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Abstract

Global computational power demands are sharply increasing and existing computing archi-

tectures are reaching the limits imposed by fundamental physics. Neuromorphic computing

is a philosophy of computer design based on the human brain, which is much more energy-

efficient than manufactured computers. However, current materials are not optimized for

emerging neuromorphic devices that require the ability to manipulate multiple electronic or

magnetic states. Complex oxide materials exhibit a rich variety of interesting phenomena

such as high temperature superconductivity, metal-to-insulator phase transitions, and colos-

sal magnetoresistance. Perovskites are one of the members of the complex oxide family that

have been studied for nearly a century and have shown promise in solving materials science

problems in applications including data storage and computing, photovoltaic cells, solid ox-

ide fuel cells, and light emitting diodes. Modern fabrication techniques enable synthesis of

a wide variety of nanomaterials such as thin films, heterostructures namely bilayers or mul-

tilayers, and nanostructures such as quantum dots. Furthermore, there are many elements

that can stably form the perovskite structure. Nanostructuring and the presence of inter-

faces in these systems allows for the functional properties to be tailored for a specific need

and sometimes give rise to emergent phenomena, thus opening the door to many possible

avenues of research.
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Past studies have shown that perovskite oxide thin films readily undergo topotactic phase

transformations where either anion or cation vacancies form and rearrange into an ordered

sublattice forming a new structure with distinct properties. Moreover, alternating the stack-

ing order of heterostructures is a technique that has been proven to elicit differing outcomes

in systems containing the same constituent layers. This thesis explores annealing-induced

topotactic phase transformations of perovskite thin films and bilayers which cause structural

and magnetic changes in the materials. There is limited research on the topotactic phase

transformations in La0.7Sr0.3MnO3 thin films, and to date, no study has looked specifically

at the effect of stacking order of LaCoO3-La0.7Sr0.3CoO3 bilayers regarding the phases pro-

duced by topotaxy. In this thesis, manganite thin films and cobaltite bilayers with alternating

stacking order were synthesized and annealed under different conditions. The annealing pro-

cess initiated topotactic phase transformations which were studied using X-ray diffraction,

X-ray photoelectron spectroscopy and soft X-ray magnetic spectroscopy. Beginning from

the perovskite phase, manganite thin films and cobaltite bilayers underwent structural and

magnetic changes into perovskite-related phases including oxygen-deficient perovskite, Gre-

nier, brownmillerite, and Ruddlesden-Popper phases. In the bilayer systems, the stacking

order of the constituent layers influenced which phases were formed under different anneal-

ing conditions. The bilayers also behaved differently from their corresponding single layer

thin films that were annealed under the same conditions, giving rise to phases that were not

present in the single layer configurations. Along with the structural phase transformation,

the magnetic properties of the material were also modified. Control of magnetic properties

is important for application in spintronics—a growing field of study that makes use of the

modulation and detection of spin states in a material for data storage and processing. Fur-

thermore, access and control of numerous unique phases in the same material can pave the

path for the next-generation computing devices.

iii



Contents

1 Introduction 1

1.1 Motivation and Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Topotaxy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Perovskite & Perovskite-Related Oxide Structures . . . . . . . . . . . . . . . 3

1.2.1 Perovskite Phase, ABO3 . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.2 Oxygen Deficient Perovskite Phase, ABO3-δ . . . . . . . . . . . . . . 5

1.2.3 Grenier Phase, ABO2.67 . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.4 Brownmillerite Phase, ABO2.5 . . . . . . . . . . . . . . . . . . . . . . 7

1.2.5 Infinite Layer Phase, ABO2 . . . . . . . . . . . . . . . . . . . . . . . 8

1.2.6 Ruddlesden-Popper Phase, An+1BnO3n –1, n = (1, 2, 3, ...) . . . . . . 9

1.3 Thin Film Epitaxy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3.1 Crystal Field Splitting . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.3.2 Jahn-Teller Distortions . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.4 Magnetic Phenomena in Perovskites . . . . . . . . . . . . . . . . . . . . . . . 18

1.5 Past Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.6 Project Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

1.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2 Methods 28

2.1 Synthesis Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.1.1 Pulsed Laser Deposition . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.1.2 Gas Evolution Annealing Chamber . . . . . . . . . . . . . . . . . . . 31

2.2 Structural Characterization Techniques . . . . . . . . . . . . . . . . . . . . . 31

2.2.1 X-Ray Diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

iv



2.2.2 X-Ray Reflectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.3 Magnetic and Electronic Characterization . . . . . . . . . . . . . . . . . . . 38

2.3.1 X-Ray Photoemission Spectroscopy . . . . . . . . . . . . . . . . . . . 38

2.3.2 Soft X-ray Absorption Spectroscopy . . . . . . . . . . . . . . . . . . . 39

2.3.3 X-ray Magnetic Circular Dichroism . . . . . . . . . . . . . . . . . . . 41

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3 Results and Discussion 44

3.1 La0.7Sr0.3MnO3–δ Thin Films . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.1.1 Structural Characterization Results . . . . . . . . . . . . . . . . . . . 45

3.1.2 Phase Reversion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.1.3 Magnetic and Electronic Characterization Results . . . . . . . . . . . 52

3.1.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.2 LaCoO3–δ/La0.7Sr0.3CoO3–δ Bilayers . . . . . . . . . . . . . . . . . . . . . . 59

3.2.1 Structural Characterization Results . . . . . . . . . . . . . . . . . . . 60

3.2.2 Phase Reversion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.2.3 LCO/LSCO Magnetic and Electronic Characterization Results . . . . 67

3.2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.3 La0.7Sr0.3CoO3–δ/LaCoO3–δ Bilayers . . . . . . . . . . . . . . . . . . . . . . 72

3.3.1 Structural Characterization Results . . . . . . . . . . . . . . . . . . . 72

3.3.2 Phase Reversion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.3.3 LCO/LSCO Magnetic and Electronic Characterization Results . . . . 79

3.4 Graded Layer Investigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.5 Thin Film & Bilayer Comparison . . . . . . . . . . . . . . . . . . . . . . . . 86

3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4 Conclusions 90

4.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

v



List of Figures

1.1 ABX3 perovskite unit cell and periodic table . . . . . . . . . . . . . . . . . . 4

1.2 Grenier Phase, ABO2.67 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Brownmillerite Phase, ABO2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.4 Infinite Layer Phase, ABO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.5 Ruddlesden-Popper Phase, An+1BnO3n –1 . . . . . . . . . . . . . . . . . . . . 10

1.6 Epitaxial Films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.7 Crystal Field Splitting in Octahedral and Tetrahedral Systems . . . . . . . . 15

1.8 Jahn-Teller Distortions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.9 Symmetric d-orbital filling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.10 Indirect Exchange Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.11 La1–xSrxMnO3 Phase Diagram . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.12 La1–xSrxCoO3 Phase Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.13 Past structural studies on topotaxy in cobaltite perovskites . . . . . . . . . . 24

1.14 Past Soft X-ray Absorption Spectroscopy Cobaltite Studies . . . . . . . . . 25

1.15 Thin Film and Bilayer Samples . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.1 PLD Schematic Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.2 X-Ray Diffractometer Diagram . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.3 d-Spacing of Selected Crystal Systems . . . . . . . . . . . . . . . . . . . . . 33

2.4 HRXRD Diffractogram Example . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.5 X-Ray Reflectivity Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.6 Thin Film XRR Example . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.7 X-Ray Photoemission Spectroscopy Example . . . . . . . . . . . . . . . . . . 40

2.8 X-Ray Absorption Spectroscopy Experimental Setup . . . . . . . . . . . . . 41

vi



2.9 X-ray Magnetic Circular Dichroism Diagram . . . . . . . . . . . . . . . . . . 42

3.1 Structural Characterization of Manganite Thin Films . . . . . . . . . . . . . 47

3.2 LSMO XRR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.3 LSMO Reversion XRD Study, 1 of 2 . . . . . . . . . . . . . . . . . . . . . . 51

3.4 LSMO Reversion XRD Study, 2 of 2 . . . . . . . . . . . . . . . . . . . . . . 52

3.5 LSMO X-Ray Absorption Spectra and Magnetic Circular Dichroism . . . . . 55

3.6 LSMO XMCD Hysteresis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.7 LSMO Oxygen K-edge X-Ray Absorption Spectra . . . . . . . . . . . . . . 57

3.8 Structural Characterization of Cobaltite Bilayers (LCO/LSCO) . . . . . . . 62

3.9 LCO/LSCO XRR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.10 LCO/LSCO Reversion XRD Study . . . . . . . . . . . . . . . . . . . . . . . 66

3.11 LCO/LSCO X-Ray Absorption Spectra and Magnetic Circular Dichroism . . 69

3.12 LCO/LSCO XMCD Hysteresis . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.13 Structural Characterization of Cobaltite Bilayers (LSCO/LCO) . . . . . . . 74

3.14 LSCO/LCO XRR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.15 LSCO/LCO Reversion XRD Study . . . . . . . . . . . . . . . . . . . . . . . 78

3.16 LSCO/LCO X-Ray Absorption Spectra and Magnetic Circular Dichroism . . 80

3.17 LSCO/LCO XMCD Hysteresis . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.18 XPS Wide Scan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3.19 XPS Selected Electron Species Scans . . . . . . . . . . . . . . . . . . . . . . 84

4.1 Substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

vii



List of Tables

1.1 Goldschmidt tolerance factors and expected symmetries . . . . . . . . . . . . 6

3.1 LSMO Structural Property Table . . . . . . . . . . . . . . . . . . . . . . . . 49

3.2 Summary of Manganite Topotactic Phases . . . . . . . . . . . . . . . . . . . 59

3.3 LCO/LSCO Structural Property Table . . . . . . . . . . . . . . . . . . . . . 64

3.4 LSCO/LCO Structural Property Table . . . . . . . . . . . . . . . . . . . . . 76

3.5 Summary of Cobaltite Topotactic Phases . . . . . . . . . . . . . . . . . . . . 87

3.6 Bilayer and Single Layer Past Study Lattice Parameter Comparison Table . 88

viii



Chapter 1

Introduction

1.1 Motivation and Background

Modern computing has defined the last 50 years of civilization and has given rise to some of

the world’s most remarkable innovations, such as the transistor, the integrated circuit, and

the internet. However these accomplishments come not without their costs. Energy demand

for computing tasks has been sharply rising for the past several decades [1] and is projected

to increase tenfold by 2030 [2]. With the advent of modern computer-dependent technologies

such as artificial intelligence (AI), machine learning (ML), and the internet of things (IoT),

a need arises for computers to be able to solve tasks of increasing complexity, and the ability

to do so faster and more efficiently. Current architectures are becoming limited by the so-

called “von-Neumann Bottleneck”, which manifests as high latency times and high energy

consumption in computational tasks [3]. Bio-inspired neuromorphic computing architectures

are a somewhat nascent solution to this problem but have been gaining attention over recent

years [4]. Inside the mammalian brain is a complex network of tens of billions of neurons,
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each branching off to many other neurons and creating more than 1015 synaptic junctions

[5]. This density of neural connections gives the brain the potential for complex problem-

solving while consuming a mere 20 Watts of power. Researchers are searching for materials

that could be used in devices that could mimic neural architecture [5]. Functional materials

can be tailored to be able to quickly transition from one or more states to another and this

property can be used to advance neuromorphic computing-based architecture [6, 7].

Complex oxides are a family of ceramic compounds with oxygen anions bound to two or

more different cations. These materials can exist as crystal structures which consist of

repeating arrangements of unit cells of atoms. As discussed later in Section 1.2, the structure,

symmetry, elements present, and external stimuli all influence the functionalities observed

in the material.

1.1.1 Topotaxy

Some crystal structures are able to rearrange in a way that the new phase retains a crystal-

lographic orientation relationship with its parent phase and this type of reaction is termed a

“topotactic phase transformation” or “topotaxy” coined in 1959 by Lotgering [8]. Topotactic

phase transformations can be initiated by isotropic influence such as thermal annealing in a

controlled oxygen pressure atmosphere [6] or by hydrogenation [9], as well as by the appli-

cation of directional fields such as electrical and strain fields, and these transformations are

often reversible [10]. Additionally, it has been observed that juxtaposing specific materials

of different composition can also induce a topotactic phase transformation [11–14]. This

process occurs by the spontaneous redox reaction of the capping “getter” layer of a material

such as gadolinium which can leech oxygen from the material it is deposited on. Oxygen

anions are transferred from the material to the getter layer and in some cases, the oxygen

vacancies can order into an oxygen vacancy sublattice and a new structural phase is formed
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[15]. In topotactic phase transformations, the product phase is structurally similar to the

parent phase, but there are measurable changes in the crystal structure such as the d-spacing

or lattice parameters. There are also observable changes to the material’s functional prop-

erties such as its magnetic response and electrical conductivity. Candidate oxide materials

that undergo topotaxy have low oxygen vacancy formation energy and high oxygen vacancy

diffusivity, which are properties that are observed in manganites [16], cobaltites [17], and

ferrites [10], suggesting that these materials could be used not only to develop neuromor-

phic devices, but also to more deeply study the kinetics of topotactic phase transformations.

Topotaxy is one route of synthesizing materials that may otherwise be difficult or impossible

by other existing methods and this concept is the foundation for this thesis.

