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ABSTRACT

A Chemical Approach to Understanding Oxide Surface Structure and Reactivity

James A. Enterkin

Transmission electron microscopy and diffraction are powerful tools for solving complex
structural problems. They complement other analytical techniques, such as x-ray diffraction,
elucidating problems which cannot be solved by other techniques. One area where they are of
particularly great value is in the determination of surface structures. The research presented
herein uses electron microscopy and diffraction as the primary experimental techniques in the
development of a chemistry of surface structures.

High-resolution electron microscopy revealed that the La;CuzsMoO;, structure has
turbostratic disorder and a lower symmetry space group (Pm) than was previously found. The
refinement of the x-ray data was significantly improved by using a disordered model and the Pm
space group. A bond valence analysis confirmed that the disordered structure is the superior
model.

Strontium titanate, SrTiOs, single crystal surfaces were examined principally via
transmission electron diffraction. A homologous series with intergrowths was discovered on the
(110) surface of strontium titanate, marking the first time that these important concepts of solid
state chemistry have been found at the surface. Atmospheric adsorbates, such as H,O and CO,,

were found to help to stabilize undercoordinated surface structures on the (100) surface. It was



shown that chemical bonding, bond valence, atomic coordination, and stoichiometry greatly
influence the development of surface structures. Additionally, such chemistry based analysis
was demonstrated to be able to predict surface structure stability and reactivity.

Application of a modified Wulff construction to the observed shape of strontium titanate
nanocuboids revealed that the surface structure and particle stoichiometry are interlinked, with
control over one allowing equally precise control over the other. Platinum nanoparticles on the
strontium titanate nanocuboids were shown via high resolution electron microscopy to have
cube-on-cube epitaxy, with the shape of the platinum nanoparticles governed by the
Winterbottom construction. Precise modification of the support surface will therefore allow
engineering of supported metal particles with precise control over which facets are exposed.
These results suggest that control over the support surface chemistry can be used to engineer

thermodynamically stable, face selective catalysts.

Professor Kenneth R. Poeppelmeier

Professor Laurence D. Marks
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1.1: The Chemical Approach

In 1661, Robert Boyle, in his book The Sceptical Chymist, described chemistry as “the
subject of the material principles of mixt bodies.”> A more modern definition, reflecting the
advances made in chemistry and encompassing the broad range of what chemistry has become, is
given by Raymond Chang as “the study of matter and the changes it undergoes.”® Chemistry
relies much on concepts such as bonding and symmetry to describe materials and reactions.

Physics also may deal with matter, but with a different approach, traditionally being more
concerned with energy, force, and motion. Physics often uses more rigorous formulae and
mathematics to describe interactions in the physical world. While the rigor is important and
often necessary, it is easy to miss critical intuitive insights that are readily apparent when using
simpler models. Chemistry and physics should not be viewed as rival disciplines, however.
When working towards a better understanding of matter and its transformations, there is great
benefit to using both approaches. This is especially true when attempting to solve difficult
problems.

Understanding of inorganic structure and bonding took a large step forward in the early
twentieth century. The first single crystal X-ray structures were published in 1913, among which
was the NaCl structure by W. H. Bragg and W. L. Bragg.®> To describe the rock-salt structure,
the ionic bonding model was devised by Born, Landé, and Madelung.* According to the ionic
bonding model, each sodium ion carries a single positive charge, while each chloride ion carries
a single negative charge, with the crystal held together by the attractive forces between

oppositely charged ions. Although the model is not perfect, it is most useful due to its simplicity
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and ability to accurately describe the structure and chemistry of ionic crystals. Indeed, the ionic
bonding model is still taught to chemistry students today. According to classical physics as it
was conceived in the early twentieth century, however, such an array of charges would collapse
into a singularity. A repulsive potential between atoms was therefore postulated and developed.
It was the success of the ionic bonding model that led to this advancement of physics. In such
manner, the twin approaches of chemistry and physics have often advanced each other and have
led to the modern understanding of structures and materials.

The understanding of surfaces has, in general, lagged behind the understanding of the
bulk. One reason is that the study of surfaces is inherently more difficult. A classic quotation,
usually attributed to Wolfgang Pauli, states that while “God made the solid state, he left the
surface to the devil.” One major reason for this difficulty is that there is far less available to
study. In anything but the tiniest nanoparticles, the majority of the atoms in a material are not at
the surface. This makes many bulk techniques difficult, and in some cases impossible, to apply
to the study of surfaces. Similarly, the two dimensional nature of surfaces can create troubles for
methods designed to be applied in three dimensions.

Perhaps another reason why the current understanding of the surface lags behind the
understanding of the bulk is that the study of surface structures has not been subject to the same
two pronged attack of chemistry and physics. Most models for understanding the surface are
physics based. While analyses of the energies are often considered foremost, the chemical
bonding and atomic coordination of solid surfaces are seldom discussed. One of the major goals

of this work, therefore, is to advance the understanding of solid surfaces from a chemical
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perspective. It is hoped that, by doing so, the understanding of surfaces can be elevated and

brought in line with the understanding of bulk structures.

1.2: Motivation

Surfaces are, of course, of interest for many reasons. They play a significant role in the
world all around us. It is through the surface that a material interacts with the environment
around it. For example, every film that has been ever been grown on a substrate was formed
upon the substrate’s surface, with the surface structure of the substrate having a direct effect on
the film, as compared to the bulk structure’s indirect effect.

One area of particular interest in this work, and in which surface structure and chemistry
play a great role, is heterogeneous catalysis. In heterogeneous catalysis, all reactions occur on
the surface of the catalyst. Understanding the surface structure at the atomic level will allow for
a better understanding of the active sites and how reactions occur. A predictive model of surface
structures, when combined with this enhanced atomic level understanding of catalysis, may
allow for the design of optimized catalysts. As almost all industrial chemical processes involve
catalysis, the ability to manufacture a catalyst to meet specific needs would be invaluable. The
second major goal of this work, therefore, is to apply this chemical understanding to

heterogeneous catalysis.
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1.3: Organization

This work begins with an examination of the inorganic chemistry of a bulk oxide
structure, La;CuzsMoO1,. This complex structure exhibits a turbostratic disorder which was
elucidated through a combination of several techniques. In Chapter 2, this structure is discussed.
The LayCu3sMoO;; structure serves as an introduction to solid state chemistry as it applies to bulk
oxide materials. Additionally, several of the techniques which will be used later in this work to
analyze surface structures, such as transmission electron microscopy (TEM), transmission
electron diffraction (TED), and bond valence sums (BVS), are described in Chapter 2.

For the remainder of this work, attention turns to the surface, dealing mainly with the
surface of strontium titanate, SrTiOs;. Strontium titanate is a mixed metal oxide with the
perovskite structure. It consists of a simple cubic strontium lattice with oxygen at the face
centers and titanium at the body center. Alternatively, it can be viewed as a series of corner
sharing TiOg octahedra with strontium cations in the interstitial spaces. Its greatest value to the
current study is as a model, both for the perovskite structural class and for oxides in general.

In Chapter 3, the (1 1 0) surface of strontium titanate is examined. Solving the (3x1)
structure from TED data allowed for the discovery of a homologous series with intergrowths, as
was confirmed through density functional theory (DFT) calculations and comparison with
collaborators’ scanning tunneling microscopy (STM) images. While homologous series are
common in the bulk, this is the first example of one seen at the surface. As revealed through

trends in the BVS, it is found to follow the same rules as bulk structures. This homologous
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series provides a strong indication that the principles governing bulk chemistry govern the
chemistry of the surface as well.

In Chapter 4, attention begins to focus on the reactivity of surfaces through an
investigation of adsorbates on the strontium titanate (1 0 0) surface. The manner in which water
and carbon dioxide interact with the surface and the role that they play in the formation of
surface structures are examined. It is found that the same rules of chemical bonding which
govern bulk structures and surface structures also control how molecules interact with the
surface.

Chapter 5 then examines the chemical bonding of surface structures in general. All the
solved and proposed strontium titanate surface structures for which there are atomic scale models
are reexamined from a bond valence perspective. It is shown that this simple chemical model
not only explains the observed structures, but can predict both which models are likely to be
correct and where foreign species are likely to adsorb on surfaces.

After having established how certain chemical principles can be used to explain surfaces,
this work moves away from large single crystals in an attempt to apply this knowledge to
heterogeneous catalysis. The most straightforward path to applying this knowledge to high
surface area powders is through the use of nanocrystals, which have both high surface area and
oriented surfaces. Chapter 6, therefore, deals with strontium titanate nanocubes, which are single
crystals of strontium titanate of near cubic shape and diameters of approximately 60 nm. The
surface of these nanocubes is analyzed, as are platinum nanoparticles deposited on the

nanocubes. The surface of the nanocubes and the interface between the nanocubes and the
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platinum nanoparticles is shown to determine the shape and surface exposure of the platinum. It
is demonstrated, moreover, how control over the surface of the support can be used to create
stable catalytic particles with certain facets preferentially exposed. Finally, the implications for
face selective catalysis are discussed.

In summary, this work takes the rules governing bulk chemical bonding and demonstrates
that those rules govern the surface as well and that those same rules can be used to predict
surface structure and reactivity. It then shows how understanding and controlling the surface

may be put to practical use in the field of heterogeneous catalysis.
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Inorganic Chemistry of a Bulk Oxide:

The Disordered Structure of La,Cus;MoO;,
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2.1: Introduction

Transition metals with unpaired d-electrons, such as Cu®** (d% S = %), can display a
variety of magnetic behaviors beyond the familiar ferromagnetic or antiferromagnetic properties.
Systems in which competing magnetic interactions make a single ordered ground state
impossible are known as "frustrated”. Investigations of frustrated spin systems are of interest not
only for their unusual magnetic behavior, but also because of their far-reaching implications with
respect to spin glasses and even how water freezes into ice.”

A simple example of a frustrated system is a two-dimensional triangular lattice of
antiferromagnetically interacting spins. When magnetic spins are placed on the vertices of the
triangles it becomes impossible to satisfy all of the anti-ferromagnetic interactions — only two of
the three spins can be aligned anti-parallel simultaneously. The layered lattice of La;Cu3MoO;,
resembles such a frustrated system with slightly distorted CusO triangular clusters isolated by
MoOs trigonal bipyramids, shown in Figure 2.1. The overall structure is derived from the
hexagonal YAIOs structure type with a 3:1 ordering of Cu** and Mo®* cations superimposed on
the B metal site. This structure was recently determined based on combined powder X-ray,
electron and neutron diffraction data by Vander Griend et al.°

Magnetic susceptibility, high-field magnetization and specific heat measurements on
polycrystalline samples of La;CusMoO;, have shown that its magnetism is best described by
three distinct temperature regimes.>” At high temperatures, individual Cu®* spins act
independently to produce a paramagnetic state.  Below 250 K, strong intra-triangle

antiferromagnetic interactions align two of the three spins to yield trimers with Sy = %2. The
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localized moments on the trimers, which now form a square net, then align antiferromagnetically
below 2.6 K as a result of weak inter-trimer interaction. Inelastic and elastic magnetic neutron
scattering experiments have gauged the intra-trimer coupling constants and revealed that the
inter-trimer ordering doubles the unit cell along the a direction. Recent theoretical studies have
attempted to determine how the intra-triangle coupling affects the long-range ordering wave

vector of the low-temperature phase.**® To relate theoretical predictions to the true magnetic

Figure 2.1: Perspective view of the fully ordered structure of La;CuzMoO;,. Lanthanum atoms
are grey and oxide ions are red. The blue and yellow bipyramidal polyhedra represent the CuOs

and MoOs units, respectively.



27

ground state, single crystals are often necessary because anisotropic properties, such as the
magnetization or electron spin resonance absorption, can then be measured along each axis.
Unfortunately, single crystals of complex metal oxides are notoriously difficult to obtain.

The flux-growth technique has been used successfully for many years to grow single
crystals of complex materials such as high-T. cuprate superconductors.** However, the process
is by no means trivial, and several factors must be considered when investigating a new system.
The selection of the appropriate flux composition, growth temperature, cooling rate and starting
materials, among many other factors, is critical for obtaining crystals of useful size and quality.
For the current study, the choice of a CuO/KCI flux was a key to the successful growth of single
crystals.

Attempts to grow La;CusMoO;, from a melt of the same composition (i.e., a self flux)
were unsuccessful. The high temperatures required to melt the system led to significant
volatilization of CuO and produced only small clear colorless crystals of La,MoOg. To
overcome these problems, copper oxide was chosen as a flux for two reasons: 1) to suppress the
formation of La,M0Og and 2) to lower the melting temperature. To further minimize the
vaporization of CuO, the sample was sealed in a platinum capsule. Addition of KCI allowed the
facile isolation of the La;Cu3zMo00O;; crystals from the CuO flux and the residual starting material.

In polycrystalline samples of La;CuzMo0O;s,, three distinct cation ordering patterns were
observed depending on the thermal history of the sample.® Quenched samples showed no
ordering, with the Cu?* and Mo®* randomly distributed over the five-coordinate metal sites. This

is reflected in the unit cell and space group (an ~ 4 A, ¢y =~ 11 A, P63/mmc), which are closely
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related to those of YAIO;. An intermediate cooling rate yielded partial ordering of the cations
and consequently a larger unit cell (a, = an ~ 4 A, b, ~ V3a, = 6.9 A, ¢, = ¢y ~ 11 A, Pmnm).
Finally, slower cooling at a rate of 36°/hr allowed the cations to fully order within each
CusMoO, layer and produced the monoclinic unit cell (am =~ 2a, ~ 8 A, by, = V3a, = 6.9 A, ¢y =
ch ~ 11 A, y = 90°, P112,/m) with a triangular arrangement of coppers. The existence of these
three possible phases dictated the use of the slow cooling rate.

Even after the crystals were grown, the structure was not easily solved. To improve the
refinement, twinning was introduced into the structural model. While this significantly improved
the R value from ~10% to ~4%, several problems remained with the refinement, such as the
presence of non-positive definite thermal parameters for many atoms. Additionally, the twin was
not readily visible in TEM imaging or diffraction. Further, direct method analysis of precession
electron diffraction data indicated that instead of a twin occurring in the La,CusMo0O;, structure,
the copper and molybdenum might be disordered.”*™* Additional TEM and TED studies,
coupled with further analysis of the X-ray diffraction data were therefore undertaken to

conclusively determine the structure of the La;Cu3MoO;; crystals.

2.2. Experimental

2.2.1: Synthesis.

Single crystals of La;CuzMo0O;, were grown by Shintaro Ishiwata by means of a molten-
salt flux of CuO/KCI. A polycrystalline sample was prepared by annealing a stoichiometric

mixture of La,O3, CuO and MoOj3 (all 99.99% pure) at 1025°C for 4 days with intermediate
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regrindings. For the single-crystal growth, the resulting powder was mixed with CuO and KCI in
a weight ratio of 1:0.5:0.3, respectively, placed in a platinum capsule (10g x 20 mm) and sealed
by folding and pressing the ends. The capsule was heated to 1120 °C and allowed to soak for
one hour. The sample was then slowly cooled to 900 °C at rate of 1 °C/h, and then cooled to
room temperature over 40 hours. Deep red crystals of La;CusMoO;, were recovered from the
KCI/CuO flux by washing with water and could be distinguished from the remaining CuO by
their plate-like morphology. It was necessary to cut the crystals, which were often intergrown, to
obtain single crystals suitable for diffraction experiments. Scanning electron microscopy (JEOL
JSM-6301F) and energy dispersive X-ray spectroscopy analyses (JEOL JED-2140) were
performed on multiple crystals to examine the morphology and the composition. As shown in
Figure 2.2, the hexagonal symmetry of the YAIO; sublattice is reflected in the external

morphology of the crystal.

Figure 2.2: Scanning electron micrograph of a La;CusMoO;, crystal illustrating the external

hexagonal morphology that reflects the internal hexagonal symmetry of the YAIO3 sublattice.
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Table 2.1: Single-crystal X-ray data refinement parameters for La;CusMoO;,

Crystal Data Data Collection and Refinement
Formula Lay,CusMo0;, Radiation (X) Mo Ka (0.71073 A)
Space Group P m (#6) Unique reflections 2865

a (A) 6.8560(6) with I > 20(1) 2465

b (A) 10.9802(10) Number of parameters | 152

c(A) 7.9147(7) h 9->9

a (°) 90 k -14 > 14
5 (°) 90.0160(10) I -10 > 10
7 () 90

Z 2 R[F* > 26(F%)] 0. 0448
V (A% 595.82(9) R(F%) 0. 0514
deatc (g cmM™) 5.765 SR2[F* > 20(F?)] 0.1424

u (mm™) 20.318 wR2(F%) 0.1583

T (K) 153(2) S(G.O.F) 1.107
Crystal shape Dark red plate

Crystal dimensions (mm®) | 0.034 x 0.118 x 0.116

2.2.2: Crystallographic Structure Determination.

Collection of the X-ray diffraction data and initial structural solution in space group
P2:/m were carried out by Paul Maggard. X-ray diffraction data were collected on a Bruker
CCD diffractometer operating at 153 K and indicated a monoclinic unit cell with a = 6.8560(6)
A, b =10.9802(10) A, ¢ = 7.9147(7) A and B = 90.0160(10)°. Relevant details regarding the
data collection and refinement are given in Table 2.1. The structure was refined with
SHELXTL™ using the published structure (derived from powder diffraction data) as the starting
model. Refinement of the structure in space group P2:/m (No. 11), although yielding a better R-
value than other space groups, initially did not produce a satisfactory solution. The observation
that the |E%-1] statistic used for predicting whether or not a structure is centrosymmetric was

much larger (1.330) than expected for a centrosymmetric space group (0.968), and that the
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monoclinic f angle was very close to 90° suggested the possibility of a pseudo-merohedrally
twinned structure’®. In this situation, where the reflections from each twin component overlap,
the structure emulates orthorhombic symmetry and is described by the twin law of the form [1 0
0/0-10/00-1]. The twin law describes, in matrix form, the relationship of the hkl indices of
one monoclinic twin to those of the other. Introduction of twinning in the refinement reduced
the R1 value from ~10% to ~4%. The final anisotropic structure refinement in P2;/m converged
at R1 = 0.0396 and wR2 = 0.1094, with a data to variable ratio of over 14:1. The relative amount
of each twin component was refined and converged to 0.637(3), indicating the crystal was
twinned with an approximate 64:36 ratio of one twin to the other. Three other twin laws were
also found to have a nearly identical effect: [-100/0-10/001],[-100/010/001],and[1
00/010/00 -1]. It should be noted that in the current study the standard setting of P12;/m1
(b = unique) was used, whereas in the previous report the authors selected the non-standard
P112;/m (c = unique) to facilitate comparisons between the various possible cation ordering
patterns.

The absence of any evidence for twin domains of this type in the electron microscopy
data (see below), even though the twin law significantly improved the refinement, suggested that
some disorder existed which, when averaged over the area from which diffraction information
was taken, had the same effect on the diffraction pattern as a pseudo-merohedral twin law.
Because the major change to the structure upon application of the twin law is to change the
stacking of CusMoO, layers relative to each other, the structure was refined with disordered

stacking of the CusMoQ, layers. Since such disordering of the stacking broke the crystal
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symmetry, it was necessary to refine the structure in space group Pm, the only maximal subgroup
of P2;/m whose symmetry did not constrain the relationship between the two CusMoO, layers
within the unit cell. Initial refinement in space group Pm converged at R1 = 0.0598 and wR2 =
0.1966, already an improvement upon the initial refinement in P2;/m for which R1 ~0.10. A
partially disordered model was tested, where one of the two CusMoQO, planes could be in the
original position or shifted by half the unit cell in the c direction, thus allowing the ions in that
layer to be disordered over two of the four possible positions while maintaining all in-plane
spacings. The refinement for this partially disordered model was superior to the twin model in
Pm, converging at R1 = 0.0456 and wR2 = 0.1583. Attempts to refine a fully disordered model,
with each atom disordered over all four possible positions, were unsuccessful, likely due to the
high number of parameters being refined simultaneously. For completeness, the same twin law
as used in space group P2:/m was also tested, but did not converge quite as well as the partially
disordered model, with R1 = 0.0503 and wR2 = 0.1654. Atomic coordinates, isotropic-
equivalent displacement parameters and selected inter-atomic distances and bond angles for the
partially disordered structural model in space group Pm are listed in Table 2.2 and Table 2.3.
While the partially disordered model refined the best, it was still not perfect, likely
because it modeled only a portion of the disorder, and not the disorder in totality. Only the
lanthanum and molybdenum atoms could be refined anisotropically: refining lighter atoms
anisotropically resulted in non positive definite thermal parameters. For the twinned model in
Pm, even some lanthanum and molybdenum atoms were non positive definite when refined

anisotropically, another indication that the disordered model is a better fit. Further, there were
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large variations in the isotropic thermal parameters for atoms in the CusMoO, plane. This,

however, is consistent with the fully disordered model, as those positions would be occupied by

Table 2.2: Selected interatomic distances and bond angles for La;CuzsMoO3..

Bond Distance () | Bonds Angle (°)
Mol - 010 1.793(13) 010 - Mo1 - 011 119.6(6)
Mol - 011 1.803(13) 010 - Mol - 012 119.2(6)
Mol - 012 1.807(12) 011 - Mol - 012 121.1(6)
Cul-09 1.999(16) Cu3-09 - Cu2 124.2(8)
Cu2-09 1.966(15) Cu3-09 - Cul 119.0(7)
Cu3-09 1.909(15) Cu2-09-Cul 116.8(7)
Mo2A - O16A | 1.78(3) O16A - Mo2A - O15A | 120.8(14)
Mo2A - O15A | 1.88(3) O16A - M0o2A - O14A | 119.1(15)
Mo2A - O14A | 1.98(4) O15A - Mo2A - O14A | 120.1(15)
CudA - O13A | 2.03(5) CubA - O13A - CudA | 122(3)
CubA - O13A | 1.99(5) CubA - O13A - CubA | 123(2)
CubA - O13A | 2.07(5) CudA - O13A - CubA | 115(2)
Mo2B - O16B | 1.81(2) 016B - Mo2B - O15B | 119.7(10)
Mo2B - O15B | 1.82(2) 016B - Mo2B - 014B | 119.1(13)
Mo2B - 014B | 1.95(3) O15B - M0o2B - 014B | 121.2(12)
Cu4B - 013B | 2.05(4) Cu6B - O13B - Cu5B 123.9(18)
CubB - O13B | 2.02(4) Cu6B - O13B - Cu4B 120.9(18)
Cu6B - 013B | 1.95(3) Cu5B - O13B - Cu4B 115.2(16)

Table 2.3: Crystallographic data for La;CusMoO;, based on the single crystal refinement in

space group Pm with Mo disordered over 2 possible positions in every other layer and a =

6.8560(6) A, b = 10.9802(10) A, ¢ = 7.9147(7) A, and p = 90.0160(10)°. Numbers listed in the

Beq cOlumn are the isotropic equivalent thermal displacement parameters. All disordered sites

were constrained to yield a full occupancy of the site.



