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Abstract

Electronic computing units continue to shrink, but further scaling looks increasingly constrained by
high power densities and operating voltages. Spin waves (magnons), by contrast, carry information
with very little energy, and at microwave frequencies their wavelengths can be on the order of a few
hundred down to a few tens of nanometres, enabling nanoscale components that consume far less
power than conventional electronics. Thus, magnons in ferromagnets have emerged as a promising
route to low-power information processing.

Magnetic materials themselves have been known for millennia and underpin everyday technologies
—from motors and sensors to computers and even simple fridge magnets. Over the last two decades,
researchers have focused on building the fundamental blocks of magnonic circuitry: directional
couplers, diodes, transistors, and logic gates. To fully exploit spin-wave behaviour in such systems,
precise control of the interactions between individual elements, particularly on the sub-micrometre
scale, is essential.

In this thesis, I study ferromagnetic thin films with complex patterns and magnetic textures that can
find applications in magnonic systems. The central aim is to establish design rules and numerical
tools for deterministic control of spin-wave spectra, mode profiles, and interactions in sub-micrometre
patterned films.

I begin the thesis with the foundations of magnetism, followed by an explanation of micromagnetism,
the interactions governing magnetic systems, magnetisation textures, and spin waves. I conclude the
background with topics currently under intensive study: magnonic crystals and spin-wave computing.
I then present the software developed during this research. I developed the micromagnetic simulation
tool “Amumax” and a data post-processing package, “Pyzfn,” for space- and time-efficient analysis of
large datasets, enabling simulations of previously intractable systems.

In the first part of the research, I investigate thin films with perpendicular magnetic anisotropy (PMA)
that are patterned with antidots whose are surrounded by rims which have reduced PMA, forming in-
plane magnetised regions. The first paper shows that controlled softening of the magnetisation in the
in-plane magnetised rims in the antidot lattice tailors spin-wave spectra, creating rim-localised edge
modes, edge-mode–bulk-mode hybrids, magnonic bandgaps, and history-dependent non-reciprocity
—thereby establishing anisotropy engineering as a reconfigurable spin-wave control knob. Building
on this, I combine the out-of-plane magnetised bulk of the ferromagnetic film with the in-plane-
magnetised rims in the antidot lattice to realise strong, exchange-mediated magnon–magnon coupling
between confined and propagating modes—a pathway to programmable interactions relevant for
coherent magnonics and hybrid quantum technologies. I then harness nonlinearity in a lithograph-
ically simple architecture composed of an in-plane-magnetised nanosized element immersed in an
out-of-plane magnetised ferromagnetic strip to up-converts a uniform microwave pump into coherent
propagating plane spin waves with sub-300-nm wavelength and doubled frequency. The emission
frequency and efficiency of the second-harmonic generation scale with the magnetic field magnitude
and the nanoelement width. Furthermore, the concept can be readily extended to two-dimensional
systems, providing a compact, tunable source of exchange-dominated waves suitable for spin-wave-
based realisation of artificial neural networks.

In parallel, I explore deterministic, hierarchical confinement of spin waves at the nanoscale using
Sierpiński-triangle networks based on ferromagnetic film, motivated as a generalisation of antidot-
lattice concepts to multiscale patterns. The fractal’s nested quantisation lengths generate tunable
magnonic minibands and bandgaps—adjustable geometrically or by rotating the bias magnetic field—
offering broadband spectral agility for multiplexing and routing of spin waves without changing the



material. Finally, in collaboration with the experimental group in Vienna, we study a one-dimensional
yttrium iron garnet (YIG), hole-based one-dimensional magnonic nanocrystal and demonstrate spin-
wave bandgaps, slow-mode plateaus, and defect cavities, validating the routing and filtering concepts
in a sub-micrometre, low-loss ferromagnetic platform.

The results have been published in four papers and one preprint and the developed software is
open source and publicly available. Together, these studies articulate a framework for programmable
magnonics based on three complementary control knobs—anisotropy, geometry, and nonlinearity
—implemented in lithography-friendly thin-film platforms. They deliver reconfigurable spin-wave
edge–bulk hybridisation and magnonic bandgap formation, strong exchange-mediated magnon modes
coupling tunable by magnetic field magnitude and its history, a compact frequency-doubling source
of sub-300-nm spin waves, and hierarchical spectral control in deterministic fractal networks, with
experimental validation in low-loss YIG nanocrystals. Thus, this work charts a viable path to practical,
ultra-low-power magnonic processors by delivering controllable spin-wave spectra, interactions, and
on-chip spin-wave frequency conversion in manufacturable thin-film platforms.



Abstrakt

Elektroniczne układy obliczeniowe wciąż są miniaturyzowane, jednak dalsze skalowanie wydaje się
coraz bardziej ograniczane przez wysokie gęstości mocy i stosowane napięcia. Natomiast, fale spinowe
(magnony) przenoszą informację przy bardzo niewielkim zużyciu energii, a przy częstotliwościach
mikrofalowych ich długości fal mogą wynosić od kilkuset do kilkudziesięciu nanometrów, co umożli-
wia tworzenie elementów w nanoskali zużywających znacznie mniej energii niż konwencjonalna
elektronika. Dlatego magnony, w szczególności w ferromagnetykach, wyłaniają się jako obiecująca
droga do niskoenergetycznego przetwarzania informacji.

Materiały magnetyczne są znane od tysiącleci i stanowią podstawę wielu technologii codziennego
użytku — od silników i czujników po komputery, a nawet zwykłe magnesy na lodówce. W ciągu
ostatnich dwóch dekad badacze koncentrowali się również na budowie podstawowych elementów
układów magnonicznych: sprzęgaczy kierunkowych, diod, tranzystorów i bramek logicznych. Aby w
pełni wykorzystać właściwości fal spinowych w takich systemach, kluczowa jest precyzyjna kontrola
oddziaływań między poszczególnymi elementami, szczególnie w skali submikrometrowej.

W niniejszej pracy badam cienkie warstwy ferromagnetyczne o złożonych teksturach magnetyzacji i
złożonej strukturalizacji w nanoskali, które mogą znaleźć zastosowanie w systemach magnonicznych.
Głównym celem pracy doktorskiej jest wyznaczenie podstawowych zasad projektowych i opracow-
anie narzędzi numerycznych do deterministycznej kontroli widm fal spinowych, profili modów i ich
wzajemnych oddziaływań w strukturalizowanych w skali submikrometrów warstwach ferromagne-
tycznych.

Pracę doktorską rozpoczynam od przedstawienia podstaw magnetyzmu, a następnie omawiam mikro-
magnetyzm; oddziaływania rządzące układami magnetycznymi; tekstury namagnesowania oraz fale
spinowe. Wprowadzenie kończę opisem obecnie intensywnie badanych tematów: kryształów magnon-
icznych i obliczeń z użyciem fal spinowych. Następnie przedstawiam oprogramowanie rozwinięte
w trakcie badań. Opracowałem narzędzie do symulacji mikromagnetycznych „Amumax” oraz pakiet
postprocessingu danych „Pyzfn” do oszczędnej przestrzennie i czasowo analizy dużych zbiorów
danych, umożliwiające symulacje wcześniej praktycznie nieosiągalnych systemów.

W pierwszej części badań analizuję cienkie warstwy ferromagnetyczne z prostopadłą anizotropią
magnetyczną (PMA), strukturyzowane siecią anty-kropek, których obrzeża mają zredukowane PMA,
tworząc pierścienie namagnesowane w płaszczyźnie. Pierwsza praca pokazuje, że kontrolowane
mięknięcie namagnesowania w obszarach brzegowych sieci anty-kropek kształtuje widmo fal spin-
owych, tworząc mody zlokalizowane na obrzeżach, hybrydy modów brzegowych i objętościowych,
magnoniczne przerwy pasmowe oraz zależną od historii namagnesowania niewzajemność — wskazu-
jąc inżynierię anizotropii jako wydajny sposób umożliwiający sterowanie falami spinowymi. To
połączenie objętościowej części strukturyzowanej warstwy ferromagnetycznej z PMA z obszarami
brzegowymi namagnesowanymi w płaszczyźnie wykorzystuję, aby zademonstrować silne, z wyko-
rzystaniem oddziaływań wymiennych, sprzężenie magnon–magnon między modami związanymi i
biegnącymi. Otwiera to drogę do programowalnych oddziaływań istotnych dla rozwoju koherentnej
magnoniki i hybrydowych technologii kwantowych. Następnie, wykorzystuję nieliniowość dynamiki
magnetyzacji występującą w litograficznie prostej strukturze, złożonej z nano-obszaru namagne-
sowanego w płaszczyźnie i osadzonego w ferromagnetycznym pasku namagnesowanym prostopadle
do płaszczyzny paska, który przekształca sygnał jednorodnego pola mikrofalowego w spójne, biegnące
płaskie fale spinowe o częstotliwości dwa razy większej i długości fali poniżej 300 nm. Częstotliwość
emisji i sprawność generacji drugiej harmonicznej skalują się z polem oraz szerokością nanoelementu,
a koncepcję można łatwo rozszerzyć na układy dwu-wy-mia-ro-we, dostarczając tym samym zwarte,



przestrajalne źródło fal spinowych, zdominowanych przez oddziaływania wymienne, odpowiednie do
realizacji magnonicznych sztucznych sieci neuronowych.

Równolegle, badałem deterministyczne, hierarchiczne związanie fal spinowych w nanoskali z użyciem
struktury trójkąta Sierpińskiego, jako uogólnienie koncepcji sieci antykropek na wzory wieloskalowe.
Zagnieżdżone długości kwantyzacji fali spinowej w strukturze fraktalnej generują przestrajalne mini-
pasma i magnoniczne przerwy pasmowe — kontrolowane geometrią lub poprzez obrót zewnętrznego
pola magnetycznego — oferując szerokopasmową elastyczność spektralną fal spinowych do multi-
pleksowania i sterowania sygnałów, bez konieczności zmiany materiału. Wreszcie, we współpracy
z grupą eksperymentalną z Wiednia, badamy jednowymiarowy, oparty na łańcuchu anty-kropek
nanokryształ magnoniczny wytworzony na bazie wąskiego, sub-mikro-metro-wego, paska z granatu
itrowo-żelazowego (YIG). Wykazujemy możliwość otrzymania przerw pasmowych dla fal spinowych,
plato modów wolnych oraz wnęk rezonansowych na defektach, potwier-dzając koncepcje małostrat-
nego trasowania i filtrowania fal spinowych w skali podmikrometrowej, opartej o platformę na bazie
ferromagnetycznego dielektryka.

Praca doktorska wytycza realną ścieżkę do praktycznych, niskoenergetycznych procesorów mag-
no-nicz-nych, dostarczając sposobu na kontrolowalne widma fal spinowych i oddziaływania oraz
konwersję częstotliwości na chipie wytwarzalnych na platformach cienkowarstwowych. Wyniki
opublikowano w czterech artykułach naukowych oraz jednym preprincie będącym obecnie w
recenzji, a opracowane oprogramowanie jest upublicznione z otwartym kodem źródłowym. Łącznie,
zaprezentowane badania przedstawiają ramy programowalnej mag-no-ni-ki oparte na trzech komple-
mentarnych elementach sterujących — anizotropii, geometrii i nieliniowości — wdrożonych w
przyjaznych litograficznie platformach cienkowarstwowych. Dostarczają one metody na przełączalną
hybrydyzację fal spinowych brzeg–objętość, silnego sprzężenia modów fal spinowych przestrajalnych
polem magnetycznym i historią namagnesowania, formowania magnonicznych przerw pasmowych,
zwartego źródła krótkich fal spinowych podwajającego częstotliwość wzbudzających je mikrofal oraz
hierarchicznej kontroli spektralnej.
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Introduction

The arc of digital computing is approaching a plateau¹. Shrinking gate lengths no longer follow
the blistering pace of past decades, and pushing them further runs into hard limits—soaring power
densities and the need for higher operating voltages²,³. Even if some forecasts suggest semiconductor
technology can keep improving for roughly another decade, the slowdown of electronics-based
progress looks ultimately unavoidable⁴.

