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Kurzfassung

Diese Dissertation beinhaltet eine detaillierte Studie zur Optimierung des Wachstums von diinnen
Schichten und Schichtsystemen mit dem Ziel, Heterostrukturen zu entwickeln, die bei
Raumtemperatur multiferroische (MF) Eigenschaften aufweisen. Die Schichtsysteme bestehen
aus einer Bodenelektrode, einer ferromagnetischen (FM) und einer ferroelektrischen (FE) Schicht
und wurden mittels gepulster Laserabscheidung (PLD) hergestellt. Die vielfaltigen
Untersuchungen zielen darauf ab, die Zusammenhdnge zwischen geeigneten PLD-
Wachstumsparametern, charakteristischen strukturellen Merkmalen und den funktionellen
Eigenschaften von Heterostrukturen zu verstehen, die fiir die magnetoelektrische Kopplung in
multiferroischen Systemen relevant sind. Die Dissertation ist deshalb in verschiedene Kapitel
untergliedert, die jeweils die Eigenschaften der verschiedenartigen Materialschichten und deren
Optimierung behandelt, die flr das Design der magnetoelektrischen Heterostruktur relevant sind.

Der erste Optimierungsschritt beinhaltet das Verstandnis der morphologischen und strukturellen
Eigenschaften von mittels PLD hergestellten Platinfilmen bei unterschiedlichen
Wachstumstemperaturen und Schichtdicken, die auf Yttriumoxid-stabilisierten, (111)-
orientierten Zirkoniumoxid (YSZ) Substraten deponiert wurden. Die ermittelten optimalen PLD-
Wachstumsparameter, d.h. optimale Schichtdicke und eine erhohte Wachstumstemperatur,
wurden bei den nachfolgenden Schichtabscheidungen beibehalten. Unter diesen Bedingungen
reduziert sich die Defektdichte erheblich, verbessert die Robustheit gegen Entnetzung und
minimiert strukturelle Anderungen durch nachfolgende Hochtemperatur-Bearbeitungsschritte.

Der zweite Optimierungsschritt ist die Deposition einer ferromagnetischen Schicht
Bariumhexaferrit, BaFe12019 (BaM), mit dem Ziel, geeignete PLD-Wachstumsbedingungen fiir
die besten magnetischen Eigenschaften in Hinblick auf potenzielle multiferroische Anwendungen
zu ermitteln. Diese Optimierung fand in zwei Schritten statt; (1) Es wurden Experimente mit
verschiedenen Dicken der Pt Bodenelektrode durchgefiihrt, um die optimale Schichtdicke der Pt
Bodenelektrode fiir BaM Wachstum zu bestimmen. (2) Nachfolgend wurde die Energiedichte des
Lasers von 1.5 Jicm? bis 5.1 J/cm? wahrend des BaM Wachstums auf der optimierten Pt
Bodenelektrode variiert. Zuerst wurde gezeigt, dass eine Platin-Zwischenschicht die c-Achsen-
Orientierung, das Anisotropiefeld und die Koerzitivkraft der BaM-Schichten erheblich verbessert.
Sie verhindert auch eine chemische Vermischung von BaM mit dem YSZ(111)-Substrat. Dariber
hinaus wurde festgestellt, dass eine Erhohung der Platindicke die strukturelle Kontinuitat der
BaM-Schichten verbessert, da der Oberflachenfullfaktor von Platin erhoht wird. Im néchsten
Schritt wurden die Wachstumskinetik und die magnetischen Eigenschaften durch Anpassung der
Energiedichte des Lasers wéhrend der Abscheidung verandert. Geringere Fluenzwerte fiihren zu
glatteren Oberflachen und einer geringeren Defektkonzentration., was darauf hindeutet, dass sie
sich besser fir eine mehrschichtige Geratearchitektur eignen, wahrend hohere Fluenzwerte
tendenziell zu Ba-reduzierten, nicht-stéchiometrischen Phasen fiihren.
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Im dritten Optimierungsschritt wurde hexagonales Ytterbiumferrit h-YbFeOs; (YbFO) optimiert,
das mittels gepulster Laserabscheidung auf YSZ(111) abgeschieden wurde. YbFO ist ein
vielversprechender Kandidat fur ein multiferroisches Material, das Ferroelektrizitat und
Antiferromagnetismus (AF) vereint, mit potenziellen Anwendungen bei niedrigen Temperaturen.
Es wurde eine detaillierte Analyse der Mikrostruktur und der temperaturabhéngigen
magnetischen Eigenschaften durchgefiihrt, wobei direkt auf YSZ(111) gewachsene YbFO
Schichten mit auf Platin-Pufferschichten abgeschiedenen Schichten verglichen wurden. Die
Dicke der Platin-Zwischenschicht wurde variiert, wie schon im ersten Optimierungsschritt
beschrieben. Ziel ist es, ein umfassendes Verstandnis flr den Einfluss der Kristallqualitat und
Morphologie der Pt-Pufferschicht auf die Mikrostruktur, Morphologie und daraus resultierenden
physikalischen Eigenschaften der YbFO-Schicht zu erlangen. Die Ergebnisse deuten darauf hin,
dass die Homogenitdt, Kontinuitdit und Hugelbildung der Pt-Pufferschicht die YbFO-
Mikrostruktur, Mosaizitat, Korngrenzen und Defektverteilung beeinflussen. Die Resultate der
hochauflésenden Transmissionsmikroskopie (HRTEM) und der R6ntgenbeugung (XRD) zeigen,
dass eine Pt-Zwischenschicht die Kristallqualitat der YbFO Schicht verbessert, insbesondere nach
Optimierung der Pt Schichtdicke. Die optimale Schichtdicke der Pt-Bodenelektrode fiir YbFO ist
Thee = 70 nm. Das Fehlen einer Bodenelektrode fuhrt zu Stérungen der Kristallstruktur, der
alternierenden atomaren Ausrichtung der ferroelektrischnen Domanen und der Yb-Fe
Austauschwechselwirkung. Im Gegensatz dazu wurden eine Erh6hung der remanenten und der
Gesamtmagnetisierung bei Temperaturen unterhalb von 50 K fiir h-YbFeOs Schichten erzielt, die
auf Pt-gepufferten YSZ(111) Schichten mit ThPt=70 nm deponiert wurden.

Die Variation der Stapelreihenfolge von ferromagnetischen und ferroelektrischen Schichten in
multiferroischen Heterostrukturen ist ein entscheidender Aspekt dieser Arbeit. Insbesondere
vergleicht die Studie die Strukturen von M1 (BaFe12010/h-YbFeOs) und M2 (h-
YbFeOs/BaFe12019), bei denen die Stapelreihenfolge invertiert wurde. Die temperaturabhéngige
magnetische Charakterisierung dieser Strukturen ergab Unterschiede in der Koerzitivkraft, den
Anisotropiefeldern und den Anisotropiekonstanten. Diese Eigenschaften wurden mit der
Defektkonzentration und Grenzflachenvermischung Kkorreliert. Die M1-Konfiguration
(BaFe12019/h-YbFeO3) weist eine klar definierte Grenzflache ohne chemische Vermischung und
eine bessere c-Achsen-Orientierung auf, was zu hoheren Anisotropiekonstanten und
Koerzitivkréaften fiihrt. Deshalb eignet sich diese Anordnung (BaFei2O1s/h-YbFeQs) fir
magnetische Speicheranwendungen. Strukturuntersuchungen wurden mit Rontgendiffraktometrie
und Transmissionselektronenmikroskopie (TEM) durchgefiihrt. Anderungen der Stochiometrie
wurden mit Rasterelektronenmikroskopie/energiedispersiver Rontgenspektroskopie
(SEM/EDX), Rontgen-Photoelektronenspektroskopie (XPS) und TEM/EDX untersucht.
Rasterelektronenmikroskopie (REM) und Rasterkraftmikroskopie (AFM) wurden fir
Untersuchung der Morphologie verwendet, die dann mit dem magnetischen Verhalten verknupft
wurde, welches mit Hilfe von Vibrationsmagnetometrie (VSM), supraleitendem
Quanteninterferometer (SQUID) und Magnetkraftmikroskopie (MFM) gemessen wurde.

Diese Dissertation hat das Verstandnis der Wachstumskinetik und der Optimierung von PLD-
Schichtsystemen vertieft, zuklnftig multiferroische Heterostruktur-Bauelemente herzustellen,
deren magnetoelektrische Kopplung auf atomarer Skala an den Grenzflachen Uber die
Mikrostruktur der Schichten kontrolliert wird. Sie bietet einen systematischen Rahmen fir die
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Entwicklung malRgeschneiderter magnetischen Eigenschaften von BaM und gibt wertvolle
Informationen fiir deren Entwicklung.
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Abstract

This dissertation conducts a deep and valuable study dedicated to the optimization of pulsed laser
deposition (PLD) growth of individual and combined layers of bottom electrode, ferromagnetic
(FM), and ferroelectric (FE) thin films to develop room-temperature multiferroic (MF) hetero-
structures devices. The performed and versatile investigations aim to understand the interconnec-
tion between suitable PLD growth parameter, characteristic structural features and the functional
heterostructure properties relevant for magneto-electric coupling in multiferroic systems. This has
directed the thesis in a scheme consisting of different optimization steps of the different material
layers relevant for the design of the magneto-electric heterostructures. The first optimization step
involves the understanding of morphological and structural modification of PLD deposited plati-
num (Pt) films on yttria-stabilized zirconia (YSZ) (111) substrates under varied growth tempera-
ture and thickness conditions. We conclude that the optimized PLD growth parameters involve
elevated growth temperatures aligned with the deposition temperatures of subsequent layers, as
well as an increased platinum layer thickness. These significantly reduce defect densities, improve
robustness against dewetting at high temperatures, and minimize structural modifications during
high-temperature processing stages.

The second step focuses on the optimization of barium hexaferrite, BaFe1.O19 (BaM), deposition
as the ferromagnetic layer with the aim of identifying the most appropriate PLD growth conditions
that yield to the most favorable magnetic properties for potential multiferroic applications. This
optimization was achieved first, by experimenting with different thicknesses of the Pt bottom
electrodes to determine the optimum thickness of Pt bottom electrode for BaM growth; and sec-
ond, by varying the laser fluence (from 1.5 J/cm? to 5.1 J/cm?) for BaM grown on optimized Pt
bottom electrodes. At first, the Pt buffer layer has been demonstrated to significantly enhance the
c-axis orientation, anisotropy field, and coercivity of BaM layers. It also prevents chemical inter-
mixing of BaM with the YSZ(111) substrate. Furthermore, it has been discovered that increasing
the thickness of the Pt buffer layer improves the structural continuity of BaM layers, due to in-
crease of the surface filling factor of platinum. Secondly, the growth kinetics and magnetic prop-
erties were altered by adjusting the laser fluence during deposition. Lower fluence leads to
smoother surfaces and reduced defect concentrations, which indicates layers grown at lower flu-
ence more suitable for a multilayered device architecture, whereas higher fluence tends to gener-
ate Ba deficient non-stoichiometric phases.

In the third step, hexagonal ytterbium ferrite h-YbFeOs; (YbFO) grown on YSZ(111) by pulsed
laser deposition is optimized. It is a promising single phase multiferroic candidate where ferroe-
lectricity and antiferromagnetism (AF) coexist, with potential applications at low temperatures.
A detailed analysis was conducted on the microstructure and temperature-dependent magnetic
properties by comparing YbFO layers grown directly on YSZ(111) and YbFO layers deposited
on Pt buffered substrates. The platinum buffer film thickness was varied as investigated in the
first optimization step. The objective is to gain a comprehensive understanding of the influence
of the Pt underlayer crystal quality and morphology on the YbFO layer crystal quality, surface
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morphology, and resulting physical properties. The findings indicate that the homogeneity, con-
tinuity, and hillock formation of the Pt buffer layer influences YbFO microstructure, mosaicity,
grain boundaries, and defect distribution. The findings of high-resolution transmission micros-
copy (HRTEM) and X-ray diffraction (XRD) reciprocal space mapping characterizations con-
clude that existence of a Pt buffer layer and optimizing film thickness improves the crystal quality
of the YbFO layers. For YbFO layers, The: = 70 nm is found to be the optimum Pt thickness. The
absence of a bottom electrode leads to perturbations in the crystal structure, the so-called '2up-
1down' (or vica versa) ordering of rare earth atoms in the crystal structure for ferroelectric do-
mains, and the Yb-Fe exchange interactions. In contrast, improved remanent and total magneti-
zation were obtained at low temperatures below 50 K for h-YbFeOs films, when YbFO films
deposited on Pt buffered YSZ(111) where The: = 70 nm.

The variation of stacking orders in the multiferroic heterostructures between ferromagnetic and
ferroelectric layers is a crucial aspect of this work. Specifically, the study compares the structures
of M1 (BaFe12019/h-YbFeOs) and M2 (h-YbFeOs/BaFe12019) Where the stacking order was in-
versed. The temperature-dependent magnetic characterizations of these structures reveal differ-
ences in the coercivity, anisotropy fields, and anisotropy constants. These properties were corre-
lated with defect concentrations and interface intermixing. The M1 (BaFe1,019/h-YbFeOs)
configuration exhibits a well-defined interface without chemical intermixing and better c-axis
orientation which results in increased anisotropy constants and coercivity. This makes the de-
signed M1 (BaFe12019/h-YbFeOs) heterostructure suitable for magnetic storage applications.
Structural analyses were conducted by using XRD and transmission electron microscopy (TEM).
Stoichiometric variations were investigated with scanning electron microscopy/energy dispersive
X-ray spectroscopy (SEM/EDX), X-ray photoelectron spectroscopy (XPS), and TEM/EDX.
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used for mor-
phological assessments, which were then linked to magnetic behavior measured by means of a
vibrating sample magnetometry (VSM), superconducting quantum interference device (SQUID),
and magnetic force microscopy (MFM).

This dissertation has deepened the understanding of the growth kinetics and PLD growth optimi-
zation with the goal to produce multiferroic heterostructure devices with structurally controlled
magnetoelectric coupling at the interfaces at the atomic scale. It also provides a systematic frame-
work for tailoring the magnetic properties of BaM layers and provides valuable information for
the development of high performance multiferroic systems operating at room temperature.

Vi
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Chapter 1:Motivaton, introduction and goals

1 Motivaton, introduction and
goals

1.1 Motivation

The objective of this thesis is to fabricate designed multiferroic heterostructures comprising fer-
romagnetic and ferroelectric layers with controllable stoichiometries, crystal structure, and mor-
phology using the PLD method. Previous research has demonstrated the successful combination
of ferrimagnetic and ferroelectric layers to create multiferroic heterostructures, including
Pro.ssCao.1sMnO3/Bag sSro.4TiOs! and Lao 7CaosMnOs/BaTiOz2. In this thesis, BaFe:201s is selected
as the ferromagnetic layer due to its room temperature ferromagnetic behavior, and h-YbFeOs is
chosen as the ferroelectric layer for its room temperature ferroelectric properties. Additionally,
this combination addresses the emerging interest in these individual layers and fills a gap in the
existing literature. Therefore, the thesis focuses on identifying the most optimal PLD growth con-
ditions for single layers (a platinum (Pt) bottom electrode layer, a ferromagnetic layer (BaFe1201s,
BaM), and a ferroelectric layer (h-YbFeQOs, YbFO)) and their combination into heterostructures to
investigate the resulting structure and its relevance to the obtained properties.

These heterostructures are meant to be multifunctional at room temperature (RT) with the capa-
bilities of magneto-electric coupling at the bilayer’s interfaces. The aim is to construct a room
temperature operating multiferroic heterostructure system. The strategy is to detune the PLD
growth conditions in an iterative way based on the obtained crystal qualities of the layers, surface
morphologies, interface quality as well as chemical compositions with interrelation to the mag-
netic and ferroelectric properties of the individual layers. The focus on RT multiferroic hetero-
structures originate from the limited availability of materials that simultaneously exhibit a FE and
FM behavior at RT. In order to overcome these constrains, the combination of different functional
individual layers into a heterostructure system would enables us to achieve multifunctional mul-
tiferroic heterostructures envisaged for the application in recording media devices at room tem-
perature.

Prior to the investigation of the interfacial interaction in the heterostructure, which are extremely
relevant to the magneto-electric coupling at the interfaces between FM and FE layers, it was
worthwhile to carefully optimize the growth conditions of each layer by examining the effect of
the varied growth parameters on the structural characteristics, and therefore, on the physical prop-
erties.

Each layer was analyzed highlighting specific improvements aligned with the overall goal of po-
tential device assembly. The overall goal not only includes the development of the device pro-
duction by any method but also includes fabrication of the device in a single run of PLD growth
due to PLD’s capabilities of growing metals and complex oxide films at high temperatures with
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very high crystalline quality. The current PLD setup has device limitations - which could be re-
solved by improving the system with an integrated cooling system - (such as overheating of the
mechanical components due to long-lasting high temperature growth) that does not allow contin-
uous growth through the bottom electrode to the final MF heterostructure. This limitation hin-
dered the combination of each individual layer, which is the overall aim of the project. However,
these limitations do not block to progress with strategic approach towards a final device fabrica-
tion. These limitations can be overcomed by combining the FM and FE layers without a platinum
interface layer. This describes the optimal stacking order for achieving a functional RT multifer-
roic heterostructure.

The thesis and research do not only establish a path for creating RT MF heterostructures, but also
include the development of a possible future MF device fabrication. The thesis also describes the
analysis of the structure, stoichiometry, morphology, and in relation functional properties of the
layers that are essential for the development of a multiferroic device technology.

1.2 Introduction

This section introduces the foundational concepts and the methodological relevance for the study
of growth optimization of multiferroic heterostructure bilayer systems. It dives into the descrip-
tion of the pertinent properties of single ferromagnetic and ferroelectric layers as well as hetero-
structure multiferroics and their applications. This was followed by an in-depth look into the ma-
terial growth techniques with a special focus on the epitaxial growth and particularly on PLD
methods.

This introductory chapter progresses to discuss various techniques employed for the detailed
structural characterization of these materials, including XRD, microscopy and spectroscopy meth-
ods. It also explores the specialized methods such as the VSM and the relating theoretical back-
ground for assessing the behavior of magnetic properties. The introduction culminates with a
thorough examination of the specific materials studied, covering sample preparation and the PLD
growth process for Platinum, Barium Ferrite (BaFe12019), and Ytterbium Ferrite (h-YbFeOs)
which offer insights into their complex deposition and characterization processes.

Multiferroic materials: Multiferroic materials are a rare class of materials that exhibit both fer-
romagnetism and ferroelectricity simultaneously®#°¢ shown in Figure 1.1. Due to their extraordi-
nary potential in the electronics industry, multiferroics have attracted much attention since their
discovery“. Energy efficient electronics’, CMOS8, spintronics®, multiple state memory elements'?,
non-volatile memories'?, high frequency devices'?, photovoltaics®®, gas sensing®* are some of the
proposed and already researched applications. Ramesh et al. in 2021 have drawn attention to the
importance of controlling magnetism by an electric field®, by pointing out the extreme increase
in the use of transistors over the decades which would lead to an energy problem in the future.
Additionally, applications of multiferroics are also suggested to offer enhanced energy effi-
ciency® and better properties compared to their bulk forms>!’. It was fairly proved in the data
storage field that the electrical tuning of the magnetic field for multiferroic materials is more
beneficial than simply tuning the magnetic field by applying an external magnetic field®.
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— Magnetically polarizable

== Ferromagnetic
Electrically polarizable

== Ferroelectric

= Multiferroic

%7 Magnetoelectric

Figure 1.1: The relationship between the magnetically and electrically polarizable materials?é.

1.3 Objectives and scope of the work

1.3.1 Objectives

The objectives of this work are to conduct a comprehensive and systematic study with the goal to
understand the growth kinetics of each individual layer (Pt, BaM, YbFO) and its relevance to the
resulting film quality in terms of the crystal structure, chemical composition, and morphology.
For these layers, the importance of microstructural parameters, the stoichiometry, the determina-
tion of electrical, magnetic and ferroelectric properties will be individually investigated. The final
goal is to combine these individual layers with their optimized growth parameters into a multifer-
roic heterostructure system. For that purpose, the first attempt of functional layer growth has been
performed on YSZ (111) without any Pt bottom electrode. BaM and YbFO layers grown on YSZ
(111) are named as BaMPtThO and YbPt_ThOnm.

Therefore, the first step of the work must be the optimization of the platinum interface layer which
serves as a bottom electrode for the future ferroelectric/multiferroic application. The bottom con-
ductor layer is a must. On the other side, it improves the lattice mismatch between the BaM (resp.
YbFO) and YSZ (111) substrate which in turn decreases the defect concentration and enhances
the films qualities.

The objectives of the thesis can be listed as following:

1) Understanding the effect of the PLD growth parameters for the different individual layers
(Pt, BaM and YDbFO) on the layer crystal quality, continuity, homogeneity as well as on
the interface qualities by using complementary characterization methods such as XRD,
TEM, SEM/EDX and AFM.

2) Separate determination of the key and the optimum PLD growth parameters which lead to
conductive Pt and producing BaM as a strong room-temperature ferromagnetic layer and
YDbFO as a strong room-temperature ferroelectric layer.
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3) Optimizing the individual properties, i.e., conductivity, ferroelectric and ferromagnetic
properties by iterating the relevant growth parameter to approach/or to exceed and im-
prove the state-of-the-art properties. This is for the individual improvement of the layers,
in order to decide which growth parameters ought to be applied into the heterostructure.

4)This step involves the combination of each individual layer, optimized in the previous
stages, a heterostructure where the order of functional layers is alternated. The objective
is to investigate the resulting multiferroic properties of this alternated heterostructure to
propose which one is more applicable at room temperature. By strategically arranging the
layers in this manner, while aiming at enhanced multiferroic properties at room tempera-
ture, the efficiency of functional electronic devices can be improved.

1.3.2 Outline

The outline of this work is schematically illustrated in Figure 1.2. The achievable milestones
through the considered steps are show a strategical approach to the final aim of the thesis which
is the production of magnetoelectric heterostructures devices suitable for the magnetoelectric cou-
pling characterization as presented in the step 5. In this work, preliminary results were obtained
at step 0, and the work continued through the steps starting with the Pt bottom electrode optimi-
zation. Due to time limitation, step 5 could not be realized. Therefore, the work was concluded
with step 4. Step 1 is explained in chapter 4, step 2 can be found in chapter 5, step 3 in chapter 6
and step 4 in chapter 7.

Chapter 4: Platinum layer optimization

This chapter focuses on the improvement of the applicability of the PLD grown Pt bottom elec-
trode. The effect of the Pt layer growth parameter variation such as the temperature, deposition
rate on the morphology and film continuity, crystal quality and on the conductivity is investigated.
The goal is to explore modifications in the Pt film structure, the subsequent growth as a function
of the film thickness with the aim to address potential problems in the Pt bottom electrode due to
the Pt layer discontinuity as well as hillock formation.
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Figure 1.2: Schematic representation of the overall scheme for the thesis path, for detailed view, refer to Figure A-1.

Investigation of Pt film growth parameters: To find the optimum conditions for obtaining a con-
ductive, continuous, hillock-free single-crystal Pt film with a surface orientation in the [111] di-
rection. The effects of the growth temperature and film thickness on the Pt layer are investigated.
This optimization is crucial to improve the performance of the Pt bottom electrode, especially to
obtain flat, continuous, and conductive bottom electrodes.

Physical stability of Pt bottom electrode: Changes in the Pt layer during the subsequent growth
of the functional ferromagnetic and/or ferroelectric layers are also studied in detail to assess the
physical stability of the Pt bottom electrode. Understanding the behavior of the Pt film during and
after the postgrowth of other layers is essential to ensure the overall structural integrity of the
multiferroic heterostructure.

Chapter 5: YbFO layer optimization

Influence of bottom electrode on ferroelectric ordering: In this chapter, the focus is on the inves-
tigation how the bottom electrode layer impacts the ferroelectric order in subsequently grown
YbFO layers at room temperature (RT) in terms of varying the thickness and morphology. The
study analyzes the effects of the bottom electrode thickness on the crystalline structure, morphol-
ogy, and ferroelectric order of the YbFO layers, with the aim of understanding and optimizing the
ferroelectric properties.

Chapter 6: BaM layer optimization

Influence of laser fluence and bottom electrode thickness: This chapter is focused on investigating
the modifications required to improve the RT ferromagnetic behavior of BaM layers. The aim is
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to achieve enhanced magnetic properties in the BaM layers by optimizing the Pt interlayer thick-
ness and the laser fluence which is used to grow the BaM layer. In this chapter investigation
reveals the results on the RT magnetic properties of BaM, by the modifications on the crystalline
structure, morphology, chemical composition, and interface quality.

Chapter 7: Combination of layers into heterostructure multiferroics

Influence of the stacking order on the structure and magnetic properties of multiferroic hetero-
structures: Combining BaM and YbFO in heterostructures with alternating layer order: This
chapter explores a unique combination of BaM and YbFO in the field of heterostructure multifer-
roics. The study aims to significantly enhance the room temperature multiferroic properties of
these materials by changing the growth sequences of the BaM and YbFO layers within the heter-
ostructure. The crystalline structure and interfaces quality of the two heterostructures with two
stacking orders are presented in detail and are evaluated according to the results which are derived
from a combination of high resolution microscopic and diffraction methods. Furthermore, the
local domain microstructure with atomic resolution and macroscopic magnetic properties will be
discussed in relation to the chemical composition. Through the strategic pairing of BaM, known
for its room temperature ferromagnetic properties with YbFO, this work presents a promising
approach to achieve enhanced multiferroic behavior. The results of this investigation may have
the potential to revolutionize the field of multiferroic materials and bear exciting new possibilities
for advanced applications.
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2 Fundamentals and methods

2.1 Theory of magnetism

Magnetisation is an interesting phenomenta which was first discovered in antique ages as mag-
netic material as the forms of ‘lodestone’ (which is actually magnetized pieces of magnetite)
where the pieces of lodestones were rotating around themselves, without any external ‘visible’
force?!®, The first uses of the lodestones were believed to detect the magnetic field of the earth
S0 to use it as a compass in the time of around Olmec society of North America (1400 BCE to
400 BCE).

Thales of Miletus is known to be the first reporter of magnetism in their era in ancient Greek
Society, together with Aristotle, it is known to be that the first scientific discussion of magnetism
was being done'?. The name of ‘Magnet’ believed to be originated from the ‘magnesia stone’ for
the lodestones found in city of Magnesia ad Sipylumin Lydia, in Modern day Manisa, Turkey.

Magnetisation is the vectoral quantity that describes the response of the matter as magnetic field.
And the magnetization is a vectoral sum of all magnetic dipole moments which are originated by
individual electrons, atoms and molecules per unit volume of the material®.

2.1.1 Magnetic Dipole Moments

The understanding of magnetism is subject upon the comprehension of magnetic dipole moments.
A magnetic dipole moment is a vector quantity that is linked with the magnetic properties of a
particle, such as an electron?. It represents the strength and direction of the magnetic field pro-
duced by the particle.

2.1.1.1 Magnetic Dipole Moment of Electrons

In the perspective of atoms, the magnetic dipole moments that are observed can be attributed to
the electrons. These moments are a consequence of both the spin of the electrons and their orbital
motion around the nucleus?. Each electron is therefore provided with an intrinsic magnetic dipole
moment due to its spin, which is often referred to as the electron's spin magnetic moment.

2.1.1.2 Bohr Magneton

The Bohr magneton (i) is a physical constant that quantifies the magnetic dipole moment of an
electron caused by its orbital or spin motion. It is a fundamental unit of magnetic moment in
atomic physics. The Bohr magneton is defined as®:

_ eh
- 2m,

(] (2-1)
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Where e is the electron charge, 7 is the reduced Planck constant, and m, is the electron mass.
The value of the Bohr magneton pj is approximately 9.274x1072* joules per tesla (A m?)%,

2.1.1.3 Magnetic Moments in Atoms

In an atom, the total magnetic moment is the vector sum of the magnetic moments of all its elec-
trons. According to the Pauli Exclusion Principle, electrons in the same orbital must have opposite
spins, resulting in their magnetic moments cancelling each other out. However, in atoms with
unpaired electrons, the magnetic moments do not cancel, leading to a net magnetic moment. The
arrangement and interaction of these magnetic dipole moments determine the magnetic properties
of the material?®.

2.1.2 Exchange Interactions

Exchange interactions represent a fundamental quantum mechanical force that determines the
alignment of spins in magnetic materials?®®?2, These interactions arise due to the Pauli exclusion
principle, which states that the total wave function of a system of electrons must be anti-symmet-
ric with respect to the exchange of any two electrons. This leads to an energy difference between
parallel and antiparallel spin alignments of neighbouring electrons2,

2.2 Types of Magnetism

The magnetic behaviour of magnetic materials can be categorised according to the alignment of
their magnetic dipole moments, the schematic representations are given in Figure 2.1.

2.2.1 Ferromagnetism

In ferromagnetic materials, the exchange interaction causes unpaired electron spins to align par-
allel to each other. This parallel alignment minimises the system's energy, resulting in a net mac-
roscopic magnetisation even in the absence of an external magnetic field?*?*, The exchange inter-
action is positive in ferromagnetic materials, favouring parallel spin alignment?.

2.2.2 Paramagnetism

Paramagnetism is a magnetic behaviour exhibited by materials where the magnetic dipole mo-
ments are randomly oriented in the absence of an external magnetic field. Upon the application
of an external field, these moments partially align with the field, resulting in a weak, positive
magnetization?°.

2.2.3 Diamagnetism

Diamagnetism is defined by the presence of paired electrons in materials that lack unpaired elec-
trons. When an external magnetic field is applied, the orbital motion of electrons generates a
weak, negative magnetisation that opposes the applied field?*2.,
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2.2.4 Antiferromagnetism

In antiferromagnetic materials, the magnetic dipole moments of adjacent atoms align in an anti-
parallel manner, resulting in the absence of a net macroscopic magnetization. The exchange in-
teraction is negative in antiferromagnetic materials, thereby favouring the alignment of spins in
an antiparallel direction®.

2.2.5 Ferrimagnetism

Ferrimagnetism is analogous to antiferromagnetism, yet with unequal opposing magnetic mo-
ments, resulting in a net magnetization. Ferrimagnetic materials exhibit a more intricate magnetic
structure due to the varying magnitudes of the magnetic moments®.

Diamagnetism Paramagnetism Ferromagnetism Antiferromagnetism  Ferrimagnetism

0000 2Q9s dddd dede dode
0000 deogd dOOO d9pdp Odede

M M M M M
H i H | H | H H

There is no magnetic Magnetic moments are Magnetic moments are Magnetic moments are Magnetic moments are
moments (Net magnetic aligned randomly in the parallelly aligned, net aligned anti-parallel to mixed, parallel and anti-
moment is zero) absence of external field. magnetic moment is each other. Net magnetic parallel arrangement. Net
When external field is higher than zero. moment is zero. magnetic moment is
applied, the moments slighlgy higher than zero.
align antiparallel to the
field

Figure 2.1: Typical magnetization curves of different type of magnetic materials.

2.3 Magnetic Anisotropy

Magnetic anisotropy refers to the directional dependence of a material's magnetic properties. In
other words, the energy required to magnetise a material can vary depending on the direction of
the applied magnetic field. This phenomenon is crucial in determining the behaviour and appli-
cations of magnetic materials. The presence of magnetic anisotropy in a material indicates that
there are preferred directions along which the magnetic moments tend to align more easily?>%2,

2.3.1 Types of Magnetic Anisotropy

There are several types of magnetic anisotropy, each arising from different physical mechanisms:
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o Magnetocrystalline Anisotropy: This type of anisotropy originates from the crystal lattice

of the material. The interaction between the magnetic moments and the crystal lattice
leads to preferred directions of magnetization?!. The energy associated with magnetocrys-
talline anisotropy depends on the crystallographic direction. To illustrate, in cubic crys-
tals, the axes of magnetisation that are most favourable and those that are least favourable
are determined by the crystal structure?. For example, in a cubic lattice, the <100> and
<111> directions are the most and least favourable, respectively.

e Shape Anisotropy: Shape anisotropy is a phenomenon that arises from the geometric

shape of the magnetic material. In elongated or irregularly shaped particles, the demag-
netising field, which opposes magnetisation, varies with the shape. For instance, in a long,
thin needle-like particle, it is easier to magnetise along the length of the needle than across
its width. This phenomenon can be attributed to the distribution of magnetic charges on
the surface, which results in the formation of different energy states for varying directions
of magnetization?,

o Stress Anisotropy: This type of anisotropy is induced by mechanical stress. When a mag-

netic material is subjected to stress, the magnetic moments may preferentially align along
specific directions, thereby minimising the strain energy®. This effect is significant in
materials where the magnetostriction (the change in shape or dimensions of a material in
response to magnetisation) is pronounced?.

2.3.2 Magnetocrystalline Anisotropy

Magnetocrystalline anisotropy (Figure 2.2) represents one of the fundamental property of ferro-
magnetic materials. It arises from the spin-orbit coupling, which links the spin of the electrons to
the crystal lattice?®?2. The energy associated with magnetocrystalline anisotropy can be expressed
in terms of the anisotropy energy density E,, which depends on the direction cosines of the mag-
netization with respect to the crystallographic axes?®22,

Easy direction 4 <0001>

M | <0001 >

Anisotropy
field, H,

Figure 2.2. A schematic initial magnetization to explain magnetocrystalline anisotropy of a hexagonal material.

10



Chapter 2:Fundamentals and methods

For example, in a cubic crystal, the anisotropy energy can be approximated by?%2;
Ey = Ky (afa3 + ajad + afai) + Ky (afazaj) (2-2)

where K; and K, are the anisotropy constants, and a4, @,, and a3 are the direction cosines of the
magnetization vector with respect to the crystallographic axes.

In hexagonal crystals, such as cobalt or BaM, the anisotropy energy is typically dominated by a
single term?°:

E, = K, sin?6 (2-3)

where K, is the uniaxial anisotropy constant and 6 is the angle between the magnetization vector
and the easy axis.

2.3.3 Shape Anisotropy

The phenomenon of shape anisotropy can be attributed to the demagnetising field, which is de-
pendent on the geometry of the magnetic material. The demagnetising field is a self-induced field
that acts in opposition to the external magnetic field. For an ellipsoidal particle, the demagnetising
factors N,, N,, and N, are dependent upon the axes of the ellipsoid. The shape anisotropy energy
can be expressed as?%2:

1 1 1
Eshape = ENxM,% + ENyM§ + E1\/21\4;’ (2-4)

where M, M,, and M, are the components of the magnetization along the principal axes of the
ellipsoid.

In elongated particles, such as nanowires or thin films, the demagnetising factor along the length
is significantly less than that along the width or thickness, resulting in the length becoming the
easy axis of magnetisation.

2.3.4 Stress Anisotropy

Stress anisotropy is a phenomenon whereby mechanical stress influences the magnetic properties
of amaterial. This is of particular significance in materials with high magnetostriction, where the
magnetic energy is affected by the strain induced by an external stress?2L,

The phenomenon of magnetic anisotropy is of great importance in numerous technological appli-
cations. It plays a pivotal role in determining the stability of the magnetisation state, coercivity,
and magnetic resonance frequencies. In magnetic storage devices, the presence of high magnetic
anisotropy is of significant benefit, as it ensures that the stored information remains stable against
thermal fluctuations. In magnetic sensors and actuators, the ability to control magnetic anisotropy
allows for the precise tuning of the device's response to external magnetic fields®.

11
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2.4 Magnetic Domains and Domain Walls

2.4.1 Magnetic Domains

Magnetic domains are small, localized regions within a ferromagnetic or ferrimagnetic material
where the magnetic moments are aligned in the same direction. Each domain acts as a single
magnetic unit, with its magnetization vector pointing uniformly in one direction. The existence
of magnetic domains minimizes the material's overall magnetic energy by reducing the magneto-
static energy, which is the energy associated with the external magnetic field produced by the
material?®22,

The formation of domains is driven by the energetic preference for the material to break up into
smaller regions with varying magnetisation directions rather than maintaining a single, uniformly
magnetised state. This arrangement reduces the external magnetic field, thus lowering the mag-
netostatic energy?*22,

2.4.2 Domain Walls

Domain walls are the boundaries between adjacent magnetic domains with different magnetisa-
tion directions. The magnetic moments within a domain wall gradually rotate from the direction
of one domain to the direction of the neighbouring domain?°22, The thickness of the domain wall
and the manner in which the moments rotate depend on the material's properties and the type of
wall. There are two primary types of domain walls:

Bloch Walls: In Bloch walls, the magnetization rotates within the plane of the wall. This type of
wall is commonly found in bulk materials and is characterized by a gradual, smooth rotation of
magnetic moments?%:22,

Néel Walls: In Néel walls, the magnetization rotates perpendicular to the plane of the wall. These
walls are typically observed in thin films or small particles where surface effects are signifi-
cant?022,

The energy associated with domain walls encompasses exchange energy, which is inclined to
align spins, and anisotropy energy, which is inclined to magnetisation along specific crystallo-
graphic directions. The equilibrium between these energies determines the domain wall structure
and thickness?22,

2.5 Magnetic Hysteresis

2.5.1 Hysteresis Loop

The phenomenon of magnetic hysteresis describes the lag between the applied magnetic field and
the resulting magnetisation of a material. When a ferromagnetic material is subjected to a varying
external magnetic field, its magnetisation does not follow the field in a linear manner. Instead, it
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traces out a loop, known as the hysteresis loop, which represents the history of the material's
magnetisation and demagnetisation process®?2, A typical hysteresis loop (M-H curve) has the
following features and shown in Figure 2.3:

Saturation Magnetization (M): The maximum magnetisation attained by the material is defined
as the value of the magnetic moment aligned with the direction of the applied field.

Remanent Magnetization (M,.): The residual magnetisation is the magnetisation remaining in
the material when the external magnetic field is reduced to zero. This value indicates the material's
ability to retain magnetisation.

Coercivity (H.): The magnitude of the external magnetic field required to reduce the magnetisa-
tion to zero. Coercivity is a measure of the material's resistance to demagnetisation.

M, Magnetisation

@ saturation magnetisation  (M,):  The

@ material is magnetised until all domains
are saturated and the magnetic moments
are aligned with respect to the external
field (parallel or antiparallel).

o Remenant magnetisation (M,): When the
o field is driven to zero, the material keeps the
magnetised states of the domains while the
magnetic moments are slightly misaligned.
This is where the data for the magnetic
H, Applied devices is stored.

magnetic field
o Coercivity (H.): The field required to remove
e the remaining net magnetisation in the
material. The net magnetisation at this point
is zero. The coercivity is also considered to
be the strength of the magnetic material to
maintain the remenant magnetisation.

-H

-M

Figure 2.3: (a) A typical hysteresis loop explaining the important features in it together with the schematic represeta-
tions of the domain structures on specific magnetic states, the red dotted line represents the initial mag-
netization.

Coercivity is also a measure of a material's ability to retain stored magnetic data for data storage
devices. Few models were published to explain the mechanisms that control the coercivity. The
Stoner-Wohlfahrt model attempted to explain coercivity mechanisms in terms of thermal energy
and anisotropy?®. However, magnetic materials also exhibit multiple mechanisms, such as domain
wall pinning at defects and boundaries, and domain nucleation?2>2%, While the micromagnetic
model assumed that the material is a continuous medium and is governed by various energy terms
that include exchange energy, anisotropy energy, Zeeman energy, and demagnetizing energy?’.
Exchange energy deals with the interaction between neighboring magnetic moments which favor
parallel alignment in ferromagnetic materials. The anisotropy energy refers to the dependence of
energy on the direction of magnetization. Therefore, if a material prefers to orient its magnetic
moments in a certain direction, it leads to the formation of easy and hard axes. The easy axis
describes the direction where the anisotropy energy is high. It makes the material more resistant
against magnetization switching in this direction, while the hard axis is the weak axis. Magnetic
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storage devices are designed to operate along the direction of the easy axis®. This model investi-
gates the driving mechanism of coercivity, whether it is domain wall pinning or domain nuclea-
tion?, Equation (2-5) shows the well-known micromagnetic model formalism.

He () _  Ha (D)
Mg, (T)  — Mg, (T) 7

(2-5)

N, is the demagnetization factor which results from magnetic grain surface and volume charges,
and a correspond to a microstructural parameter which is called structural reduction factor?,

The temperature-dependence coercive field H.(T), the saturation magnetization My(T) and the
anisotropy field H,(T) shows the following relation for which a delivers the information about
the coercivity whether it is driven by the domain wall pinning mechanism or by domain wall
nucleation®,

2.5.2 Types of Hysteresis Loops
Different materials exhibit distinct hysteresis loops, which can be broadly categorized as?®22;

Hard Magnetic Materials: The materials exhibit a considerable coercivity and a broad hysteresis
loop. They retain a notable magnetisation even after the external field is removed, rendering them
suitable for use in permanent magnets.

Soft Magnetic Materials: The materials exhibit a relatively low coercivity and a narrow hyste-
resis loop. They are readily magnetised and demagnetised, rendering them optimal for applica-
tions such as transformer cores and magnetic shielding.

2.6 Exchange Bias

2.6.1 Definition of Exchange Bias

Exchange bias is a magnetic phenomenon observed in ferromagnetic/antiferromagnetic (FM/AF)
bilayers, where the hysteresis loop of the ferromagnetic material is shifted (Figure 2.4) along the
magnetic field axis®*%. This shift is typically induced after the FM/AF system is cooled through
the Néel temperature (the temperature below which an antiferromagnetic material becomes or-
dered) of the antiferromagnet while an external magnetic field is applied?®. The exchange bias
effect results in the ferromagnetic layer having a preferred direction of magnetisation, which man-
ifests as a unidirectional anisotropy. This effect is characterised by two main parameters:

Exchange Bias Field (Hgg): The field offset of the hysteresis loop in the direction of the mag-
netic field axis.

Coercivity (H.): The coercive field may be enhanced or modified as a consequence of the ex-
change interaction at the FM/AF interface.

14



Chapter 2:Fundamentals and methods

— — > > > > — > > > >
T — — — — — — FM _T 3 s —p —> —b —H
N [ = = = — — N[—b—b—»—»—»—b
_| AF < <
Exchange
M M coupling

| (e
I

Figure 2.4: Schematic representation of the mechanism of exchange bias phenomenon, the figure is adapted from?,

2.6.2 Mechanism of Exchange Bias

The underlying mechanism of exchange bias is the exchange interaction at the interface between
the ferromagnetic and antiferromagnetic layers. When the FM/AF bilayer is cooled in an external
magnetic field, the antiferromagnetic spins at the interface become pinned in a particular direc-
tion?%, This pinning creates an effective field that biases the hysteresis loop of the ferromagnetic
layer?®®, Key points in the mechanism include:

Cooling Field: The application of an external magnetic field during cooling through the Néel
temperature results in the alignment of the AF spins at the interface.

Interfacial Exchange Interaction: The exchange coupling between the AF spins and the adja-
cent FM spins induces a unidirectional anisotropy in the ferromagnet.

2.6.3 Applications of Exchange Bias

Exchange bias has a multitude of applications in various fields, particularly in magnetic storage
and sensing technologies. This is due to its ability to stabilise the magnetic state of ferromagnetic
layers and enhance magnetic anisotropy?*2°. Some key applications include:

Magnetic Recording Media: Exchange bias is employed for magnetic tunnel junctions (MTJs)3,
which are indispensable components in hard disk drives (HDDs)%? and magnetic random-access
memory (MRAM)3L. The reliability afforded by exchange bias guarantees the consistency of data
read/write operations.

Spintronics: In spintronic devices, such as MTJs, exchange bias enhances the magnetic stability
of the free and pinned layers, thereby improving device performance and reliability. This is of
crucial importance for the development of non-volatile memory technologies and advanced com-
puting architectures®.
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Magnetic Sensors: Exchange-biased sensors, such as anisotropic magnetoresistance (AMR) and
giant magnetoresistance (GMR) sensors, are enhanced by the stabilised magnetic states provided
by exchange bias, resulting in improved sensitivity and accuracy in detecting magnetic fields®:.

2.7 Single multiferroics

Single multiferroics: The coexistence of ferromagnetism and ferroelectricity in a single material
known as single-phase multiferroics is often challenging due to the conflicting requirements of
these properties®. Ferromagnetism typically arises from the presence of unpaired d-orbitals which
promote magnetic ordering, while ferroelectric polarization is often associated with the presence
of empty d-orbitals®. Consequently, the simultaneous appearance of both ferromagnetism and
ferroelectricity in a material is rare and complex due to the conflicting orbital configuration®®.
Although single-phase multiferroics can occur in the nature, they can also be engineered through
the heterostructures®.

Material layers which vary from a few nanometers to a few micrometers in thickness are called
thin films®*8, Thin films have been extensively utilized for decades due to novel properties and
diverse applications. One of the most well-known examples of thin film applications is the house-
hold mirror, which features a coated reflective metal layer on its backside to generate a mirror
image, a process commonly referred as ‘silvering’3%3’, Advances in thin film techniques occurred
in the 20" century via technological breakthroughs in magnetic recording media“®“!, electronic
semiconductor devices*>®, LEDs®, optical coatings*, hard coatings®"*®, energy storage®, in
pharmaceutical industry via thin film drug delivery® and multiferroic combination®. These ad-
vances have revolutionized numerous sectors and continue to drive innovation across various
fields.

Multiferroic heterostructures: Multiferroic heterostructures are one of the very new approaches
to complex layer-by-layer structures and heterostructures®. Thin film heterostructures also allow
magnetostrictive coupling at the interfaces of the ferroelectric layers®’. As a practical solution to
the rarity of single-phase multiferroics and the challenge of obtaining strong multiferroic proper-
ties within a single material which combine different films in a heterostructure system provide an
effective approach to the multiferroic field. This enables the improvement of physical properties
like the generation of magnetoelectric (ME) coupling at the interfaces and the engineering of
materials for specific applications (i.e. low or high-temperature applications), this opens new pos-
sibilities in materials science and engineering.

Multiferroics heterostructure are an advanced field in material science, which involves different
ferromagnetic and ferroelectric material layers, in order to create novel multiferroic systems*+°,
The distinct properties of each layer could be used to produce composite materials with enhanced
multiferroic behavior. Furthermore, the biggest challenge of the multiferroics is to have both fer-
roelectric and the magnetic properties at the room temperature to be suitable for functional devices
5, Engineering of heterostructures requires careful a consideration of the layer interfaces, as they
significantly influence the properties of the system*®. The interaction between ferroelectric and
ferromagnetic layers at the interfaces is of particular interest, as it can lead to unique phenomena
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such as enhanced magnetoelectric coupling, where changes in the magnetic properties affect elec-
tric polarization and vice versa'®*. The control of layer/stacking thickness*’, material composi-
tion*84° and crystals alignment®®5! allows a precise tuning of interactions at the interfaces which
enables the customization of heterostructure properties for specific applications. Multiferroics
heterostructures are being developed due to their potential for groundbreaking applications in
various fields, including advanced electronics, energy-efficient data storage®?®3, and novel sens-
ing technologies®. The combination of layers with different functionalities allows devices to op-
erate efficiently at room temperature and to offer superior performance compared to their single-
phase counterparts. This is in turn promotes an area of research that could significantly contribute
to the development of multifunctional materials and devices*":5253%4,

2.8 Material growth techniques

2.8.1 Epitaxial growth modes

Epitaxial growth is a critical technique for thin film production which enables a precise control
of the crystallographic orientation on a large single-crystal surface®. It is also considered to be a
first-order phase transformation where thermodynamics and kinetics plays the main contribution
on the so called growth modes such as Frank-van der Merwe, Stranski-Krastanov (SK) and
Volmer-Weber (VW)%%, One of the essential parameters in the grown film quality is the film
uniformity which could be achieved via Frank-van der Merwe growth mode, known as mono-
layer-by-monolayer mode (2D growth)®. However, VW growth is known as island (3D) growth
which could lead to a significant surface roughness due to island formation. The combination of
both or an intermediate mode is defined as a combination of Frank-van der Merwe and VW
modes®’.

Volmer-Weber (VW) growth: The VW represent the growth mode for which the adatoms have
a stronger affinity to the surface of the agglomerate rather than to the substrate surface. Adatoms
favor to generate clusters and form three-dimensional objects which are called islands at the sub-
strate surface®’. Continuation of the deposition leads to growth of islands in vertical and lateral
directions where adjacent islands are in contact to each other, coalescence occurs to form a thin
film®®. The driving force behind the any growth is to minimize the surface energy of the system.
For VW, both the surface energy and the lattice mismatch between the film and the substrate plays
an important role for the interaction of the adatoms. In terms of the surface energy, VW growth
is favorable when the surface energy of the substrate y, is smaller than the sum of the surface
energy of adatoms y,, and the interface energy between the substrate and the film ygx, (see Figure
2.5) and Equation (2-6)°".

Ysv <Vsr t Vry (2-6)

The minimization of the energy favors the reduction of the surface/interface area between cluster
and vacuum, and between cluster and the substrate which leads to island formation. However,
island formation is associated with higher density of defects, which results in an inhomogeneous
and discontinuous film consists of coalesced islands with a rough film surface®”.
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Frank-van der Merwe growth: The Frank-van der Merwe growth mode occurs when the ada-
toms have a strong affinity to the substrate rather than the surface of the agglomerate which leads
to the formation of a continuous thin film®'. In this mode, the deposited atoms attach to the surface
to form one layer at a time. After completing the first layer, new adatoms attach to form the
subsequent monolayer which continues until the deposition has finished. The driving force behind
Frank-van der Merwe growth is the minimization of interfacial energy between the film and sub-
strate. Frank-van der Merwe growth is favorable when the surface energy of the substrate yg, is
higher and equal to the sum of surface energy of adatoms y,, and the interface energy between
the substrate and the film ygz, see Equation (2-7). This mode is observed when the lattice mis-
match between the film and substrate is relatively small. This is shown in Figure 2.5, Frank-van
der Merwe growth is characterized by good film uniformity which can lead to films with high
quality®®.

Ysv 2 Ysr t+ Vrv (2-7)

Stranski-Krastanov (SK) growth: The SK growth mode is an intermediate case between Frank-
van der Merwe and VW growth modes®. At the first stages of growth, monolayers of the films
are grown in a Frank-van der Merwe manner, but as the film thickness increases, strain begins to
accumulate in the film due to lattice mismatch or due to the surface energy, Equation (2-7). Even-
tually, the strain component becomes too large to form islands as a stress relaxation mechanism®.
SK growth is known to show a balance between interfacial energy minimization and strain relax-
ation, so that the first layers can grow in the Frank-van der Merwe mode until strain component
becomes dominant over the interfacial energy where the thickness exceeds so called critical thick-
ness®’. As it can be seen in Figure 2.5, the lattice mismatch is in the moderate range for SK growth.
Dependent on the resulting film thickness, the morphology consists of the combination of both,
planar and three-dimensional islands®’.
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Figure 2.5: Typical growth modes and growth mode variation depending on the lattice mismatch and the surface en-
ergy®’.
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2.8.2 Growth methods

Understanding and controlling the growth modes is crucial for tailoring thin film properties, in
order to obtain desired film structures for the aimed thin film application. Several epitaxial growth
methods have been developed so far. Each method offers unique advantages for different types
of materials and different types of applications. The deposition process could be divided into three
steps to form any deposit. The first one is synthesis/extracting of a material to be deposited. It
could be made by the ejection of a material from a source or it could be a chemical reaction of the
components of the material which forms from gas or vapor in the chambers:. A second step is the
transport of the material between the source and the substrate, and the third step is the condensa-
tion of the material onto the substrate followed by film nucleation and growth®:. Physical vapor
deposition (PVD) involves the physical principles on ejection and deposition of the material onto
a substrate®?. Transition of the ejected material from the source to the substrate can be caused by
thermal processes (i.e., evaporation), plasma-based processes (i.e., sputtering)®?. An alternative
physical process is featured by the deposition of the solid material onto the substrate and could
occur by a chemical reaction. This procedure is called chemical vapor deposition (CVD)®2. Dif-
ferent types of CVD methods are available which depend on the material and the application
method, such as atomic layer CVD (ALCVD), metal-organic CVD (MOCVD)®,

2.8.3 Physical vapor deposition and pulsed laser deposition

Physical VVapor Deposition (PVD) is a fundamental technique for depositing thin films in materi-
als science. It involves the transfer of material without chemical processes in vapor from a source
to a substrate. When reaching the substrate, the vapor undergoes condensation which results in
the formation of a continuous solid film®’. PVD is a general term that covers a variety of sub-
techniques, each characterized by different physical mechanisms for ejecting and depositing ma-
terial, i.e., sputtering®, evaporation®, electron-beam physical vapor deposition®, thermal laser
epitaxy®’ or pulsed laser deposition (PLD)>"¢568, The most known of these techniques are evapo-
ration and sputtering, which are characterized by their advantages on metallic layer growth with
good control on the film thickness, uniformity, deposition rate and less complexity®®. These at-
tributes particularly make PVD methods suitable for producing specific types of thin films, each
tailored for specific applications, highlighting the versatility and adaptability of PVD in the field
of thin film technology.
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Figure 2.6: (a) A schematic of a commercial PLD chamber™ and (b) schematic representation of the PLD chamber
used in this work. The PLD chamber used in this work differs from the commercial chambers in terms
of the Be-windows, and a sample stage mounted on a hexapod which allows in-situ synchrotron ex-
periments. Additionally, the sample holder and the sample heating process is different due to the in-
situ experiment concerns.

PLD is emerging as a specialized and highly regarded variant of a PVD process which is well-
known for its ability to produce high quality thin films with a particular focus on oxide materi-
als® %871, The operation principle of PLD involves the use of a high-powered laser, in order to
vaporize material from a target’?. Figure 2.6a shows the schematics of a commercial PLD cham-
ber. Figure 2.6b illustrates the schematic of the PLD chamber used in this work. This vaporized
material (called Plume) then propagates, through space to a substrate where it deposits to form a
thin film. PLD is able to maintain the stoichiometry of complex materials, which commonly en-
sures, that the chemical composition of the target material is transferred to the deposited
film®8871 This inherent flexibility of the method in adjusting the film thickness and composition,
makes PLD a unique technique in the production of sophisticated thin films for a wide range of
applications. In particular, PLD is mentioned for its possibility to grow oxide materials, especially
at high temperatures®, i.e., in the range of 1000 °C. Furthermore, it is even more critical when
specific complex oxide films require post-growth annealing, in order to achieve a single crystal-
line thin film with the desired crystal orientation”®", such as BaM and YbFO. The versatility of
the technique allows to introduce modifications, such as doping or changing the stoichiometry.

PLD enables the adjustment of the ambient gas pressure, in order to maintain the stoichiometry
of the deposited material according to the target. The background gas pressure can range from 10
"'mbar (vacuum) to 1 mbar, with the type of gas which depends on the desired material growth.
The ambient gas pressure controls the stoichiometry and growth rate. It can also slow down the
ablated material through collision with ambient gas atoms™. For single film oxides and hetero-
structures, O, is typically used as a background gas’®’”. Furthermore, the growth rate can also be
adjusted by changing the laser pulse frequency, which affects the flux of material which propa-
gates towards the substrate (one monolayer per pulse)’87,

Modulating the laser pulse energy or energy density on the target material through PLD can con-
trol the stoichiometry of the deposited material®®. The adjustment of the laser pulse energy and/or
spot size affects the energy transferred to the target material and the kinetic energies of the ablated
particles®. Another advantage of PLD is the ability to grow multiple materials without breaking
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the vacuum and without the interruption of the growth process. This allows the growth of multi-
layer heterostructures systems in a single run2,

The optimization of growth parameters is crucial for obtaining high-quality films for specific
device applications such as ferroelectric devices and magnetic data storage. Laser pulse energy
(i.e., fluence) and energy density transferred to the target (laser fluence) is critical to overcome
re-sputtering of the ablated particles and the protection of the substrate from damage caused by
the high kinetically energetic particles®®84, The kinetic energies of the particles during deposition
are of great consequence in determining the resulting film structure and thickness. This concept
has been extended to material growth through the introduction of the Structure Zone Diagram
(SzD), which allows for the estimation of the resulting structure and film thickness by considering
the growth temperature and the energies of the plasma particles. The initial simple model was
introduced by Movchan and Demchishin in 1969%° and was subsequently refined by Anders in
2009%, The SZD is for estimating and optimising the growth process of simple structures. How-
ever, its application to more complex structures, such as BaM and YbFO, becomes challenging
due to the multi-ion nature and tricky composition of these materials. Furthermore, it is important
to note that different elements have different energy distributions which depends on their molec-
ular weight. This also affects the stoichiometry of the developing film. However, since the species
of particles with higher kinetic energy compete with the background gas to reach the substrate
surface, the energy of each becomes important. In some cases, the stoichiometry may not be
achieved due to the loss of energy with certain species in the high-pressure background gas®’,
It is well recognized that PLD is a highly versatile and valuable deposition method which offers
large capabilities in the production of cutting-edge materials for science and technologies fields.

