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Abstract

Magnonic devices based on active manipulation of spin waves, provide a broad set of solutions
to many problems in CMOS technology as these can be operated at very high switch speeds
on nanoscale while only very low thermal losses are experienced. Therefore, this work aims
to utilize one—dimensional magnonic crystals and resonators that promise new routes towards
nanoscale devices.

In this work growth of ultra low damping nanometer thin YIG films by Pulsed Laser
Deposition, patterning by means of optical and electron beam lithography, sputtering and
ion beam etching as well as characterization of these devices by all-electric broadband spin
wave spectroscopy are explained. By etching several magnonic crystals in 43 nm thick YIG
deep and wide bandgaps are opened by Bragg Scattering. These magnonic crystals consist
of several shallow air grooves with varying lattice period, groove width and groove depth.
By optimizing crystal parameters, the bandgaps suppress spin-wave transmission down to
background while transmission for allowed frequencies is comparable to continuous YIG.
With a total size of less than 10 pm this is the smallest YIG magnonic crystal compared to
literature.

By developing a second approach utilizing narrow magnonic resonators consiting of CoFeB
grown on top of continuous YIG film, damaging magnetic properties in YIG induced by
air groove fabrication is avoided. Within that bilayer, the YIG spin-wave undergoes a
asymmetric wavelength down shift. Superposition of reflected waves from the resonator
edges leads to destructive interference for well-defined frequencies. This enables robust, deep
and wide bandgaps with a resonator width as narrow as 250 nm, while keeping transmission

in off-resonance frequencies unaffected.

The results provided in this work offer promising prospects for engineering broad and deep
bandgap in a large frequency range on the micro- and nanometer scale. Herewith, a big step

towards highly efficient nanoscale YIG magnonics is achieved.



Zusammenfassung

Magnonische Geréate auf Basis aktiver Spin-Wellen-Manipulation bieten eine Bandbreite
an Losungen zu vielen Problemen der CMOS-Technologie, da diese mit hohen Schalt-
geschwindigkeiten auf Nanoskala betrieben werden kénnen, wahrend gleichzeitig nur niedrige
Hitzeverluste auftreten. Darum zielt diese Arbeit darauf ab, ein-dimensionale magnonische
Kristalle und Resonatoren zu benutzen, welche einen neuen Weg zu nanoskaligen Geraten
versprechen.

In dieser Arbeit sind YIG-Filme mit ultraniedrigen magnetischen Démpfungseigenschaften
gewachsen durch "Pulsed Laser Deposition” sowie strukturiert mit Hilfe von optischer und
Elektronenstrahl-Lithographie, Sputtern und Ionenstrahl-Atzen. Weiter ist die Charakter-
isierung dieser Geréte durch Rein-Elektrische Breitband-Spin-Wellen-Spektroskopie erklart.
Durch das Atzen einiger Magnonischer Kristalle in 43 nm dickem YIG-Film sind tiefe und
breite Bandliicken mit Hilfe von Bragg-Streuung eroffnet. Diese magnonischen Kristalle
bestehen aus mehreren Luftrillen mit variierender Gitterperiode, Rillenbreite und Rillentiefe.
Durch Optimieren der Kristall-Parameter wird die Spin-Wellen Transmission in Bandliicken
bis zum Hintergrundniveau unterdriickt, wahrend Transmission fiir erlaubte Frequenzen
vergleichbar zu kontinuierlichem YIG bleibt. Mit einer Gesamtbreite von weniger als 10 pm
ist dies der kleinste magnonische YIG-Kristall in vergleichbarer Literatur.

Durch Entwickeln eines zweiten Ansatzes, bei dem aufgewachsene schmale magnonische Res-
onatoren aus CoFeB auf dem kontinuierlichen YIG-Film verwendet werden, kann der durch
Fabrikation von magnonischen Luftrillen-Kristallen eingebrachte Schaden an den magnetis-
chen Eigenschaften des YIGs vermieden werden. Innerhalb dieser Doppelschicht unterliegt
die Spin-Welle einer asymmetrischen Wellenldngenschrumpfung. Superposition von an den
Resonatorkanten reflektierten Wellen fiihrt zu destruktiver Interferenz fiir wohl-definierte
Frequenzen. Dies ermdglicht robuste, tiefe und breite Bandliicken mit einer Resonatorbreite
von lediglich 250 nm, wahrend gleichzeitig Transmission von nicht-resonante Frequenzen
unverdndert bleiben.

Die Ergebnisse dieser Arbeit bieten eine vielversprechende Perspektive um breite und tiefe
Bandliicken in einem breiten Frequenzspektrum auf der Mikro- und Nanometerskala zu
konstruieren. Damit ist ein grofler Schritt in Richtung hoch-effizienter nanoskaliger YIG-
Magnonik erreicht.
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Introduction

High processing capabilities of modern computers are important for all kinds of research and
daily life. Due to increasing demand and use of computing in big data analysis, life imaging,
video processing technologies and complex simulations, the necessary power rises. However,
within the past 10 years CMOS technology got close to its physical limit in miniaturization
and cooling capacities. Hence, a new widely usable, flexible and fast information processing

technology is needed. [Schaller, 1997], [Serga et al., 2010] While electronics utilizes charge of

electrons, magnonics utilizes the amplitude and phase information of spin waves. By providing
fast group velocities, a broad frequency range, and low Joule heating, they could serve as excellent

information carriers and transmitters. Parallel computing within one device could be realized,

and thus the processing speed multiplies. [Krawczyk and Grundler, 2014], [Khitun, 2012

A promising material for magnonics is yttrium iron garnet (YIG), since it exhibits ultra low
magnetic damping. However, high quality thin film growth and device fabrication on the nanoscale

are big challenges, even with today’s lithography and growth techniques. [Serga et al., 2010],
[Neusser and Grundler, 2009
This work aims to tackle the named problems by growing nanometer thick YIG films with ultra low

intrinsic Gilbert damping and fabricating a sub-10 pm magnonic crystals for control of spin-wave
in Damon Eshbach geometry. This magnonic crystals consists of periodic air groove arrays that
are fabricated by means of electron beam lithography and ion beam etching. By varying MC
parameters such as lattice period, groove width, and magnetic bias field, the bandgaps opened
up by Bragg scattering are flexibly designed and actively manipulated.

Bragg scattering of propagating spin-waves in these crystals opens up forbidden frequency gaps
when their wavelength (A) matches A = 2—3 (lattice period a, integer n) Thus, the minimal size of a
magnonic crystals exceeds the wave length of the propagating spin-wave it aims to manipulate. In
addition, the ion milling deteriorates the YIG film at the edges, challenging further downscaling
to nanometer range. To address this challenge, a new concept for YIG-based magnonic resonators
is introduced. By utilizing a bilayer of CoFeB and continuous YIG, wide bandgaps are opened in

the spin wave transmission spectrum. To understand the mechanism for opening transmission

bandgaps by the bilayer region, the model for magnetostatic dispersion by [Griinberg, 1981] is

extended to the dipolar-exchange-regime. The incident magnetostatic spin-wave in bare YIG
converts in the bilayer region, respecting a fundamentally altered and asymmetrical dispersion.
Resonant reflection at the device edges lead to interference of waves at the detecting antenna. For
positive wavevector, the spin wave converts to the dipolar exchange regime and short wavelengths.
From the model it follows, that the necessary phase delay for destructive interference is already
obtained by a single 250 nm wide stripe. A detailed investigation of transmission bandgaps
relating to stripe width is conducted. Thus, control of bandgap spin wave transmission on the
nanoscale is obtained.

These outcomes may lead to the implementation and improvement of devices for nanoscale

information processing.
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1. Theoretical Background

Magnetism is a field closely related to electricity and yet very different. Electronic properties in
solids as, e.g., dispersion, can be mainly explained by one-electron-approximation. However, this

is not true for magnetism. To model the many facettes of magnetism, aspects of multiple energy

contributions have to be compared and evaluated. [Ibach and Liith, 2002

Thus, the following chapter will give a short review on important energy interactions, dynamics
and eventually spin waves and magnonic crystals. For further reading and detailed discussions
and derivations, e.g., [Stancil, 1993|, [Stancil and Prabhakar, 2009] and [Aharoni et al., 2000] are
recommended.

