this thesis. Supplementary information, detailed explanations, the individual con-
tributions, and a declaration regarding the use of artificial intelligence are provided
in the final appendix.

A.1 FAB629 and TMD109

The primary samples utilized in this thesis were FAB629 and TMD109, with their
respective sputtering recipes presented in the table below. No sputtering recipe

could be located in the logs of the Singulur Rotaris sputtering machine for sample
MVK763.

A.1.1 Sputtering recipes

FAB629

Step Material Thickness [nm] Power [W] Gas [sccm]
1 Ta 5 200 60

2 CoFeB 0.95 400 40

3 Ta 0.09 200 60

4 MgO 2 500 55

5 Ta 5 200 60
TMD109

Step Material Thickness [nm] Power [W] Gas [sccm]
1 Ta 3 200 60

2 CoFeB 0.95 400 45

3 Ta 0.08 200 60

4 MgO 2 500 55

5 Ta 5 200 60

TABLE A.1: Sputtering recipes for the samples used in this thesis. FAB and TMD
samples were sputtered by F. Kammerbauer and D. Tran using the Singulus Rotaris
sputtering machine, respectively.
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A.1.2 Magnetic properties of samples

The magnetic properties of samples FAB629 and TMD109 were characterized using
SQUID magnetometry. For sample MVK763, SQUID measurements were not per-
formed due to mechanical damage during prior preparation, which resulted in an
irregular sample geometry. Additionally, because a large portion of MVK763 had
been subjected to ion irradiation, the resulting magnetic response reflected a super-
position of properties from both irradiated and non-irradiated regions, preventing a
clear attribution to either state.

FAB629

Saturation Magnetization Ms 391 &+ 28 kA/m
Anisotropy Field (Oe) 1170 £ 42 Oe
Anisotropy Field (mT) 1170 £4.2mT
Anisotropy Constant K4 229 £ 2 kJ/m?
TMD109

Saturation Magnetization Ms 495 + 19 kA/m
Anisotropy Field (Oe) 355 £ 25 Oe
Anisotropy Field (mT) 355 +£25mT
Anisotropy Constant K 47 £ 1kJ/m3

TABLE A.2: Magnetic properties of FAB629 and TMD109 at 300 K derived by SQUID

measurement.
Butterfly Hystereses
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FIGURE A.1: Hysteresis of TMD109 and FAB629 at 300 K and, additionally, FAB629
at 320 K. TMD109 exhibits a typical out-of-plane hysteresis for skyrmionic stacks
with the spin reorientation transition right before maximum intensity.



A.2. Stack optimization 153

A.2 Stack optimization

An initial optimization of multilayer stacks exhibiting diffusive skyrmion motion
and densely packed skyrmion lattices - nucleated via the IP burst method - was con-
ducted. The parameter space explored included variations in CoFeB layer thickness,
Ta interfacial (dusting) layer thickness, sputtering power, and argon gas flow during
deposition. Following deposition, two samples from each fabrication condition were
subjected to post-annealing treatments at either (a) 150 ° or (b) 250 ° for 30 minutes.
All samples were subsequently characterized using PMOKE microscopy across four
different temperatures, employing the standard skyrmion nucleation protocol. In
the resulting phase diagrams, an ‘X’ symbol denotes the observation of a skyrmion
phase characterized by mobile skyrmions and the formation of a dense skyrmion
lattice.

Sample CoFeB [nm] W /scem Ta; [nm] T[°C] 297K 310K 325K 340K

FAB435 0.9 400/40 0.07 X X X
FAB435_a 0.9 400/40 0.07 150

FAB435_b 0.9 400/40 0.07 250

FAB438 1.0 400/40 0.07

FAB438_a 1.0 400/40 0.07 150 X X X X
FAB438_b 1.0 400/40 0.07 250

FAB441 0.9 1200/60 0.07 X X X
FAB441 a 0.9 1200/60 0.07 150

FAB436 0.9 400/40 0.08 X

FAB436_a 0.9 400/40 0.08 150

FAB436_b 0.9 400/40 0.08 250

FAB439 1.0 400/40 0.08

FAB439_a 1.0 400/40 0.08 150 X X
FAB439_b 1.0 400/40 0.08 250

FAB442 0.9 1200/60 0.08 X X X
FAB442 a 0.9 1200/60 0.08 150

FAB437 0.9 400/40 0.09 X

FAB437_a 0.9 400/40 0.09 150 X

FAB437_b 0.9 400/40 0.09 250

FAB440 1.0 400/40 0.09

FAB440_a 1.0 400/40 0.09 150 X

FAB440_b 1.0 400/40 0.09 250

FAB443 0.9 1200/60 0.09 X

FAB443_a 0.9 1200/60 0.09 150 X X X

TABLE A.3: Optimization process for samples exhibiting diffusive skyrmions. The
temperature dependence of skyrmion occurrence is indicated by X. The material
composition is detailed in the first column, specifying layer thicknesses. The third
column provides information on sputtering power and gas flow parameters. An-
nealing with temperature (T) was conducted exclusively for the FABxxx_a and
FABxxx_b variants, with a duration of 30 minutes.
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A.3 Cleanroom environment

To prevent contamination of the sample surface by airborne particles during the
lithography process, all fabrication steps are carried out in a controlled cleanroom
environment. Cleanrooms are classified according to ISO standards, which specify
the permissible concentration of airborne particles larger than 0.5 ym. To main-
tain a low-particle environment, cleanrooms employ high-efficiency particulate air
(HEPA) filtration systems, which capture airborne particles and microbes. Addition-
ally, a continuous laminar airflow directs any remaining particles downward to the
floor, preventing their deposition on working surfaces. The internal air pressure is
maintained slightly above atmospheric pressure, ensuring that unfiltered external
air does not enter when doors are opened. Operators inside the cleanroom must
wear anti-static suits, gloves, hair nets, and facial protection to minimize potential
pollution. Tools and samples are transported through a dedicated sluice chamber,
preventing the direct introduction of external dirt. Furthermore, the cleanroom light-
ing system is designed to operate in a restricted visible spectrum, emitting yellow
light by filtering out shorter, higher energy wavelengths (violet, blue, and green-
ish light). This is necessary because resin-based photoresists used in lithographic
processes are often sensitive to UV and short-wavelength visible light. Exposure to
full-spectrum white light could alter the chemical composition of the resist, compro-
mising the lithographic process.