2.9 Study of the crystal quality, microstructure,
morphology and stoichiometry

Various methods were utilized, in order to investigate thin film and multiferroic heterostructures
materials in terms of crystal quality, microstructure, morphology and stoichiometry. X-ray dif-
fraction (XRD) is commonly used for structural and crystalline quality analysis, often comple-
mented by transmission electron microscopy (TEM) for detailed examination. Atomic force mi-
croscopy (AFM) and scanning electron microscopy (SEM) are typically used for morphological
studies providing topographical and surface details. X-ray photoelectron spectroscopy (XPS) and
energy-dispersive X-ray spectroscopy (EDX) are essential tools for determining stoichiometry
which provide insights into bonding states and the elemental composition, respectively.

2.9.1 X-ray diffraction

In this study, XRD represent an essential tool in characterizing the crystalline structure of the
PLD-grown thin films and multilayers heterostructures. It provides insights into the film quality
by the determination of defect concentration such as grain boundaries, mosaic boundaries and
mosaic tilt, dislocations and lattice strain8:90:919293949.9.97.98 XR[D patterns offer a fundamental
understanding of the crystallographic structure of the material. Deep and more detailed analysis
could be performed by means of two dimensional 2-D reciprocal space mapping, recorded with
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high-resolution (2D-HR-RSM) by using a well collimated X-ray beam, a single counting detector
with fast read-out in the millisecond range and small pixel size in the micrometer range. These
XRD capabilities can reveal in-depth microstructural details and enables to distinguish between
defects in lateral and vertical growth directions of the film and to detect any structural fluctuation
along the growth direction of the heterostructures as well as in the transverse direction®97:%,

ZdhleinQ =nAl (2'8)

The fundamental part of XRD is based on the Bragg's Law (Equation 2-3)%. It describes the rela-
tion between a diffracted X-ray beam at successive crystal planes with distance dna at an angle 6
and the n-multiple of the X-ray wavelength A. The equation is satisfied if the difference of the
path length of the incident and diffracted beams at successive lattice planes is equal to nsA for
certain angles®. Constructive interference of the x-rays takes place if both sites of Equation (2-8)
are equal. In the equation, n is then an integer and represents the diffraction order. The (h, k, I)
are the miller indices of the crystal planes. A schematic representation of the Bragg diffraction is
shown in Figure 2.7a. Bragg's law allows us to determine the crystal lattice parameters, and the
orientation of the film®967, XRD and Bragg's law are crucial in the study of thin films, i.e., the
crystalline structure and elemental phases of materials. This approach is the key to statistically
identifying materials and gaining a deeper understanding of their properties. Here we distinguish
in the coplanar diffraction between the symmetric X-ray diffraction (SXRD) where the diffracting
crystal planes (0, 0, I) are parallel to the film surface and the asymmetric X-ray diffraction
(ASXRD) which originates from the diffraction planes inclined to the surface with the miller
indices (h, k, I, #0).

2.9.1.1 High-resolution reciprocal space mapping

High-Resolution Reciprocal Space Mapping (HR-RSM) is a sophisticated X-ray diffraction tech-
nique that provides detailed insights into the crystallographic structure of thin films®. HR-RSM
is particularly valuable for understanding the epitaxial relationships and strain states within mul-
tilayered structures®’. Due to the development of the X-ray detection systems (i.e., fast read out,
high counting rate, pixel size), the acquisition of the 2D-(HR-RSMs) are frequently employed in
the X-ray laboratory facilities as well as in the synchrotron facilities. Nevertheless, thanks to
throughput of high photon flux at the synchrotron, the acquisition time for 2D-(HR-RSM) is in
the range of a few minutes. By using a linear detector or 2D-dimensional areas detectors, it is
possible to scan the Ewald sphere in the three dimensions and to produce 3D-(HR-RSMs). Several
structural parameters could be accurately determined from the HR-RSMs after applying the back-
ground correction considering the instrumental function of the setup such as in-plane and out-of-
plane lattice parameters, strain relaxation and lattice mismatches between the film and sub-
strate®97,
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Figure 2.7: (a) Schematics of X-ray diffraction, the illustration shows the incident beam and the reflected beam to-
gether with the representative crystalline structure where Bragg diffraction occurs'®, (b) a representa-
tive section from reciprocal space of a film grown along [001] direction, indicated that accessible and
inaccessible regions in reciprocal space and Ewald’s Sphere!® and (c-e) diffraction geometries of thin
films and corresponding regions indicated in reciprocal space (c) symmetrical XRD (SXRD), (d)
asyymetrical XRD and (e) X-ray reflectivity'®, for detailed view, refer to Figure A-2.

Figure 2.7b shows a segment of the reciprocal space map of a film grown along the [001] direction
which highlights both the accessible and inaccessible reflection regions. It also illustrates the
Ewald's sphere and the diffraction vectors which provides a comprehensive view of the film's
crystallographic structure. Figure 2.7c displays symmetric and asymmetric XRD patterns in co-
planar geometries as well as the X-ray reflectivity (XRR) geometry. The diagram shows the cor-
relation between these patterns and their corresponding regions in the reciprocal space which
provides a visual representation of the various scattering phenomena.

2.9.1.2 Williamson-Hall approach

The Williamson-Hall (W-H) is an analytical approach dedicated for the determination of the film
microstructure. It is based on the mosaic model and assimilates the film as a system composed of
mosaic blocks which have lateral < Ly > and vertical < Ly > mean sizes and are misaligned with
respect to the surface normal with a degree of misorientation. This model can be used, in order to
evaluate the microstructural properties of crystalline materials from the angular and radial broad-
ening of a set of symmetric reflections. By plotting the full width at half maximum (FWHM) of
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the angular and the radial diffraction profiles against the scattering vector, the W-H method allows
for the estimation of the mean crystallite size, mean value of the lattice strain distribution and
mean mosaic tilt®4’. The slope and intercept of the linear plot of radial direction provide insights
into the average vertical mosaic block size and the degree of strain in the material, respectively.
Similarly, the slope and the intercept of the linear plot of the angular broadening provide the
information about the average lateral mosaic block size and the mean mosaic tilt, respectively.
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Figure 2.8: A schematic of the thin films and the representative RSM influence due to the defects originated in the
film structure where () there is no defect in the film and the reflections appear as points, no broaden-
ing, (b) there is mosaic blocks and but no tilt which appears to be the broadening in both RSMs of
SXRD and ASXRD, (c) there is mosaic blocks and mosaic tilt which appears as broadening and tilt of
RSM of ASXRD. (SXRDsand ASXRDs stand for film reflections, SXRDs stands for substrate reflec-
tions), for detailed view, refer to Figure A-3.

Figure 2.8 shows a schematic representation of thin films which compare defect-free structures
with those that exhibit mosaicity as a form of defect. It also demonstrates how these microstruc-
tural variations theoretically appear in reciprocal space maps (RSMs) of symmetric (SXRD) and
asymmetric (ASXRD) X-ray diffraction. The diagram shows that an increase in defect concen-
tration usually results in the broadening of reflections in the corresponding reciprocal direction.
This effectively illustrates the impact of crystal quality on the diffraction pattern.

2.9.2 X-ray reflectometry

X-ray reflectometry (XRR) is a non-destructive analytical technique which is used to characterize
thin films multilayer heterostructuresi®2. It provides insights into the film thickness, density,
roughness, and interfacial quality of the material layers'®. The principle of XRR is based on
measuring the intensity of X-rays reflected from a material as a function of the incident angle. X-
rays undergo a total external reflection when they impinge on a material surface at very low an-
gles?® (i.e. incident angles ranging from 0-3 degrees). As the angle increases, reflectivity sharply
decreases, and this behavior is sensitive to the electron density profile perpendicular to the sur-
face!®, By analyzing the reflected intensity oscillations (Kiessig fringes'®), which result from the
constructive and destructive interference of X-rays reflected from different interfaces, one can
extract information about layer thickness, density variations, and interface roughness®2. The re-
flectivity curve, obtained by recording the intensity of the reflected X-ray beam as a function of
the incident angle, is analyzed to determine the structural parameters of the film. XRR is espe-
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cially useful for analyzing thin films because of its high sensitivity to surface and interface struc-
tural features. It can probe layers with thicknesses ranging from a few to several hundred nanome-
terst®,

2.9.3 Microscopy methods

Microscopy methods offer a window into the microstructure, morphology and surface character-
istics of materials at the microscopic level. These techniques are indispensable in complementing
the information obtained through X-ray diffraction and spectroscopy and provide a more compre-
hensive understanding of the material structure.

2.9.3.1 Transmission electron microscopy

Transmission electron microscopy (TEM) stands as a pivotal technique in the study of thin films
and nanostructures. It provides high-resolution images which allow for the visualization of atomic
arrangements, defects, and interfaces within materials®1%>1%, TEM is particularly useful in elu-
cidating the crystalline structure, phase identification, and defect analysis at the atomic scale'?’.
High resolution TEM gives an image within spatial resolution at the atomic level and contributes
to deeply understand the influence of the microstructural features on the resulting physical prop-
erties?’.

2.9.3.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is an essential tool for examining the surface morphology
and topography of materials®®. SEM utilizes a focused beam of electrons to create high-resolution
images which allow detailed observation of surface features at the nanometer scale!®®. This
method is particularly effective for analyzing the surface roughness, grain size, and texture of thin
films'®1°, SEM images can reveal surface defects, cracks, and the homogeneity of coatings
which delivers vital information for understanding the relationship between surface characteris-
tics and material properties.

2.9.3.3 Atomic force microscopy

Atomic force microscopy (AFM) is a high-resolution imaging technique that maps the surface
topography at the atomic level®. AFM operates by scanning a sharp tip over the sample surface
and measures the forces between the tip and the sample to produce 3D topographical maps®. This
method excels in determining surface roughness, particle size, and material homogeneity®. AFM
is invaluable for studying the nanoscale features of thin films, including surface irregularities!*
and layer thickness''? which significantly contributes to the comprehensive analysis of material
morphology.

2.9.4 Spectroscopy

Spectroscopy techniques are important in analyzing the chemical composition and electronic
structure of materials'*®14, These methods provide insights into elemental distribution*®, bonding
states''6, and the presence of impurities or secondary phases*'” which are crucial for understanding
material properties.
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2.9.4.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique that measures the ele-
mental composition and chemical states of materials up to 10 nm film thickness. XPS analyzes
the energy distribution of electrons ejected from the material surface when irradiated with X-rays
which enables the determination of the chemical environment and oxidation states of elements
within ten nanometers from the film surface.

2.9.4.2 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDX) was often coupled with SEM or TEM in our inves-
tigation for the single and multiferroic heterostructures. It provides elemental analysis and chem-
ical characterization of materials'®. EDX detects X-rays emitted from the sample during electron
beam irradiation allow the determination of the chemical composition along the growth direction
at the cross-section®. This method is essential for the determination of the elemental distribution
and stoichiometry in thin films, multilayer heterostructures®® and nanostructures.

2.10 Characterization of magnetic properties

Characterizing magnetic properties is essential for understanding the behavior of materials in dif-
ferent magnetic states as mentioned before, including paramagnetic, diamagnetic, ferromagnetic,
antiferromagnetic, and ferromagnetic?. It involves examining how materials respond to external
magnetic fields under various conditions such as temperature and field orientation. Magnetic char-
acterization reveals key properties like magnetic susceptibility, coercivity, remanence, and mag-
netic anisotropy?. Insights like magnetic susceptibility, coercivity, remanence, and magnetic an-
isotropy are crucial for applications ranging from data storage to medical imaging and sensor
technologies??019711° In the following, we introduce the different key parameters related to mag-
netic properties of the single layer and heterostructures. For those parameters Vibrating Sample
Magnetometry (VSM), Superconducting Quantum Interference Device (SQUID) magnetometry,
and Magnetic Force Microscopy (MFM) techniques are used in this work.

Different Magnetic States: An in-depth exploration of various magnetic states, such as para-
magnetism, ferromagnetism, ferrimagnetism, and antiferromagnetism, with a focus on their dis-
tinct characteristics and occurrences in different materials.

Curie Temperature T¢: The temperature at which a ferromagnetic material transitions to a par-
amagnetic state which represents thermal stability and phase transitions®.

Exchange Bias (EB): A phenomenon observed in heterostructures composed of ferromagnetic
and antiferromagnetic layers. This effect, characterized by a shift in the hysteresis loop along the
applied field H, is crucial in understanding magnetic interfacial coupling and its applications in
spintronic devices'?%12,
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2.10.1 Vibrating Sample Magnetometry (VSM)

Vibrating sample magnetometry (VSM) is a technique used to measure the magnetic properties
of a material by detecting the voltage induced in pickup coils by a vibrating sample. The sample
is placed in a uniform magnetic field and is mechanically vibrated. The magnetic dipole moments
in the sample generate a time-varying magnetic flux, which induces a voltage in the surrounding
pickup coils. VSM (see Figure 2.9a and 2.9b) is often used to measure the hysteresis loops to
determine coercivity, remanent magnetization, and saturation magnetization, to measure magnetic
anisotropy, domain behaviour, to analyse the magnetic phase transitions and temperature-depend-
ent magnetization.

Sample Holder

(a) ol

A
Vibration
along
z-Axis

Y

Electromagnet

uniform magnetic field

Figure 2.9: (a) Schematic representation of a typical VSM, (b) the VSM device used in this work from Quantum De-
sign (see reference for the specifications)'?2.

It is advantageous because of high sensitivity (lower than E-7 range)*?® and precision, capabilities
to measure wide range of magnetic fields and temperatures, additionally it is non-destructive and
versatile for various sample types. On the other hand, it has some limitations such as, sample
shape and size and limited spatial resolution compared to microscopic techniques. These affect
the quality of the measurement.

2.10.2 Superconducting Quantum Interference Device (SQUID)
Magnetometry

SQUID magnetometry is one of the most sensitive techniques for measuring extremely small
magnetic signals. It operates based on the quantum interference of superconducting loops. A
SQUID consists of two Josephson junctions in a superconducting loop. When a sample is placed
in an external magnetic field, the magnetic flux through the SQUID changes, leading to a change
in the current through the Josephson junctions®?*, This change is detected as a voltage, which is
proportional to the magnetic moment of the sample. SQUID is often used to measure the weak
magnetic signals (lower than E-8 range)'?®, to measure the magnetic properties at low tempera-
tures, and characterizing the superconducting materials and small magnetic particles. It is advan-
tageous due to high sensitivity, high precision, capability to reach higher applied fields and capa-
bilities to operate at very low temperatures (i.e. 2K). On the other hand, it is an expensive method
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and it is a complex setup to set for cryogenic temperatures where the calibration and handling of
the setup must be done carefully.

2.10.3 Magnetic Force Microscopy (MFM)

Magnetic Force Microscopy (MFM) is a type of scanning probe microscopy that maps the mag-
netic forces near the surface of a sample. A sharp magnetic tip scans the surface of the sample,
and the magnetic interactions between the tip and the sample's magnetic domains are detected.
The deflection of the cantilever holding the tip is measured, providing information about the mag-
netic landscape of the sample. The typical applications of the MFM are high-resolution imaging
of magnetic domain structures, study of magnetic materials at the nanoscale and investigation of
magnetic storage media, thin films, and patterned magnetic structures. MFM is advantages such
as high lateral resolution (around 10 nm)!%:127 capable of image the magnetic domains and do-
main walls and it is non-destructive method where the prior sample treatment is not necessary*2,
On the other hand, it is limited to the surface magnetic states, it requires specialized cantilevers
having low lifetime, cantilever calibration is crutial and it is very sensitive to environmental ef-
fects such as vibrations, noise and external electromagnetic fields?°,
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3 Material of interest

Studying multiferroic thin films requires electrodes on both sides of the film, in order to obtain a
contact during multiferroic measurements'*°. To address the conductivity issue, several options
can be considered for the bottom electrode, including using a conductive substrate i.e. SrTiO3
doped with Nb (STO:Nb)!*3 conductive oxides such as LaNiO; (LNO)™°, (La,Sr)CoOs
(LSCO)*21% SrRuO;* or a conductive metal film, e.g., Platinum?*>1%,

A suitable electrode for the multiferroic heterostructure is crucial to carefully select the material
and the appropriate deposition method for obtaining a conductive layer with good adhesion and
high crystalline filling factor beneath the multiferroic structure with high quality and desirable
properties. The epitaxial growth of films requires a low lattice mismatch to promote the desired
metastable phases of the functional layer*®. The desired orientation of the multiferroic layer
should also be supported by the crystal symmetry of the substrate/bottom electrode®®371%, |n
addition, the bottom electrode must be chemically and physically stable to withstand the high
temperature processes which are involved in the growth or in the annealing of multiferroic oxide
films. These processes often occur at elevated temperatures (> 900 °C)106:137.138

Considering the bottom electrode and the following growth sequences, a general roadmap of the
thesis, selected materials and the steps are shown in Figure 1.2, where platinum bottom electrode
to be first optimized and following the optimized material, BaM and YbFO layers will be inves-
tigated to open the pathway for combination of all 3 materials to produce a multiferroic device.

Platinum

As mentioned above, there are several bottom electrode options that could be used which depend
on the specific material and application. Concerning conductive substrates, there has been a sig-
nificant amount of research on oxide conductive layers as well as thin metallic films, including
gold, silver and platinum?39.140.141,142,143

Platinum bottom electrodes offer several advantageous properties that make them suitable for
multiferroic thin film investigations. They can be produced as high-quality single crystalline films
by using PLD* with a preferred orientation of (111) on YSZ(111)** and Al,03(0001) sub-
strates which promotes the formation of desired metastable phases multiferroic materials, i.e., h-
YbFeOs, h-LuFe05!%. Additionally, the lattice mismatch between interplanar spacing of Pt(-110)
planes and the in-plane lattice parameter a, of some thin films becomes smaller in the case of a
platinum interlayer integration into the system compared to the layers grown on the bare sub-
strates'®”. This facilitates epitaxial growth with a preferred orientation of the functional films.

Platinum serves as a dual role when it is used as a bottom electrode. On one hand, it acts as an
effective buffer layer, which improves the overall quality of subsequent layers by reducing the
lattice mismatch between the layer and substrate'®”. On the other hand, platinum functions as a
reliable bottom electrode which is essential for ferroelectric measurements-144,
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The combination of these properties makes platinum a versatile and advantageous element as a
bottom electrode in multiferroic thin film research that facilitates the exploration and understand-
ing of unique multiferroic phenomena. One of the important milestones in the thesis is to find the
most optimum PLD-growth parameter for the Pt bottom electrode for the FM and FM layers.

Barium Hexaferrite BaFe;2019

Barium Hexaferrite (BaM) is a widely recognized hard ferromagnetic material, known for its high
coercivity and excellent chemical stability, which makes it a strong contender for various mag-
netic applications, particularly in high-density magnetic recording media. Its robust magnetic
properties are primarily due to its structure and strong anisotropy. The epitaxial growth of BaM
thin films requires a precise control over the deposition conditions, in order to achieve the desired
crystallographic orientation and magnetic properties. This work focuses also on proposing opti-
mum growth conditions for BaM films to ensure a high-quality crystal structure and superior
magnetic characteristics. The magnetic properties of the films were analyzed in terms of coerciv-
ity, magnetization, and anisotropy. The study focused on understanding the influence of micro-
structural characteristics such as grain size, orientation, and strain on their magnetic behavior.
The integration of BaM as a ferromagnetic layer in multiferroic heterostructures offers new pos-
sibilities for creating advanced magnetoelectric devices. BaM has suitable (i.e. possibility to grow
in c-axis orientation for perpendicular recording medium)°” magnetic properties and is compati-
ble with ferroelectric materials.

h-YbFeOs

YDbFO is a rare-earth orthoferrite material that exhibits multifunctional properties that include
ferroelectricity and antiferromagnetism. It is of particular interest for multiferroic applications
due to its canted antiferromagnetic structure which allows the coexistence of magnetic and elec-
tric orders. The synthesis of high-quality YbFO thin films is crucial for harnessing its multiferroic
potential. This thesis thoroughly investigates the optimization of the PLD epitaxial growth of
YbFO films for proper crystallographic orientation, defect-free crystals and stoichiometry. Spe-
cial attention is paid to interface investigation of YbFO heterostructures, in order to enhance mag-
netoelectric coupling and to achieve functional multiferroic devices. The study examines the mag-
netic and ferroelectric properties of YbFO depending on the PLD growth conditions and how this
could affect the heterostructure design.

Multiferroic heterostructures BaFe1201¢/h-YbFeO3

This thesis focuses on the investigation of BaM and YbFO as integral components of multiferroic
heterostructures with two stacking sequences. The study considers the complex interdependencies
of structural, magnetic, and ferroelectric properties in these advanced material systems. The
knowledge gained from this study shall pave the way for the rational design of next generation
multiferroic devices with optimized performance and novel functionalities.
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3.1 Pulsed laser deposition of investigated materials

The samples were subjected to a three-step-pre-treatment procedure prior to the PLD growth pro-
cess. As first YSZ (111) substrates were cleaned by sonication in three consecutive steps by using
acetone, isopropanol and ultrapure water, 15 minutes each, followed by drying with nitrogen gas.
Secondly, cleaned substrates were annealed in a tube furnace at 1200 °C under air for 2 hours, in
order to improve the surface roughness'#®. As a last step, annealed substrates were re-cleaned by
applying the first step to avoid contamination during annealing. The substrates were measured by
AFM and XRR to confirm their surface roughness and cleanliness. This section will deal with a
detailed listing of the PLD growth conditions which were selected after an iterative to figure out
the most optimum deposition parameters.

Platinum growth

For the platinum growth, the substrates were heated up under vacuum (~1x10~ mbar) by a rate of
25 °C/min. The layers were grown by using an energy per pulse of 60 mJ (12.5 J/cm?), a laser
pulse frequency of 5 Hz and a target to substrate distance of 35 mm. The samples were produced
by varying growth temperatures T4 = 300 °C, 500 °C, 700 °C and 900 °C and by employing 25586,
18900, 19900 and 16470 shots, respectively. The number of shots were calibrated by using the
growth rates from a previous publication, in order to have similar thicknesses of around 100 nm%8.
In order to vary the thickness at the growth temperature T4 = 900 °C the number of shots were
varied by 1647, 4100, 8235, 12350 and 16470 which resulted in thicknesses of around 10 nm, 25
nm, 40 nm, 55 nm and 70 nm, respectively. After the growth the samples were cooled down to
room temperature by a rate of 5 °C/min.

Table 3-1: Sample names and growth parameters used for platinum layers with varied growth temperature, investi-
gated in Chapter 4.

Sample name PtT300 PtT500 PtT700 PtT900
(in Chapter 4)

Growth temperature (Tg) | 300 500 700 900

[°C]

Number of shots (Nsh) 25586 18900 19900 16470
[#]

Chamber pressure Vacuum Vacuum Vacuum Vacuum
[mTorr]

Estimated films thick- 90 88 90 108

ness (Th) [nm]

Laser frequency (F) [Hz] | 5 5 5 5
Energy per pulse [mJ]/ | 60/12.5 60/12.5 60/12.5 60/12.5
Laser fluence [J/cm?]

Target-substrate distance | 35 35 35 35

(TS) [mm]

Applied characterization XRR, TEM, HRXRD, HRTEM/EDX, investigated in Chapter 4
methods
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Table 3-2: Sample names and growth parameters used for platinum layers with different thicknesses, investigated in
Chapter 4.

Sample name Pt_ Thi0nm | Pt_Th25nm | Pt_Th40nm | Pt_Th55nm | Pt_Th70nm
(in Chapter 4)

Growth temper- | 900 900 900 900 900
ature (Tg) [°C]

Number of shots | 1647 4100 8235 12350 16470
(Nsh) [#]

Chamber pres- | Vacuum Vacuum Vacuum Vacuum Vacuum
sure [mTorr]

Film thickness | 13 30 49 63 80

(Th) [nm]

Laser frequency | 5 5 5 5 5

(F) [H7]

Energy per pulse | 60/12.5 60/12.5 60/125 60/125 60/125

[mJ] / Laser flu-
ence [J/cm?]

Target-substrate | 35 35 35 35 35
distance  (TS)
[mm]

Applied charac- | XRR, TEM, HRXRD_RSMs, HRTEM/EDX, investigated in Chapter 4
terization meth-
ods

BaFe12019 growth

The BaM films were grown on Pt templates and YSZ (111) substrate. The Pt films with varying
film thickness, mentioned above, were used as templates for a subsequent BaM film growth. The
samples are heated up to Tq = 900 °C under an O partial pressure of P,, = 400 mTorr with a
heating rate of 25 °C/min. Three BaM samples (BaMPtTh0, BaMPtTh25 and BaMPtTh75) were
produced for which Pt_ThO0 (YSZ (111)), PtTh25 and PtTh75 was used as templates. BaMPtThO,
BaMPtTh25 and BaMPtTh75 were grown by using Ty = 900 °C, Py, = 400 mTorr, pulse energy
75 mJ (5.1 J/cm?), laser pulse frequency 1 Hz, target-to-substrate distance 40 mm and number of
shots 6666sh, 8465sh and 6666sh, respectively. Another sample was grown by varying pulse en-
ergy to 25 mJ (1.5 J/cm?) with the number of shots of 20000 by using the same growth parameters
as the other BaM samples on template Pt_Th75. The number of shots is calibrated to have similar
thicknesses which is obtained by 75 mJ. Grown samples were cooled down to room temperature
under O, partial pressure of 400 mTorr with a cooling rate of 5 °C/min.
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thickness, investigated in Chapter 5.

Table 3-3: Sample names and growth parameters used for BaM layers with varied laser fluence and interface layer Pt

Sample name (in Chapter 5) | BaMPtThO BaMPtTh25 BaMPtTh75
Growth temperature (Tg) [°C] | 900 900 900

Number of shots (Nsh) [#] 6666 8465 6666
Oxygen pressure [mTorr] 400 400 400

BaM Film thickness (Thgaw) | 169 151 163

[nm]

Laser frequency (F) [Hz] 1 1 1

Energy per pulse [mJ] / Laser | 75/5.1 75/5.1 75/5.1
fluence [J/cm?]

Target-substrate distance (TS) | 40 40 40

[mm]

Interface layer type No Pt Pt Pt

Interface layer thickness (They) | O 25 75

[nm]

Pt Interface layer growth condi- Table 3-2

tion

Applied characterization meth- | XRR, TEM, VSM HRXRD_RSMs, HRTEM/EDX, inves-
ods tigated in Chapter 5

Table 3-3: continued.

Sample name (in Chapter 5) BaMF25mJ BaMF75mJ

Growth temperature (Tg) [°C] 900 900

Number of shots (Nsh) [#] 20000 6666

Oxygen pressure [mTorr] 400 400

BaM Film thickness (Th) [nm] 140 140

Laser frequency (F) [Hz] 1 1

Energy per pulse [mJ] / Laser fluence | 25/ 1.5 75/5.1

[J/cm?]

Target-substrate distance (TS) [mm] | 40 40

Interface layer type Pt Pt

Interface layer thickness The: [nm] 75 75

Pt Interface layer growth condition Table 3-2

Applied characterization methods XRR, TEM, VSM HRXRD_ RSMs, HRTEM/EDX,
investigated in Chapter 5.

h-YbFeO; growth

YDbFO films were grown on Pt templates and YSZ (111) substrates. Pt films with varying film
thicknesses (Pt_Th10nm, Pt_Th25nm, Pt_Th40nm, Pt_Th55nm and Pt_Th75nm) and varying

growth temperatures (PtT300, PtT

500, PtT700 and PtT900) were used as templates as well as

YSZ (111) (PtThO) substrates for a subsequent YbFO film growths The growth parameters of h-
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YbFeO; films were not varied, in order to investigate the effect on the YbFO film quality by
means of an interface layer. The templates were heated up to the growth temperature T4 = 900 °C
under 400 mTorr O, partial pressure with a rate of 25 °C/min. The laser pulse energy is adjusted
to 25 mJ per pulse (1.5 J/cm?). The laser frequency is set to 1 Hz and target-to-substrate distance
is fixed to 40 mm. 20000 shots were used to grow YbFO films which possess a thickness of Th =
100 nm. The grown films were cooled down to room temperature under the same partial ambient
pressure Py, = 400 mTorr O, with a cooling rate of 5 °C/min.

Table 3-4: Sample names and growth parameters used for YbFO layers with varied interface layer Pt thickness, in-
vestigated in Chapter 6.

Sample name YbPt Th | YbPt_Th | YbPt Th | YbPt Th | YbPt _Th
(in Chapter 6) Onm 10nm 40nm 55nm 70nm
Growth temperature (Tg) | 900 900 900 900 900

[°C]

Number of shots (Nsh) [#] | 20000 20000 20000 20000 20000
Oxygen pressure [mTorr] 400 400 400 400 400
YbFO Film thickness (Thy. 95 129 126 106 120

bro) [NM]

Laser frequency (F) [Hz] 1 1 1 1 1

Energy per pulse [mJ] / La- | 25/ 1.5 25/15 25/15 25/15 25/15
ser fluence [J/cm?]

Target-substrate  distance | 40 40 40 40 40

(TS) [mm]

Interface layer type No Pt Pt Pt Pt Pt
Interface layer thickness | 0 10 40 55 70

(Ther) [nm]

Pt Interface layer growth | NA Table 3-2

condition

Applied  characterization | XRR, TEM, SQUID, HRXRD_RSMs, HRTEM/EDX, inves-
methods tigated in Chapter 6

Multiferroic heterostructures BaFe;,019 /h-YbFeO3

BaM and YbFO were grown sequentially on YSZ111 substrates by using two stacking sequences
named M1 (BaFe12019/h-YbFeO3/YSZ111) and M2 (h-YbFeOs/BaFe12019/YSZ111), in order to
design multiferroic heterostructures. The PLD growth conditions applied for M1 and M2 are sum-
marised in the table below.

Prior to any characterization, structure and property investigations involved in the thesis, for all
samples, which are listed in Table 3-1, 3-2, 3-3, 3-4 and 3-5, the surfaces were sequentially
cleaned by sonication in acetone, isopropanol and ultrapure water, 5 min each. After ultrapure
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water sonication the sample surface was dried with nitrogen gas. This procedure was conducted
before the MFM measurements, in order to avoid the destruction of the remanent magnetic do-
main structure of the sample.

Table 3-5: Sample names and growth parameters used for multiferroic heterostructures with alternated stacking se-
quence, investigated in Chapter 7.

Sample name M1 M2

(in Chapter 7) (BaFe1201o/ YbFeO3s/YSZ111) | (YbFeOs/BaFe2014/YSZ111)
Growth temperature (Tg) | 900 900

[°C]

Number of shots BaM | 10000 10000

(Nsh) [#]

Number of shots YbFO | 10000 10000

(Nsh) [#]

Oxygen pressure [mTorr] | 400 mTorr for BaM and YbFO | 400 mTorr or BaM and YbFO
Target-substrate distance | 40 mm for BaM and YbFO 40 mm or BaM and YbFO
(TS) [mm]

Laser frequency (F) [Hz] | 1 Hz for BaM and YbFO 1 Hz for BaM and YbFO
Energy per pulse [mJ] /| 25 mJ (1.5 J/cm?) 25 mJ (1.5 Jlcm?)

Laser fluence [J/cm?] for BaM and YbFO for BaM and YbFO

Interface layer type No No

Applied characterization XRR, HRXRD_RSMs, TEM, HRTEM/EDX, investigated in
methods Chapter 7

3.2 Description of applied characterization
techniques

The goal on this section is to present all technical details for the applied characterizations methods
which include the specifications of the device resolutions, type of the detection systems, sample
and geometrical configurations which were utilized in the different studies organized in the dif-
ferent chapters. This part summarizes the experimental section of the whole work.

3.2.1 X-ray reflectivity measurements

X-ray reflectivity measurements were systematically applied for all the samples listed in the Table
3-1, 3-2, 3-3, 3-4 and 3-5. They were recorded at room temperature in air by using the X-ray
diffractometer Rigaku SmartLab with a rotating anode for a monochromatic beam of wavelength
of Acy,, = 1.5419 A. The beam width was set to 3 mm by a horizontal slit and was set to 0.05
mm by a slit in the vertical direction. The data were collected over a range of angles from 0.0° to
6.0° with a step size of 0.01° and an exposure time of 1.5 sec/step.

35



Chapter 3:Material of interest

The data analysis was carried out by using the Bruker Leptos 7 software package. The thickness,
roughness and the density of the films as well as the interface properties between the layers were
calculated by utilizing the fitting model provided by the software, which assumes a multilayer
structure. The quality of the fits was assessed by the reduced chi-squared statistic.

3.2.2 High-resolution X-ray diffracton reciprocal space mapping

High-resolution X-ray diffraction reciprocal space mapping (HRXRD_RSM) was performed at
the NANO beamline at the synchrotron facility KARA Karlsruhe Germany by using a well colli-
mated and monochromatic beam with an energy of 15 keV. The utilized experiment set-up for the
thesis was formerly described in detail by Bauer et al.*® It includes a heavy-duty diffractometer
with eight degrees of freedom for the sample motions and two for one detector arm motion. This
diffractometer can be coupled with the in-situ PLD chamber to follow the evolution of the struc-
ture during the growth. The experimental setup can be seen in Figure 3.1.

For the different layers Pt, BaM and YbFO which belong to the samples listed in Table 3-1, 3-2,
3-3, 3-4 and 3-5, all the coplanar symmetric and asymmetric reflection orders were recorded by
rocking the sample around the Bragg angle. For this measurement a linear Mythen detector was
positioned at the Bragg angles which corresponded to the different reflections. An X-ray energy
of 15 keV and a distance of 1114 mm from the sample-detector was adjusted, in order to define
an angular resolution of 0.0027 degree per channel.

For the Pt film the HRXRD_RSMs of the Pt111, Pt222 and Pt333 reflections were measured.
While for the BaM layer, the HRXRD_RSMs of the (004), (006), (008), (0010), (0012), (0014),
(0016), (0022), (0024)) symmetric reflections and two asymmetric reflections (i.e. (-2022) and (-
2024)) were recorded in same manner. Finally, the HRXRD_RSMs of YbFO004, YbFOO006,
YbFOO008 symmetric reflections and YbFO108 asymmetric reflection were measured. Further-
more, the HRXRD_RSMs of the YSZ substrates YSZ111, YSZ222 and YSZ333 were also meas-
ured as references and for the determination of the lattice parameters of the films with respect to
the substrate.

Mythen detector
GID configuration

Figure 3.1: (a) 3D schematic and (b) the images of the diffractometer and the PLD setup placed in NANO beamline
in KARA light source in KIT Karlsruhe.

A common data analysis procedure, including background subtraction, was applied on the differ-
ent HRXRD_RSMs which corresponded to the different reflections order of the different Pt, BaM
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and YbFO layers. Additionally, the complete diffraction curves of the samples were recorded by
moving the sample and the detector in the theta-2theta configuration, simultaneously. All the dif-
fraction profiles were fitted with the pseudo-Voigt function by using the Origin software package
which provided R-square values of 0.99 in comparison with the Gaussian and Lorentz fit func-
tions for which the R-square values were lower. The peak positions determined from symmetric,
asymmetric reflections were utilized to derive the out-of-plane and in-plane lattice parameters
and the lattice mismatches between the YSZ(111) substrate and the Pt interface layer and between
the BaM layer and the Pt. The variation of the FWHMang (resp. FWHMag) as function of the
reflection order (00I) is equivalent to the Williamson-Hall (WH) plot!*’. It enables the separate
determination of the lateral coherent block size Ly (resp. vertical coherent block size L) from the
intercept Yo at zero coordinate and the misorientation A (resp. the strain fluctuation ) from the
slope of the WH plots. In addition, the Pt, BaM and YbFO mosaicity in the differently grown
samples were characterized by deriving the angular as well as the radial diffraction profiles of the
corresponding symmetric reflections. As a result, the misorientation apt and the mean values of
the out-of-plane strain distribution <ep,;> of the Pt, BaM and YbFO layers were determined.

3.2.3 Scanning electron microscopy and energy-dispersive X-ray
spectroscopy (SEM)

The surface topography and the chemical composition of samples listed in Table 3-1 and 3-2
investigated in Chapter 4. In chapter 4, the samples were characterized by SEM combined with
energy-dispersive X-ray spectroscopy (EDXS) by using a FEI Dual beam Helios G4 FX micro-
scope. For secondary electron (SE) imaging of the sample surface, the microscope was operated
at 10 kV accelerating voltage in the so-called field-free mode with a beam current of approxi-
mately 25 pA. The Everhart-Thornley detector (ETD) was used for image recording.

Chemical analyses were performed by EDXS at a primary electron energy of 20 keV and a beam
current of 0.4 nA by applying a Bruker system of the type QUANTAX 400 with a silicon-drift
detector (SDD) XFlash 6. In particular, the two-dimensional distribution of the elements Pt, Al,
and O was imaged via EDXS mapping, where the acquisition time per map was about 5 min. For
mapping and data processing the software ESPRIT 2.1 (Bruker) was used.

3.2.4 Transmission electron microscopy and energy-dispersive
X-ray spectroscopy (TEM)

Structural properties and the chemical composition of the samples listed in Table 3-1, 3-2, 3-3, 3-
4 and 3-5 were studied by conventional TEM, HRTEM and scanning TEM combined with EDXS.
For this purpose, electron-transparent cross-section specimens were prepared by focused ion
beam (FIB) milling by using a Helios NanoLab G4 FX dual-beam instrument (Thermo Fisher
Scientific). Before the FIB preparation of the TEM lamellas a thin metal layer of gold or silver
was sputtered onto the sample surface by means of a Leica sputter coater, in order to protect the
BaM films from ion-beam damage. After that, as usual for FIB preparation, an additional Pt/C
protection layer was deposited on top of this metal layer. Coarse FIB milling was carried out with
Ga*-ions at an accelerating voltage of 30 kV, whereas for a final sample surface polishing (ca.
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5000 scans at each side) 5 kV accelerating voltage with approximately 70 pA ion current was
used.

TEM investigations of the BaM films were carried out on two different transmission electron
microscopes which possess a thermally assisted field emission cathode (Schottky emitter). In
more detail, an aberration-corrected FEI Titan3 80-300 microscope was used for conventional
TEM and HRTEM imaging, in order to investigate the general layer properties (e.g., layer thick-
ness, crystal structure) as well as for determining specific microstructural phenomena (Pt/BaM
interface, crystal defects). Due to the spherical-aberration corrector in the imaging system of the
Titan microscope a point resolution of 0.08 nm can be achieved in HRTEM. For image recording,
the microscope is equipped with a 4k x 4k CMQOS camera of the F436 type (TVIPS). Selected-
area electron diffraction (SAED) was used to determine the crystal orientation of the BaM and Pt
interface layers. Microchemical EDXS analyses were carried out by using a 200 kv microscope
of the FEI Tecnai Osiris type. This microscope is equipped with a Super-X EDXS detector (FEI)
which combines four silicon drift detectors (SDD). X-ray maps were recorded in the STEM mode
via the so-called HyperMap mode offered by the ESPRIT software (Bruker). Typical measure-
ment times were in the range from 60 to 90 min, where a possible drift of the sample was auto-
matically corrected by cross-correlation of the corresponding reference images. STEM images
were taken by means of a high-angle annular dark-field (HAADF) detector for which the image
brightness is a function of the mean atomic number. For combined STEM/EDXS analyses, the
lateral resolution amounted to approximately 1 nm in accordance with spot size no. 6 and the use
of a condenser aperture of 100 um in diameter. By employing the ESPRIT 2.3 software, the raw-
data X-ray maps were quantified by using the thin-film approximation after Cliff-Lorimer'“¢, in
order to obtain the element-concentration maps and the corresponding line profiles.

3.2.5 Atomic force microscopy and magnetic force microscopy

AFM topography measurements in (Chapters 4, 5, 6 and 7) were carried out by using a Dimension
Icon AFM (Veeco Inc, USA) in the tapping mode. As a probe, OPUS HQ:NSC15/Al BS cantile-
vers (NanoAndMore, Wetzlar, Germany) with a force constant of 40 N/m and a resonance fre-
guency of 325 kHz were used. Images were collected by using a scan rate of 0.5 Hz/line. The
AFM topography and MFM images were collected for BaMPtThO, BaMPtTh25 and BaMPtTh75
(Chapter 4 and 6) on a Dimension lcon AFM (Veeco Inc, USA) in the tapping mode and lift mode
at room temperature without an external magnetic field, respectively. As a probe, Bruker’s MESP-
HM-V2 cantilevers (Bruker, Karlsruhe, Germany) with a force constant of 3.0 N/m, a resonance
frequency of 75 kHz and 80 nm tip radius were used for recording the AFM and MFM images. 5
x 5 um? images were collected by using the scan rate 0.5 Hz/line. For the MFM images, a lift
height of 50 nm was utilized to identify the magnetic interaction of the sample with the cantilever.
The AFM and MFM images were analyzed with the NanoScope software package (Bruker, Karls-
ruhe, Germany). The particle size analysis on the AFM images were carried out by modulating
the color scale in black-and-white to visualize the border areas of the particles. 3D topography
images were generated by using height sensor data. The samples were magnetized in the VSM
instrument by applying an external magnetic field of 3 Tesla along the c-axis of the film prior to
MFM measurements.
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3.2.6 X-ray protoelectron spectroscopy

XPS measurements were performed at the IPS UHV analysis laboratory by using a Phoibos 150
analyser and a not monochromated XR-50 Mg K, X-ray source from SPECS. The angle between
the analyser and the X-ray source was fixed to 45°. The pressure inside the analysis chamber was
about 3 x 10" mbar. All measurements were carried out at room temperature with the pass energy
of 20 eV and an energy step of 0.05 eV. The deconvolution of the peaks was performed through
the Fityk software and by using Voigt profiles and by applying a linear background. This linear
background is more suited to the BaM films as insulating materials rather than the Shirley back-
ground which is more adapted to the case of metallic layers, as it has been reported in the CasaXPS
manual'*®*1%, The binding energy was calibrated by using the Au 4f7, (84.00 eV) photoemission
line of a corresponding reference material*>!. Due to the charging effect, the adventitious C 1s
(284.5 eV) was acquired as an additional calibration of the binding energy. The fitting process for
all components which corresponds to the different chemical elements like Ba, Fe, and O was
carried out by constraining the FWHM to a constant value.

3.2.7 Vibrating sample magnetometry

The magnetic in-plane (IP) and out-of-plane (OOP) magnetization loops shown in Chapter 5 and
7 were measured by using a VersalLab vibrating sample magnetometer from Quantum design with
a magnetic field up to 2 Tesla. The measurements were performed for different temperatures from
50 K to the room temperature. From the magnetization loops, the saturation magnetization Ms,
the remanent magnetization Mr, the perpendicular and parallel squareness’s S; =M,/ Ms, and Sy
= Mu 1 Mgy, the out-of-plane and in-plane coercivity fields Hc, and Hey, the coercivities ratio Hey /
Hc. and the anisotropy fields H. were derived. Additionally, the Curie temperature, ZFC and FC
measurements were conducted with the VSM as well. The details are described in the next chap-
ters.
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4 Comparison of the structure and
morphology of Pt grown on YSZ
(111) as a function of the film
thickness and growth
temperature in the as-grown and
in the encapsulated states

4.1 Introduction

This chapter aims at the optimization of the platinum (Pt) bottom electrode deposited by PLD. It
sustains dewetting which occurs during the subsequent high-temperature layer growth. The focus
is to achieve a Pt electrode grown on a YSZ(111) substrate with good chemical stability, sufficient
conductivity, and an appropriate lattice misfit with the subsequent layers. This will help to prevent
chemical interdiffusion of the oxide layers into the substrate.

Bauer et al. previous study® examined the in-situ growth of platinum layers on Al.Oj3 substrates
by PLD for different film thicknesses and growth temperatures, in order to obtain the optimum Pt
thickness and process temperature for a bottom electrode usable for multiferroic systems. The
fabrication of magneto-electric heterostructures requires a stable and reliable bottom electrode
capable to withstand high temperature growth conditions which exceed 900 °C7880106.152 pt g the
material of choice due to its high melting point, resistance to harsh environments, low electrical
resistivity and proven performance in ferroelectric devices®31°4155:156.157 ‘However, imperfections
such as pores or pinholes can significantly degrade the electrical properties of the heterostruc-
ture4. One of the challenges during the Pt film deposition is the formation of hillocks, especially
for ferroelectrics™®®. These formations, often a consequence of residual strain and heat treatment,
can occur during the deposition, the subsequent deposition (subsequent deposition will be also
called encapsulation thereon) or the annealing process!®9160.161.162,163,164,165.166 The sjze and density
of these hillocks are closely related to the deposition temperature which affects the internal
stresses within the film growth¢21¢3, Hillocks show a short circuit hazard by potentially bridging
the top and bottom electrodes®®.

Furthermore, the agglomeration process of Pt films is subject to various mechanisms which in-
clude capillary and fractal agglomeration influenced by the metal type®®’. Previous studies have
highlighted the dual dependence of the film thickness and growth temperature on the hillock for-
mation and dewetting phenomena®*®1¢%1¢7 Therefore, the determination of the optimum growth
temperature is critical, especially if the film thickness variation in subsequent steps is considered.
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Efforts to reduce the film dewetting often involve the use of adhesion layers such as Ta, Ti or Zr,
in order to improve the adhesion of Pt to oxide substrates'®®. In addition, the choice of the substrate
for Pt deposition (i.e. Al,0580152165 Gj(Q,159.160161.162.163 g Y SZ7164.166.167) plays a key role in the
film morphology and hillock formation due to the different lattice mismatch and coefficients of
thermal expansion. With the best to our knowledge, detailed studies on the morphological changes
of Pt electrodes in an encapsulated state (i.e., sandwiched between the substrate and the over-
grown film) remain limited.

The study addresses this gap by employing a comprehensive set of techniques which include high-
resolution transmission electron microscopy (HRTEM), atomic force microscopy (AFM), energy
dispersive X-ray spectroscopy (EDX), scanning electron (SE) and high-resolution X-ray diffrac-
tion (HRXRD). Together, these techniques allow an in-depth study of the morphology and mi-
crostructure of Pt films with different thicknesses, both in the as grown and encapsulated states.

4.2 Experimental procedures

The Pt films were deposited on yttria-stabilized zirconia YSZ with (111) orientation after heating
the substrate to Tg = 900 °C by using different number of shots 1647, 4100, 8235, 12350 and
16470 with the laser frequency of 5 Hz and energy pulse of 60 mJ (i.e., laser fluence 16 J/cm?).
Prior to the growth, the different substrates were cleaned by isopropanol and then annealed in the
furnace for 2 hours at a temperature of 1200 °C, in order to attain low roughness and a good
terrace morphology. The target had a distance of 35 mm from the substrate. The Pt films in the
as-grown state are named in the manuscript as follow: Pt_ Th10nm, Pt_Th25nm, Pt _Th40nm,
Pt_Th55nm and Pt_Th70nm. The samples were slowly cooled down with 5 °C/min from T4 =900
°C to room temperature RT. The substrate used for the Pt growth was 8 mm x 8 mm. We could
divide the Pt grown film into the three pieces for three different treatments leading to three dif-
ferent states: as grown, encapsulated and as annealed+uncapped (not shown in this work). In one
of the pieces with sizes a of 4 mm x 8 mm, ferroelectric (FE) YbFO layers or ferromagnetic (FM)
layers BaM were grown on the different Pt bottom electrodes. For this purpose, the template
(Pt/YSZ) was heated from RT to Ty = 900°C with a heating rate of 25 °C/min. The growth of the
subsequent YbFO layers was carried out in an oxygen atmosphere with a pressure of 400 mTorr
and with a laser frequency of 1 Hz. The deposition time was about 5 hours. The Pt layer were
encapsulated between the YSZ and the FE or FM layer systems. The samples are labeled Enc
Pt_Th10nm, Enc Pt_Th25nm, Enc Pt_Th40nm, Enc Pt_Th55nm and Enc Pt_Th70nm. Another
set of Pt films were grown at different growth temperatures Ty = 300, 500, 700 and 900 °C, and
are labeled PtT300, PtT500, PtT700 and PtT900. Since the growth rate depends on Tg, the number
of shots was rescaled to obtain Pt films with comparable thicknesses in the range of 90 to 110 nm.
The analysis of the AFM images was performed by using the NanoScope software package
(Bruker, Karlsruhe, Germany). All the derived topographical parameters are summarized in Table
4-1.

The surface topography and the chemical composition of these nine Pt layers were characterized
by SEM combined with energy-dispersive X-ray spectroscopy (EDXS) by using an FEI Dual
beam Helios G4 FX microscope. The TEM investigations of the four films Pt_Th40nm,
Pt_Th55nm in the as grown state, Enc Pt_Th40nm and Enc Pt_Th55nm were carried out on two
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different transmission electron microscopes which possess a thermally assisted field emission
cathode (Schottky emitter).

4.3 Morphology and structure dependency on the
growth temperature

In order to determine the optimum growth temperature for the Pt bottom electrodes on YSZ (111),
the Pt films were grown at different temperatures. This step is critical for the subsequent produc-
tion of the bottom electrode because of its effect on the stability of the platinum films under harsh,
high temperature conditions and O partial pressure during the subsequent layers growth. In this
context, we set the conditions at Py, = 400 mTorr and Tq = 900 °C. At this point, the aim is to
assess whether the Pt layers grown at different temperatures showed the same stability and ro-
bustness during post-growth annealing. For this purpose, the Pt growth temperatures were varied
over a range from 300 °C to 900 °C. Figure 4.1 shows angular and radial sections of the Pt222
and Pt333 reflections for both as-grown and encapsulated Pt layers. In the as-grown state, the
curves show significant differences between samples PtT300 and PtT900 grown at 300 °C and
900 °C, respectively. The sample PtT900 in the as-grown has a better crystal quality which makes
it more suitable for the growth of metastable films. However, the curves also show that encapsu-
lation by a capping layer growth reduces broadening. In particular, Figure 4.1c, 4.1d. 4.1h and
4.1i compare PtT900 and Enc PtT900 by the angular and radial intensity profiles, respectively.
(similarly Figure 4.1a, 4.1b. 4.1f, 4.1g compare for PtT300 and Enc PtT300 by the angular inten-
sity and radial intensity profiles). Comparisons of broadening along radial and angular for as-
grown and encapsulated states showed that the film grown at Ty = 900 °C shows less modification
through the encapsulation, T4 = 300 °C shows the most (T4 = 500 °C and T4 = 700 °C data are not
shown here).
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Figure 4.1: (a-d) Angular and (f-i) radial intensity profiles of Pt222 and Pt333 reflections of PtT300, Enc_PtT300,
PtT900 and Enc PtT900 films, respectively. (¢) Angular (j) radial broadening (FWHMang, FHWMraq)
values of as-grown and encapsulated films grown at Tq = 300, 500, 700 and 900 °C. For magnified
version refer to Figure A-4.

Figure 4.1e and Figure 4.1j shows the angular FWHMang and radial FWHM ;.4 broadenings of the
Pt333 reflections for as grown and encapsulated Pt films at different temperatures. Both FWHMang
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and FWHM;.q values were obtained by fitting the diffractions profiles by using Pseudo-Voigt
function. As the growth temperature T4 increases, FWHMayg follows a decreasing trend, which
suggests an improvement of the crystal quality in terms of a defect density reduction. On the other
hand, the difference between the broadening of as grown and encapsulated systems becomes small
as Ty increases. This means that the structural modification is very small for Pt films grown at
high temperatures. This suggests that the structural modification of PtT300 by encapsulation is
severe compared to PtT900 which does not undergo critical structural modification through en-
capsulation. The control of modification by subsequent layer growth is critical to ensure the qual-
ity of the capping layer (i.e. FE or FM). This is particularly important for a ferroelectric capping
layer which requires a high-quality crystalline film with a specific crystal orientation, essential
for ferroelectricity.

The FWHMang Values are used, in order to investigate the mosaicity of the films for as-grown and
encapsulated Pt films. Figure 4.2a and 4.2b show a schematic representation of mosaic blocks in
a thin film with their surface normal and a Pt111 reflection together with a dashed white line
which indicates the angular direction.

0.08
(©)  [pt111 —— PtT300 (@ o PtT300 .
- Enc PtT300 _ A PtT500 e
5 006 = PtT700 -
S e + PtT900 _ .
> 50.04 | e =
2 =50.04 - -
2 =
£ o 0.02- -7 ’,’ -
4
Lo 2 e
: . . 0.00fF ~ . . .
-0.10 -0.05 0.00 0.05 0.10 0 1 2 3
Q,,, [A1] Reflection order
(e) 998 o300 - (f) = PtT900 (@)% 98 —s— AsGrown
. = Enc PtT300 - . 0.03- = Enc PtT900 a %’, —e— Encapsulated
< 0.06 - 3 . 3
<, - < < S 06
= = 5 .2 .
= =0.02134_ - 5 0.02 _ a - 3
s oo a s = u-o.ootisf//, 5 .
= & u 2 w7 7o =0.00847 E o4
L o002l - e 001 o 5
L7 _-w =" a=0.0067 i ] o—*
E e 2 —
0.00 : : : 0.00 : : . Eool
0 1 2 3 0 1 2 3 300 400 500 600 700 800 900
Reflection order Reflection order Growth temperature, T, [°C]

Figure 4.2: (a) A schematic representation of mosaic blocks in a thin film,(b) an examplary Pt111 reflection (in this
case for the sample PtT900) and the dashed line shows the angular direction, (c) normalized Pt111
angular intensity profiles of the PtT300 and Enc PtT300, WH-plots of the (d) angular broadenigns of
as-grown Pt films, (d) angular WH plot comparison of PtT300 and Enc PtT300, (e) angular WH plot
comparison of PtT900 and Enc PtT900. (g) Misorientation comparison of as-grown and encapsulated
films.

Figure 4.2c exemlarily shows angular intensity Pt111 profile for the as-grown PtT300 and encap-
sulated Enc_PtT300 films, where the FWHMang is marked with a green line, and the difference
between as-grown and encapsulated film which are different in their crystal quality. Figure 4.2d
shows the angular WH-Plots for the as-grown PtT300, PtT500, PtT700 and PtT900 films where
the FWHMang is the least for PtT900. Figure 4.2e and 4.2f show the WH plots for as-grown and
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encapsulated films grown at Tg = 300 °C and at 900 °C, respectively. It demonstrates that using
Tg=900 °C is well suited for the PLD growth of Pt films grown on YSZ (111) substrates for
bottom electrode application due to shown less structural modification through encapsulation.
The degree of misorientation decreases from « = 0.021 to « = 0.006 as Ty increases from 300 °C
to 900 °C. The latter was found to be less affected by the subsequent growth procedure (Figure
4.21). In Figure 4.3a and 4.3b, the phi scans of the asymmetric Pt331 reflections of the samples
produced at T4 = 300 °C and T4 = 900 °C. Here, the as-grown and encapsulated films were com-
pared. PtT300 shows the 6-fold symmetry. On the other hand, PtT900 shows poor 6-fold sym-
metry and a better crystal quality. Comparisons through the encapsulation reveals that the PtT300
cannot withstand to the encapsulation whereafter 6-fold symmetry is being broken. In the case of
PtT900 and Enc PtT900, the film keeps it stability through 5.5 hours of subsequnt growth at Tq =
900 °C and under Py, =400 mTorr. Consequently, the PtT900 sample has a stable crystal structure

as well as a low degree of misorientation and can be considered as a promising interface layer for
the PLD growth of subsequent heterostructures. Despite the 6-fold crystal symmetry found for
PtT300 and the relatively small roughness, the degree of misorientation and defect concentration
was relatively high for the growth of a single crystalline capping layer. Additionally, the rough-
ness of PtT900, which are obtained by the AFM images shown in Figure 4.4 (a-h), is also the
lowest of all growth temperatures experimented in this work.

AFM images show that the PtT300 exhibits island morphology (Figure 4.4) which correlate with
the higher degree of misorientation. Increasing the growth temperature into Ty = 500 °C, increases
the island sizes and it continues as the temperature was increased to Ty= 700 °C (Figure 4.4b,
4.4f, 4.4c and 4.49g). The morphology of PtT900 is hillocks-free and displays a flat surface with a
smaller height variation in comparison with PtT700 which has the hillocks-like height variation.
It is worthwile to point out that flatness is important to avoid the formation of out-of-phase bound-
ary (OOB) in the capping layer.

The resulting morphology could also be correlated and understood better by SZD. In the absence
of specific data on the energy of platinum atoms in the literature, it was necessary to estimate this
parameter during the deposition process. A comparable experimental configuration was employed
in a preceding investigation, wherein the energy of Ni atoms during the growth of NiO by PLD
was quantified. A laser fluence of 5 J/cm?2 in a vacuum environment was found to result in an
energy of approximately 25 eV for Ni ions'®®. Given that the laser pulse energy density used for
platinum in this study is approximately 16 J/cm?, it can be assumed that the energy of Pt atoms
may exceed 75 eV. By referring to the Anders structure zone diagram (Figure A-5) and the ho-
mologous temperature (Ty) listed in Table A-1, one can ascertain the growth regime of platinum.
In particular, the growth of platinum at 700 °C and 900 °C is likely to occur within the region of
low-temperature, low-energy ion-assisted epitaxial growth. Conversely, growth at 300 °C and
500 °C is expected to fall within the boundaries of zone 1 to zone T, and zone T, respectively.
Which explains the morphological variation from 300 °C to 900 °C.
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Figure 4.3: Azimuthal scan as function of the phi angle (i.e., rotation around the surface normal) for the asymmetric
reflection Pt331 corresponding to the samples (a) PtT300 and Enc PtT300 and (b) PtT900 and Enc
PtT900.