This reality has researchers worldwide hunting for successors—or at least powerful companions—to
traditional silicon⁴. For years, complementary metal–oxide–semiconductor (CMOS) technology and its
transistor paradigm defined the cutting edge, propelling the rapid rise of computing. Now, with con-
ventional scaling faltering, the quest is on for approaches that can overtake or substantially augment
CMOS, opening new paths for performance growth beyond what classic semiconductor engineering
can deliver⁴,⁵.

Among the candidates to push computing beyond CMOS, magnonics stands out. Spin waves carry
information through the collective precession of spins rather than by shuttling electrons, which means
far less energy is dissipated than in conventional charge-based circuits⁶,⁷. Their natural operating
band is extremely high—typically gigahertz and, in favourable regimes, reaching into the terahertz—
and these frequencies correspond to nanometer-scale wavelengths, a sweet spot for fast operations
packed into tiny footprints⁷,⁸. Crucially, spin waves respond readily to both magnetic and electric fields,
offering rich, low-power control knobs⁹.

Because spin waves are wave phenomena, their dynamics don’t mirror electronic charge transport.
That mismatch isn’t a bug—it’s an invitation to rethink computation itself. Logic families need not
be strictly Boolean; analogue signal processing, non-Boolean interference-based logic, and unconven-
tional paradigms—including neural-network-style processing and even quantum-computing–adjacent
concepts—may map more naturally onto magnonic hardware¹⁰–¹².

Realising this promise demands groundwork: deep study of spin-wave physics, concrete proposals
for logic elements, and practical design of integrated spin-wave circuits. With those pieces in place,
magnonics has a credible path to becoming a key building block of future computing architectures.

Building on this vision, the main goal of my thesis is to study collective spin-wave dynamics in complex
magnetic textures and patterned ferromagnetic films, which motivates the following open questions:
• Can modifying the magnetic anisotropy locally be used to tailor spin-wave excitations in a recon-

figurable magnonic crystal for the demonstration of topologically protected spin waves
• How tunable is the hybridisation and strong coupling between rim modes and extended bulk modes

via magnetic field history, rim width, or material contrast?
• Do patterned lattices with inhomogeneous anisotropy support reconfigurable magnonic band struc-

tures that switch between metastable states?
• Can a locally confined, in-plane-magnetised mode serve as an efficient pump for nonlinear frequency

doubling, launching coherent second-harmonic spin waves with wavelength below 300 nm?
• Can fractals create geometry-controlled frequency bandgaps and minibands that remain adjustable

by external magnetic field orientation?
• Do one-dimensional yttrium iron garnet (YIG) hole-based magnonic nanocrystals support distinct

spin-wave modes and provide geometry- and field-tunable control of propagation—manifested as
magnonic bandgaps, slow-mode plateaus, and defect cavities?

These hypotheses are supported by my thesis, which is built around five research papers on which I
serve as the lead author: four are published in peer-reviewed physics journals, and the remaining one
is available as a preprint and currently under review.



The thesis is organised into five chapters. Chapter 1 introduces the foundations of magnetism,
including the history of magnetic materials, their classification, and the properties of ferromagnets.
Chapter 2 outlines micromagnetic theory and numerical methods. Chapter 3 presents the custom
software (Amumax and Pyzfn) that I developed throughout my PhD, enabling efficient computation
and analysis of the magnetic systems considered in this work. Chapter 4 gathers the five core publica-
tions: Spin-wave spectra in antidot lattice with inhomogeneous perpendicular magnetic anisotropy; The
role of non-uniform magnetisation texture for magnon-magnon coupling in an antidot lattice; Efficient
generation of second-harmonic propagating spin waves in a thin, out-of-plane-magnetised ferromagnetic
film; Tunability of spin-wave spectra in a 2D triangular shaped magnonic fractals; and 1D YIG hole-
based magnonic nanocrystal. Chapter 5 provides an outlook for reprogrammable, low-power magnonic
signal-processing devices and lists the conferences I have attended and helped organize, the awards,
grants and scholarships I received, the scientific visits I did and students I co-supervised.
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Chapter 1

Foundations of Magnetism

1.1 History of Magnetic Knowledge
The study of magnetism dates back to antiquity, where natural lodestones were observed to attract
iron¹³. The term “magnet” derives from the Greek magnētis lithos, or “Magnesian stone.” Early accounts
include Thales of Miletus in Greece and references in Indian medical texts like the Sushruta Samhita,
which describe the use of magnetite for extracting metallic objects¹³.

During the Middle Ages, the magnetic compass—originating in China and later adopted across the
Islamic world and Europe—transformed navigation¹⁴,¹⁵. In 1269, Petrus Peregrinus’ Epistola de magnete
offered the first systematic experimental account of magnetic polarity and compass construction¹⁶. In
1600, William Gilbert’s De Magnete established an experimental science of magnetism, introduced the
terrella, and argued that Earth is a giant magnet, thereby explaining compass behaviour¹⁷.

A major shift occurred in the 19th century, beginning with Ørsted’s discovery that electric currents
produce magnetic fields¹⁸. Faraday¹⁹ and Ampère formalised these interactions, leading to Maxwell’s
equations²⁰, which unified electricity and magnetism. These ideas were later absorbed into Einstein’s
theory of relativity²¹ and modern quantum electrodynamics²², where magnetism remains central to
fundamental physics.

1.2 Microscopic Origins of Magnetic Behaviour
At its most fundamental level, magnetism originates from quantum mechanical properties of sub-
atomic particles²³. Protons, neutrons, and electrons all possess an intrinsic magnetic moment, but it is
the electrons, particularly those in partially filled outer orbitals, that dominate magnetic behaviour in
solids due to their significantly larger magnetic moments.

According to Hund’s rules²⁴ and the Pauli exclusion principle²⁵, electrons in inner atomic shells pair up
with opposing magnetic moments, resulting in no net contribution. Conversely, unpaired electrons in
outer shells contribute to a material’s net magnetic moment, making magnetism an emergent property
linked to atomic structure²³.

1.3 Classification of Magnetic Responses
Materials respond differently to external magnetic fields based on their electronic structure²⁶:

• Diamagnetism – a weak, universal response where magnetic fields induce a moment opposite to
the applied field; dominant in materials with fully paired electrons. Notably, superconductors show
perfect diamagnetism (the Meissner effect): magnetic flux is expelled by screening currents of the
Cooper-pair condensate, a macroscopic quantum state distinct from ordinary orbital diamagnetism²⁷.

• Paramagnetism – observed in substances with unpaired electrons. These align with an external
field but lose alignment upon field removal due to thermal agitation. Above the Curie temperature,
ordered magnets lose long-range order and become paramagnetic (Curie–Weiss behaviour)²⁶.

• Magnetic Ordering – in some materials, magnetic interactions overcome thermal disturbances,
resulting in long-range magnetic order even without an external field.

Within ordered systems, a few behaviours are identified:
• Ferromagnetism: all magnetic moments align in the same direction.
• Antiferromagnetism: neighbouring moments align in opposite directions and cancel out.
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• Ferrimagnetism: opposing but unequal magnetic moments produce a net magnetisation.
• Altermagnetism: zero net magnetisation, yet crystal symmetry makes spins alternate in momen-

tum space, yielding ferromagnet-like transport effects²⁸.

In amorphous materials, analogous states include asperomagnetism and speromagnetism²⁶.

1.4 Properties of Ferromagnetic Materials
Ferromagnetism is a collective quantum‑mechanical effect that sets in when the exchange interaction
between neighbouring 3d or 4f electrons outweighs thermal agitation, below the Curie temperature²⁶,
forcing their spins to align parallel. Elemental iron, cobalt, and nickel are the textbook cases, but in
practice most technologically important ferromagnets are alloys or compounds engineered for specific
magnetic and electronic properties:

• Permalloy (Ni₈₀Fe₂₀) – the canonical soft‑magnetic alloy. Its nearly vanishing magnetocrystalline
anisotropy, high permeability, and very low Gilbert damping (~10⁻³) make it ideal for microwave
spin‑wave experiments, magnetic cores, and sensors²⁹.

• Fe‑Co alloys (e.g., Fe₆₅Co₃₅) – exhibit the highest known saturation magnetisation (~2.45 T) among
room‑temperature ferromagnets, useful for high‑density recording heads and spin‑transfer‑torque
devices³⁰.

• Heusler and half‑Heusler alloys (e.g., Co₂MnSi, CoFeAl) – nearly half‑metallic, offering high spin
polarisation for spin valves and magnetic tunnel junctions³¹.

• Rare-earth hard magnets (e.g., Nd₂Fe₁₄B, SmCo₅) – very large magnetocrystalline anisotropy and
coercivity yield square hysteresis and record energy products, enabling compact permanent magnets
for motors, generators, and actuators³²–³⁴.

• Yttrium Iron Garnet (Y₃Fe₅O₁₂, YIG) – formally a ferrimagnetic oxide, but widely treated as a
“ferromagnetic insulator” in magnonics because its two Fe sublattices couple strongly, yielding an
ultralow effective damping (~10⁻⁵) and long (cm‑scale) spin‑wave propagation lengths³⁵. YIG films
and waveguides serve as gold‑standard platforms for studying coherent magnon transport and
magnon‑photon hybridisation.

In all these systems, spontaneous spin alignment partitions the crystal into magnetic domains
separated by domain walls; applying an external field moves or annihilates these walls, producing
the characteristic hysteresis loop³⁶. At the nanoscale, however, deliberate nanostructuring—pattern-
ing elements below the single-domain size and imparting strong shape anisotropy—can suppress
domain-wall formation so that isolated nanomagnets remain uniformly magnetised at remanence
(i.e., single-domain without an applied field)³⁷–⁴⁰. Tailoring elemental composition, crystallographic
order, microstructure, and geometry controls exchange strength, anisotropy, and damping, enabling
ferromagnetic materials—from Permalloy nanostrips to epitaxial YIG films—to underpin everything
from hard-disk write heads to quantum magnonic circuits.

A key quantity describing the magnetic state of a material is the magnetisation 𝑀 , defined as the
magnetic moment per unit volume:

𝑴 = d𝒎
d𝑉

where 𝑚 is the total magnetic moment contained in volume 𝑉 . The SI unit of magnetisation is amperes
per metre (A/m)⁴¹.

Ferromagnetic materials are characterised by high magnetic permeability, which quantifies the ease
with which a material becomes magnetised in response to an applied magnetic field 𝐻 . At low fields,
the relationship between magnetisation and field is described by the magnetic susceptibility 𝜒:
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𝑴 = 𝜒𝑯

although this relation is linear only in paramagnetic materials. In ferromagnets, due to the presence
of spontaneous magnetisation, 𝑴  is non‑zero even when 𝑯 = 0. The system exhibits a non‑linear
and history‑dependent response, forming what is known as a hysteresis loop¹³. This loop illustrates
how the magnetisation depends not only on the current field but also on the magnetic history of the
material.

The total magnetic flux density 𝑩 in the material is given by:

𝑩 = 𝜇0(𝑯 + 𝑴)

where 𝜇0 is the vacuum permeability. Introducing the relative permeability 𝜇𝑟 = 1 + 𝜒, we also write:

𝑩 = 𝜇0𝜇𝑟𝑯 = 𝜇𝑯

with 𝜇 representing the absolute magnetic permeability of the material.

Coercive field 𝐻𝑐 (coercivity) is the magnitude of the reverse applied field needed to drive the
magnetisation 𝑀  of a previously saturated ferromagnet to zero, i.e., a measure of resistance to demag-
netisation¹³,³⁸. Ferromagnets are therefore grouped as follows:
• Soft ferromagnets, such as annealed iron or Permalloy (Ni₈₀Fe₂₀), have low coercivity and are easily

magnetised and demagnetised¹³. These materials are used in applications requiring rapidly changing
magnetic fields (e.g., transformers, sensors, magnonics).

• Hard ferromagnets, such as Nd₂Fe₁₄B, SmCo₅, or hard ferrites (e.g., BaFe₁₂O₁₉), have high coercivity
and retain their magnetisation, making them suitable for permanent magnets³²–³⁴.

