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Kurzfassung

In den vergangenen Jahrzehnten wurde die Forschung und Entwicklung von immer
kleineren und leistungsfähigeren Geräten intensiviert. Vielversprechende Kandida-
ten in der Nanotechnologie sind die Dünnschichtmetalloxide La0.8Sr0.2MnO3 und
La2CoMnO6. Aufgrund ihres breiten Spektrums an physikalischen und chemischen
Eigenschaften sind diese Doppelperovskitoxide von besonderem Interesse. Das For-
schungsprojekt FOXSI untersucht die Oberflächenchemie sowie -physik von Oxi-
den und deren Struktur-Funktions-Beziehung. Diese Arbeit befasst sich im Rahmen
von FOXSI mit den Auswirkungen des kolossalen Magnetowiderstandseffekts in
der Elektronen-Energieverlustspektrometrie im Transmissionselektronenmikroskop
an Doppelperovskitoxiden. Die Auswirkungen auf das untersuchte Material spiegeln
Änderungen der Magnetisierung sowie des Widerstands wider.

Die besondere Eigenschaft eines Doppelperovskitmanganits ist sein enorm negati-
ver Magnetowiderstand in der Gegenwart eines magnetischen Feldes. Dieser Effekt
wird auch kolossaler Magnetowiderstandseffekt genannt. Durch das Einschalten eines
externen Magnetfelds kommt es zu einem Metall-Isolator-Übergang. Die Untersu-
chung von La0.8Sr0.2MnO3 und La2CoMnO6 mittels des Transmissionselektronenmi-
kroskops ermöglicht die Analyse des kolossalen Magnetowiderstandseffekts mit sehr
hoher räumlicher Auflösung und bietet neue Möglichkeiten in der Nanotechnologie.

Strukturelle, dielektrische, elektronische sowie magnetische Eigenschaften können
mit der Kombination aus Transmissionselektronenmikroskopie und Elektronen-Ener-
gieverlustspektrometrie im Nanometerbereich ermittelt werden. Wie die Untersu-
chungen im Transmissionselektronenmikroskop zeigen, wird der kolossale Magne-
towiderstandseffekt von der bei der Probenherstellung entstandenen Mikrostruk-
tur und ihren Inhomogenitäten (z. B. Gitterfehlanpassungen zwischen Substrat und
Dünnschicht) beeinflusst. Er ist daher sensitiv gegenüber induzierter Spannung in
der Grenzfläche. Die Mikrostruktur der untersuchten Probe hat ebenfalls Einfluss
auf die gemessenen Spektren im Niedrigenergieverlustbereich und dies führt zu ei-
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ner Änderung der Bandlücke. Eine Methode zur Bestimmung von Bandlücken und
dielektrischen Eigenschaften ist die Valenzelektronenspektrometrie. Die Messungen
mittels Valenzelektronenspektrometrie zeigen bei Anlegung eines externen Magnet-
felds von etwa 0,9 T und durch Änderung der Temperatur von Raumtemperatur auf
85 K eine Verschiebung eines Interbandübergangs um 0,14 eV. Optische Materialei-
genschaften von La2CoMnO6 wurden mittels Ellipsometer gemessen und anschlie-
ßend mit Hilfe der Kröger Gleichung in Relation zu den Ergebnissen aus der Va-
lenzelektronenspektrometrie gesetzt. Außerdem wurden Dichte-Funktional-Theorie
Simulationen unter Verwendung des WIEN2k Codes und seines Pakets OPTICS zur
Unterstützung der experimentellen Ergebnisse durchgeführt. Das magnetische Ver-
halten der Proben wurde im Transmissionselektronenmikroskop anhand von Mes-
sungen des magnetischen Zirkulardichroismus unterhalb und oberhalb der Curie
Temperatur untersucht. Dabei wurde ein magnetisches Moment bei 85 K gemessen,
während bei Raumtemperatur kein magnetisches Verhalten der Probe festgestellt
wurde.

In dieser Arbeit wurde durch Kombination von Valenzelektronenspektrometrie
und Messungen des magnetischen Zirkulardichroismus im Transmissionselektronen-
mikroskop ein neuer Ansatz entwickelt um die Konsequenzen des kolossalen Magne-
towiderstandseffektes im Nanometerbereich zu messen.



Abstract

Nowadays, new electronic and electrical devices have to be stronger, more efficient
and of course smaller to manage the needs of nanotechnology. Thin film metal ox-
ides, for example La0.8Sr0.2MnO3 and La2CoMnO6, are promising candidates. These
double perovskite oxides are of great interest due to their large spectrum of diverse
physical and chemical properties. The research project FOXSI aims to understand
the surface chemistry and physics as well as the structure-function relationship with
respect to smaller scales, which generally deviate from the bulk characteristics. As a
part of FOXSI, this thesis aims to detect changes of magnetisation and resistivity on
thin films to describe the consequences of the colossal magnetoresistance in electron
energy loss spectrometry by using transmission electron microscopy.

Double perovskite manganites show a huge negative magnetoresistance when ap-
plying an external magnetic field. The resulting metal-insulator transition is also
known as the colossal magnetoresistance effect. Hence, the behaviour of the colossal
magnetoresistance effect on La0.8Sr0.2MnO3 and La2CoMnO6 in the nanometre scale
is interesting to investigate by transmission electron microscopy.

A transmission electron microscopy combined with an electron energy loss spec-
trometer offers structural, dielectric, electronic and magnetic measurements with
high spatial resolution. The colossal magnetoresistance effect is sensitive to changes
within the microstructure, e.g. to the lattice misfit between substrate and thin film
and thus the induced strain in the interface. The characteristics of the microstruc-
ture influence the performance of measured low loss spectra and lead to a bandgap
variation. In particular, valence electron energy loss spectrometry is a method to
determine the bandgap and characterise the dielectric properties. An interband
transition shift of 0.14 eV was determined for La2CoMnO6 at an external magnetic
field of around 0.9 T and by changing the temperature from room temperature to
85 K. The results of valence electron energy loss spectrometry were compared with
data that was measured by an ellipsometer and simulated on the basis of the Kröger
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equation. Additionally, the experimental results are supported by numerical density
functional theory simulations using the WIEN2k code and its package OPTICS.
The magnetic behaviour of the specimens is observed with chemical sensitivity by
energy-loss magnetic circular dichroism below and above the Curie temperature.
Even magnetic moments are detected at 85 K, while at room temperature no mag-
netic behaviour is measured.

In conclusion, a new approach was developed to detect the consequences of the
colossal magnetoresistance effect in the nanometre scale by valence electron energy
loss spectrometry and energy-loss magnetic circular dichroism in transmission elec-
tron microscopy.
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Preface

The title for the first draft The mystery case of the CMR effect of the present
work reminds of a literary crime novel. This genre is focused on the systematic
processing of the crime starting with the observation followed by some assumptions
and detections, and finally the unbundling of mystery. Curiously, the storyline of a
crime novel does not significantly differ from a scientific work. It will start with the
description of the frame story...

The knowledge of thin film oxide characteristics opens new ways to manage the
needs of modern technologies. Progresses in the field of nanotechnology rely on a
fundamental understanding of the surface chemistry and physics, and the identifica-
tion of structure-function relationships. Metal oxides are promising candidates and
multilateral group of materials with the applicable properties to fulfil the expectati-
ons of modern nanotechnologies. Over the past years, a lot of research has been done
in this area and a project which is occupied with this research is FOXSI. The name
FOXSI is composed of Functional OXide Surfaces and Interfaces. The concerns of
FOXSI are centred around the structure of functional oxide surfaces and interfaces,
the gas-oxide interactions and the functional oxides under working conditions. This
thesis was accomplished within the scope of FOXSI at the University Service Center
for Transmission Electron Microscopy.

The investigation by electron microscopy provides a comprehensive range of expe-
rimental opportunities as the determination of the nanostructure, crystallography,
chemical analysis, electronic, optical and magnetic properties. In particular, trans-
mission electron microscopy has a extensive spectrum of applications beside the
investigation of the nanostructure with high spatial resolution. A huge variety of
analytical methods are available to study the characteristics of the specimen in na-
nometre scale. The electron energy loss spectrometry combined with transmission
electron microscopy offers great insights in electronic, optical and magnetic proper-
ties of the specimen.
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A novel approach for detecting the consequences of the colossal magnetoresistan-
ce effect in the nanometre range by means of electron energy loss spectrometry
in transmission electron microscopy is presented in this work beside the classical
transmission electron microscopy investigations for the FOXSI project partners. In
collaboration with project partners new outcomes were successfully published and
are described within this work being an important part of the author’s work at
University Service Center for Transmission Electron Microscopy.
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Chapter 1

Introduction

This thesis offers an overview of electron energy loss spectrometry (EELS) and its
applications in transmission electron microscopy (TEM) with respect to analyse
the consequences of the colossal magnetoresistance (CMR) effect using La2CoMnO6

(LCMO).
First, the introduction provides an access to the scientific discovery and the

achievements of the CMR effect and its specific characteristics on double perovskites
over the years. It describes the necessity of a local CMR study on nanometre scale
and introduces a novel approach to analyse the CMR effect on thin films in TEM.
The second chapter refers to the theoretical background and completes the elemen-
tary knowledge of both, the CMR effect and the inelastic scattering theory. In the
third chapter the applied methods and the materials are presented. Chapter four
gives an overview of the collaboration work within FOXSI and highlights the pub-
lished outcomes. The next two parts are focussed on applications and results of
the core techniques, which are valence electron energy loss spectrometry (VEELS)
(chapter 5) and energy-loss magnetic circular dichroism (EMCD) (chapter 6). Fi-
nally, chapter seven summarises the main results, reviews the applicability of the
new approach and concludes the major achievements.

1.1 Motivation

In the 1950s the CMR effect was discovered by Jonker and Van Santen [1]. It was
observed during an investigation of perovskite manganite pellets with an apparatus
for measuring magnetic moments [2]. A transition at the Curie temperature (TC)
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2 1 Introduction

from antiferromagnetic to ferromagnetic by reducing the temperature was detected
and attributed to the indirect exchange interaction of Mn3+ and Mn4+. Further
investigations of these manganite oxides by Volger [3] exhibit apart from this char-
acteristic property the specific resistance and the magnetoresistance in the presence
of a magnetic field. It is reported that a metal-insulator transition is achieved when
the temperature is changing from approximately 100 K to over 300 K. This process
is connected to a transition from the ferromagnetic to the paramagnetic state.

Several years later, an amplification of this effect with the usage of stronger mag-
netic fields was measured by Kusters et al. [4] and for thin films by Helmolt et al.
[5]. The application of strong magnetic fields enables the determination of a rapid
resistivity decrease. The resulting large negative magnetoresistance is known as
CMR.

These days, the double perovskite LCMO is a promising candidate for a wide vari-
ety of applications due to its magnetic [6], electric [7], dielectric [8], magnetoelectric
[9] and magnetoresistant [10] properties. Thin film metal oxides and especially dou-
ble perovskite manganites have been of great interest in many fields such as cathodes
of solid oxide fuel cells [11], magnetic storage and magnetic field sensing functions at
room temperature (RT) [12]. The requirements to new electric, electronic and mag-
netic devices are to be smaller, stronger and more efficient compared to the previous
model. The preparation of thin films has a great advantage compared to other tech-
niques. The specimen synthesis requires less row material, which is cost saving and
contributes to a sustainable use of resources. Functional oxides are used in devices
that are in every day use. The size of the devices is getting smaller and smaller.
Knowing this fact it is important to consider the structural, physical and chemical
properties of functional oxides in smaller scales, which generally deviate from the
bulk characteristic. Hence, it is of great interest to investigate the consequences of
the CMR effect and the behaviour of the sample in smaller ranges.

The specific characteristics of LCMO like the relation between the magnetisation
and the applied field is reported in the literature [10] and exhibits a coercive field of
approximately 0.6 T at 10 K, while at RT the coercive field is almost zero. Addition-
ally a CMR of 80 % is achieved at 5 K in the presence of an applied field of 8 T [10].
In figure 1.1 the LCMO manganites show an interesting behaviour of both resistivity
and magnetisation below the TC at 210 K [10, 13, 14]. The resistivity is altering
with the temperature and an increase is observed when the temperature is reduced
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A B

Figure 1.1: A) Electrical resistivity of La2MnCoO6 depending on temperature.
The inset shows the fit to the variable range hopping model. B) ZFC
and FC magnetisation of La2MnCoO6 in an applied field of 0.01 T
under consideration of the temperature. [10]

below TC. The temperature dependence of the resistivity (figure 1.1A) was observed
inter alia by Yáñez-Vilar et al. [15] and Yang et al. [9]. If a strong magnetic field is
applied than the resistance is nearly unchanged below TC compared to the measured
values at RT. Another side effect concerns the magnetisation, which is changing its
behaviour below TC (see figure 1.1B) when an external magnetic field is applied
to the specimen (named field-cooled (FC)) or not (named zero-field-cooled (ZFC))
[10, 15]. The LCMO manganites were also investigated by density functional theory
(DFT) calculations [16–18]. Yuan et al. [17] analysed the formation of bulk oxy-
gen vacancies and refers that LCMO with antisite defects is a promising solid oxide
fuel cell cathode material. Ullah et al. [16] characterised LCMO as ferromagnetic
material with a small bandgap. The investigation of the electronic structure shows
a dependence of LCMO as ferromagnetic insulator on Coulomb-assisted spin-orbit
coupling as reported by Baidya and Saha-Dasgupta [18].

In this regard, the specific behaviours of the LCMO oxides under the influence
of temperature and magnetic field are changing resistivity and magnetisation of the
sample and make it worth to investigate the consequences of the CMR effect on
EELS in TEM. The analysis of the structural, physical and chemical properties of
the thin film manganites by means of TEM equipped with an electron energy loss
spectrometer is a powerful tool and offers the possibility to investigate the speci-
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men in microscopic scale. The main advantage compared to other techniques is the
high spatial resolution, which offers the investigation of the CMR effect with respect
to defects and strains. However, limiting factors are the inelastic delocalisation of
the energy loss and the Čerenkov light excitation. Both effects are related to the
beam energy of the probe electron and are more dominant at higher beam ener-
gies. Inelastic delocalisation is defined as the localisation distance between atom
and probe electron. Stöger-Pollach [19] calculated the dependency of the inelastic
delocalisation on the energy loss for different beam energies and exhibit a bisection
of the delocalisation to 15 nm at 5 eV energy loss when the beam energy is decreased
from 200 keV to 40 keV. In the case of the Čerenkov effect, only the high tension
can be changed in order to minimise its impact, because the refractive index of the
observed material can not be changed. Hence, the decrease of beam energy implies
a reduction of inelastic delocalisation and prevents the Čerenkov loss excitations.
A positive side effect of the reduction is that beam sensitive samples can be anal-
ysed without sustaining damage. In addition, the zero loss peak (ZLP) tail of the
spectrum is narrowed and results in an analytical improvement of the bandstructure
determination, which is positive for the semiconductor and insulator analysis [19].

VEELS and EMCD were used for the investigation to obtain precise results con-
cerning the alteration of resistivity and magnetisation above and below TC. The
combination of TEM and EELS can be employed to prove the conductivity and
dielectric properties [20]. Fundamental properties as plasmon resonances, bandgaps
and optical properties are probed in the VEELS spectrum [21], which covers approx-
imately the first 50 eV of an energy loss spectrum. The advantage of VEELS apart
from the wide spectral range (from 1 eV up to 50 eV) is the high spatial resolution
compared to conventional optical methods, which are limited by the wavelength of
light. Another benefit is the opportunity of angular dependent measurements with a
momentum transfer being unequal zero. Low voltage TEM with respect to VEELS
enables a direct bandgap determination due to the absence of relativistic energy
losses [22]. The characterisation of the magnetisation with chemical sensitivity [23]
and a high spatial resolution [24, 25] can be achieved by EMCD with a resolution
of at least two nanometres. Nevertheless, the local determination of magnetic mo-
ments with regard to EMCD has to consider all possible aspects of magnetism and
oxidation [26].

The approach to combine these two techniques, VEELS and EMCD, has been
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demonstrated by Wallisch et al. [27]. The consequences of the CMR effect on the
bandstructure and the element specific magnetisation were detected by using EELS.

1.2 Objectives
The novel approach has a huge potential as a new analytical method in the field of
nanotechnology for detecting changes of magnetisation and resistivity at different
temperatures on thin films. The combination of VEELS and EMCD obtains precise
results by determining the consequences of CMR effect on the nanometre scale. The
following milestones of this work are:

• Observation of the microstructure concerning the behaviour of defects and
strains when changing the layer thickness.

• VEELS measurements to observe a bandgap alteration of double perovskite
manganites by changing the external magnetic field and the temperature.

• EMCD investigations to proof the magnetic behaviour of double perovskite
manganites by changing the temperature.

• Optical measurements by ellipsometry to compare them with the VEELS re-
sults.

• Numerical simulations based on the fully relativistic Kröger equation to anal-
yse influence of Čerenkov losses on double perovskite manganites.

• Application of a monochromated TEM for the VEELS investigations to reduce
the spread of the ZLP and improve the energy resolution of the low loss spectra.

• Numerical simulations of the electronic structure of double perovskite man-
ganites by using the WIEN2k code.





Chapter 2

Theoretical Background

In this chapter a general introduction of fundamental requirements for inelastic in-
teraction of electrons is given to interested readers. The theoretical tour starts with
the description of the CMR effect and its consequences on resistivity and magneti-
sation followed by the inelastic scattering theory with some intermediate stops in
quantum mechanics and electrodynamics. The journey ends with the correlation of
electronic and dielectric properties.

2.1 Colossal Magnetoresistance Effect

The great interest in the CMR effect relies on the dramatic alteration of the resistiv-
ity in the presence of a magnetic field. In particular, manganese oxide compounds
exhibit an extremely large negative magnetoresistance below TC when applying a
magnetic field. Additionally, a metal-insulator transition can be observed, when
the magnetic field is changed. The phenomena, which describes this alteration of
resistivity and magnetisation, is known as the CMR effect. The application of a
magnetic field reduces the disorder in the spin system and thus, ferromagnetic state
can be achieved and the electric resistivity is strongly degraded.

The CMR in mixed valence manganites was discovered in the 1950s by Jonker and
Van Santen [1] in Philips Research Laboratories. The experimental observations of
La0.8Sr0.2MnO3 (LSMO) and Nd0.5Pb0.5MnO3 by Volger [3] and Kusters et al. [4]
exhibit the classical understanding of the CMR effect as shown in figure 2.1. The
temperature variation from low temperature to RT shows a change of the resistivity,
the saturation magnetisation and an increase of the negative magnetoresistance by
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8 2 Theoretical Background

applying a field of 0.3 T. The increase of the external magnetic field leads to a rapid
decrease in resistivity as shown in figure 2.1D. Structural, electronic and magnetic
properties of manganites are closely intertwined with the CMR effect. Slight changes
in the composition or through the synthesis affect the properties of the material. On
this account, the origins of the CMR effect are analysed and discussed in this section.