The most important material in this work is YIG. It is an oxide material with ferrimagnetic
properties and a Curie-temperature of Tc = 559 K. YIG exhibits ultralow magnetic damping
and it is also used in electronics as it has a very high quality-factor for microwave applications.
[Cherepanov et al., 1993]

1.1 Magnetism and Magnetization Dynamics

As described in [Ibach and Liith, 2002] macroscopic magnetism is categorized in 5 different types,

namely ferromagnetism, paramagnetism, diamagnetism, ferrimagnetism and antiferromagnetism.
These types originate in different outcome of superposition of energies which can be derived from
mean-field-approximations and next-neighbor-approximations. In the following four important

energies resulting from microscopic interactions are introduced.

1.1.1 Micromagnetic Interactions

The total energy Eio of micromagnetic systems consists of different energy contributions. A
magnetic field can be assigned, which holds Hegp = > °; Hj. H; describes the magnetic contributions
of the different energy terms. In this work, the main contributions are the magnetic anisotropy, the
Zeeman energy, the exchange interaction and the magnetostatic contribution. These contributions

are discussed in detail in ﬂDaniel D. Stancil, 2009ﬂ and [Stancil, 1993|.

Magnetic Anisotropy

Reduced neighbor symmetry in the lattice order at the surface deformes the electron orbitals.
This then leads via spin-orbit coupling and coupling to the magnetic moment to a magnetic
anisotropy. The field and its energy are described by: [Bilzer, 2007], [Hubert and Schéfer, 2008]

(1.1)

k is a material parameter. Other contributions like bulk anisotropy or uniaxial anisotropy are
neglected.
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Zeeman Contribution

When an external magnetic field Beyy. is applied, magnetic moments p; in that field feel a torque.
Thus, the magnetic moments align to the external field. The energy for this mechanism is lowest,
when the magnetic field and magnetic moments align parallel. The Zeeman energy can be written
as: [Stancil and Prabhakar, 2009

Ezceman = —#4i - Bext. (1.2)

Exchange Interaction

Following the approach of [Heitler and London, 1927] in [Stancil and Prabhakar, 2009], an energy

eigenvalue is found from the Hydrogen molecule problem with 2 electrons When introducing the
electrons as independent particles with orthogonal wave functions, the Heisenberg hamiltonian
can be written as:

HHeisenberg =-——5 5152 (1.3)

Here, J is the exchange integral and describes the nature of interaction. §i refers to the spin of

electron i. In [Stancil and Prabhakar, 2009] the exchange integral is derived:

1 1 1 1

J=e2. //@3(?9@7;@'2) ( PRI ) By (1) Ba(Fy) Py vy (1.4)
Rab  T12 Tal Th2

e describes the charge of the electrons 1 and 2, while R,}, the distance of atom a and b describes.

ra1 etc. describes the distance of electrons to atoms or electrons, respectively. Here, the overlap

of two atom wave functions @, and @}, for the electrons 1 and 2 is integrated. This expresses

Pauli’s principle and coulomb repulsion.

By aligning the spins of electrons a magnetic order is provided. For positive solution of the
integral, the parallel alignment leads to net magnetization and is called ferromagnetism. A
negative solution and antiparallel alignment leads to the related antiferromagnetism without
net magnetization. Ferrimagnetism is an antiparallel order that has different magnitude in one
direction than the other.

Following a semi-classical ansatz, the exchange interaction energy is obtained from the quantum
mechanical Heisenberg model by summing up the spin-spin interaction of neighbors j: (for full
derivation, see [Aharoni et al., 2000])

E; :*Jij -S-ZCOS¢ij (1.5)
J

Here, J;; describes the exchange integral of spin i and j. S is the sum of the spins and ¢ the angle
between the spins. Since the spins align either positive or negative in a ferro- and antiferromagnets,
a small-angle-approximation can be performed, which leads to:

Ei~Jj-S > 67 (1.6)
i
Furthermore, it holds:
2 . ~ 12
2% & [ (1.7)
J small angle
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Here, m; corresponds to the unit vector along the spin and hence magnetic momentum. When

introducing s;Vm = mj, and transfer the summation in an integral, one obtains:

EExchange =A ((va)Z + (me)Q + (VmZ)Q) (1'8)

The energies derived from this expression are one of the largest in magnetism. However, due to
the very limited reach of spin-spin-neighbor interaction, exchange interaction is short-range in

nature.

Magnetostatic Contribution

If a magnetized volume has physical boundaries, then these boundaries induce magnetic flux in
and around the volume. All magnetic moments then perceive this flux. Following [Bilzer, 2007]
and [Hubert and Schéfer, 2008], the energy can be derived solely from Maxwell’s equations in

magnetostatic approximation.
VB = g -V (Hus + M) =0
%( m‘“’%) (1.9)

Here, B describes the magnetic flux, the magnetostatic field is Hps and the magnetization refers
to M Since, there is no current in this system, the rotation of the induced H-field must be zero:

V x Hyps = 0 (1.10)

By introducing a magnetic potential ¥y ae with magnetic density pmag = AVmag and fﬁ\llmag =

Hps, it follows:

Since, the non-current induced magnetic flux lowers the magnetization it is also known as

demagnetizing field. However, it is very difficult to calculate analytical solutions for the flux and

these fields. The magnetostatic energy is described as: [Hubert and Schéfer, 2008]

_Ho Vi

Eps = dVM - H 1.12
s 2V sample s ( )

Here, V is the volume of the flux creating structure.

1.1.2 Magnetization Dynamics and Landau-Lifshitz-Gilbert Equation

The single most important equation to derive any modeling of dynamic microscale magnetic
systems is the Landau-Lifshitz-Gilbert Equation, short LLG. When observing a system of spins,
one can describe the time dependent evolution of magnetization vector M by the Landau-Lifshitz
equation (LLE):

dM U
T YoM X Hegg (1.13)

The effective magnetic field Hgff represents all contributions like external field, anisotropy or
demagnetzing fields. From phenomenological interpretation of equation [1.13] it follows, that
nonparallel magnetization M will feel a torque, which aligns it to the external field H;ff. However,
if in addition a radial movement of the magnetization exists, the result would be an endless

precession, because no damping is included. [Stancil and Prabhakar, 2009] To include damping in
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a large validity range, [Gilbert and Ekstein, 1956] extended that formula by including an intrinsic

damping parameter .

dM -~ a (o aM
— = M x H — [ M x — 1.14
3 = Mo off ¥ 31 ( T ) (1.14)
« corresponds here to an empiric material constant. The smaller this parameter, the longer the
decay time. In Figure this phenomenon is depicted. YIG is the material with the lowest
Gilbert damping constants. Metals and alloys have much larger damping, but also much higher
group velocities due to higher saturation magnetization. This makes them favorable in other

approaches. [Serga et al., 2010]

Solving the LLG equation is often accomplished by using simulation software like MuMax3

[Vansteenkiste et al., 2014]. There, the differential equation for the magnetization vector is solved

locally by using massive amounts of computing power.

zZ

A

—M x (M x H.g)

—M x Heff
Heit

Reprinted from [Stancil and Prabhakar, 2009)

Figure 1.1: Damped precession of a magnetic moment in an external magnetic bias field.

1.2 Spin-Waves

When combining both, the LLG and spin interactions a description for collective spin precessions
are obtained. Those are called spin-waves. The quasi particle of a spin-wave, is called Magnon.
Phenomenologically, this is explained by an excitation transferred from one to another electron
spin in a magnetically ordered material. This excitation will then propagate with a wave length
A, a frequency f and group velocity vgroup. The most often excitation techniques utilize a current
that induces a small, local torque on spins, that excites them to precess. For detecting spin-waves,

most often a second antenna or lasers are used. [Serga et al., 2010]

Ferromagnetic Resonance

In the used thin films in this work, an external magnetic bias field aligns all spins in one direction.
The result is an uniformly magnetized film with M I Hg. A uniform spin precession is called
ferromagnetic resonance (FMR). For this frequency fgyr, the spins precess in phase over very
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long scale. This is described by the Kittel-formula. [Stancil and Prabhakar, 2009] To get a
mathematical expression, a full derivation is concluded in [Kittel, 1948].

v
frMr = 5o \/Heff - (Hegf + Megr) (1.17)
™
Hgge describes the sum of magnetic contributions and Mgg¢ is the effective magnetization. The
gyromagnetic ratio % = 28025 %

Since this formula describes the resonant behavior of the thin film, the expected results equates
a lorentz shaped peak. From sweeping the magnetic field and fitting the FMR, peak location to
equation the magnetization and anisotropy can be determined experimentally.

