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It is the investment in basic science
that we are making today that will
fuel the technological innovations of
tomorrow. [1]

1 Introduction

Nowadays, the permanently growing generation and amount of information force a continuous
development of more and more efficient storage and memory technologies. This trend becomes
particularly clear by comparing the price of about 200,000$ per gigabyte of hard drive storage
in 1982 and 0.06$ in 2012 [2]. Considering this rapid progress, the question arises how the
efficiency of electronic devices can be continuously increased, in line with price and size reduction
overcoming physical limits of the nanostructures needed. Here, the expanding area of spintronics
constituted substantial advances in data storage technologies in the last decades [3]. In contrast to
conventional electronics, where only the charge of the electrons is defining, spintronics also involves
the spin as an additional degree of freedom to perform logic operations or store information.

One of the most famous phenomenon and possibly the initial breakthrough of this research field
is the discovery of the giant magnetoresistance effect (GMR) by P. Griinberg and A. Fert in 1988
[4,5]. The GMR is based on spin-dependent transport leading to a highly sensitive dependence
of the electrical resistivity on the relative angle between the magnetizations of two ferromagnetic
films, which are separated by a non-magnetic conductive layer. Already in 1997, sensing elements
based on the GMR effect were introduced as readback heads in commercial computer hard-disk
drives allowing a reduction in size and a significant enhancement of the storage capacity.

Another spintronic effect is the so-called tunneling magnetoresistance (TMR), which was disco-
vered by M. Julliére in 1975 in Fe/GeO/Co trilayers at 4.2 K [6]. However, only the observation
of the TMR effect at room temperature by Miyazaki et al. [7] and Moodera et al. [8] in 1995
has entailed a great number of theoretical and experimental studies pioneering the development
of non-volatile magnetoresistive random-access memory (MRAM) devices [9,10]. TMR devices
exhibit basically a similar structure as GMR devices, namely, two ferromagnetic conductive layers
(electrodes) separated by a non-magnetic film (tunneling barrier) which, however, in this case
consists of an insulating material.

In this context, the scientific understanding of fundamental phenomena in the rising field of
spintronics has been the key to develop new functional materials. Here, magnetic oxides move into
the focus of current investigations due to a broad variety of magnetic and electronic properties.
Since the performance of spintronic devices based on TMR or GMR strongly depends on the
effective generation of highly spin-polarized electron currents, materials exhibiting a finite density
of states at the Fermi level for one spin direction and a gap for the other spin direction - so-called
half metals - are eminently suitable.

One of the most promising candidates for the usage as electrode material is the transition metal
oxide Fe3Oy4 due to its half-metallic character and a predicted 100% spin polarization at the
Fermi level [11]. Another approach is to use magnetic insulators as the tunnel barrier due to
the exchange splitting of the conduction band leading to an effective spin polarization of the
tunneling probability and making this material class highly suited for the application as spin
filter or spin valve. Here, the (inverse) spinel type oxide NiFeyOy4 is a representative material
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providing both ferrimagnetic and insulating properties (band gap ~1.5eV) combined with a
large exchange splitting of the conduction band (~0.7eV) [12,13].

Also, the combination of Fe3O4 as an electrode material and NiFeaO4 as a tunnel barrier (spin-
valve) is due to similar structural properties a promising strategy to achieve a fully epitaxial oxide
spin-filter magnetic tunnel junction with high TMR ratios. However, the complex crystalline
structure of (inverse) spinel type materials is highly sensitive to structural and chemical disorder
and defects, which can strongly affect the properties of the material. Further, the growth process
of iron oxides as well as ferrites is susceptible to deposition conditions which have to be optimized
for every growth method individually. Thus, an accurate control of the structural, electronic
and magnetic properties depending on the growth conditions and post-deposition treatments is
indispensable.

Most of the previous studies have focused on the preparation of thin magnetite or other ferrite
films on MgO(001) substrates due to the small lattice mismatch. However, epitaxial film growth
on MgO substrates is limited by Mg?* diffusion into the ferrite film for substrate temperatures
above 250°C [14]. Due to intermixing, the interface roughness and the density of antiphase
boundaries are significantly increased leading to a reduced performance in spintronic devices
[15,16]. One way to minimize or prevent Mg interdiffusion between substrate and film is the
insertion of an additional buffer layer, e.g., metallic iron or NiO [17,18]. Here, the usage of
NiO is of particular interest in order to control the relative magnetization alignment between
the two electrodes in magnetic tunnel junctions, since exchange bias is induced by an additional
antiferromagnetic layer [19,20]. Moreover, it has recently been shown that NiO can act as a spin-
current amplifier in spin Seebeck experiments, and can additionally be a spin-current generator
when a thermal gradient is applied [21-24], making NiO a key material for thermoelectric and spin
caloritronic devices. Another approach is to use a more stable substrate, such as Sr'TiO3(001) that
does not show any interdiffusion into thin ferrite films even for higher annealing temperatures [25].

Within this cumulative thesis, a comprehensive study of the initial growth process of pure FesO4
films and Fe3O4/NiO bilayers on Nb:SrTiO3(001) substrates including the thermal interdiffusion
behavior of these bilayers is presented. The sensitive interplay between magnetic, electronic and
structural properties of these materials has been investigated in detail.

First of all, the initial growth behavior of high-quality ultrathin magnetite films on SrTiO3(001)
deposited by reactive molecular beam epitaxy depending on the deposition temperature has
been studied. For this purpose, the growth process has been monitored in situ and during the
deposition by grazing incidence x-ray diffraction (GIXRD) technique. The results are published
in Applied Physics Letters 111, 041902 (2017) [26] and can be found in the reprinted version in
Chap. 5. As a second step, a comparative study of Fe3O4/NiO bilayers grown on both MgO(001)
and Nb:SrTiO3(001) substrates exploring morphological, structural and magnetic properties is
presented. These structures have been investigated by means of x-ray photoelectron spectroscopy
(XPS), low-energy electron diffraction (LEED), x-ray reflectivity (XRR) and diffraction (XRD),
as well as vibrating sample magnetometry (VSM). The corresponding results are published in
Materials 11, 1122 (2018) [27] and are reprinted in Chap. 6. Subsequently, thermal stability of
these bilayers and the thermally induced interdiffusion process have been studied successively
accompanied by a comprehensive characterization of the fundamental electronic, structural and
magnetic properties using similar techniques as before. Finally, an alternative pathway for the
preparation of ultrathin nickel ferrite films is provided. These results are published in Physical
Review B 94, 094423 (2016) [25] and reprinted in Chap. 7.
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2.1 Periodic structures - single crystals and thin films

An ideal crystal is defined as an infinite periodical repetition of identical structural elements in
all spatial directions. Particularly, it is composed of a three dimensional lattice and a reiterated
unit, also known as atomic basis, repeated at each lattice point (see Fig. 2.1). The (smallest)
periodically repeated spatial configuration which completely defines the symmetry of the crystal
lattice is called (primitive) unit cell. Note, there are several possibilities to choose the size and
shape of the unit cell since only the translation symmetry has to be considered. The atomic basis
ranges from simple assemblies of one or two atoms, such as for an Ag single crystal or for a NaCl
structure, respectively, up to complicated arrangements of several atoms in Fe3O4 or some 10,000
atoms in protein crystals.

Fig. 2.1: Example of a two dimen-
sional crystal with the unit cell (green)
spanned by the vectors @ and b as
well as an atomic basis consisting of
five atoms (filled red and blue circles).
The red circles denote the origin of
the unit cell and define the periodic-
ity of the crystal lattice. The position
Tatom Of each atom within the crystal
is given by the vectorial superposition
of the lattice point position 7, and the
atom position within the unit cell r;.
Adapted from Ref. [28].

The whole crystal structure can be assembled by the repetitive translation of the unit cell along
its principal axes. All possible lattice points of a three dimensional crystal are given by the lattice
vector

rp=ma+nb+oc with m,noeZ (2.1)

where a, b and ¢ are the linear independent basis vectors. These vectors span the unit cell and
reflect the shape of the crystal lattice. Alternatively, the lattice unit cell can be described by
the absolute values of the lattice vectors, called lattice constants, and the angles «, 8, v between
them. However, for a complete description not only the lattice but also the positions of atoms
inside the unit cell (atomic basis) have to be considered. This can be done by an additional set
of vectors

ri=uja+v;b+w;c with 0 <wuj,vj,w; <1 (2.2)
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which are pointing from the origin of the unit cell to the position of atom j. Thus, the position
Tatom Of each atom in a crystal is obtained by

Tatom =T +Tp . (23)

This relation is schematically shown in Fig. 2.1 for a two dimensional crystal.

Classification of crystal lattices

In order to classify different crystal structures, a distinction is made based on the symmetry
properties of the lattices. Possible symmetry operations are translation, rotation, reflection and
inversion. Considering solely the symmetry of the point group (symmetries that keep at least
one point fixed) a categorization in seven different crystal systems can be made (see Fig. 2.2).
Namely, these are cubic, tetragonal, orthorhombic, hexagonal, trigonal, monoclinic and triclinic.

crystal system corresponding Bravais lattices
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Fig. 2.2: The 14 three-dimensional Bravais lattices, which can be categorized in seven crys-
tal systems. The letter P, B, F and C denotes primitive, body-centered, face-centered, base-
centered unit cells, respectively. The unit cell of the hexagonal lattice is primitive and com-
prises only the blue framed regular prism. The corresponding Bravais lattice included in the
trigonal crystal system is named rhombohedral. Adapted from Ref. [29].

Taking into account additional translational operations (e.g., screw rotation or glide reflection),
14 space groups can be defined, the so-called Bravais lattices (see Fig. 2.2). In addition to the
seven primitive unit cells also seven centered unit cells are included. All crystalline materials
(except quasicrystals) must, by definition, correspond to one of the Bravais lattices.
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Considering a basis of any possible symmetry, the 14 Bravais lattices can be subdivided into
230 possible space groups and the seven crystal systems can be classified into 32 crystal classes.
Note, in all cases the crystal translational periodicity should be valid, in addition. Therefore, e.g.,
five-fold symmetric lattices are not possible in regular crystals but can occur locally in so-called
quasicrystals [29].

Crystalographic planes and directions - Miller notation

In order to describe different planes within a crystal, the so-called Miller indices are used. A
certain crystallographic plane is determined by three integers h, k£ and [. These indices define a
plane that intercepts the crystallographic axes at the points a/h, b/k and ¢/l. In case one of the
indices is not an integer value, a triplet (hkl) with the smallest common multiple but the same
ratios as the reciprocal intersection values is chosen. Negative values are written with an upper
bar (e.g. 2 for —2) and if the plane does not intercept with a crystal axis the corresponding index
is zero. Further, the triplet (hkl) indicates not solely one certain plane but a whole set of all
parallel planes.

Directions within a crystal are denoted with square instead of round brackets [hkl]. For a cubic
lattice, the crystallographic direction [hkl] represents a vector which is normal to the (hkl) plane
with the same indices. Note, this relation is not in general valid for other crystal types. In Fig. 2.3,
some common crystallographic planes and corresponding directions are shown for a cubic lattice.

 J . ] .k

-
111]

- AN

]
(100) (111) (110)

Fig. 2.3: Examples of the Miller notation for planes and directions in a simple cubic system.
Crystallographic planes are denoted with round brackets and directions with square brackets.
Here, directions normal to the depicted planes are shown.

2.1.1 Epitaxial growth and structural disorder

The growth of a thin film on top of a single crystalline substrate is called epitaxial if the film has a
well-defined orientation with respect to the substrate crystal structure [30]. Both, thermodynamic
as well as kinetic processes influence and control the film growth. Generally, three different growth
modes are defined (see Fig. 2.4):

Layer-by-layer growth - Frank-van-der-Merve growth

The atoms are more strongly bound to the substrate surface then to each other. Consequently, a
complete layer is formed prior to the growth of a subsequent layer on top.

Island growth - Volmer-Weber growth

Adatom-adatom interactions are stronger than interactions of the adatom with the surface leading
to the formation of three dimensional islands directly on the surface.
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Layer-plus-island growth - Stranski-Krastanov growth

Initially an atomically flat film is formed on the substrate surface following the layer-by-layer
mode. After a critical layer thickness is reached, the nucleation and coalescence of islands takes
place.

(a) (b) (©) (d)
surface tensions Yy Frank-van-der-Merve Volmer-Weber Stranski-Krastanov
: ANRRRRV A RN A AR
’Y 3 AALNLLANRARARNA RN MY
AAANAAANANANRANAANNNANANANY

Fig. 2.4: (a) Illustration of the island wetting angle ¢ and the surface tensions 7. Three
different growth modes are defined: (b) layer-by-layer or Frank-van-der-Merve growth, (c)
3D-island or Volmer-Weber growth and (d) layer-plus-island or Stranski-Krastanov growth.

Within the thermodynamic approach, the growth basically depends on the interplay between
the surface and interface energies. These energies themselves are conditioned by the crystal
structures, chemical potentials and lattice misfit between the film and substrate. In Fig. 2.4(a)
the surface tensions of the substrate (vys), the film (yr) and substrate/film interface (yg,/r) are
illustrated. The force equilibrium can be written as

Vs =s/r +VF cos ¢ (2.4)

where ¢ is the island wetting angle (contact angle). In case of a closed layer, the wetting angle ¢
equals zero leading to the condition vs > vg/p + 7 for the layer-by-layer growth mode. Further,
the island growth can be described by the condition g < vg/p + 7. If the surface tension of the
film is increasing during growth of the first layers, the initial layer-by-layer growth converts into
subsequent island growth.

In practice, the deposition conditions are often far away from thermodynamic equilibrium. In this
case, kinetic controlled processes such as particle flux or diffusion at the surface, at step edges or
within the film crucially influence the growth mode. Especially, strong variations of the growth
modes can be observed depending on the deposition temperature.

2.1.2 Lattice mismatch and crystallographic defects

Generally, epitaxial growth can be divided in homoepitaxy and heteroepitaxy. In the former case,
the deposited single-crystal material is the same as the substrate material. In the latter case,
the deposited material and the substrate material are dissimilar, but still have a well-defined
crystallographic orientation with respect to each other. Usually, heteroepitaxy is accompanied by
a lattice mismatch between film and substrate and, thus, resulting strain effects and structural
defects. Here, the magnitude of the lattice mismatch strongly affects the growth, but also a wide
range of physical properties including defect states, band structure, magnetic anisotropy etc. The
lattice mismatch is defined as
_ap—as

f=——, (2.5)

as

where ay and ay are the relaxed lateral lattice constants of the epitaxial layer and substrate,
respectively.

Two basic mechanisms for compensation of the lattice mismatch are pseudomorphic growth and
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(a) pseudomorphic growth (b) misfit dislocation
A, film PR film
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Fig. 2.5: Schematic drawings of the different relaxation mechanisms (a) pseudomorphic
growth and (b) misfit dislocation. Here, a, and ay are the relaxed lattice parameters of
the substrate and film, respectively. The pseudomorphic layer adopts the in-plane lattice
constant of the substrate, which leads to a vertical distortion and a modified out-of-plane
lattice constant c.

formation of misfit dislocations (see Fig. 2.5). During the pseudomorphic growth the epitaxial
layer adopts the lateral lattice constants of the substrate. Consequently, the deposited film
exhibits an in-plane strain equal to the lattice mismatch. In order to minimize the energy, the
out-of-plane lattice parameter is compressively or tensilely distorted in relation to the mismatch of
the system. Based on elastic theory for continuum, the vertical lattice constant ¢ for homogeneous
tetragonally distorted films is related to the lateral lattice constant a via [23]

Ac 2w A
2o 2 o (2.6)

c v—1 a

Here, v is the Poisson ratio and Aa, Ac are the differences between the fully relaxed and strained
lattice constants of the layer material.

With increasing film thickness, the strain energy stored in the pseudomorphic layer also increases.
Hence, at a certain layer thickness it is energetically favorable to reduce the mismatch strain by
formation of misfit dislocations [see Fig. 2.5(b)]. Following the model of Matthews and Blakeslee
[31], the critical thickness d., at which the generation of dislocations will begin, is given by the
formula

de (1 — v cos? a) (ln (d—c) + 1)
b 2w f(1+v) cosb)\) ’ (2.7)

Here, b is the magnitude of the Burgers vector, f is the lattice mismatch, v is the Poisson ratio, a is
the angle between the Burgers vector and the dislocation line (o = 90° for edge dislocations), and
A is the angle between the slip direction and that direction in the film plane which is perpendicular
to the line of intersection of the slip plane and the interface (A = 45° for a rock salt structure).

Generally, the residual strain is a function of the initial mismatch and the layer thickness, which
can be calculated based on the thermodynamic model assuming thermal equilibrium during
growth. However, in some cases, kinetic barriers can prevent the lattice to relax completely.
These are associated with the generation and movement of dislocations and depend strongly on
the growth conditions and thermal post-deposition treatment. Note, even if the grown layer is
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nearly fully relaxed at elevated deposition temperature, a lattice strain may still be induced by
different thermal expansion coefficients of layer and substrate, when cooling down to room tem-
perature.

Crystallographic defects

Apart from strain relaxation, several additional crystallographic defects can occur during growth
of thin films or bulk crystals. Regarding the dimensionality of structural defects, a coarse dis-
tinction can be made in point defects, line defects, planar defects and bulk defects.

Point defects are located only at or around a single lattice point, namely vacancy, substitutional,
interstitial or antisite defects. In case of line defects, entire rows of atoms in a crystal are dis-
located along a line. Typical examples are step or screw dislocations, however, mixed types of
dislocation are also common. Planar defects can be described as the interface between homo-
geneous crystalline regions including grain boundaries, antiphase boundaries or stacking faults.
Grain boundaries occur at the interface of single-crystalline regions with different crystallographic
orientations. In contrast, antiphase domains exhibit the same orientation but are shifted by a
fraction of a lattice translation against each other (cf. Sec. 3.6 for antiphase boundaries in mag-
netite). Changing the stacking order of a base-centered cubic structure from ABCABC... to
ACABCA... will lead to a hexagonal closed-packed structure in the ACA region. Such two-
dimensional structural defects characterized by disordering of crystallographic planes are named
stacking faults.

Other types of structural defects are the so-called bulk defects and chemical disorder. Exem-
plarily, these include pores, cracks, inclusions and clusters of impurities. Furthermore, regions or
interfaces with deviations from the ideal stoichiometry or intermixed areas at the substrate-film
interface can occur.

The density of structural and chemical defects is strongly influenced by the growth conditions,
e.g., substrate temperature, deposition rate and method, subsequent annealing processes, as well
as the cool-down rate, to name but a few.

2.2 Magnetic properties and magnetic anisotropies of thin films

The dependence of magnetic properties on the spatial direction is called magnetic anisotropy.
There are several types of magnetic anisotropies, which affect the magnetization behavior and,
thus, the shape of the magnetization curves of magnetic materials. The contributions can be
intrinsic arising from crystal symmetry via the spin-orbit interaction or due to the shape of the
sample via the dipole-dipole interaction or induced, e.g., by preparation conditions. The impact
of the combined magnetic anisotropy contributions on the orientation of the magnetization can
be described by the Stoner-Wohlfarth model [32]. This model is based on the assumption of a
coherent magnetization rotation towards the direction of an external magnetic field requiring a
monodomain state and constant magnitude of the magnetization vector. Thus, according to the
Stoner-Wohlfarth model, the magnetization M is aligned in the direction of a local minimum of
the energy density E, which is defined as

E=-H M+) E; . (2.8)
i
Here, —H - M is the Zeeman energy and FE; are the individual anisotropy contributions.

Consequently, for isotropic media the energy density is determined solely by the Zeeman term. In
this case, the minimum of ' and, thus, the magnetization M is always aligned along the external
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magnetic field H. However, various anisotropy contributions can influence the energy landscape
leading to a direction of M different from H. In this context, an energy landscape may be formed
with energetically favored directions (magnetic easy directions) and energetically disadvantageous
directions (magnetic hard directions). In Fig. 2.6, typical magnetization curves are presented with
external magnetic field aligned along a magnetic easy and magnetic hard axis. A clear hysteretic
behavior of the magnetization reversal process is visible showing different magnetic behavior for
increasing and decreasing external magnetic field. Significant parameters such as the saturation
magnetization Mg, the magnetic remanence Mp and the coercive field Ho are marked in the
exemplary magnetization curves for magnetic easy and hard directions. The magnetic easy axis

(a) ¢ ;
M, e
N :MR
= easy axis !
= 1 1
.8 i
= H)|
N e R Rt R TP
5] b
= i
an + i
s i
E :
M,
T T T (I) . T - T T .
external magnetic field H external magnetic field H

Fig. 2.6: Typical magnetization curve for (a) magnetic easy and (b) magnetic hard axis. Both
curves show hysteretic behavior. The significant parameters, i.e, saturation magnetization Mg,
magnetic remanence Mg and coercive field Ho are marked.

