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SUMMARY

In this study, firstly several micron sized arrays were obtained by using a
photolithography method. Then, thin film was coated on these spherical structures
with different thicknesses. The magnetic properties of the material were analyzed
depending on the effect of the thickness and the shape of the material. FMR, MOKE
and XRD systems were used for analysis. SEM and EDX analysis were done for the
surface morphology. The original aspect of this study is to determine the changes in
the magnetic properties of the thin film by forming thin film on the spherical
structures obtained by photolithography. This will provide a different perspective for
scientists in future studies. When designing devices with different magnetic
behaviors, scientists will benefit from these developments.

In this thesis, the first part gives information about theoretical foundations. In
the second part, experimental methods and analysis methods. In the third part,
information is given about experimental studies. In the fourth and last part, the

results of the experiment and analysis are given and their interpretation is made.

Keywords: Metamaterials, Magneto-Optic Effect, Spherical Surface, Photolit-
hography.



OZET

Bu c¢alismada ilk 6nce fotolitografi yontemini kullanarak birka¢ mikron
boyutunda arraylar elde edilmistir. Ardindan bu arraylere farkli kalinliklarda manyetik
Ozellige sahip ince filmler kaplayarak malzemenin manyetik 6zelliklerindeki degisim
analiz edilmistir. Analiz igcin FMR, MOKE, XRD sistemleri kullaniimistir. EDX analizini ve
yluzey morfolojisini analiz etmek igin SEM kullanildi. Bu ¢alismanin 6zglin yani
fotolitografi ile elde edilen kiiresel yapilar Gzerine thin film blyiterek, thin filmi
olusturan malzemenin manyetik ozellkilerinde degisikler yapabilmektir. Bu da
gelecek vyillarda yapilacak olan calismalarda bilim adamlarina farkh bir bakis
kazandiracaktir. Farkli manyetik davranislara sahip device tasarlarken bilim insanlari
bu gelismelerden de faydalanacaklardir.

Bu tez c¢alismasinda birinci bolimde kuramsal temeller hakkinda bilgi
verilmistir. ikinci bolimde deneysel yéntem ve analiz yéntemleri hakkinda bilgi
verilmistir. Uglincii bélimde deneysel calismalar hakkinda bilgi verilmistir. Dérdiincii
ve son bolimde ise deney ve analiz sonuglari verilmis ve bunlarin yorumlamalari

yapimistir.

Anahtar Kelimeler: Metamalzemeler, Manyetik-Optik Etki, Kiiresel Yiizeyler,
Fotolitografi.
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1. INTRODUCTION

The materials are divided into two as natural materials and artificial materials.
Natural materials exist in nature and have specific properties. One of the most
important features of natural materials is the positive permitvity and positive
magnetic permeability. Permitvity is the interaction of the environment depending
on the amount of electric field applied when the electric field is applied in an
environment. Permeability is the measure of the response of the material exposed to
the magnetic field. In natural materials, these properties are considered fixed by
some limitations. For example, magnetic permeability is 1 in optical regimes. In order,

permitvity and magnetic permeability are € and p.

—_1 _ whe

e (w)=1 —(wz_w%‘eﬂygw) (1.2)
Whm

r (@) =1~ vt 12)

In here y is the damping constant that defines any loss in the material, w, is
the resonance frequency and w,, is the plasma frequency. Permitvity and magnetic
permeability are positive in natural materials. And therefore, the responses to the
incoming light are examined in certain patterns in natural materials. Under normal
conditions, a part of the light coming into the material is absorbed by the material, a
part of it reflects from material and a part of it passes through the material. What
determines the amount of absorption, reflection and transition is the refractive index
of the material. Refractive index is n = ++/eu. Depending on the refractive index,
the reflection, refraction and absorption of the light are determined using the right-
hand rule. In addition, Snell's law is used for the posif values of €, u.

When we examine the materials of metamaterial, it is observed that all these
behaviors of light change. Metamaterial does not exist in nature, it is a system made
with developing technologies, and consisting of successive, ie array. Metamaterial

materials do not take their properties from the materials in which they are made. The



properties of metamaterial come from the shapes, orientations, dimensions and
geometries of the materials they are made of. One of the most important features of
metamaterials is the negative permittivity and negative magnetic permeability. Due
to the negative permittivity and negative magnetic permeability, metamaterials
exhibit different behavior from natural materials when they are exposed to electric

field and magnetic field. In addition, the behavior of light on these materials changes.

normal

normal
incoming light

ny>0
0,
1 B ny>n,

Ordinary media €u>0
2 with right hand ny, =0

incoming light

Transmission
light

Figure 1.1: Application of snell refraction law in right- hand and left-handed

environment.

If we look at the historical development of the Metamaterial: At the end of the
19th century, Chunder launched the first work on metamaterials. Chunder made a
microwave experiment using twisted structures. Thus, metamaterial studies have
started. In 1898, Jagadis Chock produced the first metamaterial material using
artificial elements [1]. In the following years respectively 1914 and 1948, Lindman
and Kock have studied the metamerals. Lidman made an artificial chiral environment
by doping with small wire augers randomly directed into a substrate [2]. Kock
produced micro lenses by adding metal strips, cables and discs periodically to the
substrate, unlike the work of Lidman in 1948 [3]. In 1968 Victor Veselgo theoretically
examined the propagation of the planar wave in the material having negative
electrical permeability and magnetic permeability [4]. In 1996, Pendry vd. produced
artificial electrical plasma using an artificial wire structure with a negative electrical
permeability. Following this study, slot ring resonators were obtained in 1999.
Magnetic plasma with negative magnetic permeability was produced by slit ring

resonators [5]. In 2000, Smith and Schultz showed that Snell's law was working in



reverse, due to the differency in the refraction of light with the work. This work is
known as the Left-hand rule [6,7].

In the following years, thanks to developing technologies, the production of
metamaterils have become easier. In the early 2000s, the development of
nanotechnology has made great contributions to the production of metamaterial.
New technologies not only facilitated the production of the material but also
provided opportunities for researchers to bring new properties to the material. In
particular, metamaterials, which consist of arrays of very small sizes, have started to
be produced. With these developments, the magnetic, optical and electronic
properties of the materials have been developed and new properties have been
added to these materials in metamaterials. With these features, micro electro
mechanic systems, which were started to be studied in the 1950s, began to be further
developed in the 1990s. Thanks to the advances in nanotechnology in the 1990s, the
door of a very new world was opened for researchers. With the nanotechnology, the
material has been started to be further judged.

One of the technologies that make the greatest contribution to nanotechnology
has been thin film technology. By means of thin film, layers of thickness, from nano
sizes to micro sizes, were started to be obtained. By changing the thickness of the
same material, new properties are introduced.

In this study, we firstly obtained several micron sized arrays using
photolithography method. Then we covered thin films with different thicknesses over
these arrays. We analyzed the change in the magnetic properties of the material with
the effect of the thickness of the material and the shape of the material. We used
FMR, MOKE, XRD systems for analysis. We used SEM to analyze EDX analysis and
surface morphology. The original aspect of this study is to determine the changes in
the magnetic properties of the thin film by forming thin film on the spherical structure
obtained by photolithography. This will provide a different perspective for scientists
in future studies. When designing devices with different magnetic behaviors,
scientists will benefit from these developments.

In this thesis, the first part information is given about theoretical foundations.
In the second part, information is given about experimental methods and analysis

methods. In the third part, information is given about experimental studies. In the

3



fourth and last part, the results of the experiment and analysis were given and their

interpretation was made.



2. NANOSTRUCTURE

Nanostructures are structures that have least one dimension that is from one
nanometer to 100 nanometer [8]. These structures are divided three classes: thin
films, nanowires and nanodots. These structures have many application such
mechanical, electronical, optical, biological and most important field of uses is

semiconductors [8].



3. MAGNETISM

The interaction of light with magnetic material is called magneto-optical effect.
In 1845, Michael Faraday first examined the polarization of light by passing light from
a glass material that was exposed to the magnetic field and noticed changes in
polarization. Then, Faraday examined the same process on the mir metal which was
exposed to the magnetic field, and this was the effect that it was waiting for. In 1877,
John Kerr tried Faraday's experiment with a polished electromagnet and observed
the magneto-optical effect by examining the polarization of reflected light. As a result
of these studies, Faraday revealed the change in the polarization of the light passing
through the material, ie the light passing through the material [9,10]. They are known
as the Faraday effect and the Kerr effect. In 1985, Moog and Bader developed a very
simple and inexpensive technique and the SMOKE technique which quickly identified
hysteresis curves in magnetization research. They used this technique to study
surface magnetization of the Kerr effect [10]. Kerr effect is more preferable. Because

the effect of Faraday very fine magnetic samples are required [11].

From polarized light

Magnetic material

N

The polarization of the

incoming light is rotated The polarization of the reflected

light is rotated at an angle
Faraday effect , OK:Kerr effect

> / "0
ep‘\ )

at an angle OF:

Figure 3.1: Interaction of light with magnetic material: Faraday and Kerr effect.



3.1. Magnetic Materials

The magnetic materials are divided into soft and hard magnetic materials
according to the H value and the difference of the hysteresis curves. In Figure 3.2,
hysteresis curves of hard and soft magnetic materials is shown [12]. The soft
materials are magnetized easily when exposed to the magnetic field, and again easly
they are demagnetized by being easily influenced by the environment. The energy
loss is low in soft materials. Because these materials have low coercivity, they have
high permeability. Soft materials have a high B value even though they have a narrow
hysteresis curve.

In the case of hard materials, the opposite is the case. Hard materials are not
easily affected by the magnetic medium in which they are placed. In other words,
hard materials are difficult to magnetize. It is also difficult to demagnetize by
changing these conditions when they are also magnetized [13,14]. Iron-Silicon, Iron-
Nickel, Iron Cobalt, Ferrite Garnet are examples of soft materials [10]. AINiCo, ferrite,

SmCos, Sm2Co17, Nd2Fe14B are hard materials [13].

