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Referat:

In dieser Arbeit wird die kationische Verteilung in der Spinel-Ferrite-Stuktur im
Zusammenhang mit magnetische Eigenschaften spektroskopisch untersucht. Die
Ferrite-Diinnschichten wurden mit gepulster Laserabscheidung bei verschiedenen
Ziichtungstemperaturen und Atmosphéaren hergestellt und nachfolgend thermisch
behandelt. Die strukturellen Eigenschaften werden mit verschiedenen Metho-
den untersucht um Information zur Kristallografischen Qualitat zu erhalten. Die
dielektrische Funktion wird mittels empirisch gewahlten analytischen Funktionen
modeliert und zeigt elektronische Ubergéinge zwischen d Orbitalen der Fe?™ Ka-
tionen und Uberginge von Sauerstoff 2p zu Eisen und Zink 3d und 4s Orbitalen.
Die magneto-optischen Eigenschaften bestatigen die Zuordnung der festgestellten
Ubergiinge, die lokaler kationischer Unordnung und Inversion zugeordnet werden
konnen.

Mit zunehmender Ziichtungstemperatur wird die magnetische Antwort niedri-
ger. Die Abnahme der ferrimagnetischen Ordnung wird mit der Abnahme der
Oszillator-Starke von den Ubergéinge, die tetraedrische Fe3* Kationen involvieren,
korreliert. Durch Ausheizen in Argon bei Temperaturen die niedriger als die
Zichtungstemperatur sind, steigt die magnetische Ordnung, was durch Sauer-
stoff Vakanzien erklart werden kann. Bei hoheren thermischen Behandlungstem-
peraturen, wird spektroskopisch eine Umbkristallisation der ionischen Verteilung
festgestellt und zu der entsprechenden Abnahme der Stérke der magnetischen
Antwort korreliert.

Die kationische Verteilung in der Oberflache und im gesamten Diinnfilm wird
anhand von XPS- und dielektrische Funktion-Spektren als Funktion der Zink
Konzentration untersucht. Der Unterschied in der Konfigurationsverteilung in
Diinnfilmen, die hauptséachlich in der inversen Konfiguration auftreten zu Diinn-
filmen in normaler Spinel-Struktur, driickt sich in einer schwacheren magnetischen
Ordnung. Unsere Ergebnisse zeigen eine mogliche defektreiche Konfiguration in
der Oberflache, die in den normalen Spinelen zu einer starkeren magnetischen
Ordnung fithrt. In Zusammenhang mit strukturellen Untersuchungsmethoden
wird die kationische Unordnung mit den magnetischen Eigenschaften korreliert

und durch Analyse der dielektrischen Funktion bestatigt.
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Abstract:

In this investigation, the cation distribution in ferrites of spinel-type structure
is spectroscopically investigated with respect to the observed magnetic behavior.
The ferrite thin films were fabricated by pulsed laser deposition and consequently
annealed at different temperatures as well as atmospheres. Structural properties
were determined with various methods and the crystalline quality was examined.
The dielectric function line-shape was parametrized based on empirical evidence
and was found to be dominated by electronic transitions between d orbitals of
Fe?* cations as well as transitions from O 2p to 3d and 4s orbitals of iron and
zinc cations. The strongest magneto-optical response was observed for transitions
involving cations, which correspond to lattice disorder and inversion within the
normal spinel structure.

With the decrease in the substrate temperature during fabrication, a decrease
in the magnetic response was observed. The diminishing ferrimagnetic order was
directly correlated to the decrease in strength of the transitions, involving Fe3*
on tetrahedral lattice sites. After thermal treatment in argon atmosphere and
at a temperature below the deposition temperature, the increase in the magnetic
response was explained through the facilitation of oxygen vacancies. With the
increase in treatment temperature, a decrease in ferrimagnetic order was related
to the recrystallization of the disordered spinel structure toward a more stable
normal configuration, evident in the dielectric function spectra.

The cationic configuration distribution in the surface as well as the bulk re-
gion, as a function of Zn concentration, was determined from approximation of the
XPS and the dielectric function spectra, respectively. The difference in the cation
configuration distribution, in films of predominantly inverse configuration, was re-
lated to the weak magnetic response, as opposed to films of predominantly normal
spinel configuration. Our results demonstrate that a defect-rich surface region
could serve as a possible explanation for the ferrimagnetic order in a nominally
non-magnetic normal spinel ZnFe,O4. In combination with structural property
determination, the net magnetic behavior is explained through the local cationic
disorder, determined from the parametrization of the dielectric function spectra

in a wide spectral range.



"If we knew what it was we were doing, it would not be
called research.”
Albert Einstein
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Chapter 1
Introduction

Iron oxides, ferrites, are well integrated in the geochemistry of our ecosystem [1].
Interestingly, the existence of haematite (a-Fe,O3) has been confirmed on Mars by
the Curiosity rover [2]. On Earth, magnetite (Fe3O,4) arguably aids the navigation
of birds and is found in their beak as well as in the human brain and other
body tissue [3-5]. The application of magnetite for navigation purposes dates
back as early as 200 BC China. In the 20th century, one of the first metal-
insulator transitions was discovered in magnetite by Verwey in 1939 [6]. Fe3Oy
was further used by Néel as a prototype material to demonstrate the theory of
ferrimagnetism [7].

Today, the versatility of tunable properties can be realized through the opti-
mization of synthetic fabrication [8]. The diversity of ion configurations makes
transition metal oxides, MFe,O, (where M is the divalent cation), uniquely suit-
able for a vast scope of applications. For example, remarkable optoelectronic tun-
ability, high thermal and chemical stability enables photoanode application for
solar water oxidation [9-12]. Excellent electrochemical properties and reversible
magnetization has advanced the design of novel Li-ion controlled electronic de-
vices [13-16]. Recently, simultaneous detection and treatment of cancer cells by
magnetic hyperthermia has been realized through drug delivery and heat gener-
ation with the aid of a franklinite (ZnFe,O,4) nanoparticle [17-21]. Preparation
of such theranostic systems was achieved by utilizing surface adsorption and su-
perparamagnetic nature of biocompatible ferrite nanoparticles. Furthermore, the
predicted 100% spin polarization of the conduction electrons at the Fermi level
makes magnetite an outstanding candidate for design of next-generation complex
spintronic devices [22-27]. Volatile structure-property relationship makes ternary
spinel ferrite an exceptional archetype material system with a vast operational

potential. However, efforts to precisely fabricate and determine the ionic distri-
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bution in relation to their physical properties remain technically challenging. In
this work, a direct correlation between fabrication (thermal treatment) parame-
ters and spectroscopically determined cationic distribution in ferrite thin films of
inverse, disordered and normal spinel configuration is presented with respect to

the overall magnetic behavior.

ZnFe;04 is considered to be antiferromagnetic with a Néel temperature of
10K and crystallizes in a normal spinel structure, where Zn?* and Fe3* cations
occupy tetrahedral and octahedral lattice site, respectively [28]. The oxygen me-
diated super-exchange interaction between two octahedral Fe?* cations allows
antiferromagnetic coupling. However, the presence of intrinsic defects, such as
oxygen vacancies and tetrahedrally coordinated Fe3t cations alter magnetic in-
teractions, giving rise to spontaneous magnetization at room temperature [29,30].
Previous studies have demonstrated the presence of tetrahedral Fe3* to strongly
contribute to the overall magnetic behavior due to the dominant strength of the
oxygen mediated super-exchange interaction between Fe3t cations on the two
lattice sites [31-34]. Presence of oxygen vacancies was shown to change the inter-
action between octahedral Fe3t cations from antiferromagnetic to ferromagnetic,
thereby influencing the total magnetic response [35]. Furthermore, a lack of long-
range order at low temperatures was demonstrated by neutron scattering in a
single crystal sample [36]. This contradicts the observed temperature dependent
magnetization, which displays the magnetic character either of a spin glass or a
superparamagnetic system [19,21,25,37-39]. The distribution of tetrahedral Fe?*
cations in the surface region is argued to strongly influence this behavior, how-
ever their magnetic contribution is yet to be thoroughly investigated [37,40-42].
Magnetite, Fe3Oy4, on the other hand, crystallizes in an inverse spinel configura-
tion and exhibits ferrimagnetic order. The overall magnetic moment would arise
only from the octahedral Fe?* cations, as the moments of octahedral and tetra-
hedral Fe?* cations are compensated. However, the double- exchange interaction
between octahedrally coordinated Fe?™ and Fe3* cations would also contribute
to the overall magnetic response and give rise to electrical conductivity, where
both would diminish below the Verwey transition temperature [43]. The pres-
ence of macroscopic defects, such as antiphase boundaries, has shown to be the
main culprit of the low magnetic response in magnetite and the deviation of the
surface cation distribution from that of the bulk [8,44-47]. The effect of local
crystallographic disorder as well as cation configuration distribution within the
thin film structure on the overall magnetic behavior is yet to be fully understood

and experimentally demonstrated.
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The research on ZnFe;O, thin films at Universitat Leipzig serves as foun-
dation for this investigation. The dependence of dielectric function line-shape
on deposition temperature was presented, however a deeper understanding of
mechanisms behind this behavior remained unclear [48]. Electrical conductiv-
ity in ZnFe,O, films was related to the presence of Fe?T cations and showed
an increase with the decrease in oxygen partial pressure during fabrication [49].
The surface composition of spinel ferrite films was shown to depend strongly on
the cations of tetrahedral coordination, however, the approach to quantify the
relative cation content is yet to be developed [50]. The growth of epitaxial, atom-
ically smooth, heteroepitaxial TiN thin films on (100) MgO single crystals was
optimized and used as substrates for the Zn,Fe;_,O, thin film fabrication [51].
The fabrication of ZnFe,O4 thin films on SrTiO3 substrates by pulsed laser de-
position was previously optimized to obtain epitaxial films of high quality [52].
Theoretical calculations were previously conducted at the Matrin-Luther Uni-
versity of Halle-Wittenberg for similar ZnFe,O,4 structures in coorperation with
Universitét Leipzig [35]. The influence of individual local defect on the induced
magnetic response was investigated to show the dominance of oxygen vacancies
over cation disorder, experimental determination of which is yet to be explicitly

demonstrated.

In this work, spinel ferrite (Zn,Fe;_,O4 with 0 < x < 1.26) thin films were
fabricated on MgAl,O4, MgO, SrTiO3 and TiN/MgO substrates by pulsed laser
deposition. By varying the deposition and thermal treatment environment, ferrite
films of configuration ranging from inverse to disordered and normal spinel were
achieved. Energy dispersive X-ray (EDX) spectroscopy was applied to verify
the material composition. The crystallinity was analyzed by X-ray diffraction
(XRD) as well as Raman spectroscopy. Physical surface and bulk structure was
examined by atomic force microscopy (AFM) and scanning electron microscopy
(SEM), respectively. The chemical composition was approximated by individual
cation contribution to the X-ray photoelectron spectroscopy (XPS) Fe 2p, 3p
and Zn 2p core level surface spectra as well as to the bulk diagonal elements
of the dielectric tensor, obtained by spectroscopic ellipsometry. A parametric
model for the dielectric function (DF) was developed in the spectral range from
0.5 to 8.5eV. The DF spectra was found to be dominated by optical transitions
between d orbitals of Fe?™ (<1eV) and transitions from O 2p to Fe and Zn
3d and 4s orbitals (>2eV). Magnetically active transitions were correlated to
transitions visible in the off-diagonal elements of the dielectric tensor, determined

by magneto-optical Kerr effect (MOKE). Structural defects in normal spinel,
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such as tetrahedral Fe3* and octahedral Fe’", were evident from the strength
of electronic transitions in DF spectra and showed a strong dependence on the
substrate temperature and oxygen pressure, respectively. While tetrahedral Fe3*
were due to either inversion mechanism or occupation of previously unoccupied
sites, the presence of Fe?* was partially due to oxygen vacancies. Valence- and
site-specific cation composition in the film bulk and surface was examined as
a function of Zn concentration. The defects were found to contribute to the
competing ferromangetic and antiferromagnetic interactions and were correlated
to the overall magnetic response, determined by vibrating sample magnetometry
(VSM) as well as superconducting quantum interference device (SQUID).

The investigated ZnFe,O4 and Zn,Fes_,O4 thin films were deposited by H.
Hochmuth and M. Bonholzer, respectively, using targets, prepared by G. Ramm.
Prior to deposition, the substrate was treated by M. Hahn. EDX and SEM
measurements were conducted by J. Lenzner. Raman spectra were recorded by
C. Sturm. The XPS spectra of the Zn,Fe;_,O,4 thin films were recorded and the
spectra approximation was conducted by P. Huth of Prof. Dr. R. Denecke group
in the Wilhelm Ostwald Institute for Physical and Theoretical Chemistry. The
MOKE spectra were recorded and data analysis was conducted by P. Richter
and A. Sharma of Prof. Dr. D.R.T. Zahn, Semiconductor Physics Group in
the Technical University of Chemnitz. The Fe3O4 thin film was prepared by M.
Ziese and the SQUID measurements were conducted by A. Setzer of Prof. Dr. P.

Esquinazi, Superconductivity and Magnetism Group.



Chapter 2

Theoretical background and

fundamental considerations

The vast range of intrinsic properties, which continue to make spinel ferrite an
attractive material for applications, is attributed to the diversity of possible ion
configurations. However, the phenomena behind the preferred crystallographic
ground state formation remains controversial. In this chapter, the local crystallo-
graphic structures, that assemble the investigated thin films, are presented. The
fundamental origin behind the physical properties is related to the preferential

cation allocation within the spinel lattice.

2.1 Spinel ferrite crystal structure

The first determination of spinel crystal structure dates back to the first appli-
cation of the X-ray diffraction technique to investigate the crystallinity of mag-
netite [56]. Spinel type oxides have a chemical formula of AB50,, where A and
B designate divalent and trivalent cations, respectively. Most spinel compounds,
as in our case ZnFeyOy4, belong to the cubic space group Fd3m (No. 227) and
crystallize in the same structure as the parent mineral compound MgAl,O4. The
crystal structure can be interpreted in terms of cubic close packed arrays of an-
ions with ABCABC... stacking [57]. As the O~ ionic radius (~0.14nm) is much
larger than that of Fe?™ (~0.082nm), Fe*"* (~0.065nm) and Zn*" (~0.074nm)
cations, the crystallinity of the structure is strongly dependent on the anion ar-
rangement [1]. The intersites between the anion arrays are either of octahedral
or tetrahedral coordination and contain cations, which act as bonding elements
between the anion sheets. Ideally, 8 out of 64 tetrahedral and 16 out of 32 octahe-

dral lattice sites are occupied in the face-centered cubic (fec) unit [58]. Depending
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(b)
Inverse Spinel Fe;0,

(Fe**)ry(Fe?*Fe®*),0%

Fers®* Feon”*

(Zn?*Fe3*) 4 (Fe?tFe3*),,0%

Zan2+ : iFe0h3+

(Zn?*)r4(Fe3*)0p0%
Normal Spinel ZnFe,O,

Figure 2.1: (a) The cubic crystal structure of the inverse spinel Fe3O,, imported
from [53]. (b) Depiction of tetrahedral (Td) Fe** (green), Zn** (blue) and octa-
hedral (Oh) Fe?T (orange), and Fe" (red) cations, coordinated by O?~ (purple)
anions, as well as cation distribution formula for the inverse spinel Fe3Oy4 (top),
containing only Fe3; and Fe} disordered (middle) and normal spinel ZnFe,O,
(bottom), containing anjé and Fe?g,; cations. Crystallographic images were mod-
ified using VESTA [54] and edited using Inkscape software [55].

on divalent or trivalent cation allocation among the two lattice sites, a spinel of
either normal or inverse configuration is formed.

A lattice of normal spinel AB,0, configuration contains divalent (A) and
trivalent (B) cations on tetrahedral and octahedral interstitial sites, hereinafter
also referred to as Td and Oh, respectively. In the spinel structure of inverse
configuration, the divalent cations occupy the octahedral lattice sites, while the
trivalent cations are distributed evenly over both sites. Therefore, a conventional
notation for the cation distribution formula with respect to the inversion param-
eter () is given by

(A1-2B) 1a(AxBa-x) 0nO3 (2.1)

In our case, Zn?*Fejt O, ideally crystallizes in a normal configuration. Mag-
netite (Fe?*FejtO,), on the other hand, crystallizes in an inverse spinel configu-
ration and is schematically depicted in Figure 2.1(a). Therefore, the equilibrium
state of the spinel lattice, as a function of Zn concentration (x), is expected to

assemble in the following cation configuration

(ZntFeit,) ra(Feil Feit,)on0f (2.2)
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where x = 0 and 1 would correspond to the inverse FesO, and normal spinel
ZnFe,04 structure, respectively. The cation distribution formula for the struc-
ture, evolving from inverse to normal, with a decrease in Fe’f; and Fe?! and
increase in Zn%4,, is depicted in Figure 2.1(b). More information about the spinel
ferrite structure can be found at [1] and [28]. Furthermore, the molecular struc-
ture with basic band structure calculations and their details can be found at [53].
The mechanism behind cation allocation within the lattice as well as the relation

to the band structure is revealed below.
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2.2 Crystal field stabilization energy

(a)
d

Oh Fe3* (d°) Oh Fe?* (d°) Td Fe3* (d°)

Figure 2.2: (a) Orbital configurations of electrons in the d orbital, for n = 3, [ =2
and m = -1 (ds.), 1 (dyz), 2 (day), -2 (dy2—y2), 0 (d,2). Sketch redrawn after [59].
Schematic representation of electron occupation of (b) octahedral (Oh) Fe*™ and
Fe?t as well as (c) tetrahedral (Td) Fe** 3d states in Fe304 with symmetry states
separated by Ay as well as Agy, respectively. Individual d levels in each ty, and
ey symmetry state have been shifted for clarity. The spin down electron on the ty,
state is coupled antiparallel to the local moment formed by spin up electrons and
can hop between orbitals of the Fe?* and Fe3*t cations, giving rise to electrical
conductivity.

The classical approach to distinguish between normal and inverse spinel con-
figuration is by the crystal field stabilization energy (CFSE). This approach cor-
relates the type of local structure sites with the excess orbital energy, as a result
of the d atomic orbital energies by non-spherical crystal field [60]. As in our case,
this approach is applicable to a structure, which contains open shell transition
metal cations.

The ground state of the spinel lattice structure is defined by the cation dis-
tribution over tetrahedral and octahedral sites. Based on the ligand theory, the
cation arrangement is dependent on the CFSE. It describes the energy which
results from an ion being placed in a set of ligand atoms and depends on the

number of electrons in the d orbital, listed in Table 2.1. In response to the charge
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distribution, due to the surrounding anions, the five d orbital states, depicted
in Figure 2.2(a), are split into two sets. In the octahedral symmetry, the three

orbital states, d., d,. and d,, will be lower in energy than the two d,2_,» and

-y
d,2 states, Figure 2.2(b). While the former set is denoted as the ty, orbital, the
latter is the e, orbital. The orbital states in the tetrahedral symmetry, Figure
2.2(c), however, are reversed and the crystal field energy between the two orbital
states is lower than for the octahedral symmetry (Arg < Aop) [61]. The energy
by which the two orbitals are split is known as the crystal field parameter (App,
Arg). It is commonly expressed in terms of Dg, which is related to the radial
electron density of the d electrons, their charge and distance to the surrounding

anions.

A simplified sketch for orbital states of 3d tetrahedral and octahedral Fe cation
states in FezOy are illustrated in Figure 2.2(b) and (c). The 3d band of the FeZ
cation contains 6 d electrons, where 5 electrons occupy the spin up state and the
6th is in the spin down state. The spin down electron in the ty, orbital can hop
between Fe?t and Fe3t cation orbitals. The mechanism gives rise for the double
exchange (DE) magnetic interaction and is responsible for electrical conductivity
in magnetite. Due to 4 unpaired electrons in the 3d orbital, the Fe?T cation

eh

has a net magnetic moment of 4pupg. The term pp = 5°- is the Bohr magneton

magnetic moment unit, where e, m, and h is the elementary charge, electron

mass and reduced Planck constant, respectively. The Fe?* cation, however, has
5 unpaired electrons that occupy the majority states only, and exhibits a net

magnetic moment of g, listed in Table 2.1.

At this point, we would like to note that while the large CFSE of Fe?* cations
would correspond to their octahedral sublattice occupation, some studies have
also shown tetrahedral occupation [62]. Whether Fe*" controversially occupies
tetrahedral sites is not addressed within the scope of this investigation and oc-
tahedral Fe** occupation is assumed. Furthermore, Fe3t and Zn?' cations are
known to have no preference over sublattice occupation, CFSE = 0, Table 2.1.
Therefore, both cations can occupy both tetrahedral and octahedral lattice sites.
The cation distribution formula, depicted in Figure 2.1(b), is possible in a normal

spinel ZnFe,O4 where cation inversion is present.

The classical approach to distinguish between normal and inverse spinel con-
figuration is the CFSE, described above. Based on the ion-ion contributions to the
total energy of the structure, quantitative rationalization for the cation arrange-
ments is commonly made. Nevertheless, due to the complexity of the structures,

the cation redistribution in the ground state is not as straightforward and alter-
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Table 2.1: Orbital set notation, magnetic moment in terms of ug and CFSE,
given in Dg, for ions with d electron configuration of octahedral (Oh) and tetra-
hedral (7d) coordination. The table was adopted from [59].

Ion Moment (nug) Shell | Oh Orbital CFSEgy, | Td Orbital CFSEr,
Fe3t 5 3d° t3,e 0 e*ts, 0
Fe?* 4 3d° ta,€5 -4 e’t3, 2.7
Zn+ 0 3410 | g el 0 et 0

native determination methods have been proposed. For example, the empirical
valence force field approach, by Kutoli et al. [63], which minimizes empirically
parametrized inter-atomic potential function energies. Alternatively, classifica-
tion of the spinel structure has been conducted using the point-ion electrostatic
model by Stevanovic et al. [64]. The model is parametrized by the oxygen dis-
placement parameter u and by the relative cation valencies, Z4 and Zg. They
have proposed a simple rule for either the normal or inverse cation distribution
preference. If Z4 < Zp, the structure is normal for v < 0.255 and inverse for u
> 0.258 [64]. This rule has shown a high success rate for the known spinel struc-
tures. On the other hand, by pseudopotential orbital radii approach, Zhang et
al. [65] have shown that the anion type plays a minor role in determining cation
distribution in spinels and that the d-orbital radii are of no explicit importance in
this determination. However, O’Neil et al. [66] has demonstrated that the effect
of disordering enthalpy depends linearly on the degree of disorder and cation size
contributes to the thermodynamic properties. Similarly, based on the point-ion
electrostatic model, Stevanovié¢ et al. [67] have described the disorder phenom-
ena in the ground state of the normal and inverse spinel structures as well as a
function of temperature. While the mentioned calculation methods describe and
predict a number of structural possibilities, the controversy of cation distribution

remains in need of experimental justification.

10
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2.3 Band structure description
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Figure 2.3: Density of states for (a) majority and (b) minority orbital resolved
spin electrons in ferrimagnetic fcc Fe;O,, calculated by local spin density approx-
imation. Figure adopted from [68].

Theoretical description of the electronic structure from first principles is com-
monly conducted by an approximation of the density functional theory (DFT).
The most frequent methods for calculation of the density of states (DOS) are the
generalized gradient approximation (GGA), local density approximation (LDA),
and self-interaction correlated local spin density approximation (SIC-LSDA). The
appropriate choice of initial parameters results in an approximation which sheds
light on the structural, magnetic, electronic and optical properties in dependence
on the degree of inversion and cation distribution.

An example of the DOS for each majority and minority spin state and individ-
ual orbital for an fcc Fe3Oy is depicted in Figure 2.3 [68]. Ab-initio calculations
on FesO4 were performed as early as 1984 [69] and give variable description of
its conducting quality. The half-metallicity character is attributed to the minor-
ity to, electrons crossing the Fermi energy (Ep), while majority spin up band
shows a band gap. This gives rise to the predicted 80% spin polarizability of the
conduction electrons and makes Fe3O, attractive for spintronic applications [70].
Most recent investigations were conducted using an additional U parameter in
order to account for the strong electron correlation. In this case, however, a

disproportionate ordering of orbital charge is exhibited and affects the electronic

11
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properties in Fe3O4. The influence of this parameter on the description of low
temperature electronic structure of Fe3O, is described by Jeng et al. [71]. A fair
agreement between hybrid functional DFT and nuclear magnetic resonance has
been recently demonstrated and confirmed minority spin electron presence at the
Er [72]. Most recent DFT-based calculations on Fe;O4 were conducted to predict
structures which are likely to be encountered upon production of the thin film. In
particular, the electronic description of the structures at the interface have been
shown to deviate from the bulk and will be discussed in a later section in more
detail.

