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ABSTRACT

Bismuth substituted gadolinium iron garnet (BixGds.«FesO12; Bi:GdIG) is a ferrimagnetic
material, which is one of the most desirable materials for magneto optical devices. This thesis
is devoted to preparation and characterization of Bi:GdIG thin films towards application to
magneto optical devices. Purpose of my research and related researches are described in
chapter 1. Fundamental physics and characterization method are described in chapter 2 and 3.
| focused on the metal organic decomposition (MOD) method to prepare the Bi:GdIG film
because of simple fabrication process.

The magnetic anisotropy and Faraday rotation (FR) of Bi:GdIG are influenced by the
fabrication condition. | fabricated Bi:GdIG thin films on GGG, SGGG and glass substrates by
MOD method and enhanced metal organic decomposition (EMOD) method in order to
investigate the perpendicular magnetic anisotropy and to obtain large FR by changing the
fabrication conditions. | characterized the samples by X-ray diffraction, FR, optical
transmittance/reflectance and magnetization. The relationship among the magneto optical
properties, crystalline quality, thickness, annealing temperature/gas, and Bi substitution (X)
are discussed.

The Bi;Gd,FesO;, thin films were fabricated on GGG substrates by MOD method, in
order to investigate the magnetic anisotropy and FR by fabrication conditions. We showed
that Bi:GdIG thin films with FR (13.7 deg./um at A = 510 nm) and high crystalline quality
were successfully fabricated, and larger perpendicular magnetic anisotropy is obtained for the
samples annealed at 620 — 700°C without O, and for the samples annealed at 750 ~ 800°C
with and without O,. I found that the magnetic anisotropy influenced by the annealing gas
during the annealing process and summarized in chapter 4.

However GGG and SGGG single crystal substrates are more expensive than glass

substrates. | prepared BixGds.xFesO12 thin film on glass substrate by EMOD method in order



to investigate the influence of annealing temperature and amount of Bi substitution on FR. |
used the GdsFesO;, buffer layer instead of direct fabrication of BixGds.x<FesO1, thin film on
glass substrate to increase the FR. When Bi;s5GdosFesO12 thin film was prepared with
annealing temperature of 620°C with the GdsFesO;, buffer layer on glass substrates, the films
showed larger FR (27.9 deg./um at A = 533 nm), which is 85% of single crystal
BiysGdosFesO;, on SGGG substrate. | found that larger FR can be obtained by using
GdsFesO;, buffer layer. However with increasing the Bi content the surface of the samples
became slightly hazy. These results are summarized in chapter 5.

In order to determine the optimum fabrication condition for the GdsFsO1, buffer layer, |
fabricated the GdsFesO;, layers whose thicknesses were changed by spin-coating times under
various annealing temperatures with MOD solution. | fabricated 115 nm-thick Bi,Gd;Fes01
thin films with fixed annealing temperature of 620° C on the GdsFesO;, buffer layers. The
Bi,Gd;FesO; thin films with 286 nm-thick Gds;FesO;, buffer layer annealed at 750° C
showed maximum FR of 36.3 deg./um at the wavelength A = 500 nm, which is 23 times
larger than sample without the GdsFesO1, buffer layer, and as high as 90.1 % of the single
crystalline Bi,Gd;FesO1, thin film on an SGGG substrate (40.3 deg./um). | found the
influence of the GdsFesO;, buffer layer thickness and annealing temperature on FR of the
BixGds«FesO1, main layer and summarized in chapter 6.

These results are promising for application to optical waveguide devices such as optical
isolators and circulators, and MOSLMs on glass substrates. | summarized as a conclusion in

chapter 7.
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CHAPTER
1

Introduction

1.1 Background

Spatial light Modulator (SLM) are devices that are used to modulate amplitude,
phase or polarization of light waves in space and time. SLMs are key components in
image projection system such as displays and projectors. They convert electrical signal
to optical images. Several types of SLMs with pixel arrays, such as a liquid crystal
SLM, liquid crystal on silicon (LCOS-SLM) and ferroelectric liquid crystal on silicon,
have been developed. Recently, SLMs are becoming increasingly important as a light
modulator in holographic data storage which requires high speed SLMs for ensuring the
high data transfer rate [1]. Magneto-Optic SLMs (MOSLMs) are highly expected,
because MOSLMs have fast pixel switching speed, high rate of data transfer and non-
volatile property. The MOSLM provides magnetic visual images based on Faraday
rotation and magnetization reversal, own the non-volatile property so that the system
requires no power consumption for still images. The single crystal garnets with
perpendicular magnetic anisotropy and two polarizers have been used as pixel elements
to switch the optical output of MOSLM, depending on the up and down magnetization

of the magnetic garnet, as schematically shown in Fig. 1.1.
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Fig. 1.1 Schematic image for basic principle of MOSLMSs providing magnetic visual

images based on Faraday rotation & magnetization reversal

Under the configuration of Fig. 1.1 the contrast of the image can be expressed as

follow.
Contrast = I./1.

Where I, and 1. is the intensity of transmitted light through magnetic material

under xapplied magnetic field (H) and can be expressed by the following equation.

_ 1+ sin(26y)

* 2
;= 1 —sin(26y)

T 2
If 6; = 45°, then the contrast is infinite. Fig. 1.2 shows the transmittance intensities

dependent to Faraday rotation 6r under + magnetic field.
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Fig. 1.2 Optical transmittance intensities as function of Faraday rotation through a

magnetic material under applied magnetic field (£H).

Fig. 1.3 shows the transmittance intensity through commercial Faraday rotator for
optical isolators at a wavelength A = 1550 nm angle with fixed analyzer angle under +

magnetic field. The angle of the polarizer was changed manually by hand.
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Fig. 1.3 Transmittance intensities through the commercial Faraday rotator where the angle
of polarizer is changed under external magnetic field (xH). P is the polarizer, A is the
analyzer, S is the sample, 1. is intensity of light under +H and 1. is the intensity of light

under —H.



Conventional current driven MOSLMs (iMOSLM) are working based on coil
current to provide magnetic field to reverse the magnetization of magnetic garnet as
shown in Fig. 1.4. Coil current leads to heat generation and inefficiency of the MOSLM

systems.

\

Single
pixel

magnetic field

Light polarization

rotation

Faraday rotator

Fig. 1.4. A schematic image of iIMOSLM system operated upon magnetization reversal by
coil current.

The IMOSLMs have two major technical problems as follows [1].

1- It is necessary to increase the Faraday rotation angle of the magnetic material for
higher contrast. Therefore it is necessary to obtain the magnetic garnet having 45°
Faraday rotation within visible and near infrared region. Also it is desired that the
magnetic garnet films have perpendicular magnetic anisotropy with remanent
magnetization for non-volatile properties (no power supply for still image) on
MOSLMs

Faraday rotation of 1.8°/um in Ce;Y;FesO1, magnetic garnet thin film for

application to magnetophotonic crystal (MPC) has been reported, as shown in Fig. 1.5

[2].
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Fig. 1.5 Magnetic field dependence Faraday rotation of the
CeYIG/(Ta,05/Si0,)%/Si0,/SGGG samples annealed at various temperature (700 -900°C) by

ion beam evaporation method. The measurement wavelength was 4 = 580 nm [2].

Fig. 1.6 shows a cross-sectional scanning microscope image of a complete MPC consist

of the 423 nm thick Ce;Y,FesO;, magnetic garnet thin film for application to MOSLM

12].

CeYIG

Il

SGGG substrate

Fig. 1.6 Cross-sectional compositional image of a fabricated MPC consisting of SGGG
substrate SiO2/(Ta,0s/Si02)%/CeYIG/(Si02/Ta,0s)® [2].



There has been report that BiDyYFeAlG magnetic garnet bfilm is used in MPC
for application to 3D holographic display media on 3D-MOSLM. The MPC consisted of
BiDyYFeAIG film and Bragg mirrors layers (SiO, and Ta,Os). Fig. 1.7 shows the
transmittance and the Faraday rotation angle of the BiDyYFeAIlG mono layer films with
different thickness, and a MPC with a 1um thick BiDyTFeAIG magnetic garnet layer at
the wavelength of 532 nm. The Faraday rotation angle and transparency of the MPC

were 3.2°/um and 38% respectively at the wave length of 532 nm [3].
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Fig. 1.7 (a) the transmittance of the BiDyYFeAlG, MPC and a-TbFe fabricated magnetic
films. (b) The Faraday rotation angle of the BiDyYFeAlG, MPC and a-ThFe fabricated
magnetic films. Triangles are a-TbFe, squares are BiDyYFeAIG mono layers, and circles
are MPC [3].

Fig. 1.8 (b)—(d) shows the reconstructed 3D holographic image from the MPC

with a 1um thick BiDyTFeAlIG magnetic garnet layer. The hologram was represented



on the MPC by an optical addressing system with an SLM, using recording light with A

= 532 nm wavelength [3].

Fig. 1.8 Reconstructed 3D holographic image from MPC with a 1um thick
BiDyTFeAIG magnetic garnet layer [3].

2- The coil current for providing magnetic field causes power consumption and
heat generation that makes them inefficient. Therefore it is necessary to control the
magnetic anisotropy and magnetization reversal by novel method, light irradiation or
voltage under low DC external magnetic field. VVoltage driven MOSLMs are called as
VMOSLM.

Fig. 1.9 shows a schematic structure of a single pixel of voltage driven MOSLM.
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Fig. 1.9 A schematic image of a single pixel of voltage driven MOSLM.



Fig. 1.10 shows the switching mechanism for magnetization in the Bi:YIG

magnetic garnet pixel in v-MOSLM by inverse magneto-restriction effect [1].
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Fig. 1.10 Mechanism of switching magnetization in the magneto-optical Bi:YIG layer in
VMOSLM [1].



1.2 Related research

Bismuth substituted gadolinium iron garnet (BixGdsFesOi2) is an important
ferrimagnetic material, and exhibits a large Faraday rotation in the visible to near
infrared region, which shows perpendicular magnetic anisotropy [4-6]. There are many
reported researches on Bi-substituted rare-earth iron garnets such as Bi:GdIG, Bi:YIG
and Bi:YGalG on GGG substrate and glass substrate [7- 10]. Bi-substituted rare-earth
iron garnets are the most desirable ferrimagnetic materials and very attractive among all
semi-transparent dielectrics for various applications and fundamental investigations for
magneto-optical device elements such as magnetoplasmonic structures [11], optical
isolators [12], circulators [13-14], and magneto-photonic crystals (MPCs) which are
used in magneto-optic spatial light modulators (MOSLM) [1-3,15-17].

In order to apply Bi:GdIG or Bi:YIG thin films to optical waveguide devices such
as optical isolators and circulators, and MOSLMs, it is require to prepare the Bi:GdIG
thin films having large Faraday rotation and perpendicular magnetic anisotropy. Since
the MOD solutions have high stability and long shelf storage life, and the metal organic
decomposition (MOD) method is an easy method which enables it to prepare Bi:GdIG /
Bi:YIG thin films by spin-coating and annealing process on crystal substrate (GGG) and
non-crystal substrate such glass or silicon substrate. The fabrication of magnetic garnet
thin film by the MOD method was reported by A. Azevedo, et al, for the first time [18].
Fig. 1.11 shows the M-H hysteresis loops of BiiGd,FesOs, thin film which was
fabricated by MOD method [18].

However the influence of O, deficiency in the annealing process of MOD method
on the magneto optical property and magnetic anisotropy of Bi:GdIG have not been

reported yet. In this thesis | report the fabrication of Bi;Gd,FesO;, thin films on GGG

10



substrates by the MOD method. | optimized the influence of annealing gas (with and
without O;) and annealing temperature on magnetic anisotropy and magneto optical
Faraday rotation of the Bi;Gd,FesO;, thin films on GGG substrates.

The fabrication of Bi:GdIG/ Bi:YIG thin films on glass substrates is difficult,
because of the differences in crystal structure and thermal expansion coefficient
between Bi:GdIG or Bi:YIG and glass substrate [19]. The fabrication of Bi:YIG thin
films was reported by using Nd,BiiFe,Ga;O1, buffer layers on glass substrates by the
MOD method. The amount of FR (13.8 deg./um at A = 520 nm) was increased by using
Nd,Bi;Fe;sGa; 01, buffer layer [20]. Fig. 1.12 shows the magnetic field dependence of
Faraday rotation of Bi,5YosFesO;, thin films at the wavelength of 520 nm, fabricated
on glass substrate using bismuth substituted Nd- Gd- and Y iron garnet buffer layers
[20].

In this thesis I report the fabrication of BixGd;.<FesO,, with different amount of x
= 1, 2 and 2.5 annealed at various annealing temperature (620-700°C) on glass
substrate. And I fabricated the Bi;sGdypsFesO;, thin film on glass substrate using
GdsFesOy; buffer layer by enhanced metal organic decomposition (EMOD) method. We
are the first trial of EMOD method for fabrication of Bi:GdIG thin films. I reported the
optimization of the thickness of the Gd;FesO;, buffer layer and annealing temperature
for crystallization in order to maximize the FR of the Bi,Gd;FesO;; thin films on glass
substrates by MOD method. I will discuss the crystallization process and relationship
between the crystalline quality and FR among various preparation conditions for the

fabricated samples.

11
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Fig. 1.11 M-H hysteresis loops for in-plane and perpendicular direction of Bi; Gd,FesO; thin
film. Tins film is fabricated by MOD method on glass substrate [18].
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Fig. 1.12 Faraday hysteresis loops of Bi,sYsFesO1, thin films prepared on Y-, Gd-, and Nd-
iron garnet buffer layers by MOD method [20].
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1.3 Purpose of this research

The purpose of my research is to fabricate the magnetic garnet with larger Faraday
rotation (ideal Faraday rotation is 45 deg.) and to control the magnetic anisotropy of
magnetic garnet by controlling the carrier concentration or strain in the film and
changing the fabrication conditions for application in MOSLM as schematically shown
in Fig. 1.13. Research on the ferrimagnetic garnet and their application to MOSLM is an
important in the field of spintronics.

Spintronics is a relatively new in the field of science and technology. In particular,
the research on the ferromagnetic magnetic material and voltage control of the
magnetization has drawn attention of scientists and researchers in the world. It is a
subject that we need it for our country (Afghanistan) development, because it is new,
practically interesting and theoretically advanced subject. On the other hand because
Afghanistan is a war hit and developing country, it needs to be involved with new
subject of science and technology in order to become sustainable and move forward
toward development. However we do not have anything to get involved in research in
this field, I tried to achieve this goal. It shall be included to the curriculum of the faculty
of Engineering at Kabul University. Beside this | tried to achieve necessary knowledge
to establish associated lab with it. Hence, it is my honor and | am highly proud and have
highly interested in the research on ferrimagnetic garnet in the Tokyo University of
Agriculture and Technology and I would like to transform my knowledge to my country

Afghanistan.

13
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Fig. 1.13 A schematic image for controlling the magnetic anisotropy under DC external
magnetic field. The magnetization becomes up and down (on and off) by controlling the

magnetic anisotropy under constant magnetic field.

1.4 Content of this thesis

In chapter 2, I will discuss on atomic magnetic moments of rare earth elements,
magnetic and magneto optical properties of rare-earth iron garnet, mechanism of
magnetic anisotropy, and the physics and magneto optical properties of yttrium iron
garnet, gadolinium iron garnet and bismuth substituted gadolinium iron garnet.

In chapter 3, I will explain the metal organic decomposition (MOD) method for
preparation of thin films, discuss the advantage and disadvantage of MOD method and
compare with several fabrication methods. Furthermore | will explain on the principle
of characterizations of the magnetic garnet thin films. Those are X-ray diffraction
(XRD), optical transmittance / reflectance, magneto optical Faraday rotation (FR) and
magnetization measurements.

In chapter 4, I will discuss on preparation and characterization of Bi;Gd,FesO;,

14



films by MOD method on (111) GGG and glass substrates in different annealing
temperature of 620 — 800 ~C and different annealing gases (80%N,+20% O, and 100%
N») in order to investigate the influence of the oxygen gas on the magnetic anisotropy of
the magnetic garnet. I discuss on the characteristic and relationship among the Faraday
effect, magnetic anisotropy, and fabrication conditions.

In the chapter 5, I will discuss on preparation and characterization of BiyGds.
«Fes012 thin films with various amount of bismuth substitution (x) under various
annealing temperature for crystallization in order to investigate the effect of changing
the Bi content x and annealing temperature on FR of the BixGds.x<FesO1, thin films on
glass substrates. | used the EMOD solutions containing a metal oxide carboxylate in
xylene which can be mixed with other EMOD solutions containing other metal oxide
[detail about EMOD is described in chapter 3]. Also, I will discuss on the fabrication
and characterization of the BixGdsxFesO1, thin films with higher Bi content x = 2.5 with
GdsFesO;, buffer layer in order to prepare the sample with larger FR by the EMOD
method on glass substrate.

In the chapter 6, | will discuss on the fabrication of the Bi,Gd;1FesO1; thin films by
using GdsFesO1, buffer layer on glass substrates by the MOD method in order to
optimize the fabrication conditions such as the crystallization temperature and thickness
for the GdsFesO1, buffer layer. | changed the thickness and crystallization temperature
for the GdsFesO1, buffer layers in order to maximize the FR of the Bi,Gd;FesO1; thin
films on glass substrates. | will discuss the relationship between the crystalline quality
and FR by changing the GdsFesO1, buffer layer thickness and crystallization

temperature.

15



In chapter 7 | will conclude this research.

The content of my experiments is summarized in Table 1.1.

Table 1.1. Content of my experiment, chapters 4, 5 and 6.

Chapter  Material substrate Method Annealing gas Purpose
4 Bi,Gd,Fe;0,, GGG MOD 100%N, Influence of the T¢,
Or and annealing gas
80%N, + 20%0,
5 Bi,Gd, ,Fe;O,, | Glass EMOD 80%N, +20%0, | Influence of the
(X=1, 2, 2.5) amount of Bi
substitution and T,
6 Bi,Gd,Fe;0,, Glass MOD 80%N, +20%0, | Influence of buffer
layer

16



CHAPTER
2

Magnetism of Rare-earth
iron garnet and mechanism
of magnetic anisotropy

2.1 Introduction

Magnetic garnet is a group of several closely related minerals that can be found in
many different varieties and seen in many varieties of colors including red, orange,
yellow, green, purple, brown, blue, black, pink and colorless. All types of garnets own
similar physical properties and crystal forms, but differ in chemical composition.
Optical transmission of garnet can range from the gemstone-quality transparent
specimens to the opaque varieties. Some types of garnet have ferrimagnetic properties
with high transparency and large magneto optic effect, these properties make them ideal
and perfect for many electronic and magneto-optical devices application.

Rare earth iron garnets are ferrimagnetic oxides which are the most desirable
materials for magneto optical devices due to their high optical transmittance and
magneto optical activity. As shown in Fig. 2.1, we can mix several kinds of rare earth

ions on 24c sites, and put Fe** on 24d or 16a sites. It is possible to replace Fe** by AI**,

17



Ga** or introduce Si** or Ge** ions together with the same number of Ca®* or Mg®* ions.
By such kind of substitution of non-magnetic ions, we can control the compensation
point, saturation magnetization, magneto crystalline anisotropy, g-factor, lattice
constant, etc [1].

Yttrium iron garnet (Y1G) YsFesO1z = 3/2{(Y*"),05} + 5/2{(Fe**),03} is one of
widely well-known ferrimagnetic rare earth iron garnets, due to its large magneto optic
effect, high transparency, leading to large potential in the fields of optics, magneto-optic
modulator [2], isolators [3], and microwave devices [4], circulators [5 - 7], etc...

In chapter 2, | explain the atomic magnetic moments of rare earth elements,
magnetic properties of ferrimagnetic rare earth iron garnets, physics and magnetic
properties of Yttrium iron garnet and Gadolinium iron garnet. And | explain the

mechanism of magnetic anisotropy including magneto crystalline anisotropy.

