NORTHWESTERN UNIVERSITY

Understanding Atomic Structure and Structural Evolution of Perovskite Oxides at the 2-D Limit:
From Surface to Thin Film

A DISSERTATION

SUBMITTED TO THE GRADUATE SCHOOL
IN PARTIAL FULFILLMENT OF THE REQUREMENTS

for the degree

DOCTOR OF PHILOSOPHY

Field of Materials Science and Engineering

By

Tassie K. Andersen

EVANSTON, ILLINOIS

September 2018



© Copyright by Tassie K. Andersen 2018

All Rights Reserved



ABSTRACT

Understanding Atomic Structure and Structural Evolution of Perovskite Oxides at
the 2-D Limit: From Surface to Thin Film

Tassie K. Andersen

Perovskite oxide materials for the wide array of properties that make them candidate
materials for application ranging from catalysis, to electronics, to beyond-Moore computation. As
many of these oxides share similar structures they can be combined in a seemingly-endless number
of ways to produce the desired properties for a given application. Understanding of their surface
structures and interface formation during growth however, is an area not given enough attention,
especially in a class of materials that relies heavily on interfaces to produce its unique properties.
The objective of this dissertation is to present theories and tools for probing and understanding the

atomic structure of perovskite materials at the 2-D limit (i.e. surfaces and thin films).

In this dissertation the applicability of Pauling’s rules to prediction and determination of
oxide surface structures is presented. Examples of solved surface reconstructions on SrTiOz (1 0 0),
(110), and (1 1 1) are considered as well as nanostructures on these surfaces and a few other
ABO3 oxide materials. These rules are found to explain atomic arrangements for reconstructions
and thin films just as they apply to bulk oxide materials. Using this data and Pauling’s rules, the

fundamental structural units of reconstructions and their arrangement are discussed.

Pauling’s rules are applied to the SrTiOz (1 1 1) surface to solve the atomic structures of
two reconstructions, (N7 x V7)R19.1° and (V13 x V13)R13.9°. These structures were determined
using a combination of density functional theory and scanning tunneling microscopy data and

APW+lo density functional theory minimizations and simulations. These reconstructions belong
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to the same structural family made up of an interconnected, single layer of edge-sharing TiOs and
TiOs[] octahedra. This family is found to include the previously-solved (2 x 2)a reconstruction.
This reconstruction family and the calculations of surface energies for different hypothesis
structures also shed light on the structure of Schottky defects observed on these reconstructed

SrTOs3 (1 1 1) surfaces.

Moving from surfaces to thin films, growth of strontium cobalt oxide thin films by
molecular beam epitaxy, and conditions necessary to stabilize different defect concentration
phases are reported. In situ X-ray scattering is used to monitor structural evolution during
growth, while in situ X-ray absorption near-edge spectroscopy is used to probe oxidation state
and measure changes to oxygen vacancy concentration as a function of film thickness.
Experimental results are compared to kinetically-limited thermodynamic predictions, in
particular, solute trapping, with semi-quantitative agreement. Agreement between observations
of dependence of cobaltite phase on oxidation activity and deposition rate, and predictions
indicates that a combined experimental/theoretical approach is key to understanding phase

behavior in the strontium cobalt oxide system.

To facilitate studies of thin film structure, a portable metalorganic gas delivery system
was designed and constructed to interface with an existing molecular beam epitaxy chamber at
beamline 33-IDE of the Advanced Photon Source. This system offers the ability to perform in
situ X-ray measurements of complex oxide growth via hybrid molecular beam epitaxy.
Performance of the hybrid molecular beam epitaxy system while delivering metalorganic source
materials is described. The high-energy X-ray scattering capabilities of the hybrid molecular

beam epitaxy system are demonstrated both on oxide films grown solely from the metalorganic
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source, and ABOs oxide perovskites containing elements from both the metalorganic source and

a traditional effusion cell.
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1.1 Motivation and Scope

Oxide materials contain metal cations and oxygen anions. We interact with these materials
on a daily basis; the surfaces we encounter are often oxidized simply by contact with oxygen in
the air itself. The family of oxide materials also encompasses diverse crystalline materials and
many of these comprise transition metals, known to support a variety of different types of bonding

and properties with their d and f orbital electrons.

Transition metal oxide materials are relevant to a multitude of applications including
energy generation and storage [1-4], computation [5, 6], catalysis [7-14], gas sensing [15], and
electronics [16-23], however effectively applying these materials to such a wide range of
applications hinges upon realizing a similarly diverse set of properties. This can be done through
manipulation of the structure or surface of a material or, alternatively, novel properties can be
achieved by combining two oxide materials with similar crystal structures. Unfortunately, many
material properties are inexorably linked such that a trade-off between particularly useful aspects
exists. Luckily, there are multiple strategies for obtaining desired properties oxide material offer
without sacrificing others. The multitude of transition metals, rare earth, or lanthanide cations that
can be incorporated into oxides leads to a great deal of flexibility in engineering the material for
these properties. Additionally, their similar crystal structures facilitate the synthesis of

heterostructures to address the common trade-offs associated with materials design.

Many technologically relevant oxide materials, including those discussed herein, belong to
the perovskite, ABOg, structure family where A and B are metal cations and B is typically a
transition metal. Since their structures and the size of their unit cells are quite similar, many of

these materials can be combined in different permutations while retaining a perovskite-like
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crystalline structure. Despite the relative simplicity of the ideal structure, there can be wide
variations across the entire family of oxides allowing further customization of this general
crystalline framework. The differing size ratios of A:B cations in different perovskites lead to
many changes in structure beyond simply the unit cell size. These variations include octahedral
tilting, rhombohedral distortion, and oxygen vacancy defects among other structural imperfections
or deviations from the perfect perovskite [24, 25]. All of these features contribute complexity to

observed structures.

Outside of the structural variations in perovskite-based crystals, there is one part of a
material that is often overlooked despite being the one we interact with most frequently.
Crystallography is often thought to concern only the periodic structure of a bulk crystal; however
the surface of a crystal can be equally important. When a crystal is cleaved, the exposed surface
cannot be considered to be the same as the bulk crystal. For a surface to be stable instances of
atomic under or over-bonding must be eliminated and compensation must occur such that the
material does not have an overall formal charge. When a degree of freedom is limited, representing
a finite surface, structural determination can be challenging even in bulk single-crystals, as shown
in Figure 1.1. Changes from the bulk can include but are not limited to full surface reconstructions,
step-terraces, surface atomic defects such as vacancies, and adsorption of small molecules from

the environment. Often more than one of these phenomenon is present on a given surface.
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Reconstruction Step-Terraces Defects Adsorption

Figure 1.1 Complexities of atomic structure at an idealized ABO3 surface illustrating a surface
reconstruction, unit cell step-height terraces, simple oxygen vacancy defects, and adsorption of
*-OH’ groups.

One consequence of this complexity manifests in the observation of a multitude of surface
reconstructions on perovskites including SrTiOs, BaTiOgz, and LiNbO3 [26-63]. It is logical to think
that different surface reconstructions would lead to variations in materials grown on them and in
fact, reconstructions have been demonstrated to affect the structure of films beyond the normally-
considered aspects of strain and inter-diffusion [64-66]. Not only does the surface of a substrate
affect thin film growth, but when different oxide materials are combined in a film the interface
between them will form a unique structure. In thin films and heterostructures, the role of surfaces
dominates because they are such a significant portion of the material and these interfacial regions
can influence a device’s properties [16, 17, 23, 67-74]. This makes it essential to identify and target
specific substrate surfaces to achieve desired properties after growth. The starting surface of a
substrate goes on to form the interfacial structure of interest, and it may also affect the surface

structure of the resulting thin film.
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The focus of this work is on understanding the structural evolution of oxides at the 2-D

limit from single crystal surfaces to thin films. Understanding the initial structures of oxide films
provides a more complete picture for their use in devices. Determining the structure of common
oxide growth substrates facilitates identifying the fundamental units of oxide surface structures,
including differences between oxide thin films grown by homoepitaxy and those grown by
heteroepitaxy. This knowledge provides a basis for understanding and predicting surface structures
of common ABOs oxides while also providing a toolset for investigating the transition from

surface to thin film in oxide growth applications.

Building a complete picture of oxide surface and interface structures requires a wide variety
of techniques and using these techniques in concert with each other in efficient ways is an
important aspect of these investigations. A variety of techniques including density functional
theory (DFT), in situ surface X-ray scattering (SXRD), X-ray absorption spectroscopy (XAS),
thermodynamic calculations, oxide molecular beam epitaxy (MBE), and metalorganic hybrid
molecular beam epitaxy (HMBE) were employed during this investigation. Quantum-based
calculations like DFT are often accompanied by substantial computing cost in modeling surfaces
while thin film growth is time-consuming and requires much trial and error. By employing the
various strategies presented herein, the effort on the part of the experimenter, and the costs
associated with these investigations (computation, time, etc.) can be significantly reduced. To this
end a variety of cases including structure prediction on oxide surfaces, DFT of large surface
reconstructions, thermodynamic calculations for understanding cobaltite thin film growth, and new
tools for probing the mechanisms of HMBE are discussed as both interesting in their own right

and as models for future studies of challenging systems. Investigating structurally relevant systems
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and synthetically promising techniques provides a route for understanding and harnessing

complexity in the family of perovskite oxide materials.

1.2 Organization

This work strives to unite theoretical prediction and experiment while investigating oxide
structures of increasing complexity. This dissertation is presented as follows: Chapter Two covers
additional background information on common structures discussed further in the subsequent
sections. Chapter Three discusses the methods forming the basis of these investigations, both
theoretical and experimental. After this, the thesis has two general sections: the first section, which
comprises Chapters Four and Five, primarily focusing on DFT and surface reconstructions on
SrTiOs. Chapter Four focuses on the fundamental units of reconstructions on the most common
truncations- (1 0 0), (1 1 0), and (1 1 1)- of the SrTiO3 perovskite. Predictive rules for surface
structure generation and determination strategies for common oxide substrate materials, especially
SrTiOs, serve as a starting point and foundation for this discussion. Chapter Five covers an
application of the model laid out in Chapter Four and discusses solving two related reconstructions
on SrTiOs (1 1 1). The next chapters make up the second section of this dissertation, where the
focus is on understanding and providing tools and techniques for thin film growth of oxide
materials. Chapter Six details the growth and structural evolution of strontium cobaltite thin films
via MBE within the context of thermodynamic and kinetic factors. The functional role of oxygen
vacancies in these materials is investigated in the thin film growth. Chapters Seven and Eight
outline the design, construction, testing, and initial experimental results of a hybrid MBE system
constructed for the purpose of in situ structural evolution measurements using X-ray scattering

techniques. Finally, Chapter Nine discusses ongoing work and related possible future
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investigations. The experimental work performed as part of this thesis were based primarily on
synchrotron X-rays provided by the Advanced Photon Source, and the beamline experiments
involving oxide MBE were performed with significant help from Seyoung Cook. The contributions

of co-authors, where appropriate, are indicated in the beginning pages of each chapter.
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The sections of this work all deal with understanding interfaces and growth in perovskite

oxide materials. As such, this section provides general background information useful for
understanding the more in-depth discussion in the chapters that follow. First, the basics of the
perovskite structure are discussed because all of the oxide materials investigated in this work are
either perovskites or related structures. Favorable aspects of these structures are outlined including
how they can incorporate a variety of properties and be combined into unique heterostructures. A
number of structures related to the perovskite architecture including the Brownmillerite and
Ruddlesden-Popper structures are also introduced. These crystal structures are relevant to the
strontium cobaltite materials discussed in a later chapter and to oxide growth in general. Once the
important features of these materials have been covered, aspects regarding their surface structures
can be considered. Common nomenclature for surface structures as well as important differences
between surface and bulk structures are briefly discussed. This information prepares readers for
the more in-depth discussions of the nuances of perovskite-based structures and their surfaces in
the chapters to follow. Information regarding experimental and theoretical methods are
summarized separately in Chapter Three. Each chapter describing research contains additional

specific background information and these chapters are mentioned as necessary.

2.1 Perovskites

Many oxide materials of technological importance, and the majority of those discussed in
this thesis, belong to the perovskite, ABOs, structure family. In perovskites, the cation represented
by A is often a member of Group | or Il of the periodic table, though it can also be a lanthanide
element. This cation sits in a 12-fold coordination environment with oxygen. Cations represented

by B are often transition metals and are bonded to six oxygens, resulting in an octahedral
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orientation. An ideal cubic perovskite structure is shown in Figure 2.1. Due to differing size ratios
between A and B cations, common variations on this structure include rhombohedral distortion

and octahedral rotations.

c
L.
a

Figure 2.1 Perovskite structure of SrTiOs.
2.2 Multivalent Transition Metals

Transition metals are able to support multiple valence states. This allows them to be
particularly flexible in the structures they can adopt. These materials are the focus of this thesis
work. Titanium and cobalt are the two transition metals discussed in the majority of investigations
presented herein. Their electronic structures allow them to accommodate doping, complex cation
ordering, and they can maintain their framework structure even with a large number of oxygen
vacancies. While this allows great versatility, it also makes synthesis of these materials more
challenging, given the large number of possible structures they can adopt. In fact, there are many
factors to consider when targeting growth of a specific phase. One oxide material that provides an
example of this is the family of strontium cobalt oxides, Sr-Co-O, discussed extensively in Chapter
Six. Cobalt can easily take on oxidation states ranging from +2 to +4, forming bonds with 4-6
oxygen atoms in its local coordination environment. There are other transition metals that can

adopt multiple valence states, including Fe and Mn [75-79], that may behave similarly. However,
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cobalt is particularly sensitive to its oxygen environment and can easily switch between structures
accompanying changes in oxygen content. In some cases, this results in significant changes to
material properties. Since many oxide materials belong to the same structure family, it is a logical

assumption to make that they could be combined in various ways through clever synthesis.

2.3 Superlattices

As most perovskite and perovskite-derived oxides have similar unit-cell dimensions [80,
81], they can be combined through various synthetic means to produce even more complex
structures. Since epitaxial strain is low between different members of the perovskite-derived
families, they can easily be layered through controlled synthesis by using a variety of deposition
methods. Most commonly pulsed laser deposition (PLD) and MBE are employed to create
superlattice structures. The hybrid MBE growth system introduced and discussed in Chapters
Seven and 8 provides another method for creating these types of films. This synthesis method is

discussed in more depth in the aforementioned chapters.

Manipulating the properties of a given film is often done by doping or mixed-cation
synthesis. Doping of both the A- and B-site cations has been investigated for many perovskite
systems [80, 82-88]. Higher content mixtures, such as those represented by AxA’1.xBO, AByB’1-
yO, or even AxA’1xByB’1,0O alloys (as opposed to cation ordered superlattices) have also been

synthesized.

With many synthesis options available and a toolset of materials that can be assembled like
Legos™, film growers are able to target specific properties. In the cases of superlattices and thin
films, it is often the properties of the interfaces themselves that are of interest [89, 90]. These range

from application-specific properties like catalytic activity [3, 7, 8, 10-13, 91-93],
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superconductivity [94-98], and metal-insulator transitions [99-101], to more exotic phenomena
such as spin frustration [102, 103]. Doping and superlattice growth allow for desired properties to
be incorporated, produce unique materials for studying the fundamental physics of oxides, and can

serve more practical purposes such as the simple goal of improving a film’s stability [75, 76, 104].

Superlattices are not just limited to combinations of different perovskites. There are many
related structures that can also be combined in superlattices or grown as thin films on a perovskite

substrate.

2.4 Brownmillerite

Other structures that are common in the oxide materials include those derived from the
parent perovskite structure. One example, which will be further discussed in the case of strontium
cobalt oxides in Chapter Six, is the Brownmillerite structure. The technological relevance of this
structure and further background details are contained in Chapter Six. This structure is formed
from a supercell of perovskite units with ordered oxygen vacancies, creating vacancy channels in
a preferential direction. The unit cell of the Brownmillerite structure is four times that of the
perovskite in one direction and V2 times in the other two directions. As such, if it is epitaxially
grown on a perovskite (1 0 0) surface, its simplest unit cell will exhibit a 45° rotation with respect

to the perovskite in-plane structure. The Brownmillerite’s structure is illustrated in Figure 2.2.
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Figure 2.2 Brownmillerite structure of SrCoQO2s.

The Brownmillerite structure is formed by removal of 1/6 of the oxygen atoms in the
perovskite, written as ABO2s. The quadrupling of the unit cell in one direction is a direct
consequence of the B cation adopting an alternating sequence of octahedral/tetrahedral
coordination due to an alternating oxygen vacancy concentration along the [0 0 1] direction.
Tetrahedral units can have different orientations within this framework and within a
Brownmillerite unit cell they alternate between two of these, resulting in the quadrupled unit cell

(Figure 2.2).

This structure, where oxygens are removed from the perfect perovskite, is a member of a
homologous series of structures with the formula ABOgan-1m, With n = 2, 4, 8, theoretically
increasing up to oo. Other members of this series have been observed with different oxygen vacancy

ordering [105]. While this structure is created by introducing oxygen vacancies into the perovskite,
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there are other structures that rely on periodic combinations of perovskites with compatible oxide

materials.

2.5 Ruddlesden-Popper

Another structural variation on the perovskite theme is the Ruddlesden-Popper structure.
As this structure is discussed in-depth in Chapter Six it is introduced here simply to provide
familiarity with its elements. This structure is created by an intergrowth of perovskite and rock salt
units with cube-on-cube epitaxy. Different members of this series are created by changing the
number of perovskite units in a unit cell, varying the overall ratio of perovskite to rock salt. The
series of oxide compounds with this structure are represented by: An+1BnOzn+1 (n =1, 2, 3, ...0).
An example of this series is shown in Figure 2.3 along with the perovskite and rock salt units that

provide its building blocks.
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Figure 2.3 The Ruddlesden-Popper series of Srn+1TinOzn+1 (n =1, 2, 3, ...c0) and its perovskite
and rock salt building blocks.

Since this family of structures incorporates the perovskite, it can easily be integrated with
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other perovskite structures. As with the parent perovskite, there is structural variation within the
Ruddlesden-Popper framework. Additionally, as an oxide material with two different cations,

Ruddlesden-Popper structures have many similar defects and distortions to their perovskite parent.

2.6 Oxygen Vacancies in Perovskite Materials

For oxide materials, oxygen vacancies are a common functional defect. In these structures,
oxygen has greater mobility while the cations maintain a relatively rigid framework [106]. The
Brownmillerite structure is a good example of the importance that oxygen defects play- it is an
ordered structure derived from the perovskite with vacancies. The ability of many oxide materials
to lose and gain oxygen with relative ease is a desirable property in its own right, but understanding
the defects present in oxide materials and controlling the extent to which they appear is of
particular concern for surfaces and growth. More complex structures, like the previously-discussed
Ruddlesden-Popper phases, are also prone to the formation of oxygen vacancies, sometimes
resulting in additional ordering [107, 108]. As such, considering oxygen vacancies and
understanding how they are formed, as well as the role they play in the resulting properties is
highly relevant to all oxide materials. Oxygen vacancies are discussed in the context of synthesis
in-depth in Chapter Six and additional background including the motivations for controlling these

defects in cobaltite oxides are presented therein.

Oxygen vacancies represent just one type of defect in the oxide materials, though they are
a very common one. In addition to the various complexities present in the bulk structure of oxides,
there is also the separate matter of a materials surface. Since surfaces and interfaces ae so important
to the growth of superlattices and the properties of oxide materials it is important to understand

their structure and features.
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2.7 Surface Structures
The surface of a crystalline material is distinct from the bulk because the truncation of the
bulk periodic structure creating a surface introduces additional degrees of freedom for the atoms
exposed. In a complex crystal, like those of the perovskite oxide family, the properties and atomic

arrangement at the surface can be quite different from the bulk.

Atoms will adopt a structure that minimizes their energy in a given environment whenever
possible. However, when a surface is created, atoms find themselves in high-energy environments
due to multiple factors which may include “dangling bonds” [109] caused by truncating the bulk
crystal structure, and the charge repercussions of a polar surface [110, 111]. One way to alleviate
these issues and adopt a lower energy is atomic rearrangement, resulting in surface reconstructions.
Alternatively, the adsorption of small, charge-compensating species can cause reconstructions to
form [112, 113]. While these phenomena are driven by the need to minimize the surface energy,
the exact nature of the underlying driving forces for this rearrangement is a subject of ongoing
discussion that will be touched upon in Chapter Four. Regardless of the exact reason for their
formation, in all of these cases atomic rearrangements result in surface reconstructions: two-

dimensional periodic structures that are different from the underlying bulk.

A reconstruction is often discussed in terms of its size in two dimensions with respect to
the underlying bulk unit cell of the crystal. The underlying bulk unit cell defines the size of a
(1 x 1) reconstruction and the size of surface structures is named based on this custom. In this
notation, known as Wood’s notation [114], reconstructions can be distinguished from each other
and information about their relationship to the bulk unit cell can be conveyed easily. An illustrative

example of a (2 x 3) reconstruction is shown in Figure 2.4. This convention will be used throughout
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this work in the names of the reconstructed surfaces discussed herein.

00
o @ o
S- Q0O
%og oM,
O 0 e, C-0
fﬁ‘, (}' °©°
¢:0 R VP 69 ® Q-0
L°@° + ?( ) » o ® o oo ° [N X o ® o XX
a bOe—o aeeb ¢ > O") @© Q"O
) c ‘U" c {o; o @ o
s SrO ° "\JJ
Ruddlesden-Popper ?O Q°0
Sr,TiO, ° °
OO0

Ruddlesden-Popper
Sr3Ti,O;

Ruddlesden-Popper
Sr,Tiz04p

Figure 2.4 An example of Wood's notation showing a (2 x 3) reconstruction created by two
different atomic species denoted by blue and red circles over a bulk ordering of white circles.

For a given material, multiple surface reconstructions which vary in size and composition
(or their relationship to the bulk ordering) are possible, as long as certain conditions (e.g. charge
neutrality) are satisfied. However, different structures may be more or less stable under given
conditions. For example, the stable structure might be determined by the oxygen partial pressure
or the chemical potential of available species. The reconstructions present on oxide surfaces have
been observed to depend on the conditions under which they form, be it through applying
ultrahigh-vacuum reducing conditions, different annealing procedures, subtle variations in A:B
cation stoichiometry, or synthesis conditions for nanoparticles [10, 31, 43, 47]. In some cases, it
has been shown that surface reconstructions are related through dehydration, the loss of adsorbed

hydroxides [112, 113].

These factors lead to considerable complexity in understanding oxide surfaces, and
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determining the structure of a given surface is no small task. To this end, a number of different
techniques can be employed and are often combined. Reflection high-energy electron diffraction,
low-energy electron diffraction, transmission electron diffraction, and surface x-ray diffraction
have all been used, combined with appropriate calculation methods, to determine structures [115-
121]. Density functional theory and more sparse experimental methods such as scanning tunneling
microscopy can also be combined to elucidate structures [29, 58, 122-124]. Having a variety of

techniques available allows surfaces to be probed under different conditions.

Chapters Four and Five both deal with discussions of surface structures and reconstructions
on perovskite oxide materials and further background information on these topics is provided

therein.
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A variety of experimental and theoretical methods for prediction, property measurement,

and structural determination were utilized throughout this work. Details on the important features
of these methods, as well as background information helpful to their understanding and

interpretation are covered in this chapter.
3.1 Experimental Methods

3.1.1 Oxide MBE
The perovskite and related families of oxide materials have been produced using many

different methods including wet-chemical synthesis and solid-state techniques [105, 125-127].
However, bulk-synthesis techniques lack the ability to incorporate different cation materials in a
systematic manner with precise control over elemental stoichiometry at the level required for thin-
film superlattices. For these cases, thin film deposition, which can be viewed as similar to additive

manufacturing, is preferable.

One such technique, molecular beam epitaxy, allows material growth to be controlled by
varying the flux of heated solid elemental sources. Since MBE takes place under ultra-high vacuum
(UHV) conditions, the mean free path of the effusing atom is very long, and the physical barrier
of shutters can be employed to control deposition. In some cases deposition is controlled such that
an adsorption-controlled regime is accessed, allowing near-perfect stoichiometric control [128].
While growth via MBE is very precise, it is not quick, as a source’s flux is limited by the

temperature to which it can be heated.

The advantage that MBE often has over methods that produce similar qualities of
crystalline materials (i.e. with low defect concentration), such as PLD, is in the flexibility afforded

by multiple sources. PLD uses a ceramic target as its source and, while the stoichiometry of
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elements in this target can be customized, it is not easy to deposit many different species in a
desired sequence. MBE systems can have multiple metal sources, and a high degree of flexibility
is present, as these sources can be precisely shuttered to produce any desired sequence of material
deposition. Since many of the investigations in the work presented here were made with the aim
of depositing a precise amount of material (on the order of single atomic layers) MBE was chosen

as the deposition method of choice.

3.1.2 MBE Chamber for in situ X-Ray Diffraction Experiments
The chamber used for molecular beam epitaxial growth in all experiments presented in this

work is located at the Advanced Photon Source (APS) Sector 33-1DE. It was designed to allow for
simultaneous growth and X-ray scattering measurements of thin films [129, 130]. This chamber
can be used to perform reactive molecular beam epitaxy using either Oz or Oz as an oxidizing
source for oxide material synthesis. A brief overview of the features and geometry of this chamber

will now be discussed.

This chamber is mounted on a base that provides axes of motion equivalent to a six-circle

diffractometer. These are shown in Figure 3.1.
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Figure 3.1 Schematic depiction of the in situ X-ray system for hybrid MBE growth. The oxide
MBE chamber is mounted on a six-circle diffractometer with the axes of motion indicated [129].

The angle naming convention shown in Figure 3.1 is the same used in Ref [131]. The
sample orientation is controlled by ¢, %, and 0, while the detector is controlled by 6 (parallel to 0),
and y (orthogonal). All of these circles sit on a base circle, p, which rotates around a vertical axis.
Some of these axes of motion are restricted by physical constraints of either the chamber or the
space the chamber occupies in the X-ray hutch. The “tilting” sample axis, y, has motion restricted
to +£5°, while the chamber’s base, L, can rotate approximately 25-30° from the configuration shown
in Figure 3.1. In this chamber geometry, the growth substrate is mounted vertically with its sample

normal pointed toward the right of the figure, aligned with the sample manipulating rod.

The beamline where this chamber is located is a high-energy beamline where the energies
of X-rays that can be easily accessed range from 6 — 18 keV. When selecting a particular X-ray
energy, we desire access to as much of reciprocal space as possible for the collection of scattering
data while avoiding higher-order harmonics from the monochromator. There is limited access to

X-ray energies that can be used for X-ray absorption measurements, as this beamline is optimized
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for diffraction. However, if the absorption edge of interest lies within the accessible range, it is
possible to perform limited X-ray absorption near-edge spectroscopy (XANES) measurements or
perform diffraction measurements above and below the absorption energies of a specific, desired
element. In terms of diffraction, crystal truncation rods (CTR) can be measured for any accessible
reciprocal space geometry available to the motors- proper alignment is all that is required.
Additionally, a specific diffraction condition can be monitored in situ during growth (i.e. the
change in intensity at a specific diffraction condition can be monitored over time). While CTR
measurements can be performed during growth, their collection is not always swift enough to

provide utility.

Various aspects of this chamber are modified from a typical MBE chamber to allow for X-
ray measurement. A beryllium window is located in the cylindrical section to allow incoming X-
rays into the chamber for an angular range of -3° to 45° with respect to the sample surface.
Additionally, the sample holder stage, which uses resistive heating to control the sample
temperature, can be moved in and out of the chamber from its back, such that the X-ray beam can
be precisely cut in half by the sample surface at 0° incidence angle. To facilitate MBE growth, the
chamber is equipped with a quartz crystal microbalance (QCM) that measures a source element’s
flux and can be moved to the same position as the growth substrate (the sample stage is temporarily
pulled partway back, out of the chamber during calibration). All sources are directed at the sample
position during growth and are equipped with shutters for controlling the deposition time and

sequence of the different metals.

This chamber is specifically equipped for oxide material growth. To provide a sufficiently

oxidizing environment, a leak valve is installed on the system so that O or Oz gas can be delivered
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to the chamber during growth. Os is provided by an ozone distiller [DCA, Finland] and can be
delivered at a level of nominally 100% Ogz. Alternately, the distiller can be bypassed and a mixture
of 90% O2 and 10% Os (which the ozone generator in this instrument produces) can be delivered.
These gases can be delivered up to a background pressure of 10 Torr before the heated metal
sources used for deposition are in danger of oxidizing [132, 133]. This background pressure is also

near the upper limit that the 1000 L/s turbo pump and ion pump on the chamber can control.

3.1.3 Surface X-Ray Diffraction
Bulk diffraction of all types (neutron, X-ray, electron) is used to determine the structure of

oxides. If a source of high brilliance is utilized in X-ray diffraction the structure of the surface can
also be measured [120]. Since X-rays scatter weakly when interacting with atoms they can be
treated with the kinematical approximation. This, combined with Huygens principle, allows each
atom to be treated as a scattering center leading to Bragg peaks from the crystal occurring when
all secondary waves emitted from the scattering centers interfere constructively. This leads to a
discrete grid in reciprocal (momentum) space known as the reciprocal lattice. If this is treated as
being equal to the Fourier transform of the crystal lattice then the convolution theorem can be used

to understand diffraction from the surface.

A crystal's surface can be represented as an infinite crystal multiplied by a step function in

one direction. The Fourier transform of this step function is a qi shape function and the diffraction

pattern is determined by the convolution between the reciprocal lattice and the shape function, as

shown in Figure 3.2.
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Figure 3.2 Crystal Truncation Rods (CTRs) from surface scattering explained in terms of
convolution of a perfect crystal with a step function.

This leads to diffraction patterns with rods of intensity between the Bragg peaks
perpendicular to the material surface, known as crystal truncation rods. Since actual crystals do
not have infinitely sharp surfaces, the intensity between the Bragg peaks can vary. By applying
corrections, taking into account the sample and X-ray beam geometry, the structure factor, Fy;,,
of the structure near the material's surface can be measured. This can be used to measure the
thickness of a film grown on a substrate, understand the epitaxial (or non-epitaxial) relationship at
an interface, find structural periodicity in the direction perpendicular to the surface, and even

determine the electron density of the material using direct methods [134-136].

SXRD has been used to determine the structure and dynamics of growth for thin film
materials like Srn+1TinO3n+1, @ Ruddlesden-Popper oxide [137]. The setup utilized in this work is
designed to allow in situ monitoring of specific diffraction conditions during materials growth as

well as measurement of CTRs [129, 130]. These measurements are carried out at the Advanced
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Photon Source (APS) at Sector 33-IDE. When SXRD results are discussed in this work, often one
monolayer (ML) is mentioned. For (0 0 1)-oriented perovskite-like films, this describes an
AOx/BOy unit. Generally, the films have low lattice mismatch with the substrate and this ML

thickness is very similar to that of the out-of-plane lattice constant of the substrate.

3.1.4 X-Ray Absorption Spectroscopy
Another technique that can be performed in the MBE chamber is XAS. While the range of

accessible energies at this beamline is limited, the absorption edges of some transition metals (and
lanthanides) can be accessed as they are high enough in energy. For example, two elements that
are present in structures in the following investigations include Sr and Co, both of which have
accessible K-edges at 16.1 and 7.7 keV, respectively [138, 139]. With the ability to tune energies
with the Si (1 1 1) monochromator at the Sector 33-1DE beamline, an energy range appropriate for

XANES can be probed.

XAS measurements rely on the absorption cross-section of the element, o, i.e. the
probability of exciting an electron from some initial state, ¢;, to some final state, ¢, via the

absorption of photons. Applying Fermi’s Golden Rule and the dipole approximation to this

scenario leads to the following definition of ¢ in Equation 3.1.

47T2h232 1 P 2
0= —— = {(E)(prle - Flod)| 8(ho + E;— Ef) ¢4

Here, h is Plank’s constant, c is the speed of light, hw is the incident photon energy, e and
m are the charge and mass of an electron, {(E) Is the state density of the final state, (¢¢|é - 7|¢p;)
is the dipole matrix element, §(hw + E; — Ej) is the delta function for the conservation of

energy, in this equation bra-ket notation is used.
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XAS gives information about the unoccupied density of states for an element. Quantum
mechanical selection rules play a major role in the shape of XAS spectra. In the experiments
presented, the transition of interest is that of a metal K-edge. In this case, the electronic transitions
involved correspond to core level changes where 1s electrons are promoted to 2p-like final states.
In general XANES interpretation is more qualitative than quantitative, but with appropriate
reference materials it is possible to deduce structural information. As a simple generalization, the
absorption intensity around the pre-edge region (lower energies than the K-edge) gives information
on the coordination of the element in question, the edge position gives information regarding the
element’s oxidation state, and the near edge region contains information analogous to extended X-

ray absorption fine structure as well as local structural information.

The most straightforward way to use XAS data is to compare the collected data to the body
of existing literature encompassing various ligand coordinations and oxide compounds [140, 141]
or other samples of known structure to perform a qualitative finger-printing of the film’s electronic
structure. Features of a XANES spectrum can be simulated via linear combination of spectra of
the components to determine their concentration, and XANES can also be used to monitor phase

transitions or reactions [142, 143].
3.2 Theoretical and Computational Methods

3.2.1 DFT Methods
Computational methods can be used to better understand the structure and properties of

oxide materials [144, 145]. Ab initio methods, based on quantum principles, such as DFT, can be

employed for these methods. DFT is a particularly useful method in the research presented herein
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due to its ability to predict and elucidate unexpected properties of surfaces and interfaces [146,

147].