In order to explore the morphological changes during the subsequent growth, four segments of
the Pt samples (PtT300, PtT500, PtT700 and PtT900) were annealed at Ty = 900 °C under oxygen
partial pressure of 400 mTorr for a duration of five hours and 30 min, similarly to the growth
conditions applied to the capping layer.

Figure 4.4 (i-1) shows SE_45° images (secondary electron SEM images with a 45° tilt) of the
annealed Pt films, hereafter referred to AnnPtT300, AnnPtT500, AnnPtT700 and AnnPtT900. For
all films, dewetting of the Pt films was observed at different locations on the film surfaces. The
detached Pt films are indicated by yellow arrows in the SE_45° images, where the black contrast
represents the substrate, and the grey contrast corresponds to the remaining Pt film on the sub-
strate. Notably, AnnPtT300 showed severe delamination (Figure 4.4i), which was less pro-
nounced in AnnPtT500 (Figure 4.4j). A qualitative comparison of the extent of delamination re-
vealed that AnnPtT700 and AnnPtT900 did not show significant differences, whereas AnnPtT300
showed numerous and large areas of delamination. It was observed that there were grooves in the
Pt film for AnnPtT300, AnnPtT700 and AnnPtT900, indicating that Pt atoms migrated or de-
tached from the surface. This implies that film delamination or shrinkage occurred continuously
during annealing.

For a better understanding of Pt delamination during the films grown at different temperatures,
we considered the thermal strain that occurs as the films cool down from the growth temperature
to room temperature. This is calculated by means of the thermal expansion coefficient of Pt,
Atnermpt = 8.9 x107¢/°C (between 0 — 40 °C)'® and YSZ, apermysz = 10.5x107¢/

°C170 and by using the Equation (4-1)*"* for the following expression

ETherm — (atherm,Pt - atherm,YSZ) * AT (4'1)

for which emerm is the film strain while changing the temperature according to 4T.
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T, =300 °C T, =500 °C

Figure 4.4: (a-d) AFM topograph images of the platinum films grown on YSZ (111) substrates at temperature Tg =
300 °C, 500 °C, 700 °C and 900 °C, respectively. (e-f) 3D AFM representation of the same regions
which are shown in (a-d). (i-1) SE_45° images which are collected after an annealing procedure is ap-
plied at Tann = 900 °C, Py, = 400 mTorr for 333 minutes.

The thermal strain increases with Ty (see Figure 4.5) where PtT900 experiences the highest ther-
mal compressive strain emerm = - 0.00242 at room temperature. During the annealing process the
films are subjected to thermal cycling between 900 °C and room temperature. AnnPtT900 is likely
to withstand this thermal cycling. Raising the temperature again for subsequent growth (to Ty =
900 °C) does not cause any additional stress in the film that could exceed it the thermal stress
experienced during the growth. Conversely, AnnPtT300 experiences significantly higher strain
along the film during annealing (or similarly subsequent layer growth), despite having lower
strain in the as-grown layer.
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Figure 4.5: Calculated thermal strain of Pt films experienced at room temperature grown at different temperatures.
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4.4 Morphology and degree of coverage

Figure 4.6 (b1-f1) show AFM micrographs of the Pt films grown at T4 = 900 °C with different
thicknesses, 10 nm, 25 nm, 40 nm, 55 nm, and 70 nm, respectively. The samples are named
Pt_Th10nm, Pt_Th25nm, Pt_Th40nm, Pt_Th55nm and Pt_Th70nm. Figure 4.6al shows the
YSZ(111) substrate prior to the growth with the terrace structure after the heat treatment men-
tioned in experimental section. In Figure 4.6b1, Pt_Th10nm shows a 3D island morphology where
the mean island size (width) is 47 nm (in Table 4-1). It should be mentioned that the mechanisms
such as nucleation, coalescence and elongation transition are in competition during the deposition
process®. As the new adatoms arrive at the surface, they contribute to island growth at a first
stages (Th < 10 nm). A high growth temperature, T4 = 900 °C, leads to a higher diffusion rate
which allows the adatoms to migrate into the existing islands rather than nucleating new ones.
Therefore, high growth temperatures would favor the elongation of the existing islands in expense
of generating new nuclei. This result was previously revealed by Bauer et al.®® Further deposition
up to Thet = 25 nm leads to the enlargement of the islands and coalescence of islands at the critical
thickness and form elongated chains (channel-like structure in Figure 4.6¢c1). For Pt_Th25nm, the
channels width varies in between 41 nm and 141 nm (by AFM) and between 28 nm at a thickness
of 25 nm, and the hole sizes (Pt-free regions) appeared to be in the mean size of 41nm (Table 4-
1). The increase of the film thicknesses up to 40 nm (Pt_Th40nm) and up to 55 nm (Pt_Th55nm)
improves the filling factor by the support of a coalescence mechanism which decreases the dis-
tance between the channels. But it increases the channel widths (Figure 4.6d1 and 4.6e1). In Fig-
ure 4.6el, the morphology of Pt_Th55nm appears as a network which contains holes, and which
are randomly distributed with a size between 18 nm and 111 nm. The mean size is 61 nm (col-
umn#4, row 17). The Pt Th70nm sample displays a continuous film morphology with a rough-
ness value of R, = 0.6 nm (column #5, row 10) and hole mean size of 46 nm which varies between
24 nm to 69 nm (column #5, row 18).

Additionally, hillocks formation was also a part of the morphological alterations for Pt grown on
a YSZ(111) substrate. These hillocks appeared as bumps/pyramids on the film surface which
could be seen as extra elevations. In order to visualize this, line height profiles from the topogra-
phy were extracted form 3 different locations and are shown with red, green and black dashed
lines (Figure 4.6 (b1-f1)). The line profiles are displayed in Figure 4.6 (b2-f2) for Pt_Th10nm,
Pt_Th25nm and Pt_Th40nm, Pt_Th55nm and Pt_Th70nm, respectively. These latter are plotted
to differentiate between of the hillock heights and the depths. For Pt_Th10nm sample, we meas-
ured hillock heights between 5.4 to 44.7 nm in comparison to the 10 nm thick islands. Further
deposition of the film caused a decrease in the density of hillocks on the surface. In fact, the
density of hillocks steadily decreases until they disappear for Pt Th70nm at The; = 70 nm (see
Figure 4.6b2, 4.6d2, 4.6e2, Figure 4.6f2). Conversely, by comparing Pt_Th40nm (The: = 40 nm)
and Pt_Th55nm (The: = 55 nm) in Figure 4.6d2, 4.6e2, the height of the hillocks decreases.

The reduction of the hillock density is accompanied by their reduction of height, while their lateral
dimensions increase during the deposition process. The presence of hillocks also has a significant
effect on the surface roughness of the layers. As shown in Table 4-1 the roughness values obtained
from AFM and denoted as Ra, have higher values when hillocks are present. Conversely, Ra
reaches its minimum when hillocks are absent, and the film forms a continuous surface. Figure
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4.7 (a-€) represents the secondary electron SEM images of the samples Pt_Th10nm, Pt_Th25nm,
Pt_Th40nm, Pt_Th55nm and Pt_Th70nm, respectively where the SEM images are recorded from
a region of 1um x 1.2um while the sample was not tilted, denoted as SE_0°. The SEM images
are complementary to the AFM images in the previous figure (Figure 4.6). The morphology tran-
sition behavior from 3D islands to the 2D layer growth when the thickness exceeds The; = 10 nm
is visible in the SEM images as well (Figure 4.7a, b). Further deposition above 25 nm results in
coalescence of the film to transform Pt-free channels into the Pt-free holes until The:= 55 nm are
reached. Further deposition leads to a filling of the holes, at Thpy = 70 nm (Figure 4.7e). The
corresponding EDX maps of the SEM images are collected to identify the Pt-free areas in Figure
4.7 (f-j). The yellow contrast represents the Pt signal, where the dark regions correspond to Pt-
free regions.

The SE_0° images as well as the EDX maps are sufficient to clearly identify the hillocks, alt-
hough, hillocks exist in Figure 4.7c, 4.7d, 4.7h, 4.7i. Especially for the measurement of hillock
sizes, edges are not well defined in the EDX maps. Therefore, to be able to quantify the size and
the density distributions of hillocks, SEM SE images were collected with a sample stage tilted by
50° and backscattered-electron (BSE) images, in Figure 4.7 (k-0) and (p-t), respectively. By using
the SE_50° images, identification of hillocks became relatively easy due to the imaging direction
which allows to generate a contrast where the surface heights exist. Hillocks are marked with red
circles, as any height bumps from the surface could be considered as hillocks. Furthermore, AFM
images give the reliable results for the height of the hillocks.
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Figure 4.6: (al1-f1) and (a2-f2) are the AFM images with 2 x 2 pm sizes and the corresponding lines profiles drawn
by red, black and green dashed lines for the samples YSZ substrate, Pt_Th10nm, Pt_Th25nm,
Pt_Th40nm, Pt_Th55nm and Pt_Th70nm, for detailed view refer to Figure A-6172,
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Figure 4.7: (a-f) Images are the SE_0° images recorded with zero degree of inclination. (f-j) are the corresponding
EDX maps. (k-0) are the SE_50° measured with an inclination angle of 50 degrees. (p-t) are the BSE
images with 5 x 5 um size. All the SE_0°, EDX maps, SE_50° and BSE correspond to the
Pt_Th10nm, Pt_Th25nm, Pt_Th40nm, Pt_Th55nm and Pt_Th70nm in the as-grown state (scale bars
are the same for each row as stated (e-t)), for detailed view refer to Figure A-7172,

However, to make a statistical quantification, many SE_50° images were recorded and an exam-
ple was shown in Figure 4.7. Additionally, BSE images were collected to provide information
about the variation in the atomic number (Z) of the material. This was employed to identify the
Pt-free regions where YSZ appears as a dark and Pt as bright contrast. Moreover, BSE images
also contain the information from secondary electrons (SE) where SE and BSE together contribute
to the height variation and sharp edges such as hillocks. Furthermore, the penetration depth by
the electrons is larger than the film thickness which led to a variable brightness contrast of the
regions covered by the Pt'7%. Some examples of hillocks, brighter spots, are marked with red cir-
cles in the BSE images of Pt_Th10nm, Pt_Th40nm and Pt_Th55nm (Figure 4.7p, 4.7r and, 4.7s).
Consequently, BSE method could be employed to easily identify and quantify the hillocks. The
distribution density, height of the hillock and hillock sizes were determined by using AFM and
BSE images and are compared in Table 4-1. Another advantage of the BSE method is visualizing
the internal density fluctuations of the film which might not be visible in the SE images. Figure
4.7e,4.70 and 4.7t correspond to SE_0 °, SE_50° and to BSE_0° for the Pt_Th70nm film, respec-
tively. Figures 4.7e, and 4.70 do not show any contrast variation while Figure 4.7t shows a black
contrast (small holes) and a gray contrast variation over the surface. It means that there exist very
small holes or pores in the structure. Additionally, there is a contrast fluctuation in the image
which may indicate that the mass density is not constant all over the sample'’.
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4.5 Structure and formation of hillocks

Figure 4.8a shows the hillock density [#/um?] as function of the Pt film thickness (left y-axis),
while on the right y-axis the variation of the hillock volume [um?] is plotted. The 3D-2D mor-
phology transition is marked with an orange dashed/dotted line between 10 and 25 nm in which
the exact value of the transition thickness is unknown, (see Figure 4.8a). The presence and the
absence of the hillocks are also indicated in Figure 4.8a with “H” (i.e., hillocks) and “NH” (i.e.,
No hillocks), respectively. The Pt_Th10nm sample shows the highest hillocks density whereas
the average volume of a single hillock is the lowest. The transition from 3D to 2D growth leads
to the formation of hillocks at Thee = 25 nm, which appear at They = 40 nm again, and the hillocks
density becomes the highest. Further growth up to The: = 55 nm leads to a decrease of the hillock
density, however, the volume becomes the highest. The decrease of the hillock density could be
related to the reduction of the grain boundaries as well as the stored energy in the latticel. Due
to the increase of the deposition time, the atomic rearrangement resulted in the increase of the
lateral Pt sizes of the mosaic blocks.

Figure 4.8b shows the XRR curves of the samples together with the experimental data fit. The fit
is done by the multilayer model which was generated by means of a self-developed software
package of MATLAB. Table 4-1 shows the thickness values of the as-grown Pt samples, esti-
mated from the density profiles of the layers. The detailed discussion about the density profiles
will be mentioned in the following chapters.

Reciprocal space maps (RSMs) of the symmetric Pt111, Pt222, Pt333 reflections and asymmetric
Pt224 and Pt331, YSZ224 reflections were recorded for Pt films in the as grown and encapsulated
states. The HRXRD measurement was carried out at the NANO beamline in the KARA Light
Source located at KIT by using a single photon counting Mythen detector and a high precise
multipurpose diffractometer. In Figure 4.9, only RSMs of Pt111, Pt222 are shown.

a)s b
(@) Pt as-grown (b) XRR
16.0E-4
T T
= 3r {4.0E-4°; &
2 E o
[7] = -
5 2 S @
° {2.0E-4Z §
% : E
8 1r 2 £ Opt
I T
T ol {0.0E+0 )
A=1.54056 A
10 20 30 40 50 60 70 0.0 05 1.0 15 2.0 25 3.0
Pt thickness, Thp, [nm] 0 [deg]

Figure 4.8: (a) Variation of the hillock density (left y-axis) and hillocks volume (right y-axis) with the Pt thickness.
The dotted line refers to the morphology transition from 3D-islands growth to 2D-layer-by-layer
growth. The labelling “H” and “NH” refers to the hillocks or Non hillocks as it was demonstrated by
AFM; SE_50° and by BSE. (b) XRR curves and the corresponding fitting of the samples Pt_Th10nm,
Pt_Th25nm, Pt_Th40nm, Pt_Th55nm and Pt_Th70nm?72,
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The coordinates of the peak positions where the intensity is at a maximum is derived and used to
determine the lattice parameter (@), the interplanar spacings d.11 and di1-». These latter were deter-
mined by assuming the rhombohedral lattice transformation which occur during the growth. In
order to estimate the rhombohedral distortion angle 6 and the lattice parameter a, inputs values
for a and ¢ are introduced in the calculation of diis, di1-2 values to derive dpy; ¢q;- On the other
hand, dyg; meaqs, Values for (111) and (11-2) are calculated from the Q positions of the measured
reciprocal space maps (shown in Figure 4.9) by using Equation (4-2) and Equation (4-3). By using
Equation (4-4) inputs values for a and ¢ were iterated to minimize the difference (Ad;,;) between
Anki_car AN dpg; meas- ON the other hand, it means that the distortion angle and the lattice pa-
rameter was fitted to the experimental value.

<d, >= 2" 4-2
hkl _l*Q ( )

where Q is the Q, of the symmetric reflection and | is the reflection order and (hkl) = (111), (222),
(333).

<d .- 3 271
Y/

(4-3)

Adpkr = Apricat = Ankimeas (4-4)

Using the calculated interplanar spacing di1: the in-plane (g,) and out-of-plane (e,) residual
strains were calculated (Equation (4-5) and Equation (4-6)) for the rhombohedral distorted lattice.
The distortion angle 6 (lattice angle is a = 90 + ¢) as a function of the thickness The is plotted in
combination with the lattice parameter (Figure 4.10c). In Figure 4.10d, the out-of-plane (g,) re-
sidual strain is depicted in combination with the di11 lattice parameter.

Pt Bulk
_ di1—, —di1—3

&y = dlgidg (4'5)
Where dZ*E and dB4* corresponds to the d-spacing di12 and dii1 of the Pt in the bulk.
dity — diif*
&L= bulk (4-6)
dlll
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Figure 4.9: Reciprocal space maps of Pt111 reflections for (a-e) as-grown Pt layers and (f-j) encapsulated Pt layers.
The corresponding angular and radial Pt111 intensity profiles for as-grown and encapsulated Pt layers
with thicknesses Thpt =10 nm, 25 nm, 40 nm, 55 nm, and 70 nm are shown in (el, e2) and (j1, j2),
respectively. Reciprocal space maps of Pt222 reflections for (k-0) as-grown Pt layers and (p-t) encap-
sulated Pt layers. The corresponding angular and radial Pt222 intensity profiles for as-grown and en-
capsulated Pt layers with thicknesses Thpt= 10 nm, 25 nm, 40 nm, 55 nm, and 70 nm are shown in
(01, 02) and (t1, t2), respectively. For a magnified version refer to Figure A-8172,

The Q-coordinates of the diffraction peak Pt333 and the YSZ444 (one can consider as a reference
reflection from substrate) are close to eachother which allows a simultaneous measurement of the
substrate peak and the film reflection. A comparison of the radial and angular diffraction profiles
for the Pt333 and YSZ444 reflections of samples with different Pt thicknesses (Pt_Th10nm,
Pt_Th25nm, Pt_Th40nm, Pt_Th55nm and Pt_Th70nm) is shown in Figure 4.10a and Figure
4.10b. In Figure 4.10a, the signals from the substrates have been superimposed and used as a
reference to determine the peak positions Q; and the interplanar spacing dia:.

The inset of Figure 4.10a exhibits that the maximum intensity (Imax) of Pt333 linearly increases
with the thickness, with two different slopes as The; varies from 10 to 70 nm. It is noteworthy that
the slope of the curve becomes steeper as The increases from 55 to 70 nm. This increase in Imax
can be directly related to the growth of the crystalline film with increasing The. It may reflect
increased coverage, improved crystalline quality (e.g., reduced mosaicity) and increase in diffrac-
tion volume (i.e., thickness). Conversely, Q.@Imax decreases with The; in the range of 10 to 40
nm and remains unchanged as Thetincreases up to 55 nm. Furthermore, an increase in Q,@Imax
is observed as The increases from 55 to 70 nm.

In Figure 4.10c, the lattice parameter (a) and the distortion angle ¢ follow the same trend along
with the variation Pt film thickness The:. This suggests that the lattice parameter is influenced by
the distorted lattice . As Thet increases, there is a peak at The: = 25 nm at which the hillocks are
absent followed by the reduction of a and 6 when The: becomes higher. This can be interpreted as
being related to the formation of hillocks and to stress relaxation. In the case of The; =70 nm, a
and o took the lowest values. As The: increases to more than 25 nm, the first hillock forms around
40 nm followed by the formation of larger but fewer hillocks. These hillocks disappear at The: =
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70 nm. Consequently, with the formation of hillocks, the strain is already relaxed at thicknesses
of 40 nm and 55 nm. Subsequent growth results in surface smoothing as Pt-free regions are filled
and the remaining hillocks diffuse throughout the layer.

Figure 4.10d shows that the evolution of the tensile out-of-plane residual strains ¢, in combination
with d-spacing di11 of the (111) Pt lattice planes as a function of The:. As indicated in Equation
(4-6) both &, and d111 display a similar behavior. It is demonstrated by in-situ stress measurements
that the tensile residual stress due to hillocks formation (where Ty > 300 °C) is released during
deposition for Pt films sputtered on Si substrates®,

The focus is on the estimated vertical residual strain (&;) along the growth direction, considering
the discontinuity in platinum caused by void formation at lower thicknesses. As deposition time
(i.e., They) increases, competing phenomena such as the transition from 3D to 2D morphology,
hillock formation, and void development should be recognized. The Pt film with a thickness of
40 nm, which has the highest density of hillocks and a 2D morphology, exhibits the greatest ver-
tical residual strain (&, = 0.0035) and a dy1; spacing of 2.274 A. Increasing Thet in a 2D morphol-
ogy scenario enhances coverage and reduces hillock density which results in a contraction of the
(111) lattice plane spacing and a decrease in &;.

The angular and radial intensity profiles of Pt111 and Pt222 reflections of Pt as-grown and en-
capsulated samples were derived from the RSMs shown in Figure 4.9 and compared in Figure 4.9
(el to t2). From the diffraction radial profiles comparison, it can be seen, that there exist thickness
fringes, and oscillations only exists where the vertical coherent length, Ly, is comparable to the
film thickness. Thickness fringes are damped in the case of Pt_Th40nm and Pt_Th55nm for the
as grown state, which can be correlated to the hillocks. The existence of hillocks disturbs the
coherent diffraction and damp the oscillations in the case of Pt_Th40nm and Pt_Th55nm. In the
case of Pt_Th70nm, i.e., in the continuous hillocks free film the oscillations appear again which
statistically prove that the local hillocks-free images can be correlated with the complete film.
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Figure 4.10: (a) The radial diffraction profiles for the Pt333 together with YSZ444 of the Pt_Th10nm, Pt_Th25nm,
Pt_Th40nm, Pt_Th55nm and Pt_Th70nm. (b) The corresponding angular diffraction profiles of the
Pt333. (c) Variation of the distortion angle and the lattice parameter a. (d) Variation of the out-of-
plane residual strain and the interplanar spacing di11 as function of the of Pt film thickness Thet. The
labelling “H” and “NH” refers to the hillocks or Non hillocks. The dotted line refers to the morphol-
ogy transition from 3D-islands growth to 2D-layer-by-layer growth2,

Angular profiles show that the angular broadening (FWHMang) decreases by increasing The (Fig-
ure 4.11a). The decrease of the FWHMang could be related to the increase of the lateral coherence
length Ly (see Figure 4.11c) and to the decrease of the misorientation shown in Figure 4.11d with
the assumption that all the broadening originated from the mosaicity**’. By employing Pseudo-
Voigt fit functions for the radial and angular broadening of the Pt111, Pt222, and Pt333 reflections
one can track the changes in FWHM;.s and FWHMang with the reflection order as a function of
Thet, as shown in the inset of Figure 4.11a and Figure 4.11b. Analyzing the Williamson-Hall plots
of FWHMa,g and FWHM;,aq With respect to the reflection order allows to determine the lateral
sizes (Lw) and vertical size (Lv) from the intercept, the degree of misorientation («) and mean
value of the vertical strain distribution (< &, >) from the slope, respectively. Furthermore, the
Lw increase of The illustrated in Figure 4.11c can be the result of the reduction of the number of
the mosaic/grain boundaries, whereby the hillocks density correlated with the triple junctions and
grain boundaries at the surface!™. In the same way, radial intensity profiles were also compared
to evaluate the vertical coherent length of the blocks Ly, and mean value of the vertical strain
distribution < g, >.
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Figure 4.11: (a) And (b) variation of the angular broadening FWHMrad and FWHMang with Pt film thickness The: re-

spectively. The corresponding inset show the FWHMrad and FWHMang as function of the reflection

order for the Pt_Th10nm, Pt_Th25nm, Pt_Th40nm, Pt_Th55nm and Pt_Th70nm samples. (c) Varia-
tion of the lateral L and vertical coherence sizes Lv as function of Pt film thickness Thet. The dotted
line refers to the morphology transition from 3D-islands growth to 2D-layer-by-layer growth. The
labelling “H” and “NH” refers to the hillocks or Non hillocks. (d) Variation of the misorientation de-
gree « and the mean value of the vertical strain <e;>'"2,

The increase in block sizes Ly and Ly in Figure 4.11c could also be attributed to the growth time
which is directly related to the film thickness via the deposition time. As the growth time in-
creases, the film is exposed to elevated temperatures for a longer period during deposition which
consequently influence the sizes Ly and Ly of the Pt mosaic blocks. However, the mean value of
vertical strain distribution < &, > behaves differently, reaching its peak at The = 40 nm and Thet

=55nm

(Figure 4.11d).

4.6 Modification through encapsulation

The platinum films mentioned above were used as templates for the subsequent growth of the
capping “ferroelectric” layer. This involves three steps: the first step heats up the samples
Pt_Th10nm, Pt_Th25nm, Pt_Th40nm, Pt_Th55nm and Pt_Th70nm from room temperature to the
growth temperature T4 = 900 °C of the capping layer under oxygen environment with an O, partial
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pressure of Py, = 400mTorr with a heating rate of 25 °C/min. Heating-up followed by the growth
of the capping layer at Tq = 900 °C with Py, = 400mTorr for 5 hours (which could also be corre-
lated to the previously mentioned annealing for the Pt layer). The last step is a moderate cooling
procedure from Ty = 900 °C to room temperature of the bilayer system with a rate of 5 °C/min
under Py, = 400 mT which the Pt layer is encapsulated (Enc Pt) between the substrate and the
capping layer. In this part, the morphology and microstructure of both Pt films as in the as-grown
and in the encapsulated states will be discussed which were characterized by SEM (SE_0°), EDX,
BSE, TEM, XRD and XRR.

Figure 4.12a, 4.12b, and 4.12c and Figure 4.12d, 4.12¢, and 4.12f compares the SEM 0°, EDX
and BSE images of the Pt film in the as-grown state (Pt_Th25nm) and in encapsulated state (Enc
Pt_Th25nm) which hillocks in the as-grown state and in encapsulated state were not detected.
The network chain morphology of the Pt film which is transformed into the block morphology
during/after the subsequent growth procedure can be visualized by comparing the SEM and EDX
images of Pt_Th25nm and Enc Pt_Th25nm (Figure 4.12a, 4.12b and 4.12d, 4.12¢). This is often
called dewetting, a phenomena of the electrode, which occurs during the annealing procedure at
which the Pt atoms are being detached from the surface and agglomerate on the existing Pt is-
lands/layer®41% This consequently decreases the degree of coverage and increases the lateral and
the vertical sizes of the blocks. From the evaluation of BSE images, the degree of coverage of the
Pt decreases the degree of coverage from 76.3 % to 38.1 %. Furthermore, the blocks seen in the
Figure 4.12f are considered to be the bilayer sections of the film whereupon the blocks of Pt below
present the capping layer as it was deduced from EDX in Figure 4.12e. For a better understanding
of the dewetting phenomena, TEM cross-sections were compared in Figure 4.12g and 4.12h. The
TEM images demonstrate that the Pt film thickness is not preserved during the subsequent growth,
which results in blocks of around 100 nm vertical size. Additionally, Pt free gaps increase in size.
It leads to a growth of the subsequent layer directly on the substrate which is not desired.

The lateral gap sizes (shown via magenta arrows in Figure 4.12¢g) increase within a range of [15
- 37 nm] to [150 - 690 nm] via dewetting. The thickness change is also verified via mass density
profiles obtained by fitting the XRR curves with several layer approximations'’. This is shown
in Figure 4.12i and Figure 4.12j in which The = 31 nm for Pt_Th25nm, whereas The: = 38 nm for
Enc Pt_Th25nm is obtained from the mass density profiles. XRR also justifies the dewetting phe-
nomena during an encapsulation process. Additionally, the mass density profiles of Pt_Th25nm
and Enc Pt_Th25nm show a difference in the mass density distribution of the Pt layer as well as
in the film thicknesses. As indicated in Figure 4.12j, 8., and 8p; show the critical angle for the
capping layer and the platinum layer. The comparison between the Pt Th25nm and Enc
Pt_Th25nm shows that the critical angle for the platinum layer is different when Pt is encapsu-
lated. In other words, encapsulation of Pt during the high temperature postgrowth decreases the
density of the Pt film (respectively degree of coverage).
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Figure 4.12: (a, b, ¢, g) And (d, ¢, f, h) are the SEM, EDX, BSE, TEM images of the Pt_Th25nm and Enc Pt_Th25nm
respectively. (i, j, k) Are the comparisons between Pt_Th25nm and Enc Pt_Th25nm of the XRR
curves, mass density profiles and the radial diffraction profiles of the Pt111, Pt222 and Pt333 sym-
metric reflections respectively. Scale bars in (a, b, ¢, d, e, f) are 500 nm. For magnified version refer
to Figure A-9172,

Additionally, the mass density profile pp; of the Pt_Th25nm film does not remain constant, and
it varies across the film thickness up to the film surface without reaching the theoretical bulk value
(indicated via the dashed line pp, = 21.45 g/cm3 , pys; = 5.85 g/cm3 ). This mass density fluc-
tuation correlates with the degree of coverage, whereas pp, falls below the theoretical of com-
pletely cover film surface. The thickness values obtained from the density profiles are also shown
in Table 4-1. It should be noted that the The: values obtained from the mass density profiles are
inconsistent with the TEM values due to local aspects of the TEM examination method.

Furthermore, comparing the diffraction patterns a shift in the peak positions of Pt111, Pt222 and
Pt333 reflections towards higher scattering wave vectors (Qrag) for the case of Enc Pt_Th25nm
can be observed (Figure 4.12k). This shift indicates compression in the out-of-plane interplanar
spacing which reduces the lattice plane distance di11 = 2.9743 A to di1; = 2.9713 A. Additionally,
the radial intensity profiles show that there is damping of the oscillations of the Pt111 reflections.
Visible oscillations indicated that the vertical block sizes of the film were comparable to the thick-
ness and are damped when the sizes are not comparable due to high roughness induced by the
dewetting phenomenon.
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Figure 4.13: Binarised BSE images to investigate the degree of covereage of (a-e) as-grown Pt layers and (f- j) encap-
sulated Pt layers'?,

The growth of Pt films with varying deposition time led to different morphologies transitioning
from 3D-island to 2D-layer-by-layer growth when Thp, exceeded 10 nm. Above Thp; = 25 nm the
films with Pt_Th40nm and Pt_Th55nm exhibited hillocks at room temperature, likely formed
during the cooling phase due to the difference in the thermal coefficient between the Pt film and
YSZ substrate. In Figure 4.14, we specifically illustrated the changes in film morphologies and
microstructure after post-growth of the subsequent layer for Pt Th40nm and Enc Pt_Th40nm,
where hillocks were present. For comparison, SE_0°, EDX, and BSE images were considered for
Pt_Th40nm in its as-grown state (Figure 4.14a, 4.14b, 4.11c) and Enc Pt_Th40nm in its encapsu-
lated state (Figure 4.14d, 4.14e, 4.14f). Due to overgrowth of the subsequent layer, the degree of
coverage increased from 80.4 % to 95.3 % (see Figure 4.13c and Figure 4.13h). The BSE images
showed a decrease in the hillock density from 2.08 /um?2 to 1.64 /um?2 (Table 4-1). The formation
of hillocks in the 40 nm and 55 nm samples can be attributed to the difference in thermal expan-
sion between Pt and YSZ.

It has been reported that hillock formation serves as a mechanism for stress relaxation in metallic
thin films!61164, Therefore, the difference between Pt_Th25nm, Pt_Th40nm and Pt_Th55nm can
be explained by considering the accumulation and subsequent relaxation of stress due to the film
thickness during the cooling phase. From BSE images of Pt_Th40nm and Enc Pt_Th40nm (Figure
4.14c and 4.14f), we derived and summarized the mean sizes of hillock width, the distance be-
tween hillocks and channels, as well as the hole diameters (Table 4-1). The hillocks are generally
formed by the existence of grain boundaries. In the BSE images the hillocks are present near the
black, Pt-free regions which are marked in Figure 4.14c, 4.14f, 4.14k by red circles. In addition,
during the subsequent growth phase at Ty =900 °C the hillocks which are indicated by the magenta
arrows in Figure 4.14q, 4.14h, 4.140 become more pronounced. This increased the diffusion en-
ergy and induced the reorganization of the Pt film whereupon atoms adjust their positions which
in return affects both the morphology and the crystal structure. Consequently, the strain relaxation
occurs through the hillock formation. As a speculative interpretation of these results, it can be
proposed that at T, = 900 °C there is a competition between film dewetting, which removes atoms
from the surface and/or interface, and atom migration, which leads to the formation of hillocks.
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Figure 4.14: (a, b, ¢, g) And (d, ¢, f, h) are the SE_0°, EDX, BSE, TEM images of the Pt_Th40nm and Enc
Pt_Th40nm respectively. (i, j, k, 0) And (I, m, n, p) are the SE_0°, EDX, BSE, TEM images of the
Pt_Th55nm and Enc Pt_Th55nm respectively. (q, r, s) Are the comparisons between Pt_Th40nm and
Enc Pt_Th40nm and between Pt_Th55nm and Enc Pt_Th55nm of the XRR curves, mass density pro-
files and the radial diffraction profiles of the Pt111, Pt222 and Pt333 symmetric reflections respec-
tively. Scale bars in (a-f & i-n) are 500 nm. For magnified version refer to Figure A-10%72,

This interplay results in the formation of hillocks or bumps on the surface near the channels during
the subsequent growth phase. This in turn contributes to an increase in the degree of coverage and
a decrease in the number of hillocks, ultimately leading to a reduction in the hillock density.
Simultaneously, the Pt-free area, which are surrounded by the hillocks, were subjected to
dewetting caused by the increase of the channel width from 121.75 nm to 237.4 nm and the in-
crease of the hole diameter from 68.35 nm to 96.75 nm for Pt_Th40nm and Enc Pt_Th40nm,
respectively. By the rise of the hole diameters detached Pt atoms migrate and pile up around the
hillocks, which are near the holes, and enlarge their sizes from 179.8 nm to 376.4 nm. Similar
phenomena were investigated in-situ by the group of Jahangir et.al.*®.

Figure 4.14g and 4.14h show the modification by the TEM cross-section images of Pt_Th40nm
and Enc Pt_Th40nm. The hillocks are marked with magenta arrows. The film thickness is reduced
from 40 nm to 28 nm. XRR and TEM results are in correlation in terms of the thickness of the Pt
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film. On the other hand, the hillock sizes were enlarged both in the lateral direction to 200 nm
and in the vertical direction to 100 nm. These results support the speculation of the migration of
Pt atoms. These results suggest that Pt atoms migrate both from the film surface and from the
substrate surface to the existing or appearing hillocks. This rearrangement occurs during the
stages of the subsequent growth driven by the diffusion energy at the high temperature T4 = 900
°C.

The SE_0°, EDX, and BSE images of Pt_Th55nm in its as-grown state were compared to Enc
Pt_Th55nm in the encapsulated state (see Figure 4.14i, 4.14j, 4.14k and Figure 4.14l, 4.14m,
4.14n, respectively). The analysis of BSE images in Figure 4.13d and 4.13i demonstrates an in-
crease in the degree of coverage from 81.4 % to 94.3 %. Additionally, the hillocks completely
disappeared in Enc Pt_Th55nm, as the Pt atoms migrated into the neighboring Pt-free channels
which causes a reduction of the number of hillocks (see Figure 4.14k and 4.14n). Therefore, it
can be concluded that the competition between dewetting and hillock expansion was influenced
by the Pt film thickness under the same growth conditions.

TEM images in Figure 4.140 and 4.14p show that the disappearance of the hillocks happened
when the Pt atoms migrated to fill the Pt-free channels in neighboring regions which results in
more continuous Pt electrode films. Figure 4.14r demonstrates the mass density profiles obtained
by fitting the XRR curves via the several-layers approach of both as-grown and encapsulated
states of Thp; = 40 and 55 nm. In the case of Pt_Th40nm, the mass density profile is not constant
and shows a decrease along the film thickness up to the surface. This variation can be attributed
to the higher hillock density in Pt_Th40nm which induced the Pt atoms to migrate towards the
hillocks rather than filling the gaps in the effective thickness region. This migration contributes
to the observed decrease in mass density. Conversely, for Pt_Th55nm, where the hillock density
is lower, the density profile of the film remains more consistent. This suggests that the film is
homogeneously distributed in the growth direction across the Pt film thickness. As subsequent
layers are grown, both layers got smoothed and the density of the hillocks is reduced. As a result,
the density profile of the Pt film remains constant throughout the layer without significant fluctu-
ations. The peak position of the Pt333 reflection behaved oppositely for Pt_ Th40nm and
Pt_Th55nm during encapsulation. Figure 4.14s displays the diffraction patterns of Pt111, Pt222
and Pt333 reflections for the samples in their as-grown and encapsulated states. For the Pt333
higher reflection order, Q, (light red solid line) of Pt_Th40nm shifted toward lower Q, values
(respectively higher d-spacing, di11) in the case of Enc Pt_Th40nm. Conversely, the Q, coordi-
nates of the Pt333 peak shifted to higher values when the Pt film changed from its as-grown state
(Pt_Th55nm) to the encapsulated state (Enc Pt_Th55nm) which reflected a compressive stress in
the out-of-plane d-spacing dias.

Figure 4.15a, 4.15b, 4.15¢c and 4.15d, 4.15e, 4.15f compare the SE_0°, EDX and BSE of
Pt_Th70nm and Enc Pt_Th70nm. The surface of Pt_Th70nm as grown is smooth and without any
hillocks. However, subsequent growth could modify the morphology of Pt and consequently the
capping layer whereas Figure 4.15d, and 4.15f shows a grain-like morphology.
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Figure 4.15: (a, b, ¢, g) And (d, e, f, h) are the SE_0°, EDX, BSE, TEM images of the Pt_Th70nm and Enc
Pt_Th70nm respectively. (i, j, k) Are the comparisons between Pt_Th70nm and Enc Pt_Th70nm of
the XRR curves, mass density profiles and the radial diffraction profiles of the Pt111, Pt222 and
Pt333 symmetric reflections respectively. Scale bars in (a, b, ¢, d, e, f) are 500 nm. For magnified ver-
sion refer to Figure A-11172,

In order to investigate the morphology transformation through the subsequent growth, TEM cross
section images were collected. TEM cross section images given by Figure 4.15¢g and 4.15h, which
correspond to Pt_Th70nm and Enc Pt_Th70nm, prove the non-disturbance of Pt film by subse-
guent growth. Despite the hillock formation was not detected, few bumps were observed in the
shape of thickness fluctuations. This latter may generate a disturbance in the crystal structure,
orientation and morphology of the subsequent layer which is marked in Figure 4.15f and 4.15h
with green arrows. This suggests that the thickness and continuity of the Pt film is crucial for the
continuity and microstructural quality of the subsequent grown layer. However, particle-like
heights are also visible on the surface of the capping layer, as indicated by the red arrows in Figure
4.15f and 4.15h. These features can be attributed to the growth of the capping layer itself and may
not be directly related to the underlying Pt layer.

The XRR fit shown in Figure 4.15i and Figure 4.15j shows the bulk density profiles of the film.
It is noticeable that the as-grown sample has a constant density profile throughout the thickness
of the film, accompanied by a finely finished surface.. Furthermore, the surface roughness of R,
= 0.6 nm for Pt_Th70nm could be only derived from AFM images due to the inconvenience of
the XRR several stack model for the roughness estimation. In addition, the disappearance of the
hillocks, which is related with the increased filling factor, indirectly contributes to the sharpness
(in other words less rough, smooth, abrupt chemical change) of the Pt film surface. In Figure 4.15,
the mass densities profiles of Pt_Th70nm and Enc Pt_Th70nm are consistent and the plateau of
mass density profiles which corresponds to the as-grown state (i.e. Pt_Th70nm) is aligned with
the theoretical density value. This is in accordance with the obtained local filling factor conducted
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by the BSE image analysis. Therefore, it can be concluded that a film thickness of 70 nm is suf-
ficient to completely cover the YSZ(111) surface by using PLD growth. On the other hand, results
revealed a slight thickness increase from The; = 70 nm to The: = 88 nm which was accompanied
by a small density reduction. This indicates the occurrence of a Pt atoms migration which does
not disturb the uniformity and the continuity of the Pt film which is hole-free since the mass the
density profile remains constant through the thickness.

In Figure 4.15k, XRD radial intensity profiles of Pt111, Pt222 and Pt333 are compared for
Pt_Th70nm and Enc Pt_Th70nm. A peak shift to a higher Q, position as a result of compression
in the d-spacing, di11 due to the encapsulation was observed.

To assess the microstructural changes the Pt film as function of thickness The in the as-grown
and encapsulated states, an analysis on the variation of FWHMang and FWHM;.4 Was performed.
It was derived by the Pseudo-Voigt fitting procedure of the diffraction profiles which were deter-
mined from the cuts of the RSMs (Figure 4.9). For this purpose, the Williamson-Hall (WH)
method was applied to evaluate mosaicity parameters such as misorientation, lateral and vertical
coherence lengths, and out-of-plane strain deviation. The degree of misorientation («) was deter-
mined from the slope of the FWHMang Vs. reflection order curve. Figure 4.16a shows the variation
of the degree of misorientation « as a function of the Pt film thickness (The:) for the as-grown and
encapsulated states of Pt films. In this graph, points labelled by 'H' denote regions with hillocks,
while 'NH' denotes regions without hillocks. The dashed/dotted orange line and arrows mark the
3D-2D morphology transition. In the as-grown state, the degree of misorientation a continuously
decreases with The. In addition, Figure 4.16a shows the corresponding hillocks modification at
each Pt film thickness The; which occurs due to the subsequent growth. Under subsequent growth,
Pt films with The: = 10 nm and 55 nm went from hillock-free ("NH") to hillocks ("H"), while
other thicknesses showed no significant change. Thus, as the misorientation decreased, the hill-
ocks disappeared for Pt films with The: = 10 nm and 55 nm. For The: = 25 nm, a strong dewetting
caused Pt atoms to migrate onto the Pt blocks which results in a loss of coverage, an increase in
the size of voids between Pt blocks and a subsequent reduction in the number of mosaic bounda-
ries. In the case of The; = 40 nm, the presence of the bumps remained unchanged, but their size
and density over the surface changed. It is worthwhile to note that the degree of misorientation
and out-of-plane residual strain peaked for Enc Pt_Th40nm, as shown in Figure 4.16c. Further-
more, the behavior of the distortion angle & for both the as-grown and encapsulated layers are
studied as a function of The in Figure 4.16¢. The latter generally decreased as the Pt film state
changes from the as-grown to the encapsulated. Regardless of the change of the hillock presence
between these states, the distortion angle ¢ was consistently lower in the encapsulated layers,
especially for Ther = 40 nm and 55 nm. Interestingly, the difference in the distortion angle
(Bas—grown — Oencapsulatea) Was the smallest in the case of Thet = 40 nm whereby hillocks per-
sisted in both states. Encapsulation had a noticeable effect on the reduction of the distortion angle
6, even by causing a drop below zero for the encapsulated The: = 40 nm and 55 nm layers which
implies a distortion of the lattice in a different direction.

Figure 4.16d shows the d-spacing di11 for both the as-grown and encapsulated layers which fol-
lowed a similar trend to the distortion angle. For the different Thpy, the growth of the subsequent
layer represented an annealing process of 5 hours duration with an annealing temperature of Ty =
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900 °C in an oxygen environment whereupon the Pt interface layer was in an encapsulated state.
This annealing process has contributed to the release of the mean value of the vertical strain dis-
tribution <g,> (Figure. 4.16b), the degree of distortion ¢ (Figure 4.16c) and to the reduction of
d-spacing di11 in comparison with the as-grown state (Figure 4.16d).
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Figure 4.16: (a) Variation in the degree of misorientation, (b) mean vertical strain distribution, (c) cubic to rhombohe-
dral distortion angle, and (d) interplanar d-spacing di11 as a function of Thetin both as-grown and en-
capsulated states. The dotted line marks the morphological transition from 3D island growth to 2D
layer-by-layer growth. The labels 'H' and 'NH' refer to hillock and no-hillock, respectively7.

4.7 Summary and conclusions

The study involved the PLD growth of Pt films on YSZ(111) substrates at temperatures which
range from Ty = 300 °C to Tg=900 °C, in order to find out the optimum growth temperature for
the future bottom electrode application.

One can conclude from our detailed structure investigation that the platinum films grown at dif-
ferent temperatures exhibit different degrees of mosaicity. The deposited Pt films at T4 = 300°C
and 900 °C (i.e. PtT300, PtT900) possess the highest and the lowest degrees of misorientation for
the mosaic crystal blocks, respectively. Additionally, PtT900 was found with the smallest angular
broadening for a diffraction profile which proves PLD growth to cause a high crystal quality with
low defect concentration. Further investigation of morphology revealed that PtT900 had the least
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rough surface which makes it a potential candidate for post-growth processes. Additional experi-
ments which simulate subsequent growth processes by annealing, showed that dewetting phe-
nomena occurred in all systems. The phenomena were maximized for PtT300 and minimized for
PtT700 and PtT900 as confirmed by SEM images. Further investigation of the crystal structure
on annealed samples revealed that PtT300 experienced the maximum modification in terms of
angular broadening and mosaic tilt during annealing, while the crystal structure and the morphol-
ogy of PtT900 underwent minimum modifications. Consequently, one can conclude that the op-
timum growth temperature is Tg = 900 °C (Homologous temperature, Tn = 0.57, Table A-1) in
order to study the thickness effect for an optimum Pt film thickness which may lead to a robust
stable functioning bottom electrode. The impact of the Pt film thickness The was investigated
with regard to its morphology, crystal structure, and hillock formation in the as-grown state. By
combining various microscopic techniques like SE_50°, EDX, BSE, and TEM, an insight into the
role of the Pt thickness was gained by enhancing a film continuity and a reduction of hillocks.
The detailed comparison between the as-grown and encapsulated states of the different Pt films
revealed several competitive phenomena which includes hillock formation, dewetting, and coa-
lescence driven by an increased diffusion energy at Tg = 900 °C and interactions at grain bound-
aries. An optimum thickness of They = 70 nm resulted in a high-quality Pt bottom electrode, free
of hillocks, and with minimal thickness fluctuations suitable for the operation at room tempera-
ture. Interestingly, the formation of hillocks was observed, dependent on the film thickness and
the resulting morphology, despite the high growth temperature. It was concluded that the hillock
formation was least pronounced at higher thicknesses, both for the as-grown and encapsulated
states. It is important to take the rearrangement of the Pt film during a subsequent growth into
account, which effectively represents an annealing process for the Pt bottom electrode. The lattice
constants and residual strains of the Pt films decreased after the subsequent growth which indi-
cates compression in the unit cell and stress release due to the Pt film arrangement driven by
dewetting and an increased Pt diffusion energy. For the investigated systems, an optimum growth
temperature of T4 = 900 °C and an optimum thickness of The = 70 nm was found which makes
Pt to withstand further processes in our multiferroic device production.
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Table 4-1: Summary of the morphological parameters in the as-grown and in the encapsulated states for the Pt thick-
nesses Thet = 10, 25, 40, 55 and 70 nm. a: Obtained from AFM. b: Obtained from BSE. s: Obtained
from SEM_50°. X: Obtained from XRR. Y: Obtained from TEM. NA: Not-Available!7?

As-Grown State Pt_Th10 nm|Pt_Th25 nm[Pt_Th40 nm|Pt_Th55 nm|Pt_Th70 nm
Film thickness The: [nm] |10 25 40 55 70
Network + |Network + [Network +
Topography Island Network™ lillocks  |Hillocks  |Hole
Growth mode 3D 2D 2D 2D 2D
Mismatch [%] —23.07 —22.25 —23.16 —22.92 —23.37
Morphology
Thickness™ [nm] 13.67 30.16 49.08 50.87 80.52
. 27.9 58.4 63.7 51.0
Y
Thickness” [nm] NA [23-31]  |[33-72]  |[30-80]  |[47-55]
Roughness, Ry* [nm] 0.54+0.15 [1.14 1.18 0.42 £0.02
Roughness, Ra* [nm] 4.06 1.83 4.24 8.94 0.6
Island size” [nm] 47 [10-129] NA NA NA NA
- 39 159 213
Channel width® [nm] NA [41-141] [85247] [104-286] NA
. 81 122 137
b
Channel width® [nm] NA [28-142] [37-308] [48-376] NA
Depth of channels® [nm]  |NA [9-25] [36-48] [52-65] NA
Heights of islands® [nm]  [[11-45] NA NA NA NA
Holes
o 41 71 61
Hole size* [nm] NA [15-100] |[30-176] [[18-111] |
. 27 68 95 46
b
Hole size” [nm] NA [7-87] [24-182] [28-278]  |[24-69]
Hillocks
. I 126 187 276
Hillocks width® [nm] (85-171] NA [87-298] [107-428] NA
. . 180 217
b
Hillocks width® [nm] NA NA [117-274] [99-428] NA
Hillocks density” [/um?]  |4.56 NA 2.26 1.40 NA
Hillocks density” [/um?]  [9.44 NA 2.08 1.78 NA
Hillocks height fromthe  [21.8 NA 23.6 31.8 NA
film surface [nm] [5.3-44.7] [7.2-37.0] [[16.0-52.8]
Percolation
Degree of coverage ” [%] [66.2 76.3 80.4 81.4 99.8
Conductivity [x10° 1/Qm] |0 0.25 0.74 1.01 3.69
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Table 4-1: Continued".

Enc Pt_Th10[Enc Pt Th25 |Enc Pt Th40[Enc Pt Th55|Enc Pt_Th70
Encapsulated state
nm nm nm nm nm
Resulting Islands Islands Nc_atwork ¥ Network Hole
topography Hillocks
Mismatch [%] —23.68 —23.74 —23.72 —24.09 —23.93
Morphology

Thickness™ [nm]  |NA NA 43.72 68.6 NA

. 95.4 24.7 54.9 75.0

Y
Thickness” [nm] A [89-109] [19-35]  [48-73]  |[70-86]
Island size [nm] NA NA NA NA NA
Channel width® 237 226
[nm] NA NA [58-1014] |[58-1014] NA
Holes
. 97 95
b
Hole size® [nm] NA NA [29-252] [31-205] NA
Hole size” [nm] NA [150-690] [45-143] 78 NA
Hillocks

- —
Hillocks width 152 179 376 NA NA
[nm] [61-278] [58-411] [219-604]

- —
H|IIo§ks density NA NA 164 NA NA
[/pm?]

Percolation
b

E/eo?ree of coverage ;1 g 38.1 95.3 94.3 100
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5 Microstructure, stoichiometry,
and magnetic properties of
BaFe12019 films on YSZ(111)
substrates: Influence of the
platinum interface layer quality
and laser fluence

5.1 Introduction

Hexagonal barium ferrite (BaFe1,019, BaM) with a magnetoplumbite structure is a well-known
material for its microwave applications’"17817° magneto-optical recording capabilities!®®18 and
specifically for its relatively better magnetic properties for longitudinal recording media®2183184,
Several researches were devoted to perform BaM films with a relatively high uniaxial magnetic
anisotropy (Ha), high coercivity (Hc) and high perpendicular squareness to make them suitable for
perpendicular recording media with a small signal-to-noise ratio (SNR)&%182183 The film thick-
ness has an important role in the properties of thin films, since the accumulated stress, defect
density such as threading and misfit dislocations®’ are thickness dependent. For high-density per-
pendicular recording media (PMR) applications, the necessary thickness would vary from a few
tens of nanometers to 200 nm due to the acquired chemical stability, mechanical durability and
small grains®.

Up to date, different growth methods were devoted to the deposition and to investigation of BaM
such as sputtering®%! pulsed laser deposition (PLD)®19":18 'molecular beam epitaxy (MBE)*®
etc. Researchers have reported about a chemical intermixing phenomenon between the BaM
layer'® and the substrates used, i.e., MgO*®, Si0,!8188 SjC87 Al,03%, YSZ (Bauer et. al. where
the BaM grown on YSZ substrates is firstly shown)®%7 Furthermore, the c-axis oriented (easy
magnetization axis) BaM was fabricated by PLD using Al.Os (0001), MgO(111), SiC(0001),
Si(111), GaN(0001) and Gas012(111)'". To prevent the chemical intermixing, the formation of
an inhomogeneous phase at the substate and additionally grown BaM along the easy magnetisa-
tion axis'®*1%, several interface layers were investigated such as Au'®, Ptl85186.191.192 ' pd192 ag
metallic layers, YSZ!, TiO,'%, Fe,05'%, MgO®¥6:18 Zn01%4 and AIN91% as ceramic interlayers.
Pt(111) interlayer was found to be the most effective solution to block the mixture between the
substrate and BaM layer. In addition, the Pt interface layer can reduce the lattice mismatch and
promote the c-axis orientation®®1971% The effects of the interdiffusion and the variation in the
chemical composition on the microstructure and magnetic properties were previously dis-
cussed'®®. Few studies have demonstrated the dependence of the coercivity on the chemical com-
position and magnetic anisotropy?%. Up to date, several studies were carried out on the impact of
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the interface layer film thickness and microstructure on the subsequent grown BaM layer
185188,189.191.198 However only few investigations demonstrated the effect of thickness of the Pt
interface layer on the BaM coercivity and squareness!8186.19,

The influence of growth parameters like gas partial pressure (oxygen)1%9200.201.202  gstrate sur-
face morphology and temperature!®® on the microstructure, morphology, and magnetic properties
was previously studied. However, the laser fluence was not being neither intensively nor system-
atically investigated. Since the laser fluence affects the growth rate and the kinetic energies of the
species the deposited film thickness is consequently dependent on the number of shots as well as
on the capability to overcome the environmental gas pressure to reach the substrate. It has been
concluded that the laser fluence and the background gas are interrelated®.

The micromagnetic model developed by Kronmiuiller et al.?42%3 suggests that the coercivity is con-
trolled by nucleation of reversed domains and/or domain wall pinning?. It is also widely accepted
that nucleation sites are responsible for reducing coercivity?*, as opposed to pinning sites?. In
relation to these mechanisms, the investigation of defect types in BaM films by using TEM and
complementary diffraction methods have been limited®®2%2%_ This work represents the first
demonstration and publication that out-of-phase boundaries are relevant and influenced by the
laser fluence used during PLD growth®. In terms of defect and coercivity mechanisms, anti-
phase/out-of-phase boundaries act as domain wall pinning, while grain misorientation (mosaicity)
can reduce the nucleation field. Both can influence the coercivity. Conversely, the mosaicity can
reduce the coercivity if the material is slightly out of c-axis orientation?%42°7.28  Therefore, the
control of the mosaic tilt and modulation of defect concentration, including out-of-phase bound-
aries, is important for the coercivity modulation. Few studies have investigated the effect of the
interface layer on the c-axis orientation, especially for perpendicular recording media®?%, There
is a clear need to determine the optimum thickness required for subsequent growth of BaM. Fur-
thermore, while the growth parameters for BaM by using PLD have been extensively investigated,
a crucial parameter like the laser fluence, has not been intensively studied. It is important to note
that the defect concentration, magnetization and the film thickness are interrelated parameters as
highlighted in previous researches®?%, Recently, Yu et. al. #!* investigated the dependence of the
grain size, the crystal quality and magnetization hysteresis on the laser fluence without consider-
ing the variation in the film thickness of their samples which results from the change in the laser
fluence. In the chapter, a comprehensive and detailed study, involving versatile and complemen-
tary methods such as EDX, STEM, AFM, SEM, MFM, VSM, HRXRD and XPS, will be pre-
sented. We attempt to establish the relationship between growth parameter such as laser fluence
and stoichiometry, structure, and magnetization. Additionally, we explored the influence of the
Pt interface layer on the BaM film quality and properties.
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5.2 Influence of platinum interface layer quality on
the microstructure, stoichiometry, and magnetic
properties

In order to investigate the effect of the interface layer platinum quality on subsequent grown BaM
films, two platinum films named PtTh25 and PtTh75 with 25 nm and 75 nm nominal thicknesses
were grown on YSZ(111) and structurally and morphologically analyzed by using a combination
of diffraction microscopy methods. The detailed structure investigation was performed in Chapter
4. Subsequently, BaM films were deposited on Pt_Th25nm and Pt_Th70nm templates following
the growth conditions displayed in Table 3-2 and Table 3-3 of Chapter 3. The obtained bilayers
composed of Pt interface layer and BaM layers are termed BaMPtTh25 and BaMPtTh75. To
clearly show the influence of the interface layer growth on the film crystal quality and on the
resulting magnetic properties, a BaM film was grown without a Pt interface layer named
BaMPtThO.

5.2.1 Comparison of the Pt microstructure between the
encapsulated and as-grown state

The templates PtTh25 and PtTh75 were pre-characterized for the BaM growth by XRR, HR-
XRD, SEM, and TEM, in order to explore the structural and morphological modifications of the
Pt bottom electrode as a function of its thickness. The analysis of the Pt crystal structure was
carried out by measuring the Pt-reflections (i.e., Pt111, Pt222, Pt333 and Pt331) by means of HR-
XRD for the as-grown state (i.e., PtTh25, PtTh75) and for the encapsulated state (i.e.,
BaMPtTh25, BaMPtTh75). Figure 5.1 shows reciprocal space maps (RSMs) of the symmetric
reflections Pt111, Pt222, Pt333 and YSZ444. RSMs of asymmetric reflection Pt331 are shown
for PtTh25, PtTh75, BaMPtTh25 and BaMPtTh75 samples.
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Figure 5.1: (a, b, ¢, d) And (e, f, g, h), (i, ], k, 1), and (m, n, o, p) are reciprocal space maps recorded in high-resolution
X-ray diffraction (HR_RSMs) for the symmetric reflections Pt111, Pt222, Pt333 and asymmetric re-
flection Pt331 for the PtTh25, PtTh75, BaMPtTh25, and BaMPtTh75 samples, respectively7.

