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ranges from integrated photonic devices such as 3D holographic displays to magnetic
recording, non-reciprocal photonic devices such as optical isolators and circulators or
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materials which is important when increasing the application potential and suitability
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Introduction

Recent decades have been characteristic by a massive technology development that
completely transformed our society. Technology has become smaller, faster and
more effective than ever. However, there is still a room for improvement, which has
been demonstrated by multiple novel devices proposed by scientific community. In
this category, one can find a huge variety ranging from 3D holographic displays to
magnetic recording, integrated non-reciprocal photonic devices such as optical
isolators and circulators, high-energy X-ray/gamma ray detectors and many more.
This kind of novel technology, however, usually operates in nanoscale which
complicates the situation. The reason is that nanoscale materials are not only difficult
to prepare but their physical properties may also significantly differ from physical
properties of their bulk forms. Therefore, the knowledge from the bulk material
research can be used only to some extent. What is more, physical properties of
materials in nanoscale are significantly influenced by surrounding materials (for
example in a multilayer). This goes hand in hand with the compatibility requirement
with the current technology (usually Si compatibility) which is obviously also very
important. In addition, the huge variety of proposed highly specialized devices
requires materials with tunable optical, magnetic and magneto-optical (MO)
properties. This type of tuning is usually performed by doping, composition or/and
application of strain. These mechanisms must therefore be also understood and

properly researched.

In order to process all of these inputs properly, one has to come up with a parameter
which characterizes optical and MO properties of studied materials completely.
Moreover, this parameter must fully represent studied materials (together with the
dimensions information) in any optical or MO calculation. This includes calculations
of optical and MO response of complicated multilayered structures/nanostructures.
Possibility to incorporate effect of the material on such a structure is very important
since structure represents proposed device. Therefore, the main advantage of such an
approach would be possibility to design complicated optical and MO devices in the
theoretical level before manufacturing any sample. As one can imagine, this can save

a big amount of time, finances and effort. The only parameter which meets all of



these requirements is the permittivity tensor. Knowledge of the permittivity tensor
spectra allows deep understanding of the optical and MO properties of the material.
Furthermore, when combined with Yeh 4x4 matrix formalism, it allows calculations

of interaction between electromagnetic radiation and multilayered structure.

For all of these reasons combined, we devoted present work to the full permittivity
tensor determination and analysis. This was done for four groups of promising novel
materials: CdZnTe, GdxFeuoox), magnetic garnets (YszxBixFesO1,, NdyBiFes.
GaxO12, NdosBi2sFes.GaxO12) and Ce.gs5-9HfxC000s02-5). Furthermore, in order
to tune their physical properties properly, we investigated the effect of the

composition change for last three groups of materials.

Thesis is organized as follows:

Chapter 1 focuses on the understanding of the full permittivity tensor and its relation
to the optical and MO properties of material. This includes energy absorption
mechanisms as well as microscopic theory.

Chapter 2 discusses some basic facts about the polarization state of optical waves
and shows how MO parameters measured in experiment are related to the Jones
matrix of the sample.

Chapter 3 explains the wave equation in special geometries. Moreover, it explains
general Yeh 4x4 matrix formalism for description of the optical and MO interactions
in multilayers, necessary for theoretical calculations.

Chapter 4 is devoted to the experimental techniques used for measurements of
optical and MO spectra.

Chapter 5 presents techniques used for the samples preparation.

Chapter 6 discusses obtained experimental and theoretical results. Based on the type
of studied material, it is structured into four sections: CdZnTe, GdxFeoo-x), magnetic
garnets and Ce(g.95-x)HfxC00.0502-5).

Finally, we devoted Chapter 7 to the main conclusions.



1. PERMITTIVITY

Permittivity is a measure of proportionality that exists between electric displacement
D and electric field E when forming an electric field in a medium. In simple terms,
permittivity quantifies how an electromagnetic field affects, and is affected by a
medium.

D=¢E (1.1)

1.1. Complex permittivity function

If the medium is isotropic, the permittivity is a complex number. The reason behind
this complexity is that response of the material to the external field depends on the
field frequency w. This means that response is not instantaneous but casual.
Therefore we can represent this response as a phase difference. Complex numbers
allow specification of phase and also magnitude. Therefore, the permittivity becomes
complex function defined by

D,e ™ =&, (w)E,e . (1.2)

Here Eo and Dy stand for amplitude of electric displacement and amplitude of electric

field respectively; e1(w) is the complex permittivity function defined as

&(0) =&, (0) —ig; (). (1.3)

Here, &1, refers to the real part that is related to the fraction of the energy dispersed
by a medium. Consistently, &;; refers to the imaginary part that is related to the
absorption loss (if it is positive) or gain (if it is negative). To summarize, the
complex permittivity function represents optical properties of a material in terms of
how material responses to the applied field. However, optical properties of the
material can be also represented in terms of how the electromagnetic wave
propagates in a material. For this purpose, we use the representation of refractive
index n and absorption coefficient k. Refractive index is inversely proportional to the
length of wave propagation in the material (length after which the phase of the wave
changes by 2m). Similarly, absorption coefficient is inversely proportional to the
distance in which the amplitude of the propagating wave decays to 1/e of its original

value. These constants are related by the equation



g, —ig; = (n—ik)>. (1.4)

The real and imaginary parts of the complex permittivity are not independent
quantities, nor are the refractive index and absorption coefficient. These are
connected by the Kramers-Kronig relations. These relations results from the

requirement that material cannot respond to the applied field prior to its application.

Tdo' k(e

n(w) =1+ PJTE, (1.5)
&y (@) =1+P j d: j)(“’ )a“)’z. (1.6)

—00

We can derive complex permittivity and therefore all the optical functions of a
material from spectroscopic ellipsometry (SE) measurements and analysis which will

be discussed in more detail later in this work.
1.1.1. Energy absorption mechanisms

Types and strengths of optical absorption processes that occur in the material
determine its optical properties and therefore its complex permittivity function
completely. Material absorbs energy from a light beam by multiple mechanisms. The

most important mechanisms are:

a) Interband absorption: refers to the case when an electron in a bound state in
the material absorbs a single photon from the light beam and jumps to a higher

energy level in the material.

b) Intraband absorption: refers to the case when an electron absorbs a photon
from the light beam and jumps to a different energy state within the same band.
This process usually requires photon emission or absorption. The only
exception is when initial and final electron states occur at the same values of

the crystal momentum.

c) Free carrier absorption: is a special case of the intraband absorption for
conducting materials, which contain a gas of not bound, free carriers, which

exhibit distinctive optical absorption.



1.1.2. Theoretical modeling of the complex permittivity function

As mentioned already, the shape and amplitude of the complex permittivity function
of the material depends fully on types and strengths of optical absorption processes.
To model these processes theoretically, scientists developed multiple theoretical
models (usually referred as oscillators or terms), each of which is a function of light
beam photon energy E (eV). In this subsection, we discuss theoretical models used to

model the complex permittivity function in this work.
a) Lorentz model

This model is based on classical theory, which describes an interaction of an optical
wave with harmonically bound classical electron having a finite relaxation time.

Classic version of Lorentz model is

_ AmpBrE,
gl_Lorentz - Eg _ EZ —i-EBr (17)

Parameters Eo, Amp, Br denote the center energy, amplitude and the broadening
parameter respectively [1, 2]. The shape that this model creates in the complex

permittivity spectra can be seen in Figure 1.1.
b) Gaussian model

Gaussian model produces Gaussian line shape in ¢;; with Kramers-Kronig consistent

£, caussan = AMP (F(E;EOJ+F(E}EOD+ NG (1.8)
T el 2]

Br
O =
2./In(2)

line shape for &1, [2, 3].

. (1.9)

Parameters Eo, Amp, Br and o denote the center energy, amplitude, broadening and
the conductance respectively. The function /" is a convergence series that produces a

Kramers-Kronig consistent line shape for ¢, [2, 3]. As one can see from Figure 1.1,



Gaussian model is very useful due to its ability to rapidly approach zero beyond the
FWHM position.

c) Tauc-Lorentz

This model reproduces the complex permittivity function of many amorphous
materials particularly well. Tauc-Lorentz model (Figure 1.1) produces shape in &
defined by equation

AmpEBr(E-E;) 1

gli_Tauc—Lorentz = (E2 _ E02)2 N Br2E2 Ej| E> Eg (110)

, =0 E<E,. (1.11)

_Tauc—Lorentz g

Parameters Eo, Amp, Br, Ey denote the center energy, amplitude, broadening and
bandgap energy respectively. Function &, is produced using Kramers-Kronig
relations [2, 4].

d) Drude model

This model is a special case of Lorentz model where the center energy Eo equals
zero. This model was developed to describe the free carrier effect on the complex
permittivity function behavior. The model assumes that the microscopic behavior of
free carriers in a solid may be treated with a gas of constantly moving carriers
bouncing and re-bouncing off heavier static positive ions.

—hq°N u

& = 1.12
P g (um*m E? +ighE) (1.12)

Parameters N, x, m* denote the carrier concentration, carrier mobility and carrier
effective mass respectively. The physical constants are # (Planck constant/2x), q
(electron charge), & (the vacuum dielectric constant) and m. (the electron mass) [2,
5]. The shape this model creates in the complex permittivity spectra can be seen in

Figure 1.1.
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Figure 1.1: The calculated spectra of g;, and g;; for a) Lorentz, Gaussian and Tauc-Lorentz

oscillators; b) Drude term.

e) Herzinger-Johs model

This model combines highly functional shape with Kramers-Kronig consistent
properties and it is useful especially when reproducing complicated complex
permittivity function shapes of crystalline materials. The importance of this model is
shape of the complex permittivity function it generates; however, its internal
parameters have no direct physical meaning. This model consists of four polynomials
spline functions fy, f,, f3and f; connected smoothly end-to-end. Functions f; and f3 are
equal zero at the endpoints. Variable fit parameters are Eo, Amp, Br, WL, WR, AL and
AR that correspond to the center energy, amplitude, broadening, width of left side
absorption region, width of right side absorption region, control point for left side
and control point for right side respectively. The shape this model creates in &;

spectra can be seen in Figure 1.2 [2, 6].
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Figure 1.2: The calculated spectra of g;; for Herzinger-Johs model displaying polynomial spline

functions fy, f,, fzand f4, as well as end-points and control points.

1.2. Permittivity tensor

When we insert the isotropic material into the magnetic field, the field breaks the
symmetry of the system. Therefore we must treat the isotropic material in the
magnetic field as anisotropic (all the materials investigated in this work exhibit
anisotropy due to a magnetic ordering). Anisotropic system is generally characterized
by a different direction of its electric field E and the electric induction D intensity
vectors (1.1). Permittivity ¢ in this system thus has a tensor character and we can

express it as

Exx gxy Sy

e=le, &, &, | (1.13)

yX vy yz

X gzy &,

Since the field acts as a small perturbation of the isotropic material, we can express

the permittivity tensor in the Cartesian representation as follows
g =& +KyM, +G M M,. (1.14)

Here, gij.’ are components of the unperturbed permittivity, My are components of the

magnetization vector; Kji and Gij are the elements of the linear and quadratic MO

11



tensors responsible for linear and quadratic MO effects. In this work, we restrict
ourselves to linear MO effects only. If we have magnetization parallel to the z-axis of
the Cartesian coordinate system (the magnetic film-ambient interface is normal to the

z-axis, light is propagating along the z-axis) we receive relations

& =Ey =&y =&y, (1.15)

e, =-¢,=¢&, (1.16)

g —lg O
i, & 0] (1.17)
0 0 g

All elements of the tensor have real and imaginary parts:

& =&, —l-¢g;, (1.18)
&, =&y —1- &, (1.19)
Off-diagonals ¢, are proportional to the magnetization in the sample. Therefore, if
there is no magnetic field present, permittivity tensor reduces itself to a unit matrix of

&1.
1.2.1. Microscopic theory

Microscopic theory relates full permittivity tensor spectra to energy level splitting
and transition probabilities. As mentioned earlier, when there is a magnetic field
applied, off-diagonals of the permittivity tensor &, have finite values. From
microscopic point of view, there are three distinct mechanisms producing these finite

values:

1) An unequal population of states related to the spin polarization of the ground

state displays the opposite contributions to ..

2) Variations in the energy differences between two states caused by:
o Zeeman splitting of the energy levels when the external field acts on the
orbital electronic motion

o Spin-orbit splitting

12



3) Perturbations caused by spin orbit coupling effect on wave functions of

occupied or unoccupied states or on the kinetic momentum operator.

To summarize, finite values of the ¢, mean that there are new types of optical
transitions in the material, MO transitions, which exist only when the magnetic field
is applied. In this work, we will consider two types of these transitions; Dia and Para

transitions.

a) Dia transitions: refer to spin and electric-dipole allowed transitions between
an orbital singlet ground state and an excited state split by the combined effect of
exchange field and spin-orbit coupling [7, 8]. These transitions can be described by

an oscillator term, in which &, behaves as:

o fAL (@, — ) ~T2 + 2iTy (e, — o)

=T 2w, [(a)o % +1“§}2

(1.20)

Here 4, wo, I and f are the separation between the levels caused by spin-orbit
coupling, center frequency, half width at half-height of the transition and the
oscillator strength respectively. L is the Lorentz-Lorentz local field correction
defined as [(n*+2)/3]%, where n is the refraction index. Dia transition behavior in &,
close to the center frequency wo is schematically shown in Figure 1.3(a). One can
observe a bell shaped behavior for the real part ¢, and dispersive behavior for the

imaginary part ey;. At center frequency w=wy, £,i=0; &zr has a maximum value

(ng)max =t — (121)

and ¢; shows a resonant behavior with maximum value of &;;

o’ fL
(gli )max = ° ) (122)

20,1,

b) Para transitions

In the case of Para transitions neither the ground state nor the final state are split.
However, the oscillator strengths for right circularly polarized light f. and left

13



circularly polarized light f. are different [7, 8]. These transitions can be described by

an oscillator term, which in &, behaves as:

o, fdfL o(wf —@® ~T2) =il (0} + 0® +T72)

& 1.23
’ 2 w, [(wg +o’ +T2)% + 4a)2F§]2 (1.23)
Here df is the fractional dichroism defined as
f —f
df =———.
ot (1.24)

Para transition behavior in &, close to the center frequency wyg is schematically shown
in Figure 1.3(b). In this case, one can observe dispersive behavior for & and

dissipative behavior for g, At w=wy, £2,=0; &2 has a maximum value

a)ﬁ fdfL

(82i )max = = df (8li )max' (125)

Wy

_<_ 82r
82.
S 1¢ ' NINY
f- f+ f-#| f+
a) Double Transition b) Single Transition
E (eV) —> E(eV) —

Figure 1.3: The calculated spectra of e, and e,; for a) Dia transition and b) Para transition.
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2. LIGHT POLARIZATION, OPTICAL AND
MAGNETOOPTICAL EFFECTS

This chapter is a brief introduction to the light polarization and Jones vector
formalism, which is a powerful tool when calculating polarization properties of light.
Furthermore, we discussed in here SE and MO effects which are all based on the
change in the polarization state of light upon reflection or transmission.

2.1. Light polarization

Light is understood as a general transverse electromagnetic radiation. Polarization of
an electro-magnetic light wave is given by the time-dependent evolution of the
electric field vector E. There are many ways to describe the polarization state of fully
polarized electromagnetic waves. Since the electromagnetic light wave is generally
elliptically polarized, we most often operate with the parameters of the polarization

ellipse (Figure 2.1): azimuth 6, ellipticity e; and Jones vector formalism [9, 10].

. Azimuth, (-n/2 < 6 < w/2) is an oriented angle between the x-axis of the
Cartesian coordinate system and the semi-major axis of the polarization ellipse. In
this work, we choose the positive sign of the azimuth for the counterclockwise

orientation.

. Ellipticity e, (-1 < e < 1) is a proportion of minor a and b axes of the
polarization ellipse. At the same time, we introduce variable ellipticity (ellipticity
angle) e. In this work, we choose the positive sign of the ellipticity for the clockwise

orientation.

e:i%:tane (2.1)

The polarization state of light waves can be completely determined by using
parameters of the polarization ellipse.

15



A 4

Figure 2.1: The polarization ellipse and basic MO parameters.