Quantum calculations rely on solving the N-particle Schrodinger equation where the
number of variables scales as N° for a N electron system. The time-dependent version of this

equation has the following form:

2
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Where u is the reduced mass of a particle (its effective mass), ¥ (r, t) is the time-dependent wave
function, V (r, t) is the time-dependent energy potential, and the 72 operator represents the Kinetic
energy. As the number of electrons in a system increases the complexity of solving the Schrodinger
equation analytically does too. DFT calculations rely on the idea, proposed by Honenberg and
Kohn [148, 149], that electron density has a one-to-one correspondence with any ground state
observable property of the material. DFT approximates this by solving the many-body equation as

many single-body Schrddinger-like ones of the form shown below.

—
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To do this, the exact form of the potential energy term is desirable, but this term can only
be approximated, and the description of both the exchange and correlation energies within it are
challenges for DFT methods. The exchange-correlation functional, V,.., is defined in many DFT
codes using the local density approximation (LDA) and generalized gradient approximation (GGA)

[150, 151]. The LDA assumes slow variation in electron density while GGA deals with gradients
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in electron density that allow for inhomogeneous variation and localization in electronic structure.
The energy density functional [150] for each of these two approximations, in its spin-resolved

form, is given by:
ELEDAIn T, n ] f n(Me(nt @),nl(r))ddr (3.4)

EZfAIn T,n 1] f fmtnl,vnt,vnl)d3r (3.5)

One of the most popular GGA functionals, the PBE (Perdew-Burke-Ernzerhof) functional
[152], is the basis of a revised functional used in these investigations, the PBEsol functional (the
PBE functional for solids and surfaces) [153]. All the materials considered in these calculations
contain transition metals, which have strongly correlated electrons due to the partial occupation of
their d-electron orbitals coupling strongly with 2p oxygen orbitals. These are not well-modelled
by the methods described up to this point and require a further correction. A fraction of exact-
exchange for the relevant orbitals is included using the Hartree-Fock (HF) method. The fraction
of HF included varies on a system-by-system basis, and the value used is determined by finding
the closest match to the experimental heats of formation for relevant bulk transition metal oxides

for the cation in question.

The DFT package used for calculations presented in this work is WIEN2k [154]. It is an
all-electron augmented plane wave plus local orbital code. Local orbitals define regions inside the
muffin-tin radii while plane waves treat the interstitial regions. Within muffin-tins, the basis set
used is a combination of spherical harmonics, radial functions, and local orbitals. For the plane

waves to remain continuous at the boundary of the muffin-tin, there are constraints placed on this
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basis set. The accuracy of this code is set by choosing the smallest muffin tin radius (Rmt) and the

largest k-vector (Kmax), 0ften selected to provide a balance of accuracy and computation expense.

A theoretical materials structure can be relaxed with DFT to determine atomic positions,
its density of states, and simulate experimental results such as XAS or scanning tunneling
microscopy (STM) [154-156]. Careful construction of the units cell allows for surface energies

and properties to also be calculated.

A construction known as the convex hull will be discussed at various times in the
experiments presented. These graphs are made by calculating the surface energy of a relaxed
reconstruction. Theoretical structures’ energies can be compared to those of already-determined
structures for the same material and bulk termination. These energies are then referenced to the
calculated energy of the bulk material in question and any oxides making up its structure; for
SrTiOz this means that energies are referenced to that of bulk SrTiOs and rutile TiO2. To calculate

the energy of a surface per (1 x 1) surface unit cell, the following equation is used:

Esurr = (Esiap — EsroNsto — Erio2Nrio2)/(2 * Nia 1) (3.6)

where E;,; IS the total energy of the slab, Esrq is the energy for a single bulk SrTiOz unit cell,
Ngro is the number of bulk SrTiOs unit cells present, Ey;o- the total energy of bulk rutile TiOo,
Nrio, the number of excess TiOz units, and N4 1y the number of surface (1 x 1) unit cells. Both
Ngro and Ny, are determined by finding the total number of atoms in the slab construction used.
When surface energy is plotted against TiO»-excess, as in the convex hull construction, this

quantity is found by normalizing to surface area such that

Tiozexcess = (NTiOZ)/(z * N(1 ><1)) (3.7)
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The surface energy for different structures is calculated in this way in the following

sections.

A given relaxed surface structure’s viability as a possible solution can also be assessed by
calculating the bond valence sum (BVS) of the surface atoms and comparing this to the BVS of
the bulk material [157]. The bond valence sum is a useful parameter, and its calculation is very
simple. For any single atom, the BVS is calculated using Equation 7, where the observed bond
lengths, R, are compared to the ideal bond length, R;, for the element when the valence is equal

to 1. The empirical constant b = ~ 0.37A for most types of bonds.

-3 (5

This method is based on Pauling’s rules and is used to determine the valence of an atom, or the
number of electrons it uses in bonding to its neighbors [158]. It can be used to estimate the
coordination of atoms [159]. However, the BVS is not appropriate as a structure prediction tool as

it does not account for anion-anion interactions.

3.2.2 STM Simulation
STM image simulation from DFT calculated structures rely on the work of Tersoff and

Hamann [160] and Bardeen’s tunneling theory [161]. This theory assumes that the STM tip and
sample system is the same as a metal-insulator-metal junction. Independent wavefunctions of both
sides of the tunneling barrier are approximated as orthogonal. The Tersoff-Hamann approximation
results when limits of low sample-tip bias and temperature are applied. In this approximation, the
tunneling current, I;, is related to the density of states (DOS) around the sample’s Fermi energy,

Eg, according to Equation 3.9.
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Lo p(rB) = 3 [0, (0] 8(e, — Er) (3.9)

m
In Equation 3.9, ¥, is the sample wavefunction, with the eigenvalue ¢,, where u is the probe
displacement. Since this equation relies primarily on the local DOS, calculated from first-
principles methods like DFT, it provides a way to simulate STM images. Unfortunately, this
approximation breaks down for bias voltages higher than 100mV, making it inaccurate for

insulating SrTiO3 which is measured at very high bias voltage.

This theory was extended to high-bias and beyond spherical tips by Stokbro et al [162].
Their derivation, with the addition of a tip wavefunction expansion used by Chen [163] (where

higher-order angular tip states are ignored) produces the modified relationship shown in Equation

3.10
Ep+e'Vy
I, j k(e)~%p(r,£)de (3.10)
Ep
where
k(e) = h™'y/2m. (¢ + Ep + eV, — €) (3.11)

k(e) is the inverse decay length of electron states in vacuum for an energy €, @, is the
workfunction of the tip, and m, is the mass of an electron with charge e.

To apply this to DFT, a relaxed, converged structure where the unoccupied states between
Er and Er + e -V, are artificially populated (weighted by a factor of x(g)~2), can be used to
simulate STM images. When performing a simulation, the value of E must be chosen: for Nb-
doped bulk SrTiOs, the Fermi energy lies at the top of the bandgap. The quantity, V}, represents

the experimental bias voltage. However, the majority of an image’s contrast is due to the
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topological variation of atoms at a sample surface. In light of this, as long as the DOS is integrated
over a reasonable energy range, the DFT-calculated Fermi energy can be used. To illustrate this,
since it can be difficult to determine the exact experimental bias voltage used, a variety of energy
ranges are chosen of a similar order of magnitude as the experimental value. The energy window
that best reproduces the experimental image is chosen for final simulation parameters. One such
series is shown in Figure 3.3 where the simulation that best reproduces the experimental features

is between 2.45 — 2.72 eV.

Simulated Bias Voltage

Figure 3.3 Simulated STM of the (V13 x V13)R33.7° (RT13b) reconstruction at different bias
voltages indicated below the corresponding frame. The inset image in each frame is unit cell
averaged STM (+3.5 V bias, 0.1 nA current) of the RT13b shown for comparison.

For comparison with experiments in constant-current (rather than constant height) mode,
the artificial local unoccupied DOS must be sampled over a volume rather than a simple plane.
Values of the sampling density for out-of-plane and in-plane intervals are chosen to provide
sufficient resolution for generating a 3-D array of densities. Additionally, the experimental tip size
is finite (rather than infinitesimally small), and there is instability or vibration during measurement.

These effects are accounted for in a simulation by convoluting each sampled space with a radially

symmetric step-function convolution, shown below in Equation 3.12.

I,r <R
F(r) - {O,I‘ > R! (312)
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Here r is the distance from the voxel of interest and R is the effective tip size, which can be varied

to best match experimental data.
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Pauling’s Rules for Oxide Surfaces
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Some nice intro text

4.1 Introduction

Oxide perovskites demonstrate an array of properties [17, 70, 71, 73, 164], while having
similar structures and lattice parameters [80, 81]. These factors make it appealing to combine them
in increasingly creative film structures [82, 83, 89, 165, 166]. While superstructures are interesting,
surfaces and interfacial structures of these materials cannot be overlooked as they often contribute
disproportionately to a material’s properties [7, 11, 14, 16, 23, 68, 72]. Unfortunately,
understanding the atomic arrangements on surfaces producing these effects, even for bare

perovskite substrates, is not easy.

The surprising array of surface reconstructions that have been observed on oxides shows
the high level of complexity in surface structures. Since so many possibilities exist, determination
of surface structures is an area of great interest. Structure solutions for perovskite oxides surfaces
have been found using combinations of methods, particularly in the case of SrTiOsz [26-41, 44-49,
53, 56-58, 60-62, 167-169]. SrTiOs has an ideal perovskite structure and is frequently utilized as
a growth substrate, making it a good example case. Three orientations: (100),(110),and (11
1) have also been studied on the SrTiOz surface. These represent the challenges in perovskite oxide
materials- they are insulating, two are polar, and one has mixed A/B cation termination if truncated
along an idealized atomic plane. Other oxide surfaces have been studied, including BaTiOs [43,
51,52, 54, 55], LaAlOz3 [42, 170], and LiNbOz3 [59], although the number of reconstructions solved

on these surfaces is far fewer.

Both experimental methods and simulation have been applied to solving reconstructions,

but a theoretical framework explaining structures has been notably lacking. Understanding and
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predicting oxide surface structures is traditionally approached from two directions: the first uses
the underlying physics/chemistry to produce general formulations, the second consists of specific
calculations (density functional schemes are typical). The first approach includes explanations
focusing on surface dangling bonds [109], minimizing Coulomb forces [171], or considering
aspects such as charge compensation in polar surfaces [110, 111]. These cases rely on the
fundamental idea that a surface must be valence neutral (we will present an explanation regarding
use of the terms “valence” and “charge” later). Neutrality can be achieved by atomic rearrangement
i.e. surface reconstructions. These theories deal specifically with the surface and address the
difficulty of modelling a realistic surface. However, they do not offer explanation for how surface
and bulk relate. Though they point out the important fact that a surface structure has no formal

charge, this information alone is not enough to produce a unique solution.

The second approach is based on ab initio calculations. In it, oxide surfaces are often
described as ideal truncations of the bulk crystal. Even if oxygen vacancies are included in this
model, it still represents an oversimplification that does not agree with the large body of
experimental evidence regarding the nuances of oxide surfaces [39, 40, 43, 59, 63]. In addition, ab
initio methods are not guaranteed in all cases to produce the correct result. The initial positions of
atoms in a hypothetical structure can influence the final resulting relaxed structure, leading to non-
unique solutions. Such a structure may appear reasonable despite representing a local rather than
global energy minimum. Ab initio methods are also unable to correct issues arising from incorrect
chemical composition of a hypothetical structure. As an example, the (2 x 1) reconstruction on
SrTiOz (1 0 0) contains chemisorbed water [35, 112, 113], a feature that ad initio methods alone

would not be able to identify. Another example is an early model for the c(6 x 2) reconstruction
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on the same surface. This model failed to include surface strontium that later, more detailed,
analysis showed [32, 46]. It is possible to avoid these pitfalls by performing a global search over
different possible structures. However, this requires expensive computation and generating an
exhaustive list of structures is challenging. Ab initio methods can also encounter difficulty when

describing strongly correlated oxides which are common in this material family [172].

Ways to predict and judge the reasonableness of atomic structures, that use a chemical
approach to complement physics-based ideas are necessary. Progress in addressing this has been
made considering the SrTiOs (1 0 0) surface. Polyhedral packing of TiOs[] units was first proposed
with the solution of the SrTiOs (1 0 0) (2 x 1) surface [35]. With these units identified, many
proposed arrangements were investigated with DFT calculations to conclude that low-energy
arrangements minimized non-bonding oxygen interactions [173]. The bulk concept of bond
valence sums was applied to understanding oxide surfaces [157]. Using these ideas and calculating
hypothetical structures via DFT has led to identification of multiple structures with similar surface
energy. This supports indicates that surfaces can have a 2-D network glass-like structure with

short-range order if the other requirements are fulfilled [41, 49, 174].

In this chapter, we propose a general explanation based on the one outlined by Linus
Pauling in 1929 [175]. Pauling’s rules provides guidelines for understanding oxide surface
structures. They have been shown to suit bulk structures and can be adapted and applied to oxide
surfaces to explain observed surface structures. Solved reconstructions on SrTiOs surfaces are
discussed from the perspective of Pauling’s rules. Common features are identified and explained
within this framework, revealing similarities in structure across these otherwise disparate surfaces.

Nanostructures on the SrTiOz (1 0 0) and (1 1 0) surfaces are discussed. These thicker surface
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structures begin to resemble the films present in the first stages of heteroepitaxial growth and they
provide insight into interfacial structures in oxide films. Finally, the reconstructions on two other
oxide surfaces, BaTiOs (1 0 0) and LaAlIO3 (1 1 0), are presented.

4.2 Pauling’s Rules
First we present a general explanation of how Pauling’s rules relate to surfaces before going

into specific examples. Pauling’s rules [175] were originally stated as follows:

1. “A coordinated polyhedron of anions is formed about each cation, the cation-anion distance
being determined by the radius sum and the coordination number of the cation by the radius

ratio.”

2. “In a stable coordination structure the electric charge of each anion tends to compensate
the strength of the electrostatic valence bonds reaching to it from the cations at the centers

of the polyhedral of which it forms a corner; that is, for each anion”

Zj
(= Ziv_ = 2is; (4.1)

i
Where ¢ is the charge of the anion, z; is the electric charge of a cation, v; its coordination

number, and s; the strength of the electrostatic valence bond.

3. “The presence of shared edges, and particularly shared faces, in a coordinated structure
decreases its stability; this effect is large for cations with large valence and small
coordination number, and is especially large in case the radius ratio approaches the lower

limit of stability of the polyhedron.”

4. “In a crystal containing different cations those with large valence and small coordination

number tend not to share polyhedron elements with each other.”
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5. “The number of essentially different kinds of constituents in a crystal tends to be small.”

These rules have already held up in bulk oxides. Only Pauling’s second rule has changed
somewhat since its initial publication. A modern interpretation would be to refer it in terms of
valence, rather than electrostatic charge. In all oxides (barring some superoxides or peroxides
which contain O2? ions), oxygen’s valence state is 2-, where the sign is written after the number.
Electrostatic charge on oxygen is generally smaller, and the sign is written on the number’s other
side (e.g. -1.5). Valence is considered in terms of the BVS model [157, 158, 176, 177]. For the
limit of a totally ionic model, electrostatic charge and valence are identical, but in reality a full

ionic model is unrealistic for most oxide cases.

Pauling’s second rule has been investigated in detail [157], indicating that the bond valence
sum (BVS) model [157, 176-178] can qualitatively predict the relative energy of a surface structure
consistent with DFT relaxation and experimental evidence. It can also give insight into adsorption
or disassociation behavior by identifying whether atoms are over- or under-bonded. We argue that

all Pauling’s rules similarly provide generic guidelines that oxide surfaces obey.

Pauling’s fifth rule is a logical place to start, stating “The number of essentially different
kinds of constituents in a crystal tends to be small.” It implies that the number of unique units
making up a surface structure is small. A surface structure can be broken down and described by

a few “puzzle pieces”, not all possible combinations need to be considered.

Next the structural units are described in Pauling’s first rule. These units contain a cation
surrounded by anions (oxygen). Their arrangements are described by regular chemical polyhedra.
For example, bond lengths and angles in a TiO4 cation polyhedron are as similar as possible to

those of an ideal tetrahedron, and so on for all coordinations. The portion of the rule explaining
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the radius ratio indicates how many oxygens a cation is coordinated with in its most stable

configuration; it identifies the x in any AOx.

The last rules govern organization of units with respect to one another and combine
information from Pauling’s third and fourth rules. Cation polyhedra sharing faces are higher in
energy than those sharing edges, which are higher in energy than those sharing corners. This effect
is more pronounced for cations with higher valence and smaller coordination numbers; e.g., a
tetrahedral unit of TiO4 (with Ti**), is less likely to share a face than an edge with another TiO4
unit compared to an octahedrally coordinated TiOe unit. Furthermore, a cation of lower valence
(Sr?* in SrTiOs), is more likely than Ti**Ox polyhedra to share faces or edges due to its lower

valence and higher coordination.

These rules imply the relevance of Ising or Potts models (see also [49]). For surfaces to
interface properly with atoms in the bulk, only certain sites can be occupied, and these will form a
lattice. The Ising model can be used when sites are only occupied by one type of structural unit.
With more structural units a Potts model becomes relevant. Potts models for simpler surface

phenomena such as chemisorption or melting have been reported in the literature (e.g. [179-184]).

These guidelines are obeyed for known oxide surface structures, as will be shown in this
chapter. This implies that the rules also place restrictions on the lowest energy atomic
arrangements of unknown oxide surfaces. When there are many different surface structures as a
function of composition, the building blocks of reconstructions can be identified and specific rules
for their arrangement extracted. They also provide insight into phenomena occurring at surfaces
such as the formation of nanostructures and thin film growth. These points will be addressed in

the following sections.
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4.3 Case Analyses

Specific cases and show that a large number of solved oxide surface structures follow
Pauling’s rules. This supports the hypothesis that they are a powerful, general approach for
understanding and predicting oxide surface structures. Reconstructed (1 0 0), (11 0),and (11 1)
surfaces of SrTiOs, SrTiOs nanostructures, film growth on SrTiOz (1 0 0), reconstructions on
BaTiOs (1 0 0), and reconstructions on LaAlOz (1 1 0) will be discussed as specific examples.
First, the universal features of all solved reconstructions on SrTiOs will be outlined.

All experimentally solved reconstructions on SrTiOs (to date) are charge and valence
neutral, can be represented by the formula nSrTiOzsmTiO2, and have Ti-rich outer layers.

There other universal features for all the SrTiOs reconstructions are related to Pauling’s
rules:

1. According to Pauling’s fifth rule, a structure will minimizes the number of different
arrangements of its atoms. As such, structures with higher symmetry are lower in energy;
higher symmetry yields fewer inequivalent atomic positions in a unit cell, and fewer
bonding environments.

2. Either an Ising or Potts model can be used to consider all surfaces- an Ising model for
binary systems of structural units and a Potts model for more complex ones. This relates to
Pauling’s fifth rule.

3. Pauling’s first rule contains the radius ratio explanation. According to this a 6-fold
octahedral coordination with oxygen (TiOgs) is the lowest-energy arrangement for Ti atoms.
As the surface density of Ti atoms decreases, Ti adopts coordinations with fewer oxygen

atoms to maintain a continuous, periodic network on the surface- 5-fold octahedral
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coordinations (TiOs[]), and then 4-fold tetrahedral coordinations (TiO.) are adopted. The
5-fold octahedral coordinations are based on TiOe units with a single oxygen vacancy. The
coordinations TiOx can adopt are shown in Figure 4.1, where their bond lengths and angles
(for Ti-O) are at a minimum energy when they are as similar as possible to the ideal

polyhedron; this reduces the non-bonded repulsions between oxygen atoms.

Octahedral Octahedral Tetrahedral
TiOg TiOs5[ ] TiOg4

Figure 4.1 Idealized coordination environments for TiOx showing (from left to right) octahedral
TiOs, octahedral TiOs[], and tetrahedral TiOa.

4. The lowest-energy sites for TiOx unit to occupy on the SrTiOs surface are those that
represent a continuation of bulk ordering. These are referred to as “natural Ti sites” herein.
These sites obey Pauling’s third and fourth rules and minimize the number of shared faces
between cation polyhedra in the lower bulk layers.

5. Oxygen atoms are always coordinated to two or three cations, three mainly when they are
coordinated to strontium. This follows from rules 1-3 and partially 4. As an example, if
only corner-sharing occurs, then the oxygen can only be bonded to two cations. Three-fold
coordination requires edge-sharing which is more likely with lower valence atoms such as

strontium.

4.3.1SrTiO3(100):
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SITiOs (1 0 0) possesses many identified reconstructions. Reported and solved

reconstructions are summarized in Table 4.1. The solved reconstructions shown in Figure 4.2 will

be discussed in terms of Pauling’s rules.

Table 4.1. Reconstructions on SrTiOs (1 0 0) from the literature.

Reconstruction Structure Status Pictured Reference/s
(1x1) Observed, models proposed n/a [26, 29, 33, 39]
(2x1) Observed and solved Figure 4.2 (c) | [29, 33, 35, 36, 39, 56]
(2x2) Observed and solved Figure 4.2 (b) | [26, 33, 39, 45, 53, 173]

(2% 2)A Observed and solved Figure 4.2 (a) | [26, 33, 39, 45, 48, 53]
c(4x2) Observed and solved Figure 4.2 (f) [30, 36, 40]
c(4 x 4) Observed, models proposed n/a [30, 40, 45]
(4 x4) Observed, models proposed n/a [45]
c(6 x 2) Observed and solved Figure 4.2 (d) | [30, 32, 36, 40, 46, 56]
(V5 x V5)R26.6° | Observed, models proposed n/a [44, 45, 61, 168]
(V13 x V13)R33.7° Observed and solved Figure 4.2 (e) [41, 45, 56]

a)

e)

(V13 x V13)R33.7°

.

c(4 x2)

c(6 x2)

Figure 4.2 Atomic structure of solved reconstructions on the SrTiOz (1 0 0) surface showing (a)
(2 x 2)A, (b) (2 x 2), (¢) (2 x 1), (d) ¢(6 % 2), (e) (V13 x V13)R33.7°, and (f) ¢(4 x 2). TiOs[]
units are red, TiOs light blue. Sr atoms are green, Ti are blue, and oxygen are red.
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All reported structures decorate the bulk TiO2-plane termination of SrTiOs. The (2 x 1), (2

x 2)A, (2 x 2), ¢(4 x 2), and (V13 x V13)R33.7° are formed in a Ti double-layer structure, where
TiOs[] units are located on top of the bulk-like TiO2 plane. These TiOs[] have four oxygen atoms
in the same plane or slightly above the central Ti. Two oxygens at opposite ends of the polyhedron
are shared with bulk-like TiOs below. Remaining oxygens are shared with other TiOs[] in the same
layer. Each TiOs[] shares an oxygen atom below the central Ti with two bulk-like TiOs below.
Oxygen atoms can be shared with more than two Ti, but this configuration is unfavorable. This
description outlines an Ising model, as shown as a symbolic representation in Figure 4.3, using the

(2 x 2) reconstruction as an example.

Figure 4.3 Atomic structure of the solved (2 x 2) reconstruction on SrTiOz (1 0 0) viewed from
the a-axis (a), and c-axis (b). In (c) a square grid is imposed on the underlying bulk TiO> layer
and in (d) the reconstruction is represented by red squares showing placement of TiOs[] units on
this grid.

In Figure 4.3 (a) and (b) the reconstructed surface is viewed along different axes. A grid
can be drawn on the bulk-like TiO layer in Figure 4.3 (c). Figure 4.3 (d) shows the reconstruction
is codified into a symbolic representation with one type of structural unit, TiOs[]. These occupy

positions such that the Ti atom sits above an oxygen (at the imposed grid’s center). Four oxygen
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atoms defining the TiOs[] are laterally located near the grid intersections, some closer to vacuum
than the Ti atom. This is represented by red squares in Figure 4.3 (d). An Ising model is appropriate
for these surfaces since there are only two options for occupation of each grid position- a TiOs[]

unit or nothing.

In these reconstructions there is only one coordination environment needed to describe
these reconstructed surfaces: TiOs[]. This follows Pauling’s fifth rule, stating that the number of
structural units is small. Pauling’s first rule indicates that the TiOs[] units, when relaxed, will have

atoms at positions as close to ideal octahedra as possible.

In accordance with the third and fourth rules Pauling outlined, TiOs[] units occupying the
grid in Figure 4.3 (c) do not share faces with other TiOx units. The sharing of edges between TiOs[]
is also minimized. As Ti-excess coverage increases in these reconstructions, a more densely-
packed network of TiOs[] units has increasing levels of edge sharing. Nevertheless, this

minimization rule is still followed.

4.3.2 SrTiOs (11 0):

The idealized (1 0 0) termination is charge and valence neutral, but SrTiOz (1 1 0) possesses
alternate stacking of (SrTiO)** and (O2)* layers leading to a macroscopic dipole at its polar surface.
Feasible surface reconstructions must stabilize this dipole and produce a valence neutral structure.
Structures observed on SrTiOz (1 1 0) are summarized in Table 4.2. Those with solutions include
the homologous (n x 1) where (n=2, 3, 4, 5, 6, o) series [34], a related (5 x 1) reconstruction [47],
and the two families of larger (n x 2) where (n = 2, 3, 4, 5, 6, ©) nanostructures, which will be

discussed later. The (n x 1) series and (5 x 1)A structure are shown in Figure 4.4 [47].

Table 4.2. Reconstructions on SrTiOs (1 1 0) from the literature.
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Reconstruction Structure Status Pictured Refs
(nx1)(n=2,3,4,5,6, x) Observed and solved Figure 4.4 (a-e, g, h) | [34, 58]

5x1)A Observed and solved Figure 4.4 (f) [47]

(nx2a(nh=2-6, ) Observed and solved (4 x 2)a Figure 4.10 [62]

(nx2)b(n=2-6,x) Observed and solved n/a [62]

(2 x5) Observed n/a [28]

(3x4) Observed n/a [28]

c(2 % 6) Observed, models proposed n/a [27]

(4x4) Observed n/a [28]

(6 % 4) Observed n/a [28]

4x7) Observed n/a [28]

(5x1)A

(= x DA

Figure 4.4 Atomic structure of solved reconstructions on the SrTiOsz (1 1 0) surface showing (a)

(2x1),(b) (3x1),(c) (4x1),(d)(5x1),(e) (6 1), (f) (5x DA, (g) (ec x 1)A, and (h) (e0 x
1)B. TiOg are light blue, TiO4 are purple. Sr atoms are green, Ti are blue, and oxygen are red.

The structures in Figure 4.4 are built the same way: if SrTiOs (1 1 0) is thought of as

alternating layers of (SrTiO)*" and (O2)*, the bulk SrTiOs (1 1 0) base terminates on a (SrTiO)**

layer. Above this, tetrahedral TiO4 units make up the reconstruction. Each TiO4 shares (one or two)
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oxygens with Ti below such that a bulk-like (O2)* layer exists between the reconstructed Ti-atoms
and the bulk-like (SrTiO)**; this is a Potts model structure with two different tetrahedral units plus
nothing, a total of three structural units. Remaining oxygen atoms in TiO4 units are in the same
plane or closer to vacuum than the central Ti atom. This description is turned into the symbolic
representation of the Potts model in Figure 4.5. The (5 x 1)A reconstruction provides a

comprehensive example.

a) b)

c
a 4—1
b

°) d) ’ edge-displaying TiO4 tetrahedron
' face-displaying TiO4 tetrahedron

Figure 4.5 Atomic structure of the solved (5 x 1)A reconstruction viewed from the b-axis (a), and
c-axis (b). In (c) a diamond grid is imposed over the bulk layers below and in (d) the
reconstruction is represented by purple diamonds and pink triangles showing placement of two
different orientations of TiO4 units.

In Figure 4.5 (c) a diamond grid is imposed over the bulk-like (SrTiO)** layer of SrTiO3
(110). Figure 4.5 (d) shows the (5 x 1)A reconstruction codified into its symbolic representation.
Edge-displaying TiOs (ED-TiOg4) are indicated by purple diamonds. They occupy sites such that
their Ti atom is in a grid space’s center. The positions of oxygen in ED-TiO4 occur at roughly the
corners of the imposed grid diamonds. Two oxygens, at closest opposite diamond corners, are
shared with TiOs below. The remaining two are shared with other TiO4. Face-displaying TiO4 (FD-

TiOg4) are represented by pink triangles. The corners of these triangles represent the position of
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oxygen atoms in the outermost layer. FD-TiO4 occupy the grid such that one of their corners is at
a grid intersection (one of two intersections at the furthest opposite diamond corners) and the other
corners are at grid diamonds’ centers. The Ti atom in FD-TiO4 is in the center of the pink triangle.
They share one oxygen atom with TiOs in the below, it is located beneath the central Ti atom. Its
position is indicated by grid intersections (one of the two intersections at closest opposite diamond

corners).

To satisfy Pauling’s fifth rule the number of structural units must be as small as possible.
This is the case we see; only ED-TiO4 and FD-TiO4 units make up these reconstructions. The
placement of ED-TiO4 and FD-TiO4 dictated by the grid ensures that TiO4 (in particular ED-TiO4)
occupy positions most similar to bulk-like TiOe. This is favorable from an energy standpoint- if
Pauling’s fifth rule is taken to its extreme one expects that surface positions/coordinations
mimicking those of the bulk are lower in energy. As opposed to the SrTiOs (1 0 0) surface, where
TiOs[] are the basic units, these reconstructions have lower TiOx surface density. Due to this, TiO4
tetrahedra are the lowest energy configuration which also creates a self-supporting network. This
implies that increasing TiOx density would lead to observation of TiOs[] or TiOs units - seen in
the case of TiOx nanostructures on the (1 1 0) surface, (n x 2)a/b (n=2, 3, 4, 5, 6, ), discussed in
a later section. In accordance with Pauling’s first rule, each TiO4 has bond lengths and angles as

close to the ideal tetrahedra as possible.

As Ti coordination decreases, the adherence to the third and fourth rules becomes more
extreme. This is observed in multiple aspects of these surfaces. Sharing faces between TiO4 would
be the most unfavorable arrangement possible, and it is never observed. While ED-TiO4 share a

single edge with the TiOe below, they never share edges with other TiO4. This demonstrates the
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nuance captured by Pauling’s rules. ED-TiO4 can share an edge with a TiOs unit because the TiOs
unit is not as low in coordination, and thus this type of sharing is observed more often than edge-
sharing between two TiO4 units. The drive to minimize shared edges also explains why these
reconstructions appear to be “bridging” above the bulk material whereas TiOs[] on the (1 0 0) face
are nestled closely with the layers below. The TiOs[] of the (1 0 0) surface are more likely to share
edges since their coordination is higher. Finally, sharing corners between TiOg4 units is frequently

observed. This type of sharing is expected since it is the lowest in energy.

There are some positions where TiO4 units do not occur. These positions are avoided
because they would not minimize face and edge sharing, or because of close proximity to Sr atoms

that would lead to unfavorable cation-cation repulsion.

4.3.3SrTiOs (11 1):

The SrTiOs (1 1 1) surface is the most complex of the three common terminations. This
surface is polar, like (1 1 0). The material can be thought of as an alternating stack of (SrOs)* and
(Ti)** layers. The two-dimensional Bravais lattice of this termination is hexagonal, leading to more
complex symmetry in its reconstructions. The structures reported and solved on the SrTiOz (11 1)
are summarized in Table 4.3. Of these, the most solved reconstructions and selected theoretical

low-energy structures with high and low excess-TiO2 coverage are shown in Figure 4.6 [49, 167].



Table 4.3. Reconstructions on SrTiOs (1 1 1) from the literature.

Reconstruction Structure Status Pictured Reference/s
1x1) Observed n/a [37, 38, 60]
(9/5 x 9/5) Observed n/a [31, 57]
(2% 2)a Observed and solved Figure 4.6 (d) [49]
(2x%x2)b Observed and solved Figure 4.6 (b) [49]
(N7 x V7)R19.1° Observed n/a [169]
(3%x3) Observed and solved Figure 4.6 (c) [31, 49, 57]
(V13 x \V13)R13.9° Observed n/a [169]
(4x4) Observed and solved Figure 4.6 (e) [31, 49, 57]
(5% 5) Observed n/a [57]
(6 % 6) Observed n/a [31, 57]
(1%2)-“Low” Theoretical low-energy | Figure 4.6 (a) [49, 167]
(1 x1)—“High” Theoretical low-energy | Figure 4.6 (f) [49, 167]

78
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Figure 4.6 Atomic structure of solved reconstructions on SrTiOs (1 1 1) surface showing (a) (1 x
2) —“Low”, (b) (2 x 2)b, (¢) (3 x 3), (d) (2 x 2)a, (e) (4 x 4), and (f) (1 x 1) — “High”. TiOe units
are light blue, TiOs[] are red, and TiO4 are purple. Sr atoms are green, Ti are blue, and oxygen
are red.