Increasing the Pt film thickness leads to a difference in the distribution of the diffuse scattering
around the reflections and therefore in the angular and radial directions of the RSMs. In addition,
the radial direction (gang = 0) of Pt111 reflections, which correspond to PtTh25 and PtTh75, show
a decrease in the size of the fringe periodicity (Figure 5.1a, Figure 5.1e). From the oscillation
period of the fringes (Figure 5.1a, 5.1e), the vertical coherent block size L, pt = 23.96 nm for
PtTh25 and L, pt = 68.83 nm for PtTh75 was determined. As a result, the size of the Pt crystal in
the growth direction was found to be comparable with the Pt film thickness.

Vertical white dashed lines, inserted in Figure 5.1a, Figure 5.1b and Figure 5.1c for PtTh25 (re-
spectively Figures 5.1e, 5.1f, 5.1g PtTh75) are utilized, in order to compare the extend of diffuse
scattering which is distributed along the angular direction for the reflections Pt111, Pt222 and
Pt333, respectively. The intensity distributions of the different reflections are larger for PtTh25
than for PtTh75. This can be interpreted as an improvement in the Pt crystal quality induced by
the increase of the film thickness up to about 70 nm. Furthermore, RSM of Pt333 reflections
combined with the YSZ444 reflections provide an additional information about the c-axis orien-
tation of the Pt crystal film with respect to the substrate (111) lattice planes. By comparing the
RSMs (Pt333 & YSZ444) of Figure 5.1c and Figure 5.1g, which correspond to PtTh25 and
PtTh75, one can notice that PtTh75 has an off-axis shift of the Pt333 reflection with respect to the
YSZ444 reflection as illustrated by the white arrow. This shows that the surface normal of the
Pt(111) film is slightly tilted with respect to the YSZ(111) lattice plane normal. RSMs of Pt331
asymmetric reflections (Figure 5.1d, 5.1h) indicate a difference in the diffuse scattering distribu-
tion around the reflections of PtTh25 and PtTh75. This refers to a different mosaicity and degree
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of misorientation due to the Pt film thickness. It can be seen that the diffraction profiles of PtTh25
(Figure 5.1d) show a larger angular broadening (respectively mosaicity) than in PtTh75 (Figure
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Figure 5.2: (a) Comparison of the radial diffraction profiles of the Pt111, Pt222, and Pt333 derived from vertical cuts
along the wave vector Q; at Qx = 0 of the HR_RSM s illustrated in Figure 5.1. (b) Comparison of the
angular diffraction profiles of the Pt111, Pt222, and Pt333 derived from the horizontal cuts at the
maximum Q; values of the corresponding HR_RSMs of Figure 5.1. (c) And (d) variation of the radial
and angular broadening as a function of the reflection order 00l drawn for the PtTh25, PtTh75, re-
spectively. For magnified version refer to Figure A-12107,

In Figure 5.2a and Figure 5.2b, the derived radial and angular diffraction profiles from the RSMs
of PtTh25 and PtTh75 are compared. For the Pt111, Pt222 and Pt333 reflections, the radial and
the angular broadenings are found to be higher in the case of PtTh25. Furthermore, the high radial
broadening shown in Figure 5.2a reflects a higher strain fluctuation along the growth direction
(i.e. c-axis of Pt(111)). The variation in angular broadening is illustrated by drawing the FWHM
of the Pt222 reflection by dark-green solid and dashed lines in Figure 5.2a. Additionally, Figure
5.2b demonstrates a decrease in the angular broadening for PtTh75, and therefore, in the mosaicity
due to the increase of the Pt film thickness. In order to analyze the degrees of mosaicity of Pt
films, diffraction profiles of the symmetric reflections Pt111, Pt222 and Pt333 were fitted by
Pseudo-Voight functions (Chi-square ~ 0.9999). The determined radial (FWHM;.4) and angular
(FWHMang) values were plotted as a function of the reflection order OOL in Figure 5.2c and Figure
5.2d, respectively. By applying the Williamson-Hall (WH) approach, the mosaic tilt of the blocks
(apt), the lateral coherent block size (Ly, rt), the out-of-plane strain fluctuation (<g, p>) and ver-
tical coherent block sizes (L., ) are derived and listed in Table 5-1. The WH approach enables
the disentanglement of angular broadening contributions which results from the mosaic tilt and
lateral coherent block size, as well as from the radial direction of strain fluctuation and vertical
coherent block size. WH approach was only applied to the PtTh25 and PtTh75 due to the discon-
tinuity issue of the encapsulated Pt film for the BaMPtTh25 sample, which will be mentioned in
(Chapter 4, Pt). It comes out that the lateral coherent block sizes of Pt film increase from Ly, pt=
82.68 nm to Ly, pt = 128.20 nm while the vertical coherent block sizes increase from L p; = 18.10
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nm to L, pt = 56.68 nm for PtTh25 and PtTh75, respectively. One can conclude that the increase
of the Pt film thickness leads to the enhancement of degree of coverage and therefore to the in-
crease of the block sizes. The low values in (FWHM;.g) and angular (FWHMayg) for PtTh75 is
interrelated with the reduced number of the mosaic block boundaries and defects. The degree
misorientation of mosaic blocks and vertical strain fluctuation were also improved from ap; =
1.896 to apt = 0.8485 and from <ez p> = 4.98%x102 to <g; p> = 4.735x10°3. The Pt film thickness
was increased to ~75 nm. In conclusion, the improvement of the microstructure of the Pt film was
achieved by increasing the film thickness.

5.2.2 Influence of the interface quality on the BaFe12019 films
microstructure

BaMPtTh25 and BaMPtTh75 samples were fabricated by growing BaM on PtTh25 and PtTh75
seed layers. BaM samples which include BaMPtThO are taken as a reference and were investi-
gated by several advanced techniques, in order to study the microstructure variation.

5.2.2.1 HR-XRD study

BaMPtThO BaMPtTh25 and BaMPtTh75 samples were investigated by analyzing the RSMs of
BaM reflections measured by HRXRD. In Figure 5.3, RSMs symmetric reflections of BaM0014,
BaM0020, BaM0024 & YSZ333 were shown together with RSMs asymmetric reflections of
BaM-2022. BaM-2024, BaM-2025, Pt331 and YSZ224 as well as for the samples BaMPtThoO,
BaMPtTh25 and BaMPtTh75. The RSMs of BaM004, BaM006, BaM0010, BaM0012, BaM0016,
BaM0020, BaM0022 reflections were also collected (not shown here) and do not reveal any sig-
nificant difference. From Figure 5.3, 5.3f and 5.3, it can be easily seen that for the BaMPtTh25
sample, that an extra RSM-XRD peak in appears at around Q, = 4.0 A~! for BaM0014, at
around Q; = 5.3 A~1 for BaM0020, ataround Q, = 6.7 A~ for BaM0024 and at around Q,, =
—2.43 A 'and Q, = 6.7 A~ for BaM-2024 which is marked with yellow dashed rectangles,
respectively. This additional diffraction spots originate from a minor crystalline formation with
different out-of-plane lattice parameters. Since the Qy position is the same as BaM-2022, -2024
and -2025 (Figure 5.3h), the in-plane lattice parameter of this minor phase is the same as of the
BaM film but strained in the in-plane direction. Radial diffraction intensity profiles were extracted
from the RSMs shown in Figure 5.3 and plotted in Figure 5.4a. In order to improve the visibility,
intensities were shifted vertically. Additional peaks were marked with magenta stars and the cor-
responding Q-positions were indicated by dashed magenta colored lines. It can be clearly seen
that an additional peak with a weak intensity appears only for BaMPtTh25 which confirms that
the extra phase represents a minor phase only. Radial diffraction profiles do not show a significant
difference which prooves similarties in the stoichimetry and out-of-plane strain fluctuation among
the BaM samples without a Pt interface layer (i.e. BaMPtTh0) and with a Pt interface layer with
two different thicknesses (BaMPtTh25 and BaMPtTh75). Figure 5.4b represents chi-scans of the
asymmetric reflection BaM-2022 which shows a six-fold symmetry of the BaM films for all three
samples BaMPtThO, BaMPtTh25 and BaMPtTh75. Extracted symmetric diffraction profiles
shown in Figure 5.4a and asymmetric diffraction profiles were fitted by using the Pseudo-Voigt
function to extract the Q-positions and FWHM values. Out-of-plane cgam and in-plane agam lattice
parameters were calculated and listed in Table 5-2.
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Figure 5.3: (a, b, ¢, d) And (e, f, g, h), (i, ], k, I) are reciprocal space maps recorded in high-resolution X-ray diffrac-
tion (HR_RSMs) for the symmetric reflections BaM0014, BaM0020, BaM0024 and asymmetric re-
flections BaM-2022, -2024, -2025 for BaMPthTh0, BaMPtTh25 and BaMPtTh75 samples, respec-
tively®”,

The derived radial (FWHM;:aq4) and angular (FWHMang) were plotted as a function of the reflection
order 00l in Figure 5.5a and in Figure 5.5b, respectively. From the WH approach the degree of
mosaicity, sizes of the lateral and vertical coherent blocks and our-of-plane strain fluctuation were
determined and listed in Table 5-2. In Figure 5.4c, XRR measurements of PtTh25, PtTh75,
BaMPtThO, BaMPtTh25 and BaMPtTh75 samples are compared. The XRR reflectivity data were
fitted by using the Leptos 7 software package. In the used model, BaMPtTh25 and BaMPtTh75
films constist of bilayer systems and PtTh25, PtTh75 and BaMPtThO are considered as single
layers. Upon the increase of Pt film thickness The, the oscillations are being damped especially
for PtTh75 (Figure 5.4c). This could be due to the increase of the surface roughness. From the of
XRR curve fits, the surface roughness of the Pt films decreased from Rqri= 2.54 £ 0.33 nm to
Rsurt = 0.42 £ 0.01 when The was increased from 25 nm to 70nm. Furthermore, it was possible to
get obtain better XRR curve fits of PtTh25 by considering a double layer structure which indicate
the existence of two different platinum films with different structural parameters. The roughness
Rint at the Pt/YSZ interface was found to be higher (Rin = 1.46 £ 0.24 nm for PtTh75) than for
PtTh25 which Rin: = 0.87 £ 0.08 nm. This in turn explains the loss of oscillations due to the de-
structive rough interface interferance.

If regarding the comparison between the BaMPtTh25 and BaMPtTh75 films, there exist two in-
terfaces, BaM/Pt and Pt/YSZ. For both films, the roughness at the BaM/Pt interface with Rin =
3.7226 + 0.0140 nm (resp. Rint = 2.9587 + 0.1419 nm) is higher than of the Pt/YSZ interface with
Rint = 0.3929 + 0.2597 nm (resp. 0.2273 £ 0.3092) in the case of BaMPtTh25 (resp. BaMPtTh75).
One can conclude a defined Pt/YSZ interface and from the roughness of the BaM/Pt interface that
there is a loss of thickness oscillations and a steep drop in the XRR intensity. It can be also de-
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duced that the quality of the interface BaM/Pt was improved by increasing The.. This was con-
firmed by the decrease of the surface roughness of PtTh75 with respect to PtTh25. Moreover, for
the BaMPtThO one-layer system, the roughness of Rin = 2.7472 + 0.6732 nm at the interface
BaM/YSZ is higher than the one at the Pt/YSZ interface (Rin = 0.3929 + 0.2597) for BaMPtTh25.
In conclusion, the interface quality was improved by inserting a Pt interlayer, not only but also
by the increase of the Pt interlayer film thickness.
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Figure 5.4: (a) Comparison of the radial diffraction profiles of the symmetric reflections BaM0014, BaM0016,
BaM0020, BaM0022, and BaM0024 for BaMPthTh0, BaMPtTh25, and BaMPtTh75 samples derived
from vertical cuts along the wave vector Q; at Qx = 0 of the HR-RSMs partially illustrated in Figure
5.3. (b) Azimuthal scan as a function of the phi angle (i.e., rotation around at the surface normal) for
the asymmetric reflection 2022 which corresponds to the BaMPthTh0, BaMPtTh25, and BaMPtTh75
samples. (c) XRR curves for the PtTh25, PtTh75, BaMPthThO, BaMPtTh25, and BaMPtTh75 sam-
plest?’,

In the following, the effect of the Thp: increase on the microstructure BaM film quality will be
investigated. It can be observed from Figure 5.5b, that the FWHMang Values are higher for the case
of BaMPtTh75 sample probably due to an increase in the defect concentration associated with the
mosaic block boundaries or to their degree of misorientation. This latter is measured to be 0.65
for the BaMPtThO, while for BaMPtTh25 it is 0.78. For the BaMPtTh75 samples, the value is
0.84. An increase in The: may generate surface irregularities like, for example, roughness. By
using Equation (5-1)°" and (5-2) a lattice mismatch f between BaM and Pt (111) as well as between
BaM and YSZ (111) was calculated and listed in Table 5-2.
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a —a
feam/pe[%] = 24100 (5-1)
apt
By using the in-plane (out-of-plane) lattice parameters, agam, ar: and aysz (Csam, Crt and Cysz) of the
BaM, Pt layers and of the YSZ (111) substrate, in-plane (out-of-plane) residual strain gy (&) val-
ues were determined via Equation (5-3) & (5-4)%2.

Apam — Qysz

feamyyszI%] = * 100 (5-2)

QAysz

The magnitudes a4y and cgqy are the measured in-plane and out-of-plane lattice parameters of
the BaM films, whereas ak3,, = 5.9281 A, c}3,, = 23.4070 A7 correspond to the lattice pa-
rameters of the BaM bulk in the free standing state.
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Figure 5.5: (a, b) Variation of the radial and angular broadening with the reflection order 00l employed as William-
son-Hall (WH) approach for the BaMPtThO, BaMPtTh25 and BaMPtTh75 mosaicity parameters de-
termination. From the FWHM:rad as function of the reflection order 001, the RSM vertical strain <e;>

R 1 . . R .
was determined from the slope &, pay = = ‘;pe while the mean vertical size of the BaM of mosaic

block was derived from the intercept at the origin YO by L, poy = i—’; From FWHMang as function of

the reflection order 001, the degree of misorientation « [deg] was determined from the slope by a =

slope * (C’;;;‘TM) 107,
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_ ABam ~ 9Bam (5-3)
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BaM
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5.2.2.2 Microscopic analysis of the interface quality effect on the BaFe;:019
microstructure

As mentioned, the increase of deposited material enhances the film thickness as well as the degree
of coverage. In Figure 5.6, SEM and TEM micrographs of as grown samples PtTh25 and PtTh75
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are shown. SEM images of PtTh25 and PtTh75 (Figure 5.6a, Figure 5.6b) display different mor-
phology and degree of coverage. This latter is expectedly higher for PtTh75 while PtTh25 con-
tains a network structure with Pt-free channels which indicate an incomplete surface coverage of
around 78% calculated by the image processing of SEM data. TEM micrographs of Figure 5.6¢
and Figure 5.6d, reveal a film composed of Pt disconnected blocks with a thickness variation
between The: = 20 nm and The; = 31 nm for PtTh25. The mean value of the thickness obtained by
XRR is in accordance with the Pt blocks size derived by TEM.

Figure 5.6: (a, ¢) And (b, d) SEM and TEM micrographs of the PtTh25 and PtTh75 samples respectively. (a) SEM
and (c) TEM micrograph of PtTh25 shows the discontinuity of the film. Dark contrast in (2) SEM mi-
crograph corresponds to the channel-like structure which represents non-filled YSZ (111) regions. (b)
TEM micrograph also shows the discontinuity from the cross-section. Magenta arrows indicate the
channels. (b) SEM and (d) TEM show the continuity of the PtTh75. Black rectangular boxes (a and b)
correspond to the representative region and to the size of the TEM lamella shown in (c and d). Yel-
low-dashed lines in (c, d) indicate the border of the Pt layer to improve visibility®’.

Additionally, the vertical sizes of the mosaic blocks obtained by WH-method were estimated to
Lz rt = 24 nm. The findings of XRR and TEM are in accordance with each other and permits us
to conclude that the Pt block size extends over the whole film thickness. The width of the Pt-free
channels of the PtTh25 sample, i.e., the distances between the Pt blocks, were measured by using
SEM images. They vary between 15 and 100 nm. The sizes of the discontinuity regions were
estimated between 15 to 37 nm, while the lateral sizes of the Pt blocks vary between 74 to 270
nm for PtTh25. SEM and TEM images of as grown PtTh75 do not reveal any discontinuity. The
thickness obtained from a TEM lamella with a size of 1 um is The; = 55 nm, which is slightly
smaller than the thickness obtained from XRR fitting and XRD thickness fringes. This discrep-
ancy of the TEM evaluation can be justified by the limitation of the local region measurement
which is provided by TEM micrographs.

The effect of the Pt interlayer thickness on the subsequently grown BaM layers was investigated
in detail by using high-resolution STEM imaging and by using HAADF images. BaMPtThO,
BaMPtTh25 and BaMPtTh75 samples were investigated with comparable scaling and are repre-
sented in Figure 5.7, Figure 5.8, and, Figure 5.9, respectively. The contrast of HAADF images

78



Chapter 5:Microstructure, stoichiometry, and magnetic properties of BaFe12019 films on YSZ(111) substrates:
Influence of the platinum interface layer quality and laser fluence

depend on the atomic-number and on the specimen thickness. It reveals the element-specific in-
tensity variation due to the similar crystal structure and specimen thickness, especially in the
atomically resolved regions. Cross-section TEM Bright-field images of the BaM layer grown on
a YSZ substrate were shown in Figure 5.7a. Atomic-resolution images were taken from several
regions through the sample, however in Figure 5.7b and 5.7c, representative regions are shown.
Figure 5.7b and 5.7c reflects the atomic-resolution real structure of the interface region
(BaM/YSZ) (green box) and the bulk region of the film (orange box) in Figure 5.7a, respectively.
Figure 5.7b shows the existence of a continuous amorphous layer with 3 nm thickness, located
between a BaM layer and a YSZ substrate (see orange dashed lines). The diffractogram (Figure
5.7d) obtained from the interlayer region by fast two-dimensional Fourier transformation (FFT)
exhibits an amorphous structure. While the diffractogram of the BaM layer near the interface
(Figure 5.7¢), obtained from the red square region drawn in Figure 5.7b, proves a highly c-axis
oriented BaM crystal structure.
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Figure 5.7: (a) Low magnification TEM micrographs for BaMPtThO which contains two drawn regions designed by
green and yellow squares, (b), (c) high magnification TEM micrographs of 20 x 20 nm corresponding
to the green and yellow squares of (a) respectively, scale bars are in the size of 5nm. (d) And (e) Fast
Fourier transformation (FFT) images of the interlayer and BaM film regions illustrated by yellow
dashed and red solid squares in (b). (f) And (g) are the FFT images for the green and the white BaM
regions drawn in Figure showing different crystal orientations. (h, j) HRTEM micrographs of
BaMPtThO, (h, j) HRTEM micrographs of BaM zones indicated by green and white squares respec-
tively. (i) and (k) schematic presentation for the atomic arrangement of the BaM zones which corre-
sponds to the squares white and green, respectively?7,

Additionally, at some locations of the sample out-of-phase (OPB) defects were visualized slightly
above the amorphous interlayer and extend through the growth direction without reaching the
film surface. The OPB defects are indicated by the vertically dislocated green lines which corre-
spond to the Ba atomic layers in the crystal lattice shown in Figure 5.7¢. The extension of the
OPB defects through the growth direction, marked with orange dotted lines, was observed to be
the origin of the crystal lattice perturbation. In addition, there is a lattice disturbance, highlighted
by yellow contour region in Figure 5.7c. The corresponding diffractograms FFT of the white
square (Figure. 5.7g) indicates a well embedded BaM with a large degree of misorientation of
15.3 degrees in the c-axis (i.e. [0001] direction of the film). In contrary, the diffractogram of
Figure 5.7f, which corresponds to the green square, confirms the formation of highly oriented c-
axis BaM crystal outside the disturbed white drawn region. This misorientation detected by the
FFT analysis is consistent with the RSM of the diffraction spot BaM0024 (in Figure 5.3c), where-
upon the BaM peak position is off-centered in the Qx direction with respect to substrate reflection
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of YSZ333, also indicated by the yellow arrow on the RSM. This indicates that there is a misa-
ligned 0001 phase of BaM from the lattice planes normal of the YSZ111 substrate. Figure 5.7h
and 5.7j represent the atomically resolved images of the regions (f) and (g) where the orientation
of the regions is clearly shown by the red and green dots which represent Ba atoms in the structure.
Figure 5.7i and 5.7k display the simulated crystal orientation, the distribution of the Ba atoms and
the unit cell of the crystal. Red and green balls both represent Ba atoms. Misalignment of the
crystal does not reveal the arrangement of the Ba atoms by itself. The arrangement of the Ba
atoms could only be realized when there exists an extra out-of-phase shift in the distance of c¢/2
of the BaM crystal. This is visualized in Figure 5.7k.

For BaMPtTh25 sample, Figure 5.8 shows the investigation of high-resolution STEM HAADF
images and the FFT analysis together with the corresponding regions. In Figure 5.8a, the Pt inter-
face layer in the BaMPtTh25 film appears discontinuous like the PtTh25 sample. During the sub-
sequent growth of the BaM layer, the Pt template undergoes duetting phenomena in such way that
atoms of Pt migrate from the surface of YSZ to the already existing Pt blocks. This can be seen
from the increase of the height, lateral size of Pt blocks as well as from the expansion of the Pt-
free, also called, discontinuity regions. The Pt-free areas were found to vary between 150 and 690
nm. Discontinuity of the Pt interface layer results in discontinuous BaM blocks which grows both
on Pt blocks and on YSZ111 Pt-free regions. Those Pt and BaM blocks are visualized by using
yellow dotted and red dashed lines. Figure 5.8b and Figure 5.8e compare the quality of BaM/Pt
and BaM/YSZ interfaces by high-resolution STEM images of the blue and orange regions drawn
in Figure 5.8a. In Figure 5.8e, BaM/YSZ the interface appears to be relatively diffuse which may
indicate a gradient of transition, being the origin of OPB (see dislocated green horizontal lines)
which ends up with a stacking fault (SF) defect visualized by red arrow. The diffractogram, pre-
sented in Figure 5.8d of the BaM film which is grown on YSZ (i.e. Pt free areas). It is obtained
from the defined region (green square) and indicates a highly oriented BaM c-axis. Furthermore,
the amorphous layer, which was detected in the BaMPtThO sample (Figure 5.7) was not observed.
Regarding the BaM grown on Pt blocks Figure 5.8b shows a sharp BaM/Pt interface which also
contains OPBs and SFs illustrated by green dislocated lines and a red arrow, respectively. The
corresponding FFT in Figure 5.8c proves the growth of c-axis oriented BaM on Pt and does not
reveal any significant difference with the BaM grown on YSZ. However, few inhomogeneous
regions were detected in the regions near the film surface (see Figure 5.8f with low magnification
and in Figure 5.8g, Figure 5.8j with higher magnification). There appears a well embedded extra
phase layer in between the c-axis oriented BaM layers. From the FFT analysis (Figure 5.8h, 4.8i,
4.8k, 4.8l) of the specified white squares regions in Figure 5.8g and Figure 5.8j, the formation of
an extra Ba deficient phase is demonstrated which grew in the orthorhombic structure which cor-
responds to Fe,O3 ICSD 415250 space group Pna2; which the in-plane and the out-of-plane lattice
parameters, projected along the [110] zone axis are a = 5.071 A, b = 8.736 A and ¢ = 9.418 A,
respectively. This finding of the extra revealed phase from HRTEM correlates well with the
HRXRD RSM results in Figure 5.3e, 5.3f, 5.3g, 5.3h where an extra peak nearby the BaM dif-
fraction spot exists. The comparison between the BaMPtTh25 (Figure 5.8a) and BaMPtTh75 (Fig-
ure 5.9a) implies that the continuity and the degree of coverage of the Pt interface layer are de-
pendent on the deposited Pt thickness and, therefore, on the ablated amount of material. One can
conclude that the Pt dewetting phenomenon does not conspicuously differentiate between BaM
grown on the Pt interface layer and directly grown on YSZ. However, it is well discussed in the
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literature that the continuity of the bottom electrode is a crucial to obtain a conductive layer for
device applications?3, Dewetting of Pt during the post-growth process leads to an increase of the
lateral distance of Pt-free regions between 15 and 37 nm and 150 to 690 nm, and the lateral Pt
block sizes between 110 to 470 nm. In order to understand the formation of two distinct crystal
phases during the growth of BaM on BaMPtTh25, BaM1 and BaM2, it is essential to identify the
microstructural changes in the Pt interface layer during the BaM growth. For this reason, the Pt
crystal structure was compared between the as grown (PtTh25, PtTh75) and in the encapsulated
states after subsequent growth (BaMPtTh25 and BaMPtTh75) in Figure 5.2a and 5.2b.

Figure 5.8: (a) Low magnification TEM micrographs for BaMPtTh25 which contains three regions indicated by red,
blue, and yellow squares. (b) High magnification TEM micrographs for the blue square of image (a)
which correspond to the BaM layer grown on the Pt blocks and (¢) FFT images which correspond to
the BaM region of the blue square is given in image (b). (e) High magnification TEM micrographs for
the yellow square of image (a) which correspond to the BaM layer grown on Y SZ substrate in the
cavity between the Pt blocks and (d) FFT image of the BaM region designed by the green square in
the TEM micrographs of (e). (f) Enlarged TEM micrograph of BaM films grown on Pt, (g), and (j) are
high-resolution TEM images which correspond to the two blue regions in image (f). (h) and (i) are the
FFT images of two regions with two different atomic contrast in HRTEM micrographs (g). (k) and (1)
are the FFT images of two regions with two different atomic contrast in HRTEM micrographs (j).
Scale bars (e, g, j) are in the size of 5nm. For magnified version refer to Figure A-131°7,

The shifts in the peak positions of the Pt111, Pt222 and Pt333 reflections are noticeable, especially
in the case of BaMPtTh25 and suggest a contraction of the lattice parameter (aet) during the dep-
osition of the BaM layer. The derived lattice parameters (see Table 5-1) provide a comprehensive
summary of the Pt microstructural changes from the Pt templates (PtTh25, PtTh75) and the bi-
layer (BaMPtTh25, BaMPtTh75) films. During the subsequent BaM growth the Pt interface layer
with a nominal thickness of The: = 25 nm undergoes significant structural changes. This includes
the reduction in the lattice unit cell with ap: decreasing from 3.9388 to 3.9257 A and the inter-
planar d-spacing (di11, p) from 5.5638 to 5.5491 A. In addition, there is a complete relief of the
in-plane strain within the Pt layer by following the BaM growth, as shown in Table 5-1. Figure
5.2a shows a smaller shift in the Pt peak positions for BaMPtTh75 compared to PtTh75, and a
remarkable displacement observed for the Pt peak position in the case of BaMPtTh25 compared
to PtTh25. As a result, the changes in the lattice parameter are relevant for the thinner Pt interface
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layers in the case of BaMPtTh25 while BaMPtTh75 exhibits mosaic blocks with slight misorien-
tations in comparison with BaMPtTh25. In the latter case, high-resolution STEM and HR-RSM
reveal the presence of two distinct crystal BaM phases. This finding suggests a Pt optimum thick-
ness for the interface layer which ensures the formation of a continuous layer that withstand
dewetting during the overgrowth of BaM. The comparison of the crystal structures of the BaM
layer grown on the Pt interface layers for BaMPtTh25 (Figure 5.8e) and BaMPtTh75 (Figure 5.9¢)
underlines the persistence of the same crystalline structure, unaffected by the discontinuity of the
Pt interface layer. The BaM film grown on an almost-continuous Pt interface layer was investi-
gated by selecting three distinct regions, denoted by blue, red and green square regions, as shown
in Figure 5.9a.

(1070]ll s 7inm

Figure 5.9: (a) Low magnification TEM micrographs for BaMPtTh75, which contains three drawn regions designed
by red, blue, and green squares. (b) High magnification TEM micrographs for the red square of image
(a) which corresponds to the BaM layer grown on the Pt. (c) FFT images corresponding to the BaM
region of the yellow square is given in image (b). (¢) HRTEM micrographs of the BaM region grown
on YSZ are shown in the green color square in image (a). (d) FFT image which corresponds to the
BaM film is highlighted by blue square region in the TEM micrograph image (e). (f) HRTEM micro-
graphs taken from the blue region of TEM image (a). (g) and (h) FFT images which correspond to
two BaM regions are given by the white squares of TEM micrographs (f) separated by the out-of-
phase boundary defect (OPB). It induces a twist in the BaM crystalline structure. Scale bars in (e, f)
are in 5nm size. For magnified version refer to Figure A-14%07,

The well-oriented BaM growth with high crystal quality on the Pt interface layer was confirmed
by high-resolution STEM imaging in Figure 5.9b, together with the corresponding diffractogram
(Figure 5.9¢) of the area marked with orange squares. With respect to the BaM microstructure
within the cross section apart from the Pt/BaM interface, the presence of an OPB defect was
revealed by the enlarged STEM micrograph of the region outlined by the blue square in Figure
5.9a (Figure 5.9f). This defect separates two regions, labelled 'g* and 'h', which exhibit local twist-
ing around the adjacent OPB. Justification of the twist is provided by the corresponding diffrac-
tograms (Figure 5.9g and Figure 5.9h) obtained by the FFT analysis of these distinct regions. The
relative change in the diffraction pattern shows that the reciprocal lattice crosses the Ewald's
sphere from a different position which indicates a twist in the lattice.
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5.2.3 Influence of interface quality on the chemical composition
of the subsequent BaFe12019layer

5.2.3.1 Chemical distribution of the film across the surface

Figure 5.10 shows the surface topography and elemental composition analysis of BaMPtThO,
BaMPtTh25 and BaMPtTh75 by using combined SEM/EDX measurements over a 6 pm x 6 um
area. The intention was to establish a correlation between the microstructures of the Pt interface
layer and the BaM layer, and to correlate our findings from STEM/HRXRD-RSM analyses with
the spatial distribution of the Ba, Fe, Zr, Pt and O elements. In order to bridge the gap between
the microstructures observed in the approximately 2 pm wide cross sections and the surface to-
pography with the corresponding element distributions, one has introduced Figure 5.10al, 5.10b1
and 5.10c1 as visual reminders of the TEM micrographs shown in Figure 5.7a, Figure 5.8b and
Figure 5.9c for the BaMPtTh0, BaMPtTh25 and BaMPtTh75 samples, respectively. The red rec-
tangles in Figure 5.10a2, 5.10b2 and 5.10c2 mark the sample surfaces and refer to our discussions
in the previous chapter, supported by cross-sectional TEM/STEM images.

A detailed study of microstructural changes and elemental composition over larger lateral scales
was considered valuable to derive reliable information on the influence of the Pt interface layer
thickness. Figure 5.10a, 5.10b2 and 5.10c2 provide an overview of the BaM surface topography
due to the insertion of the Pt interface layer. For BaMPtThO, it reveals a homogeneous BaM mor-
phology. For BaMPtTh25, an ensemble of BaM blocks which range from isolated islands to in-
terconnected BaM channels finally generate a BaM network structure with intervening holes for
BaMPtTh75.

In order to further understand the corresponding elemental distribution of the morphologies men-
tioned above, EDX maps were acquired over a 6 um x 6 pum area and presented in Figure 5.10a4
to 5.10a8, 5.10b4 to 5.10b8 and 5.10c4 to 5.10c8. A uniform distribution of Ba, Fe, O and Zr
elements over the measured area was found for BaMPtThO (Figure 5.10a4 to Figure 5.10a8).
However, the Pt blocks formation of BaMPtTh25 (see Figure 5.10b2 and Figure 5.10b3) is well
captured by the corresponding Pt distribution map (Figure 5.10b6) whereupon black regions in-
dicate areas devoid of Pt. In contrast, although Pt defines the block structure, Figure 5.10b4 shows
a less distinct block morphology which suggests that Ba encompasses the Pt blocks and the inter-
stitial spaces. Nevertheless, Ba-free voids are present in a regular arrangement within the EDX
map visible as black spots similar to the Fe element distribution (Figure 5.10b5). In the case of
BaMPtTh75, an almost continuous Pt interface layer which clearly influences the BaM surface
morphology and which results in a continuous BaM film interspersed with some voids and chan-
nels was obtained. These latter can be seen as dark areas in the SEM images shown in Figure
5.10c2 and 5.10c3. These regions correspond to Pt-free zones at which the Pt layer detached from
the substrate during the BaM overgrowth. This was also confirmed by the corresponding EDX
mapping data. In Figure 5.10c3, 5.10c5, 5.10c6 and 5.10c8, the elemental characteristics of re-
gions of dark voids and curved channels of varying sizes are readily apparent. Both the voids and
channels are Pt-free region but filled with dispersed Ba atoms. However, the Fe and O elements
are partially absent in certain regions within the voids and channels.
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5.2.3.2 Atomic-scale analysis of the chemical distribution at the interfaces by using
atomic-resolution EDX mapping

As mentioned above, the modulation of the BaM/YSZ interface was achieved by the intercalation
of a Pt layer. The continuity of the Pt interface layer and the surface morphology of the overlying
BaM film was significantly affected by the increase of the Pt thickness from The = 25 nm to 75
nm. During the subsequent growth of BaM the Pt/YSZ template underwent changes in the micro-
structure, strain and morphology due to Pt dewetting from the substrate. These processes resulted
in the formation of distinct interfaces: a single BaM/YSZ interface in the BaMPtThO sample and
three types of interfaces (Pt/YSZ, BaM/Pt and BaM/YSZ) in the BaMPtTh25 and BaMPtTh75
bilayer systems. In addition to our focus on interface transitions in terms of the microstructure
high resolution EDX mapping for the different samples (BaMPtThO, BaMPtTh25 and
BaMPtTh75) to explore and compare the chemical composition within these interface regions
was performed. Figure 5.11a and 5.11b show atomically resolved STEM HAADF images of the
BaM layer grown on YSZ near the BaM/YSZ interface for BaMPtThO and BaMPtTh25, respec-
tively.

A
YSZ

BaMPtThO BaMPtTh25
e ; i . e'\ ) j

BaMPtTh75

Figure 5.10: (a1, b1, c1) (a2, b2, c2) Present low-resolution TEM and SEM micrographs for BaMPtTh0, BaMPtTh25
and BaMPtTh75, respectively. The red square illustrates the size of the TEM micrographs with re-
spect to the SEM regions investigated. (a3, a4, a5, a6, a7 and a8), (b3, b4, b5, b6, b7, and b8) And
(c3, ¢4, ¢5, ¢6, c7, and c8) correspond to the HADDF images and different EDX elemental maps for
the Ba, Fe, Pt, Zr, and O2 for BaMPt0, BaMPtTh25, and BaMPtTh75, respectively?’.
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EDX were acquired from regions marked with white and red boxes and subsequently quantified
(Figure 5.11d1 to 5.11d5 and 5.11el to 5.11e5). The resulting Ba, Fe, Zr and O elements profiles
for are shown in Figure 5.11c. Four distinct regions appear: R1=Th<2.4nm,R2=2.4nm < Th
<4nm,R3=4nm<Th<5nmand R4=5nm < Th <12 nm. The R1 region (Th < 2.4 nm) has
the highest Zr and O concentrations which indicate the YSZ substrate. In the R2 region (2.4 nm
< Th < 4 nm), the Zr and O signals gradually decrease and finally disappear above Th = 4 nm
which shows the transition from the YSZ substrate to the BaM layer. This suggests a gradual,
rather than an abrupt, interface between YSZ and the BaM layer in both BaMPtThO and
BaMPtTh25 samples.

The R2 transition region (2.4 nm < Th < 4 nm) coincides with a decrease in the Zr and O signals
and a simultaneous increase in the Ba and Fe signals. This trend implies diffusion of Ba and Fe
atoms into the YSZ. In the R3 region (4 nm < Th <5 nm) Zr is completely absent, replaced by an
increase of Ba and O concentrations due to the BaM layer. A decrease in the Fe signal stabilizes
when Th exceeds 6 nm. In the region 5 nm < Th < 12 nm, the Ba signal shows a sinusoidal pattern
with a periodicity of about 2 nm which corresponds to the interatomic distance of Ba in the c-axis
direction. In the STEM HAADF image of Figure 5.11a, a less regular behavior is observed for
the Ba profile within the range of 2.4 nm < Th <5 nm which has structurally smeared character-
istics. This phenomenon is evident in both BaM layers directly grown on YSZ substrates which
corresponds to the BaMPtThO and BaMPtTh25 samples. EDX1154 elemental maps portraying
Ba, Fe, O, and Zr distributions for BaMPtThO are presented in Figure 5.11d2, 5.11d3, 5.11d4, and
5.11d5. The smeared atomic structure corresponds to the region denoted as R = 2.4 nm < Th <
5.0 nm, whereby the sub-region R2 = 2.4 nm < Th < 4 nm exhibits an interdiffusion of Ba and Fe
atoms into the YSZ substrate. This region (R2) in the various EDX1154 maps shows the presence
of the elements Fe, Ba, O, and Zr. Moreover, the dashed line in Figure 5.11c aligns with a mini-
mum of the oxygen profile which corresponds to a dark stripe in the associated O map of the
EDX1154 dataset. Furthermore, for BaMPtThO, when Th >5.0 nm (as seen in Figure 5.11d1), the
atomic structure becomes well-defined with relatively constant O and Fe intensities while the Ba
intensity oscillates in line with the layered atomic arrangement of Ba (as evident in Figure 5.11c).
The FFT analysis of Figure 5.7d demonstrates that the formed interlayer within the R = 2.4 nm <
Th < 5.0 nm range possesses an amorphous structure. The elemental profiles imply that this in-
terlayer consists of a mixture of Fe, Ba, Zr, and O, which presumably exhibits a disordered or
non-crystalline arrangement. For BaMPtTh25, Figure 5.11e1 does not reveal the smeared atomic
region observed in Figure 5.11d1 of BaMPtThO. Nevertheless, within the transition region R2 =
2.4 nm < Th < 4 nm the Ba concentration is higher for BaMPtThO (Figure 5.11d2) compared to
BaMPtTh25 (Figure 5.11e2). This suggests that the diffusion of Ba and Fe into the substrate is
more prominent in the case of BaMPtThO, despite both BaM layers being directly grown on YSZ
substrates. Different profiles of element concentrations are compared for both BaM layers in the
region R4 = 6 nm < Th < 12 nm which the courses of the elements Ba, Fe and O are more stable
(see Figure 5.11c). The corresponding elemental profiles almost overlap which suggests that the
chemical composition of BaM grown on YSZ does not show significant differences.
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Figure 5.11: (a, b) HRTEM micrographs for the BaM layer grown on the YSZ substrate for the BaMPtThO and
BaMPtTh25, respectively. The respective regions drawn by the red and the white squares describe the
selected regions for the EDX maps BaMPtThOEDX1154 and BaMPtTh25EDX1616. (c) Comparison
of the elemental profiles for the O, Fe, Ba, and Zr elements for the BaMPtThOEDX1154 and
BaMPtTh25EDX1616. (d1, d2, d3, d4, d5) And (el, e2, e3, e4, e5) correspond to the HADDF images
and different EXD elemental maps for the Ba, Fe, O, and Zr for BaMPtThOEDX1154 and
BaMPtTh25EDX1616, respectively. Scale bars in (d1-d5 and el-e5) are in 2nm size. For magnified
version refer to Figure A-157,

Figure 5.12a and 5.12b show high-resolution STEM images of the BaM layers grown on Pt sub-
strates for BaMPtTh75 and BaMPtTh25 samples, respectively. Combined high-resolution
STEM/EDX analyses were performed in the highlighted rectangular areas marked in yellow and
red. Figure 5.12d1 to 5.12d5 and 5.12el to 5.12e5 show the corresponding STEM HAADF im-
ages and quantified EDX maps for the elements Ba, Fe, O and Pt.

The EDX maps and elemental profiles derived from these maps (see Figure 5.12c) reveal four
distinct regions: RL=Th<1nm,R2=1.0nm < Th <24 nm, R3=24nm < Th < 3.5 nm, and
R4 = 3.5 nm < Th < 12 nm. Notably, for both BaMPtTh75 and BaMPtTh25 the region R1 = Th <
1 nm shows a maximum concentration of Pt due to its association with the metal interlayer. In
this R1 region there is also a trace amount of Ba (around 3.5 at.%) as observed in Figure 5.12c,
Figure 5.12d2, 5.12d5, 5.12e2 and 5.12e5. This indicates a possible diffusion of Ba atoms into
the upper regions of the Pt interlayer. However, it is also plausible that this is an artefact due to
the excitation of Ba X-rays in the adjacent BaM layer by electrons that are significantly backscat-
tered by platinum. The regions R2 = 1.0 nm < Th <24 nmand R3 =24 nm < Th < 3.5 nm
correspond to a Pt/BaM transition region characterized by a sharp decrease in the Pt signals in
both elemental profiles for BaMPtTh75 and BaMPtTh25. At the same time, in these transition
regions (R1 and R2) an increase in the Fe and O content is observed which stabilizes the subse-
quent R4 = 3.5 nm < Th < 12 nm region. Figure 5.12c illustrates that the Pt decay transition is not
abrupt when BaM is grown on a Pt interface layer, unlike the case of Zr decay when BaM is
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grown directly on a YSZ substrate. In the regions R1=Th<1lnmand R2=1.0nm<Th<24
nm, the elemental profiles of Ba, Fe, O and Pt show almost an identical behavior for both
BaMPtTh75 and BaMPtTh25 samples, and there is no pronounced effect related to the thickness
of the deposited Pt. It is noteworthy that the Pt film beneath the grown BaM has undergone sig-
nificant thickness changes of up to about 100 nm due to dewetting during the BaM post-growth.
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Figure 5.12: (a, b) HRTEM micrographs for the BaM layer grown on Pt for the BaMPtTh75 and BaMPtTh25, respec-
tively. The respective regions (yellow and the red squares) describe the selected regions for the EDX
maps BaMPtTh75EDX1807 and BaMPtTh25EDX1443. (c) Comparison of the elemental profiles for
the O, Fe, Ba, and Zr elements for the BaMPtTh25EDX1443 and BaMPtTh75EDX1807. (d1, d2, d3,
d4, d5) And (el, e2, e3, e4, e5) correspond to the HADDF images and different EDX elemental maps
for the Ba, Fe, O, and Pt for BaMPtTh75EDX1807 and BaMPtTh25EDX1443, respectively. Scale
bars in (d1-d5 and el-e5) are in 2 nm size. For a magnified version refer to Figure A-1677.
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In the region R4 = 3.5 nm < Th < 12 nm, at which the elemental profiles of Ba, Fe and O are more
stable, and at which the Pt signal is absent, the atomic concentrations of the different elements
were compared for both BaM layers. For BaMPtTh25, average values of approximately 2.7 at.%
Ba and 45 at.% Fe were determined, while for BaMPtTh75 the values were approximately 3.1
at.% Ba and 40 at.% Fe. This suggests that BaM grown in BaMPtTh75 has a slightly higher Ba
concentration and a slightly lower iron content. Correspondingly, the mean oxygen concentration
% O was slightly higher for BaMPtTh75. These results suggest the probability of some variation
in the chemical composition of BaM near the Pt interface. Due to the non-uniform Pt interface
layer in BaMPtTh25, the BaM film was deposited on the Pt blocks as well as the Pt-free mainly
on the YSZ substrate. This lead to investigate whether the chemical composition of BaM directly
grown on the YSZ substrate in BaMPtTh25 was like this of BaM/YSZ in BaMPtThO and
BaMPtTh75. Similarly, a comparative analysis of the chemical composition was carried out with
BaM films grown on Pt substrates for both, BaMPtTh25 and BaMPtTh75. The aim was to deter-
mine whether the chemical composition of BaM, when grown on Pt, is that of BaM grown directly
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on YSZ, as observed in BaMPtThQ, BaMPtTh25 and BaMPtTh75 samples. Several X-ray maps
from different regions of the three samples (specific maps not shown here) were acquired. The
resulting Ba, Fe, O and Pt elements profiles are shown in Figure 5.13b, 5.13c, 5.13e and 5.13f.
Figure 5.13b displays a comparison of the elemental concentration profiles of BaMPtTh25.
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Figure 5.13: (a, d, h) Low magnification TEM micrographs for the BaMPtTh0, BaMPtTh25 and BaMPtTh75 sam-
ples, respectively. (b) Comparison of the elemental profiles for the O, Fe, Ba, Zr, and Pt elements de-
rived from the EDX maps BaMPt25EDX1547, BaMPt25EDX1659, and BaMPt25EDX1604 for the
BaM film grown on YSZ, YSZ and on Pt, respectively. (c) Comparison of the elemental profiles for
the O, Fe, Ba, and Pt elements derived from the EDX maps BaMPt25EDX1616, BaMPt25EDX1604,
and BaMPt25EDX1650 for different BaM regions grown on Pt. (e) Comparison of the elemental pro-
files for the O, Fe, Ba, and Pt elements derived from the EDX maps BaMPt75EDX1728,
BaMPt25EDX1604. (f) Comparison of the elemental profiles for the O, Fe, Ba, Pt, and Zr elements
derived from the EDX maps BaMPtOEDX1523, BaMPt25EDX1659, BaMPt75EDX1340. For magni-
fied version refer to Figure A-1717,

These profiles relate to the regions identified in Figure 5.13b and marked by red squares
(EDX1604, row 5 in Table A-7), blue squares (EDX1547, row 4 in Table A-7) and magenta
squares (EDX1659, row 3 in Table A-7). The blue and magenta squares represent BaM regions
grown on the YSZ substrate, located between Pt blocks. In contrast, the red square represents
BaM grown on a Pt interface layer block. In Figure 5.13d, five regions within the BaM film have
been selected and marked with different colored boxes. From these boxes, three boxes, namely
the red dotted box of EDX1616, the yellow solid box of EDX1604 and the green solid box of
EDX1650 correspond to the BaM layer grown on Pt interface layer blocks. Meanwhile, two
boxes, namely the solid blue box of EDX1547 and the solid magenta box of EDX1659, represent
the BaM grown on Pt-free areas due to problems related to the Pt detachment during the BaM
post-growth process.

The STEM images of the X-ray map regions EDX1604, EDX1547 and EDX1659 are shown as
insets in Figure 5.13b. Element concentration measurements were performed in the thickness
range R = Th > 33 nm which variations in the film thickness profile were minimal. The resulting
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values are summarized in Table A-7. In particular, the concentration values of the elements Ba,
Fe and O are similar in the case of EDX1547 and EDX1659 which the BaM layer was directly
grown on YSZ in areas not covered by platinum due to the dewetting phenomenon (see Table A-
7, rows 3 and 4). However, for the BaMPtTh25 sample with a Ba content of about 3 at.% (data
set EDX1604, corresponding to BaM grown on Pt) and 39.50 at.% Fe these concentrations are
lower compared to the concentrations of these elements (3.30 at.% Ba and 43 at.% Fe, data set
EDX1547 in Table A-7) in BaM grown on Pt-free regions (see rows 4 and 5 in Table A-7). Con-
versely, for BaM on Pt (data set EDX1604), the oxygen content of about 57 at.% is slightly higher
than the 53 at.% found for BaM on YSZ (data set EDX1547), as also shown in Figure 5.13b. This
result suggests that BaM regions may show slight variations in the chemical composition which
depends on the type of interface layer.

Figure 5.13c shows a comparison of the Ba, Fe, O and Pt elements profiles for the BaMPtTh25
sample. These data are derived from BaM grown on Pt blocks. These are the data sets EDX1616,
EDX1604 and EDX1650 selected from appropriate regions of the film (see Figure 5.13d). The
atomic concentration values for Ba, Fe and O within thicknesses approximately equal to Th > 33
nm are detailed in rows 5, 6 and 7 of Table A-7, respectively. The profiles from the datasets
EDX1604 and EDX1650 show a similar pattern with comparable element concentrations in rows
5 and 7. This suggests that BaM grown in these regions is almost identical. However, in some
regions of this BaM layer, such as dataset EDX1616, high resolution STEM and associated digital
image analysis revealed the presence of two distinct crystalline phases. Within the Ba concentra-
tion profile, three distinct regions become apparent: R1 =30 nm < Th <60 nm, R2 = 60 nm < Th
<120 nm and R3 = 60 nm < Th < 185 nm. In the R2 region, which extends from 60 nm < Th <
120 nm, the Ba content of about 2.60 at.% indicates a BaM phase deficient in Ba, while iron is
enriched which results in an Fe content of about 41.70 at.%. The presence of a secondary BaM
phase with a different chemical composition and structure explains the additional diffraction spots
observed in Figure 5.3e, 5.3f, 5.3g and 5.3h. In conclusion, the combined use of the HRXRD,
HR-STEM and EDX techniques in the case of sample BaMPtTh25 confirmed the presence of a
minor secondary BaM phase with different lattice parameters due to its different chemical com-
position which is Ba deficient. Figure 5.13e shows a comparison between the EDX line profiles
of BaMPtTh25 and BaMPtTh75 samples. These data sets, namely EDX1728 and EDX1604, refer
to BaM layers grown on a Pt interface layer with thicknesses more than 25 nm. The resulting
elements concentration values correspond to rows 9 and 5 of Table A-7 and show only minor
differences between the BaMPtTh25 and BaMPtTh75 samples which reflect similar chemical
composition as the Pt interface layer had almost identical thicknesses due to the dewetting prob-
lem (see Figure 5.13d and 5.13h). Despite the nominal difference in The; of Pt interface layer in
the as-grown state for BaMPtTh25 and BaMPtTh75, there was no significant attributable effect.
As a result of the Pt detachment during the BaM post growth, Pt-free regions were particularly
prevalent in BaMPtTh25, at which the Pt thickness is only 25 nm. In contrast, only a few Pt-free
regions were detected in BaMPtTh75. It is pertinent to investigate whether the chemical compo-
sition of the BaM material grown in these Pt-free regions in BaMPtTh25 and BaMPtTh75 is like
that grown without a Pt interface layer in BaMPtThO. In order to achieve this, the element-specific
EDX profiles of the different BaM regions, shown in Figure 5.13a, 5.13d and 5.13h, are compared
in Figure 5.13f (specifically data sets EDX1523, EDX1659 and EDX1340). The corresponding
element concentration values are given in Table A-7, rows 2, 3 and 8, respectively. Compared to
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BaM in BaMPtThO, which serves as a reference for BaM without an interface layer, BaMPtTh25
shows a slightly higher Ba and Fe content (dataset EDX1659), about 2 % higher than those in
dataset EDX1523. Conversely, data set EDX1659 has an oxygen concentration about 4 % higher
than that of EDX1523 (see Table A-7). The percentage increase in the element concentration in
data set EDX1659 was calculated as the ratio of the difference between the element concentrations
of EDX1659 and EDX1523 to the concentration in EDX1523.

Regarding the BaM layer in BaMPtTh75, the Ba concentration in data set EDX1340 is about 4 %
lower than in data set EDX1523. Conversely, the Fe concentration in data set EDX1340 is ap-
proximately 6.5 % lower than in EDX1523, and the O content in data set EDX1340 is approxi-
mately 9.3 % higher than in EDX1523. The percentage increase/decrease in the element concen-
tration in data set EDX1340 was determined by calculating the ratio of the difference between the
element concentrations of EDX1340 and EDX1523 to the concentration in EDX1523.

These results suggest that the chemical composition of BaM grown on YSZ along the growth
direction is not consistent among the different samples, namely BaMPtThO, BaMPtTh25 and
BaMPtTh75. It should be emphasized that the same number of shots was utilized for the growth
of the corresponding BaM layers. Nevertheless, the thicknesses of the BaM layers differ for
BaMPtThO, BaMPtTh25 and BaMPtTh75 (column (3) of Table A-7) which depends on the type
of interface, whether it is BaM/YSZ or BaM/Pt/YSZ. This suggests that the interfacial strain af-
fects the BaM growth rate. For example, for BaMPtThO the thickness is Thgam = 176 nm, whereas
the BaM layers grown on YSZ have thicknesses which range from Thgav = 106 nm to 111 nm for
BaMPtTh25 and approximately Theav = 62 nm for BaMPtTh75. On the other hand, BaM grown
on a Pt substrate has a thickness that ranges from Thgav = 147 nm to 155 nm for BaMPtTh25 and
approximately 160 nm for BaMPtTh75.

5.2.4 Effect of the interface quality on the magnetic properties of
BaFe12019 films

5.2.4.1 Macroscopic magnetic properties

Out-of-plane (OOP, H // c-axis) and in-plane (IP, H L c-axis) magnetization loops for BaMPtThO,
BaMPtTh25 and BaMPtTh75 are compared in Figure 5.14a and 5.14b, respectively. The deposi-
tion of the Pt interface layer has led to an increase in the coercivity fields H.;and Hc; as well as
in the OOP and IP magnetization hysteresis loops. There is an increase in dissipation energy for
BaMPtTh25 and BaMPtTh75. In addition, the IP magnetization shows a two-sloped hysteresis
for BaMPtThO, BaMPtTh25 and BaMPtTh75 (see Figure 5.14b). This behavior may indicate a
multilayer structure along the interface or laterally separated domains, like the properties of
BaM/YSZ and BaM grown on Pt blocks, as observed in BaMPtTh25. Figure 5.14a and 5.14b do
not reveal a significant difference in the magnetization behavior between BaMPtTh25 and
BaMPtTh75, despite the Pt discontinuity problem in the BaMPtTh25 sample. To further investi-
gate the effect of Pt intercalation and its thickness, the OOP coercivity fields H.;, the anisotropy
field Ha, the remanent magnetization M, and the M, / M; ratio were plotted as a function of Thet
of the Pt interface layer in Figure 5.14c, 5.14d and 5.14e, respectively, and summarised in Table
5-3. By depositing the Pt interface layer, the values of H.;and Hc, for the BaM layer increased
from H.;= 897 Oe and Hy = 476 for BaMPtThO to H.;= 2070 Oe and Hey = 998 Oe for
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BaMPtTh25. In order to understand the reasons for this increase in the coercivity fields H, it is
important to consider various factors that affect the coercivity Hc, such as the magnetic anisotropy
which includes magnetocrystalline and magnetoelastic anisotropies. The absolute value of the in-
plane residual strain ey, sam determined from HRXRD was found to increase from ey, gam = -0.0074
for BaMPtThO to -0.0115 for BaMPtTh25 and -0.0193 for BaMPtTh75 (see Table 5-3). This con-
sequently contributes to the increase in the magnetoelastic anisotropy and affects the coercivity
H. and the anisotropy field H..

It is worthwhile looking at the relationship between the anisotropy field Ha and the effective ani-
sotropy constant, Ks. K is essentially the square root of the sum of two components: the magneto-
crystalline constant K; and the magneto-elastic anisotropy K,. K, is closely related to the in-plane
residual strain e, sav and can be expressed as follows?>2%4, In Equation (4-7), Ysawm is the Young's
modulus (1.115 x 10** N/m?), ugawm is the Poisson's ratio (9.86 x 10'® N/m?), Agam is the magneto-
striction constant (9 x 10)25, and &y, sam is the in-plane residual strain (Table 5-2). The following
equation
2K;
H, = Vs (5-5)

represents the anisotropy field in which Kr and M:s are the effective anisotropy constant and the
saturation magnetization, respectively?!52l7, The anisotropy constant is expressed by means of

equation
&=Kﬁ+ﬁ) (5-6)

in which K; and K, are the magnetocrystalline anisotropy and magnetoelastic anisotropy con-
stants, respectively.