2.2. Jones vector formalism

Jones vector formalism describes the polarization state of light by two-dimensional
complex vector whose coordinates are given by the choice of the polarization base. If
we choose the polarization base as two orthogonal polarization amplitudes a; and ay,
with a phase difference o, and if we define an angle as tana = a,/a;, then we can

express normalized Jones vector in a form

CoSs
J { } (2.2)

sin ae®

In the Cartesian-base of linear polarizations are Jones vectors for:

. linear polarization along the x and y axis [10]
E = ! E = 0 2.3
x = 0 vy T 1 ' ( . )
. general elliptical polarization [10]

Xy

cos@dcose—isingsine
. (2.4)

sin@cose +icos@sine

16



General complex Jones vector describes the polarization ellipse well, but it contains
information of the initial phase and amplitude, which is redundant for the description
of the polarization state of light. For this reason, we introduce a complex number,
complex polarization parameter y, defined as proportion of the first and second
component of the Jones vector. Complex parameter of polarization for the
polarization ellipse expressed by the Jones vector (2.4) thus has following form [9]

E, sinfcose+icos@sine tanf+itane
E, cosdcose—isin@sine 1-itan@tane

Xxy = (2.5)

For small angles 6 and ¢ it is possible, after approximations tanf=6 and tane=c¢

(restricted to members of the first order), rewrite this expression as

Xy =0 +ie. (2.6)

Jones formalism in Cartesian representation enables simplified and effective
description of the polarized light properties after reflection or transmission on the
sample. In here we choose the base of Cartesian system defined by s (E in the plane
of incidence) and p (E perpendicular to the plane of incidence) polarizations. In this
base, it is possible to express the effect of sample on the polarization state of incident
light beam upon reflection by a reflection matrix Sg. Similarly, one can express the
effect of sample on the polarization state of incident light beam upon transmission by

a transmission matrix St [9].

S i rss IFsp ] (2 7)
§ _rps Fop N , .

S _tss tsp 1 (2 8)
! _tps tPP a . .

In the first approximation, diagonal elements of the Sg and St matrices correspond to
the Fresnel coefficients. Off-diagonal elements (in the first approximation linear in
magnetization) describe the interaction between s and p waves that is occurring in

anisotropic media.

Let us describe the incident wave by Jones vector Jin; reflected wave by Jones vector
and transmitted wave by Jones vector . Using reflection and transmission matrices,

one can define relations between those as follows [9]

17



IR =S.-J, J (2.9)

out — in? out — ~T in

2.3. Spectroscopic Ellipsometry

Spectroscopic ellipsometry is a very sensitive measurement technique that uses
polarized light to characterize thin films, surfaces and material microstructure [11].
Ellipsometry is useful technique which allows to determine material properties such
as: film thickness, refractive index, complex permittivity function, conductance,
absorption, surface roughness, interfacial regions, sample composition, film
composition, crystallinity, optical anisotropy, uniformity, alloy ratio and depth
profile of material properties. This technique measures the change in the polarization
state of the reflected or transmitted light and compares it to a model (Figure 2.2).

Linearly polarized light Elliptically polarized light

p-plane

Figure 2.2: Geometry of an ellipsometric experiment

It is possible to derive the diagonal elements of the permittivity tensor from SE data
analysis. We can express the change in the polarization state of the reflected beam by

the SE parameters amplitude ratio y and phase difference 4, which are defined as

: r
tany -e" =p=% (2.10)

SS

In this equation, tany is the magnitude of the reflectivity ratio, 4 is the phase change
between s and p polarized light. The ry, and rs are the amplitude reflection
coefficients for s and p polarization measured from the alternating current signal [2].

The important part of SE analysis is the proper parametrization of the dispersion of

18



unknown optical functions. For purposes of parameterization are oscillators/terms

defined in the subchapter 1.1.2 fitted to the resulted optical functions spectra.
2.4. Magnetooptical effects

In this work, we use MOKE and MO Faraday effect to study the physical properties
of magnetic materials and magnetic layered structures. These phenomena are
characteristic by changes in the polarization state of the reflected or transmitted light
caused by magnetic ordering [9]. In the MOKE experiment, we study these changes
upon light reflection. However, in the Faraday effect experiment we study these

changes upon light transmission.
a) Magneto-optical Kerr effect

We can categorize MOKE (based on the mutual orientation of the incidence plane,
the reflection plane of the sample and the magnetization vector M) into three basic

configurations: polar, longitudinal and transversal (Figure 2.3).

)_ %lm %& v

Polar Longitudinal Transversal

Figure 2.3: Basic configurations for measuring the MOKE.

Taking into account the geometry of these configurations, we can simplify the

permittivity tensor to forms

g —lg, O

e =|lg, ¢ 0}, (2.11)
0 0 &
(e, 0 —ig, |

eg=l0 g 0 | (2.12)
g, & |
& 0 |

&E=0 g - |. (2.13)
e, 0 & |
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where ¢p stands for permittivity tensor in the polar, ¢_ in the longitudinal and &t in the
transversal configuration. In these geometries, also reflection matrix Sg defined by

equation (2.7) takes different forms

r, r. r, -r r, O
S _ ss sp 7 S _ ss ps , S _ ss )
R_ polar |:rps rpp :| R_long |: rps rpp :| R_trans |: 0 r.pp :| (2 14)

Physical meaning of Sg matrix elements then allows defining of MO parameters,

Kerr rotation 0k and Kerr ellipticity ek, for s and p polarized waves as follows [9]

] r
0Ks —l6 ® q)Ks =" (2.15)

b
rSS

ol
o

Op — e, Dy, =

(2.16)

-

pp

In case of normal incidence of the light beam, given sign convention provides equal

values of MO parameters @k = Pp.
b) Magneto-optical Faraday effect

We usually measure the Faraday effect in the configuration shown in the Figure 2.4.

JRpn

Figure 2.4: Basic configuration for measuring the Faraday effect.

Taking into account the geometry of this configuration, we can simplify the
permittivity tensor to the form

g -—lg, 0
e =g, & 0] (2.17)
0 0 g

In this geometry are the transmission matrix St elements defined by equation (2.8).
Therefore, we can define MO parameters, Faraday rotation ¢ and Faraday ellipticity

€r, for s and p polarized waves as follows [9]

20



er - ing ~ (DFs = _tﬁ1 (218)
SS
O, —ie., = O E—ti. (2.19)
Fp Fp Fp i .

In case of normal incidence of the light beam, given sign convention provides equal
values of MO parameters @ = @rp.
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3. ELECTROMAGNETIC WAVES IN
ANISOTROPIC MEDIUM

In the previous chapter, we briefly introduced the description of the polarization state
of light, SE and MO effects. However, for a deeper analysis of the optical and MO
response of thin films and multilayers, we need a macroscopic analysis of the optical
interaction of the polarized light with a substance. We will discuss this interaction in
the following paragraphs devoted to the behavior of polarized light in anisotropic

media.
3.1. Wave equation in anisotropic media

We can describe the polarized monochromatic electromagnetic plane wave incident
from the vacuum on the anisotropic environment without free charges by Maxwell's

equations [9, 10]

vxE+2B _o, 3.1)

ot
V-D=0, 3.2)

oD
VxH-—=0, 3.3
xH-— 3.3)
V-B=0, (3.4)

where the material equations are

D = g,¢E, (3.5)
B = guH. (3.6)

From Maxwell’s equations, we derive the wave equation in the traditional way

¢ Ok

We are looking for its solution in the shape of a plane wave

E =Eze'“™*", (3.8)
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If we introduce a reduced wave vector N

N ="k, (3.9)
w

we may rewrite the original wave equation into a matrix form [9]

XX Nj - sz gxy €x EOX
£ £y,-N;  &,-NN, | E, |=0. (3.10)
S gzy - NyNz Ep Nj EOZ

In this derivation we assumed the plane of incidence perpendicular to the x-axis (N
= 0), and thus the component of the reduced wave vector N, derived from a Snell's

law in shape

N, =N,sing,, (3.11)

where Ng is a real refractive index of the isotropic medium and ¢, is an angle of
incidence of the electromagnetic wave. For the case of zero determinant, one can find
a nontrivial solution of the equation (3.10) as a characteristic equation of 4-th order
for N,

N;e, +NJ[N, (¢, +&,)]-
—N22[<9yy(<9ZZ—Ny)+gZ (e, N) £l — Eyny ]~
=N N, [(6, = NJ)(e, +6,) — £y x — Epra] + (3.12)
+&,[(6, —NJ)(e, —NJ)—¢
g N) £

xy yz( 2z

Xz ZX]

—Nj)—i—ggg +&,€6,6, =0.

yz zy (gxx xy©zx©yz yx¢xz¢zy

The roots of the characteristic equation (3.12) correspond to four proper modes of
light propagation in anisotropic media N;. Two of these modes propagate with +k in
the forward direction and two with -k in the reverse direction. Eigenvectors of these

modes for the general permittivity tensor shape are

—&y (&, — NS) +é&,(6, +N/N,)
ej = (gzz - Ns)(‘c"xx - NZ NZJ) €l : (3.13)
2 2
_(gxx_Ny_sz)(gzy N Nz]) 3

X xy

Linear superposition of these four modes of light propagation in anisotropic media

gives a general solution of the wave equation

23



i[wt—%(NnyrNij)]

(3.14)

One can greatly simplify this solution when working with the case of the general

anisotropic medium in polar and longitudinal configuration.

. In the polar configuration is permittivity tensor given by equation (2.11).
Wave equation in this case leads to a simplified characteristic equation whose
solutions correspond to the four proper modes of the light propagation N, [9]

N21=Nz+' N22=_Nz+' Nz3=Nz—’ Nz4=_Nz—’ (315)
where
2 &
N,. = [(&-N})({1+——2—). (3.16)
81(81 - Ny)
. In the longitudinal configuration is permittivity tensor given by equation

(2.12) and wave equation leads to the characteristic equation with solutions N [9]

-1 Nz4 :_Nz—' (317)

where

1

N, =\/51—N5—2‘3—;(14/(451N5+822 —-&,). (3.18)

3.2. Yeh 4x4 matrix formalism

Up to this point we have covered only the propagation of electromagnetic waves in
anisotropic environment. However, for the evaluation of the MO experiments on
multilayers, we must extend this description. The reason is that the interaction of
light in a layered structure with sufficiently thin layers depends on all the layers
contribution. This fact forces us to introduce a formalism that allows clear
description of the interaction of electromagnetic radiation with magnetic multilayer,

Yeh 4x4 matrix formalism [12].
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Figure 3.1: Anisotropic multilayered structure. The individual layers are characterized by
electric permittivity £™ and the thickness t™, n = 1, 2. . . n. Angle of incidence in the half-space 0
is labeled ¢,. Planar interfaces of layers are perpendicular to the z-axis, plane of incidence is

perpendicular to the x-axis.

Let us consider multilayer made of n layers with mutually parallel interfaces
perpendicular to the z-axis (Figure 3.1). Neighboring isotropic half-spaces 0 and n +
1 will be described by scalar electric permittivity ¢(0) and ¢(n + 1). Boundary
conditions of continuity of vectors E and B tangential components on individual
interfaces allow us to tie relations of electromagnetic fields in nand n + 1 layers. It
can be done in the representation of linear transformations of proper modes, which

can be expressed in matrix form as
DM PENM (2, -1) = DWPME(z,). (3.19)

Here P stands for a Propagation matrix
PM =g exp(i—N (Mg ) (3.20)
ij ij c 4o ) .

where djj is a Kronecker delta and t, represents a thickness of the n-th layer. D

represents a Dynamical matrix whose elements have form [9, 12, 13]
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DY =—e(el’ =N + 0 (el =N ,N{), (3.21)

D(n) N(n)[ g(n)(g(n) N )+g(”)(g(”) N(n))] (3_22)
DY) = (55" = N)) (el =N =N =20, (3.23)
DY = (&%) — N2 = N{")(N, 8 + Ne) +

(3.24)
N(n)g(”) (n)+Ny€Z(:) (n).

By modification of equation (3.19) it is possible to introduce the transfer matrix T,
which ties up the field between (n-1) and the n-th layer.

Ef(z,,) = (DY) ' DVPVED (7,) =T " EL (z,). (3.25)

By application of the equation (3.25) for each interface of the multilayer, it is
possible to express relationship between the incident waves passing through the first

interface and the wave passing through the n-th interface as

n+1

Eéo)(zo) — (HT(n—l,n))E(()n+l)(zn) — MEéml)(Zn)_ (326)

n=1

Relation (3.26) defines a matrix of the multilayered structure M. This matrix can
characterize any layered anisotropic structure, and it is sufficient to determine
reflection coefficients of the structure. If we consider that the source of
electromagnetic radiation is strictly in the upper half-space 0 (from lower half-space
is not coming any radiation and so Eg, and Eg, are equal zero), we can express

reflection coefficients by components of matrix M as [9, 12]

r :[Eég)(zo)J — MyMg —MyMy, (3 27)

12 , .
Esr (o) E0yo  MuMa—MzMy

r [E(O)(ZO)J _ MMy —M My, (3.28)

14 ; .
E(O)(Zo) EQ ()0 MMy — MMy,

r :(Eég)(zo)J — MMy — MMy, (3.29)

34 ; .
Eég)(zo) EO (20)-0 M, Mg — MMy,

r, Z(Eég)(zo)j _ M11M23_M21M13_ (3.30)
Eég)(zo) E{ (2)=0 M11M33 - M13M31 .
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Similarly, we can express transmission coefficients as [9, 12]

b= EE(T;)(EZ;)J T MM M—BGM M., (3:31)
o (20) Jepiyo MuMa = MMy

t, - E;;;)(ZO) JE%)O %MTABMgl, (3.32)

() @3

t”:( S L%)O T (334

For linearly polarized modes, it is possible to define these coefficients as the

elements of Jones reflection matrices Sg and St

I, I r I
SR :|:rss rSp:|=|: 12 32 :|1 (335)
ps pp Gy

t, t t, t
S — SS Sp :|: 1 31:|. (336)
! |:tps tpp:| t13 t33
and thus determine the MO parameters Ok, ek and Gk, e.

3.3. Proper modes in isotropic media

Permittivity of isotropic, in our case a non-magnetic environment, is a scalar and it is
given by equation &;= N™2. In this case, proper modes calculation procedure above
leads to a solution with e; components equal zero. Therefore, we calculate here with

constant Ny. This approach determines two possible directions of the wave vector

a) n
712 =2 N)i, Qi . (3.37)

where a parameter Q is calculated from

Q™ — [N®™* _ NZ. (3.38)

This approach allows constructing the Dynamical matrix for isotropic environment in
form [9]
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1 1 0 0

D = Q;“’ —%‘") Q“”?N‘”’ Q(”’;)N(“) (3.39)
0 0 -N® N
and its inverse
Q™ 1 0 0
m  _
I:D(n)Tl: QO Ol N?n) _Q(n)O/N(n) . (3.40)

0 0 N (n) Q(n) /N (n)

3.4. Effective medium approximation

Interfaces and surfaces of real nanolayers are not perfect. Imperfections often
contribute to the deviation between optical and MO experimental data versus
theoretical models. The effective medium approximation method (EMA) can
eliminate and quantitatively estimate this effect. The principle of this method lies in
the consideration of the roughness or interface as a separate layer. This layer is
constructed from two materials: the material of the first layer that forms interface and
the material of the second layer that forms interface. Figure 3.2 shows geometric
model of this approach. In this model is the material of the first layer dissolved in the

form of spherical objects in the material of the second layer.

© 0000
0000

Figure 3.2: Geometric model of the effective medium approximation method

Here, we define permittivity tensor of the first layer that forms interface &; by its
diagonal elements &;; and off-diagonal elements 1, and we rewrite it to the form ¢; =
e11 — legp. Similarly, we can define the permittivity tensor of the second layer that
forms interface &, = &, — ez by diagonal elements &,; and off-diagonal elements ¢,

Now, we can use our geometric model (Figure 3.2) and define the interface layer
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permittivity tensor by diagonals eg; and off-diagonals eg, using transformation

relations
& — &
_ f 11~ %12
b=t L A= D(Ea—ay,) (3.41)
3e,,
&, =T ! )
R2 1+ (1- f)(gn - ‘912) (3.42)
3e,,

Coefficient f corresponds to the volume fraction of the second material forming the
interface (for example, f = 0.5 corresponds to 50% of the second material in the
mixture) [14].