From analyzing the linear regression of FWHM by:

the intrinsic Gilbert damping parameter o can also be determined. Akvgroup relates to the
excitation spectrum line width of the antenna and spin-wave group velocity in the thin film.

Besides FMR, propagating spin-wave modes can also be excited in the magnetic films by local
microwave excitation. Depending on the propagation direction and the orientation of the external
magnetic bias field, there are three types of magnetostatic spin-waves, which will be explained in
the following. Other excitations like purely exchange spin-waves are not the topic of this thesis.
Although called magnetostatic, the waves are dynamic, but derived from Maxwell’s Equations in

magnetostatic approximation. [Serga et al., 2010]

Magnetostatic Surface Spin-Waves

In this work, only spin-waves in Damon Eshbach geometry ([Damon and Eshbach, 1961]) are

investigated. The external magnetic bias field is aligned in plane and perpendicular to the
propagation direction. The dispersion is plotted in Figure (indicated by MSSW) A derivation

to obtain the dispersion is computed in [Stancil, 1993]. There, the dispersion is found as:

2
gl foMegg -
180 = 21 - g+ o) + P01 (116

2T

Here, the effective field is described by Hegr and the effective magnetization by Mggr. In the limit
of k — 0, the Kittel-Formula can be obtained:

y
fres = f(k =0) = - \/Heff + (Hegr + pioMegt) (1.17)

In [Wong et al., 2014], the localization of spin-wave in Damon Eshbach geometry is investigated.

It is found, that for thick films, the wave is pinned to one surface i = H_b x k. However, due to
leakage in thin films the amplitude ratio % in opposite directions at the other surface is found
as:
Aty | gelkyld g lkyld (1.18)
-y
Here, the thickness of the film corresponds to d and the wavenumber to ky. The localization
of spin-waves in the Damon Eshbach geometry at the surface and the out-of-plane component

of the precession ni(t) also allow for other observation techniques such as by Magneto-optical

Kerr-Microscopy or Brilloiun Light Scattering. [Serga et al., 2010]
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Figure 1.2: spin-wave Dispersions for different geometries. Each geometry is sketched in a small inset.
The dispersions are calculated for a 5 pm thick YIG film with saturation magnetization Mg = 175 % and
an external applied magnetic bias field of Hgyy = 185mT.

Backward Volume Magnetostatic Spin Waves

Another way of aligning the magnetic bias field is in plane, but parallel to the spin-wave propagation
direction. This configuration is called the Backward Volume mode, because the spin-wave follows
a cosinusoidal distribution across the whole cross section of the film. In addition, the dispersion
provides negative group velocities, i.e., the amplitude moves in the opposite direction than the

energy transfer. [Serga et al., 2010] Thus, the highest frequency in this excitation mechanism is

the FMR frequency. In Figure the dispersion is shown which is described by: [Stancil, 1993]

1-ekd
fBVSW = \Jfres : (fres + fM : kd) with fM == MlMeff and Eq (119)
0
Forward Volume Magnetostatic Spin Waves

A third configuration can be obtained by applying the bias field out of plane and perpendicular
to spin-wave propagation. This case corresponds to slower group velocities than Damon Eshbach

geometry as the dispersion is flatter.[Serga et al., 2010] The shown dispersion is computed from:
Stancil, 1993

1—ekd
frvsw = Jf}[ : (fH Ve (1 - ked>> with f; = lHext (1.20)
10
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A big advantage for application in this form is, that the magnetic field is always perpendicular to
the propagation, even if the spin-wave changes direction in the film plane.

1.3 Active Magnonic Media

Similar to the electromagnetic waves in metal conductors, spin-waves can be manipulated by
active media. This results in a band structure that changes upon external actuation depending
on the nature of manipulator.

Magnonic Crystals

Spin-waves can be reflected on periodic magnetic elements similar to Bloch waves in solids at the
unit cell borders. This can be realized by physical patterning magnetic films and thereby periodi-
cally manipulate the magnetic properties. For magnonic crystals, the reflection of propagating

spin-waves is described by the Bragg scattering condition: [Serga et al., 2010]

n-m nm
kscatter = ———— = (1.21)

ap-sinf  ag =90°
Here, the positive integer n describes the order of multiples of 7. At the Bragg scattering
condition, reflection of propagating spin-waves is maximum, causing a minimum in transmission.
The minimums in spin-wave transmission spectra are referred to as bandgaps.

Magnonic Resonators

Magnonic crystals are limited in size, as every scattering unit has to be at least half the length of
the spin wave wavelength. This is a big challenge for miniaturization. Easier to downscale are
other approaches are, e.g., resonators or tunnel barriers, with well defined Eigenfrequencies, that
shape the band structure. However, it is often difficult to efficiently trap spin waves inside. One

approach is a tunnel barrier. [Krawczyk and Grundler, 2014] A defined frequency pass band then

tunnels through the barrier, while other frequencies are reflected. Another one is to trap the

spin-wave in between two switchable wires, which induce a reflecting barrier. This method is

called a magnetic mirror.[Serga et al., 2009]
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2. Methods

2.1 Sample Preparation

PLD Growth of Nanometer-Thin YIG Films

Pulsed laser deposition was used to grow high quality nanometer-thick YIG films with ultralow
damping on top of single-crystal (111) — oriented Gd3GasO;9 (GGG) substrates. The used
PLD system is depicted in Figure[2.1. The main components are a Lambda Physik ComPex
201 excimer laser system, an infrared substrate heating laser (A = 818 nm that can heat up to
1000 °C), a vacuum deposition chamber and a load lock chamber. Mechanical and turbo pumps
pump down both chambers to a base pressure of about 5 - 1072 mbar. The ComPex 201 laser
system produces high-power KrF laser pulses with A = 248 nm, which travel through optical
lenses and enter the deposition chamber through the indicated window. In the chamber, YIG
target atoms and clusters are ablated by the laser pulses from a stoichiometric target, which
then deposit onto the heated GGG substrate. A second chamber is connected to the deposition
chamber and serves as a load lock. It can be isolated by a gate valve from the main chamber.
The substrate is transferred into the deposition chamber by means of a magnetic transporter. A
well defined Oy atmosphere was established and controlled by using an oxygen inlet and a leak
valve. These are indicated by the green inlet and lightblue outlet in Figure m

Following an optimized recipe for high-quality YIG film growth, firstly, the substrates were
thoroughly cleaned in acetone and isopropyl alcohol using an ultrasonic bath before loading them
into the PLD system. After pumping for 1h, the sample was transferred into the deposition
chamber and slowly (15 o—C) heated to 870 °C. After reaching 500 °C an Og-pressure of 0.13 mbar

min
was established. During the deposition, the laser repetition rate was 2 Hz with a fluence of 1.8 ﬁ
min
set. After deposition, the sample was annealed at 730 °C in 13 mbar Oy-pressure and before cool
°C

min *

The growth speed equated 2 By varying the growth time, the intended film thickness is

down to room temperature at a rate of —3

The YIG films grown for this study have a thickness of 100 nm (sample 1) and 43 nm (sample 2
and 3).

VNA-FMR Spectroscopy and Gilbert Damping of As-Grown YIG Films

After growth, every sample was characterized by means of VNA-FMR spectroscopyto evaluate
the film properties as damping, anisotropy and saturation magnetization. Measurements were
performed by placing the sample face-down onto a coplanar waveguide (CPW). The CPW was
connected to a vector network analyzer (VNA) inside a homebuilt microwave probing station
with a quadrupole electromagnet. The CPW had a 50 pm wide signal line and two 800 pm ground
lines. The gap between the signal and grounds line was 30 pm. A magnetic bias field was applied
in the Damon Eshbach geometry, i.e. in-plane and perpendicular to the CPW signal line. By
detecting the amplitude and phase of Scattering Parameters, the response of the magnetic film to
a microwave excitation signal was recorded. To improve contrast, data is compared to a reference

measurement taken at a higher magnetic bias field, e.g. 200mT. At this point it should be
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Figure 2.1: The PLD system. (a) Photo of the PLD system used for YIG film growth. The main
components are labeled. (b) Photo of the optical system used to shape the laser pulses before entering the
PLD system. (c) Schematic of the PLD growth process.
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Figure 2.2: Typical results for VNA-FMR measurements from sample 2. Multiple FMR spectra are
measured by VNA-FMR spectroscopy. Each colored peak shows the FMR mode with fpygr = f(k = 0)
for different magnetic bias fields. Crosses refer to measurements and solid lines to the corresponding fits.
Similar results are obtained for sample 1 and sample 3.

mentioned, that a lorentzian signal is expected, however, the data shows asymmetric peaks. This
is related to the superposition of resonance and excitation of propagating spin-waves with k ~ 0
induced by the CPW.

