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ABSTRACT

INVESTIGATIONS OF MAGNETIC AND ELECTRIC FIELD CONTROL OF MAG-
NETIZATION DYNAMICS OF FERROMAGNETIC AND MULTIFERROICS

by

YUZAN XIONG

Adviser: Hongwei Qu, Ph.D.

The shortcomings of contemporary complementary metal oxide semiconductor
(CMOS) technologies include increased power consumption, scalability, volatility, and
device variability. New materials and novel devices are being investigated in this regard.
Spintronic devices, which are normally based on magnetic materials, store and process
data based on the modes of electron spins, rather than the presence or absence of charges
as in the CMOS, are one possible approach. Numerous potential advantages of spintronic
devices include its quick operational speed, low power requirement, and non-volatility.
Two ferromagnetic materials suitable for creating spintronic devices are investigated in
this dissertation study. Material properties, techniques for regulating the magnetization of
materials, with both magnetic and electrical fields, and the development of devices useful
for use in frequency modulations are all respectively detailed.

The first section of this dissertation studies the magnetically-induced transparence
(MIT) effect in Y3FesO12 (YIG)/Permalloy (Py) coupled bilayers. The measurement is
achieved via a heterodyne detection of the coupled magnetization dynamics using a

v



single wavelength that probes the magneto-optical Kerr and Faraday effects of Py and
YIG, respectively. Clear features of the MIT effect are evident from the deeply modu-
lated ferromagnetic resonance of Py due to the perpendicular-standing-spin-wave of YIG.
We develop a phenomenological model that nicely represents the experimental results in-
cluding the induced amplitude and phase evolution caused by the magnon-magnon cou-
pling. This work offers a new route towards studying phase-resolved spin dynamics and
hybrid magnonic systems.

The second part of this dissertation discusses the research on the hexaferrite mate-
rial, ZnoY, and the prospect of controlling its magnetic characteristics by applying a dc
voltage, which is akin to a bias electric field. The detection and investigation of the mag-
netoelectric (ME) effect for in-plane currents orthogonal to the hexagonal axis in single
crystal and thin films of Zn,Y grown via liquid phase epitaxy. By applying a dc voltage,
tuning of ferromagnetic resonance (FMR) was achieved in the hexaferrites. In addition to
the frequency shift caused by the electrical tuning, magnetic properties of the material as

a function of the input tuning power was also studied.
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CHAPTER ONE

INTRODUCTION

The amount of research devoted to investigating and creating new computing par-
adigms as substitute technologies for traditional CMOS devices has significantly in-
creased recently. Moore’s law, which asserts that the number of transistors per chip
would double roughly every 18 to 24 months, has been applied to CMOS for more than
40 years. Moore’s law is expected to end and CMOS scaling to saturate, which has led to
an upsurge in the development of beyond-CMOS devices in an effort to get around

CMOS scaling’s constraints.

1.1 Motivation
Early forecasts suggest that Moore’s law would already have ended, yet CMOS

has continued to scale. Upon first, it was thought that constraints like lithography re-
strictions or gate oxide thickness would be the limiting factors; however, processing and
material research have helped to resolve these problems. While it was previously be-
lieved that feature sizes below the wavelength of the exposure tool were not feasible and
would limit the size of the device, new pattering methods like pitch division, phase shift
lithography, as well as the development of new exposure techniques like extreme ultravi-
olet exposure have made it possible to pattern even smaller devices. Furthermore, it was

thought that when device sizes were shrunk, the gate oxide thickness would also need to



be reduced in size, leading to significant leakage current and finally gate oxide break-
down. Although scaling in CMOS does not seem to be coming to an end anytime soon, it
is generally accepted that in order to solve scaling-related problems, beyond-CMOS de-
vices must be developed. As devices get closer to the atomic scale, their physical dimen-
sions will most likely be where scaling comes to an end. It will becoming harder and
harder to make devices smaller as they already approach dimensions that are only a few
atomic layers thick.

Device performance is also a problem because devices are scale continuously. De-
vice scaling has downsides such as an exponential increase in leakage current and in-
creased device variability, while it increases capacitance and decrease voltage. Leakage
current in more recent generations of devices has greatly increased and now a significant
portion of the energy needed for operation due to the thin gate oxides. Additionally, as
devices are scaled, they become more sensitive to slight changes in processing, which can
have a significant impact on how well they function. Beyond-CMOS devices are being

explored to overcome the approaching end of Moore’s law.

1.2 Background and Overview

The phenomena associated with the operation of micro- and nano-scale magnetic
devices will be discussed. The first thorough investigation of the behavior of lodestones
was conducted by P. Peregrinus, who reported his insights in a letter in 1269!]. His study

is significant for the strong emphasis he places on testing as the foundation for his



conclusions. He demonstrated that magnets have north and south poles and unlike poles
attract. His work may possibly have contributed to the discovery of magnetic field lines
surrounding lodestones using small needles of irons. The understanding of magnetism
grown dramatically in the 19" century. F. Bloch argued in 1930 that the shift in a mate-
rial’s saturation magnetization towards absolute zero may be explained by the occurrence
of spin waves in magnetically ordered materials. By observing the ferromagnetic metals
showed peak in their resistance when exposed to high-frequency radiation and applied
magnetic fields, Griffiths made the first experimental observation of spin waves in
194621,

Spin waves (SWs) are wave-like excitations in magnetic materials — the waves
propagate by either exchange or dipole interactions between precessing spins. SWs can
be understood as particular, wave-type solutions of the time-dependent Landau-Lifshitz-
Gilbert equation (LLG). The LLG equation describes the dynamics of the M(r, ¢) magnet-
ization distribution. SWs can transmit spin information over macroscopic distances in the
absence of Joule heating!*®*l. To manipulate the propagation of SWs, various methods
such as lithographically defined synthetic crystal’® '], static magnetic fields!'!: 2], and
electrical currents have been used!!*'®/. A major challenge for experimentally studying
the SW transmission in the presence of domain walls is that resonant excitation and co-
herent propagation of SWs require well-defined quantization axes for spins. In existing
studies, this condition is usually realized through the application of a large external mag-

netic field, which prevents the formation of more than one magnetic domain. A domain



wall in a ferromagnetic material is a boundary between differently magnetized regions,
and its motion provides a convenient scheme to control the magnetization state of the ma-
terial. Domain walls can be confined and moved along nanostrips of magnetic thin films,
which are proposed platforms for next generations of solid-state magnetic memory-stor-
age and logic devices.

Elementary particles carry spin, which is an intrinsic form of angular momentum.
Spintronics is a relatively young field of study that has evolved in recent decades to ex-

(17 18] ' Spintronics is based on the

amine the study of spin transport in magnetic materials
spin dependent density of states of the ferromagnetic materials''®!. Ferromagnetic materi-
als play a significant role in spin transport and magnetism due to the energy difference
between spin up and spin down states>?). This results in different scattering environment
for electrons at different spin states which results in a spin polarized current when an
electrical current flows through a ferromagnetic material. The electronic density of states
within a ferromagnetic material becomes spin dependent under a magnetic field which al-
lows spin injection and detection throughout ferromagnetic materials!!”. The develop-
ment of electrical systems that make use of both the electrons’ charge and spin is the fo-
cus of the field of spintronics!!”). Even though N. Mott stressed the significance of the
electron’s spin in controlling transport properties in 1936 to understand the electrical con-
ductivities of transition metals and their alloys?!!, the remarkable scientific and techno-

logical advancements in this field all began with the discovery of giant magnetoresistance

(GMR) in metallic magnetic multilayers Fe/Cr by A. Fert and P. Grunberg in 19882 2%



and spin valves have been extensively studied to understand the spin properties of semi-
conductors and new channel materials!>* 2],

GMR is definitely one of the most influential phenomena in the magnetoelectron-
ics area. It is the change in magnetoresistance in an artificial multilayer structure that is

51261, A magnetic

consisted from thin metallic non-ferromagnetic and ferromagnetic layer
field is able to change the magnetization of adjacent ferromagnetic layers from antiparal-
lel to parallel configuration. This property in thin film structures opened a wide variety of
application for GMR sensors including magnetic field sensors and write/read heads for
hard disk drives?”). In application involving sensing for disk drives, it has later been re-
placed by spin-dependent tunneling devices, in which the metal spacer is swapped out for
an insulating barrier, and the magnetoresistance of the device increases at room tempera-
ture relative to the GMR counterpart by a factor of 10.

Magnetic tunnel junctions (MTJs) or tunneling magnetoresistance (TMR) devices
are the terms used to describe these sensing heads. In 1975, Julliere measured the proper-
ties of Fe/Ge/Co junctions and observed TMR of 14% at low temperatures!?®]. However,
his results were not able to be reproduced until 1982 by Maekawa and Gafvert, which
showed 2% TMR in a Ni/NiO/Co junction at 4.2K[?°!. In the subsequent decade, many
experiments were attempted to achieve higher TMR at room temperature. Most of these
results have low TMR ratio < 1% at low temperatures, until Moodera et al.*") and Miya-

zaki et al.®" demonstrated large room temperature TMR > 10% with amorphous Al-O as

spacer layer independently. In 1995, Miyazaki et al reported room temperature TMR up



to 18% in Fe/Al>Os/Fe junctions, and 30% at 4.2K. The Al-O layer was prepared by oxi-
dation in air for 24 hours. Moodera also used Al-O as tunneling barriers but using oxygen
plasma to oxidize aluminum. The CoFe/Al,03/Co junctions had TMR ~ 10% and the re-
sults were reproduceable. Crystalline MgO would have better characteristics, according
to calculations by Butler et al.**! and Mathon et al.l*¥], and as a result, room temperature
TMR values reached as high as 600%>* and 1000%!.

Another important prediction and discovery in the development of spintronics is
the so-called spin-transfer torque (STT) effect, which is first introduced by J.C.

Slonczewski and L. Berger!*6-#!

1 gives means to field-free electrically manipulate the
magnetic moment of a ferromagnet. STT provides an interface between localized mag-
netic moments and magnetization currents, associated with the motion of quasi-particle
with a finite magnetic moment. STT, for instance, couple the excitation of the magnetic
moments in the insulating, magnetically ordered material to the spatial distribution of
electron spins in an adjacent metallic layer. Even in nonmagnetic materials, this also af-
fects the electric properties of the metal and can therefore be detected with relative ease.
From technological point of view, GMR’s and later on TMR’s application to the
read heads of the hard disk drives (HDDs) has led to a solid increase of the areal record-
ing density for many years!*?. The magnetic random-access memory (MRAM)“#>-44 yti-

lizes the MTJs as the memory cell to achieve nonvolatile memory operations with short

access time. Advances in MRAM technology have been closely linked with advances in



the study of spintronics: the magnetic state is read through large TMR and usually written
by STT method.
Additionally, magnetic excitations in magnetically ordered system, spin waves

(SWs) or magnons!? & +1

, are an ideal spin current carrier in spintronics. Magnons are
quantized low-energy elementary excitations in ferromagnets. In addition to their energy
and crystal momentum, magnons are known to have intrinsic angular momentum. There-
fore, the translational flow of quasiparticle magnons can be identified as pure spin current
since magnons are naturally chargeless.

The development of electronic technology is flexibly related to the progresses
made in material science. Functional materials out of the broad class of materials availa-
ble today offer unique chance for developing novel components and devices. Three well-
known forms of ferroic orders are ferroelectricity, ferroelasticity, and ferromagnetism.
Ferromagnetic and ferroelectric materials exhibit spontaneous magnetization and sponta-
neous electric polarization, respectively. Ferroelasticity manifests itself as a spontaneous
strain, produced by a stress induced phase change. The multiferroics, combine two or
more different ferroic orders in a single phase and are utilized in a broad range of sys-
tems. The strong coupling between both charge and spin orderings is essential for em-
ploying in the field of spintronics and other allied areas. These types of materials have

electric polarization proportionate to external magnetic field and generate magnetization

proportionate to the external electric field.



Magnetoelectric (ME) materials are of utmost interest in view of both fundamen-
tal understanding and novel desirable applications. An electric field can switch its ferro-
magnetic surface magnetization and thus control exchange bias-based spin valve devices.
ME response has been realized in stress-strain coupled multiphase magnetoelectric com-
posites like BaTiOs/Fe and in PZT/FeBSiC.

Modern physics places a high value on precision, and the Faraday effect has re-
cently developed into a precision measurement tool with numerous uses. For instance, it
is employed in precision magnetometers to test fundamental symmetries[46], to measure
spin-noise[47], to measure the permanent electric dipole moments in atoms[48], to ascer-
tain the strengths and directions of magnetic fields in the intergalactic medium[49], to de-
termine magnetic field strengths and direction in atoms, or to investigate the process of
light squeezing[50]. However, because these applications require the interaction of the
probing light with the electric charge, the examined systems’ electric polarizabilities are
what cause the rotations to occur. A similar effect should be present due to the magnetic
interaction of light in addition to this electrically driven rotation. This magnetic Faraday
effect would provide new insights into the fundamental characteristics of magnetic mate-
rials.

Additionally, researchers frequently measure the ferromagnetic resonance (FMR)
based on a vector network analyzer (VNA) and a coplanar waveguide (CPW) in order to
explore the properties of magnetic films and nanostructures®!>*. The substrate is posi-

tioned to be the farthest away from the CPW, and a magnetic material sample is



positioned adjacent to the CPW’s signal line. The precession of the magnetization is ex-
cited by a microwave magnetic field hrf proportionate to the rf current applied to the sig-
nal line of the CPW, which in turn causes a microwave voltage in the CPW. the approach
is known as VNA-FMR[¥ or broadband-FMR[*. The FMR responses are retrieved from
the scattering parameters (reflection coefficient (S;;) or transmission coefficient (S2;))
measured by VNA. In general, only the changes in S2; or S;; due to the FMR absorption
are of interest, and they are detected either in the frequency-swept mode®? or in the field-
swept model®¥. The FMR absorption is measured at different frequencies in order to de-
termine the effective saturation magnetization 4zM.; and the damping constant a.

