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ABSTRACT

INVESTIGATING SPIN WAVE DYNAMICS IN YIG MICROSTRIPS USING
MICROMAGNETIC SIMULATIONS

The goal of this thesis is spin wave propagation in magnetic microstrips with non-standard
magnetic field directions using micromagnetic simulations. Spin waves, quasi-particles known as
magnons, are waves that are generated when the electron spins oscillate collectively in a magnetic
lattice. These waves can be used to transport energy. Spin waves have potential applications for mi-
crowave signal processing, logic operations, filtering, and biomedical applications. Spin waves are
often launched using microstrip antennas in rectangular magnetic strips that serve as waveguides,
and understanding how spin waves behave in these waveguides is critical to developing magnon-
ics devices. The existing analytical theories that describe spin-wave behavior in microstrips are,
however, limited to high-symmetry configurations (i.e., for the standard case, typically the static
magnetic field direction is either parallel or perpendicular to spin waves’ propagation direction)
and fail to address spin-wave behavior in practical, lower-symmetry scenarios.

In this thesis, field directions of 70° and 80° are examined and compared to the surface spin
wave configurations. The angle is measured with respect to the long axis (i.e., x-axis) of the
microstrip antenna, and the magnetic fields are applied in the plane of the microstrip. The lower-
symmetry scenarios show complex, titled diamond patterns because anisotropic dispersion rela-
tions in magnetic thin films govern spin-wave propagation. In this study, micromagnetic simula-
tions were used to model spin wave dynamics in a series of rectangular Yttrium Iron Garnet (YIG)
microstrips in low-symmetry configurations. YIG is an ideal material for spin wave investigations
because it has exceptionally low damping. The spin wave behavior was analyzed in a series of sim-
ulations in which the static magnetic field direction, driving frequency, excitation type (stripline

antenna or point source), and microstrip dimensions (i.e., ranges of widths 1.28 pm to 2252.8 pm)

il



were systematically altered. For stripline antennas, diamond-shaped spin wave propagation pat-
terns are observed when the field is applied in-plane at 90° with respect to the long axis of the
magnetic thin film, and this diamond pattern can be understood by considering the interference
of width-quantized modes. As the static magnetic field direction is reduced, the diamond pattern
tilts, and the outline angles are similar to what is seen for point source excitations. The micromag-
netic investigations explain the discrepancy and fill the gap between the experimental observations
and analytical calculations. These findings enhance our understanding of spin wave dynamics and
will be useful for the development of advanced magnonics devices and information processing

technologies.
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Chapter 1

Introduction

1.1 Motivation

The propagation of spin waves in magnetic materials has gained significant attention due to
their potential applications in spintronics [2] and magnonics [3,4]. Spin waves, known as magnons,
are collective excitations of the electron spins in a magnetic material that can be used to transmit
information and perform logical operations [5-8]. Yttrium Iron Garnet (YIG) is an attractive
material for studying spin wave dynamics because its damping parameter is low [6], which allows
for the efficient propagation of spin waves over long distances, which is crucial for developing
practical magnonic devices. Previous studies have demonstrated the potential of YIG for various
applications, including magnonic crystals and spin wave logic gates [9, 10]. However, many of
these studies have been limited to high-symmetry configurations, which do not fully exploit the
rich potential of spin waves for applications [11].

Micromagnetic simulations [12, 13] have emerged as a powerful tool for investigating spin
wave phenomena in complex geometries and under varying field configurations [11]. These sim-
ulations enable the calculation of spin wave dispersion relations, which describe the relationship
between wave frequency and wave vector that are critical for understanding how spin waves prop-
agate and interact in a magnetic material [14]. Using micromagnetic simulations, it is possible to
explore lower-symmetry directions and more intricate geometries that are challenging to analyze
using analytical methods [15]. The motivation for this thesis is to enhance the understanding of
spin wave dynamics in YIG microstrip with non-standard magnetic field configurations through
detailed micromagnetic simulations. This research investigates the effects of various factors, in-
cluding static magnetic field directions, driving frequency, type of excitation (stripline antenna or
point source), position of the point source, and dimensions of the microstrip. This work aims

to advance fundamental knowledge of how spin waves propagate in lower symmetry field con-



figurations and pave the way for developing advanced magnonic devices that could revolutionize
information processing technologies.

This research is motivated by the complex spin wave behaviors that have been observed in re-
cent experiments, particularly in Ref. [1]. Fig. 1.1 shows time-integrated Brillouin light scattering
(BLS) intensity maps obtained at a frequency of 4.320 GHz with the external magnetic field applied
at an angle of ¢ = 20° with respect to the y axis (i.e., ¢ = 70° with respect to the x axis). Figure
1.1 shows spin wave propagation patterns within a 2D magnonic crystal that involves the formation
and interaction of spin wave caustic beams, which are narrow beams formed by wave propagation
in preferred directions governed by spin wave dispersion relations. In Fig.1.1, the spin waves are
generated by a microstrip antenna located on the left side of the images just outside of the scan
region. A strong initial bright beam is observed near the bottom of the antenna, which interacts
with the sample edge, creating two main initial beams. These beams are aligned with a series of
wells, and scattered into additional caustic beams that appear as bright tracks radiating from the
wells. Upon interaction with the YIG film edge, new caustic beams are also formed, which are
seen as bright, coherent beams after the edge interactions (black and white arrows). The angles of
propagation for these caustic beams are measured and found to be 6,, = 48.38° with respect to
magnetic field direction H. This experimental image highlights the potential of caustic beams for
applications requiring directional energy transport, adding functionality to magnonic devices.

In Ref. [1], the bright initial beam originating from the left side of the image was observed and
used, but the physical mechanism of the beam creation was not explored. Normally point source
excitations are required to create spin wave beams, but the beams seen in the left side of the Fig.
1.1 were generated using a microstrip antenna. Microstrip antennas are routinely used to generate
spin waves in YIG, however, it is very difficult to generate spin waves that originate from a single
point, hence the strong beam observed in Fig 1.1 is of interest since it might provide insight into a
straightforward method to generate a directed beam of spin waves. Inspired by these experimental
observations [1], in this thesis, micromagnetic simulations were used to investigate the spin wave

dynamics in YIG thin-film waveguides in non-standard field geometries similar to that shown in



Fig. 1.1 to understand the physical mechanism of the beam formation. Through these simulations,
the research aims to replicate and expand upon the experimental findings, and thereby to gain

insight into the behavior of spin waves.

4.320 GHz \ \ m

Figure 1.1: Time-integrated BLS intensity maps at 4.320 GHz with an external magnetic field applied at
¢ = 20° with respect to y axis (i.e., ¢ = 70° with respect to x axis) for a 2D magnonic crystal that consists
of a periodic diamond shape array of sub-wavelength patterned wells (darker spots on the image). The
initial bright beam near the bottom of the antenna interacts with the sample edge, creating main caustic
beams (white arrows) and secondary caustics (black arrows) radiating from the wells. These caustic beams
demonstrate highly directional energy transport within the 2D magnonic crystal [1].

1.2 Problem Statement

The development of advanced magnonic devices relies heavily on the precise control, manipu-
lation, and understanding of how spin wave dynamics work in a magnetic material. The majority
of spin wave studies are done in a configuration where the magnetic field is applied parallel or
perpendicular to the spin wave propagation direction, and existing analytical theories are limited
to high-symmetry configurations [16]. There are very few works that address the complexities of
spin wave behavior in lower-symmetry scenarios [1, 11]. Fig. 1.1 shows that two initial beams that
resemble caustics can be created using a conventional microstrip antenna (white arrows), and my
goal is to explain how these initial beams form by using micromagnetic simulations because there
are no existing theories that explain the experimental result. Therefore, it is crucial to investigate

how these initial beams form and whether the initial beams are spin wave caustic beams [17-19].



More generally the study of how spin waves generate and propagate in low-symmetry configu-
rations is essential for advancing magnonic device applications [10, 17,20]. The simulations are
conducted for Yttrium Iron Garnet (YIG) because YIG is one of the promising candidates for

studying spin wave propagation in magnetic materials due to its low damping.

1.3 Spin Waves

A spin wave also a quasiparticle known as a magnon is a quantum dynamical excitation of
magnetic material where the electron spins oscillate collectively. Spin waves can transmit energy
and information without moving particles. The magnetic moment in a magnetic material originates
from the orbital angular momentum and spin angular momentum of electrons. When the magnetic
moments are perturbed from the equilibrium, they precess around the magnetic field shown in
Fig. 1.2, and this precessional motion is similar to the precession of a spinning top. In a chain of
electrons, each spin interacts with its nearest neighbor through dipolar and exchange interactions.
When one spin in the chain is excited, it triggers a cascading effect causing each subsequent spin
to precess with a phase shift. This sequence of precessing electrons forms a spin wave. Spin waves
are useful for a wide variety of applications, including spin wave logic, signal processing, spin

wave sensors, and transmitting information [3,4,21].
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Figure 1.2: The schematic diagram of a spin wave propagating through a chain of spins in a magnetic
material. The green arrow indicates the direction of the spin wave propagation, while the blue line dotted
at the end denotes the wavelength. Orange arrows represent the magnetizations which precess along the
direction of the external magnetic field direction H shown in the figure with the purple arrow. The red
sinusoidal line shows the collective motion of the spins, with each moment precesses slightly out of phase
with its neighbors, forming a wave pattern.



