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ABSTRACT

INVESTIGATING MAGNETIC PROPERTIES OF
DOT/ANTIDOT STRUCTURES IN MAGNETIC THIN
FILMS FOR MICROWAVE DEVICE APPLICATIONS

Magnetic insulators with perpendicular magnetic anisotropy enable low-power
spin-orbit torque switching, high-frequency oscillation, and fast domain-wall motion
[1]. Ferromagnetic insulators with PMA are key for studying skyrmions, magneto-
optics, and memory/logic applications [2-4]. Yttrium iron garnet (YIG), with its

perpendicular magnetization, revolutionizes current spintronics and magnonics.

This work focuses on growing thin/ultrathin YIG films on Silicon substrates
using Pulsed Laser Deposition (PLD) and explores the strain’s impact on magnetic
anisotropy. We achieved perpendicular magnetic anisotropy without additional layers

or doping materials.

Additionally, we studied the magnetic properties of Permalloy (NiFe) thin films
with dot/antidot arrays that have the ability to modify the magnetic behavior of mag-
netic thin films such as the magnetization reversal mechanism, magnetic domains, and
control the magnetic anisotropy. The FMR technique determined the magnetization
dynamics of the dot/antidot patterned NiFe thin films. The magnetization reversal of
various shape, size, and thickness of dot /antidot array were investigated by a micromag-
netic simulation, Mumax3 which solves the Landau-Lifshitz-Gilbert (LLG) equation.
The remnant magnetization and coercive fields of the structures were extracted from
the hysteresis loops. We discovered the excitation of spin-wave modes related to the
shape effect from the FMR spectrum and found out different domain wall structures

corresponding to different dot/antidot shapes from the simulations.



OZET

MANYETIK INCE FILMLERDEKI NOKTA /BOSLUK
YAPILARIN MANYETIK OZELLIKLERININ
MIKRODALGA CIHAZ UYGULAMALARI ICIN
INCELENMESI

Dikey manyetik anizotropiye sahip manyetik izolatorler, diigiik gii¢ tiiketen spin-
yorlinge tork anahtarlamasina, yiiksek frekansh spin-yoriinge tork salimimina, ytiksek
hizda etki alani-duvar hareketine olanak saglar [1]. PMA’l1 ferromanyetik yahtkanlar,
skyrmions, manyeto-optik, bellek ve mantik uygulamalar: iizerinde ¢alismak icin kul-
lanilir [2-4]. Dik miknatislanmali Yttrium demir granat (YIG) manyetik izolator, spin-

tronik ve magnonik uygulamalara yenilik getirmektedir.

Bu ¢aligma, ince/ultra ince YIG filmlerinin darbeli lazer biriktirme (PLD) metodu
ile Silikon alttasa biiyiitiilmesine ve alttag ile film arasinda olugan gerilimin manyetik
anizotropi tizerindeki etkisine odaklanmaktadir. Ek katmanlar veya doping kullan-

madan dik manyetik anizotropiyi elde ettik.

Ayrica nokta/bosluk dizilimli Permalloy (NiFe) ince filmlerin manyetik 6zellikleri
de calisilmigtir. Nokta ve bosluk dizisi yapilari, miknatislanmanin yontini degistirme,
manyetik bolgeler olugturma, manyetik ince filmlerin manyetik davranigini degigtirme
ve anizotropiyi kontrol etme yetenegine sahiptir. Nokta/bogluk desenli NiFe ince film-
lerin manyetizasyon dinamikleri FMR teknigi ile belirlenmistir. Cesitli nokta/ bogluk
sekilleri, boyutlar1 ve kalinliklarinda miknatislanmayi tersine ¢evirme, Landau-Lifshitz-
Gilbert (LLG) denklemini ¢6zen Mumax3 mikromanyetik simiilasyonu ile incelenmistir.
Artik miknatislanma ve zorlayici alanlar, histerezis dongiilerinden gikarilmigtir. FMR
ve simiilasyonlardan sekil etkisine bagh spin dalga modlarimin uyarilmasi ve farklh

sekillere karsilik gelen farkl spin boélgeleri bulunmustur.
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1. INTRODUCTION

High demand for suitable magnetic insulators in spintronics research and device
applications has been generated in recent years. Magnetic garnet films have been
considered a good alternative material to ferromagnetic conductors in spintronics ap-
plications since the beginning of the 1980s. Since garnets are mainly composed of
oxides that make them insulators, information losses due to Eddy currents are very
low. Insulating garnets are applied in high-frequency applications and are used for
fast switching of magnetic properties since their magnetization is very low. Owing
to the absence of conduction electrons and Fe*" ions, the ferromagnetic relaxation of
magnetic garnets is usually smaller than other ferromagnetic materials. YIG (chemical
formula Y3Fe;012) is an outstanding material with the lowest relaxation, the lowest
intrinsic damping constant of 3 x 107 among all materials, especially in microwave
device applications as a core material in microwave generators and analyzers [5]. The
narrow line width allows the magnon to propagate over distances of centimeters. Ow-
ing to this unique property, YIG is used as an essential material for the experimental
studies of microwave magnetic dynamics, and microwave magnetic technologies, i.e.
magnon transistor and magnon logic gate [6,7]. and general wave and quasi particle
dynamics [8,9]. YIG was synthesized for the first time by Geller and Gilleo in 1957 [10].
Since then, YIG is used as the most suitable ferrite garnet for high-frequency appli-
cations [11]. Having a high electric resistivity [12], a high radiation stability [13], a
low magnetization [14], narrow ferromagnetic linewidth and thereby, low loss [11], al-
lows YIG material used widely in circulatory, isolators and phase shifters and many
microwave applications [15]. The intrinsic constant of YIG is two orders of magnitude
smaller than the materials used in spintronics currently, which is mostly preferred for
spin-wave-based logic operations. Its low damping makes YIG a suitable material for
spin wave studies and magneto-optic applications. As an insulator, the absence of Joule
heating is a prominent feature of YIG in the use of electronic devices. In addition to
spintronic and microwave applications of YIG, an appreciable interest has occurred in

the quantum studies of YIG magnon dynamics. YIG was used in quantum measure-



ment and information processing technologies, cavity-based QED, optomagnonics [16],
and optomechanics. It has been realized that a strong coupling between the magnon
modes of YIG and a superconducting qubit can be promoted as a tool for quantum
information technologies [17]. Magnons are known as bosonic quasiparticles and are
the quanta of oscillations of magnetic moments in a magnetic material. Magnonics is
the study of the transmission, storage, and information process in spin-wave packets
in a magnetic material. In magnon spintronics where the information is carried by
spin waves, device applications use mutual conversion between electron spin current
and magnon current. In contrast to electronic devices, spintronic devices don’t pro-
duce joule heating because there are no charges to carriers moving. Recently, there
are promising attempts to use the properties of high-frequency ferromagnetic materials
for creating spin-wave logic devices and for realizing spin torque oscillators having ap-
plications in information processing. Another field, quantum magnonics, is defined as
the interaction of magnon spintronics and quantum information. It includes quantum
magnonic, spintronic, magnonic, quantum optics, and quantum computing and forms
the basis of today’s technology. Spin waves in YIG can amplify the oscillating field
of a microwave source and can act as quantum buses in long-range qubit interactions.
Spin waves can be used in hybrid quantum networks and sensing devices for efficient

manipulation and solid-state defect coupling.

Spin waves occur in the microwave frequency range and the wavelength is in the
nanometer range. These properties make spin waves used in microwave information
processing devices. Spin waves can be obtained in polycrystalline magnetic metals and
alloys, but their large intrinsic damping prevents spin wave propagation for long dis-
tances. For Iron and Permalloy, the lifetime of a magnon is very short (nanoseconds)
and the speed of a magnon is very slow, which results in a 10-micrometer-mean free
path of spin waves [18,19]. For YIG, the magnon lifetime is around a few hundred
nanoseconds, and the spin wave propagates over a centimeter distance due to its low
damping. That’s why YIG is used in microwave devices such as high QQ microwave os-
cillators, microwave filters, microwave generators, and filters [20,21]. YIG has a cubic

crystalline structure. The dimension of the unit cell is 12.37 A° and each cell has 80



atoms. 20 Fe3* ions are shared by the octahedral and tetrahedral sublattices which
have antiferromagnetic coupling [22]. The fabrication of good-quality YIG thin films
is important for spin wave dynamics. Up to now, the best YIG film was deposited on
Gadolinium Gallium Garnet (GGG) substrate by liquid phase epitaxy [23]. The perfect
match between YIG and GGG enables high-purity, stress-free, highly homogenous YIG
film. The production process, composition, homogeneity, and stoichiometry play a key
role in determining the magnetic properties of YIG. YIG is among the most preferred
ferromagnetic insulators used in microwave, optical, and magneto-optical applications.
Intrinsically low magnetic spin wave damping which is almost 1075 [24] causes exceed-
ingly low losses, especially in microwave device applications such as a resonant element
in filtering and tunabling, isolators, phase shifters, etc. is chemically stable, with a
high Curie temperature [25]. YIG material is used for high-frequency magnetization
dynamics [26]. These properties also have a high effect on electromagnetic properties,
e.g., tunable saturation magnetization. YIG has an in-plane anisotropy due to large
shape anisotropy and small magneto crystalline anisotropy. Fabrication of YIG thin
films with perpendicular magnetic anisotropy is challenging. It is a fact that YIG as a
perfect magnetic insulator with perpendicular anisotropy brings novelty to the exist-
ing spin-related technologies, magnonic applications, and magnetic memory and logic
devices. Perpendicular magnetized YIG is significant for spin-orbit switching, spin
transfer torque, and, a reliable and fast response. Controlling magnetic anisotropy in
garnets is currently an important and popular subject. Bulk or thick YIG films in
the micron range are studied in terms of static and dynamic magnetic properties, and
we see their potential applications in many microwave devices as microwave filtering,
tuning, insulators, and phase shifters. In addition to those outstanding developments,
when the thickness scale of YIG diminishes to a thin/ultrathin regime, it is easier
to manipulate magnetic properties, which is crucial for spintronic and magneto-optical
applications. Therefore, this thesis covers the structural and magnetic characterization
of YIG thin films deposited on Si-100 substrate by pulsed laser deposition. The effect
of post-annealing on the crystallization and the effect of thickness on the magnetic
properties were studied. Spin wave modes excitation in YIG thin films with PMA is

lacking in the literature so far. Thus, spin wave modes were analyzed from the ferro-



magnetic resonance spectrum of YIG thin films. The findings of these studies provide
insight into faster spin wave computing devices and superior magnonic logic device

applications.

In addition to YIG, another soft magnetic alloy, Permalloy (NiFe) was the mate-
rial studied in this thesis. The magnetic properties of confined magnetic nanostructures
show significant differences from the pure magnetic thin film. Arrays of NiFe dots in the
micron range in lateral dimensions have been fabricated by the lithography technique.
Different dot shapes correspond to different magnetic anisotropies, which alter the de-
magnetization processes. The interaction between the dots leads to different domain
configurations. The magnetization reversal of dot arrays in NiFe thin films has been
simulated by the Mumax3 program as a function of dot shape, dot size, and separation
distance between the dots. The coupling between the dots and the dot shape and array
geometry plays a vital role in determining magnetic anisotropy. Another array pattern
studied in this thesis is the antidot array in NiFe thin film. Antidot array in mag-
netic films is interesting from the technological point of view such that these magnetic
nanostructures enable the generation of ultra-high-density magnetic storage as well
as two-dimensional magnonic crystals and magneto-optic applications. Antidot array,
which is an array of holes patterned in ferromagnetic thin films, establishes magnetiza-
tion pinning centers between the holes. Antidots do not have the superparamagnetic
limit as magnetic dots do. The magnetic properties depend on the geometrical pa-
rameters, such as the array geometry, hole diameter, hole shape, inter-pattern spacing,
and film thickness. The magnetization reversal process is affected by the stray field
distribution, which is responsible for the domain nucleation and domain wall motion.
The emergence of domains around the hole structures is explained by the intrinsic
uniaxial magnetic anisotropy and the demagnetizing fields between the antidots. The
antidot structure induces anisotropies which affect the domain wall nucleation and do-
main wall motion. The coercivity, remnant magnetization, and magnetization reversal
process can be controlled by the antidot geometry. Domain walls pass through the area
between the antidots and the magnetization is pinned at the boundary of the antidot.

This gives rise to an increase in the coercivity with respect to the homogenous thin



film. Within the medium between the antidots, memory bits can be captured along

the hard magnetic axis of the array structure.

For this thesis, arrays of dots/antidots of different sizes and different shapes in
the micron range have been fabricated by using lithography, and further, NiFe thin film
with the same thickness has been deposited on the Si substrate with the dot/antidot
array pattern. The magnetization dynamics in a ferromagnetic thin film with a dot/
antidot array must be well understood for its implementation in microwave technology.
The dynamic response of various shape-Permalloy dot/antidot arrays in a square lattice
has been studied as a function of dot/ antidot structure size, and distance between the

structures using ferromagnetic resonance measurement at 9.5 GHz.

The first part of this thesis starts with a brief history and the fundamentals of
magnetism. Chapter. 1 starts with an introduction to the topics of the thesis. Chapter
2 is dedicated to the theory of magnetism, which outlines the basic terms of magnetism
and runs through a classification of magnetic materials. In this chapter, the reason why
magnetism cannot be explained in classical mechanics and the electrodynamics ap-
proach is discussed. Different types of magnetic order in the solids i.e. diamagnetism,
paramagnetism, ferromagnetism, antiferromagnetism, and ferrimagnetism are repre-
sented. The definition of magnetic anisotropy and a number of magnetic anisotropy
types are given in detail. In the following sections, magnetization dynamics, the damp-
ing mechanism, and the ferromagnetic resonance will be explained. Further, the spin
wave, magnonics, spin wave excitation, and propagation will be presented. Chapter 3
consists of thin film deposition techniques which are used in this thesis. Pulsed laser
deposition and RF sputtering were briefly explained. To fabricate a dot and antidot
array on Permalloy film, the photolithography technique was used, so the lithography
steps were described. In addition, the structural characterization techniques which are
X-ray diffraction (XRD), X-ray Photoemission spectroscopy (XPS), and the magneti-
zation characterization techniques such as vibrating sample magnetometer (VSM) and
ferromagnetic resonance (FMR) technique were explained. During the thesis, micro-
magnetic simulations were performed for the magnetization reversal process. Therefore,

I will give some idea about the algorithm of the micromagnetic simulations. In Chapter



4, the structural and magnetic characterization of YIG thin films, in-plane magnetic
anisotropy, perpendicular magnetic anisotropy in YIG films grown on Silicon substrate,
and the spin wave studies in YIG films with PMA will be discussed comprehensively.
In Chapter 5, the magnetization dynamics of NiFe (Permalloy) with dot/antidot array
structures will be represented in addition to the preparation of samples by lithography
and sputtering. The Ferromagnetic resonance spectrum of dot/antidot arrays shows
the spin wave modes excitation due to the shape effect. In Chapter 6, I will show the
micromagnetic simulation results for the hysteresis curves of various shape dot and
antidot arrays with different inter-pattern spacing. The anisotropy, demagnetization,
exchange, Zeeman, and total energies were calculated as a function of the field during
the magnetization reversal. Magnetic domains, uniformly magnetized regions in which
all magnetic moments are oriented parallel to each other, will be visualized with re-
spect to different dot/antidot shapes. Chapter 7 is devoted to the results of the studies

within the thesis. Chapter 8 includes the summary and future works.

The full FMR spectra of pure NiFe thin film, dot, and antidot array patterns in
in-plane and out-of-plane measurement geometry are given in the appendices. In this
thesis, I make use of the units and definitions of the system international SI. In some
figures, the properties are given in the cgs system. This research work has contributed

to two publications ( [27] and [28]).



2. THEORY OF MAGNETISM

In this chapter, the history of magnetism will be given briefly. The origin of mag-
netism, magnetic ordering, specifically ferromagnetic materials, magnetic anisotropy,
magnetization reversal process, magnetization dynamics, magnonics, and spin waves

will be discussed.

2.1. The History of Magnetism

The history of magnetism goes back to earlier than 600 B.C. Magnets have fasci-
nated countless curious souls for two thousand years because of their ability to attract
iron and other ferromagnets from far distances. Permanent magnets were quite com-
mon in nature and called loadstones which are rocks rich in magnetite (Iron oxide,
Fe30,4) magnetized by giant electric currents in lightning strikes. People in Sumer,
Ancient Greece, and China were acclimated to their natural fascination. The Chinese
spoon was an early magnetic device as a South pointer [29]. In 1064, Zheng Gongliang
discovered the magnetization of steel needles in the Earth field, thus giving rise to the
first artificial permanent magnets. The navigational compass was discovered by Shen
Kua in 1088. Owing to the compass, Africa and America were discovered by Cheng
Ho in 1433 and Christopher Columbus in 1492, respectively. It is believed that the
first scientific content on magnetism was written in William Gilbert’s monograph De.
Magnete in 1600. Gilbert discovered that the earth itself, not the stars, as previously
assumed, is a great magnet. The horseshoe magnet, which has remained a symbol of
magnetism to this day, was invented by Daniel Bernoulli in 1743 to make a compact
magnet that does not self-destruct in its own demagnetizing field. Carl Friedrich Gauss
implemented the first theoretical investigations about the Earth’s magnetism (1777-
1855). The electromagnetic revolution started with the discovery of the connection
between electricity and magnetism. In 1820, Hans-Christian Oersted showed that a
current-carrying wire yields a magnetic field around and deflects a compass needle. Af-
ter a while, Andr “e-Marie Amp‘ere and Dominique-Francois Arago demonstrated that

the current-carrying coil behaves like a magnet. Two parallel wires, carrying current,



attracted each other if the currents were in the same direction and opposed each other
if the currents were in opposite directions. In 1821, Michael Faraday was the initiator
of the breakthrough discovery of electromagnetic induction, which states that a change
in magnetic intensity produces an electric current. He discovered that if electric cur-
rents in a wire produce magnetic fields, magnetic fields can also produce electricity.
He demonstrated that when a magnet moves inside a coil of copper wire, a tiny elec-
tric current flows through the wire, or when the coil is rotated between the poles of
a magnet, a magnetic field causes a current to flow in a coil of wire. Following the
link between magnetism and light, the magneto-optic Faraday effect was discovered in
1845. James Clerk Maxwell summarized the unified theory of electricity, magnetism,

and light in the four equations called Maxwell’s equations (1864) which are given as

V-B=0, (2.1)

&V -E = p, (2.2)

(1/10) X V- B = J + ¢,dE /o4, (2.3)
V x OE = —0B/at, (2.4)

where E and B are the electric and magnetic fields, p and J are the electric charge and
current densities, respectively, and €¢; and p are the electric and magnetic constants.
Maxwell equations show the relationship between the electric and magnetic fields in
free space and the surrounding area’s charge and current densities. The solution to
Maxwell’s equations reveals that the coupled oscillating electric and magnetic fields
propagate at the speed of light, ¢ with the value of 2.998 x 108s™!. The speed of
light was derived from the equation \/m = 1/c These electromagnetic waves have
wavelength A and frequency f, related by ¢ = X\ - f. Maxwell’s equations are not
symmetric for the electric and magnetic fields. In theoretical calculations, it is easy to
make an analogy between electric and magnetic fields. Similar to Coulomb’s positive
and negative charge idea, North or south magnetic poles as suggested by Gilbert are not
present in nature. Electric charges have no magnetic counterpart. Although magnetic
monopoles do not exist, a material’s magnetic field is attributed to a magnetic dipole,
and the net output of the magnetic field from a closed surface is zero. Magnetic

dipoles are represented as current loops. After all, electricity and magnetism are based



on electric charges and magnetic dipoles. Lorentz’s force on a moving particle with

velocity v and charge ¢ subjected to electric and magnetic fields are f = g(E+v x B).

In 1824, an iron-cored electromagnet was invented. Electromagnets were more
effective than the horseshoe-shaped core temporarily magnetized by the magnetic field
produced by current in the windings and used in electric motors and generators effi-
ciently. In 1897, the discovery of electrons brought the facility of communication by
telegraph cables distributed over the earth and transmitting messages close to the speed
of light. Although the outstanding revolution in electromagnetism, the ferromagnetism
concept in materials was still not well explained and understood. Pierre Weiss’s molec-
ular field theory (1907) postulates the phase transition at a Curie point, where iron
reversibly loses its ferromagnetism. Inside the material, an internal magnetic field aligns
in a three-order magnitude greater than and parallel to the magnetization. Maxwell’s
equation claims that the magnetic field B should be continuous, however, a field that
has such a greater magnitude was never observed outside a magnetized iron. Therefore,
classical approaches were not enough to explain the nature of ferromagnetism. Only
after quantum mechanics and relativity, and the advances in modern physics in the
early years of the twentieth century, ferromagnetism started to be understood well. In
1925, it was discovered that Amperian currents are associated with quantized angular
momentum and that electrons have quantized spins, and these spins are directed up
and down in the magnetic field. Therefore, it turned out that the Ampere current
carries a quantized angular momentum due to the quantized spin known as the Bohr
magneton pup = 9.274 x 1072* A m? and magnetic properties originate mainly from
the magnetic moments of electrons. In 1929, Werner Heisenberg illustrated that the
interactions caused to ferromagnetism are electrostatic and obey the Pauli exclusion

principle. Heisenberg represented the Hamiltonian
H = -2JS,-8S;, (2.5)

where J is the exchange constant. The Hamiltonian gives the interaction between two
neighboring atoms, in which the total spins are S; and S;. Atomic magnetic moments
and electronic spins are related to each other. When the exchange interaction J is

positive, the material is ferromagnetic, which means that the spins align parallel to
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each other. When the sign of J is negative, the spins at sites i and j tend to align
antiparallel. In 1936 and 1948, Louis Neel brought out that this gave rise to antiferro-
magnetism or ferrimagnetism concerning the crystal lattice structure. At the beginning
of the twentieth century, hard and soft magnetic steels were used to understand mag-
netism. In 1960, major progress in advanced technology was made with the ability to
produce new types of alloys, rare earth element-doped materials. Engineering of crys-
tal topology and advancement in chemistry and material science have brought novel
approaches and capabilities to do cutting-edge magnetism and quantum-related exper-
iments. In the 1940s and 1950s, the discovery of magnetic resonance methods and the
development of spectroscopic and diffraction techniques provided a better understand-
ing of solids’ magnetic and electronic structures. Microwave technology was developed
during the Second World War. Today, developments in magnetic recording and high-
frequency materials establish high improvements in computers, telecommunications,

earth sciences, and the internet for the benefit of humanity.

2.2. Magnetic Ordering

This chapter summarizes some basic terms of magnetism. The origin of mag-
netism basically comes from the orbital and spin angular momentum of electrons and
interactions between electrons. The behavior of a material when an external field
is applied causes different types of magnetism, i.e. diamagnetism, paramagnetism,
ferromagnetism, antiferromagnetism, and ferrimagnetism [30]. In analogy with the
interactions between Coulomb charges, the force generated by two magnetic poles is
proportional to the dot product of the magnetic pole strengths and is inversely pro-
portional to the square of the distance between the poles, which is defined as

_ D1-De
==

In the cgs unit system, the proportionality constant is equivalent to 1. In the SI unit

F

(2.6)

system, the force relation can be written as

I p1-po
= 2.7
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where i is the permeability of free space and its value is 47 x 10~7 weber /ampere meter
(Wb/Am) [31]. Assuming one of the poles generates a magnetic field, H, applying a

force on the other pole, we can express this force as

b1 P2
From Equation (2.8), H can be reproduced as
b

The cgs units for the magnetic field are called Oersteds (Oe). In the SI system, the

field is written as

i
A7 g d?’

(2.10)

In this expression, the units are amperes per meter (A/m). The conversion from the
cgs unit system to the SI unit system is 1 Oe =1000/47 A/m. The field strength can

be defined as the amount of flux passing through a unit area and is given as
¢ = HA, (2.11)

where ¢ is the magnetic flux, H is the field strength and A is the unit area perpendicular
to the field. The flux in the cgs unit system is Oersted.cm?. In SI unit system, the flux
is written as

¢ = poHA (2.12)
with a unit of Weber. Faraday’s law states that the change in the flux induces an
electric current in a circuit (e = —%). The minus sign shows that the current generates
a magnetic field opposite to the magnetic flux. This phenomenon is known as Lenz’s
law. A current loop in classical electromagnetism explains the magnetic moment .
A current I flowing around an infinitely small loop which has an area of dA has a

magnetic moment du with a relation of
dp = IdA. (2.13)

By summing up the magnetic moments of these “small” loops for a loop of finite size,

the net magnetic moment can be expressed as

= /[dA. (2.14)
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The magnetic moment in the cgs unit system is called the emu. In SI units, a magnetic

2

moment unit is given as A m“. The energy of a magnetic moment is given in the

following relation
E = pop - H = popH cos(0), (2.15)
where 6 is the angle between the magnetic moment, 1 and an external magnetic field, H,
and g is the magnetic permeability of the free space. Magnetic induction or magnetic
flux density, B, is the response of a material under an external magnetic field, H. The
relationship between H and B gives the characteristics of the material. In free space and
in some materials, the correlation between B and H is linear, however, it is generally
more complicated. B and H may not be the same in magnitude and direction inside
the materials due to the magnetization, M. The equation between B and H is (in cgs
units)
B=H+47M, (2.16)
where M is the magnetization of the medium. The total magnetic moment per unit

volume gives the magnetization, M, and is defined as
m

M= . (2.17)

In the SI unit system, magnetization is written as

B = jip(H +M). (2.18)
The units of M and H are A/m and the units of yy are weber/A m. So, the units of
B are weber/m?, or tesla (T); 1 gauss = 10~% Tesla. The magnetic induction, B, and
the density of flux, ¢ within the medium are the same. Inside a material, B = ¢/A is
equivalent to H = ¢/A in free space. Since the flux density differs inside and outside

the material, magnetic materials can be classified as follows:

If ¢y < Pout, the material is diamagnetic, such as bismuth and helium. These
materials have zero magnetic field inside and, therefore, have zero magnetic dipole
moment. If ¢y, > ¢out, then there are two situations such that the material is either
paramagnetic (Na or Al) or antiferromagnetic (MnO or FeO), in which the atoms
or ions have a magnetic dipole moment. Dipole moments in paramagnetic materials

are oriented randomly, whereas, in antiferromagnetic materials, dipole moments align
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antiparallel to each other. In ferromagnetic or ferrimagnetic materials, ¢ inside the
material is much greater compared to the ¢ outside. The magnetic dipole moments
in ferromagnetic materials align in the same direction. Ferrimagnetic materials show
similarity with antiferromagnetic materials since magnetic dipoles are antiparallel to
each other, but, the net magnetic moment does not vanish. Some dipole moments are
greater than others. Inside ferromagnetic and ferrimagnetic materials, magnetic flux

is much more intensive than that of outside.

1444404 Ant M4 ittty
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Ferromagnetism Paramagnetism Ferrimagnetism Antiferromagnetism

Figure 2.1. Magnetic moment ordering in paramagnetic, antiferromagnetic,

ferromagnetic and ferrimagnetic materials [32].

Figure 2.1 refers to the different magnetic orderings. If the magnetization, M
aligns parallel to the external magnetic field, H, the relationship between M and H is
given in the following

M = yH, (2.19)

where Y is the magnetic susceptibility with a unit of emu/cm3QOe. The susceptibility
is the response of a magnetic material to an applied magnetic field. The relationship
between B and H is linear, therefore the material is called a linear material. The
permeability, 4 = B/H, shows how permeable a material is to a magnetic field. Using
Equation (2.16), permeability and susceptibility are related to each other as

B = (1 +4my)H,
(2.20)

pw=144mry.
In the SI unit,

B:NO(1+X>H7 (2'21)

= pop H.
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Here, p, is the relative permeability and is described by the relation p, =1+ .
The relative permeability for vacuum is u, = 1 and generally inside the material
i > 1. Magnetic materials can be classified into three regarding relative permeabil-
ity. In diamagnetic materials, the diamagnetic susceptibility is negative due to the
antiparallel orientation of the magnetic dipoles with respect to the external magnetic
field, H. Therefore, the net magnetic moment is zero. The diamagnetic susceptibility

is expressed as
x4 = const < 0. (2.22)

Organic materials, metals such as Hg, and superconductors below the critical tem-
perature can be given as examples of diamagnetic materials. The susceptibility for
paramagnetic materials is defined as,
X >0, (2.23)
and the temperature dependence of the susceptibility can be represented as
XPH(T) > 0. (2.24)
Each atom in paramagnetic materials has a small magnetic moment that is oriented
randomly. When the field is not applied, the net magnetic moment is zero. The
magnetic moment in paramagnetic materials is permanent and aligns in an external
magnetic field direction, H, with respect to the thermal fluctuations. In Langevin para-
magnetism, the magnetic moments of electrons in the inner shell are local due to being
partially filled. 4f electrons in rare earth metals and 5f electrons in actinides can be
given as examples of localized moments. The equation for the Langevin susceptibility

at high temperature is given as

yLangevin () — © (2.25)
which is known as the Curie law. Another type of paramagnetism is Pauli paramag-
netism, where nearly free electrons in the valence band have a permanent magnetic
moment of 1 ug which ug is the Bohr magneton. In this case, the susceptibility does
not depend on the temperature, which is expressed as

aXPauli (T)

~ 0. 2.2
T 0 (2.26)
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The exchange interaction between the permanent magnetic dipoles finds an ex-
planation with quantum mechanics and comprises the origin of the other types of
magnetism,i.e., ferromagnetism, ferrimagnetism, and antiferromagnetism. A Critical
temperature, T, which is the Curie temperature, establishes the orientation of mag-
netic dipoles. Below the Curie temperature, magnetization is spontaneous because of
the preferentially oriented magnetic dipoles. At zero temperature, all magnetic mo-
ments exhibit parallel orientation with respect to each other. In ferrimagnetism, the
lattice has two ferromagnetic sublattices A and B which show different magnetization,
M4 # Mg, the total magnetization is different from zero (M4 + Mp) # 0 for T < T..
Antiferromagnetism is a kind of ferrimagnetism, but the critical temperature is Neel
Temperature, Ty. My = Mp # 0 for T < Ty and My = —Mp. Therefore, the to-
tal magnetization is zero. Above the critical temperature, paramagnetism emerges.
The correlation between the temperature and the susceptibility for ferromagnetism,

ferrimagnetism, and antiferromagnetism is illustrated in Figure 2.2.

1/x

Ferromagnetic

6<0 60 T=650 T, T

Figure 2.2. Temperature dependence of the magnetic susceptibility x for (a)
diamagnetism and Pauli paramagnetism, and temperature dependence of the inverse
magnetic susceptibility x ! for (b) Langevin paramagnetism, (c) ferromagnetism,
antiferromagnetism, and ferrimagnetism. 7™ is the critical temperature and 6 the

paramagnetic Curie temperature [33].
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Graphs that show the relation between M or B and H are defined as magnetiza-
tion curves. Magnetization dependence as a function of the applied field is plotted in
Figure 2.3. M — H curves are linear for diamagnetic, paramagnetic, and antiferromag-
netic materials. Large fields need to be applied to change magnetization slightly. When
the field is removed, no magnetization remains. The slope of the M-H curve gives the
susceptibility. The susceptibility is small and negative for diamagnetic materials, and
the permeability is smaller than one. Paramagnetic and antiferromagnetic materials
have a positive slope which means that the susceptibility and permeability are small

and positive, and slightly greater than the unity.

M(emu/cm?3)
0.5 -
Paramagnetic/Antiferromagnetic
r » H (Oe)
20000
05 - Diamagnetic

Figure 2.3. Magnetization curve for paramagnetic, antiferromagnetic and diamagnetic

materials.

Magnetization curves for ferromagnetic and ferrimagnetic materials are shown in
Figure 2.4. The susceptibility and permeability of the ferromagnetic and ferrimagnetic
materials are positive and large. Here, the magnetization magnitude is much larger
with respect to the other material types. A slightly applied field causes a large amount
of change in the magnetization. When the field increases, the magnetization increases
as well. After a certain amount of field is applied, the magnetization does not change,
which means that magnetization is saturated. When the external field decreases, the

magnetization decreases to some extent but does not take the zero value. At zero field,
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magnetization still exits. When the field is reversed, the graph of M or B versus H
curve is known as a hysteresis loop, as shown in Figure 2.5. Permanent magnets are
made from ferromagnetic materials owing to their hysteresis behavior. In the beginning,
the material is not magnetized. When the field increases in the positive direction, B
increases from 0 to B,. The magnetization is constant after reaching the saturation,
as shown in Figure 2.5. However, B still increases following the Equation (2.16). Here,
B, is called the saturation induction, and the curve from zero magnetization to By is
defined as the normal induction curve. When H decreases to 0 value, the induction
diminishes from B to B, which is the residual induction. The reversed field which

reduces the induction to zero is called the coercivity, H..

M(emu/cm3)

r

2000 -

Ferro/Ferrimagnetic

0 + > H (Oe)
100

Figure 2.4. Magnetization curve for ferromagnetic and ferrimagnetic materials.

Ferromagnetic materials are either hard or soft with respect to the value of the
coercivity. While a hard magnet requires a large field to decrease the induction to 0
value or reach saturation magnetization, a soft magnet can be saturated and demag-
netized easily. When the field increases in the reverse direction, saturation is obtained
in the reverse direction. There is an inversion symmetry in the hysteresis loop with

respect to the origin. Magnetic dipole moments originate from the angular momentum
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of the electrons. The magnetic moment of a free atom, when there is no magnetic field,
includes the orbital angular momenta of the electrons circulating the nucleus and ad-
ditionally spin angular momentum due to the spin property of the electron. Quantum
mechanics clarifies why some isolated atoms have a permanent magnetic dipole mo-
ment and other atoms do not. The solution of the Schrodinger equation manifests that
the orbital angular momentum of electrons is quantized, and magnetic dipole moments

can take only certain values in the presence of an external field.

Figure 2.5. Hysteresis loop for the ferromagnetic materials [34].

The Schrodinger equation for the Hydrogen atom is

R _, e?

= By, (2.27)

2m, 4dmegr
where m, is the electron’s mass, e is the electron’s charge, and € is the permittivity of
the space. The potential is only the coulomb interaction between the electron and the

nucleus. The Laplace operator V? in spherical coordinates is given as

2 2
1ot Lo 0509 (2.28)

2 107 i 1o 1o
Vv —T0T2T+r2(sin29392+sin880 00
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The solution to the Schrodinger equation gives the wave function )y, (7,0, ¢) which

consists of both radial and angular parts

Uity (7,0, 0) = Ryt (1)Y1,m, (0, 0). (2.29)

The probability of finding the electron at a point 7 is the absolute square of the spherical
wave function P = |, (r,0¢)[>. The n, I, and m labels are quantum numbers
for the permitted solutions of the Schrodinger equation. The n and [ labels are the
principal and angular momentum quantum numbers, while the label m; is the magnetic
quantum number. Quantum numbers only take the restricted values (n : 1,2,3...,
[:0,1,2..(n—1), my : =L, (=l +1),..(1l = 1),1). The principal quantum number, n,

gives the energy, F,, of the electron level

mee 1
E, = —(—=)=, 2.30
( 32m2elh? ) n? ( )
where h = % is the Planck constant. n = 1 level has the lowest energy, which is

known as the ground state of the hydrogen atom. Electronic shells are formed by the n
principal number. The n'* shell has n? electronic orbitals in which a maximum of two
electrons is allowed. The n value affects magnetic properties indirectly since it restricts
the allowed values of the [ and m; quantum numbers. The orbital angular momentum,

L, is derived from the orbital quantum numbers [ as follows:

IL| = /(I + 1)h. (2.31)

Labels of 1 0,1,2,3,... correspond to the atomic orbitals s, p, d, and f. For [ = 0,
there is no contribution from the orbital angular momentum to the magnetic dipole
moment. The n = 1 level constitutes only s orbitals, the n = 2 level contains s and p,
and the n = 3 level contains s, p, and d orbitals. In the hydrogen atom, orbitals of the
same n number have the same energy. The magnetic quantum number,m,, is for the
quantized orientation of the orbital angular momentum with respect to a magnetic field
and takes integer values from —/ to +I. The component of angular momentum along
the field direction is calculated as m;h. This value is always less than the magnitude of
the total orbital angular momentum. Therefore, the orbital angular momentum vector

cannot align along the field direction. It makes a precession in a cone around the field
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direction. Other than hydrogen, atoms have more electrons interacting with each other
and the nucleus. Therefore, the Schrodinger equation can not be solved analytically.
The energy of an electron depends on both the principal quantum number and the
orbital angular momentum number. Electrons with smaller angular momentum are
more stable due to the lower energy. So, they fill the orbits starting from the lowest
energy to the highest one. In the periodic table, the order of atomic orbitals is 1s; 2s;
2p; 3s; 3p; 3d; 4s... and so on. The energy of atomic orbital changes in the presence of

a magnetic field, H. This change is expressed as
E = popupmiH, (2.32)

where up = eh/2m, is the Bohr Magneton, the elementary unit of orbital magnetic
moment in an atom with a value of 9.274 x 10724 J/T. In the normal Zeeman effect, the
energy is proportional to the orbital angular momentum and the applied field value.