This dissertation covers the experimental measurement setup and characterization
methods and techniques. Additionally, it also introduces basic concepts of spintronics and

phenomena.

1.3 QOutline of Dissertation

My research on the development of spintronics devices, that goes beyond CMOS,
will be presented in this dissertation. The work will focus on my initiatives to develop
fresh approaches to controlling the magnetization dynamics of materials as well as a
novel detecting method for magnon-magnon coupling in exchange coupled bilayers
(YIG/Py) with magneto-optical effects.

Chapter 2 will give the reader the background information on spintronic related

phenomena and theory needed to understand the dissertation covered. The magnetization



dynamic, the GMR, and the STT effect will all be covered in the first three sections. The
associated magneto-optical effects of the detection method will then be introduced. The
ME effect of specifically multiferroic materials is introduced after that. The background
of the CPW will be introduced in the last section of Chapter 2. The dynamic magnetic
properties, deposition techniques, and feature of YIG thin films will be covered in Chap-
ter 3. The experimental setup, methods, and materials utilized to investigate the magnon-
magnon exchanged coupling between the YIG and Py thin films will be covered in Chap-
ter 4. A novel method of controlling the magnetic properties of multiferroic materials by
an electric field will be introduced in Chapter 5. Chapter 6 provides an overview of my
research as well as current research initiatives pertaining to these subjects and suggested

next study directions.
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CHAPTER TWO

THEORETICAL BACKGROUND

The advancement of the integrated circuits (ICs) industries has been dominated
for decades by complementary metal oxide semiconductor (CMOS) technology, which
defines the generation, storage, transmission, and processing of information. However,
with the current technology node shrunken to around 5-nm, CMOS has reached its physi-
cal limit and is now facing significant issues with area, power, and performance. With the
data-intensive workloads as big data analytics, artificial intelligence, and bioinformatics
require the hardware has greater performance for data storing and processing. The needs
for beyond-CMOS technology is essential for producing electronics that are faster and
more powerful. With CMOS downscaling, the need of viable alternatives for reducing the
leakage of power increases and spin-based devices, due to its excellent features like non-
volatility, low power consumption, and high read/write speed, appears as one of the most
promising approaches to deal with this issue. Spin is an intrinsic form of angular momen-
tum carried by elementary particles. In the past decades, the study of spin transport in

magnetic materials has emerged as a relatively new research area known as spintronics!!”

18, 56]

Spintronics is one of the emerging disciplines that continues to revolutionize the
thriving field of information technology. The commercial impact of spintronics to data

has been in the area of spin valves used in magnetic hard disk drives. The principle of

11



operation of such spin valves is based on the GMR effect. In order to fully understand the
analysis in this dissertation, it is necessary to have some fundamental knowledge on the
field of magnetism, spintronics, magneto-optical effects, and waveguides.

This chapter will give an introduction into the background of some of necessary
components, phenomena, and applications. The relative orientation of the magnetization
of two magnetic layers with a non-magnetic spacer layer can influence the electric cur-
rent flow through the layers, which is referred to as magnetoresistance. The GMR in me-
tallic structures will be introduced. Then the inverse phenomenon, the so-called STT, in
which a current flow influences the magnetization direction by a transfer of angular mo-
mentum, is explained in a simple physical picture. The equation that describes the motion
of the magnetization in a magnetic field, the Landau-Lifshitz-Gilbert (LLG) is intro-
duced. Later on, magneto-optical effects, which is the principle for the unique detection
method for the magnon-magnon coupling in YIG/Py bilayers, will be explained respec-
tively. The CPW’s fundamental ideas will next be introduced, along with design consid-

erations.

2.1 Magnetism

A magnet is a magnetic dipole with two poles — north and south — where the op-
posite poles attract one another, and the similar poles repel each other. This is the funda-
mental knowledge of magnets. The Bohr-van Leeuwen theorem states that since the for-

mation of magnetization in a solid cannot be fully described by a conventional

12



understanding of statistical or mechanical physics, and therefore, it is a quantum mechan-

1cal effect.

| |

s [N
F

s [N

— —

F F

Figure 1. Magnets with similar poles pointing towards each other feel a
repulsive force while magnets with opposite poles feel an attractive force.

Traditionally, it has been thought that a solid’s magnetization is made up of
countless infinitesimally small loops of charge currents that are all rotating in the same

direction. a magnetic dipole moment m is produced by these current loops:

Im|= poIA (1)

where [ is the current and 4 is the area enclosed by the loop.

The Maxwell equations are then used to describe the relationship between the
generated magnetic field and electric current as well as the relationship with the electric
field®”!. The idea of an electron’s spin (S) and orbital (/) quantum numbers was therefore
proposed. In a straightforward atomic model, the spin S, can be thought of as the intrinsic
angular momentum of the electron, while the orbital, denoted by the letter /, can be

thought of as the angular momentum of the electron orbiting the nucleus.
13
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Figure 2. A simple depiction of an electron orbiting the atomic nucleus.
The spin (s) is depicted as the intrinsic spin of the electron. The orbital an-
gular momentum I is depicted as the orbital motion of the electron around
the atomic nucleus. The spin of the nucleus is ignored in this picture.

The total magnetic moment of an atom can effectively be seen as:

2
m=—%(gss+gll) (2)

where up is the Bohr magneton, 7 is the reduced Planck constant and g; (~2) and g; (= 1)
are the spin and orbital gyromagnetic ratios, respectively.

Magnetism of materials arises from the quantized magnetic moments — or “spins”
— of electrons. Spins in most materials orient in random directions in the absence of an
external magnetic field. However, spins in some materials align in the same direction

even without an external magnetic field.
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2.2 Magnetic Moment and Magnetization

As we all know, the matter is composed of atoms, and atoms are composed of
atomic nuclei and electrons. In atoms, electrons have an orbital magnetic moment due to
their movement around the nucleus. electrons have spin and the magnetic moments of at-
oms mainly come from the electronic magnetic moments, which are the source of all ma-
terial magnetism.

The core component of magnetization is the magnetic moment, u,. A magnetic
material is composed of atoms, each of which has a magnetic moment, gmspin, principally
produced by the spin of the electron. A single electron’s magnetic moment is a represen-
tation of its angular momentum. In magnetic materials, the electron’s inherent spin angu-
lar momentum, Ls, is predominantly. The two possible spin states quantized by the re-
duced Planck’s constant, 7. The spin gyromagnetic ratio is the ratio of the spin magnetic

moment to the spin angular momentum.

Py nfrad) _ GHz) (3)
=75~ 1.76 X 10 (—S.T>~28( -

where pmspin 1S equal to +/e/2m. which is frequently used and labeled as the Bohr magne-

tron, upt>%.
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Figure 3. A spinning electron with angular momentum, Ls, results in a
spin magnetic moment Wmspin.

The magnetization of a sample is directly proportional to its magnetic moment, M
= m/V, it reveals that the magnetization of a sample is directly proportional to its angular
momentum.

Magnons are the quanta of spin waves, and carry a fixed amount of energy, lattice
momentum, and spin in magnetic materials. They behave as weakly interacting qua-
siparticles obeying Bose-Einstein statistics. The use of magnons allows the implementa-
tion of novel wave-based computing technologies free from the drawbacks inherent to
modern electronics, such as dissipation of energy due to Ohmic losses. A disturbance in
local magnetic ordering can propagate in a magnetic material in the form of a wave, was
predicted by F. Bloch in 19291 and was named as spin wave as it is related to the col-

lective excitations of the electron spin system in ferromagnetic metals and insulators.
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Spin waves are generally excited in thin films and conduits fabricated in the form of nar-
row strips of a magnetic material. The most commonly used materials are polycrystalline
metallic films of permalloy (Py, NisiFei9)™* > which combine a relatively low magnetic
damping with good suitability for micro-sized patterning; and single crystal films of YIG
which possess extremely low damping[>®- %,

The classical approach for magnon excitation is the microwave technique, where
an electromagnetic signal applied to a microwave antenna excites magnetization preces-
sion in the magnetic material via an alternating Oersted field induced around the an-
tennal!® -6 STT-based magnon injection will be discussed later in more detail as it en-

ables the direct coupling of spin waves with a spin-polarized d.c. electric current and,

thus, bridges magnonics with electron-based spintronics and electronics.

AAANNE

Figure 4. lllustration of a spin wave propagating. The arrows represents
the direction of the magnetization through the lattice.

The concept of spin-waves represents a phase-coherent precession of magnetic
moments or spins of magnetically ordered system, as illustrated in Figure 4. Compared to

one single spin flip, the energy of this spin excited wavelike state has a much lower en-

ergy.
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Figure 5. The magnetization of FM layer precesses around the external dc
magnetic field direction under FMR. When the FM in resonance is in con-
tact with a NM, the magnetization precession can pump a spin current Js
into adjacent NM layer. A charge current J. is generated in NM via inverse
spin hall effect (ISHE).

The name SWs are usually used to describe the phase-coherent, long wavelength
excitations of the magnetic material. The ferromagnetic resonance (FMR) technique is a
powerful way to excite SW with wavevector ¢ = 0. For example, the spin pumping refers
to the observation that the FM under FMR condition can effectively pump spin current

into the adjacent non-magnetic layer, as illustrated in Figure 5.

2.3 Spintronics

According to Moore’s law, the number of transistor on a chip doubles every year
in the electronic industry. However, owing to the loss of chip stability, further downsiz-
ing is not possible below the critical dimension. Researchers now have another option to

create microscopic devices based on modifying the spin degree of freedom thanks to the
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development of spintronics. Spin electronics (or Spintronics) is the study of the intrinsic
spin of the electron instead of or in addition to the charge of electrons in solid-state phys-
ics and has attracted much attention during the last decades because of its potential appli-
cations both in information storage and post complementary CMOS devices[42, 64].

An electron has two different intrinsic properties. One of them is the electronic

charge property while the second one is the intrinsic spin of the electrons!®(Figure 6).

S N

H

)7

N S

Figure 6. The magnetic spin of an electron in the direction of magnetic
field lines

The active manipulation of an electron’s degree of freedom for the purpose of
storing information and detecting its associated magnetic moment in a solid-state device
is the central focus of this multidisciplinary field'®®. Recognizing the connection between
a particle’s spin and its solid-state surroundings is the goal of spintronics, which aims to

apply this knowledge to create functional devices. In comparison to traditional
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semiconductor devices, spin-based devices are known to process data more quickly, use

17,18, 42, 66, 67

less power, and have higher integration densities! 1. Technologies already in

use, like giant magnetoresistance-based memory devices!?”).

The angular momentum that an electron naturally possesses is known as spin. the
magnetic field is produced by the motion of the spin, which also produces magnetic mo-
ment. In accordance with the spin axis, these spins function as a tiny bar magnet. De-
pending on how the electrons are spinning, like a top spinning anticlockwise (up) or
clockwise (down) (see Figure 6). Spin is orientated arbitrarily and has no impact on cur-
rent flow in a typical electric device. Spintronics devices create spin-polarized current
and use the spin to control current flow. Spin polarization relates the difference between
the number of spin-up and spin-down electrons participating in a certain electronics pro-
cess. Spin-up (1) electrons means electrons with spin parallel to the magnetization, and
spin-down () electrons are those antiparallel to the magnetization.

In the current age of the interest, we accumulate more and more data that needs to
be stored. This growth of data demands faster and more efficient data storage technolo-

gies as currently, data centers worldwide already consume around 10% of the world’s

electricity production[¢%-7%l,

2.3.1 GMR
GMR is the change of electric resistance of special structures when an external

magnetic field is applied. It is a quantum mechanical effect which is based on spin-
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dependent scattering phenomena in magnetic multilayers. The change in resistance of the
multilayer occurs when the applied magnetic field aligns the magnetic moments of suc-
cessive ferromagnetic layers (Figure 7). In the absence of applied magnetic field, the
magnetic moments of magnetic layers are not aligned with respect to each other i.e., their
magnetizations are antiparallel to each other, and it results in high resistance. By applying
magnetic field, the magnetic moment of successive ferromagnetic layers gets aligned i.e.,
their magnetizations are parallel to each other, and it results in a drop in resistance of the

multilayer.

(a)

(c)

Figure 7. Schematic representation of the GMR effect. (a) Change in the
resistance of the magnetic multilayer as a function of applied magnetic
field. (b) The magnetization arrangement (indicated by the arrows) of the
trilayer at various magnetic fields; the magnetizations are aligned antipar-
allel (AP) at zero field and are aligned parallel (P) when the external mag-
netic field H > saturation field Hs. (¢c) M-H curve or the multilayer!’!],
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The discovery of the GMR, independently discovered by A. Fert’s group[?* and
P. Grunberg!?¥ in late 1980s in Fe/Cr super lattice and Fe/Cr/Fe films, respectively, that

st”?l and recognized with

is considered as the first big development in modern spintronic
the 2007 Nobel Prize in Physics. GMR is the abrupt change in resistance in magnetic

multilayer structures when an external magnetic field is applied®® ?*1. The resistance of
the multilayer is at its minimum (maximum) when the spins in the ferromagnetic layers

22,231 The change in resistance due to changes in mag-

are aligned parallel (anti-parallel)!
netization orientation is called magnetoresistance ratio and mathematically, GMR can be

defined as:

_ Rap—Rp (4)

GMR R,

where Rp and R4p are the resistances in parallel and antiparallel states.

The discovery of GMR opened the door to a new field — spintronics, which ex-
ploits the spin degrees of freedom of electrons along with its charge degree of freedom
and it is at the helm of emerging nanotechnology. One of the most aspects of GMR dis-
covery was that it was immediately turned into commercially available products — the

first GMR hard disk head was introduced by IBM in 1997.