Atom | X y z Beg (A%* | Occupancy
Lal 0.25064(17) | 0.74998(6) | 0.11452(13) | 0.0065(4) |1

La2 0.24841(16) | 0.75036(6) | 0.62688(13) | 0.0066(4) |1

La3 0.76687(13) | 0.74836(6) | 0.36988(16) | 0.0067(4) |1

Lad 0.75349(15) | 0.75127(6) | 0.87158(18) | 0.0061(3) |1

01 0.4183(18) | 0.8263(7) | 0.3709(19) | 0.0096(18) | 1

02 0.4109(18) | 0.8363(7) | 0.8690(18) |0.0081(17) |1

03 0.9157(18) | 0.8342(8) | 0.1192(18) | 0.009(2) 1

04 0.9157(19) | 0.8328(9) | 0.6195(19) | 0.012(2) 1

05 0.0796(16) | 0.6647(7) | 0.8703(17) | 0.0070(19) |1

06 0.5831(17) |0.6708(7) | 0.6203(16) | 0.0059(18) | 1

o7 0.5820(17) | 0.6698(7) | 0.1233(16) | 0.0076(18) | 1

08 0.0836(16) | 0.6642(7) | 0.3708(16) | 0.0044(18) | 1

Mol | 0.4196(9) 1 0.3710(9) 0.0040(3) |1

Cul 0.4712(9) 1 0.8708(9) 0.0142(6) |1

Cu2 0.8957(9) 1 0.0870(9) 0.0029(5) |1

Cu3 0.8940(9) 1 0.6543(9) 0.0028(5) |1

09 0.763(2) 1 0.867(2) 0.009(3) 1

010 0.681(2) 1 0.3688(19) | 0.007(3) 1

011 0.292(2) 1 0.5700(18) | 0.010(3) 1

012 0.289(2) 1 0.1727(17) | 0.007(2) 1

Mo2A | 0.5913(17) | 0.5 0.1251(16) | 0.025(2) 0.427(12)
CudA |0.5512(17) |05 0.6253(18) | 0.000(2) 0.427(12)
CubA | 0.1069(15) | 0.5 0.8440(16) | 0.025(2) 0.427(12)
CuBA | 0.1220(15) |05 0.3943(15) | 0.022(2) 0.427(12)
O13A | 0.256(7) 0.5 0.629(6) 0.014(11) |0.427(12)
O14A | 0.303(5) 0.5 0.122(4) 0.000(7) 0.427(12)
O15A | 0.732(4) 0.5 0.921(4) 0.001(5) 0.427(12)
O16A | 0.715(5) 0.5 0.323(4) 0.010(6) 0.427(12)
Mo2B | 0.5897(14) | 0.5 0.6168(13) | 0.0148(14) | 0.573(12)
Cu4B | 0.5480(13) | 0.5 0.1211(14) | 0.0000(14) | 0.573(12)
Cu5B | 0.1164(12) |05 0.3409(13) | 0.0204(15) | 0.573(12)
Cu6B |0.1110(12) |05 0.8983(12) | 0.0148(14) | 0.573(12)
013B | 0.250(5) 0.5 0.113(4) 0.013(8) 0.573(12)
014B | 0.306(5) 0.5 0.619(4) 0.006(6) 0.573(12)
015B | 0.725(3) 0.5 0.419(3) 0.001(4) 0.573(12)
016B | 0.720(3) 0.5 0.815(3) 0.006(5) 0.573(12)

34
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atoms of different types in the fully disordered structure. Further supporting the fully disordered
model was the fact that all large residual electron density on the difference map of the partially

disordered structure was located where atoms would be located in the fully disordered structure.

2.2.3: Electron Microscopy.

High Resolution Transmission Electron Microscopy (HREM) and Transmission Electron
Diffraction (TED) were performed using a JEOL JEM-2100 FAST TEM and a Hitachi HF-2000
TEM, both operated at 200kV. TED patterns were taken along the [0 1 0] and [1 O O] zone axes
using varying electron probe sizes, with smallest illuminated regions as small as 10 nanometers
in radius. HREM images were also taken on the [0 1 0] zone axis. For high angle tilting
experiments, a Hitachi H-8100 TEM was used, also operated at 200kV. TED patterns of a single

crystallite were obtained from the [0 0 1] and [2 0 1].

2.2.4: Bond Valence Analysis

Bond valence sums (BVS)"" were also calculated for all three models in space group Pm. The
KDist program within the Kalvados program suite was used to calculate the BVSs.*® Bonding
interactions up to 3.5 A were included in the calculation. A b value of 0.37 was used in all cases,
with R values of 1.679, 1.907 and 2.172 for Cu**-0%, M0®"-O% and La**-O* bonds.*"** Global
instability indices were calculated by hand. Full results are presented in Table 2.4. As a
cautionary note, BVSs for disordered structures can be problematic,?® and it is therefore
important not to over-interpret the bond valence analysis. BVSs and the bond valence method

are discussed in greater detail in Chapter 5.
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Table 2.4: BVSs for the disordered and twinned model. Values for disordered fraction B only

listed if they differ from values for fraction A by > 0.01.

Disordered Model

Twinned model

Gll 0.21 0.23
in or bonded to:
part A part B

Atom | Mult. | BVS | Mult. | BVS | Mult. BVS
Lal 2 3.13 2 3.12
La2 2 3.18 2 3.22
La3 2 3.22 2 3.16
La4 2 3.14 2 3.13
Mol 1 6.00 1 5.56
Mo2 | 0.427 | 554 | 0.573 | 5.66 1 5.78
Cul 1 1.83 1 2.09
Cu2 1 1.86 1 1.77
Cu3 1 1.87 1 2.06
Cud4 | 0427 | 168 | 0573 | 1.67 1 1.86
Cu5 | 0427 | 1.93 | 0573 | 1.86 1 1.77
Cué | 0427 | 183 | 0573 | 1.94 1 1.80
o1 2 -2.24 2 -2.21
02 2 -2.05 2 -2.03
03 2 -2.09 2 -2.11
04 2 -2.07 2 -2.08
05 2 -2.13 2 -2.12
06 0.854 | -1.89 | 1.146 | -2.41 2 -2.36
o7 0.854 | -2.47 | 1.146 | -1.94 2 -2.02
08 2 -2.07 2 -2.05
09 1 -1.86 1 -1.80
010 1 -1.84 1 -1.80
011 1 -1.82 1 -1.29
012 1 -1.80 1 -2.28
O13 | 0.427 | -1.60 | 0.573 | -1.68 1 -1.71
014 0.427 | -1.43 | 0.573 | -1.47 1 -1.83
015 | 0427 | -159 | 0573 | -1.79 1 -1.67
016 0.427 | -1.91 | 0573 | -1.80 1 -1.59
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2.3: Results and Discussion

2.3.1: Structural Disorder and Electron Microscopy.

The lattice parameters determined from the single crystal data agree very well (all within
0.3%) with those reported previously based on neutron diffraction data for the slowly cooled
polycrystalline samples. The three Cu®" cations and the single Mo®" cation occupy four distinct
five-coordinate (MO33+2) sites that share vertices to form CusMoQO, layers separated by O/La/O
layers, as shown in Figure 2.1. The CuzMoQO, planes can be envisioned as isolated CuzO
triangles separated by MoOs units, as illustrated for a single layer in Figure 2.3. The three
copper atoms that make up the triangles are significantly shifted towards the central oxygen,
0(9), as reflected by the average in-plane Cu-O bond length, which is 1.988 A in the triangles
while it is 2.687 A outside of them. These compare well to the values determined previously of
1.983 A and 2.690 A, respectively. In the present structural determination the triangles are
slightly more regular than previously reported: the Cu-O-Cu angles for the layer without disorder
are 116.8(7)°, 119.0(7)°, and 124.2(8)° as opposed to 121.1°, 115.3° and 123.6°. Unlike
previous refinements, the apical bond lengths are completely isometric due to the mirror plane;
although the average lengths are similar, 1.850 A versus 1.841 A. The smaller MoOs unit has an
average Mo-O bond length of 1.836 A in plane and 1.889 A apical, and is also more regular than
previously reported, with in-plane angles ranging from 119.1° to 121.2° versus 116.0° to 124.0°.
Although unusually low for such a large cation, the coordination of the lanthanum cations is 6+2

and the bond lengths are comparable to those reported by Vander Griend et al.° While powder
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Figure 2.3: Structural view of a single layer of the triangular lattice of La;CuzMo00;,
perpendicular to the b-axis. The copper ions are blue, oxide ions are red and molybdenum
yellow. The CuOs trigonal pyramids are blue, MoOs trigonal bipyramids are yellow, and the

Cu30 trimers are outlined in green. The thick black line denotes the ab-face of the unit cell.

diffraction techniques were able to yield many features of the structure and show many
similarities to the results from single crystal diffraction and TEM, there were several key
structural elements that the powder diffraction was unable to determine.

Although the single-crystal growth experiments yielded a structure fully ordered in two
dimensions, it was necessary to investigate whether disorder was present in the stacking of the
CusMoOyq planes or if the twinned structural model was correct. Previous work by Chris Own

had indicated that the structure was disordered rather than twinned.”*** In that work, precession
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electron diffraction had been obtained along the [0 0 1] zone axis, and the structure solved using
electron direct methods. Viewed along the [0 0 1] zone axis, it would be expected that columns
of only CuOs trigonal bypyramids would alternate with columns of half CuOs and half MoOs
trigonal bypyramids. Instead, the precession electron diffraction revealed no difference between
the columns, which indicated that every column was composed of a mix of CuOs and MoOs
trigonal bypyramids and strongly supported a disordered model (Figure 2.4). However,
if the crystal were rotated by 60° around the [0 1 O] axis to arrive at the [2 0 1] zone axis,
although the sub-lattice would be identical each column would be composed of a 3:1 mix of

CuOs and MoOs trigonal bypyramids (Figure 2.3). At such an orientation, the strong reflections

Figure 2.4: Direct methods solutions from precession electron diffraction on La;CuzMoO;;

using amplitudes (a) and intensities (b). The cation positions show mixed Cu/Mo tetrahedral

within each column. Figure courtesy of Chris Own.*?
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in the diffraction pattern would be identical to the [0 0 1] diffraction pattern, with the only key
difference being that some relatively weak spots would be completely absent at the [2 0 1] zone
axis. These weak spots were missing from the precession electron diffraction pattern (Figure
2.5), indicating that the data may have been obtained along the [2 0 1] zone axis. However, it
was also possible that such spots were simply too weak to be observed.

To determine conclusively whether the precession electron diffraction had been taken
along the [0 0 1] or [2 0 1] zone axis, a single crystallite was tilted to both zone axes. The
diffraction patterns were noticeably different, with the weak spots clearly visible along the
[0 0 1] zone axis (Figure 2.5). Thus the precession electron diffraction ought to have also shown
the weak diffraction spots if it were indeed taken along the [0 O 1] zone axis. As they were

not present, it was concluded that the precession electron diffraction patterns must have been

Figure 2.5: Left to right: precession electron diffraction pattern (courtesy of Chris Own*?),

TED pattern along [0 0 1] zone axis, and TED pattern along [2 0 1] zone axis.
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obtained along the [2 0 1] zone axis instead, and therefore these diffraction patterns would not
indicate whether the structure was disordered or not.

A new approach was then taken, viewing the material along the [0 1 O] zone axis. The
TED pattern along the [0 1 O] zone axis is shown in Figure 2.6, with the horizontal axis along
(0 0 1) (in reciprocal space) and the vertical axis along (1 0 0) direction. When looking at a
single crystallite, the diffraction patterns from different parts of the same crystallite were often
rotated by 60° (Figure 2.7). This indicated that there was a twin present. The observed

60° rotation around the [0 0 1] axis, however, was different from the twin law used in structural

Figure 2.6: Electron diffraction pattern along the [010] zone axis. Monoclinic unit cell in red,

pseudo-hexagonal sub-cell in blue.
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Figure 2.7: Top: TEM image of a La;Cu3zMo00;, crysatllite with a 60° twin around the [0 1 0]
zone axis. Bottom, left to right: TED patterns taken along the zone axis from region A, from

entire crystallite, and from region B.
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refinement. This twin would keep the hexagonal sub-cell constant, with the only major
difference across twin domains being the ordering of the copper and molybdenum. Essentially,
the [0 O 1] and [2 O 1] would be interchanged on opposite sides of the twin domain. The
presence of such a twin is consistent with the observation of intergrowths in the crystals.

Applying the observed twin to the X-ray diffraction data, however, did not improve the
refinement. The observed twin domains were large (> 1 um) and care had been taken to avoid
intergrowths in selecting and cutting the crystal from which X-ray diffraction data had been
collected, making it plausible that such a twin was avoided. Further, the occupancy of the
original domain was refined to over 90% occupancy, while the occupancy of the other two was
at less than 10% combined. It was thus concluded that this twin was not present in any
significant portion of the crystal from which X-ray diffraction was obtained.

In a diffraction pattern along the [0 1 O] zone axis from a non-twinned, non-disordered
crystal, there should be a noticeable difference in intensity between the (1 0 1)/(-1 0 -1) spot pair
and the (-1 0 1)/(1 0 -1) spot pair. Which pair, (1 0 1)/(-1 0 -1) or (-1 0 1)/(2 0 -1), is more
intense should be inverted at each twin boundary. While this might disappear due to dynamical
effects if diffraction is taken from a large volume, they should be noticeable in local diffraction
from small volumes and thin regions, where dynamical diffraction is much less of an issue. The
absence of any such differences indicates that either there are no twin domains, or they are so
small that even the very small electron probes (~10 nm radius) diffracted from multiple domains
simultaneously. In addition, HREM images were taken along the [001] zone axis, shown in

Figure 2.8, and processed by applying a Fourier transform, masking the spots beside the (1 0 1),
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Figure 2.8: Left: HREM image taken on the [010] zone axis with Fourier transform insert.

Right: post-processed images of a smaller region taken at three different foci (32 nm focus step).
The processing involved performing a Fourier transform, masking spots besides the (101), (-
101), (-10-1), and (10-1) spots of interest, and performing an inverse Fourier transform. This

leaves an image dominated by the (101) and (-101) lattice fringes.

(-101),(-10-1), and (1 0 -1) reflections of interest, and applying an inverse Fourier transform.
This procedure leaves an image dominated by the (1 0 1) and (-1 0 1) lattice fringes. Each twin

domain would be dominated by one or the other set of lattice fringes, with twin boundaries
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visible by the change in which set of lattice fringes dominates. Such differences, however, are
minimal and also change with focus, thus indicating that no twin domains are present.

While a pseudo-merohedral twin law was originally used in the structural refinement to
account for this disorder, the HREM and TED data revealed that no twin boundaries or twin
domains could be found. The initially proposed twin law, i.e., [1 00/0-10/00 -1], is
equivalent to a 180° rotation around the a-axis. The other three which had equivalent effect are a
180° rotation around the c-axis, a mirror on the bc-plane, and a mirror on the ab-plane. Any of
these operations, when applied to the structure in real space and combined with an appropriate
translation yields a structure that keeps the hexagonal sub-cell unchanged. Any such twinning
would leave the lanthanum layer virtually unchanged, and would leave all in-plane relationships
unchanged for the CusMoO, layers. The only significant change would be in the stacking of one
CusMoO, layer relative to the next: in different CusMoO, layers the Cu?* cations could occupy
different positions. A structural view down the a-axis of La;CuzMoO;;, is shown in Figure 2.9,
with the proposed twin boundary given by the green line. The two different twin domains match
up nearly perfectly, the only difference being which MOs polyhedra contain the Mo atom and
which contain the Cu atoms. This is equivalent to disorder in the stacking between the layers,
while preserving perfect intra-layer ordering. However, as no distinct twin domains could be
found, the structure is more accurately described as disordered.

Further evidence for disorder comes from electron diffraction patterns collected along
the [1 0 O] zone axis (Figure 2.10). The diffuse scattering, primarily manifested as lines along (0

0 1), indicates real space frustration in the ordering in the perpendicular [0 1 0] direction.
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Figure 2.9: View down the a-axis of La;CuzMoO;, with the proposed twin boundary, shown by
the green line. The twinning model is equivalent to disorder in the stacking between the layers,
but preserving perfect intra-layer ordering. Copper atoms occupy blue polyhedra, molybdenum

atoms occupy yellow polyhedra, and the lanthanum atoms are gray.
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Figure 2.10: Left: Electron diffraction pattern along the [100] zone axis with shorter exposure

times overlaid over center of longer exposure times. Right: Close up of diffuse lines, marked

with arrows. Unit cell in red.

While twin domains were not in fact observed, at least not with a twin domain size
greater than the distance between CuzMoQO, layers, the twin law successfully modeled a disorder
in the stacking of the CusMoQ, layers. As changing the order of the CusMoQO, layer stacking
broke symmetry, it was necessary to refine the structure in space group Pm to confirm the

disorder model. In space group P2;/m and in all other maximal subgroups thereof, the positions
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of the atoms in the second CuzsMoOy layer were dependent on the positions of those in the first
Cu3MoQy layer. In space group Pm, however, the CusMoQ, layer lies in the mirror plane, and
thus all atoms in both CusMoO, layers are independent. A significant improvement in
refinement was found when removing the dependence of one CusMoO;, layer on another even
before disorder was introduced, indicating that the CusMo0O, layers are independent. This was
confirmed by the further improvement in refinement when the disorder was introduced to the
model. The inclusion of disorder in CuzsMoO, layer stacking had a very similar effect to the
inclusion of a twin law, i.e., the atomic positions in the model with disorder and the model with
the pseudo-merohedral twin were very similar. The disordered structural model is further
supported by the observation of diffuse scattering in TED patterns taken along the [1 0 0] zone
axis. Including more than two different stacking possibilities in the disorder model resulted in
too many independent variables, and an unstable refinement. While the partially disordered
model is a very good approximation, | believe that the actual structure is fully disordered with

respect to the stacking of the CuzsMoQO, layers.

2.3.2: Bond Valence Analysis

Lanthanum and oxygen are almost certainly present as in the subject material La*" and
O%, respectively. For Molybdenum and copper, on the other hand, multiple oxidation states are
possible. Molybdenum is usually 4+ or 6+, although 1+, 2+, 3+ and 5+ oxidation states are also
known. Copper is usually 1+ or 2+, but occasionally is 3+ and rarely 4+. The four lanthanum
would have a total valence of (4 x 3+ =) 12+, while the 12 oxygen would have a total valence of

(12 x 2- =) 24-. To maintain valence neutrality, the 3 copper and 1 molybdenum must have a
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combined valence of 12+, which could only be obtained from 1 Mo®* plus 3 Cu?* if each species
is in one of their more common stable oxidation states. It is also possible, however unlikely, that
some other combination of oxidation states is present in the material. As a change in the valence
state of any atom in the CusMoO;, layer could change the unpaired electrons and have an effect
on the magnetism, a bond valence analysis was carried out to determine conclusively the
oxidation state of each atom present (Table 2.4). Additionally, a bond valence analysis may
indicate whether the disordered or twinned model is a better fit.

All the lanthanum atoms had BVSs close to 3, as expected. However, the copper and
molybdenum BVSs were both somewhat under-coordinated. The BVSs for the copper cations
range from 1.67 to 1.92 when using the Ry value for Cu**~0% (1.679 A).Y" As they were
somewhat under-coordinated, they were also calculated using the R, value for Cu'*-0% (1.610
A), but this produced a fit which was worse for every copper cation (the most under-coordinated
copper ion had a BVS of 1.39). It was thus confirmed that all the copper was present as Cu®",
and would therefore have a spin of %.

The molybdenum in the non-disordered CusMoQ, layer had a BVS of exactly 6.00 when
using the Mo®*~0% R, value of 1.907 A" The molybdenum in the disordered layer was
significantly under-coordinated, with a BVS of 5.54 (5.56) for disordered fraction A (B), but did
fit far better as Mo®* than as Mo** (the other common oxidation state). The molybdenum in the
disordered layer actually fit best as Mo>*, with a BVS of 5.12 (5.23) using a Mo®>*—~0% R, value
of 1.878 A? With all the lanthanum being La®*" and all the copper Cu?*, any Mo>* would

require the presence of an equal amount of O in order for valence neutrality to be maintained.
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An O" would be extremely rare and unexpected; rare enough that R, values for cations bonded
to O are lacking in the literature, due to the lack of known structures with O from which to
determine a Ry value. The lone exception is for U>*~O"." Nevertheless, one of the oxygen
atoms bonded to this molybdenum was indeed found to have a BVS closer to 1- than to 2-:
oxygen 14A (B), has a BVS of -1.36 (-1.40) when using the Mo>*-0?% R, value and a BVS of -
1.43 (-1.47) when using the Mo®*~0% Ry value.

The most likely explanation for these low BVSs is not that Mo®* and O are actually
present, but that our model is inadequate to describe completely the true structure of the material.
The Mo2A(B)-014A(B) bond length in the disordered model is unusually long at 1.98 A (1.95
A), which causes the BVS for both molybdenum and oxygen to be lower in absolute value. In
each atom site within the layer, there are four possible positions, depending on which site within
that layer is occupied by the molybdenum. As only two of these were in the model, it is
expected that to account for the residual scattering potential from the other two possibilities, the
atoms would move slightly towards the average of these four possible positions. As the Cu-O
bonds are in general longer than the Mo—O bonds, this would lead the Mo—O bond length to
become longer in the model than in the actual crystal. Because of the two parts that were used in
the model, the Mo—O bond that would be lengthened the most in the model by this process would
be the M02-014 bond. As such, we expect the actual bond length for the M02-014 bond to be
shorter and the BVS for Mo2 and O14 to be higher than those calculated with our disordered

model. Thus it was concluded that the molybdenum and oxygen are, as expected, Mo®* and O*".
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This inadequacy of the model leads to some under-coordination in the CusMoO, layers in
general. The moving of the atoms to slightly more average positions would lead to less variation
in bond lengths in the model than exist in the actual crystal. Due to the exponential nature of the
bond valence equation, these more isotropic bond lengths would lead to lower BVSs. Thus the
under-coordination that is observed in these layers could be explained, at least in part, as a
product of our inability to correctly model the fully disordered structure.

The most drastic difference between the two disordered fractions was found in O6 and
O7. Each had a high BVS (-2.41 and -2.47, respectively) when bonded to a molybdenum atom,
and a slightly low BVS when bonded to a copper atom (-1.89 and -1.94, respectively). These
oxygen atoms were not in the CuzMoO, layer, and were thus not allowed to assume different
positions in the two different fractions. It is likely that in the actual material, these atoms will
move slightly depending on whether they are bonded to a copper or molybdenum atom, thus
keeping a good coordination at all times. The fact that they vary so greatly is therefore attributed
to the constraints imposed by our model, particularly the use of only two disordered fractions.

In the CuzsMoO, layers the BVSs showed less variation and were slightly closer to the
expected values for the disordered model than for the twinned. The oxygen atoms in the
Cu3MoQ, layers, for example, had BVSs ranging from -1.43 — -1.91 for the disordered model,
and from -1.29 — -2.28 for the twinned model. This results in a superior global instability index
for the disordered model (GII = 0.21 for disordered model, GIl = 0.23 for twinned model). We
would expect this improvement to be even more dramatic if we were able to model the full

disorder believed to be present in the structure. This is a further indication that the disordered
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model is superior to the twinned model. Additionally, the bond valence analysis confirmed that
all atoms were at their expected oxidation states, and that the Cu®* spin % trimers should form as

expected.

2.4: Conclusions

The La;CuzMo0O;, crystals are perfectly ordered within any (0 1 0) plane, but exhibit
turbostratic disorder between such planes. This may play a role in the ordering of the magnetic
properties, and would likely have a large anisotropic effect. The ability to grow sizable single
crystals of the complex cuprate La;CuzMo0O;, makes possible detailed (anisotropic) electron spin
resonance, magnetic and electronic studies of this interesting material. Furthermore, the
synthetic strategies laid out herein may be beneficial for the crystal growth of other copper-
containing complex oxides. For example, the related compound LasCu,VOg displays a

stunningly complicated ordering scheme?*?

which would benefit from single crystal diffraction
data to confirm the structure as determined from polycrystalline powders. Finally, while modern
powder diffraction techniques were able to yield a great deal of structural information, more
sophisticated techniques are required to solve complex problems, such as the structure of

La;CusMo0O,. Single crystal X-ray diffraction combined with TEM and TED provides a more

powerful and complete toolbox for understanding complex oxides.