1.2 Perovskite & Perovskite-Related Oxide Structures

1.2.1 Perovskite Phase, ABO3

Perovskite oxide is one of the most extensively studied crystal structures, often represented

by its formula, ABO3. Earth’s most common naturally occurring solid phase is a mineral

having the perovskite structure called bridgemanite which consists of magnesium and iron

silicate [18]. Many elements can be naturally formed or artificially synthesized into the

perovskite phase because of its relatively simple structure. Figure 1.1 shows the ideal,

generalized ABX3 perovskite unit cell with A-site ions at the corners of the cube, B-site

ion in octahedral coordination at the body-center of the cube, and six X-site ions at each

face-center of the cube (this location is also the corner of the BX6 octahedron), which are

oxygen anions in perovskite oxides. The periodic table in Figure 1.1 shows the elements

that are compatible in the respective A-, B-, or X-sites of the perovskite structure with the

limiting factor being a ratio of the ionic radii of its constituents.
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Figure 1.1: Two depictions of the ABX3 perovskite unit cell and periodic table showing the

possible perovskite compositions (adapted from [19]).

A powerful tool in predicting stable perovskite structures is the Goldschmidt tolerance factor

[20]. By taking ratios of the radii of the A, B, and X ions in the ABX3 perovskite unit cell,

a factor is calculated that can lend insight into the likelihood of the chosen ions to form

perovskite structures, as well as the crystal symmetry of the resulting perovskite. The

formula for the Goldschmidt tolerance factor is as follows.

t =
RA +RX√
2(RB +RX)

(1.1)

where t is the Goldschmidt tolerance factor, RA is the ionic radius of the A-site cation, RB

is the ionic radius of the B-site cation, and RX is the ionic radius of the X-site anion.
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For the remainder of this thesis, only oxides will be considered (X = O), however much

of the discussion can extend to the generic ABX3 perovskite. As ions of different radii

are assembled into the ideal cubic perovskite oxide structure, the BO6 octahedra tilt to

accommodate their different sizes, while maintaining the B-O-B bonding scheme throughout

the crystal. Furthermore, the octahedra undergo Jahn-Teller distortions where one or more

axes of the octahedra stretch or compress as discussed further in Section 1.3.1, and both of

these mechanisms can force the perovskite into symmetries other than cubic.

For tolerance values of t close to 1, the perovskite structure will take on an ideal cubic

symmetry. If cations of smaller radii are substituted into the A-site, the BO6 octahedra must

tilt to fill the space which forces the structure into a crystal system with lower symmetry

such as the tetragonal or orthorhombic systems and further into trigonal systems where the

crystal takes on a non-perovskite structure. If t >1, from either a large A cation, a small

B cation, or both, then the octahedra tilt to such an extent that perovskite form hexagonal

symmetry structure where the BO6 octahedra share faces rather than vertices [21]. These

values and symmetries are listed in Table 1.1.

The Goldschmidt tolerance factor is not a strict condition for forming the perovskite crystal

structure. However, it is a proven framework that can predict the crystal symmetry for the

approximately 2,000 known stable perovskites and it is also proposed to hold true for the

estimated 90,000 new perovskites that have not yet been studied [22, 23].

1.2.2 Oxygen Deficient Perovskite Phase, ABO3-δ

Under certain conditions, some of the oxygen anions are able to break the bonds holding them

inside the perovskite structure. The stoichiometry for oxygen deficient perovskite (ODP) is

denoted as ABO3-δ where, δ is the average number of oxygen vacancies present per unit
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Table 1.1: Goldschmidt tolerance factors for perovskites and corresponding expected crystal

symmetries [21].

Goldschmidt Tolerance
Factor

Perovskite Symmetry

t >1 hexagonal

0.9 <t <1 cubic

0.71 <t <0.9 orthorhombic, rhombohedral

t <0.71
non-perovskite phases, e.g.

bixbyite, corundum

cell. When an oxygen vacancy forms, the BO6 octahedron reduces its coordination and the

average B-site cation valence decreases. These oxygen vacancies play a significant role in the

functional properties of the material because of the strong correlation between the oxygen

2p electrons and the d-shell electrons of the transition metals which manifests as properties

such as metal-insulator transitions [24], and magnetic phase transitions [25]. The capability

of oxygen content modulation in perovskite oxides gives rise to materials that can be used

in applications such as sensors, memristive devices for neuromorphic computing, and solid

oxide fuel cells (SOFC) [26–29].

1.2.3 Grenier Phase, ABO2.67

Oxygen vacancies in a crystalline material can order into layers and produce a new phase.

In the perovskite family, there are a wide variety of perovskite oxides with ordered oxygen

vacancies [29], but of the distinct phases considered in this thesis is the Grenier (GR) phase,

with ABO2.67 stoichiometry [30]. The GR phase arises when oxygen vacancies combine in

rows where every third row of BO6 octahedra (O) in the perovskite structure is replaced

by BO4 tetrahedra (T) to form the scheme (OOTOOT...) along the c-direction throughout

the crystal structure. This phase transformation results in the unit cell of the crystal being
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defined to encompass two tetrahedral layers thus causing a sixfold increase in the out-of-

plane lattice parameter compared to that of the perovskite (P) (cGR = 6cP ). A diagram of

the unit cell and oxygen vacancy ordering is shown in Figure 1.2.

Figure 1.2: ABO2.67 Grenier phase (a) unit cell, and (b) polyhedral representations of the

repeating octahedral and tetrahedral layers. As the perovskite loses 1
9
of its oxygen anions

and the oxygen vacancies order, the structure can form alternating layers of two octahedral

planes, followed by a tetrahedral plane and this repeats throughout the crystal, thus forming

the Grenier phase.

1.2.4 Brownmillerite Phase, ABO2.5

When the perovskite loses 1
6
of its oxygen from the crystal structure and the oxygen vacancies

order in a way where there are alternating layers of BO6 octahedra, and BO4 tetrahedra,

the brownmillerite (BM) structure with ABO2.5 is formed [31]. The layer pattern in BM

structures is (OTOTOT...) [32]. This phase transformation results in a unit cell that repeats

every four layers, which causes a fourfold increase in the out-of-plane lattice parameter
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(cBM = 4cP ) and the BM structure with oxygen vacancy ordering is shown in Figure 1.3.

Figure 1.3: ABO2.5 Brownmillerite phase (a) unit cell, and (b) polyhedral representations of

the octahedral and tetrahedral ordering. As the perovskite loses more of its oxygen anions,

the oxygen vacancies can order to make layers of alternating octahedral and tetrahedral

layers that are characteristic of the BM phase.

1.2.5 Infinite Layer Phase, ABO2

Recent oxide studies have turned towards a perovskite-related structure referred to as the

“infinite layer” phase or “square planar” (SP) phase with stoichiometry ABO2. The nomen-

clature comes from the square planar BO4 coordination of the B-site cation in the structure

as shown in Figure 1.2.5. Somewhat elusive, the SP structure has most commonly been

synthesized as nickelates [33], cuprates [34], and ferrites [35]. The SP phase is of particular

interest because this structure often exhibits high critical temperature (Tc) superconductivity

in nickelates and cuprates. SP ferrites on the other hand, have not yet shown superconduc-

tivity, remaining insulating down to temperatures of 100mK, and the mechanism by which

high-Tc superconductivity occurs in SP oxides is still under investigation [36, 37].
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Figure 1.4: ABO2 Infinite layer phase (SP). The square planar coordinated B-site cations

form 2-dimensional sheets that layer in the c-direction.

1.2.6 Ruddlesden-Popper Phase, An+1BnO3n –1, n = (1, 2, 3, ...)

Further reduction of the perovskites can force the structure to develop not only a higher

amount of oxygen vacancies, but cation vacancies as well. Topotactic reduction is one

route of synthesizing the Ruddlesden-Popper (RP) phase with stoichiometry An+1BnO3n –1

or (AO)(ABO3)n , where n is an integer [38, 39]. The integer n is equal to the number of

layers of perovskite unit cells separated by an AO rock salt-like layer as shown in Figure 1.5.

For n = 1, the stoichiometry becomes A2BO4 or equivalently, (AO)ABO3. It should also

be noted that as the cation vacancy forms and the cation diffuses through the material, it

has been shown to accumulate as nanoparticles within the material [6]. Studies performed

on La2CoO4 showed that this material can absorb large amounts of oxygen and still remain

stable, supporting its application for SOFC cathode materials [40]. Despite the growing list

of superconducting systems with the RP phase including ruthenates and high entropy alloy

(HEA) cuprates, numerous recent studies are still ongoing as to the exact mechanisms be-

hind this phenomenon [41, 42]. A phase transformation from perovskite to A2BO4 RP phase
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results in defining the unit cell as approximately three layers of perovskite, so a threefold

increase in the out-of-plane lattice parameter (cRP = 3cP ).

Figure 1.5: An+1BnO3n –1 Ruddlesden-Popper phase (a) unit cell and (b) polyhedral repre-

sentation of the layers of octahedral planes of A2BO4 (n = 1). The RP phase is created when

a certain amount of A cations and oxygen anions are removed from the perovskite crystal.

The result is a layered structure with n layers of perovskite sandwiched between AO layers.

1.3 Thin Film Epitaxy

Perovskites can be synthesized in many different nanomaterial states such as nanostructures

[43], quantum dots [44], free-standing membranes [45], and heterostructures [46]. Single

crystal thin films are a way to study materials of high structural and chemical purity and

they allow for multiple experimental variables to be tested such as film thickness, strain

state, and heterostructure modification. There are several popular thin film synthesis routes

that are discussed in Chapter 2. Film deposition-based techniques involve the accumulation

of layers of a target material onto a crystalline substrate material so that a film “grows”

epitaxially on top of a substrate surface. Epitaxy arises when the unit cells of a film material
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stack onto a crystalline substrate and adopts the orientation of the substrate. Epitaxial thin

films can be further classified as (a) matched, where the in-plane lattice parameters of the

bulk material is equal to those of the substrate; (b) coherently strained to the substrate,

where the in-plane lattice parameters of the film and substrate are equal; (c) fully relaxed,

where the lattice parameters of the film are equal to their bulk value; or (d) semi-coherently

strained in which the film is partially relaxed and its lattice parameters are in between the

bulk value and the value of the substrate. This is shown schematically in Figure 1.6.

Figure 1.6: Various classifications of epitaxial films. In the matched film, the lattice parame-

ter of the bulk material is equal to that of the substrate so the film does not need to strain to

align with the substrate’s lattice. As a result, the film is coherently strained to the substrate.

In the strained film example, the in-plane lattice parameter of the bulk material is larger

than that of the substrate, so the film must be strained under compression in the in-plane

direction to become coherently strained to the substrate. In the final example, the film is

relaxed from the substrate with the strain being accommodated by the misfit dislocation

shown as a red “T” (adapted from [47]).

If the bulk lattice parameter of the film material differs from the lattice parameter of the
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substrate, lattice mismatch exists and epitaxial strain is induced in the film. Lattice mis-

match is an important concept in thin films and the degree of epitaxial strain in the film has

been observed to affect the functional properties of the films due to changes in the lattice,

bond lengths, and bond angles in the crystal. This response has been observed, for exam-

ple, in strain-induced magnetic phase changes and metal-to-insulator transitions [45, 48] and

ferroelastic behavior in cobaltites [49]. Mismatch is represented quantitatively as:

f =
afilm − asub

afilm
(1.2)

where values of afilm and asub are the in-plane lattice parameters of the film and substrate in

an unstrained condition, respectively. In epitaxially strained films there are two competing

energies: elastic strain energy, Eel, and the dislocation line energy of a single dislocation,

Edis. These energies are given in Ref. [50] by the following:

Eel =
2G(1− ν)

1− ν
f 2h (1.3)

and,

Edis =
Gb2

4π

1− ν cos2 θ

1− ν
ln

αh

b
(1.4)

where, G is the bulk modulus, ν is Poisson’s ratio, h is the film thickness, b is the Burger’s

vector, θ is the angle between the Burger’s vector and the dislocation line, and α is a constant.
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When the dislocation energy is larger than the strain energy, a dislocation is introduced.

Thus, the critical thickness hc, can be obtained by setting Equations 1.3 and 1.4 equal and

solved for h to produce the following:

hc/b

ln (αhc/b)
=

1− ν cos2 θ

8πf(1 + ν) cosϕ
(1.5)

where, ϕ is the angle between the slip plane and the film surface. This ratio is shows an

approximately inverse proportionality of hc and f , meaning, the lower the misfit between

film and substrate, the larger the critical thickness of film.

Epitaxial strain in thin films offers a rich parameter space for experimentation because large

amounts of biaxial strain can be induced in the thin film that would likely fracture the bulk

material, giving rise to material properties and phase transitions not accessible in the bulk

form of the material [45].

Some perovskites are more readily manufactured as thin films than as a bulk material.

For instance, LuScO3 is a transition metal oxide that occurs only as a solid solution of

two constituent oxides, Lu2O3 and Sc2O3 which assemble in the bixbyite structure with

the formula (Mg, Fe)O3. Numerous attempts to force this material into a metastable bulk

perovskite structure failed until Heeg et al. demonstrated (in 2007) that epitaxially grown

LuScO3 thin films in the perovskite phase could be synthesized by pulsed laser deposition

using NdGaO3 (110) and DyScO3 (110) substrates. The researchers found that films grown

over a certain thickness (200nm) would preferentially form the bixbyite structure as opposed

to the perovskite structure suggesting the system’s critical thickness. These findings show

that epitaxial stabilization could open the door for an even greater number of possible
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perovskite oxides [51].