Similar to light waves and sound waves, spin waves also exhibit wave-like behaviors such as
reflection and refraction [22-25], and interference [26—-29]. Constructive interference occurs when
two in-phase waves combine to form a wave with a higher amplitude, as shown in Fig. 1.3 (a),
where the solid blue line and the dashed red line represent two in-phase waves. The superposition,
shown in Fig. 1.3 (a) as a black line, results in a wave with amplified peaks and troughs. Destructive
interference happens when two out-of-phase waves combine to cancel each other out. In Fig. 1.3
(b), the solid blue line and the dashed red line waves have the same frequency but are phase-
shifted by 7 radians (180 degrees). Their superposition, shown in Fig. 1.3 (b), results in a wave
with significantly reduced, in this case, zero, amplitude solid black line, illustrating the principle

of wave cancellation [30].

(a) Constructive Interference

(b) Destructive Interference
\
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Figure 1.3: In the figure, (a) and (b) show the constructive and destructive interference patterns, respectively.
In (a), the solid blue line and the dashed red line waves have the same frequency, resulting in a combined
wave with a higher amplitude (black line). In (b), the solid blue line and the red dashed line waves have the
same frequency but are phase-shifted by 7 radians, resulting in significant amplitude reduction (black line).

\ 1
\ 1
\ 1

v
v\

Some Useful Definitions

* Spin Wave Caustics: Spin wave caustics refer to the focusing of spin waves, which leads

to a significant increase in spin wave amplitude in specific directions. Spin wave caustics



are generated in a magnetic anisotropic medium which is directional useful for transporting

energy [1,18,19].

* Dispersion Relation: A dispersion relation describes how waves, such as spin waves propa-
gate through a magnetic medium. The dispersion relation describes the relationship between
the spin wave frequency and wave vector. This dispersion relation is critical for understand-
ing how spin waves will behave. In this study, the dispersion relations are used to guide the

selection of the driving frequency.

* Magnonic Crystal: Magnonic crystals are artificial structures designed to manipulate spin
waves through periodic variations in their magnetic properties, similar to how photonic crys-

tals control light waves. Figure 1.1 is an example of a YIG magnonic crystal.

1.4 Outline of Thesis

Spin wave propagation in Yttrium Iron Garnet (YIG) microstrips was investigated using micro-
magnetic simulations with the goal of understanding spin wave generation and propagation under
various realistic conditions for magnonics device applications.

Chapter 1 includes the motivation and problem statement, an overview of the fundamental
concepts of spin waves, their properties, behaviors, and significance in magnetic materials, along
with essential definitions.

Chapter 2 details the simulation tools and methods used in the research. It describes the micro-
magnetic simulation software, MuMax3, the various effective magnetic fields used in the simula-
tions, and the specific models and parameters applied to YIG microstrips.

Chapter 3 presents a comprehensive analysis of the simulation results. It covers the dynamics
of magnetization under different conditions, the impact of various driven frequencies and damping
factors, and the behavior of spin waves in different microstrip configurations.

Chapter 4 provides a summary and conclusions.



Chapter 2

Micromagnetic Simulations, and Model & Method

Micromagnetic simulation packages are used to understand magnetic materials such as mag-
netic domain formation [31], spin transfer torque [32], magnetization reversal [33], hysteresis
loop [34], and domain wall dynamics [35], where the most commonly known micromagnetic pack-

ages are MuMax3 [12], OOMMEF [36], and Ubermag [37].

2.1 MuMax3

MuMax3 [12] is an open-source GPU-based micromagnetic simulation tool. It is used to
investigate a wide range of magnetic phenomena using the Landau-Lifshitz-Gilbert formalism.
MuMax3 supports magnetostatic fields, Heisenberg exchange, RKKY coupling, Dzyaloshinskii-
Moriya interaction, spin-transfer torque, uniaxial/cubic magnetocrystalline anisotropy, and ther-
mal fluctuations. MuMax3 enables simulations involving Voronoi tessellation, time-dependent and
space-dependent material parameters, and arbitrary complex excitations such as fields and currents.
It can also track a moving domain wall, remove edge charges to simulate infinite geometries and
apply 1D, 2D, or 3D periodic boundary conditions. Overall, MuMax3 is a powerful package that
can be used to study magnetic phenomena with high computational speed and accuracy [13]. Here
we use MuMax3 to investigate spin wave dynamics in a magnetic microstrip made of Yttrium Iron

Garnet (YIG).

2.2 Dynamical Terms in MuMax3

2.2.1 Landau-Lifshitz-Gilbert Equation

Micromagnetic simulation packages are based on the Landau-Lifshitz-Gilbert (LLG) equation

[13,37-39], which governs the time evolution of the magnetization in ferromagnetic materials [40].



The LLG equation is:

om kil aly|
= — X Hegr —
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m X (m X Heff), (21)

where, m represents the normalized magnetization, || is the gyromagnetic ratio, « is the dimen-
sionless Gilbert damping constant, and H. denotes the effective magnetic field.

The effective magnetic field is:

L
MOMS 51’[17

H. = — (2.2)

where 19 = 47 x 10~7 H/m denotes the magnetic permeability in vacuum, M is the saturation
magnetization, and U is the system’s energy density.

The effective magnetic is:

Heff = Hexchange + Hanisotropy + Hdipolar + HZeeman (23)

since it include the exchange field Heychange, anisotropy field Hpisorropy, dipolar field Hgipolar, and

Zeeman field Hyeeman. The descriptions of each are included below.

2.2.2 Exchange Field

In ferromagnetic materials, magnetic moments tend to align parallel to each other due to the
exchange interaction. This interaction arises from the quantum mechanical exchange energy asso-
ciated with the spatial overlap of electron wavefunctions. The Heisenberg exchange Hamiltonian
describes the effect of exchange interaction, which leads to the emergence of an effective magnetic

field known as the exchange field (Hexchange) [41].

2 Aex
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Hexchange =

where Ay is the exchange stiffness constant.



2.2.3 Anisotropy Field

The magnetization in ferromagnetic materials often aligns preferentially along certain direc-
tions or shape anisotropy [41]. The magnetic anisotropy energy describes the dependence of en-
ergy on the orientation of the magnetization. The anisotropy field H,,; is the effective magnetic
field resulting from the anisotropy energy. A large H,,s will align the magnetic moments along
the easy axis of magnetization.

2K,
Hanisotropy = _,qu (m : 11)11 (25)

Here K, denotes the anisotropy constant, u indicates the easy axis direction, and m is the unit

vector of magnetization.

2.2.4 Dipolar Field

In magnetic materials, magnetic moments generate a magnetic field that interacts with neigh-
boring magnetic moments, leading to dipole-dipole interactions and the formation of a dipolar
field. The dipolar field Hgipolor at a specific point due to a single dipole with magnetic moment m

located at position ry which is given by:

fo [3(m-T)r —m
Hipolar(r) = — | ———————— 2.6
dlpolar( ) A |: ‘I‘ — I‘0|3 ( )
where 1 = |§I§2| is the unit vector, and |r — ry| is the distance between source dipole to the

observation point. The total dipolar field at a point is represented by:
Hdipolar(r) - Z Hdipolar,i (I‘) (27)

where Hgipolar,i (T) is the field due to the i-th dipole in the system.



2.2.5 Zeeman Field

The Zeeman field (Hzeeman) represents the influence of an external magnetic field H.
Hzeeman = H (28)

where H denotes the external magnetic field, and this external field directly contributes to the total
effective magnetic field. The corresponding Zeeman energy density = —poM - H, where M is the
magnetization. The energy is minimized when the magnetization is aligned with the external field

H, however, if the magnetization is not aligned with the H, then the energy will be increased.