A requirement behind this effect is the appropriate crystal structure. Only mate-
rials with a perovskite structure exhibit the CMR behaviour. The ideal perovskite
possesses a cubic close packed ABX3 structure [28–30], which is named after the
mineral perovskite, CaTiO3. The ABO3 compound of manganites crystallises in
modifications of the perovskite structure. Many perovskites do not possess the ideal
cubic structure, however, displacements and rotations can also lead to important
physical properties.

A crucial characteristic of the perovskite structure is the manganese ion sur-
rounded by the oxygen octahedron. The unit cell of the perovskite structure is
given in figure 2.2 and consist of two cations, A and B, and three oxygen anions.
The A ions are placed at the corners of the unit cell, the B ion is in the centre
and the oxygen ions are situated at the centres of the faces. In order to achieve
the desired material properties, the ABO3 compound is doped at the A and the
B site, respectively. As a consequence, displacements and strain arise during the
synthesis. The lattice site A denotes a large ion like La3+, which can be doped by
alkaline earth ions, e.g. Sr2+, whereupon an A′ position is added to the compound.
In view of B site ordering, the A2BB′O6 notation of the composition is used, which
is called double perovskite. The stability of the perovskite structure is described by
the Goldschmidt tolerance factor t [31]:

t = 1√
2
rA + rO
rB + rO

(2.1)

where rA, rB, rO are respectively the radii of the ions A, B and oxygen. The
Goldschmidt tolerance factor in equation 2.1 is a measure of distortion and the
stability of the perovskite structure is given in the range from 0.89 < t < 1.02 [29].
In the case of an ideal cubic perovskite the Goldschmidt tolerance factor is equal one
and the manganese-oxygen-manganese bond angle has 180° as shown in the top right
side in figure 2.2. When t < 1 then distortions are present and thus the bond angle
is decreasing. The cubic structure transforms to rhombohedral (0.96 < t < 1) and
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A

B

C

D

Figure 2.1: Temperature dependent characteristics of LSMO according to Volger
[3]: A) resistivity, B) magnetoresistance by applying a magnetic field
of 0.3 T and C) saturation magnetisation. D) Electric resistivity of
Nd0.5Pb0.5MnO3 as function of various external magnetic fields accord-
ing to Kusters et al. [4]. The inset shows the magnetoresistance above
and below TC.
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180°

140°

A
B
O

A B

C

Figure 2.2: A) The schematic unit cell of the perovskite structure. B) Undistorted
and C) distorted structure after tilting of the oxygen octahedron show-
ing the change of the bond angle.

then to orthorhombic (t < 0.96), which is nearly monoclinic [30]. The Goldschmidt
tolerance factor was calculated and achieves a value of 0.905 for La0.8Sr0.2MnO3 and
for La2CoMnO6 0.913. Hence, the crystal structure of both compounds tends to be
monoclinic.

Beside the crystal structure, a view on the electronic structure has to be done for
a deeper insight in the mechanisms of the CMR effect. Nowadays, a huge variety of
A3+

1–xA′2+
x (Mn3+

1–yMn4+
y )O2–

3 or A3+
2 (Mn3+

1–yMn4+
y )1–xB′3+

x O2–
3 doped manganese ox-

ides compounds was investigated. Without changing the carrier concentration x, a
distortion of the lattice can be achieved by the substitution of ion A through rare
earth ions or ion A′ through alkaline earth ions. As a consequence, the Mn-O-Mn
bond angle is changing as well as magnetic and electronic properties, which is re-
ported by Hwang et al. [32]. A decrease of the bond angle is obtained by increasing
distortion of the oxygen octahedron and smaller bond angles leads to a reduction of
the overlap between the electron orbitals, which affects the electron hopping and in
particular the magnetic exchange interaction.

The electronic structure of manganites is based on the oxygen octahedron and
the corresponding Mn-O-Mn bond angle. The ground state of manganese is orbital
degenerated and possesses five degenerated 3d orbitals into low energy three fold
degenerated t2g- and high energy two fold degenerated eg-level as shown in figure 2.3.
The crystal field is ordered due to the Coulomb rejection of the O2– ions in the
oxygen octahedron. Three electrons of the Mn3+ are filling the t2g-orbitals and the
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3d orbitals

eg

t2g

x2 - y2

3z2 - r2

xy

yz, zx

Figure 2.3: Crystal field splitting into lower-lying t2g and high-lying eg states;
due to Jahn-Teller distortion the degeneracy of the d orbital is lifted.
Adapted from Tokura and Tomioka [30]

fourth electron occupies one of both eg orbitals. The resulting orbital degeneration
makes the crystal lattice unstable and the system tries to lower the symmetry by
means of distortions, which reverse this degeneration. The reason for this behaviour
is the Jahn-Teller effect [33]. Preferably, this effect happens in transition metal
oxides, e.g. Mn3+ or Cu2+. Additionally the hybridisation of Mn 3d and O 2d
orbitals leads to the splitting of the d- and p-levels, which affects the electronic
structure.

The doping of LaMnO3 with alkaline earth metals or transition metals influences
the structure and enables a mixed valence of Mnions (Mn3+, Mn4+). The Mn4+ ion
possesses three electrons and all of them occupy the t2g-states. Thus, the distortion
of the lattice due to the Jahn-Teller effect is decreasing with an increase of Mn4+

ions [30].

On the basis of the mentioned crystal and electronic structure two transport phe-
nomena arise, which can describe the change of resistivity and magnetisation. The
orbital overlap of the oxygen p orbitals and the manganese d orbitals enables a super
exchange. The super exchange is an indirect magnetic interaction of two magnetic
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cations through a diamagnetic anion [34]. It is a strong antiferromagnetic coupling,
which describes the interaction of a 3d electron of the Mn ions with p electron of the
O ion. Due to the Pauli exclusion principle only antiparallel ordering of the spins
is energetically favoured. The hopping of the electrons leads to antiferromagnetic
Heisenberg exchange interaction [35].

Another indirect exchange interaction is the double exchange, which describes the
ferromagnetism of perovskite manganite systems coupled by the electrical conductiv-
ity [36–38]. The interaction of magnetic ions in two different valence states exhibits
interesting electronic and magnetic properties like the increase of the conductivity
accompanied by the change of the former non-magnetic sample to ferromagnetic.
The eg-electron of a Mn3+ ion is moving to the filled p orbital of the oxygen and
simultaneously an electron with the same spin is hopping from the oxygen orbital
to an unoccupied eg-state of a Mn4+ ion. The double exchange mechanism makes
the CMR effect roughly explainable, however, the resistivity behaviour of the man-
ganites is not adequately clarified as reported by Millis et al. [39]. It was claimed
that the modelling of the double exchange does not perfectly fit the experimen-
tal observations and as a possible solution, polarons are mentioned to cause this
discrepancy.

On the lookout for the missing piece of the puzzle, the more recent literature is
reporting that the missing link are phase separations, which lead to state transitions
due to small perturbations. The involved phases are chemical and structural simi-
lar, while the electronic properties are different [40]. The description of these phase
separations are analysed with the aid on percolation theory [41, 42], which deals
with the formation of associated clusters. Becker et al. [43] was able to demonstrate
a temperature dependent percolation transition on thin film manganites. A coexis-
tence of different phases was documented by Jooss et al. [44] in a temperature range
from 80 K to RT.

In the newest approaches polarons are the charge carriers [39, 45]. A polaron is
an electron-distortion coupling and its agility influences the electrical conductivity.
It is reported by Jaime et al. [46], that small polarons affect lattice distortions and
magnetic characteristics, and at low temperature a small band of localised states
arise. Neutron scattering investigations at low temperature discover the CMR ef-
fect caused by the structural and magnetic polarons, which show a transition from
ferromagnetic-metallic to paramagnetic-insulator [47, 48].
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The first model, which described the CMR effect with a reasonable approxima-
tion was the double exchange model [36–38]. It gives a simple characterisation of
the processes below the surface. The spins of the observed material are oriented
ferromagnetically by applying a magnetic field and enable a great conductivity. A
variety of promising mechanisms and effects contributes to the description of the
CMR effect, however, the complete solution is still lacking [40, 49].

2.2 Inelastic Electron Scattering

The scattering theory gives an insight in the interaction of two particles. It is a
question of the definition concerning the target whether an interaction is elastic or
inelastic. The classical description of inelastic scattering is based on the inner energy
change of the scatterers. This subchapter covers the description of the inelastic
interaction using quantum mechanic and electrodynamic considerations.

2.2.1 Quantum Mechanical Approach

The most important variable in the theoretical investigation and description of scat-
tering (collision) processes is the cross section. It is directly linked to the experiment
and defined as:

number of processes per time

incident particle current density
(2.2)

The cross section is proportional to the probability of the scattering process. In
other words, the number of particles per unit time entering the detector within a
solid angle Ω is given by Γ = N ·dΩ and the flux of particles in the incident beam is
defined as the incident particle current density ji. Hence, the scattering probability
is given by the differential scattering cross section ∂σ:

∂σ = Γ
ji

(2.3)

The calculation of the inelastic cross section can be done by first order perturbation
theory due to the small scattering potential compared to the conventional beam
energy (200 keV) in TEM. A suitable approach for this endeavour is Fermi’s golden
rule, which is the relation of the transition rate Γ, the transition matrix element
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Mfi and the density of the final state ρ(E ′):

Γ = 2π
}
|Mfi|2 · ρ(E ′) (2.4)

where } is the reduced Planck constant. The transition matrix element is

Mfi = 〈ψf |Hint|ψi〉 =
∫
ψ∗fHintψidV (2.5)

where Hint is the interaction Hamiltonian operator and ψi,f are the wave functions
of initial and final states. The asterisk at ψ∗f denotes the complex conjugated wave
function of ψf . Considering equation 2.3, for the characterisation of the collisions
the differential cross section is given by:

∂σ

∂Ω =
∑
f

2πkfm
}3ji

| 〈ψf |V |ψi〉 |2δ(Ei − Ef ) (2.6)

where m is the mass of the particle, kf is the wave vector of the final state and V

is the perturbation potential. The related quantum mechanical current density ji

according to [50] is

ji = }
2mi

(ψ∗i∇ψi − ψi∇ψ∗i ) = }ki
(2π)3m

(2.7)

where ψi is the wave function of the initial state and ki is the wave vector of the
initial state. By combining (2.6) and (2.7)

∂σ

∂Ω = (2π
}

)4m2∑
f

kf
ki
| 〈ψf |V |ψi〉 |2δ(Ei − Ef ) (2.8)

is obtained. On the basis of elastic scattering, the potential V in equation 2.8 is
static. In the inelastic case the scatterer has to be treated as wave function and due
to this issue a Coulomb potential is used as a perturbation potential V :

V = −Ne
2

r
+

N∑
j=1

e2

|~r − ~rj|
(2.9)

The first term of equation 2.9 describes the Coulomb attraction by the nucleus. The
second term is the electron part at the potential of the scatterer and represents the
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repulsive electrostatic interaction between the fast incident electron and the atomic
electrons. The nuclear part becomes zero due to the orthogonality of the initial and
final wave functions. Hence, only collisions with atomic electrons contribute to the
inelastic interaction. The mass of the incident electron and an atomic electron is
comparable, which leads to an energy transfer in inelastic interactions. After short
derivation and transformation of equations 2.8 and 2.9 according to [51, 52] the
double differential inelastic cross section is obtained:

∂2σ

∂E∂Ω = m2e4(4π)2

(2π)2}4q4
kf
ki

∑
φf

∣∣∣∣∣∣〈φf |
N∑
j=1

ei~q ~rj |φi〉

∣∣∣∣∣∣
2

· δ(Eφi
− Eφf

+ E)

=
[

2me2

}2q2

]2
kf
ki
· S(~q, E)

(2.10)

where S(~q, E) is the dynamic form factor (DFF) and with E = Eφi
− Eφf

the
energy loss is introduced. The inelastic differential cross section calculated with a
Coulomb potential is proportional to 1/q4, which is equivalent to the Rutherford
cross section (1/ sin4 θ

2). The DFF is the inelastic contribution of equation 2.10,
which is the square of absolute value of the transition matrix element (equation 2.4).
This dimensionless factor is a correction of the Rutherford scattering cross section
that intervenes when the atomic electrons are free. If Bloch waves are used instead
of plane waves than the DFF becomes generalised to the mixed dynamic form factor
(MDFF) [53].

2.2.2 Electrodynamical Approach

Inelastic interactions with valence or conduction electrons are differently treated
compared to energy losses of inner shell electrons. The quantum mechanical ap-
proach provides a good description of the ionisation losses, which are single particle
excitations in quantum theory. In contrast to the previous approach, energy loss
of valence electrons can not be treated in an atomic picture, because their wave
functions are modified by chemical bondings [51]. Additionally, the collective effect
is not a negligible issue and the descriptive theory should consider the solid as a
many-body system, which is the case for valence electrons.

Many-body excitations are better treated by a continuum theory as the Maxwell
theory, which describes the interaction of a transmitted electron with the entire
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solid. The main idea is the usage of the dielectric function ε as response function
to an electrostatic perturbation, e.g. a fast electron. The eigenmodes of the system
and the matter interactions with external perturbations [51] are determined by ε.
In the following equations, the most simple case for the electromagnetic response
is discussed regarding a homogeneous, isotropic and non-magnetic material. The
eigenmodes are easier connected to the energy loss spectrum due to the application
of Maxwell equations in Fourier space. The response of the material due to an
electric field is given by the polarisation ~P , which is proportional to the dielectric
susceptibility χ and the electric field ~E:

~P = χ · ~E (2.11)

The dielectric function (permittivity) ε includes the properties of the material and
shows the following relation to χ:

ε = 1 + 4πχ (2.12)

The displacement field ~D is connected with the electric field ~E via ε:

~D = ε ~E(~r, t) (2.13)

In addition to the relation with the ~E field, the ~D field is connected to the polarisa-
tion ~P via the permittivity. The equation 2.13 can be written as Fourier transform
(FT):

~D(~r, t) = ε · ~E(~r, t)↔ ~D(~k, ω) = ε(~k, ω) ~E(~k, ω) (2.14)

The system is also described by conductivity σ and the magnetic permeability µ:

~j(~r, t) = σ · ~E(~r, t)↔ ~j(~k, ω) = σ(~k, ω) ~E(~k, ω) (2.15)

~B(~r, t) = µ · ~H(~r, t)↔ ~B(~k, ω) = µ(~k, ω) ~H(~k, ω) (2.16)

where ~j is the current density, ~B is the magnetic field and ~H is the magnetised field.
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Maxwell Equations

The Maxwell equations are formed in FT and use the electrostatic system of units
(µ = ε = 1) for simplification. Consequently, the fields ~D and ~E have the same
dimension and that leads to some simplifications, for example in the following section
”Dielectric Function”.

∇ ~D = 4πρex ↔ i(~k, ~D) = 4πρex (2.17)

∇ ~B = 0↔ i(~k, ~B) = 0 (2.18)

∇× ~E = −1
c

∂

∂t
~B ↔ i(~k × ~E) = iω

c
~B (2.19)

∇× ~H = 4π
c
~jex + 1

c

∂

∂t
~D ↔ i(~k × ~H) = 4π

c
~jex −

iω

c
~D (2.20)

The external current density ~jex and the external charge density ρex are vanishing
when solving the Maxwell equations (equations 2.17 - 2.20) in the source-free case.
The first two Maxwell equations (equations 2.17 and 2.18) can be rewritten with
respect to the vector potential ~A:

~B = ∇× ~A↔ ~B = i~k × ~A (2.21)

and the scalar potential φ:

~E = −1
c

∂

∂t
~A−∇φ↔ ~E = iω

c
~A− i~kφ (2.22)

By inserting the equations 2.21 and 2.22 into the Maxwell equations 2.17 and 2.20
and using the Coulomb gauge ∇ ~A = 0, the equations can be rewritten:

∇× (∇× ~A) = εµ

c

∂

∂t
(−1

c

∂ ~A

∂t
−∇φ)↔ i~k× (i~k× ~A) = −iω

c
εµ(iω

c
~A− i~kφ) (2.23)

∇[ε(−1
c

∂ ~A

∂t
−∇φ)] = 0↔ −i~kεµ(iω

c
~A− i~kφ) = 0 (2.24)

Considering the Coulomb gauge and the cross product rule ~a× (~b× ~c) = ~b(~a~c)−
~c(~a~b) the following equations can be obtained:
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∇2 ~A− εµ

c2
∂2

∂t2
~A− ε

c

∂

∂t
∇φ = 0↔ ~k2 ~A− εµω

c2
~A+ εµ~k

c
φ = 0 (2.25)

ε∇2φ = 0↔ ε~k2φ = 0 (2.26)

From equation 2.26 φ is

φ = const↔ φ = const · δ3(~k). (2.27)

By inserting equation 2.27 into equation 2.25, the wave equation is achieved:

∆ ~A− εµ

c2
∂2

∂t2
~A = 0↔ (~k2 − εµω2

c2 ) ~A = 0 (2.28)

The immediate description of the FT (equation 2.28) through the derivation of the
wave equation leads to the frequency dispersion law:

εµ

c2 ω
2 = ~k2 (2.29)

The wave character can be analysed by means of the Maxwell equations and allows
the following conclusions. From equation 2.22 follows that ~E ‖ ~A and due to the
Coulomb gauge ~k ⊥ ~A is obtained. Consequently, the electric field ~E is normal
to the wave vector ~k ( ~E ⊥ ~k) and equation 2.21 leads to ~B ⊥ ~E and ~B ⊥ ~k.
The electric and the magnetic fields are normal to the wave vector and thus, only
transversal electromagnetic waves are assumed to be inside the material. However,
from equation 2.26 follows that either ε or φ is zero to obtain a solution. There
might be cases (k0, ω0) where ε is vanished and φ is arbitrary. Hence, equation 2.25
leads to ~A(k0, ω0) = 0 and it can be conclude that ~E ‖ ~k. To sum up, longitudinal
and transversal electromagnetic waves exist in the medium.

Dielectric Function

The relation between ε and σ is described by connecting the fourth Maxwell equation
(equation 2.20) and the Ohm’s law (equation 2.31). Only the external current
density ~jex without the polarisation current density ~jpol is included in equation 2.20.
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Hence, this equation can be rewritten:

i(~k × ~H) = 4π
c

( ~jex + ~jpol)−
iω

c
~E = 4π

c
~jex −

iωε

c
~E (2.30)

The relation between ε and ~E is given by means of the Ohm’s law

~jpol = σ ~E. (2.31)

By inserting ~jpol in equation 2.30 and comparing the coefficients of ~E

ε = 1 + 4πiσ
ω

(2.32)

is obtained. For non-magnetic materials the system is completely described by ε.
The conductivity is necessary for metals to analyse the response of the material due
to σ(~k, 0) 6= 0 and ε(~k, 0) → ∞. Nevertheless, ε describes the response function
of the system due to electromagnetic perturbations excluding the ω = 0 case. The
well known relation from optics concerning the complex dielectric function ε =
<(ε) + i=(ε) and the complex refractive index nc = n+ iκ is described by

n2 − κ2 = <(ε) 2nκ = =(ε) (2.33)

Thus, it appears that the electrical and optical properties of a material are deter-
mined by the dielectric function ε.

