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Abstract

Magnetism, a fundamental phenomenon of nature, drives many technologies ranging from data
storage to energy conversion. At the heart of modern magnetism is the ability to control the
dynamics of magnetization, which is governed by the complex interplay of exchange interactions,
magnetic anisotropies, and demagnetizing fields. As devices continue to miniaturize and increase
in functionality, understanding these dynamics becomes critical — especially for applications in
spintronics and magnonics. The latter focuses on the propagation of magnetization perturbations
known as spin waves, which show promise for information processing at low energy levels.

The study of magnetic domains has evolved from the macroscopic bulk materials to the
miniaturized systems, allowing the investigation of spin-wave phenomena in confined geometries.
Low-dimensional structures, such as thin films (2D) and nanowires (1D), have enabled scientists
to study spin-wave control through boundary effects, chirality, and periodic texturing, leading to
applications such as frequency filtering and signal processing. However, the recent development
of three-dimensional nanostructures (3D) introduced an entirely new research direction. The
nanoscale periodicity in complex geometries, such as gyroids or scaffold-like networks, enables
the unprecedented control of spin-wave localization, dispersion, band structure, and other
essential dynamic properties. These advances represent a natural progression toward using
highly complex and small structural elements to fine-tune magnetization dynamics in all spatial
directions.

The rapid growth of this field is fueled not only by innovations in nanofabrication methods,
such as atomic layer deposition or self-assembly techniques, but also by improved computational
capabilities that enable advanced numerical methods. Theoretical tools such as finite difference
and finite element methods are essential to solve the complex magnetization dynamics described
by the Landau-Lifshitz—Gilbert equation. The ability to model magnetic phenomena with high
precision further supports the simulation of high-resolution 3D systems that were previously
considered too computationally expensive. They allow researchers to study how complex 3D
nanostructures affect the control of spin waves, opening up new possibilities for the design of
new magnonic and spintronic devices. From bulk materials to nanostructures, and from planar
systems to complex three-dimensional nanoarchitectures, the field of magnetism is pushing
the boundaries of magnetization control, driving innovation in dynamic phenomena for next-
generation technologies.

This dissertation investigates the control of spin waves in ferromagnetic materials through
multidimensional structuring, with an emphasis on micromagnetic simulations as a central
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research tool. It begins by presenting the basic theoretical concepts of magnetism, especially
micromagnetism, to explain some of the key aspects of spin-wave dynamics, including exchange
interactions, demagnetizing fields, and the Landau-Lifshitz—Gilbert equation. A substantial part
of the thesis then discusses the numerical methods used for these simulations, describes the
special features of software tools such as MuMax3, COMSOL Multiphysics, and tetmag, and
shows how they can be used to design, simulate, and analyze complex magnetic systems.

The fundament of this thesis is a collection of published research papers demonstrating new
strategies for controlling spin waves by progressively increasing the geometric complexity of
structured ferromagnetic media. Knowing the advances in manufacturing and using numerical
simulation, I demonstrate how geometry and dimensionality affect spin-wave propagation, dis-
persion, and localization. I study one-dimensional gratings, two-dimensional antidot lattices,
and fully three-dimensional magnetic nanostructures to show how higher-dimensional systems
enable new magnonic functionalities and define future trends. The main goal was to connect
theoretical spin-wave optics with practical magnonic applications, and to show that geometric
structuring can be as important as intrinsic material properties in controlling interference, diffrac-
tion, nonreciprocity, and localization. Through theoretical modeling, large-scale micromagnetic
simulations, and close collaboration with experimental groups, my work ensures both compu-
tational accuracy and experimental feasibility, aiming to advance next-generation magnonic
circuits, logic architectures, and hybrid spintronic devices.

An important result of my Ph.D. research is the first micromagnetic demonstration of the Tal-
bot effect for spin waves, revealing self-imaging phenomena emerging in systems patterned with
periodic 1D gratings. Using MuMax3 simulations and convolution-based computational tools, |
show how Talbot “carpets” can be harnessed to perform logic operations, introducing a reconfig-
urable and scalable framework for magnonic computing. MuMax3 and COMSOL simulations of
two-dimensional antidot lattices with a predetermined defect show that the periodic structuring
modifies the band structure of the spin waves and enhances the induction of higher harmonics
suitable for fast information processing. Further studies on crescent-shaped waveguides show
that the localization of spin waves depends on the chirality of the profile, demonstrating how
shape anisotropies lead to unidirectional propagation. The most advanced aspect of my research
involves three-dimensional nanostructures, where spatial modulation in all three dimensions
allows unprecedented control of magnetization dynamics. Through COMSOL Multiphysics
and tetmag simulations, I study gyroid networks to show that complex geometries combined
with crystallographic orientation produce strongly field-dependent ferromagnetic responses and
spin-wave mode localization. Notably, the surface-localized ferromagnetic resonance modes
found in gyroids and scaffold-like lattices exhibit field-switchable high-magnetization states,
opening new possibilities for reconfigurable magnonic waveguides and functional spin-wave
devices.
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In short, my main contributions include:

the first micromagnetic demonstration of the Talbot effect for spin waves and the introduc-
tion of spin-wave self-imaging as a novel computing paradigm:;

* the investigation of edge modes in crescent-shaped waveguides, establishing a link between
structural chirality and spin-wave localization;

* the adaptation and optimization of finite-element solvers and numerical methods to enable
efficient large-scale 3D micromagnetic simulations;

* the coordination and contribution to an international collaboration exploring gyroidal
structures as platforms for unconventional magnetization dynamics;

* the discovery of tunable, surface-localized ferromagnetic resonance modes in three-
dimensional magnetic networks.

Overall, this work contributes to the expanding field of magnonics by demonstrating how di-
mensionality and geometry can create new functionalities in spin-wave dynamics. By combining
theoretical modeling, advanced micromagnetic simulations, and collaborations with international
experimental groups, it highlights promising strategies for spin-wave control. As 3D magnonics
continues to evolve, the findings presented in this thesis can support future efforts to design
devices for energy-efficient information processing, storage, and communication systems.






Streszczenie

Magnetyzm, fundamentalne zjawisko natury, odgrywa kluczowa rolg¢ w wielu technologiach,
od przechowywania danych po konwersj¢ energii. Sercem nowoczesnego magnetyzmu jest
kontrola dynamiki magnetyzacji, ktéra jest regulowana przez wzajemne oddziatywania wy-
mienne, anizotropie i pola rozmagnesowujace. W miarg jak urzadzenia staja si¢ coraz mniejsze
1 bardziej wydajne, zrozumienie dynamiki magnetyzacji staje si¢ niezbedne — szczegdlnie w
zastosowaniach w spintronice i magnonice. Druga z tych dziedzin koncentruje si¢ na propagu-
jacych zaburzeniach magnetyzacji, zwanych falami spinowymi, ktére wykazuja potencjat do
przetwarzania informacji przy bardzo niskim zuzyciu energii.

Badania nad domenami magnetycznymi ewoluowaty od analiz objgtoSciowych (makro)ma-
teriatéw do zminiaturyzowanych systemow, umozliwiajac eksploracje fal spinowych w ogra-
niczonych geometriach. Struktury o nizszych wymiarach, takie jak ultracienkie warstwy (2D)
i nanodruty/nanoprety (1D), umozliwity naukowcom manipulacj¢ falami spinowymi poprzez
efekty brzegowe, chiralnos$¢ i periodyczne teksturowanie, prowadzac do zastosowan takich jak
filtrowanie czestotliwosci i przetwarzanie sygnaléw. Jednakze, niedawny rozw6j badan nad na-
nostrukturami tréjwymiarowymi (3D) sygnalizuje rozwijajacy si¢ trend, ktory otwiera zupelnie
nowe mozliwoSci dla badan nad falami spinowymi. Periodycznosci w zlozonych geometriach,
takich jak gyroidy czy kaskadowe matryce nanopretéw, pozwalaja uzyskac niespotykana dotad
kontrol¢ nad lokalizacja fal spinowych, ich dyspersja oraz strukturg pasmowa, a takze innymi
kluczowymi wtasciwosciami dynamicznymi. Postgpy te stanowig naturalny krok w kierunku
wykorzystania niezwykle matych i ztozonych struktur do precyzyjnego strojenia dynamiki
magnetyzacji we wszystkich kierunkach przestrzennych.

Szybki rozwdj tej dziedziny jest napgdzany nie tylko innowacjami w technikach nanofabryka-
cji, takimi jak osadzanie warstw atomowych 1 metody samo-organizacji, ale rOwniez rosnacymi
mozliwosciami obliczeniowymi, ktére umozliwiaja stosowanie coraz bardziej zaawansowanych
metod numerycznych. Narzedzia teoretyczne, takie jak metody réznic i elementéw skonczonych,
sa niezbedne do rozwiazania ztozonej dynamiki opisanej réwnaniem Landaua—Lifshitza—Gilberta.
Wazrost dostgpnych zasobéw obliczeniowych przetozyt si¢ rowniez na mozliwos¢ precyzyjnego
modelowania zjawisk magnetycznych w tréjwymiarowych uktadach o wysokiej rozdzielczosci,
ktére do niedawna byly zbyt wymagajace. Metody numeryczne pozwalaja badaczom odkrywac,
w jaki sposob nanostruktury 3D moga kontrolowac fale spinowe, otwierajac nowe mozliwosci
projektowania urzadzen magnonicznych i spintronicznych. Od uktadéw objetosciowych po nano-
struktury 1 od cienkich warstw po skomplikowane nanoarchitekury 3D, dziedzina magnetyzmu



stale rozszerza mozliwosci kontroli magnetyzacji, napedzajac innowacje w zakresie zjawisk
dynamicznych dla technologii nowej generacji.

Niniejsza rozprawa doktorska bada kontrolg fal spinowych w materiatach ferromagnetycz-
nych poprzez wielowymiarowa strukturyzacje, koncentrujac si¢ na symulacjach mikromagne-
tycznych jako gtéwnym narzgdziu badawczym. Prace otwieraja niezbgedne podstawy teoretyczne
z magnetyzmu, w szczegdolnosci mikromagnetyzmu, w celu wyjasnienia kluczowych aspektéw
dynamiki fal spinowych, takich jak oddzialywania wymienne, pola rozmagnesowujace i rOw-
nanie Landaua—-Lifshitza—Gilberta. Znaczna czg¢sS¢ pracy pos§wigcona jest nastgpnie metodom
numerycznym stosowanym w symulacjach. Przedstawiono szczegétowe analizy metod réznic
1 elementéw skonczonych zaimplementowanych w srodowiskach obliczeniowych takich jak
MuMax3, COMSOL Multiphysics i tetmag, oraz pokazano ich zastosowanie w projektowaniu,
symulowaniu i analizowaniu ztozonych uktadéw magnetycznych.

Podstawa rozprawy jest zbiér opublikowanych artykutéw naukowych, ktore przedstawiaja
nowe strategie kontroli fal spinowych poprzez stopniowe zwigkszanie zlozonosSci geometryczne;j
nosnikéw ferromagnetycznych. Znajac postepy w technikach ich wytwarzania oraz wykorzy-
stujac metody numeryczne demonstruj¢, w jaki sposob geometria i wymiarowos$¢ wptywaja na
propagacje, dyspersje i lokalizacj¢ fal spinowych. Badam jednowymiarowe siatki dyfrakcyjne,
dwuwymiarowe sieci dziur kotlowych, a takze w pelni tr6jwymiarowe nanostruktury magnetyczne
aby pokazac, w jaki sposéb uklady o wyzszej wymiarowosci 1 ztozonej strukturyzacji moga
prowadzi¢ do nowych funkcjonalno$ci magnonicznych, definiujac przyszte kierunki rozwoju tej
dziedziny. Gtéwnym celem bylo potaczenie teoretycznej optyki fal spinowych z praktycznymi
zastosowaniami magnonicznymi, oraz pokazanie, ze strukturyzowanie geometryczne moze by¢
rownie istotne jak wlasciwos$ci materiatowe w kontrolowaniu interferencji, dyfrakcji, asymetrycz-
nej propagacji 1 lokalizacji fal spinowych. Poprzez modelowanie teoretyczne, wielkoskalowe
symulacje mikromagnetyczne oraz Scista wspétprace z grupami eksperymentalnymi, moja praca
zapewnia zarowno doktadnos¢ obliczeniowa, jak i mozliwos¢ realizacji laboratoryjnej, dazac
do rozwoju nowej generacji uktadow magnonicznych, architektur logicznych i1 hybrydowych
technologii spintronicznych.

Waznym rezultatem mojej pracy doktorskiej jest pierwsza mikromagnetyczna demonstracja
efektu Talbota dla fal spinowych, ujawniajaca samo-obrazowanie zaburzenia magnetyzacji po
przejsciu przez periodyczng jednowymiarowa przeszkode. Wykorzystujac symulacje w MuMax3
oraz narzgdzia obliczeniowe oparte na mnozeniu splotowym (konwolucji), pokazuj¢ réwniez, w
jaki sposob ,,dywany” Talbota umozliwiaja przeprowadzanie operacji logicznych, proponujac
rekonfigurowalny i skalowalny model do przeprowadzania obliczent magnonicznych. Symulacje
dwuwymiarowych periodycznych sieci nanodziur z odgérnie zaprojektowanym defektem w
MuMax3 i COMSOL wykazaty, ze takie uktady modyfikuja strukturg pasmowa fal spinowych i
umozliwiajg generacj¢ wyzszych harmonicznych, korzystnych w technologiach przetwarzania
informacji o wysokiej czgstotliwos$ci. Badania nad falowodami o przekroju poprzecznym w
ksztatcie potksigzyca ujawniaja natomiast zalezna od chiralnoSci profilu lokalizacje fal spino-
wych, podkreslajac rolg anizotropii ksztattu we wzbudzaniu jednokierunkowej propagacji.
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Najbardziej zaawansowany aspekt moich badan obejmuje tréjwymiarowe nanostruktury,
w ktérych modulacja przestrzenna we wszystkich trzech wymiarach umozliwia niespotykana
dotad kontrolg nad dynamika magnetyzacji. Korzystajac z COMSOL Multiphysics oraz tetmag,
badam sieci gyroidalne aby pokazac, ze ztozona geometria i orientacja krystalografii prowadza
do silnie zaleznych od pola odpowiedzi ferromagnetycznych i lokalizacji modéw fal spinowych.
Demonstruj¢ w szczegdlnosci, ze zlokalizowane przy powierzchni mody rezonansu ferromagne-
tycznego, zaobserwowane w strukturach gyroidalnych oraz kaskadowych matrycach nanopretow
(przypominajacych rusztowanie), wykazuja stan silnej magnetyzacji przetaczalny zewnetrznym
polem, co otwiera nowe perspektywy dla rekonfigurowalnych falowodéw i funkcjonalnych
urzadzen magnonicznych.
W skrécie, moje gtdwne osiagnigcia obejmuja:

 pierwsza mikromagnetyczng demonstracj¢ efektu Talbota dla fal spinowych oraz wprowa-
dzenie samo-obrazowania fal spinowych jako nowego paradygmatu obliczeniowego;

* identyfikacj¢ modéw krawedziowych w falowodach o przekroju pétksigezycowym, taczaca
chiralnos¢ strukturalng z lokalizacja fal spinowych;

* dostosowanie i optymalizacj¢ metod elementéw skonczonych oraz technik numerycznych
w celu umozliwienia wydajnych, wielkoskalowych symulacji mikromagnetycznych w
trzech wymiarach;

* koordynacje i aktywny udzial we wspotpracy miedzynarodowej dotyczacej badan nad
strukturami gyroidalnymi jako platformami dla niekonwencjonalnej dynamiki magnetyza-
cji;

* odkrycie powierzchniowo zlokalizowanych modéw rezonansu ferromagnetycznego w
tréjwymiarowych nanostrukturach, oferujacych mozliwos¢ projektowania kontrolowalnych
urzadzen magnonicznych.

Niniejsza praca wnosi wktad w rozwijajaca si¢ dziedzing magnoniki badajac, w jaki sposéb
wymiarowos¢ 1 geometria nosnikow magnetycznych moga by¢ wykorzystane do uzyskania no-
wych funkcjonalnosci fal spinowych. Laczac modelowanie teoretyczne, zaawansowane symulacje
numeryczne oraz mi¢dzynarodowa wspétprace z grupami eksperymentalnymi, podkre§lono obie-
cujace strategie kontroli fal spinowych. W miarg dalszego rozwoju tréjwymiarowej magnoniki,
zaprezentowane tutaj wyniki moga stanowi¢ wsparcie dla przysztych dziatan ukierunkowanych
na projektowanie urzadzen do energooszczednego przetwarzania, przechowywania i przesytania
informacji.
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Preface

In the current era of widespread digitization and increasing computing demands, the scientific
community is focused on discovering new ways to perform logical operations, store data, and
transport information.

As we approach the physical limits of traditional electronic circuits — challenged by quantum
effects, heat dissipation, and the resulting decrease in device efficiency and longevity — the
need for alternative information carriers becomes essential. This dissertation, entitled “Novel
approaches to control spin waves using structuring and complex geometry of ferromagnetic
nanostructures,” seeks to contribute to one of the promising research fields addressing these
challenges: magnonics.

The main objective of magnonics is to analyze magnetism in solid states by studying the
propagation of spin waves. Spin waves, as carriers of angular momentum without charge
transport, offer a bypass of traditional electronic constraints. With their ability to transmit
signals without thermal loss, while offering a broad frequency spectrum and dual amplitude
and phase information encoding capabilities, spin waves show potential for next-generation
information carriers. This thesis investigates spin-wave properties through one-, two-, and
three-dimensional material structures, which represents an innovative approach in the field of
magnonics. By studying magnetization dynamics and spin-wave responses throughout complex
multidimensional magnetic systems (including their edges, surfaces, and bulk regions) this
research reveals interesting phenomena that deepen our understanding of spin-wave behavior
and offer new opportunities for functional magnonic design.
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Chapter 1

Introduction

Harnessing and controlling spin waves is a major focus in the growing field of magnonics. Their
ability to transport signals without heat dissipation [1-4] provides high energy efficiency without
compromising the processing speed [1, 5—7]. The wavelength spectrum of spin waves (from
micrometers to tens of nanometers) corresponds to frequencies from a few to several hundred
gigahertz [8—10]. In addition, the ability to control the dispersion and group velocity of spin
waves greatly increases their potential applications [11-14]. These properties make spin waves
an attractive alternative to conventional charge-based electronics in computing, memory and
microwave technologies. Recent advances have also demonstrated the need to reduce the size of
magnonic devices, such as majority gates [15], down to nanometer levels. This approach allows
the use of ferromagnetic materials with moderate Gilbert damping, which remain suitable at
the nanoscale where its low value is not essential [15]. Moreover, the interaction between spin
waves and different magnetization textures, such as skyrmions and domain walls, leads to chiral
effects that enable advanced magnonic applications, e.g., nonreciprocal waveguides (diode-like
behavior), directional spin-wave couplers, or reconfigurable logic gates and memory devices [16,
17]. The development of magnonic systems requires precise control of the magnetization
dynamics through static factors such as geometry and material, as well as dynamic parameters
such as excitation frequency and external magnetic field. This thesis focuses on novel design of
(nano)structures and geometries as a method to control and improve functional performance of
spin waves.

1.1 Shape related effects on spin waves

In ferromagnetic materials, spin waves are shaped by the interplay between strong isotropic
exchange interactions and anisotropic long-range magnetostatic effects. The miniaturization of
magnonic systems together with improved magnetization control has made spin-wave localization
a fundamental property of nanoscale operations. Edge modes, driven by a geometry and boundary
effects, represent a well-documented example of localization [18-30], where spin waves are
confined or propagate along the edges of the system. The inhomogeneous internal magnetic



2 Introduction

field near the edges becomes essential for wave confinement as waveguide dimensions decrease.
This localization at the boundaries allows the trapped spin-wave modes to function as sensitive
probes [31, 32], revealing the magnetic properties of the entire system.

Despite recent progress, the study of geometric properties affecting spin-wave propagation
in complex magnonic systems remains at an early stage. In my study, I implemented such
geometries to simulate the spin-wave Talbot effect, also known as self-imaging. This phenomenon
occurs when a plane wave passes through a one-dimensional array of periodic obstacles, such
as nanodots, creating a distinctive near-field diffraction pattern that reconstructs the periodic
structure at some specific intervals. Furthermore, the circular antidots have shown growing
interest [33] due to their potential to excite spin waves at higher harmonic frequencies through
nonlinear effects — an aspect I also explore in this thesis. The intentional design of nanoscale
geometries in planar magnonic systems offers exciting possibilities for controlling spin-wave
behavior.

In addition to planar systems, this thesis also investigates more complex, higher-dimensional
structures for advanced spin-wave manipulation. Particularly intriguing are nanowires with
a crescent-shaped cross section, which — when arranged in a diamond-bond network — show
promise for studying near-degenerate magnetic states and developing reconfigurable magnonic
devices [34, 35]. However, in this work, the research focuses exclusively on single crescent-
shaped nanowires to study their fundamental spin-wave properties.

Even more structurally complex are gyroids — fully interconnected three dimensional periodic
networks, composed entirely of chiral triple junctions [36—39]. The magnetic gyroidal nanostruc-
tures, with at least one dimension in the nanoscale, show potential to demonstrate monopole-type
excitations, which have been observed so far only in 2D systems [40, 41]. Furthermore, the
unit cell of a 3D gyroid is not only intrinsically chiral, but also exhibits continuous curvature,
providing a rich platform for the development of controllable, nonlinear, and spatially localized
spin textures [42—44].

The structures and phenomena discussed in this dissertation are in line with current trends in
magnonics, particularly the growing interest in the use of nontrivial shapes to control spin-wave
properties. While many challenges remain, the results presented here can contribute to this
growing area of research and suggest exciting paths for further investigation, both in fundamental
studies and potential applications.

1.2 From patterned thin films to intricate 3D ferromagnetic

nanostructures

The primary objective of this dissertation is to develop prototypes of novel, geometrically
complex magnonic nanostructures that have the potential for experimental realization and offer
promising spin-wave control properties.
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Figure 1.1 Schematic representation of the main systems studied in this thesis, presented in a sequence
based on their increasing dimensional complexity. In (a), a one-dimensional antidot diffraction grating
is shown (publications P1, P2, P3, and P6). In (b), there is a two-dimensional antidot lattice (ADL)
with a defect in the center (publication P5). In (c), a crescent-shaped waveguide is shown, occupying a
transitional regime between two- and three-dimensional structures. Although the simulations assume a two-
dimensional geometry of infinite length, the resulting magnetic effects extend into the third dimension, as
highlighted in publication P4. In (d) a scaffold-like three-dimensional lattice structure is shown, which was

investigated in publication P9. Finally, (e) illustrates the gyroidal nanostructure presented in publications
P7, P8 and P9.

The examination of nanostructures with complex shapes and nontrivial curvature brings
multiple potential advantages to magnonics. First, it enhances our knowledge about magnon
interactions with local magnetic properties, which might enable new methods for spin-wave
manipulation. Second, the strategic implementation of different textures can enhance stronger
magnonic band gaps and asymmetric spin-wave propagation, paving the way for the creation
of efficient magnonic devices such as spin-wave-based logic circuits. Finally, these geometries
provide a platform to study nonlinear and quantum effects that may drive progress in quantum
magnonics and spintronics research. By investigating these nanostructures, this work aims
to increase the theoretical knowledge of magnonic phenomena and ultimately support the
development of magnon-based technologies for information processing. However, the design
and development of complex material nanoarchitectures faces major obstacles. The fabrication
of structures with lattice dimensions below 100 nm is particularly demanding and represents
a significant technical challenge, which is being addressed by the efforts of the collaborating
experimental groups. From a theoretical perspective, modeling and simulating of complex
geometric systems demands advanced computational methods. To address these issues, my
research has employed state-of-the-art micromagnetic simulations that allow reliable numerical
investigations through the careful selection of parameters to optimize both the design and
functionality of the simulated prototypes.
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By means of the simulations, I have systematically studied magnetization dynamics, dis-
tribution, and localization in various metastructures, uncovering the mechanisms that drive
these phenomena, developing methods to control them, and identifying their most effective
applications. The term metamaterial refers here to engineered structures that exhibit unique,
often unconventional magnetic properties not found in natural materials. The designed structural
features allow precise and tunable control of wave propagation through their mutual interactions.
The proposed geometric models were developed in the context of existing research, building on
and extending the findings of other groups. This work focuses on five types of ferromagnetic
metastructures (see Fig. 1.1) across different spatial dimensions:

* one-dimensional nanodot arrays that act as spin-wave diffraction gratings, giving rise to
the Talbot (self-imaging) effect (Fig. 1.1a);

* two-dimensional planar nano-ADLs, where the structured geometry supports the forma-
tion of edge modes and enables nonlinear spin-wave excitation (Fig. 1.1b);

* crescent-shaped waveguides, studied for their influence on spin-wave dynamics, including
curvature-induced localization effects (Fig. 1.1c¢);

* scaffold-like three-dimensional lattices, providing a fully interconnected probe for spin-
wave modes localization in complex spatial environments (Fig. 1.1d);

* three-dimensional gyroidal networks, investigated for how their crystallographic orien-
tation influences the ferromagnetic resonance (FMR) frequency and facilitates spin-wave
modes localization (Fig. 1.1e).

One of the key tasks was to use structured ferromagnetic thin films with antidots to ver-
ify theoretically and numerically the induction of the Talbot effect for spin waves (see P1 in
Sec. 5.1.1, and P2 in Sec. 5.1.2). The self-imaging has been successfully described and demon-
strated by micromagnetic simulations, and the results have also been experimentally verified by
collaborating partners (see P6 in Sec. 5.1.4). The control of spin-wave interference patterns by
phase adjustments at the apertures between antidots led to the design of a yttrium iron garnet
(YIG)-based logic device using the Talbot effect (see P3 in Sec. 5.1.3).

Another important research direction was the generation of high-frequency spin waves by
exploiting nonlinear effects and localized cavity modes in the ADL (see P5 in Sec. 5.2.2). This
study allowed for the excitation of magnons with very short wavelengths, a critical element in
the development of compact magnonic devices.

Crescent-shaped waveguides also form a significant part of this study (see P4 in Sec. 5.2.1).
The distribution of spin-wave modes in such systems depends on the precise control of the
magnetic energies determined by the structural geometry. Here, I investigated how the curvature
and edge sharpness of crescent-shaped nanowires affect the spin-wave dynamics in single
nanorods. This particular design allows the distinction between edge-localized and volume-
confined modes, which produce different spatial profiles and alter the spin-wave propagation
properties.
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Gyroids, while still relatively unexplored within the field of magnonics, represent a promising
and novel direction of research (see P8 in Sec.5.3.2). Building on studies primarily concerned
with their magnetostatic properties, I have conducted an extensive theoretical and numerical
investigation of these structures. This involved systematic modification of parameters such
as material filling fraction, structure size, and crystallographic orientation relative to external
magnetic fields. These efforts were coordinated with the experiments of partner groups that
measured the gyroid samples (see P7 in Sec.5.3.1).

The research also focused on an significant aspect of spin-wave localization in three-
dimensional systems. The gyroid stands out as a promising example because it represents
a periodic chiral network of nanorods that combines natural curvature with crystallographic
symmetry. These geometric and structural features guided my research to design 3D gyroid
architectures which demonstrate a novel form of surface-localized spin-wave FMR modes (see
P9 in Sec. 5.3.3). Interestingly, the study revealed a similar localization effect in scaffold-like
nanostructures, suggesting that this phenomenon is general. The comparative analysis of gy-
roids and scaffold-like lattices not only established the robustness of the localization effect
across different 3D geometries, but also identified essential structural parameters needed for this
phenomenon to occur.

The most difficult part of this research was to integrate multiple interrelated challenges into
a single, comprehensive computational strategy. Besides, I was responsible for implementing
specialized numerical methods for solving both frequency-domain and time-domain problems
in complex multidimensional structures (see Ch. 4). These methods were crucial for obtaining
the relaxed magnetization states and for capturing the spin-wave dynamics in noncollinear
configurations. Using simulation environments such as MuMax3, COMSOL Multiphysics, and
tetmag, I was able to systematically study how metamaterials, especially 3D architectures, allow
for the unprecedented control of spin-wave propagation and localization. With new experimental
techniques enabling the fabrication and measurement of these complex nanosystems, the numeri-
cal framework I use serves as a bridge between theoretical modeling and practical application in
next-generation magnonic devices.






Chapter 2
Fundamentals of magnetism

2.1 Historical overview

The history of magnetism spans thousands of years, beginning with ancient observations of
magnetic properties in materials and evolving into a scientific discipline. The first recorded
mentions date back to ancient Greece, where magnetite (Fe3O4) was first discovered in the
region of Magnesia, from which the term magnetism is derived. The ancient Greeks and Chinese
recognized the unique properties of lodestone, a naturally magnetized form of Fe304. While
the former primarily observed and studied its magnetic behavior as a subject of curiosity and
natural philosophy as early as the 2nd century BC', the latter later developed and used it as a
navigational tool. The earliest confirmed use of the compass for navigation in China dates to
around the 11th century AD? [45].

The scientific study of magnetism began as a systematic discipline in the late Middle Ages.
In 1269, Petrus Peregrinus de Maricourt described the behavior of magnetic materials in his
book Epistola de Magnete, introducing the idea of magnetic poles and describing how magnets
interact [46]. A major advance came in 1600 when William Gilbert published De Magnete,
which separated magnetism from static electricity, and also explained that the Earth itself acts as
a giant magnet. Gilbert established the basic principles of magnetism as a property of matter and
created concepts that remain important in modern science [47].

In the 19th century, a major breakthrough deepened our understanding of the relationship
between electricity and magnetism. In 1820, Hans Christian @rsted discovered that an electric
current generates a magnetic field — a finding that directly contributed to the foundation of elec-
tromagnetism. André-Marie Ampere further quantified these findings by articulating Ampere’s
law, which details how electric currents produce magnetic fields [48]. This development con-
tinued with Michael Faraday, who discovered electromagnetic induction in 1831, showing that
time-varying magnetic fields could induce electric currents [49]. These groundbreaking findings

'BC means ‘Before Christ’ and refers to years before year 1.
2AD stands for Anno Domini, Latin for “in the year of the Lord,” and refers to years after year 1.
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were eventually combined by James Clerk Maxwell in 1873 into Maxwell’s equations [50],
which unified electricity and magnetism into a framework known as electromagnetism.

Although classical theories successfully described macroscopic magnetic phenomena, they
were insufficient to explain the microscopic origins of magnetism. The development of quantum
mechanics in the early 20th century revolutionized the entire field. The discovery of the intrinsic
angular momentum of the electron (spin) by George Uhlenbeck and Samuel Goudsmit in
1925 [51], along with the introduction of quantum mechanical spin theory by Wolfgang Pauli [52],
represented fundamental breakthroughs. These discoveries enabled the formulation of the
Heisenberg model [53], which describes ferromagnetism in terms of exchange interactions.
Werner Heisenberg’s model also extended the concept of the Curie temperature (above which
thermal energy disrupts magnetic order) by explaining that spontaneous magnetization above it
vanishes due to thermal excitation overcoming the exchange interaction [54]. The Ising model,
developed by Ernst Ising in 1925, provided further insights into magnetic order and phase
transitions [55].

Building on earlier pioneering research, significant developments in the mid-20th century
greatly deepened our understanding of the electronic origins of magnetism. Felix Bloch presented
his seminal work on electrons in periodic potentials in 1929 [56], where he introduced the concept
that the wavefunction of an electron in a crystalline lattice can be expressed as the product of
a plane wave and a lattice periodic function. This became known as Bloch’s theorem and
is a principle of modern band theory of solids. By characterizing the allowed and forbidden
energy bands within a periodic potential, Bloch’s framework enabled systematic studies of
how the quantum properties of electrons drive both conduction and magnetic effects. In the
1930s, John C. Slater built on these band theoretic concepts to develop an explanation of
ferromagnetism in terms of exchange-induced splitting of electronic states [57]. Slater’s key
insight was that the Pauli exclusion principle, coupled with Coulomb interactions, can shift the
energies of spin-up and spin-down bands differently. This splitting leads to unequal populations
of electrons with opposite spins, creating a spontaneous net magnetic moment. His model linked
the quantum-mechanical properties of electrons to the macroscopic ferromagnetic behavior
observed in materials such as iron (Fe), cobalt (Co), and nickel (Ni). Subsequently, in the
1960s, John Hubbard introduced a more comprehensive framework to explain strong electron—
electron correlations [58]. The Hubbard model captures local Coulomb repulsion by balancing
two competing effects: the tendency of electrons to delocalize and form energy bands, and
their tendency to localize due to strong interactions. By adjusting parameters such as hopping
amplitude and local repulsion, the model shows how electrons can switch between moving freely
(itinerant) and staying in place (localized). This has become a key tool for understanding effects
such as metal-insulator transitions.

In the 20th century, scientists also made important breakthroughs in creating new mag-
netic materials. Although the naturally occurring magnetite mentioned above has been known
since ancient times, the industrial synthesis of ferrites by Takeshi Takei and colleagues in the
1930s [59] led to the development of materials that combine high magnetic permeability with
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low electrical conductivity. The engineered ferrites proved essential to transformer and inductor
technology. The discovery of samarium—cobalt (SmCo) magnets in the late 1960s, followed
by the introduction of neodymium—iron—-boron (Nd,Fe4B) magnets in the early 1980s [60],
revolutionized the field with permanent magnets offering exceptional power and thermal stability,
enabling a wide range of applications in motors, sensors, and data storage.

Louis Néel’s pioneering research on antiferromagnetism and ferrimagnetism, for which he
was awarded the Nobel Prize in Physics in 1970, revolutionized the understanding of complex
magnetic ordering in solids [61]. Néel explained how interactions between different magnetic
sublattices govern these phenomena, and showed that the net magnetic moment of a material can
vanish when neighboring atomic spins are arranged in opposite configurations. These findings
laid the groundwork for future spin-based technologies.

In parallel, the formalism of magnetization dynamics took shape. Building on Bloch’s
quantum-mechanical treatment of electrons in crystalline lattices described above, in 1935 Lev
Landau and Evgeny Lifshitz introduced a differential equation describing how the magnetization
of a material evolves with time under external fields [62]. This equation was extended by
T. L. Gilbert [63] in the mid-1950s, by adding a damping term to account for energy losses
during magnetization precession. The resulting Landau—Lifshitz—Gilbert (LLG) equation is a
fundamental tool in micromagnetism for modeling magnetization dynamics.

Major experimental milestones during this period also changed the practical applications
of magnetism. Albert Fert and Peter Griinberg made an independent discovery of giant mag-
netoresistance (GMR) in 1988 [64, 65], showing that the electrical resistance in thin magnetic
multilayers can change drastically with applied magnetic fields when electron scattering depends
on spin orientation. This effect allowed engineers to reduce the size of magnetic sensors while
revolutionizing data storage by increasing the density of hard drives. This was soon followed
by the discovery of tunnel magnetoresistance (TMR) in magnetic tunnel junctions [66, 67],
where electron tunneling across an insulating barrier also depends on spin orientation. TMR’s
larger magnetoresistance ratios have further advanced the efficiency and scalability of spintronic
devices.

Alongside spintronics, the closely related field of magnonics uses collective excitations
of spin waves to transfer and process information. The study of spin-wave dynamics began
with Bloch’s work on ferromagnet spin-wave excitations [68] and Néel’s research on antifer-
romagnet collective modes in multi-sublattice systems. The development of micromagnetic
theory through the LLG equation established predictive methods for the control and design
of spin-wave propagation in various media. In the late 20th century, the phenomenon of spin-
transfer torque (STT) became the link between spintronics and magnonics by demonstrating how
spin-polarized electric currents can generate torques on local magnetization states. In parallel
research, J. C. Slonczewski and L. Berger demonstrated how STT enables electrical switching of
magnetization — essential for high-speed, low-energy magnetic memory and other spin-based
devices [69, 70]. These discoveries revealed the complex relationship between electron spin,
charge transport, and collective magnetic excitations, opening new avenues for both fundamental
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research and technological innovation. In recent decades, the study of magnetism has broadened
its scope to include quantum magnetism, exploring new phenomena in nanoscale and complex
magnetic structures. The discovery of topological insulators and magnetic skyrmions has opened
new perspectives on magnetic materials, focusing on the interaction between topology, spin
textures, and electronic properties [71]. These recent breakthroughs demonstrate the potential to
develop energy-efficient non-volatile memory and logic devices.

Overall, the evolution of magnetism reflects a journey from early empirical observations
to a deep theoretical understanding that includes both classical and quantum aspects. This
development has advanced our knowledge of fundamental physical principles and stimulated
technological progress in many fields of human activity.

2.2 Magnetic moments and magnetic fields

The magnetic moment p is a fundamental concept of magnetism at both the microscopic and
macroscopic levels. It arises from the motion of electric charges, mainly the electron’s orbital
motion around the nucleus (acting like a current loop) and its intrinsic spin magnetic moment.
The orbital magnetic moment p 4, is given by

e
Horb = _%La

(]

2.1)

where L is the orbital angular momentum of the electron, e is the elementary charge® (= 1.602 x
10~1° C), and m, is the electron mass (=~ 9.109 x 103! kg) [72]. As mentioned above, electrons
also have an intrinsic angular momentum known as spin. The magnetic moment associated with
it, g, is defined as

B, = gelsS, (2.2)

where g, is the electron spin g-factor (approximately —2; see Sec. 3.2.1 for details), and S
denotes the spin angular momentum [73] (further discussed in Sec. 2.5). The Bohr magneton Lig
is a fundamental physical constant that represents the magnetic moment of an electron resulting
from its spin or orbital motion. It is defined as

eh

- 2me

Us ~9.274 x 1072 J/T, (2.3)
where 7 is the reduced Planck constant (= 1.055 x 10734 J-s) [74]. The Bohr magneton sets the
natural scale for magnetic moments in atomic and solid-state physics.

The total magnetic moment of an atom, u, is the vector sum of the magnetic moments
resulting from the orbital and spin contributions. When viewed from a distance, a localized
magnetic moment behaves like a magnetic dipole, producing a magnetic field similar to that of a

3 Although the charge of the electron is negative, e is conventionally defined as the positive elementary charge.
The negative sign in Eq. 2.1 accounts for the electron’s actual charge.
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tiny bar magnet — hence, in the literature, it is often referred to as a dipole magnetic moment.
This leads to the concept of magnetization, M, which quantifies the magnetic moment per unit
volume. For a discrete system with n atoms per unit volume, the magnetization is expressed as

M = np, 2.4)

and describes how a material responds to an external magnetic field, making it one of the most
important quantities in determining the magnetic properties of materials [45]. In ferromagnets,
the alignment of the magnetic (dipole) moments leads to a net magnetization even in the absence
of an external field, a phenomenon known as spontaneous magnetization, which is discussed in
detail in Sec. 2.3. The magnetic field, in turn, can be described in two different but related forms:
as the magnetic flux density B and as the magnetic field intensity H*. The flux density B is
defined as the force per unit charge per unit velocity acting on a charged particle moving through
a magnetic field and is measured in tesla (T). The field intensity (or strength) H, characterizes
the magnetic field produced by free currents and external sources, and it is measured in amperes
per meter (A/m). The relationship between B and H in a material is given by

B = up(H+M), 2.5

where L is the permeability of free space (vacuum permeability, = 47 x 10~7 H/m). Outside
the magnetic material, however, M = 0, and the Eq. 2.5 simplifies to B = tioH [75]. The field
H is particularly useful for describing the influence of external (free) currents on the magnetic
field within a material or in free space, and under magnetostatic conditions (i.e., when fields and
currents are time-independent), it is governed by Ampere’s law:

VxH = Jext. (26)

If a given region of vacuum contains no free currents, then Jex; = 0 and the equation reduces to
V x H = 0, indicating that H is curl-free there. However, if charged particles or current-carrying
wires pass through the vacuum, then Jex; # 0, and V x H remains equal to that current density.

The interaction between a magnetic moment and an external magnetic field plays a key role
in determining the magnetic behavior of materials and, as noted above, can be approximated as
the dipole—field interaction. For a single magnetic dipole p in an external magnetic flux density
B, the potential energy is defined as

Udipole = —u-B, (2.7)

which is minimized when both vectors are aligned. However, in most physical systems there is a
continuous distribution of magnetic dipoles, p(r), rather than a single one. Transforming the
Eq. 2.4 into a derivative expression, the magnetization M(r) can be introduced to represent the

4The terms B and H are often used interchangeably in the literature — the convention used in this work is to refer
to both symbols as ‘magnetic field’ representations unless a distinction is necessary.
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5

continuous” magnetic moment per unit volume:

dp(r)

M(r) = =4y

(2.8)
Consequently, the total magnetic potential energy can be expressed as an integral over the volume
V of the material:

Unag = — /V M(r) - BdV. (2.9)

This formulation generalizes Eq. 2.7 from a single dipole to a continuum of dipoles, which
reflects the behavior of real magnetic materials. Regardless of whether one uses B or H (see
Eq. 2.5), the physical picture remains the same: the system lowers its energy when the dipoles,
or equivalently the magnetization, align with the external field. This alignment leads to a stable
magnetic configuration, influencing phenomena such as hysteresis, domain formation, and other
key aspects of magnetic materials described in the following sections.

Magnetic susceptibility is a dimensionless quantity that measures how strongly a material be-
comes magnetized in response to an external magnetic field. In the most general formulation, the
susceptibility is expressed as a second-order tensor, denoted ¥, which relates the magnetization
M to the applied® magnetic field H via

M = 7H. (2.10)

This form is essential for the description of anisotropic materials, where M is not necessarily
aligned with the applied field H (more in Sec. 2.7). The tensor ¥ is then a 3 x 3 matrix whose
elements depend on the crystal symmetry or other anisotropic properties of the material. However,
in many practical cases, the magnetic medium can be approximated as isotropic and linear in its
response to an external field. Under these conditions, ¥ reduces to a single, dimensionless scalar
X, simplifying the Eq. 2.10 to M = y H. Here, M is strictly parallel (or antiparallel) to H, and
the value of ¥ does not change as long as the material remains in its linear response regime.
Materials are classified into different categories based on their susceptibility values, e.g.,
diamagnets with a negative Y (indicating magnetic moments in opposite directions to the applied
field), paramagnets with a small positive x (slight alignment with the field), and ferromagnetic
materials with large positive y, indicating strong alignment [72] — more details in Sec. 2.3. The
permeability u (not to be confused with the magnetic moment vector p) of a material is related
to its susceptibility by
po= po(l+ ). @.11)

>For clarity, M denotes the magnetization in both discrete and continuous forms; when necessary, the spatial
dependence is given explicitly as M(r).

®In this chapter, the distinction between the applied and general magnetic fields is not needed, so the symbol H
is used throughout. In the following chapters, where several magnetic field components appear, the applied field
will be denoted explicitly as Hy.
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2.3 Types of magnetism

As outlined in the previous section, materials can be categorized into different types based
on their response to external magnetic fields. These types include diamagnetism, paramag-
netism, ferromagnetism, antiferromagnetism, and ferrimagnetism, each arising from different
microscopic mechanisms and exhibiting unique material behaviors, as shown in Fig. 2.1.

(a) Diamagnetism (b) Paramagnetism (c) Ferromagnetism
H=0 H_, H=0 H_, H=0 —H
<« <« N\ Z > > 7 7 —_ —>
« <« 1 v > > 7 7 —_ -
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Figure 2.1 Schematic illustration of different types of magnetic responses to an external magnetic field,
from (a) to (e): diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism, and ferrimagnetism.
Black arrows represent magnetic moment vectors, while blue arrows indicate the direction of the applied
magnetic field (if present). The last panel (f) shows model hysteresis loops for ferromagnetic, paramagnetic
and diamagnetic materials to illustrate their different magnetic behavior. Note: Under sufficiently strong
external fields, some antiferromagnets and certain ferrimagnets can undergo spin-flop transitions, where
the antiparallel spins reorient to a tilted configuration. The configurations shown in (d) and (e) reflect field
strengths below this threshold.

Diamagnetism (Fig. 2.1a) is the basic form of magnetism that exists in all materials regardless
of temperature [72, 73]. It results from the response of electrons to an applied magnetic field,
where their orbital motion generates small currents that create a magnetic field in the opposite
direction. This effect is typically very weak, meaning that diamagnetic materials are only slightly
repelled by external magnetic fields. A special case of diamagnetism occurs in superconductors,
which exhibit perfect diamagnetism below a critical temperature due to the Meissner effect [76].
In this state, superconductors completely expel magnetic flux from their interior, making their
diamagnetic response much stronger than in typical materials [77].

Paramagnetism occurs in materials containing unpaired electrons, i.e., electrons whose spins
are not canceled out by a partner with the opposite spin. Although each unpaired electron has its
own magnetic moment, in the absence of an external field these are randomly oriented due to
thermal fluctuations, resulting in zero net magnetization (Fig. 2.1b). When an external magnetic
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field is applied, these magnetic moments tend to align with it, resulting in a small positive net
magnetization. The strength of this response decreases as temperature 7" increases, following
Curie’s law: c

X = k (2.12)
where C is a material-specific Curie constant. This inverse relationship between susceptibility
x and T is due to thermal oscillations that perturb the alignment of the magnetic moments.
Common examples of paramagnetic materials include aluminum (Al) and platinum (Pt) [72, 78].

In my research, I focus on ferromagnetism — a type of magnetic ordering characterized by
the spontaneous alignment of magnetic moments within the material, even in the absence of an
external magnetic field (Fig. 2.1c). This behavior is driven by strong exchange interactions in
these materials (overlapping electron orbitals), which force the spins of neighboring atoms to
align parallel to each other, resulting in a strong collective magnetization. This alignment persists
up to a critical temperature, known as the Curie temperature (7¢), beyond which thermal energy
disrupts the ordered state and the material becomes paramagnetic. Fe, Co, and Ni are classic
examples of ferromagnetic materials, and their alloys are widely used in various technological
applications [45, 73].

Antiferromagnetism occurs when adjacent magnetic moments align in opposite directions
(Fig. 2.1d), effectively canceling each other out and resulting in zero net magnetization. This
arrangement is energetically favorable because of the antiferromagnetic exchange interaction.
The characteristic temperature at which the antiferromagnetic order is lost is called the Néel
temperature (7y). Below Ty the material show no macroscopic magnetization, but above this
temperature it behaves like a paramagnet. Manganese oxide (MnO) and chromium (Cr) are
typical examples of antiferromagnetic materials [54, 73].

Ferrimagnetism (Fig. 2.1e) is similar to antiferromagnetism in that it involves inversely
oriented magnetic moments. However, the magnitudes of these moments are not equal, resulting
in a net magnetization. This behavior occurs in materials with multiple magnetic sublattices,
each contributing differently to the total magnetization. A well-known example is magnetite
(FezO4), where the unequal magnetic contributions of different Fe ions result in a non-zero
overall magnetization. Analogous to ferromagnets, ferrimagnets have a Curie temperature, above
which they lose their ordered magnetic state [61, 78].

Altermagnetism: a novel magnetic phase

Altermagnetism is a recently recognized magnetic phase that integrates properties of ferro-
magnetism and antiferromagnetism [79]. In altermagnetic materials, adjacent electron spins
are antiparallel, resulting in zero net magnetization, similar to conventional antiferromagnets.
However, unlike them, altermagnets exhibit significant spin splitting in their electronic band
structures, a characteristic typically associated with ferromagnets.

Spin splitting is the separation of electronic energy levels or bands according to their spin
orientation. In magnetic materials, this effect usually arises from exchange interactions, where
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one spin channel (e.g., spin-up) is energetically favored over the other (spin-down), producing
separate band structures. In conventional ferromagnets, this splitting underlies a net magnetiza-
tion, whereas in altermagnets a substantial spin splitting coexists with collinear antiparallel spins.
This combination leads to unique magnetic and electronic properties, positioning altermagnets
as promising candidates for next-generation spintronic applications [80]. Experimental evidence
for altermagnetism has been reported in compounds such as manganese telluride (MnTe) and
ruthenium dioxide (RuQO;) [81-83].

2.4 Magnetic materials: properties and hysteresis behavior

The previous section explained the basic types of magnetism by showing how different materials
respond to external magnetic fields based on their intrinsic electronic and magnetic properties.
Among these, the complex response of ferromagnetic (and ferrimagnetic) materials to cyclic
magnetic fields (see Fig. 2.1f) is characterized by magnetic hysteresis behavior, which will be
the focus of this section.

Magnetic materials can be broadly classified as soft or hard magnets. Soft magnetic materials
are characterized by their low coercivity, meaning that they can reverse their magnetization
in response to small changes in external magnetic field. As a result, they have a relatively
narrow hysteresis loop (see Fig. 2.2), which typically corresponds to relatively low remanent
(residual) magnetization and minimal energy loss over repeated magnetization cycles. Soft
magnets are mostly used in applications that require rapid magnetization and demagnetization,
such as transformers and inductors [73, 84]. It also makes them important for studying and
exploiting fast magnetization dynamics in magnonics — more details in Sec. 3.2.

Examples of soft magnetic materials include:

* soft Fe, often used in transformer cores due to its low coercivity and high magnetic
permeability,

* ferrites, oxide materials commonly used in high-frequency transformers and inductors
due to their low eddy current losses and ease of magnetization,

* permalloy (NigoFez), widely used in read heads and magnetic sensors due to its high
permeability and low coercivity. Its good soft-magnetic properties, negligible magnetostric-
tion and low Gilbert damping [84] make it a preferred material for magnonic waveguides
and spintronic devices (used in my publications P1-P6),

* Ni, which has a relatively low coercivity and is often used in thin films or multilayer
structures for magnetic sensing and spintronic applications (used in P7-P9).

In contrast, hard magnets are high coercivity materials that maintain their magnetization even
in relatively strong opposing magnetic fields. Their wide hysteresis loops (Fig. 2.2) indicate
strong remanence properties and high energy requirements for demagnetization. Hard magnets
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are used in applications where permanent magnetization is required, such as in motors, generators,
and magnetic storage devices [85]. Examples of hard magnetic materials include:

¢ alnico (acronym from Al-Ni—Co) alloys, being one of the first commercially significant
permanent magnet material, offering high remanence and relatively good thermal stability.
Although surpassed by modern alloys, alnico magnets remain valuable for certain high-
temperature applications,

* rare-earth magnets, like neodymium-iron—boron (NdFeB) and samarium—cobalt (SmCo),
are known for their exceptional coercivity, making them ideal for high-power applications
such as electric motors, wind turbines, and magnetic data storage,

* layered systems with Lj-ordering, where the tetragonal structure provides very high
magnetocrystalline anisotropy. As a result, thin-film Ly FePt or CoPt materials are
particularly relevant for advanced data storage technologies (e.g., perpendicular magnetic
recording) and other applications requiring high coercivity [86].

In addition to coercivity, a typical hysteresis loop describes how the magnetization of a
material responds to an external magnetic field, as shown in Fig. 2.2. It is plotted as the
magnetization component (or projection) M versus the applied field value H, with both quantities
typically aligned with one of the “easy” magnetization axes of the material. Under these
conditions, the hysteresis loop reveals several key material properties, such as the previously
mentioned coercivity, remanence, saturation magnetization, and energy loss (given by the area of
the loop).

In materials with significant magnetocrystalline anisotropy (see Sec. 2.7), hysteresis loops
can look different when measured along different crystallographic orientations. The easy axis
(or axes) typically exhibits higher remanence and coercivity than other directions, due to the
presence of anisotropy energy barriers. As a result, hysteresis loops measured with the field
applied along the easy axis tend to be more “square” in shape and enclose larger areas. In contrast,
loops measured along a hard axis have lower remanence and reduced coercivity. Understanding
these orientation-dependent behaviors is critical for designing magnetic materials tailored to
specific applications.

Coercivity (H.), as outlined above, is defined as the magnitude of the reverse (negative)
magnetic field required to reduce the net magnetization of a material to zero after it has been
magnetically saturated. In essence, it quantifies the material’s resistance to demagnetization,
reflecting how robustly it retains magnetization when subjected to an opposing external field.

Remanence (M) is the residual magnetization that remains in a material after the external
magnetic field has been reduced to zero (from saturated state), i.e., it quantifies the ability
of the material to remain magnetized in the absence of an external field. High remanence is
advantageous in hard magnetic materials (e.g., permanent magnets) because it indicates that a
substantial magnetic field can be maintained without distortion. In contrast, soft magnets tend
to have relatively low remanence. While it s consistent with easy magnetization cycling, it is
mostly the low coercivity that enable rapid switching of magnetization [85].
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Figure 2.2 Representative magnetic hysteresis loops for soft and hard magnets (light and dark blue curves,
respectively), illustrating key parameters such as coercivity field (H.), remanence magnetization (M,), and
saturation magnetization (Ms).

Saturation magnetization (M) is the maximum magnetization that a material can reach.
Beyond this point, increasing the field will not result in any additional magnetic induction
because all the moments are already aligned in the direction of the field. Saturation magnetization
is a fundamental material property and is strongly dependent on the type of magnetic material
and its temperature. Materials with high saturation are preferred in applications where strong
magnetic fields are required, such as in electromagnets and permanent magnets [73, 84].

The energy loss in magnetic materials during a magnetization cycle is proportional to the area
enclosed by the hysteresis loop. This energy loss, often referred to as hysteresis loss, is dissipated
in the form of heat. It becomes significant in applications such as transformers and induction
motors, where materials are exposed to rapidly changing magnetic fields. Reducing hysteresis
loss is a key goal in the design of efficient soft magnetic materials for such applications [87].

2.5 The quantum theory of magnetism

To understand the diverse behavior of magnetic materials, one must delve into their quantum-
mechanical foundations. Although classical approaches can successfully describe many macro-
scopic properties such as magnetic susceptibility and hysteresis, they cannot fully explain the
microscopic origins of magnetism, including the exchange interactions and the role of electron
spin at the atomic level. The quantum theory of magnetism addresses these limitations. A
prominent example of the interplay between quantum origins and classical descriptions is found
in magnonics. Although magnons (the quanta of spin waves) originate from quantum spin
interactions, their propagation through a magnetic medium can often be described by classical
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wave models. Remarkably, this approach remains valid down to the nanometer scale, linking
quantum many-body physics with classical continuum models.

As introduced in Sec. 2.2, the basis of quantum magnetism lies in electron spin that generates
a magnetic moment (see Eq. 2.2). Unlike orbital magnetic moments, which result from the
motion of the electron around the nucleus, the spin magnetic moment is an intrinsic property of
the electron, analogous to a tiny bar magnet [72, 73]. It can be represented by the spin angular
momentum operator S, which obeys:

§218,m) = R*S(S+1)|S,m), (2.13)

where the quantum number S = 1/2 for the electron, and m is the spin projection quantum number.

Spin arises from the quantum field theory, and its associated magnetic moment underlies many
of the physical phenomena observed in magnetic materials [73]. However, many macroscopic
and mesoscale theories treat it as a classical vector, especially when studying collective spin
behavior. For example, in micromagnetism, the magnetization M(r) in any infinitesimal volume
(Eq. 2.8) is modeled as a continuous vector field satisfying the LLG equation [62, 63, 88] — more
in Ch. 3.

Another key concept in quantum magnetism is the exchange interaction, which is a direct
consequence of the Pauli exclusion principle and the Coulomb repulsion between electrons.
It determines how adjacent spins in a material are aligned, either parallel or antiparallel. In
ferromagnetic materials, the positive exchange interaction favors parallel alignment of spins,
resulting in a net macroscopic magnetization. In contrast, antiferromagnetic materials exhibit a
negative exchange interaction, which causes neighboring spins to align antiparallel, effectively
canceling out the overall magnetization [74]. These behaviors are described quantitatively by the
Heisenberg model developed in the late 1920s [53], which is based on the Heisenberg exchange
Hamiltonian:

H=-27) S-S, (2.14)

(i.J)

where J is the exchange integral, and S; and S; are the spin operators of neighboring atoms
i and j. The sign and magnitude of the exchange constant J determine how the neighboring
spins are aligned. For a simple quantum Heisenberg model with spin S, a rough mean-field
approximation [89, 90] relates the exchange constant J to the Curie or Néel temperature, with the
coordination number z capturing the lattice geometry and interaction strength. This relationship
takes the form:

zS(S+1)|J] Tc ferromagnets

Ten ~ (2.15)

kg Ty antiferromagnets

where the Boltzmann constant kg ~ 1.3806 x 10723 J/K. In essence, the stronger the exchange
coupling (larger |J|), the more thermal energy is required to disorder the spins (transition to a
paramagnetic phase), leading to higher 7¢ or Ty.
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Among quantum approaches to describing ferromagnetism is the itinerant electron (band)
model [90], often associated with the Stoner criterion [91]. In this framework, electrons are
treated as delocalized quasiparticles occupying conduction bands, and the interplay of exchange
interactions with the band structure can induce a spontaneous splitting between spin-up and
spin-down bands, thereby leading to ferromagnetism. In contrast to localized spin models, such
as the Heisenberg model, this approach emphasizes the importance of the electronic structure in
driving the magnetic order.

An even more rigorous quantum description that includes electron—electron correlations is
the Hubbard model, briefly introduced in Sec. 2.1. By integrating local interactions, it provides a
unified framework capable of describing both localized and itinerant limits of magnetism.

In addition to the Heisenberg and band models, the Ising framework provides insight into
magnetic phase transitions and critical phenomena. Here, the spin of each atom is constrained to
be either parallel or antiparallel along a chosen axis, which simplifies the analysis of magnetic
ordering in one- and two-dimensional systems. The Ising model was originally developed to
describe ferromagnets, but it has been extended to study complex behavior also in systems with
competing interactions, such as spin glasses and frustrated magnets [55].

An important aspect of quantum magnetism is also the role of spin-orbit coupling (SOC),
which arises from the interaction between an electron’s spin and its orbital motion around the
nucleus. SOC is a relativistic effect that links the electron’s spin degree of freedom to its orbital
angular momentum. From a quantum-mechanical perspective, this coupling originates from the
Dirac equation, but it is commonly described using an effective interaction Hamiltonian:

Heoc = AL-S, (2.16)

where A is an effective SOC constant, and L is the orbital angular momentum operator [72, 92]. In
a more detailed approach (e.g., for atoms with spherical symmetry), the radial coordinate function,
A = {(r), indicates that the coupling strength can change with the distance r of the electron from
the nucleus. Solids modify this interaction through their crystal environment, affecting both
electronic band structures and the resulting magnetic properties. A key consequence of SOC
in magnetic materials is a magnetic anisotropy, which means that the total energy of a system
depends on the direction of magnetization relative to the crystallographic axes — more in Sec. 2.7.

A semi-classical framework provides accurate and convenient analyses of spin-wave dy-
namics in many magnetic materials, but certain regimes require a fully quantum-mechanical
formalism. For example, at low temperatures, thermal excitations may be dominated by few-
magnon processes, making classical approximations insufficient. In materials with strong electron
correlations, topological band structures cannot be captured by purely classical spin-wave theory.
Also, when describing ultrafast or ultralow energy processes, including single-magnon excita-
tions or quantum-entangled spin states, methods like the Holstein—Primakoff transformation and
exact diagonalization are necessary [90, 93].
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2.6 Magnetic domains and domain walls

To minimize their free energy, ferromagnetic and ferrimagnetic materials tend to split into do-
mains — subregions where spins are uniformly aligned in the same direction (see Fig. 2.3). While
exchange interactions favor uniform spin alignment across the entire material, this is opposed
by the magnetostatic (dipolar) field, which promotes flux closure. Additionally, magnetocrys-
talline anisotropy introduces a directional preference for the magnetization based on the crystal
structure. The balance among exchange, magnetostatic, and anisotropy energies leads to the
formation of a mosaic of domains with different magnetization directions, rather than a single,
uniformly magnetized state. The boundaries between these domains, known as domain walls,
represent continuous rotations of the local spin orientation (see Fig. 2.3). Although domain walls
carry an energy cost — primarily due to exchange and anisotropy — they help reduce the overall
magnetostatic energy by minimizing stray fields. Consequently, key magnetic properties such as
coercivity, remanence, and hysteresis behavior in ferromagnetic and ferrimagnetic materials are
largely governed by the nucleation, growth, and stability of domains and their walls.

The concept of magnetic domains was first introduced in the early 20th century by Pierre
Weiss, who proposed that ferromagnetic materials are composed of small, uniformly magnetized
regions — even in the absence of an external magnetic field. While the magnetization within each
domain is aligned, the overall magnetization of the material remains zero due to the random
orientation of the domains relative to one another [84]. This domain structure helps reduce the
system’s magnetostatic energy, as the presence of multiple domains with different orientations
lowers the stray magnetic fields generated by the material.

There are two primary types of domain walls, distinguished by how the magnetization
transitions across them: Bloch and Néel walls (Fig. 2.3). In a Bloch wall, the magnetization
rotates within the plane of the domain wall (the surface that separates the two domains), resulting
in a spiral-like transition of the magnetic moments from one domain to the other. This type
of wall typically occurs in bulk materials with moderate/low magnetic anisotropy. The width
of a Bloch wall, d5, is determined by the competition between exchange energy, which favors
a gradual change in spin direction, and anisotropy energy, which favors alignment along easy
axes [87], and can be determined as

g = /o (2.17)

where Ax 1s the exchange stiffness constant (introduced in Sec. 3.1.1) and K, is the uniaxial
anisotropy constant (more in Sec. 2.7). A larger Acx or smaller K, leads to a wider Bloch wall,
reflecting a smoother transition between domains.

Néel walls, on the other hand, are characterized by a rotation of magnetization that occurs
perpendicular to the domain wall plane. This type of wall is commonly observed in thin films
and nanostructures, where surface effects and demagnetizing fields play a dominant role. The
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width of a Néel wall, denoted as v, is typically smaller than that of a Bloch wall and, like it, is
governed by the balance between exchange and anisotropy energies [87].

MAGNETIC DOMAINS

1Ql

NEEL WALL BLOCH WALL

itrr-\| j W

Figure 2.3 Schematic illustration of a two-domain magnetic system, with domain walls separating regions
of opposite magnetization. The left panel shows a Néel domain wall where the magnetization rotates
perpendicular to the wall plane. The right panel shows a Bloch domain wall where the magnetization
rotates within the wall plane. Both configurations provide a continuous transition between different
domains.

The stability and mobility of magnetic domain walls are governed by their domain wall
energy per unit area, approximated by

0 =~ 4\/AexKuy, (2.18)

that holds under certain assumptions:

* asingle-axis or easy-axis anisotropy (described by Eq. 2.20);

* a uniform rotation of the magnetization across the wall width, (ignoring in-plane variations
or complex curling);

* magnetostatic contributions within the wall region itself do not significantly affect the
fundamental scaling behavior. However, in practice, especially in thin films, magnetostatic
energy can influence which type of domain wall is energetically preferred;

* a micromagnetic continuum approximation.

A lower o generally indicates that domain walls are easier to form and require less energy to
move. In contrast, a higher wall energy tends to stabilize domain configurations against external
fields or perturbations. Table 2.1 summarizes typical values of domain wall energies and widths
for selected materials, highlighting the differences between Bloch and Néel wall types.
Domain wall dynamics, including nucleation, motion, and pinning, are influenced by external
magnetic fields, temperature, and material defects. Understanding these factors is crucial for the
development of advanced magnetic devices. A prominent example is racetrack memory, where
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Table 2.1 Typical domain wall energies (o) and approximate domain wall widths (dpw) for selected
ferromagnetic and ferrimagnetic materials. Reported values may vary depending on factors such as
microstructure, temperature, and sample preparation. Lattice structures: hcp = hexagonal close-packed,
fcc = face-centered cubic, bcc = body-centered cubic.

Material Wall type o (mJ/m?) Opw (nm) Refs.
Fe (bcc, bulk) Bloch 50-100 20-40 [85, 87]
Ni (fcc, bulk) Bloch 10-30 50-70 [73]
Co (hcp, bulk) Bloch 100-200 10-20 [87]
NiggFeyq (fcc, thin film) Néel 2-10 100-150 [85, 87]
YIG (garnet, bulk) Néel 1-5 100-300 [73]

information is stored in domain wall regions within magnetic nanowires [94]. In such devices,
precise control over domain wall motion is essential for achieving fast and reliable operation.

2.7 Magnetic anisotropy

Magnetic anisotropy refers to the directional dependence of magnetic properties, meaning that the
energy required to magnetize a material varies with the direction of magnetization. This property
influences the behavior of magnetic domains, domain walls, and the overall magnetization
dynamics. It also plays a key role in magnetization reversal processes (see the hysteresis loops in
Fig. 2.2). When an external magnetic field is applied, the magnetization tends to rotate in the
direction of the field. However, anisotropy introduces energy barriers that must be overcome
for complete reversal. The stronger the uniaxial or cubic anisotropy, the higher the external
field is required [73]. In addition, the orientation of the applied field relative to the easy axis
significantly changes the shape of the hysteresis loop, as explained in Sec. 2.4.

Magnetic anisotropy results from several factors such as crystal structure, shape, and me-
chanical stress, each affecting the magnetic response in a different way.

Crystalline anisotropy

This specific type of anisotropy results from the interaction between the crystal lattice and
the magnetic moments of the electrons, that are affected by SOC. In such materials, certain
crystallographic directions require less energy to orient the magnetization (easy axes). This
dependence can be captured by the general expression for the anisotropy energy:

Ecrystal = Klf(ai) + KZf(ai) +oey (2.19)

where K|, K, and higher-order terms are anisotropy constants, and f(o;) represents a function
of the direction cosines ¢; of the magnetization with respect to the crystal axes. This equation is
general, and specific cases such as uniaxial and cubic anisotropies, represent different realizations
of this form [73, 84].
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Uniaxial anisotropy occurs when the material has a single preferred direction of magneti-
zation (easy axis). Crystalline hcp systems or certain tetragonal structures often exhibit strong
uniaxial anisotropy due to their lattice symmetry and SOC effects (for example hcp-Co, Lig
FePt or CoPt alloys [72, 73]). Similarly, many rare-earth—transition-metal compounds (e.g.,
SmCos, NdyFe4B) have a strong uniaxial anisotropy axis that dominates their macroscopic
magnetic behavior. Beyond crystallographic origins, engineered thin films or nanostructures can
also exhibit uniaxial anisotropy due to epitaxial strain, surface effects, or shape anisotropy in
elongated geometries. The energy associated with this type of anisotropy is often described by
the simplified form of Eq. 2.19:

Euniaxiat = Ky Sin2 97 (220)

where K, is the uniaxial anisotropy constant and 0 is the angle between the magnetization and
the easy axis. Materials with positive Ky, such as Co, tend to orient their magnetization along
the easy axis, while materials with negative K, prefer alignment perpendicular to it [95].

Cubic anisotropy is observed in materials with cubic crystal symmetry, such as Fe and Ni [84].
For this type of crystalline anisotropy, the associated energy is given by

Ecupic = Ke1 (003 + 0303 +o5a7) + Ko af 0303, (2.21)

where K| and K, are the cubic anisotropy constants. Physically, these terms originate from
SOC in a crystal field with cubic symmetry. The spin—orbit interaction induces certain degen-
eracies in the electronic states, favoring specific orientations of electron spins — and hence, the
magnetization — along particular crystallographic directions. In contrast to uniaxial crystals,
which have a single easy axis, cubic systems can exhibit multiple equivalent easy directions,
depending on the signs and magnitudes of K.; and K¢,.

Shape anisotropy

Shape anisotropy originates from magnetostatic interactions: the geometry of a magnetic body
influences the distribution of magnetic charges (poles) on its surfaces, thereby creating an internal
demagnetizing field [87, 95]. In essence, any geometry — whether an elongated nanowire, a thin
film, or a bulk ellipsoid — has different demagnetization factors (Ny, Ny, N;) along its principal
axes (more in Sec. 2.8). The magnetization M thus adopts an orientation that minimizes the total
magnetic energy, often along the direction of the smallest demagnetization factor. For example,
in thin films and nanowires, the magnetization is typically parallel to the long axis, thus reducing
the demagnetizing field. Such geometry-induced anisotropy becomes more pronounced at the
nanoscale, where the high surface-to-volume ratio enhances the influence of surface magnetic

poles.
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Stress-induced anisotropy

Stress-induced anisotropy arises from the inverse magnetostrictive effect (also known as inverse
magnetostriction or the Villari effect), where mechanical strain influences the orientation of
magnetization [84]. When a material is subjected to stress, the magnetization tends to align
along directions that minimize the magnetoelastic energy — typically those associated with either
tensile or compressive strain. The magnetic strain energy can be expressed as

3
Emgsw = A0 sin” 6, (2.22)

where A is the magnetostriction constant, ¢ is the applied stress, and 0 is the angle between the
magnetization and the direction of the applied stress [85]. This type of anisotropy is especially
important in thin films and nanostructures, where stresses from the substrate or fabrication
process can strongly affect the magnetic properties.

2.8 Magnetostatics and demagnetizing fields

Magnetostatics is the branch of classical electromagnetism that deals with magnetic fields in
systems where both currents and fields are constant in time. In this regime, magnetic fields
arise from stationary currents or static distributions of magnetic dipoles (magnetization). The
governing principles start from Maxwell’s equations, especially Gauss’s law for magnetism,
which states that the net magnetic flux through any closed surface must be zero. This condition
underlies the distribution of magnetic flux lines in static field configurations.

The magnetostatic approximation is also widely used and important framework in magnonics.
Certain components of the internal magnetic field can evolve on much slower timescales (thus
remaining quasi-static), when compared to the rapid precessional motion of the spins. As a result,
calculations often use magnetostatic boundary conditions and field distributions to simplify the
analysis of spin-wave modes and their interactions — more in Sec. 3.2.

Gauss’s law for magnetism

As noted above, Gauss’s law states that the net magnetic flux through any closed surface is zero,
which means that magnetic field lines do not originate from or terminate at any point, unlike
electric field lines, which begin and end on charges. This law reflects the fact that there are no
magnetic monopoles and is expressed mathematically as

V.B = 0. (2.23)
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This equation shows that the divergence of the magnetic flux density is always zero, meaning
magnetic field lines form closed loops [46]. In integral form, Gauss’s law for magnetism states

B-dA = 0, (2.24)
av
where the surface integral is taken over the closed surface dV, and dA is the infinitesimal area
element on the surface.

Demagnetizing field and demagnetizing tensor

In addition to externally applied fields, magnetic materials generate their own demagnetizing
field Hy. This field arises from surface (and sometimes interface) magnetic charges that appear
when the magnetization M is non-uniform or terminates at a boundary. On a microscopic level,
these so-called magnetic poles create stray fields that oppose the internal magnetization. The net
effect is a reduction of the internal magnetic field — hence the term “demagnetizing field.” In
many theoretical treatments, it is expressed in a linearized form:

Hy = —NM, (2.25)

where N is the demagnetizing tensor, a real symmetric 3 x 3 matrix whose elements depend
solely on the sample’s geometry and orientation, assuming uniform magnetization. For special
shapes with high symmetry, such as ellipsoids, the magnetization can be assumed to be uniform
at equilibrium, allowing an analytical derivation of the tensor components. In this case, one
can define the principal axes x, y, z along the three major directions of an ellipsoid, making N
diagonal:

0
0], with Ny+N,+N, =1 (2.26)
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Each diagonal component N; (i = x, y, z) is the demagnetizing factor for magnetization aligned
along the i-th principal axis, and these factors sum to unity for ellipsoids [95, 96]. Often, a
simplified scalar form of Eq. 2.25 is used:

Hy= -NM, 2.27)

but this holds strictly for geometries where the magnetization is uniform and the shape is
ellipsoidal, or in one-dimensional approximations (e.g., infinite cylinders). Non-ellipsoidal
shapes (like rectangular prisms) introduce inhomogeneous internal fields that invalidate a simple
uniform N factor, though approximate formulas or numerical methods can still be used.
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Demagnetizing factors in standard shapes

* Ellipsoids: In an ellipsoid, each principal axis i has a corresponding demagnetization
factor N;, satisfying the condition Ny + Ny + N, = 1. For a prolate spheroid (needle-like
shape), the demagnetization factor along the elongated axis (e.g., N;) is much smaller
than those in the transverse directions (N, and N,). In contrast, for an oblate spheroid
(disc-like shape), the in-plane demagnetization factors (e.g., Ny, Ny) are small, while the
factor perpendicular to the plane (N;) becomes large.