-8 -4 0 4
E'EFermi [CV]

4
E [eV]

Figure 2.4: (a) Total and projected DOS per formula unit for ZnFe,Oy spinel in a
normal (A = 0) state, calculated with GGA+U exchange-correlation functionals.
(b) Electronic band structures, with majority (black lines) and minority spin
(orange dashed lines) bands. The zero energy is set to the valence band maximum.
(c) Real (orange) and imaginary (green) part of the dielectric function, calculated

by GGA+ U method, adopted from [73].

For the ZnFe;O, spinel ferrite, the description of the electronic structure
strongly depends primarily on the inversion parameter, A\, Equation 2.1. Ide-
ally, in the normal spinel configuration, the structure is expected to behave as an
antiferromagnetic insulator. However, LSDA calculations by Singh et al. have
shown a metallic band structure, while an insulating paramagnetic state was
found by the GGA approach without the consideration of the Hubbart correla-
tion [74]. Therefore, the appropriate choice of the Hubbart correlation parameter
U is deterministic of the validity and accuracy of the DFT calculations. Further-
more, Soliman et al. demonstrated that the cation distribution is not enough
for symmetry determination and an adjustment of the oxygen displacement pa-
rameter is necessary for an adequate description of electronic structure [75]. A
decrease in the octahedral symmetry of Fe from O to C4, showed a decrease

in the stress of the octahedral site by forcing an increase in the degree of inver-
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2.3. Band structure description

sion. Recently, a hybrid functional approach, based on Perdew-Burke-Ernezerhof
(PBE) parametrization, was found to provide an appropriate description of the
optical response [73,76]. Ziaei et al. [76] provided an insight into the nature of
the visible electronic transitions. Fritsch et al. [73] demonstrated energetically
favorable ground state of a ferromagnetically coupled normal ZnFe,Oy4 spinel and
the obtained results closely match the experimentally determined dielectric func-
tion (DF) for a similar structure [30]. Calculations of the DOS, electronic band
structure and DF [73], using the GGA+ U exchange-correlation functionals for
ZnFe;O4 spinel in a normal and antiferromagnetic state (A = 0 from Equation

2.1), are shown in Figure 2.4(a), (b) and (c), respectively.
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2.4. Verwey transition

2.4 Verwey transition

By considering the simple ionic model, electrical conductivity in magnetite at
room temperature is assumed to be due to itinerant electron hopping between
Fe?t and Fe™ cations on the octahedral sublattice, Figure 2.2(b). However, as
a function of temperature, a first order transition occurs at ~120 K and conduc-
tivity drops by two orders of magnitude.

While first detected by Parks et al. [77] in 1925, Verwey described this transi-
tion as an order-disorder transition [6]. Below the Verwey transition temperature
(Ty), the periodic order prevents the motion of carriers by localizing the itin-
erant electron, thereby the structural phase would change from a metallic cubic
to an insulating orthorhombic phase. While some studies provide experimental
confirmation of this theory [78], numerous studies do not demonstrate Verwey
type ionic ordering and contradict the simple description [79]. Most conduction
models have been based on either band conduction and/or small-polaron hop-
ping mechanism [80, 81]. However, the experimentally determined conduction
maximum at 305K does not match the predicted 600 K by the approach based
on the non-interacting polaron model. By considering small-polaron band and
small-polaron hopping mechanisms, Lorenz et al. [82] attributed the increase in
conductivity above Ty to the destruction of short-range order due to thermally
activated process. Despite substantial research since its discovery, the interpreta-
tions of the Verwey transition in magnetite remain controversial. The description
of the recent developments were concisely summarized by Walz et al. [83] as well
as Garcia et al. [84].

Furthermore, upon the distortion of crystal symmetry at Ty, the magnetic
easy axis rotates from (111) in the cubic phase to the (001) monoclinic axis and
an abrupt change in the magnetic moment is expected [85]. As Ty strongly de-
pends on a variety of factors, such as the stoichiometry and strain, the presence
of this transition is characteristic of inverse spinel magnetite and temperature
dependence of magnetization provides a deeper insight into the magnetic inter-

actions due to the crystallographic order.
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2.5. Magnetic exchange interactions

2.5 Magnetic exchange interactions

Magnetic ground state of iron oxides in spinel configuration is governed mainly
by indirect magnetic exchange interactions between Fe cations. Since oxygen
anions have a full 2p shell, they act as mediating agents to their neighboring
magnetic cations. The Fe?"™ (3d%, S = 2) cations occupy the octahedral lattice
sites and have a net magnetic moment of 4pug. The Fe3t (3d%, S = 5/2), on the
other hand, have a net magnetic moment of 5up and can occupy both sites. The
Zn** (3d1°, S = 0) cation have no magnetic moment, a completely filled d-orbital
and can also occupy both sites. Ferromagnetic (FM) double-exchange (DE) and
antiferromagnetic (AF) super-exchange (SE) interactions between Fe cations of
the Td (spin down) and Oh (spin up) site occupation give rise to the overall

magnetic order.

© 0¥ € Oy’ @ Zn**

© Feo’” © Feri® © Feon2+

Figure 2.5: Schematic representation of possible magnetic configurations and
interactions between the neighboring cations. The cations are color coded and
the alignment of the magnetic moment is depicted by the red arrows for each
case, see text for details.

Ideally, normal spinel ZnFe,O, has an antiferromagnetic order below the
Neél temperature of 10 K. However, neutron scattering experiments have shown
that long-range magnetic order is not attained in a single crystal normal spinel
ZnFe,04 even at temperatures as low as 1.5 K due to three-dimensional geomet-
rical spin frustration [36,38]. The presence of structural disorder would suppress
the intrinsic spin frustration, leading to the finite-range magnetic order [31]. Con-
sequently, the possible cases are schematically depicted in Figure 2.5 and listed
below [35,47], ordered with respect to the decrease of Zn** content, increase in

disorder, in the normal spinel ZnFe,Oy:
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2.5. Magnetic exchange interactions

o (Case 1: AF ordered normal ZnFe;O4. The AF oxygen mediated SE inter-

action between two octahedrally coordinated Fe3* cations.

e Case 2: Disordered ZnFe,O, with Fe3* on nominally unoccupied tetra-
hedral lattice site. This gives rise to the weak FM oxygen mediated SE
interaction between the two Oh Fe?* and a strong oxygen mediated AF SE

interaction between Fe3*, located on Td and Oh lattice sites.

e Case 3: Disordered ZnFe,O,, where Fe3™ and Zn?* now occupy T'd and Oh
lattice sites, due to the inversion mechanism. The strong oxygen mediated
SE interaction between Fe3, located on Td and Oh lattice sites gives rise

to the overall ferrimagnetic behavior.

e Case 4: Disordered ZnFe,O4 with the presence of an oxygen vacancy (037, .).

The AF SE interaction becomes FM interaction between Fe?(’ﬁ cations.

e Case 5: Zn poor ZnFe;O4, due to the presence of Td coordinated, non-
magnetic, Zn cations. The magnetic interactions 7d-O-Oh become uncom-
pensated and result in a FM DE interaction. The spins are canted with

respect to each other by an angle known as the Yafet-Kittel angle [86,87].

e (Case 6: The case of Fe3O4, where the FM DE and AF SE interaction
between Oh-O-Oh and Td-O-Oh Fe cations is exhibited. In this case, the
antiparallel alignment of the Fepy, and Fepy leaves only the Fe?t cation with

4up to contribute to the net magnetic moment of the system.

The initial model for ferrimagnetism in Fe3O4, was proposed by Néel, where
the antiparallel alignment of Td-Oh moments of Fe3 cations would compensate
each other and the net magnetic moment of 4 ug/f.u. would originate from the
remaining Fe?* cations [7]. However, this model does not take the FM DE inter-
action between Fe?™ and Fe®™ cations into account. Therefore, Yafel et al. [86]
proposed a more detailed model where the Oh sublattice would be divided into
FeQOJ,“L and Fe?g,; sublattices, Figure 2.5 Case 6. Due to the strengthening of the
FM DE Oh-O-Oh interaction, the spins would no longer be strictly parallel to
one another, but rather canted by a finite Yafet-Kittel angle. This mechanism
is particularly important when the AF SE Td-O-Oh becomes weakened due to
the increase of the Zn cation content, occupying the 7'd site, Figure 2.5 Case 5.
As a result, magnetization saturation would originate from the competing AF SE
between the two sites and the FM DE between Fe?;h and Fe?g,‘1 cations.

Theoretical approximation of the exchange integrals in magnetite has been

described by Uhl et al. [88]. By considering non-collinear moment arrangements
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2.5. Magnetic exchange interactions

of spin-spiral configurations and employing scalar relativistic augmented spherical
wave method, the magnetic exchange constants Jrs_14(Ra), Jri—on(Rg), and

Jon—on(R) were approximated by [88]:

Stanra—ra(Ra)Jra-ra(Ra) =

-1 . (2.3)
[ @acosta x R)(E(g,6,0) - E(0,6,0))
Sonnon-on(Rs)Jon—on(Rg) =
-1 \ (2.4)
N 20 d’qcos(q x Rg)(E(q,0,0) — £(0,0,0))

SraSonnra—on(Ry)Jra—on(Ry) =

Ns_ir1129 /dgqcos(q x R,)(E(q,6,0) — E(0,6,0)) (2.5)

— SEmra-ra(Re) Jra-ra(Ra) — Spynon—on(Rg)Jon—on(Rg)

where the T'd or Oh spin length is S, magnetic exchange energy per unit cell £
in the spinel-spiral configuration is defined by the spin polar angle # and vector
q. The Jra—ra(Ra), Jra—on(Rg), and Jon—on(R,) are the exchange constants
between the iron atoms and npg_74, Nra_on, and nop_on are the appropriate
weights per unit cell. As a result, the inter-sublattice AF SE was determined to
be the strongest nearest-neighbor magnetic coupling with Jr4_op = -2.88meV.
The FM DE coupling, due to mixed valence state on the Oh, was the second
strongest with Jo,_on = 0.83meV. Lastly, the AF SE coupling between two Td
Fe3t cations on adjacent sublattices was the weakest, with Jpy_7q = -0.18 meV.
Although the values, calculated in this approximation, were slightly larger than
those determined experimentally, a distinctive strength of the Td-O-Oh magnetic
exchange interaction is evident. Furthermore, the importance of oxygen vacancies
has been only recently considered and predicted to strongly influence the net
magnetic moment of ZnFe,O4 [35]. The lack of an anion between the two AF
ordered Oh Fe cations would result in a FM exchange interaction instead, Figure
2.5(Case 4). Theoretical calculations by Rodriguez Torres et al. [35] showed
a contribution of 8up per oxygen vacancy per supercell due to the flipping of
the spins, while a contribution of 6 and 10ug per additional 7d Fe cation per
supercell was predicted for Case 2 and Case 8 (Figure 2.5), respectively. Not
only would the length of the bonds be locally affected by the oxygen vacancy,
but the lack of oxygen could be responsible for creating Fe?* cations. This effect

was considered to explain room temperature ferrimagnetic order in ZnFe,O,4 in
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2.5. Magnetic exchange interactions

dependence on oxygen pressure during fabrication [29]. However, as the detection
of the Fe?" cation remains technically challenging [40], its direct contribution to
the net magnetic moment of ZnFe,O, is yet to be carefully examined.

The presence of Fe?" due to oxygen vacancy formation can be demonstrated
indirectly. The FM DE interaction is mediated by the itinerant spin down tg
electron hopping between Fe?™ and Fe* cations on the Oh sites. Owing to Hund’s
coupling rule, the spin of the itinerant electron is AF coupled to the local 3d spin
up electrons [89]. As a result, the density of itinerant charge carriers is directly
related to the electrical conductivity in spinel ferrite [32,90]. This has been
shown by Brachwitz et al. [91] in ZnFe,Oy film, grown in a wide range of oxygen
partial pressures. While n-type conductivity was related to the presence of oxygen
vacancies [92], p-type conductivity is widely considered to be caused by cation
vacancies which act as acceptors [93]. Therefore, the choice of dopant agent in
the AB50, system allows tailoring of electronic properties [94]. In fact, electrical
conductivity was shown to be significantly lower in Zn,Fes_,O4 films grown in
finite Ar/Oq (99:1) mixed atmosphere, as compared to those grown in Ar [47].
This is explained by the presence of octahedral Fe3* cation vacancies, which would
weaken the density of thermally activated itinerant electron hopping between the
mixed-valent octahedral Fe?" /Fe® cations. Furthermore, as also shown in this
work, the deficiency of the octahedral Fe3* cations would decrease the strength
of the Td-O-Oh AF SE interaction, which would weaken the overall magnetic
response in magnetite [47]. The effects of cation vacancies on the geometric
and electronic structures of normal ZnFe;Oy, from first principles, have been
investigated by Yao et al. [95] and show a change from semiconducting to metallic
band structure, depending on the vacancy defect.

Further deviations from the expected strength of magnetic response in mag-
netite as well as the rise of ferrimagnetic order in ZnFe,O4 have been explained

by the formation of macroscopic structural defects, discussed in the next section.
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Chapter 3

Sample preparation and

modification

In light of rapidly growing technology frontier, accurately tailoring the desired
properties of transition metal oxides is essential for device integration [9, 27].
This is achieved through precise fabrication solutions, which have advanced sig-
nificantly in the past two decades. In this chapter, the deposition method and
specifics are presented and discussed. The mechanisms, involved in film forma-
tion, give an insight into the resulting structures and their effect on the physical
properties are outlined. Furthermore, the modification procedure as well as an

overview of the investigated samples is provided.

3.1 Macroscopic spinel film formation

The mechanisms behind the formation of thin films as well as the resulting phys-
ical properties are presented and discussed below. Along with the importance of
the substrate temperature and deposition chamber atmosphere, the appropriate
choice of the substrate is essential for the engineering of film strain, which results
in films with potentially controllable electrical and magnetic properties [97, 98].
Thin film crystallinity as well as the lattice plane orientation strongly depends

on the lattice mismatch between the film and the substrate, defined by:

2(ar — as) Gy —as

f= (3.1)

ar+ as Qg

where ay and as denote the in-plane lattice constants (or multiples) of the film
and substrate, respectively. Ideally, the substrates are chosen so that | f |< 10%,
thereby a single crystalline film exhibits epitaxial growth [96]. In the case of f<0,
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3.1. Macroscopic spinel film formation
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Figure 3.1: Heteroepitaxial thin film growth in dependence on strain, due to lat-
tice mismatch f. (a) In-plane tensile and out-of-plane compressive strain, (b) in-
plane compressive and out-of-plane tensile strain, (c) relaxed thin film formation
for film thickness > d.. (d) Frank-van Merwe (layer growth in two-dimensions),
(e) Volmer-Weber (island growth in three-dimensions) and (f) Stranski-Krastanov
(island on layer growth) modes. The film formation schematic was adopted
from [96].

the film exhibits a tensile (compressive) strain in the in-plane (out-of-plane) direc-
tion, Figure 3.1 (a). For f>0, compressive (tensile) strain is present in the in-plane
(out-of-plane) direction, Figure 3.1 (b). Furthermore, once the film thickness ex-
ceeds a critical thickness of d. (Figure 3.1 (c)), the film lattice relaxation to its
bulk properties is accompanied by the formation of lattice defects. In some cases,
the three growth modes of bulk epitaxial thin film can be distinguished by the

film surface morphology.

To ensure a smooth film/substrate interface, the substrates are chemically
cleaned and annealed prior to film fabrication, resulting in an atomically flat
substrate surface, ideally with monolayer terraces, the blue base in Figure 3.1
(d-f). The film surface morphology shows either two- or three-dimensional struc-
tures. This can be explained through the thermodynamics of film growth modes,
depicted in Figure 3.1 (d-f). Three main growth modes can be distinguished:
Figure 3.1 (d) Frank-van Merwe (layer growth in two dimensions), (e) Volmer-
Weber (island growth in three dimensions) and (f) Stranski-Krastanov (island on
layer growth) [96]. Depending on the inter-atomic bonding strength as well as
bonding strength between the film and the substrate, the realization of the three
growth modes is possible. As long as the bonding strength between the film
and the substrate remains dominant during the deposition, the Frank-van Merwe
mode is achieved and the film forms in two dimensions. On the other hand, if the

inter-atomic bonding strength remains dominant, the film grows in island-like
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3.1. Macroscopic spinel film formation

structures, in accordance with the Volmer-Weber mode. With each deposited
layer, the bonding strength between the film and the substrate weakens while
the inter-atomic bonding strength increases, resulting in the Stranski-Krastanov
growth mode [99-101]. The formation of the thin film in appropriate mode de-
pends on the deposition specific parameters, such as the substrate temperature,
chamber pressure, deposition rate, shape of the plasma plume and the deposited
elements. However, island as well as nanostructure formation is frequently exhib-

ited by magnetite as well as Zn ferrite thin films, respectively.

Anomalous magnetic and transport properties of magnetite thin films have
been mainly attributed to the existence of anti-phase boundaries (APBs). Due
to the presence of different nucleation areas during fabrication, the coalescence of
island-like structures is indicative of the formation of structural domains, referred
to as the anti-phase domains (APDs). Well reported is the growth of magnetite
on MgO substrates [46,102]. The atomically sharp APBs are due to the reduced
cubic symmetry of Fe3O4 as compared to MgO, along with a lattice mismatch
of ~0.3%. In this case, the O lattice remains undisturbed and the APBs form
as a stacking defect in the cation sublattice. The cation sublattice shifts by a
vector, which is smaller than the lattice constant so that the cation sublattice
becomes out of phase at the boundary. The shift of the APBs was shown to
belong to either the 1/2 (100) or the 1/4 (110) set of directions [102]. In the
case of Fe3O04/(001)MgO, Celotto et al. showed that 45% of the phase shifts
are in the boundary plane being perpendicular to the shift, while the remaining
55% were out of the boundary plane, being oriented close to the {100} or {310}
planes [102]. The size of the APDs depends strongly on the growth temperature
and film thickness, as thicker films grown at high temperature favor larger domain
size [103]. The size of the domains has been related to the square root of the film

thickness, determined by transmission electron microscopy [104].

The formation of APBs is considered to be a characteristic of magnetite, which
results from the growth process [106]. As a result, the altered Fe-O-Fe bond ge-
ometries cause a break in the continuity of the lattice formation, which modifies
the local electronic structure. The intra-sublattice exchange interactions (J44
and Jpp) dominate over the AF SE Jp interaction and cause an antiferromag-
netic coupling between the neighboring domains across the boundary. Depending
on the shift vector as well as the boundary plane, only ~50% of the APBs attain
an overall antiferromagnetic coupling [102]. As depicted in Figure 3.2 (a), the
spin-polarized DOS show a transition from a positive to negative spin polariza-

tion across the three atomic layers near the APB defect. Also visible in Figure
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Figure 3.2: (a) Top: Fe3O, schematic of the {110} APB defect (green shaded
area). Bottom: spin-polarized DOS (red lines) of the bulk-like regions are almost
indistinguishable from the DOS of the bulk crystal (black line). Image adopted
from [45]. (b) Top: color-coded magnetic coupling across the phase boundaries,
showing ferromagnetic (type I) and antiferromagnetic (type II) coupling. The
reconstructed in-plane magnetization vector maps of the FesO,4 twin lamellae, ob-
tained by DPC STEM, the color wheel indicates magnetic field direction/strength.
Bottom: bright-field TEM images of the same Fe3;O,4 twin lammellae. Adopted
from [105].

3.2 (a) is a fair agreement between the DOS of the bulk-like region (red lines) and
that of a single crystal (black lines) [45]. McKenna et al. have demonstrated that
APB defects on the {110} planes induce the antiferromagnetic coupling between
adjacent domains and explain the high stability of the {110} APB defects by the
presence of metastable bulk Pmma phase of Fe;O4 at the APB (Figure 3.2(a)
green regions), due to strain in films or nanostructures [45]. Numerous studies
have been conducted on understanding the type of coupling present by using state-
of-the-art atomic-resolution scanning transmission electron microscopy (STEM)
and differential phase contrast (DPC) imaging [44,45,107,108]. An exemplary
image is depicted in Figure 3.2 (b) [105]. Most recently, Chen et al. [105] demon-
strated existence of ferromagnetic coupling between the APBs along with the
antiferromagnetic coupling, type I and II in Figure 3.2 (b), respectively. Thereby
underlining the importance of the atomic core structures present at the interfa-
cial /intergranular regions. Furthermore, the implications of these defects on the

structural relaxation and the bulk properties of magnetite thin films still remain

22



3.1. Macroscopic spinel film formation

controversial.

As the domain size depends on the thickness of the magnetite film layer, the
structures that form in the near-surface region also have a considerable impact
on the thin film properties. Of particular interest is the transition of the sur-
face electronic structure and charge order around the Verwey transition tempera-
ture [109,110]. Bernal-Villamil et al. have shown a (v/2 x v/2) R45° reconstruction
of the Fe;O4 (001) surface of the bulk phase below the Verwey transition tem-
perature [111]. A rise of an insulating surface gap was due to the large demand
of the surface O [111]. Figuera et al., on the other hand, have shown that the
reconstruction of the (100) surface is unperturbed by the bulk transition, and is
continuous over the phase boundaries, revealing that the bulk first order transi-
tion is not an extension of the Verwey-like surface reconstruction [109]. Lodziana
et al. described such reconstruction as the ”surface Verwey transition” and have
suggested that the surface remains insulating, regardless of temperature [112].
Furthermore, speculation about the existence of a magnetically dead layer at the
magnetite surface has recently been disproven experimentally and attributed to
the surface structures, which attain the magnetic moment. In order to under-
stand the surface structures better, a subsurface cation vacancy (SCV) model
has been proposed to also explain the adsorption phenomena of the magnetite
surface [113]. In the SCV model, the surface Fep,-O layer remains stoichiometric,
but is distorted by the rearrangement of the cations in the subsurface layers [8],
namely additional Fery in the second layer replaces two Fep, cations from the
third [114]. Furthermore, while the surface is believed to exhibit Fep;, termina-
tion, the presence of metastable Fer, termination has been proposed [115]. In
order to explain the deviation of the magnetic moment in the surface layer, the
distribution of magnetic domains and even the presence of a phase between Fe;O5

and Fe;O4 has been demonstrated experimentally [101,116].

As a consequence of the surface layer, its effect on the total magnetic be-
havior becomes considerably significant with the decrease in film thickness. In
magnetite, it is believed that the exchange interactions at the APBs form a mag-
netically hard structure that overshadows the effect of both the crystalline and
shape anisotropy under variations of the magnetic field directions [117]. However,
with decreasing thickness to an ultrathin thickness (<5nm) magnetite films were
reported to exhibit superparamagnetic and insulating behavior [106]. In the case
of ZnFe;O4, however, the room temperature ferrimagnetism is due to the degree
of inversion or disorder, namely Fe3* on tetrahedral sites, arising from the defects

as presented in Section 2.1. Although Torres et al. [29] demonstrated homoge-
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neous distribution of Fe and Zn cations within the ZnFe,O,4 thin films, Stewart et
al. [40] have shown a significant contribution from the surface effects as the struc-
ture becomes nanocrystalline [37]. While surface cation magnetic contributions of
Fe?t at two sites were in the same magnetic phase, determined by field dependent
X-ray magnetic circular dichroism measurements, the in-plane surface anisotropy
was shown to differ from the volume anisotropy, contributing to the overall mag-
netic response [41]. The superparamagnetic behavior along with a ferromagnetic
contribution at room temperature has also been attributed to nanostructure for-
mation and modification [118]. In fact, it is the nanoparticle formation that gives
rise to the superparamagnetic contribution, while the ferromagnetic contribution
is due to cation inversion, consistent with field and temperature dependent mag-
netization behavior [31,119]. On the other hand, the temperature dependent
magnetization was determined to be caused by inter-particle interactions among
nanoparticles with cluster spin glass-like behavior [119,120]. The cluster spin
glass-type system exhibits a magnetic transition at a temperature proportional
to the degree of inversion. Below this temperature, the spins are frozen and
magnetic moment is attained cooling under a magnetic field [39]. Due to the
ambiguity of this transition, it is commonly interchanged with the superpara-
magnetic particle or cluster blocking temperature [31]. Whether the magnetic
strength at low temperatures is caused by magnetic clusters or by particles, which
are magnetically blocked, remains speculative. Due to their similarity, both con-
cepts attempt to explain the bimodal magnetic state, evident from temperature
and field dependent magnetization. The strength of the magnetic response was
shown to depend inversely on the particle size [118,121], which suggests at least
two competing interactions are present. The bimodal magnetic behavior of the
system, specifically the negative remnant magnetization, can be attributed to two

magnetic contributions within the nanoparticle concept described below.