[Fig. 2.6(a)] is characterized by a large coercive field and large magnetic remanence leading to a
square-like magnetization curve. Here, Mrp ~ Mg. For a magnetic hard axis [Fig. 2.6(b)], the
coercive field and the magnetic remanence are smaller than for the magnetic easy axis resulting in
a rounded shape of the magnetization curve. Note, the magnetic remanence differs significantly
from the saturation magnetization. The latter is commonly equal for all directions.

2.2.1 Shape anisotropy

Commonly, it is easier to magnetize a nonspherical specimen along its spatially more extended
direction than along its spatially shorter direction. For example, an iron bar will favor a magne-
tization along its largest expansion and thin films will exhibit a preferred in-plane magnetization.
This phenomenon is known as shape anisotropy and can be explained by the concept of the
demagnetization field Hps.

In a magnetized body the magnetic poles create a magnetic field H inside the body, which
acts in the opposite direction with respect to the magnetization M and, therefore, partially
demagnetize the sample. Outside the magnetized body this magnetic field is called stray field
Hg and is antiparallel to Hpx. The magnitude of Hpn depends on the shape of the magnetized
body and on the alignment of the magnetization (see Fig. 2.7).

Further, the demagnetizing field is directly proportional to the magnetization and can be written
as

Hy=-NM |, (2.9)
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T

Fig. 2.7: Two identical bodies are magnetized
along different spatial directions in an external
magnetic field H. Magnetic dipoles with poles N
and S at the surface are induced leading to a mag-
netic field Hy inside the body, which is oriented
antiparallel to the magnetization M. The so-
called demagnetization field Hpn always occurs
if the magnetization has a component normal to
the surface. Thus, Hxn has its minimum value if
the largest expansion of the magnetized body is
parallel to H.
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with N as the demagnetization tensor, which is defined by the shape of the sample. Then the
contribution to the energy density E [Eq. (2.8)] is

1 1 o
EN:_MO/ Hy . MdV — Ho/(N.M)-MdV . (2.10)
2 v 2 |4

The contribution Ep is called magnetostatic self-energy or shape anisotropy energy. This is the
energy one has to overcome to rotate the magnetization from a preferred to a disadvantageous
direction.

For a spherical body the isotropic demagnetization factor N = 1/3 leads to Ex = 0 due to a
completely uniform magnetization behavior (for details, see Ref. [33]). In the case of a thin film,
N = 1 for the magnetization aligned normal to the surface and N = 0 for the magnetization
parallel to the film surface. Therefore, the shape anisotropy for a thin film can be expressed
using the saturation magnetization Mg and the angle 6, between M and the normal of the film
surface by

ELm 0 M2 cos? 6, . 2.11
N Ho Mg

DO | =

Thus, the shape anisotropy energy E]{,ilm is minimized for #; = 90° leading to preferred in-plane
alignment of the magnetization in thin films. Consequently, if the magnetization is completely
directed in-plane during the reversal process there will be no contribution of the shape anisotropy
to the energy density E [Eq. (2.8)].

Note, these considerations are only valid for monodomain samples. In case of a multidomain
state, each domain generates its own demagnetizing field and is affected by the stray fields of
neighboring domains.

2.2.2 Magnetocrystalline anisotropy

The magnetocrystalline anisotropy originates mainly from the spin-orbit interaction influenced
by the coupling between the crystal lattice and the orbital alignment. When the direction of
the electron spin is reoriented by an applied magnetic field, the orbital momentum also tends
to be reoriented due to the spin-orbit coupling. However, the orientations of the orbitals are
strongly fixed to the crystal lattice. Thus, the energy required to rotate a spin system off the
magnetic easy direction is mainly the energy, which is needed to overcome the spin-orbit coupling.
Consequently, the magnetocrystalline anisotropy has the same symmetry as the crystal structure.

10



2.2 Magnetic properties and magnetic anisotropies of thin films

The anisotropy energy can be expressed as a series expansion of the direction cosines a1, as,
a3 of the saturation magnetization relative to the crystal axes [34]. Considering the symmetry
properties of the crystal lattice, the energy FE.,;, for a cubic structure, such as Fe3Oy4, can be
written as

Eop = K1 (0303 + a3ai 4+ a2a?) + Ky (a2a3al) + ... . (2.12)
Here, K7 and K5 are the anisotropy constants, which in general are material- and temperature-
dependent.

Usually, contributions containing higher powers are not needed for description of the cubic mag-
netocrystalline anisotropy. Moreover, in some cases the anisotropy constant Ks is so small, that
the second term in Eq. (2.12) can be neglected. Then the directions of the magnetic easy or hard
axes depend only on the sign of K. For the case K; > 0, the magnetic easy axes are aligned
along the z-, y- and z-direction ((100)-directions) and the magnetic hard axes are directed along
the space diagonals ((111)-directions). For K7 < 0 it is exactly the contrary.

2.2.3 Interface anisotropy

The interface anisotropy is caused by the changed spin-orbit interaction at the interface due to
the symmetry break. For ultrathin films, the interface anisotropy can be stronger than the shape
anisotropy leading to a preferred out-of-plane alignment of the magnetization. However, for all
films in this thesis, the shape anisotropy is the dominating contribution leading to a favored
in-plane alignment of the magnetization.

The combination of interface anisotropy K and volume contribution K% can be phenomeno-
logically described as an effective magnetic anisotropy K¢/ which is given by [35]

2 .
Keff — Kvol 7Kmt , 2.13
‘= (2.13)
with D as the film thickness. The factor 2 arises form the two interfaces of a thin layer. The
volume anisotropy Kv° can consist of contributions from shape anisotropy, magnetocrystalline
anisotropy and magnetoelastic energy etc. Note, this description is based on the simplifying
assumption that K% and K™ are thickness independent.

2.2.4 Induced magnetic anisotropy contributions

There are several ways to induce a (uniaxial) magnetic anisotropy, e.g., by adjusting the growth
parameters or by a subsequent treatment of the film etc. A commonly used procedure is to apply
an external magnetic field either during growth or during subsequent annealing and cool-down
of the sample [36,37]. The latter is usually known as magnetic annealing. In metal alloys, for
example, this creates a magnetic easy axis parallel to the applied magnetic field. Another way to
induce uniaxial magnetic anisotropy in ferromagnetic materials is to apply uniaxial stress. In thin
films, this can be done by choosing a substrate material with corresponding structural parameters
or by applying tensile, compressive or bending strain. Additionally, the use of vicinal surfaces or
oblique deposition techniques can lead to a growth-induced magnetic anisotropy [38,39].

One further contribution to the magnetic anisotropy of a ferromagnetic material is the so-called
exchange bias or exchange anisotropy. While all induced magnetic anisotropies mentioned so
far are uniaxial, the exchange bias results in a unidirectional magnetic anisotropy. Its origin is

11



Chapter 2: Theoretical background

related to the magnetic coupling across the interface between a ferromagnetic and an antiferro-
magnetic layer, due to the exchange interaction. The uncompensated interfacial moments in the
antiferromagnet tend to pin the adjacent moments in the ferromagnet. This leads to a shift of
the hysteresis loop towards negative or positive magnetic field values.

2.2.5 Magnetic domains and domain walls

In order to minimize the free energy F [Eq. (2.8)], ferro(i)magnets tend to form domains separated
by domain walls. This is not considered within the Stoner-Wohlfarth model which is usually
restricted to describe monodomain states. However, the concepts of domain-wall pinning and
nucleation of reverse domains are crucial for the correct explanation of magnetic coercivity in
real materials.

Figure 2.8 illustrates the reduction of the spatial extent of the stray field Hg by domain formation
with antiparallel magnetization. In this way, the magnetostatic self-energy given in Eq. (2.10)
can be minimized. At the same time, the division into smaller and smaller domains increases the
exchange energy due to antiparallel alignment of spins adjacent to the domain wall. Here, the
exchange energy can be decreased if the rotation of the spins takes place gradually over several
atoms forming domain walls. The energy required for the formation of a domain wall is called
domain wall energy and is proportional to the area of the wall. Further, the spins within the
domain wall or the magnetization of the individual domains could point off the magnetic easy
direction leading to an increase of the energy that is given by the anisotropy contributions. Thus,
the competition between different energy contributions determines the size of the domains, which
are split by domain walls with nonzero width and a definite structure. Domain walls with out-
of-plane rotation of the magnetization are called Bloch walls, while walls with in-plane rotation
of the magnetization are the so-called Néel walls. A typical expansion of magnetic domains is
about 1078 m to 107°m and a domain wall thickness amounts to 10~ m [40].

Fig. 2.8: Domain for-
mation in a ferromagnetic
material and the respective
magnetic stray field Hg.
From (a) to (d): the mag-
netostatic energy decreases,
while the energy of the do-
main wall and anisotropy
energy increases. Adapted
from Ref. [29].

Applying an external magnetic field results in a motion of domain walls and, thus, in a modifica-
tion of the domain structure. By variation of the external magnetic field the domains can change
their size, disappear or be generated. Consequently, the magnetization process of a ferro(i)magnet
is mostly related to the change in the domain structure. This becomes visible in the hysteretic
behavior of the ferromagnetic magnetization curve presented in Fig. 2.9. Especially, the initial
magnetization process of a ferromagnet is mainly dominated by the motion of domain walls and
is partially irreversible (blue curve in Fig. 2.9).

Ideally, all magnetic moments are aligned parallel to the direction of a certain magnetic field
ending in a monodomain state and, thus, rotating coherently towards the applied magnetic field
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2.3 Vibrating sample magnetometry
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direction. However, this is only valid for an ideal material. In real material, the magnetiza-
tion process is strongly influenced by inhomogeneities such as structural defects, impurities or
vacancies, and surface asperities. These defects can act as pinning centers for domain walls or
nucleation centers for reverse domains. In the magnetization reversal process, the motion of do-
main walls takes only little energy, while the most critical step is the creation of a reverse domain.
In this context, surface asperities or sharp corners are often the source of nucleation centers due
to strong local demagnetizing fields occurring in vicinity of this defects. Once nucleated, the
reverse domain tends to expand under the action of a reversed magnetic field. The propagation
of domain walls itself can get pinned at defects, which act as a barrier or a trap. Strong pinning
arises when these defects exhibit a spatial dimension comparable to the domain wall width. Here,
the most effective pinning centers are planar defects, because they give rise to an energy change
of the whole wall at the same time. R. W. DeBlois and C. P. Bean can demonstrate that small
domains of reversed magnetization may always be present near imperfections, even if the material
is nominally saturated [41]. Consequently, the magnetic properties including the magnetization
reversal process are strongly influenced by inhomogeneities within the investigated material.

2.3 Vibrating sample magnetometry

Vibrating sample magnetometry (VSM) is an inductive measurement technique, which allows
to determine the magnetic behavior of magnetic materials in an external magnetic field with
high precision. The basic working principle rests upon Faraday’s law, according to which an
electromagnetic force is generated in a conductor by a time-varying magnetic flux. The induced
voltage U;pq(t) depends on the change in magnetic flux 6® and is given by

0P

U. () = —— 2.14
md( ) 5t ( )
In the measurement, a sample is magnetized by a uniform external magnetic field, which has no
effect on the induced voltage. Additionally, the sample is vibrated vertically at a fixed frequency
and amplitude in proximity to stationary detection coils (called pick-up coils). The induced

voltage is proportional to the change in magnetic flux and can be calculated via

Uina(t Z/ 0B{) 14 | (2.15)
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Chapter 2: Theoretical background

where n,, is the number of windings and dA is an area vector of the area enclosed by a single
turn of a coil.

The change in magnetic flux depends on several factors including the amplitude Z and frequency
w of the harmonic movement, the magnetic moment m of the sample and the position and
orientation of the pick-up coils with respect to the measured sample. Thus, the resulting voltage
induced in the VSM pick-up coils is proportional to

Uind(t) x mZw S cos(wt) . (2.16)

Here, the parameter S contains the geometric information of the pick-up coils concerning position,
orientation, number of windings and design of the coils.

A typical measurement setup of a VSM is shown in Fig. 2.10. A variable uniform magnetic field

head drive

sample rod - .
electromagnet lz(t)—z sin(wt)
pole

J

(~ \ Fig. 2.10: Schematic representation of
sample a VSM setup. The sample is placed on

~ the sample rod, which is connected to the
head drive containing the rotation and vi-
bration unit. A variable magnetic field is
produced by an electromagnet. The in-
duced voltage is measured by the pick-up
coils mounted on the poles of the elec-
tromagnet. The applied magnetic field is
Hall monitored by a Hall sensor adjacent to
SMSOTAL___J  one of the poles.

pick-up |
coils

L\ /

is produced by an electromagnet. Depending on the electromagnet, magnetic fields in the range
of a few Tesla are possible. The pick-up coils used for detection are mounted on the poles of the
electromagnet. The magnetic field strength is monitored by a Hall probe positioned between the
poles. The sample is fixed on a sample rod, which is mounted to the VSM head drive, and placed
in between the poles of the electromagnet. A sinusoidal signal is transmitted by the VSM head
drive into a vertical vibration around the symmetry center of the pick-up coils. Typically, the
vibration frequency is in the range of 10 — 100 Hz and the amplitude amounts to a few tenths of
a millimeter. To get a large signal-to-noise ratio, the measured voltage is passing a preamplifier
and is ending in a lock-in-amplifier, which is tuned to the vibration frequency of the sample.

On the one hand, magnetic hysteresis curves can be recorded by measuring the magnetic moment
of a material as a function of the applied magnetic field. On the other hand, the head drive allows
to vary the sample orientation relative to the direction of the applied magnetic field (rotation
around z-axis) and, thus, to measure the magnetic anisotropy. Further, temperature dependent
measurements can be performed using a low temperature cryostat or a high temperature oven.
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2.4 X-ray diffraction

2.4 X-ray diffraction

The phenomenon of scattering can be interpreted as the redirection of light, which takes place
when an electromagnetic wave encounters an obstacle or an inhomogeneity. Due to the interaction
with the electromagnetic wave, the electrons of these scattering centers are periodically deflected.
Consequently, the oscillating electron cloud acts as a Hertzian dipole and is the source of stray
radiation. In the most cases, the scattering is elastic, which means that the emitted light exhibits
the same frequency as the incident wave. The elastic scattering of electromagnetic waves at long
range ordered periodic structures, e.g., crystals, is called diffraction. Here, interference of the
scattered waves occurs, causing intense peaks at certain scattering angles, which are known as
Bragg reflections. Bragg described the appearance of the interference pattern as a superimposition
of waves reflected at different parallel lattice planes as illustrated in Fig. 2.11. If the phase

Fig. 2.11: Sketch of Bragg’s law, which il-
lustrates the condition for constructive in-
terference depending on the scattering an-
gle 6. An incoming wave k; is diffracted
at different lattice planes with the layer dis-
tance dpr;. The outgoing waves ky originat-
ing from these planes exhibit a path differ-
ence As. Constructive interference occurs,
if the condition 2As = nA is fulfilled. The
scattering vector q is given by ky — k; and
oriented perpendicular to the lattice planes.

difference between the reflected waves is a multiple of their wavelength, constructive interference
occurs. This condition can be described by Bragg’s law [42]

2dhkl sinfl =n A\ s (2.17)

with dpy; as the distance between the hkl-lattice planes, 0 as the angle of incidence and reflection,
and A as the wavelength of the incident beam. The parameter n is a positive integer and indicates
the order of the Bragg reflection.

Following Bragg’s law, the general condition for diffraction is that the spacing between the scat-
tering centers is of the order of the wavelength of the scattered wave. Since atomic distances in
crystalline systems are of the order of a few Angstroms, x-rays in the energy range of 5 — 100 keV
are needed to get information on the crystallographic and atomic structure of solids.

Laue equation and reciprocal lattice

An alternative description of the diffraction condition is given by the Laue equations [43]
qg-a=2rh , q-b=2rk , q-c=27l , (2.18)

with ¢ = ky — k; as the scattering vector, which is given by the difference between the wave
vectors of the incident and reflected wave k; and kg, respectively. The basis vectors a, b and
c are defined in Sec. 2.1. Bragg peaks are observed if the scattering vector g fulfills all three
Eqgs. (2.18) for integer values of h, k and [ at the same time. The integers h, k and [ correspond
to the Miller indices which are used to index lattice planes (see Sec. 2.1).
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Chapter 2: Theoretical background

While in case of orthogonal crystal axes there is a simple solution of the Laue equations, the
determination of q for all other cases is more complex. At this point, it is useful to introduce the
reciprocal lattice, which is an universal and important concept for discussion and interpretation
of diffraction phenomena at periodic structures. In analogy to the crystal lattice, which describes
the position of atoms in a crystal, a reciprocal lattice gives the positions of Bragg points in the
reciprocal space. The primitive translation vectors of the reciprocal lattice are given by

bxec cxa axb
A= b* =2r———— =2 . 2.1
“ 7ra-(b><c) ’ 7Ta-(bxc) € 7ra-(b><c) (2.19)

Here, a- (b x ¢) is the volume of the unit cell. In case of an orthogonal crystal system, the
reciprocal lattice vectors point in the same directions as the lattice vectors in real space and their
length is given by

a=—, b=— F=— . (2.20)

Thus, the reciprocal lattice is completely given by the set of points represented by all possible
reciprocal lattice vectors

G = ha* + kb* + Ic* with h,k,leZ . (2.21)
Using the definition of the reciprocal lattice, the Laue equation can be rearranged to
q=kf—ki=G . (2.22)

Therefore, constructive interference is observed if the scattering vector q equals a reciprocal lattice
vector G.

Bragg’s law as well as the Laue conditions solely describe the occurrence of constructive inter-
ference but provide no quantitative information of the diffracted intensity. While the periodicity
of the crystal lattice defines the positions of the Bragg peaks, the inner structure of the unit cell
strongly influences the diffracted intensity. Consequently, the analysis of the intensity and shape
of a Bragg peak provides information about atomic structure of the unit cell or the morphology
of the surface. The amplitude of the diffracted wave can be written as

A(q) =F(q)G(q) , (2.23)

with G(q) as the lattice factor and F'(q) as the structure factor containing information on the
lattice symmetry and on the structure of the unit cell, respectively. One theoretical concept
to describe diffraction phenomena in crystals including quantitative information is the so-called
classic kinematic diffraction theory. Here, based on the weak interaction of x-rays with matter,
some simplifications of the diffraction process can be made. In fact, multiple scattering effects
and refraction as well as absorption processes of the incidence beam are not considered.

Further, for x-rays the cross section with the atomic nucleus is by orders of magnitude smaller
than with electrons, thus scattered intensity from the nuclei is usually neglected. Therefore,
the scattering of x-rays at a real crystal is given by the sum of the scattering processes at all
contributing electrons. Taking into account these restrictions, a quantitative description of the
diffracted intensity from a single crystalline film grown on a single crystalline substrate will be
derivated in the following. This description is mainly based on theoretical works of Feidenhans’l,
Robinson and Tweed [44,45].
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2.4 X-ray diffraction

2.4.1 Scattering at a single electron

The amplitude A(q) of an electromagnetic wave scattered at a single electron located at re can
be described by the Thomson equation

62

A(q)=A4pC D e yith 0= (2.24)

me c2 Ry

Here, Ay is the amplitude of the incident wave, Ry the distance between the electron and the
detector, c the speed of light and m. and e are the mass and the charge of the electron, respectively.
The resulting amplitude is given as a function of the scattering vector q.

The influence of the polarization of the incident wave on the scattered intensity has not been
considered here due to the strong dependence on the scattering geometry. It will be introduced
in Sec. 4.2.4 as a correction factor.