* Spheres: Due to the perfect symmetry of a shape, the demagnetization factors are equal
along all principal directions: N, = N, = N, = 1/3. As a result, the magnetization experi-
ences the same demagnetizing effect regardless of its orientation.

* Cylinders (long rods): An extremely elongated cylinder aligned along the z-axis has
N, = 0, while N, + Ny ~ 1, indicating a negligible demagnetizing field along the length
of the rod. As a result, the magnetization tends to align with the long axis in order to
minimize the magnetostatic (demagnetizing) energy.

* Thin films: For a thin film with negligible thickness along the z-direction, the demagneti-
zation factor satisfies N, ~ 1, while N, ~ N, =~ 0. This results in a strong demagnetizing
field normal to the film plane, effectively confining the magnetization to lie in-plane unless
a sufficiently large external field is applied perpendicular to the surface.

Why Ellipsoids? Ellipsoids, of which spheres, rods, and discs are special cases, are conve-
nient because a uniform magnetization M mathematically satisfies Maxwell’s equations within
such a shape. For more complex geometries (e.g., rectangular prisms, polycrystals with irregular
boundaries, or multilayer thin-film stacks), the demagnetization tensor N can only be estimated
or computed by numerical methods (see Ch. 4).

The chapter has provided a historical perspective on the development of magnetism and
presented the basic theoretical concepts of the field, starting with the microscopic origins
of magnetic moments. Various types of magnetic order have been reviewed, followed by a
discussion of magnetic domains and domain walls. In exploring these energetic contributions,
this chapter has considered both discrete, atomic-level perspectives on spin interactions as well as
the classical continuum framework used to describe magnetization behavior in extended media.

Building on these foundations, the next chapter addresses magnetization dynamics, moving
from static and quasi-static domain configurations to time-dependent processes occurring on
micro- and nanoscales. It employs a continuum formulation of the Gibbs free energy, which in
our investigations includes exchange, anisotropy, and magnetostatic contributions, to model spin-
wave excitations and support the description of my micromagnetic simulations. This approach
bridges the discrete quantum origins of magnetism with classical field-based descriptions,
allowing a detailed analysis of magnetization dynamics.



Chapter 3

Micromagnetism

Micromagnetism is a theoretical framework that describes magnetism at the continuum level,
linking the atomic-scale interactions with macroscopic magnetic behavior [88]. This approach
goes beyond traditional “classical models” of magnetism, which often treat a magnetic medium
either as a single, uniform macrospin or rely on bulk-averaged properties without capturing
spatial variations. In contrast, micromagnetism uses a continuum description in which the
magnetization M(r) is treated as a smoothly varying vector field throughout the material. This
refinement makes it possible to analyze magnetic structures and phenomena on the submicrometer
or nanometer length scale — much smaller than what can be handled by simplistic approaches. It
also avoids the impracticality of full atomic or quantum mechanical simulations, which require
tracking the states and interactions of an astronomically large number of individual spins. As
a result, micromagnetism provides a powerful framework for studying domain-wall motion,
spin-wave excitations, topologically protected spin textures, and many other effects arising from
the interplay of exchange, anisotropy, and magnetostatic energies. — The primary objective of
micromagnetism is to determine both the equilibrium configuration and the dynamic behavior
of the magnetization vector by minimizing the total free energy of a system. This energy
includes several key contributions: exchange interactions, magnetostatic (dipolar) interactions,
magnetocrystalline anisotropy, the Zeeman energy due to external magnetic fields, and, in
some cases, additional effects such as Dzyaloshinskii-Moriya interactions (DMI) or thermal
fluctuations. The interplay among these energy terms governs the resulting magnetic structure
and its evolution over time.

This chapter outlines the fundamentals of micromagnetic theory, beginning with the contin-
uum formulation of the Gibbs free energy and its constituent energy terms. It then introduces the
dynamics of magnetization as described by the LLG equation and examines how these principles
underpin spin-wave propagation and its manipulation. This theoretical framework is essential for
understanding modern applications in spintronics and magnonic crystals, where precise control of
nanoscale magnetization is critical to technological advancement. In this thesis, micromagnetic
simulations serve as the primary tool for investigating advanced ferromagnetic systems and
for analyzing how various energy contributions influence both their static configurations and
dynamic behavior.
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3.1 Gibbs free energy

The Gibbs free energy represents the total energy of a magnetic system in the presence of an
external magnetic field and serves as the central quantity in micromagnetic theory for determining
stable magnetic configurations [88, 95]. As mentioned above, the magnetization M is treated as
a continuous field that varies spatially and evolves to minimize the total energy. The interplay
between competing energy contributions determines whether the static magnetization aligns
uniformly, forms complex domain patterns, or gives rise to more exotic textures [87].

The total Gibbs free energy, G, of a magnetic system is generally expressed as the sum of
several contributions, the most prominent of which are:

G = Eexchange + Edipolar + Eanisotropy + EZeeman + Epmr + -+ -, (3.1)

where each term corresponds to a distinct physical interaction that influences the magnetization
dynamics and equilibrium state [73, 88]. Determining the stable magnetic configuration requires
minimizing G while accounting for the material’s geometry and any applied external fields.

The following subsections systematically describe the individual energy terms from Eq. 3.1
most relevant to my research. Each of them is important in determining the magnetization
distribution and its time-evolution. Moreover, understanding these contributions allows the
interpretation of the magnetic phenomena observed in micromagnetic simulations and in real
materials.

3.1.1 Exchange interactions

The exchange interaction in magnetically ordered materials reflects a fundamental tendency for
adjacent spins to align. In a discrete, atomic-level picture, this behavior can be captured by the
Heisenberg Hamiltonian (Eq. 2.14) introduced in Sec. 2.5. There, the energy increases when
neighboring spins deviate from parallel alignment, reflecting the quantum-mechanical origin of
the interaction.

For macroscopic or mesoscopic descriptions, where the atomic lattice is not resolved, the
spins are replaced by a smoothly varying magnetization field M(r). Physically, large spin—spin
misalignments in the discrete model correspond to rapid spatial changes of M in the continuum
model. By adapting the discrete Heisenberg energy to a spatially averaged description, one can
obtain the exchange energy term in the continuum model:

Eexchange = Aex y [(me)z + (me)Z + (sz)2] a’V7 (3.2)

where m,, my, m; are the components of the normalized magnetization m = M/n. In the discrete
model (Eq. 2.14), J describes the exchange coupling between spins at sites i and j. When
transitioning to a continuum description, the sum over discrete sites becomes an integral, and
spin dot products are replaced by spatial gradients of the magnetization field. Consequently,
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Aex contains the net effect of all the J terms and acts as the effective coupling constant in the
continuum limit. Conceptually, it encodes the strength of the interaction between infinitesimal
volume elements, just as J does for spins in the discrete lattice (see Eq. 2.14).

This formulation shows that any spatial variation in the magnetization profile will increase
the total exchange energy. Therefore, in the absence of other competing effects (e.g., anisotropy
or dipolar fields), the exchange interaction causes the magnetization to remain as uniform as
possible throughout the material [87, 88]. Mathematically, the gradient terms (Vm;)? measure
the “strain” or local deviation from a perfectly parallel spin configuration. The integral in Eq. 3.2
sums these deviations over the entire volume V, penalizing nonuniform orientations. In the
total Gibbs free energy, this contribution serves as a local force favoring smooth magnetization
textures and suppressing abrupt changes.

The exchange stiffness constant Acx measures the intensity of the exchange interaction in a
magnetic material. The larger A¢x the stronger the preference for uniformly aligned spins, while
a smaller value indicates that other energies (magnetostatic or anisotropy) can more easily induce
non-uniform magnetization. A very useful parameter related to Aey is the exchange length (e,

defined as
2Aex
HoMZ

lex = (3.3)

Physically, fex sets the characteristic distance over which the exchange interaction dictates
the spin orientation. If a magnetic feature (e.g., a domain wall, a vortex core, or a spin-wave
wavelength) is smaller than /., the exchange energy dominates and effectively “overrides”
the competing magnetostatic energy, forcing the spins to align uniformly. Thus, on length
scales larger than /¢x, magnetostatic fields (as well as anisotropy and other long-range interac-
tions) become increasingly important, potentially allowing more variation in the magnetization
structure.

Thus, /ex can be viewed as the distance at which exchange determines spin orientation relative
to magnetostatic effects, making it an important parameter in the design and understanding of
nanoscale magnetic systems. For example, the exchange interaction resists abrupt changes in
magnetization direction between magnetic domains, leading to the formation of a finite width
domain wall (see Sec. 2.6). Similarly, in systems with noncollinear magnetization textures,
such as spin spirals or skyrmions, the exchange interaction stabilizes them by moderating local
variations in spin orientation [87].

3.1.2 Dipolar interactions

Dipolar (magnetostatic) interactions are a significant component of the total Gibbs free energy in
micromagnetic systems. Unlike exchange interactions, which act mainly between neighboring
spins, dipolar interactions extend over large distances and arise from the fact that each magnetic
dipole creates a stray field that affects other dipoles [73, 87, 97].
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From a microscopic perspective, a single magnetic dipole moment m generates a magnetic
field that typically decays as 1/-*. When two dipoles, m; and my, are separated by a vector r of
magnitude r = |r|, the dipolar interaction energy between them is given by

Empm; = 7o [myms =3 (my ) (my )|, (3.4)
’ 4mr3
where = r/r is the unit vector pointing from one dipole to the other. This energy depends not
only on the distance between the dipoles, but also on their relative orientations, reflecting the
long-range and anisotropic nature of dipolar interactions.

In the macroscopic (continuum) approach, the demagnetizing field Hy(r) can be derived by
solving Maxwell’s equations for magnetostatics. In particular, Gauss’s law 2.23, discussed in
Sec. 2.8, provides the foundation for this derivation and leads to

VxHg=0, V-B=0, B=pu(Hs+M). (3.5)
From these relations, the magnetostatic potential ¢(r) can be defined such that
Hy(r) = —Vo(r), (3.6)

and
Vio(r) = —V-M(r). (3.7)

Equations 3.6-3.7 represent a general formulation of the demagnetizing field derived from
the magnetostatic potential, in contrast to the specific tensor form introduced in Sec. 2.8. As
described there, for certain geometries such as ellipsoids with uniform magnetization, solving
the magnetostatic boundary-value problem for @(r) yields a constant internal field proportional
to —M. In these cases, the gradient of the scalar potential, V@, remains uniform throughout
the sample, and the demagnetizing factors Ny, Ny, N, appear as the diagonal elements of the
demagnetizing tensor N (see Eq. 2.26). The negative sign in Eq. 3.6 is often chosen by convention.

In the magnetostatic formulation, it is convenient to introduce the concept of hypothetical
magnetic charges. These arise mathematically from the distribution of magnetization in a material
and can be categorized as volume or surface types [95]. The volume magnetic charge density is
defined by

Pu(r) = —V-M(r), (3.8)

while the surface magnetic charge density is
On(r) = M(r) -1, (3.9)

where 1 is the outward unit normal vector at the surface of the magnetic body. Although these
quantities do not represent actual physical charges, they provide a convenient way to visualize
the sources of magnetostatic potential and field within a material (especially where V- M # 0).
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From the perspective of magnetic charge densities, the magnetic scalar potential at a point r
in space can be expressed as the sum of the contributions from both volume and surface charge
densities [95]:

L pm(r/) dvl+ 1 /Gm(r/) dS/

= — . 3.10
4w Jy r—r'| 4w Js |r—r'| (3.10)

o(r)

The integrals run over the volume V and the surface S of a magnetic body. By treating variations
and discontinuities of the magnetization M(r) as sources of a scalar potential, the magnetostatic
boundary-value problem can be formulated and solved more systematically.

Once Hy(r) is known (from substituting Eq. 3.10 to Eq. 3.6), the magnetostatic/dipolar
energy (generalized form of Eq. 3.4) can be written as

Edipolar = % /V Hy(r)-M(r)dV, (3.11)

where the factor of 1/2 prevents double-counting of dipole—dipole interactions [73, 95, 98].
Physically, this energy penalizes configurations that produce large stray fields outside the sample
and thus favors magnetization arrangements that minimize surface poles. This means that
the demagnetizing field is strongly dependent on the magnetization distribution, making the
magnetostatic energy particularly sensitive to the shape and size of the sample.

In micromagnetic simulations, the computation of Hg(r) is often the most challenging step,
since it involves solving the Poisson-like boundary-value problem for the magnetostatic potential
(more in Sec. 4.1.3). Nevertheless, understanding how the demagnetizing field emerges from
the magnetization distribution is crucial for accurately modeling domain structures, spin-wave
excitations, and other magnetic phenomena that rely on long-range dipolar interactions.

3.1.3 Anisotropic contributions

Magnetic anisotropies (introduced in Ch. 2, Sec. 2.7), play a fundamental role in shaping the
magnetic behavior of materials. In micromagnetism, anisotropy energies interact and compete
with exchange and dipolar contributions as part of the total Gibbs free energy (Eq. 3.1).

As described earlier, (magneto)crystalline anisotropy arises from SOC, causing the magneti-
zation to align preferentially along certain crystallographic axes (hence, called easy axes). Within
a micromagnetic model, this anisotropy term serves as a local energy well, that can stabilize
magnetic configurations near an easy axis, thereby influencing the formation and evolution of
magnetic domains [95].

Shape anisotropy, on the other hand, is a purely magnetostatic effect that depends on the
geometry of the sample. As discussed in detail in Sec. 2.7, it arises from the demagnetizing field
generated by surface poles whenever the magnetization distribution meets the material boundary.
This is particularly relevant at the nanoscale, where large surface-to-volume ratios amplify the
role of magnetostatic interactions. Thus, shape anisotropy is inherently contained in the dipole
energy term of the micromagnetic free energy.
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In summary, crystalline anisotropy tends to align the magnetization along specific crystallo-
graphic axes, while shape anisotropy favors alignment along directions dictated by the sample
geometry. The interplay between these anisotropies — along with exchange and dipolar interac-
tions — governs the formation of complex domain patterns and magnetization configurations [73].

3.1.4 Zeeman energy

The interaction between magnetization and an external magnetic field is described by the Zeeman
energy, which originates from the Zeeman effect — first observed by Pieter Zeeman in 1896 [99].

This energy term, Ezeeman, describes how an applied magnetic field Hy tends to align the
magnetization vector M(r) along its direction [73, 95], and is given by

Ezeeman = —,uo/vM(l')-HodV. (3-12)

The negative sign and the dot product indicate that the energy is minimized when M and H are
aligned — that is, when the magnetization points in the direction of the applied field.

In magnetic systems, the Zeeman energy serves as a driving force that promotes full align-
ment of the magnetization with the external field. However, exchange interactions, magnetic
anisotropies, and dipolar effects counteract this tendency — particularly in complex geometries
and for field strengths below the saturation magnetization Mg [87].

The Zeeman energy governs not only static magnetization configurations but also plays a
key role in magnetization dynamics, particularly under time-dependent applied fields. The LLG
equation, discussed in the following sections, incorporates the Zeeman term as an effective torque
that drives the magnetization toward alignment with the external field. The rate of this alignment
depends on the intrinsic damping of the system and the influence of competing interactions.

3.1.5 Dzyaloshinskii-Moriya interactions

DMI is an antisymmetric exchange interaction that is significant in systems with broken inversion
symmetry, either in the crystal lattice (bulk DMI) or at interfaces between materials (interfacial
DMI). It promotes noncollinear spin configurations, favoring chiral magnetic textures such as
spin spirals, domain walls with fixed chirality, and skyrmions.

In the context of the total Gibbs free energy, the DMI adds a new term that competes with
the symmetric exchange interaction, which favors parallel or antiparallel alignment of spins, as
explained in Sec. 3.1.1. The Dzyaloshinskii—Moriya energy is defined as

Epyvi = D/VM(r)- [V xM(r)]dV, (3.13)

where D is the DMI constant that quantifies the strength of the interaction [73, 100]. The cross
product term introduces a preference for twisted spin configurations by favoring spins that rotate
continuously rather than uniformly aligned. DMI also modifies the structure of domain walls by
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imposing a fixed chirality, leading to Néel-type domain walls instead of Bloch walls in certain
systems [101].

3.1.6 Effective field

To describe the magnetization behavior in micromagnetic models and simulations, it is necessary
to calculate an effective magnetic field Hegr. This effective field is a major component of the
LLG equation, as it captures the cumulative influence of all energy contributions at each point
within the system. It thus determines how the magnetization evolves under internal forces and
external perturbations [102], and can be derived directly from the Gibbs free energy:

Her = —i?—f/l (3.14)
As mentioned above, at equilibrium the magnetization is aligned with this field, minimizing the
total energy of the system. However, when perturbed by an external magnetic field, thermal
fluctuations, or other stimuli, the magnetization start to precess around Heg, leading to dynamic
phenomena such as spin-wave propagation or magnetization reversal [73, 87].

In short, the exchange energy promotes uniformity, anisotropies favor specific magnetization
orientations, and the magnetostatic interaction creates long-range effects that lead to domain
formation. The Zeeman energy, if present, adds a directional force from external fields, while the
DMI introduces chiral structures into the system [95]. All of this is captured in the effective field,
which serves as the main parameter in the LLG equation describing the magnetization dynamics.

The energy terms described in this section cover the primary contributions typically addressed
in micromagnetism, but it is important to recognize other interactions that exist but are beyond
the scope of this thesis. For example, in systems where indirect exchange coupling occurs
through conduction electrons (e.g., magnetic multilayers), the Ruderman—Kittel-Kasuya—Yosida
(RKKY) energy term should be included in the analysis [103—108]. This interaction can induce
the spatially-variable coupling between ferromagnetic or antiferromagnetic layers, depending on
the distance between them. Other effects, such as thermal fluctuations or relativistic corrections
like magnetoelectric coupling, can also influence the total energy in certain cases.

3.2 Magnetization dynamics and spin waves

The static configuration of the magnetization, obtained by minimizing the total Gibbs free
energy, is only one aspect of magnetic systems. In many practical scenarios, magnetic materials
experience external stimuli — such as applied magnetic fields, spin-polarized currents, or thermal
fluctuations — that perturb them away from energetic equilibrium. Even the magnetization
relaxation is a dynamic process. Consequently, the magnetization vector M(r,¢) typically
evolves with time under the influence of exchange, magnetostatic, anisotropy, and other energy
contributions.
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Figure 3.1 Schematic representation of a magnon, illustrating the precession of the magnetization vector
M around the effective magnetic field Hegr. On the left, the precession components are shown with Gilbert
damping (M x 9M/g;), causing the magnetization to gradually spiral toward equilibrium. On the right are
time-frames for a complete spin-wave precession over a wavelength A, capturing its the oscillatory nature.
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Spin waves are collective excitations involving spatially and temporally correlated precessions
of magnetic moments throughout the material. Contrary to a common misconception, a single
magnetic moment undergoing precessional motion around an effective field is not itself a
spin wave — this scenario simply reflects the gyromagnetic precession of a localized spin.
Classically, a spin wave can be understood as a propagating disturbance in the local magnetization
vectors, characterized by a wavelength A and frequency @. From a quantum-mechanical
perspective, these wave-like excitations are quantized into particles known as magnons — the
spin-wave analogues of photons in electromagnetic waves or phonons in lattice vibrations [5,
109]. Figure 3.1 illustrates this concept: each magnetic moment precesses slightly out of phase
with its neighbors, forming a collective oscillatory pattern. A single magnon corresponds to one
quantum of spin-wave energy.

As mentioned above, in micromagnetism the time evolution of M(r,#) results from its
precession around an effective magnetic field Hesr. When the magnetization is perturbed — for
example, by a small thermal fluctuation — it does not immediately return to equilibrium. Instead,
it precesses around Hegr, with the possibility of exciting spin waves if the disturbance has spatial
structure or if the system couples to neighboring spins in a coherent manner. Once excited, these
spin waves carry both angular momentum and energy through the material.

The foundation of magnetization dynamics and the LLG equation lies in the gyromagnetic
precession proposed by Joseph Larmor [110], which describes how a magnetic moment precesses
around an external magnetic field.

3.2.1 Gyromagnetic (Larmor) precession

Gyromagnetic precession, also known as Larmor precession, is the fundamental motion that
determines the dynamic properties of magnetization in response to an external magnetic field.
When M is displaced from its equilibrium orientation, it experiences a torque that causes it to
precess around the direction of Hegr. This precession is at the heart of many dynamic magnetic
phenomena, including spin-wave generation.
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The gyromagnetic ratio is defined as the proportionality constant between a magnetic moment
and its angular momentum. For an isolated electron, this is a well-defined parameter, often
denoted as 7%. As introduced in Sec. 2.2, in free space g. ~ —2.0023', yielding

ye:ge}’_;‘B ~ —1.76086 x 10" rad -~ . T~ (3.15)

In classical terms, when a magnetic moment (such as that of an electron) is placed in a static
magnetic field, it experiences a torque that causes it to precess around the field direction at a
characteristic angular frequency. This is known as the Larmor frequency @, , and is given by

Wy, = |%|‘LLOH(). (3.16)

In other words, the magnetic moment precesses around the external field at a rate proportional to
its magnitude. The Larmor frequency sets a fundamental timescale for magnetization dynamics
in magnetic materials and underpins many spin-related phenomena.

In the micromagnetic approach, the gyromagnetic ratio is often treated as a material-
dependent effective parameter. While the free-electron value, ¥, serves as a useful reference,
real magnetic materials may exhibit g-factors that deviate from exactly —2 due to crystal field
effects and SOC. Therefore, in this work, the subscript is omitted, and the material-dependent
gyromagnetic ratio is simply denoted as y. This convention reflects the fact that while the con-
cept of the gyromagnetic ratio remains consistent, its numerical value can vary across different
materials.

It is also important to clarify the sign convention for y. Although the gyromagnetic ratio of
the electron is inherently negative — reflecting the negative g-factor and the antiparallel alignment
between the magnetic moment and angular momentum — this thesis adopts the convention of
treating 7y as a positive quantity, |y|, with an explicit negative sign included in equations where
appropriate. This practice is common in the literature because it provides practical clarity: by
making the sign of the precession term explicit, it removes ambiguity regarding the sign of 7,
avoids non-intuitive negative magnitudes of physical variables (such as the frequency in Eq. 3.16),
and reduces potential confusion when interpreting the direction of magnetization precession. This
formulation preserves the correct physical behavior — namely, that the magnetization precesses
in a direction consistent with the negative electron gyromagnetic ratio — while improving the
consistency and readability of the mathematical expressions. It also facilitates comparison with
numerical implementations and standard micromagnetic software packages, many of which
adopt the same convention.

I'The electron g-factor has been determined to an extraordinary precision of fourteen decimal places by precise
measurements of a single electron in a Penning trap [111]: g/2 = —1.00115965218059 (13). This experimental
value is in excellent agreement with the theoretical predictions of quantum electrodynamics.
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The relationship between the torque experienced by the magnetization and the rate of change
of the magnetization vector [63] is given by

aa—l\t/l = —|¥| oM X Heg. (3.17)
This equation describes the gyromagnetic precession of the magnetization around the effective
field, where the torque M x Hcg acts to change the orientation of the magnetization vector
without affecting its magnitude.

Physically, gyromagnetic precession can be understood as a consequence of the conservation
of angular momentum. The magnetization vector, associated with the collective magnetic
moments of individual spins, responds to the external magnetic field by undergoing a precessional
motion. This motion occurs because the torque generated by the cross product M x Hegr is
perpendicular to both the magnetization vector and the applied field, creating a circular path
for the magnetization (see Fig. 3.1). In the absence of damping (discussed in the next section),
this motion would continue indefinitely at a constant rate. In real magnetic materials, however,
damping mechanisms cause the magnetization to gradually align with the direction of the
effective magnetic field, leading to the relaxation of the system to its equilibrium state.

3.2.2 Landau-Lifshitz—Gilbert equation

To fully capture the dynamics of magnetization M(r,7) under the influence of internal and
external magnetic fields, the classical description of gyromagnetic precession (Eq. 3.17) was
extended by incorporating a damping term. This modification allows the magnetization to relax
toward energetically favorable equilibrium states, rather than precessing indefinitely.

In 1935, Lev Landau and Evgeny Lifshitz introduced an equation that describes the precession
of magnetization around an effective field, supplemented by a damping term to account for energy
dissipation [62]. Thus, the Landau-Lifshitz (L) equation was the first significant theoretical
step in describing magnetization dynamics beyond simple precession. The phenomenological
damping term was introduced in a form that depends on the instantaneous effective field. In
International System of Units (SI) form, the original LL equation is defined as

oM

= = —|7|tto (M X Hegr) — A [M x (M x Heg)], (3.18)

where A is a phenomenological constant characteristic of a material. The first term on the right
is responsible for the gyromagnetic precession around Hegr (known from Eq. 3.17), while the
second part models the dissipation. Although this framework was a major advance, its damping
torque being proportional to Hegr led to unphysical behavior when the field was very large.
About 20 years later (in unpublished work from 1955, and made widely known in 2004 [63]),
Thomas Gilbert refined this formalism by proposing that the damping should be proportional to
the time derivative of M, rather than to the instantaneous magnetization itself. This proposition
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has been accepted as more physically accurate, and is now referred to as the LLG equation:

88_1\;[ = —[¥|po (M x Hegr) +1\%<an8_1\;[>’ (3.19)
where o is the dimensionless Gilbert damping constant of a material [63, 73, 95]. Gilbert’s
approach resolves certain inconsistencies in the original LL form and has become the standard in
modern micromagnetism.

Building on the LLG equation, it is sometimes useful to explicitly isolate the time derivative
dM/9; as a function of M and Heg. This step is especially practical for numerical integration,
where the magnetization dynamics must be cast into a standard first-order ordinary differential
equation (ODE) form (more in Sec. 4.2). The explicit version of the LLG is:

OM _ |¥lmo (MxHeff> - o[yt [MX (MXHeff)]_ (3.20)

at 1+ a? 1+ o) Mg

In this form, both the precession and damping terms are rescaled by 1/(1+a?), preserving the
physics of the LLG equation but allowing a direct integration approach. The representations 3.18
and 3.20 are related by the following substitutions:

7] |y|Ho
1+ a?’ (14 a?) My

(3.21)

Microscopically, the damping term and the associated energy dissipation processes result
primarily from:

* spin-lattice (magnon—phonon) interactions, where spin excitations exchange energy with
lattice vibrations;
* spin—electron (magnon—electron) scattering, which can be enhanced by SOC;

* defects or impurities, acting as channels for energy relaxation via scattering.

The dimensionless parameter o thus reflects how effectively the magnetic system couples to
its environment and loses energy during precession. Typical experimental values of ¢ range
from 10~* to 10!, depending on material composition, spin—orbit strength, and temperature [73,
112].

3.2.2.1 Normalization

For numerical and analytical convenience, it is common to normalize the dynamic magnetization
by M and measure time in units of |y o M;|~!. Dividing the Eq. 3.19 by |y| uo M2, yields

1 oM 1 a oM
|’}/|‘LL0M§27 - _W(M X Heff) + —|’}/|‘LLOM§ (M X 7), (3.22)
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The normalized quantities are now defined as

oM He
eff Ms,

T = |yluoMyt, (3.23)

and by substituting them into Eq. 3.22, the following dimensionless form is obtained:

Jom

W = —(m X heff) + a(m X a—m> (3.24)

at
Here, m and h.¢ are dimensionless vectors, and 7 is a dimensionless time variable that advances
in units of one radian of precession per field of magnitude M. This form isolates & as the
primary parameter controlling the relaxation rate. Equation 3.24 is also useful for simulations
because, by working in normalized units, the algorithm deals with numerically stable quantities.
The single dimensionless parameter o then determines how fast (or slow) the system relaxes to
equilibrium.

The LLG equation is fundamental to the understanding of dynamic magnetic phenomena in
a wide range of materials and applications. It underlies the study of FMR, domain wall motion,
and the propagation of spin waves, all of which are critical for the development of modern
magnetic technologies such as magnetic random-access memory (MRAM), spintronic devices,
and magnonic crystals [5, 109].

3.2.2.2 Equilibrium state and linearization

Linearization is particularly useful for studying small-amplitude magnetization dynamics, such
as spin waves. For minor deviations from equilibrium, the nonlinear terms in the governing
equations can be neglected, allowing the system to be described by linear differential equations.
This greatly simplifies the mathematical treatment and thus reduces the computational complexity
in numerical simulations.
It is important to emphasize, that this technique is only valid around an equilibrium state,
i.e. it assumes a magnetic system in which the magnetization M(r) is aligned with the effective
magnetic field Heg. It can be expressed by the equilibrium magnetization configuration My,
which satisfies
My x Hegr(Mp) = 0, (3.25)

where Hegr(Mp) is the static, equilibrium part of the effective field.
Next, let SM(r) and SH. represent the small transverse deviation of the magnetization and
the effective magnetic field, respectively. In this context, the following can be written:

M(r,7) = Mo+ OM(r,1) = |6M| < |Mp|, (3.26)
Heff(r,t) = Heff(M()) + 5Heff(l‘,l‘) < |5Heff| <K |Heff<M())‘. (3.27)
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The goal is to keep only first-order terms in M and dH.g, discarding their products or higher
powers. Substituting Eqgs. 3.26 and 3.27 into Eq. 3.19 gives

d(Mp + M
% = — Y|t [ (Mo + M) x (Hegr(Mp) + SHegr) |
o 3(My + 5M)
or | (Mo+8M) x —=—=5 ——1. (3.28)

Since the vector My is constant in time, 9Mo/9: = 0, and the term My X Heg(Mj) vanishes due
to equilibrium (Eq. 3.25). To eliminate second-order terms in small quantities, cross products
such as M x dHegr, and (6M x 96M/g;) can be neglected. Thus, the Eqs. 3.26 and 3.27 are
concretized to

My + 6M — M) + (1st-order term M), (3.29)
Heff(MO) + OHg — Heff(MO) + (1st-order term 0 Heg), (3.30)

and the precessional term is simplifies to

—|’}/|/J0 [(M0+5M) X (Heff(M()) +5Heff):| ~ —|Y|‘LL0 (M() X OHer+ OM X Heff(MO)) . (3.31)

The damping term, in turn, yields

a d(My+ 6M) o JdoM
Thus, collecting only the first-order terms of M and 6 He¢s returns
d(6M d(6M
(at ) = _|Y‘.uO (MO X OHegr + OM X Heff(M())) + A% |:M0 X (at ):| . (3.33)

In practical linearized treatments, 6 He¢r depends linearly on 6M. Symbolically:
SH. ~ ['6M, (3.34)

where [ is a suitable linear operator. Substituting Eq. 3.34 into Eq. 3.33 results in a linear partial
differential equation for 6M(r,?):

d(6M)
ot

= —|7lto[Mo x (I'6M) 4+ M x Her(Mo)] + 1\% [MO X @] , (3.35)

which can be solved using standard techniques (Fourier transforms, eigenmode expansions, etc.),
greatly simplifying the analysis of small-angle precession modes.

The linearization shows that small fluctuations behave as damped precessional modes around
M. In spin-wave theory, these modes propagate with wavevectors determined by the system
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geometry and the operator I (e.g., from exchange stiffness, anisotropy fields, or magnetostatic
boundary conditions). In many small-amplitude oscillation analyses, it is also convenient to

consider the dynamical component of Eq. 3.26 in the form of a monochromatic wave ¢'®’:

M(r,t) = My + SM(r) ', (3.36)

where @ is the angular frequency of the oscillation. In particular, assume that the static applied
magnetic field along Z dominates the effective field at equilibrium, such that My ~ M;Z and
Hei(My) =~ HyZ, with SM(r) = (mx, my, O) representing small transverse components. Substi-
tuting this into the linearized LLG equation (3.33, neglecting the damping part), results in two
coupled frequency-domain equations:

iomy = |y|Ho(Homy — Mshy), (3.37)
iom, = |y|u0(—Homx+Mshx).

Here, h, and h, are small transverse components of an external excitation field. These linear
equations capture the essential precessional spin-wave dynamics around the z-axis, ignoring
dissipative effects [73, 113].

3.2.3 Ferromagnetic resonance and the Kittel formula

FMR is a fundamental phenomenon in which a coherently precessing magnetization in a fer-
romagnetic material absorbs electromagnetic radiation at a characteristic resonant frequency
determined by the material’s magnetic properties and the applied field. Resonant (coherent)
precession arises from the dynamic response of the magnetization to an external radio-frequency
(RF) magnetic field hgg(7). The applied static magnetic field Hy sets the resonance condition,
with the strongest excitation occurring when hgg(z) L Hy. FMR provides a key method for
probing internal fields, anisotropies, and damping in magnetic materials [85, 114].

A concise way to analyze FMR starts with the gyromagnetic precession (Eq. 3.17). At
equilibrium, the magnetization M is static and aligned with the effective field Hegr. Small
oscillations around this equilibrium are described by the linearized Eqs. 3.37, which provide the
resonance condition — namely, the angular frequency @gyr When the mode is uniform. This is
given by the well-known Kittel formula [114], expressed in SI units as

Ofvr = 71215 (Ho + (Ny — N2)Mege) (Ho + (Nx — No)Mege), (3.38)

where Hj is a magnetic field large enough to saturate the magnetization, and M. 1s an effective
magnetization term that can include contributions from internal anisotropies. In simple cases
without significant anisotropy, Megr =~ M. The demagnetizing factors Ny, Ny, N, introduced in
Sec. 2.8 enable the calculation of FMR frequencies for various geometries directly from Eq. 3.38.
Examples include:
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* sphere (Ny = Ny = N; = 1/3): wpwr = |Y|1oHo;
* thin film magnetized out-of-(xy)-plane (Ny = Ny = 0, N; = 1): 0wpvr = |7|tto(Ho — Ms);

* thin film magnetized in-(xy)-plane (Ny = 1, N, = N; = 0): @pur = |Y|1o/Ho(Ho — Ms).

FMR measurements not only identify the resonant frequency, but also provide information
about the linewidth or damping — indicators of energy losses due to spin—lattice relaxation and
other dissipation channels. Consequently, FMR has become a standard technique in magnetic
materials research, revealing intrinsic properties such as g-factors, anisotropy constants, and
spin-pumping effects. In magnonics, FMR underpins the study of uniform precessional modes
and serves as a foundation for understanding more complex spin-wave excitations.

3.2.4 Spin-wave spectra

In the magnetostatic limit, the spin-wave wavelength is much larger than the exchange length.
When A > /e, the exchange interaction can be neglected, and the spin-wave dynamics are
dominated by dipolar (magnetostatic) interactions. In this regime, the resonance condition and
dispersion relation can be derived by solving the linearized LL equation (Eq. 3.17) without the
exchange term. This leads to the description of so-called magnetostatic modes.

If the magnetic medium is a bulk sample in which boundary effects can be neglected, the
spin-wave frequency is given by [102]

© = [yltto/Ho(Ho+ My sin® 6. (3.39)

where 0y is the angle between the magnetization direction and the spin-wave wavevector k.
The wavevector defines both the propagation direction and the spatial periodicity of the spin
wave. In three dimensions, its components (ky, ky, k;) represent the projections along the
Cartesian axes, and its magnitude — commonly referred to as the wavenumber k — is given by
k=|k|=/ki+k}+k2.

Notably, in Eq. 3.39, the spin-wave frequency depends solely on the direction of propagation,
not on the magnitude of the wavevector. The frequency is maximal when the spin wave propagates
perpendicular to the magnetization direction and minimal when the propagation is parallel.

In a thin film, the magnetization dynamics are influenced by both exchange and dipolar
(magnetostatic) interactions. The presence of surfaces at z =0 and z = d (for a film of thickness
d extending in the xy-plane) introduces boundary conditions that constrain the behavior of
the dynamic magnetization. This leads to a series of discrete thickness modes, referred to as
perpendicular standing spin waves (PSSWs). Each mode is indexed by an integer n, which
corresponds to the number of half-wavelengths that fit between the film surfaces [1, 5]:

ko A (3.40)
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where k_ , is the quantized wavevector component along the film thickness. The approximation
symbol (=) indicates that corrections from finite interface effects — such as surface anisotropy —
are neglected in this expression.

In the thin-film scenario, out-of-plane quantization is treated separately by discrete standing
modes rather than a continuous wavevector component k,. Therefore, in cases where the
magnetization is assumed to be uniform across the film thickness (i.e., the fundamental thickness
mode with k; o = 0), the wavenumber k refers to the magnitude of the in-plane wavevector,

defined as k = | /k2 + k%. The standing modes overlap with the in-plane propagation, resulting in
a full 3D dispersion that depends on both the exchange stiffness and the dipolar interactions. At
small wavevectors (long wavelength), dipolar interactions dominate, giving a nearly linear (k)
relationship (see inset in Fig. 3.2). For larger k the exchange takes over, bending the dispersion
into a quadratic form. This crossover between dipolar- and exchange-like regimes is a feature of
thin-film spin waves (Fig. 3.2).

In addition to the thickness quantization, spin-wave dispersion is strongly affected by the
orientation of the magnetization vector M relative to the wavevector k. Three standard configura-
tions are often distinguished in thin films [113]:

1. Damon-Eshbach (DE) geometry, where the film is magnetized in-plane, and k is perpen-
dicular to M, both confined to the film plane [115]. In the magnetostatic limit (i.e., at long
wavelengths), these modes evolve into surface spin waves whose amplitudes are localized
near the film boundaries. This localization can reduce scattering from the interior of the
film, often resulting in lower damping for long-wavelength modes. Experiments have
shown that the DE geometry often supports efficient spin-wave propagation [116, 117].
In practice, however, the range still depends mostly on material-specific damping (&), as
well as on structural imperfections and surface roughness. In addition, the orthogonal
arrangement of M and k facilitates stronger coupling to external RF fields, allowing more
efficient excitation and detection of spin waves [118].

2. Backward volume (BV) geometry, where the film is magnetized in-plane and K is parallel
to M. A characteristic feature of this configuration is that the group velocity can be
opposite to the phase velocity — hence the name backward volume wave. As a result,
increasing the wavenumber k can lead to a decrease in spin-wave frequency, a behavior
linked to the magnetostatic boundary conditions for M || k. The close alignment between
the wavevector and magnetization also enhances the coupling of the spin precession ellipse
to external fields, which facilitates nonlinear spin-wave phenomena such as three-magnon
splitting. These effects are valuable for advanced signal processing, broad tunability of
spin-wave spectra, and spin-wave comb generation [119, 120].

3. Forward volume (FV) geometry, where the magnetization is oriented perpendicular to
the film plane (out-of-plane), while k lies in-plane. In an ideal, uniformly magnetized film
with M out-of-plane, the dispersion is fully isotropic, which, combined with relatively
high group velocities for moderate wavevectors, is a favorable scenario for magnonic
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circuits [121]. The out-of-plane M also allows greater control over perpendicular fields,
which can be integrated with standard perpendicular magnetic anisotropy systems (such as
CoFeB/MgO). Finally, the FV spin waves can interact with other quasiparticles (phonons,
photons) across the (small) thickness of the film, offering the prospect of hybrid magnon—
photon or magnon—phonon coupling [4, 122].
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Figure 3.2 Spin-wave dispersion relations in the dipolar—exchange regime for thin films, shown for the
three primary configurations, plotted as a function of the dimensionless parameter kd. The frequency f
dependence on kd illustrates the transition from the dipolar-dominated linear regime at low wavevectors
to the exchange-dominated quadratic regime at higher k values. The inset provides a magnified view
of the magnetostatic regime, emphasizing the behavior of long-wavelength spin waves. On the right,
schematic illustrations of the thin-film configurations show the orientations of the magnetization vector
M (magenta arrows) and wavevector k (black arrows): DE with k L M, both in-plane; BV with k || M,
both in-plane; and FV with M out-of-plane and k in-plane. The dispersion curves were calculated using
material parameters Mg = 800 kA/m, A¢x = 8 pJ/m, d = 100 nm, with external magnetic fields set to
Hy = 0.5 M; for the DE and BV configurations, and Hy = 1.5 M, for the FV configuration.

The dominance of dipolar or exchange interactions in spin-wave dynamics depends on the
spin-wave wavelength (1), wavenumber (k = 27/2), and the material’s exchange length ({ex
— see Eq. 3.3). The dipolar interaction dominates in the long-wavelength limit (A > fx or
k < 1/ts). In this regime (i.e., for small k), spin-wave dynamics are dominated by magnetostatic
interactions, resulting in a linear dispersion relation, @(k) o< k. As the wavelength decreases and
approaches the exchange length (A < /e, or equivalently k = 1/¢), the exchange interaction
becomes significant. Under these conditions, the dispersion relation transitions to a quadratic
form, @ (k) o< k?. Exchange interactions stabilize magnetization at the nanoscale, which is critical
for high-frequency spin waves. The reciprocal of the exchange length, often referred to as
the exchange wavenumber, kex = 1/t, provides a useful criterion for distinguishing between
dipolar- and exchange-dominated regimes of spin-wave excitations. In typical ferromagnetic
materials, (cx ranges from a few to several tens of nanometers, corresponding to kex on the order
of 10’-108m~".
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The crossover between the dipolar and exchange regimes, along with the discrete thickness
modes, is critical in the design of spin-wave based devices. By adjusting film thickness, saturation
magnetization, and applied field, one can tailor where this crossover occurs and which modes
are most effectively excited.

3.2.4.1 Kalinikos—Slavin theory of spin waves in thin films

The Kalinikos—Slavin theory provides a well-known approximate analytical framework for
describing spin-wave dispersion in uniformly magnetized thin ferromagnetic films [123]. It takes
into account both dipolar and exchange interactions, as well as finite-thickness boundary effects.
The spin-wave angular frequency @ depends on the in-plane wavevector magnitude &, the angle
¢ between k and the magnetization direction M, and the polar angle 6 of M relative to the film
normal. It is expressed as

ok, $,0) = |y|u0\/<Heff+Msegxk2) (Heff+MS£gxk2 +MSF(I<,¢,9)>, (3.41)

where F(k, ¢, 0) is the dipolar interaction factor given by

F(k,$,0) = P(k) + sin®8 |1 —P(k) (1 +cos’ ¢) + sin’¢ M (1 - ) (3.42)
,0,0) = sin — cos sin , .
4(Ho+ M; (% k?)
and P(k) is related to the surface conditions:
1— e*kd
Pk) =1— ——. 3.43
() = (3.43

The exchange length £ex was defined in Eq. 3.3, while the term M ¢2, k> in Eq. 3.41 captures the
exchange contribution, growing with k*> and dominating at short wavelengths.

The Eq. 3.43 represents decoupled approximations for individual spin-wave modes quantized
along the thickness of the film. In reality, solving the full spin-wave problem in a finite-thickness
system leads to a set of matrix equations involving thickness quantization and potential coupling
between higher-order modes [113, 123]. The formulas here assume each mode can be treated
separately, which is valid when the mode-mode coupling is weak.

Kalinikos—Slavin theory applies over a wide range of angles for M relative to k. Three
common special cases in thin films are, as described above, DE, BV, and FV geometries, each
offering different dispersion characteristics [102].

DE configuration. Here, 6 = 90° corresponds to the in-plane magnetization, and ¢ = 90°
indicates that the wavevector is perpendicular to M. Assuming that the static applied field Hy
dominates the internal fields, the effective field at equilibrium can be approximated as Hefr ~ H.
In this case the dipolar interaction factor F(k,90°,90°) simplifies to Ms(1—¢~**)/4(Hy+ M2 K2).
Substituting this expression into Eq. 3.41 yields the dispersion relation [115] for surface spin
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waves:
2 M2
wpe(k) = |¥|to Ho M, 02 k2) n Ts(l —e—2kd>. (3.44)
For large k (short wavelength), the dipolar part (1 — e~2¢) saturates to 1, and exchange domi-
nates:
2 M2
wos(k — ) = |7lto Ho M2 k2) 3 (3.45)

BV configuration. Here 0 = 90° (in-plane magnetization) but ¢ = 0°, meaning the wavevector
is parallel to the magnetization direction (k || M). Assuming Heg ~ Hy (same reasoning as in
the DE case), the dipolar interaction factor becomes F (k,0°,90°) = (1-¢~**)/k4. Substituting this
into Eq. 3.41 yields

1— —kd
oy (k) = ww()\/ (H0+Msezxk2) (Ho MER +M5%). (3.46)

As k — oo, the term (1-¢**)/kd — O (see the proof in the gray box below), indicating that the
dipolar interaction becomes negligible and the exchange interaction dominates the spin-wave
behavior:

Wgy(k — o) = |y|to (Ho + M L2 K?). (3.47)

As mentioned earlier, BV modes often exhibit a backward dispersion (group velocity opposite to
phase velocity) at lower k in the dipolar regime [113]. They also exhibit propagation anisotropy,
but differ from DE in that k || M can result in a narrower angular bandwidth for low-damping
propagation.

For all £ > 0 and d > 0, the following inequality holds
0<1—e™ <.

Dividing through by kd > 0 gives
—kd
1

l1—e
0 < < —.
- kd ~ kd
Since limy . I/kd = 0, the squeeze (sandwich) theorem [124] implies that
1— e—kd

1i -
e kd

FV configuration. In the FV geometry, the magnetization is oriented out-of-plane (6 = 0°).
In this case, the dipolar interaction factor F(k,¢,0°) becomes independent of the in-plane
wavevector angle ¢, and simplifies to 1 — (1=¢™*/)/ka. As a result, the dispersion relation of this
configuration is isotropic within the in-plane propagation directions (see Fig. 3.3b). Here, the
effective magnetic field is typically approximated as Heg ~ Ho — M, accounting for the full
demagnetizing field produced by the out-of-plane magnetization. Substituting this into Eq. 3.41
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yields the corresponding dispersion relation:

1 —ekd
(DFV(k) = "}/LU()\/(H() _Ms +Ms£§Xk2> (HO +Ms£gxk2 - Ms%) . (348)

The finite-thickness factor (1—6”’”)/ (ka) still governs the dipolar corrections, but at large k, where
the exchange dominates, Eq. 3.48 is simplified to

oy (k= ) = |1 uo\/ (HO — M, +Mszgxk2) (HO +Ms£gxk2>. (3.49)

When studying spin-wave propagation in thin ferromagnetic films, it is common to analyze
isofrequency contours in the two-dimensional wavevector space (ky, k) at a fixed spin-wave
frequency f. Each contour represents all in-plane wavevector directions and magnitudes that
satisfy the film’s dispersion relation at a given frequency. They provide insight into the anisotropy
of spin-wave propagation: circular contours imply isotropic behavior, while highly distorted
contours indicate strong directional dependence — see Fig. 3.3.
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Figure 3.3 Isofrequency contours for spin waves in thin ferromagnetic films. For in-plane magnetization
(a), the external magnetic field is oriented along the y-axis, which denotes the DE configuration along k;
and BV for k,. For out-of-plane magnetic field and magnetization (b), the circular contours typical of
the FV configuration are shown. The magnetic parameters used here are consistent with those in Fig. 3.2
(Mg = 800 kA/m, Aex = 8 pJ/m, d = 100 nm, Hy = 0.5 M, for DE and BV, and Hy = 1.5 M; for FV).

Figure 3.3a shows an eight-shaped (or lemniscate-like) isofrequency contour for a film
magnetized in-plane. At low wavenumbers, dipolar contributions dominate the dispersion and
give rise to a strong angular dependence. At larger k (shorter wavelengths), exchange interactions
gradually reduce the influence of dipolar anisotropy, and the isofrequency contours become more
elliptical. Figure 3.3b shows circular isofrequency contours for a film magnetized out-of-plane.
In this configuration, each in-plane direction of k experiences similar boundary and internal field
conditions, resulting in isotropic dispersion.
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3.3 Chirality effects

Chirality, broadly defined as the property by which an object or configuration cannot be su-
perimposed on its mirror image (lack of mirror symmetry), appears in various contexts within
magnonics. In some cases, chirality emerges from specific magnetostatic textures, in others it
reflects dynamical or topological aspects of magnetization similar to those recognized in photons,
phonons, and electrons. There is also a class of chirality arising from antisymmetric exchange
DMI (described in Sec. 3.1.5). Each type affects the behavior of spin waves in a different way,
giving rise to phenomena such as topologically protected modes or directional propagation.

As mentioned above, chiral effects appear not only in specific magnetization textures, such
as chiral domain walls and spiral states, but also in the dynamics. Even in saturated systems,
the time evolution of the dynamic magnetization can follow a trajectory that breaks the mirror
symmetry. This form of dynamical chirality is inherent to spin waves, which have an intrinsic
sense of rotation around the equilibrium magnetization direction.

A well-known route to chiral properties in magnetism involves the DMI, that favors tilted spin
alignments that do not map onto their mirror images [11] (see Sec. 3.1.5). From a wave-dynamics
perspective, it induces an asymmetric dispersion relation in which spin waves acquire different
energies (frequencies) for forward and backward propagation. The resulting nonreciprocal
propagation can be used to design magnonic diodes and isolators [125].

Magnetically chiral textures can also arise in artificial nanostructures, where chirality is
imposed by the physical geometry rather than by magnetic interactions [126]. A notable example
is the gyroid structure (introduced in Sec. 5.3), which features a three-dimensional periodic
network of interconnected curved channels that imposes the intrinsic geometric chirality. As a
result, spin-wave dynamics in such architectures can be strongly affected by complex magnetic
interactions, leading to nontrivial dispersion characteristics and mode localization. Furthermore,
gyroids are predicted to support the interplay between geometric chirality and DMI [127], or
with topological effects, broadening the design space of 3D magnonics.

Beyond magnetostatic and dynamical considerations, topological chirality has also been
extensively studied in various quasiparticle systems [128, 129]. It can arise from topologically
nontrivial band structures, leading to protected magnon edge states, or from spin textures,
such as skyrmions, which exhibit real-space topological winding of the magnetization. These
topologically protected chiral spin textures host unique localized eigenmodes that are sensitive
to their topology. Furthermore, propagation through a skyrmion lattice can quantize spin waves
into discrete modes and enable robust, chiral magnon properties [130].

In summary, chirality in magnonics can arise from several sources: magnetostatic textures,
dynamic magnetization processes, topological band structures, and antisymmetric DMI interac-
tions. While nonreciprocity is often associated with chiral states, it is not always due to chirality
alone. Nevertheless, its presence typically enriches the magnonic spectrum with directional
propagation, topological protection, and novel domain-wall or skyrmion-based functionalities.
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3.4 Magnonic crystals

Magnonic crystals are periodic magnetic structures that enable the control of spin waves by ex-
ploiting wave interference effects analogous to those found in photonic and phononic crystals [35,
6]. In these systems, the periodicity in one, two, or three dimensions modifies the spin-wave
dispersion relation, often leading to band gaps where certain frequencies are forbidden. The
theoretical basis for understanding these band structures is Bloch’s theorem [56], which states
that for a medium with discrete translational symmetry (periodic structure), wave solutions y(r)
can be expressed as the product of a plane wave and a periodic function u(r):

y(r) = X u(r), (3.50)

where u(r) has the same periodicity as the underlying lattice or crystal. Importantly, this
description introduces an equivalence between wavevectors, since k and k + K, where K is
any reciprocal lattice vector, describe the same Bloch state. This equivalence occurs because
the periodic lattice symmetry ensures that the same physical properties are represented for
wavevectors that differ by reciprocal lattice vectors.

To eliminate redundancy and ensure a unique representation of all Bloch states, the wavevec-
tors are restricted to the first Brillouin zone, a region in reciprocal space where each k uniquely
represents an equivalence class of states related by reciprocal lattice translations. This region
is defined as the Wigner—Seitz cell of the reciprocal lattice [131]. For any wavevector k lying
outside the first Brillouin zone, there exists an equivalent wavevector k' = k — K, such that k'’
lies within the zone. This convention ensures that each Bloch state is uniquely represented by a
wavevector confined to the first Brillouin zone.

The same principles apply to magnonic crystals in one, two and three dimensions (see
Fig. 3.4). Periodicity in the magnetic structure gives rise to a reciprocal lattice in spin-wave
dynamics, making the first Brillouin zone the natural framework for describing magnonic band
structures. The periodic modulations in magnonic crystals can be achieved in the following
ways:

» geometry modulation — periodic structuring of the geometry of a magnetic medium (e.g.,
an array of dots, stripes, or antidots);

* material modulation — periodic changes in the magnetic properties, such as magnetization
or anisotropy (e.g., layered structures with different materials);

* magnetization texture modulation — repeating spin textures, such as strip domains, skyrmion
lattices, or vortex arrays, can locally modify the effective magnetic fields and thus act as a
spatially varying potential for spin waves [132—134]. Such magnetization textures can be
stabilized by balancing multiple material or geometry parameters, providing reconfigurable
magnonic functionalities.
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Figure 3.4 Classification of magnonic crystals based on the dimensionality of periodic variation in their
material parameters. The figure shows 1D, 2D, and 3D magnonic crystals from left to right. Thin-film
magnonic crystals (upper part of each) are laterally patterned structures, confined in the vertical direction
with periodic modulation within the plane. On the other hand, bulk magnonic crystals (lower part) occupy
the entire three-dimensional volume, with internal periodicity that depends on the specific crystal type.

In one-dimensional magnonic crystals (Fig. 3.4, left), periodic modulation of properties
such as film thickness or material composition gives rise to Bragg reflections for spin waves
propagating along the direction of periodicity, particularly for wavelengths matching the lattice
constant. These reflections lead to the formation of band gaps in the spin-wave spectrum, which
can be tuned by varying the lattice period, the applied magnetic field, or the magnetic anisotropy.

When the periodicity is extended to two dimensions, a richer band structure emerges, often
supporting localized edge modes and multiple gap openings. In particular, ADLs — periodic
arrays of holes etched into thin magnetic films — have become a model system for the study of 2D
magnonic crystals (Fig. 3.4 in the center) [7, 135, 136]. The geometry of the holes (size, spacing,
and shape) has a strong influence on the resulting band gaps and can also lead to nonreciprocal
propagation. However, the results of the ADL study included in this thesis (P5) highlight the
versatility of these structures for controlling and inducing higher harmonic spin waves through
edge or defect modes.

The concept of three-dimensional magnonic crystals has attracted growing interest in recent
years. In that case, the magnetic material is periodically modulated along all three spatial
directions (Fig. 3.4 on the right), either by forming intricate networks (like the gyroid structures)
or by stacking multilayers with patterned in-plane periodicities [5]. Bloch’s theorem still applies
in full 3D, resulting in a band structure that is even more complex than in lower dimensions.
Three-dimensional nanocrystals are a major focus of ongoing magnonic research, as they enable
novel spin-wave phenomena such as multidirectional band gaps and complex mode hybridization.
These features can lead to advanced functionalities, including broadband filters, low-crosstalk
waveguides, and spin-wave ‘cavities’ capable of confining modes in all spatial directions. The
thesis places special emphasis on 3D magnonic crystals, where curvature, connectivity, and vol-
ume constraints open new frontiers for exploring spin-wave dynamics and potential applications
in three-dimensional logic or sensor nanoarchitectures.
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3.5 Localization of spin waves

Spin-wave localization refers to the confinement of spin-wave propagation to specific regions in
a magnetic medium. Several mechanisms can induce this localization, including structural or
chemical disorder, engineered geometry, and boundary/surface effects.

An important class of localization phenomena arises from engineered periodic structures,
such as ADLs in thin films (see Sec. 3.4 or 5.2.2). This structuring significantly alters the local
internal magnetic field around each hole, resulting in a periodically modulated effective potential
landscape for spin waves [7, 136]. The resulting spin-wave band structure often features modes
that are spatially confined either within the antidot cavities or along the narrow connecting
“corridors.” While the periodicity of the lattice can give rise to Bragg band gaps, even slight
variations in geometry (like a defect) or the introduction of additional structural complexity can
enhance the localization of certain modes within specific antidot regions. This type of geometry-
induced localization is fundamentally different from the Anderson localization observed in
disordered media [137-139]. Here, it is the intentional lattice design that constrains spin-wave
propagation.

Related, but more general form of spin-wave localization occurs at interfaces between two
magnetic phases — when a spin wave encounters a mismatch in material parameters such as
magnetization, exchange stiffness, anisotropy, or simply the physical edge (which is the extreme
case of parameter difference). These interfaces act as effective potential barriers, resulting in
the confinement of spin waves to specific regions (e.g., around antidot edges). In some cases,
this leads to distinct boundary modes with characteristic frequencies and damping. When the
magnetostatic and exchange interactions break the inversion symmetry at the interface, the
propagation of these modes can become nonreciprocal, meaning that the spin waves travel more
efficiently in one direction along the interface [6]. Such localized modes have been exploited
in magnonic devices, where one-way propagation along domain walls or interfaces facilitates
spin-wave routing [140-142].

Three-dimensional magnonic crystals also offer opportunities for spin-wave localization.
By periodically modulating material parameters in all three spatial dimensions, it is possible to
partially or completely confine bulk modes to specific regions or ‘layers’ of the structure. This
thesis focuses on 3D architectures such as gyroid-based magnonic crystals, where the complex,
chiral network of struts can potentially guide spin waves along specific channels. As shown in
P9 (Sec. 5.3.3), this curvilinear geometry gives rise to localized FMR modes at the surfaces,
leading to novel types of spin-wave phenomena.

Spin-wave localization underlies many advanced magnonic functionalities. For example,
ADLs can support the generation of higher-order harmonics, while domain walls containing
localized modes show potential for reconfigurable spin-wave waveguides. The ability to spatially
confine spin waves with high precision enables logic operations based on interference and phase
manipulation. Importantly, these concepts extend beyond planar systems: three-dimensional
nanostructures introduce additional degrees of freedom for tailoring mode confinement, opening
new avenues for functional and compact magnonic devices.
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3.6 Spin-wave optics

Magnonics, by its wave-based nature, shares a profound conceptual similarity with optics. Just
as electromagnetic waves follow Maxwell’s equations, spin waves in ferromagnets obey a wave
equation that exhibits interference, diffraction, and other canonical wave phenomena [6, 113].
The magnetodynamic equations can be rearranged [143] into a form that reveals parallels to
Fresnel and Fraunhofer diffraction theory, the Huygens—Fresnel principle, and the Talbot effect.

When spin waves propagate in a thin ferromagnetic film, their amplitude and phase evolution
can often be described using methods similar to those used in scalar or vector wave optics.
Writing the small transverse components of the magnetization as a complex amplitude y/(r,7) =
W(r)e '@, it satisfies a Helmholtz-type differential equation:

V2 ¥(r) + K*(0)¥(r) = 0, (3.51)

where Vi is the in-plane Laplacian (for a thin film) and k(®) depends on frequency, local
effective fields, and exchange stiffness [113]. This is analogous to the wave equation
VA E(r) + n(0)(2)°E(r) = 0 (3.52)

in optics, where E is the electric field and n(®) is the refractive index. The effective ‘index’ for
spin waves can be strongly anisotropic, including dipolar fields, exchange contributions, and
possible DMI, thereby leading to wave-optical effects with distinct magnetic properties [116].

Just as light diffracts around apertures and interferes when it encounters multiple slits, spin
waves exhibit the same phenomena. Narrow apertures in a thin magnetic waveguide diffract
spin waves in patterns determined by wavevector-dependent phase accumulation, and coherent
superposition of two spin-wave beams produces interference fringes known from conventional
optics [144]. A particularly compelling demonstration of spin-wave optics is the Talbot effect
(P1-P3, P6). The discrete wavevector spectrum generated by the periodic grating leads to
interference that reproduces the initial pattern (more in Sec. 5.1.1). These findings confirm that
conventional optical diffraction integrals can be effectively applied to describe spin-wave fields.

The wave-theoretical framework allows researchers to design resonators, gratings, or couplers
using the same conceptual toolkit as in photonics. This unified approach accelerates device pro-
totyping, by allowing proven and well-established optical designs such as lens shapes, gradient
indices, and multi-slit interferometers, to inspire magnonic analogues [6].

The field of micromagnetism provides a deep understanding of the fundamental principles
governing magnetization dynamics in magnetic materials. The core concepts of the micro-
magnetic model have been explored throughout this chapter, with particular emphasis on the
contributions to the Gibbs free energy — namely exchange interactions, magnetostatic (dipolar)
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interactions, various forms of magnetic anisotropy, and the Zeeman energy. Together, these
terms form the basis for exploring complex magnetic phenomena, even in systems with reduced
dimensions and patterned nanostructures.

The evolution of micromagnetic theory has been followed by the development of advanced
magnetic nanostructures, where the control of magnetization occurs on length scales from tens of
nanometers to a few micrometers. Initially, the manipulation of spin waves was mainly studied
in homogeneous materials, but the introduction of 1D and 2D patterned nanostructures marked
a significant advance in the ability to control these magnetic excitations. In such systems, the
confinement of magnetic moments along one or two spatial directions allowed the first insights
into localized spin-wave modes and their band gap formation.
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Figure 3.5 The transition from 2D to 3D nanomagnetic systems requires advanced fabrication, characteri-
zation, and sophisticated modeling tools, enabling the discovery of new phenomena driven by complex
geometries and nanoscale magnetization dynamics. Credit: Sanz-Herndndez, D. et al. Nanomaterials
2018, 8, 483 [145]. © 2018 by the Authors. Licensee MDPI, Basel, Switzerland.

The latest frontier in micromagnetism is the exploration of 3D complex magnetic nanos-
tructures where the periodicity and connectivity of the material extend into all three spatial
dimensions (Fig. 3.5). Gyroidal magnonic crystals, with their complex chiral geometry, are a
state-of-the-art example of these structures. In 3D systems, the curvature and chirality of the
lattice offer new possibilities for controlling the spin-wave dynamics, and the ability to localize
it in such complex geometries enables the development of novel, advanced magnonic devices.

In conclusion, this chapter lays the theoretical foundation for understanding the rich variety
of magnetic phenomena observed in magnetic nanostructures, while also highlighting the future
research in magnonic crystals and the use of geometry to control magnetization dynamics.



Chapter 4

Numerical methods and micromagnetic
simulations

Micromagnetic simulations are at the heart of my research, serving as a powerful tool to gain
deep insight into spin-wave dynamics in ferromagnetic nanostructures, as well as a compelling
research topic in its own right. My expertise spans different simulation frameworks, from finite
difference methods (FDM) used in MuMax3 [146] to finite element methods (FEM) implemented
in tools such as COMSOL Multiphysics [147] and tetmag [148]. Alongside FDM and FEM,
the boundary element method (BEM) is also investigated within the tetmag environment as a
complementary technique. This broad experience with different numerical approaches allows
me to tailor simulations to the specific needs of the systems I investigate, taking into account
complex geometries, boundary conditions, and material properties. These methods not only
provide theoretical predictions but also serve as a bridge to experimental research, enabling the
design and optimization of magnonic devices that are often difficult or costly to fabricate and
test directly.

One of the key equations governing the systems studied in this work is the LLG equation,
already introduced in Sec. 3.2.2. This is a nonlinear partial differential equation (PDE) and due
to its nonlinearity and the spatial dependence of the effective magnetic field, analytical solutions
are impractical except for the simplest geometries and conditions. This is where numerical
methods come in. Tools such as FDM and FEM discretize both space and time, breaking down
the continuous magnetization field and its associated interactions into small, manageable steps.
In essence, these methods transform the PDE into a system of algebraic equations that can be
solved iteratively.

However, performing these simulations is a multidisciplinary process that, in addition to a
solid understanding of physics, integrates programming expertise, mathematical modeling, and
even elements of visual and geometric design. Accurate representation of three-dimensional
nanostructures often requires the use of computer-aided design (CAD) software, where precise
geometric definitions must be established as a critical basis for initiating simulations. Once the
geometries are defined (with proper computational meshes), the simulation process involves
implementing the governing equations (such as LLG) and specifying material parameters and
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boundary conditions, all of which are essential for obtaining accurate and physically meaningful
results (see Fig. 4.1). In addition, the post-processing stage requires proficiency in data anal-
ysis and visualization techniques to transform the large amounts of raw simulation data into
meaningful interpretations of the system’s magnetic behavior.

The demand for computational power in micromagnetic simulations is increasing as we push
the boundaries of what can be modeled, especially in complex three-dimensional nanostructures.
High quality simulations require fine spatial discretization to accurately capture key phenomena
such as domain wall motion or spin-wave propagation. Ironically, we need immense computing
power to simulate devices that are themselves intended to reduce energy demands by utilizing
spin waves for logic operations. This paradox is reflected in the humorous quote attributed
to Bill Gates: “The computer was born to solve problems that did not exist before” [149]. In
the case of micromagnetic simulations, researchers are in a unique position to understand this
irony. However, the paradigm-shifting potential of magnonic technology, which promises energy-
efficient computing solutions that can meet the growing demands on conventional architectures,
justifies these efforts.

As mentioned above, simulations play an increasingly important role in guiding and opti-
mizing experimental procedures. However, they also serve as effective tools for interpreting
experimental data — especially in cases where measurements are affected by imperfections, noise,
or limited resolution. For example, simulations can reveal how spin waves scatter from defects
or interact with domain walls — phenomena that may be challenging to observe directly, but can
be understood through indirect experimental indicators when supported by accurate modeling.

In this context, micromagnetic simulations have become indispensable in the modern research
and development of magnonic devices. Despite all the advantages, however, the combination of
high computational demands and the inherently interdisciplinary nature of numerical modeling
highlights the complexity and sophistication of these studies. The following sections provide
a detailed examination of the specific numerical methods I have used, with a focus on their
implementation in MuMax3, tetmag, and COMSOL Multiphysics.

4.1 Spatial and temporal discretization methods

This section introduces the spatial and temporal discretization methods used throughout my
research — FDM, FEM, and BEM. These methods form the numerical basis for solving the
LLG equation and related micromagnetic problems. Their inclusion here is justified by their
widespread use, established theoretical background, and compatibility with frequency- and time-
domain formulations. Presentation of these methods provides a foundation for understanding the
simulation strategies and computational frameworks discussed in later sections.
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Figure 4.1 Illustration of the discretization meshes used in various models in this thesis, highlighting
mesh adaptations tailored to specific simulation goals. (a) A homogeneous cubic FDM-based mesh
used in the model with a single-cell thickness, representing an array of narrow waveguides entering a
wider multimode waveguide — studied in the context of the Talbot effect (publications P1-P3 and P6).
(b) An antidot structure discretized with a tetrahedral FEM mesh, also with a single-cell thickness. For
visualization purposes, the mesh is stretched in the out-of-plane direction. High-resolution meshing around
the antidots is essential to capture edge-localized spin-wave modes (publication P5). (c) A triangular
FEM mesh used to model the cross section of a crescent-shaped waveguide, representing an infinitely
long structure in a 2D simulation (publication P4). (d) A tetrahedral FEM mesh used to simulate the full
three-dimensional geometry of the gyroid structure (publications P7-P9). (e) A scaffold-like structure
discretized by FEM, specifically designed for the FMR mode simulations presented in publication P9.

4.1.1 Finite difference method

The FDM is a widely used approach in micromagnetic simulations for numerically solving
PDEs governing magnetization dynamics [87, 113]. The graphics processing unit (GPU)-based
micromagnetic solver MuMax3 [146] provides an exemplary FDM-grounded implementation,
extensively used in publications P1, P2, P3, and P6.

In FDM-based micromagnetism, a computational system is divided into a three-dimensional
Cartesian mesh with cell sizes Ax, Ay, and Az. The continuous magnetization M(x,y,z,t)
becomes discrete, M; ; ¢(t), at each mesh cell (i, j, k). Finite difference approximations replace
spatial derivatives in the effective field Heg. For example, a first-order derivative along x is

approximated by
oM, j i
dx

M1k —Mjx
~ 1 1 4.1
a— (“.1)

Xi

and the second-order derivative (for exchange interactions') becomes

9°M, j

o M= 2M; My ik
ox? ’

Ax2

4.2)

Xi

'In micromagnetism, exchange interactions are modeled by the term proportional to V2M (see Eq. 3.2), requiring
second-order spatial derivatives.
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Similar discretization schemes apply to y and z. An appropriate grid resolution must be chosen
to resolve critical magnetic length scales (e.g., the exchange length /ex — Eq. 3.3) to accurately
capture subtle magnetization features.

Time is discretized into intervals of length Af. The magnetization is updated iteratively from
M" at time #,, to M +! at th+1 = t, + At. The numerical scheme uses an explicit solver for the
LLG equation:

ML= MY+ AE(MG ) Hep(M ), (4.3)

where f includes precession and damping terms. Common time integrators based on these
discretization methods are described in Sec. 4.2.

4.1.2 Finite element method

FEM is a versatile numerical approach often used in micromagnetism to handle complex geome-
tries, irregular boundaries, and spatially varying material properties [87, 113]. Unlike the regular
Cartesian discretization of the FDM, FEM uses meshes composed of arbitrary elements (often
triangles in 2D or tetrahedra in 3D, see Fig. 4.1). Each element approximates the magnetization
M(x,y, z) within its volume or area using local basis functions. This flexibility ensures accurate
modeling in regions with curved edges or intricate shapes.

Let Q be the entire simulation domain, partitioned into N finite elements €,:

Q= Q.. (4.4)

Within each element, the magnetization M(x,y, z) is approximated as a linear (or higher-order
polynomial) combination of basis functions N;(x,y,z) that interpolate the nodal values M;(t).
Thus, for element .,

M, (x,y,z,t) ZN x,,2) M;(t), 4.5)

where n, is the number of nodes in the element. Each node has a time-dependent magnetization
vector. By assembling the elementwise approximations (local solutions within each finite
element), one constructs a global representation of M(r,7) across the entire domain.

4.1.2.1 Weak formulation and variational principle

The core of FEM lies in the transformation of a PDE (here LLG) into its ‘weak form’ [87, 113].
The LLG equation is multiplied by appropriate test functions (often the same basis functions N;)
and integrated over . This procedure leads to an elementwise system of equations that, when
assembled, yields a global system describing the magnetization evolution. Symbolically, the
weak form of the LLG equation can be expressed as

oM

/ (aal\t/[+|j/|u0M><Heff M>< W) ‘N;dQ =0 Vi. 4.6)
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Within each element €2, one obtains a local system of the form
KM, = Fe> 4.7

where K, captures elementwise stiffness-like relations (incorporating exchange, anisotropy,
or dipolar contributions), M, holds nodal magnetization values, and F, includes effects from
external magnetic fields and boundaries. Compilation of these elementwise contributions over
all elements results in a global system, which has to be solved at each time step.