Chapter 3:
Inorganic Chemistry of an Oxide Surface:
A Homologous Series of Structures

on the Surface of SrTiO; (110)

53
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3.1: Introduction

Strontium titanate, SrTiOs, is seeing increasing interest in fields ranging from thin film
growth through water-splitting catalysis and electronic devices. While the surface structure and
chemistry are of vital importance to many of these applications, theories about the driving forces
vary widely.?** The structure of SrTiO; is a cubic close-packed lattice of strontium and oxygen
with strontium in the corners and oxygen at the face centers, and titanium at the body centers
occupying those octahedral holes which are surrounded only by oxygen. Along the (110)
direction, SrTiOs is polar, composed of alternating layers of SrTiO*" and O,*, i.e. alternating
layers with uncompensated nominal valence charges of 4+/4-. In a fully ionic model, this leads to
an unbalanced macroscopic dipole and infinite surface energy. Therefore one expects a (110)
surface to have a nominal excess surface valence of either 2+ or 2- per surface unit cell as,
otherwise energetically unfavorable holes in the valence band or electrons in the conduction
band would be formed.

There has been extensive discussion of the mechanisms of this “charge compensation”

for polar oxide surfaces in the literature (see for instance 2%

and references therein). Various
theories such as a reduction of Coulomb forces,?* or a minimization of “dangling bonds,”® have
been described as the driving force behind surface structure formation. An alternative model for
oxide surfaces, first proposed for the SrTiO5 (001) (2x1) surface?, is that the rules of inorganic

co-ordination chemistry dominate, although since the (001) surface is not polar, one might

question the generality of this model.
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For the SrTiO3 (110) surface under oxidizing conditions, several surface reconstructions
have been observed, including a (3x1), (4x1), (5x1) and (6x1) reconstructions,* which appear to
be related. A reconstruction on the (110) surface is termed nxm, indicating that it has
dimensions of n times the bulk unit cell length in the [001] direction and m times the bulk unit
cell length in the [1-10] direction. These (nx1) (n=3-6) reconstructions show similar features in
STM, and can evolve one from the next, often with two being present at the same time. Other
reconstructions, including a (2x5), (3x4), (4x4), (4x7), (6x4),*" and c(2x6),* have been found
following UHV annealing and seem to be unrelated. A number of theoretical studies have been

performed (see 3%

and references therein), but with structures derived from bulk terminations
that do not match the observed unit cells.

This chapter describes the solution to the (3x1) SrTiO3 (110) surface structure obtained
through transmission electron diffraction and direct methods, and confirmed via DFT
calculations and STM images and simulations, consisting of rings of 6 or 8 corner sharing TiO4
tetrahedra. Further, by changing the number of tetrahedra per ring, a homologous series of nx1
(n>2) surface reconstructions can be formed. Calculations show that the lower members of the
series (n<6) are thermodynamically stable and the structures agree with STM images. While the
surface energy of a crystal is usually thought to determine the structure and stoichiometry, the
opposite is shown to occur. The nx1 reconstructions are sufficiently close in energy for the

stoichiometry in the near surface region to determine which reconstruction is formed. The

results indicate that the rules of inorganic co-ordination chemistry apply to oxide surfaces, and
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that concepts such as homologous series and intergrowths are as valid at the surface as they are

in the bulk.

3.2:  Experimental Methods

3.2.1: Diffraction analysis

Samples were prepared and annealed, and electron diffraction was obtained by Arun
Subramanian. Starting with a (110) oriented SrTiOj3 single-crystal wafer, samples were prepared
by standard solid-state TEM sample preparation techniques: 3-mm disks were cut with a rotary
cutter, mechanically polished to a thickness of about 120 um, dimpled, then ion milled with Ar*
ions in a Gatan precision ion polishing system to produce electron-transparent samples. Samples
were annealed in a tube furnace with flowing high purity oxygen. Electron diffraction patterns
were obtained using a Hitachi UHV-9000 electron microscope at Northwestern University. A
series of exposures was taken covering the entire dynamic range,*’ then digitized to eight bits
with a 25-pum pixel size using an Optronics P-1000 microdensitometer, and intensities extracted
using a cross-correlation technique.®®

The intensities of the diffraction patterns were averaged using a p2mm Patterson plane
group symmetry, yielding 36 independent reflections. Under the exposure conditions used, the
intensity readout from the microdensitometer was proportional to the true intensities of the
diffraction spots. Beam damage was checked by comparing early exposures with exposures
under identical conditions taken later on, and, as expected for strontium titanate, found to be

negligible. As a glide plane was incommensurate with the bulk termination, only p11m, plml,
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or p2mm plane group symmetries were possible for p2mm symmetry. Direct methods (see **4°
and references therein) were employed for all possible plane groups to obtain plausible solutions.
Final structure refinement was performed based on both R? and y ?, with the best results found in

plane group p1m1 with R = 0.07066 and * = 2.64.

3.2.2: Bond Valence Sums

Bond valence sums were calculated using the KDist program in the Kalvados program
suite.® Bonding interactions up to 3.5 A were included in the calculation. A b value of 0.37 was
used in all cases. Standard Ry values of 2.118 A and 1.815 A were used for Sr**~0% and Ti*"-

17,19

0%, respectively. Global, bulk, and surface instability indices were calculated by hand.

More information about bond valence sums and the bond valence model is available in chapter 5.

3.2.3: DFT calculations

Density Functional Theory (DFT) is a method for approximating a solution to the
Schrodinger equation for a many-particle quantum mechanical system. It is based upon
calculating the ground state electron density, which in turn depends upon electron interactions,
meaning that the electron density must first be known. To solve this paradox, the series of
calculations are repeated iteratively until the change in ground state electron density between
cycles is minimized.

The Hamiltonian for the many-particle problem was broken down by Kohn and Sham*
into four terms: the kinetic energy of the electrons, the potential of the atomic nuclei, the Hartree

potential of an electron gas, and the exchange-correlation potential between electron pairs. The
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latter term cannot be solved, so approximations are needed. Two common approximations are
the local density approximation (LDA)* and generalized gradient approximation (GGA), the
latter of which is most commonly used as formulated by Perdew, Burke, and Ernzerhof (PBE).*
LDA approximates the exchange-correlation potential from the known potential in a free electron
gas, or jellium, assuming that the exchange correlation at every location is identical to that of a
jellium of the same density. GGA is more complex, approximating the exchange-correlation
potential from the local electron density and the gradient of the electron density. Which
functional is used depends upon the system being examined. For example, while the GGA
functional is considered more accurate than the LDA functional for bulk oxide structures, the
LDA functional gives more accurate values for surface free energies (although this is attributed
to a fortuitous cancelation).**" It is therefore important to choose a method of calculation which
gives accurate results for systems similar to the one being calculated.

DFT calculations were performed using the all-electron augmented plane wave plus local
orbitals (APW+lo) Wien2k code.”® The APW-+lo basis breaks space down into atomic spheres
with a “muffin-tin” radius (RMT) around the atomic centers, and interstitial regions outside of
the “muffin-tins.” Inside the RMT spherical harmonics and local atomic orbitals are used, and
outside plane waves are used. The wavefunction is constrained to be continuous at the RMT
boundary. Calculations were performed using five bulk SrTiO*" layers separated by four bulk
0," layers, With Tigu2nO@n+ayn> surface on either side. This was found to be thick enough, as
the innermost SrTiO*" layer was only minimally distorted. The structural optimization was

carried out by calculating the residual forces on the atomic nuclei following a self-consistent
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calculation, moving the atomic positions so reduce these forces, and repeating until the forces on
the atoms were minimized.* The current version of the structural relaxation was implemented in
the Wien2k code by L. D. Marks. An RKmax of 6.12 was used with RMT’s of 2.36, 1.72, and
1.54 for strontium, titanium, and oxygen, respectively. Such small values for RMT’s were used
to allow atomic positions to relax without the “muffin-tins” touching. The small values lead to a
systematic error, with the calculated surface free energies lower than the true surface free
energies. However, as the error is systematic, all surfaces calculated using the same parameters
can be accurately compared with each other.

As mentioned above, the GGA functional gives poor results for surface energy
calculations. Modifications have been made to improve upon the accuracy of the GGA method.
A recently developed method for improving the PBE (GGA) method is the PBEO method,***
which applies Hartree-Fock exact exchange to highly correlated orbitals. In this work, the PBEO
functional was used to optimize atomic positions, with the amount of exact exchange specified as

I°2 was used

0.25 for titanium atoms and no exact exchange for other atoms. A TPSS functiona
for calculating the final energies, as the exchange-correlation energy used therein is the best
currently available method for correctly accounting for long range jellium contributions. The
TPSS functional is not yet implemented in a fully self-consistent manner, and thus it uses the
electron density calculated via a PBE functional and applies an exchange-correlation correction.
When applied to a PBEO calculation, the method is known as TPSSh.

The use of improved functionals allows for more accurate calculations, while the

comparison to less accurate functionals can allow for an estimation of the error in the calculation.
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If the surface energies were known from experiment, it would be straightforward to compare the
calculated energies to the experimental energies and find a calculation error. Since surface
energies have in general not been found by experiment, small molecules may be substituted, as
the same long-range decay of electrons into a vacuum which makes surface energies difficult for
DFT calculations exists for small molecules. Previously, the atomization energies of several
small titanium containing molecules were calculated and compared to experimental values.**
This confirmed that the TPSSh functional was in the closest agreement with experiment, while
the PBE functional had the greatest error, with the PBEO and TPSS functional in between. The
differences between the various functionals were found to correlate with the error of the
functionals. It was therefore suggested that a reasonable estimate of the calculated error for the
TPSSh was equal to [Etpssh — Epge| / 3.>* The energies presented in this chapter were therefore
calculated using both functionals. One third of the average difference between the TPSSh and
PBE calculated energies for these structures was used as the approximate error for all

calculations in this chapter.

3.2.4: STM Simulations

STM images were simulated using a modified Tersoff-Hamann approximation.”® Extra
electrons were added to the structure to partially fill the conduction band. The lawp5 protocol
within the Wien2k program calculates the electron density as a function of location within a 2D
plane. The lapw5 protocol was used to calculate the electron density for electrons from E; to 1.0

eV above the conduction band edge on several planes, beginning at the surface and moving out
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into the vacuum. The 2D electron density maps were merged in Matlab to create a 3D electron
density map. A surface of constant density was then plotted, with brighter colors indicating
higher elevations for the surface. Several different densities were attempted, and the match with
the experimental STM images was good over a large range of densities. A density of 0.05
electrons / bohr® (0.34 electrons / A®) was used in the final figures presented below. To better
compare to the resolution of experimental images, a Gaussian blur of 1A radius was added using

the Semper-7.0b image processing program.

3.3: Results

Annealing of single crystal (110) oriented TEM samples at 950°C yielded a diffraction
pattern with streaking in the [110] direction. Increasing the temperature to 1000°C yielded a
three-fold ordering along the [001] direction, while the streaking along the [110] direction
remained. Further increasing the temperature to 1100°C allowed the surface to fully order, with
a combination of (3x1) and (1x4) (Figure 3.1). Initially this was indexed as a (3x4)
reconstruction.  Later it was determined that it was in fact concurrent (3x1) and (1x4)
reconstructions. Similar concurrent reconstructions had been previously observed via STM,*® in
which the (3x1) was the main phase with the (1x4) present only near the step edges.
Transmission electron diffraction (TED) is a powerful tool for solving surface structures and
refining atomic positions. As only amplitudes are recorded and the phase information is lost,

39,40

direct methods are used (see and references therein) to obtain plausible solutions. Direct

methods analysis was performed in space group p2mm, pllm, and plml. Direct methods
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analysis did not provide any satisfactory solutions for a (3x4) reconstruction. However, all three
space groups Yyielded some similar features. Specifically, all yielded a row of three bright (strong
scattering) features in the a direction. Upon closer examination, it was observed that diffraction
spots only existed where either h = 3n or k = 4n (n = integer). Consequently the diffraction

pattern was re-indexed as concurrent (3x1) and (1x4) reconstructions.

Figure 3.1: TED pattern for the (3x1) reconstruction taken slightly off zone axis to improve the
surface to bulk ration of the signal and to make the surface diffraction more kinematical. Three
different exposure times are overlaid to make more of the diffractions pattern visible. The bulk
unit cell is outlined in yellow, the surface (1x1) in green, the (3x1) reconstruction in red, and the

minor concurring (1x4) reconstruction in blue.
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Direct methods analysis of the (3x1) reconstruction was attempted in all three possible
plane groups with p2Zmm Patterson symmetry (p2mm, pllm, and plm1l) as well as the lower
symmetry plane groups (pl and p2). Initially, the most distinctly atom-like features were found
in plane group pl. Refinement in space group pl worked only moderately well, with R = 0.19.
The reason for the poor refinement was that a fragment of the true structure had been found.
This fragment was then expanded to fit the three possible symmetries (p2mm, p11m, and p1m1).
This was done either by moving the found atoms to match the desired symmetry, or by adding
extra atoms to create the desired symmetry. This created multiple structural models. DFT
structural relaxation was carried out for each case. The structure which had the lowest energy
upon optimization was the structure in plane group plml with atoms added to create the mirror
plane.

Direct methods were then attempted again in plane group plml. Fewer beams were
varied to yield a more complete search of phase space. In such a manner more possible solutions
were covered, although with less resolution. The best solution in plm1 had five features with
high scattering potential, all of which were in the positions where titanium atoms were found in
the DFT calculation. In the prior pl solution, there had been only four such strong scattering
features. The initial p1 solution and the final p1m1 solution were very similar, except that one of
the strong scattering features was missing from the p1 solution. This indicated that the initial p1
solution had yielded only a fragment of the true structure.

The structure solved and refined in plml plane group symmetry shows the strong

scattering features arranged in rings of six or eight such features (Figure 3.2). These were found
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Figure 3.2: Scattering potential for the (3x1) surface structure with the surface atoms overlayed

on the left half. The light features on the scattering potential map indicate areas of stronger

scattering potential (i.e., strong scattering species). Titanium in blue and oxygen in red.

Table 3.1: Atomic coordinates for the (3x1) surface structure.

iligﬁ(;e DFT | Refined | Difference 'I&'tgl:r']gg DFT | Refined | Difference
T O IOM oo o5 | DT OB g
e [OEION o o |1 D28 055
" ) 05 o |0020A |o7 ; 28 200 01940 A
o § 01272 [o1606 | 01067A |08 ; IO T 00007 A
02 570 Torers | O0%OA
03 § 8:2188 8:2657 0.1109 A
o fssmom o




65

to be Ti atom sites, and using a combination of difference maps and least squares refinement, the
oxygen sites were located. The structure refined very well in plane group plml (R = 0.07066
and y° = 2.64). Further, refinement of the atomic positions against diffraction data and DFT
calculated positions were very similar (Figure 3.3). These results confirmed that the structure
was stable and of low energy as will be discussed further below. STM images for this structure

were simulated, and were found to be comparable with experimental results (Figure 3.3). All

Figure 3.3: STM image of a (3x1) surface with an intergrowth of (4x1) with simulations

overlaid (Sample bias = 0.9 V, tunneling current = 0.4 nA).
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other structural possibilities examined had significantly inferior refinement, did not match the
STM images, and were much higher in energy.

The (3x1) surface structure (Figure 3.4) is composed of corner-sharing TiO, tetrahedra,
arranged into six-and eight-member rings. The tetrahedra in the six-member rings all corner
share with three other surface tetrahedra and one sub-surface TiOg octahedron. The titanium
tetrahedra in the middle of the eight member ring, the only one which is not also part of a six

member ring, corner shares with two other surface tetrahedra, and edge shares with one sub-

110

Figure 3.4: Surface structure of (3x1) reconstruction and the top bulk layer. Surface TiO4
tetrahedra shown in blue, bulk TiOg octahedra in yellow, oxygen in red, and strontium in orange.

Views perpendicular (top) and parallel (bottom) to the surface with unit cell outlined in black.
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surface TiOg octahedron. The composition of the surface is Tis3O135> per 1x1 unit cell, valence

compensating the surface. Bond lengths are presented in Table 3.2 while bond valence sums and

Bader charges are set forth in Table 3.3.

Table 3.2: Ti-O bond lengths for the (3x1) surface structure.

Bond Type Length (A) Bond Type Length (A)
Til—0O1 | Surface — Surface 1.800 Ti4 — 05 Linking — Bulk 1.998
Til-02 | Surface — Surface 1.816 Ti4 - 06 Linking — Bulk 1.987
Til—03 | Surface — Surface 1.827 Ti5 - 07 Linking — Bulk 2.002
Til—O5 | Surface — Linking 1.812 Ti5-08 Linking — Bulk 2.051
Ti2 - 01 | Surface — Surface 1.819 Average | Surface — Surface 1.813
Ti2—-02 | Surface — Surface 1.808 Average | Surface — Linking 1.817
Ti2 - 04 | Surface — Surface 1.807 Average Linking — Bulk 2.004
Ti2—-06 | Surface — Linking 1.828 Average Bulk — Bulk 1.953
Ti3—-04 | Surface — Surface 1.817
Ti3 - 07 | Surface — Linking 1.827
Ti3—-08 | Surface — Linking 1.794

Table 3.3: Bond valence sums and Bader charges for the (3x1) surface structure.
Bond Bond
Atom Type Valence (Is%hader Atom Type Valence Bader
sum arge sum Charge

Til Surface 4.04 2.32 05 Linking -2.11 -1.27

Ti2 Surface 4.04 2.33 06 Linking -1.99 -1.27

Ti3 Surface 4.08 2.33 o7 Linking -2.06 -1.26

01 Surface -2.03 -1.15 08 Linking -2.01 -1.23

02 Surface -2.02 -1.17 Average Surface Ti 4.06 2.33

03 Surface -2.19 -1.24 Average Surface O -2.05 -1.18

04 Surface -2.04 -1.21 Average Linking O -2.04 -1.26

Average Bulk Ti 4.14 2.30
Average Bulk O 2.08 -1.28
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Figure 3.5: Surface structures of the homologous series of (nx1) surface structures viewed
perpendicular to the surface. For clarity, the bulk is omitted. TiO, tetrahedra are shown in blue,

with oxide anions in red. Unit cells are outlined in black, from left to right n=2,3,4,5,6,.
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Figure 3.6: Plot of surface energies for (nx1) surfaces and several previously proposed surfaces.

The convex hull construction (blue line) shows the stable surface for a given composition.
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As already mentioned, the (3x1) reconstruction is only one member of a series of (nx1)
reconstructions. The (3x1) structure was extended to a homologous series by varying the size of

the larger ring, as illustrated in Figure 3.5; reducing it to six TiO,4 tetrahedra gives a (2x1)

reconstruction, increasing to ten a (4x1) reconstruction is formed. Varying the number of

Figure 3.7: STM (experimental with simulation overlaid) of intergrowths of (4x1) and (5x1)

reconstructions (Sample bias = 0.9 V, tunneling current = 0.4 nA).
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tetrahedra in the smaller ring was also attempted, but resulted in significantly higher calculated
energies. All the reconstructions in the series are fully valence compensated. They differ in the
surface excess of TiO,, with nominal surface compositions of Tig+2nOgn+ayn’ Per (1x1) unit
cell. These structures were optimized via DFT for 2<n<6 and n=co, and the energetics are

summarized in Figure 3.6. A convex-hull construction implies that (within theoretical error) the

structures lying on the hull should appear for different surface compositions, agreeing with the

Figure 3.8: STM (experimental with simulation overlaid) of intergrowths of (5x1) and (6x1)

reconstructions (Sample bias = 0.9 V, tunneling current = 0.4 nA).



71

experimental observations. As an independent check, simulated STM images were compared
with experimental images of (3x1), (4x1), (5x1), and (6x1) reconstructions (see Figure 3.3,
Figure 3.7, and Figure 3.8). These images and simulations correlate with each other in all major
aspects. Note that the STM images indicate that layers of, for instance, (4x1) can occur as

intergrowths in a matrix of (3x1), a point which will be returned to later.

3.4: Discussion

To form a specific structure, the structure must be both thermodynamically stable and
kinetically accessible. While kinetics is beyond the scope of the present work, some conclusions
can be drawn with respect to the thermodynamic stability. The most important factors
contributing to the stability of the surfaces in this homologous series are maintenance of
acceptable coordination environments combined with valence compensation and increased
covalence at the surface.

As previously mentioned, the surface titanium atoms in the (3x1) structure are all
tetrahedrally coordinated. For comparison, the bulk titanium atoms are octahedrally coordinated.
With the reduced coordination, the non-bonded repulsions between the oxygen atoms are
decreased, allowing shorter and more covalent bonds are formed. The decreased ionicity can be
readily seen through the bond distances (Table 3.2), Bader charges (Table 3.3), and bond valence
sums (Table 3.3). The bond lengths at the surface are, on a whole, slightly shorter and more
covalent than in the bulk structure: the average Ti-O bond length for the surface structure is

1.814 A, as compared to the 1.953 bulk Ti-O bond distance. The Bader charges indicate that the
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surface species are less charged than the bulk, with the average Bader charge for an oxygen atom
increasing from -1.18 at the surface, to -1.26 at the linking O, layer (oxygen bonded to both
surface and sub-surface titanium), to -1.29 in the first sub-surface SrTiO layer, to ~-1.31 in
deeper layers. Similarly, the Bader charge for a titanium atom increases from 2.33 at the surface
to 2.36 at the first sub-surface SrTiO layer, and ~2.37 in deeper layers.

The Bader charges are similar for the n=3,4,5 and 6 structures (Table 3.4). For the n=00
structure, the charge on the surface titanium is significantly less, while that on the first
subsurface titanium is significantly higher than those deeper in the structure. While the linking
oxygen is less charged, the surface oxygen is more charged than in the other members of the
homologous series, and is nearly as strongly charged as bulk oxygen. The n=2 structure has
Bader charges for the surface titanium that are similar to those of the other members of the
homologous series. The oxygen Bader charges, however, are somewhat different. The surface

oxygen are less charged while the linking oxygen are more charged. The average Bader charges

Table 3.4: Comparison of coordination metrics across (nx1) series.

2x1 3x1 4x1 5x1 6x1 oox 1 Bulk

Bond length Surface |1.838 |1.814 |1.819 |1.864 |1.870 |1.891 |1.953
" Global 013 |012 |014 |015 017 |03l
Instability Index 1~ /e 1013 009 010 012 |o015 |oa3 | %10
TiBVS Surface | 410 | 406 |399 |393 |387 |319 |4.14
SBvs Suface | 211 |-205 |-199 |-195 |-188 |-12L |

Linking |-1.98 |-2.05 |-2.05 |-2.04 |-2.04 |-2.06

Ti Bader Charge | Surface | 2.32 2.33 2.33 2.33 2.33 2.28 2.37

Surface |-1.13 |-1.18 |-1.19 |-1.20 |-1.21 |-1.28
O Bader Charge 1~ ing (131 |-126 |-125 |-125 |-124 |-121 | -3¢
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on the linking oxygen in the n=2 structure are identical to the bulk oxygen. This indicates that
the n=3-6 structures, and to a lesser extent the n=2 structure, successfully minimize the charge at
the surface. The unstable n=co does not.

The tetrahedral coordination of the surface titanium is maintained throughout the
homologous series. Just as SiO, can form an octahedral phase isostructural with rutile under
pressure, DFT calculations show that tetrahedrally coordinated TiO, is not significantly higher in
energy than rutile and would be more stable under negative pressure (Figure 3.9). In fact,

tetrahedral coordination has been observed on the (001) surface of TiO,.>°

0.2
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Figure 3.9: Plot of energy per formula unit as a function of unit cell volume for TiO; in the

coesite and rutile structure types. Volume is normalized to the DFT optimized volume of the
rutile unit cell. An increase in unit cell volume is equivalent to a decrease in pressure. At
normal pressures (volume close to 1) the rutile structure is favored, while at negative pressures

(volume greater than 1) the coesite structure is preferred.
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In the n=3 structure, titanium bond valence sums range from 4.04 — 4.08, surface oxygen
from -2.02 — -2.19, and linking O from -1.99 — -2.11 (Table 3.3). The oxygen at the middle of
the 6-ring has a bond valence sum of -2.19 which is the furthest of any surface atom from either
the bulk SrTiO3 values or from the expected whole-number value. Every other atom in the
surface structure has bond valence sums within 0.10 of both the bulk value for SrTiO3 and the
expected whole-number value. Complementary to the over-coordinated oxygen in the middle of
the 6-ring is an under-coordinated (BVS = -1.75) oxygen in the top bulk SrTiO layer directly
below center of the 6-ring. Besides this one oxygen atom, all the bond valence sums in the top
bulk SrTiO layer are reasonably close to the expected values. These two phenomena, the over-
coordination of the O in the middle of the 6-ring and the under-coordination of the O in the top
bulk SrTiO layer directly below the 6-ring, hold throughout the homologous series.