Figure shows FMR data for sample 2as a function of applied magnetic bias field. Symbols
(crosses) correspond to measurement data and the red lines are the fits. The results depicted in
Figure are deducted from the width and location of the FMR peaks measured on samples
1 (green), 2 (blue) and 3 (red). Here, the blue and red colors correspond to sample 2 and 3,

respectively.

By fitting the location of FMR frequency to the Kittel-Formula (equation on page[7), the
effective saturation magnetization Mg and the anisotropy field pg - Haniso were evaluated. A
Megs = 192 % was determined for sample 1. Furthermore, sample 2 and sample 3 had higher
Me¢s of 203 % and 208.1 %, respectively. g - Haniso was relatively small with values ranging
from = —0.55mT to —0.06 mT. These results were used for further analysis. In addition, the
intrinsic Gilbert damping parameter o was evaluated. The FWHM of the FMR peaks were
determined and the damping parameters were determined using equation [1.15;

The Gilbert damping constants for three YIG films were found to range from 3- 1074 to 8 - 107,
A summary of experimental parameter analysis is given in Table Compared to other literature
as in |Gallagher et al., 2016], [Hauser et al., 2016] and [Hauser et al., 2016], the fabricated samples
are of comparable quality.
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Figure 2.3: Dependence of the FMR frequency and FWHM of the FMR peak on magnetic bias field.
The panels show experimental results for samples 1 (green), 2 (blue) and 3 (red). The lines are fits to the
experimental data using the Kittel formula (a-c) and equation (d-f).

Table 2.1: Summary of experimentally derived values of the saturation magnetization, anisotropy field

and damping parameter of the samples in this study. In the first column, the serial number for every

sample is given and in the following columns obtained values and properties are listed.

sample Mg po - Haniso  thickness d  Gilbert Damping «
in % in mT in nm

sample 1, 74 | 192 —0.06 100 8104

sample 2, 96 | 203 —0.55 43 3.5-104

sample 3,97 | 208 —0.36 43 3.-104
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2.2 Device Fabrication

For this work, two types of structures were fabricated and studied, namely:

Airgroove MCs: These structures consist of several, equally spaced air grooves perpendicular to
the spin-wave propagation direction, embedded in the YIG film as depicted in Figure|(a)
The air grooves have a width w in the range of 0.4pm to 0.6 pm and a depth d of
6nm to 18 nm. The periodicity a ranges from 2 pm to 10 pm.

Magnonic resonator array: Four stripes of 50 nm thick CoFeB are grown on top of a continuous
YIG film. The width ranges from w = 0.4pm to 2.5 pm and the periodicity from a =
21um to 30 pm. A schematic of this structure is displayed in Figure|2.4(b)

Magnonic resonators: As depicted in Figure [2.4(c), these devices are similar to the array
structure, but only consist of one single stripe with a width ranging from 0.4 pm to 30 pm.

The fabrication process of the samples is illustrated in Figure For structures bigger than 1 pm
direct laser writing lithography was used and for smaller patterns we employed electron-beam
lithography.

As a first step a polymer resist layer is coated on the sample. To do this, the sample is fixed on a
spinning stage (so called spin coater) and the resist fluid is poured over the sample. Spinning at
a high rotation speed of 4000 rpm creates an even and thin resist film across the whole sample.
For direct laser writing lithography, AZ5214E-resist (1.6 pm thick) is used. For electron-beam
lithography, PMMA A4 resist (200 nm thick) capped by an 8 nm aluminum conductive layer is
used.

On a heating plate, the monomeric resist is then baked before further processing. Details on the
fabrication recipes are given in Table

Table 2.2: Parameters used in the fabrication of resist layers for direct laser writing lithography and
electron-beam lithography.
Resist ‘ Recipe Thickness
AZ5214E 30s at 4000 rpm, baking at 95 °C for 1 min, developing for 45s 1.6 pm
PMMA A4 | 1min at 4000 rpm, baking at 180 °C for 2 min, developing for 15s 200 nm

In step 2, the resist layer is exposed to a laser or electron beam. To accomplish this, a designed
pattern in the form of a gdsII- file is used to define the exposure pattern that is written in the
resist layer. The polymer bondings in the resist are locally broken by the beam, which makes
the monomers soluble in the developer fluid. Using the parameters from previous exposures, the
direct laser writing lithography Laserwriter LW405 system is operated using a filter with 1%
transmission. The gain in arbitrary numbers ranged from 20 for big pads and structures bigger
than 5 pm width to 25 for structure dimensions of about 2 pm width. The used Laser beam step

factor in is 2.

A dose test for the Raith electron-beam lithography system was performed and characterized
with AFM. The following optimized parameters were determined. For large structures such as
contact pads or orientation markers, a beam current of 90 nA and a dose of 900 % was used.
The beam diameter assigned to the current was ~ 43nm. Considering that, a similar sized beam
step of 40 nm was chosen. The system calculated the step frequency automatically.
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Figure 2.4: Schematics of the structures studied in this thesis (not to scale). The grey base depicts
the GGG substrate, which is about 10 x 10mm? and 500 pm thick. Tt is covered by a patterned (a) or
continuous (b,¢) YIG film (orange). On top of the YIG films, CoFeB stripes (b,c) and gold microwave
antennas (all) are patterned. The left antenna is used for the excitation of propagating spin-waves and
the right antenna detects the spin-waves after transmission through the device structure. The antennas
are separated by 200 pm.
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Figure 2.5: Schematic of the device fabrication steps. The sample consists of GGG substrate with an

epitaxial YIG thin film on top (grey and orange, respectively). As a first step, a monomeric resistlayer
is spin coated on the YIG film and polymerized by baking. In step 2 , a pattern is defined in the resist
layer by exposure to a laser beam (direct laser writing lithography) or an electron beam (electron-beam
lithography). Next, the resist layer is developed. In step 4, air grooves are patterned using Ar-ion beam
milling or CoFeB is deposited using magnetron sputtering. Lastly, resist layer is lift off in acetone. Hence,
the designed structure is cropped. After fabrication, the samples are inspected by optical microscopy or
atomic force microscopy (AFM).
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Figure 2.6: AFM images of 50 nm-thick CoFeB stripes on top of a continuous YIG film. On the left,
an array consisting of four stripes with 2 pm spacing and 1 pm width . The right image depicts a single
CoFeB stripe with a width of 0.7 pm.

For narrow structures, a beam current of 10nA and a 10nm beam diameter and step size was
used. The dose varied from 1300 % for 200 nm stripe width to about 850 % for 2000 nm stripe
width. For arrays a complex trade off is conducted considering the ratio of width and periodicity.

To obtain the deposition mask, the polymer resist is developed after direct laser writing lithography
for exactly 45s in AZ351B (1:5 Deionized Water). After electron-beam lithography the resist
was developed for exactly 15s in MIBK (1:3 isopropyl alcohol). For electron-beam lithography
the conducting Al-layer has to be removed before development by using AZ351B, the developer
for direct laser writing lithography. To avoid overdeveloping, the sample is rinsed in DI-water or
isopropyl alcohol for AZ351B or MIBK, respectively.

As shown in Figure[2.5| material deposition or etching are conducted next (step 4). The Deposition
was done by magnetron sputtering. Here, an automated recipe is used. The air grooves are
milled using Ar™ ions in a Meyer Burger IonSys 500 system. A beam current of 300 nA with an

nm
min
beam of 250 nA was used to prevent the sample charging.

acceleration of 250 V and a milling rate of 6.545 = 9.167 o35 were used. The neutralization

After material processing, the resist layer is lifted off in acetone and thereby all excess material
is removed. Exposure to the electron beam, hot sputter atoms and/or ion bombardment can
crystallize the polymer resist near the edges, which can make resist removal difficult. To inspect
the quality of the lithography process, microscopy was used. Structures bigger than ~ 500 nm
were imaged using optical microscopy, whereas smaller structures were tested using AFM. Figure
demonstrates that, almost vertical edges with well separated features are fabricated. Bright

features at the edges correspond to some residual resist.
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2.3 Broadband spin-wave Spectroscopy

spin-wave transmission spectra of magnonic devices were measured with a homebuilt broadband
SW spectrometer. The setup is depicted and sketched in Figure It consists of an ”Agilent
Instruments PNA Network Analyzer N5222A” 2-port VNA, a quadrupole magnet and two
microwave cables with two Ground-Source-Ground probes (GSG). The VNA provides microwave
currents with a frequency ranging from 10 MHz to 26.5 GHz. By means of two power supplies and
two Hall sensors, it is possible to apply precise magnetic fields in the range of 0.1 mT to 250 mT
along arbitrary angles within the sample plane. The red inset shows a magnified image of the
contacting area and the sample mounting. The stereo microscope and the micropositioners are
used to connect the microwave antennas via GSG-probes and multiple microwave cables to the
VNA and device structures. The green inset magnifies the mounted sample with microwave

antennas and probes.