4.1.3 Boundary element method

BEM is a numerical approach that, in contrast to volume-based discretization techniques such as
FEM or FDM, solves certain boundary value problems by transforming the governing PDEs into
boundary integral equations [150, 151]. This allows only the domain boundary to be discretized,
making BEM particularly effective for problems involving large or unbounded regions. A scalar
potential ¢ is defined to satisfy the Poisson equation:

A9 = f inQ, (4.8)

where f is a source term, and A is the Laplace operator (V- V or V?). Let Q C R” be a domain
that may be finite, semi-infinite, or infinite, and let JQ denote its boundary. For ¢(x) governed
by the Poisson equation, Green’s functions provide a fundamental framework for expressing the
solution in terms of boundary values and source distributions within the domain Q.

Green’s function. A Green’s function G(x,y) for the Poisson equation (4.8) satisfies
—AG(x,y) = 6(x—y) inQ, 4.9)

along with the appropriate boundary conditions on dQ. Here, §(x —y) is the Dirac delta
function” centered at y. In physical terms, G(x,y) describes the effect at the field point x € Q
due to a unit point source placed aty € Q.

An integral representation of ¢(x) in terms of the boundary values can be written by using
Green’s theorem [152] and the Green’s function:

o) = [ (603 520 - o) “ ) asiy), @10

2The Dirac delta function §(x —y) is a generalized function (or distribution) that is zero everywhere except at
x =Y, where it is infinitely large in such a way that its integral over the entire domain is unity. It is commonly used
to represent a point source in PDEs.
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where x € Q and y € dQ. The operator 9/dn denotes the normal derivative on the boundary. In
other words, if n is the outward unit normal to the surface dQ, then

— = Vo n (4.11)
dan
Equation 4.10 shows that if ¢(y) and its normal derivative at the boundary dQ are known, the
value of ¢(x) at any interior point X € Q can be obtained via the surface integral. This boundary
integral representation is particularly useful for solving boundary-value problems for the Poisson
equation, since it transforms a PDE into an integral equation only at the boundary.
BEM discretizes dQ into N’ boundary elements, typically line segments in 2D or surface
panels in 3D. Within each element, the boundary fields (such as ¢ or its normal derivative) are
approximated by shape functions N/ (y). For example

!

u / a(P & e /
oW =~ Y oM, 5w~ Y (5) M), (4.12)
i=1 i=1

where ¢; and (3<P/an)l. are the unknown nodal values. Substituting these expansions into the
boundary integral equation 4.10, and collocating at selected boundary points reduces the problem
to a linear algebraic system in terms of ¢; and (3<P/an)l.. Depending on whether Dirichlet or
Neumann boundary conditions are applied (see Sec. 4.3), a set of these nodal fields may be
known a priori, simplifying the system [150].

In micromagnetism, one of the most prominent uses of BEM is to handle the nonlocal dipolar
field. Instead of solving magnetostatic potentials throughout the entire volume, BEM forms an
integral equation at the boundary (or outer surface) to determine the scalar potential ¢ [153].
This approach can be more efficient than volume discretization when large parts of the domain
are effectively vacuum or extend to infinity, since BEM only needs to discretize the interface
between magnetic and nonmagnetic regions. Many modern micromagnetic codes and specialized
solvers use hybrid techniques — FEM/FDM for exchange and anisotropy terms, and BEM for
dipolar fields — to exploit on the efficiency of boundary-only representations.

4.2 Time-stepping approaches

An essential aspect of solving the LL.G equation — and, more generally, any time-dependent
system — is the choice of time-stepping method [88, 154, 155]. This section presents several
time-stepping approaches commonly used in micromagnetic simulations, all of which I have
used in the course of my research. These methods have been implemented in several simulation
environments, each with different strengths and numerical capabilities.

A key distinction between these approaches is whether they are explicit or implicit. In
explicit methods, the solution at the next time step is computed directly from the known values
at the current (or previous) steps, making them computationally simple, but often limited by
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stability constraints that require relatively small time-step sizes. Typical explicit methods used
in micromagnetism include forward Euler, Runge—Kutta (RK), and Adams—Bashforth (AB)
schemes. In contrast, implicit methods require that the unknown future state satisfy an equation
that includes its own value, necessitating the solution of a system of equations at each time
step. Although more computationally expensive, implicit methods such as backward Euler,
backward differentiation formulas (BDF), and generalized-c, often allow for larger time steps
and improved numerical stability.

In micromagnetic simulations, certain problems can be stiff, meaning that they involve rapidly
varying fields or contain widely separated time scales (e.g., one part of the solution evolves much
faster than another). Such stiffness often requires more stable (implicit) methods to proceed
efficiently without extremely small time steps. Conversely, non-stiff problems can be effectively
addressed by explicit schemes, which may be more computationally efficient if small time
steps are acceptable. Table 4.1 summarizes some key differences between explicit and implicit
methods, along with representative examples. Since micromagnetic simulations can exhibit stiff

Table 4.1 Concise comparison of explicit and implicit numerical methods used in simulations.

Aspect Explicit methods Implicit methods

Definition Next-step solution calculated Next-step solution calculated
from known past/current values from unknown future values

Computational Lower per-step cost (no large Higher per-step cost (requires

cost system of equations to solve)  solving a nonlinear equations)

Stability Conditionally stable (demands Unconditionally stable (allows
smaller time steps) larger time steps)

Implementation  Straightforward (no solver or it- Complex (requires iterative or
eration needed) direct solvers)

Applicability For non-stiff problems or when For stiff problems or large time
temporal resolution is feasible  steps

Examples Forward Euler, RK, AB Backward Euler, BDF,

generalized-o

or non-stiff behavior, having access to both explicit and implicit time-stepping techniques is
useful for balancing computational efficiency and stability. The following subsections provide a
detailed description of each of the aforementioned methods, outline their theoretical foundations,
and discuss practical considerations related to their implementation in MuMax3, COMSOL, and
tetmag.
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4.2.1 Runge-Kutta methods

A generic system of ODEs can be written in the form:

dy

o = fy), (4.13)

where y = (y1,¥2,...,vn)" depends on t. Let t, = nAt, where At is the time step, and y, ~ y(z,,)
is the numerical approximation of the solution at time 7,,. The classical fourth-order Runge—Kutta
method (RK4) updates y, to y,+ via four intermediate ‘slopes’ ki, Kk;,k3, k4. Specifically,

k) =f£(t,,y,) slope at the beginning of the interval, using y (Euler method), (4.14)
k, = (¢, + lAt Yo+ lAt ki) slope in the middle of the interval, using y and k;,  (4.15)
ks =f(t, + 2At Yo+ zAt k) slope in the middle of the interval, using y and ky,  (4.16)
ky =f(t, + At, y, + Arks) slope at the end of the interval, using y and k3. 4.17)

More information about the Euler methods can be found in Sec. 4.2.3. Finally, the new step
solution is updated by

At
Yot = Y + o (Ki+2ke 4 2ks Ky ). (4.18)

In the context of the LLG equation, it is advantageous to use the form that explicitly isolates
the time derivative 9M/9; as a function of the magnetization vector M and the effective magnetic
field Hegr — Eq. 3.20. As explained in Sec. 3.2.2, this arrangement facilitates the direct application
of numerical integration schemes by adapting the LL.G equation to the standard first-order ODE
structure introduced in Eq. 4.13, allowing it to be expressed in generic form:

y=M, f(r,M)=— 1'1“2?2 (M « Heff) . % [M x (M x Heff)} . (4.19)

Then, given a time step At and a known approximation M,, of M(#,), we apply the Eq. 4.19 to
the RK4 methodology from Eq. 4.17, and compute:

ki =f(M,, ,), (4.20)
ko = f(M,, + SAtKy, t, + 3A1), (4.21)
ks = f(M,, + 3At Ky, 1, + 3A1), (4.22)
k4 = £(M,, + Arks, 1, +At). (4.23)

In this way, M(¢) at discrete times #,, 1 = t,, + At can be solved numerically:

At
M, = M, + g(kl 1 2ky +2ks +k4). (4.24)
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Since LLG describes a rotational dynamics (plus damping) of the magnetization vector,
some methods are specifically designed to preserve ||M|| (or keep it close to its saturation value
M;). The standard RK4 method does not strictly preserve ||M|| unless additional constraints
or projections are used (see Eq. 4.49). In practice, M,,; | 1s often renormalized after each step,
or alternative geometric integration schemes are used that better preserve the magnetization
norm [156, 157].

In summary, the classical RK4 method is straightforward to implement and achieves fourth-
order accuracy in time. When applied to the LLG equation, it provides an explicit way to step
the magnetization forward in time in a manner that is accurate for moderate step sizes. Although
more specialized integrators exist (in particular, those that preserve geometric properties and
introduce adaptive time steps), RK4 remains a popular choice for its simplicity and generally
good performance.

Adaptive RK methods. The RK methods family, introduced above, is widely used for solving
ODEs and PDEs due to its versatility and accuracy. The methods approximate solutions by
evaluating the function at multiple points within each time step, allowing for a better estimate of
the solution [158, 159]. RK4 refers to the classical, fixed-step fourth-order RK scheme applied
to a spatially discretized PDE. In other words, once the PDE is transformed into a large system
of ODEzs, the solution evolves in time without adaptive error control, using a fixed time-step size.
In contrast, the adaptive RK methods (such as RK34 and RK45) are general-purpose explicit
ODE solvers that incorporate embedded error estimation within each time step. By comparing
the higher- and lower-order solutions, the solvers dynamically adjust the time-step size, refining
the solution where rapid changes occur and coarsening the time steps where the solution varies
more slowly. This adaptive feature can significantly improve computational efficiency while
maintaining a desired level of accuracy.

* RK34: Building on the classical RK4 approach, the embedded RK34 scheme provides
both third- and fourth-order solutions within each step. The difference between these
solutions serves as an error estimate and guides the automatic adjustment of the time step.
RK34 is well suited for non-stiff problems that do not require the highest possible accuracy,
but still benefit from a reliable way to control local errors.

* RK45: A more common adaptive strategy uses an embedded fourth-order approximation
alongside a fifth-order approximation, collectively referred to as ‘RK45’ [155, 160]. There
are several sets of coefficients under this category, each balancing efficiency and accuracy
differently:

— Cash-Karp 5 (CKS): A fifth-order RK method paired with a fourth-order solution
for error estimation. The local truncation error is evaluated by comparing the fifth-
order and fourth-order solutions at each step, allowing precise control over time-step
adjustments. CKS3 is efficient for moderate to high accuracy requirements in non-stiff
problems, where an implicit solver would be unnecessary.
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— Dormand-Prince 5 (DPS): Another well-known RK45-type scheme. Like CKS,
DPS5 uses a fifth-order solution with an embedded fourth-order estimate, but its
coefficients are chosen specifically to optimize the accuracy of the fifth-order solution
rather than the embedded approximation. This design choice often results in slightly
better efficiency in cases where high accuracy of the main solution is a priority
over very long time integrations. In practice, DP5 is a popular default in many
software packages due to its robustness and favorable accuracy-per-function-call
characteristics.

4.2.2 Adams-Bashforth method

The AB family of methods belongs to the class of linear multistep ODE solvers. Consider a
general system of ODEs in first-order form (see Eq. 4.13) with discrete times ¢, =ty + n At and
approximate solutions y, = y(#,). While one-step methods like RK depend only on the solution
at the current time step to move forward, the linear multistep method uses information from
several previous time steps. The k-step AB method can be derived by using an interpolating
polynomial to approximate the integral

Int1

Y(tar1) = y(tn) + £(z,y(1)) dt, (4.25)

In

and then replacing the 7-dependency by values of f at previously known times. In its explicit
form, the k-step AB formula can be written as
k=1
Yorl = Yn + A Y Bif(tu—j ¥u-), (4.26)
Jj=0

where the coefficients f3; are determined by integrating an interpolating polynomial of degree-k
over the interval [f,,,#,,11]. Table 4.2 lists the coefficients for the AB methods of orders 1 < k < 4.

Table 4.2 Coefficients 3; for the AB family (up to fourth order).

order k Bo Bi B> B3
1 (Euler method) 1 0 — —
2 3 —l)2 0 —
3 212 —16/12 5/12 0
4 55/24  —59/24 37/24 —9/24

For example, the two-step AB method is

3 1
Yotr1=Yn + At (E f(lnayn) - Ef(tn—MYn—l)) ) (427)
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and the four-step:

59

55 37 9
Yotr1 = Yn + At (_f<tn7Yn) - _f(tn—l >Yn—1) + _f(tn—27Yn—2) f<tn—37Yn—3) . (4'28)

24 24 24 24

A k-step scheme uses k past solution values or function evaluations, so a dedicated ‘starting
procedure’ is needed to initialize the first few steps. Often, a one-step method such as the RK4 is
used for this, before the AB method can be applied in a pure multistep fashion.

To numerically integrate the LLG equation using the AB method, the general multistep
formula given in Eq. 4.26 is applied directly to the magnetization vector M,,, choosing the
desired order k based on the required accuracy and available previous evaluations of the right-
hand side. For example, employing the second-order scheme (k = 2), the update step becomes:

1. Initialize My and compute M; with a one-step method (like RK4) so that f, and f; are
known.

2. For n > 1, update:

3 1
Mn—H =M, + At (Efn_ Efn—l) .

3. Evaluate f, | = F(M,1,2,11) in preparation for the next time step.

For higher-order AB schemes, Eq. 4.26 is used analogously with the appropriate coefficients

(given in Table 4.2), again ensuring that enough initial steps are computed by a one-step method.
As with RK, standard AB methods do not strictly preserve the ||M(z)|| ~ Mg norm, also

requiring the normalization step after each update or using special geometric integrators.

4.2.3 Euler methods

In finite element micromagnetism, a robust time-integration scheme is essential to handle the
rapid precessional motion of the magnetization and the strong nonlinearity arising from the
LLG equation. While various algorithms (including RK or AB) can be used in principle, FEM
implementations generally favor implicit solvers to achieve better stability for moderately large
time steps [88].

The most basic time-integration scheme is the Euler method®, of which there are two main
variants described below.

Forward Euler (explicit):

M = M" + Acf(M™ HY). (4.29)

31n this section, time-step indices are written as superscripts to avoid confusion with subscripts used for other
quantities. In other sections, where there is no such ambiguity, the subscript notation is used.
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Here, the right-hand side is evaluated at the known state M". This approach is computationally
cheap per step (only f needs to be evaluated), but is conditionally stable and often requires very
small Ar to capture the fast gyromagnetic dynamics without numerical blowing up. It is generally
not favored in FEM micromagnetism due to severe time-step constraints and stability issues.

Backward Euler (implicit):
M = M 4 Acf(MT HEED). (4.30)

Note that M"*! appears inside the function f on the right-hand side — this makes the scheme
implicit. Consequently, at each time step, a nonlinear system of equations must be solved to find
Mn—H .

For micromagnetic simulations where M can change rapidly and nonlinearly, backward Euler
and related implicit methods offer a pragmatic balance between stability and cost, allowing larger
time steps while accurately tracking the magnetization dynamics [88].

4.2.4 Backward differentiation formulas

The BDF is a family of implicit, linear, multistep methods that are particularly well suited
for stiff differential equations [158, 161, 162]. In FEM software such as COMSOL, the BDF
scheme is implemented in an adaptive manner: both the time step Ar and the method order p can
change dynamically based on local error estimates. This adaptability is highly advantageous in
micromagnetic simulations, where the LLG equation can be stiff, with fast precessional modes
alongside slower magnetization relaxation dynamics.

In analogy to Eq. 4.13, a generic initial-value problem is

du

i f(t,u®)), ulto) = uo. (4.31)

A BDF scheme of order p approximates du/a: at the current time #, by referencing the solution
values at p previous time steps:

l}’ll7 42
dt Atzéu (4.32)

where Ar = t, —t,,_1 is the time step (which can be adjusted from one step to the next), and &;
are coefficients of order p. In practice, this discrete approximation is then implicitly combined
with the original differential equation:

p
Y Giuni = Atf(tn,un). (4.33)
i=0
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Since u, (the unknown at time #,) appears on the right-hand side, each step involves solving
a (potentially nonlinear) algebraic system for u,. If f is nonlinear, methods such as Newton’s
iteration are used (see Sec. 4.4.3.6).

A-stability and L-stability. BDF schemes up to a certain order (especially BDF; and BDF),)
have A-stability, i.e., they do not introduce artificial growth in solutions for stiff problems
whose eigenvalues have non-positive real parts. Some BDF variants also have L-stability,
which enhances A-stability by further damping transient high-frequency modes. These stability
properties are important in micromagnetism, where rapid oscillations can coexist with slower,
more dissipative processes [158].

During micromagnetic simulations (e.g., magnetization relaxation), the LLG equation can
behave in a stiff manner: high damping can cause fast initial transients, while the system
eventually evolves slowly toward an equilibrium state. BDF methods handle such stiffness by
allowing relatively large time steps At without sacrificing stability. In COMSOL’s adaptive
BDF solver, both Ar and the method order p are automatically selected to balance accuracy and
efficiency.

Because of these properties, BDF methods have been the primary choice for my time-domain
simulations in COMSOL, especially for magnetization relaxation. Their implicit multistep nature,
coupled with A/L-stability, provides a reliable way to handle the stiffness of the LLG equation
while maintaining a practical compromise between accuracy, stability, and computational cost.

4.2.5 Generalized-o method

The generalized-o method was originally developed for second-order problems in structural
dynamics [163, 164]. However, its ability to introduce user-controllable numerical damping
at high frequencies makes it attractive also for transient micromagnetic simulations, where
rapid magnetization oscillations can coexist with slower relaxation processes. By tuning two
parameters, 0, and 0, high-frequency noise can be suppressed without excessively damping
lower-frequency modes, thereby preserving long-time accuracy. Moreover, this implicit approach
handles stiffness well and impose fewer restrictions on the time step Az than typical explicit
methods.

While the method is most commonly used for second-order systems (e.g., structural vibration
with mass, damping, and stiffness matrices), it can be adapted to first-order problems such as the
LLG equation. In the standard second-order form, ¢, and o, are used to evaluate the system at
‘intermediate’ time steps:

du ta du
" dt

In

— (1—ap) : (4.34)

In+1

tn+txm

U(tnyap) = (1—otp) u(ty) + Qpultyyr). (4.35)
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In the micromagnetic context, where the magnetization M(r,¢) satisfies a first-order partial
differential equation in time, the generalized-or method can be applied directly by interpreting
u — M and du/ar — IM/9; in the Eqgs. 4.34 and 4.35. The core idea remains unchanged: the method
introduces intermediate evaluations of both the solution and its time derivative — specifically at
tnta, and 1 q,,, Tespectively — by forming convex combinations of their values at the previous
and current time steps. These interpolated states are then used to evaluate the effective magnetic
field and any nonlinear contributions in the LLG equation. The result is a nonlinear, implicit
system for M,,; 1, that must be solved at each time step. By tuning the parameters &, and «y,
the numerical damping of high-frequency modes can be controlled (and reduced if unwanted)
while preserving the accuracy of physically relevant dynamics.

While BDF remains a ‘go-to’ method for highly stiff problems, generalized-o can be
advantageous when a controlled damping of high-frequency components is desired, or when
slightly lower computational cost is beneficial.

4.3 Boundary conditions

Appropriate boundary conditions are essential for realistic simulations. Three typical classes are:

* Periodic boundary conditions (PBCs), used in simulations of translational symmetry
systems such as photonic, phononic, or magnonic crystals. They assume that the field is
invariant under translations by lattice vectors, effectively modeling an infinite periodic
medium using a single unit cell. This can be expressed as:

u(r+R) = u(r), (4.36)

where u(r) is a scalar or vector field, and R is any lattice translation vector (e.g., R =
nyL,X +nyL,y + n.L,Z with integers ny, ny, n, and unit cell dimensions L,, Ly, L;). These
conditions allow a finite computational domain to mimic the behavior of an infinite periodic
system.

* Bloch/Floquet* boundary conditions which extend the PBC concept by including a phase
relationship between opposite faces of a periodic unit cell. Formally, these conditions are

u(ry) = u(ry)e® ), (4.37)

where u(r;) and u(r;) are the field values at the corresponding points r; and r; on opposite
sides, and k is the wavevector capturing the phase shift between them. This approach is
particularly relevant for the analysis of wave propagation and dispersion in periodic media.

“4Bloch’s theorem (commonly used in solid-state physics) and Floquet’s theorem (from the mathematical theory
of differential equations) describe essentially the same concept in the context of solutions with periodic structures;
hence the terms ‘Bloch boundary conditions’ and ‘Floquet boundary conditions’ are often used interchangeably.
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* Free boundary conditions, which represent the absence of external constraints at the
boundaries of the simulation domain. They allow the field — whether magnetization,
displacement, or any other physical quantity — to evolve naturally at the boundaries, without
forcing continuity or fixed values. This approach is particularly useful for modeling finite,
isolated systems such as nanostructures or localized excitations, where boundary effects
are important.

* Absorbing boundary conditions are used to minimize the reflections of spin waves or
other excitations at the simulation boundaries. They effectively ‘absorb’ energy at the
boundaries, preventing artificial reflections that could affect the simulation results.

4.4 Overview of software tools for micromagnetic simulations

This section provides an overview of three software packages that I have used for micromagnetic
simulations: MuMax3, tetmag, and COMSOL Multiphysics. Each of these tools employs a
distinct numerical formulation and excels in addressing specific classes of problems, offering
comprehensive support for both time- and frequency-domain simulations. Moreover, they
collectively incorporate all the time-integration and spatial discretization methods discussed
earlier in this chapter. By leveraging their complementary solver capabilities, it becomes possible
to simulate a wide range of advanced micromagnetic systems. The insights gained from working
with these diverse tools have significantly broadened the scope of this research, enabling more
robust and detailed analyses of complex magnetization dynamics.

4.4.1 MuMax3 (used in P1, P2, P3, P6)

MuMax3 is a highly optimized GPU-accelerated micromagnetic simulation software that solves
the LLG equation in the time domain using the FDM [146]. It is specifically designed to handle
extensive simulations by GPU parallelization, which significantly reduces the computation time.
This section describes how MuMax3 implements the core components of the micromagnetic
model used to perform the simulations for papers P1-3 and P6.

The kernel uses a one-size cubic grid to discretize the entire simulation domain. Each
cell holds the local magnetization vector and material properties (such as Mg and A¢x), and its
uniform shape ensures that each simulated region has identical resolution, which is optimal
for GPU-based parallel computation. Although the grid simplifies the implementation, it is
crucial to ensure that the spacing is fine enough to resolve important magnetic length scales,
depending on the specifics of the simulation. For simulations involving short spin waves (such
as dipole—exchange or pure exchange modes), or in systems with highly noncollinear static
magnetization configurations, the discretization cell size must be sufficiently small to accurately
capture these spatial variations and avoid numerical artifacts. In the one-dimensional case, the
exchange length /¢x (see Eq. 3.3) provides an inherent scale for setting the spatial resolution. A
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generally accepted condition [165] is that the cell size Ax should satisfy
Ax < lex. (4.38)

This criterion ensures that the exchange interaction is properly captured within the numerical
mesh and that the spatial features of the magnetization are well resolved. It should be noted,
however, that this condition is not universally required. For uniformly magnetized systems, or
for long wavelength excitations, a coarser discretization may still give accurate and stable results.

According to the Nyquist—-Shannon sampling criterion [166], to resolve a wave propagating
in x direction of wavelength A in a discrete mesh, the cell size must also satisfy

A
Ax < —. (4.39)
2
By ensuring this condition, the simulation correctly captures wave propagation and dispersion. If
Ax is greater than half of the wavelength, the mesh will effectively ‘undersample’ the spin wave,
resulting in aliasing or even inability to detect these excitations.

There is also the Courant—Friedrichs—Lewy (CFL) condition [167], which ensures numerical
stability in time-dependent PDE solvers. It is particularly relevant in FDM, especially when
applied to hyperbolic PDEs such as wave equations. The condition states that the time step
must be sufficiently small relative to the spatial discretization to maintain stability. In its basic
one-dimensional form for a wave equation, the CFL condition is expressed as

A< 2 (4.40)

Vmax

where v, 1s the maximum wave propagation speed along the x-axis. This requirement ensures
that a numerical wave does not travel more than one spatial grid cell during a single time step,
thereby preserving stability and accuracy in the simulation. If this condition is violated, the
simulation may become numerically unstable, leading to unphysical results. In micromagnetic
simulations, the effective speed of wave propagation is given by the spin-wave group velocity.
Thus, the time step A must be carefully chosen to always satisfy the Eq. 4.40 for a given velocity
and spatial discretization Ax. In MuMax3, the RK45 adaptive time-stepping scheme [155, 160]
generally handles this by dynamically adjusting the time step to ensure stability. However, if a
user manually sets a time step in MuMax3 (e.g., using fixed-step methods), the CFL condition
should be considered. If the time step is too large, the simulated system may “skip” important
dynamics.

MuMax3 efficiently calculates the demagnetizing (dipolar) field using the fast Fourier trans-
form (FFT). Its long-range nature makes it computationally expensive, but MuMax3 reduces the
complexity from O(N?) to O(NlogN), where N is the number of grid cells, applying FFT-based
convolution techniques®. For dipolar interactions, a naive approach requires computing pairwise

3In computational complexity, the notation O describes how the runtime or resource consumption of an algorithm
scales with the size of the problem.
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interactions between all N grid cells, resulting in a quadratic scaling of computation, expressed as
O(N?). However, specialized algorithms (such as those using FFTs) can reduce this complexity
to O(NlogN). This means that as N grows, the computational complexity of FFT-based methods
increases more slowly than that of direct pairwise computations, making large-scale simulations
more computationally feasible. This enables the MuMax3 software to simulate such systems
while accurately accounting for the nonlocal nature of the dipolar field. For time integration,
however, this software uses the adaptive RK45 method described in Sec. 4.2.1.

For efficient energy minimization of the magnetic system, MuMax3 provides a built-in
relax() function [146]. It modifies the LLG equation by disabling all precessional terms,
thereby transforming it into a dissipative form. As a result, the magnetization evolves directly
along the gradient of decreasing total energy, allowing rapid convergence to a stable equilibrium.
The system is first allowed to evolve over time until the total magnetic energy drops to the
level of numerical noise, indicating that it has nearly reached equilibrium. The algorithm then
begins to track the magnitude of the torque, which decreases steadily near equilibrium. The
minimization process is terminated once the torque falls below a predefined threshold, indicating
convergence. This method ensures that the system settles into a locally stable energy minimum
before any dynamic simulations are initiated.

In most of my FDM simulations, I used PBCs and absorbing boundary conditions simultane-
ously. For example, to reproduce the magnetization patterns of the Talbot ‘carpet’ (publications
P1-P3), it was necessary to simulate a quasi-infinite one-dimensional array of apertures. Mean-
while, along the boundary perpendicular to this array, spin waves had to be absorbed to prevent
reflections that would otherwise interfere with the results. In MuMax3, absorbing boundary
conditions are typically implemented by gradually increasing the Gilbert damping parameter
« near the edges of the simulation domain to ensure that spin waves are absorbed when they
reach the boundary. Specifically, & is increased from its bulk value o to a larger value Ogpax
according to

Ot(x) = 0p + (amax - OC()) <x _dx0> s (441)

where xg is the coordinate that marks the start of the absorbing, and d is the distance over which
the damping increases. This gradual transition prevents reflection artifacts that might occur if the
damping were increased abruptly.

Equipped with FDM, appropriate time integrators, and customizable boundary conditions,
MuMax3 is a well-established numerical framework for micromagnetic simulations. Its sim-
plicity, combined with GPU acceleration, provides a powerful tool for modeling spin-wave
phenomena, magnetic domain evolution, and other nanoscale magnetic behaviors.

4.4.2 Tetmag (used in P7)

In my research P7, I used the open-source GPU-accelerated micromagnetic finite element micro-
magnetic solver called tetmag [148]. It simultaneously employs both FEM and BEM concepts
(see Secs. 4.1.2 and 4.1.3) to handle complex nanomagnetic geometries. As discussed earlier,
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FEM offers flexibility in capturing curved or irregular boundaries, while tetmag further enhances
this with a hybrid finite/boundary element approach (FEM-BEM) for efficient magnetostatic
computations in open-boundary conditions [168].

A key feature of its performance is the hierarchical .7#>-matrix technique, which significantly
reduces the computational cost of large-scale magnetostatic field calculations (described below).
Classical solvers often face an O(N?) complexity when considering all pairwise interactions
among N elements. To address this problem, tetmag also uses finite elements within the magnetic
domain and boundary elements on the surfaces, thus limiting the region that must be discretized
for long-range field calculations [168]. This approach implies that the finite-element domain
only represents the magnetic body itself, while the BEM handles the outer boundaries, thus
ensuring physically correct open-boundary conditions without the need for large artificial vacuum
extensions.

4.4.2.1 Hierarchical /#>-matrices algorithm.

The largest computational cost in magnetostatic analysis comes from the dense matrix opera-
tions required to capture interactions among all pairs of elements (or surface panels). Tetmag
overcomes the O(N?) bottleneck by using FEM—-BEM formalism, as well as by adopting .77
matrices [168]. This approach approximates far-field interactions (where elements are spatially
distant) by low-rank factorizations while preserving near-field interactions in full detail. In par-
ticular, the global interaction block A;; between the element clusters i and j can be approximated
by a low-rank factorization:

Aij ~ UiB;; V], (4.42)

where U; and VjT are low-rank basis matrices associated with clusters i and j, respectively,
and B;; is a small coupling matrix. This structure allows efficient representation of long-range
interactions by reusing basis matrices across multiple blocks®.

By organizing these approximations hierarchically, the memory and computational cost is
reduced to O(NlogN), while maintaining good accuracy for large problems. This makes it
possible to simulate micromagnetic systems with tens or hundreds of millions of degrees of
freedom on modern GPU-accelerated platforms.

In practice, my simulations with tetmag for work P7 proceeded in two main phases:

1. Magnetization relaxation. The solver first increases the damping parameter « in the
dynamic equation, driving the magnetization to a stable equilibrium under a given external
field. Once the torque falls below a threshold, the damping is reset to its nominal value.

2. Dynamic perturbation. After relaxation, the specialized frequency-domain algorithm
(proposed by d’Aquino et al. [156, 169]) is used to study FMR-like excitations. Although
not part of the tetmag kernel, this algorithm is integrated into the simulation workflow.

%The block A; ;j 1s the submatrix of the global matrix A, which represents interactions between all elements in
clusters i and j.
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For time integration, tetmag uses the SUNDIALS/CVODE library [170], which provides adaptive
time stepping through robust implicit solvers, well-suited for stiff micromagnetic systems. This
allows to accurately capture complex dynamics, even in cases with strong exchange interactions
or magnetic anisotropy.

By combining the FEM-BEM approach with .7#?-matrices, tetmag achieves high efficiency
and scalability for open-boundary nanomagnetic simulations. This architecture enabled the
large-scale computations presented in P7, where the solver accurately modeled magnetization
distributions and resonance phenomena in geometrically complex gyroidal nanostructures.

4.4.3 COMSOL Multiphysics (used in P4, PS5, P8, P9)

COMSOL Multiphysics has been my primary tool for conducting micromagnetic simula-
tions [147]. Its strength lies in its ability to accurately model and solve complex physical
phenomena while integrating multiple physics modules within a finite-element-based framework.
For example, it can capture magneto-elastic interactions, thermal effects, and electrical phenom-
ena such as STT or magnetoresistance — all in addition to standard magnetization dynamics.
These capabilities make COMSOL a powerful and versatile micromagnetic simulation tool
for detailed analysis of magnetization interactions and dynamics in time and/or frequency do-
main. Furthermore, COMSOL allows for manual definition and customization of the governing
equations through the interface Coefficient Form PDE.

This section explains how the LLG equation is implemented in the software, focusing on
time-domain, eigenfrequency, and frequency-domain simulations. It also covers the numerical
methods used and how the environment manages error control to ensure accurate outcomes.

4.4.3.1 Coefficient Form PDE

The Coefficient Form PDE in COMSOL allows users to manually implement custom PDEs
by specifying various terms and coefficients. It provides the flexibility to work with custom
equations, or simply those not included in the built-in physics modules, as in this case. They
are expressed in a general form with up to second-order derivatives in time and space, which is
suitable for the LLG equation. The Coefficient Form PDE is represented as:

9° d
€aa—t;£+daa—btt+V-(—cVu—Oc'u+}/)+ﬁ~Vu+au:f in Q, (4.43)
n-(cVutou—y)=g—qu+h'u on 0Q, (4.44)
0=R on 896, (445)
u=r on 0Qy, (4.46)

where u is the dependent variable, corresponding here to components of magnetization M. In
Eq. 4.43, from left to right, there are several coefficients which represent to the following physical
terms:
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e ¢, — mass coefficient,

* d, — damping or mass coefficient,

¢ ¢ — diffusion coefficient,

¢ o/ — conservative flux convection coefficient (not to be confused with Gilbert damping o),
* B — convection coefficient,

* a — absorption coefficient,

¢ ¥ — conservative flux source term (not to be confused with gyromagnetic ratio y),

e f —source term.

Equation 4.44 represents a generalized form of the Neumann boundary condition, that must be
satisfied at the domain boundary d€, where:

* n denotes the outward-pointing unit normal vector at the boundary dQ,
* g is the boundary source term,
* g is the boundary absorption coefficient.

Equations 4.45 and 4.46 represent a general constraint, with a Dirichlet boundary condition as a
special case, respectively, where R and r are predefined boundary terms.

In the context of my calculations of the LLG equation, the Coefficient Form PDE was used to
manually define the cross-product term M X Heg, and the damping term M x dM/9;. The spatial
and time derivatives were computed in the FEM framework, and the various contributions to the
effective magnetic field Heg were taken from the Eqs. 3.1 and 3.14. Its final form is

2Aex

V’M — Vo, (4.47)
HoM? ¢

Hefr = Hof +

and contains, in order, components responsible for magnetization interactions with the external
field (Zeeman energy — Sec. 3.1.4), exchange interactions (Sec. 3.1.1) and dipole interactions
(Secs. 2.8 and 3.1.2). To represent LLG with the assumed effective field (Eq. 4.47), the following
matrix form coefficients were adapted to the Eq. 4.43:

1 m; —ny 0z -§
da — ﬁ _mz l my , a = |’)/|[,LQH0 —Z 0 X s
M j % 0
my —my 1 y
(4.48)

o o
- my3; —Mzgy
2Acx |7l e " 8(; 8qyo
¢ = M2 —mg 0 my |, f= |Y‘“0 Mz oy —Mxg,

Mxgy — Myox

All other undefined coefficients from Eq. 4.43 are equal to 0. To ensure the physical consistency
of the simulations, it was also necessary to impose a condition that preserves the magnitude of
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the magnetization vector throughout each stage of the simulation:
m; +my +m? = M;. (4.49)

4.4.3.2 Implementation of boundary conditions in COMSOL

FEM handles boundary conditions naturally through its variational (or weak) formulation. For
example, Dirichlet conditions can be enforced by specifying nodal values along the domain
edges or faces, and Neumann conditions (typically involving the normal derivative 9M/9n) appear
as flux terms in surface integrals (more details in Sec. 4.3). The resulting constraints affect
the global system KM = F (see Sec. 4.1.2.1) by modifying rows or columns corresponding to
boundary nodes.

This process results in an algebraic system that captures both the internal physics and the
boundary conditions. At each time step (once the global system is assembled), it is solved
using iterative methods (e.g., the conjugate gradient, more in Sec. 4.4.3.6) or direct factorization
techniques, depending on the size and stiffness of the problem. The result is a piecewise
polynomial approximation of the magnetization vector M that naturally satisfies the geometry
and boundary conditions, providing greater flexibility than uniform-grid approaches. However, as
with FDM, cell sizes must be carefully chosen to resolve the relevant magnetic lengths, ensuring
that the solution accurately captures domain walls, spin waves, or vortex cores.

The boundary conditions used in my COMSOL simulations depend on whether the system
is finite or quasi-infinite/periodic. For the former, I used zero flux boundary conditions (as
described in Sec. 4.3) to represent open boundaries. This condition ensures that no magnetic
flux crosses the domain boundary, allowing magnetization dynamics (such as spin waves) to exit
the simulation region with minimal reflection. Mathematically, this boundary condition can be
expressed as a modification of Eq. 4.45:

n-(cVu+ad'u—y) =0 ondQ. (4.50)

In addition, accurate convergence of micromagnetic simulations in pure FEM requires surround-
ing the magnetic structure with a sufficiently large non-magnetic volume (typically air or vacuum)
in which the static magnetic potential can dissipate and decay smoothly. To ensure that the
simulation results are unperturbed by boundary effects, Dirichlet conditions are applied to the
outer boundaries €2, of this surrounding domain (¢ = 0 on Q.). They eliminate the magnetic field
at the boundaries, thus preventing reflections or artifacts that could interfere with the magnetic
behavior of the system under study.

For periodic systems, such as those used to study FMR modes in P9, PBCs have been applied
by matching magnetization values at opposite edges (see Eq. 4.36), effectively simulating an
infinitely repeating structure. However, for dispersion relations in periodic structures, COMSOL’s
Pointwise Constraint Boundary node proved more suitable. This tool allows the constraint to be
defined between corresponding points on opposite sides of the unit cell, effectively extending the
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standard PBCs by enforcing phase continuity across boundaries. In doing so, it implements the
Bloch/Floquet boundary condition (Eq. 4.37), as discussed in Sec. 4.3.

4.4.3.3 Time-domain solver

COMSOL Multiphysics offers many time-stepping methods suitable for both stiff and non-stiff
systems, including those described earlier — such as RK, Euler, BDF, and the generalized-« (see
Sec. 4.2). When solving micromagnetic or other coupled multiphysics systems, the stability and
convergence of the solution are highly sensitive to the choice of time-integration scheme. As
outlined in the Tab. 4.1, for stiff problems, implicit methods like BDF or generalized-o provide
the robustness needed for stable and accurate results. In contrast, for non-stiff scenarios, explicit
methods such as RK or Euler may offer a more efficient solution strategy due to their lower
computational cost.

4.4.3.4 Frequency-domain solver

The frequency-domain solver in COMSOL computes the steady-state magnetization response
under harmonically varying external fields, making it well-suited for simulating spin-wave
propagation and resonance phenomena in dynamically excited magnetic materials. In this
formulation, the magnetization M oscillates about an equilibrium configuration My according
to Eq. 3.36. The solver iterates over a specified frequency range, treating @ as a parameter
in the governing equations and solving for §M(x,y,z) at each frequency. By capturing the
steady-state harmonic solution, it shows how the system’s resonances and spin-wave modes
depend on @. Key results include amplitude and phase distributions of M from which damping
or band structures relevant to spin-wave dispersion can be identified. This method complements
time-domain analysis by allowing direct mapping of the magnetic response over a range of
frequencies, rather than simulating the entire transient process.

It is important to note, however, that unlike the eigenfrequency solver (described in the next
section), the results obtained with this approach are inherently dependent on the specific form of
the applied excitation field. This field can be designed to approximate experimental measurement
techniques, such as coplanar waveguides (CPW), thus allowing a more accurate comparison
between numerical simulations and experimental observations. Because the solver linearizes
the dynamical equations around My (see Sec. 3.2.2.2), it remains efficient for exploring spin-
wave behavior for sufficiently small-amplitude oscillations. For nonlinear or large-amplitude
excitations, time-domain or nonlinear methods (Sec. 4.4.3.6) are more appropriate, but for a
broad class of small-signal analyses, the frequency-domain approach provides a direct and
efficient path to understanding the spectral characteristics of spin waves and other magnetization
dynamics [73, 113].
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4.4.3.5 Eigenfrequency solver

The eigenfrequency solver in COMSOL computes natural frequencies (eigenfrequencies) and
associated eigenmodes (vector fields) by solving large-scale eigenvalue problems, typical of
finite element formulations. It is based on the ARnoldi PACKage (ARPACK), which focuses on
finding a selected subset of eigenvalues and eigenvectors in sparse eigenvalue problems [171,
172]. ARPACK employs the implicitly restarted Arnoldi method (IRAM), an iterative procedure
that approximates eigenvalues for large sparse matrices with reduced computational cost. In
scenarios involving harmonic oscillations, it is convenient to use COMSOL’s eigenvalue version
of the Coefficient Form PDE to solve the eigenfunction u:

V-(—cVu—a/u)+ﬁ-Vu+au = Adyu—Aequ, 4.51)

where A is the complex eigenfrequency, while d, and e, capture the linear and quadratic frequency
dependencies that are crucial for the oscillatory behavior. The imaginary part of A represents
the decay rate, while the real part corresponds to the oscillation frequency . The eigensolver
was applied to the linearized LLG equation to determine the eigenmodes and corresponding
eigenfrequencies of the magnetization dynamics. The coefficients were then defined analogously
to those in Eqgs. 4.43—4.46.

Generalized eigenvalue problem. In finite element contexts, an eigenvalue problem often
appears in the generalized form:
Au=«xBu, (4.52)

where A and B are typically stiffness- and mass-like matrices, respectively, and eigenvalues K
correspond to the squares of the angular frequencies, k = @>. Direct diagonalization of such
large sparse matrices is computationally expensive, so COMSOL implements iterative methods,
notably IRAM, which projects the problem onto a lower-dimensional Krylov subspace:

Kn(A,v) = span{v, Av, A%y, ...,Amflv}, (4.53)

where v is an initial vector, and the term span refers to the set of all possible linear combinations
of the listed vectors. The method constructs an m x m Hessenberg matrix H,, so that

with V,,, forming an orthonormal basis of the subspace. Then a smaller eigenvalue problem with
H,, is solved, and the corresponding eigenvalues approximate those of A. IRAM periodically
restarts with a smaller basis to focus on the relevant part of the spectrum, reducing memory and
computational cost while accurately converging to the target eigenvalues [171, 172].
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Search methods. In COMSOL, the eigenfrequency solver has three main search methods that
control how ARPACK finds the desired eigenvalues:

1. Manual search. The user specifies a shift o, which prompts the solver to apply shift and
inverse transformations:

B 1
(A—0B) 'Bu = wu, A= c+—, (4.55)
e

where L, is the transformed eigenvalue. Eigenvalues near 6 dominate, enabling efficient
convergence in a specified frequency range.

2. Region search. The region search method limits ARPACK to a complex rectangular region:
9{(1) € [mmimg{max]y S()L) € [SmimsmaxL (4-56)

extracting eigenvalues within user-defined real and imaginary boundaries. It is especially
useful for systems with damping or complex frequency response.

3. All (filled matrix). This method attempts to capture the entire spectral range by constructing
a broader Krylov space, effectively extracting many eigenvalues. Although computationally
expensive, this approach is suitable for problems requiring extensive modal analysis over a
wide range of frequencies.

In my research P4, P5, P8, and P9, ARPACK’s IRAM proved to be sufficient to accurately
capture the relevant eigenmodes in the simulated systems.

4.4.3.6 Linear and nonlinear methods

In COMSOL, the choice of linear or nonlinear solution methods is determined by the characteris-
tics of the analyzed system. Linear methods are appropriate when the model can be represented
by a constant coefficient matrix, while nonlinear methods are required when responses depend
on the current state, demanding iterative refinement. This distinction has a significant impact on
computational cost, convergence, and accuracy.

Linear solvers. For systems of the form A x = b, where A is a constant matrix (independent of
the vector of unknowns x), and b is known, COMSOL provides a set of linear solvers:

* LU decomposition: A direct method factorizing A into lower (L) and upper (U) triangular
matrices such that A = LU. Solving Ly = b then U x = y gives x. Although robust, it can
be memory intensive for large, sparse systems.

* Generalized minimal residual method (GMRES): An iterative solver suitable for large,
sparse, and nonsymmetric matrices. It minimizes the residual || — A x|| within a Krylov
subspace generated by successive applications of A. Restarted versions limit the growth of
the subspace to save memory [173].
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* Conjugate gradient (CG): The conjugate gradient method targets symmetric positive-
definite matrices by minimizing f(x) = 1/2xTAx — b x. Its efficiency and speed make it
attractive for problems with suitable symmetry [174].

Nonlinear solvers. If the system has a nonlinear dependence on unknown variables, it can
be written in the general form F(u) = 0 (discretized residual form of the PDE and boundary
conditions). Here, u can represent an equilibrium solution of a PDE or a set of unknown
parameters in a nonlinear boundary-value problem. To solve such systems, COMSOL uses a
Newton-based approach: it linearizes F(u) around the current approximation u®) by constructing

the Jacobian matrix
B OF

J=—
ou |,

(4.57)

and then solving a sequence of linearized subproblems at each iteration k to progressively
improve the solution. While this approach is more computationally intensive than solving
linear systems, it is critical for accurately handling strongly nonlinear material models, complex
boundary conditions, and multiphysics couplings.

To improve the stability of these iterations, COMSOL uses the damped Newton method [175]:

w1 = 0 o TR (), (4.58)

where op is a damping factor that is dynamically adjusted to ensure that each update reduces the
residual. This helps avoid large, destabilizing adjustments when improvements in the solution
are marginal. Such damping also helps prevent divergence in regimes characterized by high
nonlinearity, ensuring a more stable convergence to the accurate solution.

COMSOL also offers two main strategies for handling systems of multiple coupled equations:

* Fully coupled method. All equations are solved simultaneously within each iteration.
This maximizes accuracy for strongly coupled problems but can be computationally and
memory intensive.

* Segregated method. Equations are partitioned into smaller subsets that are iterated se-
quentially. This approach reduces memory requirements and often speeds up convergence
for weakly coupled systems or very large models [175].

4.4.3.7 Termination criteria

COMSOL’s iterative solvers stop searching for a solution when certain convergence conditions
are met or when further progress is deemed unlikely. Standard termination checks include

* Tolerance on residual norm. The solver monitors the residual vector r(u) (e.g., r(u) =
Au— b in a linear system) and stops when the norm ||r(u)|| < &ups, Where &g is a user-
defined absolute tolerance. This threshold indicates that the steady state has effectively
been reached, such that additional iterations will yield negligible improvement in r(u).
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* Relative tolerance. Convergence can also be checked by examining the ratio of successive

solution updates:
| @) —u®))

I @®)]

where € 1S a user-defined relative tolerance. If this ratio falls below &4, the solver

< &g, (4.59)

assumes that further iterations would only marginally improve to the solution.

* Maximum number of iterations. Each solver iteration requires computation to assemble
and/or invert matrices. Therefore, COMSOL enforces a practical upper limit on the number
of iterations. If neither the residual norm criterion nor the relative tolerance criterion is
met before this limit is reached, the solver terminates. In such cases, users may need to:

— refine the mesh or initial guess,
— adjust solver settings (e.g., damping factors or step sizes),

— or modify model parameters (such as boundary conditions or material properties) to
improve convergence.

These termination checks — along with automatic selection of linear vs. nonlinear solvers,
adaptive damping strategies for stability, and adaptive time stepping — allow COMSOL to balance
accuracy and computational cost for a wide range of applications [173, 175].

4.4.4 Concluding comparison

The FDM in MuMax3, FEM-BEM in tetmag and FEM in COMSOL Multiphysics offer different
approaches to simulating micromagnetic phenomena, with each approach optimized for specific
applications and geometries.

In terms of discretization, the FDM in MuMax3 operates on a uniform cubic grid, which
makes it computationally efficient for large-scale and periodic simulations. However, this
regular grid structure also comes with limitations: it struggles to accurately represent complex,
non-rectangular geometries, as it cannot easily conform to curved or irregular boundaries (see
Fig. 4.1). In contrast, FEM in tetmag and COMSOL allows for highly customizable meshes that
enable accurate modeling of complex 3D nanostructures with irregular boundaries.

Boundary conditions are another area where each method has distinct advantages. MuMax3
applies PBCs efficiently, but to approximate the open boundaries, it requires a gradual increase in
Gilbert damping near the domain edges — a method that may not eliminate reflections sufficiently
for systems sensitive to wave dynamics. In contrast, finite-element-based tools such as tetmag and
COMSOL offer more precise control over boundary conditions, including direct implementation
of Dirichlet and Neumann conditions, allowing more accurate modeling of open or constrained
domains.

MuMax3 solves the full LLG equation in the time domain, tetmag originally has only
the time domain, but with an add-on module (used in my research) it allows for frequency-
domain capabilities. COMSOL Multiphysics, on the other hand, in addition to the standard
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time domain for full LLG, has native frequency-domain and eigenfrequency solvers that can
linearize the LLG equation around a given steady-state solution. This is enhanced by the
ability to define custom PDEs, further extending the versatility of FEM in this environment. By
calculating the eigenvalues and eigenvectors of the linearized system, COMSOL can identify
all intrinsic magnetic modes independently of any specific driving field. This eigenfrequency
analysis provides a comprehensive characterization of the system’s resonant behavior, making
it particularly valuable for identifying fundamental spin-wave modes and their corresponding
eigenfrequencies.

In terms of computational efficiency, MuMax3 benefits significantly from GPU acceleration,
enabling fast simulations in extensive domains. This makes it ideal for studies of large domain
dynamics, where geometric complexity is limited. Tetmag, while also GPU-accelerated, generally
demands more memory and processing power due to the complex structure and elements of
FEM. The use of .7#">-matrices helps reduce the computational cost, but FEM still requires more
resources per degree of freedom than FDM. The FEM solver used in COMSOL is CPU-based,
so the computation time can be relatively long, especially for large or highly dynamic systems.

For time stepping, MuMax3 uses an explicit RK45 method, which provides good accuracy
but requires smaller time steps in stiff systems. Both tetmag and COMSOL use implicit methods
by default, which handle stiffness more effectively. The BDF and generalized-o methods, for
example, allow larger time steps in stiff systems and provide stability for highly dynamic con-
ditions, but at a higher computational cost. Although computationally intensive, COMSOL is
well-suited for applications requiring complex boundary control, multiphysics coupling, and,
most importantly (from my perspective), a dedicated frequency-domain and eigenfrequency
solver with the ARPACK algorithm. The options for targeted resonance studies are particularly
useful for analyzing frequency-dependent behavior in complex nanostructures.

The exploration of numerical methods in micromagnetism reveals a rich and intricate field,
with each approach offering unique strengths suited to different types of simulations. The
methods presented in this chapter illustrate the variety of numerical techniques available to
researchers. Whether it is the GPU acceleration of MuMax3, the open-boundary treatment of
tetmag’s hybrid FEM—BEM approach, or the advanced frequency-domain analysis capabilities
of COMSOL Multiphysics, each software tool has unique strengths that allow different facets of
micromagnetic phenomena to be investigated with efficiency and precision.

The development and application of numerical methods in micromagnetic simulations play a
crucial role in advancing both the theoretical and applied aspects of magnetism. By bridging
complex physical theories with practical computational tools, these methods allow us to study
magnetic behaviors that are difficult to capture experimentally, especially at the nanoscale.






Chapter 5

Research

This chapter presents the core publications that form the foundation of my Ph.D. research, each
addressing specific aspects of spin-wave dynamics and their control in nanostructured magnetic
systems. These studies cover a spectrum of topics ranging from planar waveguide simulations
with 1D diffraction gratings to spin-wave behavior in complex 3D architectures. Each publication
is preceded by a short introduction summarizing the objectives, methodology, and main results
of the study, followed by a brief statement outlining my contributions to the given work.

The research sequence reflects a structured progression from fundamental analyses of spin
waves obstructed by 1D antidot arrays and their unique interference patterns, through dynamics
in 2D systems such as ADLs and crescent-profile waveguides, to explorations of more advanced
multidimensional and periodic 3D structures, including gyroid and scaffold-like networks.
However, it is important to note that the chronological order of the studies is reflected by the
labels P1-P9, which follow the sequence of their publication dates.

This collection demonstrates how targeted nanoscale structuring enhances control over
magnetic and spin-wave properties, providing insights relevant to the development of magnonic
devices and spin-based computing applications.

5.1 One-dimensional nanostructures

By introducing periodic modulations in magnetic properties or geometry, 1D nanostructures act
as engineered scattering centers, selectively influencing spin-wave modes and enabling tailored
dispersion characteristics. In particular, diffraction gratings exploit periodicity to create resonant
conditions that enable unique wave interactions, including diffraction, bandgap formation, and
mode coupling. In magnonics, such structures can support phenomena analogous to those in
optics. In my research, diffraction gratings serve as a platform for studying complex wave
phenomena, such as the Talbot effect, where self-imaging of wavefronts can occur under certain
conditions. These effects provide fundamental insights into wave behavior in structured magnetic
systems and offer practical applications by creating reconfigurable magnonic interference patterns
that hold promise for future spintronic and magnonic computing architectures.
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Although the waveguides are modeled using 2D micromagnetic simulations, the self-imaging
patterns observed in this research are governed by the one-dimensional diffraction grating (or 1D
array of single-mode input waveguides), justifying the categorization of this work as focused on
1D textures.

5.1.1 Demonstration of spin-wave self-imaging effect (P1)

This paper investigates the self-imaging phenomenon, or Talbot effect, for spin waves — a novel
demonstration of this well-known wave phenomenon outside the field of optics. By introducing a
1D diffraction grating in a thin ferromagnetic film, we show through LLG-based micromagnetic
simulations that spin waves can undergo self-imaging, a behavior typically associated with
light waves. To our knowledge, this study is the first to establish and describe the Talbot effect
for spin waves, and to show that the resulting Talbot ‘carpets’ can be effectively characterized
using approximate analytical expressions adapted from general wave theory. This work not only
opens avenues for the experimental realization of spin-wave self-imaging, but also highlights
potential applications in magnonics, where structured interference patterns could be exploited
for wave-based data processing.

Contribution of the Author

In this publication, I have systematically collected, structured, and adapted theoretical concepts
from physical optics and wave theory, adapting them to provide a comprehensive framework for
describing the Talbot effect in the context of magnonics. I also performed all the micromagnetic
simulations using MuMax3, post-processed the data, and contributed to the interpretation of the
results in collaboration with M. Krawczyk and P. Gruszecki. Finally, I wrote the first draft of
the manuscript, managed its submission to the journal, and corresponded with the reviewers
throughout the review process.

The article reprinted with permission from Gotgbiewski, M.; Gruszecki, P.; Krawczyk, M.;
Serebryannikov, A. E. Physical Review B 102, 13, 134402 (2020) ©2020 American Physical
Society. License number: RNP/25/FEB/088088.
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The Talbot effect has been known in linear optics since the 19th century and has found various technological
applications. In this paper, with the help of micromagnetic simulations, we demonstrate the self-imaging phe-
nomenon for spin waves in a thin, out-of-plane and in-plane magnetized ferromagnetic film whose propagation
is described by the Landau-Lifshitz nonlinear equation. We show that the main features of the obtained Talbot
carpets for spin waves can be described, to a large extent, by the approximate analytical formulas yielded by the
general analysis of the wave phenomena. Our results indicate a route to a feasible experimental realization of the
Talbot effect at low and high frequencies and offer interesting effects and possible applications in magnonics.

DOI: 10.1103/PhysRevB.102.134402

I. INTRODUCTION

Spin waves (SWs) are coherent disturbances of the magne-
tization which may propagate in magnetic material as waves.
In ferromagnetic materials, the SW dynamics is determined
by strong isotropic exchange interactions coexisting with
anisotropic magnetostatic interactions. In thin ferromagnetic
films, the magnetostatic interactions cause the SW properties
to be strongly dependent on the magnetization orientation
with respect to the film plane and also dependent on the
relative orientation of the propagation direction and the static
magnetization vector. This makes the studies of SWs interest-
ing and offers properties uncommon for other types of waves,
such as negative group velocity, caustics, and dynamic recon-
figurability control. Their frequency spans range from a few
to hundreds of gigahertz, with the corresponding wavelength
range extending from micrometers to tens of nanometers,
which makes them very attractive for applications in mi-
crowave technology. In this context, it is interesting to test
in magnonics the basic laws that govern wave phenomena and
search for analogs of the effects known for electromagnetic
or acoustic waves. Basic equations describing propagation
of SWs differ from those for electromagnetic and acoustic
waves, so that justification of an analog of each phenomenon
known for the latter invokes a solution of the Landau-Lifshitz
equation for the former—this approach was used in demon-
stration of the SW graded index lenses [1], SW Luneburg
lenses [2], and SW Fourier optics [3], to name a few. Recently,
Snell’s law for SWs in thin ferromagnetic films [4], the mirage
effect [5], and the spin-wave Goos-Hénchen effect has been
predicted and demonstrated [6,7]. Also, self-focusing of SWs
[8], SW diffraction on gratings [9], and formation of the SW
beams [10-12] have found experimental confirmation. The
analogs of the graded refractive index structures [1,13,14],
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metamaterials [15,16], and metasurfaces [17] have recently
been introduced to magnonics. Thus it may be expected
that other phenomena and concepts are also transferable to
magnonics, but these need to be verified. Among them, the
Talbot effect (self-imaging effect) should be mentioned.

The Talbot effect was observed for light in the 19th century
[18] and then explained in Ref. [19]. In recent years, this effect
has been extensively revisited, e.g., see [20] and references
therein. It has been used to improve x-ray imaging [21] and
advance the process of lithographic patterning [22-24], and
proposed for the realization of some physical models and
computing scenarios [25-27], the applications of which can
be interesting also for magnonics. Apart from electromagnetic
waves propagating in a medium, the Talbot effect has already
been demonstrated for plasmons [28], waves in fluids [29,30],
and exciton polaritons [31], but for SWs it has not been shown
so far.

In this paper we demonstrate the Talbot effect with the use
of micromagnetic simulations for SWs propagating in a thin
ferromagnetic film magnetized out of plane. We show that the
diffraction grating created by the periodically located holes
in a thin ferromagnetic film allows obtaining Talbot carpets,
which are formed by the SWs propagating in the film and
passing through the grating. The demonstration is presented
at high frequencies where the exchange interactions dominate
and at low frequencies where the magnetostatic interactions
also contribute. Furthermore, we study also the influence of
SW damping on the Talbot effect to show the possibility for
its experimental verification, and we perform simulations of
the Talbot effect for in-plane magnetized permalloy (Py) film
in order to check the impact of changing the external magnetic
field direction on the Talbot carpets and the possibility of
using smaller field values.

The structure of the paper is as follows. In Sec. II we
present derivation of the main parameters of the Talbot pat-
tern based on the wave optics model. Then we focus on the
case of out-of-plane magnetization. In Sec. Il we present
the results of micromagnetic simulations for short and long

©2020 American Physical Society
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SWs, in Sec. IV we study the impact of SW damping on
potential applications, and in Sec. V we carry out simulations
for in-plane magnetization. Finally, we summarize our results
in Sec. VI. The Appendixes are put at the end, which present
the model development and analysis of some issues presented
in the main part of the paper.

II. TALBOT EFFECT-MODEL DESCRIPTION
A. Talbot length

The phenomenon of self-imaging, known as the Talbot
effect, results from the interference of a plane wave passed
through an array of the periodically arranged objects, which
often represents a diffraction grating. Using the knowledge
that SWs may behave similarly to electromagnetic and acous-
tic waves, we can explain the essence of the SW Talbot
effect with the help of an analysis of the basic wave phe-
nomena, such as diffraction and interference. According to
the principle formulated by Christian Huygens [32] and later
supplemented by Augustin Fresnel [33],

Each unobstructed point of the wavefront at a given moment
acts as a source of secondary spherical elementary waves with
the same frequency as the primary wave. The amplitude of
the resultant field at any other point is the superposition of all
these elementary waves taking into account their amplitudes
and relative phase differences.

This principle is particularly important not only for under-
standing the phenomenon of wave diffraction, but first of all,
for the design of the simulation system and building a suitable
mathematical model. It can be used when an aperture width
is comparable to a length of incident plane wave. An angle of
secondary waves is so large that this aperture can be treated
as an elementary source of circular waves (or cylindrical in
a two-dimensional view), and the entire diffraction grating
can be treated as a one-dimensional infinite matrix of the
periodically spaced elementary sources of circular waves. The
presented concept of diffraction grating allows us to describe
its effects and thus the diffraction field with a high accuracy
by means of the superposition principle.

Repetitive modulation of intensity occurring along the
propagation direction of the waves diffracted on periodic ob-
stacles, i.e., the Talbot self-imaging effect we study, defines
the length parameter also called from his name. The Talbot
length determines the period over which secondary beams
refocus their source image, i.e., when the diffraction image is
created after passing through a diffraction grating, at a certain,
precisely determined distance zr in the direction perpendic-
ular to the grating plane, an image identical to our original
grating is formed. The classical formula for the Talbot length
[19] can be derived based on the geometrical consideration,
which is known from wave optics. It yields

d2
ar =m—-, ey
where m is an integer specifying the number of subsequent
self-images, d is a diffraction grating period, and A is an
incident wavelength. For even m values, we obtain the dis-
tance between the primary (basic), not laterally shifted in
phase Talbot images, whereas for odd m values we observe

m=0 m

grating

primary

u

I secondary secondary
L
I
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FIG. 1. Diagram of self-images arising behind the diffraction
grating with indicated Talbot length z7, diffraction grating constant
d, aperture width s, wave vector kg as a function of incident angle 6,
and wave vector k, propagating along the z axis.

the secondary Talbot images laterally shifted in phase by half
the period of the diffraction grating, as shown in Fig. 1. More
details are given in Appendixes A and B.

B. Talbot carpet

In order to obtain an analytical expression for the intensity
distribution of the waves after passing through a periodic,
infinitesimally thin diffraction grating, we start with writing
[34] the transformation equation at the grating in z = 0:

Vix,z=+0) =y, z=-0)(x), 2
where v (x, z) represents incident wave and #(x) is a peri-
odic grating transmission function. The term z = —0 means

the coordinate z = 0 at the incidence side of the diffraction
grating, and z = 40 similarly means the coordinate z = 0 at
the transmission side of the grating. Under assumptions that
the one-dimensional periodic structure has an infinite length
along the x axis and the incident beam is a plane wave propa-
gating along the normal towards the grating, the transmittance
of the diffraction grating 7(x) can be defined as

()= 3 Asexp [2”;”"}. 3)

n=—0Q

Formula (3) is a so-called rectangular function, which means
it has a “binary” nature, i.e., a plane wave passes through
the structure when its transparent parts are illuminated, with
the maximum value [7(x) = 1], and does not pass through
it when its opaque parts are illuminated [f(x) = 0]. For the
unlimited (max|n| = oo) rectangular function along the x axis,
components of the Fourier decomposition A, are described by
the formulas

A . (mm) @
n = sinc{ — ),

d
where sinc(w) = sinw/w, and

Ao = s/d. 5)
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FIG. 2. Talbot carpets obtained from Eqgs. (12) and (13) for
31 sum terms and (a) the aperture width s = A = 1 [arb. units]
and diffraction grating constant d =31, and (b) s=A=
0.25 [arb. units], d = 121. The grating is located at the left
edge of each plot.

Substituting Eq. (3) into Eq. (2), using a plane-wave equation
as ¥ (x, z = —0), and remembering that instead of the wave
vector k = 27 /A, its projection on the x axis depending on the
incidence angle 0, kg = k sin 6, should be taken into account,
we get

Y. z=40)= Y Ayexplix(kan +kg)l,  (6)

n=—00

where k; = 21 /d.
Next we extend the function ¥ to describe the wave prop-
agation in the direction of positive z values by

¥ (2) = exp (ik.2), @)

where £, is the axial wave vector associated with propagation
along the z axis.

Therefore the complete expression describing the plane
wave after passing through the diffraction grating at an arbi-
trary distance from it can be written as

Yx,2)= Y Aexplixtkan +kg) +ikzl.  (8)

n=—00

The axial wave number k, can be expressed as the function of

the wave vector k as follows:
K = k2 + (kgn + kg)* — k= VK2 — (kan + k). (9)

Assuming that k > (kyn + kg) and using the Taylor’s expan-
sion so that

kan + kg \ > 1/ kgn + kg \>
k.1 — LJFR ~ kll—-= LJFR . (10)
k 2 k

we finally obtain

(kan + k)
2%

For the purposes of numerical study, we assume that the initial
plane wave incident along the normal to the diffraction grating
plane (@ = 0). Then we obtain the following formula:

- C2m . (2m  n*A
Yi(x,z)~ Z A, exp [zxnd +zz()L — cﬂ)] (12)

k, ~ k — (11)

n=—00

Here, the last term contains the inverse Talbot length formula,
see Eq. (1) form = 1. To generate energy density graphs in the
near diffraction field, we calculate the field intensity function,
i.e.,

1(x,2) = ¥ (x,2) x ¥*(x, 2). 13)

The theoretical results are shown in Fig. 2 for the selected
parameters set and 31 sum components in order to demon-
strate the basic features of these Talbot carpets. They clearly
show the primary and secondary Talbot images, as well as the
lower orders of these images [visible especially in Fig. 2(b)],
which testify to the fractal nature of the effect [35]. Being ob-
tained with the use of a rather general formalism, these results
form the basis for the understanding of and comparing with
the numerical results presented for SWs in the next section.

III. MICROMAGNETIC SIMULATIONS

To demonstrate the Talbot effect for SWs and examine
the theoretical assumptions and predictions of Sec. II B, we
have conducted a series of micromagnetic simulations by
taking into account dipolar interactions and employing MU-
MAX3 software [36]. The simulations have been performed for
a uniformly out-of-plane magnetized 5-nm-thick permalloy
(Py) film, which is characterized by the following mag-
netic parameters: saturation magnetization Ms = 860 kA /m,
exchange stiffness A.x = 13 pJ/m, gyrometric ratio y =
176 rad GHz/T, and damping constant « = 0.0001. The film
has been uniformly magnetized by an external magnetic field,
woHy = 1.1 T (Hy > Ms), which is directed perpendicular
to the film’s plane. The above given magnetic parameters
are kept the same for all performed numerical simulations.
We compute the diffraction of normally incident plane SWs
of frequencies 3 and 40 GHz for various parameter sets of
a diffraction grating. The distance between individual holes
creating the diffraction grating is adjusted to approximately
correspond to the incident SW wavelength (it is calculated
analytically in Appendix E). The simulated steady state, i.e.,
the state with a fully evolved interference pattern, is ana-
lyzed. For better visualization of the Talbot effect, the periodic
boundary conditions have been also used along the z axis
(i.e., perpendicular to the grating plane), at the edges of the
simulated area, so that the diffraction grating was much longer
compared to the near diffraction field range. Further details of
simulations can be found in Appendix D.

A. Spin-wave Talbot carpets and Talbot length

The simulated Talbot carpets are presented as the SW in-
tensity maps, i.e., averaged in time, squared dynamic in-plane
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FIG. 3. Spin-wave intensity distribution at frequency of 40 GHz
after passing through a one-dimensional diffraction grating with pe-
riod of (a) 80, (b) 200, and (c) 280 nm. The grating is located at the
left edge of each plot.

component of the magnetization, (mz). These diffraction
fields for SWs of frequencies 40 and 3 GHz and for different
values of d are shown in Figs. 3 and 4, respectively. To make a
comparison of interference images for both frequencies more
direct, every periods of the analyzed diffraction gratings were
selected so that for each pair of results plotted in Figs. 3
and 4, the same kind of scaling takes place. In other words,
visually the same (or very similar) carpets can be obtained for
different choices of period and frequency. For more clarity,
compare the peaks in the reciprocal (wave-vector) space, see
Fig. 7. They approximately correspond to the same angle for
40 and 3 GHz, while geometrical parameters were selected
depending on frequency.

Figure 3 shows the well-resolved Talbot carpets for SWs
excited at frequency 40 GHz. It is observed that with the
increasing period of the grating the Talbot length increases
as well, and the effect of self-imaging is well recognizable in
the form of bright focal points. The resulting diffraction field
obtained for 3-GHz SWs (shown in Fig. 4) presents similar
Talbot carpets. However, Talbot carpets for 3 GHz are slightly

Intensity (arb. unitSHl

0 max

FIG. 4. Spin-wave intensity distribution field at frequency of
3 GHz after passing through a one-dimensional diffraction grating
with period of (a) 400, (b) 1000, and (c) 1400 nm. The grating is
located at the left edge of each plot.

less regular than in the case of 40 GHz. Later in this paper
we will prove that both Talbot carpets for SWs are consistent
with theoretical predictions, in spite of the above-mentioned
irregularity.

The first, naturally occurring compliance test for the ob-
tained numerical results is to compare the distance between
the primary self-images (Fig. 1), Talbot length, with the the-
oretical predictions. For this purpose we use Eq. (1) as the
function of d for the two selected frequencies. As can be
seen in Fig. 5, the simulation results well coincide with the
general theory given in Sec. Il A. Therefore the simulated
interference patterns behave very similarly to the Talbot car-
pets theoretically described in Sec. II B. The Talbot lengths
data used in Fig. 5 come from the simulations carried out
in an identical manner to those shown in Figs. 3 and 4. The
distances between primary Talbot images were measured by
analyzing the lengths between individual subsequent intensity
maximums [i.e., between each pair of integers, m and m + 2,
see Eq. (1) and Fig. 1] on the two-dimensional Talbot carpets.
The measured lengths were averaged to obtain one, possibly
accurate value of Talbot length for each of the selected values
of d.
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FIG. 5. Functions representing the Talbot length depending on
the diffraction grating period from Eq. (1) together with the data
taken from micromagnetic simulations for (a) 40 and (b) 3 GHz.

The obtained results show that the resulting SW Talbot
carpets are in good agreement with the theoretical description
of wave optics. The visualizations in Figs. 3 and 4 show the
distribution of SW intensity in the diffraction field according
to Eq. (12), which has been proven by comparing the numer-
ically obtained and theoretically predicted Talbot lengths in
Fig. 5.

B. Talbot carpets in wave-vector space

The next stage of the results analysis is to apply Fast
Fourier transform (FFT) to the obtained Talbot carpet visu-
alizations in order to transform the results from the space
domain to the wave-vector domain.

To maintain greater accuracy, the absolute amplitude val-
ues of the FFT results (along the z axis) were averaged over
a perpendicular axis. The purpose of this averaging was to
confirm that the frequency set used in the simulations corre-
sponds to the theoretical values of the wavelengths given by
the analytical dispersion relation [37] and observe the discrete
components of perpendicular wave vectors (i.e., transverse
modes). In Fig. 6 we can see that for frequency of 40 GHz,
the wavelength is about 30 nm, while for 3 GHz its value
oscillates at around 160 nm. These values satisfactorily co-
incide with those obtained from the dispersion relation, see
Appendix E. Attention should also be paid here to the peaks
occurring at larger wavelengths: they are associated with the
transition of the plane SW through the periodic object. It is
clear that the larger the value of d is, the more pronounced
the transverse components of the wave vector in our Talbot
carpets are. A plane wave after encountering an obstacle (in
our case, in the form of a hole array) gains a nonzero com-
ponent of the wave vector k, perpendicular to its propagation
direction. Due to the nature of the obstacle, it also has discrete
values being a multiple of 277 /d; see Sec. II B for details.

To find transverse components of the wave vector cocre-
ating the Talbot carpets, we perform two-dimensional FFT.
In Fig. 7, we can see the wave-vector-space maps of SW
amplitude, on the left side for 40 GHz and on the right side
for 3 GHz, along with the marked isofrequency contours of
the dispersion relation lines (IFDRLs) for the given frequency,
and the lines specific for the quantized wave vector k; (lo-
cated on the k, axis). As we can read from these figures, the
results obtained from the simulations agree very well with the

1.0/ (a) Wavelength equal (d) Wavelength equal
to 30.23 nm to 159.56 nm
0.5
T
1.0
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Wavelength (nm)

FIG. 6. SW spectra with marked first peaks responsible for the
propagation direction wavelength. On the left panel there are spectra
from simulations performed for 40 GHz for period d, which is equal
to (a) 80, (b) 200, and (c) 280 nm. On the right panel, we have
analogous results for 3 GHz for period of (d) 400, (e) 1000, and (f)
1400 nm.
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FIG. 7. Reciprocal-space maps of SW amplitude distribution at
40 GHz for the grating period equal to (a) 80, (b) 200, and (c) 280 nm,
and at 3 GHz for the period equal to (d) 400, (e) 1000, and (f)
1400 nm. Isofrequency contours are presented as red circles. The
quantized wave-vector lines are shown in green.
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theoretical data. Indeed, the individual peaks in the (k;, k)
planes perfectly match the straight lines corresponding to the
multiples of 27 /d provided in Eq. (12). They are also located
directly on the circular isofrequency lines, which confirms that
the simulated propagation of SWs in a thin Py film is isotropic.