2.2.6 Thermal Fluctuations

Thermal fluctuations introduce randomness into the magnetic materials, driven by thermal en-
ergy at non-zero temperatures [42]. These fluctuations can cause spontaneous magnetization rever-
sals and significantly impact the stability of magnetic states. A stochastic component is added to
the magnetic field to model thermal fluctuations and simulate the random thermal motion of mag-
netic moments. This approach is crucial for understanding magnetic material behavior in practical

thermal conditions. The thermal field By, is given by:

2uoakgT
B erm — A AT AL 2.
th AN 2.9)

where « is the Gilbert damping parameter, kg is the Boltzmann constant, 7 is the finite tempera-

ture, M is the saturation magnetization, |v| is the gyromagnetic ratio, AV is the volume element,
At is the time step, and 1) represents a vector of random numbers which is normally distributed
with a mean of zero and a unit variance. Thermal fluctuations were neglected in this thesis; how-

ever, including them would be an important next step.
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2.3 Model and Method

Schematic Diagram

The schematic diagram in Fig. 2.1 illustrates the setup used in this thesis for the micromagnetic
simulations of spin waves propagation in YIG microstrips, and typical material parameters are
given in Table 2.1. The coordinate system is defined with the length [ along the x-axis, width w
along the y-axis, and thickness along the z-axis, where the thickness is a few microns. A static
magnetic field H is applied within the zy plane at an angle of ¢ with respect to the x-axis. In this
thesis, the same coordinate system is used throughout. Initially, H is applied at angle ¢, and the
system is relaxed to get an equilibrium state. The equilibrium state is such that the magnetization
is mostly aligned along H. After that, a dynamic field Hgy, is applied, and the dynamics response
is simulated. This approach ensures that the system is stabilized before exciting the spin wave
dynamics.

Fig. 2.1 (a) shows the YIG microstrip’s top view with its dimensions, where the width (w)
is less than the length (/). A stripline antenna, located at the center of the microstrip, is 50 ym
wide (crosshatched area in Fig. 2.1 (a)). This antenna is used to apply the Hyy, along the = and
z-axis to excite broadband spin wave dynamics, and the stripline antenna matches with experiment
setup [1]. Fig. 2.1 (b) shows a point source excitations that create spin wave caustics. The Hygy,
applied only to the z-axis, which is depicted at the center of the microstrip, and it is a diameter
of 50 um (i.e., crosshatch pattern circle). This point source represents a localized field excitation
in the simulation. The simulations were conducted for three distinct positions of the point source,

middle, top, and bottom, to compare to the stripline excitations.
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Figure 2.1: Schematic diagram of the layout used in the micromagnetic simulations. A static magnetic field
H is applied in the zy plane for both the stripline antenna and the point source cases with a specific angle
¢ with respect to z-axis to align the magnetic moments in a preferred direction. The top view of the YIG
illustrates its length (1), width (w), and thickness (not shown in the figure, i.e., pointing outside of the page)
where w << [. (a) A stripline antenna, positioned in the middle of the sample, measures 50 pm, and a
dynamic magnetic field Hgyy, is applied along the x and z-axis. This excitation field can be either a sinc or
sinusoidal function with respect to time. (b) The point source, located at the center of the microstrip (or can
be located in the top or bottom position), has a diameter of 50 um, analogous to the stripline antenna. The

coordinate system in this figure will be used consistently for the rest of the thesis.

Table 2.1: The material parameters used for yttrium iron garnet (YIG) and other useful simulation parame-

ters.
Name Symbol | Value Unit
Mesh Size n Variable -
Cell Size dx Variable m
Permeability of Free Space | 1 47 x 10" | H/m
Gyromagnetic Ratio |v| 2.211 x 10° | rad/(s T)
Saturation Magnetization | M, 0.14 x 10° | A/m
Exchange Stiffness Aex 4.2 x 1072 | J/m
Damping Constant @ Variable -
External Magnetic Field Hey Variable A/m
Total Simulation Time T Variable S

12



Sinc Pulse & Sinusoidal Pulse

A sinc pulse is used as an external magnetic field shown in Fig. 2.2 to excite the spin waves

over a range of frequencies. The sinc pulse function is defined by the following equation:

ho(z,y) sin(27 fo(t — to))
27ch(t - to)

where Hgy, is the dynamic magnetic field strength, hy is the amplitude of the sinusoidal magnetic

den<x>y7t) = (210)

field, and f, is the sinc pulse frequency. The denominator 27 f.(t — to) normalizes the sinusoidal
function, ensuring the amplitude diminishes as ¢ moves away from the initial time offset for a

specific minima .

Dynamic Field (mT)

0.5 1 1.5 2
Time (s) %1072

Figure 2.2: The parameters for the sinc pulse are as follows: pulse frequency (f.) is 15 GHz, initial time

offset for the 4" minima (#() is 1223 x 10~12 seconds, and the magnetic field pulse amplitude (ughg) is 1
mT.

In this thesis, two primary spatial distributions hy(x,y) are used shown in Fig 2.1. The first
distribution is used to represent a stripline antenna shown in Fig. 2.1 (a). For the second distribu-

tion, a Gaussian function f(z,y) is used to approximate a localized point source excitation shown

in Fig. 2.1 (b).
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For the stripline antenna, we define the spatially varying external magnetic field components
B,, By, and B, derived using the Biot-Savart law for a sheet current of width w,. The magnetic

field components B, (x), By(x), and B,(z) are given as follows:

(arctan ("”Z—Jra> — arctan <%)>
Bx(x) = BQ P P
2 arctan (%)

By(x) = 0 2.11)

1 22+ (2 — a)? 1
B.(z) = By= log ( 5 ( )2)
2 Zp + (:E + a) 2 arctan (f)

where a = “ is the half-width of the antenna, and w, = 50 pum. The height of the antenna is
zp = 5 um. The magnetic field above the center of the antenna (at x = 0) is defined as By = pghg =
0.05 mT, in which py = 47 x 10~ H/m denotes the magnetic permeability in a vacuum, and h
represent magnetic field amplitude. The field distribution in Eq. 2.10 for a microstrip antenna
antenna is hence:

1

Ho

By applying the Biot-Savart law, we can accurately simulate the magnetic field in the region above
the antenna, taking into account the geometry and current distribution.

To obtain images of the spin wave propagation patterns, the simulation is run using the si-
nusoidal excitation until a steady state response is reached, typically for 400 periods. The mag-
netization is saved at equal time increments over the last period of the simulation. The function
hy(x,y)-g(t) was used to generate traveling waves. Here, hy(x, y) describes the spatial distribution

of properties, while g(¢) models its temporal evolution. In our case, we use:

g(t) = sin(27 ft) (2.13)

where f is the spin wave driving frequency.
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Figure 2.3: The spin wave driving frequency f is 4.2 GHz, and magnetic field pulse amplitude pghg is 1
mT.

For the point source, a Gaussian distribution was used to model the spatial variation of the
magnetic field. This approach provides a realistic representation of localized magnetic excitations.

The mathematical form of the Gaussian distribution used in these simulations is given by:

B
h0($,y) = _OeXp

(2.14)
Ho

(_(w —29)* + (y - yo)z) .

202
where B is the amplitude of the magnetic field, (o, yo) is the center of the Gaussian distribution,
and o = 50 pm is the standard deviation, which controls the width of the distribution. The dynamic
magnetic field was applied in the z-direction. This setup ensures that the magnetic field strength

decreases smoothly and symmetrically away from the center point in the = and y directions and

produces a localized excitation.
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Chapter 3

Analysis of Spin Wave Simulations

3.1 Simulations of Dispersion Relations

In order to understand the spin wave dispersion relations, sinc pulse simulations were con-
ducted, in which a magnetic dynamic field was applied to the time-varying excitation field shown
in Eq. 2.10. Generally, a sinc pulse produces a broad range of frequencies in the YIG microstrip,
and these frequencies excite the magnetic material and create the spin waves that propagate along
the axis of the microstrip. Analysis of these simulations yields the spin wave dispersion relation,
and the spin wave dispersion relations are used to select specific driving frequencies for further
study. The YIG magnetic parameters for the simulations with a sinc pulse excitation were ob-
tained from Ref. [1]. The microstrip specifications for the sinc pulse: length of [ = 40.96 pm,
width w = 1.28 pm, thickness ¢ = 0.01 pum, antenna width wypenna = 2.01 pm, pulse amplitude
toho = 1 mT, pumping frequency f. = 15 GHz, Gilbert damping parameter o = 0.001, satura-
tion magnetization M, = 0.14 x 10° A/m, exchange stiffness A., = 4.2 x 1072 J/m, shown in
Table 2.1. A static magnetic field H = 0.087 T applied in-plane with ¢ = 90° with respect to the
x-direction, which is called surface wave configuration. The simulations run for a duration of 10
ns.

Figure 3.1 shows the normalized magnetization dynamics components m,, m,, and m, over
a period of 10 ns in response to the sinc pulse excitation. The m, and m, components show an
abrupt onset of the dynamics followed by damped oscillations. At the same time, m, remains
nearly constant (Fig. 3.1 (b)) because the static magnetic field is applied in the y direction. The
magnetic moments are magnetized primarily along the y-axis with a slight tilt at the edges, which
is called the flower state [11]. The magnetic moments are free to precess in the perpendicular
directions to the static magnetization, hence we see oscillations in m, and m, shown in Figs. 3.1

(a) and 3.1 (c), respectively.

