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1. Introduction

Cobalt ferrite is generating much interest in current research due to its promising properties, such
as its semiconducting transport behaviour, its tunable optical bandgap in the visible range and its
high bulk Curie temperature of 793 K [3, 44, 55]. In consequence, cobalt ferrite is widely used
in a variety of applications, including magnetic sensors or magnetic tunnel junctions [36, 8]. In
particular, ultrathin cobalt ferrite films are extremely interesting candidates as efficient spin-filters in
spintronics [25], which is a growing field in physics that exploits the spin-dependent charge carrier
transport in solids. In spintronics, therefore, not only the charge is used to transport information,
but also the electron spin, thus opening up the possibility of a new generation of faster and more

energy-efficient devices [9].

The spin-filter effect originates from the exchange splitting of the energy levels in the conduction band
of a magnetic insulator. As a consequence, the tunnel barrier heights in spin-filters are not the same
for spin-up and spin-down electrons. This in turn leads to a higher tunneling probablity for either
spin-up or spin-down electrons, generating a spin-polarized current [36]. Spin-filters may function
with an efficieny of 100%, but so far only spin polarizations of —8% [25] have been achieved for
cobalt ferrites. In order to increase the spin-filtering efficiency of cobalt ferrite, precise knowledge of
the electronic, optical and transport properties is essential.

For this reason, the properties of ultrathin cobalt ferrite films are investigated in this work. The
films are grown on magnesium oxide (MgO) by reactive molecular beam epitaxy. MgO serves as a
substrate due to the low lattice mismatch of —0.37%. In addition, MgO is transparent [17], which
allows optical investigations, such as UV-Vis spectroscopy. Since the properties of cobalt ferrite can
vary strongly with the stoichiometry, the first part of this work investigates the properties of cobalt
ferrite ultrathin films as a function of the cobalt content. Additionally, the second part of this work
investigates the influence of the oxygen atmosphere during the evaporation process on the properties

of Co-rich cobalt ferrite.

The thesis is divided into multiple chapters. Chapters 2 and 3 deal with the theoretical background
and the material system, respectively. Thereafter, Chapter 4 describes and explains the experimental
setups. In Chapter 5, the influence of the cobalt content on the properties of cobalt ferrite is in-
vestigated and discussed and in Chapter 6, the influence of the oxygen content on the properties of
Co-rich cobalt ferrite is studied. Chapter 7 will then briefly summarize the main results, followed by

an outlook in which further possible experiments and research are mentioned.






2. Theoretical background

In this chapter, the theoretical background for this thesis is briefly explained. The fundamentals of
the applied measurement methods are presented, as well as the principles of electronic, optical and

transport properties of solids.

2.1 Crystal structure

A crystal is a periodic arrangement of identical structural units. The structural unit is called basis and
the arrangement rule, i.e. the way the structural units are arranged to each other, is called lattice. The

basis can consist of a single atom, or even complex macromolecules.
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Figure 2.1: Schmeatic representation of a crystal lattice. The spheres represent a
mono-atomic basis and the connecting lines represent the chemical bonds. The unit
vectors d; (blue) define the unit cell (red). Taken from [54].

The point lattice (also called Bravais lattice) is an infinite lattice of mathematical points. Each point
has the same physical properties and is invariant to translation. The point lattice is mathematically
described by

3
R=Y na;, 2.1)



4 Chapter 2. Theoretical background

where 4; are the linear independent lattice vectors and n; are integers. The absolute values of d; are
called lattice constants. The lattice vectors d; define a parallelepiped whose volume is defined by the

scalar triple product

Ve = (Zil X 672) . 53. (2.2)

The parallelepiped is called a unit cell. If the volume of the unit cell V¢ is minimal, the unit cell
is called primitive. The whole crystal can be formed by translating the unit cell in the three spatial

dimensions [12].

Crystalline surfaces can be considered two-dimensional objects and therefore, the corresponding lat-
tice can sufficiently be described with only two lattice vectors aj and a,. The set of all possible
integer linear combinations of these two vectors form the two-dimensional lattice, thus Eq. (2.1) can

be rewritten as )
Ry =) nid, (2.3)
i=1
All crystalline surface structures can be divided into five main groups, called two-dimensional Bravais

lattices (cf. Fig. 2.2), which are classified by the lattice vectors |d;| and |d,| and by the angle 6

between them.
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Figure 2.2: The five two-dimensional Bravais lattices. The spheres represent a mono
atomic basis and the vectors d; and d, define the unit cell (grey). Note that there are
sometimes several ways to define the unit cell.

The crystal structure of the surface may differ from the underlying structure of the bulk material. For
this reason, the term superstructure is commonly used. The reason for structural deviation from the

bulk is the absence of neighbouring atoms on the surface. There are unsaturated, dangling bonds,
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which are energetically unfavourable. This leads to a reorganization of the surface atoms called
surface reconstruction. As a result, the surface structure can no longer be described by the vectors g;.

S

New vectors d; must be defined to characterize the superstructure. There are basically two notations

with which superstructures can be described:

The first notation is the matrix notation, which links the vectors Eif and d; via the matrix

Gu G
G— 11 12 ) 2.4)
Gy Gn
Hence, the vectors sz can then be written as
@5 = Gd, + Gda (2.5)
L_ig = Go1d) + Gads. (2.6)

Alternatively, the so-called Wood notation can be used to describe superstructures. In this notation,
the lengths of the unit vectors of the superstructure are given as a multiple of the lengths of the unit
vectors of the bulk material. A rotation angle ¢ describes the rotation R of the superstructure unit

vectors compared to the bulk unit vectors. The exact notation is

X (hkl)c(m x n) — R. 2.7)

X describes the material (e.g. Mg) and (hkl) are the Miller indices which denote the orientation of
the surface (cf. Sec. 2.1.2). c is optional and indicates a possible centering of the unit cell. Note
that Wood’s notation can only describe superstructures whose unit vectors are rotated by the same
angle with respect to the corresponding bulk unit vectors. Matrix notation, however, is applicable to
all superstructures [32].

2.1.1 Reciprocal lattice

For the diffraction of electrons, the concept of the reciprocal lattice is of great importance since the
diffraction pattern can be considered an image of the reciprocal lattice. For this reason, the basics

shall be explained briefly.

The three-dimensional reciprocal lattice can be formulated analogously to Eq. (2.1) as follows:

G = hd} + kas + 1a@;. (2.8)

Here, h, k and [ are integers (0,£1,+£2,...) and g} are the unit vectors in the reciprocal space. These

are related to the unit vectors in real space via
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o 5
o o o 53 = % and 5; = _’611_’7612_)‘ (2.9)
dy - (dy x a3) dy - (dy x a3) dy - (dy x a3)

o a X as
al ==

For two-dimensional surfaces, éhkl must be reduced by one component. Therefore Eq. (2.8) is
transformed to
G = hd} + ks (2.10)

The calculation of the reciprocal unit vectors can then be carried out using

o EizXfi . ﬁxc’il
a=——-—= and hy=—>——
dy - (dy x 1)

a1 (@ = 7) @11

Here 7 is the normal vector perpendicular to the surface. From this equations, it can be seen that the
reciprocal vectors @] and @; lie in the same plane as the real-space vectors d; and d,. Furthermore, d}

is perpendicular to @, and @; is perpendicular to d; [12].

In contrast to the three-dimensional case, where the reciprocal lattice consist of a 3D array of lattice
points (Fig. 2.3 a)), the two-dimensional case lacks the vector component perpendicular to the surface.
For this reason, the perpendicular vector component has a vanishing length. This means that the
reciprocal lattice points perpendicular to the surface are infinitely close to each other and therefore
the lattice points in real space are infinitely far apart. This results in so-called diffraction rods (Fig.
2.3 b)) [32].

Figure 2.3: Reciprocal lattices for an ideal 3D crystal a) and an ideal 2D surface b)

2.1.2 Planes and directions

Planes and directions in the crystal are described by the so-called Miller indices. These are a triplet

of numbers (hkl), which classifies the orientation of a plane. The triple is determined as follows:
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* Determine the points of intersection of the plane with the crystallographic axes in units of the

lattice constants ay, az, as

* Form the reciprocal and multiply each fraction by the same number to produce the smallest
possible integer triple.

e If there is no intersection with an axes, the Miller Index is 0.

* If the intersection point is in the negative range, then the corresponding index is marked with a
bar above the index, e.g. (420).
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Figure 2.4: Examples of different planes and directions in a crystal described by their
Miller indices.

Fig. 2.4 shows different crystal planes and their Miller indices. Often many planes in the crystal are
equivalent. The total of all planes equivalent to (hk/) are marked with curly brackets {hkl}.

Directions in the crystal are also described by a triplet of numbers. Let R = 1d@, + mad> + nds be any
direction in the crystal. The triplet [uvw]| classifies the direction, if the triplet uvw is the smallest
integer triplet witch the same ratio as the vector components /mn. For instance, the Miller tupel [124]
is associated with with the crystal direction R = —4d, +8d, + 16d; [12].

2.1.3 Film growth and reactive molecular beam epitaxy

The growth of crystalline films on crystalline substrates is called epitaxy if at least one crystallo-
graphic orientation of the film corresponds to a crystallographic axis of the substrate. If film and
substrate are made of the same material, it is called homoepitaxy, otherwise it is called heteroepotaxy.

Heteroepitaxy is usually accompanied by a lattice mismatch between film and substrate. The lattice

mismatch € can be described by

ar—as

€ (2.12)

ds
ay and ay is the lattice constant of the film and of the substrate, respectively. There are two ways
to compensate the lattice mismatch: pseudomorphic growth and growth with formation of misfit

dislocations.
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Small mismatches are compensated by pseudomoprhic growth. The in-plane lattice periodicity of
the epitaxial layer adapts to the periodicity of the substrate. Usually, this is also accompanied by a
change in the lattice periodicity in the perpendicular direction. For higher lattices mismatches it is en-
ergetically more favorable to compensate the lattice mismatch by the formation of misfit dislocations.
Fig. 2.5 shows schematically the pseudomorphic growth and growth accompanied by the formation

of dislocations.

a) b)

20 e DR
T T ST T T
pseudomorphic growth dislocated growth

Figure 2.5: Schematic view of atomic arrangements in epitaxial growth modes: a)
pseudomorphic, lattice matched growth and b) growth with formation of misfit dislo-
cations. Taken and adapted from [54].

Molecular beam epitaxy (MBE) is a physical vapor deposition technique to prepare epitaxial films.
A directed thermal atomic or molecular beam deposits the material onto the substrate. The process
usually takes place under ultra high vacaum (UHV) conditions to prevent surface contamination. In
addition, this ensures that the molecular beams can be incident on the substrate without colliding
with inadvertent particles. The substrate is usually heated during evaporation, which leads to a better
mobility of the particles on the surface and thus to a better surface ordering. To obtain more com-
plex films with multiple chemical constituents, particle beams of different chemical elements can be
combined. For the preparation of oxidic metal films, molecular oxygen can be let into the reaction

chamber, which is then refered to as reactive molecular beam epitaxy (RMBE) [32].

2.2 Low energy electron diffraction - LEED

Low energy electron diffraction (LEED) is a frequently used method to study the structure and mor-
phology of crystalline surfaces. The basis of this method is the electron wavelength, which is given
by

h
Ao = — . (2.13)
‘ V2mEjiy
Here h and m, are the Planck constant and the electron mass, respectively. Ey;, is the kinetic energy
of the electrons. In a LEED measurement, the electrons typically have an energy between 50 eV

and 300 eV, which corresponds to an electron wavelength of approximately 1 A to 2 A. Diffraction
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phenomena occur because the electron’s wavelength is of the same order of magnitude as interatomic
distances. The electron waves are diffracted at the surface and subsequently the diffracted waves
interfere constructively and destructively, resulting in a diffraction pattern that can be used to obtain

structural information about the surface.

Due to the strong interaction of electrons and matter, the penetration depth of the electrons is only a
few monolayers. Therefore, this method is well suited for structural surface examination, while bulk

properties can hardly be studied as a result of the low penetration depth [32].
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Figure 2.6: Ewald sphere in two dimensions. The initial electrons (red) hit the surface
normally at the (00) lattice rod. The sphere (dotted line) is defined by all possible
positions for the wave vector ky. The Laue condition is fulfilled when & terminates
on the intersection of the Ewald sphere and the diffraction rod. Taken from [23].

The diffraction pattern is the result of constructive and destructive interferences of the diffracted
beams. Thus, it is in essence an intensity profile. An intensity maximum (constructive interference)

occurs when the lateral Laue conditions

Y
u
I
[\
a
=

(2.14)
(2.15)

S
N

[\S)
Il
[\
a
=~

are fulfilled. Here, § = %,- — 7c'f is the scattering vector defined as the difference of incident wave 7(}

vector and diffracted wave vector k f-

Under the assumption that only elastic scattering is considered, the lateral Laue conditions (Eq.
(2.14)-(2.15)) can be considered a selection rule. This rule can be illustrated by the Ewald sphere
(cf. Fig. 2.6). First, the reciprocal lattice rods of the crystal surface are drawn. The incident wave
vector k; is chosen to terminate at the (00) lattice rod. The length of the wave vector is known to be

k| = %T” Now a sphere can be drawn along the origin of the incident wave vector with a radius of |k;].
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An intensity maximum occurs exactly when the sphere intersects a reciprocal lattice rod, meaning that
Eq. (2.14)-(2.15) are fulfilled [12, 32].