The magnetic dipole moment around the field axis is
m = —ugny. (2.33)

Zeeman splitting between the s and p orbital is shown in Figure 2.6. When there is
no field, the s and p orbitals have one energy level. When a magnetic field is applied,
the s energy level does not split because the s electron does not have orbital angular
momentum. The p energy level splits into three due to the m; values of -1, 0, and 1.
Due to the spin of an electron around its own axis, another quantum number is called
the spin quantum number with a value of 1/2. The spin angular momentum is given
by the relation

S| = /s(s + 1)h = ?h. (2.34)
Spin angular momentum is quantized in the vicinity of a magnetic field. Similar to m;,
magnetic spin quantum number, m; is allowed to take the value of either +1/2 or —1/2.
The spin angular momentum component along the field direction is msh = +h/2. This
value is smaller than the magnitude of spin angular momentum. Thus, the spin angular

momentum vector makes a precession on a cone around the field axis. A spin magnetic
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moment along the field direction is given by
m = —GeftpMs, (2.35)

where g, = 2.002319 is the g-factor of the electron. Pauli’s exclusion principle implies
that electrons with exact quantum numbers (n, [, m;, my) are not allowed to have the
same orbit. Therefore, the spin quantum numbers must take the different values of
either 1/2 or 1/2. The magnetic moment due to the spin of the electron interacts with
the magnetic field originating from the orbital angular momentum of the electron. This
interaction is called spin-orbit coupling. The spin-orbit interaction is proportional to

74 where 7 is the atomic number.

+3/2
- +1/2
3/2 -1/2
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Figure 2.6. The Zeeman effect during a transition between the s and p orbitals [35].

The anomalous Zeeman effect is a result of spin-orbit coupling. The splittings of
the upper and lower levels of the transition are not equal due to the anomalous g-factor
of the electron with a value of 2. The total angular momentum, J = L + S, and the
total magnetic moment, m are not collinear. The value of the atomic magnetic moment
in the field axis direction is a function of S, L, and J (rather than just of J as in the
normal Zeeman effect) and the relation is given as

m = —gupM,;. (2.36)
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In this expression, M; = J,J — 1, ... — J is the quantum number that shows the
projection of the total angular momentum on the field axis. The Lande g-factor is

given as
J(J+1)+S5(S+1)—L(L+1)
2J(J +1)

g=1+ . (2.37)

When S is zero, g is equal to one, so, the upper and lower levels in the transition are
split by the same amount which is the case in the normal Zeeman effect. When S is
not zero, g depends on both L and S. Therefore, the upper and lower levels are split by
different amounts. The anomalous Zeeman effect for a transition between the s and p
orbitals is shown in Figure 2.7. The allowed transitions are regulated by the selection
rules AM; = 0 or AM; = +1. If the applied field is very strong, the coupling between
S and L can be broken, and each of them directly couples to the magnetic field. S and
L further precess about the field axis independently. The electromagnetic field couples
only to the orbital angular momentum of the electrons, splitting due to the spin does
not occur in the transitions. Thus, the change in the spectrum from the Anomalous

Zeeman effect to the normal Zeeman effect is known as the Paschen-Back effect.
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Figure 2.7. Anomalous Zeeman effect transition between the s and p orbitals.
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2.3. Ferromagnetism

In this chapter, the concept of ferromagnetism will be detailed. The magnetiza-
tion of a ferromagnetic material can change from the value of 0 to a saturation value

of around 1000 emu/cm?® applying a magnetic field of only a few Oersteds.

The initial magnetization M = 0 can be explained by the domain wall theory,
which was postulated by Weiss in 1907 [36]. Weiss molecular field gives an explanation
of the Curie-Weiss law, which is x = C/(T — 0) for many paramagnetic materials.
Ferromagnetic materials switch to the paramagnetic phase above the Curie tempera-
ture, T., and the susceptibility follows the Curie-Weiss law. According to Weiss, there
is an internal molecular field in the ferromagnetic material below 7. and an internal
molecular field occurs for the paramagnetic phase above the T,.. The molecular field
magnetizes the material even when a magnetic field is not applied. The magnetization

equation in the classical Langevin theory of paramagnetism is given as
M = NmL(«a), (2.38)

where o = mH /kpT and L(«) is the Langevin function. M versus « is plotted in a
solid line in Figure 2.8. In Weiss theory, M is redefined as M = Hy, /v, where 7 is
the molecular field constant. Assume that H only includes the molecular field, since
« is proportional to H, M becomes a linear function of « plotted in the dashed line
in Figure 2.8. The only possible physical solutions are the intersection of two curves,
either at the origin or at the point M — spont, where the material is spontaneously
magnetized. The relation between the temperature and the spontaneous magnetization
can be explained by replacing H with Hy, = vM, So, one gets

kT

M = (
mry

)a. (2.39)

Magnetization and « are linearly dependent on each other. The slope of the dashed
line increases with the temperature since the slope is dependent on the temperature.
The dashed line intersects the Langevin function at a point called Mg,on;. When the
dashed line approaches the initial tangent of the Langevin function, the spontaneous

magnetization disappears (straight dotted line in Figure 2.8.). The temperature here
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is the Curie temperature, and for higher temperatures, we have just one solution which

has a zero spontaneous magnetization at the origin.
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Figure 2.8. Spontaneous magnetization in ferromagnetic materials.

In Figure 2.9, the magnetization decreases smoothly to zero at 7' = T.. The
transition from the ferromagnetic phase to the paramagnetic phase is a second-order

phase transition.

N
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o | Magnetization (M)
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Figure 2.9. Variation of spontaneous magnetization with temperature in

ferromagnetic materials [29].

The Curie temperature can be derived from the slope of the Langevin function
and the dashed line at the origin as

yNm?

1. =
( 3kp

). (2.40)
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A large molecular field causes a higher Curie temperature, which can be pretended
such that strong interaction between magnetic moments needs high thermal energy to
rearrange magnetic ordering from the ferromagnetic to the paramagnetic phase. When
the Curie temperature is known, the molecular field constant can be determined as

well,
3kgT.
Nm?

7= )- (2.41)

Heisenberg explained the Weiss molecular field using quantum mechanics for the many-
body problem in 1928. The energy that arises from the electrostatic Coulomb inter-
actions between neighboring atoms forces the electron spins to align parallel to each
other. The energy term responsible for the interactions is known as the exchange
integral. The exchange interaction is a result of the Pauli exclusion principle. Two
electrons with antiparallel spins are permitted to be in the same orbital. The overlap of
two electrons gives rise to an increase in the electrostatic Coulomb repulsion between
the two. On the contrary, in the case of parallel spins, the electrons must be in different
orbitals. As a result, Coulomb’s repulsion between electrons is smaller. In fact, it is the
spin orientation that determines the Coulomb repulsion between electrons. A rough

estimation of the Coulomb energy between two electrons is

62

U=(

dmegr

)~ 2.1 x10718] (2.42)

with r being the average distance between the two electrons, its value is 1 Armstrong.
This value is 10° times larger than the dipolar interaction between the electrons. The
fact that a small change in the electron distribution brings about a large change in

total energy reveals the importance of the molecular field.

The helium atom is a good example of a many-body problem, where an electron
sits in the 1s atomic orbital and the other electron locates in the 2s orbital. The
Hamiltonian, H = Hy + Hy+ H;s, includes three terms for the electron and the nucleus

interaction separately and for the interaction between each other.
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The Hamiltonian terms can be represented such that

—h? Ze?
H, = V2 — 2.43
! om, *  Admwegry ( )

—h? Ze?
H, = Vi — 2.44
2 2me 2 Admegrs’ ( )

7 e?

Hy, =— . 2.45
12 471'607"12 ( )

In the expressions, Hy and Hs constitute the kinetic energy and Coulomb energy term,
Hi; is the Coulomb interaction between electrons. rip is the distance between the
atoms, and Z denotes the atom number. Pauli’s principle states that the total wave
function of a system must be antisymmetric with respect to the interchange of two
electrons. The total wave function is the product of spin and spatial parts with the
opposite sign. An antisymmetric state for the interchange of spin coordinates is always
symmetric for the interchange of spatial coordinates. The wave function of He with
the spatial symmetry is expressed as
1

V2

Similarly, a symmetric state for the interchange of spin coordinates must be antisym-

W(ry,re) = [15(r1) P2s(12) + Pas(r1)Prs(r2)]. (2.46)

metric for the interchange of spatial coordinates. The spatial antisymmetric wave

function is

W(ry, o) = %[(bls(rl)(b?s(r?) — ¢as(r1)P1s(72)], (2.47)

where ¢, and ¢, are the 1s and 2s atomic orbitals and r; and ry are the electron

positions. 1/4/2 is the normalization constant. The energy for the two cases by using

the Dirac bra-ket notation is calculated as follows:
E = (W(rl, r2)|H|W(r1, I‘2)>

1
5 ([816(00) 2. (r2) 2 dau(r1) 61 (r2)] .19

|Hy + Hy + His|[d15(r1) as(r2) £ dag(r1)drs(r2)])
= +E,+K<+J

It must be noted that the plus sign is for the antiparallel and the minus sign is for

the parallel spin orientations. When J is positive, the energy of parallel orientation



27

is smaller than the energy of antiparallel orientation by an amount of 2J. Therefore,
a positive J is for parallel spins, which is in the ferromagnetic case. The energy and

interactions can be written explicitly such that

Ey = ([1s(r1) [ H1]d15(r1)) = ([¢15(r2)[Ha|drs(r2)),
Ey = ([0a5(r1)[Hi|das(r1)) = ([@25(r2)[ Ha2|das(r2)),
K = ([015(r1) das (r2) [ Hi2|d15(r1) das(r2)) (2.49)
= ([f2s(r1) P15(r2) [ Hiz| dos(r1) P15(r2)),
J = ([915(r1) dos (r2) [ Hi2| 25 (r1) f15(r2))
= ([f2s(r1) P15(r2) [ Hiz|d1s(r1) P25(r2)).-

Here, E; and E5 denote the energies of the 1s and 2s orbitals, respectively. K is the
Coulomb interaction between the electrons, and J is the exchange interaction. Ex-
change energy tends to align electron spins and the magnetic dipole moments parallel
to each other. The regions where all magnetic dipoles are aligned parallel to each
other are called ferromagnetic domains. The demagnetization state of a ferromagnetic
material represents the state which composed of many domains with different oriented
magnetization vectors, therefore the net magnetization of the material is averaged to
zero. The magnetization of the material gives rise to the alignment of all the domains in
the same direction. For that reason, ferromagnetic materials are expected to have one
single domain in which all magnetic dipole moments point up in the same direction.
Domain structures minimize the total magnetic energy of a ferromagnetic material.
Specifically, a single domain minimizes the contribution of the exchange energy term
to the total magnetic energy. The other energy terms are magnetostatic energy, mag-
netocrystalline energy, and magnetostrictive energy terms. Magnetostatic energy is
responsible for domain formation, and the magnetocrystalline and magnetostrictive
energies have an effect on the domain shape and domain size. A ferromagnetic block
with a single domain that has a macroscopic magnetization acts as a magnet surrounded
by a magnetic field. As seen in Figure 2.10, the associated external field magnetizes
the material in the opposite direction rather than its own magnetization. Thus, it is
called the demagnetizing field, H;. The demagnetizing field is the source of the magne-
tostatic energy that depends on the shape of the material. When the magnetized block
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separates into two domains with different spin orientations, the demagnetizing field
reduces and stores less magnetostatic energy. Since the magnetic moments between
the domains are not able to align parallel, the exchange energy of the block increases.
For magnetostatic energy with a value of zero, there should not remain any magnetic

pole in the block, as shown in Figure 2.10 (c).
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Figure 2.10. Magnetostatic energy and domain configurations in a ferromagnetic

material [37].

The magnetization in ferromagnetic crystals prefers to align along certain crys-
tallographic directions, which are defined as the ’easy’ axes. When the magnetic field
is applied along the easy axis, the crystal reaches saturation magnetization easily. In
Figure 2.11, magnetization curves for a ferromagnetic single crystal are plotted for the
cases in which the field is applied along the easy and hard axes. When the field is

applied along the hard axis, a larger field needs to achieve saturation magnetization.
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Figure 2.11. Magnetization along the hard and easy axes in a ferromagnetic crystal.
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The easy axis of the body-centered cubic (bcc) iron is the (100) direction along
the cube edge. Iron is a cubic crystal, so, six edge orientations of (100), (010), (001),
(100), (010) and (001) are easy axes. The body diagonal is the hard axis and the face
diagonals are the intermediate axis. The unit cell of iron with the easy, intermediate,
and hard axes are shown in Figure 2.12. The magnetization aligns along a preferred
crystallographic direction due to the magnetocrystalline anisotropy. The crystal energy
becomes higher when the magnetization is along the hard axis. The energy difference
between magnetization along the easy and hard axes is called the magnetocrystalline
anisotropy energy. The area between the hard and easy magnetization curves in Figure
2.11 corresponds to the magnetocrystalline energy of that sample. The magnetocrys-
talline energy reduces with the domain structures since their magnetization is along
the easy axis. In Figure 2.10, the vertical axis is equivalent to a cube edge in bcc
iron. Due to the cubic symmetry, the horizontal direction is also an easy axis for the
bee iron. As a result, the domain structures in Figure 2.10 (c) have less magnetocrys-
talline energy. The horizontal domains at the top and bottom of the crystal are known
as ’domains of closure’, which emerge when the easy axes are perpendicular to each
other. Domain boundaries are the regions where the magnetization direction changes
and magnetization does not point along the easy axis. Therefore, domain boundaries
are influenced by the magnetocrystalline energy, which prefers large domains with few

boundaries.

Body diagonal
Hard axis

Face diagonal
Intermediate axis

Cube edge
Easy axis

Figure 2.12. Easy, intermediate, and hard axes in a unit cell of bcce iron.
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Another term is the magnetostriction energy that is associated with the change
in length of a magnetized ferromagnetic material. For example, iron elongates along
the magnetization direction, called positive magnetostriction, while Nickel has negative
magnetostriction. Although the length changes are small, they affect the domain struc-
ture. In Figure 2.13, as a consequence of magnetostriction, the triangular domains of
closure tend to elongate horizontally. In contrast, the long vertical domains also try to
elongate vertically. Since the elongation in both directions simultaneously is not possi-
ble, an elastic strain energy term is introduced to the total magnetic energy. The elastic
energy increases when the volume of the domains of closure increases and reduces when
the size of the closure domains decreases. This causes smaller primary domains and
additional domain walls. Consequently, exchange and magnetostatic energy increase.
The reorder of the domain structures can reduce the total energy, as shown in Fig-
ure 2.14. The boundaries between neighboring domains in ferromagnetic materials are
called domain walls, or Bloch walls, which have a thickness of approximately 10 nm.

Magnetization direction changes by either 180° or 90° along the pronounced thickness.

Figure 2.13. Magnetostriction in the triangular domains of closure in bcc iron.

The width of the domain wall is determined by the competition between the
energy terms. When the exchange energy is dominant, adjacent magnetic moments
are parallel to each other and result in wide domain walls. The change of the angle

within the wall is small. On the other hand, the magnetocrystalline anisotropy is
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dominant if the moments are aligned along the easy axes. This causes narrow domain
walls with a sharp transition between the domains. Domain wall does not produce
magnetic poles within the material and does not introduce demagnetizing fields to

provide minimum energy.

Figure 2.14. Domain reorientation which minimizes the magnetostatic,

magnetocrystalline, exchange, and domain wall energy.

A twist boundary is a good example, as shown in Figure 2.15. The magnetization
is perpendicular to the boundary and does not change across the wall. Thus, there are
no magnetic poles or demagnetizing fields. Another example is 90° tilt boundaries,
shown in Figure 2.16. The magnetic moments rotate through the wall by making an

angle of 45° with both the wall-normal and the surface.

Domain wall

HEANNZIE0
BENYS AR

Figure 2.15. A change of 180° in magnetic moment direction within the domain wall.
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In magnetic thin films, free poles are formed on the wall surface and cause a
decrease in magnetostatic energy. This wall is called the Neel wall, in which the spins
rotate around an axis normal to the film surface instead of rotating around an axis

normal to the domain wall. The spin rotation in a Neel wall is shown in Figure 2.17.

Figure 2.16. A change of 90° in magnetic moment direction within the domain wall.

\ | /
Figure 2.17. Spin rotation in the Neel domain wall.

2.4. Magnetic Anisotropy

Magnetic anisotropy indicates that magnetic properties such as magnetization,
and hysteresis curves depend on the direction. The anisotropy is either intrinsic due to
the crystal structure or the sample shape, or it is induced by some external mechanism.
Spontaneous magnetization arises mainly from the exchange interaction between spins
in ferromagnetic and ferrimagnetic materials. FExchange interaction is substantially
isotropic, which means that the magnetization can orient itself in any direction inside
the crystal with the same energy by the assumption of no other interactions. On the
other hand, the existing ferromagnetic materials have spontaneous magnetization which

favors lying in a preferred axis or a few axes associated with the crystal structure, the
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so-called easy axis. To lie the magnetization in another axis rather than the easy axis,
one must apply an external field. This phenomenon, called magnetic anisotropy, causes
the internal energy to change with the direction of spontaneous magnetization. The

energy due to the magnetic anisotropy is defined as magnetic anisotropy energy [38].

2.4.1. Magnetocrystalline Anisotropy

Specifically, magnetocrystalline anisotropy is the magnetic anisotropy energy
term that has the same symmetry as the crystal structure of the material. Although the
magnetocrystalline anisotropy energy is less than the exchange energy, the anisotropy
itself determines the magnetization direction because the exchange interaction is only
responsible for the alignment of the magnetic moments parallel to each other without
any direction preference. Magnetocrystalline anisotropy is composed of crystal-field
interaction and relativistic spin-orbit coupling. Typical anisotropy-energy densities for
bee Fe and for hep Co are 0.05 mJ/m? and 0.5 mJ/m?, respectively. Rare-earth mag-
nets have higher room-temperature anisotropies of order 10 mJ/m3. This is due to the
large spin-orbit coupling of the rare-earth 4f electrons. Bulk and surface anisotropies,
magneto elasticity, and the anisotropic magnetoresistance of metallic ferromagnets are
explained by magnetocrystalline anisotropy. As an example, hexagonal cobalt has
uniaxial anisotropy with an easy axis parallel to the c-axis of the crystal at room tem-
perature. When the magnetization goes away from the c-axis, the anisotropy energy
starts to increase with #, which is the angle between the c-axis and the magnetization
vector, further takes maximum value at 6 = 90°, and decreases to the actual value at
0 = 180°. The value of anisotropy energy is minimum as long as the magnetization
aligns along the + or — direction along the c-axis. The anisotropy energy can be

described by a series of powers of sin? 6
E, = K,1sin? 0 + Ko sin® 0 4+ K3 sin° 0cos6é + ..., (2.50)

where K,;’s are the 7. uniaxial anisotropy constants and ¢ is the azimuthal angle of the

magnetization in a plane perpendicular to the c-axis. Equation (2.50) can be written
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as well
1 1
E, = §Ku1(1 — cos20) + gKug(?) — 4cos 20 + cos 40)
1
+ 3—2Ku3(10 — 15c0s 26 + 6 cos 40 — cos 60) (2.51)
1
+ 3—2Ku4(10 — 1508260 + 6 cos 40 — cos 66) cos 6¢ + ...
The uniaxial anisotropy constants for Co at 15° are K,; = 4.53 x 10° J/m?® and

Kuo = 1.44x10° J/m? [39]. The higher-order terms can be neglected due to their com-
paratively too-small values. Since the anisotropy constants are positive, the anisotropy
energy increases as the angle increases. At 6 = (0°, energy takes the minimum value and
the spontaneous magnetization prefers to lie parallel to the c-axis, where the magnetic
easy axis is. When the sign of the anisotropy constants is negative, the anisotropy
energy reaches the maximum value at the c-axis. The axis in which the energy is un-
stable is the hard axis of magnetization. In this circumstance, the c-axis becomes the
magnetic hard axis. The magnetization is stable in any direction in the c-plane, which
means that the c-plane is the easy plane. If K,; > 0 and, K,» < 0 the direction of
stable magnetization makes a cone. In this case, we describe it as the magnetic easy
cone. For cubic crystals (Iron and Nickel), the anisotropy energy can be defined by the
direction cosines of the magnetization with respect to the three cube edges, which are
a1 = sinf cos ¢, as = sinfsin ¢, and ag = cosf. The direction cosines are shown in

Figure 2.18.

Figure 2.18. The scheme of the direction cosines.
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Because of the high symmetry, anisotropy energy is written by expanding in a
polynomial series of the direction cosines. The odd powers of «; should cancel out
because the magnetization direction should not change when the sign of «; changes.
Furthermore, when the «;’s interchange, the energy should remain the same. Therefore,
the coefficients of the a; %« ;™ ;> must be the same for the interchange of i, j, k and
any combination of 1, m, n. The first term must have a;2 + as? + a3, which equals
1, and the fourth order terms can be arranged as a1 + ap? + az* = 1 — 2(a%an? +

az?a3? + az?ay?). The energy expression becomes

E, = Ko+ Ki(a1?a® + ao’as® + as’ar?) + Kyarlan’as? ) 59

+ Kg(CYlZOézQ + an’az® + CY320412)2 + ... 252

Here K, Ky, K3 are the cubic anisotropy constants. For Iron at 20°, K; = 4.72 x 10*

Jm™3 and K, = —0.075 x 10* Jm~3 [40]. For Nickel at 23°, K; = —5.7 x 10*> Jm ™3 and

Ky = —2.3x10% Jm™? [41]. For [100] direction (§ = 90°, ¢ = 0°), the direction cosines

are oy = 1, ap = ag = 0. Therefore, the energy is equivalent to Ky. For [110] direction

(6 = 90°, ¢ = 45°), the direction cosines are a; = 1 = ay = 1/v/2, a3 = 0. The energy
1s

E, = Ko+ }lKl. (2.53)

For [111] direction (6 = 54.7°, ¢ = 45°), the direction cosines are a; = ap = a3 = 1//3,

the magnetocrystalline energy becomes

1 1 1
E,=-K —K. - K. 2.54
3 + 57142 + g3 + ( )

If K7 > 0, neglecting K3 and K3 terms for iron, the [100] direction is the magnetic easy
axis, and the [111] direction is the magnetic hard axis as the energy at [100] direction

is less than the energy at [111] direction.

Due to the cubic symmetry, other easy axes are [010] and [001] as shown in the
anisotropy energy diagram in Figure 2.19. In the diagram, the vector along the direction
of the spontaneous magnetization has a value of the length of E, 4+ 2/3K;. Concave
parts of the surface are along the [100], [010], and [001] directions which are the easy
axes where the energy is minimum. If K; < 0, neglecting Ky and K3 terms for nickel,

the anisotropy energy is less than zero, and the easy axes are [111], [111], [111], [111]
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and the [100] direction is the hard axis since the energy at [111] direction is less than
the energy at [100] direction. Figure 2.19 shows the anisotropy energy diagram with
an additional 2| K| term. The surface is convex along the cube axes and concave along

the < 111 > axes.

[001] [001]

A
[1001/‘ v‘\{m 0l

100]

Figure 2.19. The left image: Cubic anisotropy energy diagram of iron for K; > 0 and
K, = 0. (Radial vector is equal to F, + 1/2K;.) The right image: Anisotropy energy
of nickel for K; < 0 and Ky = 0 (Radial vector is E, + 2| K| ) [42].

The corresponding relative magnetization versus external magnetic field is given
in Figure 2.20. After applying a small amount of field, the easy magnetization axes are
determined to be [100] for bee-Fe, [111] for fee- Ni, and [0001]-directions for hep-Co.
In Figure 2.21, anisotropy energy are sketched for the case of K1 = K3 =0, Ky > 0
(the left image) and Ky < 0 (the right image). The energy is zero in the x-y, y-z, and
x-7z planes. However, in < 111 > planes, the energy is maximum when Ky > 0 and is

minimum when Ky < 0.

o
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Figure 2.20. Magnetization vs magnetic field graph of (a) bee-Fe, (b) fee-Ni, and (c)
hep-Co.
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In many ferromagnetic and ferrimagnetic materials, K is higher than K, there-
fore K5 term is neglected in the anisotropy energy. But, when the magnetization is in
the < 111 > plane, the K5 term can not be neglected. If K; and K5 terms are in the
same order, the (110) plane can be an easy or hard axis. The temperature affects the
anisotropy constants and the magnetic easy and hard axis. To give an example, for Ni,
K, is negative below the temperature of 400K and positive above the temperature of

400K. [30].

X

Figure 2.21. The left image: Cubic anisotropy energy diagram of iron for K; =0 0
and K3 > 0. (Radial vector is equal to E, + 2/3K;.) The right image: Anisotropy
energy of nickel for Ky = 0 and K, < 0 (Radial vector is £, + 9/16K, ) [43].

The magnetocrystalline anisotropy energy per volume for tetragonal and hexag-

onal materials is given by
Eys = Ko+ Ky sin® 0 + Ky sin* 0 + Kssin®6.... (2.55)

For positive values of K; and K5, for sin # = 0 the energy gets minimum value, and the
c-axis [0001] is the easy magnetic axis. If K; and K5 are both negative, the minimum
energy is reached at sinf = 1. In this case, the easy magnetization axis is along the
[0001]-plane, and the [0001]-direction is the hard magnetization axis (see Figure 2.22).

If the signs of K; and K, are different from each other, the easy axis rotates from

K

the c-axis towards the [0001]-plane with sin®§ = — =

The general formula for the

anisotropy energy is given as

E, = Ayc0s20 + Aycosdf + Agcos60 + agcos80 + ... (2.56)
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[0001]
hard

Ki=0 K;<0

Figure 2.22. The left image: for K; > 0, the magnetic easy axis is along the [0001]
direction.The right image: for K; < 0, the magnetic hard axis is along the [0001]
direction [43].

By comparing Equation (2.54) to (2.51),

1 1 15
A2 = —5 ul — §Ku2 — @Kug(l + 6COS6¢) + ceey
1 3
A4 = §Ku2 —|— EKug(l —|— 6COS6¢) + ciny (257)

1
Ay = —— 1
6 3 w3(1 + 6cos6) +

For the (001) plane of cubic crystal, the constants are

AQ :07
1 1
A4 - —gKl - @Kg + ceey
(2.58)
As =0,
A ! K3+
"T1287

For the (110) plane, the constants are
1 1 11

Ay = —=Ky — — Ky — —Ka+ ...
2 g1 T 12872 T gggtte T
L3 1 17
Y SV R T T R (2.59)
1 3 '
Ag = 1ot oKt
9
AS K3+

~ 2048
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For the (111) plane, the constants are

A2 - O7

A4 - 07

L (2.60)
6 ﬁ 2

Ag - 0

There is also a contribution from the magnetostatic energy to the magnetic

anisotropy energy. The magnetostatic energy is

1
U= _—NIv, (2.61)
240

where N is the demagnetizing factor, I is the intensity and v is the volume of the
magnetic material. The demagnetizing factors along the x and y axes of an ellipsoidal

magnetic material whose long axis is on the z-axis are given as
1
N, =N, = 5(1 — N,). (2.62)
Equation (2.59) can be written by x, y, and z components

1
U = —1I?v(N,sin*0cos’¢ + N,sin*0sin’¢ + N,cos>0)
2Ho 2.63
: (2.63)
= —TI?v(3N, — 1)cos®0 + const..
441
The magnetostatic energy is associated with the magnetization direction, which is

called shape anisotropy.

2.4.2. Uniaxial Anisotropy

Figure 2.23 demonstrates some energy landscapes. Isotropic, easy-axis, and easy-
plane magnets are shown in the upper row, and the bottom row shows the fourth-
and sixth-order energy terms. K; term determines two possible equilibrium states,
easy-axis, as in Figure 2.23.(b) and easy-plane, as in Figure 2.23.(c). Higher-order
uniaxial anisotropies create spin structures with angles 0 < 6 < 7/2. Figure 2.23.(d)
shows an easy cone magnetism for K; < 0 and Ko —%, where the equilibrium

magnetization makes an angle 0, = arcsin(|K;|/2K>) with the c-axis. Since fourth-
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order anisotropies are smaller than second-order anisotropies by one or two orders of
magnitude, easy-cone magnetism occurs at specific temperatures. Figure 2.24 shows
how the energy landscapes take form when non-uniaxial fourth- and sixth-order terms
are added. Figure 2.24 (a-d) are the most observed forms [44], but (e) and (f) show

exotic magnets with very low symmetry [45].

(a)

(d)

1118

Figure 2.23. Uniaxial anisotropy energy. (a) isotropic, (b) easy axis, (c) easy plane,

(d) easy cone, and (e—f) sixth-order landscapes [31].

Dimensional analysis of K7 /oM, has the dimension of a magnetic field. This is
a good approach to compare the anisotropies with fields such as the applied field and

the coercivity H.. The anisotropy field of uniaxial magnets can be written as

2K,
H, = . 2.64
/’LOMS ( )

The factor of 2 allows a comparison of H, with the coercive field. In the Equation

(2.55), inserting 6 = 90° and 6 = 0°, the anisotropy field becomes

2K, + Ky + K.
H, = (K + Ko+ Ky) (2.65)
/vLOMs

The slope of the perpendicular magnetization curve is equivalent to the anisotropy
field. The K5 and K3 terms do not affect coercivity. In cubic crystals, the anisotropy
field of Fe (K7 > 0) is explained as the same as Equation (2.64) while for Ni (K; < 0),
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the anisotropy field is H, = —4K;/(3p0M;). The effect of the anisotropy field of Nickel
can be seen in the energy landscape in the (111) direction in Figure 2.24 (b) different
from the (001) direction in Figure 2.24 (a).

Figure 2.24. Energy surfaces for higher-order anisotropies: (a—c) cubic magnets and

(d-f) magnets with low symmetry [31].

2.4.3. Shape Anisotropy

Since the grains are oriented in arbitrary directions, polycrystalline materials
do not have magnetocrystalline anisotropy. While the magnetization of the spherical
samples is isotropic, it is the shape of the samples that determines the magnetic easy
axes for non-spherical samples. This type of anisotropy is called shape anisotropy.
At this point, one must consider the stray and demagnetizing field of a sample. The
relationship B = po(H + M) is known to be valid for infinite systems. On the other
hand, the stray field that occurs outside the samples with a finite size due to the poles
at their surface leads to a demagnetizing field inside the sample. The energy due to

the stray field is given

1
Est'r = —5/”0M.Hdemagdv (266)
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with Hgemag being the demagnetizing field. For a general shape, the calculation of
Hgemag 1s highly complicated. For some symmetric objects such as ellipsoids, the rela-

tionship that gives Hyemag 1s given
Hdemag = _NM7 (267)

where N is the demagnetizing tensor. If Hyemag is inserted in the Equation (2.62), one

gets

1
Bur =5 / oM N MdV
(2.68)

1
= §Vu0M NM.
In this expression, V' is the volume of the sample and N is a diagonal tensor with the
trace being trN = 1 as long as the semiaxes of the ellipsoid (a,b,c) are equivalent to
the axes of the coordination system. The magnetization direction with respect to the
semiaxes can be written in terms of the direction cosine ay, oy, and «.. Then, the

tensor is given as

N, 0 0
0o N, 0. (2.69)
0 0 N,

The stray field energy per volume is given by

1
Eyp = §,u0M2(Naa§ + Nyai + N.a?). (2.70)

For the sphere, the tensor can be written as

1/3 0 0
0 1/3 0 |- (2.71)
0 0 1/3

The stray field energy of the sphere is given by

1
By, = gquQ- (2.72)

Here, the direction cosines are normalized. Following this relationship, one concludes

that the energy is isotropic for the sphere samples. In the case of a spheroid, the length
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of the semiminor axes, a, and b, is the same but is different from the semimajor axis,
c. So, the diagonal elements are N, = N, and N, = 12N,. One gets the stray field
energy of a spheroid as
1
Ey, = §,u0M2(Na sin? @ cos® ¢ + N, sin® fsin® ¢ + (1 — 2N,) cos® ¢),

(2.73)

1
= §MOM2(NQ + (1 —3N,) cos? b,

where 0 is the angle between the magnetization and the z-axis for an infinitely long
cylinder, a = b, ¢ = co. By inserting the diagonal elements of the demagnetizing tensor
( N, = N, =1/2 and N. = 0) in the stray field energy equation, one gets

1 1
Ey, = §u0M2§(sin2 0 cos® ¢ + sin fsin® ¢),

= lu M?sin* 6 2T
4™ ‘

For a thin plate, a = b = 0o, and N, = N, = 0 and N, = 1. The stray field energy of
the thin plate is,

Ey, = %UOMQ cos? 0. (2.75)
This relationship holds also for magnetic thin films and multilayers. The energy can

be rearranged as

Egr = Ko+ KyopeM? sin® § (2.76)
with mepe o« —M? < 0. At the angle of § = 90°, the energy takes the minimum

value, which means that the shape anisotropy causes the magnetic easy axes to lie
along the surface of the thin film. In thin films, the magnetization is in-plane if the

shape anisotropy dominates the magnetocrystalline energy of the thin film.

2.4.4. Surface Anisotropy

The anisotropy discussed up to now is about the volume, without regard to
the surface and interface effects. The effective anisotropy constant due to the broken
symmetry at the interface can be written as the sum of both the volume and the surface

contributions and can be expressed as

s

Keff:KVJrQ]; :

(2.77)
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KV and K* stand for the magnetocrystalline anisotropy constants due to the volume
and surface, respectively. The surface-dependent term is inversely proportional to the
thickness of the thin film. By multiplying both sides of the Equation (2.73) with
thickness, d one gets

d-K9" =d. KV 4 2K°*. (2.78)
If the relation between d - K¢/ and d is plotted, the slope gives the volume anisotropy
constant with a negative value, and the 2K* term is the zero crossing as seen in the
Figure 2.25 for a thin Co layer of different thicknesses, d on a Pd substrate [46]. The
KV takes a negative value due to the shape anisotropy. Thus, the film exhibits an

in-plane magnetization. One can notice that the K*® takes a positive value.

K. dgo (MJ/m?)

Figure 2.25. Magnetic anisotropy of a Co thin film on a Pd substrate as a function of

the Co thickness.

The critical thickness is given by

2K°
d. = — . 2.
= 279

The change in the sign of the K g determines the magnetization type and the required
thicknesses. If d < d., the magnetization is out-of-plane, and if d > d., the magneti-
zation is in-plane. This explains that thick films exhibit in-plane magnetization with
the governing volume anisotropy contribution. The surface contribution increases with
the decrease in thickness. Below d., spin reorientation transition occurs towards the
surface normal. The surface anisotropy gives rise to the rotation of the magnetic easy

axis within the surface. As an example, the magnetic easy axis of a thin bee-Fe(110)
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layer is along the [110] direction. Above the thickness of 60A°, the easy axis rotates
towards the [001] direction as in the bulk samples.

2.4.5. Stress Anisotropy

In the previous sections related to anisotropy, the crystal structure of the magnetic
sample was estimated to have a fixed lattice constant. (The distance between atoms
in the crystal was constant.) In this chapter, the effect of an elastic degree of freedom
on the magnetic properties is presented. Both the crystal elasticity and the magnetic
properties of the sample influence each other. This causes magnetoelastic interaction.

The magnetocrystalline energy per volume for cubic crystals was
Eopys = K- O(a%). (2.80)
The energy of the tetragonal systems due to the reduced symmetry can be written by

Bopys = K17 0(02),
= Kl gin? g, (2.81)
= Ktetra(1 — o2).
The constant terms are omitted to make an easy comparison between the cubic and
tetragonal anisotropy constants. The cubic and the tetragonal constants are related
to the 4 and 2 order terms, respectively. Therefore, one can assume that Ki€re
is approximately a hundred times bigger than the K¢ A small deformation in the
crystal chemistry induces a transition from cubic to tetragonal symmetry and further
results in a change in magnetic anisotropy. The deformation from cubic to tetragonal
crystalline structure happens below the Curie temperature since the crystal energy
is decreased. There is a limitation to this transition. The elasticity energy which is
Ey = 1/2C¢?* increases during the distortion. The total anisotropy energy with the

addition of the elasticity term is given by
Eoys = K1(1 — a3)e +1/2C€. (2.82)

Here, € is the deformation parameter. The minimum energy gives the change in length, A

as
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6l K, ,
A= T = —H(1-a)). (2.83)

The value of the magnetostriction is roughly in the order of 10~°. It should be noted

that A depends on the crystalline direction. Therefore, the ¢ parameter turns into the
¢ tensor. The elastic energy for cubic structure is

) 1
ngbw = —011(5%1 + 532 + 5%3) + c12(€11622 + €11€33 + €22633)
2 (2.84)

1
+ 50445%2 + 5%3 + 533)-

In the expression, g;; is the deformation tensor, and ¢;; is the elastic constant. For the

hexagonal symmetry, the elastic energy is given by

1
hex 2 2
By = ~cnlen +e3)

2

1
+ 5033533 + c12€11€22 + c13(€11 + €22)€33 (2.85)
+ 5044(5%3 +e53) + (c11 — c12)ely.