Figure 3.2: Hysteresis curves of hard and soft magnetic materials.



3.2. Magnetic Variables

In order to better understand the ferromagnetic resonance analysis of
ferromagnetic materials, some basic magnetic variables must be known. These
magnetic variables consist of magnetic permeability, curie temperature, easy axis,

hard axis, saturation magnetization, residual magnetization and coercive.

3.2.1. Magnetic Permeability

The material exposed to a the magnetic field is magnetized. Magnetic
permeability is defined as the magnetizing intensity of the material exposed to the
magnetic. Magnetic permeability is indicated by p. Easy magnetization of the material
depends on the magnetic permeability of the material. Magnetic permeability is not
only dependent on the property of the material but also on the external magnetic
field applied to the material. The magnetic permeability is the ratio of the internal
magnetic field of the material to the magnetic field applied to the material:
— Hin

(3.1)

Hout

The magnetic permeability constant of the cavity is po= 4107 NA2. Relative
permeability of any medium is pr= W/ Ho. In this case, the relative permeability of the
gap is calculated as p,=1. Materials are classified according to their relative magnetic
permeability. The relative magnetic permeability is constant as a function of the
magnetic field for diamagnetic and paramagnetic materials, and for diamagnetic
materials this value is slightly smaller than 1 and slightly greater than 1 for
paramagnetic materials. However, the relative permeability value of ferromagnetic
materials varies depending on the magnetic field of the material. For ferromagnetic

materials this value is inversely proportional to the magnetic field.



3.2.2. Curie Temperature

Temperature is a factor that can make significant changes on matter. The
average energy of atomic vibrations varies depending on the temperature. As the
temperature increases, the average energy of atomic vibrations increases.
Accordingly, the atom passes from stable to unstable and the atomic magnetic
moments in its structure are disrupted. Ferromagnetic materials having parallel and
regular atomic moments show a spontaneous magnetization due to these properties.
But above a certain temperature these sequences are disturbed and the
ferromagnetic material loses its self-magnetization. This temperature value is called
the curie temperature of the material. The antiferromagnetic materials also have a

curie temperature.

3.2.3. Easy Axis and Hard Axis

Ferromagnetic materials have axes which enable the self-magnetization even
in a very small magnetic field. These axes are called easy axes. Some axes of
ferromagnetic materials require very large energy for self-magnetization. The axes
that require this energy are called the difficult axis. In Figure 3.3, easy axis and hard
axis graph is shown. As it is understood in this graph, the residual magnetism value
of the easy axis is higher than the residual magnetism value of the hard axis. And, the
coersive field of the easy axis is lower than the coersive field of the hard axis.

B
B

(a) (b)
Figure 3.3: a) Easy axis, b) Hard axis.



3.2.4. Satisfaction Point

In a ferromagnetic material, the value of the applied external magnetic field is
increased and with this effect all magnetic moments in the material are arranged
parallel to this external magnetic field. After the magnetic moments have been
introduced into this arrangement, increasing the magnetic field does not change the
magnetization value in the material. This magnetization value is called saturation

magnetization.

3.2.5. Residual Magnetization

Ferromagnetic materials exposed to the magnetic field are magnetized and
reached saturation. Then, even if the effect of the magnetic field is removed, the
magnetization value is not completely lost and the material has some magnetization.
After the magnetic field is removed, the material still has some magnetization, this

magnetization value is called as residual magnetization.

3.2.6. Coercivity

The inverse magnetic field, which must be applied to the material to reduce the
magnetization value of the ferromagnetic material to zero, is called coercivity.
Coercivity is indicated by Hc. Coercivity is a compelling effect against magnetization.
Because it effects the magnetization properties, coercivity is a distinguishing feature

for materials.

3.3. Magnetism Types

The magnetic moment has the orbital angular momentum and spin angular
momentum of unpaired electrons in the atom. While studying the magnetic
behaviors of solids, the magnetic moments of atoms are examined with each other

and with their external magnetism. In Figure 3.3, magnetic domais is shown [15].
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The magnetic aspects of atoms were randomly sorted in the paramagnetic and
diamagnetic materials. In Figure 3.4, magnetization curves and spin configurations of
diamagnetism, paramagnetism and antiferromagnetism are shown [16].

When an external magnetic field is applied to them, the paramagnetic material
has a magnetic field that is the same direction and magnitude of the applied magnetic
field, while the diamagnetic materials have a magnetic field that is the same
magnitude and opposite to the direction of the applied magnetic field. But when this

external effect is eliminated, the magnetism of the materials is eliminated [17].

NP AP AT
R S,
<[V 7
Y

\‘___‘-‘\/A’\

Figure 3.4: Magnetic domains in material.

WINPT AN

antiferromagnetism
Spin configuration of paramagnetism

j| == R ER

Spin configuration of antiferromagnetism

Figure 3.5: Magnetization curves and spin configurations of diamagnetism,

paramagnetism and antiferromagnetism.

When it comes to ferromagnetic and ferrimagnetic materials, the magnetic
moments of atoms are seen. When an external magnetic field is applied, the
magnetic moments are aligned in parallel. Even if this external magnetic field is
removed, this arrangement will not deteriorate and the material will have a
permanent magnetic moment. This is called permanent magnetization [17]. In Figure
3.5, magnetization curves and spin configurations of ferromagnetism and

ferrimagnetism are shown [16].
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Figure 3.6: Magnetization curves and spin configurations of ferromagnetism and

ferrimagnetism.

The general characteristics of ferromagnetic materials are summarized below.

» Relative magnetic permeability is greater than 1.

» Relative magnetic permeability is variable depending on the type of material,
magnetic processes previously applied to the material and the value of the
magnetic field strength.

» In paramagnetic and diamagnetic materials, there is a linear relationship between
magnetic flux density B and field strength H, this relationship is not linear in
ferromagnetic materials.

» Has a magnetic hysteresis.

» Ferromagnetic materials pass to the state of paramagnetic material on Curie

temperature [18].

3.4. Hystresis Cycle

With the effect of the applied external magnetic field, the ferromagnetic
materials are composed of atoms with magnetic moments in the same direction. This
is called the magnetic domain. The hysteresis of ferromagnetic material is used when
examining the structure and behavior of these domains [19]. In Figure 3.6, hysteresis
cycle and general characteristics is given [20].

External magnetic field is applied to a material that does not have magnetism,
and flux density is measured with this outer area to create a non-visceral curve of the
material. An external magnetic field is applied to a material that does not have a

12



magnetic property, a flux density occurs on the material depending on the magnetic
field. When this flux density reaches the maximum point of glip saturation, this time
it is desirable to transfer the flux density to zero by applying the magnetic field in the
opposite direction. The chart does not go the way it first comes to the zero point,
which varies depending on the nature of the material. After reaching the zero point,
the magnetic field applied in the opposite direction is continued and saturation is
reached in the negative direction. And then again the magnetic field is applied in the
positive direction and zero point is reached to the saturation point and the material's

hysteresis curve is drawn [17, 19].

When the magnetic field is reduced
to 0, some amount of magnetism
remains in the material.

The material becomes magnified
by alignment of the domains when
Density of magnetic it reaches saturation.
field lines
The applied magnetic field is B i %i%
inverted and the magnetism is

brought to 0.

When the magnetic field is
increased from 0, the material
follows a non-linear

721 H magnetization curve.
The hysteresis curve shows the past dependent

nature of ferromagnetic materials. When the
I =

TR s d material reaches saturation and then the
SO= . . T
magnetic field is reduced to 0, it is seen that the
Domains are arranged in the material remains magnetization (effect of the
opposite direction to past).
saturation.

Figure 3.7: Hysteresis cycle and general characteristics.

3.5. Magnetic Anisotropy

The properties of the magnetic materials show differnces according to the
direction in which the atoms are measured, depending on their arrangement within
the material. This change which depend on the direction of the magnetic properties,
called magnetic anisotropy. Magnetic anisotropy consists of three different

anisotrpes: magnetocrystalline anisotropy, shape anisotropy, surface anisotropy.
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3.5.1. Magnetocrystalline Anisotropy

The magnetic materials generally have a cryptic direction in which the magnetic
moments prefer to be oriented. This crystal direction is called an easy axis. Even when
a very small magnetic field is applied to the crystal structure in an easy axis direction,
the magnetic moments will easily orientate and magnetize the material. When this
crystalline material is intended to be directed in a direction other than the easy axis,
a magnetic field larger than the magnetic field applied to the axis easily should be
applied.

The difference between the energy required to direct the magnetic moments
to the easy axis and the energy required to direct the magnetic moments to any axis
other than the axis is called the magnetocrystalline anisotropy energy. For example,
if we examine the situation where the iron crystal is saturated with different magnetic
moments: The magnetic moment in the orientation of iron [100] is an easy axis and
requires less energy to reach saturation, while the magnetic moments with
orientations [110] and [111] need a larger energy to achieve saturation. This energy
difference between orientations and magnetocrystalline anisotropy energy. That is,
the difference between the energy required to direct the material on any axis except
the easy axis and the energy required to direct the material on the easy axis is called
the magnetocrystalline anisotropy energy. The grap of this example is given Figure3.7

[21, 22].
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Figure 3.8: Magnetization curves in different directions for iron with crystal

structure.
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Figure 3.9: Magnetization curves in different directions for iron and nicel with

crystal structure.

3.5.2. Shape Anisotropy

Sometimes, materials with the same crystal structure may have different easy
axis and difficult axis of the material, depending on the shape of the material.
Because of this axis difference, the energy required to magnetize the material is
different. Since this energy difference originates from the shape of the material, this

is called the shape anisotropy.