{D} Tetrahedral site Fe3*

{C} dodecahedral site R3*

oLy
‘ {A} Octahedral site Fe3*
R3+

@ Fed*

Fig. 2.1 Crystal structure of rare-earth iron garnet.
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2. 2. Atomic magnetic moments of rare earth elements

The rare earth elements have (4)"(5s)%(5p)°(5d)*(6s)? electronic structure in which
the outer (5s)%(5p)° shells protect the incomplete 4f shell from outside disturbance well
so that its orbital magnetic moment is well preserved or unquenched by the crystalline
field. The outermost electrons (5d)* (6s)? are easily removed from the neutral atom, thus
producing trivalent ions in ionic crystals and conduction electrons in metals or alloys.
Therefore the atomic magnetic moments of rare earth elements are more or less the
same as in both compounds and metals. In the rare earth elements, by increasing the
number of 4f electrons (n), spin magnetic moment (s) increase from La (4f°) to Gd, (4f)

and then decreases to Lu (f**

) linearly. In rare earth elements, the value of angular
momentum (L) increases from 0 at Lanthanum to values of 3, 5, and 6 and then
decreases towards 0 at Gadolinium with 4f", where a half-shell is just filled. A half-shell
this state and a completely filled 4f** state are called spherical. The total angular
momentum, J changes, because, J=L-Sforn=0ton=7, whileJ=L+ Sforn=7to

14. So J is relatively small for n < 7, while it is relatively large for n> 7 as shown in Fig.

2.2.

19
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Fig. 2.2 Spin S, orbital L, and total angular momentum J as function of the number of 4f

electrons of trivalent rare earth ions.

2.3 Magnetic properties of Rare Earth Iron Garnets

Ferrimagnetic rare-earth iron garnets (R1G) have the general formula of RzFesO5,
where R stands for one or more of the rare earth ions such as Y, Sm, Eu, Gd, Th, Dy,
Ho, Er, Tm, YD, Lu, etc. The crystal structure of the rare earth iron garnet is the cubic
oxide garnet-type with a unit cell of 160 atoms. One formula unit of the garnet contains
three dodecahedral, two octahedral, and three tetrahedral positions ({C}3[A]2(D)sX12),
where C is a large dodecahedral site, A is a moderately sized octahedral site, D is a
small tetrahedral site, and X is an anion site that is most commonly occupied by oxygen
consisting of 96 O® ions. The trivalent rare earth ions R** occupy the 24c sites of

dodecahedral sites which are surrounded by 8 oxygen (O%) ions forming a
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dodecahedron. The Fe** ions occupy 24d, or octahedral, sites, surrounded by six oxygen
ions. In the tetrahedral position or 16a, the iron ion is bonded to four oxygen ions as
shown in Fig. 2.1.

The main superexchange interaction is between the tetrahedral and octahedral iron
ions. This interaction gives rise to antiparallel ordering of the magnetic moments in the
octahedral and tetrahedral iron sub-Ilattices and hence the net magnetization is parallel to
the magnetic moments in the tetrahedral direction. When magnetic rare-earth ions are
placed in dodecahedral position they form a third magnetic sub-lattice in the
dodecahedral magnetic sub-lattice. The main exchange interaction between the rare
earth and iron ions is the interaction between the dodecahedral rare earth lattice and the
tetrahedral iron lattice.

Since the interaction between R** ions is very weak, the R** moments behave
para-magnetically under the exchange fields produced by the Fe** spins. Therefore, as
temperature increases, the sub-lattice moment of R*" ions decreases sharply, as shown
in Fig. 2.3. As seen in this graph, the Curie point is almost the same for all RIGs, since
only the exchange interaction Fe*" survives at high temperatures.

This situation is explained by the Neel as below: under the external field H, the
sub-lattice magnetization Ir of the rare earth site is given by

IR =X(H + wlge) (2.1)
Where I is the total sub lattice magnetization of Fe** ions on 24d and 16a sites, w is
the molecular field coefficient, and x is the paramagnetic susceptibility of rare earth
ions. Then the total magnetization (1) is given by

|:||:e+|R:||:e+X(H+W||:e):||:e(1+XW)+XH (22)
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On the right side of equation (2.2) the first term is saturation magnetization, while the
second part is the incremental induced magnetization by external magnetic field. From
the first term, we can find that the saturation magnetization vanishes either when

lee = 0 (2.3)
In which Curie point is realized, or when

1+ xw=0 therefore x =- l/w (2.4)
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Fig. 2.3 Temperature dependence of molar saturation moment of various rare earth iron

garnets [1].

The x is inversely decreases with the absolute temperature because it is the
paramagnetic susceptibility and it will satisfy the condition at some temperature and this
temperature is called the compensation point, ®c. Table 2.1 shows that the value of Oc
decreases with the increase of the number of 4f electrons in rare-earth iron garnet
because the spin magnetic moment S decreases, so that the value of w decreases [1].

The resistivity of magnetic garnet is very high, giving low magnetic losses even at high
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frequencies because they contatin only trivalent ions, with no divalent ions, therefore no
electron hopping occurs. Thin garnet crystals are transparent, so that optical magnetic
properties can be observed by Faraday effect.

Fig. 2.4 shows the effects of temperature on magnetic properties of ferrimagnetic
materials. By changing the temperature of ferimagnetic material, the magnetization
changes to the zero magnetization, compensation point and Curie point.

At high temperatures, the atoms in an object vibrate strongly, and loss their
alignments. This temperature is called Curie point, or Curie temperature. In general,
ferromagnetic materials have higher Curie Temperatures than ferrimagnetic materials.
For example, the ferromagnetic metal, cobalt, has a Curie temperature of 1,131°C where
Yttrium iron garnet has lower Curie temperature of 560°C.

Some magnetic domains in a ferrimagnetic materials point in the same direction
and some in the opposite direction. The ferromagnetic materials have stronger magnetic

field compared to ferrimagnetic materials with the same size.
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Fig. 2.4 Spin alignment of ferrimagnetic materials, (a) case for spontaneous

magnetization below the compensation point (T<8), (b) at the compensation

point (T=6.) the magnetic components are cancelled with each other and the

total magnetization is zero, (c) between the compensation and Curie point,

direction of the magnetic moment of rare-earth ions are random, only the

magnetic moment of Fe** survive at higher temperature (8.<T<6y), (d) above

the Curie point (T>65) the material loses their ferromagnetism.

Lattice

Mo Ig M@R*) e, e, e, const.  Density
R™ (0K,Mp) GOOKT OKMy) K K K @A  (gom™)
Y 5.0 0.170 0 560 — ~— 1238 5169
Sm 543 0.160 014 578 — — 1252 6235
Eu 278 0110  -074 566 — — 1252 6276
Gd 160 0005 -70 564 286 -24 1248  6.436
T 182 0019  -77 568 246 -8 1245 6533
Dy 169 0040  -73 563 226 -3 1241 6653
Ho 15.2 0.078 -6.7 567 137 -6 1238 6.760
Er 102 0110  -51 55 83 -8 1235 6859
Tm 12 0.110 =13 549 — — 1233 6.946
Yb 0 0.150 =17 48 —  — 12.29 7.082
Lu 3.07 0.150 0 33 - — 12.28 7.128

Table 2.1 Magnetic and crystalline properties of rare earth iron garnets [1].
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By mixing several kinds of rare earth ions on 24c sites, or to replace Fe*" on 24d

I** or Ga** or introduce Si* or Ge*" ions together with the same

or 16a sites by A
number of Ca®* or Mg?* ions. By such kind substitution of non-magnetic ions, we can
control the compensation point, saturation magnetization, magneto crystalline
anisotropy, g-factor, lattice constant, etc [1].
2.4 Yttrium Iron Garnet

Yttrium iron garnet is one of the important and well-known rare earth iron garnets
and ferrimagnetic material. The chemical formula of yttrium iron garnet is iY3FesO;; -
312{(Y*"),03} + 5/2{(Fe**),03}. The YIG crystal unit contains three dodecahedral, two
octahedral, and three tetrahedral positions ({C}s[A]2(D)sX12), in which the iron oxide
(Fe**) occupies three tetrahedral (D) sites and two octahedral [A] sites and Y** occupy
three dodecahedral {C} sites. 96 oxygen ions surround the 3 sites. Fig. 2.5 shows the
crystal structure of YIG. The YIG shows different spin orientation in tetrahedral site and
octahedral site, where the total magnetic moment direction is parallel with tetrahedral
sites. The dodecahedral site does not shows magnetic moment, because the Y** ion is

non-magnetic material. Each Fe®** has magnetic moment of 5 Bohr magnetrons (pg) at

OK. Thus each formula unit has a 5ug magnetic moment at 0K [1, 8].
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Fig. 2.5 Position of each sub-Ilattice site in the yttrium iron garnet crystal structure.
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The large and open structure of YIG allows different elemental substitutions. The
substituting elements have their preferred sites depending on the atomic diameter of the
substituting ions. Substitutions for atoms influence on structural, magnetic, optical and
MO properties. Bismuth and cerium are two representative substitutions for enhancing
MO effect [8].

2.5 Magnetic anisotropy in a cubic crystal

The dependence of magnetic properties of a magnetic material to preferred
direction is called magnetic anisotropy. The directions of magnetic moment of an
anisotropic magnetic material are tended spontaneously to preferred direction without
applying external magnetic field, which is called easy axis. On the other hand a
magnetically isotropic material has no preferential direction for its magnetic
moment except there is an applied external magnetic field.
There are several different types of magnetic anisotropy, which are basically classified
in magneto crystalline anisotropy, shape anisotropy and induced magnetic anisotropy
(inverse magneto restriction effect).

2.5.1 shape anisotropy

Easy magnetization direction is parallel to the plane of magnetic films, because
demagnetic fields and diamagnetic field are smaller for in plane direction. When a
magnetic material of finite size is magnetized by an external magnetic field the free
poles which appear on its ends will produce a magnetic field directed opposite to the
magnetization (Fig. 2.6), this field is called the demagnetizing field. The intensity of the
demagnetizing field Hy is proportional to the magnetic free pole density and to the

magnetization.
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Fig. 2.6 Surface magnetic free poles and resulting demagnetizing field produced by
magnetization parallel to surface of film.

2.5.2 Induced anisotropy
The magnetic anisotropy of magnetic material depends on the induced strain/stress
during the thin film preparation process. The difference of thermal expansion between
the film and substrate during the heating or cooling leads to strain/stress effect and

change the magnetic anisotropy of magnetic material as shown in Fig. 2.7.

Before Cooling After cooling After cooling

Stretch Strain effect Compressive strain effect

Fig. 2.7 Schematic image of induced magnetic anisotropy produced by the difference of

thermal expansion between substrate and film.
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2.5.3 Magneto crystalline anisotropy

Magneto crystalline anisotropy is the most common anisotropy, which is caused
by the spin-orbit interaction of the electrons. The electron orbitals are linked to the
crystallographic structure, and by their interaction with the spins they make alignment
with crystal axis. Therefore, there are directions in space, in which a magnetic material
is easier to be magnetized than in others. The magneto crystalline energy has the same
symmetry as the crystal structure. The direction of the magnetization is determined only
by the anisotropy, because the exchange interaction just tries to align the magnetic

moments parallel, no matter in which direction as shown in Fig. 2.8.

Magnetic moment o o
&: (@) Applied field direction (H)

Fig. 2.8 Schematic image of magnetic crystal anisotropy in cubic crystal structure, ()
spontaneous magnetization (easy axis) has the same symmetry as crystal structure without
applied field. (b) Magnetization direction is changed in hard axis by applying external
magnetic field.

In the transition metal atoms, the wave functions of d-electrons are classified and
separated into three d; and two d, functions when they are placed in a cubic lattice. Fig.
2.9 shows the angular distribution of these wave functions and Fig. 2.10 shows the p-

orbital wave function [9].
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Fig. 2.9 The d(e) and d(y) wave functions of 3d electrons in a cubic ligand field [9].

z

Px Py

Pz

Fig. 2.10 The p-orbital wave functions of oxygen [9].
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The de stretch along <110> axis and dy stretch along the cubic axis <100>, the
magnetic crystalline anisotropy of an oxide crystal is brought by the difference of

coulomb interaction between the d, or d, orbitals of Fe**, and p orbitals of O* as shown

in Fig. 2.11.

(a) (b)

‘ Oxygen ion

@ Metalion

@ Nearest neighbor metal ions surrounding the octahedral sites

Fig. 2.11 Interstitial sites of Fe** in an oxide lattice: (a) tetrahedral site (b)
octahedral sites.
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The divalent oxygen ions (O%) are forming a closely packed structure in oxide
crystal, because they are indirectly interacted with each other. The divalent or trivalent
metal ions (M?* or M*®") are squeezed into interstitial sites of the oxygen lattice because
they are much smaller than the O% ions (radius 0.6 — 0.8 A of metal ions as compared to
1.32 A for oxygen ions O%). There are two kinds of interstitial sites. One is called
tetrahedral site, surrounded by the four nearest neighbor O ions, and the other is called
octahedral site, surrounded by the six O% ions. In all the oxides, metal ions occupy these
small interstitial sites [1]. The energy levels of d-electrons are splitted into doubly
degenerate d, levels and triply degenerate d. levels when they are placed in an

octahedral site as shown in Fig. 2.12.

dy <
d
/:‘-—‘ <.:,-
\—Q " €% "D
de

(@) (b) (c)

Fig. 2.12 Schematic image of the Splitting of energy levels of 3d electrons by
crystalline fields: (a) free ions, (b) cubic fields similar to the case in Fe* in

magnetic garnet (c) trigonal field (arrows represent the spin in a Fe** Iron ions).
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Because the dy wave function stretches along a cubic axis on which the nearest neighbor
O% ion is located. However the coulomb interaction between the negatively charge
electron (dy) and the O% ion/ and the energy level of dy is higher than that of de, while
the de wave function stretches between two cubic axes and avoids the O ions so that
the coulomb energy is becomes smaller and the de level is lowered. In addition, the
second nearest neighbor metal ions surrounding an octahedral site (hatched circles in
Fig. 2.11) are arranged symmetrically about the trigonal axis (the 111 axis in the same
Fig. 2.11) so that they produce a trigonal field which tends to attract the electrons along
the trigonal axis. In consequence the triply degenerate de levels are splitted into an
isolated lower single level, which corresponds to the wave function stretching along the
trigonal axis and the doubly degenerate higher levels which correspond to the wave
functions stretching perpendicular to the trigonal axis.

In Fe** without crystal field, the sum of the five wave functions is symmetrical, leading
to no magnetic crystalline anisotropy. On the other hand, Fe** under crystal magnetic
field shows spatially asymmetric wave function, leading to the magnetic crystalline
anisotropy.

The magnetic anisotropy is used for description of the dependence of the internal
energy on the direction of spontaneous magnetization. This kind of energy is called
magnetic anisotropy energy and the magnetic anisotropy energy term has the same
symmetry as the crystal structure of the material. So, it is called a magnet crystalline
anisotropy.

The difference of the area between the two magnetization loops (M-H curve) in

which magnetic field is applied perpendicular to and in plane of the sample plane,
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corresponds to the anisotropy energy. The equation (2.5) shows the magnetic anisotropy
energy.
E,=[M,dH - [ M,dH (2.5)
E. is anisotropy energy, H is applied magnetic field and M, and M, are the
magnetization. For example, Fig. 2.13 shows the difference of area between
perpendicular and in-plane magnetization curve (anisotropy energy) of Bi:GdIG on

GGG substrate.

1000

Magnetic field applied
800 { perpendicular to plane of the

sample
600 -
400 A

200 A

0 S T )

-200 A Magnetic field applied
parallel to plane of

the sample.

Magnetization (emu/cc)

-400 A

-600 -

-800 -

-1000 RS : : : : : : : :
-1000 -800 -600 -400 -200 O 200 400 600 800 1000
Applied field (kOe)

Fig. 2.13 The area between the perpendicular magnetization (red curve) and in-plane

magnetization (blue curve) shows the anisotropy energy of Bi:GdIG on GGG sub.
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2.6 Gadolinium iron garnet

Gadolinium iron garnet (GdsFesO12) belongs to the family of ferrimagnetic rare-
earth garnets which are assigned to cubic structure with every cell containing eight
R3FesO12 molecules. The magnetic properties of bulk GdIG have been widely studied
since the 60’s of the last century including temperature dependence of magnetization,
differential susceptibility in applied fields, magnetic anisotropy and other properties are
discovered [10-14]. Fig. 2.14 shows the temperature variation of effective anisotropy
constant (K;) in GdIG by G. P. Rodrigue [13]. Fig. 2.15 shows the value of

susceptibilities of GdIG (y) by W. P. Wolf and Pauthenet [14].

24 T T T

@ Experimental data -1

A Experimental data-2

o] 50 100 150
TEMPERATURE {°K)

Fig. 2.14 Temperature variation of effective anisotropy constant K in GdIG [13].
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Fig. 2.15 Experimental paramagnetic susceptibilities of GdIG obtained by Pauthenet
(crosses), by Wolf (circles). Curve 1 was fitted by Pauthenet, and Curve 2 was fitted by
Wolf [14].

Rare-earth ion R** can only occupy dodecahedral sites which have larger space
and cannot occupy the octahedral and tetrahedral sites because of its large ion radius.
the iron oxide (Fe**) occupies three tetrahedral (D) sites and two octahedral [A] sites, 96
oxygen ions surround the 3 sites with coordination number of 4, 6 and 8, respectively.
The Fe* ions in the octahedral sites and tetrahedral sites have opposite magnetization
directions. There are strong exchange interactions between Fe®* ions located at two sites
and the net magnetization is parallel to the magnetic moment of Fe® in the tetrahedral
site. These strong super exchange interactions between two magnetic ion sub-lattices
decide the magnitude of the Curie temperature. The magnetic sub-lattice of the Gd**

ions is polarized by the iron sub-lattices and becomes magnetically oriented antiparallel
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to the resultant iron ion (tetrahedral direction) sub-lattice magnetization. In GdIG, the
exchange field between the Fe** and Gd** sub-lattices is much weaker than that between
the two iron sub-lattices. The interaction between the Gd** ions is very weak and the
Gd** sub-lattice can be considered to be essentially a system of paramagnetic ions
situated in an exchange field created by the Fe®* sub-lattices. Due to the difference in
the temperature dependence of the magnetization of the iron and the rare-earth sub-
lattices, the net magnetization of GdIG falls to zero at magnetization compensation
temperature Teomp. At this temperature, the magnetization of the iron (Fe) and
Gadolinium (Gd) sub-lattices have the same magnitude but opposite sign [1]. The
compensation temperature of GdsFesO;; is close to room temperature (286K).

Easy magnetization direction of the GdIG is perpendicular to the sample plane
owing to smaller magnetization compared to that of Y1G. The Yttrium ions (Y**) do not
have magnetic moment; the total magnetic moment in YIG belongs to exchange
interactions between octahedral site and tetrahedral site and net magnetization is parallel
to the magnetic moment of Fe** located at the tetrahedral direction. The easy
magnetization axis is in-plane in YIG. In GdIG, the total magnetic moment is smaller

and demagnetization field is smaller leading to perpendicular magnetic anisotropy.

2.7 Bismuth substituted rare-earth Iron Garnet (Bi:RIG)

The several rare-earth ions can be substituted to dodecahedral sites; each
substitution brings its own special modification in the properties of garnet. By
substituting the Bi** [15], Pb®" [16] and Ce** [17] to the rare-earth iron garnet, the
Faraday rotation increased within certain wavelength intervals and magnetic properties

are changed. By increasing the amount of Bi** in RIG the Faraday rotation increased in
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the visible to near infrared range and the crystal has high transparency that make them
most frequently used material for magneto optical device [15, 18-21].

It has been reported that the Faraday rotation is increased by increasing the
amount of bismuth substitution. The reason for this is enhanced, spin orbit splitting in
the excited states caused by formation of hybrid molecular orbits between the 3d orbital
in Fe** and 2p orbital in O mixed with the 6p orbital in Bi**, leading to larger spin
orbit interaction coefficient [22-27]. Fig. 2.16 shows the influence of Bi substitution on

the Faraday rotation in bismuth substituted YI1G [28].