1.3.1 Crystal Field Splitting

Coordinated transition metals found in complex oxides give rise to an electronic structure

that can lead to high or low spin states, and Jahn-Teller distortions (Section 1.3.2), offering

additional degrees of freedom for tailoring materials. Consider a single metal cation with

a spherical distribution of electron charge. The d-orbital electrons in this configuration are

in a degenerate state, i.e., all having equal energy. In octahedrally coordinated transition

metal oxide crystal structures, the d-orbital electrons overlap with the 2p electron fields of

the oxygen anion ligand as shown in Figure 1.7. This overlap causes Coulombic repulsion

between the two like-charges, which in turn, causes the degeneracy to split into orbitals of

higher and lower energy while keeping the overall energy the same [52].

In octahedrally coordinated transition metals, the dx2−y2 and dz2 orbitals directly overlap

with the neighboring ligands, thus raising the system’s repulsive electrostatic energy and

creating a splitting of d-orbitals denoted as eg. Conversely, the dxy, dxz, and dyz orbitals do

not directly overlap the negatively charged oxygen ligands, thus lowering the electrostatic

energy of these electron orbitals and creating a state denoted as t2g. This phenomenon is

known as crystal field splitting and the energy difference between the split orbitals is known

as the crystal field stabilization energy (CFSE). This energy is denoted in octahedral systems

as ∆o, in tetrahedral systems as ∆t, and in square planar systems as ∆sp.

When a transition metal cation is tetrahedrally coordinated, there is no complete overlap

between the transition metal d-orbitals and the negatively charged oxygen anion. As shown

in Figure 1.7, the dxy, dxz, and dyz orbitals have higher overlap between the d-orbital and

the anion, producing a higher electrostatic potential and higher energy state denoted as
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Figure 1.7: Schematic of crystal field splitting of transition metal oxides in octahedral and

tetrahedral coordination (adapted from [52]).

e. In comparison, in the dx2−y2 and dz2 orbitals, there is less overlap, producing a lower

electrostatic potential and a lower energy state denoted as t2.

As electrons fill the orbitals, there are multiple possible states because of the competing

CFSE and electron spin pairing energy (SPE) which is the repulsive Coulombic force between

two electrons (of opposite spin) sharing an orbital. Depending on the CFSE and SPE, the

electrons can fill orbitals in a manner that creates more or fewer unpaired electrons, creating

states of high spin or low spin, respectively [52]. When the CFSE is less than the SPE,

the electrons will populate the shell in a manner that maximizes the number of occupied

15



orbitals, creating a “high spin” complex. In contrast, “low spin” complexes arise when the

SPE is lower than the CFSE, and the electrons populate the shell in a way that maximizes

the number of paired electrons, thus minimizing the number of partially occupied orbitals.

In octahedral complexes, high/low spin states are only possible for d4 through d7 electron

configurations because in d1 to d3, the t2g orbital is still being populated (d1 though d3

corresponds to t12ge
0
g through t32ge

0
g). In d8 through d10, the t2g orbital can only be fully

occupied (d8 and d9 correspond to t62ge
2
g and t62ge

3
g, respectively and d10 corresponds to t62ge

4
g).

For tetrahedrally coordinated transition metals, ∆t = 0.44∆o and this value is often lower

than the SPE so tetrahedral complexes are almost always high spin [52]; however, low spin

tetrahedral complexes have been confirmed in rare cases [53].

Finally, the square planar complex can be thought of as an octahedral complex with its

apical anions (the ligands along the z-axis) removed. A schematic of the field splitting in

square planar complexes is shown in Figure 1.8. For square planar coordinated transition

metals, ∆sp = 1.74∆o which is higher than the SPE, making electrons preferentially pair, so

usually only low spin states are observed in square planar complexes, specifically with a d8

electron configuration, but exceptions to this observation have also been observed [54].

1.3.2 Jahn-Teller Distortions

The Jahn-Teller theorem states that “...stability and degeneracy are not possible simulta-

neously unless the molecule is a linear one...” and the authors show that in energetically

degenerate (and thus unstable) configurations, the degeneracy breaks so that the system is

stabilized [55]. This degeneracy breaking leads to a reduction in the symmetry of the system

by the shortening or elongating of bond lengths between a central ion and the surrounding

ligands and is shown in Figure 1.8.
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Figure 1.8: Jahn-Teller distortions in octahedral complexes and the square planar crystal field

splitting (not shown to scale). The degeneracy of the eg and t2g orbitals cannot coexist with

stability, so the complex stabilizes by changing the metal-ligand bond length thus breaking

symmetry by compressing or elongating the octahedron. The square planar complex can be

thought of as an extreme case of Jahn-Teller elongation in an octahedral complex (adapted

from [52]).

However, not all electron configurations are Jahn-Teller “active” and the requirements for

Jahn-Teller distortions to occur are explained as follows. Jahn-Teller active electron con-

figurations are those with asymmetrically filled orbitals and occur most often in octahedral

complexes but minor Jahn-Teller distortions are also observed in tetrahedral systems. Sym-

metrical filling of the eg and t2g orbitals occurs whenever these orbitals are empty, half full, or

completely full as shown in Figure 1.9, and all other scenarios are considered asymmetrical.
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For example, octahedral systems with t32g configurations have electrons that fill the t2g or-

bital in a way that the electrons are balanced and therefore t32ge
0
g systems are not Jahn-Teller

active. Other Jahn-Teller inactive configurations include d8 (t62ge
2
g), d

10 (t62ge
4
g), high-spin d5H

(t32ge
2
g), and low-spin d6L (t62ge

0
g) and all have evenly occupied t2g or both t2g and eg orbitals.

All other d-orbital electron configurations in octahedral complexes are Jahn-Teller active and

can further be classified as “strong” and “weak” depending on if the imbalance in degenerate

orbital population is in the eg or t2g orbital, respectively.

Figure 1.9: Possible symmetrical d-orbital filling. These electronic configurations in octahe-

dral coordination are Jahn-Teller inactive and all other states of the d-orbital electron filling

will cause strong or weak Jahn-Teller distortions depending on whether the imbalanced elec-

tron exists in either the eg or t2g orbital, respectively.

1.4 Magnetic Phenomena in Perovskites

In complex oxides, magnetic states arise from indirect exchange mechanisms, where the elec-

tron spin from one B-site cation couples to that of the next through an intermediate step.
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The double exchange mechanism arises between cations of different valence separated by an

oxygen anion that allow an extra electron from one cation from the d-orbital to travel back

and forth between the two cations [56], as shown in Figure 1.10. The electron is quantum

mechanically forbidden from changing its spin while hopping from cation to anion to cation,

so the probability of transition between cations is highest between cations with the same

spin polarization which promotes ferromagnetic (FM) ordering below the Curie temperature

TC , and the hopping probability is lowest for cations with randomly aligned spins, observed

as paramagnetism in magnetic materials above TC or their Néel temperature (TN) in antifer-

romagnetic (AFM) materials. In other words, the itinerant electron promotes FM ordering

between the two metal cations where their magnetic dipole moments created by their electron

spins align in the same direction. The electron mobility also leads to metallic, electrically

conducting behavior in these materials and conversely, the lack of electron mobility causes

electrically insulating behavior. The electronic and magnetic response of complex oxides can

therefore be altered by the same stimuli that change the valence of the B-site cation in the

crystal such as aliovalent doping.

Mixed-valence B-site cations can be synthetically forced by adding an A-site dopant that

has a different valence from the primary A-site cation. Such is the case with La1–xSrxMnO3

where LaMnO3 is doped with divalent Sr, where a certain number “x” of La3+ cations are

replaced with an equal number of Sr2+ cations. Because the two A-site cations are different

valence state, the valence of the B-site cation increases. In LaMnO3, the B-site cation is

Mn3+ and in La1–xSrxMnO3 the B-site cation valence increases to Mn(3+x)+, implying the

Mn exists in mixed-valence states of Mn3+ and Mn4+ which leads to FM ordering as seen in

the Sr concentration dependent phase diagram shown in Figure 1.11.

The superexchange mechanism is attributed to AFM ordering in complex oxides in accor-
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dance with the Goodenough-Kanamori-Anderson Rules [57] as shown in Figure 1.10. This

phenomenon—like the double exchange mechanism—involves magnetism arising from indi-

rect electron interactions between two cations with a non-magnetic species that serves as

an intermediary. Consider the LaMnO3 case, with Mn3+ valence states having the electron

configuration t32ge
1
g and with the electron spins of each cation in the same direction. The

3e1g electron can occupy either the dz2 or the dx2−y2 orbitals (as a side note, this will cause

Jahn-Teller distortions to eliminate the degeneracy). In the Mn–O–Mn bond with both Mn

cations having their eg electron in the dz2 orbitals and the oxygen anion orbital sharing via

the pz orbital, an electron is shared between the anion and each cation. This electron can

only be shared in the bond if it can partially occupy the orbitals of both the anion and the

cations and this is only possible if the spins of the Mn cations are of opposite direction,

which leads to AFM ordering. If instead, the electron is shared on one side of the Mn–O–Mn

bond via the already partially occupied dz2 orbital (i.e., the electron pairs in the dz2 orbital),

then this can only occur if the spins on both cations are parallel leading to FM ordering.

1.5 Past Studies

As mentioned in Section 1.1, cobaltite perovskites are of high interest in topotaxy because of

their low oxygen vacancy formation energy, high oxygen vacancy diffusivity, and well defined

metal-to-insulator transitions (MIT) where the material changes from electrically conducting

to an insulating state, or vice versa. The previous work of Dr. I-Ting Chiu included studies

of the topotactic phase transformations that can be induced in perovskite systems [6, 59]. In

her cobaltite experiments, she synthesized thin films of LaCoO3 (LCO) and La0.7Sr0.3CoO3

(LSCO) epitaxially grown on (001)-oriented (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrates

which were then annealed at several temperatures and pressures of PO2. The phase diagram

for LSCO is shown in Figure 1.12. Topotaxy was confirmed by structural and magnetic
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Figure 1.10: Indirect exchange mechanisms in complex oxides. The double exchange mecha-

nism is responsible for FM ordering and involves the hopping of an electron which can only

occur if the two transition metal cations have spins oriented in a manner that can accept an

electron of the same spin. The superexchange mechanism involves “virtual” electrons being

shared between the anion and transition metal cation where the electron which promotes

both AFM and FM ordering as discussed in the text. The AFM ordering case is shown here

for the superexchange mechanism.

characterization techniques (described in Section 2.2) and the results are shown in Figures

1.13 and 1.14.

Beginning in the perovskite phase, the thin films underwent topotactic phase transformations

that were dependent on the degree of the reducing conditions. At the 400◦C, 10−12 atm PO2

annealing condition, the LCO thin film transformed into a mixed phase of BM and GR,

and the LSCO thin film became a single phase of BM. Under the 600◦C condition and the

same pressure of oxygen, both samples, no distinct diffraction peaks are observed and these

implications are explained in detail in Section 2.2. Further analysis of the LSCO sample

confirmed that a polycrystalline RP phase was present as well as cobalt nanoparticles (NP).
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Figure 1.11: La1–xSrxMnO3 phase diagram. At the extreme left and right sides of the figure,

Sr dopant concentration x = 0.0 and x = 1.0, respectively, and the compositions reduce to

LaMnO3 and SrMnO3, respectively. The resulting magnetic ordering is AFM in both cases

because of the superexchange mechanism arising from isovalent Mn at the B-sites in the

perovskite. AFM ordering can be further classified as A-type, C-type, or G-type, and can

also include canted (CA) spins. Short-range (SR) order and phase-separated (PS) ordering

can also be differentiated as the Sr doping level is changed (adapted from Ref. [58]).

Annealing the LCO and LSCO at 900◦C recrystallized the thin films and formed a single

phase of RP in the LSCO and a mixed phase of RP phase and an unknown phase in the

LCO sample.

Functional properties of Dr. Chiu’s thin films were studied using a technique known as X-ray

magnetic circular dichroism (discussed in Section 2.3.2) which gives the relative strength of
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Figure 1.12: La1–xSrxCoO3 phase diagram. At the extreme left and right sides of the figure,

Sr dopant concentration x = 0.0 and x = 0.75, respectively, and the compositions reduce to

LaCoO3 and La0.25Sr0.75CoO3, respectively. The majority of the phase space is ferromagnetic

(FM), and the high-temperature regions labelled “PS” and “PM” denote the paramagnetic

semiconductor and paramagnetic metallic phases, respectively, with the transition occurring

between x = 0.3 and 0.35. Below the MIT doping level of x = 0.18, a spin glass (SG) phase

exists where the magnetic domains take on local order, but do not show long-range order.