3.5.3. Surface Anisotropy

Depending on the state of the spins on the surface of the magnetic material
and the exchange energy on the surface, there may be a change in the energy
required to magnetize the material. These changes are defined as surface anisotropy.
The surface anisotropy differs from the crystal and shape anisotropy of the material

and emerges from changes in the surface of the material.
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4. MAGNETIC RESONANCE

Magnetic resonance is observed in systems having magnetic moments and
angular momentum. Resonance is called the harmonic behavior of an external effect
with the natural frequency of the magnetic system. This frequency is called the
gyroscopic presenter of the magnetic moment in the stationary external magnetic
field.

The specific frequencies of the atomic spectrum are similar. And the magnetic
resonance frequencies often fall into the radio frequency domain or the frequency
domain of the micro wave. For these reasons, magnetic resonance frequencies are
also referred to as radio frequency spectroscopy and microwave spectroscopy [19].

The ferromagnetic materials placed in a static magnetic field are equilibrated
by making a precession movement in the system with a specific wo lamour frequency.
From the outside, a w frequency magnetic field is applied to this system and after a
while, the frequencies wo and w are equal. There is a power absorption in the system
at the time of this equality. This phenomenon is called magnetic resonance. The
magnetic resonance event depends on both the internal structure of the material and
the size of the external magnetic field. Magnetic resonance provides information at
the atomic level [23]. The groups of expected magnetic resonance are:

» Substances having transition elements with unfilled inner layers, such as iron
group and rare earth elements.

» Conductivity electrons in metals

» Ferro and ferrimanets

» Disorders that can capture electrons and holes in the insulator [21].
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5. FERROMAGNETIC RESONANCE

FMR is a spectroscopic technique that gives information about the magnetic
properties and magnetization of ferromagnetic materials. It is a standard method
used to investigate spin waves and spin dynamics. V. K. In 1911, Arkad V.yev
accidentally realized that ferromagnetic substances absorbed ultra-high frequency
(UHF) radiation, which resulted in V. K. Arkad discovered FMR. Ferromagnetic
resonance occurs by absorption of high frequency electromagnetic radiation by
ferromagnetic materials. Therefore, ferromagnetic resonance is closely related to the
field of radiospectroscopy. Radio-spectroscopy generally investigates the interaction
of electromagnetic waves with different substances. These interactions are usually in
the 1 mm-10 cm wavelength or 10°-10*! s* frequency range, which is in the infrared
region. The area where the ferromagnetic resonance takes place is also the range of
high frequency (UHF) 300 MHz-3000 GHz or microwave (MW) 0.3 GHZ-300 GHz. As it
is known from quantum mechanics and atomic physics, energy is exchanged in the
interaction of the matter with the electromagnetic wave. This energy exchange is not
random but with certain energy quantum.

The basics of radio-spectroscopy are what we call the Zeeman cleavage; it is
based on the cleavage of the energy levels of the atom by an external magnetic field.
These energy levels are related to the magnetic moments resulting from the electron
movement. When examining the subject of ferromagnetic resonance, the spin and
orbital moments of the electrons in the half-filled electron shells are considered as
the main source of magnetism.

Dynamic magnetization of samples was investigated using ferromagnetic
resonance technique. FMR technique is used to measure two different geometries in
such samples. The first is Out-off Plane Geometry (OPG) where the static external
magnetic field is perpendicular to the plane of the film, and the other is In Plane
Geometry (IPG) where the static external magnetic field is parallel to the plane of the
film. In these two different orientations, the anisotropic behavior of the materials is

analyzed.
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The basis of ferromagnetic resonance technique is the concept of magnetic
resonance. Each system has a natural vibration frequency. This natural frequency is
the frequency of the spinning moment (Larmour rotation) of the magnetic moments
within the magnetic field. In other words, the magnetic moments of the material
exposed to the magnetic field are split into allowed energy levels in proportion to the
Larmour frequency. Then, a frequency is sent perpendicular to the stationary
magnetic field applied externally. If the frequency of this alternative field sent on the
material is in the microwave region of the electromagnetic spectrum, the technique
used is Electron Spin Resonance (ESR) or Electron Paramagnetic Resonance (EPR).

Here, the interaction of the magnetic moments of electrons in the atom is
examined. However, if the electromagnetic wave sent to the material is in the radio
wave region and the interaction of the core spins is examined, this technique is called
the Nuclear Magnetic Resonance (NMR) technique. When the microwave frequency
applied perpendicular to the magnetic field coincides with the Larmour frequency,
resonance occurs. In this case, the magnetic field is called the resonance field, while
the frequency is called the resonance frequency. In ESR signals, the g value, called
spectroscopic cleavage multiplier, is an important parameter that gives information
about the structural, electrical and magnetic properties of the materials as it has
different values for the non-coupled electrons with different magnetic circles.

FMR examines the magnetization due to the magnetic moments of electrons
that are not matched by the exchange interaction. Using the FMR, information is
obtained about the area in which the magnetization is resonated and the direction in
which the magnetic field is applied to the sample and the magnetic anisotropy. In
FMR, it is possible to apply a magnetic field in different directions to the sample. By
rotating about the sample normal or sample plane, the easy direction of
magnetization can be determined. With the theoretical fit of experimental FMR data,
parameters such as the magnitude of anisotropy, effective magnetization, and
spectroscopic split factor g can be calculated.

FMR is a magnetic measurement method used to describe the dynamic
properties of magnetic materials. Two methods are used for magnetic measurement
with FMR: the first is a cavity based system and the second is elecrtical

measurementes. In the cavity based system, the sample is placed in an environment
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with a certain frequency, illuminated by microwave radiation and having a resonant
cavity. And then the sample is scanned during this resonance condition by applying a
magnetic field. Then, the resonances of the resulting waves are determined and a
specific graph is created. According to this graph, the magnetic orientations and
magnetic properties of the sample are determined. In this approach, measurements
are made at different frequencies. A few of these frequencies are: X-band frequency
range 9 GHz [24], Q band frequency range approximately 34 GHz [25] and 270 GHz
[26].
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Figure 5.1: Microwave broadband FMR absorbtion data for single- layer permalloy
films. The microstrip transducer is 1.5 mm in widht. (a)-(d): driving frequenyc is 7.5
GHz. (e)-(h): driving frequency is 18 GHz. Film tgicness: (a) and (e): 30 nm; (b) and
(f): 40 nm; (c) and (g): 60 nm; (d) and (h) :80 nm. Reproduce with permission from

Kennewell et.al.

In the second method, electrical measurement method, measurements are
made by using striplines and co-planar waveguides. This method is very important for
magnetic thin films. The electrical measurement method performs special
measurements using systems such as striplines, vector network analysis, and pulse
inductive microwave magnetometer PIMM [27]. VNA is very important for electrical
FMR measurements [28]. The following Figure 5.1 shows the measurements obtained

for the permalloy thin film using the VNA-FMR method [29].
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5.1. Equations of Motion for Magnetization

5.1.1. General Equations of Motion

Even if the equations of motion of magnetization are derived from quantum
mechanics, the semi-classical solution will be easier and more understandable.

In the semi-classical approach, the electrons rotate in a circular orbit around
the core. It is similar to the fact that the circle formed by a circular wire passing

through the current creates a magnetic moment perpendicular to the field plane.

U

i

Figure 5.2: Magnetic dipole moment.

Here; i the current passing through the wire, the A field and n the normal vector

perpendicular to the plane, u the magnetic dipole moment. Dipole moment:

i=@{An (5.1)

The relationship between dipole magnetic moment and angular momentum is as

follows:

f=-t] (5.2)

2m,

Similarly, the relationship between the magnetic moment caused by the electron

spin and electron spin is as follows:

20



p=yS (5.3)

Proportional constant y is called the gyromagnetic ratio and is approximately equal

to twice the orbital momentum.

_ 99e _ 9UB (5.4)

Here, g is spectroscopic cleavage factor, ug is Bohr magnetone. g is 2,0023 for

free electrons.
aj . . .
The total angular momentum change d—i is directly proportional to the torque

mx E The magnetic flux in a ferromagnet differs from the external magnetic field
due to effects such as demagnetization area, anisotropy area, magnetostrictive area.
Therefore, the equations of motion can be written considering that the external
magnetic field B,,; applied and the internal magnetic field B;,; are quite different

from each other.

am _ _dJ

=Y = T=mx By (5.5)

The magnetization M is the magnetic moment in unit volume:
M= y™nt (5.6)

And magnetic induction is expressed as follows:

—_

Bint = UoHint (5.7)

The using the above equations, the equation of motion of magnetization is written as
follows:

1dM —
S ar = Ho[MxHin] (5.8)
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Geometrically, this equation indicates that the magnetization vector M oscillating

around the magnetic field ﬁint.

...........
_____

Figure 5.3: Around ﬁint free (undamped) precession movement, precession angle,

and |M| constant as described in equation 4.8.
If both sides of Equation 3.8 are scalar multiplication,

—dM _ 1dM? = =
M= == |vIuo[M X Hne] = 0 (5.9)

appears. This means that M is constant. The same applies to the angle between M

and H;p;.

d(M H)

== = [VlptoHine[M X Hine] = 0 (5.10)

These two equations reveal that the magnetization vector makes a precession

movement in the circular orbit around the magnetic field.

5.1.2. Damping

In a real example, the magnetization will not make an infinite precession

movement as shown in Figure 5.4. After a while, the magnetization will become
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parallel to the magnetic field. In Figure 5.4, we see that the magnetization is parallel

to the magnetic field.

Figure 5.4: Damped motion of the magnetization vector M.

Damping can be written according to the Landau-Lifshitz form. And this means a

torque that draws the magnetization vector in the direction of the magnetic field.

am? — =
Tl [ViLlto[M X Hipe] —

Y [M X (M X Hine)] (5.11)

A is the damping coefficient of unit A= % This term applies to weak damping

situations. In the case of strong damping, Gilbert stated the following:

am — = G i dM
20 = ~1VelkolM X Hine] = =07 [M X 7] (5.12)

Here is the G, Gilbert damping parameter. In the new literature, the a = o
GMs

dimensionless damping parameter is used more frequently.