For the case of the surface roughness calculations, we assume the second material to
be void. If we rewrite the permittivity tensor of the layer material to the form &; = &11
— ig1o then we can calculate permittivity tensor of the surface roughness layer eg = ¢ry

- ierp USING equation

e—& l-¢g
e+2s, 1+42¢;

0=(1-f) (3.43)

In this formula, f denotes the volume fraction of the void in the mixture.
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4. EXPERIMENTAL TECHNIQUES

In this chapter we discuss briefly experimental techniques used for acquirement of
experimental data in this work. We start this section with a brief introduction to
spectroscopic ellipsometer, which is used for measurements of thin film optical
properties and allows determination of thin film optical functions (complex
permittivity tensor). Afterwards, we continue with an introduction to measurements
of weak MO effects: MOKE and Faraday effect. Spectra of MO effects contain
important information about electronic structure of thin films and allow

determination of the full permittivity tensor.
4.1. Spectroscopic ellipsometer

As explained previously, ellipsometric spectroscopy measures changes in the
polarization state of light upon reflection or transmission on the sample. In this

chapter, we discuss basic setup for this type of measurement.

Light

source

. Detector
Collimator

Polarizer Analyzer

Figure 4.1: Scheme of the basic ellipsometric setup

All spectroscopic ellipsometer arrangements start with a light source and end with a
detector that converts light into voltage. It is an arrangement of the optical
components between that defines the type of ellipsometer being used. In this work,

we use Muller matrix ellipsometer Woolam RC2 with dual rotating compensators
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and multichannel detection working in the photon energy range from 1.24 to 6.5 eV.
Further details on this complicated device can be found in [2, 11]. However, for our
purposes, here we discuss only the basic set-up of ellipsometer shown in the Figure
4.1. 1t is constructed from a rotating polarizer that rotates on frequency w, sample
and analyzer. For this type of setup and general elliptical polarization, one can

determine alternating current signal on detector | as
| =1+a-cos(2at) + S -sin(2at) 4.1)

The two important quantities are o and $, which are normalized Fourier coefficients
of the signal. One can represent these coefficients in terms of the y and 4 defined in
the chapter 2.2 and the known polarizer azimuthal angle P as follows (P=0° is in the

plane of incidence)

tan’y —tan® P
g By

= 4.2
tan’y + tan* P (4.2

_ 2tany cosAtanP
tan’y + tan” P

(4.3)

Solution for y and A has a form

tany = /1+—a |tan P, (4.4)
l-«a

o] tanP

A= . :
LT JtanP)

(4.5)

These equations form the basis of the ellipsometric measurement with a rotating

analyzer ellipsometer [11].

For experimental data analyses, we use CompleteEASE software that compares the
data acquired by the ellipsometer with an advanced theoretical model of studied
multilayer. This model defines the multilayer as a structure that consists of separate
layers determined by theirs optical functions (complex permittivity), thicknesses and
also a position in the structure. In this work, we use “Multi Sample Analysis”
(MSA) mode in CompleteEASE software multiple times. MSA is an advanced mode
that allows multiple samples to be fitted simultaneously with some of fit parameters

common to all samples and other allowed to vary (optical functions of materials,
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thicknesses, roughness, backside reflections, angle offset,...) [2]. Therefore, MSA
allows suppressing the fit error and so more precise analysis. This mode is especially
useful, when there are transmission data available. In this case, we are using MSA to
fit one theoretical model to the ellipsometric and transmission data simultaneously.
This approach is especially meaningful when fitting constants of transparent
materials with a bandgap in the measured spectral range.

4.2. Magneto-optical spectroscopy

The simplest way to define MO spectroscopy is to say that it is SE performed in the
magnetic field. Therefore, MOKE spectroscopy is basically SE which measures a
change in the polarization state of light upon reflection on the sample in magnetic
field. Similarly, Faraday effect spectroscopy is SE which measures a change in the
polarization state of light upon transmission on the sample in magnetic field. These
types of measurements are useful for non-destructive probing of magnetic properties
of non-transparent (MOKE) or transparent (Faraday) magnetic materials and
nanostructures. Since some materials have absorption edge within measured spectral
range, it is a classical approach to combine these measurements for different parts of

spectra.

In this work, we measure MOKE by method of nearly crossed polarizators. Figure
4.2 shows very basic scheme of this method: the light beam passing through
polarizer, reflecting on the sample in magnetic field, passing through the phase plate
and finally through analyzer to the detector. For this type of MOKE setup and

general elliptical polarization, one can determine intensity on the detector | as

| ~cos? y +|®@, | sin? y +sin(2y)R(D ") (4.6)

Here, vy is an angle between analyzer and polarizer with respect to the crossed

position and o is a phase shift of the phase plate.
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Figure 4.2: Scheme of the basic MOKE setup

If we restrict ourselves to effect linear in @k, and add constant C corresponding to
dark current in CCD, we can rewrite resulting dependence of detected intensity on

the angle of analyzer a as

| ~cos® y+ (6, cosS +e¢, sind)sin2y +C 4.7

Since it is complicated to measure Kerr rotation ¢ and Kerr ellipticity ¢k in one
measurement, it is usually measured separately. This is done by removing a phase
plate, which results in 0=0, therefore, we measure pure Kerr rotation. In order to
extract ellipticity, we combine experiments with and without phase plate. For more

details, one can see [15].

The basic setup for Faraday effect measurement can be seen in Figure 4.3: the light
beam passing through polarizer, the sample in magnetic field and finally through
analyzer to detector. For this type of setup, calculations lead to the same expression

that it is for MOKE, except from the change in sign of term with MO effect.
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Figure 4.3: Scheme of the basic Faraday effect setup.
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5. THIN FILM PREPARATION
TECHNIQUES

In the previous chapter we discussed methods used for acquirement of experimental
data in this work. Similarly, we devoted this chapter to techniques employed for the
preparation of materials/samples studied in this work. These preparation techniques
are relatively new, require advance technology and sometimes even allow
preparation of bulk materials, thin films and nanostructures which do not normally

exist in nature.
5.1 Vertical-gradient-freeze method

In this method is at first polycrystalline material produced by the horizontal synthesis
[16]. Afterwards, it is cut into chunks which are placed in a crucible with a seed
crystal of the required orientation. As one can see from the Figure 5.1, the crucible is
then placed vertically in a furnace. In the furnace is created a temperature gradient
with temperature increasing in the direction away from the seed, up to the length of
the crystal. Single crystal growth propagates from the seed crystal and, because the
crystal forms in the shape of the crucible, diameter control of the ingot is relatively
simple [16].

Sealed Quartz Ampoule 1260 °C

Crucible

Furnace

Molten polycrystalline chunks

Seed crystal \C(( 1200 °C

Figure 5.1: Vertical gradient freeze crystal growth
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5.2. Sputter deposition

Sputter deposition is a thin films preparation method that involves bombardment of
the target (material source) by energetic particles resulting in sputtering target atoms
into the gas phase. Since these atoms are not in their thermodynamic equilibrium
state, they tend to deposit on all surfaces in the vacuum chamber. Therefore a

substrate placed in the chamber is coated with a thin film.

Sputtering
gas

Substrate

Figure 5.2: Sputter deposition.

Direct Current or DC Sputtering [17] is the most basic and inexpensive technique
for deposition of metals or electrically conductive coating materials. Major
advantages of this technique are easy control due to DC source and, when preparing
metallic films, also low cost. The basic configuration of a DC Sputtering coating
system is schematically shown in the Figure 5.2. It consists of the target material
placed in a vacuum chamber parallel to the substrate. The vacuum chamber is
evacuated to a low pressure and subsequently backfilled with a high purity inert gas.
This inert gas is usually Argon with typical sputter pressure range from 0.5mTorr to
100mTorr. Argon is due to its relative mass and ability to convey kinetic energy
within high energy molecular collisions in the plasma. Afterwards a DC current is
applied to the target which serves as cathode or negative bias (point where electrons

enter the system). Subsequently, a positive charge is applied to the substrate which
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serves as anode or positive charged bias. Firstly, the electrically neutral argon gas
atoms are ionized due to the collisions with the negatively charged target, which
ejects atoms off into the plasma. Secondly, the ionized argon atoms are driven to the
anode substrate which is attracting ionized gas ions, electrons and the most
importantly vaporized target material atoms. Finally, these atoms condense into a
thin film coating on the substrate. While DC Sputtering is a great choice for
preparation of multiple conductive coatings, its main limitation lies in non-
conducting dielectric insulating materials. These take on a charge over time which
usually results in quality issues like arcing, poisoning of the target material with a
charge and even in the complete cessation of sputtering. To overcome these
limitations, several technologies such as radio frequency sputtering have been

developed.

Radio Frequency or RF Sputtering [17] is very similar to the DC sputtering
technique. The difference lies in the alternating of the current electrical potential in
the vacuum environment at radio frequencies. This is done to avoid a charge build up
on certain types of target material. The charge buildup is cleaned every cycle during
the positive cycle when electrons are attracted to the target giving it a negative bias.
During the negative cycle, ion bombardment of the target continues normally. The
alternating of the current electrical potential is performed by a capacitor. The
capacitor is part of an impedance-matching network, which conveys the power
transfer from the RF source to the plasma discharge. While RF Sputtering is
extremely useful technique, it also has several disadvantages. For example, when
using radio waves instead of DC current, deposition rates became considerably
slower. Moreover, this technique requires significantly higher voltages (expensive
power supplies requirement) to achieve the same deposition results as with DC, and

so overheating (advanced circuitry requirement) also becomes an issue.
5.3. Metal Organic Decomposition

Metal Organic Decomposition (MOD) is a technique for manufacturing inorganic
films without processing in vacuum or going through a gel or powder step [18]. The
key to this method are metal-organic components, prepared by dissolving required
element in an appropriate solvent. These metal-organic components are mixed in an

appropriate ratio to give a metal-organic solution which results in desired cation
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stoichiometry for the final film. The simplified process of MOD can be seen in
Figure 5.3. The first step is a deposition and spin coating of a metal-organic solution
on a substrate and therefore a production of a wet film. Afterwards, the film is heated
multiple times (drying, pre annealing). This is done in order to remove any solvent
that did not evaporate during the deposition step and also in order to decompose the
metal-organic compounds. At the end, this process results into inorganic film of
some thickness. This thickness is constant when all the steps are performed under the
same conditions. If the inorganic film produced by a single pass through the process
is not thick enough, all the steps can be repeated as many times as necessary to
produce a film of the required thickness. As soon as the desired film thickness is
achieved, the film is heated one more time (annealing) to control features such as

oxygen stoichiometry, grain size or preferred orientation.

Metal organic decomposition is a very promising method since it has multiple
advantages. First of all, it is inexpensive, guarantees highly uniform chemical
composition and purity combined with a good chemical stability [19, 20].
Furthermore, it provides a good productivity, since it involves simple processes
performed in the air. MOD also allows epitaxial growth of thin (mostly garnet) films
on lattice constant mismatching substrates, which is not possible by techniques such
as liquid phase. Finally, MOD ensures a possibility of a thin film formation over a

large area.

Cleaning of substrate

l

Spin coating

l

Drying

Pre-annealing
Annealing

Figure 5.3: Simplified process of MOD
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5.4. Pulsed laser deposition

In principle, pulsed laser deposition [21, 22] is a simple technique schematically
shown in Figure 5.4. This technique uses high-power pulsed laser beam (typically
~108 Wem®) and focuses it into a vacuum chamber to strike a target of a deposited
material. This striking event produces plasma plume that augment rapidly away from
the target surface. The stroked material is then collected on a substrate where it
condenses and grows as a thin film. This process usually occurs in ultra-high
vacuum. However, sometimes a background gas, such as oxygen in used when
depositing oxides to fully oxygenate the deposited films. In practice, there are
multiple variables affecting properties of the film (laser flounce, background gas
pressure, substrate temperature etcetera), which optimization requires a lot of time
and effort. Application span of this technique is wide. It ranges from the production
of superconducting and insulating circuit components to various medical
applications. Unfortunately, the fundamental processes occurring during the transfer
of material from target to substrate are still not clear and are consequently the focus

of much research.

'

Port with quartz window

L

Laser plume

Rotating Substrate
target

Figure 5.4: Pulsed laser deposition
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6. RESULTS

In this part of the thesis, we discussed in detail multiple materials with application
potential in several optical and MO devices. We structured this part in sections which
are devoted to individual materials: CdZnTe, GdyFequoo-x), magnetic garnets and
Ce(.95-0HfC0005002-5). At the beginning of every section, we discussed the
application potential of the material, its properties, samples preparation and samples
structure. Afterwards, we focused on SE measurements and analysis. Finally, for
magnetic materials, we focused on MO spectroscopy (MOKE and Faraday effect)

measurements and analysis.

6.1. CdZnTe

CdZnTe is a very promising crystalline material for high-energy X-ray and gamma
ray detectors. This material provides multiple advantages, such as high absorption
coefficient, relatively large bandgap (~1.5 eV) at room temperature, and the
possibility to achieve resistivity up to ~1010 Qcm (by compensation of shallow
defects). All of these properties combined allow achieving a good signal/noise ratio.
On the other hand, surface leakage currents often decrease detector performance.
Surface leakage current is strongly dependent on the surface treatment prior to
contacts deposition [23]. Moreover, there is also a correlation between material
surface treatment and its photoconductivity and resistivity [24]. Surface treatments
commonly used for detector fabrication are surface polishing with different size
abrasives and chemical etching in different solutions (mostly Br—methanol) [25, 26].
In this section of the thesis, we are therefore focusing not only on the determination
of CdznTe optical functions and but more importantly on CdZnTe surface properties
in dependence on the type of the surface treatment. For this purpose we are using SE
methods. These methods enable understanding of the correlation between surface
treatment and material resistivity and photoconductivity and therefore can be useful
for understanding of the variations in the detector performance independent on

metallization.
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As a sample we used a semi-insulating CdZnTe crystal grown by the vertical-
gradient-freeze method with an average Zn concentration of 3.5%. The single-
crystalline sample was cut from an ingot by a diamond saw to dimensions 8 x 5 x 2
mm?®. Afterwards we prepared so called contact surfaces (large 8 x 5 mm? plane
surfaces of the sample) using different treatments. We used polishing by Al,O3 with
the grain size of 3um, lum, 0.3um and 0.05um (POL3, POL1, POLO0.3 and
POLO0.05). Finally, we immersed the sample into a 0.5% Br-methanol chemical
solution for 45 s (CHEL) and afterwards into a 1% Br—methanol chemical solution
for 180 s (CHE2). Table 6.1.1 shows the summary of used surface preparation
treatments. Figure 6.1.1 shows model structure used for SE analysis calculations. In
this model we used oxide layer because CdZnTe is easy and fast to oxidize. Surface

roughness existence was confirmed by non-contact 3D surface profiler (Zygo, USA).

Surface roughness %

CdZnTe oxide

CdZnTe — bulk substrate

Figure 6.1.1: Model structure of CdZnTe sample used for SE analysis calculations.

Spectroscopic Ellipsometry

We performed SE measurements on a Mueller matrix ellipsometer Woollam RC2.
We measured spectral dependence of ellipsometric parameters y and A in reflection
and in the spectral range from 1.25 to 6.5 eV at incident angles 55°, 60° and 65°. We
analyzed obtained experimental data using CompleteEase SE software. In order to
analyze SE experimental data of studied samples, we fitted CdZnTe and CdZnTe
oxide optical functions (diagonal elements of the permittivity tensor €3, and &;;) and
nominal thicknesses (including surface roughness thickness) to the structural model
and experimental data. To ensure Kramers-Kronig consistent results, we

parameterized obtained CdzZnTe optical functions using four Herzniger-Johs
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Psi and Delta (deg)

oscillators. We used this type of oscillator due to its ability to describe complicated
permittivity spectra shape of crystalline materials. We listed some of used
oscillators’ parameters in the table 6.1.2. To model CdZnTe oxide optical functions
we used EMA method in which we mixed CdZnTe optical functions with void of
volume fraction f = 0.26. The EMA method was also used to model surface
roughness where we mixed CdZnTe oxide optical functions with void of volume
fraction f = 0.5. Figure 6.1.2 shows that used theoretical model describes both: CHE1
and POL3 SE experimental spectra well.

Psi (55°,60°,65") Psi (55°,60°,65°)
L T 0 nr0 A0 180 0 An0 A0
175 e o Delta (55,60,65°) 160 _ o Delta (55,60,65°)
L Theory i Theory
150 elalale —~ 140 __ " ,' :":r,_, __
g0}
125 - = 100 | i
[<5) r o
O 80x =*
e} L 4
S L
‘g_) -_//_/ 1
2 4

3 3
E (eVv) E (eV)

Figure 6.1.2: Measured variable angle SE Psi and Delta spectra of a)CHEL and b) POL3
samples compared to the theoretical model (black lines).

