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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
Sierpinski-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 uklady obliczeniowe wcigz sa miniaturyzowane, jednak dalsze skalowanie wydaje sie
coraz bardziej ograniczane przez wysokie gesto$ci mocy i stosowane napiecia. Natomiast, fale spinowe
(magnony) przenosza informacje przy bardzo niewielkim zuzyciu energii, a przy czestotliwosciach
mikrofalowych ich dlugosci fal moga wynosi¢ od kilkuset do kilkudziesieciu nanometréw, co umozli-
wia tworzenie elementéw w nanoskali zuzywajacych znacznie mniej energii niz konwencjonalna
elektronika. Dlatego magnony, w szczegdlnosci w ferromagnetykach, wylaniaja sie jako obiecujaca
droga do niskoenergetycznego przetwarzania informacji.

Materialty magnetyczne sa znane od tysiacleci i stanowia podstawe wielu technologii codziennego
uzytku — od silnikéw i czujnikéw po komputery, a nawet zwykle magnesy na lodéwce. W ciggu
ostatnich dwoch dekad badacze koncentrowali sie rowniez na budowie podstawowych elementow
uktadow magnonicznych: sprzegaczy kierunkowych, diod, tranzystoréw i bramek logicznych. Aby w
pelni wykorzystaé wlasciwosci fal spinowych w takich systemach, kluczowa jest precyzyjna kontrola
oddzialywan miedzy poszczegdlnymi elementami, szczegblnie w skali submikrometrowej.

W niniejszej pracy badam cienkie warstwy ferromagnetyczne o zlozonych teksturach magnetyzacji i
zlozonej strukturalizacji w nanoskali, ktére moga znalez¢ zastosowanie w systemach magnonicznych.
Glownym celem pracy doktorskiej jest wyznaczenie podstawowych zasad projektowych i opracow-
anie narzedzi numerycznych do deterministycznej kontroli widm fal spinowych, profili modéw i ich
wzajemnych oddzialtywan w strukturalizowanych w skali submikrometréw warstwach ferromagne-
tycznych.

Prace doktorska rozpoczynam od przedstawienia podstaw magnetyzmu, a nastepnie omawiam mikro-
magnetyzm; oddzialywania rzadzace ukladami magnetycznymi; tekstury namagnesowania oraz fale
spinowe. Wprowadzenie koricze opisem obecnie intensywnie badanych tematoéw: krysztaléw magnon-
icznych i obliczen z uzyciem fal spinowych. Nastepnie przedstawiam oprogramowanie rozwiniete
w trakcie badan. Opracowalem narzedzie do symulacji mikromagnetycznych ,Amumax” oraz pakiet
postprocessingu danych ,Pyzfn” do oszczednej przestrzennie i czasowo analizy duzych zbioréw
danych, umozliwiajace symulacje wczesniej praktycznie nieosiggalnych systemow.

W pierwszej czesci badan analizuje cienkie warstwy ferromagnetyczne z prostopadla anizotropig
magnetyczng (PMA), strukturyzowane siecig anty-kropek, ktérych obrzeza maja zredukowane PMA,
tworzac pierScienie namagnesowane w plaszczyznie. Pierwsza praca pokazuje, ze kontrolowane
miekniecie namagnesowania w obszarach brzegowych sieci anty-kropek ksztattuje widmo fal spin-
owych, tworzac mody zlokalizowane na obrzezach, hybrydy modéw brzegowych i objetosciowych,
magnoniczne przerwy pasmowe oraz zalezng od historii namagnesowania niewzajemnos¢ — wskazu-
jac inzynierie anizotropii jako wydajny sposéb umozliwiajacy sterowanie falami spinowymi. To
polaczenie objetosciowej czesci strukturyzowanej warstwy ferromagnetycznej z PMA z obszarami
brzegowymi namagnesowanymi w plaszczyznie wykorzystuje, aby zademonstrowac¢ silne, z wyko-
rzystaniem oddzialywan wymiennych, sprzezenie magnon-magnon miedzy modami zwigzanymi i
biegnacymi. Otwiera to droge do programowalnych oddzialywan istotnych dla rozwoju koherentnej
magnoniki i hybrydowych technologii kwantowych. Nastepnie, wykorzystuje nieliniowo$¢ dynamiki
magnetyzacji wystepujaca w litograficznie prostej strukturze, zlozonej z nano-obszaru namagne-
sowanego w plaszczyznie i osadzonego w ferromagnetycznym pasku namagnesowanym prostopadle
do plaszczyzny paska, ktory przeksztatca sygnal jednorodnego pola mikrofalowego w spdjne, biegnace
plaskie fale spinowe o czestotliwosci dwa razy wiekszej i dlugosci fali ponizej 300 nm. Czestotliwosé
emisji i sprawno$¢ generacji drugiej harmonicznej skaluja si¢ z polem oraz szerokoscia nanoelementu,
a koncepcje mozna tatwo rozszerzy¢ na uklady dwu-wy-mia-ro-we, dostarczajac tym samym zwarte,



przestrajalne zrodto fal spinowych, zdominowanych przez oddzialywania wymienne, odpowiednie do
realizacji magnonicznych sztucznych sieci neuronowych.

Rownolegle, badalem deterministyczne, hierarchiczne zwigzanie fal spinowych w nanoskali z uzyciem
struktury trojkata Sierpiniskiego, jako uogélnienie koncepciji sieci antykropek na wzory wieloskalowe.
Zagniezdzone dtugosci kwantyzacji fali spinowej w strukturze fraktalnej generujg przestrajalne mini-
pasma i magnoniczne przerwy pasmowe — kontrolowane geometria lub poprzez obrét zewnetrznego
pola magnetycznego — oferujac szerokopasmowg elastycznos¢ spektralng fal spinowych do multi-
pleksowania i sterowania sygnaléw, bez koniecznoséci zmiany materialu. Wreszcie, we wspolpracy
z grupa eksperymentalng z Wiednia, badamy jednowymiarowy, oparty na laficuchu anty-kropek
nanokrysztal magnoniczny wytworzony na bazie waskiego, sub-mikro-metro-wego, paska z granatu
itrowo-zelazowego (YIG). Wykazujemy mozliwos¢ otrzymania przerw pasmowych dla fal spinowych,
plato modéw wolnych oraz wnek rezonansowych na defektach, potwier-dzajac koncepcje matostrat-
nego trasowania i filtrowania fal spinowych w skali podmikrometrowej, opartej o platforme na bazie
ferromagnetycznego dielektryka.

Praca doktorska wytycza realng Sciezke do praktycznych, niskoenergetycznych procesor6w mag-
no-nicz-nych, dostarczajac sposobu na kontrolowalne widma fal spinowych i oddzialywania oraz
konwersje czestotliwos$ci na chipie wytwarzalnych na platformach cienkowarstwowych. Wyniki
opublikowano w czterech artykulach naukowych oraz jednym preprincie bedacym obecnie w
recenzji, a opracowane oprogramowanie jest upublicznione z otwartym kodem Zrédlowym. Lacznie,
zaprezentowane badania przedstawiaja ramy programowalnej mag-no-ni-ki oparte na trzech komple-
mentarnych elementach sterujacych — anizotropii, geometrii i nieliniowosci — wdrozonych w
przyjaznych litograficznie platformach cienkowarstwowych. Dostarczajg one metody na przelgczalng
hybrydyzacje fal spinowych brzeg—objetos¢, silnego sprzezenia modow fal spinowych przestrajalnych
polem magnetycznym i historiag namagnesowania, formowania magnonicznych przerw pasmowych,
zwartego zrodla krotkich fal spinowych podwajajacego czestotliwo$¢ wzbudzajacych je mikrofal oraz
hierarchicznej kontroli spektralne;j.
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Introduction

The arc of digital computing is approaching a plateau'. 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 voltages®®. Even if some forecasts suggest semiconductor
technology can keep improving for roughly another decade, the slowdown of electronics-based
progress looks ultimately unavoidable*.

This reality has researchers worldwide hunting for successors—or at least powerful companions—to
traditional silicon®. 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 deliver®’.

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 circuits®’. 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 footprints”®. Crucially, spin waves respond readily to both magnetic and electric fields,
offering rich, low-power control knobs”.

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 hardware'*-**.

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?

+ Canalocally 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
iron". The term “magnet” derives from the Greek magneétis lithos, or “Magnesian stone.” Early accounts
include Thales of Miletus in Greece and references in Indian medical texts like the Sushruta Sambhita,
which describe the use of magnetite for extracting metallic objects?.

During the Middle Ages, the magnetic compass—originating in China and later adopted across the
Islamic world and Europe—transformed navigation'***. In 1269, Petrus Peregrinus’ Epistola de magnete
offered the first systematic experimental account of magnetic polarity and compass construction®®. 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 behaviour"’.

A major shift occurred in the 19" century, beginning with @rsted’s discovery that electric currents
produce magnetic fields'®. Faraday'® and Ampeére formalised these interactions, leading to Maxwell’s
equations®, which unified electricity and magnetism. These ideas were later absorbed into Einstein’s
theory of relativity®® and modern quantum electrodynamics®?, 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 particles®. 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 rules® and the Pauli exclusion principle®, 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 structure?.

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

« 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 diamagnetism®’.

« 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)®.

+ 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.



« 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 effects.

In amorphous materials, analogous states include asperomagnetism and speromagnetism?.

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 temperature®®,
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 (NigFe,,) — the canonical soft-magnetic alloy. Its nearly vanishing magnetocrystalline
anisotropy, high permeability, and very low Gilbert damping (~107*) make it ideal for microwave
spin-wave experiments, magnetic cores, and sensors®.

« Fe-Co alloys (e.g., FesCos5) — exhibit the highest known saturation magnetisation (~2.45 T) among
room-temperature ferromagnets, useful for high-density recording heads and spin-transfer-torque
devices™.

+ Heusler and half-Heusler alloys (e.g., Co,MnSi, CoFeAl) — nearly half-metallic, offering high spin
polarisation for spin valves and magnetic tunnel junctions®.

« Rare-earth hard magnets (e.g., Nd,Fe,,B, SmCos) — very large magnetocrystalline anisotropy and
coercivity yield square hysteresis and record energy products, enabling compact permanent magnets
for motors, generators, and actuators*->*.

 Yttrium Iron Garnet (YsFe;sO;,, 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 (~107°) and long (cm-scale) spin-wave propagation lengths*. 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 loop*®. 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)*’-*°. 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:

dm
M= —
dVv

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

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 x:



M =xH

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 loop**. 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 = py(H + M)
where p, is the vacuum permeability. Introducing the relative permeability p,, = 1 4 x, we also write:
B = pop, H = pH
with p representing the absolute magnetic permeability of the material.

Coercive field H, (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-
netisation'>*®. Ferromagnets are therefore grouped as follows:

« Soft ferromagnets, such as annealed iron or Permalloy (Nig.Fe,,), have low coercivity and are easily
magnetised and demagnetised"’. These materials are used in applications requiring rapidly changing
magnetic fields (e.g., transformers, sensors, magnonics).

« Hard ferromagnets, such as Nd,Fe,,B, SmCos, or hard ferrites (e.g., BaFe;,0;,), have high coercivity

and retain their magnetisation, making them suitable for permanent magnets®*->%.

In practical terms, “soft” typically means H, < 1- 10 kA-m™* (i.e., ugH, < 1-10 mT), whereas “hard”
commonly implies H, = 100 kA-m™! (ie., oH, = 0.1 T); intermediate values are often termed semi-
hard?*32.



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 (7, t), where r is
the position vector and ¢ 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 E, ., is expressed as a functional of M and its spatial derivatives 0, , ,/M. It can be

T,y,2
decomposed into several distinct energy terms, each corresponding to a specific physical mechanism:

Etotal = Eex + Edemag + EZ + Eanis + ..

Here:

« E_, 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)***’.

* Ejemag i the magnetostatic (demagnetisation) energy, accounting for long-range interactions
between magnetic dipoles;

+ E, is the Zeeman energy, representing the interaction of the magnetisation with an external
magnetic field;

+ E, ;. 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 directions®*****,

In addition to these, other interactions such as the Dzyaloshinskii—-Moriya interaction (antisymmetric
exchange that favours chiral spin canting)***, the Ruderman—Kittel-Kasuya—-Yosida (RKKY) indirect

45-47

exchange mediated by conduction electrons*>~*’, magnetoelastic coupling that links magnetisation

36,37
3

to strain®®*’, long-range magnetostatic/electromagnetic fields relevant to micromagnetics and

spin-transfer torque from spin-polarised currents***

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 dynamics®*>'.

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

i 5Et0tal

eff = 7#0 SM

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



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 antiferromagnets®.

The exchange interaction was first formalised by Heisenberg in 1928%, and is commonly described
within a semi-classical framework using the Heisenberg Hamiltonian:

%,

where S; and S, are the spin vectors at lattice sites i and j, respectively, and J;; 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 (J;; > 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(E) > 1, where I is an exchange parameter and N (E)
the density of states at the Fermi level®®>. 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
behaviour>*.

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 M, in this framework is

36,37

given by:

A
Fo= 355 /V (VM)? d3r

where M, is the saturation magnetisation (the maximum magnetisation a magnetic material can
attain when all its atomic magnetic moments are fully aligned), and A, is the exchange stiffness
constant, a material-dependent parameter typically on the order of 107!! J/m for ferromagnets. This
expression penalises spatial inhomogeneities in the magnetisation, thereby favouring collinear spin
configurations®***. In such an approximation, the exchange stiffness is defined as A, = % Zj Jyri

where S is the spin quantum number, d is the dimensionality of the system (1, 2, or 3), V,, is the atomic

volume, and 7;; is the distance between spins at sites ¢ and j***".

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:



0 - 24,
. N0M52

Typical values of ¢, 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: Ty o< J?*%.

It is worth noting that for standard magnonic materials used here T}, lies well above room temperature
—for example YIG has T ~ 560 K and Permalloy (Nig)Fe,;) has T; ~ 850 K —so over typical
operating ranges (270 4 30 K) the variation of M, 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 moments®**”->¢.

For two point dipoles p1; and p, separated by a displacement vector 7, the dipolar interaction energy
is given by:

) (ty - 7)(pg - 1)
Edemag = W Ky Bg — 3T

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 interaction®**’.

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 emerge®**’->°. 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 skyrmions®-**.

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(N?) 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-



local fields in large-scale simulations, making GPU-accelerated micromagnetics a powerful tool for
modelling large complex magnetisation dynamics®*-*°.

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 energy®’***. The total Zeeman energy E, for a body of volume V is

EZ = _:u()/ Hext M d®r
14

where H_, is the applied field, and M the local magnetisation®**"*. Competition between this term
and exchange, dipolar, and anisotropy energies determines the equilibrium magnetisation configura-
tion?%*2,

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 ways®****. Key
sources and the anisotropy types they most often generate are:

o 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 axis*****?. Microscopic links between orbital moments and magnetocrystalline
anisotropy are well established in theory and ab-initio studies®’~*.

« Shape (included in the demagnetising field) — elongated grains, wires, or thin films develop uniaxial
shape anisotropy with the easy axis along the longest dimension®**"*.

« 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 multilayers®®">">.

« Strain (magnetoelastic coupling) — applied or epitaxial strain lowers symmetry and can convert a

nominally cubic system into one with a dominant uniaxial easy axis™*"°.

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

M2
=K [1-(u-=
wanls u( (u MS))

where K, is the uniaxial anisotropy constant. This anisotropy contributes to the alignment of the

magnetisation along the direction of u, which is the easy axis****.

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 H  and accounting for damping effects®®’"-".

2.2.1 Magnetisation

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

1 1
sz;lti:—V;’YiJi



and the magnetic moment g is related to the total angular momentum J (orbital L plus spin S) by
the gyromagnetic ratio v, such that**’*” p = —~J.

2.2.2 Gyromagnetic Ratio

For free electrons, the gyromagnetic ratio v, (where u = —~,5) is calculated as vy, = %‘;’E‘EI, where g,
is the elementary charge, m, is the electron mass, and g, ~ 2 is the electron g-factor; this gives 7, ~
28.025 GHz/T (or ~ 1.7595 - 10! rad s~!T~!). In real ferromagnets, the measured gyromagnetic
ratio v 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 v must be treated as an effective, material-specific parameter—typically a few percent

above 7, for 3d transition-metal alloys®*®'.

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 H 4 is given by:

oM

o —YioM X H g

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
H ;.>°**. Note that here we only consider the Landau-Lifshitz torque but the Zhang-Li spin-transfer
torque and Slonczewski torque could also be included**®.

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:

—— =T+ Ty = (—vpueM x Hy) + (M&SM X %)

In this equation, « 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, T;, is the
Gilbert damping torque, which is directed towards the equilibrium direction and causes the magneti-
sation to spiral inwards towards H . A schematic of the torques is shown in Figure 1.



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
50,7879
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2.3 Magnetisation Configurations

Magnetisation configurations arise from the delicate balance and competition between several fun-
damental micromagnetic interactions®>**. The exchange interaction favours parallel or antiparallel
alignment of neighboring magnetic moments®, 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 complexity’®”*®.

The interplay of these competing forces dictates the equilibrium states of magnetisation, leading to
diverse configurations that we will explore in this section.®***”. 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 advancements®’-**%.

2.3.1 Magnetic Domains

A fundamental characteristic of ferromagnetic materials is their spontaneous formation of spatially
ordered magnetisation patterns*»*¢. Within these patterns, a magnetic domain is defined as a uniformly
magnetised region®**. 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 interactions®**+*.

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 energies®***’*°. The final domain structure is also influenced by the sample’s magnetic

42,8591
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2.3.2 Domain Walls

Domain walls are the non-uniformly magnetised regions that separate adjacent magnetic domains®**”.
Within a domain wall, the magnetisation vector gradually rotates from the orientation of one domain
to that of its neighbor®. 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 structures’”***,

Two primary types of 180° domain walls are distinguished based on the magnetisation rotation within
the wall**. In a Bloch domain wall, the magnetisation rotates in a plane perpendicular to the plane
defined by the magnetisation of the two adjacent domains®®. In contrast, a Néel domain wall involves



magnetisation rotation within the plane containing the magnetisation vectors of the domains****. 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 [ ***". 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 terms****%°.

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

by

36,37.
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The domain wall width is typically on the order of a few nanometers, depending on the material
properties and the specific anisotropy contributions***’. 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 walls****.

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 energy®**’*. It forms from the competition between exchange (favouring
parallel alignment) and magnetostatic energies in small geometries®”’. To avoid the prohibitive

exchange cost of a point singularity at the centre, the magnetisation in a tiny core tilts out of plane***®.

Thus, a magnetic vortex is characterized by two independent binary descriptors®: Chirality: the sense
of the in-plane curl, clockwise (¢ = -1) or counter-clockwise (¢ = +1)°¢. Polarity: the direction of the

out-of-plane magnetisation of the vortex core, up (p = +1) or down (p = -1)°**%.

These two binary properties mean that a single magnetic vortex can exist in one of four stable states
(c = £1, p = £1)*. 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
applications®”**'%. 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 area*'**.

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 material’®*'°*, This effect has found diverse applications, ranging from spectroscopic
techniques for probing material properties to the design of microwave devices and studying SWs*?*1°>-
1% 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

10



generates strongly non-uniform near fields that can excite and detect both the uniform mode and

103,106,108

finite-k, propagating SWs

For a thin uniformly magnetised film without anisotropy and with an externally applied magnetic field
B

parallel to its plane, the resonant frequency f can be described by the Kittel formula**®:

ext

g
f = g- /BB + iy,)
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:

Here, N, N,, and N, are the diagonal components of the demagnetising tensor in the x, y, and z
directions, respectively’®’*!*'. This dependence of the uniform precession frequency on the saturation
magnetisation is widely exploited in experiments to determine the M, 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.*’; see
also”;"®), which yields plane-wave solutions

m(r,t) o etlkr—wt)

with in-plane wave-vector k, angular frequency w = 27 f, and dynamic magnetisation amplitude
m|M,. The resulting dispersion relations reflect the competition between exchange, dipolar and
anisotropy fields and depend on the film thickness J, the propagation direction relative to the equilib-

rium magnetisation M), and the boundary conditions at the surfaces”*"*2.

2.4.2.1 Dipole—exchange dispersion (in-plane magnetised films)
For a uniformly magnetised film of thickness § with the static field in the plane and the wave-vector
making an angle ¢ to My, the fundamental thickness mode (n = 0) has the canonical Kalinikos-Slavin

dipole-exchange form®****:

w?(k, @) = [wy +wpl2k? + wy (1 — P)sin? o] [wy + wpl2 k% + wy, Psin? ¢]

1_el-Ikl 6

where wy = YugHoy, wyy = YoM, and P = P(|k| §) =1 — Té) is the dynamic demagnetis-
ing factor capturing the finite thickness®***>. Two limiting propagation geometries are particularly
important:

+ Damon-Eshbach (DE) surface waves (¢ = 90°): k L M. They are magnetostatic surface modes
89,113

localised at one film surface over a depth o \%I and exhibit large group velocities

+ Backward-volume (BV) waves (¢ = 0°): 7+. In the long-wavelength limit they show negative

k_
MS
dispersion (g—“,: < 0), hence the name “backward”®.

In a symmetric film (identical top/bottom interfaces and no chiral interactions) the frequency disper-
sion is reciprocal, w(+k) = w(—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 damping?®*'**.

For short wavelengths (|k|0 > 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 £** :

24,
w = Yo (Hext + 'u()—]\}k2>

2.4.3 Magnonic Crystals

Magnonic crystals (MCs) are artificially engineered ferromagnetic media whose magnetic parameters
—typically the saturation magnetisation M, the exchange stiffness A, or the anisotropy K, —
or geometries are modulated with a spatial periodicity a on the order of the relevant spin-wave
wavelengths’***. 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 fulfilled**>***. 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 light®'"". Practically, the periodicity can be realised by lithographically
patterning antidot lattices**®'**, modulating film thicknesses (surface/step MCs)******, depositing mul-

122123 or exploiting strain-induced anisotropy variations—for example

tilayer or bicomponent stripes
by ion bombarding***-***. The bandwidth and centre frequency of the magnonic bandgaps are tunable

through the lattice constant, the modulation depth**, an externally applied magnetic field B, '*’, or

ext
even electric-field control in multiferroic heterostructures'?***. 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

architectures**”-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
A f. 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 waveguides'*.

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 regime'**, 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 4.2**°. 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 hybridisation***. Ultrastrong
coupling has likewise been realised in van der Waals antiferromagnets, where temperature-tunable
exchange reveals signatures of the deep-strong regime'”’, and related self-hybridisation in layered
systems enables electrical control over the number and strength of avoided crossings™®.