If the direction of magnetostriction is written in terms of the direction cosines f;, for
cubic crystals, one gets

5l 3 1

+ 3111 (e f1 2 + aras 153 + asasPafs),

A
(2.86)

where A\jgo and Aq1; are the magnetostriction saturation values. Here, the measurement
direction is along the [100] direction, and the spontaneous magnetization axis is along
the [111] direction. The relationships between magnetostriction (1)), elastic ¢;; and

magnetoelastic (B;) constants are

2 B
Moo = —gﬁ»
11 — C12
| B, (2.87)
Al = —5—.
3 Caa

The magnetostriction A\j;p can be written by the linear combination of the Ay and

)\111 as

1 3
)\110 - Z)\wo —|— Zl>\111. (288)
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In the case of isotropic magnetostriction Ajgg = A111, one gets Ajgo = A\111 = A110 = Ao-

By inserting them in the Equation (2.84), the magnetostriction is obtained as

1
A = Ao(cos? 0 — §)’ (2.89)

where 6 is the angle between the magnetization direction and the measurement direc-
tion and given by the means of cosines directions asf =arccos(), «;/3;). The magne-
tostriction is not dependent on the crystallographic direction. The magnetostriction of

hexagonal crystalline structures is expressed as

— ? = Aa((a1 81 + a9f2)? — (a1 81 + )z Bs)

+ A5((1—a3)(1 = f3) — (a1 + aaf)?)
+ Ac((1— a3) 85 — (a1B1 + aofB2)asfs)

+ Ap(a1f1 + azf2)asfs,

A

(2.90)

where the magnetostrictions are labeled as A4, Ag, Ac, Ap with the relations below

Ny Byciz — (2B3 + By)ess By
A — P ’
csz(crn + c12) — 2¢i; 2(c11 — €22)
A — Bsci3 — (283 + By)css By
B — - )
cs3(enn + c12) — 2¢iy 2(c11 — c22) (2.91)
)\C _ BQCH + 612) — (233 + Bl>613

csz(cn + cia — 20%3)

1 B
Ap = ~(Aa+Ap+ Ao+ —).
4 Cqq

Positive magnetostriction refers to dilatation, while negative magnetostriction repre-
sents contraction. For Nickel, Aigp, A110 and Aj1; are negative. This shows the con-
traction in all directions. For Fe, Ay is positive while Aq; is negative. This means
that along the [100] direction which is the easy magnetization axis, there is a dilata-
tion that causes a deformation from a cubic to a tetragonal crystalline structure. For
alloys, stoichiometry determines the amount of magnetostriction. Specifically, Permal-
loy NigoFego has isotropic magnetostriction ( Adjgp = A110 = A111 ) whereas NijsFegs the
magnetostriction values in all directions are equal but nearly zero, which is important
for technological applications [47]. The magnetic anisotropy up to now is due to the
intrinsic nature of the material. The induced magnetic anisotropy can occur through

some external treatments, such as thermal annealing. By annealing the sample under
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a magnetic field applied in different directions, the magnetization curve can change as
given in Figure 2.26. Curves A and C are obtained after annealing in a magnetic field

which are parallel and perpendicular to the measurement direction.

1/10

100

50 1

Oe(*103/12Am)

Figure 2.26. Magnetization curves of Permalloy which were cooled from 600° C for
the case of A. longitudinal applied magnetic field, B. no magnetic field applied, and
C. perpendicular/ circular applied magnetic field [43].

One can conclude that the easy axis of the induced anisotropy is parallel to the
direction of the annealing field. Curve B is obtained in the absence of the applied
field during annealing, Each magnetic domain has local easy axes that are parallel to
the direction of spontaneous magnetization. Another induced magnetic anisotropy is
roll anisotropy. For example, NisoFesq alloy can be cold-rolled with the (001) plane in
the sheet along the [100] rolling direction. After rolling to %50 thickness reduction,
a large uniaxial anisotropy occurs. The easy axis is in-sheet plane and perpendicular
to the rolling direction. Domain rotation leads to magnetization parallel to the rolling
direction with a linear magnetization curve and a constant permeability within a wide

range of applied magnetic fields. The magnetization curve is given in Figure 2.27.

Both magnetic annealing and the roll anisotropy lead to directional order. If
a NiFe alloy is bombarded with neutrons in a magnetic field applied along the [100]

direction, an anisotropy is obtained due to the defects, and the easy axis orients parallel
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to the [100] direction. Photo-induced magnetic anisotropy is obtained by annealing in

electromagnetic radiation. Stress annealing leads to an induced anisotropy.

Roll Direction
[100]
—

/

—
Field Direction '
s

L
<

Figure 2.27. Cold rolling mechanism and magnetization curve for NizoFes.

2.4.6. Determination of Magnetic Anisotropy

Depending on the Pauli exclusion principle, spins have a totally antisymmetric
wave function in the microscopic model for the spins. By excluding the spin-orbit
coupling, a symmetric orbital wave function is coupled with an antisymmetric spin
wave function or the inverse is true. The symmetric and antisymmetric orbital wave

functions for two electrons at the i and j sites of the crystal are given as

Usym = ¢i(T1)d;j(r2) + ¢i(r2)d;(r1),
antz ¢Z(r1)¢] (1'2) ¢i<r2)¢j(r1>7

where ¢’s are the wave functions and r’s are the coordinates of the electrons. The

(2.92)

energies correspond to

Esym =K+ Jij7 (2 93)
Eanti =K — Jm

K stands for the kinetic and potential energy terms and J;; is the exchange energy
which is

Jij = (9i(r1)¢;(r2) - | 9i(r1)¢;(r2)). (2.94)

\|r
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The exchange integral is important when the wave functions overlap and the energy
levels are split. In insulators, the exchange integral is between the nearest or the next
nearest neighbors of the spin system, since the electron wave functions are generally in
the atomic sites. For the magnetic oxides, the exchange integral is mediated through
an oxygen atom, which is called the superexchange interaction. Let s; and sg be the
spin angular momentum of two individual electrons. Then, the eigenvalues of the total
spin angular momentum for symmetric and antisymmetric spin states are 1 and 0,
respectively:

S? = s + 55+ 287 - Sa. (2.95)

The eigenvalues are given by the following relation

S(S+1)=2s(s+ 1)+ 2s1.82. (2.96)
For the value of s = 1/2, the operator, 1/2 + s;.82, has the eigenvalues of —1 and
+1 in the symmetric and antisymmetric spin states. The Hamiltonian relation for this

system can be written as

1
Hij =K — (5 + Sl.Sz)Jij. (297)
Here, the interactions between the spins originate from the quantum mechanical Coulomb
repulsion. When a magnetic field, H — 0 is applied to the spin system, the Hamiltonian

is expressed in the form
H=H;+ Hg (2.98)
with Hz being the Zeeman energy term and Hg being the exchange energy term. The
Zeeman energy is given as
Hy = gupHo Z S, (2.99)
where Hj is along the z-direction. The Hamiltolnian has a positive sign since the spin
is assumed to be antiparallel to the magnetic moment. The exchange term is
Hp=-2)Ji;S:i-S;. (2.100)
i>j
The sum on i is for all lattice and in the exchange term, the sum on ¢ > j is for
not counting the same interactions between nearest neighbors twice. The exchange
term is positive for the parallel spin alignment and negative for the antiparallel spin

alignment. Dipole-dipole interactions which cause magnetostatic demagnetization ef-
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fects and spin-orbit interactions which cause anisotropy energy can be included in the
spin Hamiltonian by replacing the applied field H, with the effective field, H.s¢. The
Hamiltonian for an exchange coupled spin assemble is

Hp=gup » H{T-8;—2) " J;S;-S;. (2.101)

i i>j

If a spin is flipped parallel to the field, while the other spins are aligned antiparallel to
the applied field, this state of the spin configuration leads to a large amount of energy
of the order 1000kp erg. One can make a comparison with Zeeman energy of 1kg erg
if a spin is flipped in the presence of 10 kOe. In order to decrease the large arising
exchange energy, numerous spins share one spin flip with small angle deviations between
adjacent spins. The exchange energy is proportional to the cosine of the angle between
adjacent spins. Therefore, the small angle deviation between adjacent spins allows less
exchange energy. At low temperatures, the excited states called spin waves or magnons
give information about the thermodynamic behavior of ferromagnets. Bloch was the
first to announce that the states around the ground are sinusoidal spin waves [48]. In
the mean of raising and lowering operators S; = S¥ + S¥ and S?, Equation (2.101)
takes the form

Hi = gugHy S

" 1 (2.102)
~2 2(5555 + 55787 + 557 8)).
7’7j

The eigenfunction of a spin system with a number of N at the ground state at 0 K can

be written by means of the eigenstates of spin-down states, «;
Epo = (10Q3...0N . (2103)

When the temperature increases, the spin system reaches an excited state such that a

single spin is flipped. The excited state eigenfunction can be written as

WZ’ = a1a2a3...ai_1ﬁiai+1...aN, (2104)
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where S; shows the spin-up state. The linear combination of the eigenfunctions gives

the eigenfunction of the Hamiltonian in Equation (2.101) such that
W= Y CH. (2.105)

Since individual spins interact with their nearest neighbors which are (i — 1) and

(i + 1)™ spins by the exchange integral, J, one can follow the relation
< Y| H(1/2)|W, >=< 1| E|¥, > (2.106)
and acquire a set of equations

1 1
E+ (N = 2)gupHy + (N — 5)JCF 4+ J(CF ., +CFL) =0 (2.107)

7

with solutions
CF = Nzeite, (2.108)
where a is the distance between the spins. If periodic boundary conditions are imple-

mented as CF = CF_y, the wave vector, k, can be found in the following relation as

kaN
2m
By inserting 2.108 in the Equation (2.107), the energy relation turns into

=0,1,2,.,N — 1. (2.109)

E — Ey = gupH +2J(1 — cos ka) = hwy, (2.110)
where Fj is the ground state energy and hAwy is the energy to excite the spin waves. If
the value of the wave vector k is very small, ka << 1, then one gets the well-known
relation as

hwy, = gupHY' + DE?, (2.111)
where D = Ja? for s = 1/2 linear chain. Spin waves are excited by an effective surface
anisotropy field H*“/ which arises in the first and N layers. The spins at the surface
are not exchange coupled to their nearest neighbor, therefore symmetric surface terms

are added to the Hamiltonian to handle this issue

H = gugH™" (S + S%). (2.112)
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For i = 1 and ¢« = N, the energy relation in Equation (2.107) takes the form as

1 1
E+ (N - ANgupH + gMBHWfE(N —3)JCy + JCy) =0,

1 1 (2.113)
E+ §(N — ) gupH! + guBHS“’"fg(N —3)JCk +JC% ) =0.
The solutions are given as
CF. | = acoskia + Bsin kia (2.114)
and the energy relation is given as
1 eff 1 surf
E = —§(N—2)g,uBH - §(N—5)J—2Jcoska—g,uBH : (2.115)

The effect of the surface field is just to customize the allowed values of k. The ratio of

the coefficients is given as

Q Jsin ko
3 : 2.116
B —j(1 —coska + gupHsf) (2.116)

From here, one can conclude that the surface pinning and the spin wave boundary
condition depend on the k values. In the case of small k values, the surface anisotropy
overcomes the boundary conditions and pins the spins at the surface. When k increases,
the exchange interaction increases and dominates the surface anisotropy if Dk? >
gupH** 7. This refers to the presence of a nearly free boundary condition. The allowed

values of k can be determined by the relation

2(1 — gugH*"/ | J)
gusH*" 1/ J(2 — a)

gupH*" 1/ J
2—«

cot Nka =

tan(1/2ka) — cot (ka). (2.117)

If gupH**//J = 1, nodes are located at i = 0 and i = N + 1. If the value of
gupH®1/J is different rather than 1, then the nodes depend on the k value. In
magnetic garnets, the unit cell has up to 32 spins. Lattice sites obey the relation
ri; = 1i + p; where p, represents the intracell vectors for each p different magnetic
site in the unit cell to distinguish the sublattices in the ground state with spins up
or down along an axis. The spin deviation operators on the p distinguished magnetic
sites in the magnetic unit cell can explain oscillations apart from the ground state.
The normal modes can be attained by expanding the spin wave deviation operators

in the spin wave operators [49]. Since magnetic garnets have sites of dodecahedral c,
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octahedral a, and tetrahedral d symmetry, one must consider the sum of those sites.

For Yttrium iron garnet, YIG, the optical and acoustic branches are given as

hw? = —10J,44,
- (2.118)
hwi¢ ~ 1—6(8Jaa — 5Jaaq + 3Jaq)a* k>,

The nineteen optical modes do not show a strong k dependence [50]. In general,

magnetic garnets have acoustic modes with the following relation,

we 20040 — 125004 + 75J 44 — 20J4eSe + 5045,
hawi® ~ 65 1 65) a’k?. (2.119)

Iron ions at the sites of a and d are weakly exchange-coupled to the rare earth ions
at the c sites. Therefore, the optical spectra consist of 19 perturbed high-energy YIG
modes and 12 low-energy optical modes. The garnet has one acoustic spin wave branch
with higher-order optical spin wave branches with high frequencies in the absence of a
magnetic field. In this case, the spin wave energy is expressed as Dk?. The frequency
of the optical modes in YIG is in the infrared or visible range in the electromagnetic
spectrum. Under the assumption of the two sublattices which consist of two strongly
exchange coupled Fe sites as one sublattice and the rare earth (RE) garnet site which
is less coupled to the sublattice of iron sites, for specific temperatures at which the
magnetization of iron and rare earth garnet are equivalent to each other and for some
rare earth ion concentrations, the condition gp.Mp., — greMgrr = 0 results in zero
total angular momentum. Then, the frequency for the optical modes can shift to the
microwave regime. Other spin interaction terms can contribute to the Hamiltonian,
which has the Zeeman and exchange anisotropy energy terms. Spin-orbit and spin-spin
interactions in a tetragonal crystal symmetry with the unit axis in the z direction can

induce a second-order crystal field effect in the Hamiltonian given as
, 1
H.=DY) (5 —-5(S+1). 2.120
So(87 - gS(s+1 (2:120)

In the expression, D determines the interaction strength. If D is small, this term can

be added to the Zeeman term as

Hy = —gupHi Y St —gips(H Y SP+HYY SY). (2.121)
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The pair Hamiltonian can be written in terms of the spin operators as
Hypir = Y > JHSLS], (2.122)
i>j k|l
where k,l = z,y, z. For cylindrical symmetry, the Hamiltonian can be written in the
form of H = Hg + Hy, where Hp is the exchange energy. Hy is given as
Hpair = Y d5;8,S; — 3r,2(Siri;) (Sr5), (2.123)
i>j
where = (d;;)* = dij + pij and d;; = ¢*(p?)p(r=2);;. Here, d;; term is the long-
range coupling term related to the magnetic dipolar interactions, and p;; term is the
short-range pseudo dipolar exchange interaction. The long-range (r~?);; interactions
determine the spin wave dispersion relation and relaxation process. The dispersion
relation for a Hamiltonian which has Zeeman, exchange, dipolar, and pseudo-dipolar

interactions is given in the following form
hawy, = (DE* + gupHY)(DE? + gug H + gupgdmr M sin® Hk)l/Q. (2.124)

In the expression, 6y is the angle between the propagation constant,k, and the magne-

tization vector, M. H.¢s can be written as
HY' = Hy — 4nN.M (2.125)

with Hy being the applied field and N, being the demagnetizing factor along the z-axis.

If 47 M is smaller than H¢// one can get a relation,
hwy, =~ DE* + gug H' + gup2n M sin’ 6. (2.126)

This is known as the circular precession approximation. The dispersion relation for
sin?§, = 1 is shown in the broken line in Figure 2.28. The exact dispersion relation is
shown by the solid line. The surface anisotropy field establishes boundary conditions
and determines the allowed spin wave modes in the ferromagnetic spectrum of a mag-
netic garnet. The magnetic field orientation and the temperature affect the spectrum,

as seen in Figure 2.29 and 2.30.



26

Sin?0,=0

zntuME ~ Approximate dispersion Relation

aug Heff [ 1 gyact dispersion Relation
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Figure 2.28. Spin wave dispersion relation. The solid line and broken line show

Equation (2.124) and Equation (2.126), respectively.

The weak signal at a high field at the parallel orientation is non-propagating
surface spin wave mode. The spin wave spectrum does not show only one signal for a
critical angle between the magnetic field and the film plane. The pinning is a function
of angle due to the isotropic energy and the uniaxial surface anisotropy energy. A
non-propagating surface mode emerges depending on the sign of energies between the
critical angle and parallel or perpendicular orientation of the magnetic field to the film
plane. Different from magnetostatic surface modes in Damon and Esbach [51], the
propagation constant of non-propagating surface modes in the film plane is zero. The
field at which non-propagating surface modes arise is dependent on the exchange of
energy. The angular dependence of the non-propagating surface modes was introduced
by Pusskarzki [52]. The surface modes’ behavior is determined by mainly the surface
anisotropy energies. Assume an uniaxial surface anisotropy field acting on the spin
system, and the Hamiltonian includes the nearest neighbor Exchange and the Zeeman

energy terms

H= —9g Z Jgslj : Sl-‘rg,j/ + guB Z Hleff . Sl]’. (2127)

Lj,l+g.j! 1,j

The sum is over j spins located at 1 sites in the spin system. J, is the exchange
integral between layers |1 and [ 4+ ¢g. H.ss is the uniform and unidirectional effective
magnetic field. The unidirectional surface anisotropy field acts on the spins at the
surface and establishes the pinning of surface spins, and determines the allowed k

modes by applying a boundary condition.
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Figure 2.29. Spin wave spectra of YIG film at 9.2 GHz for the different orientations

of the magnetic field with respect to the film normal.

The energy of the surface spins are
Eurf = Eint +25%21J1 A, (2.128)
where the ground state energy of the interior spins are
BEi = —28%20Jy — 45%2,.J) — gupS; - HY7, (2.129)

Here, Jj is the exchange constant between spins in the | layer, and J; is the exchange

constant between spins in different layers. The pinning parameter, A is given as,

guB . surf
A=1- -H 2.130
2821J1r 7 ( )

where 7 is the unit vector of spin moments and z; is the number of nearest neighbors.
The energy of surface spins increases by unpinned boundary conditions or decreases

by pinned boundary conditions induced due to the surface anisotropy field.



The energy density is given in the following relation,

Eguwy = ngSa_2f" -Hourf

= 28’2110 2 (A - 1),

o8

(2.131)

where a is the lattice constant. Figure 2.31 illustrates the k values of the spin-wave

spectrum. The dashed lines show the antisymmetric and the solid line shows the

symmetric state. When the surface pinning parameter goes to minus infinity, the pinned

boundary condition k, = nmw/Na applies to the lowest order mode. When A goes to

unity, the lowest energy mode k; = 0. The first antisymmetric mode ks is equivalent

to zero at A = (N +1)/(N —1). For A > 1, k; is imaginary and a surface acoustic

wave occurs. Adding, ks, is an antisymmetric surface wave at A = (N +1)/(N —1).

For A <1, the optical surface modes occur. The transverse magnetization component

for a few orders of spin-wave modes as a function of the surface parameter, A is given

in Figure 2.32.
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Figure 2.30. Spin wave spectra of YIG film at 9.2 GHz at different temperatures for

the parallel orientations of the magnetic field.
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The precession amplitude increases as A goes from minus infinity to unity, and
at A = 1, the precession amplitude becomes zero. When A approaches infinity, the
precession increases and returns to the same form as the one A = —oo. The first two
modes at A > 1 are the surface modes. Their energy shifts to the lower energy and

transverse magnitude decrease.

A

1
Acoustic f(T)i glt)
Surface
Modes
4

L+1/L-1

Optical
Surface
Modes

Figure 2.31. Surface anisotropy parameter, A as a function of k.

One can conclude that A =1 or Ej,, s = 0 is the natural surface condition. A > 1
or Eg,r > 0 gives the surface modes or body modes. A < 1 or Ey,,y < 0 gives the
body modes and A = 1 gives the uniform modes (k = 0). The angle dependence of the

pinning parameter can be shown in the following

A=1-— 1B st o560, — 0, (2.132)
282’1 1

where 0, is the angle between the z-axis and the unidirectional surface field and @ is
the angle between the spin moments’ direction and the z-axis. For |0y — 0] < 7/2, A
becomes smaller than unity, A < 1 and for |6y — 0| > 7/2, becomes greater than unity,
A > 1 and for |6y — 6] < 7/2, A becomes equal to unity, A = 1 where the uniform

modes are excited.
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The pinning parameter at the substrate (A;) and the film surface (Ay) are

A,=1-— Z a, P, cos b, (2.133)

Ap=1- Za{ij cos 6,
where P,cosf is the Legendre polynomials, which imply the angular dependence of
the surface pinning parameter and a, shows the magnitude of the interaction. In this
approach, the precession is isotropic. However, in thin magnetic garnet films, due to the
demagnetization factors, the precession is elliptical. To determine the effect of surface
in spin wave resonance, the film must be homogenous within the volume. Otherwise,
the in homogeneity inside the film gives rise to spin wave spectra, partially or not
caused by surface anisotropy. Homogenous 1-micrometer thick YIG films epitaxially
grown on gadolinium gallium Garnet (GGG) substrates have higher order spin wave
modes with a lower intensity with respect to the principal modes in YIG film grown by
liquid phase epitaxy (LPE). The substrate and surface pinning parameters are equal
to one. This shows that in LPE-grown films, the surface energy is very small. In the
annealed YIG films or YIG films that are grown by chemical vapor deposition (CVD),

the surface effect plays an important role in spin wave spectra [53-56].

The non-propagating surface spin wave mode in Figures 2.29 and 2.30 is at the
substrate film interface. The mode positions and intensities depend on the angle. The
strongest absorption at the lower field is body mode and the weak absorption at the
higher field is the surface mode at parallel orientation. As the angle approaches the
perpendicular orientation, the surface mode intensity increases, and the body mode
intensity decreases. At a critical angle, 6., the surface mode and the body mode
merge into one uniform mode. As the angle increases to a perpendicular orientation,
the surface mode separates from the body mode, and higher-order body modes are
observed. As a function of temperature, at parallel orientation, the magnitude of
the surface anisotropy energy varies on each surface while no change is observed in
the perpendicular orientation. The surface pinning parameters, A; and Ay, and the
surface anisotropy energy at each surface as a function of magnetization direction are

given in Figure 2.33.
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Figure 2.32. Transverse magnetization component for a few orders of spin-wave

modes as a function of the surface parameter, A.
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The curves show the least-square fit of experimental data for YIG[100]/GGG
structure with the film thickness of 0.46 micrometer and annealed for 2 hours at 1300°
C and the microwave frequency of 23.3 GHz. The pseudosymmetric and pseudoan-
tisymmetric surface modes are at the substrate surface and free surface, respectively.
To find the pinning parameters at each angle, asymmetric boundary conditions are
applied. After neglecting the odd modes from the Equation (2.132) and by doing the

calculation for only py and po, the surface pinning parameters are obtained as

20 —1

Aszl—ag—ag?’COST,
: (2.134)

f f3cos®0 — 1

The surface anisotropy determines the boundary conditions, so the allowed k values

can be known and the details of the bulk spin wave spectra can be analyzed.

2.5. Magnetization Dynamics

Magnetic Resonance (MR) is a tool for the investigation of the magnetic prop-
erties of materials. Electron paramagnetic resonance (EPR)/electron spin resonance
(ESR) and nuclear magnetic resonance (NMR) are related to electrons and nuclei, re-
spectively. In both techniques, the sample is placed in a strong static magnetic field
and an orthogonal frequency is applied. In EPR, the frequency is in the range of the
microwave regime. In NMR, low radio frequency is used. Energy absorption occurs
when the radio frequency is equal to the difference between the two energy levels. The
transition between two energy states occurs by obeying the selection rules. The split-
ting of energy levels occurs at a non-zero total angular momentum. A paramagnetic
sample makes a precession motion in a magnetic field. If a microwave field with fre-
quency, M is applied perpendicular to the static field, the power is absorbed when the

precession frequency (M) is the same as the M frequency.

2.5.1. Ferromagnetic Resonance

When a transverse AC field at the Larmor frequency is applied to a system, the

system absorbs energy from the oscillating magnetic field due to spins’ split-level energy
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states. The resonance arises when the natural frequency of the magnetic system coin-
cides with the Larmor frequency. Equation of motion for ferromagnetic resonance can
be done by using a classical model in contrast to the spin Hamiltonian equation which
has terms with quantum operators. One can transform from the quantum mechani-
cal operators to the classical spin operators by taking time derivation of the expected

values of the transverse magnetization moment that are given as

< iy > = —gupSx,
(2.135)

<y > = —gupSy.
By using the Hamiltonian which consists of only the Zeeman term, H = gugH,S., the

time derivation of the spin operators is expressed by

ds.
= ~vH,S
dt ’7 Yo
as,
—Y = ~H,S,, 2.136
o = (2.136)
ds.,
= 0.
dt
The expectation values of the magnetic moment operators,
ds
— =-Sx Ho,
i di (2.137)
=R s x9H,,

dt
where YH, = hw is the energy splitting between the two quantum states. The fre-

quency of the transition between the two states corresponds to the frequency of the
RF microwave field in FMR. By adding the exchange energy term in the Hamiltonian,

one gets

H=gupy HT;.8;—2Ja’2) 8;-V’S;, (2.138)

where a is the lattice constant. The equation of motion for a spin is given by

ds;
ih— = [S;, H],

ddé» (2.139)
hi— = —gups x HY +22J4%S; x V?S,;.

dt
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By replacing S; with the magnetization M, one gets the expression

1dM 2A
T = _MxHY + M x VM 2.140
" e (2.140)

with M = gugNS and N is the spin number per unit volume. The relation for the
exchange constant is A = 2.J5%/a. The first term is the torque on the magnetization
in the effective field, and the second term is the torque caused by the exchange field,
H.,. = —(2A/MZ)V*M. The torque due to the effective field can be written as
T=—6&, x VE. (2.141)

The magnetization vector in the coordinate system in Figure 2.34 is given by
M = mpe, + mp€y + my€y, (2.142)

where €,, €g,and €, are the unit vectors in spherical coordinates, my = Md0, my =
M sin 8¢, 66 and d¢ are the deviations from the equilibrium. By inserting Equation
(2.140) in the Equation (2.139), the equation of motion can be expressed by

1dM M 2A
= E+-—-—M M. 2.14
T v x VE + V7 x V (2.143)

Damping terms such as the Landau Lifshitz, Gilbert, and Bloch- Bloembergen can be
added to the equation of motion as follows:

A e
WM x (M x HT) (2.144)

is the Landau Lifshitz damping term,

M x M (2.145)
is the Gilbert damping term, and

(2.146)

T2 1
is the Bloch- Bloembergen damping term. In the equilibrium, the net torque on the
system is zero. Therefore, the left-hand side of the Equation (2.142) is zero and the
second term on the right-hand side is zero. The first term can be written as

M
— x VE = E9é¢ - E¢ csc Qég =0 (2147)
Mo
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with Ey = and Ey = By expanding the equation of motion in Equation (2.142)
around the equlhbrlum,

dM M 2A

5( dt) 5(M0 VE) + M25(M x VM)

2.148)
M 2A (
= ﬁ51\/1 X VE + 7 X OE + W&(M x VZM).

0 0 0

The first term on the right-hand side is zero. The second term can be expanded by

M 0 1
2 OB = - (Egpmg + Epp cscOmy)eg + — (Eggmg + Egg cscOmy)ey. (2.149)
Mo My Mo

A set of coupled equations is expressed by

1 d 0 2A
m9 = ese (E9¢7TL9 —+ E¢¢ CsC de)) — —(5(1\/.[ X V2m¢)
vdt M, M2
Tdmy 1 24 ; (2.150)
T = — (Epgmp + Epy cscmy) + W(S(M x Vomy).
The solutions are
me = ( sinkyy + By cos k1y + 71 exp —kay) exp —iwt,
(2.151)

mg = (e sinkyy + Pa cos k1y + 72 exp —kay) exp —iwt,

where ko is the surface mode at y = 0 surface. The relations between the amplitudes
are
@ Ba _ FEpyg/ My + D3
ar P iw/y — Eyy /My’

2.152
E _ Eg@/MO — Dk% ( )
T iw/y — Ege /My
The dispersion relation is given in the following:
w
(;)2 = (Egp £ Dk1,)(Egy = DE; ) — Ej,. (2.153)

In the assumption of a uniaxial anisotropy constant, K, with a perpendicular magnetic

easy axis to the film plane, the derivatives are
Ep = Esy = M(Hy + H,) (2.154)

with Hy as the applied field and H, = % is the effective uniaxial anisotropy. By

substituting the derivatives in Equation (2.152), the dispersion relation takes the form

as
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Y~ Hy+H, - DI, (2.155)
2

which gives a circular precession. The k values are acquired by the boundary conditions.
The torque due to the surface anisotropy energy is
M
T = —— x VE”. 2.156
i (2.156)
The exchange torque, which is T® = fd—‘%M X %—IZI is equivalent to the surface torque.
0

S M S
5T _5(—mva)

1
= (E§¢ cscOmgy — B cot 6 cscmy + £, csc”® Omy) € (2.157)

1
L (Eggmo + Ejy cscOmy) &y

The variation of the exchange-related torque is

s 2A 8m9A amm

By equating the variations in Equations (2.156) and (2.157), one can have the following

matrix relation,

Sl "loo Moo sl || mo (2.159)
88&;’ Mgy csct — €5 cot B escd  nf esc®f me

where 7;; = E;;/2A. For 6, = 7/2,

om s s

2 I L B (2.160)
om, s s ‘ .
a_f Moy oo Mg

The spin wave shift is given with the expression tand = —ay/f;. By applying the

boundary condition given in Equation (2.160) [56], k; can be obtained from the relation

ko K +160M 50

k = 2.161
1 tand K ( )
where Ky = 1/2(n5,(1 £0) +n3,(1 £0)) with o = (1 - CH¢T) Y2 and
) + E% M,
¢t = ol * Doy (2.162)

(Egy — Egy)/2My’

where E? is the energy in the interior of the film.
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Figure 2.34. The FMR coordinate system.
The surface energy density is represented as
FE* = —M, - H*“"/ = MyH*""/ sin 6 cos ¢ — ¢ (2.163)

with ¢4 being the uniaxial anisotropy energy direction. Puszkarzki’s microscopic model

in the presence of surface anisotropy yields that

Egy = Ejy = H*" My sin 6 cos ¢5 — ¢,

Egy =0, (2.164)
o=0.
K is obtained as
HsquM
K. = —AO sin 0 cos (¢s — @),
2 (2.165)
HsurfMO )
kitand = — sin Oy cos (Py — ¢s).

For the uniaxial surface anisotropy energy, E* = K®sin’#sin®¢. At § = 7/2, one

obtains
Ej, = —2K°sin® ¢,
B, = —2K*(sin® ¢ — cos® ), (2.166)

Eg(z) - 0.
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K. is obtained as
S

K
Ki=—o4 (3cos? B — 1 £ osin’® B), (2.167)

where = 7/2 — ¢ is the angle between the magnetization and the film plane. The
boundary condition is ky tand ~ K. The total energy density includes Zeeman, de-
magnetization, magnetostatic, uniaxial, and crystalline anisotropy energy. The Zeeman

energy density is given

E.=-M-H
" (2.168)

= MyHysin6 cos (¢ — ¢p).

Here, the applied magnetic field, Hy is along the xy plane. The magnetostatic energy
is represented as
E,=2tM-N-M (2.169)
with N as the demagnetization tensor. For thin films, the demagnetization energy can
be written by
E,, =21 M} = 27 M{ sin® f sin” ¢. (2.170)
The uniaxial anisotropy perpendicular to the film plane is written as
E, = —K,sin? #sin” ¢. (2.171)
Magnetostatic and uniaxial anisotropies have the same form in FMR. Therefore, one
can neglect the uniaxial term and instead, can use the magnetostatic energy term as
an effective uniaxial anisotropy energy term as 2rM? — K,,. The crystalline energy for
cubic crystals is

E, M?M? + M? My, + MZM?), (2.172)

1
=l
where i, j, and k stand for the crystal direction axis [100], [010], and [001]. Here, the

second-order terms are not included. For (111) thin film, E. takes the form as

Kyl o, 1, 1 1 0 V2 2
E.=—(-M:+ =M+ - MM, + —M: M, —2M,M,M
M4(4 x—|—3 y+4 Z+2 o y‘|'3 iy V2 yM?)
_ Kl(sm4 0 4cos4 ¢ sin t93si1r14 o) 0024 0  sin® 208 cos® ¢ (2.173)

2 2
+ g sin? @ sin ¢ cos® ¢ — % sin? 20 sin 2¢.
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The equilibrium can be obtained with Ey = 0 and csc 0E, = 0. This can be done
by putting the angle § = 7/2 and E, = 0. After substituting the values, one gets

MyHy(sin ¢ — ¢p) + 2m M sin 26 + K, (1/12sin2¢(1 — 7 cos 2¢) (2.174)
+2/3 cos® p(2cos 2¢ — 1) = 0. '

This relation does not have analytical solutions. The second derivative of the energy

lets the dispersion relation be solved. By setting Eys = 0, and o« = 7/2 — ¢y and

f = 7/2—¢ where « and 3 are the angles between H and M and the film normal. For

a [111] film with the H and M are on the (110) plane, the dispersion relation becomes

(E)2 = (Hycosa — 3 — 4w My cos 28 + 11(B) + Dk?)

v (2.175)
x (Hocosa — B — 4w Mg cos® B + 1»(B) + DE?).

The equilibrium of M is

Hysin (o — ) 4+ 2w My sin 26 + 13(8) = 0. (2.176)

71(5), 12(B), and T3(5) are expressed as

T(8) = (s sin® (268) = 2 cost = L sin (28)(1 + Zsin? ).
Tx(P) = _Hk(% cos (2f3) + % cos 4 + %(Sin (28) — 2sin (48)), (2.177)
13(8) = 1’-.1;{;(2—14 sin (26)(1 4 7cos (26)) — % sin? B(1 4 2 cos (28)),

where Hy, = 2K, /M is the effective anisotropy field. At k = 0, one gets the resonance
field at the frequency of w as

H, cos (o — ) = 21w M, (Cos2 B+ cos (28) — %(Tl(ﬁ) + Tg(ﬁ)))
+ % (47 Mo (cos® B — cos (28)) + 1o(B) — 11(B)? (2.178)
L4
Y

From the dispersion relation in Equation (2.175), the energy of the spin wave mode

with £, can be obtained by

DE?
H,=H, - ——2—. 2.179
cos (a — ) ( )
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For the case of an in-plane applied magnetic field which corresponds to o = g = 0,
Equation (2.179) turns out to be
H,, =H, — Dk}
9 (2.180)
=Y 4 4nM.;y + SHy — DI,
0% 3

Here, D, M.ss, Hy, and v can be found by the dispersion relation and equilibrium
condition. The surface anisotropy energy can be obtained by the angular-dependent
spin wave spectra. If one goes back to the Landau-Lifshitz -Gilbert equation of motion,

which is

M ¢ (M aM) . (2.181)

E:V(MXHXHQH)%—WMQ XE
H.ss includes RF microwave field, h(t) with a frequency of w/27, demagnetizing field,
and magnetocrystalline anisotropy field. The gyromagnetic ratio is v = guh~! with g
being the splitting factor,i being the Planck constant, and G is the Gilbert damping
term. The splitting factor of a free electron is 2.0023 and the Gilbert damping is
1.7588107 Hz Oe™! [57]. To find the resonance frequency, and the FMR linewidth from
the Equation (2.181), coupled differential equations of the magnetization components
are studied in [58,59]. Another approach to determine the resonance frequency is to
take the second derivative of the magnetic free energy density, F with respect to the

angular components [60]

Wyes = (FopoFypp — Fop)'/. (2.182)

T
M sin 6
Here, the damping parameter, « is not included. The minimum of the free energy den-
sity yields the crystallographic easy axis. The resonance frequency for the tetragonal
symmetry and the magnetic field applied at 8y and ¢ in Figure 2.35. At 0y =60 = 0°,

the dispersion relation is

w 2(Ky+ Ky4))
—=Hp, —47M + —————=. 2.183
5 RL TV + i ( )
At 0y = 0 =90°, and ¢y = 45°, the dispersion relation is
W, o 2K4H 2K2 K4||
—)* = (Hpg) — H A M — —= + —). 2.184
(7) (Hp) = — 7 ) (Hpy + 4m 7 T (2.184)
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The dispersion relation for ¢y = ¢ = 45° is written as

oK, Ki K
(%)2 = Hpcos (0 — 0) + (—4mM + =2 + =2 — 2]4\4”)@05 (20)

K K
(ﬁ + 2—@) cos (40) x Hgcos (0 — 0)
2K. K.

+ (—47TM+ ﬁ + 2—](4}) cos? 0
2K41 | Ky 4, 2y
—+ — 0— ——.
( T 2]w))cos Vi

At g =0 =90°, and ¢y = 0°, the dispersion relation is

(2.185)

2K 2K K
(%)2 = (Hg) + ;4”)(HR|| drM — 222 o4l

7 iy Vel (2.186)

At 0y = 0 = 90°, the dispersion relation is

w

(5)2 = (Hpgjcos (¢ — o) + 2 s (49))

M
oK, Ky

Hpy + dnM — 22 4 24l
X (Hpy + 4m M oM

Here, Ky, K41, and Ky are the second and fourth anisotropy energy constants. Hpg

(2.187)
(3+4cose)).

is the resonance field determined by 6, ¢, 0y, ¢g, and the frequency of w/27. The
effect of the magnetic anisotropy on the resonance frequency (Equation (2.184) and
(2.185)) is shown in Figure 2.36. The magnetic field is parallel or perpendicular to
the film plane. The fourth-order anisotropy constants are not included in the plot.
When there is no applied field, the magnetization is perpendicular to the film plane.
The microwave absorption occurs at the intersections of the microwave frequencies
with the w/+ curves. The broken curve shows the paramagnetic condition when both
magnetization and Ky are zero. When the applied field is perpendicular to the film
plane, the resonance field is 0.03 T at 9.3 GHz, shown in a dotted curve (K, = 1.7 x 10°

Jm™3). In the case of larger Ky, there is no perpendicular resonance below 9.3 GHz.

