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Abstract

Using spin waves as information carriers in computing tasks is a promising alternative to perform
efficient signal processing. Apart from propagating at low power levels at wavelengths that are
orders of magnitude smaller than that of electromagnetic waves at microwave frequencies, spin
waves are particularly useful in the emerging field of neuromorphic computing because they offer
easily accessible non-linear interactions. Device scaling becomes not only possible but also inevitable
due to the limited propagation range. Hereby, the fabrication of nanostructures with excellent
quality is one of the main challenges with spin-wave devices, and this should ideally be compatible
with standard industrial processes to accelerate device integration. For that purpose, a fabrication
workflow for spin-wave computing elements in the most commonly used magnonic material as a thin
film - Yttrium Iron Garnet - has been developed. The magnetic properties of YIG can be altered with
nanoscale precision using direct focused-ion-beam irradiation, a technique that has been widely used
in metallic magnetic systems to locally change their magnetic properties. In YIG, this has previously
been reported as an undesired side effect of ion milling due to the creation of defects. Ion milling or
wet chemical etching have been most used to fabricate devices in YIG, but they imply the physical
structuring of YIG. Here, focused ion irradiation is explicitly used to change the magnetic properties,
precisely the effective magnetization, through ion implantation instead of removing material, and
it is shown how the initial drawback of unwanted modification can be turned into an advantage
for device manufacturing. This allows one to engineer the magnonic index of refraction adapted
to desired applications. This technique allows rapid fabrication of high-quality architectures of
modified magnetization in magnonic media with minimal defects, whereby magnetic damping is not
severely increased. Magnetic landscapes are ion-beam-written into YIG with dwell times in the low
nanosecond range using 50 keV accelerated Ga* ions. Furthermore, an efficient method to fabricate
magnetization gradients is demonstrated, enabling smooth transitions of the magnetic properties that
are required in many sophisticated devices. This work presents remarkable progress on spin-wave
device fabrication, demonstrated by spin-wave computing elements of high complexity inspired
by optical computing, more specifically Fourier optics, but also points out the universality of this
technique by fabricating and characterizing machine-learned magnetization patterns of unintuitive
shape.
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1 Introduction

In this chapter, the motivation and the objective of the work at hand are presented. Also, an overview
of related work is given. Following this, the introductory section on spin waves (SWs) and their
application in alternative computing devices provides the necessary theoretical background and
contextualizes the focus of this work. In Chapter 2, the experimental methodologies for fabricating
and characterizing spin-wave devices are explained. Chapters 3, 4, and 5 show the centerpieces of
this thesis, the main achievements in form of published results. The discussion of the results and the
outlook on future work in Chap. 6 concludes this work.

1.1 Motivation

The properties of spin waves and the working mechanisms in spin-wave-based computing devices
are actively researched primarily within the physics community [4]-[7], as they provide an attractive
alternative to existing computing architectures, primarily scoring points with low-power transmis-
sion and extensive device scalability due to orders of magnitude shorter wavelengths at microwave
frequencies.

Sadly, very little attention is given to the engineering aspects such as clean and efficient device
manufacturing and integration problems with electronic circuitry. A few impressive spin-wave
device concepts have been experimentally demonstrated in the direction of digital as well as non-
Boolean computing, e. g. a magnonic transistor [8] and a majority gate [9], but also a spin-wave-based
interference device [10]. However, hardly any literature shows up their cards when it comes to
reproducibility and performance robustness.

The applied manufacturing techniques are nowhere close to producing high-performance archi-
tectures reliably with realistic time effort, a prerequisite for mass production. Reactive ion-milling of
Yttrium Iron Garnet (YIG) is highly time-consuming and involves unavoidable ion scattering during
the bombardment that could inadvertently alter the magnetic properties in the structures’ peripheral
zones [11], [12]. Similarly, chemical etching using phosphoric acid can be tricky due to YIG’s crys-
tallinity and needs to be done at high temperatures, and added to this it is limited to larger structural
sizes and acts highly isotropic, causing surface and edge inhomogeneities [13], [14]. The production
of high-quality (periodic) nanostructures with perfect edges and interfaces needed in nano-conduits
that are compatible with lithographic process standards to enable mass fabrication remains one of
the main problems in device fabrication [4].

On top of many unsolved problems within the functional medium, there is no working solution
for the integration into existing CMOS environments, not to mention a surrounding platform for
standalone spin-wave devices. On this road, fundamental questions need quantitative clarification,
e.g. how a spin-wave conduit compares in energy efficiency, speed, and size to a microwave or
photonic waveguide, what can be gained if the electronic waveguides and transistors of a high-
frequency chip are replaced by spin-wave conduits, can spin waves be excited and measured with
relatively inexpensive electronic antennas with small insertion loss, what are the manufacturing and
sensitivity problems with alternative detection schemes, for instance, elements using the inverse spin
Hall effect or magnetic-tunnel-junction-based spin-torque oscillators. For now, most experiments
are carried out using expensive electronic and optical equipment such as HF signal generators,
network analyzers, and time- and/ or frequency-resolved optical probing, such as time-resolved Kerr
microscopy (trMOKE) or Brillouin light scattering (BLS).



To get this straight from the beginning, the work shown in this thesis does not solve any of the
above-mentioned problems regarding integration. It is rather starting from the point of developing a
practical technology platform to manufacture spin-wave device architectures of demanded complexity
and minimal defects, offering a rapid prototyping platform to the community for ground-breaking
device ideas to come. The center technology is direct focused-ion-beam (FIB) irradiation of YIG thin
films, which was found to change the magnetic properties with nanoscale precision. YIG is the most
commonly used material to carry spin waves because of its record low magnetic damping, allowing
waves to propagate over distances many tenfold of their wavelength (mainly determined by their
group velocity) without additional amplification. FIB has been used extensively to alter the magnetic
properties of magnetic metals [15], and we are only aware of one previous attempt to apply FIB
in a nonablative fashion to YIG [16], however, with a not meaningful amount of data points and no
investigation on the impact on spin waves. Thus, we are the first group to explore the occurring effects
on spin waves to the extent demonstrated, holding out the prospect of adaptability in device design
and manufacturing. To showcase the performance outcome, a number of spin-wave computing
elements are experimentally demonstrated, primarily inspired by optics, but also unconventional
architectures of arbitrary shape, highlighting the versatility of the technique.

1.2 Related work

The ‘Nanomagnetic devices” group of Markus Becherer has an extensive background in the field of
perpendicular Nanomagnetic logic (pNML) — a concept that uses the dipole field coupling of neigh-
boring nanomagnets with perpendicular magnetic anisotropy (PMA) to switch their magnetization
to either “spin-up’ or ‘spin-down’ by a driving field in a controlled and nonvolatile fashion [17]. The
experimental project started out with Markus Becherer’s doctoral project by fabricating and charac-
terizing Co/Pt multilayer nanomagnets, and later engineering their switching fields by introducing
artificial nucleation centers (ANCs) via FIB irradiation. Soon after, NML-based circuits have been
realized by former doctoral candidates, e. g. a majority gate, followed by a 1-bit full-adder and even
exploring 3D circuitry. The NML building blocks and the material systems have been further en-
gineered, enabling driving field pulses in the nanosecond range, domain-wall logic, and low-power
logic operations [18], [19]. Furthermore, material systems exhibiting DMI have been investigated to
use magnetic skyrmions as information carriers [20]-[22]. Throughout this time, our group collabo-
rated with Gyorgy Csaba (Markus’ Ph.D. supervisor) and Wolfgang Porod at the University of Notre
Dame, and they started exploring the field of Magnonics within the Ph.D. program of Addm Papp
after he performed the simulations of the NML devices experimentally shown in Munich. Following
this constellation of group work, we proposed a DFG project for my Ph.D. position and a post-doc
project for Addm on combining the principles of NML with YIG - the ‘hybrid spin-wave platform’,
introduced in the following section.

1.3 Objective

The objective of this research project was to develop an experimental spin-wave platform to flexibly
alter the magnetic properties of YIG locally, thereby steering wave propagation, to realize computing
functions in the magnonic domain. Key aspects are the fabrication of magnetic media to carry
and manipulate spin waves, to investigate coupling mechanisms and control their interaction, and
eventually to implement SW computing elements in order to showcase the platform’s performance
and potential. Efficient and robust fabrication methods play a central role in pushing the technology
readiness of spin-wave devices, a milestone that has been poorly addressed so far.

Although the platform was initially planned to consist of Co/Pt hard magnets on top of YIG,
similar functions could be realized by using direct focused-ion-beam irradiation instead, besides
offering much better visualization in optical metrology. Fig.1.1 shows the proposed concept in the
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DFG grant No. 429656450. Here, the Co/Pt magnets featuring perpendicular magnetic anisotropy
(PMA) are fabricated on top of YIG to influence the spin-wave dispersion relation locally with their
emitted dipole fields. With this, optically inspired structures can be formed, e.g. a grating or a
graded index profile by using the stay-field profiles. One way of looking at a periodic array of Co/Pt
magnets on top of YIG is magnonic crystal[23], the magnetic counterpart of a photonic crystal, i.e. a
periodically recurring alternation of the magnetic properties. There has been extensive research on
this topic[24] in the last two decades, and the presented arrangement using PMA is one new way
of realizing a reconfigurable [25] version of this. However, the magnonic crystal just served as a
showcase example to express the potential of the platform — the actual vision was to realize numerous
computing functions via magnetization profiles on YIG of arbitrary shape.

Figure 1.1 Schematic illustration of the hybrid spin-wave platform initially proposed in the DFG grant No. xxx.
A 100 nm thin YIG film on a GGG substrate with coplanar microwave antennas on top is bonded to PCB carrier
to electrically excite and detect spin waves. The spin waves traveling in YIG are influenced by the emitted dipole
fields of Co/Pt nanomagnets, and the wave patterns can be visualized with time-resolved Kerr microscopy. As
an additional engineering step, the switching field of the Co/Pt magnets can be lowered selectively, allowing
the generation of alternating magnetization patterns reconfigurably with a global field.

Asan advanced step, FIB irradiation can be used to selectively lower the switching field of individual
magnets in an array, allowing the creation of arrangements with different magnetization orientations
by using a global field. As long as the switching fields are higher than the bias field needed for
YIG, the Co/Pt magnets maintain their magnetization direction and can be switched reconfigurably,
offering a degree of freedom in pattern generation.

On the road to fabricating the magnetic layers of the platform, a side project of FIB-irradiating YIG
directly to change the magnetic properties turned into the main objective of this thesis as we obtained
such promising results that I wanted to spend all my time pursuing this course. Here’s a brief piece
of history of how we got to change gears: During an informal workshop on Mumax3 with Addm
Papp in early 2019, Simon Mendisch and I talked about fabrication complications when irradiating
the Co/Pt magnets on YIG, and Adam wondered if we could irradiate YIG directly also. Simon, the
FIB expert in our group at the time, brought up the potential issue of excess surface charge when
irradiating insulators, but the high acceleration voltage of 50 kV might "bang in" the ions either way.
We debated about potential effects and concluded that it is probably too much hassle for nothing, we
forgot about the idea and went on with our workshop. That evening I did some research following


https://gepris.dfg.de/gepris/projekt/429656450?context=projekt&task=showDetail&id=429656450&

our discussion and could only find one paper where the irradiation of YIG had been tried out [16],
although with very few data points and vague statements, but in principle proof that it could work.
Since we had a good ferromagnetic resonance (FMR) setup as a characterization tool that I built during
my master’s thesis, I wanted to give this experiment a try. Simon helped to set up the irradiation,
and we did a quick proof of principle, unveiling that the resonance field indeed changes. Soon after, I
put a student, Carolin Calcagno, on this project, and she did a series of irradiations on YIG, also with
different film thicknesses, and helped us to characterize the effect in more detail. From here, Adam
saw the potential of this technique and pushed to fabricate optical structures on YIG that we could
measure with his newly developed trMOKE microscope.

Quantitatively, changing the external field (by Co/Pt magnets) or the saturation magnetization
(via FIB irradiation) express nearly the same effect in the spin-wave dispersion relation, they induce a
quasi-linear shift of the curve in frequency space (discussed in Sec.1.4.1), where both directions can be
accomplished with both methods (ion-dose-dependent for FIB, magnetization orientation dependent
for Co/Pt magnets). One main difference is the range of achievable change, which is more limited
by FIB (the anisotropy change saturates), whereas in the case of Co/Pt magnets, the magnitude of
dipole fields depends on the magnetic moment, which can be engineered by the number of Cobalt
multilayers (this is ultimately compromised by a single domain state and maintaining the PMA).
Now, the hybrid platform, aka the Co/Pt nanomagnets on top of YIG, is definitely the winner when
it comes to reconfigurability, but on the downside, the stacks” seedlayer is Platinum, one of the most
commonly used spin sink materials for YIG [26], [27] to explore spin pumping. This can potentially
be solved by avoiding direct surface contact, e. g. using a SiO, spacer layer between the Co/Pt stack
and YIG. However, a major drawback in the experimental visualization is the opacity of the stacks
towards the 405 nm laser used in the time-resolved MOKE, hence not allowing to study the resulting
spin-wave pattern in YIG underneath. The beauty of using direct FIB irradiation is not only the
much higher spatial resolution offered (> 10nm), but also practicability (the fewest process steps,
no additional materials are needed) and applicability (ion-implanters are industry-standard). For
research proposes, the direct imaging of spin-waves in (un-)irradiated YIG allows the most precise
characterization of the effect needed for device designs.

1.4 Spin-wave propagation characteristics

In this section, the relevant aspects of spin-wave theory in magnetic thin films are presented to
the reader. To begin with, a macro-spin model is assumed, i.e. an effective magnetic field Heg is
stronger than the films saturation magnetization M and anisotropy field H, in this specific direction,
summarized in the effective magnetization Mg = Ms—H,, leading to the precession of spins about this
equilibrium direction. This precession can propagate, and a spin wave is then defined by the relative
phase shift between adjacent magnetic moments. The wave number k of a spin wave is expressed by
the physical length after which the phase has rotated by 360°, and it is connected to the precession
frequency in the spin-wave dispersion relation w(k) [28], [29]. The orchestrated precession can be
excited by an oscillating magnetic field of high frequency f (gigahertz) perpendicular to the orientation
of the magnetic moments [30]. The fundamental state of precession is uniform, i. e. all spins precess
in phase and with a resulting wave number k = 0, also known as ferromagnetic resonance (FMR)
with the frequency frvmr(Hef). A spin wave is expressed as a higher mode of precession, excited when
shifting away from femr(Hetr) by either changing Heg or f along the dispersion curve f(k), which in
turn is material-specific. The excited spin-wave type depends on dominating magnetic interactions
in the magnetic medium and can be classified by the magnitude of k. Based on the exchange term
Aexk? with the exchange constant Aey, excited waves are called exchange spin waves for Aexk? >> 1
(short-range energy), dipolar or magnetostatic spin waves when Aexk? << 1 (long-range energy),
and dipole-exchange spin waves in the transition regime.
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1.4.1 Magnonic dispersion relation in thin films

Spin waves traveling in magnetic media inherently have non-linear dispersion characteristics, meaning
the propagation wavelength A = 27 /k isnot directly proportional to the wave frequency w(k) asitis the
case for light in vacuum (€,, y, = 1) with the characteristic relative permittivity €, and permeability u,,
and waves travel with the group velocity v, = w/k = c that is equal to the phase velocity v, = c/n,
whereby n = /€, i, is the index of refraction.

In dispersive media, waves of different frequencies (or wavelengths) travel at different phase and
group velocities vo(w) = c/ng, and the dispersion characteristics are determined by the wavelength- or
frequency-dependent index of refraction n(w), and the corresponding group index ny = n(w) +dn/dw.
This dependency is called chromatic dispersion in optics, and the shape of n(w) depends on the elec-
tromagnetic properties of the medium [31].

Similarly, magnetic parameters in spin-wave media, here considered as magnetic thin films, influ-
ence the dispersion characteristics. These are the effective magnetic field Hegg = Hpc + Hdemag + Ha + -
that includes a sum of different fields such as the external DC field Hpc, the geometry-dependent
demagnetizing field Hgemag, and the anisotropy field H,, the saturation magnetization M, the film
thickness d, and the exchange stiffness constant Aex. A useful approximation of the dipole-exchange
spin-wave dispersion relation [28] analytically derived by Kalinikos and Slavin [32] for arbitrary field
orientation is given by

@(k) =V (wn + OMAexk?)(@H + OMAexk?) + wMF (1.1)

w(k) is the spin-wave frequency of the respective wavelength k, wy = yuoHeg with the electron
gyromagnetic ratio y, wm = yoMs, and the exchange constant Aex = 2Acx/ yoMg = lgx [7] with the
exchange length [¢«. The field-angle dependence is given by the factor

_ 2 _ 2 _ poMs .,
F=P+sin (9){ 1-P(1+cos“(p)) + P(1 P)—Heff " dkzsm (p) } (1.2)
and
B 1 —exp(—kd)
P=l-—m— (1.3)

whereby the angles 6 and ¢ denote the polar and azimuthal angles of Heg with respect to the wave
vector k and the film surface [J. The geometrical arrangement is illustrated in Fig. 1.2a. Fig. 1.2b shows
exemplary dispersion curves of dipole spin waves in a YIG thin film for different field (magnetization)
orientations and spin-wave propagation along the x-direction. Hereby, the material parameters
d = 100nm, Mg = 1.15A/m, Bpc = poHpc = 275mT, and Aex = 3.65 - 10'2]/m were used and
the anisotropy fields were neglected. For larger wave numbers, the exchange contribution becomes
non-negligible and the slope of the dispersion curves changes significantly (Fig. 1.2c). For simplicity,
the wave vector is expressed in 27t/ um, hence the resulting SW wavelength can be easily read as 1/k,.