The bond valence sums (Table 3.4 and Table 3.5) show that the more stable structures
have coordination similar to that of the bulk. The n=3 structure has the best bond valence sums,
while the bond valence sums gradually get worse the greater n changes from 3. An important
trend running throughout this series is that the absolute values of the bond valence sums decrease
as nincreases. This is not surprising, as the excess TiO; at the surface also varies inversely with
n: the lower the value of n, the more titanium and oxygen atoms are packed into the same area.
The bond valence sum of the O in the middle of the 6-ring drops close to expected levels as n
increases above 3, and the bond valence sums of other atoms which are part of the 6-ring remain
close to expected values. At the same time the bond valence sums of those atoms which are not

part of the 6-ring drops below the expected values. In the end limit of the series (n=c0) the bond
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Table 3.5: Bond valence sums and multiplicity (per (1x1) unit cell) of atoms at the surface and

in the tow two bulk layers of SrTiO3 (110) surface structures in the (nx1) homologous series.

2x1 3x1 4x1 5x1 6x1 oox 1
Sl 0.13 0.09 0.10 0.12 0.15 0.43

Atom|Mult.|BVS |[Atom|Mult.|BVS |Atom|Mult.| BVS|Atom|Mult.|BVS|Atom|Mult.|BVS |Atom|Mult.|BVS

Til| 1 [4.08| Til | 2/3 |4.08| Til | 1/2 |4.07| Til | 2/5 |4.04| Ti1 | 1/3 |4.03| Ti1 | 1 |3.19

Ti2 | 1 |4.12| Ti2 | 2/3 |4.04| Ti2 | 1/2 [3.97| Ti2 | 2/5 |3.97| Ti2 | 1/3 |3.96| 01 | 1 |-1.21
O1 | 1 |-1.99| Ti3 | 1/3 |4.04| Ti3 | 1/2 |3.94| Ti3 | 2/5 |3.85| Ti3 | 1/3 |3.80
02 | 1 |-2.05 O1 | 2/3 |-2.03| O1 | 1/2 |-2.03| Ti4 | 1/5 |3.82| Ti4 | 1/3 |3.68
Surface 03 | 1/2 |-2.21| 02 | 2/3 |-2.02| 02 | 1/2 |-2.02| O1 | 1/5 |-2.10| O1 | 1/6 |-2.09
04 | 1/2 |-2.39| 03 | 1/3 |-2.19] 03 | 1/2 |-1.94| 02 | 2/5 |-2.02| O2 | 1/3 |-2.02
04 | 2/3 |-2.04| 04 | 1/4 |-2.13| O3 | 2/5 |-2.03| O3 | 1/3 |-2.03
05 | 1/4 |-1.84| 04 | 2/5 |-1.93| 04 | 1/3 |-1.90
05 | 2/5 |-1.75| O5 | 1/3 |-1.63
06 | 1/6 |-1.57

05 -1.95 O5 | 2/3 |-2.11| 06 | 1/2 |-2.10| 06 | 2/5 |-2.10| O7 | 1/3 |-1.95| O2 ] 2 \-2.06
06 -2.01| 06 | 2/3 |-1.99| O7 | 1/2 |-1.95| O7 | 2/5 |-1.96| 08 | 1/3 |-2.09
Linking 07 | 13 [-2.06] 08 | 1/2 [-2.04| 08 | 2/5 [-1.97] 09 | 1/3 |-1.95
L?;er 08 | 1/3 |-2.01] 09 | 1/2 |-2.11| 09 | 2/5 |-2.08/ 010 | 1/3 |-2.07
010 | 1/5 |-2.02| 011 | 1/3 |-2.02
011 | 1/5 |-2.12| 012 | 1/3 |-2.13

Srl | 1/2 |2.12| Srl | 1/3 {1.93] Sr1 | 1/4 |1.91| Sr1 | 1/5 {1.90| Sr1 | 1/6 |1.91| Sr1 2.16

Sr2 | 1/2 |2.20| Sr2 | 2/3 |2.12] Sr2 | 1/2 |2.06| Sr2 | 2/5 |2.05| Sr2 | 1/3 |2.04| Ti2 4.06

Ti3 | 1 |4.03| Ti4 | 2/3 |4.01| Sr3 | 1/4 [2.14| Sr3 | 2/5 |2.10| Sr3 | 1/3 |2.04| O3 -1.96
O7 | 1/2 |-2.06| Ti5 | 1/3 {4.18| Ti4 | 1/2 |3.94| Ti5 | 2/5 [3.90| Sr4 | 1/6 |2.05
gt | 08 | 1/2 |-1.86| 09 | 1/3 |-1.75| Ti5 | 1/2 [4.21| Ti6 | 2/5 |4.14| Ti5 | 1/3 |3.87
Bulk 010 | 2/3 |-2.04| 010 | 1/4 |-1.74| Ti7 | 1/5 |4.22| Ti6 | 1/3 |4.10
Layer 011 | 1/2 |-2.00{ 012 | 1/5 |-1.66| Ti7 | 1/3 |4.20
012 | 1/4 |-2.07| 013 | 2/5 |-1.99| 013 | 1/6 |-1.66
014 | 2/5 |-2.10| 014 | 1/3 |-1.99
015 | 1/3 |-2.05
016 | 1/6 |-2.08
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valence sum of the Ti drops to 3.19 and that of O to -1.21, closer to Ti*" and O than to Ti** and
O%. Additionally, the O directly below the 6-ring becomes increasingly under-coordinated as n
increases. At the other end of the series, n=2, the structure becomes over-coordinated. Most
notably, the O in the middle of the 6-ring has become very over-coordinated (BVS = -2.39), and
the O in the middle of the other ring (which for n=2 has shrunk to a 6-ring as well) is also
significantly over-coordinated (BVS = -2.21). Overall, this leads to a surface instability index of
0.13 for the n=2 structure, higher than that of the n=3,4 or 5 structures.

The foregoing implies that a structure composed only of 6-rings is too over-coordinated,
and might be difficult to form. This conclusion fits with the DFT energy calculations where,
even though it is on the convex hull by default, since it is the most TiO, rich structure calculated,
the (2x1) structure is significantly higher in energy than the other members of the homologous
series. Conversely, rings that are too large (i.e. structures with mostly straight TiO chains) will
lead to under-coordination, and therefore to unstable structures. The optimum bond valence
sums are reached when the TiO chains are broken up by rings at regular intervals. This again
agrees with the DFT energy calculations, where the (3x1) and (4x1) structures, which have the
overall best coordination and surface instability indices, lie on the convex hull, but higher n
structures are above the convex hull. The (5x1) and (6x1) structures are only slightly above the
convex hull (within calculation error), but the energy and surface instability indices are on steep
upward trends. The (0ox1) structure is above the convex hull by more than 1 eV and has the

highest surface instability index.
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3.5:  Comparison to Other SrTiO3; (110) Surface Models

The homologous series was compared to other proposed SrTiO3 (110) surface structures,
both in terms of DFT calculated energies, and coordination chemistry. The n=oo structure is

identical to the previously proposed TiO (1x1) structure.®*

Additionally, stoichiometric
structures and strontium terminated structures have been proposed in the literature based on
bulk-like terminations with some of the atoms removed. The stoichiometric structures are based
on a half filled O,* termination. The first type of half-O, (type A) is terminated in a bulk-like O,

layer, but with half of the oxygen removed, either in straight lines®*=®

or in zig-zags forming a (2
x 1) unit.®*® Another half-O, (type B) termination was considered with the oxygen bridging
between two Sr atoms instead of in a bulk-like position.**3* The Sr facet is simply a Sr-adatom
in a bulk-like position (alternatively, it can be thought of as a SrTiO** termination with TiO**
removed).®*3¢ Bottin et. al.,*® proposed more deeply faceted models similar to the first Sr model
forming (1xn) supercells, the first two members of which are considered here. Initial
calculations confirmed literature reports of the relative energies for surfaces with identical
compositions. Only those structures with the best energy for each composition (Sr-faceted (1x2)
and half-O, (type A) (2x1)) were carried out to the highest level of accuracy and are plotted in
Figure 3.6. Bond valence sums were calculated for all models are presented in Table 3.6.

For the stoichiometric structural models, type A is superior to type B in terms of both
DFT energies and bond valence sums. For type A, the two possible arrangements of missing

oxygen lead to very similar bond valence sums (SIl = 0.21 for both) and surface free energies.

The bond valence sum of the surface O is nearly at the expected value (BVS = -1.94 or -1.96,
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Table 3.6: Bond valence sums and multiplicity (per (1x1) unit cell) of atoms at the surface and

in the tow two bulk layers of other SrTiO3 (110) surface structures.

halfO2 halfO2-2x1 halfO2B Sr Sr_faceted

Sl 0.21 0.21 0.41 0.26 0.29
Atom|Mult|BVS|Atom|Mult| BVS |Atom|Mult|BVS |Atom|Mult| BVS |Atom|Mult| BVS
O | 119 O | 1 |-194 O | 1 |-164| Sr | 1 |2.00| Sr |05]|1.88
0] 1 |-1.49
Surface Sr | 1 (193
Ti | 0.5 (4.18
O | 05261
Sr| 1 ]215] sr| 1 [212] sr| 1 ]252] 0 | 2 [-173] O [ 1 |-2.26
Linking| Ti | 1 |381| Ti | 1 |383| Ti | 1 |3.30 O | 1 |-177

O | 11|17 O | 1 |-182] O | 1 |-1.76

I O | 11205 O | 1194 O | 2 |-219| Sr | 1 |1.87| Sr |05]2.19
Bulk O | 1|23 O | 1 |-242 Ti | 1 [4.15 Sr 0.5]1.83
Layer O | 1 |-246] Ti | 1 |4.23
O |1 |221

depending on exact arrangement). The bond valence sums of sub-surface SrTiO layer are close

to the expected values, although the Ti and O in this layer are slightly under-coordinated. In the

next layer down, the Sr and O are slightly over-coordinated. Taken together, the fit is rather

close to the expected values. This implies that a structure terminated by a half-filled O, layer

might be reasonable, and further that it is not highly dependent on the ordering of the missing

oxygen. The missing oxygen could potentially be randomly spread out along the surface, which

might be expected for a cleaved sample that has not had the opportunity to reconstruct to a more

favorable structure. Half-O, type B, on the other hand, has bond valence sums that are very far

from the expected values (SIl = 0.41). The surface O has a bond valence sum of -2.95, close to

0%, with the sub-surface Sr, Ti, and O having bond valence sums of 3.34, 2.73, and -1.47,
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respectively. These are so far from the expected values that the existence of any structure similar
to this must be considered highly doubtful, a conclusion which is in agreement our calculations
and those by Heifets et. al.* that find this termination significantly higher in energy than the
half-O, type A termination.

For the strontium faceted models, the topmost Sr has a bond valence sum close to the
expected value, but the O from the top O, layer bonded to the surface Sr are under-coordinated,
while the O on the top SrTiO bulk layer (directly below the surface Sr) are over-coordinated.
The surface Sr must relax towards the bulk to achieve sufficient coordination, while the top bulk
O from the O, layer must relax upward towards the surface Sr and away from the bulk leaving it
under-coordinated. The degree of this under-coordination is greater for the (1x2) faceted model
than for the (1x1) model. However, for the (1x2) model, these atoms with poor coordination
represent only half the number of atoms. Other models maintain bond valence sums close to the
expected values. Therefore the less frequent an apex of the facet occurs, the more stable the
structure will be. This, however, is not sufficient to explain why the (1x2) model was calculated
to be more stable,® as the surface instability index remains greater for the (1x2) model (SIl =
0.29) than the (1x1) model (SI1 = 0.26). One possible explanation for this is that the simple bond
valence sum calculation does not fully reveal the instability of the strontium at the apex.

There are two additional chemical reasons why strontium at the apex would be unstable
which are not picked up by bond valence sums. First, more than half of the apical strontium’s
coordination sphere is empty. A simple bond valence sum does not consider such geometrical

concerns. Second, the apical strontium has become unusually close to the titanium in the layer
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below it (3.00 A Ti-Sr distance in the (1x1) model and 3.05 A in the (1x2) model, compared to
3.38 A'in bulk SrTiO3). There is no easy way to include this factor using bond valence sums, as
cation-cation or anion-anion interactions are neglected.

The favorable bond valence sums for the half-O, type A structures fits with DFT
calculations. The DFT calculations have found that the surface energy of the half-O, type A
structures lies along the convex hull. The more favorable energies and surface instability indices
for the n<6 structures and the half-O, type A structures both indicate that the n=co structure is
unstable and unlikely to form. If a surface with such a composition existed, a more favorable
form would be in some combination of (nx1) and half-O, type A structures. While the strontium
faceted structures cannot be directly compared in terms of energy due to their composition, they
have high surface instability indices, and are therefore considered unlikely to form. In terms of
chemical bonding, the half-O, type A structures are also less satisfactory than the homologous
series. The good coordination of the homologous series indicates that it will be more stable than
any other surface structure for SrTiO3; (110) so far proposed. The formation of the other
structures in the proper environment cannot be ruled out (e.g. Sr-faceted structures in a Sr-rich
environment). However, the bond valence sums indicate that the experimentally observed

structures are the most stable.

3.6: Conclusions

Can oxide surface structures be predicted? | believe the answer is yes. First, the

thermodynamic structures will in almost all cases (particularly under oxidizing conditions) be
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valence compensated. Second, they will have polyhedral coordination chemistry similar to the
bulk. Third, metrics such as bond-valence sums are useful and can be used effectively.
Homologous series are well known in bulk oxides and if the STM images were HREM images of
a bulk oxide the fact that they show intergrowths would be relatively unremarkable. The fact
that homologous series and intergrowths occur in a single monolayer, however, is noteworthy. It
is both significant and novel, being the first example of these important concepts for bulk oxides
occurring at a surface. This demonstrates that the way to understand oxide surfaces is not to look
out into the vacuum, but to look into the bulk. By doing so and applying what is known about

the bulk, a century of inorganic chemistry can guide us to predict oxide surface structures.



Chapter 4:
Reactivity of an Oxide Surface:

Adsorbates on SrTiO; (1 00)

82



83

4.1: Introduction

An atomic level understanding of surface structures is a necessary first step to an atomic
level understanding of heterogeneous catalysis. A full understanding also requires knowing how
the reactants and products interact with the surfaces. A logical next step in this direction is to
study the interaction of adsorbates with known surface structures.

Recent studies on the MgO®’ and NiO>® (111) surfaces have examined the role of H,0 on
surface structure formation. Both MgO and NiO have the relatively simple rock-salt structure,
which in the (111) direction are composed of alternating planes of M** and O (M = Mg, Ni).
This leads to a polar surface, similar to the SrTiO3 (110) surface described in Chapter 3. A (2x2)
reconstruction, commonly referred to as an octapole, has been proposed by Wolf to compensate
for the polar surface.”**° While calculations show that the Wolf octapole is low in energy, it has

never been experimentally observed.  Ciston and coworkers®®

analyzed multiple
experimentally observed structures on the MgO and NiO (111) structures, and found that all
were hydroxylated. They concluded that dissociated water and the dehydration and rehydration
of the surface play a role in the formation of rock-salt surface structures and the transition
between the various observed structures.

It is possible, perhaps even likely, that water or other adsorbates account for the
differences between these observed and predicted surface structures. For example, on the SrTiO3

(100) surface, the never observed V2x\2-R45° surface structure is calculated to be lower in

energy than the experimentally solved (2x1) structure.®
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Hydrogen, however, is incredibly difficult to determine by diffractive techniques in bulk
structures, and even more so on surface structures. It is also easy to miss the presence of
hydrogen with surface sensitive chemical analysis such as x-ray photoelectron spectroscopy
(XPS). However, a careful analysis of an XPS spectrum can reveal the presence of hydroxide as
a high binding energy shoulder on the O1s peak.>"#°13

This chapter presents a multi-tiered approach to examining the presence of adsorbates,
particularly water and its derivatives, on the SrTiO3; (100) surface. Transmission electron
diffraction (TED) patterns and XPS spectra were obtained so that the presence of a surface
reconstruction could be correlated with the presence of water. Without exposure to air, the
samples were annealed, then further TED and XPS were obtained. Thus the conditions
necessary to remove the adsorbates were determined. Simultaneously, density functional theory
(DFT) calculations were used to determine the strength with which H,O and CO, bind to

unreconstructed SrTiOz (100) surfaces. Through these methods it is demonstrated how

adsorbates are involved in the formation of SrTiO3 (100) surface structures.

4.2: Experimental Methods

To determine under what conditions adsorbates were removed from various surface
structures, it was necessary to anneal samples in a controlled environment and obtain XPS and
TED data without exposure of the sample to atmosphere. The principle tool for this was the
Specimen Preparation, Evaluation, Analysis and Reaction System (SPEAR). SPEAR is a large

UHV system which contains, among other instruments, an XPS, a UHV-TEM, an electron gun
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(for annealing samples) and a heating stage. Five major chambers of SPEAR were used in this
work: a load-lock, a transfer chamber, a gas cell, an analytical chamber, and a Hitachi UHV-
9000 TEM. Samples were introduced through the load-lock, the only chamber which was
exposed to air. After the load-lock reached UHV conditions, samples were moved to the transfer
chamber. From the transfer chamber, the samples were moved into each of the final three
chambers as needed for annealing, XPS and TEM analysis. Each is discussed in greater detail

below.

4.2.1: Sample Preparation

Samples were prepared by standard solid-state TEM sample preparation methods. Single
crystals wafers of (100) oriented SrTiO3z measuring 1cm x 1cm x 0.5mm and epi-polished on one
side were obtained from MTI crystals. Three millimeter discs were cut from these wafers using
a rotary cutter and an abrasive slurry. The discs were mechanically polished to a thickness of
approximately 100 um, and the center then thinned to a thickness of less than 25 pm using a
Gatan Dimple Grinder. Samples were then ion milled using Ar* ions in a Gatan Precision lon
Polishing System (PIPS) to electron transparency. An initial energy of 6 kV was used for the
Ar" ions, which was gradually decreased to the minimum possible value as the samples became
thinner in order to minimize the damage from ion-milling. Below a minimum energy, which
varied somewhat depending on the state of the PIPS, the ion guns would not fire. Thus the
minimum energy used was not constant among samples, but was generally in the range of 2.5 —

3.0kV.
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If the PIPS system is not perfectly aligned or if it is contaminated, it can sputter other
materials onto the sample, most commonly molybdenum. Additionally, the ion-milling itself
damages the sample. In particular, the lighter oxygen is preferentially sputtered away, leaving a
non-stoichiometric surface. To remove any sputtered impurities, samples were briefly washed
(several seconds) in a 1:1 (volume/volume) solution of concentrated HCI:HNO3. It is expected
that his, like washing with NH,F:HF,%* should remove any strontium on the surface, leading to a
titanium oxide rich surface. Samples were then rinsed several times in deionized water. After
drying, samples were annealed to eliminate any damage from ion-milling and to obtain a flat and
reconstructed surface. Samples were placed in an alumina sample boat within a fused silica tube
inside a Carbolite STF 15/51/180 tube furnace, and heated to 850°C or 950°C in air. These
temperatures were chosen as they had previously been observed to lead to the formation of the
c(4x2) and (2x1) reconstructions, respectively,® desired targets for these studies. Exposure to
water occurred only during this processing in air prior to entry into SPEAR, except where
specifically stated to the contrary.

After they had cooled, samples were placed in an alumina ring and secured with a
tungsten spring clip. Samples were then introduced into SPEAR. Initially, the load lock was
baked to ~200°C as it was pumped down. Due to the fear that this would drive off adsorbates
from the sample surface, the bake was eliminated and a cold trap was used to help the load lock
chamber reach UHV conditions. This was done by wrapping the load lock in a thermal blanket
and filling it with dry ice. After the load lock reached UHV conditions, samples were not

exposed to atmosphere again except as specifically mentioned below.
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4.2.2: X-ray Photoelectron Spectroscopy

XPS is an inherently surface sensitive method for examining chemical species and their
bonding states. XPS data was collected in the analytical chamber using monochromated Al K-a
X-ray source and a PHI model 05-458 hemispherical analyzer. The X-ray source irradiates the
sample with 1486 eV incident X-rays. Electrons ejected from the sample were collected and
their kinetic energy (KE) measured by the hemispherical analyzer. The electron orbital binding
energy (BE) is then determined from the photoelectric effect:

BE =hv—KE — ¢

The work function (¢) was accounted for by normalizing each scan to the known SrTiO3 Ti—
2p%/, peak energy of 458.8 eV. The surface sensitivity is due to the small mean free path of
photoelectrons, which are reabsorbed by the sample if they originate more than a few nanometers
below the surface. Surface sensitivity can be enhanced by using a smaller angle 6 between the
sample surface and the detector, as the penetration depth is relative to sin(8). For this work an
angle of 6 = 45° is preferred. It was found that at smaller angles the sample could not be aligned
to eliminate a signal from the sample holder. When a signal from the holder was detected, it was
often found to be shifted somewhat relative to the sample due to differential charging, in some
cases making deconvolution of the data difficult.

To check for impurities, a survey scan from 1400 — 0 eV was conducted (0.5 — 0.4 eV
step size, 0.5 — 0.655 s dwell time). Each region of interest (O1s, Ti2p, Sr3d and C1s) was
scanned in more detail, as was the Al2p region to ensure that signal from the alumina holder was

not being detected (0.1 eV step size, 0.5 — 0.655 s dwell time, averaging over 5 — 25 repeat
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scans). The XPS analyzer output was shifted by a constant amount to align the highest point in
the SrTiO3 Ti—2p*/, peak with a binding energy of 458.8 eV. XPS data was then fit using the
free XPSPEAK 95 version 2.0 software.®® A linear background averaged over 9 data points at
the flat edges on each side of an area was subtracted and each peak was fit to a Gaussian curve.
Initially, full-width at half-max (FWHM) was constrained to be equal for all peaks of a given
type. The peak position, area, and FWHM were optimized. A final optimization was done in
which each FWHM, as well as the peak position and area, were allowed to vary independently
for each peak.

The main feature of interest was a high binding energy shoulder on the O1s peak, which
can indicate the presence of hydroxyl groups on the surface.>”***"%® Hydroxyl groups, however,
are not the only possible source of such a high binding energy shoulder. In TiO, rutile, the
presence of Ti** also leads to a high binding energy shoulder on the O1s peak.®>® It is therefore
important to make sure that the sample is not reduced before attributing the O1s high binding
energy shoulder to the presence of hydroxide. The oxidation state of titanium can easily be seen
in XPS by looking at the Ti2p region at ~460 eV. The Ti*" Ti2p%, peak in SrTiOz normally is
present at 458.8 eV. If any Ti*" is present, it would cause a low binding energy shoulder,®%6%¢7.68

The Ti2p®/, peak was therefore checked for such a shoulder.