Figure 6.1.3 shows obtained spectra of the real &;; and imaginary &;; part of the
CdZnTe permittivity tensor. The real part €3, is generally decreasing its values with
energy while showing three local maxima at 3.2, 3.6 and 4.8 eV. The imaginary part
€1j 1S generally increasing its values with energy while showing three local maxima at
3.3, 3.9 and 5.2 eV assigned to optical transitions parameterized by Herzinger-Johns
oscillators. Moreover, in g;; Spectrum we can observe absorption edge close to 1.5 eV
which is in accordance with previous research [27, 28]. We can also observe optical
transitions and absorption edge in calculated CdZnTe absorption coefficient spectra
shown in Figure 6.1.4. As expected absorption coefficient is increasing its value with
energy. All the results correspond well to previously obtained results on CdTe
material [29]. We assigned small discrepancies to the fact that in here we are dealing

with CdZnTe material and therefore to the influence of Zn.
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Figure 6.1.3: Real and imaginary parts of diagonal elements of the CdZnTe permittivity tensor.
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Figure 6.1.4: Calculated absorption coefficient spectra of CdZnTe.
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As mentioned previously, in this section we are interested in the CdZnTe surface
properties in dependence on the type of surface treatment. For this purpose, we used
SE and its sensitivity to the thickness, especially when dealing with nanolayers. We
listed fitted CdZnTe oxide and surface roughness thicknesses derived from SE in the
table 6.1.1. In here we can see that smaller abrasive size results into thinner GdZnTe
oxide layer. Moreover, oxide layer completely diminishes after etching. If one
correlates these results with the contactless photoconductivity and resistivity
measurements performed by Zazvorka et all. [24], it can be found that CdZnTe oxide
layer and also surface roughness influence photoconductivity and resistivity of the
sample. They found that with increased surface roughness, resistivity decreases
which was assigned to the damaged layer introducing conductive channels into the
semi-insulating material. However, on the other hand, thicker oxide layer results into
higher resistivity values. Since these two trends act in the opposite direction, one can
see maximum in resistivity in dependence on the surface roughness for POLO.3
sample. Photoconductivity is on the other hand negatively influenced for both:

increases oxide layer and roughness.

Table 6.1.1: Used surface preparation treatments and thicknesses (CdZnTe oxide layer, surface
roughness) derived from SE analysis.

poeaion wera AT
POL3 Polishing 3 11.6 10.7
POL1 Polishing 1 4.9 0
POLO0.3 Polishing 0.3 2 4.5
POLO0.05 Polishing 0.05 2.3 0
CHE1 Etching 0.5% Br-methanol/45s 3.9 0.8
CHE2 Etching 1% Br-methanol/180s 0 0.7

Table 6.1.2: Fitted parameters of Herzinger-Johns oscillators used to parameterize optical
functions of CdZnTe in the spectral range from 1.25 to 6.4 eV. In here, E stands for central

energies of oscillators; Amp represents amplitudes and Br broadenings.

Herzinger-Johns 1 Herzinger-Johns 2 Herzinger-Johns 3 Herzinger-Johns 4
Eo Br Eo Br Eo Br Eo Br
@) A" ev) @) ™ ev) @) ™ @) v) A™ @y

CdznTe 154 0.88 0.001 3.3 11 0.04 4.05 6.5 0.06 5.1 19 0.08
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6.2. GdXFe(loo_x)

Amorphous ferrimagnetic thin films composed of rare earth and transition metals
attracted considerable attention because of their useful technological applications
[32-35]. As one of theirs important representative, GdxFeqoox) has significant
advantages, such as large magnetization density, and possibility to adjust its
compensation temperature, coercive and saturation magnetization by changing the
composition [36-38]. Another valuable feature of GdxFe(100-x) IS that it enables direct
access to its spins through the electromagnetic interactions, which makes this
material subject of importance for future magnetic recording (such as heat assisted
magnetic recording) and information processing technologies. Recent numerical
atomic scale modeling simulations of the spin dynamic in Heisenberg GdyFe(100-x)
ferrimagnet demonstrated that the rapid transfer of energy into the spin system leads
to switching of the magnetization within a few ps without necessity of applied
magnetic field. The experiment in GdFeCo alloys, which used linearly polarized fs
laser pulse to produce the ultra-fast heating, confirmed this prediction [39-41].
Moreover, by using circularly polarized laser pulses, it is possible to take an
advantage of the magnetic circular dichroic effect to record a magnetic domain in
which the helicity of the laser pulse influences the final magnetization direction [39,
41-43]. These mechanisms allow the GdxFeuooxy magnetic domain light spin
manipulation and hence coherent control of the magnetization precession at fluencies
as low as 6 pwJ/cm? [44] and in rates of ps [41, 42, 45]. All of mentioned properties
make GdyFepoo-x) Substantial material for modern micro- and nano-electronic
research, where it is often used in domain wall junctions or magneto-optical (MO)
memories [32, 34, 35].

Recently, a novel concept of high speed MO spatial light modulator (MO-SLM) for
holographic displays based on giant magnetoresistance with GdyFeugox) as a free
layer was proposed [33]. This device is shown in Figure 6.2.1. As one can see, every
pixel consists of the ‘free magnetization layer (FL)/ nonmagnetic spacer/ pinned
magnetization layer (PL)’ structure. Free layer magnetization is controlled by spin
polarized current. When the magnetizations of FL and PL are aligned, the
polarization of the light reflected on the structure will rotate to the one direction.
When magnetizations of FL and PL head against each other, the polarization of the
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light reflected on the structure will rotate to the opposite direction. Therefore, in the
multi-pixel structure, we can actually create interference pattern crucial for
holography, just by using a polarization filter. The main advantage of this approach

is the response time in terms of 0.015 us and pixel size in terms of 10 um [46].

1 PIXEL:
Incident linear Reflected light with rotation
polarized light of the plane of polarization

Se

— Transparent
Top electrode

Magnetization
o tl Switching (spin polarized
@ Spacer layer current)

inned layer t Spin filter

Free layer magnetization 1

Free layer magnetization t

Figure 6.2.1: Concept of high speed MO spatial light modulator for holographic displays based
on GMR.

When using GdxFeqoox) for MO-SLM driven by spin transfer torque, it is very
important that GdyFe(00-x) Shows perpendicular anisotropy. This happens when the
Fe concentration is about the compensation concentration, which is for this material
about 75% [47] (this composition is also often used for MO applications such as MO
disk storage [33]). Since in here GdyFe(00-x) acts as FL, it is very important to control
its composition precisely, because it significantly affects its magnetic switching
property. Coercivity shows maxima when the GdxFeuoox composition is the
compensation one, and it gets smaller when the composition becomes Fe rich
(compared to the compensation composition). Spin-torque switching current of the
spin MO-SLM s significantly reduced with an increase in Fe concentration and it
shows very small switching current when composition is slightly Fe richer than the
compensation one [46, 48]. Therefore it is meaningful to investigate optical
properties of the GdyFe(100-x) Material around the compensation concentration.
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The main purpose of our investigation was the determination of the complete
permittivity tensors for GdxFe(100-x) thin films with various compositions (x=18.3, 20,
24.7, 26.7). We were interested in the permittivity tensor spectra because it provides
a deeper look at optical and MO properties of material. Moreover, the knowledge of
the complete tensor allows the theoretical prediction of complex physical properties
of complicated multilayered nanostructures containing GdxFeoox) layer. This is
especially useful when designing complicated nanostructured device such as MO-
SLM, because it allows proposal of desired structure without necessity of preparing

and measuring multiple samples.

In this work is GdxFe(100x) COvered by a coating to avoid the oxidation process [49].
However, this fact complicates its analysis. Optical properties of coating materials
(here Ru, SiO,) may slightly differ in dependence on material they are deposited on.
The reason behind this behavior is usually the lattice mismatch between the film and
substrate that induces strains of various kinds [50-52]. In order to deal with this
problem we used 2 different coating materials which allowed more precise
determination of GdyFe00-x) permittivity tensors. SE analysis showed very similar
optical properties of individual GdxFe00x) compositions for both coatings, which
demonstrated a good stability of GdyFe(0-x) layer.

In this section, we used SE at energies from 1.3 to 5.5 eV and MO spectral
measurements at energies from 1.5 to 5.5 eV. From SE data, we derived the diagonal
permittivity tensor elements €1, and &;; spectra of GdyFeuoox thin films. We
examined MO properties by polar MOKE rotation and ellipticity measurements.
From these data we determined the spectral dependence of the off-diagonal
GdxFeqoox) permittivity tensor elements &, and &. We also performed MOKE
hysteresis measurements, which demonstrated changes in the magnetization in

dependence on GdxFe(10-x) COMposition.

For our samples, we used silicon substrate with thermally oxidized SiO, layer.
Afterwards, we deposited GdxFeqoo-x) and Ru coating by direct current sputtering
technique in Kr gas of pressure 8.7x10-2 Pa with a deposition rate of 3.6 nm/min.
Finally, we deposited SiO, coating by ion beam sputtering technique with radio
frequency ion source. Theoretical model structures used for SE and MOKE analysis

calculations are shown in Figure 6.2.2.
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Surface roughness / Surface roughness /

Ru t=3nm SiO, t=10nm
Gd,Fe 0 x=18.3, 20, 24.7, 26.7 Gd,Fe 0, x=18.3, 20, 24.7, 26.7
t=100 nm t=100 nm
Si0, t =300 nm Si0, t =300 nm
Si - bulk substrate Si - bulk substrate

Figure 6.2.2: Model structure of GdFe/Ru and GdFe/SiO, samples used for SE and MOKE

analysis calculations.

a) Spectroscopic Ellipsometry

We measured ellipsometric Psi and Delta parameters of the reflected light in the
spectral range from 1.3 to 5.5 eV for incident angles 55°, 60° and 65°. Obtained
experimental data were analyzed using CompleteEase software. In order to analyze
SE experimental data of studied samples we fitted GdyxFe0o-x) Optical functions
(diagonal elements of the permittivity tensor €3, and €3;) and nominal thicknesses to
the structural models and experimental data. In order to avoid the false minima result
of the fitting process, we used the MSA mode to derive the GdigsFes17 and
Gda47Fess3 optical functions from the experimental data for both coatings
simultaneously. In MSA mode, we set GdyFeuoox) (X=18.3 or x=24.7) optical
functions as the fit parameter common for both samples. We set optical functions of
coating materials and thicknesses as fit parameters varying for each sample
independently. Figure 6.2.3 shows that theoretical model describes both:

GdyoFego/Ru and Gd,oFego/SiO, SE experimental spectra well.

We parameterized obtained optical functions to ensure Kramers-Kronig consistent
results. We used two Lorentz oscillators and one Drude term in the spectral range
from 1.5 to 6 eV. We used Lorentz oscillators due to their ability rapidly approach
zero beyond the FWHM position and the Drude term to describe the free carrier
effect on the dielectric response. We listed parameters of used parameterizations in
the table 6.2.1. We determined constants of Si, SiO, and Ru from SE measurements
on individual samples. We listed derived thicknesses in the table 6.2.2. To confirm
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Psi and Delta (deg)

thicknesses of GdxFequoox) layers derived from SE, we also performed XRF

measurements. We listed thicknesses of GdyFe(i00-x) layers derived by XRF in the

table 6.2.2. As you can see, values derived from SE and XRF correspond well.

Psi (55°,60",65")

Psi (55°,60°,65°)

150 E o Delta (55°,60°,65") 160 ; - ' o Delta (55°,60°,65")
125 | | fThGOI’y _ 140 = —— Theory
100 »;‘;;;:;“‘H;:::r i 'é.; 120 ,,,,» § - -
- ” = 100 dae
75 % K
357 g T
© 4
g 38 .
& 36
30 34 ]
32 b)
25 1 L 1 L 1 L | 30 L | | L | L |
3 2 3
E (eV) E(eV)
Figure 6.2.3: Measured variable angle SE Psi and Delta spectra of
a)Gd20Fe/Ru and b) Gd20Fe/SiO, samples compared to the theoretical model .
Table 6.2.1: Fitted parameters of Lorentz oscillators and Drude term used to
parameterize optical functions of Gd,Fe(.x in the spectral range from 1.5 to 6 eV.
In here, E stands for central energies of oscillators; Amp represents amplitudes
and Br broadenings. For Drude model, N represents carrier concentration, p
carrier mobility and m* carrier effective mass.
Lorentz Lorentz
(E=1.89¢eV) (E=2.57¢eV) Drude term
Amp Br(eV)  Amp Br(ev) Ncm® M(@em*Vvisl) m*
Gd18.3Fe 6.66 2.30 1.10 1.09 | 1.098*10% 0.354 0.514
Gd20.0Fe 6.23 2.43 1.28 1.43 1.095*10% 0.352 0.533
Gd24.7Fe 6.04 2.69 1.43 1.84 1.110*10% 0.340 0.564
Gd26.7Fe 5.82 2.83 1.67 1.99 1.113*10% 0.332 0.573
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Table 6.2.2: Fitted thicknesses used for model of GdFe (00 in SE and XRF in
the spectral range from 1.5 to 6 eV. In here, t stands for thickness and r for

roughness on top.

tsio2 (NM) togre (NM) togre (NM)  try (NM)  tsi02 (NM) 1 (NM)

SE SE XRF coating coating SE
Gd18.3Fe/Ru 307 131.6 136.9 3.1 - 2
Gd18.3Fe/SiO, 307 130 136.9 - 11.3 0.3
Gd20.0Fe/Ru 307 103 99.6 2.9 - 2
Gd24.7Fe/Ru 307 95 87.7 2.7 - 1.9
Gd24.7Fe/SiO;, 307 87.7 87.7 - 10.5 0.7
Gd26.7Fe /Ru 307 93.4 93.4 2.2 - 1.9

Figure 6.2.4 shows real parts of the diagonal permittivity tensor elements €;, and
Figure 6.2.5 shows imaginary parts of the diagonal permittivity tensor elements €;; Of
the GdyFequoox thin films. Figure 6.2.6 shows calculated absorption coefficient
spectra. The g, Spectra are characteristic by one global minimum at 2.9 eV while the
€1 amplitudes decrease their values with increasing energy in the measured spectral
range for all the compositions. As expected, absorption coefficient spectra have
increasing character with energy. All the spectra show similar behavior to Fe and Gd
[53, 54] and also to the results previously reported on GdxFeqoox films by other
groups [37, 55]. The behavior in the spectral range from 1.5 to 3eV, where &
decreases its value for higher energies is similar to the behavior of some transitions
metals (including Cr, Gd, Ru, Ti [53, 54]). This behavior is usually explained by
intra-band transitions, which are for some transition metals not negligible in
measured spectral region [54]. Finally, to discuss the Gd substitution effect, we
would like to note in here, that higher Gd content decreases both, &1, and &
amplitudes and therefore the refraction index, especially at extreme 2.9 eV. Gd
substitution is increasing absorption coefficient of this material bellow 5 eV,

however it has the opposite effect above.
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Figure 6.2.4: Real parts of diagonal elements of the permittivity tensor of the
deFE(loo_X) thin films.
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Figure 6.2.5: Imaginary parts of diagonal elements of the permittivity tensor of
the Gd,Fego-x thin films.
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Figure 6.2.6: Calculated absorption coefficients of Gd,Fegothin films.

b) MOKE spectroscopy

We measured MO properties by MOKE spectroscopy. We obtained the MOKE
rotation and ellipticity spectra in the polar configuration. We acquired all the spectra
at the room temperature for nearly normal light incidence. Applied magnetic field
was 1.2 T, which was enough for magnetic saturation of samples. Incident light was
s-polarized. We recorded data in the photon energy range from 1.5 to 5.5 eV. We
measured MOKE rotation hysteresis loops by differential intensity detection method
at 2.38 eV. We performed all measurements in the polar geometry and at the room
temperature. Field was ranging from -1.8 T up to 1.8 T, which was far beyond

saturation point.