In Figure 4.6 the reconstructions are built on a bulk-like (SrOs)* layer. Reconstructions are
made up of one or two Ti-containing layers. A single Ti-layer reconstruction is shown in Figure
4.6 (d). It is composed of TiOg and TiOs[] units on top of the bulk-like (SrOs)* plane. These units

have two or three oxygens in a plane above the central Ti. They share three oxygens with the TiOg
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units below, ensuring bulk (SrOs)* layer stoichiometry. All other reconstructions shown are
double-layered. In the layer above the (SrOs)* they have the same construction as the single-
layered reconstructions. The Ti atoms closest to vacuum are part of TiO4 units, like those on the
SrTiOz (1 1 0) surface, with the same ED-TiO4 or FD-TiOg4 units. These reconstructions can be
represented in a symbolic Potts model shown in Figure 4.7. Figure 4.7 illustrates two examples,
the (2 x 2)a in Figure 4.7 (a), (b), (e) and (f) and the (2 x 2)b in Figure 4.7 (¢), (d), (g) and (h), to
highlight differences between single and double Ti-layer reconstructions. The Potts model for the
single Ti-layer reconstruction is made up of three units: TiOs, TiOs[], and an “empty” unit. For the
double Ti-layer reconstruction the Potts model has five units: TiOs, TiOs[], ED-TiO4, FD-TiOsg,

and an “empty” unit.

a) b)

. MR,

A TiOg octahedra
A TiOs5[] octahedra

‘ edge-displaying TiO4 tetrahedron
> face-displaying TiO4 tetrahedron

VAN/XN LN XN

.‘Emll‘ﬂl

ks

Figure 4.7 Atomic structure of the solved (2 x 2)a reconstruction viewed from the b-axis (a), and
c-axis (b). In (e) a triangle grid is imposed over the bulk layer below and in (f) the reconstruction
is represented by blue and red triangles showing placement of TiOs and TiOs[] units,
respectively. Atomic structure of the solved (2 x 2)b reconstruction viewed from the a-axis (c),
and c-axis (d). In (g) a triangle grid is imposed over the bulk layer below and in (h) the
reconstruction is represented by blue and red triangles showing placement of TiOs and TiOs[]
units, respectively and purple triangles and diamonds showing placement of TiO4 units.

As Figure 4.7 () and (g) show, a triangular grid can be imposed over the bulk-like (SrOs)*.

A single TiOx-layer reconstruction is shown in Figure 4.7 (a), (b), (e) and (f). TiOs (blue triangles)



81
or TiOs[] (red triangles) occupy any space on this grid- their Ti atom roughly in its center. All
oxygens shared with the (SrOs)* layer occur at bulk-like positions. The two or three oxygens
closest to vacuum (in TiOs[] or TiOs) are shared among two TiOx units and occur at roughly the
midpoints of the triangle’s sides, offset from the oxygens below to adopt a more-ideal polygon. A
double TiOx-layered reconstruction is shown in Figure 4.7 (c), (d), (g) and (h). TiOs and TiOs][]
units in these reconstructions are placed in the same way as those of the single-layer reconstruction.
However, the outermost oxygen atoms in TiOg or TiOs[] can be shared by TiOx in the same layer
or with TiO4 above. The possible positions of ED-TiO4 (purple diamonds) and FD-TiO4 (pink
triangles), similar in shape and oxygen-sharing to those on the (1 1 0) surface, are all illustrated in
the example shown. In all TiO4 units, Ti occurs at the center of the purple diamond or pink triangle.
ED-TiO4 tetrahedra occur on two sites. On one site, furthest opposite corners of its diamond
(oxygens closest to the surface) are over a grid intersection and the center of a grid triangle. The
other site has the two furthest opposite corners both over the center of a grid triangle (one over a
bulk Ti site and the other over a Ti-site occupied by the TiOs/TiOs[] layer). FD-TiO4 units occur
with one corner of the displayed face on a grid intersection and the other two corners of the
displayed face at the center of two different grid triangles. The fourth oxygen is directly below the

central Ti.

The variety of structures on SrTiOs (1 1 1) is greater than that of (1 0 0) or (1 1 0). However,
they can still be broken down into a small number of units as per Pauling’s fifth rule. These units
are similar to those on the (1 0 0) and (1 1 0) surfaces, indicating that Pauling’s fifth rule applies
in general to a given oxide material. TiOs[] or TiOs are arranged preferentially on the natural Ti

sites indicated by open grid triangles without a bulk TiOe in Figure 4.7 (e) and (g). Continuing the
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bulk-like structure minimizes energy on the surface. Pauling’s first rule is particularly relevant for
these surfaces. All possible TiOx units are present: in layers where TiOx density is highest, the
most-favorable TiOg and TiOs[] coordinations with geometry as close as possible to ideal
octahedra are adopted. In two-layer TiOx reconstructions, the outermost layer of lower TiOx
density does not support these structures. Instead, the TiO4 coordination is adopted to create a

continuous self-supported network, like the (1 1 0) surface.

Pauling’s third and fourth rules apply here in familiar ways. The only units to share
polyhedra faces are TiOs and TiOs[], which occasionally share a face with bulk-like layers below.
Placing these in natural Ti sites reduces the occurrence of this higher-energy configuration. Also,
while TiOg and TiOs[] units often share edges, TiO4 units almost never do. This is expected due to
their low coordination and high valence. The positions at which each of these types of units occur

minimize unfavorable sharing.

Something unique to the (1 1 1) surface, shown in Figure 4.6 (a), (b), and (d), is removed
or added Sr atoms, necessary to satisfying the nSrTiOz*mTiO- condition. In a single Ti-layer
reconstruction Sr atoms are removed from the bulk-like (SrOs)* layer. For double Ti-layer
reconstructions, there are no reported examples where Sr atoms are removed. However, Sr atoms
can be added to the outermost TiOs-containing layer (e.g. (2 x 2)b in Figure 4.6). When Sr are
added it is to octahedral sites at the corners or centers of grid triangles. This placement ensures a

coordination environment as close as possible to that of the bulk, as expected from Pauling’s rules.



83

4.3.4 From Reconstructed Surface to Thin Film:

The TiO3-rich surfaces of SrTiOz provide a robust example for how Pauling’s rules apply
to perovskite oxides. We will show that with increasing coverage the same rules apply, providing

the connection to thin film growth.

All TiO2 nanostructures reported on SrTiOs have structural features and periodic
arrangements similar to the SrTiOgz surfaces they are grown on, showing that Pauling’s rules apply

to heteroepitaxial film growth. The three structures considered in detail are listed in Table 4.4.

Table 4.4.Nanostructures on SrTiOz (1 0 0) from the literature.

Structure Surface Pictured Reference/s
c(6 x 2) (100) Figure 4.8 [30, 32, 36, 40, 46, 56]
Diline/Triline (100) Figure 4.9 [185, 186]
(2xn)alb(n=2-6... 0) 110 Figure 4.10 [62]

The c(6 x 2) reconstruction builds off of the TiO> plane termination of SrTiO3z (10 0). It is
“thicker” than others on this surface, with two additional TiOx layers. It has the usual TiOs[] units
on its top surface with the addition of Sr adatoms. The TiOs[] units are the same as in other SrTiO3
(1 0 0) reconstructions. The additional TiOx layers between the TiOs[] surface and bulk-like TiOg
are fully 6-coordinated TiOg octahedra. This structure is shown in Figure 4.8. Placement of atoms
in each layer is highlighted both using the symbolic Potts model representations for Figure 4.8 (e-
h) as well as the resulting structure in Figure 4.8 (a-d). In this Potts model the three elements are

TiOs, TiOs[], and an “empty” unit.
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a) b) c) d)
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<> TiOg octahedra

Figure 4.8 Atomic structure of the solved c(6 x 2) nanostructure on SrTiOs (1 0 0) viewed from
the b-axis (a), and c-axis with a square grid imposed over the bulk layers below (e). In (f) TiOs
units are placed on top of the bulk, represented by blue squares- the structure of this layer is
shown in (b). In (g) TiOs/TiOs[] units are represented by green squares and are placed atop those
in (b) and (f)- the structure of this layer is shown in (c). In (h) TiOs[] units are represented by red
squares and are placed stop those in (c) and (g)- the structure and tilts of this layer is shown in

(d).

Building up the c(6 x 2) is very similar to any reconstruction previously discussed. The
same grid, shown in Figure 4.8 (e), is drawn and populated with TiOyx units. These have more
layers of TiOx above and adopt a fully coordinated TiOs geometry, shown with blue squares in
Figure 4.8. Taking this layer as the new “base”, another grid can be drawn following the same
rules as before. The second additional layer of TiOg and TiOs[] units, green squares in Figure 4.8,
again occupy the same relative atomic positions that TiOs[] units in a SrTiOs (1 0 0) reconstruction
would be expected to. If this layer had another complete layer of TiOx units above (i.e. every
available site filled) all these units would be TiOes. However, that is not the case, leading to the

presence of some TiOs[]. This layer is then the basis of the final one, where TiOs[] units (red
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squares in Figure 4.8) are placed on top, again with the same rules as a normal SrTiOz (1 0 0)

surface reconstruction.

This reconstruction contains only TiOg and TiOs[] units, conforming to Pauling’s fifth rule.
Pauling’s first rule determines which of these two coordinations a given Ti atom is in. If there are
additional TiOx units above it, the Ti atom adopts its most stable coordination, TiOe. If it is a Ti
with none above it, the TiOs[] coordination is adopted- this is illustrated in the layer represented
by green squares in Figure 4.8 (c) and (g). Furthermore, to accommodate idealized TiOs][]
coordinations while accounting for differences in surface height, some of the units in the layer
represented by red squares in Figure 4.8 (d) and (h) are shifted slightly in terms of their ideal grid-
determined positions. This structure also has a few additional Sr atoms at its surface. Sr adatoms
on the surface follow the same placement rules as those on SrTiOs3 (1 1 1); they are only present

in sites allowing an octahedral coordination, agreeing with Pauling’s fifth and first rules.

As with the other SrTiOz (1 0 0) reconstructions, this structure minimizes the number of
shared edges between TiOx units. Sharing of corners is favored while sharing of faces is totally

avoided, in agreement with Pauling’s third and fourth rules.

TiO2 nanowires, such as the diline and triline reported on SrTiOz (1 0 0), are other
structures approaching the thin film regime [185, 186]. The TiOx di/trilines resemble the simpler
c(4 x 2) SrTiOz (1 0 0) reconstruction at their surface with the typical TiOs[] units [112]. Between
this and the bulk-like TiOs is a single additional TiOx layer made up of fully-coordinated TiOe.
This structure is illustrated in the case of the triline structure in Figure 4.9. The Potts model shown

in Figure 4.9 has three elements: TiOsg, TiOs[], and the “empty” unit.
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Figure 4.9 Atomic structure of the solved triline nanostructure on SrTiOz (1 0 0) viewed from the
a-axis (a), and c-axis with a square grid imposed over the underlying bulk (d). In (e) TiOe units
are represented by blue squares placed atop the grid in (d)- the structure of this layer is shown in
(b). In (f) TiOs[] units are represented by red squares placed atop the structure in (b) and (e)- the
structure of this layer is shown in (c).

Building the trilines (and dilines) relies on the same principles as the ¢(6 x 2) and other
reconstructions on the (1 0 0) surface. The grid is shown in Figure 4.9 (d) and TiOs (blue squares)
are placed on it in Figure 4.9 (e), following the same pattern of occupation as for the ¢(6 x 2). The
final layer of TiOs[] units (red squares) are placed in Figure 4.9 (f) and occupy the same relative

positions as any other previously-discussed TiOs[].

Pauling’s rules are obeyed by the triline in much the same way as for the normal SrTiOsz (1
0 0) reconstructions and the just-discussed c(6 x 2). As this structure simply serves to reinforce

these rules, further explanation is not necessary.

TiO2 nanostructures are not unique to the SrTiO3 (1 0 0) surface. Two families, (2 x n)a
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and b, where (n=2, 3, 4, 5, 6, ©), observed on SrTiOz (1 1 0) display the same ordered transition
from reconstructed surface to reconstructed thin film [187]. These nanostructures have an
additional TiOx layer when compared to other reconstructions on the (1 1 0) surface. On their top
surface they display TiOs units, rather than the TiO4 often seen in other (1 1 0) reconstructions.
Between this surface layer and the bulk below, there is a layer made up of TiOs octahedra. These
are the same in geometry as those on other SrTiOgz surfaces, and their placement is similar to TiO4
in other (1 1 0) reconstructions. One of these structures, the (2 x 4)a, is shown in Figure 4.10,
where each layer of the nanostructure is illustrated by the symbolic Ising model in Figure 4.10 (d-
f) and with the actual structure in Figure 4.10 (a-c). Since this structure only has two units, a TiOe,

and an “empty” unit, it can be represented with the binary Ising model.

a) b) c)

‘ edge-displaying TiOg ’ edge-displaying TiOg
octahedra octahedra

Figure 4.10 Atomic structure of the solved (2 x 4)a nanostructure on SrTiO3 (1 1 0) viewed from
the b-axis (a), and c-axis with a diamond grid imposed (d). In (e) TiOs units are represented by
purple diamonds placed atop the grid in (d)- the structure and distortions in this layer is shown in
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(b). In (f) TiOs units are represented by orange diamonds placed atop the structure in (b) and (e)-
the structure of this layer is shown in (c).

Building up the (2 x 4)a is the same as other reconstructions on the SrTiOz (1 1 0). The
starting base is a bulk-like (SrTiO)*" layer. The grid drawn in Figure 4.10 (d) is identical to the
ones used before on this surface. It is populated with exclusively TiOg units in the same sites that
held ED-TiOg4 in other (1 1 0) reconstructions. The difference between the ED-TiO4 seen earlier
and these TiOg is that these units have oxygens below and above the central Ti atom. These are
located at the closest opposite diamond corners (top and bottom corners)- so they can be thought
of as edge-displaying TiOs. These are visualized as purple diamonds in Figure 4.10 (e). If this
layer is then used as the new base, a new grid can be drawn and more TiOs placed to form the final
layer of the reconstruction, adhering to the same rules. This final layer is visualized as orange
diamonds in Figure 4.10 (f). This structure also has Sr adatoms, which are placed at sites with the

same in-plane positions as bulk Sr, but at the surface.

Pauling’s fifth rule is exemplified in these surfaces- the only unit making up these
reconstructions is TiOs. Additionally, its edge-displaying geometry is the same as the bulk-like
layers below, making this a particularly low-energy environment. Pauling’s first rule gives insight
into why the TiOs structure is adopted (rather than TiO4) and some of the shifting seen in the TiOg
layer depicted in Figure 4.10 (b) and (d). This nanostructure has high TiOx density. Additionally,
many TiOs units have another TiOx unit above them. In this case it is possible to adopt the most
stable coordination according to Pauling’s first rule: octahedral TiOs. The deviations from the ideal
placement shown by light purple diamonds in Figure 4.10 (e) serve to permit this low-energy
configuration (as opposed to the higher-energy TiOg alternative) and preserve the coordinations as

close to ideal geometry as possible when a fully-occupied TiOx layer does not exist.
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Pauling’s third and fourth rules are also obeyed in the placement of TiOs 0On this surface.
No faces are shared in any TiOg units. Edge sharing is also minimized by the arrangement of these

units.

As with the other thin film structures discussed, Sr adatoms decorate the surface at
octahedral coordinated positions, in accordance with Pauling’s fifth and first rules. In this case, Sr
atoms occur above the deviated TiOe, acting as an additional mechanism for stress relief — they

are octahedrally coordinated with a larger bond length than in TiOe.

4.3.5BaTiOs (10 0):

Few other perovskite oxide surfaces have been investigated with the same attention as
SrTiOs. However, there are surfaces whose reconstructions have been reported that deserve

mention. One example of this is BaTiO3z (1 0 0).

The structure of BaTiOg is a perovskite similar to SrTiOs, although BaTiOs deviates more
dramatically from the cubic structure, experiencing a great number of structural transitions with
temperature. Since it has the same stoichiometry, B-site cation, and general structure, one would
expect its surface reconstructions to have similar structural features to SrTiOs. Of the reported
structures for the (2 x 1) [52], (3 x 1) [43], ¢(2 x 2) [55], (V5 x V5)R26.6° [51], (V13 x V13)R33.6°
[54], and c(4 x 4) [55], all the proposed solutions have surfaces that are B-site rich, with a similar
double-layer structure to the SrTiO3z (1 0 0) reconstructions. The similarities between the two end
there, however, as these surfaces were all prepared under reducing conditions and have not all been
analyzed by multiple techniques. Since they are reduced, the condition of nBaTiOz*mTiO, does
not hold, allowing for structures with reduced oxygen content, or nBaTiOz*mTiOx to occur.

Proposed models for two of these structures, the c(2 x 2) and c(4 x 4), are shown in Figure 4.11.
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Figure 4.11 Atomic structure of reconstructions on BaTiO3 (1 0 0) surface showing ¢(2 x 2)
viewed down perpendicular axes in (a) and (c) and c(4 x 4) viewed down the same perpendicular
axes in (b) and (d). TiOs units are light blue, surface TiOg are yellow, TiOs[] are navy blue, and
TiOs are pink. Ba atoms are dark green, Ti are blue, and oxygen are red.

From Figure 4.11 one can see that Pauling’s rules are still obeyed to some extent. There
are, according to the fifth rule, a small number of structural units in these reconstructions, in this
case TiOes, TiOs[], and TiOz. Bulk-like positioning of the first TiOs/TiOs[] layer also agrees with
the implication from Pauling’s rules that surface structures that continue bulk ordering are
favorable. The coordination of the TiOg and TiOs[] units are close to ideal, as expected based on
the first rule. Since these surfaces are reduced, it is reasonable to assume that the average oxidation
state of Ti is also reduced. As such, the presence of TiOs is plausible because of the highly-reduced
nature of these surfaces. Additionally, TiOs units only occur in situation with very low excess TiOx,
consistent with the other surfaces analyzed. Coordination of TiO3 should obey Pauling’s rules as

well, adopting the most ideal polyhedron geometry possible.

Pauling’s third and fourth rules are obeyed; TiOx units are organized such that face sharing
does not occur and edge-sharing is also minimized. The TiOs units also follow this rule, they only

share corners with other TiOx. This behavior is as-expected from their extremely low coordination
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and high valence. While not enough structures have been solved to conduct the same type of
analysis done on the SrTiOs surfaces, the available information provides clues for solving

additional BaTiO3 reconstructions.

These structures also illustrate another use of Pauling’s rules — to raise questions with
structures which appear to deviate from what is normal. For instance, both contain surface titanyl
group with a T=0 double bond. This is unusual, as it yields a “naked” polyhedral apex. In addition,
the proposed three-fold titanium sites are not what one would expect based upon established bulk

inorganic chemistry.

4.3.6 LaAlOs (11 0):

Moving beyond perovskites that contain titanium, the only other oxide material which has

multiple reconstructions both reported and solved in a quantitative manner is LaAlOz (1 1 0).

LaAlOs has been of interest in the oxide community since the discovery of at 2-dimensional
electron gas at the LaAlIO3/SrTiOs (1 0 0) interface [70]. Unlike SrTiOs, where the valence of the
two cations is viewed as +2/+4 (Sr/Ti), in LaAlOz it is +3/+3 (La/Al). This leads to a polar surface
for the LaAlO3 (1 0 0) termination. The (1 1 0) termination can also be thought of as an alternate
stacking of (LaAIO)** and (O2)* layers, possessing a macroscopic electrostatic dipole similar to
that of SrTiOs3 (1 1 0). The parallels to the SrTiOs surface do not end there- the two reconstructions
reported on the LaAlO3 (1 1 0) surface, (2 x 1) [170], and (3 x 1) [42], have many similarities to
the (n x 1) reconstructions on the SrTiOz (1 1 0) surface [34, 47]. For LaAlOs, the solved
reconstructions can be described as Al,Os-rich (as opposed to TiO»-rich), and are all neutral in

terms of formal charge. Ideally, they conform to the formula nLaAlO3z*mAl.Os3, although the (3 x
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1) has additional adsorbed hydrogen (i.e. -OH groups). The structures of the (2 x 1) and (3 x 1)

are shown in Figure 4.12.

Figure 4.12 Atomic structure of the solved reconstructions on LaAlO3 (1 1 0) surface showing (2
x 1) in viewed down the c-axis in (a) and viewed down the b-axis in (c). Atomic structure of the
solved (3 x 1) reconstruction viewed down the c-axis in (b) and the b-axis in (d). AlOg units are
light blue, and two different orientations of AlO4 are red and purple respectively. La atoms are
green, Al are blue, and oxygen are red.

The reconstructions shown in Figure 4.12 are very similar to those on the SrTiO3 (1 1 0)
surface with similar polyhedral elements, AlO4 and AlOs[] present. This agrees with Pauling’s
fifth rule. Additionally, these units occur at similar positions with respect to the underlying bulk
layers when compared to the TiO4 on the SrTiOs (1 1 0) surface. These AlO4 and AlOs[] are as
close as possible to ideal polyhedra for these coordination numbers, in accordance with Pauling’s
first rule. Deviations from ideal polyhedron shapes are due more to cation repulsion and close
packing of polyhedra than any other factor, as expected from Pauling’s first rule. The
reconstructions shown here also conform to Pauling’s third and fourth rules. Face and edge sharing
between AIOx units are minimized while still conforming to the experimental unit cell size and

lack of formal charge requirements.

The formula to describe charge neutral reconstructions is different for this surface than
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SrTiOs (1 1 0) in B-site cation and oxygen content: i.e. nLaAlOz*mAIl20z vs. nSrTiOz*mTiO2. As
such, it may seem surprising that these reconstructions have such features. However, the fact that
the same types of structural units appear on both oxide surfaces indicates that they could be
codified in a very similar manner. This further reinforces the idea that Pauling’s rules provide a

robust framework for oxide surfaces.

While there have been surface structures solved or proposed on LiNbO3 [59], and likely
other perovskite surfaces, none of these data sets contain a number of structures large enough to
draw conclusions regarding their structural units. In addition, complete atomic positions are not
always published, and in some theoretical works only very limited possibilities such as bulk-like
terminations have been considered. We believe that as more structural information becomes
available, most if not all will follow Pauling’s rules; we expect that except for invalid models all

real oxide surfaces will.

4.4 Discussion

By using the large number of reconstructions solved on the (1 0 0), (1 1 0), and (11 1)
orientations of SrTiOz and a few other materials as examples, the application of Pauling’s rules to
oxide surfaces has been demonstrated. Although these surfaces have disparate properties, the
fundamental features and structural motifs found on them are remarkably similar. All orientations
of SrTiOs exhibit families of related reconstructions based on a Ti-rich surface that most often
consists of a bulk-like Ti-atom layer with additional TiOx polyhedra sitting on top of it, creating
the various electron density features often probed via STM, SXRD, or transmission electron
diffraction (TED). In all cases discussed, these reconstructions can be represented by tilings of

only a few different structural units in an Ising or Potts model, with polyhedra of TiOs, TiOs[], and
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TiO4 possessing near-ideal bond Ti-O bond lengths and angles occurring consistently across
different orientations. In addition, reconstructions on these surfaces follow Pauling’s other rules
in their specific arrangements- reducing the number of face and edge sharing polyhedral units

further as the coordination number of a high valence cation, in this case Ti**, decreases.

With a set of rules established based on Pauling’s rules, the task of generating plausible
solutions for additional reconstructions on this material is significantly simplified. It is even
possible to generate hypothetical structural solutions for surface reconstructions where little data
is present or of arbitrary unit cell dimensions. To do this the Ising or Potts models serve as a starting
point for generating reconstructions on the various surfaces. In this way, Pauling’s rules can be
combined with simple algorithms to generate every possible solution for a given unit cell size.
This has been demonstrated thoroughly on the SrTiOs (1 0 0) surface [188]. While some surfaces
of SrTiOs are more complex than others, and the number of possible reconstructions quickly
becomes very large as the unit cell size increases, this strategy could still be employed in cases
where little information is available regarding a given structure. The combination of these rules
with algorithms designed to generate permutations of possible structures offers a truly predictive
capability for oxide surfaces. Even in cases of large unit cells, Pauling’s rules can be used to
generate realistic hypothetical structures or evaluate the likelihood of a given proposed structure.
When combined with additional data including symmetry and relative surface composition from
STM, SXRD, TED, or other methods, this can significantly reduce the number of candidate
structures to evaluate using ab initio methods like DFT. Along with the simple BVS calculation
method, these rules provide an alternative initial evaluation method with essentially negligible

computational cost. This results in an overall reduction in computation time and expense as fewer
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structures need to be considered and reconstructions with otherwise prohibitively large unit cells

can be treated in a systematic manner.

Once a set of hypothetical structures are generated using an appropriate algorithm, these
structures can serve as starting points for DFT relaxations. Relaxation of the structures can then
be performed to compare the surface energies of different structures and determine which is lowest
in energy or matches most closely with available experimental data. When a structure generated
through the application of Pauling’s rules is relaxed the atoms will shift some from their original
positions. Whether a given TiOx polyhedra is better-described in the end as TiO4 with long bonds

to other oxygens, TiOs[] or TiOs is relevant, but not critical.

Two additional oxide surfaces, BaTiOsz (1 0 0) and LaAlOs (1 1 0) are also shown to
conform to Pauling’s rules, although the bonding in the proposed BaTiOs3 structures is surprising.
This shows that they are applicable to oxide perovskites of different cations and oxidations states.
Additionally, the cases of reduced and hydrated surfaces were briefly mentioned in these datasets.
As these special cases resulted in only small deviations from the expectations laid out by Pauling’s
rules, they do not present a significant deviation from this framework. The paucity of data
regarding solved reconstructions on other perovskite oxide surfaces is a perfect test bed which we

will leave to the future.

The reconstructions presented here are thermodynamically stable structures, introducing
the question of whether surfaces formed under conditions where kinetics dominate (i.e. film
growth) also adhere to Pauling’s rules. The available evidence says, yes, however there have not
been enough studies where both the substrate surface and resultant film surface structure are

considered. Those studies which the authors are currently aware involve deposition methods
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including MBE, reactive (or hybrid) MBE, and PLD. These have found reconstructions to be a
persistent feature in homoepitaxial SrTiOs growth for multiple orientations. This is evidenced by
the presence of the same types of reconstructions in thin films as on the “bare” surfaces. Persistence
of the (V13 x V13)R33.7° (RT13) reconstruction on an SrTiO3 (1 0 0) substrate was observed via
STM after the initial stages of PLD thin film growth. In this case, the reconstruction migrated to
the surface [189]. Sub-monolayer LaAlOs (1 0 0) growth on SrTiOs (1 0 0) was conducted where
the substrate’s RT13 reconstruction was observed to migrate, forming a thin TiO2 layer at the
surface [64]. A study of homoepitaxial growth on SrTiO3 (1 0 0) considered surfaces with a (2 x
2) or the c(6 x 2) reconstruction and found that films grown on these surfaces had different
morphologies [65]. Growth of Lao.7Cao.3sMnOz on SrTiOsz (1 0 0) RT13 surfaces indicated that the
initial excess Ti on the surface led to films displaying a surface structure of the same periodicity
even up to a thickness of 50 unit cells [66]. During the process of growth subtle variation of Sr:Ti
cation ratio produces different, previously-observed, reconstructions in films grown by hybrid
MBE on SrTiOz (1 0 0) and (1 1 0) [47, 190]. The appearance of reconstructions, and the A:B
cation ratio they imply, is reliable and repeatable enough that they have even been successfully
used for in situ feedback to control SrTiOs film stoichiometry during deposition [187]. This
indicates that changing the number of fundamental TiOx units (by varying the A:B stoichiometry)

causes a surface to re-organize itself to obey Pauling’s rules.

In summary, all the available evidence points towards Pauling’s rules being applicable to
perovskite surfaces, where there is currently a large enough database of well-solved structures. We
see no reason why the rules should be limited to perovskites, and they should be generally

applicable to other oxides. Indeed, there is no reason who one needs to limit their use to oxides,
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and in fact they have been implicitly used in the silicon and related I11-1V materials where similar

ideas are common. These are Pauling’s rules, just different types of coordination chemistry.

Surface structures which disobey Pauling’s rules must be treated with caution. They might

be rare exceptions, or just incorrect interpretations; this we leave to the future.
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CHAPTER 5

Single Ti-Layer Reconstructions on SrTiOs; (1 1 1) - A Demonstration of

Pauling’s Rules
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This chapter shows a direct application of the guidelines determined and outlined in the
previous chapter. As such, it serves as evidence that Pauling’s Rules can, in fact, be applied to
solving structures on the surface of SrTiOs, and also provides an example for what that process

entails.

Here, the case of the SrTiOz (1 1 1) surface was considered. The case of these two
reconstructions in particular was of interest as they possess unit cell sizes that are not integer
multiples of the bulk unit cell. Pauling’s rules were used, in combination with STM data, to
generate hypothetical structures. These were then relaxed using DFT to determine whether they
were structures with sufficiently low surface energies to be realistic. Final candidates were then

compared to the STM experimental data to identify their structures.

This work was done in collaboration with colleagues at the University of Oxford in Oxford,
UK, specifically Prof. Martin Castell and Shugiu Wang. These collaborators provided the
experimental STM images and also provided enhanced, averaged images of the two
reconstructions discussed. Some material in this chapter is based on the work presented in “Single-
Layer TiOx Reconstructions on SrTiOsz (1 1 1): (V7 x V7)R19.1°, (V13 x V13)R13.9°, and Related

Structures” [191].

5.1 Introduction

Strontium titanate finds a wide variety of applications from the very basic to the complex.
As arelatively idealized representation of the perovskite structure, it is often seen as a very simple
material. However, with applications for its surfaces ranging from utilization as an oxide growth

substrate [137, 192], an active material in catalysis [10, 11], to a functional material for oxide
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electronics [16-18, 20, 22, 23], there is great interest in understanding the structure of its surfaces

to use it most effectively.

The many reported and solved reconstructions on the three most common terminations of
bulk SrTiOs single-crystals, (1 00), (1 10), and (1 1 1), have already been mentioned and discussed
at length in the previous section. Arguably, the most complex and least-studied of these three
surfaces is that of SrTiOs (1 1 1) where numerous reconstructions have been reported, as
summarized previously in Table 4.3. However, only four reconstructions have been solved on this
surface, making it the least-understood common termination. A number of additional low-energy
structures have been theorized for this surface through DFT investigations, giving some additional
insight into which types of structures are most likely to occur [49, 167]; common features of these

reconstructions were discussed in the previous section.

In this section, the structure solutions of two previously-unsolved reconstructions, the
(N7 x V7)R19.1° (RT7) and (V13 x V13)R13.9° (RT13) reconstructions on SrTiOz (1 1 1) [169],
are presented. Experimental STM images and Pauling’s rules were used in conjunction to generate
all the possible structures for these two unit cell sizes given the available symmetry information.
DFT calculations and simulations of STM with the final, relaxed structures were then performed
to identify which of the hypothetical starting points was correct. The final structures consist of a
single layer of TiOs[] and TiOe units, a structure type that is shared with another previously-
reported reconstruction, the (2 x 2)a [49]. These solutions provide additional insight into the nature

of defects observed in these reconstructions.
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5.2 Methods

5.2.1 STM Measurements

All STM images were kindly provided by collaborators in the Castell group at Oxford
University. Epi-polished single crystal SrTiOs (1 1 1) with 0.5 wt% Nb-doping from PI-KEM, UK
were prepared in a JEOL JSTMA4500xt ultrahigh vacuum chamber. Since undoped SrTiOs3 is an
insulating material, Nb-doped samples were necessary to introduce n-type carriers that give rise to
good electrical conductivity at room temperature, which is necessary for STM measurements.
Samples were annealed at a base pressure of 108 Pa (7.5 x 10! Torr) for 30 minutes at 850 °C.
Resistive heating was employed via a direct current passed through the sample, with the
temperature monitored via optical pyrometer. For STM imaging, an etched tungsten tip was used

at room temperature. Images were taken at constant current [169].

5.2.2 DFT Calculations

The WIENZ2k code [154], described previously in Section 3.2.1, was used for all DFT
calculations. Both the generalized gradient approximation, in this case PBESol [152], and the
revTPSS method [193] were employed. All d-orbital electrons of the transition metal Ti atoms
were treated with an on-site exact exchange of 0.5, similar to previous investigations [41]. This
value was chosen by optimization and compared with experimental energies of selected TiOx
molecules [41]. Including this high level of exact exchange was shown, in previous work, to result
in better calculated energy for the decomposition of SrTiO3 to SrO and TiOz, closer magnitude of
the band gap [167], and improved match of the ratio of surface free energy for SrTiOs (0 0 1) to

(1 1 0), as obtained from Wulff construction measurements [194].
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Parameters for all calculations were standardized to allow comparison across different unit
cell sizes. The lowest-energy unit-cell size for bulk SrTiOs was determined separately for each of
the calculation types (PBESol vs. revTPSS), and all unit cells for a given reconstruction were
adjusted to match these for their in-plane dimensions. Slabs were constructed using a (1 x 1 x 10)
supercell where at least 1.6 nm of vacuum was present between surfaces. Each slab construction
had six layers of bulk SrTiOs. The muffin-tin atomic radii for O, Sr, and Ti atoms were 1.55, 1.71,
and 2.21 Bohr radii respectively. A Brillouin-zone reciprocal space sampling equivalent to a (4 x 4)
in-plane mesh for a (1 x 1) cell on (1 1 1) was used with an r*kmax of 6.20. A quasi-Newton
algorithm [195] was used to converge atomic positions and electron density, with overall
convergence to better than 0.01 eV/(1 x 1). The surface energy per (1 x 1) unit cell, the main
quantity reported in this investigation, was calculated according to Equation 3.6, described earlier.