The angle configurations point out the three characteristic precession modes: Forward Volume (FV),
Backward Volume (BV) and Magnetostatic Surface (MS) SWs. Their characteristics are discussed in the
following section using typical material parameters of the YIG thin films exploited in the experiments
presented in this work.

1.4.2 Magnetostatic precession modes

Under the magnetostatic approximation, i. e. the sample dimensions are small compared to the free-
space wavelength and the waves represent a solution to Maxwell’s equations, three distinct types of

5



b ‘ Dipole spin waves (k?A4,, < 1) ‘ Cc ‘ ’ Dipole-exchange exchange
6.5 25
FVSW FVSW
6| |——BVSW / ———BVSW
20
—— MSSW ——MSSW
. k1Mo y 4
5.5
= —74» < 15
joui 5 g
o k|| Mllo <
o « 10
1
4 klMlo 5 b=
3.5 0
0 0.2 0.4 0.6 0.8 1 0 2 4 6 8 10 12 14
k(27 /pum) k(27 /um)

Figure 1.2 Spin-wave propagation types with respect to effective field orientation. a) Geometrical arrangement
illustrating the angles (6,¢) with respect to the Her and the spin-wave propagation direction. b) Spin-wave
dispersion relations of a YIG thin film (d=100nm, Bpc=275mT, M, = 1.15- 10° A/m, Aex = 3.6 - 10'2]/m) for
three characteristic field orientations, denoting the spin-wave type in the legend. The dispersion curves show
dipole spin waves only - the range relevant to the experiments presented. c) Dispersion curves in the dipole,
dipole-exchange, and exchange regime, indicated by the greyscale in the background. The slope of the curve,
i.e. the group velocity, increases quadratically when the exchange interaction becomes dominant when the
wave number k becomes large.

spin waves, often referred to as propagation modes, can be identified depending on the effective field
orientation, and hence the magnetization M, with respect to the spin-wave propagation direction k and
the film surface normal 1. These correlations are expressed by the angles (0,¢)=(Z(Hef 110), Z(Hegt k))
in Equ. 1.2. Under the assumption that 0 is the angle from the surface normal in +z direction and ¢
the angle from k aligned along +x, magnetostatic surface spin waves (MSSW) are excited at (90°,0),
backward volume spin waves (BVSW) at (90°,90°), and forward volume spin waves (FVSW) at (0,0).

Orthogonally magnetized films: Forward Volume waves

Magnetostatic forward volume spin waves (FVSW) are excited when H L k and the film is magnetized
out-of-plane, H L [J. The peculiarity of this precession type is its isotropy in the plane of the film,
i.e. the dispersion is invariant of the direction of k = kx = ky, since spin waves always propagate
perpendicular to the bias field. The group and phase velocity point in the same direction, although
their values are different, hence the name forward waves. Furthermore, the amplitude is distributed
in the volume in a sinusoidal fashion. The explicit analytical form of FVSW dispersion relation is
given by [32], [33]

1—exp(—kd) ) ) (1.4)

fFvsw=\/fH(fH+fM (1— T

with the parameters fy = yuoHeg and fm = yuoMs;. For large k values, the exchange contribution
becomes non-negligible and fi1 = Y po(Hess + M Aexk?) = v uo(Hegt + 2Aex/pioMs k?). Note that in this
configuration the applied field is reduced by the demagnetizing field —Ms, and the cutoff frequency
becomes fi = yuo(Hpc — Ms).

Fig. 1.3 shows the magnetic parameter dependence for FVSW dispersion curves in YIG thin films, dis-
tinguishing the impact of the external field, the effective magnetization, and film thickness. Hereby,
the top row (a-c) depicts a large k-range where the slope is dominated by Aexk?, and the bottom row
(d-f) shows a magnification of the dipole regime, the k-range relevant to this work. Changes in the



magnetic field and the magnetization appear to have equal influence with an opposite sign on the
quasi-linear frequency shift in the dispersion of dipole SWs. The slope is mostly determined by the
film thickness, whereby the uniform precession k = 0 is unaffected by a change of d.

The feature of isotropic propagation allows to draw the analogy to electromagnetic waves for FVSW
and to directly adapt principles from optics to design spin wave devices. Consequently, most attention
is given to this propagation type throughout this thesis. The out-of-plane direction presents a hard
axis for regular YIG thin films on GGG [34], hence bias fields larger than M. are required to reach
the cutoff frequency necessary to excite this propagation type.
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Figure 1.3 Forward Volume dispersion characteristics using typical material parameters of a YIG thin film. a-c)
dispersion curves for a large k-range illustrating the influence of bias field (a), effective magnetization (b), and
film thickness (c) on the curve shape. The propagation regimes are highlighted by the greyscale with respect
to k. d-f) Magnification of the dipole regime (small k-range) showing the influence of magnetic parameters.
Here, the slope is mostly determined by the thickness, field, and magnetization changes that cause quasi-linear
shifts in frequency space.

Tangentially magnetized films: Backward Volume waves

Magnetostatic backward volume spin waves (BVSW) are excited when the film is magnetized in-plane
H || 0, and spin waves propagate in the direction of the effective field H || k, whereby the dispersion
is unaffected if the propagation is parallel or antiparallel to H. Due to the asymmetry of field and
wave vector, these waves propagate isotropically, i. e. k becomes direction-dependent. Equ. 1.5 shows



the solution of the general dispersion relation for this particular propagation configuration [32], [33].

fovsw = \/fH (fH + fm 1_+Z(_M) (1.5)

fu = yuoHeg and fm = ypoM;. The main peculiarity of BVSW is the partially negative group velocity
vy = dw/dk, expressed by the slope of the dispersion curve. This configuration excites volume waves,
the amplitude is sinusoidally distributed, but the group velocity points in the opposite direction
(negative) than the phase velocity (positive), which is why this propagation type is called backward
volume. An increase in k in the dipole regime is then associated with a decrease in w(k). Due to the
magnetization in the film plane, the magnetic easy axis of YIG, much lower bias fields are required
to reach the cutoff frequency for BVSW, and the demagnetization can be neglected fi = ypoHpc. For
the inclusion of exchange contributions in the cutoff frequency, please refer to the FVSW section.

Tangentially magnetized films: Magnetostatic surface waves

Magnetostatic surface spin waves (MSSW), also known as the Damon-Eshbach mode (DE), are excited
when the film is magnetized in-plane H || [J, i. e. the easy axis, but spin waves propagate perpendic-
ular to the effective field H L k. In contrast to volume waves, MSSW are localized to one of the film
surfaces, and the precession amplitude distribution across the film thickness is exponential, with a
maximum at the film surface. However, the group and phase velocities point in the same direction,
consequently, MSSW are forward waves. Again, due to the broken symmetry of the field with respect
to the surface, this type of wave exhibits anisotropic propagation and the solution of the dispersion
relation shown in Equ. 1.6 [32], [33] is only valid for ky, but invariant of the direction sign.

fussw =\ (fia + /22 = (fu/2)? exp (~2kd) (16)

The demagnetization in fg = yuoHeg can be neglected as the film is magnetized in the film plane
and Heg = Hpc. The direction/sign of k along the x-direction and that of H along the y-direction
determine whether propagation happens on the top or the bottom surface and can be switched by
a 180°. When the propagation direction is reversed, the concentrated fields shift from one side of
the film to the other - this phenomenon is called field displacement non-reciprocity. However, in
practical experimental systems, the film thickness is much smaller than the wavelength (kd << 1)
and the amplitude distribution across the thickness can be assumed uniform [35]. As opposed to
volume waves, there is only a single propagation mode on the surface instead of various thickness
modes.

1.5 Magnon-based computing

Contemporary computing architectures work with electric charges as information carriers, and their
controlled movement in modeled systems performs the computation. Integrated circuits of highest
density are commonly based on complementary metal-oxide semiconductor (CMOS) technology, and
hereupon built transistor-based logic gates cover the full spectrum of Boolean operations at low power
levels. This technology has been continuously developed over the years, offering highest integration
densities, and matured design guidelines at highly optimized fabrication efforts. However, on the
road to device scaling, fateful power densities and leakage currents lead to reduced reliability and
inefficiency, slowly but surely posing a dead end for this technology.

The field of Spintronics is one of many interesting beyond-CMOS computing alternatives, the
electron spin is used as an information carrier instead of moving electric charge, making it particularly
attractive because of the intrinsically low energy consumption of magnetic excitation and the absence
of heat loss.



Spin-wave computing [7] uses wave-like magnetic excitations to perform computation and can be
looked at as a subfield of Spintronics [36], [37] Spin waves are excited at high frequencies [38], and a
compelling advantage over electromagnetic waves is their orders of magnitude smaller wavelength
at microwave frequencies.

Numerous device concepts have been proposed and some experimentally realized, first and fore-
most accommodating for Boolean logic operations with spin-wave logic gates [39]-[42] as building
blocks. The emerging spin-wave circuits are aimed to be embedded in existing CMOS environments
to obtain hybrid computing systems that take advantage of computation tasks that are more efficient
in the spin-wave domain.

Spin waves are wave-like oscillations of magnetic spins, and it only seems natural to take advantage
of their powerful features in wave-based computing paradigms. In this case, the information is carried
by the wave properties that are amplitude, frequency, and phase. Again, a number of promising non-
binary architectures have been proposed, e. g. the concept of magnonic holographic memory [43] or
a magnetic cellular nonlinear network [44].

Optical computing [45], [46], i.e. exploits the use of photons in visible light or infra-red beams
to transmit and process information, but the digital format never became competitive to CMOS
technology due to the reduced optical device integration density and photon confinement at small
scales. With the emphasis on non-Boolean signal processing, spin waves could show a real advantage
over photons due to their propagation characteristics, e. g. smaller wavelengths when used with the
computational primitives of optics. This format of optics is often referred to as Fourier optics [47],
and ideas on the magnonic version are given in Sec. 1.5.2.

1.5.1 Building blocks of spin-wave devices

The main functional blocks of spin-wave devices can generally be categorized into the input interface,
the functional medium combined with the steering mechanism to alter the functionality, and the
output interface. A general overview with a few common effects and utilized mechanisms is depicted
in Fig. 1.4.

The simplest excitation mechanism is based on the magneto-electric effect using microwave transduc-
ers that directly creates a microwave magnetic field, and there have been various optimization efforts
to explore and tune their wavelength efficiency [35], but also power efficiency as they are prone to have
high insertion loss [48]. Other generation mechanisms use spin-polarized current [49] to exert torque
on the magnetization, that can for example be realized via tunable spin-torque nano-oscillators [50].

Focusing on the functional medium, this incorporates the building blocks of spin-wave devices,
in the most basic form this could be magnetic thin film or an assembly of waveguides [51]. There
are many promising device concepts reaching from Boolean spin-wave logic over unconventional
computing to quantum Magnonics. Examples are magnonic crystals [24], spin-wave transistors [8],
majority gates, (directional) couplers [52], multiplexers [53], and even amplifiers [54]. Steering mecha-
nism include the modification of any parameter that is part of the SW dispersion relation, e. g. current
induced anisotropy changes [55].

To contextualize the efforts taken in this work, the employed methods are highlighted in purple
in the text and specified in the circles next to the building block modules. The vision of this thesis is to
show the potential of FIB as a manipulation technique of propagating spin waves, coherently excited
by coplanar transducers, in the functional medium YIG, deployed as a refractive index modification
and demonstrated with optically inspired spin-wave computing elements.
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Figure 1.4 Mindmap of the functional blocks of spin-wave devices (blue modules), including exemplary effects
and methods (green). Most efforts have been taken to study features and effects in functional media, which
is obviously the part of highest complexity as it incorporates the essential building blocks. The simplest
and most reliable excitation mechanism is provided by magneto-electric transducers, although exhibiting high
insertion loss. SW read-out technologies are far from being reliable and efficient, and the shown characterization
techniques (orange) are being used to study the wave properties, partly used as an attempt to design a successful
read-out.
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1.5.2 Optically inspired magnonic computing

An interesting route toward the usability of spin-waves as information carriers in signal process-
ing tasks is to build the analogy to optical computing by adapting its principles to spin-waves
while exploring their superiority to photons, represented in the subfield of "magnon optics" [56] or
optically-inspired spin-wave computing [57]. This is not to confuse with "optomagnonics" [58], where
the interaction between photons and magnons in solid-state systems is investigated.

There are two categories of optical computing, digital and analog, and we specifically focus on
the analog format, hence exploiting the physical characteristics of waves and their interactions with
optical devices. Analog optical computing (AOC) offers significant improvement in computational
speed and efficiency in certain applications, e.g. pattern recognition, and allows parallel data pro-
cessing due to the inherent attributes of light - photons are uncharged and do not interfere with each
other as easily as electrons. The AOC architecture is established on the Fourier transform properties
of a lens (Fourier optics), and promises the real-time processing of large data amounts that are rep-
resented in the amplitude and phase of a light wave [59]. The application of AOC in artificial neural
networks found great popularity in recent years due to its enormous processing power [60], [61].

In magnon optics, spin-waves offer even richer dispersion features than light, the frequency-wavevector
relation is inherently nonlinear and they can propagate anisotropically. The simplest way to replicate

optical primitives is to use Forward-Volume spin waves, they exhibit isotropic propagation and their

dispersion is quasi-linear in ultra-thin YIG films for small changes of k, the closest it can get to light,

but in principle, this is also possible with spin waves of anisotropic nature [62], [63]. Like light, spin
waves can be focused and diffracted by geometrical and refractive index modifications, whereby n

can be modeled with any parameter that impacts the SW dispersion relation.

Besides replicating optical shapes like lenses [64] to perform Fourier transformations, a new factor
of flexibility is offered by device designs aided by machine learning, as opposed to conventional de-
sign methods where a device is designed to deliver a dedicated output. A particularly useful method
when using machine learning is the inverse design, whereby the desired output is defined at first, and
the device performance is reverse-engineered’. The corresponding new subfield of inverse magnon-
ics [65]-[67] is again inspired by optics, where the approach has been proposed for photons [68],
[69], and it can be used for practically any spin-wave device, from binary data processing to more
unconventional methods like neuromorphic computing. A full demonstration of an inverse-designed
spin-wave component, namely an unconventional lens [3], from the training of magnetic parameters to
the simulation of the machine-learned pattern over the experimental realization is shown in Chapter 5.

Adopting the principles of neural networks offers a new era of unconventional computing, it is
possible to solve complex problems like classification and to perform pattern recognition of various
data types. Neuromorphic computing needs special hardware to model complex levels of intercon-
nections that imitate the function of the human brain , i.e. neuromorphic architectures with (artificial)
neurons as information carriers. Exploiting wave computing paradigms appeared to be highly effi-
cient in this manner when adding nonlinearities [70] to the system, which requires much less power
when using spin waves [66], [71].
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2 Experimental methods

2.1 YIG film fabrication and characterization

The fabrication of Yttrium Iron Garnet (YIG) thin films marks the beginning of the research project that
is subject to this work. With the great help of Simon Mendisch, who used to be the fabrication expert
in our group at the time, we managed to fabricate high-quality YIG thin films comparable to those
used by leading researchers in the Magnonics community when used as a spin-wave medium [72].
The results were presented at the Magnonics conference in Brindisi, Italy in 2019 [73].

To suffer minimal damping, YIG is deposited onto Gadolinium Gallium Garnet (GGG) substrates,
purchased from Saint-Gobain Crystals, due to the closest matching lattice constant. We use RF
magnetron sputtering (Fig. 2.1) to fabricate thin films of the renowned configuration Y3Fe50O1,, and we
obtained the best film qualities with a working pressure of 40 pbar and an RF Power of 100 W, resulting
in a deposition rate of 6.6nm/min. Sputter-deposited YIG is amorphous, and re-crystallization is
achieved with a subsequent annealing process in an oxygen atmosphere at 700 °C for 4-8 hours with
a ramp-up time of 10 °C/h and a cooldown of 1°C/h.

In the experiments subject to this work, a film thickness d = 100 nm was chosen to maintain a stable
and reproducible film quality. We fabricated samples down to d = 50 nm, but find the detection of
spin waves to become tricky. As a quality indicator, we use the powerful characterization method
of broadband Ferromagnetic Resonance (FMR), as it reliably determines magnetic parameters that
are relevant to spin-wave dispersion and propagation length, and we obtain values of Mg between
110 and 120 kA /m, and a Gilbert damping ac from 0.0005 down to 0.0001. The measurement of an
exemplary YIG thin film is shown in. Fig. 2.2. The physical film quality is certainly not as perfect as
with LPE growth [74], especially at the interface to GGG (for details, see Fig. 2.8).

It is to mention that the films we find to allow the longest spin-wave propagation lengths possess
a lower effective magnetization Meg of around 115 kA /m than the intrinsic value of YIG (140 kA /m).
At some point, we found the Mg value of fabricated samples to drift to larger values, seemingly
attributable to a crack in the target leading to gas enclosures and causing impurities. After the target
was replaced, a working pressure of 8 pbar became the new sweet spot for optimal film quality in
terms of magnonic performance.

For the electrical excitation of spin waves (SWs), shorted co-planar microwave antennas with center
conductor S and gap G widths ranging from 2 to 5 um are fabricated on top of the YIG film using
a chromium mask and a negative photoresist (AZ MIR 701). Due to the limited resolution of the
contact mask process, the lift-off of the 1 mm long antennas (excluding tapering) appeared to be
too unreliable. For that reason, the excess parts of the electron-beam evaporated aluminum layer
(300 -400 nm) were etched off using a phosphoric acid-based etchant (TechniEtch Al80) with a rate of
approximately 30 nm/min, which was found to be sufficiently selective to the YIG film underneath.
As a side note, it turns out that crystalline YIG can hardly be etched with phosphoric acid, but
amorphous (unannealed) YIG at a rate of about 10 nm/min.