Drude Model

The Drude model is a good approximation for the dielectric behaviour of free elec-
trons like in metals. On the basis of this model the important characteristic of the
permittivity is shown by an ideal metal without any resonant frequencies. This
implies that the conduction electrons are moving free. For conduction electrons the
equation of motion in a longitudinal field ~E is

m
∂~v

∂t
+m

~v

τ
= e ~E ↔ −iωm~v + m

τ
~v = e ~E (2.34)

where m is the mass of an electron, e is its charge and ~v is its velocity. The relaxation
time is defined by τ . The current ~j is proportional to the charge density ρ0 in the
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equilibrium state and the corresponding number of electrons n:

~j = ρ0~v = ne~V (2.35)

The equation of motion (equation 2.34) is modified by multiplying ρ0/m = ne/m:

∂~j

∂t
+
~j

τ
= ne2

m
~E ↔ ~j(1

τ
− iω) = ne2

m
~E (2.36)

In this case, the current is the polarisation current ~jp, which is caused by an external
field ~E. The relation between ~jp and the dipol moment density ~P = ne(~r(t) − ~r0),
where ~r0 is the equilibrium position of an electron, is given in equation 2.35:

~j = ne
∂~r

∂t
= ∂

∂t
~P ↔ −iω ~P (2.37)

The combination of the equations 2.12 and 2.13 with 2.36 and 2.37 gives:

ε = 1 + 4π|~P |
| ~E|

= 1 + 4πne2

m

1
−iω( 1

τ
− iω) (2.38)

Since equation 2.13 is space-independent, the resulting ε in equation 2.38 is inde-
pendent of ~k. The plasma frequency is defined as:

ω2
p = 4πne2

m
(2.39)

Inserting the plasma frequency into equation 2.38 yields both the real part < and the
imaginary part = of the complex dielectric function known as ”Drude expressions”
for a metal [51]:

<(ε) = ε1 = 1−
ω2
p

ω2 + 1
τ2

(2.40)

=(ε) = ε2 = 1
ωτ

ω2
p

ω2 + 1
τ2

(2.41)

Drude-Lorentz Model

The classical Drude model describes well many conducting media, however, insu-
lating and semiconducting materials are inadequate depicted. The Drude-Lorentz
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model differs due to the point of view that the charges of an insulator are not mov-
ing freely and hence, it can be assumed that an insulator is an ensemble of charged
particles on fixed positions. The charges oscillate at their rest position, so that
oscillations occur.

In this case, the equation of motion (equation 2.34) is extended with harmonic
restoring force −ω2

0mx to describe semiconductors and insulators as well. Hence,
the real and imaginary part of the dielectric function are rewritten:

ε1 = 1 + ω2
p ·

(ω2
0 − ω2)

(ω2
0 − ω2)2 + (ω

τ
)2 (2.42)

ε2 = ω2
p ·

ω

(ω2
0 − ω2)2 + (ω

τ
)2 (2.43)

The complex dielectric function is dependent on the frequency. If the resonant
frequency ω0 is zero than the Drude relation is obtained and the previous equations
(equations 2.40 and 2.41) are valid.

Kramers-Kronig Analysis

The determination of dielectric properties is achieved by using the Kramers-Kronig
analysis (KKA). According to Stöger-Pollach [21] the analysis consists of five steps:

• Removal of the ZLP

• Multiple scattering deconvolution

• Angular correction

• Normalisation

• Data treatment by use of the Kramers-Kronig relation (KKR)

For the theoretical description of the scattering process within the KKA, the double
differential inelastic cross section (equation 2.10) is simplified and the resulting single
volume scattering distribution (SSD) is

SSD(ω) = 2πe2I0

π2}2v2 · d · =
[
− 1
ε(ω)

]
· ln

1 +
(
β

θE

)2
 (2.44)
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where I0 is the intensity of electron beam, d is the sample thickness, θE is the
characteristic scattering angle and β the collection semi-angle. The kf/ki term of
equation 2.10 is given by the logarithmic term, which includes the limit of acceptance
angle β and is called the angular correction part. The first part in equation 2.44
including the thickness is known as the normalisation factor N. The =(−1/ε(ω))
term is the required loss function. A detailed description of KKA is given in Stöger-
Pollach [21] and Egerton [52].

When the normalised loss function is known, then the Kramer-Kronig relation

<
(

1
ε(ω)

)
= 1− P 2

π

∫ ∞
0
=
(
− 1
ε(ω′)

)
dω′

ω′ − ω
(2.45)

can be used to determine the dielectric function

ε = ε1 + iε2 =
<
(

1
ε(ω)

)
− i=

(
1

ε(ω)

)
[
<
(

1
ε(ω)

)]2
+
[
=
(

1
ε(ω)

)]2 (2.46)

where P is the Cauchy principle part of the integral. The optical properties are now
easily calculable:

complex refractive index nc(ω) =
√
ε = n+ iκ

refractive index n =
√

1
2

(
ε1 +

√
ε2

1 + ε2
2

)

extinction coefficient κ =
√

1
2

(√
ε2

1 + ε2
2

)
− ε1

absorption coefficient µ(ω) = 2π
c
κ

reflection coefficient R(ω) = (n− 1)2 + κ2

(n+ 1)2 + κ2

number of effective electrons neff (ω) = me

2π2e2n

∫ ∞
0
=
(
− 1
ε(ω′)

)
ω′ · dω′

(2.47)

2.2.3 Kröger Theory

The Kröger theory describes the differential energy loss probability of fast electrons
passing through a dielectric thin film.In particular this derivation considers volume
and surface losses, transition radiation and retardation effects.
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In 1957 Ritchie [54] proposed to determine the energy loss probability of an fast
electron scattering through a thin film by semiclassical calculations. These calcu-
lations correspond to some experiments such as in the case of Creuzburg [55] and
Daniels [56]. However, the consequences of the retardation effects were neglected.
Materials with a high dielectric constant and thick layers show an influence [57, 58]
and can not disregarded. The inclusion of retardation in the theoretical description
was succeeded by Kröger [59, 60]. Kröger [60] presented in his work the description
of the differential energy loss probability of fast electrons, which pass through a
dielectric thin film. The analysed thin film in figure 2.4 has a dielectric constant
ε(ω) and a thickness 2a, and both surfaces are covered by a dielectric medium ε0(ω).
The fast electron is a point charge −e, which penetrates the thin film at an angle α.
After a detailed derivation according to [59, 60] the differential energy loss is given
by

∂3P (~k⊥, ω)
∂∆E∂2Ω =p2

0
}2 ·

e2

π2}2v2 cosα=
[

1− εβ2

εφ2 · 2a

− 2 · (ε− ε0)2

φ4
0φ

4

{(
sin2(b)
L+ + cos2(b)

L−

)
· B

2

εε0

−
(

cos2(b) tanh(λa)
L+ + sin2(b) coth(λa)

L−

)
· A2λλ0

+
( 1
L+ −

1
L−

)
· λ0

ε0
· A ·B sin(2b)

+
(
ω

v

)4
β6 sin2(α) sin2(φ)

[(
κ

vx

)2
(

sin2(b)
M+ + cos2(b)

M−

)

− λλ0

(
cos2(b) tanh(λa)

M+ + sin2(b) coth(λa)
M−

)

−λ0
κ

vx
sin(2b)

( 1
M+ −

1
M−

)]}]

(2.48)

where p0 is the momentum of the incoming electron and the corresponding abbre-
viations are listed in equation 2.49. In equation 2.48 the first term is known as the
volume part, the remaining terms are called surface part. In the case of thick sam-
ples the surface losses are infinitesimally small and can be neglected as known from
[54, 61]. The last three lines of the Kröger equation (equation 2.48) can be neglected
when the incidence of the probed electron is normal (α = 0) to the surface. This
approximation is used in several theoretical discussions due to simplification of the
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Figure 2.4: Overview of the thin film geometry according to Kröger [60].

investigated problem as known from [21, 52, 62, 63].

β = v

c
, ~k⊥ = (0, ky, kz), k⊥ =

√
k2
y + k2

z

cosφ = ky
k⊥
, λ =

√
k2
⊥ −

εω2

c2 , λ0 =
√
k2
⊥ −

ε0ω2

c2

κ = ω + kyvy, b = κa

vx

L+ = λ0ε+ λε0 tanh(λa), L− = λ0ε+ λε0 coth(λa)
M+ = λ0 + λ tanh(λa), M− = λ0 + λ coth(λa)

φ2 =
(
k2
⊥ + κ2

v2
x

)
− εω2

c2 , φ2
0 =

(
k2
⊥ + κ2

v2
x

)
− ε0ω

2

c2

φ2
01 =

(
k2
⊥ + κ2

v2
x

)
− (ε+ ε0)ω

2

c2

A =
(
k⊥ −

κ

vx
tan(α) cos(φ)

)
· ω
v
· β2 cos(α)

B = k⊥φ
2
01 + εε0β

4 sin(α) cos(φ) ·
(
ω

v

)3

(2.49)

The Kröger equation 2.48 permits a review of the experimental data. The calcu-
lated relativistic energy loss probability can be set in relation to the measured EELS
spectrum and offers an additional perspective. The initial data for the relativistic
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calculations are the measured dielectric properties of thin films by an ellipsometer
as described later on in section 5.3.

2.3 Density Functional Theory

The microscopic comprehension of solids concerns the behaviour of electrons inside
a periodic potential of a crystal. A solid consist of heavy, positively charged nuclei
surrounded by light, negatively charged electrons. The formal description of this
electromagnetically interacting particles leads to a many-body problem with a many-
particle Hamiltonian Ĥ [64]:

Ĥ =− }2

2

∑
i

∇2
~Ri

Mi

+
∑
i

∇2
~ri

me


− 1

4πε0

∑
i,j

e2Zi

|~Ri − ~rj|
− 1

2
∑
i 6=j

e2

|~ri − ~rj|
− 1

2
∑
i 6=j

e2ZiZj

|~Ri − ~Rj|

 (2.50)

where Mi is the mass of the nucleus at ~Ri, me is the mass of the electrons at ~ri, e is
the elementary charge and Zi,j are the atomic numbers of the nuclei. Equation 2.50
consists of a kinetic energy operator for the nuclei (first term), a kinetic energy
operator for the electrons (second term) and the Coulomb interaction (other terms).
The last three terms describe the electrons-nuclei interaction, electrons-electrons
interaction and nuclei-nuclei interaction.

The basic approximation is the separation into atomic and electron movement.
The movement of the heavy nuclei are much slower compared to the lighter electrons
and hence, the nuclei can be seen as frozen. The independent treatment of atomic
and electron movement is known as adiabatic or Born-Oppenheimer approximations.
The consequences of this approximation are the vanishing of the first and the last
term of equation 2.50. The nuclei are not moving and hence the kinetic energy is
zero and the last term is only a constant. The resulting equation is

Ĥ = T̂ + V̂ext + V̂ (2.51)

where T̂ is the kinetic energy of the electron gas, V̂ext is the Coulomb potential
between the electrons and the nuclei and V̂ is the potential energy of the electron-
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electron interactions. The observation of inhomogeneous systems leads to theories
considering the energy of the many-electron problem as a functional of the local
modified density, which is the basis of the local density functional approximation.

DFT can be attributed to the Hohenberg-Kohn-Sham theorem [65, 66]:

• The many-particle ground state E0 is a unique functional of the density n(~r),
E0 = E[n(~r)].

• The unique functional E[n(~r)] has its minimum for the ground-state density
corresponding to an external potential Vext.

The first theorem shows the importance of the density. The second theorem explains
that the functional is universal and can be used for any many-particle problem.
Assuming that another potential V ′ with another ground state φ′ leads to the same
density n0(~r):

E ′0 = 〈φ′|H ′|φ′〉 < 〈φ|H|φ〉 = 〈φ|H + V ′ − V |φ〉 (2.52)

so that
E ′0 < E0 +

∫
n0(~r)[V ′(~r)− V (~r)]d3r (2.53)

and by interchanging the primed and unprimed items:

E0 < E ′0 +
∫
n′0(~r)[V (~r)− V ′(~r)]d3r. (2.54)

An inconsistency is obtained by the addition of equation 2.53 and 2.54:

E0 + E ′0 < E0 + E ′0. (2.55)

Consequently, n0(~r) and n′0(~r) are not equal and the potential V (~r) is an unique
functional of n0(~r). If the particle density is known than the energy, the wave
functions and the expectation values of any observable can be calculated.

Under consideration of the second theorem, the ground-state total functional
H[n(~r)] = E[n(~r)] is

E[n(~r)] = 〈Φ|T + V |Φ〉+
∫
n(~r)Vext(~r)d3r

= F [n(~r)] +
∫
n(~r)Vext(~r)d3r.

(2.56)
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Due to the variational principle of quantum mechanics

E[n′(~r)] > E[n0(~r)] = E0 = min{E[n(~r)]} (2.57)

with the variational condition

∂E[n(~r)]
∂n(~r) |n(~r)=n0(~r) = 0. (2.58)

The ground-state energy in the local-density approximation can be written as:

EKS[n(~r)] =
∫ ∫

n(~r)Vext(~r)d3r + e2

2

∫ ∫ n(~r)n(~r′)
|~r − ~r′|

d3rd3r′ +G[n(~r)] (2.59)

on the basis of the Hohenberg-Kohn-Sham theorem. The functional G[n(~r)] in
equation 2.59 consists of the kinetic energy functional and the exchange-correlation
energy functional:

G[n(~r)] = T [n(~r)] + Exc[n(~r)] (2.60)

The density for a single-particle wave functions is given by

n(~r) =
∑
i

|ϕi(~r)|2. (2.61)

The functional derivative according to the density is done by a variation of the
orbitals ϕi(~r):{

− }2

2m∇
2 + Vext(~r) + e2

∫ n(~r′)
|~r − ~r′|

d3r′ + ∂Exc[n(~r)]
∂n(~r)

}
ϕi(~r) = εi · ϕi(~r) (2.62)

{
− }2

2m∇
2 + Veff

}
ϕi(~r) = εi · ϕi(~r) (2.63)

Equation 2.62 is a generalised single-particle Schrödinger equation. The many-
particle potential is replaced by an effective single-particle potential Veff (~r) (equa-
tion 2.63).

The Kohn-Sham theorem consists of the ground-state density of an N-particle
problem:

n(~r) =
N∑
i=1
|ϕi(~r)|2 (2.64)
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and the Kohn-Sham equation:

HKS · ϕi = εi · ϕi. (2.65)

The Kohn-Sham equations have a self-consistency problem, which means that an
iterative process is needed due to the fact that the solutions determine the original
equations [64]. The solution has to be known to solve the problem.

DFT is the exact description of the quantum mechanical many-body problem and
hence, the behaviour of electrons in a periodic potential like a crystal is described.
The interpretation of the electronic structure and the corresponding material prop-
erties in EELS are supported by DFT simulations. The density of states and EELS
spectra in chapter 5 and especially, in section 5.4 are calculated by using the WIEN2k
code [67], a full potential, linearised augmented plane wave DFT method.



Chapter 3

Methods and Material

The following chapter informs about the instrumentation and the analytical methods
used to describe the electronic and magnetic properties. A detailed description of
the thin film synthesis is also given. Additionally it contains a section about the
analysed characteristic microstructure of the thin films (LSMO and LCMO) on
different substrates.

3.1 Instrumentation

3.1.1 Transmission Electron Microscope

Modern TEMs are complex analytical instruments with a large variety of appli-
cations, which informs about the microstructure of the material and its physical
and chemical properties. Free electrons are accelerated to high tensions of about
200 kV and collected by electromagnetic lenses. The electron beam is focused by the
condenser lens system and transferred to the sample. The objective and projective
lens system deflect the transmitted beam to the viewing screen with a high spatial
resolution.

In general, the visual perception of our environment is enabled via the sight of
our eyes, which is a complex organ operating as a converging lens. Under a distance
of most distinct vision of 25 cm, the resolution of the human eye is around 75 µm.
The research of smaller structures beyond the limit of human sight is supported
by the microscope (Greek: mikrós = small, skopêın = see). The light microscope
is known since the 16th century and its resolution was constantly improved and
achieves a range of 300 nm nowadays [68]. The spatial resolution of the microscope

29
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is in principal limited by diffraction. In 1873 Abbe [69] found that structures smaller
than the half wavelength of light cannot be resolved (equation 3.1), which is still
valid. The resolution d of the microscope is defined by

d = 0.61λ/ sinα (3.1)

where λ is the wavelength of light and α the aperture angle. An improvement of the
resolution can be achieved by using smaller wavelengths. In 1924 Louis de Broglie
declared wave-particle duality of matter that particles with a rest mass greater than
zero possess a wave character. Their wavelength λ is

λ = h

p
= h

m · v
(3.2)

where h describes the Planck’s constant, p is the momentum, m is the mass and v

is the velocity. The great achievement was to use a different medium, e.g. electrons,
instead of light. The benefits of electrons are a simple production by thermionic
emission, the simple manipulation and acceleration of these charged particles and
their detection by electron multiplying devices. The state of the electron is de-
scribed by five specifications: mass, charge, energy, momentum and spin. The small
wavelength of fast electrons enables the investigation of small structures.

The challenge to overcome the Abbe’s diffraction limit motivated Knoll and Ruska
[70] to invent the TEM in 1932. The design resembles the light microscope, how-
ever, the utilised probes are electrons instead of photons. The imperfection of elec-
tromagnetic lenses is an important issue in electron optics due to the significantly
reduction of the achieved resolution. The lens defects can be separated into two
groups, monochromatic and chromatic defects. The monochromatic lens defects are
astigmatism and spherical aberration. The astigmatism concerns deviations of the
rotational symmetry of the lens field due to inhomogeneities and contaminations.
The spherical aberration arises due to the inhomogeneity of the lens field resulting in
a different behaviour of off-axis electrons. The second group of lens defects consists
of chromatic aberrations. These chromatic aberrations result from electrons with
different velocities, fluctuations of the acceleration voltages and energy losses after
interaction with the sample.