2.4.2 Scattering at a single atom

The scattering at an atom is described as a sum over the scattering amplitudes for the individual
electrons of the atom, using the Thomson equation [cf. Eq. (2.24)] and considering the phase
difference between the waves scattered at different electrons. Note, the involved electrons are not
localized at distinct positions but arranged around the center of the atom 7, according to the
electron distribution function p(r). One more point to consider is that the value Ry, included
in the constant C, is assumed to be the same for all electrons, due to the much smaller spatial
expansion of an atom. Hence, the amplitude A(q) of the scattered wave is given by

Alg) = AC /d% p(r) ' (TatT) (2.25)
— AyCflg) e'd Ta (2.26)

Here, the atom-dependent part of the amplitude is described as the atomic form factor
f@= [ drom T (227)
which is equivalent to the Fourier transform of the electron density of the atom. The form factors
for different atoms can be determined by means of quantum mechanic calculations, e.g., Hartree-

Fock or density functional theory. Assuming a spherical electron distribution, the form factor can
be approximated by four Gaussian functions

4
flg) = Zai e —bi (&)2 +c . (2.28)
i=1

In this case, the form factor f(q) solely depends on the absolute value of the scattering vector q.
Tabulated values for the constants a;, b; and ¢ for different atoms and ions can be found in
literature [46].
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2.4.3 Scattering at a single unit cell

The scattering process at a unit cell can be described as a sum over the scattering amplitudes
resulting from scattering at the atoms inside the unit cell. Consequently, the scattering amplitude
is given by

Alg) = A4C Y filg)e'd Tt Ti) (2.29)
J

— AyCF(q)ed ™ (2.30)

where 7y, is the position of the unit cell and r; the position of the j-th atom of the unit cell.
Analogously, the sum of the atomic form factors f;(q) is defined as the structure factor of the
unit cell

F(q) = ij(q)eiq‘r" : (2.31)

Thus, the structure factor F'(q) is the Fourier transform of the electron distribution within the
unit cell. In contrast to the atomic form factor, the structure factor F' (q) depends on the direction
of the scattering vector ¢ and not only on its absolute value. Here, the atomic distribution of the
unit cell is not assumed to be spherically symmetric as it is the case for the electron distribution.

2.4.4 Thermal vibrations - Debye-Waller factor

In the previous sections, for the derivation of the atomic form factor and the structure factor,
it was assumed that the atoms are located at definite positions. However, the atoms in a real
crystal fluctuate around a mean value due to thermal effects. In addition to vibrations caused by
thermal excitations, impurities, dislocations as well as defects in the crystal structure may affect
the ideal positions of the involved atoms. Typical vibration frequencies for crystals are in the
rage of 102 — 104 Hz. These vibrations affect the electron density function of the atoms and,
thus, their scattering ability resulting in a change of the scattered intensity. This effect can be
considered by a modified atomic form factor and, thus, the structure factor of the unit cell can
be written as

F@=Yriget 72Ul (2.52)

Here, a Gaussian distribution of the atoms around their ideal position is assumed. The factor
U;(T) depends on the temperature T" and is the so-called Debye-Waller factor of the j-th atom.
The scattered intensity is decreasing with increasing scattering vector due to the damping of the
structure factor.

In general, the vibration of an atom around the ideal position is an anisotropic function depending
on the direction. Then, Uj is a second-order tensor representing the so-called vibrational ellipsoid.
This may result in different thermal dependences for different hkl-directions. A more detailed
description can be found in the literature [47,48].
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2.4 X-ray diffraction

2.4.5 Diffraction at a single crystalline structure

A single crystal can be described as a periodical repetition of unit cells in all three spatial
directions. Thus, the amplitude of a wave diffracted at a single crystal is given as the sum over
the scattering amplitudes of the individual unit cells

— 4C Y Fo(g)e'T™ (2.33)

Assuming a crystal consisting of a finite number of equal unit cells and, thus, identical F,, for
each unit cell, the diffracted amplitude can be rewritten as

Ng—1 Np—1 N.—1

Alg) = ACF(@ Y. Y Z iq- (Mo + b + nec) (2.34)

nqe=0 np=0 n.=
Ny—1 Np—1 Nc—1

= ACF(q) Y ¢Mad-a > M d-b > gmed ¢ (2.35)

Nng=0 np=0 ne=0

Here, the translation vector of each unit cell is replaced by r, = nq.a + npb + n.c, with a, b, ¢
as the lattice vectors of the crystal. Further, N,, Ny and N, are the numbers of unit cells in the
respective spatial direction.

Each of the sums can be identified as a geometric series, which can be rewritten for one particular

direction as

Ne—1 . ZNC -C
in.q-c _1l—e q
Sn. (q) = g e = . (2.36)

1q-cC
nc:() 1_6 q

By replacing x = q-c¢ the diffracted intensity of a one dimensional crystal consisting of N,

NZ

IS (x)

NlZN

N i L\ i
An 6m 38 10n 2n
N N N N

Fig. 2.12: N-slit function for N = 6 showing main maxima at multiples of 27. N — 2 fringes
occur between two main maxima. The spacing between the fringes equals 27 /N. The FWHM
of the main maxima is given by Kg(27/N) with Kg = 0.89 [49)].

19



Chapter 2: Theoretical background

scattering centers is given by the square of Eq. (2.36)

sin? (N, x/2)

s 0 = s

(2.37)

This expression is known as N-slit function and is depicted for N = 6 in Fig. 2.12. The function
exhibits main maxima separated by a multiple of 2r and N — 2 smaller maxima or fringes in
between of them. An increasing number of unit cells IV in the particular crystallographic direction
results in a decrease of the FWHM (full width at half maximum) of all maxima and an increase
of the number of observed fringes within the interval of 2.

Assuming an infinite number of unit cells N, . in all three dimensions, like it is the case in an
ideal single crystal, the N-slit function can be written as a series of J-functions. The resulting
diffraction amplitude is then given by

A(q) x AgC F (q ZZZ‘W a—2mh)8(qg-b—2rk)é(q-c—2nl) . (2.38)

This expression corresponds to the introduced Laue equations described by Eq. (2.18) and results
in high intensity peaks at discrete points known as Bragg peaks [see Fig. 2.13(a)].

2.4.6 Diffraction at semi-infinite crystals and crystalline thin films

For real crystals, the concept of an infinite crystal is not sufficient to model the diffracted intensity.
Thus, real crystals are theoretically described as semi-infinite with a limited number of unit cells
in one direction. Moreover, real crystals exhibit a surface with a finite roughness, which the x-ray
beam has to pass. Further, in contrast to the classic kinematic diffraction theory, absorption
effects, leading to a weaker contribution from atoms in deeper layers, should be considered for
the correct description of the diffracted intensity. All these effects result in a significant change of
the intensity distribution in the diffraction pattern. More precisely, for a semi-infinite crystal the

(a) 3:1) chys:d i: 4:» (b) 2D crystal © crystal surface ' (d) thin ;ﬂm
Sy e
s H,M‘H’Hz

Fig. 2.13: Sketch of the distribution of the diffracted intensity in reciprocal space. (a) In-
finite bulk crystals produce sharp Bragg peaks at single points. Here, the dashed lines are
drawn to guide the eye. (b) Two dimensional layers produce diffraction rods due to reduced
translational symmetry along the vertical direction. (c) Semi-infinite crystals with a surface
produce diffraction peaks with smeared out intensity in the direction normal to the surface
forming the so-called crystal truncation rods. (d) Crystalline thin films produce diffraction

peaks and additional oscillations (fringes) in the direction normal to the surface. Taken from
Ref. [28].
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2.4 X-ray diffraction

intensity of the diffraction spots is blurred in the direction normal to the surface forming crystal
truncation rods (CTRs) [44,45], as shown in Fig. 2.13.

Considering absorption effects, the diffraction amplitude of a semi-infinite crystal, which is limited
in vertical direction, is given by

Ng—1 . Ny—1 . b Nc(naanb) .
Asubstrate (Q):AOCF((I) Z eZ’I’LQQ'a Z eZTqu- Z elncq'c ence . (239)

Nng=0 np=0 Ne=—00

Here, the factor "' describes the attenuation due to the absorption within deeper layers
and N.(ng,np) gives the height variation in lateral direction considering the surface roughness

(see Fig. 2.14).

A

0 ] o __—_ N.(n,.n,)
Fig. 2.14: Height distribution of
a semi-infinite crystal surface. The
profile is given by N¢(ng,np) with
average height at zero level. Taken
e ! from Ref. [28].
>
n,ny,

Because the crystal is assumed to be infinite parallel to the surface, the diffracted intensity is
located exclusively at the CTRs. Consequently, the Laue conditions are regarded as fulfilled in
lateral direction leading to a simplification of Eq. (2.39). Thus, the diffraction amplitude along a
CTR can be written as

Na—1 Np—1 Ne(na,mp)

Asubstrate (Q) = AO C F Z Z Z (& ‘ Meq: €+ nee (240)

nge=0 np=0 Ne=—00

Noy—1Ny—1 (zq c+€) Ne(ng,ny)

— AyCF(q ZZ = e (2.41)

nqe=0 ny=0

with the sums over n, and n; describing the average over the height profile N.(nq,np). The
diffracted amplitude along a CTR of a wave diffracted at a semi-infinite substrate is then given
by

<e<iq'c+e>Nc<na,nb>>

Asubstrate (Q) = AO cr (Q) NaNb (242)

1_ —(iq-c+e)
Assuming the height distribution N.(ng, 1) to be Gaussian shaped and setting the average height
to zero level, the amplitude can be written as

—02(1—cosq-c)
(2.43)

e
Asubstrate (Q) = AO cr (Q) NaNb

1_ —(iqg-c+e)
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Here, o is the standard deviation, which corresponds to the RMS (root mean square) roughness
of the surface (cf. Sec. 2.5).

The diffraction at a thin film consisting of only a few layers can be described nearly in a similar
way. However, the absorption can be neglected and the x-ray beam has to penetrate two surfaces
at the top and at the bottom of the thin film. Here, two height functions N (ng,n,b) for the top
and N[ (ng,n,b) for the bottom have to be considered (see Fig. 2.15). The average of the height
distribution at the bottom is assumed to be at zero level and is at the top given by N,, which is
the intermediate number of unit cells (film thickness).

A

N
N — N, (n,,m) Fig. 2.15: Height distribution of
‘ = ™ the thin-film interfaces. The film
exhibits an average thickness of N..
The roughness profile at the top
and the bottom interface is given by
N_(n,n,) the height profiles N; (nq,np) and
0"'ﬂ— N7 (ng,np), respectively.  Taken
> from Ref. [28].
n,n,

a’

Hence, the amplitude of a wave scattered at a thin film can be written as

No—1 Ny—1 NI (na,np)

Afam(a) = ACF(q) Y131 3 o/mede (2.44)

na=0 =0 p =N (n4,n)

Na—1Ny=1 iq-cN; (ng,np) eiq-ch(na,nb) +1

= 4CF@@ Y Y °© e . (2.45)

Nq=0 np=0 1-—

Analogous to Eq. (2.42), the sums can be simplified by averaging to

. . —_ . . NT . . +
<ezq cu, >_ .14 c N, <ezq cu, >
) = Ao C F (q) NaN : (2.46)

1— e’L(I'C

Afilm (q

with ul and u_ as the deviations from N, at the top and the bottom of the film, respectively.
Assuming the height distributions u} and u, to be Gaussian shaped, the amplitude is given by

—02 (1—cosqg-c) eiq-cﬁce—ai(l—cosq-c)

(&
Apitm (@) = Ao C F (q) NoNp (2.47)

1_laqc
Here, o4 and o_ are the RMS roughnesses of the top and the bottom interface of the thin film.

For zero roughness the upper expression reduces to the form of the N-slit function [Eq. (2.36)]
revealing an intensity profile shown in Fig. 2.12.
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2.4 X-ray diffraction

2.4.7 Diffraction at thin film layer systems

Typically, a thin film system consists of a crystalline substrate with one or more crystalline thin
films on top. Assuming pseudomorphic growth the lateral positions of the CTRs of the film and
the substrate coincide. Therefore, the diffracted amplitude can be expressed as a summation of
all contributions considering the phase difference. The diffracted amplitude along a CTR for a
system consisting of substrate and several thin films is given by

Asystem (Q) = Asubstrate (CI) + Z @z € ‘q-Ppi Afilm,i (CI) . (248)

7

Here, ©; is the occupation factor of each individual film ¢, which takes into account impurities,
dislocations or cavities inside the film. Further, the phase difference between the substrate and
the layers is given by q - p;. The vector p; is defined as

i—1
pi=)9;+Nejej - (2.49)
=0

The interface vector g; defines the distance and lateral shift between layer j and j + 1. Further,
the phase shift due to the film thickness of layer j is given by chcj.

2.4.8 Study of the long-range order by x-ray diffraction

The following description considers exemplarily a binary compound consisting of A- and B-type
atoms distributed on two different lattice sites namely « and . In a stoichiometric composition
and perfect order the a-sites are occupied solely by A-atoms and (-sites by B-atoms. Conse-
quently, the structure factor F'(q) given in Eq. (2.31) can be divided into a sum over the a-sites
and a sum over the f-sites

F (@)=Y (20 fal@) +wa fo(@) ¢ T + 37 (25 fo(@) +ws fala)) e TP (250
o B

Here, for each kind of lattice sites an average form factor is used. The parameters z, and zg are

fractions of the a- and §-site occupied by the correct atom A or B, respectively. In contrast, w,

and wg are fractions of the a- and S-site occupied by the wrong atom B or A, respectively, with

the relations z, +w, = 1 and zg + wg = 1. Note, vacant lattice sites are not considered within

this model.

To quantify the long-range order, the parameter
S=za+23—1=2,—wg=23—wWa (2.51)

is usually introduced, also known as the Bragg-Williams parameter. In case of a stoichiometric
and ordered composition, S equals 1 and S = 0 for a completely random arrangement of the A
and B atoms within the crystal structure. Note, the parameter S is defined in a way that it is also
convenient for a non-stoichiometric compositions. In this case, even the optimum distribution of
the available atoms results in S' < 1. In conclusion, Bragg reflections which are independent of the
degree of order are called fundamental reflections, while reflections which depend on the ordering
are called superstructure reflections. By measuring the intensity of the superstructure reflections
the long-range order parameter S can be determined. A detailed description of order-disorder
study by x-ray diffraction can be found in literature [47].
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Chapter 2: Theoretical background

Reordering between tetrahedral and octahedral lattice sites in a spinel structure

The model above can be transferred to the (inverse) spinel structure to describe the reordering
between tetrahedral and octahedral lattice sites in magnetite films. The total structure factor
for the (inverse) spinel structure considering the contributions from different lattice sites can be
written as

Ftot (Q) = Ftetrahedral(q) + Foctahedral(q) + Foxygen(q) . (252)

Figure 2.16 shows the calculated structure factor and the respective site contributions in (22L)
direction for a magnetite film. Here, it is clearly visible, that the superstructure (224) Bragg
reflection originates exclusively from the Fe cations on tetrahedral lattice sites, while only Fe
cations on octahedral lattice sites and O anions contribute to the fundamental (222) and (226)
reflections. Therefore, it is possible to get information on the occupancy of the respective lattice
sites and, thus, the ordering of the spinel lattice by comparing the intensities of these Bragg
peaks [26, 28, 50].

Bertram et al. showed that the occupation of the tetrahedral lattice sites in thin magnetite films
strongly depends on the deposition conditions, even if the stoichiometry of the magnetite is not
affected [50]. In this case, the Fe?" cations, which should occupy the tetrahedral lattice sites, are
partly distributed to the octahedral vacancies of the spinel lattice. Transferring Eq. (2.50) to this
situation, one obtains

Fla) =3z fala) 977 437 (f(a) + woa fa(@) €' 4O 13 folg) "9 T (253)

tet oct oxy

Here, fa(q) is the form factor of the Fe3T cations, fp(q) the average over the form factors for
the Fe?* and Fe3" cations and fo(q) the form factor of the oxygen anions. z is the fraction of
the correctly occupied tetrahedral lattice sites and wy. is the fraction of the octahedral lattice
sites occupied by the wrong Fe?* cation. Since there are no wrong cations on tetrahedral lattice
sites, wger = 0, and since the 'right’” Fe?* /Fe3* cations are not relocated, zo; = 1. Further, the
relation 2t + Woet = 1 becomes immediately obvious. Hence, this case is a modification of the
model introduced above. Further, the occupation of the oxygen lattice sites remains unaffected.
Extending and rewriting Eq. (2.53), the structure factor can be expressed as

F(q) = (1 — woct) Fre;04(q) + Woct Freg750(q) (2.54)

with Fre,0, as the structure factor of an ideal magnetite structure and Fre, ;0 as the structure
factor of an defective rock salt like structure with the same stoichiometry as magnetite but without
tetrahedrally coordinated iron ions. Here, w,. directly represents the parameter of disorder.

(a) (b) . . -
tetrahedral Fig. 2.16: (a) Contributions

\ of the different magnetite lat-
I | = = ~ octahedral tice sites to the structure fac-
tor. (b) The total structure
factor of magnetite. The cal-
culations are done along the
(22L)-CTR of the spinel lat-
tice. Taken from Ref. [28].

L] == oxygen

2
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2
|F101 |
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2.5 X-ray reflectivity

2.5 X-ray reflectivity

X-ray reflectivity (XRR) is a surface and interface sensitive technique based on the interference
of electromagnetic waves reflected at different interfaces. During the experiment, the sample is
irradiated with x-rays at a small incidence angle «;, which is typically below 5° for x-rays in the
wavelength region of ~ 1.0 — 1.5 A. The reflected intensity at the angle of reflection o F =y is
recorded as a function of the incidence angle «; (cf. Fig. 2.17). The resulting intensity distribution
of the reflected beam contains information on the structural properties like the stacking order of
multilayers, the refractive index (dispersion and absorption) of each layer, the layer thicknesses,
surface and interface roughnesses. In Fig. 2.17, a sketch of a reflectivity experiment is presented.

Fig. 2.17: Incoming wave with wave
vector k; hits the surface at the an-
gle o; and is partly reflected (kg) and
partly transmitted (k¢) at each in-
terface between two optically different
media with the refractive indices n,
(x = 1,2,3). The reflected intensity
is recorded at the angle of reflection
af = «; as a function of the scattering
vector q = kg — k;, which is varied dur-
ing the measurement by changing the
incidence angle «;.

substrate n,

Due to energy conservation, the wavenumber in vacuum is denoted |k;| = |ky| = k and in the
material it is nk = |k¢|. Further, each incidence angle refers to a scattering vector g = ky — kj,
which has only a component normal to the surface. Thus, its magnitude is given by

4
q=2ksina; = Tﬂ- sin (2.55)

and is varied during the measurement by changing the incidence angle «; and keeping oy = «;.

The reflectivity and transmissivity of a material depend on the complex index of refraction n. In
the case of a homogeneous medium and x-ray energies far from absorption edges, the refractive
index n can be approximated by

2

n=1—0+i8 with dispersion § = ;\—Frep and absorption g = % . (2.56)
Here, A is the x-ray wavelength, r. the classical electron radius, p the electron density and p the
absorption coefficient. For vacuum, § equals 0 and for x-rays in solid materials J is typically in the
range of 107% — 1076 leading to a real part of the refractive index being slightly smaller than one.
Consequently, it is always possible to observe total external reflection at the interface between
air/vacuum (n = 1) and solid state media using x-ray energies and small incidence angles. The
critical angle for total reflection can be calculated using Snell’s law and is approximately

e~ V26 . (2.57)

Above the critical angle, parts of the x-rays penetrate into the material resulting in a decrease of
the reflected intensity (cf. Fig. 2.18).
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Chapter 2: Theoretical background

The reflectivity of a material is defined as the intensity ratio of the reflected and incident wave
R = I"/I and is connected to the complex reflection coefficient r, /p by the relation R = ‘7"5 /p‘Q.
Here, the indices s and p denote s- and p- polarized light, respectively. The transmissivity
T=1I'= !ts /p‘Q can be described analogously. Due to n ~ 1 for x-rays the optical coefficients
for s- and p-polarized light can be expressed in the same way by the Fresnel formulas

2ky

ki,z - kt,z
ki,z + kt,z

2.58
ki,z + kt,z ( )

Tsp = and t,, =

Here, k; ., = ksina; and ki, = nksina; = kv/n? — cos? o; describe the vertical components of
the wave vectors k; and k;, respectively.