Use of this method yielded an overall estimated error of 0.05 eV/ (1 x 1).

5.2.3 STM Simulation

Relaxed low-energy structures found using DFT calculations were compared to
experimental STM using STM simulations based on a modified Tersoff-Hamann approximation

[124]. Additional information about this simulation technique can be found in Section 3.2.2.

5.3 Results

5.3.1 STM of (N7 x V7)R19.1° and (V13 x V13)R13.9°
Imaging of samples done via STM showed the salient features of two reconstructions, RT7
and RT13, as well as the surface they occur on. In numerous images, terraces with jagged steps

were visible; the edges of these steps did not follow a preferred crystallographic direction. Step
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edges were found to be 0.21 £ 0.02 nm in height, equivalent to the d111 lattice parameter (0.23 nm).
Most of the surface was ordered, showing either RT7 or RT13 domains or a combination of the
two. These domains could be small and present on multiple terraces; however, their sizes appeared
to have no recognizable pattern, and the edges of these domains did not occur along any preferred
crystallographic directions. There were also areas of the sample where significant disorder was
present, and the boundaries between domains tended to be disordered as well. Figure 5.1 shows a
typical STM image where both types of reconstructions are present on the same sample’s surface.
For the sample shown in Figure 5.1 and in other STM images, the two reconstructions were
observed to have two different rotational domains. From the STM images, the periodicity of the
two domains was found to be 1.46 + 0.07 nm (RT7) and 1.99 £ 0.09 nm (RT13). This corresponds
to a lattice coincidence with the underlying bulk SrTiOz (1 1 1) of (V7 x V7)R19.1° (RT7) and

(V13 x V13)R13.9° (RT13).
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Figure 5.1 (a) STM image (+2.9 V sample bias, 0.3 nA tunneling current) showing RT7 and RT13
domains. Dashed rectangle highlights region of disorder. (b) Unit-cell averaged STM images of
the RT7 reconstruction (+2.1 V bias, 0.1 nA current) and (c) the RT13 reconstruction (+3.5 V bias,
1 nA current), dashed parallelograms outline unit cells of reconstructions.

In Figure 5.1 (b) and (c), averaged STM images of the two reconstructions are shown at a
larger scale to highlight their features- their unit cells are outlined by a white dashed line. The RT7,
shown in Figure 5.1 (b), appears to be made up of bright dots or clusters of atoms marking out the
corners of its unit cell. The RT13 is almost the opposite in contrast- instead showing an atomic
arrangement that forms a honeycomb-like continuous network. While STM does not give the exact

atomic positions nor provide indication of what types of atoms are present in its bright areas, this
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information did provide a general starting point for these structures. Additionally, looking at the
unit-cell averaged STM images in b) and c) generated using a process described elsewhere [196],

p3 symmetry was identified in both of these structures.

Another representation of these reconstructions, showing how they compare to the
underlying bulk SrTiOz (1 1 1) termination and illustrating the two rotational domains, is shown
below in Figure 5.2. This gives a frame of reference for how the structural hypotheses can be built
up on the bulk material below and possible unit-cell origins for the two reconstructions that are

considered while solving them.
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Figure 5.2 Unit cells of two rotational domains of RT7 (pink) and RT13 (blue) compared to the
underlying in-plane bulk unit cell of the SrTiOz (1 1 1) surface. Atoms of strontium, titanium, and
oxygen are represented by green, blue, and red circles respectively.

5.3.2 Structure Generation

The Pauling’s rules discussed in Chapter Four can be used, along with a few other
constraints, to generate possible solutions for these reconstructions. The constraints outside of

Pauling’s rules that were considered are that structures on the SrTiO3z (1 1 1) are TiOz-rich (as
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determined from experimental data) [169] and are valence neutral. They follow the formula

nSrTiOs « mTiOx.

Following the guidelines in 4.3.3, hypothetical structures were made by creating a unit cell
containing bulk layers of SrTiOz (1 1 1) that terminates on the (SrOs)* plane. Based on the
symmetry and unit cell sizes (as well as their rotations with respect to the bulk), it is not possible
for these particular reconstructions to be double Ti-layer. This is due to the fact that TiO4 units in
the double Ti-layer reconstructions on SrTiOs (1 1 1) would violate the observed p3 symmetry
with the positions they are able to occupy according to Pauling’s rules. As such, only single Ti-

layered possibilities were considered.

Single Ti-layered reconstructions are made up of an interconnected network of TiOs[] and
TiOs units. All of the possible arrangements that fulfill this requirement as well as the symmetry
and stoichiometry constraints were generated for these two reconstructions. As these are relatively
small unit cell sizes, this process was done by hand. However, it is possible to create an algorithm
to generate these, similar to work done elsewhere [188]. This would be particularly useful in cases

of increasing unit cell size where there are increasingly more structure possibilities.

All of the structures generated are shown as symbolic representations in Figure 5.3 and
Figure 5.4. These representations are similar to the ones discussed in Section 4.3.3, and their main
features are discussed only briefly herein. In these two figures, red triangles represent TiOs[] units
while blue triangles represent TiOe units. Figure 5.3 shows the three possible structures for the

RT7 sized reconstruction. Figure 5.4 shows all six possible structures for the RT13.
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Figure 5.3 Three hypothetical structures for the RT7 reconstruction shown as symbolic
representations based on Pauling’s rules.
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Figure 5.4 Six hypothetical structures for the RT13 reconstruction shown as symbolic
representations based on Pauling’s rules.

It is possible that some of the hypothetical reconstructions shown could have different unit
cell origins (i.e. the same structure tiling shown by the red/blue triangles but with the bulk below
shifted by a some distance). However, the possibilities shown do not include any of these original
variations- when they occur the lowest energy structure has been chosen according to Pauling’s
rules. Specifically, the structures shown minimize the number of TiOs[] or TiOe units that share
faces with TiOs units below- this is a simple way on the SrTiOsz (1 1 1) surface to narrow down

possible structures for further calculation.
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5.3.3 DFT Results

All of the generated structures were relaxed and their surface energies calculated using
DFT. To form the convex hull construction for SrTiOs (1 1 1) reconstructions, endmembers
representing different Ti-coverages are necessary to provide a benchmark for comparison. While
experimentally observed and solved structures do not exist for the entire range of Ti-coverage
relevant to these calculations, the next-best option was utilized. In previous investigations [49,
167], a large number of DFT calculations were conducted on hypothetical structures. Out of these
a few were identified that conform to Pauling’s rules and are the lowest energy structures identified
for those levels of Ti-coverage. These were used to form the endpoints of the convex hull. Energies
of those RT7 and RT13 hypotheses that lie on the convex hull are graphed in Figure 5.5. The
structure of the endmember marked ‘Low’ is made up of a single layer of TiOs[] units, while the
one marked ‘High’ is composed of two layers- an interconnected ring structure of TiOs[] on top of
TiOg units. The third structure to form the convex hull’s boundaries is the experimentally observed
and solved (2 x 2)a reconstruction. In Figure 5.5 the error bars represent the error of the DFT

calculations.
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Figure 5.5 Surface energies in eV/(1 x 1) surface unit cell plotted versus excess TiO per (1 x 1).
Results are from the revTPSS calculation, and the dotted lines show results from the convex hull
construction.

From an energetic perspective, all of the reconstructions plotted on this convex hull (RT7a,
RT7b, RT13a, and RT13b) are theoretically possible structures. The structures of these correspond
to the coded descriptions in Figure 5.3 (a) (RT7a), Figure 5.3 (b) (RT7b), Figure 5.4 (a) (RT13a),
and Figure 5.4 (b) (RT13b). However, the TiO2 excess for two structures, 1.071 for RT7b and
1.038 for RT13b, is similar and consistent with the STM results that showed both domains on a
given sample. This reinforced the observation that identical preparation methods led to similar

surface compositions, as these are both possible low-energy structures.

In the relaxed structures shown in Figure 5.5, the Ti-O bond lengths in surface TiOs[] and
TiOs were both reasonable and comparable to bond lengths in the bulk material. Bonds between
surface Ti and O atoms were found to be slightly longer than in the bulk (2.209 A TiOs, and 1.994
A TiOs[] vs 1.968 A in bulk). This can be explained by the fact that the surface TiOx units were
more tightly packed than the bulk, favoring repulsion between Ti atoms resulting in an overall

expansion outwards (the least-constrained direction at the surface). The calculated bond valence
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sums for these structures had Ti and O atoms at valences very close to their expected nominal 4+
and 2- values respectively [157]. Since the DFT surface energies and other easily-obtainable
structural information alone were not enough to determine which of these hypotheses is correct,

STM simulations were done of the relaxed structures.
5.3.3 STM Simulation

STM simulations of the low-energy hypotheses were conducted from their relaxed

structures. The results of these simulations are compared to experimental data in Figure 5.6.

L good STM matches Il poor STM matches |

Figure 5.6 (a) Averaged STM image (+2.14 V sample bias, 0.10 nA tunneling current) of RT7
with simulated RT7b overlaid in the middle and (b) structure diagram with TiOs[] octahedra in red,
TiOs octahedra in blue, and Sr atoms in green. (c, d) Show the averaged STM image and structure
diagram for RT7a, respectively. () Averaged STM (+3.6 V bias, 0.12 nA current) of RT13,
simulation RT13b overlaid to the right and (f) diagram of structure. (g, h) Show averaged STM
image and structure diagram for RT13a, respectively.

The structures on the left side, RT7b (top) and RT13b (bottom), showed a good match
between simulation and experimental STM. For the RT7, Figure 5.6 (), the pattern of hexagonally
close-packed dots of bright intensity was reproduced. When the simulation was compared to the
atomic structure, the areas of bright contrast in the STM were attributed to the TiOs[]/TiOs ring

structures present. The other possible RT7 structure, shown in Figure 5.6 (b), had a much more
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open network or TiOs[] and TiOe units. This was reflected in the STM image, and the simulated

contrast was almost opposite of the experimental data, making it an obviously poor match.

For the RT13 structures, the better STM match was found in Figure 5.6 (e). The
characteristic honeycomb-like structure was reproduced faithfully, and comparison between the
simulation and structure shows that these areas of brightness correspond very well with the denser
TiOs[]/TiOe parts of the continuous network. The other hypothetical structure, Figure 5.6 (g), did
not have a network with the same density and both the areas of higher TiOs[]/TiOg concentration
and those with little coverage were more triangular in shape. This was also seen in the STM
simulation which reproduced the triangular features rather than the hexagonal network seen in

experiment.
5.4 Discussion

The method of generating all possible reconstructions based on the information from
experimental STM and following Pauling’s rules resulted in structures that were both low in
energy and good matches once STM simulations were performed. These structures all consisted
of a single surface layer of Ti made up on an interconnected matrix of TiOs[] and TiOs units. In
the case of the RT7b reconstruction the condition of valence neutrality was maintained by
removing one strontium atom per reconstruction unit cell from the SrOs* layer directly below the
TiOs[] and TiOs units. This type of removal of a Sr atom was not unique to this reconstruction,

and was also reported for the (2 x 2)a structure on SrTiOz (1 1 1) [49].

In fact, the (2 x 2)a reconstruction had many other similarities to those identified in this
investigation. It was the only other experimentally observed reconstruction on this surface to

display the single Ti-layer type of structure. To show the similarities between the (2 x 2)a, RT7b,
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and RT13b structures, the three are shown below in Figure 5.7 both with their atomic structures
(top) and as symbolic representations (bottom) where red triangles are TiOs[] units and blue

triangles are TiOe units. An explanation of this symbolic visualization was discussed in Section

Figure 5.7 (a) Diagram of RT13b, (b) RT7b, and (c) (2 x 2)a where TiOs[] octahedra are red, TiOg
octahedra blue, and Sr atoms are green. (d) Grid imposed on bulk SrTiOsz (1 1 1) to codify RT13b,
(e) RT7b, and (f) (2 x 2)a.

Taken together, these reconstructions form a distinct family of low TiOx-coverage
reconstructions. Both solutions for the RT7 and RT13 are lower in excess TiO> than the previously
reported (2 x 2)a, making them the lowest excess TiO> reconstructions solved on the SrTiOz (1 1
1) surface. As the reconstructions shown in Figure 5.7 decrease in size, the concentration of TiOx
increases, forming a progressively denser TiOs[]/TiOe network. In fact, there is another way to
think about these reconstructions that reveals more about their formation and related structures, as
opposed to generating them by populating atomic sites with TiOs[]/TiOs. A hypothetical
endmember structure can be imagined where all the available atomic sites on the surface are

occupied by a continuous network of TiOe units (in Figure 5.7, this would be represented by the
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triangular grid being completely filled with blue triangles). This hypothetical structure satisfies the
stoichiometry condition (and Pauling’s rules).

If atoms were removed from this hypothetical structure to maintain the stoichiometry
condition nSrTiO3 » mTiOy, i.e., in integer amounts of SrTiOz and TiO», then all of the structures
seen in Figure 5.7 can be generated. Experimental STM can indicate which of these units to remove,
taking some of the guesswork out of generating structures if this process is done by hand, or
informing which structures are less likely if they are generated via algorithm. In cases where Sr
atoms must be removed to satisfy stoichiometry, the lowest-energy positions to remove them from
are those that have the highest number of neighboring TiOs[] and TiOe units. This was observed
in DFT calculations and is likely due to the fact that removing Sr from these sites does little to
affect the bonding environment of the nearby oxygen atoms, the atoms with the highest
electronegativity.

This approach to understanding structures can be used to gain insight into experimentally-
observed defects. STM of the RT13 surface is shown in Figure 5.8. There were defects present in
this surface which showed up as dark areas in the STM that vary in size and placement. The
structure of the outer layers was made up of TiOx units. To maintain stoichiometry some integer
number, n, of TiO. (and/or SrTiO3) can be removed from this structure in a way that obeys
Pauling’s rules to create a new, hypothetical, defect structure. Examples of this are shown in Figure
5.8 (b), and (c). In these cases, the removed unit is indicated by a circle, and the structure that
results is in the middle of the frame. In the examples shown, all maintained p3 symmetry, but the

experimental STM indicated that this was not necessarily required.
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Figure 5.8 (a) STM image (+2.9 V sample bias, 0.3 nA tunneling current) of defects in RT13. (b,
c) Diagrams of RT13b showing possible Schottky defects where TiOs[] octahedra are red, TiOg
octahedra blue, and Sr atoms are green.

The defective structures shown in Figure 5.8 (b) and (c) were very similar to those
generated in Figure 5.3 and Figure 5.4, and some were even similar to the low-energy RT13
solutions. As such, it is reasonable to conclude that they represent possible defect structures and
that removal of units in any pattern to best re-create the experimental STM intensity could yield

low-energy structure solutions. This indicates that the defects seen in the STM images of these
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surfaces are likely to be stoichiometric Schottky defects localized at the surface of the material, as
opposed to simple vacancies or interstitials.

Although the single-layered TiOx-rich structure model does not apply to all of the SrTiO3
(11 1) surfaces that have been solved, conceptually it fits in well with the double-layered surfaces.
It can therefore be applied to investigate hypothetical solutions for any SrT1O3 (1 1 1) surface
having p3 symmetry regardless of unit-cell size. The double-layered Ti-rich reconstructions such
as (3 x 3) and (4 x 4) are a natural extension of this model- higher Ti coverage leads to a second
TiOx-rich layer made up of TiO4 units. As the amount of TiOx on a surface increases, it is likely
that a double-layered structure would be necessary to accommodate it, considering there is no great
fundamental difference between the placement and types of units present in either of these surface

models for SrTiOz (11 1).

5.5 Conclusions

In this chapter, the solutions for two experimentally observed reconstructions on SrTiOsz (1
1 1), the RT7 and RT13, were determined. They were found by generating possible structures
using Pauling’s rules informed by the STM images, and the structures were chosen from candidates
by performing DFT relaxations and STM simulations. These structures, along with the (2 x 2)a,
were found to belong to a family whose model is easy to understand, and this model can be applied
to many reconstructions and observed surface defects. The methods described in this chapter could,
in the future, be used to create an algorithm for generating all possible structures within this family,
given a chosen unit-cell size, vastly simplifying the process of solving reconstructions on this

surface and lowering the computational burden of calculation. This direct demonstration of
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Pauling’s rules for oxide surfaces also indicates that descriptions of reconstructions can be unified

to provide additional insight into the surfaces of a given material.



117

CHAPTER 6

Thin Film Growth of Strontium Cobaltites
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The previous chapters focused on how the structure of oxide materials can be understood
at the level of reconstructions up to several atomic layers. This provides a foundation for exploring

structure in thin films while hinting at the complexity that is present in perovskite materials.

This chapter moves to structure on a larger scale- thin films. The same material family,
perovskites, will be discussed as the complexity within this family is more than enough to provide
opportunities for investigation. To this end, the growth and structural evolution of the strontium

cobaltite, or Sr-Co-0O, system is discussed in detail in this chapter.

This oxide system exhibits a complex structural interplay affected by both thermodynamic
and Kinetic factors. For methods where both growth environment and speed can be controlled, such
as MBE deposition, there is surprising flexibility within this material system. In particular, growth
behavior at varying time-scales was performed. This led to observations of the interplay between
kinetic and thermodynamic drivers on a film’s final structure. Post-treatment of films and the effect

of this on structure is also briefly discussed.

The main tool for the measurement of films in this chapter is in situ X-ray scattering and
an MBE chamber designed specifically for these types of investigations was utilized. The in situ
capability of this system enables probing a film’s structure at different points throughout its growth,

which was used in-depth in the following investigation.

Experimental work presented herein at the APS was conducted with kind assistance from
Dr. Hawoong Hong, Dr. I-Cheng Tung, and Seyoung Cook. Materials in this chapter form the
basis of “Layer-by-Layer Epitaxial Growth of Defect-Engineered Strontium Cobaltites” [197],

from which some figures have been reproduced.
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6.1 Introduction

The perovskite structure of ABOs allows incorporation of different elements in the A and
B cation positions [3, 5, 6, 8, 9, 12, 23], as well as tolerating a variety of composition with regard
to oxygen anions. Many B-site cations are transition metals that adopt different polyhedra
according to the amount of oxygen present. The electronic structure of transition metals, where the
d orbital electrons interact with the 2p orbitals of oxygen anions, lies at the root of this ability. In
some cases this results in materials adopting a variety of properties depending on their external
environment [92, 93, 198, 199] as functional defects (oxygen vacancies) are created and moved
through the material [106, 200]. Since these defects contribute to a material’s properties, it

becomes necessary to develop an understanding of their control.

B-site transition metals can adopt variable oxidation states, supporting a range of
coordination environments and structures [201, 202]. One transition metal that shows high
flexibility (by adopting oxidation states from 2+ to 4+) is cobalt, which has been studied with the
aim of controlling its phase and oxidation state through synthesis [2, 93, 203]. Various oxide
structures containing cobalt display high electrocatalytic activity [91, 93], reversible magnetic
states [204], and controllable oxygen diffusivity [205]. One example is SrCoOs, a ferromagnetic
metallic perovskite made up of corner-sharing octahedra of CoOs [206], and SrCoQO2s, an
antiferromagnetic insulator with tetrahedral and octahedral CoOx. One can reversibly switch

between these structures via a topotactic phase transition [9, 93, 207-210].

There are multiple viable methods for switching between these states [9, 93, 207-210], and
controlling conditions during synthesis offers another way to achieve a desired SrCoOx phase. For

example, oxygen activity and epitaxial strain have been shown to play a role in phase determination
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[9]. Most investigations of growth in this system utilized PLD with particle impingement energies
ranging from 5 eV to 50 eV, which result in deposition conditions very far from equilibrium [9,
92, 93, 165, 207, 210, 211]. MBE growth differs in a number of ways: impingement energies are
on the order of 0.1 eV [67], and growth rates can be much slower which allows for precise atomic

and defect control [212].

In this chapter, the synthesis conditions for the stabilization of different members of the
Sr-Co-0O (SCO) system will be discussed. A brief investigation into post-growth annealing of the
Brownmillerite phase will also be examined. In situ X-ray scattering [137] was used to probe the
structure of SCO thin films at different stages of their growth. The conditions for stabilization of
different phases were compared with calculated thermodynamic equilibria and kinetically-limited
processes such as solute trapping [213-216]. The findings of this investigation shed light on the
interplay of thermodynamic and kinetic processes in MBE and their use in predicting growth

conditions for defect-engineering films with MBE.

6.2 Methods

6.2.1 Substrate Preparation

SrTiO3z (0 0 1) substrates with low (< 0.1°) miscut [CrysTec GmbH] were prepared to
produce TiOx-rich terminated substrates [217]. They were sonicated for thirty seconds each in
acetone, isopropyl alcohol, and then water to de-grease and remove particles from their surface.
They were then sonicated in deionized water for 10 minutes at room temperature. Etching was
done by agitating for 30 seconds in a buffered hydrofluoride solution (NH4F:HF = 3:1) of pH 5-

5.5 before being rinsed in deionized water. Substrates were annealed for two hours in flowing
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oxygen at 1323 K. Substrates treated in this manner displayed unit cell height steps, confirmed by

atomic force microscopy (AFM).
6.2.2 Thin Film Deposition

Films were grown using reactive MBE in the custom-built chamber introduced and
discussed in Section 3.1.2. Pure oxygen or oxygen/ozone mixtures were introduced into the
chamber at total pressures ranging from 2.67 x 10 to 1.33 x 10 Pa (2 x 10" to 1 x 10 Torr).
The relative ozone concentration used was varied from 10% (i.e. 10% ozone, 90% oxygen) to
nominally 100%. All substrates were annealed in the background O2/O3 at the substrate growth
temperature, Tsus, ranging from 823-1023 K (measured by optical pyrometer) for 20 minutes before
deposition. Effusion cells supplied strontium and cobalt metal vapors with fluxes that were
calibrated with a QCM. The QCM calibration determined the deposition time needed for each
single atomic plane (i.e. ML). Sources were shuttered according to this calculated timing in the
repeated pattern of Sr -> Co -> Sr -> Co -> etc. This was chosen to favor either Brownmillerite or

perovskite-structured phases that exhibit alternating MLs of Sr and Co [218-220].

6.2.3 In situ X-Ray Scattering

All measurements were performed at APS Sector 33-IDE. Diffraction data in this section
was acquired using 7.5 keV energy unless otherwise noted (annealed samples where measured
with 15 keV X-rays). X-rays were selected with a Si (1 1 1) monochromator. In situ monitoring at
the anti-Bragg position (0 0 %2) of the SrTiOs substrate was performed to observe film thickness
and growth mode [221]. Immediately after deposition, (0 0 L) specular rod scans were performed.
Some films were interrupted periodically during growth to perform additional (O O L)

measurements to provide detailed information on structure evolution. All reciprocal space
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positions are presented in the form of (0 0 L) or reciprocal lattice units (r. I. u.) where L is the out-
of-plane diffraction direction relative to the room-temperature lattice parameter of SrTiOs, 0.3905
nm, using pseudocubic (pc) indexing for all crystal structures. 2-Dimensional images of the
scattered X-rays were collected using a pixel array detector [Pilatus 100 K, Dectris], and the data

were reduced to background-subtracted integrated intensities [222].

6.2.3 In situ X-Ray Scattering

XANES measurements, across the Co K-edge, were performed to determine Co oxidation
state during SCO phase growth. The intensities of the fluoresced X-rays from the films were
measured using a silicon drift detector [Vortex-60EX, Hitachi] aimed at the sample from above,
which was positioned at 90° with respect to both the sample surface and the incident X-rays. To
calibrate the measured energies, a Si-PIN photodiode was used to measure the parasitic air
scattering from an energy-varying incident X-ray beam transmitted through a Co metal reference
foil (5 um thickness). An ionization chamber, Io, was present upstream from the reference foil in
order to normalize the reference spectra. Downstream of the foil another ion chamber, 11, was used
to normalize the sample spectra. To determine the oxidation state of cobalt from XANES, the mid-
point of the adsorption edge’s position was taken to be 0.5ux. Two references, containing Co*
and Co*3 [143, 223], were used as interpolation endpoints when determining the average oxidation

state of films.
6.3 Results

6.3.1 Sr-Co-O Film Growth

In The SCO phase diagram has line compounds and areas of equilibrium between multiple

phases [224, 225]. This complexity necessitates a narrow substrate temperature range for MBE
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growth, one that is high enough for adatom mobility (> ~773 K), but low enough to avoid
decomposition into the undesirable SreCos015 hexagonal phase (~923 K for bulk) [226]. In the
growth chamber utilized, pressure was limited to a maximum of ~10* Pa (10 Torr) to avoid
oxidation of solid sources and provide a long enough mean-free-path for atoms. However, the
0,:03 ratio was used to vary oxygen activity by orders of magnitude (10%° depending on
temperature) in lieu of increasing background pressure. The growth conditions investigated
yielded films of two crystalline phases both of which were epitaxial with the SrTiOs (0 0 1)
substrate. Off-specular Bragg peaks indicated both phases were coherently strained. The specular
(0 0 L) X-ray scattering spectra of these phases are shown in Figure 6.1 (a) and (b) with the

corresponding XANES spectra shown in Figure 6.1 (c).
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Figure 6.1 X-ray scattering along the (0 0 L) crystal truncation rod of phase-pure SrCoO- (a) and
Sr3C0206:5 (326-SCO) (b) films grown on SrTiO3 (0 0 1). Film shown in (a) was grown at Tsup =
875 K, pO3 = 1.33 x 10 Pa (1 x 10 Torr), (b) was grown at Tsup = 873 K, pO2 = 1.33 x 10* Pa
(1 x 10 Torr). XANES at the Co K-edge (c) for the films, showing they both exhibit ~Co®*, as
measured at px = 0.5 (the intensity halfway point of normalized spectra). The energy references
are from the Co metal foil and Refs. [143, 223]

The overlay of the two traces in Figure 6.1 (c) indicates that both films contain Co®". The
structure in Figure 6.1 (a) was identified as the Brownmillerite phase. Simulations of specular (0

0 L) X-ray scattering of the SrCoOgn-1yn series (having endmembers of the Brownmillerite, BM-
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SCO, and perovskite, P-SCO) are shown (along with the structures they depict) forn =2, 4, 8, and

o in Figure 6.2.
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Figure 6.2 Structures of the stable members of the SrCoOzn-1yn homologous series for n = 2 (a), 4
(b), 8 (¢), and o« (d) on SrTiOs (0 0 1) and (e-h) their corresponding (calculated) X-ray scattered
intensities along the (0 0 L) specular rod assuming films are coherently strained, respectively. The
n =4, and 8 members (b) and (c) have two possible orientations, shown separated by the dotted
line, the (0 0 L) in (f) and (g) are an average of these two. The polyhedra corresponding to CoOg,
Co0s, and CoOe are shown in cyan, blue, and violet, respectively. Strontium atoms and oxygen
atoms are green and red respectively. The defect structures are expected to evolve from left to right
when moving from reducing to more oxidizing conditions.

The film in Figure 6.1 (a) was grown at Tsup = 875 K using 100% Os delivered at a pressure
of pO3 =1.33 x 10 Pa (1 x 10°® Torr). Distinctive half order peaks present at (0 0 %) and (0 0 3/2)
in Figure 6.1 (a) were the same as those observed in simulation of the BM-SCO phase in Figure

6.2 (a) and (e). These reflections at (0 0 m/2), where m is odd, resulted from octahedral-tetrahedral



126
stacking along the [0 0 1]pc, shown in Figure 6.2 (a). These conditions and the film’s diffraction
data agreed with previously-reported PLD-grown SrCoO2 s films with pseudo-tetragonal structure
that had in- and out-of-plane lattice parameters of a: = 0.3905 nm, cysa = 0.3940 nm at room

temperature [227].

Result for the film shown in Figure 6.1 (b) did not match any simulated in Figure 6.2,
indicating that it was not a member of the BM-SCO to P-SCO series. This film was also grown at
Tsw = 873 K, but with 100% O delivered at pO2 = 1.33 x 10 Pa (1 x 10 Torr). Only a small
number of the Sr-Co-O phases have lattice parameters allowing coherent strain with SrTiOs (0 0
1), one of which is the Ruddlesden-Popper, Srn+1ConOsn+1 Structures [228]. This type of structure
has been stabilized on perovskite substrates in other A-B-O systems [166, 229, 230]. In the SCO
system the n =1, 2, and 3 members, Sr.Co04, Sr3C0.07, and Sr4Co3010 are stable possibilities for

coherent growth on SrTiOz (0 0 1).

Considering these, the Bragg peaks of the films were investigated. They showed periodicity
of ~0.385 in L (1.01 nm in real space). This corresponded with Sr3Co207, having a bulk out-of-
plane lattice constant of 2.022 nm given that the Bragg condition was satisfied for every (0 0 2)
plane in its tetragonal unit cell (shown in Figure 6.3). The other two stable Ruddlesden-Popper
phases have lattice constants of 1.233 nm, and 2.855 nm, which made them very poor matches to

the observed peaks.

While the lattice parameter of the film agreed with Sr3C0,07, the XANES indicated that
Co®" was the species observed in this film. This implied an oxygen-deficient stoichiometry

represented by Sr3Co020s:5 (326-SCO), where 646 is very close to 6. Bulk synthesis of similar
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phases including SrzCo020s.78, Sr3C020s.91, Sr3C020s594, and Sr3C0206.06 have been reported and
their structures determined [107, 108]. This structure is shown in Figure 6.3 (b). The oxygen-
deficient Ruddlesden-Popper has oxygen vacancy channels that are “taller” than those of the
Brownmillerite structure but similarly run in-plane with respect to the substrate. The CoOe
octahedra of the perfect Ruddlesden-Popper are replaced by a mixture of CoOs octahedra and

Co0Os square pyramids in this structure [107].
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Figure 6.3 Crystal structures of the Sr3Co.07; Ruddlesden-Popper (a) and the related oxygen-
deficient Sr3C020e:5 (b) showing positions of oxygen vacancies. The polyhedra corresponding to
CoOs, and CoOg are shown in blue, and violet, respectively. Strontium atoms and oxygen atoms
are green and red respectively.

Every film across the range of conditions tested was identified as either SrC0025 (0 0 1)pc,
Sr3C0206:5 (0 0 1)pc, Or @ mixture of the two. In a few films an additional peak at (0 0 L = 1.83),
attributed to (0 0 1)-oriented CoO was identified. All depositions were done with a cationic ratio
Sr:Co =1, so the presence of CoO can account for the excess Co atoms missing from the 326-SCO

phase. However, this peak was not observed in most of the 326-SCO films, bringing up the
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question of where extra Co was located. It was possible, but at the growth temperatures
investigated, highly unlikely, that CoO nanoparticles volatilized [231]. Another phenomenon,
solute trapping, offers a more satisfying explanation that will be discussed in greater detail later.
For now it is sufficient to note that both SrCoO2s and Sr3C020¢:5 may be stable over a range of
A:B ratios. The upper limits of solubility for cations on each other’s sites has not been investigated

and the Sr-Co-O phase diagram have only recently been given quantitative attention [224, 225].

6.3.2 Effects of Growth Rate on Thin Film Phase

To gain an understanding of the effect growth that rate has on the film phase, a series of
growths were observed at set conditions for an in-depth study. Films were grown using Tsub = 873
K, and pos = 1.33 x 10 Pa (1 x 10°® Torr), chosen as conditions where both BM-SCO and 326-
SCO were observed. The growth rate was controlled, not by changing the source flux, but by
interrupting growth at different stages to collect X-ray scattering and spectroscopy data. The fastest
film growth occurred without interruption (an effective growth rate of 0.003 A/s); a second film
was interrupted and measured after deposition of every four bilayers (BLs) (effective growth rate
of 0.002 A/s); and a third film was interrupted after growth of every BL (effective growth rate of
0.001 A/s). This method of altering the growth rate was chosen both for practical reasons and

because it allowed insight into the structural evolution at different thicknesses.

The (0 0 L) X-ray scattering spectra after growth, shutter/measurement scheme, and in situ
(0 0%) r. I. u. intensity measured throughout growth for these three films are shown in Figure 6.4.
Oscillations of the (0 0 %) intensity in Figure 6.4 (a), (c), and (¢) corresponded with the growth of
each SrO-CoOx bilayer. The BM-SCO phase exhibited a superlattice peak at (0 0 %), so it was

expected that growth of this phase would result in an increase in intensity at this condition, as was
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observed for the two films grown at a faster rate, Figure 6.4 (a) and (c). If the Brownmillerite
structure was considered, one expected that four BLs must be grown to observe the full unit-cell
and the Bragg peak at (0 0 %2). Before reaching this thickness the film did not have the structural
periodicity required to result in superlattice peaks. Interestingly, no increase in intensity was
observed at the (0 0 %) until at least eight BLs had been deposited. This indicated that a critical
thickness of two unit-cells was necessary to observe the oxygen-vacancy ordering present in the
BM-SCO phase. In the film with the slowest effective growth rate the overall intensity of the (0 0
1) diffraction condition was lower and its behavior was much less predictable, as shown in Figure

6.4 (e).
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Figure 6.4 Scattered X-ray intensity at the (0 0 ¥2) position during growth (left) of three different
Sr-Co-O films (a, ¢, €) on SrTiOz (0 0 1) and their corresponding (0 0 L) scans of the films (right)
after growth (b, d, f). Films were interrupted (marked as ‘Measure’) during growth as depicted in
the inset shutter schematics of (a), (c), and (e). All growths shown were conducted at Tsun = 873
K, pOs =1.33 x 10 Pa (1 x 10 Torr).