16



%107 (a)

0.9999996

_ 0.99999955

0.9999995

0.99999945

0 5 10 0 5 10
Time (ns) Time (ns)
-5
5 x107(c)

0 5 10
Time (ns)

Figure 3.1: Normalized magnetization components 1, m,, and m_ as functions of time. The solid blue
lines represent the dynamic response over time. The m, and m, components in (a) and (c), respectively, ex-
hibit oscillatory behavior with decreasing amplitude centered around zero, while (b) shows that m, remains
nearly constant at around 0.9999995.

Fourier analysis was performed on the simulation output results to obtain the spin wave exci-
tation frequencies and the dispersion relations. Fig. 3.2 shows the interpolation of the normalized
magnetization components m,, m,, and m_ as functions of time ¢. Since MuMax3 simulations
use an adaptive time step, the data points are not evenly spaced. Interpolation is performed to
create a fixed time base that is required for the Fast Fourier Transform (FFT) algorithm. The close
alignment between original and interpolated data confirms the accuracy of the interpolation, which

is essential for performing Fourier analysis using the FFT algorithm.
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Figure 3.2: Figure illustrates the normalized magnetization dynamics over a simulation run time of 10 ns.
(a), (b), and (c) show the normalized magnetization components m,, m,, and m as functions of time ¢,
respectively. The solid lines represent the original magnetization dynamics; the dotted lines represent the
interpolated dynamics. The interpolation is applied to create a fixed time base that is required for the fast
Fourier transform (FFT) algorithm.

3.1.1 Fast Fourier Transform (FFT) Analysis

A Fast Fourier transform (FFT) analysis was performed first to determine the frequency range
of the spin waves. Then, following the method outlined in Copus et al., [11] to find the spin wave
dispersion relations.

Fig. 3.3 presents the FFT analysis of the normalized magnetization components m,, m,,, and
m, as functions of frequency. Fig. 3.3 (a) shows the m, component, which has a primary peak

around 4.2 GHz with an amplitude of approximately 0.035. As shown in Fig. 3.3 (c), the m,
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component also features a primary peak around 4.2 GHz with an amplitude of approximately
0.018, almost half of the amplitude of m, shown in Fig. 3.3 (a). The m, amplitude response
is approximately double with respect to the m, amplitude response because there is a stronger
demagnetization restoring force acting on out-of-plane tilt in a thin film.

Fig. 3.3 (b) depicts the m, component, which exhibits a lower amplitude on the order of 10~°
because the m, component is essentially static. In Fig. 3.3 (a), and Fig. 3.3 (c), a secondary
peak present at ~ 3.72 GHz that may indicate higher-order modes. This analysis shows that spin
waves are excited most strongly at ~ 4.2 GHz, and oscillations primarily involve the m, and m,

components, which are expected.
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Figure 3.3: Fast Fourier Transforms (FFTs) of the normalized magnetization components 1, 1m,, and m.,
shown in Fig. 3.2 as a function of frequency. (a) The m, component shows a primary peak ~ 4.2 GHz,
with an amplitude of ~ 0.035. (b) The m, component exhibits significantly lower amplitudes since the
m, response is essentially static with minimal dynamic response. (c) The m, component also displays a
primary peak ~ 4.2 GHz, similar to m,; however, the amplitude is almost half of that found in (a).

Fig. 3.4 illustrates the magnetization m, as a function of x and ¢ for a YIG microstrip with a
length of 40.96 pum, a width of 1.28 m, and a thickness of 0.01 xm, the same microstrip considered
in Fig. 2.1, and Table 2.1. The antenna was positioned at the center of the microstrip, and the static
magnetic field direction was set to ¢ = 90°. This plot shows the variation of the magnetization
component m, as a function of time ¢ and position x. The color map represents the magnitude
of m, over time with a scale ranging from -1 to 1 (the same color maps will be used for the rest
of the section, and the oscillations are normalized to the maximum value). The magnetization

oscillations are most prominent at the center of the plot, as well as the antenna’s location. As
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time passes, the oscillations that originate at the antenna propagate outward along the z-axis. The
waveform is strong at the center, diminishes as it moves toward the edges, and dissipates before
reaching the edges of the microstrip. The damping parameter was selected carefully to obtain a

reasonable propagation distance but with no reflections.
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Figure 3.4: Magnetization m, as a function of z and ¢ (at y = 0.64 um, the center of microstrip) for a YIG
microstrip with a length of 40.96 pm, a width of 1.28 pm, and a thickness of 0.01 ym. The color map
indicates the magnitude of m, over a time period with values where the color scale ranges from -1 to 1. The
central region shows prominent magnetization oscillations that propagate outward over time, and the spin

wave dissipates before reaching the microstrip edges.

3.1.2 Spin Wave Dispersion Relations

The two-dimensional Fourier transform of Fig. 3.4 produces the dispersion relation shown
in Fig. 3.5, which can be compared to the dispersion relation [11]. The dispersion relation also
shows how spin wave frequencies vary with the wave vector in the microstrip. The central bright
region indicates a spin wave excitation region with frequencies concentrated around 4 GHz to 6

GHz, where the wave vectors should be close to O um (k > 0). The parabolic shape of the bright
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region (smiley face) is characteristic of spin wave dispersion relations for YIG in the magnetostatic
surface wave (MSSW) configuration where the static magnetic field direction is ¢ = 90°, and H
is perpendicular to k. In the MSSW configuration, the frequency f goes up with increasing wave
vector k.

The dispersion relation provides a critical insight into the behavior of spin waves in the YIG
microstrip. By examining the dispersion relation, one can easily identify the specific frequency
or frequency ranges and the corresponding wave vectors that can excited. For instance, in Fig.
3.5, the central bright region in the dispersion plot indicates the dominant spin wave modes with
frequencies concentrated above approximately 4 GHz where wave vectors are nearly zero. This
information provides a layout for selecting an appropriate driving frequency for the experiment
technique or simulation technique that lies within the antenna’s broadband range. The dispersion
relation in Fig. 3.5 was used to select a driving frequency of 4.2 GHz, indicated by the hori-
zontal solid green line, for further investigation, and the fainter parabolas at successively higher

frequencies are higher order width-quantized modes.
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Figure 3.5: Spin wave dispersion relation for a YIG microstrip, showing the wave vector k vs. frequency
f. The central bright region indicates a spin wave excitation region with frequencies concentrated around 4
GHz to 6 GHz. The parabolic shape of the spin wave dispersion relation typical for spin waves in YIG in
the MSSW configuration with H is perpendicular to the wave vector k (¢ = 90°).

Fig 3.6 shows the same dispersion relation for spin waves in a YIG microstrip with the same
parameters as in Fig. 3.5 but with a horizontal axis of the wave vector, £ multiplied by the thickness
dz, where kdz is dimensionless. This representation can be used to determine how spin waves will
behave in thin films for a broad range of thicknesses. This is important because larger thicknesses

were used for the spin wave-driven simulations and point source excitation simulations.
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Figure 3.6: Spin wave dispersion relations for a YIG microstrip. The horizontal axis represents the wave
vector k£ multiplied by the thickness dz, where kdz is dimensionless. The plot shows prominent modes
between 4 GHz and 8 GHz.

It is important to note that the magnetic dispersion relations depend on the material parameters
and geometry. In general, increasing the width of the microstrips results in more closely spaced
width-quantized spin wave modes, making the dispersion relation appear more continuous whereas
decreasing the width leads to greater mode separation, so typically only one mode is excited at a

given frequency [43].

3.2 Spin Wave Driven Dynamics

The goal of driven simulations is to visualize the spin wave patterns at specific frequencies.

These patterns can then be compared to experimental results.