The results directly show that the Talbot effect can be
successfully developed with SWs for its subsequent use for
applications. The outcome visible in Fig. 7 also indicates that
by manipulating the reciprocal space of the diffraction image
we can predict its properties and shape in the real space. This
feature is particularly useful, because it opens a way for the
use of the Talbot effect for SWs in the systems, in which
the location of self-images may provide information about
the input signal or the nature of the previously encountered
obstacle.

IV. EXPERIMENTAL FEASIBILITY

The purpose of this work was, among others, to demon-
strate the Talbot effect for SWs and to test its compliance with
theoretical predictions derived from standard wave optics. For
this reason, the system used for micromagnetic simulations
assumed a very small damping constant (@ = 0.0001) as a
factor not significant from the viewpoint of the SW Talbot
effect demonstration. As we have successfully shown and
described the effect, the next step was to test it in terms
of real application, so we decided to increase the damping
constant, as an inevitable parameter in magnonics, to a value
of @ = 0.005, being characteristic for a thin Py film [38]. The
simulation results are shown in Fig. 8.

Based on the simulation results for systems with a higher
damping constant, we can see that the Talbot effect is clearly
visible until the first secondary self-image is formed, so the
diffraction field effective range for this specific set of pa-
rameters can be estimated by calculating the Talbot length
formula (1). It is worth emphasizing that the SW intensity

Intensity (arb.

(b)
2 —— along a line leading from an aperture
5 along a line between apertures
a
5
‘; First secondary Talbot image
= /\J e
(%) |
QC) \j\)‘ \/\/J\ First primary Talbot image
=
£ AL AN A v .
1 3 9 11 13

7
Distance (um)

FIG. 8. Spin-wave Talbot effect in thin Py film with damping
constant & = 0.005 for 3 GHz and diffraction grating period d =
1000 nm as (a) a 2D intensity plot with mapped two lines (red and
green) along which (b) 1D intensity plots were created. Diffraction
grating is located at the left edge, and the line colors are analogous
on both graphs.

level on the first secondary self-image should be measur-
able using microfocus Brillouin light scattering (micro-BLS)
[39,40]. The simulation carried out shows that this effect, al-
though significantly limited, can be observed in systems with
higher damping, and its effectiveness will strongly depend on
the choice of material, its dimensions, and geometry of the
diffraction grating.

V. IN-PLANE MAGNETIZATION

The demonstration of the Talbot effect for SWs was carried
out so far for out-of-plane magnetization due to the isotropic
properties of SW dynamics in this configuration—and thus the
closest to electromagnetic waves in an optically homogeneous
medium. The proof of this can be seen directly in Fig. 7 in
the form of circular [IFDRLs matching with simulations data.
This situation changes if the applied external magnetic field
saturating magnetization is directed parallel (or nonperpendic-
ular) to the plane of the film—then we will observe, especially
in the regime where dipolar interactions play a significant
role, an anisotropy in SW propagation and related caustic
effects [41,42]. We have performed simulations of the Talbot
effect for SWs in Damon-Eshbach (DE) and the backward
volume (BV) magnetostatic wave geometry, where propaga-
tion of SWs is perpendicular and parallel, respectively, to
the direction of external magnetic field, 0.1 T. The results
are shown in Fig. 9, for the frequency equal to 15 GHz, for
which the system anisotropy is already clearly visible in these
magnetization configurations. The material parameters remain
unchanged compared to the simulations in the Sec. III.

The simulations show that it is possible to obtain SW
self-imaging also in much lower fields than required in out-
of-plane cases. This property can be decisive when it comes to

|
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FIG. 9. Spin-wave intensity distribution fields after passing
through a diffraction grating d = 500 nm with corresponding rep-
resentations in reciprocal spaces at frequency of 15 GHz for (a) BV
and (b) DE geometry. Analytical isofrequency contours are presented
as red ellipses, and quantized wave-vector lines separated by &k, =
27 /d are shown in green.
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the use of magnonic systems based on the Talbot effect in real
devices. We can see that Talbot carpets obtained for exactly
the same material parameters differ significantly only under
the change of the external magnetic field configuration. The
anisotropy of SW dynamics brings additional challenges, but
it also extends the possibilities of controlling and manipulat-
ing SWs through an additional degree of freedom, such as an
external magnetic field orientation. This opens the way for fur-
ther research, e.g., on magnonic logic devices that can perform
more than one function by changing the angle or the value of
the external magnetic field, thus changing the distribution of
self-images, which in turn will results in a different signal at
the output. This is a clear benefit of using the Talbot effect for
SWs and is in contrast to analogous devices in photonics and
electronics that cannot be programmed in this way.

The analysis of anisotropic effects associated with the use
of lower frequencies in DE and BV geometries, in combina-
tion with counteracting the damping impact [11], provides a
very interesting issue for further work of the Talbot effect in
magnonics.

VI. CONCLUSIONS

In this paper we have shown by using micromagnetic sim-
ulations based on solutions of the Landau-Lifshitz equation
that the Talbot effect occurs when SWs propagate in a thin
ferromagnetic film after passing through a periodic diffraction
grating created in the film. We demonstrated that the prop-
erties of SW self-imaging are consistent with the theoretical
predictions based on the general formalism of wave optics.
Thus it can be used to describe this phenomenon quite ac-
curately in the considered range of parameter variation. This
compliance cannot be introduced in advance, i.e., based on
the knowledge of the Talbot effect in optics that is described
by Maxwell equations. Rather, the Landau-Lifshitz nonlinear
equation describing SW propagation must be solved for this
purpose. This has systematically been done in our study. By
performing micromagnetic simulations in Py film with char-
acteristic damping, we showed that the observation of the
first secondary Talbot images shall be feasible with standard
micro-BLS. We expect that in yttrium iron garnet thin films,
the (first) primary images can be reached due to ten times
smaller damping [43]. Moreover, we demonstrated that the
Talbot effect exists for SWs in the out-of-plane magnetized
and in-plane magnetized film when the SW isofrequency con-
tours of the dispersion relation are isotropic and anisotropic,
respectively.

The obtained results open an avenue to practical applica-
tions of the Talbot effect in future magnonic devices. Indeed,
it is a promising phenomenon from the viewpoint of analysis,
control, and manipulation of SW propagation. That is why it
may find applications in magnonics, where devices of such a
type could be used in signal processing, e.g., in logic circuits
and SW analyzers. In the coming years, further theoretical
research, experimental demonstration, and development of
prototypes of magnonic devices based on the SW Talbot effect
are expected to occur. This work is the first step in understand-
ing the main features and assessing the potential of the studied
effects.
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APPENDIX A: DERIVATION OF THE TALBOT
LENGTH-MODEL ANALYSIS I

In order to determine the Talbot length, we analyze the
intensity (distribution of a flux density) as a function of a
distance between the grating and a given observation point P
in the diffraction field according to Refs. [44—46].

At point P away from the source (being one of the aper-
tures, see Fig. 10) by distance r,, the resulting wave ¥ (7, t)
can be written as a superposition of the N waves in the follow-
ing form:

(N=1)/2
U(rt)= 5}%( Z Cne” ' [cos (kr,) + i sin (kr,,)]).
n=—(N—1)/2

(AD)
Then the intensity can be defined as follows:

2

2 N=1)/2
1) = (92 1)) = DO ( > cos(kr,,)), (A2)

2
n=—(N—1)/2

where

rw =22+ (nd + x)2.

In order to simplify further analysis, we neglect the constant
(NC)?/2, remembering that N is the number of apertures
of the diffraction grating, C is a numerical factor, and we
consider the calculations for the point P such that x = 0 (as
shown in Fig. 10). This results in the distribution of intensity

(A3)

FIG. 10. Diagram showing the situation described in this section
together with relevant markings—a diffraction grating consisting of N
sources distant from the analyzed point P by r,, where n is a number
indicating the given aperture. The center of the coordinate system is
in the aperture n = 0.
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in the diffraction field being a function of the z coordinate:

N—1)/2 2
I(z,x =0) = ( Z cos( 27”\&2 + (nd)2>> . (A4)
n=—(N—-1)/2

To examine the course of the expression (A4), the following
substitution has been made:

2
Un = T]TV ZZ + (nd)2

As we are looking for the maximum of the (A4) expression in
the z function (self-image of the source intensity), cos? (U,)
has to take the value 1 (for any n). We can easily see that it
takes place only when U,, = mb, for b being a natural number
(b= 0,1, 2, ...). To extract the classical formula for the
Talbot length, now we assume that

(A5)

nd\*
—) «1 (A6)
z
and use Taylor’s expansion as follows:
nd\’ 1 (nd\’
I+ — ) =1+-{—). (A7)
b4 2\ z

All terms of the Taylor series above the second one were
omitted. We can now substitute the approximate result of
(AT)—(AS), and remembering that U, = b, we get the condi-
tion

2z (nd)?

— =b. A8

A + AZ (A8)
Note that the fraction 2z/A is, in fact, a certain integer indicat-
ing the doubled number of wavelengths A along the z axis. We
can therefore substitute 2z/A = by, thanks to which we get

n* d*
Cb—by A
Since for all n there exists an integer b — by that satisfies
Eq. (A9), every aperture (i.e., every circular wave source)
contributes to the resulting phase at a certain position, which

can be finally found by using the following formula for the
Talbot length:

z (A9)

d2
ir =m-—,
A
where m is an integer specifying the number of subsequent

self-images.

(A10)

APPENDIX B: DERIVATION OF THE TALBOT
LENGTH-MODEL ANALYSIS II

Another, slightly more intuitive method of determining the
Talbot length [45,47] uses the fact that each order (greater than
0) of the wave front which has passed through the diffraction
grating must have, in the direction parallel to the apertures
plane (i.e., along x axis), a period that is a natural multiple of
the distance between them:

br, =d, (B1)

where b denotes natural numbers, b= 0,1, 2, ..., and A, is
the distance between wave fronts along the x axis (x direction

1st diffraction order 2nd diffraction order

FIG. 11. Propagation scheme of two diffraction orders of the
plane wave fronts behind a diffraction grating, in accordance with the
rule described by Eq. (B1). Gray lines are the wave fronts with equal
phases, while the black arrows indicate the wave-vector directions.
Wavelength representations on the axes are marked below.

modulation, for simplicity called ‘“horizontal wavelength,”
while 2, is the “vertical wavelength,” remembering that they
are not wavelength projections). The described physical situ-
ation is presented in Fig. 11.

In order to find the dependence between those particular
wavelengths, the geometrical property presented in Fig. 11
is used, from which a simple relationship can be obtained as
follows:

Lol (B2)
A2 A2 Y

Using the above introduced Eq. (B1) and simple mathematical
derivations, we get the following formula for the “vertical
wavelength”:

A
A= —7—— (B3)

Ji-cke

As we know, a period of repetitive intensity modulation in
the direction parallel to the z axis, after passing through
the periodic structure, has a strictly defined value. Therefore
we considered points on this axis for which the secondary
waves coming from each of the apertures will have the same
phase—it is the condition of occurrence of the constructive
interference. The phase distribution of the waves along the z
axis is introduced as

2
¢, =kz=—z (B4)
Az

For the points on the z axis that are a multiple of the wave-
length A, the phase will be constant and equal to 2w. By

combining Eqgs. (B3) and (B4), we obtain the phase distribu-
tion of the diffraction image along the z axis:

2z a2
¢=T 1—(d). (B5)

o
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Assuming that the grating constant is much larger than the
wavelength, it can be written

) (B6)
y .
Next, again using Taylor’s expansion, we obtain
2nz7 1 an\? 2wz Az
~—|1—-=— =— - . B7
¢ A |: 2( d ) ] A d? ®7)

Having already expressed the phase distribution in the
diffraction field along the z axis, we could think about partic-
ular points we are interested in. As we know, the Talbot length
determines the distance between the successive maxima of
intensity perpendicular to the diffraction grating plane and
coming from one of the apertures. Obviously, the maximum
intensity also occurs on the apertures themselves (at x = 0).
Therefore their subsequent repetitive modulation will be the
reproduction of the image from the beginning of the system,
and thus the reconstruction of the diffraction grating itself
(self-imaging) takes place. We are looking for a constructive
interference along the z axis for each of the values x = nd,
which correspond to the subsequent apertures positions. The
first term on the right-hand side of Eq. (B7) does not depend
on which aperture we choose as a reference point, so we
should make its second term a multiple of the full period.
Then, this formula could fulfill the condition of constructive
interference, so we can write in our case

2wz
¢Z - T - 27'[]12.

(BY)
Comparing Eq. (B7) with the above-given condition of

constructive interference, we can see that they are identical

only if Az/2d* =1, which leads us to the desired Talbot

length, i.e.,

_2d?

ir = P

In Eq. (B9) the obtained Talbot length is multiplied by 2,
which can be omitted in the general case. As we can see in
Eq. (1), the factor by which d?/x is multiplied determines
only the order, i.e., the number of the Talbot image analyzed
in the sequence, and the fact whether the self-image is shifted
laterally in a phase (secondary image, for an odd factor) re-
garding the original image or is it the phase compatible with
that image (primary image, for an even factor), see Fig. 1.
Equation (B9) gives the distance between the source and the
first-order primary self-image.

The laterally shifted Talbot image would be, in turn,
extinguished by taking over the condition for destructive in-
terference,

(B9)

(B10)

which yields

r=—, (B11)

being the Talbot length for the odd factor m = 1, according to
Eq. (1).

APPENDIX C: ANALYSIS OF COMPUTATIONAL
UNCERTAINTIES

It should be emphasized [48] that the analytical formulas
obtained in Appendix A and Appendix B give correct results
in the systems for which the approximations

d> A (C1)

and

z>d (C2)

are applicable. Thanks to them, it was possible to apply Tay-
lor’s expansion in each of the cases described by Eqs. (10),
(A7), and (B7). While the condition (C2) can be easily met in
most cases, the condition (C1) is no longer so obvious. Indeed,
for diffraction gratings whose spatial period is comparable
to a given wavelength, then Eq. (B9) can cause significant
discrepancies as compared to experimental or numerical data.

In the case when d ~ X, the verification of experimental
and numerical results is based on the exact, general solution
derived by Lord Rayleigh in 1881 [19], defining the Talbot
length as

A
= — (C3)

Llyen. = .
1= /1=y

To quantify the difference of results obtained from Eqgs. (B9)
and (C3), a graph of the function z7(d) generated from the
both equations is presented in Fig. 12.

The discrepancy function (expressed in percent) is defined
as the relative difference of values obtained from Eqs. (C3)
and (B9):

_ et — 2l

8 x 100%. (C4)

yen,
Analyzing the results presented in Fig. 12, we can conclude
that the discrepancy function increases as the diffraction grat-
ing period decreases and reaches 100% when d = A. Thus it is
justified to use Eq. (B9) only in the systems where the grating
constant is properly greater than the incident wavelength;
otherwise it is necessary to use its general form (C3).

zr{A]

20 -1 100

L5 2.0 25 3.0

FIG. 12. Graph of the Talbot length as a function of the diffrac-
tion grating constant. The general form and the form derived in this
paper are shown by blue and green lines. The discrepancy function
is shown by the red line.
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FIG. 13. The dispersion relation for 5-nm-thick Py film in the
presence of a 1.1-T out-of-plane magnetic field. The two marked
values of the wave vector correspond to 3- and 40-GHz frequencies.

APPENDIX D: SIMULATIONS DETAILS

The performed simulations consist of two parts. First,
the static magnetic configuration has been reached which, in
turn, was perturbed by a source emitting plane SWs incident
normally on the grating. SWs have been excited by the con-
tinuously applied RF field, localized on the left side of the
diffraction grating within a 15-nm-wide region. SWs have
been continuously induced until reaching the resultant steady
state, i.e., the state when a fully evolved interference pattern
is formed. Along the film’s edges perpendicular to the grat-
ing, the periodic boundary conditions have been introduced
to mimic an infinitely long diffraction grating. In contrast,
at the edges parallel to the grating, the absorbing bound-
ary conditions with a gradually increasing damping constant
have been used [49]. The out-of-plane simulations have been
performed for two frequencies, 40 and 3 GHz, which cor-
respond to the wavelengths 31.2 and 156.9 nm, respectively
(see Appendix E). Pure exchange SWs are definitely eas-
ier to model for higher frequencies, since the wavelength
for 40 GHz is only a few times greater than the exchange

length [lx =
not yet accessible experimentally. Therefore we have decided
to perform simulations for a more realistic regime to check

whether this effect is obtainable for frequencies and wave-
lengths available in contemporary laboratories, which would

2Aex/(oM3) = 6 nm]. However, this case is

directly affect its application potential. We also investigated
the spin-wave Talbot effect in BV and DE configurations for
15 GHz, where the isofrequency contours indicate that the
calculations were made for the dipole-exchange regime, i.e.,
both dipole and exchange interactions play a significant role.
A much smaller required external magnetic field (in plane, 11
times smaller than out-of-plane in our simulations) is a step
towards experimental prototypes.

For each analyzed SW frequency, the studied system was
discretized by the 5 x 5 x 5 nm? unit cells.

APPENDIX E: SPIN-WAVE DISPERSION

The analytical theory of SWs in thin ferromagnetic films
was developed by Kalinikos and Slavin in Ref. [37]. Follow-
ing that theory, in the linear approximation the dispersion
relation, where wave vector k propagates in the film plane
at an angle ¢ with respect to the direction of the external
magnetic field Hy projected onto the film plane, and the Hy
and static magnetization vector Mg form an angle ¢+ with the
normal to the film plane, takes the form

o = (on + Louk®) (on + Lowk® + onF (¢, 9)). (E1)

where w = 27 f is the angular frequency of SWs, f is the
frequency, 1 is the vacuum permeability, wy = |y |pno(Hy —
Ms), wm = y HoMs, and the function F (¢, ©) is defined as

F(p,9) =P +sin*(®)

.2
X |:1 —P(l—l—cos2 (go)—|—MSP(1_P)Sln(W>],

Hy + 12 Ms
(E2)

where
1— e—kL
P=1———, (E3)
kL

and L is the thickness of the analyzed ferromagnetic film. The
contribution of dipolar interactions to the SWs dynamics is
expressed by the term F (¢, ), and the effect of the exchange
interaction is represented in Eq. (E1) by the terms proportional
to k2.

The dispersion relation of the simulated Py film is pre-
sented in Fig. 13. We can see that for 40 GHz the wave-vector
value along the z axis k, is equal to 32.01 rad/um, which
corresponds to the wavelength A, = 31.24 nm. For 3 GHz,
k, = 6.37 rad/um, so A, = 156.92 nm.
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5.1.2 Spin-wave Talbot effect in various multimode waveguides (P2)

Building on previous work demonstrating the Talbot effect for spin waves (P1), this paper
advances the study by investigating self-imaging in various multimode waveguides. We consider
thin ferromagnetic films with a series of single-mode spin-wave sources/inputs, and investigate
how these sources induce the self-imaging effect. Through micromagnetic simulations, we
systematically analyze how the phenomenon depends on key parameters, including the waveguide
width, the number of inputs, and their spatial periodicity. These findings lay the foundation for
the development of advanced magnonic devices that exploit the Talbot effect, such as the logic
systems discussed in the next section (paper P3).
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Abstract—Self-imaging of waves is an intriguing and
spectacular effect. The phenomenon was first observed
for light in 1836 by Henry Fox Talbot and to this day
is the subject of research in many areas of physics,
for various types of waves and in terms of different
applications. This paper is a Talbot-effect study for spin
waves in systems composed of a thin, ferromagnetic
waveguide with a series of single-mode sources of spin
waves flowing into it. The proposed systems are studied
with the use of micromagnetic simulations, and the spin
wave self-imaging dependencies on many parameters are
examined. We formulated conditions required for the
formation of self-images and suitable for experimental
realization. The results of the research form the basis for
the further development of self-imaging-based magnonic
devices.

Index Terms—magnonics, spin waves, Talbot effect,
self-imaging, waveguides.

I. INTRODUCTION

Due to their unique properties, such as a strong depen-
dence on the material parameters and the magnetization
orientation in relation to the direction of propagation or
the film plane, spin waves (SWs, i.e, coherent magnetization
disturbances propagating in magnetic materials in the form
of waves) are a fascinating research object[1]. Their dynamic
properties are related to coexisting short-range, strong, and
isotropic exchange interactions and long-range, weak, and
anisotropic magnetostatic interactions. Moreover, one of the
essential advantages of SWs as an information carrier is
the fact that their frequency spans range from a few to
hundreds of gigahertz, with the corresponding wavelength
range extending from micrometers to tens of nanometers.
All this adds up to the type of medium that can be influ-
enced and configurable on many levels, making them flexible
for applications in devices that can potentially support or
replace conventional electronic solutions[2], [3].

Usually, the transmission and processing of SWs in narrow
waveguides[4], [5] that are often coupled[6] are considered
in magnonics. Another promising line of research is the use
of elements much wider than the waveguides themselves
to redirect[7], [8], [9] and process SWs[10], [11], [12], [13],
[14]. These elements, being multimode waveguides, can
be referred to as processing blocks. Most commonly, SWs
are delivered to these elements via a single or a group
of narrow waveguides. Subsequently, these entering SWs
interfere with each other. Moreover, this interference can be
further molded in processing blocks by properly modifying

the medium where SWs propagate. It can be achieved by
the introduction of defects[14], programmable magnetic ele-
ments on top of that region[12], or utilization of noncolinear
magnetization textures[15]. The main advantage of this
approach is the possibility of using interference effects to
process SW-carried information[12], [13], [14].

It is important to note that as waves fall into the process-
ing block from a group of evenly spaced waveguides, the in-
terference image with the same symmetry as the waveguide
array is formed. There is a strong analogy to the Talbot
effect[16], [17] that was firstly observed for electromagnetic
waves. It results from waves interference coming from a
series of periodically arranged sources. The most visible
distribution of self-images, the so-called Talbot carpet, is
created for infinitely many sources, corresponding to an
infinitely long diffraction grating through which a plane
wave passes. This phenomenon is extensively studied in
recent years for many types of waves[18] and found already
applications, for instance to improve x-ray imaging[19]. It
has been theoretically demonstrated that this effect can
occur also for SWs[20]. However, the conditions of the
formation of the SWs’ self-images in a thin ferromagnetic
multimode waveguide have never been studied.

In this paper, we numerically investigate prototypes of
SW multimode waveguides with multiple input single-mode
stripes (see Fig. 2) and use the phenomenon of multimode
interference (MMI). The fact that self-imaging is here an
inherent property of the system allows assuming that in this
type of device the interference images will form patterns
analogous to the classic Talbot carpets. We will analyze
how the width of the multimode waveguide, the number
and separations between input waveguides influence the
interference pattern, and finally we will discuss prospects
for applications. We believe that due to the advantage
of magnonic systems over the photonic ones in terms of
miniaturization, the self-imaging effect may result in effi-
cient magnonic devices, such as logic gates, couplers, multi-
/demultiplexers, or phase controllers.

The paper is organized as follows. In Section II we
describe system and method used in our investigations. In
Section III we present the simulation results for different
geometrical parameters and in Section IV we discuss the
influence of damping on formation of the self-images. The
paper is finishing with conclusions of the results.



II. MODEL DESCRIPTION

A. Self-imaging

The phenomenon of the self-imaging of waves is well
described and widely used today[18], [21]. It dates back to
the early 19th century when Henry Fox Talbot first observed
it for light passing through a diffraction grating and a
lens with high magnifying power[16]. The Talbot effect is
the result of waves’ interference as they pass through any
periodic aperture. In its close diffraction field, at strictly de-
fined distances from the sources, replication of the periodic
structure — self-imaging will take place [see Fig. 1(a)]. The
effect is the more visible, the wider diffraction grating is in
relation to the wavelength of waves passing through it. For
an infinitely long periodic grating (or sources array), one can
obtain the Talbot carpet — ideal and repeated recreations
of the periodic structure in every period, so-called Talbot
lengths, described by a formula

zr =nd? /), (1)

where n is an integer specifying the number of subsequent
self-images, d is a period of the object, and A is a wavelength.
The theory of the Talbot effect has been described many
times for various types of interactions [20], so in this paper,
we will limit it only to the general description.
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Figure 1. Illustrative self-imaging representation for (a) an infinitely
long array of sources on the left and (b) for a finite number of inputs,
where the near diffraction field quickly turns into the far diffraction
field, and the Talbot effect disappears. In both cases, SW frequency
is equal to 40 GHz, inputs period is 120 nm and infinitely wide
waveguides were assumed.
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Figure 2. Scheme of a M-input multimode device.

B. Micromagnetic simulations

In order to present magnonic systems based on the
self-imaging effect with MMI, the micromagnetic package

MUMAX3 was used[22]. The studied systems were
discretized uniformly by 5 x 5 x 5 nm® unit cells, with one
cell per thickness. The following magnetic parameters were
applied in the simulations: saturation magnetization of
Mg = 860 kA/m, an exchange constant of A =13 pJ/m,
these are the parameters related to permalloy, and initially
negligibly low damping constant o = 107°. In each of
the analyzed cases, the waveguide was homogeneously
magnetized by the external magnetic field of the value
uoHop = 1.1 T (Hy > Mg), directed perpendicular to the
plane of the system. Low amplitude harmonic SWs were
excited continuously by a microwave antenna placed on
each of the input single-mode waveguides of 40 nm width,
at a distance of 90 nm from the multimode part (see Fig.
2), until the system reached a steady state, i.e. a state
where the interference image in the multimode layer is
no longer dependent on time. The analyzed frequency
of the SWs in our systems is 40 GHz enabling to excite
exchange interaction dominated SWs of the wavelength
(A = 68.83 nm) only a dozen times greater than the

exchange length (lex = 1/2A/(uoMZ) = 6 nm). To illustrate

the propagation of SWs through the system, the intensity
maps were calculated as the square of the m,-component of
magnetization and averaged over time <m320> . after reaching
the steady state.

III. MULTIPLE, LONG-RANGE SELF-IMAGING IN
MULTIMODE WAVEGUIDES

The simulations were divided into three parts, where the
Talbot effect in the M-input MMI systems was examined in
terms of parameters like the distance between the inputs,
the number of inputs, and the multimode waveguide width.
In each of the presented cases, the impact of changing
only one of these parameters was analyzed, leaving the
other unchanged. This allows to access the possibilities of
manipulating interference images in terms of their best use
in future magnonic devices.

1) Variable distance between inputs: The first studies
are for systems with a variable distance between the in-
puts while maintaining a constant number of them and
unchanged width of the system. We assume M=8 inputs
and the waveguide width equal 1.64 pm.

The analysis of the SW interference images in the multi-
mode layer in Fig. 3 clearly shows that the interference first
causes the formation of self-images in the near diffraction
field, then due to the MMI, the structure is reconstructed
further away from the source. As the distance between the
inputs increases, so does the distance at which the repro-
ductions of Talbot carpets appear. By further increasing
the distance between the inputs while keeping the condition
of their number and system width constant, we will come
to the point where the series of inputs will span the entire
width of the waveguide (see Fig. 4).

For large distances, when the inputs fill whole waveguide
width, it can be noticed, that in near field the self-imaging
effect is very clear. The first Talbot images (a series of first
reproductions of periodic sources, laterally shifted in phase



Figure 3. Intensity maps of SWs entering from a series of 8 single-mode
40 nm wide waveguides (on the left) into a 1.64 pm wide multimode
film. The distance between the sources is respectively (a) 80 nm, (b)
110 nm, and (c) 140 nm. The red and green vertical lines represent the
cross-section along which the normalized SW intensities as a function
of width are plotted (on right).
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Intensity maps of SWs in the near diffraction field of

Figure 4.
multimode, 1.64 pm wide waveguides, with 8 inputs separated by (a)
170 nm and (b) 200 nm.

by half of their period) are very similar to the theoretical
ones [see Fig. 1(a)], despite the finite dimensions of the
system. The difference is only visible at the edges of the
system, where the resulting SW focus points are clearly out
of line with the others, disturbing the self-imaging. For the
first two Talbot lengths (see Eq. 1), this disturbance does
not significantly affect the phenomenon, however, for further
distances the pattern regularity is increasingly disturbed.
Nevertheless, due to reflections from the waveguide edges,
the reproductions of the entire patterns are created also at
a distance of a dozen nm. However, the self-images resulting
from the Talbot effect in the near field are more interesting
from the application point of view, because they maintain
their regularity and high intensity (see the insets on the
right side of Fig. 3), even in materials with relatively high
damping, as will be discussed in Section IV.

2) Variable number of inputs: The second type of nu-
merical simulation is performed to check how the change
in the number of single-mode inputs affects the formation
of both Talbot carpets and their reproductions on the
further sections of multimode waveguide. Analogically to

the previous paragraph, the width of the system and the
distance between the sources will remain unchanged here,
i.e.,, 80 nm and 1.64 nm, respectively.

Figure 5. Intensity maps of SWs in a 1.64 pm wide multimode film
coming from (a) 3, (b) 5, and (c) 10 single-mode inputs, separated by
80 nm. The red and green lines represent the cross-section along which
the normalized SW intensities as a function of width are plotted (on
right).

In Fig. 5 it can be seen that, in contrast to the distance be-
tween the inputs, their number does not affect the distance
at which the Talbot pattern is reconstructed in a multimode
waveguide. However, for a small number of sources, this self-
imaging in far field practically does not occur — for three
sources in Fig. 5(a), a specific interference pattern can be
seen, but with significantly lower intensity. Only in the case
of 5 or more sources, we can observe the reproduction of the
near diffraction field.

3) Variable MMI waveguide width: The last type of sys-
tem in which we decided to analyze SW self-imaging are
multimode waveguides with different widths. Here again,
as in the previous cases, the remaining parameters tested,
i.e., the number and the distance between the inputs, are
constant, M=10 and 80 nm, respectively.

The simulation results presented in Fig. 6 clearly show,
following the intuition from geometric optics, the tendency
of the SWs’ re-focus area to move away from the inputs
with increasing width of the waveguide. It points that
the width of the multimode waveguide and its edges are
important factors influencing reproduction of the pattern in
far field. Comparing Figs. 6(a)-(c), it can be seen that the
interference image shown in Fig. 6(a) most closely resembles
the classical Talbot image, a similar conclusion may be
drawn from comparing Fig. 3(a)-(c). This indicates that by
properly choosing the width of the multimode waveguide,
the number and a separation between the input single-mode
waveguides, one can reproduce a Talbot carpet in relatively
far distances in multimode waveguides, the same as for an
infinite number of periodically arranged SW sources. This
is because, the lateral edges on which reflections occur can
act similarly to periodic boundary conditions. This means
that for materials with low damping, it can be possible
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Figure 6. Intensity maps of SWs entering from a series of 10 single-
mode 40 nm wide waveguides (on the left) into a (a) 1.25 pm, (b)
1.75 pym and (c) 2.5 pm wide multimode film. The distance between
the sources is equal in all cases 100 nm. The red and green lines
represent the cross-section along which the normalized SW intensities
as a function of width are plotted (on right).

to transmit information about a geometry of a diffraction
grating/array of sources over long distances thanks to the
self-imaging phenomenon.

IV. IMPACT OF GILBERT DAMPING ON THE
SELF-IMAGING EFFECT

The Talbot effect in finite systems of thin ferromagnetic
layers can be used in two ways. (i) At short distances
from the source array, as we have presented in Fig. 4
for a wide distribution of a number of sources. Here the
near diffraction field is distributed over the width of the
multimode waveguide and is close to the classic Talbot
carpet, and it doesn’t significantly depend on the edges of
the waveguide (see Figs. 3-6). (ii) As we presented in the
other examples, where the near field pattern is reproduced
over longer distances. Of course, especially the latter case
raises the question of the SW damping and whether this
effect is achievable experimentally.

On the basis of micromagnetic simulations, we analyzed
the influence of a damping constant on the self-imaging
effect, by simulations with the two values of a: 3.2 x 1074
[characteristic for yttrium iron garnet (YIG)], and a =
5x 1073 (permalloy). The remaining material parameters,
characteristic for permalloy, are unchanged in relation to the
previous simulations. YIG and permalloy are some of the
most popular magnetic materials in magnonics due to low
damping; therefore, the choice the tabular damping values
characteristic for these materials as an example is justified.

Figure 7 shows the SW amplitude distribution for two
types of system geometries, with smaller separation between
the inputs [(a) and (c)] and large separation [(b) and
(d)], for the two values of a. The conclusion that arises
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Figure 7. SW intensity maps in multimode waveguides with Gilbert
damping factors equal to (a), (b) @ =5x 1072 and (c), (d) a=3.2x
10~%. The graph (e) shows the intensity of SWs on a line from the
fourth source for both analyzed damping values (and smaller input
period cases). The Talbot length is marked as zr, while the length of
reproducing self-images as znvr-

is certainly a large decrease in the intensity of self-images
in the far diffraction field for the « of permalloy — here
detection by measuring techniques such as micro-BLS may
be limited only to classic Talbot images formed near the
source array. However, in systems with small damping, the
situation is much more promising — reproductions at the
distance of even a few pm from the sources should be
measurable using standard techniques for measuring the
dynamics of magnetization.

Figure 7(e) shows the SW intensity as a function of the
distance from the array sources along the line crossing the
fourth source. It can be clearly seen that in the system with
the damping constant characteristic for permalloy (orange
line) the decrease in SW energy by 50% occurs after around
700 nm, thus only classic Talbot effect (z) can be exploited.
For YIG-value of damping the signal decreases by 50%
only after around 8 pm, which allows for observation at
least 3 reproduced Talbot images (3zymr) and makes it
a good candidate for applications. It is also important to
point out that both YIG, permalloy, and materials with
a slightly higher damping factor can be used in systems
where the Talbot effect in the near field will be used. This is
especially promising for future potential magnonic devices
where miniaturization, e.g. computing systems, will be a
key.

V. CONCLUSIONS

The propagation of high-frequency SWs in multimode
structures is of a great interest. Such studies allow under-
standing the dynamics of SWs in structures that can replace
conventional CMOS systems in high-speed signal process-
ing, logic circuits, and information storage technologies in
the near future. Using different types of system geometry,



materials and changing the direction and value of the
external magnetic field, we can manipulate the interference
field generated in the multimode part.

The combination of the Talbot effect with MMI was the
core of the structures proposed in this paper. We showed
that a series of single-mode SW sources causes the forma-
tion of self-images in multimode waveguides in the near
diffraction field and also to be transferred for much further
distances creating reproduced Talbot carpets due to MMI.
The quality of these reproduced carpets depends on the
multimode waveguide widths, edges and the arrangement
of single-mode waveguides. In materials with low Gilbert
damping, this may result in focusing SW beams at far
distances from the sources, while the near diffraction field
may retain properties close to the theoretical undisturbed
Talbot carpets even for moderate values of damping.

The out-of-plane alignment of the magnetization used in
the paper is advantageous in the analysis of Talbot phe-
nomena due to the circular shape of isofrequency contours.
It makes the analyzed magnonic systems a good analogue
of the systems known from photonics. However, there are
still a number of technical issues, including high frequency
and the value of the external magnetic field assumed in our
simulations required to uniformly magnetize the system.
One of the solutions may be the use of in-plane magne-
tized ferromagnetic layer, which would certainly contribute
to lowering these two parameters, but at the same time
introducing an anisotropy to the system.

We hope that this work will draw the attention of the
magnonic community to the potential of SW self-imaging
in many sorts of future technological solutions.
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5.1.3 Concept of a magnonic logic device based on the self-imaging phe-
nomenon (P3)

This work explores a novel approach to incorporate spin waves into the computing paradigm,
with the goal of advancing the integration of magnonics with conventional complementary metal-
oxide-semiconductor (CMOS) technology. We exploit the Talbot effect in the spin-wave domain
to design and simulate interference-based logic systems. By utilizing self-imaging phenomena
in thin, ferromagnetic multimode waveguides, we demonstrate that it can be effectively used
to implement fundamental logic operations — a concept that, to the best of our knowledge,
has not yet been explored. Using micromagnetic simulations, we design and evaluate spin-
wave-based lookup tables (LUTs) that exploit self-imaging and demonstrate its high degree of
programmability and scalability. This design allows for flexible control of spin-wave phases
and amplitudes, a capability essential for implementing a variety of logic operations. The
ability of these LUTSs to support multiple logic configurations makes them highly suitable for
field-programmable gate array (FPGA) applications where reconfigurability is essential. This
work presents a novel use of spin-wave self-imaging as a mechanism for logic reconfiguration.
Such functionality has the potential to complement conventional CMOS technology and pave
the way for energy-efficient, magnon-based computing architectures.

Contribution of the Author

In this work, together with P. Gruszecki, I developed the original concept of spin-wave self-
imaging-based logic devices and designed the corresponding structures to implement this func-
tionality. I performed all micromagnetic simulations using MuMax3 and, based on a convolution-
based code originally developed by P. Gruszecki, I adapted and extended it to efficiently generate
interference patterns specific to this work, thereby avoiding the need for repeated micromag-
netic simulations. I post-processed the data, contributed to the interpretation of the results in
collaboration with M. Krawczyk and P. Gruszecki, and took primary responsibility for writing
the manuscript, managing its submission to the journal, and handling correspondence with the

reviewers.

©2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH. The paper
was published under the CC-BY 4.0 license.



RESEARCH ARTICLE

'.) Check for updates

ADVANCED
ELECTRONIC

MATERIALS

www.advelectronicmat.de

Self-Imaging Based Programmable Spin-Wave Lookup Tables

Mateusz Gofebiewski,* Pawet Gruszecki, and Maciej Krawczyk

Inclusion of spin waves into the computing paradigm, where complementary
metal-oxide-semiconductor devices are still at the fore, is now a challenge for
scientists around the world. In this work, a wave phenomenon that has not
yet been used in magnonics-self-imaging, also known as the Talbot effect,

to design and simulate the operation of interference systems that perform
logic functions on spin waves in thin ferromagnetic multimode waveguides
is utilized. Lookup tables operating in this way are characterized by high
programmability and scalability; thanks to which they are promising for their
implementation in field-programmable gate arrays circuits, where multiple

logic realizations can be obtained.

1. Introduction

Over the last decades, there has been a steady increase in the
demand for computing power and multipurpose systems for
information processing. One of the strategies is the utiliza-
tion of reprogrammable integrated circuits whose functionality
can be determined and changed multiple times after manufac-
turing. The most popular class of such circuits are field-pro-
grammable gate arrays (FPGAs),l!! which allow for hardware
implementation of customer-specified functions. Moreover,
FPGA-based devices can on-demand, partially or even entirely,
change their configuration during their operation. In a nut-
shell, an FPGA is made up of interconnected (by routing chan-
nels) configurable logic blocks (CLBs) that perform specific
logic functions (see Figure 1). FPGA structures contain from
tens to thousands of CLBs with a very diverse structure. The
essential elements of the CLBs are multi-input RAM-memory-
based lookup tables (LUTs) that realize the array indexing oper-
ation, that is, they can be used to implement any logic function.

Reprogrammable logic circuits such as FPGA could benefit
greatly from using beyond-CMOS solutions such as the replace-
ment of the electric charge as an information carrier, by spin
waves (SWs) that are coherent and precessive magnetization
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oscillations propagating without charge
transfer in magnetic materials.? This
property, combined with a wider range of
available frequencies than in electronics
and the ability to encode information both
in amplitude and phase, makes SWs an
important candidate for an information
carrier in a new generation of computing
devices, where Joule-Lenz heat and other
obstacles may be significantly reduced.®!

Magnonic circuits (systems utilizing
SWs)IoU may consist of waveguides
through which SWs propagate,12~5
and interference areas at crossings, for
example, for creating majority gates.[16-20]
The waveguides may also couple with other waveguides?'?2 to
implement a logical operation. In this manner, it has been pos-
sible to demonstrate a 32-bit magnonic full adder?l and SW-
based approximate 4:2 compressor.23l Another strategy is to use
wide ferromagnetic film areas for SW operation and narrow
waveguides as SW inputs. This approach was used to redi-
rect?*26] and process SWs.[?-32] Operation of these systems is
based on the interference of incoming SWs. Therefore, a local
modification of the medium (the magnonic equivalent of the
refractive index) in which SWs propagate is crucial to design
and optimize its functionality. It was recently shown that it
could be achieved by an introduction of defects in so-called
inverse design approach,??l placement of programmable mag-
netic elements on top of that region,’% or utilization of non-
colinear magnetization textures.?3-3°! This interference based
strategy appears promising also for the realization of physical
neural networks operating on SWs.2%33] Thereby, interference
effects open a promising avenue for the development of SW-
based beyond-CMOS solutions.

A plane wave passing through a system of periodically
spaced obstacles (diffraction gratings or holes) interferes, cre-
ating a characteristic diffraction pattern in the near field, repro-
ducing the grating image at specific distances from the input
apertures. This phenomenon is known as the Talbot or the self-
imaging effect, and was observed for light already in the 19th
century.?®l The resulting interference pattern is called a Talbot
carpet, and we have recently theoretically demonstrated that
this effect can also occur for SWs.[¥”! The properties of Talbot
carpets created by SWs strongly depend on material parame-
ters, geometry, type, thickness of a magnetic material, and on
dynamic parameters such as wavelength, orientation, and the
value of an external magnetic field.

Here, we exploit the self-imaging phenomenon occurring
in a thin ferromagnetic multimode waveguide with SWs intro-
duced by periodically spaced single-mode input waveguides.
SWs entering the multimode waveguide have a controllable
phase. In particular, we present a new class of reprogrammable
magnonic blocks implementing array indexing operations.

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 1. Schematic structure of the FPGA matrix with the CLB build inset (DFF: “delay” flip-flop circuit; MUX: multiplexer; Clk: clock; Rst: reset).

Therefore, we propose a fully magnonic LUT, an essential
FPGA building block. We show that our device can be relatively
easily configurable by dynamic parameters, that is, without the
need to physically change the structure. More specifically, in
the paper we describe a logic block with eight magnonic input
waveguides—six of them having a control function (control
input), that is, the responsibility for defining the functionality
of our device and the other two feeding the SW carrying infor-
mation. On the opposite side of the device, in well-defined posi-
tions, there are five outputs. Our LUT is programmed by the
phase of the SWs entering the control inputs, and the output
logic level is encoded in the SW amplitude. Therefore, we
demonstrate 2-input and 5-output LUT. The proposed idea of
the self-imaging magnonic LUT can be further developed to
include more inputs/outputs and integrate them into CLB and
FPGA circuits. In addition, most of the research provided here
was obtained using an efficient technique for calculating the
steady-state SW amplitude distribution, specifically developed
for this purpose. This method provides a satisfactory approxi-
mation of full micromagnetic simulations and, at the same
time, is several orders of magnitude faster.

2. Results

2.1. Talbot Carpet from a Finite Source Sequence

Let us consider a 5 nm thick yttrium iron garnet (YIG) film,
uniformly magnetized by the out-of-plane magnetic field of
value tioH = 1.1 T with 1, being the permeability of the vacuum,
where SWs propagate at frequency f= 40 GHz (see the mag-
netic parameters and simulation details in Experimental

Adv. Electron. Mater. 2022, 2200373 2200373 (2 of 11)

Section). We have chosen this arrangement for the simplicity of
calculation, and it guarantees the isotropic propagation of SWs
of several dozens of nanometers (i.e., in the so-called exchange
regime). The effect of the anisotropy of the dispersion relation
on self-imaging is discussed in ref. [37].

First, let us analyze the Talbot carpet obtained by interfer-
ence of incident SWs at f= 40 GHz from a finite sequence of
periodically arranged 40 nm wide waveguides with a period
equal to 200 nm, supplying SWs to a thin film. We study
the effect of small changes in the width of a thin film on the
quality of the interference pattern (as shown in Figure 2). It is
clearly visible that the self-images obtained in the systems with
the width equal to the exact multiple of the period (multiplied
by the number of inputs), here being 1.60 um, are the most
accurate and closest to those with an infinitely wide layout for
which the Talbot effect is theoretically described.2 A slight
change in this parameter causes the interference pattern to
become distorted (Figure 2a,b), and the self-images are less
accurate. In this analysis, the most significant result is that,
despite the disturbance of the arrangement that may occur in
experimental implementations, the Talbot images remain at
the same distance from the sources, and their distribution is
qualitatively similar (green dashed rectangle in Figure 2) after
spatial averaging by the detectors. Despite the high sensitivity
to geometric changes, the Talbot effect retains its properties,
especially as we analyze changes in the intensity of the self-
images in relation to their calibration distribution rather than
the top-down values.

Due to the limited dimensions and the number of sources
entering the multimode waveguide, it is not possible to rec-
reate an ideal Talbot carpet in a waveguide with finite widths.
However, it is visible that the self-imaging effect is almost

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 2. Comparison of Talbot carpets (SW intensity distribution in a
near diffraction field) obtained from micromagnetic simulations for the
same parameters except for the system width. In (a—c), the width is suc-
cessively reduced by 20 nm for an unchanged input period of 200 nm.
The region of self-image occurrence (each time at a distance of 560 nm)
is marked with a green dashed rectangle. In each picture the input source
is placed at the top.

perfect when the sources are spread over the entire width of
the system.1®l Consequently, we are able to acquire high-quality
self-images at a distance as close to the Talbot theoretical length
as possible, which is described by the following equation

zr =nd’ A Q)

where d is the period of the input waveguides, A is the wave-
length, and n is an integer specifying the number of subse-
quent self-images (here we consider only n = 1). It is crucial that
zr depends only on the period and wavelength of the waves that
creates the interference pattern.

It is also worth emphasizing the scalability of this effect—
the presented results are correct for each range of system
dimensions/spin wavelengths, where the proportions remain
the same as long as the propagation of SWs is isotropic
and are only limited by technical capabilities. In this paper,
we analyze systems with sources distributed over the entire
width of the waveguide, with the distance between them
equal to 200 nm. This is justified by the need to control and
manipulate self-images, which is favored by a Talbot length
that is at least an order of magnitude longer than the wave-
length. These issues will be discussed in the following parts
of this paper.

The linear approximation of the Kalinikos—Slavin (K-S) SW
dispersion relation®) for out-of-plane magnetized ferromag-
netic thin films is described by the equation

0" = (04 + 1204k ) (0 + ok’ + ©yF (kL)) ()
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where @ = 27f is the angular frequency, L is a film thickness,
wy = |[Y|uo(H — Ms), iy = Y1oMs, k is the wavenumber, v is the
gyromagnetic factor, I, is the exchange length, Ms is the mag-
netization saturation and

(=)
F(kL)=1-"—— (3)

We can use Equation (2) to estimate the value of the
wavelength and the group velocity of SWs that have a direct
impact on the speed of the device. Furthermore, the equa-
tion for the Talbot length (Equation (1)) can be used to
verify whether this distance agrees with the simulations.
After substituting all the data, we get the group velocity
Vg = do/dk = 1.9 km 57, the wavelength A = 67 nm, and thus
zr (n =1) = 581 nm. As we can see in Figures 2 and 5, this
corresponds well to the distance at which we analyze the
refocusing of SWs.

2.2. Input Phase Coherence Control

Knowing that self-imaging of waves from a number of sources
is very sensitive to any incoherence, we can first analyze Talbot
carpets and self-images from this point of view. We use Huy-
gens—Fresnel principle-based calculations (HFPBC) to make
these calculations. This method provides a satisfactory approxi-
mation of the interference patterns in waveguides created by
various apertures of the incoming SWs. At the same time,
HFPBC is a few orders of magnitude faster than the con-
ventional full micromagnetic simulations (see Experimental
Section).

If N coherent in phase and amplitude signals enters a mul-
timode waveguide, then at distance zp we get N — 1 readings
with the possibility of reusing them. The single-signal loss
results from the lateral shift of the Talbot images (character-
istic for odd n values—see Equation (1)) and the finite width of
the functional area. If, on the other hand, signals with slight
incoherence enter the system, then we expect the output read-
ings to be disturbed. Indeed, a phase shift of random three
out of ten sources by ¢ = 7/4 causes a significant change in
the output amplitude, as can be seen in Figure 3b. The sen-
sitivity of such a system would clearly depend on the detector
accuracy, but after appropriate calibration, when even one
source is out of phase with the others, the amplitude of at
least one detector will be significantly different from the
reference one.

As can be seen in Figure 3, the configuration of such a
device is very similar to a LUT with eight inputs and seven
outputs, and the functional area is a multimode waveguide
in which self-imaging occurs. This perfectly shows the huge
potential and flexibility of the effect. This property can be
used in many types of magnonic devices, where high accu-
racy and coherence of the source signals are required. For
instance, we can combine the operation of logic gates and
phase control functionality in one system, and even use it to
calibrate and estimate, before logic operations, the system’s
geometry regularity, whether the expected wavelength is
propagating, and, finally, whether the sources are coherent
in phase.

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. Functionality of the proposed phase coherence controller cal-
culated using HFPBC. In (a) we have the reference state where the input
signals (on the top) are perfectly coherent in phase and amplitude. There-
fore, the functional area reproduces the exact Talbot carpet with regular
and symmetrical distribution of self-image intensities. In (b), we can see
the disturbed phase coherence controller, where three of the input signals
entering the functional area have shifted phase by 7/4. Afterward, irreg-
ular self-images appear in the diffraction pattern. In both figures there
is a line graph showing the averaged and normalized intensity of SWs
from the marked rectangular area (green line — reference, orange line
— disturbance).

2.3. Spin-Wave Lookup Table

For a given SW wavelength and a period of sources, the Talbot
length zr is fixed (see Equation (1)). However, by changing the
phase and amplitude of the SWs coming out of the individual
input waveguides, the near diffraction field of SWs may be
manipulated. Let us discuss the functionality of these changes in
the context of their application as logic elements. In the prepared
models, we directly use the first Talbot images indicated by the
marked region in Figure 2a and analyze how the amplitude of
SWs in the location spots of subsequent input self-images varies.
The Talbot effect theory, described in more detail in ref. [37],
does not quantify the amplitude distribution on consecutive
self-images, but is limited only to the Talbot length zr (1), which
defines the distance at which self-images appear from a series
of input sources depending on their period, wavelength, etc. By
manipulating the input phase, we do not change the distance,
but we influence the amplitude distribution at individual focal
points, which is crucial for the functionality presented. In order
to be able to quantify them, without carrying out separate micro-
magnetic simulations each time, we use the HFPBC method.
All the calculations presented in this section are obtained
using HFPBC.

A typical modern FPGA is built of four input LUTs. How-
ever, for simplicity, let us examine here only a simpler version
of LUTS consisting of two inputs. In the following sections, we
present two examples of 2-input and 5-output programmable
LUTs operating on SWs. In both examples, two of the input
waveguides act as logic inputs, while the other waveguides
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act as control inputs that are used to steer the functionality of
the element. The type of operation the devices provide can be
changed by the modulation of the amplitude and phase SWs
incoming from the control waveguides. Furthermore, one of
the biggest challenges is the interconnection of individual CLBs
(or LUTS). Potentially, this could be accomplished using fully
magnonic components (which seems to be a big challenge at
the moment) or electronic circuits similar to those in co-sensor
FPGAs. However, this issue is beyond the scope of this paper
and we will not explore it.

2.3.1. Example 1— Symmetric Geometry

The schematic diagram of the first exemplary LUT is shown in
Figure 4. The device consists of two inputs I1 and 12, which are
maximally separated from each other, and a series of coherent
control inputs Cls, necessary to induce and control the Talbot
effect in the functional area. The five outputs O1-O5 are defined
by the location spots of subsequent self-images of the source
waveguides at z = zp = 581 nm.

There are two main options for programming a LUT—by
defining a logic value at the input in the SW phase or ampli-
tude. However, in the case of the self-imaging phenomenon,
the amplitude manipulation on inputs seems to be less effec-
tive, so we decided to use the phase to encode the input infor-
mation. At the same time, at the output, there are threshold
detectors analyzing the amplitudes of SWs, assigning them an
appropriate logic value. It is possible to design systems where
both the phase and the amplitude of the inputs would be the
information carrier, but this is beyond the scope of this work.

In amplitude SW logic gates, a certain threshold value of
the magnetization precession angle (MPA) is defined, "l above
which we treat the output signal as logic “1”, and below it as
“0”. The magnetization amplitude can then be defined as

)
MPA = arctan[vm"%J (4)

N
where m, and m, denote magnetization mean components in

the waveguide plane and Mg is the saturation magnetization.
In turn, the information on the inputs is encoded in the SW

SW antenna

e e R

d

Z; Functional area

Qoo ¥

Figure 4. Scheme of the symmetric SW LUT with the first (n = 1) Talbot
length z; and the inputs period d marked. CI denotes the control input
and the numbered markings | and O denote the inputs and outputs,
respectively.
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Figure 5. HFPBC results showing the operation of a logic gate based on the self-imaging of SWs (state for inputs 11=“1", 12=“0", CI="0", see Table 1).
The upper part shows the intensity distribution on the inputs (the gray columns) and their phase shift (the maroon line). Below is a colormap repre-
senting the amplitude and phase of SWs (color and its intensity denote the phase and amplitude of SWs, respectively) of the functional area where the
inputs are on the top edge. The inset at the bottom zooms in on the region where self-imaging takes place. It contains normalized graphs of MPA in
2D and the averaged one in 1D. The orange dashed line indicates the predefined threshold value.

phase, which can be controlled by phase shifters placed behind
the spin plane-wave source (Figure 4). We can separately set a
phase shift in 11 and 12 and arbitrarily change the logic value
of the CI switch. Thus, in our simulations we assume that the
phase shift ¢ = 7/2 determines logic “1”, and no shift (¢ = 0)
is logic “0”. So, we have a two-input system with a CI switch,
which can also have many states—in our case, it will be
responsible for the phase shift of ¢ = 7/4 or no such shift. This
allows to programme the LUT and obtain completely new func-
tionality by changing only one switch parameter.

The situation shown in Figure 5 visualizes the system
response to the input signal [1,0] and C1=“0" (¢ = 0)—then we

get the output array [0,0,1,1,0]. This result is strictly dependent
on the threshold value selection, which should be calibrated/
normalized in relation to the intensity plot for an undisturbed
Talbot carpet (I1 =12 = C1 =“0" )—the green line in the inset in
Figure 5, visualized also in Figure 3a. In this simulation, the
threshold value is equal to 55% of the maximum self-image
MPA of the calibration pattern.

The described example was examined for all possible combi-
nations of input signals and the truth tables of two binary vari-
ables were made (Table 1). Each individual output (self-image)
performs a separate logic function that can be programmed via
CI switches. Therefore, with five outputs, we can get a system

Table 1. Two-input five-output symmetric LUT behavior for CI=“0" and CI="1". Symbols +, <, and — stand for material nonimplication, converse
nonimplication, and negation, respectively—glossary of terms in Table S1, Supporting Information.

1 12 Cl o1 02 o3 04 o5
1 1 0 0 0 1 0 0
1 0 0 0 0 1 1 0
0 1 0 0 1 1 0 0
0 0 0 1 1 1 1 1
Logic func.: NOR = TRUE —l2 NOR
1 1 1 0 0 1 0 0
1 0 1 1 1 1 1 0
0 1 1 0 1 1 1 1
0 0 1 0 1 1 1 0
Logic func.: - NAND TRUE NAND o>
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Figure 6. Scheme of the asymmetric SW LUT with the first (n =1) Talbot
length zr and the inputs period d marked. The Cl mark denotes the control
input, and the numbered | and O denote inputs and outputs, respectively.

that performs up to ten logic operations without the need to
interfere with physical parameters.

2.3.2. Example 2 — Asymmetric Geometry

The second example of an SW LUT functionality based on the
selfimaging effect is to use an asymmetric arrangement of
sources and switches in relation to the array of outputs so that the
resulting self-image amplitudes are more varied. In Table 1 we can
see that the logic functions performed in the outputs [01-O5] are
mirrored, which is clearly due to the symmetrical arrangement of
the inputs. Here, we propose a model that disrupts this symmetry
to see how the system behaves in a different configuration.

All the HFPBC simulation parameters of the model in
Figure 6 remain identical to the previous example for symmetric
geometry. We can see that here the sources I1 and 12 are placed
next to each other, and the CI switch does not cover all other
inputs—two most distant waveguides remain inactive regarding
information transmission, but they are important from the view-
point of creating self-images (so that the Talbot carpet is the
closest to the theory, the sources should be distributed as widely
as possible along the multimode waveguide, as in Figure 2).

Based on the truth tables presented in Table 2 for the asym-
metric model, we see that the implemented logic functions
are no longer mirrored on the outputs, which proves that it is
possible to create a 2-in 5-out magnonic logic gate based on
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the Talbot effect, carrying out five different functions simul-
taneously (not counting the switch functionality). The above
example, for both CI=“0" and CI=“1", performs only four logic
functions each, but it results from the difficulty to find a suitable
configuration from the numerous possibilities of parameter
choice. The optimization of the obtained functionality in terms
of the most efficient use of self-imaging for logic operations
in magnonics certainly requires development and extensive
research. Visualization of the diffraction field intensity distribu-
tions for each of the configurations shown in Tables 1 and 2 are
provided in Figures S1 and S2, Supporting Information.

3. Discussion

Analysis of computing system functionality requires taking
into account the potential speed of operation of such a device.
It is a complex task since it depends on i) the group velocity
of information-carrying wave packets (which depends on the
wavelength), ii) the frequency of propagating waves (the car-
rier wave frequency should be larger than the information
frequency), and iii) on the geometry of the system (in the pre-
sented case here, in particular, the Talbot length). The maximal
speed of the LUT can be estimated by testing the time in which
the system stabilizes after the change of state at the input, that
is, how quickly the output reaches a new logic level after the
“instantaneous” input change. This responsiveness plays a key
role in the design of all types of processors and is often visual-
ized by a waveform chart.

A simple calculation allows estimating that due to the input/
output time-delay t; of around 0.3 ns visible in Figure 7, the
presented device allows for the implementation of logic func-
tions with an operating frequency up to roughly 3.3 GHz. How-
ever, it should be emphasized that the device can be optimized
to a great extent. It includes reducing the duration of one logic
level at the input to the smallest value that still maintains the
stability of the device, by device miniaturization and short-
ening zy, or increasing the group velocity. The Talbot length
can be decreased by either decreasing the period of the input
waveguides or increasing the wavelength. The group velocity of
SWs in our system is =1.90 km s™! (according to Equation (2)).
Simply, for dipolar SWs (long wavelengths with negligible

Table 2. Two-input five-output asymmetric LUT behavior for CI=“0" and CI="1". The symbols — and « stand for material implication and converse,

respectively—glossary of terms are in Table S1, Supporting Information.

n 12 @ 01 02 03 04 (e}
1 1 0 0 1 1 1 1
1 0 0 0 0 0 1 0
0 1 0 0 0 1 0 1
0 0 0 1 1 1 1 1
Logic func.: NOR XNOR — «— -
1 1 1 0 1 1 1 1
1 0 1 0 1 0 1 0
0 1 1 0 1 1 1 1
0 0 1 1 1 1 1 0
Logic func.: NOR TRUE - TRUE 12

Adv. Electron. Mater. 2022, 2200373 2200373 (6 of 11)

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH



ADVANCED
ELECTRONIC
MATERIALS

www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

T T | | 180
o) T f
- OUTPUT
= 90
50.9 —_
2 ;
. —~ (%]
Zosl 1 i (=03ns) g
= | ]| |
So7| | 1 1 ~90

| | | |

| | 1] 1]
0.6 | 1] 11 —-180
' 0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5

Time [ns]

Figure 7. Waveform of one of the input/output pairs of the proposed logic gate, where the /2 phase shift causes a decrease in self-image intensity by
about 10%. The figure shows the time-delay areas of device initialization until the amplitude stabilizes (in green) and the output change response to
the input change of both the “0”/“1” and “1"/“0” logic levels (in blue). The duration of one logic state is 4.5 ns.

exchange interactions), the group velocity increases while kL
decreases, for example, at fixed k the thicker film, the larger Vg
In the case of short-wavelength exchange SWs that are more
suitable for LUTs, the group velocity is proportional to Ak,

LUTs based on self-imaging to determine their response time
to the input signal. In the present discussion (Figure 8 and
Equation (5)), the length of single-mode waveguides has been
neglected for the sake of clarity. Making the Talbot length

where A, =I2Ms is the exchange stiffness constant. There-
fore, we can increase the group velocity at kept wavelengths,
by increasing the value of A.. An integral factor in deter-
mining the device’s operation speed and its time-delay is also

dependent on the parameter M = d/A and the wavenumber k,
we can also derive the formula for the time-delay (tq = z7/vg)
of devices based on self-imaging in the exchange interactions
regime, where @ =I.wuk’®, getting

the length of the input waveguide, that is, the distance from

the SW source to the multimode waveguide (functional area). ¢, = z(M) _ M’ lz (5)
This factor must be added to the Talbot length when designing Vg Ve k
(a) (b)
2 = T T
i mmmm K-S model for YIG
! K-S model for Py
mmmm K-S model for Ga:YIG
15 ! exch. approx. for YIG
_ L exch. approx. for Py
2 exch. approx. for Ga:YIG
5 1
>
=
N
0.5
0.3
O — L
0 100 200 0 200
wavenumber, k [rad/um] k [rad/pum]

Figure 8. The time-delay t4 (=z1/v,,) dependence on the wave vector. a) t4(k) dependencies for the same ratio M = d/A (here equals three) and three
different materials, that is, YIG, Py (Ms =800 kA m~, A,, =16 p) m™") and Ga-substituted YIG (M5 =15.9 kA m™, A,, =1.37 p) m™").¥!l The solid lines
represent the results obtained assuming dispersion relation described by Equation (2)) whereas the dashed lines represent the exchange approxima-
tion (Equation (5)). b) t4(k) dependencies for different M values. The positions corresponding to the wave vectors kj, k;, and k; are marked with black,
vertical lines for SWs of wavelengths 70, 50, and 30 nm, respectively. The red dot marks the parameters used in this work (40 GHz SWs in YIG) and
the corresponding time-delay.
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To validate these predictions, we calculate the relationship
between the Talbot length values and the group velocity charac-
teristic for a given material (t = z1/vg,) as a function of the wave
vector. We perform this analysis assuming M = 3 and com-
paring results for films of thickness L = 5 nm made of three dif-
ferent materials, that is, YIG, permalloy (Py) and Ga-substituted
YIG (Ga:YIG),"! see Figure 8a.

The results displayed in Figure 8a confirm that the adopted
exchange approximation works very well for the simulated
scenario and the resulting time-delay for YIG agrees with the
estimated value in Figure 7 for 40 GHz. We can see that the
time-delay t; decreases with increasing wave vector, and there-
fore frequency. Finally, one may conclude that the higher value
of A the better performance of the designed LUT. This indi-
cates that films made of Ga:YIG are the best candidates for
these types of application. The vertical black lines in Figure 8a
correspond to the wavenumbers ki, k;, and k; to show the
potential resulting from the reduction in the spin wavelength.
It is evident in the inset for k; (1 = 30 nm), where for Py, YIG,
and Ga:YIG, t4 is equal to 0.089, 0.063, and 0.021 ns, respec-
tively, which, in turn, correspond to frequencies of 11.24, 15.87,
and 4762 GHz. The analysis shows that, by using Ga:YIG in
the presented design, we are able to obtain about three times
higher device clock speed than in YIG and more than four
times higher than in Py, for the same wavenumber.

Figure 8b illustrates the impact of the M coefficient, that is,
the geometry of the input period with respect to the applied spin
wavelength. One may notice that the smaller it is (i.e., the closer
the period is to the wavelength), the shorter the time-delay and
the better the LUTs efficiency. The limit for this parameter is
around M =1, which is directly related to the geometry of a series
of single-mode inputs, the width of which must be comparable
to the wavelength and to the Talbot length formula applicability
used in this analysis (discussed in more detail in ref. [37)).

Another important topic worth discussing is how we esti-
mate the logic output level in our system. Adopting a certain,
strictly defined thresholding intensity value of SWs is a solu-
tion well known in this type of systems and, apart from the
phase shift, is the basic method of determining the logic value.
Of course, as in the case of the time-delay and the resulting
maximum speed of information processing, we can also opti-
mize the system by selecting the device parameters appropriate
for a given application. The thresholding value common to all
outputs, despite its simplicity, may prove problematic due to
the different level of the reference intensity of the self-images
(see Figures 5 or 3a). Selecting it in such a way that the dif-
ference between logic “1” and “0” is significant in each output
needs further optimization of the system and requires sensi-
tive detection methods. The functionality of the device can also
be expanded by increasing the number of input/output wave-
guides and by appropriately defining functional inputs, control
inputs, or inputs not involved in the information processing
(such as the two edge inputs in the scheme of Figure 6). Nei-
ther the Talbot effect nor the HSPBC method we use limit
the geometry in this way, and the configuration we chose is
an example. Nevertheless, any change in the SW LUT system
will result in a different intensity distribution at the output.
If we keep the wavelength and the period constant, the Talbot
length does not change, as described earlier, but the amplitude
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distribution may. As such, it will be necessary to choose an
appropriate threshold amplitude for each device configuration
separately to fulfill the expected logical functions. As alternative
ideas, we can propose separate thresholding for each output or
a detection based not on a threshold intensity, but on its change
in relation to the previous value. It is called an edge-triggered
circuit,® and the coding is as follows: if the signal is higher
(from the previous value by at least a given value), we get logic
“1”, and if it is lower, “0”. The last idea points to a possibility
of using the proposed SW self-imaging system to design mag-
nonic flip-flop circuits. A possible solution is also to encode
information in both the input and output phases. It would be
a much more complicated task than conventional amplitude
detection, but it would certainly simplify the system and most
likely reduce its energy consumption, especially in the applica-
tion of many interference gates based on self-imaging in one,
purely magnonic circuit.

Our study focuses on linear effects, however, we believe
that the non-linear regime for SW self-imaging is very inter-
esting, albeit a separate topic for further research. In a sense,
the functionality we propose is essentially a generalization of
SW majority gates (as shown in refs. [16-20]), but with the
possibility of any increase in the number of inputs/outputs
of the system. The flexibility and scalability of the Talbot
effect for SWs allows to create a gate for any logic function,
while majority gates generally implement one function-
ality (majority function). We believe that this will interest
the magnonic community in the use of the Talbot effect in
information processing.

4. Conclusions

In this paper, we demonstrate the operation of magnonic LUTS
based on the self-imaging effect of SWs in a thin ferromagnetic
multimode waveguide. For this purpose, we used micromag-
netic simulations and Huygens—Fresnel principle based calcu-
lations. The results were presented in the form of truth tables
with binary logic operators and SW intensity maps in the
functional areas, confirming them. The obtained results show
the great potential of the Talbot effect in magnonics, espe-
cially in the context of computational wave-based systems and
controlling SWs.

The LUTSs presented in this paper process by converting
the information encoded in the SW phase at the input into
information contained in its amplitude at the output. In the
functional area, there is interference of waves from a number
of input sources, which forms a Talbot carpet. It is character-
ized by the reproduction of the input amplitude distribution
at a specific distance. We showed that, as a result of indi-
vidual input wave manipulation, it is possible to influence
these reproductions without changing the distance of their
creation. The flexibility of this effect allows for implementa-
tion in various types of computing system that can perform
any logic function. Thanks to the use of control input, we can
dynamically change the functionality of the system, which
would be crucial for potential applications in FPGA circuits.
The programmable LUTs proposed here can be an alterna-
tive to modern transistor-based systems, in terms of increased
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operation speed, greater miniaturization, and reduced

energy consumption.

Wave self-imaging is a general phenomenon, and because
of its scalability and controllability, it can be used almost any-
where where wave interference occurs. The logic device opera-
tion presented in this paper is an example of such an imple-
mentation, additionally, to control the coherence of input SWs
with their subsequent reconstruction. In addition, its scalability
and simplicity allow it to be widely used in a new generation
of magnonic devices. We expect a continuation and increased
interest in SWs’ self-imaging in the next years.

5. Experimental Section

Micromagnetic Simulations: Micromagnetic simulations were used
to solve the full Landau-Lifshitz equation using the finite-difference
time domain method.3] The MuMax3 software used for this purpose
calculated this equation in the following explicit form

%—T=y#(mx38f;+a(mx(mxBeﬁ))) ©)
where dm/dt is the time evolution of the reduced magnetization m(x, z),
y is the gyromagnetic ratio, and o stands for dimensionless damping
coefficient. The effective field B.g, around which the magnetization
precess forming SWs, may contain many components depending on the
system characteristics. In this case, the effective field consisted of an
externally applied field B, magnetostatic field Bgemag and a Heisenberg
exchange field B, that is,

Bef =Bex + Bdemag +Bexch 7)

A 1.60 u m wide, around 600 nm long waveguide with an array of
eight 40 nm wide and 300 nm long narrower input waveguides was
considered. The distance between them was equal to d = 200 nm. The
entire system had a uniform thickness of 5 nm and was made of YIG
with the following magnetic parameters: the saturation magnetization
Ms = 137 kA m™, the exchange constant A, = 4 p] m™, and the
gyromagnetic ratio |y| = 176 GHz rad T'. The geometry was uniformly
discretized by 5 x 5 x 5 nm® unit cells, while the exchange length
Loy =2A0 [ (HoM2) =18 nm (Uo is the vacuum permeability). An out-
of-plane applied external magnetic field of uyHy = 1.1 T being enough
to uniformly magnetize the sample in this direction was assumed.
Therefore, SW in the so-called forward volume (FV) geometry, which is
the only scenario where the propagation of SWs is fully isotropic, that is,
the wavelength does not depend on the direction of propagation, was
considered.

SWs were excited only in narrow waveguides by locally applying a
magnetic microwave field of frequency f; = 40 GHz polarized along the x-axis
in the region of a width 10 nm located 290 nm from the entrance to the
functional block (wide waveguide) (see Figures 4 or 6). To obtain the steady-
state, SWs were continuously emitted by 2.5 ns. At the top and bottom
sides of the system the 65 and 260 nm-wide absorbing boundary layers
were assumed, respectively, to neglect the influence of backward reflection
of SWs from there and mimic the propagation of SWs only downward. In
this region, the damping coefficient increased quadratically up to the value
of o= 0.099 at the outer domain boundaries. The issue of SW damping
for Talbot effect in the analyzed multimode waveguide had already been
analyzed in detail in refs. [37,38], where it was showed that after appropriate
selection of parameters, the detection of at least the first order of self-images
was possible. Therefore, the authors found it better to focus on functionality
itself in this paper, leaving the damping constant negligibly small.