Between the Landau-Lifshitz and Gilbert's giromagnetic ratios,
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YiL = Yo (5.13)

T 1+a?

And between their damping parameters,

a
1+a?

A= ( )VeloMs (5.14)

there are such as (4.13), (4.13) relationships.

5.1.3. Resonance Condition

The energy levels divided by the magnetic field are called ¢;, €. The energy

ranges must be equal to the electromagnetic quants.

ha)l-k = & — & = Agik (515)

Above is the wy, transition frequency. Energy transitions are determined by Zeeman

interaction:
Agy = gupm;H — gupgmyH = AgugmyH (5.16)
The SHF (MW) magnetic field Hpyy, which provides experimental and
theoretical transitions, must be perpendicular to the fixed magnetic field H, that
provides the Zeeman cleavage.
The resonance frequency from the above equations is as follows;

hwy, = hwyes = Agy, = Agugmg Hy (5.17)

It will be the selection rule Am;;, = £1 only for the transitions between energy levels

that are cut by the Zeeman energy effect. So becomes,

gupHo geh ge
== H, = H, =vH A
Wreg n 2mech 0 2mec 0 Y (5 8)
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As can be seen from this equation, there are two ways to find the Lande g
factor. The first is to keep the H, constant and change w,..s the frequency, the second
is to keep the w,.s frequency constant and change the magnetic field. In terms of
experimental convenience, the second way is more suitable than the first one, and
this method is often used.

At equation (4.18), the Plank constant is not seen. So this formula can be
reached without the help of quantum theory. Indeed, it was obtained by Larmour

before quantum theory emerged [30].

5.1.4. General Expression of Resonance Condition

The general equation of motion for magnetization is as given in equation 4.8.
At this time, we do not consider the damping terms. It would be more convenient to
use the global coordinate system. Accordingly, the magnetization vector and the

components of the external magnetic field;
M, = M.sin 0 .cosg
M, = M.sin 6 .sin ¢ (5.19)

M, = M.cos @

and
Hy¢ragiaty = Hx sinf cos @ + H,, sin 6 sin¢p + H, cos 6

Hgpotary = Hy cos 6 cos ¢ + Hy, cos 8 sing + H, sin 6 (5.20)

Hr(azimuthal) = —Hysing + Hy cos @
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Figure 5.5: The representation of the coordinate axis assembly for the system with

the total magnetization M below the H magnetic field.

The expression of magnetization was expressed in equation 4.8. For equation

of moving;

ae

E = )/H(p (521)
2% ¢in® = —yH (5.22)
—sin® = —yH, :

was obtained.

Magnetization vector M in thermodynamic equilibrium state prefers the total
effective magnetic field direction. Total effective magnetic field is given as derivative

of free energy density (F).

In the case of equilibrium, the magnetization becomes parallel to H and no
6 and ¢ component of H. Therefore, the equilibrium state is found in the minimum

conditions of free energy.
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=—=0
%= 90
» =55 =0 (5.24)

We have to make some preliminary assumptions to solve the equations of
motion analytically. First, let the system do little oscillations around the state of

equilibrium, not in a state of equilibrium. In this case and its components are no

longer O;
Fy
Hyg = ——
T M
_ _ _Fo
H‘p "~ Msiné (5.25)

For minor shifts from equilibrium;

80(t) = 0(t) — 6,
Sp(t) = @(t) — o (5.26)

by writing, free energy derivatives with the help of Taylor expansion is as follows.

Fg = F9969 + Fg(p&p
F(p = F(pQSH + F(p(pd(p (527)

Here, Fgg, Fyy, and Fyg represent, respectively, that the derivative is taken twice

according to 6, according to ¢ and according to before 6 and after ¢. Equations
(4.22), (4.24) and (4.26) are expressed together;

M sin 60

Fg = q) = F9359 + Fg(p5(p

(5.28)

Msin 6y .
Fp = —==""20 =Fy86 + Fpy, 0
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and when deviations are around the balance state, ¢ = 8¢ and = §6 can be taken,
dse _ d(6-6,) _ df

because (? =— E)' So;
Msinf, .
—06(,0 = F9969 + Fg(p6(p
— Y% 59 = F,)y66 + F,,) 09 (5.29)

It is known that the solution of the differential equations given above will be a
harmonic function. The coefficients determinant must be zero for the solution of this

equation system.
F,o? — FggF. +—w2M2 n%6, = 0 5.30
®0 06500 T 2 Sin~ty (5.30)

From this, the resonance condition is obtained.

— _ )4 271/2
wo = YHeps = Msing{F99F<P<P — Fpp”) / } (5.31)
or
Goy2 L 12 r_oF o,
(V) "~ M2sin26 {662'6(p2 (39'8¢) } (5.32)

5.1.5. Effect of Shape Anisotropy on Resonance Frequency
Consider a homogeneous and magnetically isotropic pattern. In this case, the

above expression of free energy is expressed as the sum of the energy of the

Zegeeman energy and the demagnetization energy.

F =F, +Fg4 (5.33)
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In fact, in the expression of free energy, it is necessary to include the following

factors in the collection.

F,,.= crystal anisotropy energy

F,,.= magneto elastic (streght) anisotropy
F,,= exchange energy

Fp=domain wall energy

We will consider Zeeman and demagnetization expressions for an isotropic

sample for now.

F = —MH + 2 (NM,* + NyM,? + N,M,*) (5.34)
The first term is the Zeeman energy. The second term is,

Fae = —5MHye = —>M(~NM) = - MNM (5.35)
were found. N is a demagnetization factor due to geometry and for mani axes;

N, 0
0 0
0

OHED

N,

Figure 5.6: The main axis of demagnatization factors component presentaion.

The sum of demagnetization factors for the main axes will be;

Ny + N, + N, = 4 (5.36)

Consider a ferromagnetic sample in the form of an ellipsoid, with demagnetization

factors Ny, Ny, N, . Internal magnetic field components of the sample are;
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Hywy = Hyy — NxMy
Hy(i) = Hy(O) —NyMy (537)
Hyiy = Hyey — N M,

H;y the effective internal field H g, is the applied magnetic field. Equations of motion

take the shape;

dM,
dt = V[HO(eff) + (Ny - Z)M]My
M,
— = Y[Hoers) + (Nx — N)M]M, (5.38)
dM,
F =0 or MZ = Ms
from here;
(5.39)

wOZ = YZ[HO(eff) + (Ny - NZ)MS] X [HO(eff) + (Nx - Nz)Ms]

The Kittel formula [30] is reached.
When we use the kittel formulas for sphere, cylinder and thin film shapes, resonance

frequencies of special cases are obtained.
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Table 5.1: Depending on the orientation of applied magnetic field demagnetization

contants components.

Hy
' N, =N, = N, = 4r/3
Sphere wo =YHy
Rectengular
Hg
cuboid-1
‘ Ny =N, = N, = 41/3
wo = YHy

Rectengular

CUbOid -2 Nx = Nz = 0; Ny - 4‘7T

wo = Y/ Ho(Hy + 41tM,)

5.1.6. Demagnetization Account for Different Shapes

In section for some different shape demagnetization constants are accounted.

This accounts are given at Table 5.2 [31].
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Table 5.2. Approximate effective (“integral”) demagnetizing factor along applied

magnetic field.

Shape Geometry Demagnetizing factor along
applied field
1bc (*® ds
N P e —
2al (s +SRE)
Ellipsoid

b2 c?
R(s)= [(s+1).(s+ ;). (s + ;)

Rectangular
Cuboid

Nr=14+250 48
B 4a( a)

Strip Rectangular

N-1=1+3% Forc/a<s
4a

-1-9 428
N —1+3a Forc/a=5

2a
H
Strip Elliptical ‘ N1=14+%
a
H
Cylinder Axial ‘ N1=1+16%
a
H
. -1 _ la
Cylinder Travers ‘ - N =2+ 57
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We used hemispherical shape in this study. When calculating the
demagnetization area for this figure, we benefited from the article that is

demagnetization of hollow sphere [32].

Table 5.3: Representation of the hollow sphere.

a= inner radious
b= outer radious
p=a/b= aspect ratio

Ha =uniform applied field, X= suspectibility

Owing to the symmetry, the average field and magnetization inside the body
have only nonezero z- component. For calculated demagnetization factors, the z-

component of H inside the body is experssed by,

Hz = Hrcos8 — HOsin 6 (a<r<b, 0<9<§) (5.40)

So that the z- components of the local demagnetization field and demagnetization

are
Hay =H, -H, (5.41)
M= X H, (5.42)
Making volume averege of (5.42) and (5.43)a<r<band0<#6 5% N are obtanied,

1 2p3X
N = <Haz> <Mz> vol=— —
dz vol/ z > vol 3 6X19

(5.43)

The shape we used in our studies is a hemispherical shape. When we modelled

this figure to make a demagnetization factor calculation, we thought of it as a shape
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formed by a combination of five different surfaces instead of a complete hemisphere.
In this way, our global lines have been considered as a structure derived from the
combination of five strip rectangular surfaces. We have observed that the applied
magnetic field comes with a different angle to each shape. Depending on this angle
value, the reaction of the surface to the magnetic field is different. Therefore,
different orientations and different magnetizations have emerged in our FMR
measurements. This has changed the magnetic properties of our material on a flat

surface and added new features to the material.

2 4
H
H

Figure 5.10: Fabricated surface and modelled surface.
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6. MAGNETO-OPTIC KERR EFFECT (MOKE)

Changes in the polarization of light reflected from a ferromagnetic surface is
called the magneto-optic Kerr effect (MOKE). There are three kinds of Magneto-Optic
Kerr effects (MOKE). These effects depend on the direction of the magnetization

vector according to the sample and reflection plane [33].