As described at the beginning of this section the standard transmission mode in
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TEM uses lenses to magnify the region of interest and form the image. Therefore,
chromatic aberration limits the image resolution, which is absent in scanning TEM
(STEM) mode provided by most TEMs. The main advantage compared to the TEM
mode is the highly focused electron beam, which is scanning across the sample. The
STEM mode works in the diffraction mode and additional to the lenses, deflection
scan coils are installed between condenser and objective lens systems to probe with
the electron beam across the sample. The transmitted beam is transferred through
the projective lenses to the STEM detectors. The quality of the STEM image
depends on the lens formed probe and thus, aberrations influence the probe.

For all experiments realised at USTEM two conventional TEMs equipped with a
thermionic LaB6 electron gun (FEI TECNAI G20) and a field emission gun (FEI
TECNAI F20) were used. Both TEMs work in the free high tension mode, which
allows to accelerate the electrons arbitrary adjustable in the range from 10 kV to
200 kV. Both TEMs at USTEM achieve a spatial resolution of 0.24 nm.

An important challenge in TEM beside the spatial resolution is the improvement
of the energy resolution in EELS as shown in chapter 5. On the one hand an im-
provement is achieved by using Richardson-Lucy (RL) algorithm [71]. On the other
hand the energy resolution becomes significant better by using a monochromator
[72]. Within a collaboration with Ing. Michal Horák at Central European Institute
of TEChnology (CEITEC) in Brno/Czech Republic some experiments were carried
out using a FEI Titan Themis which is equipped with a monochromator. For all low
temperature experiments a cryo-transfer holder (GATAN 915) was used to operate
at a temperature of 85 K.

3.1.2 Electron Energy Loss Spectrometry

EELS in TEM is based on inelastically scattering of the high-energy electrons on
atoms of a specimen (as already described in section 2.2). The EELS spectrum
is characterised by the selection of transmitted electrons in accordance to their
energy losses. These electrons provide compositional and chemical information from
subnanometre areas of the specimen. The electronic, optical and magnetic properties
describe a number of specimen characteristics, e.g. thickness, atomic structure,
bonding, free-electron density, bandgap, dielectric response and magnetism. The
advantages of EELS are:
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• high spatial resolution of < 1 nm

• low detection limit of a few atoms

• in transmission geometry the whole volume is probed compared to surface
sensitive methods (atomic force microscope or Auger detection)

In general, the EELS spectrum can be separated into two parts, the low loss
(valence) section from 0 to 50 eV and the core loss section (> 50 eV) [52, 68].
Figure 3.1 shows the whole EELS spectrum of NiO and the correlation between
energy-level diagram for NiO and EELS spectrum [68]. As it is generally known, the
inner shell electrons are placed deeper in the potential well and are not influenced by
each other. Hence, high-energetically ionisation edges are at a characteristic energy,
while low-energetically ionisation edges are influenced by a chemical shift.

For recording an EELS spectrum with a well defined energy dispersion two types
of spectrometer exist: i) in-column spectrometer and ii) post-column spectrometer.
The first one is implemented in the projector lens system. The latter is mounted
at the end of the beam path and has the advantage that it can be retrofitted to
almost any TEM. At USTEM the FEI TECNAI G20 is equipped with a GATAN
post-column energy filter (GIF 2001) and the FEI TECNAI F20 has mounted a
GATAN Tridiem energy filter. The FEI Titan Themis at CEITEC has a GATAN
GIF Quantum ERS 966 post-column energy filter.

Valence EELS

Low energy losses are caused by the excitation of valence or conduction electrons.
The experimental technique that deals with this part of the EELS spectrum is called
VEELS for valence EELS. VEELS is used for detecting bandgaps or for character-
ising optical properties of materials. In contrary to inner shell electron excitations
no sharp energy edges exist in the VEELS spectrum and it is more like a range of
energy within the valence or conduction band [73]. These low losses can be described
by the many-body theory (see section 2.2.2). Due to the collective excitation of the
electrons the solution of the many-body problem is solved by using a response func-
tion like the dielectric function ε(q, ω) which describe the electron-solid exchange.
The theoretical observation of the VEELS spectrum is possible by measuring optical
data like refractive index and absorption coefficient, which are coherent with the real
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Figure 3.1: Correlation between potential well and EELS spectrum. [68]



34 3 Methods and Material

and imaginary part of the dielectric function. The relation between dielectric func-
tion and energy loss probability is described by the Kröger equation (equation 2.48,
section 2.2.3). The simplified assumption of the Kröger equation is the SSD (equa-
tion 2.44, section 2.2.2), which shows the direct proportionality of the scattering
probabilty and the loss function =

[
− 1
ε(ω)

]
:

SSD(ω) ∝ =
[
− 1
ε(ω)

]
(3.3)

A fundamental physical limit on spatial resolution for the inelastic signal at lower
energy losses is the inelastic delocalisation [74, 75]. The inelastic delocalisation
describes the localisation distance of an incident beam electron interacting with a
bound atomic electron due to the long range Coulomb force. The observation of
the delocalisation can be done under consideration of the Heisenberg uncertainty
principle:

∆x∆p ∼ h (3.4)

where ∆x is the localisation distance, ∆p is the momentum uncertainty and h is the
Planck’s constant. The momentum uncertainty can be assumed as:

∆p = }q ∼
(
h

λ

)
ΘE (3.5)

and the characteristic angle is
ΘE ∼

E

2E0
(3.6)

where E is the specific energy loss and E0 is the energy of the incident electrons.
The inelastic delocalisation is decreasing with increasing energy loss E due to the
fact that ∆x is proportional to 1/E:

∆x = λ

ΘE

(3.7)

Hence, observations in the very low loss part of a VEELS spectrum are always
delocalised. The delocalisation length d50 contains 50 % of the inelastic scattered
electrons and describes well the delocalisation considering the collector angle β:
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(d50)2 ≈
(

0.5λ
Θ3/4
E

)2

+
(

0.6λ
β

)2

. (3.8)

The contribution of inelastic delocalisation is decreasing by reducing the beam
energy, which improves the spatial resolution of VEELS. However, VEELS is a
powerful tool and offers some significant advantages concerning classical optical
methods:

• By using electrons a high spatial resolution is obtained, which is only limited
by the delocalisation of the respective energy losses. Optical methods do not
reach this high spatial resolution.

• Conventional optical methods for determining the dielectric properties are lim-
ited by the wave length of the light. However, the energy range of the VEELS
spectrum reaches from 0 eV to 50 eV, whereas optical methods are limited
from infra-red to ultra-violet (1.7-3.2 eV). Hence, =

[
− 1
ε(ω)

]
contains more in-

formation and the bulk of the specimen is also probed.

• Angle-resolved measurements of dielectric properties are possible. In contrast
to optical methods, there are no limitations to direct and indirect bandgap
measurements in VEELS.

In figure 3.2 the shape of a typical VEELS spectrum with its three main features
is shown:

• ZLP at 0 eV followed by

• bandgap and interband transitions

• and the volume plasmon.

For the CMR effect investigations in TEM the bandgap and interband region of
the VEELS spectrum are of great interest due to the dielectric properties. This
region is following and partly covered by the ZLP. The full width half maximum
(FWHM) of the ZLP informs about the energy resolution of VEELS spectrum,
which is dependent on the electron source of the microscope. An improvement of
the elastic peak of the VEELS spectrum can be achieved by using the RL algorithm
or a monochromated TEM to reduce the spread of the ZLP. A typical ZLP width
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Figure 3.2: Typical VEELS spectrum showing the main features: (1) ZLP, (2)
bandgap and interband region, and (3) volume plasmon.

is in the range of 0.2 - 2.0 eV. Nevertheless, the largest difficulty to overcome in
VEELS analysis is the removal of this elastic peak, which is the dominant feature
in the very low loss regime. Its low energy tail usually masks the signal stemming
from interband transitions. Čerenkov losses and light guide modes also influence
the shape of ZLP [76, 77]. These circumstances have to be taken into account when
observing the energy loss spectrum.

The resistivity of double perovskites and in particular of LCMO is altering when
the external magnetic field and the temperature are changed (as described in sec-
tion 1.1). These environmental influences can be controlled by using a cryo holder
and varying the magnetic field strength of the objective lens system in TEM for the
VEELS experiments. However, a high dispersion of the spectrometer and a small
FWHM are necessary to gain excellent measurements in the low loss region. The
determination of the magnetoresistance is not straightforward by using VEELS. It
is not a direct detection, and needs a closer look on the relation between potential
well and energy loss spectrum shown by NiO in figure 3.1.

As known from the bandstructure model, a metal shows by definition no bandgap
whereas an insulator or semiconductor exhibits a gap between valence and conduc-
tion band. Keeping that in mind, an energy shift in the bandgap and interband
transition region due to the relation between the energy loss probability and the
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dielectric structure should be detectable when the material properties are changing.
All VEELS experiments at USTEM were done at the relative thickness of approx-

imately 0.3 λ at the positions of interest at 85 K and RT. The mean free path length
for inelastic scattering is λ at beam energies of 40 keV and 200 keV, respectively.
The spectrometer dispersion setting was 0.1 eV per channel and the collection angle
was chosen to be 8.4 mrad. The VEELS spectra were generated by multiple spec-
trum acquisitions. The 200 keV measurements are compiled by a summation over
50 spectra with 0.2 s for each spectrum. For the measurements at 40 keV 30 spec-
tra were chosen with a recording times of 1.6 s. In both cases a energy resolution
of 0.9 eV was achieved. For the measurements with the monochromated TEM at
CEITEC the energy dispersion was 0.01 eV and the energy resolution 0.14 eV. At
60 keV and 300 keV 100 spectra were recorded with 0.1 s per spectrum.

Energy-loss Magnetic Circular Dichroism

The magnetic behaviour of an observed material can be investigated in TEM by
EMCD. It is an EELS technique that gives access to the magnetisation with chemical
sensitivity [23] in the nanometre scale [24, 25].

The term dichroism refers to changes of the optical absorption spectrum depen-
dent on the polarisation by passing through a crystal. Magnetic anisotropy is needed
for dichroism, while isotropic systems or cubic crystals do not exhibit this effect [78].
The classical circular dichroism depends on the helicity (handedness) of the incident
light. However, in case of inorganic crystals, the chirality is induced by the magnetic
moment, which is connected to circular currents in the atom [78].

A well-known standard technique for detecting the spin and orbital magnetic mo-
ments based on synchrotron radiation is X-ray magnetic circular dichroism (XMCD).
XMCD determines the X-ray absorption cross selection, which depends on the po-
larisation [79]. The polarised X-ray absorption spectroscopy (XAS) analyses the
change of X-ray absorption near edge structure (XANES) with respect to the helic-
ity of radiation. Since it is known that dichroism of core-level transitions depends
on external or internal magnetic fields, XMCD is widely used to probe the magnetic
behaviour of a material.

The similarity of energy loss near edge structure (ELNES), which is the fine struc-
ture of ionisation edges in EELS, and XANES shows the availability of detecting
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A B C

Figure 3.3: EMCD scattering geometry. A) The detector selects the wave vector
transfer, B) coherent superposition of two incident plane waves with
a phase shift of π/2 and C) the experimental setup shows the Thales
circle with the two EELS measurement positions for the EMCD signal.
[24]

circular dichroism with electrons and is theoretical described by Schattschneider
et al. [80]. Already in 2003 Hébert and Schattschneider [81] suggested that EMCD
is feasible due to the fact that spin-polarised electrons are not necessary. The im-
portant distinctions in EMCD compared to XMCD are the usage of the double
differential scattering cross section as well as the momentum transfer }~q instead of
the polarisation vector ~e [80]. The cross section for photon absorption σ of energy
E is

σ(E) = 4π2Eα
∑
i,f

| 〈f |~e · ~R|i〉 |2 × δ(Ei − Ef + E) (3.9)

with α = e2/(4πε0}c) being the fine structure constant, ~e the polarisation vector,
|i〉, |f〉 are the initial and final states and ~R is the position operator of the target
electron. In contrast to the previous expression for XMCD, the double differential
cross section for EMCD is

∂2σ

∂E∂Ω =
∑
i,f

4γ2

a2
0q

4
kf
ki
| 〈f |~q · ~R|i〉 |2δ(Ei − Ef + E) (3.10)

where γ = 1/
√

1− β2 is the relativistic factor, a0 is the Bohr radius and ~q = ki− kf
is the momentum transfer vector. The comparison of equations 3.9 and 3.10 shows
the equivalence of polarisation vector ~e and momentum transfer vector ~q [81]. Hence,
dichroism can be measured with EMCD, which was proven by Schattschneider et al.
[24]. The equivalence of ~e and ~q can be described by means of special diffraction
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geometry called two-beam case (see figure 3.3). The circular polarisation of the inci-
dent plane waves generates a rotating electric field at the observed atom. Depending
on the polarisation, this electric field achieves an alteration of the magnetic quan-
tum number [78]. Hence, the two incident plane waves must show a phase shift of
kλ/4 = π/2 between the horizontal and vertical electric field component [80], which
is controlled by the exact EMCD setup. The phase difference of π/2 (figure 3.3B)
between the two non-parallel scattered momentum transfer vector is an essential re-
quirement to observe the EMCD effect. The double differential inelastic scattering
cross section in section 2.2 is

∂2σ

∂E∂Ω = 4γ2

a2
0q

4
kf
ki
· S(~q, E) (3.11)

where S(~q, E) is the DFF. In case of EMCD, the expression of equation 3.11 is
modified and for two off-axis positions it becomes:

∂2σ±
∂E∂Ω = 4γ2

a2
0

kf
ki

[
|a|2S(~q, E)

q4 + |b|2S(~q′, E)
q′4

± 2<
(
ab∗

S(~q, ~q′, E)
q2q′2

)]
(3.12)

with ~q = ~ki − ~kf and ~q′ = ~k′i − ~kf are the momentum transfer vectors from two
incident plane waves, while a and b are the corresponding complex amplitudes. The
last term in brackets of equation 3.12 relates to the MDFF [82], which is S(~q, ~q′, E).
This interference part describes the coherence of transition with momentum transfer
}~q and energy loss E.

The EMCD signal is the difference of the EELS spectra at specific off-axis positions
(named ”+” and ”-”) on the Thales circle (figure 3.3C), where the entrance aperture
of the spectrometer is placed. It is given by

∂2σ+ − ∂2σ−
∂E∂Ω = 16γ2

a2
0

kf
ki
· <

(
ab∗

S(~q, ~q′, E)
q2q′2

)
(3.13)

The symmetric parts of equation 3.12 are cancelled and the resulting dichroic signal
is twice the interference part.

There are several methods to measure the EMCD effect, e.g. the classical scheme
shown in figure 3.4A. Here, the crystal lattice of the sample is used as a beam splitter
to achieve specific three-beam diffraction geometries. A superposition of coherent
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Figure 3.4: A) Experimental setup for EMCD with specific off-axis positions [83].
B) Three beam configuration of LCM100/Si for simultaneously EMCD
recording [27].

wave vectors at chiral positions is achieved due to this experimental configuration
described in [83]. Another method to investigate the magnetic behaviour is to record
an energy ∆E - momentum transfer ~q map. For the acquisition a three-beam case
is configured in this way that a simultaneously recording of both positions with dif-
ferent chiralities is achieved as shown in figure 3.4B. An advantage of this method
is of course the simultaneously recording of both signals and consequently the re-
duced acquisition time. EMCD has some limitations, which are the aberrations of
the microscope and low intensity due to the specific off-axes measurement geome-
try. In addition, the EMCD signal depends on the sample thickness as reported by
Schattschneider et al. [80] and Löffler and Schattschneider [84]. Due to this fact,
experiments were measured at an approximate thickness of 20 nm to 25 nm in the
direction of electron beam.

3.1.3 Ellipsometry

The dielectric properties of surfaces and thin film specimen can be measured by
ellipsometry, which analyses the polarisation alteration of the reflected light. The
change of polarisation is given by the amplitude ratio Ψ and the phase difference
∆. Unpolarised light generated from a light source traverses a polariser, where
light of specific electric field orientation travels trough and reflects on the specimen
surface. The reflected light becomes elliptically polarised and is transferred through
the rotating analyser towards the detector. [85]
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For the experiments within this work an alpha-SE Ellipsometer (J.A. Woollam)
with a rotating compensator ellipsometer (RCE) configuration was used. To measure
the dielectric function of the specimens the whole wavelength ranging from 380 nm
to 900 nm was utilized.

The ellipsometry measurements were carried out in collaboration with Viktoria
Ritter, MSc of Prof. Alois Lugstein’s group at the Institute of Solid State Electronics
at Technische Universität Wien.

The results from the ellipsometer measurements give some indications of the di-
electric properties in the low loss region of the EELS spectrum. Hence, the ellipsom-
etry data are processed by the Kröger equation to achieve an energy loss spectrum,
which is comparable to the experimental VEELS spectrum.

3.2 Synthesis and Sample preparation

Thin film specimen synthesis was carried out by pulse laser deposition (PLD) prepa-
ration technique. The PLD target synthesis of LCMO was done by the Pechini
method using stoichiometric mixture of high purity La2O3, Co3O4 and MnCO3.
In case of LSMO, a LSMO (Sigma-Aldrich) powder was used for the PLD target
production. The preparation procedure was similar to Mahato et al. [86]. The de-
position conditions were as follows: the oxygen pressure was set under 0.12 mbar
at 1033 K, a wavelength of 248 nm and a pulse frequency of 5 Hz was achieved by
using a KrF excimer laser. The energy of the laser beam was set to 400 mJ per pulse
and the target-substrate distance was adjusted to 0.06 m. Three different substrates
were used: LaAlO3 (LAO), SrTiO3 (STO) and Si. An overview of the synthesised
specimen and their deposition conditions is given in table 3.1.

The synthesis of thin film samples was done in collaboration with our FOXSI
project partner Dr. Edvinas Navickas in the research division electrochemistry of
Prof. Jürgen Fleig at Technische Universität Wien.