The Tirr is the irreversibly temperature explained in Ref. [60]. The region marked with open

triangles are the estimated spin state transition temperature which is described further in

Ref. [61], (figure from Ref. [60]).

the ferromagnetic response in the sample that is placed in a magnetic field. The data from

these experiments were collected at 80K and are shown in Figure 1.14. The LCO had no

ferromagnetic signal in its as-grown state nor in the samples annealed at 400◦C or 900◦C,
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Figure 1.13: The results of past structural studies on topotaxy in cobaltite perovskites which

were annealed at varying temperatures and 10−12 atm of PO2 . The GR phase is observed

at the 400◦C anneal in the LCO/LSAT system, but not the LSCO/LSAT system and both

systems showed the presence of the BM phase. In both sets of samples, the 600◦C samples

showed a diminished crystalline quality, which for the LSCO was attributed to a combination

of polycrystalline RP phase and cobalt nanoparticles (NP). The structure transformed into

the epitaxial RP phase at 900◦C in both samples and in the LCO thin film, there was another

unidentified phase present, denoted with a ♦.

while the 600◦C sample showed a large ferromagnetic signal; evidence that supports the pres-

ence of metallic cobalt nanoparticles. The LSCO samples showed a variety of ferromagnetic

responses beginning with a ferromagnetic signal in the as-grown condition which gradually

decreases in strength as the annealing progresses to more reducing conditions. The poly-

crystalline RP and nanoparticle mixed phase has a strong ferromagnetic response due to the

cobalt nanoparticles. Finally, the RP single phase which arises from the highest tempera-

ture anneal shows no observable ferromagnetic signal by XMCD for either the LSCO or LCO
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Figure 1.14: The results of past magnetic studies on topotactic phase transformations in

cobaltite perovskites [59]. Soft X-ray absorption spectroscopy is discussed in Section 2.3.2.

samples.

1.6 Project Overview

La0.7Sr0.3MnO3 (LSMO) is a perovskite oxide of particular interest because it offers a rich

parameter space for experimentation and the functional properties that are accessible by

tuning the material parameters consist of ferromagnetism, antiferromagnetism, and colossal

magnetoresistance. These properties are desirable in several technological areas of research

such as resistive random access memory (RRAM) [62], and spintronics [63]. Numerous
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studies have been performed on LSMO and a number of stable phases are made possible by

changing the Sr-dopant concentration, epitaxial strain state, interfacial composition, or film

thickness. The first aim of this thesis is to study the changes in magnetic properties due to

topotactic phase transformations induced in LSMO as a function of annealing temperature

and then to compare these results with similar studies performed on other first-row transition

metal systems previously studied [6, 59].

The second aim of this thesis is to study the effect of alternating the stacking order of

cobaltite bilayers on topotactic phase transformations and to compare the resulting changes

in magnetic properties between the two arrangements.

To address these research goals, I first synthesized LSMO thin films on LSAT substrates.

Next, the samples were annealed at different temperatures using facilities at the University

of California, San Diego (UCSD), then I structurally and magnetically characterized the

samples. In my cobaltite studies, I synthesized bilayer systems composed of two individual

thin film layers of LCO and LSCO on LSAT substrates and varied the stacking order as

LCO/LSCO/LSAT and LSCO/LCO/LSAT so that two sets of samples could be compared

and the effect of stacking order could be studied. A diagram of the composition of the

samples I grew and studied is shown in Figure 1.15.

1.7 Summary

This chapter discussed the background of crystalline materials and structural and magnetic

phenomena observed in complex oxides, namely of the perovskite structure. Perovskite and

perovskite-related oxide phases observed in this thesis were introduced and characteristics

and possible applications were outlined. Past studies were summarized to set the motivation
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Figure 1.15: Thin films of LSMO were deposited on LSAT substrates to study the struc-

tural phases and magnetic properties available by topotactic phase transformation. The

two bilayer configurations alternated two layers of LCO and LSCO also deposited on LSAT

substrates so that the effect of stacking order on topotactic phase transformations and their

magnetic properties could be studied.

for this thesis and the project overview was covered. Because of their strong interconnection

between the effects of electrons in the perovskite oxides, they can be tuned for specific, or

multiple functionalities by adjusting their composition or strain state, and they are often

referred to hold spin, orbital, lattice, and/or charge degrees of freedom.

In Chapter 2, I will discuss the synthesis and characterization methods used in this thesis,

as well as other methods that were used in similar studies. Chapter 3 will cover the results

of the characterization of the three families of samples (i.e., the manganite thin films, and

the two separate stacking orders of cobaltite bilayers). Finally, Chapter 4 will include the

outcomes and conclusions drawn from this thesis, as well as opportunities for future studies.
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Chapter 2

Methods

The techniques used to synthesize, treat, and characterize the samples in this thesis are

described in this chapter. To study the crystal structure of these materials, high quality,

single crystal thin films of uniform thickness were fabricated using pulsed laser deposition

(PLD). The samples were then characterized using several X-ray techniques and then they

were sent to undergo annealing in an oxygen gas evolution system at UCSD where a low

partial pressure of oxygen and varying temperature conditions were used to induce topotactic

phase transformations in the thin films. The samples were again characterized using X-

ray techniques to observe the structural and magnetic changes that the topotactic phase

transformations produced in the samples.
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2.1 Synthesis Methods

2.1.1 Pulsed Laser Deposition

PLD is a physical vapor deposition technique which allows for the near-stoichiometric transfer

of target material to the substrate. In other words, the target material usually must be the

same stoichiometry as the desired film material, with some exceptions [64]. There are several

growth parameters that must be optimized for high crystallinity and near-stoichiometric

transfer of material to occur including laser fluence, laser spot size, laser pulse rate, substrate

temperature, target-to-substrate distance, and process gas pressure. The deposition process

involves placing a cleaned substrate chip in a vacuum chamber. The vacuum chamber is

evacuated using a series of vacuum pumps to ensure a clean and controlled environment

during the film deposition. The substrate is then heated to control the crystallinity of the

material which can be amorphous near room temperature, or a single crystal at temperatures

of 700◦C - 900◦C for perovskite thin film synthesis using PLD.

A beam of electromagnetic radiation is generated in the laser and emitted through a series

of optics before entering the vacuum chamber through a quartz viewport. The beam strikes

a selected rotating target, ablating a plume of the target material which deposits a thin

layer of material onto the heated rotating substrate. The thermal energy from the substrate

heater gives the adhered atoms (“adatoms”) of target material sufficient kinetic energy to

migrate on the surface and settle into the lowest energy configuration. The shape of the

plasma plume is comparable to that of a Christmas tree light bulb: spherical on the bottom

near the target and terminating into a conical point a few centimeters above the target, and

its shape is dictated by the process gas composition and pressure. The terminus of the plume

is where the substrate should be positioned since the relative distance from the substrate to

the plume affects the quality film produced.
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Figure 2.1: Line diagram of the Takamura Research Group PLD chamber. The electromag-

netic radiation is generated in the laser cabinet and the beam passes through the optics and

viewport into the vacuum chamber. The substrate is adhered to a heated plate which rotates

to promote even growth and the targets rotate to ensure even ablation and plume charac-

teristics. The target carousel can rotate to allow for the selection of one or more targets for

growth of thin films or heterostructures (diagram adapted from NBM Design, Inc. product

brochure) [65].

Many different techniques can be used for the synthesis of thin films such as sputtering,

molecular beam epitaxy, electron beam epitaxy, spin coating, solution processing, and atomic

layer deposition. Layering of thin films allows for the study of the complex interplay be-

tween two or more different films and can be accomplished in PLD by depositing a film onto

another film that was deposited onto the substrate. This method is especially useful in het-

erostructures requiring materials with differing electronic or magnetic properties to coexist.

PLD is the choice synthesis method for this thesis because of its near-stoichiometric transfer

of material from target to substrate, its relative ease and speed of single-crystal thin film

growth, and its ease of growing perovskite heterostructures.
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2.1.2 Gas Evolution Annealing Chamber

The annealing was performed by collaborator Junjie Li at UCSD using a gas evolution

chamber [66]. The samples were placed in a vacuum chamber that is pumped down and a

furnace heats the sample to a specified temperature while oxygen is supplied by a computer-

controlled valve. A temperature controller and a gas flow controller maintain the parameters

for the annealing treatment and a residual gas analyzer and mass spectrometer monitor the

partial pressure of oxygen, (PO2). The samples in this thesis were annealed for a period of

one hour in a low PO2 (ranging from 10−12 to 10−7atm PO2) at various temperatures (ranging

from 400◦C - 900◦C) to induce the topotactic phase transformations.

2.2 Structural Characterization Techniques

After the films are grown, their structural characteristics and quality must be measured to

ensure they were grown as desired and to quantify physical properties. The qualities of

interest are the film’s roughness, thickness, density, crystal lattice parameters, and epitax-

ial strain state including mosaicity. These properties were measured using the Bruker D8

Discover X-ray diffraction system.

2.2.1 X-Ray Diffraction

X-ray diffraction (XRD) experiments make use of X-rays called “characteristic X-rays” which

are generated in the anode of the X-ray tube, producing a beam of X-rays consisting of Kα1,

Kα2, and Kβ. Many choices of anode exist depending on the desired wavelength including

iron, cobalt, copper, and molybdenum. These X-ray wavelengths are of similar length scale

of the interatomic spacing of the atoms in the crystalline materials which allows for a phe-

nomenon known as diffraction to occur. When a wave scatters off two close objects and the

scattered waves interfere, diffraction occurs. If two or more waves of equal wavelength are
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perfectly in phase (i.e., their peak amplitudes align), then constructive interference occurs,

and the amplitude of the resultant wave is the sum of the constituent waves. Conversely, if

the two or more waves are out of phase, destructive interference occurs where the resulting

signal is still the sum of the incoming waves, but the amplitude is diminished. Two waves

of equal wavelength, λ and amplitude are perfectly out of phase when one of their phases is

shifted by λ/2, and the signal is annihilated. As shown in the XRD schematic in Figure 2.2,

the angle of incidence to the sample is swept across some range, and in doing so, there are

certain angles that satisfy the condition for perfect constructive interference and these peak

intensities are used to determine a crystal’s d-spacing. This condition is known as Bragg’s

Law named after the father-son duo who were both awarded the Nobel Prize in 1915 for their

determination of several crystal structures using X-ray crystallography. In XRD experiments,

the X-rays are monochromated so that diffraction is occurring from only one wavelength of

light, thus producing sharper peaks. Kα1 characteristic X-rays have a wavelength of 1.5406

Å and it is chosen for thin film XRD because it has the highest intensity.

nλ = 2dsinθ (2.1)

Equation 2.1 is Bragg’s Law, where n is the diffraction order, λ is the wavelength of radiation

used, d is the d-spacing which is the distance between certain parallel planes in the crystal

structure, and θ is the incidence/exit angle of the radiation. Rearranging the equation, d-

spacing can be found and used to convert to out-of-plane lattice parameter, c. Figure 2.3

shows three of the seven crystal systems and their symmetries as well as the equations used

to find the lattice parameters.

High-resolution XRD (HRXRD) refers to a technique used for characterizing epitaxial films

by using highly monochromatic X-rays and finer angular scan resolution over a smaller range
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Figure 2.2: As incoming X-rays interact with the atoms in the crystal lattice, some of them

penetrate deeper into the material and are scattered by the next lower plane of atoms. There

exists a certain angle, θ, the Bragg angle, where the scattered X-ray path length will be an

integer number of wavelength apart, generating constructive interference. This results in a

peak in diffracted intensity that is measured by the detector depicted as a black box on the

right side of the diagram.

Figure 2.3: Three of the seven crystal systems, their geometry, and their d-spacing formulas.

Notice for the {00L} family of planes, that each of the formulas reduce to a = ld or c = ld.
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of 2θ to help determine the structural properties of the samples. The features of the HRXRD

scan shown in Figure 2.4 help elucidate the film’s thickness. These calculations are made

with the use of computer analysis tools such as DIFFRAC.LEPTOS [67].

Figure 2.4: Example HRXRD diffractogram of an LSMO thin film near the (002) LSAT

substrate peak. The high-intensity peak is from the substrate and the peak of lower intensity

is from the film. Oscillations called Kiessig fringes appear on either side of the peaks and

the periodicity and intensity of these fringes give insight to the film’s thickness. This data

can be also used to determine the substrate and film out-of-plane lattice parameter, as well

as film and substrate roughness and density, along with film thickness.

2.2.2 X-Ray Reflectivity

Using the same X-ray source, sample, and detector geometry can be arranged so that the

X-rays are at grazing angle of incidence to the sample, allowing the X-rays to reflect off the

34



sample. This arrangement is the premise for X-ray reflectivity (XRR) experiments and it

can be used to determine the film thickness as well as the film and substrate roughness and

density. Figure 2.5 shows a diagram of the XRR experimental configuration.

Figure 2.5: XRR experiment setup with angles shown exaggerated. Incident X-rays are shone

onto the sample at some grazing angle θin and penetrate each interface by refraction. The

refracted beams deflect by some amount depending on the (electron) density of the material

and the reflected beams exit with the same angle as the incident beam. The roughness of the

film surfaces and interfaces impacts the intensity of the reflected X-ray. The incident X-ray

is swept across an angular range and the reflected intensity can be plotted and analyzed to

obtain values for the film and substrate properties.

The critical angle (θc) is the angle below which the X-rays undergo total external reflection.

This angle can be related to the electron density of the sample (and thus the material’s

physical density) through Snell’s Law:

sin θin = n sin θex (2.2)

θin is the angle of incidence, n is the index of refraction, and θex is the exit angle of the
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Figure 2.6: Example XRR data. The large drop in intensity at low 2θ is the critical angle

below which is the region of complete reflection and its value is determined by the film’s

density. The slope gives information about the roughness of the film and substrate as re-

flected intensity decays quicker with higher roughness values. Lastly, the periodicity of the

oscillations can be used to determine the thickness of the film. The fit is a simulation from

GenX, an XRR fitting software used to obtain values for the film properties.

beam. For total external reflection to occur, θex = 0 and Equation 2.2 reduces to:

sin θc = n (2.3)

Here, θc is the critical angle. The index of refraction can also be written as follows:

n = 1− δ (2.4)
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where,

δ =
reρeλ

2

2π
(2.5)

re is the classical radius of the electron, and λ is the X-ray wavelength. The material’s

electron density is represented by ρe which can be written as:

ρe =
∑
k

Zk

Vm

(2.6)

Zk is the number of electrons of atom k in the unit cell of the material, and Vm is the volume

of the unit cell.