Figure 6.1: MOKE system.

6.1. L-MOKE System

With the L-MOKE system, magnetization curves and magnetic anisotropy of the
thin film with magnetic properties are determined. This process is repeated by
rotating the sample at certain angles between 0 and 360 degrees. The rotation is
carried out with a step motor, which is placed on the sample holder. For these angles,
the magnetization values and the coercive field intensities of the sample are

determined. In the L-MOKE system, the assembly is as follows.
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Figure 6.2: Longitudinal MOKE.

The sample is placed so that the magnetic field is parallel to the sample. When
the sample is placed, the sample is glued onto the holder with double-sided tape. The
beam emitted from the laser passes through the polarizer, then this beam is adjusted
to the specimen at a narrow angle, and the sample is dissociated. The reflected beam
is directly dropped onto the detector by passing the pin hole, the modulus, the
analyzer, respectively. Then, the signals are measured for reflections at different
angles by chancing the angle of the sample by means of the step motor on the sample
holder. And so the hysteresis curve of the material is drawn and information about

its magnetization is obtained.

6.2. P-MOKE System

With the P-MOKE system, magnetization curves of thin film with magnetic
properties are drawn. In P-MOKE, an angular measurement is not performed as in L-
MOKE. The sample is placed in the magnetic field so that the magnetic field is
perpendicular to the sample. Here, the above listed parts are all placed in the same
order. In P-MOKE, the only difference is that the reflected beam does not come
directly to the pin hole. Because, depending on the way in which it is placed, the
reflected beam falls to the back of the beam. The beam that falls behind the back is
carried by a mirror onto the pin hole. And from here, this beam comes to the
modulator, the analyzer and finally the detector. This time the magnetic field is
applied vertically, unlike L-MOKE. Therefore, the beam must carry a different signal.

Thus, the behavior of the material in P-MOKE is different. After all these
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measurements, the hysteresis curve of the material is plotted, the coercive field and

magnetization are commented.

Figure 6.3: Polar MOKE.

6.3. Traverse MOKE

Here, the magnetization is parallel to the plane perpendicular to the arrival

plane.

Figure 6.4: Traverse MOKE.
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7. FABRICATION METHODS

7.1. Photolithography

Clean rooms are one of the most important requirements in the device
production stages. Because the visible or invisible particles in the production
environment affect the produced device in all production stages. Clean rooms are
used to limit the number of these particles and ensure that they are less than the
amount in the outdoor environment. The accuracy, precision and quality of the
device produced depend on media cleanliness, ie the number of unwanted particles
in the environment.

Clean room technology was first used to limit the number of bacteria in
operating rooms in hospitals. Then, with the advancing technology, it has become an
industry that is frequently used in industry to provide the conditions required for
device production [34].

Particles in the environment may disrupt the properties of our device for
different reasons. For example, these particles may adhere to our sample during
production and affect the amount of resistivity on the sample, leading to unsuccessful
results in the lithography, or between the sample and the mask, leading to a
distortion of the pattern in the sample, or the deterioration of the vacuum between
the sample and the mask, or the mask may stick to the mask and cause the pattern
to be drawn on the mask. Clean rooms are divided into two according to air flow

systems [35].
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Figure 7.1: Air flow pattern is Clean Room with Laminar Flow, Air Flow model is

Turbulent Flow Clean Room.

Clean rooms are divided into different classes according to the number of

particles. The classes are shown at Tablo 7.1 [36].

Table 7.1: Clean rooms are divided into different classes according to the number of

particles they contain.

1SO 14644-1 CLEAN ROOM
STANDARDS
FED STD
maximum particul/m3
209E
CLASS
>0.1 >5
20.2pm | |203um |20.5 um 21 um equivalent
pum pum
‘ISO 1 ‘10 2,37 ‘ 1,02 0,35 0,083 0,003 ‘
‘ISO 2 ‘100 2,37 ‘ ‘10,2 3,5 0,83 ’0,029 ’
‘ISO 3 ‘1 ‘237 HlOZ ‘35 83 ’0,29 ’Class 1
‘ISO 4 ‘10 2,37 ‘ 1,02 ‘352 ‘83 2,9 ‘Class 10
‘ISO 5 ‘100 ‘23,7 HlO,Z 3,52 ‘832 ’29 ’Class 100
‘1506 ‘1.0x106 237 HlOZ ‘35,2 8,32 ‘293 ‘Class 1,000
‘ISO 7 ‘1.0x107 ‘2.37)(105 ‘ 1,020,000 ‘352 ‘83,2 2,93 ‘Class 10,000
Class
1S0 8 1.0x108 [2.37x107 | [1.02x107 (3,520,000 |832 29
100,000
‘ISO 9 ‘1.0x109 2.37x108 "‘1_02x103 35,200,000 |8,320,000 ’293 ’Room air

In addition, the temperature and humidity of the clean rooms is one of the

important factors to prevent the photoresist from being used [37]. Since the
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deterioration of the photoresist used will affect the device to be produced, the
temperature and humidity levels in the clean rooms are also adjusted [37].

In the clean room, there are a few things that employees should do in order not
to spoil the environment: these are the following. Before entering the clean room,
wear special clean room clothes, wear mouth masks, gloves and galoshes and get rid
of the particles on the clothes by air shower.

Photolithography is the process of transferring the patterns drawn on the mask
using ultraviolet (UV) or deep ultraviolet (DUV) light sources. There are a few things
to consider when performing photolithography: they are resolution, sensitivity, low
error rate, and alignment [34]. What we call resolution is that the pattern on the
mask is adhered to the actual dimensions of the pattern. Photolithography process

consist of some stage. The stage is said to above.

7.1.1. Mask printing

Firstly, the devices that are required for device production are shipped with the
appropriate program. Then these desing files will be transformed with the
appropriate conversion programs and transferred to the computer controlled device.
Finally, the chrome-plated glass material which is to be used as a mask is first coated
with the appropriate photoresist and placed in the printing device and then started
printing after the necessary adjustments are made. The printing time varies
according to the size of the pattern to be printed. After printing, the mask is first
developed with the appropriate developer and then crom etching is performed.
After the crom etching process, appropriate openings are created on the mask. Thus,
during lithography, light passes through these openings and transfers the pattern to

the sample.

7.1.2. Sample Coating

The sample is cleaned in an ultrasonic bath with acetone and isopropanol

before the sample is coated. The sample to be transferred is coated with a negative
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or positive photoresist according to the need. While areas exposed to light with
positive resistors are opened with the developer, the regions exposed to light in the
negative photoresist remain on the sample while other regions are opened with the

developer [38]. Photoresist coated process is shown in Figure7.2 [39].

Figure 7.2: Photoresist coated.

7.1.3. Lithography Process

Photolithography is the process of transferring the patterns drawn on the mask
using ultraviolet (UV) or deep ultraviolet (DUV) light sources. There are a few things
to consider when performing photolithography: they are resolution, sensitivity, low
error rate, and alignment [34]. What we call resolution is that the pattern on the
mask is adhered to the actual dimensions of the pattern.

The sample covered with the photoresist is neatly placed on the lithography
device. Alignment is performed and the distance between the mask and the
appropriate vacuum system is adjusted. Finally, the light is sent in the set time using
the appropriate light source and the pattern is transferred to the sample. After this
operation, the sample is preheated and then developed with the appropriate

developer. Thus, the desired pattern is exactly obtained on the sample.
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Figure 7.4: The intensity of light in different vacuum conditions.

After the alignment between the sample and the mask is done, the photoresist
coated sample is fixed to the bottom of the mask using the vacuum system according
to the need and fixed. There are three different vacuum systems: contact vacuum,
close vacuum and projection (projection) vacuum. In these vacuum systems, the
distance between the mask and the sample increases in order. And the intensity of

light sent depends on the vacuum system used [40].
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Figure 7.5: Mercury lamp spectrum.

The wavelength of the light source is chosen according to the photoreceptor
sensitivity used in photolithography. The light intensity varies depending on the
wavelength of the light [34]. And this affects lithography results.
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Figure 7.6: Lithography process.
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The sample covered with the photoresist is nearly placed on the lithography
device. Alignment is performed and the distance between the mask and the
appropriate vacuum system is adjusted. Finally, the light is sent in the set time using
the appropriate light source and the pattern is transferred to the sample. After this
operation, the sample is preheated and then developed with the appropriate
developer. Thus, the desired pattern is exactly obtained on the sample. Lithogtraphy

process is shown in Figure 7.5 [38].

7.2. Thin Film Deposition

The thin film is the process of depositing the atoms or molecules of a desired
material on the target substrate surface. We call this substrate a lower stone. In
recent years, due to advances in technology, the areas where thin film is needed have
become more and more easy to obtain.

The physical and magnetic properties of thin films are influenced by many
factors in preparing the film: temperature, thickness, growth medium, properties of
the main material to be enlarged and the technique of deposition [41].

In Volmer-Weber type growth, the surface energy of the sub-surface energy is
greater than the total surface energy of the film surface energy and the surface
energy is between the film and the sub-base. Finally, the relationship between the
surface energies varies depending on the increased thickness in the growth of
Stanski-Krastanov type, and different growth modes are seen [41].

In this thesis, high vacuum in-situ film deposition systems and analysis systems
in Nanomagnetism and Spintronic Laboratory of Gebze Technical University
Nanotechnology Institute have been used. These systems include Sputter, Pulsed
Laser Deposition (PLD), Molecular Beam Epitaxy (MBE), Low Energy Electron
Diffraction (LEED) with Film Deposition Systems, Scanning Tunnel Microscope (STM),
X-ray Photoelectron-Nail Electron Spectroscopy (XPS-AES) It consists of High Energy
Electron Diffraction (RHEED).
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Figure 7.7: Thin-film deposition system used during thesis study.