When the magnetic field is parallel to the film plane, the microwave frequency
is 9.3 GHz and K, = 1.8 x 10° J m~3, resonances occur at 0.001 T and 0.54 T. The
magnetization at 0.001 T is perpendicular both to the film plane and the applied field
and the resonance absorption is less. The magnetization aligns parallel to the field for
the larger amount of the magnetic field. The transverse microwave field (h,) absorption

is observed. For 4 GHz frequency, the excitation of resonance modes occurs where M
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is not parallel to H at 0.3 T, the signal intensity is small. Another resonance mode at

the same frequency appears at around 0.4 T where M and H are parallel to each other.

[001]

+[100]

Figure 2.35. The angles of the applied field, H, and the magnetization, M. The

microwave field is in the film plane.

At 9.3 GHz, one resonance mode is obtained at the value of Ky, < 1.8 x 10°

J m?3

. For the larger value of K3, two resonant modes occur at the H,. As K,
increases, the resonant mode at the low field goes to the high-field range, and the
intensity of the signal increases. Meanwhile, resonant modes at high fields go towards
a higher field range, but the intensity does not change. The resonance fields for the
spontaneous magnetization, which is in plane or perpendicular to the film plane, are
depicted in Figure 2.37. For the value of Ky = 1.5 x 10° J m™—3, the magnetic easy axis
is perpendicular to the film plane. At 9.3 GHz, the perpendicular resonance field is

less than the parallel resonance field and paramagnetic resonance in the broken curve

shown in Figure 2.36.

The magnetic easy axis is in the film plane for Copy code Ky = 1.1 x 10> Jm™3.
The parallel resonance field is less than the perpendicular resonance field. From all
these findings, one can conclude that the value of the resonance field is the lowest
when the field is applied along the easy axis. In FMR, the rf susceptibility y(w) is
the response of the magnetization to a time-dependent magnetic excitation h(t) =
(hg + hg)e™. At a constant frequency w/2m, the second derivative of the complex

susceptibility x(w)” is measured as a function of the applied field.
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0.6

0.4
9.3 GHz

w/y(T)

0.2

4 GHz

0.0 0.2 0.4 0.6 HH.(T)

Figure 2.36. w/v for a thin film with poM = 0.528 T. Dotted curve shows that
K, =0and Ky = 1.7 x 10> J m~3. Full curve shows Ky = 1.8 x 10> J m™3. The
magnetic easy axis is perpendicular to the film plane when there is no applied field.
The intersections of the 9.3 GHz and 4 GHz lines with the H, lines give the resonance

frequency. The broken line shows the paramagnetic resonance.

0.6 H,,
0.4
9.3 GHz
w/y(T)
0.2
4 GHz
OO ' 1 T T T
0.0 0.2 0.4 0.6 MoH(T)

Figure 2.37. w/v for a thin film with poM = 0.528 T. Dotted line shows that K4 =0
and Ky = 1.5 x 10° J m3. The broken line shows Ky = 1.0 x 10° J m3. The magnetic

easy axis is perpendicular to the film plane for the larger K.
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Landau Lifshitz equation of motion and Maxwell equations for the rf electric and
magnetic fields are both taken into account to evaluate the absorption part. In bulk
samples or thick films, the boundary condition and the orientation of h, H, and M
with respect to the sample gives rise to a set of equations that are numerically soluble.
One must also consider the surface anisotropy due to the boundary condition [61,62].
In the ultrathin film, calculations are much easier. The complex susceptibility for a
bee film with transverse microwave field, h,(t), and the applied field in the film plane
is

M,(t
Xy =Xy + Xy — i()

Y

H+47(N, - N\NVMH,T) — — — —| ——
+4m(NL — N)M(H,T) <7M

= {M(H,T)d
H +4w(N, — N))M(H,T) — 2 @<%>

X{
M y
2K ’ G N
4 1w w
H*WCOS4¢‘7<W> ) (?) ” |

The power of the absorbed microwave is P(H) = 0.5wIm(x,)|h,|* where the Im(x,) =

X

X(w)”. The maximum absorption is when the value of the x(w)” is the maximum.
The shape of the signal, the intensity, and the half width at half maximum (HWHM)
can be determined by following the Equation (2.188). The peak-to-peak resonance
linewidth AH,, indicates the relaxation rate of the magnetization. The magnetic in-
homogeneities, the Gilbert damping, and the line broadening caused by the exchange
conductivity determine the AH,,. Intrinsic damping is a measure of the viscous damp-
ing of the magnetization precession and low-energy spin waves, and the dissipation
of the absorbed microwave energy from the spins to the lattice vibrations. Intrinsic
damping is related to the Gilbert damping term in the Equation (2.181) which de-
pends on the temperature, and the wave vector, k [63]. The resonance linewidth and

the frequency dependence are given in the following relation as

AH,, = AHjpom + 1.16 v (2.189)

v2M(T, H
AH;phom does not depend on the frequency. Inhomogeneous linewidth broadening arises

from magnetic inhomogeneities. The intrinsic damping of the magnetization motion is
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given by the Gilbert damping term. The friction is linear-dependent on the frequency.
As the frequency increases, the linewidth increases, as well. The homogenous linewidth

broadening is angle-dependent [64] and given by

2 1 G oF 1 OF
B V3|52 | M2°06%  sin®@ 092

res

AHjpom (6, 0) (2.190)

The Gilbert damping along the easy axis is larger than the hard axis. The viscous
damping of the magnetization precession along the easy axis is larger because of the
shift into the hard axis. When the magnetic field is applied along the hard axis,
the precession is towards the easy axis, therefore damping is less. AH;,pom is caused
by the magnetic imperfections within the sample, and it might be very large due to
the coupling of the uniform resonance mode (k = 0) with spin waves k& # 0. The

susceptibility is given by the relation

AmMo(Dk; + 55 5 ) (5 = (5)° + 3

X" =1 , (2.191)

where I, is the amplitude coefficient. The absorption is the complex part of the sus-

ceptibility relation, which is given by

iy (2.192)

where D is the exchange stiffness, T is the spin-spin relaxation time, wy is the Larmor

frequency and found by the relation [65,66]:

Wo \ 9 2 1 0°FE 2 1 O’FE 1 O’E 2 1
—)?2 = (Dk2 + ———)(Dk N |
() = Pkt g Pht 29 902 ~ Gy snd 9600 MEEE

(2.193)

At the surface of a thin film, V,,M = 0 due to the exchange interaction between
spins. Spins must have the same magnetization and the same precession frequency at
the surface, and below the surface, if the internal field is uniform within the film. If the
magnetization is not the same, additional torque will be implemented on the spin at the
surface. The varying magnetization and surface anisotropy energy along the surface
region gives rise to unpinned modes. This model is known as the volume inhomogeneity
model [67]. According to the model, the surface magnetization magnitude gets a lower

value than the bulk magnetization within a thickness, ¢ below the surface. Figure
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2.38 shows the change in magnetization in the surface and bulk region as a function
of thickness. M is the saturation magnetization. For € is not zero, the spins at the
surface do not come to resonance while the spins in bulk are in resonance. Since the
spins at the surface and in bulk are exchange-coupled with each other, it leads to a

phase difference in the spin wave around the surface.

Surface region Bulk region Surface region
, I'
| |
S T ' Approximate
M, | N3 = For surface

i : AM I region
. !
! l-»
v \

e | I | 1
1 M | |

g ! | 0 1

e = —:- -»I :* _: _E_ N
. L
! '
! 1
! 1
! 1
1 1
1 1

-1/2S 0 y — 1/28

Figure 2.38. Saturation magnetization as a function of the film thickness.

If one assumes that a thickness of /2 below the surface results in half of the
magnetization, My /2, this corresponds to a phase difference of 90° at a critical thickness
€er proportional to (A/M2)Y/2. The surface spins are unpinned for the thickness below
the critical thickness (¢ << &.). Otherwise, VM = 0 at the surface can not be
maintained, yielding partially pinned low-order spin waves. For the circular precession,

the equation of motion for magnetization is

24 0%m
My 0y?

+ K*m =0, (2.194)

where 2 is given by the relation

Y — 27 My sin? 6. (2.195)

2 24 92M.
M oy

K* = ((E)2 + (27 My sin? 6)?
v
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For the perpendicular resonance, sin? § = 0,

5 W 2A 9*M,
=——H.r— — ) 2.196
FL=7 11702 oy (2.196)
For the parallel resonance, sin®6 = 1,
2 2\
9 W, 9 o 2A 0°M,
K = <(;) + 427 Mo) — Hepp — Mg 3y 2 — 21 M. (2.197)

The term with the agﬁiy overcomes the other terms when the surface layers are very
thin, so Equation (2.194) can be rewritten as

0*m N 0% M
2 ay

=0. (2.198)

By integrating once and applying the condition My = m = 0 at the film surface, one

can find
om aM
(9y 8y

=0, (2.199)

which is valid for the bulk edge in addition to the surface. The spins are unpinned since
V = 0. Inserting the dispersion relation of the bulk region which is w/y = H; U + Dk?,

the perpendicular resonance in Equation (2.196) is

2A 9*M,
2 =1+ D2 - B -
FL= ST S TS

(2.200)

with Hff I and H ¢/1 being the bulk and surface effective field,respectively. The differ-

24 9*M,
M2 oy?

dominates the other terms for Dk? << 47M, e? << 2A/mM¢ and Dk? << 47 M.

ence between the bulk and surface effective fields can be up to 47 M. The term

For Dk? >> 47 M, the term ]?JAQ oM =~ dominates the other terms if e << \,/7 and

DkZ >> 4n M. The relation Wthh holds the two conditions is £? << €2, with

, 24 D2\,

= 14 2.201
cr Mgﬂ'( 47TMO) ( )

£

6. Magnonics

Magnetostatic modes are magnetic excitations in a magnetic specimen. For garnet

films more than 5 um, one can ignore the exchange interaction due to the very small
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value. Magnetostatic modes are normal modes of vibration of magnetization, M (r,t),

and obey the Maxwell equations:

VxH=0,
(2.202)
V-H=—-47V -M
and the torque equation
1 0M
——— =M x Heff
v Ot (2.203)
=M x (VE — he ™),
where the effective field is
H.; = Hy — H, — 47N - Mg + he™ ™" (2.204)

with Hy being the applied field, H, being the uniaxial anisotropy field, N being the
demagnetization tensor and h being the transverse r.f. field. The magnetization in the

case of low-intensity signal is
M = M,h + me ™", (2.205)

where 01 is in the direction of H.f¢ and m is the rf microwave field component per-
pendicular to fi. Equation (2.203) establishes a relation between m and h via the
susceptibility tensor, y which is
m = - h. (2.206)

The relationship between susceptibility and permeability is

p=1+4rx. (2.207)
When the applied field, Hy is along the X direction and the higher order terms are
excluded, Equation (2.203) can be written by means of the components as

iwm, = —y((Ho — Hy,)my, — Moyh,),

(2.208)
iwmy, = —y((Hom, + Moh,).
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The permeability tensor becomes

1 0 0
—idm Mo gl : (2.209)

HU)/M(?_U)Q/VQ

0 1+47M, Ho(Ho—gS)—w2/72

. w/ Ho—Hy
0 Z47TM0 HO(HO—H:)—IU2/72 I +4rm HO(HO—OHU)—wZ/W2

When the applied field, Hy is along the ¥ direction, the permeability tensor takes the

form as

Ho—4nM+H, . w/
1+ 4m My (H0747?M+H:)r27(wfy)2 0 a4m Mo (H0747rM+I]u)27(wfy)2

0 1 0 : (2.210)
—idr M, w/y 0 1+ 4xMy——Ho—dxMiH,

(Ho—4mM+Hy, )2 —(wv)2 (Ho—4mM+Hy )2 —(wy)2

Applying the Maxwell equations, the dispersion relation can be evaluated as

V xh=0,
V- (h+4rm) =0, (2.211)
V:(p-h)=0.

A scalar potential, { can be defined, which gives h = V(. After substituting h in
Equation (2.210), one obtains

V(p-V() =0. (2.212)
The normal modes in a rectangular film are defined by the in-plane wave vector,
Kinplane = (kz, k.) and the perpendicular wave number, k,, and the frequency, w.

The interior solution of 2.212 is given as
Gt = (aexp(ikyy) + bexp(—ikyy))exp(i(ksx + k.2))exp(—iwt). (2.213)

By replacing Equation (2.213) in Equation (2.212), for the parallel orientation, one
gets
k2 + pyyks — pazk? =0, (2.214)

and for the perpendicular orientation, the following relation is valid

poz (K2 4+ k2) 4+ ki — = 0. (2.215)
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The external solution of Equation (2.212) for y > d/2 or y < —d/2 is such that
Cext = C1 2exp(xkyy)exp(i(kyz + k,2))exp(—iwt). (2.216)
Then, Equation (2.212) becomes
Ky =k +kI=0. (2.217)

For an in-plane wave vector, k, can be either real or imaginary. The real one is volume
mode and the imaginary one is surface mode. According to the boundary conditions,
the normal components of bulk and the tangential components of h must be continuous

such that

ayCezt = (:uyﬂ?az + Myyay + ,U/yzaz)gmt- (2-218)

Here, Ceyt = Cine for y = £d/2. The resulting characteristic equation is
(/{73 + (kaftye + kapry)® = (ypiyy)?) sinkyd — 26,k 1y, cos kyd = 0. (2.219)

The dispersion relation divides into bulk and surface modes in the case of parallel
orientation. Bulk and surface modes are separated from each other at a boundary with

a critical ratio of k,/k,. The dispersion relation of volume modes with k; >0 is

20y (1+17)" /2

1 _ vy

tan(k.do” /2 +nm) = T e p—— (2.220)
z vy

The dispersion relation of surface modes with ki <0is

2piyyla (1 4+ n)' /2
10y yy
tanh(k.d|a|/2) = TP — PP 1 o2 (2.221)

with 7 = k./ke, @ = oo/ pyy(n? — n?), n2 = —pz! and k, = k,a/2. Magnetostatic

surface and bulk modes for a parallel magnetized film with K, = 0 are sketched in
Figure 2.39. According to Equation (2.220) for n layers, the volume modes are between
the frequencies of w = vHy and w = v(Hy(Hy + 47 M))' /2. The surface modes occur
above the w = vy(Ho(Hy + 4mM))'/2 at a critical angle of .. The surface mode is
limited to the upper boundary of w = v(Hy + 27 M).

In uniaxial anisotropy, the volume modes at k, — w plane shift to the w =

"}/(Ho(HO — Hu))1/2 At kx = k'y = 0, w = ’}/(Ho(HO — Hu + 47TM))1/2. The effect
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of the uniaxial anisotropy on the surface modes is to change some surface modes to
the volume modes. In perpendicular orientation, the only allowed modes are volume
modes. The dispersion relation is

2(_vax)1/2

tan(pul? (k2 + k;)lﬂd +nm) = T n

(2.222)

The uniaxial anisotropy shifts the magnetostatic modes by dw = vH,. For a finite
dimension of magnetic samples, the quantized wave vectors are defined as k, = n,mw/l,

and k, = n,m/l,, where n, and n, are positive integers and [, and [, are dimensions.

Surface mode.y

w=y(H+2nM,)
--------------- w=y{Hg+4mM }?

.

Volume modes

| » w=yH,_
2nfs @ —— ¥

Z

Figure 2.39. Magnetostatic bulk and surface modes in a ferromagnetic material [57].

The absorption that arises due to the excitation by the microwave field h is
proportional to m - h. In the case of parallel orientation, magnetization is written in

the form (0, m,(r)exp(-iwt), m,(r)exp(-iwt)) where

0 9,
me = (= D5 + (1) 5

0 0
my = (Nyz)a_g + (Hyy — 1)8_:5

(2.223)
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The microwave field, h can be written such that (hy, hy, h,)exp(-iwt). The absorption

power for the mode (n,7m/l,,n,mw/l,) is

m-h =1/2Re(m - h") (2.224)
and
(= X(@)Y(y)2(2)

= (aexp(ik,y)) + bexp(ik,y))exp(i(k,x + k,2))exp(—iwt).

(2.225)

By taking the integral overall volume, the allowed resonance conditions can be deter-

mined by

/2
Y ()2, + B / Y (y)dy) sin (n.7 /L) (L /) sin (nam /1) (2.226)

n,m —d/2
with A and B being functions of h, h;, w, and M. Following Equation (2.226), one can
draw a conclusion such that there is no absorption once one of n, or n, is even. If both
n, and n, are odd, the absorption intensity is higher for the low modes, n,, and is less
for the higher modes for which the applied field is along the x-direction. Figure 2.40
displays the magnetostatic spectrum of a 12 ym YIG film. The uniaxial anisotropy
is not taken into account in the spectrum. (n,1) labelled modes are surface modes
where 1 > 1. and (1,n) refers to the volume mode that holds the condition 7 < 7.
In thin/ultrathin YIG films, the magnetostatic energies are not large compared to the
exchange energy. Figure 2.41 shows the magneto exchange spectrum branch for a 480
nm YIG film. High field exchange modes occur at n = 1 branch, while at n = 3, the low
field magneto exchange modes are observed. An easy plane anisotropy energy yields
excitation of bulk modes within the surface modes. If the excitation is interrupted by
an inhomogeneous anisotropy, a considerable separation distance occurs between the

surface modes in the spectrum.
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Figure 2.40. Magnetostatic mode spectrum of a 12 ym YIG film at the parallel

orientation.
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Figure 2.41. The left. High field magneto exchange modes at n = 1 and low field
exchange modes at n = 3. The right. The resonance field versus n modes. n = 1 and

n = 3 branches come closer.
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2.6.1. Spin Wave Propagation

Magnetostatic waves are produced at high frequencies and their velocity depends
on the frequency, which makes them suitable for microwave delay lines. Magnetostatic
wave wavelength is between the micron and millimeter range. For YIG, the frequency
of magnetostatic waves is between 1 and 40 GHz [51,68]. Three types of magnetostatic
waves can be generated in a device geometry, depending on the orientation between
the applied field and spin-wave propagation. In the case of surface spin waves, Hy and
M, are parallel to X while k is parallel to z. For forward volume modes, Hy and M,
are parallel to y while k is in the xz plane. For backward volume modes, Hy and M,
are parallel to % while k is parallel to %. In the assumption of zero uniaxial anisotropy,

the frequency of the magnetostatic surface modes are
(HZ + HodnMy)'/? < 2 < Hy + 21 M, (2.227)

and for volume modes are

(Ho)'? < 2 < (HZ + Hodm My)"/2. (2.228)
The volume modes are in the spin wave band range and the surface modes are above
the spin wave band as shown in Figure 2.42. The group velocity is dw/0k. The
group delay is inversely proportional to the group velocity and the film thickness. The
relation between the group velocity and the frequency is not linear. There needs to be
modifications for a non-dispersive delay line generation. The excitation and dispersion
relations of spin waves are studied in detail by Damon and Escbach [51,68]. When the
wave number, k goes to zero, the frequency of the forward volume magnetostatic waves
goes to fy = vHy with an internal field, Hy. When k increases, the frequency goes
to f1 = \/m with fy = 4myM,y and M, is the saturation magnetization.
The dispersion relation does not change with the change in the propagation direction
in the film plane, since the propagation direction is perpendicular to the applied field
direction. The dispersion relation for the forward volume modes in Figure 2.43 is given

as [69-71]

— exp(—kdy)
kdy

Jrvmsw = \/fH(fH+fM(1— ! ))- (2.229)
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Figure 2.42. The left. The dispersion relation for the magnetostatic wave modes in
the y direction for YIG films at a field of 710 eV. The right. Group velocity versus

frequency for magnetostatic modes.

In in-plane magnetized films, backward volume magnetostatic modes and magne-
tostatic surface modes can be excited. The dispersion curve for the backward volume

modes is calculated depending on the relation

(1 — exp(—Fkdo))
" ))-

fevmsw = \/fH(fH + fm (2.230)

The slope of the dispersion curve of the backward volume modes is negative, which
means that their group velocity is negative. The phase and group velocity propagate
oppositely. One can conclude from the dispersion curve that the frequency decreases
when the wave number increases. Different from the volume modes in which the mag-
netization precession is sinusoidal within the thickness of the film, the precession of the
surface spin waves is exponential along the thickness and has a maximum value at one
surface depending on the direction of the applied field or propagation direction. The

dispersion relation for magnetostatic surface spin waves is given by

fassw =/ (fu + far/2)? — (far/2)?exp(—2kdo). (2.231)
For the small k values, the frequency of surface modes has the same value as one of
the backward volume modes, f; which is the FMR frequency of the in-plane magne-
tized films. When k increases, the frequency of the surface spin wave modes becomes

fu + fau/2 [51,72]. In Figure 2.43, the lowest-order uniform modes are shown. For
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higher-order modes, the dispersion is not uniform and can be explained by other disper-
sion laws [24,51,69]. The magnetostatic volume and surface modes can be excited by a
waveguide with a microstrip antenna. From all, the excitation of surface spin waves is
very efficient and non-reciprocal. In practice, the film thickness is much smaller than
the magnetostatic spin wave wavelength (kdy << 1). For this reason, the magneti-
zation precession is uniform across the thickness. The non-reciprocality in excitation
arises from the spin wave interference caused by the parallel and perpendicular com-
ponents of the microwave field. MSSW and FWMSW s are the most studied ones
for applications. Recently, BVMSSWSs have been under investigation for their unique
dispersion properties from a technical point of view. Another type of spin wave which
taken interest lately is dipolar exchange spin waves with short wavelengths formerly

studied by [70,71].

6400 4 FVMSW
N 6000 T H
= 5600 T '
f —
2004 L1
5200 t t } } t k(rad/cm)
b) 1000 2000 3000 4000
7200 1
g 6800 T
& 6400 1
6000 ¢ } f } } } k(rad/cm)
1000 2000 3000 4000
) 7600 4TI o2
T 7400 T "/Hv
T
s L]
= MSSW
7200 4 f,

t } t t k(rad/cm)
1000 2000 3000 4000

Figure 2.43. Dispersion curves for the forward volume magnetostatic modes,
backward volume magnetostatic modes, and magnetostatic surface modes in a 5 pm

film with a saturation magnetization of 1750 Gauss at an applied field of 1850 Oe.
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3. THIN FILM DEPOSITION AND
CHARACTERIZATION TECHNIQUES

In the scope of this thesis, thin film deposition techniques such as sputtering and
pulsed laser deposition techniques were used. To produce the dot/antidot array struc-
tures, the photolithography technique was used. The chemical and crystal structure
analysis of the produced thin films was done by X-ray photoemission spectrum (XPS)
and X-ray diffraction (XRD) measurement techniques. The magnetic analysis was
done by using a vibrating sample magnetometer (VSM) and ferromagnetic resonance
(FMR) measurement. The magnetization curves of the array structures were simulated
by using a micromagnetic simulation, Mumax3. Therefore, a short description of the

techniques used in this work is given in the following sections.

3.1. Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is a technique that uses ultra-short and high-
energy laser pulses from energy sources such as Nd: YAG, krypton fluoride (KrF),
or argon fluoride (ArF) excimer lasers with a wavelength of 355 nm, 248 nm, or 193
nm, respectively [73]. Excimer lasers supply high power and stability of energy during
ablation. A scheme that shows the pulsed laser deposition is given in Figure 3.1. To
deposit a thin film on a substrate, the target surface is ablated with short laser pulses at
a repetition rate. The target surface vaporizes due to superheating, ionizes, and finally
turns into a high-energy plume spreading towards the substrate. The ejected specimen
condenses on the substrate surface, which stands opposite to the target. In PLD, the
ejected plume from the target surface is due to the photon interaction and has the same
stoichiometry as the target material, in contrast to the thermal evaporation technique
in which the resulting stoichiometry depends on the vapor pressure of each element of
the heated target. PLD is a suitable technique to obtain the stoichiometry of multi-
element targets on the deposited thin film. The kinetic energies of the ablated particles
can determine the surface diffusion, but the energy is not high enough to produce bulk

samples. Therefore, only thin/ultrathin films of metals, insulators, and semiconductors
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can be produced by using PLD. It is possible to have the same stoichiometry of the
target in the thin film by arranging the suitable growth conditions such as laser energy,
pulse duration time, repetition rate, the distance between the target and the substrate,

deposition temperature, and oxygen pressure.

Port with
quartz window

Laser beam

Heatable
substrate stage

]

Figure 3.1. The scheme of the pulsed laser deposition [74].

Substrate

Vacuum chamber

3.2. RF Sputtering

Sputtering is a common technique to deposit thin films on substrates. The ejec-
tion of atoms from a target surface occurs by bombarding them with high-energy ions.
The momentum of the ions striking the target surface is transferred to the ejecting
atoms from the cathode/target and the sputtered atoms move toward the substrate.
The ions are generated due to the glow discharge caused by the electric field between
two electrodes in a gas at low pressure. At a low voltage, the gas ionizes and becomes
conductive, called plasma. To form a plasma, a moderate vacuum pressure is needed
between the range of 107 to 10~ Torr. In sputtering, an inert gas, usually Argon (Ar)
gas, is used since it does not react with materials. Positive Ar ions are accelerated by
a high electric field and move to the cathode (negative electrode) and hit the target.
Particles eject from the target surface to the plasma and travel to the substrate. The
sputtering process is schematically shown in Figure 3.2. During sputtering, momentum
transfer does not cause heat on the target, so there is no decomposition of the target

or substrate. This type of sputtering is called DC sputtering. Plasma ions become
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neutral after striking the target. If the target is an insulator, the electrical charge of
the target becomes positive after the plasma bombarding. The charge on the target
may repel the bombarding ions and cause to terminate the sputtering process. For
continuous sputtering, more electrons must be attracted from the plasma, which re-
quires the reversal of the polarity. By applying radio frequency RF voltage on the
target, the polarity can be reversed periodically. This type of sputtering is called RF
sputtering. RF sputtering is used in either conductors or isolators. The sputtering
can be more efficient by using a magnetron source. A magnetic field spirals the elec-
trons, which enables more ionization and higher density in plasma. Positive ions in
the plasma which is produced by magnetic glow discharge bombard the target. This
type of sputtering is described as magnetron sputtering. By sputtering, it is possible
to deposit thin films which have the same stoichiometry as the target. The thin film
of elements such as metals, semiconductors, alloys, and compounds is produced by the

sputtering technique [75,76].

—  Substrate and film growth

Sputteriw [ 1 |_

Gas ——p —»

— Sputtering Target

Figure 3.2. A scheme of the sputtering process [77].

3.3. X-Ray Diffraction(XRD)

XRD is an analytical technique that gives information about the crystal structure
of the materials and thin films such as crystal phase, unit cell, and atomic spacing.
By using this technique, chemical analysis, stress measurement, and texture analysis

of the materials can be performed [78]. XRD shows the atomic structure of the ma-
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terial. The elastic scattering intensity of an X-ray beam from the electron clouds of
the individual atoms, when it hits a sample, depends on the angle of the incidence and
scattering, polarization, and wavelength. Max von Laue found out that X-rays reflect
from crystalline materials like three-dimensional diffraction gratings (1912). In Xray
diffraction, monochromatic Xrays and a crystalline sample make constructive interfer-
ence. An incident beam of X-ray interferes with another at the atomic planes of the
crystal when they leave the crystal. Bragg’s law explains the X-ray beam’s reflection

from a crystal surface at certain angles of incidence, 6, such that
nA = 2dsiné, (3.1)

where d is the distance between atomic layers in a crystal, A is the wavelength of the

incident X-ray and n is an integer as shown in Figure 3.3.

L \-\ ®
\R- dsint
L & ® @ L

Figure 3.3. Bragg’s law [79].

According to Bragg’s law, the wavelength of electromagnetic radiation is related
to the diffraction angle and the lattice spacing. The incoming beam gives rise to
radiation of scattered ones as a spherical wave. If the scattered ways are symmetrically
separated from each other with a distance of d, the spherical waves make constructive
interference in directions in which the difference in path length is equivalent to an
integer multiple of the wavelength. The incoming beam is deflected by an angle 20 and
generates a reflection spot in the diffraction pattern. Xrays are produced by a cathode
ray tube by heating a filament, which generates electrons. The accelerated electrons

under a voltage bombard the target. If the energy is high enough for the inner shell
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electrons of the target, X-rays are produced. Constructive interference and a diffracted

ray arise in certain conditions based on Bragg’s Law.

Detector

Figure 3.4. X-ray Diffraction measurement scheme [79].

Diffracted rays are detected. The crystalline sample is scanned through a range of
260 angles and all diffraction directions of the lattice are obtained. XRD spectra consist
of K, which has two subcomponents K,; and K,o, and Kg. The wavelength of K,
is shorter, and the intensity is twice the intensity of K,o. Specific wavelengths are en-
hanced depending on the target materials such as Cu, Fe, Mo, and Cr. Monochromatic
X-rays are obtained by filtering with foils or crystal monochromators. As a target, Cu
is generally used for single-crystal diffraction (CuKa radiation = 1.5418A°). Figure
3.4 shows an XRD measurement scheme. X-rays are collimated and directed to the
sample. The intensity of the reflected X-rays is saved as the sample and detector are
rotated. As long as the geometry of the incident X-rays satisfies the Bragg condition,
constructive interference and a peak intensity arise. The sample rotates in the colli-
mated X-ray beam path at an angle # in an X-ray diffractometer. The X-ray detector
is placed on an arm and records the diffracted X-rays by rotating at an angle of 20
using a goniometer. XRD satisfies information about the compounds in nanoparticles,
calculating or comparing with the standard value of lattice parameters and crystallinity
of the sample. Diffraction peaks corresponding to dspacings, let us identify the mate-
rial, since the dspacings of each material are unique. For identification, d-spacings are

compared with the standard reference patterns.
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3.4. X-Ray Photoemission Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic tech-
nique. XPS is a powerful analytic method due to the surface sensitivity and the
identification of the chemical state of the elemental compounds in the material. XPS
can provide information about the elements inside a material, the elemental composi-
tion, chemical state, empirical formula, and electronic state. Except for hydrogen and
helium, XPS detects all elements. The underlying principle of this technique is the

photoelectric effect.
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Figure 3.5. X-ray bombarding the material surface. (a) emission of a photoelectron,

(b) x-ray fluorescence, and (c) emission of an Auger electron [80].

By bombarding the material surface with soft X-rays whose energies are lower
than 6 keV, electrons are emitted from the surface, and the kinetic energy of the emitted
electrons is measured by an electron Energy Analyzer. The x-ray energy transfer to a
core-level electron is shown in Figure 3.5 (a). The energy of the X-ray (hv) is equal
to the total of the binding energy (BE), kinetic energy (KE), and the work function of
the spectrometer, (¢) such that

hv = BE + KE + ¢. (3.2)
The binding energy of the electron is material-specific and can be determined from the
Equation (2.224). Any electron that has a lower BE than the X-ray source energy is
emitted from the material and detected by a detector. Due to the emitted electron,
a hole occurs at the core level. To relax the ionization state, an electron from the

valance band fills the hole by releasing energy in two processes described as X-ray
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Fluorescence and Auger electron emission, as shown in Figure 3.5b and c. The Auger
electron is used in XPS qualitative analysis. An XPS instrument is composed of an
X-ray source, an ion gun, a stage, extraction lenses, and a detector in an ultra-high

vacuum environment. A diagram of an XPS system is illustrated in Figure 3.6.
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Figure 3.6. An X-ray Photoemission spectroscopy (XPS) scheme [81].

The binding energies can be obtained from the positions of the peak and the
elements inside the sample. An XPS spectrum is plotted by the number of electrons
at a specific binding energy. Each element has characteristic XPS peaks which give
the electron configuration such as 1s, 2s, 2p, 3s, and so on. The number of detected
electrons in each peak determines the amount of the element in the sample. For the
values of atomic percentage, the intensity of each raw XPS signal is divided by a relative

sensitivity factor (RSF) and is normalized over all the detected elements.

3.5. Photolithography

Lithography is a widely used technique in integrated circuits (IC), microsystems
(MEMS) fabrication, and the semiconductor industry. Several layers with different
patterns constitute the components of a device. Lithography enables the transfer of
different patterns on each respective layer. The principle is imaging a pattern from a

mask onto a photosensitive layer. There are many lithography techniques such as pho-
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tolithography, x-ray lithography, electron beam lithography, micro-contact lithography,
and nano-imprint lithography. Among all, photolithography is a classic and conven-
tional technique. The steps of the process are depicted in Figure 3.7. Photolithography
copies the pattern on a lithographic mask onto a photoresist-coated substrate via an
optic system. Photoresists have a photo-sensitive compound, a polymeric backbone,
and a solvent. Resists are classified into positive and negative resists according to
the solubility after radiation exposure. When a positive photoresist is illuminated by
radiation, the exposed areas are more soluble. When a negative photoresist is under-
exposure, the exposed area hardens. As shown in Figure 3.7, the first step is the resist
coating on a substrate. The substrate must be cleaned with alcohol and must be baked
to remove water on the surface. Usually, the surface is covered with Hexamethyldisal-
izane or HMDS to determine the adhesion between the resist and the wafer. After the

primer is applied, the substrate must be cooled to room temperature.
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Figure 3.7. The steps of the lithography process [82].

A photoresist is coated homogeneously on the surface by spin coating until the

desired thickness is achieved. A soft bake is done to remove the solvents in the resist and
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cool down to room temperature. By using a mask aligner, the resist-coated substrate
is exposed to ultraviolet light through a Cr mask. After a chemical reaction with the
resist and light, the areas illuminated become soluble. The resist is removed by using
a developer. The resist on the exposed areas is removed, while the resist on the region
that is not exposed to UV light remains on the substrate. The structure is etched based
on the pattern and finally, the remaining photoresist is cleared away. The exposure of

the resist types and the final structure is shown in Figure 3.8.
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Figure 3.8. The patterns obtained using positive and negative photoresist when

exposed to UV light [83].
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3.6. Vibrating Sample Magnetometer (VSM)

Vibrating-Sample Magnetometer measures the flux change in a coil when a mag-
netized sample is vibrated near it [84]. The sample is attached to the end of a non-
magnetic rod that oscillates between the pickup coils. The other end is connected to
a loudspeaker cone or a mechanical vibrator. The stray magnetic field of the magne-
tized sample moves with the sample, resulting in a changing magnetic flux in the coils.
An alternating electromotive force (emf) is enhanced in coils due to the oscillating
magnetic field of the vibrating sample. The magnitude of the alternating emf and the
magnetic moment of the sample are proportional to each other. The induced electric
field in the pickup coils generates current which is proportional to the magnetization
of the sample. By using a lock-in amplifier sensitive to the signals at the vibration
frequency, the small emf is amplified. Depending on the voltage generated by this
varying magnetic flux in the coils, a hysteresis curve is recorded. The VSM scheme is

shown in Figure 3.9.
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Figure 3.9. Vibrating sample magnetometer scheme [85].
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3.7. Ferromagnetic Resonance (FMR)

FMR is a technique for measuring both magnetostatic properties such as anisotropies
and exchange coupling, as well as spin dynamics, which includes damping constant,
g factor, and spin relaxation. FMR spectrometer records the electromagnetic wave
that is absorbed by the sample in the presence of an external DC magnetic field. The
spectrometer involves a detector, electromagnetic wave excitation source, and trans-
mission line which links the sample and electromagnetic source. Since the precession
frequency of ferromagnetic materials is at the microwave regime, which ranges from
0.1 GHz to 100 GHz, FMR absorption is obtained at the microwave range. Other
components of the FMR spectrometer are the resonator and electromagnet. The mag-
netic field produced by the electromagnet changes the magnetization of the sample
along the measurement. The sample placed inside the cavity absorbs energy from the
microwave source. The change in the reflectance or transmittance of the microwave is
recorded by the detector, the Schottky barrier diode when the magnetic field is swept.
The reflectance is measured at a fixed band frequency. A Klystron going through a
waveguide into a metallic cavity produces a microwave. The signal is reflected from
the cavity to a detector. Metallic cavities are TE mode with a very high Q-factor.
The excitation magnetic field is maximum at the cavity center where the sample is
mounted. A circulator is used to prevent the microwave to return to the generator
after going to the detector. A microwave bridge is described as the combination of
the microwave source, detector, circulator, etc. in a box. A ferromagnetic resonance
spectrometer is shown in Figure 3.10. The microwave frequency is matched with the
eigen resonance of the cavity. By increasing the magnetic field, resonance absorption of
the spin system is enhanced. Ideally, the cavity stores all microwave energy and there
is no microwave power reflected. Resonance characteristics change with small changes
in the dielectricity and permeability in the cavity. The absorption of ferromagnetic
resonance in the spin system is enhanced. Microwave power is reflected from the cav-
ity and detected at a diode. The absorption spectrum is recorded according to the
difference between the incident and reflected signals. For field swept FMR detection,
TE102 cavity is used with unload Q of 9,000 at X-band, and FMR signal is recorded
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through the measurement of reflectance, and therefore one vector network analyzer
(VNA) port for S11 is used. One can differentiate the original data for the derivative

spectrum that determines the peak position and line width. [57,86].
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Figure 3.10. Ferromagnetic resonance spectrometer [86].