Controlled hybridisation is valuable both fundamentally and for devices. By engineering dispersions
and slow magnons, it enables on-chip localisation, delays, and frequency-selective transport'!1*>1%,
In multi-mode or multilayer systems it supports coherent energy exchange and mode conversion,
providing routes to multiplexing, routing, and frequency conversion*****!*, 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 weight!********. The k-dependent
anticrossing gaps also act as spectroscopy of interactions—distinguishing dipolar from exchange
channels and probing interlayer exchange in complex heterostructures****®. 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 roadmaps***13%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 demand**>**.

The saturation magnetisation M, perpendicular anisotropy K, exchange stiffness A,,, and many

ex?
other magnetic properties can be tuned by carefully dosing the ions*****". For example, at a given dose,
ferromagnetic-resonance linewidths show that Gilbert damping o changes by < 10% in Co/Pd/Co/Ni

multilayers with perpendicular anisotropy irradiated with helium ions**’.

Analogous fluence windows exist in ferrimagnetic garnets: He* doses of 1014-10'cm™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-maps*****.

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 directly'****. Focused He* beams achieve

10-nm spatial precision (Ga': few-tens of nm), enabling deterministic skyrmion nucleation sites and
nanotracks'**~***. Ion species and energy set the modified depth profile—from interfacial mixing to tens
of nanometres—guided by stopping-range simulations**.
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Chapter 3

Software Development

3.1 Amumax

During my PhD, I built Amumax*?, a fork of mumax3*>*,***. 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 WebU], 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
Amumayx, enables seamless analysis and processing of simulation data directly in Python, leveraging
tools like NumPy™***, Dask**®, and xarray™’ 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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Preview Table Plot

Y Data Points = 64 6 Max Points

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.js'*® 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.js*** 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
CUrSOL.
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Console Solver

2.000e-9
1.950e-13

Err/step 3.080e-9

- Max
Minimize Torc 2.121e-1
orque
Aex 2 —_—
m = RandomMag
Fixdt

tableadd(m)

tableautosave(le-11) Mindt
run(le-9)

m = vortex(1, 1)
run(le-9)

MaxErr 0.00001
run(le-9)

Metrics

dx )X | m dy

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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run(le-9)
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MaxErr 0.00001
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CPU Usage: 9 Name: NVIDIA GeForce
RTX 4070
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Temperature: 44°C
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CPU Usage 0.05%

RAM Usage 0.25% 0 . Show Unchanged Parameters
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VRAM Used:  0.16 GiB 8 Exchange stiffness (J/m)

Saturation magnetization (A/m)

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 (6.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

160

heavily on the cuFFT library'*. 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 Pyzfn

161 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
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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 (m,) 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 (m,, m, ) are represented in two complementary ways:
» The hue channel encodes the in-plane angle, calculated as ¢ = arg(mm + 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
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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.

21



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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ABSTRACT

Magnonic crystals are structures with periodically varied magnetic properties that are used to control collective spin-wave excitations.
With micromagnetic simulations, we study spin-wave spectra in a 2D antidot lattice based on a multilayered thin film with perpendicular
magnetic anisotropy (PMA). We show that the modification of the PMA near the antidot edges introduces interesting changes to the spin-
wave spectra, even in a fully saturated state. In particular, the spectra split into two types of excitations: bulk modes with amplitude concen-
trated in a homogeneous part of the antidot lattice and edge modes with an amplitude localized in the rims of reduced PMA at the antidot
edges. Their dependence on the geometrical or material parameters is distinct, but at resonance conditions fulfilled, we found strong hybrid-
ization between bulk and radial edge modes. Interestingly, the hybridization between the fundamental modes in bulk and rim is of magneto-
static origin, but the exchange interactions determine the coupling between higher-order radial rim modes and the fundamental bulk mode

of the antidot lattice.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0128621

I. INTRODUCTION

Magnonic crystals (MCs), analogous to photonic crystals that
have a periodic modulation of the refractive index to control the
propagation of electromagnetic waves, are magnetic structures with a
periodicity of material properties relevant to spin-wave (SW) propa-
gation."”” The main feature of MCs is appearance of bands of collec-
tive SW excitations and the separating them magnonic bandgaps,
which is useful for applications to guide and control spin waves.”™’
The basic types of MCs are artificial crystals formed by periodic
arrangement of two different materials.” Those can be two ferromag-
netic materials, like in bicomponent MCs,® ferromagnetic and non-
magnetic materials like in an array of ferromagnetic dots in nonmag-
netic matrix,””'" or the inverse structures, >’ i.e., an array of holes
in a ferromagnetic matrix, antidot lattices (ADLs)."*

Periodic modulation of SW-relevant parameters can be intro-
duced not only in the patterning process' ”'® but also at a later stage.

For instance, it's possible to modify the magnetic properties of the
exposed areas by ion irradiation of the ferromagnetic film or a multi-
layered structure.'’ ™' Recently, another promising idea has been
explored, that is, the formation of periodicity by regular change of
the magnetization orientation in a homogeneous thin film.”> The
basic examples are the periodic stripe domains, which can be consid-
ered as 1D MCs™™** or skyrmion lattices, which also form a kind of
2D MC.”** These structures have an important property; their
magnetization structure is reconfigurable and sensitive to the external
bias magnetic field; in this way, the magnonic band structure can be
programmed after the manufacturing of the device, depending on
the actual needs.”” Nevertheless, the structures combining both pat-
terning and magnetization texture are not yet well explored, in par-
ticular, in the context of MCs and magnonics.

In recent studies, ADL based on multilayers with perpendicu-
lar magnetic anisotropy (PMA) has been indicated as a system
hosting periodic magnetization texture with interesting properties

J. Appl. Phys. 132, 213901 (2022); doi: 10.1063/5.0128621
Published under an exclusive license by AIP Publishing
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and potential applications.””' The results of time-resolved

magneto-optical Kerr effect (TR-MOKE) microscopy measure-
ments of SW excitations in ADL based on [Co/Pd]s multilayers
were interpreted with micromagnetic simulations.”” To explain low
frequency mode in the spectra, the authors assumed that around
the holes there is a rim with modified magnetic properties formed
during the patterning process, i.e., Ga ions used in the focused ion
beam (FIB) in the patterning process penetrate larger area than the
antidots. In the rims around the antidots, the dose is sufficient to
disturb the interfaces between Co and Pd and so the PMA, which
originates from the interfaces in the multilayer. The absence or
reduced PMA in the rims results in the in-plane alignment of mag-
netization in the rims at remanence.”’ The MC composed of two
areas of different magnetization orientations, out-of-plane in the
bulk and in-plane in the rims, makes the SW spectra complex, with
bulk modes localized in the ferromagnetic matrix, as in standard
ADLs, and the additional modes localized in the rims, with possible
hybrid excitations. Such structures open the prospects for the mag-
nonic band structure with sub-bands sensitive to external stimuli in
different ways, e.g., different dependences on a magnetic field, the
property, which can be exploited for developing new phenomena
and applications.

In this paper, we study the SW spectra in the ADL lattice
based on the multilayer thin film with PMA with the rims around
the antidots, where the PMA is reduced. In particular, we study the
dependence of the spectra on the rim anisotropy value, rim width,
and antidot diameter under a perpendicular magnetic field, fully
saturating the sample. We show that the variation of these proper-
ties affects mainly the edge-localized modes but additionally may
introduce or control a hybridization between the radial modes of
the rim and the bulk excitations of the ADL. This offers a possibil-
ity to control collective SWs by tuning magnetic properties only in
selected areas.

The paper is organized as follows. In Sec. II, we introduce
the structure and the micromagnetic model used in simulations.
In Sec. III, we present the simulation results of SW spectra in
dependence on the anisotropy strength in the rim, antidot diame-
ter, and finally rim width, and interpret the obtained results. In
Sec. IV, we summarize the results.

Il. STRUCTURE AND METHODOLOGY

For our numerical investigations, we selected a structuralized
Co/Pd multilayer with high PMA (with the anisotropy constant
Kypuk) and reduced anisotropy around the antidots, already inves-
tigated in Ref. 30. The schematic of the unit cell of the studied
structure is shown in Fig. 1. The structure is made up of eight repe-
titions of Co (0.75 nm thickness) and Pd (0.9 nm) bilayers with a
total thickness of 13.2 nm. Around the antidot of diameter d is a
rim of width w with reduced PMA, Ky im. In our study, we will
change these three parameters. The antidots form a square lattice
on the (x, y) plane with a lattice constant a = 500 nm. To maintain
the same static magnetization configuration of the system, i.., to
maintain a full saturation of magnetization in the out-of-plane
direction, we perform numerical simulations using a sufficiently
strong external magnetic field poHex = 1T directed along the z
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FIG. 1. Schematic illustration of the investigated structure showing the Co/Pd
supercell of ADL. Note that the figure is not to scale. The bright color around
the hole represents the rim with the reduced PMA.

axis. We do not study SW propagation; hence, the wavevector of all
considered SWs is 0, k = 0.

We use micromagnetic simulations with Mumax3 soft-
ware,”*? which solves the Landau-Lifshitz-Gilbert equation for
magnetization vector M,

dm

5 = M (m X Hegr) + apg(m x (m X Hegr)), (1)

1
1+ o?
where m = M/ Mg is the normalized magnetization, Ms is the mag-
netization saturation, Heg is the effective magnetic field acting on
magnetization, ¥y = —187 rad GHz/T is the gyromagnetic ratio, and
o is the damping constant. The following components were consid-
ered in the effective magnetic field Hes: demagnetizing field Hy,
exchange field Hexn, PMA field Hgy, and external magnetic
field; thermal effects were neglected. Thus, the effective field is
expressed as

Het = Hg + Hexeh + Hexe + Hiw + hmf: (2)

where the last term, hy,, is a microwave magnetic field used for
SW excitation. The exchange and anisotropy fields are defined as

ACX

2K btk
Hexeh = — Am, Hy, = ——wbulkrim)

u-m)u, 3)

HoMs HoMs
where u is the unit vector that indicates the direction of anisotropy
and A is the exchange constant.

To simplify the micromagnetic simulations of the multilayered
ADL system, we used the effective thickness approach, which involves
the effective, experimentally measured, values of the magnetic param-
eters for single discretization through the thickness of the magnetic
multilayer.”* In the simulations, we used 512 cells across the x and y
axes, which bring the cell size to around 0.97 nm in-plane and
13.2nm for the z axis. To mimic a periodic structure, we used 32
repetitions of Mumax3 periodic boundary conditions, along the x
and y axes. The effective magnetic parameters for the Co/Pd multi-
layer are taken from Ref. 30; they are Kypu = 4.5 x 10°]/m?,
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M;s = 0.81 x 10°A/m, and Ae = 1.3 x 10711 J/m. We used a low
damping constant @ = 1 x 1077 to simulate sharp SW spectra.

To obtain the full SW spectra first, we relax the system, then we
implement a special distribution of the external microwave magnetic
field for SW excitation, hy,¢. Using the Voronoi tessellation algorithm,
we divided the ADL unitcell area into small random sub-areas, about
30 nm wide each, effectively acting as SW point sources (nanoanten-
nas). Each of these nanoantennas is assigned the same amplitude of a
microwave magnetic field, but a random phase offset was used in the
system’s excitation by an in-plane magnetic field oriented parallel to
the line y = x on the positive direction. To excite SWs in a wide fre-
quency range, we used a sinc function to apply a time modulation of
the microwave field, which has a maximum amplitude of 0.5mT, a
cutoff frequency of 40 GHz, and a sampling rate of 8.3 ps. The mag-
netic field pumps the system for 1ns and stops before any data are
recorded. The time-resolved, space-dependent magnetization was then
saved over 8.3 ns and processed by the fast Fourier transform (FFT) to
get 2D visualization of all SW modes. To obtain the SW spectra, we
applied a Hanning window to the time dimension of the data before
using the FFT. We then found for each frequency, the cell in the
system that had the highest amplitude and used it as the FFT ampli-
tude in the spectra. This approach to calculate the SW spectra has the
benefit of not favoring the extended SW modes, as is in the case of
the homogeneous microwave field.

To refer to a particular SW mode, we use the M,,,, notation,
where we identify the radial », azimuthal m, and bulk b numbers,

40
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which represent the order of the modes in the rim along the radial
and azimuthal directions and in the bulk, respectively. For bulk, by
the mode order, we took the number of nodal points along the line
connecting neighboring antidots minus one. For instance, a homo-
geneous in space mode, a fundamental mode, which has a pinned
magnetization at the edges of the antidots, we will have the order
number b = 1. A bulk mode with one more nodal point between
antidots, i.e., in total three nodes, is a second-order bulk mode with
b = 2. When a number is not applicable, we replace it with the “—”
symbol. The radial mode order is defined as a number of amplitude
quantizations in the rim along the radial direction, where n =1
means a fundamental mode with only partial pinning at the rim
edges and no nodes between, then n = 2 represents a mode with 1
node between the rim edges. For azimuthal modes, the value of the
number m defines the number of full phase rotations along the cir-
cumference, where m = 1 means a 27 phase change along the cir-
cumference of the rim.

Ill. RESULTS

Initially, we simulate the ADL with an antidot diameter of
d =200nm and a rim width of w = 50 nm in dependence on the
anisotropy value in the rim. As the H,y; is parallel to Hey, a local
reduction in the anisotropy field should result in a decrease in
the resonant frequencies of SWs confined in these areas. Indeed,
Fig. 2(a) shows the dependence of the SWs spectrum on the

512 f=8.64GHz (=17.76 GHz f=34.8 GHz
384 5_(b) My__ gc) My__ gd) M142
= ¥ BRY
235 - p
128 F E N\ | =¥
o e v ] YR o i
9 f=33.6 GHz f=33.48 GHz f=16.56 GHz
512 g =
ie) Mi_1 Hg) Mio-
384 3 = F - "
256 1.
128 = '
= :l 1 1 I L L L

f=34.8 GHz

Order of modes:
Mn,m,b
n : radial
m: azimuthal
256 512 b balk
X (nm)

0 256 5120
X (nm)

FIG. 2. (a) SW spectrum dependent on the reduced anisotropy strength Fx,, by changing Ky m. The intensity of the SW spectra has been presented in a logarithmic
scale colormap. The black-dashed line represents the analytically calculated ferromagnetic resonance frequency of the uniform thin film, Eq. (5). The blue-dashed-dotted
line represents the resonance frequency of the fundamental mode in the isolated ring. The markers indicate the SW modes illustrated in the right panels (b)-(i). Here, the
color saturation indicates the mode intensity and the hue indicates the phase of the mode, according to the diagram in the right bottom corner. Inset (j) presents analogous

dependence to panel (a), but with rim-matrix exchange interactions disabled.
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reduced PMA factor Fy,,

Ku,rim

F Ku = >
Kupulk

(4)

which reveals two distinct groups of modes. One group with fre-
quencies linearly decreasing as Fx, does, and the second one, only
weakly dependent on the anisotropy in the rim, which corresponds
to the ADL modes in the rim and bulk, respectively. The represen-
tative eight modes are marked in Fig. 2(a), and their in-plane
spatial profiles are shown in Figs. 2(b)-2(i).

For a uniform distribution of anisotropy, Fx, = 1, the lowest
frequency mode is a fundamental bulk mode M_; at the frequency
of 33.24 GHz, as illustrated in Fig. 2(h). The modes of higher fre-
quencies are the higher-order bulk modes. The reduction in the
anisotropy in the rims leads to transition of a homogeneous ADL
to a structuralized bicomponent system with different magnetic
parameters and to isolate edge-localized radial and azimuthal
modes. Therefore, with decreasing Fk,, the frequencies of these
two types of modes decrease and crossover the bulk modes. At
some Fg,, we observe strong hybridization, manifested with
opening gaps, in particular, at crossings of the fundamental bulk
mode M_; at Fx, = 0.86, 0.59, and 0.21 for 34 GHz. The visualiza-
tions of modes presented in Figs. 2(e) and 2(f) show that these
hybridizations are between the mode M_; and the radial modes of
the rim: M;_, M,_, and M;_ (profile not shown). The first two
radial modes are shown in Figs. 2(b) and 2(c), and their hybridiza-
tions with the fundamental bulk mode in (e) and (f), respectively.
Also, higher order bulk modes hybridize with the rim modes,
although with smaller strength. For example, the hybridization of
the second-order radial mode M,_ with the second-order bulk
mode M_; is clearly seen in the profile of the M,_, mode shown in
Fig. 2(i). The hybridization of the modes M_, and M,4_ is visible
in the profile of M4, mode as shown in Fig. 2(d), which clearly
demonstrates the hybridization of the bulk modes also with the azi-
muthal modes of the rim.

At frequencies smaller than 33.24 GHz, we see the parallel
lines of different intensities. The intensive lines have already been
identified as radial modes of the rim; small intensity lines are azi-
muthal modes, for example, at 16.56 GHz is the M;,_ mode pre-
sented in Fig. 2(g). The first-order radial mode in the rim M,_ is
analogous to the bulk fundamental mode but restricted in space to
the rim. Thus, the M;_ and M_; are two fundamental excitations
of our ADL. Their mode frequencies are influenced by the anisot-
ropy, exchange, and magnetostatic fields. To analyze the role of
individual interactions on the coupling between the modes, we
make a comparison of the full spectra, Fig. 2(a), with the spectra of
simplified structures.

To clarify the direct effect of the anisotropy field on the
system, we calculate the ferromagnetic resonance frequency of a
homogeneous film by varying the anisotropy field. We use Kittel’s
formula,”

_ |Y‘ﬂ0(Hani + Hd + HKu)
27 ’

Jo (5)

with fy being the mode frequency, Hy = —Ms, and Hy, as defined
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in Eq. (3). The function fy(Fk,) is shown with the black-dashed
line in Fig. 2(a). When Fg, = 1, fy and the resonance frequency for
the simulated ADL are only 400 MHz apart. This means that an
ADL with an antidot diameter of a4 = 200 nm at full saturation has
a minor effect on the resonant frequency of the fundamental bulk
mode. However, as Fg, is reduced, the fundamental mode of the
ADL smoothly transforms into a radial mode M,_ in the rim.
At Fg, = 0.84, we observe a strong hybridization between both
modes; see also the mode M;_; in Fig. 2(e). With further reduction
in anisotropy in the rim, the frequency difference increases, reach-
ing a stable frequency separation of 6.20 GHz between f; and the
M;_ mode. This difference between frequencies is mainly due to
shape anisotropy of the rim, which rises the rim mode frequencies.

If we compare the frequencies of the M;_ mode with those of
the isolated ring (obtained from independent micromagnetic simu-
lations, keeping parameters of the rim), the green-dashed line in
Fig. 2(a), we can see that the frequency of the fundamental mode
of the rim is constantly lower by 3.59 GHz. This means that the
magnetostatic field from the ADL bulk and a side contact of the
rim with the ADL, effectively lowers the internal demagnetizing
field in the rim, lowering its mode frequencies.

So far in this study, the exchange interaction has been homog-
enous throughout the system. Now, we wanted to find out if the
hybridization between SW modes is due to dipolar or exchange
interactions between the bulk and the rim. To do that in the micro-
magnetic simulations, we simply add a 2 nm nonmagnetic spacer
between the rim and the bulk, which brakes the exchange interac-
tion at the interface of these two regions. The result is presented in
Fig. 2(j). We notice that the frequency of the fundamental bulk
mode M_, at Fg, =0.85 only slightly rises from 32.88 to
33.48 GHz. Thus, the hybridization strength has slightly decreased
with the exchange decoupling of the rim from the bulk. For hybrid-
ization of the M_; mode with higher order radial modes, at
Fxu = 0.59, and 0.21, the frequency difference does not exceed
300 MHz in Fig. 2(j), indicating very weakly coupled modes, when
the exchange between the rim and bulk is excluded. This clearly
indicates that these hybridizations are driven by the exchange inter-
actions. Thus, we can conclude that the hybridization of fundamen-
tal bulk mode with fundamental rim mode has a magnetostatic
character, while the hybridizations with higher order radial modes
have a strong exchange character.

For further analysis, we performed micromagnetic simulations
of the system in dependence on the antidot diameter d in 2 nm
steps in the range from 200 to 0 nm. At last value of d, there is no
antidot and only a circular area with reduced anisotropy. The other
parameters are fixed, i.e.,, Fxy = 0 and w = 50 nm. The results are
shown in Fig. 3(a). As expected, the diameter of the antidot only
weakly affect the frequency of the fundamental bulk mode [see the
mode M;_; and Fig. 3(f)] and the higher-order bulk modes [e.g.,
M,_, and Fig. 3(i)]. Unexpectedly, we do not observe avoid-
crossings as d changes, although many crossings between different
types of modes are visible. On the other hand, Fig. 3(f) clearly
indicates the hybrydisation occuring between the fundamental bulk
mode and the radial rim modes.

The frequency of the rim radial modes shows a slight decrease
with decreasing d [see the modes M,_, M,_, and M;_ and their
profiles in Figs. 3(b), 3(d), and 3(e), respectively]. But at an antidot
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diameter of about 10 nm, the frequency of these modes starts to
increase. It is caused by a change in the topology of the ADL geom-
etry. The structure changes from an array of antidots to a full ferro-
magnetic layer. There are strong dipole interactions on opposite
sides of the small antidot at this diameter range, which result in a
change of effective demagnetizing factors and an increase in mode
frequency.”® The frequency of the second and higher-order
azimuthal modes linearly increases at high rates, for example,
the frequency of the second-order azimuthal mode Mj,_ and
My, [Figs. 3(c) and 3(h)] increases from 6.5 GHz at d = 200 nm
up to 10 GHz at 20 nm antidots. This is due to reduction in cir-
cumference of the antidot rim that contains the wavelength of the
azimuthal mode to decrease, resulting in an increase in frequency.

The other important parameter that affects the resonance
spectrum of SWs is the width of the rim w. We performed micro-
magnetic simulations with a varied width of the reduced anisotropy
region from 0 to 100 nm for a fixed antidot diameter (d = 200 nm)
(see Fig. 4). The results show that the width of the rim significantly
affects the frequency of radial and azimuthal modes [see modes
n=1---4 and their profiles in Figs. 4(b)-4(e)] but having no sig-
nificant effect on the frequency of bulk modes (e.g., see the fre-
quency of the fundamental bulk mode M,_;). As the rim area
decreases, the frequency of azimuthal and radial modes in the rim
increases, although at different rates. For example, the frequency of
the mode M;_ increases from about 2.04 to 33.24 GHz, where the
hybridization with the fundamental bulk mode M_; occurs; see the
hybridized mode M,_, in Fig. 4(f). Interestingly, there are hybridi-
zations between the M_; mode and the radial modes M,,_ of the
rim, but unexpectedly, the strength of these hybridizations
increases with n. However, we need to keep in mind that this is
associated with the increasing width of the rim.