4.2.3: Transmission Electron Microscopy and Transmission Electron Diffraction

Transmission electron microscopy (TEM) has the advantage of providing near atomic
scale information in both real and reciprocal space nearly simultaneously. TEM was performed

in a Hitachi UHV-9000 TEM with a LaBg filament operated at 300 kV accelerating voltage and a
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base pressure of ~1x10™ torr. Transmission high energy electron diffraction (THEED, or simply
TED), is very useful for obtaining high resolution structural data, as it avoids many of the lens
aberration issues which hinder TEM imaging. For TED, a thin, flat, defect free area was first
found in imaging mode. This area was tilted to align it slightly off zone axis (~2-3°) to minimize
the amount of dynamic scattering visible in the diffraction pattern. This leads to a reduced
contribution of bulk diffraction, while the effect on the surface is minimal due to the long rel-
rods of the two dimensional surface structure.®® Additionally, this leads to more kinematical
diffraction from the surface. A small (~50 nm) parallel probe was formed by using a small
condenser aperture allowing diffraction information to be collected from a specific area without
cutting off higher angle beams, which occurs when using a selected area aperture. Bright field
imaging was accomplished by inserting an objective aperture to select only the transmitted beam
from which the image was formed. Dark field imaging was accomplished by tilting the beam so
that the desired diffracted beam was aligned down the microscope’s optic axis, then inserting the
objective aperture around that beam. Images and diffraction patterns were collected on
photographic film. A range of exposure times from 0.5 — 60 seconds were collected for

diffraction patterns to increase the dynamic range.

4.2.4: Annealing

After being introduced into SPEAR, samples were annealed using either the electron gun
in the analytical chamber or in the heating stage in the gas cell. Annealing was carried out in
either UHV or a controlled oxygen atmosphere. Oxygen, if used, was introduced into the

chamber from a gas cylinder. The chamber was continuously pumped as the oxygen flowed in,
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with the pressure being measured by a mass spectrometer. When a steady state was achieved at
the desired oxygen pressure, the annealing procedure was begun. In the analytical chamber,
oxygen (BOC Gases, grad 4.7) was flowed in through the ion gun and the chamber pumped via
an ion pump. In the gas cell, oxygen (Physical Electronics Inc., 99.99% purity) was flowed in
through a leak valve and the chamber pumped via a turbomolecular pump.

For electron gun heating, the sample was directly heated by bombardment with low
energy electrons from a Kimball Physics Inc. EMG-14 electron gun with a LaBg filament
operated at a 4.28 kV accelerating voltage. The temperature was raised by increasing the current
to the electron source and focusing the source onto the central area of the sample. The
temperature was measured by an optical pyrometer (Mikron M190 OS Infrared Thermometer,
1.0 — 1.6 um spectral band, 90:1 F.O.V. ratio, 250 — 2000°C range) using an emissivity of e =
0.100. Very high temperatures could be achieved by this method; however, the heating was not
uniform, as the electrons had to be focused onto an area far smaller than the sample diameter to
achieve high temperatures. This also led to some inaccuracies in the temperature measurement,
as the area which was being heated was smaller than the area focused on by the pyrometer.
Finally, bombardment with low energy electrons is known to reduce titanium in rutile TiO, (for
examples, see ® and references therein) It was found that titanium was being reduced by the
electron beam even when annealing was carried out in an oxygen atmosphere.

In the gas cell, samples were heated on a heating platform. The temperature of the
platform was measured by a thermocouple ~1 mm away. Using this temperature reading and a

previously determined calibration curve, the temperature of the sample was calculated. This
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method had the advantage of applying uniform heating, and the sample was not reduced.
However, the maximum temperature was lower than annealing with the electron gun. For earlier
experiments, temperatures of ~825°C could be reached. However, the maximum temperature
slowly decreased with use, and by the final experiments the maximum that could be achieved

was ~750°C.

4.2.5: Density Functional Theory Calculations

Several possible models were created for both H,O and CO, adsorbed on the
unreconstructed Sr- and Ti-terminated (1x1) surfaces of SrTiO3. DFT structural relaxations were
performed using the all-electron Wien2k*® code with an augmented plane wave basis set with the

1, with an onsite

general gradient approximation (GGA) defined by the PBE functiona
exchange-correlation energy correction from the meta-GGA TPSS functional.>> Muffin-tin radii
(RMTs) of 2.36 and 1.7 were used for strontium and titanium, respectively. For calculations
involving H,O, RMTs of 1.2 and 0.55 were used for oxygen and hydrogen, respectively. Due to
the short C-O distance, smaller RMTs of 1.0 and 1.15 for O, and C, respectively, were used for
calculations involving CO,. An RKMax of 2.5 was used for calculations involving H,O and an
RKMax of 4.75 was used for calculations involving CO,. The binding energy for the adsorbate
was calculated by subtracting the energy of the adsorbate as a free molecule and the energy of an
equivalent relaxed slab without an adsorbate from the energy of the slab relaxed with the
adsorbate molecule.

The energies for all reconstructed SrTiOs (001) surfaces were provided by Andres

Becerra-Toledo and Danielle Kienzle.™*
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4.2.6: Bond valence sum calculations

Bond valence sums were calculated using the KDist program in the Kalvados program
suite.® For structures from DFT calculations the volume was changed isotropically to obtain the
correct lattice parameter. Bonding interactions up to 3.5 A were included in the calculation. A
value of b = 0.37 was used in all cases. Standard R, values of 2.118 A and 1.815 A were used
for Sr**-0% and Ti**~07, respectively.® A Ry of 0.957 A, the O—H bond distance in gaseous
H,0, was used for H-0%. The global instability index (GI1) and surface instability index (SII)
were calculated by hand from the bond valence sums and the atomic multiplicities, as described
in Chapter 5. The surface instability index is calculated in the same manner as the global
instability index, except that only the atoms in the outermost surface and first bulk layer are
included. A bulk instability index (BIl) was similarly calculated from the central most

stoichiometric unit in the model. For more details on bond valence sums, see Chapter 5.

4.3: Results

4.3.1: Reconstructions after annealing in air

Multiple samples were prepared, annealed in air, and introduced into SPEAR. TED was
collected from multiple samples annealed at the same temperature for the same amount of time.
Not all showed the same reconstruction. Three different reconstructions were observed in the
course of this work: a (2x1), c(4x2) or a (V13xV13)-R33.7° was observed. At 850°C the

(V13xV13)-R33.7° and (2x1) reconstructions were observed, with the (vV13xV13)-R33.7° being
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more common. At 950°C all three reconstructions were observed, with the (2x1) the most
common. In one case, two samples annealed in the same sample boat exhibited different
reconstructions: one a (2x1) reconstruction and the other a (V13xV13)-R33.7° reconstruction.
This indicates that other factors besides temperature and atmosphere during annealing influence
which reconstruction forms. Among the most likely possibilities for such determining factors are
the damage imparted during sample preparation, the degree of titanium enrichment at the
surface, and the presence of adsorbates on the surface.

XPS was collected at various angles for each sample, and it was found that the Ti2p:Sr3d
peak ratio was greater at lower collection angles. This indicates that the surface is rich in
titanium, in agreement with the crystallographically solved structures for the (2x1),® and

°o’L73 reconstruction.

c(4x2)™ reconstructions and preliminary analysis of the (V13x13)-R33.7
However, the relative amounts of titanium enrichment for each sample could not be readily
calculated, as the only collection angle for which data was available for all samples was 45°.
Because 45° is the only angle at which data is uniformly available and because it is the lowest
angle at which spectra were acquired without signal from the sample holder, data from 45° will

be presented moving forward, except where specifically stated. Full data for all scans is

available in the appendices.

4.3.2: H,0 on the c(4x2) reconstruction

A sample annealed at 950°C for five hours in air exhibited a strong c(4x2) reconstruction
(Figure 4.1 and Figure 4.2). XPS from that sample revealed a shoulder on the high binding

energy side of the O1s peak with an area of 0.36 relative to the main O1s peak (Figure 4.3). The
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Figure 4.1: c(4x2) surface structure with top bulk layer. Surface TiOs trigonal bipyramids in

green, bulk TiOg octahedra in yellow, strontium cations in orange, and oxygen anions in red.

sample had been prepared by annealing at 950°C for five hours in air. An additional feature at a
slightly lower binding energy was attributed to differential charging of the sample and the holder
and should be ignored whenever it is present. Additionally, XPS showed a sizable C1s peak
present in the spectra, with an area of 0.34 relative to the main O1s peak. Annealing in 8x10~
torr O, for 20 minutes at 400°C using the electron gun as a heating source produced minimal
change in the reconstruction observed via TED. The c(4x2) reconstruction was still present,
although slightly weaker. The fact that the reconstruction is weaker could be due to the
thickness of the area examined or the precise sample tilt condition, and does not necessarily

imply a difference in the surface structure. The high binding energy shoulder on the O1s peak



95

Figure 4.2: c(4x2) diffraction pattern after annealing in air at 950°C for 5 hours.

was larger than prior to the anneal, with an area of 0.55 relative to the main O1s peak (Figure
4.3). The C1s peak was slightly smaller than before the anneal, with an area of 0.30 relative to

the main O1s peak.
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Figure 4.3: Ols peak region of the XPS spectra from a sample with the c(4x2) reconstruction

showing reduction of high binding energy should upon annealing. Counts per second for each

spectra offset by a constant value for ease of viewing.
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After annealing in 4x10°® torr O, at 300°C for 3 hours, again using the electron gun, the

high binding energy shoulder on the O1s peak nearly disappeared, with an area relative to the
main O1s peak of 0.08 (Figure 4.3). The C1s peak area decreased as well, to 0.15 relative to the
main O1s peak. The c(4x2) reconstruction remained, with intensities similar to the intensities
prior to the anneal. A second set of Ti2p peaks were present at a silightly lower binding energy,
indicating the presence of reduced titanium (Ti*"). This reduced titanium also contributed to the
high binding energy shoulder on the O1s peak. The area of the high binding energy shoulder due
to hydroxyl groups is therefore even less than 0.08 relative to the main O1s peak. Thus most, if
not all, of the hydroxyl groups had been removed. The Ti** 2p peak area to Ti** 2p peak area
ratio was 0.67 in the 45° scan, and only 0.60 in the 75° scan, implying that the reduced titanium
was concentrated near the surface.
After annealing via electron gun in 9x10” torr O, at 800°C for 20 minutes the c(4x2)
reconstruction nearly disappeared (Figure 4.4). The high binding energy shoulder on the O1s
peak remained small, 0.07 relative to the main O1s peak, indicating that few to no hydroxyl
groups were present (Figure 4.3). The C1s peak also remained small, 0.18 relative to the main
O1s peak. The Ti*" 2p peak area to Ti*" 2p peak area ratio shrank to 0.26. However, the ratio
was greater at 75° (0.46) than at 45°, indicating that the reduced titanium may have been deeper
within the bulk of the material.

It is worth noting that the electron gun does not heat the sample evenly. For lower
temperature annealing, the electron beam is not as focused, and therefore heats a larger area

of the sample. To achieve higher temperatures, the electron beam must be focused into a small
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Figure 4.4: TED after annealing sample with c(4x2) reconstruction at 800°C for 20 minutes.

Only a few spots at the locations of the brightest c(4x2) spots are still visible.

area, and therefore only the center of the sample is heated. It is likely that after the 800°C anneal
the sample was no longer homogeneous. If the sample were not aligned exactly the same, the
XPS signal would have come from different parts of the sample. This could explain the
discrepancies observed between the 45° and 75° spectra after the 800°C anneal, and it is

important not to over interpret such results. It is also likely that the signal from carbon and
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hydroxide after annealing was due mostly to adsorbates near the edges of the sample. The center
of the sample, which reached the hottest temperatures, probably has fewer adsorbates present

than is indicated from the XPS spectra.

4.3.3: H,0 on the (V13xv13)-R33.7° reconstruction

The (V13xV13)-R33.7° reconstruction (Figure 4.6) was seen on multiple occasions and
always H,O was present as indicated by the high binding energy shoulder on the Ol1s peak.
Often when the (V13xV13)-R33.7° reconstruction was present light streaking was observed in the
(100) directions, with stronger diffuse scattering in locations where the (2x1) type spots were
present. Two samples which exhibited the (V13xV13)-R33.7° reconstruction were annealed in
SPEAR and XPS data is available from before and after the anneals for comparison.

The first sample with the (V13xV13)-R33.7° reconstruction also exhibited streaking in the
(100) directions with diffuse (2x1) spots. XPS showed a large high binding energy shoulder on
the O1s peak, with an area of 0.61 relative to the main O1s peak (Figure 4.5). A large C1s peak
was present, with an area of 0.49 relative to the main O1s peak. Additionally, there was a slight
low binding energy shoulder on the Ti3p peak, indicative of reduced titanium (Ti*"). Electron
gun annealing in 3x10° torr O, for 20 minutes at ~520°C caused the O1s high binding energy
shoulder to decrease to approximately half its former size (area of 0.30 relative to the main O1s
peak, Figure 4.5). The C1s peak also decreased to an area of 0.31 relative to the main O1s peak.
The TED showed no reconstruction, while TEM imaging indicated that the surface had
roughened and was no longer terraced. The loss of the reconstruction was attributed to the

reduction. The Ti** peak had increased, from an area of 0.15 to 0.42 relative to the Ti** 2p peak.
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Figure 4.5: O1s peak region of the XPS spectra from a sample which began with the
(V13x13)-R33.6 reconstruction (bottom) which disappeared (top) upon annealing. Counts per
second for each spectra offset by a constant value for ease of viewing. The low binding energy

shoulder is an artifact from the sample holder and should be ignored.

Some hydroxide still seemed to be present, as the O1s high binding energy shoulder was
significantly larger than the Ti2p low binding energy shoulder. It was therefore concluded that
the electron gun, in such a low oxygen environment, had reduced the sample before hydroxide
was removed. Conclusions could therefore not yet be drawn as to what role water played in the

(V13xV13)-R33.7° reconstruction.
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Figure 4.6: (V13x\13)-R33.7° diffraction pattern after annealing in air at 850°C for 5 hours.

A second sample exhibited a (V13xV13)-R33.7° reconstruction (Figure 4.6). This
(V13xV13)-R33.7° reconstruction was more distinct than in the previous sample, and the
streaking and diffuse (2x1) spots were less intense. Additionally, no Ti** shoulder was observed
in the Ti2p region, nor did any appear during the course of annealing experiments. There was a

significant high binding energy shoulder on the O1s peak, although smaller than in the previous
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Figure 4.7: Ols peak region of the XPS spectra from a sample which began with the

(V13xV13)-R33.6 reconstruction (bottom) and transformed into a streaked (2x1) reconstruction

(top) upon annealing. Counts per second for each spectra offset by a constant value for ease of

viewing.
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Figure 4.8: Streaked diffraction pattern with higher intensity where (2x1) spots would exist as

found after annealing a sample exhibiting the (¥13xV13)-R33.7° reconstruction in UHV.

sample, with area 0.38 relative to the main O1s peak (Figure 4.7). A Cl1s peak was also present,

with area of 0.21 relative to the main O1s peak.
After annealing at ~450°C in the gas cell in UHV for 2 hours, TED showed a slightly

fainter (V13xV13)-R33.7°. This decrease in the intensity of the surface diffraction does not
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necessarily indicate that the reconstruction is beginning to dissipate, and is more likely the result
of the TED being obtained from a slightly thicker area of the sample or a slightly different
sample tilt being used. The high binding energy O1s shoulder and C1s peak both shrank slightly,
to areas of 0.32 and 0.19, respectively, relative to the main O1s peak (Figure 4.7).

Annealing at ~800°C for 3.5 hours in the gas cell in UHV caused the (V13xV13)-R33.7°
to disappear. The streaking in (001) directions was increased, with significantly higher intensity
diffuse (2x1) spots. The high binding energy shoulder on the O1s peak decreased to 0.14 relative
to the main O1s peak (Figure 4.7), while that of the Cls peak decreased to an area of 0.13.
Annealing at ~800°C for 8 additional hours in gas cell in UHV caused the diffuse (2x1) spots to
become more distinct and well resolved (Figure 4.8). The high binding energy shoulder on the
O1s peak decreased further to an area of 0.10 relative to the main O1s peak (Figure 4.7). The

C1s peak area remained approximately the same, at 0.14 relative to the main O1s peak.

4.3.4: H,0 on the (2x1) reconstruction

A fresh sample with a (2x1) reconstruction (Figure 4.9), similar to that exhibited after
annealing the (V13xV13)-R33.7° sample, was introduced into SPEAR. The sample had been
prepared by annealing at 950°C for five hours in air. The TED showed a weak (2x1)
reconstruction with some streaking in the (100) directions, with the streaks partially resolving
into a series of other spots with a (5x1) periodicity (Figure 4.10). XPS spectra showed a sizable
shoulder on the 1.7 eV higher in binding energy than the main O1s peak, with an area of 0.19
relative to the main O1s peak (Figure 4.11). Additionally, there was a sizable C1s peak present,

with an area of 0.29 relative to the main O1s peak.



105

Figure 4.9: (2x1) surface structure with top bulk layer. Top: Clean surface. Bottom: H,O

saturated surface. TiOs trigonal bipyramids in blue, TiOg octahedra in yellow, strontium cations

in orange, oxygen anions in red, and hydrogen cations in black.

Upon annealing the sample in 2x107 torr O, at 750° C for 5 hours in the gas cell, the streaking in
the TED pattern went away, as did the incipient (5x1) periodicity present in the streaks. The

(2x1) reconstruction became clearer (Figure 4.12). The XPS spectra showed no remaining C1s



106

Figure 4.10: (2x1) diffraction pattern with streaks in the (100) directions nearly resolving into a

(5x1) reconstruction from a sample annealed in air at 950°C for 5h.

peak. The high binding energy shoulder on the O1ls peak remained, only slightly decreased in
size relative to the main O1s peak (0.11) (Figure 4.11). It was slightly closer to the main O1s
peak, separated by 1.6 eV on the 45° scan and 1.8 eV on the 25° scan. The ratio of the Ti2p:Sr3d

peak areas also increased, from 0.99 prior to the anneal, to 1.33. Small particles were observed
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Figure 4.12: (2x1) diffraction pattern with decreased streaking and no indications of a (5x1)

reconstruction following annealing at 750°C in 2x107 torr O,. High pass filter applied to left

half of image to enhance visibility of (2x1) diffraction spots.
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Figure 4.13: Dark-field TEM image showing TiO, particles growing on the surface of SrTiOs.
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Figure 4.14: TED pattern from an area of the SrTiO3 sample with TiO; particles on the surface.

to grow on the surface during annealing (Figure 4.13). The presence of interference fringes
indicated that the particles were crystalline. Similar growth has been reported in the literature,
with the particles identified as titanium oxide.”*™ TiO, rutile has a tetragonal structure (space
group P4,/mnm, # 136) with lattice constants a = b = 4.594 A and ¢ = 2.959 A. Extra spots from

the small particles were measured at 1.5 and 2.3 A on diffraction patterns taken from areas with
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these particles (Figure 4.14). This matches well with the expected distances of the TiO, (002)
and (200) spots of 1.479 A and 2.297 A, respectively.

The sample was the exposed to air and re-introduced to SPEAR, using a cold trap instead
of baking. Upon exposing the sample to air for ~1 hour, the XPS of the sample remained largely
unchanged. No C1s peak was present, indicating that the sample had not adsorbed CO, during
the exposure to air. The high binding energy shoulder on the Ols peak grew to an area 0.18
relative to the main O1s peak (Figure 4.11). TED analysis was not completed, as the sample was
dropped while attempting to introduce it into the UHV-TEM. However, it is expected that the

reconstruction would not have changed as the sample was not raised above room temperature.

4.3.5: Calculations of H,0 and CO, on unreconstructed Sr- and Ti-terminations

A total of 20 different possible adsorbate geometries were calculated: four for H,O on
the strontium termination, six for H,O on the titanium termination, five for CO, on the strontium
termination, and three for CO, on the titanium termination. It was found that water adsorbs and
dissociates on the strontium termination, but adsorbs as a molecule on the titanium termination.
Carbon dioxide, on either termination, adsorbs by forming a bond between the carbon and a
surface oxygen, resulting in a trigonal planar CO3 species, with the oxygens bonding to surface
cations.

On the strontium termination, one H,O molecule adsorbs per (1x1) surface unit cell. The
optimal geometry for H,O adsorption has a hydroxide group bridging between two surface
strontium atoms with the remaining hydrogen bonded to a surface oxygen (Figure 4.15). Each

surface strontium is bonded to two hydroxides, and each surface oxygen is bonded to a single
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Figure 4.15: SrO (1x1) termination with H,O (top) and CO, (bottom) adsorbed. Titanium

octahedral in blue, strontium in orange, oxygen in red, carbon and hydrogen in black.
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hydrogen. The hydrogen atom is pointed in the direction of the hydroxide group. The hydrogen
of the hydroxide group points nearly straight up from the oxygen, which is shifted slightly
towards the other hydrogen. The structure has an energy 0.81 eV lower than that of the clean
surface plus a gaseous H,O molecule. It is also 0.24 eV lower in energy than a H,O molecularly
adsorbed to the surface. Two different starting models arrived at essentially the same final
lowest energy configuration, indicating that it is not highly dependent on starting geometry. The
fact that molecularly adsorbed H,O is 0.57 eV lower in energy than the clean surface plus free
H,O indicates that it will readily adsorb. That the dissociated water is significantly lower in
energy indicates that it will then dissociate, provided that any kinetic barriers can be overcome.

On the titanium termination, one H,O adsorbs per unit cell, but it does not dissociate.
The oxygen binds to the surface titanium, with the two hydrogen atoms pointed in the direction
of the surface oxygen (Figure 4.16). The optimized structure has an energy 0.99 eV lower than
that of the clean surface plus a gaseous H,O molecule. This indicates that H,O will readily
adsorb on the unreconstructed TiO, termination.

Carbon dioxide adsorbs on the strontium termination as a CO3 trigonal planar species.
The carbon bonds to a surface oxygen, with the two oxygen atoms from the CO, rearranging to
create the trigonal planar geometry (Figure 4.15). The oxygen atoms from the CO; each bridge
two surface strontium atoms. Half the surface oxygen atoms are bonded to a carbon atom, while
each surface strontium atom bonds to two oxygen atoms from the CO,. The optimized structure
has an energy 1.15 eV lower than that of the clean surface plus a gaseous CO, molecule. 1t is

also 0.91 eV lower in energy than a CO, molecularly adsorbed to the surface. Two different



114

Figure 4.16: TiO, (1x1) termination with H,O (top) and CO, (bottom) adsorbed. Titanium

octahedral in blue, strontium in orange, oxygen in red, carbon and hydrogen in black.
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starting models resulted in CO, species of similar geometry, indicating that the structure is in
general the most stable configuration, independent of starting geometry. In total, one CO,
molecule adsorbs every two (1x1) surface unit cells. Doubling the CO, coverage caused the
energy to increase by 0.88 eV per CO, molecule (each only 0.27 eV lower than the clean surface
plus a free CO, molecule). The fact that the molecularly adsorbed CO, was 0.24 eV lower in
energy than the clean surface plus a free CO; indicates that it will readily adsorb to the surface.
The much lower energy of the COj3 species indicates that it will be the end result of such an
interaction, any Kkinetic barriers notwithstanding.