A.4 Sample processing recipes

A.4.1 Standard negative EBL recipe

The following recipe for negative lithography was taken from the non-public,
internal tutorial database. Resist: AR-N7520.17 [283]

Cleaning procedure
Aceton for 60s; Isopropyl alcohol for 60s; high-purity water for 60 s; blow dry with
Nitrogen; hotplate at 120°C for 60 s (water-desorption); cool down substrate for 60s

Coating procedure

Adhesion promoter, if necessary; AR-N7520.17 ~0,1 ml; prespin for 1 s at 500
rounds per minute (rpm); spin for 60 s at 4000 rpm; softbake at T = 85°C for 60
s; cool down substrate for 60s; use e-spacer, if necessary for EBL. E-spacer is a
conductive resist that avoids charging of insulating samples during SEM imaging.

EBL - exposure
Set 20 kV high-voltage for beam acceleration with a dose of 28 nC/cm? for structures
wider than 1pm

Development

If e-spacer was used, remove with high-purity water first; AR300-47 puddle devel-
opment for 150 s; development break with high-purity water for 20 s; blow dry with
nitrogen.
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A.4.2 Standard positive (lift-off) EBL recipe

The following recipe for positive lithography was taken from the non-public,
internal tutorial database. Resist: MMA/PMMA (methyl methacrylate / poly
methyl methacrylate) [284]

Cleaning procedure

Aceton or Ethanol for 60s; Isopropanol for 60s; High-purity water for 60 s (optional);
hotplate at 120°C for 60 s (water-desorption); blow-dry the sample with N, gun;
cool down substrate for 60 s.

Coating procedure

MMA (8.5) MAA EL6 ~0,1 ml; prespin for 2 s at 500 rpm and set acceleration of 500;
spin for 60s at 3000 rpm and set acceleration of 3000; softbake at 180°C for 90s; cool
down substrate for 60 s.

PMMA 950k A4% ~0,1 ml; prespin for 1s at 500 rpm and set acceleration of 500;
spin for 45 s at 3000 rpm and set acceleration of 3000; softbake at 180°C for 90 s;
cool down substrate for 60 s; optional: spin coat e-spacer for PMMA if sample is
insulating (2000 rpm for 30 s should be fine).

EBL - exposure

Set 10 kV high-voltage for beam acceleration; use aperture of 30 - 60 pm at a working
Distance of 9 mm; stepsize: 20 - 100 nm (normally, one cannot use 20 nm stepsize
with the 60 pm aperture, because the beam speed must be below 10 mm/s to avoid
distortions! Increasing the step size reduces the beam speed); Use a dose of 160
nC/ c¢m? and the meander vectormode. Alternatively, one can use EHT 20 kV and a
dose of 220 nC/cm? (but then the undercut is not good anymore!).

Development
If e-spacer was used, remove with high-purity water first; dive development in
MIBK:IPA for 30 s; development break after 30s in pure IPA; blowdry with N».

A.5 Ion etching with IonSys 500

A.5.1 Standard ion etching parameters

The following parameters are the standard etch parameters for the IonSys 500 as
suggested by the manufacturer (Roth&Rau) and listed in the AG Kl4ui internal tu-
torial database. To mitigate potential thermal annealing effects, etching was per-
formed in 30-second intervals interspersed with 60-second cooling periods under
closed-shutter conditions.
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Parameter Value
Mass flow control 1 (MFC) 4 sccm
Mass flow control 2 (MFC) 5 sccm
He pressure 2 mbar
MW power 250 W
Beam voltage 300V
Acceleration voltage 200V

Plasma bridge neutralizer (PBN) current 100 mA

TABLE A.4: Standard IonSys 500 etch parameters.

A.5.2 Etch rates

The following etch rates were supplied by the manufacturer of the IonSys 500 ion
etching machine. All rates are at an etching angle of 90°. Information taken from
AG Klaui’s non-public, internal tutorial database.

Material Etch rate (nm/min)
Ta 8.33
MgO 9.00
COZOF€6OB20 7.60

TABLE A.5: Etching rates of materials used in the thin film stack.

A.6 Peltier elements

TABLE A.6: Specifications of Peltier Elements

Model Piax [IW] | Imax [A] | Umax [V] | ATmax [K] | Size [mm?]
QC-32-0.6-1.2M 3.2 1.5 3.7 72 88
QC-17-1.0-2.5MS 3.2 2.8 1.9 72 12x12
QC-31-1.0-2.5CM 5.8 2.8 3.5 72 15x15

Temperature gradient dT is the maximum reachable temperature difference be-
tween the hot and cold side of the Peltier element. Peltier elements of 12x12 mm?
were sealed by silicone.

A.7 Laminar flow box

A.7.1 LabVIEW organigram

In this adapted LabVIEW VI for the Lakeshore temperature controller 330 the tem-
perature of potentially both input channels is saved into a .txt file every 15 s.
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FIGURE A.2: LabVIEW organigram of the adapted LabVIEW VI for controlling the
Lakeshore Temperature controller.
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FIGURE A.3: 5h excerpt of temperature stability measurement with chiller. Measure-
ment was recorded in Kelvin, thus by subtracting 273.15 from the value, the second
decimal point is used, even though only one decimal point was recorded. Tempera-
ture oscillates by 0.1°C, the smallest increment measurable in Kelvin mode.