By comparing the films in Figure 6.4 (b), (d), and (f), it was determined that faster growth
rates yielded films that were BM-SCO in phase while the slowest growth was a mixture of the
BM-SCO and 326-SCO phases. As such, faster growth prevented decomposition of SrCoOzs into

Sr3C0206+5 and CoO- results that agreed with PLD studies [9, 92].

Films measured at different points throughout their growth were compared to provide

additional information about their structure. Figure 6.5 shows the results of this experiment with
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(00 L) scans for the BM-SCO film interrupted every 4 BL, Figure 6.5 (a), (c), and the mixed BM-

SCO + 326-SCO film interrupted every BL, Figure 6.5 (b), (d).
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Figure 6.5 Scattered X-ray intensity along the (0 0 L) specular rod showing evolution of the film
structure for films interrupted after deposition of each four BLs (a), (c) or interrupted every BL
(b), (d). All intensities (z-axis and color map lightness) are plotted on a normalized logio scale.
Arrows in (c) and (d) indicate peak positions characteristic to the BM-SCO (pink) and 326-SCO
(blue) phases while tick marks on the right axis indicate when measurements were taken.

In Figure 6.5 (c) and (d) the BM-SCO and 326-SCO Bragg peaks are marked with pink
and blue arrows respectively to aid in identification. For the BM-SCO film, Figure 6.5 (a), and (c),

BM-SCO peaks became evident after deposition of 8 BL. The two-phase film, Figure 6.5 (b) and
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(d), had Ruddlesden-Popper peaks near L = 0.77 and 1.14 after deposition of about 5 BL. This was
roughly the same length scale as the unit-cell for SraC020¢:s. Intensity at the BM-SCO positions
did not become distinguishable from thickness fringes until deposition of roughly 8 BL. This
indicated that the BM-SCO phase had a similar critical thickness for ordering whether it was in
single or mixed-phase films, and that its critical thickness of ordering was larger than that of the
326-SCO phase. Once a phase was established it persisted throughout the growth, indicating that
its presence was set soon after the nucleation stage and was not significantly altered by other

competing phases.

To understand more about the thickness of each phase, distinct SrCoO25 and Srz3C020e:5
Bragg peaks were fitted with Gaussian functions. The full-width half maxima were determined,

and the thickness within each phase calculated using a form of Scherrer’s equation (Equation 6.1).

%
te BcosO

(6.1)

In Equation 6.1 T was the calculated film thickness, K a dimensionless shape factor set to
unity, A the wavelength of X-rays, g the full-width half-maximum of the film peak (in radians) for
the phase whose thickness is measured, and 8 was the Bragg angle (in degrees). Additionally, the
total film thickness was determined from the spacing of thickness fringes measured in the (0 0 L),
done for the two films shown in Figure 6.5. The results of this analysis are summarized in Figure
6.6 for the BM-SCO film (a) and the two-phase film (b). Both curves (BM-SCO phase and total
thickness) were a close match in Figure 6.6 (a), indicating the out-of-plane correlation length spans
the film. The data in Figure 6.6 (b) showed that the thicknesses of BM-SCO and 326-SCO

increased at similar rates and their final thickness was on the same order as the total film thickness,
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similar to the single-phase film. While there was no in-plane information indicated by the (0 0 L)
data, this described some possible domain architectures. The most likely domain structure for the

two phases was a self-assembled vertically-aligned nanocomposite [69].
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Figure 6.6 Thickness of different phases during growth in a pure BM-SCO film (a) and the BM-
SCO + 326-SCO film (b). The BM-SCO phase is indicated by the pink traces, 326-SCO phase by
blue, while the overall film thickness based on CTR thickness fringes is indicated in black. Linear
fits are drawn as a guide for the eye.

XANES of previously-discussed films, such as those shown in Figure 6.1 (c), indicated
that both the phase-pure BM-SCO and the mixed BM/326-SCO films contain Co%*. In situ XANES

of the films in Figure 6.5 (a) and (b) were also acquired immediately after (0 O L) scattering data
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was collected (i.e., during growth interruption) to see whether this remained true and how the
oxidation state of cobalt might be affected by film thickness. The data are shown in Figure 6.7,

where the BM-SCO film is presented in (a) and the mixed phase film in (b).
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Figure 6.7 In situ XANES measured at the Co K-edge during growth of two films interrupted at
different points throughout growth, showing a phase-pure BM-SCO film (a) interrupted after
deposition of each four BL and a two-phase BM-SCO and 326-SCO film (b) interrupted after
deposition of each BL. The energy references are from the Co metal foil and Refs. [143, 223]

Again, both of these films had Co®* as their final average oxidation state. However, the
phase-pure BM-SCO film shown in Figure 6.7 (a) had a measured 3+ oxidation state at all points
(taken after growth of at least 4 BLs). This indicated that, while the film was not yet ordered in the
Brownmillerite structure, it had the same oxygen vacancy concentration, SrCoO2 . Since this film

was not measured more frequently, it was not possible to determine the oxidation state of its first
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layer, though the Brownmillerite structure in Figure 6.3 implies that the average Co oxidation state

would be 3+ after growth of only two BLs, in agreement with these observations.

The mixed phase film in Figure 6.7 (b) started off with a much lower Co oxidation state,
near 2+, indicative of the first layer being CoO. This could be a tetrahedral layer like the one
discussed by Meyer et al [232]. For the Sr3C020s-s5 Structure in Figure 6.3 (b), each layer containing
cobalt is approximately CosOs, resulting in Co®" or higher for each layer. In the case of the
observed growth, each deposited BL increased the observed oxidation until roughly 14 BLs were
deposited and the cobalt reached an oxidation state of 3+. This hinted at a possible reason for
forming a composite film under these growth conditions. The BM-SCO structure has well-defined
vacancy ordering that requires the oxygen stoichiometry to be very close to SrCoO25. Oxygen
contents that vary even slightly from this will result in a distinct loss of diffraction from the half-
order peaks of the BM structure (shown in Figure 6.2). The film identified as BM-SCO via
diffraction, shown in Figure 6.7 (a), demonstrated this strict adherence to the Co3* oxidation state.
For additional oxygen vacancies to be incorporated, they must migrate into a structure that can
tolerate more variation in oxygen content, such at the Srz3C020s-5 [107]. This migration would lead
to cases where the phase fraction of Sr3Co020sx5 increases as more oxygen vacancies are

incorporated, i.e. under reducing conditions.
6.3.3 Annealing BM-SCO Films

The studies on growth conditions and rate gave insight into how films of pure BM-SCO or
mixed BM/326-SCO can be stabilized. Controlling the growth rate provided one method of
selecting between BM-SCO and 326-SCO (or producing mixed-phase films), but post-treatment

of films may provide another. Additionally, post-treatment could offer a method for attaining
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phases with higher cobalt oxidation states, such as the Co** found in perovskite SrCoOs. To
investigate this possibility, a related experiment was done on the annealing of Brownmillerite-
phase Sr-Co-O films after their growth. For this study BM-SCO was grown on SrTiOs (0 0 1) at

Tsub =793 K in 1.33 x 10 Pa (1 x 10 Torr) of 100% Os.

The initial BM-SCO film, shown in Figure 6.8 (a), had distinctive half-order peaks
characteristic of its oxygen vacancy-ordered structure. The background 100% O3 was increased
from 1.33 x 10 Pa to 5.60 x 10 Pa ((1 x 10 to 4 x 10 Torr). The sample was then heated, in
stages, from the growth temperature, Tsub = 793 K, to a temperature of 1023 K. The changes in the
film’s structure, measured along the (0 0 L), are shown in Figure 6.8 (b). All X-ray measurements
in this investigation were done with 15 keV X-rays. Keeping the sample at this temperature, the
background 100% O3 was then decreased back down to its original value of 1.33 x 10 Pa (1 x 10°
® Torr), the effects of which are shown in Figure 6.8 (c). This further reduction was accomplished
by lowering the background 100% O3z pressure rather than additional heating due to limitations of

the substrate heater.
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Figure 6.8 Specular (0 0 L) scattering of a BM-SCO film after growth (a) at Tsu, = 793 K in 1.33
x 10 Pa (1 x 10 Torr) of 100% Os, its changes upon annealing at 5.60 x 10 Pa (4 x 10 Torr)
with increasing temperature from 793 to 1023 K (b), and further change upon lowering background
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Pos from 5.60 x 10 Pa (4 x 10 Torr) to 1.33 x 10 Pa (1 x 10® Torr) at constant temperature of
1023 K(c).

Figure 6.8 (b) shows that annealing a pure BM-SCO film resulted in a weakening of
intensity at the half-order peaks. This was likely due to a breakdown of ordering when oxygen
vacancy migration or an overall gain/loss of oxygen in the material happened (with a loss being
more likely as increasing temperatures were reducing the film). Additionally, a diffraction peak at
(00 L =2.6), attributed to the (2 0 4) peak of CoO, appeared. Heating the pure BM-SCO phase

film caused a second phase, CoO to nucleate and grow.

When the film was subsequently reduced, by lowering the 100% Oz pressure, shown in
Figure 6.8 (c), a third phase, 326-SCO, appeared. When this phase appeared, the half-order peaks
of the BM-SCO were no longer visible in the film, indicating that the entire film was made up of
Co0, 326-SCO, and perhaps a perovskite-like SrCoOx phase with no oxygen vacancy ordering.

These results indicated that the BM-SCO phase decomposed upon heating into CoO and 326-SCO.

6.4 Discussion

6.4.1 Thermodynamics of Sr-Co-O Film Growth

Varying the effective growth rate showed that the structure of strontium cobaltite films
grown using MBE changed depending on rate. Films with faster growth rates (relative to atomic
diffusion) were stable in the SrCoO.s phase while slow growth led to mixed SrCoO.s and
Sr3C0206:5 films. Changing the deposition rate allowed for selection of the phase fraction and
different growth-rates were dominated by kinetics versus thermodynamics. Mechanisms for
formation of the observed phases were elucidated by comparing thermodynamic data for the Sr-

Co-0 system to the growth rate results.
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To compare between films grown with Oz and Oz, the method outlined by Suzuki et. al.
was used [233], who calculated the thermodynamic quantity of oxygen activity in ozone, a,,. The

ozone to oxygen equilibrium is shown in the following chemical equation:
3
05(g) < 502(9) (6.2)

The corresponding Gibbs free energy for ozone decomposition is then

eq\3/2
(v
0z) 6.3)
03

AG®° = —RT In

where R is the gas constant, T is temperature, and p,2 and pg? are equilibrium partial pressures of

oxygen and ozone. This expression can be written in terms of activity of oxygen in ozone, a,,

an- P° 3/2
4CO = _RT ln% (6.4)
03

where P° is the total gas pressure. In the case of these experiments (where Sr/Co = 1), the oxygen
partial pressure for 326-SCO and BM-SCO phase coexistence, p,2(326 — SCO < BM — SC0),

can be determined from the following chemical reaction:
4519C040,5(326 — SCO) + 12C00 + 30,(g) < 185r,C0,05(BM — SCO) (6.5)
This reaction has a free energy of formation for Sr.C0,0s (BM-SCO) given by

18
apMm-sco

agzs—scoaégo (ng(326 —SCO & BM — SC0)

G]? = —RT In (6.6)
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where aguy—sco, A326—sco, and ac,o are activities of the materials relative to the pure substances.
If these are assumed to be unity, py,(326 — SCO < BM — SCO), can be calculated. This was
done for the experimental temperature and oxygen activity conditions explored using
thermodynamic constants from the recent literature [224, 225, 234]. Calculations for
P02(326 —SCO < BM — SCO) and a,,(326 —SCO < BM — SCO) are shown in Figure 6.9.
The activity of 100% O3 and 100% O at 1.33 x 10 Pa (1 x 10 Torr), the most and least oxidizing
conditions investigated, are shown as short and long dashed lines respectively. If the least
oxidizing conditions are used, the BM-SCO phase is not favored unless Tsu, < 345K, far too cool
to produce high crystallinity using MBE. At temperatures higher than this, the 326-SCO and CoO
phases are thermodynamically stable. On the other hand, using the most oxidizing condition, 100%

O3, the BM-SCO phase is stable up to growth temperatures of 835 K.
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Figure 6.9 Thermodynamic phase diagram (a) showing po2/ao2 (left/right axis) for the 326-SCO
« BM-SCO reaction (bold line). The aoz of 100% O3 at 1.33 x 10 Pa (1 x 10 Torr) is indicated
as a short, dashed line, while 100% O at 1.33 x 10 Pa (1 x 10 Torr) is indicated by the long,
dashed line. In (b), containing an enlarged view of (a), we overlay the results for films of Sr-Co-
O grown at varying Tsu and ao2. Open and dark circles indicate Brownmillerite and 326-SCO
films, respectively, with mixtures of the two are indicated by partially-shaded circles.
Experimental growth data was overlaid on this plot in Figure 6.9 (b). Each circle represents
experiments conducted at the specific conditions and the portion of gray versus white in each circle
indicates the proportion of BM-SCO versus 326-SCO phase observed. White circles, indicating
only the BM-SCO phase, were indeed found in the BM-SCO calculated region. However, the

experimental data indicated that phase behavior in 326-SCO region was more complex. Despite
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being in the 326-SCO region, the data showed that pure BM-SCO films or mixed phase BM/326-
SCO films could be grown. These experiments showed that stabilizing the BM-SCO phase outside
of its region of thermodynamic stability was possible but can be challenging, even when cation
ratio and shutter schemes that favor the BM-SCO phase were employed. Nearer the equilibrium
line, stabilization of the BM-SCO phase was easier, as indicated by the larger number of circles
with white, Figure 6.9 (b). Far from the equilibrium line, especially at the 100% O condition, it
was nearly impossible to stabilize the BM-SCO phase even with fast growth. As this analysis was
purely bulk thermodynamics, it did not take into consideration interface energies, epitaxial strain,
or kinetic effects that may influence phase stability. However, overall there was rough agreement
between the calculated phase stability regions and experiment, even when kinetic effects were
totally ignored. The region near the equilibrium line was the same one probed with the series of
growths made at different effective growth rates, V5. These were conducted just inside the region
of 326-SCO stability. From the scans shown in Figure 6.4, there was some critical growth velocity,
V., above which the metal atoms deposited did not have time to nucleate the thermodynamically

stable phase due to the lack of sufficient surface diffusion, Ds.

6.4.2 Kinetics of Sr-Co-O Film Growth

In the experiments conducted, slow growth led to increased observation of the
thermodynamically stable phase while fast growth stabilized the Brownmillerite phase. Since
Brownmillerite was the structure targeted by both the A:B ratio and shutter scheme chosen, this
result implied kinetic control. There was agreement between this result and two literature models

for MBE growth.
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One, based on alloy decomposition [235-237], stated that the stable phases and film
morphology were determined by growth temperature, rate, epitaxial strain, and thermal expansion
coefficients. The aspects of this model that were qualitatively observed during these growth
experiments were the effects of temperature and growth velocity while forming the characteristic
vertical domain structure. Epitaxial strain likely also plays a role in the stabilization of phases in
this system, as films grown on Lanthanum aluminate- strontium aluminum tantalate,
(LaAlO3)0.3(Sr2TaAlOg)o.7, (LSAT) (0 0 1) under similar conditions had BM-SCO phases stable
well into the calculated region of 326-SCO stability, as mentioned previously. This can likely be
attributed to differences in lattice mismatch between the SrTiOs (0 0 1) and LSAT (00 1)

substrates [9].

A second, gquantitative model that was consistent with observations presented herein is
solute trapping. Solute trapping occurs when the growth rate is quick enough to prevent atoms
from migrating to form thermodynamically favored phases [213-216]. This is described by the

following equation:

Va
— 6.7
o > 1 (6.7)

where V = growth velocity, a = hopping distance, and D = interface diffusion coefficient. As such,
a fast growth rate implies that the structure will be totally determined by the source shutter
sequence and timing with A and B cations “frozen” in place by a growth front that advances
quickly enough to prevent diffusion. For the growths presented here using different Vy, the ratio

of Va/D was estimated using the self-diffusion coefficient of cobalt in cobalt, D¢, gep=3.03 x 10°

18 cm?/s [238] and the hopping distance a,—, ~ 3 A. Growth velocities for these films (0.001 A/s
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—0.003 A/s) resulted in Va/D ~ 0.1 — 0.3. The self-diffusion coefficient of cobalt in the oxide is
smaller than in the metal, and the hopping distance of 3 A is also a conservative estimate- actual
values are likely higher. As such, the actual ratio would then be higher than those calculated. These
ratios (even the ones presented based on estimates) are close enough to unity that it is likely that
the process of solute trapping occurs, especially as the ratio approaches unity. All of this implies
that the films grown quickly are undergoing solute trapping that allows them to maintain the BM-

SCO structure.

6.4.2 Phase Evolution of SrCoO25 upon Annealing

The annealing experiments provided another way to alter the structure of a film, one that
was intuitive from the calculated phase diagram and gave additional insight into the reactions
between phases. Since no deposition occurred during annealing, the kinetic process of solute
trapping did not have a significant effect on the film’s structure during this process; it was entirely
thermodynamic. According to the calculated phase map, the initial growth conditions for this film
were inside the region of thermodynamic stability for the BM-SCO phase. From the calculated
phase map in Figure 6.9 (a), increasing temperature at a given oxygen activity value (e.g. following
the short, dashed line) will result in moving from a region where BM-SCO is stable to one where
326-SCO and the CoO phases are stable. This was observed in the film when increased temperature
resulted in the appearance of the CoO phase. This change is represented by the following chemical

equation:

+4h
251,C0,05(BM — SCO) — S1,C0,05(BM — SCO) + S1,C0,_,,05_, + xC00) (6.8)
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The CoO phase was the first to nucleate when SrCoO2 s was heated and some fraction of Co and
O atoms precipitated out to form this secondary phase. This left the remaining Sr2C02.xOs.x With
some amount, x, of vacancies. However, the BM-SCO structure was still detectable via X-ray
scattering, indicating that the oxygen vacancy ordering was not totally disturbed by this process.
This could be due to the CoO phase only nucleating in certain regions and the rest of the SrCoQO25
remaining unchanged. When the film was subsequently further reduced (by lowering the 100% O3
background pressure), the original BM-SCO phase was no longer detected and only the 326-SCO

and CoO phases remained. This can be represented by the following chemical reaction:

Sr,C0,05(BM — SCO) + S1,C0,4_,05_, + CoO
(6.9)

—Pos3

— 519C04015(326 — SCO) + Sry,Co0,_,05_, + CoO

This chemical reaction will not be balanced as it is uncertain, from the data acquired, whether the
BM-SCO phase is the only phase to decompose into the 326-SCO phase or whether some portion
of the BM-SCO and the Sr.Co02.xOs.x phases both decompose. In either case, at this stage, there
was no remaining BM-SCO. Additionally, the phase SroC02.xOs.x is included in the chemical
reactions shown because, upon cooling the film back to its original growth Tsyp = 793 K, some of
the BM-SCO phase was recovered. If the structures of the BM-SCO and 326-SCO phases, shown
in Figure 6.2 (a) and Figure 6.3 (b), are compared it is evident that they differ both in-plane and
out-of-plane. As such, it is unlikely that any transition between BM-SCO and 326-SCO would be
easily-reversible. Since some reversibility was observed upon heating it seems more likely that
some portion of another phase, Sr.C02.xOs.x, was still present which converted back to BM-SCO,

or a structure that approximated BM-SCO’s oxygen vacancy ordering.
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This experiment supported the validity of the calculated thermodynamic phase map in

Figure 6.9. It also showed that when BM-SCO decomposes into 326-SCO and CoO, the CoO phase
nucleated before any 326-SCO was observed. This observation implied that cations in the BM-
SCO structure have some mobility and experience diffusion during this phase transition. Since the
annealing steps were conducted on a similar timescale to the growth experiments, the idea that
solute trapping (kinetics) was competing with cation diffusion (thermodynamics) was supported
by this result. Additionally, CoO was observed in the annealed films, but was not present in any
of the films produced by the growth rate experiments. This indicated that growth conditions and
solute trapping influence the observed phases- i.e., solute trapping can keep sufficiently different
phases from nucleating. In this case, CoO may not have been observed due to the existence of
sufficient driving force (perhaps from interfacial energy differences) to suppress its precipitation
out of the kinetically stabilized structure. Since BM-SCO and 326-SCO have very similar lattice
parameters and are expected to have little to no interfacial energy between phases, they are much
more compatible in a mixed-phase film where solute trapping is at play than the CoO phase would
be under the same conditions, helping to explain the widespread lack of CoO observations in films

that were not annealed.
6.5 Conclusions

The Sr-Co-O oxide growths performed via MBE provided insight into the roles of
thermodynamics and kinetics on oxide phase stability in a complex system. SrCoO25 could be
stabilized by both epitaxial strain and by rapid growth (films grown quickly with specific
shuttering schemes favored this structure). However, if films were exposed to higher temperatures

or to reducing environments during growth, the Sr3C020s:5 phase was stabilized, and moderate
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growth rates led to nanocomposites of the two materials. Formation of observed phases was in
semi-quantitative agreement with the Kkinetic theory of solute trapping. Additionally,
thermodynamic phase diagram calculations provided guidance on experimental conditions that
should be used to stabilize a desired phase. Combining thermodynamic calculations and
experimental investigations of a wide range of growth environments (including growth rates) is an
approach that provides additional insight into the growth of complex oxide system. This strategy
can be used to target specific phases or domain architectures similar to the two-phase competition

observed in the Sr-Co-O system.

The Brownmillerite SrCoO25 structure in Sr-Co-O films was observed in films with a
minimum thickness of two unit cells (8 BL). Oxygen vacancies remained disordered below this
thickness, but the cobalt oxidation state was set at Co®" as soon as 4 BLs were deposited, observed
by in situ XANES. This indicated that the overall content of oxygen vacancies in the film did not
change. The Sr3Co020¢:5 phase nucleated with initial oxygen deficiency, 8, and incorporated more

oxygen throughout its growth up to a Co oxidation state of 3+.

In situ X-ray scattering and absorption probes facilitate investigation of deposition
behavior at different growth rates. This is of interest in oxygen deficient materials where
thermodynamic and Kinetic factors contribute to growth behavior. The system investigated, Sr-Co-
O, with its highly-variable transition metal cation and complex phase diagram, provides an
example of the rich behavior that can be observed. This system shows a wide range of structure-
dependent properties that are important to understand when considering the synthesis of
multivalent transition metal oxides, and serves as an example of the many different possible factors

that affect phase stability. Both X-ray spectroscopy and scattering give insight into physical and
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chemical processes in MBE deposition, and in situ techniques can provide information necessary

for defect-engineering the properties of cobaltite heterostructures.
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CHAPTER 7

Design, Construction, and Characterization of Delivery with a Hybrid MBE
System for in situ X-Ray Characterization
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The previous chapter demonstrated the wealth of information that can be determined about

the early stages of thin film growth using surface X-ray scattering methods. The structure and
bonding environment of single atomic layers can be investigated and changes measured throughout

synthesis.

This capability is particularly powerful in advancing the understanding of growth
mechanisms for thin films if it can be applied to either the synthesis of novel materials or novel
synthesis methods. While the previous chapter focused on a complex oxide system, the Sr-Co-O
materials, where there is a great deal of structural flexibility due to the ease of oxygen vacancy
formation (essentially investigation of an under-studied material), this chapter focuses on the latter

problem: applying these measurement technigues to novel synthesis methods.

This chapter discusses the development and results obtained from a “hybrid” MBE System.
This system delivers a metalorganic source, in the gas phase, to a traditional MBE chamber,
allowing a metalorganic chemical vapor deposition-like capability to be added to the growth. The
instrument discussed in this chapter is not the first of its kind and is based on metalorganic
molecular beam epitaxy instruments, but it is the first to be integrated with in situ surface X-ray
scattering capabilities that allow the mechanisms of synthesis to be investigated using a technique

that has not been previously applied.

The work in this chapter would not have been possible without the advice of Dr. Bharat
Jalan, Dr. Roman Engel-Herbert, and Dr. Matthew Brahlek who provided information on the
design of their existing hybrid MBE systems and troubleshooting advice. Erika Benda at the APS
provided invaluable expertise for system design and creation of all computer aided design models.

Initial design, all assembly, interfacing with existing beamline software and an existing beamline
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oxide MBE chamber, as well as testing, and initial results were all performed by the author of this
thesis. Materials in this chapter form the basis of the publication “Development of a hybrid
molecular beam epitaxy deposition system for in situ surface X-ray studies” [239], from which

figures are reproduced.

7.1 Introduction

As the degree of complexity and the range of desirable properties increase for oxides
finding use in new applications including solar cells [1, 4], sensors [15], electrochemical
supercapacitors [21], and other packaged devices [2, 3, 19], synthesis methods must also advance
to produce these materials. To these ends, flexible synthesis with both a high degree of precision
and the potential for scale-up, to meet industrial fabrication requirements are desirable. Currently
many methods with the appropriate levels of precision suffer from being time-consuming or are
limited in terms of the elements that can be incorporated. One way to address this is by combining
desirable aspects of multiple growth methods- this is, in fact, the approach used in HMBE where

both metalorganic and solid metal sources are utilized.

Implementing a metalorganic source into traditional MBE offers a few advantages. While
the solid metal sources of MBE limit the elements that can be deposited (as some sources require
unrealistically high temperatures), multiple metalorganic precursor compounds are also available
that can provide these elements. Additionally, metalorganic sources have chemical functionality
built in and do not necessarily rely on the extreme oxidizing environment provided by ozone or an
oxygen plasma [218, 220, 240] necessary in normal MBE to produce a stoichiometric oxidized
film. Such extreme environments often lead to oxidation of the solid metal sources themselves in

MBE, and avoiding this allows for increased efficiency and stoichiometric control [132, 133]. For
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these reasons incorporating metalorganic deposition into UHV chambers was first investigated in
the 1980s [241-244]. Initial synthesis focused on semiconductor materials, specifically the 111/V
family, before expanding to include materials for high Tc-superconductors [96]. Early hybrid
systems did not produce oxides, but within the past ten years interest in these synthesis methods
has renewed, and their use expanded to include a much wider range of oxide materials, especially

those of the diverse perovskite families [245-248].

Although HMBE is being rediscovered as a method for oxide synthesis, the specifics
mechanisms of growth are still areas where relatively little study has been conducted. In situ X-
ray scattering with a synchrotron X-ray source, a tool discussed in previous Sections 3.1.2, 3.1.3,
and 3.1.4, is well-suited for investigation of synthesis [249-251]. The very high brilliance available
from a synchrotron source permits surface X-ray scattering with techniques including grazing
incidence X-ray scattering and spectroscopy [252], the measurement of CTRs from poor scattering
materials or very thin films, observation of otherwise-inaccessible fractional-order peaks, and
diffuse scattering to be applied to films only a few atomic layers thick. By combining these
different approaches, information on defects, surface reconstructions, island sizes and distribution,
and domains in a film can be investigated and information about the mechanisms of growth across
length scales obtained, sometimes simultaneously. The in situ capability allows evolution of these
features to be tracked in real time during film growth, offering additional insight into complex

mechanisms and processes.

This section describes the system constraints, design, testing, and initial results from a
HMBE metalorganic delivery system for in situ SXRD at Sector 33-IDE of the APS. The goal of

this system is to provide access to SXRD techniques to perform detailed studies of growth
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mechanisms in HMBE and allow comparison with other growth methods (especially traditional
MBE). The only prior in situ information on HMBE growth has come from reflection high energy
electron diffraction (RHEED) measurements [253, 254], so this system allows for comparison with
these data sets while facilitating investigation into atomic-scale processes with a variety of

diffraction conditions and scales during complex oxide thin film growth.

7.2 Methods

7.2.1 Sector 33-IDE MBE Chamber Details

The oxide MBE chamber that this metalorganic delivery system was designed to interface
with is housed at Sector 33-1DE of the APS. This chamber is mounted on a six-circle diffractometer
to provide the axes of motion necessary to reach relevant diffraction conditions for in situ SXRD.
This system (the chamber and the diffractometer) and its possible motions are shown in Figure 3.1
(in Section 3.1.2) [129, 130]. The typical base pressure for MBE growth in this chamber is in the
10° Torr range and the vacuum is maintained by a roughing pump and 1000 I/s turbo pump.
Growth substrates in this chamber are mounted on a sample arm that provides resistive heating.
The components of this growth chamber, the same one utilized in Chapter Six are discussed in

greater detail in Section 3.1.2.

7.2.2 Residual Gas Analyzer

To monitor presence and levels of precursor metalorganic gas in the growth chamber, a
residual gas analyzer (RGA) / mass spectrometer [Stanford Research Systems, USA] was used.
When collecting survey data on the RGA (i.e., measuring which mass-to-charge ratio (m/z) values
were present in the chamber and at what levels). First, a mass range of 1 + 99 amu can be scanned

to survey the whole environment. It can also be run in a mode where specific m/z values are
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followed over time to track changes in their levels- the use of this second measurement mode is
described in the following text.

7.3 Hybrid Delivery System Overview
7.3.1 Challenges

As this delivery system was designed to interface with an existing MBE chamber and X-
ray measurement setup, the design had to meet specific constraints during its development. First,
it had to conform to the strict geometric layout of the existing chamber and accommodate
diffraction measurements with a further requirement that it must be easy to attach without
significant modification of the chamber. To explore a greater variety of sources and material
architectures, the use of two different metalorganic sources during deposition was desirable. To
accommodate the different vapor pressures of the two sources the delivery lines and injectors for
each source had to be separately maintained at specific temperatures. Finally, as this experimental
station is contained within a concrete hutch at the APS (to prevent exposure to X-rays), most of
the controls must be accessible remotely and integrated into existing computer systems/programs.
The next section, detailing the design and overview of the created instrument, will address these

concerns roughly in the order they have been presented.
7.3.2 General Equipment Overview

The entire gas delivery system is mounted on a vertically-oriented rack made of an 80/20
T-slotted aluminum frame, mounted on wheels to allow it to move when clamped to the
diffractometer stage. This vertical organization was chosen to provide a small footprint. All

components of the delivery system including piping, valves, meters, controls, and miscellaneous
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electronics are permanently attached to the frame, and efforts were made to organize components

so that the heaviest ones are nearest to the ground for stability.

The important parts of the system attached to the vertical rack are shown and labelled in

Figure 7.1. What follows is a brief description of the pieces of equipment and their purpose.

Figure 7.1 Schematic of the mobile, vertical rack for the in situ hybrid MBE chamber. Views from
the front (a), the back (b), and at angle (c), with the labeled components described in the text.
Labelled parts are bellows-sealed pneumatic valves (A), (F), and (1), heating controllers (B), line
pressure/ mechanical valve controller (C), digital 1/0 for pneumatic valves (D), pneumatic valve
solenoids (E), scroll pump (G), pressure capacitance manometer (H), source enclosure (J), metal-
sealed mechanical stepper valve (K), and exhaust vent hookup (L).
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At the bottom of the rack sits a scroll pump [Edwards Vacuum, UK] (Figure 7.1 G) with a

peak speed of 6.2 m%h, which achieves an ultimate vacuum of 0.015 Torr. This pump can be used
to evacuate the delivery lines (or some section of them) during source installation or baking of
lines between runs. It also provides an exhaust, and the pump’s exhaust is integrated with the
exhaust air system that the source enclosure feeds into (Figure 7.1 L) via a flexible piece of
ductwork. Two sources are contained in the stainless-steel enclosure [Applied Energy Systems,
USA] (Figure 7.1 J) that provides both ventilation for use with hazardous or flammable gases
(Figure 7.1 L) and a physical blast-proof barrier. All piping (1/4 inch stainless-steel) is attached to
the frame for support, generally at the points where valves or other equipment is placed. Pneumatic
bellows-sealed valves [Swagelok, USA] (Figure 7.1 A, F and 1) are used for isolating different
parts of the line and rapid on/off or switching between sources. These valves are controlled by
solenoids (Figure 7.1 E) and a digital data acquisition 1/0 device [National Instruments, USA]
(Figure 7.1 D) that supports remote communication. Each source line has a metal-sealed control
valve with a stepper motor [MKS Instruments, USA] (Figure 7.1 H), which will be referred to as
a mechanical leak valve from here on out. Additionally, each line has a pressure capacitance
manometer [MKS Instruments] (Figure 7.1 H) with a 1 Torr range that provides feedback to the
mechanical leak valve located at the top of the rack. On one line the pressure capacitance
manometer is rated to operate up to 50 °C, while the other line has an internally-heated version
that operates at 200 °C. The control loops are governed by self-tuning/digital proportional-integral-
derivative (PID) pressure controllers [MKS Instruments, USA] (Figure 7.1 C) which are mounted
opposite the mechanical leak valves near the rack’s top. The entirety of the delivery lines and any

component that gas travels through are heated (not shown in Figure 7.1 but discussed in a
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subsequent section) and this is controlled by a bank of autotuned PID/ on-off controllers [Omega
Engineering, USA] (Figure 7.1 B), which are mounted in the same area as the mechanical leak
valve controllers. This placement of the controllers was chosen for two reasons: the first being that
this height puts all displays at roughly eye level for an operator; the second that their weight helps
to balance out the source enclosure on the rack’s other side. For convenience, a shelf for the storage
of miscellaneous small tools, power strips for controllers, and other low-power components are
positioned at the center of the rack.