IV. CONCLUSIONS

We have studied the SW spectrum in an ADL made of Pd/Co
multilayers with PMA at full saturation induced by a PMA and an
out-of-plane oriented external magnetic field. A characteristic
feature of the structure under investigation is a region around the
antidots, a rim, in which the anisotropy was reduced. We have
shown that in such a system there are extended bulk modes, radial,
and azimuthal excitations. The last two are confined to the rim
area and they are very sensitive to variation of the local rim param-
eters. In particular, the frequency of the azimuthal modes increases
with decreasing antidot size, while the dependence of the radial
modes is not monotonous in that case. Both types of SWs decrease
the frequency with decreasing anisotropy in the rim or with
increasing rim width.

Interestingly, it is possible to achieve strong interaction
between bulk modes of the ADL and the rim localized modes.
Particularly, strong hybridization has been found between the
fundamental mode of ADL and the radial excitation of the rim,
reaching a value of 1.5 GHz. Importantly, such a coupling is real-
ized by magnetostatic interaction between fundamental modes of
the bulk and the rim, while mainly by the local exchange coupling
between the rim area and the bulk of ADL for hybridizations with
higher order radial modes. This opens the way for designing mag-
nonic crystals with hybridized localized and extended modes,
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scaled to the deep nanoscale and properties controlled locally at
the rim areas.

Our research is the next step toward the use of ADL based on
PMA multilayers in magnonic applications. Additionally to the two
sets of modes, edge and volume waves, on the same platform, an
additional degree of freedom, i.e., the magnetization configuration
in the rims at remanence, can be exploited in these materials. Thus,
the system offers a platform for studying a wide variety of physical
phenomena as well as for multifunctional SW devices with the
designed global microwave response and local tuning of channels
for SW propagation.
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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 B, , =~ 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-

ext,z

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.
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The role of non-uniform
magnetization texture

for magnon-magnon coupling
in an antidot lattice

Mathieu Moalic™, Mateusz Zelent, Krzysztof Szulc & Maciej Krawczyk

We numerically study the spin-wave dynamics in an antidot lattice based on a Co/Pd multilayer
structure with reduced perpendicular magnetic anisotropy at the edges of the antidots. This structure
forms a magnonic crystal with a periodic antidot pattern and a periodic magnetization configuration
consisting of out-of-plane magnetized bulk and in-plane magnetized rims. Our results show a different
behavior of spin waves in the bulk and in the rims under varying out-of-plane external magnetic field
strength, revealing complex spin-wave spectra and hybridizations between the modes of these two
subsystems. A particularly strong magnon-magnon coupling, due to exchange interactions, is found
between the fundamental bulk spin-wave mode and the second-order radial rim modes. However,
the dynamical coupling between the spin-wave modes at low frequencies, involving the first-order
radial rim modes, is masked by the changes in the static magnetization at the bulk-rim interface with
magnetic field changes. The study expands the horizons of magnonic-crystal research by combining
periodic structural patterning and non-collinear magnetization texture to achieve strong magnon-
magnon coupling, highlighting the significant role of exchange interactions in the hybridization.

Magnonic crystals (MCs) are a type of magnetic meta-material characterized by the periodicity of some material
properties that cause the formation of an artificially tailored spin-wave (SW) band structure'~. These crystals
are analogous to photonic crystals, which utilize periodic modulation of the refractive index to control the
propagation of electromagnetic waves®. MCs provide guidance and control over SWs, promising them for a
variety of applications*’. They can be created by the periodic arrangement of two different materials, which
can be two ferromagnetic materials’, ferromagnetic and non-magnetic, i.e., an array of ferromagnetic dots in a
non-magnetic matrix'®-'?, or inverse structures, i.e., an array of holes in a ferromagnetic matrix, also known as
antidot lattices (ADLs)'>!4,

Periodic modulation of SW-relevant parameters can be introduced during the patterning process'>!¢, but
also through post-fabrication techniques such as ion irradiation, which selectively modifies the magnetic prop-
erties of targeted regions in ferromagnetic films and multilayers'’~?'. A recent promising concept involves the
formation of periodicity by a regular change of magnetization orientation in a homogeneous thin film?2. This is
exemplified by periodic stripe domains, which can be considered as one-dimensional MCs?***, or skyrmion lat-
tices, which form 2D MCs*%, These structures possess a crucial feature of reconfigurable magnetization texture
that is sensitive to an external bias magnetic field, allowing the magnonic band structure to be programmed and
tuned after device fabrication to suit actual requirements?. Nevertheless, there is still a lack of understanding of
structures that combine both patterning and magnetization texture, especially in the context of SW dynamics.

Recent explorations in magnon-magnon coupling have revealed diverse mechanisms across various systems.
In synthetic antiferromagnets and nanomagnonic devices, studies such as Chen et al.”®, Sud et al.*® and Shiota
et al.*! have demonstrated strong interlayer coupling, influenced by both interlayer exchange and dynamical dipo-
lar interactions, with tunability via external parameters like magnetic-field orientation. This coupling manifests
as mode splitting and large anticrossing gaps, pivotal for advanced device applications®’. Additionally, the works
of Dai et al.** and Shiota et al.*' specifically address the coupling between acoustic and optic magnon modes in
synthetic antiferromagnets, highlighting the role of bias-field tuning and symmetry breaking in achieving strong-
coupling regimes. In single-system contexts, such as magnetic skyrmions, different internal mode couplings
(e.g., gyrotropic and azimuthal modes) primarily occur through direct exchange interactions, as discussed in
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Li et al**. However, the coupling between the SWs of the two domains, which provides both magnetostatic and
exchange interactions mediated by the domain wall, remains unexplored.

In our previous studies, we have shown that multilayer ADLs with perpendicular magnetic anisotropy
(PMA) have the potential to be promising patterned systems with periodic magnetization texture to control SW
propagation®-*7. Micromagnetic simulations were used to interpret time-resolved magneto-optical Kerr effect
microscopy measurements of SW spectra in ADLs based on [Co/Pd]s multilayers*. The low-frequency mode
observed in the spectra has been attributed to a rim formed during the focused ion-beam patterning process at
the antidots’ edges (see Fig. 1). The rims exhibit modified magnetic properties due to the area penetrated by Ga™
ions being larger than antidots. Consequently, at remanence, the magnetization assumes an in-plane alignment,
generating an MC composed of two regions with different magnetization orientations*®. This arrangement gives
rise to complex SW spectra consisting of bulk modes confined to the ferromagnetic matrix and various modes
localized in the rims, with the potential for their hybrid excitations. However, the hybridization of SW's confined
to different areas, particularly those with varying magnetization orientations, within the magnetic conduit has
not been explored to date.

In this paper, we focus on a SW spectrum in ADL with modified rims (ADL-MR) based on [Co/Pd]s
multilayers®®*® as a function of the strength of an external magnetic field, which is perpendicular to the multilayer
plane. We show that magnetic field variation affects bulk- and rim-localized modes in different ways, thereby
creating good conditions for bulk and edge mode hybridization. We explain the nature of the bulk-rim interac-
tions resulting in magnon-magnon coupling and formulate conditions for its existence. This discovery unlocks
possibilities for hybridizing different modes in ADL, exploring new collective SW phenomena, and advancing
practical applications of magnonics.

The structure of the paper is as follows: The next section introduces the system and micromagnetic model
utilized in the simulations. Following that, in the Results section, we present the hysteresis of the system,
the SW modes in dependence on the magnetic field, the bulk-rim static coupling at low frequencies and the

m,, (arb. units)
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Figure 1. (a) Schematic illustration of the investigated structure showing the Co/Pd unit cell of the ADL-MR.
Note that the figure is not to scale. The light gray area around the hole represents the rim with the reduced PMA.
The arrows roughly indicate the orientation of the magnetization for Bex;; = 0 T. (b) Variation of the PMA
constant along the radial direction, starting at the center of the antidot. (c) Hysteresis loop along the z-axis. The
dashed black line marks the regime where the demagnetization process is reversible, and within which the SW
spectra are calculated. In the insets, the static magnetization configuration at selected field values is illustrated.
The non-magnetic areas are hatched in gray. (a) and (c) The hue represents the in-plane orientation of the
magnetization, while the brightness indicates the out-of-plane value, with black being fully down and white fully

up.
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magnon-magnon coupling between second-order radial rim modes and the bulk modes. Finally, we summarize
the findings.

Structure and methodology

We are investigating a multilayered [Co/Pd]g sample containing a square lattice of antidots with a 200 nm
diameter, oriented on the xy-plane with a lattice constant of 500 nm. The magnetic structure is defined with an
effective-medium approach, where the 8 repetitions of the Co/Pd bilayer stack, consisting of Co (0.75 nm) and Pd
(0.9 nm) layers are simulated as a single 13.2 nm-thick layer of Co with effective material parameters®, according
to the approach described in Ref.*’. We used the following parameters®: PMA constant Ky i = 4.5 x 10°J/m°,
saturation magnetization Mg = 0.81 x 10% A/m, exchange constant Aex = 1.3 X 10~ 1J/m. In most simulations,
we used a low damping constant @ = 1 x 1077 to get a sharp SW spectrum.

We discretized the system with 256 cuboids along the x- and y-axes in the square-lattice unit cell shown in
Fig. 1a, each cuboid being 1.94 x 1.94 x 13.2 nm? for a total of 500 x 500 x 13.2 nm?>. We also tested with up to 8
cells across the thickness and the results were largely the same in the considered frequency range, with the mode
frequency difference not exceeding 10%, but at a significant cost in simulation time. Therefore, for efficiency, we
modeled only a single lattice unit cell, but with periodic boundary conditions (32 repetitions along the x- and
y-directions) to recreate the square lattice, and with the single cell across the thickness.

We assume that each antidot is surrounded by a 50 nm-wide rim, wherein the PMA constant reduces to zero
at the antidot edge. A hyperbolic tangent function is utilized to model the transition of the PMA value from the

bulk value to 0:
1 P — Pedge 1
K = -tanh [ ——= - | K,
u(p) (2 an ( 3 ) + 2) u,bulk

for p > 100 nm, where p is a radial coordinate relative to the center of antidot, peqge = 150 nm is the rim edge
position, as plotted in Fig. 1b. This function serves as an approximate representation of the anisotropy-reduction
profile that is likely to be encountered in experimental samples.

For micromagnetic simulations, we use own our version of Mumax
Landau-Lifshitz-Gilbert equation:

34142 called Amumax*®, which solves the

dm  yuo
o = 1_+_o[2(m><Heff—|—azm><(m><Heff)), (1)

where m = M/Ms is the normalized magnetization, Heg is the effective magnetic field acting on the magnetiza-
tion, y = 187 rad/(s" T) is the gyromagnetic ratio, 1o is the vacuum permeability. The following components were
considered in the effective magnetic field Heg: demagnetizing field Hg, exchange field Heycp, uniaxial magnetic
anisotropy field Hapis, and external magnetic field Hey. Thermal effects were neglected. Thus, the effective field
is expressed as:

Heg = Hq + Hexeh + Hext + Hanis + hpt, )

where the last term, hy¢ is a microwave magnetic field used for SW excitation. The exchange and anisotropy
fields are defined as

Hexeh = Am, Hypis = - mqz, (3)

HoMs HoMs
where Ay is the exchange constant.

During the simulations, we first relax the magnetization in the system until we reach the ground state. We then
excite the SWs with a global microwave magnetic field along the x-axis, uniform in space, with a sinc temporal
profile, a cut-off frequency of 20 GHz, and a peak amplitude of 5 x 10~* T. The excitation field is applied for 1
ns, and we sample the magnetization dynamics at intervals of 16.66 ps over a period of 100 ns.

To acquire the SW spectrum, we took the space- and time-resolved in-plane magnetization and applied a
Hanning window along the time axis. We then computed the real discrete Fourier transform using the fast Fourier
transform (FFT) algorithm along the time axis for each cuboid composing the system. After this process, for every
discrete frequency, we pinpointed the cell exhibiting the maximum amplitude. This step was repeated iteratively
for each frequency to progressively construct the spectrum. By selecting the highest amplitude rather than the
average, the strongly-localized mode is emphasized over the modes that are spread over a wide area, such as the
bulk modes. This procedure is applied to each simulation, where the external magnetic field value varies. The
SW spectral response (Figs. 2, 3, 4, and 5) in dependence on the external magnetic field directed along the z-axis
were calculated for values from 1 T to —0.014 T in decrements of 2 mT. To prevent numerical artifacts arising
from a super-symmetry of the spins, we angle the external field by 0.0001 degrees from the z-axis. To generate
the mode visualizations, we separately took each cuboid making up the system and we calculated the FFT of the
in-plane magnetization over time. Then, for a selected frequency, we map the modulus of the complex number
to a saturation value between 0 and 1 and the argument of the complex number to a hue where it is red if the
argument is 0. This process is repeated for each cuboid in the system.

Scientific Reports |

(2024) 14:11501 | https://doi.org/10.1038/s41598-024-61246-5 nature portfolio



www.nature.com/scientificreports/

20.0

17.5

15.0

,_.
N
W

,_.
e
o

Frequency (GHz)

~
o)

bl
=]

N
n

0.0

0.5
Bext,z (T)

Figure 2. Evolution of the SW resonance spectra for the RL, ADL, and ADL-MR in dependence on the external
out-of-plane magnetic field. The line intensity correlates with the SW amplitude. In the insets, the hue represents
the phase of the in-plane dynamic magnetization, while the saturation indicates its spatial amplitude. The
circular dashed line represents the outer edge of the modified rim. The border color of each inset specifies the
corresponding geometry. Non-magnetic areas are hatched in gray. A colorblind-accessible version of this figure
is available in the supplementary material.

Results

Hysteresis

First, we study the change of the static magnetization configuration in ADL-MR with the magnetic field
applied out of the plane. The hysteresis loop along this direction, changing the magnetic field intensity from
Bext,z = oHext,, = —1T to 1 T and back is shown in Fig. 1c. At the remanence, the bulk magnetization keeps
an out-of-plane saturation, while in the rim area, it stabilizes into a vortex-like state. Upon switching the external
magnetic field, domain walls emerge within the bulk starting at Bext; = +0.014 (see, states H2 and H4). Conse-
quently, at field Bex,; = £0.124 T, the domain evolves to full saturation in the opposite direction (HI and H3).
The rim magnetization reaches full saturation when the magnetic field intensity exceeds Bex,, = 0.86 T or falls
below Bext,; = —0.86 T, resulting in an out-of-plane saturation. In the following section, we will examine the SW
dynamics in the field range marked by the dashed line in Fig. 1c (i.e., between 1 and —0.014 T), which signifies
the full saturation of the bulk. The static magnetization can be in a clockwise (CW) or counter-clockwise (CCW)
vortex-like state in the rims. These two states are degenerated, therefore this chirality do not affect the frequencies
of the azimuthal modes within the rims. For this reason, when not saturated out of the plane, the magnetization
in the rims was chosen to be in the CCW vortex-like state in the rest of this paper.

SW modes in dependence on the magnetic field
Before examining the field dependence of SWs in ADL-MR, we analyze the spectra of two complementary
subsystems: a square lattice of rings (RL) with a width of 50 nm but without PMA, plotted in purple in Fig. 2;
and a simplified ADL utilizing PMA but without rims, with an antidot diameter of 300 nm plotted in green in
Fig. 2 and marked as ADL. The other geometric and material parameters for subsystems remain the same as
in ADL-MR. The spatial amplitude distribution of the SW modes is presented in insets adjacent to the spectra.
The color of each inset’s boundary and label indicates its affiliation with a specific system. Colorblind-accessible
visualizations of the ADL, RL and ADL-MR spectra are provided in the supplementary material in Fig. S1, S3,
and S2 respectively and a detailed visualization of all the modes from Fig. 2 are displayed in Fig. S7. At remanence
in the ADL system, we found the fundamental mode ADL-1 (the mode numbering refers to the order of modes
appearing in the discussion) at f = 4.02 GHz and a multitude of higher-order bulk modes, such as ADL-2 and
ADL-3, at f = 5.29 and 7.37 GHz, respectively. The system is characterized by a standard linear relationship
between the SW frequency and the external field®. Therefore, as the field increases, no interaction between the
modes is observed.

In the RL system with a CCW vortex-like magnetization texture, all the modes have an azimuthal component.
At Beyt,; = 0T, the three modes of lowest frequency are at f = 11.55 (RL-1), 11.94 and 12.32 GHz, and corre-
spond to the 3rd, 1st, and 5th order azimuthal modes, respectively. These modes are standing modes resulting
from the degeneration of CW and CCW azimuthal modes of the same order. A non-zero value of the magnetic
field leads to the splitting of this degeneration** and a monotonous decrease in the frequency of the modes with
increasing magnetic field, until the magnetization saturates out of plane for 0.78 T. The second-order radial modes
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Figure 3. (a) Evolution of the SW resonance spectra for the ADL-MR in dependence on the external out-
of-plane magnetic field. The line intensity correlates with the SW amplitude. The branch highlighted in blue
corresponds to the first-order CW azimuthal mode considered in (b) and (d). The static configuration shown

in (c) and the modes in (d) are marked by black crosses. (b) Rim/bulk mode intensity ratio (in blue) and peak
maximum location (in orange) in dependence on the external out-of-plane magnetic field. The light gray areas
in (a) and (b) represent the magnetic field values where the first- and fourth-order azimuthal branches overlap.
(c) Profile of the out-of-plane static magnetization for Beyr, = 0.150 T (dashed lines) and Bey, = 0.550 T (solid
lines) for 3 systems (ADL-MR, ADL-S-MR and RL). (d) Amplitude profile of the marked modes from (a). The
dotted orange line indicates the boundary between the rim and the bulk.

start at around 17.5 GHz at remanence and decrease frequency to 10 GHz at the magnetization reorientation
field. All SWs increase in frequency as the magnetic field continues to increase above 0.78 T.

The SW spectrum as a function of the external magnetic field for ADL-MR is plotted in red in Fig. 2. By com-
parison with the spectra of ADL and RL, we can distinguish two main groups of branches that are related to: (i)
the bulk modes that are similar to those in the ADL system, and exhibit a linear frequency increase trend with an
increasing magnetic field (compare the branches ADL-MR-1 and ADL-1); (ii) rim modes, like ADL-MR-2, ADL-
MR-3, and ADL-MR-4, which exhibit a non-monotonic frequency response to changes in the applied magnetic
field. Rim modes are similar to those in the RL system at large fields, Bext,; 2 0.4 T (e.g., ADL-MR-2 is analogous
to RL-2). Here, however, the degeneration of the CW and CCW azimuthal modes is broken even for Bext,; = 0
T because of the dipolar field generated by the out-of-plane bulk magnetization. Beyond Bex,, = 0.4 T, these
branches decrease in frequency due to the SW-mode softening until they reach a phase transition at Bey ; = 0.862
T. Subsequently, the frequency of these branches increases as the magnetic-field strength continues to increase.

Although the behavior of the two complementary systems, ADL and RL, merge in the ADL-MR system’s spec-
tra, some effects remain distinct to ADL-MR. Specifically, we can identify two frequency ranges where collective
bulk-rim effects occur. The first range (i) spans low frequencies from 3 to 12.5 GHz, characterized by first-order
radial modes in the rims, i.e., modes whose phase does not change sign along the radial direction in the rim
(e.g., ADL-MR-2, ADL-MR-3, and ADL-MR-4). The second range (ii) 12.5-17.5 GHz is where the second-order
radial modes are in the rim (e.g., ADL-MR-5 and ADL-MR-6). In (i), the bulk modes dependence on Beyt,, devi-
ates from a straight-line relationship (see ADL-MR-1), and the branches of the rim modes (e.g., ADL-MR-2 and
ADL-MR-3) gain dependencies similar to the bulk modes at low field values, leading to a decrease in frequency
as the magnetic field decreases starting at Bext; < 0.4 T. In turn, regarding the (ii) range, there are multiple points

~

of intersection between the bulk and rim modes resulting in anti-crossings.
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Figure 4. Evolution of the SW resonance spectra for the ADL-MR, ADL-S-MR, and RL in dependence on the
external out-of-plane magnetic field. The line intensity correlates with the maximal SW amplitude. In the insets,
the hue represents the phase of the in-plane dynamic magnetization, while the saturation indicates its spatial
amplitude. The circular dashed line represents the outer edge of the modified rim. The border color of each inset
specifies the corresponding geometry. Non-magnetic areas are hatched in gray. A colorblind-accessible version
of this figure is available in the supplementary material.
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Figure 5. (a) A zoom-in part of Fig. 4, which shows the evolution of the SW resonance spectra for the
ADL-MR and ADL-S-MR in dependence on the external out-of-plane magnetic field at a higher-frequency
range. The vertical dashed orange line indicates the value for which (b) was plotted. The line intensity correlates
with the SW amplitude. In the insets, the hue represents the phase of the in-plane dynamic magnetization, while
the saturation indicates its spatial amplitude. The circular dashed line represents the outer edge of the modified

rim. The border color of each inset specifies the corresponding geometry. Non-magnetic areas are hatched in

gray. (b) Ferromagnetic resonance spectra of ADL-MR for B, = 0.354 T with low damping in red and realistic
damping (e = 0.01) in orange. The dashed lines are Gaussian fits of the peaks with frequencies 14.38, 14.82,
14.89, and 15.16 GHz. A colorblind-accessible version of this figure is available in the supplementary materials.
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The aforementioned effects of ADL-MR indicate a magnetic coupling between bulk and rim, which is the
focus of this paper. However, these effects are influenced by several factors: the gradual change of the magneti-
zation orientation within the rims from an in-plane to an out-of-plane configuration with Bey, change (see the
hysteresis loop in Fig. 1a), the change of the magnetization gradient between rim and bulk, the static stray mag-
netic field of the bulk area on the rim, and finally the dynamical coupling between bulk and rim SW modes. In
the next two sections, the effects found in the ADL-MR are discussed separately for the first- and second-order
radial rim modes, i.e., at low (3-12.5 GHz) and high (12.5-17.5 GHz) frequency ranges.

Bulk-rim coupling at low frequencies: first-order radial modes

Our results have shown that the frequencies of the first-order radial modes in the rim are significantly influenced
by the interaction with the bulk part of the ADL-MR. The effects of this interaction are also visible in the azi-
muthal mode profiles shown in Fig. 2, ADL-MR-2, 3, 4. They show the transition of the mode localization, where
at low magnetic field amplitudes, the mode is predominantly located in the bulk (ADL-MR-2) and then gradu-
ally shifts its position towards the edge region (ADL-MR-4). To explain this bulk-rim coupling, our subsequent
analysis will focus on the first-order CW azimuthal mode (i.e., the mode where the m, component undergoes a
phase change of 277 along the path encircling the rim, as illustrated in Figs. S7-S10 in the supplementary mate-
rial). This mode is highlighted in blue in Fig. 3a, where profiles at three selected values of Bey,, namely ADL-
MR-2, ADL-MR-4, and ADL-MR-7, are also depicted. A detailed visualization of all the modes from Fig. 3a are
displayed in Fig. S8 in the supplementary material.