Carbon dioxide adsorbs on the titanium termination as a COg trigonal planar species as
well. The carbon bonds to a surface oxygen, with the two oxygen atoms from the CO,
rearranging to create the trigonal planar geometry (Figure 4.16). Each then bonds to a surface
titanium. Each surface titanium is bonded to one carbon, but only one quarter of the surface
oxygen are bonded to an oxygen from the CO,. In total, one CO; adsorbs for every two (1x1)
unit cells. Such a coverage is saturated, as every surface titanium has its coordination sphere
fully occupied (distorted but full octahedral coordination). The optimized structure has an
energy 1.22 eV lower than the clean surface plus a free CO, molecule. Molecularly adsorbed
CO; is 0.21 eV lower in energy than the clean surface plus a free CO, molecule (1.01 eV higher
in energy than the COj trigonal planar species). This indicates that, again, CO, will readily
adsorb to the surface, and then should reconfigure to the COj3 species, unless prevented by

kinetic barriers.
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The DFT calculations do not take entropy into account, and gaseous molecules will have
greater entropy than molecules adsorbed onto a surface. This would make the adsorbed species
somewhat less favored than the numbers from the calculations suggest. The gas phase entropy of
CO, and H,0 are known to be 213.8 J/mol-K and 188.8 J/mol-K, respectively.”® As the entropy
of the molecules adsorbed on the surface is not known, the actual difference in free energy at a
given temperature cannot be calculated. The temperature at which the free molecule would be
equal in free energy (DFT calculated energy plus entropy correction) to the DFT calculated
energy of the adsorbed species was calculated to be 412K and 507K for H,O on the strontium
and titanium terminations and 520K and 552K for CO; on the strontium and titanium
terminations, respectively. This temperature is an estimation of what temperature would be
required to remove the adsorbates from the surfaces.

However, the real temperature at which the adsorbed species will be equal in free energy
to the free molecules is higher, as there will be a non-zero entropy term in the adsorbed
molecules’ free energy. To get an idea of how much higher this may be, we can calculate at
what temperature the adsorbates would no longer be favorable if the adsorbed species had half
the entropy of the bulk species. Note that this is almost certainly an overestimation, and should
be taken not as an approximate value but as an upper bound. In such a case, the temperature at
which a free molecule would be equal in free energy to the adsorbed species would be 825K and
1014K for H,0 on the strontium and titanium terminations, and 1040K and 1104K for CO, on
the strontium and titanium terminations, respectively. Preliminary calculations of the vibrational

frequencies of the adsorbed species indicate that the adsorbed H,O species have significantly
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higher energy vibrations than the CO, species. Thus for the adsorbed H,O species this may be a
reasonable upper boundary for the thermodynamic stability of an adsorbed species. For species
which are rigidly bound, such as a COs* group, this is probably a significant overestimation. A
more reasonable upper boundary might be to consider if the adsorbed COs* species had one
quarter the entropy of the free CO, molecule. In such a case, an adsorbed and a free CO,
molecule will be equal in energy at 693K and 737K on the strontium and titanium terminations,
respectively.

Both H,O and CO, bind more strongly to the titanium termination than to the strontium
termination. On both terminations, the CO, binds more strongly than the H,O. The difference
on the titanium termination is smaller than on the strontium termination. When the entropy of
the gaseous molecules is considered, the difference between H,O and CO, on the titanium
termination is less than half of the difference between H,O and CO, on the strontium
termination. This may be decreased further or even reversed, depending on the entropy of the
adsorbed species. However, it seems likely that there could be competition between H,O and

CO,, as to which will bond to the surface.

4.3.6: Desorption calculations for H,O on the (2x1) structure

For the (2x1) structure, where wet and dry models both exist, a temperature at which the
adsorbed species will be equal in free energy to a gaseous species can be estimated from the
known gas phase entropy. An H,O molecule dissociated on the (2x1) structure was calculated to
be 1.44 eV lower in energy per H,O molecule than a gaseous H,O molecule and a dry (2x1)

structure. Assuming no entropy for the adsorbed species, the energy of the adsorbed and free
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H,0 molecules will be equal at 738K. If the adsorbed species had half the entropy of the free

molecule, then they would be equal in energy at 1475K.

4.3.7: Bond valence sums for structural models

Bond valence sums were calculated for all structures considered for which atomic level
models are available: the unreconstructed titanium and strontium terminated (1x1) surfaces, both
clean and with CO, and with H,O adsorbed; the (2x1) surface, both clean and with H,O
adsorbed; and the clean c(4x2) structures. No accurate models for the (vV13xV13)-R33.7°, the
c(4x2) structure with H,O adsorbed, or for any reconstruction with CO, adsorbed, were
available.

The unreconstructed strontium termination is significantly undercoordinated, and
adsorbing either CO, or H,O improves the bond valence sums significantly (Table 4.1). The
surface instability index of the clean surface is high at 0.29, mainly due to the under-coordinated
surface strontium and oxygen (for strontium BVS = 1.78 and for oxygen BVS = -1.50). The
coordination of the surface strontium and oxygen is increased and the surface instability is
consequently lowered by adsorbing either CO, (SIl = 0.11, BVS = 2.21 or 2.22 for strontium and
BVS =-2.17 or -1.96 for oxygen) or H,O (SI1 = 0.13, BVS = 2.02 for strontium and BVS = -2.15
for oxygen).

The unreconstructed titanium termination is less undercoordinated than the strontium
termination (SIl = 0.24, for titanium BVS = 3.75 and for oxygen BVS = -1.88). The under-

coordination is also improved by the adsorption of either CO, or H,O (Table 4.2), but the overall



Table 4.1: Bond valence sums and multiplicity (per (1x21) unit cell) for SrO terminated

unreconstructed SrTiO3 (100) surface, both clean and with H,O and CO, adsorbed, showing

surface and top two bulk layers.

Clean H,O CO;

sl 0.29 0.13 0.11
Atom | Mult. | BVS | Atom | Mult. | BVS | Atom | Mult. | BVS
H 1 [101] Cc | 05 |387
H 1 |103] O | 05 |-2.00
0 1 [-191] O | 05 |-2.00
Surface | Sr 05 | 1.78 | Sr 1 202 | Sr 05 | 221
sr |05 [178] O 1 |-215] sr | 05 | 222
O | 05 [-1.50 0O | 05 |-217
O | 05 |-1.49 O | 05 |-1.96
Ti | 05 |413| Ti 1 |426] Ti | 05 | 405
i Ti | 05 |412| O 1 |[-213] Ti | 05 | 401
suk |0 | 05 [-222] © 1 |-214] O | 05 |-2.02
Layer | O | 05 |-222 O | 05 [-2.07
O | 05 [-2.22 O | 05 [-2.02
O | 05 [-222 0O | 05 [-2.07
nd st | 05 [209] sr | 1 |218] sr | 05 |212
sy LS| 05 [209 ] © 1 |-216] sr | 05 | 2.08
Layer | O | 05 [-198 O [ 05 [-2.23
O | 05 |-1.98 O | 05 [-1.99

119

coordination is better for adsorbed H,O (SII = 0.15, titanium BVS = 4.13, oxygen BVS = -1.98)

than for adsorbed CO, (SII = 0.21, titanium BVS = 4.21, oxygen 2.04 > BVS > -2.41).

The c(4x2) structure’ is reasonable (SII = 0.17) (Figure 4.1 and Table 4.3). There is a

slight over-coordination at the surface, particularly for the oxygen shared by all four titanium

polyhedral (BVS =-2.56). No atomic scale model of the surface with adsorbates is available.
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Table 4.2: Bond valence sums and multiplicity (per (1x1) unit cell) for TiO, terminated
unreconstructed SrTiO3 (100) surface, both clean and with H,O and CO, adsorbed, showing

surface and top two bulk layers.

Clean H,O CO;

sli 0.24 0.15 0.21
Atom | Mult | BVS | Atom | Mult | BVS | Atom | Mult | BVS
H | 1 |101] c |o05]391
H | 1 [102] O |05 [-1.89
O | 1 [-223] 0 [o05 |-101
Tit | 1 [375] Ti | 1 [413] Ti |05 ] 42
Surface | 011 | 2 [-1.88| O | 1 [-1.97| Ti | 05 | 422
O | 1 [-299] O [ 05 [-204
O | 05 |-2.05
O | 05 |-241
O | 05 |-2.28
o SB[ 1 [225] St | 1 [222] Sr | 05 | 226
sk | ©8 | 1 [-2387] o [ 1 |-226] sr [ 05 [233
Layer O | 05 |-215
O |05 ]-216
Ti2 | 1 [423] Ti | 1 [423] Ti [ 05415
ou | 012] 2 [205] O | 1 [-208] Ti |05 |415
Bulk O | 1 [211] 0 [ 05 [-209
Layer O | 05 |-2.09
O |05 ]-21
O | 05 |-2.07

The clean (2x1) surface (Figure 4.9)% is also under-coordinated (SIl = 0.22, titanium
BVS = 3.92 or 3.65, oxygen BVS = -1.74, Table 4.3). Adsorption of H,O™ improves the

coordination of the surface atoms significantly (S11 = 0.12, titanium BVS = 4.02 or 4.13, oxygen
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Table 4.3: Bond valence sums and multiplicity (per (1x1) unit cell) for (2x1) (both clean and

hydroxylated) and c(4x2) structures, showing surface and top two bulk layers.

Clean (2x1) Hydroxylated (2x1) c(4x2)
Sl 0.22 0.12 0.17

Atom | Mult. | BVS | Atom | Mult. | BVS | Atom | Mult. | BVS

H 05 | 1.00

H 0.5 | 0.99

O(H,0)| 05 |-2.01
Ti | 05 | 392 Ti 05 | 413 | Ti | 05 | 4.07
Surface | Ti 0.5 | 3.65 Ti 0.5 | 4.02 Ti 0.5 | 4.03
0 05 |-1.74 0 05 |-204| O 1 [-1.93
o) 05 |-1.74 0 05 |-216] O | 025 |-2.20
o) 05 |-2.25 0 05 |-213| O 05 |-2.02
0 05 |-2.02 0 05 |-204| O | 025 |-256
Ti | 05 | 411 Ti 05 | 410 | Ti | 025435
Ti | 05 | 425 Ti 05 | 418 | Ti | 05 | 4.02
15t o) 05 |-2.14 0 05 |-1.82] Ti | 025 | 430
Bulk 0 05 |-1.94 0 05 |-218| O 05 |-2.03
Layer | O 05 |-1.93 0 05 |-208| O 05 |-2.15
o) 05 |-2.40 0 05 |-216| O 05 |-2.20
0 05 |-1.94
ond Sr | 05 | 230 Sr 05 | 226 | Sr 1 | 223
LS 05 | 2.42 Sr 05 | 238| O | 025 |-2.18
Ea‘;er O | 05 |217] O 05 |216| O | 05 |-2.23
o) 05 |-2.26 0 05 |-230| O | 025 [-2.09

BVS =-2.04 or -2.16, Table 4.3). The bond valence sums for the adsorbed oxygen and hydrogen
atoms closely approximate the expected values (hydrogen BVS = 0.99 and 1.00, oxygen BVS =

-2.01).



122

4.4: Discussion

Previous DFT calculations” have indicated that water adsorbs and dissociates on the
(2x1) structure very favorably. This is confirmed by bond valence sum calculations, where the
bonding of an OH™ and H* to the most undercoordinated atoms in the initial structure greatly
improves the surface instability index (Table 4.3). The c(4x2) is more stable as a dry surface in
DFT calculations.” The bond valence sums show that there are no undercoordinated species at
the surface which are likely to adsorb water (Table 4.3). This agrees well with the current XPS
and annealing study, where water desorbed easily from the c(4x2) structure, but not from the
(2x1) structure. Likely some of the water was removed from the (2x1) structure upon annealing,
since the OH peak dropped to about half of its original size. However, following annealing the
OH peak on the (2x1), the peak was significantly larger (relative to the main O1s peak) than OH
peak on the c(4x2) sample. This suggests that OH is chemically bonded to the (2x1) structure,
but on the c(4x2) structure the high binding energy shoulder on the Ols peak comes from
physisorbed H,0.

There exists a (2x2) structure’”"® (Figure 4.17) which, like the c(4x2), is predicted to be
dry, as there are no significantly under-coordinated ions to which surface species might bond.
Due to the presence of a glide plane and the consequent forbidden diffraction spots, the
diffraction spots will be in the same locations as those of the (2x1) structure. Without
quantifying the intensities, it is impossible to distinguish the (2x1) and (2x2) structures by
diffraction methods alone. Other methods, however, such as examining the hydroxyl groups on

the surface, will easily distinguish the two reconstructions. In previous experiments where a



123

Figure 4.17: SrTiO3 (2x2) structure with top bulk layer. TiOs trigonal bipyramids in blue, TiOg

octahedra in yellow, strontium cations in orange, oxygen anions in red.

(2x1) diffraction pattern was deduced from the location of diffraction spots only, it may in fact
have been a (2x2) structure. This is true as well for the previous sightings of the (2x1)
diffraction pattern in this study where XPS spectra were not obtained. The finding that OH is
chemically bound to the surface of the sample analyzed here via XPS indicates that this sample
is, in fact, the (2x1) and not the (2x2) structure.

The (V13xV13)-R33.7° structure also has chemically bound OH groups, similar to the
(2x1). As there is no definitive model for the (V13xV13)-R33.7° structure, however, it is difficult
to analyze further. The (2x1), (2x2), and c(4x2) all have the same amount of excess TiO; at the

surface (9.6 TiO, / nm?). All preliminary models for the (V13xV13)-R33.7° have less excess
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TiO, at the surface. It is proposed, therefore, that that the amount of titanium enrichment at the
surface is determining whether the (V13xV13)-R33.7° or one of the other reconstruction forms.

Annealing in oxidizing conditions has been seen by previous group members to lead to
increased TiO, at the surface,® although the mechanism by which it occurs is still unknown. It
would not be surprising if longer or hotter annealing led to increased TiO, surface enrichment.
This would explain why the (¥13xV13)-R33.7° reconstruction was replaced by diffuse spots
related to a (2x1) pattern, and why TiO, grew upon the (2x1) surface following annealing. As
the (V13x113)-R33.7° structure became richer in TiO,, it transformed into the (2x1) structure (or
perhaps a combination of (2x1) and (2x2) structures). The continued presence of the OH
shoulder in the XPS spectra indicates that it is not solely the dry (2x2) structure. While some of
the hydroxyl groups were removed, many rearranged into a hydroxylated (2x1) structure. When
the surface TiO, on the (2x1) was enriched through annealing, it presumably could not form a
more TiO; rich reconstruction. (No reconstructions with more TiO, rich structures are known.)
Instead, islands of TiO, formed on the surface.

Because the conditions at which the (V13xV13)-R33.7° and (2x1) are formed overlap,
something beyond the annealing conditions must also effect which reconstruction forms. The
titanium enrichment of the surface prior to annealing is probably a primary determinant of which
reconstruction forms. Three factors generally determine the amount of titanium enrichment on a
sample: the initial state of the sample, the annealing time, and the annealing temperature.
Annealing increases the titanium enrichment, with higher temperatures leading to faster rates of

enrichment. As the titanium enrichment increases, first a (V13xV13)-R33.7° and then a (2x1)
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structure forms. The initial titanium enrichment prior to annealing will determine what
additional amount of enrichment is necessary to obtain each structure.

The difference in the titanium enrichment of the initial sample can most likely be traced
back to the Ar™ ion sputtering. During the final stage of sample preparation, Ar* ions are used to
sputter the sample and do not necessarily effect each sample equally. Preferential sputtering of
different elements can occur due to the differences in atomic mass and the surface binding
energy of the different elements. Additionally, the sputter yield depends on the incidence angle,
the energy of the Ar’ ions, and the orientation of the sample. A grazing incidence angle is
preferred to maximize the thin area, but due to the shadowing effect of the dimple, not all
samples are sputtered with the same incidence angle. Initially, 6 k\V Ar* ions are used, and as the
sample becomes thinner, the energy is decreased. The final energy was not always the same
from sample to sample, nor was the ion current at a given energy or the time for which the
sample was sputtered. Finally, the in-plane sample rotation was not measured, and was certainly
different for each sample. All of these variations between samples could result in different initial
unreconstructed surfaces for each sample. It is proposed that in future work, they should all be
measured to control for these variations.

As mentioned above, the (2x1), (2x2), and c(4x2) reconstructions have equal amounts of
titanium enrichment. A different mechanism must therefore be responsible for determining
which of these reconstructions if formed. The greatest difference in the chemistry of these
structures lies in the hydroxyl groups on the surface. On c(4x2) surface, the high binding energy

shoulder on the O1s peak is removed by annealing at 300°C, indicating that it is likely from
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physisorbed H,O. The (2x1) reconstructions, on the other hand, has chemisorbed hydroxides,
which are not removed by annealing at temperatures as high as 750°C. In the models of each,
the dissociated H,O is bonded to some of the most under-coordinated surface species, and
improves the coordination of the surface structure. Unlike the (2x1) reconstruction, the c(4x2)
has no under-coordinated species on the surface to which adsorbates would be likely to strongly
bind. This suggests that hydroxide may be playing an important role in surface structure
formation. Similar phenomena have recently been seen on the MgO and NiO (111) surfaces.””®
If hydroxide is influencing surface structure formation, that fact would go a long way towards
explaining why different reconstructions are sometimes observed under substantially equivalent
preparation conditions.

It is expected that the unreconstructed surface will be hydroxylated. The calculations of
CO; and H,0 on the unreconstructed surfaces show that both CO, and H,O bond favorably to
either termination. On the strontium termination, CO, binds significantly more strongly than
H,O. This is supported by the bond valence sums, where CO, adsorption improves the surface
instability index significantly more than does H,O adsorption. On the titanium termination the
H,0 bonds nearly as strongly as CO,. The bond valence sums indicate that while CO, improves
the surface instability index somewhat, H,O improves it far more. Considering the entropy of
the adsorbed species, it is likely that H,O is stable to a significantly higher temperature than CO,.
Even at the upper bound, however, H,O adsorbed on the titanium (1x1) termination would only

be stable to 1014K (741°C), significantly lower than the annealing temperatures used.
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Up until some temperature (for the titanium (1x1) surface T > 234°C, but probably T <
741°C), H,0 will be thermodynamically more favorable as a species adsorbed on a surface than
as a free molecule. Above that temperature, not all H,O would be immediately removed. As
H,O are removed, the remaining H,O may exhibit increased thermodynamic stability. This
likely explains why the OH shoulder in the XPS spectra decreased but did not disappear on the
(2x1) sample following annealing in SPEAR. For the unreconstructed terminations, however,
H,O does not bond particularly strongly, and at the annealing temperatures used it is probable
that a dry surface plus gaseous H,O is lower in energy than the (partially) hydroxylated surface.
If adsorbed H,0 is thermodynamically unstable on the unreconstructed surface at the annealing
temperatures used, then the initially adsorbed species will not lead to a hydroxylated
reconstruction.

The surface will not be completely dry when annealed in air (or any other moist
atmosphere), even at elevated temperatures, as long as sites to which H,O can adsorb remain.
Instead, a dynamic equilibrium will be established. The adsorbed H,O molecules will be leaving
the surface at some rate, which will depend on the concentration of adsorbed H,O molecules.
(For molecularly adsorbed H,O it is most likely first order dependent upon [H,O], while for
dissociated OH+H it may be first order dependent on either [OH] or [H], or second order
dependent on [OH][H]. While this dependence will be critical for a quantitative assessment, a
qualitative assessment can be made without precise knowledge of the rate law.) At the same
time, molecular H,O from the atmosphere will collide with the surface, forming adsorbed H,O or

OH™ + H". This rate will be dependent on the concentration of H,O in the annealing atmosphere
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and on the number of sites on the surface at which H,O can adsorb. As H,O desorbs from the
surface, the concentration of adsorbed H,O on the surface will decrease, and therefore so will the
rate at which H,O leaves the surface. Additionally, the number of locations at which
atmospheric H,O can bind will increase, and consequently so will the rate at which atmospheric
H,O forms adsorbed H,O. (Any changes in the rate of adsorption due to an increase in the
atmospheric H,O concentration will be minimal for an open system.) As H,O desorbs, the rate
of desorption will decrease and the rate of adsorption will increase. At some point these rates
will become equal, and a dynamic equilibrium will be reached. The position of the equilibrium
cannot be determined without greater knowledge of the rate laws and the activation energy.
However, some further assessments are possible.

The hydroxyl coverage during annealing will be in large part dependent on the rate at
which gaseous H,O molecules strike the surface. Calculating the rate at which gaseous particles
collide with the sample surface is straightforward. The root mean square velocity of a gaseous

particle is:

w
==
~

Urms =

while the average velocity of a gaseous particle is:

Uavg = T-m

where k is Boltzmann’s constant (1.38x10% kg-m?/s®K), T is the temperature in Kelvin, and m

is the molar mass of the particle. Using a molar mass of 28.97 g/mol (0.02897 kg/mol, the molar
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mass of dry air) and a temperature of 950°C (1223K) the average speed of an air particle is 945
m/s. The time (in seconds) between collisions of a particle with a unit area can then be derived

from standard pressure calculations to be:

m'vl

YCAPN

where v, is the velocity perpendicular to the surface (in m/s), A is the area (in m?), P is the
pressure (in kg/m-s?), and N is Avogadro’s number (6.022x10% particles/mole). v, will be
Vavg:COS(45°) = 669m/s at 950°C, the area of a (1x1) unit cell is (3.905x10™'° m)? = 1.525x10™
m?, and atmospheric pressure is 101,325 kg/m-s>. An air particle will therefore strike each (1x1)
unit cell every 2.08x10° s at 950°C and atmospheric pressure. 4.80x10° air molecules will strike
each (1x1) unit cell every second.

The frequency with which a water molecule strikes the surface will also depend on the
humidity of the air at the time of the anneal. This can vary greatly. For example, 100% relative
humidity at 35°C (95°F) will have an absolute humidity of 5.55%, while 10% relative humidity
at -15°C (5°F) will have an absolute humidity of 0.02%, a difference of more than two orders of
magnitude. The numbers chosen as illustration are possible in summer and winter, respectively,
but are not common. They should be viewed as boundaries of what would be possible when
annealing in air. However, differences in atmospheric humidity of an order of magnitude are
quite common and differences of two orders of magnitude are possible.

At these two extremes, 2.67x10° and 1.13x10° atmospheric H,O molecules will strike
each (1x1) unit cell per second, respectively. Many of the molecules will not stick to the surface,

striking in the wrong geometry or with insufficient kinetic energy, although at 950°C most will
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have sufficient kinetic energy. The sticking coefficient will be the same in both cases, meaning
that the rate of H,O adsorbing will be proportional to the absolute humidity. Thus the amount of
H,0 adsorbed on the surface at equilibrium will also be proportional to the absolute humidity.

With ~10" H,0 molecules striking each (1x1) unit cell per second, the surface may well
be sufficiently hydroxylated that it will form a structure which stabilizes adsorbed hydroxyl
groups. Formation of a dry structure, such as the c(4x2), may only be possible in significantly
drier atmospheres. To form a dry structure, there would have to be sufficiently few hydroxyl
groups so that the surface would rearrange to a structure on which adsorbed hydroxyl groups are
not highly stabilized. Only after the rearrangement occurred and there were no sites at which
H,0 would adsorb could the surface become completely dry. During the course of this study, the
c(4x2) structure was only found on samples annealed in the colder months, when humidity
would have been lower. For example, the c(4x2) sample which is discussed in detail in this
chapter was annealed on November 23, 2009. However, the atmospheric conditions were not
recorded, and therefore the formation of dry reconstructions only in particularly dry atmospheres
cannot be confirmed at this time from these experimental results.

Perhaps more convincing is the fact that in previous studies when the c(4x2) structure
was observed reproducibly in this group, it was normally (although not always) annealed in an

atmosphere of flowing O, rather than air.®>"

Although O, from a gas cylinder will not be
completely void of H,0, especially when viton seals are used to connect the gas line to the tube
furnace, it will be significantly drier than air. In such conditions, the amount of hydroxide on the

surface will be far less at the point of dynamic equilibrium. A structure can then form which is
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less stable for adsorbed H,O but more stable without hydroxyl groups. This does not mean that
the (2x1) structure cannot be formed in a dry atmosphere. Indeed, it is likely to do so if the
temperature is low enough that the initial hydroxyl groups will not desorb.