TEM sample preparation of the cross section lamella was performed by focused
ion beam (FIB) FEI Quanta 200 3D DualBeam. The Ga+ ions were accelerated to
30 kV operating voltage for the cutting process and reduced to 5 kV for the cleaning
process. As final step of the preparation, soft Ar+ ion polishing was done by using
a Technoorg-Linda GentleMill operated in the range of 0.5 keV to 1 keV.
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Table 3.1: The observed samples with their deposition conditions: LF = laser fre-
quency, t = time, T = temperature, OPP = oxygen partial pressure,
LT = layer thickness.

sample LF t T OPP LT substrate
LSM40/STO1 10 Hz 5 min 650 °C 10 mTorr 40 nm STO
LSM40/LAO1 10 Hz 5 min 650 °C 10 mTorr 40 nm LAO
LSM70/LAO1 10 Hz 8 min 650 °C 10 mTorr 70 nm LAO
LSM100/LAO1 10 Hz 15 min 650 °C 10 mTorr 100 nm LAO
LCM100/STO2 5 Hz 20 min 760 °C 90 mTorr 100 nm STO
LCM80/LAO2 5 Hz 30 min 650 °C 900 mTorr 80 nm LAO
LCM300/Si2 10 Hz 155 min 610 °C 30 mTorr 300 nm Si
1 La0.8Sr0.2MnO3 (LSMO)
2 La2CoMnO6 (LCMO)

3.3 Microstructure and Characteristics

Double perovskites, in particular with ABO3 structured compounds, are multifunc-
tional materials and promise a wide range of applications, eg. cathodes of solid
oxide fuel cells [11] and magnetic storage [12]. Concerning the comparison of thin
film samples and bulk, the material properties behave different at various scales. For
modern technologies like nanotechnologies, it is of great interest to understand and
know the microstructure and its characteristics of the thin films. The investigated
thin films are epitaxially grown on a single crystal (STO, LAO and Si) and their
orientations are particularly affected by the lattice parameter of the substrate and
the layer. Concerning the different materials (heteroepitaxy) of the film and the
substrate, the misfit induces epitaxial stress, which can be degraded through the
growth of the film. The morphology of the substrate is essential for the epitaxial
growth of the deposited layer. The structure is easily influenced by defects and
strains. The impact of these perturbations to the material properties like CMR is
reported by Haghiri-Gosnet et al. [12]. Stress in the structure of manganites cor-
relates with their physical properties. Due to this fact, the microstructure and its
behaviour were investigated with respect to the thin film thicknesses by means of
bright field (BF) and dark field (DF) TEM images, diffraction and high-resolution
TEM (HRTEM). Structural characteristics are different compared to the individual
grown thin films.
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A B C

100 nm 100 nm 20 nm

Figure 3.5: LSMO film on LAO substrate (LSM40/LAO). A) BF image shows the
cross section of a multilayer, which consists of the substrate at the
bottom followed by the LSMO layer and the FIB protection layer on
the top. A kind of columnar structure is visible in the thin film layer.
B) The corresponding DF image of previous BF image confirms this
impression. C) The HRTEM image shows the epitaxially grown layer
with induced strain.

3.3.1 La0.8Sr0.2MnO3

The investigation of LSMO thin films at 40 nm, 70 nm and 100 nm thickness exhibits
an interesting structure caused by defects, induced strain and lattice mismatch. In
figure 3.5 a contrast difference in the grown layer between the substrate and the
protection layer can be seen, which is mostly perpendicular to the surface of the
substrate and is drawn through the thin film. This is a typical behaviour of the per-
ovskite microstructure as known from [29, 87] and evokes connotations of columnar
artefacts, which is shown in the TEM images at BF and DF mode. However, this
effect induced by strain and lattice mismatch is not very pronounced (figure 3.5C)
and there are no columnar structures visible in the HRTEM images.

The layer of LSM40/LAO and LSM40/STO are epitaxially grown as shown in
figure 3.5C and have a thickness of about 40 nm. These two samples vary in terms
of their substrate. As the name of the sample suggests, the substrates are LAO
and STO, respectively. The TEM analysis of these specimens confirms tensile in-
plane strain in the film layer growing on STO and compressive in-plane strain for
the layer on LAO as reported by Navickas et al. [88]. The X-ray diffraction (XRD)
investigations of Navickas came to the same conclusions. This behaviour was also
expected due to the comparison of the known bulk lattice parameters from LAO,
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STO and LSMO (aLAO = cLAO = 3.820 Å, aSTO = cSTO = 3.910 Å, aLSMO = cLSMO=
3.989 Å), which supports a lattice mismatch. The misfit ∆ from the bulk parameters
in percentage is given by

∆ = dSubstrate − dLSMO

dSubstrate
· 100 (3.14)

where dLSMO and dSubstrate are the lattice plane distances of LSMO and the substrate.
The lattice mismatch of LSM40/STO is 0.31 % and thus, tensile in-plane strain is
expected. In the case of LSM40/LAO the misfit is -2.04 % due to the smaller lattice
parameter and which causes compressive in-plane strain. No significant changes of
the microstructure of thin film or interface are observed by changing the substrate.

In the next step the layer thickness was increased and this specimen is named
LSM70/LAO. Compared to LSM40/LAO only the deposition time has changed and
as a result of the extended deposition time the layer reaches a thickness of around
70 nm. By taking a closer look to the cross section of the LSMO thin film a fea-
tureless layer grown on the LAO surface and a non-homogeneous layer are revealed
as also reported by Lebedev et al. [89]. The BF image (figure 3.6A) and especially
the DF image (figure 3.6B) illustrate two separate layer inside the LSMO film due
to the difference in contrast. Both layers are epitaxially grown, however, the second
layer of the thin film convey the impression of a strong inhomogeneity and shows
the same features as the previous samples. More dislocations and strain evolve in
this layer as shown in the HRTEM images of figure 3.6C-F. The columnar features
occurs perpendicular to the interface of the featureless band and a tendency to
columnar structures is visible for example due to the shading effect (figure 3.6C).
These columnar features mainly arise at the interface of the featureless band and
grows to the surface of the LSMO film. However, this is not a mandatory behaviour,
the features can arise somewhere within the layer and vanish before achieving the
surface. Only the growth direction is more or less normal to the interface.

By extending the layer thickness to 100 nm, a non-uniform distribution of the
LSMO compound in sample LSM100/LAO was detected. The high-angle annular
dark field (HAADF) image in STEM mode gives an impression of the elemental
distribution in the thin film (figure 3.7). Lighter elements appear darker than heavier
elements under a certain camera length of below 100 nm and due to this fact it is
also called Z-contrast map. This result can be affected by thickness effects because a
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Figure 3.6: A) BF image and B) DF image of LSM70/LAO show an inhomogeneity
of the thin film. C-F) HRTEM images convey the impression of more
induced strain and dislocations.

200 nm
LAO

LSMO

FIB protection layer

featureless band

Figure 3.7: The structure of LSM100/LAO consists of the substrate on the bottom
side, the LSMO film is placed in the middle and on the top the Pt-C
FIB protection layer. This HAADF image of LSM100/LAO enables
a Z-contrast map and exhibits a segmentation into a featureless band
parallel to the LAO substrate and the second LSMO layer with non-
homogeneous element distribution.
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Figure 3.8: A) The HRTEM image shows the interface between LSMO and LAO.
B) The corresponding FT at this position exhibits in the insertion spot
splitting of diffraction spot (300).

essential precondition is that the observed area has the same lamella thickness. If the
lamella thickness in the observed area is homogenous than a Z-contrast assumption
can be done.

Nevertheless, LSM100/LAO behaves similar to the previous samples, which is why
a segmentation of the LSMO film can be observed here as well. A small featureless
band parallel to the substrate surface due to the contrast difference compared to the
substrate is visible in figure 3.7. The substrate itself shows some bright inclusions,
which can be attributed to the final TEM lamella preparation step done by soft Ar+

ion polishing. The second LSMO layer placed on this band exhibits the columnar
features with an elemental distribution, which shows that heavier elements are more
accumulated in these columnar structures and the lighter elements are in between.
The sputtering geometry of the final thinning process by GentleMill has to be in
mind, when thinking of Z- or Bragg contrast. The TEM lamella is placed into the
GentleMill in a way that the FIB protection layer is facing the Ar+ beam. The
lamella was polished under a certain angle of six degree. As a result the region at
the interface between LSMO and protection layer is slightly thinner than the region
at the LSMO-LAO interface. The bright spots in the substrate can be material
sputtered from the TEM grid or the protection layer, which consist of Cu or Pt-C.
Considering the polishing step, the HAADF image shows also columnar structures
in the thicker region of the LSMO film.

In figure 3.8 a HRTEM image and the corresponding FT of the LSMO-LAO
interface are shown. A spot splitting perpendicular to the interface is determined
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by observing the FT (figure 3.8B) and occurs from lattice mismatch. The FT can
be well indexed, the lattice parameter of LSMO is 3.901 Å and of LAO 3.787 Å. A
misfit of -3.01 % is detected and thus, it is in a good agreement to the bulk value.
Due to the small lattice mismatch the unit cell becomes slightly elongated normal
to the interface and a splitting of the (300) diffraction spot is readily observable.

In addition, a series of HRTEM images was recorded and merged together (fig-
ure 3.9). This figure displays the LSMO layer and also the polycrystalline FIB pro-
tection layer on the top left side. The thin film exhibits columnar features packed
very close to each other. The distance between the features is around 20 nm and in
between there is no structural change observable. The epitaxy in the microstructure
is only interrupted by the columnar features, which arise directly at the interface
within a heavily strained region as confirmed by Van Tendeloo et al. [87].

3.3.2 La2CoMnO6

The previous samples differ in substrate and deposition time, which only influences
the layer thickness, whereas the LCMO samples were synthesised under different
deposition conditions. The LCMO thin film of LCM100/STO was grown by lower
laser frequency, higher temperature and a oxygen partial pressure which was nine
times higher than for the previous samples (see table 3.1). LCM100/STO behaves
similar to LSM100/LAO, but there is no precise interface between the featureless
band and the columnar layer. However, a small band parallel to the surface of the
STO substrate is visible in figure 3.10A. The thickness of this band varies and is
interrupted by columnar structures which arise due to the strain at the LCMO-STO
interface as shown in the BF (figure 3.10B) and DF (figure 3.10C) image.

LCM80/LAO possess a completely different microstructure than previous samples
due to the formation of a polycrystalline film of around 80 nm with a different
orientation of each grain. The reason for this behaviour of the microstructure is the
extreme high oxygen partial pressure during the synthesis compared to the other
samples. Crystalline and amorphous grains are randomly deposited side by side in
a cluster as shown in figure 3.11. Compared to the previous LCMO specimen the
substrate has changed to LAO and the oxygen partial pressure is ten times higher.
This is attributed to the attempt to produce a thicker double perovskite film. The
layer lost its epitaxially microstructure and formed grains. Nearly each grain is
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20 nm

Figure 3.9: HRTEM images of the LSMO layer merged together and showing a
columnar structure arising from the LSMO-LAO interface (on the bot-
tom right side) to the FIB protection layer (on the top left side).

A B C
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Figure 3.10: LCMO on STO (LCM100/STO). A) Overview of the multilayer shows
the tense LCMO film. The B) BF and C) DF images confirm the
columnar structure in the 100 nm layer.
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Figure 3.11: A) Polycrystalline microstructure of LCMO on LAO (LCM80/LAO).
The B) BF image shows the non-epitaxial growth of the layer and C)
the different orientations of the grains.

distorted by tensile and compressive strain as shown in figure 3.11B. The HRTEM
image (figure 3.11C) exhibits a grain boundary, where two differently oriented grains
converge.

Figure 3.12 gives an impression of specimen LCM300/Si. The film was deposited
by means of magneton sputtering on monocrystalline Si and the deposition time
was five times longer due to the production trail of a thicker LCMO film. The layer
confirms the previous results and shows columnar growth due to lattice mismatch
of -1.84 % between Si (lattice parameter a = 5.43 Å) and LCMO (a = 5.53 Å). The
columns are more dominant and the induced strain is packed more dense compared to
other samples. Different crystallographic oriented regions are separated by columns
as shown in the HRTEM image (figure 3.12C).

In conclusion, microstructural characteristics of thin films are strongly affected by
strain. The lattice mismatch caused in the interface region between layer and sub-
strate imposes a strain pattern, which also influences the epitaxial growth. Epitaxy
means an oriented growth of the layer crystal on the surface of the single crystalline
substrate. The deposited films of 40 nm thickness on STO and LAO possess tensile
and compressive in-plane strain. The induced stress in the structure correlates with
defects and dislocations. Hence, LSM40/STO and LSM40/LAO exhibit contrast
variations in the BF and DF images, while at HRTEM mode only epitaxial growth
is detected and convey the impression of a monocrystalline layer. By extending the
layer thickness to 70 nm and 100 nm the same contrast indications as shown for the
previous samples are observed at lower magnifications. However, columnar features
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Figure 3.12: Specimen LCM300/Si consist of LCMO placed on Si: A) BF image of
the multilayer shows the inhomogeneity of LCMO layer confirmed by
the B) DF image. The presence of the columnar structure is affirmed
and exhibits at the HRTEM image dense packed strain and defects.

were detected by means of HRTEM imaging and confirmed by HAADF analysis.
The evolution of these columnar features arises from a featureless band grown

on the LSMO-LAO interface. The deposition parameters and the substrate were
changed, which leads to columnar features in LCM100/STO. However, the feature-
less band exhibits interruptions due to these columnar structures. A strong increase
of the oxygen partial pressure in the synthesis of LCM80/LAO results in polycrys-
talline cluster of heavily strain and randomly oriented crystalline and amorphous
grains. An additional change of the deposition parameters and by using a single crys-
talline Si substrate for the synthesis of LCM300/Si enables a growth of a 300 nm
thick LCMO layer, which is fully relaxed and non-epitaxial. Columnar structures
were clearly visible with in geometric randomly orientated phases. The increasing
thickness of the thin films results in large strain energies and formations due to mis-
fit dislocations are more favourable [88]. All analysed specimens and their specific
characteristics are summarised in table 3.2.
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Table 3.2: Synoptic table of the investigated samples with their microstructural
characteristics.

sample layer thickness substrate crystallinity columnar structure
LSM40/STO1 40 nm STO mono indications
LSM40/LAO1 40 nm LAO mono indications
LSM70/LAO1 70 nm LAO mono indications
LSM100/LAO1 100 nm LAO mono indications
LCM100/STO2 100 nm STO mono indications
LCM80/LAO2 80 nm LAO poly no
LCM300/Si2 300 nm Si poly yes
1 La0.8Sr0.2MnO3 (LSMO)
2 La2CoMnO6 (LCMO)





Chapter 4

FOXSI Collaborations

This chapter is an excerpt of the collaborations within the FOXSI project. The
project partners are supported by TEM investigations on their specific concerns.
The outcomes of these collaborations are summarised and reflect the contribution
of the author to the rendered research.

4.1 Yttria-stabilised Zirconia

The chemical and structural alteration of yttria-stabilised zirconia (YSZ) thin films
were analysed in collaboration with the research group of Prof. Bernhard Klötzer
(Institute of Physical Chemistry, University of Innsbruck) and is published by Götsch
et al. [90]. A well-known and widely used material due to its various properties is
YSZ. Nevertheless, the influence of yttria on the crystal structure and the ionic
conductivity is often not considered as reported [90]. The investigated YSZ thin
films have different yttria compositions, which consist of 3 mol% (3YSZ), 8 mol%
(8YSZ), 20 mol% (20YSZ) and 40 mol% (40YSZ) Y2O3.

These four samples were analysed with respect to chemistry and structure with
energy-dispersive X-ray spectroscopy (EDX) and EELS in TEM and STEM mode.
The respective spectra of these samples are shown in figure 4.1. The EDX spectra
exhibit more than the expected elements Zr, Y and O, which can be easily explained:
For the TEM investigations, the YSZ thin films are placed on a TEM grid made of
Au and that is responsible for the Au peak. The Cu peak stems from the specimen
holder and due to the pole pieces of the objective lens system Fe and Co are detected.
The Na and Cl contributions are caused by the substrate. However, an intensity

53
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Figure 4.1: EDX spectra of different compositions recorded in TEM. The 3YSZ
spectrum is blue, 8YSZ is red, 20YSZ is green and 40YSZ is yellow. Be-
side the expected elements additional contributions to the EDX spectra
are detected, which are attributed to TEM grid, specimen holder, pole
pieces and preparation process. [90]
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Figure 4.2: BF images of the four specimens show the microstructure at different
Y2O3 content. The sample with the smallest grains is c) 20YSZ fol-
lowed by a) 3YSZ and b) 8YSZ. Sample 40YSZ shows a corrugate and
irregular microstructure. [90]

variation of the interesting Zr and Y edges is detected.
The quantification of EDX-TEM, EDX-STEM and EELS spectra results by calcu-

lating the mean in the following values: for 3YSZ 3.3(7) mol% Y2O3 is measured, for
8YSZ 8(2) mol%, for 20YSZ 17(2) mol%, and for 40YSZ 38(3) mol%. An overview
of the microstructure is shown in figure 4.2. The morphology of the thin films ex-
hibits small nanocrystallites. The smallest crystals are found in sample 20YSZ, the
crystal size increases in 3YSZ and in case of 8YSZ the largest grains are measured.
The diffraction contrast results from different Bragg orientations of the grains. The
crystals are of different size having the darker and brighter ones randomly ordered.
Sample 40YSZ has a corrugated and irregular microstructure compared to the oth-
ers.

However, all four samples confirm the polycrystalline impression due to the se-
lected area electron diffraction patterns (see figure 4.3). The diffraction patterns
show more or less the typical diffraction circles. The distinction between cubic or
tetragonal YSZ is impossible only by observing the diffraction patterns. Götsch
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Figure 4.3: Diffraction pattern of the specimens. The letter in front of the in-
dication refers to the structure whether it is cubic c or tetragonal t.
[90]

et al. [90] simulated intensity profiles by angular integration of each diffraction pat-
tern with the PASAD software [91]. The calculated lattice parameter c is in the
range between 0.51 nm and 0.53 nm. The diffraction analysis offers a clearer idea
of the structural behaviour by increasing the yttria content, which gives support in
the following investigation.

Additionally, the crystallography of the samples is observed by using HRTEM.
The HRTEM images offer a closer insight in the microstructure, which contain
lattice fringes as shown in figure 4.4. The observation of the grains enables an
attribution of the four samples to cubic or tetragonal crystal structure. At low yttria
content, which includes 3YSZ and 8YSZ, a tetragonal structure can be attributed
by comparing it with theoretical calculations. 20YSZ and 40YSZ exhibit a cubic
crystal structure due to their higher yttria content.

The TEM investigations of the samples with different yttria content are an im-
portant part for the observation of these thin films and enable to get an overview of
different YSZ compositions, which is helpful with respect to the choice of the desired
ionic conductivity and at least to the desired application.
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Figure 4.4: HRTEM images of the specimens containing lattice fringes with a scale
bar of 10 nm. For a) 3YSZ and b) 8YSZ a tetragonal crystal structure
and for c) 20YSZ and d) 40YSZ a cubic crystal structure is classified.
[90]
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Figure 4.5: HRTEM images of Y2O3 grains are showing A) heavily distorted car-
bon graphene layers and a (222) lattice spacing of Y2O3 grains. B)
EELS measurement along the green arrow exhibits the detected C-K
edge (green), which is compared to the reference spectra of crystalline
graphite (red) and amorphous carbon (blue) [92].

4.2 High-Temperature Carbon Deposition

To support the results of FT infrared spectroscopy and Raman measurements, TEM
investigations were applied as additional method to analyse the microstructure and
in fact the carbon behaviour. These investigations were done in collaboration with
the research group of Prof. Bernhard Klötzer (Institute of Physical Chemistry,
University of Innsbruck), which is published by Kogler et al. [92].