If we consider a nanoparticle system, where the surface and core spins con-
tribute to the overall response, then a bimodal magnetization state is expected.
This is due to the evolving dominance between anisotropy energy, Zeeman energy
and antiferromagnetic coupling energy under different field and temperature con-
ditions [123]. In this case, a wasp-waist behavior would be exhibited and could
show negative remanent magnetization, as depicted in Section 5.5 for films with
Zn content of 1.26. Since the surface and core spins exhibit different magnetic
behavior, namely hard or soft hysteresis loop, the net magnetization along the

applied field can be given by:
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(a)

Mnet

Figure 3.3: (a) Schematic illustration of the wasp-waist system. The M¢, Mgy, s
and M,,.; arrows correspond to core, surface and total magnetization, respectively.
(b) Schematic depiction of antiparallel alignment of core and surface spins in order
to induce a negative total magnetization, aligned along the easy axis K. Image
adapted from [122].

M = Mgy s cos(Bsury — 0) + Mc cos(fBe — 0) (3.2)

where Mg,y and M¢ correspond to surface and core magnetization, while 3 are
their orientation directions with respect to the easy axis, as depicted in Figure
3.3 (a) [122]. The alignment of the core and surface spins depends on the applied
magnetic field, prior to measurement, as well as temperature. After a low applied
field, the surface spins can fluctuate along the easy axis and a positive remnant
magnetization is achieved. At very low temperatures, the antiferromagnetic cou-
pling between the core and surface spins is suppressed, because the rotation of
the core spins is frozen upon removal of the applied field and mutual alignment of
the core spins is sustained. If the external magnetic field is sufficiently strong to
saturate the surface spins, then the core and surface spins are aligned antiparallel
to each other and resulting negative total magnetization, M,,;, is aligned along
the direction of the easy axis K, but not the applied field direction [122]. This case
is depicted schematically in Figure 3.3 (b) and has been proposed to explain the
occurrence of negative remanent magnetization in a nanoparticle system [122].
However, the model would then depend on the nanoparticle size as well as the
corresponding surface to volume ratio. Furthermore, the difference in the degree

of disorder within the surface as well as the core would be deterministic of the
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strength of each contribution to the bimodal magnetic state. The manipulation
of the aforementioned factors has placed ZnFe,O,4 as an ideal candidate material
in a wide scope of applications, while their determination and phenomenolog-
ical contribution to the magnetic behavior remain technically challenging and

controversial.
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3.2 Pulsed laser deposition
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Figure 3.4: (a) Schematic depiction of the growth procedure inside the PLD
chamber. The image was adapted from [124]. (b) ZnFeyO4 thin films ZFOT1
(left) and ZFOT2 (right), grown at low and high oxygen partial pressure, can be
distinguished by their color.

Thin films in this investigation were grown by the pulsed laser deposition
(PLD). A schematic representation of the growth procedure within the chamber
is depicted in Figure 3.4(a). The resulting thin film samples are shown in Figure
3.4(b). The target was prepared within the Semiconductor Physics Group at the
Felix Bloch Institute for Solid State Physics, Universitat Leipzig through mix-
ing of ZnO and Fe;O3 powders of high purity obtained from Alfa Aesar, Berlin
Chemie. By mixing the powder proportionately and sintering the mixture at
1200°C, stoichiometric ZnFe;O4 target was achieved. A pulsed KrF excimer laser
(Coherent Lambda Physik LPX305i), operating at a wavelength of 248 nm, was
used to vaporize the surface of the target. To ensure homogeneous deposition
of the thin film with uniform thickness, the target was put into constant rota-
tion. The excimer laser, with a pulse duration of 25ns, an energy of 600 mJ
and constant energy density of 2Jem™2? was used. This resulted in elemental
species of low and high mass clustered target constituents, namely the plasma
plume which condensates onto the surface of the substrate forming the thin film.
The adjustable temperature of the substrate is measured at the radiation heater
element by the resistance heater, however the actual substrate temperature is
expected to be lower. By adjusting the laser pulse repetition frequency and the
number of pulses, preparation of films with predetermined thickness is possible.

Further deposition parameters, such as target-substrate distance, background gas
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3.2. Pulsed laser deposition

and pressure as well as laser energy density at the target can be properly adjusted
to obtain thin films with various structural properties [52]. Furthermore, because
it is possible to change the target without influencing the conditions inside the
chamber, it is also possible to grow multilayered structures. The Zn,Fes ,O4
composite (ZnX0-ZnX4) thin films used for this investigation were deposited on
TiN/(100)MgO this way.

The substrate is usually chosen to have the least lattice mismatch with the
deposited thin film in order to achieve epitaxial film growth, while retaining
the best properties for applications. Most common substrates, also used in this
work, are single crystal materials such as MgO and SrTiOj with dimensions of
10x10x 1 mm?3, obtained from CrysTec.

The Zn,Fe;_,O4 composite films were deposited on TiN film on (100) MgO
substrate in order to build a magnetic tunnel junction device as a candidate for
spintronic application, c.f. Bonholzer [51]. The (100)-oriented MgO single side
polished substrates, with a miscut angle of v < 0.15°, were annealed at 950°C
for two hours using the COs-laser in order to obtain a reproducible preparation
of atomically flat, monolayer terraced substrate surfaces, providing optimal con-
ditions for two-dimensional growth of the thin films. More detailed investigation
on the influence of the annealing temperature and environment on the surface
properties was conducted by Bonholzer et al. [51]. With the intention of sample
applications in spintronic device, TiN was chosen due to its high conductivity
and high crystalline structure, with the lattice parameter being close to that of
MgO. The TiN deposition parameters were chosen to produce an atomically flat
surface with monolayer terraces, optimal for the growth of Zn,Fe;_,O4 thin films.

The composite thin films were deposited at a substrate temperature (7s) of
400°C and Ar background pressure of 3x10~2 mbar. The excimer pulse energy
was 500mJ with a repetition rate of 15Hz, with a laser aperture of 15x4mm?.
The pulse number chosen was 15000, resulting in a film thickness of 35 to 63 nm,
depending on the Zn concentration x, which was varied by adjusting the lens
position L during deposition. As reported by Lorenz [125], variable transfer
factors of dopant concentration from target into the film during deposition were
observed. The transfer factor of Fe in ZnO, was determined to be 1.47 + 0.16,
meaning due to different evaporation temperature, 907°C for Zn and 2861°C for
Fe, the evaporation rate of Zn determines the film composition. Therefore, by
increasing the energy density at the target and changing the lens position, it is
possible to adjust the Zn concentration in the deposited Zn,Fes_,O4 composite
thin films.
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3.3 Thermal treatment

In order to investigate the effect of high temperature treatment, ZnFe;O4 films
were annealed in a chamber equipped with Oy, Ar and Ny gas purge capability.
Initially, the chamber was pumped to vacuum for the duration of 30 min. Next,
the chamber was flooded with either Oy or Ar gas until the pressure of 100 mbar
was reached. The samples were then annealed at temperatures 250, 300, 330 and
375° C for a period of 4 hours. The chamber was then cooled for the duration
of 30min and the pressure was increased to 800 mbar. Prior to retrieving the
samples, the chamber temperature was stabilized between 30 and 60°C. Treat-
ment duration of 4 hours was chosen, based on previous annealing investigation
of ZnFe;Oy thin films. [34] The thin film magnetic response was found to reach

saturation within this period.
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3.4 Sample overview

Fabrication and treatment parameters of the samples investigated in this study
are listed in Table 3.1. The specific thin films will hereinafter be referred to by
their sample name. Apart from FFO and ZnX0-ZnX4 samples, the film compo-
sition from EDX showed a fair agreement with the Zn:Fe (1:2) ratio, as expected
for the bulk ZnFe,O, material. Note, the (*) corresponds to LP ZFO and HP
ZFO films annealed in oxygen (O) and argon (Ar) atmosphere, respectively. The
temperature and pressure during thermal treatment is as listed. The investigated
ZmFe;O4 and Zn,Fes_,0O4 thin films were deposited by H. Hochmuth and M.
Bonholzer, respectively, using targets, prepared by G. Ramm. The Fe;O, thin
film (FFO) was prepared by M. Ziese at the Felix Bloch Institute for Solid State
Physics, Universitat Leipzig.

Table 3.1: Fabrication specific parameters for the investigated thin films. The
sample name will be used throughout this work. Composition for the ZnX0-ZnX4
sample series and ZnFe,O,4 was determined from EDX and is relative to the Zn:Fe
ratio (1:2), as expected for bulk ZnFe,O4 material. The substrate, its temperature
(Ts) as well as pressure during deposition is listed. The atmosphere was oxygen
for all thin films, unless specified otherwise. The thickness was determined from
B-Spline numerical approximation of the DF and correlated with XRR or SEM.
Note: (*) samples 0250-0375 and Ar250-Ar375 were annealed in oxygen and
argon, respectively at temperature and pressure specified.

Sample name Composition (EDX) Substrate Film thickness (nm) Substrate Ts (°C) Pressure (mbar)

FFO Fe304 MgAlyO4 107.1 550 9 x 107
ZFOT1 ZnFe;O4 MgO 150.5 350 6 x 107°
ZFOT?2 ZnFe;O4 MgO 224.3 640 0.016
ZFOT1.1 ZnFey04 SrTiOg 53.1 350 6 x 107°
ZFOT2.1 ZnFe;O4 SrTiOg 57.9 640 0.016
ZFOT4 ZnFe;O4 SrTiOg 40.3 400 0.016
ZFOT5 ZnFe; Oy SrTiO3 41.7 500 0.016
ZFOT6 ZnFe;O4 SrTiO3 41.0 600 0.016
ZnX0 ZmoFe30, TiN/(100)MgO 59.0 400 3 x 1072 (Ar)
ZnX1 Zn0_26F62_74O4 TlN/(lOO))IgO 45.7 400 3 X 10_2 (Ar)
ZnX2 Zng 56Fe0.4404 TiN/(100)MgO 41.9 400 3 x 1072 (Ar)
ZnX3 Zng g7Fes 1304 TiN/(100)MgO 40.1 400 3 x 1072 (Ar)
ZnX4 ZniacFer 7404 TiN/(100)MgO 34.1 400 3 x 1072 (Ar)
LP ZFO ZnFeyOy SrTiOg 73.3 300 1x107°
0250% ZnFe;Oy SrTiOg 73.3 250% 100 (O9)*
0300* ZnFe, 0y SrTiO; 73.3 300%* 100 (O9)*
0330* Z11F0204 SI‘T103 73.3 330* 100 (02)*
HP ZFO ZnFe;O4 SrTiOs 69.5 300 0.016
Ar250* ZnFe, Oy SrTiO3 69.5 250* 100 (Ar)*
Ar300* ZnFe;O4 SrTiOg 69.5 300%* 100 (Ar)*
Ar330* ZnFe;O4 SrTiO3 69.5 330%* 100 (Ar)*
Ar375* ZnFeyO4 SrTiOg 69.5 375% 100 (Ar)*

30



Chapter 4

Methods and general properties

4.1 Structure characterization techniques

Structural characterization was conducted by the following methods. Crystallinity
of the investigated thin films was estimated by X-ray diffraction and Raman spec-
troscopy. Initial determination of the film thickness was conducted with the X-ray
reflectivity technique. Energy dispersive X-ray spectroscopy gave an insight into
the proportional weight of each element (Fe and Zn) found in the investigated
material. Images for cross sectional analysis were obtained by scanning electron
microscopy. The specifications as well as operational details of these methods are

discussed in this chapter.

4.1.1 X-ray diffraction

The crystalline quality of the lattice structure was revealed by X-ray diffraction
(XRD) 26 — w scans using a wide angle Phillips X'Pert Bragg-Brentano diffrac-
tometer with Cu (Axr (K,) = 1.5406 A) radiation. The X-rays are scattered
from the three-dimensional lattice of the crystalline films as well as the substrate.
An interference pattern is formed with significant X-ray intensity at angle of their
reflection from the lattice planes. A schematic depiction of the operational prin-
ciple is shown in Figure 4.1(a). Beside the intensity coming from the thin film
structures, the W L, K1, Kq2 as well as Kg reflexes are visible, originating from
the Cu anode. The 20 scan is conducted along the n vector, depicted in Figure
4.1(b), and provides information about the structural phases, present in the film.
The path difference between X-rays, diffracted from two lattice planes is related

to the wavelength by the Bragg equation:
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Figure 4.1: (a) Schematic depiction of the XRD operational principle satisfying
the Bragg Equation 4.1. The vector, normal to the lattice plane, n, as well as
lattice plane spacing, dp, are shown. Created using VESTA [54]. (b) Wide
angle 26 scan shows the reflexes of Cu Kz from the substrate, (400) ZnFe;O4, W
L, peak as a result of the X-ray tube, and the (200) SrTiO3 substrate. The inset
shows a four-fold symmetry of the (511) ZnFe,O, reflex.

thleine = TL)\XR (41)

where n is the diffraction order, h, £ and [ are the Miller indices, describing the
lattice planes, and @ is the angle between the crystallographic plane and incident
X-ray, as depicted in Figure 4.1(a). The lattice plane spacing, dp, x;, can then be

related to the lattice constant, a, for a cubic lattice by:

a = dhk;l X Vh2+ k2 + 12 (42)

Effects such as strain due to film and substrate lattice mismatch as well as a
possible composition gradient within the sample lead to small variations in the
lattice plane spacing, evident by a broadening of the film reflex. Therefore, the

Scherrer equation:

_ AXR
it = 2A60 x cosl (43)
based on the method proposed by Nelson and Riley:
Ad cos?0  cos*0
— 4.4
d > ( sinf * 0 ) (4.4)

is necessary to account for the intrinsic defects. The extrapolation of cos#? as a

function of the lattice plane spacing yields a more exact value of the out-of-plane
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4.1. Structure characterization techniques

lattice constant [126].

The in-plane epitaxial relationship between the substrate and the thin film
is determined by the w scan, where the angle of the diffractometer is set to a
symmetric reflex and the sample is rotated by an angle, ¢, normal to n in Figure
4.1(a). For a cubic structure of (100) orientation, a fourfold symmetry, at ¢ = 0°,
90°, 180° and 270°, of the w (511) reflex, depicted in the inset of Figure 4.1(b),
is indicative of epitaxial growth.

To summarize, while the reflex position in the 26 scan reveals the out-of-
plane structure and lattice parameter information, the peak width is related to
the crystalline size and intrinsic defects, such as strain. The w scan provides

further information about the film structure, such as its mosaicity and texture.

4.1.2 X-ray reflectivity
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Figure 4.2: XRR simulated and experimental spectra for the ZnX4 (35nm) and

ZnX0 (60nm) samples, shifted vertically for clarity. The layer model, used to
simulate the experimental data, is shown as inset.

X-ray reflectivity (XRR) technique allows determination of the thickness and
interface roughness of individual layers within the sample. The small incident
angle # < 5° of the incident X-rays results in a specular reflection in dependence
on the incident angle #. The reflectivity of the X-rays at individual layers and thus
the effectiveness of this method, strongly depends on the difference between their
mass density. Exemplary simulated and experimental XRR spectra are depicted

for the ZnX0 and ZnX4 samples in Figure 4.2 along with the layer model used
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4.1. Structure characterization techniques

for simulation. While the film density p and layer thickness has an influence on
the oscillation amplitude and spacing of the layer thickness interference patterns,
the interface roughness influences the oscillation amplitude and total intensity.
In the absorption-free spectral range, the refractive index, n, of a medium for

X-rays can be given as:

Nap. where p.=—pp, (4.5)

In this case, N 4 is the Avogadro constant, e is the electron charge, m, is the
electron mass, ¢ is the speed of light and Axg is the incident wavelength. The
electron density p. is related to the mass density p,, by a ratio of the atomic
number Z and atomic mass m 4 [126].

Total reflection occurs for the incident angle of the X-rays being smaller than
the critical angle 6. The critical angle is proportional to \/p, and the degree of

total reflectivity can then be expressed as: [127]

R~ (g_g) (16)

Since the refractive index difference between the layers of the sample is cor-
related to the difference in the layer density, the amplitude and intensity of the
oscillations, caused by reflection from the interfaces, are proportional to the den-
sity difference. This allows a precise determination of the mass density of each
layer, given that the density difference is of significant magnitude. The period of
the interference pattern depends only on the film thickness, thus allowing precise
determination of the layer thickness. The values are fitted to the XRR spectra us-
ing the X'Pert Reflectivity software of Malvern Panalytical Ltd., which takes into
account the predefined measurement parameters and uses the Parratt-formalism
to describe the multilayer system. Three methods to simulate the experimental
spectra are possible, namely the genetic algorithm, segmented fit and a combina-
tion of both methods. The measurements were partially conducted and evaluated
by M. Bonholzer at the Felix Bloch Institute for Solid State Physics, Universitat
Leipzig. From the XRR spectra, the layer thickness, density and roughness are
determined, similar to the approach reported for Fe3O4/TiN/Si(100) multilay-
ers [128].
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4.1.3 Energy dispersive X-ray spectroscopy
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Figure 4.3: EDX spectrum of a ZnFe;O4 thin film of similar growth conditions
as ZFOT2 on MgO substrate. The spectra (>6keV) was multiplied by a factor
of 5 for clarity. This image was adapted from [49].

The elemental composition and stoichiometry of the investigated samples was
determined using energy dispersive X-ray spectroscopy (EDX). A dual beam mi-
croscope FEI NanoLab Nova 200 is equipped with an Ametek EDAX energy
dispersive spectroscopy (EDS) detector, a silicon drift detector. It is also ca-
pable of conducting scanning electron microscopy (SEM) analysis, discussed in
following section.

The principle of EDX is to excite the inner shell electrons using X-ray radi-
ation. The generated electron vacancies are then filled by outer shell electrons.
The transition from high energy state to low energy state emits X-ray photons
of a certain energy, which is characteristic of the transition as well as of the ele-
ment, depicted in Figure 4.3 [49]. Energy of 15keV was used for excitation of the
atoms within the sample. The resulting spectra from the emitted X-ray photons
was then analyzed to obtain atomistic ratios which define the stoichiometry of
the sample. Four to five measurements were conducted on different areas of the
thin film. The measurements were carried out and evaluated by J. Lenzner at
the Felix Bloch Institute for Solid State Physics, Universitat Leipzig. The stan-
dard deviation of the values from the average was found to be 4%, signifying the

homogeneity in the elemental composition of the whole sample.
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4.1.4 Focused ion beam and scanning electron microscopy

Figure 4.4: SEM images of ZnFe,O,4 thin films, grown at high (a) and low (b)
temperatures, namely ZFOT2.1 and ZFOT1.1 thin films, respectively. Sample
thickness, STO substrate and Pt cap layer is indicated. The contrast between
the layers is limited by the resolution of the device.

Focused ion beam (FIB) option of the dual beam microscope system allows
thin film lateral SEM images to be recorded. A beam of gallium ions from the
liquid-metal ion source is used for site specific milling to cut the sample for cross
sectional analysis. Platinum capping layer is deposited from an organometallic
precursor on the thin film surface in order to eliminate induced charges. The
small spot size of the focused ion beam with high kinetic energy (~ 30keV) al-
lows milling of well defined structures into the sample surface. Focused electron
beam with acceleration voltage between 5 and 15kV then scans the thin film.
This causes two types of interactions and thus two types of electrons are emit-
ted, namely the secondary electrons with a low kinetic energy and back-scattered
electrons with a high kinetic energy. The former interaction is the inelastic scat-
tering of the incident beam and the K-shell electrons of the element specific
atoms. Amount of emitted secondary electrons define the pixel contrast of the
recorded image. The latter interaction, however, is elastic electron scattering
which contributes to the background signal and reduces the SEM resolution. An
exemplary lateral structure image for ZFOT2.1 and ZFOT1.1 films is depicted in
Figure 4.4. Measurements were conducted by J. Lenzner at the Felix Bloch Insti-
tute for Solid State Physics, Universitat Leipzig. The thickness of the samples,
analyzed by SEM, showed a fair agreement to the values, obtained by XRR. The
SEM micrographs reveal a presence of an interface layer between the substrate

and investigated layers for all measured thin films.
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4.1.5 Raman spectroscopy
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Figure 4.5: Raman spectra for the O375 sample with main Fy, and A;; modes
along with the peak resulting from the objective, used in the experimental set-
up, are indicated. The inset shows a schematic depiction of asymmetric bending
and symmetric stretching vibrational phonon modes of oxygen O?~ anions with
respect to iron Fe?' cations. Created using VESTA [54].

The crystalline formation was further examined by Raman spectroscopy. The
elementary vibrational excitations, phonons, propagate as waves through the crys-
tal [129]. Depending on the direction of propagation, relative to the direction of
atomic displacement, the phonon modes are classified as transverse or longitudi-
nal. In crystals of a diatomic base, the phonons can be distinguished as acoustical
phonons, where the sublattices oscillate as a single chain, or optical phonons, for
which the sublattices oscillate against each other. In the vicinity of the I'-point
in the Brillouin zone, for long wavelengths and small wave vectors, the energy
of acoustical phonons vanishes, while the optical phonons exhibit a finite en-
ergy [130].

In our case, a diode-pumped solid state laser emitting at Az = 532nm was
used. The incident light was focused and collected by a microscope objective onto
and from the sample. Magnification of 50x and the numerical aperture of NA =
0.42 was used. The spectra were recorded using a double spectrometer with a
focal length of 2 x 1m and 2400 lines per mm grating. It was equipped with a
liquid nitrogen-cooled charge-coupled device camera. Experimentally determined
spectral resolution of this system was AAr = 0.006 nm, corresponding to At =
0.2cm™! at Ag = 532nm [130].
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A spinel structure is of the Of (Fd3m) space group. Factor group analysis

predicts the following modes in ZnFe;O4 spinel [131]:
A1y(R) + Ey(R) + Fiy + 3F3(R) + 249, + 2E, + 4F1,(IR) + 2F3, (4.7)

At room temperature, it is expected to exhibit five first order Raman active
modes (A1, + E; + 3Fy,). In cubic spinels, the modes above 600 cm™" (Ay,)
would correspond to symmetric stretch of oxygen atoms of the tetrahedral (AOy,)
symmetry, while the low frequency modes correspond to the symmetric and asym-
metric bending of oxygen with respect to the cations of octahedral (BOg) sym-
metry [128,131,132]. An exemplary spectra for the O375 sample as well as a
schematic depiction of asymmetric bending and symmetric stretching vibrational
phonon modes are shown in Figure 4.5. From the positions of the corresponding
peaks as well as their width, as compared to literature values, an estimation of
the crystalline symmetry can be established. The Raman spectra measurements
were conducted by C. Kranert and C. Sturm at the Felix Bloch Institute for Solid
State Physics, Universitat Leipzig.

38



4.2. Surface properties

4.2 Surface properties

Information related to the surface of our thin films was obtained by atomic force
microscopy (AFM) and X-ray photoelectron spectroscopy (XPS). While the sur-
face morphology, obtained by AFM, hints to the possible film growth mode dis-
cussed in Section 3.1, XPS provides information about its elemental composition

and chemical state.

4.2.1 Atomic force microscopy
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Figure 4.6: (a) Schematic representation of the basic principle of the AFM tech-
nique. (b) Force as a function of distance r between the cantilever and the surface
atoms in contact and non-contact operational modes. The image was adopted
from [51].

The film surface morphology scans were recorded using a Park System Xe-150
atomic force microscope (AFM) [133]. The schematic of its operational princi-
ple is depicted in Figure 4.6(a). The tip of a silicon cantilever scans over the
sample surface at a close proximity. The attractive force between the tip and
the surface causes the cantilever to deflect towards the surface. When the can-
tilever is brought in contact with the surface, the repulsive force dominates and
the cantilever is deflected away, see Figure 4.6(b). In this case, the operational
mode is the contact mode. However, taking advantage of both the attractive and
repulsive forces, exerted by the surface, the tip can remain close to the surface
during a scan of the non-contact operational mode. The change in the laser beam
position of the tip is detected by a position-sensitive photo diode (PSPD) and

the corresponding changes are related to the height of the surface features. The
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x-y stage allows the sample to be moved back and forth with high precision and

two images are obtained as one line of a two-dimensional topographic map.
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Figure 4.7: (a) Exemplary surface morphology scan of the ZnXO0 film. (b) The 2-
D autocorrelation analysis of the grains in (a). The predominant grain formation
directions are indicated.