Huygens—Fresnel  Principle  Based — Calculations: ~ Micromagnetic
simulations of SW propagation in large planar magnetic systems are
time- and resource-consuming. Knowing i) the distribution of the
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complex amplitude of SWs emitted by an ideal point source s(x, z), and
ii) the function describing the amplitude and phase of waves entering
the system (aperture function, a(x) = |a(x)|exp[i@(x)]), one can quickly
calculate the resulting distribution of SW amplitude in a steady-state
utilizing Huygens—Fresnel principle. In this paper, this method is referred
as the HFPBC. That is, the complex profile of SWs, m(x, z), emitted
by a series of sources, spanned along the x-axis and located at z = z,
could be described by the integral m(x,z) o< | a(x")s(x —x',z—zo)dx .
The aperture function describing the profile, amplitude and phase of the
SWs emitted from the line located at z = z, could be derived analytically
or numerically. Here, similarly in ref. [26], the distribution of a complex
amplitude of the SWs emitted by the point source based on the results
of micromagnetic simulations was determined. First, the steady-state
of SWs emitted at frequency fy was obtained, which was sampled at a
frequency of 4f,. Subsequently, a fast Fourier transform was performed
over time and the result was left corresponding to the frequency f,. This
allowed to obtain the SW amplitude distribution in the complex form
(m(x,z) € C) required to solve the above integral equation.

The finite width of the waveguide was taken into account by
folding the distribution of m(x, z) multiple times for a waveguide
of given widths. To represent SW reflections from the edges, the
distribution of the complex SW amplitude should be determined
over a region much wider than the width of that waveguide.
However, in this case, the width of the wave profile from a point
SW source was equal to the width of the subsequently folded system
with eight input sources (1.60 pm). The reason for this was that in
the analysis of the first Talbot image case, the distance from the
sources was small and reflections did not play a significant role in
their formation, especially when self-images near the side edges
were not taken into account.

This method gave almost the same results as full micromagnetic
simulations; see the comparison in Figure S3, Supporting
Information. Potential differences between these methods might
arise from i) differences in the representation of reflections from the
waveguide edges; ii) an incorrectly chosen aperture function and;
iii) imperfections in the prepared composite amplitude distribution
of SWs emitted by the point source. The proposed method worked
very well for homogeneous systems, where a diffraction field would
be affected only by the interference of waves propagating from
(several) source waveguides and from edge reflections. The HFPBC
was therefore ineffective in the case of SWs propagating in systems
with different magnetic parameters within it, such as for example,
magnonic crystals. However, the method was significantly faster than
conventional micromagnetic simulations. For comparison, using this
method, one steady-state could be obtained in seconds. At the same
time, a complete micromagnetic simulation of the same system,
the results of which still need to be processed, takes a couple of
minutes.*] This means an acceleration of the calculations by about
two orders of magnitude. The Talbot effect was presented in this
paper as a way to obtain amplified and localized spin wave beams at
precisely defined and predictable points in a multimode waveguide.
Since this was purely a wave phenomenon and had already been
described using the analogous nomenclature for both electromagnetic
and SWs, the HFPBC tool was used as an approximation of full
micromagnetic simulations. The Huygens—Fresnel principle described
wave propagation in the near and far diffraction field, taking into
account the laws of interference and reflection. Basically, it stated that
every point on a wavefront can be considered a source of spherical
waves, and the secondary waves that arise from different points
interfere with each other. Combined, these spherical wavelets form
a wavefront. This justified the use of the HFPBC method to analyze
the self-imaging effect for SWs, where a series of single-mode
input waveguides could, with high accuracy, be treated as a series
of point sources of circular SWs, which then interfered and created
diffraction patterns. Therefore, this approach is much better suited
for prototyping logic circuits. In this work, most of the results were
obtained using this method, and full micromagnetic simulations were
used to confirm only the most important one.
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Code Availability: The source code of the HFPBC technique is
available in the HFPBC-code repository https://github.com/mateusz-
golebiewski/hfpbc-code.git.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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the middle, there are intensity maps of the functional areas (with inputs at the top edge). In turn, below are normalised plots of the
dynamic magnetisation intensity averaged over the red region. The orange dashed lines indicate the predefined threshold value.
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Fig. S2. Visualisations of all numerical simulations performed for the cases described in Table 3 (a)-(d) and Table 4 (e)-(h). The
upper parts of each subfigure show the intensity distribution on the inputs (grey columns) and their phase shift (maroon line). In
the middle, there are intensity maps of the functional areas (with inputs at the top edge). In turn, below are normalised plots of the
dynamic magnetisation intensity averaged over the red region. The orange dashed lines indicate the predefined threshold value.
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Tab. S1. Truth table for all 16 possible logic functions of two binary variables

p qg | F NOR ¢ -p —# -g XOR NAND AND XNOR ¢ — P <— OR T

1 1 0 (] 0 Q (7] %) 0 (7] 1 1 1 1 1 1 1 1

1 0 0 0 0 0 1 1 1 1 0 (] 0 0 1 1 1 1

Q 1 Q 0 1 1 (7] 0 1 1 0 0 1 1 (] (7] 1 1

0 0 0 1 0 1 0 1 (] 1 0 1 0 1 0 1 0 1
where:

p — first argument/input

q — second argument/input

T — true

F — false

- — negation, returns ’1’ when its argument is '0’, and '@’ when its argument is ’1’
OR - returns ’1’ unless both of its arguments are '@’

NOR - negation of logical OR

XOR - returns ’1’ whenever the arguments differ

XNOR - returns ’1’ if and only if both arguments are @’ or both arguments are ’1’
AND - returns ’1’ if and only if both of its arguments are ’1’

NAND - negation of logical AND

—> — material implication, returns ’1’ unless p is 1’ and q is ’ @’

—» — material nonimplication, negation of material implication

<— — converse, returns ’1’ when p is ’1’ if and only if q is also ’1’

«~ — converse nonimplication, negation of converse
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5.1.4 Experimental demonstration of spin-wave self-imaging (P6)

Building on previous theoretical and simulation studies of the Talbot effect in magnonics, this
work presents the first experimental verification of this phenomenon in a magnetic system. The
experimental part of this work has been carried out by the research group from Biatystok, whose
contributions have been instrumental in validating the theoretical predictions and numerical
simulations developed by our group. Using an in-plane magnetized YIG film, we demonstrate
and analyze spin-wave self-imaging in a configuration where plane spin waves propagate through
a diffraction grating, and the resulting interference pattern is captured by Brillouin light scattering
microscopy. By varying the frequency of the dynamic magnetic field, we investigate the influence
of the anisotropic dispersion relation and the caustic effect on the self-imaging.

Contribution of the Author

In this work, together with M. Krawczyk, I co-supervised the first author, U. Makartsou. I intro-
duced him to the topic of the spin-wave self-imaging effect and contributed to the interpretation
of his micromagnetic simulations, as well as to the analysis of experimental results provided by
the collaborating team (U. Guzowska, A. Stognij, R. Gieniusz). I assisted in the preparation of
the manuscript, managed its submission to the journal, and handled correspondence with the
reviewers throughout the peer-review process.

The article reprinted from Makartsou, U.; Gotgbiewski, M.; Guzowska, U.; Stognij, A.; Gien-
iusz, R.; Krawczyk, M. Applied Physics Letters 124, 19, 192406 (2024), with the permission of
AIP Publishing. ©2024 Authors. License number: 5965900682142.
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ABSTRACT

Extending the scope of the self-imaging phenomenon, traditionally associated with linear optics, to the domain of magnonics, this study
presents the experimental demonstration and numerical analysis of spin-wave (SW) self-imaging in an in-plane magnetized yttrium iron gar-
net film. We explore this phenomenon using a setup in which a plane SW passes through a diffraction grating, and the resulting interference
pattern is detected using Brillouin light scattering. We have varied the frequencies of the source dynamic magnetic field to discern the influ-
ence of the anisotropic dispersion relation and the caustic effect on the analyzed phenomenon. We found that at low frequencies and diffrac-
tion fields, the caustics determine the interference pattern. However, at large distances from the grating, when the waves of high diffraction
order and number of slits contribute to the interference pattern, the self-imaging phenomenon and Talbot-like patterns are formed. This
methodological approach not only sheds light on the behavior of SW interference under different conditions but also enhances our under-
standing of the SW self-imaging process in both isotropic and anisotropic media.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0195099
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Spin waves (SWs) represent coherent magnetization disturbances
that propagate in magnetic materials as waveforms. In ferromagnetic
materials, SW dynamics is shaped by a blend of strong isotropic
exchange and anisotropic magnetostatic interactions."” Particularly in
thin films, the magnetostatic interactions render SW properties highly
sensitive to the orientation of magnetization relative to the film plane
as well as to the alignment of the propagation direction with the static
magnetization vector.” This interplay of factors makes the study of
SWs interesting, endowing them with distinct properties uncommon
in other wave types, such as negative group velocity, the formation of
caustics,” and dynamic reconfigurability control.”

The governing equations for SW propagation diverge from those
of electromagnetic and acoustic waves, thereby each analogy, such as
those found in SW graded index lenses,”'” SW Luneburg lenses,'' and

SW Fourier optics,'” necessitates solving the Landau-Lifshitz equation.
Notable and related advances also include the numerical or experimen-
tal demonstration of phenomena such as self-focusing of SWs,'? SW
diffraction on gratings,”* and the formation of SW beams."” "’
Ferromagnetic films with a line of nanodots, analogous to those in this
paper, have also been used to observe the phenomenon known in the
literature as total non-reflection of SWs.'*

The self-imaging effect, often referred to as the Talbot effect, first
observed in the 19th century for light'” and later elucidated in Ref. 20
has recently experienced a renewed research interest, as outlined in
Ref. 21 and associated references. When a plane wave passes through a
system of periodically spaced obstacles, it interferes, creating a charac-
teristic diffraction pattern and reproducing the obstacles image at spe-
cific distances from the input.

Appl. Phys. Lett. 124, 192406 (2024); doi: 10.1063/5.0195099
Published under an exclusive license by AIP Publishing
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Its applications have been diverse, ranging from enhancing x-ray
imaging”” to advancing lithographic patterning,” > and even extend-
ing to the realization of certain physical models and computing scenar-
ios.”* " Beyond electromagnetic waves, the Talbot effect has been
demonstrated in diverse mediums, including plasmons,” fluid
waves,””" and exciton-polaritons.”” Theoretical explorations suggest
that this effect is also feasible for SWs,”*** with proposed logic scenar-
ios in the magnonic domain.™

In this paper, we take a step forward by experimentally and
numerically demonstrating the self-imaging effect resulting from the
diffraction of SWs on a one-dimensional antidot array, with dimen-
sions comparable to the SW wavelength, in a yttrium iron garnet
(YIG) film in the Damon-Eshabach (DE) configuration. The simula-
tions, performed at various frequencies, different antidot periods, and
two antidot shapes, ie., circular and square, and juxtaposed with
experimental analogs, allow an understanding of the interference pat-
terns in the transition of the caustic and self-imaging effects.

The samples measured were monocrystalline YIG, 4.5 um thick
films (see Fig. 1) grown by liquid phase epitaxy on transparent gado-
linium gallium garnet substrates. A one-dimensional array of antidots
was chemically etched on the surface of the films, functioning as a dif-
fraction grating. In the two systems analyzed, we make use of an 5-
element array of square antidots [50 x 50 um—scheme in Fig. 1(a)]
with period d=100 um, and a 10-element array of circular antidots
[diameter equal to 50 um—scheme in Fig. 1(b)] with period
d=150 um. The samples were magnetized by the external magnetic
field Bey directed along the line of the antidots (y-axis). We use 36 and
98 mT fields for the samples with square and circular antidots, respec-
tively. Magnetostatic SW's were excited using a 50 um wide microstrip
antenna deposited on a light-opaque dielectric substrate, below the
YIG film, and placed about 185um in front of the grating, with a
continuous-mode microwave generator (see Fig. 1).

The interaction of SWs with the line of antidots was visualized
using a Brillouin light scattering (BLS) spectrometer with a spatial

FIG. 1. Schematic representations of two YIG-samples and BLS measurement con-
figuration used in the research, with the major dimensions marked. Image (a) shows
the system with a diffraction grating made of square-shaped antidots, while (b)
shows one made of circular antidots. In all experimental measurements and finite-
width simulations, the square and circular antidot arrays contain 5 and 10 elements,
respectively.

ARTICLE pubs.aip.org/aip/apl

resolution of 30 um. Measurements are made in the reflection configu-
ration due to the opaque substrate used to mount the microwave
antenna. A laser beam with a wavelength of 532 nm was scanned over
the area around the line of antidots and the interference area behind
the grating with 20 um step, and the BLS intensity was recorded at
each point. This technique provides a 2D color map of the amplitude
of the magnetostatic SWs scattered on the line of antidots [see Figs.
3(b), 3(c),and 5(a)].

Simulations were carried out using MuMax3, a GPU-accelerated
micromagnetic simulation software.”” The implemented simulation
system (100 x 100 x 4.5 um3) was discretized with 512 x 512 x 10
computational cells, giving a size of about 195.3 x 195.3 x 450.0 nm’
each. The cell size clearly exceeds the length of the exchange interac-
tion for YIG films due to computational limitations. However, accord-
ing to the dispersion relation graphs (see the supplementary material,
Fig. S1), the discrepancies are insignificant for small wavevectors, justi-
fying the use of numerical methods for this research.

To replicate the SW's excited by the microstrip in the experiment,
in micromagnetic simulations, we employ the dynamic magnetic field
h(x, t), homogeneous in the area of width w = 50 m along the x-axis
(extended along the y direction and across the film thickness) and
placed at xy = 185 um before the grating. The microwave field is
expressed as

h(x,t) = [ho, 0, ho] sin(27ft), (1)

where h, is the amplitude of the dynamic magnetic field
(ho = 0.0014 Bey).

The distribution of the SW intensity within the magnetic material
is determined by averaging the magnetization component m, over the
thickness of the material (along the z-axis) and integrating its squared
value over time t. The SW intensity I is then quantified by the follow-
ing equation:

= J<mz(t)>§dr. )

This method effectively captures the spatial intensity distribution of
SWs in the material, allowing for direct comparison with BLS mea-
surement results.

In the simulations, we use geometries shown in Fig. 1, with
dimensions matching those of our experiment. In all cases, we imple-
mented absorbing boundary conditions along the x-axis (at the end of
a system). These are characterized by an exponential increase in the
damping factor o, approaching a maximum value of 1 at the edges.
Additionally, to better visualize the diffraction patterns formed behind
the grating, periodic boundary conditions (PBCs) along the y-axis
were used in most simulations (indicated if not). It enabled the imita-
tion of an infinitely wide film and an array of antidots, extending a
given SW diffraction field to longer distances. The YIG is characterized
by the following magnetic parameters: saturation magnetization
M, = 139kA/m, exchange constant Ae =4p)/m, [y] =176
GHz - rad/T, and reduced Gilbert damping o = 1 x 1077.

Previous investigations of the self-imaging of SWs, manifesting
the Talbot effect,””* have extensively utilized the out-of-plane mag-
netic field configuration, i.e., forward volume SWs. In this orientation,
the isofrequency lines tend to be circular due to the symmetry of the
applied field with respect to the film plane, leading to the isotropic
propagation characteristics of SWs. This isotropic nature facilitates the

Appl. Phys. Lett. 124, 192406 (2024); doi: 10.1063/5.0195099
Published under an exclusive license by AIP Publishing
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formation of distinct interference patterns, critical for achieving the ¢ = arctan (v, /Vgr) = —arctan(dk, /dk, ). (3)
clear SW Talbot effect, also in relatively thick YIG films, considered in
this paper (see Fig. S2 in the supplementary material). However, the
out-of-plane magnetic field configuration has several disadvantages
when applied to thin magnetic films. A primary limitation is the need
for high magnetic field values or strong out-of-plane anisotropy to sat-
urate the magnetization. They impose practical limitations on the gen-
eration and control of large magnetic fields in experiments, and thus
in potential applications, where compact and efficient magnetic field
generation is critical. These challenges underscore the importance of
exploring alternative configurations, such as the in-plane magnetic

At each point, the SW group velocity is indicated by the normal to the
isofrequency curve. Caustic rays are formed when the direction of the
group velocity, defined by the angle ¢, remains constant for SWs with
different wavevectors k. This specific condition for caustic beam emer-
gence is mathematically expressed as 5—2 = 0, which ensures that SW's
with different wavevectors maintain a uniform group velocity direc-
tion, resulting in wave convergence. When a plane wave passes
through a periodic structure, such as the one-dimensional antidot
array in our study, it acquires a distinct transverse wavevector compo-

field orientation. nent k, quantized as multiples of 27/d. Depending on the change in
Avoiding the high magnetic field requirements associated with angle ¢ for the surface wavefront and its intensity for a discrete set of

the forward volume SW configuration is a key feature of the DE con- k,, one of the aforementioned patterns—caustic rays, diffractive self-

figuration. However, this naturally leads to anisotropic SW propaga- imaging effect, or a combination 9f them—is obtained. o

tion due to the asymmetry introduced by the in-plane magnetic field.”” Flgur.e 3(a) shows the amplitude-frequency characteristic .of the

This anisotropy results in hyperbolic isofrequency contours at small sample with square antidots at Beq = 36 mT. In the experiment,

wavenumbers (Fig. 2), offering directional control over SW propaga-

tion.”® When studying the dynamics of SWs in ferromagnetic films 1.00 BLS (b)—

with a thickness of 4.5 ym in an in-plane magnetic field configuration,
the interplay between the magnetic field magnitude, SWs frequency,
and diffraction grating period together is of primary importance on
the interference pattern, which determines the appearance of caustic 0.50+
waves or the Talbot effect.

At lower magnetic field values and SW frequencies, the system 0.251+ /\/\\/’\«
with hyperbolic isofrequency lines predominantly forms caustic beams
post-interaction with a narrow slot.””*” When a plane SW passes . " T . .
through a diffraction grating, its wavefront is modulated, resulting in a 2.0 2.2 2.4 2.6 2.8 3.0
discrete spectrum of wavevectors.'* As these diffracted waves propa- Frequency (GHz)
gate through the magnetic medium, their paths are influenced by the (b) . . - s
strong anisotropic dispersion relation (Fig. 2). It causes the SWs to 0 (arb. umt) 1 0 (arb.unit) 1
focus along certain trajectories, leading to the convergence of the waves
at specific focal points or lines."""” This convergence is the fundamen-
tal mechanism behind the formation of caustic beams, where the wave
intensity is significantly amplified.

A theoretical model for caustic beam formation is usually based
on analysis of the function f (k) and the angle ¢, representing the ori-
entation of the group velocity vy, relative to the external magnetic field

0.754 — Simulation (d)—_>
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FIG. 2. Diagram of the SW dispersion relation for an external magnetic field of (a) amplitude-frequency characteristic of the excited SWs in the interference region.
Bext = 36 mT and (b) Bext = 98 mT applied in-plane of the YIG film and along the y Panels (b) and (c) show the dynamic magnetization pattern obtained from BLS
direction. The highlighted isofrequency lines correspond to the values used in the measurements, while panels (d) and (e) display the SW intensity distribution [see
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conditions. arrows indicate the distances to the nearest caustic beam intersections.
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which is well reproduced in the simulations, frequencies in the range
of 2.5-2.6 GHz exhibit the most efficient excitation. In addition, these
frequencies are slightly higher than the ferromagnetic resonance fre-
quencies, which can be attributed to the selectivity of the antenna in
exciting SWs with non-zero wavevectors.

In Fig. 3, we see the results of both the experimental studies (b)
and (c) and micromagnetic simulations (d) and (e) of plane wave
propagation through a diffraction grating with square antidots
[scheme shown in Fig. 1(a)]. The choice of frequencies in the simula-
tions slightly shifted from those of the experiment (by 10 MHz each) is
determined by the best fit of the rhombic pattern to that of the experi-
ment. In addition, the goal was also to show the difference in the dis-
tance at which the caustic beams intersect for two different, excited
SW frequencies from the region of high excitation [marked with
arrows in Figs. 3(d) and 3(e)]. For example, in Fig. 3(a), we see that at
2.55 GHz, the experimental intensity is high, but in the simulations, it
is already quenched, hence the need for a slight offset. The chosen SW
frequencies (f=2.51 GHz and f=2.54 GHz) fit for the high transmis-
sion range at Bey = 36 mT [Fig. 3(a)] and allow us to observe the
caustic, non-diffractive propagation of the beam after passing through
the obstacles.

As seen in Fig. 2(a), the isofrequency lines are nearly straight. It is
confirmed by a two-dimensional Fourier transform of the SW signal
performed over the simulation area behind the grating shown in
Fig. 4(a). It allows to extract of the individual sets of wavevectors
involved in the formation of the diffraction images."” Each of the visi-
ble intensity peaks corresponds to a packet of wavevectors with very
similar angles and group velocity vector values that can independently
produce a caustic effect. In the experiment and simulations, Fig. 3, we
see a blend of several such packets with varying intensities, producing
a complex combination of caustic and interference effects. In the spec-
tra from Fig. 4(a) at 2.53 GHz, we see that the difference between the
angles A¢ for the group velocity vectors vg for the second and fourth
diffraction spots (range of most intensive high order diffraction) is
only 2.7°, which explains the clear observation of the caustic effect for
this configuration. The discrepancy between them is closely related to
the difference in the diffraction angle of the passed waves, and its value
is a function of the excited plane wave’s frequency (see also Fig. S3 in
the supplementary material).

(b
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FIG. 4. Reciprocal space maps of the simulated SW intensity distribution after pass-
ing the grating for the two cases analyzed: (a) the 100 um period square grating
and (b) the 150 um period circular grating. The graphs illustrate the group velocity
vectors for selected peaks and their slope ¢ [see Eq. (3)] with respect to the SW
propagation direction. Interpolated isofrequency contours are shown as green
dashed lines.
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It is expected that at higher frequencies, as the caustic condi-
tions weaken, the system will begin to exhibit behavior similar to
the Talbot effect. This will be the case if the group velocity direc-
tion angles differ for each excited wavevector, i.e., the isofrequency
curve becomes more parabolic than hyperbolic, as shown in
Fig. 2(b) and also in Fig. 4(b) for Bey = 98 mT at f=4.95GHz
(4 = 84.4 um). For these parameters, the self-imaging effect shall
be more pronounced due to larger differences in the group velocity
angles than in the pure caustic case, still being below the caustic
angle ¢ = 69.3° (obtained from the linearly interpolated disper-
sion relation from Fig. 2 for k, up to 3.5rad/um). For Bey =
36 mT and a frequency of 2.53 GHz, this angle was only
¢c = 44.7°. This combination of factors allows us to observe peri-
odic diffraction patterns of SWs and the Talbot-like -effect.
Experimentally, however, these observations were only possible for
the circular antidots sample with 150 um period. Therefore, in the
following analysis, we present the experimental and simulation
results for this separation at Beyy = 98 mT and 4.95 GHz.

As shown in Fig. 5, initially, after passing through the diffraction
grating, the SW beams still have a caustic nature. However, as the dis-
tance from the grating increases, these beams gradually form the inter-
ference pattern. This is due to the increasing influence of larger
wavevectors with distance from the source, which no longer satisfies
the causticity condition described earlier [see Fig. 4(b)], where A¢
= 11.4° between the spots of the second and fourth diffraction order.
Nevertheless, it is clear, especially from the micromagnetic simulations
(see Fig. $4 in the supplementary material) that caustic beams and self-
imaging coexist even at large distances from the grating. The Talbot-
like effect observed in the simulations [Figs. 5(b) and 5(c)] agrees well
with the BLS measurements shown in Fig. 5(a). Experimentally, the
interference pattern is limited to a triangular shape due to the finite
number (10) of circular antidots used in the sample. This limitation is
replicated in simulations [Fig. 5(b)] with 10 antidots and absorbing
boundaries at the edges.

Comparing the interference patterns obtained in micromagnetic
simulations for diffraction on circular and square antidots for the same
period, field, and frequency, we found that the self-imaging patterns
are very similar (see Fig. S5 in the supplementary material). However,
a more intense signal is obtained for the circular antidots. This differ-
ence between the shapes can be attributed to the difference in the
demagnetization fields near the antidots.”” Furthermore, this may be
an additional reason for the difficulties in measuring self-imaging pat-
terns in the sample with square antidots discussed earlier for higher
frequencies.

In summary, this paper provides a numerical and experimental
analysis of SW self-imaging by a diffraction grating in the in-plane
magnetized thin YIG films, traversing the intricate transition from
caustic beam formation to the Talbot-like effect and demonstrating the
nuanced interplay between anisotropic SW dynamics, magnetic field
configurations, and diffraction grating geometries. We explore SW
behavior at static magnetic field values of 36 and 98 mT and, sequen-
tially, excited SW frequencies of (2.51 GHz) 2.53 and 4.95GHz,
respectively.

At lower fields and frequencies, we observed the formation of
caustic beams, a phenomenon emerging due to the strong anisotropic
nature of SW propagation in the DE configuration. As we increase the
magnetic field strength and SW frequency, a transition to diffractive

Appl. Phys. Lett. 124, 192406 (2024); doi: 10.1063/5.0195099
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FIG. 5. The SW field intensity distributions at Bexy = 98 mT and f=4.95 GHz in the in-plane external magnetic field of 98 mT. Panel (a) shows the results of BLS measure-
ments, and (b) the corresponding micromagnetic simulation, where a finite-length diffraction grating was used. In the SW intensity plot (c), PBC is applied along the y-axis,
revealing a clear SW self-imaging effect. All the results were obtained for a diffraction grating composed of 10 circular antidots [Fig. 1(b)] separated by 150 nm. Due to matching

zooms from the experiment, the visualizations show only eight nanodots.

self-imaging patterns is observed. This switch from caustic beams to
the interference self-imaging not only exemplifies complex wave
dynamics in magnonic systems but also enhances our understanding
of SW diffraction mechanisms in ferromagnetic films.

See the supplementary material for additional data, including
numerical results of the dispersion relations and their comparison
with theoretical predictions. These data confirm the accuracy of the
numerical approaches and discretization methods used. In addition, it
includes extended results from micromagnetic simulations of diffrac-
tion fields, specifically illustrating the Talbot effect over various mag-
netic field configurations, diffraction grating constants, and nanodot
geometries.
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|. DISPERSION RELATION AND VALIDATION OF THE DISCRETIZATION IN MICROMAGNETIC SIMULATIONS

In Fig. S1 we show the spin wave (SW) dispersion relations for two different configurations and different magnetic field values
obtained in numerical simulations (MuMax3) and analytical model (based on Ref. [s1]) for 4.5 pm thick YIG film. Fig. S1(a)
shows the dispersion for the forward volume (FV) configuration (magnetic field and the magnetization perpendicular to the film
plane), where the discrepancies between the methods are minimal and mainly due to the coarse discretization along the film
thickness. The dispersions in Fig. S1(b,c) are for the Damon-Eshbach (DE) configuration (propagation direction perpendicular
to the in-plane magnetization and the external magnetic field) and two different values of the applied external magnetic field. The
plots also show non-dispersive signals from thickness quantized SW modes, the so-called perpendicular standing SWs (PPSWs).
Again, we obtained a very good fit to the theoretical model for small wavevectors close to zero, validating the numerical approach

used in the micromagnetic simulations.
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FIG. S1. The dispersion relations for SWs in two different magnetic configurations and different external magnetic field values. (a) Dispersion
curve for the FV configuration under a magnetic field of 360 mT. (b) Dispersion in the DE configuration under an external field of 36 mT and
PPSW signal lines are visible. (c) DE and PPSW signals for an enhanced field of 100 mT, showing a significant shift in the frequency values.
In all panels, the dashed lines represent the analytical calculations based on Ref. [s1].
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The process of calculating the SW dispersions using Mumax- involved three main steps:

1. System Initialization: Prompting the system to relax into a stable magnetic ground state for selected configurations.

2. SW excitation: The SWs were excited from the central part of the waveguide by applying the time- and space-dependent
dynamic magnetic field h, defined as: h(x,t) = [ho, ho, ho] - sinc(2Tkeyex) - Sinc (27 foyet ), where hg = 0.015Hcx;. By using
this equation, we can apply broadband SW excitation within the frequency range f € [0, feu] and wavevectors along the
x-axis ky € [—keut, keut]-

3. Data Analysis: The dispersion relations were extracted by applying a 2D Fast Fourier Transform to the space and time
resolved magnetization data using Python with the NumPy package. This analysis was further refined by evaluating the
SW width profiles over the m, component across the width of the waveguides using a single frequency excitation.

The dispersion relations from micromagnetic simulations and analytical calculations match precisely for the fundamental
mode, as indicated in Fig. S1. In the simulations with DE configuration, a low-frequency branch emerges due to quantization
effects within the significant thickness (4.5 pm) of the YIG sample, visible in Fig. S1(b,c). The theoretical curve was calculated
using the formula (22) from Ref. [s2]. The results demonstrate the agreement between MuMax3 simulations and the analytical
dispersion relation based on Refs. [s1 and s2]. The simulation cell size used is 195.3 x 195.3 x 450.0 nm’.

Il. TALBOT EFFECT IN A FORWARD VOLUME CONFIGURATION - SIMULATION RESULTS
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FIG. S2. The evolution of the SW interference pattern after passing through a diffraction grating with a square antidot structure and a period
of 100 um. These micromagnetic simulations were performed in an FV configuration at different frequencies (5.35, 5.6 and 6.2 GHz) and for
Bexi= 100 mT. Panel (a) shows SWs with a wavelength of 213 um propagating unaffected by the obstacle, and (b) visualizes the generation
of the Talbot effect after the passage of 72.3 um long SWs through a diffraction grating. Panel (c) shows the Talbot effect at a much shorter
wavelength of 20.9 um, resulting in a more pronounced self-imaging effect. Periodic boundary conditions along the diffraction grating (y-axis)
were applied to each of these simulations.

The Talbot effect in magnonics has been numerically demonstrated for the configuration with the isotropic dispersion relation,
i.e., in the FV configuration for the thin ferromagnetic films*>**. In Fig. S2 we show the numerical results indicating the
possibility of observing the Talbot effect in a 4.5 um thick YIG film, a system considered in this paper, with a line of antidots



of square shape (50 x 50 um) and the period of 100 um. We can see that the diffraction of SWs with wavelengths similar to
the grating period forms self-imaging patterns (Fig. S2(a,b)), which is the Talbot effect, and it is more clear for shorter SWs as
shown in Fig. S2(c). In Fig. S2(c) we observe clear self-repeating patterns over a longer distance (the Talbot length zt = 956 pm)
than in Fig. S2(b) (zr = 276.7 um) with SW wavelengths of 20.9 pm and 72.3 um, respectively.

11l.  DAMON-ESHBACH CONFIGURATION
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FIG. S3. The SW interference pattern after passing through a diffraction grating with a square antidot structure and a period of 100 um. The
micromagnetic simulations were performed in a DE configuration for the frequencies 2.50, 2.52 and 2.54 GHz and for Bex;= 36 mT.

In Fig. S3 we show the extended progression of SWs following diffraction on square antidots in the in-plane magnetized
YIG film in DE configuration. The analysis is performed over a larger spatial domain compared to the figures in the main text,
allowing a comprehensive observation of the SW pattern evolution. Fig. S3 shows the micromagnetic simulation results for SWs
at 2.50, 2.52, and 2.54 GHz for Bexi= 36 mT. The dominant behavior of the SWs is characterized by the caustic effect, as shown
in Fig. S3(a). However, as the frequency increases (wavelength shortens), the angle of caustic beam propagation increases,
resulting in a decrease in the distance of crossing beams from adjacent slits along the propagation axis, from 170 to 150 pm
with the frequency change of 40 MHz, leading to a more complex picture, as shown in Fig. S3(b,c). Furthermore, in Fig. S4
for circular antidots and 150 um period, we show the diffraction of SWs at a higher frequency (4.95 GHz) and a larger external
magnetic field strength (Bex;= 98 mT). This corresponds to exciting SWs with different group velocity angles, resulting in even
more complex and periodically repeating patterns.
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FIG. S4. The SW interference pattern after passing through a diffraction grating with a circular antidot structure and a period of 150 um. These
micromagnetic simulations were performed in a DE configuration for frequency 4.95 GHz and for Bex= 98 mT.
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FIG. S5. Panel (a) shows a section of the simulation from Fig. S4 with a circular grating having a period of 150 um. Panel (b) shows the
interference pattern formed by SWs passing through a square antidot grating having the same period of 150 pm.

IV. INFLUENCE OF ANTIDOT SHAPE ON SELF-IMAGE

We changed the shape of the antidots to investigate their effect on the SW propagation in a YIG film and the formation of
the self-image pattern. We use the same parameters as in the simulation in Fig. S4 (lattice period 150 um, frequency 4.95 GHz,
and Bex= 98 mT), and the obtained pattern with the circular antidots as a reference image. By changing the antidot shapes from
circles [Fig. S5(a)] to squares [Fig. S5(b)], we preserve the self-image pattern in diffraction with the same distance between
repetitions, i.e., 415 um. However, the circular antidot grating provides better signal quality, resulting in the formation of clearer
patterns. ’ghis difference between the shapes of the antidots can be attributed to the difference in the demagnetization field near
the holes®.
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5.2 Two-dimensional systems

In line with the goals of my Ph.D. research plan, the natural continuation of the study of one-
dimensional textured systems is to extend the investigation to two-dimensional nanostructures.

This transition enables the study of spin-wave phenomena in more complex geometries,
such as waveguides with crescent-shaped cross section and ADLs, in line with the broader
goal of advancing functional magnonic architectures. These structures are considered two-
dimensional in this study, because the spatial variation of their physical parameters is confined to
two dimensions, while the third dimension is held constant and/or excluded from the analysis.
For example, we model an infinitely long structure where the cross section is crescent-shaped,
meaning that properties such as magnetization and material composition can only change within
the profile (in two dimensions) but remain uniform along the length of the waveguide.

ADL’s micromagnetic simulations are in fact fully 3D because they include out-of-plane
boundary conditions that make the structure finite in the thickness direction. However, the
periodicity and primary magnetic behavior are restricted to the in-plane dimensions, with a
single unit cell across the thickness of a film (same as in the MuMax3 simulations for Talbot
effect studies). Although the out-of-plane thickness affects the spin-wave dynamics, there are no
structural variations occurring along this direction, allowing the main effects to be accurately
described in a two-dimensional context.

The structures manipulate spin waves in a planar framework, allowing for precise control
over wave confinement, propagation, and interference within the plane, which is invaluable for
designing efficient magnonic devices.

Two-dimensional nanostructures, such as ADLs with periodic arrays of dots, create frequency-
selective channels by establishing tunable bandgaps. These bandgaps filter spin waves according
to their frequency, making ADLs highly effective for frequency-selective applications. Similarly,
crescent-shaped waveguides exploit structural asymmetry to achieve tailored propagation modes,
further extending the ability to control spin-wave behavior.

The research presented in this section builds on the principles established in 1D studies and
extends them to more complex geometries that enable sophisticated wave manipulation and open
new avenues for applied magnonics.

5.2.1 Spin-wave localization and dynamics in crescent cross-section
nanorods under geometric and field manipulations (P4)

This research investigates the properties of spin waves in crescent-shaped waveguides — structures
that are inherently three-dimensional due to their curved, asymmetric cross-sectional geometry.
However, to focus specifically on the cross-sectional dynamics of magnetization, we perform
micromagnetic simulations in two dimensions, modeling the waveguide as infinitely long.

The study shows that changing the direction of the applied magnetic field breaks the inherent
symmetry of the crescent-shaped waveguide, which in turn shifts the localization of the spin-wave
modes with respect to the static demagnetizing field. This shift affects the frequencies of the
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spin waves and provides a way to control the mode confinement. These results demonstrate that
such sophisticated waveguides support chirality-based, nonreciprocal dispersion relations for
high-frequency spin waves that can be tuned by changing both the direction and the strength of
the magnetic field.

This work was carried out in an international collaboration with research groups from the
United Kingdom and India, bringing together advanced theoretical expertise and experimental
methodologies. It highlights the potential of crescent-shaped waveguides as two-dimensionally
textured but fundamentally three-dimensional magnetic structures with tunable spin-wave prop-
erties. Such architectures are promising for applications in spintronic and magnonic devices,
where precise control of the wave behavior by field and geometry offers new functionalities.

Contribution of the Author

In this publication, I co-supervised the work of the student H. Reshetniak (the second author),
and was primarily responsible for the execution of the micromagnetic simulations in COMSOL
Multiphysics, which we performed together. I also participated in the interpretation of the
simulation results (from COMSOL and from MuMax3 performed by U. Makartsou), established
and maintained the international collaboration for this project (with A. van den Berg, S. Ladak,
and A. Barman), post-processed the data, wrote the first draft, managed the submission of the
manuscript to the journal, and handled all correspondence with the reviewers.

The article reprinted with permission from Gotebiewski, M.; Reshetniak, H.; Makartsou, U.;
Krawczyk, M.; van den Berg, A.; Ladak, S.; Barman, A. Physical Review Applied 19, 6, 2200373
(2023) ©2023 American Physical Society. License number: RNP/25/FEB/088094.
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The research on the properties of spin waves (SWs) in three-dimensional nanosystems is an innovative
idea in the field of magnonics. Mastering and understanding the nature of magnetization dynamics and
binding of SWs at surfaces, edges, and in-volume parts of three-dimensional magnetic systems enables
the discovery of alternative phenomena and suggests other possibilities for their use in magnonic and
spintronic devices. In this work, we use numerical methods to study the effect of geometry and external
magnetic field manipulations on the localization and dynamics of SWs in crescent-shaped (CS) waveg-
uides. It is shown that changing the magnetic field direction in these waveguides breaks the symmetry and
affects the localization of eigenmodes with respect to the static demagnetizing field. This, in turn, has a
direct effect on their frequency. Furthermore, CS structures are found to be characterized by significant sat-
uration at certain field orientations, resulting in a cylindrical magnetization distribution. Thus, we present
chirality-based nonreciprocal dispersion relations for high-frequency SWs, which can be controlled by the
field direction (shape symmetry) and its amplitude (saturation).

DOI: 10.1103/PhysRevApplied.19.064045

I. INTRODUCTION

Today, the topic of spin waves (SWs) and their control
in magnetic materials covers a broad spectrum of research.
The technological potential of signal transport without the
emission of Joule-Lenz heat [1-3], the wavelength of SWs
from micrometers to tens of nanometers for frequencies
from few GHz to several hundred GHz [4—7], the ability
to control the dispersion and group velocity of magnons
[8—11], and high-energy efficiency without compromising
the conversion speed [1,12—14], make them a desirable
successor to conventional electric currents, among others
in computing, memory, and various types of microwave
systems [15-20].

It is promising to design advanced magnonic systems
where, thanks to static (e.g., geometry, topology, mate-
rial properties, magnetization texture) and dynamic factors
(e.g., frequency of SWs, dynamic couplings, and direc-
tion of the external magnetic field), it is possible to control
magnons and adjust their dynamics to the given goals. In
ferromagnetic materials, the properties of SWs are deter-
mined by strong isotropic exchange interactions coexisting
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with anisotropic magnetostatic interactions. The localiza-
tion of SWs is a natural consequence of the development
and miniaturization of nanoscale magnetic systems and
attempts to manipulate their magnetization. One example
of such localizations is the edge mode [21-35], where SWs
are bound or propagate only along the outer parts of a
system. The strong heterogeneity of the internal demagne-
tizing field at the edges perpendicular to the magnetization
allows the localization of SWs in these regions, and the
localization allows the trapped wave modes to act as
information carriers or sensitive probes of the magnetic
properties of an entire system.

In recent years, there has been significant development
of alternative fabrication techniques, such as two-photon
lithography and focused electron-beam-induced deposi-
tion, which now allow the fabrication and analysis of com-
plex three-dimensional (3D) structures at the nanometer
scale [36-41]. Understanding the influence of geometric
and topological properties on the propagation of SWs in
3D systems is at a very early stage of research. Excit-
ing effects are shown by crescent-shaped (CS) nanowires
arranged in diamond bondlike networks, i.e., enabling the
analysis of states close to degeneration and providing a
platform for reconfigurable magnonic devices [42—46]. In
the above research, the nanorods are building blocks of

© 2023 American Physical Society
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more complex systems, demonstrating the existing imple-
mentation of CS structures in experimental and theoretical
studies. A single CS waveguide may also be of inter-
est in its own right. Moreover, the knowledge of single
nanowires will provide a better understanding of the com-
plex dynamics of magnetization in 3D structures’ entire
system.

This study investigates the shape and curvature of CS
nanowires to determine how they affect the magnetization
dynamics. In this context, there are key studies showing
effective Dzyaloshinskii-Moriya and anisotropy interac-
tions associated with curvature, as proposed in Ref. [47].
There are also numerous other intriguing effects in curved
magnetic wires and films [48], the understanding of which
opens other research avenues and motivates the systematic
analysis of the CS structures performed in this work.

The geometry of the simulated structure is shown in
Fig. 1, where the coordinate system and field direction
are defined. The SW modes have different spatial distribu-
tions in the described structure, ranging from localized to
volumetric, spreading throughout the volume, and having
different quantization numbers and properties. We study
two types of nanorods with CS cross sections—those with
rounded edges and those with sharp edges. With this
approach, we combine the practical and theoretical anal-
ysis of eigenmodes and determine the range where and
to what extent the contribution of the edge changes the
results for the whole nanorod. In addition, the SW prop-
agation and its dependence on the transverse localization
of the modes have been analyzed. The obtained disper-
sion relations show interesting nonreciprocal properties
that can be used for dynamic manipulation of SWs in these
waveguides.

The structure of the paper is as follows. First, we
describe the system geometry (Sec. II) and the numerical
methods used in the simulations (Sec. III). In Sec. IV we
present the results and analyze the SW spectra. The results
obtained in magnetization saturation at different external
field orientations with respect to the CS nanorod axis are
presented in Sec. IV A. The SW spectrum in the continu-
ous transformation from elliptic to CS nanorod is shown in
Sec. IV B, and we conclude how the edge sharpness influ-
ences the magnonic response of the structure in Sec. IV C.
In Sec. IVD we study the effect of decreasing magnetic
field and static magnetization distribution. Finally, in Sec.
IV E we examine the influence of the magnetic field orien-
tation on the dispersion relation of the SWs along the long
axis. The last section is a summary of the paper.

II. GEOMETRY AND MATERIAL PARAMETERS

In this research, infinitely long ferromagnetic nanorods
with CS cross sections (Fig. 1) are studied. Thus, the
magnetic properties (magnetization, demagnetizing field,
etc.) are considered to be homogeneous along the z axis.

FIG. 1. Model of the nanorod with a CS section. Spherical
coordinates for the external magnetic field Hey and the main
dimensions are marked.

Such nanowires can be realized using a combination of
two-photon lithography and evaporation [42—45].

The simulation model has 65 nm at the thickest point,
the width between the edges is 210 nm, and their round-
ing radius is 5 nm. Rounded edges of the waveguide are
closely related to maintaining the integrity of the simula-
tion by avoiding too thin elements. In addition, as shown
in Ref. [42], it is experimentally justified, and its simu-
lated edge modes retain their physical properties. We use
the following parameters of permalloy (Py): the satura-
tion magnetization Mg = 800 kA/m, the exchange constant
Aex = 13 pJ/m, and the gyromagnetic ratio |y | = 176 GHz
rad/T. To saturate the sample at all analyzed angles, we use
an external magnetic field of woHexy =3 T.

II1. MICROMAGNETIC SIMULATIONS

To comprehensively analyze the properties of the SW
modes in the CS nanorod, we perform a series of numer-
ical simulations in the COMSOL Multiphysics software.
It uses the finite-element method (FEM) to solve cou-
pled systems of partial differential equations, including the
Landau-Lifshitz equation and Maxwell equations in the
magnetostatic approximation.

All magnetic moments in numerically defined unit cells
are modeled in the simulations as normalized unit vec-
tors m = M/Mg, where M is the spatiotemporal distribu-
tion function of the total magnetization. Then, neglecting
damping as a parameter irrelevant to our analysis, the
Landau-Lifshitz equation takes the form:

dm

? = _y [m X BeFF] > (1)
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where dm/dt is the time evolution of the reduced mag-
netization. The effective magnetic flux density field By
determines the direction around which the magnetiza-
tion precesses and contains many system-related magnetic
components. In our simulations we assume only the influ-
ence of the external magnetic field, exchange interactions,
and demagnetization.

The demagnetizing field H,, contributes to the shape
anisotropy in ferromagnets and to the SW dynamics.
Since it is governed by Ampére’s law (V x H; = 0), the
demagnetizing field can be derived from a gradient of the
magnetic scalar potential U,,:

H; = —VU,, 2)
which, inside the magnetic body, yields
VU, =V M. )

All presented equations have been implemented in COM-
SOL to solve the eigenproblem derived from Egs. (1)—(3),
assuming full magnetization saturation by the magnetic
field, linear approximation, and analyzing only the CS
planes. Assuming that ferromagnetic materials are sat-
urated along the i axis (orientation of Hey), a linear
approximation can be used to split the magnetization
vector into static and dynamic (time #- and position r-
dependent) components m(r, t) = m;i + dm(r, 1) V (Sm L
1), neglecting all nonlinear terms in the dynamic magne-
tization dm(r, #). For further methodological details, see
Refs. [49,50]. Therefore, the numerical simulations are
performed in two spatial dimensions with a triangular dis-
cretization of nearly 10000 cells. To visualize the static
demagnetizing field on a two-dimensional xy area in the
form of a color map, we use the formula for its module:

Hy(x,y) = V(dU,/dx)* + (dU,, /dy)>. 4)

To elucidate the SW spectra and SW dispersion rela-
tion in unsaturated CS nanorods, we use the finite-
difference method based micromagnetic simulation pack-
age—Mumax3 [51]. Here we solve the Landau-Lifshitz
equation with the damping term (assuming damping coef-
ficient « = 0.0001), leaving other B.g terms the same as
in COMSOL simulations. To calculate the ferromagnetic
resonance intensity spectra (Fig. 8) and dispersion rela-
tions (Fig. 9), we apply the fast Fourier transform (FFT).
By applying the FFT, we are able to convert the time-
and space-domain signals from our simulations into fre-
quency and wave-vector domain spectra and determine
the resonant frequencies and SW mode profiles of CS
waveguides.

Mumax3 field-rotation simulations are discretized by
256 x 128 x 1 cells, each 0.92 x 0.90 x 1 nm? in size,
along the x, y, and z axes, respectively. Periodic bound-
ary conditions (PBC) are applied along the z axis to

mimic an infinitely long system. To excite the SW dynam-
ics, we use a homogeneous in-space microwave magnetic
field h(z, ) = [ho, ho, holsinc (27 foef) With amplitude iy =
0.015Hy; and f¢y = 100 GHz.

For the dispersion relation simulation, however, the
computational volume without PBC had to be increased
to 20 pwm, which required the discretization reduction
to 64 x 64 x 5120 cells. To avoid reflections of SWs at
the waveguide ends, an absorbing boundary condition is
assumed. These adjustments did not affect the mode pro-
files, although a minimal shift in frequencies is observed.
Of note, in none of the simulations is the unit cell larger
than the exchange length, which is 5.69 nm for Py. The
SWs are excited from the central part of the waveg-
uide by applying the time- and space-dependent dynamic
component of the magnetic field h, defined as

h(Z, t) = [hOa hOs hO]SinC(ZNkCutz)Sinc(znﬁutt)s (5)

where hy = 0.015H. By using Eq. (5), we can apply
broadband SW excitation in ranges of frequencies f €
[0, feut] and wave vectors along the z axis k, € [—keut, keut]-

IV. RESULTS

A. Dependence of SW spectra on the orientation of the
magnetic field

We analyze the SW eigenmodes of the system shown
in Fig. 1, saturated by the external magnetic field (3 T)
directed at different angles ¢ and 6. The results are shown
in Figs. 2—4. They reveal interesting changes in the fre-
quencies and distribution of the SW amplitude for different
field configurations.

The analysis of changing the azimuth angle ¢ (at 6 =
90°) on the SW eigenmodes in Fig. 2 shows the evident
influence of the system symmetry on their properties. This
is manifested by the edge localization of some modes and
the bulk concentration of others. The frequency shift with
increasing ¢ is nonmonotonic, revealing more and less
favorable configurations for some applications. At ¢ = 0°,
the two low-frequency modes [see mode 1 in Figs. 2(a)
and 2(b)] are the edge-localized SWs with antisymmet-
ric and symmetric oscillations at the opposite edges of
the nanorod, see Fig. 3(a). Their frequency difference is
only 100 MHz, indicating a weak coupling between the
SW oscillations at the opposite edges. Interestingly, their
responses to field rotation vary significantly, as the fre-
quency of the symmetry branch increases linearly with
increasing angle, from 75.76 GHz at 0° to approximately
88 GHz at 30°. The antisymmetric branch shows a com-
pletely different trend. We observe the transition from
edge mode at ¢ = 0° (no. 1), to asymmetric single-edge
localization at ¢ = 45° (no. 3), to low-frequency volume
mode at ¢ = 90° (no. 5). The edge localization and its
changes with magnetic field rotation can be explained by
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FIG. 2. Eigenanalysis of the CS nanowire as a function of the changing direction of the external magnetic field that saturates the
magnetization, noHe = 3 T. Plot (a) shows the dependence of the eigenfrequencies on the azimuthal angle ¢ in the range 0—90° for
the polar angle 6 = 90°. The colors correspond to the intensities of the individual eigenmodes according to Eq. (6). In (b) we can
see the distribution of the magnetization precession intensity, while in (c) the static demagnetizing fields, Eq. (4), are shown for the
selected ¢ values. The number insets in the plots refer to the eigenmode visualizations.

the enhancement of the demagnetizing field, which locally
reduces the internal magnetic field, as shown in Fig. 2(c).
Thus, the observed transition is strongly associated with
the breaking of the symmetry of the internal magnetic
field and the associated changes in the demagnetizing field.
For the examples in Fig. 2 labeled 3 and 4, we see that
the demagnetizing field is strongly localized at the right
edge; therefore, mode no. 3 has a lower frequency. On
the other hand, modes 5 and 6 are volumetric, but both
the magnetization and the demagnetizing field are not uni-
formly distributed over the cross section, which results in
a lower frequency of mode 5 than 6, since the peak of
the magnetization intensity coincides with the rise of the
demagnetizing field. Thus, the minima in the band struc-
ture for the polar angle ¢ = 45° are also related to the
localization of these low-frequency modes in one half of
the CS, e.g., see mode no. 3 in Fig. 2(b). The demagne-
tizing field in the CS nanorod fluctuates with changing ¢,
so does the frequency of the modes. Thus, the graph pre-
sented in Fig. 2(a) shows some crossing and anticrossing
between different modes, but we have left their origin and
interpretation for further study. Instead, in this paper we

(a wax: (b)
0=90 ®=0" g576GHz. 12 ©*5.®=0 87.40 GHz
7566 GHz  max. 87.33 GHz

[ \ )
FIG. 3. Edge-mode amplitude distribution for the first two
eigenfrequencies and external magnetic field polar angle equal
to (a) 90° and (b) 45°. In both cases the azimuthal angle remains
0°, and the colors represent the sum of the dynamic components
of the magnetization.

focus on analyzing the effect of field rotation on the CS
system eigenfrequencies and SW propagation in them.
The above analysis of the external magnetic field rota-
tion reveals the decoupling of the edge-localized SW
modes. Consequently, the two edges can behave as sepa-
rate, weakly dipolar coupled paths for SW guiding along
the nanorod, with their frequencies controlled by the mag-
nitude and orientation of the field. Furthermore, after the
field rotation breaks the symmetry, CS nanorods can be
used as two-channel SW waveguides capable of simulta-
neously supporting different frequencies on both sides.
Qualitatively, the situation is very similar for polar
angles 6 other than 90°, while the eigenfrequency values
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FIG. 4. Frequencies of the SWs in the CS nanowire as a func-
tion of the polar angle 8 for a constant azimuthal angle ¢ = 90°
of the 3-T external magnetic field (auxiliary diagram in the
lower-left corner). The dark color of the dots represents the
resulting intensity of the eigenmodes calculated according to Eq.
(6). The images of the cross sections show the distribution of
the magnetization precession intensity for successively marked
values of 6.
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FIG. 5. Scheme of the analyzed shape transformation—from
ellipse to the crescent.

change significantly. In particular, the frequency of the
edge mode increases from approximately 76 to approxi-
mately 88 GHz with a rotating magnetic field from 6 = 90
to 45° (Fig. 3), since decreasing the demagnetizing field
results in increasing the internal field. By changing 6 from
90 to 45° (and keeping ¢ = 0°), we drive the first edge
eigenmode to change its nature from antisymmetric to
symmetric.

For this reason, we also decide to study the influence
of the polar angle 6 on the response of the ferromagnetic
system. In this case, the symmetry between the geometry
and the external magnetic field is maintained, i.e., for the
constant angle ¢ = 90°.

Figure 4 shows the distinct and monotonic frequency
drop (by approximately 30 GHz for the lowest mode)

along with the “skew” of the external magnetic field from
the long axis of the nanowire. As for the variation of ¢,
one can also observe a transition from the edge mode
for small 6 values to the volume mode already formed
at about # = 20°. The frequency drop is also accompa-
nied by a greater separation of eigenmodes, especially
the low-frequency ones, compared to the others. This is
related to the increasing propensity of the system to gener-
ate an intense fundamental mode as 6 grows. Furthermore,
homogeneously precessing magnetization vectors are ener-
getically more favorable for the field directed along a
volume section of finite thickness. It will therefore oscillate
with greater intensity and lower frequency.

In addition, the data markers on the frequency plots,
Figs. 2(a) and 4, are colored according to values of the
following formula:

1 2
= <_ / smir, t)dS) , (©)
S Js

where S is an area of the nanorod’s CS cross section.
It defines the intensity of the eigenmodes, formulated to
estimate their visibility in experiments, e.g., ferromagnetic
resonance measurements. The most intense lines are asso-
ciated with the fundamental mode (no phase change in
the nanorod cross section); see mode 2 in Figs. 2(a) and
2(b). This is predictable since symmetric edge modes are
enhanced by a strong demagnetization field, while volume
modes occur over a larger area. However, azimuthal rota-
tion of the field reduces the intensity and is only restored at
¢ > 70°. Here we have two modes of comparable intensity
at 65 and 70 GHz [see modes 5 and 6 in Fig. 2(b)]. These
modes have amplitudes concentrated in different parts of
the inner and central parts of the nanorod with a nodal line
perpendicular to Hey. Their frequency splitting is due to
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} “Q Lan,

Eigenanalysis of a variably shaped nanowire going from a full ellipse to the CS cross section (according to Fig. 5). In (a),

the magnetization precession intensity distributions for the lowest eigenfrequency branch are shown for the five selected steps of
overlapping distance |Z| = 350, 270, 240, 90, and 0 nm. In (b) the distributions of the static demagnetizing field [see Eq. (4)] are

presented.
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different curvatures of the lower and upper nanorod edges
and thus different demagnetizing fields (see Fig. 2(c) at
¢ = 90°). Interestingly, rotating the field along the long
axis (from 6 = 90° to 0°) decreases the intensity as they
transform to the edge-type mode (see Fig. 4).

B. Crescent-ellipse shape transformation

We further investigate the shape and curvature depen-
dence of the analyzed cross section on the formation of
low-frequency modes. Therefore, we perform a series of
simulations for different geometries resulting from the
superposition of two elliptical shapes, from a full ellipse to
the crescent shape, controlled by a single parameter L. The
scheme of the reasoning is shown in Fig. 5. This allows us
to capture the transition of the localization of the modes.
In addition, we could also observe the effect of changing
the geometry on the demagnetizing field. This analysis is
performed for the 3-T external magnetic field along the x
axis.

In Fig. 6 it can be seen that the crossings of the indi-
vidual frequency branches occur at the moment of transi-
tion, at L ~ —270 nm. Notable is also the nonmonotonic
dependence of the lowest-frequency branches. By choos-
ing the appropriate shape of the cross section, we can
significantly influence their energy without changing the
character of the modes (in this case, the edge-mode exci-
tation at the lowest frequency, i.e., 64.81 GHz, occurs
for L &~ —90 nm). For L > —90 nm, the frequency of all
modes increases with increasing L, indicating the dominant
role of exchange interactions. An interesting phenomenon
is also found for the first three pairs of eigenmodes—we
see that as the cross section is brought closer to the cres-
cent shape, these modes degenerate. This is opposite to
the behavior of Fig. 2, where symmetric and antisymmet-
ric edge modes split. It is also interesting from the point
of view of designing such structures, since the geometry
can tune the coupling between modes localized on opposite
sides.

C. Edge sharpness impact

Comparing the simulations for 8 = 90° and ¢ = 0°, we
see that the first edge and volume modes (numbered 1 and
2 in Fig. 2) appear at 75.66 and 84.39 GHz, respectively.
In the sharp-edged case (analogous to L = 0 nm), the first
eigenmode appears already at 70.88 GHz and is strictly
localized at the edges. It shows a strong edge geometry and
sharpness dependence of the eigenfrequencies obtained.
This property provides another degree of freedom in this
system to tune a magnonic spectrum. However, unlike the
thickness, curvature and length of the nanowire, the shape
of the edges is difficult to control experimentally. There-
fore, in this analysis we examine only what differences
can be expected and how essential this element is for the
results of micromagnetic simulations. From experimental

y _
=90°, ®=0°) =
;0 Zl X[ He(€ = 90°, @ =0°) ®)
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FIG. 7. Comparison of the localization of the SW modes and
their frequencies (a),(c) depending on the different edge sharp-
ness and comparison with the corresponding demagnetizing
fields (b),(d). The color distributions for the modes represent
the magnetization precession intensity from Eq. (6), while the
demagnetizing field is from Eq. (4).

studies, it can be observed that the evaporation of a mate-
rial on a polymer framework with an elliptical cross section
[42] leads to the formation of CS nanowires with partially
rounded edges. This is mainly due to the roughness of the
underlying resist of about 5 nm.

In Fig. 7 it is evident that for the illustrative exam-
ple (¢ =0°, 6 =90°), where the first eigenmodes are
edge localized, there are obvious differences in their dis-
tribution and oscillation frequency, up to 4.78 GHz. As
shown in the previous section, a strong demagnetizing field
in thin regions, relative to a normally oriented magnetic
field, causes the modes to be localized there. The crucial
observation from Fig. 7 is that the frequency decreases sig-
nificantly for the sharper edge case. This most likely means
that the localization is still forced by the demagnetizing
field (magnetostatic effect), since the exchange contribu-
tion would increase the frequency with persistent phase or
amplitude inhomogeneities in the edge region.

D. Unsaturated system

The eigenproblem simulations in COMSOL assume a uni-
form static magnetization and focus on the change of field
direction and its influence on the localization of harmonic
SW modes and their frequencies. For this reason, a large
3-T magnetic field is assumed. An interesting observation
is made when comparing the results of the frequency-
domain simulation with the results obtained in Mumax3
with the relaxation of the static magnetization distribution.
As shown in Fig. 8 (right panels), even at 3-T field, the
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FIG. 8. Comparison of the CS nanowire’s eigenanalysis
results from COMSOL (gray dots) and time-domain simulation
results from Mumax3 (color scale) as a function of the azimuthal
angle ¢ for the polar angle & = 90° at external magnetic field
3 T. On the right, the static magnetization plots of the CS cross
section from Mumax3 for three magnetic field configurations are
shown. The color map visualizes the angle deviation of the static
magnetization vector (arrows) from the direction of the external
magnetic field.

infinite CS nanowire still maintains a nonuniform magneti-
zation (up to 8.6° from the magnetic field orientation at the
edges of the CS nanowire for ¢ = 0 and 90°), the strength
and distribution of which vary with the magnetic field ori-
entation. This leads to slight frequency differences (up to
2.5%) between the Mumax3 and COMSOL calculations (for
low-frequency modes at ¢ = 0° and higher frequency at
¢ = 90°), while maintaining their qualitative agreement,
as seen in Fig. 8 (left panel). The intensity of a mode is
also correlated for both solvers, which can be seen by com-
paring the intensity of the color map in Fig. 8 with the
intensity of the dots in Fig. 2(a). The unexpectedly large
saturation field drew our attention to the use of CS waveg-
uides for the propagation of high-frequency SWs, whose
frequency will be strongly tunable with the propagation
direction (chiral anisotropy) and the value and direction of
the external field.

E. Dispersion relation

Curvilinear magnetism, and in particular the propaga-
tion of SWs in cylindrical nanotubes, is the subject of
analysis in recent studies [47,52—54]. They focus on the
influence of the magnetization chirality, forced by the
geometry, on the dispersion relation of SWs, obtaining dif-
ferent frequency values with the same wave number but
propagating in opposite directions. By analogy with the
cylindrical cross section of a nanotube, we can assume that
the magnetization in the CS nanorods spreads along their
curvature at low magnetic fields, giving rise to SWs with
chiral properties. In Fig. 9 we show the dispersion relations
for a wave vector directed along the z axis for two values
of the external magnetic field, 1 T and 3 T, and its two
orientations, ¢ = 0 and 90° (for both 6 = 90°).
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FIG. 9. Dispersion relations of CS nanorods for (a),(c) 1-T
and (b),(d) 3-T external magnetic field directed along the x axis
(a),(b) and the y axis (c¢),(d) for 1 T and (d) for 3 T. The wave
vector is directed along the z axis. Nonreciprocity is shown in
insets as the frequency differences §f between the most intense
branches for positive (yellow dots) and negative (red dots) wave
vectors. The plots also include visualizations of volumetric and
edge modes (where they occur) for &k, = 0.

The results for the field directed along the x axis [Figs.
9(a) and 9(b)] show a clear, field-value-dependent non-
reciprocity for the bulk mode, represented by the inset
plots 8f (|k.|) = f (k) — f (—k.). The highest value of this
function for the bulk mode at 1 T along the x axis is
max(§f ) ~ 1.35 GHz, and for the analogous case at 3
T—max(§f ) ~ 1.03 GHz. Interestingly, as we can see in
Figs. 9(a) and 9(b), the lowest frequency bands are the edge
modes. In the case of 3 T [Fig. 9(b)], this mode is strictly
edge localized (see also mode no. 1 in Fig. 2). Simulations
also show that this mode has a symmetric parabolic dis-
persion relation, indicating the propagation nature of this
excitation, which supports the thesis of a two-channel SW
conductor in structures with CS cross sections. For smaller
fields [e.g., 1 T in Fig. 9(a)], the demagnetization exceeds
the external magnetic field and the magnetization rotates
tangentially to the edge of the nanowire, causing the ampli-
tude to spread over the volume and lose its edge character.
This results in a small nonreciprocity also for this mode.
On the other hand, at the vertical magnetic field orien-
tation, shown in Figs. 9(c) and 9(d), there is a perfectly
symmetric dispersion relation for both 1-T and 3-T field
values.

The peculiar dependence of the SW dispersion relation
on the value and direction of the magnetic field described
in this section is a direct effect of the curvature when
the magnetic field breaks the shape symmetry and its
low amplitude does not allow it to saturate, leading to a
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quasichiral magnetization distribution. Therefore, the non-
reciprocity can be explained by the fact that the static mag-
netization is distributed in a nonlinear way—the smaller
the field value, the more significant the nonreciprocity.
Interestingly, we are still able to observe detectable nonre-
ciprocity in the CS nanorods at fields as high as 3 T (asym-
metrically directed). A feature of the presented systems
is the wide operating frequency range and the dynamic
tunability using an external magnetic field. Another inter-
esting step may be to test their operation in small fields (or
even remanence), where the chirality and thus the nonre-
ciprocity should be stronger and the SW frequencies lower.
In addition, it is worth noting that the fabrication of struc-
tures with a CS cross section is less expensive than that of
nanotubes, which is also an invaluable parameter for future
applications.

V. CONCLUSIONS

In this study, an infinitely long waveguide with a CS
cross section is investigated. The magnetic response of the
system is examined (by eigenfrequency analysis) for dif-
ferent angles of the external magnetic field and the ratio
of the edge curvature to the total volume of the cross
section. From the obtained results we conclude that the
dynamic manipulation of the field direction significantly
changes the frequency and character of the eigenmodes,
especially the low-frequency ones, shifting from edge to
volume localization. The critical factor in this transition
is the effect of the symmetry breaking and the magnitude
of the internal demagnetizing field in the edge and vol-
ume regions, respectively. An analogous transition from
the low-frequency edge to the volume mode is observed by
gradually changing the cross section from an elliptical to a
narrow crescent. However, the relationship between shape
and frequency remained nonmonotonic, allowing the iden-
tification of the parameters analyzed to obtain the desired
SW localization at a given frequency.

The analysis of CS structures is based on experimen-
tal research. Here, we numerically demonstrate that very
long nanowires with such cross sections are interesting
objects of study, allowing us to better understand magnonic
effects in complex nanostructures. In 3D systems, where
the nanorod elements are oriented at different angles to
the external magnetic field, the magnetic effects resulting
from the cross sections have a crucial impact on the global
dynamic properties. There are also interesting aspects of
CS waveguides whose magnetization is not fully saturated
and is distributed along the curvature of the structure. For
certain angles of incidence of the external magnetic field
(in particular, ¢ = 0° and 6 = 90°) it corresponds to a
quasi-chiral-like texture and thus to an asymmetric disper-
sion relation for SWs propagating along its long axis. In
addition, it is found that the saturation of this structure (in

this configuration) is surprisingly high, which may favor
the nonreciprocal propagation of high-frequency SWs.

An in-depth understanding of SW performance in
waveguides with nontrivial shapes and cross sections is
essential to understand the collective effects and advan-
tages of using them in complex magnonic circuits. Ulti-
mately, this research demonstrates the unique nature of CS-
section nanorods and their real potential for use in future
magnonic devices, where waveguides enabling advanced
SW dynamics control will be critical.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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5.2.2 Thin-film magnonic crystals for high-frequency spin-wave generation
(P3)

This paper explores the potential of spin waves for high-frequency signal processing, highlighting
the role of two-dimensional texturing in achieving nano-wavelength confinement and high-
frequency operation. Using a periodic ADL — a two-dimensional magnonic crystal structure —
we demonstrate through micromagnetic simulations that a microwave-pumped spin-wave mode,
confined within the lattice cavity (region in ADL without the antidots — a defect), can generate
spin waves with frequencies in the tens of GHz and wavelengths below 50 nm. This represents a
significant advance in the generation of high-frequency, short-wavelength spin waves.

The 2D texturing by the ADL creates a magnonic bandgap that overlaps the frequency of the
cavity mode, enhancing confinement and enabling magnetic field tunability. We find that higher
harmonics emerge when the RF amplitude exceeds a certain threshold, indicating nonlinear
magnetization dynamics. The cavity mode frequency is aligned with the FMR frequency of the
planar ferromagnetic film, providing a stable mechanism for wave generation and control.

This study highlights the importance of two-dimensional texturization for high-frequency
spin-wave applications and presents a scalable method for generating short spin waves, under-
scoring the potential of magnonic crystals in advanced magnonic and quantum technologies.
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Exciting High-Frequency Short-Wavelength Spin Waves
using High Harmonics of a Magnonic Cavity Mode

Nikhil Kumar, Pawet Gruszecki, Mateusz Gotfebiewski, Jarostaw W. Ktos,

and Maciej Krawczyk*

Spin waves (SWs) are promising objects for signal processing and future
quantum technologies due to their high microwave frequencies with
corresponding nanoscale wavelengths. However, the nano-wavelength SWs
generated so far are limited to low frequencies. In the paper, using
micromagnetic simulations, it is shown that a microwave-pumped SW mode
confined to the cavity of a thin film magnonic crystal (MC) can be used to
generate waves at tens of GHz and wavelengths well below 50 nm. These
multi-frequency harmonics of the fundamental cavity mode are generated
when the amplitude of the pumping microwave field exceeds a threshold, and
their intensities then scale linearly with the field intensity. The frequency of
the cavity mode is equal to the ferromagnetic resonance frequency of the

electronics and photonics in terms of high
operating frequency, low power consump-
tion, and miniaturization.[?’-111 MCs are
the magnetic equivalent of photonic or
phononic crystals, which are important el-
ements of photonic!!>"3] and phononicl**!°]
technologies, respectively, and are also con-
sidered to be an important element of
future magnonic circuits.'*!? The char-
acteristic in-plane sizes of planar MCs
are in the range of tens or single hun-
dreds of nanometers, while the thicknesses
are about a few or tens of nanometers.
In this context, the SW modes in an-

planar ferromagnetic film, which overlaps with the magnonic bandgap,
providing an efficient mechanism for confinement and magnetic field
tunability. The effect reaches saturation when the microstrip feed line covers

the entire cavity, making the system feasible for realization.

1. Introduction

Magnonics, which uses SWs to transmit and process informa-
tion, is one of the fastest developing areas of research in mod-
ern magnetism.['% It covers a wide frequency range from sub-
GHz to tens of THz, with corresponding wavelengths from mi-
crometers to nanometers, and is free of translational electron mo-
tion and Joule heating. This makes it a promising alternative to
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tidot lattices (ADLs), i.e, thin ferromag-
netic films periodically structured with
holes (antdots), have attracted considerable
interest?*?”] and were used for control-
ling SW velocity, 8] exploiting magnonic
bandgaps and SW diffraction.[2-3]

However, the fundamental obstacles in
the design of magnonic devices are, among
others, difficulties related to the excitation of SWs, especially of
high frequency and short wavelengths. To excite short SWs, i.e.
with wavelengths below 100 nm, the use of (a) microwave strip
lines, 32! (b) magnetic solitons (domain wall(*3! or vortex in a sin-
gle or double ferromagnetic layer!>*3%), (c) ferromagnetic strips
magnetostatically coupled to the ferromagnetic conduit,**! (d) 2D
grating couplers®” or (f) inhomogeneity of the internal magnetic
field®®] has been proposed. The first approach (a) requires ultra-
narrow metallic strips that limit the transmitted power, and the
latter three (b—d) are used at low frequencies that are limited by
the natural oscillations of the magnetic solitons or ferromagnetic
nanoelements (ferromagnetic resonance frequency). In the latter
case (d), the frequencies of the locally modified internal magnetic
field are usually below or around the ferromagnetic resonance
frequency of the respective bulk material. More recently, in the
out-of-plane magnetized film, the local reduction of the demag-
netization field due to high-angle magnetization oscillations al-
lowed the excitation of SWs with wavelengths down to 200 nm.3!
Although a simple microstrip is used to transmit microwaves to
the SW, the nonlinear effect involved and the proposed conver-
sion are limited to low frequencies, hardly accessible for shorter
SWs, and effective only in the assumed geometry.

By introducing a defect into the ADL, e.g., in the form of a
filled hole (or a few filled holes), we can trap SW energy in this
region whenever a resonant frequency of the cavity falls into
the magnonic bandgap of the MC.[**3] Such a magnonic cavity

© 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 1. a) Schematic of the device — an ADL with a three-hole defect
cavity (L) centered atx = 0 and y = 0. MC is made of a 5 nm thick Py-film
with magnetization saturated by the magnetic field H, directed along the
y-axis, the diameter of the antidots is 80 nm and the lattice constant is
150 nm. A CPW antenna is placed just above the film, centered at x, (in
the plot xy = 0), and consists of a source line of width w and two ground
lines, which are separated from the source line by gaps of width s. b) The
SWs are excited by the x and z components of the microwave frequency
magnetic field h, ¢ of amplitude h,¢ produced by CPW. The calculated field
distribution from CPW with w = 40 nm and s = 20 nm is shown.

allows building-up of SW amplitude,***] similar to electro-
magnetic waves in a photonic crystal cavity,!?l when externally
pumped at the cavity resonant frequency. Finally, at sufficiently
high wave amplitudes, nonlinear processes are initiated. This
effect is widely studied and exploited in photonics cavities, in par-
ticular, to enhance the generation of 2" and 3" harmonics.['3¢]

Recently, multi-frequency generation in magnonics has also
been demonstrated.[*->°] However, the frequency of the gener-
ated SW modes hardly exceeds 10 GHz. In particular, the results
of time-resolved scanning transmission X-ray microscopy mea-
surements demonstrate the generation of SW high harmonics,
up to 7 order, in ADL based on 50 nm thick Py film.l*] The
pumping microwave field frequency is only 0.93 GHz, so the 7%
order harmonic frequency is only 6.51 GHz.