In practical terms, “soft” typically means 𝐻𝑐 ≲ 1– 10 kA·m−1 (i.e., 𝜇0𝐻𝑐 ≲ 1–10 mT), whereas “hard”
commonly implies 𝐻𝑐 ≳ 100 kA·m−1 (i.e., 𝜇0𝐻𝑐 ≳ 0.1 T); intermediate values are often termed semi-
hard³⁴,³⁸.
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Chapter 2

Micromagnetic simulations

2.1 Magnetic Interactions
The magnetic behaviour of ferromagnetic materials is governed by a range of fundamental interactions
that collectively determine the structure and dynamics of the magnetisation field 𝑴(𝒓, 𝑡), where 𝒓 is
the position vector and 𝑡 is time. These interactions contribute to the system’s total free energy. Since
many depend not only on the local orientation of the magnetisation but also on its spatial variation,
the total energy 𝐸total is expressed as a functional of 𝑀  and its spatial derivatives 𝜕𝑥,𝑦,𝑧𝑴 . It can be
decomposed into several distinct energy terms, each corresponding to a specific physical mechanism:

𝐸total = 𝐸ex + 𝐸demag + 𝐸𝑍 + 𝐸anis + …

Here:
• 𝐸ex is the exchange energy, the interaction that encourages neighboring spins to adopt a common

direction; with a positive exchange constant it drives ferromagnetism (parallel alignment), whereas
a negative exchange constant favours antiferromagnetism (antiparallel alignment)²⁶,³⁷.

• 𝐸demag is the magnetostatic (demagnetisation) energy, accounting for long-range interactions
between magnetic dipoles;

• 𝐸𝑍  is the Zeeman energy, representing the interaction of the magnetisation with an external
magnetic field;

• 𝐸anis denotes the magnetic anisotropy energy which stems from spin–orbit coupling and crystal
symmetry, and it also can have a magnetoelastic contribution: magnetostriction couples magneti-
sation to strain, so internal strain or applied stress produces stress-induced anisotropy that favours
particular directions²⁶,³⁸,⁴².

In addition to these, other interactions such as the Dzyaloshinskii–Moriya interaction (antisymmetric
exchange that favours chiral spin canting)⁴³,⁴⁴, the Ruderman–Kittel–Kasuya–Yosida (RKKY) indirect
exchange mediated by conduction electrons⁴⁵–⁴⁷, magnetoelastic coupling that links magnetisation
to strain³⁸,⁴², long-range magnetostatic/electromagnetic fields relevant to micromagnetics³⁶,³⁷, and
spin-transfer torque from spin-polarised currents⁴⁸,⁴⁹ are acknowledged in the broader context of
magnetisation dynamics but are not directly relevant to the simulations and results presented in this
thesis.

Thermal fluctuations are omitted in the deterministic micromagnetic framework adopted here; while
temperature effects can be incorporated via stochastic extensions of the Landau–Lifshitz–Gilbert
equation, such as Brown’s thermal field or Langevin dynamics, the present work focuses on zero-
temperature dynamics⁵⁰,⁵¹.

The effective magnetic field 𝑯eff, which governs the dynamics of the magnetisation, is defined as the
variational derivative of the total energy functional with respect to the magnetisation:

𝑯eff = − 1
𝜇0

𝛿𝐸total
𝛿𝑴

The effective field encapsulates all internal and external interactions acting on the magnetisation and
serves as the driving term in the Landau-Lifshitz-Gilbert (LLG) equation which describes the time
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evolution of the system and is further detailed in Section 2.2. In this way, the energy landscape directly
determines the dynamics and equilibrium states observed in micromagnetic simulations.

2.1.1 Exchange Interaction
The exchange interaction is a fundamental quantum mechanical effect that underlies the spontaneous
alignment of magnetic moments in ferromagnetic and antiferromagnetic materials. It originates from
the interplay between the Pauli exclusion principle and the Coulomb repulsion of electrons. When
two electrons possess parallel spins, the antisymmetry of the total wavefunction required for fermions
increases their spatial separation, thereby reducing their Coulomb repulsion. Conversely, antiparallel
spins may occupy the same spatial orbital, leading to increased electrostatic repulsion. This energetic
difference between spin configurations gives rise to an effective interaction which favours parallel
alignment in ferromagnets and antiparallel alignment in antiferromagnets⁵².

The exchange interaction was first formalised by Heisenberg in 1928⁵², and is commonly described
within a semi-classical framework using the Heisenberg Hamiltonian:

𝐻̂ex = − ∑
⟨𝑖,𝑗⟩

𝐽𝑖𝑗  𝑺𝑖 ⋅ 𝑺𝑗

where 𝑺𝑖 and 𝑺𝑗 are the spin vectors at lattice sites 𝑖 and 𝑗, respectively, and 𝐽𝑖𝑗 denotes the exchange
integral or exchange constant between these sites. The summation is typically limited to nearest
neighbours due to the rapidly decaying nature of the interaction with distance. A positive exchange
constant (𝐽𝑖𝑗 > 0) leads to ferromagnetic ordering, while a negative value promotes antiferromagnetic
or ferrimagnetic alignment.

Many metallic magnets (Fe, Co, Ni) however, are better described in an itinerant “band” framework:
spin polarisation trades kinetic-energy cost against exchange-energy gain. In the Stoner mean-field
theory, ferromagnetism appears when 𝐼, 𝑁(𝐸𝐹 ) > 1, where 𝐼  is an exchange parameter and 𝑁(𝐸𝐹 )
the density of states at the Fermi level⁵³. Microscopically, the Hubbard model adds an on-site repulsion
𝑈  to a tight-binding band; in-mean field it reproduces the Stoner criterion and beyond mean field
it captures correlation-driven magnetism and the crossover between itinerant and local-moment
behaviour⁵⁴.

In the micromagnetic continuum approximation, which is valid when the magnetisation varies slowly
over distances large compared to the atomic lattice constant, the discrete spin Hamiltonian is replaced
by a continuous energy functional. The exchange energy density for uniform 𝑀𝑠 in this framework is
given by:³⁶,³⁷

𝐸ex = 𝐴ex
𝑀2

𝑠
∫

𝑉
(∇𝑴)2  d3𝑟

where 𝑀𝑠 is the saturation magnetisation (the maximum magnetisation a magnetic material can
attain when all its atomic magnetic moments are fully aligned), and 𝐴ex is the exchange stiffness
constant, a material-dependent parameter typically on the order of 10−11  J/m for ferromagnets. This
expression penalises spatial inhomogeneities in the magnetisation, thereby favouring collinear spin
configurations³⁸,⁵⁵. In such an approximation, the exchange stiffness is defined as 𝐴ex = 𝑆2

2𝑑𝑉𝑎
∑𝑗 𝐽ij𝑟2

ij

where 𝑆 is the spin quantum number, 𝑑 is the dimensionality of the system (1, 2, or 3), 𝑉𝑎 is the atomic
volume, and 𝑟ij is the distance between spins at sites 𝑖 and 𝑗²⁶,³⁷.

It is also useful to introduce the characteristic exchange length, defining a natural length scale for
variations in the magnetisation due to the competition between exchange and magnetostatic energy.
The exchange length is given by:
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ℓex = √ 2𝐴ex
𝜇0𝑀2

𝑠

Typical values of ℓex range from a few nanometres in metallic ferromagnets to tens of nanometres in
magnetic insulators such as YIG.

It is worth mentioning that in mean-field theory for a nearest-neighbour Heisenberg ferromagnet, the
Curie temperature scales linearly with the exchange constant: 𝑇C ∝ 𝐽 ²³,²⁶.

It is worth noting that for standard magnonic materials used here 𝑇𝐶  lies well above room temperature
—for example YIG has 𝑇𝐶 ≈ 560 K and Permalloy (Ni80Fe20) has 𝑇𝐶 ≈ 850 K —so over typical
operating ranges (270 ± 30 K) the variation of 𝑀𝑠 is small and can be neglected for our purposes.

In summary, the exchange interaction is a short-range, isotropic quantum mechanism that aligns
neighbouring spins and, when it dominates over thermal fluctuations, establishes long-range magnetic
order; in the continuum it enforces spatial coherence by penalising rapid magnetisation variations and
sets the key energetic and spatial scales of micromagnetics via the exchange stiffness and exchange
length²⁶,³⁶,³⁷.

2.1.2 Dipolar Interaction
The dipolar interaction, also referred to as the magnetostatic or demagnetising interaction, arises
from the magnetic field produced by a magnetic moment acting on other moments within the system.
Unlike the exchange interaction, which is short-ranged and quantum mechanical in origin, the dipolar
interaction is classical, long-ranged, and inherently non-local, decaying with the cube of the distance
between magnetic moments³⁶,³⁷,⁵⁶.

For two point dipoles 𝝁1 and 𝝁2 separated by a displacement vector 𝒓, the dipolar interaction energy
is given by:

𝐸demag = 𝜇0
4𝜋|𝒓|3

[𝝁1 ⋅ 𝝁2 − 3(𝝁1 ⋅ 𝒓)(𝝁2 ⋅ 𝒓)
|𝒓|2

]

This interaction tends to align magnetic moments into configurations that minimise the magnetic stray
field—the magnetostatic field that leaks from a magnetised body due to uncompensated surface or
volume poles—often opposing the uniform alignment favoured by the exchange interaction³⁶,³⁷.

The dipolar interaction plays a critical role in shaping complex magnetisation textures by driving the
system towards configurations that minimise the net stray field. This promotes domain formation and
magnetic‑closure structures such as Landau patterns or vortices. In systems with non‑uniform mag-
netisation, the dipolar energy becomes especially influential, as the resulting stray fields reshape the
overall magnetic landscape. Uniaxial magnetic anisotropy adds a competing energy term that favours
alignment along a preferred axis; its balance with dipolar and exchange energies determines whether
domains, vortices, or stripe patterns emerge³⁶,⁵⁷–⁵⁹. Consequently, in thin films and nanostructures the
combined effects of dipolar, exchange, and anisotropy energies set the equilibrium domain size, domain
walls, vortex cores, and even the stability ranges of topological textures such as skyrmions⁶⁰–⁶².

To efficiently compute the long-range dipolar (demagnetising) field in micromagnetic simulations,
a common approach is to exploit the convolution theorem by expressing the field calculation as a
convolution between the magnetisation and a demagnetisation kernel. This convolution can be accel-
erated using the fast Fourier transform (FFT), reducing the computational complexity from 𝒪(𝑁2) to
𝒪(𝑁 log 𝑁) for a grid with 𝑁  cells. When implemented on modern graphics processing units (GPUs),
FFT-based convolution methods achieve significant speedups by leveraging parallel processing and
highly optimised libraries (e.g., cuFFT). This approach enables the real-time computation of non-
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local fields in large-scale simulations, making GPU-accelerated micromagnetics a powerful tool for
modelling large complex magnetisation dynamics⁶³–⁶⁶.

2.1.3 Zeeman Interaction
The Zeeman interaction describes the coupling between the magnetic moments of a system and an
external magnetic field, forcing the magnetisation to align with the applied field and thus contributing
to the total magnetic energy³⁷,³⁸,⁵⁶. The total Zeeman energy 𝐸𝑍  for a body of volume 𝑉  is

𝐸𝑍 = −𝜇0 ∫
𝑉

𝑯ext ⋅ 𝑴  d3𝑟

where 𝑯ext is the applied field, and 𝑴  the local magnetisation³⁶,³⁷,⁵⁶. Competition between this term
and exchange, dipolar, and anisotropy energies determines the equilibrium magnetisation configura-
tion²⁶,⁴².

2.1.4 Anisotropy
Anisotropy in magnetic materials is the tendency for the magnetisation to favour certain directions
because different microscopic mechanisms break rotational symmetry in specific ways³⁷,³⁸,⁴². Key
sources and the anisotropy types they most often generate are:

• Crystal‑lattice symmetry (spin–orbit coupling) – orbital–spin locking in cubic lattices yields
cubic anisotropy; in lower‑symmetry lattices (hexagonal, tetragonal, orthorhombic) it produces a
single uniaxial easy axis²⁶,³⁸,⁴². Microscopic links between orbital moments and magnetocrystalline
anisotropy are well established in theory and ab-initio studies⁶⁷–⁶⁹.