We used only sputter system. So, here information will be given about only
sputter system. There is a vacuum chamber in the sputter system operating at 108
10° mBar pressure and having anode and cathode, and enlarging is done in this
room. This room has anode sections where the cathode and the bottomstone where
the material to be enlarged is placed will be placed. It is necessary to create a plasma
medium in this room before the film is grown. In order to create a plasma, firstly
argon gas is introduced into this room, then a potential difference is generated
between the power supply to be used and the anode cathode [42]. DC and RF power
sources are used depending on the characteristics of the material to be enlarged as
a power source. Thus, using this difference, the electrons removed from the cathode
move towards the anode. The electrons moving towards the anode collide with argon
atoms along the way and still bring ionized argon atoms. Thus, the plasma is formed.
Then the growth begins, where the ionized argon atom hits the target material and
ruptures the electrons there. Breaking electrons under the effect of the electric field
to the bottom of the bottom is attached. Thus, the targeted material is enlarged on
the base material which is our main material. A magnet can be placed underneath
the target material to make deposition faster. It increases the ionization rate and

contributes to the deposition process.
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Figure 7.8: Experimental representation of sputter technique.
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8. MEASUREMENT METHODS

8.1. X-Ray Diffraction (XRD)

X-Ray diffraction technique materials provide information about crystal mesh
parameters, crystal orientations, three-dimensional structure of crystals, in short, the
crystal structure of the material. DeBragg Law is used in X-Ray diffraction technique
[43]. In this law, atoms stand aligned on two crystal planes parallel to each other.
These atoms are sent to the Xs with certain angles and the angle behind which this
beam is broken is determined. In the process of this process, constructive and
destructive diffraction will occur in the system. While destructive entrances will
destroy each other from the diffractions formed, constructive attempts will occur at
the full layers of the wave length of X. Diffraction angle read from the system.
Calculates the distance d (parallel distance between the parallel planes) by
substituting the equation in An = dsinf. Demonstration of X-Ray diffraction in

crystal plane is shown in Figure 8.1 [43].
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Figure 8.1: Demonstration of X-Ray diffraction in crystal plane.

Milling indices are calculated using this calculated distance dhkl formulas [44].

Miller indices give us the three-dimensional shape of the material [45].
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Figure 8.2: Three dimensional crystal structure of material.

8.2. Scanning Electron Microscopy (SEM)

SEM is a type of microscope that is formed by the combination of electric and
optical microscope, allowing us to see surfaces as small as it can be seen with the
naked eye. SEM was designed by M. Koll in Germany in 1935. At the SEM, the surface
of the object is scanned with a light of a specific wavelength, and then the
information obtained by scanning with the help of the detectors is converted to
electrical data. Thus, information about the morphology of the surface is obtained

[46]. SEM analysis experiment scheme is shown in Figure 8.2 [46].
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Figure 8.3: SEM analysis experiment scheme.
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In the working principle of SEM, the high energy electron beam sent to the
sample surface interacts with the outer orbital atoms of the sample atoms. As a result
of this interaction, different conditions occur on the surface and these situations are
detected by various detectors and converted into electrical signal. And thus the

surface image is obtained.
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Figure 8.4: Formation of backscattered and secondary electrons.

After the interaction, the electrons recovered are secondary electrons, Auger
electrons, X-ray fluorescent photons and different energy photons. In Figure 8.3,
formation of backscattered and secondary electrons is shown [46]. If the incoming
electron interacts with the orbital bundle, the electrons on the orbit will be scattered.
These electrons are the secondary electrons that are scattered and these electrons
lose their energies and are collected on the sample surface. Secondary electrons are
collected in the SEM in the simillator and converted into a secondary electron image
signal. The secondary electrons provide information about the portion from the
sample float to a depth of 10 nm. Thus, it gives information about the topological
view of the surface.

SEM devices incorporate the Energy Distribution Spectrometer (EDS-EDX) to

perform elemental analysis of samples. In this measurement, X-rays that have been
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resulted to the sample surface of the high-electrical hardware. The energy and
wavelength of the X-rays formed are analyzed to obtain the characteristics of the
sample atoms. Thus, as a result of the measurement, information about the chemical
characterization of the samples is obtained and the elemental analysis of the sample

is performed.

8.3. FMR Measurement System

Electron Spin Resonance (ESR) spectroscopy and ESR devices designed for this
purpose are used for Ferromagnetic Resonance (FMR) measurements. ESR
spectroscopy is based on examining the relationship between the magnetic moments

of electrons in the material using the microwave region of the electromagnetic

spectrum.
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Figure 8.5: Schematic representation of the ESR device.
A standard ESR device consists of 4 basic parts as shown in Figure 8.3, Micro-

wave welding system, Cavity-Guide system, Magnet system, Modulation and

detector (detection) system [46].
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8.3.1. Microwave Source System

One of the most important elements of this system is known as high frequency
generator (klystron) [46]. Klystron is an electron tube that is known for its low noise
and operates as a microwave source in a small frequency range. While this system
produces microwave in resonance, the electric field between the parallel plates
changes sinusoidally. By setting the values of the reflector and accelerator plate
voltages, the high frequency generator can oscillate in different voltage zones. On the
other hand, while the insulator (insulator) is used to prevent the reflection of the
microwave coming out of the source system, the automatic frequency control
ensures that the microwave frequency produced by the high frequency generator is

stable and stable [46].

8.3.2. Cavity-Guide System

The cavity system is the place where the sample is placed and the waveguide is
located, allowing the electromagnetic waves from the microwave source to fall on
the sample and allowing the reflected electromagnetic waves to reach the detector
after interaction with the sample. The impedance between the waveguide and the
cavity is ensured by the iris, while the wave rotating system is used to compensate

for the reflection of the electromagnetic waves leading to the cavity.

8.3.3. Magnet System

The Magnet System consists of a pair of oppositely placed electromagnets to
produce a fixed and homogeneous magnetic field. Electromagnets fed by direct
current power supply produce magnetic fields up to approximately 2.2 Tesla. A Hall

probe system is used on one of the magnets to control the generated magnetic field.
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8.3.4. Modulation and Detector System

First, the microwaves absorbed by the sample reach the detector. An electric
current is generated in the detector, which is proportional to the frequency of the
incoming microwaves. So, when the microwave is low the current decreases in
detector, when the microwave increases, the current in the detector increases. As a
result of the field modulation system and the signal amplifiers, when the sample is
near the resonance state, the result of the electric current change corresponding to
the resonance against the magnetic field change is obtained as a spectrum by means

of the computer.

8.4. MOKE Measurement System

The hysteresis curve of the material was drawn. And the magnetic behavior of
the material was examined. These curves were drawn in both P-MOKE and L-MOKE.
The MOKE system consists of a helum-neon laser, a polarizer, a sample holder
capable of moving the sample in three directions, discs forming the poles providing
an external magnetic field, a pin hole, a modulator, an analyzer and a detector that

detects the signal generated by the reflected light.

Figure 8.6: Component of MOKE device.
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Tablo 8.1: Component of MOKE device.

No Component name
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o

Non mognetic mirror

Helium neon laser is used to send a polarized light onto the sample in the MOKE
system. This HeNe laser has a beam diameter of 35 mW, a diameter of 0.65 mm, and
has a beam divergence of 1.24 mrad and is self-polarizing. The polarizer is used to
improve the polarisation of light to the magnetic material. The sample holder is used
to place the sample in the magnetic field. Since the sample holder can be moved in
three directions, the sample can easily be aligned by moving in the magnetic field. An
external magnetic field is applied on the sample consisting of magnetic material by
using magnetic discs used in the system. Thus it is examined the change of properties
of the material with the effect of magnetic field. The light is precisely set in the middle
of the detector by means of the so-called pin hole. Because the pin hole is a certain
and constant height from the test table and has a hole in the middle. Light reflected
from the sample passes through this hole and moves towards the detector. The
modulator is used as a strainer to separate the reflected beam from the sample from
the other rays in the environment. The analyzer also works like the polarizer.
However, the analyzer improves the polaziration of the reflected beam from the
sample. Finally, the detector is the last part of the beam to arrive. The signal of the
beam is measured here. Thus, we learn about the magnetic properties of the

material.
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9. FABRICATION STUDIES

The patterns in this study were carried out in three stages. The first stage is
lithography, the second stage is the thin-film coating and the third stage is the lift-off

process.
9.1. Photolithography Process

The photolithography process consists of several stages. These steps include
cleaning the substrate, coating the substrate with photoresist, aligment and expose
processes and developer operations. Before these processes, the patterns to be

transferred to the substrate by the lithography have to be printed on the mask.
9.1.1. Mask Printing

The mask is a glass coated with chromium and positive resist. The mask is used
when transferring the desired patterns to the substrate with lithography. In this
study, a mask printing device called Heidelberg dwd was used for mask printing. This
device is a computer-aided device. Patterns were drawn with a program called Clevin
and were loaded with computer. Then, the intensity, focus, linear dft and z-position

parameters were determined and the patterns were printed on the mask.

HEIDELBERG owe sors

iR

Figure 9.1: Heidelberg dwd device.
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(a) (b)

Figure 9.2: Image of a mask taken with an optical microscope (a) before developer

(b) after developer.