We would like to start this section with polar MOKE hysteresis measurements shown
in Figure 6.2.7. First thing to notice is that easy axis of GdyFe(00-x) magnetization lies
out-of-plane for all the samples. However, when Gd reaches the compensation
concentration (x = 25) the magnetization direction changes to the opposite site.
Moreover, the ferrimagnetic nature of GdyxFe00-x) Causes, that samples Gd20Fe/Ru,
Gd18.3Fe/SiO; and Gd18.3Fe/SiO; have “not squared” shape of hysteresis loops.
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The reason is that when being farther from the compensation point, GdyFe(oo-x)

magnetic sub-lattices saturates on different paces [56]. Shapes of all hysteresis loops

are therefore characteristic for out-of-plane hysteresis loops of ferrimagnetic

materials around the compensation point [56]. Further thing to discuss, is the

opposite direction of the magnetization for samples with the Gd concentration
x=24.7 (Gd24.7Fe/Ru and Gd24.7Fe/SiOy). Since this concentration is extremely

close to the compensation point, it would be reasonable to assume that the dispersion

of the Gd concentration during the film preparation process causes this behavior.

However, we believe that in this case (based on experience), coating affects the

Gd24.7Fe properties more than Gd concentration dispersion, since SiO, may oxidize

Gd selectively.

Field (mT) Field (mT)

Figure 6.2.7: Hysteresis loops of examined samples with a) Ru and b) SiO, coatings at 2.38 eV.

Figure 6.2.8 shows MOKE rotation and Figure 6.2.9 MOKE ellipticity spectra.

Firstly, both spectra are characteristic by increasing rotation and ellipticity

amplitudes toward to smaller energies. Secondly, samples with SiO2 coating show

much higher MO signal than samples with Ru coating (also possible to see from

hysteresis loops measurements). We attributed this to multiple reflections in

measured energy region for SiO2 coated samples. Furthermore, we can observe that

substitution of Gd is increasing amplitudes of MOKE. Moreover, as expected,

amplitudes of MOKE rotation and ellipticity changes the sign when Gd reaches the
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compensation concentration (x = 25) and therefore when magnetization direction

changes. All the data correspond with the hysteresis loops measurements.
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Figure 6.2.8: Polar MOKE rotation spectra of examined Gd,Feo., samples with Ru and SiO,
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Figure 6.2.9: Polar MOKE ellipticity spectra of examined GdFe 0., samples with Ru and

SiO, coatings.

54



We used obtained MOKE spectra to calculate the off-diagonal elements of the
GdxFeqoo-x) permittivity tensors. For the off-diagonal elements calculations, we used
the diagonal elements of the permittivity tensors and thicknesses determined by SE.
Figure 6.2.10 shows calculated real parts of the off-diagonal elements &, and Figure
6.2.11 imaginary parts of the off-diagonal elements €. The € spectra are
characteristic by one global extreme around 2.5 eV while &; amplitudes decrease
with energy in the measured spectral range. Amplitudes of GdxFe(00-x) Off-diagonal
permittivity elements spectra are smaller than amplitudes of Fe, which is the most
probably caused by the presence of the Gd. To discuss the effect of Gd, it is also
important to note, that Gd substitution decreases amplitudes of both, the real and
imaginary part of the permittivity tensors. We attributed this to the fact that the
magnetic moment of Fe is in this ferrimagnetic alloy stronger than the magnetic

moment of Gd.

1.5 — . : : : : : :
— GJ18,3Fe
— Gd20Fe

1.0 — G024, 7Fe| |
— Gd26,7Fe

E (eV)

Figure 6.2.10: Real parts of the off-diagonal elements of the permittivity
tensors of GdFe(o-x).
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Figure 6.2.11: Imaginary parts of the off-diagonal elements of the permittivity tensors of
deFE(loo.x).

We parameterized spectra of the off-diagonal elements of the GdxFeqoox)
permittivity tensor in terms of microscopic theory. For this purpose we used one Dia
transition term with parameters listed in table 6.2.3 for all compositions. From the
data we can see that increased Gd concentration is increasing amplitude of the
transition only. From these results one can assume that the MO effect observed in
MOKE spectra comes from different probabilities of transition between an orbital
singlet ground state and excited state split by the combined effect of spin-orbit

coupling and an exchange field and that Gd concentration is decreasing this splitting.

Table 6.2.3: Fitted parameters of Dia and Para transitions used to parameterize off-diagonal
elements of the Gd,Fe(00.5 permittivity tensor in the spectral range from 1.5 to 5.5 eV. Here, E,
stands for central energy of the transition; Amp represents amplitude of the transition and I is

half-width in a half-height of the transition.

Diatr. 1
Eo(eV) Amp  To(eV)
Gd18.3Fe 1 1.7 0.8
Gd20.0Fe 1 1.9 0.8
Gd24.7Fe 1 2.2 0.8
Gd26.7Fe 1 2.4 0.8
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6.3. Magnetic garnets

Magnetic garnets are crystalline materials with a common structure shown in Figure
6.3.1 and described by a general formula {A**}5[B*12(C*")3012. In this formula, A
stands for doubly positively charged metal ion (Y, Nd, Yb, Lu) surrounded by 8
oxygen ions. B stands for metal ions with three or four positive charges (Fe, Bi, Ga,
Al), surrounded by 6 oxygen ions and C for mostly ions with 4 negative charges (Fe,

Bi, Ga, Al, surrounded by 4 oxygen ions [38].

These complex materials have recently attracted a considerable attention as they have
high application potential. This is manly given by several magneto-electric,
spintronic and MO phenomena, such as spin Seebeck effect [57], spin Hall magneto-
resistance [58] as well as high MOKE and Faraday effect in the visible-light region.
In this section we focus on bismuth substituted yttrium iron garnets Ys;.xBixFesO12
(Bix:YIGs); as well as on bismuth and gallium substituted neodymium iron garnets
Nd;BiFes.GaxO12 (Bil:NIGXGs) and NdosBizsFes.GaxO12 (Bi2.5:NIGXGs). Both
of these materials exhibit strong spin-orbit coupling enhanced by 6p orbitals of Bi.
Furthermore, Bil:NIGxGs and Bi2.5:NIGxGs exhibit strong out-of-plane magnetic
anisotropy achieved by Ga substitution and crystal orientation (111) of the GGG
substrate. Currently, people use various techniques to grow magnetic garnet thin
films of high optical and MO quality [31, 59-71]. As explained in section 5.3, MOD
has demonstrated to be a very promising method for this type of material.

Tetrahedral
(24d)

{A*}5[B*],(C*);04,

’ Rare Earth: Y, Nd, Yb, Lu

Dodecahedral
(24c¢)

Octahedral
(16a)

Figure 6.3.1: Atomic structure common to magnetic garnets.
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All of mentioned properties combined make studied garnets suitable for applications
such as magnetic recording or non-reciprocal photonic devices (including optical
isolators and circulators). Moreover, garnets are much desired material for various
MO visualizers and microscopes [72, 73]. Figure 6.3.2 shows MOKE microscope
which images magnetic domains on the surface of magnetic materials. In this device,
polarized light reflects on the magnetic sample (for example magnetic credit card)
and passes through an analyzer (polarizing filter), before going through a regular
optical microscope. When the polarized light reflects on the magnetic sample,
MOKE causes different changes in the light polarization for differently oriented
magnetic domains. These polarization changes are afterwards converted by the
analyzer into the light intensity changes, which are visible. However, magnetic
domains are not easily to observe for materials that exhibit small MO effects or
materials that are covered by a non-transparent protecting layer (plastic layer in
cards). Therefore, to make magnetic domains visible, MOKE microscope uses
transparent MO imaging plate that exhibits huge MO effect (garnet film). This MO
plate is put on the sample and it copies its magnetic field. Therefore, we do not
observe MO effect on examined sample, but on MO plate with identical magnetic
domains shape as the sample.

N »
séﬁrce /) M% ‘

CCD camera —

Polarizer Analyzer

Magnetic flux

=>§\ S o el é = MO imaging plate

=)

Magnetic card

4

Figure 6.3.2: MOKE microscope principle and magnetic response of MO imaging plate to a

material with magnetic domains.
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6.3.1 Y3_XBiXFe5O]_2

In this sub-section, we focused on the determination of complete permittivity tensors
of Bix:YIGs thin films with various Bi concentrations. We used optical and MO
spectral measurements at energies from 1.5 to 5 eV. We compared obtained results to
the properties of investigated Bix:YIGs thin films prepared by MOD to properties of
bulk-like Bix:YI1Gs with small Bi concentrations prepared by epitaxial growth [8,
74]. We examined optical properties by SE supported by transmission intensity
measurements. From these data we derived the diagonal permittivity tensor
elements. We examined MO properties by spectroscopic MOKE and Faraday effect
measurements and analysis. Using a combination of the SE and MO measurements
we determined the spectral dependence of off-diagonal permittivity tensor elements.
Finally, we parameterized obtained results in terms of microscopic theory which
relates permittivity tensor spectra to energy-level splitting and transition

probabilities.

We focused on Y34BixFesO1 thin films (x= 1.5, 2, 2.5, 3) prepared on Gd;GasO1,
(GGG) (100) substrates. We listed compositions of garnet films in the table 6.3.1.
The thin films were prepared by MOD method. MOD liquids for garnet films
consisted of solutions made of Bi, Y, and Fe carboxylates. The total concentration of
carboxylates was 3 — 4% [20, 75]. We prepared MOD liquids by mixing each
solution to obtain desired chemical compositions. We spin-coated MOD liquids on
GGG(100) substrates using 3000 rpm for 60 s. We followed this process by drying at
100 °C for 30 minutes using a hot-plate. Afterwards, we pre-annealed samples at 450
°C for 30 minutes in order to decompose organic materials and obtain amorphous
oxide films. We repeated procedure from spin coating to pre-annealing four or five
times in order to obtain appropriate thicknesses. Nominal thicknesses of studied
garnet films were 160 and 200 nm (see table 6.3.1). We determined nominal
thicknesses from the number of MOD cycles calibrated by X-ray measurements.
Finally, we annealed samples for the crystallization in a furnace using 700 °C for 3
hours. We performed all thermal treatments in the air. For further information on
garnet films prepared by MOD see Ref. [19]. Figure 6.3.3 shows theoretical model
structure of Bix:YIGs samples used for SE, MOKE and Faraday effect analyses.
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Table 6.3.1: Compositions and nominal thicknesses of examined

garnet films.
Film composition Indication in Nominal thickness
P Figures and text (nm)
BisFes04, Bi3IG 200
Yo5BissFes01 Bi2.5YIG 160
Y1Bi,Fes055 Bi2YIG 200
Y15BiysFes01 Bil.5YIG 200

Surface roughness

BixYIG x=1.5,2,2.5,3
t=200 nm

Interface

GGG (100) — bulk substrate

Figure 6.3.3: Model structure of Bix:Y1Gs samples used for SE, MOKE and Faraday analysis
calculations.

a) Spectroscopic Ellipsometry

We performed SE measurements on a Mueller matrix ellipsometer Woollam RC2.
We measured spectral dependence of ellipsometric parameters y and A in reflection
and at incident angles 55°, 60° and 65°. We used the same equipment to measure the
transmission spectra at the incidence angle 0°. All measurements were performed in
the spectral range from 1.5 to 6.5 eV. We analyzed SE experimental data using a
CompleteEase software provided by Woollam Co.. We used MSA mode to obtain
optical functions spectra (diagonal elements of the permittivity tensor g1, and &3;) of
GGG and Bix:YIGs materials. In MSA mode, we combined ellipsometric and
transmission measurements. We used transmission spectra because of the strong
interference observed in y and A in the transparent spectra region bellow 2.5 eV. We
fitted the SE and transmission experimental data using model structure shown in

Figure 6.3.3. Figure 6.3.4 shows that theoretical model describes both: SE and
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Psi and delta (deg)

transmission experimental spectra well. To ensure Kramers-Kronig consistent results
we parameterized obtained optical functions. We parameterized optical functions of
GGG substrate (Figure 6.3.5) by one Tauc-Lorentz oscillator in whole measured
spectral range. We parameterized calculated optical functions of Bix:YIGs by three
Gaussian oscillators (especially in the spectral range 3-5.5 eV) and one general
Herzinger-Johns oscillator (especially bellow 3 eV). Since substrates were
transparent and both-side polished, we considered back reflections in the SE analysis.
We fitted all thicknesses (including roughness and interface layer) by the
CompleteEase software and subsequently used them in MOKE and Faraday spectra
analysis. Table 6.3.2 shows some parameters of used oscillators. Table 6.3.3 shows

fitted thicknesses.
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Figure 6.3.4: Experimental data for Bi3YIG layer on GGG substrate compared to the
theoretical model. a) Variable angle Psi and Delta SE data. b) Measured transmission intensity

spectra.
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Figure 6.3.5: Spectral dependence of diagonal elements &, and g;; of the GGG (100) substrate

permittivity tensor.

Table 6.3.2: Fitted parameters of Gaussian and Herzinger-Johns functions used to

parameterize optical functions of Bix:YIGs layers on GGG substrates in the spectral range 1.5 -

6.5 eV. Here, Eq stands for central energy of the function; Amp represents amplitude of the

function and Br its broadening.

Gaussian 1 Gaussian 2 Gaussian 3 Herzinger-
Johns
Eo Br Eo Br Eo Br Eo
ev) Amp (V) (V) Amp (eV) (V) Amp (V) (eV) Amp
Bi3IG 3.27 1.64 0.81 4.36 34 165 6.27 505 3.09 260 233
Bi2.5YIG 3.2 2.7 1.15 4.33 2.29 164 651 426 3.87 249 240
Bi2YIG 3.04 1.15 0.77 4.25 1.56 168 6.36 298 237 253 1.86
Bil.5YIG  2.71 0.83 0.46 4.23 0.99 219 731 213 4.18 2.89 1.46

Table 6.3.3: Fitted thicknesses and volume fractions used for model of Bix:Y1Gs layers on
GGG substrate in the spectral range 1.5 - 6.5 eV. Here, Tg;.yig Stands for Bi:YIG film

thickness; Rrqugn represents film roughness with volume fractions frougn; Rintert represents

thickness of film/GGG interface with volume fractions fiqers.

TBi:YIG (nm) Rrough (nm) frough Rinterf (nm) finterf

Bi3IG 177 7 0.5 4 0.5
Bi2.5YIG 132 5 0.4 2 0.5
Bi2YIG 165 12 0.6 3 0.5
Bil.5YIG 175 12 0.5 4 0.5
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We performed transmission electron microscopy (TEM) measurement on Bi2.5YI1G
sample. We did this measurement to observe the film quality and also to confirm
thicknesses derived from SE. Figure 6.3.6 shows results of the TEM measurement.
This measurement confirmed that the film was uniform and epitaxially grown on
GGG. (This was expected since X-ray diffraction data of previously grown Bix:YIGs
in our laboratory also revealed garnet structure [76].) TEM also revealed that the film
thickness was around 132 nm, which is almost 30 nm less than the nominal
thickness. Moreover, we can observe interfacial layer in the form of contrast layer
between GGG and Bi2.5YI1G. These observations are in a very good agreement with
the SE analysis results (Table 6.3.3). Finally, we performed AFM roughness
measurement on Bil.5YIG sample. We did this measurement to verify relatively
high roughness derived from SE. This measurement revealed roughness 11 nm which

IS in a good agreement with SE result.

o E
Figure 6.3.6: a) TEM picture of the Bi2.5Y1G sample. b) TEM picture of the interface between
GGG and Bi2.5YIG layer.

Figures 6.3.7 and 6.3.8 shows spectra of calculated optical functions &, and &;; for all
Bix:YIG samples. In the case of €1, we observed one global maximum around 2.4 eV
and local maxima around 3.2 and 4.4 eV. We also observed optical transitions
around 2.5, 3.2 and 4.4 eV. The absorption edge near 2.1 eV was clearly visible.
Bi3YIG and Bi2.5YIG spectra have in the UV region similar shape. This shape is
however different from Bi2YIG and Bil.5YIG spectra. This observation corresponds

to the off-diagonal elements of the permittivity tensor spectra discussed later in this
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section, where we observe a bigger change in absorption between Bi2YIG and
Bi2.5YIG samples. All spectra clearly demonstrated that the bismuth substitution

increases amplitudes of €1 and €35 in the measured spectral range.
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i — Bi3YIG
10 |- —— Bi2.5YIG 1
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Figure 6.3.7: Real parts of diagonal elements of the permittivity tensor of Bix:YIGs.
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Figure 6.3.8: Imaginary parts of diagonal elements of the permittivity tensor of Bix:YIGs.
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When we compare our results to the results previously reported on bulk-like films
[8], we can notice smaller g;; amplitude and an absorption edge shift from 2.5 to 2.2
eV. However, similar measurements performed on thin single crystal Bix:Y1Gs films
show absorption data similar to our results [30, 77, 78]. Therefore we atributed this
disprepancy to the difference between properties of thin and bulk-like films. Previous
investigations [79-83] demonstrated that properties of ultra-thin films may
significantly differ from properties of thicker films. Difference is ussually caused
either by materials’ inhomogeneities or, as the thickness of the films decreases, by
the increasing influence of surface and interface defective layers (in here modeled by
EMA) [81, 82, 84].

b) MOKE and Faraday effect spectroscopy

We measured Bix:YIGs MO properties by MOKE and MO Faraday effect
spectroscopy. We measured MOKE rotation and ellipticity spectra in the polar
configuration. We acquired the spectra at room temperature and at nearly normal
light incidence. Applied magnetic field was 1.2 T which was enough for samples
saturation. We used p-polarized light. We recorded data in the photon energy range
from 1.4 to 5 eV. Faraday rotation and ellipticity spectra were acquired at room
temperature using magnetic field 665 mT, which was enough for samples saturation.
We recorded Faraday experimental spectra in the photon energy range from 1.4 to 4

eV. Faraday hysteresis loops were measured at 3 eV.