The need of more efficient energy technologies drives the research forward. A
promising candidate is a solid oxide fuel cell, which produces electricity by elec-
trochemical combination. Therefore, the aim of Kogler et al. [92] is to analyse the
interaction of the reformate component carbon monoxide with Y2O3, YSZ and ZrO2.

The structure of deposited carbon layers are shown in figure 4.5 and 4.6. The
carbon layers of Y2O3 are the thickest films of about ten graphitic layers as exhibit
in figure 4.5A. The Y2O3 grain has a lattice distance of 3.1 Å, which is consistent with
the (222) orientation. The EELS measurements in figure 4.5B present the chemical
nature of graphitic layers. The carbon shell has five heavily distorted graphitic
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Figure 4.6: HAADF image of YSZ particles. The inset shows the EELS spectrum
of the C-K edge and the total HAADF intensity measured along the
red arrow. [92]

layers and the EELS spectrum exhibits inhomogeneous graphitic-like features. The
inserted EELS spectra in figure 4.5B are the measured C-K edge spectrum (marked
green) and the reference spectra from the literature for crystalline graphite (red)
and amorphous carbon (blue).

The experiments with YSZ were done by HAADF imaging with EELS as shown
in figure 4.6. The inset exhibits the EELS spectrum of the carbon K edge and the
total HAADF intensity. The carbon signal is only dominant at the particle edges.

The investigations on TEM with EELS show structurally and electronically graph-
ite-type C layers with the highest amount of deposited carbon on Y2O3 followed by
the other materials, YSZ and ZrO2. The TEM results are in a good agreement
to additional studies of Kogler et al. [92] and confirm the structure of the carbon
islands.

4.3 Metal-Support Interaction in Rhodium-Perovskite
Systems

TEM investigations of archetypical rhodium-perovskite systems Rh-La0.6Sr0.4FeO3–δ
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(LSF) and Rh-SrTi0.7Fe0.3O3–δ (STF) were done to support the research group of
Prof. Bernhard Klötzer (Institute of Physical Chemistry, University of Innsbruck) by
the disentanglement of different manifestations of strong or reactive metal-support
interactions. This collaboration is published by Thalinger et al. [93].
The rhodium-perovskite systems are characterised by the combination of TEM and
EDX. Figure 4.7A2 shows a core-shell structure and as exhibited in this HRTEM
image the core particle is surrounded by an amorphous shell. The lattice spacing
of the particle corresponds to the value of Rh (111). An overview of the chemical
composition is provided by the EDX line scan across this particle in the HAADF
image (figure 4.7A3). The quantification of this line scan is shown in figure 4.7A1.
Following the line scan from outside to inside the particle Fe and Rh signals are first
detected. While coming closer to the centre the intensities increase and in the centre
La and Sr signals are measured. Figure 4.7B shows the EDX line scan across three
Rh-STF particles. The signal of Rh behaves independently from the perovskite. Fe,
Sr and Ti signals possess the same increasing trend.

EELS measurement of Rh-STF confirms the reactivity of Fe as shown in figure 4.8.
By means of the HRTEM and the corresponding FT, Fe2O3 (110) and (104) can be
identified.

The study of rhodium-perovskite systems showed no classical, reversible strong
metal-support interaction effects due to the missing structural and catalytic restor-
age capabilities of these systems. Therefore, more systematic studies of metal–support
interaction effects on this material class are advisable.

4.4 Dislocations in La0.8Sr0.2MnO3 Epitaxial Thin
Films

The affection of dislocations on oxygen ion diffusion in Sr-doped LaMnO3 is re-
ported by Navickas et al. [88]. The corresponding TEM investigations are done in
collaboration with the research group of Prof. Jürgen Fleig (Institute of Chemical
Technologies and Analytics, Technische Universität Wien). Crucial parameters are
strain and dislocations, which influence the properties of LSMO (or abbreviated
LSM as in [88]) perovskite oxides and thus their applications. The LSMO thin film
was deposited on two different single crystalline substrates LAO and STO. Mis-
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Figure 4.7: TEM and EDX investigations of A) Rh-LSF and B) Rh-STF. A2)
HRTEM image shows the core-shell structure with the lattice fringes
of Rh (green) and LSF (red). A3) Corresponding HAADF image with
an EDX line scan, which provides A1) an overview of the chemical
composition. B) The HAADF image exhibits an EDX line scan (red
line) across three Rh-STF particles. The inset shows the signal of Fe,
Rh, Sr and Ti. [93]
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Figure 4.8: HAADF image of Rh-STF (bottom left) with an EELS line scan (top
left) over a particle. HRTEM image (top right) and the corresponding
FT (bottom right) identify Fe2O3 (110) and (104) in the perovskite.
[93]

matches of the lattice between film and substrate are attributed to compressive or
tensile in-plane strain in the LSMO layer.

The TEM images give an overview of the microstructure. In figure 4.9b) the DF
and d) BF images show a grain-boundary free and epitaxially grown LSMO thin
film layer. When the LSMO layer becomes thicker during the preparation, special
microstructural features are more visible and show interesting defects, which are kind
of columnar structures (figure 4.9c). These vertical structures are usually related to
dislocations, which are marked with red circles in figure 4.9d). These cores of misfit
dislocations are placed at the interface.

The dislocation cores are representative at the interface between LSMO and LAO,
while for the sample deposited on STO no dark spotted cores exist at the interface.
This impression is confirmed by the images in figure 4.10a) and d). The LSMO layer
follows the substrate as shown in the HRTEM images (figure 4.10b) and d)). The
behaviour of the lattice parameter c was analysed at different regions as marked in
figure 4.10c and a relaxation of c was observed from interface to thin film surface.

The vertical fringes in the LSMO layer deposited on LAO shown in figure 4.11a
were analysed by geometric phase analysis (GPA) [94, 95], which measures the dis-
placement and strain fields of HRTEM images. This method is based upon centring
a Gaussian mask around a Bragg reflection in the FT (see figure 4.11b) of the
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Figure 4.9: The surface topography of LSMO on different substrates a) STO and
c) LAO is shown by atomic force microscope images. b) The DF image
of LSMO on STO and d) the BF image of LSMO on LAO exhibit a
grain boundary free LSMO layer, only interface dislocations are visible
in LSMO on LAO, which are marked red. e) The BF image of a thicker
LSMO layer (126 nm) on LAO substrate shows structural irregularities
like threading dislocations. The red region above the interface is free
of threading dislocations. f) Dislocation half-loops. [88]



64 4 FOXSI Collaborations

Figure 4.10: TEM investigation of LSMO on LAO and STO. a) The BF image
shows dislocations at the interface. b) The atomic planes in the
coloured regions are analysed and c) the graph exhibits a decrease
of the lattice parameter c towards the interface. The TEM images d)
and e) show epitaxially growth. [88]
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Figure 4.11: GPA of the LSMO layer on LAO. a) HRTEM image showing a typical
vertical fringe. b) In the FT of the previous image two reflections are
marked. c) Phase component of the red marked Bragg spot. The
strain map in d) x direction εxx, e) y direction εyy and f) shear stress
εxy are sown. [88]

HRTEM image and performing an inverse FT. The phase component of the result-
ing complex image gives information about local displacements of atomic planes as
shown in the case of the Bragg reflection marked with the red circle in figure 4.11c.
Two-dimensional displacement fields can be obtained by applying two non-colinear
reciprocal lattice vectors in the FT and all variations of the lattice can be referred
to it.

In principle, the strain maps are measured by using the GPA method with respect
to the undistorted lattice. Since a unstrained region in the HRTEM is not known, the
distortion of the lattice is measured with respect to the chosen reference lattice [95].
The phase component of the inverse FT of the red marked Bragg spot in figure 4.11c
shows some irregularities of the lattice fringes and a diagonal edge from top left side
to the bottom right side. It suggests to be a kind of boundary and thus like a



66 4 FOXSI Collaborations

columnar structure. The right side of the diagonal consists of mainly one phase, the
left side shows several phases. The strain mapping in x direction (εxx) in figure 4.11d
exhibits a mixing of two phases along the described diagonal in the phase image.
On the left and right side of this strained region the red phase is more dominant
and indicates a lattice expansion in the x direction of the image. The diagonal is
also presented in the εyy strain map (figure 4.11e), which is perpendicular to the
interface and shows the same behaviour like the phase component of the red marked
Bragg reflection. Some blue phase regions bend like curves from the diagonal to
the left side and suggest contractions of the lattice. The shear stress (εxy) confirms
the impression of bending phase on the left side of the diagonal. However, there is
no clear structure change as expected in the case of a columnar structure. Strain
regions are observed on both sides of the vertical fringe.

The investigation of oxygen ion diffusion in epitaxial grown thin film layers like
LSMO on single crystalline LAO and STO substrates shows strain, which relax with
an increase of the layer thickness. Dislocations affect the oxygen ion transport and
the surface exchange kinetics and thus they could be important by influencing the
kinetic properties.



Chapter 5

Low Losses

This chapter describes the experimental investigation of the low losses in EELS and
its interpretation by means of numerical simulations.

5.1 Crucial Requirements

The CMR effect induces a strong change in resistivity and magnetisation of the
specimen, which are affected by temperature and external magnetic field. Therefore,
it is expected that the consequences of the CMR effect have some significant impacts
on the electronic properties, inter alia, on the joint density of states (JDOS), which
is not easy to interpret. The behaviour of the specimen and thus indirectly the
CMR effect is studied during the VEELS experiments under certain conditions by
varying the temperature and the magnetic field in TEM. The temperature change is
achieved by using a cryo-transfer holder, which cools the sample with liquid nitrogen
to 85 K.

The more complex issue is to apply and change the magnetic field inside the TEM.
In TEM magnetic lenses are used instead of optical lenses. The specimen is placed
inside the objective lens system, which means it is surrounded by pole pieces and
the resulting magnetic field of the objective lens affects the specimen. The change of
the TEM operating voltage influences the alignment of the lens system and thus the
magnetic field of the objective lens. Several approaches can be chosen to determine
the objective lens magnetic field, e.g. by inserting a Hall sensor into the objective
lens pole piece [96]. For the VEELS experiments the strength of the objective lens
field was approximated by using the approach of Schachinger et al. [97], where the
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Larmor rotation in the magnetic lens field can be detected due to electron optics:

φ̇ = e

2m ·Bz (5.1)

where φ̇ is the angular velocity defined by the axial component of the magnetic field
strength Bz. The equation 5.1 is also known as the Larmor precision. After further
consideration of Glaser [98], who included the high tension, the image rotation is
achieved by

φ(z) =
√

e

8mU

∫ z1

z0
Bz(z)dz (5.2)

For the investigations of Schachinger et al. [97] the same microscope was used and
based on this knowledge, a magnetic lens field strength of 1.9 T at a high tension
of 200 kV was determined. For this study the magnetic field of the objective lens at
40 kV was approximated by the following assumption under consideration that the
specimen is in the eucentric height:

M40kV = M200kV
2
√

200
40

(5.3)

The strength of the objective lens field is changing from 1.9 T to 0.9 T, when the
beam energy decreases from 200 keV to 40 keV. In this case the CMR effect induces
a change of the electronic properties, which results in an increase of the bandgap
width (section 2.1) and a reduction of the conductivity as reported in [10, 15]. The
behaviour of the CMR effect is strongly connected to the investigation temperature
[9, 10, 15] and in particular above and below TC of 210 K. Hence, two temperatures,
85 K and RT, were chosen for the VEELS measurements. The reason behind this
decision was that the microscope is operating very stable at RT, which is the normal
working condition in TEM. On the other hand 85 K was chosen because it is the
lowest reachable temperature of the cryo-transfer holder due to the fact that liquid
nitrogen is used. Therefore, 85 K is also a very stable working condition for this
cryo holder.

The low loss spectrum in EELS contains information about the dielectric proper-
ties of the specimen. An accurate investigation of the bandgap depends on the EELS
spectrum and its influencing factors like relativistic losses. However, the removal
of the ZLP is essential to avoid the tails of this elastic peak in the bandgap signal
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Figure 5.1: Intensity map of VEELS spectra recorded across the LSM100/LAO
interface without Čerenkov losses measured at 40 keV. The bandgap
energies are marked for LSMO and LAO.

[21]. The tail of the elastic peak, which is affected by relativistic effects, typically
covers the bandgap and interband transition signal. The alteration of the beam
energy causes not only a change of the magnetic field: Lowering the speed of the
probe electrons prevents knock-on damage of LSMO and LCMO, and avoids the
excitation of the Čerenkov losses, which influences the shape of the very low loss
part of the EELS spectrum. The Čerenkov losses arise by charged particles losing
energy by emitting radiation when passing through a medium with a speed being
faster than light inside the medium. The refractive index of the probed material
defines the Čerenkov limit [99]:

ve ≥
c0

n
(5.4)

where ve describes the speed of the electron, c0 is the vacuum speed of light and
n is the refractive index of the medium. The refractive index of LSMO is 2.73
according to [100]. The LCMO refractive index of 2.40 was calculated by means
of KKA on a measured VEELS spectrum at 40 keV. The resulting Čerenkov limits
for both materials are approximately 38 keV for LSMO and 50 keV for LCMO,
respectively. This contribution to the bandgap signal is not negligible and there
are two possibilities in order to circumvent the influences of the Čerenkov effect:
probing an extremely thin sample area [101] or reducing the beam energy [22].

5.2 VEELS Observations

The accomplished VEELS measurements were investigated at thin regions of the
TEM lamella, which finally had a thickness of lower than 30 nm. In order to
observe the behaviour of the properties with and without Čerenkov losses, a low
operating voltage of 40 kV was also chosen beside the common operating voltage of
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Figure 5.2: VEELS spectra of A) LAO and B) LSMO at two different beam en-
ergies (40 keV and 200 keV) after ZLP removal by a pre-measured
elastic peak. The inset of the LAO experiments shows some artefacts
from 2 eV to 5 eV and in the range between 5 eV and 7 eV there is a
steep intensity increase. The inset of the LSMO experiments shows an
increase of intensity at around 2 eV.

200 kV. Figure 5.1 shows a low loss spectrum image of the LSM100/LAO interface
measured at 40 keV in STEM mode, which exhibits a bandgap transition from the
LAO substrate to the LSMO layer. A steep interface transition is detected for both
materials from the LAO bandgap ∼6 eV [102, 103] to the LSMO bandgap ∼1.95 eV
[100]. After the ZLP removal the VEELS spectra of LAO and LSMO in figure 5.2
show that Čerenkov contribution is nearly vanished at 40 keV beam energy, whereas
these losses are observed at 200 keV. The removal was done by acquiring separately
a vacuum ZLP under the same conditions and subtracting it from the spectrum.
The difficulty of this solution is that the ZLP of the spectrum gets broaden by the
specimen and does not reach the height of the vacuum ZLP. This suggests that
the vacuum ZLP is narrower and higher than the ZLP of the spectrum due to less
losses, however, the shape of both elastic peaks is similar and this leads to a sufficient
good result for the determination of the bandgap signal. However, some artefacts
in the bandgap region can be seen in the insertion in figure 5.2A and highlights
the importance of ZLP removal as mentioned before. Both spectra measured at an
acceleration voltage of 200 kV exhibit additional intensity in the very low loss range
caused by the Čerenkov effect.

Even small changes of the high tension above the Čerenkov limit from 60 kV
to 80 kV have an influence on the intensity in the VEELS spectrum as shown in
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Figure 5.3: A) VEELS spectra at 60 kV and 80 kV high tension confirm the differ-
ent behaviour of bandgap signal at higher beam energies considering
the attendance of Čerenkov radiation. B) LSMO spectra at different
beam energies integrated over the inelastic part showing the resulting
shape of ZLP tails.

figure 5.3A. The spectra at different beam energies should conscientiously be com-
pared due to the relation of elastically and inelastically scattered part of the low
loss spectrum, and the shape of the ZLP. Figure 5.3B gives an insight in the com-
plexity of the bandgap distinction. All spectra were integrated over the inelastic
part, which show the same shape excluding the tails of the ZLP. As expected, the
reduction of the beam energy causes a change of intensity in the energy range from
approximately 2 eV to 10 eV and presents a new shape of the spectrum at 60 kV,
80 kV and 120 kV high tension compared to the spectrum measured at 200 kV.

The experiments with LCM100/STO at different beam energies and temperatures
show an interesting behaviour (figure 5.4). In figure 5.4B the low loss spectra at
40 keV and 200 keV are recorded at RT and no difference of the spectra can be seen
in this graph. In this case, the bandgap was not detected at RT due to the small
bandgap width of LCMO (1.6 eV) as reported by Ullah et al. [16]. Hence, the shape
of the ZLP covers the bandgap. Figure 5.4A presents the spectra with the same
beam energies measured at 85 K and exhibit a variation in the bandgap region.
This intensity variation in the very low loss part of the VEELS spectrum at 85 K
is between 1.5 eV and 4 eV. The shift can be caused by to different reasons: One of
them is the contribution of Čerenkov losses in the 200 keV spectrum because of the
additional intensity which changes the original spectrum. The other reason can be
the CMR effect, which narrows the bandgap on account of increasing the magnetic
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Figure 5.4: Low loss spectra of LCM100/STO recorded with two beam energies,
40 keV and 200 keV, at A) 85 K and B) RT. [27]
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Figure 5.5: VEELS measurements of LCM100/STO at 40 keV beam energy ac-
quired at 85 K and RT showing an intensity variation in the bandgap
region. The insertion presents a magnified view. [27]

field in the objective lens system. As mentioned before, an increase of the magnetic
field is achieved by increasing the accelerating voltage.

In consideration of these various aspects, which can influence the VEELS spec-
tra, the measurements of LCM100/STO below the Čerenkov limit were compared.
Figure 5.5 shows the experiments at 40 keV by only changing the temperature and
exhibits a variation of the spectra in the bandgap region. The presented intensity
difference in the low loss region is induced by the CMR effect due to the reason
that the experiments were done below the Čerenkov limit. This LCMO behaviour
is reported by Mahato et al. [10], where the CMR effect is becoming stronger by
applying a magnetic field and reducing the temperature as presented in figure 1.1.

A completely different type of sample compared to the previous two is LCM80/LAO.
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Figure 5.6: VEELS measurements of LCM80/LAO at different temperatures. A)
EELS spectra recorded at 20 kV beam energy showing a slight dif-
ference of the intensity by comparing 85 K and RT. B) A difference
of the investigated spectra at 40 keV is presented after one iteration
of the RL algorithm. C) Measurements at 85 K and RT on another
grain exhibit an intensity variation starting at different eV compared
to other results.

It is a polycrystalline sample with non-homogeneously distribution of the layer due
to the high pressure during the synthesis of the specimen. Single grains in this layer
(see section 3.1.1) are expected to have a slightly different composition and orien-
tation. It cannot be assumed that all grains show the same effect due to the strong
induced strain in this layer. Cesaria et al. [104] reported that the pressure during
the synthesis has a main influence on the material properties.