The scans, with a resolution of 512x512, were analyzed by an open-source
Gwyddion software [134]. In order to quantify the roughness of the surface, the

root-mean-square (RMS) roughness (o) was calculated and is given as:

o= ﬁmzZumy) ()2 (48)

where z(z,,y,) is the height at a position (m,n) and (z) is the average height
value. The initial image, obtained by the device, is prone to contain errors and
noise, which arise from the instrument. Specifically, if the surface morphology
is very smooth (RMS<2nm). Therefore, the software allows options to thor-
oughly correct the image in order to improve the quality of the obtained scan.
Furthermore, an analysis of the surface grains is possible and their distribution
across the scan is examined by the 2-D autocorrelation function. In the case of an
AFM image, the autocorrelation function, similar to the height-height correlation

function, is given by:

G(Ty, 7y) :// 2 29w (21, 22, Ty, Ty) d21 d2o
e (4.9)

) 1
= lim —//f(xhyl)f(xl+Tx,$1+7'y)d$1dy1
s

S—o0 S

where z; and zy are values of heights at points (z1,y1), (z2,y2); furthermore,
T, = ¥1 — Zg and 7, = y; — yo. The function w(z1, 22, 74, 7,) denotes the two-
dimensional probability density of the random function £(z,y), corresponding to
points (z1,41), (z2,%2) and the distance between these points 7 [134]. An exem-

plary surface morphology scan for the ZnX0 film as well as the 2-D autocorrelation
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image are shown in Figure 4.7. Therefore, apart from the surface roughness, the
analysis of the AFM scans gives an indication of the possible type of film growth

and allows determination of the predominant directions of grain formation.

4.2.2 X-ray photoelectron spectroscopy
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Figure 4.8: (a) Simplified illustration of the operational principle of XPS. (b)
Survey spectra for the ZnX4 sample with each visible core level indicated. The
core levels, which are examined in detail within the scope of this investigation
are indicated in bold.

The elemental composition of the near-surface region was examined using X-
ray photoelectron spectroscopy (XPS). The operational principle of the technique
is depicted in Figure 4.8(a). The sample surface is irradiated with an X-ray of
known energy (hv), in our case K, radiation source (1486.6 V) on an ESCALAB
220Xi X-ray photoelectron spectrometer. The measurements are performed at
UHV conditions with the base pressure of 5 x 1072 mbar. The kinetic energy

(Ex) of the emitted electron, from a surface of a solid sample, is given by:

EK :hV—EB—q)S (410)

where ®g is the work function, specific to the detector of the instrument, and h as
well as v are the Plank’s constant and frequency of the X-rays, respectively. The
intensity distribution is due to overlapping electronic excitations contribution,
specific to the chemical environment of the near-surface region. The excitation
peaks at characteristic binding energies (Ep) are used to identify the electron
configuration of the corresponding element involved. An exemplary survey spec-
tra (0-1100eV) for the ZnX4 film is shown in Figure 4.8(b) with each core level
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indicated. The survey and detailed spectra were recorded with a pass energy of
50 and 10eV and a dwell time of 100 and 300 ms, respectively.

The electrons, ejected from the s sub-shells, appear as chemically shifted pri-
mary peaks. On the other hand, the electrons, ejected from core levels with
symmetries, such as p and d, often appear as doublet states. In order to ob-
tain the precise position of the investigated core levels, the C 1s peak, located
at 285eV, is appropriately used as binding energy axis reference for the energy
scale calibration. In addition to inelastic energy loss processes, secondary peaks,
due to Auger transitions, shake-up and shake-off energy loss processes, contribute
to the spectrum background. Therefore, a correct choice and description of the
spectrum background is vital to the quality of the analysis. Although a simple
line model is widely used for this purpose, the Shirley function background pro-
vides a more accurate description [135]. The modeling of the Zn 2p as well as the
Fe 2p and 3p core levels, exemplary depicted in Figure 4.9 for the ZnXO0 thin film,
was performed using the UNIFIT software [136] by P. Huth at Wilhelm Ostwald
Institute for Physical and Theoretical Chemistry, Universitat Leipzig.

The intensity distribution of the Fe 2p and 3p core level spectra can be inter-
preted on the basis of multiplet splitting. Calculations of a p core level multiplet
were conducted by Gupta and Sen by considering the electrostatic and spin-orbit
interactions and using the Hartee-Fock approximation of the free Fe ion [137].
This approach was adopted by McIntyre to develop a general estimate of individ-
ual cation contribution to both core levels [138]. Alternatively, by examining the
evolution of the XPS Fe 2p and 3p core level spectra, with respect to the struc-
ture of FesO3 to FezOy films, Fujii et al. [139] were able to distinguish between
the three site-specific Fe3,, Feg; and FeQOJ;L cation contributions. Particularly, the
final state shake feature, located between the Fe 2p3/, and 2psz/; peaks, is due to
the overlapping satellite contribution of each cation state. In the case of mag-
netite, namely the ZnX0 sample, where contributions from the Fe cation species
overlap, the satellite feature is broad and is not apparent in the spectra. However,
in a structure containing predominantly Fe’™ (e.g. FeO) this feature would be
present at a lower binding energy than the structure with predominantly Fe3*
(e.g. FeyO3 or ZnFe,O4). Therefore, the presence and position of the satellite
contribution hints to the dominating valence state of Fe and is commonly used
to distinguish between FeO, FeyO3 and Fe;O, ferrites [8].

Nevertheless, a precise determination and quantification of the site- and valence-
specific Fe cation contribution remains technically challenging. Commonly X-ray

absorption spectroscopy as well as X-ray magnetic circular dicroism (XMCD) is
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Figure 4.9: The experimental detailed XPS spectra as well as the modeled fit for
(a) Fe 2p and (b) Fe 3p for the ZnX0 sample. The Shirley background as well as
individual site- and valence-specific contributions to the core level approximations
are color-coded.

used for this purpose. Recently, Aghavnian et al. [140] have demonstrated a fair
agreement of the inversion parameter of inverse spinel CoFe;O4 by examining the
XPS Co 2p and XMCD Fe L 3 edge spectra. However, the XMCD spectra did not
provide sufficient information for quantitative analysis. Yuan et al. [141] reported
site and valence specific ratios of the Fe cations and distinguished between the
spin and orbital interaction. Torres et al. [35] and Zelis et al. [41], on the other
hand, attribute both positive and negative XMCD peaks of the Fe L3 edge spec-
tra to only Fe3* cations, located at tetrahedral and octahedral site, respectively.
Groering et al. [43] has suggested that the situation might be more band-like due
to the significant orbital moment of Fe3* cations and that the integer Fe?* and
Fe3* cation interpretation is not at all trivial.

In this investigation, both Fe 2p and 3p core levels were examined in order
to obtain an approximate estimate of the individual cation presence in the near-
surface region of our films. Based on the approach of Fujii ett al. [139,142] and
Yamashita et al. [143], a convolution of three Gaussian-Lorentzian functions was
found to yield an appropriate match to the experimental Fe 2p and 3p core level
spectra, Figure 4.9. Placed at binding energies, consistent with literature values
and listed in Table 4.1, the three functions were sufficient to account for the
features, associated with three Fe species. The Zn 2p core level was fit with a
pair of Gaussian-Lorentzian functions [144]. The individual peak height ratio as
well as peak separation was kept fixed according to database values. Through

iterative fitting of the Shirley background as well as peak areas, and considering
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the element specific photo-ionization sensitivity factor, the quantitative analysis
of each Fe core level was conducted. The modeling of the XPS Fe 2p and 3p core
levels allows an approximate estimation of the relative elemental composition of

the Fe as well as Zn cations in near-surface region of our films.

Table 4.1: Binding energies (E) of Fe 3p, 2p1/2, 2ps/2 core level maximum for
the ZnX0 thin film. *The Zn 2p core level maximum binding energy is listed for
the ZnX1 film. Binding energies of individual Fe cation contributions are listed
for the approximation of the ZnX0 film Fe core level spectra.

Core level Ep for ZnX0 (£0.1eV) Felp (£0.1eV) Feli(£0.1eV) Feif(£0.1eV)

Fe 3p 55.6 53.9 55.6 574
Fe 2py /5 711.0 709.1 710.9 713.1
Fe 2ps)s 724.5 7225 724.3 726.5

7Zn 2p 1021.4%
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4.3 Dielectric tensor properties

Our understanding of the phenomenological origin of the light matter interaction
has led to uncovering of the fundamental properties of countless materials. The
primary aim of this investigation is to unveil the crystallographic nature as well
as the electronic structure of spinel ferrites by examining this interaction. The

theoretical principles, which govern this interaction, are discussed in this section.

Dielectric tensor and light propagation

The propagation of light in a material is characterized by macroscopic optical
properties, which can be described by the dielectric function tensor, E(E, w), given
by [145]:

D(k,w) = eoe(k,w)E(k,w) (4.11)
where the electric displacement vector D(k, w) and the electric field vector E(k, w)
are expressed in momentum space and ¢ is the vacuum permittivity. For a
non-magnetic material, the tensor elements of € obey €;; = ¢j, and therefore,
the symmetric dielectric tensor can be transformed to the diagonal form with
€;j = €;0;; where i = (x,y, 2) and ¢;; is the Kronecker symbol. For materials that
are not optically active, the spatial dispersion can be neglected and E(E, w) can

be represented as é(w):

€0 (W) 0 0
cwl=[ 0 eyw 0 (4.12)
0 0  e.(w)

Optical material character, namely biaxial, uniaxial and isotropic, is distin-
guished by the propagation of plane waves in three Cartesian planes. In the case
of a biaxial material, polarization state is dependent on the propagation direction,
and €,, # €, # €,.. For an optically uniaxial material, the plane wave propagates
with the same velocity in two out of three directions, therefore €,, = €,, # €...
In this case, light polarization of the two eigenmodes is perpendicular (€, ,,) and
parallel (e,.) to the optical axis. Since light propagates with the same velocity in
any given direction of an optically isotropic crystal, as in our case, the dielectric

tensor reduces to a scalar and the €,, = €,, = €., relation holds.

The dielectric tensor element is represented by a complex function, given as:
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€(w) = €1(w) + iex(w) (4.13)

where the real term (¢;) is related to the propagation of light, and the imaginary
term (eg) is related to the energy dissipation into the material due to absorption.

Both terms are related to the index of refraction (n) and extinction coefficient

(k):

e =n? — k* and € = 2nk (4.14)

Inverting these equations yields:

" — \/\/6% +2€§+€1 and x — \/\/ 6% +26§ —a (4.15)

Interpretation of the optical properties

The real and imaginary terms of the DF are not independent and are related

by dispersion relationship, namely the Kramers-Kronig relation [146]:

2 oo / /
a(w) =1+ ;P/ :j,,f?—_(i; du (4.16)
0
2w (W) —1
62(&]) = —?PA % dw’ (417)

where w and w’ are real angular frequencies and P denotes the principal value of
the integral.

The origin behind the classical interpretation is the work of Lorentz and
Drude. The quantum mechanical description yields the same mathematical ex-
pressions for the dielectric function, but with a reinterpretation of the parameters.
While the Lorentz oscillator model is applicable to insulators and semiconduc-
tors, the Drude model provides a good description of the free electron response
in metals [146].

The optical and phononic characteristics of metals, or semiconductors are
due to a combination of bound and free electron behaviors. The two types of
optical characteristics can be expressed for metallic, semiconducting or insulating

materials in a general form as:

(4.18)

N 2 2 N 2,2
1) = = el 5 e
n

com(w? +197)  em w2 — w?)? 4+ y2w?
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Neye?yy e? Nepn Ynw
w) = + E : 4.19
e2(w) €om (w ( )

comw(w? +77) 2 — w?)? + y2w?

The sum rules can be employed to relate the optical properties of an optically
isotropic material to the concentration of all the electrons that interact with the
electric field:

We N 2
/ wes(w) dow = N 7 () (4.20)
0

2eom

where N, is the concentration of atoms and Z.;f(w,) is the number of electrons

per atom contributing to the optical properties up to frequency w..

Model dielectric function

In the transparent region, where no transitions take place, the Cauchy func-
tion provides an effective description of the optical response of a non-absorbing

material. The approximation for the refractive index dispersion is given by:

B C

n(A) =A+ 5+ (4.21)

where )\; is the wavelength of incident light and A, B, and C are the Cauchy
parameters [147].

In the visible to the vacuum-ultraviolet spectral range, where phononic excita-
tions are not present, as in our case, the dielectric function is dominated by elec-
tronic transitions between ionic orbitals. Band-to-band transition contributions
to the dielectric function line-shape can be expressed by analytical expressions
for the joint density of states function close to the critical points. For a direct
semiconductor, the lowest band-to-band transitions occur at the I'-point of the
Brillouin zone. The critical point model (CPM) of the 3D M, type appropriately
describes the line-shape of the DF'. It is based on the one-electron interband tran-
sition approach and parabolic band approximation, assuming energy independent
momentum matrix elements [145,148,149]. The contributions to the dielectric

function, of 3D Mj-type, are given by:

€3DM0 (E) — A E—1.5 (2 _ (1 + Xn>0.5 B (1 - Xn)0.5)

X7
(E+4l'y) (4.22)

E,

where A,,, E, and I'), is the amplitude, transition energy and broadening param-

with x,, =
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eter of the CPM approximation, respectively. The term n is the running index
of the actual transition and £ is the photon energy. The significant absorption
in the high energy range is attributed to transitions that are distributed across
widely spread regions of the Brillouin zone.

As discussed in the previous section, discrete electronic transitions are well
described by the Lorentzian model, applicable to semiconductors and insulators.
In the framework of this discussion, the Lorentzian harmonic oscillator function
provides an appropriate approximation for multiple adjoined transitions between

discrete states and is given by:

E? — FE? —il,E

€nLor(E) = (4.23)

where A,,, E, and I',, is the averaged amplitude, transition energy and broadening
parameter, respectively with n being the running index [150]. Another function
used to describe inhomogeneous parts of the system as well as electronic transi-
tions due to the loss of charge carriers from scattering or absorption processes is
the Gaussian model. In this case, the electronic transition contributions to the

complex € line-shape can be approximated by:

ena(E) = Ale=(B22)" _ gro=(B5)°
mlE)=2P ) e ®

where o = Br,,/ QM defines the broadening parameter, and £ is proportional
to Br,. In this case, A’ is the dimensionless amplitude and F,, is the transition
energy [151].

As will be discussed in Section 4.4,it was determined that the Lorentzian
approximation function appropriately describes the energetically low electronic
transitions, namely d-d interband transitions. For the rest of the measured spec-
tral range, the Guassian function approximation of the DF was employed to de-
scribe notably broad features, related to the sum of discrete electronic transitions,
involving 3d and 4s orbitals. The CPM function gave an appropriate description
of the high energy absorption and was most effective when located close to the
assumed band-gap energy. A series of aforementioned approximations yields an
adequate description of the material optical properties in the measured spectral

range.

48



4.3. Dielectric tensor properties

Magneto-optical tensor elements

So far, we have described the case for an optically isotropic material in the
absence of magnetic field. However, in the presence of external magnetic field, the
change in polarization of electromagnetic wave upon interaction with a magnetic
medium no longer follows the diagonal representation 4.12 with €, = €, =
€.,. The effect which describes the change in the polarization of light through
transmission is called the Faraday effect, and the change in ellipticity is known
as magnetic circular dichroism [152]. The change in the polarization state upon
reflection from a magnetic sample is known as the magneto-optical Kerr effect
(MOKE) [153].

The magneto-optical activity is commonly expressed as the complex Kerr

rotation, given by:

Dy = O + inx = Q%ﬁQd (4.25)

where w is the angular frequency of the electromagnetic field, ¢ is the velocity of
light, and n the complex index of refraction for the film with thickness d. The
parameter, characteristic of the material, is known as the Voigt constant, @). The
real part (0 ) of the complex Kerr rotation is related to the tilt angle of the main
axis of polarization upon reflection from the sample, while the imaginary part
(nk) is ellipticity.

Considering the Onsager relation of symmetry conservation of the off-diagonal
dielectric tensor components under time reversal, symmetry is kept only by re-
versing the magnetic field (B). Therefore, €;;(B) = €;;(—B) relation must hold.
Under assumption that for B = 0, the off-diagonal components are zero, for i #
J, each pair of symmetrical components will be proportional for + components of
B [154,155]. For B parallel to the sample normal, otherwise known as the polar

MOKE, the dielectric tensor for a cubic system is expressed as:

€2 (W) €gy(W) 0
g(w) - _exy(w) ex:r:(w) 0 (426>
0 0 €20 (W)

where €, ., (w) terms are complex quantities. The off-diagonal component of the
dielectric tensor can then be expressed as €,,(w) = @ €,(w), where @ is the
Voigt constant.

The microscopic picture can be interpreted by considering the susceptibility

tensor approximation in the Cartesian representation. The electric dipole ap-
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proximation can be modified to the case where the medium is characterized by
a magnetic susceptibility tensor, using the duality principle [156]. In the case of
isotropic coupling, and with the magnetic field B applied parallel to the radiation
propagation vector, the dielectric tensor can be described by a sum of Lorentz

oscillator functions with different resonant frequencies, wy, given by:

2 2
wh — w® — 1wl
el Zk: i (Wi, — w? — iwly)? — dw?wi, 20

ezz(w):ZWZ Je (4.28)

L — w? —iwly,

k 0

—inka
T 5 = —€yz 4.29
€ay ; (g, — w? —iwl)? — 4w?w? €y (W) (4.29)

where f; is the weight factor, I' the damping constant, and wy; the Larmor
frequency. In the case of metals, where the free electrons are modeled by Lorentz

function with zero resonant frequency, the above components are expressed as:

o o) — g, ~ w (4.50)
iy —fp 431
€z w(w—l—iFD) ( . )
;
) = —fo e —D) (4.32)

w[(w +1i'%)? — 4w%D]

The case of ferromagnetic 3d metals and transition metals consists of both free
and bound electrons and can be described by the aforementioned equations [156].
The classical interpretation of the spectral dependence of the susceptibility ten-
sor gives a simplified insight into the microscopic picture. It employs both the
Lorentzian and Drude model in order to describe the interband and intraband
electronic transitions, which contribute to the magneto-optical activity of free
and bound electrons in dependence on the applied frequency and magnetic field.
However, in the configuration, where the light propagation vector is parallel to
the magnetization or the wave is obliquely incident on the planar structure, the
magneto-optical response can be handled analytically and the classical interpre-
tation is valid. The detailed approach for modeling the response is presented in
Section 4.5.
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4.4 Spectroscopic ellipsometry

The principal material characterization technique in this investigation is spectro-
scopic ellipsometry. The non-invasive and precise optical method is continuously
employed in various fields to extract material properties and their changes, such as
detecting changes in nominal thickness with sub-monolayer accuracy. By exam-
ining the relative change in the polarization state of the incident electromagnetic
plane wave upon reflection or transmission, and by model analysis interpretation,
the optical properties of individual layers are obtained. The basic principles and
the approach for determination of the diagonal elements of the dielectric tensor

are presented in this section.

Standard spectroscopic ellipsometry

sample

Figure 4.10: Schematic illustration of the operational principle of spectroscopic
ellipsometry, adopted from [157]. The subscripts ¢ and r correspond to incident
and reflected electric field E of incidence angle of 8, while p and s correspond to
its polarization state.

Spectroscopic ellipsometry (SE) detects the relative changes in the polariza-
tion state of electromagnetic plane wave upon reflection or transmission from
the sample. Schematic representation of the operational principle is depicted in
Figure 4.10. The incident light wave consists of orthogonal p- and s-polarization
components, which correspond to the directions of the electric field vector that
are parallel and perpendicular to the plane of incidence, respectively. Upon re-
flection, the changes in the wave polarization are manifested by the ratio of the
amplitudes (V) and difference in phase (A). The case of standard ellipsometry is

applicable to an optically isotropic sample system, whereby the ellipsometric pa-
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4.4. Spectroscopic ellipsometry

rameters, ¥ and A, are independent of the polarization state of the incident plane
wave. In this case, the p- and s-polarization state of reflected light is sustained
and no conversion of polarization state takes place [158]. The two ellipsometric
parameters are related to the ratio of the p- and s-polarized complex Frensel

reflection coefficients, r, and ry, by:

Tp _ Erp/Eip

Ts B Ers/Eis

= tan Ue'? (4.33)

The subscripts 7 and r correspond to incident and reflected electric field vector,
while subscripts p and s represent p- and s-polarization state.
Alternative representation is the complex pseudo-dielectric function, (¢) =

(€1) 4 i(e2), which is related to the measured quantities ¥ and A by:

(€) = tan® 0 <0082 0 + sin® 0 {ﬂ} 2) (4.34)
1+p
where 6 is the angle of incidence [150]. The complex pseudo-dielectric function
is equal to the material dielectric function for a semi-infinite material system
bounded by air, considering no mode conversion upon reflection from the surface
occurs.
A possible loss of polarization upon reflection can occur for an isotropic, but

partially depolarizing sample. The depolarization quantity is then given by:

% Depolarization = 100%(1 — N* — C* — S?) (4.35)
where N=cos(2¥), C= sin(2V) cos(A) and S = sin(2¥)sin(A). Further mea-

sured quantities are given by:

1 S? + (2
W gepol = = arctan M
2 N (4.36)

Agepor = arctan ol

However, the approach, presented in the next section, allows a more thorough
collection and interpretation of information for a sample, such as an anisotropic

material or one with high degree of depolarization.
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Generalized spectroscopic ellipsometry

The measurement of the complex ratio p can be addressed by different in-
terpretations of the electromagnetic plane wave response from the sample. In
contrast to the description of an isotropic system, both standard and generalized
ellipsometry approaches describe the change in polarization state based on the
Jones vector formalism. Consistent with the notation above, where the electric
field vector E is incident (i) or reflected (r) and either p- or s-polarized, the

polarization states of the incident and reflected wave are related by the Jones

Eq« E'L . .s E’L
7] —; = [T Tl (4.37)
Ers Ez ]ps Jss Ez

where j,s; and js, vanish in the case of an isotropic material. The reflection

matrix j:

coefficients (" j,s"="rps") are related to the generalized ellipsometry parameters:

o _ o

= tan W, exp(iA,,), = tan W, exp (i), — = tan Uy, exp(iA;))
Jss Jpp Jss
(4.38)

The real-valued quantities W, s ;p and A, s 5, comprise the generalized ellipsom-

Jow

etry data presentation within the Jones matrix formalism. [159] This is sufficient
if neither the sample, nor the optical components of the apparatus depolarize the
light beam. In particular, for systems which convert the s-waves into p-waves and
vice versa, the off-diagonal elements of the Jones matrix are non-zero and the in-
terpretation becomes less trivial. A more general description is the Stokes vector
formalism, where the real-valued matrix elements connect the Stokes parameters
of the electromagnetic plane waves before and after sample interaction [160]. The
Stokes parameters can be directly measured, and for the p - s system are defined

as:

SO = Ip + IS7SI - Ip - 157 S2 = ]45 - ]—457 S3 = do+ — I, (439>

where I, I, Ius, I_45, 1,4, and I,_ denote the intensities for the p-, s-, +45°,
-45°, right-, and left-circularly polarized light components, respectively. [161] The
Sp component is proportional to the total intensity of the light beam, and the in-
equality Sy > \/Sf—i—S—g—l—S% gives a measure of the degree of polarization, while
equality holds for totally polarized light. The change of the Stokes-vector upon

interaction with the non-depolarizing system and an optically isotropic sample is
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described by:

So 1 -N 0 0 S,
N 1
51 — 00 51 (4.40)
S, o 0 C S S,
Ss) o 0 0 -S C Ss)

where N=cos(2V), C= sin(2¥)cos(A) and S = sin(2V¥)sin(A). Whereby, the
constraint 1% + C? 4+ S? = 1 must hold [162]. The complex reflectivity coefficient

ratio is given by:

_C+iS
P=1FN

Important to note, depending on the measurement system either some or all

(4.41)

Jones matrix elements of the sample system can be determined [163]. In our case,
with a system in a polarizer-compensator-sample-analyzer (PCSA) configuration,
all matrix elements, apart from the fourth row, are measured. Following the
Jones formalism, the contribution of each of the components of the experimental
set-up, namely, the analyzer (an), compensator (comp) and polarizer (pol), are

multiplied:

sTot srot

SOUt = jam]an X jsample X jcomp-]comp X jpolj;z X S“"b (442)

Additional contribution also arises from the windows of the cryostat installment

in the case of temperature dependent measurements.

