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Introduction

In recent decades, 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, such as 3D holographic displays, magnetic
recording, optical isolators and circulators, high-energy X-ray/gamma ray detectors and many
more. This kind of novel technology, usually operates in nanoscale. However, 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 requirement of compatibility with the current
technology (usually Si compatibility) which is particularly 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 thoroughly researched.

To process all these inputs properly, one must 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. The only parameter which meets all 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 these reasons combined, we devoted present work to the full permittivity tensor
determination and analysis. This was done for three groups of promising novel materials:
e GdxFeqoox) (GdxFe)
e magnetic garnets: Y3xBixFesO12 (Bix:YIGs); NdoBiFeis5.GaxO12 (Bil:NIGxGs) and
Ndo.sBi2.sFeisx)GaxO12 (Bi2.5:NIGxGs)



o Ce0.95-xHfC00.0502-5) (CeHfxCoO)
To tune their physical properties properly, we investigated the influence of the material

composition as well.

Theory

We can describe the behavior of electromagnetic waves in a material by permittivity and
permeability tensors. At optical frequencies, we can take magnetic permeability as unity. If
we are working with a cubic crystal and magnetization parallel to the z-axis of the Cartesian
coordinate system (the magnetic film-ambient interface is normal to the z-axis), the dielectric

permittivity tensor has the form
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We restricted ourselves to linear MO effects, which implies €3=¢1. All elements of the tensor

have a real and imaginary part:
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We can describe optical behavior of the sample, upon the light reflection and transmission, in
the base of s and p polarization components by Jones reflection and transmission matrices
where the matrix elements are the amplitude reflection and transmission coefficients for the s

and p polarized waves.
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We can derive diagonal elements of the permittivity tensor from the Spectroscopic
Ellipsometry (SE) data analysis. The change in the polarization state of the reflected beam
can be expressed by ellipsometric Psi (v) and Delta (A) parameters defined by the equation:
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In this equation, tany is the magnitude of the reflectivity ratio and A is the phase. The rp, and
rss are amplitude reflection coefficients for s and p polarization measured from the alternating
current (AC) signal [1]. In order to increase the information content when measuring
absorbing thin film on transparent substrate it is a common approach to supplement the SE
data with intensity transmission data (transmitted intensity is calculated from the AC signal).
The important step in the SE analysis is the proper parametrization of the dispersion of the
unknown optical functions €1 and €1;. In this work, we used Kramers-Kronig (KK) consistent

Gaussian, Lorentz and Drude parameterization.

Gaussian oscillator produces Gaussian line shape in €1;:
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The function I" is a convergence series that produces a KK consistent line shape for €1, [1, 2].

Classic version of Lorentz oscillator is:
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Parameters Eo, Amp, Br denote the center energy, amplitude and the broadening parameter

respectively [1, 3].

As a common approach, we used Drude model to describe the free carrier effect on the

dielectric response:
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Parameters N, pu, m* denote the carrier concentration, carrier mobility and carrier effective
mass respectively. The physical constants are h (Planck constant/2m), q (electron charge), €o

(the vacuum dielectric constant) and me (the electron mass) [1, 4].

Knowledge of the diagonal elements of the permittivity tensor allows to derive the off-
diagonal elements using a combination of MOKE and Faraday spectra along with the
theoretical calculations. These calculations are based on Yeh’s 4x4 matrix formalism [5]. We
can express the change in a polarization state of the light upon reflection/transmission by the
complex Kerr MO angle @k and the complex Faraday MO angle ®r. For p-polarized incident

light we define them as follows
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In these equations O is the Kerr rotation, ek is the Kerr ellipticity, Or is the Faraday rotation
and er is the Faraday ellipticity. Let us consider the case of a 2 layered medium, where the
first layer is a bulk substrate and the second layer is a thin film. We will work in Cartesian
coordinates where the sample interface is perpendicular to the z-axis, the wave vector of the
incident light is perpendicular to the x-axis and each layer is characterized by a complex
permittivity tensor and a thickness. In this case, Yeh Matrix Formalism allows to express the
relationship between the electric field amplitudes on the substrate/film interface (Eo(z)) and
the electric field amplitudes on the film/ambient interface (Eo®(z1)) as

EV(2)=[DT' DOPO[DVT DVER () = MES (z) an
Superscripts in brackets, n = 0, 1 and 2 are markers of the substrate (0), thin film (1) and the

ambient half space (2). P stands for propagation and D for dynamical matrix respectively [5].