Using the small angle approximation for sin θc, Snell’s Law reduces to:

θc =
√
2δ (2.7)

therefore, θc ∝ ρe.

The relationship between thickness and the Kiessig fringes is as follows:

d =
mλ

2
√

θ2i − θ2c
(2.8)

where, θim is the angle at which the mth Kiessig fringe is found, θc is the critical angle, λ is

the X-ray wavelength, and d is the film thickness.

In practice, these calculations are performed with the aid of computer simulation and curve

37



fitting tools such as GenX to give insight to the structural characteristics of the sample such

as film thickness, and film or substrate roughness and density [68].

2.3 Magnetic and Electronic Characterization

2.3.1 X-Ray Photoemission Spectroscopy

A surface sensitive composition analysis technique called X-ray photoemission spectroscopy

(XPS) was used to confirm the surface composition of the bilayers. It also highlighted the

difference in electronic structure of the elements in the bilayers and the single layer thin

films.

In XPS experiments, samples are placed in a vacuum chamber that is pumped down to

ensure minimal gases are present which would interact with the X-rays. Aluminum Kα

characteristic X-rays with a specific photon energy (hν) of 1486.7 eV are shone onto the

sample and the X-rays interact with the core electrons in the sample, exciting some to the

ionization continuum in a process called “photoemission”. The intensity of the photoelectron

decays exponentially with thickness of the sample, so only the top 10 nm of the material

can be probed in XPS, following Equation 2.3.1. Because this technique detects the excited

core level electrons, it cannot be used for detecting hydrogen or helium because these are the

only elements without core level electrons. The kinetic energy (KE) of the photoelectrons

is then measured and the binding energy (BE) can be calculated by Equation 2.9 and by

also considering the work function, ϕ of the detector. The photoelectrons will have specific

values of KE and thus BE depending on the elemental origin of the electron. A spectrum

can be obtained which shows the energies of photoelectrons present in the sample and from

this, the surface composition can be determined. An example XPS spectrum is shown in

Figure 2.7.
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BE = hν −KE − ϕ (2.9)

The intensity of the photoelectron I(d) after it travels a distance d is given by:

I(d) = I0 exp

(
− d

λ(E)

)

where I0 is the initial intensity of the photoelectron and λ(E) is the photoelectron’s inelastic

mean free path, which is defined as the distance the photoelectron can travel before decaying

to 1/e of its initial intensity.

In addition to photoelectrons, another type of electron in XPS experiments known as Auger

electrons. These electrons occur when a higher-level electron fills the vacancy left by the

core shell electron, and their energy is transferred to excite a third electron from the atom.

For example, a KLL Auger electron is emitted if a K-shell electron is excited by the incident

X-ray, then an L-shell electron falls into the K-shell vacancy and the energy released is used

to excite a neighboring L-shell electron to the continuum.

2.3.2 Soft X-ray Absorption Spectroscopy

To access information about the valence states of the B-site cations, soft X-ray absorption

spectroscopy (XAS) was used at the Advanced Light Source (ALS) at Lawrence Berkeley

National Laboratory (LBNL) in Berkeley, California. The distinction between “hard” and

“soft” X-rays is not discrete, but hard X-rays refer to higher energy radiation (typically > 2

keV) than soft X-rays (typically < 2 keV) [69]. In XAS experiments, the X-ray energy is

swept across an absorption edge where certain energy X-rays are absorbed by the electrons

of certain elements in the material. This ability to tune the X-ray can give element-specific
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Figure 2.7: Example XPS spectrum of an LSCO/LCO/LSAT bilayer sample. The intensity

corresponds to electron populations in the sample (e.g., La 3d, co 2p, O 1s, etc.). This

technique can be used to identify the composition and electronic states present in the surface

of samples. “LMM” and “KLL” labels refer to Auger electrons.

characterization of a sample. Transition metal L-edge experiments involve the excitation

of a principal quantum number n = 2 shell electron (i.e., 2s or 2p) absorbing an X-ray of

specific wavelength and being promoted to unfilled d-orbital holes, giving insight into the

valence of the elemental species in the material. The excitation of a 2s electron corresponds

to the L1 absorption edge and the s-orbitals have an orbital angular momentum, l = 0.
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Figure 2.8: The experimental setup for XAS and XMCD. The circularly polarized X-ray is

incident to the sample at some angle, θ and the magnetic field at ALS Beamline 6.3.1 is

applied at the same angle using an electromagnet. LY and TEY modes are available, which

probe the bulk and surface of the sample, respectively.

2.3.3 X-ray Magnetic Circular Dichroism

When an electron from the p-orbital absorbs an X-ray, its total angular momentum, j is

equal to the sum of its orbital angular momentum, l, which, for the p-orbital l = 1, and its

electron spin angular momentum, s, which can be equal to +1
2
for spin up electrons, or −1

2

for spin down electron giving rise to two possible values for j. This connection is referred

to as “spin-orbit coupling” and gives rise to splitting of the L-absorption edges when an

electron is excited from the 2p shell. The 2p1/2 (L2-edge) transition is where the spin and

orbital angular momenta are antiparallel s = −1
2
(so j = 1 − 1

2
) and the 2p3/2 (L3-edge)

transition where the spin and orbital angular momenta are parallel s = +1
2
(so j = 1 + 1

2
)

[28]. An example L-edge XAS spectra is shown in the top panel of Figure 2.9b. When X-rays

are circularly polarized, the electric field vector (
−→
E ) and magnetic field vector (

−→
B rotate in a

helical pattern around the direction of propagation. This gives the X-rays a helical wavefront,

which carries angular momentum. The X-rays can then impart this angular momentum to

the orbital. If the X-ray helicity is parallel to the direction of X-ray propagation, it is said to

be “right circularly polarized” (RCP), and conversely if the X-ray helicity is antiparallel to

the direction of X-ray propagation, it is said to be “left circularly polarized” (LCP). As the
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polarized X-ray interacts with the electrons, the photons impart their angular momentum

to the electron which absorbs the photon, thus exciting the electron to an unoccupied d-

shell orbital. In ferromagnetic materials, the population of spin-up electrons differs from the

population of spin-down electrons in the valence d-shell, which gives rise to the preferred

orientation of the magnetic dipoles in the material. Spin conservation prohibits spin flipping

when the electron is excited into a higher state, meaning spin up electrons can only be excited

into a spin up vacant orbitals. The difference in absorption spectra of LCP and RCP X-rays,

is called X-ray magnetic circular dichroism (XMCD) and can be used for element-specific

characterization of magnetic properties, such as magnetic ordering and magnetic moment.

Figure 2.9: XMCD principle. (a) The vertical axis is the energy and the width is the density

of states (DOS) or the probability that an electron will occupy a given state. Applying a

field to a ferromagnetic material below its TC will align the spins parallel to the field, and

there will be a difference in X-ray absorption between LCP and RCP X-rays. (b) The top

panel shows the XAS for RCP (µ+), LCP (µ−), and their average. The bottom panel shows

the difference between µ− − µ+ which is the resulting XMCD effect [70].
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When an XMCD signal is present, the X-ray can be tuned to the photon energy with the

highest absolute value of intensity (usually the L3-edge) and then monitor the magnetic signal

while the applied magnetic field is swept from the two extreme values. In this manner,

element-specific hysteresis loops can be generated which can give insight into the specific

contribution of magnetic response from a given element.

2.4 Summary

This chapter described the synthesis and characterization methods of the thin films and

bilayer samples that were studied in this thesis. The LSMO thin films and cobaltite bilay-

ers that were grown using PLD and then annealed using the gas evolution chamber were

characterized using X-ray techniques to determine their physical, electronic, and magnetic

properties. Using these methods, a comparison can be made between the characterization

results of the samples of this thesis and those of the samples grown and annealed using the

same techniques in past studies.
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Chapter 3

Results and Discussion

Using the methods described in Chapter 2, experiments were performed to answer the ques-

tions posed in Chapter 1. By growing and annealing manganite thin films, the results can

be compared to the LCO and LSCO thin films grown and studied in past experiments. The

cobaltite bilayer studies allowed for understanding how stacking order influences properties.

This chapter describes the experiments in further detail and summarizes the results.

3.1 La0.7Sr0.3MnO3– δ Thin Films

Four LSMO thin films were epitaxially grown on (001)-oriented LSAT substrates by PLD

using a 248nm KrF excimer laser, a laser fluence of 0.8 J/cm2, a substrate temperature of

700◦C, 1 Hz repetition rate, and 300 mTorr of O2. The samples were structurally character-

ized using XRR and XRD, and then annealed at the following temperatures and pressures

for one hour:
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900◦C, 10−12 atm PO2

600◦C, 10−12 atm PO2

400◦C, 10−12 atm PO2

400◦C, 10−7 atm PO2

The samples were again structurally characterized using XRR and XRD and then studied

using XAS/XMCD spectroscopy to obtain and compare their magnetic characteristics. The

of the structural characterization results are shown in Figures 3.1, and 3.2, the results of

a study on phase-reversion behavior is shown in Figures 3.3 and 3.4 and the XAS/XMCD

results are shown in Figure 3.5.

3.1.1 Structural Characterization Results

The structural properties were obtained using XRR and XRD performed on a Bruker D8

Discover diffractometer, and the data was analyzed using GenX (XRR) [68] and LEPTOS

(XRD) [67] software. The top four diffractograms in Figure 3.1 were taken after annealing

the samples and show the topotactic phase transformations compared to the as-grown (AG)

sample. Note that the (002) peak position is zoomed in because the (002) peak is the most

intense in perovskite single-crystal XRD. The change in peak positions and the number of

peaks indicates that the samples have undergone topotactic phase transformation. In Figure

3.1 (a), for the as-grown (AG) sample at the bottom, three distinct peaks are observed

that correspond to the perovskite phase. The film that was annealed at 400◦C and 10−7

atm PO2 also showed the perovskite phase. Under closer observation near the (002) peak

however, the film peak is observed to have shifted to lower 2θ, meaning that its out-of-

plane lattice parameter has increased. A similar result is observed in the film that was

annealed at 400◦C, and 10−12 atm PO2, but the film peak has shifted to an even lower value

of 2θ values, indicating that the out-of-plane lattice parameter has increased more so. In
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these two films the primary crystal structure is perovskite, however the formation of oxygen

vacancies increased the lattice parameter and thus these two films are considered oxygen-

deficient perovskite (OD-P). The film annealed at 600◦C, and 10−12 atm PO2 begins to show

additional “half-order” peaks which are indexed as the (002), (006), and (00 10) peaks of the

BM phase. Finally, the film annealed at 900◦C, and 10−12 atm PO2 shows a profile similar

to the previous film, but with more pronounced half-order peaks, indicating that this film

has also transformed into the BM phase.

In Figure 3.2, annealing also has the effect of increasing the roughness of the films seen as

the steeper slope of the XRR curves after annealing, as well as a decrease in film density,

seen in the increasing amplitude of the fringes and in the decrease in θc, and an increase in

the thickness in the film observed by the increase in periodicity of the Kiessig fringes.
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(a) (b)

Figure 3.1: (a) Full range XRD and (b) XRD close to the (002) film and substrate peaks

of LSMO thin films exposed to various annealing conditions. The progression from the

perovskite phase to ODP, to BM can be observed by the changes in peak position and by

the appearance of the half-order peaks in between the main (perovskite) peaks in the BM

samples.
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Figure 3.2: LSMO XRR curves showing both as-grown and annealed samples. The reduction

in critical angle and slope indicates an increase in the surface roughness of the 600◦C and

900◦C annealed films.

The structural properties obtained from XRR and XRD are listed in Table 3.1. The films

went an increase in out-of-plane lattice parameter and film thickness upon annealing. The

column titled n ∗ cP is obtained by equation 3.1 and corresponds to the factor by which the

out-of-plane lattice parameter increases after annealing. This information can then be used

with the values of expected increase in lattice parameter from Section 1.2 to determine the

annealed phase(s) present. The film thickness also increases for each film where the largest

increase is observed for the sample annealed at 900◦C, and the smallest film thickness increase

is observed for the sample annealed at the least reducing conditions, 400◦C, and 10−7atm

PO2. The critical angle is used as an indicator of the density of the films, where a higher
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critical angle indicates a more dense film and a lower critical angle indicates a less dense

film. These results are in agreement with past studies showing that perovskite thin films

that are transformed by topotaxy to the BM phase generally increase in film thickness and

decrease in density [59]. The %∆ values are obtained from Equation 3.2.

n ∗ cP =
cannealed
cas−grown

(3.1)

%∆ =
a2 − a1

a1
∗ 100% (3.2)

where, a2 is the annealed value for film thickness or critical angle and a1 is the as-grown

value for film thickness or critical angle.

Table 3.1: LSMO structural property table showing both as-grown and annealed samples.