A.7.2 Temperature stability
A.8 Equipment

A.8.1 Coil calibration

To calibrate the electromagnets, a Hall probe is used. A voltage is applied to the elec-
tromagnets, and the resulting magnetic field is manually entered into the KerrLab
software while the according current is automatically added. By measuring multiple
data points, the relationships between voltage and magnetic field, as well as current
and magnetic field, can be interpolated and saved as a calibration file. Figure A.4
shows the calibration setup.
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FIGURE A.4: Typical setup to calibrate a coil with a Hall probe. Corresponding
magnetometer to the left. Black box in the front is a Faraday cage to null the probe.

A.9 Contribution

As mentioned, raw samples were produced primarily by F. Kammerbauer and D.
Tran. All Gallium-based irradiation processes were performed together with G.
Beneke, while the Helium irradiation was performed by Spin-Ion Technologies
company [320] in a collaborative meeting including Beatrice Bednarz with no
further involvement. SQUID measurements for magnetic property determination
were helped by F. Kammerbauer. T. Reimer assisted with occurring EBL alignment
issues. Wire bonding processes were performed or assisted by helpful colleagues
(e.g. in no particular order, D. Schonke, F. Fuhrmann, T. Dohi, S. Krishnia, T.
Reimer).

A.10 Sample layout examples

The following selection of layouts are examples for few of the designed sample lay-
outs used for this thesis.
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FIGURE A.5: Channel (blue) with contact pads (yellow) for reservoir filling and
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FIGURE A.7: Channel (blue) with varying widths with contact pads (yellow) for
skyrmion flow in straight and modulated edges.

FIGURE A.8: Channel (blue) with varying widths with contact pads (red) for
skyrmion motion under temperature gradient. Turquoise and bright red shows heat-
ing elements.
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FIGURE A.9: Layout with channel (blue) with varying widths, triangular and square
reservoirs and experimental skyrmion cannon design with contact pads (yellow) for

electric noise measurement.
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Appendix: Modulated Skyrmion

flow

B.1 Layouts

B.1.1 Lattice shaking layout
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Manufactured lattice shaking sample for lattice density and order improvement by
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FIGURE B.1: PIONEER layouts designed for lattice
skyrmion lattices in commensurate (hexagons) and incommensurate geometries
(squares and circles) of different sizes for dense, hexagonal lattices.

B.1.2 Modulations layout
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Various layouts featuring different channel widths and modulation schemes were
developed. However, the primary analysis in Chapter 4 focuses exclusively on the

modulation scheme presented therein.
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FIGURE B.2: EBL layout with multiple modulated channel designs, which have not
been experimentally analyzed. With blue the material and dashed red the gold con-
tact pads.

B.2 Outlook

The concept of confined skyrmion flow [235], including implementations utilizing
the SKHE [165], has traditionally relied on structural boundaries to constrain
skyrmion motion. By introducing artificial boundaries via irradiation, as detailed
in Chapter 5, the skyrmion flow can be further modulated through active manipu-
lation of the energy landscape. Moreover, irradiation techniques allow for localized
control of skyrmion trajectories - either by confinement, creation of pinning sites,
or local repulsion [155, 169]. When combined with the SkHA, this approach offers
significant potential for studying flow dynamics and lattice-phase phenomena that
are otherwise difficult to access in systems such as colloidal particle flows.

B.3 Contribution

The concept of periodically modulated skyrmion flow was developed by K. Raab,
who also fabricated the structured samples and acquired the video data using
PMOKE microscopy. P. Virnau contributed the theoretical framework and concep-
tual support. M. Schmitt performed part of the video data analysis, generated the
flow profiles, and conducted the comparative evaluation with simulation results.
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Appendix C

Appendix: Skyrmion Compression

C.1 Extended theory

C.1.1 Extended energy terms

In this appendix section the energy terms for K. Leutners derivation of the skyrmion
compression theory are listed. Note that this is still unpublished work in progress.

Ejsses ¢ - the dipole skyrmion self-energy with magnetic film skyrmion interaction
for R>h,

Eiss - the dipole skyrmion-skyrmion interaction with distance "l" between
skyrmions,

E4 54 - the dipole skyrmion-boundary interaction (at x).

The terms Ey s, 7, Egsess and Ey 5., were calculated using multipole expansion.

K% (4 (h? 4 32R?) log (&) + h2(1 + 1og(4096)) + 64R?(log(64) — 1))

Egssesf = —poM:

64R
(C.1)
1 1 1o M2 M2 1
E = uyM?tR?R3 < — ) + SHR?R3 | ———— + = | (R4 R}
d,ss¢>s HolVig 1422 ! \/m 8 12 (h2 N lz)% 3 ( 1 2)
2 Q1,4 4 212 014
1 oM papy (B 24T 30 3 (Rt +3RIRE + R3)
64 (W2 +12)2 P
B <16h21281;;4i+)9§h214516 ; f) (R2 1 RZ) (R2 1 5R2R3 4 R)
+ HoMs 1024
(C.2)

Ejsess = HoM2R? ((xo —x) (log (h* + (x0 — x)?)) —log ((xo—)?) —2htan™! (

, H2R?
*4 (xg — x) (M2 + (x0 — x)?)

Xg— X

— oM

(C.3)
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FIGURE C.1: Sketch of a barometric 2D volume element (dx-L,) with the respective
forces F(x¢) and F(xp+dx). Adapted from original sketch by K. Leutner

C.1.2 Macroscopic derivation

Considering the length L, in the system in a confined space:

2
LyAp = F, (x + ﬁp) ~F (x - ﬁp) = My iR ()

2 2 2e
L,dp = V3dF, = —ZGSH]R(x)dg;kydx C4)
dp = —F1272295H]'R(x) <L1ydz:1];ky> dx
= dp = _h;z OsujR(p)o(p)dx
with density p for hexagonal lattice:
_ 1 dNgy _ 1 2

= p(p) = L, dx A~ VAP (C.5)

one gets the expression for the pressure difference dp in dependence of dx and the
skyrmion number density dg;ky , which can be used to get the pressure dependent
density p(p). This leads to the simulated skyrmion lattice with parameters from

Table C.1:

Parameter Value

M 6-10°A/m
h 0.95nm

B, 200 T

0 S H] 105 A / 1’1’12

o 242 uoM2h
Ngicy 2835

TABLE C.1: Simulation parameters and values used in the model.