We can interpret the full permittivity tensor in terms of microscopic theory which relates its
spectra to energy-level splitting and transition probabilities. In this work, we will consider

two types; double and single transitions [6, 7].



Double transitions refer to spin and electric-dipole allowed transitions between an orbital
singlet ground state and an excited state which is split by the combined effect of exchange

field and spin-orbit coupling. For these transitions €2 behaves as:
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In this equation, A is the separation between the levels caused by spin-orbit coupling, wo is
the center frequency, 'y is the half width at half-height of the transition and f is the oscillator

strength. L is the Lorentz-Lorentz local field correction, n is the refraction index.

In the case of single transitions neither the ground state nor the final state are split but the
oscillator strengths for right circularly polarized light f: and left circularly polarized light f.

are different. In this case € behaves as:
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Where df is the fractional dichroism [6, 7].

In our SE, MOKE and Faraday effect analysis, we considered surface roughness which was
for each sample represented by a thin layer with a permittivity given by Effective Medium
Approximation formula (EMA) [8]. EMA creates an effective dielectric permittivity €t for a
system made up of inclusions of a material with dielectric permittivity em in a material with

dielectric permittivity €.
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In this formula f denotes the volume fraction of the em material inclusions (f € (0, 1)) and D

stands for depolarization fixed to 1/3, which corresponds to spherical inclusions.



Resutls

1. GdxFe

Amorphous ferrimagnetic thin films composed of rare earth and transition metals attracted
considerable attention because of their useful technological applications [9-12]. As one of
theirs important representative, GdxFe has significant advantages, such as large
magnetization density, and possibility to adjust its compensation temperature, coercive and
saturation magnetization by changing the composition [13-15]. Another valuable feature of
GdxFe is that it enables direct access to its spins through the electromagnetic interactions.
Such feature makes this material subject of importance for future magnetic recording (such as
heat assisted magnetic recording) and information processing technologies. Recently, a novel
concept of high speed MO spatial light modulator (MO-SLM) for holographic displays based
on giant magnetoresistance with GdxFe as a free layer was proposed [10]. When using
GdxFe for MO-SLM driven by spin transfer torque, it is particularly important that GdxFe
shows perpendicular anisotropy. This happens when the Fe concentration is close to the
compensation concentration, which is for this material about 75% [16]. When GdxFe acts as
a free layer, it is especially important to control its composition precisely, since it
significantly affects its magnetic switching property. Coercivity shows maxima when the
GdxFe 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 is 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 [17, 18]. Therefore, it is meaningful to investigate optical properties of the

GdxFe material around the compensation concentration.

a) Samples: We focused on GdxFe thin films (x=18.3, 20, 24.7, 26.7) prepared on thermally
oxidized silicon substrate. We used Ru and SiO» as coating layers. We deposited GdxFe
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. We deposited SiO2 coating by ion beam sputtering
technique with radio frequency ion source. Model structures of our samples are shown in
Figure 1.

b) Spectroscopic Ellipsometry: We measured ellipsometry 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. From this
analysis, we derived the diagonal permittivity tensor elements.

c) 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. Using a combination of the SE and MO
measurements we determined the spectral dependence of off-diagonal permittivity tensor
elements. We also performed MOKE hysteresis measurements. 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 mT up to 1.8 mT, which was far beyond saturation point.