LEED pattern analysis

From a LEED pattern, a lot of information about the structure of the surface can be obtained. From
the spot sharpness together with the background intensity conclusions can be made about the ordering
of the surface atoms. Clearly defined spots with low background intensity suggest a well ordering of
surface atoms. In contrast, a disordered defect-rich surface shows weak, smeared spots with high
background intensity. The surface ordering can be quantified with an intensity profile along the spots.
The profile can be approximated using a Lorentz function and its FWHM can be used to evaluate the
width of the spots. Furthermore, the surface geometry can be analyzed. Using the arrangement of the

spots, the lattice structure and also the superstructure can be determined [32].

2.3 Photoelectron spectroscopy - PES

Photoelectron spectroscopy (PES) is a frequently used technique to analyze the chemical composition
as well as the electronic structure of surfaces and near-surface regions. Different types of PES can be

distinguished according to the photon energy used for electron excitation.

Ultraviolet photoelectron spectroscopy (UPS) uses photons in the ultraviolet range (10 - 50eV) as an
excitation source. Consequently, no electrons close to the nucleus can be excited but only the weakly
bonded valence electrons. For this reason, the method is particularly suitable for investigating the
valence band or molecular orbitals. In Soft X-ray photoelectron spectroscopy (XPS), X-ray photons
with an energy of about 100eV to 2keV are used to excite surface electrons. Since the excitation
energy in this case is much higher than the excitation energy used in UPS, electrons close to the
nucleus can also be excited, providing information about the electronic structure of the deep core

levels.

Furthermore hard (high-energy) X-ray photoelectron spectroscopy (HAXPES) is another type of PES
in which high-energy X-ray photons (E,;, > 2keV) serve as an excitation source. Photoelectrons
emitted in HAXPES have a higher kinetic energy and therefore a higher IMFP, resulting in a greater

information depth.

Note, however, that the energy ranges are not clearly defined and the subdivision mentioned above
is often a matter of convention and viewpoint [32]. In this thesis, the prepared samples are qualita-
tively and quantitatively examined using XPS with an excitation energy of 1253.6 eV (Mg anode) and
1486.6 eV (Al anode).

2.3.1 Basics of XPS

In XPS, the sample is irradiated with X-rays. If an X-ray photon hits an electron close to the nucleus,
this electron can be released from the material, provided that the condition

hv>Ep+6 (2.16)
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is fulfilled. Ep is the electron’s binding energy and 0 is the material-specific work function. AV is the
photon energy. The emitted photoelectrons are detected as a function of their kinetic energy, resulting

in the XP spectrum. Neglecting scattering effects, the conservation of energy

Etin=hv—FEp—0 2.17)

holds true. Ej;, is the electron’s kinetic energy. The binding energy Ep is defined as the difference
between the Fermi energy Er of the material and the electron energy of the orbital from which the
electron originates. The work function 0 is related to the vacuum energy Ey through 6 = Ey —
EF [32]. Fig. 2.7 illustrates the photoemission process schematically.
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Figure 2.7: Schematic energy level diagram of the photoemission process. A photon
with the energy iV is absorbed by an electron with the binding energy Eg. The electron
leaves the solid by overcoming the work function 6 and can then be detected by the
analyzer. The analyzer itself is characterized by the work function 84.

The analyzer’s work function 64 must also be taken into account and therefore Eq. (2.17) must be

corrected to

Etin = Ein+(0 — 64) = hv —Ep — 64. (2.18)

E},, is the corrected value of kinetic energy. Thus, if the work function of the analyzer 6,4 as well as
the photon energy hv are known, the binding energy Ep can be derived. Ep is unique to each element
and provides information about the orbital from which the photoelectron was emitted. 64 can be

determined by calibrating the Fermi edge of a reference sample to a well known peak [32].

2.3.2 Spectra and features

Both quantitative and qualitative information can be extracted from an XP spectrum. The binding

energy gives information about the orbital and atom from which the photoelectron was emitted. The
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intensity ratio of the XP peaks can be used to determine the amount of atomic species relative to each
other. Thus, the stoichiometry of the sample can be determined, assuming a homogeneously ordered
surface. In addition, conclusions about the ionization state of the different ions of the sample can be

drawn from binding energies and the from satellite peaks [32].

XP peaks are labeled by quantum numbers that describe the orbital from which the photoelectrons

were emitted. The nomenclature

Xnl; (2.19)

is widely used. X denotes the element and n, [ and j are the main quantum number, the azimuthal
quantum number and the total angular momentum quantum number, respectively. The azimuthal
quantum number / can take the values 0,1,2,...,n — 1. For historical reasons, these are denoted by
the letters s, p, d, f. The total angular momentum quantum number j can take the values j =145 =
[+ 1/2. s is the spin quantum number of the electron with s = 1/2. As an example, the XP peak Fe
2p3, is caused by photoelectrons originating from the iron orbital n =2,/ =1 and j = 3/2 [14].

It is often observed that XP peaks show a doublet structure. The reason for this is the spin orbit
coupling. In this coupling an interaction of the electron’s magnetic orbital moment with its spin
magnetic moment occurs. The electron spin can only be parallel or antiparallel to the magnetic
orbital moment. For this reason two peaks can be observed, one for each spin orientation. A splitting
can therefore only be observed for electrons with / > 0, since for [/ = 0 the orbital moment is zero.
However, the strength of the splitting depends inversely on the distance cubed (r~3) of the electron
from the nucleus. Because of this reason, many splittings can not be resolved. The intensity ratio of
the doublets can be calculated via

I [+1
ftp bl (2.20)
L1 l
I 12 and [;_y j are the intensities of the XP peaks with the azimuthal quantum number / in the spin-
up state and the spin-down state, respectively. For example, the intensity ratio of the Fe 2p;, XP

peak and Fe 2p; , XP peak is 2 [32].

Shake-up and shake-off process

A large number of peaks are accompanied by secondary peaks, also called satellites, on the higher
binding energy side due to e.g., intraatomic excitations. The emitted photoelectron can excite another
electron in the atom to a higher energy level. In the process, the photoelectron loses part of its energy.
This process creates a shake-up satellite on the higher binding energy side of the main peak. Since

the energy levels in the atom are discrete, the energy of the shake-up is also discrete.

Another process is the shake-off transition. In this transition, another electron is excited by an emitted
photoelectron. In contrast to the shake-up process, this electron is not excited to a higher level but is
excited into the continuum. The shake-off satellites can have a wide range of energies, which is why

the shake-off feature is often hidden in the background of the spectrum [14].



2.3. Photoelectron spectroscopy - PES 13

Charge transfer process

In the XP spectra of transition metal oxides further satellites can be observed, which are caused by
charge transfer processes. For example, the iron oxide FeO undergoes an electron transfer from the

O 2p orbital to the Fe 3d orbital. The required energy is given by

A=E(3d""'L)— E(3d"L). (2.21)

Here, n denotes the number of electrons in the orbital and L and L represent the ligand hole and the

oxygen ligand from which the electron is emitted, respectively [2].

Auger process

Another important feature in XP spectra are the Auger lines. In an Auger process, an electron close
to the nucleus is released. The resulting hole is then filled by an electron from a higher shell. The
atom is still in an excited state and the additional energy can be released by ejecting an electron from
a higher shell. The released Auger electron is also detected in XP spectroscopy. For example, if an
electron is released from the K-shell by the X-ray photon and the resulting hole is filled by an electron
from the L-shell above, then an electron from the M-shell could be emitted as an Auger electron. This
transition would be labeled KLLM-transition [32].

2.3.3 Quantitative analysis and intensity equations

The analysis of the peak intensity, more precisely the analysis of the area under the peaks, provides
quantitative information about the chemical composition at the surfaces. First, the background, which
is caused by inelastic scattered photoelectrons, must be subtracted from the primary spectrum. The
subtraction of the background can be executed conveniently with the methods of Tougaard [56] or
Shirley [47].

If the spectrum is composed of clearly defined and separated peaks, it is sufficient to simply integrate
the area under the peaks. Often, however, the individual peaks are very close together, meaning that
they are no longer clearly separated from each other. In this case, the overall spectrum must be split
into its individual components to obtain the individual contributions. The spectrum must therefore be
modeled as accurately as possible in the energy range under consideration.

The integrated intensity of a film of thickness d can be calculated by

g [ ]2 iy —d
Ii:Si/0 exp o7 dz=S/A"( 1—exp () (2.22)

assuming that the photoelectrons move in a straight line out of the solid [30]. A’ = Acos¢ is the
effective inelastic mean free path (IMFP) of the electrons and ¢ is the angle between the surface
normal and the detector. z is the depth of the emitted photoelectron measured from the surface.
Further,

S/ = ®(hv)-c/(hv)-A-D(E)-N; (2.23)
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is the photoemission spectroscopy constant for element i and inner shell orbital j. P, Gij and A
are the X-ray flux, the photoionization cross section and the analyzed sample area, respectively. D
is the spectrometer efficiency for a given kinetic energy E and N; is the number of atoms per unit

volume [30].

Some terms like the flux @ and the analyzed area A in Eq. (2.23) depend only on the used spec-
trometer, therefore these terms can be considered constant and thus, cancel out if the intensity ratio
of different XP peak areas is considered. Modern XP spectrometers usually operate in the so-called
fixed analyzer transmission (FAT) mode, which means that the photoelectrons entering the spectrom-
eter are retarded by a lens system to a specific pass energy E, before entering the analyzer. This
results in an energy-independent resolution [38]. Thus, only the efficiency of the collection lenses,
which is often provided by the manufacturer, has to be considered within the parameter D(E). The
IMFP A can be determined using the TPP-2M equation [52]. If the analyzed orbitals j of element
A and element B are at a similar binding energy, the IMFP is approximately the same and can be
neglected. The orbital specific photoionization cross section Gij is tabulated and can be looked up in
the work of Scofield [42].

Taking all this into consideration, it is plausible to estimate the content of element A relative to
element B by

I _ Aj/c;
Ia+1p  AY /o] +A}/0}

(2.24)

AZ‘ and Aé are the background corrected peak areas of element A and element B. j denotes the orbital
from which the photoelectrons are emitted. Therefore, to determine the surface composition, it is
sufficient to determine the respective peak areas and to look up the respective photoionization cross
sections, provided that the aforementioned assumptions apply.

2.4 Transport mechanisms in semiconductors

In semiconducting materials, a distinction can be made between band conduction and hopping trans-
port. In band conduction, charge carriers are excited into a delocalized band, whereas in hopping
transport the charge carriers hop from one localized state to the next. In ferrites, conduction is mainly
due to charger carrier hopping [7]. This, to understand hopping transport in ferrites in more detail, it

is necessary to discuss the nature of localized states first.

2.4.1 Localized states

In semiconductors, there are often a large number of localized states, whose origin are impurities
like dopant ions or vacancies. Localized states are characterized by the fact that the wave functions
of these states are concentrated in a confined region. Outside this region, the wave function decays
exponentially, which means that individual localized wave functions do not overlap and therefore
cannot be represented as Bloch waves [11].

In general, the envelop of the wave function y decays exponentially according to
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v — £(r) exp{_Lr} as  r— oo, (2.25)

f is a pre-factor which depends on the position r and L denotes the localization length. The local-
ization length characterizes the size of the space region in which the wave function of an electron,
moving in an impurity potential, is not exponentially small [10]. Localized states are often mod-
elled as a three-dimensional potential well. With this assumption, the localization length L can be

determined by

LI (2.26)

V2m|E|

E is the electron’s energy measured from the upper edge of the well. Localized states will contribute

to transport processes at finite temperatures as carriers hop from occupied to free states [11].

2.4.2 Temperature-dependent transport mechanisms

The temperature-dependent electrical resistivity in semiconductors can be described by the universal

E \?

po and E; are a pre-factor and the transition energy, respectively. kp is the Boltzmann constant and 3

equation

characterizes the type of conduction. For band conduction § = 1 and E; corresponds to the thermal
activation energy which is necessary to lift a charge carrier from the valence or impurity band to the
conduction band [3].

In comparison to band conduction, hopping conduction is characterized by the transport of charge
carriers through localized states in the vicinity of the Fermi level, because e.g., the thermal energy
is insufficient to excite charge carriers from the impurity band into the conduction band. Still, it
might be possible that the energy is sufficient to transport a charge carrier from a defect state to an
unoccupied defect state. In this case there are three basic types of conduction mechanisms, which are

discussed in the following.

Nearest-neighbour hopping

Nearest-neighbour-hopping (NNH) (cf. Fig. 2.8) is a hopping process that describes the hopping to
neighbouring localized states. The probability of nearest-neighbour-hopping can be expressed as

2r _ AEywu } (2.28)

Py <exp{ -3 = 0

L, r, kg, T and AEyNyg are the localization length, the hopping distance, the Boltzmann constant, the
temperature and the energy separation between the initial state and the final state, respectively [59].
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From Eq. (2.28) it directly follows that the probability of NNH is highest at high temperatures. When
the temperature decreases, the second term within the exponential function becomes large and finally

a freeze-out of the nearest-neighbour-hopping follows.

In NNH conduction the conductivity is described by Eq. (2.27) with B = 1. Therefore, NNH obeys,

just like band conduction, a simple Arrhenius-like law [3].

Variable-range hopping

Variable-range hopping (VRH) (cf. Fig. 2.8) describes the process of one charge carrier hopping to
another localized state which is farther away than the neighbouring states. The hopping process will
take place in the vicinity of the Fermi level. Assuming a constant density of states (DOS) near the
Fermi level, Mott pointed out [28], that VRH can be described in analogy to Eq. (2.27) by

T\ V@) . |

d is the dimension of the system and ap is the Bohr radius. 7}, is the so-called Mott temperature [11].
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Figure 2.8: Schematic energy diagram showing both nearest-neighbour hopping and
variable-range hopping. The red dots represent charge carriers in localized states.
The dashed line indicates the Fermi energy. As an example, two hopping processes
(NNH and VRH) are marked with arrows. NNH is characterized by a larger energy
difference between initial and final state compared to the VRH process. The spatial
distance of the states for the VRH process is larger.