• Shape (included in the demagnetising field) – elongated grains, wires, or thin films develop uniaxial
shape anisotropy with the easy axis along the longest dimension³⁶,⁷⁰,⁷¹.

• Surface / interface effects – broken inversion symmetry and hybridisation at film interfaces typically
reinforce a perpendicular uniaxial anisotropy, for example in Co/Pt or CoFeB/MgO multilayers⁶⁸,⁷²,⁷³.

• Strain (magnetoelastic coupling) – applied or epitaxial strain lowers symmetry and can convert a
nominally cubic system into one with a dominant uniaxial easy axis⁷⁴–⁷⁶.

Uniaxial anisotropy therefore appears across diverse scenarios—from hexagonal Co to thin Fe films
and even shape‑defined nanowires. Its energy density is

𝑤anis = 𝐾𝑢(1 − (𝒖 ⋅ 𝑴
𝑀𝑠

)
2

)

where 𝐾𝑢 is the uniaxial anisotropy constant. This anisotropy contributes to the alignment of the
magnetisation along the direction of 𝒖, which is the easy axis³⁷,³⁸,⁴².

2.2 The Landau-Lifshitz-Gilbert Equation
The Landau-Lifshitz-Gilbert (LLG) equation, named after Lev Landau, Evgeny Lifshitz, and T. L. Gilbert,
is a cornerstone differential equation in the field of micromagnetics. It describes the time evolution
of the magnetisation vector 𝑀  within a solid material, particularly its precessional motion under the
influence of an effective magnetic field 𝑯eff and accounting for damping effects⁵⁰,⁷⁷–⁷⁹.

2.2.1 Magnetisation
In micromagnetics, the magnetisation is defined as the dipole moment density:

𝑴 = 1
𝑉

∑
𝑖

𝝁𝒊 = − 1
𝑉

∑
𝑖

𝛾𝑖𝐽𝑖
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and the magnetic moment 𝜇 is related to the total angular momentum 𝑱  (orbital 𝐿 plus spin 𝑆) by
the gyromagnetic ratio 𝛾, such that⁵⁰,⁷⁸,⁷⁹ 𝝁 = −𝛾𝑱 .

2.2.2 Gyromagnetic Ratio
For free electrons, the gyromagnetic ratio 𝛾𝑒 (where 𝜇 = −𝛾𝑒𝑆) is calculated as 𝛾𝑒 = 𝑔𝑒 |𝑞𝑒|

2𝑚𝑒
, where 𝑞𝑒

is the elementary charge, 𝑚𝑒 is the electron mass, and 𝑔𝑒 ≈ 2 is the electron g-factor; this gives 𝛾𝑒 ≈
28.025  GHz/T (or ≈ 1.7595 ⋅ 1011 rad s−1T−1). In real ferromagnets, the measured gyromagnetic
ratio 𝛾 deviates slightly from this free-electron value because spin–orbit interaction couples the
electron spin to the crystal lattice and admixes finite orbital angular momentum into the total magnetic
moment, so 𝛾 must be treated as an effective, material-specific parameter—typically a few percent
above 𝛾𝑒 for 3d transition-metal alloys⁸⁰,⁸¹.

2.2.3 The Landau-Lifshitz Equation
Neglecting any energy dissipation (damping), the equation of motion for the magnetisation 𝑀  in an
effective magnetic field 𝑯eff is given by:

𝜕𝑴
𝜕𝑡

= −𝛾𝜇0𝑴 × 𝑯eff

This equation, sometimes referred to as the Landau-Lifshitz equation in its undamped form, describes
a perpetual precession of the magnetisation vector 𝑀  around the effective magnetic field vector
𝑯eff.⁵⁰,⁸². Note that here we only consider the Landau-Lifshitz torque but the Zhang-Li spin-transfer
torque and Slonczewski torque could also be included⁴⁸,⁸³.

2.2.4 The Landau-Lifshitz-Gilbert (LLG) Equation
In real magnetic systems, energy dissipates through multiple channels—most of them rooted in spin–
orbit interaction (e.g., magnon–phonon coupling, magnon–electron coupling in metals, and magnon–
magnon processes)—driving the magnetisation to align with the effective field. Landau and Lifshitz
first introduced a phenomenological damping term in 1935 but in 1955, T. L. Gilbert proposed an
alternative, and often preferred, form for the damping term. His modification results in the Landau-
Lifshitz-Gilbert (LLG) equation:

𝑑𝑴
𝑑𝑡

= 𝑻 + 𝑻𝒅 = (−𝛾𝜇0𝑴 × 𝑯eff) + ( 𝛼
𝑀𝑠

𝑴 × 𝑑𝑴
𝑑𝑡

)

In this equation, 𝛼 is the dimensionless Gilbert damping parameter, which is a phenomenological
constant characteristic of the material. It quantifies the rate at which energy is dissipated from the
magnetic system. The first term, 𝑻 , is from the Landau-Lifshitz equation. The second term, 𝑻𝒅 , is the
Gilbert damping torque, which is directed towards the equilibrium direction and causes the magneti-
sation to spiral inwards towards 𝑯eff. A schematic of the torques is shown in Figure 1.
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Figure 1:  Schematic of spin precession described by the Landau-Lifshitz-Gilbert equation.

Note that this form of the equation, in particular the damping term, is specially formulated to keep
|𝑀| constant⁵⁰,⁷⁸,⁷⁹.

2.3 Magnetisation Configurations
Magnetisation configurations arise from the delicate balance and competition between several fun-
damental micromagnetic interactions⁵⁰,⁸⁴. The exchange interaction favours parallel or antiparallel
alignment of neighboring magnetic moments⁸⁴, as discussed in Section 2.1.1. Concurrently, the Zeeman
and uniaxial anisotropy interactions attempt to align magnetic moments along external fields and
preferred crystalline axes, respectively, and the long-range, shape-dependent dipolar interaction adds
further complexity⁷⁰,⁷¹,⁸⁵.

The interplay of these competing forces dictates the equilibrium states of magnetisation, leading to
diverse configurations that we will explore in this section.⁸⁶,⁸⁷. The study of these magnetic configu-
rations, particularly in patterned films and artificial structures like magnonic crystals, reveals rich
physical phenomena and holds significant promise for future technological advancements⁶,⁷,⁸⁸,⁸⁹.

2.3.1 Magnetic Domains
A fundamental characteristic of ferromagnetic materials is their spontaneous formation of spatially
ordered magnetisation patterns⁴²,⁸⁶. Within these patterns, a magnetic domain is defined as a uniformly
magnetised region⁸⁴,⁸⁶. The existence and characteristics of magnetic domains are a direct consequence
of the competition between various energy contributions, primarily anisotropy, dipolar (magnetosta-
tic), and exchange interactions⁵⁰,⁸⁴,⁸⁵.

The system finds an energy minimum by partitioning into domains, thereby reducing the overall
magnetostatic energy at the cost of introducing domain walls, which possess associated exchange
and anisotropy energies⁸⁶,⁸⁷,⁹⁰. The final domain structure is also influenced by the sample’s magnetic
history⁴²,⁸⁵,⁹¹.

2.3.2 Domain Walls
Domain walls are the non-uniformly magnetised regions that separate adjacent magnetic domains³⁶,³⁷.
Within a domain wall, the magnetisation vector gradually rotates from the orientation of one domain
to that of its neighbor³⁶. The theoretical study of these transitional regions dates back to pioneering
work by Bloch, Landau and Lifshitz, and Néel, who established the foundational understanding of their
internal magnetisation structures⁷⁷,⁹²,⁹³.

Two primary types of 180° domain walls are distinguished based on the magnetisation rotation within
the wall³⁶. In a Bloch domain wall, the magnetisation rotates in a plane perpendicular to the plane
defined by the magnetisation of the two adjacent domains³⁶. In contrast, a Néel domain wall involves
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magnetisation rotation within the plane containing the magnetisation vectors of the domains³⁶,⁹³. Bloch
walls are typically observed in bulk materials and thicker films, while Néel walls are more prevalent
in very thin films, generally with thickness less than the exchange length 𝑙ex³⁶,³⁷. Whether a Bloch or
a Néel configuration minimises the total energy in a thin-film ferromagnet is dictated by the balance
between exchange, anisotropy, and magnetostatic terms³⁶,⁹⁴,⁹⁵.

The width of a domain wall is primarily determined by the competition between the exchange inter-
action and uniaxial anisotropy³⁶,³⁷. A very narrow wall minimises anisotropy energy but maximizes
exchange energy due to abrupt spin changes³⁶. Conversely, a very wide wall minimises exchange
energy but increases anisotropy energy as more spins are oriented away from the easy axis³⁶. The
equilibrium domain wall width (𝛿DW) minimises the sum of these energies and is approximately given
by³⁶,³⁷:

𝛿DW = 𝜋√𝐴ex
𝐾𝑢

The domain wall width is typically on the order of a few nanometers, depending on the material
properties and the specific anisotropy contributions³⁶,³⁷. In real materials, additional factors such as
defects, impurities, and external fields can further influence the domain wall structure and create more
complex configurations, including vortex walls and cross-tie walls³⁶,⁹⁵.

2.3.3 Vortices
A magnetic vortex is a stable, flux-closure magnetisation pattern common in confined ferromagnets
(e.g., nanodisks/dots), where moments curl in-plane clockwise or counter-clockwise to minimise stray
fields and magnetostatic energy³⁶,³⁷,⁹⁶. It forms from the competition between exchange (favouring
parallel alignment) and magnetostatic energies in small geometries³⁷,⁹⁷. To avoid the prohibitive
exchange cost of a point singularity at the centre, the magnetisation in a tiny core tilts out of plane³⁶,⁹⁸.

Thus, a magnetic vortex is characterized by two independent binary descriptors³⁶: Chirality: the sense
of the in-plane curl, clockwise (𝑐 = −1) or counter-clockwise (𝑐 = +1)⁹⁶. Polarity: the direction of the
out-of-plane magnetisation of the vortex core, up (𝑝 = +1) or down (𝑝 = −1)⁹⁶,⁹⁸.

These two binary properties mean that a single magnetic vortex can exist in one of four stable states
(𝑐 = ±1, 𝑝 = ±1)³⁶. Their intrinsic stability and unique dynamics—most notably the low-frequency
gyrotropic motion of the vortex core—make vortices attractive for fundamental studies and spintronic
applications⁹⁷,⁹⁹,¹⁰⁰. The ability to control and switch chirality and/or polarity using external magnetic
fields or spin-polarized currents has been demonstrated and remains an active research area¹⁰¹,¹⁰².

2.4 Spin-Waves and Magnonics
In this section, we will focus on a compact set of ingredients—ferromagnetic resonance as a spectro-
scopic baseline, dipole–exchange spin-wave propagation in thin films, magnonic crystals, controlled
magnon–magnon coupling, and ion-beam tailoring of ultrathin magnets. The selected topics provide
the minimal background and notation needed for the results presented in my publications.

2.4.1 Ferromagnetic Resonance
Ferromagnetic Resonance (FMR) is a phenomenon characterized by the coupling between an electro-
magnetic wave and the magnetisation of a ferromagnetic medium. This coupling leads to a significant
absorption of the wave’s power. The energy is absorbed by the precessing magnetisation (Larmor
precession) of the material¹⁰³,¹⁰⁴. This effect has found diverse applications, ranging from spectroscopic
techniques for probing material properties to the design of microwave devices and studying SWs¹⁰³,¹⁰⁵–

¹⁰⁹. In cavity FMR, the nearly uniform microwave field couples predominantly to the spatially uniform
(𝑘 ≃ 0) precession, whereas broadband FMR using microstrip or coplanar-waveguide transducers
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generates strongly non-uniform near fields that can excite and detect both the uniform mode and
finite-𝑘, propagating SWs¹⁰³,¹⁰⁶,¹⁰⁸.