Figure 6.3.9 shows measured MOKE rotation spectra. Figure 6.3.10 shows measured
MOKE ellipticity spectra. We observed MOKE rotation maxima around 3.4 and 4
eV and MOKE ellipticity maxima near 3.3 and 4.4 eV. These values are
characteristic for Bix:YIGs MOKE spectra [8, 74]. Furthermore, we observed strong
MO interference in the form of strong oscillations in the spectral range bellow 3 eV.
Since our samples had different thicknesses, we observed different interference
patterns for each of them. Spectra clearly demonstrated that bismuth substitution
increases amplitudes of MOKE rotation and ellipticity effectively in the measured

spectral range.
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Figure 6.3.9: Polar MOKE rotation spectra of Bix:Y1Gs on GGG substrates.
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Figure 6.3.10: Polar MOKE ellipticity spectra of Bix:Y1Gs on GGG substrates.
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Figure 6.3.11 shows measured MO Faraday rotation spectra. Figure 6.3.12 shows
measured MO Faraday ellipticity spectra. Experimental data were corrected for the
rotation from the substrate. We observed Faraday rotation minima near 2.4 eV and
two maxima near 2.7 and 3.2 eV. Faraday ellipticity showed maxima at 2.7 and
minima at 3.3 eV. As expected, spectra demonstrated that bismuth substitution leads
to the enhancement of the MO Faraday rotation near to 2.4, 2.7 and 3.2 eV and
ellipticity near 2.7 eV. We demonstrated Faraday rotation angle enhancement by

Faraday hysteresis loop measurements shown in Figure 6.3.13.

[ | —— Bi3YIG
60 - —— Bi2.5YIG 7
L | —— BI2YIG

Faraday Rotation (deg/um)

15 2.0 2.5 3.0 3.5 4.0
E (eV)

Figure 6.3.11: Faraday effect rotation spectra of Bix:Y1Gs on GGG substrates.
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Figure 6.3.12: Faraday effect ellipticity spectra of Bix:Y1Gs on GGG substrates.
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Figure 6.3.13: Faraday effect rotation hysteresis loops of Bix:Y1Gs on GGG substrates.



We calculated the off-diagonal elements of the permittivity tensor gy and & from
MOKE and Faraday effect spectra. We performed calculations using Yeh’s 4x4
matrix formalism and diagonal elements of the permittivity tensor determined by SE.
As mentioned previously, there was strong MO interference bellow 3 eV in MOKE
spectra. Therefore, we used MO Faraday effect spectra in the spectral range from 1.5
to 3 eV and MOKE spectra in the spectral range from 3 to 5 eV. Figure 6.3.14 shows
the real part of off-diagonal permittivity tensor elements &, spectra. We observed
sharp global maxima at 2.4 eV and local maxima at 4.2 eV. Minima around 2.7 eV
and 3.1 eV were also observed, especially for higher Bi substitutions. As expected,

bismuth increases €, amplitudes at extremes 2.4, 2.7 and 3.1 significantly.

Figure 6.3.15 shows the imaginary part of off-diagonal permittivity tensor elements
€2 spectra. We observed clear maxima at 2.5 and 4.5 eV and one minimum near 3.4
eV. Spectra demonstrated that bismuth substitution increases amplitudes of &;;,
especially at extremes 2.3, 3.4 and 4.5.

We parameterized spectra of the off-diagonal elements of the Bix:YIGs permittivity
tensors &;r and &y in terms of microscopic theory. For this purpose we used two Para
transition terms at 2.4 and 3.1 eV and three Dia transition terms at 0.5, 2.5, 3.3 and
4.45-4.65 eV. We used the Dia transition at 0.5 eV only to model the effect of the
transitions outside of the measure spectral range. Therefore, we do not attribute it any
physical meaning. We listed some of used parameters in table 6.3.4. From these data,
we can see that Bi substitution increases amplitudes almost of all listed transitions.
Moreover, it lowers energy of Dia transition at 4.65 eV which most likely exist due
to charge transfers from oxygen to octahedral Fe [8]. We associated Dia transitions at
2.5 eV and 3.3 eV, which are the strongest, with transitions t2(Fe3+) — t2g(Fe2+)
and eg(Fe3+) — e(Fe2+). These transitions are mainly responsible for the
remarkable increase of the Faraday rotation in the visible and near infrared region.
Since Bi is substituted per Y and not for Fe, positive impact of Bi on these transitions
have been previously explained by increase in super-exchange interaction caused by
enhancement of electronic exchange [85]. This enhancement is the most probably
facilitated by mixing 6p orbitals of Bi with 2p orbitals of Oxygen and 3d orbitals of
iron which leads to considering of Bi ion as a magnetic ion [8, 85, 86]. Maxima at
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2.4 eV are mainly created by the overlap of secondary negative peaks of these two
dominant Dia transitions [8].
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Figure 6.3.14: Real parts of off-diagonal elements of the permittivity tensor of
Bix:YIGs.
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Figure 6.3.15: Imaginary parts of off-diagonal elements of the permittivity
tensor of Bix:Y1Gs.
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Table 6.3.4: Fitted parameters of Dia and Para transitions used to parameterize off-diagonal

elements of Bix: YIGs permittivity tensors in the spectral range from 1.5 to 5.5 eV. Here, E,

stands for central energy of the transition; Amp represents amplitude of the transition and I is
half-width in a half-height of the transition.

Diatr. 1 Diatr. 2 Diatr. 3
Eo Iy Eo Iy Eo Iy
(eV) Amp (eV) (eV) Amp (eV) (eV) Amp (eV)
Bi3IG 0.5 0.03 0.4 25 0.8 0.17 3.3 0.5 0.4
Bi2.5YIG 0.5 0.03 0.4 2.55 0.5 0.2 3.3 0.25 0.4
Bi2YIG 0.5 0.03 0.4 2.55 0.35 0.2 3.3 0.1 1
Bil.5YIG 0.5 0.03 0.4 2.55 0.2 0.15 3.3 0.1 1
Diatr. 4 Paratr. 1 Paratr. 1
Eo Iy Eo Iy Eo Iy
(eV) Amp (eV) (eV) Amp (eV) (eV) Amp (eV)
4.45 0.15 0.3 2.4 0.09 0.2 3.1 0.05 0.15
45 0.1 0.3 2.45 0.08 0.2 3.1 0 0.15
4.55 0.05 0.4 2.45 0.06 0.2 3.1 0 0.15
4.65 0.06 0.55 2.45 0.02 0.2 3 0.01 0.15

We would like to note in here that all the calculated permittivity tensor elements
spectra have characteristic shape of diagonal and off-diagonal permittivity tensor
elements of bulk-like epitaxial Bix:YIGs with small Bi concentrations [8, 74]. As
explained earlier, properties of epitaxial films may differ from the properties of bulk-
like materials. Therefore, we attributed result discrepancy to the fact that in this work
we characterized epitaxial thin films. Results demonstrated, that MOD in as an
effective technique for preparation of epitaxial thin garnet films on GGG substrate.

6.3.2. NdZBiFE(5_x)GaXO]_2 & Ndo.5Bi2.5Fe(5_x)GaXO]_2

In this sub-section, we focused on the determination of complete permittivity tensors
of Bil:NIGxGs and Bi2.5:NIGxGs thin films. We used optical and MO spectral
measurements at energies from 1.5 to 5.5 eV. We examined optical properties by SE
supported by transmission intensity measurements. From these data we derived the
diagonal permittivity tensor elements. We examined MO properties by spectroscopic

polar MOKE and Faraday effect rotation and ellipticity measurements. From these
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data we determined the spectral dependence of off-diagonal permittivity tensor
elements. Finally, we parameterized obtained results in terms of microscopic theory.

We focused on Nd;BiFes.GaxO12 and Ndo sBizsFeEx)GaxOs2 thin films (x = 0, 0.25,
0.75, 1) prepared by MOD method on Gd3;GasO1; (GGG) (111) substrates.
Compositions of garnet films are listed in the table 6.3.5. MOD liquids for garnet
films consisted of solutions made of Nd, Bi, Ga, and Fe carboxylates [20, 75]. We
prepared MOD liquids by mixing each solution to obtain desired chemical
compositions. We spin-coated those solutions on GGG (111) substrates with 3000
rpm for 30 s and continued by drying at 100 °C for 10 minutes using a hot-plate. In
order to decompose organic materials and obtain amorphous oxide films, we pre-
annealed samples at 450 °C for 10 minutes. We repeated this procedure, from spin
coating to pre-annealing, 5 times in order to obtain appropriate thickness. Nominal
thicknesses of studied garnet films were 200 nm (based on the number of MOD
cycles calibrated by X-ray measurements). Finally, we annealed samples for
crystallization in a furnace at 700 °C for 3 hours. We performed all the thermal
treatments in the air. Figure 6.3.16 shows theoretical model structure of Bil:NIGXGs
and Bi2.5:NIGxGs samples used for SE, MOKE and Faraday effect analysis.

Table 6.3.5. Composition and nominal thicknesses of examined

garnet films
Indication in Figures Nominal

Film composition and text thickness (nm)
Nd,BiFes01, BilNIG 200
Nd,BiFes 75Gag 25012 BilNIG(0.25)G 200
Nd,BiFes 25Gag 75012 BilNIG(0.75)G 200
Nd,BiFe;GaO, BilNIGG 200
Nd, 5Bi,sFesGa01, Bi2.5NIG 200
Ndg 5Bis 5F€s75Gag 25012 Bi2.5NI1G(0.25)G 200
Ndg 5Bl 5F€425Ga9 75012 Bi2.5NIG(0.75)G 200
NdysBi»sFe4sGa; 04, Bi2.5NIGG 200
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BiINIGxG x=0, 0.25, 0.75, 1
t=200 nm

Surface roughness / Surface roughness
Bi2.SNIGxG x=0, 0.25, 0.75, 1
t=200 nm

GGG (111)— bulk substrate GGG (111)— bulk substrate

Figure 6.3.16: Model structure of BilNIGG and Bi2.5NIGG samples used for SE, MOKE and

Faraday analysis calculations.

a) Spectroscopic Ellipsometry

We performed SE measurements on a Mueller matrix ellipsometer Woollam RC2.
We measured spectral dependence of ellipsometric parameters y and A in reflection
and at incident angles 55°, 60° and 65°. We used the same equipment to measure the
transmission spectra at the incidence angle 0°. We performed measurements in the

spectral range from 1.5t0 6.5 eV.

We analyzed SE experimental data using a CompleteEase software provided by
Woollam Co.. We used MSA mode to obtain optical functions spectra (diagonal
elements of the permittivity tensor €3, and &;) of Bil:NIGxGs and Bi2.5:NIGxGs. In
MSA mode, we combined ellipsometric and transmission measurements.
Transmission spectra supplemented our analysis because of the strong interference
observed in y and A in the transparent region bellow 2.5 eV. We fitted the SE and
transmission experimental data using model structure shown in Figure 6.3.16. To
ensure Kramers-Kronig consistent results we parameterized obtained optical
functions &;; and &;; of Bil:NIGxGs and Bi2.5:NIGxGs by five Gaussian functions.
Since substrates were transparent and both-side polished, we considered back
reflections in the SE analysis. We fitted all thicknesses, including roughness in the
CompleteEase software. We subsequently used these thicknesses in MOKE and
Faraday spectra analysis. We listed some parameters of used parameterization
functions in the Table 6.3.6 and the fitted thicknesses in the Table 6.3.7. Fitted

interface thickness was zero for all the samples. This corresponds to epitaxial growth
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of our films on GGG substrate.

describes both: SE and transmission experimental spectra well.

Figure 6.3.17 shows that used theoretical model
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Figure 6.3.17: Experimental data for BilNIG layer on GGG substrate
compared to the theoretical model. a) Variable angle Psi and Delta SE data. b)

Measured transmission intensity spectra.

Table 6.3.6: Fitted parameters of Gaussian functions used to parameterize optical properties of
Bil:NIGxGs and Bi2.5:NIGxGs layers on GGG substrates in the spectral range from 1.5 to 6.5
eV. Here, E( stands for central energy of the function; Amp represents amplitude of the

function and Br its broadening.

Gaussian 1 Gaussian 2 Gaussian 3

Eo Br Eo Br  E Br

(evV) Amp (eV) (ev) Amp (eV) . (V) Amp (eV)

BilNIG 5 75 0.76 0.39 3.27 0.76 0.32 342 1.81 0.80
BilNIG(0.25)G 2.79 0.72 0.42 3.25 111 024 345 1.64 0.63
BilNIG(0.75)G 2.76 0.39 0.38 3.33 1.08 062 416 270 1.58
BilINIGG 2.75 0.19 0.29 3.38 132 084  4.26 1.07 0.88
Bi2.5NIG 2.59 1.35 0.35 3.33 491 103 412 312 0.93
Bi2.5N1G(0.25)G 2.61 1.31 0.34 3.17 3.11 080  4.03 314 1.52
Bi2.5NIG(0.75)G 2.63 1.13 0.36 3.18 272 082  4.08 3.03 1.58
Bi2.5NIGG 2.63 1.18 0.37 3.19 3.18 086 416 3.28 1.49
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Gaussian 4 Gaussian 5
Eo Br Ey Br
(eVv) Amp (eV) (eV) Amp (eV)
4.06 2.69 1.39 5.70 3.20 3.16

402 292 140 572 318 3.6
548 141 143 698 269 240
531 181 226 802 2.5 459
494 204 121 @ 624 353 328
540 369 230 794 566 361
572 388 282 722 276 259
6.09 522 248 705 641 421

Table 6.3.7: Fitted thicknesses and volume fractions used for model of
Bil:NIGxGs and Bi2.5:NIGxGs layers on GGG substrate in the spectral
range from 1.5 to 6.5 eV. Here, Tgi.nice stands for film thickness; Rrough

represents film roughness with volume fractions fugh.

Tainice (NM) Rrough (NM) Frougn
BiINIG 168.5 0 0.5
BilNIG(0.25)G 205 0 05
BilNIG(0.75)G 250 0 0.5
BilINIGG 265 0 0.5
Bi2.5NIG 150 10 0.5
Bi2.5NIG(0.25)G 152 5.2 0.5
Bi2.5NIG(0.75)G 155 4.6 0.5
Bi2.5NIGG 157 5 0.5

Figure 6.3.18(a) shows parameterized optical functions &;; of Bil:NIGxGs and
Figure 6.3.18(b) parameterized optical functions &;, of Bi2.5:NIGXGs. From these
spectra, it is apparent that Ga substitution decreases amplitudes of &3 for
Bil:NIGxGs bellow 4 eV and increasing them above. On the other hand, Ga
substitution does not noticeably influence amplitudes of &3, for Bi2.5:NIGxGs. The
only exception is &1, spectra of Bi2.5:NIG above 3.5 eV. We attribute this result to
the fact that this composition contains no Ga.

Figure 6.3.19(a) shows parameterized optical functions &;; of Bil:NIGxGs and
Figure 6.3.19(b) parameterized optical functions &3; 0f Bi2.5:NIGXGs. In here we can

observe that Ga substitution increases €;; amplitudes and therefore absorption of
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81i

Bil:NIGxGs in measured spectral range. However it decreases €;; amplitudes of
Bi2.5:NIGxGs. Moreover, the absorption of Bi2.5:NIGxGs is almost 30% stronger
than absorption of BIil:NIGxGs. We attribute this result to the higher Bi

concentration which was demonstrated in the part devoted to Bix:YIGs.