Surface roughness / Surface roughness /
Ru t=3nm Si0o, t=10nm
GdFe 00+, x=18.3, 20, 24.7, 26.7 Gd,Fe 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 1: Model structure of GdxFe/Ru and GdxFe/SiO2 samples used for SE and MOKE analysis
calculations.

In this work, we determined complete permittivity tensors of GdxFe with various
compositions (x=18.3, 20, 24.7, 26.7) in the spectral range from 1.5 to 5.5 eV (Figure 2 and
Figure 3). We parameterized obtained results in terms of microscopic theory which relates
permittivity tensor spectra to the energy-level splitting and transition probabilities. Our
investigation showed that the €1 behavior in the spectral range from 1.5 to 3 eV, where &,
decreases its value for higher energies (Figure 2), differs from a typical Drude-like behavior
(describing intra-band transitions) of metallic compounds. On the other hand, it is like the
behavior of some transition metals (Cr, Gd, Ru, Ti [19, 20]). This is caused by the Lorentz
contribution centered near 1.9 eV. This contribution most likely originates from the inter-
band transition, which involves Fe 3d and Gd 5d states. The Fe 3d state is located around 1.5
eV below Fermi energy. Contrarywise, Gd 5d states are located approx. 0.5 eV above the

Fermi energy. The second Lorentz oscillator near 2.5 eV does not significantly modify the
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spectral dependence of the Drude behavior. The reason is its small amplitude. This points on
the origin of Gd d-d electron transition, since this transition should be forbidden with small
oscillator strength. Finally, we discuss the Gd substitution effect. The amplitude of the first
Lorentz oscillator near 1.9 eV decreases with Gd content. Increasing Gd content means
decreasing Fe density of states below Fermi energy. This results in the suppression of Fe 3d
to Gd 5d transition probability. On the contrary, the increase of Gd content is increasing the
amplitude of the second Lorentz oscillator centered near 2.5 eV. Such behavior supports the
assignment of the origin to Gd d-d transition. Our investigation of MO properties of GdxFe
showed that Gd substitution decreases both, €2; and €; amplitudes (Figure 3). We attributed
this to the fact that the magnetic moment of Fe is in this ferrimagnetic alloy stronger than the
magnetic moment of Gd. Perpendicular anisotropy of GdxFe was confirmed for all the
samples (Figure 4). 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 GdxFe 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.
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Figure 2: a) Real parts of the diagonal elements of the permittivity tensors of GdxFe thin
films. b) Imaginary parts of the diagonal elements of the permittivity tensors of GdxFe.
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Figure 3: a) Real parts of the off-diagonal elements of the permittivity tensors of GdxFe. b) Imaginary
parts of the off-diagonal elements of the permittivity tensors of GdxFe.
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Figure 4: Hysteresis loops of examined GdxFe samples with a) Ru and b) SiO: coatings at 2.38 eV.
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2. Magnetic garnets

Magnetic garnets are complex crystalline materials. These 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 [21], spin Hall
magneto-resistance [22] as well as high MOKE and Faraday effect in the visible-light region.
In this work, we focus on bismuth substituted yttrium iron garnets Bix:YIGs; as well as on
bismuth and gallium substituted neodymium iron garnets Bil:NIGxGs and Bi2.5:NIGxGs.
Both 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 Gd3GasO12 (GGG) substrate. Currently,

people use various techniques to grow magnetic garnet thin films of high optical and MO



quality. Metal Organic Decomposition (MOD), used in this work, has been demonstrated as a

very promising method for this type of material.