3.1.2 Phase Reversion

After the samples were annealed, they began to revert back to the perovskite phase by

absorbing oxygen back into the crystal structure while being stored at room temperature

which is observed by a shift in the XRD peaks back toward their as-grown value. Figures
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3.3 and 3.4 show the diffraction patterns taken at the time of annealing and periodically

afterwards in the following weeks and months. In all the samples, the peaks shift toward

the as-grown state, but do not return completely over the duration of this study. The

extent to which X-ray irradiation can cause phase reversion is not well-investigated in this

thesis, although it is not likely that lab-based XRD has energy that is high enough to cause

this change. There are several examples in the literature that showed X-ray irradiation

affecting the oxygen vacancies in TiO2 [71], as well as LaAlO3/SrTiO3 systems [72]. Further

experiments with X-ray dose as a variable can be conducted to determine the effects of

X-rays on the observed phase reversion.
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Figure 3.3: LSMO XRD curves showing the partial phase reversion after the samples were

annealed and stored in a dry box. This figure shows two of the four samples, with the

remaining samples shown on the next figure (Figure 3.4).
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Figure 3.4: (continued from Figure 3.3) LSMO XRD curves showing the phase reversion

after the samples were annealed and stored in a dry box.

3.1.3 Magnetic and Electronic Characterization Results

The XAS and XMCD data were collected at Beamline 6.3.1 at the Advanced Light Source,

Lawrence Berkeley National Laboratory 11 to 17 days after annealing. The X-rays and

magnetic field were at an angle of incidence of 30◦, the sample temperature was 80K, and
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the field strength selected was ±0.5T based on past studies [73] to ensure that the magnetic

moments were fully saturated. In this experimental setup, rather than using RCP and LCP

X-rays, only one polarization of X-ray was used and the magnetic field direction was flipped

to collect the different spectra which were then subtracted from one another to obtain the

XMCD signal.

Figure 3.5 plots the XA/XMCD spectra for the as-grown and annealed samples. The av-

erage manganese valence can be obtained by stoichiometric charge balance. The perovskite

La0.7Sr0.3MnO3 has an average Mn valence of Mn3.3+, and the brownmillerite La0.7Sr0.3MnO2.5

has an average valence of Mn2.3+. The changes are very subtle in this system as a function

of the annealing condition potentially because of the selection of the 600 line grating which

gives higher flux instead of the 1200 line grating that would have given better energy res-

olution. Beginning with the as-grown state, a minor shoulder feature can be seen on the

lower-energy sides at both the L3- and L2-edges following the vertical dashed line. As the

samples are annealed under more reducing conditions, the shoulder becomes slightly more

pronounced. The Mn-L3 peak also shifted toward lower energy as the annealing temperature

increased. As the oxidation state of Mn decreases at increasing annealing temperature, the

effective charge on the Mn ion decreases, leading to a lower energy for the Mn-L3 absorption

peak.

The magnetic signal inferred from the XMCD spectra also does not change appreciably in

shape, magnitude, or energy of the peaks. One possible explanation for this observation

could be the competing magnetic sublattices on the octahedral and tetrahedral sites [74].

It should be noted that the reference data for the Mn2+, Mn3+, and Mn4+ spectra were

collected at Beamline 4.0.2, which has better energy resolution than Beamline 6.3.1, where

the XA/XMCD was collected for the films in this thesis. The XMCD hysteresis loop shown
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in Figure 3.6 was collected at the Mn-L3 edge and a similar conclusion can be drawn. The

magnetization as a function of the field strength is very similar for all of the samples.
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Figure 3.5: XA and XMCD spectra for LSMO thin films and reference spectra. The top

panel shows the XA spectra near the Mn L-edge for the annealed and as-grown samples, as

well as reference spectra for Mn2+, Mn3+, and Mn4+ (used with permission from Ref. [75]).

The lower panel shows the XMCD spectra for the same samples and reference spectra for

Mn4+ The vertical dashed lines in the top panel highlights the peak intensity features of the

Mn4+ peaks. The broadening in the films’ XA spectra is caused by the mixed valence states

of Mn3+ and Mn4+.
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Figure 3.6: XMCD hysteresis loop taken at the Mn-L3 edge for the as-grown, 400◦C/10−7

atm PO2, 400
◦C, 600◦C, and 900◦C LSMO thin films.

Oxygen K-edge spectra were also taken on the LSMO samples and these spectra are shown

in Figure 3.7. It has been shown [76] that the peaks observed in O K-edge spectra can

be assigned to the oxygen bonding to either B-site or A-site cations. The reduction in

signal strength in the lowest energy peak as a function of the more reducing annealing

condition indicates a reduction in valence of the manganese cation [77], which is consistent

with expectations. The low-energy peak shows a minimum for the 600◦C sample which may

imply that the 900◦C sample had begun to transform to a more reduced phase or that it

had already began to revert back to the OD-P phase when the XAS measurements were

performed.
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Figure 3.7: Oxygen K-edge XA spectra in TEY mode for the annealed LSMO thin films. The

difference in the spectral shape arises, in part, from the oxidation state of the manganese

cation in the structure. As described in the text, the reduction in signal strength in the

low-energy peak marked by a dashed line as the annealing condition becomes more reducing

is an indication that the valence of the manganese cation is decreasing.

3.1.4 Discussion

Beginning with perovskite LSMO thin films, the samples underwent topotactic phase trans-

formation as confirmed by XRD, XRR, and XAS/XMCD studies. The only phases observed

in this study were the ODP and BM phases. Although the Grenier phase of LSMO is rarely

reported in the literature, it has been postulated and studied using density functional theory

(DFT) [74], which suggests that Grenier phase LSMO may be stabilized (or metastabilized)
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under certain synthesis or treatment conditions.

The O K-edge study shows that Mn L-edge XAS is not always adequate as a standalone

measurement when investigating the change of valence that occurs with phase transitions.

As seen in the comparison between the 600◦C and 900◦C O K-edge spectra, the high energy

feature is less pronounced in the 600◦C annealed sample. This could indicate that the 900◦C

annealed sample could have began to revert back to the OD-P phase, or that it had began to

transform into a more reduced phase. Further investigation could determine whether another

phase is accessible beyond brownmillerite by either increasing the annealing temperature,

reducing the PO2, or increasing the annealing duration.

Although the samples were stored in a room-temperature humidity-controlled dry box, they

began to revert back to the perovskite phase over the course of weeks and months after

annealing, as confirmed with XRD analysis. Future studies could involve finding a way to

stabilize these materials to improve their shelf-life, such as using the application of an oxygen

getter layer coating like Au and Gd similar to the technique used in Ref. [59].
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Table 3.2: Summary of phases accessible by topotaxy in manganite thin films. All samples

were deposited on (001)-oriented LSAT substrates using PLD and annealed for one hour at

the conditions in the first column.

Annealing Condition (◦C, atm PO2) Post-Annealing Phase

900, 10−12 BM

600, 10−12 BM

400, 10−12 ODP

400, 10−7 ODP

3.2 LaCoO3– δ/La0.7Sr0.3CoO3– δ Bilayers

For this stacking order of the cobaltites, a 15 nm layer of LSCO was deposited on (001)-

oriented LSAT first, followed by a 15 nm layer of LCO on top, using the same deposition

parameters as in the LSMO (see Section 3.1), and the samples were all structurally charac-

terized using XRR and XRD. The samples were all annealed for one hour at the following

conditions:

900◦C, 10−12 atm PO2

600◦C, 10−12 atm PO2

400◦C, 10−12 atm PO2

The samples were then structurally characterized again using XRD and XRR to observe

their topotactic phase transformations in Figures 3.8 and 3.9. Using XAS and XMCD mea-
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surements, the samples were magnetically characterized to observe the changes in magnetic

properties that accompany the structural changes. The XAS and XMCD data are shown

in Figure 3.11, and Figures 3.3 and 3.4 show the phase reversion behavior of the annealed

LSMO films.

3.2.1 Structural Characterization Results

XRR and XRD data are shown in Figures 3.8 and 3.9 and values are listed in Table 3.5.

The diffractogram of the 400◦C sample shows a mixed phase of BM and GR. The GR phase

has consistently wider peaks which indicates either it is a thinner film of the BM phase, or

that the GR phase has more structural defects than the BM phase. The past study from Dr.

Chiu showed that at these conditions, LCO thin films undergo topotactic phase transitions

to produce a BM/GR mixed phase, and LSCO thin films with the same annealing conditions

produce single phase BM films. Chapter 4 discusses future studies that could address these

uncertainties. The difference in XRR data shows that after annealing, the sample roughness

and the layer thickness increased, and the film density decreased. These observations are in

agreement with Dr. Chiu’s experiments on LCO and LSCO thin films [59].

The 600◦C sample was another mixed phase, this time consisting of both BM and RP

phases. Comparing the standalone thin films studied before, both the LCO and LSCO thin

film systems showed an absence of diffraction peaks for the samples annealed at 600◦C.

Further experiments showed the presence of a polycrystalline RP phase with an additional

Co nanoparticle precipitate. This result shows that the bilayer arrangement stabilizes the

BM and RP mixed phase at 600◦C for the LCO/LSCO bilayer system. The XRR shows an

increase in surface roughness and layer thickness, and a decrease in layer density.

Lastly, the LCO/LSCO bilayer annealed at 900◦C shows a single RP phase present after
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annealing which is congruent with the past studies of the single layer thin films. However,

LCO and LSCO in the RP phase are not expected to have the same out-of-plane lattice

parameter. The wide film peaks indicate that the sample has an imperfect structural quality

in comparison to the narrow as-grown sample film peaks. The XRR shows a substantial

increase in roughness, an increase in the layer thickness, and a decrease in the layer density.
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(a) (b)

Figure 3.8: (a) Full range XRD and (b) XRD of the (002) film and substrate peaks of the

LCO/LSCO bilayers exposed to various annealing conditions. The diffractograms in (a) show

the topotactic phase transitions that took place under the annealing conditions noted in the

panels. The 900◦C sample shows a strong signal for a single phase of RP. The 600◦C sample

shows a slightly weaker RP signal and an additional BM signal. The 400◦C sample shows

the presence of the GR and BM phases. In (b), the change in lattice parameter and peak

shape indicates that the bilayers underwent topotactic phase transformations. The green ♦

symbols mark diffraction peaks from an unidentified phase that could not be indexed with

the rest of the phases in the materials.
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Figure 3.9: LCO/LSCO XRR curves showing both as-grown and annealed samples.

The structural properties in Table 3.5 were obtained from XRR and XRD. The increase in

out-of-plane lattice parameter can be used to identify the phases present by determining the

amount by which the lattice parameter increases. For example, cRP = 3 ∗ cP , cBM = 4 ∗ cP ,

and cGR = 6 ∗ cP . Because the bilayers cannot be distinguished after the samples are

annealed, n ∗ cP and %∆ values are given for both layers and for both phases present in

the 600◦C and 400◦C samples. Similarly, the GenX fitting software was unable to resolve

the two distinct layers in the data and still produce a fit using values for density, thickness

and roughness that made physical sense. The bilayers are therefore tabulated as the “Total

Film Thickness” which is the sum of both individual layers. The 900◦C annealed sample

underwent a decrease in film thickness and a decrease in film density, whereas the 600◦C
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and the 400◦C samples underwent a film thickness increase accompanied with a film density

decrease. These changes in total film thickness and a decrease in film density for each of the

bilayer samples is in agreement with observations made in previous studies where RP phase

films produced by topotaxy become thinner and decrease in density [59]. A comparison of

the lattice parameters from the LCO/LSCO bilayer arrangement and the single layer films

from Dr. Chiu’s study are shown in Table 3.6.

Table 3.3: LCO/LSCO structural property table showing structural data of as-grown and

annealed samples.

3.2.2 Phase Reversion

Similar to the LSMO phase reversion study, after the LCO/LSCO samples were annealed,

the oxygen-deficient structures began to revert back to the perovskite phase by reabsorbing

oxygen back into the crystal structure. None of the samples show a complete phase reversion
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back to the perovskite phase on the timescale of this study. Figure 3.10 show the diffraction

patterns taken at the time of annealing and periodically afterwards in the following weeks

and months. In all the samples, the peaks shift toward the as-grown state, but do not return

completely over the duration of this study.

In the 400◦C annealed sample, the GR peaks diminish completely, meaning that phase reverts

to either BM or OD-P phase. It could also mean that the GR phase was in the layer that

was more exposed to oxygen, i.e., the top layer (LCO) which is where the GR phase was

observed in the single film studies [59].
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Figure 3.10: LCO/LSCO XRD curves showing the phase reversion after the samples were

annealed and stored in a dry box.
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3.2.3 LCO/LSCO Magnetic and Electronic Characterization Re-

sults

The XAS and XMCD spectra for the LCO/LSCO bilayer study were also collected at ALS

with 30◦grazing incidence, 80K sample temperature, and a magnetic field strength of ±1.93T

was chosen based on past studies [27, 59] to fully saturate the magnetic moments in the

material since LSCO is known to be a hard FM material [78]. The XA and XMCD spectra

are shown in Figure 3.11, along with reference spectra for Co2+ ions (La2CoMnO6), Co
3+

ions (LaCoO3), mixed Co3+/Co4+ ions (LSCO), and metallic cobalt.