3.8. Micromagnetic Simulations

Mumax3 is a GPU-accelerated micromagnetic simulation program that calcu-
lates the space and time-dependent magnetization dynamics in ferromagnets using a
finite-difference discretization [87]. Open-source programs OOMMEF (CPU) [88] and
MicroMagnum (GPU) [87], and the commercial GpMagnet (GPU) [89] uses a simi-
lar technique. Mumax3 is open-source software written in Go programming language
and uses Nvidia’s CUDA platform as a compiler to do the computation in GPU. The
software is run by an Nvidia GPU driver and a Linux, Windows, or Mac platform.
Mumax3 uses a finite difference (FD) discretization of space and comprises a 2D or
3D grid of orthorhombic cells. Volumetric quantities, such as the magnetization and
effective field, are assumed at the center of each cell. However, coupling quantities,
such as the exchange strength, act between the face of the cells. Each cell corresponds

to a region index from 0 to 256. Materials are represented by different region indices.
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Coupling parameters such as exchange strength are indicated by the region indices of
the two interacting cells. In addition to space dependence, Mumax3 allows material
parameters in each region to be time-dependent. Externally applied field or electrical
current density can be assigned region and time-dependent, such that an antenna’s
RF field or an AC electrical current are functions of time. Mumax3 calculates the re-
duced magnetization m(r,t) evolution. The time derivative of magnetization, torque,
has three contributions: Landau-Lifshitz torque, Zhang-Li spin transfer torque, and

Slonczewski spin transfer torque. The Landau-Lifshitz torque used in Mumax3 is

SLL = YLL (m X Beg + a(m X (m - Beg))), (3.3)

1+ a2
where 771 is the gyromagnetic ratio (rad/Ts), which can be altered by the user, and «
is the damping parameter. The effective field includes the external applied field B,
magnetostatic field Bgyemag, Heisenberg exchange field, Bexen, Dzyaloshinskii-Moriya
exchange field By, magnetocrystalline anisotropy field B,,;s, and thermal field Bipepr -

Figure 3.11 shows the damping in magnetization precession.

Figure 3.11. Damping of the precession of a magnetic moment. Due to the torque
(m x Beg), the magnetic moment rotates around the effective field direction. The

damping term a(m X (m - Beg)) makes the precessional motion slow down.

Mumax3 brings a bunch of Runge Kutta methods. RK45 which is known as the
Dormand Prince method is used for dynamical simulations. It provides a 5" order

convergence and a 4 order error estimate for adaptive time step control. RK32 is the
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Bogacki Shampine method. This method offers 3" order convergence and a 2"¢ order
error estimate for adaptive time step control. It is used when the magnetization relaxes
to the ground state, yielding a better performance than RK45. RK12 is Heun’s method

2"_order convergence and 1% order

and is used for finite temperature simulations with
error estimate. RK1, which is known as Euler’s method, is for academic use. A relax()
function is used in mumax3 to find the system’s minimum energy. With this function,
the precession term in Equation 3.3 is disabled, and the effective field decreases the
energy. Relax function runs in time until the total energy reaches the numerical noise
level. Meanwhile, the state is close to equilibrium and the torque magnitude will be
monitored rather than energy since the torque decreases monotonically and is less noisy
compared to the energy. After the relax function is implemented, the residual torque
is reduced to the order of 10107y, T, which shows that the system is in fact close
to the equilibrium. In the relax function, the RK23 solver shows better performance
than RK45. Both solvers have similar large-time steps near equilibrium, but torque
evaluation per step for RK23 is half of the RK45. relax() function is suitable when
the initial magnetization state is random and then the ground state is obtained, or
when the change in energy is very large. By using another function, minimize, the
minimum energy state is enhanced by the conjugate gradient method. For cases of
small changes in energy, the minimize function is a better alternative. When sudden
energy changes are present in the system, the minimize function can bring the system to
a local minimum, but not to the real minimum energy state. Therefore, the minimum
function is used for the evaluation of the hysteresis loop. However, this method is
not suitable for high-energy initial states like random magnetization, where the relax()
function is more powerful. For a physically correct simulation and efficient computing
time and memory, parameters like mesh geometry, and material specifications such
as the saturation magnetization, damping parameter, and exchange stiffness constant
must be defined well. Foremost, the simulation mesh which is the size of the box
around the magnetic object should be set. The simulation size should be larger than
the object size, since the stray field should be included and exclude the edge effect.
The number of cells should be powers of 2, or small prime factors 2, 3, 5, 7. The cell

size is arranged such that the exchange coupling between the magnetic moments in the
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neighboring cells is determined. Therefore, the cell edge length should be smaller than

the exchange length, which is represented as

[ A
leweh = 4| ——————o. 4
" 1/2M0Msat (3 )

So, the magnetization from one cell to another does not change rapidly. Setting a
periodic boundary condition (PBC) value in a direction allows wrap-around exchange
interaction along that direction. PBC value is the number of repetitions that the de-
magnetization field acts. The scheme for the hysteresis loop calculation in the Mumax3

simulation program is given in Figure 3.12.

Begin
simulation

Material Mesh Geometry Initial
parameters parameters and region magnetization

minimize()

Figure 3.12. The algorithm for the magnetization loop simulation.
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4. STRUCTURAL AND MAGNETIC ANALYSES OF YIG
THIN FILMS

Yttrium iron garnet (YIG) is a ferrimagnetic oxide with a chemical formula
Y3Fe;015. The crystal structure possesses a cubic symmetry. The lattice parame-
ter of a cubic unit cell of YIG is 12.376+ 0.004 A°. Each unit cell has eight chemical
formulas which yield twenty-four Y** ions, forty Fe?*" ions, and ninety-six O~ ions.
YIG owns three sublattices. Figure 4.1 shows the schematic diagram for the d, a,
and c sites occupied by the iron ions Fe?", Yttrium ions (Y3 ), and oxygen ions O?~

surrounding them, respectively.

d site a site c site -
Tetrahedral site Octahedral site Dodecahedral site

Fe3+(d site) Fe3+(asite) Y3+

02-
e ¢ 0 0O

Figure 4.1. The sublattices of the crystalline structure of YIG are named tetrahedral,
octahedral, and dodecahedral sites. The black spheres are yttrium, the blue sphere is
iron in the d site, the green sphere is iron in the site and the red spheres are oxygen

ons.

The Y3* ions are located on the c sites (dodecahedra), and each site is surrounded
by eight O~ ions, which constructs a twelve-sided polyhedron with eight corners.

Sixteen Fe3" ions are on the site which are named octahedral sites surrounded by six
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O?~ ions in octahedral symmetry, and twenty-four Fe?" ions are on the d sites which
are named tetrahedral sites surrounded by four O%~ ions in the tetrahedral symmetry.
The O?~ ions are positioned on the h sites, the meeting point of the corners of one
octahedron, one tetrahedron, and two polyhedrons as shown in Figure 4.1. Therefore,
each O?~ ion is surrounded by one a site Fe3t ion, one d site Fe3* ion, and two ¢
site Y3* ions. The Y3+ and Fe3" ions in the sites make YIG a significant material for
magnetic studies. The cell cites connection and exchange interaction paths are shown

in Figure 4.2.

("% %0) (%% 0)

a) (h%%) )

(] o)
o).
o )
. Jih
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a siteﬂ‘x_’

" (40%)

Figure 4.2. The combination of the cell sites and magnetic exchange paths in YIG. a)
First octant of the unit cell of YIG. Fe3" ions in green are in the tetrahedral sites,
and FeT ions in blue are in the octahedral sites. b) Unit cell of YIG. The tetrahedral
sites are more major than the octahedral sites. ¢) Exchange interactions between the

iron ions are labeled.

The Y3t ions don’t have a permanent magnetic moment. The magnetization in
Yttrium iron garnet originally comes from the super-exchange interactions between
the a-site Fe3* ions and the d-site Fe3* ions, which are antiparallel oriented to each

other. Magnetic moments of the Fe3* ions in d and a-sites cancel each other. The
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angle between the magnetic ion, oxygen ion, and magnetic ion bond determines the
strength of the super-exchange interactions. The strongest interactions take place at
the angle of 180 °, whereas the weakest interactions occur at the angle of 90 °. In YIG,
the strongest super-exchange interaction is observed in the bond of a-site Fe3*, O,
and d-site Fe*" ions which makes the largest angle of 126.6 °. Therefore, an antiparallel
alignment occurs between the magnetic moments of the a-site and the d-site Fe*" ions.
The magnetic moment of a Fe3* ion is equivalent to five Bohr magnetrons (5 ug).
Thus, the net magnetic moment of each unit is 40 pg. The saturation magnetization

value (4mMjy) of YIG at room temperature, is reported as 1750 G.

In this thesis, the phase formation and crystallization of YIG thin film on a Si
(100) substrate were studied. Obtaining a YIG phase on a Si substrate is considerably
challenging due to the lattice mismatch between the substrate and the film. After the
achievement of the YIG phase formation on the Si substrate, magnetic characteristics
were measured and analyzed by VSM and FMR techniques as a function of thickness.
In the following sections, the deposition process and structural analyses of the YIG

thin films and the magnetic properties as a function of thickness are studied.

4.1. YIG Thin Films with In-Plane Anisotropy (IPA)

Pulsed laser deposition is a useful technique to deposit thin films which contain
multi-component oxides. YIG thin films with various thicknesses were grown on Si
(100) substrate by PLD deposition at a deposition temperature of 400 °C in an Oxygen
atmosphere. Prior to the thin film deposition, the oxide layer was etched from the
surface of Si (100) substrates with diluted Hydrofluoric (HF) acid. The substrates
were further immersed in acetone, methanol, and Isopropyl alcohol for a few minutes
by shaking them in an ultrasonic bath. Then, the substrates were spray-dried by
blowing Nitrogen gas on the surface. After the cleaning procedure, the substrates
were placed into a high vacuum PLD chamber, which was previously evacuated to a
base pressure of 1.0x 10~? mbar, and were annealed at 500 °C for an hour to remove
any contamination. PLD with a KrF excimer laser, a Coherent COMPex Pro 205F

operating at A = 248 nm, was carried out to obtain the stoichiometric YIG thin



105

films by adjusting the oxygen pressure and deposition temperature. The commercial
polycrystalline sintered YIG target was ablated with a pulse duration of 20 ns. The
distance between the target and substrate was adjusted to 60 mm. The YIG thin films
were fabricated using laser energy of 220 mJ with a pulse repetition rate of 10 Hz by
keeping the oxygen atmosphere at 1.0 x 10~° mbar. The substrates were being annealed
at 400°C during ablation. The deposition rate was determined as about 0.96 nm per
minute. After the deposition finished, the YIG films were cooled at a rate of 9.6 °C/min
inside the chamber. For the chemical analysis, XPS measurement was employed as seen
in Figure 4.11. To characterize the crystalline structure of the produced films, XRD

0 — 20 scans were performed.
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Figure 4.3. XRD spectrum of 300 and 400 nm YIG films.

As-grown YIG thin films did not show any diffraction peaks of the characteristic
YIG phase. Therefore, a post-deposition annealing process is required to obtain a
proper crystal structure of the YIG film. The effect of the annealing temperature on
the crystal formation of the YIG phase on the Si substrate was studied. The as-grown
films were annealed at 750 °C, 800 °C, and 850 °C for two hours in an air atmosphere.
The cooling of substrates down to room temperature was slower than the heating

process, which is at a rate of 1.2 °C/min, to prevent any damage to the YIG films.
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After annealing at 850 °C, typical XRD peak(s) of the YIG phase were obtained. One
can conclude that annealing allows a reorientation of the ions inside the YIG crystal
lattices and improves the quality of the crystal. The film thicknesses were determined
by a DEKTAK profilometer as 200, 300, and 400 nm. After annealing, polycrystalline
YIG thin films are acquired, which show typical YIG XRD peaks. Figure 4.3 shows
the characteristic (400), (420), and (422) peaks for 300 and 400 nm YIG films annealed
at 850 °C. The intensity of the peaks for 400 nm film is higher than the peak intensity
for the 300 nm film.
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Figure 4.4. The hysteresis curves of 200,300, and 400 nm YIG films at in-plane (IP)

and out-of-plane (OOP) measurement geometries.
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The hysteresis loops of the annealed films were measured by using Quantum
Design vibrating sample magnetometer (VSM). In Figure 4.4, all the films are in-plane
magnetized. The coercivity value in out-of-plane (OOP) geometry decreases as the

thickness increases from 200 nm to 400 nm.

FMR measurement was carried out at 9.1 GHz by applying a magnetic field (H) in
parallel and perpendicular directions to the film plane. Both ferromagnetic resonance
mode and spin wave modes were observed in the OOP geometry measurement as shown
in Figure 4.5a), where the direction of the H changed from the sample plane (0°) to

the sample normal (90°).

a) : b) :

Sample Sample
Holder 4
Holder 4 /
f f
L h,rf /
bﬁ / "/
;x
— —
Hext Hext
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Figure 4.5. The out-of-plane (OOP) and in-plane (IP) FMR measurement geometries.

When the annealing temperature increases from 750 ° to 850 ° for the 400 nm
film, the number of spin-wave modes increases at the perpendicular orientation, as
shown in Figure 4.6. When the applied field was perpendicular to the film plane (90°),
the main peak shifted towards the higher magnetic field region, as shown in Figure
4.7. This shows the presence of in-plane magnetic anisotropy that originates from the
demagnetization field. When the angle increases towards 90 °, the number of spin wave
modes increases. In addition, as the film thickness increases, the splitting of spin-wave

modes increases.

In the in-plane measurement geometry (Figure 4.5 b)), there is no significant

difference in the resonance spectrum as the film thickness increases. Unlike the out-of-
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plane FMR measurement, no magnetic anisotropy was observed in in-plane geometry
where the magnetic field lies in the film plane. Shape anisotropy and magnetocrystalline
anisotropy are the most common anisotropies in thin garnet films. For films with 200
nm, 300 nm, and 400 nm thicknesses, in-plane anisotropy occurs due to the dominance

of shape anisotropy in YIG thin films.
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Figure 4.6. OOP FMR spectrum of a 400 nm YIG film at 850°C, 800°C and 750°C

annealing temperature.

The angular variation of resonance and magnetostatic spin wave resonance fields
for 400, 300, and 200 nm YIG films are shown in Figure 4.9. The splitting of the
uniform resonance modes into three and four can be seen around the angle of 90 °.

The 400 nm film has more spin wave modes than 300 and 200 nm films around 90 °.
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Figure 4.7. OOP FMR spectrum of 400, 300, and 200 nm YIG thin films as the angle
ranges from 0° to 90° by a step of 30°.

2500

- 400 nm-IP-0°
300 nm-IP-0°
2000 i |~ 200 nm-IP-0°
/
1500 {
S
] _/sjf
I 1000 i / |
z
o ‘/.J
T 500
0 —‘——/\/\@
500
T T T T T
200 250 300 350 400 450 500

Field (mT)

Figure 4.8. FMR spectrum for IP measurement of 400 nm, 300 nm, and 200 nm YIG
thin films.
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Figure 4.9. Resonance field as a function of angle for 400, 300, and 200 nm film

thicknesses.

4.2. YIG Thin Films with Perpendicular Magnetic Anisotropy (PMA)

Magnetic garnet films have replaced the conducting ferromagnetic materials in
spintronic applications since the insulator garnets do not carry the disadvantages of
eddy currents and do not have information loss in many applications [90]. High in-
terest in garnet films comes from the use of these materials in high-frequency appli-
cations and the ability to switch magnetic properties easily [91]. Particularly, perpen-
dicular magnetization in garnet films is important for spintronics applications such as
spin—orbit switching, spin-transfer torque (STT), and a reliable and fast response [92].

YIG is one of the most essential magnetic insulators. Static and dynamic magnetic
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properties of bulk YIG crystal or micrometer-thick YIG films have been studied and
used in microwave applications i.e. microwave filtering, tunable, isolators, and phase
shifters [93,94]. In addition, thin/ultrathin YIG films are used in many spintron-
ics [95-97] and magneto-optical applications [98-100]. An adjustment of the orien-
tation and magnitude of the magnetic anisotropy is necessary for spintronic applica-
tions [101,102]. Perpendicular magnetic anisotropy (PMA) has given rise to a crucial
advancement in technology. The high-density magnetoresistive random-access mem-
ory devices (MRAM) are good examples of the use of PMA. Tuning of the magnetic
anisotropy enables the increased data storage capacity in magnetic recording media,
improvement in magnon transistors [103], and logic devices [102]. PMA in metal thin
films is well studied and applied [104,105], however obtaining PMA in insulating ma-
terials such as YIG is a challenge. Ferromagnetic insulators with PMA have been par-
ticularly significant for fundamental scientific research and technology. As an example,
YIG with PMA has found wide use in spin—orbit torque (SOT) applications [106].
The magnetic anisotropy in YIG films is the in-plane anisotropy (IPA) due to the
strong shape anisotropy. If the magnetocrystalline anisotropy dominates the shape
anisotropy, the magnetic easy axis switches from in-plane to out of the film plane,
yielding PMA. Control of magnetic anisotropy in YIG thin films has been researched
using different substrates, applying different temperatures, and changing the thick-
nesses [107,108]. In some studies, PMA in YIG films was obtained by adding a buffer
layer [23] and doping with rare earth elements [109,110]. It is possible to grow epitax-
ial YIG thin films on garnet substrates such as yttrium aluminum garnet (YAG) [111]
and gadolinium gallium garnet (GGG) due to their similar crystalline structure with
YIG [112]. The lattice constants of YIG film and GGG substrate are ayig = 12.376
A° and agag = 12.383A° [113]. The perfect lattice match between YIG and GGG
opens a way to produce high-quality crystallized YIG thin films [114]. While so, GGG
usage has some limitations and is costly for industrial applications. Besides, silicon
(Si) as a substrate is cost-effective and widely used in electronic devices and integrated
circuits. Si has an fcc diamond cubic crystal with a 5.43 A° lattice constant. The
nearest neighbor distance of two Si atoms is 2.35 A° [115]. The cubic structure of YIG

includes Y?* ions in dodecahedra (c) sites, Fe?" ions in tetrahedral (d), and octahedral
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(a) sites in polyhedrons of oxygen ions [116]. The nearest inter-ionic distance in the
YIG crystal structure is between Y3 and O?~ | determined as 2.37 A° [116]. It seems
that the atomic distances in YIG and Si are comparable to each other. Therefore, one
can deposit crystalline/texture YIG films on Si (100). In this study, PMA is obtained
in YIG thin films deposited on Si substrates by the PLD technique. Parameters such
as oxygen pressure, growth temperature, laser power, and pulse duration time, post-
annealing temperatures were adjusted to obtain the stoichiometry and crystallinity of
the YIG films. YIG films with different thicknesses were produced and annealed to
improve the crystallization and reduce the substrate-film lattice mismatch. The effect
of the thickness on the magnetic anisotropy was studied. The thickness that PMA
is observed is reported as 10-20 nm for YIG [117]. Our finding is that the lattice
distortion/texture in YIG films causes PMA in 15-50 nm thickness. This study aims
at fundamental understanding and the application of YIG thin films with PMA in
technology.

Firstly, Si substrates were put in acetone, methanol, and Isopropyl alcohol using
an ultrasonic bath for 15 minutes, and then were mounted to the ultra-high vacuum
PLD chamber. The substrates were annealed at 500 °C for an hour in a vacuum base
pressure of 1.0x10~2 mbar. PLD with a KrF excimer laser with lambda 248 nm, pulse
energy of 220 mJ, frequency of 20 Hz, and duration time of 20 ns was carried out
to deposit YIG film on Si substrate. The distance between the Si substrate and the
polycrystalline YIG target was kept at 60 mm. The oxygen pressure was 1.0 x107°
mbar. The deposition temperature was 500°C. After deposition, the films were cooled
to room temperature inside the chamber at a cooling rate of 10 °C/ min, ex-situ
annealed in the atmosphere at 850 °C for 3 hours and cooled down at a rate of 1.2
°C/min. Film thicknesses were 40, 90, and 120 nm. The surface morphology and
roughness of the films were investigated by Atomic Force Microscopy (AFM). Figure
4.10 shows an AFM image of the annealed YIG film with a root-mean-square (RMS)
roughness of 0.8 nm. The crystal structure of the annealed films was characterized by
XRD measurement using a Rigaku 2000 DMAX meter with a wavelength of 154 nm.
A typical (420) peak of the YIG phase was obtained for the annealed films, as seen
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in the XRD scan in Figure 4.10. The signal detected at 44° is from the sample plate.
The other peaks around the (400) plane of the Si are the Kg, L;, Lo, Ky, and Ky lines

of the incident x-ray.
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Figure 4.10. XRD 6 — 20 scan, which indicates the (420) peak of a YIG thin film.
Inset is the AFM image of a 20 nm YIG thin film.

The chemical analysis was carried out by an XPS measurement. The XPS survey
spectrum shows the presence of Y, Fe, and O elements on the surface of the YIG thin
film in Figure 4.11 (a). The fittings of the spectral ranges to find the composition ratio
of the elements are given in Figures 4.11 (b)-(d). The valance state of the Fe ions is
shown in the XPS spectrum of the Fe 2p region, Figure 4.11 (¢). The compositional
ratio, Y/Fe, and Fe/O were 0.59 and 0.44, respectively, which are very close to the
bulk YIG compositional ratios, Y/Fe = 0.6 and Fe/O = 0.42 [97]. Ferromagnetic
resonance (FMR) measurements were employed for the annealed YIG films by an X-
Band (9.1 GHz) JEOL series ESR spectrometer at room temperature. FMR is a
classical technique, in which from the analysis of the spectra, the anisotropy constants
can be deduced [33-35]. The field (H) derivative of the absorbed RF power (P) dP/dH

gives the resonance spectrum as a function of the applied magnetic field. The measured
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sample dimension was 3 x 3 mm?. The FMR spectra were recorded by sweeping the

angle at which the field applied between the film plane and the film normal.
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Figure 4.11. The XPS spectrum of the YIG thin film grown on a Si (100) substrate.
(a) The survey scan. The fitted XPS spectrum of each element in YIG i.e. (b) O 1s,
(¢) Y 3p, and (d) Fe 2p.

In in-plane measurement, the magnetic component of the microwave field is in the
film plane, and the external magnetic field is applied from the film plane towards the
film normal. In out-of-plane measurement, the magnetic component of the microwave
field is perpendicular to the film plane and the external magnetic field rotates in the
film plane. The FMR spectra in the out-of-plane measurement were represented in
Figure 4.13 (c). Figures 4.12 (a) and (b) show the applied field direction parallel to
the film normal and in the film plane. When the field was applied parallel to the film
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normal, the spectrum was at a low field range in the red curve, then it shifted to the

high field range in the black curve for the field parallel to the film plane.

(2) (b)
- = o -
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Figure 4.12. FMR measurement geometry. (a) The field was applied parallel to the
film normal (H//[001] ), (b) the field is parallel to the film plane (H//[100]).

This can be explained in such that the magnetic easy axis is perpendicular to
the film plane. According to the spectrum measured in in-plane geometry, there was
no anisotropic behavior due to the fact that thin films with PMA do not have any
anisotropic behavior in the film plane [118]. The intrinsic magnetic properties of the
system are analyzed by angular FMR measurements and numerical calculations. Based
on the energy Hamiltonian in Equation (4.1), the micromagnetic parameters of YIG/Si
(100) were numerically solved. The magnetic behavior of the systems was described
by the two energy terms in the Hamiltonian [119], where (0,0y) and (¢, ¢g) are the
polar and azimuthal angles for magnetization vector M and external DC magnetic
field vector H with respect to the film plane. The first term of the Hamiltonian is the
Zeeman energy term. Effective magnetic anisotropy energy includes the demagnetiza-
tion energy, the interface energy, and the first-order term of magnetocrystalline energy.
The second term is the second-order magnetocrystalline energy. The expression for the

energy is

N
E=- Z Mg H [cos 0y cos 0; + sin 0; cos (og — ¢;)]
i=1
N
+ Z[Keff cos? 0; + Keg_, cos* 0;],

i=1

(4.1)

where Mg, Kegr, and Keg_, are the effective magnetization, effective magnetic anisotropy

energy density, and the second order magneto crystalline energy density, respectively.
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The DC magnetic field was scanned from 0 to 1 T to determine the field that gives the

maximum dynamic susceptibility value. This field is called the resonance field (Hyes).
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Figure 4.13. FMR spectra of all the YIG films in OOP measurement geometry. (c)
The curves in black and red colors refer to the FMR spectrum for the case in (a) and

(b), respectively.

The resonance fields in the out-of-plane geometry were obtained by analyzing the
dynamic susceptibility spectra, which were recorded using the Boohoo formulation for
ferromagnetic resonance in multi-layer thin films [65,66]. Employing the same proce-
dure for different angles between the magnetic field and the film plane, the experimental
data can be simulated at room temperature. The simulation model yielded Mg, Keg,
and Keg_, for all samples. The magnetic parameters which give the minimum total
energy are listed in the Table. Figure 4.14 represents the angular dependence of the

resonance field for different thicknesses. The table shows the result of the numerical cal-
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culations. The sign of the effective anisotropy energy density is positive, which proves
that the magnetic easy axis is perpendicular to the plane. The value of the effective
magnetization is smaller compared to the bulk YIG value, which might originate from
crystal vacancies/deficiencies, diffusion between the substrate and the film, and the
variation of Fe ions in the film. In general, shape anisotropy lies in the film plane.
When the thickness increases, shape anisotropy increases and induces in-plane mag-
netic anisotropy. The strain relaxation between the substrate-film causes the effective

perpendicular magnetic anisotropy to decrease, as shown in Table 4.1.
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Figure 4.14. Angular variation of the resonance fields. Experimental and theoretical

results are shown by symbols and solid lines, respectively.

The discussion about the structural and magnetic characterization of YIG films
grown on Si (100) is given in the following. XPS analysis gives information about the
composition and electronic state of the Y-Fe-O elements on the film surface. For the
stoichiometry of the YIG film, the percentages of O 1s, Fe 2p, and Y 3p peak areas
in Figures 2(b)-2(d) were found using relative sensitivity factors in CasaXPS software.
The stoichiometry was calculated as Y : 3.06, Fe : 5.17, and O : 11.7. These values are
close to the ideal stoichiometry, which is Y : Fe : O of 3 : 5: 12. The Fe percentage in
the YIG thin film was found to be 20.6%, which is similar to the percentage in bulk
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YIG, 20% [11]. Figure 4.11 d) illustrates the core level of Fe 2p spectra in which both
Fe?™ and Fe?" are observed in the film [120]. The binding energies of the 2p3/2 and
2p1/2 peaks of Fe3™ and Fe*™ are 711.1 eV and 724.4 eV. The peaks located at 710.9
eV and 725.8 eV belong to Fe*™ 2p3/2 and Fe?™ 2p1/2, and the binding energies of
708.86 eV and 724.16 eV correspond to Fe*™ 2p3/2 and Fe?' 2p1/2, respectively. The
satellite structure of Fe 2p3/2 was seen at 718.8 eV, which is higher than 710.9 eV. This
implies that the Fe ions are in +3 valance states in the spectrum and at tetrahedral

sites of the YIG lattice [121,122].

Table 4.1. The simulation results for YIG thin films with PMA.

Kot (J/m?) | Kegp—q (J/m?) | Meg (kA /m)
15 nm 1773 320 105
20 nm 1456 250 105
35 nm 1260 150 105
50 nm 1180 120 105

The crystallization of the as-grown and annealed films was analyzed by XRD
measurements. No characteristic XRD peaks were present in as-grown films. A post-
annealing was employed to have the characteristic diffraction peaks of the YIG phase.
The films were annealed at the temperature of 850° C for two hours, and the (420) peak
of the YIG phase was observed from the XRD scan in Figure 4.10. Polycrystalline YIG
thin film grown on quartz is reported to have three characteristic peaks [117]. There
seems to be preferential crystalline ordering or texture in the relevant samples in this
study. By annealing the films, the YIG lattice is placed on the Si substrate by making
an angle of 26.6° between the (400) plane of Si and the (420) plane. Figure 4.15
shows that the film lattice has two different crystallographic orientations, repeating
with respect to the ¢ symmetry axis. The lattice mismatch is calculated as 1.94%.
The lattice constant of YIG is larger than that of the Si substrate. Therefore, a small
compressive strain at the interface gives rise to a tetragonal distorted YIG crystalline

structure. FMR spectra of the samples when the external magnetic field was applied
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parallel to the film normal and film plane are shown in Figure 4.13. The resonance
field takes the minimum value when it is applied along the magnetic easy axis. The

spectra prove the presence of PMA for all thicknesses.

The FMR spectrum for the external field parallel to the film normal shifts to a
higher field range with the increasing film thickness. On the contrary, in the case of H
parallel to the film plane, the FMR spectrum goes to a low field range with increasing
thickness. One can conclude that the uniaxial PMA reduces as the thickness increases.
Thickness, substrate, temperature, interfacial energy, and strain are some of the factors

that affect magnetic properties.
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Figure 4.15. The two preferential crystalline orderings/texturing in the annealed YIG
thin film.

In this work, especially, the strain effect is the main factor that can control the
magnetic anisotropy of the samples. The strain between the film and the substrate
is tensile by 0.65% when YIG film is grown on the GGG substrate. The strain is
compressive by an amount of 1.9% when YIG film is deposited on Si (100). The films
experience much greater strain originating from the high lattice mismatch between Si
and YIG. With the use of Si substrate, the thickness in which PMA was observed,
magnetic anisotropy values, and FMR linewidth were different from studies that use

lattice-matched substrates in the YIG thin film fabrication. From the FMR spectra
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of the films, a single uniform ferromagnetic resonance peak was detected as shown in
Figure 4.13. Thickness, crystal quality, and magnetic homogeneity of films affect the
shape and intensity of the FMR spectra. The FMR linewidth broadens inhomoge-
neously originating from imperfections in the film like defects, symmetry breaking in
the film surface and interface between substrate and film, oxygen vacancies, and ion

diffusion between the layers [112].
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Figure 4.16. FMR linewidth versus thickness in the in-plane (IP) and out-of-plane
(OOP) geometry.

The intensity of the FMR peak is low and the linewidth is larger for the thinnest
film. When the thickness increases, more spins interact with the microwave field,
therefore the spectra have higher intensity. Uncontrollable parameters during deposi-
tion might cause an unsystematic change in the shape and intensity of the FMR peaks
when the thickness increases. Nevertheless, PMA was still observed in the pronounced
thicknesses. Figure 4.16 shows the in-plane and out-of-plane FMR linewidths for the
corresponding thicknesses. The linewidth of the 20 nm YIG film was found to be
230 Oe when the field is applied parallel to the film plane. The linewidth was 160
Oe when the field is perpendicular to the film plane. Both linewidths are larger than
the FMR linewidth of YIG grown on GGG substrate [123]. Similar linewidth values

with our findings are reported in a few studies for the case in which YIG is grown on
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quartz [108,112]. As an example, the FMR linewidth of 12 nm YIG film was found as
250 Oe. According to another study, the linewidths were between 70 Oe and 340 Oe for
the films between 100 nm and 290 nm. The increase in the FMR linewidth might be

due to defects related to surface roughness, Fe deficiency, and magnon scatterings [124].

Typically, most of the thin films exhibit in-plane anisotropy due to the effect of
shape/dipolar anisotropy. To overcome the shape anisotropy, there need additional
treatments that will change the easy axis from the film plane to the film normal.
One way for that is to increase the magnetocrystalline/surface anisotropy or introduce
texture that is able to induce a perpendicular magnetic anisotropy [105]. In this study,
the lattice mismatch between Si and YIG formed a compressive strain at the interface
and led to a lattice distortion [125]. The compressive strain in the film plane gave rise
to an expansion along the c-axis. By so, the easy axis switched from the film plane
to the film normal [96]. In some studies, PMA was obtained in YIG deposited on
various substrates for the film thicknesses between 10 nm-20 nm [117]. However, in
this study, PMA was observed up to 50 nm film thickness because of texture and the
lattice distortion of YIG. Also, in the literature, PMA in YIG films was obtained in
YIG grown on the buffer layer except for GGG [126]. This study shows that PMA was
achieved in YIG films grown on a non-garnet substrate with no additional buffer layer

or doping with other materials.

The lattice mismatch causes the lattice constant to be compressed along the film
plane. From the XRD profile in Figure 4.17, one can observe that (420) peak shifts
to a higher angle with increasing thickness, which refers to the compression of the
crystalline lattice. Since the unit cell volume of YIG is preserved during the growth,
the c lattice constant elongates at the out-of-film plane, while the in-plane lattice
constant a is compressed due to the Si substrate. The expansion of the c-axis leads
to a strong tetragonal lattice distortion for 15, 20, 35, and 50 nm films. When the
thickness increases, the compressed film begins to relax. The a and c lattice constants
approach each other and finally, the crystal lattice takes cubic form as shown in Figure

4.18.



122

10000 4 EI:—"' om

5000 —

10000 - =20 nm

5000 —

10000 - =135 nm

5000

10000 - =50 Nm

5000

o

30 31 32 33 34 35 6

0-20 (%)

Figure 4.17. The position of the (420) peak with respect to the thickness.
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Figure 4.18. Thickness dependence of the in-plane (red circles) lattice constant a and
out-of-plane (blue squares) lattice constant ¢ of the YIG thin films on Si substrate for

a thickness range between 15 nm and 400 nm.
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We observed that the lattice constants of 300 and 400 nm thick film which are
12.356 nm and 12.375 nm are close to the bulk YIG value, 12.376A° [40]. We have
obtained three intense peaks of YIG films at (400), (420), and (410) planes indicating
the polycrystalline structure for the films with thicknesses of 200 nm and 400 nm as
shown in Figure 4.3. The relaxed films have a cubic lattice structure. The Scherrer
formula was applied to calculate the crystalline size and found as 15.6 nm for 400 nm
YIG thin film and 344.8 nm for 15 nm YIG film annealed at 850°. When the crystallite
size increases, the XRD peak broadens. The increase in grain size leads to a decrease

in the domain wall energy of the YIG thin film.

With this work, we demonstrated the tune of the magnetic anisotropy from in-
plane to perpendicular magnetization by decreasing the film thickness and introducing
the strain due to the lattice mismatch. For the films with a thickness of 200, 300,
and 400 nm, the resonance field shifted to the higher fields with increasing angles.
This refers to the magnetic easy axis being in the film plane. In-plane anisotropy
occurred due to the dominance of shape anisotropy in YIG films. However, when the
film thickness was reduced, we observed a gradual change in the anisotropy direction.
The magnetic anisotropy was perpendicular to the film plane for a thickness range of
15 nm to 50 nm. In conclusion, in thinner films, magnetocrystalline anisotropy gets
stronger than the shape anisotropy and forces the easy axis to align perpendicular to
the film plane. For thicker films, the shape anisotropy is more dominant than the
magnetocrystalline anisotropy, yielding in-plane anisotropy. The anisotropy transition
from in-plane to out-of-plane mainly originates from the lattice tetragonal distortion.
Due to the compressive tension, the expansion along the c-axis causes the easy axis to

extend perpendicular to the film plane, which results in PMA.

4.3. Spin Wave Modes in YIG Thin Films with PMA

The investigation of spin wave (SW) propagation in thin and ultrathin YIG films
has received great attention after high-quality ultrathin YIG films can be produced by
some deposition techniques such as liquid phase epitaxy (LPE) [127,128] pulsed layer
deposition (PLD) [124,125,129,130], and sputter deposition [131-133]. The study of
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spin waves is crucial to processing information and spin-wave logic devices. Isotropic
excitation and propagation of spin waves are used for SW logic devices, such as the
SW interferometer. Damon-Eschbach spin wave modes and Magnetostatic spin wave
modes propagate in different ways in the material. MSFVM spin waves propagate
through the volume of the material without a non-reciprocal effect and lower energy
losses. The applications of MSFVM spin waves are limited, as a large magnetic field
must be applied to saturate the film out of plane [134-138]. However, PMA films allow

the investigation of MSFVM spin waves with small or even zero applied area [139].

Spin wave devices, where spin waves are information carriers, are considered to
be potential candidates for technology that is not based on post-semiconductor and
electron charge. In a spin wave device, isotropic coherent spin waves (magnons) with
out-of-plane magnetization and in-plane propagation are desired, However, due to the
absence of low-damping perpendicular magnetic material, in-plane ferrimagnet yttrium
iron garnet (YIG) is used with a large out-of-plane bias magnetic field; negating the
benefits of isotropic spin waves. Magnonics is a study of the control of spin wave
propagation in magnetic materials. Magnonics uses the spin angular momentum, am-
plitude, and phase of spin waves to transmit store, and process information, unlike
the electric charge. Spin wave (SW) emerges as a result of the excitation of magnetic
moments of a stationary spin system by external parameters such as thermal, optic,
and magnetic excitation parameters. Due to the nanometer wavelength and gigahertz
frequencies of spin waves, microelectronic devices have been fabricated. In addition to
these properties, low power consumption let spin wave be a new generation data car-
rier [140] and therefore, spin wave-based spintronic applications. A promising magnetic
insulator, yttrium iron garnet (YIG), has a high interest in magnonics and spintronics
due to its long spin-wave lifetime. The spin wave propagation distance of YIG is in
the centimeter range. The very low damping and narrow FMR linewidth are some
of the unique features which belong to YIG material. These properties are appeal-
ing for microwave information processing [141], quantum technologies [16, 142, 143],
quantum computing [144], phase separators [145], magnonic logic devices, and magnon

transistors [8,146]. Spin wave interferometers and logic devices depend on spin waves’
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isotropic excitation and propagation. A low-loss spin-wave propagation is possible with
the use of YIG material. YIG enables fast switching of magnetization from in-plane to

out-of-plane under a moderate external field owing to its small saturation magnetiza-

tion [147].