In our work, we further exploit ADL by combining it with
the defects forming magnonic cavities to enhance nonlinear pro-
cesses, in particular high-frequency harmonic generation. To this
end, we introduce into ADL an L, cavity (a homogeneous re-
gion where three successive antidots are absent). In order to
concentrate and enhance the SW amplitude inside the cavity,
which is required to cross the nonlinearity threshold, we need
to choose an ADL with a full frequency gap in which the funda-
mental mode of the cavity exists. This condition is satisfied for
a Py-based ADL with cylindrical antidots arranged in a square
lattice—see Figure 1. Here, the gap width is 1.9 GHz at 0.5 T
magnetic field and can be further optimized by changing the lat-
tice type, shape, and size of the antidots. The fundamental mode
frequency of the L, cavity corresponds to the ferromagnetic res-
onance (FMR) frequency of the uniform Py layer, and this fre-
quency is within the magnonic bandgap of the ADL. This allows a
wide frequency tunability by the magnetic field: changing it from
200 mT to 1 T results in the 2" and 3" harmonics in the fre-
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quency ranges 28-80 GHz and 42-120 GHz, respectively, while
keeping the SW wavelength below 62 and 40 nm, respectively.
The presented mechanism of high-frequency short-wavelength
SW generation demonstrates its general character and the feasi-
bility of its experimental realization by using a standard coplanar
waveguide (CPW) to pump the fundamental cavity mode.

2. Device Model

The device geometry is shown in Figure 1a. It is an ADL with
a square lattice of antidots in a 5 nm thick Py film, with an an-
tidot diameter of 80 nm and a lattice constant of a = 150 nm.
A three-antidot defect L, (i.e., the area of three unit cells without
the holes) is introduced in this structure. The system is uniformly
magnetized by an in-plane bias magnetic field p,H, > 0.2 T di-
rected along the y-axis (i, is the permeability of the vacuum). The
SWs are excited by a microwave frequency magnetic field (h,)
generated by a CPW consisting of a signal line of width w sepa-
rated by s = 20 nm gaps from two identical ground lines (much
wider than w), and centered at x,.

Two simulation methods are used. Comsol Multiphysics pack-
age is used to calculate the magnonic band structure and cavity
modes. Here, we use the finite element method (FEM) to solve
the eigenproblem obtained from the linearized Landau-Lifshitz
equation in real space and the frequency domain. The nonlinear
effects are simulated in the real space and time domain (with fi-
nite difference time domain method, FDTD) using the Mumax3
micromagnetic solver,!! which solves the full Landau-Lifshitz-
Gilbert equation. The methods are described in Section 5. We
use typical material parameters for Py, i.e., the saturation mag-
netization M, = 800 kAm'!, the exchange constant A = 13 pJm,
and in FDTD simulations the damping a = 0.01. We assume the
free electron gyromagnetic ratio, y = 176 rad GHzT"'. The mag-
netization dynamics inside the cavity are studied by probing the
magnetization amplitude over 450 X 150 nm area, i.e., three unit
cells along the x-axis and one along the y-axis.

3. Results

3.1. Band Structure and the Resonance Spectra

Magnonic band structure of the ADL (without the defect) is
shown in Figure 2a and is obtained by FEM at 0.5 T. The disper-
sion relation is over the path Y-I'-X-M-Y in the first Brillouin zone
(see the inset). Importantly, we see a well-defined full bandgap,
ranging from 23.05 to 24.95 GHz. The two bands below the
bandgap originate in the edge modes, i.e., the modes with the
amplitude concentrated near the antidot edges, while the bands
above are bulk modes, with the first one a fundamental mode of
the ADL.[?7]

The resonance response of the ADL, ADL with the L, cavity,
and as a reference of the plain Py film are shown in Figure 2b. The
results are obtained with FDTD method by applying a spatially
uniform broadband microwave magnetic field linearly polarized
along the z-axis:

h, ¢ = hsinc(2zf,, (t - £,))[0,0,1] (1)

where, the amplitude of microwave field poh =1 mT, f, =
40 GHz, and t, = 8/f.,,. The intensity is calculated by integrating
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Figure 2. a) Dispersion relation of SWs over the Y-I'-X-M-Y path in the first
Brillouin zone (as indicated in the inset) in the 2D ADL calculated with
FEM. The magnonic bandgap is marked in transparent red. b) Spin-wave
spectra obtained using FDTD using broadband excitation (poh,,¢ = 1 mT)
by a spatially uniform microwave field for a uniform Py film (the blue line),
an ADL (the black line), and an ADL with the L; cavity (the thick green line).
The cyan stars indicate the mode profiles displayed in (c-h). Eigenmodes
in the ADL are demonstrated in (c—e), while mode profiles for the ADL with
L; cavity are presented in (f-h). The color utilized represents the amplitude
of the out-of-the-plane component of the magnetization in arbitrary units.
The external magnetic field pyHy = 0.5 T is applied along the y-axis.

the square of the normalized z component of the magnetization
vector (m, = M,/Mjs) over the cavity region (i.e., the area of L;)
in a steady state. For presenting intensity, we use a logarithmic
scale: 201log,,(Im,|) in dB units.

For a plain Py film, we have only one distinctive peak at
24.3 GHz, corresponding to its FMR frequency. In the ADL
there are several intense peaks,?’] the most intense are shown in
Figure 2¢,d: c) the symmetric edge mode at 22.5 GHz (1*' band),
d) the fundamental excitation of the ADL at 25.8 GHz, and €) a
higher order SW at 28.5 GHz. This is in full agreement with the
dispersion relation presented in Figure 2a. For the ADL with the
cavity, we obtain the spectrum (green line in Figure 2b), which is
quite similar to the undefected ADL, but with a well-defined peak
at fy = 24.3 GHz, i.e., in the bandgap of the ADL. The peak rep-
resents the fundamental cavity mode (see Figure 2f), which oscil-
lates in phase, and its amplitude is confined inside the cavity. In-
terestingly, the frequency of this mode is the same as the FMR of
a uniform Py film (see green and blue lines in Figure 2b). There
are also high-frequency resonant modes in the cavity with en-
hanced SW amplitude inside the cavity as shown in Figure 2g,h.
However, their frequencies overlap with the continuous bands of
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Figure 3. a) The SW spectra (x mg) in the L3 cavity excited with CPW of
w =400 nm, located at xy = 0 at frequency 24.3 GHz and amplitude of
microwave field poh,,¢: 1uT (the black-dashed line), 0.1 mT (the red line),
1 mT (the green line), and 4 mT (the orange line). b) Intensity (o m?) of
the fundamental cavity mode (f, = 24.3 GHz), and its second (f, = 2fy =
48.6 GHz), and third (f; = 3f; = 72.9 GHz) harmonics on the microwave
excitation field strength h,, ¢ from CPWs with signal line widths w = 40 nm
and 400 nm represented as open and closed points, respectively. The black
dashed lines represent the fitted dependencies from Equation (2), whereas
the vertical narrow green line represents the field of value 0.1 mT used in
Figure 5. Simulations with FDTD were performed at pgHy = 0.5 T.

the ADL, and for that reason, the SW amplitude of these modes
spread over the entire ADL.

Learned from photonics, the enhancement of the pumping
power on the cavity mode shall result in entering into nonlinear
regime whenever the cavity is a medium possessing some kind
of nonlinearity.[1>#¢! In magnetism, nonlinearity is its inherent
property.’?] Therefore, in the following part of the manuscript,
we will focus on the fundamental cavity mode pumped by the
microwave magnetic field generated by CPW at 24.3 GHz and at
high amplitudes, unless otherwise noted.

3.2. Nonlinear Dynamics

Frequency spectra of the ADL cavity system are shown in
Figure 3a. The calculations were performed for 0.5 T magnetic
field and the CPW of w = 400 nm wide, located at the center of
the cavity (x, = 0), which generate the fields h =1 T, 100 uT,
1 mT, and 4 mT. Three peaks, corresponding to the frequencies
fo =243 GHz, f, = 48.6 GHz, and f; = 72.9 GHz, are clearly visi-
ble at higher amplitudes of the microwave field, except the lowest
considered value h,; = 1 pT, where f, and f; are at the base signal
level below —150 dB. These frequencies correspond to the excita-
tion of the fundamental cavity mode (f;) and its second (f, = 2f;)
and third (f; = 3f;) harmonics, respectively. The higher the am-
plitude of the microwave field, the higher the intensities of the
modes. However, there are significant changes in the relative
peak amplitudes between the fundamental cavity mode and its
harmonics. For the fundamental cavity mode, there is an increase
of 70 dB in the peak as we increase the microwave amplitude
from 1 uT to 4 mT, whereas for the second and third harmonics,
there is an increase of approximately 100 and 80 dB, respectively.

To shed more light on the efficiency of the SW excitations we
perform systematic simulations with increased h  from 1 pT
to 0.1 T using the same CPW antenna. The results are shown
in Figure 3b. The intensity of the fundamental cavity mode in-
creases from —80 dB at 103 mT till —10 dB at 10 mT, and satu-
rates with a further increase of h_;. The intensities of the 2"¢ and
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Figure 4. a—c) Spatial distributions of amplitudes of the perpendicular
component of reduced magnetization m, of the SW modes correspond-
ing to the (a) fundamental cavity mode (24.3 GHz), and its (b) second
(48.6 GHz), and (c) third (72.9 GHz) harmonics. FDTD results are ob-
tained with the CPW of w = 400 nm, xy = 0, h,r = 4 mT, and pgHy = 0.5 T.
d-f) Representation of the modes from (a—c) in the reciprocal space. The
size of the Brillouin zone is ca. 42 radum™~". The green lines in (e) and (f)
represent analyticall>#! isofrequency contours for uniform Py film at fre-
quencies 48.6 and 72.9 GHz, respectively.

3@ harmonics start to grow at about 0.01 and 0.1 mT, respec-
tively, grow almost linearly in this double logarithmic scale, and
both reach an intensity only 20 dB less than the f; mode at 40 mT.

This means that the effectiveness of the nonlinear processes
increases according to the square and cubic function of h, ¢, with
different threshold amplitudes of h . This is according to the
theoretical predictions for the plane film and plane waves(>?! in-
dicating that the intensity of the n harmonics:

M « <h_mf > ()
Hy

Similar behavior has already been observed experimentally in
the microwave pumping of the elliptical Py nanodot saturated
along the long axis.l’l However, in Ref. [53] the excitation was off-
resonant, i.e., the generation of the 2" and 3 harmonic was only
observed at 2f, ; and 3f_ ,, with the pumping field frequency f ,
and f, ,, respectively. Here, 2f, ; and 3f, , correspond to the fre-
quency of the antisymmetric (with the nodal line along the long
axis of the ellipse) and symmetric (fundamental) eigenmode of
the nanodot, respectively. This means that for a given frequency
of the microwave field f,, ; or f,, , only the 2" or 3" harmonic can
be observed.

The spatial distributions of the fundamental cavity mode (f;),
mode f, and f; at a microwave excitation field of b = 4.0 mT are
displayed in Figure 4a,b,c. The figures present a neat, undulat-
ing pattern at 48.6 and 72.9 GHz indicating a short wavelength
of excited SWs. Notably, the amplitude of these harmonics ex-
tends from the cavity to the ADL as the magnonic bands in the
ADL at these high frequencies are very dense, and come from the
distant Brillouin zones. A slight amplitude increase occurs along
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Figure 5. a) Dependence of the fundamental cavity mode frequency on ex-
ternal static magnetic field magnitude, Hy. The crosses mark the frequency
of the cavity mode obtained from FEM in the supercell approach, while the
red line represents the FMR frequency of the plain Py film from the Kittel's
formulae.[>”] The green dotted lines indicate the edges of the bandgap ob-
tained from FEM. b) Intensity of the fundamental cavity mode (f) and
its second (2fy) and third harmonics (3fy) as a function of H,y obtained
by FDTD. The markers indicate the intensities obtained by excitation with
a CPW line w = 400 nm wide, positioned at xy = 0, at poh,¢ = 0.1 mT at
frequencies following the red line in (a).

the y-axis, suggesting that utilizing these modes could be use-
ful for wave propagation. In fact, as seen in Figure 4e,f, the 2
and 3" harmonics possess discrete spectra in reciprocal space
with regularly spaced spots at high wavenumbers. This pattern
is related to the structure’s periodicity and the discrete values of
its reciprocal lattice vectors. The bright spots are located around
the almost circular isofrequency contours of SWs in the plain Py
film at 48.6 and 72.9 GHz. For f, and f;, their radius is 180 and
220 radpm™!, respectively, which corresponds to the SWs at wave-
lengths as short as 35 and 29 nm. The spots have larger intensities
along the direction of H, that indicate the preferred direction of
SW distribution from the cavity in the ADL, consistent with the
observation in Figure 4b,c. In the future, designing isofrequency
contours of the ADL at pertinent frequencies could enable tai-
loring of the propagation direction of nonlinearly excited high-
frequency SWs outside of the ADL. This objective can be accom-
plished through appropriate ADL geometry design and tailored
magnonic band structure.>>]

According to Equation (2), the effectiveness of the nonlinear
process can also be increased by decreasing H,. However, to
maintain similar conditions for the ADL cavity system at different
values of H,, the frequency of the fundamental cavity mode must
follow the magnonic bandgap as the magnetic field is varied. We
already indicated that the f; coincides with FMR frequency of the
Py film. In Figure 5a, we show that it is also in a wide range
of fields, i.e., from 0.2 to 1 T. Moreover, the frequency of this
mode (increasing from 13.99 to 39.56 GHz, respectively) falls into
the magnonic bandgap, which also depends on H,. Taking the
frequencies of the FMR mode with increasing H,, assuming a
pumped microwave magnetic field amplitude h = 0.1 mT, we
perform FDTD simulations. The results are shown in Figure 5b.
We see that as the magnetic field decreases from 1 to 0.3 T, the
intensity of the 2" and 3™ harmonics increases by 21.7 and
34.5 dB, respectively. However, there is a downside to decreas-
ing H,, it is that a lower frequency means longer wavelengths.
In particular, at 1 T the 2 and 3™ harmonics are at 79.12 and
118.68 GHz with wavelengths of 31.1 and 21.6 nm respectively,
while at 0.2 T they are at 27.98 and 41.97 GHz and wavelengths
of 61.4 and 39.8 nm, respectively.
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Figure 6. The dependence of the SW intensities (o mﬁ) atfy = 24.3 GHz,
fo =2%24.3 GHz, and f; = 3 X 24.3 GHz on (a) the position of the CPW
antenna x, with respect of cavity center (w = 400 nm and h,¢ = 0.1 mT),
and (b) the CPW signal line width w (xo = 0 and h,¢ = 0.1 mT). The gray
area in (a) denotes region with xo € [0, 300 nm], whereas in (b) are with
w > 150 nm.

3.3. Getting Ready to Experiment

The type of the ADL considered in this paper has been broadly in-
vestigated in the last few years,[272850:5859] 0 the nonlinear effects
presented above should be feasible for experimental realization
with current technology. To make our idea closer to realization,
we studied the influence of the CPW width and position with re-
spect to the cavity center on the frequency multiplication.

The dependence of the SW intensity at f;,, f;, f; on the position
of the CPW (w = 400 nm emitting a microwave magnetic field
h.¢=0.1mT) at u,H, = 0.5 T is shown in Figure 6a. Since h, is
below the threshold for f;, the discussion below relates directly to
f, and f;, but similar dependencies were also found at higher val-
ues of h ¢ for f;. As expected, the intensities of the SWs decrease
as the CPW signal line is moved away from the center of the cav-
ity. The rate of decrease accelerates significantly at x, > 425 nm.
This is due to the fact that, from this position, the emission occurs
outside the cavity, and the excitation of the cavity mode is only via
evanescent SW modes in the ADL at the frequency of 24.3 GHz,
which is in the bandgap. The study shows that the x, ~ 0 is the
most appropriate for excitation of SWs inside the cavity for CPW
narrower than the cavity length.

The influence of the width of the CPW signal line on the
intensity of the excited SW modes is shown in Figure 6b. We
place the CPW centrally over the cavity and increase w starting
at w = 40 nm, we keep h, = 0.1 mT. The intensity of f; and f,
mode increases with w, and as expected saturates when the sig-
nal line covers the entire cavity.

We conclude that the optimal conditions for multi-frequency
SW mode generation are when the cavity is completely covered
by the signal line, regardless of its position relative to the cav-
ity center. However, if the signal line is narrower than the cav-
ity, the intensity of the excited SW modes becomes sensitive to
x, and w. Moreover, their values influence also the threshold
field values for the generation of high-frequency harmonics. As
shown in Figure 3b the threshold fields are 0.04 and 0.4 mT for
CPW with w = 40 nm (empty symbols), which are higher than
for w = 400 nm, (solid symbols), 0.01 and 0.1 T, respectively.

The important element for the realization of the demonstrated
effects is a full magnonic bandgap, in particular, its width and the
frequency position of the fundamental cavity mode, which deter-
mine the mode confinement. In the dipole-exchange regime in
the in-plane magnetized ferromagnetic film, the case studied in
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our work, the SW dispersion is strongly anisotropic, resulting in
the complex band structure, hardly suitable for the full magnonic
bandgap.l°-%3] Nevertheless, in ADL, due to the demagnetizing
fields from the antidot edges, the lowest frequency SW bands are
formed by the modes confined to the edges of the antidots. How-
ever, the small separation between the antidots leads to the over-
lapping of the demagnetization field of the neighboring antidots
and the formation of the collective propagating modes, which
coupled with the fundamental ADL mode and finally close the
gap.l?”’l On the other hand, a large lattice constant leads to the
low-frequency flat edge mode bands and the decrease of the fre-
quency of the lowest bulk band (a fundamental mode of the ADL)
to the FMR frequency of the film, thus a loss of cavity mode con-
finement. Thus, the SW mode confinement in the ADL requires
a moderate lattice constant, which ensures that the edge mode
bands are well separated from the fundamental bulk mode of the
ADL, and at the same time, the bottom frequency of the bulk
band is above the FMR frequency of the plane film. Nevertheless,
it gives a wide spectrum for the tuning of the magnonic bandgap
in ADL to enhance the SW mode localization by the changes in
the lattice type, lattice constant, filling fraction, antidot shape, or
materials used for ADL preparation.

4, Conclusion

In summary, we describe a method to enhance the SW energy
confined in an MC cavity created in a thin Py-film based ADL to
enter the nonlinear regime. We have shown that the microwave-
pumped fundamental cavity mode, which has the frequency of
the plain film FMR fitting into a complete bandgap, can eas-
ily reach the nonlinearity threshold leading to the generation of
modes at multiple frequencies. Thus, we propose a way to gen-
erate high-frequency SWs in the range of 28 to 79 GHz and 42
to 119 GHz with very short wavelengths of 62 to 31 nm and 40
to 22 nm for the 2" and 3™ harmonics, respectively, by decreas-
ing the external magnetic field from 1 to 0.3 T. The harmonics
follow known dependencies on the amplitude of the pumped mi-
crowave field and the magnitude of the static magnetic field,>?!
allowing the effectiveness of multi-frequency mode generation
to be significantly enhanced. The effects demonstrated in this
paper can be achieved in standard ADLs using a simple CPW
antenna, whose main limitation is the overlap of the signal line
with the cavity surface. This provides an opportunity to investi-
gate magnonics applications at high frequencies, which overlap
with 6G microwave bands and have very short wavelengths, up
to 100,000 times shorter than the wavelength of microwaves at
these frequencies.

Further optimization of the MC structure can even increase the
demonstrated conversion efficiency of FMR oscillations to high-
frequency oscillations. This can be achieved if, instead of using a
cavity to confine only the SW at the input frequency (fundamental
cavity mode), the structure also allows the mode to be confined
at the output frequency(s) (high-frequency harmonics). Learning
from photonics, not only can the power consumption be greatly
reduced, but in principle 100% conversion can be achieved.[®+65]

Such high efficiencies can be particularly useful for hybrid
magnonics, the systems that have attracted much interest for
their potential applications in quantum sensing, communi-
cation, and information.[®®) In particular, hybrid designs that
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combine the spin of nitrogen-vacancy (NV) centers in diamonds
with other materials and physical systems have been shown
to enhance quantum sensing and information applications. By
increasing the local microwave magnetic field by orders of mag-
nitude, surface-limited SWs generated in the cavity of a thin film
MC can greatly enhance the interactions between the SW and
the NV spin, or the spin-spin coupling mediated by SWs.[67:68]
In addition, high-amplitude SW oscillations enhance nonlinear
effects that can be exploited to further enhance phtonon-magnon
coupling.[®7% Thus, our simple-geometry device is a promising
hybrid magnon platform suitable for integrating magnons for
quantum and analog information processing.

5. Experimental Section

Micromagnetic Simulations: To achieve precise outcomes for the
ADL'’s dispersion relations and to gain a better understanding of the com-
plexity of the SW modes inside the crystal cavity, FEM and FDTD methods
were utilized to solve the Landau-Lifshitz and Maxwell equations. Within
simulations, every magnetic moment in the predefined unit cells is given
by normalized unit vectors m = M/Ms, where M is the total magnetiza-
tion, and Mg is the saturation magnetization of the ferromagnetic ma-
terial. The approach then focuses on solving the Landau-Lifshitz-Gilbert
(LLG) equation:

dm _ 1
dt y'l+a2

(M X Beg + a(m X (m X Beg))) ©)

where y is the gyromagnetic ratio and a is the dimensionless damping co-
efficient. The effective magnetic flux density field, B g includes externally
applied field, By = poH,, together with the magnetostatic demagnetiza-
tion, By, and the exchange field, Bq,p,:

Beff = Bext + By + Beyen (4)

All micromagnetic simulations are performed at 0 K.

Finite Element Method: In the FEM analysis implemented with Com-
sol Multiphysics, the eigenproblem derived from Equations (3) and (4)
was addressed, neglecting damping, i.e., « = 0, and defining the demag-
netizing field amplitude, Hy (= By/py), as the gradient of the magnetic
scalar potential, U,,: Hy = —=VU,,, which inside a magnetic body fulfill
the equation: V2U,,, = V - M. By considering full magnetization saturation
along the direction | and utilizing a linear approximation, the magnetiza-
tion vector could be separated into its static and dynamic (dependent on
time t and position r) components as m(r, t) = m,-7+ om(r,t) V (om L 7),
neglecting all nonlinear terms in the dynamic magnetization ém(r, t). Ad-
ditional information on this methodology can be found in Refs. [71, 72].

Using Bloch-Floquet boundary conditions (BC) on the unit cell bound-
aries:

Myg = msrcg*ik‘('dsr'src) (5)

an infinite MC layer is modeled. Here, k is the 2D Bloch wavenumber, m
is the normalized magnetic moment defined both at the target (dst) and
source (src), r are the spatial coordinates of the boundaries where the
BCs are applied, and i is the imaginary unit. By parametrically sweeping
the wavenumber, eigenfrequencies are determined at each interval. The
resulting wavenumber versus frequency plots yield the dispersion curves
for the periodic structure.l”374]

For planes perpendicular to the plane of the MC layer, Dirichlet BCs
were applied to suppress the scalar magnetic potential (U,,) at its out-of-
plane boundaries. To ensure the physical accuracy and convergence of the
simulation, it was crucial to position the conditions sufficiently far from
the specimen. In this simulations, the cell’s height was set to be ten times
the layer’s unit cell width (1.5 pm). The average quality of the tetrahedral
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discretization mesh, as determined by the volume-to-length parameter, is
0.91. This results in a mesh comprising 13630 prisms for the MCs unit
cell, with one element per thickness and excluding the surrounding envi-
ronment. The cavity mode simulations in Comsol Multiphysics (Figure 5)
used the unit supercell approach, which consists of a cavity surrounded by
six (parallel to the long side) and eight (perpendicular) antidotes. This re-
sults in a symmetrical size of the supercell with a side equal to 1.35 um. In
this case, the height of the environment was 20 times this width (27 um),
and the amount of mesh elements of this supercell was 37330 with an
average quality of 0.82 (and with one prism per thickness).

Finite Difference Time Domain Method: The time domain simulations
in the paper had been obtained with the open-source software MuMax3
employing the FTDT method![®" with the RK45 solver (based on Dormand-
Prince method)[”>] to solve Equation (3). The micromagnetic cell size
was taken as 5x5x5 nm? with cell dimensions smaller than the ex-
change length (I, = 5.7 nm for Py). The in-plane periodic boundary con-
dition (PBC) was used, i.e., the supercell of dimension 4.5 um x 3 um had
been multiplied 10 and 50 times along the x and y directions, respectively.
To get the mode profiles, the pointwise FFT over time was calculated for
each magnetization component, and the real part corresponding to a par-
ticular resonance frequency was then visualized, see details in Ref. [76].

The nonlinear response of the system excited by a single frequency mi-
crowave source was analyzed accordingly with the methodology used in
Ref. [77].

The mf current transmitted along the y axis generates a magnetic field
h.¢, which exerts a torque on the magnetization in Py. The dependence of
h¢ with peak amplitude h,,¢ on x coordinate can be approximated by the
equation:[78]

% + % cos ['S—!(lxl - %)]
B () = hin 0 (6)
3sign(x) {% + 3 cos [2{(|x| -y %] }

for [x| > w/2 and h,¢(x) = [1,0,0]" for |x| < w/2.
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5.3 Three-dimensional architectures

As a natural progression from one- and two-dimensional systems, this section explores the study
of three-dimensional ferromagnetic nanostructures in magnonics. Extending spin-wave studies
to fully 3D nontrivial systems opens up new possibilities for manipulating wave behavior in
ways that are not possible in planar structures. The introduction of additional degrees of freedom
through complex architectures enables sophisticated functionalities, such as unidirectional and/or
guided propagation, dynamic mode localization, and overall better control over spin-wave
confinement and dispersion in all spatial directions.

The growing popularity of 3D nanostructures in magnonics stems from two key advancements:
improved fabrication techniques and enhanced capabilities of numerical simulations. Atomic
layer deposition and self-assembled block copolymer templating enable the creation of intricate,
highly ordered 3D geometries with nanoscale precision. The former allows for the conformal
coating of complex woodpile or scaffold-like structures, while the latter provides scalable routes
to the formation of periodic structures, including gyroids. Concurrently, the development of
numerical methods and computational power has made it feasible to model and simulate these
complex 3D structures with unprecedented detail (a main aspect of my contribution to this field).

During my six-month internship in Strasbourg under the supervision of R. Hertel, I became
familiar with tetmag, a micromagnetic software well-suited for 3D magnetization dynamics. This
experience gave me with a comprehensive understanding of advanced finite-element methods
which, in turn, helped me to develop my own simulation approach in COMSOL. This expertise
expanded my modeling capabilities and provided a solid foundation for investigating complex
3D spin-wave phenomena.

The advanced simulation tools allow us to capture the complex interactions within 3D
nanostructures, including the effects of geometry, boundary conditions, and field dependencies
on spin-wave dynamics. This computational approach also allows us to study spin-wave be-
haviors that are otherwise difficult to measure experimentally, supporting collaborations with
experimental groups.

In this section, I present my research on how the dimensionality and geometry of three-
dimensional ferromagnetic nanostructures can extend the capabilities and potential of magnonic
devices. Through a combination of theoretical modeling, comprehensive numerical simulations,
and close experimental collaboration, we aim to understand the role of 3D architectures in
enabling novel functionalities for spin-wave-based computing and communication systems,
bringing us one step closer to a new generation of magnonic and spintronic technologies.
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5.3.1 Theoretical and experimental investigation of gyroid networks:
localized spin-wave excitations and crystallography-dependent
ferromagnetic responses (P7)

This paper is the result of a broad international collaboration, involving theoretical research
teams from Poland (us) and France, and experimental teams from Italy, Germany and Japan.
It investigates the dynamic behavior of spin waves in three-dimensional gyroid nanostructures
— a unique periodic chiral architecture with nanoscale triple junctions. Our study combines
micromagnetic simulations with FMR measurements to investigate how the crystallographic
orientation of these gyroid structures in relation to the applied external magnetic fields influences
their magnetic response. The results show that this directional sensitivity enables control over
spin-wave localization and collective excitations within the network, suggesting applications for
gyroids as reconfigurable metamaterial-like microwave antennas. Gyroids, characterized by their
periodic and chiral three-dimensional architecture, act as magnetic metamaterials by exhibiting
an effective magnetization and a tunable magnetic response that is primarily governed by their
geometric filling factor rather than solely by the intrinsic properties of the base material.

This work advances the understanding of 3D magnonics and highlights gyroid nanostructures
as versatile platforms for tunable FMR applications that can contribute to the development of
next-generation adaptive, frequency-selective devices in microwave and spintronic technologies.

Contribution of the Author

In this publication, I conceived and designed detailed computational FEM models of gyroidal
nanostructures and, with the scientific guidance and technical assistance of R. Hertel, performed
both time- and frequency-domain micromagnetic simulations of the cubic gyroidal models using
tetmag. I coordinated an extensive international collaboration, overseeing the organization of
meetings, managing ongoing correspondence, and facilitating research visits to support effective
scientific exchange. I actively participated in the discussion and interpretation of both simulation
and experimental results, post-processed the data, wrote the first draft, submitted the manuscript,
and handled all correspondence with reviewers.

Copyright ©2024 The Authors. ACS Applied Materials & Interfaces published by the American
Chemical Society. The paper was published under the CC-BY 4.0 license.
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triple junctions with a period in nanoscale. Our findings uncover
distinctive attributes intrinsic to the gyroid network, most notably
the localization of collective SW excitations and the sensitivity of
the gyroid’s ferromagnetic response to the orientation of the static
magnetic field, a correlation closely tied to the crystallographic
alignment of the structure. Furthermore, we show that for the ferromagnetic resonance, multidomain gyroid films can be treated as a
magnonic material with effective magnetization scaled by its filling factor. The implications of our research carry the potential for
practical uses such as an effective, metamaterial-like substitute for ferromagnetic parts and lay the groundwork for radio frequency
filters. The growing areas of 3D magnonics and spintronics present exciting opportunities to investigate and utilize gyroid
nanostructures for signal processing purposes.
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1. INTRODUCTION offering new possibilities for SW manipulation.'’™"* A fully
interconnected 3D system opens up a new degree of freedom
for novel phenomena, allowing interactions and collective
effects in all three dimensions.'”~" In recent years, there has
been significant development of fabrication techniques such as
two-photon lithography, focused electron beam deposition,
and block copolymer templating, which now allow the
fabrication and measurement of complex 3D structures on
the nanometer scale.'™"?

This paper analyzes a promising yet hardly explored
structure in magnetism called a gyroid, which was discovered
and first presented in 1970.°° It is defined by chiral triple
junctions and periodicity in all three spatial directions,
classified as I4,32 space group (no. 214).>" In recent years,
many studies have been published describing gyroids in the
field of photonics, where they have been presented as potential

Spin waves (SWs) and their intricate manipulation in magnetic
materials constitute a significant part of the contemporary
research. In ferromagnetic systems, the complex dynamics of
SWs arises from the coexistence of magnetostatic and exchange
interactions. The magnetostatic interactions, being highly
anisotropic in thin structures, induce a profound dependence
of SW properties on the relative orientation of magnetization
and wavevector. This gives them a number of properties that
are conspicuously absent in other types of waves, including
negative group velocity, caustics, readily accessible non-
linearity, and dynamic reconfigurability control.' The potential
applications are myriad, ranging from signal propagation
without Joule—Lenz heat dissipation,” to the tunability of
dispersion and group velocity.” The construction of magnonic
systems, known for their enhanced efficiency, further
emphasizes the unique properties of SWs and provides a
compelling rationale for their extensive exploration.”®” Thus, Received:  February 9, 2024
the focus of current research is to harness and adapt Revised:  April 3, 2024
magnetization dynamics for sophisticated industrial applica- Accepted:  April 5, 2024
tions, a goal underscored by recent advances and roadmaps.”’ Published: April 22, 2024
Nanostructured 3D networks may give rise to topological
and geometrical effects and emergent material properties,
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chiral beamsplitters,”* nonlinear optical metamaterials,””** or
photonic crystals.”™>” It has also inspired many research
groups into the fabrication of artificial systems based on this
geometry.””>***73* The 3D structural unit of magnetic
gyroids is in nanoscale and has both chirality and curvature,
which has been shown to be highly effective in controlling
noncollinear spin textures.”® Recently, numerical and exper-
imental visualization of the magnetic structure in a single and
double Ni,Fe,s gyroid network has also been performed.'®
The effective Dzyaloshinskii-Moriya interaction and the
curvature-related anisotropy are further important research
topics in this context.**™* Curved magnetic wires and films
also exhibit novel physical effects,”” which together with chiral
and topological properties,""*> open new avenues for future
research.

SWs have been extensively researched in 2D structures;
however, there are limited studies on artificial ferromagnetic
systems in full 3D*>** and a lack of experimental research on
the collective dynamics of SW in 3D nanostructures. Gyroids,
due to their unique geometry and dimensions comparable to
the exchange length, bear multidimensional properties of
interactions with SWs through shape anisotropy, an inhomoge-
neous demagnetization field, and chirality. They are an
intriguing candidate for the realization of artificial 3D
magnonic crgstals with highly coupled geometric and magnetic
states.'>*~* Furthermore, gyroids, with a significant number
of energetically equivalent stable states, may have the potential
for artificial spin ice systems and active elements in
unconventional computing architectures.*®

Approaching these structures from a magnonics perspective,
we employ micromagnetic simulations to delve into the
collective SW dynamics. Our investigation scrutinizes the
alignment of the external magnetic field in relation to the
gyroid’s crystallographic axes, offering an insightful perspective
on the impact of their geometry on shaping collective
magnetization dynamics. To complement our simulation-
based findings, we performed experimental broadband
ferromagnetic resonance (BBFMR) measurements on the
nickel (Ni) gyroid structure. This empirical approach enhances
our numerical observations, specifically in terms of the
frequencies and intensities of resonances excited at a given
external magnetic field and the impact of various crystallo-
graphic domains on the half-width of the signals measured in
the sample. Furthermore, the measured magnetic field
dependencies suggest that the gyroid structure exhibits
magnonic metamaterial-like properties. This combination of
simulation and empirical experimentation fosters a compre-
hensive understanding of the multifaceted dynamics within
these unique 3D nanostructures, highlighting their potential
applications and motivating further research.

2. GEOMETRY AND MATERIAL PARAMETERS

The gyroidal surface was given for the first time using
conjugate surface construction,” and in ref 50 its embedding
was subsequently proved. The volume fractions of minimal and
constant mean curvature gyroids have been further investigated
numerically®" with the constant mean curvature variants of the
geometry.

In other fields, the gyroid is referred to as Laves’ graph of
girth ten®” and the K, crystal.>” It consists of cubic unit cells
composed of triple bonds connected by nanorods with
elliptical cross sections for the nonzero volume filling fraction
¢, the range of which is described in ref 24. For ¢ = 0% (see

Figure 1), a gyroid surface divides space into two labyrinths of
paths oriented in opposite directions. The empty, unobstructed

Figure 1. Representation of the gyroid surface model (¢ = 0%),
highlighting the unit cell structure. The illustration accentuates the
unit cell configuration along the crystallographic [111] direction in
orthographic projection, unveiling the hexagonal organization
inherent in the gyroid’s channels.

channels pass through the gyroid labyrinths in directions [100]
and [111], and the paths emerge at 70.5° angles to any given
channel as it passes through. Circling or gyrating down the
channel in this way gives rise to the term “gyroid”.
Interestingly, gyroids exist in several Schwarz surface families
that preserve different symmetries of triply periodic minimal
surfaces and, like many others, can be approximated by a
trigonometrical equation

sin(27x/L)cos(2my/L) + sin(2zy/L)cos(2nz/L)
+ sin(27z/L)cos(27x/L)
< (1015 — 2¢)/68.1 (1)

where L is the gyroid’s unit cell length.

The studied gyroid nanostructure was constructed by
solvent vapor annealing, selective dissolution, and electro-
deposition of a block copolymer template, following the
protocol described in ref 16. The gyroidal structure was
fabricated by applying polyisoprene-b-polystyrene-b-poly-
(ethylene oxide) (ISO) triblock terpolymers with block
volume fractions of ¢hp; = 0.30, ¢hpg = 0.53, and pppo = 0.17
to fluorine-doped tin oxide (FTO)-coated glass substrates.
Initial cleaning with Piranha solution at 80 °C for 15 min
prepared the substrates, which were then treated with
octyltrichlorosilane. A 1 ym BCP film was spin-coated from
a 10 wt % anhydrous anisole solution and formed into the
gyroid morphology by solvent vapor annealing under nitrogen
saturated with chloroform vapor at 26 °C. After annealing, the
PI block was removed by UV exposure and immersion in
ethanol to form gyroid polymer templates. Ni electro-
deposition from a commercial solution followed in a three-
electrode cell, filling the voided single-gyroid network with Ni
under a constant potential at —1.05 V while monitoring the
deposition charge. This method efficiently produces gyroid
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Figure 2. Depiction of the gyroid unit cell and geometric modeling for micromagnetic simulations. The focus of our investigation is a cubic gyroid
unit cell measuring L = 50 nm, featuring a volume fraction ¢ = 10% as depicted in (a). For the purpose of micromagnetic simulations, a geometric
model consisting of an aggregate 4 X 4 X 4 unit cells, or equivalently 200 X 200 X 200 [nm], was employed, as displayed in (b). Illustrated
alongside are the three principal high-symmetry directions of the gyroid structure ([111]—yellow triangle, [110]—green rectangle, and [100]—
red square) which are color-coordinated to match the planes intersecting the structure. Each direction reveals the unique distribution and shape of
the gyroid’s channels: the [111] direction displays a hexagonal pattern and round holes, the [110] direction exhibits a square pattern and lenticular
holes, while the [100] direction showcases a square pattern and round holes.
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Figure 3. Images of the postrelaxation static configurations of the reduced magnetization component m,(=M,/M;) parallel to the external magnetic
field, aligned in the crystallographic direction [100]. Panel (a) displays the case when B, = 100 mT. The deviation of the magnetization vector
from the x-direction is notably larger compared to (b) with B, = 300 mT, where the magnetization distribution is nearly uniformly oriented along
the direction of the external magnetic field. (c) Histogram (number of numerically calculated magnetic moments falling within specific ranges of
m,) of the reduced magnetization component distribution m, in the simulated gyroid model for both magnetic field magnitudes. The number of
bins indicates the number of elementary simulation elements (tetrahedrons).

The geometric parameters of the gyroid unit cell are described
in Figure 2a and are the same for all models analyzed in this
work. In the experimental portion of this investigation, the
gyroid sample comprises 12 unit cells of height, resulting in an
overall thickness of 600 nm. Consequently, individual strut
diameters are on the order of single nanometers, mirroring
intrinsic magnetic length scales, including exchange length,

structures with precise Ni insertion. The material parameters
used in the micromagnetic simulations represent those of Ni
utilized in the fabrication of the sample, i.e., saturation
magnetization M; = 480 kA/m, exchange stiffness A, = 8.6
pJ/m, and g-factor equal to 2.14°* In each relaxation
simulation, the Gilbert damping was set to a large value of a
= 0.5 to obtain fast convergence to the equilibrium state. Then,

for all frequency-domain simulations, this parameter was set to
a low value of 0.01.

The unit cell of the investigated gyroid sample measures 50
nm in each direction and has a volume fraction (¢) of
approximately 10%, which here corresponds to a cross-
sectional radius of a single gyroid node of about 4.1 nm
(where it is oval in shape) and an arm length of about 19 nm.

22179

domain wall width, and SW wavelength.

3. MICROMAGNETIC SIMULATIONS

To unravel the magnetic phenomena transpiring within
nanoscale gyroidal struts, we perform comprehensive micro-
magnetic simulations of the system, taking into account dipole

https://doi.org/10.1021/acsami.4c02366
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Figure 4. Resonance frequency spectra of 8 X 8 X 2 gyroid structures obtained from micromagnetic simulation. The graphical representations
showcase the resonance derived from two different orientations of an applied magnetic field: a dashed line represents the signal from a sample
subjected to a 300 mT field, directed out-of-plane (along the z-axis); the solid line, meanwhile, illustrates the response of the sample magnetized in
the in-plane (x-axis) direction. The employed color scale is representative of the imaginary part of magnetic susceptibility.

and exchange interactions. In this endeavor, we harness the
capabilities of our GPU-accelerated open-source finite-element
(FEM) micromagnetic solver tetmag.55 A remarkable feature of
tetmag is its proficiency at resolving magnetostatic open
boundary problems in large-scale micromagnetic simulations
via a hybrid finite-element/boundary-element (FEM-BEM)
formalism.>® Notably, we forego the assumption of periodic
boundary conditions in all of the simulations presented herein.

All of the following micromagnetic simulations are
performed in two steps, where the first step is to calculate
the stable (relaxed) magnetic configuration at a given field
strength (see, e.g, Figure 3ab). After the magnetization
relaxation, we performed simulations of the ferromagnetic
resonance using a dedicated frequency domain algorithm®”
based on a formulation proposed by d’Aquino et al. in ref 58.

The low-amplitude alternating, and homogeneous in space,
magnetic field applied in the frequency domain simulations
generates a response of the magnetic system in the form of
stationary magnetization oscillations with the frequency of the
applied field. The magnetic susceptibility y(w) describes the
frequency-dependent relation between the externally applied
oscillating field H and the dynamic component of magnet-
ization SM. For a more detailed discussion of the dynamic
susceptibility and its definition, see ref 57.

In the linear-response theory, the imaginary component of
the susceptibility is related to dissipative processes in which the
sample absorbs energy from the applied field. These absorption
peaks denote resonances and generally coincide with
frequencies of the maximum oscillation amplitude of the
dynamic magnetization. For the case of a spatially homoge-
neous harmonic magnetic field applied in the simulations, we
can thus analyze the spatial distribution of the magnetization
oscillation amplitude at these absorption peaks to identify the
modes developing at these resonances. The colors in the mode
visualizations (Figures 4—6) refer to the imaginary magnetic
susceptibility component of the gyroid structure, which in this

case is analogous to the modulus of the dynamic components
of the magnetization.

Initially, our simulation work involves the comparative
analysis of the ferromagnetic response within the planar system
geometry for both in-plane and out-of-plane directed fields to
ascertain if a planar gyroid network exhibits macroscopic shape
anisotropy. Our experimental sample, possessing a near-planar
macroscopic geometry, boasts a lateral dimension spanning a
few millimeters and a thickness in the submicron range (see
Figure 7).

Therefore, first we analyze a quasi-planar 8 X 8 X 2 gyroid
model (number of the unit cells along the x, y, and z,
respectively) to verify the influence of external shape
anisotropy on resonant frequencies. The model here is 400
X 400 X 100 nm in size (see Figure 4) and consists of about
366,000 tetrahedral discretization cells (~2860 per unit cell).
We consider two cases where the external magnetic field is
directed out-of-plane and in-plane: [100] and [001],
respectively, which are crystallographically identical. We see
in Figure 4 an apparent anisotropy in the spectrum that
changes in both field directions. The maximum absorption
frequency shifts from about 8.25 GHz in the out-of-plane
scenario to about 9.75 GHz in the in-plane scenario (Af = 1.5
GHz). It can therefore be concluded that when simulating
gyroids in a cubic simulation volume, as shown in Figure 2b,
we can expect resonant frequencies with values lower than
those obtained from experiments due to the significant
influence of macroscopic shape anisotropy. The most accurate
results of micromagnetic simulations could be obtained by
simulating a much larger structure. However, due to limited
computational resources and simulation time, it was necessary
to limit the size of simulated structures.

To study gyroid-based effects at the nanometer scale, the
model with dimensions of 4 X 4 X 4 unit cells (200 X 200 X
200 nm; see Figure 2b) was used in the second stage of
micromagnetic simulations, consisting of about 171,000

https://doi.org/10.1021/acsami.4c02366
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Figure S. Micromagnetic simulation-derived resonance frequency spectra for 4 X 4 X 4 gyroid constructs. The spectra are derived from two
scenarios: (a) in which the applied external magnetic field has a strength of 100 mT and (b) where it measures 300 mT. Within each plot, different
color coding indicates the crystallographic direction in which the field is applied, with the specific points encircled on the graph signifying the
ferromagnetic resonance. Visual illustrations and resonance frequency values, in sequential order of their appearance, are exhibited as insets within
the plots. The coloring scheme used here corresponds directly to the imaginary component of the magnetic susceptibility.
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Figure 6. Spectral examination of high-intensity volume modes within a 6 X 6 X 6 gyroid structure. The lower section of the figure presents a
plotted distribution of the frequency spectra, with the high-intensity volume modes depicted in the upper part distinctly marked by black circles.
For the purpose of comparison, spectra corresponding to more compact structures (illustrated as dotted lines) are superimposed on the graph,
thereby clearly demonstrating a marked decline in the intensity of edge modes (denoted with crosses) commensurate with the enlargement of the
structure dimensions. The color gradation utilized in the visual representation of the modes is proportional to the imaginary component of the
magnetic susceptibility.
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Figure 7. Multidomain gyroid structure employed in BBFMR
measurements, illustrating the complex and varied nature of the
sample. In panels (a) and (b), scanning electron microscope (SEM)
topographical images offer detailed views of two distinct sample
regions, characterized by different crystallographic directions and
varying degrees of amorphousness. Panel (c) showcases a photograph
of the entire sample, annotated with the approximate locations of
several prominent domains. These domains were identified and
characterized through polarized light microscopy.

tetrahedral discretization cells (~2670 per unit cell). The cubic
shape of the structure allows a more accurate analysis of the
dynamic magnetization distribution and insights into the
effects associated with gyroid crystallography.

In this examination, we scrutinize three crystallographic
directions, namely, [100], [110], and [111], as illustrated in
Figure 2b. We further engage with two distinct magnitudes of
the external static magnetic field B,,, set at 100 and 300 mT, as
depicted in Figure S. The considerable computational power
and time demanded by the simulations of such complex
structures necessitate this restricted selection of parameters.

As shown in Figure 5, magnetic resonance simulations of
gyroid structures reveal their pronounced geometric aniso-
tropy. Upon juxtaposition of these plots with those for the
planar structure depicted in Figure 4, Figure S exhibits a
substantially richer spectrum for both external magnetic field
values. This richness originates from the increased prominence
of edge modes within the overall signal, a characteristic feature
of cubic structures. Visual representations of these can be
accessed in the Supporting Information (Figures S2 and S3).
Through the identification and visualization of bulk modes, we
observe that these predominantly emerge within the structure’s
inner part. This observation suggests that their existence can be
primarily attributed to the intrinsic gyroid geometry rather
than edge features or artifacts produced in the cutting region,
underscoring the distinctive and influential role that the gyroid
geometry plays in modulating the magnetic response of these
3D structures. Consequently, our analysis focuses solely on the
resonant modes linked to the volumetric portion of the
structure, disregarding the discernible satellite peaks attribut-
able to the edge modes.

The resonance spectra findings unequivocally assign the
shifting resonance signals observed in the rotating gyroid
sample to the crystallographic anisotropy, as evidenced by the
plots displayed in Figure 5. A comparative assessment of the
plots corresponding to 100 mT in Figure Sa and 300 mT in
Figure Sb, reveals a discernible increase of frequencies.
However, the order and dispersion of the resonance frequency
peaks remain invariant, with the two most distal bulk modes
(1.15 GHz, 4.10 GHz in Figure Sa and 6.90 GHz, 9.45 GHz in
Figure Sb) separated by 2.95 and 2.55 GHz, respectively.
Those separations emphasize the pivotal role played by gyroid

geometry in dictating the system’s magnonic properties,
demonstrating that these features are not merely a con-
sequence of extrinsic variables.

In the final stage of our simulations, we conducted an
analysis of a larger cubic gyroid structure. In the course of
visualizing the modes via micromagnetic simulations (Figure
S), we uncovered a compelling localization of high-amplitude
magnetization precession. In order to enhance the visibility of
these modes vis-a-vis smaller structures and to incrementally
amplify the signal of volume modes in relation to satellite ones,
we proceeded to simulate and scrutinize a gyroid structure
comprising 6 X 6 X 6 unit cells. This extensive structure was
discretized into upward of 638,000 finite elements (~2950 per
unit cell). The resultant magnetization intensity distribution
(Figure 6 top row) distinctly delineates planes orthogonal to
the 300 mT external magnetic field axis, manifest at modes
6.95 GHz for [100], 8.15 GHz for [110], and 9.50 GHz for
[111]. Furthermore, in the case of the field-aligned along [100]
and [110], the modes manifest a periodicity (see the top row
showing the spatial distribution of the imaginary component of
the magnetic susceptibility), a characteristic not previously
discernible in the 4 X 4 X 4 structure. The graph depicted at
the bottom of Figure 6 showcases the FMR spectrum derived
from simulations of the 6 X 6 X 6 model across the three
investigated crystallographic directions. To facilitate compar-
ison with corresponding calculations for a more diminutive
structure (Figure Sb), the outcomes of these simulations were
superimposed on the graph as dashed lines. It becomes evident
that the influence of edge modes (denoted with a cross) in
most cases diminishes in correlation with the model
dimensions’ expansion, yielding a decrease of about 28%
when increasing the layout from 4 X 4 X 4 to 6 X 6 X 6 unit
cells, i.e.,, 3.375-fold. The normalized intensity of the volume
modes (denoted by a circle) remains unchanged for the cases
[100] and [111], but is slightly reduced for [110], most likely
due to its coupling with the edge mode and/or its localization
at the corners of the structure.

4. EXPERIMENT

The main conclusion elucidated from our simulations is the
intrinsic relationship between the ferromagnetic response of
the gyroid network and its orientation to the axis of the static
magnetic field. Figure 7 indicates that the sample embodies
multiple domains, manifested as gyroid patches with varying
crystallographic orientations relative to a consistent reference
point. The varied orientations significantly influence the
material’'s magnetic response, adding complexity to its behavior
in a magnetic field.

In Figure 7b, a distinct transition is observed from top to
bottom, ranging from a well-defined, highly oriented region to
an irregular, less-structured domain. This transition can be
construed as the domain wall within the complex gyroid
structure. As shown in the simulations, each distinct crystallo-
graphic orientation of the gyroid with respect to the externally
applied magnetic field may lead to a nuanced alteration in the
resonance response. Owing to the substantial multiplicity of
domains, the anticipated FMR signal will manifest as an
averaged and diluted amalgamation of contributions from
individual domains.

Through the application of polarized light spectroscopy, the
research facilitated the estimation of the individual domains of
the gyroid structure; that is, the regions exhibiting homoge-
neous crystallographic alignment. As depicted in Figure 7c, the

https://doi.org/10.1021/acsami.4c02366
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Figure 8. BBFMR measurement conducted on the Ni gyroid structure. The sample underwent repositioning with respect to the CPW to elucidate
the effect of an additional homogeneous Ni layer present within the specimen. In two distinct configurations, separate assessments were made of
the energy absorption stemming from the microwave field By, applied perpendicular to the external static magnetic field (a). The resultant plots
of dynamic magnetization amplitude as functions of static magnetic flux density and frequency for selected sample configurations are depicted in
(b,c). These render a conspicuous signal attributed to the gyroid layer when the CPW is in direct alignment below it (b), and an additional, higher-
frequency signal emanating from the uniform Ni layer (c) when the CPW (as delineated by the red dashed line) intersects its projected position
(highlighted in purple on the sample). The dotted lines in the graphs represents the theoretical fit derived from the Kittel formula (see eq 2). For
uniform Ni, parameters from micromagnetic simulations were used, while for gyroid, we implemented the calculated effective parameters, i.e.,
saturation magnetization My = 132 kA/m, and the g-factor of 2.2. Plot (d) shows a summary of the peak intensities calculations of FMR signals
(blue dots for uniform Ni, and orange dots for gyroid) as a function of the external magnetic field strength. Normalized intensity values for 100,
300, and 450 mT fields are indicated. In graph (e), a cross-sectional analysis of the BBFMR signals is depicted for distinct values of the external
magnetic field, where the solid blue line corresponds to B, = 100 mT, the dashed brown line to B,,, = 300 mT, and the dash-dotted green line to
By = 450 mT. Additionally, horizontal dashed green lines mark the full width at half-maximum (FWHM) for each section, providing quantitative
insights into the resonance line widths along with their respective values. The orange crosses signify peak maxima and their corresponding
frequencies, pinpointing the resonant behavior within the explored frequency range. Insets furnish intensity plots from the BBFMR measurements,
with the green vertical lines highlighting the specific locations of the sections for each magnetic field value. Finally, plot (f) shows the magnetic field
FWHM’s as a function of frequency for BBFMR signals of gyroid (purple dots) and uniform Ni (dark red dots). Based on the experimental data
and using eq 3, a linear regression was performed and the values of the determination coefficient r*, AH, (from the abscissa of the lines) and the eq
3-derived damping values a (from the slope of the lines) were estimated. Parameters related to the gyroid structure are marked with a prim (’).

dimensions of the largest domains extend to the millimeter two-port vector network analyzer, with connections established
scale. However, it must be acknowledged that these particular to opposite ends of a coplanar waveguide (CPW) in
measurements do not allow for the determination of the accordance with the techniques described by Montoya.”
specific crystallography present within each domain. In an The gyroid probe was mounted on a CPW with a 80 ym
effort to achieve a dynamic magnetic characterization of the Ni wide center conductor facing downward to ensure maximum
gyroid sample, BBFMR measurements were executed in the coupling with the microwave field®" and the static external
frequency range of 0.1 to 25 GHz, following the methodology magnetic field applied within the sample plane, along the CPW
delineated by Heinrich.*” This involved the utilization of a center conductor (Figure 8a). We tested several orientations of
22183 https://doi.org/10.1021/acsami.4c02366
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the specimen with respect to the CPW line and discovered a
signal from both gyroid-structured Ni and a uniform layer of
this material (Figure 8b,c). Measurement data from more
sample orientations relative to CPW are provided in the
Supporting Information (Figure S1). Indeed, the precise
manipulation of the sample’s position on the CPW elucidated
the presence of a higher frequency signal that is uniquely
associated with the homogeneous Ni layer present at one of
the sample’s edge. This distinct relationship was substantiated
by an excellent agreement between the observed signal and the
theoretical prediction derived from the Kittel formula

=
f_ o Bext(Bext + /’tQMS) (2)

where fis the resonance frequency, 4, is a vacuum permeability
(~47 X 1077 T m/A), and y is the gyromagnetic ratio. For the
comparative calculations, we employed identical magnetic
parameters as in the numerical simulations, specifically, the g-
factor of 2.14 and saturation magnetization M; = 480 kA/m.
Contrarily, the lower frequency signal is consistently identified
with the gyroid-structured region of the sample, a correlation
supported by its sustained presence irrespective of orientation
relative to the CPW.

Using eq 2, we not only fitted the resonance signal derived
from the homogeneous Ni structure but also attempted to fit it
to the experimental signal in the gyroids and estimated the
effective values of the saturation magnetization and the g-
factor.

As a result, a satisfactory fit of the Kittel curve to the gyroidal
resonance signal for different sample orientations relative to
the CPW (see Figure S4 in the Supporting Information) was
obtained using Mg = 0.275M, = 132 kA/m, and g4 = 1.028¢ =
2.2, as shown in Figure 8b,c with a white dotted line. Such
findings suggest that the given 3D structure exhibits
magnonics’ metamaterial-like properties, so far considered
only for the planar structures,”> % capable of modulating
(specifically, decreasing) the effective saturation magnetization
and the dynamical response of the structure in a methodical
and foreseeable manner. The effective magnetization, which is
higher than expected with only a 10% filling fraction, implies
that the gyroid structure may have anisotropy. It can be
indicative of a strong shape anisotropy inherent to the
particular nanoelements of this structure, which ‘anchors’ the
magnetization in place until it is forced to switch due to a
change in the field direction.

To facilitate a qualitative comparison between the results of
the experiment and simulation, we examined the FWHM’s.
Figure 8 reveals that the signal from gyroid exhibits a broader
frequency FWHM than in Nij, e.g,, at 450 mT field it is 3.69
GHz for gyroid and 3.09 GHz for homogeneous Ni. This
phenomenon is likely attributable to the multidomain nature of
the sample. That is, the signal observed from the gyroid is the
average value coming from several different domains located
above the CPW and differing in crystallographic orientation.
We deduce from the BBEMR measurements depicted in Figure
8e an average difference between the FWHM’s of 1.3 GHz
over different values of the external magnetic field. The
micromagnetic simulations for the cube shape (Figure S)
reveal a maximum peak separation of 2.55 and 2.95 GHz for
the field of 300 and 100 mT, respectively (in both cases
between [100] and [111] crystallographic directions). Our
simulations meticulously evaluated the crystallographic direc-
tions that represent the most disparate configurations of the

gyroid lattice relative to the field, most likely resulting in the
largest feasible separation of resonant frequencies.

In field-swept FMR experiments conducted at a fixed
frequency, the absorption line FWHM conforms to u,AH =
4raf/y. This occurs when the magnetization vector is aligned
with the applied magnetic field, either in the plane or
perpendicular to it. Such alignment results in a line width
that scales proportionally with frequency, where the slope of
this scaling is defined by the Gilbert damping parameter %’
Beyond this intrinsic contribution, empirical data also indicate
the presence of a frequency-independent term

AH = AH, + ™%¢

HoY (3)

denoted by AH, that represents the inhomogeneous
contributions, which add to the overall line width observed
in the experiments.

Experimental investigations have enabled a linear regression
analysis of FWHM across a spectrum of Byny frequencies, as
depicted in Figure 8f for the designated orientations of the
sample over CPW. This analytical approach is instrumental in
ascertaining the damping values  and the inhomogeneous line
width contribution AH, for both the homogeneous Ni layer
and the gyroidal structure, respectively, employing eq 3. In the
first case, the derived values are o = 0.0282 + 2.54% and AH,
=0.038 + 1.28% T, with a coeflicient of determination of r* =
0.95153. Comparatively, the gyroidal structure exhibits o’ =
0.0362 + 6.49% and AH) = 0.101 + 1.05% T, with * =
0.81639. The damping constants for Ni align with previously
reported values.”® The 95% confidence interval was used to
calculate the range of estimates for the values. Larger o’ for the
gyroid structure is likely attributable to the scattering of SW
modes within the nanowires, which are much thinner than the
bulk Ni and exhibit complex noncollinear interconnections.
This difference varies with the sample’s orientation relative to
the CPW, as further exemplified in the Supporting Information
(Figure S4). The examples there, however, are subject to
considerable uncertainty due to the nonlinearity of AH(f) for
gyroid structures.

The disparity in the AH, values between the homogeneous
Ni layer and the gyroidal structure is also noteworthy. Such
variations in the material’s magnetic properties, including
anisotropy, manifest as a frequency-independent line width.®
The pronounced AH; in gyroid structures corroborates the
influence of crystallographic orientation on the system’s
resonant frequencies, as confirmed by micromagnetic simu-
lations and indicated in the earlier discussion. It is that,
experimentally, in a multimode sample scenario depicted in
Figure 7, the inhomogeneous contribution to the effective
FWHM is an aggregate effect of the various crystallographic
orientations present, and AH; emerges from the superposition
of all resonant peaks within the spectrum bounded by the
extremities observed in Figures 5 and 6 (the maximum
separation between FMR peaks for the studied crystallog-
raphies in the 100 mT field is 2.95 GHz, while in the 300 mT
field, 2.60 GHz).

The next step is to compare the frequencies. In the
experiment, the maximum intensity at B,, = 300 mT is at
11.53 GHz (Figure 8d), while in the simulations for the gyroid
of cubic shape, it is at 8.25 GHz for the [110] field orientation
(among the orientations analyzed, in accordance with the
above discussion about FWHM, we chose the orientation with
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the medium frequency, Figure Sb), giving a difference of 3.28
GHz. At 100 mT this difference decreases to 2.7 GHz (Figure
Sa). The results in Figure 4 indicate that the macroscopic
shape of the gyroid contributes to the results. In these
simulations, considering a relatively small thin cuboid shape,
the FMR frequency separation between orthogonal field
orientations is Af = 1.5 GHz. However, when considering a
bulk thin film ferromagnet of M.¢ = 132 kA/m, the maximum
influence of shape (i.e, FMR between in-plane and out-of-
plane magnetic field orientations) can reach over 4 GHz.
Therefore, it is reasonable to expect that the resonant
frequencies in simulations will be lower than those obtained
in experiments due to the significant influence of the
macroscopic shape anisotropy.

A noteworthy distinction between the gyroid and homoge-
neous Ni signals also arises with respect to their measured
intensities as a function of the external magnetic field. In the
case of the gyroid structure, it shows an almost linear increase
(Figure 8d), giving an almost 30% increase in intensity
between 100 and 300 mT magnetic fields (and 50% between
100 and 450 mT), while for homogeneous Ni it remains fairly
irregular. This intriguing behavior may reflect the intricate
influence of the complex gyroid geometry on the internal
demagnetization field and magnetization orientation. Such
complexity may counteract the orthogonal orientation of the
dynamic magnetization components with respect to the static
field, thus attenuating their detectability by the microwave
field, Byw. Upon increasing the field, the sample leads to a
parallel orientation of the magnetization vectors, as shown in
Figure 3c, thereby increasing the detectability of the magnet-
ization precession at resonance. From this graph it can be seen
that most of the bins (elementary simulation cells) are almost
completely saturated for a field of 100 mT (for example, at
least 94% saturation has been reached in 89% of the gyroid
volume: 56,463 bins, and at 300 mT the >94% saturation is
already in 100% of the structure: 63,274 bins). However, a
comprehensive understanding of the FMR intensities in
gyroids for larger fields would require further investigation
that falls outside the scope of this paper.

5. DISCUSSION

Owing to the inherently multidomain architecture of the
sample under investigation, the task of identifying a singular
dominant crystallography and quantifying its direct influence
on the resonance spectrum presents a formidable challenge.
Recognizing this complexity, the study has embraced a
numerical approach, rigorously testing the three selected field
directions ([100], [110], and [111]) in the finite-size gyroid,
to elucidate the extent to which the structure’s intrinsic
complexity governs resonance frequency variations. It is
imperative to note that beyond the irregular shape, size, and
interfaces of the domains, which relate to the shape anisotropy,
fabrication of such an intricate structure encompasses
numerous factors that elude accurate prediction and,
consequently, integration within the simulation framework.
Such factors include, but are not limited to, irregularities and
impurities in both the shape and thickness of the nanorods,
compounded by a paucity of definitive information concerning
the sample’s dominant crystallographic orientation in each
experimental configuration. A full experimental validation of
the phenomena predicted by our micromagnetic simulations is
beyond the scope of this work. However, we expect that these
effects will soon be observable in experiments with directed

self-assembly gyroids.”” Our experimental results provide the
basis for this since the signs of the predicted phenomena have
already been detected.

The research presented here highlights several emerging
avenues for the application and practical use of 3D gyroidal
nanostructures. By controlling ¢, one could modulate the
effective saturation magnetization, offering magnonic meta-
material of effective dynamical properties. Traditionally, the
construction of artificial photonic or phononic crystals requires
the use of different materials, each characterized by unique
properties, e.g., dielectric constant or elastic properties.
However, our results suggest that a gyroidal structure with a
tunable filling factor could serve as an effective substitute for
3D magnonic crystals. This paradigm shift in fabrication
methodology heralds a transition from 2D to 3D magnonic
nanostructures with a wide range of novel applications and
functionalities.

Due to the random distribution, shape, and size of the gyroid
domains in the experiment, the sample can be approximated to
a porous structure when examined collectively.”® This
simplification, however, nullifies the interpretation of the
relationship between the field direction and the frequency of
SWs. This may ultimately be shown in future studies e.g. by
using Brillouin light scattering for individual gyroid domains.

Some of the visible SW bulk modes presented in this work
show also an intriguing surface character, localizing on the
sides perpendicular to the direction of the magnetic field—see,
e.g. Figures 4, 6 ([110] and [100]), and in the Supporting
Information Figure S2 (modes no. 7 and 8) and Figure S3
(modes no. 1 and 5). This may be the result of an additional
effect arising from the strong influence of crystallography and
the shape anisotropy on the localization of resonant modes in
different regions and probably on the chirality of the system.
However, the analysis of these effects, although interesting, is
beyond the scope of this work, since it is necessary to perform
micromagnetic simulations with periodic boundary conditions
and to conduct experiments of a different type, where the
sample containing the single-domain gyroidal structure could
be selectively analyzed on a much smaller scale.

In addition, the distinct mode spectrum observed in our
research has direct implications for radio frequency filtering
applications. The presence of a singular bulk mode in both
BBFMR experiments (as an effective response from a
multidomain structure) or simulations (a strong resonance in
a single domain) enables the design of selective filter systems.
They could be tailored to isolate specific FMR frequencies
depending on factors such as crystallographic orientation
relative to the incident signal and filling factor. In addition, the
three-dimensional magnonic structures are expected to exhibit
superior absorption properties compared to their two-dimen-
sional counterparts, as supported by previous studies.**

6. CONCLUSIONS

In the investigation, a comprehensive ferromagnetic resonance
analysis was conducted on three-dimensional gyroidal Ni
nanostructures, delving into the complex interplay between
magnetic properties and structural geometry. Utilizing FEM
micromagnetic simulations in the time domain to determine
the static magnetization structures’® and in the frequency
domain to investigate their oscillatory, magnonic properties,>’
the study embarked on a multifaceted exploration aimed not
merely at interpreting experimental results but also at
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unraveling the intricate magnetization distribution within the
gyroid nanostructure.

A major result that emerges from our simulations is the
importance of the crystallographic orientation of the gyroid,
relative to the magnetic field’s direction, on a frequency and
spatial distribution of the collective magnetization oscillations.
Complementing these simulations, experimental measure-
ments were executed using BBFMR, where a multidomain
gyroid sample was positioned on a CPW line, enabling analysis
of differences and relationships between the solid, uniform Ni
layer and the gyroid-structured portion of the sample.
Although the measurements were not able to study individual
crystallographic domains of the gyroid and thus confirm all
simulation predictions, based on our findings, gyroid films can
be conceptualized as homogeneous materials, i.e.,, magnonic
metamaterials, where the effective saturation magnetization is
reduced by the gyroid filling factor and the FMR signal line
width encapsulates more than the inherent damping properties
of the material; it is also intricately linked to the particular
geometry and crystallographic orientation of the structure.

Collectively, these discoveries show a new frontier in the
realm of 3D magnonics, positing the gyroid structure as a
potential cornerstone in the field. The results not only
augment our theoretical and experimental grasp of the
magnetization dynamics in complex nanostructures but also
open up promising avenues for practical applications, imbuing
the gyroid configuration with the potential to become an
elemental building block in emerging magnetic technologies.
We propose a gyroidal structure with a tunable filling factor as
a magnonic crystal and as the basis for novel 3D radio
frequency filters. The study’s interdisciplinary approach,
bridging numerical simulations with empirical investigation,
marks a significant stride toward the comprehensive under-
standing and manipulation of magnetic resonance in three-
dimensional architectures.

B ASSOCIATED CONTENT

Data Availability Statement

The data underlying this study are openly available in Zenodo
at https://doi.org/10.5281/zenodo.11004007.

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.4c02366.

BBFMR gyroid structure analysis under in-plane field
rotation in 40° increments over 180° relative to the
CPW; micromagnetic results of 4 X 4 X 4 gyroid spectra
at 100 mT: detailed focus on satellite peaks; micro-
magnetic results of 4 X 4 X 4 gyroid spectra at 300 mT:
detailed focus on satellite peaks; and FWHM vs
frequency: comparison of BBEMR signals of gyroids
and uniform Ni, under sample rotations on CPW,
revealing the variation in the resulting effective
parameters of damping and inhomogeneous contribu-
tions to the line width (PDF)

B AUTHOR INFORMATION

Corresponding Author
Mateusz Golebiewski — Institute of Spintronics and Quantum
Information, Faculty of Physics, Adam Mickiewicz University,
61-614 Poznan, Poland; © orcid.org/0000-0002-1948-
0652; Email: mateusz.golebiewski@amu.edu.pl

Authors
Riccardo Hertel — Université de Strasbourg, CNRS, Institut de
Physique et Chimie des Matériaux de Strasbourg, F-67000
Strasbourg, France
Massimiliano d’Aquino — Department of Electrical
Engineering and ICT, University of Naples Federico II,
80125 Naples, Italy
Vitaliy Vasyuchka — Fachbereich Physik und
Landesforschungszentrum OPTIMAS, Rheinland-Pfilzische
Technische Universitit Kaiserslautern-Landau, 67663
Kaiserslautern, Germany
Mathias Weiler — Fachbereich Physik und
Landesforschungszentrum OPTIMAS, Rheinland-Pfélzische
Technische Universitit Kaiserslautern-Landau, 67663
Kaiserslautern, Germany
Philipp Pirro — Fachbereich Physik und
Landesforschungszentrum OPTIMAS, Rheinland-Pfilzische
Technische Universitit Kaiserslautern-Landau, 67663
Kaiserslautern, Germany
Maciej Krawczyk — Institute of Spintronics and Quantum
Information, Faculty of Physics, Adam Mickiewicz University,
61-614 Poznan, Poland; © orcid.org/0000-0002-0870-
717X
Shunsuke Fukami — Research Institute of Electrical
Communication (RIEC), Tohoku University, Sendai-shi,
Miyagi 980-8577, Japan; Center for Science and Innovation
in Spintronics (CSIS), Tohoku University, 980-8577 Sendai,
Japan; Center for Innovative Integrated Electronic Systems
(CIES), Tohoku University, 980-084S Sendai, Japan; WPI
Advanced Institute for Materials Research, Tohoku
University, 980-8577 Sendai, Japan; Inamori Research
Institute for Science, 600-8411 Kyoto, Japan
Hideo Ohno — Research Institute of Electrical Communication
(RIEC), Tohoku University, Sendai-shi, Miyagi 980-8577,
Japan; Center for Science and Innovation in Spintronics
(CSIS), Tohoku University, 980-8577 Sendai, Japan; Center
for Innovative Integrated Electronic Systems (CIES), Tohoku
University, 980-0845 Sendai, Japan; WPI Advanced Institute
for Materials Research, Tohoku University, 980-8577 Sendai,
Japan
Justin Llandro — Research Institute of Electrical
Communication (RIEC), Tohoku University, Sendai-shi,
Miyagi 980-8577, Japan; Center for Science and Innovation
in Spintronics (CSIS), Tohoku University, 980-8577 Sendai,
Japan
Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.4c02366

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The research was funded by the National Science Centre of
Poland, Projects nos. UMO-2020/39/1/ST3/02413 and
UMO-2023/49/N/ST3/03032. J.L. and S.F. acknowledge
support from the Japan Society for the Promotion of Science
(JSPS) under KAKENHI 21K04816 and 19H05622, Cooper-
ative Research Projects of CSIS, Tohoku University, and the
Graduate Program for Spintronics (GP-Spin), Tohoku
University. R.H. acknowledges the High Performance
Computing center of the University of Strasbourg for
supporting this work by providing access to computing

https://doi.org/10.1021/acsami.4c02366
ACS Appl. Mater. Interfaces 2024, 16, 22177—22188



ACS Applied Materials & Interfaces

Research Article

www.acsami.org

resources. M.W., V.V, and P.P. acknowledge funding by the
Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation)—TRR 173/3—268565370 Spin+X (Projects
B0l and B13). The authors thank Dr. J. Dolan for sample
preparation, Dr. I. Gunkel and Dr. Naémi Leo for providing
domain images, and Prof. T. Dietl and Prof. B. Hillebrands for
insightful discussions.