The XA spectra are similar for the annealed samples in this sequence, with the most no-

ticeable difference occurring between the 400◦C and 600◦C samples, where it begins to take

on a spectral shape resembling the Co metal reference spectra. This observation could be

interpreted as cobalt nanoparticles precipitating out of the crystal structure, which occurred

in past studies of high-temperature anneals of LCO and LSCO [59]. This behavior is further

predicted by the cation-deficiency that occurs with the transition to the RP phase. Lan-

thanum is most stable in the 3+ valence state, strontium is most stable in the 2+ valence

state, and oxygen is most stable in the 2- valence state. By stoichiometric charge balance,

cobalt in the perovskite phase of LCO and LSCO has average valence states of Co3+ and

Co3.3+, respectively and likewise, Co2.34+ and Co2.64+ in the Grenier phase, Co2+ and Co2.3+

in the brownmillerite phase, and Co2+ and Co2.6+ in the Ruddlesden-Popper phase. Addi-

tionally, cobalt is known to take on different spin states in complex oxides such as high-spin,

low-spin, and intermediate-spin, however the spin-state of Co ions in LCO is still under de-

bate [79]. The shift in the main peak position towards lower energies occurs as the bilayers

are exposed to more reducing conditions, lowering the average valence of the cobalt.

The XMCD spectra that was calculated was all rather noisy and the cause for this obscuration
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is unknown. The as-grown sample matches closely in signal peak position to both the LCO

and LSCO reference spectra. Annealing at 400◦C completely diminished the XMCD signal

where the BM and GR phases were both observed by XRD, neither of which is ferromagnetic

in the LaCoOx system [80], but no evidence was found in the literature for La0.7Sr0.3CoOx

compositions. Annealing at 600◦C and 900◦C resulted in a clearer XMCD signal that again

resembled the metallic cobalt reference spectra, though the signal is still small compared to

the reference spectra.

The XMCD hysteresis loop shown in Figure 3.12 shows a dramatic difference in magnetiza-

tion between the as-grown sample and the 600◦C and 900◦C samples. The 600◦C and 900◦C

anealed samples have a much softer magnetic response compared to the as-grown sample

which is consistent with the magnetic response of Co nanoparticles [81]. The as-grown bi-

layer has a hard magnetic signal compared to the two annealed samples, meaning it requires

a stronger magnetic field to completely demagnetize the material. This property is known as

coercivity. Also, when the magnetic field is removed, the material retains much of the mag-

netization which is a magnetic material property known as remanence. In the LCO/LSCO

samples, the as grown bilayer has a higher coercivity, but a similar remanence.
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Figure 3.11: XAS and XMCD spectra for LCO/LSCO bilayer samples and reference spectra.

The as-grown sample shows agreement with the LCO and LSCO reference spectra in both

the XAS and XMCD signals. Annealing the bilayer system transforms the structure into

a BM/GR mixed phase at 400◦C, followed by RP/BM mixed phase at 600◦C, and finally,

RP single phase at 900◦C. The XMCD signals show a slight ferromagnetic nature for the

as-grown, 600◦C, and 900◦C samples, and no magnetic signal for the 400◦C sample.
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Figure 3.12: XMCD hysteresis loop taken at the Co-L3 edge for the as-grown, 600◦C, and

900◦C LCO/LSCO bilayer samples.

3.2.4 Discussion

From the as-grown perovskite phase, the LCO/LSCO bilayer system underwent topotactic

phase transformations under varying annealing conditions as confirmed by structural charac-

terization via XRD. From the perovskite phase, the 400◦C annealed bilayer showed a mixed

phase of BM and GR phases. In the single layer studies, LCO also formed a mixed phase

of BM/GR for the 600◦C annealed sample, while LSCO single layer in past studies only

formed BM phase. It is unable to be determined from the collected data which layer is

mixed phase or if the layers are both single phase, one BM, one GR. However, the intensities

and sharpness of the BM peaks in Figure 3.8a indicate that there is either more BM phase
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present than GR phase, the GR film is thinner, or that the GR phase has more structural

defects present than the BM phase. Further studies could extract this information using

phase contrast TEM and/or electron diffraction.

The LCO/LSCO sample that was annealed at 600◦C showed a notable difference from

the single-layer cobaltite thin films annealed under the same conditions. In the previous

study where individual films of LCO and LSCO were annealed and underwent topotactic

phase transformations, Dr. Chiu had found that the samples were polycrystalline RP and

cobalt nanoparticles. In the LCO/LSCO bilayer configuration, the crystallinity is maintained

through the 600◦C anneal, and clear peaks are identified as the BM and RP phase [59].

In the LCO/LSCO sample annealed at 900◦C, the perovskite structure of both layers trans-

formed into the RP phase. This result is in accord with expectations because in the past

studies [59] involving the single layer films of LCO and LSCO individually, the RP phase

was observed in both samples that were annealed at 900◦C.

The electronic characterization showed that the bilayer system was in mixed valence states,

as to be expected. The magnetic characterization results showed weak ferromagnetic signals

for the as-grown, the 600◦C, and the 900◦C bilayers, and no magnetic signal for the 400◦C

sample. Comparing these findings with the past studies, the LCO showed a weak ferromag-

netic signal for the as-grown, the 400◦C, and the 900◦C samples, and a large ferromagnetic

signal for the 600◦C sample, attributed to the cobalt nanoparticles that precipitated. For

the LSCO study, a weak ferromagnetic signal was observed for the 400◦C sample which had

transformed into the BM phase, and no observable ferromagnetic signal in the 900◦C sample

which transformed into the RP phase. Similar to the LCO study, the 600◦C LSCO thin film

sample precipitated cobalt nanoparticles and which gave a large ferromagnetic signal. The
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bilayer arrangement has shown to have the effect of stabilizing the BM/RP mixed phase at

600◦C, and preserving the crystallinity of the sample.

As observed in the LSMO samples, the LCO/LSCO bilayer system was metastable for a

period of weeks and months, however, the samples began to revert to a more oxidized state

over time.

3.3 La0.7Sr0.3CoO3– δ/LaCoO3– δ Bilayers

As mentioned in Section 3.2, the growth parameters of the bilayers was the same as for

the LSMO thin films, and the only difference with this bilayer system was the stacking

order. In the LSCO/LCO sample family, the LCO layer was deposited first, and then the

LSCO layer was deposited on top of the LCO layer. The LSCO/LCO bilayers were annealed

using identical annealing conditions as in the LCO/LSCO bilayer system. The structural

characterization results using XRR and XRD are shown in Figures 3.13 and 3.14, data for

the phase reversion study are shown in Figure 3.15 and the XAS and XMCD data are shown

in Figure 3.16.

3.3.1 Structural Characterization Results

Beginning with the as-grown perovskite phase, the samples underwent annealing and sub-

sequent topotactic phase transformations. At 400◦C, the LSCO/LCO bilayer transformed

to a mixed phase consisting of BM/GR phases. However in the LSCO/LCO stacking order,

the peak intensity for both phases is more equal, indicating that there is a similar volume of

BM to GR phase present in the LSCO/LCO bilayer compared to the more BM-rich 600◦C

annealed LCO/LSCO bilayer. Like the past mixed phase results, it is not possible to deter-

mine from these results which layer contributed to which phase(s). At 600◦C, the sample
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showed single BM phase. Finally, the 900◦C sample transformed into the RP phase, again

showing only one film peak even though both LCO and LSCO are present and their out-of-

plane lattice parameters in the RP phase are not predicted to be equal. The film peak in

the 900◦C annealed sample has a much narrower film peak compared to the reverse stacking

order which indicates that the 900◦C annealed LSCO/LCO sample is of higher structural

quality than that of the LCO/LSCO sample. The XRR data showed a decrease in density,

and an increase in both film thickness and roughness, all to an apparent larger extent than

seen in the LCO/LSCO bilayer system.
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(a) (b)

Figure 3.13: (a) XRD and (b) XRR curves of LSCO/LCO bilayers under various annealing

conditions. As the annealing temperature increases, the bilayers undergo topotactic phase

transformations confirmed by XRD measurements. The 400◦C sample takes on a mixed

phase of BM/GR, the 600◦C sample takes on a single BM phase, and the 900◦C sample

takes on the RP phase. As seen in the LCO/LSCO bilayer system, an unknown phase is

present in the 900◦C annealed sample and is marked with a green diamond symbol

.
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Figure 3.14: LSCO/LCO XRR curves showing both as-grown and annealed samples. As the

samples are annealed, they generally become thicker, rougher, and less dense.

The structural properties in Table 3.4 were obtained from XRR and XRD. Like with the

previous studies in this thesis, the increase in out-of-plane lattice parameter can be used

to identify the phases present by determining the amount by which the lattice parameter

increases. The bilayers in this stacking order also cannot be distinguished after the samples

are annealed, so n ∗ cP and %∆ values are given for both layers and for both phases present

in the 400◦C sample using Equations 3.1 and 3.2, respectively. Again, the fitting software

was unable to resolve the two distinct layers in the data and still produce a fit that made

physical sense so the bilayers are tabulated as the “Total Film Thickness” which is the sum

of both individual layers. The film thickness decrease observed was again observed in the
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900◦C sample, along with a decrease in the film density. Like in the previous bilayer stacking

arrangement, the 600◦C and the 400◦C samples both increase in film thickness and decrease

in density. A comparison of the lattice parameters from both bilayer arrangements and the

single layer films from Dr. Chiu’s study are shown in Table 3.6.

Table 3.4: LSCO/LCO structural property table showing both as-grown and annealed sam-

ples.

3.3.2 Phase Reversion

Like the LSMO and LCO/LSCO samples, after the LSCO/LCO samples were annealed, the

samples began to revert back to the perovskite phase as observed by their peaks shifting

back toward their as-grown values. None of the samples show a complete phase reversion

back to the perovskite phase on the timescale of this study. Figure 3.15 show the diffraction

patterns taken at the time of annealing and periodically afterwards in the following weeks

and months. In all the samples, the peaks shift toward the as-grown state, but do not return
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completely over the duration of this study.
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Figure 3.15: LSCO/LCO XRD curves showing the phase reversion after the samples were

annealed and stored in a dry box.
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3.3.3 LCO/LSCO Magnetic and Electronic Characterization Re-

sults

As with the LCO/LSCO bilayer system, the XAS and XMCD spectra for the LSCO/LCO

bilayer study were also collected at ALS with 30◦grazing incidence, 80K sample temperature,

and a magnetic field of ±1.93T to ensure the magnetic moments were fully saturated [27,

59]. The spectra are shown in Figure 3.16, along with reference spectra.

The XAS shows similar spectral shapes for all the samples, with the shift in peaks toward

lower energies arising from the decrease in valence. The 400◦C sample shows a shoulder on

the L3-edge peak, possibly a contribution from the Co2+ ion spectral characteristic. This

data aligns with the valence state by stoichiometric charge balance of Co3.3+ and Co3+ for

LSCO and LCO respectively in the perovskite phase, and Co2.3+ and Co2+ for LSCO and

LCO in the brownmillerite phase. That is to say, the population of Co2+ ions increases from

the perovskite to BM topotactic phase transformation. Again, the 600◦C and 900◦C bilayers

show a spectral shape that is similar to the metallic cobalt reference spectra which is as

expected because of the cation precipitation from the RP phase.

The XMCD signals are again noisy here, possibly for the same reasons as proposed in Section

3.2.3. The as-grown bilayer shows a slightly ferromagnetic signal with a roughly similar shape

as the LCO and LSCO reference spectra. As seen in the LCO/LSCO system, the 400◦C

annealed sample shows no XMCD signal. The ferromagnetic signal returns with the 600◦C

and 900◦C samples, which roughly match the energy of the metallic cobalt XMCD signal,

likely because of the presence of cobalt nanoparticles. This hypothesis could be confirmed

with the use of electron energy loss spectroscopy (EELS) or transmission electron microscope

(TEM) energy dispersive spectroscopy (EDS).
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Figure 3.16: XAS and XMCD spectra for LSCO/LCO bilayer samples and reference spectra.

The progression from as-grown to 900◦C anneal shows a reduction in valence as seen by the

peak shift to lower energies. The 400◦C sample shows a slight shoulder at the lower energy

side, possibly indicating an increase in Co2+ ion population. The 600◦C and 900◦C samples

show a similar characteristic as the metallic cobalt reference spectra, pointing to the cobalt

nanoparticles that could have precipitated out in the cation-deficient RP phase. The XMCD

spectra show a ferromagnetic quality in the as-grown sample that disappears when annealed

at 400◦C, but returns under the 600◦C and 900◦C anneals. The reason for the return could

also be because of the cobalt nanoparticle precipitate.
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In the XMCD hysteresis loops shown in Figure 3.17, the three loops were taken at the

Co-L3 edge. The as-grown sample has a harder magnetic characteristic than the annealed

samples due to its larger coercivity and the 600◦C and 900◦C annealed bilayers have a smaller

coercivity.

Figure 3.17: XMCD hysteresis loop taken at the Co-L3 edge for the as-grown, 600◦C, and

900◦C LSCO/LCO bilayers.

3.4 Graded Layer Investigation

In the cobaltite bilayer samples, one of the constituent layers contains an amount of Sr

(LSCO) where the other layer is Sr-free (LCO). Because of this difference in concentration,

Fick’s First Law suggests that the Sr could diffuse from the region of higher concentration
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to the region of lower Sr concentration. To assess whether or not the inter-layer diffusion

is occurring through the bilayer, XPS was used to determine the strontium concentration

of the top layer of the following four samples all grown under the same growth parameters

on LSAT substrates. Results from this investigation also showed that there were differences

in the other electronic species present in the samples by comparing signals given by each

sample in the individual scans for La 3d, Co 2p, Sr 3d, O 1s, and C 1s electron species.