The (2x2) structure is in some ways an intermediate structure between the (2x1) and
C(4x2) structures (Figure 4.18). By moving a single titanium cation per (2x2) unit cell to a
nearest neighbor vacant cation site, either the (2x1) or c(4x2) structure can be created.
Conversely, to go between the (2x1) and c(4x2) structures by moving titanium cations to nearest-
neighbor vacant cation sites would require two such steps, the first of which would form the
(2x2) structure. It is thus unlikely that a wet (2x1) structure would transition directly to a c(4x2)

even if the hydroxyl groups were removed. More likely, if all the hydroxyl groups were

Figure 4.18: Proposed pathway for transformation of (2x1) (left) to c(4x2) (right) with (2x2)

(middle) as intermediate. To change from the (2x1) to (2x2) structures, sufficiently few
hydroxyl groups must be present to allow the titanium cations to arrange into a structure which is
less favorable for hydroxyl groups. TiOs trigonal bipyramids in green, TiOg octahedra in yellow,
strontium cations in orange, oxygen anions in red. Black arrows show titanium cation

movements necessary to transform to the next structure.
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removed, a (2x1) structure would transform into a (2x2) structure, with the diffraction pattern
remaining qualitatively the same. It is likely that any structure with an apparent (2x1) periodicity
which transformed to a c(4x2) was in fact a (2x2) reconstruction, and any c(4x2) structures
which transformed into a structure with an apparent (2x1) periodicity transformed instead to
(2x2) structures.

The hydroxyl groups on the (2x1) structure are significantly more stable than those on the
unreconstructed surfaces, as evidenced in this study and by previous DFT calculations’. The
annealing experiments in this study indicate that hydroxyl groups are bonded equally strongly to
the (V13xV13)-R33.7° structure. Once a hydroxylated structure has formed, it will be even more
difficult to remove the hydroxyl groups than it is to remove them from unreconstructed surfaces.
In these experiments, annealing in a H,O free environment at 750-800°C did not remove
hydroxyl groups from the (2x1) and (V13x13)-R33.7° structures. It is thus highly unlikely that
annealing a sample in a moist atmosphere at slightly higher temperatures would cause a
hydroxylated structure to transform to a dry structure.

Some of the hydroxide groups were probably removed when samples were annealed in
SPEAR, and the (V13xV13)-R33.7° and (2x1) samples were no longer saturated. However,
many hydroxyl groups remained on the (V13xV13)-R33.7° and (2x1) samples after annealing in
SPEAR for prolonged periods. It is possible that the kinetics of water removal are slow enough
to prevent the complete removal of hydroxide even after several hours, especially at low
hydroxide coverage due to the large distances protons must cross. It will also probably require a

higher temperature to remove all the H,O from the structures than to remove only the first few
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H,0 molecules. It is more likely, therefore, that while the temperature was great enough that a
saturation coverage with H,O was no longer stable, a partial H,O coverage still was stable.
Indeed, partial but incomplete removal of H,O 750-800°C indicates that the previous estimates
of desorption temperature using an adsorbed entropy of half the gaseous entropy may not be as

great an overestimation as initially expected.

4.5: Conclusions

It has been shown how increasing TiO, enrichment can lead to a change in the observed
reconstruction. It is further proposed that the initial state of the sample may influence which
reconstruction is initially observed. Sample preparation, especially Ar* ion milling, probably
leaves different samples in slightly different states. Some samples may be richer in surface TiO,
than others, which explains why structures of different TiO, richness are found following
annealing under identical conditions. Water also likely plays a role in determining which
reconstruction is observed. Surfaces annealed in humid air should remain sufficiently
hydroxylated during annealing to result in a surface structure which is stable with the inclusion
of the hydroxyl groups. Formation of a dry structure, on the other hand, requires dry conditions,
ranging from air with low humidity to dry flowing oxygen, and sufficient temperature to desorb

the hydroxyl groups on the sample prior to annealing.
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Chapter 5:
A Chemical Approach to Surface Science:

Bond Valence Analysis of SrTiO3; Surfaces
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5.1: Introduction

For many years an outstanding scientific problem has been how to understand in a
general fashion, ideally in a model with predictive power, the structure of solid surfaces. Many
theories about the driving forces behind surface structure formation have been put forward, such

»2 or a reduction of Coulomb forces,®* and surface

as a minimization of “dangling bonds
structures have largely been viewed as being inherently different from bulk structures. For polar
surfaces in particular there has been much discussion about mechanisms for “charge
compensation” and a general belief that such surface structures must be far different from the

bulk (see for instance 2%

and references therein). Recent results, however, have made it clear
that surface structures share more in common with the bulk than previously believed.”

Two fundamental approaches exist for understanding bulk structures: physical and
chemical. The former approach is generally based on minimizing the potential energy of a
structure, while the latter is based around understanding of localized chemical bonds. In bulk
structures, these methods are viewed as complementary, rather than in opposition. The physical
theories are often more rigorous, but in their rigor may miss critical insights that are readily
apparent in the chemical bonding model. Each, therefore, provides useful and important
information necessary for a fuller understanding of material structures.

Investigations of surface structures have been dominated by the physics approach, with
relatively little attention paid to a chemical bonding approach. Considering surface structures in

the manner that solid state inorganic chemistry considers bulk structures may prove to be a great

companion to the physics based investigations potentially leading to predictions of what surface
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structures may form and what reactions may occur, just as one can often predict what will form
in bulk reactions.

One common metric for analyzing coordination and bonding in solid state chemistry is
the bond valence sum (BVS) model,**"® which is an outgrowth of Pauling’s second crystal
rule®  The bond valence sum model is simple enough to be taught as part of many
undergraduate chemistry curriculums, and yet powerful enough to provide a good understanding
of structural chemistry and chemical bonding. A bond valence is assigned to each bond in a
structure dependent only on the types of ions involved in the bond and the bond distance.
Shorter bonds have higher valence, with the absolute value of the bond valence being relative to
the typical bond length between the two ionic species involved.

The bond valence method stems from analyses of accurate structural data for a large

number of different oxides. For all atoms the bond valence for each bond is calculated as:

Ro—R
BV =e b

where R is the bond distance, Ry is a standard bond distance for the types of ions involved, and b
is an empirically derived constant, normally a universal constant of 0.37. The bond valence sum
for an ion is equal to the sum of the bond valences for all the bonds surrounding the ion, with

positive values for cations and negative values for anions:

IBVS| = ZBV

Lower values indicate reduced species and higher values indicate more oxidized species, while
lower absolute values indicate lower coordination and higher absolute values indicate higher

coordination.
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A useful metric is the global instability index (Gll), the root mean square of the deviation

of the BVSs from the expected values for all atoms in the unit cell:

BVS — BVS,)?
GHZJZ( —5v5)

Where N is the number of atoms in the unit cell and BVSy is the expected bond valence sum. In
general, a lower global instability index is preferred, with room temperature structures typically
having Gl < 0.2.%0%

The most common use for bond valence sums is as a tool for structural validation, for
which there are literally thousands of examples in the literature. They are also an excellent tool
for determining oxidation states of different species in a compound. They have found many
other uses as well. For example they have been used to determine whether NiAl,O, was a

normal or inverse spinel®® for analyzing and interpreting incommensurate structures,®°

89,90

electronegativities,®” ligand field strengths,® nonlinear optical properties, and

thermoluminescence,®%

and have aided in the interpretation of multiple experimental methods,
including NMR* and XAFS.*

More relevant to the current analysis, the bond valence model has been used in
examination of solid-liquid interfaces. Most revolve around O® anions from solution bonding to
cations at a solid surface to compete the coordination sphere of the cations. Depending on
solution pH, the O* may also attract one or more H* ions, effectively leading to 0%, OH", H,0 or

HsO" bonding to the surface, with further hydrogen bonding to the solution.®*®® Additionally, it

has been pointed out that the valence sum rule should be obeyed for solid, liquid, and interface,
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and that the same types of bonds holding the solid or liquid together also occur at the interface,
and the bond valence approach has been used to determine how strongly a solid surface interacts
with a solution.’® 1t is likely that a similar approach could prove useful in dealing with surface
terminations in gaseous atmospheres or even in vacuum, where there is always some small bit of
residual gas.

Despite these many demonstrated uses in bulk structures, prior to this current work, bond
valence sums have only once been applied to surface structures. Ruberto et. al.’**'% yse bond
valence sums in their analysis of the polar x-Al,O3 (001) and (00-1) surfaces. According to
Tasker’s rules, the polar k-Al,O3 (001) and (00-1) surfaces should not exist.'%® For the most
stable of the 10 possible k-Al,03 (001)/(00-1) cleavage planes calculated by Ruberto and
coworkers, they found that the bonding essentially eliminated the polarity. They use the bond

I**) to an anion (0%).

valence as a measure of the number of electrons donated from a cation (A
By considering the bonding in this manner, the electrons donated from AI** to O% in their
relaxed structure lead to an essentially non-polar surface. By cleaving the k-Al,O3 (001)/(00-1),
the aluminum on the (00-1) surface breaks one Al-O bond which has a bond valence of 0.69,
essentially transferring 0.69 electrons to the (00-1) surface. At the same time, the aluminum on
the (001) surface breaks three Al-O bonds with a total bond valence of 0.99, which they see as
transferring 0.99 electrons to the (001) surface. The net electron transfer, then, is 0.30 electrons
lost at the (00-1) surface and gained at the (001) surface. This total charge difference of 0.60 is

very close to the amount (0.69) calculated by DFT as necessary to stabilize the Tasker surface

charge.
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While Ruberto and coworkers do not publish the full bond valence sums for all atoms in
their structure, nor do they publish the full atomic coordinates of their structure to allow for a
bond valence sum calculation to be completed by others, the bond valence analysis that they
publish is very significant. The fact that the x-Al,O3 (001) and (00-1) are relatively stable,
despite the predicted instability due to the Tasker’s polarity, goes far in demonstrating that ideas
of chemical bonding in general, and the bond valence model in particular, can play an important
role in understanding surface structures. This result is strikingly similar to initial physics
predictions which would hold that the ionic bonding model of NaCl would collapse into a
singularity. The ionic solid NaCl of course does not collapse into a singularity, and the simple
ionic bonding model was found to be a very robust model. Similarly the polar k-Al,O3 surface
was found to be relatively stable. Just as then modern physics was insufficient to describe NaCl,
Ruberto and coworkers find that Tasker’s rules are insufficient to describe supposedly polar
surfaces. Their study demonstrates how important it is to employ chemistry in conjunction with
physics, as one can often easily solve the problems that leave the other stumped.

This chapter first reviews the bond valence method and shows how bond valence sums
can work in a complementary manner with DFT surface calculations, similar to how they are
known to complement bulk DFT calculations. It then reviews several known and proposed
strontium titanate surface structures from a bond valence perspective. (In many cases structures
are published in the literature without making the full structure and atomic positions publically
available, preventing a full bond valence. As a consequence, with one exception, only those few

54,79

structures which have been made available publically available or which we have access
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29,60,72,104,105
to

are analyzed.) Finally, it examines a few cases where, similar to solid-liquid
interfaces, adsorbates from the atmosphere may be interacting with oxide surfaces. This is not
an exhaustive list, rather a representative set. A bond valence analysis will likely prove equally

useful to quite a few other surfaces.

5.2: Methods

Bond valence sums were calculated using the KDist program in the Kalvados program
suite.® Since DFT lattice parameters often differ from true lattice parameters, the volume of
structures from DFT calculations was changed isotropically to obtain the correct lattice
parameter. Bonding interactions upto 3.5 A were included in the calculation. A value of b =
0.37 was used in all cases. Standard Rq values of 2.118 A, 1.791 A, and 1.815 A were used for
Sr**-0% Ti**-0%, and Ti*~0%, respectively.”® A R, of 0.957 A, the O—H bond distance in
gaseous H,0, was used for H-0?",

Hydrogen bonding creates a slight difficulty, requiring different parameters for Ry and
perhaps even b for H-X bonds of different lengths due to the asymmetry of the O—H---O bond,
which is best modeled by different values for the short and long portions of the hydrogen bond
(see Brown* section 21 for more details). In the case of oxide surfaces, the problem is often
reduced, as the hydrogen may be external, not participating in a hydrogen bond. Due to the
many different values for Rq presented in the literature, it is still not immediately clear which are
the proper values to use. For this work, Ry = 0.957 A is used, the length of a O—H bond in

gaseous H,O, which would therefore give bond valence sums of exactly 1.00 and -2.00 for the
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hydrogen and oxygen in gas phase H,O. This was chosen as gas phase H,O would, similar to the
surfaces being considered, not have significant H---X interactions. For ease of calculation, b =
0.37 was maintained. While determining a R, value from a single parameter is far from an
optimal solution, it does prove sufficient for the small number of hydroxylated surface structures
considered here. A superior method would be determining a R, value from a survey of multiple
known hydroxylated surfaces, but such is beyond the scope of this current work.

The global instability index (GlI), surface instability index (SII), and bulk instability
index (BII) were calculated by hand from the bond valence sums and the atomic multiplicities.
The surface instability index and bulk instability index are calculated in the same manner as the
global instability index, except that only the atoms near the surface or in the central most
stoichiometric unit are included, respectively. It is not always easy to determine precisely what
atoms should be included in the surface instability index calculation. Generally, in order to
include any distorting effects that the surface might impart on the bulk, the surface and top bulk
layer were considered. On the SrTiO3 (110) surface, the top bulk-like O,* layer is significantly
distorted, and in the case of the (3x1) reconstruction the oxygen positions in that layer were even
found from the diffraction refinement. This layer, termed a linking layer as it forms a link
between the surface and the bulk, and the top SrTiO** layer were both included in the surface
instability index calculations, except where specifically mentioned otherwise. On other surfaces,
no such linking layer is defined, and simply the atoms that are part of the surface structure and

the top bulk layer are considered.
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Where needed DFT structural relaxations were performed using the all-electron Wien2k*®
code with an augmented plane wave basis set with the general gradient approximation (GGA)
defined by the PBE functional.”®* This functional is less accurate than the TPSSh functional used
in chapter 3, but is sufficient for the purposes of this analysis, as atomic positions are still well

enough converged to complete a relatively accurate bond valence sum analysis.

5.3: Bond valence sums and DFT structural relaxations

The bond valence model is known to provide complementary information to both
physical two body potential simulations and density functional theory calculations for bulk
structures; for instance it has been used to choose appropriate potentials for two body
simulations'® and to correct DFT bond lengths.”” In cases where data is available, physics based
calculations, experimental observation, and bond valence analysis all tend to agree. For
example, Etxebarria and co-workers found that global instability index calculations and DFT
energy calculations were in quantitative agreement when analyzing strain in SrBi;Ta;0.'%’

One clear indication that the bond valence model works well in coordination with
common physical models for surface analysis is the complementary nature of bond valence sums
and DFT structural convergence. As an example of this, Figure 5.1 shows data during a
structural minimization of a hydroxylated MgO (111) surface structure.>” The global instability

index and energy have nearly identical trends, demonstrating that most of the energy reduction

can be attributed to optimization of local bonding primarily at the surface. Note that the bulk
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Figure 5.1: Global, surface, and bulk instability indices and energy plotted as a function of

geometry optimization step. Energy is relative to the final energy.

instability index gets worse as would be expected; long-range strains from the surface
rearrangements perturb the bonding in the center of the slab.

Bond valence sums can also determine whether enough slabs have been used in the DFT
surface calculations. If sufficient slabs have been used, then the center will have bond valence
sums the same as the bulk structure. If too few slabs have been used, the bond valence sums will
differ from those of the bulk structure.

As an example, originally a model of the SrTiO3 (110) TiO faceted structure was

optimized with only 3 bulk SrTiO* and 4 bulk O,* layers, before expanding the calculations to
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the published structure with 5 bulk SrTiO*" and 6 bulk O,*.” In the former case, the number of
layers was too few as shown from a bond valence sum analysis (Table 5.1). To further the
comparison, a case with only 1 bulk SrTiO* and 2 O,* was calculated as well. While the bond
valence sums of the surface species were improved for models with smaller numbers of layers,

the bulk coordination was not sufficiently close to the bulk bond valence sums. In models that

Table 5.1: Bond valence sums for models of the DFT optimized SrTiO5 (110) TiO (1x1) surface
structure using a model with different numbers of slabs. *The SlI includes only the surface and
linking layers, not the 1% bulk layer: the 1 SrTiO layer model was so thin that including the top
(and only) SrTiO*" layer would make the Sl the same as the GlI, and thus not a useful metric for

comparison in this case.

5 SrTiO layers 3 SrTiO layers 1 SrTiO layer
Gll 0.31 0.30 0.39
SI* 0.57 0.44 0.43
BII 0.10 0.19 0.22
Layer | Atom BondSVaIence Atom Bond Valence Atom Bond Valence
um Sum Sum
Surface Ti 3.19 Ti 3.52 Ti 3.55
@) -1.21 0] -1.31 O -1.34
Linking @) -2.06 0] -2.20 0] -2.24
Sr 2.16 Sr 2.19 Sr 2.24
1 Ti 4.06 Ti 4.09 Ti 4.03
@) -1.96 0] -1.96 O -1.73
2 @) -2.12 0] -2.15
Sr 2.16 Sr 2.26
3 Ti 4.16 Ti 421
@) -2.11 0] -2.16
4 @) -2.09
Sr 2.11
5 Ti 4.14
@) -2.07
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are too thin, the surface contains a higher portion of the total atoms, and thus improving the
coordination of the surface atoms at the expense of the bulk atoms is favorable. Having bulk
atoms at the central layer with bond valence sums similar to the bulk is a necessary, but not
sufficient, condition for an accurate model.

Additionally, we have found that moving atomic coordinates to minimize the global
instability index can significantly decrease the cost of a DFT structural relaxation, reducing the
number of geometry steps by a factor of 2 in some cases. This can be done by hand, changing
the position of a few atoms in a structure so they have reasonable BVS values. In principle such
a refinement could be carried out in a matter of seconds on a standard laptop computer even for

large structures, although at present we are not aware of a code that can do this.

5.4: BVS of model oxide surfaces

5.4.1: SrTiO; (110)

The SrTiO3 (110) surface was discussed in detail in chapter 3. To briefly review, there
were 11 surface structures considered: six members of the homologous series, three
stoichiometric models, and two strontium faceted models.

The series of (nx1) reconstructions is composed rings of corner-sharing TiOy, tetrahedra,
with the number of tetrahedral per ring increasing in one dimension with n, until n=co, where the
length of the rings becomes infinite, and therefore the structure becomes infinite chains of

corner-sharing tetrahedral.” Alternatively, it can be thought of as composed of chains of corner
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sharing TiOyy, tetrahedra, which are interspersed by rings of corner sharing TiO,, tetrahedra
after every n tetrahedra in the chain. The pure chain (n=00) structure is under-coordinated, while
the pure ring (n=2) structure is over-coordinated, and optimal coordination is achieved by
interspersing the chains with rings at the proper interval. The structures which have the best
interval between chains and rings (n=3,4) have both the best bond valence sums, the best surface
instability indices, and are calculated to be the most stable via DFT.

For the first type of stoichiometric structure, half-O, (type A), the bond valence sums are
close to the bulk values, regardless of which of the two specific configurations of sites the top
oxygen occupy. Both had the same surface instability index of 0.21. This implies that structure
terminated by a half-filled O, layer might be reasonable, and further that it is not highly
dependent on the ordering of the missing O. The missing O could potentially be randomly
spread out along the surface, which might be expected for a cleaved sample which has not had
the opportunity to reconstruct to a more favorable structure. For the much higher energy half-O,
(type B) structure, the bond valence sums differ significantly from the expected values, with
some being over-coordinated and others under-coordinated. The surface instability index is
nearly double that of the half-O, (type A) surfaces (SIl = 0.41). This poor coordination agrees
Heifets and coworkers'® calculations that the half-O2 (type B) surface is high in energy.

The two Sr faceted models both show that the topmost Sr has a bond valence sum close
to the expected value, but that the oxygen from the top O, layer bonded to the surface Sr are
under-coordinated, while the oxygen on the top SrTiO bulk layer (directly below the surface Sr)

are over-coordinated. The degree of this under-coordination for the topmost O and over-
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coordination for the next highest O is greater for the (1x2) faceted model than for the (1x1)
model. However, on the (1x2) model they represent only half the proportion of the total number
of atoms in the structure. The species at the apex of the facet are those which have unfavorable
coordination, and therefore the less frequent an apex of the facet occurs, the more stable the
structure will be. This, however, is not sufficient to explain why the (1x2) model was calculated
to be more stable,® as the surface instability index remains significantly greater for the (1x2)
model (S1I = 0.33) than the (1x1) model (SII = 0.26). One possible explanation for this is that
the simple bond valence sum calculation does not fully reveal the instability of the strontium at
the apex. There are two basic chemical reasons why this would be unstable which are not
directly picked up by bond valence sums. First, more than half of the apical strontium’s
coordination sphere is empty, which would tend to make it unstable. Second, the apical
strontium has become unusually close to the titanium in the layer below it (3.00 A Ti-Sr distance
in the (1x1) model and 3.05 A in the (1x2) model, compared to 3.38 A in bulk SrTiOs). While
there is no easy way to quantify this using bond valence sums, it is possible that these
instabilities could account for the (1x1) structure being calculated to have a higher surface

energy than the (1x2) structure.

5.4.2: SrTiO; (111)

The only proposed surface structures for SrTiO3 (111) for which atomic coordinates are
available in the literature are the 10 small structures calculated by Marks et. al.>**® For the first
sets of comparisons, we will look at the sets of structures with the same stoichiometry, models 5

and 6, and models 7 and 8.
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Models 5 and 6 (Figure 5.2) are both stoichiometric structures. For model 5, there are
several surface atoms which are under-coordinated, and some bulk atoms which are over-
coordinated, but all are within 0.30 of the expected value. The structure could therefore be
considered reasonable. For model 6, however, the surface atoms are more drastically under-
coordinated. Indeed, one surface titainum is closer to Ti** than to Ti*" (BVS = 3.37 for Ti**-0%
Ro and BVS = 3.60 for Ti**~0% Ry), and that of a sub-surface Sr is 1.34, close to Sr**. This leads
to a significantly better surface instability index for model 5 than for model 6 (0.17 vs. 0.24),
which is in agreement with the DFT calculations® where model 6 was found to be higher in
energy than model 5 by more than half an eV/1x1 surface unit cell. Not that there is some over-
coordination deeper in both structures, indicating that they are likely not quite as good as the
surface instability index indicates.

Models 7 and 8 (Figure 5.3) both have an equal amount of excess TiO, at the surface.
For model 7, all atoms have bond valence sums near the expected value, except for the outer
most surface Ti, which is significantly reduced with a bond valence sum of 3.65. This suggests
some instability with this structure model, although mainly only in the area of one atom, and not
as extreme as have been observed in other model surface structures, and this model has a good
surface instability index (SII = 0.14). Model 8 had bond valence sums of bulk atoms which
differ significantly from the true bulk values. The innermost two titanium layers, for example,
all have bond valence sums > 4.30. The structure was therefore re-optimized via DFT with a
larger number of layers, after which the bulk layers matched bulk bond valence sum values

almost exactly, with a small change in surface free energy. The surface is somewhat under-
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Figure 5.2: SrTiO3 (111) models 5 (left) and 6 (right). Top: plan view. Bottom: profile view.

TiOg octahedra as yellow polyhedra, 3-coordinate Ti as blue spheres, Sr as orange spheres, and O

as red spheres. Unit cell outlined in black.
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Figure 5.3: SrTiO3 (111) models 7 (left) and 8 (right), Top: plan view. Bottom: profile view.