We later gained access to a maskless aligner instrument, and thanks to Matthias Golibrzuch we
do use this much more convenient lithography tool combined with a lift-off process ever since.
Interestingly, we were also able to fabricate structures in YIG via lift-off with surprisingly clean edges,
a technology that could be extremely useful for device fabrication. Johannes Greil will look into this in
more detail during his doctoral project. As a side note, we never had access to an E-beam lithography
writing tool, but due to the optical resolution limit of the trMOKE tool we are solely able to image
dipole-dominated spin-waves (A > 1um) and there is not much point to fabricate thinner antennas
that could excite shorter wavelengths.
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Figure 2.1 Sputtering process of Yttrium Iron Garnet. a) Sketch of the sputtering tool used for the thin
film deposition. b) YIG deposited on a 4" silicon wafer to illustrate the radial sputter gradient. YIG was
subsequently etched off alongside the edge with the marker points to measure the film thickness. ¢) AFM
thickness measurement to determine the radial gradient. The deviation within the inner square centimeter is
negligible. Note that the maximum thickness on the wafer is larger than on a single 1x1 cm chiplet, as it did
not fit into the 1 cm deep dent of the sputtering plate, and therefore was closer to the target.

2.2 Time-resolved Magneto-optical Kerr Microscopy

Detecting magnetization changes of a medium can be accomplished by using the interaction with light
(which is a propagating electromagnetic wave by definition) and investigating its property change in
response to external forces that impact the magnetization such as the magnetic bias field. As a physi-
cal representation, the magneto-optical Faraday and the Kerr effect are of most relevance, as they are
both first-order effects that denote the non-reciprocal polarization rotation of light by interaction with
a magnetic field parallel to its propagation direction. Faraday rotation occurs when light transmits
through a magnetic material, but the more practical effect to use when it comes to characterization
is the Kerr rotation and ellipticity, which occurs when light is reflected from a magnetic surface. If
light gets reflected at any interface below the surface, and transmits part of the substrate, the reflected
signal will incorporate both, the Faraday and the Kerr effect.

The cutoff frequency of magnonic dispersion is usually in the gigahertz range with measurable
wavelengths starting in the um-range (see Sec. 1.4.1), and hence, time- and spatial resolution are
needed to probe the fast change in the dynamic Susceptibility and to image its resulting wave vector
in space. Furthermore, the dynamic magnetization components of interest (my and my) in this work
are in the film plane (FVSWs), and can only be detected if the light hits the sample surface at an angle.
The Kerr effect is explored in a longitudinal fashion according to the sample-on-chip vs. objective
geometry. The components that account for the aforementioned peculiarities are a pulsed laser beam
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Figure 2.2 Characterization of an exemplary sputter-deposited YIG thin film by means of VNA-based ferro-
magnetic resonance. The optimal sputter parameters were found at a working of 40 ubar with 25 sccm Argon
flow and 100 W microwave power, leading to a deposition time of 15 min for d = 100 nm. The ideal annealing
procedure in O, atmosphere was found at 700 °C for at least 4 hours. a) Kittel fit of out-of-plane FMR peaks,
indicating the effective magnetization and the gyromagnetic ratio. b) Damping fit ag of the resonance field
linewidths using the baseline-corrected magnitude of Sy;.

(A = 405nm) with picosecond resolution and ym x-y stage. The laser wavelength was chosen to
obtain the largest magneto-optical response of YIG [75], but principally any wavelength with good
enough Kerr contrast can be used.

This chapter explains the construction of the time-resolved magneto-optical Kerr effect micro-
scope(trMOKE) designed and built by Adam Papp during his Post-doc stay at TUM. Unfortunately,
he did not have time for any documentation of his work before he left Munich in 2019, as we only
managed to get the first working experimental results on YIG shortly before that moment in time.
This chapter is not only the compulsory explanation of the measurement method but also aims to
address potential questions of the interested reader that help to understand, operate, improve, and
even built such a setup. The finishing of the trMOKE microscope laid an important foundation for
the experimental work on spin-wave devices in our group and became a central part of our long-time
collaboration with Adam Papp and Gyo6rgy Csaba.

2.2.1 Functional Principle

To probe spin waves, which can be understood as orchestrated precessions of magnetic moments,
one needs to detect the momentary, rotational phase of magnetization of at least two locations within
one time period of precession T = 1/ fi to fulfill the Nyquist sampling criterion. This is where the
undersampling approach comes into play, and the procedure is illustrated in Fig. 2.3. The idea is to
use short laser pulses (pulse width < 1/2f) at a repetition rate fep that is not only synchronized
to the excitation signal f;f but is also an integer divisor of it. The laser pulses are a downmixed
version of the initial signal, which depicts the rotational state of magnetization by making use of
the stroboscopic effect. To measure the precession in the down-converted signal electronically with
preserved phase information, the laser pulses (or the excitation signal) are shifted by the amount
of the lock-in frequency fiock. This creates the reference points for a coherently occurring phase in
a further down-converted signal, that can be sampled and demodulated at this very lock-in frequency.

15



minnnnannne

amplitude (a.u.)

Exc. frq. = 2 GHz + 50 MHz
Laser Rep. = 10 - 100 MHz
O Sampled Signal = 50 MHz

| | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
time (ns)

Figure 2.3 The principle of stroboscopic undersampling in the time domain. For illustration purposes, the
pulsed laser signal, here 100 MHz, is up-mixed to 1 GHz. The lock-in shift (also increased by a factor of 10 for
better demonstration) enables reconstructing the initial signal (here 2 GHz) at a very low sampling frequency.

Consequently, the undersampling condition requires that

frf =n- frep iflock (21)

which limits the minimum frequency step size to

fstep,min = frep + flock (2-2)

This is a special constellation of a time-resolved MOKE measurement that is also referred to as Super-
Nyquist Sampling [76], it represents an extreme case of undersampling where the excitation source
does not have to be modulated. Furthermore, the real and imaginary parts of the magnetization
are measured contemporarily in contrast to conventional modulation approaches, where they are
measured consecutively with a delay stage for the laser pulses.

2.2.2 Setup Components and Schematic Overview

The tr-MOKE setup was built under economical constraints, mostly instruments already available
in the lab were used, and only inevitable parts such as the picosecond laser (Taiko PDL-1) were
purchased. The foundation consists of a Zeiss microscope with a 3-axis (x-y-z) micrometer stage
and a 100x magnification objective. Spin waves in the YIG film are excited by feeding the microwave
antennas with the RF source (SRS386) through the chip carrier (photograph in Fig. 2.5) in combination
with a DC bias field Hg. normal to film plane provided by a strong Neodymium permanent magnet
underneath. Their wavelength is conditioned by the combination B4 and f,f according to the Forward
volume dispersion relation (Sec. 1.4.2).

The RF source serves as the clock provider (10 MHz) for the laser trigger and the lock-in amplifier.
The 405 nm laser is pulsed by an integer-N phase-locked loop (ADF4351 PLL board) that is again
synchronized to the clock master. Typically, this is done at a 50 MHz repetition rate as this has proven
to lead to a good signal-to-noise ratio, but the laser driver unit principally allows external triggers up
to 100 MHz repetition rate that can be easily changed with the PLL board.

The laser beam is guided through an arrangement of optical elements that control its path: first,
the incident beam is linearly polarized before it is directed close to the lateral edge of the microscope
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objective with the purpose to hit the sample at an angle. Hereby, the beam is rerouted with dichroic
mirrors that allow the ambient light of the microscope lamp to transmit, enabling vision on the sample
surface with the camera. As a next step, the beam is reflected from the sample surface symmetrically
to the incident angle and guided back through the mirrors parallel to the incident beam. A d-
shaped mirror is used to separate the reflected beam and routes it to a A/2 waveplate that rotates
the polarization plane. The Wollaston prism separates the beam into two orthogonally polarized
components at an angle of 20 degrees, and adjusting the prism’s radial orientation is used to align
the two beam parts horizontally to the balanced diodes of the photodetector (Thorlabs PDB450A,
AC-coupled). The signal is balanced to equal intensity by adjusting the polarization plane (1/2
waveplate).

The photodetector takes the difference between the two signal components that incorporate the
Kerr rotation and also amplifies it. This amplification is switchable and needs to be set according to
the bandwidth of the signal to be sampled by the lock-in amplifier (Zurich instruments MFLI) at the
intermediate (or alias) frequency fiock. An overview of the setup arrangement is shown in Fig. 2.4.

Wollaston D-shaped _
Lens prism mirror Mirror
RFour e E
:__,
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— splitter Qe MHz
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Figure 2.4 Schematic overview of the setup arrangement of the in-house developed time-resolved MOKE
microscope, initially built by Addm Papp. The laser optics are attached to a Zeiss microscope, wherein the
beam is guided to the surface of the YIG sample (bonded to the PCB) at an angle. The longitudinal MOKE effect
is necessary to probe the Forward Volume spin wave configuration, as the dynamic magnetization components
my and m, are in-plane.

For the out-of-plane bias field, a height-adjustable (motorized) permanent magnet underneath the
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sample is used due to limited space and for simplicity. Off-axis stray fields make the alignment normal
to the sample cumbersome and can cause deviations in the expected focal distances and diffraction
angles of the presented elements due to portions of anisotropic wave components. This limitation
is caused by the physical constraints with the out-of-plane bias field: a second (electro) magnet pole
would collide with the microscope objective.

Figure 2.5 Photograph of a YIG sample mounted to the chip carrier. The microwave antennas on the sample
are wire-bonded to the coplanar leads (roughly impedance matched) on the printed circuit board and can be
connected to the RF source with the edge launch connectors. The chip carrier is large enough to fit the 100 x
objective and is screwed to the X-Y stage when in operation.

The smallest detectable wavelength (currently about 1 um) depends on multiple factors in the system.
First and foremost, the X-Y micrometer stage (Ludl) has a minimum scanning step size of 0.4 pm, thus
limiting that spatial resolution to about 1 um on that end. The spatial resolution is ultimately restricted
by the optical diffraction limit, and hence the minimum laser spot size. The minimal achievable focal
spot size on the sample is about 1-2 um? with the optics currently in use, which could potentially be
improved by using additional lenses.

The largest detectable frequency is limited by the pulse width of the picosecond laser to fmax =
1/2pmin. The laser head (PicoQuant LDH-I Series) can produce pulses with a full width at half
maximum (FWHM) of 50 ps at a laser power level of 10%, which is used in measurement mode,
and hence the maximum excitation frequency is 10 GHz. As discussed earlier, the alias frequency
used in the undersampling technique conquers the minimum frequency step size limitation in the
amount of the laser repetition rate frp that is present in conventional trMOKE setups. Given the
condition in Equ. 2.1 it becomes obvious that an infinitely small frequency step size is only feasible if
the lock-in (and the photodetector) bandwidth is > frep/2. Since the lock-in amplifier integrated into
the setup has a maximum bandwidth of 5 MHz, the minimum frequency step size at fr,=50 MHz
would be 40 MHz. The laser driver (Taiko PDL M1) allows adjusting frep, but fewer repetitions result
in losing a significant amount of signal. Spin waves have been successfully detected with fep=10
MHz by simply using the system clock as a trigger to accommodate the 5 MHz bandwidth limit
of the lock-in amplifier when aiming to do frequency sweeps. This implies a minimum frequency
step size of fstep,min =5 MHZ for frep,min =10 MHz, but a low repetition rate causes a significant loss
of signal. For the experiments in this work, we used frep =50 MHz, but any wavelength within the
optical detection limit and the antenna efficiency spectrum can be set by fine-tuning the height of the
permanent magnet. The 2D SW patterns are recorded by stepping across the area with the x-y stage
(0.4 pm step size), and with a dwell time of 0.5 s per step, scanning an area of 60x60 pm takes about
3 hours.
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2.3 Magnetic parameterization of the FIB effect

In an early experiment, an entire YIG film has been irradiated with consecutively increasing ion doses,
and the change of the ferromagnetic resonance (FMR) field was measured after each irradiation step.
A change of the resonance field can be attributed to a change of the effective magnetization according
to Kittel’s equation [77]. For the in-plane configuration (He || O), the relationship is

WEMR = )/HO\/Heff,ll(Heff,ll + Meg|) (2.3)
with
ZKu,”

IJOMeff,H = VO(MS -H,) = IJOMS - M
s

(2.4)

The anisotropy term K, | in this orientation has a positive sign, hence it reduces the demagnetization
contribution in this direction. For simplicity, the uniaxial anisotropy is assumed to have the main
contribution to deliver the idea of how demagnetization can be affected, but the anisotropy field H,
can contain other components and their respective orders of contribution, such as crystalline and
interfacial anisotropy [78]. In the out-of-plane configuration (Heg L [J), the dependence resonance
field on Mg becomes linear

MR = Y flo(Hegr, 1 — Meft, 1) (2.5)
with
2Ky,1

Meff,J_ = HO(MS - Ha) = ‘UOMS - M
s

(2.6)

The sign of anisotropy term K,,,, becomes negative when the film is magnetized perpendicular to its
surface and adds to the demagnetization field, explaining the need for higher fields in this orientation.

The resonance fields of two step-by-step irradiated YIG thin films with a thickness of d = 100 nm and
d = 60nm, for the frequency of 9 GHz are shown Fig. 2.6, whereby the top row shows in-plane and
the bottom row out-of-plane FMR measurements. The cumulative dose is assumed to be identical to
the irradiation at a high dose in one run. The resonance field generally increases for small ion doses
and decreases again when the "turn point" dose is reached.

For the out-of-plane configuration (Fig. 2.6b and d), this happens at a dose larger than 6-10'2 ions/cm?

(d = 100nm) and at an even lower one for 4 = 60 nm, thereafter the amplitude decreases significantly.
In this orientation, a change of the resonance field is linearly dependent on the effective magnetization
Meg according to Kittel’s equation, and the measured change of the resonance field ABrvr of about
2-3mT is in good agreement with the results on the FVSW wavelength change detected in this ion
dose range Fig. 3.2, and the resulting Mg change of about 1.5% from 146.7 mT to 148.2 mT, fitted
numerically using the dispersion curves.
Interestingly, the turning point of the resonance field change happens at a larger dose when the film
is magnetized perpendicular to the film plane (Fig. 2.6a and c). We did not investigate the impact on
spin-waves in the geometry, we only conducted experiments with FVSW focused on isotropic wave
propagation. Here, the anisotropy contribution most likely has a different composition as a result of
the ion irradiation.

Due to the ion implantation depth limit of Ga* in YIG of about 24nm (see TRIM simulation
in Fig. 4.5), the thin films used in the presented experiments are only partly "doped" in their top
layer. Therefrom, it is intuitive to assume that a change in the film thickness also contributes to the
modification of the spin-wave wavelength, especially since the change with ion dose is non-linear. To
classify the effect for spin waves, the dispersion relation [28] dependence on Meg and the film thickness
are shown in Fig. 2.7b, c at experiment-relevant values, respectively. From here, it becomes obvious
that the dispersion relation is quasi-independent of thickness for k = 0, as opposed to Mg in Fig. 2.7c,
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Figure 2.6 Ferromagnetic resonance fields Brpvr of consecutively ion-beam irradiated YIG thin films with
different thicknesses (60 and 100 nm) at the indicated doses, shown for f=9 GHz in all cases. In the in-plane
configuration (a and c), Bemr increases up to the range of ion doses shown, although with a clear decrease in
signal amplitude. The steadiness seen in the low doses in (a) is most likely a measurement inaccuracy. The
relative field shift ABgmr is slightly larger for the thinner film in (c). At doses larger than depicted, Bpmr starts
to decrease again (not shown for overcrowding reasons). When the films are biased perpendicular to their
surface (b and d), the resonance field increases for low doses by about the same amount ABrvr, but already
decreases at lower ion doses.
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Figure 2.7 Considerations supporting the chosen parameterization of the FIB effect in YIG. (a) Ferromagnetic
resonance measurements (f =9 GHz) of a 100 nm thick YIG film incrementally irradiated at the indicated ion
doses. The resonance field changes in response to the irradiation, which can be attributed to a change of
Megs. (b) Spin-wave dispersion relation [28] dependence for a change of the film thickness. The parameters
for an exemplary YIG film from FMR are used: Meg=145mT, Hpc=215mT. (c) Spin-wave dispersion relation
dependence (forward volume) for a change of the magnetization, t =100 nm, Hpc= 215 mT.



hence a thickness change of the film would be invisible in the FMR measurements. For that reason,
we believe the modeling of the magnetic parameter change induced by FIB using M. is justified, at
least for the low dose regime exploited in the experiments. Fig. 2.7a shows the continuation of the
measurement in Fig. 2.6b after the turning point. After the FMR signal vanished almost completely
for a dose of 1-10'® jons/cm?, it seems to "wake up" again for higher ion doses, and we are currently
investigating this high-dose range to possibly achieve a larger change of the magnetic properties
by using a 'negative’ irradiation, i. e. irradiating the surroundings of SW components instead of the
structures themselves. In this dose regime, the thickness could actually play a role, supported by the
ion-dose-dependent transition of the YIG texture from crystalline to amorphous (Fig. 2.8).

It is worth mentioning that the FMR measurements of the consecutively irradiated films are not
perfectly precise, slight displacements of the samples on the waveguide can cause bias field varia-
tions leading to inaccurate resonance fields, and the amplitude can be affected by imperfect contact.
Nonetheless, the overall trend of change can be clearly identified, and the results are absolutely sup-
porting the investigations on the FIB effect on YIG. At this point, I would also like to thank Carolin
Calcagno for her help with these time-consuming experiments.

Impact of ion-beam irradiation on the crystal level

The average penetration depth of 50 keV accelerated Ga™ ions in YIG is estimated to be 24 nm according
to SRIM simulations [79], meaning only a part of the total film thickness (100 nm) is affected by the ion
irradiation. The observed magnetization change is likely a complex combination of multiple effects,
mainly the anisotropy change due to dislocations in the YIG crystal structure leading to strain-induced
anisotropy, and the interaction with the interface to the underlying film part (and with the underlying
layer itself).