Further integrating dp using p(p) leads to
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FIGURE C.2: Simulated skyrmion lattice with periodic boundary conditions to the
sides with barrier on the bottom. Original from K. Leutner

2 dp hrt? . [ h? .
= T i / dx = % gepin(x —
y R)o(p) ~  2e oot [ ¥ = S smx(x ) (C.6)

= p(x) with p(xo) = p(R(x0)) = po
equation p(x) with p(xg) = p(R(xp)) = po-

A \@PZ:?:\/@P
P

-2
OB _ OE.OP _ OB, 1 7
P=%9A ~ 9P aA 9P 3p

Now one can express the energy E,(R,P) in dependence or R, skyrmion radius, and
P, the distance of next nearest neighbor skyrmions, and by minimizing R to get the

effective model with only P as a degree of freedom one can express R in dependence
of P.

. Eu(R,P)

Reaching the analytical result of minimization with skyrmion lattice model for
P/h —0, and R/h—0 limit.

- mRin Euc(R, P) (C.8)

R(P) 4, 11R (sohMs) 3 o)

(—47TBR — pohM (—1 —6log(2) + Vg,’f;;g) + 2poh M log(%)) ’

Putting equations together leads to:



168 Appendix C. Appendix: Skyrmion Compression

0.040

1 e Simulation 1204
Macroscopic descr.

explicit expression
explicit p(p - 0) oy
explicit p(p»> ) o)

0.035 1

1154

(d) [pm]

0.030

0.025 4

[
I
1

0.020

pressure p 7]
Radius R [pm]
-

s}

Density p [1/um?]

0.0154

0.010 1

Mean distance to nearest neighbor P

0.005

0.95 1

0.000
0 100 200 300 0 5 10 0 5 10 0
x position (perpendicular to boundary) [um] pressure p (2] pressure p [12Y]

FIGURE C.3: Simulated and analytical results from the macroscopic description for
pX), R(p), P(p), and p(p). Used for qualitative comparison with the experimental
results from 5, section 5.3.7. Original from K. Leutner
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If x(R) linear: R(x) is given by

2+/3721j,Ro(x — x0)
h 6
ehM; (—87‘[BR0 + 6pohMslog (R—0> + pohM; <m;71(\;1§> +7— 1810§é232>)

R(x) = Ro —

C.2 He" irradiation

C.2.1 He' irradiation: Hysteresis

Following the hysteresis curves and the selected slopes at low fields for the un-
treated and treated regions are displayed. A comparative analysis of the hysteresis
curves between the He " -irradiated (treated) and non-irradiated (untreated) regions
reveals distinct magnetic behavior. At lower temperatures, both regions exhibit
hysteresis loops characteristic of skyrmionic states, with features such as reduced
remanence and smooth magnetization reversal, consistent with the presence of
skyrmions. However, at elevated temperatures (e.g., 335 K), the hysteresis shape
changes markedly and begins to resemble that of IP magnetization, indicating a
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transition away from the skyrmion phase.

Hystereses of untreated side

1.00{ —— 303K, untreated | Ep—
0751 " T unteatec
0.50 335K, untreated
0254 linear fit
0.00
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—0.8 -0.6 —-0.4 -02 00 02 04 06 0.8
Field ImT]1

Hystereses of treated side
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0.754 —— 309K, treated
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0.254 — linear fit
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~0.8 -0.6 —-0.4 -02 00 02 04 06 0.8
Field ImT1

FIGURE C.4: Hysteresis and slopes of hysteresis of untreated (top) and treated (bot)
side.

Linear slope V1: 13.4 - treated at 303,1 K
Linear slope V2: 8.4 - untreated at 303,1 K
Linear slope V7: 1.8 - treated at 335,0 K
Linear slope V8: 1.4 - untreated at 335,0 K

Notably, the hysteresis curves in the treated region display steeper slopes com-
pared to those in the untreated region. This suggests a higher effective PMA in the
treated area. The relatively lower PMA in the untreated side could be indicative of a
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FIGURE C.5: Sample MVK763 exhibits the well-defined boundary separating two
distinct magnetic phases within each segment: an equilibrated worm-like domain
structure on the treated side and a skyrmion phase on the untreated side.

more relaxed magnetic configuration or increased disorder. The observed PMA en-
hancement in the treated region may be attributed to a mild annealing effect induced
by He™ irradiation, which promotes crystallinity and thereby increases anisotropy,
as suggested by previous studies [314]. However, without complementary measure-
ments - such as SQUID magnetometry - quantitative determination of the anisotropy
remains uncertain.

Interestingly, the magnetic property modifications are sufficient to support the coex-
istence of different magnetic phases under low external magnetic fields (e.g., 90 uT):
while skyrmions are stabilized in the untreated region, the treated area maintains a
worm-like domain state under the same conditions (see Figure C.5).

C.2.2 He' irradiation: parameters of double polarity skyrmions

Figures C.6 and C.7 display additional data for the PMOKE differential recording of
the double polarity skyrmion measurement.



C.2. He" irradiation

171

FIGURE C.6: Skyrmion amount over time for the treated and untreated part of the
opposite polarity skyrmion PMOKE recording on MVK763 at 322,7 K and 110 uT.

FIGURE C.7: Average skyrmion radius over time for the treated and untreated part
of the opposite polarity skyrmion PMOKE recording on MVK763 at 322,7 K and 110

pT.
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C.2.3 UNET skyrmion identification

The skyrmions in this study were tracked using the UNET procedure (Section
3.4.3). UNET was primarily trained on MOKE images with a specific polarity for
skyrmions: dark skyrmions on a bright background. In cases where the MOKE
contrast is reversed, with bright skyrmions on a dark background, a simple solution
is to invert the greyscale, allowing UNET to process the image as dark skyrmions
on a bright background again. Although a modified version of UNET can classify
skyrmions with reversed greyscale, its performance is lower. To maintain consistent
performance and comparable classification, the original version of UNET was used.
Due to the dual polarity observed in this particular recording, UNET struggled to
correctly identify skyrmions on the treated side, as both bright and dark skyrmions
were identified simultaneously. To address this issue, the recording and analysis
were split into three parts, with UNET applied separately to each:

1. The untreated side in its natural greyscale (dark skyrmions on a bright back-
ground), with the treated side masked in black.