Mott-VRH (cf. Eq. (2.29)) is only applicable when Coulomb interactions between localized charge
carriers are negligible. However, at low enough temperatures and for highly disordered systems, the

density of states (DOS) near the Fermi level is not constant but behaves according to

DOS(E) o< (E — Er)? (2.30)

due to Coulomb interactions [48]. Consequently, the DOS vanishes when the energy tends to the

Fermi energy (cf. Fig. 2.9). When an electron is hopping from one localized state to another the



2.5. Thin film optics 17

system has to overcome the Coulomb gap energy Ecg. Efros-Shklovskii variable-range hopping (ES-
VRH) takes into account this Coulomb gap. It can be described by Eq. (2.27) with f = 1/2.

o A

Q
A
E CG
E >
F Energy

Figure 2.9: Schematic illustration of the Coulomb gap. In the vicinity of the Fermi
level the DOS vanishes. The energy gap is characterized by Ecg.

2.5 Thin film optics

When light is irradiated onto a material, part of the light can be transmitted, which means that the
light enters and leaves the material in a well-defined direction. In this regard, the transmission 7" can
be defined as the ratio between the transmitted intensity /7 and the intensity of the incoming light Iy

as
Iy

T=—. 2.31
I (23D

Another part of the light can be reflected. Similarly, the reflection R is defined as the ratio between
reflected intensity /g and incoming intensity Iy as

I
R=X, (2.32)
)
If the material is not absorbing and does not diffusely scatter, then
T+R=1, (2.33)

since the energy conservation holds true. However, in most materials, part of the irradiated light is
also absorbed as well as scattered. In this case, the general energy conservation is given by

T+R+S+A=1, (2.34)
where / /
s=2  and A=A (2.35)
I I

Is is the intensity of the diffusely scattered light and § is the so-called optical scatter. A and I

are the absorptance and the absorbed intensity, respectively. In this work, the absorption of a real
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film -substrate system surrounded by air is investigated, which is an important factor for the optical

properties of a material.

Fig. 2.10 schematically shows a film-substrate system irradiated with an initial intensity . The
reflected intensity Iz as well as the transmitted intensity Ir can be measured, using an integrating
sphere (cf. Sec. 4.6). The energy-dependent absorption coefficient ¢, which describes the exponential

attenuation of light as it travels through a medium, can be determined for a film deposited on a

1 1—R
— In( —= ). 2.36
* dfiim n< T > (230

transparent substrate by

dyii denotes the thickness of the thin film and R and T are the reflection and transmission of the

film-substrate system, respectively [3].

I, IR,
l T Il] = 1
d interface air-film iy = figy,
film film
interface film-substrate
dsub ﬁ3 = 1flsub
| [substrate interface substrate-air
l n,= 1
=TI,

Figure 2.10: Schematic representation of a thin film with thickness d;;,, on a thick
transparent substrate with thickness dy,;,. The whole system is in an air environment
with a non-complex refractive index of 1. The refractive indices of the film and the
substrate may be complex. The reflected intensity /g and the transmitted intensity I
are usually measured as a function of wavelength.

2.5.1 Direct and indirect band gaps

The optical band gap can be determined using optical absorption and Tauc plots (cf. Sec. 2.5.2). A
band gap is the energy range where no electronic states exist. The term often refers to the energy
difference between the top of the valence band (TVB) and the bottom of the conduction band (BCB).
Therefore, the band gap also refers to the energy which is required to excite an electron from the
valence band to the conduction band. In an E (k) diagram, the TVB and the BCB are not always at the
same momentum vector k. According to this, there is a distinction between a direct band gap and an
indirect band gap. In a direct band gap, the TVB and the BCB are at the same & vector. In contrast, for
an indirect band gap the k vector of the TVB and the BCB differ an therefore a phonon has to provide
the necessary momentum change. Fig. 2.11 shows schematically the difference between a direct and
indirect band gap.
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A a) direct transition A b) indirect transition
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Figure 2.11: In a) a direct optical transition is shown. The valence band maximum
and the conduction band minimum are at the same k-vector. The optical transition
changes the k-vector only insignificantly, since the photon (frequency @) momentum
is small compared to the electrons momentum. For this reason, the transition is verti-
cal. In b) an indirect transition is shown. Both photon and phonon (frequency Q) are
necessary for this transition. A photon alone cannot provide the necessary momentum
change Ak.

When a photon with energy 7@ and wave vector k is absorbed, an electron is excited from the valence
band into the conduction band and a hole is created in the valence band. For such an interband

transition, both the energy conservation and the momentum conservation must be given:

ho+hQ =Eg hk+hg=nhAk. (2.37)

Q is the phonon frequency and ¢ is the phonon’s wave vector. Ak is the momentum vector difference
between the valence band state and the conduction band state. The photon wave vector & is very
small and therefore for interband transitions involving only photons, Ak must be very small. Such
transitions are vertical in the E (k) diagram. Indirect transitions with larger Ak are only possible with
phonon participation. Usually 7Q < i and |g| > |k| applies. The photon provides the required

energy and the phonon provides the necessary momentum for the indirect transition [12].

2.5.2 Tauc plots

Tauc et al. proposed a method for determining the band gap for amorphous germanium using the
energy-dependent absorption coefficient o [53]. Since then, this method has been widely applied,
including for crystalline semiconducting thin film systems [3, 19].

Tauc’s method is based on the expression

(ahv)'/" = A(hv — Eg). (2.38)
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It is assumed, that the difference between the photon energy v and the band gap energy E is propor-
tional to the product of the absorption coefficient ¢ and the photon energy. Here, A is a proportionality
factor that describes the slope of the Tauc plot in the linear regime. The exponent n in Eq. (2.38) de-
notes the type of optical transition. It can be distinguished between direct and indirect transitions as
well as between allowed an forbidden transitions:

n=1/2: direct allowed transition
n=3/2: direct forbidden transition
n=2: indirect allowed transition

n=3: indirect forbidden transition

The allowed transitions typically dominate the absorption processes [6], which is why this work will
solely have its focus on the allowed direct and indirect transitions. To determine the band gap, it is
first necessary to calculate the energy-dependent absorption coefficient @(hv) by using Eq. (2.36).
Here, it is essential to measure the energy range below the band gap energy and above the band
gap energy. Subsequently, for the direct allowed transition, (ahv)? is plotted against 4v and for the

indirect allowed transition, (ahv)'/?

is plotted against hv. Afterwards, the linear regime of the Tauc
plot is fitted. The band gap is given by the intersection of the energy axis and the linear extrapolation.
If it is unknown what type of optical transition the material under consideration might have, the Tauc

plots should be evaluated for both n = 1/2 and n = 2. Fig. 2.12 shows a typical Tauc plot.

A
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Urbach tail

>
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Figure 2.12: Typical shape of a Tauc plot. (athv) /7 initially increases exponentially
(Urbach tail) with increasing photon energy iv and then increases linearly. At a cer-
tain photon energy, saturation sets in. Eg is given by the intersection of the energy
axis and the linear extrapolation.

For an ideal material, (chv)'/" would be zero for hv < E and would then increase linearly for hv >
Es. In real measurements, there are deviations from the linear behaviour in the lower as well as in
the upper energy range. In the lower energy range (hv < E), the deviation from the linear behaviour
can be explained by defect states or other sub-bands. This phenomenon was first investigated by

Urbach [57] and is known today as the so-called Urbach tail. In the Tauc plot this range can be
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described as an exponential function. In the higher energetic range (hv > E), saturation usually

takes place and therefore this region is often not further analyzed.

2.5.3 X-ray reflectivity - XRR

The determination of the thickness of ultra-thin films is of great importance in research as well as
in technical applications. To determine the thickness of a film deposited on a solid substrate, X-ray
reflectometry (XRR) has proven to be a suitable method [50]. Using XRR, the sample is illuminated

with X-rays at very low angles of incidence (< 5°).
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Figure 2.13: a) Schematic representation of the beam path in an XRR measurement.
The X-ray beam k; is incident on the film surface (point A) where it is partly reflected
(k1) and partly transmitted (k;). The transmitted beam is again partially reflected and
partially transmitted at the film-substrate interface. k:l and k72 may interfere which
eventually leads to an oscillating intensity curve due to constructive and destructive
interference. b) Intensity curve as a function of the scattering vector g. Up to a
scattering vector of ¢, total reflection occurs, thus all light is reflected. After that
a periodic oscillation can be observedcaused by by interference effects between the
beams %,1 and %,2. The film thickness can be calculated from the distance Ag between
two adjacent oscillations.

Fig. 2.13 a) shows the beam path of an XRR measurement for a monolayer system. An X-ray
with the wave vector &; hits the surface with an angle of incidence of @; (point A). Note, that ¢; is
defined as the angle between k; and the surface (contrary to the usual convention in optics). The
electromagnetic wave k; is partly reflected and partly transmitted, if no total reflection occurs. This
results in a transmitted wave vector 7&, and a reflected wave vector 75,1. The transmitted component
% can be reflected at the film-substrate interface (point B) and then propagate towards the surface
of the film and into the vacuum (point C), resulting in 75,2. The beams 75,1 and 75,2 will subsequently
superimpose leading to constructive and destructive interferences and thus, to an oscillating behavior
of the intensity as a function of ¢;. Here, the periodicity of these oscillations is directly related to the
thickness of the film.

From the law of reflection it follows that the angle of incidence ¢; is always equal to the angle
of reflection ¢,, therefore ¢; = @,. The scattering vector is defined by § = K — k; and is always
perpendicular to the sample’s surface. Assuming that the scattering is elastic, the conservation of
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energy applies and therefore |k;| = |k,.| = 27” A denotes the wavelength of the X-ray. Consequently,

the magnitude of § amounts to

4| = 4% sin ;. (2.39)
Fig. 2.13 b) shows the intensity as a function of the scattering vector g for a film grown on a substrate.
When X-rays are incident on the surface at an angle less than the critical angle ¢. (which corresponds
to the critical scattering vector ¢.), total reflection occurs and all X-rays are reflected. For incidence
angles greater than ., part of the radiation is transmitted, resulting in a decrease of the total intensity.
Different interfaces exist in a film-substrate system and at each interface there is transmission and re-
flection. The X-rays reflected at the different interfaces can interfere constructively and destructively,

which is why periodic oscillations, called Kiessig fringes, occur.

For a monolayer system, the film thickness d can be determined from the periodicity of the oscillations
of the Kiessig fringes:

_27r

d="=.
Agq

(2.40)

Aq is the scattering vector difference of two adjacent Kiessig fringes [50].
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3. Material system

The materials used in this work are described in this chapter. Magnesium oxide serves as a substrate
for cobalt ferrite ultrathin films.

3.1 Magnesium oxide - MgO

In this thesis, MgO serves as a substrate for the epitaxial deposition of thin cobalt ferrite films. MgO
crystallizes in the rock salt structure. It consists of Mg?* and O?~ ions in a ratio of 1:1. The unit cell
has a length of aye0 = 42117 A [13] with a distance between the Mg2+ and O%~ ions of 2.105 A.
Both types of ions form a fcc sublattice, which are shifted from each other by half the length of the
unit cell. The surface unit cell is rotated by 45° in relation to the bulk unit cell and has a length of
as = aygo/ v/2. MgO has band gap energy of 7.8 eV [17], making MgO an insulator and transparent
to visible light.

[100]

Figure 3.1: Schematic representation of the MgO unit cell. The surface unit cell is
shown as a dashed line. Taken from [54].

3.2 Cobalt ferrite - CoFe;Oy4

Stoichiometric cobalt ferrite is described by the chemical formula CoFe,O4 and crystallizes in the

inverse spinel structure [46].

The spinel is a common crystal structure consisting of a cubic close-packed arrangement of anions, in
which one eighth of the tetrahedral sites and half of the octahedral sites are occupied by cations [18].
The spinel consists of two types of cations A and B and one type of anion X. One can distinguish
between two extremes: In the normal spinel (A)[B;]X4 all cations of type B occupy octahedral sites

(square brackets), while all cations of type A occupy tetrahedral sites (round brackets). Analogous
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to this, the inverse spinel (B)[AB]X4 can be defined, where cations of type B occupy tetrahedral and
octahedral sites and cations of type A are only located at octahedral sites. However, other cation distri-
butions, which do not correspond to the extremes mentioned above, are also possible. Consequently,
the general formula for spinels is

(A1—;B;)[AjBy_;] X4, 3.1

where j is the degree of inversion. For j = 0 the resulting cation distribution corresponds to that of a
normal spinel and for j = 1 to that of an inverse spinel. 0 < j < 1 defines the intermediate state with

mixed spinel structure [49].

[001]  CoFe,O,

Figure 3.2: Schematic representation of the cobalt ferrite unit cell. Taken from [54].

The inverse spinel CoFe;O4 (cf. Fig. 3.2) consists of a cubic close-packed array of O>~ anions, in
which one eighth of the tetrahedral sites are occupied by Fe3* cations and half of the octahedral sites
are occupied evenly by Co?* and Fe** cations. Hence, stoichiometric cobalt ferrite can be expressed
by

(Fe’™) [Co*t Fe*t]07, (3.2)

according to Eq. (3.1). The lattice constant is 8.392 A [22], which is about twice as large as the
lattice constant of MgO. Therefore, the lattice mismatch between MgO and CoFe;Q4 is small (about
—0.37 %), which makes MgO an excellent substrate for cobalt ferrite films. The (001) surface unit
cell is rotated by 45° relative to the bulk unit cell.