-1.2

Faraday rotation (x105 degree/cm)

-16 F
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Fig. 2.16 Faraday rotation spectra of Bi:YIG prepared by metal organic decomposition
(MOD) method with x = 1.0 - 2.5. n indicates a number of coating of MOD solution [28].
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CHAPTER
3

Principle of Experiment
and characterizations

3.1 Introduction

There are several methods to prepare the bismuth substituted rare-earth iron garnet
thin films such as a laser ablation [1-3], a liquid phase epitaxy[4-6], RF magnetron
sputtering [7-9], MOCVD [10], pyrolysis [11], crystal ion slicing [12] and sol-gel
method [13]. Among them, metal organic decomposition (MOD) method is a promising
to prepare magnetic garnet films, because it is a simple fabrication method which is
composed of spin coating of the MOD solution and annealing, and guarantees high
uniformity in chemical composition and purity combined with chemical stability [14-
17]. 1 have prepared several bismuth substituted gadolinium iron garnet (Bi:GdIG) thin
films on (111) Gadolinium gallium garnet (GGG), (111) (GdCa)s;(GaMgZr)sO1,
(SGGG) and glass substrates by metal organic decomposition method (MOD).

| characterized my samples by X-ray diffraction (XRD), optical transmittance /
reflectivity spectra, magneto optical Faraday effect and magnetization.

In this chapter, | will explain the preparation methods of magnetic garnet thin

films. | discuss the comparison among several preparation methods. Furthermore | will

39



describe the principle of characterizations of the magnetic garnet thin films, such as

XRD, optical measurement, Faraday effect and magnetization.

3.2 Preparation of magnetic garnet
3.2.1 Reported preparation methods of magnetic garnet
3.2.1.1 Liquid phase epitaxy method

The liquid phase epitaxy (LPE) method has been applied for growing garnet for
the first time in 1968 [18]. Due to high growth rate (0.1-10um/min) and crystalline
perfection owing to this method, it becomes useful when thick layers are required [19].
This has the ability to produce very flat surfaces and excellent structural perfection [20].
The main disadvantage of LPE method is substrate limitation that requires lattice-
matched substrate. Furthermore highly Bi doped rare-earth iron garnet cannot be
obtained by LPE because ionic radius of Bi** (1.17A) is larger than that of Y** (0.95A),
leading to very large lattice constant expansion. At high temperature, combinatorial
entropy becomes energetically favorable making it difficult to substitute Bi for Y
because nonequilibrium phase is necessary for full bismuth substitution [21]. Also It is
difficult to control the thickness of the film precisely by LPE method, because of the

high growth rate (0.1-10 um/min) [22-23].

3.2.1.2 Pulsed laser deposition method

Pulsed laser deposition (PLD) method uses a high intensity pulsed laser to create
plasma, to modify plasma properties, and to transfer the plasma to a substrate surface to
create thin films. The pulsed laser deposition technique has been used in some research

laboratories to deposit high quality films of materials for more than a decade [21]. The
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high power laser pulses are used by this technique to melt, evaporate and ionize material
from the surface of a target. The properties of the film are influenced and changed by
numbers of variables, such as laser flounce, background gas pressure and substrate
temperature [3, 24].

The advantage of the PLD method is the possibility to prepare films with complex
composition, relatively high deposition rates, and control of film thicknesses in real time
by simply turning the laser on and off. The PLD method has some disadvantages such
as the plasma plume and molten droplet created during the laser ablation process,
leading to the adherence to the substrate and rough surface. The most important

difficulty is to fabricate a large area with uniform film thickness [25].

3.2.1.3 Sputtering deposition

RF-sputtering is used to fabricate thin films on a substrate. A sputtering system
consists of a vacuum chamber, an anode (substrate) and a cathode (target). Normally
they are faced to each other. The RF electric field between anode and cathode is
applied, and accelerates the electrons which approach the outer shell electrons of neutral
gas atoms of Ar in their path and, being ionize to Ar®. At this point the positively
charged ions (Ar") are accelerated by the electric field towards negatively charged
electrode cathode and approaches to the target surface. The impact results in a series of
collisions between the incident ions and target atoms, and ejection of one or more atoms
from the target material. This phenomenon is called as sputtering. The sputtered atoms
or particles will move through space and then condense on the surface of substrate to

form films [26].
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One of the advantages of sputtering is the thickness control capability. The main
drawback of this technique is hard to maintain stoichiometric composition and low
deposition rate [24, 26, 27]. Since the amount of FR rotation is highly related to the
amount of Bi and composition of magnetic garnet, it is difficult to control precisely the
amount of Faraday rotation by controlling the amount of Bi and composition by

sputtering deposition method.

3.2.1.4 Metal Organic Decomposition (MOD)

The metal organic decomposition (MOD) method is a simple and easy method for
fabrication of magnetic garnet thin films. The process is composed of contain 3 steps,
that is spin-coating, drying and annealing. The MOD method requires a spin-coater, hot
plate and a furnace, does not require vacuum chambers. The solution is spin-coated in 2
steps process to drop and distribute the solution on the surface of substrate properly
(500 rpm for 5 second in this study), and coated in higher rotation speed (2000 rpm for
20 second in this study) for flatness of the surface and control the thickness of the
sample, followed by drying on hot plate (120°C for 10 min) for evaporating the solvent,
pre-annealing in order to decompose the organic material and obtain amorphous oxide
film (550° for 10 min). The spin-coating, drying and pre-annealing are repeated in
order to obtain the desired thickness for the film. Finally the film is annealed at higher
temperature for crystallization (620-800°C for 2 hours). Since the composition of the
MOD solutions can be precisely controlled, we can control the magneto optic and
magnetic properties of the garnet films. The spin-coating can be applied over large area.
Therefore films can be formed over a large area. Since the metal oxide carboxylates are

dissolved in organic solvents, they have a much longer shelf storage life. The MOD
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method is based on the metal carboxylates which are stable in liquid and compatible
with glass substrates. The MOD method needs a relatively low temperature compared
with the melting point of Bi:RIG for crystallization. Therefore by using MOD method,
garnet films can be deposited easily on non-crystal glass substrates. The thickness of the
sample in MOD depends on the viscosity of solution (viscosity of solution depends on
the composition), speed of spin-coating and number of spin-coating. Therefore it is
difficult to control the thickness of the sample in the range of d < 10 nm. The magneto
optical properties, crystallization and physical properties of the films that are prepared
by MOD method are strongly dependent on the types of solution, and fabrication
condition.

| used two types of commercial MOD solutions to fabricate bismuth substituted
gadolinium iron garnet (Bi:GdIG) thin films. One is MOD solution and the other is
EMOD solution. The differences between the MOD and EMOD are as follow.

a) Metal organic decomposition (MOD)

The MOD solution contains 2-3 types of metal oxides carboxylates such as Fe;0s3,
BiO; and R,03 (R = rare-earth metal) carboxylates in acetic ester to prepare BixRs-
«Fes012 thin films. The Bi content x is fixed and we cannot change the value of x to
control the composition of the films. The viscosity of the MOD solution depends on
their composition. Some MOD solution is sticky leading to thicker thickness per spin-
coating time and problems of the thickness control. As follows

1- Difficult to control the thickness of the film (in thinner films)

2- The thicker thickness per spin-coating makes it difficult to be decomposed,

and to provide rare-earth iron garnet amorphous during decomposition because of

sticky solution.
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The advantage of the MOD solution is that the surface of the film is very clean and
homogeneous owing to the stable solution.

b) Enhanced metal organic decomposition method (EMOD)

EMOD solutions developed by Symetrix Corporation of the United States and Kojundo
Chemical Laboratory Ltd [28]. The most advantage of the EMOD solution is that it
contains one metal oxide carboxylate in xylene and can be mixed with other EMOD
solutions containing other metal oxides. Therefore it is possible to prepare the BixGds.
«Fes012 thin films in any proportion of Bi content X, which enables greater degree of
freedom and more precise control of composition of thin films. The EMOD solution is
water like, where we can control the thickness of the film and the metal oxides
decomposition can be processed more easily than MOD solution. The main
disadvantage of the EMOD solution is that, some smudge and precipitates may form or
viscosity may increase depending on the combinations of mixed material making them
unsuitable for some applications. The EMOD liquid used in my experiment were SY M-
FEO5 containing Fe,O3 carboxylates, SYM-BI05 containing Bi,O3 carboxylates, and
SYM-GDO01 containing Gd,Oj3 carboxylates by Kojundo Chemical Laboratory.

Table 3.1 shows the comparisons among LPE, PLD, sputtering and MOD method for

thin films fabrication.
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Table 3.1 Comparisons of the methods to deposit magnetic garnet thin film. d is stand for the
thickness of the film.

Feature LPE PLD sputtering MOD

Vacuum process Required Required Required Not Required

High substitution Not possible | Possible Possible Possible

of bismuth

Lattice matched Required Not required Not required | Not required

substrate

Control of thickness difficult fine Coarse Difficult in
the range of
d<10nm

control the stoichiometric | controllable | controllable Difficult controllable

composition

Fabrication over possible difficult possible possible

large area

3.2.2 Procedure of preparing magnetic garnet thin films by MOD method
Here | explain the procedure of preparing magnetic garnet thin films by the MOD
method.

1- Preparation of MOD solution which contains stoichiometric quantities of the
decided metal oxides.

For example in the case of preparation of magnetic garnet thin films, I used MOD
solutions with Bi, Gd and Fe carboxylates with chemical composition ratio of
Bi,03:Gd,03:Fe,03 = 1:2:5 and 2:1:5 by Kojundo Chemical Laboratory Ltd to fabricate
Bi;Gd,FesO;, and Bi,Gd;FesO;, thin films. The total concentration of carboxylates in
these MOD solutions was fixed at 3 %.

| also used EMOD solutions to prepare the BixGdsxFesOp2 thin films with

different Bi content x. The EMOD solutions of Fe,O3; carboxylates (product name
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SYM-FEOQ5), Bi,O3 carboxylates (product name SYM-BIO05), and Gd,O3 carboxylates
(product name SYM-GDO05), are mixed and combined for different Bi content x = 1, 2
and 2.5 and stirred well.

| determined the volumes for each EMOD solution for desired composition ratio as

following.

w/a = 0.5 mole/ litter (concentration of Bi,O; EMOD solution) ............ ... (3.1
/b = 0.1 mole/ litter (concentration of Gd,O; EMOD solution)......... ....... (3.2)
z/c = 0.5 mole/ litter (concentration of Fe;O3; EMOD solution).................(3.3)
w:y:z= x:x-3:5  (desired stoichiometric composition ratio)...................... (3.4)

The values of concentration (molarity) of the solutions are given by Kojundo ~ Chemical
Company. w, y, and z are the molar ratio of Bi,03, Gd>Os and Fe,Os. x is the desired
amount of Bi substitution in Bi,Gd;FesO». a, b and ¢ are the volumes of B1,03, Gd,0;,
Fe,Os solution respectively, can be determined as following equations.

From equation (3.4), w and z are expressed as

L . 2 ) Pt (3.5)

2 Y (573 e e (3.6)
From (3.1), (3.2) and (3.3) a, b, and c are expressed as

a=2w, b=10y, and  C=2Z . criiiii i (3.7)
From (3.5), (3.6) and (3.7) a, b, and ¢ can be determined

a =2y(x/x-3), b=10y, C=2D(5/X-3) e (3.8)

A D Coo Ve (3.9)

The v is the total volume of mixed solutions for Bi,Gds_FesO1,. The amount of v is
depending to the size and thickness of samples.

From (3.8) and (3.9)
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29(x/3-x) F 10 + 20((5/%-3) =V et (3.10)
Value of y is obtained from (3.10). By substituting y to 3.8 the volumes a, b, and c are
determined.

2- The solution was then filtered by advantec filter paper.

3- Cleaning the substrate:
The substrates were cleaned with acetone, propanol and water subsequently in ultra-
sonic cleaner.

4- Spin-coating:
The solution was spin-coated in 2 steps process of 500 rpm for 10 second and 2000 rpm
for 20 second.

5- Drying
After spin-coating, the samples have been dried on a hot plate at 120°C for 10 min to
evaporate the solvent.

6- Pre-annealing
In order to decompose the organic materials and obtain the amorphous metal oxide
films without carboxylates, the samples were annealed at 550°C for 10 min (pre-
annealing) at atmospheric pressure.

In order to obtain desired thickness, the spin-coating drying and pre-annealing
were repeated.

7- Final-annealing
The samples are annealed at higher temperature and longer time (in case of garnet 620-
800°C for 2 hours) for crystallization. This process is called “final annealing”. The

pressure during the annealing was atmospheric pressure. We used two Kkinds of
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annealing gas, (the choice of the gas is different with the purpose) that is clean air
(80%N; + 20%0-) and 100% N gas.

Fig. 3.1 and 3.2 show the graph of thermal gravimetric (TG) and differential thermal
analysis (DTA) for YIG and GdIG respectively. The mass of carbon decreases sharply
with increasing the temperature, and become minimum around 550°C (pre-annealing for
decomposition). The maximum evaporation and decomposition are happening in the

range of 400 ~ 550°C for both YIG and GdIG [28].

TG (%) DTA (uV)
0.00
\\ 150.00
-20.00
i 100.00
-40.00 e |
-80.00 S N : e — ] 0.00
-100.00
200 400 600 800
TEMP (°C)

Fig. 3.1 Temperature dependence of thermal gravimetric (red line) and differential thermal
analysis (blue line) for GdsFesO;, MOD solution [28].
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Fig. 3.2 Temperature dependence of thermal gravimetric (red line) and differential thermal
analysis (blue line) for Y3FesO1, MOD solution [28].

The different substrates, annealing temperatures and annealing gases were
selected in my experiments depending on the purposes. | will discuss in detail in chapter
4,5 and 6.

There are several reports on fabrication of magnetic garnet thin films by MOD
method. BixGds.xFesO012, BixY3xFesO (Bi:YIG) and BiyY3xGayFesyO1, thin films
have been fabricated on (111) oriented gadolinium gallium garnet (GGG) single crystal
substrates [5,7, 14, 27], and glass substrates [29].

The Polycrystalline Dyi ¢Biy4FesxGaxO1, and Gd,BiiFes«GaxO1, garnet thin
films have been deposited on glass substrate by metal organic decomposition (MOD)
method for the first time by A. Azevedo, et al. in 1994. The Faraday rotation and
ellipticity spectra of 300 nm thick Dy; ¢Bi1 4Fes«GaxO12 thin film are shown in Fig. 3.3

[14].
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Fig. 3.4 shows Faraday rotation spectra of Bi:YIG thin films with x = 2.5
crystallized at 500 - 750 °C prepared on (111) gadolinium gallium garnet (GGG) single

crystal substrates by MOD method [17].

1IIT'|TI1I1'IIII TrTrr LA 11Il'|rrIT]Ill1
1 1 1

1.5

~—ai— Magneto-optic rotation

- - = - - Ellipticity |

0.5

M-O Rotation, Ellipticity( Deg )

0.5 pa b e ol w s i oaq boasglossslavaifarny

300 400 SO0 600 700 800 900 1000 1100
Wavelength( nm )

Fig. 3.3 Faraday rotation and ellipticity spectra of 300 nm - thick Dy, ¢Biy 4F€5.4GaxO1

thin film on glass substrate [14].
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Fig. 3.4 Faraday rotation spectra of Bi:YIG with x = 2.5 prepared on GGG (111) substrate at
temperature of 500 -750 -C. Thickness of these films are 200 nm [17].

Table 3.2 shows the calculation of composition ratio for mixing EMOD solution
and figure 3.5 shows a schematic image of the process and procedure of the MOD

method.

Table 3.2. Calculating the volume of EMOD solution with desired amount of Bi (x) for
fabricating Bi,GdsFesO,.

Bi,O3 Gd,O3 ‘Fe203
mole w W z
Volume a b C
Concentration (Mole/litter) w/a = 0.5 y/b=0.1 z/c=0.5
Stoichiometric composition X 3-X 5
Molar ratio W.y:z = X:3-x:5
v = desired total volume atb+c=v
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Spin-coating,\
drying and pre-
annealing are
repeated to get
desired thickness

N\ J

==

1- Preparing the MOD solution with desired
stoichiometric ratio of metal oxide.

v

2- Spin-coating on Solution
substrate Sample

3- Drying for solvent Sample
evaporation

4- Pre-annealing for
decomposition

5- Final annealing for
crystallization

Fig. 3.5 A schematic image of the process flow of the MOD method.
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3.3 Principle of characterization of the magnetic garnet thin films
3.3.1 Principle of XRD measurement

We characterized the lattice constant/ crystalline orientation of the magnetic
garnet thin films. Therefore, we explain the principle of the X-ray diffraction for this
purpose.
3.3.1.1 Bragg’s law

Bragg’s Law was introduced by W.H. Bragg and his son W.L. Bragg to identify
the structures of crystals and molecules using x-ray diffraction studies, which are called
as Bragg’s Law. The Bragg’s law explains the relationship between the x-ray incident
angle and its diffraction angle from the crystal surface. Figure 3.6 shows a schematic
image of the Bragg’s law.

The law states that when the x-ray incidents onto a crystal surface, with the angle
of incidence 60, diffracted back with the same angle, 6. And, when the path difference
between two X-ray beams (AB+BC) is equal to nA, constructive interference occurs,
where n is a positive integer, A is the wavelength of the X-ray beam and d is the lattice

spacing. From the Fig. 3.6 we can write the Bragg’s law as follow.

nir=AB+BC — AB=BC — ni=24B

Sin 6 = AB/d —  » AB=dsingd —» n A =2dsint

[/1 = Zdhk| sithH ]

o A = the wavelength of the x-ray
o dni = lattice spacing
. Ohi = the incident angle

o n = positive integer
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h, k and | are known as Miller indices (hkl) and are used to identify each lattice

plane.

axis X y z

Intercept points 1 1 o
Reciprocals 1/1 1/1 1/o0
Miller indices 1 1 0
hkl 110

X

Fig. 3.7 Cubic crystal structures with miller indices (hkl) of (a) 110, (b) 100, and (c) 111.
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Figure 3.7 shows an example of lattice planes cut the x, y, and z axis of the unit cells in
() 1,1and o; (b) 1, o= and =°; (c) 1, 1 and 1 intercepts point. The miller indices (hkl) are
(a) (110), (b) (100) and (c) (111).

The relationship between miller indices (hkl), lattice spacing dn and lattice constants a

in cubic system is as follows:

a

du = ——
hkl = Vhz 2+
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3.3.1.2 Analysis of crystalline structure by X-ray diffractometer

The purpose of X-ray diffraction is to study the crystal structure of thin films and
to characterize what kinds of compounds are included in the films. | used the XRD for
identification of the phase and crystalline orientation included in the magnetic garnet
samples.

I used x’pert PRO x-ray diffractometer system by Philips Co., Itd to measure the
x-ray diffraction (XRD) spectra of the fabricated samples. This instrument uses X-ray
radiation by Cu-ko with the wavelength of 1 = 1.5405980 A for the K, line, 1 =
1.54439 A for the Ko2, with line long fine focus window 12 mm x 0.4mm dimensions
and working power of 45 kV/40 mA.