Vacuum Ultraviolet VASE

The primary measurement system for optical characterization of the investi-
gated thin films, was the commercially available J. A. Woollam Vacuum Ultra-
violet Variable Angle Spectroscopic Ellipsometer. Measurements were conducted
in a NIR-VUV spectral range (0.5-8.5¢V) and in ambient conditions. The mea-
surement system employs a Xenon lamp (0.5-6.5eV) and a Deuterium lamp for
the VUV spectral range (6.5-8.5eV). A grating is used for setting the appropriate
wavelength prior to reflection from the sample. The reflected beam is detected by
a photomultiplier tube in the UV-VUV range (4.1-8.5¢eV), while the Si-InGaAs
tandem detector is used in the NIR-UV range (0.5-6.5¢eV). The samples as well as
the device components are dry-nitrogen-purged prior to measurement in order to

prevent light absorption in the VUV spectral range by atmospheric oxygen and
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water content. A cryostat installment allows measurements to be done in the
temperature range from 5 to 700 K with the help of Helium cooling of the sample
holder. The measurements were conducted at 60 and 70° angles of incidence,
and with a spectral resolution of either 100 meV or 50 meV as well as a minimum
of 100 averages per data point. Upto 5 samples can be mounted on the sample
holder, held by a vacuum pump. In that case, the measurements are then done

with an automated script, with sample alignment prior to data acquisition.

Maintenance procedures ensure minimal acquisition errors and higher detected
intensity and thus a broader spectral range. Prior to the measurement set, the
Xe and D, lamp intensity is maximized in order to decrease acquisition time
and increase the accuracy of the measured data. Furthermore, regular detector
calibration scripts were compiled in order to monitor the status of the system.
The beam alignment procedure was then conducted, if necessary. Prior to every
measurement set, a bulk Si sample with 25 ASiO, surface layer was used to cal-
ibrate the system at three wavelengths, distributed across the available spectral
range. The calibration parameters of individual system components were tuned
to minimize the error of the calibration and thus improve the accuracy of the

acquired data.

Acquisition data analysis

The general approach to determine the physical information, such as the op-
tical properties and thickness of the investigated thin film layer, requires an an-
alytical description of the system. An appropriate transfer matrix analysis for a
layer stack model was employed to represent the whole sample and to generate
an accurate description of the measured quantities. In the case of a single thin
film layer, the model is composed of a semi-infinite substrate, the thin film and

a surface layer.

The optical properties of the substrate were determined in the same spectral
range and ambient conditions prior to deposition of the thin film. The surface
layer was described by an effective medium approximation (EMA) function. Its
thickness was correlated to the RMS of the surface roughness, determined from
AFM measurements. The EMA also takes into account the relative amount of
film structures that were present in the surface layer, which was correlated to the
grain analysis of the surface morphology scans.

In order to quantify the quality of the match, between the calculated model

data and the experiment, the following maximum likelihood estimator, the mean-
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squared error (MSE), is used:

— Oy N

1
=4/ — X2
2N - M

where N is the number of (V,A) pairs, M is the number of variable parameters

N 2 2
1 \Ij;nod _ \I/;?fp A;nod - Afzp
MSE = ON — M Z (T) + (T)

(4.43)

in the model, and ¢ are the standard deviations on the experimental data points.
The chi-square (X?) is defined for comparison [150]. The MSE did not exceed
the value of 2 during the fitting procedure for all spectra of the investigated thin

films.

Initial description of the DF line-shape was conducted by a numerical ap-
proximation, namely the B-spline function. This function is defined by a series
of polynomial segments, which are constructed to maintain continuity up to a
certain derivative degree [164]. The basic definition of the B-spline function BF

(x) is expressed as:

I ;<2 <t

B(x) =
0 otherwise (4.44)
—t; _ t; — _
B = () B (2T ) Bl
Livik — t Livk+1 — ti

where the superscript k£ denotes the degree of the B-spline, and the superscript
7 indexes the knot locations ;. In this sense, knots are interpreted as nodes on
the z-axis where the curve transitions from one polynomial segment to another.
The B-spline curve S(z) is then defined as a linear sum of n basis functions, in

which ¢; are the spline coefficients for the i-th basis function:

S(z) = Z ¢;BF(x) (4.45)

The numerical approximation of the dielectric function is primarily used for the
determination of the thickness of the film layer. While the XRR determines the
film thickness, based on the mass density of the layer, and SEM allows estimation
based on the contrast of conducting electrons, the B-spline function yields an op-
tical thickness, which deviates by a few nm from the former methods. Depending

on the placement of the nodes, a practical description of the dielectric function
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line-shape can be achieved [164-167]. The fit of the numerical approximation to
the experimentally obtained ellipsometric quantities, ¥ and A, is shown exem-
plary for the ZnX3 thin film in Figure 4.11 (a) and (b).

o % aeor] ®

B-Spline

6 8 2 4 6 8
Photon Energy (eV) Photon Energy (eV)

-100

Figure 4.11: Experimentally obtained ellipsometric parameters (a) ¥ and (b) A
of the ZnX3 thin film for 60° and 70° angles of incidence as well as the numerical
(B-Spline) and numerical (MDF') approximation of the measured data are shown.

The line-shape of the imaginary part of the complex dielectric function, de-
termined by the numerical B-spline approximation, and depicted for the spinel
ferrite ZnX3 film in Figure 4.12, is used as a starting point for its parametriza-
tion. The parametric approximation of the complex dielectric function is referred
to as the model dielectric function (MDF). It consists of a series of Kramers-
Kronig consistent function approximations, presented in Section 4.3, which are
distributed over the measured spectral range.

The critical point model (CPMj) is placed at the energy of a band-to-band
transition at the I'-point of the Brillouin zone and provides an appropriate descrip-
tion of the onset of absorption in the high energy range. The Lorentzian function
approximation is used to describe the narrow feature in the energy range below
1eV. The remaining eight Gaussian oscillators are necessary to describe the spec-
tral features of this material. Only G1, Gy and G4 functions are placed at energies,
consistent with literature values, namely 2.0, 2.6 and 3.9eV, respectively. The
rest of the functions are located in the vicinity of the literature values, however
their assignment to individual electronic transitions remains controversial. Based
on the iterative fitting of the DF line-shape of ZnFe,O, films, within the scope
of this investigation, a significant amount of information has been gathered em-
pirically and patterns became apparent. The function approximations, depicted

in Figure 4.12, were required for a precise description of the DF in the measured
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spectral range. Spectral position as well as the assigned electronic transitions are
listed in Table 4.1 for ZnX0, ZnX2 and ZnX4 samples with Zn content of 0, 0.56
and 1.26, respectively. The approximation energy and strength in dependence
on the fabrication and modification parameters as well as the Zn content will be

discussed in more detail in the following chapters.

Photon Energy (eV)
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Figure 4.12: Parametric (straight line) and numerical DF (short dash line) with
individual contributions as indicated for the ZnX3 thin film.

Furthermore, the high number of free function parameters, defining the MDF
line-shape, makes the uniqueness of the set of values not at all trivial. If we
consider the MSE as a surface, defined in an M-dimensional space where M is
the number of variable model parameters, then we are attempting to evaluate the
gradient of the MSE surface with the starting point, defined by the current set
of values [150]. The data evaluation software employs the Levenberg-Marquardt
algorithm for the minimization of the analysis model, which adjusts the values
of variables in order to decrease the MSE. However, the initial guess for the set
of parameters is not broad enough and the algorithm is likely to settle on a local
minima of the MSE surface. Within the scope of this investigation, and through
iterative approximation of the MDF line-shape for the spinel ferrite material, the
number of free variables was decreased. Thereby, the range of possible values was
limited for some of the parameters, based on the empirical evidence. For example,
the energies for ZnX0 and ZnX4, listed in Table 4.2, were chosen as the constrain-
ing values, limiting the position parameters of the oscillator functions. In this
sense, the remaining set of non-constraint variable parameters was chosen as the

initial set for the Levenberg-Marquardt algorithm in order to find the most unique
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4.4. Spectroscopic ellipsometry

solution that describes the material MDF line-shape approximation. Increasing
the sample set for analysis as well as correlating the quantitative composition
approximation from the DF to alternative methods, such as XMCD, Mossbauer
spectroscopy, or theoretical approximations could strengthen the proposed ap-
proach by improving the choice of the initial set of parameters. However, the
spectroscopic composition estimation, as well as a correlation of the theoretical

description to experimental findings both remain challenging and non-trivial.

Table 4.2: Photon energies are listed for the assigned electronic transitions. Cor-
responding cations and anions involved are indicated for each (L) Lorentzian, (G)
Gaussian and (CPM) Critical Point Model function. The estimated error for the
specified energy values is in the range of the last digit.

Osc.  Transition ZnX0 (eV) ZnX2 (eV) ZnX4 (eV)
Lo (FeZt)d tog - (Fept)d tag 0.63 0.79 0.94
Gy (FeZr)d to, - (Felt)d e, 2.04 2.07 2.09
Go O 2p - (Fed)})3d tg, 2.59 2.57 2.60
CPM, (ZnZh) 2.87 2.87 2.89
Gs O 2p - (Feif)3d e 3.15 3.25 3.37
Gy O 2p - (Felt)3d ey 3.82 3.96 3.88
Gs O 2p - (Feif)4s 4.65 4.91 4.87
Gg O 2p - (Fed})4s 5.65 5.70 5.68
Gy O 2p - (ZnZh)4s 6.48 6.48 6.48
Gs O 2p - (FeZt)4s 7.00 7.00 7.41
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4.5. Magneto-optical Kerr effect

4.5 Magneto-optical Kerr effect

The description of the off-diagonal elements of the dielectric tensor provides valu-
able understanding of the phenomenological nature of the electronic transitions.
The non-destructive technique examines the change of the polarization of light
upon reflection from a material in the presence of an external magnetic field.
The experimental set-up as well as the model approximation, used to describe

the spectral dependence of the tensor elements, are presented in this section.

Experimental set-up

(a) airA film F substrate S (b)

-

+/M||az

magnetic
field

thickness d

Figure 4.13: (a) Depiction of the three-layer model, taken from [153]. The Frensel
coefficients of the interfaces (7, ¢t) and the propagation terms (a) are indicated.
The electric field vectors of the outgoing radiation, Eyy, are summed up for right
and left circularly polarized state separately, depicted in (b). (b) Depiction of
the MOKE operational principle, where the right (red o) and left (dark blue
o) circularly polarization states are indicated. For better visualization of the
processes, the angle of incidence is shown to be larger than 0° in both images.

The magneto-optical response was measured in the spectral range from 1.7 to
5.5eV with an applied field of 1.7 T in ambient conditions. The setup was a home-
built magneto-optical Kerr effect (MOKE) setup, which allows measurements
in polar geometry, with the angle of incidence of ~1.3°. The measurements
were conducted at Technical University of Chemnitz by P. Richter under the
supervision of G. Salvan and D.R.T. Zahn.
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4.5. Magneto-optical Kerr effect

The MOKE setup is similar to that described by Herrmann et al. [168]. The in-
coming light becomes s-polarized after passing through a polarizer. The reflected
light beam then propagates through a photoelastic modulator and an analyzer
before being detected by a photomultiplier. The change in the polarization state

can be expressed by the complex Kerr rotation angle, &5, given as:

dp =0k +i-1k. (4.46)

where 6 represents the tilt angle of the main axis of polarization and ng refers
to the ellipticity of the reflected light.

The three-layer model is schematically depicted in Figure 4.13 (a). The Frensel
coefficients of light transmitted through, ¢, or reflected from, r, the interface at
normal angle of incidence, are given by:

Nyt ng

and r = (4.47)

ny + Ng ny + ng

where n = n + ik is the complex index of refraction, denoted with index 1 for the
medium where the light comes from or 2 for the medium which the light is going
to or reflected from. The exponential attenuation of light due to propagation

through the layer is given by:

a = exp [z (fz%d)] (4.48)

By superimposing all reflected light beams, Eoum-, the sample effective reflec-

tion coefficient u is expressed by:

2
tar - tpa-a” - rpg

u=rar+ (4.49)

1—a?-rps-Tpa
where the subscripts A, F' and S denote air, film and substrate layer, respec-
tively, as depicted in Figure 4.13 (a). The incident light can be considered as a
composition of two polarized states, right (+) and left (-) circularly polarized,
with certain phase relation, schematically depicted in Figure 4.13 (b). Since the
magnetic field is normal to the sample surface plane and nearly parallel to the
light propagation direction, the eigenmodes of the reflected light are circularly
polarized as well [153], Figure 4.13 (b). The material optical constants can then
be expressed as [153]:

iy =" (1 == %) (4.50)

where () is the Voigt constant, related to the magneto-optical activity of the
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4.5. Magneto-optical Kerr effect

material, expressed as a ratio of the diagonal and off-diagonal dielectric tensor
elements in Equation 4.26, described in Section 4.3. Furthermore, the effective
reflection coefficient, u, would also consist of right (+) and left (-) circularly
polarized components. And by using the Jones matrix formalism, the complex

Kerr rotation angle ®; can be expressed as a function of u:

i(uy —u_)

R (4.51)

® = arctan

The experimental values 6 and ng are calculated from the above equations
implemented in a Python script, developed by M. Fronk in the group of D.R.T.
Zahn, in cooperation with D. Schmidt (Nebraska/Woollam Inc.) [153,169].

Simulation model

The experimental MOKE spectra were imported into the WVASE program
for analysis, based on the approach proposed by Schmidt et al. [170]. For a

vanishing angle of incidence, the complex Kerr rotation is given by:

P = 0O + - Nx = — arctan Tsp (4.52)
TSS

The sign difference also holds between ry, and rs;. The ellipsometric values, of

the type " Asp: Anisotropic Ellipsometry, 7,/ ratio”, are then expressed by:

U, = arctan | p | = arctan | — tan @ | (4.53)

Ay = —arg(p) = — arg(— tan (P ))
The error, due to the data transformation, was estimated to be 10~* and 10! for
U, and Ay, respectively.
The model for approximation of the MOKE spectra was developed based on
the transfer matrix formalism, expressed by a matrix for our case:
Dy —Ay 0
0 0 D

where D,, are the diagonal terms, obtained from parametric DF approximation,
and A,, are the anti-symmetric (off-diagonal) terms, which are parametrized
based on the measured MOKE spectra. In this model, the film thickness, surface
roughness as well as film and substrate optical constants were the input param-

eters. The off-diagonal tensor elements were described by a parametric model,
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4.5. Magneto-optical Kerr effect

similar to the diagonal DF tensor approximation. The implemented approach

was based on the one proposed by Mack et al. [152].

(a) m (D) i(d) M =m,,s=0 M,
} o i small zero field splitting of states i 0
4 i
P :
— L& :
P i3 ; redlcp
rep Iep pseudo 4, term :
i i +1
0 H _— ' — - (1)
B=0 B>0 & ] Energy | B=0 B>0
E (c) E Faraday C, terms
i | large zero field splitting of states i
rep Icp i ! Iep
P ’ L3
P < /l :
E : e
! fully resolved !
: B, terms i
— i —
Energy : Energy ; Energy

Figure 4.14: (a) Selection rules and derivative-shaped Faraday A; term (black
line) due to Zeeman splitting of the band centers of the lep (blue) and rep (red)
absorption bands. Depending on the strength of the zero field splitting, the
coupled pair of lep and rep bands of opposite signs can (b) resemble a (pseudo-
)A; term or (c) be fully resolved By terms. (d) Absorption of the lep (blue) and
rcp (red) light between an orbitally degenerate ground state and a non-degenerate
excited state. Image adopted from [171].

In the presence of external magnetic field, applied in the direction of light
propagation, formation of M;,; microstates occurs, where M; denotes the total
momentum quantum number. For AM; = —1, transitions are due to absorption
of light in right circularly polarized (rcp) state, while AM; = +1 transitions are
due to absorption of left circularly polarized (lcp) light. Therefore, the magneti-
cally active optical behavior can be interpreted as a series of three Faraday terms,

Ay, By and Cjy, which are related to the total approximation by [172]:

AAy_, = GB[Ay(~desy(w)/d(w)) + (Bo + Co/kT)ewy(w)] (4.55)

where G is a constant, specific to the sample, which depends on the concentration
and length of light propagation, and B is the strength of the magnetic field. The

Ay term is due to the 2g;upB Zeeman splitting between the band centers of
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4.5. Magneto-optical Kerr effect

the rcp and lcp absorption bands, in the orbitally degenerate excited state. The
selection rule schematic for this term as well as a Gauss peak derivative shape is
depicted in Figure 4.14 (a) [172]. The strength of the contribution of A; can be

expressed as:

M= < Tl | T 5= < Alug [A> ()Pl
where uy = —ug(Lz +2Sz) ‘

where A and J correspond to the ground and excited state, while Lz, Sz and m
represent orbital, spin angular momentum and electric dipole moment operators,
respectively. The sign of the A; term depends on the total angular momentum
difference between the ground and excited states.

The Faraday By term pair is due to the field induced mixing of the zero field
states by magnetic dipole transition moments and consists of Gauss peaks with

opposite signs. Its contribution is given by:

gy =2z B sty iy sty () 0s)

The energy separation between the K and J excited states (AFEk ;) determines
the strength of the By term contribution. When the zero field state splitting is
weak in comparison to the spectral band width, a shape similar to the A; term
is formed (pseudo-A;), Figure 4.14 (b). Due to a large zero field splitting, the
coupled By pair is fully resolved and the net contribution of this term is zero,
Figure 4.14 (c). While the A; and Cj terms are observed in structures of high
symmetry, the By term is weaker and is found in low symmetry compounds.
The Cy term is due to the Zeeman splitting of the orbitally degenerate ground

state, Figure 4.14 (c), and can be expressed as:

Co=—d;' Yy < Aluz| A> ([m2]*[mil{]?) (4.58)

This term is strongly dependent on temperature (~ 1/kT), due to the population
of the ground state, which can be described according to a Boltzmann distribu-
tion. While at low temperatures the shape of Cy resembles a Gaussian function,
at room temperature it exhibits a Gauss derivative shape [171].

Experimentally obtained MOKE spectra are exemplary shown for ZFOT1
sample in Figure 4.15 (a). The fit of the parametric approximation to the spectra

in terms of ellipsometric parameters is depicted in Figure 4.15 (b). The approxi-
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Figure 4.15: (a) Experimentally determined 0y and 7y, shown exemplary for
sample ZFOT1. (b) MOKE spectra values, represented in terms of ellipsometric
parameters, Usp and A,,, with the parametric approximation fit to the experi-
mental data.

mation of the imaginary component of the off-diagonal dielectric tensor element,
€2.2y, consists of a series of Gaussian functions with positive and negative am-
plitudes, shown in Figure 5.9. The off-diagonal tensor exhibits an overlap of a
number of transitions, characteristic of the models described above. To distin-
guish between transition is not at all trivial, as magnetically active transitions are
distributed over the measured spectral range. This would require a much more
elaborate model, consisting of at least two Gauss functions per transition to ac-
count for rcp and lcp contributions, which would result in an immense number
of free parameters. However, some information can still be obtained when com-
paring the €; 4, line-shapes of the same material, e.g. in dependence on growth
conditions. The strength of magneto-optical features are likely to vary while the
change in transition energy should remain nearly constant, signifying a change
in the magnetic cation interactions. This yields a deeper understanding behind
the nature of electronic transitions, visible in the diagonal tensor elements for the

same material, described in Section 5.2.
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ParrrlL Appréx.
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Figure 4.16: Parametric approximation of the imaginary component of the off-
diagonal dielectric tensor element, €3 ;,. Individual contributions to the DF' line-
shape are shown as short-dashed lines.

4.6 Magneto-static properties

The principal objective of this investigation is to examine the main interactions,
responsible for the observed magnetic behavior. For this purpose, magnetization
measurements were conducted as a function of applied field and temperature,

described below.

Vibrating sample magnetometry

Magnetic properties of LP ZFO, HP ZFO and annealed films were obtained
by a physical property measurement system (PPMS-Quantum Design, USA) op-
erating in vibrating sample magnetometer (VSM) mode. The schematic repre-
sentation of the operational principle of the VSM, similar to the one used in this
investigation, is depicted in Figure 4.17(a). Its operation is based on the Fara-
day’s law, namely due to the electromagnetic force in a coil, generated by a change
in flux through the coil [173]. The sample, mounted on a fused quartz sample
rod, is located in a highly homogeneous, external magnetic field and exhibits ver-
tical oscillation movement of 40 Hz in 2mm range. The stationary gradiometer
pick-up coils are located on the poles of the electromagnet with their symmetry
center coinciding with the magnet center of the static sample. The change in
magnetic flux, in response to the applied magnetic field (B), is detected by the

change in oscillation frequency, which induces a voltage U,,4 in the coils. For n,.
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Figure 4.17: (a) Schematic representation of the operational principle of the VSM
technique. Adopted from [173]. (b) Magnetization as a function of applied field
woH for ZnFe,O, films grown at low (ZFOT1.1) and high (ZFOT2.1) oxygen
pressure and temperature, measured at 5 K. Magnetization saturation (Mg), re-
manence (Mpge,,) and coercivity field (Heger) for ZFOT1.1 indicated.

pick-up coils with a flat surface A and n,, windings, the induced voltage is given

as [174]:

Una=»_ Y /A %—fd/& (4.59)

Ne N
When the homogeneous magnetic field is applied along the x-axis, Figure 4.17
(a), the sample exhibits a sinusoidal movement §(¢) along the z-axis with an

amplitude Z and frequency w:

dz

= Z - wcos(wt) (4.60)

A change in the flux density ?, for a point at a distance 7 from the sample, is
given by:

08 = o - 0(t) - VH(T) (4.61)

where Vﬁ(?) = —-3m . G, with G being the parameter, which is related to the

4nr7

position and orientation of the pick-up coils. Therefore, the induced voltage can

be expressed as:

~

3zm 1
Uind:_?‘HO'COS(Wt)'ZZ/AdZ-ﬁ-G (4.62)

Ne N
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The change in magnetic flux as a function of time is due to the vertical movement
of the sample, relative to the coils, leading to the detection of the sample magnetic
moment m [175,176].

The system is able to resolve magnetization changes of less than 107% emu at
a data rate of 1 Hz. The VSM detection module uses the position encoder signal,
obtained from the motor module, as a reference for the synchronous detection.
It detects the in-phase and quadrature-phase signals from the encoder and from
the amplified voltage of the pick-up coil. The signals are then averaged resulting
in the detected signal. The maximum applied magnetic field of 9T is possible in
this system with a superconducting coils. The system is cooled regularly with He

and Ny cryogenic liquids [177].

SQUID-magnetometry

The bulk magnetic properties of our thin films with variable Zn content were
recorded using a superconducting quantum interference device (SQUID) (MPMS-
7 Quantum Design, USA). The operation principle of this device is similar to
the one described above. It uses a second order gradiometer superconducting
detection coils, also cooled with He cryogenic liquid. The maximum applied
magnetic field is 7T with a sensitivity of 107® emu. The measurements were
conducted by A. Setzer, I. Lorite and Y. Kumar under the supervision of P.
Ezquinazi within the division of Superconductivity and Magnetism at the Felix

Bloch Institute for Solid State Physics, Universitat Leipzig.

Measurement and data treatment procedure

Figure 4.17 (b) shows magnetization as a function of applied field, exemplary
for two films of low (ZFOT1.1) and high (ZFOT2.1) growth temperature and
oxygen pressure. The displayed measurements were conducted at 5K. The film
grown at low temperature and pressure displays ferromagnetic-type hysteresis
with a magnetization saturation (Mg) as well as coercivity field (Heper). The
film grown at high temperature and pressure, on the other hand, displays a lack
of magnetic saturation, due to a strong paramagnetic contribution, as well as
a low magnetization remanence. The external field was applied in the sample
surface plane for all measurements in this study. The magnetization of the sub-
strates was measured at the same conditions as the samples. The diamagnetic

contributions from the substrate and the sample holder were redacted by linear
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fitting at high fields and subtracting the contribution from sample magnetization
measurements. Important to note, all substrates had a diamagnetic contribu-
tion at room temperature, with a negative M - H slope. Substrates prior to
pre-deposition treatment (chemical etching and annealing) exhibited a magnetic
response, which was attributed to presence of impurities, likely found at the
surface [178,179]. Furthermore, the MgO substrate exhibited a ferromagnetic be-
havior at 5 K, this has recently been investigated and also related to contribution
of point defects and impurities [180, 181].