Apart from stoichiometric cobalt ferrite, there is also a Co-deficient phase and the Co-rich phase of
cobalt ferrite, depending on the amount of Co relative to the amount of Fe. Here, the stoichiometry
parameter x defines the Co content relative to the Fe content, so that the chemical formula of cobalt
ferrite can be generalized to

Co,Fes_,Oy4. (3.3)

The increase of the Co-concentration influences the structural, magnetic and electronic properties of
the material [31, 43]. For instance, Nlebedim et al. were able to show, that an increase in x led to the
formation of an additional rock salt phase (Co;_,Fe, O), whereas a decrease led to the formation of

an additional ¢-Fe, O4 phase [31]. In addition, studies on Co, Fe;_, O4 powder samples suggest, that
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an increase in x beyond x = 1 leads to a coexistence of Co>* cations with Co?* and Fe>* in the crystal

lattice, which affects the physical properties [31].

Co,Fe;_,04 is often considered a Co-substituted variant of magnetite (x = 0). By analogy with Eq.
(3.1), magnetite has the chemical composition

(Fe* ) [Fe*TFe’T]0,42.

When the Co content is increased (0 < x < 1), Fe* cations are gradually replaced by Co®* cations
on octahedral B-sites. For stoichiometric cobalt ferrite (x = 1), all Fe?* cations is replaced by Co**
and therefore Eq. (3.2) applies. Increasing the Co content even beyond x = 1 results in a further
substitution of Fe for Co. For reasons of charge balance, Fe** cations are now substituted for Co>*

cations.

However, the cation distribution described is only correct for an ideal inverse spinel structure. It has
been reported that cobalt ferrite often adopts a partial inverse structure (0 < j < 1) [29, 31], which
means that Co>* cations are localized at both A and B sites. In addition, a recent study has shown that
Co>* can also be found at tetrahedral A-sites of Co-rich phases [24].

In summary, the cation distribution of cobalt ferrite is generally highly complicated and requires

structural analysis by Mossbauer spectroscopy or other methods.
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4. Experimental setup

In this chapter, the different experimental setups used in this thesis are briefly presented and explained.

4.1 Ultra high vacuum system

The preparation and characterization of thin films is usually performed under ultra-high vacuum
(UHV) conditions. For surface sensitive characterization methods such as XPS or LEED, a clean

surface is essential, since adsorbates can negatively influence the measurements.

The time required for a monolayer of adsorbates to deposit on the surface is called monolayer time
7. It depends, among other parameters, on the pressure p inside the UHV chamber. According to the
kinetic theory of gases, T can be estimated by

noy/ 2nmkgT
» .

ng, m, T and p are the number of atoms in a monolayer, the molecule mass, the temperature and the

“4.1)

pressure, respectively. Based on Eq. (4.1), it directly follows that the monolayer time 7 increases the
smaller the pressure p becomes. For example, at a pressure of 1013 mbar the monolayer arrival time
is about 3 ns. Under UHV conditions (about 10~8 mbar) 7 is about 1 h [32].

In the context of this work, the UHV chambers shown schematically in Fig. 4.1 are used. All cham-
bers are connected by air locks and can be evacuated separately. The substrates are attached to a
sample holder and enter the vacuum system via the load lock. Using transfer rods, the sample holder
can be moved within the system. The preparation chamber I serves exclusively as a cleaning chamber.
The infiltrated substrate can be thermally cleaned using a filament to remove adsorbates. The prepara-
tion chamber II is used for the deposition of the films. Iron and cobalt effusion cells generate particle
beams for RMBE. Oxygen can be added both in the cleaning chamber and in the preparation chamber.
An in-situ characterization of the sample is performed in the analysis chamber. Here, the sample can
be analyzed by means of LEED and XPS. All chambers are equipped with pressure gauges. In the
cleaning chamber as well as the preparation chamber there is a pressure of about 1 x 1078 mbar to

5 x 10~ mbar, whereas in the analysis chamber there is a pressure of at least 1 x 107! mbar.
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load lock transfer preparation preparation
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Figure 4.1: Schematic overview of the UHV system. The substrates enter the system
via the load lock. All chambers are connected via air locks and can be evacuated in-
dependently. In the preparation chamber I, the substrates are thermally cleaned and
in the preparation chamber II, the deposition of the films takes place. The prepara-
tion chamber II is equipped with a cobalt and an iron evaporator. Both preparation
chambers can be filled with oxygen. The characterization of the samples with XPS
and LEED is performed in the analysis chamber. Adapted from [41].

4.2 Sample preparation

All Co,Fe;_,O4 films are prepared in the UHV system (cf. Fig. 4.1). Commercially available
MgO(001) substrates made by CrysTec are used. The substrates are polished on one side and have a
size of 10 x 10 x 0.5 mm. Before the films are grown by RMBE, the substrates are thermally cleaned
in the preparation chamber I at a temperature of 400 °C for 1h in a diluted oxygen atmosphere of
1 x 10~* mbar. This allows carbon compounds and other impurities on the substrate’s surface to be
easily desorbed and also prevents oxygen vacancies from forming [32]. After cleaning, XPS and
LEED measurements are performed to check whether adsorbates are still present on the surface. If
the substrates are clean, the film can be grown in preparation chamber II, else the cleaning procedure

is repeated.

The evaporators in the preparation chamber II generate a beam of atoms or molecules that is directed
towards the substrate. They contain a metal rod made of iron or cobalt and an filament to heat the rod.
High voltage is applied between the filament and the metal rod to accelerate the electrons emitted
from the filament towards the rod. This causes the metal to heat up strongly and as soon as the
sublimation temperature is reached, evaporation begins. The onset of film growth can be controlled
by a shutter which is located in front of the evaporator. The material flux is controlled via the distance

of the metal rod an the filament. The deposition rate is measured with a flux monitor.

In the first series of experiments, the stoichiometry x of thin Co,Fe;_, 04 films on MgO(001) is varied.
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After thermal cleaning, the MgO(001) substrate is simultaneously evaporated with Co and Fe in the
preparation chamber II. To obtain the different stoichiometries, the flux of the Co evaporator is always
kept constant whereas the flux of the Fe evaporator is varied. For all sample preparations, the substrate
temperature during evaporation is controlled to 250 °C and the diluted oxygen atmosphere is set to
pressure of about 5 x 1076 mbar.

In the second series of experiments, the stoichiometry x of Co,Fe;_,O4 thin films on MgO(001) is
kept constant. The samples are prepared at varying diluted oxygen atmospheres of 1 x 10~ mbar,
5x 10~®mbar and 1 x 107> mbar. The substrate temperature is kept at 250 °C.

4.3 XPS setup

The XPS measurements of the Fe (2p, 3p) and Co (2p, 3p) core-levels are performed with a commer-
cial system from SPECS, consisting of a non-monochromatic X-ray source (SPECS XR 50), a lens
system, a concentric hemispherical analyzer (Phoibos HSA 150) and a detector. Fig. 4.2 shows a
schematic sketch of the XPS setup.

hemispherical
analyzer ——

X-ray electron lens

source detector

\ [ photoelectrons
—

sample

Figure 4.2: Schematic overview of the XPS instruments. The X-ray source irradiates
the sample with high-energy photons, which subsequently emit photoelectrons. The
photoelectrons pass through a lens system before entering the hemispherical analyzer.
Only electrons with a certain pass energy enter the detector. Taken and adapted from

(4].

The XPS system, like the LEED system, is located in the analysis chamber of the UHV system.
The X-ray photons are generated by bombarding a target with high-energy electrons in the X-ray
source. One can choose between aluminum and magnesium targets. The characteristic main line
Kq1,2 of Mg and Al have an energy of about 1253.6 eV and 1486.6 €V, respectively. Other important
X-ray characteristic lines are Ky3 and Kg4 line. In this work, solely a Mg anode is used because the
spectrum recorded with a Mg anode is less superimposed with Auger lines in the Fe 2p range. The
K3 line is shifted about 9.8 eV to higher photon energies and has an intensity of about 6.4 % relative

to the main line. The K4 line is shifted about 11.8 eV and its intensity is about 3.2 % relative to the
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main line. There are other lines (e.g. Kos, Kgs, Kg), but due to their weak intensity their impact can
be neglected [32].

The photoelectrons generated by the photoelectric effect, subsequently pass through the lens system
and the hemisphere analyzer, before they are detected by the detector. The hemisphere analyzer
consists of two concentric hemispheres between which a voltage is applied. The applied voltage

ensures that only photoelectrons with a certain pass energy reach the detector.

For the measurement of the valence band, an ESCA PHI 5000 VersaProbe III has been used since it
is equipped with a monochromatic X-ray source using an Al anode. The general setup does not differ
from Fig. 4.3. The ESCA is used because it can reach a higher resolution and there are no parasitic

effects due to the use of a monochromatic X-ray source.

4.4 LEED setup

For the LEED measurements the ErLEED 150 instrument from Specs is used. This system consists of
an electron gun and a hemispherical fluorescent screen to observe the diffraction pattern. The sample
is located at the center of the curvature of the screen. A CCD camera is used to record the resulting

diffraction patterns. Fig. 4.3 schematically shows the experimental setup.
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Figure 4.3: Schematic representation of the LEED experimental setup. The elec-
tron gun, consisting of a cathode, a Wehnelt cylinder and an electrostatic lens system,
generates a focused and collimated electron beam. The electrons are subsequently
diffracted at the surface of the sample and the diffracted electrons reach the fluores-
cent screen after passing a grid system which ensures that no inelastically scattered
electrons reach the screen. Adaped from [32].

The cathode (I.,, ~ 2.25A) emits electrons, which are subsequently focused and collimated by a
Wehnelt cylinder and an electrostatic lens system. The electrons propagate perpendicular to the sam-

ple’s surface and are diffracted at the surface. The diffracted electrons hit the fluorescent screen
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allowing the pattern to be observed.

In front of the fluorescence screen there is a grid system, which minimizes the influence of inelasti-
cally scattered electrons on the diffraction pattern. The first grid is at earth potential, which means
that the space between sample and grid is field-free. The diffracted electrons therefore move in a
linear path to the fluorescence screen. The second grid is at the so-called suppressor potential V.
This filters out the inelastically scattered electrons, which leads to an improvement of the spot-to-
background contrast. The third grid, like the first one, is at earth potential. After the electrons have
passed the third grid, they are accelerated to the fluorescent screen (Vyereen =~ 6kV).

4.5 XRR setup

The XRR measurements are performed ex-sifu using a Philips X’Pert PRO MPD X-ray diffractometer.
Fig. 4.4 schematically shows the measuring principle.

X-ray source detector

Figure 4.4: A light source irradiates the sample with X-rays. The incident light is
described by the wave vector k; and the reflected part is denoted with k.. The angle ¢
is variable and the detector moves in turn according to 2¢.

The X-ray source is equipped with a copper anode that generates X-ray photons with an energy of
8.048keV (Cu Ky line). This corresponds to a wavelength of about 1.54 A. The measurement is
performed in a ¢-2¢-geometry. The angle of incidence between the sample and the X-ray beam is ¢
and the angle between the X-ray beam and the detector is 2¢. The intensity of the reflected beam is
measured as a function of the angle of incidence.

4.6 UV-Vis setup

The transmission and reflection measurements are performed with a Perkin Elmer Lambda 650 UV-
Vis spectrometer. Simplified, the UV-Vis spectrometer consists of a halogen lamp made of deuterium
and tungsten that generates light in the wavelength range from about 200 nm to about 1200 nm. The
light is aligned and focused by an optical system, and subsequently a monochromator is used to sweep
the wavelength. Afterwards, the light is incident on an integrating sphere. Dependent on the location
of the sample, a distinction can be made between two measurement modes, which are shown in Fig.
4.5 a) and b).

In a) the reflection mode is displayed. The light enters the integrating sphere via the entrance and is

incident on the sample, which is located at the end of the sphere. The light is specularly reflected at
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the sample surface. In addition, diffuse light reflection in all directions is possible. The geometry of
the integrating sphere is such that all light (specularly reflected and diffuse reflected) is directed to
the detector after various reflections on the inner sphere surface. Therefore, the total reflection can be
determined with this simple setup. Fig. 4.5 b) shows the transmission mode. The sample is located
in front of the integrating sphere entrance and any transmitted light is focused on the detector after
various reflections on the inner sphere surface. The baffle is used in both modes, as it blocks light

which is directly coming from the sample.

a) b)
detector
baffle
>
sample
reflection measurement transmission measurement

Figure 4.5: Integrating sphere setup for a) reflection measurements and b) transmis-
sion measurements. The baffle is used to block direct light coming from the sample.

4.7 Van der Pauw setup

The resistivities of the samples are measured with the setup shown in Fig. 4.6.

The sample is located at the end of a sample rod and is fixated by four contacts. The contacts are
spring-mounted which prevents damage to the sample surface. A power supply unit is used to apply
a current between two contacts and a voltmeter simultaneously measures the potential difference
between the other two contacts. The wiring is regulated by a switching matrix. There are 16 different

wiring possibilities, however, only 8 wirings (cf. Fig. 4.7) are used for resistivity measurements.

A heating filament is mounted above the sample, with which the temperature of the sample can be
varied. A thermoelement provides the measurement of the temperature. The sample rod is located in
a cryostat, which can be filled with liquid nitrogen (LN>). The rod does not come into contact with
LN, as it is contained in a stainless steel case which can be evacuated by a rotary vane pump. For
optimal thermal coupling, the case can be filled with nitrogen gas N». By simultaneously cooling the
sample with LN, and heating it with the heating element a temperature dependent measurement can

be achieved. The magnet is not used in this work.
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Figure 4.6: Schematic representation of the van der Pauw measuring system. The
sample is located between two magnetic coils inside a sample rod, which in turn is
surrounded by a cryostat. The cryostat can be filled with liquid nitrogen. A heating
coil can be used to control the sample temperature. For a better thermal coupling, the
sample rod can be evacuated and filled with nitrogen gas.