We evaluate the spatial distribution of this mode’s amplitude, particularly its concentration in bulk or rim. To
quantify the extent of concentration, we define the parameter Prim = Arim/Aunit» Where Arim and Aypit denote
the integrated amplitude profiles within the rim and the unit cell defined as Aim = |, 1100 fozn FET(m(p))? dpd¢
and Ayt = fOSOO 16500 FFT(m(x, y))? dxdy with the integration over the surface of the rim and the surface of the
unit cell excluding the antidot, respectively. Pyin, as a function of Bext,; is visualized in blue in Fig. 3b. A Pyip, value
of 0 and 100% indicates that the mode is entirely concentrated within the bulk and the rim, respectively. At the
remanence, the mode concentrates predominantly in the bulk as Prim, = 14%, the intensity is equally distributed
between the rim and the bulk at 0.282 T, and, at higher fields, this mode is predominantly concentrated in the
rim. The peak around Bex, = 0.03 T, which breaks the monotonic dependence of P(Beyt;), corresponds to
the first- and fourth-order CW azimuthal branches overlapping in this frequency range, which makes the Prim
parameter extracted from the simulations (i.e., from profiles of the degenerate modes) inaccurate in this region.

We also quantify the shift of the amplitude maximum of this mode as a function of Bey z, as shown in orange
in Fig. 3b. Starting at 160 nm at remanence, i.e., in the bulk of the ADL-MR, the position of the peak moves
towards the rim as the magnetic field increases. It reaches the rim edge (150 nm) at 0.2 T and moves into the
rim region at higher fields. Confirmation of this behavior is shown in Fig. 3d, which shows the normalized
amplitude profiles of the mode, marked by black crosses in Fig. 3a, at Bext,; values of 0.15 and 0.55 T. As Bext
is increased, not only does the amplitude maximum of the mode move to the rim, but the profile undergoes a
transformation, becoming less localized in the domain wall and exhibiting a flattened distribution within the
rim region. The radial cross-section of the m, component of the static magnetization, starting from the antidot
edge (o = 100 nm), is presented for the ADL-MR and the RL configurations in Fig. 3c. The dependencies are
depicted for two distinct external field strengths, Bexi; = 0.15 T (dashed lines) and Bex,, = 0.55T (solid lines).
Notably, the RL configuration exhibits a larger out-of-plane magnetization component compared to the other
structures, attributable to the absence of a static stray magnetic field from the bulk of the ADL. In addition, the
magnetization gradient of the out-of-plane component, between the bulk and the rim, shifts toward the rim
region with increasing Bext,z, While the gradient strength decreases due to the decreasing difference between the
out-of-plane magnetization component in the rim and the bulk. The position of the mode-intensity maximum
follows the position of the largest magnetization gradient. It is because the gradient of m, (a domain wall) softens
the stiffness of the magnetization, allowing for SW's of high amplitude.

The consequence of changing the magnetization texture at small Bey: ;, apart from the change in the loca-
tion and concentration of the azimuthal modes, discussed above (see also Fig. 3b-d), is a significant frequency
reduction compared to the RL reference system. Mode softening is an effect characteristic of systems with
magnetization gradients such as domain walls, vortices, and skyrmions®. In such regions, the effective field and
energy are reduced (due to compensation of the exchange and anisotropy contributions) so that the magnetic
moment requires less energy to precess.

To further pinpoint the origins of the observed bulk-rim interactions shown in Figs. 2 and 3, we conducted
simulations of the ADL-MR with a 5.82 nm-wide non-magnetic spacer between the rim and the bulk (ADL-
S-MR), see the structure schema in the inset in Fig. 4. The SW spectrum in dependence on Beyt, is depicted in
blue in Fig. 4. Colorblind-accessible visualizations of the ADL-S-MR, RL, and ADL-MR spectra are provided in
Figs. S4, S3, and S2, respectively, and detailed visualization of all the modes from Fig. 4 is displayed in Fig. S9
in the supplementary material. This approach effectively nullifies the exchange interaction between the rim and
the bulk, thereby isolating the dipolar interaction as the only carrier of the bulk-rim interactions. Consequently,
the introduction of this spacer eliminates the large magnetization gradient that existed between the bulk and the
rim in ADL-MR (see Fig. 3c). Nevertheless, the magnetic configuration inside the rim is different from that of
the RL. This is due to the stray field from the bulk of the ADL in the case of ADL-S-MR.

Within the field range from Beyi; = 0to 0.5 T, the ADL-S-MR system exhibits higher frequencies relative to
those in the ADL-MR system, and their field dependence resembles that of the RL system, although with lower
frequencies. Interestingly, the azimuthal modes of the rim in the ADL-S-MR system are coupled with the bulk
modes, as indicated by anti-crossings (see range 8.5-10.5 GHz in Fig. 4). Due to separated rim and bulk parts, this
interaction is attributed to dipolar coupling. The large differences between the ADL and ADL-S-MR observed in

Scientific Reports |

(2024) 14:11501 | https://doi.org/10.1038/s41598-024-61246-5 nature portfolio



www.nature.com/scientificreports/

Fig. 4 indicate that the exchange interaction between the bulk and the rim in ADL-MR has a significant impact
on the azimuthal modes of the rim. We select the first-order azimuthal CW modes at 0.2 T for the ADL-MR,
ADL-S-MR, and RL systems, at 7.87, 9.46, and 11.63 GHz, respectively, to visualize their amplitude distribution,
which is shown in Fig. 4 in the insets with labels ADL-MR-8, ADL-S-MR-1 and RL-3, respectively. These modes
and their CCW counterparts are the most intense and robust branches as they have a strong intensity even for
higher fields and after saturation. Comparing ADL-MR-8 with ADL-S-MR-1, we see higher SW amplitude in the
bulk in ADL-MR system, which indicates that the exchange coupling between the rim and the bulk increases the
dynamic coupling between the rim and bulk magnons.

The observations discussed above show that the presence of a static magnetization gradient, its evolution,
and the reorientation of the magnetization in the rim with a change in the magnetic field intensity are the most
important factors influencing the SW spectra, in particular, mode softening in ADL-MR at low frequencies and
low magnetic fields. On top of this, there is a dynamical magnon-magnon coupling, which is clearly evidenced
by the amplitude profiles of the predominantly bulk (ADL-MR-1 and ADL-MR-2) and rim (ADL-MR-4) modes,
which have properties of both the fundamental bulk mode and the first-order azimuthal CW mode (see Fig. 2
and S7 in the supplementary material). However, the overlap of the static magnetization deformation and the
dynamical coupling change with the external magnetic field makes the estimation of the dynamical-coupling
strength difficult.

Magnon-magnon coupling between second-order radial rim modes and the bulk modes

Let us now move on to analyzing the higher-frequency spectrum, where the interaction between the second-
order radial rim modes and the bulk modes exists. The detailed spectra are shown in Fig. 5, which is a zoom-
in part of Fig. 4. Colorblind-accessible visualizations of the zoomed-in ADL-MR and ADL-S-MR spectra are
provided in Figs. S5 and S6 respectively and a detailed visualization of all the modes from Fig. 5a are displayed
in Fig. S10 in the supplementary material. Here, the horizontal branches are related to the azimuthal SW modes
concentrated in the rim, which have a 7 phase change along the radial direction (see the insets and figures in
the supplementary material), while the lines with a non-zero slope originate from the bulk modes of the ADL.
Comparing the spectra of ADL-MR (in red) with the ADL-S-MR (in blue), it is evident that the ADL-MR exhibits
a number of hybridizations between selected bulk modes and second-order radial rim modes, as evidenced by
large anti-crossing gaps between the branches, and a strong deviation from the linear dependencies f (Bext,z)-
Conversely, the ADL-S-MR system demonstrates crossings with only tiny gaps, especially between fundamental
bulk mode (blue line along the diagonal of the plot in Fig. 5) and second-order radial rim modes, as indicated by
vertical orange line at Beyt,;, = 0.354 T. Considering that the only difference between ADL-MR and ADL-S-MR
systems is the break of the exchange interaction between the rim and the bulk of the ADL in the latter, we can
conclude that the exchange interaction is responsible for the strong magnon-magnon coupling observed in the
former system. Nevertheless, it is still the hybrid coupling in ADL-MR, involving dynamical magnon-magnon
coupling, dominating in this range of fields and frequencies but modified by the magnetization texture with a
change of Bex,z.

We aim to understand why some rim and bulk modes show large anticrossing and some do not in ADL-MR.
To find the matching condition, we compare the ADL-MR-9/10/11 modes shown in Fig. 5a, which correspond
to the bulk mode, bulk+rim mode, and rim mode, respectively. From there, we can see the smooth transition
of the amplitude of the mode as we increase the field. From ADL-MR-9 to ADL-MR-10, we see the bulk part of
the mode which is first outside of the rim for Beyt, = 0.31 T to partly inside the rim for Bex, = 0.354 T while
the rim amplitude increases. The azimuthal homogeneous nature of the outer ring of the rim mode can still be
found at Beyt,; = 0.394 T for ADL-MR-11 while the amplitude in the bulk is close to null. In comparison, ADL-
MR-12 has a second-order quantization in the azimuthal direction and we observe the crossing of its branch and
a fundamental bulk mode at Beyi; = 0.37 T for f = 15.16 GHz. A deeper analysis of the mode profiles indicates
the capability of coupling between rim and bulk modes if the number of azimuthal order of these modes is the
same after modulo 4 operation. Such a nature of coupling is strictly connected with the fact that the symmetry
of bulk modes is governed by the fourfold symmetry of the square lattice.

As mentioned above, for ADL-S-MR we find a much reduced anti-crossing gap of 50 MHz for Beyt, = 0.352T
compared to 380 MHz for ADL-MR. Similarly, as for ADL-MR, we can look at the evolution of the mode profile
as we increase the field. The modes ADL-MR-9/10/11 are taken to be analogous to ADL-S-MR-2/3/4 for the same
branches and the same fields. Removing the exchange interaction between the rim and the bulk had an effect
on the expansion of the bulk mode into the rim area, which is not present in the middle of the hybridization on
ADL-S-MR-3 as it is for ADL-MR-10. We can then confirm that the exchange interaction is responsible for this
particular hybridization.

In Fig. 5b showing the ferromagnetic-resonance spectrum at 0.354 T, we demonstrate that the hybridization
under consideration in the ADL-MR system is still visible when using a realistic damping value of & = 0.01°,
which is close to the experimental value for Co/Pd multilayers. We fitted the resonant modes of frequencies
f = 14.38,14.82,14.89 and 15.16 GHz with the four Gaussian curves. Based on this, we estimate the cooperativ-
ity of the bulk magnon-rim magnon coupling between fpigh = 14.82 GHz and fio = 14.38 GHz. The strength
of the coupling, g, is defined as half of the minimal peak-to-peak frequency spacing in the anti-crossing, it is
g =220 MHz at 0.354 T. The half width at half maximum for both peaks is k5, = 120 MHz and ., = 86
MHez. Using these values, we calculate the cooperativity

g2

C= ——=
Kflow x thigh

= 4.698.
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Even though the system was not optimized for it, this value of the cooperativity indicates a strong magnon-mag-
non coupling in the ADL-MR between the second-order radial, first-order azimuthal rim mode and the funda-
mental bulk ADL mode.

We can compare this cooperativity with the values given for various systems presented in the literature. For
instance, Chen et al.?’ report C = 0.38 and C = 21 in ferromagnetic metallic nanowires magnetized in parallel
or antiparallel order, respectively, which are forming an array deposited on YIG film. In the single planar fer-
romagnetic nanoelement with optimized ends, Dai et al.>* achieved C = 60.1 for the hybridization between the
bulk and the edge SW modes. Adhikari et al.*® reports the coupling between magnons in NiggFe; nanocross with
cooperativity C = 0.28, which can be enhanced to 2.5 by making a hole in the nanocross*. Synthetic antifer-
romagnets are also considered for exploitation of the magnon-magnon coupling. Here, the coupling strength
depends directly on the RKKY interaction strength between the ferromagnetic layers (controlled by the thickness
of the non-magnetic interlayer) but also on the external magnetic field, which changes the relative orientation
of the magnetizations in the layers. Depending on materials used, the reported values are C = 25.0%, C = 5.26
4 or C = 8.4%. Just recently, Dion et al.*! achieved probably the largest magnon-magnon cooperativity so far
C = 126.4 in finite-size magnetostatically-coupled ferromagnetic bilayers, thus combining inter-element cou-
pling and the finite size to enhance the coupling between magnons in both layers. In the context presented, the
coupling between rim and bulk modes in the ADL-MR system based on PMA material, as demonstrated above,
explores a new type of rather strong dynamic coupling between planar regions of non-collinear magnetization,
which is mainly mediated by exchange interactions and turns on a higher-order azimuthal mode. The influence
of the lattice type, as indicated by the hybridization selection rules, suggests a possibility for further optimiza-
tion of the coupling strength, not only by changing the material but also by changing the geometry of the ADL.

Conclusions

Using micromagnetic simulations, we study the SW dynamics in a PMA thin film magnonic crystal consisting
of antidots with rims around the antidot edges with in-plane magnetization (ADL-MR) as a function of the
out-of-plane magnetic field strength. Through comparative studies with its complementary subsystems, i.e. pure
ADL and the rim lattice, we have shown that the interactions between the subsystems significantly modify the
spectrum of the collective SWs and its dependence on the magnetic field. The study reveals SW hybridizations
between different waves concentrated in the rim and the bulk, which depend on the mode type and the out-of-
plane magnetic field strength and are additionally modified by the associated changes in the magnetization state
at the interface between the subsystems.

We show that in our system a strong magnon-magnon coupling between the fundamental bulk mode and
the second-order radial azimuthal mode is present. It is characterized by a cooperativity of C = 4.698, which is
competitive compared to the other magnon-magnon couplings reported so far in the literature. We show that this
coupling is mainly determined by the exchange interactions between the bulk and the rim, which are mediated
by the domain wall. In addition, it is influenced by the lattice type, which in combination with the lattice and
material parameters opens a wide field for further optimization and exploitation of the collective hybrid dynamics
in such systems. Thus, the demonstrated properties are pivotal for the development of magnonic applications
and devices, including hybrid and quantum magnonics.

Data availability
The simulations input files and post processing code are available publicly at https://doi.org/10.5281/zenodo.
10531882.
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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 2 f,, 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 B, 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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Abstract

Spin waves are attractive information carriers owing to their gigahertz-to-terahertz
frequencies, nanometric wavelengths, and negligible Joule heating. However, efficiently
exciting short-wavelength, high-frequency spin waves and exploiting nonlinear effects
remains challenging. We propose a hybrid ferromagnetic structure consisting of an
in-plane-magnetized nanosized area (a magnonic nanocavity) that is exchange-coupled
to an out-of-plane magnetized film or stripe. Micromagnetic simulations show that a
spatially uniform out-of-plane microwave field only excites the fundamental mode of
the nanocavity. Its second harmonic is then coherently and efficiently launched into
the extended part of the ferromagnet, yielding propagating spin waves. This process
can be achieved with stripe or extended film geometries, which excite plane waves or
radial spin waves, respectively. Given the straightforward fabrication process, which
involves degrading the anisotropy of a ferromagnetic layer with perpendicular magnetic
anisotropy using an ion beam, it becomes possible to shape the spin-wave wavefront to

a great extent by adjusting the nanocavity geometry. The conversion efficiency grows



nonlinearly with the pump amplitude and improves further when the frequency of a
higher-order standing spin wave in the nanocavity matches the second-harmonic fre-
quency. The emission frequency is tunable via the bias magnetic field or the width of the
nanocavity. These findings suggest a compact route toward on-chip, short-wavelength,

high-frequency nonlinear spin-wave sources for artificial neural networks.

Introduction

Although the first demonstration of microwave frequency doubling in ferrites dates back to
the 1950s,! second-harmonic generation (SHG) and, more generally, multi-harmonic genera-
tion of spin waves (SWs) have advanced rapidly over the past decade. This progress is mainly
due to their potential applications in magnonic neuromorphic computing,? because-as with
any neural network, a nonlinear response to the pump amplitude is a crucial property.

It has been shown that edge SWs, which are confined by an inhomogeneous demagnetizing
field,® and oscillations of a pinned domain wall,” can act as nonlinear emitters that radiate
SWs at twice the drive frequency. Domain walls and related magnetic textures (e.g., vortices

8,

and skyrmions), in addition to serving as guides for short-wavelength magnons,®® act as

natural loci of broken symmetry that enhance frequency multiplication.® However, in most
cases, the SWs generated in the SHG process remain confined to the magnetic textures.”
More recently, dispersion- and symmetry-engineered nanowaveguides have enabled phase-
matched, resonant SHG of propagating magnons.''? The anisotropic dispersion relation of
magnetostatic SWs'? allows for SHG of SWs with positive!! or negative'? group velocities in
the Damon—Eshbach configuration (magnetization perpendicular to the wave vector) and the
backward-volume configuration (magnetization parallel to the wave vector), respectively. In
parallel, hybrid quantum cavity-magnonic systems have shown that magnon nonlinearities
support coherent harmonic generation and broadband microwave frequency conversion—with
phase-preserving harmonics and multiwave mixing—highlighting opportunities for on-chip

signal processing and quantum control. 1%



There are also many other methods for generating short SWs (i.e., sub-100nm) using
linear processes, which are desirable for analog and binary magnonic devices.!'® Existing
strategies include (a) microwave nanostrip antennas,'” (b) magnetic solitons such as domain
walls and vortices,'® % (c) magnetostatic coupling from ferromagnetic stripes or nanocon-
tacts,?! (d) two-dimensional grating couplers,* and (e) internal-field engineering via litho-
graphic modulation of demagnetizing fields.?* Most of these approaches face trade-offs: they
either operate at relatively low frequencies, require large DC currents, or impose stringent
lithographic constraints. Even the recent demagnetizing-field—-modulation technique in fully
perpendicular films has reached wavelengths down to 200 nm only at modest frequencies and
in carefully tailored geometries.?* Harnessing nonlinear harmonic conversion may circumvent

these limitations,?® especially when implemented in a lithographically simple geometry.

Results and Discussion

We unveil a strategy to locally excite coherent, high-frequency, propagating SWs through
SHG, driven by a simple, uniform, out-of-plane microwave field. The key idea lies in a hybrid
nanostructure engineered to have two distinct magnetic regions: a nanosized “Excitation
Region” (ER) with in-plane magnetization and an extended “Propagation Region” (PR) with
perpendicular magnetic anisotropy (PMA). These regions are connected by a 90° domain
wall. Importantly, these structures can be fabricated using a focused beam of Ga26 or He?"2®
ions to degrade the anisotropy locally and form an ER in a thin PMA ferromagnetic film.
We demonstrate that this effect exists in a 2D geometry, yielding radially propagating SWs
from a centrally localized, in-plane-magnetized rim (Fig. 1), and in 1D geometries, resulting
in the emission of plane waves (Fig. 2). This demonstrates flexibility in forming wave fronts
of excited SWs, by simple changing the shape of the ER. A detailed analysis reveals that

the in-plane-magnetized ER acts as a nonlinear nanocavity that up-converts the uniform

drive at fy to 2fy, while the ER-PR interface efficiently couples out the resulting wave into



the PR. SHG is particularly effective when the width and bias magnetic field are tuned
to match the formation of standing SWs in the nanocavity at 2fy. This provides a direct
and simply route for the local nonlinear generation of technologically vital, high-frequency,
short-wavelength magnons, especially promising for realization of magnonic artificial neural
networks and quantum magnonics.

For this study, we selected a [Co/Pd|s multilayered film of 13.2nm thickness in which
we introduced two distinct regions differing only in their PMA. The first region, ER, lacks
uniaxial anisotropy and exhibits in-plane magnetization at remanence (see the green area
in Fig. 1(a) and Fig. 2(a)). The second region, PR, exhibits sufficiently strong PMA to
saturate the magnetization out of plane (see the blue area in Fig. 1(a) and Fig. 2(a)). The
PMA profile is engineered to transition smoothly from zero to the bulk value over a 50 nm
region; this profile is shown in Fig. 2(a) as the red dashed line (the same profile is applied
radially in the 2D system).

A bias magnetic field By was applied perpendicular to the film plane (along the z-axis)
up to 0.6 T. Within this field range, the magnetization in the ER gradually cants away
from the in-plane orientation, changing from 7.1° at By = 200mT to 36° at By = 600 mT.
The two regions are connected by an approximately 90° domain wall at remanence. The
material parameters and the effective model used to simulate the multilayer are described in
the Methods section.

To study SW dynamics, we applied a microwave magnetic field (b) oriented out of plane
(along the z-axis). This induces a torque that acts only on the magnetization in the ER
and the domain wall while leaving the PR unexcited. Simulations were conducted using
Amumax,?® our fork of MuMax3, to solve the Landau-Lifshitz-Gilbert equation. Details of
the simulations are provided in the Methods section.

We started the simulations with the film shaped as a thin disk (radius 2.5 pm) containing a
central antidot (hole) with a diameter of 80 nm, surrounded by a rim (an in-plane-magnetized

ER of width w = 40nm). A high-damping region with a width of 500 nm was included near
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Figure 1: (a) Schematic illustration of the investigated structure showing a Co/Pd disk.
Note that the figure is not to scale. The green area around the hole represents the ER with
reduced PMA. The arrows indicate the orientation of the magnetization. (b) Snapshot of
the two-dimensional simulation at steady state for an excitation frequency of f = 8.60 GHz.
(c) Time evolution of the magnetization at point 7, indicated in panel (b). (d) Discrete
Fourier transform of the magnetization signal at r; over time.

the outer edge of the disk to suppress SW reflections.

Under an external magnetic field of By = 354 mT, the lowest resonant mode in the PR
appeared at 13.90 GHz. However, lower-frequency modes still existed within the ER. A sinc-

type microwave field was first applied along the z-axis with cutoff frequency f... = 10 GHz



and a peak magnitude of 10mT to excite SWs. The only peak below f.,. was found at
fo = 8.60 GHz. We then ran a steady-state simulation with a sinusoidal excitation at fy
and a microwave field amplitude of b = 100 pT. Figure 1(b) presents a snapshot of the
magnetization deviation from the ground state, Am,, over the whole sample, revealing
radially propagating SWs, i.e., a pattern similar to that observed in the disk in the vortex
state, excited by vortex gyration. %2

To analyze the spectral content, we monitored the dynamical component of the reduced
magnetization along x, Am, (defined as the deviation from the ground-state magnetization),
over time at a point r; located 1800 nm from the disk center. The resulting time trace is
shown in Fig. 1(c), and its discrete Fourier transform is presented in Fig. 1(d). This confirms
that the dominant radiation frequency is 2fy (magnitude of 4.6 x 1073), with much weaker
components at fo (1.6 x 1073) and 3f, (0.1 x 1073), respectively. Because the excitation
frequency lay below the ferromagnetic resonance (FMR) of the PR, the signal at f; is an
evanescent wave; the strong 2f, signal is therefore notable given the moderate excitation
amplitude. This behavior contrasts with SW emission from the vortex core at the pumped
frequency.1%2°

To explain the mechanisms behind higher-order SW generation, we simplified the system
by designing a one-dimensional geometry of length 3600 nm along the z-axis, with a single
simulation cell along y and periodic boundary conditions implemented as 1,000 replicas on
each side. The width of the ER was w = 70nm, which was sufficient to ensure that the
magnetization remained mostly in plane and aligned along the +y axis (Fig. 2(a)).