GGG YIG YIGpg pMMA Ir Pt crystalline GGG YIG  YIGgg Ir Pt  crystalline amorphous

A AV — L

)

. coaerutAOAYE )

Figure 2.8 TEM images of FIB irradiated YIG thin films. (a) Cross-section of a YIG thin film irradiated at 1-10'3
ions/cm? and (b) snippet of (a) showing the top part and the expected ion implantation depth indicated. The
crystallinity of YIG is preserved. (c) Irradiation impact in YIG at a higher dose of 1.3 - 10'* ions/cm? and (d)
snippet of (c) revealing an amorphous top layer down to approximately 25 nm from the surface.

To get insight into the structural properties of YIG, and more importantly, into the physical influence
of Ga* ion irradiation, we imaged irradiated thin films with transmission electron microscopy (TEM).
For a dose regime of 10'2 to the lower 103 ions/cm?, where Mg is modified with only a moderate
increase in damping, there is no visible crystalline damage in YIG (Fig. 2.8.a,b). At the interface to
GGG, coarse structural bumps can be recognized, which could come from the high working pressure
used during sputtering or an imperfect GGG surface, leading to a reorientation of growth direction.
We neither think these are voids since the crystallinity inside of them is visible nor that they have
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anything to do with the ion irradiation since it does not reach that far. We do notice that these defects
appear even stronger in the sample shown in Fig. 2.8.c,d, which is most likely due to a skipped
sputter-cleaning step of the GGG. The ion dose is an order of magnitude higher (10'* ions/cm?), and
spin waves are not detectable anymore with our measurement tools. The top layer of the 80 nm thick
YIG film has turned amorphous, whereby its thickness (25 to 28 nm) is close to the expected ion-
implantation depth. In principle, spin waves could be able to travel underneath, but the uncontrolled
interface of unknown width might just add to the degree of destruction.

The demonstrated physical properties of the two ion dose regimes can be used for spin-wave
steering in different ways, i. e. the low dose for tuning the relative magnonic refractive index and the
high dose to suppress spin-wave propagation locally. Studying the underlying cause of the ion-dose-
dependent change of M, deserves its own study and is beyond the scope of this work. Interestingly,
we found that the effect of FIB manipulation in YIG can be nearly reversed by recrystallization via
high-temperature annealing (the resonance frequency shifts back close to the initial value). Again,
this needs much more investigation and such a process step would not be practical in terms of
reconfigurability.

2.4 Design and fabrication details of FIB structures

Refractive index n modifications can be achieved with low ion doses, and a convenient way to achieve
smooth transitions of n is changing the filling factor in the pixel space of the FIB image (i. e. halftoning).
This way, only one global dose is applied, which means the beam current does not have to be changed
pixel-wise. The effective ion dose is equivalent to the filling ratio, presuming that the spin-wave
wavelength is much larger than the pixel size, e. g. a filling of 50% is half of the applied dose. Fig.2.9.a
shows an illustration of the effect. (It is important to mention that 50% filling does not directly
mean 50% Mg change (see Fig. 3.2.d) because of the non-linear relation between the two.) With this
approach, we can realize magnetization landscapes with a resolution up to the minimum pixel size
of the FIB image (10nm). Furthermore, we can use the length of irradiated regions to create phase
changes as desired, as shown in Fig. 2.9.b, and we used this example to choose the length for the
phase plate in Fig. 3.4.a (6 pm should be approximately 180 °). The dwell time is used to set a specific
dose per pixel, which is usually on the low ps timescale, and irradiating an entire image takes less
than a minute.
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Figure 2.9 Dose and geometry driven Mg patterning in YIG. (a) Demonstration of different filling factors and
the resulting (small) wavelength change, highlighted by the indicated phase shift after the irradiation areas.
(b) Phase change demonstration of spin-wave propagation through irradiated areas of different lengths.



3 Publication #1: Spin-wave optics in YIG realized
by ion-beam irradiation

This chapter is a full reprint of the published article

M. Kiechle, A. Papp, S. Mendisch, et al., “Spin-wave optics in yig realized by ion-beam irradiation”,
Small, p. 2207 293, 2023. por: 10.1002/sml11.202207293.

The experiments shown in here express the potential of the developed fabrication process for spin-
wave devices using direct FIB irradiation to modify the magnetic properties of YIG locally. This is
demonstrated by various flavors of optically inspired computing components for spin waves in the
discovered operation ranges with respect to the ion dose.

3.1 Abstract

We present direct focused-ion-beam writing as an enabling technology for realizing functional spin-
wave devices of high complexity, and demonstrate its potential by optically-inspired designs. It is
shown that ion-beam irradiation changes the characteristics of YIG films on a submicron scale in a
highly controlled way, allowing one to engineer the magnonic index of refraction adapted to desired
applications. This technique does not physically remove material, and allows rapid fabrication of
high-quality architectures of modified magnetization in magnonic media with minimal edge damage
(compared to more common removal techniques such as etching or milling). By experimentally show-
ing magnonic versions of a number of optical devices (lenses, gratings, Fourier-domain processors)
we envision this technology as the gateway to building magnonic computing devices that rival their
optical counterparts in their complexity and computational power.

3.2 Introduction

A major motivation behind magnonics research is to replicate the functionality of bulky optical
components in chip-scale devices that are amenable to integration with microelectronic circuitry [47],
[56], [80]-[84]. This way, the functionality of coherent optical computers could also be cloned in the
magnonic domain. Spin waves (SWs) display interference phenomena that resemble that of optical
waves, but they offer submicron (possibly sub - 100 nm) wavelength and can be launched and detected
by electrical means. Chip-scale optically-inspired devices also provide a pathway to much needed
energy-efficient neuromorphic and edge-Al computing components [65], [66].

It has, however, remained elusive to produce spin-wave optics that approach the ‘ideal” behavior
of optical components. This is largely due to the fact that so far no practical technology has been
demonstrated to control the propagation characteristics of spin waves to the extent that is possible
in optics. Ideally, one would want to realize any fine-grained spatial distribution of the index of
refraction, as this provides a high degree of freedom in device design.

Magnonic devices are almost exclusively made from yttrium iron garnet (YIG) substrates, having
low attenuation that enables propagation over long distances. Lithographic patterning of YIG films
allows defining some spin-wave optic functions [85] but has technological challenges [14], [86], as
etched or milled film edges introduce undesired behaviors [11]. Even a well-controlled YIG pattern-
ing technology would be insufficient to replicate the propagation of electromagnetic waves, which
propagate in vacuum, and optical devices can be made by patterning a transparent material to an
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appropriate shape. Essentially, refractive spin-wave optics need additional materials or intrinsic YIG
film modifications, as magnons do not propagate in air.

A few pathways have been proposed to realize engineered YIG substrates. It is possible to use
localized magnetic fields to steer spin waves [87], but this requires a second magnetic layer to generate
the fields and arbitrarily-shaped field profiles cannot be realized. Previous work has shown the use of
heat distributions [62] to generate refraction-index profiles, a solution likely impractical in chip-scale
devices. Local exchange bias may also be used for magnonic optics [88], but so far this works only on
metallic systems, which are highly-damping in nature.

In multilayered magnetic systems, it is well established that focused ion beam (FIB) irradiation
modifies the magnetic properties [15], [18] without actually removing material or creating edges.
The FIB irradiation affects magnetic properties on a sub-50 nm size scale, which is a resolution that
is hardly achievable by the combination of lithography and etching. The effect of FIB on magnetic
multilayers motivated our work to study the effects of direct FIB-ing on the magnetic properties of
YIG. Using 50keV gallium ions (Ga™"), the applied ion doses are chosen to not physically remove
material, but to implant Ga* into the YIG thin film and locally alter the crystalline structure.

In our work, we first demonstrate the effect of FIB irradiation on spin waves in YIG for plane-wave
propagation and characterize the dependence of magnonic wavelength on FIB dose, obtaining an
index of refraction n. Lenses and diffraction gratings are designed with a binary irradiation pattern
- in a similar fashion to elementary optical devices, where light propagates either through glass or
vacuum.

We find that the effect of FIB irradiation on YIG films can be modeled adequately by assuming
an effective magnetization value Mg that varies with the FIB dose, which is in agreement with the
findings in another work [16]. The locally changed Meg results in a local change of the wavelength,
which, in turn, may be modelled as a spatially varying index of refraction n. As a consequence, FIB
irradiation allows the realization of (almost) arbitrary two-dimensional n profiles.

Going beyond binary patterns, we demonstrate that FIB irradiation is especially useful for graded-
index (GRIN) magnonics [57], [89] as it allows a continuous and high-resolution variation of n across
the film surface. As a highly meaningful example of such systems, a 4f Fourier-domain signal
processor is shown in Sec. 3.4. The demonstration of a 4f system opens the door to the realization
of a variety of optically-inspired computing systems [90] using magnons. We envision that the FIB
technology shown here will readily provide access to magnonic devices that may rival on-chip optics
in their functionality, and consequently act as the gateway to magnonic integrated circuits (in analogy
to photonic ICs). While spin waves have limitations, such as damping that should be compensated by
some amplification mechanism for large-scale devices, they have benefits, such as nonlinearities [66],
[91], that open up applications unreachable for photonic ICs.

3.3 Experimental methods

The effect of focused ion beam (FIB) irradiation is characterized by recording the spin-wave (SW)
waveform using longitudinal time-resolved magneto-optical Kerr effect microscopy (trMOKE) and
determining the SW wavelength change at various ion-dose levels. Fig. 3.1 gives an overview of
the experimental techniques used for fabrication and metrology. An in-house sputter-deposited YIG
thin film (thickness t = 100 nm) with co-planar microwave antennas (signal, gap width S, G=2 -
5um) is bonded to a PCB board from where it is fed with a microwave signal. Areas next to the
excitation antennas are FIB-irradiated at different ion doses and shapes. Fabrication details can be
found in Sec. 2.1. Subsequently, 2D spin-wave patterns are imaged with a longitudinal, time-resolved
Kerr microscope in forward volume configuration. The scale bar in all these images represent the
Kerr signal of the trMOKE microscope, and are scaled in arbitrary units. The signal amplitude
is not calibrated, so these values cannot necessarily be directly compared. In our custom-built
trMOKE apparatus (detailed description in Sec. 2.2) the film is magnetized out-of-plane (along M)
and the dynamic m, and m, components display wave propagation. The FVSW mode is isotropic
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Figure 3.1 Representation of the experimental arrangement. Left part: areas in YIG next to the excitation
antenna are directly irradiated with FIB at different ion-dose levels (indicated by the intensity of the red color),
and an ion-dose dependent change of M is found. This is used for the application examples: a lens at a low
dose with a modified n and a single slit at a high dose. Right part: spin-wave propagation patterns in the
FIB-irradiated regions are imaged with trMOKE.

and therefore shows the closest analogy to optical wave propagation. The spatial resolution of the
trMOKE is limited to about 0.4 pm due to the smallest possible step size of the x-y stage, as well as the
optical diffraction limit of the applied laser lightsource and the objective lens, limiting the shortest
detectable spin-wave wavelength to about A =1 pum. The FIB pixel size (beam diameter + dwell space)
can be as small as 10nm, meaning the writing technique can be applied to small-scale geometrical
shapes way beyond the optical detection limit.

3.3.1 Characterizing the effect of FIB irradiation in YIG

50keV accelerated gallium ions (Ga*) are used to irradiate YIG thin films at ion doses ranging from
1-10'? to 1-10'° ions/cm?, with the purpose of manipulating the magnetic properties locally. Asa dose
calibration method, regions with linearly increasing ion doses are irradiated next to the excitation
antenna and the SW wavelength change due to a modification of the effective magnetization Mg
is measured. Fig. 3.2 shows the resulting wavelength profiles vs. the applied ion dose. The degree
of change in the magnetic properties is dependent on the applied Ga* ion dose and also on the
acceleration voltage if the film thickness is larger than the ion penetration depth. The SRIM [79]
simulated mean ion implantation depth of Ga* in a 100 nm thick YIG film is 24 nm and makes about
a third of the total thickness (considering the effective thickness due to e.g. Ga diffusion into the
first few (atomic) layers, sputter-process imposed film thickness variations, etc.). Nonetheless, we
characterize how spin-wave propagation is affected in the effective layer and therefore the effect is
modelled across the entire film thickness. Insights into FIB-irradiation-induced changes of YIG on
the crystal level can be found in Sec. 2.3. As a main message, the reason we believe that the parameter
changing the SW dispersion relation locally is Mg is because we observed a change in the resonance
field on fully irradiated films, which is solely dependent on M. and the applied frequency according
to Kittel’s equation. Furthermore, Mg incorporates an anisotropy term that is likely to be affected by
the FIB-induced strain in the crystal and potentially the underlying cause of the modification.
Interpreting the results in terms of micromagnetic parameters, we find that FIB irradiation of YIG
can be accurately modeled in terms of modifying Meg and the magnetic damping a ion-dose depen-
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Figure 3.2 [llustration of the ion dose dependent change of Meg in YIG. (a) trMOKE image of coherently excited
spin waves (groundline of antenna shown on the left) in regions of linearly increasing ion doses (separated by
horizontal lines, irradiated area indicated by red frame). The bottom row shows the actually excited wavelength
in unirradiated YIG. (b) 1D sketch of the experiment: The area next to the excitation antenna is FIB irradiated,
whereby the magnetization and hence the wavelength is locally changed. (c) Wavelength change vs. ion-dose
profile at different frequency settings with an external field of 214 mT. (d) Ion-dose-dependent change of M,
numerically calculated from the SW dispersion relation.

dent. A low ion dose (up to 6 - 10'? ions/cm?) increases Mg, and hence decreases the wavelength,

while a increases only moderately (see Fig. 3.2.c-d). For higher ion doses, a turning point is reached
and M. decreases again until spin-wave propagation is inhibited (doses larger than 1-10'* ions/cm?3).
There is multiple reasons we do not see spin waves at higher doses. First, as the wavelength goes
up, the excitation efficiency of the coplanar waveguide diminishes. At even higher doses the cutoff
frequency for spin waves (ferromagnetic resonance frequency) increases above the excitation fre-
quency, thus spin waves are completely inhibited. Measuring these regions at higher frequencies is
possible, and the damping is still not critically high. The wavelength vs. ion dose profile is non-linear
and frequency-dependent due to the inherent non-linear dispersion relation of spin waves. In the
low-dose regime, Meg is slightly increased, which is used for the demonstration of optical elements
with a distinct refractive index in analogy to glass.

Applications of higher complexity, such as continuous refractive media, can be modeled by
saturation-magnetization landscapes. Using FIB, this means changing the ion dose point by point.
Alternatively, it is also possible to change the filling factor in pixel space to set the value of M. This
way, only a single ion dose has to be applied, and the average magnetization is changed due to a
density gradient. We use a pixel size of 40 nm in the experiments (we can go as low as 10 nm), which
is about two orders of magnitude smaller than the applied spin-wave wavelength. This technique
(demonstrated in Sec. 3.4.2) is well suited for continuously changing wave propagation properties, as
is done with graded-index (GRIN) optics [89].

A more trivial (but often-needed) use of FIB irradiation is to apply a high dose that entirely blocks
propagation, or, in other words, destroys the magnetic properties (Meg =0), and hence reflects SWs,
such as shown in [2]. This allows the creation of refractive and diffractive optics using the same tools.
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3.3.2 Tuning the magnonic index of refraction and saturation magnetization by FIB

In order to design spin-wave ‘replicas’ of optical devices, it is instructive to define the magnonic
index of refraction n. The effective change of the magnonic refractive index 7. is extracted from the
wavelength change in the untreated vs. the irradiated YIG film part (Ag vs. AgB):

Netf = Ao/ AFIB (3.1)

The highest achievable refractive index #max = Ag/Amin corresponds to the ion dose that generates the
highest Meg, and hence the smallest possible wavelength Anin with respect to the initial parameters.
In order to model the correlation of FIB irradiation and the magnetic properties, the effect of FIB is best
understood as an ion-dose dependent change of the effective magnetization AMegs = Met F1B — Me,0-
The results are shown in Fig. 3.2.d (see previous section for details). Due to the highly nonlinear
nature of the magnonic dispersion relation, neg is only valid for a certain spin-wave frequency f
and the corresponding wavelength Ag. We target wavelengths Ay that can be efficiently excited and
detected by the coplanar waveguide antennas in use. Generally, the refractive index for a specific
wavelength can be calculated by numerically solving the SW dispersion relation[28] for k-vectors at
the initial Megf,0 and for Meg pig at the respectively chosen ion dose:

Neff = k(Mef:f,FIB/ f/ Hext/ t, Aexch)/k(Meff,Oz f/ Hext/ t, Aexch) (32)

In Eq. 3.2, f is the microwave frequency used for excitation, Hext the applied bias field normal to the
film plane (forward volume), ¢ is the film thickness, and Aexch is the exchange stiffness. This approach
of defining a refractive index profile is similar to previous works, where a micromagnetic modelling
of the dispersion relation is used for spin-wave lenses with a thickness or magnetization gradient [92],
[93].