2. The treated side in inverted greyscale (dark skyrmions on a bright background),
with the untreated side masked in white.

3. The treated side in its natural greyscale, with the untreated side masked in black.

This approach allowed UNET to independently identify skyrmions in each re-
gion, as demonstrated in Figure C.8. For each frame, a pre-check is performed to
ensure proper parameter fitting, displaying three images: [_1] the raw input image,
[_2] the prediction of the trained classes, where the background is marked in green
and the potential magnetic structures (e.g., skyrmions) in red, and [_3] the frame
with identified and filtered skyrmions highlighted in blue, with the background in
pink. Image [al] shows the untreated side, with the treated side masked in black. In
[a2], UNET classifies the treated side as background, with the skyrmions marked in
red. [a3] shows the filtered skyrmions in blue, while the background is pink. Due to
a slight focus gradient and the small size of the skyrmions, UNET did not identify
skyrmions in the pink areas at the top left corner. Image [b1] shows the raw treated
side, with the untreated side masked in black. In [b2], UNET classifies the treated
area as background (green), with the intervening area classified as magnetic struc-
ture. Consequently, in [b3], no skyrmions are identified, except near the treatment
line. Images [c1] and [c2] show the treated side in inverted greyscale, with the up-
per half masked in white. This allows UNET to correctly classify and identify the
skyrmions, as shown in [c3].

C.3 Additional material: irradiated barrier

C.3.1 Ga' Irradiation

The Ga™ irradiation was performed using a focused ion beam as described in 3.5
over a line of 100x22 pm? using a dose gradient with a dose interval of 1 pm. Dose
gradient increases from left to right, starting with factor 1, 1, 2, 4, 8, 16, 32, 64, 128,
256, 512 x 10_16% and decreasing in the same manner to the right, resulting in the

22 ym width. The dwell time was set to 25 ns.
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IMAGE PREDICTION FILTERED SKYRMIONS

FIGURE C.8: UNET identification for treated and untreated sides. The grey level of
the treated side was inverted to analyze the image with UNET.

C.3.2 Summary: irradiation barrier

In summary, Figure C.9 presents the average skyrmion number and average
skyrmion radius for each applied current density directed toward the irradiation-
induced barrier within the narrow channel. The subsequent section provides a
comparative analysis with the structural comb barrier.



174

Appendix C. Appendix: Skyrmion Compression
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FIGURE C.9: Summary of the average skyrmion amount and average skyrmion ra-
dius over time for individual current densities.
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C.3.3 Eccentricity TMD109

Eccentricity at 300 K for free skyrmions depending on the applied OOP field. Eccen-
tricity is defined as the ratio of the longest axis in the (elliptic) skyrmion divided by
the orthogonal short axis: /b = e.

Mean eccentricity € vs. applied field

|
)|“|} }HI;”

0.85 A

0.75 A

mean eccentricity €

0.70 A

0.65 s

Borr = -38,0 UT

=200 =150 =100 =50 0 50 100
field [uT]

FIGURE C.10: Mean eccentricity for TMD109 sample in structure C22 in dependence
of the applied OOP field at 300 K. At low field values the skyrmion elongates ther-
mally into worm-like domains, thus the mean eccentricity becomes lower. With in-
creasing field value, the eccentricity rises to a maximum where skyrmions stay in
their circular shape and then drops down again. At the largest field values, the
skyrmions become so small and only few are left so that the proper identification
and axis-length determination for the eccentricity becomes very noisy, resulting in a
large standard deviation.

C3.4 s — (4 TMD109

The averaged values of the bond-orientational order parameters 1 and ¢4 displayed
in Figure C.12 for the configuration involving the irradiated barrier indicate the ab-
sence of a well-ordered lattice structure - neither hexagonal nor square symmetry
is clearly established. Although s exceeds 14, suggesting a tendency toward lo-
cal hexagonal ordering, the overall skyrmion arrangement lacks sufficient density
to support long-range crystalline order. Instead, the system exhibits characteris-
tics consistent with the disordered or liquid-like state [175]. Upon relaxation, as
skyrmions diffuse away from the barrier and re-expand into the channel, the or-
der parameters display significant fluctuations, reflecting the ongoing melting and
destabilization of the skyrmion lattice.
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Eccentricity vs. time for current values
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FIGURE C.11: Averaged eccentricity over time for the applied current densities. The
skyrmion do not deform significantly during the compression, although at the high-
est current densities the eccentricity becomes more noisy, due to averaging over
fewer skyrmions.

Average W vs. Time for Current Values

0.75
0.50
0.25

Jowa = 2.2:1074;

0.75

0.50
0.25

J1spa = 3,3-1074

Jooua = 4,4-1072

™

0.75
0.50
0.25

Jasua = 5.6-1074

60

0 120 150 30 60 90 120 150
Time [s] Time [s]

FIGURE C.12: The averaged §s&p4 values over time for the irradiated barrier. The
lattice is not dense enough for a hexagonal or square order. During relaxation, when
skyrmions diffuse back into the channel away from the barrier and expand, the value
becomes very noisy due to the melting and disintegration of skyrmion lattice.
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C.4 (C22 structural comb barrier

In Section 5.3 the skyrmion compression at an irradiated artificial barrier was inves-
tigated. The following comparative plots show the skyrmion compression against
the structural comb geometry shown in Figure 5.13 for the same temperature, OOP
field and initial lattice state. Note that due to the wider channel (reservoir) the cur-
rent density at the same applied current strengths (5 pA to 30 pA, in steps of 5 pA)
is smaller than in the narrow part of the channel with the artificial barrier.
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FIGURE C.13: Comparative plot to Section 5.3 for the structural comb barrier. Shown
is the average skyrmion radius and average skyrmion amount over time dependent
on the applied current density (at the reservoir).
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FIGURE C.14: Comparative plot to Section 5.3 for the structural comb barrier. Sim-
ilarly to Figure 5.18, the skyrmion position is projected onto the x-coordinate over
time with the skyrmion size as color code. Here the skyrmion are compressed to-
wards the top, due to the compression against the structural barrier.