3.2.1 Temporal Dynamics of Magnetization Components

Fig. 3.7 shows the normalized, spatially averaged, magnetization components m,, m,,, and

m, for a YIG microstrip in response to a sinusoidal excitation. The simulations ran for 400 time
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periods (i.e., 95.24 ns). After that, the 401% period was saved out to create movies of the spin
wave propagation. Over that time, the sinusoidal patterns reach a steady state where the amplitude
and phases of the magnetic oscillations settle to constant values. Here are the specifications of a
microstrip made of YIG: length [ = 3276.8 pum, width w = 409.6 pm, thickness ¢ = 6 pum, antenna
width Wangenna = 50 pm, pulse amplitude pphg = 5 mT, driving frequency f = 4.2 GHz (selected
using Fig. 3.5), damping parameter o = 0.005, saturation magnetization M, = 0.14 x 105 A/m,
exchange stiffness A, = 4.2 x 1072 J/m and static magnetic field applied H = 0.087 T at an

angle of ¢ = 70° with respect to the x-direction.
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Figure 3.7: Normalized magnetization components m, m,, and m_. The simulation reaches steady-state
behavior after approximately 40 ns. Microstrip specifications: length [ = 3276.8 pum, width w = 409.6 um,
thickness ¢ = 6 pum, antenna width wanenna = 50 pm, pulse amplitude pohg = 5 mT, driving frequency
f. = 4.2 GHz, damping parameter o = 0.005, saturation magnetization My = 0.14 x 10% A /m, exchange
stiffness Aex = 4.2 x 10712 J/m and static magnetic field applied H = 0.087 T at an angle of ¢ = 70° with
respect to the x-direction.
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3.2.2 Damping Dependency Spin Wave Propagation

In this section, we observed how the damping parameter dictated the spin wave propagation
in YIG materials. YIG was selected because of its low magnetic damping and long spin wave
propagation distances in the microstrip, and the real value for o is approximately 2.2 x 10~* [6,44].
However, using this low value in simulations is impractical because spin waves will reflect from
the boundary, and it takes too long to reach a steady state response. We ran simulations with
different values of « in order to select a reasonable value to balance various considerations, such
as the boundary reflections and proper spin-wave propagation in the microstrip antenna.

Figs. 3.8, and 3.9 show spin wave snapshots as a function of the angle in YIG microstrip, where
length [ = 3276.8 pum, width w = 409.6 um, thickness ¢ = 6 um, antenna width w,pena = 50
pm (i.e., the antenna was placed in the middle of the microstrip through out this thesis for stripline
antenna cases), pulse amplitude ppho = 1 mT, driving frequency f = 4.2 GHz, damping parameter
a = 0.001 (i.e., lower damping shown in Fig. 3.8), and o = 0.005 (i.e., higher damping shown in
Fig. 3.9), saturation magnetization M; = 0.14 x 10% A/m, exchange stiffness Ao, = 4.2 x 10712
J/m and static magnetic field applied H = 0.087 T at an angle of ¢ = 70° with respect to the
x-direction.

In the case of a = 0.001, Fig. 3.8, the spin waves propagate further along the total length of
the microstrip because of the very low damping as compared to Fig. 3.9, and spin waves hit the
edges, reflect back, and interfere with the main pulse. Therefore, it is hard to distinguish the main
beam pulse and the reflected beam pulse. Also, the pixelation of the images indicates that the
simulation cell size may not adequately capture all of the detailed information. The cell size could
be decreased to solve this, however, the chosen cell size should be sufficient to capture the wave-
lengths of interest provided the simulations are kept within the linear range. The other approach,
used here, is to reduce alpha and/or H to ensure the simulations are within the linear regime. The
static magnetic field directions are 70°, 80°, 90°, and the spin wave propagation patterns look like
more tilted diamonds, tilted diamonds, and diamonds, respectively. The color map represents the

magnitude of the M, component of the magnetization. The scale ranges from M z,;, (represented
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by black color) to M z,.x (represented by yellow color), where M 2.,y = — M Zmax. The same color
map is used for all of the snapshot maps throughout this thesis.

To reduce the reflections and the pixelation issues, a larger damping coefficient « = 0.005
and a smooth magnetic field profile for the antenna were used Eq. 2.11. In Fig. 3.9, the spin
wave propagation is remarkably improved. There are no signs of reflections at the edges of the
microstrip compared to the o« = 0.001 case, and the spin waves are no longer pixelated. The 90°
static magnetic field orientation produced a distinct diamond pattern, yielding promising results
that align well with our experimental observations [1]. As the ¢ is reduced from 90° to 70°, the

diamond patterns tilt, also in agreement with the experiment.
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Figure 3.8: Spin wave snapshots of movie where the parameters are: length [ = 3276.8 pum, width w =
409.6 pm, thickness ¢ = 6 um, antenna width wapeenna = 50 pm (i.e., the antenna was placed in the middle
of the microstrip throughout this thesis for stripline antenna cases), pulse amplitude pghg = 1 mT, driving
frequency f = 4.2 GHz, the damping parameter o« = 0.001, saturation magnetization M, = 0.14 x 10°
A/m, exchange stiffness Aex = 4.2 x 1072 J/m and static magnetic field applied H = 0.087 T at angles
of ¢ = 70°, 80°, and 90° with respect to the z-direction. The antenna field is applied along the x and z axes
in Eq. 2.11. The color map represents the magnitude of the M, component of the magnetization. The scale
ranges from M zn,;, (represented by black color) to Mz, (represented by yellow color). The same color
map is used for all the snapshot maps throughout the thesis.
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(a) f=4.2 GHz, ¢ = 70°

(b) f=4.2 GHz, ¢ = 80°

(c) f=4.2 GHz, ¢ = 90°
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Figure 3.9: Spin wave snapshots of movie where the parameters are: length [ = 3276.8 pm, width w =
409.6 pm, thickness ¢ = 6 pm, antenna width wapenna = 50 pm, pulse amplitude pohg = 1 mT, driving
frequency f = 4.2 GHz, damping parameter o = 0.005, saturation magnetization My = 0.14 x 10° A /m,
exchange stiffness Aex = 4.2 x 107!2 J/m and static magnetic field applied H = 0.087 T at angle of
¢ = 70°, 80° and 90° with respect to the x-direction. The antenna is located in the middle of the microstrip
antenna, and the antenna field equation is shown in Eq. 2.11. For the larger damping, there are no observable
reflections at the boundary as the spin waves dissipate before reaching it, preventing any return reflections
within the microstrip.

Figs. 3.10, and 3.11 show spin wave intensity maps as a function of angle where spin wave
propagation in the YIG material with a low damping parameter o« = 0.001, and higher damping
parameter o = 0.005. These intensity maps corresponded to the mode snapshots in Figs. 3.8, and
3.9 respectively. The color scale ranges from 0 to the maximum value of (), ), highlighting the
areas of intense spin wave activity, and the same color map is used for all the spin wave intensity
maps throughout this thesis. These intensity maps are highly valuable as they can be directly
compared to Brillouin light scattering experiments (BLS), which vividly explain the experimental

results.
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The intensity maps (Figs. 3.10 and 3.11) show the same main features as the corresponding
mode snapshots (Figs. 3.8, and 3.9, respectively). The damping parameter o = 0.005 will be

used for the rest of the thesis, except in Section 3.2.4 (o = 0.01).

== - T so - )
0.5 mm

|

0 Max <Mz>

Figure 3.10: Spin wave intensity maps with « = 0.001 at f = 4.2 GHz and H = 0.087 T, taken at ¢ = 70°,
80°, and 90° are shown in (a), (b), and (c) respectively. The microstrip specifications are (same as Fig. 3.8):
length [ = 3276.8 pm, width w = 409.6 pm, thickness { = 6 pm, and antenna width wypepna = 50 pm.
The antenna is located at the center of the microstrip. The color scale bar represents the amplitude of the
magnetization component (M, ), with darker colors indicating lower intensity and brighter colors indicating
higher intensity, highlighting areas of intense spin wave activity. The same color map is used for all the
intensity maps throughout this thesis.
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Figure 3.11: Spin wave propagation intensity maps with & = 0.005 at f = 4.2 GHz and H = 0.087 T,
taken at ¢ = 70°, 80°, and 90° are shown in (a), (b), and (c) respectively. The microstrip specifications are
(same as Fig. 3.9): length [ = 3276.8 pum, width w = 409.6 um, thickness ¢ = 6 um, and antenna width
Wantenna = 90 pm. This figure shows no reflections after hitting the boundary edges.

3.2.3 The Effects of Driving Frequency on Spin Waves

Spin waves are sensitive to the applied static magnetic field direction, as shown in from Figs.
3.8 to 3.11 but they also depend on frequency. In this section, we investigated the spin wave
frequency dependence in the YIG microstrip using sinusoidal excitations. We observed subtle

changes in the spin wave propagation patterns by adjusting the excitation frequencies between

f =4.2 GHz and 4.3 GHz.

Analysis at 4.2 GHz and 4.3 GHz Frequencies

Figs. 3.12 and 3.13 present snapshots and intensity maps of spin wave propagation in a YIG
with a damping parameter (&« = 0.005) at driving frequencies of f = 4.2 GHz and 4.3 GHz

respectively, under a static magnetic field H = 0.087 T. These spin wave snapshots and maps
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were calculated at three different static magnetic field orientations, ¢ = 70°, 80°, and 90°. The
microstrip used in the simulations has dimensions of length [ = 3276.8 pm, width w = 409.6 pm,
thickness ¢ = 6 um, and antenna width w,yenn, = 50 pm.