3.4 Results

3.4.1 Design and fabrication of optically inspired magnonic elements

To replicate the behavior of conventional optical elements (i. e. glass lens), one may utilize a single
modified refractive index n.¢ value in addition to that of intrinsic YIG (where neg=1). Fig. 3.3.a
shows a trMOKE image of a plano-convex lens realized with this binary technique. The Lensmaker’s
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Figure 3.3 Demonstration of refractive, diffractive and reflective optical components fabricated with FIB irra-
diation, recorded with trMOKE. (a) D-shaped spherical lens with a curvature radius of 30 pm and a clearly
shortened wavelength in the inside (semi-transparent red, n about 1.8). (b) A semicircular source (R=40 pm)
with spin waves excited through the high-amplitude resonance behind the circle. The high-amplitude region
appears as a saturated yellow region. Red lines indicate a high FIB dose that blocks spin wave propagation. (c)
An ‘optical’ slit (4 um width).

equation[94] is used for the given refractive index of 1.8 at a dose of 710! ions/cm?. This is the
maximum 7e¢ change achievable at this wavelength. The lens has a curvature radius of 30 um and



thickness of 20 ym, resulting in a focal distance of about 37 pym. The trMOKE measured image of
the lens reveals parameters closely matching the design target calculated from the optical formulas.
The focal amplitude is weak compared to the excitation, probably because reflections occur on the
surfaces of the lens and damping is slightly higher in this particular sample, but the focusing is
clearly visible nonetheless. A different way of using the FIB irradiation is shown in Fig. 3.3.c, where
we show single-slit spin-wave diffraction achieved by locally destroying the magnetization in the red
areas through irradiation at a high ion dose of 1-10'® ions/cm?. The resulting diffraction pattern is
a mixture of the expected diffraction pattern for a single slit, and a plane wave that couples through
from behind the FIB irradiated part. To complete the parallels with elementary optical components,
Fig. 3.3b demonstrates a circular-shaped source focusing spin waves at a distance that equals the
radius. The curved surface acts as a secondary spin-wave source, where spin precession is driven by
the high-amplitude, spatially-uniform oscillations of the area between its spherical backside and the
excitation antenna. The primary non-linear precession excites linear spin waves on the inside of the
circle via dipole coupling, a mechanism explored in [2].

Another useful focusing instrument in optics is the zone plate, where the focal distance is a function
of lateral geometry, particularly the arrangement of the zones as opposed to thickness and curvature,
as it is the case for conventional lenses. In the following, we use the properties of a Fresnel zone plate
to demonstrate three different working mechanisms depending on distinct operation regimes of the
FIB irradiation with respect to ion dose. In the first case, we use a low ion dose to create a phase shift,
in the second case, a high-dose irradiation locally blocks SW propagation, and in the third case, SW
transmission is completely inhibited with a high-dose region, and spin waves are excited indirectly
on the patterned edge via dipole coupling.

A key function in optics is the ability to shift the phase of waves, and we show this feature by the
example of a Fresnel phase plate in Fig. 3.4.a. The focusing effect occurs via constructive interference
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Figure 3.4 Spin-wave diffraction and focusing in FIB-treated regions (red areas) by reference to an optical
(Fresnel) zone plate, visualized with trMOKE. Different ion doses are used for distinct operating mechanisms.
(a) Phase-shift-induced focusing achieved with a low ion dose. The shortened wavelength in the FIB areas
exits the zones with a phase shift close to 180°. (b) A high ion dose that causes a local barrier for spin waves,
analogously to an optically opaque region. (c) A blocking wall before the actual zone plate in combination with
a high excitation amplitude excites spin waves via dipole-field coupling on the back surface. The low and high
parts of the zone plate create an initial relative phase difference necessary for focusing.

of beams propagating with respect to a 180 ° phase difference to each other. This phase shift is
achieved by the change of n over the 6 um length of the zones (semi-transparent red overlays) so that
the 180 ° phase difference occurs at the zone plate’s exit plane from the difference of the wavelengths.
Here, an ion dose of 7-10'2 ions/cm? was used, as it creates the largest difference in 1, and the length
was chosen with the help of a supplementary experiment (Fig. 2.9.b). Alternatively to this phase-
shift-based zone plate, a Fresnel zone plate can be realized by simply blocking waves in the regions
where they would destructively interfere at the desired focal point. In this device (Fig. 3.4.b) the
phase shifters are replaced by regions fabricated with a large ion dose (red lines irradiated at a dose of
1-10' ions/cm?). A third zone-plate demonstration uses the effect we also exploited in the circularly
shaped source in Fig. 3.3.b, i. e. a coherent wavefront is created at the boundary of a high-dose region.
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By shifting the wavefront about A/2 between the zones, the desired focusing effect is achieved, as
shown in Fig. 3.4.c. The geometrical arrangement of the zones is chosen to focus a 4 pm wavelength
at a distance of 40 pm from the exit plane. Since the excited wavelength is different in (a), (b) and(c),
the observed focal distance varies accordingly. Diffractive devices demonstrate the high resolution of
FIB patterning and serve as proof that negligible damage is caused outside the irradiated area in the
YIG films.

3.4.2 Gradient-index and Fourier optics for spin waves

In Fourier optics [45], [59], linear processing functions mostly rely on the Fourier-transform property
of lenses — easily moving between the real and the Fourier domain enables a number of signal
processing primitives. Similarly, Fourier-optics devices for spin waves could serve as building blocks
for useful computing and information-processing functions.

Perhaps the most illustrative of Fourier optics devices is the 4f system illustrated in Fig. 3.5.a. The
image (encoded in wave amplitude and phase on the image plane) is Fourier transformed by the first
lens and this Fourier transform appears in the Fourier plane, which is inverse-Fourier transformed
by the second lens. Any Fourier-domain manipulation of the image (such as filtering, convolution,
matched filtering) can be accomplished by a filter placed in the Fourier plane that alters the magnitude
and/or phase of the spectral components of the image.

While Fourier optics components could be put together from concave lenses such as the one shown
in Fig. 3.3.a, the lens boundaries introduce undesired reflections and diffraction effects, which can
largely be avoided in graded-index (GRIN) optics, where the wave steering is done with a gradually
changing refractive index across the fiber diameter instead of introducing geometrical modifications
with a singular index. Consequently, graded-index magnonic elements require the ability to realize
gradually changing magnetic properties, such as simulated in[84]. Since FIB irradiation can contin-
uously tune neg of a magnetic film by changing the filling factor of an image in pixel space, we can
create a magnetization landscape of arbitrary shape, including a GRIN lens[62] or GRIN fibers[95].
Graphically, FIB-ing an image with every other pixel irradiated is the equivalent of half the ion dose,
and the amplitude of a desired profile can be used to determine the filling ratio locally. Since the pixel
size is much smaller than the SW wavelength, spin waves experience a smooth transition.

To produce a refractive-index gradient of a certain shape, the ion-dose profile needs to be deter-
mined for the desired wavelength (or index of refraction) profile. Here we used the measurements
from Fig. 3.2.c. In case of a GRIN lens, the wavelength profile for a parabolic refractive-index change
can be written as[96]

_ AFIB
A= 1-0.5Qmy/4f)? (3:3)

Hereby, App is the resulting wavelength of the ion dose used for the design (ideally the smallest
achievable wavelength), v is the lateral distance from the optical axis, and f is the desired focal
length of the lens. For the calculation of the required ion-dose profile that results in the desired
magnetization gradient, we used the ion dose vs. wavelength profile from Fig. 3.2.c and inserted the
inverted version into the GRIN lens wavelength profile (Eq. 3.3), resulting in the ion-dose profile in
Fig. 3.5.b. This profile is used for the density distribution of the FIB image in pixel space, and the 2D
irradiation pattern of a 4f GRIN lens with a diameter of 18.5um and a length of 76 ym is shown in
Fig. 3.5.c. Experimentally, this image is irradiated at a peak ion dose of 5.2:10'2 ions/cm?, resulting
in respectively lower doses across the diameter due to the density variation. Note that the image in
Fig. 3.5.c is binary, i. e. only one global ion dose (red) is used for the irradiation. Hereby, Agp is the
resulting wavelength of the ion dose used for the design (ideally the smallest achievable wavelength),
y is the lateral distance from the optical axis, and f is the desired focal length of the lens. For the
calculation of the required ion-dose profile that results in the desired magnetization gradient, we
used the ion dose vs. wavelength profile from Fig. 3.2.c and inserted the inverted version into the
GRIN lens wavelength profile (Eq. 3.3), resulting in the ion-dose profile in Fig. 3.5.b. This profile is
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used for the density distribution of the FIB image in pixel space, and the 2D irradiation pattern of a
4f GRIN lens with a diameter of 18.5 um and a length of 76 pm is shown in Fig. 3.5.c. Experimentally,
this image is irradiated at a peak ion dose of 5.2:10'2 ions/cm?, resulting in respectively lower doses
across the diameter due to the density variation. Note that the image in Fig. 3.5.c is binary, i. e. only
one global ion dose (red) is used for the irradiation. The measured spin-wave profile of the fabricated
GRIN lens — performing a Fourier transform of the plane wave excited by the microwave antenna right
behind the lens —is shown in Fig. 3.5.d. (To avoid confusion, we note here that this is a full-pitch GRIN
lens, thus the Fourier plane and the second image plane fall both inside the lens.) The focal distance
is slightly longer than the design value (45 pm instead of 38 um), which is most likely a result of a
bias field inaccuracy or a deviation from the desired ion dose. At the exit plane, a reverse FT should
occur, i. e. the plane wave is reconstructed. Due to the slightly longer focal length, the experimental
lens is less than a full pitch, thus the waves at the exit are still slightly divergent.

To demonstrate FT properties of this GRIN lens, we irradiated a diffraction grating in front of the
GRIN lens entrance plane by using a high dose, as shown in the slit experiment in Fig. 3.3.b. The
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Figure 3.5 Demonstration of a 4f system for spin waves realized with a FIB-irradiated graded-index magnetiza-
tion. (a) Working principle of a conventional 4f system based on two consecutive lenses. (b) 1D ion-dose profile
calculated from the measured wavelength change vs. ion dose profile. (c) 2D irradiation pattern (binary) of
a full pitch GRIN lens realized by a filling-factor variation in the FIB image. (d) trMOKE image of the GRIN
lens irradiated in YIG. (e) A diffraction grating is irradiated at the anterior plane. The system images the first
order diffraction at 30 ° on the Fourier plane. (f) and (g) show the corresponding simulations for (d) and (e),
performed with the calculated magnetization gradient and expected damping, respectively.
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grating is designed to have a diffraction angle of 30° for Ao =3.1 pm wavelength (grating constant
= 2Ap=6.2 um, thickness = 2pum). The expected Fourier plane (FP) should occur at 38 pm, and we
observe a slight deviation that has also occurred in the focal distance when we tested the GRIN lens
with a plane wave. The occurring focal points left and right of the center peak in the FP represent the
first-order diffraction of the grating, and correspond to the expected diffraction angle. The inverse
Fourier transform (image of the grating) at the exit plane at 76 pm is, however, too weak to be visible
in the measurement, potentially because of too high damping.

We performed micromagnetic simulations using mumax? to provide a reference for the ideal GRIN-
lens operation. We used the same geometry as in the experiment, with the same excitation frequency
applied. The saturation magnetization of the YIG film (Ms=121kA/m) was determined using
ferromagnetic resonance (FMR) measurements. The external bias field (Bext =221.8 mT) was selected
to match the experimental wavelength. In the irradiated regions, we used MI'8=122.85kA/m,
also selected to produce the same wavelength as in the irradiated regions in the experiments. This
corresponds to a 1.5 % change in saturation magnetization due to irradiation. We selected damping
values to match the experimental decay, @ = 6 X 107* and app = 12 x 1074, corresponding to a
doubling in damping due to irradiation. Lateral discretization was set to 40 nm, with a single layer
in the thickness direction (100nm). The simulations closely match the experimental results, except
for the focal length, which was equal to the design value in the simulations. The simulations show
that the performance of our GRIN lens is mainly limited by two factors: (1) The relatively large
damping in our films should be improved for a clear demonstration of recollimation/inverse Fourier
transform. (2) Waves enter the GRIN lens from the sides due to diffraction, and these distort the
interference patterns. For an improved demonstration, one should either limit the excitation of waves
to the GRIN-lens input aperture, or block waves from entering through the sides. We suggest that
this could be also realized using the proposed FIB technique.

3.5 Discussion

We can group the presented devices based on multiple properties: First, some part of the devices in
this paper are refractive, i. e. ion irradiation is used for changing the effective refractive index in the
specified region, while others are reflective or diffractive, i. e. relatively high doses are used to produce
a perimeter around the device geometry. Here, the saturation magnetization in the YIG film changes
abruptly — practically falling to zero. In the former case, spin waves propagate through the irradiated
region (although with modified dispersion), while in the latter case spin waves are blocked, reflected,
or generated on the boundaries between the intrinsic and irradiated YIG regions. This brings us to the
next distinction based on whether the device is used for manipulating an incident wavefront or if it is
used to indirectly excite a wavefront with a desired shape. From the perspective of functionality, we
have demonstrated elements for focusing waves and also diffraction gratings (the zone plates being
a combination of the two). The most sophisticated demonstration we present here is the GRIN lens
and the 4f system based on it, which contains a pointwise varying refractive irradiation that is used
for focusing waves, combined with a diffraction grating that block parts of the incident wavefront in
a periodic manner, transmitting only a single spatial-frequency component. The above distinctions
provide justification of the rich selection of demonstrations in this paper, representing the flexibility
and wide applicability of a single fabrication technique to implement a wide range of optical elements.
This set of devices can be considered complete in the sense that a full linear signal processor might
be realized based on them, as demonstrated through the 4f system.

The refractive-index modification for spin waves in YIG through a FIB-induced magnetization
change can be accurately calculated from the ion-dose-dependent wavelength change. With this, we
are able to design devices not only where binary refractive arrangements are needed, but also create
smooth magnetization transitions (gradients) that are essential in GRIN optics. With the strategy
to use a halftoning technique (stochastical filling factor in pixel space) on the FIB image to produce
an ion-dose gradient, one global ion dose can be used for the entire image, eliminating the need for
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multiple irradiation steps. Since the spotsize of the FIB is two orders of magnitude smaller than the
spin-wave wavelength, this simplification is not expected to degrade the device performance.

As the complexity of the 4f system is the highest among the presented devices, the limitations of
the technology (spin waves and also our facilities) is the most evident here. It is visible in Fig. 3.5.d, e
that damping limits the useful length of the GRIN lens to tens of wavelengths. We presume that our
demonstration is not optimal from this perspective in multiple ways: with better-quality (homogeneity
and damping) YIG films, and by optimization of parameters to achieve higher group velocity, we
expect that it is possible to increase the propagation distance and thus the practical device size by at
least an order of magnitude. There is also a limitation of the numerical aperture in the 4f system,
which is posed by the limited variability of the effective saturation magnetization (and therefore the
maximum achievable refractive index) induced by irradiation. Although we demonstrated that a
refractive index comparable to optics is achievable (n ~ 1.8), a higher change would improve the
applicability and performance of magnonic devices. We see a potential improvement here, as we
estimate that less than a third of the YIG film is affected by the FIB due to the shallow penetration
depth. By using lighter ions, e. g. He™, we expect that a stronger effect is achievable. Finally, a strong
disturbance of the interference pattern is caused by the waves that are generated adjacent to the
fabricated devices. This could be avoided by separating the device laterally from the neighboring
structures, for which FIB irradiation could also be used, both for creating reflective and absorbing
boundary conditions, exploiting the steeply increasing damping at moderately high doses.

Magnonic systems themselves have limitations, perhaps the most important one is the finite damp-
ing that limits the realizable device size and complexity. Thus, spin waves are not an ideal fit to
directly replicate classical optical building blocks, instead, they are more suitable for the approaches
used in nanophotonics [66], [68] — we believe that our technique is also applicable to the realization of
such structures, as the achievable resolution with FIB (10 nm) can easily serve that. The automatic
design of magnonic devices combined with a flexible and versatile fabrication method has the poten-
tial to raise the bar for magnonic device concepts, enabling the realization of circuits [97], and drive
the field towards practical applications.

In terms of applications, the 4f system (and similar constructions) carries the biggest potential.
Based on the 4f system it is possible to realize a wide class of linear (Fourier domain) signal process-
ing applications as it was well established in the field of optical computing [59]. Thus, successful
implementation of 4f systems with spin waves may allow any linear signal-processing task to be
implemented in the magnonic domain. Such tasks are essential building blocks of neuromorphic
computing pipelines and are in great demand for edge Al tasks [98].

3.6 Conclusion

Our paper presents FIB irradiation of YIG as a straightforward technology to manipulate the index
of refraction precisely and in a quasi-continuous way, enabling chip-scale magnonic clones of optical
components. We demonstrated various use cases how elements known from optics can be adapted
in the spin-wave domain by using FIB. The FIB direct-writing technology offers flexible, rapid, high-
resolution prototyping, while it avoids many challenges of traditional patterning methods, such as the
inability to produce gradients and inevitably introducing defects on patterned edges. Although FIB
itself is not directly applicable for mass production, the presented devices could be straightforwardly
mass-produced using the implanter technology omnipresent in industrial settings.

Due to its flexibility, high resolution, wide availability and a path toward mass production, we
believe that the presented technology has the potential to drive a magnonic revolution and turn
spin-wave-based, chip-scale computing devices to a practical reality.
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3.7 Personal contribution

This work was originally published as M. Kiechle, A. Papp, S. Mendisch, et al., “Spin-wave optics in
yig realized by ion-beam irradiation”, Small, p. 2207 293, 2023. por: 10.1002/sm11.202207293 and
presents the fundamental discoveries of my doctoral research in the Nanomagnetic devices group of
Dr. Becherer at the Technical University of Munich. In the following, I will list my contributions to
this work sequentially in line with to the experimental procedures.

YIG thin film fabrication

The magnetic substrate used for the experiments is a 100 nm thin Yttrium Iron Garnet film on a GGG
substrate, the most commonly used carrier material for spin waves because of its record low damping.
The availability of those films is sparse, the fabrication process for high-quality films is delicate and
costly. In the beginning of my PhD program, we decided to establish our own fabrication process via
RF-magnetron sputter deposition, and after 6 months of experimenting with the process parameters,
I was able to offer a film quality comparable to those of my peers[72], giving us room for plenty of
experiments.