In Fig. 2.18, a theoretically calculated reflectivity curve is depicted as a function of scattering
vector ¢ at a pure substrate assuming a infinite thickness. For small incidence angles, the sample
surface is irradiated only by a part of the x-ray beam leading to a linear increase of the reflected
intensity until the angle oy, is reached. This effect is called footprint and is due to the finite size
of the sample and the spatial extension of the beam. For a sample with length [ in beam direction
and a rectangular beam profile with a height b;, the angle o, is given by oy, = arcsin(b;/1). At
this angle, the sample is illuminated by the entire beam.

Fig. 2.18: Calculated reflectivity curve

100?""""—”"::‘: -------------------------------- ’ critical angle o, for the reflection at a single surface. Note

) " \ the logarithmic scaling of the y-axis. The
g P footprint " inset shows the reflectivity at small scat-
g 104 tering angles. Due to a finite size of the
ey sample and the extension of the beam,
E the intensity increases until the footprint
S angle ay, is reached. The reflectivity of 1
?3 107 describes the total reflection of the inci-
1 dent wave. At the critical angle «, parts

0 051 032 O:.S 04 of the x-rays are transmitted into the ma-

terial resulting in a decrease of the re-

scattering vector g [A™] flected intensity

2.5.1 Reflection at multiple interfaces

For a multilayer system, a part of the transmitted beam can be reflected at the next interface
and again transmitted at the first interface, contributing to the total measured intensity. Con-
sequently, also the reflection and transmission at each additional interface have to be considered
for correct description of the reflected intensity. The total reflectivity of a multilayer system
can be calculated using a recursive approach established by Parratt [51]. This so-called Parratt
algorithm for N layers is a recursive expression of the reflected amplitude R;_1 ; at the interface
between the j-th and the (j — 1)-th layer and is given by

rj—1,; + Rjjr1exp (iDjq;)

Riq:= :
I 1+ Ti—1,j Rj,j+1 exp (Zquj)

for j € {1,..,N} . (2.59)
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2.5 X-ray reflectivity

Here, ;1 ; is the Fresnel coefficient at the interface between layer j and layer j — 1, which can
be calculated by

qj—1— 4y
Tj_1j = —— . 2.60
M T g+ g .

Further, D; is the layer thickness and ¢; = n;2ksinay = 2k, /n? —n?_,cos?q; is the scattering

J Jj—1
vector in layer j. Here, solely the vertical component ¢; = ¢.; = 2k, ; is essential, since the
scattering components parallel to the surface are zero. The substrate is denoted as ’'layer N 4+ 1’
and the vacuum/air as ’layer 0’. Since an infinite thickness of the substrate is assumed, there is
no reflection at the bottom of the substrate and the starting point of the recursive calculation is
RN N+4+1 = TN ,N+1. By successive insertion of R; ;41 in Eq. (2.59), the total specularly reflected

intensity is obtained after N iterations as R = I"/I' = | Ry 1|.

Figure 2.19 shows the calculated intensity of a sample consisting of a 10nm thick layer on a
infinite thick substrate. The intensity oscillations are due to alternately appearing constructive
and destructive interference of the beams reflected at the air/film interface and the film/substrate
interface. Analogously to the Bragg condition (cf. Sec. 2.4), the thickness D of the film can be
approximated by determination of the distance Ag between two oscillations: D =~ 27 /Ag. In

Fig. 2.19: Calculated reflectiv-
ity curves for a 10nm thick film
on a substrate with different RMS
roughnesses of the interface be-
tween film and substrate. The
thickness D ~ 27 / Aq of the film
can be estimated from the distance
Agq between two oscillations. The
footprint is not considered here.

reflectivity [arb. units]

01 02 03 04 05 06
1

scattering vector ¢ [A"]

case of a multilayer system, the determination of the respective thicknesses is more complicated
due to multiple interference conditions. Therefore in this work, an in-house developed fitting tool
was applied for the analysis of the reflectivity curves [52]. The fitting of the modeled reflectivity to
the experimental data allows to determine thickness, dispersion, absorption of each layer but also
the stacking order of multilayer systems. Additionally, the interface roughness is an important
fitting parameter, which strongly affects the shape of the reflectivity curve. Its influence will be
discussed in the following.

2.5.2 Influence of interface roughness

So far, for the description of reflectivity, only perfectly sharp interfaces are considered. This has
been taken into account by a constant index of refraction n; which abruptly jumps to the value
n;+1 at the boundary. However, this is not true for real materials exhibiting a distinct interface
roughness. For this purpose, the refractive index has to be described as a continuous variation
nj(z,y, z) in all three spacial directions. Since for reflectivity only the specular component is
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crucial, the refractive index can be expressed as one-dimensional depth profile

nj(z) = / / nj(z,y,2) dz dy = (nj(z,9,2)) ey (2.61)

laterally averaged over (z,y). Further, a rough interface is described by an ensemble of smooth
interfaces with coordinates z; + z weighted by a probability density P;j(z) [cf. Fig. 2.20(a)].

(b) x10°

— error function
T smooth interface
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Fig. 2.20: (a) Rough interface with mean z-coordinate z; and fluctuations z around this
value. This surface is described as an ensemble of smooth surfaces at coordinates z; + z with
probability density P;(z) and standard deviation o;. (b) Density profile of an error function
for a transition from 6 = 4.4x1076 to § = 5.9x1076 and a RMS roughness of 5A. Adapted
from Refs. [52,53].

Thus, a continuous refractive-index profile is assumed between the layers j and j + 1, which can
be written as

n; +njr1 NG —Njp1 zZ— zj
ni(z) = — erf 2.62

with the error function
erf(z) = 2/: (—t%) dt (2.63)
rf(z) = NG Xp . .
0

In this case, a Gaussian probability density of the interface heights

1 22
Pi(z) = exp| —=— 2.64
)= 757 > 552) (264
results. Here, 032. = (2?) — (2)? is the variance of the height distribution with the standard

deviation ;. The value ¢ is also known as the RMS (root mean square) roughness of a layer and
is an important fitting parameter, which strongly influences the shape of the reflectivity curve
(cf. Fig. 2.19). In Fig. 2.20(b), a profile of an error function is presented for a RMS value of 5 A.

Finally, these considerations lead to a modified Fresnel coeflicient for reflection

fj—l,j =Tj-1,5 exp(—2 kz,j—l sz 0'32> 5 (265)

which has to be replaced in the recursive formula of Eq. (2.59). The exponential factor is called
the Nevot-Croce factor [54]. If o; — 0 the expression for the sharp interface case is regained.
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2.6 Low-energy electron diffraction

The introduced roughness model is only valid if the roughness is much smaller than the thickness
of the respective layer. For other roughness types, models such as layer segmentation etc. can be
used.

2.6 Low-energy electron diffraction

Low-energy electron diffraction (LEED) is based on the elastic backscattering of low-energy elec-
trons (10 — 500eV) incident normally to the sample surface containing information on the struc-
ture and morphology of the investigated surface. Thereby, the De Broglie wavelength of such
an electron beam is in the magnitude of the atomic distances in crystal lattices making it suit-
able for diffraction. Further, the minimum of the universal pathlength curve is located in this
energy region leading to high surface sensitivity (typically ~ 3 atomic layers) of this method.
For electron diffraction the same Bragg formula Eq. (2.17) as for x-rays is applicable. Due to

(03) (02) (0T) (0.0) (01) (02) (03)
Fig. 2.21: Ewald sphere construction for an

7 R b ~ electron beam with the wave vector k; inci-
'/ ~\ dent normal to the surface. The Ewald sphere
K A / 3 (dashed line) is defined by the set of all possi-
' - i ble exiting wave vectors k. Diffraction spots
H [ g f- p
H I will appear whenever the Ewald sphere is in-
“‘ ! tercepting a Bragg rod (solid lines). Here, only
A S

diffracted beams within the plane with Miller
indices h = 0 are shown.
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the two-dimensional character of the measured area, the periodically repeated distance normal to
the surface becomes infinite forming reciprocal lattice rods instead of Bragg peaks. Figure 2.21
presents the Ewald construction for an electron beam incident normal (along (00) direction) to
the sample surface. Here, only the plane with the Miller index A = 0 is shown. The Ewald sphere
is defined by the set of all possible exiting wave vectors k. The radius is given by the magnitude
of the wave vector |ks| = |k;| due to elastic scattering. The resulting pattern represents the inter-
section of the Ewald sphere with the reciprocal lattice rods. As a consequence, diffraction may
occur at all energies of the incident beam. Due to a fixed incidence angle of the electron beam in
LEED experiments, the scattering condition can only be changed by changing the energy of the
beam. This leads to a variation of the Ewald sphere radius and, thus, to a modified number and
positions of the intercepts of the sphere with the Bragg rods.

The observed LEED pattern reflects directly the symmetry and the unit cell size of the recip-
rocal lattice in lateral direction. However, any periodical modification of the surface, such as
reconstruction, overlayer adsorption or terraces (steps) may cause additional diffraction spots.
In general, the observed diffraction pattern contains statistic information on large parts of the
radiated surface. Therefore, local point defects, which are not periodically ordered, result only
in an increased diffuse background and have no impact on the diffracted intensity. In contrast,
periodically distributed defects like atomic steps, dislocation networks, domain boundaries or
mosaics lead to a modified intensity distribution [55]. Therefore, analysis of spot intensities and
widths reveals not only qualitative but also quantitative information on the density of line defects.
Further, small bulk contributions can be seen as an intensity modulation along the rod.
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flourescent screen

Fig. 2.22: Schematic diagram of conven-
tional three-grid LEED optics consisting
of a filament, a Wehnelt cylinder (W), an
electrostatic lens system and a fluorescent
screen. The three-grid system is used for
electron acceleration and suppression of in-
elastically scattered electrons.

filament
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suppressor
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A typical experimental arrangement of a LEED experiment is shown in Fig. 2.22. An electron
beam of variable energy is produced by an electron gun and is incident normal to the sample
surface. The electron gun consists of a cathode, the Wehnelt cylinder (W) and an electrostatic
lens system allowing to collimate, focus and accelerate the electron beam. Typically, in a LEED
experiment the electron beam is focused on the detector to achieve narrow diffraction peaks.
However, if it is necessary to study only small sample areas, focusing the beam on the surface
is also possible, which will lead to a broadening of the diffraction peaks. The backscattered
electrons are accelerated onto a grid system and detected by a spherical fluorescent screen. For
this purpose, the screen is set at a high positive potential (of about 6 keV) to provide the electrons
with enough energy for the excitation of fluorescence. Further, the middle grid is kept on an
adjustable negative potential to suppress the inelastically scattered electrons and, thus, minimize
the diffuse background. The observed LEED pattern is recorded by a camera placed on the rear
side of the screen system.

2.7 X-ray photoemission spectroscopy

X-ray photoemission spectroscopy (XPS) provides information on the electronic structure and
chemical composition of the investigated material and can be exploited with either soft (SXPS)
or hard x-rays (HAXPES) to vary the surface/bulk sensitivity. This technique is based on the
photoelectric effect, which describes the excitation of an electron onto the high-energy continuum
state by a photon. This emitted electron can be detected as a photoelectron. The spectroscopic
process is shown schematically in Fig. 2.23. The kinetic energy Fy;, of the emitted photoelectron
can be written as

Epin = hv — Ey — ¢ (2.66)

considering the energy conservation law. Here, hv is the energy of the incident photons, Ej is
the binding energy of a photoelectron and ¢ is the work function, which is the energy an electron
has to overcome to leave the solid. In case of conductive samples, the sample and spectrometer
are connected at a common electrical potential leading to equal Fermi levels. Thus, the work
function in Eq. (2.66) is given by the work function of the spectrometer. Consequently, the value
of F} can be estimated from the XPS spectrum by measuring the kinetic energy of the emitted
electrons if ¢ is known. Usually, the spectrometer is calibrated using a well known reference level
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E, 4 photoemission
spectrum

Fig. 2.23: Schematic drawing of the pho-
toemission process including an energy level
diagram. Electrons are excited from oc-
cupied states into the quasi-continuum by
absorbing a photon of the energy hv. Af-
ter excitation, the photoelectrons are de-
tected with the kinetic energy Fy;n, = hv —
Ey, — ¢. The work funktion is given by
¢ = Eyacuum — EFermi. Adapted from
Ref. [28].
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hv

T density of states (DOS)

core levels

like the Au 4f line. In addition, for solid samples, the energies are calibrated in such a way that
the Fermi level corresponds to E = 0eV.

The information depth of an XPS experiment is limited by the inelastic mean free path (IMFP)
of the emitted electrons. It depends on the investigated material but also on the kinetic energy of
the emitted electrons. For soft x-rays of 1000eV, the IMFP is approximately in the range of a few
nanometers, making SXPS a surface sensitive method. A higher bulk sensitivity can be achieved
by increasing the energy of the incident x-rays creating higher energy electrons that have larger
escape depths, like it is the case for HAXPES. Further, due the extremely small IMFP of the
emitted photoelectrons under ambient conditions, XPS experiments are typically performed in
ultra-high vacuum (UHV).

In the experiment, only electrons without energy loss contain direct information on the electronic
structure of the investigated material. Their positions in the spectrum directly correspond to the
element specific binding energies of the atomic core levels providing information on the elements
present in the sample. The electrons, which suffer energy loss through inelastic scattering but
still have sufficient energy to leave the solid, will contribute to a background signal. In addition,
a number of different effects can influence the shape and positions of the photoemission peaks
during the experiment. The most important effects will be briefly introduced in the following
sections. A more detailed description of the photoemission process and spectral characteristics
can be found elsewhere [56-58].

The basic experimental setup used in a laboratory is schematically pictured in Fig. 2.24 and
consists of an x-ray source, electron optics, an energy discriminative electron analyzer and an
electron detector. Typically, the x-ray tube is equipped with two anodes providing photons of
the energy Al Kay/p = 1486.6eV and Mg Koy /5 = 1253.6 eV. Within the experiment, a sample
is excited with x-rays of a certain energy causing photoelectrons, which are emitted with a range
of energies and directions. A part of the photoelectrons, which are ejected under the angle 6,
is collected and focused onto the analyzer entrance using a set of electrostatic and magnetic
lens units and slits. Electric fields within the hemispherical analyzer are applied and force the
electrons on a predefined trajectory. Thus, only photoelectrons of a given energy can pass the
analyzer and reach the detector. The detector itself consists of a microchannel plate (MCP) or

31



Chapter 2: Theoretical background

hemispherical
analyzer Fig. 2.24: Basic components of an XPS setup
including an x-ray tube, a hemispherical electron
m analyzer, electron optics and an electron detec-
[ | tor. A sample is irradiated with x-rays leading to
J_, an emission of photoelectrons. Electrons ejected

electron under the angle 6 are collected and focused us-
X-ray elegtron detector  ing the electron optics, which involves electrostatic
tube optics and/or magnetic lenses and apertures. By apply-
ing electrostatic fields within the hemispherical an-
\é?'-/gll:z;(r)(_)ns alyzer, only electrons of a given energy can pass

N the analyzer and reach the detector. Adapted from
sample Ref. [28]

of several channel electron multipliers (CEM’s) arranged as a single block.

The analyzer and the lens system can be utilized in two operation modes. Typically, the so-
called fixed analyzer transmission mode (FAT) is used. In this mode, the kinetic energy of the
electrons is reduced by the lens system to a certain pass energy F), before they enter the analyzer.
However, the pass energy of the analyzer itself is held on a constant value, thus a constant energy
resolution for the whole spectrum can be achieved. The use of a lower pass energy increases the
absolute energy resolution of the recorded spectra but reduces the overall intensity of the XPS
signal. An alternative mode is the so-called fixed retarding ratio (FRR), which is usually used
to record Auger spectra. Here, the retarding factor of the lens system is kept constant while
the pass energy of the analyzer is varied allowing electrons with different kinetic energies reach
the detector. Consequently, the resolution scales with the electron energy. This mode allows to
resolve broad peaks of small intensity at low kinetic energies.

2.7.1 Binding energy and chemical shift

The binding energy of a photoelectron can be written as the energy difference
Ey = E¢(n—1) — Ei(n) (2.67)

between the atomic final state ¢ with (n — 1)-electrons and the atomic initial state E; with n-
electrons. According to Koopmans’ theorem, the core level energy E} measured after an ionization
event is nearly equal to the negative € g orbital energy of a neutral ground state, calculated using
the Hartree-Fock method. However, the assumption that other electrons remain ’frozen’ during
photoemission is not valid due to relaxation of the surrounding electrons. Here, contributions
to the relaxation energy depend on both the potentials created by valence electrons of the atom
containing the core hole (atomic relaxation) and the potentials created by its surrounding atoms
(extra-atomic relaxation). Further, electron correlation and relativistic effects are not considered
in the Koopmans/Hartree-Fook model. However, the correlation and relativistic energies are
rather small and can usually be neglected. The deviation of the measured binding energy from
the free atom value, which is denoted as the chemical shift, provides information on the chemical
bonding of the detected electrons.

One basic approach to describe the chemical shift is the charge potential model [59,60]. Within
this model, the shift in the binding energy is correlated with the charge on the atom, and not
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2.7 X-ray photoemission spectroscopy

with its formal oxidation state. The effective binding energy Ej s is given by

Byepr = By +kai+ Y (q5/r) (2.68)
J#i
where Ey is the reference energy (usually equal to Ej of a neutral atom), ¢; the charge of the

atom ¢, k an empirical parameter, and g; the charge of the surrounding atoms j at distances r;;.
Consequently, the chemical shift can be written as

AE, = kAg; + AV; . (2.69)

The term kAg; represents the potential change in the atom containing the core hole and AVj
denotes the potential change in the surrounding atoms.

An example for a chemical shift of a Fe 2p signal is given in Fig. 2.25. Here, the binding energy
of the Fe 2p electron in FeO is higher than in the Fe metal. Thus, a Fe 2p electron in Fe has a
weaker Coulomb interaction with the nucleus than a Fe 2p electron in FeO.

Fig. 2.25: Fe 2p core level lines of Fe

metal and FeO. For iron oxide a clear
2 chemical shift to higher binding energies of
§§ the Fe 2p peaks is visible, if comparing to
E the signal of pure iron metal. In addition,
2 FeO shows characteristic charge-transfer
é satellites. FeO spectra and theoretical cal-
8 culation are adapted from Ref. [61].

740

binding energy [eV]

2.7.2 Spectral features

Besides the main lines, there is a variety of effects leading to additional intensity in the XPS spec-
tra. Some of them give rise to distinct lines, while others result in broad features or contribute
to the inelastic background.

Spin-orbit coupling

For electrons with an angular momentum / > 0 the photoemission lines split into two peaks with
discrete energies due to magnetic interaction between the spin s of the electron in the final state
and the orbital angular momentum [ (cf. Fig. 2.25). The intensities of the lines are defined by
the ratio of the respective degeneracies 2j + 1 (quantum number j = |l + s|).

Satellites

Additional spectral features in XPS spectra are the so-called satellite lines typically located on
the high energy side of the main peaks. Satellites which are due to intraatomic excitations are
called intrinsic satellites. Here, photoelectrons suffer energy loss through excitation of a second
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electron during the photoemission process. If this additional electron is excited to an unoccupied
higher energy level, this peak is called ’shake-up’ satellite. Shake-up peaks have discrete energies
because the energy loss belongs to a specific quantitized energy transition. Photoemission loss
peaks arising from excitations into the continuum, are called ’shake-off’ satellites. These peaks
have a wide range of possible energies and occur as a broad feature typically hidden within the
background signal.

Extrinsic satellites originate from intraatomic relaxations. One possibility is the so-called charge-
transfer process often apparent for transition metal oxides. In the case of FeO, an electron from
the oxygen 2p orbital is transferred to the metal 3d orbital of the iron (see Fig. 2.25). The energy
A required for this extrinsic charge transfer process is given by

A= E@B3d"M L) — B(3d"L) (2.70)

and is taken from the primary photoelectron leading to satellite lines located at higher binding
energies in the spectra of many transition metal oxides such as FeO, NiO etc. Here, n denotes
the number of electrons in the respective orbital, L the oxygen ligand from which the electron is
transfered to the 3d™ orbital and L~! the corresponding ligand hole. Note, charge transfer effects
can not only occur in atomic final states but already in atomic ground states.