3 YBaM
K= = |—2 )y
T2 <1 ET A

From Equation (4-7), we calculate the values of K, to be -9.87 x 10°, -1.55 x 10° and -2.58 x 10°
N/m? for BaMPtThO, BaMPtTh25 and BaMPtTh75, respectively. Furthermore, by using Equa-
tions (4-5) and (4-6), we determined the magnetocrystalline constant K; to be 9.52 x 10°, 1.53 x
10% and 2.57 x 10° N/m? for BaMPtThO, BaMPtTh25 and BaMPtTh75, respectively. Conse-
quently, one can observe that both the magnetocrystalline K; and the magnetoelastic K, anisotropy
constants significantly increase with the deposition of the Pt interface layer The.. Combining
Equations (4-5), (4-6) and (4-7), it is clear that the Ha field is directly proportional to the residual
strain. Therefore, an increase in the in-plane residual strain &;gam results in an increase in the Ha,
field, as shown in Figure 5.14c. The increase in the coercivity (H.; and Hc;) due to strain induced
effects is a phenomenon observed in various materials such as CoFe, 0421621821 films, In the case
of BaMPtTh25, the increase in the coercivity can also be related to the non-uniformity of the BaM
layer, mainly caused by the formation of a secondary crystal BaM phase with different lattice
parameters and stoichiometry, as previously demonstrated by HR-STEM/EDX and HRXRD-
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RSM methods. It is important to note that the lattice misfit (fsamet) and the residual strain have a
significant effect on the magnetic properties. Table 5-2 shows a comparison of the microstructural
features, which include a lattice misfit and an in-plane residual strain, for BaMPtThO, BaMPtTh25
and BaMPtTh75. The deposition of a Pt interface layer changes the lattice misfit from tensile
(faamrvsz = -19.5087 %) in BaMPtThO to compressive (fsawet = 5.5990 %) for BaMPtTh25 and
(fsawrt = 4.7701 %) for BaMPtTh75. In addition, Table 5-2 highlights the significant variation in
the in-plane residual strain &;,sam due to the Pt interface layer deposition. The increase in H.; could
also be related to the defect density as well as to the misalignment of the BaM planes with respect
to the substrate lattice planes. However, the FWHMang of the diffraction spots (BaM0014,
BaMO0020 and BaM0024) did not show significant differences between BaMPtThO, BaMPtTh25
and BaMPtTh75 which indicates comparable diffuse scattering and the related defect densities.
Furthermore, the misalignment of the BaM lattice planes with those of the YSZ substrate, ob-
served in BaMPtThO, is absent in BaMPtTh25 and BaMPtTh75. This informs us about the im-
provement of the c-axis BaM orientation which in return increases the anisotropy field (Hz) from
1.26 T to 1.34 T in Figure 5.14c. By comparing BaMPtThO and BaMPtTh25, we deduce that both
the M, and the M, / M ratio remarkably increases with the thickness of the Pt interface layer (see
Figure 5.14d and 5.14e). However, the variation in the M, and M,/ M;s ratio is estimated to be
around 5 % to 15 % in the case of BaMPtTh75 due to the continuity of the Pt interface layer. It is
important to note that the coercivity is strongly influenced by the magnetic anisotropy H, and
microstructure of the BaM film as extensively analyzed in previous chapters by using SEM/HR-
STEM/EDX and HRXRD. In order to understand the dominant mechanisms, which control the
coercivity, the micromagnetic theory developed by Kronmdiller et al. was applied. This theory
involves a He/ Ms against Ha/ Ms plot and should result in a linear relationship for a uniform
magnetization reversal process. The slope denoted as () of this curve provides an insight into
the dominant mechanism: if @ > 0.3 it suggests a nucleation mechanism, whereas a < 0.3 indicates
nucleation, pinning of domains or a combination of both.

Figure 5.14f gives the variation of Hc/ Ms as a function of Ha/ Ms for BaMPtThO, BaMPtTh25
and BaMPtTh75, whereupon the evaluated slopes () were 0.103, 0.116 and 0.142, respectively.
These results suggest that none of the samples can be attributed solely to nucleation as the domi-
nant mechanism. Figure 5.15a, 5.15b and 5.15 ¢ show AFM images of samples BaMPtThO,
BaMPtTh25 and BaMPtTh75. Correspondingly, Figure 5.15d, 5.15e and 5.15f show MFM im-
ages which the contrast is due to a phase shift in the magnetic domains in the range of 7.5° - 20°.
MFM images of the hard disk drive (HDD) were also taken which show positively and negatively
magnetized tip states (Figure A-20).

93



Chapter 5:Microstructure, stoichiometry, and magnetic properties of BaFe12019 films on YSZ(111) substrates:
Influence of the platinum interface layer quality and laser fluence

(a) (b) (C) Deposited Pt Thickness [nm]
75 50 25 0
600 600
BaMPtTh75 —— BaMPtTh75 2500 T = 300K
400 |—— BaMPtTh25 400 |—— BaMPtTh25 \ 13500
Ty —— BaMPtTh0 g —— BaMPtThO
] 200 ] 0 2000
5 H F] N
g g - 13000
= 0 = 0 S, 1500 =}
z E iy 12500 =
E-2001 E£-200 ——
g S 1000 o p, .. 12000
-400 T=300K -400 T=300K —4—H Il c-axis
600 ‘ H Il c-.axis e ‘ HI c-axis 500 | ——H 1 c-axis . 11500

-0.020 -0.015 -0010 -0.005
In-plane residual strain (g,)

-2 -1 0 1 2 -1 0 1
Magnetic field [T] Magnetic field [T]

(d) Deposited Pt Thickness [nm] (e) Deposited Pt Thickness [nm] (f)
75 50 25 0 75 50 25 0
T T T T 0.6 0.44
T =300K T=300K ¢« BaMPtTh75 .
200 0sl 0401 ., BaMPtTh25 .
— 036} * BaMPtThO . ", =0.142
Q 0.4f "
2 150 - 2032} " ,
= = . .
g =~ 03} = 0.28f « a=0.116
- " .
< 100 = C B
= 0.2} i 300K
. . 0.20 e
50} s . =
—4—H // c-axis T 0.1} ——H J/ c-axis T 0.16 o0 S '
—e—H 1 c-axis - H L c-axis 042 e «=0.103
-0.020 -0.015 -0.010  -0.005 © -0.020 -0.015 -0.010 -0.005 T 18 20 22 24 26 28
In-plane residual strain (g,) In-plane residual strain (g,) H, /M,

Figure 5.14: (a, b) Out-of-plane and in-plane magnetization hysteresis measured at room temperature for the
BaMPthThO, BaMPtTh25, and BaMPtTh75 samples. Variation of the (c) coercivity fields, anisotropy
field, (d) remanent magnetization, (e) squareness Mr / Ms ratio as a function of the in-plane residual
strain ,, (of BaM), (f) plot of He/ Ms as a function of Ha / M;s for the BaMPtThO, BaMPtTh25, and

BaMPtTh75 where the slope « was evaluated to be 0.103, 0.116 and 0.142, respectively’.

5.2.4.2 Microscopic magnetic properties

This step confirmed the accuracy of our MFM measurements and ruled out any artefacts due to
the MFM hardware, the user image processing, long-range forces (e.g., electrical, adhesion) or
phase shifting of the cantilever oscillations. It is important to note that MFM images are taken in
the remanent state (M), whereupon the BaM film consists of a distribution of magnetic domains
oriented parallel to the crystallographic c-axis and anti-parallel to the dipoles of the magnetized
tip which is oriented towards the film. The phase shift is directly proportional to the out-of-plane
component of the local magnetic field. Consequently, blue and yellow regions correspond to the
highest and lowest spin orientations along the c-axis, in the remanent state, respectively while the
magenta regions indicate intermediate spin orientations. Compared to BaMPtThO and
BaMPtTh25, the MFM image of BaMPtTh75 (Figure 5.15f) shows the highest proportion of
highly oriented magnetic domains, with blue regions which predominate. Conversely, BaMPtThO
shows the highest percentage of yellow regions which indicates a significant misorientation of
the magnetic domains. Figure 5.15e and 5.15f, which correspond to BaMPtTh25 and BaMPtTh75,
clearly show the influence of the Pt interface layer continuity on the local orientation of the mag-
netic domains parallel to the c-axis. The presence of local and highly oriented magnetic domains
in BaMPtTh75 is particularly important for high signal-to-noise ratio performance in perpendic-
ular recording media. For easy comparison, we have evaluated the size of magnetic domains
which correspond to three degrees of spin orientation (see Figure A-19) and summarized the re-
sults in Table 5-4. These results indicate that BaMPtTh75, which is characterized by a smooth
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and continuous Pt interface layer, has the highest percentage (73.31 %) of highly spin-oriented
magnetic domains along the c-direction. The degree of spin orientation quantified from the MFM
images is relatively consistent, most of it with the lowest spin oriented magnetic domains (47.19
% for BaMPtThO and 51.32 % for BaMPtTh25). While the magnetization loops do not reveal
significant differences in magnetic properties between BaMPtTh25 and BaMPtTh75, the local
magnetic domain orientation confirms the local influence of the Pt interface layer discontinuity.

200°

.................

75°

1.0 um

Figure 5.15: (a, b, ¢) Topography AFM images were recorded for the BaMPtThO, BaMPtTh25, and BaMPtTh75 sam-
ples. (d, e, f) The corresponding MFM images with the phase shift scale of [7.5° - 20°]. The blue and
the yellow regions correspond to the highest and the lowest oriented magnetic domains, respectively,
while the magenta regions originate from the intermediate spin orientation of the magnetic do-
mains'?’.

Before proceeding to the investigation of the fluence parameter, it is worthwhile providing a brief
summary of the findings. Extensive microstructural analyses were carried out on the Pt/YSZ tem-
plates and BaM bilayer systems by using HRXRD and HR-STEM/EDX/SEM methods. It was
observed that BaMPtTh25 with an initial The: = 25 nm exhibited a pronounced dewetting phe-
nomenon of the Pt bottom electrode from the YSZ substrate which results in the formation of a
discontinuous Pt film composed of Pt blocks and Pt-free regions. As a result, two different BaM
layers developed on two different surfaces: Pt and YSZ. The application of EDX mapping on the
BaM regions did not reveal significant stoichiometric differences between BaM grown on YSZ
and BaM grown on Pt. However, EDX maps revealed the presence of a minor Ba-deficient sec-
ondary crystalline phase identified as Fe;Os. In contrast, BaMPtThO, without an interlayer exhib-
ited misoriented regions near the film surface induced by out-of-phase boundaries. In addition,
the formation of an amorphous interlayer was observed at the interface of BaM/YSZ. On the
contrary, BaMPtTh25 and BaMPtTh75 exhibited highly oriented BaM c-axis layers with out-of-
phase boundaries and stacking faults that could act as pinning domain walls. High resolution
STEM micrographs delineated a sharp BaM/Pt interface for BaMPtTh25 and BaMPtTh75, while
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interdiffusion between BaM and the YSZ substrate was observed for BaMPtThO. This has influ-
enced the in-plane residual strain of the BaM film. The presence of the Pt interface layer enhanced
the coercivity fields (both Hc, and Hc/) and the anisotropy field Ha via an increase in the in-plane
residual strain. Conversely, misoriented grains in BaMPtThO reduced the coercivity field. Subse-
quently, micromagnetic modelling was used to investigate the mechanisms which impact the co-
ercivity field, but the effort proved to be inconclusive. In addition, the subsequent investigation
by MFM revealed highly oriented c-axis domains in BaMPtTh75 which indicate a remarkable
degree of spin orientation along the c-axis. The prevalence of highly oriented magnetic domains
in BaMPtTh75 underscores the critical importance of the continuity and the optimum thickness
of the Pt interface layer (> 70 nm) which makes it suitable for applications in perpendicular re-
cording media. This thickness does not only facilitate the resistance of the Pt film in terms of
dewetting during the subsequent growth, as discussed in Chapter 4, but also ensures both conti-
nuity and robustness which, thereby, guarantees the development of c-axis oriented magnetic do-
mains.

5.3 Effect of the laser fluence on the microstructure
and magnetic properties of BaFe12019

In the previous study, the quality of BaM films were carefully investigated to deeply understand
the influence of the Pt interface layer thickness They, which effectively reduced the lattice mis-
match. We conclude that the microstructure, morphology, and stoichiometry of these hexaferrite
BaM films were particularly dependent on the Pt film continuity, and its thickness The:. Several
PLD growth parameters apart from the laser fluence were varied with the aim to optimize the
magnetic properties of BaM®. In order to investigate the effect of the laser fluence on the micro-
structure, chemical composition, and on the resulting magnetic properties of these thin BaM films,
two films were grown by using two different laser fluence values, 25 mJ (BaMF25mJ) and 75 mJ
(BaMF75mJ), onto the Pt/YSZ templates with an optimized Thec= 70 nm. The objectives are to
explore the effects of the laser fluence variation on the growth kinetics of BaM films as well as
on the microstructural features such as the lateral coherent block size, mosaic block misorientation
and magnetic properties. Understanding these dynamics is essential for achieving high quality
BaM films, which are essential for improving perpendicular recording resolution.

5.3.1 Influence of the laser fluence on the BaM microstructure

5.3.1.1 Investigation via HR-XRD

In Figure 5.16, XRD patterns (theta/2theta) of BaMF25mJ and BaMF75mJ are compared. These
patterns include BaM (00I) reflections up to BaM0030 together with YSZ (111) substrate reflec-
tions up to 4th order and Pt (111) reflections up to 3rd order. Both patterns show the growth of
BaM films with a high crystal quality characterized by a pronounced c-axis orientation. Addition-
ally, the intensities of the substrate and platinum peaks almost overlap for both BaMF25mJ and
BaMF75mJ while the intensities of (00l) BaM reflections are slightly lower for BaMF75mJ. This
may indicate either variations in film the thickness or variations in the crystalline quality along
the (00I) direction. Furthermore, the broadening of the (00I) reflections for BaMF75mJ (black
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curve) is higher than in the case of BaMF25mJ. Both BaM films include sharp additional peaks
(marked with red triangles) around BaM0012 and BaM0014. They coincide with the brag angles
of the Fe,Os phase.
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Figure 5.16: Theta/2theta X-ray diffraction scans of BaMF25mJ and BaMF75mJ films which show highly c-axis ori-
ented BaM films. The red triangles indicate the peak positions of a minor secondary phase that have
Bragg positions close to the Fe203 phase®.

Increasing the fluence from 25 mJ to 75 mJ might induce the formation of the Ba-deficient phase
of Fe;O3 and two BaM layers with different stoichiometries. HR-RSMs were collected for se-
lected symmetric and asymmetric reflections of YSZ, Pt and BaM, and are shown in Figure 5.17
in which the upper and the lower rows include the plume picture of BaMF25mJ and BaMF75mJ,
respectively. The diffuse scattering in HR-RSMs of BaMF25mJ and BaMF75mJ do not show a
significant difference along the angular direction. However, the radial broadening seems to be
larger for the BaMO0O06 reflection of BaMF75mJ, which will be discussed later. Figure 5.17c and
5.17i simultaneously show Pt222 and BaM0020 reflections in a single scan, as well as in Figure
5.17d and 5.17j which the YSZ333 and BaM0024 HR-RSMs are market with vertical white
dashed lines which indicate Qang = 0 A, Figure 5.17¢ and 5.17i show that the BaM0020 reflection
is in-line with the Pt222 reflection which provides that the [001] direction of BaM is parallel to
the Pt [111] direction. In the same way, Figure 5.17d and 5.17j show that the BaM0024 reflection
is in-line with the YSZ333 reflection as well which indicates that the BaM [001] direction is
parallel to the YSZ [111] direction without any layer misorientation. Figure 5.17e and 5.17k show
an asymmetric reflection of BaM-2022 whereupon BaMF75mJ shows peak doubling which indi-
cates that there exist two phases with slightly different lattice parameters. By using the RSMs,
radial (direction of dashed black lines in Figure 5.17h) and angular (direction of orange dashed
lines in Figure 5.17b) intensity distributions of BaM006, BaM0014 and BaM0024 were extracted
and compared in Figure 5.18 and Figure 5.19, respectively. The differences in the intensity and
broadening are further analyzed in Figure 5.18 which demonstrates that the broadening of radial
diffraction profiles for the reflections BaM006 and BaM0014 are larger in the case of BaMF75mJ
compared to BaMF25mJ. This could be attributed to the variations in the stoichiometry of the
BaM layer as well as to the strain distribution within the layer. Referring to the intensity of the
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YSZ333 reflection, Figure 5.18c shows differences in the intensity, peak position and broadening
of the BaM0024 reflection between the BaMF25mJ and BaMF75mJ films. The increase of the
fluence enhances the amount of ablated material from the target which consequently affects the
growth rate and time necessary for the same final thickness. Consequently, the lattice rearrange-
ment would be less influenced by the diffusion in the layer BaMF75mJ due to the shorter growth
time compared to BaMF25mJ??¢. Moreover, by increasing the laser fluence the stoichiometric
transfer from the target to the substrate is not guaranteed due to the increase of the radial distri-
bution of the plasma caused by the increased kinetic energies of the species which depend on their
molecular weight??°, Additionally, as the kinetic energy increases, species of plasma which reach
the target surface are more likely to be bounced back or cause resputtering which can be called
desorption®22L, Desorption, driven by the higher kinetic energy of Ba atoms, may be responsible
for the formation of the Fe,O; phase. Figure 5.18d shows a WH plot which shows that the broad-
ening variation is linearly related to the reflection order. The slope of BaMF75mJ is steeper than
that of BaMF25mJ which indicates a greater strain distribution in the film for the 75 mJ grown
film. This is consistent with the reduced growth time and diffusion properties.

YSZ224 m
; W " BaM2026
= BaM2024

21 Pt331

§_BaM006
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26 24 22 =2
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Figure 5.17: (a) And (g) plume pictures during the growth of the samples. Selected HR-RSMs of BaM symmetric (b)
& (h) (006), (c) & (i) (0020) together with Pt (222), (d) & (j) (0024) together with YSZ (333) and
asymmetric (e) & (k) (-2022) reflections and (f) & (I) (-2024), (-2026) together with Pt (331) and
YSZ (224) of BaMF25mJ and BaMF75mJ films on the upper and lower row, respectively. (b) Orange
and black dashed lines show exemplary cuts for angular and radial diffraction profiles, respectively.
(c) & (i) And (d) & (j) show that the c-axes of Pt(111) & BaM(0001) films and YSZ(111) &
BaM(0001) film are parallel to each other, respectively. For magnified view refer to Figure A-18%,

In particular, the y-intercept of the WH plot in the radial direction delivers the average mosaic
block size along the growth direction. It is evident that the y-intercept of BaMF75mJ is smaller
than that of BaMF25mJ which indicates a larger mean mosaic block size along the growth direc-
tion. Figure 5.19 shows angular diffraction profiles of BaM006, BaM0014 and BaM0024 reflec-
tions, together with the WH plot (FWHMang vs 00I) (Figure 5.19d). The FWHMayg is slightly more
pronounced in the case of BaMF75mJ. This higher growth rate due to increase of laser fluence
induced the increased kinetic energies of the species which reach the substrate surface. This in
turn may contribute to a defect formation during deposition, characterized by a stoichiometric
inhomogeneity and the formation of stacking defects??2223,
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Figure 5.18: Radial diffraction profiles of selected BaM RSMs of (a) (006), (b) (0014), and (c) (0024) reflections to-
gether with YSZ (333) reflection of BaMF25mJ and BaMF75mJ. (d) Williamson-Hall plot of
FWHM g as a function of the reflection order (001)%.

The FHWMayg increases linearly with 001, and the slope is steeper for BaMF75mJ than that for
BaMF25mJ. This reflects a higher mean mosaic tilt of the blocks. However, it does not provide
information about the number of mosaic block sizes or the number density of mosaic boundaries.
These data are determined by the y-intercept of the fitted curve (see Table 5-5). It can be found
that the mean lateral size of the mosaic blocks in BaMF75mJ is slightly smaller than that in
BaMF25mJ.
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Figure 5.19: Angular diffraction profiles of selected BaM RSMs of (a) (006), (b) (0014), and (c) (0024) reflections of
BaMF25mJ and BaMF75mJ. (d) Williamson-Hall plot of FWHMang as a function of the reflection
order (001)8°.

5.3.1.2 Investigation via HR-TEM

TEM examination of both layers was carried out to obtain conclusive statistical results from the
XRD and WH analyses. Figure 5.20 shows the TEM study carried out on BaMF25mJ. In Figure
5.20a, a low magnification TEM image shows the bilayer BaM/Pt system on the YSZ(111) sub-
strate which clearly illustrates the continuity of the BaM and Pt layers along with its thickness
and along the lateral direction. The platinum layer has an approximate thickness of Thp: = 100 nm
while Thgaw = 135 nm. The contrast variations within the BaM layer was due to locally different
diffraction conditions and reveal slightly different oriented BaM mosaic blocks separated by
phase boundaries. The lateral size of mosaic blocks varies from 25 nm to 156 nm. Importantly,
there is no distinct contrast variation in the vertical direction which suggests that the vertical size
of the mosaic blocks is equivalent to the thickness of the BaM layer. Region of Interest 1 (ROI1)
was selected for higher magnification images shown in Figure 5.20b.
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Figure 5.20: (a) TEM bright-field image of the BaM/Pt layer stack on YSZ(111) substrate of the sample BaMF25mJ,
dark vertical lines as well as black/white regions hint at the presence of mosaic blocks. (b) Corre-
sponding SAED pattern for orientation relationship between BaM and Pt. (c) HRTEM image of the
BaM region ROI1 with three mosaic blocks. (d) HRTEM image of the interfacial region ROI2 be-
tween BaM along its [10-10] zone-axis direction and Pt along [11-2] in the vicinity of the mosaic-
block boundary marked with a square in (c)®.

A SAED pattern taken from the BaM/Pt interface confirms the alignment between the layers along
BaM [0001] and Pt [111] which shows their parallel orientation (SAED pattern not shown here).
This alignment is consistent with the XRD results (see Figure 5.17). Interestingly, the mosaic
boundaries are identified as out-of-phase boundaries (OPB), at which the layer shifts by a c/4
lattice parameter. These OPBs originate at the BaM/Pt interface and propagate throughout the
layer to the surface. Figure 5.20c shows a higher magnification view of ROI2 selected from Figure
5.20b. It demonstrates the sharpness of separation of the BaM/Pt interface at the atomic scale.
Notably, OPBs form steps on the Pt surface, even in the absence of a surface. Furthermore, each
individual mosaic block within the layer has a relatively perfect crystal structure. Figure 5.21
shows TEM images obtained by FIB milling of the BaMF75mJ film. The low magnification TEM
images in Figure 5.21a illustrate the BaM/Pt/'YSZ(111) system, with continuous Pt which possess
slight thickness variations noted within the layer. These variations could be due to local sampling
in TEM investigations. In particular, the low magnification image suggests a higher number of
mosaic blocks, accompanied by an increased number of boundaries (visible as black lines within
the layer). This finding is consistent with the XRD results which revealed a higher defect density
(Figure 5.19). Furthermore, lateral boundaries are also evident which indicates variable mosaic
blocks in the growth direction. This observation is consistent with the XRD results which there is
a larger radial broadening for BaMF75mJ compared to BaMF25mJ (see Figure 5.18. ROI3). The
higher magnification in Figure 5.21b reveals the presence of mosaic boundaries, again in the form
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of out-of-phase boundaries (OPBs) generated at the interface. However, these boundaries do not
propagate through the film thickness, but they terminate at the locations of stacking defects. Con-
sequently, the c/4 shift of the lattice appears to be halted by a stacking fault which creates another
mosaic boundary for another mosaic block along the growth direction. Outside the boundary re-
gions, a local strain distribution was detected from the subtle contrast variations. This observation
is corroborated by the XRD results and the WH analysis. Figure 5.21c shows a HR-TEM image
of the BaM/Pt interface in ROI4. Here the OPBs originate from the vicinity of the interface
whereas the BaM/Pt interface lacks the sharpness seen in the case of BaMF25mJ. The first few
nanometers of BaM/Pt in BaMF75mJ appear to be disturbed and not atomically sharp. This sug-
gests that the fast growth rate and/or high energy species do not effectively rearrange at the plat-
inum surface.

Ag & Pt/C coating é

Figure 5.21: (a) TEM bright-field image of the BaM/Pt layer stack on YSZ(111) of BaMF75mJ and (b) corresponding
SAED pattern with the orientation relationship between BaM and Pt. In this BaM, the bottom region
with a vertical extension of about disturbed region 50 nm than with horizontally separated crystal blocks
(c) HR-TEM image of a complex mosaic-block structure (ROI3) with both vertical and horizontal
boundaries within the BaM film. (c) HR-TEM image of the interfacial region (ROI4) between BaM
along its [10-10] zone-axis direction and Pt along [11-2]%.

Alternatively, the perturbation could be generated by the high kinetic energy species which im-
pinge on the Pt surface and/or the first few atomic layers of BaM during the initial stages of
growth. Subsequently, this perturbation may transform into the observed OPBs as the surface
loses its flatness.
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5.3.2 Influence of the laser fluence on the surface morphology
and stoichiometry

Understanding the morphology of the layer is also important to learn about the growth kinetic
which is useful for the future investigation of heterostructures. In order to explore the growth
Kinetics for a quasi-in-situ study, an additional sample was grown at 25mJ and 75mJ. Those sam-
ples were grown until so called up to half of the thickness of the actual studied layer. This allowed
to examine the surface morphology at this stage and to conduct an in-situ measurement at which
the layer is grown until it reaches half of its thickness. These samples were labeled as BaMF25mJ
Th70nm and BaMF75mJ Th70nm whereas the original layers were labeled BaMF25mJ Th140nm
and BaMF75mJ Th140nm. In Figure 5.22, AFM results are shown for BaMF25mJ Th70nm,
BaMF75mJ Th70nm, BaMF25mJ Th140nm and BaMF75mJ Th140nm with different area size,
5um x 5um (Figure 5.22a to 5.22d), 2um x2 pm (Figure 5.22e to 5.22h) and 3D images 2pum x
2um for the representation of their morphology (Figure 5.22i to 5.22I). The first 2 columns of the
figure show the so-called half thickness films whereupon the last 2 columns are the films with
nominal conditions, i.e., actual thickness. The micrographs of the films grown at 25mJ confirm
well-defined hexagonal grains which the growth time also takes longer (Figure 5.22a, 5.22¢, 5.22i
and 5.22c, 5.22g, 5.22k).

Increasing the fluence leads to coalescence of the hexagonal grains and to the formation of an
interconnected grain network at which the grains become rounded and elongated to form chains.
This was induced by the higher energetic species which results from the increase of the ablation
fluence. The increase of the film thickness from 70 to 140 nm in the case of BaMF25mJ lead to
an increase of the hexagonal grain sizes from 450 nm to 800 nm whereas the increase of the
thickness of BaMF75mJ lead to the formation of distributed and the well-defined grains in the
range of 80 to 265 nm on top of the elongated and interconnected hexagonal chains. In conclusion,
for BaMF75mJ underwent 2 types of outgrowths which the first is composed of the hexagonal
interconnected grains. Further deposition lead to the formation of secondary spherical grains on
top of the preexisting elongated chains. The growth beyond the 70 nm thickness nuclei with the
high kinetic energies diffuse onto the surface and coalesce to form grains which their sizes are
dependent on the material flux rate or time given between the pulses. In other words, it is depend-
ent on the competition between the nucleation rate and the crystal growth rate??*. It was also
shown by Zhang et al. that the influence of fluence affects the BaM morphology?®. It could be
deduced that the increase of the fluence from 25 to 75 mJ, due to increase of diffusion energy and
decrease the time given for rearrangement, grains become smaller?®, In order to better meet the
requirement of the high-density perpendicular recording media, further tuning would be necessary
in the case of the BaMF75mJ film.
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Figure 5.22: Atomic force microscopy (AFM) morphology images (a, b, ¢, d) from 5um x 5um region, (e, f, g, h)
from 2pum x 2um region of BaMF25mJ Th70nm, BaMF75mJ Th70nm, BaMF25mJ Th140nm, and
BaMF75mJ Th140nm, respectively. Blue dashed lines show typical topography features. (i, j, k, I)
Show the 3D images of the corresponding 2pum x 2um morphology images in (g, f, g, h), respectively.
Representative topographic features are highlighted via extended drawings on 3D topography images
@i, j, k, 1)%.

This could be achieved by varying the oxygen pressure or raising the growth rate by means of the
repetition rate??”. The mentioned structures are visualized with a blued dashed line in Figure 5.22¢
to 5.22h in which the interconnected hexagonal chains and the well-defined hexagonal grains are
visible. In the 3D representation, extra drawings were made too to better clarify the mentioned
structure at which the secondary growth-related grains of the BaMF75mJ were visualized by
means of red lines on top of the black structure (see Figure 5.221). Since the XRD points out the
chemical disturbances on the structure an XPS investigation was conducted to study the chemical
variation on the sample’s surfaces as XPS is sensitive within a depth of 10 nm only. Figure 5.23
shows the XPS curves of Ba3d (5.23a and 5.23b for BaMF75mJ and BaMF25mJ), Fe2p (5.23c)
and O1s (5.23d) and the deconvolution of the species. Figure 5.23b, 5.23c and 5.23d show the
spectra for the Ba 3d, Fe 2p and O 1s lines obtained from the BaMF25mJ film. In Figure 5.23b
one can observe two distinct peaks for both the Ba 3ds, and Ba 3ds, of the BaMF25mJ sample.
The lower binding energy (BE) of the spin-orbit split (SOS) pair at 3ds/» BEga1 = 793.98 eV and
3ds» BEga1 = 778.65 eV (referred to as Bal, indicated by blue curves) is attributed to Bal atoms
in the perovskite phase.

The higher binding energy SOS pair at 3ds» BEga» = 795.33 eV and 3ds2 BEga, = 780 eV (denoted
Ba2, indicated by red curves) corresponds to Ba2 atoms in a different chemical environment. The
energy separation between Bal and Ba2 is about 1.5 + 0.1 eV. This finding agrees with similar
XPS spectra of Ba atoms observed by Atuchin et al.?? for hexaferrite BaM powder samples. The
BE values which correspond to the peak positions of Ba 3d3/2 and Ba 3d5/2 for both BaMF25mJ
and BaMF75mJ samples are given in Table A-8 in appendix. Figure 5.23a and Figure 5.23b show
a comparison of the Ba spectra of the 25 mJ and 75 mJ samples, respectively. Both spectra show
the presence of two types of atoms, Bal and Ba2. However, the Bal/Ba2 ratio is different, with
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BaMF25mJ being 1.08 and BaMF75mJ being 1.34. Consequently, this difference in ratio results
in different total Ba profiles. It is generally accepted that Ba atoms with a binding energy below
780 eV correspond to Bal atoms which are a part of the perovskite BaM phase. As shown in
Figure 5.23c, the XPS spectra of Fe 2p show the 2ps and 2p12 multiplets are indicated by (peakl,
peak2) and (peak3, peak4), respectively, together with their corresponding satellites.
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Figure 5.23: Measured and fitted narrow range XPS spectra of BaM films, (a) Ba 3d spectra of BaMF75mJ, (b) Ba 3d
spectra of BaMF25mJ, (c) Fe 2p spectra of BaMF25mJ, and (d) O 1s of BaMF25mJ. Open circles
correspond to measured XPS data where solid black lines correspond to fitted data, an orange line
represents the background intensity, blue, red, and green curves show the fitting peaks, and below the
fits solid magenta line corresponds to fit residue. Blue curves of (a, b) correspond to peak 1 (Pk1) and

peak 3 (Pk3) of the Bal doublet where red curves of (a, b) correspond to peak 2 (Pk2) and peak 4

(Pk4) of Ba2 doublet with spin-orbit splitting SOS = 15.33 eV, with an intensity ratio of Isj2:1s2 = 2/3.

The solid green line in (a, b) corresponds to the Auger peak of Fe LMM. Blue curves in (c) corre-

spond to peak 1 (Pk1) and peak 3 (Pk3) of the Fel doublet and red curves represent peak 2 (Pk2) and

peak 4 (Pk4) of the Fe2 doublet separated by SOS = 13.6 eV with an intensity ratio of ls;2:112=2.

Green solid lines in (c) represent satellite peaks of Fe 2p orbitals. (d) Blue, red, and green curves cor-
respond to the O1, 02, and O3 peak fits for the O 1s spectrum, respectively®,

The curve fits the measured data remarkably well. The BE values which correspond to the peak
positions of the 2p1, and 2ps,, multiplets for both BaMF25mJ and BaMF75mJ are compared in
Table A-9 in the appendix. In addition, the BE values of the SOS pair at 2p1» BEre1 = 723.78 eV
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and 2ps2 BEre: = 710.18 eV are assigned to Fel atoms (peak3 and peakl is represented by blue
curves) for BaMF25mJ. Similarly, the BE values of the SOS pair at 2p1> BEre, = 726.4 €V and
2ps2 BErez = 712.8 eV correspond to Fe2 atoms (peaks 4 and 2 is represented by red curves).
Figure 5.23d shows the O 1s spectral region which can be divided into three sub-peaks. The lower
binding energies BEo: = 529.46 eV and BEo, = 531.53 eV are referred to O1 and O2, respectively.
These are associated with O; ions in the BaM phase. Typically, the O 1s peak falls within the 528
- 531 eV binding energy range characteristic of metal oxides. Another peak at BEos = 533.14 eV
corresponds to an Ox- oxidation state (0 < x < 2). This is associated with chemisorbed species
and oxygen vacancies.

Our analysis, which includes peak positions and integrated intensities of Ba 3d, Fe 2p and O 1s
atoms, is listed in detail for both BaMF25mJ and BaMF75mJ samples in Table A-9 in the appen-
dix. Importantly, percentages to examine variations in the Fe/Ba ratio which result from the
change in laser fluence are used. The sum of the intensities for Ba, Fe and O add up to 100 %, as
shown in Table A-9 in the appendix.

Our focus here is to understand how the increase of the fluence from 25 to 75 mJ affects the
chemical composition of the surface. To do this, we compare the total spectra of all elements, Ba,
Fe and O, in Figure 5.24a. The top of the spectra shows changes in Ba and Fe as the laser fluence
varies. In particular, for BEs below 700 eV and above 820 eV both spectra match well. However,
in the intermediate BE range which corresponds to Fe, the red spectrum of the BaMF25mJ sample
has a higher intensity than that of BaMF25mJ. Conversely, in the BE range which corresponds to
Ba, the blue profile of BaMF25mJ shows higher Ba intensities compared to BaMF75mJ. Figure
5.24b, 5.24c and 5.24d give a more detailed breakdown of the spectra for Ba, Fe and O in both
BaMF25mJ and BaMF75mJ films.

By fitting all the spectra, the corresponding peak positions and intensities, which are compared in
Table A-9 in the appendix are determined. The comparison of the spectral profiles shows that the
Ba intensity is higher in BaMF25mJ, while the Fe intensity is higher for BaMF75mJ. Specifically,
the integrated area shows that Is, = 14.35 % for BaMF25mJ and 9.62 % for BaMF75mJ. Con-
versely, Ire = 72.25 % for BaMF25mJ and 77.75 % for BaMF75mJ. These results indicate that
BaMF25mJ is Ba enriched while BaMF75mJ is richer in iron. In addition, lo; = 10.12 % is higher
for BaMF25mJ. Since XPS merely provides the information about the surface chemistry, a
STEM/EDX (Figure 5.25) study was conducted for 2 different BaM films.
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Figure 5.24: Acquired XPS (a) survey spectrum with inset of the magnified region of Fe 2s, Fe 2p, and Ba 3d lines.
(b) Ba 3d, (c) Fe 2p, and (d) O 1s spectra of BaMF25mJ and BaMF75mJ films®°,

Figure 5.25al to 5.25a4 show the STEM and EDX maps of the BaMF25mJ film and the atomic
concentration (Figure 5.25a5) profile along the marked region in Figure 5.25a1 (similarly, Figure
5.25b1 to 5.25b5, and Figure 5.25c¢1 to 5.25¢5 for BaMF75mJ from 2 different regions). EDX
maps are measured in the STEM mode by using the electron probe with 1 nm in diameter. The
obtained maps were substracted from the background and analysed. For the EDX maps, Ba, Fe
and O are shown with the color code of red, green, and blue for the elemental profiles. Elemental
maps allow to identify the presence of a chemical fluctuation in the layer and the occurrence of a
chemical interdiffusion at the BaM/Pt interface. The overall composition of the two films is close
to the nominal values, namely approximately, 3 at.% Ba, 37 at.% Fe and 60 at.% O (see Figure
5.25a5 and 5.25b5). There are some deviations in the concentration of the chemical species, es-
pecially towards the film surface. One can see that the variation of the concentration is systemat-
ically exists at the film surface. However, the concentrations below the first 20 nm of the surface
are consistent for Ba, Fe and O. The change in the microchemistry in near-surface regions can
hardly be interpretted as a real inhomogeity of the chemical composition due to the probable
artifact generated by the TEM sample preparation. Since a Ga*-ion beam was used to prepare the
FIB lamella the variation in chemistry could be caused by the lamella preaparation. In Figure
5.25b5, a small gradient of Fe and O was visible which the concentration of Fe and O seems to

107



Chapter 5:Microstructure, stoichiometry, and magnetic properties of BaFe12019 films on YSZ(111) substrates:
Influence of the platinum interface layer quality and laser fluence

decrease steadily towards the surface of the film. Here, the Ba content remains constant apart
from the surface region. For example, at the interface BaM/Y SZ the elemental composition is 3.0

at.% Ba, 39.5 at.% Fe and 57.5 at.% O whereas the composition values are 1.8 at.% Ba, 33.3 at.%
Fe and 64.9 at.% O at the surface.
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Figure 5.25: Combined STEM/EDXS analysis of the element distribution of the BaM/Pt layers on YSZ in cross-sec-
tion: STEM HAADF images and X-ray maps of the distribution of the elements Ba, Fe, and O to-
gether with corresponding element-concentration profiles of the regions marked in the STEM
HAADF images for BaMF25mJ (al-a5) and for two different regions in BaMF75mJ which figures
(b1-b5) represent a typical BaM region and (c1-c5) show a region with a secondary Fe-O rich phase.
The individual energy-dispersive X-ray data were quantified by using the thin-film approximation and
the noise of the obtained maps was reduced by applying a 3 x 3 mean filter. The error bars in the ele-

ment-concentration profiles amount to approximately 1 at. % for Ba, 4.5 at. % for Fe, 4.5 at. % for
0%,
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Additionally, BaMF75mJ contains a secondary Fe-O phase with the composition of 40 at.% Fe
and 60 at.% O at some regions which corresponds to a Fe.Os phase (Figure 5.25¢5). In comparison
with the BaM matrix, a respective amount of the Fe;O3 regions occupied a low volume fraction
from the BaM sample. In the TEM lamella, there exist 2 regions which are separated 5um from
each other. On the other hand, a compositional variation was not observed in the BaMF25mJ
sample. Therefore, BaMF25mJ is found to possess the same stoichiometry as the BaM target
whereas the BaMF75mJ displays slight gradient variations and Ba deficient regions related to the
formation of the Fe.Os; phase as discussed in the previous chapter. Furthermore, BaMF75mJ
shows a gradient in the composition through the film thickness. It must be emphasized that
BaMF25mJ and BaMF75mJ display a chemical variation at the surface which could partially
correlated with the difference revealed by XPS measurements. However, it should be noted that
EDX/STEM analysis is a local analysis method which cannot deliver the overall information un-
less it does not correlate with the statistical methods.
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Figure 5.26: In-plane and out-of-plane hysteresis loops of (a) BaMF25mJ, (b) BaMF75mJ, (c) comparison between
BaMF25mJ and BaMF75mJ of the out-of-plane magnetization loops, and (d) the in-plane-plane hys-
teresis loops®.
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5.3.3 Influence of the laser fluence on magnetic properties

Figure 5.26 shows the out-of-plane (OOP) and the in-plane (IP) magnetic hysteresis loops meas-
ured from [-2T to 2T] of the samples BaMF25mJ and BaMF75mJ. Both films show a significant
difference between the in-plane and out-of-plane hysteresis loops. BaMF75mJ exhibits the high
OOP squareness and the low IP squareness (S, = 0.56, S, = 0.152) which indicates a high degree
of crystallographic c-axis orientation. Additionally, the comparison of the S, and Sy values be-
tween the two films show that the degree of misorientation increases with the increase of fluence.
In the case of BaMF25mJ the squareness values are lower than BaMF75mJ, however, still high
enough for application (S, = 0.43, Sy = 0.177) listed in Table 5-7. The anisotropy fields were
found to be Ha = 17.5 kOe and H, = 18.0 kOe for BaMF25mJ and BaMF75mJ, respectively. The
magnetization saturation seems to be comparable to each other whereupon the squareness varies
due to the variation in the remanence magnetization. The saturation magnetization seems to be
relevant to the thickness whereas both films were grown to a thickness of 140 nm. Figures 5.26¢
and 5.26d compare the OP and the IP hysteresis loops of two films which the hysteresis area is
larger than in the case of BaMF75mJ. This reflects a large dissipation energy due to the higher
defect density. Therefore the threshold to switch the magnetisazion is higher which explains the
higher coercivity He = 2166 Oe. Additionally, the presence of the minor Fe,O3; secondary phase
and the interaction between the BaM and Fe-O phase could also contribute to the additional en-
hancement of the coercive field H..

5.4 Summary and conclusions

The investigation of the interface layer thickness effect and the variation of the BaM growth pa-
rameters such as the fluence has allowed to determine of optimal growth conditions for future
chip designs which involve heterostructures with room temperature FE and room temperature FM
layers. The results of this work have provided a critical insight into the growth of BaM films by
applying PLD. The study showed that the thickness of the Pt interface layer plays a crucial role
in achieving continuous, stoichiometrically homogeneous, high crystalline quality BaM films
with desirable magnetic properties. An insufficient Pt interface layer thickness was found which
lead to dewetting and delamination phenomena during the subsequent growth. It resulted in the
formation of Pt blocks and voids. In addition, the effects of the laser fluence on the BaM film
growth was investigated. Comprehensive study which included HRXRD, HR-STEM and various
analytical techniques, revealed microstructural and morphological changes in the BaM films
which were attributed to the variation in the Kinetic energy of the ablated species. One can con-
clude that a smooth and continuous Pt layer is essential to obtain high quality BaM films suitable
for perpendicular recording media, especially when the Pt interface layer thickness reaches or
exceeds 70 nm. This optimized Pt interface layer withstands dewetting phenomena during the
BaM growth which results in highly c-axis oriented magnetic domains. It is a critical factor in
achieving the desired recording performance. Furthermore, the investigation of the effect of in-
creasing the energy per pulse from 25 mJ to 75 mJ on BaM films highlighted the importance of
the laser fluence as a growth parameter. It was found that higher a laser fluence induced more
crystal defects in the film which includes mosaic block boundaries and secondary phases. This
affected the stoichiometry and magnetic properties of the film, with BaMF75mJ which showed
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superior properties for recording media applications compared to BaMF25mJ. In summary, this
study highlights the importance of laser fluence as a key PLD growth parameter that can be tai-
lored to modulate the microstructure, morphology and resulting magnetic properties of BaM
films. This makes it valuable for specific materials applications.
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Table 5-1: Summary of the microstructure parameters for the platinum layer in the as-grown state for the samples
PtTh25, PtTh75 and for the bilayers systems BaMPtTh25 and BaMPtTh75. The microstructural pa-
rameters include lattice parameters, interplanar spacing along the growth direction (apt, di11, pt), mis-
match f. Lateral and vertical sizes (L, pt, L pt) as well as misorientation apt and root mean square
(RMS) of vertical strain derived from the WH plots. In-plane residual strain e,pt and vertical size L.,
pt calculated from fringes of symmetric XRD reflections Pt111. No visible fringes: NVF, NA: Not

applicablel®’.

fringes L, pt [NnM]

Sample Name PtTh25 PtTh75 BaMPtTh25 | BaMPtTh75
Underlayer Pt Pt Pt Pt

Lattice parameter 3.9388 = 3.9309 = 3.9257 = 3.9299 =
art [A] 0.0004 0.0004 0.0004 0.0004
Interplanar spacing | 5.5638 + 5.5539 + 5.5491 + 5.5489 +
di1z, pt [A] 0.0005 0.0005 0.0005 0.0005
Mismatch

(PUYSZ) fouvsr [%] -23.84 +£0.24 -23.88+0.24 -23.96 £ 0.24 | -24.04 £0.24
In-plane residual 0.00280 £ 0.001+ 0.0002 + 0.00013 £
strain &y, pt 0.0003 0.0001 0.0002 0.0002
Lateral size WH- | g5 26 4 g 30 12820+ 13.0 | NA NA

Plot Ly, pt [nM]

Vertical size WH- 11415, 1 g9 56.70+5.60 | NA NA

Plot L, pt [nM]

Misorientation

WH-Plot 1.90 £0.20 0.85+0.08 NA NA

ot [deg]

RMS vertical

strain <ci > | 000498+ 05E-3 | Jopr NA NA
WH-Plot '

Vertical size 24.00 + 2.40 67.83+6.80 | NVF NVF
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Table 5-2: Summary of the microstructure parameters for the BaM layer for BaMPtTh25 and BaMPtTh75 samples.
The microstructural parameters include out-of-plane and in-plane lattice parameters (Csam, agam), mis-
match f, vertical size L., pzaras well as misorientation asam and root mean square (RMS) of vertical
strain < ¢y, sam >derived from the WH plots. In-plane and out-of-plane residual strain ey, Bam, &1, Bam
(T): Tensile, (C) : Compressivel®”

<&L Bam>

Sample name BaMPtThO BaMPtTh25 BaMPtTh75
Out-of-plane lattice parameter 23.2448 + 23.2485 + 23.2517 +
ceam [A] 0.0003 0.0003 0.0003
In-plane lattice parameter agam 5.8842 + 5.8597 + 5.8136 +
[A] 0.0005 0.0005 0.0003
Mismatch fBaM/YSZ [%]/ fBaM/Pt [%] -19.5087 (T) 5.599 (C) 4.7701 (C)

. . -0.0074 + -0.0115 + -0.0193 +
In-plane residual strain &, gam 0.001 0.001 0.001

. . -0.0069 + -0.0067 % -0.0066 *

Out-of-plane residual strain &, gam 0.0003 0.0007 0.0007
Egi:t]'ca' size WH-PIOt L., gaw 128.49 + 13 12466+13 | 98.95+10
['\é';‘;“e”ta“o” WH-Plot asanr | 4 6534 0,05 0.783+0.05 | 0.838+0.05
RMS vertical strain WH-Plot 1.00E-03 9.45E-04 9.30E-04
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Table 5-3: Summary of the magnetic properties determined for the BaMPtThO, BaMPtTh25 and BaMPtTh75 includ-
ing the magnetization at the saturation Ms, remanence My, the perpendicular and parallel squareness’s

S;= M/ Msz and Syy= Mu/ Mgy, the out-of-plane Hc, and in-plane coercivity fields Hei1%7.

Sample | goMpETHO BaMPtTh25 BaMPtTh75
name
Direction
with re- Out-of- In-plane Out-of- In-plane Out-of- In-olane
spect to plane P plane P plane P
surface
Deposited
Pt thick-
ness The 0 25 7
[nm]
In-plane
residual -0.0074 + -0.0115 ¢ -0.0193
strain 0.001 0.001 0.001
&//,Bam
M 409 =+ 10 408+ 10 |372+10 372 +£10 387 £10 386 £ 10
[emu/cc]
M: 1355+£5 | 4155 205.4+5 |53.0£5 220.3x5 60.1+£5
[emu/cc]
S;=My/ 0.33 % 0.55+ 057+
Ms 0.05 0.05 0.05
S,=Mu ! 0.102 = 0.142 +
Mq, 0.05 0.05 0.156 £ 0.05
H. [Oe] 897 £ 10 476 £ 10 2070 +10 | 998 £ 10 2180+10 | 1155+10
0.53 ¢ 0.48 £ 053+
Har/Hes ) 505 0.05 0.05
12656 + 13433 13678 £
Ha[Oe] | 150 150 150

Table 5-4: Determination of the proportion of the highly, intermediate and low spin orientation magnetic domains
from the MFM images recorded in the remanent state Mr after magnetizing the samples with the H
field of 3 Tesla at the VSM instrument?’.

Sample name

BaMPtThO

BaMPtTh25

BaMPtTh75

centage [%]

Highly spin oriented BaM magnetic do-
mains (phase shift Ap = 20 °) Blue area per-

4.38 +0.50

3.16 +£0.50

73.31+0.50

Intermediate spin oriented BaM magnetic
domains (phase shift Ap = 13 °) Magenta
area percentage [%]

48.50 + 0.50

46.04 +0.50

23.11+0.50

centage [%)]

Low spin oriented BaM magnetic domains
(phase shift Ap = 7.5 °) Yellow area per-

47.19 + 0.50

51.32+0.50

3.68 £0.50
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Table 5-5: In and out-of-plane lattice parameters of YSZ (111), Pt (111) and BaFe12019 film together with the in-
plane mismatch between YSZ (111) / Pt (111) and Pt (111) / BaM®,

BaMF25mJ BaMF75mJ
In-plane lattice parameter 79807 + 0.0001 72833 + 0.0001
a [A] . L . . L .
YSZ(11) o ot et
ut-ot-piane latlice pa- 5.1481 + 0.0001 5.14 + 0.0001
rameter ¢ [A]
In-plane lattice parameter | o o9 4 0001 5.5452 + 0.0001
Pt(111) ?)l[ﬁl)f— lane lattice pa-
P P 3.9255 + 0.0001 3.9218 + 0.0001
rameter ¢ [A]
Mismatch | (YSZ/Pt) [%] 23.841 + 0.001 23.864 + 0.001
'”'z'ane lattice parameter | ¢ gea5 1 0 0001 5.8396 + 0.0001
BaFe1201 glEt-]Of- lane lattice pa-
P P 23.2001 + 0.0001 23.2171 + 0.0001
rameter ¢ [A]
Mismatch | (Pt/BaM) [%] 5.74 + 0.002 5.309 + 0.002

Table 5-6: Vertical and lateral blocks sizes obtained by WH-Plots and TEM images, together with misorientation an-
gle and root mean square deviation of strain along the growth direction for BaMF25mJ and

BaMF75mJ films®.

Parameter / Determination method BaMF25mJ BaMF75mJ
;e;t;(c;l;c[)r?;r]ent block size (L) / WH-Plot 85 +3 85 +5
I(;?tse;aFI{goFﬁrrne]nt block size (Ly) / WH-Plot 993.5 + 29 925 + 92

Vertical size of mosaic blocks / TEM [nm] 135 [6—122]

Lateral size of mosaic blocks / TEM [nm] [25-156] [23-244]
gﬂ)iig’ge[gt:;irzg]ang'e (&) /WH_Plot of 0.626 +0.1 0.804 +0.1
Wﬁig}iﬁg?g‘fsge‘“aﬂon of strain () /| 5 86E.4+0.10E-4 | 5.75E-4 + 0.16E-4
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Table 5-7: Energy per pulse, growth rate (GR) , saturation magnetization (Ms), remenance magnetization (My), out-of-
plane magnetic squareness (S_), in-plane magnetic squareness (Si), magnetic coercivity (Hc), perpen-
dicular anisotropy (Hcy /Hc) and grain sizes of BaMF25mJ and BaMF75mJ filmse,

BaMF25mJ BaMF75mJ
Out-of-plane | In-plane Out-of-plane | In-plane
Er?fer%grir%me [mJ] (flu- 25 (15) 75 (5.1)
GR [nm/min] 0.41 0.41 1.22 1.22
M; [emu/cc] 430 430 467 462
M, [emu/cc] 185 76 262 70
S, =Mzl Msy 0.43 0.56
Si= M Mgy 0.177 0.152
H. [Oe] 1768.9 1253.4 2166 1177.3
Her I He 0.7 0.53
oot o | s s o170
Grain sizes [min-max] [nm] | [450-800] [80-265]
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6 Relevance of the platinum
underlayer crystal quality in the
microstructure and magnetic
properties of bilayer systems h-
YbFeO3/Pt/YSZ(111) grown by
pulsed laser deposition

6.1 Introduction

The epitaxial growth of rare earth hexaferrites, particularly hexagonal ferrites (h-RFeOs, where R
=Y, Dy-Lu), including h-YbFeOs, has attracted significant interest due to their successful stabi-
lization in a metastable hexagonal structure (space group: P6scm) 106229230 This has been achieved
by depositing these films onto hexagonal substrates which includes sapphire (Al.Q5)37:231:232:233
YSZ(111)%372332%4235 MgO 2%2 and buffered substrates with materials promoting the P6scm struc-
ture. These include platinum (Pt)?312322%  Fe30,2%, indium tin oxide (ITO)?42%52% and strontium
titanate (STO)Z32%82%9_|n fact, the study of Jeong et al.?*! demonstrated that h-YbFeOs (YbFO)
films possess a thickness of about 60 nm and are grown on sputtered Pt on a Al.Os substrate by
using PLD. They exhibited RT ferroelectricity. Furthermore, the observed ferroelectric polariza-
tion at RT was Ps = 15 uC/cm? and the magnetic ordering temperature was Ty = 120 K23, Recent
studies have proved that hexagonal ferrites exhibit a simultaneous and spontaneous electric and
magnetic polarization at low temperatures which classifies them as a new multiferroic family.

These materials are known for their ferroelectric and antiferromagnetic proper-
ti98230'231'234'235'237'239.

Recent attempts to fabricate h-YbFeOs-based devices have demonstrated the crucial role of bot-
tom electrodes, such as PtZ1:232235 |TQ234235.237 gnd LaysSrisMnOs (LSMO)?82 in the charac-
terization of ferroelectric and dielectric properties. The interfacial strain can be tailored by select-
ing different substrates or introducing an underlayer that also serves as a bottom electrode. Zhang
et al. demonstrated that modifying the interfacial misfit impacts the epitaxial quality and mag-
netism of YbFO?®, Investigations into the microstructure of YbFO grown on ALOs without an
interlayer revealed the presence of misfit dislocations shown by high-resolution transmission
electron microscopy (HRTEM)*2, while antiphase boundaries (APB) were detected in YbFO
grown on YSZ(111)%®, Bauer et al.’® employed HRTEM in conjunction with high-resolution X-
ray diffraction (HRXRD) to demonstrate how PLD grown Pt underlayer moderates the mismatch
between h-LuFeOs and an Al>Os substrate, thereby reducing the defect density and enhancing the
crystal quality. Furthermore, they emphasized that the thickness optimization of the Pt underlayer
was significantly important to ensure continuity and conductivity in Pt bottom electrodes.
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There is a lack of knowledge regarding the dependence of the YbFO microstructure on growth
parameters, particularly in relation to the quality of the underlayer between the YbFO film and
the substrate. Bauer et al.1% recently highlighted the significance of the Pt underlayer quality on
both the crystal structure and magnetic properties of BaFe12019 hexaferrite films. Their findings
demonstrated that an optimal Pt underlayer thickness, grown by PLD, enhances both the layer
quality and the magnetic performance.

In this study, we examined the film morphology and microstructure of YbFO grown on YSZ(111)
and Pt-buffered YSZ(111) with the varying Pt film thicknesses in detail. The objective is to in-
vestigate how the underlayer quality influences the crystal structure of YbFO and its magnetic
properties. This investigation employs a combination of diffraction, scanning, and transmission
microscopy as well as superconducting quantum interference techniques.

6.2 Experimntal section

PLD growth of h-YbFeOs on Pt buffered YSZ(111) substrates

The Pt films were deposited on YSZ with a (111) orientation in the PLD chamber in a vacuum
environment after heating the substrate up to T4 =900 °C by using different number of shots 1647,
4100, 8235, 12350 and 16470 with a laser frequency of 5 Hz, and an energy pulse of 60 mJ (i.e.
fluence F = 16 J/cm?). Prior to the growth, the different substrates were cleaned by isopropanol
and then annealed in the furnace for 2 hours at a temperature of 1200 °C, in order to have low
roughness and a good terrace morphology. The target was separated by 35 mm from the substrate.
The samples were cooled slowly with 5 °C/min from T4 = 900 °C to RT. The substrate used for
the Pt growth were 8 x 8 mm? in size. One could divide the grown Pt films into the two pieces for
the subsequent treatment. In the case of one of the pieces with a size of 4 mm x 8 mm, ferroelectric
(FE) YbFO layers were grown on the different Pt bottom electrodes mentioned above. For this
purpose, the template (Pt/YSZ) was heated from RT to T4 = 900 °C with a heating rate of 25
°C/min. The growth of the subsequent YbFO layers was carried out in an oxygen atmosphere at
a pressure of 400 mTorr and with a laser frequency of 1 Hz and a number of shots of Nsh = 20000.
The deposition time was about 5 hours. The Pt layer became encapsulated the multilayer system
between the YSZ and the FE layer. In the manuscript, the corresponding samples with encapsu-
lated Pt films of different thickness are named as follows: YbPt ThOnm YbPt Th10nm,
YbPt_Th40nm, YbPt_Th55nm and YbPt_Th70nm.

High-resolution and X-ray diffraction reciprocal space mapping

2D-reciprocal space maps (2D-HRXRD) were recorded for the different Pt and YbFO reflections
by using high-resolution X-ray diffraction at the NANO beamline at the KIT light source in Karls-
ruhe Germany. All the 2D-HRXRD data of the symmetric and asymmetric reflections were meas-
ured by using a Mythen linear detector positioned at the corresponding Bragg diffraction angles
and by rocking the sample around the Bragg angle. All the X-ray measurements were performed
at an energy of E = 15 keV and a wavelength of 0.826 A. Furthermore, azimuthal Phi (¢) scans
were also carried out by rotating the samples YbPt_ThOnm YbPt_Th40nm, YbPt_Th55nm and
YbPt_Th70nm around the surface normal for the asymmetric reflections YbFO108.
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X-ray reflectivity and mass density profiles

The specular X-ray reflectivity (XRR) was measured by using a Rigaku Smartlab diffractometer.
The data were measured by using Cu-K, radiation with a wavelength of 7= 1.5418 A and a par-
allel beam with an X-ray mirror. The data were evaluated by the multilayers with rough interfaces
method for XRR analysis developed by Parratt'’®. The used model for fitting of the XRR curves
of YbPt_ThOnm, YbPt_Th10nm, YbPt _Th40nm, YbPt_Th55nm and YbPt Th70nm is described
as following: a rough YSZ substrate, thin interlayer between the substrate and the first layer, the
first layer with a rough interface and a rough top layer. The fit was carried out by using a self-
written script based on the least square fitting algorithm. All the fitting parameters are summa-
rized in Table 6-1.