Coplanar microwave antennas

As a next step, I developed a fabrication process for coplanar microwave antennas on top of YIG
that are used for the excitation of spin waves. I performed basic microwave simulations to use
an appropriate geometry, and designed a contact-mask layout for the lithography. The aluminum
deposition was done via E-beam evaporation, and subsequently etched selectively with a TMAH-
based developer. This process has always been the bottleneck of fabrication, but has been used for
most experiments shown in this work. It was later done by Matthias Golibrzuch, who had a much
more efficient tool (maskless aligner) at hand, which made life so much easier (I regret we did not
talk sooner).

Time-resolved MOKE measurements

The trMOKE apparatus was developed and put together by my colleague Addm Papp during his
one-year postdoc time in our group, and he has taught me everything about this valuable microscopy
technique. After he left, I was able to improve some features, especially the critical bias field alignment
that is intended to be perfectly perpendicular to the sample surface. Most of the spin-wave measure-
ments shown in this work have been recorded by myself, I post-processed the data and extensively
discussed the results with Addm, leading to many experimental iterations.
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Direct focused-ion-beam irradiation of YIG

The centerpiece of this work, direct FIB irradiation of insulating YIG thin film, was thoroughly
developed and conducted by myself. This starts with a pre-characterization of the respective sample,
whereby an ion-dose map is irradiated along the antennas to measure the dose-dependent impact on
magnetic properties by the spin-wave wavelength change visualized via trMOKE microscopy. This
ion-dose map is then used for the optical designs whereby the magnetic properties can be used to
model a magnonic refractive index.

Design of optically inspired spin-wave components

The optical counterparts for spin waves shown in this work were mostly designed by myself, especially
the 4f processor, certainly with the help of Addm Papp who also provided many inspirations with
this previous work[57]. I created the binary images for the irradiation script-based in Matlab, and in
case of the 4f processor converted the ion-dose profile to the refractive index profile of a GRIN lens.

34



4 Publication #2: A concave grating for spin waves
in the Rowland arrangement

This chapter is a full reprint of the published article

A. Papp, M. Kiechle, S. Mendisch, et al., “Experimental demonstration of a concave grating for
spin waves in the rowland arrangement”, Scientific Reports, vol. 11, no. 1, pp. 1-8, 2021. por:
10.1038/s41598-021-93700-z.

4.1 Abstract

We experimentally demonstrate the operation of a Rowland-type concave grating for spin waves, with
potential application as a microwave spectrometer. In this device geometry, spin waves are coherently
excited on a diffraction grating and form an interference pattern that focuses spin waves to a point
corresponding to their frequency. The diffraction grating was created by focused-ion-beam irradia-
tion, which was found to locally eliminate the ferrimagnetic properties of YIG, without removing the
material. We found that in our experiments spin waves were created by an indirect excitation mecha-
nism, by exploiting nonlinear resonance between the grating and the coplanar waveguide. Although
our demonstration does not include the separation of multiple frequency components, since this is
not possible if the nonlinear excitation mechanism is used, we believe that using linear excitation
the same device geometry could be used as a spectrometer. Our work paves the way for complex
spin-wave optic devices — chips that replicate the functionality of integrated optical devices on a chip
scale.

4.2 Introduction

Information processing in today’s computers is done almost exclusively by charges (electric currents).
Photons, albeit they are ideal for information transmission, never became a mainstream technology
for computing. Despite their numerous advantages, photonic devices have practical limitations: they
are challenging to integrate on-chip and optical wavelengths (about a micrometer) are huge compared
to nanoscale devices, limiting the scalability of any photonic interference-based device.

Spin waves are wave-like excitations in magnetic materials that travel via coupling between pre-
cessing magnetic moments. In our current investigation, we consider spin waves in ferro-, and
ferrimagnets, but we note that spin waves are shown to exist in antiferromagnets and paramagnets
as well [99]. Their wavelength can be adjusted in a wide range (from several micrometers down
to potentially nanometer scale), and they have an electronics-friendly frequency range (1-100 GHz)
[47]. This makes spin waves attractive for on-chip applications, especially in wave-based microwave
signal processing. They also interact with each other (scatter), and the resulting nonlinearity may
enable general-purpose computation. Unlike electromagnetic waves that can propagate in vacuum,
spin waves exist only in (magnetic) medium and one needs high-quality materials to achieve ideal
conditions for propagation and also carefully designed waveguide structures to launch (and pick
up) the waves. It has only recently become possible to demonstrate short-wavelength, long-distance
propagation [100], [101], spin-wave equivalents of optical laws [102] or larger-scale refractive devices
using local heating [62]. Spin-wave variants of complex optical devices have been shown recently by
experimental demonstrations [88], [103] — including an anisotropic spectrometer design [104].
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A key element of such a spin-wave optics device is a source that launches coherent spin waves. In
the simplest case, the source of spin waves can be a simple coplanar waveguide that is placed atop the
magnetic film. For many device constructions, such a simple construction is insufficient. Microwave
waveguides alone are fairly inefficient at short spin-wave wavelengths [105] and they are limited to
the generation of plane wavefronts or curved wavefronts with relatively small curvature. For the
generation of short-wavelength spin waves or non-planar wavefronts, lithographically patterning the
edge of the magnetic film is desirable. A periodically patterned edge can serve both as a wave source
and a diffracting element.

For sake of completeness, we note that there is a number of emerging physical phenomena that
one, in principle may use as sources of spin waves, such as spin-transfer and spin-orbit torques [106],
[107] or optical methods. Still, waveguide-based (Oersted-field-based) generation of spin waves is
perhaps the most straightforward method to use in microwave devices.

The focus of the present paper is the experimental study of such a patterned edge as a spin-wave
launcher. We use Focused Ion Beam (FIB) irradiation to write a high-resolution concave grating
pattern in a yttrium iron garnet (YIG) thin film. The grating is used in the Rowland spectrometer
arrangement, which is frequently used in optical and X-ray spectroscopy [108]. This arrangement does
not require a separate lens component, and thus it is ideal for waves with limited propagation length.
We experimentally demonstrate that the edge of a FIB-irradiated pattern in YIG generates a coherent
spin-wave wavefront. Using time-resolved Magneto-optical Kerr Effect (trMOKE) imaging we found
that the diffraction patterns closely match those expected from theory and micromagnetic simulations.
An unexpected discovery was that in our experiments spin waves were not primarily excited directly
by the field of the waveguide. Instead, spin waves were generated indirectly by the dipole fields of
high-amplitude, nonlinear, and long-wavelength standing waves that developed behind the grating
in the unirradiated area. This process has a significantly higher efficiency of spin-wave generation
at a distance from the waveguide. However, this quasi-homogeneous oscillation behind the grating
only forms at a sufficiently high amplitude and only if a single frequency component is applied.

4.3 Spectral Decomposition with a Concave Diffraction Grating

The main component of the proposed device is a concave diffraction grating that acts both as a wave
source and as a diffractor. The fabrication of such a grating requires sub-wavelength patterning
resolution as the pitch of the grating has to be comparable to the spin-wave wavelength. We use the
so-called Rowland arrangement, a detailed description is given in [85]. The device generates a spectral
decomposition of a time-domain signal by converting temporal frequency components to spatially
separated spin-wave intensity peaks. The layout of the fabricated device is shown in Fig. 4.1. The
microwave signal is converted to spin waves by a waveguide antenna. Each frequency component
of the signal generates spin waves with corresponding wavelengths. Along the edge of the grating
(FIB-irradiated region), the time-varying magnetic field is almost homogeneous, but due to the abrupt
parameter change in YIG, every point along the edge acts as a wave source (also described in [109]).
The curved grating not only diffracts different wavelengths in different directions but also focuses the
wavefronts. The drawing of Fig. 4.1b shows the geometry to determine the diffraction pattern. With
a concave grating of radius R and ridge pitch d, the diffraction peaks (i.e. wavelength-dependent
focal points) will form on a circle with radius R/2 drawn tangentially to the grating (Rowland circle).
The n'"-order diffraction angle can be calculated as a = arcsin (%), where A is the wavelength of the
spin wave. In traditional optical or X-ray Rowland spectrometers the wave source is placed opposing
the curved grating, which reflects the waves, acting as a secondary source. Such arrangement would
be rather impractical for spin waves: the relatively long path between the source and the diffraction
grating will cause much higher attenuation of spin waves. Thus, it is desirable that the grating and
the source are in the same structure, i.e. the coherent spin-wave source itself is shaped as a curved
diffraction grating. In this geometry, diffraction is caused by the phase difference between waves that
originate from the bottom and the top of the ridges. This phase difference will also depend on the
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Figure 4.1 a) Sketch of the experimental setup, indicating the coplanar waveguide, the FIB irradiated grating,
the trMOKE probing laser, and the spin-wave interference pattern. b) Geometry of the curved diffraction
grating in the Rowland arrangement. The angle under which the first-order diffraction peak is seen from the
center of the grating is denoted by a.

ratio of the ridge depth and the wavelength, which does not influence the diffraction angle, but it
changes the relative amplitude between diffraction orders. In the designed structure the ridge depth
also introduces an amplitude difference between waves that are generated on the top and the bottom
of the ridge. The device is thus a combination of an amplitude grating and a phase grating.

We fabricated the designed device and recorded spin-wave interference patterns with trMOKE.
The trMOKE images at three different excitation frequencies are shown in Fig. 4.2. Diffraction peaks
are clearly observed close to the expected diffraction angles, as indicated by black lines. In case of
the smallest wavelength the second-order peaks can also be observed (%A < 1). We found that the
peaks are not perfectly focused along the Rowland circle, but an arc can be fitted to the peaks that
works well for all three wavelengths. We attribute this to the fact that our grating is much wider than
conventional concave gratings (180° instead of a few degrees), and thus the approximations used
in the derivation of the Rowland circle do not hold perfectly. This is confirmed by micromagnetic
simulations, which also show that focal points are located on an arc with a slightly smaller curvature
(see Fig. 4.4c). Another possible cause of deviations is the slight anisotropy of spin waves introduced
by a tilt in the external bias field, which can not be fully eliminated in our current experimental setup.

We also note that side lobes (smaller peaks next to the labeled peaks) in Fig. 4.2 are due to the
Airy pattern formation around the focal point (seen as circular pattern in the 2D scan). Since the size
of the presented device is only an order of magnitude larger than the wavelength, these side lobes
are filling a large portion of the output space, but with scaling up the device size compared to the
wavelength this portion would decrease. Asymmetry of these peaks (e.g. in Fig. 4.2d) is probably
due to fabrication defects.

4.4 Generation Mechanism of Spin Waves by Nonlinear Resonance

In most spin-wave devices, the magnetic field of the waveguide is directly responsible for launching
the spin waves, as described in [85]. The relatively delocalized magnetic field of the waveguide and
the localized demagnetizing field of the film edge jointly create a high, periodically changing torque
and launch the spin waves [109].

We found that in our device an indirect, nonlinear mechanism is dominant for spin-wave excitation.
In the design presented in [85] all material in the YIG film is assumed to be removed behind the
grating. However, our FIB method is performed as the final fabrication step, after the CPW is already
in place. We did not irradiate the total area between the grating and the CPW, only a narrow region,
which is wide enough to block spin waves at the designed wavelength to significantly couple through
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Figure 4.2 Spin-wave interference patterns recorded by trMOKE at three different excitation frequencies at
constant bias field. In a-c) the FIB irradiated region (grating) is indicated by a semi-transparent red overlay
(radius R=30 um, pitch d=12 um), the gray stripe represents the ground line of the CPW. The green circles are
the theoretical Rowland circles with a radius R/2, while the radius of red arcs are fitted to the data. Black
lines indicate expected diffraction angles, and white arrows point to focal points in the measured data. The
microwave power is kept at 5 dBm. d-f) Spin-wave intensities extracted along the red arcs in a-c).

via dipole fields. However, at sufficiently large excitation amplitudes the static (OOP) component
of the magnetization decreases, which in turn decreases the demagnetization field of the YIG film
[110]. This results in a higher effective field, and with that the spin-wave wavelength increases. The
wavelength at sufficiently large amplitudes becomes much larger than the distance between the CPW
and the grating and the spin waves that are generated under the CPW reflect back from the back
side of the grating, creating a standing-wave pattern. Since the wavelength is much larger than the
size of the region between the CPW and the grating, this resembles a homogeneous resonance in
that region. This large area has a considerable oscillating dipole field that acts on the edge of the
grating, launching secondary spin waves that form the Rowland interference pattern. We note that
this mechanism does not change the frequency of the generated waves, only their wavelength in the
strongly excited area behind the grating. One could refer to this effect as an amplitude-dependent
'refractive index’ in this region. Waves that are indirectly excited on the edge of the concave grating
have the same frequency and wavelength as if they were generated by direct linear coupling from
the waveguide. The trMOKE images of Fig. 4.2a-c already show the high-amplitude region on the
left of the grating: it is observable that in this region the colormap is saturated and without apparent
pattern, indicating large-amplitude, uniform precession. The applied microwave power was set to
5 dBm at the RF source, however the actual spin-wave amplitude depends on the frequency due to
mismatches in the RF signal path and physical shape of the magnetic field of the CPW.

The dipole field of the quasi-homogeneous resonant excitation reaches significantly farther than
that of the short-wavelength spin waves, thus it can excite coherent spin waves on the ridges of the
grating. This field is in fact much stronger at this distance than the magnetic field of the CPW,
becoming the dominant effect for spin-wave generation on the grating edge.

Figure 4.3 shows the spin-wave-generation process in more detail. At sufficiently small excitation
power (P = 0dBm), linear spin waves are excited under the CPW. These small-amplitude, short-
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wavelength spin waves cannot significantly couple through the FIB-irradiated region. However, the
Oersted field of the CPW is not sufficient to create spin waves at the grating edge, that could be
detected by our trMOKE apparatus. In Fig. 4.3b (P;f = 5dBm) nonlinear behavior is observable
behind the grating, but the nonlinear wavelength is not yet long enough to create uniform precession.
One can observe a partial interference pattern on the right possibly due to larger uniform standing
waves on the top. At Py¢ = 10 dBm excitation power (Fig. 4.3c) the resonance almost uniform (apart
from the top region being out-of phase), and the interference pattern is complete. Here we note that
although in Fig. 4.3c we used higher excitation power (10 dBm) than in Fig. 4.2 (5dBm), we do not
see fully homogeneous resonance behind the grating in the former case. This is mainly because in
Fig. 4.3 we used a grating that is twice the size of the grating in Fig. 4.2, thus the distance and the
area behind the grating is larger, requiring higher amplitude to fill. Also, the proportion power that
reaches the antenna varies greatly from sample to sample, as fabrication variations and experimental
conditions change transmission characteristics of the microwave path line. Thus, direct comparison
of amplitude levels is not possible between different experiments.
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Figure 4.3 TrMOKE images of miscellaneous gratings expressing the difference in performance with respect
to small a), higher b) and high ¢) microwave current applied at the input waveguide. The right edge of the
CPW ground line is 3 ym away from grating posterior in each case. The semi-transparent red overlay indicates
the FIB-irradiated region, black lines show expected diffraction angles. The grating operation visibly enhances
with the level of uniformity in the nonlinear spin wave excitation behind the FIB area.

To gain more insight into the excitation process, we performed both one-dimensional and two-
dimensional micromagnetic simulations using mumax3 [111]. These simulations confirmed the
behavior that we observed in the experiments (Fig. 4.4). At small excitation fields, spin waves beyond
the grating are very small in amplitude (Fig. 4.4a). At a higher (nonlinear) excitation field, however,
a uniform standing wave is observed between the grating and the CPW, and coupling through the
FIB region is strong (Fig. 4.4b). Left from the CPW the wavelength change of the spin waves can be
observed as they decay due to magnetic damping. Beyond about 50 pm propagation self-modulational
instability is also causing spikes in the waveform [112]. 2D simulations also confirmed the operation
of the device (Fig. 4.4c). Here the diffraction angles match perfectly the theory, but the position of
the focal points are also somewhat behind the Rowland circle. This is the same effect we observe in
the experiments. Gratings with larger radius and shorter width would probably not suffer from this
deviation, especially at small diffraction angles. However, the position of the peaks is predictable, so
this does not affect the usability of the device.

An additional, very unusual aspect of this nonlinear excitation can be observed in Fig. 4.2¢. In case
of the direct excitation mechanism one would expect that segments of the grating that are closest to
the CPW will excite the highest amplitude waves, since the field of the CPW decays with the lateral
distance. However, here we observe exactly the opposite: the strongest "beams" seem to form on the
farthest parts of the grating, and amplitudes are less strong in the middle part, which is very close to
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Figure 4.4 Micromagnetic simulations of nonlinear indirect excitation of spin waves. Yellow rectangles indicate
the CPW position and width. The red stripe represents the FIB irradiated region, modelled by zero M. a) is
a 1D example of linear excitation, while b is a strongly nonlinear case. ¢) represents a 2D simulation of the
experimental scenario in Fig. 4.2b.

the CPW (Fig. 4.3c). This is because the largest area where homogeneous oscillations can occur are on
the sides, where there is enough distance between the CPW and the grating. The larger the area, the
higher are the dipole fields, and the higher the excitation on the opposite side of the grating. Thus, the
discovered indirect excitation mechanism is in comparison very efficient at exciting short-wavelength
spin waves on a finely patterned edge at a distance from a straight (or slightly curved) waveguide.
This can be advantageous in applications where a complex wavefront has to be launched.