2.3.2 Spin Transfer Torque (STT)

The interaction between the spin and charge of electrons in magnetic multilayers

[36] 73]

becomes significant when scaled down to the nanoscale. Slonczewski*® and Berger!

made a theoretical prediction about an effect known as STT in 1996, which can be
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defined as a spin-polarized current passing through a ferromagnetic layer will exert a
torque on its magnetization (as shown in Figure §8). Local magnetization excitations like
spin wave generation!*”-*% 74 magnetic reversal or switching!’], and stable precession!’¢-
78] can be caused by the STT. Instead of using the conventional Oersted field switching
technique, the STT effect offers an electrical way to change the layer magnetization di-
rection in a magnetic-based device.

Myers et al.” reported the first experimental observation of STT-induced mag-
netization switching of the magnetization for a Co/Cu/Co point contact geometry in 1999,
and Katine et al.l" observed the same phenomenon for a Co/Cu/Co nanopillar in 2000.
Kiselev et al. ') reported the first STT-induced magnetization dynamics in Co/Cu/Co na-

nopillars shortly after in 2003.

(a) (b)
FM 1 spacer FM 2 FM 1 spacer FM 2

Mfixed Mfree Mfixed Mfree

Y (I
¢~ - ;fﬁj hg)

Electron flow Electron flow

6
v

Current flow Current flow

Figure 8. Spin transfer torque in a ferromagnet/spacer/ferromagnet struc-
ture for electron flow directions favoring (a) parallel and (b) antiparallel
alignment. Due to a larger coercivity, the magnetization of FM 1 does not
rotate due to the STT, whereas the magnetization of FM 2 follows the
STT.
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The electron flow from the fixed to the free layer and the two FM 1 and FM 2
magnetization directions, which are inclined by an angle of 6, are two examples to con-
sider (Figure 8 (a)). According to the quantization axis of the magnetization, the wave
function of the incident electrons is a superposition of spin-up and spin-down compo-
nents. Due to the first ferromagnet’s spin-dependent conductivity, after the electrons have
traveled through FM 1, their magnetic moments will be polarized in the same direction as
FM 1’s magnetization.

Three distinct processes — spin filtering, differential spin reflection, and spatial
spin precession — all result in the transverse angular momentum loss of the electrons as

41.80] The second ferromagnetic layer, FM

they move into the second ferromagnetic layer!
2, detects the angular momentum since it must be conserved, and it exerts a torque on the
magnetization. In comparison to the incident wave function, the reflected and transmitted
wave functions for an electron are modified linear mixtures of majority and minority
components. It was shown that the spin-dependent reflection and transmission causes a
discontinuity in the transverse spin current, leading to a spin-transfer torque!®.

The fixed layer spin polarizes electrons as they move from the fixed layer to the
free layer through a magnetic tunnel junction (MTJ). The majority of the spins are
aligned with the magnetization of the fixed layer. The spin angular momentum of these
electrons would be transferred to the magnetic moment of the free layer as they ap-

proached it, until the magnetization of the free layer is parallel to the fixed layer. The

magnetization of the free layer of the MTJ is forced to be antiparallel to the fixed layer if
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the current direction is reversed and electrons are injected from the free layer of the MTJ.
This allows us to switch the MTJ from a parallel (P) state to an antiparallel (AP) state, or
vice versa by injecting a positive or negative current through it.

For the past 50 years, the only way to switch or excite magnetic moments was by
using magnetic fields, but STT effect is an efficient method for magnon excitation by a

charge current.

2.3.3 Magnetization Dynamics

In the following sections, I aim to introduce the fundamentals of magnetization
dynamics, which is the common ground for the work that forms the basis of this disserta-
tion.

The energy of a single electron spin in a static magnetic field H, is given by the
Zeeman energy as:

ES:_/,Ls’H (5)

where us is the magnetic moment of the electron spin. From energy minimization, this re-
sults in the spin aligning with the magnetic field. The magnetic moment of the electron is

related to the spin angular momentum S:

ps = —sS (6)
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where ys is the gyromagnetic ratio given by ys = gse/2m.. Here, e is the electron charge, g
is the electron spin g-factor and m. is the electron mass. However, the static magnetic
field also exerts a torque 7 on this magnetic moment, which is given by:

T:/.LSXH (7)

As the torque is equal to the rate of change of angular momentum, one can com-
bine Egs. (6 ) and (7 ) to obtain:

dpis (8)

g~ YensxH

From Eq. (8 ), one notices that rather than aligning the magnetic moment along
the direction of the applied field, the torque causes a precession motion around H, as il-
lustrated in . By solving Eq. ('8 ), one can obtain the precession frequency w;, named the

Larmor frequency:

wp=vsH (9)
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Hs

Figure 9. Schematic of the precession of the magnetic moment uS around

the external magnetic field H. The p
aggerated for illustration purposes.

Larmor precession is the governing principle behind FMR, which is important for
the work performed in this dissertation, and

The precessional motion of magnetic moments under the influence of an effective

can be expressed as p = J , where y = gus

recession angle 0 is here severely ex-

1t will be introduced in section 3.1.3.2.

magnetic field is the base of magnetization dynamics. The precessional motion can be de-
scribed by Landau-Lifshitz-equation, which was proposed by L. Landau and E. Lifshitz
in 19358, Later on, Gilbert modified the equation by adding a magnetic damping term

to it!%?]. The relation between the magnetic moment u and the total angular momentum J

/h s the gyromagnetic ratio, g is the g-factor

of the electron (g = 2.0023), uz is the Bohr magnetron and 7 = h/(2m) is the Planck con-

stant. A magnetic moment placed in an effective magnetic field Bey experiences a torque:

27



T:NXBeff (]0)

As = dJ/dt, so the equation of motion for J can be written as

aJ (11)
dt =pX By

where B.y= uoHe. Here, the effective magnetic field Heyis the sum of external
and internal magnetic fields. In includes the externally applied static field Hy, the dy-
namic component of externally applied magnetic field Hy(z), the field generated due to
the exchange interactions H.x, the demagnetizing field Hy and the fields due to the shape

and crystalline anisotropies Huni.

H.;;=H,+ Hy (1) + Heo + Hy+ Hopi + ... (12)

Now the atomic magnetic moment can be replaced by the macroscopic magneti-
zation M. The effective field exerts a torque on the magnetization, corresponding to rate
change of angular momentum due to which the magnetization starts to precess at Larmor
frequency, @ = yuoH.p. This precession of magnetization is described by the equation of
motion called Landau-Lifshitz equation:

aM (13)
dt — YoM X H.z;

The system is non-dissipative, and the magnetization would precess around the
static field indefinitely without reaching the equilibrium position with lower energy con-
figurations with M parallel to H, and this contradicts reality. So, in 1935, Landau and

Lifshitz formulated the equation of motion by introducing damping term!®!l:
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dM A
W :_'YIJ'OMXHef,f_ E[MX(MXHOHeﬁf)]

(14)

where 4 is the damping constant. A = I/ corresponds to the inverse relaxation time

In 1955, Gilbert phenomenologically introduced a viscous damping term leading

to the formulation of Landau-Lifshitz-Gilbert (LLG) equation:

dM i( dM) (15)
dt

7:_’7[.L0M><Heff+ MS M X ——

where a is the dimensionless Gilbert damping parameter. This Gilbert damping
parameter is viscous in nature, so with increase in the rotation of magnetization dM/dt,
the damping of the system increases. The LLG equation consists of two terms: preces-
sional and damping term. The magnetization precesses along the applied field due to the
torque proportional to (M x Hep) and the damping term is responsible for the relaxation of
magnetization towards the equilibrium state. Due to this damping term, the magnetization
follows a helical trajectory as shown below. It shows a realistic and damping precessional
motion of the magnetization around the effective magnetic field. So we can say that the
damping torque provides a dissipative mechanism through which energy and the spin an-
gular momentum (magnon system) is transferred to the phonons in the lattice via spin-or-

bit interaction!®3,
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Figure 10. Schematic illustration of the Landau-Lifshitz-Gilbert equation.
The magnetization M precesses along the applied field due to the torque
(M x Befr). The Gilbert damping is responsible for the relaxation of mag-
netization towards the equilibrium state, due to which the magnetization
follows a helical trajectory around Befr.

The origin of damping in magnetic materials is still not completely understood. In
general, the damping can be understood through relaxation mechanisms which are di-
vided into intrinsic and extrinsic categories. Direct coupling of magnons to be phonons in
the lattice via spin orbit interaction are intrinsic contributions to the damping whereas
scattering processes from electrons leading to magnon-magnon scattering are extrinsic

processes.

2.4 Magneto-Optical Phenomena

Light is a transverse wave made of electric and magnetic fields oscillating perpen-

dicular to each other and the direction of propagation. By convention, the polarization of
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an electromagnetic wave is defined to be the direction of the electric field vector. There
are three different bases of light polarization, linear polarization is when the electric field
is confined to a plane along the direction of propagation, circular polarization is when the
electric field vector does not change strength but rotates about the propagation axis trac-
ing a circle in a plane perpendicular to the direction of travel, and elliptical polarization in

which the electric field vector traces out an ellipse.

(a) Linear polarization (b) Circular polarization (c) Elliptical polarization

Figure 11. The three bases for the two states of polarized light. The elec-
tric field vector traces out the shape in a plane normal to the direction of
propagation.

In this dissertation, linear polarized light will be mainly discussed, which can be
regarded as the sum of a right circularly polarized beam and a left circularly polarized
beam of equal amplitude and the orientation angle 6 is the result of the relative phases of

the two beams as shown in Figure 12.

31



i
/

- m
-

=X =X
Figure 12. Linearly polarized light can be decomposed into two circular

polarized components. A phase shift between the components will cause
the plane of polarization of the light to be rotated by an angle 0.

Magneto optic effects arise when light interacts with a medium that is inside a
magnetic field. These effects have been studied for nearly 200 years and have had a pro-
found impact on the development of modern physics. The interaction of light with matter
is affected by the magnetic state of the medium and involves the electronic structure of
the matter. Such interaction between electromagnetic radiation and magnetically polar-
ized materials results in ‘Magneto-Optic’ effects. In 1845, M. Faraday observed the rota-
tion of the polarization plane of a linearly polarized light propagating through a piece of
lead-borosilicate glass placed in a magnetic field, whereas J. Kerr observed the rotation
of the polarization plane of a linearly polarized light upon reflection from the surface of a
piece of Fe with either in plane or perpendicular to plane polarization in 187784 331,
These observations indicated the intimate relationship between the magnetic field and the

linearly polarized light.
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In addition, the Faraday effect, and its counterpart in reflection, the Magneto-Op-
tical Kerr Effect (MOKE), are widely used to detect the magnetization of materials!®% 87,
The MOKE offers a unique tool for the determination of the surface magnetization of thin
films. Materials with large magneto-optic responses are widely being used in Faraday ro-
tators, mode-conversion waveguides, and optical data storage!®”).

The light beam can be considered as an electromagnetic wave which can be line-
arly polarized. A linear polarized light is a wave with the electric field vector, E, oscillat-

ing along a given direction, perpendicular to the propagating direction.

2.4.1 Magneto-Optical Faraday Effect (MOFE)

The MOFE is a magneto-optical phenomenon and reported on the polarization di-
rection of linearly polarized light would undergo a rotation when passing through a trans-
parent material with the application of a magnetic field along the direction of light propa-

gation!®® illustrated in Figure 13.
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Linearly polarized Light

Figure 13. The MOFE. Linearly polarized light passing through a medium
in a magnetic field along the direction of light travel will acquire a rotation
of the plane of polarization. B is the strength of the magnetic field, D is
the path length in the material, and 0 is the total rotation angle. Figure
adapted from Wikipedia.

The MOFE is described by, where the optical rotation (éF) of light is the product
of the thickness of the material (D), the strength of the applied magnetic field (B), and the
Verdet constant (¥), which is a material dependent constant that depends upon the prop-
erties of the material as well we the ambient temperature, and the wavelength, 4, of the
incident light!®1,

0=V -D-B (16)

By convention, a positive Verdet constant corresponds to counterclockwise rota-

tion when the direction of propagation is parallel to the applied magnetic field and clock-

(991 This leads to the important result, in contrast to natural optical
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activity, that if a beam of light passes through and acquires a rotation 6, upon being re-
flected and passing through in the opposite direction that rotation will double 26 rather

than cancel.

2.4.2 Magneto-Optical Kerr Effect (MOKE)

The Magneto-Optic Kerr Effect (MOKE) is the study of the reflection of linearly
polarized light by a magnetized sample surface subjected to a magnetic field, which was
discovered in 18771, The material can be any magnetic material with a reflective sur-
face; this includes metals, magnetic ceramics (ferrites), and magnetic semiconductors.
This reflection can produce several effects including rotation of the direction of polariza-
tion of the light, introduction of ellipticity in the reflected beam, and a change in the in-
tensity of the reflected beam.

The MOKE technique is a highly sensitive technique and important in the study
of magnetization dynamics of magnetic films and materials. It can measure the change of
the polarization states of the incident light when reflected from the surface of a magnetic
material. Linearly polarized light experiences a rotation of the polarization plane (Kerr
rotation %) and a phase difference between the electric field components perpendicular
and parallel to the plane of the incident light (Kerr ellipticity &x). It has wide applications
in the study of magnetism due to a combination of straightforward implementation and

versatility!®?-4],
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MOKE measurements are usually performed in one of three different configura-
tions, which differ in the polarization direction of the incident light and applied magnetic
field direction (details in Table I). There are three orientations of the magnetic field rela-
tive to the sample: (a). Polar, (b). Longitudinal, and (c). Transverse geometries, shown in

Table I. Definition of MOKE geometries

MOKE geometry Magnetic field orientation

Polar Parallel to the plane of incidence, normal to the
sample surface

Longitudinal Parallel to the plane of incidence and the sam-
ple surface

Transverse Normal to the plane of incidence, parallel to

the sample surface

In the polar geometry, the sample’s magnetization, M, is parallel to the plane of
incidence and normal to the reflecting surface (Figure 14 (a)). Polar MOKE is most fre-
quently studied at near-normal angles of incidence and reflection to the reflecting surface.
This is also the geometry used in my research and the direction of the light beam I used it
normal to the surface plane.