From simulations at a static magnetic field By = 354 mT with the sinc-type excitation and
the out-of-plane-oriented microwave magnetic field b, we found that the strongest response in
the ER, which dominated the spectrum, occurred at fy, = 8.60 GHz (the spectrum is shown
in Fig. S1 of the Supporting Information, SI).

We then performed steady-state simulations using a sinusoidal microwave field of fre-

quency fo = 8.60 GHz and amplitude b = b; = 60 pT. Although this excitation frequency
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Figure 2: (a) Static magnetization components and out-of-plane anisotropy value along the
axis (for z < 400nm). (b) Dynamical y-component of the magnetization along the waveguide
under a uniform out-of-plane drive at fy = 8.60 GHz with microwave magnetic field amplitude
by = 60 nT. The wavelength A corresponds to the 2f, component. (c) Same as (b), but with
an amplitude of by = 60mT. (d) Discrete Fourier transform of the y-component of the
magnetization in a cell located 2 pm from the excitation source, for excitation amplitude b;.
(e) Same as (d), but for by. (f,g) Magnitudes of the Fourier transform peaks at 2fy, 3 fo, and
4fo as a function of b. The values by and by, used in panels (b,d) and (c,e) respectively, are
marked with dashed lines.

lay below the FMR of the PR (i.e., 13.90 GHz), a strong 2f, SW signal was observed prop-
agating in the PR along the z-axis with wavelength A = 261 nm, as shown in Fig. 2(b).
The discrete Fourier transform of the magnetization at z = 2m (Fig. 2(d)) revealed a pro-
nounced peak at 2f; and very weak contributions at fy and 3fj, in agreement with the 2D
system.

To further probe the nonlinear-dynamics regime, we repeated the simulation with a
stronger excitation field, b = by = 60mT (an increase by a factor of 1,000), as shown in

Fig. 2(c). In this case, the system generated a more complex signal that propagated in the



PR. In addition to the dominant peak at 2f, (magnitude 340 arb. units), higher-frequency
harmonics appeared in the spectrum at 3f; (200 arb. units) and 4f; (60 arb. units), as
shown in Fig. 2(e).

Figure 2(f,g) shows how the amplitudes of the harmonics generated in the PR evolved
as the excitation amplitude increased from 1T to 60mT (2fy, 3fy, and 4f;). The second-
harmonic amplitude increased quadratically with b up to b = 0.1 mT, indicating a thresh-
oldless process, similar to other SHG scenarios.?*3! For larger microwave amplitudes, the
amplitude of the 2f, wave scaled as v/b and saturated at high b. This behavior indicates
the onset of additional threshold processes, which became relevant when the magnetic field
exceeded 0.1 mT, as evidenced by the multiple low-intensity peaks visible in Fig. 2(e), gen-
erated in higher-order nonlinear processes.!®3? At these excitation levels, the amplitudes of
the third and fourth harmonics increased significantly, narrowing the gap relative to the 2f,
wave. This demonstrates the potential for enhancing the amplitude of propagating SWs
at twice the frequency of the pumping microwave field, although the saturation mechanism
becomes significant at larger excitation amplitudes.

We also studied the effect of damping (see Fig. S2 in the SI) and found that increasing
the damping from o = 1 x 1073 to a = 1 x 1072 fully suppressed higher-harmonic generation.
Raising the driving field from 6 pT to 60 pT restored a clean 2 f, response. In metallic PMA
multilayers (e.g., Pt/Co, Co/Ni, Co/Pd, CoFeB/Au), room-temperature Gilbert damping
is typically of order 1072 and often o =~ 0.01-0.05; it is due to interfacial spin-—orbit and

33737 By contrast, YIG films routinely show o ~ 10~ and can

spin-pumping contributions.
approach a few x107° in thicker or optimized samples.?®**° Thus our baseline a@ = 1073
is optimistic for Co/Pd by one order of magnitude but higher than low-loss garnets. This
means that, experimentally, similar 2 f; emission in metallic stacks, as presented above, will
generally require larger drive fields and/or materials optimization to reduce «.

We the adjusted the static external field By and varying the ER width w to explore strate-

gies for controlling the SW generation frequency fy and its second harmonic. Figure 3(a)
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Figure 3: (a) Spin-wave spectrum in the propagation region (PR) recorded at x = 2000 nm
while sweeping the bias field By. For each By, the system is driven by a uniform out-of-plane
sinusoidal field at the ER fundamental frequency fo(By) with fixed amplitude b = 100 pT;
the dotted line marks the PR FMR. The vertical dashed line indicates the operating field
used elsewhere in the paper (By = 354mT). Markers A; and A denote SW modes that are
analyzed in Fig. 4. (b) Magnitude of the 2fy Fourier component at x = 2000 nm versus By
under the same uniform out-of-plane sinusoidal drive at fy(By) with b = 100 uT.

shows the PR spectrum at = 2000 nm as By was ramped from 200 mT to 600 mT. For each
By, we recomputed the ER fundamental fy(By) and drove the system with a uniform out-
of-plane sinusoid at this frequency with fixed amplitude b = 100 pT—that is, only the pump
frequency changed with By; b was kept constant. Within this field interval, the domain-wall
center, defined as the point where m, = 0.5 (i.e., halfway between in-plane and out-of-plane),
shifted from x = 58 nm to x = 64 nm. We recorded the PR response at x = 2000 nm, i.e., far
away from the ER. The PR FMR (dotted line) stays above f; throughout. The 2f; branch
tracks foy, increasing from 16.0 GHz to 17.25 GHz as Bj rises from 200 mT to 354 mT, then
bending down and crossing the PR FMR at By =464 mT (2f, = 16.5 GHz). For higher B,
2fo falls below the PR cutoff and the corresponding wave in the PR becomes evanescent.
One interesting feature is how the magnitude of the 2f, branch changes with increasing By.
As shown in Fig. 3(b), it increases from 60 [arb. units| to a maximum of 81 [arb. units]
at Bg = 354mT. As By increases further and approaches the FMR frequency of the PR

at By = 464mT, the SW amplitude decreases. At this frequency, the SW in the PR has
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Figure 4: (a) Evolution of the SW spectrum in the PR as a function of the ER width
w. (b) Spatial profiles of the normalized SW amplitude corresponding to the fy modes at
different values of w as marked in panel (a). The dashed lines represent the corresponding
ER length w. (c) Same as (b) but for the 2f; frequency. (d) Magnitude of the 2f, peak in
the PR, for z = 2000 nm as w is increased. The results are obtained with bias magnetic field
By = 354mT, excited with the sine microwave magnetic field of magnitude b = 100 uT.

an infinite wavelength, which causes its excitation efficiency to drop to zero. This approach
offers only moderate 2f, tunability: a 1.25 GHz range for a 160 mT change in the bias field,
accompanied by concurrent moderate changes in the emitted intensity.

A complementary tuning route is shown in Fig. 4(a): we fixed By = 354 mT and varied the
ER width, w, from 40 nm to 180 nm. In these simulations, for each value of w we recomputed
the ER fundamental resonance fy, drove the system with a sinusoid at that frequency with
fixed amplitude b = 100 pT, and recorded the PR response at = 2000nm. As w increases

from 70 nm to 160 nm, f;y decreases from 8.60 GHz to 7.44 GHz (and thus 2 f, from 17.20 GHz
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to 14.88 GHz).

In Fig. 4(d), we show the magnitude of the 2f, branch as a function of w. The magnitude
first grows with w —rising from 36 x 10™* at w = 40nm to 85 x 10™* at w = 94nm-—then
drops to 14 x 107 at w = 102nm and thereafter increases but remains below 26 x 1074,
Unlike Fig. 3(b), the FMR frequency of the PR is essentially independent of w, so 2fj
remains above the PR FMR across the entire range considered. This non-monotonicity of
the second-harmonic intensity therefore points to a resonance in the ER, with a maximum
near w = 94nm (i.e., point By).

To clarify the origin of the fy and 2 fy modes, we plot in Fig. 4(b) and (c) log-scaled maps
of the SW-amplitude spatial distribution for the fy and 2 f; branches, respectively, at the ER
widths marked in Fig. 4(a). The fundamental f; modes—A; (f = 8.60 GHz, w = 70nm),
By (f = 8.08GHz, w = 94nm), C; (f = 8.00 GHz, w = 102nm), and D; (f = 7.20 GHz,
w = 160 nm)—exhibit essentially the same spatial pattern for all w (Fig. 4(b)): the amplitude
is tightly confined to the ER, resembling a quarter wavelength, peaks at the domain wall,
and decays monotonically into the PR, as expected for fj lying below the FMR frequency of
the PR. This invariance and below-cutoff character rule out the directly pumped fy mode as
the source of the observed resonance at w = 94nm. The resonant response must therefore
be associated with the 2f; mode.

To support this hypothesis, we show the 2 f; mode profiles in Fig. 4(c): As (f = 17.2 GHz,
w = 70nm), By (f = 16.16 GHz, w = 94nm), Cy (f = 16.00 GHz, w = 102nm), and D,
(f = 14.40 GHz, w = 160nm). Unlike the f; modes, the 2f; modes have nodal points in
the ER. Clearly, the SW magnitude is highest at w = 94nm, in both the ER and the PR.
Moreover, this is the only case in which the maximal amplitudes are formed at both edges of
the ER. This confirms the formation of a standing wave at 2f; and a resonant condition at
w = 94nm. This conclusion is further supported by tracking the evolution of this standing
mode with changes in w, as shown in Fig. 3 of the SI. We attribute the asymmetric profile

of the standing wave to the continuous variation in the static magnetization orientation in
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the ER.

Another interesting aspect of the dependence shown in Fig. 4(c) is the drastic decrease
in the 2fy-mode magnitude at w = 102nm, i.e., just after resonant excitation. Such a
dependence resembles a Fano resonance—i.e., a resonant interaction between a confined
mode and a continuous band—widely explored in photonics.*! However, in our case it would
arise from the interaction of the bound SW generated in the SHG process in the ER with
the continuous band of propagating SWs in the PR.

To further ensure that the higher-frequency generation is due to a cavity effect in the ER

10 e ran a simulation with frozen

rather than domain-wall excitation, as in other studies,
spins (after relaxation) in the left part of the ER (z < 40nm) for w = 70nm (see Fig. S1
in the SI). The spectral plot shows no higher-harmonic generation, allowing us to conclude
that the nanocavity formed by the ER plays a crucial role between the ferromagnetic edge
and the domain wall.

These results allow us to conclude that the discovered process exists in both 1D and 2D
systems and enables the excitation of propagating SWs in the form of radial or plane waves,
respectively. The fundamental (pumped) mode is spatially trapped in the ER and peaks at
the ER-PR interface, decaying evanescently into the PR. By contrast, the second harmonic
is a propagating mode in the PR that carries energy across the entire waveguide. Crucially,
the ER acts as a resonant nanocavity, accumulating energy from the uniform pump at the
fundamental mode frequency fy, which up-converts the pumped energy nonlinearly to 2f,
(or higher multiples of fy) and efficiently launches it into the adjacent PR. This process
becomes especially efficient when the 2 f; frequency matches that of a higher-order standing
wave of the nanocavity.

In summary, we have demonstrated, through comprehensive micromagnetic simulations,
a compact scheme for generating coherent, propagating SWs at the second harmonic of the
pumping microwave field in a hybrid structure composed of two orthogonally magnetized

parts: a nanocavity and an extended part. The key ingredients—a uniform out-of-plane
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microwave pump, an in-plane-magnetized ER, and an adjacent out-of-plane-magnetized
PR——cooperate to (i) confine the fundamental pumping energy in the ER, (ii) up-convert
its energy to 2fp inside a nanocavity region, and (iii) launch the resulting short-wavelength
wave into the PR. Crucially, the emission frequency can be tuned continuously either by
sweeping the bias field By or by adjusting the ER width w, while the conversion efficiency
increases nonlinearly with the pump amplitude. The concept extends naturally from one- to
two-dimensional geometries, where radially propagating second-harmonic waves emerge from
an in-plane-magnetized rim of the central antidot. This suggests that we can manipulate the
wavefront of the emitted surface waves by altering the shape of the ER area. This method
is similar to the one used with microstrip lines, as described in Ref.,*? but it eliminates the
need for an additional lithographic process and operates on a deep sub-micrometer scale.
The proposed hybrid structure can be fabricated using any ferromagnetic thin film
with PMA, e.g., metallic multilayers?® or garnet thin films,** with an in-plane-magnetized
nanocavity formed using one of the existing methods that allow the reduction of PMA locally.
Examples of these methods include already mentioned ion irradiation,*** but also oxida-
tion, %% direct-write laser exposure annealing,” or even local electric-field modulation.*® The
final method suggests that the nanocavity may be tunable not only by an external magnetic
bias field, as shown in our study, but also locally and in a more integrated way. Thus, our
results point to a lithographically simple, energy-efficient pathway toward on-chip sources
of nonlinearly generated SWs with sub-300 nm wavelengths—an essential building block for
next-generation magnonic logic, signal processing, and hybrid magnonic—-quantum platforms.
Future work will focus on optimizing material stacks to reduce damping (e.g., doped-yttrium
iron garnet films), investigating the role of domain-wall chirality, and integrating the pro-

posed emitter with magnonic networks and cavity—magnonic devices.

13



Methods

Material Parameters. We modeled a multilayered [Co/Pd]s system as a 13.2nm-thick
effective Co layer with parameters taken from the literature:**°° K, = 4.5 x 10°Jm™3,
M, =081 x 10°Am™, Ay = 1.3 x 107" Jm~!. To facilitate the observation of coherent
SW propagation over several microns, the Gilbert damping was artificially reduced to a =
1x1073. A discretization of 2 nm was used for one-dimensional simulations, and 4 nm x 4 nm
for two-dimensional simulations to reduce computational cost. Periodic boundary conditions

were applied in the y-direction in the one-dimensional case to emulate a semi-infinite film.

Simulation Setup. Simulations were conducted using Amumax,?’ our fork of MuMax3,%!
solving the Landau-Lifshitz—Gilbert equation. SWs were excited by a uniform microwave
field along z with either a sinc-type profile (10 GHz cutoff) or a steady-state sine wave.
Magnetization dynamics were sampled every 16.66 ps for 100 ns and processed via fast Fourier
transform to extract spatial-frequency-resolved SW spectra. More details on the simulations

and post-processing are available in the SI.

Associated content

The data that support the findings of this study are available at: https://doi.org/10.
5281/zenodo.17068975

The following files are available free of charge.

e ‘si.pdf' : Extended Methods; Spectral response inside the excitation region; Short

study on the effect of damping; High-frequency branch crossing
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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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Abstract

®

CrossMark

Reprogramming the structure of the magnonic bands during their operation is important for
controlling spin waves in magnonic devices. Here, we report the tunability of the spin-wave
spectra for a triangular shaped deterministic magnonic fractal, which is known as Sierpinski
triangle by solving the Landau—Lifshitz—Gilbert equation using a micromagnetic simulations.
The spin-wave dynamics change significantly with the variation of iteration number. A wide
frequency gap is observed for a structure with an iteration number exceeding some value and a
plenty of mini-frequency bandgaps at structures with high iteration number. The frequency gap
could be controlled by varying the strength of the magnetic field. A sixfold symmetry in the
frequency gap is observed with the variation of the azimuthal angle of the external magnetic
field. The spatial distributions of the spin-wave modes allow to identify the bands surrounding
the gap. The observations are important for the application of magnetic fractals as a

reconfigurable aperiodic magnonic crystals.

Supplementary material for this article is available online

Keywords: spin wave, magnetization dynamics, magnonics, LLG equation, magnetic fractal,

micro-magnetic simulation

(Some figures may appear in colour only in the online journal)

1. Introduction

The research on magnetic nanostructures is popular because
of their potential applications in information storage, e.g. in
magnetic random-access memory [1], heat-assisted magnetic
recording [2], magnetic racetrack memory [3], patterned mag-
netic media [4], and also in magnetic logic devices [5]. Peri-
odic magnetic nanostructures are also a potential candidate
for signal processing with spin waves, which are high fre-
quency collective magnetic excitations. Ferromagnetic nano-
structures ordered periodically in one, two or three dimen-
sions are known as magnonic crystals (MCs) [6—11]. In case

* Author to whom any correspondence should be addressed.

1361-648X/23/324002+11$33.00  Printed in the UK

of MCs based on nanostructures, individual elements are
strongly magnetostatically coupled with each other. When
such a system is thermally, optically, or electrically pumped,
spin waves are excited. The wavelengths of spin waves can
be orders of magnitude shorter than light waves operating
at the same frequency range (i.e. at 20 GHz microwave has
3 cm in air, while the spin-wave wavelength can be shorter
than 100 nm), which makes them a suitable candidate for
nanoscale on chip microwave signal processing with nano-
magnonic devices, including already demonstrated magnonic
waveguides [12, 13], filters [14], splitters, phase shifters [15],
spin-wave emitters [16, 17] and other logic elements [18].
Thus, a new field of research is introduced named as mag-
nonics, which holds the promise of a new generation of
energy efficient devices based on spin waves with significant

© 2023 IOP Publishing Ltd
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impact on the information technology [19, 20]. The disper-
sion relation of spin waves is quadratic in nature for the short
wavelength limit and linear in the long wavelength limit. In
MCs this leads to the formation of magnonic minibands with
allowed states separated by forbidden band gaps, similarly to
electronic band structure in semiconductors. The magnonic
band gaps, as well as the spin-wave dynamics, can be tuned
by modifying various physical and geometrical parameters
[21, 22] not only to answer fundamental questions concern-
ing magnonics but also to provide a new generation of devices
to magnonic applications, like spin-wave logic devices [23],
and spin-wave multiplexers [24].

The challenge in magnonics research is fine-tuning of
the magnonic band structure [25] for applications in future
devices. Therefore, the dynamics of spin waves in MCs is
being intensively studied. In particular, the tunability of the
spin-wave band structure by varying the lattice symmetry
[26] and the shape [27, 28] of the nano-element are intens-
ively studied. The spin-wave dynamics in aperiodic MCs such
as quasicrystals [29-32] are also investigated. The magnetic
properties such as the hysteresis loop [33], the magnonic band
structure, and the spin-wave localization strongly depends
on the periodicity or aperiodicity of the MCs [34]. In this
work, we are interested in studying the tunability of the spin
waves in a MC that exhibits fractal-like behavior. Fractals
[35, 36] are composed of self-similar structures across differ-
ent length scales, which look similar under different magni-
fications. This property is known as dilation symmetry. They
also possess a non-integer dimension with a self-similarity and
scale invariance, which is commonly referred to as the Haus-
dorff dimension [37] or fractal dimension. There are two dif-
ferent kinds of fractals namely, random fractal and determ-
inistic fractals. Romanesque cauliflower, fern, or frost, snow-
flakes are popular examples of naturally observed random
fractals. The existence of fractons [38, 39], which are low fre-
quency vibrational excitations and diffusion limited aggreg-
ation of dendrites, is a characteristic feature of the random
fractal structures. However, in case of deterministic fractals,
the self-similarity is not statistically distributed. After every
magnification, a part of the structure would be found that is
similar to the whole structure. Sierpinski carpets and gaskets
are popular examples of deterministic fractals. The concept
of deterministic fractals namely, Sierpinski square [40] and
triangle [33] are implemented in magnetic systems to study
the modification of spin-wave dynamics. Here, the spin-wave
dynamic gets modified depending on the change in the demag-
netization field due to the structuring of the system. Recently,
the magnetostatic mode formation in the Sierpinski square and
triangle was reported, where it was shown that the mode form-
ation is related to the geometric scaling of the fractal structure
[41]. But the main challenge in magnonics, which is the regu-
lation of spin-wave propagation in magnonic fractal systems,
remains unexplored.

In this work, we aim to demonstrate control of the collect-
ive spin-wave dynamics in the Sierpinski triangle by varying
the strength and orientation of the external magnetic field. The
magnetization dynamics of Sierpinski triangles with different
iteration numbers are simulated for different strengths as well

as for different azimuthal angles () of the external magnetic
field. A complex evolution of the spin-wave modes has been
observed as the iteration number increased. At a particular iter-
ation, two distinct frequency bands are observed with the pres-
ence of a frequency gap. This frequency gap is modified as
the strength and the azimuthal angle of the external magnetic
field change. Moreover, a number of mini-frequency gaps are
found at higher iteration numbers and the localized character
of the amplitude distribution of the modes. These two features
clearly distinguish the Sierpinski fractal from the triangle with
a periodic array. Our simulation results point to the possible
application of Sierpinski triangles as a novel multi-functional
nano-magnonic devices.

2. Micromagnetic simulations

Time-dependent magnetization dynamics were calculated by
solving the Landau-Lifshitz—Gilbert equation by using the
public domain software called object oriented micromagnetic
framework [42]

dm

I =YHo (m X Heff) +ap (m X (m x Heff)) :

Here, m is the normalized magnetization vector. « and ~
are damping coefficient and gyromagnetic ratio respectively.
H ¢ is the effective field, which could be written as

Heff = HZeeman + Hdemag + Hex + Hanis-

Here, Hzeeman, Haemag, Hex and Hyyi are the Zeeman
field, dynamic demagnetization field, exchange field, and
anisotropy field, respectively. The samples are divided into
three-dimensional arrays of cuboidal cells with dimensions of
5 x5 x 20 nm?, along the x, y and z axis, respectively. The
linear dimensions of the cells are comparable to the exchange
length, Aoy = %M_?’
stant, and M is the saturation magnetization. The smaller
cell size of 2 x 2 x 20 nm® was also taken into account in
the simulations, but although the intensity of the spin-wave
modes changes for the smaller cell size, the mode frequencies
remained almost the same. So, to save the simulation time,
simulations are performed with the cell size of 5 x 5 x 20 nm>.

The parameters used for the simulations considering Py
(NiggFeyg) are My =760 x 10° Am~',A =13 x 1072 Jm™!
(Aex = 5 nm), anisotropy field H,,;; = 0, gyromagnetic ratio
v = 17.6 MHzOe ! and damping coefficient o = 1.0 (to find
out the static ground state configuration). For the magnetiz-
ation dynamic calculation, damping coefficient o = 0.006, a
square pulsed magnetic field with rise-time of 20 ps and peak
amplitude of 20 Oe, was applied perpendicular to the sample
plane. The dynamic magnetization and magnetic fields aver-
aged over the entire sample volume were saved for a total dur-
ation of 10 ns at intervals of 10 ps.