A significant limitation of the nonlinear excitation method is that it only works for single-frequency
excitations. If multiple frequency components are excited, the uniform standing waves cannot form,
moreover nonlinear mixing creates unwanted spectral pollution. If multiple frequencies are present
in the excitation signal (as it is often desirable in a spectrum analyzer), the nonlinear method cannot
be used, but, as we demonstrated, the proposed method is very effective at creating devices with
complex interference patterns at a single frequency.

4.5 Methods

4.5.1 Sample Fabrication and Characterization

YIG thin films were deposited on a GGG substrate using rf-magnetron sputtering (we used 100
nm thick films in the grating experiments). Their magnetic properties were evaluated by means
of ferromagnetic resonance (FMR), revealing a saturation magnetization of Ms=120kA/m and a
damping constant of ayjg = 4.4 X 107%. For the excitation of spin waves shorted aluminum CPW
antennas were fabricated on top of the YIG film. The antennas were wire bonded to a PCB based
CPW with connections to an RF signal generator (Stanford Research SG 386).

The gratings were fabricated in YIG next to the CPW via FIB irradiation. We used 50 keV Ga* ions
with a relatively low dose (10'° ions/cm?), which is high enough to almost completely destroy the
magnetic properties of YIG, but no material is removed. Much higher doses (in case of ion milling)
would likely deteriorate the YIG film around the patterned region due to ion scattering, which makes
this method more suitable. Sub-micron resolution patterning can easily be achieved (possibly down
to 100 nm in our facility). A similar method was recently described in [16], where comparably lower
doses were used to change magnetic properties of YIG on film level. Here, we deliberately used
higher doses to drastically reduce the saturation magnetization of YIG locally, to create a region
which inhibits spin-wave transmission. We found that this method is in effect very similar to actually
removing material, as it was proposed in [85].

The effect of FIB irradiation was also investigated using transmission electron microscopy (TEM). In
Fig. 4.5b,c TEM images indicate that the crystalline structure of YIG is completely destroyed down to
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a depth of approximately 25 nm, and further significant damage is observable at even higher depths.
These results are in good agreement with the previously performed SRIM simulations of our system
in Fig. 4.5a, suggesting a peak implantation depth of 24 nm.
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Figure 4.5 Crystal investigation of the FIB impact in YIG by means of TEM. a) Shows the simulated ion
implantation depth for 50 keV Ga* ions in Y3Fe5012. A cross-sectional image of a 80 nm thick irradiated YIG
film is depicted in b). c) The magnification of the orange square in b) exposes an amorphous toplayer of the
thickness expected from the SRIM simulations in a).

Ga* ions are relatively large compared to other frequently used ions such as He*, which explains
their low penetration depth and the resulting bilayer formation in YIG. We only had access to Ga*
FIB, but SRIM simulations suggest that higher implantation depths could be achieved with He™ ions,
and, with higher doses compared to Ga*, similar modification of YIG properties could be achieved
with better uniformity across the film thickness.

4.5.2 Imaging of 2D Spin-Wave Patterns

To image spin-wave interference patterns we built a time-resolved magneto-optical Kerr microscope
(trMOKE). Since the Rowland spectrometer requires isotropic spin-wave propagation (as in optics), we
had to use out-of-plane bias. In principle slightly anisotropic waves could also be used, as investigated
e.g. in [63], but this requires a redesign of the Rowland grating shape. With the requirement of an
out-of-plane bias, we designed our trMOKE to measure the longitudinal Kerr effect, i.e. it is sensitive
to changes in the in-plane magnetization component that lies in the incidence plane of the laser [113].
We used a ps-laser with 50 ps pulse width and 405 nm wavelength (PicoQuant Taiko PDL M1 with
LDH-IB-405 laser head). With this, we can measure spin waves up to approximately 5 GHz frequency
(with 10 MHz steps) and down to 2 um wavelength. We scan through the sample with an XYZ stage
with 0.4 um resolution. Larger area scans (such as the ones presented in this paper) take about a few
hours of measurement time. We use a stroboscopic technique in which the excitation signal is phase
locked to the lock-in amplifier and the ps-laser, thus we can extract phase information as well. The
amplitude scale is not calibrated, but we estimate that the setup is sensitive to a few percent change
in in-plane magnetization.

Currently our setup uses a permanent magnet under the sample for biasing. This makes calibration
challenging due to the inhomogeneous field profile. The bias field values in the measurements are
approximate values with a few mT uncertainty, and perfect out-of-plane biasing is difficult to achieve.

The spin-wave amplitude and phase were recorded using the following measurement parameters:
scanning time step 500 ms, at a sampling rate of 26.16 Samples/s, the step size in x and y direction
was 0.8 um (2 microsteps of the stage). To correct for potential errors in the step size, the recorded
data had to be stretched /compressed slightly to fit the applied FIB masks (red overlay) on the grating
in the recorded data. The deviation is still small, after fitting a step size of 0.38 ym was used in
the X direction instead of the assumed 0.4 ym. This fitting is required due to a possible step-size
difference in the X and Y axis of either the trMOKE or the FIB stage. Furthermore, a slight rotation
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of the recorded pattern was also required due to alignment errors when mounting the sample in the
microscope. No image enhancement techniques were applied on the raw data.

4.5.3 Micromagnetic simulations

Micromagnetic simulations were performed in mumax3[111]. We used experimental values for
parameters where they were available (Ms=120kA/m and ayig = 4.4 X 107%, 100 nm thickness), and
values from literature where we could not directly measure parameters (Aex = 3.65 X 107127 /m). For
discretization we used 30 nmx30nmx100nm cells, i.e. approximating the film by a single layer. The

lateral cell size is somewhat larger than the exchange length lox = \[2A.+/(1oM?2) ~ 20nm, but it is

still at least a hundred times smaller than the wavelength, and no discrepancies could be observed
compared to smaller cell sizes, while the simulation can be completed in a reasonable time. To avoid
reflections, in the left and right hand side of the simulation 3 um wide artificial absorbing layers
were created using a quadratically increasing damping constant. On the lateral boundaries periodic
boundary conditions (single repetition) were used to simulate a long waveguide and avoid energy
loss on the sides. The external field was chosen to be 221 mT, using an analytical dispersion formula
to match the measurement wavelength at the given frequency (the external field at the exact position
of the sample cannot be measured with sufficient precision in our setup). The FIB irradiation was
modeled as a region with (Ms=0 A /m. The field of the CPW was calculated by HFSS, assuming 1 mA
current (peak) in the waveguide. The simulation was run for 180 ns, which was long enough to form
a steady interference pattern.

4.6 Conclusions

Optically inspired spin-wave devices represent a promising route towards wave-based computing,
which itself is an approach for post-von-Neumann computing. The Rowland grating we demonstrate
here is a complex spin-wave optics device and the main component of the Rowland circle spectrometer
proposed in [85]. The spin-wave patterns we observe behave remarkably similar to expectations and
to the behavior of ideal isotropic waves.

Our device cannot yet operate as a fully functional Rowland spectrometer, due to the nonlinear
excitation process that launches the spin waves. The standing waves in the waveguide region form
only if a single-frequency excitation is applied at the waveguide. Simulations also confirm that
spin waves are not launched if multiple frequency components are simultaneously applied on the
waveguide and the device cannot yet perform spectral analysis of a signal with a multitude of
frequency components. The device, however, allows the identification of a single applied frequency -
this can be determined from the position focus on the Rowland circle. It is likely that a more sensitive
read-out method (possibly micro-BLS) could detect spin waves generated directly by the waveguide
and would prove that this device is a fully functional spectrometer.

A key result we demonstrate here is the utility of FIB irradiation to draw patterns in YIG with
nanoscale precision but without removing material. This minimizes the damage to the adjacent YIG
areas. The irradiated patterns can influence spin-wave propagation and may also act as wave sources
nearby a waveguide. The manipulation of magnetic properties via FIB in other material systems
is well-established, but we are not aware of fabricated spin-wave elements in YIG using a similar
approach.

Besides demonstrating complex spin-wave patterns in YIG films, we also described a newfound way
of creating spin waves via nonlinear resonance, a method that exploits high-amplitude standing-wave
oscillations to indirectly excite short-wavelength spin waves with complex wavefronts. This method
itself may have important device applications as it enables strong coupling between a complex-shaped
spin-wave launcher (the Rowland grating) and the simple straight waveguide, in cases where only
single-frequency excitation is required.
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4.7 Personal contribution

This work was originally published as A. Papp, M. Kiechle, S. Mendisch, et al., “Experimental demon-
stration of a concave grating for spin waves in the rowland arrangement”, Scientific Reports, vol. 11,
no. 1, pp. 1-8, 2021. por: 10.1038/s41598-021-93700-z, and we decided to make this a first-
coauthorship, as Addm and I both put so much work into this project, in fact we did most of the
experiments together, that we do not want to undervalue one or the other contribution. This is the
first paper we published within my doctoral project.

Sample preparation

I sputter fabricated the 100 nm YIG thin films via sputter-deposition and characterized them using
ferromagnetic resonance (FMR). For the metallization, I used E-beam evaporation to deposit 350 nm
aluminum directly onto YIG. A contact mask with a negative resist was used to lithographically
fabricate co-planar microwave antennas. There was no working lift-off process using the contact
mask, and the aluminum was etched off by phosphoric acid, which was found to be sufficiently
selective to YIG (etched three times slower).

Direct focused-ion-beam irradiation of YIG

After the preliminary experiments I conducted on YIG with direct FIB irradiation, and providing
evidence that we can change the effective magnetization, we wanted to experimentally demonstrate
Adam’s previous work where he designed a Rowland spectrometer for spin waves [85]. In short, he
did the design, I did the experiment. The intuitive idea was to use a very high ion dose to locally
destroy the magnetization, similar to physically etching a grating into YIG as suggested in the original
design. Aniondose of 1.5- 10™ ions/cm? was not detectable with FMR anymore, and we chose 1- 1015
ions/cm? for the grating irradiation (the more the merrier). The structures irradiated at this high
dose are optically visible, but AFM measurements confirmed that we did not physically mill into film,
but likely roughening the surface. I also looked into fabricating absorbing boundaries via FIB and
conducted experiments with gradually increasing ion doses next to the grating with the purpose to
only use a small portion of the circle (part of the Rowland condition), and to stop the waves on the side
to travel into the picture. The assumption we had back then that damping increases with ion dose
does not hold as much as we thought, and using drastically higher doses would cause reflections. For
that reason, we kept the half-circle and its continuations to deflect the waves next to grating.

Time-resolved MOKE measurements

Adam set up the trMOKE microscope as part of his post-doc time in Munich, which we used for spa-
tially resolving spin-wave patterns, and we measured the first curved grating on YIG. The separation
of diffraction modes did not work as expected, and furthermore, we did not understand the impor-
tance of the excitation amplitude at the time. After Adam left Munich, I continued the experiments,
used smaller antennas, varied the grating geometries, did a ton of bias field adjustments, and then
tested the wave excitation at different frequencies.

Interpretation

After I found the working triple of frequencies and with the expected diffracting angles, we wanted
to try simultaneous excitation at two frequencies, but found out that the amplitude (5 dBm) used for
the excitation produced highly non-linear spin waves, visible as the uniform excitation behind the
grating. When I used a lower amplitude for the excitation, actual waves form behind the grating, but
waves would not travel past the other side. All authors have been involved in numerous meetings
and discussions on the mechanism of excitation and the working principle, which is written down in
the manuscripts discussion and conclusion.
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5 Publication #3: A spin-wave lens designed with
machine learning

This chapter is a full reprint of the accepted version for publication of the article

M. Kiechle, L. Maucha, V. Ahrens, et al., “Experimental demonstration of a spin-wave lens de-
signed with machine learning”, IEEE Magnetics Letters, vol. 13, pp. 1-5,2022. por: 10.1109/LMAG.
2022.3209647.

5.1 Abstract

We present the design and experimental realization of a device that acts like a spin-wave lens i.e., it
focuses spin waves to a specified location. The structure of the lens does not resemble any conventional
lens design, it is a nonintuitive pattern produced by a machine learning algorithm. As a spin-wave
design tool, we used our custom micromagnetic solver ‘SpinTorch’ that has built-in automatic gradient
calculation and can perform backpropagation through time for spin-wave propagation. The training
itself is performed with the saturation magnetization of a YIG film as a variable parameter, with the
goal to guide spin waves to a predefined location. We verified the operation of the device in the
widely used Mumax® micromagnetic solver, and by experimental realization. For the experimental
implementation, we developed a technique to create effective saturation-magnetization landscapes in
YIG by direct focused-ion-beam irradiation. This allows us to rapidly transfer the nanoscale design
patterns to the YIG medium, without patterning the material by etching. We measured the effective
saturation magnetization corresponding to the FIB dose levels in advance and used this mapping to
translate the designed scatterer to the required dose levels. Our demonstration serves as a proof of
concept for a workflow that can be used to realize more sophisticated spin-wave devices with complex
functionality, e.g., spin-wave signal processors, or neuromorphic devices.

5.2 Introduction

There is an undisputed need to improve the efficiency (especially the power efficiency) of computing
devices. The exponential growth of available computing power — from personal devices to large
data centers — is limited by the energy consumption of the computing architectures. There is also
a consensus that the power efficiency of digital, Boolean devices cannot be improved by simply
replacing CMOS transistors with some different switching element.

Magnons can carry and process information at very high (several 10 GHz) bandwidths, dissipate
very little energy (attojoules), and hence they are a potential candidate for beyond-Moore devices.
Information processing does not necessarily have to be digital, instead wave-based, neuromorphic,
and non-Boolean building blocks are widely seen as the most promising unconventional comput-
ing paradigms with CMOS being the most advanced digital technology platform without seriously
competitive successors.

Spin-wave optical elements replicate the functions of optical computing blocks and provide a
pathway to signal processing and computing functions. This motivates our work to design compact
spin-wave optics elements, which are beyond the realm of classical optics. Magnonics went through
an intense development in the past decade — in particular, it became possible to experimentally
demonstrate devices that are magnonic versions of known optical structures in the spin-wave domain,
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as proposed by [83] and [93]. The majority of magnonic devices demonstrated so far aims to replicate
the behavior of the elements of classical optics. Nano-optical devices [68], however, may turn out to
be a better fit for the capabilities and limitations of magnonics. One advantage nanophotonic devices
have over classical optics is that they typically yield higher functionality in a smaller footprint — this
could be a crucial benefit in magnonics, where damping limits device size. This observation motivates
our work to design magnonic devices that are not derived from the elements of classical optics.

Nanophotonic devices are most often complex, non-intuitive scattering structures, often designed
by machine learning methods [114]. We follow this route, by using our recently developed SpinTorch
code [115] to design a linear scatterer that acts like a focusing lens, despite not at all resembling one
in light of its structure.

Recently, multiple approaches emerged in the magnonics community for the inverse design of
spin-wave scattering devices [65], [66]. These designs show a possible path towards neuromorphic
computing with spin waves, magnonic signal processing and complex logical gates. However, the
teasibility of experimental realization of the presented devices is not satisfactorily addressed in these
works. Here we use a simple device — a lens — for the demonstration of a workflow that includes both
the inverse design of the device, and a fabrication method to implement it.

5.3 Design of a Spin-Wave Lens with Machine Learning

In contrast to using fundamental design principles for spin-wave devices (e.g. optical design meth-
ods), the use of machine learning allows us to discover non-intuitive design geometries and may
result in improved performance, more compact footprint, and higher level of integration compared
to optical systems built from discrete components. In this work, we use a lens (focusing to a specified
output location) as an example of such a design to demonstrate the operation of our micromag-
netic inverse-design tool, and also the feasibility of experimental realizations of such designs by our
experimental technique.

5.3.1 SpinTorch: a Micromagnetic Solver with Machine Learning Integrated

We have developed and implemented a micromagnetic simulator, SpinTorch [115], with built-in
gradient-based optimization capability. We have previously demonstrated that this algorithm allows
us to design spin-wave scatterers that can perform various computing tasks [66]. More specifically,
we have shown that these scatterer designs can perform similar tasks as neural networks, e.g. solve
classification problems, linear transformations, and even nonlinear functions if spin waves are used
in the nonlinear amplitude regime.

SpinTorch is built on Pytorch [116], a machine-learning framework that is widely used to build and
train neural networks. It has automatic backpropagation capability, which is realized by building
a computational graph of the neural network during the forward run. In our case, this means
backpropagation through time for spin-wave propagation. In SpinTorch, the trainable parameters
can be any parameters of the micromagnetic simulation, e.g. spatial distribution of the external field,
or saturation magnetization — the latter is used in this work. The desired functionality is defined
through inputs and outputs, which can be transducers on the propagation medium. Training — or
inverse design — is achieved in a series of epochs, during which spin waves are launched, interference
patterns and output signals are calculated, and based on the gradients the design is updated until
satisfactory performance is achieved.

5.3.2 Lens design

A relatively simple but nevertheless powerful application of SpinTorch is the inverse design of spin-
wave optical elements. For demonstration of our methods, we chose to design a lens, i.e. a device that
focuses a wavefront to a specified location. A classical lens in optics achieves focusing by refracting
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waves on the lens surfaces: its operation is determined by the lens curvature and the relative refractive
index of its material. In our machine-learning approach, the refractive index is varied pointwise in
the specified design region by the algorithm. This ‘distributed-parameter” approach enables better
utilization of space, and control of aberrations in the system by the definition of an appropriate
objective function.

5 m  measured wavelength
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4.6 M () from disperion relation

Wavelength [pm]
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Figure 5.1 Nonlinear trend of the ion-dose-dependent change in YIG. The modified wavelengths App were
measured in 38x38 um regions irradiated with the respective ion dose. Subsequently, the effective magne-
tization change was calculated from the respective App and the spin-wave dispersion relation. The largest
Mg = 144.7 kA /m is used as the basis for the training.