Similar to Figure 5.24, Figure C.15 displays the normalized relative skyrmion
density per ~4,5 pm section, which is highest near the barrier region (indicated in
yellow) and decreases with increasing distance from the barrier (dark violet). It is
important to note that the comb barrier is located at the end of the reservoir - the
wider section of the channel - resulting in a higher concentration of skyrmions in
this area compared to the narrower portion of the channel. The data are divided
into four time intervals: an initial equilibration phase (frames 0-200), two intervals
during current application (frames 201-850 and 851-1500), and a final relaxation
phase without current (frames 1501-2000). Upon current application, the skyrmion
density increases, with a more pronounced effect observed at higher current am-
plitudes. Once the current is turned off, the skyrmions begin to relax, redistribute
within the channel, and expand, indicating diffusion-driven relaxation dynamics.

Interestingly, the average inter-skyrmion distance increases continuously dur-
ing both the current application and subsequent relaxation phases (see Figure C.16).
This behavior is most likely influenced by the widening of the channel geometry.
Skyrmion annihilation occurs at comparable rates for both the structural comb bar-
rier and the irradiation-induced barrier, suggesting a balance between the larger
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FIGURE C.15: Comparative plot to 5, Section 5.3 for the structural comb barrier.

physical extent and magnetic inhomogeneity of the comb barrier - where annihi-
lation is more likely - and the lower current density present in the wider channel
region. The resulting geometry provides additional space for skyrmions to disperse
into the reservoir, thereby increasing their spatial separation and contributing to the
observed rise in inter-skyrmion distance.

A comparative analysis of the average skyrmion radius over time is presented,
corresponding to Figures C.13 (structural comb barrier) and C.9 (irradiation-induced
barrier). For the irradiated barrier within the narrow channel, the average skyrmion
radius stagnates and even exhibits a slight decrease, indicative of skyrmion compres-
sion. In contrast, for the structural comb barrier located in the wider region of the
device, the average radius increases steadily—with only minor fluctuations—and
continues to grow during the subsequent relaxation phase. Given that the rate of
skyrmion annihilation is comparable for both barrier types, the observed differences
are likely influenced primarily by geometric factors, particularly the local current
density, which is reduced in the wider channel. These findings suggest that geome-
try plays a critical role in skyrmion behavior, warranting further investigation into
annihilation mechanisms at both structural and irradiation-induced boundaries.

Overall, no significant qualitative differences in skyrmion compression were ob-
served between the structural comb boundary and the irradiation-induced artificial
barrier. The observed differences in the evolution in time of skyrmion size and dis-
tance can be linked to the widening of the geometry and the lesser current density
thereof. A notable advantage of the artificial barrier is its negligible impact on the
current density distribution, owing to the absence of structural discontinuities. Al-
though the limitations of structural barriers could, in principle, be addressed by in-
troducing non-magnetic yet conductive interlayers adjacent to the skyrmion-hosting
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Average Distance vs. Time for Current Values
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FIGURE C.16: Comparative plot to 5, Section 5.3 for the structural comb barrier.
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FIGURE C.17: Comparative plot of the average skyrmion radius over time of Fig-
ures C.13 (comb barrier) and C.9 (irradiation barrier). The wider geometry, which
provides increased space and results in a reduced current density, diminishes the
degree of skyrmion compression compared to the narrow channel geometry.
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Eccentricity vs. time for current values
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FIGURE C.18: Comparative plot to 5, Section 5.3 for the structural comb barrier.
With less skyrmion compression as mentioned in the previous plots, the skyrmion
eccentricity develops comparatively similar to the irradiation barrier in the narrow

channel. Higher fluctuations at higher current densities, but no clear trend observ-
able.

ferromagnetic layers, such modifications may inadvertently alter the magnetic envi-
ronment, potentially affecting skyrmion dynamics or stability. Moreover, this ap-
proach would require additional sputtering and lithography processes, thereby in-
creasing fabrication complexity and reducing economic viability. Each implementa-
tion would also require individual evaluation, in contrast to the relatively straight-
forward and localized nature of ion irradiation. These considerations underscore the
high potential of ion irradiation as a versatile and effective technique for skyrmion
confinement and manipulation.

C.5 Contribution

Ga' irradiation was performed on the samples with G. Beneke. Theory based on
extended Thiele equation, macroscopic description and simulation for qualitative
comparison with experimental results was developed by K. Leutner with helpful
discussion with Dr. R. Fromter.
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Appendix D

Appendix: Brownian Reservoir
Computing

D.1 Linear regression weights
D.1.1 Linear regression weights for skyrmion center readout

TABLE D.1: Weights of the linear regression training process for Boolean logic oper-
ations using 4 sets of 1000 images each for point-like skyrmion (center readout)

OPeratOI' Wiett Wright Wtop Whniddle Wintercept
AND 1.124 | 7.497 | 0.623 1.022 -0.797
NAND | -1.124 | -7.497 | -0.623 | -1.022 1.797
OR 0272 | 1.09 | -1.403 | -2.908 0.942
NOR -0.272 | -1.09 | 1.403 2.908 0.058
XOR -0.852 | -6.407 | -2.027 | -3.93 1.739
XNOR 0.852 | 6.407 | 2.027 3.93 -0.739

D.1.2 Linear regression weights for overlap-based read-out

TABLE D.2: Weights of the linear regression training process for Boolean logic oper-
ations using 4 sets of 1000 images each for expansive skyrmion (overlap readout)