For Sierpinski triangles, an equilateral triangle of the side
length 2.85 pm is taken, which is named as TRI-0 with itera-
tion number 0 as shown in figure 1(a). Then the iteration num-
ber is increased from O to 1 by removing an equilateral tri-
angle of side length 1.42 ym and TRI-1 is obtained. In TRI-1

where A is the exchange stiffness con-
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Figure 1. Schematic of the Sierpinski triangles of different iterations with geometrical scaling factor /2. The dimension of the individual
building block is shown for four different iterations namely iteration number 0, 1, 2 and 3. The same process is used for higher iterations
with number 4, 5, 6 and 7 (not shown here). For higher iterations (4, 5 and 6) the length of the center empty triangle is only shown as it is
difficult to point out the individual building blocks. The schematic of the applied external magnetic field (Hcx:) and the magnetization

precession (M) are also shown.

(see figure 1(b)), three individual triangles of side length of
1.42 pm are present. For iteration number 2, the central trian-
gular hole of side length of 1.42 pum is still present but trian-
gular holes of side length 0.71 pm are introduced and TRI-2
is obtained (see figure 1(c)). The side length of the smallest
triangular hole for TRI-2 is then 0.71 pm. In TRI-3, this pro-
cess is repeated but now the side length of the smallest tri-
angular hole is 0.355 pm as shown in figure 1(d). Therefore,
as the iteration number increases, the size of the triangular
holes reduced with a scaling factor of 1/2 [1.42 pm (for TRI-
1 with iteration—1), 0.71 um (for TRI-2 with iteration—2),
0.355 pum (for TRI-3 with iteration—3), 0.18 pm (for TRI-
4 with iteration—4), 90 nm (for TRI-5 with iteration—5),
44.5 (for TRI-6 with iteration—6) and 22 nm (for TRI-7 with
iteration—7)] as shown in figure 1.

3. Result and discussions

3.1 Magnetization dynamics

3.1.1. The magnetization dynamics of a single triangle with dif-
ferent sizes.  The micromagnetic simulations are performed
to study the magnetization dynamics of the individual trian-
gular building block with different sizes down to base length
of 20 nm as shown in figure 2. The first one is a single tri-
angle with base length of 2.85 ym (TR-0), which is nothing
but the TRI-0 in our Sierpinski triangle. The base length is
reduced further to 1.42 ym (TR-1), 0.72 um (TR-2), 0.36 pum
(TR-3), 0.18 pum (TR-4), 90 nm (TR-5), 50 nm (TR-6) and
20 nm (TR-7), which are approximately the same size of the
building blocks of TRI-1, TRI-2, TRI-3, TRI-4, TRI-5, TRI-6

and TRI-7, respectively. For TR-0, four spin-wave modes are
observed with highest intensity around 9 GHz. As the base
length reduced to 1.42 pm (TR-1), a complex multimode spin-
wave spectra with frequency range from 6.5 GHz to 11 GHz
are observed. With the further reduction of the base length
to TR-2 and TR-3 the complexity of the spin-waves between
7.5 GHz and 12 GHz increases but a small peak at lower fre-
quency namely, M1 for TR-2 and TR-3 starts to appear. The
complexity in the spin-wave spectra around 6—11 GHz reduced
significantly for TR-4 and TR-5 and the lower frequency mode
namely M1 is shifted to further lower frequency. For TR-6
the intensity of the highest frequency namely M2 is reduced
significantly but the intensity and the frequency of the lower
frequency mode namely M1 starts to increase. Finally for TR-
7, the highest intensity mode is vanished and a single mode
namely M1 around 2.5 GHz is only present at the considered
frequency range. It is clear from the ground state configura-
tion (see supplemental figure S1) that as the size is reduced
the edge effects become prominent and the spins at the vertex
perpendicular to the applied magnetic field are mostly affected
by this.

The spatial distribution of the power and phase of the spin-
wave modes for individual triangles of different sizes are also
calculated using the code presented in [43]. For TR-7 which
has a base length of 20 nm, only a single mode is present. The
power and phase of that mode (M1) is uniformly distributed
throughout the triangle as shown in figure 2(b). This indicates
that the exchange interactions determine the dynamics of this
system, with the static demagnetizing field forming the poten-
tial landscape for wave oscillations. For TR-6 (see figure 2(c)),
in case of M1 the phase is uniformly distributed but the power
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Figure 2. (a) The simulated spin-wave spectra for a single triangular building block of the Sierpinski triangle with different iteration
numbers at Hexe = 0.1 T and (o = 0°. The power and phase profile of the spin-wave modes for (b) TR-7, 20 nm, (¢) TR-6, 50 nm and
(d) TR-0, 2.85 pum triangles. The color scale for power and phase are also shown.

is mainly concentrated at the vertices of the triangle. We
named it as an edge mode whereas for M2 the phase within
the triangle is changing but the power is almost uniformly dis-
tributed throughout the triangle. We called it the bulk mode
of the individual triangle. These bulk and edge modes are fur-
ther modified as the size of the triangle increases because the
magnetostatic interactions within the triangle changes with the
increase of the size and start prevailing over exchange inter-
actions. For TR-0, as shown in figure 2(d) M1 is an edge
mode but the quantization is different, so it is a higher order
edge mode, clearly indicating its magnetostatic character. It
is observed the number of modes with higher quantization of
the power and phase of the bulk spin-wave modes increases
with the increase of the size of the triangle. For M3 the phase
is changing continuously inside the triangle and the power is
also quantized accordingly but overall, the power is distributed
throughout the triangle. So, it is a higher order bulk mode. The
bulk modes are mainly related to the higher frequency spin-
wave modes as the phase changes in a short length and the
lower frequency modes are mostly due to the edge modes of
the system. The detailed power and phase profiles for all the
triangles with different sizes are shown in supplemental figures
S2 and S3.

3.1.2. The magnetization dynamics of a Sierpinski triangle with
different iteration number. ~ Next, these individual triangu-
lar shaped building blocks are arranged to form a Sierpin-
ski triangles and the magnetization dynamics of these Sier-
pinski triangles with the increase in the iteration number are
calculated by using the micromagnetic simulations. The fast
Fourier transformation (FFT) spectra of the time-dependent
magnetization components M,(¢) are plotted in figure 3. The
dynamics of the Sierpinski triangles are completely different
with respect to the dynamics of a single triangle. The mag-
netic environment changes as soon as the single triangles are
arranged in a particular pattern as a result the dynamics also
get modified. The dynamics also get further modified with the
increase of the iteration number. A rich spin-wave spectra is
observed for all the samples.

For TRI-1, six modes with same frequency range as TRI-
0 are observed. Very careful observation can show that some
spin-wave modes start to appear near to 5 GHz. For TRI-0
(TR-0) and TRI-1 there is a large splitting between M1 and M2
shown by a grey rectangle in figure 3 which also provides a fre-
quency gap. For TRI-2, 12 spin-wave modes are observed and
the frequency gap of around 7.5 GHz is still present. Addition-
ally, a large splitting between M1 and M2 marked by a blue



J. Phys.: Condens. Matter 35 (2023) 324002

R Mehta et al

=| —— TRI-0 3 =| —— TRIA4 14
S N
= =
i
Z z
5 5 A
3 = 6 89
2 1 2 1% / 1
< Wlle < o A S 38
00 25 50 75 100 125 150 00 25 50 7.5 100 12.5L15.0
Frequency (GHz) Frequency (GHz)
A
5| —— TRI-I =) ° — TRIS
S N
= =
£ 3 £ 3
5 5}
Z Z
g E 11
o 5 6 5 2111658 10
= / = UG et /1233
00 25 50 75 100 125 150 00 25 50 7.5 100 125 150
Frequency (GHz) Frequency (GHz)
5| — TRI2 = 8 M1 Trie
S S
i —
: ! : 12
£ o 13
.2 2 Y14
00 25 50 75 100 125 150 00 25 50 7.5 100 12.5 150
Frequency (GHz) Frequency (GHz)
8
%\ — TRI-3 9 = 11 TRI-7
S S
: =
5 3
: Y I e
b3) e
2 123 6, 12’/13 zh 3 'I’sls%l K1716
- ] A L viald <34l 418
00 25 50 75 100 125 150 02 25 50 7.5 100 125 150
Frequency (GHz) Frequency (GHz)

Figure 3. FFT spectra of the simulated time-domain magnetization for different samples at Hexe = 0.1 T and ¢ = 0°. The mode numbers
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intensity higher than the magenta dotted line are counted as spin-wave modes.

rectangle starts to appear and a frequency gap is created. As
the iteration number increases, due to multiple splitting of the
spin-wave modes, two different spin-wave bands are observed

separated by this frequency gap (blue) and the frequency gap
around 7.5 GHz (grey) vanishes. For TRI-3 and TRI-4, 14 and
16 modes are observed respectively and the high-frequency
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band (M4 to M14 for TRI-3 and M7 to M16 for TRI-4) is
present from 7.5 GHz to 12 GHz and the low-frequency band
(from M1 to M3 for TRI-3 and M1 to M6 for TRI-4) is
observed from 4 to 5.5 GHz. The spin-wave spectra change
drastically with a further increase in the iteration number. For
TRI-5 the intensity of the lower frequency modes (from M1
to M8) increases significantly whereas the intensity of the
higher frequency modes (from M9 to M13) are reduced sig-
nificantly. For TRI-6 and TRI-7, the frequency gap becomes
so wide that it exceeds the considered frequency range, and
the higher frequency modes are only present above 15 GHz
whereas the lower frequency mode is split into multiple modes
due to magnetostatic interactions in the array, and a complex
spectrum is observed. A blue shift in the frequency gap is also
observed.

The spatial distributions of the spin-wave modes have been
calculated for the Sierpinski triangles. The bulk and edge
modes of individual triangle are modified when they are
arranged in a Sierpinski triangles as the magnetic environment
changes. The power and phase profile of the spin-wave mode
around frequency ~5 GHz, which is M2 for TRI-3, M5 for
TRI-5 and M6 for TRI-6 are shown in figure 4. The phase pro-
file of different spin-wave modes changes significantly as the
iteration number increases. The power is distributed randomly
throughout the structure. For TRI-3, the power is mainly dis-
tributed at the vertices of the triangle, and as the iteration num-
ber increases the power starts to distribute uniformly within the
triangle. The distribution of the phase as shown in figure 4(b)
can explain this nature. For TRI-3, the phase of M2 is continu-
ously changing within the triangle and as the iteration number
increases to TRI-5, the phase within the triangle becomes more

uniform, and finally for TRI-6 the phase within the triangle is
uniform. We found that from TRI-4 to TRI-7 the lower fre-
quency spin-wave modes (in fact in TRI-6 and TRI-7 below
15 GHz) is composed of the fundamental mode of a single tri-
angle (i.e. in-phase oscillations in the single triangle). So, in
each small triangle, there is no change of the phase but due
to the inter-triangle interactions, the single frequency of the
triangle (e.g. TR-7 at 2.5 GHz) split into multiple spin-wave
modes and creates a frequency band, similarly to the forma-
tion of the bands in crystals. However, the situation results are
quite complicated for TRI-0 to TRI-3 because, for a single tri-
angle from TR-0 to TR-3 multiple different kinds of spin-wave
modes namely edge, bulk, of different orders of edge and bulk
modes are present. These modes are further modified when
they are arranged in fractal structures. We propose that two
types of magnetostatic interactions are observed for such sys-
tems. One is intra-triangular magnetostatic interaction and the
other one is inter-triangular magnetostatic interaction. For low
iteration number, say from TRI-1 to TRI-4, the spatial distri-
bution shows that the phase changes within individual triangle
as the size of the building block is quite large. For such sys-
tems intra-triangular magnetostatic interaction is present and
dominate (at low frequency part considered in the figure) of
the spectra. As the individual triangles are also arranged in a
particular fashion, inter-triangular magnetostatic interactions
are also present for such systems (TRI-1 and larger), and fur-
ther modify the spectra. The spatial distribution shows that for
TRI-1 to TRI-4 the higher frequency modes are mainly due to
the distribution of the bulk modes of the individual triangles
and the lower frequency modes are mainly due to the distribu-
tion of the edge modes of triangles.
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When the iteration number is increased above 4, the size
of individual triangles is now below 100 nm, and they can
easily form single domain. This is clearly confirmed for TRI-
5 and TRI-6, with a nearly uniform (completely uniform for
TRI-6) distribution of the phase within the individual triangle
at low frequency band (see figure 4). For such a system,
mainly the inter-triangular magnetostatic interactions determ-
ine the formation of the band. In such a case, we can con-
sider individual triangles connected only at the vertices as
three coupled oscillators connected by springs. Such mag-
netostatically coupled system could have a rich and complex
frequency spectrum depending on the phase of their neigh-
bors. As a result, multimode and complex spin-wave spec-
tra are observed for Sierpinski triangles with higher iteration
numbers.

3.1.3. The magnetization dynamics of a periodic triangular
array with different iteration number.  Next, the triangles
are arranged in a periodic array as shown in figure 5(b) and
the size of the individual triangle is ~90 nm, 44 nm, and
22 nm respectively, the external size of the structure remains
the same. The sizes are similar to the size of individual tri-
angle of TRI-5, TRI-6, and TRI-7 and we named them PS5,
P6 and P7 respectively. The spin-wave spectra of this peri-
odic structure are also studied by exciting higher-frequency
excitation by using Mumax3 [44]. To excite the richer spec-
trum of spin waves in all triangles we use the Voronoi tes-
sellation algorithm. We divided the system into small random
areas, about 30 nm wide each. For each area, we generate a

random angle on the y—z plane, which defines the direction of
the external microwave magnetic field in that area only. We
repeat this for all areas. The exciting field has a sinc time pro-
file and is run for 1 ns. When it is stopped, we start record-
ing the space and time-resolved magnetization every 8.3 ps for
16.6 ns. In these simulations, we extract the maximum value
of the spin-wave amplitude over the whole structure and use as
the intensity of spin-waves in figures 5 and S4 in supplemental
material.

The spin-wave spectra change for the periodic array as
compared to the Sierpinski triangles, although the frequency
gaps are also present as shown by blue rectangles in figure 5(a).
But the spin-wave spectra as well as the frequency gaps of the
periodic structure are quite different than the fractal structure.
For P5 a single broad frequency gap is present (from 7.5 GHz
to 10 GHz), whereas for P6 three broad frequency gaps are
observed (gapl: 9.38 GHz to 12.87 GHz, gap2: 20 GHz to
22 GHz, gap3: 41 GHz to 45.5 GHz), and for P7 only one
wide frequency gap (from 14.5 GHz to 26.5 GHz) is observed.
For P5, there are also a few mini frequency gaps, which are
shown by red rectangles in figure 5(a). In the fractal struc-
tures, the frequency gaps are more prominent, and there are
more mini frequency gaps as compared to the periodic struc-
tures, especially at higher iterations. The full frequency spec-
tra for TRI-5, TRI-6 and TRI-7 are also shown in figure 5(b).
For TRI-5 two broad frequency gaps (gapl: 6.56 GHz to
9.34 GHz, gap2: 25.57 GHz to 27.44 GHz) and a few mini
gaps are present. For TRI-6 three broad frequency gaps (gapl:
7.69 GHz to 11.12 GHz, gap2: 18.09 GHz to 21.62 GHz,
and gap3: 38.24 GHz to 44.56 GHz) and one mini gap are
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Figure 6. The variation of the precession frequencies for TRI-2, TRI-3, TRI-4 and TRI-5 with the strength of the magnetic field. The

frequency gap is shown by the black dotted line.

observed. For TRI-7 one single broad frequency gap (12 GHz
to 22.87 GHz) and a few mini gaps are also present. We have
compared the spin-wave spectra for P7 and TRI-7, for P7 only
the broad frequency gap is present whereas for TRI-7 in addi-
tion to a broad frequency gap plenty of mini frequency gaps
are present.

The spatial profile of the particular spin wave modes of the
periodic and fractal structure for P6 and TRI-6 are also calcu-
lated, see figures 5(c) and (d). Similar to the fractal structure,
for periodic structure the lower frequency spin-wave modes
(from the lower frequency band) are mainly due to the distri-
bution of the mode, where the phase is quite uniform within an
individual triangle and the higher frequency spin-wave modes
(from the higher frequency bands), which are due to the dis-
tribution of the bulk-like mode of the individual triangle. In
figures 5(c) and (d), the spatial profile of the spin-wave modes
marked by ‘0, ‘A’, and ‘*’ from first, second, and third fre-
quency bands, respectively, are shown. For the periodic struc-
ture, the spin-wave modes marked by ‘W, and ‘A’ are mainly
localized at the vertex and edges of the triangle due to the
presence of a strong demagnetizing field, and the spin-wave
mode marked by ‘*’ is mainly distributed at the center of the
array. An additional mode from first frequency band marked
by ‘[J°, where the intensity of the mode is quite uniformly dis-
tributed throughout the array is also shown in figure 5(c). For

the periodic structure, the frequencies of all the vertex local-
ized modes (marked by ‘W’) are in the gaps or below the first
frequency gap. For the fractal structure, the mode profiles are
different, mainly the localized modes are observed at various
edges of the Sierpinski triangle (see figure 5(d)). The intensity
values of the spin-wave modes for the fractal structure shown
in figures 5(a) and (b) are also a few times higher compared to
the spin-wave modes in the periodic structure. The localization
of the modes is a clear signature of fractal behavior.

3.14. Tunning of the frequency gap with the variation of the
strength of the magnetic field. ~ Next step is to study and con-
trol of the spin-wave spectra with the variation of the strength
of the external magnetic field. For that purpose, the mag-
netization dynamics of TRI-2, TRI-3, TRI-4, and TRI-5 are
calculated at the different external magnetic field as shown
in figure 6. As mentioned before, rich multimode spin-wave
spectra with a clear frequency band gap are present for all the
samples at 0.1 T. As the magnetic field decreases the rich spin-
wave spectra are present but the frequency of the spin-wave
modes decreases systematically with the decrease of the mag-
netic field. Additional spin-wave modes also start to appear
with the decrease of the magnetic field. For TRI-2 and TRI-3
this band gap was reduced systematically with the decrease



J. Phys.: Condens. Matter 35 (2023) 324002

R Mehta et al

TRI-2
L [ ]
.-2:,3;.
e 3 e A l 3 M
10 ' 8 * ; i . s . l
T * 'y .
AL
= B o A #
5§¢¢§¢I
[~
E I ’ : I =
[ ] [ ]
4 ) e : e =
[ ]
1 )
A
0 25 50 75 100 125 150 175
¢ (Degree)
TRI-4
[ ]
15.0 . . " - "
t s
125} o I . ' l a .
—_ e ! 4 Ll
= H
L210.0‘ l i
-
g 75 : e 1 !
: ; i
R .
£ 50 i $ % H i
1 ‘
25
H 7 i :
0.0 'I

(=]
[
h

50 75 100
¢ (Degree)

25 150 175

TRI-3
“ o 3 i
| SRR F
AHHHHIN
Esli!-g ; ;!-l
2 o[t ‘ %I f
5"’2';2! RENNES
4-25 > ) ! ol
7 : ™
T — TS
¢ (Degree)
TRI-5
15.0F .
12.5F

10.0f

7.5F

Frequency (GHz)

5.0

*eee e >me e ¢
oses et raese o

25F

0.0

0 25 50 75 100 125 150 175
¢ (Degree)

Figure 7. The variation of the precession frequencies for TRI-2, TRI-3, TRI-4 and TRI-5 with the orientation (¢) of the magnetic field
(Hexe = 0.1 T along ¢ = 0°). The frequency gap is shown by pink shaded region and a black arrow.

of the magnetic field, however, for TRI-4, and TRI-5 the fre-
quency band gap increases with the decrease of the magnetic
field (shown by the black dotted line in figure 6). For TRI-5,
a linear dependence of the frequency gap is observed but the
top of the gap a non-monotonous behavior around 0.05 T. The
ground state for all the samples at the different magnetic fields
is calculated. However, as the magnetic field increases (above
saturation magnetic field), the magnetization is aligned along
the direction of the applied magnetic field and the ground state
is also modified significantly, which affects the modulation of
the spin-wave spectra. As the iteration increases, the size of the
individual building block of the Sierpinski triangle decreases
and the edge effect becomes more prominent for higher itera-
tion number. As a result, at a particular magnetic field bending
of the spins increases with the increase of the iteration number
(see supplemental figure S1), which modifies the spin-wave
spectra.

3.1.5. Tunning of the frequency gap with the orientation of
the magnetic field.  The spin-wave spectra for TRI-2, TRI-
3, TRI-4 and TRI-5 also change with the variation of the
azimuthal angle of the external magnetic field as shown
in figure 7. For all the samples, the spin-wave spectra are
identical for both 0° and 180° but the spin-wave spectra
change significantly as the angle changes from 0° to 90°. The
splitting in the spin-wave spectra was also modified with the

increase of the iteration number as well as with the direc-
tion of the applied magnetic field (H.x). As mentioned before
that the total effective magnetic field (H.¢) of a magnetic ele-
ment strongly depends on the demagnetizing field (Hgemag)
that arises due to the shape of the element and on the distri-
bution of the magnetostatic stray field which arises due to the
arrangement of the elements into an array. This introduces the
configurational anisotropy [45] into the system. As the angle
changes, the total effective field also changes, which affects
the ground state as well as the spin-wave spectra of the sys-
tems. But every system has some in-build symmetry due to
their boundary, lattice arrangement, and the shape of the indi-
vidual element. The presence of fourfold, sixfold, eightfold
symmetry in configurational anisotropy in circular shaped dot
arrays [26] with square, hexagonal, and octagonal lattice sym-
metry has already been reported. In our case, the basic build-
ing block is a triangular shaped magnetic element, which will
show a sixfold configurational anisotropy. A small fourfold
anisotropy is superposed with the sixfold one due to the square
boundary of the image used for simulation. The sixfold aniso-
tropy will further be modified with the increase of the iteration
number as the total effective field (H,g) is different for differ-
ent samples. Next, the frequency gap present for TRI-2, TRI-3,
TRI-4 and TRI-5 (shown by the pink shaded region and by the
black arrow in figure 7) could also be tuned by varying the dir-
ection of the external magnetic field. The frequency gap at 0°
is present for all the samples. The spin-wave spectra are not
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identical for all supplementary angles (15° and 165° for TRI-
3 and TRI-4, 45° and 135° for TRI-5), the gap is also not same
for them (see supplementary figure S4). For TRI-2 and TRI-3,
the frequency gap increases from 0° to 30° and then reduced
from 30° to 60°. At 75° the frequency gap is minimum and at
90° the gap is completely blocked. For TRI-4 a similar beha-
vior is observed but the frequency gap is reduced significantly.
For TRI-3, the frequency gap is only present at 0° but the gap
completely disappeared with the orientation of the magnetic
field. This could be exploited for device applications.