Now that the nature of the components has been discussed, some of the reasoning for their
placement and practical aspects of the vertical rack will be covered. The relevant design challenges,
outlined earlier, are the prospects of interfacing with an existing chamber and allowing for the
range of motion required during X-ray scattering measurements. In general, components were
mounted to the rack to distribute weight evenly across both sides and heavier objects were
positioned closer to the rack’s bottom to reduce instability during motion. The heaviest
components are the scroll pump, source enclosure, and controllers (in roughly that order), the
pieces of equipment whose position has been chosen most carefully. Piping was laid out to reduce
the length of delivery lines as much as possible given the other geometric constraints of this system.
The in-use configuration of the system is shown in Figure 7.2, highlighting its compact footprint
and how it interfaces with the growth chamber. Where the piping meets the UHV chamber a
custom showerhead dual injector [Riber, USA] meets the chamber’s conflat flange in a position
normally reserved for a Knudsen cell MBE source. This injector was designed so that both source
lines entered the chamber at the same position while maintaining independent heating from one

another. The conflat chosen for delivery is one that has a straight line-of-sight to the substrate’s
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growth position. When in use, the rack is fixed rigidly to the stage base of the diffractometer on
which the MBE chamber sits, as shown in Figure 7.2. This attachment is modular, made of steel
slotted strut channel, and is removed from the diffractometer base when the HMBE is not in use.
The green arm in Figure 7.2 shows where and how this attachment is done- the placement is a
precaution necessary to follow the m-axis motion (shown in Figure 3.1) of the chamber and
diffractometer during measurements. This axis of motion can sweep out an angle of up to 30°,
which is equivalent to an arc of 3-4 feet in terms of the rack’s motion across the experiment hutch’s
floor. All piping is fully modular, using VCR metal gasket face seal fittings [Swagelok, USA].
This ensures that parts can be easily swapped, in case maintenance or cleaning is necessary and
allows the final length of piping (between the rack and MBE chamber) to be replaced to interface
with chambers of different geometries. The wheeled base also provides portability to this system

and it can be easily moved to different experimental setups as needed.
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Figure 7.2 Schematic of the entire in situ hybrid MBE system, showing the placement and
attachment of the vertical rack used to deliver the metalorganic precursors, relative to the oxide
MBE chamber and six-circle diffractometer, as viewed from the top (a) and side (b).

7.3.3 Gas Handling

The gas handling system was designed to address the need to deliver two different
metalorganic source gases into the UHV chamber. Since no carrier gas is employed, the flux from
each source is maintained by regulating pressure in the delivery line and adjusting the mechanical
leak valve accordingly while all components of the delivery system are held at constant

temperature. Flux from a source can either be directed into the growth chamber or to the exhaust
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system via the scroll pump by changing the configuration of the pneumatic valves. A schematic of

the delivery system and the valves/ controllers is presented in Figure 7.3.

=
O foreni
o
HV HV
2 4
Injector
PV (to UHV chamber)
1
H1V PV
3
|
Scroll pump
(to exhaust)
Source A Source B

Press. Con. - Pressure Controller

PCM - Pressure capacitance manometer
M - Mechanical leak valve

PV - Pneumatic valve

HV - Hand valve

Figure 7.3 Diagram of the hybrid MBE gas delivery system, indicating placement of the valves
and pressure controllers.

Source bottles contain the metalorganic precursors, generally in liquid form. All precursors
used in these investigations constitute the B-site cation of the perovskite, ABOs. Two examples of
precursors discussed are titanium (IV) tetraisopropoxide (TTIP) and vanadium (V) triisopropoxide
(VTIP). As mentioned, there is no precursor gas used for delivery, and as such the source
temperature and resulting vapor pressure provide the concentration gradient necessary for delivery.
The main control loop, a feedback/control loop between the mechanical leak valve and pressure

capacitance manometer, allows a steady vapor flux to be achieved. During delivery, O2 or Oz can



161
be provided to the chamber via leak valve if necessary- generally to a level that resultsina 1 x 10°
® Torr pressure in the growth chamber. Subsequent metalorganic delivery is done at pressures in
the 100 mTorr range in the delivery line and 1-2 x 107 Torr range in the growth chamber (measured
via ion gauge). Delivering metalorganics at a higher pressure could lead to overwhelming the
roughing and turbo pumps and should be avoided.

Since the sources are effectively separate (having their own piping, control equipment,
and injector nozzles), they can operate independently. This means they can deliver flux at different
rates and in any order desired. The procedure for switching between sources is designed to ensure
a constant gas flow to either the chamber or exhaust and prevent fluctuations in pressure during
switching. Switching adheres to the following procedure: while source A is delivered to the
chamber, source B is directed to the exhaust via the scroll pump at the cart’s base; when the two
are switched their destinations are exchanged. Any source directed to the exhaust passes through
a particulate filter placed at the inlet to the scroll pump. The exhaust of the scroll pump is integrated
into the hazardous gas ventilation system at beamline 33-ID (where this experimental setup is
housed). While the main purpose of the pneumatic valve is switching, it also facilitates isolation
of different parts of the piping during modification, source replacement, leak checking, or bake-
out. Two hand valves meant for isolation of the entire piping system are located at either of its
terminal ends, one directly downstream of the source and the other directly upstream of the UHV
chamber injector.

Each delivery line is heated in different zones. This is shown in the diagram of Figure 7.4,
where one line’s temperature zones and the equipment within them are indicated. As proximity to

the growth chamber decreases (zone A leads to zone B etc.), the temperature (T) of the line
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increases, such that Tzone A < Tzone 8 < Tzone ¢ < Tzone 0. The exact temperature values are chosen
such that sufficient vapor pressure is present for the delivery flux desired while avoiding thermal
decomposition of metalorganic species. The TTIP source is presented as an example. The source
temperature, T.one A, IS kept at 72 °C, which provides a calculated vapor pressure Peq, Trip = 3836.4
mTorr (5.0479 x 107 atm) [255] in the headspace. The subsequent zones increase in temperature
according to the following scheme: Tzone 8 = 85 °C, Tzonec = 95 °C, and Tzonep = 115 °C. From a
practical standpoint, while it is possible to control the temperature of the two lines of the dual
injector (Tzone p) Separately, it is difficult to maintain a large difference (>50 °C) in temperature

between them due to their proximity.

! Injector

; 1 (to UHV chamber)

Scroll pump
(to exhaust)
P zoneA T 71 ZoneC
T Zone B T~ 71 Zone D

Figure 7.4 Diagram illustrating the different temperature zones for a single hybrid MBE gas
delivery line. Labels of the different valves and pressure controllers are shown in Figure 7.3.

Since flux relies solely on the line pressure (and source vapor pressure), precision and

accuracy are both important in the temperature control of different zones. To ensure a high level
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of control each zone has a dedicated PID temperature controller. These controllers were found to
maintain line temperature, once heated and stabilized, to within +/- 0.5 °C. Lines are heated with
heating tape wrapped uniformly and insulated with layers of aluminum foil to avoid hot or cold
spots along their length. The temperature of the lines at various points along their length should be
checked when the system is first heated to ensure that there are no large inconsistencies within a
given zone. As mentioned previously, one of the delivery lines has an internally heated pressure
capacitance manometer that operates at 200 °C. This was chosen to allow for one line to be used
for “colder” sources while the other is used for “hotter” sources. This heated manometer allows
sources that would easily condense to be utilized because the electronics of the other manometer

are only rated for operation up to ~50 °C.

7.3.4 Control Systems

One of the challenges discussed previously was that the growth chamber is set up to
perform X-ray measurements at a synchrotron facility. As such, it is housed in a concrete hutch
that cannot be entered during measurements; this necessitates that all monitoring and control of
the HMBE during growth and in situ measurements must be done remotely through interfaced
computers and existing systems at the beamline. The control loop of the mechanical leak valve
and the pressure capacitance manometer is integrated using software built on Experimental Physics
and Industrial Control System (EPICS) [256]. This platform was used because it is already in place
on the beamline computers to control diffractometer motion and record diffraction data- hence
both systems can be controlled from the same interface and their settings stored in one shared
record. A dedicated graphical user interface (GUI) was developed for control of the mechanical

leak valve. Through this, the leak valve can either be opened to a specified percentage of its fully



164
open value, or a desired line pressure can be set and used for PID control. Additionally, the PID
settings can be altered via the GUI and multiple setpoints (of multiple types) stored in memory for

quick switching between states.

The other valves on the delivery lines are all pneumatic on/off valves controlled via the
Laboratory Virtual Instrument Engineering Workbench (LabVIEW™) software [257]. Using
LabVIEW™, two different GUIs were written: one for individual control of each on/off valve
independently according to any desired configuration, and one where specific, pre-set, valve
schemes can be selected. The GUI with pre-written schemes is intended for quick switching
between sources and routine actions like initiating or terminating delivery from a source. The other
GUI is necessary to allow for more complicated schemes or isolation of specific piping areas
during installation, pump-down, or bake-out of the system. The EPICS and LabVIEW™ systems

were designed to work in tandem, allowing for the most flexibility compatibility.

7.3.4 Safety

The main safety concerns with this system are related to the high temperatures at which
the delivery lines are maintained and the specific chemical hazards associated with the
metalorganic sources being utilized. As some parts of the system may be maintained at
temperatures nearing 120 °C, care should be taken around the piping and thermally insulated
gloves should always be worn when operating hand valves. It is also necessary to check that all
wiring and power around the chamber are not in direct contact with any heated lines. As the HMBE
changes position during measurement, the full extent of its motion should be checked to ensure

that it is unhindered before use.
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Exposure to any sources should only occur in an environment where proper ventilation is
present to ensure a constant flow of any potentially hazardous material away from operators. If a
source bottle is filled by hand, appropriate precautions (a hood with proper airflow or the use of a
glovebox if appropriate) should be taken and appropriate personal protective equipment worn
depending on the source material. Installation or removal of a source bottle or bubbler from the
delivery system should be done only when the entire instrument is at room temperature. The

following procedure should be used for replacing a source:

The bubbler should be isolated by closing its hand valve. The rest of the piping should be
evacuated to exhaust until any buildup of excess vapor pressure is eliminated. Some sources are
air sensitive and if the growth chamber is not under UHV (i.e. if it is currently vented) a positive
backflow of nitrogen can be provided. If this is not possible the valve directly downstream of the
source should be closed so that as little of the piping is exposed to air as possible. After removal,
any VCR fittings that were opened should be inspected for damage or oxidation/corrosion and

replaced as necessary.

Installation of a source follows the reverse of the procedure described above. Again, either
a positive flow of nitrogen should be present or all delivery line valves should be closed. Once the
new source is installed, all piping (up to the source bottle) should be evacuated via exhaust before
opening the bubbler’s hand valve. If baking of the system is desired, this is the best opportunity to
carry it out. An appropriate baking temperature for this system is 110-120 °C to drive off water
and organics while staying within the temperature range that can be easily maintained by the
heating elements. Once the source valve is opened, both the lines and source can be heated to the

desired temperature while the exhaust vent is still open to prevent excess pressure buildup. When
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the desired temperature for the source is attained the main mechanical leak valve (and the exhaust)

can be closed to ready the system for normal delivery operation.
7.4 Performance

7.4.1 Determination of Indicator for TTIP

When the source bottle is first installed, or has not been in use for a significant amount of
time, there can be a build-up of organic decomposition products in its headspace. This means that
seeing an increase in pressure on the growth chamber’s ion gauge is sufficient to determine
whether the physical piping and valves are functioning, but not sufficient to indicate whether TTIP
(or another source) is present in the chamber at the desired levels for deposition. For this purpose,
an RGA was used to determine the cracking products of species present in the chamber and their
levels during metalorganic delivery. In this hybrid system the gaseous precursor behaves in a
manner more similar to the leaked O2/Os3 than the solid metal MBE sources. Upon injection into
the chamber, it provides a background pressure of precursor in the entire UHV chamber. To obtain
an accurate measurement while avoiding interference with the flight path of MBE effusion cell
sources, the RGA was located at a similar distance from the sources as the growth substrate but to
one side of the chamber (close to the turbo pump inlet). TTIP was delivered at a chamber pressure
of 1 x 10 Torr and the mass spectrum collected is shown in Figure 7.5. Investigations conducted
on TiO2 growth with TTIP and titanium tetrachloride [258] report that the mass-to-charge ratio
(m/z) = 45, corresponding to [CHsCHOH]* [258, 259], is a cracking product of the TTIP source-
used to track its presence. However, in our investigations, this proved to be an unreliable indicator
of the presence of TTIP, perhaps due to additional hydrocarbons present in the bubbler headspace

contributing to its signal. As such, the lowest m/z cracking products of TTIP that contained some
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portion of Ti were considered. These are [TiO]" at m/z = 64 and [TiO(OH)]* at m/z = 81 [258].
According to the inset in the top right of Figure 7.5, m/z = 81 has a stronger signal of the two. This
peak was observed under all cases where films containing Ti were reliably grown, and so it serves

as an adequate indicator of the level of TTIP.
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Figure 7.5 Partial pressures from cracking products of the TTIP metalorganic as a function of m/z.
The measurement was performed during deposition of TiO2 on r-plane Al.O3 in the oxide MBE
chamber. Inset shows an enlarged view of the higher m/z products.

7.4.2 Characteristics of Gas Delivery

After TTIP was verified in the chamber, the behavior of the metalorganic vapor during
delivery could be characterized. Additionally, the stability of the flux over a long period of time
was measured. To do this, time-dependent RGA tracking of selected m/z cracking products of TTIP
was initiated while the chamber contained only a substrate heated to a growth temperature of
800 °C, to obtain a baseline. The mechanical leak valve was then opened, using the control mode
where a selected line pressure is maintained (the common mode for a typical growth) and delivery
of TTIP was tracked for approximately 30 minutes while a sample was grown. The various

cracking products selected for measurement, and the results of this experiment, are shown in
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Figure 7.6. Different panels are used so that cracking products at very different orders of magnitude

of partial pressure can be visualized and compared easily.
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Figure 7.6 Partial pressure traces of selected m/z cracking products of the metalorganic precursor,
TTIP, during growth of rutile TiO2. The RGA measurements show the behavior of precursor gases
within the MBE chamber upon initiating and after terminating gas delivery. The traces in (a), (b),
and (c) have been re-scaled for ease of viewing. Dotted lines between traces serve as a guide to
the eye; no data was recorded during this time. Measurements were taken during growth at a
temperature of 800°C.

The baseline acquired before TTIP delivery was initiated, shown in the first 600 seconds
of Figure 7.6, indicates that there was no significant level of the cracking products present (at least
within the instrument’s detection limit). This indicates that the HMBE does not have any leaks
into the UHV system when its valves are in the “closed” position. After about 660 seconds of
measurement in Figure 7.6, the TTIP valve is opened. There is a very quick increase when the

valve is opened, followed by a slower increase up to a stable level. When deposition is initiated, it
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takes roughly 100 seconds for the cracking products to reach 80-98% of their stable level, although
this time varies somewhat depending on which m/z value is tracked. After the initial, quick increase,
there is a much slower leveling off that occurs over the next ~450 seconds before all products
tracked in this experiment reached their saturated levels, and any further change becomes
indistinguishable from noise in the measurement. For the rest of the time measured, the level of
TTIP partial pressure is stable until delivery is terminated, 2000 seconds after it began (at the time
marked as 2600 sec in Figure 7.6). Once delivery is ended, the level of metalorganic drops
immediately and becomes indistinguishable from its original, baseline, amount after 120-180
seconds. Each of the cracking products tracked behaves in a similar manner, although some take
longer to reach a stable flux level than others during delivery. In the case of m/z values where the
overall partial pressure is much lower (like m/z = 64, 81, and 88), it is possible that the initial
increase to stable levels may appear slower simply because the values measured are closer to the

instrument’s detection limit, but there is no current way to verify or disprove this.

7.5 Additional Practical Information for Running the HMBE and Further Improvements

The HMBE system delivers metalorganic gases well, and the growth of oxide materials has
been demonstrated (see next chapter). However, there is additional information that an
experimenter operating the equipment should be aware of when using it. This section includes
general hints and tips for operating the HMBE determined over the course of a few years and many
uses. It also provides suggestions for further improvement of the system and presents some pieces

of information that might benefit future users to pursue more thoroughly.

As a general note, the HMBE system has many controllers, valves, and heating elements

that use power supplies or cords for remote communications. These should be connected with care
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to ensure that the entire assembly is still free to move during measurements. Future efforts should
be made to consolidate power cords and sources and ensure that no heating elements rely on
variable autotransformers (Variacs)- rather that they are all controlled via the controller bank. In
particular, the heating element contained within the injector cannot currently be controlled by the
heating controller- even setting the controller to a very low power output value brings the injector
to a higher temperature than is desirable (>200 °C). Currently a Variac at a very low power
percentage setting is used (10-15%), however, using a different controller for this element could

eliminate this issue.

When a new source bubbler is used for the first time, or a source is used that has been
inactive for a long period of time (typically half a year or more), it is necessary to evacuate the
source headspace. This has been reported for other HMBE systems [260] and is due to the fact that
over time the metalorganic compounds of the source decompose and the bubbler headspace fills
with organic compounds. These compounds do not frequently contain the metal cation desired for
synthesis. As such, if they are not evacuated, they create the illusion of source vapor pressure (the
delivery lines will read a pressure, as will the ion gauge of the growth chamber), but no films can
be grown. Use of an RGA is recommended to determine whether the gas entering the chamber
contains cracking products of the metalorganic source and whether cracking products carrying the
desired cation are present. If they are not, the headspace of the bubbler should be evacuated further.
For this purpose, the cart pump and exhaust of the hutch can be used. It is recommended that the
source bottle be cooled below the temperature used for normal delivery, and cooling to room
temperature or below (with dry ice) is recommended. The delivery lines should be kept hot. Under

these conditions the bubbler should be pumped until there is very little line pressure read on the
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lines- this can take hours or even overnight. Once complete, the exhaust pump can be closed and

the source re-heated to perform growth.

When performing delivery with the HMBE, the mechanical leak valve should not be
immediately set to the desired line pressure. This is because the PID settings of the controller do
not allow it to anticipate how quickly the gas flux increases and an initial burst of gas at a high
pressure can be easily released into the growth chamber. Not only can this overwhelm the
chamber’s pumping capability but it can also release a significant amount of vapor pressure from
the source itself, which may then not recover quickly enough to ensure stable delivery. There are
two ways to counteract this. The first method outlined is the one used for most of the experiments
presented herein, while the second is a suggested method that could be pursued and refined by

future users.

1. The mechanical leak valve can be controlled in two modes; the normal mode of control
is to set a desired line pressure and allow the valve to adjust as necessary to maintain
that pressure. The other mode is to set the mechanical leak valve to a desired position-
in this mode the line pressure is not directly controlled. The valve can then be slowly
opened in this ‘position’ control mode while the line pressure is monitored. Once the
line pressure is close to the desired setting, the mode of control can be switched to
‘pressure’ mode. For subsequent depositions, a ‘position’ control mode can be set with
a position near the mechanical valve’s initial position during the previous growth (at
the same desired line pressure). This can be used initially to get the valve close to the

correct position, and then the control mode can be switched back to ‘pressure’ mode.
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2. The pneumatic valve closest to the chamber and the mechanical leak valve are closed.
The scroll pump should be on and running. All other pneumatic valves, including the
one leading to the pump and exhaust, can then be opened. The mechanical leak valve
can then be opened, following the procedure outlined in (1), until the line reads the
desired pressure reliably. At this point, the pneumatic valve to the exhaust pump should

be closed and the pneumatic valve closest to the chamber opened, switching the gas
flow from the exhaust to the growth chamber. The specifics and exact valve

scheme/timing of this method has not been extensively tested.

After delivery has occurred for the amount of time required for growth of a film, the base
pressure of the growth chamber will have risen, even when the mechanical leak valve is closed
and delivery terminated. This is due to the buildup of organics within the chamber from the
metalorganic source that cannot be evacuated quickly. This is not a cause for alarm, but it does
indicate that baking of the chamber after use with HMBE is necessary to prevent organics from
interfering with growth of other materials. In addition, the delivery of metalorganic sources can
affect the delivery rate of metals from the effusion cells. Observations of this have been made and
the following example pertains to Sr, a very low-temperature source. It is likely that a higher-
temperature source would not have such obvious effects, but this has not yet been investigated.
Before growth of a material, the flux of the metal effusion cells is always calculated from
measurements of the QCM. These values are then used to determine shutter timing, if necessary.
A single source, where the effusion cell temperature is constant, often has a stable flux for over 8
hours. However, after deposition with the TTIP metalorganic source, the sample was removed and

the flux of this same Sr source was measured immediately. It was found to be significantly lower,
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eventually recovering over time, reaching its initial reading (the same as before growth). If the
source was briefly “flashed” (i.e. the temperature was raised by about 20 °C for ten or so minutes
and then lowered back to its original temperature), the rate of recovery to the original flux was
much quicker. While the exact causes of this are unknown, it is likely that organic material from
the metalorganic’s decomposition is depositing on the exposed surface of the Sr metal source. It
may be oxidizing the source or simply forming an adsorbed layer that makes its vaporization slow.
In either case, while it does not necessarily prevent growth and can be compensated for, this effect

is not well understood and could be investigated further.

7.5 Conclusions

The design concerns outlined for the modification of an existing MBE chamber to allow
metallorganic source deposition are addressed by the HMBE instrumentation developed.
Additionally, the characteristics of gas delivery with this system have been investigated and its
general operation discussed. The results shown demonstrate the function and outline the principles

behind a HMBE system integrated with an in situ X-ray diffraction setup.

This instrument is suited to performing diffraction-based investigations of oxide HMBE
growth. Its strengths lie in its ability to measure the substrate’s surface before growth, track
specific diffraction conditions, and measure SXRD of the film grown. This data can be combined
with direct methods if a large area of reciprocal space is measured to determine many features of
film and substrate/film interface structure. Additionally, the in situ data collected can be compared
to other studies where RHEED data have been recorded to understand and compare the two,
obtaining additional information about the strengths and weaknesses of both techniques and

providing additional information about growth mechanisms to form a more complete picture of
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the processes and dynamics involved. Initial experiments to these effects are discussed further in

the next chapter.
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CHAPTER 8

Growth of Oxide Materials Using Hybrid MBE System with in situ X-Ray
Diffraction
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Discussion in the last chapter focused on outlining the constraints, design, function, and
initial characterization of gas delivery using a custom metalorganic source delivery system

designed for hybrid molecular beam epitaxy growth.

The use of the assembled system will be discussed in this follow-up chapter. While this
HMBE system can be used to grow novel oxides, the primary goal here is to better our
understanding of the underlying mechanisms behind HMBE growth, for a variety of precursors

and materials.

The focus of this chapter is growth of a variety of materials, and what can be learnt about

them in situ X-ray scattering capabilities of this particular system (in comparison to other systems).

Experimental work presented herein was conducted at the APS with kind assistance from
Dr. Hawoong Hong and Seyoung Cook. Work discussed in this chapter forms the basis of
“Development of a hybrid molecular beam epitaxy deposition system for in situ surface X-ray

studies” [239] from which some figures have been reproduced.

8.1 Introduction

Capabilities of HMBE for oxide material growth are expanding as new precursor
metalorganics are investigated [245, 248, 253, 260-274]. HMBE also facilitates some unique
experiments including combinatorial growth [248] and production of films with stoichiometry that
can be indistinguishable from bulk [246]. The potential of HMBE as a growth method for oxides
is promising beyond fundamental research too, as it offers very flexible deposition modes and has
a greater potential for scale-up than traditional MBE due to its increased speed and the reliable

composition control provided by accessing a “growth window” [245, 253, 268].



177

As different families of metalorganic sources are used for oxide synthesis in HMBE the
questions surrounding growth mechanisms and the role that a metalorganic’s functionality plays
in synthesis become more important. Sources of the isopropoxide family (TTIP, VTIP) have been
used in synthesis of Ti and V-containing oxides [245, 246, 248, 253, 254, 261-269, 272-274],
while other processes include using hexamethylditin radicals to supply Sn [270, 271]. In a
conventional UHV chamber, equipped with only RHEED monitoring, the specifics of synthesis

with these metalorganics were previously only hypothetical.

In order to most effectively utilize any synthesis method, an understanding of the growth
mechanisms is desirable. To this end an HMBE system integrated with a chamber designed for
SXRD was developed and assembled, described in the previous chapter. This system provides
complementary information to in situ RHEED setups [275] while enabling additional diffraction
information to be collected from off-specular conditions either in situ or following deposition. The
combination of information available from this system enables the investigation of the reaction of
metalorganic precursors with a substrate’s surface, the influence of a starting surface’s features,

and growth modes.

In this chapter, growth of a binary and ternary oxide using the HMBE delivery system
designed and assembled by the author is demonstrated. The types of data obtainable with the
assembled system is introduced. Additional experiments probing the reaction of the TTIP
precursor with a surface are also presented along with some cases of growth in the Sr-Ti-O oxide
system where additional factors are at play in determining the phases observed. These growths
open the door to additional experiments with this HMBE system and shed light on aspects of

HMBE growth that have not been investigated in detail before.
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8.2 Methods

8.2.1 Substrate Preparation

R-plane Al>Oz (0 1 2) substrates [CrysTec, GmbH] were washed and annealed before use.
They were ultrasonicated for thirty seconds each in acetone, isopropyl alcohol, and then water to
de-grease and remove particles from their surface. After drying, they were annealed at 1100 °C in
air for one hour. Atomic force microscopy (AFM) measurements were taken to confirm the
presence of a step-terrace geometry and that the surfaces were free of large particles. An AFM
image showing the surface of a typical AlzO2 (0 1 2) substrate before growth is shown in Figure

8.1 (a).

LSAT (0 0 1) substrates [CrysTec, GmbH] were not annealed at any point. They were
washed to remove any grease or residue present from the commercial cutting and polishing process.
hey were sonicated for thirty seconds each in acetone, then methanol, and then finally isopropyl
alcohol. They were then dried, and AFM measurements were performed to determine whether the
surface was free of debris. An AFM image showing the surface of a typical LSAT (0 0 1) substrate

before growth is shown in Figure 8.1 (b).

SrTiOz (0 0 1) substrates with low miscut (< 0.1°) [CrysTec GmbH] were prepared
following the same method outlined in Section 6.2.1 to produce TiOx-rich terminated substrates.
To produce substrates with SrO islands on the surface, the preparation method used was identical
but the annealing time was increased by 4 hours to 5 hours in total. An AFM image showing the

surface of a typical SrTiOz (0 0 1) TiOx-rich substrate before growth is shown in Figure 8.1 (c).
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All substrates were loaded into the UHV chamber for MBE growth and heated to the

desired Tsub for the given film material.

g 1 Nm

b)

Figure 8.1 AFM (height) of prepared substrates for oxide growth showing a) r-plane Al.O3
(012),b) LSAT (001),andc) SrTiO3 (00 1).

8.2.2 X-Ray Measurements

All measurements were performed at APS Sector 33-IDE. Diffraction data presented in
this section were acquired using 15 keV energy X-rays selected with a Si (1 1 1) monochromator.
Monochromatic X-rays, such as those employed during these experiments, have been previously
been observed to have no effect on growth behavior with metalorganic precursors [221, 276-281]
unlike highly focused [282] or non-monochromatic X-rays. In situ monitoring of specific
diffraction conditions was conducted during growths as discussed in the relevant results sections.
All reciprocal space positions discussed in this section are presented in the form of (0 0 L) in
reciprocal lattice units (r. I. u.), where L is the out-of-plane diffraction direction relative to the
sample being measured and the positions are indexed with respect to the substrate material in
question (Al,Os3, SrTiOs, LSAT, etc. as discussed later). 2-Dimensional images of the scattered X-
rays were collected using a pixel array detector [Pilatus 100 K, Dectris] and reduced to

background-subtracted integrated intensities [222].
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8.3 Results
8.3.1 Growth of TiO2

Having confirmed the delivery of TTIP using the HMBE system and characterized its
behavior in the previous chapter, the simplest material to grow is one that requires use of only the
metalorganic source. The binary oxide TiO: fits this criteria and growth of TiO2 on r-plane Al,O3

(01 2) substrates [CrysTec, GmbH] serves as an appropriate demonstration.

Films were grown first using a variety of substrate temperatures, Tsu,, t0 determine the
optimal conditions and to verify the phase and orientation of TiO2. AFM was used to investigate
the morphology of films. In Figure 8.2 AFM and 6-26-scan X-ray diffraction (XRD) from a TiO>
film are shown, results collected on a lab-source Cu-anode diffractometer [PANalytical,
Netherlands]. The morphology of the film, Figure 8.2 (b), shows small domains, indicating that at
this film thickness, growth does not take place by a layer-by-layer process as it does not maintain
the unit-cell height steps of the prepared substrate in Figure 8.2 (a). The diffraction peaks attributed
to the film in Figure 8.2 (c) indicate that TiO> takes the rutile structure and adopts the orientation
relationship of (1 0 1) [0 1 O]tio2 I (0 1 2) [0 O 1]aizos. This agrees with published results for

HMBE growth of TiO [265].
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Figure 8.2 AFM (height) of bare r-plane Al>O3 (0 1 2) substrate a) before and b) after growth of
TiO2 and 26 X-ray diffraction showing (1 0 1) [0 1 O]io2 1 (0 1 2) [0 0 1]aizo3 orientation of TiO>
film on Al>Oz.

The first growths using the HMBE’s capability for in situ X-ray diffraction were conducted
using the TiO2 growths as a test. Two films of TiO> were grown, and real-time diffraction data
from two different reciprocal space conditions were collected alongside the specular out-of-plane
scattering, both shown in Figure 8.3. In the CTR shown in Figure 8.3 (a), the r. I. u. refers to the
(0 1 2) room temperature d-spacing of Al.O3, 0.174 nm. Both traces in Figure 8.3 (a) have the
same diffraction features, and if converted to the appropriate scale in 20[°], their peaks can be
compared to determine that both films contain only rutile TiO, with the same orientation as those
presented earlier in Figure 8.2 (c). The two films shown, TiO2h1 and TiO2h2, were both grown at
Tsub =600 °C with line pressures of 75 mTorr and 50 mTorr TTIP respectively. During growth of
TiO2h1 the diffraction condition monitored was the H K L =0 0 %2 r. |. u. position, the results of

which are shown in Figure 8.3 (b). This anti-Bragg position is very sensitive to the growth of

epitaxial layers and changes in surface roughness. For layer-by-layer growth, regular oscillations,



182
whose period indicates the time necessary to deposit a single atomic layer, would be observed for
heteroepitaxial growth such as this. Its intensity can also be compared to previous RHEED studies
[265] where a similar diffraction condition is typically monitored (while providing more complex
information due to the differences between electron and X-ray diffraction). The film labelled
TiO2h2 was monitored at the film peak, TiO2 (1 0 1) condition, HK L=00 1.42r. I. u. to monitor
the evolution of the crystal as a function of film thickness. The thickness of these films was

calculated using a form of Scherrer’s equation (Equation 8.1):

%
te BcosO

(8.1)

In Equation 8.1, t is the calculated film thickness in nm, K is a dimensionless shape factor
set to unity, A is the wavelength of incident X-rays in nm, g is the full-width half-maximum of the
TiO2 film peak (in radians), and 6 is the Bragg angle (in degrees). Using Equation 1, the film
thickness of TiO2h1 was found to be 40 nm, while the thickness of sample TiO2h2 was 24 nm.
This method has errors associated with it due to the sampling density of the scans in reciprocal
space; however the thicknesses calculated are very close to those that would be expected from a
linear relationship between TTIP line pressure and film thickness. This indicates that the source
flux is reliable and growth rate can be predicted for a given line pressure (given specific HMBE

temperature zones).
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Figure 8.3 (a) Scattered X-ray intensity measured along the out-of-plane, 0 0 L direction for a
rutile TiOz film grown on Al203 (0 1 2). (b) Change in scattered X-ray intensity during growth at
the anti-Bragg position, HK L=00%%r. |. u., and (c) at the TiO2 (1 0 1) Bragg peak or H K L =
00 1.42r. I. u. The measurements were taken at the growth temperature of 600°C. Delivery of
TTIP began at t = 0, measurement began at t = 120 sec.

These successful experiments demonstrate that the HMBE chamber can be used for the
intended experiments- combining growth using metalorganics with the in situ capabilities of the
SXRD experimental setup to investigate the growth of oxide films and associated processes. Since
SXRD can be approximated by the kinematic single-scattering approximation, quantitative
information on different length scales can be obtained from diffraction results. This data can be

compared to RHEED growth studies [275]. While RHEED data is more frequently collected,

SXRD has some notable benefits. The freedom of motion associated with this SXRD MBE
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chamber allows a wide range of reciprocal space diffraction conditions to be accessed and
measured, some of which are challenging or even impossible to access with RHEED due simply
to the geometry of measurements and differences in scattering. An example of this is the
monitoring of the TiO2 (1 0 1) film Bragg peak in Figure 8.3 (c), a condition which would be

difficult to specifically track using RHEED.

8.3.2 Growth of SrTiO3

Once the efficacy of delivering TTIP and producing Ti-containing films had been
established, the next step was to demonstrate the desired functionality- a tool for studying HMBE
growth. This necessitates simultaneous use of both the metalorganic and a solid effusion cell MBE
source. To this end, the next material was chosen such that it incorporated Ti (allowing the same
source to be used) and was a member of the technologically relevant ABO3 perovskite oxide family.