Further satellites in conductive materials can occur as a result of a plasmon excitation during the
photoemission process. Plasmon vibrations lead to characteristic, periodic energy losses in the
XPS spectra due to the excitation of several plasmons at the same time.

Multiplet splitting

Multiplet splitting originates from interactions between spins of the remaining unpaired electrons
(after photoemission) in the ionized core states with unpaired electrons in the valence band.
Due to variety of different coupling processes, this may result in a lot of possible final state
configurations with as many different energies after the photoemission. Since various final state
effects, e.g., spin-orbit splitting or charge-transfer satellites, have to be considered, this can lead
to complex multiplet structures containing a huge quantity of photoemission lines.

2.7.3 Quantitative analysis and depth profiling

By analyzing XPS spectra, it is possible to get quantitative information about the chemical
composition of a surface or a thin film. For this purpose, the areas enclosed by the emission peaks
have to be determined, corrected by several factors, such as instrumental effects, and weighted
by the photoionization cross section for the specific element and atomic subshell. It has to be
noted that a background has to be subtracted from the data prior to the determination of the
areas under the peaks. In this work, the well known Shirley background has been subtracted [62].
Resulting areas under the photoemission peaks are directly related to the relative amount of each
element (except for H and He) present in the sample.

The integrated intensity of an inner shell orbital j from element ¢ of a film with thickness ¢y can
be calculated as [57, 58]

. [tr . . ¥
I =5 / e H N dz = SINS (1 - e_tf/’\i) . (2.71)
0

Here, z is the depth of the emitted photoelectron measured from the sample surface and
A = Ajcos ¢ the effective IMFP at angle ¢ between detector and surface normal, where \; de-
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2.7 X-ray photoemission spectroscopy

scribes the IMFP for electrons of the element i at a given kinetic energy. The constant Sf for an
orbital j of the element i is determined by

S = ®(hv) x o} (hv) x D(KE) x N; x A (2.72)

with x-ray flux ® at an energy hv, the photoionization cross section af , the spectrometer efficiency
D(KE), the number of atoms per unit volume N; and the analysis area A. The parameter D(KE)
includes the efficiency of the collection lenses, energy analyzer, and detector for a given kinetic
energy KE of the photoelectrons.

Typically, content ratios of the elements are calculated. Hence, it is not necessary to determine
the absolute values in Eq. (2.71). Thus, some quantities included in S/ like the x-ray flux ®
and analysis area A (in most cases) will cancel out. Further, most instruments are operating
in the so-called FAT mode which means that all electrons are retarded by the collection lens
to a constant pass energy E, (see Sec. 2.7). Thus, only the efficiency of the collection lenses,
which can be determined experimentally, has to be considered within the parameter D(KE).
Usually, information about the transmission functions of the spectrometer is provided by the
manufacturers. The IMFP \; of photoelectrons as a function of their KE can be estimated using
the TPP-2M formula [63]. Further, the angular distribution of the photoelectrons is generally not
isotropic and has to be considered in terms of a differential photoionization cross section. In most
cases, the electric dipole approximation provides a sufficient description of the photoionization
cross section for circularly polarized and unpolarized photons, which results in [64]

J J J
‘f;; - %T [1 - %Pg(cos 19)] . (2.73)
Here, ﬁg is the angular asymmetry parameter which depends on the energy, the element ¢ and
the j-th atomic subshell. The term P(cos®) is the second order Legendre polynomial and ¢ is
the angle between the propagation direction of the photons and the photoelectrons. However, in
most lab systems the x-ray source is mounted in the so-called 'magic angle’ configuration, that is,
54.7° with respect to the analyzer. In this case, the second-order Legendre polynomial becomes
zero. The element and orbital specific photoionization cross sections of (hv) for Al Ka and Mg
Ka are then available in tabulated works, e.g., sensitivity factors calculated by Scofield [65].

A more precise description of the angular distribution of the photoelectrons including dipole and
quadrupole terms for circular polarized and unpolarized as well as for linearly polarized photons
is given in Ref. [64]. Tabulated values of af , ﬁg and of the nondipolar parameters for nearly all
subshells of atoms (up to Z = 54) for various photon energies can be found in the comprehensive
work of Trzhaskovskaya et al. [66,67].

To calculate the XPS intensity in a multilayer system the attenuation from each overlying layer
has to be considered. According to Lambert-Beer’s law, the intensity I;* for a bulk material
covered by n homogeneous layers can be written as

nr=six e, (2.74)
=1

with the term Sg Ap as the intensity for a pure bulk material obtained by the limit ¢; — oo from
Eq. (2.71). Consequently, the intensity I of layer f in a multilayer system of n layers which is
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attenuated by (n — f) layers is given by

Iy = sy (1= e ) T e (2.75)
i=f+1

Depth-profile measurements of the chemical composition can be realized by varying the emission
angle at which the electrons are collected. Consequently, electrons from different depths are
detected due to the angle dependence of A}, and o7. Here, the angle ¢ between detector and
surface normal is relevant to determine the escape depth of the photoelectrons and, thus, the
information depth of the measurement. A variation of the emission angle can be achieved either
by tilting the sample with respect to the analyzer or by using a wide area detector allowing parallel
data acquisition over a wide angular range. The analysis of the intensities measured by angle
resolved XPS can provide information about the composition as a function of depth and, also,
about the thicknesses of the different layers in a multilayer system. Another possibility to perform
depth profiling is to use x-rays of different energies. According to Eq. (2.66), higher energy x-
rays will release photoelectrons with higher kinetic energies, greater IMFP and, consequently, an
increased sampling depth.
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3 Investigated materials

Within the present thesis, ultrathin magnetite films as well as Fe304/NiO bilayers were deposited
on single crystalline SrTiO3(001) and MgO(001) substrates. Further, NiFeoO4 was synthesized
by thermally induced interdiffusion starting with a distinct Fe3O4/NiO bilayer. In the following,
the properties of the grown materials as well as the used substrates are briefly introduced.

3.1 Strontium titanate - substrate material

At room temperature, SrTiO3 crystallizes in a cubic perovskite structure (cf. Fig. 3.1) with a
lattice constant of ag,rio, = 3.905 A [68]. The lattice consists of Ti** ions sixfold coordinated by
02~ and of Sr** ions, which are coordinated by 12 O?~ ions. Thus, each Sr?* ion is surrounded
by eight TiOg octahedra. For any planar direction [hkl] of a perovskite structure, always two
distinct types of alternating equally spaced atomic planes (hkl) exist. In this study, SrTiOs
substrates with a (001) surface orientation were used. In this case, the alternating atomic planes
are SrO and TiOs. The surface unit cell with axes pointing in [100] and [010] directions coincides
with the cubic volume structure and, thus, exhibits the same lattice constant ag,rio,. At lower
temperatures (< 110 K) SrTiO3 undergoes several structural phase transitions from cubic to lower
symmetries.

Stoichiometric SrTiOg is an insulator with a band gap of about 3.2eV and exhibits diamagnetic
properties [69]. The magnetic properties and the electronic structure can be modified by the
presence of oxygen vacancies or dopants. Especially, the magnitude of the conductivity strongly
depends on the relative concentration of defects or dopants [70]. However, the conductivity can
be more accurately controlled via doping than via oxygen deficiency. In this study, 0.05wt.%
Nb-doped SrTiO3 substrates were used to attain a diamagnetic and conductive support material
(n-type conductivity).

[001]

perovskite structure

@ 1

Fig. 3.1: Schematic sketch of a perov-

‘ S skite unit cell of cubic Sr'TiO3. The bulk
lattice constant at room temperature is
O o denoted as ag;rio,- The O?~ octahe-

dron is marked in gray. The sizes of the
spheres representing the atoms are arbi-
trary.

gm0~ 3.905 A
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Chapter 3: Investigated materials

3.2 Magnesium oxide - substrate material

Magnesium oxide (MgO) crystallizes in a rock salt structure with a bulk lattice constant of
anrgo = 4.2117 A at room temperature (see Fig. 3.2) [71]. Each of the ion types (Mg?* and 0?7)
forms a separate face-centered cubic lattice. These two lattices are shifted by half a unit cell
against each other along one lattice vector. Thus, the Mg?T are located at the octahedral sites
of the fcc-lattice formed by O?~ ions and vise versa. In this study, MgO with a (001) surface
orientation is used as substrate material. Here, a primitive surface unit cell can be defined in the
(001) plane (cf. Fig. 3.2) with axes pointing in [110] and [110] directions forming a quadratic unit
cell which is rotated by 45° compared to the bulk unit cell. The lattice constant of the surface
unit cell is as g0 = ango/ V2. Moreover, MgO is diamagnetic at room temperature and an
electrical insulator with a band gap of about 7.8eV [72].

[001]

rocksalt structure

..., Fig. 3.2: Schematic sketch of a
0 Mg/ Ni rock salt unit cell typical for MgO
O o* and NiO crystals. The red dotted
line denotes the primitive surface
unit cell in the (001) plane. The
Ape0™= 42117 A given lattice constants apgo and
an;o are the bulk constants marked
ay,=4.1769 A by apu for MgO and NiO, respec-
tively. The sizes of the spheres rep-

resenting the atoms are arbitrary.

3.3 Nickel(II) oxide - NiO

Nickel(IT) oxide (NiO) crystallizes in a rock salt structure with a lattice constant of ay;0 =
4.1769 A

for bulk material at room temperature (see Fig. 3.2) [73]. Analogously to MgO, the Ni?* ions are
located at the octahedral sites of the O%~ fcc-lattice. In the (001) plane, a primitive surface unit
cell can be defined (cf. Fig. 3.2) with axes pointing in [110] and [110] directions. This surface
unit cell exhibits a lattice constant of as nio = anio/ V2 and is rotated by 45° compared to the
bulk unit cell. Further, NiO is electrically insulating with a band gap of about 4eV [74] and
antiferromagnetic with a Néel temperature of 525K [75].

3.4 Magnetite - Fe3Oy

Magnetite is an iron oxide with a chemical formula of Fe3O4 and contains divalent as well as
trivalent iron cations. It crystallizes in the inverse spinel structure with a lattice constant of
aFe;0, = 8.3963 A for bulk material at room temperature [76]. The bulk unit cell consists
of 56 atoms and is shown in Fig. 3.3. Here, 32 O?~ anions are arranged in a fcc-sublattice,
whose tetrahedral and octahedral sites are filled to one eighth and one half by the Fe cations,
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3.4 Magnetite - Fe3O4
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Fig. 3.3: Schematic sketch of the inverse spinel structure as it can be found for Fe3Oy4
and NiFe;Oy. In magnetite, the Fe3t cations are distributed equally across tetrahedral (T})
and octahedral sites (Oy), while Fe?* cations occupy only O}, sites. For nickel ferrite the
Fe?*t cations are replaced by Ni?t. As a result of the antiferromagnetic coupling between the
magnetic moments of the Fe3* cations located on T and Oy, sites, only the magnetic moments
of the Ni?T in NiFe;O4 or Fe?T in FesO4 account for the net macroscopic magnetization.
The resulting magnetic moment per formula unit equals 2up and 4up for nickel ferrite and
magnetite, respectively. The lattice constants ape,0, and anire,0, are the bulk constants of
the respective material marked by apy - The sizes of the spheres representing the atoms are
arbitrary. Adapted from Ref. [78].

respectively. Particularly, eight tetrahedral (T}) sites are exclusively occupied by Fe3* while 16
octahedral (Oy,) sites are equally shared by randomly distributed Fe3™ and Fe?* ions. In contrast,
in a normal spinel structure all divalent cations occupy exclusively tetrahedral (Ty) sites, while
all trivalent cations are located solely at octahedral sites (Op). In the (001) plane of the FesOy4
bulk unit cell, also, a primitive surface unit cell with a lattice constant of as pe,0, = aFe;0,/ V2
can be defined. The axes of the surface unit cell point in [110] and [110] directions leading to
a 45° rotation compared to the bulk unit cell of magnetite. Further, the Fe304(001) surface
exhibits a (v/2 x v/2)R45° reconstruction with respect to the surface unit cell, which is typical
for well-ordered stoichiometric magnetite [77].

Moreover, Fe3Oy4 is a ferrimagnet with a high Curie temperature of T = 858°C [76]. As in
most spinel ferrites, the ferrimagnetic ordering arises from the strong antiferromagnetic coupling
between the Oy, and T} sites. Consequently, the magnetic moments of the Fe?* ions on octahedral
sites are uncompensated leading to a net magnetic moment of about 4up [79]. Further, magnetite
is a half-metal with a predicted total negative spin polarization at the Fermi level [11] and a
bad conductor at room temperature. At about 120 K magnetite undergoes a metal to insulator
transition (Verwey transition) leading to a two-orders-of-magnitude decrease in conductivity and
accompanied by a reduction from cubic to monoclinic crystal symmetry [80,81]. This transition
is highly sensitive to structural parameters such as induced strain, domain size and, thus, film
thickness [82,83].
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3.5 Nickel ferrite - NiFe,Oy4

NiFeyOy crystallizes in the inverse spinel structure with a bulk lattice constant of anire,0, =
8.339 A at room temperature [84]. The unit cell of nickel ferrite consists of 56 atoms including
32 0%~ anions, 16 Fe3* and eight Ni?>* cations. In contrast to magnetite, there is no iron in the
divalent oxidation state. Thus, the 16 Fe34 cations are equally distributed across the tetrahedral
(T,) and octahedral (O},) sites, while the Ni?+ cations are located solely on octahedral (Oy,) sites.
More detailed description of the (inverse) spinel structure can be found in Sec. 3.4.

Further, bulk NiFeyOy is a ferrimagnet with a Curie temperature of T = 865°C. An antiferro-
magnetic coupling between the magnetic moments of the Fe3* cations located on T; and O}, sites
leads to a compensation of the magnetic contribution of the iron ions. Thus, only the magnetic
moments of the Ni?* cations account for the net macroscopic magnetization of about 2up/f.u.
Moreover, NiFepOy4 is an insulator with a band gap of about 1.5eV [12]. Due to the combina-
tion of insulating and ferrimagnetic properties, there is an exchange splitting (spin-split) of the
conduction band, which can lead to a spin-selective transport of electrons [13].

3.6 Antiphase boundaries in Fe;O, and NiFe;O4

Antiphase domains exhibit the same crystallographic orientation and chemical composition but
are shifted by a fraction of a lattice translation against each other (cf. Fig. 3.4). If two of these
single crystalline regions coalesce, the so-called antiphase boundaries (APBs) are formed at their
interface. Antiphase domains and boundaries emerge during the ordering or growth process,
which can start at different locations in the disordered lattice or at different nucleation centers
on the substrate, respectively, resulting in a smaller distance between two domains than the size
of a unit cell. Especially in magnetite or nickel ferrite films, APBs frequently occur due to the
doubled size of their lattice constants compared to the used MgO and SrTiO3 substrates [85-89)].
In several detailed studies, it was shown that the density of APBs in magnetite depends on the
deposition conditions, e.g., temperature and rate, and can significantly affect its magnetic and
electrical properties [88]. For example, the magnetization in thin ferro(i)magnetic films can be
reduced or extremely high magnetic fields are required to reach saturation magnetization [90,91].
Further, in thin magnetite films the Verwey transition broadens and is eventually completely
suppressed with decreasing film thickness [85,88]. The reduction of the density of APBs can be
achieved by post-deposition annealing or by using higher deposition rates which lead to higher
mobility of the adsorbed ions on the surface.

(a) side view (b) top view
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Fig. 3.4: (a) Side view and (b) top view of a thin film grown on a substrate showing antiphase
boundaries (APBs). Adapted from Ref. [92].
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4 Experimental setup

4.1 UHYV system and sample preparation

Most of the samples investigated in this thesis were prepared in an interconnected UHV system at
Osnabriick University. It comprises a deposition chamber with a base pressure of 10~8 mbar and
an analysis chamber with a base pressure of 107! mbar. Further, the system is equipped with a
load-lock chamber and a transfer system, which enables the transfer to the deposition chamber
and to the analysis chamber. The deposition chamber is equipped with a rotary manipulator,
several thermal evaporation sources, a heating device and an Og valve to adjust the oxygen
pressure during annealing or evaporation. The sample heating is realized using a filament at the
backside of the sample holder. The temperature of the sample is measured by a thermocouple
mounted at the manipulator close to the sample position. The analysis chamber comprises a
4-grid LEED optics (ErLEED 150, SPECS, Berlin) and an XPS system with Al Ko and Mg Ko
radiation sources and a hemispherical analyzer (Phoibos HSA 150 Specs, Berlin).

Thin films are grown by molecular beam epitaxy (MBE), which is a physical vapor deposition
method (PVD). For MBE, a constant flow of atoms or molecules is produced and directed towards
the substrate surface. For this purpose, effusion cells are used enabling thermal evaporation
from a pure metal rod or from material placed in a crucible. The design of an evaporator is
schematically shown in Fig. 4.1. All films prepared within this thesis were deposited directly
from pure metal rods without using any crucible. High voltage is applied between the metal
rod and the filament in order to accelerate the electrons emitted from the filament towards the
metal. Once the sublimation temperature of the material (in our case Fe or Ni) is reached, the
evaporation starts. Due to the aperture of the evaporator, a molecular beam is formed pointing
towards the substrate. Additionally, the evaporator is equipped with a water cooling system and
a shutter, which allows to start or stop the deposition immediately at a certain point in time.
The amount of evaporated material is controlled by monitoring the material flow using either
a quartz crystal microbalance or a flux monitor. Deposition rates are adjusted by measuring
the deposited film thickness via XRR. The used material combination as well as the deposition
conditions, e.g., temperature, oxygen pressure, deposition rate etc., have to be precisely defined,

quarz microbalance/
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Fig. 4.1: Schematic sketch of an evaporator equipped with a pure metal rod. Adapted from
Ref. [93].
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in order to obtain homogeneous growth of high quality thin films with correct crystallographic
orientation and in the desired phase.

High quality MgO and 0.05% Nb-doped SrTiOs substrates with a (001)-surface orientation were
provided by the CrysTec GmbH. After the transfer to the UHV-chamber the substrates were
annealed at 400°C in 1x10~*mbar of Os for 1h in order to remove carbon contaminations and
get well-ordered surfaces. Thereafter, the chemical cleanness and the crystal surface quality were
controlled in situ by XPS and LEED, respectively. Here, the benchmark for a clean surface was the
absence of the C 1s peak and other impurities in the XPS spectrum and a well-defined diffraction
pattern with sharp spots and a low background intensity in the LEED measurement. The thin
Fe304 and NiO films were grown by deposition of metals in 5x107%mbar and 1x10~° mbar
oxygen atmosphere, respectively. The deposition rate and the substrate temperature of 250°C
were kept constant during the deposition. After evaporation, XPS and LEED measurements were
again performed to control the stoichiometry and the surface structure, respectively.

4.2 Experimental setups at synchrotron radiation facilities

All (GI)XRD (GI: grazing incidence) and HAXPES experiments presented in this work were
carried out at different synchrotron radiation facilities, namely, the ESRF in Grenoble (France),
Diamond in Didcot (England), PETRA III at DESY in Hamburg (Germany) or MaXLab in Lund
(Sweden). Compared to laboratory based x-ray sources, synchrotron light comprises a number
of advantages including a higher intensity, tunable energy as well as a smaller divergence and
beam size. All these features ensure the performance of high resolution measurements in several
geometries and are therefore a powerful tool for the investigation of thin film systems.