Fig. 3.8 shows the pictures of the XRD machine used in this study. After the X-
rays are generated by a x-ray tube, the divergent x-ray beam from a line focus tube will
convert to a quasi-parallel beam with a pure K, by Hybrid monochromator or intense
quasi-parallel beam with K, radiation by x-ray mirror. After controlling and reducing
the intensity of these rays by automatic beam attenuator (filter), the beam is incident
toward the sample on the sample stage. When the Bragg's Law, nl = 2dsin 6, is
satisfied, the interaction of the incident rays with the sample produces the strong
diffracted ray by the constructive interference. The diffracted rays become parallel by
collimator and can be detected. The detector counts the intensity of the diffracted beam
at certain 26 position. As the sample and detector are rotated, the intensity of the
diffracted X-rays is recorded by the detector, and then the recorded X-ray signals are
saved in the PC. The rotation of the sample is in the path of the collimated X-ray beam
at an angle 6, while the X-ray detector collects the diffracted X-rays, with the angle of

20. By scanning the sample through a range of 20, all possible diffraction peaks from
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single phase or multiple phases of the lattice planes can be attained in a specific 26
angle. The parameter d of the lattice plane can be achieved from attained 26. Then the
value of d can be used to identify the materials and their crystals specifications because
each material has a set of unique lattice spacing. By comparing the lattice constant of
two materials, | estimated the composition of our single crystal films. Also the
diffraction peaks associated with different phases of the polycrystalline or single
crystalline can be confirmed by comparing d of the lattice planes with the powder
diffraction file of international center for diffraction data (ICDD) to identify and

estimate the crystal structure.
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Fig. 3.8 X’pert PRO x-ray diffractometer system PHILIPS.
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3.3.2 Principle of the characterization of Magneto Optical Faraday effect

Michael Faraday observed the effects of interaction between light and magnetic
field in a medium for the first time in 1845, that known as the magneto optical Faraday
effect or Faraday rotation. The Faraday rotation describes the rotation of the plane of
polarization of a linearly polarized light. When the plane-polarized light passes through
an optically transparent (or semi-transparent) medium with an applied magnetic field
along the direction of light propagation, the plane of polarization is changed. The

amount of Faraday rotation angle (0) is described by the following formula.

6 =VHL (3.11)
Where the L is the distance (thickness of the sample) traversed by light in a medium
along the direction of the applied field (H) and the V called the Verdet constant depends
to the properties of the medium, the frequency of light, and the temperature of sample.
The sign of the rotation angle 6 depends on the sign of the magnetic field H. Therefore
if the light travels twice through the sample under a magnetic field (first along the field
direction, and then after normal reflection by a mirror in the opposite direction of the

magnetic field) the total rotation angle is twice as large as 6.

1- This is a basic principle of free space optical isolators and MOSLMs, composed

of a Faraday rotators (0 = 45°) and two linear polarizers (0° and 45°) as shown
in Fig. 1.1.

2- This is a unique property of magnetic materials.
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3.3.2.1 Phenomena of Faraday Effect

The magneto optical Faraday effect or Faraday rotation is based on the interaction
between light and magnetization in a medium. The Faraday effect is caused by the
difference of propagating speed between the left and right circularly polarized light in a
medium as schematically shown in Fig. 3.9 and Fig. 3.10. This property is known as
circular birefringence and is due to the splitting of the energy levels of electrons in
atoms or molecules under a magnetic field. The quantum transitions between the levels
require the emission and absorption of the right and left circularly polarized light
parallel with the applied magnetic field, in the case of parallel propagation, the original
level may be regarded as being split into just two sublevels. As a result the refractive
indices and absorption coefficients, which are dependent on the wavelength or
frequency of the light, become different for the right circularly polarized light (RCP)
and left circularly polarized light (LCP). The difference in the phase velocities is due to
the difference in the wavelengths or frequencies of the light that is absorbed and
reemitted by the particles of the substance. The selection rules for light-induced
quantum transitions show that LCP and RCP induce different electronic transition,
hence different refractive indices when magnetic field is applied. In non-magnetic
materials at magnetic field H=0, LCP and RCP obey equal transition process and

consequently no FR occur.

The level splitting can be caused by electron-electron interactions, spin-orbit coupling,
crystal field splitting, exchange interaction, and the Zeeman effect. Under these
circumstances, there are two possible transition types: paramagnetic and diamagnetic

[34, 35] which are showed in Fig. 3.11.
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Fig. 3.9 A schematic image of the Difference of refractive index for RCP and LCP leads to
different phase velocities of RCP and LCP, leading to that the polarization of linearly
polarized light is rotated.
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Fig. 3.10 A schematic image of the difference of absorption indices for RCP and LCP

leading to difference phases amplitude leading to magnetic circular dichroism or Faraday
ellipticity.

=1 =1 y m,=0
p orbital
m,=-1 LCP RCP
LCP RCP D
- —

< m,=1

=0 m,=0 =0 ———— m,=0

s orbital m,=-1

Fig. 3.11 A schematic image of diamagnetic and paramagnetic transitions. LCP and RCP
represent left- and right-circularly polarized light.

| is orbital angular momentum quantum number, m; is the magnetic quantum number.
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3.3.2.2 Magneto-optic Faraday effect and the dielectric tensor in YIG

The propagation of electromagnetic waves in a material with a cubic geometry
like YIG and magnetization parallel to the z axis can be described by the dielectric
tensor € and magnetic permeability p, where in optical frequencies p can be taken equal
to unity and € can be expressed as following equation.

€ leg O
€ = (—iq €o 0) (3.12)
0 0 ¢
The all element have real and imaginary part:
€ =¢& + i€’ (3.13)
The diagonal element & is related to the normal refractive index n and the normal
extinction coefficient k can be shown by
€y =n? —k? (3.14)
€y = 2nk (3.15)
The off-diagonal element &; is related to the refractive indices n. and absorption indices

k. for right and left circularly polarized light, RCP and LCP.

(ny — n)+itky — k) = j—el_o (3.16)

The Faraday rotation 6 is half of the phase difference between the LCP and RCP.

__nmng—-n_) _ TE
O == *T = Re(l—#io) (3.17)
The Faraday ellipticity () is the difference in absorption of the RCP and LCP waves:

ky—k_
Ny == % = Im(f}o) (3.18)
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Fig. 3.12 shows the spectra of & of BixY3xFesO12 [36]. The two broad maxima

optical transitions corresponding to 2.8 and 3.4 eV are observed.

Fig. 3.13 shows the extinction coefficient k (absorption) spectra of the BixYs.
xFes012 thin films. The two absorption maxima exist near 2.8 and 3.4 eV. Furthermore

the absorption increases noticeably with increasing the bismuth substitution [36].

€ -diagonal

energy (eV] ——»

Fig. 3.12 Diagonal elements gy and go" of the dielectric tensor of BiyY3xFesO1, thin
films fabricated by LPE method [36].
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Fig. 3.113 Extinction coefficient k versus photon energy for Bi,YsxFesOg, thin films
fabricated by LPE method [36].

63



Fig. 3.14 shows the schematic diagram for energy level of oxygen and iron in
tetrahedral site (tyg) and octahedral site (gg) in YIG. There are two types of transitions;
the charge transfer transition of an electron from oxygen to iron (Fe** + 0 — Fe?* + O
) and the transition of an electron from one iron ion to another iron ( 2Fe** — Fe** +
Fe*"). The energy gap between the valence band of 0% and Fe™ . (tzg) is 2.8 eV, and

energy gap between the valence band of O% and Fe" i (€) is 3.4 eV [34, 36].

\;2( Fe?)
e, (Feg e(Fe”)
t, (Fe?’) e

T
/
f \
Y
/\
Iy \I
[ \ ]Iu
2.8 eV ! \ 3.4eV
e lFe3N D b Fe)
Ia L
Fed*
wlF 7 AP
valence band valence band

Fig. 3.14 Schematic diagram of the energy-level for O, and Fe (oct and tetr) in iron
garnets. Solid arrows (I, 1l,) denote the lowest oxygen-to-iron charge transfer
transitions. Dashed arrows (lIp, 1lp) indicate the lowest intervalence transitions within

an Fe** (oct) and Fe®" (tetra) pair [36].
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It is considered that the optical transitions at 2. 8 eV (I) and 3.4 eV (l1) (Fig. 3.14)
are mainly responsible for the remarkable increase of the Faraday rotation in BiyYs.
xFesO12 in the visible and near infrared region [35, 36]. Fig. 3.15 shows that, with
increasing the amount of Bismuth in BixY3xFesO12 thin films, the FR is increased. The
origin for the increase of FR belongs to high spin-orbit coupling of 6p orbital of bismuth
(Bi**) ion and 2p orbital of oxygen (O%) ion, and 3d orbital of iron Fe** ion. A
noticeable covalent mixing of oxygen 2p orbitals and bismuth 6p orbitals occur due to
the large electronegativity of Bi** ion. And the charge transfer transitions from oxygen
2p orbitals to iron 3d orbitals are most effectively affected by the electronic character of
Bi**. Therefore, by increasing the Bi substitution in BixYs.FesO, the spin-orbit
coupling interaction of the mixed (oxygen-iron) increases, leading to the increase of FR

rotation.
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Fig. 3.15 Faraday rotation spectra of BiyYsxFesO1, thin film prepared by LPE method
[36].
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3.3.2.3 Principle of the Faraday effect measurement by polarization modulation

technique

Here in this section | will explain the principle of the measurement of the Faraday
rotation by the polarization modulation technique. The polarization modulation
technique was proposed by K. Sato [37]. Fig. 3.16 shows the schematic image of the
principle of this technique. The z axis is parallel to the direction of the propagating

light.

Detector

y

Analyzer

Un
polarized
light

y Modulator
Light source

Polarizer

Fig. 3.16 Schematic diagram of polarization modulation technique for magneto optical
Faraday effect measurements.

1- We put a polarizer after the light source with the angle of 45° with respect to x
axis. The electric field (E;) of the light after transmitting through polarizer can

be expressed as

E, , E
E,=—2R+-29 3.19
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Where E, is the amplitude of electric field vector passing throgh polarizer, x and y

denote the unit vectors for the x and y directions respectively.

2- In the second step the polarized lighte (E;) is modulated by a photoelestic
modulator (PEM). The PEM is a phase modulator by using a crystal having
piezoelectric effect. Its principle of operation is based on the photoelastic effect, in
which a mechanically stressed element exhibits birefringence which is proportional to
the resulting strain. The PEM producing oscillating birefringence at a fixed frequency p
of ultrasound range (our system is working on p = 42 kHz). The amplitude of the
birefringence is controlled electronically by the PEM controller. When the light passed
through PEM, it receives a periodically varying opical retardation between x and y
directions, which is described by 6 =9, sin 2mpt. Where & is the amplitude of the
retardation and p is the modulation frequency. The electric field (E,) of the light after

transmitting through the PEM can be expressed as following equation.

E ..
E,=—2R+—2¢e"y 3.20
U A (3:20)
3- When the light is passing through a sample which is placed in electromagnetic

field, the difference of the complex refractive index between the left and right circularly
polarized light brings the modulation on the phase between two circularly polarized

light, and the transmitted light (E3) can be expressed as

E, [1—ie" (1 1+ie” (1
E3:7{ J2 (JT++ V2 (_JT_} (3.21)
_E, (T+(1—ie‘5)+T_(1+ie‘5)
) )

i, (1—ie" )—iT (L+ie®”
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where the values of T_ and T are optical transmissivity for the left and right cirrcularly

polarized light.

T =expi(n_ +ix )k,d (3.22)
= exp(—x k,d)-expi(n_k,d)

T, =expi(n, +ix, k,d

— exp(—«x ko,d)-expi(n,k,d) (3.23)
Where the ko is the wavenumber, d is the thickness of the sample, n. are the refractive
indices and k. are the absorption indices of the sample for the right and left circularly

polarized light.

4- When the light E4 is transmitted through the analyzer (angle = 0°) and the x

component of the light was exppessed as following equation.

E, - (é 8)53 :%{n(l—ie”)ﬂ_(uie”)}k - 2505 (T +T)-ie" (T -T )ik (3.2

The intensity of the light was detected and expressed as
[ =|E,%= ETS{T +=-sing + Tsin(2A6)coss (3.25)
Where transmission coeffieient of intensity T, AT and A6 are defined as
T=Z(24T?)
2
AT =T>-T? (3.26)

A=(n.—n )k,d =6, -6 (3.27)
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The relationship of the Faraday rotation ¢, Faraday ellipticity »: and complex refractive

index can be expressed as following.

1 1
?: =§A0=—§(n+—n_)kod (3.28)
1 AT 1
us Zz(T)Z—E(K—K)kod (3.29)
By applying o = §, sin 2ztpt to equation (3.25) and using expansion formula, like
sin(d, sin 2z pt) = 2J,(5,)sin 2z pt +.....,c0S(6, Sin 27 pt) = (3.30)
J,(8,) +23,(8,)sindzpt +...., '
where Ju(X) is an n™ order Bessel function
We obtain the output light intensity I, as follows.
I =1(0)+1(p)sin2zpt+1(2p)sindzpt+..., (3.31)
where
1(0) = 1,T{1+ J,(5,)sin(AO +2¢)} (3.32)

1(p) = 1,ATJ,(6)

1(2p)=21,TJ,(5,)SIN(AG + 2¢)
The output intensity consists of three frequency components |11 (dcp-=0)), I2 (p) and I3 (2p)
components and con be detected by lock-in amplifiers for frequencies of dc , p and 2p

respectively as shown in figure 3.12 and can be expressed as following equations.

I = g1, T{1 + J,(8,) sin(A@ + 2¢)} (3.33)
I; = q21,AT ], (6p) (3.34)
Iy = 2q31oTJ,(8o) sin(A6 + 2¢)} (3.35)

69



We get the output from system as,

L _ ,_ J18(0AT/T (3.36)
I, " 1+],(50)sin(246)
Is  2],(8,)sin(2A0)
I " 1+],(8,) sin(246) (3.37)
Where A is g2/q; and B is g3/q1
When we adjust the value of 6o = 2.4048 radian
Jo (& =2.4048)becomes0 (3.38)
Then we have simpler forms as
I
2 = 4], (24048)AT/T (3.39)
1
I3 .
- = 2BJ,(2.4048)sin(246) (3.40)

1

The value of AT/T and A8 can be determined from the equation (3.39) and (3.40). By
applying the value of AT/T and A8 to equation 3.28 and 3.29 we can determine the

value of Faraday rotation (¢¢) and Faraday ellipticity (»r).

Fig. 3.17 Shows a schematic descriptions of the detected transmitted light for the
frequencies at the p and 2p that represents the magneto optical Faraday ellipticity and

Faraday rotation.

Curve (a) shows the time dependence of the retardation produced by the PEM

modulator.

Curve (b) shows the vector loci of the electric field E; and the variation of the

polarization state (LP-RCP-LP-LCP-LP) in one period of time. In this case, the sample
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causes neither Faraday rotation nor circular dichroism. The x component of E3 remains
constant as shown in curve (c). When there is some difference between phase shifts for
RCP and LCP, the Faraday rotation exists, and the plane of the linearly polarized light
rotates, while the vector loci for circularly polarized light remain unchanged. The x
component of E; changes as shown in curve (e). On the other hand, when the magnetic
circular dichroism is present, the vector lengths for RCP and LCP become different as

illustrated in (f), resulting in the appearance of a frequency with p as shown in curve (g).

(a) retardation I/\ ot

Without the mggnero-optioal effect

= fHAACA0AC

X-proj-

A

(c) x-projection

O l72p I ,"p
With the FR

~ = 83080008d

O 1 /2p | /p

With the Faraday ellipticity

il RiRiililull
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Fig. 3.17 A schematic illustration of frequencies of p and 2p components of the output

light intensity that represents Faraday ellipticity and Faraday rotation [37].
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3.3.2.4 Measurement of Faraday rotation

Fig. 3.18 shows the overall diagram of polarization modulation system for
Faraday rotation measurement in this study. The light from halogen lamp (XENOPHOT
HLX-646632) is modulated with a frequency of 280 Hz by a chopper (SR540). The
frequency of the chopper is used as a reference signal for lock-in amplifier-1 to detect
the transmitted light intensity. Then the light is filtered by color filter in a specific
wavelength ranges (A= 390-680, 680-1200, 1200-1900 nm), then incident to the
monochrometer (jasco-CT250). The monochromatic light is polarized by a polarizer to
the angle of 45° and modulated by piezo-birefringent modulator with p = 42 kHz
frequency (PEM-90™/ model-1/FS50). The modulated light passes through the sample
under magnetic field of -1.2 ~ +1.2 T applied perpendicular to the sample. After passing
through the analyzer, the light is detected by the photo diode. The detector converted the
optical signal to electrical signal and sent it to lock-in amplifiers. We have three types of
lock-in amplifiers 1, 2 and 3 corresponding to the frequencies of dc, p and 2p. The
lock-in amplifier-1 detects the dc optical signal (transmitted optical intensity) while the
lock-in amplifier 2 and 3 detect the signals that related to Faraday ellipticity and
Faraday rotation respectively. All the measurement systems are controlled by GPIB
cables and these signals are saved to Excel file. All the measurements have been done at
room temperature. Fig. 3.19 shows the picture of equipment for polarization modulation

systems used in this study.
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Fig. 3.18 Overall diagram of Faraday effect measurement by the polarization modulation
technique.
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Fig. 3.19 Polarization modulation system for FR measurement.
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3.3.3 Optical transmittance and reflectivity measurement

3.3.3.1 Transmittance measurement

In order to measure the Faraday rotation of a sample in a specified wavelength
ranges, the sample must be transparent. Therefore it is necessary to measure the
transmittance spectra for further Faraday rotation measurement in a specified
wavelength ranges. Also | used the transmittance spectra for estimating the thickness of
the films. The measurement of the optical transmittance is conducted from one sides of
the sample at the angle of 90° (normal) to the surface of the film. The measurement has
been done at room temperature in A = 250 — 2500 nm wavelength region. | determined

the transmittance spectra as following formula (3.41).

Intensity of light through sample I
Intensity of light without sample |

T (%) = 2 100 (3.41)

outl

Fig. 3.20 Schematically shows the optical transmission of light with and without

sample.

.ﬁ I20ut

Sample Detector

Fig. 3.20 A schematic diagram of the optical transmittance measurement.
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3.3.3.2 Reflectivity measurement

In order to measure the thickness of magnetic garnet thin films | used the
reflectivity spectra. The measurement of the reflectance is conducted from one sides of
the sample at the angle of 90° (normal) to the surface of the film. The measurement has
been done at room temperature in A = 250 — 2500 nm wavelength range. | used the
reflectivity spectra of Si mirror as reference or baseline in the system for measurement
of reflectivity spectra of my samples. Other types of mirror like aluminium mirror also

can be used.

Fig. 3.21 shows an example of the transmittance and reflectivity spectra of the

Bi,Gd,FesO;, magnetic garnet thin film on a single crystal (111) SGGG substrate.

100 100
- - (b)
g 80 (a) o\o 80
2 60 s 60
= c
5 40 £ 40
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250 1250 2250 250 1250 2250
wavelength(nm) wavelength(nm)

Fig. 3.21 (a) Optical reflectivity and (b) optical transmittance spectra of Bi:GdIG on (111)
SGGG substrate

We used the spectrophotometer (JASCO V-670) for the optical transmittance and
reflectance measurement. The double-beam spectrophotometer V-670 utilizes a unique,
single monochromator design covering a wavelength range from 190 to 2500 nm
(3200nm optional). The monochromator features dual gratings (automatically

exchanged):1200 grooves/mm for the UV/VIS region and 300 grooves/mm for the NIR
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region. A PMT detector is provided for the UV/VIS region and a Peltier-cooled PbS
detector is employed for the NIR region. Both gratings and detectors are automatically
changed within the user selectable 750 to 900 nm range. Fig. 3.22 (a) shows the image
of V-670 spectrophotometer [38]. Fig. 3.22 (b) shows the light path for optical
transmittance and Figure 3.22 (c) shows the light path for optical reflectance spectra

measurements in VV-670 spectrophotometer.

Setup for Transmittance Setup for Reflectivity

4 )

(b) Monochromator  p3 To measure

: / Reflectivity S
this box must
light change to M, M,
source
\ M5 M7
M7 M, M. My M

\ M D J b c d e

Fig. 3.22 Transmittance and reflectance measurement concept, M;-Mg and M,-M;s stand for
mirror, D stand for detector and S stand for sample.

76



3.3.4 Principle of thickness estimation of thin films

The Faraday rotation of thin films is proportional to the thickness as described by
formula (3.11). Also the magnetic anisotropy and Faraday rotation are influenced by
crystalline quality and strain effect. The crystalline quality and strain effect of the
sample depend on the thickness of the thin films. Therefore it is important to measure
the thickness of thin film.

| estimated the thickness of our samples by optical reflectance and transmittance
spectra. | fitted the measured optical reflectivity spectra to reproduce the experimental
results by the calculated reflectivity spectra. | calculated the reflectivity spectra by
considering the multiple reflections inside the Bi,Gds..FesO;» films by interfaces
between air / film (af), and film / glass substrate (fs) [39-40]. We assumed that the film
thickness is uniform and the glass substrate is non-absorbing and incoherent material
[41].