In order to modify the refractive index of YIG for spin waves, we used FIB irradiation experi-
mentally. In simulations and training, we modelled the effect of irradiation by a change in effective
saturation magnetization (Mef). The exact mapping between irradiation dose and M, was extracted
experimentally through measurement of the wavelength (Fig. 5.1). We defined a 50 pum by 50 pm
design region in the YIG film where the algorithm was allowed to modify the intrinsic effective
magnetization between the intrinsic value Mg, = 142.8 kA /m, and the maximum achievable by FIB
irradiation Meff max = 144.7 kA /m.

We defined an artificial line source adjacent to the design region, which excites a linear spin-
wave wavefront. Outputs were placed on the opposite side, circular regions with diameters of 1 pm
arranged in the focal plane with 3.125pum separation in between. Outside the design region, we
included an absorbing boundary layer, which absorbs spin waves by a smoothly increasing damping
coefficient. On the lateral sides of the design area, we also included 25pum padding on both sides
(truncated in Fig. 5.3 and Fig. 5.4, but shown in Fig. 5.2), where normal YIG parameters were assumed.
This is required because in the experiment the excited wavefront is much longer than the irradiated
region, so diffraction of waves from the neighboring regions should be considered for an optimal
design.

For the simulation we used a damping coefficient value ayic = 7.9 X 1074, exchange coefficient
Aexch = 3.65p]/m, gyromagnetic ratio y, = 1.7595 x 10! rad/Ts. A YIG-film thickness of 69 nm
and 2D discretization of 100 nm by 100 nm were used. The excitation frequency was set to 3 GHz, the
bias field to 282.5mT (out-of-plane direction), which resulted in a spin-wave wavelength of Ao = 5um
in the unirradiated regions, and Apg = 3 pm where maximum FIB dose was applied.

We run the optimization in SpinTorch for 14 epochs, where each epoch consists of a forward
micromagnetic simulation, a backward gradient calculation, and updating the design parameters,
i.e. the saturation magnetization distribution (the result of the training is shown in Fig. 5.2a). Due
to technical limitations of our FIB instrument, the final saturation magnetization pattern — which
contained continuous values — had to be converted to binary values before irradiation (Fig. 5.2b).
For this, we increased the discretization resolution by a factor of two in both lateral dimensions, and
assigned a binary value to every pixel with a probability that was linearly mapped from the designed
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Figure 5.2 Sequence of the lens design flow. (a) Machine-learned saturation-magnetization pattern trained to
focus spin waves to the center output. (b) Binarized scatterer pattern with increased resolution to match the
FIB spot size and mapped to the corresponding ion dose values. (c) Spin-wave interference pattern calculated
by SpinTorch after finished training (corresponding to the pattern in (a)). (d) Mumax® simulated spin-wave
propagation in the binary pattern from (b). (e) Spin-wave intensities on the defined outputs in c).

pattern (this process can be referred to as stochastic halftoning). Here we assumed that since the pixel

size is almost two orders of magnitude smaller than the spin-wave wavelength, spin waves will "see’
only the average values.

5.3.3 Design Verification with mumax?®

As a validation step of the training, we repeated the micromagnetic simulations in mumax® [111] with
the final design pattern. Due to limitations of mumax?® (the number of distinct M; values is limited
to 256), we only used two magnetization values (the intrinsic and maximum achievable with FIB) in
the simulation patterns, this way also verifying our assumptions with the binary mapping. Fig. 5.2b
and d show the binary pattern and the resulting interference pattern, respectively. A comparison
with Fig. 5.2c shows good agreement between the two simulations, the slight noise in the mumax®

simulation can be attributed to the non-exact stochastic approach taken in the binarization of the
pattern.

measured m, [a.u.]

0 10 20 30 40 50
x [pm] X [pm]

Figure 5.3 Focusing of spin waves by a machine-learning-designed magnetization pattern. (a) SpinTorch
uses the two values Megro and Meg pip as training parameters, and constructs a binary non-trivial saturation
magnetization map by the inverse-design algorithm. (b) plane wave propagation through the pattern in (a)
simulated in mumax®. (c) Measured spin wave waveform in the FIB irradiated magnetization pattern, showing

the wavefront focusing to the center output. The dashed rectangle corresponds to the 50x50 pm design area
used for the training.

5.4 Experimental Realization

Direct focused-ion-beam (FIB) irradiation of yttrium-iron-garnet (YIG) films has been recently demon-
strated as an efficient fabrication method for magnetization landscapes with nanoscale precision [1].

48



L

(%
S

1AL

LAY
(=]

. g-. 'y

o N
\f{

s
-
|

measured m, [a.u.]

vt
- .

ﬁ‘
N

S

x [pm)]

Figure 5.4 Offside focusing of spin waves to different output. (a) The binary magnetization pattern created in
spinTorch. (b) mumax® simulation of a plane wave (19 = 5 pm) excited on the left, traveling through the binary
magnetization pattern shown in (a). The wavelength changes due to the locally changing magnetization, which
shapes the focusing to the side as originally intended. (c) trMOKE image of the FIB irradiated pattern with the
wavefront focusing to the lower output.

For the experimental arrangement, a 69 nm thin YIG film with coplanar microwave antennas is used
to excite spin waves with out-of-plane magnetic-field bias. The YIG film was fabricated with lig-
uid phase epitaxy [74], and its magnetic parameters obtained from ferromagnetic-resonance (FMR)
measurements are Mego = 142.8 kKA/m and a = 0.0004. The 2D spin-wave patterns were recorded
with longitudinal time-resolved magneto-optical Kerr effect (trMOKE) microscopy. A microwave
frequency of f = 3GHz at a power of P = -10 dBm and a bias field of approximately pgHg. = 282mT
resulted in a spin-wave wavelength of Ay = 5pum, which was used as a basis for the simulations and
experiments.

5.4.1 Engineering the Effective Magnetization in YIG via FIB

The change of the effective magnetization is ion-dose dependent, and the degree of change is measured
by the wavelength change (A vs. App) of spin waves traveling through irradiated regions (38x38 pm
in size) of various ion doses. In Fig. 5.1 the ion dose vs. wavelength profile is shown (numerically
on the left axis). It becomes clear that the trend is non-linear, and the trend turns around after
achieving a minimal wavelength (doses beyond this value have little practical importance, since the
damping strongly increases above this dose). We note that the profile shape changes when a different
Ag is used, which is due to the non-linear dispersion relation. Additionally, the Mg change with
respect to the ion dose is presented, which was calculated using the dispersion relation. The ratio
of Ao/ A(Mess Fi8) can be modeled as the adjustable refractive index n in FIB-irradiated regions, given
that n = 1 in intrinsic YIG. For the training of the binary lens patterns it is instructive to use the
maximum achievable magnetization difference, hence the intrinsic value Mefo = 142.8 kA/m and
largest Meff,max = 144.7 kA /m were used. The magnetization distribution obtained from the training
in Fig. 5.3a and Fig. 5.4a can directly be used as an irradiation image in the FIB tool, and the yellow
regions were irradiated at an ion dose of 1.3 - 10'% ions/cm? with a pixel size of 50 nm (equivalent
to the cell size used in the mumax? simulations).

5.4.2 Experimental Verification of the Lens Design

For the imaging of spin-wave propagation in YIG, we use an in-house developed time-resolved
magneto-optical Kerr microscope (trMOKE). This setup is a stroboscopic scanning microscope based
on a picosecond pulsed laser (405 nm), with coherent spin-wave excitation provided by a coplanar
waveguide. Here the longitudinal MOKE is utilised, being sensitive to the in-plane dynamical
component of the magnetization. The spatial resolution of our setup is about 1pm, limited by the
laser spot size and the minimum step size of the micro-resolution stage that is used to scan across the
sample surface. Further details of the trMOKE setup are provided in [2].
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The FIB irradiated patterns are optically invisible and no material in the YIG film is removed,
merely the ion implantation causes a structural change of the crystal that changes the effective
magnetization on the nanoscale, thus propagating spin waves with micrometer wavelengths face
negligible discontinuities. For the purpose of demonstrating the design flow, i.e. the training of the
Megs map, its simulation with plane waves in mumax® and eventually the experimental verification
of the FIB irradiated magnetization map, we show two lens-like operating elements that aim to focus
spin waves to different locations. In the case of focusing to the center output, the trMOKE image
(Fig. 5.3c) of propagating spin waves through the FIB irradiated magnetization pattern resembles the
simulated scene, with the associated wave traces clearly visible. As for the offside focusing shown
in Fig. 5.4c, the individual wave paths can still be recognized and the focus is in the right location,
although not at highest intensity and the image itself has a much noisier background. There are
many potential reasons for such imperfections, such as fluctuations in the ion beam current, resulting
in an ion dose deviation, and therefore producing a different magnetization value. Using precise
parameters is crucial, a small deviation in local magnetization changes can have a large impact
on spin-wave interactions while propagating through. Aside from this, more common issues in
spin-wave experiments such as imperfections in the YIG film or unwanted interference with waves
entering the pattern from the side can distort wave form in the areas of interest. Magnetic damping
is considerably low in YIG thin films, and spin-wave propagation in the few tens of micrometer areas
shown in this work can propagate without much amplitude decrease. However, FIB irradiation adds
a somewhat moderate damping contribution that will increase with the ion dose, which we did not
take into account for the training.

Nevertheless, we observe good agreement between the simulated and experimentally fabricated
magnetization patterns, and they show the intended behavior, i.e., focusing spin waves to a predefined
location. This proves that SpinTorch can successfully design transfer functions/functional areas for
spin waves and FIB can be used as an effective prototyping and fabrication tool for any magnetization
pattern within the available range at nanoscale precision. Combining those two methods provides a
powerful toolbox to design non-trivial spin-wave computing elements.

5.5 Conclusion

We demonstrated a general design method for spin-wave optics through the specific example of a
lens. We experimentally verified our designs via direct-FIB irradiation of YIG films. Our results show
a good agreement between simulation and experiment, we hope that this demonstration could ignite
interest in inverse magnonics as a possible route towards nanoscale signal processors and computing
devices.

While there have been numerous demonstrations of magnonic logic [104], [117]-[119] and optically-
inspired spin-wave computing [80], none of these designs could overcome the challenges of the
field, first of all the inefficiency of the transducers combined with extremely small signal levels and
moderately high damping. We believe that our results could be used to tackle some of these issues
by increasing the complexity of the functions that can be realized in the spin-wave domain before
readout or amplification of the signal becomes necessary.
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5.6 Personal contribution

This work was originally published as M. Kiechle, L. Maucha, V. Ahrens, et al., “Experimental
demonstration of a spin-wave lens designed with machine learning”, IEEE Magnetics Letters, vol. 13,
pp- 1-5,2022. por: 10.1109/LMAG.2022.3209647 and presents a new design method for spin-wave
devices using machine learning, in this case with a design inspired from optics. The design method
is experimentally demonstrated and verified with the developed fabrication procedure within my
doctoral research, that is direct focused-ion-beam irradiation of YIG.

Sample preparation

The YIG samples (69 nm) used in this work were provided from Carsten Dubs and fabricated by liquid-
phase epitaxy (LPE), known to result in minimal strain and the lowest possible magnetic damping. I
provided the layout for the microwave antennas, which were fabricated by Matthias Golibrzuch, and
wire-bonded the sample to the chip-carrier with the help of Anika Kwiatkowski. The training with
SpinTorch requires a pre-characterization of the maximum achievable magnetization (Mg max) change
by FIB irradiation, which individual for every sample. This involves an ion-dose map next to the
microwave antenna, and the ion dose that produces Mef max together with the intrinsic magnetization
Mg 0 is then used for the training. The training is also wavelength-specific, and the carefully chosen
experimental settings have to be reproduced at a later stage. The parameterization did not work
out well with the first sample as we could not excite wavelengths below 7 um and the design would
have been too large overall. We performed those experiments on our own samples meanwhile but
later moved back to a second LPE-fabricated YIG sample, where the excitation worked better. The
intention was to obtain a higher magnetization change because of the thinner film (we usually use
100 nm), and hence a larger portion of the thickness being irradiated, but this did not work happen
as expected. We finished the experiments for this sample either way and left the discussion out of
the manuscript, as we were not able to understand the underlying cause at that point in time. We
speculated that our samples have a much messier interface (also visible in the TEM images), that
the effective thickness is about 70 nm and hence, about the same as the LPE-YIG film. After the
pre-characterization, I discussed the results with Levente Maucha and gave the directions for the
training outputs and geometrical /fabrication constraints.

Time-resolved MOKE measurements

This metrology gives access to spatially resolved spin-wave patterns by using a stroboscopic under-
sampling technique. I measured the spin-wave wavelength changes in the dose map with different
initial wavelengths to not only find a dose that produces the highest magnetization difference, but
also to make that the chosen wavelength propagates efficiently in the irradiated part. This turned
out to be more difficult with the LPE-fabricated YIG samples we used in this experiment, as the
excitation was unexpectedly narrow in terms of SW wavelength. The initial purpose was to use a
better sample for cleaner signal, but we speculated that because of the perfect interface to GGG the
reflection, and hence the Kerr effect, is less. After we found a working configuration, the data was
also post-processed for the training. Eventually, I measured the resulting spin-waves patterns in the
FIB-modified YIG film with the target excitation wavelength.

Direct focused-ion-beam irradiation of YIG

The magnetization patterns obtained from training are converted to a binary image by using a
filling factor change in pixel space, a technique also developed and verified within my project. The
irradiation had to be done multiple times because of calibration and stabilization problems of the FIB
tool’s current. I fabricated a series of slight ion dose variations and eventually found the right dose
for the pattern, which was resulted in the target output for the case of center- and offside focusing.
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6 Conclusion

6.1 Main results

This work presents the establishment of an efficient fabrication technique for spin-wave devices, com-
ing up trumps with its simplicity, universality, and excellent structural quality. Nanometer-thin YIG
films were in-house fabricated and used as a spin-wave medium, the most commonly researched
material in this manner due to its record-low damping properties. The structuring, precisely the
dimension and technology control, of magnetic media is inevitable to the technological improvement
of spintronic devices. Common structuring methods include wet chemical etching, ion milling, and
even a liftoff process after the magnetic layer deposition [14] while using a photo resist mask. How-
ever, these processes are not only prone to cause rough surfaces and imprecise edges, they could
unintentionally alter the magnetic properties and additionally, they are limited to larger structural
sizes. The ion beam patterning method presented does not physically remove material, instead, it
changes the material properties in a controlled manner, offering different applications with respect
to the degree of modification via ion dose.

The technology’s applicability has been demonstrated by means of various device component ex-
amples used in wave computing, whereby the ion-dose-dependent change had been modeled as an
adjustable, effective refractive index for spin waves. A lens is the most fundamental component in
optical computing due to its Fourier properties, and magnonic realizations based on conventional
optics, graded-index optics, and even machine-learned versions are presented. The underlying tech-
nology emphasizes the power of this technique: it enables the generation of magnetic landscapes of
arbitrary shape, including precise formations of gradients if desired and the resolution limit posed by
that of ion-beam writing is suitable for nanoscale devices. For research purposes, this offers a rapid
prototyping platform and makes room for new device ideas that can be readily tested and researched,
and the technology is easily adaptable to industry standards (ion implanting).

The adaptation to metallic film-based spin-wave devices, attractive because of their larger group
velocities, is obvious - FIB has been extensively used in these systems to manipulate the magnetic
properties. Our group just recently performed a similar experiment to the ion-dose-dependent
change on the magnetic properties with Cobalt-Iron-Boron (CoFeB) alloy as a magnetic layer in a
W /CoFeB/MgO stack, although focusing on the impact on domain size and the resulting skyrmion
formation [22], already demonstrating FIB as a setscrew of magnetic properties in metallic magnetic
systems.

In summary, this work presents an important step in the technological advance of magnonic de-
vice fabrication and uses a technology that’s compatible with industry standards (ion implanting). It
readily provides many device-design inspirations and example implementations, also demonstrating
useful application techniques like gradient realization with the filling factor approach. With this, we
aim to make a valuable to contribution to the Magnonics community and to offer a useful tool for
future research interests.
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6.2 Outlook

The results of this work are only a foretaste of what can be accomplished, but yet the most important
milestone to get things rolling in this direction. The FIB platform is a huge playground and here are
a few of many ideas on how to proceed with this project.

The underlying effect of ion-beam manipulation of YIG needs to be characterized — the modeling
of the effective magnetization might be sufficient for what is presented, but the separation of the
potential bilayer interaction due to the penetration depth limit combined with the specific anisotropy
component needs to be understood if one wants to use other spin-wave types such surface or back-
ward volume waves or to take advantage of larger ion dose regime. Instead of using the increase of
Mg in the low-dose range as it is done in this work, the high-dose range offers an interesting way to
increase the achievable amount of the refractive index n by inverting the irradiation and decreasing
n of the surrounding area instead.

To better understand the layer physics in this high-dose regime (the crystallinity of the top layer
could be severely affected), we want to pursue He* FIB irradiation, as this ion species fully penetrates
the 100 nm YIG film and is therefore not only providing the reference of a modified monolayer but
also exploring the achievable n-change when the film is irradiated at full depth.

The FIB-induced ‘damage’ is irreversible by practical means, and conversely, the demonstrated device
features are not reconfigurable. This important feature could be accomplished by adapting the find-
ings of this work to the initial idea (see introduction), to use switchable Co/Pt nanomagnets on top
of YIG. The switching field distribution of these magnets, and hence the range of reconfigurability,
can be enhanced by using PMA YIG (Ga*-doped) as this requires much lower bias fields.

Spin-wave imaging with our trMOKE microscope poses a limit on the wavelength resolution, al-
lowing the investigation of fabricated spin-wave devices with dipole-dominated spin waves only. The
applicability of FIB in nanoscale device manufacturing can be tested by fabricating transducers that
promote smaller wavelengths combined with a higher-resolution imaging technique using x-rays,
and we are currently starting a collaboration to follow this track.
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