LCO thin film

LSCO thin film

LCO/LSCO bilayer

LSCO/LCO bilayer

The expectation was that the LCO thin film and LCO/LSCO bilayer would not have a Sr

signal in their XPS spectra, where the LSCO thin film and LSCO/LCO bilayer would have

Sr present in the sampling depth of the XPS.

J = −D
dC

dz
(3.3)

Equation 3.3 is Fick’s First Law for one-dimensional diffusion where J is the diffusion flux,

D is the diffusivity of the diffusing species, and dC
dz

is the z-direction concentration gradient

of the diffusing species.
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Figure 3.18: XPS wide spectra for cobaltite bilayers and single layers. The pink boxes

highlight the absence of the strontium signal in the LCO thin film and LCO/LSCO bilayer

system.
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Figure 3.19: XPS spectra for selected electron species in cobaltite bilayers and single layers.

No background correction or peak smoothing was performed.
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Since XPS is a surface-sensitive technique, the presence of a strontium signal in the LCO thin

film or LCO/LSCO bilayer would indicate that the strontium was diffusing from a lower layer

or from the substrate. The wide scan XPS spectra are shown in Figure 3.18 and individual

elemental species are shown in Figure 3.19. In the wide spectra, the pink highlighted boxes

show the absence of strontium in the LCO thin film and LCO/LSCO bilayer. This is further

illustrated in the individual elemental species scans, specifically the Sr 3d scan and the Sr 3p

peaks within the C 1s scan. Cobalt, lanthanum, and oxygen electron systems are included

to show that this technique is also sensitive to changes that may not be observable using the

other instruments in this chapter. For example, a higher intensity in La 3d, Co 2p, and O 1s

signals was observed in the LCO thin film sample and could have arisen from contamination

existing on the three other samples even though all samples in this experiment were stored

and cleaned with identical conditions. The Co 2p shows that the LCO and LCO/LSCO

have a sharper peak, meaning that the cobalt valence is more homogeneous in the LCO and

LCO/LSCO samples (only having Co3+ in the LCO) compared to the broadened signal seen

in the LSCO and LSCO/LCO samples from the mixed valence of Co3.3+ in the LSCO layers.

The O 1s peaks are broader for the LSCO and LSCO/LCO samples, indicating a larger

variety of oxygen species present in the lattice. Lastly, the C 1s peaks show the presence of

contaminants on the sample surface. Sample handling was the same for all these samples,

however, the bilayer samples were used in Beamline measurements, so the carbon tape used

in those experiments potentially contributed to this difference in contamination levels.

The results of the XPS analysis revealed a distinction between the two bilayer configurations.

In the case of LCO/LSCO/LSAT configuration, the absence of any detectable Sr signal in the

XPS spectra indicated that the Sr did not migrate into the LCO from the LSCO layer during

the deposition process. This observation suggests that the Sr cations remained confined

within the LSCO layer. This study could be further reinforced by using angle resolved XPS
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or by using XPS equipped with an ion mill for depth profiling to ablate the top surface and

measure deeper into the sample.

3.5 Thin Film & Bilayer Comparison

In the single layer films studies performed by Dr. Chiu, the RP phase was observed in both

LCO and LSCO films annealed at 900◦C, with an additional unidentified phase in the LCO

system. Similarly, both the LCO/LSCO and LSCO/LCO bilayer arrangements formed the

RP phase when annealed at 900◦C.

The single layer films annealed at 600◦C both produced Co nanoparticles as well as a poly-

crystalline RP (pRP) phase in the LSCO film, however, in the bilayer samples, there was

obvious crystal structure peaks that were indexed a mixed RP/BM phase in the LCO/LSCO

system and a single phase BM phase in the LSCO/LCO system.

The 400◦C annealing condition produced a mixed phase of BM/GR in the LCO film, and

a single phase BM structure in the LSCO film. Both stacking orders of the bilayer system

produced a BM/GR mixed phase.

Table 3.5 shows a comparison of the phases achieved by annealing the single layer thin films

and the bilayers formed by stacking those single in the two different orders. The bilayer

arrangements not only stabilize phases that are not accessible in either of the constituent

single layer thin films, but also add a degree of freedom for tuning the behavior of the

bilayer systems because the annealing conditions can lead to the formation of different phases

depending on the stacking order. This detail can be used to design and fabricate bilayers

with specifically tuned properties that arise in the phases produced by topotaxy.
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Table 3.5: Summary of phases accessible by topotaxy in cobaltite bilayers compared to single

layer thin films. The ♦ symbol represents the unidentified phase observed in Dr. Chiu’s XRD

experiments [59]. All samples were deposited on (001)-oriented LSAT substrates using PLD

and annealed for one hour at the conditions in the first column.

Annealing

Condition

(◦C, atm PO2)

LCO [59] LSCO [59] LCO/LSCO LSCO/LCO

900, 10−12 RP ♦ RP RP RP

600, 10−12 NP NP/pRP RP/BM BM

400, 10−12 BM/GR BM BM/GR BM/GR

Table 3.6 shows a comparison of the lattice parameters of the annealed bilayers in the two

stacking orders, as well as the lattice parameters from the past annealed thin film studies

using individual LCO and LSCO components. The values of the bilayer studies agree very

well with those of the thin film study [59]. The LCO thin film in the RP phase had an out-of-

plane lattice parameter of 12.78 Å, whereas the RP phase in the LSCO/LCO bilayer system

had a value of 12.77 Å. The LSCO in RP phase had an out-of-plane lattice parameter of 12.89

Å, whereas the RP phase in the LCO/LSCO bilayer system appeared in both the 900◦C and

600◦C samples, and had values of 12.93 Å and 12.91 Å, respectively, which corresponds to a

standard deviation of 0.07 Å.

The out-of-plane lattice values for in the other bilayer and thin films had lattice parameters

with a standard deviation of 0.07 and 0.22 Å, for the GR and BM phases, respectively.
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Comparing the lattice parameters of the 600◦C bilayers to the BM phase in the 400◦C

bilayers and thin films, those from the 600◦C bilayers are lower.

Table 3.6: Lattice parameter comparison of the two different stacking orders of the bilayer

systems, as well as the constituent thin films annealed under the same conditions from Ref.

[59].

3.6 Summary

This chapter showed and discussed the results of experimentation using the instruments

described in Chapter 2. The LSCO/LCO bilayer system behaved similar to the LCO/LSCO

bilayer system with a few key differences. In all annealing conditions the bilayers underwent

topotactic phase transformations which was observed by XRD. Beginning with the 400◦C

sample, the perovskite bilayer transformed into a mixed BM/GR phase. One difference

between the two bilayer systems was that the LSCO/LCO bilayer system showed a single

BM phase at 600◦C, where the LCO/LSCO bilayer system showed a mixed phase. Finally,

the 900◦C sample showed a single RP phase.

The electronic characterization showed that as the annealing condition increased, the valence

state of the cobalt ions in the bilayers decreased, which also supports the topotactic phase
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transformations observed by XRD. The magnetic study showed that the as-grown bilayer had

a weak ferromagnetic signal, which diminished completely upon annealing at 400◦C, then

returned with the 600◦C and 900◦C anneals. Comparing this data to the prior study con-

ducted on the single films, the 400◦C LCO sample showed a near nonexistent ferromagnetic

signal by XMCD, the 600◦C sample showed a strong ferromagnetic signal which diminished

with the 900◦C sample. In the LSCO study, the as-grown sample showed a ferromagnetic

signal that decreased under the 400◦C BM phase, became strong again under the 600◦C

polycrystalline RP/cobalt nanoparticle mixed phase, then diminished again in the 900◦C

RP phase.

The graded layer investigation showed that the top layer (probe depth of XPS) of the

LCO/LSCO bilayer system did not contain any strontium. This study is not appropri-

ate to conclude whether or not the strontium from LSCO is diffusing down into the LCO

in the LSCO/LCO bilayer system. Further studies could involve resonant X-ray reflectivity

to determine the depth profile of the strontium in these bilayers. Alternatively, using the

ion mill equipped on the XPS would be a destructive technique that could show the depth

profiles of all ions in the film.
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Chapter 4

Conclusions

This thesis showed that the LSMO perovskite system behaves differently from the past

studies of similar thin films consisting of first row transition metal cations including the

LCO and LSCO single layer thin films [59]. This results comes at no surprise since the

B-site cation has already been observed to affect the stability and kinetics of different phases

leading to different topotactic phase transformations being present for the same annealing

condition [59]. The bilayer cobaltite system study illustrated two key findings: 1) growing

two films on top of one another changes the chemistry and mechanics of the crystal structure

in such a way that annealing them produces results that are different from their equivalent

single layer thin film arrangements, and 2) the stacking order plays a role in changing the

chemistry and mechanical properties of the system and changes the resulting phase after

annealing at a given temperature. Changing the order of a bilayer stack essentially produces

a distinct material with different topotactic behaviors from another stack arrangement.

The temperature, pressure, composition, and stacking order are factors that impact the
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topotactic phase transformations observed in perovskite thin films and bilayers in this thesis.

Other factors could include film thickness, degree and state of epitaxial strain, and the A-site

cation and dopant selection and concentration. All of these experimental variables can be

used to study their effect on topotactic phase transformation in epitaxial perovskite oxides.

4.1 Future Work

There are several limitations of the work in this thesis that should be addressed in future

related studies. Since there was only one instance of a particular sample that was annealed

at a certain condition, a big question of the repeatability of these experiments still exists.

Future studies should include duplicate samples to ensure that the topotactic phase trans-

formations can be reproduced in another occurrence to eliminate factors of chance from the

resulting conclusions. The metastability of the consequent phases produced can also be sys-

tematically studied by performing analyses at timed intervals similar to another study by

Dr. Chiu [59]. By determining the “shelf-life” of the post-annealed samples, future studies

on similar materials can have a more defined experimental timeline where results will be the

most accurate to a particular structure that was produced by topotaxy. This study could

also involve researching the conditions that drive the oxygen-deficient phases back to the

perovskite phase most completely so that a switching profile can be quantified. Lastly, the

homogeneity of the phases produced in both the thin film study and the bilayer studies was

left unquantified. The question remains whether or not the thin films and individual layers

were all one phase or not and this could be addressed in future studies.

To help determine the extent of concentration gradient in future bilayer studies, Rutherford

backscattering spectrometry (RBS) is a quantitative analysis technique that could be used

to determine the depth profile of elements present in the sample [26]. With the use of a
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heating stage or temperature controlled chamber, this experiment could also be done in

situ to more closely observe the B-site cation and oxygen anion migration kinetics during

topotactic phase transformations.

The XRD experiments performed in this thesis were all done ex situ, however a more complete

insight into the topotactic phase transformation would be possible with in situ XRD and

XPS [82] to observe any intermediate phases [26]. Using this tool in addition to differential

scanning calorimetry (DSC) [83] could show more exact conditions leading to the topotactic

phase transformations observed which could allow for a closer study of the kinetics involved

and it could inform the role of annealing duration on topotactic phase transformations,

which was not well-explored in this thesis. In situ high-resolution TEM experiments [84]

have allowed for the direct observation of topotactic phase transformations in perovskite

oxides and could also be used for precisely measuring the atomic positions as the structure

changes [15].

To help determine the role of epitaxial strain in the topotactic phase transformations ob-

served, the selection of different substrates could be used as an experimental variable. By

choosing a substrate with a larger lattice parameter than LSAT, such as SrTiO3 (STO),

the LCO/LSCO bilayer system will be in even more tensile strain, and the LSMO will be in

tensile strain rather than compressive strain when using LSAT as the substrate. As shown in

Figure 4.1, a number of perovskite-compatible substrates exist which allows for a systematic

study of how strain influences the topotactic phase transformations.
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Figure 4.1: Perovskite and perovskite-related substrates plotted with their associated pseu-

docubic lattice parameters. The number of substrates to choose from could facilitate a study

of the effect of epitaxial strain on topotactic phase transformations (adapted from Ref. [85]).

The dopant content in LSMO and LSCO could also provide an experimental variable for

future work. By systematically changing the A-site doping element and concentration in

the perovskite, the valence and crystal lattice distortions will change and thus change the

condition to cause a topotactic phase transformation or possibly what stable structures can

be formed.

Density functional theory is a well-developed and complementary technique that has been
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used to support the observations and model the compositional and electronic structure of

perovskite thin films [26, 59] and could be used in future studies to gain a more complete

understanding of the kinetics and changes that occur in topotactic phase transformations.

Machine learning is another computational tool that has been gaining momentum in materi-

als science [86], [87] and has been used to aid in the discovery of new and stable perovskites

with a variety of functional properties such as high oxygen or proton conductivity for the

discovery of new fuel cell materials [88]. By analyzing large datasets, machine learning can

enable researchers to reduce the parameter space of experimentation by identifying patterns

and correlations between perovskite composition and material properties to predict and in-

form suitable combinations for experimentation. Further development of machine learning

algorithms could be useful in predicting other structural phases accessible via topotaxy for

a given composition and condition and their corresponding functional properties such as

magnetic phases, transition temperatures, and high-Tc superconductivity.

The topotactic phase transformations observed in this thesis have given insight into the

deeper mechanics responsible for the compositional and structural evolutions that take place

under different annealing conditions. The results highlight the relevance of these materials

for different applications and devices, but it also calls attention to the necessity for further

studies to be conducted in order gain a better understanding of all of the factors that

contribute to topotaxy in perovskite oxides. This thesis adds to a growing body of knowledge

of topotactic phase transformations and can inform new avenues of research in this developing

field for researching new and improved perovskite materials.
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