9.1.2. Substrate Cleaning

In this study, silicon bottomstone was used for lithography. All substrates used
for lithography were applied the same cleaning steps. The silicon substrate was
cleaned in two stages as chemical and thermal. First of all, chemical cleaning was
done to remove organic residues on the substrate. Acetone and isopropanol were
used for this procedure. Each substrate was cleaned by using an ultrasonic bath with
acetone and isopropanol for 10 min. Acetone removes organic residues, isopropanol
removes organic residues that acetone cannot clean, and pollution from acetone.
After chemical cleaning, the substrate was dried using N2 gas. And then the hot plate,
which was preheated to 200 °C, was used for thermal cleaning. The substrate placed
on the heated hot plate was allowed to stand for several minutes, and then cooled
to room temperature. The substrate was heated, and the materials dissolved on the
substrate were evaporated. So the cleaning process was finished. For cleaning, the

bench and hot plate were used in the picture below.
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(a) (b)
Figure 9.3: (a) the bench was used for lithography (b) hot plate was used for

lithography.

9.1.3. Substrate Coating

At this stage, the cleaned substrate is coated with a predetermined photoresist
according to its intended use. SU-8 3005 negative resist was used in this study.
Because, when expose, the light areas were hardened and remained on the surface
of the substrate, while the other parts were required to move away. Spin coater was
used for coating process. In the spin coater's interface screen, the speed and time at
which the substrate is intended to be rotated is defined. This speed and duration are
determined by using the datasheet of the photoreist. The thickness of the photoresist
is adjusted depending on the speed and duration. This allows us the ease of thickness
control. Before the substrate was placed on the spin coater, the pre-bake process
was performed. The substrate was heated at 95 °C on a hot plate for 3 minutes and
was cooled to room temperature. Then a few drops of photoresist were dropped
onto the substrate attached to the spin coater with vacuum. The amount of this
photoresist varies depending on the viscosity of the photoresist. In this study, we
wanted to obtain a 5 um thickness photoresist layer, for which the substrate was
rotated at 3000 rpm for 40 sec. After spinning, the soft bake process was performed
on the hot plate at 95 ° C. With this process, the photoresist was made to harden and

get better on the surface. Thus, the photoresist coating process was finalized.
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Figure 9.4: Spin coater was used for lithography.

9.1.4. Alignment and Expose Operation

At this stage, after aligment treatment, the mask made in heidelberg and the
photoresist coated substrate are exposed to UV light. A mask aligner with 365 nm
wavelength laser was used for this procedure. Expose time was adjusted depending
on the power supplied by the device. UV light was sent on the substrate with the

expose process. And so the patterns on the mask are transferred to the substrate.

9.1.5. Postbake Process

The exposed substrate was postbake at 95 °C and then at 65 °C, so that the

photoresist was hardened and held onto the surface.
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9.1.6. Develop Process

At this stage, the postbaked substrate was immersed in the special developer
of the photoresist used and held for 55 sec, then immediately immersed in water.
And then it was dried using N,. With the help of the Developer process, the resist
layer that not exposed to light in areas was removed from the substrate surface. Thus
the patterns were completely transferred to the substrate surface. With the
lithography process, the desired cylinder patterns were created on the surface. In the

following image, the patterns are included in the SEM images.

AccV SpotMagn Det WD f——— 2um Acc.Y SpoiMagn Det WD ——— 20um
150kV 30 10000x»SE w154 GTU 150KV 30 1000x SE 154 GTU

(a) (b)
Figure 9.6: SEM images of cylinder pattrens that is obtained by lithography process,

(a) For 2 um solution, (b) For 20 um solution.

9.1.7. Thermal Reflow Process

One of the aims of this study is to obtain spherical surfaces from cylinders
obtained by lithography. For this process, thermal reflow process was applied to the
substrate made of lithography. Resistive surface tension was used for this procedure.
The heated resist expanded and became spherical shape. We used the data sheet and
other studies in the literature to determine how many and how much the photoresist
would be heated. According to the data sheet, the glass transition temperature value

of SU-8 is 200 °C. However, the heating time of the substrate changes depending on

58



the thickness. The literature was screened for this. As a result of this process we
heated the substrate at 200 °C for 4 minutes. And as a result of the reflow, we have

obtained spherical patterns.

o o
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(a) (b)
Figure 9.7: After the thermal reflow process, SEM images of spherical structure is

taken from surface a) for 100 um, b) for 10 um.
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Figure 9.8: After the thermal reflow process, SEM images of spherical structure is

taken from side a) for 20 um, b) for 10 um.

9.2. Thin-Film Growth Process

In this study magneto sputtering device was used for growth. Base pressure of
the chamber is at 2x10° mbar. As the target material, NigoFezo and NissFess
(permalloy) element was placed in the cathode region. Silicone is used as the

substrate and placed in the anode. In this study, the film was grown on three different
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surface of naturally oxidized silicon substrate. The first of those was grown directly
on cleaned substrate, while the other two were grown on the patterned surfaces,
which is obtained after lithography processes. Thermal annealing was not applied not
to effect the shape of the patterns (Su-8 and AZ1505) by high temperature. Chemical
cleaning was only carried out in a clean room before the lithography. Chemical
cleaning process is described in detail in the lithography section. When preparing the
substrate, it was attached to the holder with a punto and placed on the sputter.
Then, when the system was shut down, the appropriate vacuum was supplied,
and then the plasma was formed, growth process was started. RF power supply is
used. This system works with RF and DC power sources. We have used RF power

supply in this. Growth processes were performed at 20 W and 2.10”7 Mbar.
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Figure 9.9: Magneto-Sputtering experimental schema.
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Figure 9.10: After the thin film growth process, SEM images of spherical structure is
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taken from side a) for 50 um, b) for 10 um.

9.3. Lift-Off Process

Lift-off operation is the process of removing the positive resist from the sample
using acetone. With this process, positive resist was coated and then the positive
resist in the unwanted parts were removed from the lithographed sample. Thus, our
designs have been finalized. To summarize the stage of obtaining patterns:

» Substrate was coated with SU-8 3005, which has negative resistance and
cylindrical patterns were obtained by lithography.

» Spherical shapes were obtained from cylinders by making thermal reflow.
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» Substrate was coated with AZ1505 positive resist and lithography was performed.
» Thin film was grown on subtrate.

> Lift-of was done.
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10. RESULTS and DISCUSS

In this section, experimental studies will be given in this thesis and the results
of these studies will be explained. In this study we have two different purposes. The
first is to examine how the magnetic properties of a ferromagnetic material vary
depending on the shape of the material. Our second aim is to examine the magnetic
properties of the ferromagnetic thin film, which is grown only on spherical surfaces,

depending on the thickness of the grown material.
10.1. Results of NigoFezo

In order to achieve the first purpose of this study, NigoFe,o ferromagnetic thin
film was grown for three different surfaces. The first of these surfaces is a flat silicon
substrate, the second is a spherical shape obtained by lithography on silicon substrate

and the third is spherical surfaces obtained by lithography on silicon substrate.

Silicon substrate

— OBl B B @

I Permalloy

Figure 10.1: Schematic representation of cross - sections of film-grown surfaces.
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Figure 10.2: SEM images before and after lift-off operation of the film-grown
surface, respectively. (Substrate + SU-8 photoresist + thin film (NigoFe2o) and

substrate + SU-8 photoresist + thin film (NigoFezo) + lift-off.
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Figure 10.1 shows the cross-sections of 3 different surfaces on which NigoFe2o
(permalloy) thin films were grown. The reason for choosing three different surfaces
is to determine the difference of the films grown on the hemisphere from the films
grown to a flat surface. SEM images of the films obtained are given in Figure 10.2.
Figure 10.2 shows the SEM images before and after the lift-off operation after
deposition the permalloy thin film. The fabricated spheres have a diameter of 3.5 um
and the distances between them are 5 um. As can be seen from the SEM images, the
desired spherical surfaces were obtained by a successful fabrication process.

XRD measurements were performed to perform structural analysis of thin films.
The results of XRD measurements are given in Figure 10.3. As can be seen in these
results, permalloy peaks were observed at 44.8 degrees. The peaks observed for this

value of 2-theta indicate that the permalloy (111) has a crystalline sequence.
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Figure 10.3: XRD measurement of permalloy coated surfaces.

For three different deposition, the MOKE was measured to determine the
coercive areas and in which case they were easier to magnetize. The results of MOKE
measurement are given in Figure 10.4 below. According to the MOKE measurement
results, it was found that the magnetic thin film, which was only grown on the
spherical surfaces, had the lowest coercive area and was the easiest to magnetize
when exposed to the same intensity magnetic field. Although it has been observed

that the magnetization of the magnetic thin film grown on a flat substrate is better
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than magnetization of the film grown on the spherical surfaces, the coercive area of
this film is only slightly higher than the coercive field of the film grown to the spherical

surface.
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Figure 10.4: MOKE measurement results for NiggFezo a) Thin film enlarged to the flat
surface, b) thin film grown to lithographed surface, c) After the thin film surface, the

lift-off was applied to the thin-film surface.