Operator Wiett wright Wtop Whiddle Wintercept
AND 2.48 9.735 | 1.595 2.29 -1.287
NAND -248 | -9.735 | -1.595 -2.29 2.287
OR 0.807 | 1.915 | -1.75 -24 0.806
NOR -0.807 | -1.915 | 1.75 24 0.194
XOR -1.673 | -7.82 | -3.345 -4.69 2.093
XNOR 1.673 7.82 | 3.345 4.69 -1.093
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D.2 Three-input composite logic operations

(AAB)AC& (AVC)A—B

A[B[C[AAB|[AAB | (ANB)AC|AVC|—B|(AVC)A—B
0o(o][o] o 1 0 0 | 1 0
olo|1] o 1 1 1 |1 1
ol1/0] o 1 0 0 |0 0
ol1/1] o 1 1 1 |0 0
1jofof o 1 0 1 |1 1
1/o/1] o 1 1 1 |1 1
1]1]of 1 0 0 1 |0 0
111 1 0 0 1 |0 0
(AAB)V-Cé& (= AA-C)VB
A[B[C[[AAB|[-C|[(AAB)V—-C|-A|-C|-AA—-C|(-AA-C)VB
ojo[o] o |1 1 1] 1 1 1
olo|1| o | o 0 11]o0 0 0
ol1/of o |1 1 1|1 1 1
ol1/1] o | o 0 1] 0 0 1
1/olof o |1 1 0|1 0 0
1/ol1] o |o 0 00 0 0
1j1fof 1 |1 1 0|1 0 1
1|11 1 |o 1 0o 0 1
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D.3 Probabilities
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FIGURE D.1: Skyrmion occurrence probabilities were analyzed for the four des-
ignated readout locations, as well as for regions outside these areas (denoted as
"none"), based on the two-contact input configurations across 13 sets of 1000 frames
each. a) for skyrmion center readout and b) areal overlap readout. Taken from [99],
supplementary material.
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D.4 Energy estimation

D.4.1 Farthest displacement calculation

FIGURE D.2: a) Schematic representation of the device. The black dashed inner and
outer circles indicate the inner and outer radii. The orange box represents a sim-
plified approximation of the channel used for estimating current flow between two
contacts, while the third contact remains floating. The green dashed line marks the
half-height width of the triangular geometry, which is used for current density cal-
culations in previous sections. A dark gray sphere illustrates an in-scale skyrmion
positioned at its maximum displacement. The violet region highlights the area that
a skyrmion must traverse back to the center region (used in energy consumption
estimation) b) Close-up of the device corner with the maximum possible skyrmion
displacement (considering no skyrmion size change or deformation), indicated by
the blue dashed line. Trigonometric calculations reveal that the skyrmion remains
at a distance of y = 2 - ryy from the triangular tip, while the corresponding chord

touching the device edges is given by x = /3 - Tsky (not considering extrusions with
finite width for electric leads).

Referring to the schematic in Figure D.2, the following equations are employed to
determine the minimum distance, y , at maximum displacement of the skyrmion to-
ward the tip of the corner without undergoing deformation or a change in size. The
chord length, x, represents the distance between the points at which the skyrmion
would make contact at its maximum displacement.

X = 2 rgy cos (60°)

(D.1)

=3 Tsky

y= \/rgky+x2 (D.2)
=2 Tsky

D.4.2 Energy - scaling proportionality

The device scaling is applied exclusively to the two in-plane dimensions (length and
width), while the thickness remains unchanged to preserve functional integrity. A
simplified derivation of the energy dependence on the scaling factor is presented,
omitting considerations of the necessary functional overhead associated with MT]
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readout and CMOS connectivity. By combining Ohm’s law (U = R - I), the electric
DC power law (P = U - I), the material-specific resistance formula (R = p - 1/4),
and the definition of energy (E = P - t), it can be shown that the device resistance
remains independent of the scaling factor x, while the energy E is proportional to x.
It is important to acknowledge that the operation time also indirectly depends on the
scaling factor and that only a single material parameter, p, has been considered in
the derivation. However, due to the complexity of estimating the time dependence,
it has been excluded from the strictly geometry-based proportionality derivation.

_ b (L A)
=P A= hw &
l
BT (D.3)
with
A=h-w

E:P-t:U-Lt:R-IZ-t:p-A(]-A)z-t:p-l-A-]Lt

—p L APot=p ()P t=p-[(1-x) h-(@ D Pt Dy
:p-(lhw)-xz-jz-t
E o x?

using
U=R-I J=1/A
P=U-I I (D.5)
A=h-w RZP'Z

with R, the resistance, p the material specific resistance, 1, the length and A, the cross
section of the materials” geometry. Cross section A consists of the stack height h and
width w. Scaling factor x for scaling down the device cancels out during calculation.
Height h is not affected by scaling.

D.5 Heating energy

To estimate the energy required to heat the presented prototype device and a po-
tential scaled-down version, the material stack is approximated as a single tantalum
layer with a thickness of 13 nm, while retaining the previously defined lateral dimen-
sions. Only the volume of the device is considered in this calculation, excluding con-
tributions from contacting leads, the substrate, or additional layers. Consequently,
the computed energy represents a lower bound, and in a practical scenario involving
active heating, the actual energy consumption would be higher. Using the density
of tantalum (o7, = 16 678 k¢/m?) and its specific heat capacity (cr,, = 140 I /kg - K) [384],
along with a temperature increase of 10 K, the required energy can be calculated as
follows:
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E (D.6)

E=cm-dT =c- (p-\fsz-h> -dT

With V, A, s and h the volume, surface, side length and height of the device, respec-
tively, and p, ¢, m the density, the specific heat capacity and the mass of tantalum. E
the energy and dT, the amount of temperature change. The lower energy limit for
the 40 yum device is 210 pJ, while for the scaled down version with 400 nm the energy
limit would be 21 f].

3
2,
H

D.6 Contributions

PMOKE measurements were performed with help of G. Beneke, who also helped
with the setup. M. Brems used the tracked and analyzed skyrmion data to train
the perceptron for the presented Boolean logic operations and created the accord-
ing plots and graphs. Contribution to [152], the time-multiplexed adaptation of the
triangular RC concept discussed in Section 6.8, was only in discussion and sample

production. Original Latex template from J. Béttcher under LPPL v1.3c license!.