4 - 4
—— Bil:NIG [—— Bi2.5:NIG
2 Bil:NIG(0.25)G Bi2.5:NIG(0.25)G 2
— Bi1:NIG(0.75)G a) |—— Bi2.5:NIG(0.75)G b)
S Bil:NIGG . . —— Bi2.5:NIGG . . 0
2 3 4 5 2 3 _ 4 5
E (eV) E (eV)
Figure 6.3.18: Real parts of the diagonal permittivity tensor elements g, for a) Bil:NIGxGs and
b) Bi2.5:NIGxGs.
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Figure 6.3.19: Imaginary parts of the diagonal permittivity tensor elements &;; for a)
Bil:NIGxGs and b) Bi2.5:NIGxGs.
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b) MOKE and Faraday effect spectroscopy

We studied MO properties of Bil:NIGxGs and Bi2.5:NIGxGs by MOKE and MO
Faraday effect spectroscopy. We measured spectra of polar MOKE rotation and
ellipticity at room temperature at nearly normal light incidence. We applied magnetic
field 1.2 T, which was enough for samples saturation. Incident light was p-polarized.
We recorded data in the photon energy range from 1.4 to 5 eV. Similarly, we
measured spectra of Faraday rotation and ellipticity at room temperature using
magnetic field 670 mT (enough for samples saturation). We recorded experimental

data in the photon energy range from 1.4 to 4 eV.

Figure 6.3.20(a) shows measured MOKE rotation spectra of Bil:NIGxGs and Figure
6.3.20(b) of Bi2.5:NIGxGs. Figure 6.3.21(a) shows measured MOKE ellipticity
spectra of Bil:NIGxGs and Figure 6.3.21(b) of Bi2.5:NIGxGs. Firstly, we can
observe strong MO interference in the form of strong oscillations in the spectral
range bellow 3 eV for Bil:NIGxGs and Bi2.5:NIGxGs in both, rotation and
ellipticity. Since our samples had different thicknesses, we observed different
interference patterns for each one of them (see Table 6.3.7). Secondly, MOKE
rotation shows extremes around 3.5 and 4.5 eV for both sample sets. However, it is
apparent that Bi2.5:NIGxGs shows higher MOKE amplitudes at extremes caused by
the higher Bi content [8, 87]. Finally, MOKE ellipticity shows extreme around 4.1
eV for both sample sets which is characteristic for iron garnets MOKE spectra [8, 74,
87]. Important observation here is that Ga substitution decreases MOKE rotation
amplitudes at extremes. As expected, spectra demonstrated that Bi substitution
increases and Ga substitution decreases amplitudes of MOKE ellipticity.
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Figure 6.3.20: Polar MOKE rotation spectra for a) Bil:NIGxGs and b) Bi2.5:NIGxGs on GGG

substrates.
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Figure 6.3.21: Polar MOKE ellipticity spectra for a) Bil:NIGxGs and b) Bi2.5:NIGxGs on GGG

substrates.

Figure 6.3.22(a) shows measured MO Faraday rotation spectra for Bil:NIGxGs and
Figure 6.3.22(b) for Bi2.5:NIGxGs. Figure 6.3.23(a) shows measured MO Faraday
ellipticity spectra for Bil:NIGxGs and Figure 6.3.23(b) for Bi2.5:NIGxGs. We

corrected experimental data for the rotation from the substrate. We observed Faraday

rotation extremes near 2.5 and 3 eV, and Faraday ellipticity extremes near 2.3 and

3.3 eV for both sample sets. Spectra clearly demonstrated that Bi2.5:NIGxGs shows

higher Faraday rotation and ellipticity amplitudes at extremes, caused by the higher
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Bi content [8, 74, 87]. One important thing to notice is that Ga substitution decreases

MO Faraday effect amplitudes at extremes. This effect of Ga will be discussed later

in the part devoted to the microscopic analysis of studied materials.
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Figure 6.3.22: MO Faraday rotation spectra for a) Bil:NIGxGs and b) Bi2.5:NIGxGs on GGG
substrates.
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Figure 6.3.23: MO Faraday ellipticity spectra for a) Bil:NIGxGs and b) Bi2.5:NIGxGs on GGG

substrates.

We calculated off-diagonal elements of the permittivity tensor & and & from

MOKE and Faraday effect spectra. We performed calculations using Yeh’s 4x4

matrix formalism and diagonal elements of the permittivity tensor determined by SE.

As already mentioned, there was strong MO interference bellow 3 eV in MOKE
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spectra. Therefore, we used MO Faraday effect spectra in the spectral range from 1.5
to 3 eV and MOKE spectra in the spectral range from 3 to 5 eV. Figure 6.3.24(a)
shows real parts of off-diagonal permittivity tensor elements &, of Bil:NIGxGs and
Figure 6.3.24(b) of Bi2.5:NIGxGs. Figure 6.3.25(a) shows imaginary parts of off-
diagonal permittivity tensor elements &y of Bil:NIGxGs and Figure 6.3.25(b) of
Bi2.5:NIGxGs. As expected from previous results, Bi substitution increases &, and
€i amplitudes at extremes for both, Bil:NIGxGs and Bi2.5:NIGxGs. However, Ga

substitution acts in an opposite manner and it decreases ¢, and &,; amplitudes.

To explain the effect of Ga properly, one has to look at the results from microscopic
theory. For this purpose, we parameterized off-diagonal elements spectra of
Bil:NIGxGs and Bi2.5:NIGxGs permittivity tensors, €y and gy We listed some of
used transitions parameters in table 6.3.4. We used four Para transition terms at 2.4-
2.5, 3-3.2, 3.6-4.1 and 5.7-6.6 eV to represent crystal field transitions. Furthermore,
we used four Dia transition terms at 0.5, 2.58-2.8, 3.3-3.58 and 4.05-4.4 eV. We used
Dia transition at 0.5 eV and Para transition at 5.7-6.6 eV only to model combined
effect of transitions outside of measured spectral range and we do not assign them
any physical meaning in here. First thing to notice is that the main contribution
comes, similarly to Bix:Y1Gs, from Dia transitions at 2.58-2.8 eV and 3.3-3.58 eV.
These are associated with transitions t2(Fe3+) — t2g(Fe2+) and eg(Fe3+) — e(Fe2+)
respectively. As mentioned before, these transitions are mainly responsible for the
remarkable increase of the Faraday rotation in the visible and near infrared region.
From the data in the table 6.3.4 one can see that Ga substitution is decreasing these
transitions for both materials. This is in accordance with the assumption, that Ga is
mostly substituted for Fe3+ tetrahedral, which is crucial for both transitions. Maxima
at 2.4 eV are mainly created by the overlap of secondary negative peaks of these two
Dia transitions. One can also notice that Ga substitution lowers energy of much
smaller Dia transition at 4.65 eV which most likely exist due to charge transfers from
oxygen to octahedral Fe. This is in accordance with the assumption that Ga is in a

smaller percentage also substituted per Fe3+ octahedral.
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Figure 6.3.24: Real parts of the off-diagonal permittivity tensor elements &, for a) Bil:NIGxGs

and b) Bi2.5:NIGxGs.
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Figure 6.3.25: Real parts of the off-diagonal permittivity tensor elements &,, for a) Bil:NIGxGs

and b) Bi2.5:NIGxGs.
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Table 6.3.8: Fitted parameters of Para and Dia transitions used to parameterize off-diagonal

elements of the permittivity tensors of Bil:NIGxGs and Bi2.5:NIGxGs layers prepared on
GGG (111) substrates in the spectral range from 1.5 to 5.5 eV. Here, E, stands for central

energy of the function; Amp represents amplitude of the function and I, is half-width in a half-

height of the transition.

Diatr. 1 Diatr. 2 Diatr. 3 Diatr. 4
(eE\(}) Amp (5\(}) (E\(}) Amp (5\0/) (eE\(}) Amp (er\(}) (eE\(}) Amp (;"\(})
BIlNIG 0.5 0.04 04 267 014 02 @ 324 02 02 41 01 06
BIINIG(0.25)G | 05 003 04 268 014 02 325 016 025 405 009 05
BILNIG(0.75)G 0.5 0.03 04 275 008 02 335 007 03 439 004 04
BIINIGG 0.5 0.03 04 28 0065 03 358 0065 04 44 005 04
Bi2 5NIG 0.5 0.03 04 258 055 05 33 038 05 425 028 05
Bi25NIG(0.25)G = 05 0.03 04 26 045 017 33 028 05 44 017 055
Bi25NIG(0.75)G = 05 0.03 04 26 043 017 33 024 05 44 012 055
Bi2 5NIGG 0.5 0.03 04 26 042 017 33 023 05 44 012 055
Paratr. 1 Paratr. 2 Paratr. 3 Paratr. 4
o) AP e e AT ) e A e e AT ey
25 0005 03 . 3 o2 03 36 003 06 58 003 06
25 0.005 0.3 3 0.015 0.3 3.6 0.03 0.6 5.8 0.03 0.7
25 0004 02 31 0.01 0.3 38 002 06 6 0.034 0.78
25 0004 03 32 0.01 0.2 4 002 0.6 6.6 0035 0.8
24 007 02 31 0009 03 39 006 06 57 006 05
24 005 02 31 0009 03 41 007 06
24 005 02 | 32 0008 02 41 008 0.6
2.4 0.03 0.2 3.2 0.008 0.3 4.1 0.06 0.6

6.4. Ce(0.95_x)HfXC00.05O(2-5)

In recent years, magnetically doped CeO, attracted a lot of attention since it is a

promising magnetic semiconductor and also highly applicable material in the field of

integrated photonics. This ranges from MO applications such as integrated MO

isolators or magneto-plasmonic sensors to magneto-photonic crystals [88-91]. The

main advantage of this material is its high Curie temperature and more importantly a

great Si compatibility [92]. Moreover, it is possible to tune CeO, magnetic properties
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by doping of the non-magnetic lattice by magnetic ions [88]. In this work we used Hf
and Co doping. Successful adoption of this material in MO devices requires complete
understanding of the nature and origin of CeO, magnetic properties. Even though is
the room temperature ferromagnetism in this material explained by an oxygen

vacancy mechanism [93, 94], the detail optical and MO analysis is still needed.

In this section, we focused mainly on the determination of full dielectric permittivity
tensors of Ce(.95-)HfxC00.050(-5) (CeHfCoO) thin films. For this purpose we used
optical and MO spectral measurements at energies from 1.5 to 5.5 eV. We used SE
supported by transmission intensity measurements to study CeHfCoO optical
properties and to derive the diagonal permittivity tensor elements spectra. We used
spectroscopic Faraday effect rotation and ellipticity measurements to study
CeHfCoO MO properties and to derive the spectral dependence of off-diagonal
permittivity tensor elements. Finally, we parameterized obtained results in terms of

microscopic theory.

We studied polycrystalline Ce(.95-HfxC00.050(2-5) thin films (x = 0, 0.15, 0.35,
0.475, 0.6, 0.8, 0.95) prepared by pulsed laser deposition method on 2 types of
substrates: amorphous quartz and Si/SiO,. The deposition was carried out in vacuum
(at base pressure 1.0x10° Torr) with substrate temperature of 700°C. We listed
CeHfCoO thin films compositions and nominal thicknesses (determined by
profilometer) in table 6.4.1. Figure 6.4.1 shows theoretical model structure of

CeHfCoO samples used for SE and Faraday effect analysis.

Table 6.4.1: Composition and nominal thicknesses of examined
CeHfCoO thin films prepared on amorphous quartz and Si/SiO,

substrates.
Indication in Nominal

Film composition Figures and text thickness (nm)
Ce0.95C00,050 2.5 Ce0.95Co0 310
Ceo.gHfo.15 C00.050(2-5) CeHf0.15Co0 310
Ceo.sHfo.35 C00.050 2.5 CeHf0.35C00 310
Ceg.47sHfo.475 C00.0502-5) CeHf0.475Co0 340
Ceo.asHfo.60 C00.050(2-5) CeHf0.60Co0 310
Ceo.1sHfo.80 C00.050(2-5) CeHf0.80Co0 300
Hf5.05C00.0502-5) Hf0.95C00 150
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Ce(oys.x)Hfxcocnoso(z.a)
x=0.95, 0.8, 0.6, 0.475, 0.35, 0.15, 0
t=200 nm

Ce(0495.x)foc‘)o.oso(z.é))
x=0.95, 0.8, 0.6, 0.475, 0.35, 0.15, 0
t=200 nm

Surface roughness / Surface roughness

ANNAN

Si0, t=1920 nm

Si0, — bulk substrate
Si — bulk substrate

Figure 6.4.1: Model structure of CeHfCoO samples used for SE and Faraday analysis

calculations.

a) Spectroscopic Ellipsometry

We performed SE measurements on a Mueller matrix ellipsometer Woollam RC2.
We measured spectral dependence of ellipsometric parameters y and A in reflection
and at incident angles 55°, 60° and 65°. We used the same equipment to measure the
transmission spectra of CeHfCoO thin films prepared on transparent amorphous
quartz substrates and we used incidence angle 0°. We performed measurements in

the spectral range from 1.5t0 6.5 eV.

We analyzed SE experimental data using a CompleteEase software provided by
Woollam Co.. We used MSA mode to obtain optical functions spectra (diagonal
elements of the permittivity tensor €3, and €3;) of CeHfCoO thin films. In MSA mode,
we combined SE and transmission measurements for each CeHfCoO film
composition on both substrates. This means that for each composition we took
experimental data from CeHfCoO sample prepared on quartz substrate (y, A and
transmission experimental spectra) and combined them with experimental data from
CeHfCoO sample prepared on Si/SiO; substrate (v and A experimental spectra). In
MSA, we treated CeHfCoO, Si and SiO; optical functions as parameters common for
both samples. We treated all thicknesses (including roughness thickness) as
parameters allowed to wary for each sample independently. This approach provided
us with the more accurate results since it ensured that obtained constants describe all

types of experimental data well. Figure 6.4.2 shows that used theoretical model
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Psi and Delta (deg)

describes both SE experimental spectra well for both substrates. As a final SE step,
we parameterized derived diagonal elements of the permittivity tensor &;, and &;
using a combination of Tauc-Lorentz and Lorentz oscillators. We did this to obtain
Kramers-Kronig consistent results. We listed some parameters of used oscillator
functions in Table 6.4.2 and the fitted thicknesses in Table 6.4.3. We subsequently
used all fitted thicknesses (including roughness) obtained from SE analysis in

Faraday effect analysis.

Psi (55°,60°,65°) . Psi (55°,60°,65°)
o Delta (55°,60°,65°) i i Delta (55°,60°,65")
Theory

Il
I
H .«'\0 h' D !

) | 1 e vt
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3 4 5 2 3

E (eV) E (eV)
Figure 6.4.2: Measured SE variable angle Psi and Delta spectra of a) CeHf0.15Co0O prepared on

'I
Psi and Delta (deg)
[N
a1
o

\

Si/SiO2 substrate and b) CeHf0.15CoO prepared on quartz substrate compared to the

theoretical model.

Table 6.4.2: Fitted parameters of oscillator functions used to parameterize optical properties of
CeHfCoO thin films prepared on amorphous quartz and Si/SiO, substrates in the spectral
range from 1.7 to 5 eV. Here, E, stands for central energy of the function; Amp represents

amplitude of the function and Br its broadening.

Tauc-Lorentz Lorentz 1 Lorentz 2
Eo Br Eo Br Eo Br
@) ™ ey @) A™ ey v

Ce0.95Co0
CeHf0.15Co0
CeHf0.35C00

CeHf0.475Co0
CeHf0.60Co0
CeHf0.80Co0O

Hf0.95Co0
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Lorentz 3 Lorentz 4
Eo Br Eo Br
(ev) Amp (eV) (eV) Amp  (eV)

Table 6.4.3: Fitted thicknesses and volume fractions used for model of CeHfCoO
layers on quartz and Si/ SiO, substrate in the spectral range from 1.7 to 5 eV.
Here, T/quartz and R/quartz stand for thickness and roughness of CeHfCoO films
prepared on quartz substrate respectively; T/Si and R/Si stand for thickness and

roughness of CeHfCoO films prepared on Si substrate.