SrTiOs3 satisfied these conditions, so it was chosen.

LSAT (0 0 1) substrates [CrysTec GmbH] were chosen for growth of SrTiOs. These were
used instead of SrTiO3 substrates to improve the visibility of film thickness fringes in the SXRD
measurements- allowing the thickness and lattice parameter of the grown films to be more easily
determined. During deposition, the metalorganic was supplied by a TTIP source, and Sr was
supplied via effusion cell. The resulting specular (0 0 L) CTR, time-resolved scattering at the anti-
Bragg position (0 0 %2), and AFM images of two films grown are shown in Figure 8.4 and labelled
STOh1 and STOh2, respectively. In the plot presented in Figure 8.4 (a), the r. I. u. are referenced
to room temperature LSAT (0 0 1) with a lattice constant of 0.387 nm. All films of SrTiOz grown
on LSAT (0 0 1) were observed to have the orientation (0 0 1) [0 0 1]srTio3 I (0 0 1) [0 0 1]LsAT.

The two samples were grown under identical environmental conditions with Tsys = 750 °C and a
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delivery line pressure of 110 mTorr. To change the A:B stoichiometry of the two samples, the Sr
flux (measured using a quartz crystal microbalance) was altered slightly. For STOh1, the flux was
2.35 x 10%2 atoms/cm?esec and for STOh? it was slightly higher at 2.67 x 10*2 atoms/cm?esec. The
film peaks for each of the two growths are shown in Figure 8.4 (a), slightly to the left of the
substrate’s Bragg peaks, and these were used to calculate the lattice parameter for each film. As
an ABOs film approaches the ideal A:B = 1 stoichiometry ratio, its lattice parameter shrinks; an
excess in either cation would be reflected as a slightly-expanded lattice parameter compared to the
ideal value. The measured c-lattice parameters were 0.401 nm and 0.395 nm at room temperature
for STOh1 and STON2. The ideal c-lattice parameter for coherently strained SrTiOz on LSAT is
calculated to be 0.393 nm, assuming a bulk-like Poisson’s ratio of v = 0.23; therefore STOh2 has
stoichiometry closer to the ideal A:B = 1. The root mean squared roughness of the two samples
was also calculated from AFM data and it was found to be 0.28 nm for STOh1 and 0.15 nm for

STOh2.

The AFM image of sample STOh2, Figure 8.4 (d), shows unit-cell height steps and terraces.
The closeness of the lattice parameter to ideal, the lower surface roughness, and the better film
ordering are all direct consequences of the STOh2 film having an A:B cation ratio closer to the
ideal stoichiometry than the STOh1 film. While any one finding alone could be used as an indicator,
taken together a strong case can be made that high-quality surfaces of SrTiOz can be achieved
using HMBE growth. In addition, the thickness of each film was calculated from the thickness
fringes visible in Figure 8.4 (a), and they were found to be 10.9 and 7.5 nm for STOh1 and STOh2.
This is unsurprising- while the growth rate of STOh1 was slower, the total growth time was longer,

indicated by the in situ scattering in Figure 8.4 (b).
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Figure 8.4 Room temperature results for two SrTiOz3 films grown at 750°C on LSAT (0 0 1) with
110 mTorr TTIP under Sr fluxes of 2.35x10'? atoms/cm?*sec (STOh1) and 2.67x10'?
atoms/cm?*sec (STON2). (a) X-ray scattering along the specular 0 0 L direction at room
temperature. (b) Scattered X-ray intensities (STOh1 on left axis, STOh2 on right) measured
during growth at 750°C at the reciprocal lattice position, HK L=00%r. I. u. (c, d) Room
temperature 2 um x 2 pm AFM micrographs of the films STOh1 (c) and STOh2 (d).

Unlike the growth of TiO> presented in the previous section, the anti-Bragg scattering in
Figure 8.4 (b) shows oscillations associated with the growth for these two films. Both STOh1 and
STOh2 show growth oscillations, and the amount of time needed to deposit one unit-cell of SrTiO3

can be determined by measuring the period of these oscillations. For both films, the oscillations

die out over the course of growth, indicating that the A:B stoichiometry is not perfect or that the



187
film may be growing at a rate where pure step-flow does not dominate, since the film is
accumulating more defects and roughness as it becomes thicker. Additionally, the features of the
oscillation, particularly in sample STOh2, are not what would be expected from perfect layer-by-
layer growth. It lacks the expected oscillations of similar or slowly decreasing height that have a
repeated period. Instead it shows what looks like double peaks repeated. Although the body of data
on X-ray scattering at the (0 0 %) diffraction condition is much smaller than that of RHEED,
making quantification difficult, X-ray scattering at this position can reveal features of the film that
are not as easily-determined from RHEED oscillations alone. The current difficulty in quantifying
X-ray scattering at the (0 0 %) position, in combination with the encouraging CTR scans and AFM
showing well-defined thickness fringes and low roughness films, makes collection of this type of
data particularly compelling for this system. High-quality films can clearly be grown, and by using
a combination of these measuring methods, more can be learned about their in situ growth behavior.
This HMBE system supports these investigations; its HMBE growth capability has been
demonstrated by these SrTiOs films and its potential to investigate oxide systems by collecting

valuable in situ SXRD will provide insight into the synthesis of multifunctional oxide materials.

8.3.3 TTIP Reaction with SrO

One of the reasons that HMBE is desirable over traditional MBE is the incorporation of
chemical functionality that metalorganic sources bring to synthesis. Ideally, this should facilitate
growth of perfectly stoichiometric films under the proper conditions, as growth will be occurring
in an adsorption-limited regime. The incorporation of metalorganic functionality ideally widens
the condition set necessary for achieving this adsorption-limited regime. One case of this has been

reported in the growth of SrTiO3 with a growth window [245].
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The hypothesized mechanism for growth of SrTiOz using TTIP as an HMBE source,
according to investigations by others [245, 246, 264], is summarized in the explanation that follows.
Under ideal conditions (Tsub, flux ratio of Sr and TTIP), Sr is deposited onto the substrate and
either forms SrO or simply deposits as metallic Sr atoms. It can be oxidized either by the growth
environment (with a background pressure of Oz or Oz present) or by release of oxygen from the
decomposition of TTIP in the chamber. When a TTIP molecule (shown in Figure 8.5) comes close
to the substrate, it decomposes and reacts with any Sr or SrO on the surface to form SrTiOs. The
TTIP molecule can provide enough oxygen for stoichiometric growth (i.e. growth without
significant oxygen vacancies) because there are plenty of available oxygen atoms already bonded
to the central Ti atom. According to this mechanism, if the delivery rates of the two sources are
correct, excess TTIP will simply not react (as it has a much lower chance of reacting with SrTiO3
or TiO2 on the surface). At some point of increase in TTIP flux, it is reasonable to assume that this
no longer holds, as TiO2 can be grown using just the TTIP flux alone. This mechanism leads to the
hypothesis that there is a window of flux ratios where adsorption-controlled growth dominates and

excess TTIP will simply not be incorporated into the film.
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Figure 8.5 Titanium (V) Tetraisopropoxide Chemical Structure.

To investigate whether this is a sensible reaction hypothesis, a simple experiment with
SrTiOz substrates was done. By careful control of the surface preparation method of SrTiOs
substrates, atomically flat surfaces that are TiOx-rich can be prepared [217]. However, if an SrTiO3
substrate is annealed for too long or at too high of a temperature, segregation of SrO islands at the
surface will be observed [283-286]. This offers an opportunity to probe the mechanism of TTIP
reactions with a surface and, to this end, an experiment was designed with two sets of SrTiOz (00
1) substrates where slightly different procedures were used to prepare the surface. The results of

this experiment are summarized by the AFM images shown in Figure 8.6.
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Figure 8.6 AFM images of SrTiOz (0 0 1) with initial TiOx-rich surfaces (a-b, e-f) and SrO
islands (c-d, g-h) after annealing at 800 °C without exposure to TTIP (a-d) and after a 5-minute
dose of TTIP (e-h). AFM in a, c, e, and g shows height while b, d, f, and h show phase.

One substrate set had TiOx-rich surfaces, shown in Figure 8.6 (a) and (b), and was prepared
using the methods normally followed for SrTiO3 (0 0 1) preparation. The other was annealed for
four hours longer and had islands of precipitated SrO visible on its surface according to the AFM
height and phase data, as illustrated in Figure 8.6 (c) and (d). The SrO islands appear as places
where the unit-cell steps are bowed outwards in Figure 8.6 (c), and the fact that they are most
likely of a different composition than the surrounding surface is obvious in the phase contrast of
Figure 8.6 (d). To test how TTIP reacts to form SrTiOs these substrates were used for a test growth.
They were heated to Tsus = 800 °C in 1 x 10 Torr Oz and exposed to TTIP flux for five minutes,
which was kept constant between the two samples. Additional samples with similar starting
morphology to the ones shown in Figure 8.6 (a-d) were also heated to the same Tsup for the same

amount of time that growth occurred and cooled to provide a control experiment. The control

substrates did not differ in appearance after heating in vacuum, and no major changes in
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composition or surface morphology were observed.

After exposure to TTIP the substrates’ morphology was investigated again using AFM.
The resulting surfaces are shown in Figure 8.6 (e-h). The TiOx-rich terminated substrates, Figure
8.6 (e) and (f), showed no obvious change, while the substrates with SrO islands had changed
significantly, as seen in Figure 8.6 (g) and (h). The resulting morphology is much more regular,
and resembles a step-terrace geometry with regularly spaced jagged edges and small pits or voids
were also observed on the step-terraces. While it is impossible to determine the chemical
composition from AFM alone, it is reasonable to hypothesize that the TTIP reacted with the SrO
islands to change their morphology to something more closely resembling partial unit-cell
coverage of a step-growth type growth mechanism. The roughness of these samples was changed
very little from their pre-deposition measurement and was also very similar to the unchanged TiOx-
rich substrates. This indicates that a layer-by-layer growth mode is more reasonable, although the
voids indicate that it’s not necessarily the step edges that form the active sites where layers of

SrTiOs are propagated.

These samples confirm that, under the correct conditions, TTIP is much more likely to react
with SrO already present on the sample surface rather than to deposit and grow TiO». This gives
credence to the mechanism discussed earlier where the chemical functionality of the TTIP
metalorganic source allows it to react in an adsorption-controlled manner with Sr during growth
of SrTiO3z using HMBE. Conducting simple experiments of this nature and combining them with
the in situ X-ray diffraction capabilities of the chamber the metalorganic delivery system was

designed for can elucidate details of growth like these for a variety of systems.
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8.3.4 Growth of Sr2TiO4 and TiO:2 (anatase)

Most oxide materials of technological relevance are members or derivatives of the
perovskite, ABOs, structure family. To grow films of these materials, it is critical that the gas
source supplied by HMBE can be used in conjunction with traditional effusion cell solid metal
sources. To demonstrate this ability, the Sr-Ti-O system of oxides was chosen due to its structural
flexibility and the abundance of information available on its properties and phases. Growth of the
binary oxide, TiOz, and the ternary oxide, SrTiOs, have both been demonstrated. However, there
are many other structural members of the Sr-Ti-O oxide family. The following data concerns

growth of the endmember Ruddlesden-Popper phase, Sr2TiOa.

Films of Sr-Ti-O were grown on SrTiOs (0 0 1) substrates prepared to have TiOx-rich
surfaces. Out-of-plane scattering and in situ diffraction of the (0 0 %) condition for two selected
films grown at identical TTIP flux and varying Sr flux conditions can be seen in Figure 8.7. In
Figure 8.7 (a) and (b), the r. 1. u’s are referenced to room temperature SrTiOz (0 0 1) having a
lattice constant of 0.391 nm. All films were grown under identical environmental conditions with
Tsup = 800 °C, with a background pressure of 1 x 10 Torr Oz, and a line pressure of 55 mTorr
TTIP (or a pressure of 9 x 10 Torr according to the growth chamber ion gauge). Varying the Sr
flux delivered to the MBE growth chamber allowed the films grown to be Sr.TiOs-rich as in Figure
8.7 (a) and (c) and mixed Sr,TiO4 and anatase TiO> as in Figure 8.7 (b) and (d) in composition
[287, 288]. The film shown in Figure 8.7 (a) and (c) was grown with a Sr flux of 2.23 x 102
atoms/cm?esec, while the film shown in Figure 8.7 (b) and (d) had a Sr flux of half that value, 1.12
x 10'2 atoms/cm?esec. All films grown displayed the orientation of Sr,TiO4 and anatase TiO, on

SrTiOz of (1 0 0) [1 O OJfiim phase | (1 0 0) [1 0 O]srrios. The thickness of each film was calculated
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from the full-width half-maximum of the film peaks and found to be 27.5 nm for the film shown

in Figure 8.7 (a) and (c), while the one shown in Figure 8.7 (b) and (d) was 13.8 nm thick.
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Figure 8.7 Scattering along the (0 0 L) direction (a, b) of Sr-Ti-O oxide films on SrTiOz (1 0 0)
showing Sr2TiOs-rich (a), and mixed Sr2TiO4 and anatase TiO: (b). Scattered intensity measured
atthe HK L =00 % (c, d) for the film whose CTR is shown in the frame directly above. All
films were grown at 800°C.

Both films in Figure 8.7 show oscillations associated with the growth at the anti-Bragg
position (0 0 %2). As both are plotted on the same timescale, it is clear that in both cases there are
initial oscillations that die off over time. However, the oscillations are very different in character,
with those in Figure 8.7 (d) having a “beating” pattern. In RHEED measurements, “beating”
patterns are often associated with non-stoichiometry. However, in this case, as the “beating” gives
a second periodicity to the oscillation pattern (it can be imagined as oscillations with both a primary
and secondary period) it is more likely that this can be attributed to competition between two

phases of material present in this film- SroTiO4 and anatase TiO». The in situ scan in Figure 8.7 (c)

are notably more noisy than those in Figure 8.7 (d), most likely due to the overall difference in
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scattered X-ray intensity.

Films of Sr-Ti-O were also grown on LSAT (0 0 1) substrates. Out-of-plane scattering and
in situ diffraction of the (0 0 %) condition for two selected films grown at identical TTIP flux and
varying Sr flux conditions can be seen in Figure 8.8. In Figure 8.8 (a) and (b), the r. I. u. are
referenced to room temperature LSAT (0 0 1) having a lattice constant of 0.387 nm. All films were
grown under identical environmental conditions, the same as those used for the growths on SrTiO3
(0 0 1) with Tsu = 800 °C, a background pressure of 8 x 10 Torr Oz, and a line pressure of 30
mTorr TTIP (or a pressure of 2 x 10 Torr according to the growth chamber ion gauge). Varying
the Sr flux delivered to the MBE growth chamber allowed the films grown to be Sr2TiO4-rich as
in Figure 8.8 (a) and (c) and anatase TiO»-rich as in Figure 8.8 (b) and (d) in composition. The
film shown in Figure 8.8 (a) and (c) was grown with a Sr flux of 1.37 x 102 atoms/cm?ssec, while
the film shown in Figure 8.8 (b) and (d) had a Sr flux of 1.12 x 10%2 atoms/cm?esec. All films
grown displayed the same orientation of Sr2TiO4 and anatase TiO2 on LSAT of (1 0 0) [1 O Olfiim
phase | (1 0 0) [1 0 O]csaT. The thickness of each film was calculated from the full-width half-
maximum of the film peaks and found to be 10.7 nm for the film shown in Figure 8.8 (a) and (c),

while the one shown in Figure 8.8 (b) and (d) was 3.6 nm thick.
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Figure 8.8 Scattering along the (0 O L) direction (a, b, ¢) of Sr-Ti-O oxide films on SrTiO3z (1 0 0)
showing Sr2TiOs-rich (a), and anatase TiO-rich (b) films. Scattered intensity measured at the H
K L=00%(c, d) for the film whose CTR is shown in the frame directly above. All films were
grown at 800°C.

Both of the films in Figure 8.8 show oscillations associated with growth at the anti-Bragg
position (0 0 %2). The oscillations for the sample shown in Figure 8.8 (d) last for the duration of
the growth, whereas those in c) die off more quickly. Thickness fringes are also visible in the
sample shown in Figure 8.8 (b), indicating that it is well-ordered. This sample is primarily made
up of anatase TiOg, as very little diffraction from any Sr.TiO4 was observed, and the persistence
of oscillations indicates that there was little competition between phases in growth of this sample.

The differences in noise in the in situ scattered X-ray intensity in Figure 8 (c) and (d) are attributed

to the differences in overall intensity.

This set of growth results indicates that the hybrid gas delivery system can be used in
tandem with the typical effusion cell solid metal sources of the MBE chamber to which it is

coupled to investigate growth conditions that have not been thoroughly characterized in the past.
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The author of this thesis is unaware of any reports of SroTiO4 films grown using HMBE, and in

particular where the competing material phases are Sr.TiO4 and anatase TiOa.

8.4 Discussion
This HMBE system is capable of growing materials by itself as a stand-alone delivery

system for metalorganics (demonstrated with growth of TiO2) or coupled with traditional MBE
effusion cells (SrTiO3z growth). The findings for both growths agree with previous reports both in
terms of the identified growth conditions, the quality of films produced, and the properties

(morphology, lattice parameter) of those films [245, 265].

The mechanism of the TTIP reaction with SrO has also been investigated. While these
experiments were not conducted with the aid of in situ X-ray diffraction or the collection of CTRs,
they still shed light on the processes occurring. They agree with proposed mechanisms, although
they give no specific indication as to whether the actual process occurring during Sr-Ti-O growth
by HMBE relies on reaction with already-oxidized SrO islands or whether TTIP can react with
metallic Sr atoms on the surface. This is a possible area for future study, although the general
assertion that the functional capability of the metalorganic source aids in its synthesis reaction
holds based on the results found. Additionally, the idea that adsorption-limited growth is occurring
when conditions of A:B flux are correct is also supported by the lack of reaction of a small dosage

of TTIP observed on the Ti-rich SrTiOsz (0 0 1) surface.

Possibly the most interesting set of growth studies were those yielding films of SroTiO4
and anatase TiO». These films were observed to be rich in either of the two phases or have mixed
character. These findings at first seem similar to those in Chapter Six where the Sr-Co-O system

is discussed. One would assume that having a film that is Sr2TiOx4 rich or TiOz rich would indicate
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that the Sr:Ti ratio is heavily skewed towards one of the two cations. In that case, a perfect Sr:Ti
ratio of 1:1 should yield films of SrTiOs. However, since films of SroTiO4 mixed with TiO> are

observed (and seem to contain no portion of SrTiOz3) this argument doesn’t capture the full picture.

When TTIP and Sr metal react together, different phases can be formed; one possibility is
that SrTiO3 will be grown while another is that some mixture of Sr.TiO4 and anatase TiO will
grow. The two can be compared by looking at the two different reaction paths that could be
followed during this synthesis. The main decomposition product of the TTIP precursor was
calculated according to thermodynamic and Density Functional methods to be Ti(OH)4 up to a
temperature of 1000 K, covering the range of the synthesis reported herein [289]. The two relevant

equations are shown in Equations 8.2 and 8.3.

2Sr + 2Ti(OH), — 2Sr + 2Ti0, + 4H,0 + 0, — SrTiO; + 4H,0 (8.2)

2Sr + 2Ti(OH), — 2Sr + 2Ti0, + 4H,0 + 0, — Sr,TiO, + Ti0, + 4H,0 (8.3)

Since all the reactants and some of the products are identical between these two equations,
a few things can be gleaned from Equations 2 and 3. First, the proportion of oxygen consumed in
these reactions is identical no matter the products, so preference for one reaction over the other is
not expected to depend on oxygen concentration or activity in this system, unlike Sr-Co-O oxide
synthesis. The second is that these equations can be more readily compared by preserving only the

relevant different products. The relevant reaction is re-written in Equation 8.4.

2 % SrTiOs & Sr,Ti0, + TiO, (8.4)

Thermodynamic values can be located for the species in this equation and calculated at
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different temperatures to determine the Gibb’s free energy. Values for this calculation are shown

in Table 8.1.

Table 8.1. Enthalpy of Formation (in kJemol™), Entropy (in JeK emol™?), for TiO2, SrTiOs,
SroTiOs, and the Reaction in Equation 8.4 as well as Gibb’s Free Energy of Equation 8.4
(in kJemol™)
TiO> (anatase) [234] SrTiO3[290] Sr2TiO4[290] Equation 8.4 Reaction
T (K) AHf° S AHf° S AHf° S AHf° S AGf°
298 -938.7 49.8 -1672.3 | 108.8 | -2287.4 | 159 | 1186 | -8.8 | 121.2
300 -938.6 50.2 -1672.2 | 109.4 | -2287.1 | 159.9 | 1186 | -8.7 | 121.3
400 -932.6 67.4 -1661.5 | 139.9 | -2271.7 | 204.0 | 1188 | -8.2 | 122.1
500 -926.0 82.2 -1650.0 | 165.6 | -2255.1 | 241.1 | 119.0 | -7.9 | 1229
600 -919.0 94.9 -1638.0 | 187.5 | -22379 | 2726 | 119.2 | -7.6 | 123.7
700 -911.9 105.9 | -1625.7 | 206.5 | -2220.2 | 299.8 | 1194 | -7.2 | 1244
800 -904.6 1157 | -1613.2 | 223.2 | -2202.2 | 323.8 | 119.6 | -6.9 | 125.1
900 -897.1 124.4 | -1600.5 | 238.2 | -2183.9 | 345.3 | 1199 | -6.6 | 125.8
1000 -889.6 132.3 | -1587.6 | 251.7 | -2165.5 | 364.7 | 120.1 | -6.3 | 126.5
1100 -882.0 139.6 | -1574.7 | 264.0 | -2146.9 | 382.5 | 1204 | -6.0 | 127.1
1200 -874.4 146.2 | -1561.6 | 275.4 | -2128.1 | 398.8 | 120.7 | -5.8 | 127.7
1300 -866.8 152.3 | -1548.5 | 2859 | -2109.2 | 4139 | 121.0 | -5.6 | 128.2
1400 -859.1 158.0 | -1535.3 | 295.7 | -2090.2 | 428.0 | 121.3 | -5.3 | 128.8
1500 -851.4 163.3 | -1522.0 | 304.8 | -2071.0 | 441.3 | 1216 | -5.1 | 129.3
1600 -843.8 168.2 | -1508.7 | 313.5 | -2051.7 | 453.7 | 121.9 | -5.0 | 129.8
1700 -836.0 1729 | -1495.2 | 321.6 | -2032.3 | 465.5 | 122.1 | -4.8 | 130.3
1800 -828.3 177.3 | -1481.7 | 329.3 | -2012.8 | 476.7 | 1224 | -4.7 | 130.8

The calculated values indicate that the SrTiOs phase would be favored for all calculated
temperatures as the Gibb’s free energy of this reaction is always positive. While this is consistent
with the results where SrTiOz films were successfully grown on LSAT substrates presented earlier
in the chapter at similar substrate temperatures, it does not help explain the Sr.TiO4 and anatase

TiO2 phase films observed.

To explain the observations another possibility relying on Ostwald’s principle [291] and

differences in nucleation between the possible phases serves well. Ostwald’s principle implies that
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it is not always the most thermodynamically stable phase which nucleates first. Instead, it is the
state that is closest in energy to the reactants (i.e., the one with the lowest energy barrier).
Explanations for this include that Ostwald’s principle minimizes the production of entropy in a
system [292]. It can also be explained as a consequence of irreversible thermodynamics paired
with structural effects- phases more similar in structure to the precursors are more likely to form
first [293]. While the theoretical explanation for this phenomenon may remain incomplete, and it
is uncertain which explanation applies most readily to the growth presented herein, it is a
phenomenon that has nevertheless been observed experimentally in many cases [294-297]. If
Equation 8.2 is studied more closely, it is evident that one of the final reaction products, TiO, is
a product of decomposition of the Ti(OH)4 species from the TTIP precursor. This implies that TiO>
is a natural intermediate state in this reaction. Since TiOz is present in the final film, the change in
energy from the reactants to form the combination of SroTiO4 and TiOz is surely less than the

change to form the more stable SrTiO3 phase.

This thermodynamic explanation can additionally be coupled with a kinetic one. If the TiO>
(or the Sr2TiO4) phase is nucleated early on in the reaction, perhaps due to an initial excess of TTIP
or a concentration of TTIP/Sr in the chamber that favors its nucleation over that of SrTiOs, then
this will likely influence the phase growth of the entirety of the film. Similar effects have been

observed in MBE growth of GaN of different structural phases [298].

Determining the exact cause behind the observation of the Sr.TiO4 and anatase TiO> films
rather than SrTiO3z would require additional experimentation, and factors such as the deposition
process (how valves and shutter are opened, etc.) as well as additional environmental conditions

could be investigated.
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8.5 Conclusions
The assembled HMBE system has been used to grow a variety of different oxide

compounds in the Sr-Ti-O family. Both binary (TiO.) and ternary (SrTiO3) oxides have been
produced, as well as a member of the Ruddlesden-Popper series (Sr2TiO4). In addition, the reaction
mechanism of TTIP metalorganic precursor has been investigated. The in situ X-ray scattering
data collected at the anti-Bragg position (0 0 %2) has already revealed information about the
different films grown and could be compared with RHEED studies to improve understanding of a

variety of syntheses.

Growth with the HMBE clearly relies, in part, on the functionality of the supplied
metalorganic species. It is also may be affected by aspects such as the delivery process itself, so
perfecting the control schemes and developing reliable standard operating procedures is vital to

replicating experimental results with this deposition equipment.

The additional degree of freedom that the HMBE system provides in delivering a different
kind of source material allows for X-ray in situ studies to be done on a wide variety of oxide
materials and insight to be gained both in reference to oxide growth and also regarding

metalorganic synthesis.

In addition to the areas for future study mentioned in this chapter, investigation with
different source materials (e.g., vanadium-containing sources) or the delivery of more than one
metalorganic during a given synthesis are exciting areas of future investigation possible with this

system.
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CHAPTER 9

Ongoing and Future Work
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The work discussed so far has all been completed and published. Explanations have been
proposed for the observations made. However, there are areas where either work was begun on
related projects or where promising future work could be completed building off of the research
presented herein. In particular, there are two cases discussed in this chapter where ongoing and

future work are worth pursuing.

9.1 (5 x 5) Reconstruction on SrTiO3 (1 11)

The case of a particularly large (5 x 5) reconstruction observed on SrTiOz (1 1 1) presents
a good opportunity to apply the techniques discussed in previous chapters (Chapters Four and
Five). This work was begun before the comprehensive explanations in Chapter Four were
formulated and was not finished due to lack of computation time. However, hypothetical structures
for a (5 x 5) reconstruction are proposed in this chapter. These were identified after an initial round
of calculations eliminated less-likely structures. The structures proposed could be used to continue
refinement of this large reconstruction. This work was done in collaboration with colleagues at the
University of Oxford in Oxford, UK, specifically Prof. Martin Castell, Dr. Bruce C. Russell, and

Prof. Shams ur Rahman.

9.1.1 Introduction

The common substrate material, SrTiO3, displays a multitude of reconstructions already
discussed in Chapters Four and Five. The application of Pauling’s rules has also been demonstrated.
They provide insight into solving reconstructions on oxide surfaces. Among the solved
reconstructions is a series of (n x n) reconstructions of increasing size [49, 57]. Both (5 x 5) and
(6 x 6) members have been experimentally observed but their structure is still unknown. Since

these are double Ti-layered reconstructions on SrTiOs (1 1 1) (as opposed to the single-layered Ti-
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reconstructions in Chapter Five), applying Pauling’s rules to this case results in additional
complexity. With a large unit cell and a double-layered reconstruction there are a large number of

possible structures generated, even when following Pauling’s rules.

These large reconstructions also present a computational challenge. In the WIEN2k
package used in these investigations [154], the rate-limiting step is a diagonalization of a (M x M)
matrix. Slab unit-cell constructions of the (5 x 5) structure can contain anywhere from 80-110
unique atoms. For a unit cell containing 80 unique atoms related by symmetry operations, this can
correspond to a matrix of (M x M) size where M = 90,000. This generally leads to a case where a

large amount of memory is required on cores utilized for a calculation.

Even relatively small unit-cell constructions (e.g. ten atoms) contain thousands of variables
in a DFT calculation. These variables fall into two types: those for electron density, and those for
atomic positions. Luckily, using an iterative DFT method often allows convergence of these
calculations within 20-40 iterations rather than thousands. This is related to the fact that
convergence depends on the number of clusters of eigenvalues as well as the width of clusters of
an underlying Jacobian when a Quasi-Newton method is utilized [195, 299-302]. The number of
clusters of electron density depends on dielectric band structure, in general containing a limited
number of clusters and scaling weakly with the number of atoms [303-309]. The width of clusters
may or may not scale in the same fashion. Though this method eliminates the double-loop common
in most DFT calculations by combining the electronic and atomic clusters, its performance with
increasingly large unit cell sizes is not yet fully investigated. It is possible that these calculations

scale sub-linearly with the number of atoms.

In addition, the utilization of hybrid functionals includes some fraction of Hartree-Fock
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exchange on specific electrons, namely those with d or f-orbital character [310]. However,
including this incurs additional computation expense and a balance of accuracy and practicality
must be considered. The efforts presented herein to solve the (5 x 5) reconstruction deal with these
challenges, and a strategy incorporating multiple rounds of structure generation, DFT relaxation,
and comparison with experimental STM is presented as a way to approach this and similar
investigations. Different computation parameters at different stages of the investigation as well as
different unit-cell sizes are used to reduce cost and provide a practical guide to tackling DFT
calculations of this scale. This case serves as an example for not only approaching problems of
this scale but could also provide a performance benchmark for the WIEN2k package (or any other

utilized to perform calculations).
9.1.2 Methods

9.1.2.1 STM Measurements

Epi-polished single crystal SrTiOs (1 1 1) with 0.5 wt% Nb-doping (to provide conductivity
for STM measurement) from PI-KEM, UK were prepared in a JEOL JSTM4500xt ultrahigh
vacuum chamber. Samples were sputtered in Ar* for 20 minutes at 0.5 keV in a UHV base pressure
of 108 Pa. For STM imaging, an etched tungsten tip was used at room temperature. Images were

taken at constant current [57].

9.1.2.2 DFT Calculations

The WIENZ2k code [154] was used for all DFT calculations. Both the generalized gradient
approximation, in this case PBESol [152], and the revTPSS method [193] were investigated. All
d-orbital electrons of Ti atoms were treated with an on-site exact exchange of 0.5, similar to

previous investigations [41].
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Parameters for all calculations were standardized to allow comparison across unit cell sizes.

The lowest-energy unit-cell size for bulk SrTiOs was determined separately for each of the
calculation types (PBESol vs. revTPSS) and all unit cells for a given reconstruction were adjusted
to match the in-plane dimensions. Slabs were constructed using a (1 x 1 x 7) supercell where at
least 1.6 nm of vacuum was present between surfaces. DFT calculations were performed in two
rounds, where the initial screening used parameters that were optimized for speed rather than
accuracy. For this round, fewer layers of bulk SrTiOs (1 1 1) where modelled. The resulting in slab
unit-cells contained 80-85 unique atoms. First-round calculations had muffin-tin radii of 1.50, 1.68
and 2.00 bohr radii for O, Ti and Sr respectively. A second, more accurate, round of calculations
was performed with the muffin-tin atomic radii of 1.55, 1.71, and 2.21 bohrs for O, Sr, and Ti
atoms, respectively. For the second round, additional layers of bulk SrTiO3z (1 1 1) were added.
The resulting in slab unit-cells contained 100-105 unique atoms. For all calculations, a Brillouin-
zone reciprocal space sampling equivalent to a (4 x 4) in-plane mesh fora (1 x 1) cellon (1 1 1)
was used with an r*kmax of 4.75 for the first round and 6.20 for the second round. A quasi-Newton
algorithm [195] was used to converge atomic positions and electron density, and a convergence
better than 0.01 eV/(1 x 1) was achieved. The surface energy per (1 x 1) unit cell, the main quantity
reported in this investigation, was calculated according to Equation 3.6, described earlier. Use of

this method yielded an overall estimated error of 0.05 eV/(1 x 1).
9.1.2.3 STM Simulation
Relaxed low-energy structures found using DFT calculations were compared to

experimental STM using STM simulations based on a modified Tersoff-Hamann approximation

[124]. Additional information about this simulation technique can be found in Section 3.2.2.
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9.1.3 Results

9.131STM

All experimental STM images were kindly provided by collaborators in the Castell group
at Oxford University. Experimental STM images of the (5 x 5) reconstruction revealed features of
their structure as well as the surfaces they occupied. Large flat terraces with little disorder were
observed. Terraces had step edge heights of 0.224 + 0.12 nm, corresponding to the di11 lattice
parameter of SrTiOs (1 1 1). Step edges had preferential alignment along the <110> lattice
directions. On some samples or regions of a given sample, both a (5 x 5) and a (6 x 6)
reconstruction were observed in neighboring domains. The reconstruction was observed to have
one mirror plane and 3-fold symmetry. The periodicity of the reconstruction was measured as 2.70
+ 0.12 nm, leading to the (5 x 5) assignment. This was confirmed with LEED, which produced a
characteristic pattern for the reconstruction [57]. Two different STM images of observed (5 x 5)

reconstructed areas are shown in Figure 9.1.