D.7 Utilization of Al

In this thesis, Al in the form of a large language model (LLM) developed by OpenAlI -
specifically ChatGPT (versions GPT-3.5, GPT-4-mini, and GPT-4) - was employed for
spell checking and linguistic refinement of draft texts. The tool was used throughout
the writing process to enhance readability, improve clarity, and reduce typographical
and grammatical errors. Additionally, it helped creating Latex code for tables and
formatting.

L(http:/ /www.latex-project.org/lppl)
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Necessities and Statements

Synopsis

This dissertation investigates controlled manipulation of skyrmions - topologically
protected spin textures with quasi-particle characteristics in magnetic thin films -
with a focus on their dynamics, the influence of artificial boundaries, and their ap-
plication in energy-efficient unconventional computing.

The study examines skyrmion flow in the creep regime, where motion is driven by
spin-orbit torque at velocities in the micrometer-per-second range, superimposed
with thermally induced diffusive movement. This dynamic is strongly influenced
by skyrmion-skyrmion and skyrmion-edge interactions, as well as the non-flat en-
ergy landscape. Experiments in both straight and modulated channels revealed
boundary-dependent velocity profiles, in qualitative agreement with Thiele-based
simulations. Moreover, skyrmions serve as a 2D rheological model system. Simu-
lations revealed novel phenomena when incorporating a non-negligible skyrmion
Hall angle: back-propagation, motion against the direction of applied force.

An additional method of manipulation explored is ion irradiation, which locally
alters magnetic properties permanently. Ion irradiation enables the creation of arti-
ficial barriers, for instance in skyrmion compression, where skyrmions are pushed
against a boundary. This process reduces both the inter-skyrmion distance in the
lattice - analogous to gas molecules under pressure - but also their individual size.
The experimental findings are supported by adapted theoretical models and simu-
lations.

A central component is the development of a novel reservoir computing (RC) de-
vice based on skyrmion dynamics, particularly the Brownian diffusion of confined
skyrmions. Even in simple confining geometries such as an equilateral triangle,
the system demonstrates the ability to perform Boolean logic operations, includ-
ing nonlinear logic, at ultra-low current densities. Its scalability and potential for
enhanced complexity position skyrmion-based RC as a promising system for low-
power, unconventional computing. The detailed analysis of skyrmion dynamics and
the presented RC demonstrator underscore the vast potential of spintronics - and
skyrmions in particular - for next-generation information technologies.

Kurzzusammenfassung

Diese Dissertation untersucht das magnetische Verhalten und die gezielte Ma-
nipulation von Skyrmionen - topologisch geschiitzten Spintexturen mit Quasi-
Teilchencharakter in metallischen Diinnschichten - mit Fokus auf deren Dynamik,
Einfluss der Strukturenwdnde und Anwendung in energieeffizientem unconven-
tional computing. Untersucht wurde der Skyrmionenfluss im Creep-Regime,
also der durch Spin-Bahn-Drehmoment (Spin-Orbit Torque) induzierte Antrieb
mit Geschwindigkeiten im Mikrometer-pro-Sekunde-Bereich in Uberlagerung mit
thermisch diffusionsgetriebener Bewegung. Dieser wird stark beeinflusst durch
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Skyrmion-Skyrmion- und Skyrmion-Rand-Wechselwirkungen sowie durch die
nicht-flache Energielandschaft. In geraden und modulierten Kanidlen zeigten
sich geschwindigkeitsprofile mit Randabhédngigkeit, welche qualitativ mit Thiele-
basierten Simulationen iibereinstimmen. Skyrmionen dienen dariiber hinaus
als zweidimensionales rheologisches Modellsystem. In Simulationen traten
neue Phdnomene auf, insbesondere unter Beriicksichtigung eines Skyrmion-
Hall-Winkels von 15° sogenannte Riickwartspropagation — eine Bewegung der
Skyrmionen entgegen der Richtung der angelegten Kraft, hervorgerufen durch
Wechselwirkungen mit Rdndern und benachbarten Skyrmionen. Eine weitere
Moglichkeit der gezielten Manipulation stellt die Ionenbestrahlung dar, bei der
die magnetischen Eigenschaften lokal und dauerhaft verdndert werden. Durch
kontrollierte He™ - und Ga™-Bestrahlung lassen sich kiinstliche Barrieren erzeugen,
etwa zur Skyrmion-Kompression. Dabei werden Skyrmionen gegen eine Barriere
gedriickt, wodurch nicht nur der Abstand zwischen den Skyrmionen im Gitter
- analog zu Gasmolekiilen unter Druck — verringert wird, sondern auch deren
Grofie. Die experimentellen Ergebnisse hierzu werden durch angepasste theoretis-
che Modelle und Simulationen gestiitzt. Ein zentrales Element dieser Arbeit ist
die Entwicklung eines neuartigen Reservoir-Computing-(RC)-Konzepts, das auf
der Dynamik von Skyrmionen, insbesondere deren Brown’scher Diffusion unter
Konfinierung, basiert. Selbst in einfachen Geometrien wie einem gleichseitigen
Dreieck zeigt das System die Fahigkeit zur Ausfiihrung boolescher Logikopera-
tionen, einschlieflich nichtlinearer Logik, bei extrem niedrigen Stromdichten. Ein
wesentlicher Aspekt der Energieeffizienz ist der automatische Reset-Mechanismus
des Reservoirs. Seine Skalierbarkeit und das Potenzial zur Erhchung der Sys-
temkomplexitit machen skyrmionenbasiertes RC zu einer vielversprechenden
Plattform fiir energieeffizientes, unkonventionelles Rechnen. Die detaillierte
Analyse der komplexen Dynamik sowie der Demonstrator zur unkonventionellen
Informationsverarbeitung verdeutlichen das enorme Potenzial der Spintronik —
insbesondere von Skyrmionen.
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