3.3.4.1 Calculation of three layered structure

Fig. 3.23 shows the schematic illustration of the optical transmittance and
reflectance of a uniform plane wave with normal incident (6 = 0) in a three layer
structure of {air/ thin film/ air} (afa), where layer 1 has a real index of refraction no and

extinction coefficient ko = 0, (fip = np), layer 2 has a finite geometrical thickness d; and a

complex index of refraction fi;= n; — jk;, and the complex index of layer 3 is the same as
that of the layer 1.

t; and Tg = tp are the reflectance and transmittance

Rar = 11, Res = 1o, Tar

coefficient of air/film, inside the film, and film/air, q; is the phase factor.
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(3.42)

Nng —1nyg
[y,

ﬁl - ﬁO (3-43)
2T E +a,

Fig. 3.23 A Schematic image of the optical transmittance and reflectance in the three

layered structures (air/film /air).

78



. 2fi, (3.44)
1=z ~
ny + n,
21, (3.45)
b= TR
1 0
q, = e ~tko(ny—ikq)dy (346)

If the 6 = 0 (normal incidence), the reflected amplitude R air fimair (Rafa) is €xpressed as

2 2 2
Rap=rl +t1t1’r2ql +tltl’r2ql (-rlr2ql ) +.....

_ Ii+r2qr?
 1+rir2q1? (3.47)
Here, the multiple reflections within the film are considered.

The transmitted T air fiim 2ir amplitude is expressed as

2 2 2
Tan=t1t2ql+t1t2ql (-r2riql ) +t1t2ql (-r1r2ql ) (-r1r2ql ) +......

_ (r1+1)(r2+1)q1
1+rir2q1?

(3.48)

3.3.4.2 Calculation of four layer structure {air / film / sub / air}

| fabricated magnetic garnet thin films on (111) GGG, (111) SGGG substrate and
non-crystal glass substrates. The optical behavior of thin films treated in the framework
of the coherent formulations already discussed in preceding sections (3.3.4.1). However,
the effect of thick substrate should be considered and treated incoherently. We assumed
that the substrate has refractive index and small optical absorption. It is necessary to
consider four layer structures [air/film/substrate/air] to estimate the thickness of the thin
film fabricated on substrates. To estimate the thickness of the thin films deposited on
top of a sufficiently thick substrate, such as GGG, SGGG or glass substrates, | assumed

that both thin film and substrate have smooth and flat surfaces.
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Fig. 3.24 shows the schematic image of the multiple transmittance and reflectance
of light among three interfaces {air/thin film/thick sub/air}. When a light beam is
incident on the air-film interface from air medium (layer 1), it will be partially reflected
and the other part is refracted into the film (layer 2) toward the film-substrate interface.
This refracted (transmitted) light beam in turn is partly reflected inside the film and
partly transmitted into the substrate (layer 3). The light beam transmitted inside the
substrate, continue propagating toward its backside of the substrate and reach to the
interface between substrate and air (layer 4). A part of the light is transmitted to air
(layer 4) while the other part is reflected into the substrate, propagating through it in the
opposite direction and heading toward its internal boundary with the film. The reflected
light beam is in turn partly transmitted inside the film and partly reflected again into the
substrate, as shown in Fig. 3.24.

The complex refractive indices of air, layer 2 (film) and substrate are fip = ng, fi;=
Ny — jKi, fi;= ny — jko. The film thickness is d. The reflectivity R is calculated as the

following formula, based on the discussion in the previous subsection.

_ Rsa(Tafs)2
R= Rgfs + T-RuaRy/n (3.49)

where Ras, is the reflectivity within the interface between air (a)/film (f), and the
interface between film (f)/substrate (s), Rsa is the reflectivity within the interface
between substrate (s)/film (f), and the interface between film (f)/air (a) Ta is the
transmission within the interface between air (a)/ film (f), and the interface between
film (f) substrate (S). Rars, Rsta and Tass include the effect of the multiple reflections
inside the film and can be expressed by the following formulas (3.50), (3.51) and (3.52).

They are related to the film thickness d, wavelength 4, and refractive index n- ik of the
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film.

4T ,
———(n—-ik)d
Rllf - (ZRafRfs - Rfs)e A

Rafs = AT, .
1— RafRfSe—T(n—lk)d
21 .
(1—=Rgp)( - Rfs)e'T(n—Lk)d
Tafs = AT o
1— Ry Rpe A7)
41 .
—Z(n—ik)d
o _ Ry = @RyR — Rye 7 (n=ik)
sfa —

AT .
1— Raf Rfse_T(n_Lk)d

The refractive index has wavelength dependence. Since magnetic garnets is absorptive
in A < 1000 nm and almost transparent in A > 1000 nm, I divided the optical reflectivity
spectra to two regions (4 < 1000 nm and A > 1000 nm), and changed the refractive

index and thickness to reproduce the experimentally obtained optical transmission

(3.50)

(3.51)

(3.52)

spectra [39,40]. In the final stage of the fitting, the films thickness d is obtained.
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Fig.3.24 A schematic image of the optical reflection and transmission in four layer
structure considering multiple transmittance and reflectance with normal incident (6 = 0).
Fig. 3.25 shows an example of the optical reflectivity spectra (wavelength range A
=250 - 2600 nm) of the Bi,Gd;..FesO,, samples annealed at 620, 650 and 700 °C, with
the Bi content x = 0, 1, 2 and 2.5 on glass substrates. The simulated reflectivity spectra
shown by dotted lines are fitted to the measured reflectivity spectra. The thicknesses
were estimated to 170 - 210 nm for the samples with x = 1, 200 - 260 nm for the

samples with x = 2, and 330 - 360 nm for the samples with x = 2.5. The detail analysis
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will be discussed in the later section.

40
x=1, 620°C
- ~ —_—
20 7’_\\0/‘_/ \“\:— /‘-“ o T
0 a
aof . x =1, 650°C
20 - > -
0 = PUIR i —a—d
" x=1, 700°C
20 W———W
0 A A P S S
40 x=2,620°C
20 PR <
0 T S — P WP -
40 x=2,650°C
A
g% et s WP
= 40 x= 2, 700°C
<
=

N
o
‘
.
.
’
‘
|

0 "
40 x= 25, 620°C
l“:‘ A

20 -
0

40 x =25, 650°C
20 - N A - ““M
o A A

40 x= 2.3, 700°C
20

0

40 x=0, 650°C

20 o ~

0

0 500 1000 1500 2000 2500
Wavelength (nm)

Fig. 3.25 An example of the optical reflectivity spectra (solid lines) with simulated spectra
of Bi,Gd;..Fes0,, samples annealed at 620, 650 and 700 °C, with bismuth content x =0, 1,

2 and 2.5 on glass substrates. The fitted spectra are shown by dashed lines.
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3.3.5 Principle of Magnetization measurement by alternating gradient field
magnetometer (AGFM)

Since one of the core purposes of my research is to control and change the
magnetic anisotropy of magnetic garnet thin films by the fabrication conditions, the
measurement of magnetization is very important. The magnetization under magnetic
field perpendicular to the sample is proportional to the Faraday rotation. The magnetic

field dependence of the Faraday rotation is proportional to the magnetization.

Magnetization is defined as the number of magnetic dipoles (magnetic moment) in
unit volume. The origin of magnetic moment arises from the electron spin and orbital
magnetic moment as described in chapter 2. Usually the magnetization is denoted by M.
When there are magnetic moments my, my, M, .....m, in a unit volume of the magnetic

material the magnetization is given by.

M=3r,m, (3.53)

When a magnetic material is placed under magnetic field, magnetic moments start to
align to the direction of magnetic field, leading to magnetization M. Magnetic flux

density is defined as

B=M+ soH (3.54)

Where B is magnetic flux density, M is magnetization,  is permeability in vacuum and

H is the intensity of magnetic field.

We used the Alternating Gradient Field Magnetometer (AGFM) technique to

characterize the magnetization of fabricated magnetic samples.

The idea for the AFGM was introduced by Zijlstra for the first time [42].
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The AGFM uses a set of gradient coils that produce a gradient AC magnetic field.
The AC field produces a force on the sample that fixed on a quartz glass capillary that
causes the sample to start vibrating and the amplitude of this vibration is proportional to
the magnetic moment of the sample. This vibration is detected by a displacement or
force sensor in the system. These sensors are usually based on piezo electric devices. To
increase the sensitivity of the AGFM, the sample is vibrated at a frequency close to the
resonance frequency of the sample rod. Then, the system is sensitive to the actual

weight of the measurement sample.

| placed a 3x3 mm? Bi:GdIG sample on GGG substrate at the end of glass
capillary that is connected to piezo-electric bimorph. The provided piezo voltage is
connected to lock-in amplifier, and converted to the total magnetic moments inside the
sample. The magnetization curve is shown in unit of (emu) to the magnetic field in unit
of kOe. | changed the unit of [emu] to [emu/cc] and (T) Tesla by using the following
formulas (3.55) and (3.56). Also | converted the unit of magnetic field [kOe] to poH[T]

by using the following formula (3.57).

_ magnetization in emu
emu/cc " Total volume of magnetic sample (cm3) (3'55)
1 emu/cc = 1 gauss [G] = 0.0001 Tesla [T] (3.56)
B = poH, 10kOe = 1Tesla [T] (3.57)
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Fig. 3.26 shows an example of the magnetization curve of the Bi;Gd;Fes0;; thin

film on (111) GGG substrate.
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Fig. 3.26 An example of the magnetization curve of the Bi:GdIG thin film on single crystal

(111) GGG substrate, red curve shows M under magnetic field L sample plane

(perpendicular) and blue curve shows M under magnetic field [[sample plane (in plane).

86



Fig. 3.27 shows the picture of the AGFM system used for this study in Prof. Tanaka’s

Lab at the University of Tokyo.

AC- Gradient field coils

Piezo-electric bimorph

Piezo voltage Glass capillary

L',O.CMmp,

Fig. 3.27 AGFM system used for measuring the magnetization of the samples. M-Poles

stand for electromagnet poles.
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CHAPTER
4

Preparation and
Characterization of
BilGszesolz thin films
by MOD method on (111)
GGG substrate

4.1. Introduction

In this chapter, | will discuss the preparation and characterization bismuth
substituted gadolinium iron garnet (Bi:GdIG) thin films on gadolinium gallium garnet
(GGG) substrates prepared by metal organic decomposition (MOD) method in order to
obtain high-quality garnet crystal with a large Faraday rotation and control the magnetic
anisotropy of magnetic garnet by changing the fabrication conditions, such as annealing
temperature and annealing gas. Because there have been no reports about investigation
of the presence of O, gas in the annealing process of the MOD method and its influence
on the magneto-optical property, and magnetic anisotropy of Bi:GdIG films. We used

two kinds of annealing gas of 100% N, and 20% O, + 80% N, and crystalized the
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samples at annealing temperatures of 620, 650, 700, 750, and 800°C. We measured the
magnetization, X-ray diffraction, Faraday effect, and optical transmittance of the
fabricated samples.

Magnetization, Faraday rotation and X-ray diffraction (XRD) were used to
examine their dependence on annealing temperatures and different annealing gas
mixture (with and without O). Our results revealed that Bi substituted gadolinium iron
garnet samples annealed without O, (100% N;) crystallized at lower annealing
temperatures. The magnetic fields to saturate the Faraday rotation were larger for the
samples annealed without O, (100% N) than those of samples annealed with 20% O..
The possible mechanisms responsible for these phenomena are discussed in this chapter.

This work has been published on the Journal of Magnetic Society of Japan [1] in 2015.
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4.2. Fabrication and characterization of Bi;Gd,FesO thin film

We have fabricated bismuth substituted gadolinium iron garnet (Bi:GdIG) thin
films by metal organic decomposition method on (111) GGG substrates with different
annealing temperature and annealing gas. The area of the GGG substrate is 12 mm x 12
mm. A MOD liquid used in this experiment consists of solutions made from Bi,Os,
Gd,03 and Fe,03 carboxylates with chemical composition ratio of Bi,03:Gd,03:Fe;O3
= 1:2:5 by Kojundo Chemical Laboratory Ltd. The total concentration of carboxylates
in these MOD solutions was fixed at 3 %. After spin coating in 2 steps process of 500
rpm for 10 s and 3000 rpm for 20 s, followed by drying on a hot plate at 120°C for 10
min. In order to decompose organic materials and obtain amorphous oxide films, the
samples were annealed at 550°C for 10 min (pre-annealing). and annealed at 620 -
800°C for 2 hours (final annealing) for crystallization. Spin coating, drying and pre-
annealing, were repeated for 6 times to obtain an appropriate thickness. In order to
investigate the presence of O, gas in annealing process of the MOD method and its
influence on the magneto-optical property of Bi:GdIG, the pre annealing and final
annealing were performed with two kinds of annealing gas of 20% 0O,+80% N, and
100% N». The pressure during the annealing was atmospheric pressure. Bi:GdIG thin
films prepared in this study were investigated by X-ray diffraction (XRD), optical
transmittance spectra, Faraday effect with its spectra and magnetic field dependence and
magnetization measurements. All the measurement was done at room temperature. We
measured the XRD from the central part of the samples. The diameter d of the X-ray
beam is about 0.4 mm. Therefore, the measurement results of the XRD show average
crystallinity of the samples over d = 0.4 mm. The film thickness is thin at the center of

the samples, and thicker at the edge of the samples, owing to the influence of the
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viscosity of the MOD solution, and the spin coating process. Because of the limited
sample area, we could not fully discuss the in-plane uniformity of the crystallinity of all
over the samples.

Table 4.1 shows the summary and the Fig. 4.1 shows the photo image of
Bi;Gd;FesO1, thin films prepared on (111) GGG substrate at different annealing

" Table 4.1. Summary of Bi;Gd,FesO, thin films on (111) GGG substrate.

No. | Sample | T, [°C] Annealing gas

6 | A 620 20%0,+80%N,
7| B 620 20%0,+80%N,
g | C 700 20%0,+80%N,
9 | D 750 20%0,+80%N,
10| FE 620 20%0,+80%N,

Fig. 4.1 Photo images of Bi;G,FesOs, thin films on (111) GGG substrate annealed at
different annealing temperature 620 — 800° C under different annealing gas (a)
20%0,+80N; (b) 100%N,
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4.3. Results and Discussion

Fig. 4.2 shows the X-ray diffraction of the Bi:GdIG thin film on GGG substrates
crystallized at 620 — 800°C for 2 hours with two kinds of annealing gas. 444 and 888
diffraction peaks of the Bi:GdIG are clearly observed and other peaks associated with
polycrystalline or impurity phases were not observed. The diffraction peaks indicate that
single crystal garnet structures are observed for all the samples.

Figures 4.3 and 4.4 show the diffraction intensities and lattice constants of the
lattice plane of 444 for the Bi:GdIG crystallized at different annealing temperature of
620 — 800°C with different annealing gas of 20% O, and 0% O, respectively. The X-
ray diffraction intensities of the Bi:GdIG films annealed with 0% O, were stronger than
those annealed in 20% O, indicating good crystallinity of the samples annealed with
0% O,. The lattice constants were smaller for the samples annealed at 620 — 700°C with
0% O,, compared with the samples annealed with 20% O,, and smaller at higher
annealing temperature of 750 — 800°C for both annealing gases, compared with the

samples annealed at lower temperature of 620 - 700°C.
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Fig. 4.2 X-ray diffractions of the Bi:GdIG samples annealed at 620°C-800°C with
annealing gas of 20% O, and 0% O,.
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Fig. 4.3 Annealing temperature dependences of the diffraction signal from the 444 plane of
the Bi:GdIG samples annealed with 20% O,and 0% O,
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Fig. 4.4 Annealing temperature dependences of the lattice constant of the Bi:GdIG samples
annealed with 20% O,and 0% O,
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These experimental results indicate that the crystals grow pseudomorphically at lower
annealing temperature of 620 — 700°C with 20% O, and the strain relaxed for the
samples annealed at higher temperature of 750 - 800°C with 20% O,, and the samples
annealed with 0% O,. The amount of the compressive strain and the dislocation defects
at the interface between the Bi.GdIG filmand GGG substrate are smaller for the samples
annealed at higher temperature of 750 - 800°C with 20% O, and the samples annealed
with 0% O,. This situation is similar to superconducting YB,Cu3Oy7.s thin films grown
by an electrochemical method, where YB,Cu3O7.s thin film was grown at lower
temperature with lower O, pressure [2]. The authors discussed that equilibrium
decomposition line could be favorable in the growth process of YB,CusOy.s thin films.
The equilibrium decomposition process is one of the key to explain the reason why
Bi:GdIG samples annealed with 0% O,, crystallized better at lower annealing
temperature compared with those annealed with 20% O,. Figure.4.5 shows Faraday
rotation spectra of Bi:GdIG crystallized at 620 — 800°C with 20% O, and 0% O,. The
magnetic field of 1T was applied perpendicular to the samples. The Faraday rotation of
Bi:GdIG increases with increasing the annealing temperature. Faraday rotation showed
maxima at the wavelength of about 510 nm for all the samples. In order to find the
influence of annealing temperature and annealing gas on Faraday rotations, the Faraday
rotation at the wavelength of 510 nm were summarized in Fig. 4.6. It was found that the
sample with annealing temperature of 800°C and annealing gas of 20% O, shows the
largest Faraday rotation among all the samples. Furthermore the maximum Faraday
rotation is almost the same between the samples with two kinds of annealing gas for all

the annealing temperature.
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Fig. 4.5 Faraday rotation spectra of the Bi:GdIG samples with different annealing

temperatures. (a) Annealed with 20% O, and (b) 0% O,
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Fig. 4.6 Maximum Faraday rotation of the Bi:GdIG samples around wavelength of 510 nm
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Fig. 4.7 shows the optical transmission spectra of the samples. With increasing the
annealing temperature, the transparency decreased in the wavelength range between 430
nm (2.88 eV) and 900 nm (1.38 eV), and almost the same in the wavelength longer than

900 nm.
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Fig. 4.7 Optical transmittance spectra of the Bi:GdIG samples annealed with

(@) 20% O, and (b) 0% O,.
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It was reported that the energy gap between the valence band of O% and Fe?*yy
(t2g) was 2.88 eV in YIG as shown in figure 4.8 [3]. The reason for the drop of the
optical transmission at the wavelength of 430 nm can be the roughness, pinning sites or
domain size, etc. One of the possible reasons is energy gap between the valence band of

0% and Fe?*o (tog). There are donor levels by the O, vacancy (defect) with the

activation energy of ~1eV below the Fe?*oy (tyg) state.
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Fig. 4.8 Density of states diagram for YIG. Hatched areas denote states filled at T = 0K,

The zero point of the energy scale is set at the top of the valence band [3].
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The samples annealed at higher temperature showed lower optical transmittance
in the wavelength range of 430 nm and 900 nm, suggesting that concentration of the O,
vacancy (defect) states increased and the transition between the Fe?*oq (tog) states and
the O, vacancy (defect) states increased in the samples annealed at higher temperature.
The bumps at the wavelengths of 900, and 1350 nm are observed, which was generated
by changing optical filters during the spectral measurements.

Fig. 4.9 shows the magnetic field dependence of the Faraday rotation (normalized)
of the Bi:GdIG samples at the wavelength of 600 nm. The wavelength of 600 nm was
selected, because the samples have high transparency (Trans > 40%). With increasing
the annealing temperature, the magnetic field to fully magnetize the sample became
lower. The coercive forces (H;) of the samples are slightly higher in the samples
annealed with 0% O,, compared with samples annealed with 20% O,. The magnetic
field dependence of the Faraday rotation of the sample annealed with 0% O, at 620°C is

similar to that annealed with 20% O, at 800°C.
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Fig. 4.9. Magnetic field dependence of the Faraday rotation of the Bi:GdIG samples
annealed at 620, 650, 700, 750, and 800°C, with 20% O,and 0% O,
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Fig. 4.10 shows the magnetization characteristics of the samples measured by an
alternating gradient field magnetometer (AGFM), where magnetic field is applied
perpendicular and in-plane to the films. The hashed areas shown by green lines show
the difference of the area between the two magnetization loops.