4. Conclusions

In this work, we have investigated the magnetization dynamics
of a magnetic Sierpinski triangle, which is a popular example
of a deterministic fractal by using micromagnetic simula-
tions. First, the magnetization dynamics of a single triangle
of different sizes are studied. A multimode spin-wave spec-
tra is observed for a single triangle with a base length of
2.85 pm and as the size of the triangle reduced to 20 nm
only a single spin-wave mode is observed at low frequency
range. The phase distribution of the spin-wave modes shows
that for a larger triangle the phase changes continuously inside
the triangle, whereas for a smaller triangle a uniform distribu-
tion of phase is observed because a multidomain system con-
verges to a single domain system with the reduction of the
size of the triangle. The magnetization dynamics changes sig-
nificantly when these triangles are arranged in Sierpinski tri-
angle. A rich complex spin-wave spectra is observed for all
the samples and the spin-wave spectra changes significantly
with the increase in the iteration number. At 0.1 T a frequency
bandgap of ~1.5 GHz is observed for TRI-2 and this gap is
present till the iteration number is 5. Beyond iteration num-
ber 5, the frequency gap width extends over 15 GHz and only
spin-wave modes from the first band are present. The spin-
wave dynamics of a periodic triangular array is also studied.
Here, the dynamics is quite different compared to the dynam-
ics of a Sierpinski triangle, but the frequency gap is present
for both the cases. For such systems both intra- and inter-
triangular magnetostatic interactions are present. The inter-
triangular magnetostatic interaction is different for a periodic
array and Sierpinski triangles, and it is mainly responsible
for the modification of the spin-wave spectra in a Sierpinski
triangle. The differences between periodic and fractal struc-
tures are also visible in the spatial distributions of the spin-
wave amplitude, showing localized and extended character,
respectively. Next step was to tune the observed frequency gap
by changing physical parameter which is one of the import-
ant requirements for the application of magnetic fractals as a
reconfigurational aperiodic MC. In this case we have tuned it
by varying the strength and orientation of the external mag-
netic field. Interestingly, the variation of the azimuthal angle
of the external magnetic field can allow to close the bandgap.
This frequency gap could further be tailored to magnonic band
structures. The tunability of the frequency gap and existence of
the large number of mini-bandgaps could lead to the potential

application of the Sierpinski triangles as a nanoscale field-
controlled magnonic device, like spin-wave filters or spin-
wave splitters.
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4.5 1D YIG hole-based magnonic nanocrystal

« 1D YIG hole-based magnonic nanocrystal,
K.O. Levchenko, K. Davidkov4, R.O. Serha, M. Moalic, A.A. Voronov, C. Dubs, O. Surzhenko, M.
Lindner, J. Panda, Q. Wang, O. Wojewoda, B. Heinz, M. Urbanek, M. Krawczyk, AV. 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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ABSTRACT

Magnetic media with artificial periodic modulation—magnonic crystals (MCs)—enable tunable spin-wave dynamics and band structure engi-
neering. Nanoscaling enhances these capabilities, making magnonic nanocrystals promising for both fundamental studies and applications.
Here, we report on the design, fabrication, and characterization of one-dimensional YIG MCs with nanoholes (d ~ 150 nm) spaced
a ~ 1 um apart. Microfocused Brillouin light scattering and propagating spin-wave spectroscopy, supported by TetraX and MuMax” simula-
tions, reveal spin-wave transmission over 5 ym in the Damon-Eshbach configuration and the formation of pronounced bandgaps with rejec-
tion levels up to 26 dB. Detailed analysis of the spin-wave dispersion uncovered complex mode interactions, including two prominent
anticrossings at 3.1 and 18.7 rad/um, between which the spin-wave energy is predominantly carried by the n = 2 mode, enabling efficient
transmission. The results advance the development of functional MCs and open pathways toward 2D magnonic nanoarrays and magnonic
RF nanodevices.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0285098
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The field of magnonics explores the fundamental and applied
potential of the spin waves (SW)—collective oscillations of magnetic
moments in a magnetic material. The advantages offered by mag-
nonics include high frequencies, tailored material parameters,’
low-energy dissipation, and low power consumption, which have been
successfully integrated into various prototype circuitry elements,”’
with selected concepts surpassing the performance of benchmark con-
ventional devices." Many of them (e.g., filters,” transistors,” and sen-
sors’) are realized based on magnonic crystals (MCs)—artificial
magnetic materials with a spatially periodic variation of properties.” '’
The growing potential of nanoscale magnonics for RF applications,
including MCs, was highlighted in a recent review.'' Similar to pho-
tonic crystals operating with light, MCs use the wave nature of their
quasiparticles—magnons—to achieve propagation characteristics that
are inaccessible by other means.'”'” Key properties of MCs, such as

the central frequency and bandgap width, can be tailored by adjusting
(often simultaneously) (1) the use of different materials with suitable
magnetic properties (e.g., saturation magnetization'* '), (2) the choice
of the periodic pattern,'” and (3) external factors, such as the applied
magnetic field'® or temperature.'” Different combinations of these
properties produce a variety of MC designs, including waveguide-'**’
and thin-film-based'” structures; one-,”" ** two-,""*" and three-"*"’
dimensional structures; and static, > dynamic,] 830 and reconfigur-
able'””" MCs.

The simplest and most efficient type of MC is a one-dimensional
(1D) structure with geometric patterning. Typically, a 1D MC is fabri-
cated from a waveguide, where patterning enables the structure to act
as a wavevector-dependent, mode-selective system.”’” 1D MCs can
function as standalone devices or serve as building blocks for mag-
nonic directional couplers, transistors, phase shifters, and other RF

Appl. Phys. Lett. 127, 172401 (2025); doi: 10.1063/5.0285098
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FIG. 1. (a) Sketch of 1D waveguide-based MC periodically modulated with round holes. Spin waves excited by the CPW are shown in blue, while Bragg-reflected waves in red.
Key parameters: @ = 320 nm, waveguide’s width; a=1 um, MC'’s period; N, ~ 200, total number of periods; and d = 150 nm, diameter of the holes. (b) SEM image of the
typical 1D MC fabricated from a 100 nm-thick LPE-grown YIG/GGG film, with key parameters as in (a). The number of waveguides per antenna is ny, = 100, the distance
between the antennas is 5 um. (c) Spin-wave transmission signal Sy, of MC shown at (b) for varying bias magnetic fields in a frequency range of 7.5-10.5 GHz.

and data-processing components.” One of the fundamental works on
this topic—a study on a geometrically patterned (notched) microscale
Permalloy 1D MC—was realized by Chumak e al.,”” based on a theo-
retical model by Lee et al.”’ and numerical simulations by Ciubotaru
et al.”* The authors experimentally demonstrated the propagation of
coherently excited SWs through a metallic MC; however, in such mac-
rostructured waveguides, the SW dispersion is inherently multimode,””
resulting in the simultaneous transmission of waves with different
wavelengths at a fixed frequency. In MCs, this leads to bandgap (BG)
edges being less defined, forming a gradual slope in the transmission
spectra,”” rendering their operating characteristics less favorable for
applications. ™

To overcome this limitation, MCs based on nanowaveguides can
be considered. The effects of downscaling on the SW spectra were
explored by Wang et al.”” and Heinz et al.”*”” When the width of an
yttrium iron garnet (YIG) waveguide is sufficiently small, exchange
interaction dominates over dipolar one, leading to unpinning of SW
modes. This alters the quantization condition and shifts higher-order
width modes to higher frequencies, effectively providing a single-mode
regime.”” Nanoscale enables key advantages for applications, as shown
experimentally by Davidkov et al.* in a multifunctional tunable mag-
nonic nanodevice, or numerically by Ge et al."' in magnon nanotran-
sistor. In the latter, notably, authors propose to use MC for precise
control of the SW propagation and frequency-specific filtering. While
nanoscale MCs hold great promise, their potential remains largely
unrealized due to the relatively recent advances in nanofabrication.

Here, we report on the experimental realization of a nanoscale 1D
waveguide-based MC, geometrically modulated with round holes.
Based on our preliminary studies, MCs with optimized geometrical
parameters were designed and fabricated. Then, a detailed analysis of
the SW transmission in Damon-Eschbach (DE) configuration was per-
formed with the means of propagating spin-wave spectroscopy (PSWS)
across different frequency ranges, complemented by TetraX and
MuMax® simulations of the dispersion relation. Finally, microfocused
Brillouin light scattering (u-BLS) spectroscopy was carried out to dem-
onstrate the spatial behavior of excitations in a single MC waveguide.

Figure 1 presents a sketch of an individual MC waveguide with
key parameters (a) and SEM image of a section of the entire fabricated

structure (b). The crystal periodicity a = 1 um was selected to align
with the maximum excitation efficiency of the antenna® (see the
supplementary material). The waveguide’s width was designed as
®=300nm to support a single SW mode in a specific range, e.g,
8-8.2 GHz (<5rad/um) under a 262 mT bias field in DE and 10.3—
10.9 GHz in a backward volume configuration. After the fabrication,
the width was around 320 nm, decreasing a single-mode window to
around 100 MHz frequency bandwidth under the same bias field. The
total waveguide’s length of ~190 um was chosen to be significantly
longer than the estimated SW decay length (=15.8 um, see
supplementary material Fig. S1) to ensure that SW energy is fully dissi-
pated before reaching the waveguide ends and prevent any edge reflec-
tions from interfering with the main signal. The hole diameter d
modulates the SW reflection efficiency and thus affects the width and
depth of the rejection bands.'’ Based on our simulations of similar
structures, d = 150 nm was estimated to provide the best ratio of mini-
mized losses to well-defined BGs. The holes’ pattern persisted along
the whole waveguide. All structures were realized from an LPE-grown
100 nm-thick YIG/GGG (111) film**** using e-beam lithography and
ion etching.” To estimate the SW propagation length, multiple pairs
of coplanar waveguide (CPW) antennas with varying spacings of 1, 2,
5, and 10 um were fabricated. Considering the small excited magnetic
volume and potentially weak PSWS signal, each separate MC structure
included up to 100 conduits. Coplanar waveguides were used for
coherent SW excitation and detection. Fabrication parameters
matched the designed ones, apart from the conduits’ width, as men-
tioned earlier, and the slight upward shift of the holes.

An exemplary propagating SW spectrum, shown in Fig. 1(c), was
measured on the 1D MC structure presented in Fig. 1(b). The SW
transmission S;, was recorded while applying a fixed microwave signal
with —10dBm power to the structure under test in DE configuration
(in-plane, k1 Bey). The DE geometry was selected due to its higher
excitation efficiency (compared to the backward volume, see the
supplementary material), enabled by higher SW group velocity and
stronger coupling to the in-plane antenna field. The measured complex
propagating SW signal, recalculated to dB magnitude (red circles,
motion direction indicated by arrow), was obtained while sweeping
the magnetic field from 240 to 320mT in 20mT steps across

Appl. Phys. Lett. 127, 172401 (2025); doi: 10.1063/5.0285098
© Author(s) 2025

127, 172401-2

GE:20:¥L G20T J8qWsAoN 0



Applied Physics Letters

7.5-10.5 GHz frequencies. Reference background was subtracted as
shown in our earlier work;"’ other frequency and power ranges are
provided in the supplementary material. The obtained SW spectrum
significantly differs from that of a plain film by displaying “bandgaps”
or “rejection bands” — regions where propagation is prohibited and
the signal’s magnitude drops due to the Bragg’s scattering of SW from
the periodic holes® " (1,4 =2a- sin 0, where np, is an integer, A is
a SW wavelength, and 0 is an incident SW angle). Only the SWs with
wavenumbers k, = *ny,7/a satisfy this condition. The BG frequency
depends on the material parameters and MC spatial geometry and can
be tuned by the applied magnetic field, while the number of gaps is
defined by the Fourier distribution of spatial modulators.'’ Here, each
hole introduces a sharp magnetic contrast (step-like function), generat-
ing multiple periodic bandgaps. Accordingly, in “transmission” or
“propagation” bands, where the Bragg condition is not satisfied, SW
energy is expected to propagate without interruption, aside from
higher insertion losses compared to an unstructured waveguide.'’
Losses at the level of ~—80...—85dB are rather expected due to the
low volume of magnetic material in structurally modulated nanowave-
guides. For reference, in a similar experiment by Davidkové et al.’ on
a 97 nm-thick unstructured YIG film, the PSWS signal displayed losses
of &~ —25...—35dB at —10dBm power level. These losses can be fur-
ther reduced up to four times through optimization of antennas’ SW
excitation efficiency.”” Therefore, having a considerable number of the
conduits within one MC structure was crucial for successful signal
detection, despite increasing the risk of structural imperfections affect-
ing the transmission.

The results of TetraX'®"” and Amumax"* micromagnetic simula-
tions (a fork of MuMax® **°) are presented in Figs. 2(a)-2(c), respec-
tively. The waveguide was modeled according to the geometry in
Fig. 1(b) with the following YIG parameters: saturation magnetization
M, = 139kA/m, exchange stiffness A = 3.7 pJ/m, uniaxial magnetic
anisotropy K, = 3.58J/m’ (L y axis), and Gilbert damping o = 10~*.
Bias field Bey; = 262 mT was applied along the x axis. Mode profiles in
Fig. 2(a) were calculated for the unstructured waveguide cross section
at k = 0, considering only the first five (n = 5) modes due to the qua-
dratic decrease in dynamic magnetization intensity with increasing .

ARTICLE pubs.aip.org/aip/apl

The real part of the magnetization component m, in the DE configura-
tion is color-coded with red and blue (more in the supplementary
material). In this work, the mode labeling deviates from the standard
convention by including edge modes, where SWs are confined to the
waveguide’s edges. These modes arise from nonuniform internal fields
and dipolar interactions in finite-sized structures and are labeled here
as n = 0, 1. Among them, only the n = 1 mode could be excited due
to its symmetric mode profile. However, it cannot be resolved in the
experiment because of its low amplitude and group velocity. Due to
lateral confinement, the profiles show only the width quantization
components ky = nm/w, with the first width mode being n = 2.
Under direct antenna excitation, only even width modes
(n = 2,4,...) are efficiently excited, as odd ones (n = 3,5, ...) have
no net dynamic magnetization averaged across the width. In practice,
slight antenna nonuniformity can excite odd modes, albeit ineffi-
ciently. Notably, while the mode profiles appear overall unpinned in a
cross section, pinning persists at the waveguide’s edges [see Fig. 2(a)
n = 2], which introduces elastic scattering into higher-order width
modes. This occurs because of the larger nanowaveguide’s width than
required for a complete unpinning of the SW mode profile at the
edges.””"

The dispersion relation of the MC is shown in Fig. 2(b). To obtain
it, the magnetization’s y-components were recorded as functions of
position and time, followed by a discrete Fourier transform along both
axes for each simulation cell. The absolute value of the resulting com-
plex spectra was computed and summed over the x- and z-axes to
yield the final map. Black dashed lines correspond to the intersection
of the estimated resonance conditions for Bragg scattering k,
= *npen/a with micromagnetic simulation and experimental SW
transmission [left panel of Fig. 2(c)]. To obtain it, “raw” data from
Fig. 1(c) were subjected to “time gating”" post-processing (details in
the supplementary material), improving the signal-to-noise ratio and
increasing BG rejection efficiency through the elimination of main
spurious signals. The highest signal amplitude originates from SWs
with lower wavenumbers, driven by higher group velocity and efficient
CPW excitation. Exceptions occur at anticrossing points, where
mode hybridization leads to spatial localization and standing wave
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FIG. 2. (a) TetraX simulation of the mode profile amplitudes for the first 5 SW modes of the unstructured waveguide in DE geometry with parameters as shown in Fig. 1(b). The
real part of the magnetization dynamic component m, is calculated for the waveguide cross section at k = 0. (b) MuMax® micromagnetic simulation of the 1D MC dispersion
relation. (c) SW transmission Sy, at bias field ~ 262 mT after “time gating” post-analysis vs TetraX-simulated dispersion of a uniform waveguide in DE configuration. Gray
squares indicate the intersection of the wavenumbers k, = *np.7/a at the bandgap frequencies with the TetraX-simulated dispersion (crimson solid line), while black squares
— the intersection of dispersion with the MuMax®/experimental data, as shown by the gray solid (c, right panel) and black dashed (b, c) projection lines.
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formation, resulting in a transmission drop below 140 dB. Six distinct
BGs were identified in a spectrum: five arising from the hole-induced
gaps between the antennas (k = 3.1rad/um, ny,e = 1,..,5) and two
anticrossings (k ~ 3.1 and k ~ 18.7 rad/um), the first coinciding with
the structural gap. These anticrossings were revealed with TetraX dis-
persion simulation [Fig. 2(c) right panel] for the modes 1, = 2 and 3
of the unstructured waveguide (crimson solid and peach dotted lines,
respectively). Gray squares mark intersections of the BG wavenumbers
k, (thin solid gray lines) with the TetraX simulation of a WG disper-
sion, while black squares mark the intersection of dispersion with the
experimental data/MuMax® results (black dashed lines). The rejection
efficiency of the bandgaps is between 12.6 and 26.1 dB. The dispersion
reveals that the investigated 1D MC operates predominantly in a
single-mode within the frequencies 8.08-8.17 GHz (<3.1rad/um).
Reducing the waveguide width to approximately 280 nm is expected to
eliminate mode anticrossings, while further narrowing to 250 nm
would expand the single-mode frequency range sevenfold to 7.91-
8.56 GHz (up to 12 rad/um; see the supplementary material). We can
also assume that within the linear regime, the majority of the SW
energy is effectively carried by n=2 mode in the range 8.2-9.16 GHz
(3.1-18.7 rad/um), since the edge modes n=0, 1 and the odd mode
1 =3 are not excited effectively. Both the MuMax and TetraX simula-
tions of an individual waveguide showed good agreement with the
experiment, considering the cumulative PSWS signal from 100 con-
duits. The minor misalignment, along with the appearance of multiple
weakly defined gaps, is associated with fabrication imperfections.
Defect-related variations in hole positioning and etching parameters
between different waveguides, as well as within a single waveguide,
cause reflections with slightly different amplitudes, phases, and wave-
lengths, leading to multiple Bragg conditions across the structure(s).
This results in SW reflections at slightly different wavevectors and the
appearance of a few closely spaced bandpass peaks in the transmission
spectrum [e.g., Figs. 2(c) and 3(b)].

After PSWS, coherently excited SWs were probed by p-BLS spec-
troscopy.”>”” An in-plane external field of jiyHey =238.6mT was
applied along the CPW antenna, ensuring uniform magnetization in
DE configuration. Spectral analysis of the scattered light was per-
formed using a 6-pass tandem Fabry-Pérot interferometer and a
Jiaser = 457 nm””* blue laser. Unlike PSWS, p-BLS enables probing SW
propagation within a single MC nanowaveguide. Figure 3 shows the
SW signal, measured ~ 5 um away from the CPW antenna (inset) on
an MC with identical structural parameters to that analyzed by PSWS.
Measurements were performed by sweeping the excitation frequency
fet =7 —7.8GHz in Af = 0.01 GHz steps at a constant —10dBm
power. The SW signal in the form of BLS detector intensity (counts,
Stokes part) is presented as a 2D map [Fig. 3(a)], where each y axis
point corresponds to the integrated BLS counts at respective fex, and
as a 3D intensity map [Fig. 3(b)], where the y axis shows the full
range of measured frequency f at each excitation f.y; signal intensity
color-coded as the z axis. BLS measurements were performed at the
waveguide’s center. While sweeping the microwave frequency, four
periodically spaced passbands were observed (red and green areas in
the 3D map), with the first signal appearing at 7.05 GHz and subse-
quent bands spaced by approximately 0.19 GHz. For clarity, adjacent
peaks were Lorentzian-fitted (gray-shaded areas), with the first peak,
corresponding to the passband center, located at 7.09 GHz. Regions
dominated by the background BLS counts (blue areas on the 3D map)
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FIG. 3. BLS signal intensity of the propagating SW as a function of coherent excita-
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intensity map, where the y axis shows the full range of measured frequency f at
each excitation frequency fe, and BLS signal intensity (log scale) is color-coded at
z axis. Gray-shaded areas are fitted with a Lorentzian, with the peak frequency
highlighted. Measurements were performed 5 um away from the coplanar wave-
guide’s antenna (inset).

represent five BGs measured 4.5 structural periods from the excitation
antenna within a single MC waveguide. The diminishing BLS counts
and the appearance of two-three separated peaks in the vicinity of 7.09
and 7.48 GHz indicate structural imperfections.

Finally, we investigated the SW transmission in the passband and
bandgap regions by sweeping the laser position from 0 to 5 um away
from the antenna in ~ 100 nm step. Figure 4 demonstrates the maxi-
mum BLS intensity at the passband excitation frequency [fu
= 7.04 GHz (red circles) and at the bandgap frequency fo = 7.2 GHz
(blue squares). The passband signal is an order of magnitude stronger
than that of a bandgap, confirming the SW filtering. Linear fitting
reveals a smaller slope for the bandgap signal (light-blue dots) com-
pared to the passband (orange dashes), indicating suboptimal excita-
tion efficiency and enhanced signal dissipation due to holes beneath
the antenna.

In conclusion, we demonstrated efficient SW propagation in
nanoscale one-dimensional YIG magnonic crystal modulated with
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FIG. 4. BLS signal intensity of the propagating spin wave as a function of a laser
scan position 0-5 um from the antenna (x axis); each y axis point corresponds to
maximum BLS counts at the respective passband (red) or bandgap (blue) excitation
frequency.
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holes. PSWS and BLS investigations revealed well-defined magnonic
passbands and bandgaps with a rejection efficiency up to 26 dB, corre-
sponding to Bragg scattering from the periodic holes. Single-mode
operation is achieved below the first anticrossing (<3.1 rad/um) within
a 100 MHz bandwidth and can be further enhanced by narrowing the
waveguides. Between the first and second anticrossings (1 GHz band-
width, 3.1-18.7rad/um), most SW energy is carried by the n=2
mode, enabling effective SW transmission. While nanoscaling
increases insertion losses and structural defects affecting the spectra,
simulations confirm these to be only technical constraints. Future fab-
rication improvements are expected to firmly establish 1D YIG-based
MCs as promising platforms for low-energy, high-frequency RF appli-
cations and magnonic computing.

See the supplementary material for details on the fabrication pro-
cess, analytical calculations performed in MATLAB, micromagnetic
simulations using Amumax and TetraX, and the PSWS setup descrip-
tion. Additional content also includes PSWS responses across various
frequency ranges and microwave powers, time-gating post-analysis for
signal-to-noise enhancement, and extended data from p-BLS
measurements.
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where lg - width of a CPW signal line; [, — width of a CPW ground line; [; — distance between a signal and
a ground line; k; — wavevector.
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Fig. S1: Analytical calculation of the first three modes in 100 nm-thick YIG unstructured film (Mg =176 mT,
y =28 GHz/T, Aex = 3.7 pJ/m) in Damon-Eshbach configuration under pgHeyy = 260 mT bias field: (a)
dispersion relation and CPW antenna’s (ground-signal-ground, G-S-G, wg ~ 230 nm, ws_g = 770 nm)
excitation efficiency Jexc; (b) group velocity vy (km/s); (c) lifetime 7 (ns); (d) decay length & (um). Green

. o d . . .
dotted line represents a projection of a wavevector k =3.1 Lim corresponding to the lattice period of 1 um.