In the longitudinal geometry, the magnetization, M, is parallel to both the plane of
incidence and the sample surface (Figure 14 (b)). For the transverse MOKE geometry,
the magnetic field is normal to the plane of incidence (Figure 14 (c)). The different ge-
ometries change the amount of polarization rotation and ellipticity for a given sample and
incident light. The effect on linearly polarized light in the longitudinal geometry is same

as the polar, either a rotation of the polarization or an ellipticity is introduced upon

36



reflection. In the transverse geometry, however, the only effect on incident light is a

change in reflectivity.

(@) (b) (0

Figure 14. Schematic of the three different MOKE configurations: (a) Po-
lar, (b) Longitudinal, and (c) Transverse MOKE geometries and the effect
on arbitrarily polarized light incident at angle 6. The black and red arrows

depict the magnetization component that is measured and the light propa-
gation direction, respectively.

Mathematically speaking, magneto-optical effects arise from imaginary off-diago-

nal elements in the dielectric tensor of the material.

For a polar MOKE orientation, the dielectric tensor is as follows:

1 iQ 0 (17)
S =n2l-iQ 1 0
€o

0 0 1

where Q is a magnetic parameter that is proportional to the strength of the mag-
netic field and dependent on the properties of the material. n is the average index of re-
fraction of the material. The off-diagonal elements are what give rise to the changes in

polarization by affecting the phase of the polarization components of light.
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2.5 Coplanar Waveguide

A waveguide is a structure that can be used to transmit electromagnetic waves
across some medium with relatively low loss. CPWs are a unique form of transmission
line where all features are 2D and can be easily fabricated using photolithography tech-
niques and are also the most frequently used planar transmission lines after microstrips.
The waveguide consists of a center conductor strip and two ground conductor planes with
variable widths. All three conductors are placed on the same side of a dielectric substrate,
as illustrated in Figure 15.

C.P. Wen first proposed the CPW and carried out a quasi-static analysis of it us-
ing the conformal mapping method!®>]. CPWs can achieve lower dispersion via tight cou-
pling between signal and ground conductors”®. CPWs provide better isolation than mi-
crostrips due to the G-S-G configuration which in turn allows for higher packaging den-
sity and smaller chip size but suffers from higher losses and have lower power handling
capability compared to microstrips"®”. To fully characterize a CPW, we need to know the
effective dielectric constant (g.) and characteristic impedance (Zy). Resonance occurs in
waveguides when the structure allows for the creation of a standing wave at certain fre-

quencies.

(®)

Dielectric Substate , &
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Figure 15. Nllustration of the flip-chip orientation of a magnetic sample,
shown in purple, placed face-down on a CPW, shown in gold. The width
of the center conductor is given by W, and the gap between the center con-
ductor and ground plane is given by S, with the thickness of the insulator
underneath the top plane as t.

The propagation of electromagnetic waves along a CPW can be analyzed in terms
of a distributed circuit model as long as the lateral dimension of the CPW are much
smaller than the wavelength of propagating signals. Considering a short length of a uni-
form CPW with the resistance per unit length R, inductance per unit length L, conduct-
ance per unit length G and capacitance per unit length C, as shown in Figure 16. The

voltage across R and L and current through G and C can be expressed as:
—dV=(R+ jwL)dl - I (18)
—dI=(G+ jwC)dl -V
where o is the angular frequency. Then the second-order differential equation for the
voltage is given by:

2 19
(2;2/ =(R+ jwL) (G + jwCO)V =~V (19)

Thus, the propagation constant y of a CPW is introduced by:

v=1/(R+ jwL) (G + jwC) =a+ j3 (20)

where o is the attenuation constant and B is the phase constant. Two important properties
of CPW, attenuation and dispersion, are determined by a and .

The general solution is:
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V = My cosh («1) + Ny sinh (1) (21)

where My and Ny are constants to be determined. Similarly, we obtain

I = M,cosh (1) + N;sinh () (22)

where M; and V; are constants to be determined.

Therefore, we get:

My, cosh (41) + Ny sinh (4]) = — Zy[M,;cosh (4]) + N;sinh ()]  (23)

where we can find the characteristic impedance of the CPW can be expressed as:

, _ [Rt L (24)
" VG+ jwC

I v I+dI
WWW Tovou
R L
v C =— ~G V+dv
l L 1+dl

Figure 16. Distributed circuit model of a CPW.

As a building block towards the larger goal of quantum computing, this disserta-
tion is focused on fabrication of suitable resonators for best performance. A high-quality

factor, Q, is desired, so that the transmission line resonators used in this dissertation were
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designed to minimize energy lost and maximize the coupling strength. The resonators are
completely planar, and the pattern was transferred by means of wet etching. The majority
of the resonators fabricated were characterized using a vector network analyzer (VNA).
Information on the VNA, other apparatus, and procedures can be found in Chapter 4.

Lastly, the results of our research are presented and analyzed in Chapter 5.
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CHAPTER THREE

THIN FILMS STRUCTURES, DEPOSITION, AND CHARACTERIZATIONS

Thin YIG is a promising material for integrated spintronics or magnonics device.
It is a ferrimagnet with an energy gap of 2.7 eV. The Curie temperature of YIG can range
between 553 ~ 559 K571 A brief introduction will be given in this dissertation and also
the various results published over the last decades will be presented.

In the past decade, the field of spintronics/magnonics has become more and more
attractive. Using magnons for information processing would allow for low dissipation
data processing devices and hold the promise of complex functionality™ > % %8l The use
of ferromagnetic or ferrimagnetic materials bring to mind the possibility of non-volatile
data storage or non-volatile programmability. From the point of view of commercial li-
thography, this is not a problem at all. The challenge, however, is on the materials side.
Thin film metallic ferromagnets can easily be patterned with the required resolution as
has been demonstrated in MRAM processing. Nevertheless, in order to realize complex
magnonics, it is necessary to have very low damping and very long spin relaxation
lengths in the ferromagnet of choice. YIG is well known and well-studied since several
decades and as a bulk or thick film material can exhibit FMR linewidths of 15-uT
(FWHM) at 9.6 GHz and show a damping of a <3 x 101,

In the following, three different growth methods are described and compared in

terms of results, namely high temperature PLD, room temperature sputtering with
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subsequent annealing, and room temperature PLD with subsequent annealing. It is note-
worthy that in all of these experiments GGG has been used as a substrate. Besides the
fact that the garnet structure of GGG is favorable for YIG growth, the lattice constant of
the GGG substrate (1.2383-nm) is very close to the YIG bulk value of 1.2376-nm.

This chapter discusses some general information about common materials used
for spintronic devices. Materials are chosen to enhance various operating characteristics
of a device, such as higher Neel and Curie temperatures for higher temperature operation,

or a pairing of a FM and insulator material that gives a stronger coupling.

3.1 Introduction to YIG Spintronics and Thin Film Growth and Characterization

The goal of spin-electronics (known as spintronics) is to create and manipulate
spin currents for spintronics applications. Investigating the interactions between electron
spin and solid-state environment is the main objective of spintronics and using what’s
been obtained to develop the next generation of memory devices. Incredible advance-
ments in data storage, non-volatility, low power consumption, higher data processing
rate, and excellent performance has evolving from that. The research in this dissertation
will enhance the interest in the field of spintronics.

The recent development of spintronics and magnonics creates a demand for mi-
crometer thick YIG films with high crystalline quality that continue to exhibit extremely
low Gilbert damping. YIG has been grown by several techniques with Liquid Phase Epi-

taxy (LPE) being the most successful at obtaining the highest quality for micrometer
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thick!!%-192], Radio-frequency (RF) sputtering followed by either in situ annealing or
post-growth annealing has attracted considerable interest!!%3-1%] Within this dissertation,
we carried out the detailed investigation of the structural, magnetic and FMR properties
of micrometer thick YIG films for a better understanding of its characteristics and future
optimization.

This chapter first presents an overview of the unique non-reciprocal behavior of
garnet materials, and then devoted to the theoretical background of the magnetization dy-
namics and interface effects that are the foundation of this dissertation. In this first part of
this chapter, the growth method and the crystal structure and magnetic properties of Yt-
trium Iron Garnet are described. Then the fundamental principles of the magnetization
dynamics and the Landau-Lifshitz-Gilbert equation governing the precessional motion of
the magnetization in the presence of a magnetic field are introduced. The basic principles
of the ferromagnetic resonance, spin-pumping effect and current induced spin transfer

torque is discussed in the following section.

3.1.1 Crystal Structure and Magnetic Properties of YIG

Yttrium Iron Garnet, YIG is a ferrimagnetic insulator and discovered by F. Ber-
taut and F. Forrat in 1956!1%: 1971 has been widely employed to study magnetization dy-
namics in magnetic solids due to its magnetic properties. It is known that magnetization
damping in YIG is extremely small, a = 3 x 10°5% % Additionally, it has negligible op-

tical absorption at infrared wavelengths!!®, low spin-wave dampening!®®!, microwave
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filtering capability!!?’), and promising magneto-optical properties!!'%!. Furthermore, its

1 allows for experimental to be conducted at ambient

high Curie temperature of 545 K!
temperature.

A total of 160 ions, including 24 Y>* cations, 40 Fe** cations, and 96 O cations,
are found in the 8 chemical formula units of Y3FesO1, that makes up the YIG unit cell.
The lattice constant a is 12.376 = 0.004 Al'%7-112] [n each formula unit of YIG, there are
three dodecahedral (c site), two octahedral (a site) and three tetrahedral sites (d site). The
Y** ions occupy the dodecahedral sites (c sites), each site being surrounded by eight O*
ions, that forms an eight-cornered twelve-sided polyhedron. 24 Fe** occupy tetrahedral
sites (d sites) and are surrounded by four O% ions forming tetrahedral symmetry. The 16
Fe** occupy the octahedral sites (a sites) and are surrounded by six O? ions forming octa-
hedral symmetry. The O ions sit on 4 sites, each being at a point where the corners of

one octahedron, one tetrahedron, and two polyhedrons meet. Thus, each O% ion is sur-

rounded by one d site Fe*" ion, one a site Fe** ion and two ¢ site Y** ions.
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Figure 17. Crystalline structure of Yttrium Iron Garnet (Y3FesO12)!!3,
The unit cell of YIG has cubic structure containing eight chemical formula
units of Y3FesO12 with 160 ions in total. The Y** ions occupy dodecahe-
dral sites (c sites), Fe’" occupy tetrahedral sites (d sites) and 16 Fe** oc-
cupy the octahedral sites (a sites). The magnetization in YIG originates
from the super-exchange interactions between 16 Fe** ions on a sites and
24 Fe*" ions on d sites.

In Figure 17 the crystalline structure of YIG is shown. Since Y>" is diamagnetic,
the magnetization in YIG originates from the super-exchange interactions between 16
Fe*" ions on a sites and 24 Fe** ions on d sites. Figure 17 shows the Fe** -ions form two
sub-lattices: Fe** -ions are sitting on octahedral and tetrahedral sites!!?”- 1], The sites dif-
fer in the configuration of neighboring O?" -ions which are responsible for the superex-
change interaction of the magnetic ions. Each of the Fe*" -ions carries a magnetic mo-

ment of Sus. Two Fe*" -ions are sitting on the sites of the octahedral sub-lattice, whereas
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there Fe** -ions are sitting on the sites of tetrahedral sub-lattice. The two sub-lattices are
oriented anti-parallel, consequently, they partially compensate each other: the total YIG
magnetic moment is 5Sup. These properties make it particularly suitable for studies of spin
waves and magneto-optical effects, as well as for blooming studies of magnetic insulator-
based spintronics. The intrinsic damping constant « for YIG is two orders of magnitude
smaller than that in transition metal compounds such as Permalloy (Py) which are the
other common materials in current spintronics devices.

Due to similar lattice parameters, yttrium iron garnet thin films are normally
grown on (111) gadolinium gallium garnet (Gd3GasO;2, GGG) substrates. GGG has a cu-
bic crystalline structure with eight formula units per unit cell and a lattice constant of a =
12.383 Al112], Thus, the lattice mismatch is very small which allows for growth of the

YIG films on GGG substrates.

3.1.2 Deposition of Thin Films

YIG thin film is expected to be an ideal candidate for modern miniature micro-

[60, 114

wave devices because of its low magnetic loss at microwave frequencies 1. There are

many methods to grow YIG thin films in different environments; for example, LPE is
usually employed to prepare high-quality epitaxial YIG thin films on GGG substrate!!!>
6] T ater, it was demonstrated that the pulsed laser deposition (PLD) is a better suited

technique to deposit epitaxial YIG films on GGG!!'7). In addition, RF sputtering was

proved to be one of the preferred methods for depositing YIG films!!!7-122]. YIG thin

47



films used in this dissertation were grown by RF magnetron sputtering on GGG <111>
single crystal substrates, at room temperature. The films were ex-situ annealed at a high
temperature (700 ~ 900 °C) in air atmosphere for about 8 hours. The annealing was car-

ried out on a new piece of sample each time!'?!,

3.1.2.1 Magnetron Sputtering

Sputtering is a common physical vapor deposition (PVD) of thin films on the sub-
strates by using plasma. In this dissertation, all sputtered samples were made by magne-
tron sputtering technique in an Ar gas atmosphere, and the base pressure of the sputtering
chamber is of the order of 10”7 Torr. Magnetron sputtering was chosen over conventional
sputtering because the sputtering yield of conventional sputtering is very low and causes
the structural and heating damage to the substrate. However, these issues are overcome
by the use of magnetron sputtering. In magnetron sputtering, a magnetic field perpendicu-
lar to the applied electric field is applied so that electrons are trapped just above the target
in a helical path. This results in increased electron-Ar" collisions close to the target,
thereby increasing the sputtering rate, while at the same time decreasing electron colli-
sions with the substratel!?4],

Figure 18 depicts a schematic illustration of a sputtering system. The sputtering
deposition chamber consists of two electrodes in a vacuum with an external high voltage

power supply. The material to be deposited, is called the target and acts as the cathode,

the substrates are placed on the sample wheel which is earthed.
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Figure 18. A schematic diagram of a rf-sputtering system. A RF voltage is
applied between cathode (target) and anode (the target can), after introduc-
ing sputtering gas to the evacuated chamber. The argon atoms are ionized
due to the accelerated electrons between the electrodes resulting in a
plasma. Due to the bombardment of the ionized ions on the target, materi-
als are ejected from the surface of the target and get deposited on the sub-
strate.