Atomic Force Microscopy

Ex-situ AFM topography measurements were carried out in the tapping mode with a Bruker Di-
mension ICON (Bruker, Karlsruhe, Germany) for the YSZ(111) substrate, Pt_Th10nm,
Pt_Th40nm, Pt_Th55nm and Pt Th70nm templates as well as for the bilayers systems such as
YbPt_ThOnm, YbPt Th10nm, YbPt Th40nm, YbPt Th55nm and YbPt_Th70nm after the sub-
sequent growth of a YbFO layer. As sensors, we used OPUS AC160-NA cantilevers (Nano-
AndMore, Wetzlar, Germany), with force constants of 26 N/m and resonance frequencies of 300
kHz. The analysis of the AFM images was performed by using the NanoScope v2 software pack-
age (Bruker, Karlsruhe, Germany). All the derived topographical parameters are summarized in
Table 6-1.

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)

The surface topography and the chemical composition of these nine Pt layers were characterized
by SEM imaging combined with energy-dispersive X-ray spectroscopy (EDX) by using an FEI
Dual beam Helios G4 FX microscope. For secondary electron (SE) imaging of the sample surface
with 0 degrees of inclination, respectively, an Everhart-Thornley detector (ETD) was used. The
microscope was operated at an accelerating voltage of 10 kV in the so-called field-free mode with
a beam current of approximately 25 pA. In addition, element-specific information backscattered
electron (BSE) images were taken by means of a semiconductor (pn-diode) detector. Moreover,
chemical analyses were performed by EDX at a primary electron energy of 20 keV and a beam
current of 0.4 nA by applying a Bruker system of the type QUANTAX 400 with a silicon-drift
detector (SDD) XFlash 6. For the samples without inclination (EDX_0°) the two-dimensional Pt
distribution was imaged by mapping at which the acquisition time per map was about 5 min. By
employing the ESPRIT 2.3 software, the raw-data X-ray maps were quantified by using the thin-
film approximation after Cliff-Lorimer'*® to obtain element-concentration maps.

For the TEM inspection of the different samples (YbPt_ThOnm YbPt_Th40nm, YbPt_Th55nm
and YbPt_Th70nm) cross-sectional specimens were prepared by focused ion beam (FIB) milling
and by using the FEI Dual beam Helios G4 FX microscope. Prior to the FIB preparation, a thin
gold layer was sputtered on the sample surface to reduce ion-beam damage of the heterostructures.
Subsequently, the standard FIB preparation of TEM lamellae was done, where a Pt protection
layer was deposited on top of the samples. Then, coarse FIB milling was carried out at a primary
ion energy of 5 keV. The lamellae were attached to Cu lift-out grids and finally polished by a
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Ga*-ion beam with a low energy of 1 keV to minimize the Ga* implantation and material amor-
phization. TEM investigations of all the above-mentioned samples were carried out on an aberra-
tion-corrected FEI Titan 80-300 microscope. This TEM uses a thermally assisted field emission
cathode (Schottky emitter) and was operated at 300 kV high voltage. For image recording, the
microscope is equipped with a 4k x 4k CMOS camera of the F436 type (TVIPS). TEM bright-
field imaging was performed to obtain information about general layer properties like, e.g., layer
thickness and crystal structure.

Degree of coverage

The values of the degree of coverage DoC (BSE) were obtained by processing the BSE images
of Figure 6.2f, 6.2g, 6.2h, 6.2i and 6.2j while the Yb degree of coverages Yb_DoC (EDX) were
determined from the EDX maps of the Yb elements of Figure 6.2i3, 6.2m3, 6.2n3 and 6.203. In
detail, the Weka Trainable Segmentation plug-in of the ImageJ software?®® was utilized. Dark
contrast groves were marked as the substrate and regions with bright contrast as Yb. The software
was iteratively trained by comparing the marked regions with the original image. Weka Trainable
Segmentation plug-in allows the identification of the variable contrast regions. Image defects
(such as contrast profile, charging contrast etc.) could be eliminated by the iterative training op-
portunity of the plug-in. The segmentation results were converted into binary images, and the area
fractions were measured by ImageJ and determined as the degree of coverage. All the estimated
values were summarized in Table 6-1 under the section ‘Film morphology’.

Superconducting quantum interference device (SQUID)

Out-of-plane (OOP) magnetization hysteresis loops were performed at the temperatures T = 2 K,
10 K, 20 K, 30 K, 50 K, 100 K, 150 K and 300 K by using the MPMS3 SQUID magnetometer
from the company Quantum Design for an applied field in the range of H = 0 to 6 Tesla. The
measurement was selectively performed for YbPt_ThOnm YbPt_Th10nm, YbPt_Th55nm and
YbPt_Th70nm. Additionally, zero field cooling (ZFC) and field cooling (FC) curves at which the
samples were cooled in the absence and the presence of the applied fields (H = 100 Oe, 2000 Oe,
H is parallel to the c-axis) respectively, were also recorded in the temperature range T =[2 — 300
K]. From the (OOP) magnetization loops, the saturation magnetization Ms, (T), the remanent mag-
netization, M., (T), the out-of-plane (OOP) coercivity field Hc, (T) were derived and plotted ver-
sus temperature T.

6.3 Morphology and structure dependency of YbFO
layers on the bottom electrode thickness and
uniformity

Figure 6.1a presents the XRD patterns of YbFO films grown directly on YSZ(111) substrates and

films grown on YSZ(111) buffered with varying thicknesses of platinum (They), labeled

YbPt_Th10nm, YbPt_Th40nm, YbPt_Th55nm and YbPt_Th70nm. For visual clarity, the XRD

patterns are vertically shifted. The XRD patterns show substrate reflections (YSZ111, YSZ222,
YSZ333, YSZ444) marked by magenta stars, and these reflections are superposed for different
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samples. Additionally, Pt underlayer reflections (Pt111, Pt222, Pt333) are clearly visible with an
increase in the reflection intensity with The; and a decrease in broadening which simultaneously
indicates a better coverage of Pt on YSZ(111) and an improved crystal quality. Notably, the XRD
pattern for YbPt_ThOnm, depicted with a black solid line, does not show Pt reflections and jus-
tifies the absence of a Pt underlayer. All patterns confirm the epitaxial growth of YbFO through
various reflection orders (YbFO002, YbFO004, YbFOO006, YbFO008, YbFO0010, YbFO0012,
YbFOO0014), though peak intensities and profiles vary, which reflects the influence of the Pt un-
derlayer thickness and quality of the YbFO growth. As the The increases, the YbFO layer quality
improves. Nevertheless, YbFO006 reflection is not visible for YbPt_Th10nm, YbPt_Th40nm. On
the other hand, YbFOO06 appears for YbPt_Th55nm and its intensity increases for The; = 70 nm.
This indicates that the quality of YbFO is influenced by the underlayer quality. Figure 6.1b shows
the measured and the simulated XRR curves. The simulation of XRR was based on the multilayer
approach and was conducted to estimate the film thickness as well as the mass density profiles.

Distinct critical angles in the XRR curves (6p; = 0.55° and yvro = 0.34°) are identified for samples
with a Pt underlayer, while a single critical angle (6vbro = 0.34°) is observed for YbPt_ThOnm in
the absence of a Pt underlayer. From these XRR fittings, the thicknesses of encapsulated Pt and
YDbFO layers are calculated. The mass density profiles derived from these simulations are dis-
played in Figure 6.1c, with the YSZ(111) substrate in green, the Pt film in grey, the YbFO layer
in orange and the air with turquoise color.
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Figure 6.1: (a) X-ray diffraction (XRD) patterns of the YbPt_ThO nm, YbPt_Th10 nm, YbPt_Th40 nm, YbPt_Th55
nm and YbPt_Th70 nm where the magenta stars indicate the YSZ(111) peaks. The XRD curves are
vertically shifted for better clarity. (b) XRR curves of the samples YbPt_ThO nm, YbPt_Th10 nm,
YbPt_Th40 nm, YbPt_Th55 nm and YbPt_Th70 nm whereupon Qvsro and Qpt are critical angles of
the YbFO and Pt layers. XRR curves are vertically shifted for better visibility. (c) The mass densities
profiles along the film depth for the samples YbPt_ThO nm (lowest panel) , YbPt_Th10 nm,
YbPt_Th40 nm, YbPt_Th55 nm and YbPt_Th70 nm (upper panel), the green, grey. The orange and
turquoise bars correspond to the YSZ, Pt, YbFO and air ranges for the different samples which serve
for the determination of the layers thicknesses. For magnified version, refer to Figure A-2124,
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The grown films (under uniform conditions Tq = 900 °C, P, = 400 mTorr, Nsh = 20000) with
varied Pt thicknesses (10 nm, 40 nm, 55 nm, 70 nm) were influenced by the growth dynamics of
the YbFO layer even the same growth conditions for all the samples were performed. The result-
ing thickness variations of YbFO (i.e. Thvwseo = 95 nm for YbPt ThOnm to 120 nm for
YDbPt_Th70nm, see Figure 6.1a) suggest that the Pt underlayer does not only affect growth kinet-
ics but also the final quality and morphology of the YbFO layers, as indicated by the reduced
XRD peak broadening and improved crystal quality in samples like YbPt_Th70nm.

Regarding the mass density of YbFO, for the YbPt_ThOnm sample, the mass density pyvro is equal
to 7.82 g/cm?®, which is close to the theoretical value of YbFO. However, for YbPt_Th10nm, pybro
falls below this value which results from a less complete Pt coverage of the substrate surface at
The: = 10 nm. This in turn impacts the YbFO layer morphology. This particular issue will be
further explored in the subsequent sections. As the thickness of the Pt underlayer exceeds The: =
40 nm, the coverage becomes more complete, and the Pt-buffered YSZ(111) presents a more
uniform surface which withstands the commonly observed dewetting phenomena during the sub-
sequent YbFO growth. In chapter 4 and in the related published work"?, the structural and mor-
phological transformations of the Pt underlayer in the as-grown and encapsulated states were
investigated in detail as a function of the Pt film thickness. The work highlighted the emergence
of competitive phenomena such as dewetting, hillock formation and the infilling of voids by Pt
migration which is driven by high diffusion energies during the growth of the capping layer at T,
=900 °C.

The influence of the Pt underlayer thickness on the YbFO film morphology is shown in Figure
6.2 which displays SEM images in the top row, BSE images in the middle row and EDX maps in
the bottom rows. These images illustrate notable changes in the morphology and elemental dis-
tribution by a varying Pt thickness. Figure 6.3 presents a comparison between the AFM images
of the Pt-buffered YSZ(111) in its as-grown state (upper panel Figure 6.3al to 6.3a5) and those
of the YbFO films overgrown on the corresponding Pt films (lower panel Figure 6.3b1 to 6.3b5).
The comparison demonstrates the influence of modifications in the Pt underlayer on the subse-
quent layer, as discussed in detail in this work (Chapter 4) and in the published work"2. In par-
ticular, the formation of hillocks at a Pt thickness of 40 nm is noteworthy which persist even after
the YbFO deposition as shown in Figure 6.2¢c and 6.2h, visible as regions of light contrast (hill-
ocks are indicated by the red circles) (see details in Chapter 4, at which the similar comparisons
were deeply investigated in terms of hillocks modification through encapsulation). The EDX maps
(Figure 6.2m1, 6.2m3, and 6.2m4) demonstrate the presence of Pt hillocks which are enveloped
by the YbFO layer as well as black areas corresponding to voids of both Pt and Yb free regions.
Furthermore, AFM images (Figure 6.3a4 and 6.3b4) indicate that hillocks formed in the as-grown
Pt-buffered YSZ(111) withstand the YbFO growth phase, and therefore affect the YbFO mosaic
block arrangement. On the other hand, at a Pt thickness of 55 nm, hillocks formed initially tend
to migrate towards voids which facilitates a more uniform Pt underlayer. It results in a more
uniform YbFO network film with holes (Figure 6.2d, 6.2i, and Figure 6.2n1). Despite similar
YbFO film thicknesses (Thysro = 100 £ 5 nm) for YbPt_ThOnm and YbPt_Th55nm, their mor-
phologies differ significantly. The YbPt_ThOnm film exhibits an island-like morphology (Figure
6.3b1), whereas the YbPt_Th55nm film forms a 2D continuous network with holes (Figure
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6.3b4). This morphological variance may be due to the layered growth process as well as to the
Pt underlayer surface morphology.

YbPt_ThOnm YbPt_Th10nm YbPt_Th40nm YbPt_Th55nm YbPt_Th70nm

e

'af’vn*

- E D EE

Figure 6.2: (a, b, c, d, €) And (f, g, h, i, j) are the SEM and BSE images of the YbPt_ThO nm, YbPt_Th10 nm,
YbPt_Th40 nm, YbPt_Th55 nm and YbPt_Th70 nm samples with a scale bar of 1 um. (k) AFM im-
age of the YbPt_ThO nm film with a scale bar of 400 nm, (I, I1, 12, I3, 14, 15), (m, m1, m2, m3, m4,
m5), (n, n1, n2, n3, n4, n5) and (o, 01, 02, 03, 04, 05) are the EDX maps of the elements Pt, Zr, Yb,
Fe and O for the YbPt_Th10 nm, YbPt_Th40 nm, YbPt_Th55 nm and YbPt_Th70 nm samples, re-
spectively, with scale bar of 500 nm. For magnified version, refer to Figure A-2224,

For YbPt_Th70nm (Figure 6.3e, 6.3j), a continuous and homogeneous YbFO film is formed (as
the filled surface of the Pt film indicates), followed by an aggregation of YbFO which started as
a secondary nucleation over the filled surface when the film exceeds a critical thickness. In order
to maintain the continuity and the homogeneity in the YbFO layer, it is crucial to optimize and
limit the number of shots (Nsh) (i.e. below 20000 for The:= 70 nm).

Based on complementary methods, including SEM, BSE, AFM, and XRR measurements, the
evolution of the Pt underlayer morphology was observed from 3D island growth to a 2D network
with holes, and finally to a homogeneous and continuous film when the Pt thickness exceeded 55
nm. This progression significantly influenced the surface morphology, homogeneity, and ele-
mental distribution of the YbFO film. Furthermore, the mass density of the resulting YbFO film
approached the stoichiometry of the YbFeOs target (pvoreos = 7.82 g/cm3) when the Pt underlayer
was grown to its optimum thickness.

Figure 6.4a, 6.4b, and 6.4c present the radial diffraction profiles along the crystal truncation rods
of selected reflections, including YbFO002, YbFOO004, and YbFO0010, for samples, including
YbPt_ThOnm, YbPt_Th40nm, YbPt_Th55nm, and YbPt_Th70nm The peak profiles were ana-
lysed by using the Pseudo-Voigt function, fitted with a nonlinear least squares method from which
peak positions and the full width at half maximum (FWHM;:.4) were determined. The results,
plotted in Figure 6.5a, shows variations in the FWHM;. against the reflection order YbFO002
which indicates differences in the crystal quality across the samples. Figure 6.4b shows the
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YbFOO004 and YSZ(111) substrates peaks which overlap. They were used as a reference for com-
paring the intensities and broadenings of the YbFO diffraction peaks of the different samples.
Analysis of Figure 6.4a to Figure 6.4c reveals that the samples YbPt_Th40nm and YbPt_Th70nm
exhibit the lowest and highest peak intensities, respectively. Furthermore, FWHM;. of the
YbPt_ThOnm sample is notably larger whereas the FWHM;aq decreases by increasing the Pt un-
derlayer thickness The (see Figure 6.5a). This can be interpreted as an enhancement in the YbFO
layer quality due to the Pt underlayer growth and the achievement of an optimum thickness. No-
tably, the intensity of the Pt222 peak in Figure 6.4c rises with increasing the Thet, which is well
correlated with the increase of Pt film thickness and interrelated with the improvement of the
degree of coverage observed in Figure 6.3. Figure 6.4d. The azimuthal scans of the asymmetric
reflection YbFO2014 confirms the epitaxial growth of the YbFO layer with a six-fold hexagonal
symmetry across all samples. The peak intensities in the azimuthal scans enhance with increasing
the The, which directly correlates with an improvement in YbFO crystal quality along the film.
This latter suggests that YbFO films are promising for ferroelectric properties along the growth
c-axis of its non-centrosymmetric hexagonal cell, similar to the findings of Jeong et al.! for
YbFO films grown on Pt(111)/Al,03(0001). Even though they did not provide any information
regarding the Pt thickness used in their study. The lower peak intensities in the azimuthal scans
of YbPt_ThOnm, in contrast to YbPt_Th70nm, hint at a weaker ferroelectricity and potential dis-
ruptions in the ferroelectric domains within the YbFO layer of the YbPt_ThOnm sample. Addi-
tionally, by analyzing the coordinates of symmetric reflections (i.e., YbFO002, YbFOO004,
YbFO006, YbFO008) and asymmetric reflections (i.e., YbFO2012, YbF02013, YbF02014) the
in-plane (avheo) and out-of-plane (cyuro) lattice parameters were calculated by using the hexagonal
lattice parameter formula. Furthermore, the misfit (fvorovsz) between the YSZ(111) substrate and
the YbFO film was determined for the YbPt_ThOnm sample by using (Equation (6-1)) the formula
3 x d(11-2)ysz for the substrate relative to the avwro parameter of the film which reflects the 3-to-
1 lattice site coincidence between the substrate and the film.

frvrosvsz [%] =

Aypro — 3 * d(lli)ysz «

= 100 (6-1)
3+xd(112)ys,

The growth of hexagonal YbFO on YSZ(111) substrates exhibits an in-plane atomic orientation
that aligns YbFO (100) parallel to YSZ (11-2) which results in a misfit value of fypronsz = -5.32
% (see Table 6-1). This misfit calculation formalism is comparable to the one used by Xu et al. 2
who reported a misfit of fLrovsz = -5.6 % for hexagonal LuFeO; (h-LuFeOs) grown on YSZ(111).
In this case, the oxygen networks of h-LuFeOsz and YSZ(111) are well-matched at the interface
which leads to strong interfacial bonding. It is noteworthy that h-LuFeO; and h-YbFeOs are
isostructural, exhibiting similar lattice parameters?%,

Furthermore, the misfit between the Pt underlayer and the YbFO film was calculated for the
YbPt_Th10nm, YbPt_Th40nm, YbPt_Th55nm, and YbPt_Th70nm samples. The misfit was an-
alyzed by using the correspondence 4 x d(11-2)e: of the Pt underlayer relative to the aypro param-
eter of the YbFO layer. This indicates a 4-to-1 (Equation (6-2)) conformity between the Pt(111)
substrate and the YbFO film in terms of their respective lattice sites.
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Aypro — 4 * d(lli)Pt .
4% d(112)p,

froro/pe[%] =

100 (6-2)

It was observed that the misfit between YbFO and the Pt underlayer, designated as fybrospt, grad-
ually decreased from -8.46 % to -6.83 % when approaching the fypronsz misfit of -5.32 % as the
thickness of the Pt layer increased (see Table 6-1). This reduction indicates an improvement in
the matching between the atomic networks of YbFO and Pt(111) at the interface which results
from the increased continuity and homogeneity in the thicker Pt layers. Xu et al. Z° also noted a
misfit value of firore = -7.5 % for h-LuFeOs (LFO) on platinum, though the details on the thick-
ness of the Pt film were not provided.

The in-plane (&voro) and out-of-plane (&.,vvro) residual strains are calculated using the following
formulas (Equation (6-3) and (6-4)) and provided in Table 6-1:

Aypro — a}’fg,;o
&17ypro [%] = ——F5—— * 100 (6-3)
Aypro
Cybro — 055F0
&1YDFO [%] = —Fs % 100 (6-4)
Aypro
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Figure 6.3: (a1, a2, a3, a4, a5) AFM images with a size of 2 um x 2 um and a bar scale of 400 nm of the YSZ(111),
Pt_Th10nm, Pt_Th40 nm, Pt_Th55nm and Pt_Th70nm, respectively. (b1, b2, b3, b4, b5) Are the cor-
responding AFM images of the samples after the subsequent growth of YbFO layer with 20000 shots
for the samples Yb_PtThOnm, Yb_PtTh10nm, Yb_PtTh40nm, Yb_PtTh55nm and Yb_PtTh70nm,
respectively. For magnified version, refer to Figure A-23%4L,
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Figure 6.4e, 6.4f, and 6.4g display the radial diffraction profiles along the crystal truncation rod
for the YbFOO002, YbFOO004, and YbFOO0010 reflections and compare different samples:
YbPt_ThOnm, YbPt_Th40nm, YbPt_Th55nm, and YbPt_Th70nm. The profiles were fitted by
using a Pseudo-Voigt function, and the derived FWHM;.q4 values were plotted against the reflec-
tion order, as shown in Figure 6.5b. It is evident from these figures that the lowest FWHMyaq
values are observed for YbPt_Th70nm which indicates an enhancement in the YbFO crystal qual-
ity when Thg reaches an optimum at 70 nm. The Williamson-Hall (WH) approach#"24? was em-
ployed to analyze the plots presented in Figure 6.5a and Figure 6.5b. It was assumed that the
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YbFO films consist of mosaic blocks characterized by lateral (Ln, voro) and vertical sizes (Lv, vbro).
They are misaligned with the c-axis to a degree represented by the misorientation aysro, and are
vertically strained by defects and grain boundaries. From the intercepts and slopes of the
FWHM;.q plotted against the reflection order, Ly, yoro and the mean value of the vertical strain
distributions (</.vbro >) of the YbFO mosaic blocks can be derived (Mosaicity section of Table
6-1). The Ly, yoro values were found to be 81.8 + 5 nm for YbPt_ThOnm and 100.35 £ 5 nm for
YbPt_Th70nm which is comparable to the respective film thicknesses as measured by TEM. This
indicates that the YbFO crystal extends across the entire film thickness.
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Figure 6.4: (a, b, ¢) And (e, f, g) are the comparison of the radial and the angular diffraction profiles which corre-
spond to Yb_PtThOnm, Yb_PtTh10nm, Yb_PtTh40nm, Yb_PtTh55nm and Yb_PtTh70nm samples
for the reflections YbFO002, YbFO004 and YbFOO0010 respectively. (d) Layout of the azimuthal
scans | (@) of the asymmetric reflection YbFO2014 for Yb_PtThOnm, Yb_PtTh10nm,
Yb_PtTh40nm, Yb_PtTh55nm and Yb_PtTh70nm ordered from the bottom to top panel, respectively.
For magnified version, refer to Figure A-24241,

For other samples, such as YbPt_Th40nm and YbPt_Th55nm, Lv, voro Was found to be less than
the film thickness Thywro determined by TEM which suggests greater structural discrepancies.
These discrepancies were further examined in relation to the film characterization and mosaicity
sections. The WH approach also enabled the quantification of radial broadening (FWHM;aq) due
to the vertical size (Lv, yoro) and strain contributions (<£.voro >) Which were notably pronounced
in samples without a Pt underlayer as shown in Figure 6.5a and 6.5b. It is notable that the mean
vertical strain value for YbPt_ThOnm was </, vero > = 3.95E-3 which is significantly higher than
for YbPt_Th70nm at <f,vwro > = 1.82E-3. This underlines an improvement in the YbFO layer
quality with an optimal Pt underlayer thickness The.. Furthermore, the degree of misorientation
(avbro) and the mean lateral size (Lw, voro) Of YDFO crystal mosaic blocks were also derived for
each sample and compared under Mosaicity in Table 6-1. The avyeo Values serve as indicators of
the defect density within the YbFO layer, and lower values would reflect a better crystal quality.
The increased Lu, voro for YbPt_Th70nm at 571.2 + 5 nm, in comparison to 218.2 £ 5 nm for
YbPt_Th40nm, suggests a reduction in the number of grain boundaries and an amelioration in the
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continuity of the crystal structure for the YbPt_Th70nm sample. This supports that the Pt under-
layer plays a crucial role in developing the structural integrity and properties of the subsequent
YDbFO films.

In conclusion, the crystal quality of YbFO is significantly improved when the Pt thickness is 70
nm. This is evidenced by a notable decrease in FWHMang and a reduction in the number of grain
boundaries. These improvements are associated with the expansion of the Lu, voro and a decrease
in the degree of misorientation. Such structural characteristics were not achieved with Pt thick-
nesses below 55 nm.
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Figure 6.5: Variation of the FWHMrad (2) and FWHMang (b) with the reflection order 001 for Yb_PtThOnm,
Yb_PtTh10nm, Yb_PtTh40nm, Yb_PtTh55nm and Yb_PtTh70nm samples for the determination of
the mosaicity parameters?.,

Figure 6.6 presents TEM cross-section images of the YbPt ThOnm, YbPt Th40nm,
YbPt_Th55nm, and YbPt_Th70nm samples. The aim is to evaluate the influence of the Pt under-
layer quality on the microstructure of subsequently grown YbFO films in comparison with the
YbPt_ThOnm sample without a Pt underlayer. The TEM images enabled the measurement of the
Pt and YbFO layer thicknesses The: (TEM) and Thywro (TEM), respectively, as listed in Table 6-1.
The continuous filling of the Pt layer in the YbPt_Th70nm sample (Figure 6.6d0) leads to a uni-
form YbFO layer thickness with negligeable thickness fluctuations, Thypro (TEM) = 95 + 5 nm,
similar to that of YbPt_ThOnm.

One can reveal a remarkable improvement in the quality of the YbFO layer in YbPt_Th70nm by
comparing it with YbPt_ThOnm. This is well argued by the reduction of the degree of misorien-
tation (avbro = 0.93 + 0.05 A) and the vertical strain (<S.vro > = 3.95E-3 + 0.5E-4). The pro-
moted quality of YbFO film is evidenced by the distinct contrast differences observed between
the TEM images of YbPt_ThOnm and YbPt_Th70nm (Figure 6.6a0 and Figure 6.6d0). Despite
comparable YbFO layer thicknesses, the diffraction intensities of reflections such as YbFO002
and YbFOO0O04 are significantly stronger in YbPt_Th70nm compared to YbPt_ThOnm, as evi-
denced by Figure 6.1a and Figure 6.4a to 6.4c.

127



Chapter 6:Relevance of the platinum underlayer crystal quality in the microstructure and magnetic properties of
bilayer systems h-YbFeO3/Pt/YSZ(111) grown by pulsed laser deposition

Furthermore, intermediate Pt underlayer thicknesses (10, 40, and 55 nm) were also studied, with
TEM analyses specifically performed on the YbPt_Th40nm and YbPt_Th55nm samples (Figure
6.6b0 to 6.6b4, and 6.6¢0 to 6.6¢3). The morphological differences due to hillock formation were
more pronounced in the YbPt_Th40nm sample. TEM images of Figure 6.6b0 showed significant
fluctuations in the Pt film thickness and revealed hillocks (highlighted by magenta arrow). In
contrast, the YbPt_Th55nm sample displayed a more uniform Pt layer without hillocks (Figure
6.6c0) which indicates a better layer continuity and reduced structural defects.

YbPt_ThOnm YbPt_Th40nm

Figure 6.6: (a0, al, a2, a3) TEM images for YbPt_ThOnm where (a0) image is the overview TEM with the lowest
magnification and scale bar of 50 nm, (al) image corresponds to the red rectangular region drawn in
(a0), (a2) image corresponds to the yellow square drawn in (al) and (a3) is the high magnification
images of the black rectangular region shown in (a2). (b0, b1, b2, b3, b4) TEM images for
YbPt_Th40nm where (b0) image is the overview TEM with the lowest magnification and scale bar of
100 nm, (b1) image corresponds to the red rectangle region drawn in (b0), (b2) image corresponds to
the yellow square drawn in (b1) and (b4) is the high magnification images of the black rectangular
region shown in (b3). (0, c1, c2, ¢3) TEM images for YbPt_Th55nm where (c0) image is the over-
view TEM with the lowest magnification and scale bar of 100 nm, (c1) image corresponds to the red
rectangular region drawn in (c0), (c2) image corresponds to the yellow square drawn in (c1) and (c3)
is the high magnification images of the black rectangular region shown in (c2). (d0, d1, d2, d3) TEM
images for YbPt_Th70nm where (d0) image is the overview TEM with the lowest magnification (d1)
image corresponds to the red rectangular region drawn in (d0), (d2) image corresponds to the yellow
square drawn in (d1) and (d3) is the high magnification images of the black rectangular region shown
in (d2). Scale bars of (al), (a2) and (a3) are 25 nm, 5 nm and 2 nm respectively. Scale bars of (b1),
(b2), (b3) and (b4) are 5 nm, 2 nm, 2 nm and 1 nm respectively. Scale bars of (c1), (c2) and (c3) are
10 nm, 5 nm, and 1 nm respectively. Scale bars of (d1), (d2) and (d3) are 10 nm, 5 nm and 2 nm, re-
spectively. For magnified version, refer to Figure A-25%41,

HRTEM images provide further understanding upon the Pt underlayer quality on the microstruc-
ture of the YbFO layer. For instance, in YbPt_Th40nm the presence of stacking faults and out-
of-phase boundaries are visible near the smeared interface with the Pt underlayer (Figure 6.6b1,
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6.6b2, 6.6b3) which correlates with higher vertical strain and misorientation values. This contrasts
with YbPt_Th55nm at which improvements in Pt layer quality reduces these defects (shown in
Figure 6.6¢3). The comprehensive results from XRD and TEM underlines the critical role of the
Pt underlayer quality. A sufficient thickness, represented by The> 55 nm, is essential for reducing
the defect density and enhances the structural integrity and crystal quality of overlying YbFO
films. Optimization of the Pt underlayer, particularly at The: = 70 nm, has been shown to signifi-
cantly improve the crystal quality of YbFO which is an optimal condition for subsequent mul-
tiferroic device applications.

The study of the YbFO microstructure using HRTEM provides a comprehensive understanding
of the impact of the Pt underlayer microstructure. When the Pt thickness is not optimal, it suffers
from discontinuity and hillock formation, which leads to disturbances in the YbFO crystal quality
and the formation of defects that inhibit ferroelectric performance. However, outside the defect
regions, ferroelectric domains were clearly visualized.

6.4 Magnetic properties of YbFO layers dependent
on the bottom electrode thickness

Magnetization measurements were conducted on the samples YbPt ThOnm, YbPt_Th10nm,
YbPt_Th55nm, and YbPt_Th70nm by using the SQUID device. OOP magnetization hysteresis
curves were recorded for each sample at various temperatures, specifically at 2 K, 10 K, 20 K, 30
K, 50 K, 100 K, 150 K, and 300 K. For each sample, the OOP curves of the saturation magneti-
zation (Ms,), remanent magnetization (M;,) and OOP coercivity (Hc.) can be derived and were
plotted as a function of the temperature. This is compared in Figure 6.7b, 6.7c, and 6.7d, respec-
tively. Figure 6.3b illustrates a non-linear increase in Ms, with The; at each temperature, except
YbPt_ThOnm. As illustrated, the OOP magnetic hysteresis loops at T =2 K are presented in Figure
6.7a. It can be observed that Ms, of YbPt_ThOnm and YbPt_Th70nm are slightly different, while
YbPt_Th10nm and YbPt_Th55nm exhibit lower values due to the imperfections in the YbFO
layer revealed by the structural study. The inset in Figure 6.7a provides a magnified view of the
hysteresis loops which clearly shows the variations in M, among the different samples. It is im-
portant to note that hysteresis effects were not detected in any of the samples above T = 100 K.

This findings are in accordance with previous studies on the magnetic properties of YbFO
137,230,231,235
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Figure 6.7: (a) Out-of-plane (OOP) magnetization hysteresis loops measured at 2K for an applied field up to 6 Tesla
for the YbPt_ThO nm, YbPt_Th10 nm, YbPt_Th55 nm and YbPt_Th70 nm samples. Dependence of
the magnetization at saturation Ms (b), remanent magnetization Mr_ (c) and perpendicular coercivity
Hc. on the temperature T for the YbPt_ThO nm, YbPt_Th10 nm, YbPt_Th55 nm and YbPt_Th70 nm
samples?*L,

At low temperatures, the total magnetic moment M, is composed of contributions from both the
Yb® and Fe®* sites and their interactions (Fe-Fe, Fe-Yb, and Yb-Yb). The initial order of the Fe®*
spins occurs through Fe-Fe interactions followed by the polarization of paramagnetic Yb®* sites
and by the exchange field from Fe®* through Fe-Yb interactions. Finally, the long-range order of
Yb® is established through Yb-Yb interactions?°2%524%, Based on the formalism proposed by Cao
et al.2*3, the total magnetization can be expressed as follows:

ZYb * FYbFe

M= MF6*<1+ >+)(Yb*H (6-5)

Hyp,

The molecular field of the Yb-Fe interaction, denoted by 7'vvre, is a function of the external applied
field, H, the susceptibility, yvo, and the magnetic moment of Yb, zvs.
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Figure 6.7b and Figure 6.7c demonstrates an increase in the magnitude of Ms, and M, as the
temperature decreases, regardless of Thet. This increase becomes more rapid when the tempera-
ture drops below 20 K which indicates a significant contribution due to the spin order of Yb3®*
induced by the molecular field of Fe**. A similar behavior has been previously reported for YbFO
grown on YSZ(111) without an underlayer?®. In earlier studies, the temperature dependences of
Ms_, and My, were not discussed in relation to the effect of the buffer layer which is the focus of
this work.

Figure 6.7b illustrates the magnetization-temperature dependence which reveals a significant in-
fluence of The at low measured temperatures (T = 2 K, 10 K). The behavior of M, against the
temperature was found to be comparable for the samples YbPt_ThOnm and YbPt_Th70nm. How-
ever, the M,, (H = 0) was found to be significantly enhanced by optimizing the quality of the
YDFO layer on Pt in the case of YbPt_Th70nm, as illustrated in Figure 6.7c. From Equation (6-5)
5 at H = 0, the total moment (M,_) is dependent on the molecular field of the Yb-Fe interaction
(I'vbre) as well as on the magnetic moment (Mge). The rise of M, for YbPt_Th70nm is correlated
with the strong Yb-Fe spin interactions which are influenced by the quality of the atomic arrange-
ment. Figure 6.6a0 to 6.6a3 reveal a disturbance in the atomic arrangement that could degrade the
strength of Yb-Fe interactions and explain the reduction in M., for YbPt_ThOnm. Conversely,
defects such as stacking faults and grain boundaries can also disturb spin interactions and reduce
the effects of moments. Furthermore, the reduced remanent M in the case of YbPt_Th10nm and
YbPt_Th55nm can be explained by the presence of defects (see Figure 6.7b, 6.7¢). Moreover, the
lateral and vertical grain boundaries revealed by TEM in Figure 6.6¢0 for YbPt_Th55nm exhibit
a considerable influence on the coercivity Hc, (see Figure 6.7d). Despite the high degree of mis-
orientation in YbPt_ThOnm, the coercivity values H_, were comparable to those of YbPt_Th70nm
which indicates a reduced number of phase boundaries in YbPt_ThOnm. This is demonstrated by
the TEM image in Figure 6.6a0.

Temperature-dependent magnetization curves such as zero field cooling (ZFC) and field cooling
(FC) were obtained for the samples YbPt _ThOnm, YbPt Th55nm, and YbPt Th70nm (Figure
6.8a to 6.8f). The ZFC and FC curves were recorded at two applied fields, H = 100 Oe and 2000
Oe, in the OOP direction with H parallel to the c-axis. The thermo-magnetic irreversibility tem-
perature (Tir) is defined as the temperature at which the ZFC and FC curves bifurcate®**. The
bifurcation temperature between the ZFC and FC curves can be considered as a magnetic ordering
temperature, Tir. The degree of irreversibility 4M(T) is defined as the difference between the ZFC
and FC plots at a specific temperature T and is represented by AM(T) = Mgc - Mzrc.
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Figure 6.8: Zero field cooling (ZFC) and field cooling (FC) curves, respectively, recorded for YbPt_ThO0 nm,
YbPt_Th55 nm and YbPt_Th70 nm samples with an applied field H = 100 Oe (a, b, ¢) and H = 2000
Oe (d, e, f). For magnified version, refer to Figure A-26241,

An exemplary 4M(5 K) was determined for comparison purposes, as shown in graphs in Figure
6.8. The magnitude of the irreversibility AM between Mec and Mzec is argued to be a measure of
the magnetic anisotropy in the film?*. Figure 6.8 shows that for T < Tirr Mrc continuously in-
creased with the decrease in temperature which indicates a magnetic anisotropy in the
YbPt_ThOnm, YbPt_Th55nm, and YbPt_Th70nm samples. On the contrary, if the anisotropy was
weak in the YbFO films Mgc would remain constant. However, this is not the case.

Furthermore, for YbPt_ThOnm the magnitude of bifurcation was found to be AM(5 K) = 23 and
21 at applied fields of H = 100 Oe and 2000 Oe, respectively. This indicates that the irreversibility
does not strongly depend on the applied field (see Figure 6.8a and 6.8d). This also applies to
YbPt_Th55nm, where 4M(5 K) varies slightly with H, as illustrated by Figure 6.8b and 6.8e.
Conversely, the irreversibility A0 was stronger in the case of YbPt_Th70nm and varied from AM
~ 39.2 to 74 as the applied field H was changed from 100 to 2000 Oe. This can be interpreted as
a remarkable difference in the magnetic anisotropy of YbPt_Th70nm compared to YbPt ThOnm
and YbPt_Th55nm which can be attributed to the interfacial differences induced by the Pt under-
layer, despite the similarities recorded in the temperature-dependent Ms, and temperature-depend-
ent He..

Figure 6.8 illustrates that Ti is dependent on the applied field H in the case of YbFO. A compa-
rable phenomenon was observed by Sahu et al. in the case of a ZnFe;O, thin film?*4, The measured
Tirr Of approximately 120 K at H = 100 Oe for the YbPt_ThOnm and YbPt_Th70nm samples is
consistent with the previously recorded Neel temperature Ty of approximately 125 K*37:231, How-
ever, the measured Tir at H = 2000 Oe was found to be Tir = 35, 60, and 90 K + 5 K for the
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YbPt_ThOnm, YbPt_Th55nm, and YbPt_Th70nm samples, respectively. The transition tempera-
ture, Tirr = 90 K + 5 K, was found to be lower than the value recorded by Jeong et al. 2% (Ty = 120
K in the case of YbFO films with a thickness of 60 nm grown on Pt(111)/Al,03(0001), where
Pt(111) was sputtered and no information was provided about the thickness of the Pt bottom elec-
trode).

A detailed investigation revealed that the structural features of the Pt underlayer significantly
influence the magnetic properties of YbFO, particularly in relation to temperature. Achieving an
optimal Pt underlayer thickness has markedly improved the crystal quality of YbFO, preventing
disturbances in spin interactions caused by atomic arrangement irregularities, as observed in the
Yb_PthOnm sample. It can be concluded that the high quality of the Pt underlayer film, in terms
of morphology and homogeneity, achieved in the Yb_PtTh70nm sample, enables superior Ms,
M, and high Ti., in comparison to samples with Pt underlayer thicknesses below 70 nm.

6.5 Summary and conclusions

The ferroelectric characterization of YbFO necessitates the deposition of a bottom electrode, such
as Pt as in this work. Up to date, there is a lack of investigations which addresses the optimization
process of the Pt bottom electrode, and the resulting effects if the thickness is not at an optimum.
This gap extends to how the Pt underlayer impacts not only the ferroelectric properties but also
the magnetic properties and therefore the multiferroicity character of YbFO. This work aimed to
investigate the influence of the Pt underlayer thickness on the film morphology, crystal structure,
and mosaicity of YbFO, as well as on the magnetization parameters which include Ms, M, He.,
and Tiyr.

The results demonstrated that an increase in The leads to an improvement in the quality of the
YbFO layer. The findings were obtained by combining data from HRTEM and HRXRD. These
observations revealed a disturbance in the atomic arrangement of the crystal for the YbPt_ThOnm
sample. It is necessary to achieve an optimum The; beyond 55 nm to develop a continuous and
homogeneous Pt underlayer which ameliorate the mosaicity of YbFO by reducing the number of
phase boundaries and stacking faults. The objective of the Pt underlayer is to improve the epitaxial
relationship between the YbFO and the YSZ(111) substrate, to serve as a conductive bottom elec-
trode and to maintain or improve the magnetic properties compared to YbFO layers deposited
directly on the YSZ(111) substrate.

Those investigation demonstrated that using a high-quality Pt underlayer with an optimum thick-
ness would also contribute to the enhancement of magnetic properties. It was observed that there
was an increase in My, and the magnitude of the bifurcation between Mgc and Mzec which indi-
cates that YbFO with a measurable magnetic anisotropy was deposited in the YbPt_Th70nm sam-
ple compared to the YbPt_ThOnm sample which both possess the same YbFO layer thickness
(ThYbFo =905+5 nm).
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Table 6-1: Summary of the main parameters derived from diffraction and microscopy analysis methods and organized

in the following sections: PLD growth conditions, film characterization, film morphology, crystal
structure and mosaicity. NA: Not applicable, (C): Compressive?,

PLD growth conditions YbPt_ YbPt_ YbPt_ YbPt_ YbPt_
ThOnm Th10nm | Th40nm | Th55nm | Th70nm
Number of shots Nshyseo 20000 20000 20000 20000 20000
Growth temperature Tgyoro [°C] | 900 900 900 900 900
Number of shots Nshpy NA 1647 8235 12350 16470
Growth temperature Tgp [°C] NA 900 900 900 900
Film characterization
Thybro (XRR) [nm] 95+5 228'61 * 125.8+5 | 1056+5 | 1205
The (Mass density) [nm] NA 13.67+5 | 49.08+5 | 50.87+5 | 80.52+5
The (TEM) [min-max] NA NA [18-96] [50-68] [64-86]
<Thet (TEM)> [nm] 336+5 |565+5 |7516+5
e e P PO P P
94 +5 114 +5 95+5
110+5
Film morphology, degree of coverage [%]
Yb_DoC (EDX) [%] NA 86.36+£2 | 92.62+2 | 93.83+2 | NA
DoC (BSE) [%] 100+ 2 NA 95.34+2 | 9433+2 | NA
Crystal structure
dspacing of YSZ 2.0985 2.1002 2.1004 2.1004 2.1004
d(112)ys, [A] +0.0005 | £0.0005 |+0.0005 |+0.0005 | +0.0005
dspacing of Pt NA 1.60280 | 1.6023 1.5944 1.5977
d(112)p, [A] +0.0005 | +0.0005 | +0.0005 | +0.0005
In-plane lattice parameter 5.9603 5.8685 5.8750 5.9167 5.9544
avoro [A] +0.0005 | £0.0005 |+0.0005 |+0.0005 | +0.0005
Out-of-plane lattice parameter | 11.7086 | 11.7292 | 11.7192 | 11.7087 | 11.6990
Cvoro [A] +0.0005 | £0.0005 |+0.0005 |+0.0005 | +0.0005
Misfit fyorosz [%] -5.32(C) | NA NA NA NA
Misfit fyoror: [%6] (Yb/4*Pt) NA -8.46 (C) | -8.34(C) |-7.22(C) | -6.83 (C)
Misfit fpuvsz [%0] NA -23.07 -23.16 -22.92 -23.37
© © © ©
In-plane residual strain -0.0115 -0.0268 -0.0257 -0.0188 | -0.0126
&nyoro [%0] +0.001 |+£0.001 |+0.001 |+£0.001 |+0.001
Out-of-plane plane residual 0.0025 0.0042 0.0034 0.0025 0.0016
strain &, ybro [%0] +0.0002 | £0.0002 |+0.0002 | +0.0002 | +0.0002
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Table 6-1: Continued?,

PLD growth conditions YbPt_ YbPt_ YbPt_ YbPt_ YbPt_
ThOnm Th10nm | Th40nm | Th55nm | Th70nm

Mosaicity

Degree of misorientation 0.93+ 0.99 + 1.07 0.8z 0.48 +

avoro [degree] 0.05 0.05 0.05 0.05 0.05

Lateral size mosaic blocks NA 179.0+5 | 2182+5 | NA 5712+5

Ln.vbeo [nM]

Vertical size mosaic blocks 100.35

Lyssro [nm] (2XFWHM) 81.8+5 [39.35+5 | 60.55+5 | 5275 5

Mean value vertical strain dis- | 3.95x103 | 2.80x10 | 3.58x10 | 2.40x1072 | 1.82x107

tribution <f.voro> (2XFWHM) | +0.5x10* | +0.5x10* | +0.5x10* | +0.5x10* | +0.5x10*
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7 Dependence of the structural
and magnetic properties on the
growth sequence in
heterostructures designed by h-
YbFE()g and BaFe12019

7.1 Introduction

Apart from single phase multiferroics, magnetoelectric heterostructures have recently received
immense attention due to the new discovered interfaces effects and the functionalities acquired
by combining ferroelectric (FE) and ferromagnetic (FM) layers?4¢247, The heterostructures such
as SrBa;Ta;0¢/BaM?#824° BaEUFeNbsO15/BaM?%%t multilayers composed of BaM layers with
Pb(Zr,Ti)Os (PZT)®2or (Ba,Sr)TiO3 (BST)?32542% or BaTiO3 perovskite layers?® and multifer-
roic composite?>"2%8:25° gre examples of magnetoelectric heterostructures. In this thesis the heter-
ostructure was designed by combining a BaM layer as a FM layer with high anisotropy, high
coercivity®®” for good perpendicular recording media applications at room temperature, and
YbFeO; as hexagonal rare-earth ferrites which represent a FE layer at room temperature, and
which exhibits antiferromagnetism at low temperatures?®. Furthermore, room temperature ferro-
electricity was confirmed for hexagonal-YbFeO; (YbFO) layers grown on Pt(111)/Al,03(0001)%
and YSZ (111) by PLD?®%23, Additionally, YbFO was found to be as a canted antiferromagnet
below the Neel temperature of around 125 K. It was carried out by measuring the temperature-
dependent saturation magnetization after zero field cooling (ZFC) and field cooling (FC), respec-
tively37231.235238 Thyis results in weak ferrimagnetism because of the canted spin orientations to-
wards the c-axis of the unit cell**”. Recently, heterostructures based on YbFO were designed by
using a FE/dielectric (DE) bilayer structure?® which YbFO represents an improper ferroelectric
material and CoFe,O4 a dielectric material to achieve the electrostatic energy tuning for the spon-
taneous FE polarization. In the latter case, the FE polarization was shown by the atomic arrange-
ment of the rare-earth element by cross-sectional HAADF-STEM images at which the Yb atoms
are placed in a way “two-up-one-down” or vica versa*®?®°, The occurrence of spontaneous FE
polarization was attributed to the localization of electrons at atoms in a 'two-up' formation which
results in an upward electrical field. Aside from its ferroelectric characteristics, Fu et al.'s explored
the extent of the lattice misfit and the differences in thermal expansion coefficients across the
interfaces of distinct heterostructure layers?®. This study aimed to evaluate the microstructural
strain in various layers, thus modifies the magneto-optical properties. Former investigations
demonstrated that interface effects such as epitaxial strain!, interface quality (i.e. defects, rough-
ness, sharpness)?2263264 and interdiffusion/chemical intermixing?®®2¢® affected the resulting mag-
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netic and/or electric properties in the magnetoelectric heterostructures?”2%8, This required an un-
derstanding of the structure-property interrelation which influences the magnetic interaction?®,
spin reordering?®?* and coupling across the interfaces between FM and AF bi-
layers?62.264.265.266,269.270.211 " EN/AF heterostructures are well-known for exhibiting the exchange
bias (EB) phenomenon. This latter leads to a horizontal shift in the magnetic hysteresis loop along
the applied field?. This results in higher remanence, particularly close to saturation, in the ab-
sence of an external magnetic field known as the zero-field state. This magnetic property has
directed the way for technological advancements in magnetoresistance applications?’?, such as
MRAMs (Magnetic Random Access Memory)?”, and magnetic tunneling applications?’2%,
However, EB was attributed to the pinning effect of domains caused by the uncompensated sur-
face spins of the AF layer?™, In contrast, for a fully compensated AF surface, the AF spins align
perpendicularly to those of the FM spins which results in minimal interfacial spin frustration?®.
Subsequently, this could increase Hc whereas EB is not detected. It was approved that EB cou-
pling in multiple interfaces can be observed in cases which the heterostructure interface is rough
and chemically mixed. In contrast, LSMO/BFO systems with a sharp and chemically distinct in-
terface do not reveal any EB coupling?64275.276277.218.219,280281 ‘Tq the best of ones knowledge, few
studies explored the effect of the stacking order in heterostructure systems which was previously
studied in BaFe1,0:0/BaTiOs®%,  Lag7SrosMnOs/BiFe0s%4, LaMnOs/LaFe0s%%, and
LaMnOleaNi03 282,256,264,265.

In this study, a FM BaM layer was combined with a canted AF and a room temperature ferroe-
lectric YbFO layer, with two different growth sequences on YSZ (111). The variation of the crys-
tal quality, microstructure, chemical compositions of the individual layers and the involved inter-
faces by using a combination of high-resolution microscopy and diffraction methods was
investigated. In addition, we compared the temperature-dependent behavior of the magnetic prop-
erties for both stacking orders of heterostructure systems.

7.2 Experimental section

PLD growth

This chapter combines the previous results and the optimization of growth parameters for the
single layers and bilayer systems. Two heterostructure systems, named M1 (YSZ/YbFO/BaM)
and M2 (YSZ/BaM/YbFO), were grown by using PLD with two different stacking orders on a
YSZ (111) substrate. The BaM and YbFO targets with a purity of 99.9 % and a YSZ (111) sub-
strate with a miscut of am + 0.3 degrees were obtained from Surface, Germany (surface.com).
Prior to growth, the substrates were cleaned and annealed as described in Chapter 3. The individ-
ual BaM and YbFO layers of M1 and M2 systems were grown at Tq = 850 °C with an oxygen
pressure of Py, = 400 mTorr, a target-substrate distance of TS = 40 mm, and the number of shots
of Nsh = 10000. The laser frequency used for growth was F = 1 Hz, with an energy per pulse of
25mJ (1.5 J/em?) and a laser wavelength of 266 nm. All the growth parameters are summarized
in the table below:
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Table 7-1: PLD growth parameters and characterization methods used for investigation of M1 and M2 heterostruc-

tures.

Sample name

M1
(BaFe;,016/YDFeOy/YSZ111)

M2
(YbFeO4/BaFe;,014/YSZ111)

Growth temperature Ty

850 °C

850 °C

NSgam

10000

10000

Nshysro

10000

10000

Oxygen pressure

400 mTorr for BaM and YbFO

400 mTorr or BaM and YbFO

Target-substrate  dis-

tance TS

40 mm for BaM and YbFO

40 mm or BaM and YbFO

Laser frequency F

1 Hz for BaM and YbFO

1 Hz for BaM and YbFO

Energy per pulse
Laser fluence

25 mJ (1.5 J/lcm?)
for BaM and YbFO

25 mJ (1.5 J/cm?)
for BaM and YbFO

Interface layer type No No
Characterization meth- | XRR, HRXRD_RSMs, TEM, | XRR, HRXRD_RSMs, TEM,
ods HRTEM/EDX HRTEM/EDX

2D-HRXRD reciprocal space mapping

Theta/2Theta scans were performed by using a Rigaku SmartLab diffractometer with a Cu Kq; (4
= 1.540593 A) radiation monochromatized by means of a Ge (220) 2-bounce monochromator.
The measurements were taken with an incident slit width of 0.5 mm and two receiving slits, 0.5
mm and 1.0 mm wide, positioned in front of a scintillation detector. 2D-HRXRD reciprocal space
maps were recorded at the NANO beamline at the KIT light source in Karlsruhe Germany for
different reflections of BaM and YbFO layers. 2D-HRXRD maps of symmetric and asymmetric
reflections corresponding to the BaM and YbFO layers were measured by using a Mythen linear
detector positioned at the corresponding Bragg diffraction angles and by rocking the sample
around the Bragg angle. All the measurements carried out in the NANO beamline were performed
with a beam energy of E = 15 keV and a wavelength A of 0.826 A. Additionally, the azimuthal
scans, which correspond to the YbFO108 and BaM-1018 asymmetric reflections, were measured
by rotating the samples of M1 and M2 around their surfaces normal.

The miscut measurement was conducted by using an Empyrean diffractometer, for different azi-
muths angles in the range of ¢ = [0 - 350 °] which the detector was positioned at the Bragg dif-
fraction angle 2*Qg of the symmetric YSZ111 reflection. The deviation AQ = (Qmax - Qg) from
the rocking curve were recorded for the crystal lattice plane (111) of YSZ which Qmax is the angle
of the diffraction peak maximum. AQxrp derived from XRD as function of azimuthal angle ¢ is
shown by red open circles in Figure A-27 for M1 and M2.

For each azimuthal angle ¢ = [0 -350 °], the inclination of the sample surface in the reflectivity
region was measured. At these angles, the detector was positioned into the reflectivity exit angle
which corresponds to the specular reflections. The deviation of the incidence angle with respect
to the exit angle AQxrr Was plotted with blue open circles in Figure A-27. The difference between
AQxro (@) and AQxrr (@) for each azimuthal defines the angle between the film surface and the
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crystal lattice planes. These angles AQxro (¢#) and AQxrr (@) were fitted by the function
AQ(g)=A*sin(¢ - ¢) and the amplitude A of the sinus function with respect to the miscut « of the
substrate. The largest miscut am = 0.67° was measured for the substrate of the sample M2 while
for M1 am = 0.08°.

2D-HRXRD maps were used to derive the angular broadening (FWHMang) of the diffraction pro-
files for symmetric reflections in BaM (BaM006, BaM0010, BaM0014, and BaM0016) and
YbFO (YbFOO004, YbFO006, YbFOO008). Using the Williamson-Hall approach and assimilating
that BaM and YbFO layers are composed of misoriented mosaic crystal blocks, the variation of
the FWHMang with the reflection order 001 enables the determination of the misorientation degree
(«). This enables us to deduce the crystal qualities of BaM and YbFO within the M1 and M2
heterostructures as a function of the stacking order. The analysis of X-ray data involved the coor-
dinates determination of maximum peak intensities. These were used for the calculation of both,
the out-of-plane and in-plane lattice parameters of the BaM and YbFO crystals, residual strains
and lattice misfit among individual layers in both, the M1 and M2 heterostructures.

The lattice misfit £372, svprobetween the BaM/YDFO (resp. YbFO/BaM) (Equation (7-1) to (7-4))
bilayers which corresponds to M1(resp. fy bFO/BaM) as well as at the substrate interface
YbFO/YSZ (resp. BaM/YSZ) was calculated as follows Equations (7-1) to (7-4)):

aMl _ aMl
faamvvro (%] = —2al___YPFO0 4 100 (7-1)
Aypro
alileo — 3d(112)
foFO/YSZ 34(112) vy
aMZ _ aMZ
FA2 0 pan [%] = 22— %100 (7-3)
Apam
aM2  —3d(112
fataprsz (%] = =2 (2)vsz 109 (7-4)

3d(112)ysz

The magnitudes a¥ly, (resp. a¥2,), abl-o (resp. a}iZ:,) and d(112)ys; are the in-plane lattice
parameters of the BaM, YbFO and YSZ substrate, respectively.

The in-plane residual strains (i.e. bFO// and &, bFO// ) of the YbFO layer and (i.e. BaM// and
ez ;; ) of the BaM layer were determined for M1 and M2 heterostructures using Equations (7-5)
to (7-8):

1 FS
M1 _ QBam ~ 9Bam (7-5)
BaM// = afs,,

a
M1 FS

M1 _ Qypro — QypFo (7-6)

veross allngO
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M2 FS
M2 _ Qpam — Apam (7_7)
BaM// FS
Apam
M2 FS
M2 _ Qypro — QypFo (7_8)
YbFO// — allngO

The out-of-plane residual strains (efilro, . enro. ) Of the YDFO layer and (XL, , ef%,, ) of
the BaM layer were calculated by the following Equations (7-9) to (7-12):

CM1 __ .FS
ng _ “BaM CaMm 7-9
BaM_/ — FS ( - )
CBam
cML - FS
M1 _ CybFo YbFO 7-10
YbFOL — FS ( - )
Cybro
M2 FS
2 _ CpaM — Cpam 7-11
BaM/ — FS ( - )
CBaMm
cM2 _ FS
6M2 _ “YbFO YbFO 7-12
YbFO.L — FS ( - )
CybFo

aksy =5892A4,cks,, =23.183Aandals;, =5.96524, cf5., = 11.7020 A correspond to
the lattice parameters of the BaM and YbFO bulks in the free standing states.