RBCAD

RABDC RDCAB

Figure 4.7: Eight different wirings for the Van der Pauw measurement. The wiring of
the upper row and the wiring of the lower row are equivalent.

Van der Pauw method

The van der Pauw method is widely used to determine the sheet resistances of thin films. The great
advantage of this method is the independence of the sample geometry. In order for the van der Pauw
method to work, a few conditions must be met. First, the film thickness must be small compared to
the bulk and should be uniform. The film should be homogeneous and should not have any holes or
islands. Furthermore, the contact pins should be small and dot-shaped and positioned at the edge of
the sample [34].
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Figure 4.8: Schematic representation of the Van der Pauw 4-point measuring method.
An electric current is conducted from A to B and the voltage is measured between C
and D. This specific arrangement measures the resistance Rapcp.

Measurement of sheet resistances

The sheet resistance is defined by
4.2)

p is the resistivity and d is the film thickness. R, can be measured with van der Pauw’s 4-point
method. Consider the van der Pauw geometry shown in Fig. 4.8. If an electric current I4p is applied
from pin A to pin B, a voltage Ucp can be measured between pin C and pin D. The resistance Rapcp

can be calculated using Ohm’s law:

U,
Rapcp = %- 4.3)

The resistance Rscpp can be calculated analogously. Assuming a two-dimensional radial current
propagation and using the conformal transformation in combination with the superposition principle,
the relation

T T
1= exp{ - ITRABCD } + CXP{ — ERACBD } 4.4)
S S

is obtained. Eq. (4.4) cannot be solved analytically. However,

_ ™ Rapco +Racsp
P In2 2

is a valid approximate solution. The sample’s shape is taken into account by the form factor f,

f 4.5)

which depends on the ratio Ragcp/Racsp- In this work symmetrical samples are used, therefore

Rupcp ~ Racpp and f ~ 1.

From Eq. (4.5), it can be seen that only two wiring positions are needed to measure and calculate the
sheet resistance Ry. The resistances Rapgc, Rpacs, Recap and Reppa as well as Ragpce, Reacp, Rpcas

and Rcppa are equivalent. To increase the accuracy of the measurement, they can be averaged [34].
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5. Properties of ultrathin Co,Fe;_, 04 films on MgO(001)

depending on the Co content x

In the first part of this thesis, Co,Fe;_,Oy4 ultrathin films with varying stoichiometry x are grown on

MgO(001). Electronic, optical and transport properties of the films are studied as a function of x.

5.1 XPS results

The XP spectra are recorded to investigate the chemical composition as well as the electronic prop-
erties of the Co,Fes_,O4 thin films. The film stoichiometry, i.e. the Co content relative to the Fe
content, is determined using the Co 3p and Fe 3p spectra. The Fe 2p and Co 2p spectra are used to
determine the predominant oxidation states of the Fe and Co cations, respectively. The last part of

this section investigates the influence of the stoichiometry on the valence band structure.

5.1.1 Analysis of the Fe 3p and Co 3p core-level spectra

The stoichiometry of the prepared Co,Fes;_,O4 films is determined from the Fe 3p and Co 3p spectra.
The calculation is performed by means of the formalism described in Sec. 2.3.3. The basis of this

method is the intensity ratio

3p 3p
I /o,
YCO — CO/ Co (51)

3p/3p , 3p/<3p°
ICO/GCO +IFe/GFe

as given by Eq. (2.24). The photoionization cross sections Gf{ (A and j denote the element and the
orbital, respectively) are taken from the work of Scofield [42]. The Fe 3p and Co 3p peaks have been
chosen for stoichiometry determination because the peaks are positioned closely together. Hence, the
kinetic energy dependent IMFP is similar for both peaks and thus, negligible.

In principle, both the Fe 3p peak and the Co 3p peak should be split into two separate peaks due to
spin orbit coupling. However, only one peak is observable for each element. The reason for this is
that the energy difference between the j = 1/2 and j = 3/2 states is too small to be resolved with
the used analyzer. Still, both peaks are accompanied by a satellite structure that must be taken into
account. In order to determine Iég and IEE as accurately as possible, it is crucial to take into account
every contribution (main peak and satellites) of the respective element. The modeling of the peaks
(cf. Fig. 5.1) is guided by the results of McIntyre et al. [27] and Kim et al. [21].
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Figure 5.1: Exemplary analysis of a Fe 3p and Co 3p XP spectrum. A Shirley back-
ground was assumed. The main peaks were fitted with a single Pseudo-Voigt func-
tion, since the doublet structure of the peaks due to spin-orbit coupling cannot be
resolved. In addition, one satellite was assumed for each main peak. Since a non-
monochromatic X-ray source was used, the impact of higher excitations (Ky3 and
Kq4) have been taken into account for the Fe 3p and Co 3p main peaks. The Ky3
peaks for the Co 3p and Fe 3p satellites have also been taken into account, however,
to increase the plots clarity they were not included in the plot.

According to Mclntyre et al. the Fe 3p main peak is located at a binding energy of (55.9+0.2) eV
and shows a clear asymmetric shape. In addition, a satellite is reported to be at a binding energy
located about 7 eV higher than the 3p peak. This satellite cannot be explained by multiplet splitting,

but rather by electron correlation effects [27].

According to Kim et al. the Co 3p peak consists of one 3p main line located at a binding energy of
(60.4+0.2) eV. Additionally, there is a Co 3p satellite, which is located between 64.4 eV and 69.5 eV

and is caused by multiplet splitting and by multielectron excitation [21].

The aforementioned signals are taken into account in the reconstruction. In addition, other contribu-
tions due to the non-monochromatic X-ray source have to be considered. For this analysis, the Fe 3p
and Co 3p peak due to the K43 and K4 excitation lines are considered. Moreover, both satellites due
to the K3 excitation are taken into account. Satellites due to K4 are neglected because they are very
small compared to the 3p main peaks. However, the intensity and shape of these contributions are
linked to the respective peaks via constraints (cf. Sec. 4.3). In sum, the 3p region is approximated
with ten signals, which leads to a relatively high inaccuracy. Although the binding energies of the
peaks are known relatively precisely from the work of Kim and Mclntyre, other parameters such as
the peak shape (Gaussian or Lorentzian), the FWHM or the peak area remain unspecified. Taking
into account all the contributions, the Co content x of the Co,Fes_,O4 films can be determined by
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multiplying the intensity ratio (cf. Eq. (5.1)) by three. This results in the stoichiometries shown in
Fig. 5.2. The uncertainty of x is estimated to be at least 0.2.

v
=

aY:

Intensity (a. u.)

x=0.9

x = 0.6

Co 3pT Ko 0 2s
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Figure 5.2: Co 3p, Fe 3p and O 2s spectra of all prepared CoyFe3;_,O4 films. The
splitting of the 3p peaks due to the spin orbit coupling can not be resolved. The
vertical dashed lines denote the energy of the respective 3p peak. The Co 3p satellite
of the CoO reference sample is clearly visible, however, the Fe 3p satellite is barely
observable for the Fe, O3 reference sample.

Fig. 5.2 shows the XP spectra of the Fe 3p/Co 3p region for all Co,Fe3_, 04 films, including the O 2s
signals. All spectra have been calibrated according to the C 1s core-level at 285 eV binding energy.
Reference spectra of a CoO and a Fe,O3 sample are added for comparison. The binding energy of
the Co 3p signal is (60.3 £0.2) eV and is independent of the Co content x. The binding energy of
the Fe 3p peak is (55.9+0.2) eV and is also constant for all samples. With increasing x, the intensity
of the Co 3p signal increases constantly, whereas the intensity of the Fe 3p peak decreases, which is

expected due to the rising Co content in the films.

5.1.2 Qualitative analysis of the Fe 2p core-level spectra

Due to a larger spin-orbit coupling compared to the 3p spectra, the Fe 2p signal shows a doublet
structure, consisting of a Fe 2ps ; peak and a Fe 2p; /, peak. It has been shown in previous studies [58]
that the peak positions of Fe 2p; , and Fe 2p3; depend on the oxidation states of the Fe ion. Both
peaks are accompanied by a charge-transfer satellite on their high-energy shoulder. The positions of
the satellite peaks are also very sensitive to the oxidation states and these peaks have been used for

qualitatively determining the oxidation states of iron [58].
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Fig. 5.3 shows the Fe 2p region of all prepared Co,Fe3;_,04 (0.6 <x < 1.8) films and, for comparison,
Fe 2p reference spectra of the most common iron oxides (Fe3Oy4, Fe,O3 and FeO). All spectra have

been calibrated according to the C 1s core-level at 285 eV binding energy.

FeO is expected to contain only divalent iron, whereas Fe, O3 should contain solely trivalent iron. In
contrast, Fe3O4 contains both divalent and trivalent iron. Since the Fe 2p spectra of these species
differ greatly as evident in Fig. 5.3, the predominant oxidation state of the iron in the cobalt ferrite

films can be determined from the Fe 2p spectra.
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Figure 5.3: Fe 2p core-level spectra of all Co,Fes_,04 films. Due to spin-orbit cou-
pling, Fe 2p; ; and Fe 2p; ), peaks are evident. The vertical dashed lines denote the
energy of the respective peak. Reference spectra of Fe3O4, Fe,O3, FeO are shown in
black.

The binding energies of the main peak of Fe,Oj3 are reported to be between 710.6eV to 711.2eV for
Fe 2p3; and 724.6 eV for Fe 2p; ;. Similar values are reported for Fe304. However, FeO deviates
significantly from these values. The Fe 2p;/, and Fe 2p; /, main peaks of FeO are located at binding
energies of 709.5eV and 723.2 eV, respectively, which is considerably lower than the main peaks

binding energies of Fe,O3 and FezOq4 [58].

Both FeO and Fe; O3 reference spectra show distinct satellite structures at higher binding energy sides
of the Fe 2p main peaks. The distance between the FeO satellite and the associated Fe 2p peak are
about 6 eV. The existence of this shoulder is a clear evidence for the existence of Fe**. In comparison,
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the binding energy difference between the Fe 2p3 /; peak of Fe,O3 and its satellite is about 8 eV, which
is an indicator for Fe**. It is noticeable that Fe;04 does not show any satellite structure between the
Fe 2p main peaks. It consists of both divalent and trivalent Fe atoms, so both satellites should in
principle appear. The reason why no satellite is visible is the superposition of both peaks, which
results in an intensity plateau between the Fe 2p main peaks [58].

For the Co,Fe3_ 04 (0.6 < x < 1.8) films prepared in this work, the Fe 2p; /; and Fe 2p3, peaks are at
binding energies of (724.5+0.2)eV and (711.1 +0.2) eV, respectively. No significant change of the
binding energies with increasing Co content can be observed. Moreover, the Fe 2p spectra reveal for
all Co,Fes_ Oy films charger-transfer satellites located at (7194 1) eV. The position and shape of the
satellite does not change significantly with increasing Co content. The spectra of the prepared cobalt
ferrite films are superimposed with a O KLL Auger line and consequently the intensity increases
strongly at the Fe 2p; /, high-energy shoulder. Due to this superposition, the charge-transfer satellite
associated with the Fe 2p;; peak cannot be analyzed thoroughly. Therefore, the Fe 2p;/, charge-
transfer satellite is mainly used for the analysis of the oxidation state of the Fe cations. The shape
of the 2p spectra and the positions of the peaks are comparable to the Fe,O3 reference spectra. This
strongly indicates a majority of Fe** cations. Furthermore, the intensity of the main peaks decrease

as the Co content x increases. This is as expected, since with increasing x the Fe content is reduced.

5.1.3 Qualitative analysis of the Co 2p core-level spectra

As with the Fe 2p peak, the Co 2p peak splits into two individual components Co 2p3/, and Co 2p;
due to spin-orbit coupling. The predominant oxidation state of the Co cations can be derived using
the Co 2p spectra. It is known from previous studies that the Co 2p spectra of the most common
cobalt oxides CoO and Co30y4 differ significantly, as CoO contains only Co?* and Co304 contains
both Co?* and Co** [5].

In contrast to the position of the Fe 2p peaks, the binding energies of the Co 2p peaks are less in-
dicative for the oxidations state of the Co cations due to similar chemical shifts of CoO and Co30Oy4.
Rather, the corresponding information can be derived from the positions of the present shake-up satel-
lites which are characteristic for the oxidation state. According to Chuang et al. the binding energies
for the shake-up satellites of CoO are 786.4 eV and 803.0eV, respectively. In contrast, the shake-up
satellites for CozQy4 are positioned at 789.5 eV and 804.5 eV and are less pronounced [5]. The binding
energies of the Co 2p shake-up satellites therefore differ significantly, making it possible to determine

the predominant oxidation state.

Fig. 5.4 shows the Co 2p core-level spectra of the prepared Co,Fes_,O4 (0.6 < x < 1.8) samples and,
for comparison, a CoO reference spectrum. All spectra have been calibrated according to the C 1s
core-level at 285 eV binding energy. The binding energy of the Co 2p /, peak is (796.0+£0.2) eV for
all cobalt ferrite samples, whereas the binding energy of the Co 2p;, is (780.3 £0.2) eV. The deter-
mined binding energies agree within the limits of inaccuracy with the work of Chuang [5]. However,
as mentioned above, the main peak binding energies cannot be used to determine the predominant
oxidation state. For this reason the binding energies of the shake-up satellites are determined. The

Co 2p;3/, shake-up satellite is centered at (786.44-0.2) eV and the Co 2p; /, shake-up is positioned
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Figure 5.4: Co 2p core-level spectra of the prepared Co,Fe3_,Oy4 films. Due to spin-
orbit coupling, a Co 2p; ; and a Co 2p3/, peak with the respective shake-up satellites
can be seen. The vertical dashed lines denote the energy of the respective peak.

at (803.0+0.2) eV. Thus, the binding energies of the shake-up satellites agree with the positions of
the CoO shake-up satellites, considering experimental uncertainties. Consequently, the predominant

oxidation state of Co in the prepared cobalt ferrite films is Co’*.