4.2.1 Generation of synchrotron radiation

The basic principle behind the generation of synchrotron light is the emission of electromagnetic
radiation originating from charged particles (electrons or positrons) during acceleration. In case
these particles move at a non-relativistic velocity, a dipole radiation pattern is emitted which
has a toroidal shape with its main axis pointing into the direction of the accelerating force [cf.
Fig. 4.2(a)]. However, for particles traveling almost at the speed of light relativistic effects and
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Fig. 4.2: Emission of radiation of an electron, which is accelerated along an orbital path and
travels (a) at a non-relativistic velocity and (b) almost at the speed of light. Adapted from
Ref. [94].

the Doppler shift have to be considered. In this case, the emitted electromagnetic radiation is
concentrated into a cone which center is pointing into the tangential direction of the electrons’
trajectory [cf. Fig. 4.2(b)].
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4.2 Experimental setups at synchrotron radiation facilities

Today, the most common radiation sources are the so-called third-generation storage rings. Here,
electrons/positrons are traveling at constant velocities close to the speed of light. Typically, these
storage rings have a polygon like shape consisting of straight and curved sections in alternating
order. In each curved section, two large bending magnets force bunches of electrons/positrons into
their orbit. Whenever these bunches are deflected from straight line motion and, thus, transversely
accelerated, synchrotron radiation is generated. The synchrotron light from a bending magnet
covers a wide and continuous spectrum ranging from microwaves to hard x-rays. The emission
spectrum depends on the bending radius and the energy of the particles, and is mainly defined
by the geometry of the storage ring.

To increase the intensity or brilliance of the emitted beam, so-called insertion devices are inte-
grated in the straight sections of the storage ring. This periodic arrangement of dipole magnets
with alternating polarity forces the charged particles to follow a wavy or undulating trajectory.
Depending on the strength of the magnetic field and the displacement of the particles from their
straight path, the device is called wiggler or undulator.

In case of a wiggler, the large displacement of the electrons/positrons leads to an incoherent
superposition of the radiation cones emitted during each oscillation period. The resulting emission
spectrum is continuous and similar to that of a bending magnet but exhibits a higher intensity.
An advantage over a bending magnet is that the magnetic arrangement of a wiggler is not affected
by the storage ring geometry and can be fitted to the experimental requirements. In contrast,
the magnetic structure of an undulator allows only small amplitudes of the oscillations leading to
interference of the radiation cones of each consecutive bend. The coherent superposition results
in a sharp emission line at a certain energy and its repetition at corresponding higher harmonics.
The wavelength of the generated x-rays can be fine-tuned by varying the gap between the rows
of magnets and, thus, changing the arrangement of the magnetic field.

After passing the insertion device the beam properties are adjusted using different monochromator
crystals, focusing lenses, windows and slits. The actual setups for scattering experiments or
photoelectron spectroscopy are located at the beamline endstations.

The measurements presented within this thesis were performed at five different beamlines. The
XRD experiments shown in Chap. 5 were carried out at beamline BM25 (ESRF, Grenoble), which
is located at a bending-magnet device covering the hard x-ray energy range. The XRD spectra
shown in Chap. 6 were recorded at beamline 1811 (MaXLab, Lund) which is equipped with a
superconducting multipole wiggler. The HAXPES and XRD measurements in Chap. 7 were per-
formed at beamlines 109 (Diamond, Didcot) and P08 (PETRA III, Hamburg), respectively. At
both beamlines, an undulator is used as insertion device. Further, x-ray magnetic circular dichro-
ism (XMCD) experiments (Chap. 7) were carried out at beamline 6.3.1 (ALS, Berkley), which
is a bending-magnet beamline. Further information on generation and properties of synchrotron
radiation and the mentioned devices can be found in Refs. [95,96].

4.2.2 HAXPES - experimental setup

In addition to XPS, HAXPES provides information on the electronic structure also in deeper
layers. The experiments were carried out at beamline 109 (Diamond, Didcot) using a photon
energy of hv = 5934eV. The geometry of the experimental layout is schematically sketched in
Fig. 4.3. The incidence angle § = 25° of the x-ray beam with respect to the plane surface
is kept constant during all measurements. The variation of the probing depth and, thus, the
bulk sensitivity, is achieved using a 2D wide-area photoelectron detector. Hence, parallel data
acquisition over a angular range of 56° is possible and allows to record photoelectron spectra for
different emission angles simultaneously. In our case, the detector is divided in seven sections,
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each covering ~7° of the acceptance angle leaving out the regions near the edges of the detector.

photoelectron
detector

Fig. 4.3: Schematic sketch of the experimental setup at the beamline 109 used for depth
dependent HAXPES measurements. The 2D wide-area detector covers an angular range of
56° allowing data collection for different emission angles ¢ simultaneously. p denotes the
momentum of the electron leaving the sample surface at a particular angle ¢. The incidence
angle 0 of the x-ray beam is kept constant during all measurements. Taken from [97].

The angular dependence of information depth D7, from which 95% of the photoelectrons originate,
is given by

Dy(95) = —Acos pIn(1 — 95/100) | (4.1)

with the inelastic mean free path A and the off-normal emission angle ¢ [98]. The maximum
information depth, e.g., for the Fe 2p or Ni 2p core levels amounts to ~ 20nm at the used energy.

4.2.3 (GI)XRD - experimental setup

The main part of an x-ray scattering experiment is a diffractometer for sample and detector
positioning. In Fig. 4.4, a sketch of a 25+43D diffractometer is shown exemplarily. This type
of diffractometer is available at beamlines 1811 and BM25, where the measurements shown in
Chaps. 5 and 6 were performed. It has two degrees of freedom for sample alignment and three
degrees of freedom for detector positioning. Further, it can be used in two different geometries:
vertical and horizontal mode. The endstation of the P08 beamline is equipped with a high
precision 6-circle diffractometer with an Eulerian cradle (KOHZU NZD-3). The design of the
diffractometer was developed according to the requirements of PETRA III. It provides four degrees
of freedom for sample alignment and two degrees of freedom for detector positioning, which is
denoted as 45+2D, offering several different scattering geometries. Detailed information can be
found in Ref. [100].

For the measurements presented in this thesis, two different scattering geometries were used, one
for the specular and one the grazing incidence scattering. For the specular x-ray diffraction and
reflectivity, the so-called four-circle mode in the horizontal geometry is utilized (cf. Fig. 4.4). In
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detector

horigg)ntal
geometry

vertical
geometry

Fig. 4.4: Sketch of the 25+3D diffractometer used at the beamlines 1811 and BM25. The
rotation axes as well as the two different geometry modes are denoted. The detector position
is defined by the angles § and -y, while # provides a rotation of the detector. In the vertical
geometry, w, and « provide the azimuthal and polar degrees of freedom, respectively. In the
horizontal mode, the azimuthal and polar degrees of freedom are given by wy and . The
diffractometer center (DC) is intersected by all rotation axes. Adapted from Ref. [99].

this setup, the lateral components of the scattering vector are zero. Further, the wave vectors
from the incident and the exiting beam have to be in the plane which is perpendicular to the
sample surface. For this purpose, the angles a and v are fixed to zero. The incidence angle
is defined by wp, while the diffraction angle is given by §. If the sample is tilted by an angle
wp, = 0, the detector has to be rotated by § = 20 to fulfill the scattering condition. Therefore,
this geometry is known as 6 — 20 measurement.

Typically, GIXRD is performed in the vertical geometry (cf. Fig. 4.4). Here, a fixed angle of
incidence is necessary, which is now defined as «. For diffraction, this angle should be slightly
larger than the critical angle of the investigated material (cf. Sec. 2.5). Typical values for « are
0.3° — 0.5° for the materials and energies used within this work. In this geometry, w, is used to
rotate the sample about its surface normal to access the complete reciprocal space. The detector
position is adjusted by the angles § and v in order to fulfill the diffraction condition. GIXRD
allows to measure intensities near the L = 0 plane of the reciprocal space (in-plane Bragg peaks)
as well as non-specular CTRs.

4.2.4 Analysis and correction of x-ray diffraction data

Prior to analysis of the CTRs, the measured intensity has to be corrected by several factors.
Table 4.1 gives an overview of the corrections used in this thesis for the grazing incidence and
specular diffraction geometry with vertical and horizontal alignment of the sample surface, re-
spectively. Here, only non-constant contributions, which show angular dependences during the
measurements, are considered. A more detailed description of possible correction factors can be
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Specular diffraction Grazing incidence diffraction
Polarization factor P 1 1 — (sin o cos § cos 7y + cos asin )?
Lorentz factor L 1/sinw 1/sin~y
Active area A 1/sinw 1/sind

Tab. 4.1: Correction factors for the diffracted intensity measured in specular geometry with
horizontal sample surface and in grazing incidence geometry with vertical sample surface.

found in literature [28,101].

The Lorentz factor L gives the geometrical correction with respect to the integration volume,
which has to be considered during the conversion from real to reciprocal space. The active area
factor A describes the intersection of the illuminated sample area and the area visible to the
detector. This area is usually determined by the alignment of the slits and the detector position.
However, in our case only the detector position is relevant, since the slits are fixed during the
measurement. Further, the scattered intensity is reduced due to the polarization of the x-ray beam
by cos? apor- Here, oy is the angle between the direction of the polarization of the incident beam
and the wave vector of the scattered photon. The polarization correction P given in Tab. 4.1 is
obtained, taking into account that the x-rays produced by an insertion device are 99% (or better)
polarized within the deflection plane (usually horizontal polarization).

Consequently, the total corrected intensity I is given by

Im

ICO?“ == m ; (42)

where P, L, A are the factors given in Tab. 4.1 and I,,, the measured intensity.

For deeper analysis of the corrected data, the fitting program RodsNPlots has been used. This
program allows to calculate the diffracted intensity along CTRs measured in specular diffraction
as well as in grazing incidence diffraction geometry with high accuracy. It was developed by
A. Greuling [102] and improved by S. Hahne and F. Bertram [103,104]. The calculation of the
diffracted intensity is based on Eq. (2.48) developed in Sec. 2.4.

For the calculation, a user-defined model is necessary, which consists of a variable number of
crystalline layers on a substrate. These layers are described by several parameters. For each
layer, the number of unit cells and a material parameter are chosen. The latter contains the
information on the structure factor and the vertical layer distance. Further fitting parameters are
the occupation factor, scaling factors of the vertical lattice vector and the interface vector (solely
vertical components), adsorption site, top and bottom RMS roughnesses and the Debye-Waller
factor. Different numerical optimization algorithms, which operate in user-specified limits, are
implemented with the aim to describe the experimental data by the model in the best possible
way. For the analysis of the data shown in this thesis, the differential evolution algorithm has been
employed. Additionally, the underlying model can contain several lateral coexisting columns each
consisting of multiple layers to describe laterally coexistent structural phases. However, there was
no need to use this option during the data analysis within this thesis.

Though RodsNPlots is a powerful tool for the analysis of the diffracted intensity from thin film
systems, one has to keep in mind some limitations. First, the used theoretical model does not
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consider any lateral misfit. The second limitation is that reasonable results are only available
for an integer number of atomic unit cells. Hence, it is not possible to fit this parameter, so it
has to be chosen by the user in advance. Third, the structure factor is not considered in the
roughness model. This fact leads to unrealistic results for the diffracted intensity in the regions
near forbidden Bragg peaks. To avoid this problem, the unit cell used for the calculation of the
structure factor has to be chosen as small as possible.

More detailed information concerning RodsNPlots, the used parameters and the different opti-
mization algorithms can be found in literature [28].
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Real-time monitoring of the structure of ul-
trathin Fe3O, films during growth on Nb-doped
SrTi03(001)

O. Kuschel, W. Spiess, T. Schemme, J. Rubio-Zuazo, K. Kuepper, and J. Wollschlager

Abstract

In this work, thin magnetite films were deposited on SrTiOjs via reactive molecular
beam epitaxy at different substrate temperatures. The growth process was monitored
in situ during deposition by means of x-ray diffraction. While the magnetite film grown
at 400°C shows a fully relaxed vertical lattice constant already in the early growth
stages, the film deposited at 270°C exhibits a strong vertical compressive strain and
relaxes towards the bulk value with increasing film thickness. Furthermore, a lateral
tensile strain was observed under these growth conditions although the inverse behavior
is expected due to the lattice mismatch of -7.5%. Additionally, the occupancy of the A
and B sublattices of magnetite with tetrahedral and octahedral sites was investigated
showing a lower occupancy of the A sites compared to an ideal inverse spinel structure.
The occupation of A sites decreases for a higher growth temperature. Thus, we assume
a relocation of the iron ions from tetrahedral sites to octahedral vacancies forming a
deficient rock salt lattice.
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K. Kuepper and J. Wollschlager

Abstract

We present a comparative study of the morphology and structural as well as magnetic
properties of crystalline Fe3O4/NiO bilayers grown on both MgO(001) and SrTiO3(001)
substrates by reactive molecular beam epitaxy. These structures were investigated
by means of x-ray photoelectron spectroscopy, low-energy electron diffraction, x-ray
reflectivity and diffraction, as well as vibrating sample magnetometry. While the lattice
mismatch of NiO grown on MgO(001) was only 0.8%, it was exposed to a lateral lattice
mismatch of —6.9% if grown on SrTiOsz. In the case of Fe3Oy4, the misfit strain on
MgO(001) and SrTiO3(001) amounted to 0.3% and —7.5%, respectively. To clarify the
relaxation process of the bilayer system, the film thicknesses of the magnetite and nickel
oxide films were varied between 5 and 20nm. While NiO films were well ordered on
both substrates, Fe3O4 films grown on NiO/SrTiOg3 exhibited a higher surface roughness
as well as lower structural ordering compared to films grown on NiO/MgO. Further,
NiO films grew pseudomorphic in the investigated thickness range on MgO substrates
without any indication of relaxation, whereas on SrTiOs the NiO films showed strong
strain relaxation. Fe3Oy4 films also exhibited strong relaxation, even for films of 5nm
thickness on both NiO/MgO and NiO/SrTiOs. The magnetite layers on both substrates
showed a fourfold magnetic in-plane anisotropy with magnetic easy axes pointing in
(100) directions. The coercive field was strongly enhanced for magnetite grown on
NiO/SrTiOs due to the higher density of structural defects, compared to magnetite
grown on NiO/MgO.

6.1 Introduction

Transition metal oxides are one of the most interesting material classes, providing a huge variety
of structural, magnetic, and electronic properties ranging from metallic to insulating, from ferro-
to antiferromagnetic, as well as ferroelectric states [127]. Especially, thin magnetite films (Fe3Oy4)
have attracted intensive research interest in the last decade in the field of spintronics [105] and
spin caloritronics [106, 108]. Due to their anticipated half-metallic behavior with complete spin
polarization at the Fermi level [11] and high (bulk) Curie temperature of 858 K [76], thin mag-
netite films are promising candidates for room temperature spintronic devices such as highly
spin-polarized electrodes for magnetic tunneling junctions [109, 110, 128] or spin injectors [111].
Furthermore, multilayers of magnetite and platinum show huge thermoelectric effects [112] based
on the recently observed spin Seebeck effect in magnetite [113] pushing the development of more
efficient thermoelectric nanodevices [114].

o1



Impact of strain and morphology on magnetic properties of Fe3O4/NiO bilayers grown on
Nb:SrTiO3(001) and MgO(001)

Magnetite crystallizes in the inverse spinel structure with a lattice constant of 8.3963 A [76] at
300K. At ~120K it undergoes a metal-insulator transition (Verwey transition) [80] accompa-
nied by a change from cubic to monoclinic crystal symmetry [81]. The reduction of the crystal
symmetry leads to a spontaneous ferroelectric polarization and, thus, to multiferroicity [115,116].

In order to control the relative magnetization alignment in magnetic tunnel junctions, exchange
bias effects induced by additional antiferromagnetic layers are commonly used [19]. In the case
of Fe3O4 tunnel junctions, the antiferromagnetic NiO is a good candidate due to its small lattice
mismatch of only 0.5% and a high Néel temperature of 523 K [75].

Nickel oxide is an insulating material with a high thermal stability. It crystallizes in a rock
salt structure with a lattice constant of 4.1769 A [73] at 300 K. It was recently shown that NiO
can act as a spin-current amplifier in spin Seebeck experiments, and can additionally be a spin-
current generator when a thermal gradient is applied [21-24], making NiO a key material for
thermoelectric devices. Further, the latest studies report on a temperature-dependent sign change
in the spin Hall magnetoresistance for nickel oxide on ferromagnetic insulator [129,130]. Thus,
there is a possibility to use it as a spin filter.

Previous works [18,50,121,131-134] have focused on the characterization of magnetite and nickel
oxide films grown on MgO substrates because of the small lattice mismatch of 0.3% and 0.8%,
respectively. However, it has been demonstrated that the electronic and magnetic properties of
magnetite films can be modified using SrTiOs substrates [83,135,136], despite the large lattice
mismatch of —7.5%. One advantage of using SrTiOg substrates is the possibility of doping and,
thus, a tunable conductivity providing either an insulating or metallic substrate which can be used
as a bottom electrode in capacitor-like structures [116]. Furthermore, Fe3O4/NiO bilayers grown
on SrTiO3 can be used to synthesize Ni,Fes_,O4 thin films by thermally induced interdiffusion
with tunable magnetic and electric properties [25].

To date, most studies concerning NiO films on SrTiOs have been limited to a coarse analysis
of the growth [137,138], while a thorough structural characterization is seldom reported [139].
In the case of Fe3O4/NiO bilayers on both substrates, there are a number of works on elec-
tronic structure, interfacial coupling, and magnetic characterization [140-143|, whereas to the
best of our knowledge there are no detailed structural studies for these bilayers on SrTiOs.
However, the magnetic and transport characteristics of such films are sensitive to structural vari-
ations, number of defects, or stoichiometric deviations, and can be affected by the strain between
film and substrate [83]. Therefore, in this work, a comprehensive structural characterization of
Fe304/NiO bilayers of different thicknesses grown on Nb-doped SrTiO3(001) and for comparison
on MgO(001) is presented. Additionally, these results are correlated with magnetic properties
(e.g., magnetocrystalline anisotropy).

Directly after deposition, the stoichiometry in the near-surface region and the surface structure of
each layer was determined in situ using x-ray photoelectron spectroscopy (XPS) and low-energy
electron diffraction (LEED), respectively. The bulk structure was investigated ex situ by x-
ray reflectivity (XRR) and synchrotron radiation x-ray diffraction (SR-XRD) measurements and
analyzed within kinematic diffraction theory. Further, angle-dependent hysteresis loops were
measured via vibrating sample magnetometry (VSM).

6.2 Materials and methods

Preparation and in situ characterization of the thin oxide films were carried out in an inter-
connected ultra-high vacuum (UHV) system at a base pressure of 10~% mbar in the deposition
chamber and 107!% mbar in the analysis chamber. Epitaxial Fe30,4/NiO ultrathin bilayer sys-
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tems with thicknesses between 5nm and 20 nm were grown via reactive molecular beam epitaxy
(RMBE) on 0.05% Nb-doped SrTiO3(001) or on MgO(001) single crystalline substrates. Prior
to deposition, the substrates were annealed at 400°C in 1x10~* mbar Oy atmosphere for 1h in
order to remove carbon contamination and get well-defined surfaces. Subsequently, nickel oxide
and magnetite films were deposited by thermal evaporation from pure metal rods in 1x10~° mbar
and 5x10~% mbar oxygen atmosphere, respectively. Deposition was performed at 250°C substrate
temperature using deposition rates of 0.01 nm/s for nickel oxide films and 0.025nm/s for mag-
netite films, as controlled by a quartz microbalance adjacent to the evaporation source. The
resulting film thicknesses were determined later on ez situ by XRR (Panalytical, Philips X’Pert
Pro, Almelo, The Netherlands). Crystal surface quality and near-surface stoichiometry were con-
trolled in situ after each preparation step by LEED (ErLEED 150, SPECS, Berlin, Germany)
and XPS (SPECS, Berlin, Germany) using an Al Ka (hv = 1486.6€V) radiation source and a
Phoibos HSA 150 hemispherical analyzer.

After transport under ambient conditions, XRR and XRD experiments were carried out ex situ
for structural characterization of the films. XRR measurements were performed in 6 — 26 ge-
ometry using a lab based diffractometer equipped with a Cu Ka anode. An in-house developed
fitting tool based on the Parratt algorithm [51] using Névot-Croce [54] roughness profiles was
applied for the analysis of the XRR curves. For XRD synchrotron based radiation sources at
the MaXLab beamline 1811 (MaXLab, Lund, Sweden) and at the Swiss Light Source beamline
X04SA (Paul Scherrer Institute, Villigen, Switzerland) were used. Both beamlines are equipped
with (25+3D) type diffractometers and Pilatus pixel area detectors for data collection. The XRD
data were recorded in 6 — 20 geometry at an energy of 12.4 keV and analyzed within the kinematic
diffraction theory [95] that is implemented in our in-house developed fitting tool.