To excite spin-waves, a microwave current is applied to the microwave antenna. In the film, a
torque excites the spins to precess. Specifically, this exciting current induces a faraday voltage
according to equation At the detecting microwave antenna, the voltage is induced vice versa

within the wire and is described by equation ([Huber, 2013] p.38ff)

Vind, exe % [ X (@) o (9 di 1)

Vind, de % [ X(@1) lp (R) - ¢ 10Ok (22)

From tracking the scattering parameters of the ports in the VNA, the transmission amplitude
A and phase ¢y, are obtained. spin-waves recorded in antenna ¢ and excited in antenna j
correspond to the Scattering Parameter Sij of the two VNA ports. For positive external bias field,
S12 corresponds to +k, for negative bias field, S21 corresponds to —k. To subtract a background
signal, a reference measurement is conducted first at high magnetic bias field, i.e., at 130 mT.
Using the reference signal (S;ef) and the measurement signal (Sy), the corrected amplitude of

the scattering parameter is then defined as:

Sref = Avef - ei.(ﬁmf.ﬁ (2.4)
Sm -39S

Acorr = (msref) (2.5)
ref

When data in plots is normalized, the data is converted to the so called z-score using[2.6, Following

[wikipedia.org, 2020], every measurement point y; is subtracted by the mean p of that data set

and then divided by the set’s standard deviation o:

Yi— M
Vis = IT +1 (2.6)
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Figure 2.7: Broadband spin-wave spectroscopy measurement setup. In the setup, the microwave antennas
on the samples are contacted by GSG probes and connected to a VNA via microwave cables. The
quadrupole electromagnet is embedded in the sample stage allowing the application of a magnetic bias
field along arbitrary in-plane directions.
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Figure 2.8: Schematic of microwave antennas and contact pads used in this study. The antennas shown
in yellow are made from gold. (a) The CPW used for VNA-FMR spectroscopy. Note the varying length

units! This CPW consists of a source line in between two ground lines. The structure is symmetric around
the source line axis. (b) Former design and (c) for this study used Microwave antenna designs. The
microwave antenna lengths are 50 pm and 40 pm, respectively. The width is 0.5 pm for both. (d) spin-wave
transmission spectra of different antenna widths and designs. The blue plot refers to the spin-wave
transmission spectrum of a formerly used design fabricated with 50 pm long, 0.5 ym wide antennas, and
straight contact pads. Yellow, green and red refer to 1000, 500, and 300 pm wide and tapered designs with
40 pm long microwave antennas.
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Antenna and Contact Pad Design

Figure shows different designs of microwave antennas for spin-wave excitation. The CPW
displayed in Figure was used in VNA-FMR spectroscopy. The second design shown in
Figure has been used formerly for broadband SW spectroscopy. From this design, the
optimized antenna design in Figure m is derived. The excitation range, i.e. the highest excited
wave number, of microwave antenna is proportional to its inverse width. Thus, a narrower antenna
can excite higher wavenumbers. However, the signal prominence decreases. The signal and ground
lines have the form of a CPW The impedance of this CPW is matched to 50 Q) and shorted at
one end. Varying antenna widths from 6 pm to 0.3 pm and lengths from 70 pm to 35 pm were
investigated. The dependecy of transmission spectra to wire width and length is plotted in Figure
A design with 500nm wide and 40 pm long antenna provides a trade off of high signal
prominence and far excitation range. To keep the same GSG probes and hence spacing of signal
and ground lines, the ends had to be tilted/tapered.
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3. Results and Discussion

This chapter summarizes the results obtained from three types of devices allowing of active

manipulation of spin-wave transmission in the Damon Eshbach geometry.

In the first section, results of YIG-based MCs with air grooves are presented and discussed. The
results are related to other works such as [Qin et al., 2018], [Chumak et al., 2009], [Filimonov]

et all, 2012)

In the second section, spin-wave transmission spectra measured on devices with an array of

four 50 nm thick CoFeB stripes patterned on top of a continuous 100nm thick YIG film are
presented. It is shown that the YIG/CoFeB bilayer acts as a resonator that opens gaps in
spin-wave transmission spectra at discrete frequencies if the width of the CoFeB stripes is smaller
than 10 pm without affecting the spin-wave signal at allowed frequencies. Moreover, the same
structures provides nearly full transmission non-reciprocity if the CoFeB stripe is wider than
25 nm. Both effects are explained by different down-conversions of the spin-wave wavelength in
the bilayer for positive and negative wave vectors. As shown in this section, the new bandgap
opening mechanism also works utilizing a single stripe.

In the third section, a model is derived from an extension of the analytical model in
to accurately describe the effects by taking into account exchange coupling within each of
the two magnetic layers. Using a plane-wave approximation, a resonance condition is derived
which, in combination with the analytical model, provides accurate predictions of the frequency

gaps in spin-wave transmission spectra.

3.1 Air Groove-based Magnonic Crystals

Various YIG-based MCs with air groove were fabricated from 43 nm thick YIG film. Every device
is determined by the lattice constant ”a”, the groove width ”"w” and a number of air grooves "N7.

Typically, four air grooves were patterned in between two microwave antennas.

Figure shows contour plots of spin-wave transmission spectra (amplitude of S12 scattering
parameter) for an applied magnetic bias field of ~10mT to 10mT and 40 mT to 60 mT. Addi-
tionally, line profiles are plotted for 4mT and 50 mT. The device consists of four 0.5 pm wide
grooves, 12nm groove depth, and a lattice constant of 2 um. This results in a combined size of
only 7.5 um. On the right side of the Figure, the dispersion for magnetostatic surface spin-waves
is shown by the blue line. The purple and red lines indicate the first and second order Bragg
scattering condition.

k=T s o (3.1)

& |peN B {3 —9 im

Both contour plots depict clear and prominent spectra. The lowest excitation frequency corre-
sponds to the FMR signal Above the FMR frequency, propagating spin waves are transmitted
well in three allowed bands, whereas their transmission is reduced in the bandgaps corresponding
ton =1 and n = 2. The bandgaps agree very well with frequencies as predicted by the dispersion
relation and Bragg scattering conditions (see plots on the right and dashed lines).
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Figure 3.1: Contour plots of spin-wave transmission spectra for two different ranges of the magnetic bias
field. The sample consist of a 43 nm thick YIG film with four air grooves. The period of the lattice is 2 pm
and the grooves are 0.5 pm wide and 12nm deep. The right panels show spin-wave transmission spectra
at a bias field of 5 mT (a) and 50 mT (b). The bandgaps open up because of Bragg scattering (n = 1 and
n = 2) as illustrated by the dispersion curves and dashed lines.
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Figure 3.2: Position of the bandgap frequency (a) and the bangap width (b) as a function of magnetic
bias field for the same MC as in Figurd3.1, Because the n = 2 bandgap is close to the end of excitation
range less data than for the n = 1 bandgap could be extracted. The plot on the right side contains the
width of first and second bandgap. The width is measured in MHz. The error for bandgap width is
depicted by the size of error bars and amounts +25 MHz. The error for the bandgap center is smaller
than the markersize.

Within the next pages, the transmission spectra of YIG-based MCs with different lattice and
groove parameters are presented. Firstly, spin-wave transmission spectra of a typical MC is
compared to measurements on a continuous, non-patterned YIG film. Next, parameters like
the lattice period (fig. [3.4), groove width (fig. and groove depth (fig. are varied
systematically to gauge their effect on spin-wave transmission spectra and the formation of
bangaps.

3.1.1 Comparison of air groove MC to bare YIG

Figure depicts a comparison of a spin-wave transmission spectra recorded on a YIG-based
MC with an unpatterned YIG film. The structure of the MC comprises four grooves with a
lattice period of 2 pm, a groove width of 0.5 1um, and a groove depth of 12nm (in a 43 nm thick
YIG film). The presented data is measured in a 45mT magnetic bias field.