B REFERENCES

(1) Pirro, P.; Vasyuchka, V. L; Serga, A. A.; Hillebrands, B. Advances
in coherent magnonics. Nat. Rev. Mater. 2021, 6, 1114—1135.

(2) Serga, A. A;; Chumak, A. V.; Hillebrands, B. YIG magnonics. J.
Phys. D: Appl. Phys. 2010, 43, 264002.

(3) Yan, P.; Bauer, G. E. Magnon mediated domain wall heat
conductance in ferromagnetic wires. IEEE Trans. Magn. 2013, 49,
3109-3112.

(4) Garcia-Sanchez, F.; Borys, P.; Soucaille, R.; Adam, J. P.; Stamps,
R. L; Kim, J. V. Narrow Magnonic Waveguides Based on Domain
Walls. Phys. Rev. Lett. 2015, 114, 247206.

(5) Wagner, K; Kékay, A.; Schultheiss, K.; Henschke, A.; Sebastian,
T.; Schultheiss, H. Magnetic domain walls as reconfigurable spin-wave
nanochannels. Nat. Nanotechnol. 2016, 11, 432—436.

(6) Chumak, A. V.; Vasyuchka, V. L; Serga, A. A.; Hillebrands, B.
Magnon spintronics. Nat. Phys. 2015, 11, 453—461.

(7) Kruglyak, V. V.; Demokritov, S. O.; Grundler, D. Magnonics. J.
Phys. D: Appl. Phys. 2010, 43, 264001.

(8) Barman, A.; Gubbiotti, G.; Ladak, S.; Adeyeye, A. O.; Krawczyk,
M.; Grife, ].; Adelmann, C.; Cotofana, S.; Naeemi, A.; Vasyuchka, V.
L; et al. The 2021 Magnonics Roadmap. ]. Phys.: Condens. Matter
2021, 33, 413001.

(9) Chumak, A. V.; Kabos, P.; Wu, M.; Abert, C.; Adelmann, C.;
Adeyeye, A. O.; Akerman, J.; Aliev, F. G.; Anane, A.; Awad, A.; et al.
Advances in Magnetics Roadmap on Spin-Wave Computing. IEEE
Trans. Magn. 2022, 58, 1-72.

(10) Gubbiotti, G. In Three-Dimensional Magnonics, 1st ed.;
Gubbiotti, G., Ed.; Jenny Stanford Publishing: New York, 2019.

(11) Cheenikundil, R; d’Aquino, M.; Hertel, R. Defect-sensitive
High-frequency Modes in a Three-Dimensional Artificial Magnetic
Crystal. arXiv 2023, arXiv.2312.08415. preprint

(12) Krawczyk, M.; Grundler, D. Review and prospects of magnonic
crystals and devices with reprogrammable band structure. J. Phys.:
Condens. Matter 2014, 26, 123202.

(13) Makarov, D.; Volkov, O. M.; Kakay, A,; Pylypovskyi, O. V,;
Budinska, B.; Dobrovolskiy, O. V. New Dimension in Magnetism and
Superconductivity: 3D and Curvilinear Nanoarchitectures. Adv.
Mater. 2022, 34, 2101758.

(14) Cheenikundil, R.; Bauer, J.; Goharyan, M.; d’Aquino, M,;
Hertel, R. High-frequency modes in a magnetic buckyball nano-
architecture. APL Mater. 2022, 10, 81106.

(15) Cheenikundil, R; d’Aquino, M.; Hertel, R. Magnetization
dynamics in a three-dimensional interconnected nanowire array. arXiv
2023, arXiv.2306.00174. preprint

(16) Llandro, J.; Love, D. M.; Kovics, A.; Caron, J.; Vyas, K. N;
Kékay, A.; Salikhov, R.; Lenz, K; Fassbender, J.; Scherer, M. R. J;
et al. Visualizing magnetic structure in 3d nanoscale ni-fe gyroid
networks. Nano Lett. 2020, 20, 3642—3650.

(17) Fernandez-Pacheco, A.; Streubel, R.; Fruchart, O.; Hertel, R;;
Fischer, P.; Cowburn, R. P. Three-dimensional nanomagnetism. Nat.
Commun. 2017, 8, 15756.

(18) Donnelly, C.; Hierro-Rodriguez, A,; Abert, C.; Witte, K;
Skoric, L.; Sanz-Herndndez, D.; Finizio, S.; Meng, F.; McVitie, S.;
Raabe, J.; Suess, D.; Cowburn, R.; Fernindez-Pacheco, A. Complex
free-space magnetic field textures induced by three-dimensional
magnetic nanostructures. Nat. Nanotechnol. 2022, 17, 136—142.

(19) van den Berg, A; Caruel, M; Hunt, M.; Ladak, S. Combining
two-photon lithography with laser ablation of sacrificial layers: A route
to isolated 3D magnetic nanostructures. Nano Res. 2023, 16, 1441—
1447.

(20) Schoen, A. H. Infinite periodic minimal surfaces without self-
intersections; National Aeronautics and Space Administration, 1970.

(21) Lambert, C. A; Radzilowski, L. H; Thomas, E. L. Triply
periodic level surfaces as models for cubic tricontinuous block
copolymer morphologies. Philos. Trans. R. Soc, A 1996, 354, 2009—
2023.

(22) Turner, M. D.; Saba, M.; Zhang, Q.; Cumming, B. P.; Schroder-
Turk, G. E; Gu, M. Miniature chiral beamsplitter based on gyroid
photonic crystals. Nat. Photonics 2013, 7, 801—80S.

(23) Vignolini, S.; Yufa, N. A,; Cunha, P. S.; Guldin, S.; Rushkin, L;
Stefik, M.; Hur, K; Wiesner, U.,; Baumberg, J. J,; Steiner, U. A 3D
optical metamaterial made by self-assembly. Adv. Mater. 2012, 24,
OP23-0P27.

(24) Dolan, J. A;; Wilts, B. D.; Vignolini, S.; Baumberg, J. J.; Steiner,
U,; Wilkinson, T. D. Optical Properties of Gyroid Structured
Materials: From Photonic Crystals to Metamaterials. Adv. Opt.
Mater. 2015, 3, 12—32.

(25) Michielsen, K; Stavenga, D. G. Gyroid cuticular structures in
butterfly wing scales: Biological photonic crystals. J. R. Soc., Interface
2008, S, 85—-94.

(26) Saranathan, V.; Osuji, C. O.; Mochrie, S. G.; Noh, H,;
Narayanan, S.; Sandy, A; Dufresne, E. R;; Prum, R. O. Structure,
function, and self-assembly of single network gyroid (I4 132)
photonic crystals in butterfly wing scales. Proc. Natl. Acad. Sci.
US.A. 2010, 107, 11676—11681.

(27) Schroder-Turk, G.; Wickham, S.; Averdunk, H.; Brink, F.; Fitz
Gerald, J. D.; Poladian, L.; Large, M. C; Hyde, S. T. The chiral
structure of porous chitin within the wing-scales of Callophrys rubi. J.
Struct. Biol. 2011, 174, 290—295.

(28) Yan, C.; Hao, L.; Hussein, A,; Raymont, D. Evaluations of
cellular lattice structures manufactured using selective laser melting.
Int. ]. Mach. Tool Manufact. 2012, 62, 32—38.

(29) Yénez, A.; Herrera, A.; Martel, O.; Monopoli, D.; Afonso, H.
Compressive behaviour of gyroid lattice structures for human
cancellous bone implant applications. Mater. Sci. Eng, C 2016, 68,
445—448.

(30) Armatas, G. S.; Kanatzidis, M. G. Mesostructured germanium
with cubic pore symmetry. Nature 2006, 441, 1122—1128.

(31) Hajduk, D. A,; Harper, P. E.; Gruner, S. M.; Honeker, C. C;
Kim, G.; Thomas, E. L,; Kim, G. The Gyroid: A New Equilibrium
Morphology in Weakly Segregated Diblock Copolymers. Macro-
molecules 1994, 27, 4063—4075.

(32) Kim, J. K; Yang, S. Y; Lee, Y; Kim, Y. Functional
nanomaterials based on block copolymer self-assembly. Prog. Polym.
Sci. 2010, 35, 1325—1349.

(33) Bai, W.; Hannon, A. F.; Gotrik, K. W.; Choi, H. K.; Aissou, K.;
Liontos, G.; Ntetsikas, K.; Alexander-Katz, A.; Avgeropoulos, A.; Ross,
C. A. Thin film morphologies of bulk-gyroid polystyrene-block-
polydimethylsiloxane under solvent vapor annealing. Macromolecules
2014, 47, 6000—6008.

(34) Hsueh, H. Y,; Yao, C. T.; Ho, R. M. Well-ordered nanohybrids
and nanoporous materials from gyroid block copolymer templates.
Chem. Soc. Rev. 2015, 44, 1974—2018.

(35) Lich, L. V;; Hue, D. T. H; Giang, D. T. H; Duc, N. H;
Shimada, T.; Kitamura, T.; Dinh, V. H. Formation and switching of
chiral magnetic field textures in three-dimensional gyroid nanostruc-
tures. Acta Mater. 2023, 249, 118802.

(36) Hertel, R. Curvature-induced magnetochirality. SPIN 2013, 03,
1340009.

(37) Gaididei, Y.; Kravchuk, V. P.; Sheka, D. D. Curvature Effects in
Thin Magnetic Shells. Phys. Rev. Lett. 2014, 112, 257203.

(38) Streubel, R.; Fischer, P.; Kronast, F.; Kravchuk, V. P.; Sheka, D.
D.; Gaididei, Y.,; Schmidt, O. G.; Makarov, D. Magnetism in curved
geometries. J. Phys. D: Appl. Phys. 2016, 49, 363001.

(39) Sander, D.; Valenzuela, S. O.; Makarov, D.; Marrows, C. H.;
Fullerton, E. E.; Fischer, P.; McCord, J; Vavassori, P.; Mangin, S.;
Pirro, P.; et al. The 2017 Magnetism Roadmap. J. Phys. D: Appl. Phys.
2017, 50, 363001.

https://doi.org/10.1021/acsami.4c02366
ACS Appl. Mater. Interfaces 2024, 16, 22177—22188



ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(40) Sheka, D. D. A perspective on curvilinear magnetism. Appl.
Phys. Lett. 2021, 118, 230502.

(41) Shindou, R.; Matsumoto, R; Murakami, S.; Ohe, J. L
Topological chiral magnonic edge mode in a magnonic crystal.
Phys. Rev. B: Condens. Matter Mater. Phys. 2013, 87, 174427.

(42) McClarty, P. A. Topological Magnons: A Review. Annu. Rev.
Condens. Matter Phys. 2022, 13, 171—-190.

(43) May, A; Saccone, M.; van den Berg, A; Askey, J.; Hunt, M,;
Ladak, S. Magnetic charge propagation upon a 3D artificial spin-ice.
Nat. Commun. 2021, 12, 3217—-3310.

(44) Guo, H; Deenen, A. J. M; Xu, M;; Hamdi, M.; Grundler, D.
Realization and Control of Bulk and Surface Modes in 3D
Nanomagnonic Networks by Additive Manufacturing of Ferromag-
nets. Adv. Mater. 2023, 35, 2303292.

(4S) Krawczyk, M.; Puszkarski, H. Magnonic crystal theory of the
spin-wave frequency gap in low-doped manganites. J. Appl. Phys.
2006, 100, 073905.

(46) Krawczyk, M.; Puszkarski, H. Plane-wave theory of three-
dimensional magnonic crystals. Phys. Rev. B: Condens. Matter Mater.
Phys. 2008, 77, 054437.

(47) Volkov, O. M.; RéBler, U. K.; Fassbender, J.; Makarov, D.
Concept of artificial magnetoelectric materials via geometrically
controlling curvilinear helimagnets. J. Phys. D: Appl. Phys. 2019, 52,
345001.

(48) Hopfield, J. J. Neural networks and physical systems with
emergent collective computational abilities. Proc. Natl. Acad. Sci.
U.S.A. 1982, 79, 2554—2558.

(49) Karcher, H. The triply periodic minimal surfaces of Alan
Schoen and their constant mean curvature companions. Manuscripta
Math. 1989, 64, 291—-357.

(50) GroBe-Brauckmann, K.; Wohlgemuth, M. The gyroid is
embedded and has constant mean curvature companions. Calc. Var.
Partial Differ. Equ. 1996, 4, 499—523.

(51) Grofe-Brauckmann, K. Gyroids of constant mean curvature.
Exp. Math. 1997, 6, 33—50.

(52) Sunada, T. Crystals That Nature Might Miss Creating. Not.
AMS 2008, 55, 208—215.

(53) Hyde, S. T.; O’Keeffe, M.; Proserpio, D. M. A short history of
an elusive yet ubiquitous structure in chemistry, materials, and
mathematics. Angew. Chem., Int. Ed. 2008, 47, 7996—8000.

(54) Coey, J. M. Magnetism and Magnetic Materials; Cambridge
University Press, 2010; pp 1—617.

(55) Hertel, R. tetmag. 2023, https://github.com/R-Hertel/tetmag.

(56) Hertel, R.; Christophersen, S.; Borm, S. Large-scale magneto-
static field calculation in finite element micromagnetics with H 2
-matrices. J. Magn. Magn. Mater. 2019, 477, 118—123.

(57) d’Aquino, M; Hertel, R. Micromagnetic frequency-domain
simulation methods for magnonic systems. J. Appl. Phys. 2023, 133,
033902.

(58) d’Aquino, M.; Serpico, C.; Miano, G.; Forestiere, C. A novel
formulation for the numerical computation of magnetization modes in
complex micromagnetic systems. J. Comput. Phys. 2009, 228, 6130—
6149. Number: 17.

(59) Heinrich, B. In Ultrathin Magnetic Structures II Heinrich, B,
Bland, J., Eds.; Springer: Berlin, Heidelberg, 1994; pp 195—296.

(60) Montoya, E.; McKinnon, T.; Zamani, A.; Girt, E.; Heinrich, B.
Broadband ferromagnetic resonance system and methods for ultrathin
magnetic films. J. Magn. Magn. Mater. 2014, 356, 12—20.

(61) Dubowik, J.; Glowinski, H. Broad-Band Ferromagnetic
Resonance in Thin Magnetic Films and Nanostructures. Current
Topics in Biophysics 2010, 33, 43—45.

(62) Mikhaylovskiy, R. V.; Hendry, E.; Kruglyak, V. V. Negative
permeability due to exchange spin-wave resonances in thin magnetic
films with surface pinning. Phys. Rev. B: Condens. Matter Mater. Phys.
2010, 82, 195446.

(63) Mruczkiewicz, M.; Krawczyk, M.; Mikhaylovskiy, R. V,;
Kruglyak, V. V. Towards high-frequency negative permeability using
magnonic crystals in metamaterial design. Phys. Rev. B: Condens.
Matter Mater. Phys. 2012, 86, 024425.

22188

(64) Kruglyak, V.; et al. In Metamaterial; Jiang, X.-Y., Ed;
IntechOpen: Rijeka, 2012; Chapter 14.

(65) Zhuo, F; Li, H; Cheng, Z.; Manchon, A. Magnonic
Metamaterials for Spin-Wave Control with Inhomogeneous Dzya-
loshinskii-Moriya Interactions. Nanomaterials 2022, 12, 1159.

(66) Haldar, A;; Adeyeye, A. O. Reconfigurable and self-biased
magnonic metamaterials. J. Appl. Phys. 2020, 128, 240902.

(67) Beaujour, J.-M.; Ravelosona, D.; Tudosa, L; Fullerton, E. E,;
Kent, A. D. Ferromagnetic resonance linewidth in ultrathin films with
perpendicular magnetic anisotropy. Phys. Rev. B: Condens. Matter
Mater. Phys. 2009, 80, 180415.

(68) Walowski, J; Kaufmann, M. D.; Lenk, B.; Hamann, C,;
McCord, J.; Miinzenberg, M. Intrinsic and non-local Gilbert damping
in polycrystalline nickel studied by Ti: sapphire laser fs spectroscopy.
J. Phys. D: Appl. Phys. 2008, 41, 164016.

(69) Abdelrahman, D.; Iseli, R;; Musya, M.; Jinnai, B.; Fukami, S.;
Yuasa, T.; Sai, H.; Wiesner, U. B.; Saba, M.; Wilts, B. D.; Steiner, U.;
Llandro, J.; Gunkel, I. Directed Self-Assembly of Diamond Networks
in Triblock Terpolymer Films on Patterned Substrates. ACS Appl.
Mater. Interfaces 2023, 15, 57981—-57991.

(70) Gurevich, A.; Melkov, G. Magnetization Oscillations and Waves;
Taylor & Francis, 1996.

https://doi.org/10.1021/acsami.4c02366
ACS Appl. Mater. Interfaces 2024, 16, 22177—22188



Supporting Information:
Collective Spin-Wave Dynamics in Gyroid

Ferromagnetic Nanostructures

Mateusz Gotebiewski,* Riccardo Hertel,* Massimiliano d'Aquino,¥ Vitaliy Vasyuchka,® Mathias
Weiler, Philipp Pirro,® Maciej Krawczyk,” Shunsuke Fukami,|'=# @2 Hideo Ohno,-#© and

Justin Llandrol+

tInstitute of Spintronics and Quantum Information, Faculty of Physics, Adam Mickiewicz University,
Uniwersytetu Poznanskiego 2, 61-614 Poznan, Poland
I Université de Strasbourg, CNRS, Institut de Physique et Chimie des Matériauz de Strasbourg, F-67000
Strasbourg, France
QY Department of Electrical Engineering and ICT, University of Naples Federico II, 80125 Naples, Italy
§Fachbereich Physik und Landesforschungszentrum OPTIMAS, Rheinland-Pfilzische Technische
Universitdt Kaiserslautern-Landau, Erwin-Schrédinger-Strafie 56, 67663 Kaiserslautern, Germany
|| Research Institute of Electrical Communication (RIEC), Tohoku University, 2-1-1 Katahira, Aoba-ku,
980-8577 Sendai-shi Miyagi, Japan
L Center for Science and Innovation in Spintronics (CSIS), Tohoku University, 980-8577 Sendai, Japan
# Center for Innovative Integrated FElectronic Systems (CIES), Tohoku University, 468-1 Aramaki Aza
Aoba, Aoba-ku, 980-0845 Sendai, Japan
@WPI Advanced Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, 980-8577
Sendai, Japan

A Inamori Research Institute for Science, 600-8411 Kyoto, Japan

E-mail: mateusz.golebiewski@amu.edu.pl

S-1



Rotation 10 deg

Rotation 50 deg Rotation 90 deg

Rotation 130 deg

Rotation 170 deg

N—"
~N
a

Frequency (GHz) QD

0.5 . 0.5 -0.5 -0.25 0 0.25 0.5 -0.5 -0.25 0 0.25 0.5 -0.5 -0.25 0 0.25 0.5

Magnetic flux density (T) Olmené‘-ity (arb. unit)
T |max

(

O
~
—
(@)
N

—_ Af=~2.4 GH —_ — Af=~3.6 GH.
= = AF A B =100 mT = B=300 mT Af ‘
50.8 5 0.8
o — 10deg o —— 10deg
0.6 — 50 deg L0.6 ——— 50deg
— N
— eg

5 0.4 — 170 deg § 0.4 130 deg
c c —— 170 deg
g02 g02
s o
Z Z 0

0 25 50 7.5 100 125 150 17.5 20.0 0 25 50 7.5 100 125 150 17.5 20.0

Frequency (GHz) Frequency (GHz)

Figure S1: BBFMR measurement of the gyroid structure. The sample was rotated 180 deg relative to the
CPW in 40 deg steps. For each configuration, a separate measurement of the energy absorption from the
microwave field applied perpendicular to the static external magnetic field was performed as shown in (a).
Plots of the FMR intensity as a function of frequency (for Beyxy = 100 mT and Bexs = 300 mT) for selected
angles are presented in (b) and (c), respectively. They show a clear and cyclic transition of spectral weight
from the lower frequency branch from gyroidal sample’s zone (high intensity at 10 deg) to the higher one
from uniform Ni (high intensity at 90 deg). The separation between the bands (Af) are measured to be
2.64 GHz and 3.89 GHz, respectively, as the field increases. Unlike amplitude, A f is independent of rotation
angle. The assumed values of the angles are conventional and do not refer to the crystallographic axes of
the gyroid.
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Figure S2: Micromagnetic simulation-derived resonance frequency spectra for 4 x 4 x 4 gyroid constructs in
which the applied external magnetic field has a strength of 100 mT. The spectrum used in the main part
of the work has been enlarged, focusing on each individual satellite peaks. Different color coding in the
plot indicates the crystallographic direction in which the field is applied, with the specific points marked
on the plot indicating all significant satellite/edge ferromagnetic modes (diamonds) and volumetric modes
(gray circles). Each satellite mode is numbered according to the visualization of the respective module with
its frequency values above. The color scheme used here corresponds directly to the imaginary part of the
magnetic susceptibility.
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Figure S3: Micromagnetic simulation-derived resonance frequency spectra for 4 x 4 x 4 gyroid constructs in
which the applied external magnetic field has a strength of 300 mT. The spectrum used in the main part
of the work has been enlarged, focusing on each individual satellite peaks. Different color coding in the
plot indicates the crystallographic direction in which the field is applied, with the specific points marked
on the plot indicating all significant satellite/edge ferromagnetic modes (diamonds) and volumetric modes
(gray circles). Each satellite mode is numbered according to the visualization of the respective module with
its frequency values above. The color scheme used here corresponds directly to the imaginary part of the
magnetic susceptibility.
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Figure S4: Plot (a) shows the FWHM values as a function of frequency, comparing BBFMR signals from
gyroidal Ni and uniform Ni (represented by dark red dots). Several signals from gyroids were obtained by
rotating the sample on the CPW, as illustrated in Figure S1, effectively obtaining a signal from various
domains with different crystallography. Based on the experimental results and using Equation 3 from the
main manuscript, linear regressions were performed on each set of data. The estimated values of the deter-
mination coefficient r2, inhomogeneous contributions to the linewidth AHy (measured from the abscissa of
the lines), and the damping values « (derived from the slope of the lines) were estimated. (b) illustrates
BBFMR measurements of dynamic magnetization intensities as functions of static magnetic flux density
and frequency for selected sample configurations. The gyroid signal dominates all of them except for the
90-deg rotation, which is indicated by the red box. The changes in o and AH, as a function of sample
rotation relative to the CPW with corresponding statistical error-bars are presented in (c) and (d). The
curves with the values of the coefficient of determination 12 for the measured configurations are additionally
plotted on the graphs, showing their strongly nonlinear /irregular nature for some of the measurements [the
lowest quality r? values are highlighted in red in (a)]. In the main manuscript, configurations with reliable
linear regression fits were used, marked here with angles of 10 deg (for gyroid signal analysis) and 90 deg
(for homogeneous Ni signal analysis).
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5.3 Three-dimensional architectures 167

5.3.2 Comprehensive overview of state-of-the-art research on magnetic
gyroid structures: from mathematical foundations and fabrication
to experimental characterization and numerical simulations (P8)

This chapter, submitted to the book 2D and 3D Nanostructures: Structure, Properties and
Applications by Jenny Stanford Publishing Pte Ltd (edited by J.-C. S. Lévy), provides a roadmap
and comprehensive review of the magnetic properties of ferromagnetic gyroidal nanostructures,
integrating insights from the recent literature along with my own research. In particular, I review
how static and dynamic magnetization studies have revealed that distinctive features of gyroids —
such as nontrivial shape anisotropy, inherent chirality, and inhomogeneous demagnetizing fields
— can facilitate the formation of low-energy magnetization textures, localized spin-wave modes,
and controllable spin-wave dispersions and propagation paths. Within this broader context, I
place my own contributions and highlight promising research directions that build upon these
insights.

Contribution of the Author

To prepare this chapter, I conducted a comprehensive review of the relevant literature and
state-of-the-art research on gyroidal structures. With the assistance of M. Krawczyk, I systemati-
cally organized, classified, and synthesized these findings to ensure a coherent and structured
presentation within the manuscript. For our original research contributions, I performed the
micromagnetic simulations, discussed the results with M. Krawczyk, and post-processed the
data. I was also responsible for writing the first draft and revising the chapter.

The draft included in this dissertation has undergone minor formatting adjustments, including
changes in margin sizes and alignment of Fig. 1.10, compared to the version published on arXiv
and submitted to 2D and 3D Nanostructures: Structure, Properties and Applications. These
changes were made solely to optimize the document layout and to avoid excessive white space,
thus ensuring a more compact thesis file. Importantly, the content of the manuscript remains
unchanged. Copyright ©2024 The Authors. Published on arXiv under the CC-BY 4.0 license.
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Gyroid ferromagnetic nanostructures in 3D
magnonics
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Abstract

This chapter provides a comprehensive analysis of the magnetic properties of ferromagnetic
gyroidal nanostructures, based on both original research and a review of the state-of-the-art
literature in the field of 3D magnonics. Through static and dynamic magnetization studies, we
highlight how unique features such as non-trivial shape anisotropy, chirality, and inhomogeneous
demagnetization fields within gyroidal structures contribute to the formation of low-energy
magnetization textures, spin-wave mode localization, and controllable spin-wave propagation.
In addition, the chapter reviews key studies on the magnetic behavior of individual gyroidal
components, such as unit cells and vertices, further advancing our understanding of the gyroid’s
interactions with external fields and its effective magnetic properties. The combination of original
research with a review of recent advances contributes to the ongoing exploration of complex
gyroidal systems and their potential in 3D magnonics and spintronics.

1.1 Introduction

The exploration of spin waves (SWs) and their interactions within magnetic materials covers the
interdisciplinary fields of magnonics and spintronics [Kruglyak et al. (2010); Chumak (2019); Dieny
et al. (2020)]. This convergence has opened avenues for advanced research, particularly in harnessing
SWs for signal transport avoiding Joule-Lenz heat emission [Serga et al. (2010); Yan and Bauer
(2013); Barker and Bauer (2016)]. The spectrum of SW wavelengths, ranging from micrometers
to tens of nanometers, and corresponding to frequencies from a few to hundreds of GHz [Schneider
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et al. (2008); Maendl et al. (2017)], also promises advances in microwave technologies with a versatile
platform for manipulating their dispersion and group velocities [Garcia-Sanchez et al. (2015); Wagner
et al. (2016); Duerr et al. (2012); Lan et al. (2015); Krawczyk and Grundler (2014)]. This versatility,
combined with high energy efficiency without sacrificing processing speed [Chumak et al. (2015);
Kruglyak et al. (2010); Serga et al. (2010); Lenk et al. (2011); Mahmoud et al. (2020)] positions SWs
as a compelling alternative to traditional electric currents, especially in computing and microwave
systems.

The design of advanced magnonic systems integrates multiple factors, such as geometry, topology,
and material properties. Together with the magnitude and direction of the external magnetic field,
these factors influence key properties of SWs, including supported SW frequencies, their anisotropy,
and ferromagnetic response. This integrated approach enables precise control of magnon dynamics
for targeted applications. Magnonic crystals (MCs) represent an innovative intersection of magnetic
film technology and periodic patterning, serving as a platform for exploring wave dynamics in
both two-dimensional (2D) and three-dimensional (3D) domains [Krawczyk and Grundler (2014);
Chumak et al. (2017)]. In the case of 2D MCs, the characteristic in-plane dimensions usually
span several hundred nanometers, while the magnetic films maintain thicknesses on the order of
tens of nanometers [Rychty et al. (2015); Mamica et al. (2019)]. In these ferromagnetic materials,
the dynamics of SWs are primarily governed by isotropic exchange and anisotropic magnetostatic
interactions [Krawczyk et al. (2013)], making the physics of the system more complex than
that of their photonic (light-based) [Butt et al. (2021)] and phononic (sound or elastic wave-
based) [Vasileiadis et al. (2021)] counterparts. Similar to other periodic composites, MCs allow for
customization of the dispersion relation through structural and material composition adjustments,
allowing for precise control over the velocity, direction, and magnonic gap width of propagating
SWs [Krawczyk and Grundler (2014)]. However, magnetism provides a broad mechanism for
manipulating the dynamics of SWs that is not present in other types of artificial crystals and waves.
A notable aspect of MCs is the way the SWs are affected by the geometry of the system through the
internal magnetic fields. This is called the demagnetization field and can be tuned by the orientation
of an external magnetic field, often resulting in a reduction of symmetry compared to the original
structural design [Neusser et al. (2011); Tacchi et al. (2015); Gross et al. (2021); Ji et al. (2022);
Mamica (2023)]. The other possibility, unique to MC, is the modulation of the SW properties by
the magnetization texture, with or without nanostructuralization. For example, the magnetization
domain structure in the form of periodic stripes can have a periodicity up to 100 nm, forming a
periodic potential for the propagation of SWs, which can be considered as a fully reprogrammable
MC [Banerjee et al. (2017); Gruszecki et al. (2019); Yu et al. (2021); Petti et al. (2022); Szulc et al.
(2022)]. In 1D and 2D, the MC can be also formed by the chain [Ma et al. (2015); Mruczkiewicz
et al. (2016); Szulc et al. (2024)] or the array [Wang et al. (2020); Tang et al. (2023)] of skyrmions,
due to the small skyrmion size, they are also stabilized with the period in deep nanoscale.

The MCs discussed above are predominantly planar structures that are uniform along the
thickness, and due to the small thickness, the magnetization is also largely homogeneous. If the
geometrical inhomogeneity or the magnetization texture becomes inhomogeneous along the thickness,
we can call the system 3D [Beginin et al. (2019); Gubbiotti et al. (2021); Sadovnikov et al. (2022);
Girardi et al. (2024)]. Strictly speaking, however, 3D MCs are characterized by a three-dimensional
periodic distribution of two materials consisting of inclusion and matrix. Enriched by the additional
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dimension, the properties of these systems were the focus of theoretical studies, including the
exploration of magnonic bandgap phenomena [Krawczyk and Puszkarski (2006); Mamica et al.
(2012); Romero Vivas et al. (2012)]. They have demonstrated critical aspects such as the threshold of
magnetic contrast required between the constituent materials to open a band gap and its dependence
on the crystallographic structure of the crystal [Krawczyk et al. (2010)]. In addition, it has been
shown that the selection of an appropriate MC structure and filling fraction can lead to the design
of anisotropic and strongly wavevector-dependent effective damping [Romero Vivas et al. (2012)],
demonstrating the potential of 3D MCs to advance the field of magnonics and spintronics through
nuanced control of wave propagation mechanisms in 3D space [Gubbiotti (2019)].

In addition to propagating waves that create bands in an MC and occupy the whole magnetic
volume, an important aspect of the nanoscale magnonic systems is also the phenomenon of SW
localization inside the 3D nanostructure or at the surfaces [Serha et al. (2022); Liu et al. (2020)].
A well-described type of SW localization already occurs on the surface of thin films in the Damon-
Eshbach (DE) configuration [Damon and Eshbach (1961); Hurben and Patton (1995)], i.e., when
the propagation of SWs is perpendicular to an applied external magnetic field that lies in the
plane of the film and saturate the sample. The interplay between the dynamic stray fields from
the surface and volume magnetic charges formed by oscillating magnetization in the film geometry
leads to an asymmetry in the internal magnetic field distribution, creating a gradient in the effective
magnetic field across the thickness (the non-zero wavenumber k is required for this effect). As a
result, the SWs have a higher intensity near one of the surfaces of the film compared to the inner
part and opposite surface. The intensity of these surface-localized modes decays exponentially from
the surface of the film toward its center, with the decay length depending on the SW wavelength,
i.e., being proportional to k. The side of localization changes with the reversal of the direction of the
wavevector (or magnetic field orientation). This type of SW localization offers several advantages for
magnonic applications, e.g., increasing the efficiency of SW excitation with inherent nonreciprocity
and detection at the film surfaces [Schneider et al. (2008); Jamali et al. (2013)], which is particularly
beneficial for devices that rely on surface-based SW manipulation [Inoue et al. (2011); Bessonov et al.
(2015)]. In addition, confining the SWs to the surfaces reduces volumetric scattering and damping,
potentially leading to lower energy loss and improved propagation characteristics [Yamamoto et al.
(2019)]. Finally, the DE configuration enables the design of devices with directional propagation
properties, i.e., nonreciprocal, which can be exploited in the development of directional magnonic
waveguides and logic elements.

SW localization can also be caused by static demagnetization fields. A notable manifestation of
this is the emergence of edge modes [Jorzick et al. (2002); Park et al. (2002); Bayer et al. (2006);
Bailleul et al. (2003); Kruglyak et al. (2006)], where SWs are confined or propagated [Gruszecki
et al. (2021, 2022)] along the edges of a system, to which static magnetization is perpendicular. The
reduction of the internal magnetic field at the edges of the ferromagnetic element can be modified
by the magnetization orientation and the shape of the edge, allowing to increase or decrease the
localization of low-frequency SWs [Golebiewski et al. (2023)]. This makes the edge SWs sensitive to
the properties at the very edge of ferromagnets, which allows us to use them for sensing the magnetic
properties [Maranville et al. (2006, 2007)].

Another interesting type of localization is the topologically protected propagation of SWs along
customized paths, facilitated by the MC edges or interfaces between two MCs with different
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topologies [Shindou et al. (2013b,a); Li et al. (2018); McClarty (2022); Zhuo et al. (2023)]. These
edges or interfaces act as ideal waveguides, guiding the SWs in one direction and being immune
to backscattering, resulting in high coherence even along sharply curved paths [Wang et al.
(2018); Feilhauer et al. (2023)]. Such topological phases are characterized by so-called topological
invariants [Kane and Mele (2005b,a); Konig et al. (2007)], such as Chern numbers, which describe
the topological connection between bulk and boundary dynamics [Bansil et al. (2016)]. Recently,
an extension to higher-order topological states has become cutting-edge research [Schindler et al.
(2018)], realized especially with the use of the artificial crystal in photonics [El Hassan et al. (2019)] or
acoustics [Ni et al. (2019)], and only initiated in magnonics showing corner SWs in 2D antiskyrmion
crystal [Hirosawa et al. (2020)], and remains completely unexplored in 3D magnonic systems.

The study of 3D MCs holds great promise not only for SW localization phenomena. By tuning
the geometry and lattice periods of their unit cells, these structures introduce an additional
dimension for novel interactions, including various topological and geometric effects, and emergent
material properties [Gubbiotti (2019); Fischer et al. (2020); Makarov et al. (2022); Cheenikundil
et al. (2022); Fernandez-Pacheco et al. (2017)]. Recent advancements in techniques such as X-ray
vector nanotomography [Donnelly et al. (2017)], magnetic laminography [Donnelly et al. (2022)],
two-photon lithography [Hunt et al. (2020); van den Berg et al. (2023)], focused electron beam
deposition [Skoric et al. (2020)], and block copolymer templating [Llandro et al. (2020)] have enabled
the fabrication of complex 3D magnetic systems at the nanoscale, providing the potential for rapid
development of the field. Intriguing effects have already been observed in nanorods arranged in
diamond-bond networks [May et al. (2019); Stenning et al. (2023)], facilitating the analysis of
near-degenerate states and laying the groundwork for reconfigurable magnonic devices. Recently,
gyroids [Luzzati and Spegt (1967); Schoen (1970); Han and Che (2018)], characterized by their
chiral triple junctions and fully interconnected 3D network, have been fabricated from ferromagnetic
metals [Llandro et al. (2020)]. Due to the interplay of geometric, chiral and potential topological
properties in the nanoscale, the ferromagnetic gyroids can be regarded as 3D MCs possessing all the
above-mentioned properties, making them an ideal structure for studying SW dynamics [Gotebiewski
et al. (2024)]. In this chapter, we summarize the current state of research on ferromagnetic gyroids
and present our preliminary results on SW dynamics within these structures.

1.2 Geometric properties of gyroidal networks

Since their discovery in 1970 [Schoen (1970)|, gyroids have been of interest to research in
mathematics, material engineering, and photonics. These structures, belonging to the I4,32 space
group (No. 214) [Lambert et al. (1996)], owe their unique morphology to the cooperative formation
at inorganic-organic interfaces, as evidenced in surfactant-silicate mesostructures [Monnier et al.
(1993)]. This architecture has inspired a variety of studies in photonics, where gyroids have been
employed as chiral beamsplitters, nonlinear optical metamaterials, and photonic crystals [Turner
et al. (2013); Vignolini et al. (2012); Dolan et al. (2015); Michielsen and Stavenga (2008)]. Recent
advancements in fabrication techniques (see Introduction 1.1) have also facilitated the creation of
artificial systems inspired by gyroid geometry [Yan et al. (2012); Yanez et al. (2016); Turner et al.
(2013)].
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Figure 1.1 The gyroid surface model, illustrating the arrangement along the [111]| crystallographic
direction through an orthographic projection (a), revealing the hexagonal patterning inherent to the
interconnected channels of the system. Panel (b) shows the unit cell in a perspective projection, providing
a dynamic view of its geometric configuration.

As detailed in Refs. [Schoen (1970, 2012); Rosi et al. (2020)], the gyroid is characterized as
a unique triple periodic minimal surface (see Fig. 1.1). Its most notable property is its zero mean
curvature, meaning that each point on the surface functions as a saddle point with equal and opposite
principal curvatures [Dacorogna (2014)]. This surface extends periodically along three orthogonal
vectors and exhibits inherent chirality, lacking any symmetry plane or center, yet retaining rotational
symmetry elements [Wohlgemuth et al. (2001)]. Due to its triple periodic nature, the gyroid is
conceptualized as a crystalline structure [Chen et al. (2013)], adhering to the body-centered cubic
(bee) Bravais lattice and associated with the point group O, or described as 4132 in Hermann-
Maugin notation. This cubic group, being purely rotational, emphasizes the chiral nature of the
gyroid, and the prefix I indicates a body-centered arrangement, suggesting a non-primitive, body-
centered conventional unit cell.

Historically, the gyroidal surface was first described using the conjugate surface construction
method [Karcher (1989)], with its embedding later confirmed theoretically in Ref. [Grofe-
Brauckmann and Wohlgemuth (1996)]. Subsequent studies dealt with the volume fractions of
gyroids, especially those with constant mean curvature [Grofe-Brauckmann (1997)]. In a broader
scientific context, the gyroid is recognized as Laves’ graph of girth ten [Sunada (2008)] and the K,
crystal [Hyde et al. (2008); Mizuno et al. (2019)], known for their efficient space-filling properties
and high symmetry. The connection to Laves’ graph comes from the gyroid’s intricate network of
vertices and edges, which mimics the uniformity and connectivity of the graph. Similarly, the local
arrangement of atoms in materials that form gyroid structures may be analogous to the tetrahedral
coordination of the Ky crystal.

Its complex design features cubic unit cells interconnected by elliptical cross-section nanorods, as
detailed in Ref. [Dolan et al. (2015)]. With a volume filling fraction of ¢ = 0%, shown in Fig. 1.1, the
gyroid surface divides space into two distinct labyrinths, intersecting at 70.5 deg. Their mathematical
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representation is given by the trigonometric equation:

sin (2rz/L) cos (2my/ L)+
sin (2my/L) cos (2wz/ L)+ (1.1)
sin (27z/L) cos (2mx/L) < (101.5 — 2¢)/68.1,

where L represents the unit cell dimension of the gyroid. For a more detailed derivation see
e.g. [Tselikas et al. (1996)].

1.2.1 Block copolymer self-assembly and fabrication techniques

Gyroidal ferromagnetic structures can be fabricated through the self-assembly of block copolymers,
which naturally form intricate, periodic morphologies at the nanoscale. Block copolymers are
composed of two or more different polymer segments or blocks, covalently bonded in a linear
sequence, as presented in Fig. 1.2. These blocks are derived from different types of monomers, small
repeating molecular units, allowing for a wide range of chemical compositions within a single polymer
chain [Feng et al. (2017)]. The inherent property of block copolymers is their ability to spontaneously
organize into well-defined nano- to microscale structures when subjected to certain conditions, such
as changes in temperature. This self-assembly results from the incompatibility between the different
blocks, leading to the formation of ordered morphologies such as spheres, cylinders, lamellae and
complex 3D structures within a continuous matrix — Fig. 1.3. The architecture of the block copolymer
(e.g., diblock, triblock, multiblock) and the volume fraction of each block are critical factors that
influence the resulting morphology.

...-W-...- alternating\

0P0PP BB A5C block )

Figure 1.2 Schematic illustration of various polymer types. Block copolymers consist of two or more
homopolymer segments (A) connected by covalent bonds. Diblock copolymers contain two distinct segments
(AB), while triblock copolymers have three (ABC). A block is technically defined as a segment of a
macromolecule, made up of numerous repeating units, with at least one characteristic absent in adjacent
segments.

copolymers
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Due to their customizable chemical compositions and the ability to form a wide array of
structures, block copolymers have found applications across numerous fields. They can be tailored
for use in nanoscale templates for electronic devices, photonic crystals, drug delivery systems, and
materials with specific mechanical, optical, or conductive properties. The versatility and tunability
of block copolymers, due to the variety of monomers from which they can be made and their unique
self-assembly properties, make them a powerful tool in materials science and nanotechnology. For
a comprehensive overview, refer to [Dolan et al. (2015); Hyde et al. (1997¢,b,a); Segalman (2005);
Cheng et al. (2006)].

A simple example of covalently bonded homopolymers are the linear AB diblock copolymers,
representing the essential behavior of more complex systems like linear triblock terpolymers.
The morphology of diblock copolymers in thermodynamic equilibrium is influenced by three key
parameters: N (total degree of polymerization, i.e., the number of monomer units in a polymer chain),
fa or fg (volume fractions of each homopolymer), and x (the Flory-Huggins interaction parameter,
indicating monomer repulsion). In block copolymers, a higher x value signifies greater incompatibility
between the blocks, driving them to segregate and self-assemble into complex structures to minimize
the free energy of the system, e.g., gyroids (Fig. 1.3 — G/G’). The interplay between x, which
promotes phase separation, and N, which influences the entropy and enthalpy of the system, guides
the self-assembly process.

P '.' | P ." o
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Figure 1.3 Equilibrium morphologies of AB diblock copolymers in a bulk, varying as a function of the
volume fraction fa of the blocks and the interaction parameter x. The morphologies are categorized as follows
S/S’ — body-centered cubic spheres, C/C’ — hexagonally packed cylinders, G/G’ — bicontinuous gyroids, and
L — lamellae.

As the block copolymers self-organize, the gyroid structure emerges as a result of the balance
between the repulsive interactions (dictated by x) and the chain length of the polymers (defined
by N). This balance leads to the formation of continuous, triple periodic minimal surfaces, which
are characteristic of the gyroid structure. This architecture, with interconnected labyrinths of both
materials, is thus a direct consequence of the molecular properties of the block copolymers and their
drive to achieve a thermodynamically favorable configuration. Larger gyroid structures, scaling from
millimeters to sub-millimeters, are typically fabricated using top-down methods [Yan et al. (2012);
Yénez et al. (2016); Turner et al. (2013); Gan et al. (2016)]. Conversely, the creation of nanostructures
with unit cells below 100 nm is predominantly achieved through bottom-up techniques [Armatas and
Kanatzidis (2006); Kresge et al. (1992)]. The process involves microphase separation in copolymers,
resulting in gyroid networks of a minority polymer block within a majority block matrix [Ross et al.
(2014); She et al. (2013)].
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Polyfluorostyrene (PFS)
Polylactic acid (PLA)

Dissolve PLA gyroid Fill PFS template

Figure 1.4 Fabrication and structural characterization of gyroid nanostructures. This scheme shows the
process for creating free-standing metallic gyroid nanostructures, involving the thermal annealing of a block
copolymer template, followed by the selective removal of the minority block and subsequent electrodeposition.
Reprinted (adapted) with permission from Nano Lett. 2020, 20, 5, 3642-3650. Copyright 2024 American
Chemical Society.

The formation of complex structures using block copolymers as templates involves a multi-
step process that exploits the self-assembly properties of block copolymers and the technique of
electrodeposition to introduce ferromagnetic materials, such as permalloy (Py) or nickel (Ni), into the
predetermined patterns. One of the polymer blocks is selectively removed to create a porous template
that retains the architecture. This can be achieved by various methods, including chemical etching or
UV degradation, depending on the nature of the block copolymer. With the porous template in place,
electrodeposition is used to fill the voids with a ferromagnetic material, as illustrated in Fig. 1.4. In
this instance, a diblock copolymer of poly(4-fluorostyrene) (PFS) and 38% poly(lactic acid) (PLA) is
employed, with PF'S and PLA serving as the majority and minority blocks, respectively [Scherer et al.
(2014); Llandro et al. (2020)]. During electrodeposition, the template is immersed in an electrolytic
solution containing ions of the ferromagnetic material. When a voltage is applied, the ions are reduced
and deposited onto the conductive areas of the template, gradually filling the structure. After the
electrodeposition process is complete, the remaining block copolymer template is removed, often by
solvent washing or thermal decomposition, leaving a freestanding structure composed entirely of the
ferromagnetic material. The end product is a 3D structure of ferromagnetic material that replicates
the geometry of the original template.

In Fig. 1.4, the fabrication of magnetic (based on Ni) gyroid nanostructures from Ref. [Llandro
et al. (2020)], featuring unit cell dimensions smaller than 50 nm, is demonstrated. These
nanostructures are realized through electrodeposition into block copolymer templates, yielding
NizsFess gyroids. The self-assembly of 3D nanostructures, especially when integrated with inorganic
components [Simon et al. (2001)], allows unprecedented morphological control at the nanoscale,
opening new avenues for magnetism and magnonics. The SW interactions within gyroids are
complex and involve, among others, shape anisotropy, inhomogeneous demagnetization fields, curved
surfaces, and chirality. Our research aims to show the complexity of these interactions, provide an
understanding of the magnetic behavior in gyroids, and lay the framework for future explorations
and use of 3D ferromagnetic magnonics.
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1.3 Gyroid structures in magnetism

Short SWs, with their nanoscale wavelengths and microwave frequencies, enable high-density, high-
frequency applications of miniaturized magnonic devices [Chumak et al. (2015)]. The concepts of
SWs in connection with the chirality inherent in the magnetization dynamics, as discussed above and
reviewed in Ref. [Kruglyak (2021)], on the one hand, and introduced by the Dzyaloshinskii-Moriya
interaction (DMI) [Tacchi et al. (2023)] or geometric curvature [Otalora et al. (2017); Sheka et al.
(2022)], on the other hand, may play an important role in the further development of information
processing technologies based on magnonics [Chen et al. (2020, 2021)|. Chirality, which refers to
the preference of spin structures to twist in a particular direction, facilitates also directional SW
propagation, opening the door to non-reciprocal devices. DMI, which exists in systems with broken
inversion symmetry [Gan et al. (2016)], stabilizes chiral magnetic textures, improving control over
spin structure and enabling the design of robust, energy-efficient memory devices, the structures
which can also be exploited for magnonics [Garcia-Sanchez et al. (2014)]. Similar properties are
expected to exist in curvilinear ferromagnetic systems, since curvature, when introduced on a
length comparable to the exchange length, introduces the anisotropic exchange in the same form as
DMI [Sheka et al. (2022)]. Therefore, the complex architecture of gyroidal structures, with the 3D
gyroid elementary cell characterized by curvature and chirality (see Figs. 1.1 and 1.6), provides a
unique, three-dimensional platform for exploiting all of these phenomena, making it a good candidate
for further research, and promising applications. Nonetheless, the study of magnetization dynamics
within periodic 3D nanostructures is still in its early stages. While extensive research exists on
SWs in uniform, 1D and 2D structures, investigations into collective SW dynamics in 3D artificial
systems [May et al. (2021); Guo et al. (2023); Gubbiotti (2019); Fernandez-Pacheco et al. (2017)],
particularly gyroids [Golebiewski et al. (2024)], remain limited. We attempt to summarize existing
and explore new research directions on the collective dynamics of SWs in gyroidal nanostructures.

As described above, the inherent chirality and curvature of nanoscale magnetic gyroids offer
a promising pathway for controlling non-collinear spin textures. Recent studies have underscored
this potential [Lich et al. (2023)], and the experimental visualization of magnetic structures in
NizsFeqs gyroid networks has provided further evidence [Llandro et al. (2020)]. However, the DMI and
curvature-induced anisotropy, which add another layer of complexity to research in 3D ferromagnetic
structures [Hertel (2013); Gaididei et al. (2014)], have not yet been explored in gyroidal structures.
Similarly, novel physical effects observed in curved magnetic wires and films [Sheka (2021)], and the
integration of chiral and topological properties [Shindou et al. (2013b); McClarty (2022)], have not
been tested in gyroids. Furthermore, the potential of gyroids extends further, with the numerous
energetically equivalent stable states, suggesting suitability for the realization of artificial spin-
ice systems in 3D. Indeed, gyroidal magnetic nanostructures, particularly those with at least one
dimension in the exchange length scale, have emerged as key to the realization of in-volume system
phenomena such as monopole-type excitations [Wannier (1950); Diep (2013); Lacroix et al. (2011)],
which were previously observed only in two-dimensional (2D) systems [Skjaervg et al. (2020); Nisoli
et al. (2017)].

Taking the magnonic perspective, we use micromagnetic simulations to reveal the collective
dynamics of SWs in gyroids. This approach is consistent with the findings in Ref. [Demidov et al.
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(2010)], where the importance of direct observation and mapping of SWs, especially in nano-
oscillators, is highlighted. An interesting aspect of our investigations is to study the ferromagnetic
resonance and SW dispersion within gyroids. The frequency-wavevector relationship of SWs is
of particular interest in complex 3D geometries, where the multidimensional nature introduces
additional complexities in SW propagation, potentially leading to tunable, magnetic field-directed
band gaps, mode crossings/hybridizations, and unconventional group velocities. By analyzing these
properties, we aim to unveil the potential of gyroids as magnonic metamaterials and efficient SW
carriers.

1.3.1 Static magnetization configuration

The study of static magnetization in 3D gyroidal ferromagnetic nanostructures apart from learning
the specifics of these structures, also can advance our understanding of complex magnetic systems
in general, and open up new technological possibilities, as they have already been recognized
for their intricate, frustrated remanent states [Llandro et al. (2020)]. These states are inherently
ferromagnetic, but do not conform to a unique equilibrium configuration. The detailed imaging
and mapping of gyroids, shown in Fig. 1.5, provide a deeper insight into their magnetic structure,
highlighting the complex interplay between the magnetic fields and the intricate single and
double gyroid architecture. Figure 1.5(b) shows the magnetic induction map of the double-gyroid
nanostructure. The external stray field surrounding the gyroid exhibits dipole-like behavior aligned
with the saturating field (H). Within the structure, multiple flux-closed loops are evident, some of
which enclose only a single unit cell. However, identifying the chirality of these loops is challenging
due to the integration of the magnetic induction map across the thickness of several unit cells and
the entangled nature of the double-gyroid networks.

In the single-gyroid region [Fig. 1.5(d)], the correlation between the structure and the
magnetization of the ferromagnetic gyroid becomes more pronounced. The external stray field
remains dipole-like, but the remanent state of the single gyroid is more complex than a simple
network of flux-closed loops. The contours are generally aligned with the structure, but in some
regions (marked with the arrows) the flux lines cut directly across the struts, implying that the
magnetization is transverse to the strut axis. In other regions, the flux contours encircle specific
vertices, possibly indicating that the magnetization of the three constituent struts converge or diverge
from the vertex center.

In Ref. [Lich et al. (2023)], the authors have presented an insightful analysis through phase-
field simulation studies, focusing on the formation and switching behavior of magnetization textures
within Py gyroid nanostructures with a periodicity of 50 nm. The study uncovers the coexistence
of left-handed (LH) and right-handed (RH) helices in these structures, a feature particularly
pronounced in gyroids with small solid volume fractions. Moreover, it has been demonstrated that
at small ¢, the magnetization textures conform to the ice rule. However, as ¢ increases, this rule is
disrupted, leading to magnetic field texture frustration, a phenomenon that becomes prominent at a
critical volume fraction of about 30%. Furthermore, the findings indicate an increase in the coercive
field as the volume fraction rises from 10 to 50%, followed by a reversal of this trend with further
increases in ¢. This behavior is attributed to the balance between LH and RH magnetic helices, with
global switching events occurring near ¢ = 50%, while local switching is observed in other volume
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100 nm

Figure 1.5 Magnetographic analysis of Py double and single gyroid structures with unit cell size L =
42 nm: insets illustrate simulated models of double-gyroids and hybrid double/single-gyroid structures, with
each gyroid network marked in red and blue. Panels (a) and (b) display the phase contribution of the mean
inner potential and the map of magnetic induction for a double-gyroids. Bidirectional arrows indicate the
saturation magnetic field (H) direction. Stray magnetic fields around the structure are traced by contour
lines, which within the struts is non-uniform, as indicated by unidirectional arrows representing varied
field directions. The structure’s outline, derived from the phase shift’s mean inner potential contribution, is
shown in (b). In panels (c¢) and (d), the phase contribution of the mean inner potential and the corresponding
magnetic flux contour map are depicted for a sample containing both double-gyroid and single-gyroid regions.
In (d), the gyroid particle is masked in green and superimposed with contour lines to illustrate the relationship
between field lines and gyroid struts. Points where flux contours intersect gyroid struts or loop around vertices
are marked with closed and open unidirectional arrows, respectively. The contour interval for both (b) and
(d) is set at 27/64 radians. Reprinted (adapted) with permission from Nano Lett. 2020, 20, 5, 3642-3650.
Copyright 2024 American Chemical Society.

fractions. They summarize the relationship between solid volume fraction and static magnetization
distribution in gyroids.

Exploring the realm of static magnetism within complex 3D structures [Hsueh et al. (2011)]
opens up promising avenues of research, particularly in the creation and control of topological spin
textures such as skyrmions, torons [Ji et al. (2022)] and hopfions [Tai and Smalyukh (2018)] and

11
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others [Wu and Smalyukh (2022)]. The curvature and topology inherent in gyroids provide a novel
platform for studying how these structures can stabilize such textures. Additional research focusing
on static magnetization configurations under external fields could deepen our understanding of
domain distribution and orientation. Also, the process of magnetization reversal in gyroids, influenced
by geometry and thermal fluctuations, could provide valuable insights into material optimization
for precise magnetic switching. Broadening the scope to include hybrid structures by integrating
materials such as superconductors or topological insulators with gyroidal ferromagnets opens up
other research opportunities.

Studying the magnetization texture and dynamics at the level of individual nanostructures, unit
cells, vertices and struts, is essential for a comprehensive understanding of their magnetic behavior.
Current research suggests the possibility of multiple equivalent magnetization configurations
within the 3D gyroid network, which is particularly promising for applications such as reservoir
computing [Tanaka et al. (2019)], where systems benefit from high interconnectivity and a variety of
stable states. The ability to access and manipulate these different states could enable new paradigms
in nanoscale computing by exploiting the properties of these complex magnetic 3D structures.

1.3.2 Magnetization dynamics

As already mentioned in the Introduction, the study of SW dynamics in 3D nanostructures is
at a very early stage [Gubbiotti (2019); Cheenikundil et al. (2022); Li et al. (2023)], especially
experimentally [Sahoo et al. (2018); Donnelly et al. (2020); Guo et al. (2023); Girardi et al.
(2024)]. In the following subsections, we will summarize our research on Ni-based gyroids, including
experimental ferromagnetic resonance (FMR) studies and numerical simulations. Here, the gyroid
sample’s unit cell is defined with a dimension of 50 nm and ¢ = 10%, as shown in Fig. 1.6. This
specific dimensionality leads to strut diameters that align with crucial nanoscale measures, e.g., the
exchange length (around 9 nm for Ni). This congruence highlights the profound impact of nanoscale
features on the magnetic dynamics and properties we observe.

1.3.2.1 Gyroidal crystallography vs. ferromagnetic response

Our recent work [Golebiewski et al. (2024)] presents a synergistic approach combining micromagnetic
simulations and FMR measurements, employed to examine the magnetic properties of three-
dimensional gyroidal Ni nanostructures. This investigation reveals several distinctive characteristics
of the gyroid network, particularly the pronounced influence of the static, external magnetic field
orientation on the ferromagnetic response. This relationship is closely linked to the crystallographic
alignment of the gyroid structure, as presented in Fig. 1.7.

We utilize the finite element method (FEM) micromagnetic simulations in tetmag, both in the
time domain for determining static magnetization structures [Hertel (2023)], and, using add-on
algorithm, in the frequency domain for analyzing oscillatory, magnonic properties [d’Aquino and
Hertel (2023)] — see more details in Appendix A.1. The following, Ni material parameters have been
used: the saturation magnetization Mg = 480 kA /m, the exchange stiffness Aex = 13 pJ/m, the
Gilbert damping coefficient o = 0.008, and the g-factor of 2.14 [Coey (2010); Singh et al. (1976)].
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Figure 1.6 Illustration of the cubic gyroid unit cell tailored for micromagnetic simulations, with dimensions
L =50 nm and a volume fraction of ¢ = 10%. An enlarged inset highlights the chiral linkage between two
primary gyroid nodes, emphasizing key geometric features.

We examine the impact of three specific field directions, aligned with the crystallographic axes
[100], [110], and [111], on finite-sized gyroids, see Fig. 1.7. The findings from the resonance spectra
simulations attribute the observed shifts in resonance signals in the rotating gyroid sample to
crystallographic anisotropy. Moreover, several bulk SW modes, as identified in this work, exhibit
a predominantly localization on the different regions across the perpendicular axis of the gyroid
structure, on the facets perpendicular to the [110] and [100] magnetic field directions. This behavior
likely stems from a combined effect of crystallographic influence and shape anisotropy impacting
the localization of resonant modes across various regions, potentially influenced by the system’s
chirality. Furthermore, we identified some SW modes localized on the outer surfaces of the gyroid
structure (see the modes marked with ’x’ in the spectra shown in Fig. 1.7). This also indicates the
important influence of the shape and outer surfaces of the 3D nanostructure on the SW dynamics.
This observation prompts us to investigate the surface effects further. The preliminary results of our
numerical studies of surface-localized SW modes are summarized in the next section.

The tetmag simulations were complemented by meticulous experimental measurements using
broadband FMR, where a multi-domain (multiple, interconnected sub-parts with different
crystallographic orientations) gyroid sample was positioned on a coplanar waveguide (CPW) line.
This setup facilitated the analysis of distinctions and correlations between a solid, uniform Ni
layer and the gyroid-structured segment of the sample. The Ni gyroid nanostructure analyzed was
fabricated through the thermal annealing of a block copolymer template [detailed in Sec. 1.2.1
(Fig. 1.4) and Ref. [Llandro et al. (2020)]], followed by selective dissolution of one of the gyroid-
forming blocks and filling the resultant right-handed gyroid network with Ni by electrodeposition
(L = 50 nm, ¢ = 10%). Performed measurements and provided numerical analysis allow us to
conceptualize gyroid films as homogeneous materials or magnonic metamaterials, where the effective
saturation magnetization is reduced in proportion to the gyroid’s filling factor — see Fig. 1.8. We
can see, that the gyroid signal exhibits a broader frequency full-width at half-maximum (FWHM)
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Figure 1.7 Spectral analysis of SW modes in a 6 X 6 x 6 gyroid structure. The lower part of the figure
shows the frequency spectra with high-intensity volume modes highlighted by black circles. For comparison,
spectra of more compact structures (dotted lines) are superimposed, showing a significant reduction in the
intensity of edge modes (indicated by crosses) with increasing structure size. The color gradient in the
mode visualization corresponds to the imaginary part of the magnetic susceptibility. Reprinted (adapted)
with permission from ACS Appl. Mater. Interfaces 2024, 16, 17, 22177-22188 licensed under CC-BY 4.0.
Copyright 2024 American Chemical Society.

compared to that of homogeneous Ni. For instance, at a magnetic field of 450 mT, the FWHM is
3.69 GHz for the gyroid and 3.09 GHz for Ni. This broader signal is likely due to the multidomain
nature of the sample. Specifically, the observed signal from the gyroid represents an average from
multiple domains with varying crystallographic orientations located above the CPW. From the FMR
measurements shown in Fig. 1.8(e), we deduce an average FWHM difference of 1.3 GHz across
various external magnetic field values. Micromagnetic simulations for a cube-shaped sample (Fig. 1.7)
indicate a maximum peak separation of 2.95 GHz at 300 mT, specifically between the [100] and
[111] crystallographic directions. These simulations evaluated the crystallographic orientations that
represent the most divergent configurations of the gyroid lattice relative to the applied field, resulting
in the largest possible separation of resonant frequencies. In field-swept FMR experiments conducted
at a fixed frequency, the absorption line FWHM conforms to the equation pgAH = 4waf /. This
relationship holds when the magnetization vector is aligned with the applied magnetic field, either
in-plane or perpendicular to it, leading to a linewidth that scales proportionally with frequency. The
slope of this scaling is defined by the Gilbert damping parameter «. In addition to this intrinsic
contribution, empirical data suggest the presence of a frequency-independent term (see Eq. A.7),
which contributes to the overall linewidth observed in the experiments. Experimental investigations
have also enabled a linear regression analysis of FWHM across a spectrum of Byw frequencies,
as depicted in Fig. 1.8(f) for the designated orientations of the sample over CPW. This analytical
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Figure 1.8 A broadband FMR measurement on a Ni gyroid structure. The sample was repositioned
relative to the CPW to study the effect of an additional homogeneous Ni layer. Two configurations were
used to assess energy absorption from the microwave field Baw, applied perpendicular to the static magnetic
field (a). Dynamic magnetization amplitude as a function of static magnetic flux density and frequency for
selected configurations are shown in (b) and (c). A strong signal from the gyroid layer appears when the
CPW aligns directly below it (b), while a higher-frequency signal from the uniform Ni layer is observed when
the CPW intersects its projected position (highlighted in purple) (c). Dotted lines represent theoretical fits
using the Kittel formula (Eq. A.6). For the uniform Ni, parameters from micromagnetic simulations were
used; for the gyroid, calculated effective parameters (Meg = 132 kA/m, g-factor of 2.2) were applied to
the formula. Plot (d) summarizes peak intensities of FMR signals (blue dots for uniform Ni, orange dots
for gyroid) as a function of external magnetic field strength, with normalized values for 100 mT, 300 mT,
and 45 mT. Plot (e) provides a cross-sectional analysis of FMR signals at different external magnetic fields:
solid blue line for Bext = 100 mT, dashed brown line for Bext = 300 mT, and dash-dotted green line
for Bext = 450 mT. Horizontal dashed green lines indicate the FWHM for each section. Orange crosses
mark peak maxima and corresponding frequencies. Insets show intensity plots from FMR measurements
with green vertical lines marking specific section locations. Plot (f) shows the magnetic field FWHMs as
a function of frequency for FMR signals of gyroid (purple dots) and uniform Ni (dark red dots). Linear
regression, based on experimental data and Eq. A.7, estimates determination coefficient 2, AHy (from the
abscissa), and damping values a (from the slope). Parameters for the gyroid are marked with a prime (').
Reprinted (adapted) with permission from ACS Appl. Mater. Interfaces 2024, 16, 17, 22177-22188 licensed
under CC-BY 4.0. Copyright 2024 American Chemical Society.
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approach is instrumental in ascertaining the damping values o and the inhomogeneous linewidth
contribution AHj for both the homogeneous Ni layer and the gyroidal structure, respectively. In the
first case, the derived values are a = 0.0282 £ 2.54% and AHy = 0.038 & 1.28% T. Comparatively,
the gyroidal structure exhibits o/ = 0.0362 + 6.49% and AH| = 0.101 +1.05% T. Larger o’ for the
gyroid structure is likely attributable to the scattering of SW modes within the nanowires, which
are much thinner than the bulk Ni and exhibit complex noncollinear interconnections.

1.3.2.2 Localization properties

(a) y.\z],,x T lDirichIet BCs

Figure 1.9 Visualization of discretization grids for gyroid structures utilized in Comsol micromagnetic
simulations. Arrows indicate the Bloch-Floquet boundary conditions (BCs) along the z and y axes, defining
the structure’s plane. In contrast, along the z-axis, perpendicular and at a significant distance from the
plane, Dirichlet boundary conditions (BCs) are implemented. This setup is exemplified for a single-unit
thick (1 x 1 x 1) gyroid layer in (a), and similarly for other models: 1 x 1 X 3 in (b), and 1 X 1 x 6 in (c).
Note that the relative sizes of the structures are not to scale in this representation.

To study surface effects in gyroids, we simulate the gyroid in a thin film geometry in dependence
on the thickness of the gyroid structure and the orientation of the external magnetic field. To avoid
the influence of the lateral edges effects on the SW spectra we employ Bloch-Floquet boundary
conditions at the unit cell boundaries. The simulations are performed with Comsol Multiphysics
software. In this implementation, we assume full magnetization saturation and solve the Landau-
Lifshitz-Gilbert equations in the linear approximation as an eigenproblem. Further details about
this numerical approach can be found in Refs [Mruczkiewicz et al. (2013); Rychly et al. (2018)]
in 2D implementation, and in the Appendix A.1. With that, we model an infinite gyroidal plane
with varying thicknesses: 1, 3, and 6 unit cells, corresponding to dimensions of 50, 150, and 300 nm,
respectively (Fig. 1.9). Material parameters identical to those in the previous section were used.
Throughout our simulations, the external magnetic field, Beyt, was maintained constant at 500 mT
and oriented in the plane of the gyroidal plane along the crystallographic direction [100]. This
field strength, corroborated by Ref. [Llandro et al. (2020)], supports our assumption of complete
saturation of the structure aligned with the external magnetic field’s direction.

During the analysis of the micromagnetic simulation results, a surprising pattern emerged in the
behavior of the lowest frequency mode, which exhibited the highest intensity, particularly under the
influence of the rotating in-plane magnetic field. It is, an intriguing switch in the area of localization
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Figure 1.10 Distribution of low frequency, the most intensive mode in (a) 1 x 1 x 1, (b) 1 x 1 x 3, and
1 x 1 x 6 gyroids (¢ = 10%) and their localization as a function of magnetic field rotation (Bext = 0.5 T)
with respect to the z-axis. The plots below illustrate the impact of the rotating field’s angle relative to
the structure on the eigenfrequency (d) and the variation between the minimum and maximum dynamic
magnetization components within the unit cell (e).

of SWs from the bottom [at 30 and 60 deg in Fig. 1.10(b) and (c)| to the top of the layer (at 120
and 150 deg). Between these angles, specifically at 0, 90, and 180 degrees, this mode exhibits a
bulk character. This shift in mode amplitude concentration regions suggests a complex interplay
between magnetic field orientation and intrinsic properties of the gyroid structure, involving dipolar
and exchange interactions. The change of the amplitude localization is followed by the change of the
resonance frequency [see Fig. 1.10(d)], the lowest (about 13.6 GHz at the field angle of 45-50 deg
and 125-130 deg) occurs when the mode has a surface character and increases with the transition
into the bulk region.

Preliminary analysis indicates that this localization phenomenon is more pronounced in structures
with increased thickness, i.e., characterized by a higher number of unit cells per thickness, as can
be seen by comprising SW amplitude distribution in Fig. 1.10(a)-(c). This has been quantified by
plotting the difference between the maximum and minimum value of the dynamic magnetization
component in the unit cell in Fig. 1.10(d). The largest value of this difference indicates stronger
amplitude localization. Interestingly, the angle at which maximum localization occurs also shifts
with changes in film thickness. In such cases, the crystallography exerts a greater influence on the
SW amplitude distribution and indicates a possible influence of chirality.

The findings described are intriguing and require further investigation to unravel the complex
interactions that govern these phenomena. Understanding the dynamics controlling the localization
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of SW modes in these structures has the potential to open up new applications in 3D magnonics,
such as sensing or controlling dynamical coupling by rotating the magnetic field.

1.3.2.3 Dispersion relation

The surface character of the SW mode at & = 0 has not been found in homogeneous thin
ferromagnetic films so far. Thus, it is interesting to see how this and other modes in the gyroid
structure evolve with the wavevector. The introduced Bloch-Floquet boundary conditions in Comsol
MultiPhysics are very well suited for the calculation of the dispersion relation, just by parametrize
the solution with the Bloch wavevector, k.
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" BN >0 N kB e
50 e g N\, -~k (DE) S
45| < —kew P \/
— “ ----k, (DE) ~
N N .
N 40 \/
o® 40 \\ /, =
g N 35
5‘35
c
g 30 30
(o
25
E 25
20 20
15 15

-1.0 -05 00 05 1.0 -1.0-05 00 05 1.0
Wavevector (/L)

Figure 1.11 The dispersion relations within the 1st Brillouin zone for a gyroid structure along the z-axis
([100] crystallographic direction), characterized by a 10% filling factor and 1 (a), and 3 (b) unit cells per
thickness. The data is color-coded to distinguish between different configurations: the BV configuration is
represented in red, while the DE configuration is depicted in blue. These plots have been generated in the
presence of an in-plane external magnetic field, Bext = 0.5 T, oriented along the z-axis. Wider band gaps
specific to one of the configurations are highlighted using green rectangles.

In reciprocal lattice space, the range —w/L < k < w/L defines the 1st Brillouin zone along the
main direction of the cubic lattice. The primary focus is on the 1st Brillouin zone, as the bands
from the subsequent zones are folded back to the 1st zone, and the whole magnonic band structure
has a periodicity with the period equal to the reciprocal lattice vector 27/L. Our research delves
into the SW dispersion in a thin film based on the gyroid structure, defined in the previous section.
It displays dispersion relations similar to those of traditional magnonic crystals but with specific
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features. As evidenced in Fig. 1.11, the direction of the magnetic field relative to SW propagation
significantly influences the gyroid’s band structure, leading to the opening and closing of band gaps.
This phenomenon is exemplified in our simulations of the 1 x 1 x 1 [Fig. 1.11(a)] and 1 x 1 x
3 [Fig. 1.11(b)| gyroid structures for two relative orientations of the in-plane magnetic field and
wavevector, i.e., DE configuration in which both directions are orthogonal, and backward volume
(BV) configuration in which these vectors are parallel. In the DE configuration, in 1 x 1 x 1 structure,
we observe a wide band gap from 18.1 to 23.6 GHz, limited by the flat band, and another bend gap
just above, from about 23.8 to 27.9 GHz. On the other hand, in BV configuration, there are only
two very narrow gaps at low frequencies and a wide band gap between 37.6 GHz and 51.2 GHz. The
spectra change significantly when we increase the film thickness to 3 unit cells [Fig. 1.11(b)]. In this
case, the band structure is much denser due to the decreasing frequency of the SW modes quantized
along the thickness. The band gaps at low frequencies are now closed for DE, but it is opened
for BV configuration, although it is rather small, only 1.8 GHz wide (around 22 GHz). In higher
frequencies, the band gap in DE configuration opens (38.6-41.9 GHz). Interestingly, in the frequency
range from 23 to 38.6 GHz, the DE bands show a pronounced slope with numerous crossings but
no hybridizations, whereas in the BV configuration, extensive hybridizations result in a wavy band
structure as a function of k, separated by distinct band gaps.

The preliminary analyses reveal the complexities of SW propagation in thin films based on gyroid
structures, such as the emergence of band gaps and the crossing of different modes. The distinctive
dispersion properties of gyroids, as highlighted in our results, hold great promise for further research
aimed at improving the transmission capabilities of magnonic 3D devices.