2.1 Bix:YIGs

a)

b)

Samples: We focused on Bix:YIGs thin films (x= 1.5, 2, 2.5, 3) prepared on GGG (100)
substrates. 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% [23, 24]. Model structures of our samples are shown in Figure 5.
Spectroscopic Ellipsometry: We performed SE measurements on a Mueller matrix
ellipsometer Woollam RC2. We measured spectral dependence of ellipsometry
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 WoollamCo.. We used
multi sample analysis (MSA) mode to obtain the diagonal elements of the permittivity
tensor €1 and €1; of GGG and Bix:YIGs materials. MSA is an advanced mode that allows
simultaneous fit of data from multiple samples [1]. In MSA mode, we combined
ellipsometry and transmission measurements for each material. We used transmission
spectra because of the strong interference observed in y and A in the transparent spectra
region below 2.5 eV. We fitted the SE and transmission experimental data using model
structure shown in Figure 5.

MOKE and 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. Using a combination of the SE and MO
measurements we determined the spectral dependence of the off-diagonal permittivity

tensor elements.



BixYIG x=1.5,2,25,3
t=200nm

Surface roughness /

Interface

GGG (100) — bulk substrate

Figure 5: Model structure of Bix:YIGs samples used for SE, MOKE and Faraday analysis
calculations.

In this work, we determined complete permittivity tensors of Bix:YIGs thin films with
various Bi concentrations (x=1.5, 2, 2.5, 3) in the spectral range from 1.5 to 5 eV. We
parameterized obtained results in terms of microscopic theory. Permittivity tensor spectra
analysis showed that bismuth substitution increases amplitudes of € and €1; in the measured
spectral range (Figure 6). 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 Bi substitution leads to the
enhancement in MOKE and Faraday effects which is crucial for the garnet application
potential. This result is also connected to the fact that bismuth increases €»r and €i amplitudes
at their extremes significantly (Figure 7). We used two Para transitions and three Dia
transition to parameterize € and & in terms of microscopic theory. We found that Bi
substitution increases amplitudes of almost all transitions. It however lowers energy of Dia
transition at 4.65 eV which most likely exists due to the 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+) — e(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 the electronic exchange.
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Figure 6: a) Real parts of the diagonal elements of the permittivity tensors of Bix:YIGs. b) Imaginary
parts of the diagonal elements of the permittivity tensors of Bix:YIGs.
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Figure 7: a) Real parts of the off-diagonal elements of the permittivity tensors of Bix:YIGs. b)
Imaginary parts of the off-diagonal elements of the permittivity tensors of Bix: YIGs.

2.2 Bil:NIGxGs and Bi2.5:NIGxGs

a) Samples: We focused on Bil:NIGxGs and Bi2.5:NIGxGs thin films (x = 0, 0.25, 0.75,
1) prepared by MOD method on Gd3GasOi12 (GGG) (111) substrates. MOD liquids for
garnet films consisted of solutions made of Nd, Bi, Ga, and Fe carboxylates [23, 24].
Model structures of our samples are shown in Figure 8.

b) Spectroscopic Ellipsometry: We performed SE measurements on a Mueller matrix
ellipsometer Woollam RC2. We measured spectral dependence of ellipsometry
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 1.5 to 6.5 eV. We analyzed SE

experimental data using a CompleteEase software provided by WoollamCo.. We used
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MSA mode to obtain diagonal elements of the permittivity tensor &ir and &1 of
Bil:NIGxGs and Bi2.5:NIGxGs.

c) MOKE and Faraday effect spectroscopy: We studied MO properties 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. Using the combination of the SE and MO measurements we

determined the spectral dependence of off-diagonal permittivity tensor elements.

BilNIGxG x=0, 0.25, 0.75, 1
t =200 nm

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

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

Figure 8: Model structure of BilNIGG and Bi2.5NIGG samples used for SE, MOKE and Faraday
analysis calculations.