RR

XRR was carried out by utilizing a Rigaku Smartlab diffractometer which emits Cux, radiation at
a wavelength of 1.54056 A. The collected data were evaluated by using the Parratt formalism
developed for the analysis of multilayers with rough interfaces!’®. The fit model was adapted for
the XRR curves of M1 and M2 and it comprised a series of layers: a rough YSZ substrate, a thin
interlayer between the substrate and the primary layer. The first layer exhibits a rough interface,
and a rough top layer. The fit process was performed by using a custom script based on the least-
squares fit algorithm.

TEM

For the TEM measurement of the M1(BaM/YbFO/YSZ) and M2(YbFO/BaM/YSZ) heterostruc-
ture systems, cross-sectional specimens were prepared by FIB milling in an FEI Helios G4 dual-
beam microscope. Prior to the FIB preparation, a thin gold layer was sputtered on the sample
surface to prevent the M1 and M2 heterostructures from damage by the Ga*-ion bombardment.
Subsequently, a standard FIB preparation of TEM lamellae was realized which a Pt protection
layer was deposited on top of the samples first. Then, coarse FIB milling was carried out at a
primary ion energy of 5 keV. The lamellae were attached to Cu lift-out grids and finally polished
by a Ga*-ion beam with a low energy of 1 keV to minimize Ga* implantation and material amor-
phization. TEM investigations of the M1 and M2 were carried out on two different transmission
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electron microscopes by possessing thermally assisted field emission cathodes (Schottky emit-
ters). In more detail, an image-corrected 300 kV FEI Titan 80-300 microscope was used for a
conventional TEM investigation of the general layer properties (e.g., layer thickness, crystal struc-
ture). The crystal structure and microchemistry of the interfacial regions and BaM as well as
YbFO layers of the M1 and M2 heterostructures were investigated in detail by combined high-
angle annular dark-field (HAADF) imaging in the STEM mode and energy-dispersive X-ray spec-
troscopy (EDX) at an accelerating voltage of 300 kV with a probe-corrected Thermo Fisher The-
mis 300 microscope. This microscope is equipped with a Super-X EDX detector (Thermo Fisher)
which combines four SDDs. X-ray maps were recorded in the STEM mode with typical measure-
ment times of about 10 to 20 min which a possible drift of the sample was automatically corrected
by the cross-correlation of corresponding reference images. By employing the Velox software
(Thermo Scientific), raw-data X-ray maps were quantified by using the thin-film approximation
after Cliff-Lorimer*® to obtain element-concentration maps and quantitative EDX line profiles.
Moreover, the crystal-structure information was obtained by two-dimensional fast Fourier trans-
formation of selected areas in atomically resolved STEM images.

VSM

Magnetic characterizations, both in-plane (IP) and out-of-plane (OOP), were conducted by utiliz-
ing a VersalLab vibrating sample magnetometer from Quantum Design, equipped to handle mag-
netic fields up to 2 Tesla and a sweeping rate (SR) of 10 Oe/s. Two distinct setups were employed:
the standard mode for conventional OOP and IP measurements, which ranges from 50K to 400K,
and a specialized VSM Oven setup for the Curie temperature measurement in the IP direction
from 300K to 1000K by using a unique heating holder with the sample encased in copper foil.

Experiments were carried out on M1(BaM/YbFO/YSZ) and M2(YbFO/BaM/YSZ) systems at
various temperatures: 50, 70, 100, 120, 150, 200, 250, 300, and 400 K. Key magnetic parameters
were extracted from the IP and OOP magnetization loops which include the saturation magneti-
zation (Mg (T), Mg, (T)), remanent magnetization (M, (T), M. (T)), perpendicular and parallel
squareness (S; (T)= M. (T) / Ms(T) and Sy (T) = M (T) / Mgy (T)), out-of-plane and in-plane
coercivity fields (Hc (T), Hey (T)), the coercivity ratio (Rc (T)=Hc,/Hc.), and the anisotropy field
(Ha (T)).

An advanced method was utilized to determine the anisotropy fields (Ha (T)) which considers
factors such as misalignment between the hard axis and the direction of the applied magnetic
field, sweeping speed, domain structure and multiphase magnetism, as elucidated by Zehner et
al.2®, Average anisotropy fields (Ha (T)) for M1(BaM/YbFO/YSZ) and M2(YbFO/BaM/YSZ)
were determined from the intersection of the extrapolation of the linear portion of the IP hysteresis
magnetization curve with the OOP saturation magnetization level. This approach was applied to
all hysteresis loops measured across the range of temperatures.

Additionally, the Curie temperature (T.) of M1(BaM/YbFO/YSZ) and M2(YbFO/BaM/YSZ) sys-
tems was measured by monitoring the IP magnetic moment (M, where H is perpendicular to the
c-axis). Zero field cooling (ZFC) and field cooling (FC) magnetization profiles were recorded
parallel to the c-axis in the temperature range of 50 to 400 K, with applied fields (H) of 0 and
2000 Oe, respectively.
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7.3 Characterization of the heterostructures M1 and
M2

Figure 7.1a compares the diffraction patterns of M1 and M2 which include the reflections of BaM,
YDbFO, and the YSZ substrate. The schematic representation of the heterostructures M1 and M2
can be found in Figure 7.1h and Figure 7.1k. Both diffraction curves contain peaks for BaM (000I)
and YbFO (000I), as well as reflections for YSZ (111) and YSZ (222) (marked by magenta stars).
Additionally, 2D-HRXRD reciprocal space maps were recorded for BaM such as BaMO006,
BaMO008, BaM0012, BaM0016 and YbFO reflections like YbFO002, YbFOO004, YbFO008. The
presence of high reflection orders, such as BaM0016 and YbFOQ08, justifies the c-axis orientation
for both samples, M1 and M2 as well as the growth of hexagonal structures for the BaM and
YDbFO layers. The layer orientation is YSZ [111] // BaM [0001] // YbFO [0001] regardless of the
stacking order. In the diffraction patterns, the reflections of BaM and YbFO cannot be resolved
due to the small difference in the diffraction peak positions. The XRD pattern of sample M2
exhibits a higher background and diffuse scattering intensity than that of the M1 sample which
may be caused by the higher defect concentration. In addition to the diffuse scattering, the inten-
sities of the reflections are relatively lower in the case of M2. Figure 7.1f and Figure 7.1g depicts
a combined RSMs of the BaM008 and YbFO0016 reflections. The lattice parameters of YbFO
and BaM layers were calculated by using the Q-positions at the maximum intensities which were
determined from HR-RSMs of the symmetric and asymmetric reflections. The results are dis-
played in Table 7-2. We found that the out-of-plane lattice parameter of BaM in M1 cjlL, =
23.25 A is lower than that of BaM in M2 c}3, = 23.2942 A. This variation in the lattice pa-
rameter is also evident from the peak shift of the M2 towards a lower diffraction angle (see Figure
7.1a). Furthermore, the out-of-plane lattice parameter of YbFO in M1 cfit, = 11.693 A is
slightly lower than that in M2, c}{2., = 11.715 A. This can be related to the difference in the
chemical compositions of the BaM and of YbFO layers generated by the growth sequence in the
M1 and M2 heterostructures.
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Figure 7.1: (a) Diffraction patterns of the heterostructures M1(BaM/YbFO/YSZ) (solid black curve) and
M2(YbFO/BaM/YSZ) (solid red curve), (b), (c) Azimuthal scans of asymmetric reflection BaM (-
1018) and YbFO (108) for M1 and M2, respectively. (d), (e) Visualization of the in-plane rotation
relationship of the atomic layers which relate to the crystalline structures as it is simulated along
[0001] for M1 and M2 respectively. (f), (g) 2D-HRXRD reciprocal space maps which contains the
BaM(0016), YbFO(008) and YSZ(222) diffraction spots. (h), (k) Schematic presentation of the heter-
ostructures M1(BaM/YbFO/Y SZ) and M2(YbFO/BaM/Y SZ) which possess two different stacking
sequences together with the miscut and misalignment values noted on the schematic representation.
For magnified view refer to Figure A-28%42,

The change of the stacking order between M1 and M2 strongly affects the interfacial lattice misfit
between the individual layers. This results in a different residual strain in the individual layers.
Furthermore, the lattice misfit at BaM/YbFO interface in M1 s fga1s/vpro = —3.56 % , whereas
the misfit at BaM/YSZ interface in M2 is fai%, ysz = —5.3 % (afay = 5.8151 £ 0.001 A,
aM?, = 5967 + 0.001 A). Residual strain values were calculated by using the bulk lattice pa-
rameter of BaM as a free-standing layer?®*. The in-plane residual strain of BaM changes from
hamy) = —1.3% t0cyay,, = 1.3 % (see Table 7-4). Although, the misfit values are not sig-
nificantly different from each other, the residual strain of BaM varies from compressive to tensile.

The lattice misfit for YbFO layer is dramatically reduced from fvpeonsz [%0] = -4.42 % in M1 to
fybrosam [%0] = 0.35 % in M2 (Table 7-3). On the other side, the in-plane lattice parameters of
YbFO layer range from a%}., = 6.0221 + 0.001 A to al{2.,=5.9881 + 0.001 A, with only slight
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variations. Additionally, the in-plane residual strain also decreases from &/pr,,, = 0.96% to
Yizeo,, = 0.39 % (refer to Table 7-4).

Figure 7.1b and Figure 7.1c displays the azimuthal scans which were obtained for BaM-1018 and
YbFO108 reflections by rotating M1 and M2 samples about their surfaces normal. BaM and
YDbFO layers exhibit a 6-fold symmetry, as evidenced by the presence of reflections every 60
degrees. In Figure 7.1b, the reflection intensities indicate that the YbFO layer is rotated 30 degrees
with respect to the BaM layer along the surface normal for sample M1. In Figure 7.1c, BaM and
YDFO layers are well aligned with each other. For the M1 and M2 heterostructures, the in-plane
rotation relationship of the individual layers is visualized in the Figures 6.1d and 6.1e by corre-
sponding crystal-structure models simulated along the [0001] direction.

In comparison with M2 (Figure 7.1c) , for the M1 sample, the azimuthal scans of YbFO108 and
BaM-1018 (Figure 7.1b) show comparable peak intensities. Furthermore, the decrease of reflec-
tions intensities for BaM-1018 at ¢ = 0° and ¢ = 120° during the M2 sample rotation may be
attributed to a disturbance in the c-axis orientation (Figure 7.1c). This degree of misorientation is
confirmed by the peak shift observed in the BaM0016 Yb0O08 reflections in Figure 7.1g.

Figure 7.1f and Figure 7.1g show that the peak maximum of the reflections in M1 are aligned
along (111) of the YSZ substrate. In M2, the maximum of BaM0016 and YbFOO008 peaks are
aligned and slightly misoriented with respect to the YSZ (111) direction. This indicates that the
diffraction planes of BaM and YbFO layers are inclined with respect to those of the YSZ (111)
lattice planes. The derived inclination values of the layers are determined from the XRD reflec-
tions of the BaM and YbFO layers. The values are for M1 S = 0°, whereas for M2, it is about =
0.1° for both individual layers.

In order to investigate the cause of misalignment, the miscut of the substrates in M1 and M2 were
measured and are presented the results in Figure A-27. One can find that «™* = 0.08° and ™ =
0.67°. This miscut could be also seen as surface steps at the BaM/Y SZ interface visualized by the
TEM images which are shown in Figure A-35 in the appendix. This inclination of the bilayer M2
with respect to YSZ(111) could be rather induced by the degree of substrate miscut. A more reli-
able determination of the true misalignment of the YbFO and BaM bilayers with respect to the
YSZ(111) lattice planes normal would require the comparison of RSMs recorded for different
azimuthal angles and fit sinusoidal functions, similarly to the miscut case.

Figure 7.2a and Figure 7.2b show a comparison between M1 and M2 of the angular diffraction
profiles (i.e., along Qy indicated by white dashed lines on RSMs in the insets) which correspond
to the BaM0014 and YbFOOQO06 reflections, respectively. Figure 7.2a shows that M1 has the largest
angular broadening for the BaM0014 reflection compared to M2 which indicates a higher defect
concentration in the BaM layer of M1. In Figure 7.2c and Figure 7.2e, the Williamson-Hall (WH)
plots are given by the variation FWHMang of the BaM and YbFO layer with the reflection order
(00l). The FHWMang values are extracted from the angular diffraction profile fits by a Pseudo-
Voigt function of the BaM (006), (0010), (0014) and (0016) reflections and the reflections of
YbFO (004), (006) and (008), respectively.
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Figure 7.2: (a), (b) Comparison between the M1(BaM/YbFO/YSZ) and M2(YbFO/BaM/Y SZ) heterostructures of the
angular diffraction profiles of the BaM0014 and YbFOO006 reflections, respectively. (c), (d) Compari-
son between M1 and M2 of variation of the full width half maximum of the corresponding angular
broadening FWHMang with the reflection order 00I for the BaM and YbFO layers, respectively. (e), (f)
TEM cross-sections images of the M1 and M2, respectively, which indicate the phase boundaries by
yellow dashed lines. For magnified view refer to Figure A-2924,

It turns out that the degree of misorientation of mosaic blocks asav_wm1 = 0.74° was higher for the
BaM layer in M1 compared to the M2 heterostructures (agam_m2 = 0.41°) whereas BaM is directly
grown on YSZ(111). The mosaicity of the YbFO layers in terms of being tilted are not affected
by the change in the stacking order. In fact, the slope of WH for Yb reflections are found compa-
rable, where avoro m2= 0.53° and avvro_m1 = 0.64°, Figure 7.2e.

Figure 7.2c and Figure 7.2f shows the HR-TEM images of M1 and M2 systems. Yellow dashed
lines on the BaM layers are used to visualize the mosaic boundaries/mosaic blocks of the BaM
layer. Orange dashed lines show the interfaces of both layers, and the red dashed lines in M2
indicate the interlayer which was formed at the interface BaM/YSZ. We deduce that the BaM
layer in the M1 system has a higher number of phase boundaries which also means smaller lateral
mosaic block sizes. The BaM layer of M1 is composed of blocks with mean lateral size of <L,>
= 68 nm which varies between 29 and 154 nm while the BaM mosaic blocks of M2 have a mean
lateral size of <L,> =98 nm which varies from 46 to 169 nm. In conclusion, the TEM results are
correlated with the finding derived from the comparison of the diffraction angular broadening
(Figure 7.2a).

Figure 7.3a and Figure 7.3h show the micrographs of the M1 and M2 multiferroic systems which
include the different orientations of the different individual layers such as YSZ, YbFO and BaM.
For both M1 and M2 heterostructures, BaM and YbFO are grown along the (001) direction which
is parallel to the YSZ (111) direction. There exists an approximately 2 nm thick transition layer
from YSZ to YbFO instead, which will be discussed via chemical mapping. This transition layer
may be the reason of a strain contrast in the HR-TEM images. Oppositely, YbFO has a sharp
interface with the BaM layer in M2. The clear distinction of the interface YbFO/BaM in the M1
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heterostructure is mostly due to the reduction of the misfit from £/}, ys,= -4.42 % to

f%lz:'O/BaM =0.35%.
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Figure 7.3: (a, h) TEM image of the M1(BaM/YbFO/YSZ) and M2(YbFO/BaM/YSZ) cross sections with the crystal-
lographic orientation of the individual layers BaM, YbFO and YSZ. (b), (c), (f) Diffractograms which
corresponds to M1(BaM/YbFO/YSZ) of the BaM layer drawn by red box in (a), of YbFO layer illus-
trated by green box (a) and of YSZ(111) substrate, respectively. (d), (e), (g) Diffractograms corre-
sponding to M2(BaM/YbFO/YSZ) of the BaM layer drawn by blue box in (a), of YbFO layer illus-
trated by orange box (h) and of YSZ(111) substrate, respectively. The scale bars are in 20 nm for (a)
and (h). For magnified view refer to Figure A-29242,

The diffractograms of Figure 7.3c and Figure 7.3e correspond to the dashed green square in Figure
7.3a and to the orange square in Figure 7.3h for the YbFO layers in M1 and M2, respectively.
They prove a change in the in-plane crystalline orientation of YbFO layer from [2-1-10] in the
M1 to [10-10] in the M2 heterostructure. This indicates that the YbFO layer, grown on BaM(001)
in M2, is twisted about 30° (+ 60°) along the (001) direction with respect to the YbFO layer grown
on YSZ(111) in M1 (Figure 7.3e and Figure 7.3c). In similar way, we compare the crystal struc-
ture and orientation of the BaM layer in the M1 and M2 diffractograms of Figure 7.3b and Figure
7.3d. It is obvious that the in-plane orientation of the BaM layer is not affected by the stacking
order as it could be demonstrated by Figure 7.3a, Figure 7.3b) and Figure 7.3d, Figure 7.3h).
However, the quality of BaM/YbFO in M1 and BaM/YSZ in M2 interfaces are different. TEM
micrograph of M1 indicates a distinct BaM/YDbFO interface which is accordance with the low
misfit value f52%, svpro [%0] =-3.56 % while an interlayer was formed between the BaM layer and

the YSZ substrate in M2 where f¢% vsz [%] = -5.3 %.

HRTEM images of Figure A-35d and Figure A-35e, which correspond to M2 and M1, respec-
tively, demonstrates the existence of a well resolved atomic step at the interfaces YbFO (AF)/BaM
(FM) and BaM (FM)/YbFO (AF). This atomic step can induce a spin frustration at the AF/FM
interface as it has been discussed by Chen et al.?.

In order to evaluate the interfaces qualities and to determine the thickness of the layers and inter-
layers, we measured XRR curves for the M1 and M2 heterostructures as shown in Figure 7.4a.
The results derived from the XRR curves fits are detailed in Table 7-5. A simple reflectivity
model*®? was used to create mass density profiles for the bilayers which are depicted in Figure
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7.4b. In order to enhance clarity, magnified mass density (p) profiles of the interfaces are pre-
sented in Figure 7.4c. The black profile in this representation corresponds to M1 while the red
profile corresponds to M2. Th = 0 nm denotes the surface termination of the bilayer system.
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Figure 7.4: (a) Measured XRR curves (points) for and the obtained fits (lines) for M1 (black), M2 (red), and BaM
(purple). The curves are vertically shifted for better visibility. (b) Density profiles obtained from the
fits of M1 (black) and M2 (red). The insets (c) show the interface YSZ/first layer and the interface
between layers respectively. The density profiles in the insets are shifted with respect to each other
for better comparison of the interfaces. For magnified view refer to Figure A-31242,

The model assumes a constant mass density distribution throughout the layers, with vertical
dashed lines delimiting the layer thicknesses. The density variations between different layers of
the heterostructures M1 and M2 indicate the presence of transition regions which the mass density
deviates from the constant values. Figure 7.4b present mass density profiles for BaM, YbFO, and
YSZ across the overall heterostructures thicknesses of M1 and M2. Furthermore, the mass densi-
ties of the targets BaFe1.01, YDFO, and YSZ(111) are given by p, ., = 5.296 glcm®, p,, ., =
6.8 g/cm?®, and pvsz = 5.92 g/cm?, respectively, and are drawn by the horizontal grey dashed lines
in Figure 7.4b. The transition regions which correspond to the interfaces with the YSZ(111) sub-
strate (i.e. YSZ/BaM for M2, YSZ/YbFO for M1) and between the bilayers (BaM/YbFO for M1

and YbFO/BaM for M2) are highlighted by green and grey rectangles and are measured with a
higher magnification for the thickness x-axis scale in Figure 7.4c.

When comparing the profiles of M1 and M2, it is evident that the first transition region from the
substrate to the first layer is larger for M2 at BaM/YSZ (R¥2 = 3.95 nm) than for M1 at
YbFO/YSZ (RML = 2.81 nm). This indicates that the interdiffusion between YSZ and the BaM
layer is more significant than that between YSZ and YbFO. Moreover, Figure 7.4c shows a sud-
den increase in the density profile in the RMY region and rather a gradual change in the mass
density within the RM?2 region. Regarding the transition between the bilayers which is illustrated
by the grey rectangle in Figure 7.4b and magnified in Figure 7.4c the mass density profiles show

larger transition region in the case of M2 than in M1 (R¥2 = 10.29 nm and R¥?, = 8.19 nm).
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Additionally, the mass density profiles reveal deviations of the individual layer densities from the
theoretical values. In M1, the density of YbFO exceeds the theoretical density, as does the YbFO
layer density in M2 does. However, it is worth noting that the YbFO density in M1 is higher than
in M2. When comparing the mass densities of the BaM layers the BaM density in M2 is higher
than in M1. It is interesting to observe that in the M2 system, the BaM density is lower than the
theoretical density, which corresponds to the higher interdiffusion layer (RH%). Conversely, in
the M1 system, the BaM density is higher than the theoretical density of BaM. This may indicate
that the reduced density of the layers lacks certain elements, which have voids or an incomplete
filling over the substrate surface.

In order to identify density variations and chemical transition zones, HR-STEM HAADF images
and generated atomic resolution EDX maps were generated (see Figure 7.5). The HAADF image
of the M1 system at the YbFO/YSZ interface (Figure 7.5a) shows a crystalline interlayer that is
approximately 2-3 nm thick, marked by magenta dashed lines. The Yb atoms in the YbFO layer
exhibit a 2up/1down configuration which is a characteristic of the ferroelectric metastable phase
of hexagonal YbFO. Figure 7.5b and Figure 7.5c present diffractograms obtained by the FFT
analysis of marked regions in Figure 7.5a. These diffractograms confirm the desired orientation
and crystallographic alignment. The YSZ is oriented along the [111] direction, which promotes
the metastable P6scm YbFO layer to grow in the [0001] orientation.

(i)
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Figure 7.5: (a, j) High-resolution STEM HAADF images near the bilayer interface regions (YbFO/YSZ) and
(BaM/YSZ) for M1 and M2 heterostructures, respectively. (b, c) Diffractograms corresponding to red
and yellow rectangles drawn in BaM layer and YSZ substrate, respectively. (k, |) Diffractograms of
the red and yellow rectangles drawn in BaM layer and Y SZ substrate, respectively. The regions
marked with white rectangles are the regions selected for the corresponding X-ray maps given in (d,
e, f, g, h) for M1 and in (m, n, o, p, r) for M2, (i, s) comparison of the quantitative EDX line profiles
for the elements O, Fe, Ba, and Yb for M1 and M2, respectively. Scale bars of (a, j) are 5 nm and of
(d-h) and (m-r) are 2 nm in size. For magnified view refer to Figure A-32242,

Figure 7.5d to 7.5h show the atomic resolution EDX maps for M1. These maps illustrate that the
interfacial region consists of a mixture of chemical elements which belong to YSZ and YbFO and
exhibit a gradient transition through the YbFO layer from the substrate. The elemental profiles of
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O, Ba, Fe and Yb in Figure 7.5i reveals that the transition regions (Ri+, + R 1,) correspond to

the local region RMY estimated by mass density profiles of XRR curves. The values are listed in

Table 7-5 whereas RMY = 2.81 nm from the XRR fit and RM¥, = 1.85 nm, and R 1,= 1.9 nm

from the element profiles of Figure 7.5i. RX}, demonstrates a gradient decrease in the Zr atom

concentration, while the Yb atom concentration increases towards the layer direction which indi-
cates diffusion of Zr atoms into the layer. R}, shows residual Zr atoms, synchronized with the
onset of visually observed Yb and Fe atomic layers which show Yb and Fe oscillation in the mass
concentrations .

Figure 7.5] shows the HR-STEM HAADF image of the M2 layer at the interface between
BaM/YSZ. It reveals an interlayer with a thickness of approximately 5 nm and a bad atomic res-
olution. Diffractograms obtained by the FFT analysis from the marked square regions are shown
in Figure 7.5k and Figure 7.51 for BaM and the interlayer, respectively. Figure 7.5k illustrates that
the BaM layer exhibits the pnma space group?®* of the hexagonal phase of the BaM film, known
for its magnetic applications. Figure 7.5l illustrates that the interlayer region is an iron rich crys-
talline phase and/or phases. Figure 7.5m to Figure 7.5r present the atomic resolution EDX maps
of the interface region squared in Figure 7.5j, while Figure 7.5s shows the concentration profile.
The elemental profile indicates two transition regions which correspond to the summation of
RM2=RMZ + RMZ, . According to Table 7-5, R¥% =3.95 nm, while R¥2, = 1.65 nm. As the
Zr content decreases and the Fe content increases until R¥2, = 1.9 nm, the Ba content starts to
increase. Subsequently, the Ba content enables the stoichiometric composition while Fe content
gradually degrades it.

Comparing the interlayers formed with YSZ for M1 and M2, one can see that the M2 transition
interlayer R22, + RM2 =355 nm is slightly smaller than R}1,+ RM1, = 3.75 nm. Nevertheless,
the element profiles given by Figures 7.5i and 7.5s display different behaviors. In the case of BaM
(M2), the Fe content peaks at the interface, while for YbFO (M1), the chemical composition grad-
ually approaches the theoretical stoichiometry. The increase of the Fe content at the interface may

affect the magnetic contribution of the single layer.

Figure 7.6a to Figure 7.6g show a detailed study of chemical composition at the YbFO/BaM in-
terface in sample M2 with atomic resolution. The corresponding EDX mapping to the TEM im-
ages of Figure 7.6a (not shown) illustrate the element profiles in Figure 7.6g. In addition, atomi-
cally resolved STEM HAADF images and EDX maps (see white framing) drawn in Figure 7.6a
are displayed in Figure 7.6b to Figure 7.6f. In element profiles of Figure 7.6g, three different

characteristic regions RM2,, RM2. and RM}2., where RY2, and R}Z2., are defined by constant

Baand Yb concentrations, respectively. The RYZ2, region is the transition zone at the YbFO/BaM

interface in M2. It contains a chemical mixture over a thickness of RM%, = 8.7 + 0.05 nm (listed

in Table 7-6). The inset (Figure 7.6g) shows the elemental profiles at atomic resolution from the
turquise colored region, which captures in particular, the interdiffusion of Ba atoms into the YbFO
layer. The measured region of RMZ, is well correlated with RM2, = 10.3 + 0.05 nm derived from
mass density profiles of XRR curves (see Figure 7.4c). HRTEM images (Figure A-35) reveal an

atomic step at the YbFO/BaM interface in M2 that could potentially be a source of spin frustration
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at this interface and consegently prevent the occurrence of the exchange bias at the AF/FM inter-
face?®. Comparatively, Figure 7.6h shows atomically resolved STEM HAADF images of the M1
(BaM/YDbFO/YSZ) system, specifically near the YbFO/BaM interface. For M1, EDX have been
collected and quantified, as indicated by the orange rectangle (Figure 7.6i to Figure 7.6m). The
resulting elemental concentration profiles for Ba, Yb, Fe and O are plotted in Figure 7.6n.
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Figure 7.6: (a, j) High-resolution STEM HAADF images near the bilayer interface regions (BaM/YbFO) and
(YbFO/BaM) for M1 and M2 heterostructures, respectively. (b, ¢) Diffractograms which correspond
to white and red rectangles drawn in BaM and YbFO layers, respectively. (k, I) Diffractograms of the
black and yellow rectangles drawn in YbFO and BaM layers, respectively. The regions marked with
orange and red rectangles are the regions selected for the which correspond to X-ray maps given in (d,
e, f, g, h) for M1 and in (m, n, o, p, r) for M2, (i, s) comparison of the quantitative EDX line profiles
for the elements O, Fe, Ba, and Yb for M1 and M2. Scale bars of (a) is 5 nm, of (h) is 2 nm and of (b-
f) and (i-m) are 1 nm in size. For magnified view refer to Figure A-33%%,

Three distinct regions: RiAL,, R¥L, and R, could be identified where R}At; = 2.5 nm + 0.05

nm is the transition region at the YbFO/BaM interface, which is significantly smaller than R}2,
= 8.7 £ 0.05 nm and shows no chemical intermixture between the BaM and YbFO layers. (see
Figure 7.6n). It should be emphasized that the transition region R}, determined from the mass
density profile in Figure 7.4c to be 8.2 £ 0.1 nm is relatively larger than Rf‘fl%3 (2.5+£0.05 nm) as
measured from the elemental profiles (Table 7-6). In conclusion, the extent of the Yb/Ba inter-
mixture depends on the stacking order of the layers. Specifically, in M1 an abrupt atomic interface
is observed at the BaM/YDFO interface, whereas in M2 there is significant chemical intermixture
at the YbFO/BaM interface. In addition, atomic steps at the interfaces observed in atomically
resolved TEM images (Figure A-35, 7.2d) are a consistent feature in both heterostructures, irre-
spective of the growth sequence, and could induce magnetic frustration as reported by Chen et
al®%, The crystalline structure of the BaM and YbFO layers, which include the number of bound-
aries and the degree of misorientation of the BaM mosaic blocks, appears to be influenced by the
layer stacking order, as shown in Figure 7.2.
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Figure 7.7 shows HR-STEM HAADF images of the YbFO layers for M1 and M2 bilayer systems
across the 12 nm x 12 nm region. Diffractograms obtained by the FFT analysis of selected square
regions within the YbFO layers are shown in Figure 7.7b for M1 and Figure 7.7c for M2. The
diffractograms confirm that both layers, whether directly grown on YSZ (M1) or on BaM (M2),
represent the ferroelectric metaphase of YbFO which belongs to space group P6scm. Figure 7.7a
and Figure 7.7d illustrate the atomic arrangement of the YbFO layer with representative colored
spheres. Green and yellow spheres represent Yb atoms with bright contrast in HAADF images
(green spheres displaced upwards, and yellow spheres displaced downwards), while brown
spheres represent Fe atoms with darker contrast in the HAADF images.
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Figure 7.7: High resolution STEM HAADF images and diffractograms of YbFO layers in the M1 and M2 systems.
(a, d) HAADF images of YbFO layers in M1 and M2, respectively, illustrate the atomic arrangements
with colour-coded spheres for Yb (green and yellow) and Fe (brown) atoms. Note a stacking defect in
M2 (d). (b, ¢) FFT analysis diffractograms of M1 (b) and M2 (c) which confirm the ferroelectric met-
aphase of YbFeOs in both layers. The scale bars for (a, d) are 2 nm in size?*2.

A comparison of the atomic arrangements of M1 (Figure 7.7a) and M2 (Figure 7.7d) shows that
both layers consist of ferroelectric domains. In these domains, a non-centrosymmetric shift of Yb
atoms generates charge polarization. Specifically, two Yb atoms are shifted vertically upwards,
while one is shifted downwards which results in ferroelectric polarization in the upward direction.
Furthermore, Figure 7.7d shows a stacking fault (SF) which could accidentally originate from a
specific imaged region. Significant variations, which lead to differences in stacking faults be-
tween the two layers, could not be observed, except for the absence of Yb atoms and in the case
of two Fe layers.

7.4 Effect of the growth sequence on the magnetic
properties

Figure 7.8 shows comprehensive magnetization measurements for the heterostructure systems

M1 and M2. Figures 7.8a and 7.8b show different behaviors for the out-of-plane (OOP) and in-

plane (IP) hysteresis loops measured at different temperatures in the range of 50 K to 400 K. This
reflects the growth of highly c-axis anisotropy M1 and M2 heterostructures, independent of the
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stacking order. OOP was recorded along the easy axis with an applied magnetic field H parallel
to the c-axis while IP was measured along the hard axis at which the applied magnetic field H is
perpendicular to the c-axis. The top and the bottom panels of Figures 7.8a and 7.8b corresponds
the OOP and IP hysteresis loops of the M1 and M2 heterostructures, respectively. It should be
noted that the saturation magnetization My, (T) and Ms_ (T) decreased with the temperature. For
better clarity, Figure 7.8c compares the OOP hysteresis loops for M1 and M2, measured at 50 K
and 300 K. The inset graph in Figure 7.8c magnifies a specific region to clearly demonstrate the
difference in the coercivity values H¢, between M1 and M2 as well as the temperature dependence
of the magnetic properties. Earlier studies®® pointed out the effect of the grain size, defect con-
centration and mosaic boundaries on the coercivity field. Furthermore, Figures 7.2e and 7.2f
proved that M2 contains a higher number of mosaic boundaries in comparison with M1. This has
a profound effect on the magnetic coercivity of the heterostructures M1 and M2.
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Figure 7.8: (a, b) Out-of-plane (OOP) and in-plane (IP) magnetization polarization curves for M1 (top panel) and M2
(bottom panel), respectively, recorded in the temperature range T =50 K — 400 K. (c) Comparison
between the OOP magnetization of M1 and M2 at T = 50 K and 300 K with the inset as a magnifica-
tion in the regionof H=-1 T — 1 T. (d) OOP magnetization loop measured at 50 K and for an applied
magnetic field H =2 T and -2 T for M1 (top panel) and M2 (bottom panel) 242,

In addition, Figure 7.8d focuses on the EB measurement performed by applying magnetic fields
of +2 T and -2 T at 50 K. The heterostructures were cooled to this temperature during an applied
field in accordance with the methodology for studying EB below the Neel temperature of YbFO
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(TYPFO = 125 K, in this work in chapter 6) mentioned to be around ~125K¥7.23123 However, the
absence of a horizontal shift in the hysteresis loops suggests the absence of an exchange bias
possibly due to spin frustration. This observation is consistent with the results of field-cooled
hysteresis loops measured for both M1 and M2 heterostructures which did not show a detectable
EB. Despite the chemical mixing of Yb and Ba cations over an intermixed region of RM2, = 8.7
+ 0.05 nm at the YbFO/BaM interface in M2 (as shown in Figure 7.6g and Table 7-6), the spins
of the YbFO layer at the interface appear to be fully compensated. This configuration energeti-
cally favors a spin-flopping state which does not induce EB in agreement with the findings of
Chen et al?®® in similar systems. In addition, studies®’ have confirmed the absence of EB in sys-
tems with chemically abrupt interfaces like the one observed in M1. It is crucial to emphasize the
tilted antiferromagnetic spin orientation in YbFO which significantly affects the spin ordering
near the interface and contributes to the spin-flop phase as reported by Jensen et al?’%. In order to
further understand and compare the temperature dependence of the magnetic properties in M1
and M2, the values of M (T), He: (T) and Ha (T) were derived from Figure 7.8 and plotted against
the temperature in Figure 7.9.
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Figure 7.9: (a) Variation of the in-plane moment My versus temperature in the range T = 300 — 1000 K for M1 and
M2, inset corresponds to the derivative dM/dT as a function of temperature, the minima corresponds
to Curie temperature T, (b) variation of the out-of-plane moment at the saturation Ms_ with the tem-
perature for M1 (black full circle) and M2 (red full circle), the fit curves are the power law curves, (c)
temperature dependence of the fist anisotropy constant K1 for M1 (black full circle) and M2 (red full
circle), (d) variation of Hc./ M_ as function of the Ha/Ms_ (black full circle) and M2 (red full circle)
dedicated to determination of microstructural and demagnetizing factors « and Nes, respectively, (e)
anisotropy field Ha temperature dependence (top panel) for M1 and M2 and comparison between M1
and M2 of temperature dependence of perpendicular coercivity Hc, with temperature (bottom panel),
() zero field cooling (ZFC) and field cooling (FC) recorded at an applied field H = 2000 Oe for M1
(open circle) and M2 (solid lines). For magnified view refer to Figure A-3424,

In Figure 7.9a, the Curie temperature, Tc, measurements for the M1 and M2 heterostructures are
presented. The Curie temperature for free-standing BaM single crystalline material was previ-
ously identified by Shirk et al?®’, as T, = 740 K. The inset of the graph displays the derivative of
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the magnetic moment (dM,/dT) with the curve's minima which indicate the Curie temperatures.
In this study, a slight variation in T. between the two systems is observed and attributable to the
influence of the stacking order to in-plane residual strain and to the consequent alteration of an
in-plane misfit. The measured Curie temperatures are TM! = 7235 + 5 K for M1 and TM? =
730.6 £ 5 K for M2, both lower than that of the free-standing BaM layer.

The impact of residual strain on Curie temperatures in strained films was previously discussed by
Gan et al.”®®. Furthermore, Spankova et al?®® conducted studies on the strain relationship of
Lao.sSro.1MnOs films on various substrates who concluded that compressive strain suppresses fer-
romagnetism and reduces Tc. For the heterostructures in the present work, the in-plane residual
strain for the BaM layers shifts from a compressive state in M1 ( B(}M// = -1.3 %) to a tensile
state in M2 ¢4y, = 1.3 %) while the out-of-plane residual strain increases from sy, , = 0.29
% to g2y, = 0.48 %, as listed in Table 7-4. Therefore, the observed increase in T. from 723.5 K

in M1 to 730.6 K in M2 can be linked to the transition from compressive to tensile strain which
corroborates the findings of Spankova et al?®,

In Figure 7.9b and Figure 7.9c, one can compare between M1 and M2 regarding the temperature
dependence of the magnetization saturation Ms (T) and the first anisotropy constant K1(T). The
latter is related to the anisotropy field Ha (T) and Ms_ (T) as follows in Equation (6-13)214:289.290.291,

Mg, (T) * Ho(T)

- (7-13)

K1(T) =

It turned out that in the measured temperature range, Ms, (T) values are lower for M2 than for
M1. The decrease of Ms, (T) in M2 could be caused by the presence of the chemical intermixture
region revealed by EDX in M2, R¥2, =8.7 £ 0.05 nm. K1(T) represents the magneto-crystalline
anisotropy energy (MAE) and, therefore, the energy required to break the anisotropy. K1(T) de-
creases with the temperature due to weakening of the spin orbital coupling (SOC) because of
thermal fluctuations. We found that the anisotropy constant K1(T) is higher for M1 than in M2
heterostructures which means that the corresponding SOC was affected by the stacking order. In
conclusion, due to high values of K1(T) M1 would be more suitable for a storage device which
requires higher MAE. KZ1(T) is in accordance with the c-axis orientation of the layers. This was
proven by Figure 7.1f and Figure 7.1g where the layer inclination with respect to substrate lattice
planes is higher for M2 (5= 0.1).

Ms_ (T) decreases by increasing the temperature for the M1 and M2 heterostructures. This behav-
ior results from breaking the spin order with the temperature increase (see Figure 7.9b). In order
to analyze the variation of M, (T) and K1(T) as a function of temperature, both curves were fitted
to the power law as a modified Bloch's law?® as provided in Equations (7-14) and Eq (7-15). It
has been argued that the well-known T*2 Bloch law, derived from the spin wave theory and the
thermal excitation of magnons, is insufficient to explain the complex magnetic structure of hex-
aferrites 290292

T
Moy (1) = My (0)+ |1 - G| (7-14)
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K1(T) = K1(0) * [1 — (Tz)”] (7-15)

for which (Ms, (0), P) and (K1 (0), P) are the fit parameters obtained from the best fit of the Ms,
(T) and K1 (T), respectively, which uses the non-linear square fit algorithms with chi-square val-
ues R =0.999.

In the case of homogeneous ferromagnetic systems, the exponent P, satisfies the Bloch's law to
be 3/2. However, the exponent P depends on the dimensionality, predominant spin, and the crystal
structure of the systems. The fit is realized by using the T. for both systems as a fixed parameter
due to having Curie temperature measurement beforehand which apply the fit for Tem: = 723.5 £
5 Kand Temz = 730.6 £ 5 K, respectively.

Silica-coated BaFe12019 nanoparticles have found to be that the temperature-dependent K1 and
M; satisfy the power law and the exponents P = 1.58 and P = 1.56, respectively?®. In the case of
M1 and M2 heterostructures, Ms, (T) and K1(T) deviate from the Block T*2behavior for which P
may be dependent on several features. For M1, the exponents P derived from the fits of Ms_ (T)
and K1 (T) are Py} = 1.277  0.040 and Py}' =1.432 + 0.060, respectively. In the case of M2,

Pyf? =1.253 + 0.037 and Pgy* =1.861 + 0.093, (see Table 7-8). For M1, we found that Ms (T)
behaves closer to the Bloch T2 law. The exponents Py, and Pj;” are comparable for M1 and

M2. However, PY? dramatically deviated from 3/2 in the case of M2. As mentioned above, the
inhomogeneity/intermixture region at the BaM/YbFO interface for M2 could be the reason for
such a deviation. In other words, P which deviates from the Bloch's law could confirm the inter-
mixture and generation of the inhomogeneity region for the magnetic properties (Ri2; = 8.7 +
0.05 nm). Similarly, Garcia et.al?®2. also reported that the higher value of exponent P was interre-
lated with the atomic disorder and with the magnetic frustration in doped yttrium iron garnets.

In order to conclude the mechanism which controls the coercivity and to figure out the influence
of the change in the growth sequence, the micromagnetic model (Equation (7-16)) was applied to
analyze the temperature dependent hysteresis loops as follow: 2425214.216.286,

He (D) _  Ha(D)
Mg (T)  ~ Mg, (T) 7

(7-16)

Ner is the demagnetization factor which is relevant for the grain surface and for the volume
changes of the material. This would generate a negative effect on the total magnetization of the
samples. The magnitude a corresponds to the microstructural parameter also called structural re-
duction factor defined as a = a1 X a2 by Kronmdiller?**, a; represents the pinning or nucleation
factor of the domains whereas «; is related to the misalignment factor of the grains with respect
to the easy-axis/c-axis or to the applied field.

In Figure 7.9d, Hc/ Ms vs Ha/ M values are plotted for the M1 and M2 systems and are linearly
fitted by the micromagnetic model to determine the structural reduction factors, « and Nesr. From
the slopes of the curves, am: = 0.116 and am2 = 0.04, the coercivity control mechanism could not
be clearly determined since the factor a < 0.5 and, therefore, the analysis was indecisive between
nucleation and the domain wall pinning?4?!6, Considering the inclination values of the layer (in
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Figure 7.1f, Figure 7.1g), # = 0.1 for M2 and g = 0.01 for M1, the extracted structural results
suggest that amz would be higher for the M2 heterostructure. Controversially, the obtained higher
value of am1 = 0.116 could be interpreted in a way so that M1 possesses a higher number of
pinning and the nucleation centers in the magnetic layer which are located at the phase boundaries
(i.e. TEM images in Figure 7.2e). This result justified the high values of the coercivity field for
M1 in comparison to M2 which revealed less phase boundaries and, therefore, less pinning centers

(see TEM of Figure 7.9¢e). Furthermore, demagnetization the factors are relatively small, Né‘;’:}z

0.072 and Né‘;’cfcz -0.003 for both heterostructures which indicate the formation of a limited num-

ber of nonmagnetic phases in both hetereostructures?4. Nevertheless, Ne"}} of M1 is still higher

than Né‘ﬁof M2 which is probably related to the high defect density as revealed by the diffraction
angular broadening of the BaM reflections and by the HRTEM images (Figure 7.2).

Bance et.al?®® demonstrated that the Ner decreases as the lateral mosaic block size and the grain
misalignment increases. That correlates with the findings of A = 0.1 which is higher than "
= 0.01 (Figure 7.1h and Figure 7.1k), and the lateral size of the mosaic blocks is larger than in
M1 (Figure 7.2e and Figure 7.2f).

Figure A.5a presents the initial magnetization curves of the M1 and M2 heterostructures which
were measured at T = 300 K to investigate the domain wall motion and to determine the suscep-
tibility of these systems. The curves are displayed in Figure A-36a, with an inset, which provides
a magnified view of the initial slope at lower magnetic fields. The curves of M1 and M2 exhibit
a two-slope behavior which suggests the potential existence of two distinct domain-wall motion
mechanisms. In the first slope up to approximately 1000 Oe, one can possibly observe the mech-
anism of predominant domain wall pinning. The initial slope (H < 1000 Oe) is less steep than the
second slope of (H > 1000 Oe) which indicates a greater material resistance for the applied mag-
netic field (H < 1000 Oe) to move the domain walls. Once the critical coercivity (Hcrit > 1000 Oe)
is reached the curve slope increases which indicates a reduction of the resistance for the applied
field. This phase is likely indicative for domain wall depinning in which domain walls move more
unhindered when the applied field becomes higher than Heir. In order to determine Heric accurately,
the second and third derivatives of the magnetization curves (d?M/dH? and d*M/dH®) were ana-
lyzed, as shown in Figure A-36b for M1 and Figure A-36¢ for M2. Herit is identified at the point
where the third derivative equals zero which marks the change in the slope of the initial magnet-
ization curve. For M1, Hcrit is determined to be 1217 Oe, while for M2, it is identified to be 913
Oe. This finding indicates that the depinning of domains in M1 occurs at a higher external field
which supports the hypothesis that a higher concentration of defects in a material requires a
stronger field for domain wall depinning?®.

Figure 7.9e shows the variation of the OOP coercivity field He, (T) and anisotropy field Ha (T)
with the temperature T in the range 50 K to 400 K at the bottom and the top panel, respectively.
The two M1 and M2 heterostructures show an increase of Hc and Ha fields with the temperature.
However M1 displays a higher He, He. ™ =990 (50 K) — 1296 Oe (400 K) which is due to a higher
number of domain wall pinning centers, located at phase boundaries (Figure 7.2c and Figure 7.2f).
Previous studies?#?®° investigated the temperature dependence behavior of Hc, (T) and Ha (T) for
a BaM hexaferrite single layer. They revealed an increase of Hc, (T) and Ha (T) until attaining the
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maximum between 400 K - 500 K, then followed by decay until the Curie temperature T = 740
K for a BaM single crystal.

In Figure 7.9f, zero-field cooling (ZFCm™, ZFCw."?) and field cooling (FCw_™, FCw.™?) curves
of both systems M1 and M2 are plotted in the temperature range T = 50 K - 400 K, with the
externally applied field of H = 0 and H = 2000 Oe. Here, the applied external field H is higher
than He, M (T) and Hc, ™2 (T) for M1 and M2 whereupon Hc,M'= 990 (50 K) — 1296 Oe (400 K)
and with Hc, = 407 (50 K) — 448 Oe (400 K). Due to higher values of H, " for M1 the magnetic
moment recorded during ZFC curves were reduced in comparison to M2 (see Figure 7.9f). This
means that M1 requires a higher external field than M1 to rotate the spins in a certain direction.
This results into a lower magnetization at the FC curves (FC_ ™! < FC_™?, Figure 7.9f). Addition-
ally, thermal irreversibility has been recorded for which the FC magnetic moment is higher than
the ZFC magnetic moment (FCw_ > ZFCw_). This suggested the relation to spin frustration®©, As
it discussed by Kumar et al.?® this spin frustration could occur due to the irregularities at the
interfaces of the magnetic layer. In our study, these irregularities correspond to the regions with
the chemical mixture at the YbFO/BaM interface in M2 which induced spin frustration and dis-
turbance at the regular spin alignments. This led to a reduced moment shown by the ZFC curves.
In return for the bifurcation degree (the separation between ZFC and FC (ZFCwm, - FCwmy.)) is
expected to be higher for M2 as seen in Figure 7.9f.

7.5 Summary and conclusions

A detailed study on the structure and the magnetic properties was carried out by using comple-
mentary analysis methods (i.e. 2D-HRXRD, HRTEM, Atomic resolution EDX) on two hetero-
structures M1, M2 which possess two different stacks of BaM layer as FM and YbFO as canted
AF and FE layers. The different interfacial strain, which was induced by the variation of the
growth sequence in M1 and M2 was demonstrated to affect the crystal quality and the chemical
composition of the individual BaM and YbFO layers as well as the degree of the chemical homo-
geneity at the interfaces.

By mean of atomic resolution EDX, the chemical composition at interfaces with YSZ substrate
and at BaM/YbFO in M1 and YbFO/BaM in M2 was explored. An interdiffusion phenomenon
has occurred for M1 and M2 with different chemical compositions at the substrate YSZ interfaces
where a Fe-rich crystalline phase was predominantly formed at the interface BaM/YSZ in M2.
The determined values of the misfit at the YSZ interface in M1 and M2 are comparably compres-
sive (i.e. fypro vsz= 442 %, faamvsz = -5.53 %). The chemical composition of the layer which
interfaces with the substrate was found different from the stoichiometry of the target as it has been
demonstrated by the measurement of the mass densities.

While the interface BaM/YbFO in M1 was distinctive and without any chemical interdiffusion
over athickness of R}, =2.5 +0.05 nm, the interface in M2 YbFO/BaM has revealed a chemical
intermixture over an extend of RM2, = 8.7 + 0.05 nm. This is most probably related to the change

in the interfacial misfit from compressive fga1 vpro= -3.56 % to tensile fy47, /pan= 0.35 %. For
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the M1 and M2 heterostructures, there was no detectable exchange bias even in the case of the
chemically intermixed interface for the M2 heterostructure.

It should be emphasized that below the Neel temperature of YbFO < Ty = 140 K, the heterostruc-
tures M1 and M2 act as FM/CAF and CAF/FM while in the temperature range beyond Ty = 140
K, the heterostructures M1 and M2 are rather FM/PM and PM/FM. Furthermore, the YbFO layers
do not exhibit any variation in the metastable hexagonal P6scm ferroelectric order of Yb atoms.
Even with a varying stress and stacking order both systems exhibit the ferroelectric order, which
is known as a non-centrosymmetric displacement of the rare earth element (also known as
2Up/1Down vice versa).

The measured magnetic properties of the heterostructures were found strongly influenced by the
ferromagnetic BaM layer due to the weakness of the antiferromagnetic YbFO. The magnetic be-
havior of M1 and M2 was remarkably related to the crystal quality of the BaM layer which was
crucially influenced the interfacial features (i.e., residual strain, misfit, chemical homogeneity of
the layer and at the interface).

For BaM layers, there is a slight inclination with respect to the substrate lattice planes in the M2
system. Even if the misalignment originates from the miscut of the substrate the addition of an
interlayer (such as YbFO for M1) would suppress the miscut effect generated during the produc-
tion of the substrate crystal. TEM and XRD investigations reveal that BaM layers have a higher
crystalline quality when grown on YSZ, with less defect concentration (fewer mosaic boundaries
and smaller mosaic tilt), despite the occurrence of an unwanted interlayer formation at the sub-
strate interface. The mass density of the BaM layer deviates from the theoretical value, with M1
being higher and M2 being smaller than the theoretical value. In this case, the increase in mass
density could again be due to compression for M1 (BaM/YbFO).

A large chemical mixture region of M2 at the YbFO/BaM interface disturbs the homogeneity of
the magnetic layers and deviates the material behavior from the Bloch T%?2law. Furthermore, the
intermixture of materials affects the ZFC-FC behavior, whereupon film irregularities result in
spin frustration which generate thermal irreversibility and disturbs the regular spin alignment. It
ultimately increases the degree of bifurcation. Additionally, it has been proven that tensile stress
increases T. for BaM, while compressive strain suppresses ferromagnetism and reduces Te. In
conclusion, M1 with a more distinct interface exhibits more homogeneous and regular magnetic
properties. On the other hand, M1 exhibits larger coercivity, Ne, a higher density of defects (mo-
saic boundaries), a higher anisotropy constant, and a higher MAE. These characteristics suggest
that M1 is more suitable for magnetic storage applications.
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Table 7-2: Summary of the lattice parameters corresponding to the different layers BaM, YbFO and YSZ of the heter-
ostructures M1 and M2242,

Sample name | M1 (BaFe12019/YbFeOs/YSZ111) | M2 (YbFeOs/BaFe1,010/YSZ111)
dai-2yvsz [A] | 2.1+0.001 2.1+0.001
dainysz[Al | 2.969 +0.001 2.969 + 0.001
adto [Al 6.0221 + 0.001

o [A] 5.9881 + 0.001
el o TA] 11.693 + 0.001

cyiro [A] 11.7149 + 0.001
aMt  [A] 5.8151 + 0.001

apen [Al 5.967 + 0.001
ey [A] 23.25 +0.001

chaw [Al 23.2942 + 0.001

Table 7-3: Summary of the lattice misfit determined at different interfaces BaM/YbFO, YbFO/YSZ for M1 and
YbFO/BaM, BaM/YSZ for M2. (C): Compressive, (T): Tensile?*2,

Sample name

M1 (BaFe12010/YbFeO3/YSZ111)

M2 (YbFeOs/BaFe1;014/YSZ111)

fybFosvsz [%] -4.42 (C)
faamvoro [%] | -3.56 (C)
foamyvsz [%] -5.3(C)
fbrospaml%] 0.35 (T)

Table 7-4: Summary oft he in-plane and out-plane residuals determined in the BaM and YbFO layers in the two dif-
ferent heterostructures M1 and M2242,

Sample name

M1 (BaFe12010/ YDFeO3/YSZ111)

M2 (Yb F603/BaF612019/YSZ].11)

&vproyy %]

0.96 (T)

&pros [%]

-0.08 (C)

pamyy (%]

-1.3(C)

Ehams [%]

0.29 (T)

epamyy (%]

1.3 (T)

eBams [%]

0.48 (T)

eyproy, (%]

0.39 (T)

eyvbro. (%]

0.11 (T)
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Table 7-5: Summary of the fitting parameters such as mass densities psam 0f BaM and povoro of YbFO layer derived
from the XRR curves of M1 and M2 and the corresponding densities profiles across the heterostruc-
tures films thicknesses?42,

Sample name

M1
(BaFe;,016/YDFeOy/YSZ111)

M2
(YbFeO4/BaFe;,016/YSZ111)

BaM thickness Thgam
[nm]

61.0+0.2

70.0 £0.2

YbFO thickness Thypro
[nm]

58.8+0.2

65.0+0.2

Mass density pBaa
[g/cm?]

5.24 + 0.05 = pgam = 5.296
g/lcm3

3.86 + 0.05 < pam = 5.296
g/cm?®

Mass density pvbro
[g/cmq]

8.38 £0.05 > pyvro = 6.8
glcm®

7.14 +0.07 slightly > pyoro
=6.8 g/lcm®

Transition region
YbFO/YSZ RMY [nm]

281+0.1

Transition region
BaM/YbFO R¥Y [nm]

82%0.1

Transition region
BaM/YSZ R¥2 [nm]

3.95+0.1

Transition region
YbFO/BaM R} [nm]

10.3+0.1
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Table 7-6: Summary of the characteristics of regions with their corresponding thicknesses of the EDX profiles of the

two heterostructures as they are derived from Figures 7.5 and 7.6%4,

M1 M2
Sample name (BaFe12016/YbFeOy/YSZ111) (YbFeOy/BaFe,0:4/YSZ111)
BaM thickness
Thgam [nm] 63+0.2 67+0.2
TEM
YbFO thickness
Thybro [nm] 53+0.2 74 +0.2
TEM
YbFO/YSZ 2.75<Th<4.6
RM%, [nm] 1.85+0.05 nm
EDX profiles Interdiffusion of Zr atoms
YbFO/YSZ 46<Th<6.5
R, [nm] 1.9 £0.05 nm
EDX profiles Residual Zr atoms
45<Th<7
BaM/YDbF
R?m/ r?mo 2.5+0.05nm
int3 | .] Sharp interface without intermix-
EDX profiles ing
BaM/YSZ 1.25<Th<29
RMZ, [nm] 1.65 +0.05 nm
EDX profiles Interdiffusion of Zr atoms
BaM/YSZ 29<Th<4.8
Rinz, [nm] 1.9+ 0.05 nm
EDX profiles Fe rich phase
BaM/YbFO 42<Th<12.93
RMZ. [nm] 8.7 £0.05 nm
EDX profiles Chemical intermixing
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Table 7-7: Summary of the concentration y [at %] of the Yb, Fe and Ba derived from the EDX profiles of Figure 7.5i
and Figure 7.6n for M1 and from EDX profiles of Figure 7.5s and Figure 7.6g for M2242,

Sample name

M1
(BaFe;,016/YDFeOy/YSZ111)

M2
(YbFeOs/BaFe;,014/YSZ111)

BaM thickness Thgam
[nm]

63+0.2

67+0.2

YbFO thickness Thy.
bro [NM]

53+0.2

74+0.2

yxvb (Max)=30=x 1

R%}FO ¥ [at %] <pyp>=23.57
<ype>=27.12
¥Bam (Max) =7+ 0.5
RYL, x [at %] <yBo>= 3.7
<yxre> = 54.03

RYiro ¥ [at %]

yyb (Max) =18 £ 0.5

Large scan

<y >=19.85, <yre>=17.97
Atomic resolution
<yvb>=13.89, <yre >=18.53

Ri2y x [at %]

ABoM (Max)=6%0.5

Large scan

<YBa > = 3.18, <yre>=36.77
Atomic resolution

<YBanm> = 3.39, <yre>=27.1

Table 7-8: Summary of the characteristic magnetic parameters for M1 and M2 such as moment at saturation T =0 K,
Ms_ (0) and exponents P which were derived from the fitting of temperature dependence moment with
the power law Ms_ (0)*(1-(T/Tc)P) and K1(0)*(1-(T/Tc)P). Microstructural parameter o and demagnet-
ization factor Nest which were derived from Hc. /Ms. as function of the Ha /Ms 2%,

Sample name

M1
(BaFe12019/ YDFeO3/YSZ111)

M2
(Yb FeOdBaFelzolg/YSZ].ll)

Moment at saturation

T =0 K Ms(0) MML(0) = 573.43 £5.97 MM2 (0) = 513.77 + 5.68
[emu/cc]
Exponent P Pyt =1.277 £ 0.040 Py? =1.253 +0.037

Curie Temperature T

[K]

TM1=7235+5

TM2 =7306+5

Anisotropy constant

tor Negt

K1, T=0K1 (0) K1M1(0) = 3.5E+6 + 4.4E+3 | K1M2(0) = 2.1E+6 + 2.6E+3
[N/m2]
Exponent P P¥ =1.432 +0.060 P¥? =1.861+0.093
Microstructural pa- MIZ 0116 M2 _ 0041
rameter o
Demagnetization fac- _ -

NJt7 =0.072 NJ%3=-0.0026
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8 Conclusions

This PhD thesis is concerned with the optimisation of pulsed laser deposition (PLD) growth pa-
rameters for the fabrication of multiferroic heterostructures, with the objective of achieving room-
temperature operational devices. The study systematically investigates the individual layers,
namely platinum (Pt) as the bottom electrode, barium hexaferrite (BaM) as the ferromagnetic
layer, and h-YbFeOs; (YbFO) as the ferroelectric layer, and their combination into heterostruc-
tures. The objective is to understand how the growth conditions affect the structural, morpholog-
ical, and physical properties of these layers and their interfaces, ultimately leading to the realiza-
tion of efficient multiferroic devices.