In order to investigate the temperature dependence of the magnetic interac-
tions, magnetization as a function of temperature was recorded with the following
procedure. Initially, the sample was cooled down to 5K with no applied field.
Then a magnetic field of either uyH = 0.01, 0.1 or 1T was applied, and the mag-
netization was measured during heating to room temperature or 350 K (ZFC)
and thereafter cooling back down to 5 K (FC). Consequently, the field was set to
woH = 0T and the sample remnant magnetization as a function of temperature
was recorded upon heating to room temperature or 350 K. Furthermore, the mea-
sured magnetization data (in emu) was normalized either to the thin film mass,

volume, or per formula unit in terms of Bohr magnetonpg [49]:

1 ( Veam\ M [emu]
M ] == 4.63
s/ faw] =g ( a3 ) 0.274 - 10~2'emu/ g (4.63)
where a is the lattice constant, Vi, is thin film volume and pp = -4~ with e, &

2Me

and m, is the electron charge, reduced Plank’s constant and mass of the electron,

respectively.
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Chapter 5
Results and discussion

In this chapter, all significant results are presented and discussed. First, the
magnetic and optical properties of Fe3O, PLD-grown thin films are compared to
that of a single crystal. Clear difference in the magnetic response as a function
of both applied field and temperature was found for the thin films as compared
to the single crystal. The Fe3O4 dielectric function is compared to the y-Fe,O3
film spectra, with respect to expected cation configuration.

Magnetically active electronic transitions of the Zn,Fe; ,O4 system are ex-
amined in detail. The difference in the spectral features is attributed to the
presence of cationic disorder in dependence on substrate temperature and oxygen
partial pressure during fabrication. The magneto-optical response as a function
of applied field shows active transitions, involving cations of two distinct types.

In order to deeper understand the influence of the substrate temperature
during fabrication with respect to the crystal structure, ZnFe,O,4 thin films were
deposited at different temperatures, but the same oxygen partial pressure. The
behavior of dielectric function features was characteristic of an increase in the
crystal quality with the increase in deposition temperature. The strength of the
electronic transition, involving Fe?;g cations, showed a direct correlation to the
ferrimagnetic response.

Next, the effect of thermal treatment was exploited in order to manipulate
the magnetic behavior. ZnFe,O4 thin films, deposited at low and high oxygen
partial pressure were annealed at various temperatures in oxygen and argon envi-
ronments, respectively. The thin films exhibited a cation renormalization from a
disordered spinel toward a more stable normal spinel structure when annealed at
temperatures above the deposition temperature, regardless of the environment.
The corresponding change in the dielectric function features was directly corre-

lated to the diminishing magnetic response.

71



5.1. Magnetic and optical properties of Fe3O, thin film and SC

Lastly, the cation configuration distribution within the bulk and surface re-
gions was examined in dependence on the Zn concentration of Zn,Fes;_ ,O4 thin
films. The predominant cation configuration was determined to be of inverse and
normal spinel with x < 0.56 and x > 0.87, respectively. A nearly homogeneous
cation configuration distribution was determined for the x = 0.87 film, consistent
with a smooth surface morphology and Bloch law temperature dependence of
saturation magnetization. A deficiency (abundance) of Fe3* on the octahedral
(tetrahedral) sublattice is found in the bulk, as opposed to the near-surface re-
gion, of the film with predominantly inverse cation configuration. As a result,
the non-uniform distribution leads to a diminished magnetic response in films of
inverse spinel configuration, whereas the presence of Fe?’Tz cations in the surface
region of the normal spinel film x = 1.26 is likely responsible for the observed

magnetic behavior.

5.1 Magnetic and optical properties of Fe;0,
thin film and single crystal

In this section, magnetization of the PLD-grown Fe3;O, thin films as a function
of applied field and temperature is compared to that of a single crystal sample
(FesO4 SC), obtained from Matrin-Luther University of Halle-Wittenberg. The
Fe3O,4 thin film dielectric function line-shape is compared to that of the single
crystal as well as that of y-FeyO3, which is a FeQOJ}“L cation poor structure. The
temperature dependence of the thin film dielectric function is examined with
respect to the visible electronic transitions.

In order to investigate the physical properties of PLD-grown Fe3O, thin films,
their dielectric function and magnetic response were compared to that of a single
crystal Fe;O4 sample (FesO4 SC). The sample was obtained from Stefan Ebbing-
haus at the Matrin-Luther University of Halle-Wittenberg and prepared by a
crystal growth unit using Czochralski process, Malvern MSR2, similar procedure
as described in [182]. The wide angle 20 XRD scans reveal a single phase structure
with (004) and (008) reflexes evident, Figure 5.1 (a). The four-fold symmetry of
the (113) w peak, Figure 5.1 (b), along with a full width half maxima of 0.103° of
the (004) w peak indicates exceptional crystalline quality. The PLD-grown films,
ZnX0 (60nm) and FFO (110nm), were deposited on TiN/MgO and MgAl,Oy4
substrate, respectively. The parameters, specific to the film fabrication, are listed
in Table 3.1 of Chapter 3. The 7-Fe;O3 maghemite film (100 nm) was grown in

similar conditions as the FFO film on an MgO substrate.
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Figure 5.1: (a) Wide angle 26 scan with Fe3O4 (004) and (008) reflexes indicated.

(b) ¢ scans reveal a four-fold symmetry of the Fe3O4 (113) w peak.

Figure 5.2 (a) shows magnetization as a function of applied field, measured at
5 and 300 K. The sample exhibits a more abrupt change in magnetization in low
applied field at low temperature, as compared to room temperature measurement.
At both temperatures, a lack of coercivity field indicates a single magnetic domain
structure, since a negligible amount of energy is dissipated in the reversal of
magnetization. The room temperature hysteresis loop becomes wider for the
ZnX0 sample (Heper = 17.5mT) and shows a hard magnetic characteristic, with

a large coercivity field of (Heper = 29.7mT) for the FFO sample, Figure 5.2 (b).
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Figure 5.2: (a) Magnetization as a function of temperature for the Fe;O, SC
sample, measured at 5 and 300 K. (b) Hysteresis curves for magnetite samples
measured at 300 K and normalized to the magnetization saturation.

Magnetization as a function of temperature, measured in the ZFC-FC mode,

is shown in Figure 5.3 (a-c). The magnetization of the SC sample, exhibits a
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slight increase in magnetization with decrease in temperature and then an abrupt
decrease below the Verwey transition temperature (7, = 116.7 K') in both ZFC
and FC. Below Ty, magnetization is nearly constant. The abrupt change in
magnetization clearly indicates a transition in the intrinsic magnetic interactions,
while a constant magnetic response could suggest that no change in the magnetic
interaction takes place below Ty. For the PLD-grown FesO4 thin films, the
change in magnetization is also apparent below Ty, however it is diminished.
This is likely due to the presence of additional magnetic interactions, which are
dependent on temperature and lead to a decrease in magnetization below Ty, of
the ZFC curve. While the Ty, temperature of ZnX0 sample coincides with the SC,
it is slightly larger than for the FFO sample (T}, = 120.1 K'). Furthermore, with
increase in temperature above Ty, the magnetization of the FFO sample exhibits

a monotonous decrease, while that of ZnX0 sample remains nearly constant.
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Figure 5.3: Magnetization as a function of temperature, measured in the ZFC
and FC mode, for the (a) Fe3O04 SC, (b) ZnX0 and (¢) FFO samples while ap-
plying a field of 0.1 T. ZFC and FC curves exhibit high and low magnetization,
respectively, below the indicated Verwey transition temperature (7).

The parametric approximation of the dielectric function for the ZnX0 sample
is presented in Figure 5.4 (a) with individual approximation functions indicated.
The same model was used to describe the dielectric function line-shape of Fe3O4
SC and FFO thin film. The line-shape of ZnX0 matches the one of Fe;O, SC

very closely, and also agrees well to the one presented in literature upto the visible
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spectral range [183,184]. It consists of a series of Gaussian functions, positioned at
energies of corresponding electronic transitions, listed in Section 4.4. For compar-
ison, the dielectric function line-shape approximation for a PLD-grown ~-FeyO3
thin film is presented in Figure 5.4 (b). The main difference between the two ma-
terials is the presence of Fe204,'1 in magnetite, as indicated in the ion distribution
formula in Figure 5.4. A clear difference in the line-shape shows that the dielec-
tric function of y-Fe;O3 can be approximated without the functions that involve
the FeQOJ;L cation transitions. The difference in the strength of the features arises
from the different cation content on each site, namely (Fe?" )Td(Fe5 73 Vi/3)on
for maghemite, where V' corresponds to Fe3™ cation vacancy, and (Fe3")pq(Fe*™
Fe3T)op for magnetite. However, the energies of the approximation functions

deviate only by a maximum of 50 meV from those listed in Table 4.2 of Section

4.4.

gl FFO (a) |
ZnX0

(Fe* )rq (FE” Fe*")0n0,%

Photon Energy (eV)

Figure 5.4: (a) Parametric approximation of the dielectric function line-shape
for the three magnetite samples. The approximation functions to the ZnX0 DF
line-shape are indicated, and color-coded for transitions involving Fe?;;L (orange),
Fel! (green) and FeOh(green) (b) A DF line-shape of the 7-Fe,O3 thin film
is approximated with a series of similar functions and is shown for comparison.
Apparently, no Fe ,is present. The ion distribution formula is indicated for each
material.
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5.1. Magnetic and optical properties of Fe3O, thin film and SC

In contrast to the Fe3O, SC and ZnXO0, the parametric dielectric function
approximation of FFO has a pronounced feature at 1.68eV. It is described by a
Lorentzian function and is assigned to an electronic transition between to, and
e, bands of Fe?™ and Fe®* cations on octahedral lattice sites, respectively. The
dielectric function line-shape as a function of temperature for this film shows
two clear changes, namely in the features located at ~0.8 eV and those >3.1eV.
The former feature corresponds to an electronic transition between the d orbitals
of the FeQOJ;L cation. The strength of this transition increases with the decrease
in temperature and remains nearly constant at temperatures below 150 K. The
latter feature corresponds to a combination of transitions involving cation 4s
bands, which decrease in strength with a decrease in temperature. Similarly
to the low energy transition, the rate of change of this feature decreases below
assumed Verwey transition temperature. This behavior is coincident with the
energy-weighted sum rule, where the spectral weight decreases in energy with
the decrease in temperature. Below Ty, the change in the dielectric function
line-shape is less pronounced, specifically the change in the transition directly

involving Fep); d orbitals.
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Figure 5.5: Parametric approximation of the DF for the FFO film, measured in
the temperature range from 10 - 300 K.
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Summary:

In this section, we examined the magnetic and optical properties of Fe3Oy
thin films. The FesO, PLD-grown films exhibited a magnetic hysteresis with
notable coercive field and a nearly monotonous magnetization increase with the
increase in temperature below the Verwey transition temperature, as compared
to the single crystal. The line-shape of the dielectric function of v-Fe,O3 can
be approximated by the model for FesO,, but without the contribution of Fe?*
cations, consistent with the expected cation distribution. A good agreement of
the dielectric function line-shape between the SC and ZnXO0 film is evident. The
Verwey transition can be observed in the temperature dependence of the diagonal
dielectric tensor element, namely below Ty the rate of change in low and high

energy features is lower than above Ty, .

77
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5.2 Magneto-optical properties of Zn, Fe; ,O, thin
films

The dependence of the predominant features in the optical spectrum on the mag-
netic field is achieved by examining the magneto-optical properties of the PLD-
grown Zn,Fes_,O, thin films. In this section, the diagonal and the off-diagonal
dielectric function tensor elements are compared and the magnetic field depen-

dence of the electronic transitions is presented and discussed [185].
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Figure 5.6: (a) XRD 260 scans for ZFOT2, ZFOT1 and FFO samples. Substrate
reflexes marked by Kz and W correspond to Cu Kg and W L, spectral lines of
the X-ray tube, respectively. (b) Raman spectra of the three films with phonon
modes and cations involved as indicated.

For this purpose, ZnFe,O,4 thin films were deposited at low (ZFOT1) and high
(ZFOT2) temperature and oxygen partial pressure on an MgO substrate. The
XRD spectra for both ZnFe,O,4 films suggests a film of a single phase, ZnFe,Oy4
(400) reflex in Figure 5.6 (a). With increase in substrate temperature and partial
pressure, a decrease in the lattice parameter from 8.53 to 8.46 A for the ZFOT1
and ZFOT2 films is evident by the shift in the ZnFe,O4 XRD peak. The latter
value is close to the bulk (8.44 A) and is likely due to fewer defects present in
the system. The FFO film, grown on a (100) MgAl,O4 substrate, also consists
of a single phase Fe3O, film, evident by the (400) reflex. The determined lattice
parameter of 8.47 A is higher than that expected for the bulk of 8.40 A.

The Raman spectrum of the FFO film shows one clear phonon mode, located
at 671 cm™2, Figure 5.6 (b). This mode corresponds to the A;, mode and likely
involves the Fel, cations [128]. From a Lorentzian fit, its width was determined to
be 42.3cm~2. The two less pronounced features in the FFO spectrum correspond

to the Fa, modes and are located at 308 and 406 cm™2. The Raman spectrum
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5.2. Magneto-optical properties of Zn,Fe; ,0O, thin films

for ZFOT2 film contains three features that are located at 350, 490, as well as
650 cm ™2 and correspond to two Fy, modes as well as an A;; mode of ZnFe;Oy4
film, respectively. Interestingly, a combination of the low energy Fy, mode and the
Ay, mode, which are present in the FFO and ZFOT2 film spectra, are observed
in the ZFOT1 film spectrum. Spectrally resolved are the two contributions to
the A;; mode, which could suggest a possible tetrahedral coordination of two
cations, namely Zn?** and Fe3* in the ZFOT1 film. The latter of which could be

indicative of structural disorder in the normal spinel ZnFe,O,4 thin film.
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Figure 5.7: (a) Real 0 and (b) imaginary component 7y of the measured MOKE
spectra @y at an applied magnetic field of 1.7T for ZFOT2, ZFOT1 and FFO
films.

The measured real (fx) and imaginary (1) components of the complex @
MOKE spectra are presented in Figure 5.7 (a) and (b). The measured signal is
highest for the FFO and lowest for the ZFOT2 thin film. The oscillations, visible
below 2.5eV in ZFOT2 and ZFOT1 spectra, are due to film thickness interference
and are accounted for during the modeling procedure. The off-diagonal tensor
elements were derived and described by the procedure presented in Section 4.5.
Since this approach involves the diagonal dielectric tensor element approximation,
similarities in transition assignment are anticipated.

The differences in the imaginary component of the diagonal dielectric tensor
element (eg,,,) between the ZFOT2 and ZFOT1 samples can be seen in Figure 5.8
(a). First and foremost, the low energy feature is apparent only for the ZFOT1
sample. As the transition at ~1eV involves Fe?jh cations, this feature corre-
sponds well to the films deposited in a oxygen-poor environment. Additionally,
the ZFOT1 film demonstrates weaker high energy feature ~5.6 eV, which exhibits
a redshift as compared to the ZFOT2 spectra. This can be related to a decrease
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5.2. Magneto-optical properties of Zn,Fe; ,O, thin films

in the Fe?* cations of octahedral coordination with a decrease in deposition tem-
perature. Furthermore, a rise in the amplitude of the feature, located at ~3.5¢eV,
is apparent for the ZFOT1 film as compared to the ZFOT?2 film. This behavior is
coincident with the real component of the off-diagonal dielectric tensor element,
Figure 5.8 (b).

Since the off-diagonal dielectric tensor elements are sensitive to the applied
magnetic field, the increase in strength of this feature is likely due to a higher
concentration of magnetically active cations. As the magnetic moments of octa-
hedrally coordinated Fe3*t cations is antiferromagnetically aligned and expected
to be compensated in a normal spinel ferrite, the cation which is likely to ex-
hibit a magnetic response in disordered spinel, grown at low temperature, is the
Fe?ﬁd. Coincidentally, the change in amplitude of this feature is apparent in both
the diagonal and off-diagonal dielectric tensor elements and therefore this feature
can be assigned to a transition involving Fe%‘g cation orbitals. Another feature to
increase in strength with the decrease in deposition temperature and pressure is
located at ~4.7eV. Since it is distinguished in the magneto-optical response, it
can be considered to also correspond to cation disorder, likely caused by tetrahe-

dral coordination of Fe3t cations.

Photon Energy (eV)

Figure 5.8: (a) Imaginary component of the diagonal dielectric tensor element
(€2.22), approximated by the parametric approach. (b) Parametric approxima-
tion of the real component of the off-diagonal dielectric tensor element (€7 4y).
Horizontal dashed line indicates the zero for clarity. The arrows indicate an
increase in feature amplitude with the decrease in deposition temperature and
pressure.
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5.2. Magneto-optical properties of Zn,Fe; ,0O, thin films

The line-shape of the diagonal dielectric tensor element contains features con-
sisting of overlapping transitions that involve bands of both Zn and Fe cations.
The response in the off-diagonal dielectric tensor element is due to electronic
transitions which are sensitive to the applied magnetic field. Both diagonal and
off-diagonal dielectric tensor elements for magnetite are depicted in Figure 5.9
(a).

The real component of the measured MOKE spectra was recorded in depen-
dence on applied magnetic field, Figure 5.9 (b) and (c¢). Similarly to the work
presented by Zelis et al. [41], who examined the XMCD intensity as a function of
applied field, we observe the MOKE response at 2.5eV and 3.3eV with the same
and opposite sign with respect to the applied magnetic field, respectively. This
confirms that the transitions of the corresponding energy of 2.5eV and 3.3eV
involve cations whose magnetic moment is aligned antiferromagnetically. Such
magneto-optical behavior further validates that the magnetic moment of octahe-
drally coordinated Fe cations would align along the applied magnetic field, while
that of tetrahedral Fe cations would align against the direction of the applied

magnetic field.
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Figure 5.9: (a) Imaginary and real component of the diagonal and off-diagonal
dielectric tensor element, respectively, for the FFO thin film. The real component
O of the measured MOKE spectra ®x as a function of applied magnetic field
while being illuminated with light of (b) 2.5¢V and (c) 3.3eV.

Summary:

In this section, the off-diagonal element of the dielectric tensor for a disor-
dered film is examined in comparison to that of a normal spinel. The presence
of disorder is evident by the increase in amplitude of a transition involving tetra-
hedrally coordinated Fe®*. Therefore, the MOKE signal in the vicinity of this
transition in the Fe3O4 film exhibits the opposite sign as the applied magnetic
field, indicating an antiparallel alignment, while the transition involving octahe-
drally coordinated Fe?* cations shows a parrallel alignment to the applied field.
This is consistent with previous studies and validates the accuracy of transition

asignment.
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5.3. Fabrication temperature dependent ferrimagnetic order

5.3 Fabrication temperature dependent ferrimag-

netic order

In this section, the properties of electronic transitions, observed in the dielectric
function, are related to local cation disorder in ZnFe,O4 (ZFO) thin films and cor-
related with respect to the net magnetic response. The ZFO thin films were grown
at 400°C (ZFOT4), 500°C (ZFOT5) and 600 °C (ZFOT6) by pulsed laser depo-
sition on SrTiO3 (100) substrates. The considerably high oxygen partial pressure
of 0.016 mbar during fabrication was chosen in order to avoid formation of oxygen
vacancies. The parameters, specific to the film fabrication, are listed in Table 3.1
of Chapter 3. The dielectric function feature, located at ~ 3.5eV, is related to
the transition involving tetrahedrally coordinated Fe3* cations. The increase in
transition amplitude with the decrease in substrate temperature during deposi-
tion shows a direct correlation to the enhancement of the ferrimagnetic order.
The presence of tetrahedrally coordinated Fe3™ would enhance the dominating
antiferromagnetic super-exchange interaction between tetrahedral and octahedral

Fe3t and is likely due to the inversion mechanism.

The XRD 260 scans are shown in Figure 5.10 for the investigated thin films.
Along with the substrate peak reflexes, the (400)- and (800)-reflexes of the spinel
structure are observed with no additional secondary phases. An increase in the
peak intensity is apparent with the increase in substrate temperature. This con-
firms highly oriented growth of the deposited films and an improvement of the
crystal quality with increase in deposition temperature. A shift in the film peak
towards higher angle (Figure 5.10 (b)) with the increase in growth temperature
indicates a reduction of the lattice parameter. For 600°C, the lattice constant
is closest to the bulk value of 8.44 A [94,186-189]. The lattice constants were
calculated by the Scherrer equation and extrapolated from cos?(#), as described
in Section 4.1.1, and are listed in Table 5.1. The variation in the lattice parame-
ter and improvement in crystal quality are possibly due to the decrease in cation
disorder. For example, a relaxation of the lattice in disordered normal spinel
structure [49]. The changes are more evident for the increase in growth tem-
perature from 400 °C to 500 °C, being smaller for further increase up to 600 °C.
The film deposited at a substrate temperature of 300°C was found to be X-ray

amorphous.

Magnetization was measured at 5K and 300K as a function of applied mag-
netic field (noH), and is shown in Figure 5.11 (a) and (b), respectively. The

diamagnetic contribution from the substrate was subtracted from the presented
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Figure 5.10: XRD 26 scans for (a) ZFOT6 thin film grown at ~ 600 °C and (b) for
the ZFO thin films of different growth temperatures. Substrate reflexes, marked
by Kz and W, correspond to Cu Kz and W L, spectral lines of the X-ray tube,
respectively.

Table 5.1: Calculated lattice parameter, thickness of the film and surface rough-
ness, saturation magnetization Mg and remnant magnetization Mg, measured
at 5K, transition energies for Gaussian (G) and critical point model (CPMj)
along with the amplitude of Gs as well as the amplitude ratio, Gs/(Ga+Gy),
listed for each sample. The error, estimated for the specified values, is in the
range of the last digit.

Sample Lattice Film Surface Mg Mpem  Go CPM, G3 Gs Gy Amp
constant thick-  rough-  (emu/g) (emu/g) (eV) (eV) (eV) Amp (eV) Ratio

(A) ness ness (I
(am)  (um)
ZFOT4 8.54 40.3 1.6 60.89 3598 2.72 289 338 125 3.81 0.68
ZFOT5 8.51 41.7 1.3 27.80 15.73 251 272 349 044 398 0.46
ZFOT6 8.49 41.0 14 21.66 11.49 250 272 354 029 398 0.30

data. A ferrimagnetic order, exhibited by the three thin films, is evident by the
magnetization hysteresis. The magnetization saturation was found to diminish
with the increase in the deposition temperature (see Table 5.1). The rate of mag-
netization change was found to coincide with the variation in the crystallinity
and the lattice parameter, observed in XRD, namely the variation is significant
between the samples prepared at 400°C and 500 °C, while a small decrease in
magnetization with further increase in growth temperature (600°C) is visible
only for measurements at 5K (see Figure 5.11 (b)).

To understand the dependence of magnetization on the deposition temper-
ature, the dielectric function was determined using spectroscopic ellipsometry.
Based on the resonance energies, transitions were assigned from previous studies

of the optical as well as magneto-optical properties of this material [48,185,190].
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Figure 5.11: Magnetization as a function of applied magnetic field at (a) room
temperature and at (b) 5K. (c) Magnetization saturation and twice of remnant
magnetization measured at 5 K as well as the amplitude of the transition involv-
ing tetrahedrally coordinated Fe3T cations, obtained from the model dielectric
function.

The absorption coefficient as well as the Kramers-Kronig consistent optical con-
stants, calculated from the parametric MDF approximation, are shown in Figure
5.12 and 5.13, respectively. Transition energies for each oscillator and relevant

amplitudes are listed in Table 5.1.

Figure 5.12 shows the absorption coefficient for the three thin films, deduced
from the numerical approximation. A clear difference in the absorption bands
is visible for the three films, with the main features located at ~ 3.9eV and ~
6.1eV. In contrast to the Fe30, MDF spectra, Section 5.1, the low absorption
below 2eV indicates a low concentration of Fe?T cations [48,49,185,190]. The
MDF spectra in the measured spectral range consists of transitions between the
O 2p band and 3d and 4s bands of Fe** and Zn?" cations, Figure 5.13 (top panel).

While functions below ~4.5eV are assigned to transitions involving 3d bands of
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Fe?t cations, functions above ~4.5eV correspond to transitions from O 2p band
to 4s as well as higher lying bands of Fe3* cation and to the 4s band of Zn?*
cation.

The red-shift of G, as well as a blue-shift of G4 is evident with the decrease in
deposition temperature from 400°C to 500 °C, Figure 5.13 (inset). The two elec-
tronic bands arise from crystal field split of states with energy of Agy, (=10Dq),
which is related to the energy difference between transitions from the O 2p band
to tg, and e, bands of the octahedral Fe*™ cations, see Section 2.2. The crys-
tal field energy, App, was found to increase from ~1.09eV to ~1.48eV with
the increase in deposition temperature from 400°C to 600°C. The latter value
matches the one of the bulk spinel ferrite and indicates a well ordered spinel
structure [191,192].