The difference of the area between two magnetization loops is proportional to
magnetic anisotropy energy as following formulas.

E,=[M,dH — [ MdH

AA = Ap — Ai

Where E, is magnetic anisotropy energy, H is applied magnetic field, M is the
magnetization, A, is the area under the magnetization loop of applied magnetic field
perpendicular to surface of the film. A; is the area under the magnetization loop of
applied magnetic field parallel to surface of the film and AA is the difference of the area
between two magnetization loops. Fig. 4.11 shows that the magnetic anisotropy energy
which was summarized from the magnetization characteristics of Fig.4.10. The
magnetic anisotropy energy increased and larger perpendicular magnetic anisotropy was
observed for Bi;Gd,FesO;; thin films annealed at 620 — 700°C with 100% N and
Bi;Gd,FesO;, thin films annealed with 20% O, + 80% N, and 100%N, at higher
annealing temperature of 750 and 800° C than the other samples. The AGFM is very
sensitive to the noise (sound). And the noise gives some error on measurement results.
Therefore the saturation magnetization between in-plane and perpendicular
magnetization curve are different in samples annealed at 650, 700 and 750°C with 0%
0O, and samples annealed at 620 and 650°C with 20%0,.

Fig. 4.3 shows the summary of XRD intensities of the Bi;Gd,FesO;, thin films.

Two figures (Figs. 4.11 and 4.3) show similar behavior meaning that magnetic
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anisotropy energy is related to the crystalline quality and strain of the films. When the
films are annealed at lower temperature (620 — 700°C) under 20% O, + 80% N, the
films includes more defects inside or at the interface with GGG substrate leading to
prevent the movement of the magnetic domain and smaller magnetic anisotropy,
compared with other samples. When the films are annealed with 100%N,, we found
that the films are crystallized at lower annealing temperature. Please note that the
amount of magnetization and Faraday rotation are almost the same regardless of the
change of the annealing gas. With increasing the annealing temperature, both the
magnetization and Faraday rotation became larger, meaning that the crystalline quality
or strain is reduced in the films. Magnetization and magnetic anisotropy are slightly
larger for the samples annealed with 100%N,. Possible reason is that the amount of 0%
deficiency and Fe?* increased in the samples annealed with 0%O,, leading to slightly

larger magnetization and magnetic anisotropy.

103



Perpendicular ———in-plane

0% O, 20%0,
0.251g90°c | 620°C |
0.125§ ! ;

-0.125

-0.25
0.25

0.1257

-0.125f
025 o 4 L
0.25
0.125 [

700°C | 700°C

-0.125 5

-0.25
0.25

0.1257

Magnetization ( T)

-0.125 _
0250 o
0.25 [ 500°C |

0.125 [

0 oo i) A
-0.125 L
-0.25

01 005 0 005 0.1 01 005 0 005 01
Applied field p,H(T)

Fig. 4.10 In-plane and perpendicular magnetization curve of the Bi:GdIG samples annealed
at 620- 800°C with 20% and 0% O,.
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Fig. 4.11 Anisotropy energy of Bi;Gd;FesO;, at different annealing temperature with
annealing gas of 0%0O, and 20%0,.
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It was reported that the modulation of the number of 3d electrons caused the change
of the magnetic anisotropy in ferromagnetic metal FegyCozo ultrathin films [4]. It was

also reported that the incorporation of O, defect in magnetic garnet brings the magnetic

anisotropy [5].
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Fig. 4.12 Polar-Kerr ellipticity hysteresis curves of a 0.48-nm-thick
FegoCoyo thin film on MgO substrate under voltage application of 200
(blue) and _200V (red). The magnetic anisotropy can be control by

applying voltage [4].
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4.4 Conclusion

We have prepared bismuth substituted gadolinium iron garnet (Bi:GdIG) thin films
on (111) GGG substrates by the metal organic decomposition (MOD) method at
different annealing temperature (620 — 800°C) and with different annealing gases (20%
0Oz and 0% O,). We characterized the X-ray diffraction (XRD), Faraday effect, optical
transmittance and magnetization of the samples. The XRD shows that the Bi:GdIG thin
films with high crystalline quality were successfully fabricated. The lattice constant
decreased with increasing the final annealing temperature and by changing the
annealing gas from 20% O, to 0% O,. The optical transmittance is decreased in the
wavelength range of 430 nm and 900 nm, with increasing the final annealing
temperature. Faraday rotation increased with increasing final annealing temperature.
Magnetization measurements revealed larger perpendicular magnetic anisotropy for the
samples annealed at 620 — 650'C with 0% O, and at higher annealing temperature for
the samples annealed with 0% O, and 20% O,. The possible reasons of the influence of
the annealing conditions on the perpendicular magnetic anisotropy were discussed,

including the crystal growth process, and O, vacancy defect.
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CHAPTER
S

Preparation and
Characterization of
BiXGdg,_XFesolz thin films
with x =1 to 2.5 by EMOD
method on glass substrate

5.1 Introduction
In this chapter, | discuss on fabrication and characterization of bismuth
substituted gadolinium iron garnet thin films (BixGdsxFesO12) with x = 1, 2, and 2.5 on

glass substrates by enhanced metal organic decomposition (EMOD) method.

Features of EMOD method is that the solutions can be prepared separately for
Bi,03, Gd,03, and Fe,O3 so that Bi content x can be selected by changing the mixing
ratio of the solutions depending on the target composition. This is a great advantage
over conventional MOD method. However there have been no reports on preparation of

BiGdIG by EMOD method.
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In order to apply Bi:GdIG thin films in MOSLMs [1] and Si / SiO, based
waveguide optical isolators [2-5], it is required that Bi:GdIG thin films are prepared on
glass substrates or SiO, thin films, and it is important to obtain magnetic garnet thin
films having large FR and high transparency. However, it is not easy to fabricate
Bi:GdIG thin films on glass substrates because of the differences in crystal structure and
thermal expansion coefficient between Bi:GdIG and glass substrate. It has been reported
that fabrication of Bi substituted rare-earth iron garnet such BixGdsxFesO12, BixYs.
«Fes012, and BiyY3x(FeGa)sO;, thin films prepared on single crystal gadolinium
gallium garnet (GGG) substrates is established because of lattice matching between the
garnet and substrate [1-11]. The fabrication of magnetic garnet such as Bi,5YosFesO1s
films was reported by using Nd,Bi;Fe;Ga;01, buffer layer on glass substrates by the
MOD method, and FR of 13.8 deg./um at A = 520 nm was reported [12]. Therefore,
fabrication of BixGdsxFesO, thin films with various Bi content x and characterization
of FR are important, in order to fabricate BixGds;.xFesO1, with high crystalline quality
and large FR. In order to investigate the effect of changing the Bi content x and
annealing temperature for crystallization on FR of BixGds.xFesO1, thin films, | fabricated
the BixGdsxFesO1, thin films with x = 1, 2 and 2.5 at different annealing temperatures
of 620, 650 and 700°C on glass substrates by the EMOD method. Furthermore, | used
the GdsFesO;, buffer layer in order to fabricate the BixGdsxFesO12 thin films with

higher bismuth content x = 2.5 for showing larger FR.

X-ray diffraction (XRD), optical transmittance / reflectivity, and Faraday rotation
(FR) were measured for characterizations to examine their dependence on annealing

temperatures and different amount of Bismuth substitution (x). When BixGdsxFes012
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thin films were directly prepared on glass substrates, Bi,O3 phase were observed by
XRD measurements and with increasing Bi content x from 1 to 2, the FR increased from
1.2 to 5.8 deg./um at the wavelength of 530 nm. FR of Biy5GdgsFesO1, thin films
prepared directly on glass substrates were smaller (0.35 deg./um) than those of
Bi,Gd;FesO12. When BiysGdosFesO1, thin films were prepared with annealing
temperature of 620°C with GdsFesO1, buffer layer on glass substrates, the films showed
garnet crystal structure and larger FR, which is 85 % of that of Bi,s5GdysFesO;, thin
films prepared on (111) (GdCa)3(GaMgZr)s012(SGGG) single crystal substrates. These
results mean that BixGds;.xFesO;, thin films can be prepared on glass substrates with
controlled Bi content and FR as high as that prepared on the SGGG substrate by the
EMOD method.
5.2 Fabrication and characterization of BixGds.xFesO1, thin films

| fabricated BixGds<FesO;2 thin films with x = 0, 1, 2 and 2.5 at different annealing
temperatures of 620, 650 and 700°C on 15 x 15 mm? glass substrate, and a BixGds.
xFes012 thin film with x = 2.5 on 12 mm x 12 mm SGGG (111) single crystal substrate
and GdsFesO1, buffer layer / glass substrate by the EMOD method. Table 5.1 shows the
summary of the fabricated samples.

The EMOD liquids used in this experiment are SYM-FEQO5 containing Fe,O3
carboxylates, SYM-BIO5 containing Bi,O3 carboxylates, and SYM-GDO01 containing
Gd,03 carboxylates by Kojundo Chemical Laboratory so that we could obtain BixGds.

«Fes012 thin films with desired Bi content x as shown in Fig. 5.1.
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Table 5.1 Summary of Bi,GdsFesO,, fabricated samples by EMOD method with various
amount of Bi substition x and annealing temperatrue.

Sample | T.A[° C]1 | X substrate
A 650 0 glass
B 620 1 glass
C 650 1 glass
D 700 1 glass
H 620 2.5 glass
| 650 2.5 glass
J 700 2.5 glass
K 620 2.5 GdIG Buffer

Iaier/ilass

I (a) EMOD carboxylates in xylene
Can be mixed any proportion

E.—I_.I

MOD: carboxylates in
acetic ester/ 3%

$

Fig. 5.1 (a) EMOD solution can be mixed in any proportion of molar ratio, (b) MOD solution
with a fixed molar ratio.

Kojundo Chemical Laboratory Ltd provides their own MOD solutions, as well as
EMOD solutions developed by Symetrix Corporation of the United States and Kojundo

Chemical Laboratory Ltd [13] The MOD solution contains 2 —3 kinds of metal oxides
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carboxylates such as Bi,O3;, Gd,03, and Fe,Os carboxylates in acetic ester to prepare
BixGds«FesO12 thin films. Therefore in case of preparation of BixGds.xFesO2 thin films
by the MOD method, Bi content x is fixed. On the other hand, the EMOD solution
contains one metal oxide carboxylate in xylene and can be mixed with other EMOD
solutions containing other metal oxide. Therefore it is possible to prepare the BixGds.
xFes012 thin films in any proportion of Bi content X, which enables greater degree of
freedom and more precise control of composition in order to prepare BixGdsxFes012
thin films. When | prepare the BixGds.«<FesO12 thin films with different Bi content x by
the EMOD method, the EMOD solutions of Fe,O3 carboxylate, Bi,Os carboxylate, and
Gd,03 carboxylate are mixed and combined for different Bi content x, which is
advantage over the MOD method. The selected components were mixed in the desired
stoichiometric ratio of BixGdsxFesO1, with different value of x = 1, 2 and 2.5 and
stirred well. The determination procedure of volume for each EMOD solution explained
in chapter 3 section 3.3.2. The solution was then filtered by advantec filter paper. The
solution was spin-coated in 2 steps process of 500 rpm for 10 s and 2000 rpm for 20 s,
followed by drying on a hot plate at 120°C for 10 min and the solvent are evaporated. In
order to decompose the organic materials and obtain the amorphous metal oxide films,
the samples were pre-annealed at 550°C for 10 min. The thickness by single spin
coating step is typically 20 - 30 nm. The conditions for spin coating, drying, and pre-
annealing were fixed. | changed the mixing ratio of the SYM-BIO5 and SYM-GDO01
solutions in order to change the Bi substitution x in BixGds.x<FesO;, thin films, and
changed the final-annealing temperature. The thickness of the samples slightly changes
with the spin coating speed, time and viscosity of the solutions. Spin coating, drying and

pre-annealing were repeated for 11 times to obtain an appropriate thickness. Spin
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coating, drying and pre-annealing, were repeated 6 times for the BixGds.x<FesOi, films
on the GdsFesO;, buffer layer / glass substrate. Also, | prepared a BixGdsxFesO12 film
on SGGG (111) single crystal substrate for a reference sample to compare the FR. The
amorphous BixGds.<FesO;, films prepared by pre-annealing process were then annealed
at 620, 650 and 700 °C for 2 hours for crystallization (final annealing). The pressure
during the annealing was atmospheric pressure. Bi:GdIG thin films prepared in this
study were characterized by x-ray diffraction (XRD), optical transmittance, optical
reflectivity, and FR spectra. All the measurements were done at room temperature. |
measured the XRD from the central part of the samples. | estimated the thickness of the
samples from the optical reflectivity spectra, and discussed the relationship between

crystalline quality and FR by XRD and FR spectra.
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5.3 Results and Discussion

Fig. 5.2 shows the optical reflectivity spectra (wavelength A= 250 -2600 nm) of the
BixGds«Fes01, samples annealed at 620, 650 and 700°C, with the Bi content x=0, 1, 2
and 2.5 on glass substrates. The incident direction of the light was normal to the sample.
In order to estimate the thickness of the BixGds«FesO1, films, | fitted the measured
optical reflectivity spectra to reproduce the experimental results by the calculated
reflectivity spectra. The detail of the procedure is already described in chapter 3.

The simulated reflectivity spectra showed by dotted lines in Fig. 5.2. The thicknesses
were estimated to 170 - 210 nm for the samples with x = 1, 200 - 260 nm for the
samples with x = 2, and 330 - 360 nm for the samples with x = 2.5. The viscosity of the
solution was increased with increasing the Bi content x. Therefore the film thickness

increased with increasing the Bi content x.
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Fig. 5.2 Optical reflectivity spectra (solid lines) of the Bi,Gds xFes01, samples annealed
at 620, 650 and 700°C, with bismuth content x =0, 1, 2 and 2.5 on glass substrates. The

fitted spectra are shown by dashed lines.
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Fig. 5.3 shows the XRD spectra of the fabricated samples on glass substrates. The
XRD spectra of samples shows some peaks associated with (420) plane of
BiGds«FesO12, (104) plane of Fe,Os, (112) plane of Gd,Os, (008) plane of &-Bi;Os,
(200) plane of BiOs, (222) plane of B-Fe,03, and (130) plane of e-Fe,O3 phases.

When the Bi,O3, Gd,0O3 and Fe,O3 carboxylates are mixed with a molar ratio of 1: 2:
5, and the annealing temperature of 620 — 700 °C directly prepared on the glass
substrates, the diffraction signal from Fe,Os is larger than that from BiyGds;.xFesOis.
When the Bi,03, Gd,O3 and Fe,O3 carboxylates are mixed with a ratio of 2 : 1 : 5 and
the annealing temperature of 620 — 650 °C directly prepared on the glass substrates, the
diffraction signal from Gd,O; is larger than that from BixGds;.<FesO12. When the
annealing temperature is 700 °C, the diffraction signal from Bi,Os3 is increased. When
the Bi,O3, Gd,O3 and Fe,O3 carboxylates are mixed with a ratio of 2.5: 0.5: 5 and the
annealing temperature of 620 — 700 °C directly prepared on glass substrates, the
diffraction signals from Bi,O3 and ¢-Bi,O3 are much more dominant than that from
BixGds;.«<FesO1,. The diffraction peak associated with BixGds.xFesO1, were the weakest
with x = 2.5 among all the samples without the GdsFesO1, buffer layer. With increasing
the final annealing temperature, the diffraction peak associated with €-Bi,O3 increased.
From the XRD spectra of the samples, it is difficult to fabricate Bi:GdIG thin films with
high Bi content x = 2.5 directly on glass substrate. In order to solve this problem, 1
fabricated a gadolinium iron garnet (GdsFesOi2) thin film with the chemical
composition of Gd,03:Fe;03 = 3:5 in the mixed solution as a buffer layer for
preparation of BixGds.xFesO;, thin films with higher Bi content x of 2.5, with the
thickness of 150 nm on the glass substrate at final annealing temperature of 650°C by

the EMOD method.
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Then | fabricated a Bi,5GdgsFesOi12 thin film on the GdsFesOs, buffer layer / glass
substrate. The final annealing temperature for Bi,sGdysFesO;, thin film was set at
620°C instead of the annealing temperature of 650°C as shown in Table.5.1. This is
because when the final annealing temperature of the Bi,5GdosFesOs2 film is the same or
higher than the final annealing temperature for the GdsFesO;, buffer layer/glass sub.,
the part of crystal structure of the Gds;FesO1, buffer layer can be destroyed [17].
Therefore, | set the final annealing temperature at 620°C for the Bi,5GdosFesO;2 film
on the GdsFesO;, buffer layer/glass sub. I mixed the Bi,O3;, Gd,O; and Fe;Os
carboxylates with a ratio of 2.5: 0.5: 5 and annealed at 620 °C with the GdsFesO;;
buffer layer on glass substrate. Fig.5.3 shows the X-ray diffraction of all the samples of
BixGds.«<FesO1, with and without buffer layer. For the Bi,sGdgsFesO1, with GdsFesO12
buffer layer the diffraction signal from BiyGds.xFesO1, is the most dominant and the
formation of other phases such as &-BiO3;, BiO; and Gd,O; are suppressed. The
diffraction peak associated with B-Fe,O3 at the right side of the Bi:GdIG diffraction
peak is associated with the GdsFesO;, buffer layer. From Fig.5.3, it was confirmed that
the Biy5GdosFesOs2 thin film having garnet crystal structure was prepared with the
buffer layer on glass substrate by the EMOD method.

Summary of Fig.5.3:

a) x = 0 (GdIG buffer layer) — Fe,O3 and small amount of GdsFesO;, are
dominant.

b) x=1 — Fe,03 is dominant.

c) x=2 — Gd;0;3 and &-Bi,O3 are dominant.

d) x =2.5 (without buffer layer) — &-Bi,O3, BiO3 and Fe,O3 are dominant, also

with increasing Tga, Bi>Og is increased.
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» Inb), c), and d) small amount of Bi:GdIG is observed.

e) x=2.5 (with buffer layer) — Bi:GdIG is dominant.

Bi:GdIG / glass sub)

(Bi:GdIG / glass sub)

(Bi:GdIG / glass sub)

(Bi:GdIG / glass sub)

Intensity (count)

(Bi:GdIG / glass sub)

(Bi:GdIG / glass sub)

(Bi:GdIG / glass sub)

(Bi:GdIG / glass sub)

(GdIG buffer layer / glass sub)

a) Bi,Gd;,Fe;0y, 420 e) BIO; 200
b) Fe,0, 104 f) B-Fe,0; 222
c) Gd,0y 112 g) eFe,0; 130
d) &-BiO, 008 h) (BiGd),0, 220
i) (BiGd),0, 110
) Fe0 012

Bi:GdIG / glass sub) y = 1, g20°C

x=25, 620°C

X =2.5, 650°C

x=0,
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Fig. 5.3 X-ray diffraction of the Bi,Gd;..FesO, thin films on glass substrate at annealing
temperature of 620, 650 and 700°C with x =0, 1, 2 and 2.5 on glass substrates and

Bi, sGdysFesO;, on GdsFesOq, buffer layer/glass substrate,
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Fig. 5.4 shows the XRD of the Bi;5GdysFesO2 thin film prepared by the EMOD
method on (111) SGGG single crystal substrate. 444 and 888 diffraction peaks are
clearly observed and other peaks associated with polycrystalline or impurity phases
were not observed. The lattice constant a was calculated to 1.2587 nm. It was reported
that the lattice constant of Bi,sGdosFesO1, samples prepared by liquid phase epitaxy
(LPE) was 1.259 nm [18], and comparable to that of our Bi,sGdosFesO;, thins films on
(111) SGGG substrate. By comparing the lattice constant of the two materials and the
results of Fig.5.4, | estimated the composition of our single crystal film by the EMOD
method to Bi, 5GdosFesO12. Also the diffraction peaks and angles associated with Bi,Os,
Gd,03, Fe,03, GAIG and BIGdIG of the polycrystalline samples on the glass substrates
were confirmed by comparing the lattice spacing d measured by the XRD to the powder
diffraction files of international center for diffraction data (ICDD) [19]. Therefore, |

estimated the fabricated crystal structure by the EMOD method to the garnet structure.
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Fig. 5.4 X-ray diffraction of the Bi,sGdysFesO4, thin film annealed at 620°C on SGGG

(111) single crystal substrate. Please note that the vertical axis is in logarithmic scale.
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Fig. 5.5 Optical transmittance spectra of the Bi:GdIG samples annealed at 620, 650 and
700 °C, with the bismuth content of a) x= 2.5 on glass, GdIG buffer layer / glass and SGGG

(111) single crystal substrates, b) x= 1 and 2 on glass substrates.
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Fig. 5.5 shows the optical transmittance spectra of the BixGdsxFesO12 thin films on
the glass substrates with / without GdsFesO1, buffer layer and on glass and (111) SGGG
single crystal substrate. The Bi,sGdosFesO12 on the GdsFesO1, buffer / glass sub has
higher transparency in visible and near infrared region, than the Bi;5GdosFesO12 film on
(111) SGGG substrate.