Moreover, studies by Nlebedim et al. showed that increasing the Co content x beyond x = 1.0 leads
to a coexistence of Co®* and Co>* [31]. Increasing x beyond 1.0 should therefore manifest itself in a
shake-up satellite shift and in a decrease in the satellite intensity. This, however, cannot be confirmed
for the Co,Fe3_,04 (0.6 < x < 1.8) samples prepared in this work. Neither the satellites nor the main
peaks undergo a significant change in binding energies. Still, the increasing x is manifesting itself in

the Co 2p peak intensity, which increases as x increases.

5.1.4 Qualitative analysis of the valence band

Fig. 5.5 shows the valence band (VB) of CoO and Fe3;O4 reference samples as well as the VB of the
prepared Co,Fes_,04 (0.6 < x < 1.5) films. All spectra have been calibrated according to the C 1s
core-level at 285 eV binding energy. All VB consist of main band ranging from 0 eV to about 15 eV.

Feature (1), located at a binding energy of about (0.4 +0.1) eV, is seen exclusively in the Fe304 VB
and in the Co,Fe;_,O4 (x < 1.0) XP spectra. This peak is linked to the existence of octahedrally
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coordinated Fe?* cations [33]. Feature (1) becomes smaller with increasing Co content x and disap-
pears completely at x = 1. From this observation, it can be assumed that the number of octahedrally
coordinated Fe?* cations is shrinking with increasing x. It can be concluded that Co cations substitute

for Fe2* cations on the octahedral sites as x increases.

The VB spectrum of CoO has a complicated shape because many individual attributions overlap.
According to Chuang et al. [5] and Kim et al. [21], feature (2) as well as feature (3) are caused by
3d electrons emitted from Co®* cations. Therefore, it is not unexpected that these features are not
fount in the Fe;O4 VB spectrum. Additionally, feature (2) increases significantly with increasing Co
content and furthermore the peak shifts to lower binding energies as x increases. It has been shown
that for x > 1 Co?* and Co* ions can coexist in cobalt ferrite [31], so it can be assumed that the shift

of feature (2) is related to an increase of the amount of Co>* cations.

Feature (4) at a binding energy of about 10 eV is due to a shake-up process (O 2p — Co 3d) [21].
Consequently, feature (4) is more pronounced the higher the Co content x of the cobalt ferrite films.

All spectra are superimposed by broad O 2p emission, located between 2 eV and 8 eV binding en-

ergy [33].
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Figure 5.5: Valence band XP spectra of Co,Fe3_,O4 (0.6 <x < 1.5). CoO and Fe304
reference spectra are shown in black.
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5.2 LEED results

LEED measurements to analyze the surface structure of the Co,Fes_,O4 films are performed in situ in
an electron energy range from approximately 150 eV to 300 eV. Prior to film preparation, the cleaned
MgO(001) substrates were analyzed by LEED to investigate the quality of the substrate surfaces and to
check for the existence of unwanted adsorbates. Since the individual LEED patterns of the substrates
do not differ significantly, only one pattern is shown as an example. Fig. 5.6 a) shows the pattern of a
cleaned MgO(001) substrate acquired at 165 eV. The pattern reveals a low background intensity with
sharp and high-contrast reflexes. This implies a well-ordered surface structure with only few defects.

In addition, the (1 x 1) structure (drawn in red) is visible, indicating a square surface unit cell.
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Figure 5.6: LEED pattern of a MgO(001) substrate and Co,Fes_,04 on MgO(001)
samples with varying Co content x . a) shows the diffraction pattern of the substrate
with the square unit cell drawn in red and in b) - f) the CFO LEED pattern are shown.
The cubic unit cell of CFO is drawn in blue. The patterns were acquired at an electron
energy of 165eV. The arrows in e) point to the spots which are analyzed using a
Lorentzian reconstruction.

Fig. 5.6 b) - f) show the Co,Fe;_,04 (0.6 < x < 1.4) LEED patterns. Samples with x > 1.4 could
not be analyzed because they were strongly charged, pointing to an increased insulating character
the higher the amount of Co in the cobalt ferrite films. All patterns show a (1 x 1) surface structure
(drawn in blue), suggesting a cubic surface unit cell. It is noticeable that the reciprocal unit cell length
of MgO is approximately twice the reciprocal unit cell length of cobalt ferrite. The reason for this is
the unit cell length in real space. It is 8.392 A for CoFe;0y4 [22] and thus about twice as large as the
unit cell length of MgO with 4.2117 A [13].

In addition, an increased background intensity with increasing Co content x is observable. However,
the stoichiometric cobalt ferrite sample with x = 1.0 (cf. Fig. 5.6 d)) seems to have a lower back-

ground intensity than the non-stoichiometric samples. The higher background intensity combined
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with a larger spot width suggests that with increasing Co content the crystalline surface becomes

more disordered and more defective [32].

This observation can be quantitatively confirmed with a LEED spot analysis. An intensity profile
along the spot cross-section is created for selected spots and subsequently the profile is reconstructed
using Lorentzians. The FWHM of the intensity profiles are evaluated, since the widths of the peaks
provide information about the ordering of the surface and scale with the defect density. Fig. 5.7 a)

shows an representative intensity profile of one LEED spot with Lorentzian reconstruction and linear

background.
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Figure 5.7: a) Intensity profile (blue) of a LEED spot cross-section and Lorentzian

reconstruction (black) with linear background (not shown in the figure). b) FWHM of

the intensity profiles of selected LEED spots as a function of the Co content x. The
FWHM is normalized to the first Brillouin zone.

In Fig. 5.7 b) it can be seen that the FWHM of all analyzed spots increases overall almost continuously
with increasing Co content x. However, it is striking that all spots show a sharp decrease in FWHM
at x = 1.0, manifesting as a dip in the FWHM curve for all spots. It might be suggested that the
crystalline surface of stoichiometric cobalt ferrite is better ordered and has fewer defects than the
non-stoichiometric samples. It is also evident that for strongly overstoichiometric samples (x > 1.0),
the FWHM of the spots increases dramatically to as high as 53%BZ, pointing to a more disordered

and defective surface.

5.3 XRR results

The film thicknesses of the Co,Fes_,O4 (0.6 < x < 1.8) samples are determined by XRR measure-
ments in 6 — 260 geometry. The 0-dependence of the intensity measurement was converted to a scat-
tering vector g-dependence using Eq. (2.39). Fig. 5.8 shows the measured data and the corresponding
fits.
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Figure 5.8: XRR measurement of all prepared Coy Fe3_,O4 (0.6 < x < 1.8) samples.
The intensity curve suggests a monolayer system. The reconstructed intensity curves
are shown in black.

The intensity as a function of the scattering vector g clearly shows oscillations, called Kiessig fringes,
which are caused by constructive and destructive interferences from smooth film and substrate in-
terfaces, as described in Sec. 2.5.3. All samples show a single periodicity, indicating a monolayer
system. Due to almost matching periods, it can be assumed that the film thicknesses are of the same

order of magnitude.

For the exact determination of the film thicknesses the measured intensity is analyzed with the soft-
ware iXRR [1]. This software reconstructs the intensity profile and accepts the complex refractive
index of film material and substrate material as fitting parameters, as well as the film thickness and
the surface roughness of film and substrate. The literature values of the complex refractive index of
MgO and stoichiometric cobalt ferrite [16] are set as the initial value for the approximation algorithm
and a deviation of 5% is allowed for the cobalt ferrite refractive index during the fitting procedure.
The film thickness as well as roughnesses were left completely variable.

The fitting algorithm therefore contains a large number of parameters, which has a negative effect on
reproducibility. The roughness parameter varied too much between different fit runs to be evaluated
in a meaningful way. Furthermore, it is not clear to what extent the stoichiometry of the cobalt ferrite
films influences the complex refractive index. However, the thicknesses were perfectly reproducible.
The film thicknesses of all samples are comparable with (19.5+2.4) nm.
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5.4 UV-Vis results

The optical properties of the Co,Fes_,O4 (0.6 < x < 1.5) samples are investigated using UV-Vis
spectroscopy and Tauc plots. The basis of this method is the measurement of the transmission 7 and
reflectance R of both the film-substrate system and the substrate alone. From the transmission and
reflectance data, the energy-dependent absorption coefficient &¢(hv) can be extracted. A Tauc plot
((ahv)"/" vs. hv) can subsequently be used to determine the direct (n = 1/2) and indirect (n = 2)
band gaps.

Fig. 5.9 a) shows exemplarily the transmission 7" of MgO(001) and Cog ¢Fe» 404/MgO(001). Note,
that the A-axis is in reverse. Up to a wavelength of 355 nm (2), the transmission of the MgO(001)
substrate is approximately constant with about 80%. After that, the transmission drops rapidly to
about 0%. The transmission of Cog¢Fe; 404/MgO(001) shows a slightly different behaviour. From
a wavelength of about 890 nm (1), the transmission decreases approximately linearly to about 30%.
After that, the transmission of Cog gFe; 404/MgO(001) also drops to about 0%.

Fig. 5.9 b) shows the reflectance R as a function of A. The reflectance of CoggFe;404/MgO(001)
and MgO(001) are increasing with decreasing wavelength. At wavelengths smaller than 800 nm
the reflectance of CoggFe)404/MgO(001) is greater than the reflectance of MgO. (3) points to a
measurement inaccuracy because the light source of the spectrometer changes at this wavelength. At
a wavelength of about 245 nm (4), a dip can be observed in the reflectance curve of MgO. However,
this dip is not observable for Cog gFe; 404/MgO(001).
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Figure 5.9: Transmission T and reflectance R as a function of wavelength A of the
MgO(001) substrate and the Cog ¢Fe>.404/MgO(001) system.

The absorption coefficient o can be calculated from 7' and R using Eq. (2.36). Fig. 5.10 shows a(hv)
of the MgO substrate as well as of a CoggFe; 404/MgO(001) sample. The absorption coefficient of
the MgO substrate is nearly constant up to an energy of about 3.5eV. At photon energies greater
than 3.5 eV, the coefficient increases precipitously. The reason for this sharp increase can only be
speculated, as the optical band gap for bulk MgO is typically around 7.8 eV [40]. It may originate

from color centers, crystal defects or other unspecified sub-band transitions.
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The absorption coefficient of the Cog ¢Fe; 404/MgO(001) sample shows a similar curve as the MgO
substrate. There is also a strong increase at about 3.5 eV, which can be attributed to the MgO. How-
ever, it is also clearly evident that the absorption coefficient increases from about 1.5 eV, which could
not be observed with the pure MgO sample. From this it can be deduced that this is related to the
cobalt ferrite film.

3
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|
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Figure 5.10: Comparison between the energy dependent absorption coefficient curves
of the MgO(001) substrate (Q,;) and the Cog gFer 404/MgO(001) system (04, ). Both
curve increase rapidly from an energy of about 3.5 eV. The absorption coefficient of
the Cog ¢Fes404/MgO(001) sample (red) additionally shows an increase starting at
about 1.5eV (see arrow).

5.4.1 Determination of direct and indirect band transitions

To determine the direct band gaps of the Co, Fes_,O4 (0.6 < x < 1.5) thin films, the squared product
of the absorption coefficient and the photon energy (ahv)? is plotted against the photon energy Av.
One exemplary Tauc plot of the x = 1.5 sample is shown in Fig. 5.11. The plot shows two regions
with different slopes (plotted in red and blue) which are found in all samples. It can be speculated
that the two different slopes indicate too two different optical transitions. Based on the red slope,
direct band gaps between (1.91 £0.03) eV and (1.95+0.03) eV can be determined by analyzing the
intersection of the linear fit with the zero line. This value is very consistent with the value of 1.95eV
documented for a CFO/SrTiO3 system [19]. The band gap increases slightly with increasing x (cf.
Fig. 5.12 a)), however, no clear trend can be identified. Based on the blue slope, direct band gaps
between (2.62+0.07) eV and (2.73 £0.07) eV are obtained. The band gap increases almost linearly
as x increases (cf. Fig. 5.12 b)). A similar value of 2.6eV was reported for a CFO/LaAlO3(001)
system [37].



5.4. UV-Vis results 47

6 »x10'°
Coy5Fe504
5F —— Linear fit MgO impact
~ —— Linear fit
= 4|
5
3}
>
L
o 2T
S
s 1r
0
_1 M 3 1 1 1 1
1 1.5 2 2.5 3 3.5 4

hv (eV)

Figure 5.11: Tauc plot ((a¢hv)? vs. hv) to determine the direct band gaps. Two
regions with linear slope are visible. The red region is linearly fitted from 2.2 eV to
2.7 eV and the blue region is fitted from 3.1 eV to 3.9 eV.
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Figure 5.12: Direct band gaps E¢ as a function of the Co content x determined via
the red a) and blue b) slope.

To determine the indirect band gap, (ahv)®? is plotted against hv. Fig. 5.13 shows an exemplary
Tauc plot (x = 0.6) which is linearly fitted from 1.6eV to 2.2eV. The indirect band gap is again
obtained from the intersection of the linear fit with the zero line. The Tauc plot shows two (or even
three) distinct slopes, resulting in a characteristic S-shape which was present in all prepared samples.

This observation typically arises from a phonon involvement in the optical transition [19].