A change of the pressure during the sample synthesis results in different intensity
variations in the bandgap region as shown in figures 5.6. Comparing figure 5.6A
and C, the intensity variation arises at different energies. Also a change to lower
high tension like 20 kV (figure 5.6A) compared to 40 kV (figure 5.6B) exhibits no
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Figure 5.7: Low loss spectrum of LCM300/Si showing a intensity divergence be-
tween the measurement at 85 K and RT.

stronger influence of intensity difference. In addition, the strength of the difference
is depending on the sensitivity of the composition and the induced strain. The
spectra in figure 5.6B were deconvolved by RL and stopped after one iteration. The
usage of RL was done to deconvolve the FWHM of the ZLP. The variation of the
spectra in the low loss region is clearly visible.

The investigation of the sample LCM300/Si at 40 keV beam energy presents a
intensity divergence in the bandgap region as shown in figure 5.7. The signal-to-
noise ratio is not satisfying. LCM300/Si has a different nanostructure and clearly
shows columnar defects very dense packed as shown in figure 3.12, which leads to a
non-homogeneous crystallographic orientation and makes it difficult to investigate
this layer.

The energy resolution was improved by using a monochromated TEM at CEITEC.
Two samples, LCM80/LAO and LCM300/Si, were analysed again at 60 kV. In fig-
ure 5.8 the VEELS investigations of specimen LCM300/Si are shown. The mea-
surements were done at various layer positions and exhibit the sensitive influence
of strain on material properties. The VEELS experiments compared at different
temperatures give an intensity variation from 1 eV to 5 eV (figure 5.8A).

Due to the polycrystalline layer structure sample LCM80/LAO is interesting to
observe by monochromated TEM. Figure 5.9A shows the small spread of the ZLP
and the bandgap region, where an intensity variation by comparing measurements
at different temperatures is detected. In figure 5.9B the bandgap region is presented
with a finer energy scale. The distinction of intensity starts at 1 eV and ends at
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Figure 5.8: LCM300/Si was investigated with a high tension of 60 keV at different
layer positions by using a monochromated TEM. A) A small intensity
variation is presented in the low loss part. B) Close to the previous
position no difference in bandgap region was measured.

5 eV, which is similar to the specimen LCM300/Si. By investigating a different grain
the behaviour of VEELS spectra in the bandgap region is changed and exhibits in
figure 5.9C a shift of the intensity variation form 3 eV to 5 eV.

The removal of the ZLP for a direct observation of the bandgap is a delicate ven-
ture because of the shape of the elastic peak tail [21] as mentioned in the section 5.1.
Hence, an improvement of the bandgap signal was determined by the subtraction
of a pre-measured vacuum ZLP or by using a monochromator. Another possibility
to determine a change in the bandgap region is to observe the interband transi-
tions. The change of the bandgap width induces a shift of the conduction band and
therefore, the energy of the interband transitions is altered. On this account, the
RL algorithm [71] was used to improve the energy resolution in the spectrum. For
the investigation of the interband transitions the LCM100/STO spectra at 40 keV
were processed by the RL algorithm and aborted after five iterations (figure 5.10).
The features of the interband transitions are more detailed. In order to achieve a
better determination of the interband transition position, a non-linear least square
Gaussian fit routine was used.

An improvement of the spectrometer dispersion of around 50 percentage was
achieved by the post-data treatment with the Gaussian fit routine and the accu-
racy of the energy resolution was increased to lower than 0.5 channels. The fitting
range was moved over several channels of the spectrum [27]. The results are listed
in table 5.1.
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Figure 5.9: VEELS investigation of LCM80/LAO at 60 keV. A) Low loss region
exhibits an intensity variation, B) which is shown with a finer energy
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Figure 5.10: VEELS spectrum of LCM100/STO at 40 keV and RT sharpened by
RL algorithm. The red curve represents the Gaussian fit routine for
determining the position of the interband transition. [27]
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Table 5.1: The accurate interband transition positions of LCMO measured at
40 keV and 200 keV for two temperatures, 85 K and RT, and the value
of the resulting bandgap shift ∆E.

E0 85 K RT ∆E
200 keV 4.92 eV 4.88 eV 0.04 eV
40 keV 5.38 eV 5.24 eV 0.14 eV

The values of table 5.1 verify the expected behaviour from the literature, which
means that the change of the magnetic field to higher values narrows the bandgap.
Hence, the Čerenkov effect has to be taken into account while comparing spectra at
different energy beams. However, when the temperature is increasing, the bandgap is
decreasing. Considering the measurements at 40 keV, there is an interband transition
at 5.38 eV ± 0.05 eV of standard deviation at 85 K and at RT the position is shifted
to 5.24 eV ± 0.01 eV. A bandgap variation ∆E of 0.14 eV was detected by changing
the temperature from 85 K to RT and applying a constant external magnetic field
of 0.9 T [27].

5.3 Ellipsometry Data

In addition to the VEELS experiments, the ellipsometer measurements of sample
LCM300/Si were done to compare them with the very low loss region of the EELS
spectrum. The optical properties of specimen are described by two measured val-
ues, the refractive index n and the extinction coefficient κ, and both are related to
the complex refractive index nc (see equation 2.47). Alternatively, the measured
data from ellipsometry can be expressed by using equation 2.46 as complex dielec-
tric function. Complex refractive index and complex dielectric function are closely
related and can be easily converted into each other (see section 2.2).

The raw data from the ellipsometer measurements at RT are presented in fig-
ure 5.11A. From the increase of the extinction coefficient the size of the bandgap
is derived, which is approximately around 1.6 eV. This impression is in good accor-
dance to the knowledge from literature [16].

Figure 5.11B shows the behaviour of the loss function by means of the non-
relativistic description of inelastic energy loss based on the complex dielectric func-



78 5 Low Losses

1.5 2.0 2.5 3.0
2.20

2.30

2.40

2.50

2.60

2.70

re
fr

a
c

ti
v

e
 in

d
e

x
 n

energy (eV)

n

0.50

0.55

0.60

0.65

0.70

0.75

κ

e
x

ti
n

c
ti

o
n

 c
o

e
ff

ic
ie

n
t
κ

1.5 2.0 2.5 3.0
0

in
te

n
s

it
y

energy (eV)

Im[1/ε]

1.5 2.0 2.5 3.0

in
te

n
s

it
y

energy (eV)

200 kV
180 kV
160 kV
140 kV
120 kV
100 kV
80 kV
60 kV
40 kV

0

A B

C

Figure 5.11: Ellipsometry data of LCM300/Si over the energy loss showing A) the
raw data, B) the loss function =[1/ε] and C) the calculated VEELS
spectra with β = 2.8 mrad at various high tensions.
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tion:
=
[1
ε

]
= ε2

ε2
1 + ε2

2
(5.5)

The relativistic energy loss (figure 5.11C) was calculated by using the Kröger equa-
tion (see equation 2.48) for a normal incident beam (α = 0). For the theoretical
observation of the VEELS spectrum a constant sample thickness of 40 nm was as-
sumed, the collection angle β was 2.8 mrad and the operation voltage has been
changed in the range between 40 kV and 200 kV. The graph in figure 5.11C shows
the ratio of intensity gradient, which gives information about the consequences of
relativistic effects. Hence, an increase of intensity in the low loss region is shown by
increasing the high tension.

Due to the theoretical observations the alteration of the VEELS spectrum for the
case when the speed of the probed electron is faster than light inside the medium
is ascribed to the Čerenkov losses. Hence, the accurate determination of the optical
and electronic properties by using EELS leads to a solvable task concerning the
correct beam energy and sample thickness as shown within the previous sections.

5.4 Numerical Simulations

The complexity of the CMR effect necessitates a theoretical observation. The be-
haviour of electrons in a periodic potential like a crystal can be described by DFT
(see section 2.3) and give a microscopic comprehension of solids. Ab initio quantum
mechanical calculations are a great support in the interpretation of the electronic
structure and the corresponding material properties in energy loss spectrometry
[105].

EELS is related to optical, electronic and magnetic material properties. Two ab
initio methods for EELS are based on multiple scattering [106] and bandstructure
calculations [107]. Bandstructure methods enable a coherent interpretation of the
crystal by providing density of states, bandstructure diagrams, optical properties
and EELS spectra. These methods are based on the Hohenberg-Kohn-Sham theorem
[65, 66]. The DFT calculations are carried out using the WIEN2k code [67], a full
potential, linearised augmented plane wave DFT method.

The crystal structure of LCMO for the ab initio calculations is built based on the
monoclinic P21/n space group [108] and is shown in figure 5.12. The special char-
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Figure 5.12: LCMO crystal structure with a monoclinic space group P21/n. The
elements of the LCMO compound are marked with the following
colour: La is green, Co is blue, Mn is violet and O is red.

acteristic of this double perovskite structure is that Co and Mn occupy a separate
atomic position in the crystal. Normally, these two elements, Co and Mn, share
the same atomic position and are the B-site cations in the ABO3 compound with a
certain occupancy. In this case, a supercell [17] has to be created to solve the distri-
bution of Co/Mn occupancy in the unit cell. The disadvantage of the supercell is the
enormous computation time. Hence, to save computation time and due to literature
study [109–111], the LCMO crystal structure was chosen for the DFT calculations
as reported by Bull et al. [108]. In this case, Co and Mn have two different atomic
positions, which leads to a simplification where the calculations are done only by
the size of one unit cell.

A WIEN2k calculation consists of the initialisation and the self-consistent field
(SCF) calculation. In the phase of initialisation all inputs for the SCF calculation
are created and the initial electron density is calculated. The original formulation
of DFT does not include spin-polarisation. Co and Mn are magnetic metals and La
is also expected to show a weak spin-magnetisation, especially at 0 K. To account
for the existence of the spin moments and to obtain correct energy values in com-
pounds with magnetic order, the calculations were carried out scalar relativistically.
Such a calculation divides the density in spin-up and spin-down, with a Kohn-Sham
equation (equation 2.65) for each spin-density. In collinear magnetic structures, like
LCMO, spin-up and spin-down densities remain uncoupled. The final electron den-



5.4 Numerical Simulations 81

0 500 1000 1500 2000 2500 3000 3500 4000
-79997.861

-79997.860

-79997.859

-79997.858

-79997.857

-79997.856

-79997.855

-79997.854

e
n

e
rg

y
 (

R
y

)

k-points
0 500 1000 1500 2000 2500 3000 350

-79997.861

-79997.860

-79997.859

-79997.858

-79997.857

-79997.856

-79997.855

en
er

g
y 

(R
y)

k-points

Figure 5.13: k-point convergence of LCMO with the FM configuration. The k-
points are increased from 50 to 4000.

sity and thus the potential is calculated in the SCF phase to solve the Schrödinger
equation (equation 2.62), which describes the electronic wave function to determine
the electron density again. The SCF cycle is repeated, until a specific convergence
criterion is reached.

The general gradient approximation (GGA) formulation of Perdew, Burke and
Ernzerhof [112] was used for the WIEN2k calculations. The determination of total
energy shows that both, the ferromagnetic (FM) state and ferrimagnetic (FiM)
state with La spin-down and Co, Mn spin-up, reach the lowest energy. The FM
configuration achieves the lowest ground state as reported by literature [109, 110].
Hence, for the following calculation the FM state was used.

The convergence criterion for the SCF cycle was 10-6 Ry. Figure 5.13 exhibits the
k-point convergence, which was determined by increasing the k-points from 50 to
4000 and no change of the energy could be observed from 2000 to 4000 k-points.
Therefore, 2000 k-points were chosen for the simulations. Considering the electronic
correlation effects the effective Hubbard parameter Ueff = U − J with J = 0 was
used. The GGA+U calculations were done with a U value of 3 eV for Co and Mn
3d orbitals, which is recommended by the literature [17, 109, 110].

After the convergence of the SCF calculations, several material properties inter
alia the DOS can be determined. The total DOS plots with GGA and GGA+U for
FM LCMO are shown in figure 5.14. In both cases the material is spin-polarised
and shows magnetic behaviour in a way that the areas of the spin-up and spin-
down states are not identical. The calculations indicate that LCMO is a FM half-
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Figure 5.14: Total DOS plots of LCMO calculated using A) GGA and B) GGA+U
methods. Both cases, spin-up and spin-down, are spin-polarised due
to the different shape of the spin state and shows magnetic behaviour.
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Figure 5.15: The DOS plot of La, Co, Mn and O is calculated by using GGA
method and shows the spin-up and spin-down states, which exhibit
the spin-polarisation of LCMO.

metal, which shows no insulator gap in figure 5.14A. GGA+U allows a bandgap
development (see figure 5.14B) and thus, LCMO is a FM semiconductor. Figure 5.15
offers a closer look to the DOS of the included elements and shows that the O-2p
states are mainly below -3 eV, the Co and Mn 3d states are in the range from -3 eV
to 2 eV and La is more or less not represented in the range of this DOS plot.

The calculation of low loss EELS spectra by using DFT is very well known and in
a good agreement to the experimental spectra [113]. WIEN2k offers the possibility
to determine the VEELS spectrum by calculating the optical properties using the
package OPTIC developed by Ambrosch-Draxl and Sofo [114]. The first step to
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Figure 5.16: Comparison of experimental and theoretical VEELS spectra of
LCMO. The red spectrum is detected at 40 keV and 85 K. This mea-
surement is processed by RL algorithm and the ZLP was removed
by power law tail approximation (green). The theoretical VEELS
(black) spectrum is calculated by WIEN2k with the package OPTIC.

run the SCF cycle was already done for the previous DOS plots with a mesh of
2000 k-points. The next step is the dielectric function calculation by following the
routine of OPTIC. One of the crucial conditions is the k-point mesh. The number
of k-points defines the reciprocal space sampling and has to span a fine mesh in
a way that all interband transitions are considered as reported from Keast [105].
Keast showed that the theoretical VEELS spectrum is very sensitive to the number
of k-points and in case of Au at a number of 5000 k-points the low loss region was
not changing. Hence, the k-points are increased to 5000 by running the program
kgen at the beginning of the OPTIC routine.

The resulting calculated VEELS spectrum in figure 5.16 is in a good agreement
with the experiment. It shows similar features, especially at approximately 5 eV.
This peak corresponds to the measured data presented in figure 5.10. In both cases
an interband transition is shown at an energy loss of 5 eV.





Chapter 6

Core Losses

This chapter summarises the magnetic behaviour observations of LCMO using en-
ergy loss spectrometry. It provides an insight into element specific magnetisation of
LCMO with respect to different temperatures.

6.1 EMCD Results

The magnetic behaviour of the double perovskite LCMO is analysed by tempera-
ture dependent EMCD measurements. Several investigations [8–10] reported that
the temperature affects the magnetic behaviour of the material in macroscopic ob-
servations and thus there is an influence on the consequences of the CMR effect.
As described in section 3.1.2, the EMCD technique of EELS gives an access to the
magnetisation in smaller scale.

Compared to the previous low loss investigations, a variation of the external mag-
netic field in the range from 1.9 T (200 keV beam energy) to 0.9 T (40 keV beam
energy) does not show a significant distinction on the EMCD signal. In both cases,
the magnetic moments are saturated and aligned with respect to the objective lens
magnetic field. The coercive field of LCMO at 10 K is ∼0.6 T and at RT almost zero
as reported by Mahato et al. [10]. Hence, the literature declares that the highest
possible coercive field of 0.6 T is achieved at 10 K and is decreasing with an increase
of temperature. Consequently, in both temperature dependent EMCD experiments,
at 85 K and at RT, the coercive field is smaller then 0.9 T and therefore, it does
not matter which external magnetic field is applied in TEM. The standard working
condition of the microscope is at 200 kV high tension, which makes the measuring
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Figure 6.1: ∆E − q map of LCMO measured at 85 K showing the O-K edge, the
Mn-L2,3 edges, the Co-L2,3 edges and the La-M4,5 edges. [27]

conditions very stable. In addition, the beam intensity is very low in EMCD due to
the specific off-axis orientation, which means that the intensity is satisfactory when
the beam energy is high, e.g. 200 keV.

According to the Čerenkov theory it is known that there is an intensity contri-
bution to the EELS spectrum when the beam energy is above a certain limit, the
Čerenkov limit (see equation 5.4 in chapter 5). However, the Čerenkov effect plays no
role for EMCD. This statement is comprehensible by comparing the low loss region
with the core loss region and by having figure 3.1 in mind. The intensities in these
two regions are completely different. The influence of the Čerenkov contribution can
not be measured due to the plural scattering, which means that the noise is much
bigger than the Čerenkov effect and therefore the probability for measuring it is too
low. Hence, a beam energy of 200 keV was chosen for the EMCD investigations due
to stability and intensity reasons.

The EELS spectrum image of LCMO measured at 85 K can be seen in figure 6.1.
It shows the ∆E − ~q map including the O-K edge, the Mn-L2,3 edges, the Co-L2,3

edges and the La-M4,5 edges. The spectral intensity I± after background subtraction
measured at the specific off-axis positions is described by the double differential
inelastic scattering cross section (see section 3.1.2):

I± = I0 · σ± ·N · e−t/λ (6.1)

or
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Figure 6.2: Asymmetric angular distribution of A) La-M5 edge, B) Co-L3 edge
and C) Mn-L3 edge. The red line in the graphs is the corresponding
smoothed curve. All graphs show more or less a sinus-shaped curve,
however, Co shows the most pronounced EMCD signal.
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where I0 is the incident intensity, N is the number of atoms per unit volume
of the specimen, t is the specimen thickness and λ is the mean free path. The
equation 6.2 consists of two parts, the symmetric or Lorentz-shape distribution
and the asymmetric distribution. The first two terms in the square bracket of
equation 6.2 belong to the symmetric distribution, whereas the last term corresponds
to the asymmetric distribution. The EMCD signal is the difference between I+ and
I− and therefore, the symmetric part disappears and only the asymmetric part, the
MDFF remains.

The magnetic potential of this asymmetric distribution can be seen by calculating
the normalised dichroic signal [81, 115], which is obtained by

IEMCD = I+ − I−
I+ + I−

(6.3)

The calculation of this asymmetric angular distribution of the EMCD signal can be
done by integrating the intensity of the observed element edge from the reciprocal
lattice vector +G to -G [83].