10
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Figure 5.12: Absorption coefficient «, derived from the numerical dielectric func-
tion approximation.

The transition located at ~3.5eV hints to the presence of Fe3" on tetrahedral
lattice sites, and serves as evidence for disorder within the normal spinel structure.
In the previous section, this transition exhibited the strongest magneto-optical
response for ZFO thin films grown at low temperature. Therefore, this transi-
tion involves tetrahedrally coordinated Fe3* cation and can be assigned to an
electronic transition from O 2p to tetrahedrally coordinated Fe*" cation [30,190].
This peak becomes more pronounced as the normal spinel becomes more inverted,
and is highest for FesO, inverse spinel [193,194]. The increase in amplitude of

this transition with decreasing substrate temperature is directly correlated to
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Figure 5.13: Real (bottom) and imaginary part (top) of the Kramers-Kronig con-
sistent dielectric function, calculated from the parametric approximation for ZFO
thin films. The inset shows changes in amplitude and energy of three oscillators,
Go, G3, and Gy, with respect to the deposition temperature.

the increase in magnetization saturation as well as the remnant magnetization,
measured at 5 K (see Figure 5.11 (¢) and Table 5.1).

Since the increase of the function amplitude of Gs is greater than the ampli-
tude increase of Gy and G4 with decreasing deposition temperature, see Figure
5.13 (inset) and amplitude ratio in Table 5.1, the following two phenomena are
possible. Firstly, an inversion mechanism where Zn?* moves to the octahedral
site and Fe3* moves to the tetrahedral site, with decreasing growth temperature,
Case 3 in Section 2.5. This follows Equation 5.1, where the corresponding degree

of cation disorder is represented by the inversion coefficient \.

(Znit Fest)ra(ZnsT Fedt)onO; . (5.1)

On the other hand, presence of Fe3* cations on nominally unoccupied tetra-
hedral sites is also possible, Clase 2 in Section 2.5, and has been investigated in
previous works [29,31,33]. Nonetheless, the presence of tetrahedral Fe*" cations
results in the oxygen mediated antiferromangnetic super-exchange interaction
between Fe3* on two sites to dominate over the ferromagnetic coupling between

octahedral Fe3*t cations. Therefore, the increase in tetrahedral Fe3* cation allo-
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cation is directly correlated to the increase in the overall ferrimagnetic order with

the decrease in deposition temperature.

Summary:

In this section, the variation of the magneto-static properties of ZnFe,O,4 thin
films was presented as a function of the substrate temperature during deposition.
The changes in the octahedral and tetrahedral site occupancy are evident by the
electronic transition amplitude in the model dielectric function spectra, obtained
from spectroscopic ellipsometry. The increase in Fe3* cation allocation to the
tetrahedrally coordinated lattice sites is indicative of cation disorder and serves
as a reasonable explanation for the observed increase in the ferrimagnetic order

with the decrease in the fabrication temperature.
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5.4 Thermally induced structural stabilization

In this section, the magnetic properties of disordered spinel ZnFe,O, films are
examined as a function of thermal treatment temperature and atmosphere. The
changes in the MDF spectra provide an insight into the dominant magnetic inter-
actions, responsible for the observed magnetic behavior. The creation of oxygen
vacancies and spinel structure relaxation toward the normal configuration were
determined to be responsible for the increase and decrease in the net magnetic
response, respectively.

ZnFe,0Oy4 films were fabricated at low temperature (300°C) as well as high
(HP ZFO) and low (LP ZFO) oxygen partial pressures. The samples were then
split into four pieces of roughly the same size. The pieces of HP ZFO and LP
ZFO were annealed in the temperature range from 250 to 375°C in argon and
oxygen atmospheres, respectively. The base pressure of the annealing chamber
was kept constant at 100 mbar throughout the procedure. Further parameters,
specific to the film fabrication and treatment, are listed in Table 3.1 of Chapter
3. The choice of low (high) deposition pressure and oxygen (argon) annealing
atmosphere was made in order to eliminate (facilitate) oxygen vacancies in the
thin films. In order to check the reproducibility of the sample magnetic response,
induced by thermal annealing, magnetization of two nominally identical (Ar250)

films was measured and a deviation within 4.7% was determined.
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Figure 5.14: XRD wide-angle 26 scans for as-deposited films and after annealing
at 375° C. Substrate reflexes, marked by Kz and W, correspond to Cu Kz and W
L, spectral lines of the X-ray tube, respectively.
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As mentioned in the previous section, the ZnFe,O, films, deposited at the
same temperature and high pressure, were found to be XRD-amorphous. As
it is in this case, the HP ZFO is XRD-amorphous and shows no changes upon
thermal treatment, Figure 5.14. The LP ZFO film, on the other hand, exhibits
a phase of (100) orientation. After annealing at the highest temperature, the
0375 film shows a possible secondary phase of (110) orientation, while the (400)
reflex remains unperturbed by the treatment. Interestingly, an additional phase
might be present in the films depicted in Figure 5.14, evident by the (333) reflex.
However, the resolution of the used device is not sufficient to investigate the

possible phases appropriately.
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Figure 5.15: Raman spectra of films annealed in (b) argon and (c) oxygen at-
mosphere with temperatures indicated. The peak resulting from the objective
used in the experimental set-up, Fy, modes as well as component contributions
to the A;, symmetry mode are indicated by the dashed lines and open symbols,
respectively.

Raman scattering spectra demonstrates a considerable change in the phonon
interactions with the increase in annealing temperature. In particular two Raman-
active modes become clearly distinguished after annealing in either argon or oxy-
gen atmosphere, namely the Fey,(2) and A;, modes, Figure 5.15. The Fey,(3)
Raman active mode, located at 356 cm™!, is related to the asymmetric stretching
of oxygen bonds of octahedral (Fe)o,Og configuration [128,131]. While the mode
position remains constant with increase in annealing temperature, the increase
in its intensity is most significant after thermal treatment in oxygen, as opposed

to argon atmosphere.
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The broad A, Raman active mode, consists of possibly two components and
is related to symmetric stretching of oxygen anions of tetrahedral (Zn)7404 and
(Fe)7404 symmetry coordination, located at ~630 and ~700cm™! in the LP
ZFO spectra. The low energy A;, symmetry mode component is visible for
as-deposited films and exhibits a blue-shift to higher energies with increase in
annealing temperature in both atmospheres. The high energy A, component is
clearly distinguishable in the LP ZFO and O250 film spectra only. Additional
high energy phonon mode, located at ~720cm™, is also considered to be of Ay,
symmetry and has previously been related to oscillations of oxygen in an uncom-
pleted tetrahedral (Fe)ryO4 configuration [119,131]. This mode is visible in the
HP ZFO film spectra, and demonstrates a weak blue-shift with the increase in

annealing temperature.

Interestingly, a significant change in the intensity of the A;;, mode occurs upon
annealing at 250 °C, while of the Fe,,(2) mode occurs after annealing at 300 °C in
argon atmosphere. For the sample series annealed in oxygen, a clear difference in
the Raman spectra occurs after annealing at 300 °C, at which temperature, both

Fey,(2) and Ay, modes become clearly distinguishable.

The surface morphology of the investigated thin films is depicted in Figure
5.16. Statistical grain analysis was applied to determine the relative grain distri-
bution and the RMS roughness. Smooth surface with stepped-like structures and
an RMS of 0.1nm was found to cover the HP ZFO film. Annealing the film in
argon resulted in gradual formation of needle-like structures with a highest RMS
roughness of 3.5nm for the Ar375 film. A rough surface with densely spaced
needle-like structures was found for LP ZFO film. Upon annealing the film in
oxygen, the RMS decreased from 4.9 nm to 0.3 nm for LP ZFO and O375, respec-
tively. A systematic increase (decrease) in the surface roughness is visible with

the increase in annealing temperature in argon (oxygen) atmosphere.

Figure 5.17 shows magnetization as a function of applied magnetic field, mea-
sured at room temperature as well as (inset) 5 K. It is important to note that after
subtraction of the diamagnetic contribution, arising from the substrate, a para-
magnetic component was observed for films annealed at temperatures >300°C.
Room temperature magnetization saturation as well as the ”S” shape of the mag-
netic hysteresis with negligible coercive field was observed for as-deposited films
and after annealing at 250 °C. Magnetization was found to increase after anneal-
ing the HP ZFO film in 250°C in argon atmosphere, when measured at room
temperature and 5 K. Upon further annealing, the magnetic moment diminished

and remained nearly constant for annealing temperatures >300 °C. The main dif-

91



5.4. Thermally induced structural stabilization

0.9 nm T e Kb 27 nm
0.6 AN 20

0.3 10

0.0 e L2 A7 Ml ()

1.3 nm . B . 4.0 nm
1.0 , e 3.0
0.5 PR 1.5
0.0 . IV 0.0
4.8 nm 6.8 nm
4.0 . ABR R 4.0
2.0 ) \ 20
0.0 MRERR) 0.0
14.2 nm VAN ¥ NS 1.6 nm
10.0 L F1o0
5.0 0.5
0.0 0.0

Figure 5.16: Surface morphology scans of (a) HP ZFO, (b-d) Ar250-Ar375, as well
as (e) LP ZFO and (f-h) O250-O375 thin films. The lateral distance of 0.5 pm is
indicated in each each scan.

ference in the hysteresis curve of LP ZFO and 0250 is the more pronounced S
shape of the room temperature hysteresis, Figure 5.17 (b), indicative of a more
magnetically hard material. A decrease in magnetization was observed upon fur-
ther increase in treatment temperature. The magnetization measurements at 5 K
displayed a similar behavior to that of room temperature, apart from the stronger

pronounced coercive field, listed in Table 5.2.

Volume magnetization was measured as a function of temperature in the FC
and ZFC mode with an applied field of ugH = 0.1T, Figure 5.18. All samples
showed magnetic irreversibility and a spin freezing temperature (Tsr) below room
temperature. A significant magnetization increase was observed for the HP ZFO
thin film upon annealing at 250°C in argon atmosphere. A convex magnetiza-
tion behavior, a cusp, was exhibited by the ZFC curves below Tsr and becomes
more pronounced with increase in annealing temperature in argon and oxygen
atmosphere. Such behavior of the ZFC is characteristic of a near-to-bulk sample

structure and a lack of magnetic moment is expected in the vicinity of the Néel
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Figure 5.17: Volume magnetization measured at 300 K as a function of applied
magnetic field, poH, for HP and LP ZFO films annealed in (a) argon and (b)
oxygen atmosphere, respectively. The inset shows measurements at 5K for the
samples annealed in argon.

temperature [31]. The FC curve, on the other hand, remains nearly constant
or decreases with decreasing temperature, below Tsr. The irreversibility of the
temperature dependent magnetization is characteristic of spin glass, cluster glass,
or superparamegnetic material system [37,38,195]. With the increase in the ther-
mal treatment temperature, a decrease in the difference between the ZFC and

FC curves is observed.

Absorption coefficient was calculated from the numerical B-Spline approxi-
mation of the dielectric function, Figure 5.19. The spectra is dominated by a
strong absorption at ~6 eV, which increases upon the increase in annealing tem-
perature. The increase in absorption in the high energy range becomes significant
after annealing the LP ZFO at temperatures >300°C, while a gradual increase
is observed with increase in temperature in argon atmosphere. The feature at
~4¢eV, on the other hand, decreases with the increase in annealing temperature.
In contrast to the spectra discussed in Section 5.3, absorption in the low en-
ergy range is apparent for the LP ZFO and 0250 thin films, which is caused by
the presence of Fe** cations arising from the low oxygen partial pressure during

fabrication.

The imaginary component of the MDF is depicted in Figure 5.20. First and
foremost, a clear difference in the MDF is visible between the as-deposited thin
films. Most notably is the Ly contribution to the MDF of the LP ZFO as compared
to that of HP ZFO. The low energy absorption arises from the electronic transition

between the d orbitals of Fe?* cations, and therefore corresponds to the presence
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Figure 5.18: Volume magnetization as a function of temperature, at applied field
of weH = 0.1T, for HP and LP ZFO films annealed in (a) argon and (b) oxygen
atmosphere, respectively. The arrows correspond to the denoted FC or ZFC
measurement mode and the spin freezing temperature Tsp is indicated.
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Figure 5.19: Absorption coefficient, determined from the numerical approxima-
tion, for HP and LP ZFO films annealed in (a) argon and (b) oxygen atmosphere,
respectively.

of Fe?T in the film deposited at a low oxygen pressure. In contrast to LP ZFO,
the HP ZFO has a higher contribution from the Gz function, depicted in Figure
5.20.

As the HP ZFO is annealed in argon, the Gz peak decreases significantly. Since
the Gs function has previously been assigned to a transition involving Fe3T+d, its
decrease would indicate a decrease in disorder on the tetrahedral site. Coinci-
dentally, the spin freezing temperature also exhibits a decrease from 120 to 80 K,
listed in Table 5.2 and depicted in Figure 5.21 (a). The decrease in Tgr has
previously been correlated to a decrease in cation inversion [31], therefore a less
disordered spinel configuration is expected in Ar250. Surprisingly, an increase in

magnetization is observed, Figure 5.21. Simultaneously, the low energy Ly peak
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Figure 5.20: Imaginary component of the model dielectric function shown for LP
and HP ZFO films annealed in (a) oxygen and (b) argon atmosphere, respectively.
Contribution of the indicated functions is depicted by dashed lines. The L
function is indicated by gray dashed lines.

becomes apparent in the Ar250 MDF spectrum, indicating a possible presence
of Fe?" cations. Therefore, if we consider that the disordered HP ZFO follows
the spin-glass behavior and exhibits geometrical frustration due to oxygen medi-
ated AF SE interactions involving Fel; cations, then annealing the film in argon
would reduce this frustration by removing the mediating oxygen anions. As a
consequence, the structure would go to a more relaxed state and the magnetic
response would be mainly due to the oxygen vacancies, evident by increase in
Fe?* transition contribution to the MDF line-shape.

Upon annealing the LP ZFO film in oxygen, the O250 film exhibits only a
slight increase in the Mg, and a decrease in Tsp. This could be explained by a
decrease in Fe?* cation concentration, due to the oxygen atmosphere. At which
point, the oxygen anions would contribute to the decrease in cation disorder by
producing Fe3OJ;l cations and strengthening the magnetic SE interaction caused by

3+
Fer.).
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Annealing the LP ZFO film at 300°C in oxygen results in the lowest value
of Tsr as well as Mg, and the crystal recrystallization toward a normal spinel
configuration is apparent in MDF and in Raman spectra for O300. The MDF
spectra exhibit a decrease in the Gs and an increase in the Gg function con-
tribution, similar to the behavior discussed in Section 5.3. Interestingly, with
the increase in annealing temperature >300°C the Tsp as well as Mge,, of films
annealed in oxygen displays an increase. For the films annealed in argon, the
magnetic response remains nearly constant with further increase in annealing
temperature. No significant changes in neither the Raman nor the MDF spectra
are observed to explain this behavior. On the other hand, considerable increase
in the magnetic response has been recently demonstrated for annealing in vac-
uum at temperatures >450°C and attributed to oxygen deficient environment
during the process of inversion recovery [195]. Furthermore, various theoretical
calculations have been correlated to the experimental findings by the group of C.
Rodriguez Torres in La Plata, Argentina. Interestingly, only recently they have
considered ZnFe;O4 surface termination by Feiﬁg cation in relation to the various

proposed magnetic behaviors.
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Figure 5.21: (a) Spin freezing temperature Tsrp and magnetization remanence
MRenm, measured at 5 K, as a function of annealing temperature. The red squares
correspond to HP ZFO annealed in argon, while blue circles are LP ZFO annealed
in oxygen at specified temperatures.
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Table 5.2:  Values of the RMS surface roughness (dsg) determined by statis-
tic grain analysis from AFM, coercivity field (Hgoer), magnetization remanence
(Mpgem), both measured at 5K and spin freezing temperature (Tsp) for the cor-
responding thin films.

Sample dgg (nm) Heeer (MT) Tsp (K)  Mpey (emu/cm?)

HP ZFO 0.1 96.5 120.0 147.2
Ar250 0.2 82.8 79.1 212.3
Ar300 0.4 125.8 89.5 117.1
Ar330 0.7 119.1 89.4 84.5
Ar375 3.5 117.5 93.4 85.5

LP ZFO 5.0 103.8 138.0 205.3
0250 1.0 95.5 109.7 219.1
0300 0.7 104.9 0.7 91.2
0330 0.5 107.4 86.1 101.2
0375 0.3 132.1 96.8 124.7

Summary:

In conclusion, disordered ZnFe,O,4 thin films, deposited at low and high oxygen
partial pressures, demonstrated differences in their crystallinity, surface morphol-
ogy and absorption. Upon annealing the HP ZFO in argon at 250 °C, the rise in
magnetic response and the decrease in spin freezing temperature was attributed
to a relaxation of a geometrically frustrated system. In this case, the degree
of disorder would decline and the magnetic response would likely be due to the
presence of oxygen vacancies, evident in the MDF spectra by the decrease and
increase of the transitions involving Feii’pz and FeQOtL cations, respectively. After
annealing at 300°C and above, both LP and HP ZFO would undergo structural
relaxation towards a normal spinel, thereby initially diminishing the magnetic
response. Since no direct correlation between the increase in the magnetic be-
havior and increase in surface roughness has been drawn, more information is
necessary to determine the role of cation configuration distribution with the thin

film sample on the net magnetic response.
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5.5 Cation configuration in dependence on the

Zn concentration

In this section, the deviation of cation configuration from the expected equilib-
rium state as well as its distribution within the thin film is related to the mag-
netic behavior, as the predominant bulk cation configuration transforms from
inverse to normal spinel with the increase in Zn concentration. For this purpose,
Zn,Fes_, O, thin films were fabricated by PLD on TiN/(100)MgO substrates with
a step-and-terrace surface morphology. The Zn concentration in films with x = 0
(ZnX0), 0.26 (ZnX1), 0.56 (ZnX2), 0.87 (ZnX3) and 1.26 (ZnX4) was determined
by EDX. The chemical composition was estimated by theoretical approximation
of the XPS Fe 2p and 3p core level surface spectra as well as of the bulk NIR-VUV
dielectric function, dominated by electronic transitions from O 2p to Fe 3d and 4s
orbitals. Magnetic strength demonstrates a strong dependence on cation distri-
bution throughout the layered structure, with respect to the degree of inversion
in the predominant cation configuration. The ZnXO0 film exhibits a ferrimagnetic
behavior, see also Section 5.1, and contains anti-phase boundaries. The ZnX4
film shows superparamagnetic behavior at room temperature, characteristic of
nanostructure formation. The applied concept provides a predictable approach
for manipulating the crystalline structure assembly and the results yield an ad-
equate quantification of the surface and bulk cation site occupancy with respect

to the net magnetic moment.

5.5.1 Structural property determination

First and foremost, the complexities involved in the fabrication of the films by
PLD are examined, see also Section 3.1. Crystal quality and cation configuration
distribution within the spinel oxide film strongly depends on the substrate and
its surface as well as the oxidizing or reducing environment during deposition.
This fabrication approach was chosen for the purpose of film integration in spin-
tronic device application as well as to ensure a adequate formation of magnetite
material for the x = 0 film [196]. The choice of a non-oxide buffer layer as well
as argon atmosphere during deposition allows to influence the resulting structure
in the following ways. Firstly, since the TiN buffer layer does not act as an oxy-
gen reservoir during film crystallization, an oxygen-poor interface is expected.
The TiN buffer layer on (100) MgO substrate was optimized prior to spinel film
deposition [51]. Using argon atmosphere further ensures an oxygen poor fabri-

cation environment during crystallization. Hence, the incorporation of oxygen
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anions, originating only from the target material, could be deterministic of the
iron cation configuration distribution within the spinel film in dependence on the

7Zn concentration.
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Figure 5.22: (a) XRD diagram (26 scan) of Zn,Fe; ,O4 films. (b) ¢ scan of
asymmetric (511) Zn,Fe;_,O4 peak. (c¢) Raman spectra, recorded for all thin
films at room temperature, with Fyy and A;, modes indicated. Lorentzian fit is
presented for the A;, (Fe304) mode. The peak, resulting from the objective used
in the experimental set-up, is indicated by a vertical dashed line.

The 20 XRD scan shows (100) orientation of the Zn,Fes O, thin films and
the fourfold symmetry of the (511) peak in the ¢ scan indicates epitaxial growth,
see Figure 5.22(a) and (b). TiN buffer layer also shows a (100) orientation with
the reflex in close vicinity of the (100) reflexes of the MgO substrate and spinel
films. Due to the close vicinity of the TiN buffer layer, MgO substrate and the
/m;Fes_,Oy4 film reflexes in the 26 scans, the discussion is restricted to a rough

estimation of the film cubic lattice parameter. A lattice mismatch of & 0.4% is
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expected between FesOy (a ~ 8.39A) as well as ZnFe,O4 (a ~ 8.44 A) and the
TiN buffer layer (2 x a ~ 8.42A) [47]. The experimental lattice parameter of x
= 0 film (a ~ 8.38 A) matches the FesOy literature value. With the increase in
Zn concentration, the lattice constant for x > 0.26, ZnX1-4, (8.50 - 8.54 A) does
not follow the predicted increase, but is in the vicinity of values, determined for
disordered ZnFe;Qy, see Section 5.3 [30,32,90].

A spinel structure of the Of (Fd3m) space group is expected to exhibit five
first order Raman active modes (A, + E, + 3F3,) at room temperature. In
our case, however, only three phonon active modes are clearly visible, see Figure
5.22(c). The modes above 600 cm ™" (A;,) mostly correspond to symmetric stretch
of oxygen atoms of the tetrahedral (7dO,) symmetry, while the low frequency
modes correspond to the symmetric and asymmetric bending of oxygen with
respect to the cations of octahedral (OhOg) symmetry [128,131,132]. From a
Lorentzian fit to the A;; mode (w = 664cm™") for the ZnXO0 film, its width (T)
was determined to be 39.5cm™!. Both w and I' are slightly lower than the ones
reported for a Fe;O, film, exhibiting 2-D growth on (100) TiN and a good crystal
quality with no phase boundaries [128]. With increase in the Zn concentration,
the A;, (FesO4) exhibits a blue-shift and a decrease in intensity, while the A,
(ZnFe;04) becomes more apparent and also exhibits a blue-shift to 649 cm™! for
the ZnX4 film. The A;, (ZnFe;O4) mode position is in good agreement with
the position reported in literature [131]. An overlap of the A;, (Fe;04) and
Ay, (ZnFey0y4) for the films of intermediate Zn content values can be assumed.
While the Fa, (3) mode, located at w = 487 cm ™!, is visible for all films, the Fy,
(2), w = 338cm™!, is apparent only for the ZnX4 film. The broad nature of the
phonon modes likely indicates the heterogeneous sublattice occupation of our film

structures.