For a thin uniformly magnetised film without anisotropy and with an externally applied magnetic field
𝐵ext parallel to its plane, the resonant frequency 𝑓  can be described by the Kittel formula¹¹⁰:

𝑓 = 𝛾
2𝜋

√𝐵(𝐵 + 𝜇0𝑀𝑠)

In 1948, Charles Kittel developed a more general formula for the FMR frequency under a homogeneous
excitation. His derivation, which accounted for both the external magnetic field and a sample’s internal
magnetic properties, was specifically applicable to homogeneously magnetised materials with an ellip-
soidal shape. For such samples, the demagnetising field is uniform, which simplified the calculations
and allowed for a precise formula:

𝑓 = 𝛾
2𝜋

√(𝐵 + 𝜇0(𝑁𝑥 − 𝑁𝑧)𝑀𝑠)(𝐵 + 𝜇0(𝑁𝑦 − 𝑁𝑧)𝑀𝑠)

Here, 𝑁𝑥, 𝑁𝑦, and 𝑁𝑧 are the diagonal components of the demagnetising tensor in the x, y, and z
directions, respectively⁷⁰,⁷¹,¹¹¹. This dependence of the uniform precession frequency on the saturation
magnetisation is widely exploited in experiments to determine the 𝑀𝑠 value of a sample by measuring
its FMR frequency. A key aspect of this uniform precession is that its frequency does not depend on
the exchange stiffness, as all magnetic moments are oriented identically and precess in phase, resulting
in zero net exchange interaction energy. This simplification is often referred to as the macrospin
approximation and is commonly used in analytical treatments of FMR.

2.4.2 Propagation of Spin-Waves in Thin Films
In extended thin films, SW dynamics are well captured by the linearised LLG equation (cf.⁸⁹; see
also⁷⁷;⁷⁸), which yields plane-wave solutions

𝒎(𝒓, 𝑡) ∝ 𝑒𝑖(𝒌⋅𝒓−𝜔𝑡)

with in-plane wave-vector 𝒌, angular frequency 𝜔 = 2𝜋𝑓 , and dynamic magnetisation amplitude
𝒎‖𝑀𝑠. The resulting dispersion relations reflect the competition between exchange, dipolar and
anisotropy fields and depend on the film thickness 𝛿, the propagation direction relative to the equilib-
rium magnetisation 𝑴𝟎, and the boundary conditions at the surfaces⁷,⁸⁹,¹¹².

2.4.2.1 Dipole–exchange dispersion (in-plane magnetised films)
For a uniformly magnetised film of thickness 𝛿 with the static field in the plane and the wave-vector
making an angle 𝜑 to 𝑴𝟎, the fundamental thickness mode (𝑛 = 0) has the canonical Kalinikos–Slavin
dipole–exchange form⁸⁹,¹¹²:

𝜔2(𝑘, 𝜑) = [𝜔𝐻 + 𝜔𝑀 𝑙2ex𝑘2 + 𝜔𝑀(1 − 𝑃) sin2 𝜑][𝜔𝐻 + 𝜔𝑀 𝑙2ex𝑘2 + 𝜔𝑀𝑃 sin2 𝜑]

where 𝜔𝐻 = 𝛾𝜇0𝐻ext, 𝜔𝑀 = 𝛾𝜇0𝑀𝑠 and 𝑃 = 𝑃(|𝑘| 𝛿) = 1 − 1−𝑒{−|𝑘| 𝛿}

|𝑘| 𝛿  is the dynamic demagnetis-
ing factor capturing the finite thickness⁸⁹,¹¹². Two limiting propagation geometries are particularly
important:

• Damon–Eshbach (DE) surface waves (𝜑 = 90°): 𝒌 ⟂ 𝑴𝟎. They are magnetostatic surface modes
localised at one film surface over a depth ∝ 1

|𝑘|  and exhibit large group velocities⁸⁹,¹¹³.
• Backward-volume (BV) waves (𝜑 = 0°): 𝒌

𝑴𝐬
. In the long-wavelength limit they show negative

dispersion (𝜕𝜔
𝜕𝑘 < 0), hence the name “backward”⁸⁹.

In a symmetric film (identical top/bottom interfaces and no chiral interactions) the frequency disper-
sion is reciprocal, 𝜔(+𝑘) = 𝜔(−𝑘), but DE modes are non-reciprocal in profile: the +𝑘 and −𝑘 waves
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are localised at opposite surfaces, which leads to direction-dependent coupling and attenuation in
asymmetric stacks or with different surface damping⁸⁸,¹¹³.

For short wavelengths (|𝑘|𝛿 ≫ 1) the dipolar term saturates (𝑃 → 1) and the dispersion crosses over
to the exchange-dominated limit where, to leading order, all geometries tend towards a quadratic
stiffening with 𝑘⁸⁹ :

𝜔 ≈ 𝛾𝜇0(𝐻ext + 2𝐴ex
𝜇0𝑀𝑠

𝑘2)

2.4.3 Magnonic Crystals
Magnonic crystals (MCs) are artificially engineered ferromagnetic media whose magnetic parameters
—typically the saturation magnetisation 𝑀𝑠, the exchange stiffness 𝐴ex, or the anisotropy 𝐾𝑢 —
or geometries are modulated with a spatial periodicity 𝑎 on the order of the relevant spin-wave
wavelengths⁷,¹¹⁴. This periodicity gives rise to a Bloch-type band structure for spin waves, featuring
Bragg-scattering induced bandgaps at the Brillouin-zone boundaries or centers where the condition
for constructive or destructive interference is fulfilled¹¹⁵,¹¹⁶. As a consequence, MCs act as frequency-
selective materials that can filter, reflect, or localise spin-wave modes in much the same way that
photonic crystals manipulate light⁶,¹¹⁷. Practically, the periodicity can be realised by lithographically
patterning antidot lattices¹¹⁸,¹¹⁹, modulating film thicknesses (surface/step MCs)¹²⁰,¹²¹, depositing mul-
tilayer or bicomponent stripes¹²²,¹²³, or exploiting strain-induced anisotropy variations—for example
by ion bombarding¹²⁴–¹²⁶. The bandwidth and centre frequency of the magnonic bandgaps are tunable
through the lattice constant, the modulation depth¹¹⁴, an externally applied magnetic field 𝐵ext¹²⁷, or
even electric-field control in multiferroic heterostructures¹²⁸,¹²⁹. Because MCs support reconfigurable,
low-dissipation signal propagation in the gigahertz range, they are regarded as key components for
on-chip microwave filters, phase shifters, and logic elements in magnon-based information processing
architectures¹¹⁷,¹³⁰–¹³².

2.4.4 Magnon-magnon coupling
Magnon–magnon coupling arises when two spin-wave modes approach each other in frequency–
wave-vector space: if their dynamic magnetisations are orthogonal the dispersions cross, but finite
overlap of stray- or exchange-fields hybridises the modes and produces an anticrossing with a gap
Δ𝑓 . This hybridisation reorganises the spectrum—opening tunable gaps, flattening branches, and
suppressing group velocity—so waves can be localised and guided near the anticrossing, as demon-
strated in patterned YIG waveguides¹³³.

Concrete platforms span from interlayer-exchange–coupled synthetic antiferromagnets, where tilting
the in-plane bias field breaks symmetry and opens a gap that exceeds individual linewidths, placing the
system in the strong-coupling regime¹³⁴, to antidot lattices with rim–bulk anisotropy contrast, where
exchange-mediated mixing between bulk and rim modes yields pronounced avoided crossings and
strongly mixed eigenvectors such as the ones studied in Section 4.2¹³⁵. Pushing into the ultrastrong
regime, multilayered three-dimensional spin-vortex ice exhibits dynamically mediated inter-layer
dipolar coupling and enables selective control of vortex chirality via mode hybridisation¹³⁶. Ultrastrong
coupling has likewise been realised in van der Waals antiferromagnets, where temperature-tunable
exchange reveals signatures of the deep-strong regime¹³⁷, and related self-hybridisation in layered
systems enables electrical control over the number and strength of avoided crossings¹³⁸.

Controlled hybridisation is valuable both fundamentally and for devices. By engineering dispersions
and slow magnons, it enables on-chip localisation, delays, and frequency-selective transport¹¹⁴,¹³³,¹³⁹.
In multi-mode or multilayer systems it supports coherent energy exchange and mode conversion,
providing routes to multiplexing, routing, and frequency conversion¹³⁴,¹³⁹,¹⁴⁰. Because the gap size and
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eigenvector mixing depend on field angle, geometry, and magnetic microstate, coupling offers an in-
situ knob to reprogram pass-/stop-bands and redistribute spectral weight¹¹⁴,¹³⁴,¹³⁸. The 𝑘-dependent
anticrossing gaps also act as spectroscopy of interactions—distinguishing dipolar from exchange
channels and probing interlayer exchange in complex heterostructures¹³⁴,¹³⁸. Finally, coupled-mode
platforms naturally realise non-Hermitian and topological wave physics (parity–time symmetry,
exceptional points), enabling mode switching and high-sensitivity responses, and they underpin recon-
figurable magnonic crystals, filters, interconnects, and other signal-processing elements envisioned in
magnon-computing roadmaps¹¹⁴,¹³⁹,¹⁴¹–¹⁴⁴.

2.4.5 Ion-beam tailoring of ultrathin magnets
Ion bombardment with light ions (He⁺, Ne⁺, Ga⁺, Ar⁺) modifies interface chemistry, crystal order, and
strain without adding topography, turning a uniform ferromagnetic film into a lithographically defined
landscape of magnetic constants on demand¹⁴⁵,¹⁴⁶.

The saturation magnetisation 𝑀𝑠, perpendicular anisotropy 𝐾𝑢, exchange stiffness 𝐴ex, and many
other magnetic properties can be tuned by carefully dosing the ions¹⁴⁶,¹⁴⁷. For example, at a given dose,
ferromagnetic-resonance linewidths show that Gilbert damping 𝛼 changes by < 10% in Co/Pd/Co/Ni
multilayers with perpendicular anisotropy irradiated with helium ions¹⁴⁷.

Analogous fluence windows exist in ferrimagnetic garnets: He⁺ doses of 1014–1015cm−2 quench the
perpendicular anisotropy of Bi-YIG yet preserve its sub-milli damping, allowing irradiated stripes to
act as low-loss spin-wave lenses and flat-band magnonic crystals envisioned in recent road-maps¹⁴⁸,¹⁴⁹.

Since the modification is subsurface, no physical relief is added, so microwave losses tied to roughness
are minimised and magnon channels/lenses can be written directly¹⁴⁸,¹⁴⁹. Focused He⁺ beams achieve
 10-nm spatial precision (Ga⁺: few-tens of nm), enabling deterministic skyrmion nucleation sites and
nanotracks¹⁴⁹–¹⁵¹. Ion species and energy set the modified depth profile—from interfacial mixing to tens
of nanometres—guided by stopping-range simulations¹⁴⁵.
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Chapter 3

Software Development

3.1 Amumax
During my PhD, I built Amumax¹⁵², a fork of mumax3¹⁵³,¹⁵⁴. A software fork is a copy of an existing
software project that is developed independently, often to add new features, fix bugs, or change its
direction. The development of mumax3 had stalled since the release of version 3.10 in 2020. However,
the hardware (specifically NVIDIA GPUs) was getting more performant and a better data saving
scheme was needed to allow for larger simulations. Among the many new features that I added to
Amumax, the most notable ones are the integration of the Zarr format for storing simulation data, an
enhanced WebUI, a template system for parameter sweeps, chunking and data management, optimised
mesh definition and an enhanced command line interface and usage.

It is available as an open source project; anybody is welcome to use and/or contribute to the software
available at https://github.com/MathieuMoalic/amumax.

3.1.1 Python Integration with Zarr Format
A significant improvement in Amumax is the integration of the Zarr format for storing simulation
data. Zarr allows efficient chunked and compressed storage of n-dimensional arrays, which facilitates
faster access to specific parts of the simulation data. This is particularly advantageous for large-scale
simulations, as users can access only the parts of the data they need, reducing memory usage and
improving performance.