The control of magnetic anisotropy of YIG is crucial for low-power consumption
magnetic memory and logic applications. The magnetization of YIG thin film is, in
general, in the film plane since the magnetocrystalline anisotropy is not strong enough
to overcome the shape anisotropy, therefore anisotropy favors in-plane orientation. In
the 1980s, spin wave resonance was studied in bulk or micron-thick YIG that have an
in-plane anisotropy (IPA) [148]. For a few decades, ultrathin/thin YIG films have at-
tracted more interest because they allow the control of magnetic anisotropy, fabrication
of micro/nanodevice, and use of them in the spintronic/magnonics technology today.
PMA in YIG thin films is significant for spin transfer torque magnetic random-access
memory (STT)- (MRAM) applications [149,150]. But, the achievement of PMA in YIG
thin film is not easy and challenging. Some special treatments are required. For in-
stance, decreasing the film thickness down to an ultrathin regime, adding a buffer layer,
doping, and strain effect at the interface or the film surface. PMA can be obtained
due to the substrate/film lattice mismatch and single crystalline or texture structure
of thin/ultrathin YIG films grown on Si (100) substrate [27]. Determination of perpen-
dicular magnetic anisotropy (PMA) in relatively thick YIG films with much faster spin
texture dynamics and terahertz switching frequency, is still a major challenge because

of the dominant shape anisotropy.

The magnetostatics spin wave (MSSW) modes in Permalloy (NiFe), and CoFeAl
ferromagnetic thin films [151], dipole-exchange spin wave modes in Fe-N thin films [152],
and spin-wave resonance in half-metallic ferromagnets [153] can be given as examples
for the magnetic materials used in spin wave studies which have an in-plane anisotropy.
Another example is the characterization of spin wave propagation in ultrathin YIG films
with in-plane anisotropy (IPA) [154,155]. The excitation of perpendicular standing spin
wave (PSSW) modes in YIG / CoFeB layers is another study reported in [150]. PSSW
modes were excited due to the exchange coupling in the YIG/CoFeB layers. Another
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excitation of PSSW modes was determined due to the interfacial spin transfer torque in
YIG /Cobalt (Co) heterostructures [156]. However, spin wave modes in pure YIG thin
films with PMA need further investigation. The out-of-plane magnetization enables
efficient excitation of spin waves, propagation in arbitrary directions, high spin-wave
transmission, and computing free of non-reciprocity in the spin wave interferometer
[157,158]. The out-of-plane magnetized majority gate is used mostly in spin wave logic
devices and integrated devices. However, the in-plane magnetized majority gate shows

limited performance [147].

In this study, multiple spin wave modes were observed in YIG thin films with
PMA whose thicknesses are in the 40-120 nm range. Obtaining PMA in relatively
thick YIG films is attractive for many technological applications. The garnet-type
substrates which have lattice match with YIG find wide use in producing epitaxial
YIG thin film. But, their complex lattice structure, higher growth temperature, and
small PMA values are some of the disadvantages in spintronics applications. In this
research, the use of Si substrate in YIG thin film fabrication is cost-effective and is
compatible with many spintronic and magnonic applications. Our finding is promising

for advanced spin wave-based technology.

YIG thin films were deposited on Si (100) substrates by the PLD technique. Si
substrates were cleaned using acetone, methanol, and Isopropyl alcohol in an ultrasonic
bath. Then, substrates were put inside the ultra-high vacuum chamber and annealed
at 500° C for an hour at a base pressure of 1.0 x 10°mbar. The distance between the
Si substrate and the YIG target was adjusted to 60 mm. The oxygen pressure was
1.0 x 10° mbar. The substrate temperature was 500° C. The parameters for the KrF
excimer laser used in PLD are A = 248 nm, an energy of 220 mJ pulses with 20 Hz
pulse rate and 20 ns pulse duration time. After the deposition ended, the films were
cooled to RT inside the chamber at a cooling rate of 10° C /min. Following the same
procedure as the previous work, the films were ex-situ annealed at 850° C for 3 hours
and cooled down to RT at a cooling rate of 1.2° C /min. All the films were grown
under the same conditions. Based on a deposition rate of 2 nm/min, by changing only

the time, 40, 90, and 120 nm YIG films were produced. For the surface morphology,
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SEM and AFM were employed on the annealed films. The XRD 6 — 20 scans were
carried out for the crystallization of the annealed films using a Rigaku 2000 DMAX
diffractometer. The hysteresis loops of the films were obtained by using Quantum
Design VSM. Ferromagnetic resonance is a powerful technique to analyze spin waves.

FMR operating at a frequency of 9.1 GHz was used to analyze the magnetic anisotropy.
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Figure 4.19. The surface morphology, crystalline structure, and magnetization curves
of the annealed 90 nm YIG thin film. Images of a) AFM and b) SEM. ¢) XRD scan,
which shows (420) and (400) diffraction peaks of the YIG film and Si substrate. d)
Hysteresis loops of the YIG film when the external field, H is parallel to the film

plane (H ||) and perpendicular to the film plane (H L).

SEM and AFM images of the film surface are shown in Figure 4.19. A 5 x 5
microns-surface profile of the annealed YIG film was imaged by AFM. The root-mean-
square surface roughness (RSM) was found to be 1.4 nm. Inhomogeneous crack profiles
that are larger than grain size were present on the annealed film surface in the SEM

image (Figure 4.19 b)). The cracks might be caused by the difference between the
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thermal expansion coefficients of Si, 4.7 x107% °C~! [12], and YIG, 9.2 x107% °C™!
[159]. Another possible reason is the strain due to the lattice mismatch of the substrate
and the film. When the film thickness increases, the film lattice relaxes on the substrate,
whose lattice constant is smaller. The strain gave rise to the randomly distributed
cracks at the film surface. From the out-of-plane XRD pattern, a (420) characteristic
peak of an annealed YIG thin film was obtained, as seen in Figure 4.19 c¢). The
hysteresis curves in Figure 4.19 d) indicate that the magnetic susceptibility at the
film normal is larger compared to the measured susceptibility at the film plane. The
comparison of the out-of-plane hysteresis loop in red and the in-plane hysteresis loop

in black shows that the magnetic easy axis is in the film normal.

The saturation magnetization values are between 1249.72 and 1733.28 G for the
film thickness from 40 nm to 120 nm. This shows that saturation magnetization in-
creases when the thickness increases. Possible reasons are stoichiometry, Oxygen and
Fe vacancies/defects, crystalline structure, and strain effect. A less saturation mag-
netization value than the bulk crystal originates from the point defects, inhomoge-
neous magnetic anisotropy, stress, dislocations, inter diffusion, and voids as reported
in [160,161]. 120 nm film has a saturation magnetization value close to the bulk YIG
(1750 G) [162]. The magnetization, magnetic anisotropy, and spin waves were ana-
lyzed by FMR measurement at RT. FMR spectrum can yield information about the
crystalline structure and magnetic homogeneity of the films. The FMR spectra as a
function of angle were obtained in in-plane (IP) and out-of-plane (OOP) measurement
geometry. In the IP geometry, the microwave magnetic field is perpendicular to the
film plane and the external field is in the film plane. In the OOP geometry, the mi-
crowave field is in the film plane and the external field is applied from the film plane to
the film normal. Figure 4.20 shows that while the IP FMR spectra have no magnetic
anisotropy, the OOP FMR spectra represent magnetic anisotropy for all film thick-
nesses. Resonance modes shift to a lower field value when the angle rotates from 0° to
90° between the applied field and the sample plane. The resonance field value at the
angle of 90° is smaller than the resonance field at the angle of 0°. This behavior of the

spectrum proves PMA in YIG films. Several splittings of the spin waves accompany
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the uniform FMR mode when the magnetic field is parallel and perpendicular to the
film plane. The superposition of spin waves and the main resonance mode causes a rel-
atively larger linewidth compared to the few Oe FMR linewidth of YIG film grown on
a garnet substrate. Inhomogeneous magnetic regions, magnon scatterings, and strain

anisotropy in the film cause a large FMR linewidth.
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Figure 4.20. Spin wave resonance spectra of YIG thin films in the OOP FMR
measurement when the field is applied parallel to the film plane (0°) and
perpendicular to the film plane (90°).

In this study, 40 nm film has a broadened spin wave mode profile that indi-
cates a higher magnetic inhomogeneity in the film. The uniform ad spin wave modes
were excited by the microwave field at 9.1 GHz. The modes are standing spin wave
modes or arbitrary modes related to the nonuniform magnetization and inhomogeneous

volume /surface effects. Standing spin waves are determined by the change in the res-
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onance field and mode intensity when the thickness changes [35]. Figure 4.20 shows
the increase in the mode intensity and the shift of the modes as the thickness increases
from 40 nm to 120 nm. This proves that the additional resonance modes are standing
spin wave modes and some come from surface inhomogeneity. The effective anisotropy
values are derived from the FMR spectrum by employing Kittel’s formulation for the
field applied parallel and perpendicular to the film plane [163]. The FMR mode enables
enough information about the anisotropy and the effective magnetization. Therefore,
all calculations were made taking into account the FMR mode. The anisotropy field is
determined using the relation of 47Meg = 47M; — 2K /M, with K being the perpen-
dicular anisotropy constant. Table 4.2 shows the results for the saturation and effective
magnetization, anisotropy field (H,), shape anisotropy, Lande factor (g), and exchange
stiffness (D). The sign of effective magnetization is minus, which refers to perpendicu-
lar magnetic anisotropy in YIG films. The effective magnetization increases with the
increasing thickness, as shown in Table 4.2. The positive perpendicular anisotropy con-
stant implies that the favored magnetic easy axis is perpendicular to the film plane. g
values are between 1.91 and 2.10 in Table 4.2. Saturation and effective magnetization,

effective anisotropy values, and g values of different thicknesses.

Table 4.2. The results for the magnetic parameters of YIG thin films.

Magnetic Parameters | 40 nm | 90 nm | 120 nm
A My (G) 1249.72 | 1331.36 | 1733.28
47 Meg(G) -1528.38 | -1405.29 | -701.31
H, (Oe) -2778.17 | -2736.65 | -2434.59
K, x 10* (erg/cm™3) 1382.14 | 1450.42 | 1679.86
Kshape X 10? (erg/cm™) | 621.73 705.62 | 1195.96
g 2.10 1.92 1.91
Dx107? (Oe.cm?) 1.02 3.72 5.12

The resonance field at parallel and perpendicular orientations of the magnetic field
with respect to the film plane approaches each other when the thickness increases. 120

nm film does not have a strong anisotropy because the crystalline anisotropy is smaller



131

than the shape anisotropy. A comparison of shape and strain anisotropies allows know-
ing about the anisotropy type that the YIG film possesses. Shape anisotropy in thick
YIG films induces an in-plane anisotropy since the magnetoelastic effects decrease due
to the relaxation of the lattice. For that reason, PMA in thick films is challenging [16].
In this study, the perpendicular magnetic easy axis in YIG films is due to the compres-
sive strain between the substrate and the film (ay;q = 12.376A4°)[30], (as; = 5.43A°)
[37]. The volume of YIG must be conserved during the growth, a compression at the
film plane gives rise to an extension along the crystal c-axis. The magnetic easy axis
shifts from in-plane to out-of-plane according to the lattice distortion along the c-axis.
The FMR spectra show that the lattice strain does not relax completely because of the
spin wave modes in regions with different effective magnetic anisotropies. Nonuniform
strain distributions within the films cause inhomogeneous effective anisotropy. One
can say that tetragonal lattice distortion due to the substrate/ film lattice mismatch

results in strain-induced perpendicular magnetic anisotropy [104].
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Figure 4.21. The odd and even modes for 40 nm YIG film.

Ferromagnetic resonance mode is the uniform magnetization precession around
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an effective magnetic field. Spin waves are non-uniform modes of precession that are
excited by an effective surface anisotropy. Surface anisotropy allows the pinning of spins
on the interface or surface of the film. When the surface magnetization is nonuniform
or anisotropy energy is inhomogeneous in the film surface, it causes the generation of
unpinned modes. Surface boundary conditions determine the allowed spin wave modes,
which are quantized by the pinning condition [54]. The surface boundary condition
might depend on the angle, and annealing temperature can change the effective surface
anisotropy field. The pinning of magnetization at the interface or surface enables spin

wave occurrence [20].
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Figure 4.22. The odd and even modes for 90 nm YIG film.

The quantum number of these modes is determined by pinned and unpinned
boundary conditions. While Odd modes correspond to the unpinned surface, even
modes are ascribed to the pinned surfaces. In the samples subject to this study, asym-
metrical boundary conditions caused the spins to be unpinned at the free surface and
pinned at the interface of the YIG film and Si substrate. The spin wave modes were

excited up to the 6" order by the microwave field. It is possible to understand how
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strong the exchange interaction, which is the short-range interaction between two ad-
jacent spins, is by knowing the exchange stiffness of the material. The methods to
measure the exchange stiffness are given in the studies [164,165]. In this study which
uses the dipole-exchange interaction approach, the exchange stiffness was obtained by
employing the quadratic dispersion relation in the case of the applied field being normal

to the film plane [166]:
H,.s = Hy + DK’ (4.2)

with H being the resonance field of FMR mode and D being the exchange stiffness
constant. k = nn/d is the spin wave vector, where n is the quantized number and d
is the film thickness. The exchange stiffness was found via the slope of the quadratic
relation between H and n?, as given in Figure 4.24. The weaker modes along the main
FMR resonance mode of 90 nm and 120 nm, films arise at the lower fields in Figures
4.22 and 4.23. These modes are considered surface spin waves that might emerge from

the cracks on the film surface annealed at high temperatures.
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Figure 4.23. The odd and even modes for 120 nm YIG film.
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Another possible reason is that when the thickness increases, the relaxation of the
film on the Si substrate forms randomly distributed cracks on the film surface, which
cause inhomogeneous magnetic regions that respond to the applied field individually.
The excitations of spins in these regions due to the microwave RF field are different.
The cracks confine spin waves along the lateral, leading to the reflection of spin waves
from the domain walls. In Figure 4.24, the deviations from the fitted line were due
to the surface anisotropy, the partial pinning of surface spins, and the inhomogeneous
volume magnetization within the films as explained in the Portis model [55]. The high
deviation for the 40 nm YIG film can be expressed by the high volume inhomogeneity

and the large resonance linewidth.
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Figure 4.24. The relation between the n? versus H,,.

The exchange stiffness was between 1.02 x 107 and 5.12 x 107 Oe cm? as seen
in Table 4.2, which is comparable with the bulk YIG [165]. When the film relaxes,
spin wave modes, called the thickness modes, and surface modes emerge within the

volume. When the exchange interactions are strong within the thin film, standing
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spin wave modes are likely to occur. The modes that establish a linear relationship
between H,, — n? prove that the modes around the main mode at the higher fields in

the spectrum are standing spin wave modes.
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5. MAGNETIZATION DYNAMICS OF NiFe
DOT/ANTIDOT ARRAYS

Investigation of the magnetic properties of ferromagnetic nano/microstructures
has high interest recently due to their potential applications such as high-density stor-
age devices, logic devices, and magnetic field sensors. The reversal mechanism of
magnetic nanostructure array must be understood well to produce robust magnetic
devices. The fabrication of nano/micro patterns on magnetic structures has become
easier with the advancements in lithography techniques. Dot and Antidot array struc-
tures have the ability to modify the magnetic behavior of magnetic thin films i.e.
the magnetization reversal mechanism, formation of various magnetic domain struc-
tures, and control the magnetic anisotropy. Such nano/microstructures on thin films
are used as spin-wave waveguides, magnonic crystals, magnonic transistors, magnonic
phase shifters, microwave filters, spin-wave logic devices, and high-density magnetic
data storage technology. The shape itself, the size of the structure, and the array

geometry enable the reorientation of the magnetic characteristics of the material.

In this thesis, dot, and antidot array structures were produced by a lithography
technique, and an RF sputtering technique was employed for the NiFe thin film depo-
sition. A reference uniform NiFe thin film was deposited by following the same growth
condition with the patterned films to make a comparison between the patterned and
pure films by means of the shape effect on the magnetic properties. The effects of the
dot/antidot array on the magnetic anisotropy were investigated by the FMR technique.
The FMR measurements were performed at 9.1 GHz at room temperature, both in the

film plane and out-of-the-film plane geometry.

5.1. Material and Methods

The fabrication of a dot array of magnetic nanostructures on Si substrate by
lithography is schematically represented in Figure 5.1. Foremost, a soda lime mask

of the pattern design with different diameters and inter-pattern spacing was created
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using a Heidelberg mask writer in a clean room environment. Silicon (Si) substrates
were cleaned using acetone and Isopropyl alcohol (IPA) in an ultrasonic bath, followed
by spray drying with N, gas. Substrates were baked for a few minutes to prevent any
contamination on the surface. A positive photoresist was spin-coated on the substrates
based on the datasheet of the resist. After spin coating, substrates were soft-baked on
a hot plate. The resist-coated substrates were exposed to a 365 nm Ultraviolet (UV)
light using the soda lime mask via a mask aligner. The areas that see the UV light
were dissolved in a developer solution and the areas that are not exposed remained, the
final patterns on the substrates were expected to be the ones transferred from the mask
onto the substrate. By checking the array pattern by using an optical microscope, the

antidot structures were successfully confirmed to be on the Si substrate.
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Si substrate —)

l Development
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Thin film deposition
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l Lift off
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Figure 5.1. Lithography steps.

A 20 nm ferromagnetic NiFe (Permalloy) thin film was grown onto Si substrates

with an array structure by RF sputtering. Another pure NiFe thin film was deposited
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under the same condition, as well. The base pressure of the vacuum chamber was
2 x 1072 mbar. After a lift-off process with acetone and Isopropyl alcohol on the
deposited films, the patterned films have been imaged by Philips XL-30 FEG scanning
electron microscope (SEM) and Nikon ECLIPSE LV150 optical microscope (OM) to
confirm the sizes and shapes of the structures. Figure 5.2 shows the SEM images of
the NiFe dot and antidot array structure after the lift-off process. The film thicknesses

were determined to be 20 nm by XRR measurement.

Dot Array Antidot Array
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Figure 5.2. SEM images of a dot and antidot array.

The effects of the dot/antidot array on the magnetic anisotropy were investigated
by the FMR technique. The room temperature FMR measurement was performed at
9.1 GHz microwave frequency by an X-band Jeol JES-FA300 electron spin resonance
(ESR) spectrometer. The angular variation of FMR spectra was analyzed in in-plane
and out-of-plane geometries by rotating the sample inside the cavity. During the in-
plane measurement, the microwave magnetic field was perpendicular to the film plane
and an external DC magnetic field was applied in the film plane. In the out-of-plane
geometry, the microwave field was in the film plane, and the applied field was swept

from the film plane (H L n, n is the film normal) towards the film normal (H|| n).
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Circular dot arrays of NiFe with different diameters and separation distances were

manufactured by the lithography and sputtering technique. The in-plane and out-of-

plane FMR measurements of 20 nm pure thin film and the dot arrays with a diameter

of 4 ym and 6 pum and separation distance of 2.50 um between the adjacent dots as

a function of angle gives the resonance field profile as shown in Figure 5.3. The full

spectrum of pure thin film and dot arrays is given in the Appendix section (A1-A6).
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Figure 5.3. Angular variation of the resonance field of 20 nm NiFe dot arrays for

OOP and IP FMR measurement.

Another thickness of 40 nm was deposited for the circle and half-circle dot array

with a diameter of 15 pum and separation distance of 6 pum and the size of the half-

circular dot was 8 pum and separation distance of 2.5 ym. The FMR spectrum of 40

nm pure thin film, circle, and half-circle dot array in the OOP and IP measurement

convention was illustrated in Figure 5.4. The black and red spectrum corresponds to
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the spectrum obtained when the magnetic field is applied along the film plane and

applied perpendicular to the film plane, respectively.
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Figure 5.4. FMR spectra at the angle of 0° and 90° for the 40 nm NiFe circular and

half-circular dot array at the IP and OOP measurement geometries.

In the OOP FMR spectrum, the FMR peak intensity decreases when the field
value increases to 1000 mT, and spin wave modes occur around the main resonance
peak for the pure thin film. In the circular dot array spectrum, the FMR peak is
sharper with respect to the pure thin film and the number of spin waves increases and
spin waves are located far from the main peak at a larger field than 1000 mT. In the
half-circular dot array spectrum, the anisotropy is less, since the FMR signal at the
angle of 90° was obtained at a lower value of 800 mT field. Besides, the spin wave
modes are within the main FMR signal, which causes a larger FMR linewidth. The
absorption of the pure film takes place at a field of 150 mT at 0° and 115 mT at 90°.
The circular dot array has a resonance peak at 130 mT at 0° and 105 mT at 90°,



141

with spin wave mode at 130°. The angular variation of the field in OOP measurement
geometry for the pure thin film shows that spin wave modes are likely to occur when

the field is applied perpendicular to the film plane.
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Figure 5.5. Resonance field as a function of angle for OOP and IP FMR measurement

of 40 nm NiFe circular and half-circular dot array.

In the half-circular dot array, there are two spin wave modes following the main
FMR mode due to the shape effect. In the half-circular dot array, only one spin wave
mode was observed. In the IP measurement geometry, two-fold magnetic anisotropy
was observed in all the films. The spin wave modes are in pure and dot array pat-
terned film, while half-circle dot array film has only uniform mode. Both the uniaxial
anisotropy and the shape anisotropy are present in the films. The ring dot array was
produced to see the difference between the circular dot and the ring structure. The

SEM image of the ring array is shown in Figure 5.6.
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Figure 5.6. The SEM images of the ring dot array.

From the OOP and IP FMR measurements, the angular variation of the resonance
field of different sized-ring arrays was obtained. 725 is a label of the 20 nm pure thin
film. 723 denotes the ring dot array with a diameter of 4.75 pum, a width of 1.55
pm, edge-to-edge separation distance along the x direction is 3.20 pm and along the
y direction is 3.70 pm. Z24 and Z17 are the labels of the other ring arrays, with the
sizes shown in the parentheses in Figure 5.7. When one compares the width values of
1.55 and 0.50 pum array, the thinner ring array has a clear shape effect in the variation
of the resonance field with angle. Z17 has spin wave modes excited at different angles
from the main FMR peak. However, in Z23, spin wave modes follow the same trend as
the main resonance peak when the angle changes and additional peaks arise at lower
fields at the perpendicular orientation. In Z24, the distance between the rings is less
than in Z23. Spin wave modes appear at an angle of 90 degrees. Figure 5.8 shows that
the magnetic anisotropy of the patterned films is less than the pure thin film in the IP
measurement geometry. Especially, the Z17 ring array has no IP anisotropy. While the
peak position of the dot array with a diameter of 4 um is at 950 mT, it is 870 mT for
the dot array with a diameter of 6 ym. For the antidot array, we observe a much more
shift to a lower field value, 600 mT. The anisotropy in the antidot array spectrum is
less than the dot array. The IP anisotropy of the dot array is less than the pure film.

The IP anisotropy of the antidot array is more than the 4 pym size dot array structure.
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Figure 5.7. The angular variation of the resonance field for the OOP FMR

measurement of the ring dot array.

The OOP and IP FMR spectrum of the dot and antidot array thin films were
shown in Figure 5.9. The full spectrum of the antidot array is given in the Appendix
section (A7 and A8). One can see that the peak shifts as a function of the dot size.
Figure 5.10 shows the angular variation of the resonance field of pure, dot, and antidot
array thin films. The pure thin film possesses more spin wave modes around the uniform
resonance mode, while the number decreases in the dot array pattern and spin wave
modes collected near the main mode at the perpendicular field. In the antidot array
pattern, there is a spin wave mode whose resonance field changes with the angle. In
the IP orientation, while the pure film has two additional spin wave modes, the dot
and antidot array patterns have only uniform resonance peaks, and the anisotropy does

not show a significant change in all the films.
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Figure 5.9. FMR spectrum for OOP and IP measurement geometry of 20 nm NiFe

dot and antidot array.
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5.3. FMR of Antidot Array

Another type of magnetic nanostructure is an antidot structure in which holes are
embedded into the continuous magnetic films. Antidots are artificial nano/microscale
defects introduced to the continuous film. The size and distribution of the antidots
affect the magnetic properties of the continuous film such as the magnetic anisotropy,
magnetization reversal, and coercive field, and changes the intrinsic magnetic anisotropy
locally with periodic domain structures around the holes. The magnetization reversal
process of the antidot arrays is interesting from a fundamental point of view. Antidots
introduce locally distributed shape anisotropy fields and perform as pinning centers,
which inhibits the domain wall movement during magnetization reversal. The mag-
netization reversal mechanism is strongly influenced by the shape, size, and distance
between the holes. These defects provide for applications such as waveguides, filters,

and data storage in technology.

For the fabrication process of an antidot array of magnetic nanostructures on a Si
substrate, a soda lime mask of the pattern design was created using a Heidelberg mask
writer in a clean room environment. After that, Silicon (Si) substrates were rinsed
subsequently with acetone and Isopropyl alcohol (IPA) in an ultrasonic bath followed
by spray drying with N2 gas to remove dust from the surface. A heat treatment at
95°C was applied for a few minutes to prevent contamination on substrates prior to
coating of resist. A positive AZ1505 photoresist was spin-coated on the surface of the
cleaned substrates following the recipe in the photoresist datasheet. Then, resist-coated
substrates were soft-baked on a hot plate. The thickness of the photoresist on the Si
substrate was approximately 500 nm based on the datasheet. Photolithography at a
365 nm Ultraviolet (UV) wavelength was performed on resist-coated substrates using
the soda lime mask via a mask aligner. Thereafter, a post-bake was applied for a few
minutes. The areas exposed to UV light were dissolved in a developer solution. So,
the pattern on the mask was transferred onto the substrate. After checking the array
by using an optical microscope, the antidot structures were successfully confirmed to

be on the Si substrate. The SEM images of the circle, pacman, and half-circle antidot
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array are shown in Figure 5.11. The AFM image of the pacman antidot array is shown
in Figure 5.12.
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Figure 5.12. AFM image of the Pacman antidot array.

In the OOP and IP FMR measurement geometry, the angular variation of the

resonance fields of the pure, circular antidot, and large and narrow size Pacman antidot
array thin films were shown in Figure 5.14.

The sizes of the holes were depicted in Figure 5.13. The resonance field takes
the maximum value at the angle of 90° which is the case for the pure and Z2 labeled

antidot array pattern. However, the maximum resonance field is observed at an angle
larger than 90°.
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Figure 5.13. A scheme that shows the edge-to-edge separation distance and the sizes

of the antidot structures which are labeled as Z2, Z8, and Z6.

This might be due to the initial angle that was not adjusted exactly at 0° so
the shift of 10° in each angle was encountered. The Z6 antidot array does not have a
proper resonance field profile as a function of angle. In the IP orientation, Z2 has a
larger variation of the resonance field, while Z8 has the least change in the resonance

field. However, Z6 has the largest change in the resonance field among all the others.
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Figure 5.14. The angular variation of the resonance field of Z2, Z8 and Z6 in OOP
and [P FMR measurement.
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The angular variation of the resonance field in the OOP measurement was shown
in Figure 5.15. For the half-circular antidot structures, the size and separation distance
of Z21 labeled patterned film was defined as the radius is 7 pum, the edge-to-edge
distances between the holes are 6.5 ym and 6 pm. The same convention was used for
the other half-circular antidot arrays. One realizes that Z21 requires a larger resonance
field at an angle of 90° than the pure and patterned films. However, a number of spin-
wave modes appear in Z22 and Z4 due to the shape effect. The angular variation of the
resonance field of the half-circular antidot arrays in the IP measurement was shown in
Figures 5.16. Z21 and the pure thin film have similar magnetic anisotropy. However,
722 and Z4 have smaller magnetic anisotropy, but spin wave modes have additional
anisotropies. The angular variation of the resonance field at OOP and IP geometries

for the pacman shape antidot array structures were shown in Figures 5.17 and 5.18.
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Figure 5.15. The angular variation of the resonance field in OOP FMR measurement

of half-circle shape antidot array.
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When the separation distance increases along the y directions, the number of spin-
wave modes increases. 7Z26 labeled film does not have spin-wave modes, only uniform
resonance mode exists. The IP geometry measurements show that the anisotropy
intensity in antidot arrays is less than the pure thin film. When the size of the pacman
increases, as in the case of Z17 and Z3 films, the number of spin waves that accompany
the uniform resonance increases. However, the IP anisotropy of the large Pacman

antidot array is less than the pure and narrow pacman array.
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Figure 5.16. The angular variation of the resonance field in IP FMR measurement of

half-circle shape antidot array.
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Figure 5.17. The angular variation of the resonance field in IP and OOP FMR
measurement of the pacman shape antidot array with dimensions of 5.5 um width,
edge to edge distances of 3.5 um along the x direction, 4.5 ym and 2.5 ym along the

y direction.
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Figure 5.18. The angular variation of the resonance field in IP and OOP FMR
measurement of the pacman shape antidot array with dimensions of 4 ym and 5.5 pm

widths, edge to edge distances of 3.5 ym and 4.5 ym along the x and y directions.
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6. MICROMAGNETIC SIMULATIONS OF NiFe
DOT/ANTIDOT ARRAYS

As the dimension of materials diminishes down to the nanometer scale, the nano-
size structure possesses different and new characteristics since quantum size effects start
to exhibit on the surface of the sample. Simulations help to understand and choose
which material and geometry are suitable for the aim of an experiment. Micromag-
netics is based on the continuum theory and calculates the magnetization distribution
corresponding to the change in an external field. The study of confined magnetic
structures with nano/micro size yields new insight into the fundamental science, data
storage applications, etc. Magnetization curves of the Permalloy (NiFe) circular dot
and antidot array were investigated by means of the micromagnetic simulation pro-

gram, Mumax3 [167].

6.1. Micromagnetic Simulations of NiFe Dot Arrays

The principal approach is to divide the magnetic sample into cells described
by the LLG equation and the interaction with neighboring cells. According to the
finite difference method used in the micromagnetic simulation, the sample geometry is
divided into N = N,N,N, cubic cells. The cell size must be in the exchange length
order of 5.7 nm for Permalloy material. The grid size and cell size were chosen in
the following: The grid size was (1024, 1024, 1) and the cell size was (5 x 10™?m,
5 x 107%m, 20 x 107°m). The radius of the dot is 3 um. The demagnetizing field
is affected by the boundaries of the pattern structure. To minimize the effect of the
demagnetizing field, periodic boundary conditions were implemented in the x and y-
direction, which is repeated 5 times at each side of the sample in the x and y-direction.
The saturation magnetization was chosen as 8.6 x10° A/m and the exchange stiffness
was 13 x10712 J/m, both typical values for Permalloy. The magnetization was applied
uniformly along the x direction. The uniaxial anisotropy with a value of 8 x10% J/m?
was defined along the x direction. The maximum applied field was 100 x10~2 T with a

step field of 1 x1073 T. The anisotropy, demagnetization, exchange, Zeeman, and total
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energy were saved when the field was applied from 0.1 T to -0.1 T and from -0.1 T to
0.1 T with a step field of 0.001 T. The hysteresis loops of the circular, pacman, and
half-circular dots were shown in Figure 6.1. The coercive fields of the circle, pacman,
and half-circular dots are 0.001 T, 0.002 T, and 0.008 T, respectively. This can be
explained such that when the size of the dot decreases, the coercivity increases. The
remnant magnetization values (M /M) of the circle, pacman, and half-circular dots are
0.55, 0.25, and 0.38. The field that saturates the magnetization increases from 0.012

T, 0.026 T, and 0.03 T for the circle, pacman, and half-circular dots, respectively.

1.0

0.5

0.0

M/Ms

88— Pure film
—@— Circle dot{3 pm)

—&— Pacman dot{1.5 ym)}
—¥— Half circle dot (1.5 um)

-1.0

—— ; — ; ; ; ;
-0.05 -0.04 -0.03 -0.02 -0.01 000 001 002 003 004 005
B_extx (T)

Figure 6.1. In-plane hysteresis loops of the circular dot (radius, r=1.5 pum), pacman

dot (r=1.5 pm) and half-circular dot (r=1.5 pm).

The demagnetizing fields at the saturation field of 0.1 T for the pure thin film,
circular, pacman, and half-circular dots are calculated as —0.008 T, —8.4 x 107% T,
—7.12x107* T, and —4.2 x 10~* T. When the value of the applied field decreases to
zero, the demagnetizing fields for the pure thin film, circular, pacman, and half-circular

dots are —0.0026 T, —3.93 x 10~ T, —1.75 x 10~* T, and —1.5 x 1074 T.
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Figure 6.2. The anisotropy energies of circular dot (radius, r=1.5 um), pacman dot

(r=1.5 pm) and half-circular dot (r=1.5 pm).

The anisotropy energies of the pure thin film, circular, half-circular, and pacman
dots during the reversal of the external field are shown in Figure 6.2. The anisotropy
energies at the saturation field of 0.1 T for the pure thin film, circular, pacman, and
half-circular dots are —2.53x 10716 J, —1.12x107 J, —9.76x1077 J, and —5.51x 107
J. In the case of zero applied field, the anisotropy energies of the pure thin film, circular,
pacman, and alf-circular dots are —1.5x 10716 J, —5.77 x 1077 J, —5.28 x 10717 J, and
—1.5 x 1077 J. The demagnetizing energies of pure thin film, circular, half-circular,
and pacman dots during the reversal of the external field are shown in Figure 6.3. The
demagnetizing energies at the saturation field of 0.1 T for the pure thin film, circular,
pacman, and half-circular dots are 1.02 x 107 J, 5.83 x 1076 J, 5.19 x 107%¢ J, and
6.18 x 10716 J.

When the applied field is zero, the demagnetizing energies of the pure thin film,
circular, pacman, and half-circular dots are 3.4 x 10716 J, 2.52 x 10716 J, 8 x 10717 J,

and 1.6 x 10716 J.
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Figure 6.3. The demagnetization energies of circular dot (radius, r=1.5 pm), pacman

dot (r=1.5 pm) and half-circular dot (r=1.5 pm).

The exchange energies of pure thin film, circular, half-circular, and pacman dots
during the reversal of the external field are shown in Figure 6.4. The exchange energies
at the saturation field of 0.1 T for the pure thin film, circular, pacman, and half-circular
dots are 2.01 x 10717 J, 3.97 x 10718 J, 5.26 x 107'® J, and 9.53 x 107'® J. When the
applied field is zero, the exchange energies of the pure thin film, circular, pacman, and

half-circular dots are 3.1 x 10717 J, 4.97 x 10717 J, 2.22 x 1077 J, and 3.97 x 1077 J.

The Zeeman energies of pure thin film, circular, half-circular, and pacman dots
during the reversal of the external field are shown in Figure 6.5. The Zeeman energies
at the saturation field of 0.1 T for the pure thin film, circular, pacman, and half-circular
dots are —2.73 x 107 J, —=1.21 x 107* J, —1.05 x 107* J, and —5.9 x 107 J. When
the applied field is zero, the Zeeman energies of the pure thin film, circular, pacman,
and half-circular dots are 1.47 x 1072° J, 5.18 x 1073° J, 2.0 x 1073% J, and 1.79 x 1073°
J.
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Figure 6.4. The exchange energies of circular dot (radius, r=1.5 pm), pacman dot

(r=1.5 pm) and half-circular dot (r=1.5 pm).
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Figure 6.5. The Zeeman energies of circular dot (radius, r=1.5 pm), pacman dot

(r=1.5 pm) and half-circular dot (r=1.5 pm).
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Figure 6.6. Total energies of circular dot (radius, r=1.5 pum), pacman dot (r=1.5 pm)

and half-circular dot (r=1.5 pm).

The total energies of pure thin film, circular, half-circular, and pacman dots
during the reversal of the external field are shown in Figure 6.6. The total energies at
the saturation field of 0.1 T for the pure thin film, circular, pacman, and half-circular
dots are —2.65 x 1071 J, —1.16 x 107* J, —1.01 x 107** J, and —5.0 x 107 J. When
the applied field is zero, the total energies of the pure thin film, circular, pacman, and

half-circular dots are 2.21 x 10716 J, 2.44 x 10716 J, 4.9 x 10717 J, and 1.87 x 10716 J.

The previous simulations are performed for the single dot structures. Now, the
hysteresis loops of dot array structures with a radius of 2 um and separation distances
of 2, 2.5, and 3 um are shown in Figure 6.7. When the separation distance increases, the
coercivity decreases. The coercivity for the array of the circular dots with a separation
distance (2 x 107%m, 2 x 107%m, 0) is 0.005 T, the coercivity for the array of the circular
dots with a separation distance (2.5 x 107%m, 2.5 x 107%m,0) is 0.004 T, and the
coercivity for the array of the circular dots with a separation distance (3 x 107%m, 3 x
107%m, 0) is 0.002 T. The remnant magnetizations (M/M;) are 0.85, 0.39, and 0.61 for
the separation distance of (2 x 1075m, 2 x 107%m, 0), (2.5 x 107%m, 2.5 x 107%m, 0), and
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(3 x107%m, 3 x 107%m, 0), respectively. The field that needs to saturate the dot array
with an inter-distance of 2.5 pum is the largest. The saturation fields are 0.007, 0.04,
and 0.015 for the separation distance of (2 x 1075m, 2 x 107%m, 0), (2.5 x 107%m, 2.5 x
107%m, 0), and (3 x 107%m, 3 x 107%m, 0), respectively.
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Figure 6.7. In-plane hysteresis loops of 20 nm pure NiFe thin film, an array of

circular dots with a radius of 2 ym and separation distances of 2, 2.5, and 3 pum.