Lastly, the surface morphology of the previously optimized substrate layer con-
sists of step-and-terrace structures [51]. The terrace length and step height are ~
0.2 um and ~ 0.2nm, respectively. The uniform distribution of these structures
on the substrate layer would induce a consistent break in the spinel crystallization
periodicity and would facilitate the likely formation of phase boundary defects,
as previously reported for Fe3O4 [46]. This is exactly the case for the ZnXO0 film,
where the TiN surface step height roughly corresponds to one fourth of the inverse
spinel Fe3Oy4 cubic lattice parameter. The surface morphology of this film consists
of densely and sparsely distributed porous and columnar structures, respectively,
Figure 5.23(a). The distance between both types of structure was found to be a
multiple of the substrate layer terrace length. The depth of the porous interface
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structures corresponds to approximately three ZnX0 unit cells (~2.5nm). An
intermixing layer of the interface was reported with similar thickness by Xiang et
al. due to Ti diffusion into Fe3Oy4 [196]. The 2-D autocorrelation image, Section
4.2.1, of the coalesced columnar island structures, occupying 7.3% of the scanned
area, allows an estimation of the layer boundary formation directions. The per-
pendicularity of the two predominant boundary directions indicates homogeneous
material arrangement along the uniform TiN/(100)MgO substrate layer step-and-
terrace structures. The root mean square (RMS) of the surface roughness was
found to decrease from 9.9 to 2.3 nm with increase in Zn content from 0 to 0.56,
see Figure 5.23(a - ¢). Interestingly, a smooth surface with an RMS of 0.1 nm
was observed for the ZnX3 film with x = 0.87, Figure 5.23(d). Furthermore,
the ZnX4 film with highest Zn concentration, x = 1.26, contains sparsely and
irregularly spaced grain structures, RMS of 1.2nm, on top of a stepped interface
layer, Figure 5.23(e). Surface morphology of our films could suggest the nature
of layer crystallization. For example, phase boundaries, resulting in island coa-
lesce (ZnX0), a smooth surface, due to homogenous layer formation (ZnX3), or
nanostructure formation, evident by a step-and-terrace interface (ZnX4), could

be indicative of the cationic architecture of our films.
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Figure 5.23: (a) Surface morphology of ZnX0 film with lateral distances between
the island and porous interface structures indicated. Surface morphology of (b)

ZnX1, (¢) ZnX2, (d) ZnX3, (e) ZnX4 and (f) TiN/(100)MgO thin films.
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5.5.2 Composition characterization

The chemical composition in the near-surface region was estimated from the anal-
ysis of the Fe and Zn core-levels in the XPS spectra. The core level maximum
binding energies of Fe 3p, 2p; /2 and 2ps/, core levels for ZnXO0 are in good agree-
ment with those reported for Fe;O, [138]. With the increase in Zn concentration
from 0 to 1.26, the core level maximum binding energies of Fe 3p and 2p, /» exhibit
a blue-shift of 0.28 and 0.40 eV, respectively. The core level maximum of Zn 2p; s,
on the other hand, shifts from 1021.4eV [50] to lower binding energy by 0.17eV
as Zn content increases from 0.26 to 1.26. Furthermore, the final state shake
feature formation, indicated by the arrow in Figure 5.24(a), located at ~ 719eV,
is due to the overlapping satellite contribution of each cation state. Therefore,
the reduction in the diversity of Fe species strengthens the final shake feature.
This is likely due to the decrease in Fe2} cation contribution with Zn** incorpo-
ration into the lattice. In order to maintain neutrality of charge, as Zn?* replaces
Fe™ on the tetrahedral lattice sites, the spinel ferrite undergoes an electronic
charge redistribution, resulting in FeQOJ;L depletion. This is clearly demonstrated
in the near-surface region by the diminishing intensity of the low-binding energy
shoulder. Furthermore, the strong presence of the Fe:g,r1 cation state was found to
dominate both of the Fe core-level spectra. The relative ratio of trivalent cation
concentrations on Td- to Oh-sites exhibits a monotonic decrease from 0.36 to
0.22 and then an increase to 0.27 with the increase in Zn substitution from 0 to
0.87 and to 1.26. The chemical composition of the film structures in the near-
surface region was found to be abundant (deficient) in Fel); (Fe3d) cation content,

confirming the likely Fe?g,rZ surface termination.

The chemical composition in the film bulk region was estimated by the the-
oretical approximation of the dielectric function spectra using line-shape MDF.
Based on the patterns, arising from Zn?t incorporation, we assigned the ap-
proximation functions > 1eV to electronic transitions involving 3d as well as 4s
orbitals of Fe?}z, Fe?g,; and FeQOJ;L cations. The transition < 1eV was assigned to
a d-d orbital transition of Fe}. It exhibits a blue-shift with increasing Zn con-
tent, and the decrease in peak intensity was previously related to a reduction in
carrier concentration [32]. Individual bulk cation concentration, relative to the
stoichiometric composition, was estimated by the 3d and 4s orbital transition
contribution (oscillator strength) to the MDF line-shape, shaded regions in Fig-
ure 5.24(b). Preservation of charge neutrality in our system is more evident in
the bulk than the near-surface region. The relative Fe?" cation content was found

to deplete nearly at a linear rate (-0.95) with the increase in Zn concentration,
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Figure 5.24: (a) Model approximation to the measured surface Fe 2p and 3p
XPS core level spectra without the Shirley background and (b) the bulk MDF
for ZnX0, ZnX2 and ZnX4 thin films. XPS intensity of the resulting fit and
€5 approximation line-shapes are multiplied by a factor of two for clarity. The
individual Fe cation contribution to the modeled spectra for chemical composition
determination are indicated by the shaded areas for the ZnXO0 film. The satellite
contribution between the XPS Fe 2ps/, and 2p;/, core levels is indicated by an
arrow.

see inset of Figure 5.25. The relative ratio of trivalent cation concentrations on
Td- to Oh-sites decreases at a monotonic rate from 1.64 to 0.15 with the increase
in Zn content from 0 to 1.26. The relative bulk and surface cation composition
values for individual films of each Zn concentration are listed in Table 5.3. In
contrast to the near-surface film region, the bulk chemical composition was found

to contain an abundance (deficiency) of Fel; (Fel)) cations.

Relative divalent cation content in the near-surface region as a function of that
in the bulk shows a nearly linear relationship with a plateau for the intermediate
Zn concentration values, Figure 5.25. The deviation from linearity indicates a
lack of monotonous distribution of Zn3!, and Fe2} cations throughout the film.

Cation incorporation into the film structure is further illustrated by the relative
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Table 5.3: Relative bulk and surface cation composition, estimated from MDF
and XPS spectra approximations, respectively. The values are percentages, de-
picted schematically in Figure 5.29(a). The corresponding uncertainties, deter-
mined from parametrization of the numerical MDF' line-shape as well as consid-
ering cation contributions to both Fe 2p and 3p core level spectra, are listed in
brackets.

EDX Zn (x) MDF Fel; MDF Fej;, MDF Fep) | XPS Fejl, XPS FeZi  XPS Fel
0 36.9 (3.0)  40.5 (0. ) 22.6 (2.7) | 18.9 (2.8) 27.9(3.0) 53.2 (0.6)
0.26 36.9 (5.7)  34.2 (1.0) 289 (4.5) | 19.7 (5.4) 14.6 (3.5) 65.6 (0.6)
0.56 38.0 (5.8) 26.3 (1.7) 35.7(6.0) | 17.8 (4.5) 14.1(3.2) 68.1 (2.3)
0.87 27.8 (6.0) 18.2 (3 4)  54.0 (6.1) | 15.0 (2.6) 17.4 (3.5) 67.6 (3.7)
1.26 12.9 (5.8) 87.1 (5.6) | 21.1 (3.1) 0 78.9 (4.3)
Bulk Fe**
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Figure 5.25: Relative surface concentration of Fe?* and Zn?** cations as a function
of the bulk cation concentration. The inset shows bulk FeZ! (from MDF) as a
function of bulk Zn?>* (from EDX) with a linear function approx1matlon. The
errors are indicated by the shaded regions.

surface to bulk cation ratios, Figure 5.26. Evidently, Fe?" is likely to be found
in the bulk, rather than the near-surface region, with a nearly uniform distri-
bution in the ZnX3 film with x = 0.87. The octahedral and tetrahedral Fe3*
preferentially occupy the surface and bulk film regions, respectively. The surface
to bulk cation ratio remains nearly constant as the Zn incorporation increases
from x = 0 to 0.56. With further Zn substitution, the octahedral and tetrahedral
Fe?t cations tend towards a more even distribution within the film. A nearly
homogeneous cation composition in the x = 0.87 film could possibly serve as a

pivot Zn concentration, as the predominant structure evolves from an inverse to
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a normal spinel configuration [66]. At the highest Zn content, the cation dis-

tribution is reversed and the octahedral as well as tetrahedral trivalent cations

primarily occupy the bulk as well as the surface film regions, respectively. There-

fore, cation allocation within the film architecture could be characteristic of the

prevailing nature of the spinel configuration. In particular, the bulk (surface) of

spinel ferrite film in its predominantly inverse configuration, would be primarily

occupied by Fe3T+d (Fe?(’;,rl), while that of a normal spinel film would be occupied

by Fegy, (Fer).
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Figure 5.26: Relative surface to bulk cation concentration Fe ratio as a function
of Zn?*. The horizontal dashed line represents the ratio value for homogeneous
distribution. The errors are indicated by the shaded regions.
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5.5.3 Magneto-static behavior

Room temperature hysteresis loops are depicted in Figure 5.27(a) and (b), where
the diamagnetic contribution from the substrate was subtracted. Interestingly,
the ZnX4 film with x = 1.26 shows a room temperature hysteresis with negligible
coercive field, suggesting an easily reversible system, which is characteristic of
nanoparticle formation. Furthermore, magnetization of all samples, measured in
the temperature range 50 - 300 K, apart from ZnX0 film with x = 0, exhibit a lin-
ear behavior at pgH > 0.1T. Previous studies attribute this effect to the canting
of spins, where the AF and FM magnetic coupling in the spin chain is no longer
parallel, giving rise to the paramagnetic component [31,86,197]. Additionally,
the interface and the surface regions are known to exhibit magnetic anisotropy,
also leading to the absence of saturation magnetization [86,198]. Therefore, to
account for these effects and to estimate saturation magnetization, the following

approach is applied for poH > 0.17T:

a3 () ()] v

where My is the saturation magnetization and Y, is the high-field paramagnetic
differential susceptibility, due to non-collinear spins in the magnetic structure.
The coefficients o and [ are related to structural inhomogeneities and magnetic
anisotropy, respectively [120]. In the case of homogeneous ferromagnetic layers,
the saturation magnetization, as a function of temperature, is expected to follow
the Bloch law: Mg(T) = Mg(0) [1 — (T'/T¢)*?], where Tt is the Curie tempera-
ture. However, in our case, only the ZnX3 film with x = 0.87 follows this relation
in the measured temperature range, yielding a Curie temperature of 603.5 K. Sat-
uration magnetization as a function of temperature is depicted in Figure 5.27(c)
with a Bloch law approximation for the ZnX3 film. This indicates that the ZnX3
film with x = 0.87 is likely comprised of homogeneous ferromagnetic layers con-
sistent with a smooth surface morphology as well as nearly equilibrium cation

distribution.

The deviation from the Bloch law as well as the features, visible in the mag-
netization as a function of temperature, reveal the following nature of our layered
structures. First and foremost, a magnetization maximum, of the ZnX0 film with
x = 0 is observed at 112K, in close proximity of the known Verwey transition
temperature (T, = 120 K) in bulk magnetite, see Section 5.1. Magnetization was
measured while warming from 10 to 350 K in an applied field of uyH = 0.1 T after
cooling at zero applied magnetic field (ZFC). This transition is also evident by
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Figure 5.27: Room temperature magnetization as a function of applied magnetic
field (poH) for (a) ZnX0-2 films with x < 0.56 and (b) ZnX3-4 films with x > 0.87.
(c) Saturation magnetization (Mg(T')/Mg(50)) and (d) coercive field (Heoer(T'))
as a function of temperature. The approximation fit of the Bloch law to Mg(T')
is shown for the ZnX3 film with x = 0.87 with the resulting Curie temperature
as indicated.

the maximum of Mg (2.21 ug/f.u.) and a sharp increase in coercivity field (from
25.2 to 59.1mT) at and below 150 K, respectively, Figure 5.27(c) and (d). Below
the Verwey phase transition temperature, the cations on the octahedral lattice
sites are known to assume an ordered state and a sudden decrease in magnetic
moment is expected, see Section 2.4. An abrupt magnetization decrease at Ty
as well as a constant magnetization value at temperatures below, in the ZFC
curve, would be indicative of high quality epitaxial (single crystal) magnetite
material [32,42,199]. However, the weak magnetization drop at T}/, accompanied
by a nearly monotonous M (T) decrease at temperatures below Ty, likely hints
to the presence of more than one magnetic state within the ZnX0 film of x =
0, Figure 5.28(a). Interestingly, the Verwey transition becomes less pronounced,

evident by a smoother magnetization decrease at the Ty, as the Zn substitution
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increases from 0 to 0.56. Below the Ty, the increase in magnetization with in-
crease in temperature is nearly monotonous, but exhibits different behavior with

the increase in Zn content, shaded region in Figure 5.28.
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Figure 5.28: (a) Normalized magnetization measured at applied field of uoH =
0.1T as a function of temperature after ZFC for all samples and after FC for the
ZnX4 film with x = 1.26. ZFC and FC for the ZnX4 film is divided by a factor
of 10 and shifted up by 1 for a clear comparison. Tsr and Ty are indicated, see
text for more details. The shaded area highlights the low temperature magnetic
behavior. (b) ZFC and FC at ugH = 0.01 T as well as remnant magnetization
after ypH = 0.01 and 1T as a function of temperature for the ZnX4 film. Ty is
depicted in the graph.

Furthermore, the temperature at which the ZFC (nuoH = 0.1T) magnetiza-
tion exhibits its maximum value, known as the spin freezing temperature (Tsr),
becomes visible for the ZnX1 film with x = 0.26 and shifts from 210 to 81 K with
increase in Zn content from 0.26 to 0.87. The decrease of Tsr has been previ-
ously attributed to a decline of the degree of cation inversion, thus weakening the
Td-O-Oh AF coupling in disordered ZnFe,O4 thin films [31,197]. The Mg, at
50K, Tsp and Heper, at 300K, are listed in Table 5.4. The magnetic behavior,

that is characteristic of both inverse and normal spinel structure, is apparent in
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5.5. Cation configuration in dependence on the Zn concentration

the ZnX0-2 films with x < 0.56. This would suggest a presence of more than one
cation configuration and likely indicates a polycrystalline structure with diverse
temperature dependent magnetic behavior.

Lastly, the low degree of cation inversion, in the normal zinc ferrite structure,
manifests itself by a cusp around 10K and a Tsr of 100K in the ZFC (uoH =
0.01T) of the x = 1.26 film, Figure 5.28(b) [31]. Furthermore, this film demon-
strates a reversible ZFC and field cooled (FC) magnetization at an applied field
of wpH = 0.1T. Interestingly, depending on the strength of the magnetic field,
applied prior to measurement, either a positive magnetization with an upward
hump (after a weak poH = 0.01T) or a negative magnetization with a downward
hump (after a strong pgH = 1T) is observed in Mpge,,(T). The magnetization
reversal can be attributed to a bimodal magnetization state, formed by nanos-
tructure surface and core spins in a structure of high surface to volume ratio [122].
This is due to the evolving balance and changing dominance among anisotropy
energy, Zeeman energy and antiferromagnetic coupling energy under different
field and temperature conditions [123]. Under an applied magnetic field, which
is not strong enough to saturate both the core and surface spins, the anisotropy
energy is dominant. In this case, the surface spins can fluctuate along their easy
axis and a mutual alignment to the core spins, which are frozen upon removal of
the applied field, is sustained. When the applied field is sufficiently large, both
core and surface spins align along the applied field and the Zeeman energy is
dominant. Upon removal of the strong magnetic field, the antiparallel alignment
of the core and surface spins results in a negative total magnetization [122]. The
concentration of Fe%*d, being higher in the film surface than in the bulk, is also
consistent with zinc ferrite films grown under low oxygen pressure in previous
studies [29,40,66]. Additionally, the superparamagnetic behavior at room tem-
perature, as well as a low T, would support the presence of a large number of
magnetic nanostructures with a low degree of cation disorder. This assumption
is consistent with the substrate step-and-terrace surface morphology, retained
by the interface of the ZnX4 film with x = 1.26, as well as higher Fez%z cation

concentration in the surface than in the bulk.
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Table 5.4: Film thickness (drp) with the maximum error of 3nm, determined
from the numerical approximation of the dielectric function. Saturation magneti-
zation (Mg) for hysteresis measured at 50 K. Spin freezing temperature (Tsr) was
measured during warming with applied field of ugH = 0.1 T after ZFC. Coercive
field was measured at room temperature.

EDX Zn (x) dgpp (nm) Mg at 50K (pg/fu.) Tsp (K) (ZFC at pgH = 0.1T) Hceer (mT) at 300K

0 61 1.88 165.7 175
0.26 45 1.81 210.8 206
0.56 41 1.98 170.8 103
0.87 40 2.23 80.8 19
1.26 35 1.87 - 11

5.5.4 Section summary and discussion

We finally relate room temperature saturation (Mg) and remnant (Mge,,) mag-
netization to Zn concentration and relative bulk FeSTJg to Fe:g,rl cation ratio, see
Figure 5.29(b). The relative iron cation content in the surface and bulk region is
schematically depicted in Figure 5.29(a) and listed in Table 5.3. The experimen-
tally determined Mg value of 2.0 ug/f.u. is lower than the value of 2.7 ug/f.u.,
as calculated based on the bulk cation composition of the ZnXO0 film with x = 0.
Interestingly, a value of 3.2 ug/f.u. has been reported for a film of similar growth
conditions, but with a significantly lower phase boundary volume concentration,
determined from conduction measurments, than in our film [47]. This suggests
that the magnetic coupling between the adjacent island structures is superior to
the local AF and FM interactions. Additionally, the deficiency of the Fel) cations
in the bulk structure would weaken both the AF and FM magnetic interactions.
The resulting magnetic moment would then deviate from the expected equation

of a spinel in its equilibrium state [32]:
(Zn2t Fe** (5up)1—z) a(Fe* (5up)14aFe® (4up)1—o) 507 (5.3)

As Zn** content increases to 0.56, both Mg and Mpge,,/ Mg exhibit a decrease.
The experimentally determined magnetization values of 1.57 and 1.51 ug/f.u. are
59 and 66% of the values anticipated for homogeneous x = 0.26 and 0.56 film
structures, respectively. Such discrepancy as well as the Mg,/ Mg ratio (0.2)
values correspond well to those reported for an x = 0.3 thin film with a non-
uniform cation configuration arrangement [42].

The maximum degree of inversion as well as the critical value between the in-
verse and normal spinel structure, according to the O’Neil-Navrotsky model [66],
is predicted to occur when x = 0.67 and the bulk Fe?:’pz / Fe?gz ratio is roughly
equivalent to 0.87. The ZnX3 film with x = 0.87, in predominantly normal spinel
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configuration, exhibits a low Mg,/ Mg ratio value of 0.07. However, the com-
paratively high magnetization value of 1.48 ug/f.u. is likely due to the strong
presence of Feil, roughly half of Fel)i bulk content, in the nearly homogeneous
film architecture, see Figure 5.29(a). We would like to note that the aforemen-
tioned Equation 5.3 is no longer valid for thin films of normal spinel configuration
(x > 0.67). This could possibly be attributed to the depletion of FM (Fe3)-Fe;t)
double exchange interaction giving rise to oxygen mediated AF (Fejf-O-Feyt) or
FM (Fel}-O-Fel}) super-exchange interaction, see Section 2.5.

The magnetic moment of 0.5 ug/f.u. is exhibited by the ZnX4 film with x
= 1.26 of predominantly normal spinel structure. This value is strikingly sim-
ilar to the magnetization reported for ZnFe,O4 nanoparticles and is attributed
to the presence of local defects [29]. The magnetic response of this film likely
originates from the tetrahedrally coordinated Fe3* cations. The Fe?;g cations
would contribute to the AF interaction between the lattice sites, due to Case 2
and/or Case 3 in Section 2.5. The tetrahedral Fe cations are more likely to oc-
cupy the film near-surface region, rather than the bulk, consistent with previous
reports [29,37,40].

In summary, this section reveals the nature of cation crystallization in the
layered Zn,Fes_,Oy spinel system. A deficiency (abundance) of Fe*" on the octa-
hedral (tetrahedral) sublattice is found in the bulk, as opposed to the near-surface
region, of the film with predominantly inverse cation configuration (x < 0.56).
The presence of phase boundaries (x = 0 film) as well as inhomogeneous cation
architecture (x < 0.56 films) leads to a weakened ferrimagnetic response at room
temperature. The x = 0.87 film exhibits a nearly uniform cation distribution,
consistent with a smooth surface morphology and Bloch law temperature depen-
dence of saturation magnetization. The surface of the x = 1.26 film, however, was
found to contain a higher concentration of Fe% cations than the bulk. The room
temperature superparamagnetic behavior as well as the step-and-terrace surface
morphology suggests nanostructure formation, with local defect (Fegfg) induced

magnetic response.
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Figure 5.29: (a) Comparative schematic of the relative surface and bulk iron
content, estimated from XPS and MDF, respectively. (b) Room temperature
saturation magnetization (Mg) and ratio of remnant (Mge,,) to Mg as a function
of bulk Td- to Oh-site Fe** cation ratio. The critical value, between the inverse
and normal spinel structure according to the O’Neil-Navrotsky model, is depicted
by the dashed vertical line.
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Chapter 6
Summary and outlook

Remarkable capabilities of iron oxides are realized by the virtue of versatile ion
arrangement within the lattice structure which makes them an attractive material
for a wide range of applications. ZnFe,O,4 crystallizes in a normal configuration
where the Zn?* and Fe?" cations occupy tetrahedral and octahedral lattice sites,
respectively. Although it is considered to be an antiferromagnetic insulator with
a Néel temperature of 10K, spinel-type ZnFe,O, exhibits ferrimagnetic order
at room temperature. The underlying mechanism behind this phenomenon was
attributed to the presence of local cation disorder and intrinsic defects, but still
remains a controversial topic in the condensed matter community. Magnetite
(Fe3Oy4), on the other hand, crystallizes in an inverse spinel structure, where
the tetrahedral lattice sites are occupied by Fe3t and the octahedral sites by
both Fe?t and Fe3t cations. The diminished magnetic response was shown to
be due to macroscopic defects, but is yet to be fully understood. Furthermore,
determination of the cation distribution remains a technically challenging task,

thus limiting our understanding of the magnetic nature in spinel ferrite thin films.

In this work, Zn,Fes ,O4 (0 < x < 1.26) thin films were fabricated by pulsed
laser deposition and consequently annealed at different temperatures as well as
atmospheres. The structural properties were obtained by various methods to ex-
amine the crystalline quality. The crystallographic order within the cubic lattice
thin film bulk was determined by the means of parametric approximation of the
dielectric function in a wide spectral range. Electronic transitions between d or-
bitals of Fe?* (< 1eV) and transitions from O 2p to 3d and 4s orbitals of Fe and
Zn cations (> 2eV) were assigned, based on empirically determined energies of
dielectric function approximation. The presence of tetrahedral Fe3* and octahe-
dral Fe?T cations is determined experimentally and serves as evidence of disorder

within the normal ZnFe,O, spinel lattice.
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The increase in the amplitude of the approximation function (located at ~
3.5eV) is observed in both optical and magneto-optical spectra with the decrease
in the substrate temperature during fabrication. The corresponding increase in
the ferrimagnetic order of the ZnFe;O4 thin films is thereby related to the role of
tetrahedral Fe?" in altering the local magnetic interactions. Thermal annealing
at temperatures above the deposition temperature results in a decline in the
net magnetic moment due to a redistribution in cation order toward a normal
spinel configuration. The facilitation of oxygen vacancies enables a significant
increase in the magnetic response and is evident in the dielectric function spectra

of ZnFe,Oy4 films.

The cation distribution in the thin film near-surface region was estimated
from the approximation of Fe 2p and 3p core levels of XPS spectra. A defi-
ciency (abundance) of Fe3* of octahedral (tetrahedral) coordination is found in
the bulk, as opposed to the near-surface region, of the films with predominantly
inverse cation configuration (x < 0.56), in contrast to those of predominantly nor-
mal spinel configuration. The inhomogeneous cation configuration distribution in
spinels of inverse structure likely leads to a weak magnetic response. In films of
normal spinel structure, however, the likely presence of tetrahedral Fe3* cations
in the surface region could be responsible for the observed ferrimagnetic order.
Therefore, spectroscopically determined defect rich cation configuration distribu-
tion underlines the role of intrinsic and macroscopic defects in spinel ferrite thin
films.

This work sheds light on the prevailing nature behind the magnetic response
of the spinel ferrite thin films. The discussed results would serve as a reasonable
starting point for theoretical electronic structure calculations. The presented de-
scription of the diagonal dielectric tensor elements allows an approximation of
the bulk crystallographic structure in ferrite oxide thin films. Based on our ap-
proach, the presence of valence- and site-specific Fe cation concentration in ferrite
systems can be estimated by using spectroscopic ellipsometry. The application of
this technique to other spinel ferrites of normal configuration could lead to similar
discoveries. Further work on improving the model approximation parameters is
essential for a more accurate description of the dielectric function. The presence
of local defects is spectroscopically evident and manipulated in order to promote
and alter the magnetic behavior. Whether the magnetic response is improved
or diminished, depends strongly on the distribution of the local configuration
within the film, in response to fabrication or treatment procedure. Therefore, a

wider choice of deposition and modification parameters as well as complemen-
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tary methods such as XMCD and XAS could yield constructive validation of the
observed effects. The determined nature behind the macroscopic structure for-
mation provides a deeper insight into the volatile structure-property relationship,
which should facilitate further investigation of magnetic semiconductors from a
different perspective and pave way to their use in a wider scope of technological

applications.
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