An energy source applies DC/RF voltages across the electrodes to ionize the Ar
gas to create and maintain plasma, followed by removal of the target material by ion
bombardment and ejection of material from the target to the substrate.

The sputtering gas is introduced into the vacuum chamber. To sputter an atom
from the target, momentum transfer from the ion-induced collision must overcome the
surface barrier, given by the surface binding energy. When a DC/RF voltage is applied
between the cathode and anode, an electric discharge is produced. This leads to the partial

ionization of the gas and these ions when strike the target with sufficient energy cause
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ejection of surface atoms from the target and deposition onto the substrate. During this,
the ionized gas and the free electrons are accelerated by the voltage and continue to col-
lide, causing further ionization of the gas. Finally, a breakdown condition is reached, and
the plasma is stabilized.

Sputtering methods can be classified as DC and RF sputtering depending on the
material to be deposited. DC sputtering is used for the metal deposition whereas RF sput-
tering for the deposition of thin films of insulator. In DC sputtering, a DC voltage is ap-
plied to create plasma between the electrodes. In RF sputtering, a voltage oscillating at
RF, typically around 13.56 MHz, is applied to bias the electrode and to sustain the glow
discharge. As the current is alternating, this will prevent buildup of a surface charge of
positive ions on the front side of the insulator. On the positive cycle, electrons are at-
tracted to the cathode, creating a negative bias and on the negative cycle, ion bombard-
ment of the target to be sputtered continues. The sputtered atoms are ejected, which are
then deposited on the substrate. For magnetron sputtering, permanent magnets are placed
beneath the target so as to confine the plasma by the Lorentz force. There is a shutter sys-
tem which allows to grow multilayers of different materials.

We control the sample wheel and the shutter position remotely by using software.
Our thin film of YIG were grown on <111> GGG substrates by RF magnetron sputtering.
The deposition rate is greatly influenced by the RF power, pressure, temperature, and the
flow of sputtering gas. During the deposition of YIG films, the system had a base pres-

sure of 2 x 10" Torr in the main chamber, argon flow rate was 20 SCCM (standard cubic
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centimeters per minute) and the RF power was maintained at 50 W at 13.56 MHz. There
is an impedance-matching network between the power supply and discharge chamber,
which is tuned to get zero reflected power back to the source. The target and inductance
in the matching network are always water-cooled.

The thickness of the deposited films (Py, YIG, Cu, and Si0O>) in the research that
resulted in paper I of this dissertation was in the range of 10-nm ~ 3-um. The film deposi-
tion rate can be measured and then the film deposition time was calculated based on the

deposition rate in order to get the desired film thickness.

3.1.2.2 Annealing

Deposition processes use room temperature needs the annealing promotes the nec-
essary recrystallization. When growth is performed at elevated substrate temperatures, the
annealing step usually can be avoided.

The amorphous YIG films in order to turn them into crystalline YIG along the
GGG crystalline plane. The samples are first cleaned with isopropanol and acetone prior
to annealing. The samples are immediately placed in a tube furnace, where they are an-
nealed for two hours at 850 °C in the open air. In order to prevent strain on the films, the

heating and cooling cycles are performed at a pace of 10 °C per minute.
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3.1.3 Characterizations of the YIG Thin Film

For the YIG films presented in this dissertation, the static magnetic properties of
the YIG films were measured by a superconducting quantum interference device

(SQUID) and the dynamic properties of the films were determined through (1) polar an-

gle dependent ferromagnetic resonance (FMR) measurements using an X-band rectangu
lar microwave cavity with a resonance frequency of 9.5 GHz and (2) frequency-depend-
ent FMR measurements using a broadband vector network analyzer FMR (VNA-FMR)
spectrometer. For (1), field modulation and lock-in detection techniques were used to in-
crease the sensitivity of the FMR measurements. For (2), a CPW was used to provide mi-

crowave magnetic fields to the YIG films.

3.1.3.1 SQUID Technique

This dissertation is concerned with the magnetic behaviors of a variety of differ-
ent materials, on a bulk, molecular, and atomic scale. As such, care had to be taken when
choosing a suitable magnetic sensor to gather data. There are numerous experimental in-
struments commercially available which typically gather data through the detection of ei-

1251 "Each device is generally specialized to detect a

ther magnetic fields or magnetic flux!
specific magnetic property and as such the instrument used in a given experiment is de-
pendent on the information we want to learn about a particular sample. Table I outlines

some key magnetic properties and the corresponding experimental instruments which can

be employed to measure these properties.
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Table II. Key magnetic properties and corresponding methods of measurement.

Magnetic Property Description Measurement Method

Intrinsic Coercivity =~ Measure of a magnet’s  Hysteresisgraph, Vibrating sample
resistance to demagneti- magnetometer (VSM) and SQUID

zation magnetometer
Magnetic flux Measure of magnetic Helmbholtz or Search Coil and
output; related to mag-  Fluxmeter
netic moment
Magnetic Field Measure of the magnetic Gaussmeter
Strength, flux density (flux) output per unit
area
Reversible Tempera- Indicate how the mag- Hysteresisgraph, VSM or SQUID
ture Coefficients netic characteristics
change with temperature
Field Distribution Measure of the distribu- Magnetic Field Scanners

tion of the flux

The SQUID magnetometer is the most attractive magnetic sensor to measure very
small magnetic moments with high sensitivity. It does not directly measure the magnetic

11261 In order to allow for

moment of the sample and is in fact an extraction magnetomete
the application of large magnetic fields and a wide range of temperatures, a very sophisti-
cated system of superconducting pick-up coils and wires is adopted to transfer a current
signal from the sample to the SQUID detect.

The magnetized specimen is moved up and down through superconducting pick-
up coils; known as flux transformers, which are located outside of the sample chamber.
The change in magnetic flux generated by the sample motion induces a current to flow
within the pickup coils. The current is then carried along superconducting wires to the

SQUID input coil.
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Figure 19. Pick-up coil geometry and theoretical response signal of ideal
dipole versus scan length in a MPMS SQUID magnetometer.

It combines the physical phenomena of flux quantization''?”) and Josephson tun-
neling!"?®). A Josephson junction is the heart of squid technology in which current flows
between two superconductors separated by a thin insulator through quantum tunnelling.
In 1962, B. Josephson observed that the supercurrent tunneling through a superconduc-
tor-insulator-superconductor junction should be a periodic function of the phase differ-
ence between the superconducting wave-functions on either side of the junction!!23 1291,
Figure 20 shows the schematic of a Josephson junction. In the Josephson junction, the su-
percurrent I passing through the junction is related to the relative phase difference

across the junction and the critical current of the junction, Iy as:
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where J is the difference between the phases #; and : of the two superconduc-

tors.
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Figure 20. Schematic of a Josephson junction. It consists of two supercon-
ductors separated by a thin insulator through which cooper pairs can tun-
nel and leads to the flow of supercurrent. ¥ is the wavefunction of the su-
perconducting state in the left and right superconductors, and 0 and 6, are
the phases.

3.1.3.2 FMR Experimental Setup

FMR spectroscopy is an important technique for the characterization of ferromag-
netic samples, and probe static and dynamic properties of magnetic materials. The tech-
nique relies on measuring the microwave absorption associated to the precession of the
magnetization, and can be used to extract valuable information about material parameters
such as e.g. the effective magnetization, anisotropies and the magnetodynamic damp-
ingl130],

In an FMR experiment, a static magnetic field is applied in combination with an
orthogonal microwave magnetic field. The microwave magnetic field will induce a pre-

cession motion of the electron spins, provided that the frequency of the applied
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microwave field coincides with the FMR frequency. As the resonance frequency is deter-
mined by the effective magnetic field, one can either vary the frequency of the micro-
wave field at a fixed value of the external field or keep the microwave frequency fixed
and sweep the magnitude of the external field in order to change the resonance frequency.
An experimental setup used in this dissertation, named VNA-FMR is presented in the fol-
lowing section.

VNA-FMR is frequently used to characterize the magnetization dynamics in the
microwave frequency range. In FMR, the magnetization of the ferromagnet is resonantly
excited by RF magnetic field Hrr, which oscillates at microwave frequency faive and ap-
plied in the direction transverse to the external magnetic field He... The sample absorbs
the microwave power at the resonance when the drive frequency fa-ive coincides with the
resonance frequency f, of the magnetization.

FMR provides a number of magnetic parameters related to the high-frequency be-
havior of magnetization, including the damping constant!!3!- 1321 g_factor!!*!), and ex-
change coupling!!*3!3] among others, as well as magneto static properties. The VNA-
FMR approach, which operates over a broad range of frequency and yields FMR parame-
ters from typical microwave S parameter measurements versus frequency and field, is an
essential tool for research on magnetic materials and spintronic devices!'*¢13%). This sec-
tion will provide a detailed introduction to the experimental VNA-FMR system that was

used for this dissertation.
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The signal-to-noise ratio of the VNA-FMR technique is high and it covers a wide
range of frequencies!!*” 1401421 After reaching the investigated sample, the incident wave
will be reflected and/or transmitted (Figure 21). A torque will induce a spin to precess
around a magnetic field when it is in the presence of a magnetic field at the Larmor fre-

quency, which is equal to yH.

Y

— | DUT | — —

Incident
A&I\Iicm\\'a\'e Microwave
AeC V.

{\L\.’

Figure 21. The incident wave will be reflected and/or transmitted after en-
tering the device under test (DUT)

By analyzing the reflectance/transmittance, which is the ratio of reflected, trans-
mitted power to that of incident, we can find the scattering parameters (S:z, S22, S12, S21),
from which we can extract the properties of the sample. Figure 22 shows four S-parame-

ters corresponding to a two-port DUT.

by =851, + Si20, (26)
by = S2101 + Sa2as

where S;; and S>; are the reflection coefficients at the port 1 and port 2 respectively,
whereas S;> and S2; represent the transmission coefficients. So, a microwave leaving the

DUT is a linear combination of the microwave incident on the DUT.

57



e S5, b,

Port 1 Sy D UT S5, Port 2

b; a;

Figure 22. Two-port device S-parameters model

For the FMR measurements, we can sweep the microwave excitation frequency at
a fixed bias magnetic field or at fixed excitation frequency, the static external magnetic
field can be swept to achieve the resonance condition. On the one hand, by varying the
microwave frequency at a fixed static field, extracts the FMR absorption profile from
standard S parameter measurements, and obtains a FWHM (full width at half maximum)
frequency swept linewidth Afyn4 from the response. On the other hand, by sweeping the
external magnetic field at a fixed microwave frequency, extracts the FMR absorption pro-
file from standard S parameter measurements, and obtains a FWHM (full width at half
maximum) field swept linewidth Afyn4 from the response.

A block diagram of the VNA-FMR spectrometer built in this dissertation is illus-
trated in Figure 23. The sample under test (SUT) is placed on top of a CPW that con-
nected to port 1 and 2 of a VNA to measure the transmission coefficient, i.e., S>;. The
SUT used in this dissertation is a film stack of YIG (3-um)/Py (10-nm) deposited on a
transparent GGG substrate, for the purpose of demonstrating the magneto-optical effects
within the FM insulator (YIG) and FM metal (Py) films and the PSSW modes excited by

the exchange coupling between the YIG and Py thin film.
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Figure 23. Block diagram of the VNA-FMR spectrometer built in this dis-
sertation. Each functional block is labeled as follows: VNA: vector net-
work analyzer, CPW: coplanar waveguide, SUT: sample under test, EM:
electromagnet, and PC: personal computer. The EM generates a DC bias
field H perpendicular to the CPW.

It can be operated in either the frequency sweep mode or field sweep mode. H is
first set by the EM, and then the VNA measures S>; while the frequency is swept from
5.5 GHz up to 7.6 GHz with a step of 10 MHz; thus, each single sweep contains 211 data
points of S2; taken under a constant H. The Raw S21 parameter contains both the non-
magnetic background and the magnetic component, i.e., the FMR signal of interest. In ad-
dition, the raw FMR signal shows a significant frequency dependence the stimulus signal
propagating from port 1 to the SUT and the FMR signal from the SUT to port 2 both un-

dergo frequency dependent decay and phase rotation associated with the coax
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interconnects. The standard algorithm for subtracting the nonmagnetic background and
normalizing the frequency dependence is:

FMR __ M (27)
21 — NI
21

where STMR is the FMR signal of interest and S2M is the nonmagnetic background. The

most common method for determining SN is to measure S21 under the application of a
large enough H to expel all the magnetic responses outside of the relevant measurement
frequency range.

The VNA-FMR can also be operated in the field sweep mode. The measurement
sequence of this operation mode used in this dissertation is basically the same as for the
frequency sweep mode but with different measurement parameters for acquiring S21. H
is first set by the EM, and then the VNA measures S21 while the frequency is swept from
5.5 GHz up to 7.6 GHz with a step of 10 MHz; thus, each single sweep contains 211 data
points of S21 under a constant H.