As shown in Fig. 5.14, the indirect band gap Es decreases with increasing x. The sample with the
lowest Co content (x = 0.6) has a band gap of (1.53 +£0.03) eV, which then decreases approximately
linearly with increasing x. The stoichiometric CFO sample (x = 1.0) can be characterized with an
indirect band gap of (1.45+0.03)eV. A similar value is documented by Himcinschi et al. [19]
who reported an indirect band gap of (1.42 +0.03) eV for stoichiometric cobalt ferrite on Nb-doped

SrTiO3, which is in excellent agreement with E; obtained for stoichiometric cobalt ferrite.
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Figure 5.13: Tauc plot ((a¢hv)® vs. hv) to determine the first indirect band gap. The
data is fitted from 1.6eV up to 2.2eV.
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Figure 5.14: First indirect band gaps of Co,Fe;_,O4 as a function of the Co content
X.

Many studies show that the optical band gaps of ferrites depend on several parameters. It has been
reported that the band gap is strongly temperature dependent due to spin charge coupling effects [35].
In addition, studies show that a decrease in the cobalt ferrite film thickness results in an increase in
the optical band gap. This is explained by quantum size effects and misfit dislocations [37]. Since
the temperature was kept constant during the measurement and the thickness of the individual cobalt

ferrite samples does not vary much, these factors are probably negligible.

The optical band gap of ferrites is due to d — d transitions [60]. The cations are in a crystal lattice
and the surrounding crystal field caused by the surrounding oxygen ligands splits the d level into an
e, and a 1y, level. The energy difference between e, and 1, is different for octahedral and tetrahedral
coordinated cations and therefore it can be deduced that the cation distribution among the A and B
sites has a strong influence on the optical band gaps. For instance, Sharma et al. have shown that the
direct optical band gap of cobalt ferrite is strongly dependent on the Co®* distribution between the
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octahedral and tetrahedral sites [45].

It has been mentioned that in Co-rich (x > 1) cobalt ferrite films additional crystalline rock salt phases
(Coy-,Fe,0O) are formed [31]. This phase has a different crystalline structure and therefore a different

electronic structure. Thus, this most likely has a strong influence on the change of the band gap.

To investigate the cause of the change in the band gap more precisely, further experiments are nec-
essary. For example, structural analysis by diffraction methods, Raman spectroscopy or Méssbauer
spectroscopy as well as XMCD measurements could be used to analyze the cation distribution in
detail.

5.5 Temperature dependent sheet resistivity

Using the van der Pauw method, the sheet resistivities of the Co,Fes_,04 (0.6 < x < 1.1) films are
measured as a function of temperature, ranging between 100 and 278 K. Samples with x > 1.1 could
not be measured because the resistivities were to high for the given setup, which is reconcilable with
the assumed increasing insulating character for these films based on the prior LEED results (cf. Sec.

5.2). Fig. 5.15 shows the variation of resistivity p as a function of temperature 7.
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Figure 5.15: Temperature dependence of the electrical resistivity for the Co, Fe;_,O4
(0.6 <x < 1.1) thin films. Samples with x > 1.1 could not be measured because the
resistivities are to high for the given setup. Note the logarithmic scale for p. The inset
shows the resistivity p as a function of the Co content x at a temperature of 255 K.

All samples show, as expected from cobalt ferrite [20], a semiconducting behaviour, since the resis-
tivity increases exponentially with decreasing temperature. Additionally, the resistivity also increases
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with increasing Co content x. The inset shows the resistivity as a function x at a temperature of 255 K.

p increases exponentially as x increases.

The conduction in ferrites is mainly attributed to electron hopping from Fe** to Fe?* at octahedral

B-sites [51]. The amount of such ion pairs depends strongly on the stoichiometry x. In this work it is

found that the resistivity increases exponentially as the stoichiometry increases. When the Co content

is increased, the Fe content of the film decreases at the same time, as it can be assumed that with

increasing x, Co cations are substituted for Fe cations. This decreases the number of Fe** and Fe?*

pairs between which hopping is possible and as a result, the resistivity increases.

However, Co** to Co®* charge carrier hopping in cobalt ferrite also contributes to the transport prop-

erties [15]. With increasing Co content, Co>* to Co?* hopping should in principle increase. Still, the

resistivity increases strongly with increasing x. This leads to the assumption, that hopping between

Co cations is much more unlikely than hopping between Fe cations.
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Figure 5.16: Temperature dependence of the electrical resistivity shown in an Arrhe-
nius plot (logp vs. 1/T) for Co,Fes_xOy4 (0.6 < x < 1.1) thin films. The inset shows
the dependence of the activation energies resulting from DC resistivity measurements
on the Co content x. Red and blue are fits for the high temperature region and the low
temperature region, respectively, for the films exhibiting more than one slope.

In the following, the conduction mechanism of the system will be investigated in more detail. First,

the temperature dependent resistivity will be analyzed in a simple Arrhenius plot (cf. Fig. 5.16),

meaning that the parameter f3 in

- E

5.2)
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(cf. Sec. 2.4) will be equal to 1 (NNH or band conduction). It is evident that the x = 0.6 and x = 1.1
samples can be fitted very well using a single straight line over the full temperature range. However,
the x = 0.9 and x = 1.0 samples show a more complex behaviour. Here the data can only be fitted
decently if two different slopes are assumed in a high temperature range and also in a low temperature
range. However, different regions with a slope changing have been noticed in conductivity studies for
many ferrites [7, 26]. The reason for the kink in the p vs. 1/T plot is not clear. Possible explanations
are a change in the conduction mechanism (cf. Sec. 2.4) or a change in the ions involved in the
hopping process. Some authors try to explain the kink with the Curie temperature, but this can be
excluded in this work, because the Curie temperature for bulk cobalt ferrite is 793 K [55] and the kink
is found at a temperature of about 190 K.

From the slopes of the linear regressions, the thermal activation energies E, could be determined.
The inset in Fig. 5.16 shows the activation energies as a function of the temperature. The activation
energies increase constantly with increasing Co content x for both regions. The x = 0.6 sample has
the lowest activation energy with an energy of 67 meV. In contrast, the sample with x = 1.1, which
is the sample with the highest Co content that could still be measured, has an activation energy of
123 meV. These values are comparable to the results of similar studies [3, 46]. The thermal activation
energy of nickel ferrite NiFe,O4 was determined to be 190 meV [3], which is in the same order of
magnitude. Furthermore, it has been shown that cobalt ferrite nano powders have an activation energy
of 172 meV [46].

It is noticeable that the thermal activation energies are considerably lower than the optical band gaps
determined in Sec. 5.4. A similar result was observed by Bougiatioti et al. who determined the band
gaps and thermal activation energies of nickel ferrite films using similar methods [3]. The optical
band gap is in the range of a few eV, indicating that this is the energy required to excite an electron
from the valence band to the conduction band. The thermal activation energy, on the other hand,
is much lower in the range of meV. This energy reflects the energy required to excite an electron
from the impurity band into the conduction band or to move an electron from one localized site to an

adjacent localized site [3].

5.5.1 Hopping mechanisms

In the following, the hopping mechanisms of the samples will be analyzed in more detail. Basis of
the in-depth analysis is Eq. (2.27). In this equation, the 8 parameter characterizes the type of the
dominant hopping mechanism. For = 1, band conduction or nearest-neighbor hopping (NNH) is
the dominant conduction mechanism. For f = 0.25 or § = 0.5 the dominating hopping mechanism
is Mott-VRH or ES-VRH, respectively (cf. Sec. 2.4).

To determine which hopping mechanism is dominant logp vs. TP is plotted. The exponent f is
varied from 0.1 to at most 2.7 and the data for each f3 is fitted by a linear function. The sum of
squared estimate of errors (SSE) is a value which characterizes the goodness of the linear fit and it
is subsequently plotted as a function of . Figure 5.17 shows the B dependence of the SSE for all

investigated samples.
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Samples x = 0.6 and x = 1.0 are analyzed in a 3 interval of 0.1 to 1.6. However, exponents larger
than 1.0 have no physical meaning, but are only used to determine the SSE minimum using a parabola
fit. The SSE decreases with increasing exponent 3. Both samples show a clear minimum close to
B = 1.0. The data is fitted using a parabola to estimate the minimum of the corresponding data. For
x = 0.6 and x = 1.0 a minimum of 0.89 and 0.85 could be calculated. These values are close to 1.0
indicating the existence of band conduction or NNH to be the prevailing hopping mechanism. Still,

there might be other conduction mechanisms involved, hence the deviation from 1.0.

z=0.6 z=0.9

SSE (a. u.)
SSE (a. u.)

15 2 0 0.2 0.4 0.6 0.8 1

0 0.5 1
g g
z=1.0 rz=1.1
5 5
& &
5 &5
2 0.85 2 1.46
t !
0 0.5 1 15 0 1 2 3
& &

Figure 5.17: Sum of squared estimate of errors (SSE) plotted against the exponent 3
from Eq. (2.27) and fitted with parabolas to determine the minimum.

The SSE of sample x = 1.1 also shows a parabolic behaviour with varying . The minimum is 1.46.
However, B values greater than 1 do not have any physical significance. Therefore, it is not possible
for sample x = 1.1 to see a tendency towards a specific hopping mechanism. The 8 dependence of the
SSE of the x = 0.9 sample also shows a parabolic curve. The minimum is estimated to be at § = 0.34
and thus deviated significantly from the other samples. It is possible that the conduction mechanism
is Mott-VHR or even ES-VHR. However, the calculated minimum does not show a clear tendency. It
could also be possible that the value of 8 = 0.34 points to Mott-VRH for 2D sample (cf. Eq. (2.29)).
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6. Properties of Co-rich cobalt ferrite ultrathin films de-

pending on the O, reactive atmosphere during RMBE

In the second part of this thesis, three superstoichiometric cobalt ferrite ultrathin films are grown on
MgO(001). By varying the O, reactive atmosphere during RMBE, the O content 0 in the cobalt ferrite
films is varied. Samples A, B and C are fabricated at pressures of 1.0 x 107 mbar, 5.0 x 10~® mbar
and 1.0 x 107% mbar, respectively. Electronic, optical and transport properties of the fabricated films

are investigated as a function of pressure.

6.1 XPS results

Sample C: p (Og) = 1.0 x 1075 mbar
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Figure 6.1: Exemplary analysis of a Fe 3p, Co 3p and O 2s XP spectrum. A Shirley
background was assumed. The main 3p peaks were fitted with a single Pseudo-Voigt
function, since the doublet structure of the peaks due to spin-orbit coupling cannot be
resolved. In addition, one satellite was assumed for each main peak. Since a non-
monochromatic X-ray source was used, the impact of higher excitations (Ky3 and
Kq4) have been taken into account for the Fe 3p and Co 3p main peaks. The K3
peaks for the Co 3p and Fe 3p satellites have also been taken into account, however,
to increase the plots clarity they were not included in the plot.

The Co content x relative to the Fe content of the fabricated cobalt ferrite films is determined from
the Fe 3p and Co 3p XP peak intensities. For the determination of x, the overall 3p spectrum has to
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be decomposed into its individual components, as already described in Sec. 5.1.1. The modeling of
the peaks is again guided by the results of Mclntyre et al. [27] and Kim et al. [21]. Fig. 6.1 shows
the modeling of the Co 3p and Fe 3p XP peaks for sample C, prepared at an oxygen atmosphere of
1.0 x 1076 mbar. Additionally, the O 2s XP peak is included in the spectrum and approximated using
a single Pseudo-Voigt function. The Co content x is determined on the basis of the intensity ratio

3p ; <3p
ICo/ c;Co

~ 3p, 3p , 130, 3p’
ICO/GCO +IF€:/GFe

(6.1)

YCo

analogously to Sec. 5.1.1. As expected, all prepared cobalt ferrite ultrathin films are superstoichi-
metric with a Co content of x = (1.3 £0.2). Consequently, the chemical formula of the samples is

Coj3Fe; 705, where 8 denotes the O content.

Fig. 6.2 a) shows the Fe 3p, Co 3p and O 2s spectra of all prepared cobalt ferrite films. Refer-
ence spectra of CoO and Fe, O3 films are included for comparison. All spectra have been calibrated

according to the C 1s core-level at 285 eV binding energy.
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Figure 6.2: Fe 3p, Co 3p and O 2s core-level XP spectra of cobalt ferrite films pre-
pared via RMBE at different oxygen partial pressures. Reference spectra of common
oxides are shown in black.

The binding energies of the Co 3p and Fe 3p XP peaks are (60.5+0.2)eV and (56.0+£0.2)eV,
respectively, and thus agree with the values determined in Sec. 5.1.1. The spectra show no significant
change depending on the oxygen pressure. The O 2s XP signal is localized at a binding energy
of (22.0+0.2)eV and the peak intensity does not increase significantly with varying reactive O,

atmosphere. In order to exactly determine the O content § relative to the Fe and Co content, the
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intensity ratio
25 / 525
I5/05

0= ) (62)
13/08 +12 /62 + 1P /ol

is considered. Y increases with increasing oxygen pressure (cf. Fig. 6.2 b)). Yo is about 0.58 for
Sample C. This value increases with increasing O, pressure to as much as 0.61 for Sample A. From
Yo, O can be determined. For samples A, B and C, values of 4.3, 4.2 and 4.1 are obtained. The
uncertainty in § is estimated to be 0.2. As expected, the O content & of the cobalt ferrite ultrathin

films increases with increasing O, pressure.

Fig. 6.3 shows the Fe 2p and Co 2p XP spectra of all prepared cobalt ferrite films. Reference spectra
of the most common related oxides are shown in black. All spectra have been calibrated according to

the C 1s core-level at 285 eV binding energy.
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Figure 6.3: Fe 2p and Co 2p core-level XP spectra of cobalt ferrite films prepared via
RMBE at different oxygen partial pressures. Reference spectra of common oxides are
shown in black. The dashed lines indicate the respective main peaks 2p 3/2 and 2p
1/2.