In addition, magnetization curves were measured at room temperature for several in-plane direc-
tions of the samples by varying the magnetic field pgH between —300mT and +300mT, using a
VSM (Lakeshore, Model 7407, Westerville, OH, USA). The magnetization loops were corrected
by subtracting the diamagnetic contribution from the substrates.

6.3 Results

6.3.1 LEED / XPS

Figures 6.1(a),(d) present the LEED patterns of the cleaned MgO(001) and SrTiO3(001) surfaces,
respectively. All as-prepared NiO and Fe3Oy films showed similar LEED patterns on the respective
substrate for all investigated thicknesses ranging from 5nm to 20 nm. Thus, only patterns of a
~20nm Fe304 and a ~10nm NiO film on MgO and SrTiOs are shown as examples in Fig. 6.1.
The intensity variations in all recorded patterns were due to dynamical scattering for electron
diffraction, and will not be considered further. Instead, we focus on the symmetry of the diffracted
pattern and the sharpness of the diffraction spots. Clear (1x1) structures corresponding to the
square unit cells of MgO(001) and SrTiO3(001) surfaces could be seen [see Fig. 6.1(a),(d)]. Due
to the rock salt structure of MgO, the reciprocal unit vectors of the MgO(001) surface point in
[110] and [110] directions, forming a quadratic reciprocal unit cell. The reciprocal unit vectors
of the (001) surface of the perovskite SrTiOs point in [100] and [010] directions, also forming a
quadratic unit cell. Consequently, the reciprocal surface unit vectors of MgO(001) are ~+/2 times
larger than those of SrTiO3(001).

In diffraction patterns, a random arrangement of point defects leads to an increased background,
while line defects (e.g., domain boundaries) result in a broadening of the diffraction spots [55].
To obtain not only qualitative but also quantitative information on the defect density, the full
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Fig. 6.1: Low-energy electron diffraction (LEED) pattern recorded at 140eV for (a)
pure MgO(001) surface; (b) 11.9nm NiO film on MgO(001); and (c¢) 21.5nm FezO4 on
NiO/MgO(001). The LEED pattern taken at 100eV of a pure SrTiOs surface, a 10.4nm
NiO film on SrTiO3(001), and 20.7nm Fe3O4 on NiO/SrTiO3(001) are depicted in (d-f),
respectively. The larger white squares indicate the (1x1) structure of the reciprocal unit
cell of the respective surfaces, while the smaller white squares in (¢) and (f) indicate the
(v/2 x v/2)R45° superstructure unit cell of magnetite.

width of half maximum (FWHM) of the diffraction spots was determined at 140eV, taking into
account the instrumental broadening of the LEED instrument.

The SrTiO3 pattern exhibited sharp and intense diffraction spots. Analysis of the FWHM of
the (11) diffraction peaks yielded a line defect density of (0.11 4= 0.02) nm~2. In contrast, the
spots of the MgO substrate were broadened due to charging effects. Thus, it was not possible to
determine a value for the defect density of the substrate here. The diffuse background was quite
low in both patterns, pointing to clean surfaces and negligible point defects. Additionally, XPS
measurements of both substrates showed no carbon contamination, indicating chemically clean
surfaces.

After the deposition of NiO, the LEED patterns also exhibited a (1x1) structure related to the
square symmetry of the NiO(001) surface for both substrates [see Fig. 6.1(b),(e)]. As mentioned
above, due to the rock salt structure, the reciprocal unit vectors of the NiO(001) surface point
in [110] and [110] directions and are consequently ~+/2 times larger than the surface unit cell of
SrTiOs3 in reciprocal space. Due to the very similar lattice constants of NiO(001) and MgO(001),
the diffraction spots were located at almost identical positions. A broadening of the diffraction
spots compared to the pattern of the SrTiO3 substrate was clearly visible, indicating an increase
of the defect density. Analyzing the FWHM of the (10) surface diffraction spots, we obtained den-
sities of line defects of (0.8 40.1)nm~2 and (1.1£0.2) nm~2 for the NiO/MgO and NiO/SrTiOs,
respectively. The slightly larger broadening of the diffraction spots for NiO/SrTiOs compared to
the diffraction spots of the NiO/MgO surface can be related to the formation of more structural de-
fects (e.g., domain boundaries), induced by the higher lattice misfit of NiO(001) on SrTiO3(001).
Additionally, both patterns showed a negligible background intensity of the NiO(001) surface,
pointing to a small amount of point defects.

The LEED images of Fe3O,4 obtained after deposition on NiO/MgO(001) and NiO/SrTiO3(001)
showed similar diffraction patterns with a square symmetry [see Fig. 6.1(c),(f)]. Clear diffraction
spots with half-peak distance compared to the NiO(001) surface indicated an approximately
doubled lattice constant in real space due to the almost-doubled cubic lattice constant of Fe3O4
compared to the other oxides used here. Furthermore, an additional (\/§ X \/§)R45° superstructure
appeared, which is characteristic for a well-ordered magnetite surface [77,124,125,144]. This
superstructure is not observed for maghemite (FeaOg), which has a very similar surface lattice
constant. Therefore, we assume the formation of well-ordered stoichiometric magnetite films.
However, the diffraction spots of the magnetite film grown on NiO/MgO were sharper than for
the growth on NiO/SrTiOs, indicating a better ordering and less domain boundaries. For the
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Fig. 6.2: X-ray photoelectron spectra of (a) Ni 2p region for the as-prepared NiO films on

MgO(001) and SrTiOs; (b) Fe 2p region for the as-prepared FesOy4 films on NiO/MgO(001)

and NiO/SrTiOs.

density of line defects of the Fe3Qy films, values of (1.3 4-0.2) nm~2 and (0.14 & 0.02) nm ™2 were
obtained for the growth on NiO/SrTiO3(001) and NiO/MgO(001), respectively, analyzing the
FWHM of the (20) surface diffraction spots.

In summary, the LEED patterns of the Fe3O4/NiO bilayer systems confirmed a crystalline cube-
on-cube growth of both NiO and Fe304 films on MgO(001), as well as on SrTiO3(001). The films
grown on MgO substrates exhibited a higher crystalline quality and less surface defects compared
to the bilayers grown on SrTiOs.

XPS measurements were made directly after deposition of the films to determine the stoichiometry
and the valence state of the cation species. Figure 6.2(a) shows the XP spectra of the Ni 2p
region after the deposition of nickel oxide and before the deposition of iron oxide. All spectra
of the Ni 2p core level revealed Ni 2p3/5 and Ni 2p; /5 peaks at binding energies of 854.6 eV and
872.5 eV, respectively, and two intense satellite structures at about 7eV higher binding energies.
Since these values agree well with the binding energies reported in the literature for a Ni?*
valence state in NiO stoichiometry [145,146], we assume that the oxide films were stoichiometric
and had negligible point defects (e.g., oxygen vacancies). Additionally, there was a shoulder
~1.5 eV above the Ni 2p3 /5 peak, which has been reported to be typical for NiO [147,148]. Thus,
the shape of all spectra was comparable to that of NiO bulk crystal [146, 149, 150]. The Fe 2p
photoelectron spectra of the iron oxide films as prepared on top of the NiO films are presented in
Fig. 6.2(b). From the position and shape of the Fe 2p peaks, one can obtain information about
the iron oxidation state and the stoichiometry. All recorded spectra exhibited the same shape,
with main peaks located at binding energies of 710.6eV and 723.6eV for Fe 2p3/5 and Fe 2p; /s,
respectively. These binding energies of the core levels correspond to well-known values of FesOy
from the literature [122]. Additionally, in contrast to wiistite (FeO) and maghemite (Fe2O3s),
no apparent charge-transfer satellites can be observed between the two main peaks due to their
overlap [122,123]. Consequently, the shape and binding energies of the Fe 2p spectra confirmed a
mixed Fe?" /Fe3t valence and pointed to a Fe3Oy stoichiometry for all prepared iron oxide films.
Thus, both XPS and LEED measurements demonstrated that the bilayer structures on both kind
of substrates consisted of crystalline stoichiometric NiO and FesOy4 films.
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Fig. 6.3: X-ray reflectivity (XRR) measurements and the calculated intensities of the bilayers
on (a) MgO and (b) SrTiO3 substrates; (c) Fe3O4 surface and Fe3O4/NiO interface roughnesses
obtained from the XRR measurements.

6.3.2 XRR /XRD

XRR and XRD experiments were performed ez situ to determine the structural parameters of
the bilayers (e.g., film thicknesses and vertical lattice distances). Figures 6.3(a),(b) show the
measured reflectivity curves and the corresponding calculated reflectivity curves after optimizing
the structural parameters. In addition, the obtained thicknesses of all studied bilayers are pre-
sented. Clear intensity oscillations with beating effects were visible for all samples, indicating
double-layer structures and flat homogeneous films with small interface and surface roughness.

The applied calculation model consists of a layer of iron oxide on top of a nickel oxide layer on
MgO or SrTiOg substrate. All fitted curves agreed excellently with the experimental data using
literature values for the dispersion dpe,0, = 1.53 x 1075 and dnjo = 1.89 x 1075 [151]. This
indicates a small defect density (e.g., oxygen vacancies), which is in accordance with the XPS
results.

Additionally, the roughnesses of the films were determined and are presented in Fig. 6.3(c).
Here, all films featured an increase of the surface and interface roughness with increasing film
thickness. This effect can be attributed to kinetic roughening of the films during growth and to
the progressing relaxation process [152]. The nickel oxide films exhibited similar roughnesses of
onio = 2.5 — 3.5 A on both substrates, with a small increase for thicker films. The roughness
of the Fe3sO4 on NiO/MgO increased more drastically, while the magnetite films deposited on
NiO/SrTiO3 showed nearly constant roughness with initially almost doubled values compared to
the magnetite films on NiO/MgO. This behavior is likely caused by high lattice misfit and the
resulting relaxation process. This is in accordance with the broadened diffraction spots of the
Fe304 films on NiO/SrTiO3 observed in the LEED pattern (see Fig. 6.1).

Figures 6.4(a),(b) present the SR-XRD measurements of the (00L) crystal truncation rod (CTR)
compared to intensities calculated by kinematic diffraction theory of the Fe304/NiO bilayers on
MgO(001) and SrTiO3(001), respectively. Here, the bulk nomenclature of the reciprocal space was
used, where L = ¢ K| /(2 ) in reciprocal lattice units (r.l.u.) denotes the vertical scattering vector
K | scaled to the Bragg condition 27/c (enmgo = 4.2117 A, csrTiog = 3.905 A). The diffraction data
revealed an epitaxial (001)-oriented growth of NiO and FesO4 on both substrates. Due to the
almost-doubled lattice constant of magnetite compared to both MgO and NiO and the resulting
lateral tensile strain, the (004)g spinel reflection was located at higher L values compared to MgO
and close to the (002)g bulk reflection of a rock salt structure. On SrTiOs, both nickel oxide and
magnetite exhibited a large lattice misfit and were laterally compressively strained. Thus, the
(004) s reflection of magnetite and (002) g reflection of NiO were at lower L values compared to
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Fig. 6.4: X-ray diffraction (XRD) measurement along the (00L) crystal truncation rod (CTR)
(a) of the Fe304/NiO/MgO samples and (b) of the Fe304/NiO bilayers on SrTiOs. The cal-
culated intensity distribution using the kinematic approximation is shown in red. (c) Vertical
layer distance of nickel oxide and magnetite grown on MgO(001) and SrTiO3(001), dependent
on the film thickness. The dashed lines denote the fully relaxed bulk values of magnetite and
nickel oxide.

SrTiOs and were well separated from the (002) p perovskite reflection of SrTiO3. Here, the indexes
R, S, and P indicate bulk indexing for rock salt, spinel, and perovskite types, respectively. For
all bilayers grown on MgO, the measurements showed a sharp peak at L = 2 originating from the
diffraction at the MgO substrate lattice [see Fig. 6.4(a)]. Additionally, broad and rather intense
features located at L ~ 2.02 accompanied by strong Laue oscillations were visible due to the finite
thickness of the iron and nickel oxide films. The well-pronounced intensity oscillations with two
superposed partial oscillations clearly showed a periodicity of two layers of different thickness,
indicating a high crystalline ordering and homogeneous thicknesses of both films—magnetite and
nickel oxide. This is in accordance with the results seen in the XRR measurements.

In the case of bilayers grown on SrTiOs, the (00L) rod also showed a sharp substrate peak at
L = 2 and Laue oscillations due to crystalline magnetite and nickel oxide films [see Fig. 6.4(b)].
Here, the Bragg peaks originating from the iron and nickel oxide were located at L ~ 1.86 and
were broadened due to the finite film thicknesses. Upon closer inspection, the Laue oscillations
also showed a periodicity of two layers, whereby the damping of the oscillation originating from
the magnetite surface increased with increasing magnetite thickness due to increasing roughness
[see Fig. 6.3(c)]. This result agrees well with LEED and XRR results shown above.

Due to the small lattice mismatch between Fe3O4 and NiO, a separation of the Bragg peaks
originating from the respective film is not visible by eye. Complete data analysis using kinematic
diffraction theory was performed to obtain the vertical layer distance of the respective oxide film.
Within the calculation, the atomic form factors of oxygen, nickel, and iron atoms arranged in a
bulk structure were kept constant while the vertical size of the unit cell was varied. Interface
roughness was modeled with a Gaussian variation of the height as implemented for XRR by the
Névot-Croce model [54]. The applied models consist of a homogeneous Fe3O4/NiO bilayer on top
of the respective substrate. This structural model involving the number of layers coincides with
the layer model and the film thicknesses obtained from XRR calculations. The obtained vertical
layer distances (cnio/2 for NiO and cpey0,/4 for FesOy4) are shown in Fig. 6.4(c).

The dashed lines mark the bulk values of the magnetite and nickel oxide. Due to the larger unit
cell of MgO(001), pseudomorphic growth of NiO on MgO resulted in an expansion of the NiO
unit cell in lateral direction, and thus a vertical compression, and consequently a smaller vertical
lattice distance. Exactly the opposite was expected in the case of NiO grown on SrTiO3(001),
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due to the smaller bulk unit cell of Sr'TiO3 compared to NiO. Thus, the vertical lattice distance
of NiO was larger than the bulk value, as observed in the experiment.

For the NiO layers on MgO, the vertical layer distance exhibited a compressive strain (2.078 A)
due to lateral tension, and showed no dependence on the NiO thickness in the investigated range
[see Fig. 6.4(c)]. In the case of bilayers grown on SrTiOs, the vertical lattice distance of NiO
(2.095 A) pointed to tensile strain as a result of the lateral compression. Further, there was no
dependence on the NiO thickness.

However, the situation was different for the relaxation of the magnetite films. Due to pseudo-
morphic growth of NiO on MgO, the vertical layer distance of Fe3O4 grown on top of NiO/MgO
was also slightly compressively strained but relaxed to higher values with increasing magnetite
thickness. Its value relaxed from 2.0795 A for the 6.1 nm thick magnetite film to 2.0885 A for the
thickest magnetite film. A strong relaxation with increasing film thickness of the magnetite could
also be seen for magnetite films grown on NiO/SrTiO3. The vertical lattice distance of Fe3Oy4
on NiO/SrTiO3 was exposed to heavy tensile strain and decreased rapidly from 2.117 A for the
thinnest film to 2.106 A for the 20.7 nm thick magnetite film.

6.3.3 VSM

As an example, the magnetic properties of the two thickest magnetite films on NiO/MgO and
NiO/SrTiO3 were studied by means of VSM. The magnetization curves were measured for differ-
ent azimuthal sample directions o between the substrate [100] direction and the applied magnetic
field. Figures 6.5(a),(b) show the magnetic moment per f.u.(formula unit) as a function of the
magnetic field for the bilayers on MgO and SrTiOgs, respectively, for two different directions of
the external magnetic field.

For both samples, a typical ferro(i)magnetic behavior was observed. Here, the red curves recorded
with the magnetic field applied in the [010] direction of the substrates represent magnetic easy axes
with a high magnetic remanence and coercive fields. The blue curves recorded with the magnetic
field applied in the [110] direction exhibit the magnetic behavior of a magnetic hard axis due to a
lower strength of the coercive field and a smaller magnetic remanence. However, from magnetic
saturation to magnetic remanence, neither investigated sample was in a monodomain state. This
can also be concluded from the squareness (magnetic remanence value divided by the saturation
magnetization) for the field loop of the magnetic easy direction which is below one. This effect
is probably originated in the presence of antiphase boundaries that pin the magnetic moments
in different directions and, thus, support multidomain states rather than monodomain states,
even for the case of having the magnetization aligned in the magnetic easy direction. The FesO4
film on NiO/SrTiOs showed an enhanced coercive field compared to the magnetite film grown on
NiO/MgO. One possible reason could be a higher density of grain boundaries due to the relaxation
process, which supports pinned multidomain states that need larger magnetic fields to be switched.
This is consistent with the weaker structural quality (e.g., high roughness, broad diffraction peaks)
seen in the LEED, XRR, and XRD measurements. Further, the saturation magnetization of the
FesO4 film grown on NiO/MgO amounted to (3.7+0.3) up/f.u., and was rather close to the
literature value of 4.07 up/f.u. [11,153]. In contrast, magnetite on NiO/SrTiOs showed a lower
magnetic moment of (3.3 +0.3) up/f.u., which may result from the antiferromagnetic coupling in
the vicinity of antiphase domain boundaries (APBs) [154].

The remanent magnetization as a function of azimuthal sample angle « is shown in Fig. 6.5(c) for
both investigated samples. The maxima of the magnetic remanence pointed in (100) directions
for both FesO4 films on NiO/MgO and NiO/SrTiOs, indicating the magnetic easy directions.
Consequently, the magnetic hard axes were located in (110) directions.
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Fig. 6.5: Vibrating sample magnetometry (VSM) magnetization curves of magnetic easy and
hard directions for (a) 21.5 nm-thick Fe3O4 film on NiO/MgO and (b) 20.7 nm-thick FezOy4
film on NiO/SrTiO3. (c¢) Polar plot of the magnetic remanence depending on the azimuthal
sample angle a of a 21.5nm-thick Fe3O4 film on NiO/MgO (red) and 20.7 nm-thick FezOy
film on NiO/SrTiOgz (blue).

6.4 Discussion

XPS measurements taken directly after deposition revealed stoichiometric FesO4 and NiO on
both substrates, independent of the film thicknesses. Due to the limited mean free path of the
electrons, only the near-surface region (~ 5nm) of the layers could be characterized. No evidence
for the formation of non-stoichiometric magnetite was observed in this region. Pilard et al.
found a 1.5 nm-thick NiFe;O4 interfacial layer after depositing NiO above 610°C on FezO4 [140].
Within the XPS measurements presented here, the interfacial region could be detected only for
the thinnest magnetite films showing spectral shape and binding energies typical for Ni** in NiO
stoichiometry. Thus, there was no evidence for the formation of NiFesO4 due to the lower growth
temperature.

Hard x-ray photoelectron spectroscopy (HAXPES) and x-ray magnetic circular dichroism (XMCD)
measurements [141] of the same samples recorded after transport under ambient conditions showed
small traces of Fe3t excess on the surface of the bilayers grown on SrTiOs3. However, in deeper
layers and at the interface, the presence of stoichiometric NiO and Fe3O4 was confirmed, exclud-
ing the formation of NiFesO,4 clusters or any interfacial layer also for thicker FesOy films [141].
Consequently, very thin magnetite films tend to form maghemite at the surface after exposure to
ambient air whereas thicker films seem to be more stable, as reported previously by Fleischer el
al. [155]. Since in situ XPS and LEED measurements taken after preparation under UHV con-
ditions showed no evidence for maghemite, a capping layer deposited directly after growth could
prevent the possible oxidation process in the upper layers.
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In situ LEED measurements also verified the Fe3O4 stoichiometry of the iron oxide film show-
ing the typical (v/2 x v/2)R45° superstructure of the magnetite surface for all investigated films.
Further, NiO films on both substrates exhibited the expected (1 x 1) pattern due to the rock
salt crystal structure. The diffraction spots of the magnetite and NiO films grown on SrTiOgs
were slightly broadened compared to the films grown on MgQO, indicating the formation of more
surface defects due to the high lattice misfit. Surface roughnesses obtained from the XRR anal-
ysis exhibited higher values for all films grown on SrTiOs. While the roughness of the nickel
oxide films deposited on SrTiO3 was only about 0.5 A higher than after deposition on MgO, the
magnetite films on NiO/SrTiOg initially showed almost doubled values compared to the mag-
netite films on NiO/MgO. This result is consistent with the higher value for the defect density of
Fe304/NiO/SrTiO3 obtained from the LEED pattern analysis. Nevertheless, the XRR measure-
ments provided distinct intensity oscillations, indicating double layer structures and homogeneous
film thicknesses. Thus, the two layers did not intermix during the deposition process.