The field sweep mode is much slower than the frequency sweep mode because it
needs to set H and controlling H is so much lower than controlling the frequency. There-
fore, the VNA-FMR operating in the field sweep mode is useful only in very limited

cases.
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Figure 24. In-plane FMR, with the magnetization parallel to the thin film
and the applied magnetic field.
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Figure 25. Out-of-plane FMR, with the magnetization perpendicular to the
film and the applied magnetic field.
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Excitation of FMR with waveguides carrying RF current iz, which produces a
magnetic tickle field A,rthrough the Oersted effect. The tickle field A, is used to excite
the resonant precession of the magnetization may be produced by an RF current #,z. The
RF current is generated with a VNA and carried through a CPW. The CPW may be ro-
tated with respect to the external magnetic field to conduct in-plane (IP) (shown in Figure
24) or out-of-plane (OOP) FMR (shown in Figure 25).

The impedance of the VNA and connectors used in the FMR setup are a standard
50 Q. To avoid unwanted reflections and improve transmission, it is key to design the
CPWs to have the same impedance of 50 Q. Impedance mismatch reflects power and
causes amplitude ripple at high frequencies, degrading the quality of the FMR signal and
reducing the overall sensitivity of the measurement. Therefore, it is essential to calculate
the characteristic impedance of a CPW design and bring it as close to 50 Q as possible

over the widest possible frequency band.

3.2 Magnetoelectric and Multiferroics

Over the past decades, there has been a revival of interest in materials or hetero-
structure that possess more than one ferroic parameter, largely due to the interest in stud-
ying the correlations between two or more ferroic orders!'**! as well as the possibility to
demonstrate next generation devices using these correlations. Materials in which more

than one order parameter coexist simultaneously are called multiferroics!!44 1431,
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In the multiferroic family, only a few number of compound exhibit magnetic and
electric order parameter simultaneously, i.e., ferromagnetic materials exhibit spontaneous
magnetization and the spin ordering in the materials can be altered with an application of
external electric field. Similarly, ferroelectric materials posses’ spontaneous polarization
and the ordering of the electrical dipoles in the materials can be controlled by applying
magnetic field externally. Initially, the co-existence of ferromagnetic and ferroelectric in
a single material was thought to be two independent properties. However, in some mul-
tiferroic, these two properties are coupled with each other, and this coupling interaction
produces a promising functionality known as magnetoelectric effect. This coupling opens
an extra degrees of freedom in the material which enables a control on the magnetic prop-
erties by applying an external electric field and vice-versa, providing a possibility to de-
velop new devices based on these materials. In this dissertation, the focus is on multifer-
roics that possess both electrical and magnetic orders and the primary interest is the cou-
pling between them.

From a scientific perspective the excitement behind magnetoelectric or the mag-
netoelectric effect in materials is the possibility to magnetically control a polarization and
the inverse (electrical control of ferromagnetism)!!*. Most of the research focus has been
driven by the prospect of the electric field control of magnetism. While the magnetoelec-
tric effect has recently become the focus of much theoretical and experimental investiga-
tion, the magnetoelectric effect was proposed long ago by P. Curie in 18947 but was

not experimentally verified for nearly 70 years later in CroO3!'*¥15% Most recent
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investigations have reported improved multiferroic and ME properties in epitaxial layers
of ME thin films such as BiFeO3 grown on SrTiO3[151], and in self-assembled multifer-
roic nanostructures such as CoFe>O4 nanopillars embedded in a BaTiO3 matrix on SrTiO3
substrates!!>?]. These are potentially useful for integrated microelectronic materials that
have the promise of reading a spin state as a direct voltage.

Electric control of magnetism has the potential for developing a new era of elec-
tronics devices!!>], such as nano-sensors and electrically tunable magnetic data storage in
magnetoresistive random-access memory (MRAM). Overheating is a major problem in
nano-electronic devices and electric field control requires much lower power compared to
current driven magnetic devices, such as STT requires current densities ~10° A/cm? in
MTJ with MgO and AlOx tunnel barriers!"**. Applied electric fields have been shown to
control a wide range of magnetic properties including the Curie temperature, magnetic
anisotropy, surface magnetization, exchange bias, and the spin polarization. Electric
fields are either supplied via applied voltages, or alternatively by means of an adjacent
ferroelectric. The mechanism behind electric control of magnetic properties arises either
by induced strain from the piezoelectric materials or by means of polarization charge in-
duced effects. The electric control of magnetism has been largely based on the elastic
strain of the piezoelectric materials!'>>!%8], The disadvantage of the piezoelectric strain-
based control of a thin magnetic film is that it is constrained by the substrate. This disser-
tation focused on mechanisms that are not strain induced, but charge induced ME effect,

which has been observed in multiferroic materials.
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Due to theoretical physics and potential multifunctional applications, multiferroic
materials — those that exhibit two or more ferroic orderings — such as ferroelectricity, fer-
roelasticity, and ferromagnetism — have attracted a great deal of research attention. Mul-
tiferroic materials are intriguing not only because they possess both magnetic and ferroe-
lectric properties, but also because the magnetoelectric coupling results in increased utili-
zation. Due to the low magnetoelectric coupling strength, the employment of these mate-
rials in switching applications remains a major problem.

The possibility of manipulating one ferroic property with the conjugate field of
another is made possible by the combination of ferroic orders in the multiferroic materi-
als. The ME effect, which refers to the possibility of changing the orientation of magneti-
zation using an electric field, is especially interesting (Figure 26). Depending on the or-
der parameter that is being impacted by the applied field, the ME effect is classified as
“direct” or “inverse”. The ferroelectric polarization P that appears when exposed to a
magnetic field H is known as the direct ME effect. This is denoted by MEy and given by
P = aH, where a is the magnetoelectric coupling constant. The appearance magnetization
M upon exposure to an electric field £ is termed as the inverse ME effect, designated as
MEFE and given by M = a.E. The ability to control magnetization by the electric field is
particularly intriguing because it has the potential to significantly reduce power consump-
tion and enable device miniaturization. Unlike conventional electronics, which only use

the electron’s charge, spintronic devices combine the electrical and magnetic properties
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of the electron by taking advantage of both the charge as well as the spin degree of free-

dom.
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Figure 26. Schematic diagram for a multiferroic and magnetoelectric or-
dering in materials controlled by ferroelectric and ferromagnetic behaviors
of the materials.

The capability to control magnetization is a key component in the creation of
spintronic devices. It is technically challenging and requires a lot of power to generate a
magnetic field that is strong enough to switch the high coercivity materials on small
length scales. It is challenging to have reproduceable control of magnetization because of
the energy loss caused by the current flow in magnetic field assisted switching. There-
fore, in order to solve the issues of today’s modern technologies as well as advance the

field of information technology, new paradigms are needed. In this regard, the potential
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utilization of an electric field for reversible magnetization state switching appears to be a
very attractive alternative to current driven read head technology. Additionally, the devel-
opment of multifunctional spintronic devices is anticipated to benefit from it. Technically
speaking, it is easy to generate energy efficient and fully switchable electric fields on
small length scales. Naturally, the materials that may offer such an electric field assisted
regulation of magnetization should also have ferromagnetic and ferroelectric characteris-
tics. The best materials to use in these applications are consequently magnetoelectric
multiferroics.

The naturally occurring single-phase compounds and the engineered composite
multiferroics are the two main types of ME multiferroic materials. A number of break-
throughs and consistent advancement over the past decades have greatly broadened and
strengthened our understanding of multiferroic physics, which is further extending the
study frontier in this interesting topic. Sooner or later, more multiferroic materials will be
offered, and improved magnetoelectric performance will make the applications practical.

Magnetoelectric physics and material research progressed at a rather modest pace
throughout the 20th century. On the one hand, the measured magnetoelectric performance
was subpar and magnetoelectric materials were scarce and inactive. Magnetoelectric the-
ories, on the other hand, were primarily phenomenological and lacked elements of con-
temporary electronic theory founded on quantum mechanics. Ferroelectricity’s contem-
porary electronic theory was not developed until the 1990s!1>% 180 Multiferroics, which

refers to the coexistence of multiple ferroic orderings in a single-phase material ', is a
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new term that Schmid introduced in 1994. Later on, two unexpected breakthroughs,
which both happened in 2003, signified the end of the long incubation period. The first
was the finding of significant magnetization and considerable ferroelectric polarization in
BiFeOs thin films at room temperature!'>!l. A single-phase magnetoelectric compound
with good multiferroic performance and possible room temperature applications was fi-
nally discovered. The second material is TbMnO3, which developed only at extremely
low temperatures (below 28 K)!1®?l and has a weak polarization (~ 0.1% of that of
BiFeOs). The TbMn,05!'*) and hexagonal HoMnO;!['®¥ were discovered in the following
year. TbMn2Os exhibits a significant magnetoelectric coupling, providing switchable po-
larization in the presence of a magnetic field. Contrarily, hexagonal HoMnO3’s high fer-
roelectric Curie temperature (up to 875 K) is greatly valued for its magnetoelectric be-

haviors!!'%4,
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CHAPTER FOUR
PROBING MAGNON-MAGNON COUPLING IN EXCHANGE COUPLED

Y;FesO12/PERMALLOY BILAYERS WITH MAGNETO-OPTICAL EFFECTS

Magnons have been demonstrated to efficiently couple to cavity quantum electro-
dynamics systems including superconducting resonators and qubits!!63-16%],

When it comes to investigating spin waves in a thin film, there are three primary
types of modes (forward volume magnetostatic spin waves (FVMSW), backward volume

magnetostatic spin waves (BVMSW), and magnetostatic surface spin waves (MSSW))

that can propagate depending on the direction of the magnetic bias field and its relative

orientation to the spin wave propagation vector (Figure 27).
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Figure 27. Configurations for propagation of FVMSW, BVMSW, and
MSSW, respectively.

4.1 Experimental Setup

This work investigates the magnon-magnon coupling in YIG/Permalloy (Py) bi-
layers by a phase-resolved heterodyne detection method. We revealed the coupled mag-

non modes in the regime exhibiting the magnetically-induce transparency (MIT) effect,
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i.e., the magnetic analogy of electromagnetically induced transparency (EIT)!7%-1761 akin
to a spin-wave induced suppression of FMR.

The magnetization dynamics are detected optically by the magneto-optical Kerr
and Faraday effects for Py and YIG, respectively, by measuring the out-of-plane compo-
nent of processing magnetization using one single light wavelength at 1550-nm. This
method is advantageous in the context of studying magnon-magnon coupling of hybrid
insulator-metal systems, since it avoids the complication of using multiple wavelengths in
the visible range for detecting respective metals and insulators.

In our system, the optical power used for the 1550-nm laser is between 6 ~ 8 mW
and we detect a modulated voltage around 50 ~ 200 pV. A heterodyne method is adopted
to enable precessional phase extraction using a setup illustrated in Figure 28. A single
microwave source was used to simultaneously modulate the detecting laser light (optical
path) and drive the FMR of the sample (electrical path) with a CPW. The laser light was
modulated at the microwave source frequency using an electro-optic intensity modulator.
The modulated laser light can be polarized by either a fiber polarizer (used in combina-
tion with a polarization controller) or a free-space thin-film polarizer, before being fo-
cused onto the sample surface. We use an optical tap (~ 10%), a GRIN lens, and another
free-space polarizer to monitor the polarization during the whole measurements. The fo-
cused light spot is set to ~ 40-um in this work. A microwave diode was used simultane-

ously to measure the inductive FMR absorption through the CPW.
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Figure 28. Schematic of the measurement setup. After the rf splitter, the
optical path (upper part) contains amplifier, 1550-nm infrared laser mod-
ule, electro-optic modulator (EOM), polarizer, polarization controller,
beam splitter (BS) and focusing lens; the electrical path (lower part) con-
tains amplifier, mixer, coupler, spectrum analyzer, diode, and nanovoltme-
ter. (PBS: polarizing beam splitter, Cam: camera, bal.det: balancing detec-
tor, arb,func: arbitrary waveform generator.)

For a heterodyne detection, the microwave signal along the electrical path was

IQ-mixed with a low-frequency (100 kHz) signal provided by a waveform generator. The

voltage amplitude, offset, and phase for the respective “I”” and “Q” channels were opti-

mized to ensure the power of the upper side-band of the microwave signal (which subse-

quently used for FMR excitation) far exceeds those of the central and lower side-bands (<

20 dB). We used a directional coupler (-20 dB), and a real-time spectrum analyzer to

monitor the central and side-bands throughout the whole measurement. The resultant,

out-of-plane, dynamical Kerr, and Faraday responses of the sample were then probed by

the modulated light, sent into a balancing detector after polarization splitting, and ana-

lyzed by a lock-in amplifier. Avoiding the use of a VNA offers more flexibility in config-

uring the setup for different dynamic measurements!!’”> 1781, The use of fiber-optical
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components also increases the robustness against external vibrations as well as reduces
the cost as compared with conventional VNA experiments!!”-183],

The commercial YIG films (from MTI Corporation) used in this work are 3-um
thick, single-sided grown on double-side-polished GGG substrates via LPE. The Py films
(tpy = 10-nm and 30-nm) were subsequently deposited on the YIG films using magnetron
sputtering. To ensure the strong coupling, we used in situ Ar gas rf-bias cleaning for 3
mins, to clean the YIG surface before depositing the Py layer. Reference samples of

GGG/YIG/S102(3-nm)/Py(10-nm), GGG/Y1G/Cu(3-nm)/Py(10-nm) were also prepared

\ [H

Figure 29. Schematic illustration of the experimental setup. Modulated
and linearly-polarized 1550-nm light enter the sample at a polarization an-
gle (1); dynamic Faraday effect of the YIG causes the polarization to ro-
tate (2); dynamic Kerr effect of the Py causes polarization to further rotate
(3); the reflected light, upon the returning path, picks up again the Faraday
effect and causes the polarization to further rotate (4), before entering light
detection and analysis. The applied dc magnetic field is parallel to the
ground-signal-ground (G-S-G) lines of the CPW.

at the same growth condition.

hrf

YIG Faraday effect

(1)

Py Kerr effect
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Figure 29 illustrates the measurement configuration. The modulated and linearly-
polarized 1550-nm light passes through the transparent GGG substrates and detects the
dynamics Faraday and Kerr signals upon their FMR excitation. As the light travels
through the YIG bulk, the dynamic Faraday rotation due to the YIG FMR is picked up.
Similarly, the dynamic Kerr rotation caused by the Py FMR is then picked up when the
light reaches the Py layer. The Py layer also serves as a mirror and reflects the laser light.
Upon reflection, the dynamic Faraday effect from the YIG is picked up again, making the
effective YIG thickness 6-um, i.e., twice the film thickness. It should be noted that the
Faraday rotations for the incoming and returning light add up as opposed to cancel, due to
the inversion of both the chirality of the Faraday rotation and the projection of the per-
pendicular magnetization of YIG along the wavenumber direction, whose mechanism is
akin to a commercial “Faraday rotator” often encountered in fiber optics.