Additionally, the integration with the Python ecosystem through Pyzfn, a library that I wrote alongside
Amumax, enables seamless analysis and processing of simulation data directly in Python, leveraging
tools like NumPy¹⁵⁵, Dask¹⁵⁶, and xarray¹⁵⁷ for data manipulation and visualisation.

3.1.2 Enhanced WebUI
Amumax provides a more intuitive WebUI compared to mumax. A WebUI is a web-based graphical user
interface that allows users to interact with the software through a web browser. The new interface is
designed to simplify the interaction with the simulation, including progress tracking, job management,
and output visualisation. Users can launch simulations, monitor their progress, and visualize 3D data
through an interactive browser session, which provides a user-friendly alternative to the command
line.
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Figure 2:  Amumax WebUI: The Preview on the left allows for live preview in 3D or 2D of the quantity.
The table plot allows plotting 1D data relative to each other.

The 3D preview shown in Figure 2 (left column) was built on top of the powerful hardware accelerated
Three.js¹⁵⁸ library which allows the user to visualise thousands of arrows at a time, with a colour
scheme that reflects their orientation. This preview can be used to visualise the magnetisation or
any other vector field such as torque, demagnetisation field etc. There is also a 2D preview that uses
Chart.js¹⁵⁹ which allows the user to hover over a cell of the mesh with their mouse cursor and get a
reading of the value of the particular quantity they are observing such as damping, exchange energy,
magnetisation along an axis, etc.

The table plot on the right hand side of Figure 2 is used for 1D quantities that are saved in the table.
The x and y axes can take any value, although it is very common to have the x axis represent the
simulation time. Once again, a precise value can be easily read by hovering the plot with the mouse
cursor.
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Figure 3:  Amumax WebUI: The console and Solver

Further down the WebUI, we can find the console Figure 3 (left column), which shows any command
being run, so that we can easily keep track of the progress of the simulation. There is also an input
field to run any command at any time. The console output text is coloured to make reading easier.

On the right, the solver panel shows crucial solver commands and metrics that should be monitored
regularly to make sure that the underlying Runge-Kutta based micromagnetic solver stays within error.
There are also buttons for common simulation commands such as run, run steps, relax, etc.
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Figure 4:  Amumax WebUI: The Metrics, Mesh and Parameters

The bottom panels, as seen in Figure 4, show information that is used less frequently but can still
be useful. The Metrics show CPU, GPU and RAM usage, which can help identify potential hardware
limitations which can lead to unnecessarily slow simulations.

On the right, the Mesh panel shows the dimensions of the system. Often the simulations are defined
using expressions such as $ Tx = 50 \times a $ if you want the length of the system to be 50 times a
lattice constant 𝑎. In this case, it can sometimes be useful to know the computed length of your system.

Finally, the Parameters panel informs us about any material parameters, coupling constant, electrical
current density, etc. in any region of our system.

3.1.3 Template System for Parameter Sweeps
Amumax integrates a flexible template system that supports the automated generation of simulation
input files based on user-defined parameter sweeps. This feature is particularly valuable in high-
throughput computational studies, where repeated simulations across systematically varied parame-
ters are required. Instead of modifying each file manually, users define parameter placeholders in a
single template. These placeholders are replaced programmatically to produce a collection of simula-
tion-ready input files, each corresponding to a unique parameter set.

The syntax for defining parameter variations is concise and expressive, relying on key-value pairs
enclosed in a structured string. Parameters can be specified as explicit arrays of values, or through
ranges defined by start, end, and step values or a fixed count of intermediate values. Additional keys
allow for customization of output file names through formatting, prefixes, and suffixes. This structure
not only improves the clarity and traceability of simulation results but also ensures consistent naming
conventions that support automated post-processing.

To illustrate, consider the following minimal example: Aex := “{start=0;end=2;step=1}” This declaration
instructs the template system to generate three simulation files in which the exchange constant Aex
takes on the values 0, 1, and 2, respectively. The resulting files are named accordingly (0.mx3, 1.mx3,
2.mx3), and the corresponding values are automatically substituted into the input scripts.
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The template mechanism supports the generation of multidimensional sweeps by combining multiple
parameters within the same template file. In such cases, Amumax evaluates all combinations of
parameter values, producing a Cartesian product of simulation configurations. For added flexibility,
users can control whether output files are organized in nested directories or flattened into a single
folder, depending on the needs of their workflow.

Overall, the template system provides an efficient, scalable, and reproducible way to manage large sets
of simulations. By abstracting the generation of input files into a declarative specification, it reduces
manual overhead and minimises the risk of user error—an essential requirement in research workflows
involving large parameter spaces or iterative optimisation.

3.1.4 Chunking and Data Management
Amumax introduces the concept of chunking for storing simulation data in smaller, more manageable
pieces. This is particularly useful when working with large datasets, as it allows users to read and
write specific parts of the data without loading the entire dataset into memory. Chunking also enables
parallel processing, further improving the efficiency of large-scale simulations. Pyzfn utilizes the
chunking of the Amumax output extensively to access simulation data efficiently.

3.1.5 Optimised Mesh Definition
Amumax’s performance is largely dictated by Fast Fourier Transform (FFT) computations, which rely
heavily on the cuFFT library¹⁶⁰. Optimal performance is achieved when the FFT dimensions are powers
of two. Acceptable performance can also be expected for so-called 7-smooth numbers, which are
integers composed only of the prime factors 2, 3, 5, and 7. In contrast, grid sizes with prime factors
outside this set should generally be avoided, as they tend to incur significant performance penalties,
potentially up to an order of magnitude. For this reason, it may be advantageous to slightly oversize
the simulation grid to match a smoother and more FFT-friendly configuration.

Furthermore, simulations that employ periodic boundary conditions tend to run significantly faster
than those with non-periodic boundaries. This performance gain is attributed to the elimination of
zero-padding, which effectively halves the FFT size in each periodic direction. Additionally, periodic
simulations consume less memory. However, they do come with the trade-off of a longer initialization
time, as multiple repeated image kernels must be computed at the start of the simulation.

In Amumax, mesh parameters such as cell size and grid size are defined directly through variables
like Nx, Ny, and Nz, eliminating the need to call specific functions to define the mesh. The mesh can
be automatically optimised for FFT performance, following the rules defined above, ensuring that
simulations are as fast as possible without compromising accuracy.

3.1.6 Enhanced Command Line Interface and Usage
The main way to start simulations is through the command line interface. A number of flags and
arguments can be used to fine tune the simulation we want to perform. I have added many such flags
and added a user friendly help command which lists all of the available parameters.

3.2 Pyzfn
I also created Pyzfn¹⁶¹, a Python-based post-processing library tailored for micromagnetic simulations,
specifically designed to analyse and visualise the output data produced by Amumax, a performance-
optimised fork of the widely-used mumax micromagnetic simulator. The library provides a structured
and extensible interface for interacting with simulation results stored in the Zarr data format, which
is particularly well-suited for large, multidimensional datasets. By leveraging the capabilities of Zarr,
Pyzfn supports efficient disk-based access to data, enabling workflows that are not limited by memory
constraints. It is available as an open source project; anybody is welcome to use and/or contribute to
the library available at https://github.com/MathieuMoalic/pyzfn.
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The core objective of Pyzfn is to facilitate post-simulation analysis through a combination of data
access utilities, spectral processing tools, and visualisation methods. It allows researchers to inspect
and manipulate magnetisation fields and related quantities without having to manually parse raw
data formats. In this context, Pyzfn plays a crucial role in bridging the gap between high-performance
simulation and meaningful physical interpretation.

Among its capabilities, Pyzfn includes functionality for computing dispersion relations and identifying
spin wave modes—tasks that are central to the analysis of magnetisation dynamics in confined
magnetic systems. These operations are optimised to exploit the structure of the underlying simulation
data, enabling scalable analysis even in three-dimensional systems with time-resolved dynamics.

Beyond numerical processing, the library also incorporates lightweight visualisation tools. These allow
researchers to generate snapshots of magnetisation configurations, or to produce interactive spectral
plots for qualitative analysis. The inclusion of such tools makes it possible to obtain immediate visual
feedback on the effects of varying physical parameters or boundary conditions.

Internally, Pyzfn is structured around object-oriented abstractions that reflect the logical structure
of micromagnetic simulations. Metadata associated with simulations—such as spatial discretization,
field parameters, or boundary conditions—are exposed through accessible interfaces. This design
encourages both programmatic interaction and integration into larger automated pipelines.

Although Pyzfn is usable out-of-the-box, its implementation encourages extensibility. Advanced users
can override slicing behaviour, customize post-processing algorithms, or integrate third-party libraries
for further statistical or topological analyses. This makes it suitable not only for one-off analysis but
also for systematic studies, such as parameter sweeps or comparative evaluations.

In addition, Pyzfn provides utilities for interoperability with other micromagnetic tools. For example, it
supports importing and exporting data in the OOMMF OVF format, which remains a de facto standard
within the micromagnetics community. This feature enhances its applicability in multi-tool workflows
and comparative benchmarking.
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3.2.1 Snapshots

Figure 5:  The snapshot preview function of an antidot with reduced perpendicular magnetic
anisotropy in its rims, allowing for a vortex-like state to form.

One of the most common tasks when working with micromagnetic simulation data is the visualisation
of magnetisation, which is inherently a three-dimensional vector field. Representing such a 3D field in
a 2D image requires dimensional reduction, and the choices made in this process can significantly affect
both the clarity and interpretability of the visualisation. The approach adopted here is intentionally
tailored to the context of magnetic thin films, where magnetisation dynamics are predominantly two-
dimensional.

The snapshot function utilizes matplotlib, a Python plotting library, to generate a 2D visual repre-
sentation of the 3D magnetisation field, as shown in Fig.Figure 5. This is achieved by encoding all three
magnetisation components using a combination of colour and vector glyphs:

• The z-component of the magnetisation (𝑚𝑧) is mapped to the value (brightness) channel in HSL
colour space, such that regions magnetised strongly along the +𝑧 direction appear white, and those
along the −𝑧 direction appear black.

• The in-plane components (𝑚𝑥, 𝑚𝑦) are represented in two complementary ways:
‣ The hue channel encodes the in-plane angle, calculated as 𝜑 = arg(𝑚𝑥 + 𝑖𝑚𝑦).
‣ A quiver plot is overlaid to show the local direction and relative magnitude of the in-plane

magnetisation.

• The saturation channel is fixed at its maximum value (1) to ensure that colours remain vivid, making
the hue information easier to interpret.

• Non-magnetic regions—such as antidots—are masked and shown in grey to distinguish them from
active magnetic areas.
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Additionally, the function supports periodic tiling of the magnetisation field via the repeat parameter.
This feature is particularly useful for visualising extended periodic structures, such as antidot lattices,
where repeating units enhance the visual context.

3.2.2 Interactive Spectral Analysis

Figure 6:  The interactive spectrum preview function of Pyzfn, the structure being visualised is a thin
film with a hole (antidot) in the middle

The ispec function provides an intuitive and interactive tool for exploring the frequency spectrum of
spin-wave modes in micromagnetic simulations. Its purpose is to help identify and visualise resonant
modes in a magnetic system, based on the results of a Fourier transform.

When executed, the function displays a figure with two main panels as seen in Fig.Figure 6. The left
panel shows the spectral amplitude as a function of frequency, highlighting the most prominent peaks.
The right panel is initially blank but becomes active through user interaction.

By clicking on the spectrum plot, the user can select a frequency of interest. This triggers the
computation and visualisation of the corresponding spin-wave mode at that frequency. The selected
mode is then displayed as a set of colour plots, which illustrate both the amplitude and phase of
the magnetisation components. Right-clicking on a peak will automatically snap the selection to the
nearest detected resonance, making it easier to analyse specific modes.

This function is especially useful for quickly inspecting how the spin-wave response is distributed
across frequencies and for understanding the spatial structure of individual modes in complex mag-
netic textures.