T /quartz (nm) R /quartz (nm)  T/Si (nm) R/Si (nm)

Ce0.95Co0
CeHf0.15Co0
CeHf0.35Co0

CeHf0.475Co0
CeHf0.60Co0
CeHf0.80Co0

Hf0.95Co0

Figure 6.4.3 shows real parts of diagonal permittivity tensor elements g, of
CeHfCoO films. The spectral dependence of &, is similar in shape to results obtained
on pure or Co doped CeO; films [95-97]. We can observe that all the spectra are
characteristic by one global maxima shifting from 3.6 eV to higher energies when Hf
content increasing. Moreover, it is apparent that Hf content decreases €3, amplitudes
in the whole measured spectral range. This is caused by smaller absorption. One
extra thing to observe are slightly higher amplitudes for Hf0.95Co material then
expected (above 3 eV) from the trend that shows other compositions when increasing

Hf content. We assume that this is probably caused by missing Co in the structure.

Figure 6.4.4 shows imaginary parts of the diagonal permittivity tensor elements €1; Of

CeHfCoO thin films. In here we can observe optical bandgap energies to be shifted
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from 3.21 to 4.1 eV when Hf content increases. These energies are related to O2p ->
Ce4f electronic transitions [97-99]. Moreover, one can see that Hf doping decreases
€1; amplitudes in the whole measured spectral range. From this result we assume that
when is Hf replacing Ce in the material; it actually acts against optical vacancies
from isolated Ce4f states localized within the optical bandgap. These vacancies
serves as recombination centers for optically excited electrons from the valence band
to the 4f band of the oxide and are responsible for enhanced optical absorption [97,
98, 100]. One more thing to support this theory is increased absorption tail bellow
3.2 eV for our samples. This absorption tail was previously explained by the effect of
midgap defects (midgap oxygen vacancies, Co states) [97] and it can be clearly seen

that this tail disappearing when Hf content increases.

"M .

| |——Ce0.95Co
10 b |—— CeHi0.18Co
- | ——CeHi0.35C0o
8 |——CeHf0.475C0
— CeHf0.80Co
— CeHf0.80Co
—CeHf0.95Co

E1r

L Pk h O =] OO

Figure 6.4.3: Real parts of the diagonal permittivity tensor elements g;, for CeHfCoO thin films.
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——H10.85Co

E1i
=

Figure 6.4.4: Imaginary parts of the diagonal permittivity tensor elements &;; for CeHfCoO thin

films.

b) Faraday effect spectroscopy

We studied MO properties of examined samples by MO Faraday effect spectroscopy.
We performed this type of measurement only on samples with quartz substrate since
these samples are transparent in the whole measured spectral range. Therefore, there
was no need for additional MOKE measurement. We acquired all the spectra at room
temperature and normal light incidence. We applied magnetic field 670 mT, which
was enough for samples saturation. Incident light was p-polarized. We recorded data

in the photon energy range from 0.7 to 4 eV.

Figure 6.4.5 shows measured MO Faraday rotation spectra of CeHfCoO films.
Figure 6.4.6 shows measured MO Faraday ellipticity spectra of CeHfCoO films. We
corrected experimental data for the rotation from the substrate. We observed Faraday
rotation extreme shifting from 2.9 eV to higher energies and decreased rotation
amplitudes when Hf content increased. On the other hand, ellipticity amplitudes

increased their values when Hf content increased. Spectra of the fully Hf substituted
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sample Hf0.95Co0 has different rotation and ellipticity amplitudes than expected

from the trend seen on other samples when Hf concentration increases. We attribute

this to the missing Ce in the structure.

Faraday rotation [deg/um]

— Ce0.95C00
—— CeHf0.15Co0
— CeHf0.35Co0
0.8 | = CeHf0.475C00
—— CeHf0.60Co0
06— CeHf0.80Co0O
— Hf0.95C00

1.0

0.4

0.2

0.0

-0.2 .

E (eV)

Figure 6.4.5: MO Faraday rotation spectra of CeHfCoO films prepared on quartz substrates.

Faraday ellipticity [deg/um]

0.8
0.6
0.4
Ce0.95C00
0.2 | =—— CeHf0.15Co0
CeHf0.35C00
——— CeHf0.475C00
0.0 | —— CeHf0.60C00
—— CeHf0.80C00
o2 —1Hf0.95CoO

E (eV)

Figure 6.4.6: MO Faraday ellipticity spectra of CeHfCoO films prepared on quartz substrates.
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We calculated the off-diagonal elements of the permittivity tensor gy and & from
Faraday effect spectra using Yeh’s 4x4 matrix formalism and diagonal elements of
the permittivity tensor determined by SE. Figure 6.4.7 shows the real parts of the off-
diagonal permittivity tensor elements &,,. Figure 6.4.8 shows the imaginary parts of
the off-diagonal permittivity tensor elements €. Spectra clearly demonstrated that Hf
substitution decreases both, &5 and &, amplitudes and shifting their maxima to higher
energies in the measure spectral range. This can be explained by the fact that
perpendicular magnetic anisotropy and room temperature feromagnetism in this
material is attributed to the magnetoelastic effects. These effects originate from
distortions which are caused by in-plane compressive strain and vary mainly with
Ce-Co content [97, 101]. Hf substitution not only influences this content, but it also

reduces oxygen vacancies which also play an important role in CeHfCoO

magnetism.
0002 T T T T T T T T T T T T
0.001
0.000
-0.001
& -0.002
w —— Ce0.95Co
-0.003 | —— ceHf0.15C0
—— CeHf0.35Co
-0.004 | ceHf0.475C0
—— CeHf0.60Co 1
-0.005 | ___ ceHfo.80C0 ]
10,006 L=—=_CeHf0.95Co o
1.0 1.5 2.0 25 3.0 35 4.0

E [eV]

Figure 6.4.7: Real parts of the off-diagonal permittivity tensor elements g, of CeHfCoO films
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Figure 6.4.8: Imaginary parts of the off-diagonal permittivity tensor elements &, of CeHfCoO

films.

In order to relate calculated spectra to the microscopic theory, we parameterize them
by the sum of Para and Dia oscillator terms. We listed some of used parameters in
table 6.4.4. From the result, one can clearly see that the main MO contribution comes
from Dia transitions 1 (1.5-1.65 eV), 2 (2.42-2.95 eV) and 4 (3.75-4.3 eV). These
therefore correspond to excited state split by the combined effect of exchange field
and spin-orbit coupling. Moreover, they are all decreasing their values with increased
Hf content. Transition 1 refers to localized 4f states in the band gap while transition 4

to the oxygen electronic transitions [97].
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Table 6.4.4: Fitted parameters of Para and Dia transitions used to parameterize off-diagonal

elements of the permittivity tensors of HfCoCoO films in the spectral range from 1.5 to 5.5 eV.

Here, E, stands for central energy of the function; Amp represents amplitude of the function

and Iy is half-width in a half-height of the transition.

Diatr1 Dia tr 2 Diatr 3
Eo To Eo Iy Eo Br
(eV) Amp (eVv) (eV) Amp (eV)  (eV) Amp (eV)
Ce0.95Co 153 0.0014 05 242 0.0022 0.9 3.3 0.0005 0.3
CeHf0.15Co 165 0.0011 0.4 24 0.0014 0.8 3.35  0.0038 0.6
CeHf0.35Co 1.65 0.0008 0.4 2.65 0.0015 0.8 3.55  0.0038 0.7
CeHf0.475Co 1.65 0.0007 0.4 2.85 0.0018 0.8 3.75 0.003 0.7
CeHf0.60Co 1.65 0.0006 0.4 29 0.0017 0.8 3.82  0.0027 0.9
CeHf0.80Co 1.65 0.0006 0.4 295 0.0019 0.8 3.85  0.0027 0.7
Hf0.95Co 1.65 0.0004 0.4 2.3 0.0017 0.85 | 3.35 0.0023 0.5
Diatr4 Diatr5 Para tr 1

(eE\(}) Amp (er\(}) Fo(eV)  Amp (eF\(}) (eE\(}) Amp (erx%

375 0002 03 1 0.0003 0.2 0.35  0.0008 0.9

3.83 0.004 0.2 - - - 0.4 0.0004 0.7

405 0.004 0.2 - - - 0.35  0.0005 0.7

415 0.0035 0.2 - - - 0.3 0.0006 0.7

42 00033 0.2 - - - 0.3 0.0007 0.7

42 00032 0.2 - - - 0.27  0.0007 0.7

4.3 0.001 0.2 - - - 0.27  0.0006 0.7
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7. CONCLUSIONS

In this part of the thesis, we would like to conclude our findings for all investigated

materials.

To conclude our results on CdZnTe, it is important to remind us that this material is a
subject of interest for high-energy X-ray and gamma ray detectors. CdZnTe oxide
layer and also surface roughness influence two important parameters for these types
of detectors: photoconductivity and resistivity. We found in here, that smaller
abrasive size results into thinner GdZnTe oxide layer and that this oxide layer
completely diminishes after etching. When compared these findings to resistivity
measurements, it was found that surface roughness decreases resistivity (damaged
layer introducing conductive channels into the semi-insulating material), while oxide
layer increases resistivity values. Maximum in resistivity was therefore found for
sample polished by Al,O3; with the grain size of 0.3um which showed both, small
oxide layer as well as roughness. Photoconductivity was negatively influenced for
both: increases oxide layer and roughness. When looking at the optical properties of
material, we derived full permittivity tensor spectra of CdZnTe. We found that
CdznTe absorption increases with energy. We observed absorption edge close to 1.5

eV and three optical transitions at 3.3, 3.9 and 5.2 eV.

To conclude our results on GdxFeqo0-x, it is important to note that perpendicular
magnetic anisotropy is substantial for its application potential (MO-SLM, MO disk
storage). This type of anisotropy is characteristic for concentrations close to x ~ 25,
compensation concentration. We derived permittivity tensors for GdyFe(oo-x)
compositions close to this concentration. Our investigation of optical properties
showed that GdxFeqo0-x) absorption generally increases with energy in the measured
spectral range from 1.5 to 5.5 eV. When investigating the effect of Gd substitution,
we found that higher Gd content decreases both, €3, and €;3; amplitudes and therefore
the refraction index in the measured spectral range. Moreover, we found that Gd
substitution increases absorption coefficient of this material bellow 5 eV, however it
has the opposite effect above. Our investigation of magneto-optical properties of
GdxFeqoo-x showed that Gd substitution decreases both, e, and &;; amplitudes. We

attributed this to the fact that the magnetic moment of Fe is in this ferrimagnetic
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alloy stronger than the magnetic moment of Gd. Perpendicular anisotropy of
GdxFeqoo-x) Was confirmed for all the samples. Moreover, we observed change in the
magnetization direction to the opposite site when reaching the compensation
concentration. We used one Dia transition to parameterize spectra of the off-diagonal
elements of the GdxFe00-x) Permittivity tensor in terms of microscopic theory. We
assumed that the MO effect comes from different probabilities of transition between
an orbital singlet ground state and split excited state and that Gd concentration

decreases this splitting.

When investigating magnetic garnets, we started with Bix:YIGs thin films with
various Bi concentrations and determined their full permittivity tensors at energies
from 1.5 to 5 eV. TEM measurement confirmed that Bix:Y1Gs films grow uniformly
and epitaxially on GGG. We found that bismuth substitution increases amplitudes of
€1r and & in the measured spectral range. We observed optical transitions at 2.5, 3.2
and 4.4 eV and the absorption edge near 2.1 eV. As expected, we found that bismuth
substitution leads to the enhancement in MOKE and Faraday effects which is crucial
for garnet application potential. This result is also connected to the fact that bismuth
increases €y and &y amplitudes at their extremes significantly. We used two Para
transitions and three Dia transition to parameterize &, and &;.in terms of microscopic
theory. We found that Bi substitution increases amplitudes almost of all transitions. It
however lowers energy of Dia transition at 4.65 eV which most likely exist due to
charge transfers from oxygen to octahedral Fe. We associated strongest Dia
transitions at 2.5 eV and 3.3 eV with transitions t2(Fe3+) — t2g(Fe2+) and eg(Fe3+)
— ¢(Fe2+). These are mainly responsible for the increase in MO effects. We
attributed positive impact of Bi on these transitions to the increase in super-exchange
interaction caused by the enhancement of electronic exchange.

As a second part of magnetic garnet research, we determined complete permittivity
tensors of BIil:NIGxGs and Bi2.5:NIGxGs thin films with different Ga
concentrations at energies from 1.5 to 5.5 eV. We found that Ga substitution
decreases amplitudes of &;, for Bil:NIGxGs bellow 4 eV and increasing them above.
On the other hand, Ga substitution does not noticeably influence amplitudes of &3, for
Bi2.5:NIGxGs. We also found that Ga substitution increases therefore absorption of

Bil:NIGxGs in measured spectral range. However it decreases absorption for
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Bi2.5:NIGxGs. Furthermore, the absorption of Bi2.5:NIGxGs is almost 30% stronger
than absorption of Bil:NIGxGs. We attribute this to the higher Bi concentration.
When looking at MO properties, we found that Bi substitution increases and Ga
substitution decreases amplitudes of MO effects. This is connected to €, and &y;
amplitudes which are increased by Bi and decreased by Ga substitution. To explain
the effect of Ga properly we parameterized e, and €5; Spectra in terms of microscopic
theory. We used four Para transitions to represent crystal field transitions. We also
used four Dia transitions. The main contribution comes from Dia transitions
associated with transitions t2(Fe3+) — t2g(Fe2+) and eg(Fe3+) — e(Fe2+), mainly
responsible for the remarkable increase in MO effects. We found that Ga substitution
is decreasing these transitions. This is in accordance with the assumption, that Ga is
mostly substituted for Fe3+ tetrahedral, which is crucial for both transitions. We also
found that Ga substitution lowers energy of much smaller Dia transition at 4.65 eV
which most likely exist due to charge transfers from oxygen to octahedral Fe. This is
in accordance with the assumption that Ga is in a smaller percentage also substituted

per Fe3+ octahedral.

Finally, we focused on the determination of full dielectric permittivity tensors of
CeHfCoO thin films with different Hf concentrations in the spectral range from 1.5
to 5.5 eV. We found that Hf content decreases €3, amplitudes in the whole measured
spectral range. We also observed optical bandgap energies to be shifted from 3.21 to
4.1 eV when Hf content increased. We related these energies to O2p -> Ce4f
electronic transitions. Similarly, we found that Hf doping decreases absorption in the
whole measured spectral range. From this result we assumed that when is Hf
replacing Ce in the material; it actually acts against optical vacancies from isolated
Cedf states localized within the optical bandgap, responsible for enhanced optical
absorption. Absorption tail bellow 3.2 eV supported this theory and it was attributed
to the effect of midgap defects. When investigating MO properties, we found that
Faraday rotation extreme is shifting from 2.9 eV to higher energies. Rotation values
decreased when Hf content increased. On the other hand, ellipticity values acted in
the opposite manner. We also found that Hf substitution decreases both, €, and &
amplitudes and it is shifting their maxima to higher energies in the measure spectral
range. This was explained by magnetoelastic effects which originate from distortions

caused by in-plane compressive strain and vary with Ce-Co content. Hf substitution
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influences this content and reduces oxygen vacancies important for CeHfCoO
magnetism. We parameterized &, and &,; Spectra in terms of microscopic theory by
the sum of Para and Dia oscillator terms. We found that the main MO contribution
comes from Dia transitions at (1.5-1.65 eV) which refers to localized 4f states in the

band gap and at (3.75-4.3 eV) which refers to the oxygen electronic transitions.
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List of Abbreviations

MO - Magneto-optical

SE - Spectroscopic Ellipsometry

MOKE - Magneto-optical Kerr Effect

EMA - Effective Medium Approximation method

MSA — Multi Sample Analysis

MOD - Metal Organic Decomposition

MO-SLM — Magneto-optical Spatial Light Modulator

GGG - Gadolinium Gallium Garnet, Gd;GasO1>

Bix:Y1Gs — Bismuth substituted Yttrium Iron Garnets, Y3.xBixFesO12

Bil:NIGxGs — Bismuth (1) and Gallium (x) substituted Neodymium Iron Garnets,
Nd;BiFe(s.0GaxO1..
Bi2.5:NIGxGs - Bismuth (2.5) and Gallium (x) substituted Neodymium Iron
Garnets, Ndo 5BizsFesxGax012

CeHfCoO — Hafnium and Cobalt substituted Cerium Oxide, Ce(g.95-x)HfxC00.0502-5)
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