The YIG/Py samples are chip-flipped on a CPW for microwave excitation and op-
tical detection, as depicted in Figure 29. An in-plane magnetic field, H, along the y-direc-
tion saturates both the YIG and Py magnetizations. We scanned the frequency (from 4 to
8 GHz) and the magnetic field, and then measured the optical responses using a lock-in
amplifier’s in-phase X (Re[V,]) and quadrature Y (Im[ V,]) channels as well as the micro-

wave transmission using a microwave diode.
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4.2 Results and Discussion

Figure 30 compares the optical rectification signals between the 10-nm-Py sample
and the YIG/SiO/Py reference sample measured at 5.85 GHz. The 10-nm-Py sample

(solid line) shows the representative features of the detected FMR and hybridized PSSW

modes.
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Vo (uVv)
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0.5 1.0 1.5
H (kOe)

Figure 30. Example signal trace for YIG/Py (solid) and YIG/SiO2/Py
(dashed) measured at 5.85 GHz, showing the in-phase X (top) and quadra-

ture Y (middle), and the total amplitude. VX? + Y?2 (bottom).

The complete fine-scan lineshape and dispersion data for the 10-nm-Py sample
are summarized in Figure 32. A total of more than 40 PSSW modes can be identified in a

broad range of frequencies. The frequency step used in the fine scan is 0.01 GHz. By
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comparing the total optical signal, V, in Figure 32 (c), with the simultaneous electrical
diode signal, Vdiode in Figure 32 (d), we found that more PSSW modes can be identified
from the optical dataset than the electrical counterpart. In addition, the optical dataset has

a much less noisy background. Such a direction comparison further shows the advantages

of using magneto-optical effects for the present and relevant studies.
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Figure 31. (a) Lorentzian fits for the Re[V,] dataset of the 10-nm-Py sam-
ple at the same frequency window. The fitting allows the subtraction of
the global Py-FMR envelope and then exposure of the YIG-PSSW series.
(b) A zoom-in example of the raw signal trace and fitting curve for Py-

FMR at 6 GHz.

To exposure the pure YIG-PSSW lineshapes, we subtract, via Lorentzian fits, the
Py-FMR profile from the raw signal traces, Re[V,]. Figure 31 (a) shows the waterfall plot
of the Lorentzian fits for the Re[Vo] dataset of the 10-nm-Py sample at the same fre-

quency window as in Figure 39. The pure YIG-PSSW series after this Py-FMR subtrac-

tion is in Figure 40.
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Figure 32. Dataset for the 10-nm-Py sample. The optically detected (a) in-
phase, Re[V,], (b) quadrature, Im[V,], (c) total optical signal, Vo, and (d)

microwave diode signal, Viode, as a function of the magnetic field and fre-
quency (5.7 ~ 6.6 GHz).

The optical signals with the phase information are obtained by the lock-in’s in-

phase X (Re[V,], top panel) and quadrature Y (Im[ V], middle panel), which are further

used to calculate the total amplitude, VX2 + Y2, (bottom panel).

The YIG FMR signal at ~1.3 kOe is accumulated from the Faraday effect corre-
sponding to the spatially uniform precession of the YIG magnetization. The FMR disper-
sion is described by the Kittel formula: w?/y*= Hpur(Hryur+Ms), where o is the mode fre-
quency, y/2m = (ge;/2)*28 GHz/T is the gyromagnetic ratio, geis the g-factor, Hrur is the
resonance field, and M; is the magnetization. The excitation of the YIG PSSW modes in-
troduces an additional exchange field H., to the Kittel equation, as uoHex =

(24ex/My)(nr/dyic)?, which defines the mode splitting between the PSSW modes and the
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uniform mode. Here 4. is the exchange stiffness, and dys is the YIG film thickness. A
total of more than 30 PSSW modes can be identified for the 10-nm-Py sample.

The Py FMR at ~0.6 kOe is strongly modulated by the YIG PSSW modes, exhib-
iting the MIT effect, due to the formation of hybrid magnon modes. Besides, the YIG
PSSW signals near the Py FMR regime (n > 25) are much stronger than the off-resonance
regime (n < 25), which indicates the important role of the Py/YIG coupling in exciting
the relevant PSSW modes and resonantly enhancing the magnetization dynamics. As a
comparison, no apparent PSSW modes are observed for the Py/SiO2/YIG reference sam-
ple, in Figure 30 (dashed line), indicating that only the Py but not the YIG PSSWs cou-
ples to the microwave drive in the MIT regime. The Py resonance linewidth also is much

narrower.

0 10 20 30 40
n

Figure 33. Plotting and the fitting of the observed PSSW modes versus the
resonance fields.
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In Figure 33, the quadratic increase of Hex with the mode number n confirms the
observation of the PSSWs. Fittings to the Kittel equation and the exchange field expres-
sion yield M; = 1.97 kOe and Aex = 3.76 pJ/m, which are in good agreement with the pre-
viously report valuest! 71821, Figure 34 plots the theoretically predicated MIT effect
showing the lineshape of the Py FMR mode that is coupled to the YIG PSSW modes. The
center curve with a zero-resonance detuning is a characteristic of the MIT effect. The
magnon-magnon coupling induces a set of sharp dips in the spectra. Such dips in the opti-

cal reflection means a peak in their transmission, which is referred to as a transparency

window in quantum optics, resembling the EIT phenomenon in photonics!!®* and opto-
mechanics!!’ 1831,
14
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Figure 34. Theoretical signal trace of the MIT effect of the YIG/Py bi-
layer, 7 hybrid PSSW modes are shown as an example.
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The YIG/Py interfacial exchange coupling can be also found from the H,fn’;  shift
comparing to the YIG/Si0»/Py reference sample. As shown in Figure 30, the Py reso-
nance occurs at a higher field when Py is in direct contact with YIG due to the interfacial

exchange coupling. The increase of H,fn’; r suggests that the YIG/Py interface induces a

negative effective field onto Py. We found a resonance offset of H Py =0.17-kOe

FMR,of st

from Figure 30, which further yields a fieldlike coupling strength from the interfacial ex-

change, g = Hﬁl\jr;R,ofst X 0.9\/Mpytpy/My,th,G. Taking Myic = 1.97-kOe, Mp, = 10-

kOe, tpy = 10-nm, and ty;¢ = 3-um.

Experiment

4
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Figure 35. Dataset for the 30-nm-Py sample. (a) The optically detected in-
phase, Re[V,], and quadrature, Im[V,] for the 30-nm-Py sample as a func-
tion of the magnetic field and frequency, showing the frequency-depend-
ent phase evolution. (b) Theoretical modeling of the experimental data in
(a) using the extracted fitting parameters. The bottom panels are the fine-

scans at smaller field and frequency steps corresponding to the boxes in
the top panel (5.7 ~ 6.3 GHz).
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The full- and find-scan dispersion data, as well as the corresponding theoretical
modeling data, for the 30-nm-Py sample are summarized in Figure 35, showing the re-
spective in-phase, Re[V,], and quadrature, Im[V/,] signals. Clear phase evolution can be
observed in the optical signals Re[V,] and Im[V,]. The periods of the phase evolution are
the same for both YIG and Py lines, due to the fixed path difference of the measurement
geometry, i.e., ¢z — ¢mw — ¢». The Py and YIG FMR lines also exhibit a small, but fixed
phase offset, which could be due to either the intrinsic phase buildup from the Py-Kerr
and YIG-Faraday effects, or a phase lag of the Py FMR with respect to the YIG FMR,
caused by the coupled PSSW’s “dragging” the hybrid YIG-Py resonances, i.e., from a fi-
nite @,y — Pyvic)- It is noted that this effect is unlikely due to the additional travelling
distance inside the 3-um YIG bulk, as this thickness is too small compared with the mi-
crowave wavelength.

Figure 36 compare the experimental and theoretical spin-wave dispersion using

the total amplitude signal VX2 + Y2, whilst the individual channels, X and 7, as well as

the corresponding theoretical plots.
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Figure 36. (a). Full scan of the signals, [V,|, as a function of the magnetic
field and frequency. (b). Theoretical calculated dispersion using the fitting
parameters, reproducing the experimental data in (a).
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Figure 37. Fine-scans at smaller field and frequency steps corresponding
to the boxes in Figure 36 (5.7 ~ 6.3 GHz).
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To better analyze the hybrid PSSW modes, we show the zoom-in scan between
5.7 and 6.3 GHz and 0.2 to 0.9 kOe in Figure 37, which covers the Kittel dispersion of
the Py. We clearly identify the distinct PSSW modes strongly “chopping” the Py FMR

line. In particular, the Py resonance is attenuated to nearly the background level (non-ab-

sorption condition) at the PSSW resonance dips.
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Figure 38. Dataset for the reference samples. The optically detected in-
phase, Re[V,], quadrature, Im[V,], and the amplitude, V,, for (a)
YI1G/SiO2(3-nm)/Py (10-nm) and (b) YIG/Cu (3-nm)/Py (10-nm) refer-
ence samples as a function of the magnetic field and frequency.

The same measurements are also performed for the reference samples,
Y1G/Si02/Py and YIG/Cu/Py. The fine-scan optical signals, Re[ V], Im[ V5], and the total
amplitude for the reference samples as a function of the magnetic field and frequency, as
shown in Figure 38. No YIG PSSWs are observed in the YIG/Si02/Py and YIG/Cu/Py

references, suggesting that the coupling is through the exchange interaction at the
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interface as opposed to the dipolar interaction. In addition, the Py Kerr signal is attenu-
ated in the Py/Cu/YI1G as compared to Py/SiO2/YIG, which is likely due to the metal re-
fractive index of the inserted Cu layer.

To further examine the detuning range and its characteristics, we separate the Py
resonance envelope with the YIG PSSW modes. Such analysis can be made via fitting ei-
ther the raw Re[V,] or Im[ V] data. Figure 39 shows the raw Re[V,] signal of the hybrid

modes at a representative frequency window (5.85 ~ 6.1 GHz) for the 10-nm-Py sample.
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Figure 39. The Re[V,] signal at a representative frequency window (5.85
~ 6.1 GHz) for the 10-nm-Py sample.

After subtracting the Py resonance profile, we can fit each PSSW series (labeled n
=32 ~43)to a phased-shifted Lorentzian function yielding the resonance and linewidth
for each PSSWs, as shown in Figure 40 (where the highlighted section shows an example

series at n = 39).
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Figure 40. YIG PSSW lineshape (12 modes series near the Py resonance
are labeled and analyzed, n = 32 ~ 43) after subtracting the Py resonance

profile. The highlighted section is an example series at n = 39.

Figure 41 (a) shows the resonance field HYS,,, of the PSSW series (thin lines,

from n = 32 ~ 43) comparing to the H ggsw (single thick line). The shaded area indicates

the Py linewidth, which is centered at the H g]sw and is also much enhanced as compared
to the case without the mode coupling (in the YIG/Si02/Py sample). Next, we plot the

AH,.s at each frequency and for all the PSSW series with the corresponding YIG PSSW

linewidth, AHyjc, in Figure 41 (b).
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Figure 41. (a) Resonance field, H}LS,, of the PSSW series and the Hi
envelope. The shaded area reflects the Py linewidth. (b) The extracted
YIG PSSW linewidth AHyic versus the AH:es at each frequency and for all
the PSSW series.

We clearly observed a modulation effect of the YIG linewidth, 4Hy;g, from ~ 2
Oe to ~ 10 Oe, spanning across the magnon-magnon coupling regime. This observation
provides strong evidence that the MIT linewidth is broadened due to the additional en-
ergy dissipation by coupling the YIG PSSW modes to the Py FMR mode, also known as

the Purcell regime.
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CHAPTER FIVE
STUDY ON MAGNETOELECTRIC EFFECT ON HEXAGONAL FERRITE
MATERIAL Ba;Zn>Fe12022 (Zn2Y) FOR APPLICATION OF ELECTRIC FIELD

TUNABLE RESONATORS

Resonators, filters, and other frequency-selective components are essential parts
of RF and microwave systems, including communication systems, radars, measuring
equipment, etc. These components are employed to alternatively filter or suppress a cer-
tain region of the passing signal’s frequency spectrum and modify it in accordance with
the intended pattern. In particular, bandpass filters are used to selectively transmit signals
with reasonably low loss and suppress signals outside the band. The filter bandwidth re-
quirements vary depending on the application; for example, a pre-selector in a spectrum
analyzer may need a very small span, but an ultra-wideband communication system may
require components with a large bandwidth. Getting the system above reconfigurable,
which will entail the construction of tunable subcomponents, is one particular way to in-
crease performance and capabilities.