The anisotropy energies of the corresponding structures during the reversal pro-
cess are simulated as illustrated in Figure 6.8.The anisotropy energies of the pure thin
film and circular dot arrays with a radius of 2 um and separation distances of 2, 2.5, and
3 pm at the saturation field of 0.1 T are —2.5x 1076 J, —1.99 x 10716 J, —9.34 x 10~'7
J, and —5.0 x 10717 J. When the applied field is zero, the anisotropy energies of the
pure thin film and circular dot arrays with a radius of 2 ym and separation distances of
2,25, and 3 pm are —2.5x 10710 J, —1.7x 10710 J, =54 x 10717 J, and —2.72 x 10716
J.

The demagnetization energies of the related structures are shown in Figure 6.9.

The demagnetization energies of the pure thin film and circular dot arrays with a radius
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of 2 pm and separation distances of 2, 2.5, and 3 pum at the saturation field of 0.1 T
are 4.86 x 10717 J, 7.93 x 10716 J, 9 x 10716 J, and 4 x 1076 J. When the applied field
is zero, the demagnetization energies of the pure thin film and circular dot arrays with
a radius of 2 ym and separation distances of 2, 2.5, and 3 um are 4 x 1077 J, 5 x 10716

J, 4% 1071 J, and 2.2 x 10716 J.

0.00E+000

—-Purefim

—@- Dat array (2e-8, 2e-8, 0)
J{ —&— Dt array (2 56-6, 2.5e-6, 1)
—¥ Datarray (3e-8, 38-6,0)

5.00E-017
-1.00E-016

-1.50E-016 | W
-2.00E-016 _&

-2.50E-016

)

E_anis

. .

T
-0.10 -0.05 0.00 0.05 0.10
B_extx (T)

Figure 6.8. The anisotropy energies of 20 nm pure NiFe thin film, an array of circular

dots with a radius of 2 ym and separation distances of 2, 2.5 and 3 um.

The exchange energies of the related structures are shown in Figure 6.10. The
exchange energies of the pure thin film and circular dot arrays with a radius of 2 ym and
separation distances of 2, 2.5, and 3 um at the saturation field of 0.1 T are 1.72 x 10732
J, 1.33x 10717 J, 1.22 x 10717 J, and 4.6 x 107*® J. When the applied field is zero, the
exchange energies of the pure thin film and circular dot arrays with a radius of 2 pym
and separation distances of 2, 2.5, and 3 pm are 9 x 1072° J, 1.6 x 10717 J, 7 x 10717 J,
and 3.26 x 10717 J. The Zeeman energies of the related structures are shown in Figure
6.11. The Zeeman energies of the pure thin film and circular dot arrays with a radius
of 2 um and separation distances of 2, 2.5, and 3 um at the saturation field of 0.1 T
are —2.75 x 107 J, —2.14 x 107 J, —1.0 x 107* J, and —5.3 x 107% J. When the
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applied field is zero, the Zeeman energies of the pure thin film and circular dot arrays
with a radius of 2 um and separation distances of 2, 2.5, and 3 um are —2.7 x 10710 J,

~1.9% 10716 J, —5.7 x 10717 J, and —3.6 x 1077 J.
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Figure 6.9. The demagnetization energies of 20 nm pure NiFe thin film, an array of

circular dots with a radius of 2 ym and separation distances of 2, 2.5 and 3 um.

The total energies of the related structures are shown in Figure 6.12. The total
energies of the pure thin film and circular dot arrays with a radius of 2 um and sepa-
ration distances of 2, 2.5, and 3 um at the saturation field of 0.1 T are —2.77 x 10~
J, —2.08 x 1071* J, =9 x 107*° J, and —5.0 x 107 J. When the applied field is zero,
the total energies of the pure thin film and circular dot arrays with a radius of 2 um
and separation distances of 2, 2.5, and 3 um are —4 x 10716 J, 1.6 x 10716 J, 4 x 10716
J, and 1.96 x 10716 J.

Next, the simulation results for the circular NiFe dot array and circular antidot
array will be discussed. The hysteresis loops for the pure thin film, circular dot array,
and circular antidot array with the same radius size of 2 ym are given in Figure 6.13.
The antidot structure causes the coercivity increases due to the domain formations

between the antidots.
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Figure 6.10. The exchange energies of 20 nm pure NiFe thin film, an array of circular

dots with a radius of 2 ym and separation distances of 2, 2.5, and 3 pm.
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Figure 6.11. The Zeeman energies of 20 nm pure NiFe thin film, an array of circular

dots with a radius of 2 ym and separation distances of 2, 2.5 and 3 pm.
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Figure 6.12. The total energies of 20 nm pure NiFe thin film, an array of circular dots

with a radius of 2 um and separation distances of 2, 2.5 and 3 um.
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Figure 6.13. In-plane hysteresis loops of 20 nm pure NiFe thin film, an array of

circular dots (radius, r=2 pm), and an array of circular antidots (r=2 pm).
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The coercive fields for the circular dot and antidot arrays are 0.0049 T and 0.009
T, respectively. The remnant magnetization of the antidot array decreases with respect
to the dot array and the pure film. The remnant magnetizations are 0.85 and 0.70 for
the circular dot and antidot arrays. The saturation fields are 0.85 T and 0.70 T for

the circular dot and antidot arrays.
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Figure 6.14. The anisotropy energies of 20 nm pure NiFe thin film, an array of

circular dots (radius, r=2 pm), and an array of circular antidots (r=2 pm).

The anisotropy energy of the pure thin film, circular dot array, and circular
antidot array are shown in Figure 6.14. The anisotropy energies of the pure thin film,
circular dot array, and circular antidot array with the same radius size of 2 ym at the
saturation field of 0.1 T are —2.56 x 10716 J, —1.98 x 10716 J, and —5.24 x 1077 J.
When the applied field is zero, the anisotropy energies of the pure thin film, circular dot
array, and circular antidot array with the same radius size of 2 ym are —2.56 x 10716 J,
—1.48 x 10716 J, -3.26x 10717 J. The demagnetization energy of the pure film, circular
dot array, and circular antidot array are shown in Figure 6.15. The demagnetization
energies of the pure thin film, circular dot array, and circular antidot array with the

same radius size of 2 ym at the saturation field of 0.1 T are 4.86 x 10717 J, 7.93 x 10~16
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J, 7.3 x 1076 J. When the applied field is zero, the demagnetization energies of the
pure thin film, circular dot array, and circular antidot array with the same radius size
of 2 um are 4.8 x 1077 J, 5.12 x 10716 J, 3.93 x 1071¢ J. The exchange energy of the

pure film, circular dot array, and circular antidot array are shown in Figure 6.16.
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Figure 6.15. The demagnetization energies of 20 nm pure NiFe thin film, an array of

circular dots (radius, r=2 pm), and an array of circular antidots (r=2 pm).

The exchange energy of the pure film, circular dot array, and circular antidot
array are shown in Figure 6.15. The exchange energies of the pure thin film, circular
dot array, and circular antidot array with the same radius size of 2 um at the saturation
field of 0.1 T are 1.7 x 10732 J, 1.3 x 10717 J, 1.7 x 10717 J. When the applied field is
zero, the exchange energies of the pure thin film, circular dot array, and circular antidot

array with the same radius size of 2 pum are 9.6 x 1072, 1.68 x 10717, 4.23 x 10717 J.

The Zeeman energy of the pure film, circular dot array, and circular antidot array
are shown in Figure 6.17. The Zeeman energy of the pure film, circular dot array, and
circular antidot array are shown in Figure 6.15. The Zeeman energies of the pure thin
film, circular dot array, and circular antidot array with the same radius size of 2 pym

at the saturation field of 0.1 T are —2.7 x 107 J, —2.1 x 107" J, —5.7 x 1071 J.
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When the applied field is zero, the Zeeman energies of the pure thin film, circular dot
array, and circular antidot array with the same radius size of 2 ym are —2.7 x 10716 J,

—1.98 x 10716 J, —4.28 x 107'7 J.
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Figure 6.16. Exchange energy of 20 nm pure NiFe thin film, an array of circular dots

(radius, r=2 pm), and an array of circular antidots (r=2 pm).

The total energy of the pure film, circular dot array, and circular antidot array
are shown in Figure 6.18. The total energy of the pure film, circular dot array, and
circular antidot array are shown in Figure 6.15. The total energies of the pure thin
film, circular dot array, and circular antidot array with the same radius size of 2 pym
at the saturation field of 0.1 T are —2.77 x 107 J, =2 x 107™* J, =5 x 1071 J. When
the applied field is zero, the total energies of the pure thin film, circular dot array, and
circular antidot array with the same radius size of 2 ym are —4.8 x 10716 J, 1.6 x 10716

J, 3.5 x 10716 J.
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Figure 6.17. The Zeeman energies of 20 nm pure NiFe thin film, an array of circular

dots (radius, r=2 pm), and an array of circular antidots (r=2 pm).
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Figure 6.18. Total energy of pure NiFe thin film, the array of circular dots (radius,

r=2 pm), and the array of circular antidots (r=2 pm).
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6.2. Micromagnetic Simulations of NiFe Ring-Shaped Dot Arrays

Magnetic nanostructures raise a high interest for fundamental research and appli-
cations like nonvolatile magnetic random access memory (MRAM) [1], magnetic read
heads [2], and ultrahigh-density data storage in which stable and reproducible switch-
ing is required. A homogenous magnetization takes place within the structure, but at
the edges, the magnetization aligns according to the shape of the structure. Ferromag-
netic ring structures enable small stray fields and there is no domain at the edge of the
ring, therefore can be used in MRAM applications [5]. The film thickness, width, and
diameter of the ring also have an effect on the formation of the domain types [6]-[10].
Two domain types occur in ferromagnetic rings, which are called the vortex state where
the magnetization is circumferential, and the onion state with two domain walls ori-
ented 180° with respect to each other. Different domain wall switching mechanisms
occur from single onion to reverse onion, onion to a vortex, vortex to reverse onion,
and triple vortex core switching [168-170] which include nucleation-free, nucleation of
domains or vortex cores, etc. The switching from the vortex to the onion state occurs
due to the nucleation and propagating magnetic domain at the half of the ring which is
magnetized antiparallel to the applied magnetic field direction. The transition from the
onion state to the vortex state is observed when one of the head-to-head or tail-to-tail
domain walls in the onion state displaces and is annihilated with the opposite wall.
Due to the Zeeman interaction, the spins in the ring dots align with the same direction
of the external field so that the energy is minimum. When the field increases, the
number of magnetic moments which are parallel to the external field increases. While
so, the vortex core moves from the center to the border of the ring dot. The field that
removes the vortex core is called the annihilation field. The new state becomes the
collinear state. After the collinear state, the magnetic field is reduced and at a certain

field which is named as nucleation field, the vortex state is observed again.

Figure 6.19 shows the vortex and the onion state, and the color codes represent
the directions of spins. For example, the red and light blue colors refer to the spins

pointing along the +x and -x directions, respectively.
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Figure 6.19. Vortex (left) and onion (right) magnetization states. [167].

To simulate the domain configurations, Mumax3 was employed on the defined
ring dots with different widths and thicknesses. The parameters for Permalloy are
such that the saturation magnetization is 800 x 10> A/m and the exchange stiffness
constant is 13 x 10712 J/m. The initial magnetization was set to random magnetization
and relaxed to the minimum energy state. The applied maximum field was 100 x 1073
T, with a step of 1 x 1073 T along the +x direction. The magnetization curve of 30
nm thick 2 pm-width NiFe ring dot is shown in Figure 6.20.
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Figure 6.20. Magnetization curves and vortex, onion domains in 30 nm thick and 2

pm width NiFe ring-shaped dot.
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Due to the shape effect, there are several domain states occurring with respect to
the strength of the field and the direction of the field. At 0.1 T, all the spins within the
ring orient in the +x directions like a single domain structure. In the reversed direction,
while approaching the zero field value, a number of spins tend to deviate from the +x
direction. At 0.007 T, an onion state is shown in Figure 6.21. Although the majority of
the spins are still in the 4+x direction at remanence, two vortices appear at both sides
of the onion state at 0.00 T. When the field increases in the reverse direction (-0.003
T), the vortex center begins to shift to the edges and spins start to switch to the -x
direction. At -0.028 T, we see that the vortexes disappear and only the reverse onion

state remains. The domain configurations of 30 nm and the 2-um width-ring dot are

shown in Figure 6.20.

Figure 6.21. Domain configurations of 30 nm thick and 2 pm-width NiFe ring-shaped
dot during the reversal of the field.
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When the field goes from 0.1 T to -0.1 T, several plateaus emerge, which corre-
spond to different spin configurations. The domain type in the ring dot, until the field
is zero, is the onion state. At the remnant state, two vortices appear on both sides of
the ring in Figure 6.21. One of the vortex structures on the left side is composed of
spins curling around the center clockwise, and the other vortex has counterclockwise
curling spins around the vortex center. During this process, a transition from the onion
state to two vortex-onion states takes place and the two vortices do not have the same
helicity. In the reverse field, the two vortex starts to move to the edge of the ring at
-0.003 T and disappears at -0.0028 T leaving the place to another reverse onion state
with the majority of the spins aligned in the -x direction. When the field is applied
from -0.1 T to +0.1 T, the reverse onion state is still there, however, at the remnant

state, two vortices reform on both sides of the ring with the same helicity.
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Figure 6.22. The hysteresis loops of the ring dot with a width of 2 ym with a range of

thickness between 5 nm and 70 nm.

The left vortex has a counterclockwise curling of the spins, and the right vortex

follows the same curling direction. Now this time, there is another state between the
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two vortices-onion states and the onion state, which is different from the first reversal
path. A counterclockwise flux closure state occurs around 0.003 T. Then at 0.02 T, the
flux-closure state transforms to the onion state again. In the first reversal path, the
flux closure state does not occur due to the different helicities of the vortices. When
the helicities are the same, the flux closure state is able to form. We can say that
the helicity of the two vortices determines the formation of flux-closure states in the

reversal process.
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Figure 6.23. The hysteresis loop of 30 nm circular and ring dot structures with a

width of 3 pm, 2 pm, and 1 pm.

To understand the effect of the thickness on the hysteresis loop profile of the ring
dot, various thicknesses were simulated, keeping the size of the ring fixed at 2 pm.
The thickness of the 2-um width-ring structure ranges from 5 nm to 70 nm, and the
magnetization curves of all the thicknesses are shown in Figure 6.22. The coercivity
decreases with increasing thickness, and the remnant magnetization decreases, as well.

The loops get wider from 5 nm to 70 nm. The transition between the domains gets
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slower and needs a large range of applied fields, for example, a 70 nm ring dot needs
0.002 T to shift to another domain type, while a 20 nm ring dot needs 0.001 T. In
addition, larger fields are required to reach the magnetization saturation for the thicker

dots.

The effect of the width of the ring in the magnetization reversal of the ring dots
is studied by introducing different widths at the same thickness. The magnetization
curves of a circle dot with a diameter of 4pum and ring dot structures with a width of
3 pm, 2 pm and 1 pm and with the same thickness of 30 nm are shown in Figure 6.23.
From the circular to the 1 pm-width ring, the coercivity increases, and the remnant

magnetization increases.

6.3. Micromagnetic Simulations of 3D NiFe Dot Array

Magnetic nanocaps (i.e. sphere, hemisphere) as a third dimension contribute ad-
ditional magnetic interactions to a planar magnetic system. Exchange interaction and
magnetization reversal exhibit modified characteristics with respect to a flat geometry.
Curvature in magnetic surfaces induces a curvature-induced magnetic anisotropy and
an effective Dzyaloshinskii-Morita interaction (DMI). The curved surface of a magnetic
film possesses magnetic vortices, which are crucial for magnetic logic and memory appli-
cations. Curvature modifies the vortex structure in soft magnetic spherical shells. The
individual and closely packed array of spherical magnetic caps show a vortex ground
state. Similarly, the hemispherical magnetic caps have magnetic phase transitions such
as onion and vortex states. Although 3D patterned bulk structures were used exten-
sively in optic applications, arrays of nanoscale 3D structures need further research in
magnetism since magnetic properties can be altered due to the curvature of the mag-
netic films. In this section, three-dimensional (3D) structures will be examined. The
hemispherical shell dot array was produced by lithography and RF sputtering method.
The diameter was determined to be 4 um and the thickness was 20 nm. The dots did
not touch each other with a separation distance of 4 um. The magnetization of 20

nm pure thin film and hemisphere shell array film was measured by Vibrating Sample

Measurement (VSM).
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As shown in Figure 6.24, the magnetic easy axis for the pure and patterned film
aligns in the film plane. The coercive field for pure NiFe thin film is 11 mT and the
coercive field for NiFe hemisphere shell array is 21 mT. The hemispherical shell dot
array shows a harder magnetic character than the pure thin film. The micromagnetic
simulation of the hysteresis curve for the NiFe hemisphere array was employed by the
micromagnetic simulation program, Mumax3. The diameter of hemisphere (D) is 1
pm; thickness (d) is 20 nm; the dimension of cell size is less than the exchange length

for Permalloy which is 3.6 nm.
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Figure 6.24. The experimental magnetization curves of an array of hemisphere dot

array and pure NiFe thin film in the OOP measurement.

The simulations were performed using the Permalloy material parameters M, =
8.6 x 10° A/m, exchange stiffness constant A = 13 x 1072 J/m, and K = 0 J/m?.
The computations were done using the Landau-Lifshitz—Gilbert equation dM/dt =
—|y|M x Hepp — ‘Ml‘sM X (M x Hgr). The simulation started with a random mag-

netization and minimized the total energy of the system. Then, an external field was
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applied to the defined geometry from 0.15 T to -0.15 T by 0.001 T step fields and the
magnetization was recorded. Again, from -0.15 T to 0.15 T, the magnetization was
saved. In addition, the same parameters were employed for the pure thin film. The
simulated magnetization reversal mechanism for the pure and patterned thin film was
shown in Figure 6.25. The hysteresis curves obtained from the simulation program have
similar characteristics to the experimental magnetization curves. The magnetization

profile across the curved hemisphere surface was shown in the subsets of Figure 6.25.
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Figure 6.25. The simulated magnetization curves of a hemisphere dot array and pure

NiFe thin film in the OOP measurement.

The simulation result has similar characteristics to the experimental magnetiza-
tion measurements. The simulated coercivity is 19 mT and 25 mT for the pure thin
film and hemisphere dot array, respectively. The hemispheres have the magnetic con-
figuration of the vortex state which is defined by two characteristics, chirality, and
polarity. Chirality is for the magnetic moments circling clockwise or anti-clockwise in
the dot plane, and polarity represents the magnetic moments at the dot center point-

ing up or down [13]. At 300 mT, all the magnetic moments align along the applied
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field at the +x direction (red), forming a saturation state. When the field decreases to
zero, the magnetic moments begin to deviate from the saturation and transform to the
vortex state at- 25 mT. In the vortex configuration, the spin moments circle around
the dot center clockwise, with a negative chirality, and spins at the dot center force
each other to orient down with a negative polarity due to the exchange interaction.
When the field increases in the reverse direction, the center of the vortex state shifts
to the edge of the hemisphere (-105 mT) and returns to the negative saturation with
all the spin moments antiparallel to the applied field (- 115 mT). When the field is
reversed, the vortex magnetization reemerges with a positive chirality and a positive
polarity at 25 mT. The vortex core moves to the edge when the field goes to 94 mT
and further increase of the field gives the saturation magnetization at 104 mT. In the
FMR spectrum of the 20 nm NiFe hemisphere array at the angle of 0 °, the spin wave

mode at the shoulder of the main mode can correspond to the vortex magnetization.
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Figure 6.26. The calculated energy terms of a hemisphere dot array.
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The total energy of the system used in the simulation program is described as
E(m) = /{A(Vm)2 — poM - Hepy — p10/2M - Hjernag + crystal anisotropy} d°r, (6.1)

where E is the total energy, m is the magnetization, the first term is the Exchange,
the second term is the Zeeman, the third term is the demagnetization energy, and
the last term is the crystalline anisotropy. The last term was neglected. The varia-
tion of demagnetization, exchange, Zeeman, and total energy regarding the change in
the external field applied in the x direction from 0.3 T to -0.3 T and vice versa was
represented in Figure 6.26. Demagnetization is the governing energy term among the
other energies at the saturation state. When reaching the remanence, demagnetization
energy decreases while the Zeeman and exchange energies increase. The energy values
of the pure thin film are larger than the hemisphere array due to the less amount of
magnetic film on the dot array. The total energy in pure thin film at saturation is
around -4 x 107! J while it is -3 x 107!7 J for the hemisphere dot array. For the
hemisphere dot array, demagnetization energy is 2.09 times 10717 J at the saturation
magnetization and decreases when the field goes to zero. Meanwhile, the exchange
energy is less than the demagnetization energy for a magnitude of order two but in-
creases from 1.6 x 107 J to 7.07 x 107! J. In addition, the Zeeman energy increases
gradually when approaching the zero field. At the vortex configuration (-25 mT), while
the demagnetization energy gets the minimum value (2.9 x 1071# J), the exchange en-
ergy value becomes the maximum (8.51 x 107*® J). As the core of the vortex shifts to
the edge, demagnetization energy increases while the exchange energy decreases. At
-76 mT, these two energy becomes equivalent (6.86 x 107! J) and after this point,
demagnetization energy exceeds the exchange energy. At -106 mT, the core reaches
the edge and completely vanishes after -115 mT. Then the spins all orient along the
inverse field direction, resulting in the negative saturation (-300 mT). The demagne-
tization energy reaches 2.09 x 1077 J which is larger than the other energies. When
the field is zero, the total energy is maximum. After the vortex forms at 25 m'T, the
demagnetization energy decreases and the exchange energy increases with the shift of
the core to the edge. At 83 mT, the exchange energy and demagnetization energy are

equivalent. After that, demagnetization energy increases while the others decrease.
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6.3.1. NiFe Sphere, Half Sphere, and Half Sphere Shell Dot Arrays

In this section, the magnetization and domain configurations of arrays of a sphere,
half-sphere, and half-spherical shell dot will be under investigation. Initially, the mag-
netization was set to a random magnetization. By using the relax function, the mag-
netization state at the minimum energy was determined, and the magnetization was
saved as a function of the applied field. The maximum applied field was 0.15 T with a
step field of 0.001 T.

The hysteresis curves of the spherical dot, half-sphere dot, and half-sphere shell
arrays with a separation distance of 64 nm along the x and y direction, when no PBC
is applied, are given in Figure 6.27. The coercivity increases from the spherical dot
array to the half-spherical shell array such that the coercive field for the spherical dot
array is less than 0.02 T, the coercive field for the half-sphere dot is 0.05 T, and the
coercive field for the half-spherical shell dot is 0.004 T. The remnant magnetization is
the least in the spherical dot array. The shape of the hysteresis loops of the spherical

dots is very different from the others.

The domain images of the spherical dot structures are shown in Figure 6.28. At
0.25 T, all the spheres are saturated. When the field decreased to 0.1 T, due to the
reconfiguration of the spins in the dots at the edges, the dot array in the middle of the
lattice was influenced by the surrounding dots. At 0.001 T, individual spin orientations
occur within the dots. At -0.025 T, the total spins in each dot tend to align along the
reversed field direction. At -0.250 T, all the dots experience saturation magnetization

in the -x direction.

The domain images of the half-sphere dot structures are shown in Figure 6.29.
After 0.012 T, the half-spherical dots show individual spin orientations, at -0.009 T,
deviations from the +x direction are observed. At -0.034 T, a row of dots aligns in the
-x direction, and the other dots are affected and switch to the -x direction at -0.135 T.

The domain images of the half-sphere shell array are shown in Figure 6.30.
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Figure 6.27. The magnetization curves of an array of sphere dots (60 nm), half-sphere
dots (30 nm), half half-sphere shells (10 nm) with a separation distance of 64 nm

along the x and y directions.

As a next step, the separation distance was increased to 80 nm along the x and y
directions. The hysteresis curve of the spherical dot, half sphere dot, and half sphere
shell arrays with a separation distance of 80 nm when no PBC is applied is given in
Figure 6.31. The separation distance of 80 nm causes the hysteresis curve of the half-
sphere dot and half-sphere shell array to change sharply when the field is inverted. The

spherical dot array has a different hysteresis profile.
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Figure 6.28. The magnetization curves and domain configurations of sphere dot (60

nm) array with a separation distance of 64 nm along the x and y directions.
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Figure 6.29. The magnetization curves and domain configurations of half sphere dot

(30 nm) array with a separation distance of 64 nm along the x and y directions.
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The domain configurations of the sphere array are given in Figure 6.32. Between
0.025 T and -0.025 T, the domain configurations are different in the majority of the
dots, giving the two sharp loops. We can say that the remnant magnetization increased,
and the coercivity decreased with respect to the one with a 64 nm separation distance.
When PBC (10, 10, 0) is applied, the hysteresis curves of the single sphere dot, sphere
dot array with a separation distance of (60 nm, 60 nm, 0), (64 nm, 64 nm, 0) and
(80 nm, 80 nm, 0) are shown in Figure 6.33. The PBC changed the hysteresis profile
significantly for the spherical dot array with separation distances of 64 and 80 nm. The
coercivity increased and the number of transitions between the domains was reduced

with the addition of the PBC.

——mx(

0020 T 0.030T

-0039T 00487

0250T 0050T 0020T

-0025T -0.029T -0.046T

0049T -0.249T 0011 T

Halfsphere shgll(10 nm) array_repeat(64e-9,64e-9,0)
! | ! | ! 1

M/M,

0.053T 010T

I ! I

0.2 -0.1 0.0 0.1 0.2
B_extx (T)

Figure 6.30. The magnetization curves and domain configurations of an array of half

sphere shell (10 nm) with a separation distance of 64 nm along the x and y directions.
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Figure 6.31. The magnetization curves and domain configurations of an array of
sphere dots of 60, 30, and 10 nm thickness with a separation distance of 80 nm along

the x and y directions.
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Figure 6.32. The magnetization curves and domain configurations of an array of

sphere dots of 60 nm with a separation distance of 80 nm along the x and y directions.

The next study is about the effect of the size and the separation distance between
the half-spherical structures on the hysteresis loops. To analyze the half-spherical struc-
tures, simulations were performed within a range of the diameter, d, from 45 to 360 nm
by applying the magnetic field along the x direction. Initially, a random magnetization
was assigned and the magnetization in the ground state was calculated. A high mag-
netic field was applied to align all the spins in the directions of the magnetic field, and
the field was decreased in steps of 0.001 T until the magnetization was reversed. The
hysteresis curves and domain configurations of the single NiFe hemisphere dot with
various diameters with a PBC (10, 10,0) were given in Figure 6.34 for a diameter of
90 nm, Figure 6.35 for a diameter of 135 nm, Figure 6.36 for a diameter of 180 nm,
Figure 6.37 for a diameter of 360 nm.
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Figure 6.33. The magnetization curves and domain configurations of an array of
sphere dots of 60 nm with a separation distance of 60, 64, and 80 nm along the x and

y directions.

The hysteresis loop does not have a remnant magnetization and coercive field.
In the domain images of the half-spherical dot structures, the single domain state is

the state where the magnetic structure acts as a giant spin due to the large exchange
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of energy, as in the case of red and blue colored dots. The dot structure shows a
spin-vortex configuration at the remnant state, which is a type of magnetic topological
soliton. The vortex spin configuration finds a wide application in magnetic data storage
due to the small thermal and quantum fluctuations [171] and is also used in the spin-
torque nano-oscillators [172]. In the vortex state, the magnetic moments are curled in
the plane of the dot structure in order to make the magnetostatic energy minimum.

The core of the vortex is at the center of the dot in the remnant state.

Single hemisphere dot (90e-9 m)

i ; | .

0.2 -0.1 0.0 0.1 0.2
B_extx (T)

Figure 6.34. The hysteresis curves of a hemisphere dot with a 90 nm diameter.

At the core, magnetic moments align perpendicular to the plane of the dot. There-
fore, this orientation prevents the singularity. From low fields to high fields, the vortex
core moves towards the edge of the half-sphere dot. When the vortex is annihilated,
the sample reaches saturation magnetization. After decreasing the applied field, the
vortex nucleates again and follows a reversible loop. The hysteresis loop is affected by

the size of the structure. When the size increases, the vortex nucleation increases, and
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expulsion fields are larger since the shape anisotropy decreases. Figure 6.38 shows that
the loops shift towards larger fields and the loop elongates, which results in a smaller

area. Saturation is reached at very large fields, higher than 0.20 T.

Single hemisphere dot (135e-9 m)
T T

0?0 0.2
B_extx (T)

Figure 6.35. The hysteresis curve of a hemisphere dot with a 135 nm diameter.

Another study for the half-spherical dots is about the separation distance between
the dots. The diameter of the half-sphere hemisphere was determined as 90 nm. The
hysteresis curves and domain configurations of the hemisphere dot arrays with various
separation distances with a PBC (10, 10,0) were given in Figure 6.42 for a separation
distance of 64 nm along the x and y directions, in Figure 6.43 for a separation distance
of 90 nm along the x and y directions, in Figure 6.44 for a separation distance of 100
nm along the x and y directions, in Figure 6.45 for a separation distance of 128 nm
along the x and y directions, in Figure 6.46 for a separation distance of 140 nm along
the x and y directions, in Figure 6.48 for a separation distance of 150 nm along the x

and y directions, in Figure 6.49 for a separation distance of 200 nm.
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Figure 6.36. The hysteresis curves of a hemisphere dot with a 180 nm diameter.
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The hysteresis curves of a hemisphere dot with a 360 nm diameter.



188

1.0 5
0.5 +
=
= 00
-0.5 1
=90 nm
—— 135 nm
—— 180 nm
-1.0 ' —— 360 nm

— 1 1 T T T T — T 1 T T T T
025 -020 015 -010 005 0.00 005 010 015 020 025
B_extx(T)

Figure 6.38. The hysteresis curves of a single hemisphere dot with a 90, 135, 180, and

360 nm diameter.

The magnetization saturation in the +x direction and -x direction in a half-
spherical dot array is shown in Figures 6.39 and 6.40, respectively. The vortex state
in the dot array is shown in Figure 6.41. When the separation distance is 64 nm, the
array behaves like a continuous film, and sharp hysteresis loops are obtained. When
the distance between the dots increases from 90 nm to 128 nm, different plateaus
occur in the loop, which corresponds to different domain configurations. The change
from 90 nm to 100 nm decreases the coercivity significantly. When the distance is
128 nm, the dots are arranged well in the grid size with the 10 times repetition along
the x and y directions. Therefore, it gives a similar hysteresis loop with a distance
of 64 nm. When the distance is 140 nm, the coercivity increases, and the number of
domain transitions increases. The coercivity and the remnant magnetization become
zero when the separation distance is 200 nm. Figure 6.50 shows all hysteresis loops of

the separation distances from 64 nm to 200 nm.
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Figure 6.39. The hysteresis curve of a hemisphere dot with a 135 nm diameter.

Figure 6.40. The view of the hemisphere dot array with spins pointing at the -x

direction.

Figure 6.41. The view of the vortex configuration in the hemisphere dot array.
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Figure 6.42. The hysteresis curves of hemisphere dot (90 nm) array with a separation

distance of 64 nm along the x and y directions.

1
._. Hemisphere dot array (90e-9,50e-9,0)
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Figure 6.43. The hysteresis curves of a hemisphere dot with a 90 nm diameter and

separation distance of 90 nm at the x and y directions.
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Figure 6.44. The hysteresis curves of a hemisphere dot with a 90 nm diameter and

separation distance of 100 nm at the x and y directions.
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Figure 6.45. The hysteresis curves of a hemisphere dot with a 90 nm diameter and

separation distance of 128 nm at the x and y directions.
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Figure 6.46. The hysteresis curves of a hemisphere dot with a 90 nm diameter and

separation distance of 140 nm at the x and y directions.
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Figure 6.47. The hysteresis curves of a hemisphere dot with a 90 nm diameter and

separation distance of 150 nm at the x and y directions.
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Figure 6.48. The hysteresis curves of a hemisphere dot with a 90 nm diameter and

separation distance of 150 nm at the x and y directions.
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Figure 6.49. The hysteresis curves of a hemisphere dot with a 90 nm diameter and

separation distance of 200 nm at the x and y directions.
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Figure 6.51 shows the simulated demagnetization, exchange, Zeeman, and total

energy variation as a function of the field for the hemisphere dots with a diameter of

90 and 360 nm. At the saturation state of the hemisphere dot with a diameter of 90

nm, the demagnetization energy is 2.05 x 107!7 J, exchange energy is 2.65 x 10717 J,

Zeeman energy is —2.47 x 10717 J, and total energy is —3.95 x 10718 J. At the remnant

state of the hemisphere dot with a diameter of 90 nm, the demagnetization energy is

2.1 x 10718 J, exchange energy is 8.6 x 1071® J, Zeeman energy is 1.57 x 10737 J, and

total energy is 1.08 x 1077 J. At the saturation state of the hemisphere dot with a

diameter of 360 nm, the demagnetization energy is 1.25 x 107'° J, exchange energy is

4 x 10718 J, Zeeman energy is —2.6 x 107 J, and total energy is —1.35 x 1071° J.

104 Hemisphere(90 nm)

M/Ms

Single herisphere dot

—— Hemisphere dot array (200e-9 200e-9 0)

——Hermisphere dot array (150e-2,150e-9.0)

—— Hemisphere dot array (140e-9,140e-3 0)
)
)

Hermisphere dot array (128e-8,128e-20
Herisphere dot array (100e-3,100e-90

——Hermisphere dot array (90e-9 20e-20)
——Hermisphere dot array (B4e-9 54e-2 1)

-0.|05 0.00
B_extx (T)

I
-0.15 -0.10

I I
0.05 0.10 0.15

Figure 6.50. The hysteresis curves of an array of hemisphere dots with a 90 nm

diameter and separation distance between 64 nm and 200 nm at the x and y

directions.
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At the remnant state of the hemisphere dot with a diameter of 360 nm, the
demagnetization energy is 3.53 x 10717 J, exchange energy is 4.57 x 1077 J, Zeeman
energy is 6.24 x 10737 J, and total energy is 8.11 x 107'7 J. Figure 6.52 shows the
simulated demagnetization, exchange, Zeeman and total energy variation as a function
of the field for the hemisphere dot array with a diameter of 90 nm and inter-distance of
200 nm at the x and y directions. At the saturation state of the hemisphere dot array,
the demagnetization energy is 2 x 107!7 J, exchange energy is 2.6 x 107! J, Zeeman
energy is —2.47 x 10717 J, and total energy is —4.27 x 107! J.At the remanence of the
hemisphere dot array, the demagnetization energy is 2.14 x 107! J, exchange energy

is 8.67 x 10718 J, Zeeman energy is 1.55 x 10737 J, and total energy is 1.08 x 10717 J.
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Figure 6.51. The simulated demagnetization, exchange, Zeeman and total energy
variation as a function of the field for the hemisphere dots with a diameter of 90 and

360 nm.

6.4. Micromagnetic Simulations of NiFe Antidot Arrays

The antidot array structure in a continuous magnetic medium can form regions in
which the remanence can be controlled so that can alter the magnetization dynamics
and be used for data storage. The simulation parameters for the 20 nm NiFe thin
film with circular, pacman, and half-circular antidot array are: Gridsize (512, 512, 1),

Cellsize (4 x 107%m,4 x 107°m, 20 x 107"m), Edge smoothing factor of 8. Circular
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antidot array with 1pum diameter and center-to-center separation distance of (1000e —
9m, 1000e — 9m, 0) along the x, y, and z direction with periodic boundary condition
of PBC (20,20,0) repetition along x, y, and z direction. The initial magnetization
was uniform and set to the x direction (1,0,0). The saturation magnetization was
8.6 x 10° A/m and the exchange stiffness was 13 x 107'? J/m. The value of the
uniaxial anisotropy was determined to be 8 x 10? J/m? along the x direction. The

maximum applied magnetic field was 200 x 1073 T with a step field of 1.0 x 1073 T.

A hemisphere dot array with a 90 nm diameter
and separation distance of 200 nm at x and y directions
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Figure 6.52. The simulated demagnetization, exchange, Zeeman and total energy
variation as a function of the field for the hemisphere dot array with a diameter of 90

nm and inter-distance of 200 nm at x and y directions.

The hysteresis loops of the 20 nm NiFe pure thin film and the circular antidot
array are given in Figure 6.53. The coercivity increases with the introduction of the
holes in the film, and the remnant magnetization decreases. The coercive field for the
pure thin film is 0.005 T and the remnant magnetization is 0.62. The coercive field for

the antidot array is 0.02 T and the remnant is 0.62.

When the separation distance increases both in the x and y directions, the coer-
civity of the circular antidot array decreases, as shown in Figure 6.54. However, when

the separation distance along the y direction increases from 1 to 4 um in Figure 6.55,
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the coercivity is less than that with 1 pum separation distance between holes. When
the separation distance increases from 1 to 4 pum along the x direction, the coercivity
decreases more. Again, when the separation distance along the y direction decreases
from 4 to 1 pum, the coercivity decreases while the remnant magnetization gets the

smallest value, and the loop profile changes drastically.
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Figure 6.53. Hysteresis curves of a 20 nm NiFe thin film and circular antidot array
with a diameter of 1 um and edge-to-edge separation distances of 1 um at both x and

y directions.