Multiple features are shown. Firstly, the FMR frequency is about 3.3 GHz. The signal in the
first pass band (3.3 GHz to 3.45 GHz) is prominent and the transmission loss in the MC relative
to that of the continuous YIG film is only 12.5%. The signal loss in the second pass band
(3.55 GHz to 3.65 GHz) increases to about 32 %. Signal suppression in bandgaps is strong. For
example in the first bandgap, the signal is rejected by 85 % comparedto the unpatterned reference.
In the work by [Chumak et al., 2009], a 5.7mm large MC was use. The MC with N = 20 air
grooves and a depth of 2pm on a 5.5 um YIG film produced a loss of about —12.5dB or 75 % in
the first pass band. In that study, the depth of the first bandgap was —26 dB or 95 %. Results by
[Filimonov et al., 2012] are similar to those of [Chumak et al., 2009]. For this study, a 14.7 pm
thick YIG film was patterned with 20 air grooves with a lattice period of 150 um, a groove

width of 80 pm, and a groove depth of 1.8 pm. The first pass band had a loss of approximately
~12dB, while the first bandgap had a suppression of ~40dB = 99 %. As displayed in Figure
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Figure 3.3: spin-wave transmission spectra of a continuous YIG film (blue) and a YIG-based MC with
four air grooves. The period of the grooves is 2 pm and their width and depth are 0.5 pm and 12nm (in a
43nm thick YIG film). The magnetic bias field is 45mT.

increasing the applied magnetic field shifts the FMR and the bandgap frequencies up. Thus, it is
possible to open bandgaps in a range from 1.5 GHz to 4.5 GHz for magnetic field in the range of
5mT to 70mT. In the same magnetic field range the width of the first bandgap ranges from ~
220 MHz to 50 MHz. In HChumak et al., 2009“, the width of the bandgaps can be estimated as
~ 10MHz. Similar value is found in [Filimonov et al., 2012]. Above 3.9 GHz, the transmission

signal of spin-waves vanishes for both, bare YIG in blue and patterned YIG in red. The excitation

range of 0.65 GHz stays the same even after patterning. Transformed into reciprocal space, this
. _ 1 1
results in a k-range of k =0 im0 1.44 -

3.1.2 Variation of various Device Parameters
Lattice Period a

As explained in section MCs can modify the spin-wave dispersion by scattering at periodic
potentials. The scattering condition is given by Bragg’s law. Figure (a) shows spin-wave
transmission spectra for various lattice periods a. The blue graph depicts the a reference
measurement, performed on an unpatterned YIG film. The red curve corresponds to result for a
MC with N =4, a = 2pum, w = 0.5npm, and d = 12 nm, so the same as in Figure[3.3| In addition,
green graph show results for a = 5 pm and the yellow curve denotes data for a = 10 pm. The depth
of bandgaps varies with the Bragg scattering order n. The higher the wave number k, the stronger
is suppression of the signal within bandgaps. This becomes very distinct for a = 10 pm. The first
bandgap located at 3.28 GHz is shallow. Within the first five bandgaps, the signal suppression
increases until signal is almost suppressed down to background level. The sixth bandgap at
3.52 GHz and higher frequency are able to suppress measured signal strength completely. The
feature with a lattice constant of 5 pm, displayed in green, has bandgaps with overall deeper and
wider characteristics than ¢ = 10 pm. Since the lattice constant is smaller, the distance between
bandgaps is increased to approximately 90 MHz to 100 MHz. Similar performance is observed for
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Table 3.1: Summary of parameters for the first band gaps in Figure The first column gives structure
specifications as in lattice constant, width and number of air grooves in the evaluated MC. The neighboring
column describes the frequency of the first bandgap. In the last column the FWHM of the bandgap is
given.

Spin-wave transmission spectra for MCs with different air groove depth. Red and green curves correspond
to a groove depth of 12 and 18 nm, respectively. Measurement data for an unpatterned YIG film is plotted

in blue.
structure | xg FWHM
in GHz in MHz

a2w0.4N4 | 3.50+0.02 50+£10
a2w0.5N4 | 3.561+£0.02 80+£10
a2w0.6N4 | 3.563+0.02 90+£10

other air groove MCs.

As can be seen, the spacing between bandgaps is inversely proportional to the lattice constant.
This leads to more and narrower bandgaps when the lattice period is enhanced. In Figure (b),
the measured bandgap frequencies are compared with calculated values. The bandgap frequencies
according to Bragg’s law and the dispersion relation of YIG are plotted as green solid lines for
multiple scattering orders. The experimental data for a lattice constant of 2, 5 and 10 pm are also
displayed. Red solid dots refer to experimental results for a lattice constant of 2 pym. Only gaps
up to second order are observed in this case. Up to fourth order bandgaps are visible for a lattice
constant of 5 um shown by green triangles. For a lattice constant of 10 um (yellow squares) up to
10th order bandgaps are measured. Here, even up to 10th order is measurable. The experimental

data and calculations agree well.

Width w

Another parameter that can be used to tune spin-wave transmission spectra is the groove width
w. To analyze this dependency, three different air groove MCs were fabricated. Figure shows
normalized amplitude of spin-wave transmission for a groove width of 400, 500 and 600 nm are
plotted in red, green and yellow, respectively. For comparison, the transmission spectrum of an
unpatterned YIG film is plotted in blue.

The results suggest that narrow grooves do not provide deep bandgaps, however broad bandgaps
as in 600 nm suffer from larger losses. In table the bandgap center and FWHM are presented.
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Figure 3.4: (a), Comparison of spin-wave transmission spectra for three MCs with different lattice

constants and a continuous YIG film. Red, green and yellow curves correspond to a lattice constant of 2, 5

and 10 pm, respectively. Measurement data for an unpatterned YIG film is plotted in blue. (b), Calculated

bandgap frequency as a function of lattice constant as calculated for different orders of the Bragg condition

using the YIG dispersion relation. Experimental data for MCs with a lattice constant of 2, 5 and 10 pm

are plotted as symbols. The dashed red line points out the excitation range of the microwave antenna.
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Figure 3.5: Spin-wave transmission spectra for MCs with different air groove width. Red, green and
yellow curves correspond to a groove width of 400, 500 and 600 nm, respectively. Measurement data for
an unpatterned YIG film is plotted in blue.

Depth d

To investigate the effect of the groove depth, MCs with 18 nm deep grooves where patterned in
addition to the 12nm deep ones (both in 43 nm thick YIG films). The corresponding spin-wave
transmission spectra are shown in Figure For the shallower air grooves, the transmission of
spin-waves is efficient. For the deeper air grooves, in contrast, a drastic drop of the transmitted
signal is observed. This effect is most likely explained by a deterioration of the YIG film quality
underneath the grooves, caused by ion-beam milling during fabrication.

If the air grooves are milled too deep, the left over YIG is damaged, so that the magnetic
parameters are heavily influenced. It is not investigated, how much the transmission loss is

enhanced or affected by the antenna connection or fabrication.

Other publications as for example [Chumak et al., 2009] a proportionality of depth and loss

is discussed as well. There, the signal loss in the first pass band amounts 83 % to 92 % less

transmission for 0 pm to 2.5 pm milling depth, i.e., 0% to 45 % depth.
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Figure 3.6: spin-wave transmission spectra for MCs with different air groove depth. Red and green
curves correspond to a groove depth of 12 and 18 nm, respectively. Measurement data for an unpatterned
YIG film is plotted in blue.
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3.2 YIG-Based Magnonic Resonators

In the first part of this thesis, active control of spin-waves by YIG-based MCs was demonstrated.
However, as ion milling of grooves damages the low damping properties of YIG near the milling
edges and in the remaining YIG underneath the air grooves, further down scaling to nanoscale is
challenging. As an alternative, a new method for spin-wave manipulation in YIG that does not
require patterning of the YIG film itself is presented here.

Figure shows contour plots of spin-wave transmission spectra from resonators made of 50 nm
thick CoFeB stripes on top of continuous 100 nm thick YIG film (see Figure 2.4 (b,c)). In Figure
the stripe spacing is 2 pym and the stripe width is 0.4 pm. In Figure m only a single
stripe with 0.4 pm width was patterned. In addition, line profiles for a magnetic bias field of
4mT are depicted in the center panels. The right panels show the calculated dispersion curves
for magnetostatic surface spin-waves based on equation and experimentally derived input

parameters for YIG.

It is found, that the bandgaps are not originated from Bragg scattering. The bandgap frequencies
for Bragg scattering (indicated in purple) are shifted up to the end or out of the antenna excitation
range.