The FMR measurement results of the films which are grown for three different
surfaces are given below. To examine the magnetic anisotropy, the external magnetic
field was applied at different angles from the sample film plane to the film normal
and the FMR Spectra (dx/dH — H) were measured for each angle value (Figure 10.5,
Figure 10.6 and Figure 10.7. A magnetic field of 0 to 1000 Oe was applied for each

angle value. Measurements were performed under room temperature conditions.
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FMR spectra are given in Figure 10.6 for thin film, which is grown directly on the
underside of a pattern. In the case where the magnetic field is parallel to the sample,
the FMR peak was seen at 150 Oe. The resulting peaks first shifted towards the high
magnetic field by varying the angle of the applied magnetic field, which varies
depending on the rotation of the sample. When the applied magnetic field is exactly
in the same direction as the film normal, the FMR peak is 820 Oe. In addition, the
half-curve width of the FMR peaks decreased and the peak intensity increased. Figure
10.7 shows the magnetic spectrum curves of the films grown on a substrate furnished
with spherical surfaces. As in the case of flat film, when the applied magnetic field
was brought to an upright position, the FMR peak shifted to the areas where the
magnetic field was high. And in this graph, it was observed that the peaks were
expanded and shifted to the area where the magnetic field was high. The reason for
the expansion of the peaks is that both the flat film portions on the surface and the
parts of the film are grown spherically, even though the entire surface is covered with
film. The fact that there were different absorptions in different parts of the face
caused the absorptions to start and end in a larger area. Figure 10.8 shows only the
magnetic spectra of thin films composed of spherical surfaces. In this graph, it was
observed that the absortions took place in a much narrower area. The reason for this
is that the entire surface is not covered with films, and only certain regions are
covered with films. In this graph, the FMR peaks oscillated between 200 Oe and 600
Oe. Again, due to the magnetic field being perpendicular to the plane surface, the
FMR peaks occurred in the regions where the magnetic field was high. And the peaks
of the peaks have shrunk more than the other two measurements. This indicates less
power absorption. According to these results, although the power absorption in the
flat films is more severe, it has been seen that the material needs a higher magnetic
field to resonate. Depending on the direction of the magnetic field, we can show the
effect of the shape anisotropy as the reason for the resonance condition to occur in
higher magnetic fields [47]. The cause of the splint that occurs occasionally on the
peaks may be due to the effect of the sphere surface and the angle and / or spin wave

modes of the external magnetic forehead.
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Figure 10.5: Stack graph of magnetic spectrum curves for NigogFezo grown on silicon
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Figure 10.6: Magnetic spectrum curves stack graph for NigoFezo coated surface after

lithography process.
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Figure 10.7: Magnetic spectrum curves stack graph for NigoFe2o grown surface after

lift-off.

The angular change graphs of the FMR peaks are shown in Figure 10.8, Figure
10.9 and Figure 10.10. Here again, respectively, the resonance area graph for the flat
film, resonance area graph for the grown film on the surface obtained from the
spherical surfaces on the surface and the resonance area graph for the grown film
only on spherical surfaces are included. Here, the magnetic field is first parallel to the
sample plane (0 degree). Then, by rotating the sample, the magnetic field was
brought to the vertical position (90 degree). And as the sample continues to be
rotated, the magnetic field is first brought back to the parallel (180 degree) and again
to the vertical (270 degree) position. In this way, the sample is rotated between 0
degrees and 360 degree so that the magnetic field is applied to the sample plane at
different angles. According to these graphs, sample magnetization was found to be
perpendicular to the sample plane in all three cases. Because sample magnetization
increases to 90 degree and 270 degree when the sample is rotated to higher values.
Depending on the shape of the film, different magnetization peaks were seen in the
graphics. The maximum number of peaks was seen when the material was enlarged

as flat film. This change in the number of peaks is due to the different types of
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magnetization dynamics in different regions depending on the direction of the
applied magnetic field. That is, the material has multiple magnetization dynamics.
And this magnetization dynamics emerge when the direction of the magnetic field
changes. Although the material has more magnetization dynamics in the form of a
flat film, the magnetization dynamics are reduced when the shape of the material is
changed. Since the materials have different filling rates, the magnetization dynamics
of the material are different in their intensity [48]. As the material is fully crushed, a
more severe magnetization is observed, while the material decreases as the

magnetization intensity decreases.
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Figure 10.8: Resonance field graph for NigoFe2o grown on silicon substrate.
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Figure 10.9: Resonance field graph of NigoFezo grown surface after lithography.
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Figure 10.10: Resonance field graph of NisoFezo grown surface after lift-off.
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10.2. Results of NissFess

At this stage of the study, three different thickness films were grown on the
same shape. NissFess was used to change the film. The thickness of the grown films is
5 nm, 10 nm and 20 nm. Films with three different thickness were grown and the
magnetic properties of the spherical surfaces changed depending on the film
thickness. Figure 10.11 shows the cross section of the NissFess (permalloy) thin-film
coated surface. In Figure 10.12, Figure 10.13 and Figure 10.14, SEM images of the
permalloy thin film-grown surfaces are included. According to the SEM images, a
successful fabrication process was performed to obtain the desired spherical
surfaces. The spherical surfaces used for this study have diameters of 4 um, and the

distances between the spheres are 4 um.

Silicon substrate

W W Nt

B Permalloy

Figure 10.11: Schematic representation cross- section of film grown surface.
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Figure 10.12: SEM images obtained from the surface and side for 5 nm thickness

NissFess, for 5 um resolution from the surface, for angle 10 um resolution.
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Figure 10.13: SEM images obtained from the surface and side for 10 nm-thickness

NissFess, for 10um resolution, for 10um resolution from the surface.

Figure 10.14: SEM images obtained from the surface for 20 nm thickness NissFeass
and angled from, for a resolution of 5 um from the surface, for a resolution of 5 um

from the side.

XRD measurements were performed for structural analysis of thin films. The
results of XRD measurements are given in Figure 10.15. As can be seen in these
results, permalloy peaks were observed at 44.8. The peaks observed for this angle

indicate that the permalloy (111) has a crystalline sequence.
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Figure 10.15: XRD measurements made for three different thickness studies a)
(black) for 20 nm thickness thin film, b) (red) for 10 nm thickness thin film, c) (blue)

for 5 nm thickness thin film.

In this part of the study, FMR measurements were taken to examine the
magnetic properties of magnetic thin films. FMR measurements were taken for three
different thicknesses. Measurements were performed under room conditions. First,
the magnetic field is applied parallel to the surface and then the sample is rotated
and the magnetic field is sent to the sample with different angles. The magnetic FMR
spectrum graphs for the films grown at 5 nm, 10 nm and 20 nm thickness are given
below in Figure 10.16, Figure 10.17 and Figure 10.18, respectively. According to these
graphs, we observe that power absorptions for films with a thickness of 5 nm and
films with a thickness of 10 nm take place between 100 Oe and 200 Oe. For
measurements of 20 nm, power absorption was observed between 100 Oe and 500
Oe. In the case of thin films, the surface of the film cannot be permanently covered
due to the brittleness on the surface, whereby discontinuities may occur between
the surface pits and hills. With the increase in thickness, it can be said that the surface
of the film is completely covered and thus provides continuity. This has led to an
increase in the demagnetization area of the material. And accordingly, as the

thickness of the magnetic material increases, the magnetic field that has to be applied

73



for the observation of the resonance peak is greater. Again, due to the increase in
thickness, the splits on the spectra can be said to be due to the fact that the angle
between the applied magnetic field and the surface is different due to the semi-
spherical surface and due to the spin wave modes. Because for increasing thickness
begins to behave like materials on a continuous surface, it appears similar behavior
to the behavior observed in the continuous film. When the sample is rotated and the
magnetic field is perpendicular to the sample plane, the intensity of the peaks is
reduced due to the fact that the absorption is on a different surface depending on
the structure of the shape. So the absorption in that area of the shape has been less.
And accordingly, the intensity of the resonance peak has been low. However, the

power absorption increases again depending on the thickness of the material.
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Figure 10.16: Magnetic spectrum stack graph for 5 nm thickness NissFeas.
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Figure 10.17: Magnetic spectrum stack graph for 10 nm thickness NissFeas.
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Figure 10.18: Magnetic spectrum stack graph for 20 nm thick NissFeass.

Figure 10.19, Figure 10.20 and Figure 10.21 show angular-dependent

resonance field graphs obtained from FMR measurements made for grown films at 5
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nm, 10 nm and 20 nm thickness on spherical surfaces, respectively. During the
measurements, the sample was rotated between 0 degree and 360 degree. In this
way, the magnetic field is made from the state parallel to the sample plane and the
measurements are made. According to these graphs, the magnetic magnetization of
the sample was found to be greater when the magnetic field was applied
perpendicularly. Because the resonance field value has reached 90 degree and 270
degree maximum values and then decreased as the sample continues to be rotated.
The graphs show multiple magnetization curves. The reason for this magnetization
curves to be seen more than one is due to the shape of the film. Because our film has
a global shape, different magnetizations occur on the sample because the different
surfaces of the sample absorb the magnetic field from different positions and
different angles by rotating the sample. We can call it the effect of shape anisotrospy.
The change in magnetization magnitudes can be explained by the thickness of the
sample. Because, as increases the thickness of the film grown on the sample, the
roughness on the sample decreases and the sample has a smoother structure. Thus,
the sample exhibits a continuous structure behavior [48]. Furthermore, due to the
increase in occupancy rate on the sample, since the amount of absorption will

increase, it causes the sample to form more severe peaks when reaching resonance.
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Figure 10.19: Resonance field graph for 5 nm thickness NissFess.
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Figure 10.20: Resonance field graph for 10 nm thickness NissFess.
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Figure 10.21: Resonance field graph for 20 nm thickness NissFess.
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11. CONCLUSION

This thesis study, it consists of two parts. The first part is the fabrication part,
whereby hemispherical surfaces were obtained using the photolithography method.
After the hemispherical surfaces were obtained, ferromagnetic thin films were
deposited by using the magnetto sputter method on the surfaces to be measured.
Then, the characterization part of the thesis study started.

In the section of the thesis, NigoFe2o ferromagnetic thin film was grown for three
different surfaces. The first of these surfaces is a flat silicon substrate, the second is
a spherical shape obtained by lithography on silicon substrate and the third is
spherical surfaces obtained by lithography on silicon substrate. Thus, depending on
the shape of the film-coated surface, the change in the magnetic properties of the
ferromagnetic material has been investigated.

In the second part of the characterization, the magnetic properties of the
magnetic thin films were investigated, directly depending on the thickness of the
films enlarged on the hemispherical surfaces. Three different thickness films were
grown for this purpose.

FMR analysis showed that the spectra and angular dependence of magnetic
anisotropies are quite different compared to the film grown on flat surface due to
the induced shape anisotropy of the hemispheres. We will continue to work on this
subject to develop magnetic sensors by using these results. Also, the study will
provide a different perspective for researchers in their future studies. When
designing devices with hemispherical array structures, one can get benefit from this

thesis.
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