In this work, we determined complete permittivity tensors of Bil:NIGxGs and Bi2.5:NIGxGs
thin films with various Ga concentrations (x=0, 0.25, 0.75, 1) in the spectral range from 1.5
to 5.5 eV. We parameterized obtained results in terms of microscopic theory. Our analysis
showed that Ga substitution decreases amplitudes of € for Bil:NIGxGs below 4 eV and
increasing them above. On the other hand, Ga substitution does not noticeably influence
amplitudes of &, for Bi2.5:NIGxGs. We found that Ga substitution increases an absorption of
Bil:NIGxGs. However, it decreases an absorption of Bi2.5:NIGxGs. Furthermore, the
absorption of Bi2.5:NIGxGs is almost 30% stronger than the 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 & amplitudes which are increased by Bi and decreased by Ga

substitution. To explain the effect of Ga properly, we parameterized €2: and &2; spectra by four
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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 decreases 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 exists 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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0 —— Bi1:NIGG Bi2.5:NIGG
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Figure 9: Real parts of the diagonal permittivity tensor elements €1r of a) Bil:NIGxGs and b)
Bi2.5:NIGxGs.
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Figure 10: Imaginary parts of the diagonal permittivity tensor elements &1i of a) Bil:NIGxGs and b)
Bi2.5:NIGxGs.
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Figure 12: Real parts of the off-diagonal permittivity tensor elements &:r of a) Bil:NIGxGs and b)

3. CeHfxCoO

Bi2.5:NIGxGs.

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

magnetic semiconductor and 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 [25-28]. The main advantage of this material is its high

Curie temperature and more importantly a great Si compatibility [29]. Moreover, it is

possible to tune CeO2 magnetic properties by doping of the non-magnetic lattice by magnetic

ions [25]. In this work, we used Hf and Co doping. Successful adoption of this material in
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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 [30, 31], the detail optical and MO analysis is still needed.

a) Samples: We studied polycrystalline CeHfxCoO 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. Figure 13 shows theoretical model structure of
CeHfxCoO samples used for SE and Faraday effect analysis.

b) Spectroscopic Ellipsometry: We performed SE measurements on a Mueller matrix
ellipsometer Woollam RC2. We measured spectral dependence of ellipsometry
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 CeHfxCoO thin films prepared on
transparent amorphous quartz substrates and we used incidence angle 0°. We performed
measurements in the spectral range from 1.5 to 6.5 eV. We analyzed SE experimental
data using a CompleteEase software provided by WoollamCo.. We used MSA mode to
obtain diagonal elements of the permittivity tensor €1 and €1; of CeHfxCoO thin films. In
MSA mode, we combined SE and transmission measurements for each CeHfxCoO film
composition on both substrates.

c) 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.
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Figure 13: Model structure of CeHfxCoO samples used for SE and Faraday analysis calculations.

In this work, we determined complete permittivity tensors of CeHfxCoO thin films with
various Hf concentrations (x= 0, 0.15, 0.35, 0.475, 0.6, 0.8, 0.95) in the spectral range from
1.5 to 5.5 eV. Our analysis showed that Hf content decreases €1 amplitudes in the whole
measured spectral range (Figure 14). 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 -> Cedf
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 acts against optical vacancies from isolated Ce4f states localized within the
optical bandgap, responsible for enhanced optical absorption. Absorption tail below 3.2 eV
supported this theory and it was attributed to the effect of mid-gap 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 (Figure 15). This was explained by magnetoelastic effects which originate
from distortions caused by in-plane compressive strain and vary with Ce-Co content. Hf
substitution influences this content and reduces oxygen vacancies important for CeHfxCoO
magnetism. We parameterized €2 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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Figure 14: a) Real parts of the diagonal permittivity tensor elements €lr of CeHfxCoO thin films. b)
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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, GdzGasO1»

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

Bil:NIGxGs — Bismuth (1) and Gallium (x) substituted Neodymium Iron Garnets,
NdyBiFe;sx)GaxOno.

Bi2.5:NIGxGs- Bismuth (2.5) and Gallium (x) substituted Neodymium Iron
Garnets, Ndo sBi2 sFes-x)GaxO12

CeHfCoO — Hafnium and Cobalt substituted Cerium Oxide, Ce(0.95-x)HfxC00.050(2-5)
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