The mode snapshots in Fig. 3.12 are somewhat difficult to compare when the frequency
changes. The intensity maps shown in Fig. 3.13 are easier to compare. In Fig. 3.13 (a), at an
angle of 70°, the spin wave patterns exhibit subtle differences between the two frequencies. For
4.2 GHz, the interference pattern is a more spread-tilted diamond shape, whereas for 4.3 GHz,
the pattern becomes less spread out tilted diamond is observed for both cases, but the diamond
vertices are close to the antenna at 4.3 GHz. In Fig., 3.13 (b), at 80°, 4.2 GHz shows a pattern
that exhibited a tilted diamond shape with a high-intensity outline, while 4.3 GHz shows a tilted
diamond-shaped interference which is a smaller change compared to the effective static field. In
Fig. 3.13 (c), at 90°, the diamond patterns become even clear, with 4.2 GHz, and showing a sharp,
confined diamond pattern. However, 4.3 GHz displays a similar but less spread-out pattern. There-
fore, these comparisons highlight how slight changes in frequency and magnetic field orientation

can significantly affect spin wave propagation and interference patterns.
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(a) f=4.2 GHz, ¢ = 70°

(b) f=4.2 GHz, ¢ = 80°

f=4.3 GHz, ¢ = 80°

(c) f=4.2 GHz, ¢ = 90°

f=4.3 GHz, ¢ = 90°
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Figure 3.12: Snapshots of spin wave propagation with a damping parameter o = 0.005 at driving frequen-
cies of f = 4.2 GHz and 4.3 GHz, taken at orientations of ¢ = 70°, 80°, and 90°, length [ = 3276.8 um,
width w = 409.6 pm, thickness t = 6 um, and antenna width wupenna = 50 pm, and static magnetic field
H = 0.087T.
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Figure 3.13: Intensity maps of spin wave propagation with a damping parameter o« = 0.005 at driving
frequencies of f = 4.2 GHz and 4.3 GHz, taken at orientations of ¢ = 70°, 80°, and 90°, length [ = 3276.8
pm, width w =409.6 pm, thickness t = 6 pm, and antenna width wapenna = 50 pm, and static magnetic field
H = 0.087T.

3.2.4 Nonreciprocity of Spin Wave Propagation

Magnetostatic surface spin waves exhibit nonreciprocity, that is asymmetric propagation of

spin waves where the spin wave amplitude or phase differs for waves that travel in opposite direc-
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tions. The orientation of the static magnetic field can alter the spin wave propagation directions
and the amplitude non-reciprocity. Fig. 3.14 displays mode snapshots, and Fig. 3.15 shows the
corresponding spin wave intensity maps for spin wave propagation in YIG. The microstrip pa-
rameters are length [ = 3276.8 pum, width w = 409.6 pum, thickness ¢ = 6 pm, and antenna
width Wantenna = 50 pm, damping coefficient « = 0.01 (i.e., considering larger damping), driven
at a frequency of f = 4.2 GHz, and the static magnetic field H = 0.087 T. The left columns in
Figs. 3.14, and 3.15 show mode snapshots and intensity maps, respectively, for the static magnetic
field orientations ¢ = 70°, 80°, and 90°, while the right columns show results for field orientations
¢ = 250°, 260°, and 270°. Figs. 3.14, and 3.15 both show nonreciprocity which means the left side
has a higher intensity compared to the right, or vice versa. For spin waves, the direction of high
intensity is reversed when the magnetic field direction is reserved. Additionally, the phases of the
spin waves on the left side and right side are mirror images, and everything is flipped. This effect
is well known for surface spin waves, i.e., for ¢ = 90°, and 270°. These simulations demonstrate

that non-reciprocity also holds for angles of up to &= 20° from the MSSW configuration.

(a) f=4.2 GHz, i = 70° f=4.2 GHz, i = 250°

f= 42GHzi—Sﬂ° f= 4IGHz§m260°
f=4.2 GHz, ¢ =90° f=4.2 GHz, §ZTO°

Z

Mz
min

Figure 3.14: Snapshots simulations with a damping parameter o« = 0.01 (i.e., considering larger damping),
driving frequency of f = 4.2 GHz, static magnetic field orientations ¢ = 70°, 80°, 90° (left) and ¢ = 250°,
260°, 270° (right). The microstrip specifications are length [ = 3276.8 pm, width w = 409.6 pm, thickness

= 6 pum, and antenna width wapenna = 50 pwm with a static magnetic field of H = 0.087 T. The all
of the snapshots are taken here at the same time. The antenna is located at the center of the microstrip.
The intensity shows that reversing the field direction by 180° results in mirrored symmetry in spin-wave
propagation.
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Figure 3.15: Intensity maps from simulations with a damping parameter o« = 0.01 (i.e., considering larger
damping), driving frequency of f = 4.2 GHz, static magnetic field orientations ¢ = 70°, 80°, 90° (left) and
¢ = 250°, 260°, 270° (right). The microstrip specifications are length [ = 3276.8 pum, width w = 409.6
pm, thickness ¢ = 6 pm, and antenna width wapenna = 50 pm with a static magnetic field of H = 0.087 T.
The antenna is located at the center of the microstrip. The intensity shows that reversing the field direction
by 180° results in mirrored symmetry in spin-wave propagation.

3.2.5 Spin Wave Width Quantization

Simulations were done as a function of microstrip width to understand the effect of the spin
wave width quantization. Figs. 3.16, and 3.17 shows mode snapshots and intensity maps from
simulations of spin wave propagation in YIG with a damping parameter o = 0.005, driven at a
frequency of f = 4.2 GHz with a static magnetic field H = 0.087 T at static field orientations of
¢ = 70°, 80°, and 90°. Microstrip widths of w = 0.4096 mm, w = 0.2048 mm, and w = 0.1024
mm were considered while the thickness remains constant at ¢ = 6 pm.

At ¢ = 70° tilted, the spin wave patterns show a well-defined tilted diamond pattern with well-
defined boundaries (w = 0.4096). This pattern is due to the presence of many width-quantized
modes. The pattern boundary becomes less well defined/smoother as the width decreases, and
the decrease in width also corresponds to fewer modes. For the narrowest strip (w = 0.1024
mm), the patterns become simple, and smooth because only one width-quantized mode is excited.
At ¢ = 80° for a moderately tilted diamond case, a simple trend is observed. The widest strip
exhibits a diamond-shaped interference pattern, which becomes simpler as the width decreases.

The patterns become simple and diffuse for w = 0.1024 mm, and the diamond patterns resemble a
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snake. At ¢ = 90° for the diamond case, the spin wave patterns are also complex (many modes) for
the widest strip (w = 0.4096 mm) and become less complex (fewer modes) as the width decreases.
For the narrowest strip (w = 0.1024 mm), simplest case, the diamond shape becomes a circular
dotted shape in the mode snapshot and a single, central streak in the intensity map that decreases
in intensity with increasing distance from the antenna.

As the width is decreased, the separation in the k& of the width quantized modes increases,
since Ak, = . As a consequence, fewer width quantized modes can be excited for smaller w.
This leads to smoother observed patterns for decreasing w, as shown in Fig. 3.17. At ¢ = 90°,
the widest strip shows strong and clear diamond patterns that occur due to the interference of the
width-quantized modes [15]. As the width is reduced, especially at w = 0.1024 mm, the patterns
become simpler. Interestingly, for smaller width w, ¢ = 90°, the intensity maps appear to exhibit
a single mode with no intensity modulation. In contrast, for ¢ = 70° and 80°, the maps reveal a
snake-like back-and-forth beam pattern, which is likely due to a single mode that reflects back and
forth from the sample edges as it travels. In order for this to occur, the group velocity must be at a

non-zero angle with respect to x.
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Figure 3.16: Snapshots from simulations with a damping parameter o = 0.005 at a driving frequency of
f = 4.2 GHz, taken at orientations of ¢ = 70°, 80°, and 90°. The microstrip widths are w = 0.4096
mm, w = 0.2048 mm, and w = 0.1024 mm, with a constant thickness of 6 ym and a static magnetic field

H = 0.087 T. The images show that as the width decreases, the interference patterns become less complex.
At w = 0.1024 mm, the narrowest width, the patterns are the simplest.
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Figure 3.17: Intensity maps from simulations with a damping parameter v = 0.005 at a driving frequency
of f = 4.2 GHz, taken at orientations of ¢ = 70°, 80°, and 90°. The microstrip widths are w = 0.4096
mm, w = 0.2048 mm, and w = 0.1024 mm, with a constant thickness of 6 ym and a static magnetic field
H = 0.087 T. The images show that as the width decreases, the interference patterns become less complex.
For ¢ = 70°, 80° cases, the simpler mode shows snake back-and-forth patterns for w = 0.1024 mm.

3.3 Point Source Simulation Studies

The goal of studying localized spin wave generation using a point source in micromagnetic
simulations is to understand the dynamics of spin wave propagation in a highly controlled situation.
A Gaussian spatial distribution was used to define the spatial variation of the dynamic magnetic
field in the x and y axes, which excites the spin waves by perturbing the local magnetization,

causing the spins to precess around the direction of the static magnetic field and generate the spin
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waves. This point source setup allows us to generate caustic spin wave beams, which can then be
compared to the diamond pattern obtained using a microstrip antenna.