Figure 9.1 STM images showing the (5 x 5) reconstruction on different samples (a) and (b) taken
at 2.6V bias and 0.2 nA tunneling current. Both STM are 24.2 x 12.2 nm? in area.

9.1.3.2 Structure Generation - First Round

From the STM, the space group p3m1 was assigned to represent the observed symmetry.
The integer-multiple size of the unit cell and the mirror-plane symmetry are similar to those
observed in previously-solved (3 x 3) and (4 x 4) reconstructions. Some features of the STM,

shown in Figure 9.2, are also similar.



207

Figure 9.2 STM images showing the (3 x 3) reconstruction (a) taken at 2.0V bias and 0.4 nA
tunneling current, the (4 x 4) (b) taken at 2.0V bias and 0.5 nA tunneling current, and the (5 x 5)
(c) taken at 2.6V bias and 0.2 nA tunneling current. All STM are 24.2 x 12.2 nm? in area.

The STM of the reconstructions shown in Figure 9.2 all have similar features. They are
made up of a bright ring-like feature, easily observed in Figure 9.2 (b). Between these ring-like
features are bright connecting lines, creating a pattern of rings connected to each other by six bright
lines. Due to these similarities, the structures of the (3 x 3) and (4 x 4) reconstructions, along with
the considerations of Pauling’s rules (discussed in Chapter Four) were taken into account when
generating hypothetical structures. For this structure, an underlying layer of TiOs[] and TiOs units,
topped with an outer layer of TiOs tetrahedra was considered. This was chosen for its agreement
with the (3 x 3) and (4 x 4) reconstructions. Since this is a large unit-cell, not all possible structures
could be generated easily. Only those that matched the features of similar, smaller reconstructions
and the STM intensity data were generated. Additionally, the STM data only provide accurate
guidance for atomic placements in the outermost TiOx layer, in this case the TiO4 tetrahedra. As

such, the structure of the underlying TiOs[] and TiOs layer is less certain, and a number of different

possible motifs were generated for calculations.
9.1.3.3 DFT Results - First Round
Computation parameters for the initial round of structures were optimized to improve the

speed of calculation as a large number of possibilities were considered. In these calculations, no

portion of exact exchange was used to reduce computation cost for the large unit-cells.
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Additionally, fewer layers of bulk SrTiOsz (1 1 1) were included, thereby reducing the total number
of atoms in a unit cell to roughly 80-85 unique positions. The other parameters used are outlined
in Section 9.1.2.2. All the structures were relaxed and surface energies were calculated using DFT.

The same convex hull construction discussed in Section 5.3.3 was calculated and is shown below

in Figure 9.3.
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Figure 9.3 (a) Surface energies in eV/(1 x 1) surface unit cell plotted versus excess TiO2 per (1 x
1). Results are from the PBESo0IO calculation, and the dotted lines show results from the convex
hull construction. (b) Structure diagram of the low-energy solution with TiOs[] octahedra in
purple, TiOs octahedra in blue, TiO4 tetrahedra in purple, and Sr atoms in green.

The convex hull in Figure 9.3 differs in shape and calculated energy from the one shown
in Figure 5.5 because no portion of exact-exchange was included for Ti d-orbital electrons. This
shifts the reference calculations and leads to the observed differences. However, the principle of
the convex hull still applies. As such, only structures that are close in energy to the purple
endmembers in Figure 9.3 represent possible low-energy solutions. Of the twelve structures

considered, only the one shown in Figure 9.3 (b) was close enough to the convex hull to warrant

further investigation.
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9.1.3.4 STM Simulation - First Round

The single low-energy structure found was used to simulate STM images. It was compared
to experimental STM of the two different (5 x 5) reconstructions. These results are shown in
Figure 9.4 where (a) and (b) both show STM of the (5 x 5) reconstruction that has similar features

to the previously-solved (3 x 3) and (4 x 4). The STM shown in Figure 9.4 (c) is much different.

Figure 9.4 (a) STM image of (5 x 5) reconstruction Type B, from Figure 9.1 (b), with overlaid
simulated structure. (b) shows a zoomed-in view of this same STM and simulation. (c) STM
image of (5 x 5) reconstruction Type A, from Figure 9.1 (a), with overlaid simulated current
structure. All STM taken at 2.6V bias and 0.2 nA tunneling current.

The STM simulations for this structure are a good match for the one shown in Figure 9.4
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(@) and (b) but are a poor match for Figure 9.4 (c). The central ring-like feature of the structure
matches all experimental STM data well, but the placement and shape of the connecting lines
between rings does not agree with the STM of the second type of (5 x 5) shown in Figure 9.4 (c).
As such, a second round of structure generation and calculations is necessary to determine this

structure.

9.1.3.5 Round Two — Current Progress

The first low-energy structure was used as a basis, along with Pauling’s rules, for
generating additional hypothetical reconstructions. These preserve the ring-like feature while
varying the placement and shape of the connecting TiO4 tetrahedra chains between rings. Only
preliminary calculations have been performed up to this point, so the additional structures
generated have not been compared to the convex hull construction as of yet. The parameters for
DFT relaxations of these structures follow those presented in Section 9.1.2.2, this time including
the exact-exchange mentioned. These parameters are equivalent to those used in the earlier
Section 5.2.2 where the RT7 and RT13 reconstructions were solved. More layers of bulk SrTiO3
(1 1 1) were also included, resulting in unit cells of roughly 100-105 unique atomic positions.
Currently, some but not all of these structures have been partially relaxed, and it is impossible to

determine which represent the best solutions from this iteration of hypothetical options.

9.1.4 Future Directions

The second round of generated structures should be relaxed, via DFT, using the parameters
outlined in Section 9.1.2.2. If any of these are close to the convex hull they can be considered as
possible solutions. STM simulations should be performed to compare them to experiment. If one

of these structures is a good match to the experimental STM in Figure 9.4 (c), then it should be
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considered the second solution for the (5 x 5) reconstruction. If none of the low-energy solutions
are good matches in terms of the STM, it may be worth simulating STM of the higher-energy
hypotheses to determine whether or not they have structural features that might create a better
match. Then, a third round of structural hypotheses can be generated to include the relevant

features and the process continued as necessary to discover the solution.

When both solutions are determined, they should be compared to each other. The difference
in energy between the two should be determined. It would be worthwhile to see whether the two
solutions are related to each other and whether it might be possible for a phase transition to occur
between the two under certain conditions. This could be calculated by considering the chemical

potential in different preparation environments and the DFT results.

The structures and strategies investigated here could also serve as a guide for solving other
large-scale reconstructions on SrTiOs surfaces, in particular the observed (6 x 6) SrTiOs (1 1 1)
reconstruction. This author suspects that the (n x n) series has common structural features and that

a pattern relating these could be determined if enough of the structures are solved.

9.2 Superlattice Growth with Hybrid MBE

Another area of ongoing and future work involves the hybrid MBE system built and tested
by the author. While this system is mostly assembled, there are some additional hardware
modifications that still need to be made to utilize its full capacity. Once this is finished additional
materials can be grown with its hybrid capability. Of particular interest would be growth of
superlattices or superstructures containing more than one species of transition metal cation. To do
this, two different metalorganic sources would be utilized in one growth. This is the main area of

future work proposed for the HMBE system discussed in this chapter.
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9.2.1 Introduction

Hybrid MBE offers many advantages to conventional MBE and other thin-film deposition
methods such as PLD, as discussed previously Chapters Seven and Eight. A hybrid MBE system
was designed and constructed by the author to investigate the growth mechanisms and in situ
structural evolution of HMBE-grown films. These experiments have already led to the initial
results discussed in detail in Chapter Eight. However, there are many additional materials and
superstructure architectures that this system’s design allows the growth of. These materials move

beyond simple Ti-containing oxides and are good candidates for future study.

As Chapter Eight mentions, materials with cations other than titanium have been grown
via HMBE. One of the most promising of these is the vanadium-containing family of oxides,
including VO2 and SrVOs. VO is a material in which a metal-insulator transition can be induced
near room temperature [22, 311, 312], a property that has been achieved reproducibly in films
grown via HMBE [313]. This property makes VO attractive for use in detectors, terahertz devices,
and charge oscillators for computing [314-316]. The perovskite SrVOs is a conductive metal with
strong electron correlation [269, 317], a property common to many transition metal oxides.
Dimensional confinement in this material can be used to induce a metal-insulator transition [318-
322]. Studies of the compound’s structural changes during this transition and experiments on thin
films indicate that defects play a large role in disrupting these properties [323-325]. As such, the
desirable properties in both these materials depend on growth methods that lead to low defect

concentrations in films [313], making HMBE a method of choice for their synthesis.

The challenges of reducing defects and understanding structural evolution in oxides with a

phase diagram as complex as VO2 or SrVOs makes studying this material with the capabilities of
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in situ X-rays especially attractive. As such, this material was chosen as a candidate for future
experiments using the HMBE system developed for use at the APS. To conduct these experiments,
the current system must be further tested and the growth conditions for vanadium oxide materials
determined with use of a VTIP precursor. The current progress towards these goals and the future

steps that must be taken to investigate these materials further are outlined in the following sections.

9.2.2 Progress

The design of the HMBE system was designed and assembled and its functionality in
growing Ti-based materials has been explored in Chapters Seven and Eight. However, the design
of this system includes two delivery lines, each utilizing a different metalorganic source. The
second delivery line’s piping has been cut and fasteners for it purchased. All the necessary parts
in terms of valves, controllers, etc. have also been purchased. The temperature controller for the

second line has also been assembled.

9.2.3 Future Directions

To produce films with more than one cation material, both lines need to be assembled and
their performance verified. To this end, the second delivery line, needs to be assembled and
mounted to the HMBE frame. Heating tapes need to be installed and the function of valves with
interfacing software (EPICs and LabVIEW™) needs to be verified. It can then be used to perform
studies similar to those presented in Section 7.4.1, where the delivery of TTIP was verified and

characterized.

The first precursor for use in these experiments will be VTIP. This precursor was chosen
for a number of reasons. First, its chemical structure, shown in Figure 9.5 (a), has the same

functional groups as that of TTIP, shown in Figure 9.5 (b). As such, its decomposition behavior is
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expected to be similar to that of TTIP, allowing for incorporation of oxygen into films without the

need for a background oxygen pressure during growth.

a) b}

O O

|

Figure 9.5 (a) Titanium (V) tetraisopropoxide (TTIP) and (b) vanadium (V) triisopropoxide
chemical structure.

VTIP also has a high vapor pressure even at low temperatures [326-328], making its use in
a system with no carrier gas feasible. That being said, the first steps are to perform investigations
similar to those outlined in Section 7.4.1, where an RGA was used to determine a precursor

cracking product that reliably indicated the cation’s presence.

Other researchers have performed investigations using VTIP as a precursor for HMBE
growth of VO3, SrVO3z, LaVOs, and CaVOs [248, 253, 269, 273, 274, 329, 330]. Since vanadium
has a variable oxidation state and vanadium oxide has a complex phase diagram [331], oxygen
stoichiometry control can be difficult in these materials. As such, molecular oxygen was supplied
during their growth, indicating that the VTIP precursor alone may not be sufficient to produce
fully oxidized films depending on the desired species. The referenced work provides a starting

point for experimental growth conditions. This provides initial conditions that can be used for
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testing the system both for functioning of the precursor delivery lines and for more complex

material growths.

The goal of having two delivery lines is superlattice growth or film doping; any type of
simultaneous or sequential deposition of two different cations requires a two-line system. The case
of doping is arguably simpler as both sources can be delivered at different pressures to desired
levels. This should serve as a starting place for novel material growth with the HMBE, as there is
a lot of flexibility in producing films of different cation doping levels. To achieve this type of
growth, especially in the case of superlattices, the switching of precursor lines must be investigated
and an experimental procedure developed. If superlattices of high precision are desired, developing
methods to determine a switching scheme similar to the shuttering schemes used in MBE is also
necessary. These challenges should be the focus of future experiments in this area. Developing
strategies to address these challenges will allow growth of a wide variety of materials with the

hybrid MBE system.
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Appendix A
* cif Files for RT7 and RT13 Structure Solutions

RT7a:

data Wien2k Data

_cell length a 14.634685

~cell length b 14.634685

_cell length c 24.174980

_cell angle alpha 90.000000
_cell angle beta 90.000000
~cell angle gamma 120.000000
_cell measurement temperature 0.0
_diffrn ambient temperature 0.0
_symmetry space group name H-M 'P-3
_symmetry space group number 147

_refine date '12- 2-2018"

_refine method 'generated from WienZk code'

_refine special details

Structure converted from Wien2k struct file, Version 9.1
Title 'rt7a’

’

loop
_symmetry equiv_pos_ as xyz
+x,+y, +z
-y, tx-y, tz
-xX+y,-X,+z
—X,7Yr 2
ty,-xty, -z
+X-y,+x, -2z
loop
_atom site label
_atom site type symbol
_atom site fract x
_atom site fract y
_atom site fract z
_atom site U iso_or equiv

Ti001 Ti 0.71447945 0.14286449 0.99846405 0.05000000
Ti002 Ti 0.00000000 0.00000000 0.00000000 0.05000000
Ti003 Ti 0.90659344 0.38282917 0.09163983 0.05000000
Ti004 Ti 0.33333333 0.66666667 0.09368496 0.05000000
Ti005 Ti 0.80859639 0.75866821 0.90338976 0.05000000
Ti006 Ti 0.38609637 0.48267147 0.19310085 0.05000000
Ti007 Ti 0.66666667 0.33333333 0.17774589 0.05000000
Ti008 Ti 0.24065532 0.04840018 0.18033042 0.05000000
Ti009 Ti 0.00000000 0.00000000 0.29171413 0.05000000
Ti010 Ti 0.66666667 0.33333333 0.29377125 0.05000000
Ti01l1l Ti 0.22211882 0.07185270 0.29404308 0.05000000
Ti01l2 Ti 0.43264184 0.27938523 0.27562812 0.05000000
Sr013 Sr 0.95119708 0.18760688 0.04177669 0.05000000
Sr0l14 Sr 0.42560820 0.29005182 0.13590223 0.05000000



Sr015 Sr 0.92471863
Sr0l6 Sr 0.33333333
Sr0l17 Sr 0.80337261
Sr018 Sr 0.15685552
Sr019 Sr 0.00000000
Sr020 Sr 0.52376137
Sr021 Sr 0.66666667
00022 O 0.28687257
00023 O 0.12665427
00024 O 0.20916863
00025 O 0.01658193
00026 O 0.65402649
00027 O 0.67215074
00028 O 0.39700842
00029 © 0.30749549
00030 © 0.29794356
00031 © 0.77746248
00032 O 0.82357147
00033 O 0.57864639
00034 © 0.66950793
00035 © 0.10765648
00036 © 0.19435326
00037 O 0.81383130
00038 O 0.13385986
00039 © 0.01918864
00040 © 0.97410179
00041 © 0.87934153
00042 O 0.86302376
00043 O 0.02301493
00044 O 0.30616597
00045 O 0.72841731

#End data Wien2k Data

RT7b:

data Wien2k Data

cNeoNoNoNeoNoNoBoNoBoNoloNololNololNoNolNoNoNoNolBoNolNoNololNololNelNo)

.38893781
.66666667
.71921718
.43967639
.00000000
.90413581
.33333333
.35300207
.92167254
.63424211
.49981158
.95642274
.82369356
.86532882
.26989936
.75340902
.42971285
.25529953
.60527975
.44588266
.50875998
. 73200326
.64246587
.07973345
.26900106
.59189483
.96991283
.08441221
.12351860
.20792814
.47420485

cell length a 14.634685
cell length b 14.634685

_cell length c 24.174980

_cell angle alpha
_cell angle beta

90.000000
90.000000

~cell angle gamma 120.000000

cell measurement temperature 0.0
diffrn ambient temperature 0.0

_symmetry space group name H-M
_symmetry space group number 147

refine date ' 5-10-2017"

cNeoNoNoNeoNoNoNoNoBoNooNololNoloNoNoNoNoNoNolBoNoNoNololNololNeolNo)

.23077967
.23524678
.74830863
.14578257
.14037507
.04891899
.04313734
.14276780
.15438174
.13703282
.85969515
.85999091
.05350419
.95223279
.04437826
.04498932
.23167414
.04467827
.04398733
.13595403
.22606939
.23033128
.22451270
.23965473
.25233389
.24459255
.04825351
.13233904
.33008054
.32103354
.32058708

_refine method 'generated from WienZk code'

_refine special details

’

Structure converted from Wien2k struct file,

Title 'rt7b’'

’

cNeoNoNoNeoNoNoBoNoBoNoBoNolololoNolNolBoNoNoNoloNoloNololNololNeolNo)

.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
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loop
_symmetry equiv_pos_as Xyz
tx,ty, tz
“y,tx-y, tz
-X+y,-xX,+2
—X,TYr 2
ty, —x+y, -z
-y, %, -z
loop_
_atom site label
_atom site type symbol
_atom _site fract x
_atom site fract y
_atom site fract z
atom site U iso or equiv

Ti001 Ti 0.71639216 0.14324560 0.00017942 0.05000000
Ti002 Ti 0.00000000 0.00000000 0.00000000 0.05000000
Ti003 Ti 0.90560865 0.37933317 0.09356082 0.05000000
Ti004 Ti 0.33333333 0.66666667 0.09167136 0.05000000
Ti005 Ti 0.81320111 0.76437552 0.90490048 0.05000000
Ti006 Ti 0.38033916 0.48026641 0.17914369 0.05000000
Ti007 Ti 0.66666667 0.33333333 0.17612934 0.05000000
Ti008 Ti 0.23760301 0.04873316 0.19407383 0.05000000
Ti009 Ti 0.66666667 0.33333333 0.29577992 0.05000000
Ti010 Ti 0.44805785 0.30194677 0.27718687 0.05000000
Ti01ll1 Ti 0.38868760 0.47894094 0.29601003 0.05000000
Ti0l2 Ti 0.16628561 0.44774691 0.27773469 0.05000000
Sr013 Sr 0.38049378 0.47455817 0.043839%966 0.05000000
Sr014 Sr 0.86446764 0.58054835 0.13749237 0.05000000
Sr0l15 Sr 0.45973338 0.08805307 0.23502318 0.05000000
Sr0le Sr 0.95053032 0.17077639 0.75779994 0.05000000
Sr017 Sr 0.28376227 0.85981629 0.13887872 0.05000000
Sr01l8 Sr 0.00000000 0.00000000 0.84439798 0.05000000
Sr019 Sr 0.66666667 0.33333333 0.04312645 0.05000000
Sr020 Sr 0.23451290 0.04796138 0.04810303 0.05000000
00021 O 0.63403344 0.91102790 0.13591569 0.05000000
00022 O 0.06982996 0.20777191 0.14539737 0.05000000
00023 O 0.38278762 0.58410006 0.13085537 0.05000000
00024 O 0.50264576 0.51918939 0.85941095 0.05000000
00025 O 0.05935770 0.70332459 0.85540788 0.05000000
00026 O 0.17259625 0.85129193 0.04731196 0.05000000
00027 O 0.13293200 0.53280629 0.95272251 0.05000000
00028 O 0.72675915 0.03881829 0.04780322 0.05000000
00029 O 0.25159543 0.54202383 0.04287376 0.05000000
00030 O 0.57082820 0.35296375 0.23141902 0.05000000
00031 O 0.74439302 0.56837856 0.04656687 0.05000000
00032 O 0.55537024 0.22621149 0.13661270 0.05000000
00033 O 0.42183071 0.90694079 0.23251722 0.05000000
00034 O 0.50754827 0.78648378 0.22758245 0.05000000
00035 O 0.82474856 0.17597166 0.23930500 0.05000000
00036 O 0.90517138 0.87027946 0.23585752 0.05000000
00037 O 0.25803104 0.93866721 0.24202807 0.05000000
00038 O 0.63084383 0.00437455 0.23271370 0.05000000
00039 O 0.38897561 0.97022882 0.04782843 0.05000000



00040 © 0.46078812
00041 O 0.46470947
00042 O 0.01444121
00043 O 0.92460425
00044 O 0.72655095

00045 O 0.24529037
#End data Wien2k Data

RT13a:
data Wien2k Data

cell length b

O O O O oo

.61363778
.41428319
.89870444
.77367620
.47451564
.39752637

cell length a 19.943713
19.943713

cell length c 24.186845

:cell_angle_alpha
_cell angle beta

90.000000
90.000000

_cell angle gamma 120.000000

cell measurement temperature 0.0
diffrn ambient temperature 0.0

_symmetry space group name H-M
_symmetry space group number 147

refine date '12- 2-2018"

O O O O oo

.32790693
.32218282
.04731549
.14302323
.31864218
.31805565

_refine method 'generated from WienZk code'

_refine special details

’

Structure converted from Wien2k struct file,

Title 'rtl3a'

’

loop

_symmetry equiv_pos_ as xyz

+xX,ty, tz

-y, txX-y,tz

—-X+y, =X, +z

—X,7Yr 2

ty,-xty, -z

+X-y,+x, -2z
loop_
_atom site label
_atom site type symbol
_atom site fract x
_atom site fract y
_atom _site fract z

atom site U iso or equiv

.21900732
.39166970
.53994566
.52249972
.47105462
.12768716
.06167558
.03975877
.98949216
.13815380

00001 O 0.22340310
00002 O 0.14901262
00003 © 0.16804902
00004 O 0.29912330
00005 O 0.40614182
00006 O 0.16748671
00007 O 0.26137414
00008 © 0.38791491
00009 O 0.49950554
00010 O 0.03486548

0

O O OO OO O oo

O O OO OO OO oo

.04774593
.05009195
.04211745
.04688048
.04556120
.14013093
.13542610
.14513500
.14537902
.13704865

O O OO oo

O O OO OO OO oo

.05000000
.05000000
.05000000
.05000000
.05000000
.05000000

Version 9.1

.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
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00011
00012
00013
00014
00015
00016
00017
00018
00019
00020
00021
00022
00023
00024
00025
00026
00027
00028
00029
00030
00031
00032
00033
00034
00035
00036
00037
00038
00039
00040
00041
00042
00043
00044
00045
00046
Sr047
Sr048
Sr049
Sr050
Sr051
Sr052
Sr053
Sr054
Sr055
Sr056
Sr057
Sr058
Sr059
Sr060
Sr06l
Ti062
Ti063
Ti064

[eNcNoNoNoNoNoNoNoNoNoNoNoNoNONoNONoNoNoNONONONONONONONONONONONONONONONGC)

eNeoNeoNoNoNoNoRoNoRoNohoBoNolNoNoNoNoloNoBoNoBoNoloNoNolNoNolNoNoloNoNoNoloNoBoNooNoNoloNoNoNoNolNololNololNolNolNe]

.17693534
.07569228
.41162578
.65254567
.11625802
.24364152
.33649730
.57347257
.25657798
.09634734
.25164042
.47249943
.09057123
.32962472
.17751451
.25525312
.50251425
.38970889
.55158310
.46573402
.63343816
.78931387
.25822188
.30273196
.32578788
.44941506
.55417880
.67999702
.60844957
.23146619
.01136549
.29403502
.32118597
.93648021
.76903161
.69293154
.41252402
.31315926
.38686076
.07469536
.18337370
.61487698
.12253724
.37633101
.58840729
.66666667
.19398270
.49035767
.26012617
.33333333
.00000000
.07773708
.38544154
.94775272

eNeoNeoNoNoNoNoNoNoRoNoNolBoNolNoNoNoNoloNoBoNoBoNoloNoNolNoNolNoNoloNoNoNoloNoBoNooNoNoloNoNoNoNoNololNololNolNolNe]

.27352446
.08567567
.19063543
.11180004
.45595317
.43706264
.37140841
.30074881
.58370971
.04049016
.12606906
.05368709
.23257722
.43413778
.35015544
.27373547
.21013408
.25906048
.36854612
.57060706
.68615405
.81912335
.67256095
.00916195
.16080836
.13554633
.08482967
.064088¢64
.24303853
.60050489
.09170228
.46524881
.32601531
.78147488
. 74956356
.84717658
.97597567
.23207466
.53511080
.31185851
.05226593
.45787192
.17056730
.10366913
.04333438
.33333333
.48118710
.28234214
.36202643
.66666667
.00000000
.31039017
.53954739
.12877775

eNeoNeoNoNoNoNoNoNoBoNoloBoNolNoNoNoNoloNoBoNoBoNohoNoNolNoNoNeoNoloNoNoNoloNohoNohoNoNoloNoNoNoNolNololNololNolNolNe]

.13705630
.04628455
.14363784
.14480236
.14245415
.14194404
.1322414¢6
.14230786
.13556942
.23372662
.23378224
.23769768
.04292425
.23381261
.23399524
.227729147
.23439524
.24464517
.23473095
.23924538
.24282930
.23116003
.23110030
.04680440
.04769765
.04772217
.05222706
.04431315
.04773991
.31925597
.32567698
.32376729
.31932373
.32452528
.31991147
.32838004
.04712501
.13939952
.13436968
.13771918
.04481759
.15730338
.22634739
.24432064
.24443261
.240398¢64
.23044943
.05466797
.04123085
.03845031
.13647476
.99918369
.99611116
.90993003

eNeoNeoNoNoNoNoNoNoRoNohoBoNolNoNoNoNoloNoBoNoBoNoloNoNolNoNolNoNoloNoNoNoloNoBoNohoNoNoloNoNoNoNolNololNoloNoNolNe]

.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000

240



Ti065 Ti 0.25864529
Ti066 Ti 0.56189766
Ti067 Ti 0.48743747
Ti068 Ti 0.54052539
Ti069 Ti 0.23415782
Ti070 Ti 0.00000000
Ti071 Ti 0.18099027
Ti072 Ti 0.07392080
Ti073 Ti 0.25497345
Ti074 Ti 0.17932902
Ti075 Ti 0.48673309
Ti076 Ti 0.25502792
Ti077 Ti 0.33333333
Ti078 Ti 0.56138562
Ti079 Ti 0.33333333
Ti080 Ti 0.66666667

Ti081 Ti 0.00000000
#End data Wien2k Data

RT13b:
data Wien2k Data

ocNeoNoNoNoNoNoNoNoRoNoloNololNololNe]

.36147561
.59044409
.28319946
.16823973
.93754333
.00000000
.05445116
.29647914
.36446106
.05161479
.28003043
.35864467
.66666667
.58702459
.66666667
.33333333
.00000000

cell length a 19.943713
cell length b 19.943713

cell length c  24.186845

:cell_angle_alpha
cell angle beta

90.000000
90.000000

_cell angle gamma 120.000000

cell measurement temperature 0.0

_diffrn ambient temperature 0.0
_symmetry space group name H-M
_symmetry space group number 147

refine date ' 5-10-2017"

ocNeoNoNoNoNoNoNoNoRoNololNololNololNe]

.90313365
.90424593
.90955976
. 72294611
.72052873
.29274946
.29775940
.28104598
.29755403
.17990017
.19784764
.17849382
.17483534
.19298334
.90038570
.70473539
.00000000

_refine method 'generated from Wien2k code'

_refine special details

’

Structure converted from Wien2k struct file,

Title 'rtl3b'

’

loop

_symmetry equiv_pos_as xyz

+x,+ty, +z

Y, tX-y,t2

-xty,-x,+tz

—X,TYr—2

ty,—xXty, -z

tX-y,+X, -z
loop
_atom site label
_atom site type symbol
_atom _site fract x
_atom _site fract y
_atom site fract z

ocNeoNoNoNoNoNoNoNoBoNololNololNololNe]

.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000

Version 9.1
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_atom _site U iso_or equiv

00001 O 0.22279274 0.21903112 0.04633844 0.05000000
00002 O 0.15211983 0.39306663 0.04814111 0.05000000
00003 O 0.17215720 0.54069499 0.03966657 0.05000000
00004 O 0.30211234 0.52435590 0.04905888 0.05000000
00005 O 0.41004498 0.47496193 0.04809209 0.05000000
00006 O 0.16840656 0.12615603 0.13834259 0.05000000
00007 O 0.26483833 0.06126693 0.13831699 0.05000000
00008 O 0.40079520 0.05015595 0.14250427 0.05000000
00009 O 0.50347428 0.99364592 0.15140464 0.05000000
00010 O 0.03616772 0.14043627 0.13818950 0.05000000
00011 © 0.18067256 0.27367909 0.13762604 0.05000000
00012 O 0.07447897 0.08644393 0.04625715 0.05000000
00013 O 0.41107954 0.19210599 0.14110765 0.05000000
00014 © 0.65465533 0.11445879 0.14226759 0.05000000
00015 © 0.11079716 0.45462870 0.13507035 0.05000000
00016 © 0.24213872 0.43552265 0.14196033 0.05000000
00017 O 0.33733951 0.37207943 0.13273658 0.05000000
00018 O 0.57454321 0.30270898 0.14268058 0.05000000
00019 © 0.25739847 0.58150237 0.13787004 0.05000000
00020 © 0.09608054 0.04232012 0.23261974 0.05000000
00021 © 0.25201275 0.129005%96 0.23324418 0.05000000
00022 O 0.45859558 0.03712394 0.25269808 0.05000000
00023 O 0.09094544 0.23340417 0.04454628 0.05000000
00024 © 0.33415893 0.43619959 0.23413092 0.05000000
00025 © 0.17798082 0.35184149 0.23459956 0.05000000
00026 © 0.25532624 0.27629442 0.23052766 0.05000000
00027 O 0.49899520 0.20619219 0.23057142 0.05000000
00028 O 0.38947673 0.25861590 0.24376870 0.05000000
00029 O 0.55003029 0.36944773 0.23445305 0.05000000
00030 O 0.47853825 0.59145138 0.23676740 0.05000000
00031 O 0.63809979 0.68504232 0.22880399 0.05000000
00032 O 0.78995097 0.81493584 0.23377726 0.05000000
00033 O 0.25224375 0.66171884 0.23387942 0.05000000
00034 O 0.30275276 0.00753164 0.04879661 0.05000000
00035 O 0.32237818 0.15906259 0.04756480 0.05000000
00036 O 0.44735849 0.13608506 0.04350036 0.05000000
00037 O 0.55284101 0.08456985 0.05277963 0.05000000
00038 O 0.67901139 0.06207087 0.04373559 0.05000000
00039 O 0.60543741 0.24293013 0.04850342 0.05000000
00040 O 0.23283608 0.60512198 0.32646767 0.05000000
00041 O 0.01474744 0.09398549 0.32291323 0.05000000
00042 O 0.45491985 0.52148111 0.32643963 0.05000000
00043 O 0.28361206 0.45955860 0.32107001 0.05000000
00044 O 0.32422501 0.32511008 0.32008256 0.05000000
00045 O 0.93407337 0.78117520 0.32452556 0.05000000
00046 O 0.76734596 0.74804862 0.32157260 0.05000000
00047 O 0.60172036 0.69604149 0.32614856 0.05000000
00048 O 0.71106702 0.86466484 0.32263883 0.05000000
Sr049 Sr 0.41150837 0.97430869 0.042808%92 0.05000000
Sr050 Sr 0.31133735 0.23204385 0.13932133 0.05000000
Sr051 Sr 0.38685330 0.53660447 0.13983025 0.05000000
Sr052 Sr 0.07763575 0.30908309 0.13927969 0.05000000
Sr053 Sr 0.18090373 0.05132369 0.04489361 0.05000000



Sr054
Sr055
Sr056
Sr057
Sr058
Sr059
Sr060
Sr061
Sr062
Sr063
Ti064
Ti065
Ti066
Ti067
Ti068
Ti069
Ti070
Ti071
Ti072
Ti073
Ti074
Ti075
Ti076
Ti077
Ti078
Ti079
Ti080
Ti081
Ti082
Ti083
Ti084

Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti

#End data

oNeoNeoNoNeoNoNeoRoNohoNolNoNoNoNoNoNoNoNoNoloNololNololNoloNolNolNe]

.61419781
.12114517
.36677492
.59007019
.66666667
.20883373
.49019270
.26017950
.33333333
.00000000
.07753145
.38528767
.94900227
.25625858
.56186641
.48867391
.53710455
.59822177
.23242784
.00000000
.18189898
.07722142
.25412773
.17920267
.48579415
.25677672
.33333333
.56609338
.33333333
.66666667
0.

00000000

_Wien2k Data

cNeoNoNoNoNoNoBoNoBoNoloNololNoloNoNoBoNoNoNolBoNololNololNololNeolNo)

.45383074
.17388060
.10382542
.04257577
.33333333
.48446561
.28284792
.36097367
.66666667
.00000000
.30935961
.53922931
.12934719
.36061422
.59095491
.28187514
.15952889
.05158804
.93577305
.00000000
.05139561
.30639158
.35900141
.05070887
.28020857
.35950375
.66666667
.59274548
.66666667
.33333333
.00000000

oNeoNoNoNoNoNoBoNoBoNoloNolololoNoNolBoNoNoNolBoNoloNololNololNeolNo)

.15374637
.23546028
.23490218
.25512758
.23828861
.23038637
.05403900
.04346507
.04049301
.14024102
.00025950
.99709478
.90845102
.90584224
.90315780
.91067939
.70997426
.70441540
.71957591
.29094210
.29755354
.28828789
.29707562
.18109790
.19711786
.18026785
.18026669
.18288440
.90134139
.70152975
.00000000

cNeoNoNoNoNoNoBoNoBoNooNololNoloNoNoBoNoNoNolBoNoloNololNololNeolNo)

.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
.05000000
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