Fig. 5.6 shows the FR spectra of the fabricated BixGdsxFesO12 thin films crystallized
at 620, 650, and 700 °C with x = 1, 2 and 2.5 on glass substrates. The magnetic field of
1 T was applied perpendicular to the samples in order to fully magnetize the samples.

The samples annealed at 650°C showed larger FR (negative) than the other samples
annealed at 620 and 700 °C. Therefore the annealing temperature of 650°C is the
optimum condition for crystallization of the BiGdIG thin films on the glass substrate by
the EMOD method. The FR of Bi:GdIG increased with increasing x to 2, and decreased

in the sample with higher Bi content of x=2.5.
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Fig. 5.6 Faraday rotation spectra of the Bi,Gd; <FesO1, samples with different annealing

temperatures and bismuth content (a) x= 1, (b) x= 2 and (c) x= 2.5.
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Fig. 5.7 shows the FR spectra of the Bi,sGdosFesO12 thin films on the GdIG buffer
layer / glass substrate and SGGG (111) single crystal substrate. Bi,sGdgsFesO12 thin
film on the GdIG buffer layer / glass substrate showed 27.5 deg./um at the wavelength
of 533 nm, which is 55 times larger than Bi,sGdgsFesO12 without the GdIG buffer layer
in Fig. 5.6 (c). This is because the BiysGdosFesO12 thin films with the GdIG buffer
layer showed the largest diffraction signal from the BixGds«FesOi2 having garnet
structure as shown in Fig. 5.3. On the other hand, the samples without garnet structure
including other phases such as Bi,O3; and Gd,O3 showed little FR, as shown in Fig. 5.3.

The presences of the garnet phase lead to larger FR.

20

Bi, ;Gd, ;Fes0,, annealed at 620°C
prepared on:

10

GdIG buffer layer/glass sub
SGGG (111) single crystal sub

Faraday rotation (deg/pum)

500 550 600 650 700
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Fig. 5.7 Faraday rotation spectra of the Bi,sGdysFesO;, samples annealed at 620°C with
the bismuth content x= 2.5 on gadolinium iron garnet buffer layer / glass sub and (111)

SGGG single crystal substrate.
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Maximum FR (negative) angle of the Bi,5GdosFesO12 thin films on SGGG substrate
is 32.5 deg./um at the wavelength of 533 nm. The maximum FR of the Bi;5GdysFesO12
thin films on the GdIG buffer layer / glass substrate is (27.5/32.5) x100 = 85% of that
on (111) SGGG single crystal substrate. It was reported that Bi,sGdosFesO;2 films on
Nd,Bi;Fe;sGa; 01, buffer layers on a glass substrate by the MOD method showed FR of
13.8 deg./um at A = 520 nm, which is half of the FR of our Bi,5GdysFesO;2 thin films
on the GdsFesOi, buffer layer / on glass substrate as shown in the magnetic field
dependence of the Faraday rotation in Fig. 5.8 [12]. Our sample Bi,5GdosFesO;, with
GdsFesO;, buffer layer on glass substrate by the EMOD method leads to higher FR. The
reason for this is probably that our buffer layer does not contain Bi, so they work as

good buffer layers.

Nd-buffer

N w RES
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—
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Fig. 5.8 Reported magnetic field dependences of the Faraday rotation of Bi,s:YIG
films at the wavelength of 520nm, prepared on Y,Bi;Fe,Ga;0;, Gd,Bi;Fe;Ga;0;;

and Nd,Bi;Fe,Ga; 04, buffer layers [12].
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Fig. 5.9 shows the magnetic field dependence of the Faraday rotation of BiyGds.xFesO12
on glass substrate with x = 1, 2 and 2.5 at different annealing temperature of 620, 650,

700° C.
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Fig. 5.9 Magnetic field dependences of the Faraday rotation of Bi,Gds; 4Fes01, thin films at

the wavelength of 600 nm, prepared on glass substrates.
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Fig. 5.10 shows magnetic field dependence of the Faraday rotation on Bi,sGdysFesOi12

thin films at the wavelength of 600 nm prepared on glass substrate with Gds;Fes0;2

buffer layer.
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Fig. 5.10 Magnetic field dependences of the Faraday rotation of Bi,sGdg sFesO, thin films
at the wavelength of 600 nm, prepared on glass substrate with GdsFesO,, buffer layer.

Fig. 5.11 shows the images of BixGds;xFesO;2 samples with x = 1, 2, and 2.5 under
different annealing temperature 620 — 700°C by the EMOD method without GdsFesO;,
buffer layer on glass substrate taken by a digital camera. The main problem of the
EMOD method is that the surfaces of these samples are slightly hazy and some
precipitates are formed. With increasing the annealing temperature or increasing the

amount of Bi (x), the surface of the sample become hazier.

Fig. 5.12 shows the optical microscopic images of BixGds;.xFesO1, samples with x = 1,
2, and 2.5 under different annealing temperature 620 — 700°C by the EMOD method

without GdsFesO, buffer layer on glass substrate.
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Fig. 5.11 Image of Bi,GdsFes0O;, on glass substrate taken by digital camera.

Fig. 5.12. Optical microscopic image of Bi,Gdz«FesOy, thin films with different amount
of Bi substitution (x) under different annealing temperature (620-700° C ) on glass

substrate.

127



Fig. 5.13 shows the images taken by digital camera of Bi,sGdgsFesO12 thin films on
(111) SGGG substrate and on glass substrate using GdsFesO;, buffer layer. The surfaces

of the samples are slightly hazy.

(@) (b)

Fig. 5.13 Images taken by digital camera of Bi,sGdo sFesO1, thin films (a) on glass
substrate using GdsFesO;, buffer layer (b) on (111) SGGG substrate.
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5.4. Conclusion

| have prepared BixGdsxFesO12 thin films on glass substrates, with and without
GdsFesO;, buffer layer on glass substrates and (111) SGGG single crystal substrate by
the EMOD method. | characterized the XRD, FR and optical transmittance spectra of
the samples. The optimum condition (annealing temperature) for crystallization of
BixGds«FesO1, on the glass substrate is 650° C from FR measurement. From the XRD
spectra, the Bi,sGdgsFesO1, samples on the GdsFesO;, buffer layer were successfully
fabricated on the glass substrates without forming Bi,O3 and Gd,O3; phases, which are
observed in samples without GdsFesO1, buffer layer. Furthermore, larger Faraday
rotation (27.9deg./um at A = 533 nm) was obtained on the Bi,5GdsFesO;, sample with
the GdsFesO1, buffer layer, which is 55 time larger than Bi,sGdosFesO;, without
GdsFesO;, buffer layer in Fig.5.6, and the Faraday rotation is 85% of that prepared on
(111) SGGG single crystal substrate. It is important to suppress the formation of the
Bi,O3 and Gd,O3 phases by the GdsFesO1, buffer layer in order to prepare BixGds.
«Fes012 thin films having higher Bi content x and FR, from the XRD spectra and
measurement of the Faraday rotation. These findings are important to realize BixGds.
«Fes012 thin films having large Faraday rotation with perpendicular magnetic anisotropy

for future applications to MOSLMs and optical isolators on the glass substrates.
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CHAPTER
6

Preparation of
BizGleesolz thin films
llSiIlg Gd3F€5012 buffer

layer on glass substrates
by MOD method

6.1. Introduction

In this chapter, I will explain and discuss on fabrication and characterization of
Bi,Gd;FesO;, thin films on glass substrates with the GdsFesO1, buffer layer by the

metal organic decomposition (MOD) method.

In chapter 5, | fabricated Bi,sGdosFesOs2 thin film on glass substrates by using
GdsFesO;, buffer layer. However, the surface of the samples depends on the mixed
EMOD solution. There is a tendency that with increasing the Bi content, the surface of
the sample becomes slightly hazy. Therefore | thought that BixGds«FesO1, thin films
having large FR and good surface morphology are necessary, so that | applied the idea

of buffer layer to MOD method.
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| obtained FR of 27.5 deg./um at the wavelength 4 = 533 nm in Bi,sGdysFes012
samples with GdsFesO;, buffer layer by using EMOD method. So far, the fabrication
conditions of the GdsFesO1, buffer layer; especially, the thickness of the GdsFesO;;
buffer layer and crystallization temperature have not been fully optimized. When the
buffer layer thickness is small, the crystallization of the Bi:GdIG thin films is not
enough to show large FR. On the other hand, when the buffer layer thickness is large,
magneto-optical contribution to the optical waveguide becomes small, and the optical
transparency becomes small. Therefore, it is necessary to realize Bi:GdIG thin films
showing large FR by using the buffer layer with minimum thickness. In this chapter I
discuss on optimization of the thickness and annealing temperature for crystallization of
the GdsFesO;, buffer layer in order to maximize the FR of the Bi,Gdi1FesO;, thin films
on glass substrates. 1 fixed the thickness dgi.cqic and fabrication conditions for Bi:GdIG
thin films (dgi.caic =115 nm, and annealed at 620°C for 2 hours under air at atmospheric
pressure). | changed the GdIG buffer layer thickness from 0 to 880 nm, by increasing
the spin-coating times of the GdIG layer (0 to 8 times). With fixed annealing condition

of 650° C for 2 hours.

For comparison, | prepared a Bi:GdIG single crystal film on (111)
(GdCa);(GaMgZr)s012 (SGGG) single crystal substrate. The film thicknesses of all
layers were estimated from the measured optical reflectivity spectra. | discuss the
crystallization process and relationship between the crystalline quality and FR among
various preparation conditions for GdsFesOi, buffer layer. I compared the FR and
crystalline properties by X-ray diffraction (XRD). | found an optimum thickness of the

GdsFesO;, buffer layer and annealing temperature for crystallization giving the
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maximum Faraday rotation. The optimum sample showed Faraday rotation of as high
as 36.3 deg./um at the wavelength A = 500 nm, which is 23 times larger than the sample
without the GdsFesOi, buffer layer, and as high as 90.1 % of the single crystalline
Bi,Gd;FesO;, thin films on an (111) SGGG single crystal substrate. These results are
promising for applications in optical waveguide isolators and magneto-optic spatial light

modulators.
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6.2 Fabrication of GdIG and Bi:GdIG thin films

First, | fabricated the GdsFesO;2 thin films on 15 mm x 15 mm glass substrates by
the MOD method in order to investigate the crystalline quality of the GdsFesO;, films as
the buffer layer. I prepared the GdsFesO;, thin films by changing the spin-coating time
in the range of 2, 3, 4, 6, and 8 at fixed final-annealing temperature (Tra) of 650°C.
Then | changed the annealing temperature in the range of 620, 650, 700, 750 °C with
fixed spin-coating time of 3. Then | fabricated Bi,Gd;FesO1, thin film with the
GdsFesO;, buffer layer. 1 also fabricated the Bi,Gd;iFesOs, thin films directly on a glass
substrate without buffer layer. The MOD liquids used in this experiment consists of
solutions made from Bi,O3, Gd,03, and Fe,O3 carboxylates in acetic ester with chemical
composition ratio of Bi,03:Gd,03:Fe,03 = 2:1:5 for Bi,Gd;FesO;, main layer, and 0:3:5
for GdsFesO1, buffer layer by Kojundo Chemical Laboratory. | fixed the fabrication
conditions for the Bi,Gd;FesO1, main layer. The fabrication procedure was as follows.
Two steps spin-coating process was done with 500 rpm for 10 s and 2000 rpm for 20 s,
followed by drying on a hot plate at 120 °C for 10 min, so that the solvent are dissolved.
In order to decompose the organic materials and obtain the amorphous metal oxide
films, the samples were pre-annealed at 550 °C for 10 min. The conditions for spin
coating, drying, and pre-annealing were fixed for all the samples. The GdsFesO;, buffer
layers were then annealed at Tra = 620 - 750 °C for 2 hours (final annealing). | fixed the
spin-coating time and final annealing conditions for Bi,Gd;FesO;, thin films to 6 and
620°C for 2 hours. For comparison, | prepared a Bi,Gd;FesO;, single crystal film
without the GdsFesO;, buffer layer on a (111) SGGG single crystal substrate at
annealing temperature of 620 °C for 2 hours. All the samples were fabricated under air

at atmospheric pressure. Table 6.1 shows the summary of the samples for this study.
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Table 6.1 The summary of the fabrication conditions for Gds;FesO1, and Bi,Gd;FesO;, layers

in this study.
Sample Main Layer | Spincoating | Tea[© C] | Substrate Buffer
time layer

B’ Gd,Fes;0,, 2 650 glass -
C GdsFes0,, 3 650 glass =
D’ Gd,Fe;0,, 4 650 glass -
E Gd;Fes0,, 6 650 glass -
F’ Gd;Fe;0;, 8 650 glass -
A Bi,Gd,Fes0;, 6 620 glass -
B Bi,Gd,Fe;0;, 6 620 glass B’
C Bi,Gd,Fe;0;, 6 620 glass C
D Bi,Gd,Fe;0;, 6 620 glass D’
E Bi,Gd,Fe;0;, 6 620 glass E’
F Bi,Gd;Fes0;, 6 620 glass F’
G’ Gd,Fe;0,, 3 620 glass -
H’ Gd,Fe;0,, 3 700 glass -
r Gd,Fe;0,, 3 750 glass -
Bi,Gd;Fes0;, 6 620 glass G’

H Bi,Gd;Fe;0;, 6 620 glass H’
| Bi,Gd,Fes0;, 6 620 glass r
J Bi,Gd,Fes0,, 6 620 SGGG -
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6.3 Characterization

First 1 measured the optical reflectivity spectra of the GdsFesO;, thin films on
glass substrates (B’-F’) and Bi,Gd;1FesO1; thin films without the GdsFesOi, buffer layer
on a glass substrate (A) and SGGG substrate (J) in order to estimate the thickness of
these films. The measurement wavelength range is from 250 to 2600 nm. The direction
of the incident light was normal to the sample. Fig. 6.1 shows the optical reflectivity
spectra of these samples. | fitted the measured optical reflectivity spectra by the
calculated reflectivity spectra. | calculated the reflectivity spectra by considering the
multiple reflections inside the films by interfaces between air / film and film / substrate
[7 - 9]. Detail of the estimation process was described in chapter 3. The simulated
reflectivity spectra are shown by dotted lines in Fig.6.1. The thicknesses were estimated
to 115 nm, and 105 nm for Sample A and J (Bi,GdiFesO;, thin films without the
GdsFes0;, buffer layer).

The thicknesses are estimated to 133, 286, 320, 533, and 729 nm for Sample B’-F’
respectively, and summarized in Fig. 6.2. The thickness obtained by single spin-coating
process was estimated to 19.2 and 17.5 nm for Sample A and J where the MOD solution

of Bi,Gd;Fes01, films was used.
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Fig. 6.1 Optical reflectivity spectra (solid lines) of the GdsFesO;; thin films (B’-F’) on
glass substrates, Bi,GdiFesOq, thin films without the GdsFesO., buffer layer on glass
substrate (A) and SGGG substrate (J). The fitted spectra are shown by dashed lines.
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Fig. 6.2 Estimated thicknesses of the GdsFesO,, layers as a function of
the spin-coating time.

On the other hand, the average thickness obtained by single spin-coating process
was estimated to 84.4 nm for B’-F’, where the MOD solution of the GdsFesO1, was
used. This is because viscosity of the MOD solution for the GdsFesO;, was higher than
that for the Bi,Gd;FesO;, films. | measured the x-ray diffraction (XRD) of all the
samples. Figs. 6.3 and 6.4 show the XRD of the GdsFesO1, thin films (B’-I’) and
Bi,Gd;Fes01; thin films (A-1). The symbols a, b, and ¢ in Figs.6.3, and 6.4 correspond
to the diffraction angles from (420), (422), (400) planes of Bi,Gd;FesO;, phases. The
symbols d, and d’ correspond to (420), (422), planes of GdsFesO;, phase. The symbols

e, f, and h correspond to (112) plane of Gd,O3 phase, (104) planes of B-Fe,O3; and a-

Fe,O3 phases.
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Fig. 6.3 X-ray diffraction of the GdsFesO; thin films (Samples B’-I") on glass substrate.
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a = Bi,Gd,Fe;0;, 420
b = Bi,Gd;Fe;0;, 422
¢ = Bi,Gd,Fe;0;, 400
e = Gd,0, 112
f= B-Fe,0,4 104
h= o-Fe,04

Bi,Gd;Fes0,, / Gd;Fe;0,, (thicknesses are changed)

Intensity (count)

Bi,Gd;Fe;0,, / GdsFe;0,, (Tg4 are changed)
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Fig. 6.4 X-ray diffraction of the Bi,Gd;FesO1, thin films (Samples A-I) on glass substrates
with and without the GdsFesO,, buffer layer.
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These identifications are based on the powder diffraction file of international
center for diffraction data (ICDD). It was reported that the lattice constant of
Bi,Gd;FesO1, samples prepared by liquid phase epitaxy (LPE) was 1.2565 nm [25]. |
assumed the lattice constant of 1.2565 nm to identify the lattice spacing of the
Bi,Gd;FesO12. The XRD of the GdsFesO;, thin films in Fig. 6.3 shows several peaks
associated with (420) and (422) planes of GdsFesO0;2, (112) plane of Gd,0s3, (104) plane
of B-Fe;03. | found that the GdsFesO1, phase are not fabricated and small amount of the
Gd,03 is observed in Sample B’ with spin-coating times of 2. When the spin-coating
times is 3 (C’), the GdsFesO;, phase are the most dominant among the samples B’-F’
with different spin-coating time and fixed final-annealing temperature of 650 °C.

When the spin-coating time is larger than 4, the ratio of the GdsFesO;, phase on
the Gd,O3 phase became smaller. On the other hand the samples H’ and I’ annealed at
700 and 750 °C showed larger signal from the GdsFesO1, phase than Sample C’ and G’
annealed at lower temperature of 650 and 620 °C. Therefore optimum samples are H’
and I’. From Fig.6.4, the diffraction peak associated with Bi,Gd;FesO;, was the
weakest in Sample A without the Gds;FesO1, buffer layer among A-l except for B
having the thinnest GdsFesO;, buffer layer. The diffraction peak associated with the
Bi,Gd;Fes01, was not observed in B. This is because the amorphous GdsFesO;, layer
did not work as a buffer layer as shown in B’ in Fig.6.3. The diffraction signals from
the Bi,Gd1Fes012, Gd,03, a-Fe,Oz and B-Fe O3 were observed in Samples C-1. When
the spin-coating time for the GdsFesO;, buffer layer was 3, the diffraction signal from
Bi,Gd;Fes01, was the largest and signal from Gd,O3 was the smallest among samples
with different spin-coating time of the GdsFesO1, buffer layer (B - F). The samples G

showed the smallest signal from the Bi,Gd;FesO1, phase and largest signal from the
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Gd,03, a-Fe;0Osand B-Fe,O; phases among the samples C, G, H, and | with the same
GdsFesO1, buffer layer thickness and different annealing temperature of 620 -750 C.
The sample C, H, and | showed the larger diffraction signal from Bi,Gd;FesO;, among
samples A - I. The diffraction signals from a-Fe;O3 and -Fe,O3 were not observed in
sample 1. Therefore, sample | is the optimum condition to prepare Bi,Gd;FesO;; thin

film on a glass substrate.