This study initially investigated the optimal conditions for subsequent layers of a platinum layer
on YSZ(111) substrates, deposited via PLD, with a view to establishing the growth temperature.
The importance of fixing the growth temperature lies in its variability with different growth meth-
ods and subsequent procedures. While previous studies have extensively examined the growth of
Pt and its morphological and crystalline structure influenced by specific growth methods and
temperatures, they have not adequately addressed the influence of the Pt underlayer during the
overgrowth of a capping layer. To address this gap in the literature, we first investigated the op-
timal growth temperature for Pt by exploring temperatures of 300 °C, 500 °C, 700 °C, and 900
°C. To ensure similar thicknesses across samples, we calibrated the number of shots.

The results demonstrated that as the growth temperature increased, the morphology of the Pt layer
became smoother, mosaicity decreased, and crystalline quality improved. The optimal growth
temperature was observed to be 900 °C. Further investigation showed that annealing, simulating
subsequent growth processes, resulted in the least dewetting at higher growth temperatures. Alt-
hough dewetting was inevitable, it was minimized when the growth temperature was close to the
subsequent treatment temperature, reducing the extent of modifications during or after annealing.

With the optimal growth temperature of 900 °C, which matches the capping layer growth tem-
perature, the thickness of the Pt layer was varied from 10 nm to 70 nm in order to understand its
effects on surface filling factor, crystalline quality, hillock formation, and robustness against fur-
ther high-temperature growth. It was found that increasing the Pt thickness improved surface cov-
erage and reduced hillock formation once a critical filling factor was reached. A detailed compar-
ison between the as-grown and encapsulated states of Pt films revealed a number of competing
phenomena, including hillock formation, dewetting, and coalescence, which were driven by in-
creased diffusion energy at 900 °C and interactions at grain boundaries.

The optimal Pt thickness was determined to be 70 nm, providing high crystalline quality, minimal
thickness fluctuations, and robustness against high-temperature growth — attributes which are de-
sirable for a bottom electrode. The formation of hillocks was observed to be least pronounced at
higher thicknesses in both the as-grown and encapsulated states. The rearrangement of the Pt film
during subsequent growth effectively acts as an annealing process, reducing residual strains and
enhancing film quality.
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Following the investigation of the bottom electrode, the growth parameters of the ferromagnetic
layer BaM were optimised using Pt-buffered templates. The optimisation process for BaM growth
involved two main steps: first, examining the effect of the Pt underlayer thickness on the BaM
layer, and second, varying the growth parameters of the BaM layer itself. The objective was to
produce high-crystalline-quality, continuous, stoichiometrically stable, and homogeneous BaM
layers with desired magnetic properties for perpendicular recording media and multiferroic het-
erostructure applications.

BaM layers were grown on bare YSZ (111) substrates and Pt-buffered YSZ substrates with Pt
underlayer thicknesses ranging from 10 nm to 70 nm, while keeping other BaM growth parame-
ters constant. Investigations utilising HRXRD, HR-STEM, EDX, and other complementary meth-
ods have revealed that the dewetting of the Pt underlayer has a significant impact on the continuity
of the BaM layer. Discontinuities were attributed to the formation of Pt blocks and voids during
BaM layer growth. Consequently, it was determined that a Pt bottom electrode with a thickness
of at least 70 nm is crucial for achieving high-quality and continuous BaM layers. Furthermore,
the incorporation of a continuous underlayer has been demonstrated to enhance the c-axis orien-
tation of the BaM layer and to influence the domain structure alignment along the c-axis, which
is of critical importance for the performance of perpendicular recording media.

Subsequently, the BaM growth process was subjected to further investigation by varying the laser
fluence employed in the PLD growth procedure. The laser pulse energy was adjusted from 25 mJ
to 75 mJ in order to examine the effects of this parameter. It was observed that higher fluence
induces crystal defects, mosaic block boundaries, and stoichiometrically different secondary
phases due to the dynamic growth processes and the energy differences in the plasma species
between 25 mJ and 75 mJ. Since 75 mJ laser pulses ablate more material and transfer more energy
to the ablated plasma, they alter the momentum and diffusion kinetics, leading to stoichiometric
and structural defects, which in turn affect the magnetic properties. Furthermore, higher fluence
led to the formation of secondary growth on the material surface, resulting in a less flat surface.
It was thus demonstrated that laser fluence is a crucial parameter for regulating the microstructure,
morphology, and subsequent magnetic properties of BaM layers.

As previously indicated, one of the aims of this investigation is to examine the FE layer of YbFO.
In order for ferroelectric YbFO to function properly, it is necessary to use a bottom electrode that
serves as a conductor, is continuous, free of hillocks to prevent short circuits, promotes the P6scm
space group of YbFO, and ensures good crystalline quality for better ferroelectric domain struc-
ture. To this end, Pt templates, previously optimised for thickness, were used as bottom electrodes
to determine if the YbFO quality was influenced by the underlayer. This section focuses on the
low-temperature magnetic properties of the YbFO layer in relation to its film morphology, crystal
structure, and mosaicity.

The results demonstrate that increasing The improves the quality of the YbFO layer in terms of
crystalline quality and homogeneity. The presence of hillocks on the Pt underlayer disrupts the
continuity and morphology of the YbFO layer, as the YbFO tends to follow the surface structures
of the Pt underlayer. In order to achieve a continuous and high-quality YbFO layer, a minimum
Thet of 55 nm is necessary to avoid hillocks and ensure good crystalline quality.
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As the thickness of the Pt layer increases and the quality of the Pt bottom electrode improves, the
magnetic properties of the YbFO layers are enhanced. It was observed that the remanent magnet-
isation (My) and the magnitude of the bifurcation between field-cooled (Mgc) and zero-field-
cooled (Mzrc) magnetisations increase. This indicates that the YbFO layer deposited on a Thet
thickness of 70 nm exhibits enhanced magnetic properties due to an increased degree of anisot-
ropy and magnetic behaviour.

Following the investigation of individual layers, optimal conditions for combining FE YbFO and
FM BaM layers were determined. These layers were deposited on YSZ(111) substrates without a
Pt bottom electrode due to limitations in the PLD setup. In order to identify the optimal configu-
ration for multiferroic (MF) heterostructures, a series of investigations were conducted, employ-
ing a range of analytical techniques, including HRXRD, HR-TEM, atomic resolution EDX, XRR,
and VSM.

The study demonstrated that interfacial strain induced by varying the stacking order significantly
affects the crystal quality and chemical composition of the individual layers, as well as the sharp-
ness and degree of chemical homogeneity at the interfaces. Atomic resolution EDX revealed
chemical composition variations at the interfaces, with interdiffusion observed at varying extents
depending on the stacking order. A Fe-rich crystalline phase was identified at the BaM/YSZ in-
terface in M2, likely due to the complexity of the BaM crystalline structure and the higher inter-
facial strain/misfit (f;/7 ybFo vsz= - 442 %, 2 BaM/ysz= - 9:53 %).

The mass density profiles obtained from XRR indicated differences in stoichiometry. M1
(YbFO/BaM) exhibited no chemical interdiffusion, with an interface thickness of RM1, = 2.5 +
0.05 nm. In contrast, M2 (BaM/YbFO) exhibited chemical intermixture, with an interface thick-
ness of RM2, = 8.7 £ 0.05 nm. The misfit transition from compressive in M1 (fg‘@/},bm: -3.56

%) to tensile in M2 (f;12 ybro/pam= 0-35 %) is likely to account for these differences.

Both M1 and M2 heterostructures exhibited FM and CAF behaviour below the Neel temperature
of YbFO (Tn = 140 K), and exhibited FM and PM behaviour above Ty ~ 140 K. No magnetic
exchange bias was observed. The YbFO layer maintained its structural integrity, indicating stable
ferroelectricity regardless of stacking order or stress due to misfit.

The magnetic properties of the heterostructures were predominantly influenced by the ferromag-
netic BaM layer, given the relatively weak antiferromagnetic behaviour of YbFO. The crystal
quality of the BaM layer was influenced by interfacial features such as residual strain, misfit, and
chemical homogeneity. In M2, a slight inclination of the BaM layer with respect to the substrate
lattice planes was observed, likely originating from the substrate's miscut. The presence of an
interlayer in M1 suppressed this effect, leading to better crystalline quality in the BaM layer.

TEM and XRD analyses revealed that BaM layers exhibited higher crystalline quality when
grown on YSZ(111), with fewer defects, despite the formation of an unwanted interlayer at the
substrate interface. The mass density of the BaM layer deviated from theoretical values, with M1
showing a higher density and M2 a lower density, likely due to compressive strain in M1.
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Chapter 8:Conclusions

The large chemical mixture region in M2 at the YbFO/BaM interface disrupted the homogeneity
of the magnetic layers, deviating from the Bloch T2 law. This intermixture also affected the ZFC-
FC behaviour, causing spin frustration, thermal irreversibility, and increased bifurcation. Addi-
tionally, tensile stress increased the Curie temperature (T.) for BaM, while compressive strain
reduced ferromagnetism and lowered T.. Consequently, M1, with its distinct interface, exhibited
more homogeneous and regular magnetic properties, rendering it more suitable for magnetic stor-
age applications. M1 also displayed larger coercivity, higher defect density, higher anisotropy
constant, and greater magnetic anisotropy energy (MAE), reinforcing its suitability for such ap-
plications.

The study highlights the significance of optimising growth conditions and stacking order in the
development of high-performance multiferroic heterostructures, paving the way for the advance-
ment of advanced room-temperature multiferroic devices by combining the bottom electode, FE
layer and FM layer into a multilayer heterostructure.
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Figure A-20: MFM images of the HDD surface showing topographic and magnetic contrast. (a) MFM image obtained using a positively magnetized tip, and (b) MFM image obtained
using a negatively magnetized tip®°.
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Figure A-24: A magnified version of Figure 6.424,
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Figure A-28: A magnified version of Figure 7.1242,
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Figure A-35: Additional atomic resolution HAADF images of the M1 and M2 systems focusing on the interfaces: (a) Shows the YbFO/YSZ interface in the M1 system, highlighting an
interlayer with a yellow dashed line, (b) depicts the BaM/YSZ interface in the M2 system, where a significant interlayer varying from 4.6 to 6.7 nm is marked by yellow
dashed lines along with atomic steps at the BaM interface, (c) illustrates the BaM/Y SZ interface in M2 without an interlayer, with miscut-related YSZ surface steps
indicated by a yellow dashed line, (d) presents the YbFO/BaM interface in M2, where interface atomic steps are outlined by a yellow dashed line, and individual atoms
are identified by colored filled circles, and (e) features the BaM/YSZ interface in M1, showcasing surface steps on YbFO with a yellow dashed line and atom identifica-

tion using colored circles. The scale bars for (a-c) are 5nm and (d-e) are 1 nm in size?*,
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Figure A-36: Initial magnetisation and Herit analysis for M1 and M2 heterostructures (a) shows initial magnetization curves for M1 and M2, with an inset detailing two-slope behav-
iour and determination of Herit (highlighted by dashed lines). (b, ¢) Shows the initial magnetisation and its derivatives for (b) M1 and (c) M2, identifying Hecrit at the
zero point of the third derivative, Hcrit is marked by vertical dashed line?*2.
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Table A-1: Growth temperatures and calculated homologous temperature Th according to Movchan and Demchishin®86,

Growth temperature, T, [°C] Growth temperature, Tq [K] Th=Tg/ Tm
300 573 0.28

Pt 500 773 0.38

Tm = 1768 °C** (2041 K) | 700 973 0.48
900 1173 0.57

Table A-2: The FWHM of the angular and radial broadening of BaM (004), (006), (0012), (0014) and (0022) reflections of BaMPtThO, BaMPtTh25 and BaMPtTh75 samples as it
was derived from the fitting with the Pseudo-Voight function®?’,

Angular FWHMang (004) FWHMang (006) FWHMang (0012) FWHMang (0014) FWHMang (0022)
[AY] [AY] [AY] [AY] [AY]

BaMPtThO 0.00665 0.01022 0.01833 0.02216 0.03514

BaMPtTh25 0.00746 0.01114 0.02221 0.02588 0.04061

BaMPtTh75 0.0074 0.0118 0.02357 0.02769 0.04278

Radial FWHM s (004) FWHM,.4 (006) FWHM 44 (0012) FWHM 44 (0014) FWHM 44 (0022)
[A7] [A7] [A7] [A7] [A]

BaMPtThO 0.0063 0.00877 0.0152 0.01662 0.02407

BaMPtTh25 0.00671 0.00809 0.01367 0.01595 0.02265

BaMPtTh75 0.00656 0.00937 0.01501 0.01763 0.02387
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Table A-3: Summary of different thicknesses for the BaM, Pt underlayer and other found interlayer as it could be determined from XRR, (TEM/EDX) investigations methods!%’.

BaM thickness

BaM thickness

Interlayer thick-

Interlayer thick-

Pt thickness

Pt thickness

rl;gg:ial (XRR) (TEM-EDX) | ness (XRR) ness (TEM-EDX) | (XRR) (TEM)
Thgam [NM] Thgam [NmM] Thin: [NmM] Thint [NM] The: [nm] The: [nmM]
P{ThO YSZ - - - - - .
6.73+0.31 25.5
PITh25 PUYSZ | - - - - 2583+005 | [20-31]
PtTh75 PUYSZ |- - - - 68.64+072 | %0
0% =D [47 — 55]
BaMPtThO | BaM/YSZ | 169.67+0.86 | 178.70 7.04 £2.14 - -
BaMPtTh25 | BaM/Pt | 151.19+157 | 155.00 - - 11422+ 145 | 242
L ' eeE [88.90-109.09]
. 84.13
BaMPtTh75 | BaM/Pt | 163.00 fixed 163.00 - - 100.75 + 1.87

[69.90-92.40]
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Table A-4: Summary of the surface and interfaces roughness, which were derived from the XRR fitting curves using the Leptos software. Interlayer corresponds to the amorphous
interlayer revealed in from the TEM micrographs of Figure 6. The type and the number of interfaces are Pt/YSZ (PtThO, PtTh25, PtTh75, BaMPth25, BaMPtTh75),
BaM/Pt (BaMPth25, BaMPtTh75), BaM/interlayer (BaMPtTh0), and Interlayer/YSZ (BaMPtThQ) 17,

Surface roughness

Interface roughness

Interface roughness

Interface roughness

Interface roughness

Layer Rurrat BaMor pt | RimatBaM/Inter-—p o o nterlayer/YSZ | Ry at BaM/Pt Rint at PUYSZ
material layer
[nm] [nm] [nm] [nm] [nm]
0.34 + 0.04
PtThO YSZ - ; ; by
Rint at Pt/Pt
0.37 +0.06
PtTh25 PYYSZ 254 +0.33 - ; ; o Y
0.87 + 0.08
Rin at PUYSZ
PtTh75 PYYSZ 0.42 +0.01 ; ; ; RSV
BaMPtThO | BaM/YSZ | 4.16+0.18 2,75+ 0.67 132+0.25 - ;
BaMPtTh25 | BaM/PUYSZ | 552 +0.08 ; ; 354 +0.17 0.37+0.30
BaMPtTh75 | BaM/PYYSZ | 5.19 +0.13 - - 2.96 +0.14 0.23 +0.30
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Table A-5: Summary of the mass densities of the different layers such YSZ substrate, Pt underlayer, amorphous interlayer and BaM layer of the PtThO, PtTh25, PtTh75, BaMPtThO,

BaMPth25, BaMPtTh75 samples®®’.

Layer Density Density Density Density
material BaM layer amorphous interlayer Pt underlayer YSZ substrate
peau [g/cm?’] p [g/em’] pet[g/em’] prsz [glem’]
PtThO YSZ - - No Pt 591+0.04
PtTh25 Pt/YSZ - - 8.89 + 0.40 | 4.04 £1.04
16.33+0.18
PtTh75 Pt/YSZ - - 21.36 £ 0.16
5.90 + Fixed
BaMPtThO BaM/YSZ 529+0.11 9.08 +1.53 - 7.98 £2.27
BaMPtTh25 BaM/Pt/YSZ 4.69 £0.03 - 10.09+0.19 6.50 £ 0.28
BaMPtTh75 BaM/Pt/YSZ 5.01+0.03 - 11.96 £ 0.23 7.34+1.32
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Table A-6: Locally calculated in-plane lattice parameters, lattice mismatch values of YSZ, Pt and BaM by using FFTs of HAADF images of the samples BaMPtThO, BaMPtTh25 and

BaMPtTh75%7,
Diffraction In-plane (-220) In-plane (-220) In-plane (1-210) In-plane (1-210) BaM/YSZ BaM/Pt mismatch
patterns YSZ Pt BaM on YSZ BaM on Pt mismatch
[A] [A] [A] [A]
BaMPtThO 1.8870 No Pt 3.0301 No Pt -19.71% No Pt
BaMPtTh25 1.8568 1.4314 3.0091 3.0319 -18.97% 5.11%
BaMPtTh75 1.8788 1.4372 3.0308 3.0250 -19.34% 5.44%
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Table A-7: Summary of the atomic fraction for the Ba, Fe and O elements as it could be derived from the EDX elemental profiles for the different BaMPtTh0, BaMPtTh25 and
BaMPtTh75 samples®,

Column 1 Column 2 Column3 | Column4 | Column5 | Column6 Column 7 Column 8
Row 1 Sample name | EDX map indice | Th (nm) Growth rate | BaM type Concentration Concentration Concentration
Time (min) | (nm/min) Ba [Min-Max] Fe [Min-Max] O [Min-Max]
Mean (at%) Mean (at%) Mean (at%)

Row 2 BaMPtThO EDX1523 176 nm 1.58 BaM/YSZ | [2.10 - 4.39] [38.10 - 48.60] [43.16 - 54.07]
[24 — 200nm] 111 min 3.22 42.64 49.74

Row 3 BaMPtTh25 | EDX1659 106 nm 0.75 BaM/YSZ | [2.80 - 3.96] [41.7 - 45.8] [49.60 - 53.90]
[33 —139nm] 141 min 3.30 43.50 52.15

Row 4 BaMPtTh25 | EDX1547 111 nm 0.78 BaM/YSZ | [2.88 - 3.80] [40.30 - 46.50] [49.10 - 55.50]
[33 - 144nm] 141 min 3.30 43.00 52.70

Row 5 BaMPtTh25 | EDX1604 147.6 nm 1.05 BaM/Pt/Y | [2.30 - 3.90] [36.90 - 42.40] [54.10 - 59.70]
[33.4-181.0nm] | 141 min SZ 3.02 39.50 57.10

Row 6 BaMPtTh25 | EDX1616 155 nm 1.10 BaM/PtY | [2.60 - 3.70] [38.60 - 47.40] [49.60 - 59.50]
[30 - 185nm] 141 min SZ 2.60 41.70 55.80

Row 7 BaMPtTh25 | EDX1650 148 nm 1.05 BaM/Pt/Y | [1.90 - 4.28] [35.40 - 44.0] [52.60 - 61.20]
[30.3-178.5nm] | 141 min SZ 2.93 40.50 56.20

Row 8 BaMPtTh75 | EDX1340 61.7 nm 0.55 BaM/YSZ | [2.62 - 3.67] [35.90 - 42.64] [52.18 - 58.60]
[24.0 — 85.7nm] 111 min 3.09 40.05 54.83

Row 9 BaMPtTh75 | EDX1728 160.8 nm 1.44 BaM/Pt/Y | [1.77 - 4.56] [34.80 - 47.40] [49.50 - 61.20]
[25.6 - 186.4nm] | 111 min SZ 2.79 39.32 56.85
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Table A-8: Fitting parameters of Ba 3d doublets listing binding energies, FWHM and integrated areas of individual peaks fitted by Voigt profiles after a linear-type background
subtraction. The percentages of Igai, Isa2 were determined from the integrated areas of Isa + Ire + lo peaks. Intensity ratios of Isi2:132=2/3 and Spin orbit splitting
(S.0.5.) is 15.33 eV,

Ba3d Peak3 Pos Peakl Pos la of Bal Peak4 Pos [eV] Peak2 Pos [eV] la of Ba2 la of Ba
[eV] [eV] IBa1 [90] Ba2 3ds» Ba2 3ds.2 Isa2 [%6] *1ga [%0]
Bal 3ds Bal 3ds
BaMF25mJ 793.98 778.65 7.48 795.33 780.00 6.87 14.35
+0.10 +0.10 +0.60 +0.10 +0.10 +0.55 +1.15
FWHM [eV] 1.57 1.57 1.57 1.57
+0.02 +0.02 +0.02 +0.02
BaMF75mJ 793.91 778.58 5.52 795.28 779.95 4.10 9.62
+0.10 +0.10 +0.50 +0.10 +0.10 +0.40 +0.90
FWHM [eV] 1.57 1.57 1.57 1.57
+0.02 +0.02 +0.02 +0.02

*18a=100*(Iga1 + Iga2)/(Iga + Ire + l0), IBa1g23=100*(Igaz {Iga2})/(Ia + Ire + lo), S0S=15.33 eV, Is:132=2/3
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Table A-9: Fitting parameters of Fe 2p doublets listing binding energies, FWHM and integrated areas of individual peaks fitted by Voigt profiles after a linear-type background
subtraction. The percentages of Ire1, Ire2 Were determined from the integrated areas of Iga + Ire + lo peaks. Intensity ratios of Is;:112=2 and Spin orbit splitting (S.0.S.)

is 13.6 eVe0,
Fe2p Peak3 | Peakl | laof Fer | Peak4 | Peak2 | laof Fex | Peak la of Fe | Peak la of Fe | Peak Pos | la of | la of
Pos Pos Pos Pos Pos 2psz Sat- | Position | 2pie [eV] FeLMM- | Fe*
[eV] [eV] [eV] [eV] [eV] ellite [eV] Satellite peak
Fe1 Fe1 IFe1 Fe2 Fe> IFe2 Fe 2psz | Irezpsr Fe 2pi2 | lrezpirz Fe LMM | lreLmm *1re [%0]
2p12 2p3i2 (Fe2+) pi2 2p312 (Fe3+) satellite | Sat [%0] satellite | Sat [%0] [90]
(Fe2+) | (Fe2+) | [%0] (Fe3+) | (Fe3+) | [%0]
BaMF25mJ | 723.78 | 710.18 | 17.06 + | 726.40 | 712.80 | 6.97 + | 718.27 1500 +|730.75+|992 +|78330 £ |2356 =+ |7225 +
+0.10 | £0.10 | 0.95 +0.10 | £0.10 | 0.23 +0.10 1.50 0.10 1.00 0.10 1.40 5.00
FWHM 315 + | 315 + 315 + | 315 + 992 + 992 + 1224 +
[eV] 0.05 0.05 0.05 0.05 0.05 0.05 0.05
BaMF75mJ | 723.84 | 710.24 | 16.58 £ 726.45 | 712.85 | 6.83 + | 71827+ | 1497 =+ | 730.75+ | 1045 +|783.30 + (2891 <+ |77.75 %
+0.10 | £0.10 |1.97 +0.10 [ +£0.10 | 0.54 0.10 1.44 0.10 1.00 0.10 1.80 7.00
FWHM 315 + | 315 + 315 + | 315 + 992 + 992 + 1224 +
[eV] 0.05 0.05 0.05 0.05 0.05 0.05 0.05

la: Integrated area, Pos: Position

*1re=100*(Ire1 + Ire2 + Ireopaiasatetiite + lrezpirzsatetiite + IreLmm) / (Iga + Ire + lo)
S0S=13.6 eV

l32:112=2

212



Appendices

Table A-10: Fitting parameters of O 1s listing binding energies, FWHM and integrated areas of individual peaks fitted by Voigt profiles after a linear-type background subtraction.

The percentages of lo1, loz, los were determined from the integrated areas of Iga + Ire + lo peaks®.

Ols Peakl Pos la of O1 Peak?2 Pos la of O Peak3 Pos la of O3 laof O

[eV] [eV] [eV]

01 lo1 [%] 02 lo2 [%] 03 los [%] lo [%]
BaMF25mJ 529.42 £ 0.10 10.12+£0.95 531.49+£0.10 2.73+£0.25 532.94 £ 0.10 0.64 +£0.05 13.45+1.25
FWHM [eV] 1.74+0.01 1.74 +0.01 1.74 +0.01
BaMF75mJ 529.46 £ 0.10 9.72 £0.97 531.53+£0.10 242 +0.24 533.14 £ 0.10 0.49 £ 0.04 12.63+1.25
FWHM [eV] 1.74 +0.01 1.74+0.01 1.74+0.01

*10=100*(lo1 + lo2 + lo3)/(lga + Ire + lo)
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annealing procedure is applied at Tamnm = 900 °C, PO2 = 400 mTorr for

B33 MINULES. ...ttt et re s 47
Figure 4.5: Calculated thermal strain of Pt films experienced at room temperature
grown at different tempPeratures. ..........cooeeevrieninenene e 47

Figure 4.6: (al-f1) and (a2-f2) are the AFM images with 2 x 2 um sizes and the
corresponding lines profiles drawn by red, black and green dashed lines
for the samples YSZ substrate, Pt_Th10nm, Pt Th25nm, Pt Th40nm,
Pt_Th55nm and Pt_Th70nm, for detailed view refer to Figure A-6.....49

Figure 4.7: (a-f) Images are the SE_0° images recorded with zero degree of inclination.
(f-j) are the corresponding EDX maps. (k-0) are the SE_50° measured
with an inclination angle of 50 degrees. (p-t) are the BSE images with 5
X 5 um size. All the SE_0°, EDX maps, SE_50° and BSE correspond to
the Pt_Th10nm, Pt_Th25nm, Pt_Th40nm, Pt_Th55nm and Pt_Th70nm
in the as-grown state (scale bars are the same for each row as stated (e-
t)), for detailed view refer to Figure A-7172, ..o, 50
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Figure 4.8: (a) Variation of the hillock density (left y-axis) and hillocks volume (right

y-axis) with the Pt thickness. The dotted line refers to the morphology
transition from 3D-islands growth to 2D-layer-by-layer growth. The
labelling “H” and “NH” refers to the hillocks or Non hillocks as it was
demonstrated by AFM; SE_50° and by BSE. (b) XRR curves and the
corresponding fitting of the samples Pt_Th10nm, Pt_Th25nm,
Pt_Th40nm, Pt_Th55nm and Pt_Th70nm™2,........c.cccccevvviieririrenen. 51

Figure 4.9: Reciprocal space maps of Pt111 reflections for (a-€) as-grown Pt layers and

(f-j) encapsulated Pt layers. The corresponding angular and radial Pt111
intensity profiles for as-grown and encapsulated Pt layers with
thicknesses Thpy=10 nm, 25 nm, 40 nm, 55 nm, and 70 nm are shown in
(el1, e2) and (j1, j2), respectively. Reciprocal space maps of Pt222
reflections for (k-0) as-grown Pt layers and (p-t) encapsulated Pt layers.
The corresponding angular and radial Pt222 intensity profiles for as-
grown and encapsulated Pt layers with thicknesses Thet= 10 nm, 25
nm, 40 nm, 55 nm, and 70 nm are shown in (01, 02) and (1, t2),
respectively. For a magnified version refer to Figure A-8'72, .............. 53

Figure 4.10: (a) The radial diffraction profiles for the Pt333 together with YSZ444 of

the Pt_Th10nm, Pt_Th25nm, Pt_Th40nm, Pt_Th55nm and Pt_Th70nm.
(b) The corresponding angular diffraction profiles of the Pt333. (c)
Variation of the distortion angle and the lattice parameter a. (d)
Variation of the out-of-plane residual strain and the interplanar spacing
di11 as function of the of Pt film thickness Thet. The labelling “H” and
“NH” refers to the hillocks or Non hillocks. The dotted line refers to the
morphology transition from 3D-islands growth to 2D-layer-by-layer

Figure 4.11: (a) And (b) variation of the angular broadening FWHM;ag and FWHMang

Figure 4.12: (a,

with Pt film thickness The: respectively. The corresponding inset show
the FWHM;aq and FWHMang as function of the reflection order for the
Pt Th10nm, Pt_Th25nm, Pt_Th40nm, Pt_Th55nm and Pt_Th70nm
samples. (c) Variation of the lateral Ly and vertical coherence sizes Ly
as function of Pt film thickness The:. The dotted line refers to the
morphology transition from 3D-islands growth to 2D-layer-by-layer
growth. The labelling “H” and “NH” refers to the hillocks or Non
hillocks. (d) Variation of the misorientation degree « and the mean
value of the vertical strain <e;>2. ..., 56

b, ¢, g) And (d, e, f, h) are the SEM, EDX, BSE, TEM images of the
Pt_Th25nm and Enc Pt_Th25nm respectively. (i, j, k) Are the
comparisons between Pt_Th25nm and Enc Pt_Th25nm of the XRR
curves, mass density profiles and the radial diffraction profiles of the
Pt111, Pt222 and Pt333 symmetric reflections respectively. Scale bars
in(a, b, c,d, e, f) are 500 nm. For magnified version refer to Figure A-
O ettt rens 58
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Figure 4.13: Binarised BSE images to investigate the degree of covereage of (a-e) as-
grown Pt layers and (f- j) encapsulated Pt layers™.............ccccoeveveneee. 59

Figure 4.14: (a, b, ¢, g) And (d, e, f, h) are the SE_0°, EDX, BSE, TEM images of the
Pt_Th40nm and Enc Pt_Th40nm respectively. (i, j, k, 0) And (I, m, n,
p) are the SE_0°, EDX, BSE, TEM images of the Pt_Th55nm and Enc
Pt_Th55nm respectively. (g, r, s) Are the comparisons between
Pt_Th40nm and Enc Pt_Th40nm and between Pt_Th55nm and Enc
Pt_Th55nm of the XRR curves, mass density profiles and the radial
diffraction profiles of the Pt111, Pt222 and Pt333 symmetric reflections
respectively. Scale bars in (a-f & i-n) are 500 nm. For magnified
version refer to Figure A-10M2, ..o 60

Figure 4.15: (a, b, ¢, g) And (d, e, f, h) are the SE_0°, EDX, BSE, TEM images of the
Pt_Th70nm and Enc Pt_Th70nm respectively. (i, j, k) Are the
comparisons between Pt Th70nm and Enc Pt Th70nm of the XRR
curves, mass density profiles and the radial diffraction profiles of the
Pt111, Pt222 and Pt333 symmetric reflections respectively. Scale bars
in(a, b, c, d, e, f) are 500 nm. For magnified version refer to Figure A-
LAY72, et 62

Figure 4.16: (a) Variation in the degree of misorientation, (b) mean vertical strain
distribution, (c) cubic to rhombohedral distortion angle, and (d)
interplanar d-spacing di11 as a function of Thpin both as-grown and
encapsulated states. The dotted line marks the morphological transition
from 3D island growth to 2D layer-by-layer growth. The labels 'H' and
'NH' refer to hillock and no-hillock, respectively™. ...........c.cccocvvirnee. 64

Figure 5.1: (a, b, ¢, d) And (e, f, g, h), (i, j, k, I), and (m, n, o, p) are reciprocal space
maps recorded in high-resolution X-ray diffraction (HR_RSMs) for the
symmetric reflections Pt111, Pt222, Pt333 and asymmetric reflection
Pt331 for the PtTh25, PtTh75, BaMPtTh25, and BaMPtTh75 samples,
TESPECTIVEIYIOT . oottt 72

Figure 5.2: (a) Comparison of the radial diffraction profiles of the Pt111, Pt222, and
Pt333 derived from vertical cuts along the wave vector Q; at Qx = 0 of
the HR_RSMs illustrated in Figure 5.1. (b) Comparison of the angular
diffraction profiles of the Pt111, Pt222, and Pt333 derived from the
horizontal cuts at the maximum Q; values of the corresponding
HR_RSMs of Figure 5.1. (c) And (d) variation of the radial and angular
broadening as a function of the reflection order 00l drawn for the
PtTh25, PtTh75, respectively. For magnified version refer to Figure A-
10T et 73

Figure 5.3: (a, b, ¢, d) And (e, T, g, h), (i, j, k, I) are reciprocal space maps recorded in
high-resolution X-ray diffraction (HR_RSMSs) for the symmetric
reflections BaM0014, BaM0020, BaM0024 and asymmetric reflections
BaM-2022, -2024, -2025 for BaMPthTh0, BaMPtTh25 and
BaMPtTh75 samples, respectively ®...........ccccoveeeeneieieierineneieieen, 75
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Figure 5.4: (a) Comparison of the radial diffraction profiles of the symmetric reflections
BaM0014, BaM0016, BaM0020, BaM0022, and BaM0024 for
BaMPthThO, BaMPtTh25, and BaMPtTh75 samples derived from
vertical cuts along the wave vector Q; at Qx = 0 of the HR-RSMs
partially illustrated in Figure 5.3. (b) Azimuthal scan as a function of
the phi angle (i.e., rotation around at the surface normal) for the
asymmetric reflection 2022 which corresponds to the BaMPthThO,
BaMPtTh25, and BaMPtTh75 samples. (c) XRR curves for the PtTh25,
PtTh75, BaMPthThO, BaMPtTh25, and BaMPtTh75 samplesi?......... 76

Figure 5.5: (a, b) Variation of the radial and angular broadening with the reflection
order 00l employed as Williamson-Hall (WH) approach for the
BaMPtThO, BaMPtTh25 and BaMPtTh75 mosaicity parameters
determination. From the FWHM;.q4 as function of the reflection order
00I, the RSM vertical strain <¢;> was determined from the slope € L
,BaM = slope2 while the mean vertical size of the BaM of mosaic
block was derived from the intercept at the origin YO by L 1, BaM =
2rY0. From FWHMayg as function of the reflection order 001, the
degree of misorientation « [deg] was determined from the slope by a =
slope * (CBAM2TD) 107, ..ot 77

Figure 5.6: (a, ¢) And (b, d) SEM and TEM micrographs of the PtTh25 and PtTh75
samples respectively. (a) SEM and (¢) TEM micrograph of PtTh25
shows the discontinuity of the film. Dark contrast in (a) SEM
micrograph corresponds to the channel-like structure which represents
non-filled YSZ (111) regions. (b) TEM micrograph also shows the
discontinuity from the cross-section. Magenta arrows indicate the
channels. (b) SEM and (d) TEM show the continuity of the PtTh75.
Black rectangular boxes (a and b) correspond to the representative
region and to the size of the TEM lamella shown in (c and d). Yellow-
dashed lines in (c, d) indicate the border of the Pt layer to improve
VISIDITEY 207, oo 78

Figure 5.7: (a) Low magnification TEM micrographs for BaMPtThO which contains
two drawn regions designed by green and yellow squares, (b), (c) high
magnification TEM micrographs of 20 x 20 nm corresponding to the
green and yellow squares of (a) respectively, scale bars are in the size
of 5nm. (d) And (e) Fast Fourier transformation (FFT) images of the
interlayer and BaM film regions illustrated by yellow dashed and red
solid squares in (b). (f) And (g) are the FFT images for the green and
the white BaM regions drawn in Figure showing different crystal
orientations. (h, j) HRTEM micrographs of BaMPtThO, (h, j) HRTEM
micrographs of BaM zones indicated by green and white squares
respectively. (i) and (k) schematic presentation for the atomic
arrangement of the BaM zones which corresponds to the squares white
and green, respectivelyX®. ... 80
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Figure 5.8: (a) Low magnification TEM micrographs for BaMPtTh25 which contains

three regions indicated by red, blue, and yellow squares. (b) High
magnification TEM micrographs for the blue square of image (a) which
correspond to the BaM layer grown on the Pt blocks and (c) FFT
images which correspond to the BaM region of the blue square is given
in image (b). (¢) High magnification TEM micrographs for the yellow
square of image (a) which correspond to the BaM layer grown on YSZ
substrate in the cavity between the Pt blocks and (d) FFT image of the
BaM region designed by the green square in the TEM micrographs of
(e). (f) Enlarged TEM micrograph of BaM films grown on Pt, (g), and
(j) are high-resolution TEM images which correspond to the two blue
regions in image (f). (h) and (i) are the FFT images of two regions with
two different atomic contrast in HRTEM micrographs (g). (k) and (l)
are the FFT images of two regions with two different atomic contrast in
HRTEM micrographs (j). Scale bars (e, g, j) are in the size of 5nm. For
magnified version refer to Figure A-1317, .....ccooeieiieeeeee e 82

Figure 5.9: (a) Low magnification TEM micrographs for BaMPtTh75, which contains

three drawn regions designed by red, blue, and green squares. (b) High
magnification TEM micrographs for the red square of image (a) which
corresponds to the BaM layer grown on the Pt. (c) FFT images
corresponding to the BaM region of the yellow square is given in image
(b). (¢) HRTEM micrographs of the BaM region grown on YSZ are
shown in the green color square in image (a). (d) FFT image which
corresponds to the BaM film is highlighted by blue square region in the
TEM micrograph image (e). (f) HRTEM micrographs taken from the
blue region of TEM image (a). (g) and (h) FFT images which
correspond to two BaM regions are given by the white squares of TEM
micrographs (f) separated by the out-of-phase boundary defect (OPB).
It induces a twist in the BaM crystalline structure. Scale bars in (e, f)
are in 5nm size. For magnified version refer to Figure A-14%7, ........ 83

Figure 5.10: (a1, bl, c1) (a2, b2, c2) Present low-resolution TEM and SEM

micrographs for BaMPtTh0, BaMPtTh25 and BaMPtTh75,
respectively. The red square illustrates the size of the TEM micrographs
with respect to the SEM regions investigated. (a3, a4, a5, a6, a7 and
a8), (b3, b4, b5, b6, b7, and b8) And (c3, c4, c5, ¢6, c7, and c8)
correspond to the HADDF images and different EDX elemental maps
for the Ba, Fe, Pt, Zr, and O, for BaMPt0, BaMPtTh25, and
BaMPtTh75, respectively . ........cooieveeiiiiceee e 85

Figure 5.11: (a, b) HRTEM micrographs for the BaM layer grown on the YSZ substrate
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for the BaMPtThO and BaMPtTh25, respectively. The respective
regions drawn by the red and the white squares describe the selected
regions for the EDX maps BaMPtThOEDX1154 and
BaMPtTh25EDX1616. (c) Comparison of the elemental profiles for the
O, Fe, Ba, and Zr elements for the BaMPtThOEDX1154 and
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Figure 5.12: (a,

Figure 5.13: (a,

Figure 5.14: (a,

Figure 5.15: (a,

BaMPtTh25EDX1616. (d1, d2, d3, d4, d5) And (el, e2, €3, e4, e5)
correspond to the HADDF images and different EXD elemental maps
for the Ba, Fe, O, and Zr for BaMPtThOEDX1154 and
BaMPtTh25EDX1616, respectively. Scale bars in (d1-d5 and el-e5) are
in 2nm size. For magnified version refer to Figure A-151%. ................ 87

b) HRTEM micrographs for the BaM layer grown on Pt for the
BaMPtTh75 and BaMPtTh25, respectively. The respective regions
(yellow and the red squares) describe the selected regions for the EDX
maps BaMPtTh75EDX1807 and BaMPtTh25EDX1443. (c)
Comparison of the elemental profiles for the O, Fe, Ba, and Zr elements
for the BaMPtTh25EDX1443 and BaMPtTh75EDX1807. (d1, d2, d3,
d4, d5) And (el, e2, e3, e4, e5) correspond to the HADDF images and
different EDX elemental maps for the Ba, Fe, O, and Pt for
BaMPtTh75EDX1807 and BaMPtTh25EDX1443, respectively. Scale
bars in (d1-d5 and el1-e5) are in 2 nm size. For a magnified version
refer to Figure A-1607 ... s 88

d, h) Low magnification TEM micrographs for the BaMPtThO,
BaMPtTh25 and BaMPtTh75 samples, respectively. (b) Comparison of
the elemental profiles for the O, Fe, Ba, Zr, and Pt elements derived
from the EDX maps BaMPt25EDX1547, BaMPt25EDX1659, and
BaMPt25EDX1604 for the BaM film grown on YSZ, YSZ and on Pt,
respectively. (c) Comparison of the elemental profiles for the O, Fe, Ba,
and Pt elements derived from the EDX maps BaMPt25EDX1616,
BaMPt25EDX1604, and BaMPt25EDX1650 for different BaM regions
grown on Pt. (e) Comparison of the elemental profiles for the O, Fe, Ba,
and Pt elements derived from the EDX maps BaMPt75EDX1728,
BaMPt25EDX1604. (f) Comparison of the elemental profiles for the O,
Fe, Ba, Pt, and Zr elements derived from the EDX maps
BaMPtOEDX1523, BaMPt25EDX1659, BaMPt75EDX1340. For
magnified version refer to Figure A-171%. ..o 89

b) Out-of-plane and in-plane magnetization hysteresis measured at
room temperature for the BaMPthThO, BaMPtTh25, and BaMPtTh75
samples. Variation of the (c) coercivity fields, anisotropy field, (d)
remanent magnetization, (e) squareness M, / Ms ratio as a function of
the in-plane residual strain g// (of BaM), (f) plot of H./ Ms as a
function of Ha / M; for the BaMPtThO, BaMPtTh25, and BaMPtTh75
where the slope « was evaluated to be 0.103, 0.116 and 0.142,
TESPECHIVEIY I oo 94

b, ¢) Topography AFM images were recorded for the BaMPtThO,
BaMPtTh25, and BaMPtTh75 samples. (d, e, f) The corresponding
MFM images with the phase shift scale of [7.5° - 20°]. The blue and the
yellow regions correspond to the highest and the lowest oriented
magnetic domains, respectively, while the magenta regions originate
from the intermediate spin orientation of the magnetic domains?’. .... 95
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Figure 5.16: Theta/2theta X-ray diffraction scans of BaMF25mJ and BaMF75mJ films
which show highly c-axis oriented BaM films. The red triangles
indicate the peak positions of a minor secondary phase that have Bragg
positions close to the Fe,03 phase®..........covcveievevceieceiicciececceee 97

Figure 5.17: (a) And (g) plume pictures during the growth of the samples. Selected HR-
RSMs of BaM symmetric (b) & (h) (006), (c) & (i) (0020) together
with Pt (222), (d) & (j) (0024) together with YSZ (333) and asymmetric
(e) & (k) (-2022) reflections and (f) & (I) (-2024), (-2026) together with
Pt (331) and YSZ (224) of BaMF25mJ and BaMF75mJ films on the
upper and lower row, respectively. (b) Orange and black dashed lines
show exemplary cuts for angular and radial diffraction profiles,
respectively. (c) & (i) And (d) & (j) show that the c-axes of Pt(111) &
BaM(0001) films and YSZ(111) & BaM(0001) film are parallel to each
other, respectively. For magnified view refer to Figure A-18%............ 98

Figure 5.18: Radial diffraction profiles of selected BaM RSMs of (a) (006), (b) (0014),
and (c) (0024) reflections together with YSZ (333) reflection of
BaMF25mJ and BaMF75mJ. (d) Williamson-Hall plot of FWHM;.q4 as a
function of the reflection order (001)............ccoveeeviercccsees 99

Figure 5.19: Angular diffraction profiles of selected BaM RSMs of (a) (006), (b)
(0014), and (c) (0024) reflections of BaMF25mJ and BaMF75mJ. (d)
Williamson-Hall plot of FWHMaqg as a function of the reflection order
(0010, 1.t 100

Figure 5.20: (a) TEM bright-field image of the BaM/Pt layer stack on YSZ(111)
substrate of the sample BaMF25mJ, dark vertical lines as well as
black/white regions hint at the presence of mosaic blocks. (b)
Corresponding SAED pattern for orientation relationship between BaM
and Pt. (¢) HRTEM image of the BaM region ROI1 with three mosaic
blocks. (d) HRTEM image of the interfacial region ROI2 between BaM
along its [10-10] zone-axis direction and Pt along [11-2] in the vicinity
of the mosaic-block boundary marked with a square in (C)%. ............ 101

Figure 5.21: (a) TEM bright-field image of the BaM/Pt layer stack on YSZ(111) of
BaMF75mJ and (b) corresponding SAED pattern with the orientation
relationship between BaM and Pt. In this BaM, the bottom region with
a vertical extension of about disturbed region 50 nm than with
horizontally separated crystal blocks (c) HR-TEM image of a complex
mosaic-block structure (ROI3) with both vertical and horizontal
boundaries within the BaM film. (c) HR-TEM image of the interfacial
region (ROI4) between BaM along its [10-10] zone-axis direction and
PLalong [11-2]50. ..o 102

Figure 5.22: Atomic force microscopy (AFM) morphology images (a, b, ¢, d) from 5um
X 5um region, (e, f, g, h) from 2um x 2um region of BaMF25mJ
Th70nm, BaMF75mJ Th70nm, BaMF25mJ Th140nm, and BaMF75mJ
Th140nm, respectively. Blue dashed lines show typical topography
features. (i, j, k, ) Show the 3D images of the corresponding 2um x
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2um morphology images in (g, f, g, h), respectively. Representative
topographic features are highlighted via extended drawings on 3D
topography images (i, j, K, D®. .c.ceriiiiceeeceeceeee e 104

Figure 5.23: Measured and fitted narrow range XPS spectra of BaM films, (a) Ba 3d
spectra of BaMF75mJ, (b) Ba 3d spectra of BaMF25mJ, (c) Fe 2p
spectra of BaMF25mJ, and (d) O 1s of BaMF25mJ. Open circles
correspond to measured XPS data where solid black lines correspond to
fitted data, an orange line represents the background intensity, blue,
red, and green curves show the fitting peaks, and below the fits solid
magenta line corresponds to fit residue. Blue curves of (a, b)
correspond to peak 1 (Pkl) and peak 3 (Pk3) of the Bal doublet where
red curves of (a, b) correspond to peak 2 (Pk2) and peak 4 (Pk4) of Ba2
doublet with spin-orbit splitting SOS = 15.33 eV, with an intensity ratio
of Is:13 = 2/3. The solid green line in (a, b) corresponds to the Auger
peak of Fe LMM. Blue curves in (c) correspond to peak 1 (Pk1) and
peak 3 (Pk3) of the Fel doublet and red curves represent peak 2 (Pk2)
and peak 4 (Pk4) of the Fe2 doublet separated by SOS = 13.6 eV with
an intensity ratio of ls;:112=2. Green solid lines in (c) represent satellite
peaks of Fe 2p orbitals. (d) Blue, red, and green curves correspond to
the 01, 02, and O3 peak fits for the O 1s spectrum, respectively®... 105

Figure 5.24: Acquired XPS (a) survey spectrum with inset of the magnified region of Fe
2s, Fe 2p, and Ba 3d lines. (b) Ba 3d, (c) Fe 2p, and (d) O 1s spectra of
BaMF25mJ and BaMF75mJ films®.............cccovvviviviiiccccceec 107

Figure 5.25: Combined STEM/EDXS analysis of the element distribution of the
BaM/Pt layers on YSZ in cross-section: STEM HAADF images and X-
ray maps of the distribution of the elements Ba, Fe, and O together with
corresponding element-concentration profiles of the regions marked in
the STEM HAADF images for BaMF25mJ (al-a5) and for two
different regions in BaMF75mJ which figures (b1-b5) represent a
typical BaM region and (c1-c5) show a region with a secondary Fe-O
rich phase. The individual energy-dispersive X-ray data were quantified
by using the thin-film approximation and the noise of the obtained
maps was reduced by applying a 3 x 3 mean filter. The error bars in the
element-concentration profiles amount to approximately 1 at. % for Ba,
45at. % for Fe,4.5at. % Tor O, ... 108

Figure 5.26: In-plane and out-of-plane hysteresis loops of (a) BaMF25mJ, (b)
BaMF75mJ, (c) comparison between BaMF25mJ and BaMF75mJ of
the out-of-plane magnetization loops, and (d) the in-plane-plane
hysteresis I00PSEl. .........cvoviiiiiiiiciciccc e 109

Figure 6.1: (a) X-ray diffraction (XRD) patterns of the YbPt_ThO nm, YbPt_Th10 nm,
YbPt_Th40 nm, YbPt_Th55 nm and YbPt_Th70 nm where the magenta
stars indicate the YSZ(111) peaks. The XRD curves are vertically
shifted for better clarity. (b) XRR curves of the samples YbPt_ThO nm,
YbPt_Th10 nm, YbPt_Th40 nm, YbPt_Th55 nm and YbPt_Th70 nm
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whereupon Qvsro and Qp: are critical angles of the YbFO and Pt layers.
XRR curves are vertically shifted for better visibility. (c) The mass
densities profiles along the film depth for the samples YbPt_ThO nm
(lowest panel) , YbPt_Th10 nm, YbPt_Th40 nm, YbPt_Th55 nm and
YbPt_Th70 nm (upper panel), the green, grey. The orange and
turquoise bars correspond to the YSZ, Pt, YbFO and air ranges for the
different samples which serve for the determination of the layers
thicknesses. For magnified version, refer to Figure A-21. ............... 121

Figure 6.2: (a, b, ¢, d, &) And (f, g, h, i, j) are the SEM and BSE images of the

YbPt_ThO nm, YbPt_Th10 nm, YbPt_Th40 nm, YbPt_Th55 nm and
YbPt_Th70 nm samples with a scale bar of 1 um. (k) AFM image of
the YbPt_ThO nm film with a scale bar of 400 nm, (I, 11, 12, 13, 14, 15),
(m, m1, m2, m3, m4, m5), (n, n1, n2, n3, n4, n5) and (o, 01, 02, 03, 04,
05) are the EDX maps of the elements Pt, Zr, Yb, Fe and O for the
YbPt_Th10 nm, YbPt_Th40 nm, YbPt_Th55 nm and YbPt_Th70 nm
samples, respectively, with scale bar of 500 nm. For magnified version,
refer to Figure A-2222, ..o 123

Figure 6.3: (a1, a2, a3, a4, a5) AFM images with a size of 2 um x 2 um and a bar scale

of 400 nm of the YSZ(111), Pt_Th10nm, Pt Th40 nm, Pt Th55nm and
Pt_Th70nm, respectively. (b1, b2, b3, b4, b5) Are the corresponding
AFM images of the samples after the subsequent growth of YbFO layer
with 20000 shots for the samples Yb_PtThOnm, Yb_PtTh10nm,
Yb_PtTh40nm, Yb_PtTh55nm and Yb_PtTh70nm, respectively. For
magnified version, refer to Figure A-23%4, ..........cccovveeeeeveeeeeinn, 125

Figure 6.4: (a, b, ¢) And (e, f, g) are the comparison of the radial and the angular

diffraction profiles which correspond to Yb_PtThOnm, Yb_PtTh10nm,
Yb_PtTh40nm, Yb_PtTh55nm and Yb_PtTh70nm samples for the
reflections YbFO002, YbFO004 and YbFO0010 respectively. (d)
Layout of the azimuthal scans I (@) of the asymmetric reflection
YbFO2014 for Yb_PtThOnm, Yb_PtTh10nm, Yb_PtTh40nm,
Yb_PtTh55nm and Yb_PtTh70nm ordered from the bottom to top
panel, respectively. For magnified version, refer to Figure A-24%4,..126

Figure 6.5: Variation of the FWHM:a4 (2) and FWHMang (b) with the reflection order 00l

for Yb_PtThOnm, Yb_PtTh10nm, Yb_PtTh40nm, Yb_PtTh55nm and
Yb_PtTh70nm samples for the determination of the mosaicity
PAFAMELEIS?L. ... 127

Figure 6.6: (a0, al, a2, a3) TEM images for YbPt_ThOnm where (a0) image is the
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overview TEM with the lowest magnification and scale bar of 50 nm,
(al) image corresponds to the red rectangular region drawn in (a0), (a2)
image corresponds to the yellow square drawn in (al) and (a3) is the
high magnification images of the black rectangular region shown in
(@2). (b0, b1, b2, b3, b4) TEM images for YbPt_Th40nm where (b0)
image is the overview TEM with the lowest magnification and scale bar
of 100 nm, (b1) image corresponds to the red rectangle region drawn in
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10 nm, 5 nm, and 1 nm respectively. Scale bars of (d1), (d2) and (d3)
are 10 nm, 5 nm and 2 nm, respectively. For magnified version, refer to
FIgUIE A-252, oo 128

Figure 6.7: (a) Out-of-plane (OOP) magnetization hysteresis loops measured at 2K for
an applied field up to 6 Tesla for the YbPt_ThO nm, YbPt_Th10 nm,
YbPt_Th55 nm and YbPt_Th70 nm samples. Dependence of the
magnetization at saturation M, (b), remanent magnetization M;, (c)
and perpendicular coercivity Hc, on the temperature T for the
YbPt_ThO nm, YbPt_Th10 nm, YbPt_Th55 nm and YbPt_Th70 nm
SAMPIESZAL, ..o 130

Figure 6.8: Zero field cooling (ZFC) and field cooling (FC) curves, respectively,
recorded for YbPt_ThO nm, YbPt _Th55 nm and YbPt_Th70 nm
samples with an applied field H = 100 Oe (a, b, ¢) and H = 2000 Oe (d,
e, f). For magnified version, refer to Figure A-26%1. ...........ccocvveee.. 132

Figure 7.1: (a) Diffraction patterns of the heterostructures M1(BaM/YbFO/YSZ) (solid
black curve) and M2(YbFO/BaM/YSZ) (solid red curve), (b), (c)
Azimuthal scans of asymmetric reflection BaM (-1018) and YbFO
(108) for M1 and M2, respectively. (d), (e) Visualization of the in-plane
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(), (g) 2D-HRXRD reciprocal space maps which contains the
BaM(0016), YbFO(008) and YSZ(222) diffraction spots. (h), (k)
Schematic presentation of the heterostructures M1(BaM/YbFO/YSZ)
and M2(YbFO/BaM/Y SZ) which possess two different stacking
sequences together with the miscut and misalignment values noted on
the schematic representation. For magnified view refer to Figure A-
28292 et 144

Figure 7.2: (a), (b) Comparison between the M1(BaM/YbFO/YSZ) and
M2(YbFO/BaM/YSZ) heterostructures of the angular diffraction
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profiles of the BaM0014 and YbFOOQO06 reflections, respectively. (c),

(d) Comparison between M1 and M2 of variation of the full width half
maximum of the corresponding angular broadening FWHMang with the
reflection order 00I for the BaM and YbFO layers, respectively. (e), ()
TEM cross-sections images of the M1 and M2, respectively, which
indicate the phase boundaries by yellow dashed lines. For magnified
view refer to Figure A-29292, ... 146

Figure 7.3: (a, h) TEM image of the M1(BaM/YbFO/YSZ) and M2(YbFO/BaM/YSZ)

cross sections with the crystallographic orientation of the individual
layers BaM, YbFO and YSZ. (b), (c), (f) Diffractograms which
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Figure 7.4: (a) Measured XRR curves (points) for and the obtained fits (lines) for M1

(black), M2 (red), and BaM (purple). The curves are vertically shifted
for better visibility. (b) Density profiles obtained from the fits of M1
(black) and M2 (red). The insets (c) show the interface YSZ/first layer
and the interface between layers respectively. The density profiles in
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Figure 7.5: (a, j) High-resolution STEM HAADF images near the bilayer interface

regions (YbFO/YSZ) and (BaM/YSZ) for M1 and M2 heterostructures,
respectively. (b, ¢) Diffractograms corresponding to red and yellow
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Diffractograms of the red and yellow rectangles drawn in BaM layer
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Figure 7.6: (a, j) High-resolution STEM HAADF images near the bilayer interface
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regions (BaM/YbFQO) and (YbFO/BaM) for M1 and M2
heterostructures, respectively. (b, c) Diffractograms which correspond
to white and red rectangles drawn in BaM and YbFO layers,
respectively. (k, I) Diffractograms of the black and yellow rectangles
drawn in YbFO and BaM layers, respectively. The regions marked with
orange and red rectangles are the regions selected for the which
correspond to X-ray maps given in (d, e, f, g, h) for M1 and in (m, n, o,
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p, r) for M2, (i, s) comparison of the quantitative EDX line profiles for
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