Instead, the new device type provide new features such as nonreciprocity and these magnonic
resonators are fully functional also for single stripes. By comparing the scattering parameters S12
and S21, the dispersion branches +k and —k are compared. In Figure the non-reciprocity is
depicted. The spin-wave transmission spectra corresponding to S12/+k and S21/-k are displayed
in blue and red, respectively. The bilayer bandgap is opened at 1.3 GHz. When comparing
measurements from S12/+k to S21/-k the rejection shrinks from about 55 % to approximately
38 %. Even a single resonators is able to open bandgaps in spin-wave transmission which enables
downscaling to about 400 nm.
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Figure 3.7: Contour plots for spin-wave transmission spectra for a magnonic resonator with (a) four
CoFeB stripes and (b) single stripe. The device consists of 100 nm thick and continuous YIG with 50 nm
thick CoFeB stripes patterned on top. (a) Four stripes were fabricated with a periodicity of 2 pm and
a stripe width of 0.4 pm. (b) One single stripe is patterned with a width of also 0.4 pum. In the middle
panels, the line profiles for 4mT are shown (indicated by red line). The right panels show the dispersion
relation of magnetostatic surface spin-wave. The dashed lines denote bandgap frequencies predicted by
Bragg scattering.
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Figure 3.8: Amplitude comparison of scattering parameters S21 and S12 from magnonic resonator array

(blue and red) and scattering parameter S12 from single magnonic resonator. The magnonic resonator is
made from 50 nm thick CoFeB-stripes on 100nm YIG film. S12 corresponds to +k and S21 to —k.
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Spacing Layer (4 nm)

Figure 3.9: Schematic of the bilayer. The grey base corresponds to the GGG substrate. Slab A in orange
refers to YIG with thickness dy of 100nm and slab B in blue refers to CoFeB with a thickness dg of
50nm. The spacing layer has a thickness of dyg = 4nm. The number 1-4 refer to the localization of the
four possible propagating spin-wave modes.

3.2.1 Dispersion of Spin-Waves in a YIG CoFeB Bilayer

Phenomenologically, the mechanism in the magnonic resonator devices is explained by resonant
scattering of spin-waves in the bilayer in combination with highly asymmetric downshift of
spin-wave wavelength in the YIG-film within the bilayer region. At every device border, the
spin-wave is partially transmitted and partially reflected. When transmitted from bare, uncovered
YIG (orange) into the bilayer region (blue), the energy and also frequency of the spin-wave is
conserved. However, the dispersion is altered and, thus, the wavelength shrinks. Depending on
propagation direction, the wavelength shrinks by either only a few percent (—k) or approximately
one order of magnitude (+k).

This large wavelength change leads to a phase difference of initial and double reflected waves for
narrow stripes. If the frequency fulfills the resonance condition, destructive interference blocks
transmission and opens a bandgap. The bandgap frequency sensitively depends on the stripe
width.

If the bilayer region width is extended to more than 25 pm, the spin-wave propagating with short
wavelength decays before it reaches the detection antenna. Hence, non-reciprocity for a large
frequency range is obtained. In the following, an analytical model is presented.

In the study by [Griinberg, 1981], the dispersion for magnetostatic surface spin-wave in a bilayer

is calculated. The Ansatz for dispersion is conducted with dipolar coupling only. To understand,
how bandgaps are opened by narrow stripes of CoFeB on top of YIG, this model was extended to
the dipolar exchange regime. Therefore, exchange interaction within each of the layers is included.

This work was done by Rasmus B. Holldnder and will be further described in [Hollinder et al.]

2020

Model by P.Griinberg [Griinberg, 1981]

In Figure the structure to model the bilayer is displayed. Similar to [Griinberg, 1981], the
structure is based on two layers of magnetic material with thickness dy and dg, that form a

non-magnetic gap with constant distance dg. The layers are located in x-y-plane, the spin-
wave propagates parallel to y-direction, and the magnetic bias field is applied along x-direction.

According to the calculation performed in [Damon and Eshbach, 1961], two solutions for spin-

waves are found in one layer. In the work of [Griinberg, 1981], four solutions are found in two
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magnetostatically coupled layers.
These solutions are approximated as plane waves. The Ansatz with continuity at the interfaces
is:

Yin,out = &in,out - ey (3.2)

Uin out refers to the potentials inside or outside of the four layer interfaces. Furthermore, for as
narrow layers as used in this work, Griinberg’s publication has to be extended. The included
exchange interaction is limited to intralayer, i.e., there is no interlayer exchange interaction. This

is realized by the 4 nm thick spacing layer of TaOx.

Extension to Diplolar-Exchange-Range

Starting similar as [Griinberg, 1981] with the Ansatz in equation an extended dispersion of
diplolar-exchange spin-waves in the bilayer is derrived with:

C .o kez ifz>%+dA
fout(z) = (D - eke? if 2 < 30 dp (3.3)
E.-ck? 4 F.eker if%<z<%0

¢ (Z):{Gl-ekzz—l—Hl-ekZz if 90 <7< 404 d, )
o Gy-eke? 4 Hy e bz if ——d dp<z<dp '
At the boundaries, it follows that:
Uin (x,2) = Yout (3.5)
and OWin . OWin  OWout
(14 fim) 8, m Oy T oz (3.6)

with layer index m = A, B.

Here, 7 is the gyromagnetic ratio and o the permeability in vacuum. Mgu¢ A B corresponds to

the saturation magnetisation of layer A or B, specifically YIG and CoFeB. x = ﬁ and
Hm m

_ Qm _ w _ H . . . .

v= @) where Qp = Vs aD and Qg = Msae A5 At this point the substitution for

H is made in similar fashion as on page 141 in [Stancil and Prabhakar, 2009]:

2. Aex. AB

k2 (3.7)
f1oMsag AB

H-— Happlied +

That extension consists of saturation magnetization Mg,; A g in the respective layer, exchange
stiffness Acy. A p inside the corresponding material and wavenumber k; in out-of-plane direction.

Other than in [Griinberg, 1981], here many mixed terms arise, which do not cancel each other

out. This makes the further procedure computationally complex.
When solving Equations and for the frequency w, one obtains the dispersion.

The left panel of Figure shows the dispersion relations for dipolar-exchange spin-waves in the
bilayer region for different magnetic bias fields. The dispersions are calculated for 100 nm thick
YIG with 50nm thick CoFeB on top. Blue, red, and green refer to 5, 45 and 100 mT magnetic
bias field. The right panel displays a comparison of the dispersion of magnetostatic surface
spin-waves (yellow) to the dispersion for bilayer spin-waves (red) with a magnetic bias field of
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Figure 3.10: Dispersion relations for YIG spin-waves in the bilayer and bare YIG areas in a magnonic
resonator device. (a) Dependence of YIG-CoFeB bilayer dispersion on magnetic bias field. Blue, red, and
green refer to 5, 45 and 100 mT magnetic bias field. (b) Magnified bilayer dispersion and dispersion of
magnetostatic surface spin-wave in bare YIG (100 nm) for a magnetic bias field of 45 mT
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Figure 3.11: Schematic of the propagation and reflection of spin-waves in a magnonic resonator. The
orange areas refer to 100 nm thick YIG. Blue corresponds to the bilayer region with 50 nm CoFeB on top
of the continuous YIG. The reflection and transmission of an incoming spin-wave is depicted by white
arrows.
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45mT. The FMR frequency in the bilayer is proportional to applied magnetic field strength and
equal to the FMR frequency of bare YIG. For positive wavenumber, one can see that partly the
dispersion has negative slope.

The new devices consist of 4 parts: (i) a continuous, non-covered YIG film, (ii) a bilayer region,
where dispersion is described by the above explained model, (iii) again non-covered YIG and (iv)
the exciting and detecting microwave antennas patterned on top of continuous YIG (not shown
in the sketch). By using the dispersion relations shown in the spin-wave propagation is
explained as follows:

In non-covered YIG, the magnetostatic surface spin-wave propagates with the frequency f, the
wave vector k_i, and the wavelength A{. In Figure is shown, how the spin-wave is passing
the I. border of the device and transmittes into the bilayer region. There, the dispersion is
altered. Thus, the magnetostatic surface spin-wave converts with positive +k while obeying
energy conservation to a dipolar-exchange spin-wave with kyjgsw < kpipgxsw- Similarly, the
wavelength is converted from A1 to Az < Aq.