The microstrip specifications for the point source simulations are as follows: length [ = 3276.8
pm, width w = 409.6 pm, thickness ¢ = 6 pum, the diameter of point sources of wps = 50 pm,
pulse amplitude pphy = 0.05 mT, driving frequency f = 4.2 GHz, damping parameter o = 0.005,
the saturation magnetization M, = 0.14 x 105 A/m, and the exchange stiffness Ao, = 4.2 x 10712
J/m. The static magnetic field applied H = 0.0865 T at an angle of ¢ = 70°,80°, and 90° with
respect to the x-direction. The simulations were run for a duration of 400 periods to reach a steady
state, and then the magnetization was saved out periodically over the course of one additional

period.

3.3.1 Effect of Point Source Position: Top, Bottom, and Middle

Figs. 3.18 and 3.19 illustrate the results of spin wave propagation in YIG, with the spin waves
generated by a point source positioned at three different locations: top, middle, and bottom. Fig.
3.18 shows mode snapshots that capture the temporal evolution of the spin waves, and Fig. 3.19
shows the corresponding spin wave intensity maps, that highlight the spatial distribution of the spin
waves intensities for each source position. The point sources in the three different cases generated
spin wave caustics [18, 19,45], which are highly directional (i.e., transport energy preferentially
direction) and excitation frequency dependent.

In Figs. 3.18 (a) and 3.18 (c), the point sources positioned at the top and bottom create multiple
secondary beams that are hitting the width edges and come back to microstrip again and die out
before reaching the long axis’s boundary edges, and there are no reflections. The intensity maps in
Fig. 3.19 illustrate distinct patterns of spin wave propagation based on the point source position.
When positioned at the top Fig. 3.19 (a) and bottom Fig. 3.19 (c), the point sources generate
directional caustics that propagate through the microstrip and die out before reaching the bound-
aries. In contrast, Fig. 3.18 (b) shows the point source in the middle, which generates caustics

that also form the outline of a diamond through successive reflections. In terms of intensity, the
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central point source Fig. 3.19 (b) produces a symmetric diamond-shaped pattern after reflecting
from the edges. This comparison highlights how the source positioning significantly influences the

spin wave patterns in the microstrip.

(a) f=4.2 GHz, ¢ =90°

(b) f=4.2 GHz, ¢ = 90°

(c) f=4.2 GHz, ¢ =90°

0 Mz
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Figure 3.18: Snapshots from simulations of spin wave propagation in a magnetic material generated by a
point source positioned at three different locations: top, middle, and bottom. Simulations parameters: length
I = 3276.8 pm, width w = 409.6 pm, thickness ¢ = 6 um, the diameter of point sources of wps = 50
pm, pulse amplitude pohg = 0.05 mT, driving frequency f = 4.2 GHz, damping parameter o = 0.005,
the saturation magnetization My = 0.14 x 105 A/m, and the exchange stiffness is Aex = 4.2 x 1072 J/m.
The static magnetic field applied H = 0.0865 T at an angle of ¢ = 70°,80°, and 90° with respect to the
z-direction.
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Figure 3.19: Intensity maps from simulations of spin wave propagation in a magnetic material generated
by a point source positioned at three different locations: top, middle, and bottom. Simulation parameters:
length [ = 3276.8 pm, width w = 409.6 pm, thickness ¢t = 6 um, the diameter of point sources of wps = 50
pm, pulse amplitude pohg = 0.05 mT, driving frequency f = 4.2 GHz, damping parameter o = 0.005,
the saturation magnetization My = 0.14 x 108 A/m, and the exchange stiffness is Aex = 4.2 X 10712y /m.
The static magnetic field applied H = 0.0865 T at an angle of ¢ = 70°,80°, and 90° with respect to the
z-direction.

Fig. 3.20 displays spin wave intensity maps from simulations of spin wave propagation for
three different driving frequencies when the point source is located in the middle of the microstrip:
Fig. 3.20 (a), f = 4.1 GHz; Fig. 3.20 (b), f = 4.2 GHz; and Fig. 3.20 (¢), f = 4.3 GHz.
The simulations are conducted under a static magnetic field H = 0.0865 T applied at an angle of
¢ = 70° with respect to the x-direction, with a damping parameter of & = 0.005. The point source
excitation in the middle creates four distinct angles at the intersection point, labeled as 6, 65, 05,
and 6, shown in Fig. 3.20 (a). The angle of spin wave caustic depends on the driving frequency
and the direction of the static magnetic field. In Fig. 3.20, the static magnetic field is fixed, and the

caustic angles, 61, -, 05, and 60,, change due to changes in the driving frequency. In Fig. 3.20 (a)
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at f = 4.1 GHz, the intersecting spin wave beams form angles of ¢; = 92°, ; = 88°, 63 = 92°,
and 6, = 88°.

The caustic angle is the angle difference between the static magnetic field direction ¢ and the
initial beam direction ; shown in Fig. 3.21 (d). To calculate the caustic angle 6. from Fig. 3.20
(a) for ¢ = 70° and a driving frequency of f = 4.1 GHz, we start with the static magnetic field
direction, which is 70° from the long axis of the microstrip (x-axis). After that, we measure the
initial beam angle from the x-axis, which is 25°. The caustic angle 6. is the difference between
these two angles, giving us 6. = 45°, as shown in Table 3.1. The spin wave caustics angles 6. (¢
with respect to H) are 45°, 43°, and 40° for driving frequencies of f = 4.1 GHz, 4.2 GHz, and 4.3

GHz, respectively. As the driving frequency increases, the caustics angle decreases, as summarized

in Table 3.1.
H
y
(a) Jrﬁ f=4.1 GHz, ¢ = 70°

(b) f=4.2 GHz, ¢ =70°
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Figure 3.20: Intensity maps from simulations with a damping parameter o = 0.005 at driving frequencies
of f =4.1 GHz (a), f = 4.2 GHz (b), and f = 4.3 GHz (c), with ¢ = 70°. The dimensions of microstrip
are length [ = 3276.8 pum, width w = 409.6 pm, and thickness ¢ = 6 pm, and the static magnetic field H
is 0.0865 T. The point source excitation creates four angles at the intersection point, defined as #; = 92°,
0y = 88°, 03 = 92° and 64 = 88°. The images show frequency-dependent spin wave patterns with
intersection angles marked in red.
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Table 3.1: Static magnetic field direction, H (¢) at ¢ = 70°, 80°, and 90°, driving frequencies, f(GHz),
and corresponding pulse angles (61, 02, 03, and 6,), and spin-wave caustics angle, 6. (¢ with respect to H)

Magnetic field direction, H(¢) | Driving frequency, f(GHz) | 6, 0, 05 0, | 0.
70° 4.1 92° | 88° | 92° | 88° | 45°
70° 4.2 95° | 85° | 85° | 95° | 43°
70° 4.3 100° | 80° | 100° | 80° | 40°
80° 4.1 90° [ 90° | 90° | 90° | 45°
80° 4.2 94° | 86° | 94° | 86° | 44°
80° 4.3 100° | 80° | 100° | 80° | 39°
90° 4.1 90° | 90° | 90° | 90° | 43°
90° 4.2 93° | 87° | 93° | 87° | 42°
90° 4.3 100° | 80° | 100° | 80° | 39°

Table 3.1 provides a summary of the relationship between the static magnetic field direction H,
driving frequencies f, corresponding pulse angles (6, 6, 03, and 6,), and the spin wave caustics
angle 6., static magnetic field directions are 70°, 80°, and 90°. For each magnetic field direction, the
table lists the pulse and caustic angles for driving frequencies of 4.1 GHz, 4.2 GHz, and 4.3 GHz.
At a magnetic field direction of 70°, caustic angles 6, are 45°, 43°, and 40° for the frequencies 4.1
GHz, 4.2 GHz, and 4.3 GHz, respectively. This trend of decreasing . with increasing frequencies
is consistent across all magnetic field directions: at 80°, the . decrease from 45° to 39°, and at
90°, they decrease from 43° to 39° as the frequency increases. Note that the uncertainty in defining
these angles is approximately + 1°; hence, caustic angles are the same within uncertainty for all

¢, which is expected for caustics in an external thin-film [18, 19].

3.3.2 Comparative Analysis of Point Source, and Stripline Antenna

The point source simulations show a caustic spin wave beam for all source positions within
the microstrip. When the point source is positioned in the middle in Fig. 3.21 (a), it generates
a symmetric diamond-shaped pattern with intersection angles defined as #; = 95°, §; = 85°,
03 = 95°, and 0, = 85°, and the caustics angle is . = 43° for 4.2 GHz (Table 3.1). Conversely,
when the point source is placed at the top shown in Fig. 3.21 (b) and bottom shown in Fig. 3.21

(c), it creates caustics with an intersection angle of 72°, and the caustics angle of point source is
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6, = 36° (not shown in the figure). The energy is focused along specific paths, with the spin waves
propagating downward from the top and upward from the bottom.