Overall, Pyzfn is designed to support a reproducible, scalable, and physically meaningful analysis
of micromagnetic simulation results. Its architecture reflects the demands of modern computational
magnetism research, where high-throughput simulation must be matched by robust and interpretable
post-processing. I have used Pyzfn in all of my research projects, and it has proven to be an invaluable
tool for extracting insights from complex micromagnetic phenomena.
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Chapter 4

Main research topics

In this chapter, I present the results of my research on collective spin-wave dynamics in complex
magnetic textures and patterned ferromagnetic films. The findings are structured around five research
articles, each preceded by an introductory section that outlines the main results and clarifies my
individual contributions.
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4.1 Spin-wave spectra in antidot lattice with inhomogeneous perpendicular
magnetic anisotropy

• Spin-wave spectra in antidot lattice with inhomogeneous perpendicular magnetic anisotropy,
M. Moalic, M. Krawczyk, M. Zelent.
Journal of Applied Physics, 132 (21), 213901 (2022).

Reproduced with the permission of AIP Publishing.

4.1.1 Introduction
This article explores the collective dynamics of spin waves in patterned ferromagnetic thin films with
complex magnetic textures. In particular, it addresses one of the central hypotheses of the thesis:
that modifying the magnetic anisotropy locally—especially around the rims of antidots—can be used
to tailor spin-wave excitations to offer reconfigurable magnonic crystals. By investigating the spin-
wave spectra in antidot lattices formed from multilayer thin films with PMA, we explicitly introduce
a narrow rim of reduced PMA at antidot edges and map the resulting modes. We identify robust
edge-localized excitations confined to the low-PMA rims and show that their frequencies and spatial
profiles can be tuned by the rim width and the anisotropy contrast. As these rim modes approach
extended bulk modes, we observe clear hybridization—manifested by avoid-crossings and open, GHz-
scale frequency gaps—which demonstrates controlled coupling between localized and delocalized
excitations. Together, these results lay a foundation for understanding and engineering magnetisation
textures that support reprogrammable, anisotropy-driven magnonic responses.

While the study is performed for a specific parameter set (one multilayer stack, antidot geometry,
and an out-of-plane bias field), the mechanisms we uncover—edge-mode formation from local PMA
reduction and tunable bulk–edge hybridization via anisotropy contrast and rim width—are generic. We
therefore expect the same qualitative behavior to appear in other PMA multilayers and patterned films
where anisotropy can be locally engineered (e.g., by interfacial modification or focused-ion irradiation),
as well as in related magnonic crystals with comparable symmetry and length scales.

4.1.1.1 Contribution of the Author
In this publication, I conducted all numerical simulations using the Amumax software, analysed the
resulting data, prepared the first draft of the manuscript, prepared all the figures except Figure 1,
contributed to the writing and critical review of the manuscript and was responsible for compiling
the supplementary materials. I was also responsible for submission, and contacts with the editor and
editorial staff.
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4.2 The role of non-uniform magnetisation texture for magnon-magnon
coupling in an antidot lattice

• The role of non-uniform magnetisation texture for magnon-magnon coupling in an antidot lattice,
M. Moalic, M. Zelent, K. Szulc, M. Krawczyk.
Scientific Reports, 14 (1), 11501 (2024).

4.2.1 Introduction
This article continues our previous work with the same material system and parameters, advancing the
thesis’s central theme: collective spin-wave dynamics in patterned magnetic systems with complex,
non-uniform magnetisation textures. It focuses on an antidot lattice based on multilayer ferromagnetic
thin films with PMA and modified rims around the antidots, where non-collinear textures—out-of-
plane-magnetised bulk regions and in-plane-magnetised rims—produce distinct spin-wave modes and
clear hybridization effects. We show strong magnon–magnon coupling between bulk and rim-localised
modes, quantified by large anti-crossings (∼380 MHz at 𝐵ext,z ≃ 0.354 T) and a cooperativity C≈4.7 for
the interaction between the fundamental bulk mode and second-order radial rim modes. We demon-
stated that inserting a thin non-magnetic spacer which breaks bulk–rim exchange collapses the gap
to ∼50 MHz, confirming that the coupling is exchange-dominated. This research was later continued
in another paper: Enhancement of dynamical coupling in artificial spin-ice systems by incorporating
perpendicularly magnetised ferromagnetic matrix, by S. S. Kunnath, M. Zelent, M. Moalic, M. Krawczyk
in Small Structures, 2400627 (2024).

4.2.1.1 Contribution of the Author
In this publication, I conducted all numerical simulations using the Amumax software, analysed the
resulting data, prepared all the figures except for Figure 1.a, wrote the first draft of the manuscript,
contributed to the writing and critical review of the manuscript, and was responsible for compiling
the supplementary materials. I was also responsible for submission, and contacts with the editor and
editorial staff.

31



32



33



34



35



36



37



38



39



40



41



42



4.3 Efficient generation of second-harmonic propagating spin waves in a thin,
out-of-plane-magnetised ferromagnetic film

• Efficient generation of second-harmonic propagating spin waves in a thin, out-of-plane-magnetised
ferromagnetic film,
M. Moalic, Y. Patat, M. Zelent, M. Krawczyk.
arXiv preprint, 2509.07705 (2025).

4.3.1 Introduction
This article aims to create a new scheme to generate compact, on-chip sources of exchange-dominated
spin waves with sub-300 nm wavelengths. Building on the concept of anisotropy-engineered magnonic
hybrids developed in the preceding publications in Section 4.1 and Section 4.2, the study introduces a
lithographically simple architecture: a region with reduced anisotropy and strip with PMA in which
a uniform microwave pump drives a localised fundamental mode that is up-converted to its second
harmonic. Micromagnetic simulations reveal that the resulting 2𝑓0 signal is emitted as a coherent,
freely propagating spin wave in the adjacent Co/Pd strip, with the launching efficiency increasing with
the pump amplitude. Two independent tuning knobs — the static bias field 𝐵0 and the rim width 𝑤
— enable continuous frequency control, while extension to a two-dimensional disk geometry demon-
strates radial emission from a central antidot. Together, these results complement the earlier work on
antidot lattices by providing a reconfigurable, frequency-doubling source that can be integrated into
the magnonic circuits explored throughout the thesis. Potential applications include energy-efficient
on-chip frequency doubling and short-wavelength spin-wave emitters for magnonic logic and RF
signal processing, neuromorphic (artificial-neural-network) hardware, and integration with cavity–
magnonic platforms for coherent microwave conversion and control.

4.3.1.1 Contribution of the Author
In this publication, I conducted all numerical simulations using the Amumax software, analysed the
resulting data, prepared all the figures, prepared the first draft of the manuscript, contributed to the
writing and critical review of the manuscript, and was responsible for compiling the supplementary
materials. I also co-supervised the master student, Y. Pattat, in his work on the preliminary concept
of using the PMA and rim system to generate spin waves. I was also responsible for submission, and
contacts with the editor and editorial staff.
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4.4 Tunability of spin-wave spectra in a 2D triangular shaped magnonic
fractals

• Tunability of spin-wave spectra in a 2D triangular shaped magnonic fractals,
R. Mehta, M. Moalic, M. Krawczyk, S. Saha.
Journal of Physics: Condensed Matter, 35 (32), 324002 (2023).

4.4.1 Introduction
This publication is part of an international collaboration with the Department of Physics at Ashoka
University, India. It explores the control of collective spin-wave dynamics in deterministic magnonic
fractals, with a particular focus on the Sierpinski triangle geometry. Within the scope of my
doctoral research, this study aligns with the overarching objective of understanding how geometric
confinement and symmetry influence spin-wave modes in patterned ferromagnetic systems. Using
micromagnetic simulations, we investigate how variations in fractal iteration and external magnetic
field orientation affect the spectral features of spin waves. The results demonstrate the emergence of
tunable frequency gaps and mini-bandgaps that are characteristic of the self-similar fractal structure.
These findings contribute to the broader aim of this thesis by highlighting new pathways for designing
reconfigurable, aperiodic magnonic crystals with potential applications in nanoscale signal processing.

4.4.1.1 Contribution of the Author
In this publication, I ran detailed simulations using Amumax for the Sierpinski triangle structures seen
in Figure 5 and ran the post-processing of the data such as calculating the spin wave spectra and the
spatial amplitude of the spin wave modes. I also contributed to writing the manuscript, and answering
the reviewers comments.
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4.5 1D YIG hole-based magnonic nanocrystal
• 1D YIG hole-based magnonic nanocrystal,

K.O. Levchenko, K. Davídková, R.O. Serha, M. Moalic, A.A. Voronov, C. Dubs, O. Surzhenko, M.
Lindner, J. Panda, Q. Wang, O. Wojewoda, B. Heinz, M. Urbánek, M. Krawczyk, A.V. Chumak
Applied Physics Letters, 127, 172401 (2025).

4.5.1 Introduction
This study is a collaboration with the experimental group Nanomag of Prof. Chumak from the Univer-
sity of Vienna. We explore how to route and filter spin waves using a one-dimensional magnonic crystal
patterned in yttrium iron garnet. Using a nanoscale waveguide with a periodic array of small holes,
forming a lattice that shapes the spin-wave spectrum. Using propagating spin-wave spectroscopy and
micro-focused Brillouin light scattering, together with micromagnetic simulations, we observe robust
transmission over several micrometres and clear stop bands where waves are strongly suppressed.
Analysis of the dispersion reveals characteristic mode interactions and anticrossings, with energy
transport largely carried by a transverse width mode in the Damon–Eshbach configuration. Altogether,
the results point to simple, lithography-friendly building blocks for compact, radio-frequency spin-
wave filters and reconfigurable on-chip signal-processing devices.

4.5.1.1 Contribution of the Author
In this publication, I calculated the band structure and transmission spectra using the Amumax
software, analysed the resulting data and contributed to the interpretation of experimental results. I
helped prepare figure 2 and contributed to the writing and critical review of the manuscript.
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4.6 Outlook
The work presented in this thesis opens several promising directions for future research. In particular,
the antidot-based magnonic systems investigated here—featuring engineered magnetisation textures—
offer a rich platform for exploring new spin-wave phenomena (e.g., non-reciprocal edge modes). While
the current results are based primarily on micromagnetic simulations, a natural continuation of this
work would be the experimental validation of the predicted effects. Techniques such as Brillouin light
scattering, time-resolved Kerr microscopy, or propagating spin-wave spectroscopy could be employed
to probe the hybridisation between bulk and rim modes, as well as the influence of local anisotropy
reduction around antidots.

There is also strong motivation to explore the topological aspects of the observed spin-wave modes.
For instance, introducing asymmetry or chiral textures into the rim region could enable the realisation
of non-reciprocal or topologically protected edge states¹⁶². Such configurations could be relevant
for the development of programmable magnonic waveguides or logic elements based on edge mode
routing¹⁶³,¹⁶⁴.

In collaboration with other groups, I plan to investigate the interaction between localised textures such
as the in plane magnetized rims around antidots and extended spin-wave modes in antidot lattices.
Preliminary tests indicate that specific antidot geometries—especially those with broken symmetry
—might stabilise Néel-type skyrmions whose dynamics can couple strongly with propagating spin
waves. This could provide a pathway toward hybrid devices that combine reconfigurable magnetic
textures with directional control of signal transmission.

Furthermore, the numerical tools developed during this thesis—particularly the pyzfn post-processing
package—will be extended to allow for automated detection of mode symmetry, group velocity, and
topological character. These capabilities could support broader studies of complex geometries and
multilayered structures, with potential applications in nanoscale signal processing or neuromorphic
computing.

Altogether, this thesis lays the groundwork for a deeper understanding of how magnetisation textures
and geometric confinement jointly influence spin-wave dynamics. With continued collaboration, both
theoretical and experimental, these insights may pave the way for practical magnonic devices that
exploit hybridised, tunable, and topological spin-wave excitations.
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4.7 Other research
In addition to the works presented in this Thesis, I have contributed to several projects that broaden
my research beyond its main narrative. In Spin dynamics in patterned magnetic multilayers with
perpendicular magnetic anisotropy, I co-authored a chapter surveying the state of the art in spin
dynamics of patterned multilayers with PMA.