In Figure 6.55, the coercive fields for the separation distance of (1um, 1um,0) is
0.02 T and the remnant magnetization is 0.62. The coercive fields for the separation
distance of (1pm,4pm,0) is 0.012 T and the remnant magnetization is 0.93. The

coercive fields for the separation distance of (4pum, 4um, 0) is 0.002 T and the remnant
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magnetization is 0.79. The coercive fields for the separation distance of (4pm, 1um,0)

is 0.0005 T and the remnant magnetization is 0.15.
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Figure 6.54. Hysteresis curves of the circular antidot array with a diameter of 1 pym

and edge-to-edge separation distances of 1, 2, 3, and 4 pum at both x and y directions.
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Figure 6.55. Hysteresis curves of the circular antidot array with a diameter of 1 pum

and various edge-to-edge separation distances at x and y directions.

The effect of the antidot shape on the hysteresis loops of the films is shown
in Figure 6.56. The pacman shape antidot has a larger coercivity and more domain
structures. The coercivity of the circle, half-circle, and pacman antidot array is 0.012
T, 0.014 T, and 0.023 T, respectively. The effect of the separation distance on the
half-circular antidot array is shown in Figure 6.57. When the distance between the

holes increases, the coercivity and the number of domains decrease. The coercivity is
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0.014 T for the separation distance of 1 um and 0.007 T for the separation distance of
1.5 pm. The same situation goes with the pacman antidot array in Figure 6.58. The
coercivity is 0.023 T for the separation distance of 1 ym and 0.008 T for the separation
distance of 1.5 um. The effect of the pacman size variation on the hysteresis loops is
illustrated in Figure 6.59. From the large size of the pacman to the half-circle antidot,
the coercivity decreases. The coercivity is 0.023 T for the large pacman antidot and

0.018 T for the narrow pacman antidot, and 0.014 T for the half-circle pacman antidot.

The simulated energies of the uniform thin film during the magnetization reversal
are shown in Figure 6.60. At the saturation state of the pure thin film, the anisotropy
energy is —6.5 x 10717 J, demagnetization energy is 4.6 x 10716 J, exchange energy is
1.08 x 10717 J, Zeeman energy is —5.69 x 1071% J, and total energy is —5.28 x 10717 J.
At the remnant state of the pure thin film, the anisotropy energy is —3.77 x 10717 J,
demagnetization energy is 2.11 x 10716 J, exchange energy is 2.15 x 1077 J, Zeeman

energy is 3.79 x 1073 J, and total energy is 1.95 x 10716 J.

The simulated energies of circular antidot array film are shown in Figure 6.61. At
the saturation state of the circle antidot array with a separation distance of 1 ym along
the x and y directions, the anisotropy energy is —1.25x 10717 J, demagnetization energy
is 2.63 x 10710 J, exchange energy is 9.75 x 10718 J, Zeeman energy is —1.12 x 1071%
J, and total energy is —8.5 x 10716 J,

At the remnant state of the circle antidot array with a separation distance of 1 ym
along the x and y directions, the anisotropy energy is —8.11 x 10~*® J, demagnetization
energy is 1.69 x 10716 J, exchange energy is 2.66 x 10717 J, Zeeman energy is 1.48 x 10730
J, and total energy is 1.87 x 10716 J. The simulated energies of half-circular antidot

array film with a separation distance of 1 ym are shown in Figure 6.62.

At the saturation state of the half-circle antidot array with a separation distance
of 1 yum along the x and y directions, the anisotropy energy is —3.75 x 10717 J, demag-
netization energy is 6.73 x 10716 J, exchange energy is 1.75 x 10717 J, Zeeman energy
is —3.3 x 1071 J, and total energy is —2.65 x 107*® J. At the remnant state of the

half-circle antidot array with a separation distance of 1 um along the x and y direc-
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tions, the anisotropy energy is —1.64 x 107'7 J, demagnetization energy is 2.95 x 10716
J, exchange energy is 6.50 x 10717 J, Zeeman energy is 3.85 x 1073% J, and total energy
is 3.44 x 10716 J.
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Figure 6.56. Hysteresis curves of the circle, half-circle, and pacman antidot structures.
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Figure 6.57. Hysteresis curves of pure thin film and half-circle antidot array

structures with various separation distances along the x and y directions
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Figure 6.58. Hysteresis curves of pure thin film and Pacman antidot arrays with

various separation distances along the x and y directions
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Figure 6.59. Hysteresis curves of Pacman with different sizes and half-circle antidot
array structures with the same separation distances of 1 um along the x and y

directions.

The simulated energies of half-circular antidot array film with a separation dis-
tance of 1.5 pum are shown in Figure 6.63. At the saturation state of the half-circle
antidot array with a separation distance of 1.5 ym along the x and y directions, the

anisotropy energy is —5.99 x 107!7 J, demagnetization energy is 1.22 x 10716 J, ex-
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change energy is 5.21 x 10718 J, Zeeman energy is —5.18 x 10715 J, and total energy is
—5.11 x 10715 J. At the remnant state of the half-circle antidot array with a separation
distance of 1.5 um along the x and y directions, the anisotropy energy is —4.21 x 10717
J, demagnetization energy is 1.08 x 10717 J, exchange energy is 1.29 x 1077 J, Zeeman

energy is 3.28 x 1073 J, and total energy is —1.83 x 10717 J.

The simulated energies of pacman antidot array film with a separation distance
of 1 pum are shown in Figure 6.64. At the saturation state of the pacman antidot
array with a separation distance of 1 um along the x and y directions, the anisotropy
energy is —2.8 x 10717 J, demagnetization energy is 5.19 x 107'¢ J, exchange energy is

1.56 x 10717 J, Zeeman energy is —2.48 x 10715 J, and total energy is —1.98 x 1071° J.

At the remnant state of the pacman antidot array with a separation distance of
1 pm along the x and y directions, the anisotropy energy is —2.04 x 10717 J, demag-
netization energy is 3.30 x 10716 J, exchange energy is 4.96 x 1077 J, Zeeman energy
is 3.75 x 1073% J, and total energy is 3.59 x 10716 J. The simulated energies of pacman
antidot array film with a separation distance of 1.5 um are shown in Figure 6.65. At
the saturation state of the pacman antidot array with a separation distance of 1.5 ym
along the x and y directions, the anisotropy energy is —5.75 x 10717 J, demagnetization
energy is 1.09 x 10716 J, exchange energy is 4 x 107! J, Zeeman energy is —4.97 x 10~1%
J, and total energy is —4.91 x 107! J. At the remnant state of the pacman antidot
array with a separation distance of 1.5 um along the x and y directions, the anisotropy
energy is —4.77 x 10717 J, demagnetization energy is 3.77 x 10717 J, exchange energy

is 1.25 x 10717 J, Zeeman energy is 3.49 x 10730 J, and total energy is 2.56 x 10718 J.



1.00E-015
0.00E+000
-1.00E-015
/r’ “«\
= 2. 00E-015 j %"
FITATTIN
L?Cj -3.00E-015 7 R
-4.00E-015 ‘/ ——E_anis (J) \\\
| 4 —+— E_demag (J) N
j —=+E exch (J) “"
-5.00E-015 :?' —— E_Zeeman (J) ‘V{:
] —— E_total (J)
-6.00E-015 +— : e ——— . .
0.08 -0.06 -0.04 -002 000 002 004 006 008
B_extx (T)

Pure NiFe thin film

Figure 6.60. The simulated energies of a 20 nm NiFe thin film.
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Figure 6.61. The simulated energies of a circular antidot array with a diameter of 1

pm and 1um edge-to-edge separation distances at x and y directions.
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Figure 6.62. The simulated energies of half-circle antidot array structures with a

separation distance of 1 um along the x and y directions.
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Figure 6.63. The simulated energies of a half-circular antidot array structure with a

separation distance of 1.5 um along the x and y directions.
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Figure 6.64. The simulated energies of Pacman with a separation distance of 1 um

along the x and y directions.
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Figure 6.65. The simulated energies of Pacman with a separation distance of 1.5 ym

along the x and y directions.
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7. RESULTS

The growth of qualitative YIG films with magnetic anisotropy engineering is
indeed a very important topic in light of recent developments in magnonics, magneto-
optics, and spin-torque transfer properties. YIG thin films with a wide range of thick-
ness were deposited on Si (100) substrate by the PLD technique. The substrate temper-
ature, oxygen pressure, laser parameters, and post-annealing affect the crystallization
of the produced YIG thin films. The X-ray diffraction pattern showed that as-grown
YIG films were amorphous. From the FMR measurement, there was no microwave
absorption signal, so the as-grown films were understood to be not magnetic. We had
to anneal the films to create the YIG form. After annealing the film in the air at differ-
ent temperatures from 750 °C to 850 °C, we gathered the proper crystallization of the
films. We realized that XRD peaks became sharp and strong with annealing. Heating
the substrate and keeping the temperature at 400 °C did not work for the formation
of the YIG phase, but the annealing after deposition helped the improvement of the
crystallization. During deposition, the system does not have an equilibrium state, the
laser hits the target rapidly with a frequency of 10 Hz and power of 220 mJ and the
ablated particles eject from the target and move to the substrate continuously. Because
of this rapid process, the atoms did not have enough time to rearrange themselves on
the substrate. However, atoms have a long time to arrange and diffuse between layers
of the as-grown YIG film during annealing, which explains the crystallization formation

due to the post-annealing.

The crystallite size was estimated from the full-width at half maximum (FWHM)
of the (420) peaks of the annealed films by implementing the Scherrer’s formula which
is D = kA/f3 cos® where k = 0.94 is a constant, A = 1.54178A°, 3 is the FWHM of the
peak which is interested in. For the films with thicknesses more than 200 nm, the XRD
spectrum reveals the polycrystalline structure of YIG film with three characteristic
diffraction peaks from the garnet phase which is located at 26 = 28.9°, 32.4° and 35.6°,
corresponding to (400), (420) and (422) crystal plane diffraction. The crystallite sizes
of 300 and 400 nm YIG films are 2.9 and 15.6 nm, respectively. The crystallite sizes
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of 15, 20, 35, and 50 nm YIG films are calculated as 344.8, 279.6, 83.9, and 102.7 nm,

respectively.

The lattice constants were calculated from indexing of the crystalline planes from
the XRD measurement and given in Table 7.1. When the thickness increases, the
OQP lattice constant and IP lattice constant approach each other, forming the YIG
cubic crystalline structure as in 400 nm YIG film. This can be explained by the
tetragonal distortion of the lattice. The OOP lattice constant shrinks, while the 1P
lattice constant expands from 15 nm to 400 nm. In the XRD profile Figure 4.17, one
can observe that (420) peak shifts to a higher angle, which refers to the compression of
the crystalline lattice. Since the unit cell volume of YIG is preserved during growth, the
¢ lattice constant elongates out of the film plane, while the in-plane lattice constant a,
is compressed because of the smaller lattice parameter of the substrate. The expansion
of the c-axis causes a strong tetragonal lattice distortion in all the films. The degree
of distortion indicates a tendency to decrease as the thickness increases from 15 to 50
nm. As seen in Figure 4.18, the lattice constants, a and ¢, approach each other, which

refers to the relaxation of the films by increasing the film thickness.

Table 7.1. The in-plane and out-of-plane lattice constants.

OOP lattice constant (nm) | IP lattice constant (nm)
15 nm 12.514 12.103
20 nm 12.507 12.116
35 nm 12.495 12.142
50 nm 12.412 12.305
300 nm 12.386 12.356
400 nm 12.377 12.377

The films in the thickness range of 15 nm -50 nm show only the (420) peak, which
we get after annealing at 850° C. If we increase the thickness, the films are polycrys-
talline or have a textured structure. Magnetic easy axis changes when YIG films are

polycrystalline or amorphous. From the VSM measurement of the hysteresis curves of
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200 nm, 300 nm, and 400 nm YIG films, one can understand that the magnetic easy
axis is in the film plane for all the thicknesses due to the shape/dipolar anisotropy.
The saturation magnetization is determined as 122 emu/cm?. The value of the satura-
tion magnetization for bulk YIG is 140 emu/cm?. The coercivity of both in-plane and
out-of-plane hysteresis loops The coercive fields of both in-plane and out-of-plane hys-
teresis loops for 200 nm YIG film is 47 Oe and 100 Oe, the coercivity of both in-plane
and out-of-plane hysteresis loops for 300 nm YIG film is 26 Oe and 45 Oe, and the
coercivity of both in-plane and out-of-plane hysteresis loops for 400 nm YIG film is 17
Oe and 35 Oe, respectively. This shows that the coercivity decreases with increasing

thicknesses from 200 to 400 nm.

There must be a factor to overcome the shape anisotropy to switch the direction
of the magnetic easy axis from the film plane to the film normal. In most cases, crys-
talline or surface anisotropy or textured structures can trigger perpendicular magnetic
anisotropy, which is the case in YIG films between 15 nm and 50 nm. Perpendicular
magnetization was observed for all the films, since magneto crystalline anisotropy got
stronger than shape anisotropy and forced the easy axis to align perpendicular to the
film. Thinner films experienced the lattice distortion strongly. Due to the compressive
lattice strain of the film/substrate interface, the expansion along the c-axis caused the
easy axis to extend perpendicular to the plane of the film, which resulted in a possession
of PMA. Although the OOP FMR spectrum shows perpendicular magnetic anisotropy,
there is no in-plane anisotropy in the IP FMR spectrum. OOP FMR spectrum shows
that the uniaxial perpendicular magnetic anisotropy decreases when the thickness in-
creases. The large FMR linewidth is due to the defects, roughness, oxygen vacancies,

and magnetic inhomogeneities within the film.

Another setup of the experiments consists of 40, 90, and 120 nm YIG films grown
on Si (100) by PLD. The difference in this setup with respect to the previous one
comes from the observation of spin-wave modes assisting the uniform resonance mode
in addition to the PMA feature of the mentioned films. The strain at the Si substrate
/ YIG film interface due to the lattice mismatch gives rise to a perpendicular magnetic

easy axis. During the annealing process, the temperature increased up to 850 °C in 30
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minutes and the films were annealed at the fixed temperature of 850 °C for 3 hours and
then were cooled to room temperature for a long time. After annealing, inhomogenous
cracks were randomly distributed on the film surface, which can be explained by the
different thermal expansion coefficients of the film and substrate and the compression
of the film lattice during annealing. This leads to the emergence of non-uniform strain
regions within the film volume. The distortion of the crystalline lattice is responsible
for the perpendicular anisotropy in even 120 nm YIG film. The FMR spectrum of the
films shows that the lattice strain did not relax completely, since the spin wave modes
which were created in the inhomogeneous magnetic regions still exist in 120 nm film.
Magnetization pinning at the surface and interface of the film determines the allowed
quantum number of the spin wave modes. Unpinned spins at the free surface and pinned
spins at the film/substrate interface were estimated. The exchange stiffness constant
(D) is determined by analyzing the FMR spectrum. The linear relation between the
resonance field and the square of the mode number implies that the modes are standing
spin wave modes and surface modes. We suggest that the spin wave modes around the
uniform mode at lower and higher fields are surface spin waves and standing spin waves,
respectively. Exchange stiffness was found to be between 1.02 x 10° and 5.12 x 10° Oe

Cm2 .

Next, the results of the study of magnetic properties of dot/antidot arrays in
NiFe thin films will be discussed. The patterns have been obtained using the pho-
tolithography method. Ferromagnetic NiFe thin films have been deposited on an array
of dot/antidot arrays by using RF sputtering. FMR analysis demonstrates that the
angular dependence of the resonance field of the patterned films is quite different com-
pared to the un-patterned film due to the induced shape anisotropy. The FMR spectra
of NiFe thin films with dot/antidot array show differences with respect to the pure thin
film with the same thickness. Spin wave modes appear near the main resonance mode,
which originates from the shape anisotropy. Geometrical parameters of dot/antidot
structures affect the resonance spectrum due to the competition between shape and
intrinsic anisotropies. FMR measurements were employed to examine the response of a

patterned array of NiFe dot/antidot structures to the microwave at 9.1 GHz at RT. The



213

angular variation of FMR spectra was analyzed in IP and OOP geometries by rotating
the sample inside the cavity. During the IP measurement, the microwave magnetic field
was perpendicular to the film plane and an external DC magnetic field was applied in
the film plane. In the OOP geometry, the microwave field was in the film plane, and
the applied field was swept from the film plane towards the film normal. The main
FMR peak shifted to a lower field value as the dot size increased. Several spin wave
modes were observed in the spectrum. Since the dots do not touch each other, the ex-
change interaction is negligible, so we estimate that the additional modes arise from the
dipolar interactions between the dots. Figure 5.4 shows the angle-dependent resonance
field graphs obtained from FMR measurements for the 40 nm film with a dot array.
The resonance field of the 40 nm pure NiFe thin film in OOP FMR geometry is around
1000 mT, The resonance field of 40 nm NiFe thin film with dot array in OOP FMR
geometry is more than 1000 mT, the resonance field of 40 nm pure NiFe thin film with
half-circular dot array in OOP FMR geometry is less than 1000 mT. The anisotropy
decreased with respect to the pure film. We can call it the effect of shape anisotropy.
When the size of the dot decreases, the resonance field also decreases. There are similar
values of the anisotropy in IP FMR geometry for pure thin film and dot arrays, but
the pure film has two additional spin-wave resonances, and the circular dot array has
one additional spin-wave resonance which does not follow the same angular behavior
where there is a phase difference between the main uniform mode and the spin wave
resonance mode. The half-circular dot array has only the uniform resonance mode.

Both in IP and OOP measurement geometry, there is a clear magnetic anisotropy for

all the films.

The effect of the dot shape has an influence on the resonance field and excitation
of the spin waves apart from the uniform resonance mode. In the I[P FMR spectrum
of the 40 nm NiFe dot array, we see the creation of spin-wave modes at the 90°. Also,
the resonance peak was observed even at very low fields such as 10 mT. Figure 5.3
shows the angular variation of the resonance field for the 20 nm NiFe thin films. There
are many spin wave modes at each angle accompanying the main resonance. The

number of spin-wave modes decreases, especially in the 4um diameter dot array, and
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accumulates around the angle of 90°. For the 6um diameter dot array, the excited
spin wave modes have different phases from the main resonance mode. In the IP FMR
geometry, there is anisotropy for all the films. The pure film has two more spin wave
modes in IP geometry, the dot arrays do not have additional spin wave modes. For
the antidot array with the same diameter, spin wave modes were observed at the field
of around 100 mT in Figure 5.10. In the case of the ring dot array, the width of the
ring dot has led to the spin wave mode resonance with a different phase from the main
resonance mode as shown in Figure 5.7. However, the effect of the separation distance
between the ring dots did not alter the angular resonance profile significantly. In the
IP FMR geometry, the smallest width-ring dot has less anisotropy than the other ring
dot arrays. All the ring dot arrays do not have additional spin wave mode excitation

in the IP geometry as shown in Figure 5.8.

After the analysis of the dot array structures, the dynamic response of the antidot
arrays to the microwave absorption will be given in the following. Antidot arrays have
gathered a lot of interest due to their potential applications such as ultrahigh-density
data storage, magnonic crystals, and magnetic metamaterials. For this reason, it is
important to study their magnetization dynamics well. Antidot arrays with different
shapes, different sizes, and inter-antidot spacing in the micron range have been fab-
ricated by lithography. The effect of the shape of the antidot structure on the FMR
spectrum is investigated for the pure thin film, antidot arrays of the circle (Z2), large
pacman (Z8), and narrow pacman (Z6) structures in Figure 5.14. Taking into account
the OOP FMR geometry, while the resonance field of the pure thin film is about 1000
mT, introducing the circular antidots with a diameter of 3 pm causes a decrease of the
resonance field down to 850 mT. When we compare the resonance fields of the circular
and pacman antidots with the same diameter and separation distance of 3um, we see
that the pacman antidot array needs a much larger field (= 1100 mT) to bring the sys-
tem to the resonance. For the narrow pacman (Z6), we could not obtain a well-defined
angular variation of the resonance fields like the others due to technical problems dur-
ing the measurement and reading of the data. In the IP measurement geometry, all the

aforementioned films have a pronounced magnetic anisotropy. The difference between
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the minimum and maximum values of the resonance films in the circular antidot array
is 18 mT while the pure film has a less resonance variation of 7 mT. When we compare
the anisotropy between the circular and pacman antidot structures, the circular one
possesses a higher value of the in-plane anisotropy. When the total pacman antidot
size decreases, the anisotropy tends to increase, as seen in the case where the variation
of the resonance field in the narrow pacman antidot array is 18 mT, while it is 4 mT

for the large one.

For the half-circular antidot array, Figure 5.15 demonstrates that the resonance
field of half-circular antidot structure with larger size (7 pm) is more than 1500 mT,
and decreases to 1400 mT which is the resonance field of the pure thin film for the
5 pm size of the half-circular antidot. We observe a smaller resonance field that is
less than 1200 mT for the size of 3 pm. The shape effect is seen clearly in the angular
behavior of the resonance field of spin-wave modes in the 3um-size half-circular antidot
array. The IP FMR measurement in Figure 5.16 shows that the pure thin film has a
25 mT variation of the resonance field while the antidot arrays have a smaller change
in the resonance field. 7 pm-size antidot structure has larger IP anisotropy than 5 pym
and 3 pm-size antidot structures. Especially, the angular variation of the spin wave

resonance fields is more strength than the main resonance in 3 pm-size antidot array.

The effect of the distance between the pacman-shaped antidot structures and their
size has been studied, as well. Figure 5.17 shows the effect of the different distances
between the antidots at the y direction on the angular resonance fields for OOP and
IP measurement geometry while keeping the other parameters constant. When the
distance is larger, the number of the spin wave modes increases since the region with
the film coating is larger. Unfortunately, for this experimental setup, the maximum
value of the resonance fields at around 90 ° are missing for both antidot arrays since
the angle step is not well assigned to follow the shift of the resonance peak around
the angle of 90 °. But we can say that more spin wave modes are in resonance at the
larger distance between the antidots. In the IP measurement geometry, the anisotropy
decreases compared to the pure thin film. The effect of the pacman antidot size is

shown in Figure 5.18. The angular variation of the resonance field in IP and OOP FMR



216

measurement, of the pacman antidots with sizes of 4 ym and 5.5 pm, the resonance
field is less than that of the pure thin film. The larger antidots exhibit smaller IP

anisotropy, as expected.

By employing a micromagnetic simulation program, Mumax3, the magnetization
reversal mechanism of different dot/antidot structures and arrays were investigated.
One can tailor the coercivity and the remanence by changing the size and the sepa-
ration distance between dots/antidots and also the film thickness. The results of the
simulations show that the coercivity increases with decreasing dot size in the case of
circular, pacman, and half-circular dots. When the separation distance between the
dots (2 pm) in an array increases, the coercivity decreases. For the array of dots and
antidots, the coercivity of the antidot array is larger than the dot array with the same

diameter and thickness, and separation distance (2 pm, 2 pm).

Next, the domain structures were studied in the ring-type dots. The competition
between the magnetostatic and exchange energies determines the magnetic states. In
the ring dot study, vortex and onion states were obtained, and the transitions between
vortex and onion states were studied. Plateaus in the hysteresis loops correspond
to different magnetization configurations in the magnetization reversal process. Ring
structures show magnetic vortex configuration and a small remnant magnetization at
zero applied fields. One of the conclusions of the ring dot magnetization reversal process
is that in the onion state, the helicity of the two vortices determines the formation of
flux-closure states in the reversal process. If the two vortices have opposite helicity, the
onion state transforms to the reverse onion state without the flux-closure state between.
The thickness and width affect the coercive field and the remnant magnetization of the
rings. Further, the magnetization reversal of the 3D nanostructures was studied. The
experimental and simulation results of the magnetization curves showed the vortex
magnetic state formation during the field reversal process. The energy values were
calculated from the simulations. From saturation to the vortex state, the exchange
and total energy of the hemisphere array increase, while demagnetization and Zeeman
energies decrease. There is no remnant magnetization and coercive field for the single-

hemisphere dot structures. When the hemisphere size increases, the magnetization
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loops are displayed at higher fields. The energy values increase, as well. The separation
distance influences the hysteresis profile in a hemispherical dot array. For example, the
magnetization reversal of the hemispherical dots with a separation distance of 200 nm
is similar to the hysteresis loop of a single hemispherical dot. The simulated energies
of both the single dot and the dot array are very close to each other. However, it
completely changes when the separation distance is 128 nm. In addition to the dot
structures, the antidot arrays were also analyzed by the Mumax3 program. When the
antidot size increases, since the area between the antidots reduces, the magnetization
reversal is not easy. The pacman-shaped antidot has a larger coercive field, while the
half-circle-shaped antidot has less coercivity. When the distance between the holes
increases, the coercivity decreases. The energies for the antidot arrays and pure thin

film were plotted as a function of the field.
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8. CONCLUSION

This thesis reports on the results of experimental studies of the structural and
magnetic properties of yttrium iron garnet (YIG) thin films grown by pulsed laser de-
position technique. YIG thin films with perpendicular magnetic anisotropy represent
a requirement for novel magnonic and spin-related applications, i.e. for fast response
in magnetic memory devices, logic devices, spin-transfer torque, and magneto-optical
device applications. Observing the presence of PMA in insulating materials is a rare
magnetic phenomenon. In this work, we have achieved to obtained perpendicularly
magnetized YIG thin films on a Si (100) substrate. We have investigated the phase
formation, crystallization, and magnetic properties of the YIG thin films prepared on
Si (100) substrates by PLD. The effect of post-deposition annealing temperature and
thickness on the crystal structure and magnetic anisotropy were explored. XRD anal-
ysis revealed that post-annealing provides a high-quality crystallization of YIG films.
The lattice mismatch and the thickness factor result in a tetragonal distorted lattice
structure that affects the magnetocrystalline anisotropy. The crystalline structure and
magnetic properties are related to each other to the extent that tetragonally distorted
lattices exhibit PMA. Strong magneto crystalline anisotropy and the resultant PMA
emerge due to the compressive strain caused by lattice mismatch between the Si sub-
strate and the YIG thin film. In conclusion, as far as our best knowledge we, for the
first time, report PMA-oriented YIG thin films grown on the Si substrate. Unlike the
literature, it is an original study with a non-garnet substrate without the use of any
additional layer or doping material. We showed that a compressive strain induced
by the lattice mismatch of the YIG/Si structure is the main reason for perpendicu-
lar magnetization. Our study revealed that the structural and magnetic properties
of YIG thin/ultra-thin films on the silicon substrate can be adjusted by controlling
the thickness and annealing process. For the films with thicknesses of 40 nm, 90 nm,
and 120 nm, in addition to PMA, an even and odd number of spin-wave modes were
obtained from the FMR spectra. The spin wave modes were explained as the standing

spin wave modes and surface spin wave modes. The presented study has some superior
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properties with respect to the YIG-related literature such that the use of standard
PLD technology, no further complications, the use of cheap substrate which does not
contain magnetic ions (in an amount causing interference with the film magnetism) and
the films reveal PMA in the 15-120 nm range of thickness are remarkable for the YIG
magnetic insulator to be widely used in many areas where garnet substrates are not
suitable. Perpendicularly magnetized YIG thin films on the Si substrate will allow the

modification of spin wave propagation and fabrication of advanced spin wave devices.

The other experimental study of this thesis is about the investigation of the mag-
netic properties of dot/antidot arrays in NiFe thin films. The array of dot/antidot has
been produced by the lithography technique. Ferromagnetic NiFe thin films were de-
posited on the array structure by using RF sputtering and, following the lift-off process,
the photoresist was removed from the film surface completely. FMR analysis of the
array patterns demonstrates that the angular dependence of the magnetic anisotropy
field of the patterned films is quite different compared to the film grown on an un-
patterned film due to the induced shape anisotropy. The size and shape have an effect
on the magnetization dynamics and determine the value of the induced anisotropies.
The value of the resonance field changes with the size of the dots. The IP magnetic
anisotropy of dot arrays decreases compared with the pure thin film. While several
spin wave modes appeared next to the uniform resonance peak in the OOP geome-
try, the number of excited spin waves decreases or vanishes for the IP geometry. The
0.5um width-ring dot array shows the effect of shape anisotropy in OOP measurement
geometry. The half-circular antidot array is another example that has a clear shape
anisotropy effect in the OOP geometry. The broadening of the resonance linewidth
is due to the spin waves combined with the uniform resonance peak. In addition,
microwave absorption takes place in the patterned films by applying very small field

values.

The simulation of the patterned films shows that the magnetization reversal mech-
anism is strongly influenced by the shape, size, and distance between the dot/antidot
structures. The hysteresis loops show different characteristics compared to the un-

patterned film depending on the shape, size, and separation distance. Demagnetization
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is related to the shape effect. These defects in thin films can be used in microwave
and spintronic applications such as waveguides, filters, and high-density data storage.
In conclusion, dot/antidot arrays in magnetic thin films have the ability to control

magnetization reversal and domain configurations.

8.1. Summary

Magnetic garnet films have been considered a good alternative material to ferro-
magnetic conductors in spintronics applications since the beginning of the 1980s. Since
garnets are mainly composed of oxides that make them insulators, information losses
due to Eddy currents are very low. Insulating garnets are applied in high-frequency
applications and are used for fast switching of magnetic properties since their magne-
tization is very low. Being able to control magnetic anisotropy in garnets is currently
an important and popular subject. Particularly, perpendicularly magnetized garnet
films are implemented for spin-orbit switching, spin transfer torque, and reliable and
fast response. Yttrium iron garnet (YIG) is an excellent magnetic insulator with a
very low damping constant. Bulk crystal or thick YIG films in the micron range are
very suitable for applications like microwave filtering, tuning, insulators, and phase
shifters. When the thickness scale of YIG reduces down to the thin/ultrathin regime,
it is much easier to manipulate magnetic properties, which is crucial for spintronic and
magneto-optical applications. Thus, it is important to have an accurate structural and
magnetic characterization of YIG thin films. In this thesis, YIG films were prepared
by Pulsed Laser Deposition (PLD) which is a technique to obtain high-quality ferrite
films for microwave device applications on naturally oxidized Si (100) substrates. The
growth conditions were optimized by adjusting laser power, oxygen partial pressure,
and thermal treatment parameters. The chemical composition and stoichiometry ratio
of the samples were analyzed by X-ray Photoelectron Spectroscopy (XPS) technique
and the YIG phase formation was confirmed. The crystal structure of the YIG films
was also characterized by XRD analysis. XRD analysis shows that the annealing helps
the crystallization of YIG films. XRD measurement revealed that the (400), (420), and
(421) characteristic peaks of the YIG phase were obtained for the 200, 300, and 400
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nm YIG films and only the (420) peaks were observed for thinner films. From the VSM
measurements, the polycrystalline films have an IP magnetic easy axis, while thinner
films have OOP magnetic easy axis. The effect of annealing temperature and thickness
on magnetic properties was investigated by Ferromagnetic Resonance (FMR) technique
at 9.5 GHz. FMR is one of the most sensitive and precise methods to determine mag-
netization, magnetic anisotropy, dynamic change/dipolar energies, and relaxation and
damping in magnetization dynamics. The FMR spectra from all samples have been
recorded at room temperature for different angles between the applied dc magnetic
field and the film normal in OOP and IP geometry. There is no magnetic anisotropy
in IP geometry. The FMR spectrum in OOP geometry shows the PMA behavior of
the films between 40 nm and 120 nm. The reason is basically the compressive strain
induced by the lattice mismatch between YIG and Si. In this thesis, for the first
time, spin wave modes were observed in addition to PMA achievement in YIG on a
non-garnet substrate. Multiple spin wave modes were enhanced in 40, 90, and 120
nm films. Standing spin wave modes were excited and the spin wave modes along the
lateral of the film originated from the inhomogeneous confined magnetic regions on
the surface. Different from the literature, no additional layer or doping material was
used in the fabrication of YIG films, and with the use of Si as a common and available
substrate, a cheaper fabrication process is possible for a wide range of applications
like the electronic industry. These findings provide a platform for the next-generation
Yttrium Iron Garnet-based electronic devices, advanced magnonics, and spintronics

applications.

In addition to YIG-related studies, we studied the effect of the dot/antidot array
on the magnetic properties of NiFe thin films by means of both experimental and micro-
magnetic simulations. Antidot structure is a periodic arrangement of nano/microscale
holes in the continuous film and controls magnetic properties such as tuning the mag-
netization reversal, magnetic domain structure, and magnetic anisotropy. Antidots
introduce locally distributed shape anisotropy fields and behave as pinning centers for
domain wall propagation and modify intrinsic magnetic anisotropy locally. These de-

fects provide applications such as magnonic crystal waveguides, spin wave emitters, mi-
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crowave filters, and high-density magnetic data storage. Arrays of NiFe dots/antidots
with diameters in the um range were fabricated by the lithography and RF sputtering
technique. Magnetization configuration of the NiFe dot/antidot array was obtained
by using a finite difference discretization modeling based micromagnetic simulation
program, Mumax3, which uses Landau Lifshitz Gilbert Equation. The magnetization
curves for the single circle, half-circle, and pacman shape dots were obtained. Then,
dot arrays with different separation distances were simulated. The hysteresis loop of
a dot array and an antidot array with the same size and separation distance was plot-
ted. Different shape dots were studied. The domain configurations were investigated.
In addition, we have also prepared antidot arrays with varying sizes and shapes. The
magnetization reversal of NiFe antidot arrays has been systematically studied. The hys-
teresis loop profile is modified due to the demagnetizing fields between the antidots.
We also observed that the domains can be controlled by altering the antidot diameter.
The results show an increase in the coercivity and a decrease in the remanence of the

films with the antidot array compared to the continuous film.

The size and the inter-pattern spacing of the antidots in the NiFe thin film in-
fluence the magnetization reversal. The size and shape determine the value of the
induced anisotropies in square antidot arrays. FMR spectrum changes with the size
of the dots/antidots. The IP magnetic anisotropy of arrays decreases compared to the
pure thin film. While several spin wave modes appeared around the uniform resonance
mode in the OOP geometry, the number of spin waves decreases or vanishes in the IP
geometry. In the OOP FMR spectrum, magnetostatic spin wave modes originated from
the confinement along the film lateral, change with respect to the dot size. In IP FMR
measurement, spin reorientation with respect to the size of the dot/antidot structures
was observed. The simulation of the patterned films shows that the magnetization
reversal mechanism is strongly influenced by the shape, size, and distance between the
dot/antidot structures. The domain configurations and the coercive field are related to
the shape and distance between the structures. Below the saturated regime, each do-
main has a different switching mechanism and a different resonance mode. Therefore,

in the FMR spectrum, depending on the shape, in the saturated regime, we still ob-
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serve additional resonance modes that imply the existence of different domains rather

than a single domain.

8.2. Future Work

The experimental studies of the simulated microstructures will be performed, and
VSM, FMR measurements, and SW excitations at different microwave frequencies will
be done. In quantum magnonics, YIG material is a converter in hybrid systems. At
low temperature in the mK range, YIG films with PMA is not studied. The next
step is to study the quantum states of YIG with PMA at mK low temperatures. An-
tidots/dots array structures can be used as microwave filters and converters at some
specific frequency. Depending on the shape, unique array structures will be used for
information coding and encoding applications by microwave absorption. The variance
in shape alters the domains, spin wave modes, spin wave absorption, and transmis-
sion, which is highly important for cryptologic applications. Within the thesis, the
magnetization curves and the energy of the 3D patterned dot arrays were determined
by running the Mumax3 program. The magnetization states of the cone and pyramid
shape array structures were visualized between Figure 8.1 and Figure 8.5, and Figure
8.6, respectively. Figure 8.7 shows the energy variations of a pyramid dot during the
magnetic field reversal process. In future work, experimental studies of the simulated
structures will be done, which cover the fabrication of the dot structures by lithography
and Permalloy deposition, and VSM and MOKE measurements of the patterned films.
By changing the dot size and the interspace distance between dots, the variation of
the magnetization configuration will be determined. The FMR measurements will give
the spin wave spectrum depending on the shape effect, the anisotropy energies will be

calculated.
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Figure 8.1. A cone array with a diameter of 5, 10, 20, and 30 nm, a height of 20 nm,

and a separation distance of 30 nm at x and y directions.
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Figure 8.2. A cone array with a diameter of 30, 40, and 50 nm and a height of 20 nm

and separation distance of 50 nm at x and y directions.
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Figure 8.3. A cone array with a diameter of 50 nm a, a height of 20 nm, and a

separation distance of 50 and 100 nm at x and y directions.
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Figure 8.4. A cone array with a diameter of 100 nm and a height of 20 nm and

various separation distances at x and y directions.
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Figure 8.6. The hysteresis curve of a pyramid dot with a size of 64 x 64 nm? in the

x-y plane and 45 nm height in the z-direction.
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Figure A.2. The full FMR spectrum of a pure NiFe thin film in the IP measurement

geometry.
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Figure A.3. The full FMR spectrum of a circular dot array with a diameter of 4 pym

and separation distance of 2.50 ym in OOP measurement geometry.
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Figure A.4. The full FMR spectrum of a circular dot array with a diameter of 4 pym

and separation distance of 2.50 ym in IP geometry.
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Figure A.5. The full FMR spectrum of a circular antidot array with a diameter of 6

pm and separation distance of 2.50 pm in OOP measurement geometry.
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Figure A.6. The full FMR spectrum of a circular antidot array with a diameter of 6

pm and separation distance of 2.50 ym in IP measurement geometry.
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Figure A.7. The full FMR spectrum of a circular antidot array with a diameter of 6

pm and separation distance of 2.50 ym in IP measurement geometry.
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Figure A.8. The full FMR spectrum of a circular antidot array with a diameter of 4

pm and separation distance of 2.50 ym in OOP measurement geometry.
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Figure A.9. The full FMR spectrum of a circular antidot array with a diameter of 4

pm and separation distance of 2.50 pm in IP measurement geometry.