Dielectric resonators with semiconductor or ferroelectric materials, printed circuit
boards with varactors, pin diodes or MEMs, cavity filters with adjustable gaps, etc. have
all been used to create electronically controlled transfer functions. Filters based on spin-
wave excitations have among other technologies demonstrated a potential for developing

tiny, planar, and tunable components. Because they use low-loss ferrites, their microwave
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characteristics can be adjusted across a large frequency range using a source of changea-
ble external magnetic field. These filters also exhibit substantially nonreciprocal proper-
ties in some configurations, combing the characteristics of filters and isolators. Despite
these benefits, the requirements for a source of a variable magnetic field poses several
difficulties in terms of device size, weight, and power consumptions. Due to this, at-
tempts have been made to create ferrite-base components that have different methods for
frequency tuning. Recent studies in this field include adjusting the dielectric constant in
ferrite-ferroelectric composites and modifying the electric field of resonators and filters
via strain-mediated coupling in ferrite-piezoelectric composites.

ME multiferroics, which combine coupled electric and magnetic dipoles, have a
great deal of potential for use in future electronics systems. It has been demonstrated that
intricate internal arrangements of magnetic moments can cause ferroelectricity. When an
external magnetic field is applied, magnetically induced ferroelectrics are known to ex-
hibit gigantic ME effects, or changes in ferroelectric polarization. However, it typically
occurs at temperatures that are too low and with applied high enough magnetic field to be
effective. As a result, one of the biggest challenges in ME research is identifying a strong
room-temperature ME effect.

The future development of low-power spintronics must focus on the control of
magnetism by electric fields. We will be able to combine the benefits of magnetic com-
ponents with the potential for fast, low-cost, and energy-efficient electric tuning, in par-

ticular, thanks to the realization of such controls. Purely electronic or electrostatic effects
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or strain coupling can both cause the electric field influence on magnetism. Such direct
electric field modification of magnetic order parameters is possible in multiferroic mate-
rials! #1881 Duye to either a specific crystallo-magnetic structure or specific types of non-
collinear magnetic properties is made possible in single-phase materials, composites with
ferroelectric or semiconductors, and in composites with ferroelectrics and semiconduc-
tors. This research involves a Y-type hexagonal ferrite filter that is dual magnetic field
and electric field tunable. With the aid of an integrated permanent magnet, the filter’s
magnetic field, H, can be tuned, and the electric field, E, tuning was made possible by the
recently discovered nonlinear magnetoelectric (NLME) phenomenon in M- and Y-type
hexagonal ferrites. The magnetization and magnetocrystalline anisotropy fields of ferrite
were observed to vary when a pulsed current or DC electric field was applied, and the
changes in the order parameters were proportional to E2. The FMR frequency was tuned
as a result of these changes in the magnetic parameters, and the frequency variations were
proportional to the DC electric power delivered to the sample, as a coupling component,
hexagonal ferrite is used. Thus, the electric field or current tunability was achieved by us-
ing hexagonal ferrite as the coupling element. We will go through the material’s magnetic

and electric field tuning properties in the sections that follow.

5.1 Experimental Setup

Here, a thick platelet of a Y-type hexaferrites, BaxZnoFe12022 (Zn2Y), is suitable

for dual magnetic and electric field tunable devices. This sample used in this work was
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prepared by LPE (provided by Prof. Srinivasan, Department of Physics, Oakland Univer-
sity). The schematic of the filter are shown in Figure 42. A microstrip line with 50 Ohm
impedance manufactured using 0.01-inch-thick RT/Duroid 5880 and the ferrite, Zn,Y,
was positioned on top of the stripline and oriented with longer side along the microstrip.
Two platinum electrodes were deposited at opposite edges of the sample, allowing the ap-
plication of a voltage to establish an electric field parallel to the sample plane. Thus, the
resulting flow of a DC electric current through the ferrite is the basal plane. A thin 15-um
sheet of isolating material (mica) was placed between the sample and the microstrip line

to avoid electrical contact.

Top view Side view
oX »Z

Short
stub

Figure 42. Schematics of the ferrite-based band-pass filter prototype
showing the position of Zn2Y magnetostatic resonator atop of the short-
circuited microstrip line and bias permanent magnet inside the filter’s
frame.

A disk-shaped permanent magnet as shown in Figure 42 was used to generate the
necessary bias magnetic field, Hy, parallel to the sample plane as indicated by the mag-
netic field lines. The field Hy was found to be uniform over the entire volume of the fer-

rite and the field strength could be varied by adjusting the separation between the magnet
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and the device ground plane. When the ferrite is magnetized to saturation, it is able to
support multiple magnetostatic wave (MSW) modes, with the resonance frequencies de-
pending on Hy, saturation magnetization, and the anisotropy field values. The crystallo-
graphic c-axis was oriented perpendicularly to the sample. The easy plane for magnetiza-
tion coincided with the sample plane. The sample was subjected to an in-plane electric
field £ when a voltage was applied between the electrodes, resulting in a DC current in

the easy plane.

VNA
Port 2

Figure 43. Schematics of the FMR measurement of the ferrite material,
Zn2Y, on top of a microstrip transmission line with a series of bias exter-
nal magnetic fields

Usually, FMR in a sample is excited by placing the sample in a uniform micro-
wave magnetic field. An onset of FMR is easily seen as applied-field dependent reso-
nance absorption of the microwave power by the magnetic material. To excite FMR in
ferro- and ferrimagnetic films is by placing them on top of a microstrip or coplanar mi-
crowave stripline transmission line or forming a microstrip line directly on top of the

film. A static magnetic field H is applied in the plane of the film in the direction
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perpendicular to the microstrip line. A microwave current flowing through the microstrip
feeding line excites a photon resonance in the SRR. In the resonance, a significant micro-
wave current flows through the SRR. Its Oersted field drives magnetization precession in

the ZnyY film.

VNA Port 1

VNA Port 2

Figure 44. Schematics of the small DC voltage applied to the ferrite mate-
rial, Zn2Y, which mounts on top of the transmission line.

In order to take the measurements in the frequency domain, the input, and the out-
put of the microstrip feeding line have been connected to the ports of a VNA and its
transmission characteristics, S>; = Re[S2/] + iIm[S>;] has been measured as a function of

microwave frequency f'and the strength H of the applied field.

5.2 Results and Discussion

Since the ferrite slab is tangentially magnetized, it can support two types of mag-
netostatic waves, namely magnetostatic surface waves (MSSW) and backward volume

waves (MSBVW). The former is known to propagate in the direction perpendicular to
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bias magnetic field whereas the latter propagation is parallel to the bias magnetic field. In
our research, the corresponding S-parameters were measured with a vector network ana-
lyzer (Agilent PNA N5230A). The magnitudes of the scattering matrix parameters |S2;|
and |S12|, as well as reflection coefficient S;;, were measured under a series of bias mag-

netic fields. Representative data shown in Figure 45.

Increasing H,

S-parameter (dB)

——H,=1140 Oe
H =1380 Oe
y

6 8 12 14

f (EHZ)

Figure 45. The measured transmission characteristics (a) and reflection
coefficient (b) of the bandpass filter under different bias fields.

During these measurements, no DC voltage was applied to the sample. The actual
values of the bias field Hy were not recorded due to the magnetic field was produced by a
permanent magnet and thus was spatially non-uniform. When the bias magnetic field is
measured outside the sample, the different between the value registered by the Gaussme-
ter and the actual field at the position of ferrite resonator would be very different for any
meaningful comparison.

Figure 46 provides the data on the relation between resonance frequency and bias

field for a Zn,Y platelet that was placed in a uniform magnetic field produced by an
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electromagnet. Specifically, the resonance frequency ranges from 8 GHz to 12 GHz for
the bias field interval of 550 Oe ~ 1400 Oe.

Figure 46 shows profiles of |S2;| and |S;2| versus frequency and the band-pass
characteristic of the filter shows slight nonreciprocity that could be attributed to a non-
symmetrical position of the resonator with respect to the short-circuit metal slab, and thus
to non-equal coupling of the resonator modes with the electromagnetic signals coming

from the two opposite directions.

| —1S,, H,1080 Oe

S-parameter (dB)

7 3 9 10 11 12 13
f(GHz)

Figure 46. Comparison between the measured filter’s characteristics for
the opposite directions of the signal propagation.

The insertion loss and 3-dB bandwidth of the filter measured with the change of
the center frequency of the filter are plotted in the Figure 47. One notices that within the
X-band, the insertion loss is in the 8-9 dB range. From the reflections coefficients shown
in Figure 45, one may attribute such losses, in part, to the poor matching between the res-

onator and both input and output transmission lines.
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Figure 47. Band-pass filter performance throughout the X-band: (a) inser-
tion loss, (b) 3-dB bandwidth

A capacitive matching circuit on both sides of the ferrite sample might reduce the
insertion loss. The filter bandwidth is rather large in comparison, for example, with YIG
filters. The contributing factor, besides bias field nonuniformity, is the large losses in

Zn2Y. The full 3-dB linewidth of the two-side coupled resonator is given by

1+ K, + K>)

Af sa5=f. Qo

where f. is the center frequency, K; > 0 are the coupling coefficients with the in-
put and output transmission lines, and Qp is the unloaded quality factor that accounts for
internal losses in resonator. In turn, Qpis determined by the internal magnetic field and
the FMR linewidth. For in plane magnetized film Qp= Ho/AH. Therefore, for the compa-
rable values of /. and resonator made with smaller AH material will have a proportionally
narrower linewidth. Since the lowest AH values for single-crystal Zn,Y are on the order

of 107! Oe whereas the best YIG films have AH ~ 1 Oe, it is not surprising that the
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narrowest 3 dB linewidths of 10 ~ 20 MHz for YIG-based filters will be unattainable for
ZnyY filters.

The dual tunability of the bandpass filter was demonstrated by applying a DC cur-
rent along the sample basal plane and recording the ME effect induced changes in the
transmission characteristics. The small-signal resistance of the sample was R = 6.7 kQ at
room temperature. Due to semiconductor nature of the ferrite material, the linear depend-
ence between applied voltage U and current [ maintained only in a limited range of I and
voltage-current characteristic reached saturation for I >10 mA. This sets the limit for the
maximum applied current. Representative profiles for tuning the pass band by applied
DC currents are presented in Figure 48 (a). One notices a noticeable downshift of the
center frequency due to the current. This is expected based on results of our studies in
hexagonal ferrites that showed a decrease in the effective magnetization 4nM.y leading to
a decrease in the mode frequency. The measured center frequency dependence on applied
input power P = Ul for difference bias magnetic fields are shown in Figure 48 (b). A cur-
rent-tunable center frequency shift of more than 1 GHz is routinely obtained for applied
power P = 200 mW. The absolute frequency shift is larger for the frequencies around 12
GHz in comparisons with frequencies close to 8 GHz. Larger frequencies mean larger ap-

plied magnetic field Hy which, being a prefactor for 4nM.y, enhances its effect.
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Figure 48. (a) Characteristics tuning by applied DC current due to the
nonlinear ME effect. (b) Center frequency dependence on the applied elec-
tric power.

Finally, it is seen that for relatively small currents, the filter mostly retains the in-
sertion loss and bandwidth values, whereas for large current, both parameters deteriorate.
This may be due to the changes of complex microwave impedance of ferrite materials
which are known to take place in semiconductors with the increase of applied constant
voltage. The impedance changes will affect matching conditions and increased internal

losses will decrease the unloaded QO-factor.
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CHAPTER SIX

SUMMARY AND FUTURE WORK

This dissertation focused on my research effort in developing a novel detection
method for magnon-magnon coupling in exchange coupled YIG/Py bilayers with mag-
neto-optical effects and investigating the possibility of control of magnetization dynamics
by using voltage-driven electric field. These findings are essential for miniaturing the size
of semiconductors and achieving better performance by consuming less power than con-
ventional electronics.

The observation of the magnetically-induced transparency in YIG/Py bilayers ex-
hibiting magnon-magnon coupling. The use of the thin-film YIG system shows great po-
tential in practical applications. The series of standing waves in YIG may allow to build
an evenly distributed resonance array in a single YIG device, which may lead to relevant
applications such as memory and comb generation!'®**!l. In addition, compared with the
so-far widely used hybrid magnonic systems that utilize the ferromagnetic resonances,
our results pave the way towards building more complex hybrid systems with spin-
waves. Our measurement is achieved via a simultaneous and stroboscopic detection of
the coupled magnetization dynamics using a single wavelength, therefore avoids the pos-
sible artifacts due to multiple probes. Our work, performed in a planar structure as op-

posed to 3D cavities, also paves the way towards solving strong magnon-magnon
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couplings by the state-of-the-art spin-orbitronic toolkits!'*> 1}l involving emerging mate-

194-196 S[197—200

rials such as antiferromagnets! 12D monolayer 1 and topological insula-

tors201,202]

We also reported that the electric field/current-induced ME effect in a hexaferrite
material, Zn,Y. Single crystal thin films made by LPE were used for studies on ME effect
and the key advantage for use of the ferrite materials in the high frequency devices is that
the magnetic properties can be tuned by both magnetic and electric field. The ME coeffi-
cient was determined from the shift in the resonance frequency and the estimated varia-
tions in the magnetic parameters.

The tuning characteristics may be significantly impacted by the Joule heat pro-

duced in the hexagonal ferrite film, Zn>Y, when the tuning electric current / is high. As a
result, this research can be looked at further. We will first characterize the temperature
dependence of the tuned frequency shift in order to decouple the thermal effect on the
magnetic responses and electric field tunability of the devices. The objective is to monitor
the ferromagnetic layer of the device’s magnetic responses at various temperatures. To
facilitate quick but precise device characterizations, we will prepare a small-sized testbed
with well controlled temperature range and stability. A Peltier cooling device with a pulse
width modulation temperature control system will be used in the characterization owing

to the size of the miniaturized device. For the closed-loop control system, a precise tem-

perature sensor will be positioned close to the surface of the device being tested.
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