The binding energies of the Fe 2p3/, and Fe 2p; /, peaks are (710.6+0.2) eV and (724.2+0.2) eV,
respectively. In addition, a charge-transfer satellites are located at (718.4+0.4) eV can be observed.
Another charge-transfer satellite should be localized at the high binding energy side of the Fe 2p 1/2
peak which, however, is overlapped with the Auger O KLL line. The shape of the spectra and the peak
positions are characteristic for trivalent iron, which is expected for cobalt ferrite [39]. A significant
change in the peak positions or in the shape of the spectra with increasing oxygen pressure is not

observed and also not expected due to the same Fe content in the films.

The Co 2p spectra also show the characteristic shape for cobalt ferrite with predominant Co?* cations.
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The Co 2p3/, und Co 2p;/, main peaks are located at binding energies of (780.040.2)eV and
(795.6 £0.2) eV, respectively. The associated shake-up satellites are located at (786.5 £0.2) eV
and (802.4 4+0.2) eV. No significant change in the spectra can be observed with increasing oxygen

pressure since the Co content in the films is unchanged.
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Figure 6.4: Valence band XP spectra of the cobalt ferrite films prepared via RMBE

at different oxygen partial pressures. Reference spectra of CoO and Fe3zO4 are shown
in black.

Fig. 6.4 shows the XP valence band (VB) spectrum of samples A, B and C and the VB spectra of
a CoO and Fe;0,4 sample as reference. All spectra have been calibrated according the the C 1s core
level at 285 eV.

Feature (1), positioned at a binding energy of about (0.4 +0.1) eV, is only observed in the Fe304
spectrum. It is suggested that this peak is linked to the existence of Fe?* cations at octahedral B-
sites [33]. From Sec. 5.1.4 it is known that feature (1) is only seen for cobalt ferrite samples with
x < 1. Samples A, B and C do not show feature (1) as they are superstoichiometric. Furthermore,
feature (2) and (3) are clearly visible. According to Chuang [5] and Kim [21], these features are due to
3d electrons emitted from divalent Co. Since the stoichiometry of the samples is constant, the amount
of divalent Co is the same in all samples and therefore the size of feature (2) and (3) does not change
significantly. Furthermore, feature (4), which is due to a shake-up process (O 2p — Co 3d) [21], is
observed. This peak is barely variable with varying pressure. The valence band is superimposed by a
broad O 2p XP peak ranging from 2 eV to about 8 eV [33]. However, no significant change in the VB
can be observed as the O content increases. One possible reason could be that the photoionization
cross section o of O is very small compared to the cross section of Co and Fe. Hence, the O 2p

intensity is very small compared to the dominant Fe 3d and Co 3d XP intensity.
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6.2 LEED results

Fig. 6.5 shows the LEED patterns acquired at an electron energy of 200 eV for the cobalt ferrite ultra-
thin films prepared at varying O, reactive atmospheres. All patterns show a (1 x 1) surface structure
(blue), which arises from the cubic spinel structure of cobalt ferrite. The underlying cubic surface
structure is shown in red for comparison. It is apparent that the background intensity decreases with
increasing oxygen pressure and it also appears that the LEED spots become more contrasting with
increasing oxygen pressure. Both observations indicate that the crystalline surface becomes better
ordered and less defective with increasing oxygen pressure. This finding is quantified by analyzing
the FWHM of a chosen LEED spot as a function of oxygen partial pressure. The FWHM of the in-
vestigated (22) spot decreases with increasing pressure (cf. Fig. 6.6), which confirms quantitatively

that the ordering of the surface structure improves as the oxygen pressure increases.
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Figure 6.5: LEED patterns of CFO/MgO(001) samples prepared at varying diluted
oxygen atmospheres during RMBE. The cubic unit cell of CFO is shown in blue and
the unit cell of MgO is, for comparison, shown in red.
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Figure 6.6: FWHM of the intensity profile of the (22) spot as a function of pressure
p during RMBE. The FWHM is normalized to the first Brillouin zone.
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6.3 XRR results

The film thicknesses are determined by XRR measurements in 8 — 26 geometry. Fig. 6.7 shows the
measured reflected intensity as a function of the scattering vector g. Kiessig fringes due to construc-
tive and destructive interference are clearly visible. The shapes of the XRR curves suggest that all
films are monolayer systems. The distances of adjacent local minima or maxima are nearly the same

for all samples, implying that all film thicknesses are in the same order of magnitude.

——o—d=23.0nm, p=1.0 x 107° mbar
——o—d=252nm, p="5.0 x 107 mbar
——e—d=25.4nm, p=1.0 x 10°% mbar
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Figure 6.7: XRR measurement of the cobalt ferrite samples prepared under varying
pressures (1 x 107> mbar, 5 x 10~% mbar, 1 x 10~® mbar). The intensity curve suggests
a monolayer system. The reconstructed intensity curves are shown in black.

It is noticeable that the fringes of sample A, which was prepared under the highest diluted oxygen
atmosphere of 1.0 x 107> mbar, are significantly more damped than the samples prepared at lower
pressures. This suggests a higher surface roughness and a higher surface disorder for sample A. This
result contradicts the results from the LEED spot analysis and reasons for the is unclear. For the exact
determination of the film thickness, the measured intensity is fitted using the iXRR software [1]. All
cobalt ferrite films have film thicknesses of (24.2 £1.2) nm

6.4 UV-Vis results

The direct and indirect band gaps of the cobalt ferrite samples prepared under varying diluted oxygen
atmospheres are determined using UV-Vis spectroscopy and Tauc plots. The exact approach is already
discussed in Sec. 2.5.2 and 5.4, therefore only the relevant results are presented here. However, it

should be mentioned that again only allowed transitions are evaluated.
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Figure 6.8: Direct band gaps of thin cobalt ferrite samples prepared under varying
diluted oxygen atmospheres. The Tauc plot (not included) reveal two linear regions,
hence, two possible direct band gaps.

Fig. 6.8 a) and b) show the direct band gap of all prepared cobalt ferrite thin films as a function
of the oxygen pressure p. The Tauc plots for the determination of the direct band gap again reveal
two linear regions, which is why both regions are approximated with a linear fit function. The first
determined direct band gap (Fig. 6.8 a)) ranges from (1.91+0.03) eV to (1.95+0.03) eV. It increases
continuously with increasing pressure. The second band gap (Fig. 6.8 b)) has a value of about (2.70+
0.05) eV and does not change significantly with varying pressure. The band gaps are comparable to
the values determined in Sec. 5.4.1.
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Figure 6.9: First indirect band gaps of Coj3Fe; 704 as a function of the oxygen
pressure during RMBE

The indirect band gap (cf. Fig. 6.9) for the cobalt ferrite thin film prepared at an oxygen pressure of
1.0 x 10~ mbar is (1.48+0.03) eV, which is consistent with the results from Sec. 5.4.1. However, the
indirect band gap decreases significantly as the pressure increases. At a pressure of 5.0 x 10~° mbar
the band gap is only (1.3740.03) eV and at an even higher pressure of 1.0 x 107> mbar the indirect
band gap drops to (1.36 £0.03) eV.
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6.5 Temperature dependent sheet resistivity

The sheet resistivities p as a function of temperature 7 of samples B and C are determined using the
van der Pauw method (cf. Fig. 6.10 a)). Sample A, the sample prepared under the highest oxygen
pressure of 1.0 x 107> mbar, could not be measured because the films’s resistivity is too high for the
given experimental setup. The sheet resistivities were measured from 304 K to 343 K. Compared to
the measurement from Sec. 5.5, the temperature interval was reduced because the resistivities of the
samples were too high for temperatures lower than 304 K and could not be measured with the given

setup.
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Figure 6.10: Temperature dependence of the electrical resistivity. In a) the resistivity
logp is plotted against the temperature 7 and in b) logp is plotted against 1/T to
determine the activation energy E4 in an Arrhenius plot.

As expected for cobalt ferrite, samples B and C show a semiconducting behaviour, since the sheet
resistivity decreases exponentially with increasing temperature. Furthermore, the resistivity increases
with increasing oxygen pressure p. A similar result has been reported for NiFe,O, thin films on
MgAl,O4 [3]. In Sec. 5.5 it was already mentioned that the conductivity in ferrites is mainly attributed
to electron hopping from Fe** to Fe>* [51]. It could be the case that due to a higher oxygen pressure
more iron is oxidized on the surface and these iron atoms are therefore no longer available for a

hopping process. This would lead to an increase in resistivity.

Using a simple Arrhenius plot (cf. Fig. 6.10 b) ), the thermal activation energy E4 of the charge
carriers can be determined. Plotting p vs. T~!, the activation energy can be determined by the slope
of a linear regression. The thermal activation energy for sample B is determined to be 180 meV and
for sample C the activation energy is 110 meV. These values are comparable to the values determined
in Sec. 5.5.
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7. Summary and outlook

The aim of this thesis is to investigate the electronic, optical and transport properties of ultrathin
cobalt ferrite films on MgO(001), depending on the amount of Co and the amount of O, in order to
enhance the performance of cobalt ferrite for thin applications as spin-filters. All samples studied
in this thesis are fabricated by RMBE. Soft-XPS is used to investigate the electronic structure and
to determine the surface stoichiometry. The structure and ordering of the surfaces are analyzed by
LEED. XRR is mainly used to measure the film thickness. Optical properties, in particular the direct
and indirect optical band gaps, are investigated by UV-Vis spectroscopy and Tauc plots. Electrical
transport properties such as resistivity are measured as a function of temperature using the van der

Pauw method.

Properties of ultra thin Co,Fe3;_, 04 films on MgO(001)

In the first part of this thesis, Co,Fes_,04 (0.6 < x < 1.8) films with a thickness of about 20 nm are
prepared using RMBE. The physical properties of the samples are studied as a function of x.

The stoichiometry is determined from the intensities of the Fe 3p and Co 3p XP peaks. The Fe XP
peaks (3p, 2p) shrink with increasing x and the Co peaks (3p, 2p) grow with increasing x due to the
varying amount of Co in the Co,Fes_,O4 thin films . Based on the Fe 2p and Co 2p spectra, it can
be concluded that the predominant oxidation state of Fe and Co is Fe** and Co®*, respectively. The
general shape of the spectra as well as the binding energies of the 3p and 2p peaks of Fe and Co,
respectively, do not change with varying Co content. All Co,Fe;_,04/MgO(001) films grow (001)-
orientated and exhibit a (1 x 1) surface structure. The crystalline quality of the surface decreases with
increasing Co content x. Using the Tauc method, two direct optical band gaps with an energy of about
1.9eV and 2.6 eV were determined. Both direct band gaps increase with increasing x. In contrast, an
indirect band gap of about 1.5eV is determined, which decreases almost linearly with increasing x.
The van der Pauw measurement reveals that all Co,Fe;_,O4 films show semiconducting behaviour.
The resistivity increases exponentially with decreasing temperature and also increases as x increases.
By analyzing the data in an Arrhenius plot, the thermal activation energies are determined. Here,
activation energies ranging 67 meV (x = 0.6) to 123 meV (x = 1.1) are obtained.



62 Chapter 7. Summary and outlook

Influence of oxygen partial pressure during RMBE on CFO properties

In the second part of this thesis, cobalt ferrite ultrathin films are grown on MgO(001) by RMBE,
varying the oxygen pressure during evaporation and thus, varying the O content in the films. Three
samples with a thickness of about 25 nm are prepared at pressures of 1.0 x 107> mbar, 5.0 x 10~° mbar
and 1.0 x 10~% mbar. Based on the LEED results, epitaxial and crystalline growth can be assumed.
All films grow (001)-orientated and show a (1 x 1) superstructure, as expected for cobalt ferrite. The
quality of the surface structure increases with increasing pressure. The Fe (2p, 3p), Co (2p, 3p) and
valence band XP spectra have no significant dependence on the oxygen amount. The shape and po-
sition of the Fe 2p and Co 2p main peaks are characteristic of cobalt ferrite as Fe is predominantly
in the trivalent oxidation state and Co is predominantly in the divalent oxidation state. Using the
Tauc method, two direct optical band gaps are determined. The first direct band gap of about 1.9eV
increases almost linearly with increasing O, pressure and the second direct band gap of about 2.7 eV
does not change significantly with varying pressure. The indirect band gap for the sample prepared
at 1.0 x 10~ mbar is about 1.48 eV, which decreases as the oxygen partial pressure increases. Con-
ductivity measurements reveal that all samples exhibit semiconducting behaviour. The resistivity
increases strongly with as the pressure is increased. By analyzing the data in an Arrhenius plot, the
thermal activation energies can be determined. Activation energies from 110 meV to 180 meV are

obtained.

Outlook

In this work, electronic, optical and transport properties of ultrathin cobalt ferrite films on MgO(001)
have been successfully investigated as a function of stoichiometry and oxygen content, respectively.
However, magnetic properties have not been investigated so far. A further study could answer the
question to what extent the Co content or the O content in ultrathin cobalt ferrite films influences the
magnetic properties such as the magnetization curve, coercivity or remanence. For this purpose, a
VSM (vibrating sample magnetometry) measurement or a SQUID (superconducting quantum inter-

ference device) measurement would be suitable.

In addition, some studies on cobalt ferrite show that the cation distribution between the octahedral
and tetrahedral sites have significant influence on the physical properties. For this reason, in order to
better interpret the results presented in this work, it is absolutely necessary to investigate the samples
structurally. For example, the distribution of the cations among A and B sites could be analyzed using

XMCD (X-ray magnetic circular dichroism) or Mossbauer spectroscopy.
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