Theoretical considerations attribute magnetic behaviour to Co and Mn. Whereas
O has no d-electrons and thus, no magnetic contribution. La itself is paramagnetic,
has fully occupied 3d and 4d orbitals and only one 5d-electron. It is possible for
La to show a magnetic behaviour, but it depends on the remaining elements in
the compound. However, in TEM it is influenced by a magnetic field of 1.9 T and
therefore, La can be sightly magnetic. The EMCD signals of the La-M5 edge, the
Co-L3 edge and Mn-L3 edge at 85 K are shown in figure 6.2. The La-M5 edge
provides a small dichroic signal, which shows that La contributes to the magnetic
behaviour. The Co-L3 edge shows the most pronounced EMCD signal, whereas for
the Mn-L3 edge the EMCD signal is smaller due to the non-optimised specimen
thickness.
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6.1.1 LCM100/STO

Figure 6.3 illustrates the normalised EMCD spectra of LCM100/STO showing the
chemical sensitivity of EMCD. The EELS spectra of LCMO layer were pre-edge
normalised and the background was subtracted by the power law method. After-
wards the spectra were normalised to the corresponding highest L3 edge peak in the
respective spectrum for the comparison of the EELS measurements at the ”+” and
”-” detector positions.

The upper row in figure 6.3 shows the experiments at 85 K with the L2,3 edges of
Mn at 640 eV energy loss (figure 6.3A) and Co at 779 eV energy loss (figure 6.3B). In
the lower row the respective EMCD results of Mn (figure 6.3C) and Co (figure 6.3D)
measured at RT are presented. By comparing the experiments at 85 K and RT it
can be seen that in case of the experiments at 85 K intensity variations of the Co
and Mn L3 were detected, which shows induced chiral electronic transitions. While
at RT no intensity variation was observed and thus, no EMCD effect was measured.

A crucial parameter for the detection of an EMCD signal is the sample thickness
[80], which was in the range of 20 nm to 25 nm. The EMCD signal strength was not
simulated [84], thus the optimum EMCD sample thickness was probably not used.
The low signal-to-noise ratio during the experiments is caused by the preconditions
of the classical EMCD method. The intensity of the EMCD signal is weak due to the
tilting of the sample to a specific three-beam diffraction geometry and the off-axes
positions of the signal detector, which were placed on the Thales circle besides the
Bragg spots. Li et al. [116] has reported that a reason for the weak L2 edge signal
is the strong background noise.

Due to several aspects like the not optimized sample thickness and the low signal-
to-noise ratio, which is caused by short recording times due to sample drift, a quanti-
tative statement about the magnetisation cannot be given. However, the magnetism
of the LCMO layer was proved with the EMCD experiments at 85 K and confirmed
the expected behaviour at different temperatures. An effective EMCD signal of
about 20 % at the Mn (figure 6.3A) and Co (figure 6.3B) edges was detected.

6.1.2 LCM300/Si

Compared to the previous sample LCM100/STO, the magnetic behaviour of the
sample LCM300/Si was investigated by the EMCD setup corresponding to figure 3.4.
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Figure 6.3: LCM100/STO: Normalised EMCD spectra of LCMO. The A) Mn and
the B) Co edges show induced chiral electronic transitions at 85 K. At
RT no EMCD signal is observed in either C) Mn or D) Co.
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Figure 6.4: EELS spectra of sample LCM300/Si measured at 85 K with a beam
energy of 200 keV presenting induced chiral electronic transitions at
Mn (640 eV) and Co (779 eV) edges.

An ∆E − ~q map was recorded with the same preconditions, which means that the
three-beam case is configured in this way that a simultaneously recording of both
”+” and ”-” positions with different chiralities and both, Mn (640 eV) and Co
(779 eV) edges is achieved (see figure 6.1). The acquisition of this spectrum image
does not need long recording times for a good signal-to-noise ratio and thus, the
recording time can be reduced and counteracts the sample drift.

The non-post treated EMCD spectra of sample LCM300/Si at 85 K are shown in
figure 6.4. The EELS spectra show induced chiral electronic transitions and confirm
the magnetic behaviour of the LCMO layer at lower temperatures. The experiments
measured at RT are presented in figure 6.5 and exhibit the Mn and the Co edges
with no intensity variation due to the perfect accordance of the EELS spectra at the
”+” and ”-” position. The used EMCD method improves the signal-to-noise ratio
and thus, the spatial and energy resolution, which is reported by Hébert et al. [117].

For the purpose of verification, the spectra (figure 6.6) were post treated like
the EMCD spectra from the previous sample LCM100/STO. After pre-edge nor-
malisation and the background subtraction, the spectra were normalised to the
corresponding highest L3 edge peak in the respective spectrum.
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Figure 6.5: EELS spectra of sample LCM300/Si measured at RT with a beam
energy of 200 keV showing no EMCD signal at Mn (640 eV) and Co
(779 eV) edges.

In summary, the EMCD investigations confirm the literature by determining a
strong magnetic effect in the Mn and Co L2,3 edges at 85 K. At RT no EMCD signal
was observable, which means that LCMO shows no magnetic behaviour.
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Figure 6.6: LCM300/Si: Normalised EMCD spectra of LCMO. The A) Mn and
the B) Co edges show induced chiral electronic transitions at 85 K. At
RT no EMCD signal is observed in either C) Mn or D) Co.





Chapter 7

Conclusion

7.1 Résumé in English

Over the last decades double perovskite manganites have been of great interest in
many fields, such as magnetic storage or for solid oxide fuel cells. In particular, their
huge negative magnetoresistance, which is known as CMR effect, is an interesting
metal-insulator transition describing the electronic, optical and magnetic transfor-
mation of the material, such as the change in resistivity when applying a magnetic
field.

In this work, a novel approach is introduced for detecting the consequences of
the CMR effect on the nanometre scale. The combination of VEELS and EMCD
experiments in TEM provides the opportunity to investigate the bandgap and the
element specific magnetisation. Precise results are achieved by measuring the change
of the interband transitions and the magnetisation both above and below TC.

Double perovskites show a CMR effect which react very sensitive to defects and
strains as caused, e.g., by the lattice misfit between thin film and substrate. The
measure of distortion given by the Goldschmidt tolerance factor (see section 2.1) is
high and deviates from the ideal cubic case. Hence, it is particularly important to
characterise the CMR effect on the microscopic scale. The microstructure and its
characteristics are analysed within section 3.3 and show an interesting behaviour of
strain. The evolution of strain is induced more or less by the substrate and arises at
the interface (figure 3.8). The investigations show tensile in-plane strain in the layer
growing on STO and compressive in-plane strain for LAO. The applied synthesis
pressure (figure 3.11) and the thickness (figure 3.12) of the layer have an important
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role in the formation and dominance of defects like columnar structure (figure 3.9)
and take an influence on the dielectric and magnetic properties.

The compound LCMO is an ideal model system for investigating the consequences
of the CMR effect in TEM (see figure 1.1) due to its material properties (see sec-
tion 1.1). The VEELS experiments are focused on the detection of bandgap varia-
tions. No difference in the bandgap region could be determined above TC by chang-
ing the applied magnetic field (see section 5.2 and figure 5.4B). However, below TC

the increase of the intensity was detected by lowering the external field from 1.9 T
(200 keV) to 0.9 T (40 keV) and thus, a variation of the bandgap width. Conse-
quently, a change of the resistivity was measured by means of VEELS (figure 5.4A).
A qualitative change in the interband transitions of 0.14 eV was observed at 40 keV
beam energy (see figure 5.5). The ellipsometry experiments of LCMO exhibit an
increase of intensity in the low loss region by increasing the beam energy and there-
fore, the results below the Čerenkov limit are not influenced by relativistic losses.
The experiments are supported by the calculation of the spin-dependent electronic
density of states with DFT using the WIEN2k code. The GGA simulations cor-
roborate that LCMO is a FM half-metal, which shows no insulator gap. GGA+U
allows a bandgap development and thus, LCMO behaves like a FM semiconductor.
The spectrum was calculated by using the package OPTIC (figure 5.16). The calcu-
lations confirm the interband transition peak at 5 eV (see figure 5.10) and support
the interpretation of the interband transition shift of the VEELS measurements.

The magnetic observations by EMCD show that LCMO remains nearly unchanged
with an applied external magnetic field above TC and no magnetic behaviour was
determined. When LCMO is cooled below TC the properties are changing and an
influence of the CMR effect can be seen at the L-ionization edges of both Co and
Mn. This means that an EMCD signal was measured and thus, LCMO shows a
ferromagnetic behaviour.

The insights gained by the new approach open new possibilities for solving chal-
lenging questions in the field of nanotechnology and its application in high-end
healthcare techniques as well as information technology systems, spintronics and
multiferroics.

In the future it would be interesting to repeat the experiments with a material
which has a smaller refractive index and thus a higher Čerenkov limit. Hence,
the impact of different external magnetic fields below the Čerenkov limit can be
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measured at low temperatures. Additionally, the direct detection of the CMR effect
inside the strained region at nanometre scale is interesting to investigate in the
future. However, the general CMR effect takes place close to TC and for these
investigations very stable measuring conditions are needed. The standard working
temperature of a TEM has to be changed from RT close to TC (e.g. TC of LCMO
is 210 K), which influences the working stability of the TEM. The cryo-transfer
holder is very stable at RT or at 85 K and for adjusted temperatures the sample
has to be permanently cooled. The holder tries to obtain the adjusted temperature,
which induces small temperature oscillations. These temperature oscillations cause
sample drifts which affect the TEM investigations at high magnifications. It would
be interesting to investigate the CMR effect by using other types of cryo-transfer
holders. In conclusion, the novel approach developed within this thesis detects the
consequences of the CMR effect on nanometre scale at stable measuring conditions.

7.2 Résumé in German

Doppelperovskitmanganite sind seit Jahrzehnten von besonderem Interesse für die
magnetische Speicherung, Brennstoffzellen und viele andere Anwendungen. Ins-
besondere ist ihr großer negativer Magnetowiderstand, welcher als CMR-Effekt bekannt
ist, ein interessanter Metall-Isolator Übergang. Dieser Übergang beschreibt die elek-
tronische, optische und magnetische Umwandlung des Materials, beispielsweise die
Änderung des Widerstands beim Anlegen eines Magnetfelds.

In dieser Arbeit wird ein neuer Ansatz vorgestellt, um die Konsequenzen des
CMR-Effekts im Nanometerbereich zu erfassen. Die Kombination von VEELS-
und EMCD-Experimenten im TEM bietet die Möglichkeit Bandlücken und ele-
mentspezifische Magnetisierungen zu untersuchen. Sowohl die Änderung der In-
terbandübergänge als auch die Magnetisierung oberhalb sowie unterhalb von TC

werden präzise bestimmt.
Der CMR-Effekt bei Doppelperovskiten reagiert sehr empfindlich gegenüber De-

fekten und Spannungen, welche beispielsweise durch Gitterfehlanpassungen zwischen
Dünnfilm und Substrat verursacht werden. Das Maß für die Verzerrung durch den
Goldschmidt-Toleranzfaktor (siehe Abschnitt 2.1) ist hoch und weicht vom idealen
kubischen Fall ab. Es ist daher von besonderer Bedeutung, den CMR-Effekt auch im
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mikroskopischen Maßstab zu bestimmen. Im Abschnitt 3.3 werden die Mikrostruk-
tur und ihre Eigenschaften untersucht, die ein interessantes Spannungsverhalten
aufweisen. Das Substrat ist für die induzierte Spannung in der Dünnschicht ver-
antwortlich, welche durch Gitterfehlanpassungen im Grenzflächenbereich ersichtlich
ist (Abbildung 3.8). Die Untersuchungen der Mikrostruktur zeigen, dass die Ver-
wendung von STO als Substrat zu Zugspannungen in der Schicht und bei LAO zu
Druckspannungen führt. Synthesedruck (Abbildung 3.11) und Schichtdicke (Abbil-
dung 3.12) spielen eine wichtige Rolle bei der Bildung und Dominanz von Defekten
wie der Säulenstruktur (Abbildung 3.9) und beeinflussen daher die dielektrischen
und magnetischen Eigenschaften.

Die LCMO Verbindung ist ein ideales Modellsystem zur Untersuchung der Kon-
sequenzen des CMR-Effekts im TEM (siehe Abbildung 1.1) aufgrund seiner Ma-
terialeigenschaften (siehe Abschnitt 1.1). Die VEELS-Experimente konzentrieren
sich auf die Detektion der Bandlückenänderungen, mit welchen oberhalb von TC

trotz Änderung des Magnetfeldes kein Unterschied in der Bandlückenregion fest-
gestellt werden konnte (siehe Abschnitt 5.2 und Abbildung 5.4B). Unterhalb von
TC wurde eine Änderung der Intensität durch Absenken des externen Feldes von
1,9 T (200 keV) auf 0,9 T (40 keV) und damit einer Änderung im Bandlücken-
bereich gemessen (Abbildung 5.4A). Bei einer Hochspannung von 40 keV wurde
eine qualitative Änderung der Interbandübergänge von 0,14 eV von Raumtemper-
atur zu 85 K beobachtet (siehe Tabelle 5.1). Die Ellipsometrie-Experimente an
LCMO zeigen durch Erhöhung der Hochspannung eine Intensitätszunahme im Bere-
ich des Energieverlustspektrums schneller Elektronen, die auf relativistische Verluste
(Čerenkov-Effekt) zurückzuführen ist. Die experimentellen Ergebnisse werden durch
DFT-Berechnung der spinabhängigen elektronischen Zustandsdichten unter Verwen-
dung des WIEN2k Codes unterstützt. Die GGA-Simulationen bestätigen, dass
LCMO ein FM-Halbmetall ist und daher keine Isolatorlücke aufweist. Unter Ein-
beziehung des Hubbard Models mit den GGA+U-Berechnungen ist die Berücksich-
tigung einer Bandlücke möglich, sodass sich LCMO wie ein FM-Halbleiter verhält.
Mit dem WIEN2k-Paket OPTIC wurde ein Energieverlustspektrum für LCMO be-
rechnet, welches einen Interbandübergang bei 5 eV zeigt (Abbildung 5.16). Diese
Berechnungen stimmen mit der gemessenen Interbandübergangsspitze bei 5 eV über-
ein (siehe Abbildung 5.10) und unterstützen dadurch die Interpretation der Inter-
bandübergangsverschiebung der VEELS Messungen.
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Die magnetischen Untersuchungen mit EMCD zeigen, dass LCMO in einem ex-
ternen Magnetfeld über TC kein magnetisches Verhalten aufweist. Wenn LCMO auf
eine Temperatur unter seiner TC abgekühlt wurde, änderten sich die Eigenschaften
und der Einfluss des CMR-Effekts ist an den L-Ionisationskanten von Co und Mn zu
erkennen. Bei tiefen Temperaturen wurde ein EMCD-Signal von LCMO gemessen
und somit zeigt LCMO ein ferromagnetisches Verhalten.

Die Erkenntnisse des neuen Ansatzes eröffnen neue Möglichkeiten für die Lösung
herausfordernder Fragen im Bereich der Nanotechnologie und deren Anwendung
in High-End-Gesundheitstechniken sowie in Informationstechnologiesystemen, Spin-
tronik und Multiferroika.

In der Zukunft wird es interessant sein, die Versuche mit einem Material zu wieder-
holen, welches einen kleineren Brechungsindex und damit eine höhere Čerenkov-
Grenze aufweist. Dadurch kann der Einfluss verschiedener äußerer Magnetfelder
unterhalb der Čerenkov-Grenze bei tiefen Temperaturen gemessen werden. Darüber
hinaus ist die direkte Erfassung des CMR-Effekts innerhalb des verspannten Bereichs
bei höheren Vergrößerungen sehr interessant. Der allgemeine CMR-Effekt tritt in der
Nähe von TC auf und das bedeutet für das TEM, dass die Standardarbeitstemper-
atur von RT auf TC geändert werden muss (z. B. TC von LCMO = 210 K) und dabei
die Arbeitsstabilität des TEM beeinflusst. Der Cryo-Transfer-Halter arbeitet sehr
stabil bei RT und bei 85 K, bei dazwischenliegenden Temperaturen muss die Probe
gekühlt oder erwärmt werden um die eingestellte Temperatur zu halten, dadurch
werden kleine Temperaturschwankungen induziert. Diese Temperaturschwankun-
gen verursachen einen Probendrift und dies beeinflusst die TEM-Untersuchungen
bei hohen Vergrößerungen. Es wäre daher interessant, den CMR-Effekt unter Ver-
wendung von moderneren Cryo-Transfer-Haltern zu untersuchen.

Der in dieser Arbeit präsentierte Ansatz ermöglicht die Ermittlung der Folgen des
CMR-Effekts im Nanometerbereich unter stabilen Messbedingungen.
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Stöger-Pollach, G. Friedbacher, H. Hutter, B. Yildiz, and J. Fleig. “Dislo-
cations Accelerate Oxygen Ion Diffusion in La0.8Sr0.2MnO3 Epitaxial Thin
Films”. In: ACS Nano 11.11 (2017), pp. 11475–11487. doi: 10.1021/acsnano.
7b06228.

[89] O. I. Lebedev, G. V. Tendeloo, A. M. Abakumov, S. Amelinckx, B. Lei-
bold, and H. U. Habermeier. “A study of the domain structure of epitaxial
La1–xCaxMnO3 films by high-resolution transmission electron microscopy”.
In: Philosophical Magazine A 79.6 (1999), pp. 1461–1478. doi: 10.1080/
01418619908210372.

https://doi.org/10.1016/S0065-2539(08)60878-1
https://doi.org/10.1016/S0065-2539(08)60878-1
https://doi.org/10.1016/j.ultramic.2007.07.002
https://doi.org/10.1016/j.ultramic.2007.07.002
https://doi.org/10.1016/j.ultramic.2010.02.044
https://doi.org/10.1063/1.3059592
https://doi.org/10.1016/S0304-8853(99)00716-7
https://doi.org/10.1021/acsnano.7b06228
https://doi.org/10.1021/acsnano.7b06228
https://doi.org/10.1080/01418619908210372
https://doi.org/10.1080/01418619908210372


Bibliography 111
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M. Kogler, E.-M. Köck, B. Klötzer, T. Schachinger, W. Wallisch, R. Henn, C. W.
Huck, C. Hejny, and S. Penner: “High-Temperature Carbon Deposition on Oxide
Surfaces by CO Disproportionation” ; Journal of Physical Chemistry C, 120 (2016),
no. 3, 1795–1807, DOI: 10.1021/acs.jpcc.5b12210.
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W. Wallisch, M. Stöger-Pollach, S. Löffler, E. Navickas: ”EELS experiments influ-
enced by the CMR effect” ; Talk: 13th Multinational Congress on Microscopy, Rovinj,
Croatia; 24.09.2017 - 29.09.2017; in: “13th Multinational Congress on Microscopy”,
(2017), S. 181 - 182.
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T. Götsch, W. Wallisch, M. Stöger-Pollach, A. Menzel, B. Klötzer, S. Penner:
”From zirconia to yttria - sampling the YSZ phase diagram using sputter-deposited
thin films” ; Poster: Microscopy Conference 2015, Göttingen, Germany; 06.09.2015 –
11.09.2015; in: ”Microscopy Conference 2015 Proceedings”, DGE - German Society
for Electron Microscopy, e.V., (2015), 68 - 69.
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