For example a wave with 3.4 GHz and 45 mT applied bias field (red plot), changes from about
k; = 0.7 pim
Az = 0.224 pm. When the wave now propagates to the other end of the bilayer region, it perceives

to about 28 p% Thus, the wavelength converts from A7 = 2% = 8.97pum to

a second border, at which it is again partially reflected and transmitted. The transmitted wave
leaves the bilayer region and is detected at antenna 2. The reflected part, propagates back to the
I. border with wavelength Ao. It is again rereflected and according the superposition principle
interferes with the unreflected wave. Analogous to Holldnder, the reflection and transmission
coefficients are introduced. The reflection coefficients r; and ryy describe the reflection at I. and
II. border. ryp describes the backreflection at the I. border after reflection from the II. border.
The transmission coefficients ty, tyr, and typ are introduced in similar fashion. The transmission
T through the bilayer is written as:

ol S~ 1 ikl +ial)o trtyre’sl
T = trtye -jz_% 1o © = (= R (3.8)
By substituting tytyy — K - eI and rryyp — L - €1, it follows:
K . eilksw+ér)
" 1 Lei(katks)w+on (3.9)

K
- e ilksw+tor) _ T etkowtdn—¢r

Here, ko and kg refer to wavenumbers in opposite directions within the bilayer region, while w
is the width of the bilayer region. ¢1 and ¢y corresponds to the phase jump at the I. and II.
border, respectively. To predict the location of minima, transmission in equation has to be
minimized. The expression becomes minimal, when the denominator is maximal. Assuming fixed

coefficients of reflection and transmission, this is fulfilled for the condition given by:
(ko + [k3]) - w+¢o=(2n+ 1) 7 (3.10)

n € N is the order of reflection. The accumulated phase difference is the sum of phase jump at
the borders and the phase difference from propagation. It is found as ¢g = ¢prop + ¢11 = 1.34 7.
This is derived from micro magnetic simulations performed by Rasmus B. Holldinder and Huajun
Qin. This results from a more complex reflection at the magnetostatic potential well, which



Active Control of SWs in YIG-based Magnetic Structures 37

changes the magnetization and, thus, dispersion and phase velocity in the border region. Also the
condition depends only on ¢y;. Thus, the resonance condition is determined by internal spin-wave
transport, but unaffected by transmission in or out of the bilayer region The resonance condition
describes destructive interference of A3 with wave propagating in the same direction after whole
reflection cycles. When the phase difference in the denominator becomes odd multiples of =,
the denominator is maximal. This condition is similar to common destructive wave interference.
According to this model, the limit for this mechanism with the excitation range of the microwave

antenna is 250 nm.
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3.2.2 Nanoscale Magnonic Resonators

In Section [3.1]active control of spin-wave transmission by YIG-based MCs were investigated. Those
devices have a size larger than nanoscale due the necessity of multiple stripes and deterioration
in the YIG film induced by fabrication.

From the dispersion model for dipolar-exchange spin-wave in the section before, a new mechanism
is presented that allows for active spin-wave transmission control which is achieved by a single
stripe of as narrow as 250 nm stripe width. Figure shows selected comparisons of spin-wave
transmission spectra for S12 and S21 for multiple lengthscales. In Figure the spin-wave
transmission spectrum for bare 100 nm thick YIG is shown. By pattering a narrow CoFeB stripe
of 0.7 um width and 50 nm thickness on top of the continuous YIG (100nm), a deep and fully
reciprocal bandgap is opened in the spin-wave transmission spectra of S12 (blue) at 2.18 GHz.
This leads to an efficient transmission suppression of about 83 % in the bandgap for S12 compared
to bare, uncovered YIG (see Figure . When a 2.5 pm wide CoFeB stripe is patterned
on top of the YIG-film, two band gaps are opened in the spin-wave transmission at 1.95 GHz
and 2.1 GHz. For a stripe width of 30 pm, the signal loss in S12 is almost 100 %, while the
transmission in S21 amounts to about 70 % on average. Following the model in section
the bandgaps are opened by destructive interference. For 2.5 pm stripe width, the resonance
condition in equation is fulfilled twice within the excitation range. The totally suppressed
transmission in S12 for a stripe width of 30 pm is caused by the altered damping for the converted
dipolar-exchange spin-wave.

Numerically computed solution of the resonance condition in equation and the dispersion
relation predict the bandgaps reliably. In Figure the measured bandgaps (crosses in
blue) are compared to the calculated resonance frequency (green lines). The figure shows that for
increasing widths, the bandgaps trend to higher order numbers. The order number corresponds to
the phase difference equaling odd multiples of 7. This is the first reported method on nanoscale

to create such stable, wide and deep bandgaps in the transmission spectrum of magnetostatic

surface spin-wave. Figures[3.13(b)| and [3.13(c)| show the tuning of transmission bandgaps opened

by 0.7 pm wide stripe. By enhancing the magnetic bias field in the range of 4mT to 50mT,
the width of that bandgap is tuned from 80 MHz to 30 MHz and the location is shifted from
1.62 GHz to 3.56 GHz.
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Figure 3.12: Spin-wave transmission spectra of various single magnonic resonators. The spin-wave
transmission spectra for S12 (blue) and S21 (red) are compared for (a) bare YIG reference and (b) 30 pm,

(¢) 2.5pm, and (d) 0.7 pm stripe width.
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Figure 3.13: Prediction, position of the bandgap frequency, and bandgap width as a function of magnetic
field and magnonic resonator width. (a), Comparison of calculated and measured magnonic resonator
bandgaps for 10 mT magnetic bias field. The solid dark green lines refer numerically computed bandgap
frequencies obtained from bilayer dispersion and the resonance condition Crosses correspond to
measured bandgaps. The stripe width was obtained from AFM measurements. (b), (¢) show bandgap
tuning for a 0.7 pm wide magnonic resonator for varying magnetic bias field.
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4. Conclusion and Outlook

Using high-quality YIG film growth, direct laser writing lithography, electron-beam lithography,
and magnetron sputtering, three types of magnonic devices were fabricated.

Type (i) are low loss YIG-based MCs with patterned air grooves. The devices consisted of four
12nm deep and parallel grooves with a width ranging from 0.4 pm to 0.6 pm and a lattice period
of 2um to 10 pm. In addition, one device with a groove depth of 18 nm was shown. By utilizing
Bragg scattering, this type allows for pass band losses of only 12.5 % while suppressing spin-wave
transmission by up to 99 % within the bandgaps. Varying parameters as lattice constant of the
periodic stripes, stripe width or magnetic bias field strength tuned the bandgap location in a
range of 1.5 GHz to 4.5 GHz and the bandgap width from 220 MHz to 50 MHz. From the MC
with 18 nm groove depth, the loss of spin-wave transmission signal due to increased damping in
deeply milled devices was shown.

Type (ii) is an array of magnonic resonators made from continuous YIG films with patterned
CoFeB stripes on top. By avoiding milling and patterning of the YIG film, deterioration was
bypassed and nanoscale device were developed.

To understand the bandgap opening mechanism and the non-reciprocity a model was introduced,
explained and validated by comparison of calculations and experiments. From there a theoretical
limit of 150 nm was found. A key aspect is that also single magnonic resonators (type (iii)) can
be utilized. It was shown, that for narrow single stripes the bandgap location was shifted from
1.5 GHz to 3.5 GHz by changing the magnetic bias field from 4 GHz to 50 GHz and the width was
tuned from 80 MHz to 30 MHz. Furthermore, for devices of type (iii) a strong non-reciprocity
was observed, i.e., changing the propagation direction of spin-waves changed the transmission
spectra.

By improving the microwave antenna excitation range, this mechanism could push to even
smaller devices. In addition, ideas like anti-parallel switching of CoFeB stripes and YIG or
multi-width arrays are to be realized. For the former, the CoFeB can be put into a remanent state
with opposite magnetization as the YIG film. Simulations active reprogramming of spin-wave
transmission spectra upon magnetic switching. For the latter, an array of for example 700, 750
and 800 nm wide stripes could be prepared to widen the transmission gaps. Optical control of
the bandgap frequency by means of heating the metallic component on top of YIG is to be
studied. Also further studies of various other material combinations or spin-wave geometries are
of interest.

Outlook:
e downscaling by improving fabrication and microwave antenna excitation range
e study anti-parallel switching of magnetization for bandgaps
e investigate multiple different widths to open large bandgap structures
e use other magnetic metals in the bilayer for varying the bandgap location

e study backward volume geometry
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