The spin waves generated by the stripline antenna in Fig. 3.21 (d) exhibit a distinct propagation
pattern compared to the point sources. With the static magnetic field oriented at ¢ = 70°, the
stripline antenna generates an initial beam at an angle ¢; = 23° relative to the z axis, however,
from Figs. 3.21 (a), and 3.21 (¢), the initial beams are ¢; = 27°, and #; = 55° where initial beam
angle 3.21 (a) is almost double of 3.21 (c¢). The difference between these two angles (¢ & 6;) is
B = 47°. Therefore, the caustics angle will be 6. = 43°, as shown in Table 3.1, which differs from
the stripline antenna’s J = 47°. Although the spin wave propagation patterns in Fig. 3.21 show
caustic-like beams, these beams are not caustics. However, one important note: a static magnetic
field direction ¢ = 70°, which is approximately equal to the point source direction 72°, shown in
Fig. 3.21 (c) with respect to z-axis.

The overlapping image shown in Fig. 3.21 (e) combines the spin wave patterns generated by
the point source at the top, bottom, and the stripline antenna. This composite view highlights that
the caustics produced by the point sources propagate at different angles as compared to the angles
of the beam generated by the stripline antenna. This comparison shows that the mechanism of the

beam formation for the microstrip antenna differs from that of the point source excitations.
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Figure 3.21: Intensity maps from simulations with a damping parameter = 0.005 at a driving frequency
of f = 4.2 GHz, taken for ¢ = 70°, and 6; is the initial beam direction with respect to x axsis. The
dimension of microstrip are: length | = 3276.8 pm, width w = 409.6 pm, and thickness ¢ = 6 ym and
the static magnetic field H is 0.0865T. (a), (b), and (c) show point source configurations with varying
intersection angles. (d) displays the spin wave propagation on both sides of the microstrip from the stripline
antenna, showing interference patterns where the angle between the static magnetic field ¢ = 70°and initial
beam 6; = 23° with respect to z-axis, and 8 = 47°. (e) shows overlapping images of spin waves from a
point source (point source location at top and bottom) and a stripline antenna.
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3.4 Spin Waves Dynamics for a Larger Sample Size

In this section, we used the same sample dimensions as the experimental setup to ensure our
simulations closely match the experimental results detailed in Ref. [1]. The microstrip specifica-
tions are as follows: length [ = 9011.2 pm, width w = 2252.8 pum, thickness ¢ = 6.4 ym, antenna
width Wapenna = 50 pm, point source diameter wps = 50 pm, cell size (1.1 x 1.1 x 6.4) um?3,
grid size (8192 x 2048 x 1), pulse amplitude ppho = 0.05 mT, driving frequency f = 4.35 GHz,
damping parameter o = 0.005, saturation magnetization M, = 0.14 x 10° A/m, exchange stiffness
A = 4.2 x 1072 J/m and static magnetic field applied H = 0.0865 T at angles of ¢ = 70°, 80°,
and 90° with respect to the x-direction.

Figs. 3.22 and 3.23 show snapshots and intensity maps of spin wave propagation simulations
at a driving frequency of f = 4.35 GHz for point sources (left column) and stripline antennas
(right column). The point source generates caustics that lead to half-diamond-shaped patterns that
consistently transition from left-tilted to right-tilted shapes across different ¢ angles. The caustic
angles for point sources in Fig. 3.23 (left column) exhibit minor variations of a few degrees as the
angle ¢ changes from 70° to 80° and 90°. These caustic angles closely match the values listed in
Table 3.1, with only slight discrepancies. Conversely, the stripline antenna creates tilted diamond
shapes to regular diamond shapes depending on the magnetic field orientation similar to what is
observed in the simulations with smaller w, and similar to the experiments. This set of simulations
shows that the same principles that apply for the widths of hundreds of microns also apply at the

mm length scales used in the experiments [1].
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Figure 3.22: Snapshots of spin wave propagation for a width of w = 2252.8 um, antenna width wypenna =
50 pm, point source diameter wps = 50 pm, damping parameter, & = 0.005, driving frequency f = 4.35
GHz, are shown for ¢ = 70°, 80°, and 90°. The left column shows point source configurations, while the
right column shows stripline antenna configurations.
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Figure 3.23: Intensity maps of spin wave propagation for a width of w = 2252.8 um, antenna width
Wantenna = 90 pm, point source diameter wps = 50 pm, damping parameter, o = 0.005, driving frequency
f = 4.35 GHz, are shown for ¢ = 70°, 80°, and 90°. The left column shows point source configurations,
while the right column shows stripline antenna configurations.
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Chapter 4

Conclusion

In this thesis, spin wave propagation has been studied in magnetic microstrips made of the
Yttrium Iron Garnet (YIG) using micromagnetic simulations. The goal of this research was to in-
vestigate spin wave propagation in magnetic microstrips for non-standard magnetic field directions
and to understand the formation of spin wave propagation patterns that involve strong, directed ini-
tial beams that were observed in recent experiments [1].

Spin wave dispersion relations were calculated by applying a sinc pulse to the middle of a
magnetic microstrip using a microstrip antenna and subsequently taking a Fourier transform of the
magnetic response. The spin wave dispersion relations show the range of driven frequencies that
can excite spin waves. Driven spin wave simulations were also done using a sinusoidal magnetic
field. These driven simulations allowed us to obtain the spin wave propagation pattern through the
spin propagation snapshots and intensity maps.

The driven simulations were performed at a fixed frequency of f = 4.2 GHz, with widths of
w = 0.4096 mm, 0.2048 mm, and 0.1024 mm, and a range of damping parameters, o = 0.005,
0.001, and 0.01. The normalized magnetization . component, position in the long axis of the
microstrip, and simulation time plot provide detailed information about how spin waves propagate
and how they dissipate inside the microstrip. The smaller damping parameter has a larger reflection
compared to the large damping parameter. For a microstrip length of [ = 3276.8 pum, when the
damping parameter is « = 0.001, the spin wave propagation distance is 3.26 mm with reflection
from boundary edges. However, for a larger damping parameter of @ = 0.005, the propagation
distance is reduced to 1.75 mm and it has no reflection at the boundary edges.

For a 90° static magnetic field orientation, the spin waves produced distinct diamond patterns
that agree well with experimental observations. As ¢ is reduced from 90° to 80°, and then to
70°, the diamond patterns become tilted diamonds with progressively larger tilt angles. The spin

wave caustics are highly directional and the directions depend on the driving frequency and the
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static magnetic field directions. Additional simulations were done using a point source to create
spin wave caustics in order to compare the diamond patterns to the shapes that are generated by
caustics. The interference patterns of width-quantized modes, and the caustic angles and diamond
outline are not an exact match for ¢ = 80° and 70°, we expect that the tilted diamond patterns also
involved width-quantized modes, though the explanation is likely more involved than for ¢ = 90°
degrees due to the broken symmetry.

The width quantization is one of the crucial factors that can be explained with the help of
an isofrequency curve [11, 15]. Width quantization occurs when the wavevector is quantized in
confined geometries. For large widths, many modes can be excited, which can lead to complex
spin wave propagation patterns. Reducing the width w from 0.4096 mm, 0.2048 mm, and 0.1024
mm, leads to progressively larger mode spacing and consequently progressively fewer modes are
excited. For the smallest width, only a single mode is excited and the propagation pattern resembles
a snake tail for ¢ = 70°, and 80° degrees.

The point source simulations were conducted by positioning the point source at three locations:
the top, middle, and bottom of the microstrip. These point source simulations were compared with
the stripline antenna. The point source creates spin wave caustics, and the stripline antenna forms
the initial beams. These initial beams were observed in experiments as a bright beam coming from
the bottom left of the microstrip at a short distance from the microstrip antenna [1]. The point
source’s caustic beams produce a diamond outline that matches with spin-wave caustic angles but
it does not match the angle of the tilted diamond outline. The beam observed in the experiment,
generated from the microstrip antenna, is part of the tilted diamond pattern and is likely produced
by width-quantized modes, and it also depends on static magnetic field directions ¢ and the mi-
crostrip’s structure.

Finally, we performed simulations for dimensions that matched the experimental results and
showed that the observations at smaller length scales also apply to samples with millimeter dimen-
sions. These results are important for the development of magnonics devices that use patterned

defects inside the microstrip to control spin waves and pave the way for innovations in information
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processing technologies. The next step in this work is to develop a theoretical model to explain the

spin wave propagation patterns.
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