The entire structure of the samples was investigated by XRD measurements of the specular CTR.
For all samples, the thickness determined by XRR agreed well with the number of layers obtained
from XRD analysis, where distinct Laue oscillations were observed. The strong intensity oscil-
lations revealed crystalline and well-ordered nickel oxide and magnetite films with homogeneous
thicknesses on both substrates.

The vertical layer distances of all NiO films showed no dependence on the thickness in the inves-
tigated range. However, NiO and FezO,4 films grown on MgO exhibited a vertical compressive
strain while NiO and FezOy4 films on SrTiOg showed vertical tensile strain due to lattice match-
ing at the interface. Based on elastic theory for continuum, the vertical lattice constant ¢ for
homogeneous tetragonally (in-plane) distorted films is related to the lateral lattice constant a
via [23]

Ac_ v Aa (6.1)

c v—1 a

For the calculation of the vertical layer distance for a completely strained film, Aa from pseu-
domorphic growth was used. Assuming a Poisson number of v = 0.21 for NiO [73], the vertical
layer distance of pseudomorphic nickel oxide on MgO was calculated to be 2.079 A. Hence, the
NiO films grown on MgO were fully strained as clarified by Fig. 6.6 where lateral distances of
(100) planes are presented. Above a critical thickness d., this strain should reduce rapidly due
to the stable formation of dislocations. Following the model of Matthews and Blakeslee [31], the
critical thickness d., at which the generation of misfit dislocation will begin, can be calculated by
the formula

d. (1 — v cos? a) (1

b 27 f(1+v)

alPRP

(3)+1) (6.2)

Here, b is the magnitude of the Burgers vector, f is the lattice mismatch, v is the Poisson ratio,
a = 90° is the angle between the Burgers vector and the dislocation line, and A = 45° is the
angle between the Burgers vector and the direction both normal to the dislocation line and within
the plane of the interface. For NiO films on MgO(001), the critical thickness was determined to
39nm. Since the studied films were below the critical thickness, the absence of strain relaxation
is in good agreement with this model. Similar results were also observed by Schemme et al. [121]
for NiO films of different thicknesses up to 34nm grown on MgO(001). The experimental data
of James et al. [73] showed a strain relaxation above ~ 40nm, which is consistent with our
observations and confirms Eq. (6.2).
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Despite the large misfit of —6.9% between NiO and SrTiOgs, the XRD curves of all studied films
also featured distinct Laue oscillations, pointing to a good crystalline ordering. Assuming a
complete lattice matching at the interface, we calculated a vertical lattice distance of 2.161 A for
fully strained NiO films on SrTiO3 [Eq. (6.1)], while we observed a film thickness independent
value of 2.095 A. The resulting lateral distances of the (100) planes calculated by Eq. (6.1) of all
investigated nickel oxide and magnetite films are presented in Fig. 6.6. Thus, for the NiO films
grown on SrTiOs, the remaining lateral strain only amounted to —0.6% (see Fig. 6.6). For the
critical thickness, Eq. (6.2) revealed a value of 3.5 nm. All prepared NiO films were well above the
critical thickness. Thus, the observed strong strain relaxation seems to be reasonable although
they were not completely relaxed. We assume that the residual strain cannot be removed from the
film due to kinetic barriers preventing the film from relaxing completely. Similar strain behavior
was reported by Zhang et al. for NiO films of 2 nm thickness grown by pulsed laser deposition on
SrTiO3 substrates. In contrast to our findings, a complete relaxation for NiO films of thicknesses
above 10 nm was observed, probably driven by higher deposition temperature [139].

In the case of Fe3O4 on NiO/MgO, we calculated a vertical layer distance for a fully strained film of
2.092 A and a critical thickness of 105 nm (v = 0.356 [156], f = 0.3%), applying Eq. (6.1) and (6.2),
respectively. Here, the misfit f coincided with the misfit of magnetite on MgO since the growth of
NiO on MgO was pseudomorphic adapting its lateral lattice constant (see Fig. 6.6). All our inves-
tigated magnetite films on NiO/MgO were strongly strained having a lower vertical layer distance
than received by Eq. (6.1). Further, the calculated lateral layer distance of all prepared FesOy
films was larger than that of the NiO films pseudomorphically grown on MgO (see Fig. 6.6).
Consequently, the magnetite films were exposed to much higher tensile lateral strain as expected
from classical growth theory. This effect may be attributed to the unpreventable formation of
APBs, which is not considered in the simple theories of epitaxial growth and relaxation via misfit
dislocations. Thus, we assume that APBs expose additional tensile strain to the magnetite film.
This result is in contrast to the compressive strain due to APBs as reported for magnetite films
(thickness range 85 — 600 nm) directly grown on MgO(001) by magnetron sputtering [157]. As
shown in Fig.6.4(c), the measured vertical layer distance approached the bulk value with increas-
ing FesO4 thickness. However, the bulk value was not reached even for the thickest magnetite film
on NiO/MgO studied here. On one hand, this effect is very surprising since the predicted critical
thickness of 105 nm is beyond the thicknesses under consideration here. On the other hand, this
behavior of partial relaxation below the calculated critical thickness also coincides with the results
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reported by Schemme et al. [121]. We also attribute this effect to the unpreventable formation
of APBs, which is not considered in the simple theories for the nucleation of misfit dislocations.
Thus, APBs seem to lower the kinetic barrier for the formation of dislocations.

Regardless of the low remaining compressive strain between the Fe3O4 and NiO/SrTiOs, these
magnetite films were less structurally ordered than the magnetite films grown on NiO/MgO.
While the crystalline quality of the NiO films on SrTiOs was constantly high independent of the
film thickness, the strength of Laue oscillations of the FezO4 films grown on top of NiO/SrTiOs
decreased with increasing magnetite thickness. This result is supported by the high surface rough-
ness of the magnetite films obtained from the XRR measurements as well as by the broadened
diffraction spots seen in the LEED pattern.

Assuming a pseudomorphic growth of magnetite on the strained NiO film with remaining lattice
mismatch of —1%, the vertical layer distance of a fully strained magnetite film was calculated
to be 2.123 A using Eq. (6.1). The measured value of 2.117 A for the 5 nm-thick magnetite film
was already lower than the expected value for pseudomorphic growth [see Fig. 6.4(c)]. Thus, this
magnetite film was already partially relaxed and showed vertical and lateral strain of 0.9% and
0.8%, respectively (see Fig. 6.6). With increasing thickness of the magnetite film, the vertical
and lateral layer distances strongly relaxed further to 2.104 A and 2.093 A, respectively, for the
20.7 nm-thick film. Again, this effect contradicts classical relaxation theory via dislocation forma-
tion from which the critical film thickness of 27 nm was obtained using Eq. (6.2). Consequently,
the formation of grain boundaries and structural defects (e.g., APBs) during the initial stage of
film growth may support the formation of misfit dislocations, and thus a faster relaxation process.
In addition, as stated above, the lateral tensile strain due to APBs may cause a larger lateral
layer distance compared to pseudomorphic growth on the strained NiO film.

VSM measurements of the two thickest magnetite films on NiO/MgO and NiO/SrTiOgz revealed
ferro(i)magnetic behavior for both samples. However, the Fe3O4 film grown on NiO/SrTiOj
showed enhanced coercive field compared to the film on NiO/MgO, possibly caused by a higher
density of grain boundaries, and thus the formation of more pinning centers as confirmed by the
LEED analysis. This behavior coincides with the weaker structural ordering and higher surface
roughness of the magnetite films on NiO/SrTiOg, also seen in the XRD and XRR measurements.
An increased coercive field for magnetite films grown on SrTiOs caused by a higher surface
roughness or strain has also been reported in Refs. [158,159].

The obtained saturation magnetization values of FesO4 grown on NiO/MgO and NiO/SrTiOs
coincided within the error tolerances with the values determined by XMCD [141]. Additionally,
the value of Fe3O4 film on NiO/MgO was also rather close to the ideal theoretical value as well
as to the experimental bulk moment of magnetite of 4.07 up/f.u. [11,79,153], whereas FesOy4
on NiO/SrTiO3 exhibited a lower value. A reduced magnetic moment has also been reported
for Fe30,4/SrTiO3 systems, possibly caused by a large density of APBs induced by high lattice
mismatch [135,160]. This result is supported by a weaker structural ordering as well as higher
coercive fields and, thus, a higher density of grain boundaries observed for Fe304 on NiO/SrTiOs.

Further, both investigated samples showed a fourfold magnetic in-plane anisotropy with magnetic
easy axes aligned along the (100) directions. For thin magnetite films on MgO(001), the magnetic
easy axes are mostly reported to point into (110) directions [159, 161, 162] as expected from
bulk properties of Fe3sO4. However, a magnetic isotropic behavior [162, 163] or magnetic easy
axes aligned in (100) directions [164] are also presented in the literature for Fe3O4/MgO(001).
Moreover, magnetite films grown on an iron buffer layer deposited on MgO(001) also exhibited a
magnetic in-plane anisotropy with magnetic easy axes parallel to (100) [17]. For Fe3O4 films on
SrTiO3(001), different orientations of the magnetic easy axes were also reported. While Kale et al.
observed a fourfold magnetic anisotropy with magnetic easy axes pointing into (110) directions
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[163], magnetic easy axes aligned along the (100) directions are presented in Refs. [136, 164].
All these observations show that the magnetic properties of magnetite are highly affected by
the interface between the film and substrate and can be influenced by the deposition conditions,
lattice mismatch, or stoichiometric deviations. In addition, we assume that a tetragonal distortion
of the films can influence the spin-orbit coupling, which may lead to modified magnetocrystalline
anisotropy constants [165] and, thus, altered directions of magnetic easy and hard axes.

6.5 Conclusions

We present a comparative study on the structural and magnetic properties of Fe3O4/NiO bilay-
ers grown on MgO(001) and Nb-doped SrTiO3(001). Stoichiometric magnetite and NiO films
with homogeneous thicknesses were found on both substrates in the investigated thickness range
(5—20nm). Detailed analysis of the XRD measurements revealed a high crystallinity of the NiO
films independent of the underlying substrate or film thickness. However, magnetite films grown
on NiO/SrTiO3 showed a weaker structural ordering and higher surface roughness compared to
the films grown on NiO/MgO, induced by a large lattice mismatch and the resulting relaxation
process. Further, the bilayers exhibited a vertical compressive strain on MgO but a tensile strain
in the vertical direction on SrTiOs as a result of lateral compression. The weaker crystalline
structure of FesO4 on NiO/SrTiOgs affected the magnetic properties leading to an enhanced co-
ercive field and a reduced magnetic moment compared to magnetite on NiO/MgO. Nevertheless,
these Fe3O4/NiO bilayers on MgO and SrTiOs substrates are expected to show large thermo-
electric effects based on the thermal generation of spin currents (spin Seebeck effect) [112-114],
supported by the antiferromagnetic NiO layer [21,22].

Additionally, both systems showed a fourfold magnetic in-plane anisotropy with magnetic easy
axes pointing in (100) directions which were 45° rotated to the well-known magnetic easy axes
directions of thin magnetite films on MgO(001) as expected from bulk properties. One potential
reason may be a modified spin-orbit coupling as a result of the tetragonal distortion of the films
leading to altered magnetocrystalline anisotropy. A detailed understanding of these bilayers is
of the utmost importance since they are excellent candidates for potential spintronic and spin
caloritronic applications. Therefore, this behavior deserves further study to shed more light on
this interesting change of the magnetic anisotropy of Fe3O4 thin films grown on NiO/MgO(001)
and NiO/SrTiO3(001).
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From Fe;0,4/NiO bilayers to NiFe;O4-like thin
films through Ni interdiffusion
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T. Kuschel, J. Wollschlager, and K. Kuepper

Abstract

Ferrites with (inverse) spinel structure display a large variety of electronic and magnetic
properties, making some of them interesting for potential applications in spintronics.
We investigate the thermally induced interdiffusion of Ni?* ions out of NiO into FezO4
ultrathin films resulting in off-stoichiometric nickel ferrite-like thin layers. We syn-
thesized epitaxial Fe3O4/NiO bilayers on Nb-doped SrTiO3(001) substrates by means
of reactive molecular beam epitaxy. Subsequently, we performed an annealing cycle
comprising three steps at temperatures of 400°C, 600°C, and 800°C under an oxy-
gen background atmosphere. We studied the changes of the chemical and electronic
properties as result of each annealing step with help of hard x-ray photoelectron spec-
troscopy and found a rather homogeneous distribution of Ni and Fe cations throughout
the entire film after the overall annealing cycle. For one sample we observed a cationic
distribution close to that of the spinel ferrite NiFeoO,4. Further evidence comes from
low energy electron diffraction patterns indicating a spinel type structure at the surface
after annealing. Site and element specific hysteresis loops performed by x-ray magnetic
circular dichroism uncovered the antiferrimagnetic alignment between the octahedral
coordinated Ni*t and Fe3* ions and the Fe3T in tetrahedral coordination. We find a
quite low coercive field of 0.02T, indicating a rather low defect concentration within
the thin ferrite films.
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8 Summary and outlook

Within this thesis, the growth behavior accompanied by the resulting structural, electronic and
magnetic properties of pure magnetite films as well as Fe3O4/NiO bilayers on Nb:SrTiO3(001)
substrates has been investigated. Subsequently, thermal stability of the bilayers and the induced
interdiffusion process have been studied successively providing an alternative pathway for the
preparation of ultrathin nickel ferrite films.

In the first step, the impact of different deposition temperatures on the film growth has been
studied strongly affecting the relaxation behavior and structural quality of the magnetite films.
The growth process of FesO4 on SrTiOg substrates has been monitored in situ during deposition
by means of XRD. At a deposition temperature of 400°C, the magnetite film exhibits a fully
relaxed vertical lattice constant even in the early growth stages. However, a residual interfacial
layer of ~1 nm is observed additionally. The interlayer is supposed to have a high density of point
defects and misfit dislocations, which leads to a fast strain relaxation and, subsequently, to the
growth of an ordered fully relaxed magnetite film on top. In contrast, the film deposited at 270°C
shows a strong vertical compressive strain and relaxes continuously towards the bulk value with
increasing film thickness. Additionally, a lateral tensile strain is observed, which contradicts the
anticipated strain behavior due to a lattice mismatch of -7.5% and requires further investigations,
e.g., high resolution TEM measurements. Despite a strong relaxation process across the whole
film, the sample deposited at 270°C features a higher ordering of the magnetite sublattices due to
a higher occupancy of the tetrahedral sites compared to the sample deposited at 400°C. Thus, for
higher deposition temperatures a relocation of the iron ions from tetrahedral sites to octahedral
vacancies can be assumed, leading to a formation of a deficient rock salt like lattice. In conclusion,
the strain relaxation as well as the ordering of the tetrahedral sublattice in magnetite are strongly
correlated with the substrate temperature during deposition. Further, the lateral ordering of
magnetite films can be improved by subsequent annealing.

The crystal structure of magnetite and, thus, the ordering of the tetrahedral lattice sites strongly
affect its magnetic properties, which can be important for spintronic devices that contain mag-
netite thin films. Therefore, experiments disclosing the magnetic structure of these magnetite
films (e.g., XMCD) should be performed in future studies and correlated with the structural
ordering.

As a second step, a comparative study on the morphology, the structural and magnetic properties
of Fe304/NiO bilayers on MgO and SrTiOgs substrates has been shown. Here, a stoichiometric and
crystalline cube-on-cube growth of NiO and Fe3O4 films on both MgO and SrTiOj is confirmed
using several investigation techniques, e.g., XPS, LEED and XRD. However, the bilayers grown
on MgO substrates exhibit a higher structural ordering and less surface defects compared to the
bilayers grown on SrTiOsz. One reason is the large lattice mismatch and, thus, a fast strain
relaxation for the bilayers on SrTiOs. While the NiO films grow pseudomorphic on MgO without
any relaxation, the films on SrTiO3 show strong relaxation with remaining lateral strain of -0.6%
for all thicknesses. Nevertheless, the situation is different for magnetite films which exhibit strong
relaxation, even for films of 5nm thickness on both NiO/MgO and NiO/SrTiOs.

Furthermore, the weaker crystalline structure of FesO4 on NiO/SrTiOs compared to NiO/MgO
affects the magnetic properties leading to an enhanced coercive field and a reduced magnetic
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moment, studied by means of VSM. Both systems show a fourfold magnetic in-plane anisotropy
with magnetic easy axes pointing in (100) directions 45° rotated to the well-known magnetic easy
axes in (110) directions of thin magnetite films on MgO(001) as expected from bulk properties.
One potential reason may be a modified spin-orbit coupling as a result of the tetragonal distortion
of the films leading to an altered magnetic anisotropy. Here, additional work on magnetite films
with increasing thicknesses is required to investigate the transition of the magnetic anisotropy
towards bulk behavior. Moreover, future spin and charge transport measurements in these bilayers
are planned to study enhancement of the transport properties by the antiferromagnetic NiO layer.

In the last step, the modification of the crystallographic, electronic, and magnetic properties
of FesO4/NiO bilayers on SrTiO3(001) has been investigated induced by thermally driven in-
terdiffusion. Post-deposition annealing experiments for different thickness ratios of the bilayers
have been performed and the interdiffusion process has been monitored by soft XPS and high-
resolution angle-resolved HAXPES to control the stoichiometry and chemical properties for the
individual annealing steps. The structural analysis reveals that the annealing cycle at 600°C
leads to homogeneous layers of NizFes_,O4. In case of a NiO excess, further annealing at higher
temperatures results in a formation of a NiO layer on top of the film stack due to segregation
through the ferrite film after a stoichiometric NiFesO4 has already been formed. The resulting
magnetic properties of the thin films are studied by XMCD and analyzed using complementary
charge-transfer multiplet simulations. The magnetic properties after the last annealing cycle are
dominated by the contribution of the Ni?* ions. In case of the ferrite-like Ni,Fez_,O4 with lower
amount of Ni than in stoichiometric nickel ferrite, the measured magnetic moment corresponds
quite well to the value recently reported for stoichiometric NiFeoO4 thin films [12]. In contrast, for
the sample consisting of a stoichiometric NiFesO4 and a NiO layer on top, a lower magnetic mo-
ment is found. This behavior can be explained by the formation of (antiferromagnetic) NiO-rich
islands or clusters at the surface.

In conclusion, a multitechnique approach considering the structural, chemical, electronic and mag-
netic properties has led to a rather complete and conclusive picture which is also in good agreement
with corresponding model calculations. Thus, an alternative pathway has been demonstrated to
form ultrathin nickel ferrite of high crystalline quality by interdiffusion of bilayers. However,
slight stoichiometric deviations such as gradients or not ideal occupation of the respective lattice
sides can alter the magnetic and electronic transport properties. Here, transport measurements
concerning both charge and spin currents on the intermixed films are planned for further studies.
Further, thin NizFes_,O4 films with a tunable band gap can be obtained employing this method.
This might be of interest for several applications, e.g., in the field of spintronics (spin valves)
or for experiments concerning the spin Hall magnetoresistance or the spin Seebeck effect. Con-
sequently, additional transport effects based on either charge or spin currents can be amplified
or suppressed depending on the bad gap properties of the Ni,Fes ,O4 material. Here, further
systematic investigations of the interdiffusion process of Fe3O4/NiO bilayers of different thickness
ratios are needed.

In the present work only one stacking order FesO4 on NiO has been investigated. Further studies
including the influence of the stacking order on the interdiffusion process are planned in the future.
Moreover, other material combinations such as FesO4 on CoO have been successfully utilized
recently to form stoichiometric CoFeaO4 through interdiffusion [193]. Here, further studies on
other material classes such as garnets etc. would be of large interest.
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