The results of the analytical calculation of the dispersion relation for the first three spin-wave modes in
an unstructured 100-nm-thick YIG film, together with the excitation efficiency e of the CPW antenna, are
presented in Fig. S1(a). We have considered standard magnetic parameter of the YIG film: Mg = 176 mT,
y =28 GHz/T, Aex = 3.7 pJ/m, Damon-Eshbach (DE) configuration under the 260 mT bias magnetic field. In
addition, we have also estimated the group velocity — v, (Fig. S1(b)), lifetime 7 (Fig. S1(c)), decay length §
(Fig. S1(d)). According to Kalinikos and Slavin [S5, S6], the analytical description of the dipole-exchange
spin waves in a ferromagnetic film considering the spin pinning condition is:

Y 2Aex 2Aex
=2 (g kZ) (B k2 + o M.F )
f an( st + ) (Besa + 2P M

where k — total wavevector, k = \/k2 + k2; k, — tangential wavevector, which corresponds to the spin-wave
propagation in the magnetic film; k,, = % — perpendicular wavevector, which is quantized and defined by the
film thickness d; py —vacuum permeability; y —gyromagnetic ratio; Aey — exchange stiffness; Mg —

saturation magnetization; Beyy — external magnetic field; F, — angular and boundary-condition-dependent
term:

.uOIVIs(1 - Pn)

2A ’
Bext + sz k2

E, = sin?6 + P, |cos(20) + sin?@ - sin?¢ - | 1 +

where 0 is an azimuthal angle, 8 = m/2 indicates in-plane magnetization; ¢ is the in-plane polar angle
between the direction of spin-wave propagation and the direction of an effective field, ¢ = m/2 corresponds

S2



to wavevector perpendicular to magnetization, P, — spin-pinning condition term, which for unpinned
magnetic moments is defined as:

p =k [ _ 2ke(1-(-D"e"*t%)
no k2 dk2(1+6)

] with Kronecker’s delta § = {t’ 7:1; % .

Group velocity v was evaluated as a derivative of the dispersion relation:
vg(ke) =5 = 2 - ‘;—’;j ~0.291 (km/s),

where f,, — frequency dispersions for the respective quantization number n =0, 1, 2,...; w = 2rf — angular
frequency.

Lifetime was calculated as a field derivative of the dispersion relation:

= (aw ;T“’H) ~ 54 (ns),

where a — Gilbert damping constant.
Decay length was calculated according to:
8 =vg -7 =15.8 (um).

Maximum excitation efficiency of the planned CPW antenna corresponds to k =3.1 f—g - A= 2yum.

The Bragg scattering condition of a 1D MC in the form of a periodic array of reflecting planes (holes) is
defined asny.A = 2a sinB,,., where ng. is integer, 4 — spin-wave wavelength, a — lattice constant
(magnonic crystal period), 8,,.. — incident spin-wave angle. Assuming normal incidence (0,,. = 7/2), we
set the MC period to a = 1 pum to achieve optimal excitation.

3. Micromagnetic simulations
3.1TetraX mode profiles

TetraX micromagnetic simulations were performed for the mode profiles in the DE and Backward
Volume (BV) magnetization configuration of an unstructured waveguide cross-section considering (Fig. S2):
Mg =174.7 mT, uniaxial magnetic anisotropy K, =3.58 J/m’ (L x-axis); Gilbert damping a = 107%;
waveguide’s thickness d = 100 nm; waveguide’s width w = 320 nm. Profiles were calculated for k = 0,
considering only the first five (n = 5) modes due to the quadratic decrease in dynamic magnetization intensity
with increasing n. The real part of the respective magnetization components — m,, for DE, m, for BV —is
color-coded with red and blue.

Damon-Eshbach Backward Volume Fig. S2: TetraX simulation of the mode profile
Waveguide amplitudes for the first 5 spin-wave modes of the
cross-sectio unstructured waveguide in DE and BV geometry.

2 o & Thickness (nm)

-100 0 100
Width (nm)

Profiles exhibit both width and thickness quantization due to lateral confinement. In the DE configuration,
all modes show only width quantization, with components k, = nm/w, whereas the BV configuration
displays a more complex mix of thickness and width contributions, evident from the horizontal and diagonal
color patterns. The DE modes with n = 0,1 are edge modes, where spin waves propagate only along the
waveguide edges. Slight non-uniformities in the BV profiles, such as in the n = 0 mode, arises from plotting
a single magnetization component, while contributions from both dynamic components m,, and m, are

S3



important. Although the mode profiles are unpinned at the top and bottom surfaces, edge pinning persists,
introducing elastic scattering into higher-order width modes. This effect occurs because the waveguide width
slightly exceeds the critical threshold required for complete unpinning and single-mode operation. The impact
of edge pinning is more pronounced in DE modes due to their intrinsically nonreciprocal and edge-localized
nature, which leads to mode anticrossing at lower wavevectors. Nevertheless, simulations confirm that for the
selected MC waveguide geometry, the DE configuration provides the clearest understanding and control of
spin-wave transmission.

3.2. MuMax’ dispersion relation of the 1D magnonic crystal waveguide

The dispersion relation of the MC structure shown in Fig. 2(b) of the main article was calculated using
Amumax, a fork of MuMax®. The simulated geometry had parameters equal to those of the fabricated
structures. The computational domain was discretized into 215 x 25 x 1 cells, corresponding to a spatial
resolution of 6.1 x 10 x 100 nm along the x-, y-, and z-axes, respectively. The waveguide was modeled using
YIG material parameters, with a saturation magnetization Mg = 174.7 mT, exchange stiffness Aegy =
3.7 -107'2 J/m, and uniaxial magnetic anisotropy K, = 3.58 J/m’, oriented perpendicular to the x-axis. The
Gilbert damping constant was set to @ = 10™*. A static bias field of By = 260 mT was applied along the y-
axis. To break any residual symmetry that could lead to nonphysical results, additional static fields of 1 mT
were applied along the x- and z-axes. Absorbing boundary conditions were implemented by gradually
increasing the damping parameter near the edges of the waveguide.

The simulation proceeded in two stages. First, the system was relaxed to its magnetic ground state.
Subsequently, spin waves were excited using a sinc-shaped magnetic field applied spatially, ensuring uniform
excitation of wavevectors below 10° x 10° rad/m. The temporal profile of the excitation field also followed a
sinc function, with a cut-off frequency of 15 GHz and a peak amplitude of 5 x 107 T. The excitation was
applied over a duration of 100 ns, and the x-component of the magnetization was sampled every 25.6 ps during
this period. To compute the dispersion relation, the x-components of the magnetization were recorded as
functions of time and position. A discrete Fourier transform was applied along both the time and x-axes using
the fast Fourier transform (FFT) algorithm for each simulation cell. The absolute value of the resulting complex
spectra was computed and summed over the z- and y-axes to yield the final dispersion map.

The spin-wave dispersion enabled the estimation of the relative positions of the band gaps within the
magnonic spectrum and was in good agreement with TetraX dispersion calculation.

3.3. TetraX simulations

The dispersion relation as a function of the microwave frequency (Fig. 2(c) of the main article) was
analytically calculated for a single unstructured MC conduit to match the experimental data. The calculations
were performed using an open-source TetraX-based software, developed within the Nanomagnetism and
Magnonics group by A. A. Voronov et al., at the University of Vienna (https://www.madivie.at/). Common
input parameters for all calculated structures were: Damon-Eschbach configuration, Bey = 262 mT;
waveguide of width w = 320 nm, t = 100 nm; Mg = 174.7 mT; in-plane anisotropy K, =3.58 J/m?;
exchange constant Agy = 3.7 - 1072 J/m; Gilbert damping a = 2 -107*; wavevector range k = 0...20 rad/um;
number of k-values = 100; mash cell size dx, dy = 5, number of modes n =35.

(a) Dispersion relation (b) Group velocity
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(c) Lifetime (d) Propagation length
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Fig. S3: TetraX micromagnetic simulation of the unstructured waveguide with a width w = 320 nm,
thickness t = 100 nm, saturation magnetization Mg = 174.7 mT, and external magnetic field
UoHext = 262 mT for the n =5 modes: (a) spin-wave dispersion relation; (b) group velocity; (c) lifetime;
(d) propagation length.

Notably, in the main article, only the modes n = 2 and 3 of the unstructured waveguide are shown with
crimson solid and lines respectively. In the Supplementary (Fig. S3), all 5 modes are shown in
circles, as noted in the figures’ legend. First two modes correspond to the edge states, while the lowest
fundamental width mode is n = 2. The derived parameters for the second mode around k = 3.1 rad/um are
estimated as: group velocity vy ~340 m/s (Fig. S3(b)), lifetime T ~ 95.9 ns (Fig. S3(¢)), propagation length
l = 32.7 pum (Fig. S3(d)). At the k =3.1 rad/um and 18.7 rad/pm spin waves modes n =2 and n =3 are
hybridized, forming anticrossing points, where energy is exchanged between the modes.
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(c) Dispersion relation Fig. S4: TetraX micromagnetic simulations of the
dispersion relations of an unstructured waveguide
with parameters as in Fig. S3, varying in width:
(a) width w = 300 nm; (b) width w = 280 nm; (c)
width w =250 nm.
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Comparing Fig. S1 to Fig. S3 it is clearly visible how the much the dispersion relation of a thin film differs
from the unstructured nanowaveguide. Firstly, a magnon frequency decreases in a waveguide under similar
external magnetic field is primarily due to demagnetization field and mode confinement, which alters the
effective internal field and dispersion relation. For discussed waveguide’s configuration, mode localization
(n =2, 3) leads to two anticrossing points —at k =~ 3.1 rad/pm and k = 18.7 rad/um. Therefore, a single-mode
is expected within the frequency bandwidth of 100 MHz (f ~ 8.08 — 8.17 GHz, k < 3.1 rad/um). Secondly,
tuning of the geometrical parameters of the conduit, primary its width, most prominently affects the shape of
the dispersion and modes hybridization.

For example, Fig. S4(a) shows the TetraX simulations of the dispersion relation for the waveguide with
the same input parameters apart from the width set to originally designed 300 nm, while Fig. S4(b) and (c) —
width set to 280 nm and 250 nm, respectively. It is clearly visible how the decrease of the width to 300 nm
leads to the appearance of only 1 anticrossing pointat k =~ 8..11 rad/um, increasing the single-mode bandwidth
to 200 MHz (8.03 — 8.23 GHz). Reducing the waveguide width to approximately 280 nm eliminates mode
anticrossings, while further narrowing to 250 nm expands the single-mode frequency range sevenfold to
7.91 —8.56 GHz (up to 12 rad/um). A wider single-mode frequency bandwidth for the original structure is
accessible in Backward Volume configuration — from 10.27 GHz to 10.94 GHz for the same input parameters
(see Fig. S5). However, the excitation efficiency in such configuration was too low for measurement

consideration.

Dispersion relation Fig. S5: TetraX micromagnetic simulation of the
dispersion relation for an unstructured waveguide with
the same parameters as in Fig. S3, but in the Backward
Volume geometry.
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4. Propagating spin-wave spectroscopy experimental set-up

— Optical
Electromagnet k " microscope

7,

Fig. S6: Experimental setup used in propagating spin-wave spectroscb); (SWS) measurements, cosisting
of key equipment: Vector Network Analyzer (VNA), coaxial k-type cables and adapters, 40A-GSG-150-P
picoprobes, GMW 3473-70 electromagnet, Source Measurement Unit (SMU) and optical microscope.

All-electrical propagating spin-wave spectroscopy (PSWS) measurements were carried in the set-up
shown in Fig. S6. The set-up consists of a Vector Network Analyzer, VNA (4-port Rhode & Schwarz ZV A-
40) connected to an H-frame electromagnet GMW 3473-70 with a tunable air gap for various measurement
configurations and magnet poles of 15 cm diameter to induce a sufficiently uniform biasing magnetic field
(MoHext = <0.6...2.1 T depending on the air gap). The calibrated VNA signal was transferred via k-type
cables/non-magnetic adapters to a pair of 40A-GSG-150-P picoprobes connected to the contact pads of the
fabricated CPW antennas. All the measurements were performed at Tgt = 295 K. To avoid non-linear
contributions from multimagnon scattering processes, preserve the antennas during extended measurements,
yet achieve an optimal signal efficiency, we kept the RF power at -10 dBm. Sample is located between the
picoprobes on a sample holder, and can be rotated with respect to the required magnetization geometry.

After applying sufficient magnetic field to homogenously magnetize the sample, VNA-generated high-
frequency signal is transferred to a CPW antenna fabricated on top of the structure of interest. The applied
microwave signal induces an alternating Oersted magnetic field around the antenna. Its components
perpendicular to the bias field provide the necessary torque to excite precessional motion of spins in the
magnetic medium directly under the antenna. If the correct conditions for the bias magnetic field and frequency
are satisfied, this excitation launches propagating spin waves. By symmetry, the spin-wave detection
mechanism through the output antenna is the inverse of the excitation. The VNA measures the transmitted and
reflected signals, enabling the extraction of key parameters of transmission spectra, such as insertion loss,
electromagnetic leakage, attenuation level, etc. VNA parameters used for the measurements were an
intermediate frequency bandwidth 0.1-1 kHz, a frequency step 100 kHz and no averaging. Proper connection
of picoprobes to sample’s contact pads and evaluation of antennas’ resistance was done via the Source
Measurement Unit (SMU).

S7



5. PSWS — different frequency ranges and ‘time gating’ for signal-to-noise improvement

Propagating spin-wave spectroscopy transmission signal S;, of 100 nm-thick 1D YIG hole-based MC is
shown on Fig. S7. The structure under study is same as demonstrated at Fig.1(c) of the main article and was
measured under same conditions (Damon-Eshbach configuration; microwave signal power level set to -
10 dBm). The reference background signal, taken at magnetic fields slightly below the excitation level, was
subtracted to improve the signal-to-noise ratio. Most clear signal is demonstrated at Fig. S7(b) due to the

optimal combination of the preliminary designed antenna’s excitation efficiency and high spin-wave group
velocity.
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To further improve the signal-to-noise ratio and subtract the electromagnetic leakage, we have used ‘time
gating technique’, widely applied in Surface Acoustic Waves (SAW) analysis [S7, S8]. Firstly, the real and
imaginary parts of the quasi-continuous S;, VNA signal and its reference were respectively subtracted from
each other before being subjected to Inverse FFT (IFFT) — Fig. S8(a). A significant source of a signal
disruption originates from electromagnetic leakage generated by the antenna itself, which propagates between
the CPW antennas at a speed of light within a first nanosecond (up to 2 ns considering reflection-induced
smearing), and is identified in the time domain as a first pulse of strong amplitude. The SW signal is expected
to have a propagation time of around 14.7 ns, considering the =~ 5 pm distance between the antennas and the
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spin-wave velocity of = 340 m/s (according to the TetraX simulations of the unstructured waveguide, Section
3.3 of the Supplementary materials for the lowest fundamental volume mode n = 2 slightly below 3.1 rad/um).
This closely matches the second pulse found in the time-domain data, appearing at 13.6 ns. Therefore, a SW
transmission window is further fixed to the time frame 13.6 ns — 90 ns, while setting the rest to zero, to
eliminate the parasitic signal and noise. The obtained signal is then transformed back to the frequency domain
via the FFT — Fig. S8(b). Note, that we do not differentiate here between the pure SW transmission and
reflected components, e.g., triple transit.
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Fig. S8: Exemplary ‘time gating’ of the S;, spin-wave transmission at a bias field of ygHeyy =260 mT bias
magnetic field: (a) Distinct peaks of spin-wave transmission and electromagnetic leakage in a time domain
(inverse FFT from frequency domain); (b) Spin-wave transmission spectra (with a previously subtracted
reference signal) before (gray) and after (blue) spurious signal removal. Time domain data in Fig. S3(a)
conversed back to frequency domain via FFT.

6. PSWS at different power levels

All PSWS measurement discussed in the main article were performed at microwave power of -10 dBm.
This value was identified as optimal based on a series of measurements at various VNA power levels, providing
the best signal-to-noise ratio while maintaining operation within the linear regime (Fig. S9 (a)-(f) as indicated
in the figures’ top caption). Measurements performed on a structure of interest in Damon-Eshbach
configuration, with no averaging of the signal and the intermediate frequency bandwidth set to 1 kHz.
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spin-wave velocity of = 340 m/s (according to the TetraX simulations of the unstructured waveguide, Section
3.3 of the Supplementary materials for the lowest fundamental volume mode n = 2 slightly below 3.1 rad/um).
This closely matches the second pulse found in the time-domain data, appearing at 13.6 ns. Therefore, a SW
transmission window is further fixed to the time frame 13.6 ns — 90 ns, while setting the rest to zero, to
eliminate the parasitic signal and noise. The obtained signal is then transformed back to the frequency domain
via the FFT — Fig. S8(b). Note, that we do not differentiate here between the pure SW transmission and
reflected components, e.g., triple transit.
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Fig. S8: Exemplary ‘time gating’ of the S;, spin-wave transmission at a bias field of ygHeyy =260 mT bias
magnetic field: (a) Distinct peaks of spin-wave transmission and electromagnetic leakage in a time domain
(inverse FFT from frequency domain); (b) Spin-wave transmission spectra (with a previously subtracted
reference signal) before (gray) and after (blue) spurious signal removal. Time domain data in Fig. S3(a)
conversed back to frequency domain via FFT.

6. PSWS at different power levels

All PSWS measurement discussed in the main article were performed at microwave power of -10 dBm.
This value was identified as optimal based on a series of measurements at various VNA power levels, providing
the best signal-to-noise ratio while maintaining operation within the linear regime (Fig. S9 (a)-(f) as indicated
in the figures’ top caption). Measurements performed on a structure of interest in Damon-Eshbach
configuration, with no averaging of the signal and the intermediate frequency bandwidth set to 1 kHz.
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Fig. S9: Six S;, transmission spectra of a structure of interest at six different microwave power levels each for
four different external magnetic fields, as indicated in the figures.

7. p-BLS frequency sweep

To study the spin-wave transmission in a single magnonic crystal, we have performed series of
microfocused Brillouin light scattering spectroscopy (1-BLS) measurements. p-BLS is a crucial technique for
current investigation as it provides spatially resolved spin-wave mapping of magnetization dynamics at the
submicron scale, with a smallest distinguishable feature ~ 300 nm. High resolution is achieved at a loss of k-
resolution, as light is collected from multiple angles, leading to a mixture of different k-components in the
detected signal. This is unlike k-resolved BLS, which uses a collimated laser beam at a defined angle of
incidence to selectively probe certain wavevectors, but uses a large laser spot > 50 pm.

The measurements were performed on a different structure than the one used in PSWS analysis, as it was
accidentally damaged. However, all relevant geometerical parameters remained the same (i.e., average
waveguide’s width and the holes’ size), just the holes position were more centered. Distance between the
antennas was = 2 um and number of conduits on antennas — 50, which were irrelevant for the BLS

measurements.
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Fig. S10: BLS signal (detector counts) of the propagating spin wave as a function of a coherent excitation fey¢
(x-axis) in a form of: (top section of each figure) 2D graph, where each y-axis point corresponds to the
integrated measured frequency f over each respective excitation frequency foy:; (bottom section of each
figure) 3D intensity map (log scale), where the y-axis shows the full range of measured frequency f at each
excitation frequency fext, and BLS signal intensity is color-coded at z-axis. Three separate measurements (a)
— (¢) were performed at slightly shifted laser focus position along the short waveguide axis.

Firstly, we have performed the excitation frequency fuy sweep of a single magnonic crystal conduit at
a fixed distance of = 5 pm from coplanar waveguide, as shown at the set-up microscope’s photo (Fig. S10(a),
inset) and schematically at the SEM image of the investigated structure (Fig. S10(a) right panel). The BLS
laser was positioned in the middle of the MC waveguide. However, as the waveguide’s dimensions are at the
resolution limit of the microscope, three measurements (Fig. S10(a) — (¢)) were performed with the same input
parameters, but with the laser focus slightly shifted. It is clearly seen how the spin-wave propagation path from
the excitation antenna to the detecting laser position is moderately changed, with passband frequency peaks
displaying similar periodic pattern, but differ in their amplitude. Also, the spin-wave spectra shown in
Fig. S10(b) and (c) are slightly downshifted in frequencies, as each measurement was taken separately with
laser position set every time anew.

The first passband peak appeares around 7.05 GHz — 7.12 GHz with subsequent peaks spaced 0.19 GHz
from each other (red-green areas on 3D maps). Regions dominated by the background BLS counts (blue areas
on the 3D map) represent five band gaps measured 4.5 structural periods from the excitation antenna within a
single MC waveguide. In patterned magnetic structures, inhomogeneous demagnetizing fields form at the
edges of holes, locally modifying the internal magnetic field and leading to the localization of spin waves.
These confined modes are highly sensitive to structural parameters such as hole size, spacing, and film
thickness. As a result, fabrication imperfections—common in nanostructured thin films—can lead to variations
in these parameters, contributing to the emergence of multiple peaks within one passband region, as well as
changes to peaks’ amplitude. Additionally, the generally lower signal intensity of propagating spin waves in
thin films enhances the visibility of such parasitic modes.

Afterwards, we investigated the spin-wave transmission in the passband and band-gap regions by
sweeping the laser position from 0 to 5 pm away from the antenna in around 100 nm step. Note, that Fig. S11
demonstrates the maximum BLS intensity at the passband excitation frequency foy; = 7.04 GHz (red circles)
and at the band-gap frequency foyy = 7.2 GHz (blue squares), not integrated as in Fig. S10, for more clear
representation. The passband signal is an order of magnitude stronger than that of a bandgap, confirming the
SW filtering. Linear fitting reveals a smaller slope for the bandgap signal (light-blue dots) compared to the
passband (orange dashes), indicating suboptimal excitation efficiency due to coarse excitation frequency
choice, shifted starting position of the linescan from the vicinity of the antenna and enhanced signal dissipation
due to holes directly beneath the antenna.
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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 states'*®>. Such configurations could be relevant
for the development of programmable magnonic waveguides or logic elements based on edge mode

routing!®**¢%,

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 pyztn 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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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, Poznan, 2021

« Second Institute of Spintronics and Quantum Information Symposium, Poznan, 2022
+ Third Institute of Spintronics and Quantum Information Symposium, Poznan, 2024

« Physics of Magnetism, Poznan, 2023

« MagIC+, Bedlewo, 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 Doskonalosci — 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

103



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. UM0-2020/37/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 Poznan 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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