Building on this materials–design viewpoint, in Enhancement of dynamical coupling in artificial
spin-ice systems by incorporating a perpendicularly magnetized ferromagnetic matrix I
developed and validated the micromagnetic workflow used to visualise the spin-wave modes in square-
lattice artificial spin ice coupled to a PMA film. I also calculated the spin-wave spectra and contributed
to the manuscript review. The results show that in-plane-magnetized nanoelements magnetostatically
coupled to a PMA matrix exhibit enhanced dynamical interactions, promising for magnonic circuitry.

In Angle-dependent resonant dynamics of stripes and skyrmions in Re/Co/Pt multilayers,
I created algorithms to detect and count skyrmions from magnetization data, enabling a one-to-one
match between experiment and micromagnetic simulation and thereby allowing us to extract the
experimental material parameters. The paper shows that, in thin multilayers with Dzyaloshinskii–
Moriya interaction (DMI), labyrinth domains transform into skyrmion bubbles and can be stabilized
at remanence at specific oblique field angles that increase with Co thickness; broadband FMR resolves
four resonant modes with low- (2–18 GHz) and high-frequency (20–35 GHz) branches whose band-
width narrows as effective anisotropy and interfacial DMI (iDMI) decrease, while the effective Gilbert
damping also drops with increasing Co thickness—linking material parameters to tunable stripe/
skyrmion dynamics.

In Stabilization and racetrack application of asymmetric Néel skyrmions in hybrid nanos-
tructures, I performed relaxation simulations of a nanodot–stripe system separated by a spacer and
studied how the skyrmion shape in the dot depends on DMI. The paper shows that magnetostatic cou-
pling between a nanodot-hosted Néel skyrmion and an adjacent in-plane-magnetized stripe deforms
the skyrmion into a stable, size-tunable asymmetric (“egg-shaped”) state, opens a low-DMI bistability
window, and enables straight racetrack transport without the skyrmion Hall effect—establishing a
hybrid route to controllable skyrmion devices.

In Control of vortex chirality in a symmetric ferromagnetic ring using a ferromagnetic
nanoelement, I assisted with post-processing, data interpretation, and manuscript review. The study
demonstrates that inserting an asymmetrically placed, single-domain nanoelement inside an other-
wise symmetric nanoring biases domain-wall motion during the onion-to-vortex transition, enabling
near-deterministic selection of clockwise vs. counterclockwise chirality (>98% control by setting the
nanoelement magnetization parallel/antiparallel to the field) that remains robust to grain disorder and
variations in the nanoelement’s magnetization and position.

In Unidirectional spin-wave emission by a traveling pair of magnetic-field profiles, I con-
tributed simulations, post-processing, data interpretation, and wrote the Methods section. The work
shows that a pair of parallel, co-moving magnetic-field profiles acts as a compact, switchable unidi-
rectional spin-wave emitter via a Cherenkov-type mechanism: constructive/destructive interference
set by the profiles’ velocity and spacing selects the emission direction, tunes the frequency, and can
confine waves between the profiles.

In Scattering of spin waves in a multimode waveguide under the influence of a confined mag-
netic skyrmion, I analysed the dispersion relations of propagating modes in a Permalloy waveguide,
and computed the resonance spectrum of the coupled nanodot–waveguide system with intensities
collected from both constituents. In a geometry where a Néel skyrmion in a Co nanodot is positioned 2
nm above a multimode waveguide, we identified three transport regimes—≤6 GHz: reflection without
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mode conversion; 6–8 GHz: selective mode mixing; ≥8 GHz: strong, parity-preserving multimode scat-
tering—with transmission overtaking reflection at higher frequencies, enabling skyrmion-mediated
control of multimode magnon transport.

Finally, in Controlling spin textures of magnetic nanodots using an antidot matrix, I assisted
with micromagnetic simulations and manuscript review. The study shows that vertically positioning
a soft circular nanodot within or near a perpendicularly magnetized antidot matrix tailors the radial
stray field and thus the remanent state, enabling transitions between single-domain, curled-vortex,
and radial-vortex textures; optimal placement a few nanometres above/below the matrix maximizes
this field and stabilizes vortex ground states for substantially smaller dots (down to  60 nm diameter
at 1 nm thickness), and a practical soft/insulator/hard trilayer is proposed to realize this geometry.

Beyond these publications, I contributed to the MANNGA project, where I developed numerical
methods to simulate and optimize reservoir computers based on spin-dynamical systems. This included
extending the micromagnetic package MuMax3 with efficient routines to reproduce experimental
feedback loops and creating custom spatial masks to emulate coplanar-waveguide antennas.

I also lead a PRELUDIUM project on topological magnonics aimed at designing experimentally feasible
2D topological magnonic crystals and demonstrating topologically protected spin-wave transport.
The work proceeds in four stages: (i) establishing the computational toolkit (band structures, Berry
curvature/Chern-number extraction); (ii) geometry-driven optimization in gallium-doped YIG; (iii)
materials-driven tuning—e.g., high-magnetization Co/Pd multilayers that stabilize complex textures
affecting topology; and (iv) proof-of-principle demonstrations of robustness to defects with designs
tailored for experimental verification. Our primary methodology is finite-difference micromagnetic
simulation of Landau–Lifshitz dynamics, complemented by semi-analytical models and collaborations
with experimental groups to validate the predicted topological transport.
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Chapter 5

About the author

5.1 Conferences

5.1.1 Oral Presentations
• Intermag 2022 13 January 2022, New Orleans, USA

Magnetic coupling between a ferromagnetic stripe and a nanodot
Mathieu Moalic, Mateusz Zelent, Maciej Krawczyk

• SolSkyMag 2022 27 June – 3 July 2022, San Sebastian, Spain
Dynamic interactions between edge and bulk modes in an antidot lattice with perpendicular magnetic
anisotropy
Mathieu Moalic, Mateusz Zelent, Maciej Krawczyk

• JEMS 2022 24 – 29 July 2022, Warsaw, Poland
Dynamic interactions between edge and bulk modes in an antidot lattice with perpendicular magnetic
anisotropy
Mathieu Moalic, Mateusz Zelent, Maciej Krawczyk

• SolSkyMag 2023 18 – 23 June 2023, San Sebastian, Spain
Antidot lattice with perpendicular magnetic anisotropy: dynamics between edge and bulk modes
Mathieu Moalic, Mateusz Zelent, Maciej Krawczyk

• MagiC 2023 24 – 28 July 2023, Będlewo, Poland
Antidot lattice with perpendicular magnetic anisotropy: dynamics between edge modes and bulk modes
Mathieu Moalic, Mateusz Zelent, Maciej Krawczyk

5.1.2 Poster Presentations
• MagIC+ 2021 Online

Magnetostatic coupling between a ferromagnetic stripe and a skyrmion inscribed in a nanodot
Mathieu Moalic

• Physics of Magnetism 2021 Online
Mutual magnetostatic coupling between the saturated ferromagnetic stripe and a nanodot
Mathieu Moalic

• INTERMAG 2021 Online
Excitation of short wavelength spin waves in a ferromagnetic conduit with a microwave pumped
perpendicularly magnetised nanodot
Mathieu Moalic

• 736. WE-Heraeus-Seminar 2021 Online
Excitation of short wavelength spin waves in a ferromagnetic conduit with a microwave pumped
perpendicularly magnetised nanodot
Mathieu Moalic

• Physics of Magnetism 2023 26 – 30 June 2023, Poznań, Poland
Antidot lattice with perpendicular magnetic anisotropy: dynamics between edge modes and bulk modes
Mathieu Moalic, Mateusz Zelent, Maciej Krawczyk
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• Trends in Magnetism 2023 2 – 9 September 2023, Rome, Italy
Antidot lattice with perpendicular magnetic anisotropy: dynamics between edge modes and bulk modes
Mathieu Moalic, Mateusz Zelent, Maciej Krawczyk

• JEMS 2023 27 August – 1 September 2023, Madrid, Spain
Spin-wave hybridization in a magnonic crystal formed by antidot lattice with perpendicular magnetic
anisotropy
Mathieu Moalic, Mateusz Zelent, Maciej Krawczyk

• ISIK Symposium 2023 11 – 13 January 2023, Będlewo, Poland
Antidot lattice with perpendicular magnetic anisotropy: dynamics between edge modes and bulk modes
Mathieu Moalic, Mateusz Zelent, Krzysztof Szulc, Maciej Krawczyk

• Intermag 2024 5 – 10 May 2024, Rio de Janeiro, Brazil
Antidot lattice with perpendicular magnetic anisotropy: dynamics between edge modes and bulk modes
Mathieu Moalic, Mateusz Zelent, Krzysztof Szulc, Maciej Krawczyk

• International Conference on Magnetism 2024 30 June – 5 July 2024, Bologna, Italy
Magnon Interactions in Antidot Lattices with Perpendicular Magnetic Anisotropy
Mathieu Moalic, Mateusz Zelent, Krzysztof Szulc, Maciej Krawczyk

• 1st Transnational Round Table 2024 3 June – 5 July 2024, Exeter, UK
Efficient generation of the second-harmonic propagating spin waves in a thin out-of-plane magnetized
ferromagnetic film.
Mathieu Moalic, Mateusz Zelent, Maciej Krawczyk

• JEMS 2025 24 – 29 August 2025, Frankfurt, Germany
Efficient Second-Harmonic Propagation of Spin Waves in Thin Ferromagnetic Films with Out-of-Plane
Magnetization
Mathieu Moalic, Mateusz Zelent, Maciej Krawczyk

• Swiss Nanomagnetism Summit 2025 8 – 9 September 2025, Zurich, Switzerland
Higher Harmonic Spin Wave Generation Using Out-of-Plane Magnetized Films with Localized In-Plane
Magnetization
Mathieu Moalic, Mateusz Zelent, Maciej Krawczyk

5.1.3 Organization
I helped with the organization of the following conferences, symposia and workshops.
• First Institute of Spintronics and Quantum Information Symposium, Poznań, 2021
• Second Institute of Spintronics and Quantum Information Symposium, Poznań, 2022
• Third Institute of Spintronics and Quantum Information Symposium, Poznań, 2024
• Physics of Magnetism, Poznań, 2023
• MagIC+, Będlewo, 2023

5.2 Awards, grants and scholarships
1. National Science Center, Poland grant PRELUDIUM 22, Grant No. UMO-2020/37/B/

ST3/03936 Designing an experimentally feasible two-dimensional magnonic crystal for the demon-
stration of topologically protected spin waves

2. Inicjatywa Doskonałości – Uczelnia Badawcza Recipient of nine internal grants supporting
conference travel, research internships, and publication fees

3. Intermag Sensor Challenge 1st place (2022), 2nd place (2024)

4. European Defence Tech Hub Hackathon 2025 in Warsaw 3rd place
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5. Adam Mickiewicz University Foundation Scholarship Awarded in 2024

5.3 Research Projects
I have taken part in these following projects during my thesis:

• NCN SHENG, “Spin Waves in Magnetic Skyrmion Crystals”, Grant No. UMO-2018/30/Q/ST3/00416.
• NCN OPUS, “New Platform for Study Wave Phenomenon – Reconfigurable Topological Properties

and Frustrated Ground States in Magnonics”, Grant No. UMO-2020/37/B/ST3/03936
• NCN PRELUDIUM, “Designing an experimentally feasible two-dimensional magnonic crystal for

the demonstration of topologically protected spin waves”, Grant No. 2023/49/N/ST3/03538
• Horizon Europe, MANNGA, “Magnonic Artificial Neural Networks and Gate Arrays”, Grant No.

101070347
• Computational simulations performed at the Poznań Supercomputing and Networking Center

(Grant No. pl0095-01).

5.4 Scientific visits
1. University of Vienna, Austria 22.01–04.02.2023, group of Dr. Andrii Chumak

2. University of Porto, Portugal 01-13.04.2024, group of Dr. Gleb Kakazei

5.5 Student co-supervision
1. Uladzislau Makartsou, 2021
2. Gauthier Philippe, 2023
3. Mufti Avicena, 2023
4. Joana Hernandez, 2023
5. Youenn Patat, 2024
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