Bi:GdIG 444
SGGG 444
SGGG 888

Bi:GdIG 888
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Fig. 6.5 X-ray diffraction spectra of the Bi,Gd;FesO1, thin film (J) on (111) SGGG

substrate. Please note that the vertical axis logarithmic scale.

Fig. 6.5 shows the XRD spectra of the Bi,Gd;FesO;, film on an SGGG single
crystal substrate. The diffraction peaks from (444) and (888) planes are clearly
observed and other peaks associated with polycrystalline or impurity phases were not
observed. The lattice constant d was calculated to 1.256 nm, which agreed with the
reported lattice constant of Bi,Gd;FesO;, film [25].

Fig. 6.6 shows the optical transmittance spectra of Sample A-1 on glass substrates

and Sample J on an SGGG substrate. With increasing the GdsFesO1, buffer layer
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thickness, the transparency became lower in the wavelength region below 1 < 600 nm.

Transparency was unchanged upon increasing the annealing temperature in 2 < 600 nm.
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Fig. 6.6 Optical transmittance spectra of the Bi,Gd;FesOs, thin films with (a)
different GdsFesO,, buffer layer thicknesses (A - F) and (b) different annealing
temperature including Sample J on SGGG substrate.

Fig. 6.7 shows the FR spectra of all the Bi,Gd;FesO;, samples. Fig. 6.7 (c), and
6.7 (d) showed a summary of the maximum FR as a function of the spin-coating time
for the GdsFesO;, buffer layer annealed at 650 °C, and annealing temperature of the
GdsFesO;, buffer layer. From Figs. 6.7 (a) and 6.7 (c), | found that optimum spin-
coating time giving the largest FR was 3 (C) and the maximum FR decreased when the
spin-coating time is larger than 4. From Figs. 6.7 (b) and 6.7 (d), | found that maximum
FR increased with increasing the annealing temperature of the GdsFesO;, buffer layer.
The optimum annealing temperature giving maximum FR is 750 °C, and the maximum
FR is 4.17 deg (36.3 deg./um) at the wavelength 4 = 500 nm, which is 23 times larger

than that of FR of the sample without the GdsFesO;, buffer (Sample A), and 90.1 % of
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the FR of single crystal Bi,Gd;FesO;, film on an SGGG substrate (4.23 deg. and 40.3
deg./um for Sample J).

Let us discuss the reason why the FR of the Bi,Gd;FesO;, films was changed by
the spin-coating time (thickness) for the GdsFesO1, buffer layer. As we can see from
the XRD characterizations of Figs. 6.3 and 6.4, when the spin-coating time is 2, the
GdsFesO;, layer is amorphous, and does not work as the buffer layer and the
Bi,Gd;Fes01, layer was not crystallized, leading to little FR. | found that when the spin-
coating time is larger than 4, the (420) plane of the GdsFesO;, phase is decreased and
the Gd,O3 phase becomes more dominant, leading to lower FR. The diffracted intensity
ratio of the (420) plane of the GdsFesO;, phase on the other oxide phases (especially
Gd,03) in the buffer layer is very important for obtaining large FR in the Bi,Gd;FesO;,
film on glass substrates. With increasing the spin-coating time from 3 to 8, the ratio
became smaller meaning that the amount of Gd,O3; phase increased when the buffer
layer is too thick. Thick buffer layer reduces the optical transparency in the wavelength
range showing maximum FR. Therefore, the optimum GdsFesO;, buffer layer thickness
is 286 nm in this study for obtaining the Bi,Gd1FesO;, film on glass substrate giving the

largest FR with minimum absorption.
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Fig. 6.7 Faraday rotation spectra of the Bi,Gd;FesOs, thin films with (a) different
GdsFesOy, buffer layer thicknesses (A - F) and (b) different annealing temperature
including Sample J on SGGG substrate. Magnetic field of 10 kG was applied
perpendicular to the sample plane. Maximum FR of Samples A-F and C, G-I are

summarized in (c) and (d).
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| also found that the GdsFesO1, layer is not crystallized and does not work as
buffer layer when the annealing temperature is 620 °C (G’), leading to smaller FR of
the Bi,Gd;FesOi, layer (G) than the other samples (C, H, 1) annealed at higher
temperature. Sample | annealed at 750 °C showed the largest FR among the samples (C,
G-1) whose annealing temperature for the GdsFesO;, buffer layer is changed. In Sample
I, the diffraction signals from (420) plane of the Bi,Gd;FesO;, phase is the largest and
the signals from a-Fe,Ozand p-Fe,O3; phase were not observed. The diffracted intensity
from the Gd,O3 phase is the same between Sample I’ and I, meaning that the diffracted
signal from the Gd,O3 phase is from the GdsFesO1, buffer layer (not the Bi,Gd;Fes01,
layer). On the other hand, diffracted signals from a-Fe,O3; and B-Fe,O3; phase were
observed in Sample C, G, and H. a and B-Fe,O3; phases were suppressed by increasing
the annealing temperature of the buffer layer. Also, growing of the Gd,O3 phase was
suppressed in the Bi,Gd;FesO;, layer whose buffer layer is annealed at 750 °C (Sample
). Therefore, the optimum annealing temperature for the GdsFesO1, buffer layer is
750 °C for obtaining the Bi,Gd;FesO;, film on glass substrate giving the largest FR and
best crystalline quality, as shown in FR data of Fig. 6.7.

Under the optimum preparation condition, | obtained the largest FR of 36.3
deg./um at the wavelength 4 =500 nm. The obtained FR is 1.3 time larger than that of
the BiysGdosFesOi, thin film (27.5 deg./um), which | previously fabricated by the
EMOD method in chapter 5 [22].

Fig. 6.8 shows the magnetic field dependence FR of Bi,Gd;FesO;, (samples A —

H) and J at the wavelength A = 525 nm, sample | at the wavelength of A = 500 nm.
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Fig. 6.8 Magnetic field dependence of the FR of the Bi,Gd;FesO1, thin films prepared on

glass substrates using GdsFesO1, buffer layers.

Fig. 6.9 shows the images of samples Bi,Gd1FesO;, (A —I) taken by digital camera.

The surface of the samples is cleaner than the samples fabricated by EMOD

method (chapter 5).

Fig. 6.10 shows the optical microscopic image of surface of the samples B — 1.
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Fig. 6.9 The image of Bi,Gd;FesO,, thin films taken by digital camera using GdsFesO;,
buffer layer samples A — I. The size of samples are 1.5 cm?.
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Fig. 6.10 Optical microscopic image of Bi,Gd;FesO;, thin films using GdsFesO,, buffer layer
(@) samples B — F (spin-coating time in the range of 2, 3, 4, 6, and 8 at fixed Tga of 650°C),
(b) samples G — | ( Tga in the range of 620, 650, 700, 750° C with fixed spin-coating time of
3).
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The main factor to determine the thickness and surface morphology of the
Bi:GdIG thin films is the viscosities of the solutions. The viscosities of the solutions
depend on their compositions in the MOD and EMOD methods. The thicknesses of
samples per spin coating increased with increasing the amount of Bi in BiyGdy.3FesO12
by EMOD method, because the viscosity of EMOD solution increased with increasing
the amount of Bi content. On the other hand, the average thickness obtained by single
spin-coating process was estimated to 84.4 nm for GdsFesO;, and 19.2 for
Bi,Gd;Fes01, by MOD. This is because viscosity of the MOD solution decreased with
increasing the amount of Bi content. The viscosity of MOD solution is 6.2 times larger
than that of EMOD solution for GdsFesOi, and the viscosity of MOD and EMOD
solution is almost similar for Bi,Gd;1FesO1,. The lower viscosity in a solution enables to
control the thickness of the sample more precisely, and decompose the organic material
properly for obtaining amorphous oxide films and cleaner surface morphology. With
increasing the viscosity of the sample the surface morphology of the sample become
worse.

Table 6.2 shows the summary of the estimated thicknesses per spin-coating and
surface morphology of BixGdx.3sFesO1, with x =0, 1, 2, and 2.5 prepared by EMOD and

MOD method on glass substrate.
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Table 6.2 Comparison of thickness per spin-coating and surface morphology of Bi,Gds.
«FesO1, thin films by EMOD and MOD method.

Thickness /spin-coating Thickness / spin-coating (nm)
(nm) and
and Surface morphology
Surface morphology By MOD
By EMOD

Gd:_!FeSO12 13.64 slightly hazy 84.4 normal
Bi,Gd Fe O . 17.27 hazy 31.7 good
BizGleeSO12 20.9 moor hazy 19.17 good
BiZ.SGdO.SFeSO12 31.36 very hazy
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6.4 Conclusions

| fabricated the Bi,Gd;FesO, thin films with the GdsFesO;, buffer layer on glass
substrates by the MOD method. Prior to the fabrication of the Bi,Gd;FesO;; thin films,
| fabricated the single GdsFesO1, layers whose thicknesses were changed by the spin-
coating times under various annealing temperatures. | measured the optical reflectivity
spectra and estimated the thicknesses of the GdsFesO;, layers. | measured the X-ray
diffraction of the samples, and clarified the relationship among the Gds;FesO;, layer
thickness, the crystalline orientation, and the amount of other oxide phases. Then I
fabricated 115 nm-thick Bi,Gd;FesO;; thin films with the GdsFesO,, buffer layer whose
thicknesses and annealing temperature were changed. | characterized the X-ray
diffraction, and Faraday rotation spectra of the samples. The Bi,Gd;FesO;, thin films
with 286 nm-thick GdsFesOi, buffer layer annealed at 750°C showed maximum
Faraday rotation of 36.3 deg./um at the wavelength 4 = 500 nm. | investigated the
influence of the preparation conditions of the buffer layer on the crystallization process,
and discussed the relationship between the crystalline orientation of the GdsFesO1, /
Bi,Gd;FesO1, layers and the Faraday rotation. Appearance of (420) plane of the
Bi,Gd;FesO1, phase, and disappearance of the other oxides such as Gd,0s, a-Fe,Ozand
B-Fe,O3 phases are the key for obtaining larger Faraday rotation. The largest Faraday
rotation of 36.3 deg./um is 23 times larger than the sample without the GdsFesO1;
buffer layer, and as high as 90.1 % of the single crystalline Bi,Gd;1FesO1, thin films on
an SGGG substrate (40.3 deg./um). These findings are promising for application to
optical waveguide devices such as optical isolators and circulators, and MOSLMSs on

glass substrates.

150



CHAPTER
7

Conclusion

This thesis has presented a comprehensive investigation of the preparation and
characterization of bismuth-substituted gadolinium iron garnet (BixGds.<FesO12) thin
films for application to various magneto optical devices such as waveguide optical

isolators and circulators, and magneto optic spatial light modulators (MOSLMs).

Various fabrication processes and characterization have been discussed and
compared. A comprehensive study has been conducted on overview of the theories and
reported works related to the rare-earth iron garnets, particularly bismuth substituted
iron garnet. There are many reports about fabrication methods and characterization of

Bi substituted rare-earth iron garnet thin films.

In order to apply Bi substituted rare-earth iron garnet to magneto optical devices
we need magnetic garnet thin film having perpendicular magnetic anisotropy and large

Faraday rotation. Bi substituted gadolinium iron garnet is one of the materials to satisfy
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these requirements. Also it is important to investigate the influence of the fabrication

conditions on the magnetic anisotropy.

| fabricated bismuth substituted gadolinium iron garnet (Bi:GdIG) thin films on
GGG, SGGG and glass substrates by MOD and EMOD method. Some of them were
prepared on GdIG buffer layer glass substrate. | characterized the X-ray diffraction
(XRD), Faraday effect, optical transmittance/reflectance and magnetization of the

samples.

First | estimated the thicknesses of samples because MOD method is based on

spin coating and annealing, so that the estimation of the thickness is important.

| explained the relationship among the magneto optical properties, crystallites of
BixGds«FesO1, thin films and their thickness, annealing temperature, annealing gas

(with and without O;), and amount of Bi substitution (x).

Summary of the results achieved

It has been reported that the preparation of the Bi substituted rare-earth iron garnet
thin films on single crystal gadolinium gallium garnet (GGG) is established because
lattice matching between the fabricated garnet thin film and substrate made the
fabrication easy. However there have been no reports about the influence of the O, gas
on deficiency in Bi;Gd,FesO;, thin film in the annealing process and their magneto-
optical property, and magnetic anisotropy by MOD method. | have prepared
Bi;Gd,FesO;, thin films on GGG substrates by MOD method at different annealing
temperature (620-800°C) and with different annealing gases (80%N,+20%0, and

100%N, + 0%0,) in order to investigate the influence on the magnetic anisotropy and
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FR of the BiiGd;FesOi2 thin films by changing annealing gas and annealing

temperature.

1- The XRD, FR and magnetization measurements shows that Bi:GdIG thin
films with large FR (13.68deg./um) and high crystalline quality were
successfully fabricated, and larger perpendicular magnetic anisotropy obtained
for the samples annealed at 620 — 700°C with 100%N, + 0%0O, and for the
samples annealed at 750 ~ 800 °C with 100%N; + 0%0;, and 80%N,+20%0,
annealing gas. The amount of the compressive strain and the dislocation
defects at the interface between the Bi:GdIG film and GGG substrates are
smaller for the samples annealed at higher temperature of 750 ~ 800 °C with
20% O, and those annealed without O,. Samples annealed without O,
crystallized at lower temperature than those annealed with 20%0..

We could change the magnetic anisotropy by changing the annealing gas

during the annealing process of the MOD method. This is our new findings.
Preparation of Bi:GdIG on GGG substrate is easy, however, the GGG substrate is more
expensive than glass substrate. It has been known that preparation of Bi:GdIG thin films
on glass substrates is not as easy as that on GGG substrates, because of the differences
in crystal structure and thermal expansion coefficient between Bi:GdIG and glass

substrate.

In order to fabricate BixGdsxFesOi, thin films with various amount of Bi content
x and obtain large FR on glass substrate, | used EMOD method instead of conventional
MOD method, because the solutions of Gd,03, Fe,03, Bi,O3 can be prepared separately

and mixed in any proportion of Gd,03/Bi,O3 that offering wider choices in research.
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The proportion of Gd,03/Bi,O3 is fixed in MOD solution. | also used the GdsFesOi,

buffer layer instead of direct fabrication on glass substrate.

2- The FR spectra shows that x = 2 and annealing temperature of 650 °C is the
optimum condition for crystallization of BixGdsxFesO1, thin films without
GdsFesO1, buffer layer on the glass substrate.

3- The BiysGdosFesO1, samples with GdsFesO;, buffer layer on glass substrate
successfully fabricated, and larger Faraday rotation (27.9 deg./um at 4 = 533
nm) was obtained. The Faraday rotation is 85% of single crystal
Bi,5GdosFesO1, sample on single crystal (111) SGGG substrate.

4- However, the surface of the fabricated samples depends on the mixed EMOD
solution. With increasing the Bi content, the surface of the sample becomes

slightly hazy.

This result showed that using of GdsFesO1, buffer layer is useful to realize the
BixGds«FesO1, thin films having large FR. Therefore | optimized the fabrication

condition (crystallization temperature and thickness) for the GdsFsO1, buffer layer.

In order to realize the BixGdsxFesO1, thin films having good surface morphology

| applied the idea of buffer layer to MOD method.

| fabricated the GdsFesO;, layers whose thicknesses were changed by the spin-
coating times under various annealing temperatures. Then | fabricated 115 nm-thick
Bi,Gd;FesO;, thin films with fixed annealing temperature of 620 °C on the GdsFesO1,

buffer layers.
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5- The Bi,Gd;FesOi, thin films with 286 nm-thick GdsFesO1, buffer layer
annealed at 750 °C showed maximum Faraday rotation of 36.3 deg./um at the
wavelength 4 = 500 nm, which is 23 times larger than sample without the
GdsFesO;, buffer layer, and as high as 90.1 % of the single crystalline
Bi,Gd;FesO;; thin films on an SGGG substrate (40.3 deg./um).

6- The surface of the samples was cleaner than those prepared by EMOD

method.

Investigation of the influence of the GdIG buffer layer thickness and annealing
temperature on the amount of the Faraday rotation of BixGdsxFesO1, main layer is

our new finding.

Thinner buffer layer is desired for magneto optical device applications, however,
this is future task, for example thin buffer layer annealed at higher temperature or

higher spin-coating speed.

These findings are promising for application to optical waveguide devices such as

optical isolators and circulators, and MOSLMs on glass substrates.
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Appendix:

Metal organic decomposition (MOD) method is a method for preparation of thin film
on glass and other substrates. The procedure of the MOD process and its feature are
discussed in detail in chapter 3. In this appendix | will discuss on difficulties of

preparation of thin films by the MOD and EMOD method.

The viscosity of MOD solution is depending on composition of the solution, and the
difference in viscosity lead to variety of thickness between different samples; therefore
it is difficult to make different sample with same thickness. In some composition
(GdsFes0O12 and Y3FesO;,) the viscosity of the solutions are high, leading to following

difficulties,

[EEY
1

Difficult to control the thickness of the sample in small range (d < 10 nm thick
film)

2- It is difficult to prepare a thin film with flat and homogeneous surface with
sticky solution.

3- The thicker thickness per spin-coating makes it difficult to be decomposed, and
to provide amorphous oxides during decomposition.

4- The most important problem of MOD is that some time we cannot have pure
composition of the solution; making them difficult to prepare a thin film with
desired composition.

The Fig. 2 (a) and (b) show the XRD spectra of GdsFesO;, thin film prepared by MOD
method at annealing temperature of 700°C on glass substrate, using one type of MOD
solution (Lot A, No. 3806151, Gd,03:FesO3 = 3:5 in acetic ester) The Fig. 2 (a) shows

the large phase of Gds;FesO1, by MOD solution, Lot A . Fig. 2 (b) shows the smaller
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phase of GdsFesO;, by MOD solution (Lot B, No. 4169041, Gd;Os3:FesO3 = 3:5 in
acetic ester) than that by Lot A. One of the possible reasons is that the composition of
the MOD solutions are not the same between two GdsFesO1, MOD solutions (Lot A and
B). Therefore it is necessary to test the film preparation with checking the appearance of

the film and crystalline orientation especially first usage.

Gd,Fe,0,, (420}

Gd,0, (112)

Intensity (count)
Gd,Fe;0,, (420)
Gd,0, (112)

20 25 30 35 40 45 50
20 (deg)

Fig. 2 XRD spectra of GdsFesO1, on glass substrate by MOD method, (a) Lot A (b) Lot B.

The MOD solution contains 2-3 types of metal oxides carboxylates such as

Fe,0s, Bi,O3 and R,03 (R = rare-earth metal) carboxylates in acetic ester to prepare
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BixR3xFesO1, thin films. The Bi content x is fixed and we cannot change the value of x
to control the composition of the films.

The EMOD (Enhanced Metal Organic Decomposition) materials offered by Symetrix
Corporation of America can be mixed and combined in a variety of different
compounds. Since coating materials are solutions, coating materials containing different

elements can be prepared and mixed in any proportion of choice.

The EMOD solution also depends on the combinations mixed. In some composition
(Example: YIG), the viscosity was increased, which made it difficult to fabricate the
Y1G on glass substrate by EMOD method. The surface of the sample become milky
and hazy, some smudge and precipitates were formed. Therefore the EMOD solution
also depends on the combinations of mixed material. Some combinations are unsuitable

for some applications.

Fig. 3 shows the picture of (a) YIG and (b) GdIG fabricated by EMOD method on
glass substrate. The surface of the YIG sample is milky and the surface of GdIG sample

is hazy.
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Fig. 3 Images of (a) YIG and (b) GdIG on glass substrate fabricated by EMOD method
taken by digital camera.
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