1.4 Conclusions

To summarize the research described in this chapter, it is evident that ferromagnetic gyroidal
nanostructures exhibit interesting properties with significant implications for the field of 3D
magnonics. The presented studies, both static and dynamic magnetization based, have shown that
factors such as non-trivial shape anisotropy, chirality, and inhomogeneous demagnetization fields
within gyroidal structures are determined by the specific crystallography, and can lead to the creation
of multiple low-energy state magnetization textures, SW mode localization, and controllable SW
propagation. Though preliminary, these investigations have begun to unveil the substantial potential
inherent in these structures.

Further studies of individual nanostructures forming gyroids, such as unit cells, vertices, and
struts, are crucial for a comprehensive understanding of the magnetic behavior of gyroids and their
interactions with external fields. Much like how micro/nano texturing in metamaterials influences
their macroscopic effective properties, these detailed investigations are crucial for elucidating the
intricate relationships between gyroid geometry, chirality, and their effective magnetic properties,
particularly at microwave frequencies. This is evidenced by the study of resonance frequencies
in gyroid samples under rotational field manipulation, demonstrating the significant influence of
geometric anisotropy on the FMR signal strength and the structure’s effective properties. Gyroids,
with their inherently chiral structure, nanoscale unit cell dimensions, and exchange-length bond
sizes, show promise for 3D spin-ice systems, exhibiting intriguing collective SW properties such as
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band gaps and magnon mode hybridizations. However, further experimental studies are essential to
validate these properties and demonstrate their practical applications. Thus, the results presented
in this chapter establish our current understanding of ferromagnetic gyroidal nanostructures and
pave the way for their further investigation. In conclusion, research on ferromagnetic gyroidal
nanostructures reveals intriguing properties and novel phenomena, underscoring their potential to
advance the fields of 3D magnonics and spintronics.
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A.1 Micromagnetic Simulations

In Sec. 1.3.2.1, for the numerical investigation, we used tetmag — the GPU-accelerated open-source
FEM micromagnetic solver [Hertel (2023)]. We exploit its ability to solve magnetostatic open
boundary problems in large-scale micromagnetic simulations via a hybrid finite-element /boundary-
element formalism [Hertel et al. (2019)]. In this analysis, however, we do not assume periodic
boundary conditions. All tetmag-based micromagnetic simulations were performed in two steps,
where the first one was to compute the stable magnetic configuration at a given field value. After
the magnetization relaxation, we conducted simulations of the ferromagnetic resonance using a
dedicated frequency domain algorithm [d’Aquino and Hertel (2023)] based on a formulation proposed
by [d’Aquino et al. (2009)].

To investigate the SW modes within the gyroid structure described in Secs. 1.3.2.2 and 1.3.2.3,
we utilized the capabilities of Comsol Multiphysics software. It employs the finite element method
(FEM) to solve complex systems of coupled partial differential equations. This includes both
the Landau-Lifshitz-Gilbert (LLG) equation and the Maxwell equations under the magnetostatic
approximation. In these simulations, each magnetic moment within the unit cells of the gyroid
is represented as a normalized unit vector denoted by m = M /Mg, where M is the magnetization
distribution function in space and time, and Mg is the saturation magnetization of the ferromagnetic
material.

The core of our approach is solving the LLG equation in its explicit form:

dm 1

7:’y1+a2

7 (m X Begr + o (m X (m X Begr))), (A1)

where dm/dt is the time evolution of the reduced magnetization, v is the gyromagnetic ratio, and
« represents the dimensionless damping coefficient. The effective magnetic flux density field, Beg,
integrates the externally applied field, Beyt, with the magnetostatic demagnetizing field, Bg, and
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the Heisenberg exchange field, Bexcn:
Beﬁ - Bext + Bd + Bexch- (AQ)

The demagnetizing field strength, Hq (equivalent to Bq/puo, where g is the vacuum permeability),
is governed by Ampére’s law, and is derived from the magnetic scalar potential gradient, Uy,:

Hy=-VUy, (A.3)
which further evolves within the magnetic body as:
VU, =V -M. (A.4)

In our Comsol implementation, we addressed the eigenproblem derived from Eqgs. A.1-A.4. Assuming
complete magnetization saturation by the magnetic field, we adopted a linear approximation
to decompose the magnetization vector into static and dynamic components m(r,t) = mit +
om(r,t) ¥V (0m L 1), disregarding all nonlinear terms in the dynamic magnetization dm(r,t). This
method aligns with foundational research such as Refs. [Mruczkiewicz et al. (2013); Rychly et al.
(2018)], which provides a comprehensive understanding of the underlying physical principles.

The Bloch-Floquet boundary conditions, applied to parallel surfaces on the opposite sides of the
unit cell, are defined as:

Smyy; = Smyg,.e HF(rast—7see) (A.5)

where k represents the wavenumber, dm is the normalized dynamic component of the magnetization
vector at both sides of the unit cell: the destination (dst) and the source (src), r denotes the
spatial coordinates of the boundaries where the boundary conditions are applied, and i is the
imaginary unit. For a unit cell encompassing periodicity, these boundary conditions are applied to its
corresponding parallel faces (as illustrated in Fig. 1.9). By sweeping the wavenumber parametrically,
eigenfrequencies are calculated at each interval, resulting in wavenumber versus frequency plots that
reveal the dispersion curves for the periodic structure [Hakoda et al. (2018); Collet et al. (2011)].
These curves characteristically show periodicity in relation to the wavenumber, with a repeating
pattern every 2w/ L.

For the distant planes parallel to the axes of the examined gyroid layer, Dirichlet boundary
conditions are implemented to nullify the scalar magnetic potential, Uy,. These first-type boundary
conditions specify the precise value a variable must take at the boundary during the PDE
solution process. Here, we set Up|sre = Umlast = 0. To ensure the simulation’s physical fidelity
and convergence, these conditions are placed sufficiently far from the specimen. In our Comsol
simulations, the cell’s height was configured to be 40 times the thickness of the gyroid layer.

A.2 Broadband FMR experiment

By adjusting the position of the sample on the CPW, as described in Sec. 1.3.2.1, apart from gyroidal
structures, we observed a higher frequency signal specifically associated with the homogeneous Ni
layer at one edge of the sample. It was confirmed by a good match between the detected signal and
the theoretical prediction from the Kittel formula for the resonance frequency:

f = %\/Bext (Bext + MOMS)' (AG)




output

Broadband FMR experiment

In field-swept broadband FMR experiments at a fixed microwave field frequency, the FWHM of
the absorption linewidth follows pugAH = 4waf/~. This relationship holds when the magnetization
vector aligns with the applied magnetic field, either in-plane or perpendicular. The linewidth scales
linearly with frequency, with the slope determined by the Gilbert damping parameter «. Besides
this, empirical data show an additional frequency-independent term:

AH = AHo+ 2% (A7)
KoY

where A H( represents inhomogeneous contributions, adding to the overall linewidth observed in the

experiments.
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5.3.3 Theoretical demonstration of a new type of FMR mode localization
in 3D nanostructures (P9)

This work introduces a new type of FMR mode localization in complex three-dimensional
nanostructures. Using micromagnetic simulations, I investigate the FMR behavior in scaffold-
like architectures and gyroid nanostructures, demonstrating how their unique three-dimensional
geometries give rise to surface-localized FMR modes — a phenomenon fundamentally different
from conventional spin-wave localization mechanisms reported in the literature. The results
show that demagnetizing fields and exchange interactions in these structures produce a highly
asymmetric distribution of dynamic magnetization along the vertical axis.

A key discovery is the top-bottom dynamic switching of the surface-mode localization
controlled by the orientation of the external magnetic field, revealing a novel mechanism for
tuning magnetization dynamics by simply adjusting the field direction. This work demonstrates a
new approach to mode localization in 3D nanostructures and lays the foundation for experimental
exploration and practical applications in magnonics where tunable spin-wave behavior can be
exploited.
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By extending the current understanding and use of magnonics beyond conventional planar systems, we
demonstrate the surface localization of ferromagnetic resonance (FMR) modes through the design of complex
three-dimensional nanostructures. Using micromagnetic simulations, we systematically investigate woodpile-
like scaffolds and gyroids — periodic chiral entities characterized by their triple junctions. The study highlights
the critical role of demagnetizing fields and exchange energy in determining the FMR responses of 3D
nanosystems, especially the strongly asymmetric distribution of the spin-wave mode over the system’s height.
Importantly, the top-bottom dynamic switching of the surface mode localization across the structures in
response to changes in magnetic field orientation provides a new method for controlling magnetization
dynamics. The results demonstrate the critical role of the geometric features in dictating the dynamic magnetic
behavior of three-dimensional nanostructures, paving the way for both experimental exploration and practical
advances in 3D magnonics.
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1. Introduction possibilities for SW manipulation [6-8]. For example, by tuning their

geometry and lattice period, we obtain control over the magnonic band

Spin waves (SWs), originating from the collective oscillations of
magnetic moments, are marked by their intricate dynamics, depen-
dence on material structure, magnetization texture, and profound ap-
plication potential in IT systems [1]. The properties of SWs are a
consequence of the interplay between long-range magnetostatic and
short-range exchange interactions. This balance is particularly pro-
nounced when the anisotropy of the magnetostatic interactions intro-
duces a unique dependence of the SW propagation on the alignment
between magnetization and SW wavevector. Such dependencies give
rise to a number of distinctive SW properties, including negative group
velocity, caustics, pronounced nonlinearity, and dynamic reconfigura-
bility [2]. Thus, the current focus of the magnonic research is not only
to understand these phenomena, but also to exploit them for digital,
analog, non-conventional, and quantum signal processing at high fre-
quencies, from a few to hundreds of GHz, operating at the nanoscale,
and consuming less power than other alternative systems [3]. This
vision is reflected in recent breakthroughs and strategic roadmaps of
the field [4,5].

Nanostructured 3D networks can significantly advance the poten-
tial of magnonics, giving rise to topological and geometric effects
and emergent material properties that extend existing and offer new

* Corresponding author.
E-mail address: mateusz.golebiewski@amu.edu.pl (M. Gotebiewski).

https://doi.org/10.1016/j.actamat.2024.120499

structure with tailored SW group velocity and collective response to
external stimuli in all possible directions of SW propagation and polar-
ization of external fields [8-10]. In addition, 3D magnetic structures
provide an opportunity to explore chiral surface, edge, and corner
states, characterized by higher-order topology [11,12]. Furthermore,
a fully interconnected 3D systems [13-15] open up a new degree of
freedom to explore other emerging phenomena in magnetism, such as
frustration and magnetic charge isolation, realized with 3D artificial
spin-ice systems [16,17]. In recent years, the significant development of
new fabrication techniques - such as two-photon lithography, focused-
electron-beam deposition, and block-copolymer templating — makes it
possible to fabricate and measure complex 3D structures and artificial
nanosystems on the nanometer scale [18-23], test them for various ap-
plications [24,25], and also start investigations on SW dynamics [26].
However, the study of magnetization dynamics in nanostructures with
periodicity in 3D is still in its early stages [16,26].

Gyroids are 3D structures with intriguing properties that have been
widely explored in photonics [27-29]. As detailed in Refs. [30-32],
the gyroid emerges as a unique triply-periodic minimal surface. Its
defining feature is a zero mean curvature, which means that every
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Fig. 1. Visualization of gyroidal systems used in micromagnetic simulations. The cubic gyroidal unit cell (UC) with dimensions L = 50 nm and a volume fraction of ¢ = 10% is
shown in (a), with the enlarged inset highlighting the chiral linkage between two primary gyroidal nodes. The arrows indicate the direction of application of the periodic boundary
conditions (PBCs), which are applied along both the x- and y-axes defining the plane of the structure. Along the z-axis — perpendicular and far from the plane - Dirichlet BCs
are assumed [see Methods 6.1]. Panel (b) shows the orthographic projection of the gyroid structure from each side of the analyzed cubic cells (crystallographic normal direction
[100]), demonstrating the characteristic square distribution of gyroid channels, rotated 45 deg to the axes. The analyses were performed using models with 3 and 3.25 UCs per

height (c), highlighting the influence of the surface shape on the observed effects.

point on the surface acts as a saddle point, characterized by equal and
opposite principal curvatures [33]. Its intricate design comprises cubic
unit cells (UCs) linked by nanorods with elliptical cross-section [34].
The inherent chirality and curvature of nanoscale gyroids [35] offer
a promising avenue also for controlling non-collinear spin textures in
magnetism [36]. This potential is further underscored by the visualiza-
tion of magnetic structures in Ni,s;Fe,s gyroid networks [18]. Its chiral
structure, well below 100 nm UCs, and the building struts’ dimensions
close to the exchange length also promise interesting SW dynam-
ics. The effect of Ni gyroid crystallography on resonance frequencies
has recently been demonstrated using micromagnetic simulations and
broadband ferromagnetic resonance measurements [37].

In this paper, we study the magnetization dynamics in a 3D plane
extended and height finite ferromagnetic gyroid nanostructure through
theoretical analysis of ferromagnetic resonance (FMR) modes. Unex-
pectedly, we find that for some specific orientations of the in-plane
bias magnetic field, the lowest frequency signal with the highest FMR
intensity comes from a surface-localized mode. Since the localized
mode has a wavevector of k = 0, it clearly indicates that the localization
is not associated with any propagating modes, including the Damon-
Eshbach type [38]. It is also not a Shockley [39] or topologically
protected type of surface state [40], which requires a Bragg bandgap
in the SW spectrum. To explain this unusual type of localization, we
use a simpler structure with vertically layered, orthogonally alternating
cylindrical ferromagnetic nanorods. On this basis, we also reject the
hypothesis that this localization is just due to the non-uniformity of
the demagnetizing field at the surface of the structure (i.e., edge
modes [41]), but we show that the demagnetizing field plays an im-
portant role by creating potential barriers for SWs, whose localization
is determined by the exchange interaction. Thus, these results provide a
new type of SW surface localization with a high absorption intensity of
a homogeneous microwave field. Importantly, the localization can be
controlled by rotation of the in-plane bias magnetic field as well as by
shape manipulation, especially of the surface region of the structures.
It allows the SW intensity to be transferred from the bottom surface,
through the bulk, to the top surface by simply rotating the sample or
the magnetic-field direction [42-44].

2. Gyroid structure and numerical simulations

The gyroidal surface divides space into two contrasting labyrinths
that intersect at angles of 70.5 deg [Fig. 1(a)], creating a captivating

geometric pattern. Its representation can be expressed by the trigono-
metric equation:

sin 2zx/L)cos 2zy/L)+

sin 2zy/L)cos 2zz/L)+ 1)
sin(2rz/L)cos 2zx/L) < (101.5 — 2¢)/68.1,

where L signifies the gyroid UC length and ¢ is a filling factor. In
our research, the UC of the nickel-made gyroid measures 50 nm, as
shown in Fig. 1(a), which results in a single strut diameter of 8 nm,
thus comparable to the exchange length [18]. It relates to the volume
fraction of ¢ = 10%. In this work, we study gyroids in the form of a
thin films with the [100]-direction normal to the plane [Fig. 1(b)] and
with two different heights: 3 UCs (150 nm) and 3.25 UCs (162.5 nm)
[Fig. 1(c)].

To study the SW dynamics, we numerically solve an eigenproblem
obtained from the Landau-Lifshitz (LL) equation in linear approxima-
tion. Using periodic boundary conditions (PBCs) on the UC boundaries
along the x- and y-axes, we model infinite gyroidal films (see Fig. 1).
Details on the technical and theoretical aspects of the simulations can
be found in the Methods, Section 6.1. For each of our simulations, we
adopt material parameters typical of nickel (Ni) films: the saturation
magnetization Mg = 480 kA/m, the exchange stiffness A., = 13 pJ/m,
and the gyromagnetic ratio y = 176 rad/s/T [45,46]. The external
magnetic field, yyH.y,, remains constant at 500 mT. This magnitude, as
supported by Ref. [18], validates our assumption of complete saturation
of magnetization in the gyroid structure.

3. Results
3.1. Surface modes in gyroid

We examine the FMR response of the gyroid structure as a function
of the external magnetic field (500 mT) direction within its xy-plane.
As mentioned above, we consider films with two heights, 150 nm (3
UCs) and 162.5 nm (3.25 UCs), which form angled and parallel patterns
on the top and bottom surfaces of the gyroid film, respectively (see
the top panels in Fig. 3 showing the struts at the top and bottom
of the film as viewed from above). As shown in Fig. 2, the FMR
spectra [for 3 UCs (a) and 3.25 UCs (b)] for 0 deg angle of static field
orientation consist of only a single peak of high intensity [all spectra
intensities were calculated using Eq. (6) based on the response to the
homogeneous microwave magnetic field excitation Agy, — see Methods,
Section 6.1]. In addition to the frequency decrease, when the field is
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Fig. 2. Normalized FMR spectra of the gyroid structures with 3 UCs (a) and 3.25 UCs (b) per height. The colors indicate various angles of the external magnetic field relative to
the x-axis. The values of the corresponding frequencies are given for the high-intensity peaks.

rotated by 45 deg, the spectra in Fig. 2 also clearly show the emergence
of a secondary peak of lower intensity. The lowest-frequency, high-
intensity peaks are attributed to the modes with in-phase magnetization
oscillations over the height, while the secondary peaks are attributed
to an asymmetric quantized SW mode [see Fig. S1(a) and (b) in the
Supplementary Information]. In the following, we will focus only on
the resonant frequency mode, which has the most intense response to
the homogeneous microwave magnetic field and is the lowest frequency
mode in a given configuration.

Unexpectedly, the rotation of the magnetic field along with the ori-
entation of the outer parts of the gyroid affects not only the frequency
but also the amplitude distribution of this SW mode, as shown in
Fig. 3. Specifically, when the field aligns with the x-axis for 3 UCs case
[Fig. 3(a)], magnetization distribution appears nearly uniform across
the layer’s entire height, exhibiting a bulk concentration preference,
henceforth referred to as a bulk mode (frequency 14.63 GHz). However,
for a 3.25 UCs, i.e., where the top and bottom of the structure are
oriented the same, we can see the distribution of the magnetization
tendency towards localization in the upper level (14.45 GHz). A sig-
nificant change in amplitude distribution occurs when the field is
rotated by 45 deg — the FMR mode is predominantly concentrated
in one or both of the surface regions of gyroids for the 3 UCs and
3.25 UCs cases (13.58 and 13.53 GHz), respectively, which we refer
to as surface modes. A subsequent rotation by another 45 deg aligns
the field along the y-axis [Fig. 3(c)], transitioning the mode back to
an almost uniform state for 3 UCs structure (14.43 GHz), albeit with a
distinct bias towards both surfaces. For the 3.25 UCs case (14.48 GHz),
we again see the tendency of the magnetization to localize, but this time
on the bottom of the layer. At 135 deg rotation [Fig. 3(d)], the pattern
of strong localization reemerges for 3 UCs structure (13.57 GHz), yet
on the opposite surface compared with 45 deg, showcasing a dynamic
shift in vertical localization of the FMR mode depending on the field’s
rotation. At the same time, for a 3.25 UCs structure (13.90 GHz), the
field directed at an angle of 135 deg from the x-axis in the plane,
causes the magnetization to be concentrated in the inner, bulk part of
the structure. Completing the cycle, a 180 deg rotation reinstates the
magnetization distribution to its original states observed at 0 deg in
both cases.

Gyroidal systems, due to their complexity, significantly complicate
the interpretation of the obtained results, therefore to gain a deeper
insight into the mode localization phenomena, we propose a model
of a simple three-dimensional structure with reduced complexity. As a
result of the systematic study (see Supplementary Information, Fig. S6),
a woodpile-like scaffold structure, in which the horizontal piles are
separated and connected with vertical bars, emerged as an optimal
candidate that meets the criteria, notably:

« material continuity essential for facilitating exchange interac-
tions,

« alternating and perpendicular configuration of nanorods designed
to influence the modulation of demagnetizing field distribution,

+ a size and spacing between nanorods aligning with the order of
magnitude of the exchange length /,, = 1/24,,/(uyM?) (~ 9.5 nm

for the Ni parameters).

As we will show, it captures the essential geometric attributes necessary
to replicate the magnetic field angle-dependent localization effects
observed in gyroids.

3.2. Woodpile-like scaffolds

The proposed woodpile-like scaffold structure is a stack of verti-
cally and orthogonally distributed cylindrical nanorods, as shown in
Fig. 4(a,b), with the vertical distance between them defined as d.
In the micromagnetic simulations, the radius of cylinders was kept
constant at r = 3 nm and the width of the UC (nanorod length) at
R = 50 nm, with PBC in the xy-plane, as in the case of gyroids. The
selection of this structural type is driven by the analogies observed in
the distribution of critical struts. As depicted in Fig. 4(c), the hard-axis
and easy-axis struts are arranged quasi-perpendicularly, functioning as
energy barriers under the influence of an external magnetic field in
both systems. In addition, the scaffold nanostructures allow fast and
efficient analysis of the FMR mode distribution, taking into account an
even number of orthogonal rods (asymmetry through height — surface
top/bottom bars are perpendicular to each other as in the 3-UCs gyroid
structure) and an odd number of them (symmetry through height —
surface top/bottom bars are parallel to each other, as in the 3.25-
UCs gyroid structure), as shown in Fig. 4(b). Thus, according to the
framework established in Section 3.1, the scaffold structure has been
categorized into two configurations: symmetric, with an odd number
of scaffold levels, and asymmetric, with an even number of levels. In
our work, the symmetric configuration is represented by the 156 nm-
high structure consisting of 7 levels of nanorods, while the asymmetric
configuration measures 184 nm in height with 8 levels of nanorods.
Unlike gyroids, the entire structure, not just the surface reconstructions,
has inversion symmetry.

The scaffold structure is subjected to micromagnetic simulations
similar to those performed on gyroids. We examine the FMR response
of the structure as a function of the 500 mT external magnetic field
direction within its xy-plane. Representative FMR spectra for the two
analyzed scaffold structures in the field at 0 and 45 deg (from x-
axis, in-plane) are shown in Fig. 5(a) and (b), respectively. They were
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Fig. 3. Distribution of the dynamic component of the magnetization m_ in a gyroid structure with a ¢ = 10% and height of 150 nm (3 UCs — angled surface struts on the top
and bottom surface, left side) and 162.5 nm (3.25 UCs, parallel surface struts, right side). Above are the orientations of the outer struts for the two configurations studied (top
view). Different configurations of the direction of the external magnetic field in the plane of the layer are shown, demonstrating the differences in the localization of individual

FMR modes. For better visibility, the gyroidal arrays consist of 4 x 4 columns of the UC.

determined using the same technique as described above for the gyroids
(Fig. 2) and explained in detail in Methods, Section 6.1. Again, the
most intense mode has the lowest frequency and oscillates in phase
throughout the volume. There is also the second, slightly weaker peak
clearly visible in Fig. 5(a) for a static field angle of 0 deg (blue line,
9.80 GHz), which represents the first, asymmetric SW mode quantized
along the z-direction [see Fig. S1(c) and (d) in the Supplementary
Information].

Initiating with the field oriented along the x-axis [Fig. 6(a)], the
symmetric configuration exhibits bulk localization (frequency
9.79 GHz), namely in nanorods oriented perpendicular to the external
field (these include y-axis aligned rods and connecting vertical bars)
with almost no intensity in the nanorods aligned with the magnetic
field. Conversely, the asymmetric configuration demonstrates energy
localization within the upper plane of the film, resulting in a surface
mode (9.59 GHz). A 45 deg rotation of the field, [Fig. 6(b)], yields a
configuration where the nanorod junctions became focal points for SW
amplitude concentration, favoring the bulk section. The orientation of
the field along the y-axis [Fig. 6(c), 90 deg] brought forth a critical
scenario in this simulation segment. For the symmetric structure, where

the nanorods aligned with the x-axis are present, localization at both
surfaces is observed (at 9.58 GHz). In contrast, in the asymmetric struc-
ture, the localization is manifested on the bottom surface, i.e., opposite
to the x-axis saturation case at 9.59 GHz. Further on, a 135 deg rotation
[Fig. 6(d)] repeats the results obtained for 45 deg rotation. The rotation
of 180 deg brings back the original structure, completing the cycle.

3.3. SW localization — quantitative analysis

To accurately quantify SW localization, the inverse participation
ratio (IPR) serves as a valuable parameter. Traditionally employed in
quantum mechanics to assess the localization of wave function [47-50]
the IPR is defined as IPR = Y, |y; 14/ il 1%)2, where v, symbolizes the
wave function at the ith site or lattice point. This parameter effectively
measures how concentrated the wave function is within a given discrete
space, providing a scalar value that differentiates localized states from
extended ones. In continuous ferromagnetic systems, as in our case,
the IPR needs the transition to the continuous form, which requires
an integral form [51] and the use of a SW amplitude instead of the
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Fig. 4. Visualization of the scaffold models used in the micromagnetic simulations.
The enlarged representative cutout in (a) illustrates the main geometric features of
the nanorods, including their UC length of R = 50 nm, vertical distance d = 25 nm,
and circular cross-section radius r = 3 nm. The arrows indicate the direction of the
applied boundary conditions, in the same way as for gyroids (see Fig. 1). The red
color marks an additional level used to manipulate the vertical symmetry of the whole
structure. Model (b) shows a full-height column used to perform calculations with a
symmetric arrangement (with 7 horizontal nanorods) and an asymmetric arrangement
(with 8 nanorods), where the bottom one is rotated 90 deg with respect to the top one.
In (c), the critical gyroid rods for analysis are highlighted, schematically illustrating
the structural similarities between the two systems studied. Blue ellipses indicate the
hard-axis struts, while red ellipses mark the easy-axis struts, which act as energy
“barriers” under the influence of an external magnetic field oriented parallel to them.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

wave function. Finally, the formula for IPR in magnonic systems can
be expressed as:

_ _Jylmwrtav
(Jy Im@)2d V)2

where |m(r)| = (mx(r)mj‘c(r)+my(r)m;(r)+mz(r)m;(r))'/2 is the position-
dependent absolute value of the complex SW amplitude, and the in-
tegration is over the volume V of the single UC. An asterisk sign (*)
indicates a complex conjugate. For a completely delocalized magnetic
excitation, where the amplitude of the SW mode is uniform across
the entire volume of the ferromagnet, the IPR yields the value of 1.
Conversely, in the case of extreme localization, where the SW mode
is concentrated at a single point within the volume, resembling the
behavior of a Dirac delta function, the IPR approaches infinity.

Fig. 7(a) provides a quantitative validation of the SW mode lo-
calization behavior inferred from the results depicted in Figs. 3 and
6. The IPRs of the scaffold structures (dashed lines) show that the
localization of SWs occurs at field angles of 0, 90, and 180 deg. From

IPR 2)
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Fig. 6, we can see that this corresponds to the top-bottom-top cycle of
surface localization in asymmetric scaffolds, and the center-surfaces-
center magnetization distribution in symmetric scaffolds, respectively.
The lower IPR values for the symmetric structure (red dashed line) are
due to the fact that the SW modes are generally distributed over a larger
volume than in the asymmetric case (green dashed line). This result
further underscores the conclusions of Section 3.2, i.e., the crucial
influence of structural symmetry on the magnetization switching within
the scaffolds, making the localization on opposite surfaces energetically
preferential for the asymmetric structure after a 90-deg field rotation.

The angular dependence of IPR for 3-UCs gyroids [blue solid line
in Fig. 7(a)] qualitatively mirrors (with a 45 deg shift) the behavior
seen in the asymmetric scaffold structure. However, an IPR maximum is
observed at field rotation angles around 55 deg and, due to symmetry,
around 125 deg. Conversely, the IPR values decrease at angles of 0,
90, and 180 deg. In the case of 3.25-UCs gyroids (orange solid line), the
situation changes significantly — here we have a clear weakening of the
IPR (due to both side localization) and a shift of the IPR peaks to the
first quarter of the bias field angle, and a flattening of the IPR to a low
value between 90 and 180 deg of the bias field orientation. Thus, the
two gyroidal structures, which differ in height by only 0.25 UC, show
significant differences in these dependencies. This indicates the effect
of the surface cut and the breaking of the 90-deg symmetry, suggesting
the influence of structural chirality.

The strong influence of the surface cut on the localization phe-
nomenon can be understood by looking carefully at the cuts in Fig. 3 -
the top and bottom surface struts have their specific effective directions
relative to the external magnetic field. However, the part primarily
responsible for the localization is not the outermost surface, but its
inner junction towards the center [can be seen well in the upper
left corner image in Fig. 3, and the first illustration in Fig. 4(c)], as
indicated by the slightly higher SW amplitude. This is due to a larger
demagnetizing field as will be discussed later in this paper. Thus, in a
system composed of 3 UCs, the line effectively normal to this part of
the structure is directed about 125 deg from the x-axis in the upper
layer and about 55 deg in the lower layer. For a 3.25 UC high gyroid,
the normal to the SW localization inducing part is rotated about 35 and
55 deg from the x-axis for the top and bottom layers, respectively. As
can be seen from the plots in Fig. 7(a), this coincides well with the IPR
peaks. We can therefore correlate the localization dependence with the
demagnetizing field and chirality of the gyroidal structure. It is also
worth noting that the effect of SW localization is always present in
gyroids — it is only its dependence on the direction of the bias magnetic
field that changes (more examples in the Supplementary Information,
Sec. II, Figs. S4 and S5).

In Fig. 7(b) we see the resonant frequency of SW cyclically decreas-
ing and increasing with the field rotation, which is clearly associated
with the localization peaks in all cases. The maximum frequency varia-
tion is approximately 3.5 GHz for scaffolds and 1 GHz for gyroids. There
is a one-to-one correspondence between the maximum (minimum) of
the IPR and the minimum (maximum) of the FMR frequency for the
scaffold structure. Consequently, the frequency dependence is a smooth
sine-like function characteristic of the two-axis easy anisotropy system.
However, a slight asymmetry is observed for the gyroid (solid orange
line) between the orthogonal directions of the magnetic field, again
indicating that the chirality of the structure may play a role. Thus, the
fourfold symmetry seen in the FMR spectra is also present in the IPR
dependence on field orientation for the scaffold structures, but it is lost
in gyroids. The drop in the mode frequency with increasing IPR can be
understood as an influence of the static demagnetizing field resulting
in the accumulation of dynamic magnetization in smaller regions.

3.4. Demagnetizing field effect

Common to woodpile-like systems is that the lowest frequency
mode is always localized in the nanorods oriented perpendicular to the
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external magnetic field. This is a result of the static demagnetizing field.
To better understand this effect, we take the smallest building block of
the scaffold structure, which is a single infinitely long nanorod [52].
When the field is parallel to it, the demagnetizing field is not generated,
resulting in a high FMR frequency of 22.41 GHz [53]. On the other
hand, the external field perpendicular to the rod produces a strong
demagnetizing field, resulting in a reduction of the effective magnetic
field and lowering the FMR frequency of a single rod to 8.94 GHz. The
field rotated by 45 deg to the rod produces a moderate demagnetizing
field so that the FMR frequency reaches 16.00 GHz. This behavior
is effectively transferred to the scaffold structure, shown in Fig. 6.
For 0 and 90 deg, the FMR mode is localized in the levels with rods
perpendicular to the external field (9.79 and 9.58 GHz). For 45 and
135 deg configurations (13.35 GHz), only the vertical bars remain
perpendicular to the field, and therefore they are the parts with the
strongest amplitude of the FMR mode.

As shown in Fig. 4(c), both gyroids and scaffold structures are
built from a vertically alternating distribution of bonds. This leads
to an analogous dependence of the static demagnetizing field on the
external field rotation as for the single nanorod described above. If the
field is effectively parallel to the gyroid struts (and at the same time
perpendicular for adjacent ones), the local demagnetizing field will be
alternately weaker and stronger, creating the potential wells in which
the FMR modes are localized. Although perfect alignment is impossible
in gyroids due to the lack of straight rods (see Fig. 1), we observe
analogous properties of the magnetization distribution as in the scaffold
nanostructures.

When discussing the demagnetizing field, we cannot overlook the
stray field generated by the nanorods. As an example, let us take the
symmetric scaffold structure for the field applied along the x-axis, as
depicted in Fig. 6(a). In this case, the rods aligned with the y-axis (with
the largest mode amplitude) produce a stray field in the neighboring
levels of parallel nanorods, in the direction opposite to the external
field. Levels in the center of the structure have two close parallel
neighbors compared to one for the surface level, so the stray field is
stronger in the center. Since the stray field enhances the effect of the
demagnetizing field, the effective field in the center is the smallest,
resulting in the lower local FMR frequency and, hence, the largest
amplitude. The same reasoning can be applied to the 45 and 135 deg
cases. However, the stray field cannot explain the strong surface local-
ization that is present for the 0O-deg field in the asymmetric structure
and for the 90-deg field in both structures. This is further confirmed

in Fig. 8(c), which shows the UC-averaged internal magnetostatic field
Hg (including the demagnetization as well as a stray field) along the
z-axis for the asymmetric scaffold structure for 0, 45, and 90 deg field
orientation. It is clear that the depths in the magnetostatic field are
located at the nanorods, which are perpendicular to the bias field at
0 and 90 deg, but their depth is almost the same. Qualitatively similar
dependencies of the average magnetostatic field are found in the gyroid
[Fig. 8(a,b)]. However, here the field variations are smooth due to
the complex geometry and different orientations of the struts. Thus,
the inhomogeneity of the internal magnetostatic field determines the
type of struts of the FMR mode localization, but does not justify the
surface or bulk localization of the SW mode in dependence on the bias
field orientation. For more information on the effect of the gyroidal
filling factor and its height on localization, see the Supplementary
Information, Sec. II.

The results for both scaffold and gyroid structures not only under-
score the intricate interplay between geometry, magnetic field orien-
tation, and magnetostatic fields in these advanced magnonic materials
but also point to the important role of other interactions in enabling
the tunable localization of SW modes. The mode analysis during the
design of a woodpile-like structure suitable to reproduce this effect
(Supplementary Information, Fig. S6) showed the necessity of its verti-
cal continuity, which led us to conclude that the surface localization
in 3D nanostructures is not related to the dynamic stray field, but
rather to the exchange interaction. The following section and simula-
tions confirm that exchange-related effects are critical in driving this
behavior.

3.5. Exchange interaction and vertical period impact in scaffold structure

Micromagnetic simulations investigating the variation of the verti-
cal distance between neighboring nanorods, d, in asymmetric scaffold
structures, as shown in Fig. 9, support our interpretation of the influ-
ence of exchange interactions on the observed effects. This analysis
focuses on the amplitude distribution of FMR mode and corresponding
IPR values as a function of the separation between adjacent perpen-
dicular nanorods. Fig. 9(a) shows a pronounced IPR value for 0 deg
(blue line) within the 5-45 nm range of d, with the maximum IPR »~
6 at 23 nm, signifying the FMR mode localization on the surface
nanorod (see the modes (1) and (2)). Beyond this optimal distance, the
magnetization shifts from a surface localized state to the bulk (mode
(3)), saturating IPR value at about 2.5. The bulk mode concentration
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(a) 1e5 “4(xHe)=—0deg —-45deg =90 deg ---135deg

Fig. 8. Plots of the internal magnetostatic field Hg (including demagnetizing and stray fields, see Methods 6.1) parallel to the bias field H,,, averaged over the UC and projected
here on the z-axis (along its height, Hg(z) =1/S [¢Hy(x, y, z)dxdy). The different colors correspond to the average distribution of H! for different directions of the static magnetic
field H,, relative to the x-axis. Panel (a) shows the demagnetizing field in the 3-UCs gyroid for the H,,, field directed at 0 and 90 deg (the corresponding projection of the
structure can be seen in the background). In (b) we see the analogous results for angles of 45 and 135 deg, along with the corresponding projection of the gyroid. (c) The Hg of
the asymmetric scaffold structure, for an external magnetic field directed at angles of 0, 45 and 90 deg (background structure projection for normal along the x-axis).
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Fig. 9. The ferromagnetic response of the scaffold nanosystem as a function of the distance (d) between adjacent nanorods. Panel (a) presents the IPR against d under two
conditions: with the magnetic field aligned along the x-axis (depicted in blue) and with the field rotated by 45 deg within the plane (shown in magenta). The critical points
highlighted on this curve correspond to specific distributions of the dynamic magnetization component m_ of the FMR modes within the analyzed nanostructures. These key spots
are marked by numbers, with visualizations of the modes for the 45-deg field configuration provided in (b). Panel (c) illustrates how the FMR frequency varies with d for both
symmetric and asymmetric one-unit cell high scaffolds, for H,,, parallel to the x-axis. It includes depictions of the modes at a significant juncture — where the frequencies of both
configurations converge at d =41 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

remains in nanorods, which are perpendicular to the field, reflecting field oriented 45 deg from the x-axis [indicated by the magenta curve in
the inherent inability of the structure to adopt a fully delocalized Fig. 9(a)], the response is monotonic, increasing IPR from 1 at d = 5 nm
configuration across its volume (mode (4)). For simulations with the up to 2.1 at d = 80 nm. This change in IPR is associated with the change
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Fig. 10. Plot of IPR variation within the range indicative of surface localization
in scaffold structures (asymmetric, H,, along x-axis), as a function of the nanorod
separation d, for different values of the exchange constant A,,.
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in the SW amplitude distribution from uniform at d = 5 nm (mode (5))
to the bulk with amplitude in the nanorod oriented along the z-axis
(mode (8)).

In both cases, 0 and 45 deg, the amplitude distribution at d > 45 nm
corresponds to the HL'I profiles [see Fig. 8(c)], i.e., the maximum of
the SW amplitude is concentrated in the regions with the largest Hg.
The proximity between xy-plane-oriented nanorods at d < 45 nm
narrows these potential wells for SW confinement, increasing their
frequency and the leakage of the amplitude into neighboring regions,
especially in the case of shallow wells of Hg, i.e., at 45 deg where
well depth is less than 50 kA/m [Fig. 8(c)]. In the case of O deg,
the potential wells are deep (above 250 kA/m), and the increase in
frequency is associated with the transfer of the SW amplitude to the
surface, which has a nanorod perpendicular to H,, since it provides
more suitable conditions for the FMR mode than the bulk cells. This is
because in a bulk part, each field-orthogonal rod is flanked by two field-
parallel “pinning” neighbors, whereas surface nanorods are influenced
by only one such neighbor. Thus, this phenomenon can be attributed
to the exchange interactions that make the frequency of SWs and their
localization dependent on the magnetization pinning at the boundaries:
the demagnetizing field wells or surfaces. Consequently, at 0 deg and
d < 45 nm the only one-sided pinning of the SW amplitude in the
surface field-orthogonal nanorod provides the suitable conditions for
lowering the frequency of the surface-localized SW [modes (1) and
(2) in Fig. 9(a)]. This effect is similar to SW surface localization and
SW quantization in thin ferromagnetic films presented in Refs. [54-
56]. However, in these works the pinning/unpinning is introduced by
surface anisotropy at the surface of the atomic lattice of spins, resulting
in bulk/surface SW formation.

Fig. 9(c) illustrates how increasing d influences FMR mode fre-
quencies in both symmetric and asymmetric, 3 and 2 level scaffolds
for a bias magnetic field parallel to the x-axis (0 deg). The analy-
sis of a single field-perpendicular rod with one magnetization-fixing
rod oriented parallel to the field for the asymmetric case, and two
for the symmetric case, excludes the influence of stray magnetostatic
field interactions from neighboring field-perpendicular nanorods. This
allows an isolated analysis of the effect of the proximity of the adjacent
rods. In both configurations, the FMR mode is primarily concentrated
in the nanorod oriented perpendicular to the field. In the symmetric
structure, it occurs in the bulk, while in the asymmetric structure, it is
localized at the surface. Notably, the frequencies of the FMR in both
configurations converge at d = 41 nm, with the lowest frequency for
surface localization at d < 41 nm and bulk at d > 41 nm. This suggests
that the spatial separation along the z-axis between rods reaches a
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threshold at ¢ = 41 nm, beyond which exchange energy no longer
dominates the dynamic magnetization distribution. This observation
aligns with Fig. 9(a) for O deg field orientation, where the scaffold
structure’s localization similarly diminishes around 45 nm, marking the
shift of localization from surface to bulk rods, with minor discrepancy
in d value.

To further confirm that the surface localization in scaffolds within
a small d range is an effect of exchange interaction, we conducted
additional simulations varying the exchange constant (A.,), and plot-
ting IPR(d). The results for asymmetric scaffold structure at 0 deg are
depicted in Fig. 10. There is a pronounced variation in the IPR values,
illustrating ultimately the significant impact of exchange interactions
on the localization phenomena. Specifically, at A, = 4 pJ/m, the
IPR profile appears weaker and irregular, indicating subdued surface
localization effects. In contrast, at A, = 10 pJ/m, there emerges a
distinct range (¢ < 35 nm), where surface localization is enhanced
[max(IPR) ~ 6], demonstrating a clear and strong SW localization
effect. The exchange dominance effects on the surface localization of
the FMR mode shown above for the scaffold structure can be related to
the gyroid structure and the surface localization observed in Fig. 3, but
due to different structures and smooth demagnetizing field variation, it
needs additional analysis.

3.6. Effect of exchange interaction on surface localization in gyroids

In scaffolds, we can directly manipulate the structural parameter
(d), and its relation to A.,. In gyroids, we can use the filling factor ¢
(see the Supplementary Information, Sec. II.A), but by changing it we
collectively affect the entire geometry and the nature of all interactions
in it, including magnetostatics, shape anisotropy, and the ratio of the
gyroid linear dimensions to the exchange length. In particular, the
flattening of the demagnetizing field with increasing ¢ correlates with
decreasing IPR and decreasing modulation of the FMR frequency (see
Fig. S2 in the Supplementary Information). Thus, in this section, we
analyze the gyroid structure with 3 UCs and keep the filling factor at
¢ = 10% (parameters as in Section 3.1).

In Fig. 11, the localization effect is shown in the form of one-
dimensional projections of the z-component of the dynamic magnetiza-
tion along the z-axis, averaged over the UC in the xy-plane. The results
of the gyroid [Fig. 11(a)] are juxtaposed with those of the scaffold
[Fig. 11(b)] to highlight the differences and similarities of the exchange
contribution to the localization effect of the studied SW modes.

In Fig. 11(b) we see the magnetization curves (m,) for an asymmet-
ric scaffold structure with neighboring rods at d = 25 nm. There is a
strong dependence of the surface localization on the exchange constant
— the transition from the bulk mode for small A, (< 5 pJ/m) to
the surface mode for A., > 8 pJ/m. We see a similar, though smaller
effect of A, on the surface localization of the FMR mode in the gyroid.
For Ao, = 2 pJ/m the SW amplitude is almost equal in the first two
perpendicular rods, i.e., a clear shift of the dynamic magnetization
towards the center of the layer can be observed [blue line in Fig. 11(a)].
For larger values of the exchange constant, the surface localization is
preserved, and the smoothing of the (m,) curves along the z-direction
with increasing A., is observed. A larger exchange ensures that the
dynamic magnetization is not only concentrated in bars perpendicular
to the field (where the demagnetization is largest), but spreads more
homogeneously to neighboring struts, analogously to scaffold structures
(for sufficiently small d and large exchange length). A more pronounced
effect of the transition from the bulk to the surface state as a function
of the exchange constant occurs for a gyroid with a filling of ¢ =
20%, for which results can be found in Fig. S3 in the Supplementary
Information. In addition, we performed an analysis of the effect of the
height of the gyroidal layers (independent of the cut point) on SW
localization, which further confirms the influence of exchange energy
on the presence of surface localization. The results are shown in the
Supplementary Information, Figs. S4 and S5.
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Fig. 11. Plots of the distribution of the dynamic magnetization component m_, averaged and projected on the z-axis, for the gyroid structure with 3 UCs (a) and the asymmetric
scaffold structure (b). For comparison, the case with the field at an angle of 45 deg from the x-axis was used for the gyroid, and for scaffold along the x-axis (0 deg) — both cases
show clear surface localization at large A., (see Figs. 3 and 6). The colors represent different values of the exchange constant A, whose legend is common to both plots.

Based on the analysis of the localization of SWs as a function
of the exchange constant in the studied gyroid structures and their
comparison with the scaffolds along the z-direction, we can conclude
that it has a different, though fundamental, influence in both cases. In
gyroids, the transition from the bulk to the surface state is determined
only for very small values of A., (a relationship strongly related to
the filling factor). A stronger exchange determines the uniformity of
magnetization within neighboring nanowires. Woodpile-like scaffolds
show a more “stepped” and monotonic A, -related transition from bulk
to surface localization of SWs.

4. Discussion

In this study, we explored surface localization of the FMR mode
phenomena within thin films made of gyroid and woodpile-like scaffold
three-dimensional ferromagnetic nanostructures, focusing on the effects
of the in-plane external magnetic field rotation. Using micromagnetic
simulations, we have demonstrated a novel surface localization of
SWs that differs from other known wave localization phenomena.
Unlike Damon-Eshbach localization, which requires SW propagation,
or Shockley and Tamm surface states and topologically protected edge
modes, which rely on a Bragg bandgap, this newly observed surface
localization does not satisfy these requirements. It also differs from
edge-localized magnetostatic modes that occur in the demagnetization
wells oriented perpendicular to the surface. Instead, we found that
the surface localization in considered 3D structures is a cooperative
effect of the magnetostatic (demagnetizing and stray) in-plane field
and exchange interactions. The former creates potential wells in the
nanorods (gyroid struts) perpendicular to the bias magnetic field, the
latter determines the frequency in the well when its width is compara-
ble to the exchange length. As a result, for some bias field orientations
and surface cuts the SW localized at the surface UC has only one-
sided pinning, which lowers its energy, making it a low-frequency
surface-localized FMR mode. Thus, this research highlighted the critical
influence of the static demagnetizing fields and the exchange energy in
shaping the SW amplitude distribution in the ferromagnetic response
of such nanostructures, thereby contributing to our understanding of
the magnonic behavior in 3D structures. Furthermore, the intricate
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relationship between the magnetic field orientation and the geometry
of the structures was revealed, i.e., the surface configuration seemed to
strongly influence the SW amplitude concentration along the height of
the thin film. Nevertheless, the localization for a given field direction
persists over different surface states, demonstrating its universal nature.
Such selective localization of the FMR mode introduces a novel
mechanism enabling reconfigurable functionalities. This reveals the
potential for enhancing experimental measurements of SWs in three-
dimensional structures through localized FMR modes, among others,
in the established optical techniques like Brillouin light scattering
(BLS) [57] or magneto-optical Kerr effect (MOKE) microscopy [58].

5. Summary

In summary, this research presents a comprehensive investigation
of SW dynamics in 3D ferromagnetic nanostructures, shifting the focus
from planar systems to complex gyroidal and scaffold-like designs. We
demonstrate and analyze a novel type of SW localization using exten-
sive micromagnetic simulations and show how external factors, such
as magnetic field orientation, can control the intensity, frequency, and
amplitude distribution of localized FMR modes. The universal nature of
this surface localization across different structures and configurations,
offers significant potential for advancing 3D magnonics, e.g., through
improved sensitivity in probing SW dynamics and controllable vertical
energy transfer, providing deeper insight into the magnetic properties
of complex structures. The knowledge gained from this work may also
open new avenues for device design that exploit the properties of gy-
roids, woodpile-like scaffolds, or other 3D nanoarchitectures to advance
the development of next-generation 3D magnonic technologies.

6. Methods
6.1. Micromagnetic simulations
To calculate SW modes within the 3D nanostructures, we employed

the COMSOL Multiphysics software. It harnesses the finite-element
method (FEM) to provide solutions to complex coupled systems of
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partial differential equations. The SW dynamic is framed with the LL

equation:
oM
7 —y oM X Hege 3)

where M is the magnetization vector, y denotes the gyromagnetic
ratio, y is the vacuum permeability, and H is the effective magnetic
field. The nonuniformity in material properties (e.g., variations in M,
magnetic anisotropy, or exchange stiffness) is one of the ways that in-
troduces a spatially dependent H that, in turn, affects the localization
and dispersion properties of SWs. Here, it merges the externally applied
field, H,,, with the magnetostatic demagnetizing field, Hy, and the
Heisenberg exchange field, H,,:

Hegr = Heye + Hg + Hegen- 4

The demagnetizing field is critical for SW dynamics in ferromagnetic
materials, especially when it is patterned. Governed by Ampeére’s law,
this field is derived from the gradient of the magnetic scalar potential,

H; = -VU,. Within the magnetic body, this relationship further
evolves in:
ViU, =V M, (5)

while outside it, V2U,, = 0. In performed COMSOL implementation,
we tackled the eigenproblem derived from Egs. (3), (4), and (5). By
presuming full magnetization saturation via the bias magnetic field and
adopting a linear approximation, we could dissect the magnetization
vector into its static and dynamic (time ¢ and position r dependent)
components M(r, 1) = M i+8M(r,) ¥ (6M L i), neglecting all nonlinear
terms in the dynamic magnetization sM(r,?). Here, we assume that
the static component of the magnetization is equal to the saturation
magnetization, M. This methodology is further explained in Refs. [59,
60].

Using PBCs on the UC boundaries along the x- and y-axes, we model
in COMSOL an infinite in-plane gyroidal and scaffold-structured films
(see Figs. 1 and 4). The PBCs are defined on both faces to maintain
the same values for the magnetization components and magnetic scalar
potential. For planes parallel to the surfaces of the films, we imple-
mented Dirichlet boundary conditions aiming to suppress the scalar
magnetic potential, U, = 0, at the boundaries of the computational
cell. To ensure the simulation’s physical accuracy and convergence, it is
essential to position these conditions sufficiently far from the specimen.
In our simulations, the computational cell’s height was set to be 40
times the gyroid/scaffold layer’s height.

Throughout the simulations, consistent mesh quality was main-
tained across the different gyroid and scaffold models. The quality of
the tetrahedral discretization mesh, characterized by the volume-to-
length parameter, remained stable at an average value of about 0.7. It
is based on a ratio of element edge lengths to element volume. This
resulted in a scalable mesh of about 55,000 elements for the single
cubic ¢ = 10%-gyroid model [as in Fig. 1(a)], and about 85,000 for
a 3-level scaffold structure [Fig. 4(a)].

Calculations of the FMR spectra (Figs. 2 and 5) of the studied struc-
tures were obtained by simulations in the frequency domain, sweeping
the spatially uniform, dynamic microwave field in a given range with a
step of 50 MHz. Its magnitude was set to pyhqy, = 0.005ugHy = 2.5 mT
and was polarized along the y-axis. To determine the macroscopic
measure of the global magnetization intensity, the complex dynamic
component m, (perpendicular to both the static and dynamic fields) was
multiplied by its conjugated value m}, and integrated over the entire
volume of the ferromagnet:

I=/mzm’z‘dV.
14

The plots for each structure have been normalized to the maximum
of one of the two spectra (the one with higher maximum intensity),
preserving their relative ratio.

(6)
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SPECTRAL ANALYSIS OF THE SPIN-WAVE MODES IN GYROID AND SCAFFOLD STRUCTURES
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Figure S1. Visualization of higher intensity spin-wave (SW) modes in the investigated structures of gyroids [(a) — 3 unit cells
(UCs), (b) — 3.25 UCs| and scaffolds [(¢) — asymmetric, (d) — symmetric|]. Plots of mode excitation in the structures under
magnetic field applied along the z-axis (blue line) and at 45 deg to it in the zy-plane (orange line) are shown on each panel.

II. IMPACT OF OTHER MATERIAL PARAMETERS ON LOCALIZATION IN GYROIDS
A. Filling factor

As the filling factor increases, transitioning the structure towards a more homogeneous nickel layer, the effects
of localization and frequency modulation begin to decrease, as shown in Fig. S2. Consequently, the rotation of the
external magnetic field will no longer function as a significant modulator of mode localization in the denser structures.
This trend highlights the intricate interplay between structural geometry and magnetic properties, where the shape
of gyroids appears to favor the modulation of magnetic responses by field orientation adjustments.
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Figure S2. Variation in inverse participation ratio (IPR) (b) and ferromagnetic resonance (FMR) frequency (c) as a function of
the rotational angle of the external magnetic field within the planes of gyroid structures, composed of 6 UCs across the height.
The colors correspond to different filling factors ¢ of the structures, whose UCs are shown in (a).
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Figure S3. Distribution of the dynamic magnetization component m., averaged and projected on the z-axis, for the gyroid
structure with 3 UCs and ¢ = 20%. The case with the field at an angle of 45 deg from the z-axis was used to show a clear
surface localization. The colors represent different values of the exchange constant Acx.

B. Height

Another quantity that could have a significant impact on SW localization is the height of the nanostructures studied.
In this paper, we assumed a gyroid height of 3 and 3.25 UCs (150 and 162.5 nm, respectively); however, we also ran
simulations for other values — both smaller, to test the potential effect of surface modes interacting with each other,
and larger, where the modes are more isolated. The results of these additional simulations are shown for gyroids with
perpendicularly oriented surface struts — Fig. S4, and with their parallel orientation — Fig. S5.
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Figure S4. Analysis of the FMR mode localization of SWs for gyroid structures with perpendicular struts on the top and
bottom surfaces (a) and for different heights of the structures (b). The results in the form of IPR plots as a function of the
angle of rotation of the external magnetic field in the plane of the layers are presented in (c), and selected configurations of
the z-component of the magnetization distribution in the 2.5 UCs gyroids are shown in panel (d). The last plot in (e) shows
the changes in FMR mode frequencies, analogously as a function of Hext rotation for gyroids of different heights [blue line —
1.5 UCs (75 nm), orange line — 2.5 UCs (125 nm), green line — 6.5 UCs (325 nm)].
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Figure S5. Analysis of the FMR mode localization of SWs for gyroid structures with parallel struts on the top and bottom
surfaces (a) and for different heights of the structures (b). The results in the form of IPR plots as a function of the angle
of rotation of the external magnetic field (Hext) in the plane of the layers are presented in (c), and selected configurations of
the z-component of the magnetization distribution in the 3.25 UCs gyroids are shown in panel (d). The last plot in (e) shows
the changes in FMR mode frequencies, analogously as a function of Hext rotation for gyroids of different heights [blue line —
1.25 UCs (62.5 nm), orange line — 3.25 UCs (162.5 nm), green line — 6.25 UCs (312.5 nm)|
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PS5 — Exciting High-Frequency Short-Wavelength Spin Waves using High
Harmonics of a Magnonic Cavity Mode
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e konceptualizacja (propozycja badan zjawisk nieliniowych w sieciach antykropek z
wneka rezonansowg)
e nadzor nad realizacjg dziatarh badawczych,
e analiza i dyskusja wynikow symulacji,
e redakcja i korekta manuskryptu.
L
20.02.2025

(data i podpis)



5.4 Co-authorship statements 233

P6 — Spin-Wave Self-Imaging: Experimental and Numerical Demonstration
of Caustic and Talbot-like Diffraction Patterns

Oswiadczenie o wktadzie do publikacji

Niniejszym oswiadczam, ze ja,
Uladzislau Makartsou,
jestem wspotautorem publikacji

Makartsou, U.; Gotebiewski, M.; Guzowska, U.; Stognij, A.; Gieniusz, R.; Krawczyk, M.
Spin-Wave Self-Imaging: Experimental and Numerical Demonstration of Caustic

and Talbot-like Diffraction Patterns,

Applied Physics Letters 124, 19, 192406 (2024)

i moim wkfadem do tej pracy byty:

e symulacje numeryczne w MuMax3,
e przetwarzanie danych z symulacji,

e wizualizacja wynikow,

e analiza i dyskusja wynikdw symulacji,
e redakcja manuskryptu.

(data i podpis)

Ou01301 iffagsi .




234 Research

Oswiadczenie o wktadzie do publikacji

Niniejszym oswiadczam, ze ja,
Urszula Guzowska,

jestem wspoétautorem publikacji

Makartsou, U.; Gotebiewski, M.; Guzowska, U.; Stognij, A.; Gieniusz, R.; Krawczyk, M.
Spin-Wave Self-imaging: Experimental and Numerical Demonstration of Caustic

and Talbot-like Diffraction Patterns,

Applied Physics Letters 124, 19, 192406 (2024)

i moim wktadem do tej pracy byty:

e badania eksperymentalne (wykonanie pomiaréw BLS),
e analiza i dyskusja wynikdw,
e korekta manuskryptu.

UUb’lUVLQ maﬁ 51LQ
oY/ [QALS



5.4 Co-authorship statements 235

Oswiadczenie o wktadzie do publikacji

Niniejszym oswiadczam, ze ja,

Ryszard Gieniusz,

Jestem wspélautorem publikacji

Makartsou, U.; Golgbiewski, M.; Guzowska, U.: Stognij. A.: Gieniusz. R.; Krawczyk.

M.

Spin-Wave Self-Imaging. Experimental and Numerical Demonstration of Caustic
and Talbot-like Diffraction Patterns.
Applied Physics Letters 124, 19, 192406 (2024)

1 moim wktadem do tej pracy byly:

konceptualizacja badan eksperymentalnych,
nadz6r nad badaniami eksperymentalnymi,
analiza i1 dyskusja rezultatdow,

korekta manuskryptu.
/1

ff\ z C(/AL/C {4 ((;:;['7

Oy 109 926)) L :
.08 LS (data 1 podpis)



236

Research

Oswiadczenie o wktadzie do publikacji

Niniejszym oswiadczam, ze ja,

Maciej Krawczyk,

jestem wspotautorem publikacji

Makartsou, U.; Gotebiewski, M.; Guzowska, U.; Stognij, A.; Gieniusz, R.; Krawczyk, M.
Spin-Wave Self-Imaging: Experimental and Numerical Demonstration of Caustic

and Talbot-like Diffraction Patterns,

Applied Physics Letters 124, 19, 192406 (2024)

i moim wktadem do tej pracy byty:

konceptualizacja (propozycja zestawienia naszych badan teoretycznych i symulacji
numerycznych z istniejgcymi juz danymi eksperymentalnymi),
nadzér nad realizacja dziatan badawczych,
mentoring,
analiza i dyskusja wynikow symulacji,
korekta manuskryptu.
Moy nn\
20.02.2025

(data i podpis)



5.4 Co-authorship statements 237

P7 - Collective Spin-Wave Dynamics in Gyroid Ferromagnetic Nanostructures
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My contributions to this work were:

e methodology (proposition to use “tetmag” to perform micromagnetic simulations
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e supervision (scientific guidance and technical assistance for Mateusz Gotebiewski
in conducting micromagnetic simulations),
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e writing — review & editing.
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Scientific perspectives

Building on the progress made during my Ph.D. research, I intend to continue to pursue innovative
projects in the field of magnonics. My previous work, including studies on the Talbot effect for
spin waves and the exploration of complex three-dimensional ferromagnetic nanostructures, has
provided a solid foundation for further investigations. Equipped with the necessary expertise and
in close collaboration with leading international research teams, I plan to carry out the research
projects outlined below.

Investigations of three-dimensional magnonic nanostructures

Gyroids. One of the most promising directions is the further exploration of gyroidal structures.
These intricate three-dimensional nanostructures are expected to exhibit unique spin-wave disper-
sion relations and remarkable anisotropic magnetoresistance effects. Such properties may enable
precise control of spin-wave propagation in three dimensions, opening the way to more advanced,
energy-efficient spintronic and beyond-CMOS logic devices. In the context of magnonic crystals,
gyroids could serve as the backbone for fully three-dimensional systems, where the geometry
inherently allows for versatile band structure engineering. Similar principles have been explored
in photonic crystals [176], highlighting how 3D periodic media can yield remarkable wave
manipulation capabilities. Translating these concepts to the spin-wave regime holds promise for
magnetic metamaterials with tunable microwave and communication functionalities.

Woodpiles. In addition to gyroids, I have initiated a col-
laboration with Prof. Dirk Grundler’s group from the Swiss
Federal Institute of Technology (EPFL) in Switzerland and
Dr. Kilian Lenz from the Helmholtz—Zentrum Dresden—
Rossendorf (HZDR) in Germany to study woodpile-like
nanostructures. These architectures — resembling stacks of
wooden logs (see Fig. 5.1) — are an exciting avenue for three-

dimensional magnonics, as recently highlighted in Advanced

Materials [177]. In these networks, submicron nanotubes ___ )
Figure 5.1 Schematic model of the

. . . L
of ferromagnetic material are arranged in a periodic ‘wood- woodpile structure.

pile’ fashion, allowing excitation of both bulk and surface
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spin-wave modes. To strengthen our collaboration, I completed a two-week internship at EPFL,
working closely with Prof. Grundler’s team.

Building on the initial demonstration in Ref. [177], we are currently investigating the resonant
response of these systems using a vector network analyzer (VNA-FMR) within a ring-shaped
microresonator while systematically varying the orientation of the static magnetic field. My goal
is to accurately reproduce these experimental conditions in micromagnetic simulations, allowing
a deeper understanding of the underlying spin-wave dynamics and resonance behavior. Despite
the complexity of the geometry and the associated computational challenges, preliminary results
indicate a strong agreement between the experimental data and my COMSOL simulations. This
research effort, which includes both experimental measurements and numerical computations,
aims to understand the collective magnetization dynamics in these systems and to uncover
innovative physical effects such as mode hybridization and field-tunable spin-wave confinement.

Buckyballs. To further extend my research into three-
dimensional magnonic networks, I have begun simulations of
so-called buckyball structures in collaboration with Dr. Sebas-
tian Gliga from the Paul Scherrer Institute (PSI) in Switzer-
land and Dr. Lenz. These nanostructures, analogous in shape
to the carbon Cg fullerene, consist of a spherical shell with
a network of ferromagnetic tubes forming pentagonal and
hexagonal facets (see Fig. 5.2). In the magnetic analog,
nanofabrication techniques recreate similarly curved archi-
tectures, enabling a closed 3D spin-wave network. My main

task in this project is to match the field-angle-dependent
FMR experimental measurements with micromagnetic sim- Figure 5.2 Schematic model of the
ulations. By clarifying how the measured resonances vary buckyball structure.

with field orientation, the goal is to unravel how the curvature

and topology within these spherical lattices can be exploited to engineer custom spin-wave modes
and resonant properties.

Research on antidot lattices

In parallel, I plan to extend my studies of ADLs, that I started in P5. As explained in Sec. 5.2.2,
these periodic arrays of nanoscale holes or ‘antidots’ within a magnetic film are known to
localize spin waves at their edges, serving as a compelling pathway for the generation of
higher-order harmonic emissions. By exploring geometric parameters, lattice periodicity, and
applied magnetic fields, I intend to tailor the band structure of spin waves to control nonlinear
phenomena. Such investigations may pave the way for fast and nanoscale spin-wave devices
capable of high-density information encoding.
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Crescent-shaped waveguides and diamond-like networks

I plan to further develop crescent-shaped waveguides, a topic
initiated in my Physical Review Applied publication P4. Ini-
tial results showed that the curved geometry of ferromag-
netic nanorods significantly affects mode localization and
magnetization dynamics. My next step is to construct and
study diamond-like networks formed by interconnecting the
crescent-shaped waveguides (see Fig. 5.3), as already proto-
typed at Cardiff University by Prof. Sam Ladak’s group [34].
These 3D diamond networks can exhibit coupling and frus-
tration at the vertices, potentially allowing reprogrammable
spin-wave spectra and band gap formation under different

field configurations [178]. By exploiting curvature-induced

anisotropies and frustration effects, I aim to explore reli- Figure 5.3 Schematic model of
the diamond-like lattice constructed

able spin-wave guiding pathways that could contribute to the )
from crescent-shaped wires.

development of next-generation magnonic circuits.

Magnonic neural networks based on self-
imaging (Talbot effect)

Finally, I intend to build on the concept of the spin-wave Talbot effect, introduced in my paper
(P3) in Advanced Electronic Materials to develop magnonic neural networks. The self-imaging
phenomenon of spin waves, in which periodic wavefronts re-emerge at specific propagation
distances, provides a way to generate repeatable interference patterns. This effect suggests
the possibility of an entirely new class of neural network architectures based on collective
interference states rather than on conventional transistor-based logic. A key aspect of such
architectures involves nonlinear activation functions, which are essential for modeling complex
relationships in high-dimensional data. The integration of spin-wave nonlinearities into these
systems could lead to enhanced computational capabilities and potentially to novel machine-
learning algorithms that exploit wave interference [179]. A strong indication of the potential of
this approach is the MANNGA project, funded by the Horizon Europe PathFinder Challenge, to
which I am contributing under the supervision of Prof. Pawet Gruszecki in collaboration with the
University of Exeter and Aalto University.






Summary

The collection of scientific studies presented in this thesis encapsulates the trajectory of my Ph.D.
research, showing a transition from relatively simple one-dimensional systems to increasingly
complex three-dimensional nanostructures. This journey reflects not only the evolution of my
own expertise, but also parallels the broader development of the field of magnonics, which is
increasingly focused on exploiting multidimensional structuring to achieve precise control over
spin-wave dynamics.

My work spans a range of structural dimensionalities, from periodic one-dimensional systems
(P1-P3, P6) to complex three-dimensional nanostructures (P7—-P9), illustrating how geometry
can be used to influence magnetization dynamics. While higher dimensionality offers more
design possibilities and opens up new physical phenomena, especially in the context of 3D
nanoarchitectures, it does not necessarily guarantee more promising or applicable outcomes.
In fact, the relatively simple 1D systems studied in P1-P3, P6 yielded particularly compelling
results. Their foundation in fundamental wave physics, combined with computational efficiency
and predictability, makes them highly relevant for practical implementation. This highlights
an important insight: both low- and high-dimensional systems have distinct advantages, and
progress in magnonics depends on exploiting the strengths of each.

Significant progress is also being made in P5, where research is moving from one-dimensional
arrays to fully two-dimensional antidot lattices. These more complex geometries introduce
additional degrees of freedom and enable new functionalities — most notably the generation
of short spin waves through nonlinear effects, including higher harmonic excitation. Such
capabilities position antidot lattices as a promising platform for the realization of magnonic
neural networks, offering an exciting avenue for future developments in wave-based information
processing and unconventional computing.

The crescent-shaped waveguide studied in P4 also serves as a bridge between two-dimensional
and fully three-dimensional magnonic systems. Although the geometry may seem unconven-
tional, its relevance is well established in experimental practice. Techniques such as two-photon
lithography combined with sputter deposition allow the fabrication of magnetic layers that
conform to curved scaffolds, naturally producing crescent-shaped cross sections — much like
snow accumulating along a curved railing. Beyond their experimental feasibility, these nontrivial
geometries introduce novel physical effects in magnonics, as demonstrated in P4, and provide
compelling motivation for further exploration in both theoretical and applied contexts.
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P6 provides experimental verification of the Talbot effect for spin waves, previously explored
in the theoretical studies of P1-P3. This validation not only reinforces the credibility of the
earlier simulations, but also underscores the practical applicability of the effect in real magnonic
systems, highlighting its potential for implementation in future wave-based technologies.

Finally, the studies of three-dimensional nanostructures presented in P7-P9 represent the
most complex and ambitious investigations within this thesis. These works demonstrate the
unique potential of 3D magnonic systems, revealing phenomena such as dynamic spin-wave
localization and crystallography-dependent tunable magnetization dynamics. Beyond these core
findings, the research also points to several promising directions for future exploration, including
magnetoresistance effects.

As emphasized throughout this dissertation, 3D magnonics remains a relatively young field
— but one with extraordinary potential. Its rapid development is being driven by advances
in fabrication techniques such as atomic layer deposition, two-photon lithography, and self-
assembled block copolymer templating, as well as increasingly powerful computational tools
for modeling geometrically and magnetically complex systems. This research contributes to
the growth of the field by addressing critical challenges related to dimensionality, structural
complexity, and their influence on spin-wave behavior, helping to lay the groundwork for future
innovations in magnonic technology.

Bringing together a wide range of topics within the field of magnonics, this thesis provides
a comprehensive investigation into the control of spin waves in nanostructured ferromagnetic
materials. Spanning the theoretical foundations of magnetism, advanced numerical modeling,
and experimental validation (enabled by international collaborations), the work demonstrates
how spin waves — known for their energy efficiency and wave-based nature — can be harnessed in
multidimensional systems to realize novel functionalities and device concepts.

The research underscores the growing importance of magnons in modern science and tech-
nology, particularly in light of the increasing demand for low-power alternatives to conventional
electronics. In this context, the work contributes to the broader vision of wave-based computing
by systematically investigating how structured magnetic media — from simple one-dimensional
periodic systems to complex three-dimensional nanoarchitectures — can be designed to tailor
spin-wave dynamics.

One of the central approaches in this thesis is the use of advanced numerical methods, which
have become a key tool in modern research on magnetism and magnonics — especially where
the complexity of real systems makes analytical solutions impractical. Much attention has been
paid to the theoretical foundations and practical implementation of the computational techniques,
in particular the finite difference and finite element methods, which form the backbone of my
micromagnetic simulations. The finite difference method, as used in MuMax3, is particularly
suitable for systems with simple geometries and uniform meshing. Its computational efficiency
and numerical stability make it ideal for solving the Landau-Lifshitz—Gilbert equation in large-
scale simulations. This method proved particularly effective in my studies of one-dimensional
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periodic structures in thin films, where the simplicity of the physical geometry matched the
strengths of the finite difference method.

In contrast, finite element method, implemented in COMSOL Multiphysics and tetmag,
offers the versatility required to model complex geometries and nontrivial boundary conditions.
Its capacity for adaptive meshing and localized refinement enables accurate representation
of structures where subtle features strongly influence magnetization dynamics and spin-wave
behavior. Thus, the finite element method was essential for modeling the crescent-shaped
nanorods and fully three-dimensional magnonic networks studied in this thesis. By using both
methods strategically, this work demonstrates how appropriate numerical approaches can be
matched to specific system geometries to perform efficient and accurate simulations.

This thesis not only applies these numerical methods, but also provides a thorough analysis of
their implementation and adaptation to the specific challenges posed by structured ferromagnetic
materials. For example, I discuss the role of specific boundary conditions in ensuring physical
validity. I also explore the use of special time-stepping algorithms to deal with the stiffness and
nonlinearity inherent in magnetic systems. Modeling gyroids and scaffold-like networks required
not only computational efficiency but also a deep understanding of how to design and discretize
complex geometries to accurately capture their interactions with external magnetic fields. Using
the finite element method in COMSOL and tetmag, I explored both the role of demagnetizing
fields and exchange interactions in shaping spin-wave behavior.

By placing a strong emphasis on numerical methods, this thesis provides added value
compared to more conventional approaches in the field. First, it helps bridge the gap between
theory and experiment by allowing the study of systems that are beyond the scope of analytical
models. Second, it aims to underscore the important role of numerical simulations in advancing
the frontiers of magnetism research and unlocking the potential of complex, multidimensional
structures for future spin-wave technologies.

The significance of this research as a Ph.D. thesis lies in its distinctive balance of breadth
and depth. It addresses fundamental aspects of magnetization dynamics while also engaging
with practical challenges in modeling and experimental validation. By integrating numerical
simulations, theoretical analysis, and collaborative experimental efforts, the work establishes a
solid foundation that bridges basic scientific inquiry with technological relevance. More broadly,
this dissertation contributes to the evolving field of magnonics by providing a comprehensive
framework for understanding and controlling spin waves in structured, multidimensional mag-
netic environments. Through its results, methods, and conceptual insights, this work aims to
support future research at the intersection of magnetic media geometry design, magnetization
dynamics, numerical methods, and wave-based information processing. It is my hope that
these findings will foster continued innovation in functional magnonic systems and advance the
development of next-generation technologies.
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