TiOg octahedra as yellow polyhedra, 3-coordinate Ti as blue spheres, Sr as orange spheres, and O

as red spheres. Unit cell outlined in black.
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coordinated, with bond valence sums of -1.84 for the top-most oxygen and 3.65 and 3.67 for the
two surface titanium, which leads to a surface instability index of 0.19. While relatively
reasonable, this is not as good as the values for model 7, which is calculated to be significantly
higher in energy (>1.5 eV/1x1 surface unit cell). As with the strontium faceted models on the
SrTiO3 (110) surface, the surface instability index and the DFT energies seem to disagree. There
are, however, two relatively simple chemical reasons why model 7 might not be as stable as it
seems through a bond valence sum analysis. Just as the apical strontium in the SrTiO3 (110)
strontium faceted models had more than half its coordination sphere empty, so too does the top-
most titanium on model 7. Additionally, to maintain a reasonable bond valence sum, the three
Ti—O bonds formed below the top-most titanium become very short (1.74 A), which also leaves
the titanium unusually close to the strontium directly below it (3.12 A, as compared to a bulk Ti—
Sr distance of 3.38 A).

Two other models, number 3 and 4 (Figure 5.4), were also valence compensated, i.e.
neither oxidized nor reduced. Model 3 is SrO rich at the surface, and has bond valence sums
reasonably close to the expected values: the surface Sr and O are only slightly under-
coordinated. One O in the top bulk SrO; layer is significantly over-coordinated (-2.43), but
otherwise the structure is very reasonable (SI1 = 0.17). Model 4 has one very under-coordinated
O at the surface (-1.56), and a slightly under-coordinated Sr in the top bulk layer (1.82). This
leads to a high surface instability index of 0.38.

For models 3, 4, 5, 6, 7 and 8 (Table 5.2), the overall best bond valence sums are found

in model 7, which as is discussed above, has problems with coordination geometry and Ti—Sr
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Figure 5.4: SrTiO3 (111) models 3 (left) and 4 (right), Top: plan view. Bottom: profile view.

TiOg octahedra as yellow polyhedra, TiOs square-pyramids as green polyhedra, TiO, tetrahedra

as blue polyhedra, Sr as orange spheres, and O as red spheres. Unit cell outlined in black.
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distance. Models 3, 5, and 8, have the next best surface instability indices, although model 5, as
noted above, has some problems in the sub-surface layers. Therefore we conclude that models 3
and 8, which form the convex hull in the DFT calculations,> are also overall the best in terms of
coordination chemistry and bonding. Model 5 is likely still the next best model in terms of bond
valence, and is close to the convex hull in the DFT calculations, while model 6 is distinctly
worse than model 5 in terms of both bond valence and DFT energy. Model 4, despite lying only
a short distance above the convex hull in the DFT calculations, has significant under-
coordination, as evidence by the high surface instability index. The original publication did not

claim that any of the calculated structures would exist as is, but simply tried to find motifs that

Table 5.2: Bond valence sums and multiplicity (per 1x1 unit cell) of atoms at the surface and in

the tow two bulk layers of SrTiO3z (111) surface structure models 3, 4, 5, 6, 7, and 8.

Model 3 Model 4 Model 5 Model 6 Model 7 Model 8
sl 0.17 0.38 0.17 0.24 0.14 0.19
Atom|Mult.|[BVS|Atom|Mult.|BVS|Atom[Mult.|BVS|Atom{Mult.|BVS|Atom|Mult.|BVS|Atom|Mult.[BVS
sr| 1 [1.84] o | 3 156 Ti [05](3.70] Ti [0.25(3.60{ Ti | 1 [365] Ti | 1 [367
Surface{f O | 2 |1.79 Ti |0.25(3.75] o | 3 [1.92] Ti | 1 [3.65
o| 3 185
Ti | 1 [403] Ti [ 1 [407] sr {05 |181| sro7s[r3a] Ti | 1 [415] sr [ 1 [218
sr | 0.5 [2.14] sr |0.25(2.06 o | 3 199
Btsltk o | 1 [eg o |75 |1es
Layer o |05 203 o .75 [-2.05
o |05 171 o [15}1.78
o| 1 205
i | sr| 1 [223] sr| 1 [182] Ti [05406| Ti |o.75]4.04] sr [ 1 [221] Ti | 1 412
Buk | 0 | 2 [209 o | 3 [2.23 Ti |05 [4.26] Ti |0.25[4.07] O | 3 |[2.05
Layer "o | 1 [2.43
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might possibly be present in observed surface reconstructions.> From a bond valence analysis, it
seems plausible that the motifs present in models 3 and 8, and possibly model 5, might appear in
actual surface reconstruction. Perhaps in some combination they might lead to a superior fit, as
was seen with the combination of 6-rings and larger rings in the (nx1) homologous series on the
(110) surface of SrTiO3.

There are also 3 reduced models (models 1, 9 and 10) and one oxidized model (model
2)** (Table 5.3). Model 1 (Figure 5.5) is terminated by a Ti*" layer, with titanium atoms in
relaxed bulk-like positions. The level of reduction for this structure would require 2 Ti** per 1x1

surface unit cell, however only one surface Ti is present per unit cell. This Ti is indeed Ti**, but

Table 5.3: Bond valence sums and multiplicity (per 1x1 unit cell) of atoms at the surface and in

the top two bulk layers of SrTiO3 (111) surface models 1, 9, and 10 (oxidized) and model 2

(reduced).
Model 1 Model 9 Model 10 Model 2
Sl 0.04 0.43 0.20 0.45
Atom [Mult.| BVS |Atom [Mult.| BVS [Atom|[Mult.| BVS |Atom[Mult.| BVS
Ti | 1 | 363 | Ti | 3 | 288
S;?g’ce Ti | 1 |38 | O | 1 |-178
Layer O | 3 |-208] O | 1 |-179
O | 1 |-202
Bottom | Ti | 1 [ 305 | Ti [ 1 [ 306 | Ti | 1 ]255] sr | 1| 155
Surface Ti | 1|30 | Ti|1]|32] 0] 3]-15
Layer O | 3 ]|-162| O | 3 |-203
. st | 1 193] sr | 1 [237 | sr | 1242 Ti|1]43
o| 3|20 0|3 ]|[-20]o0]3]-208
5 Ti | 1 [399 | Ti | 1 |426 | Ti | 1 [420| sr | 1 |220
o | 3 [-203
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Figure 5.5: SrTiO3 (111) models 1 (left) and 2 (right), Top: plan view. Bottom: profile view.

TiOg octahedra as yellow polyhedra, 3-coordinate Ti as blue spheres, Sr as orange spheres, and O

as red spheres. Unit cell outlined in black.
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additionally every single atom in the structure, except the O nearest the surface Ti, is partially
reduced as compared to the expected bulk SrTiO3; bond valence sums. Even the most central
slab shows each atom to be somewhat reduced, suggesting that the reduction is delocalized
which is consistent with DFT calculations for a reduced TiO, (001).%°

Model 9 (Figure 5.6) has four Ti per surface unit cell, for an overall Ti,O; stoichiometry,
or 2(TiOy) + Ti,03. With such a stoichiometry, it is expected that in each unit cell there would
be 2 Ti*" and 2 Ti**. Indeed, this is approximately what is observed. The two top-most Ti are
under-coordinated but are closest to Ti** (BVS = 3.63 and 3.89), while the two on the layer just
below are clearly Ti** (BVS = 3.06 and 3.04). The oxygen linking the Ti** with the Ti** is also
under-coordinated (BVS = -1.62). The bulk layers near the surface are somewhat over-
coordinated, but the amount of over-coordination drops towards bulk-like values as one moves
towards the central layers. The under-coordination observed leads to a high surface instability
index (SIl = 0.43) which indicates that the surface may be somewhat unstable.

Model 10 (Figure 5.6) is highly reduced, having an overall surface stoichiometry of
TisOy, or 2(Tiz03) + TiO. Thus there must be either a Ti*" at the surface or a Ti*" in the sub-
surface region. The BVS shows that the three top-most crystallographically equivalent Ti are
Ti** (BVS = 2.88), the next has a bond valence sum of 2.55, and the fifth is also Ti** (BVS =
3.22). The top Sr is over-coordinated and somewhat oxidized (BVS = 2.42), while the outermost
oxygen are slightly under-coordinated and oxidized (BVS = -1.78 and -1.79). The Ti with the
bond valence sum of 2.55 might better be called a Ti%*, but it is difficult to say, and Ro values for

Ti** are not readily available. As this is not completely clear, a surface instability index cannot
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be calculated. However, it is clear that the reduced species must be at the surface, as the bulk
cations all have bond valence sums near the expected values. The under-coordination of the
surface O indicate potential instability of such a structure.

The final structure, model 2 (Figure 5.5), is highly oxidized: it is a bulk-like SrO3
termination, which adds one extra O per surface unit cell beyond what would be present if all
species were in bulk-like oxidation states. This is accommodated by having the surface oxygen
under-coordinated and oxidized (BVS = -1.51), which leaves the surface strontium highly under-
coordinated and reduced (BVS = 1.55). Such an under-coordinated surface would likely be
highly unstable.

It is difficult to compare these final four structures to any others, as each is unique in
terms of composition and oxidation. Although many are under-coordinated at the surface and
therefore likely unstable, this is not to say a structure with similar motifs could not form under
the proper conditions. It does imply, however, that if such an under-coordinated structure was
formed, it would be highly reactive. Reacting with almost any other species present would likely

improve the bond valence sums and be energetically favorable.

5.4.3: SrTiO; (100)

Of all the SrTiO3 surface orientations, the (100) surface is the most studied, and has the
most proposed surface structures, both oxidized and reduced. The fully oxidized structures

(2X1)729,60,65,110—112 (2X2)’60,77,78,113 and

include  the  crystallographically  solved
C(4x2)0080 T2 MLIALIS ohrietures, the bulk-like (1x1) Sr- and Ti-terminations, %12 and the

calculated (V2xV2)-R45°%° structures. The (2x1), c(4x2), and (1x1) structures were discussed in
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chapter 4. The reduced structures that have been proposed consist of either Sr-adatoms'%>*2122
or O vacancies in a Ti-terminated surface.’”***" Most commonly they have been proposed as
solutions to the (V5xV5)-R26.6° structure, although the Sr-adatom structure type has been
proposed for other periodicities as well by Kubo and Nozoye,'® who also provided the structures
of several Sr-adatom models.'® Other surface reconstructions have been observed, but atomic
positions are unknown. The O vacancy model for the (V5xV5)-R26.6° surface, having been
determined important as a point of comparison but without atomic positions available from the
literature, was optimized via DFT for this work. The only structure for which atomic coordinates
are available to us which is not considered is the c(6x2) structure,*#1*>128:129 for \which bond
valence sums cannot be easily applied due to the disorder.

Of the two bulk-like (1x1) structures (Table 5.4), the Ti-termination is distinctly better. The
surface is somewhat under-coordinated (BVS = -1.88 for O, BVS = 3.75 for Ti) and the SrO
layer below slightly over-coordinated (BVS = 2.25 for Sr, BVS = -2.37 for O), leading to a high
surface instability index of 0.24. The Sr termination, on the other hand, is severely under-
coordinated at the surface, especially for the oxygen (BVS = 1.78 for Sr, BVS = -1.50 for O).
The oxygen in the bulk TiO, layer below is slightly overcoordinated (BVS = -2.22) due to the
proximity of the surface strontium, but the Ti is nearly bulk-like (BVS = 4.12). The surface
instability index, at 0.29, is significantly worse than for the strontium termination. While both
are under-coordinated at the surface, the Sr termination is far more so, indicating that in general
the Ti termination would be more stable. This may help explain why there are more reports of

surface reconstructions based on a TiO, termination than based on a SrO termination.
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Table 5.4: Bond valence sums and multiplicity (per 1x1 unit cell) of atoms at the surface and in

the top two bulk layers of SrTiO3 (100) surface for SrO bulk termination, TiO; bulk termination,

(2x1), (2x2), (V2xV2)-R45°, and c(4x2) reconstructions.

SrO (1x1) TiO2 (1x1) (2x1) (2x2) ((\N2xV2))-R45° c(4x2)

sl 0.29 0.24 0.22 0.14 0.15 0.17
Atom|Mult.|BVS|Atom|Mult.[BVS|Atom|Mult.|BVS|Atom|Mult.|BVS|Atom|Mult.|BVS [Atom|Mult.|BVS
Sr| 1 |178| Ti | 1 |375| Ti |05 (392 Ti |05 403 Ti | 1 [4.00| Ti |05 [4.07
O | 1 [149 o | 1 [188 Ti [05(3.65| Ti [05(3.94] O [ 1 [-1.93] Ti | 0.5 |4.03
O |05(174f o | 1 |195{ O | 1 [214] O | 1 [1.93

Surface

O |05 [-1.74f O |05 [-2.17 O |0.25[-2.20
O |05 225 O |05 [-2.01 O |05 [-2.02
O | 05 |-2.02 O |0.25|-2.56
Ti | 1 (422 sr| 1 (225( Ti |05 (421 Ti [05 (398 Ti | 1 [4.21| Ti [0.25(4.35
O | 1 [222f o 1 [237] Ti [05|425| Ti [05([429] O | 1 |-2.04] Ti |05 |4.02
1 O |05 [214] O |025[2.03f O | 1 [2.25 Ti [0.25(4.30
bulk O |05 [-1.94f O [0.25[-2.15 O |05 [-2.03
layer O |05 ]-1.93] O |0.25[1.92 O |05 ]-215
O | 05 |-240[ O |0.25|-2.31 O |05 [2.20
O |05 [1.94
Sr| 1 |209| Ti | 1 [423| Sr |05 (230 Sr | 1 [237| sr| 1 |246| Sr | 1 (223
bzunldk O | 1 [198 o | 1 [205 sr|o05(242] O |05 (2150 O | 1 |2.24 O |0.25|-2.18
layer O |05 [217[ O |05 [|-2.26 O |05 [2.23
O |05 [2.26 O |0.25[-2.09

The (V2xV2)-R45° surface structure®® (Figure 5.7 and Table 5.4) shows very good BVSs

with a surface instability index of 0.15, but has over-coordinated bulk strontium and oxygen (all

strontium have BVS > 2.32), which leads to a high global instability index (GII = 0.21). This is

far enough from the bulk bond valence sum value to indicate that the structure is not properly

converged, and the calculation needs to be repeated with a greater number of layers. It would be

expected that when that is done, all the bond valence sums will be lowered somewhat, but to
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Figure 5.7: (V2xV2)-R45° (bottom) surface structures. TiOg octahedra as yellow polyhedra,

TiOs trigonal bipyramids as green polyhedra, Sr as orange spheres, and O as red spheres.

what degree is unknown, and it cannot be certain whether the surface would still be so close to
the expected values. It has never been seen experimentally observed, despite having been
calculated to be the lowest in energy.

The (2x1) structure®® (Table 5.4, see also Chapter 4) is surprisingly under-coordinated at
the surface for a structure which has been crystallographically solved. The top two surface
oxygen, including the “dangling oxygen” are both under-coordinated (both with BVS = -1.74) as
is the titanium bonded to the “dangling oxygen” (BVS = 3.65). An oxygen in the top bulk TiO,

layer is overcoordinated (BVS = -2.40) as are the strontium in the layer below (BVS of 2.30 and
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2.42), but otherwise the structure quickly returns to bulk-like coordination. The surface
instability index is 0.22, and increases to 0.24 when including the second bulk layer. This is in
agreement with DFT calculations, which find the (2x1) structure ~0.6 eV higher in energy than
the (2x2) or c(4x2).

The (2x2) structure®® (Table 5.4, see also Chapter 4) is fully converged to bulk-like bond
valence sums by the second bulk TiO, layer. The surface shows nearly ideal bond valence sums,
and the top bulk layers are only slightly over-coordinated (BVS = 4.29 for Ti, BVS = -2.31 for
O, BVS = 2.37 for Sr), leading to a good surface instability index (SIl = 0.14). There are some
over-coordinated atoms in the second bulk layer, which lead to an increased instability index of
0.20 when this layer is included. Still, the 2x2 surface structure should be relatively stable.

The c(4x2) structure’® (Table 5.4, see also Chapter 4) is also quite reasonable (SIl =
0.17). The top bulk TiO; layer has some over-coordinated titanium (BVS = 4.35 and 4.30), but
in general has very good bond valence sums, except for the oxygen in the middle of all four
titanium trigonal bipyramids, which is significantly over-coordinated (BVS = -2.56). It
converges more quickly to bulk-like bond valence sums than does the (2x2) structure, and the
instability index when including the second bulk layer is 0.18. Overall, the bond valence sums
are similar to the 2x2 structure, which agrees well with DFT calculations where the two
structures are similar in calculated surface energy (within 0.06 eV).

The oxygen vacancy model was first proposed for the (V5xV5)-R26.6° reconstruction
(Figure 5.8), and is reduced. More recent works have focused on the Sr-adatom surfaces

for the (V5xV5)-R26.6° structure (Figure 5.8) and it is generally agreed that they fit better with
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Figure 5.8: SrTiO3 (100) Sr-adatom (left) and O-vacancy (right) models for the (N5xV5)-R26.6°

reconstruction. Top: plan view. Bottom: profile view. TiOg octahedra as yellow polyhedra,
TiOs square-pyramids as green polyhedra, TiO, tetrahedra as blue polyhedra, Sr as orange

spheres, and O as red spheres. Unit cell outlined in black.

experimental observations than does the oxygen vacancy model. Several other Sr-adatom
models have also been proposed to fit other observed reconstruction periodicities.'® As only
strontium, not strontium oxide, is added in these models, the more strontium present, the more

104

reduced a structure is. The several Sr-adatom structures made available by Kubo™" are, from

least to most reduced (with 6 representing the number of Sr-adatoms per 1x1 surface unit cell):
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c(4xd)-type A (0=0.125), (V5xV5)-R26.6° (0=0.2), (2x2)-type A and c(4x2) (6=0.25), c(4x4)-

type B (6=0.375), (2x1) (6=0.5), (2x2)-type B (6=0.75), and (1x1) (6=1.0).2%* Also, many, but

not all, of these are the same as those discussed in their paper: the atomic structures of the

c(2x2), (4x4) and (V13xV13)-R33.7° have not been obtained,'® while a second type of (2x2), a

(2x1) and a (1x1) structure were provided.'%*

In general, the less reduced these structures, the better the BVS. The exception to this is

the (2x2)-type A structure (Table 5.5), which has a severely reduced and under-coordinatedd

surface strontium (BVS = 1.06), with the rest of the reduction being accounted for by an over-

Table 5.5: Bond valence sums and multiplicity (per 1x1 unit cell) of atoms at the surface and in

the top two bulk layers of SrTiO3 (100) surface for Sr-adatom models with 6 < 0.25 Sr-adatoms

per 1x1 surface unit cell.

c(4x4) (\V5x75))-R26.6° c(4x2) (2x2)
6=0.125 6=0.2 6=0.25 6=0.25
Atom | Mult. [ BVS | Atom |Mult.| BVS | Atom | Mult. | BVS | Atom | Mult. | BVS
Surface | Sr |0.125(214| sSr |02 [229| Sr |025[208| Sr |0.25]1.06
Ti | 05 (368 Ti |02 (370 Ti 1 | 367 Ti 1 |384
15t Ti |05 (370 Ti [08 (367 O | 05 (-189| O | 05 [-1.72
bulk O | 05 (-18]| O |04 [-195|] O | 05 [-1.90] O | 05 |-1.92
layer O | 05 (-183]| O |04 [-191] O | 05 [-1.90
0 1 [-186| O |02 |-18 O | 05 |-191
Sr (025194 Sr |02 [203] Sr [025(193]| Sr | 05 |202
nd Sr [025(198| Sr | 08 203| Sr [ 05 [196| Sr |0.25]| 207
ol Sr | 025|200| O |02 ]-230| Sr [025(204| Sr |025] 206
layer Sr (025219 O |08 [-231] O 1 |-225| O 1 |-2.42
O | 05 [-221
O |05 (101
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coordinated and reduced oxygen on the topmost bulk SrO layer (BVS = -2.42). This highly
under-coordinated surface indicates that the structure would be highly unstable. All other
structures with 6 < 0.25 (i.e. no Sr in any two adjacent 1x1 unit cells) have Sr-adatoms on the
surface with bond valence sums close to 2 (Table 5.5), and in the case of the ((V5xV5))-R26.6°
even a slightly over-coordinated Sr-adatom (BVS = 2.29). The reduction in these structures is
distributed evenly over the titanium in the top bulk layer, which have bond valence sums in the
3.68 — 3.70 range. In the case of the c(4x4)-type A (6=0.125) structure, this accounts for more
than the full amount of reduction needed, and indeed the near-surface oxygen are slightly under-
coordinated (oxidized) with bond valence sums of -1.83 — -1.86. For the ((¥5xV5))-R26.6°
(6=0.2) and c(4x2) (6=0.25) structures, the surface oxygen are not as oxidized (-1.85 > BVS > -
1.91), and the oxygen on the bulk SrO layer below is also reduced (-2.25 > BVS > -2.31). In
general these structures seem quite reasonable. The fact that the top-most titanium atoms cannot
be assigned an oxidation state, being somewhere between Ti** and Ti** prevents the calculation
of a meaningful surface instability index, and thus prevents a more quantitative assessment.
Additionally, the possibility of mixed valence in a surface structure is most interesting, and will
be returned to shortly.

For the structures with 6 > 0.25, Sr-adatoms must necessarily be present in neighboring unit
cells. In these cases, the necessary reduction cannot be accomplished by lowering the
coordination of the sub-surface titanium, and for 6 > 0.5 there are not enough titanium atoms in
that layer to compensate for a reduction by more than 1 electron per surface 1x1 unit cell. In all

cases the Sr-adatiom is under-coordinated, with the under-coordination getting worse as 0
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increases (Table 5.6), from an average bond valence sum of 1.70 for surface Sr-adatoms on the

c(4x4)-type B (6=0.375) to a bond valence sum of 1.26 on the (1x1) (6=1.0). Additionally, the

titanium in the top bulk-like TiO, layer is reduced. For the c(4x4)-type B (6=0.375) structure

these titanium have bond valence sums of 3.63 and 3.67, similar to the structures with 6 < 0.25,

while the more reduced surfaces all have bond valence sums for these titanium between 3.32 and

3.38. While the reduction of titanium from Ti** to Ti** is expected, the under-coordination and

reduction of the surface strontium suggests that such surfaces will be highly unstable.

Table 5.6: Bond valence sums and multiplicity (per 1x1 unit cell) of atoms at the surface and in

the top two bulk layers of SrTiO3 (100) surface for Sr-adatom models with 6 > 0.25 Sr-adatoms

per 1x1 surface unit cell.

c(4x4) (2x1) (2x2) (1x1)
0=0.375 0=0.5Sr 0=0.75 =1
Layer [ Atom | Mult. | BVS | Atom [ Mult. [ BVS | Atom | Mult. | BVS | Atom | Mult. | BVS
Surface Sr [ 013|147 | Sr 05 |165| Sr 05 (122]| Sr 1 126
Sr [ 025|182 Sr [ 025|135
Ti 05 (363 ]| Ti 1 |[338] Ti 1 332 Ti 1 1332
15t Ti 05 [367| O 05 |-197| O 1 |[-201| O 1 |[-2.08
bulk @) 1 [-192| O 1 |[-1.78| O 1 |[-1.93
layer | O | 05 [-1.91 O | 05 |-1.99
@) 0.5 |-1.90
Sr 05 (189 Sr 05 (197 Sr | 025|189 Sr 1 198
ond Sr [ 013]200| Sr 05 (204 Sr | 02519 | O 1 |[-2.12
bulk Sr (025200 O 1 |[-2.18| Sr 0.5 [ 1.99
layer Sr [0.13]1.98 0 1 |[-2.16
@) 05 [-2.22
@) 05 |[-2.27
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As the full structure of the oxygen vacancy ((V5xV5))-R26.6° model was not available in
the literature, a model was optimized using DFT (Wien2k code).”® In the plane of the surface,
there are rings composed of 6 titanium and 6 oxygen atoms surrounding the oxygen vacancy.
Only the crystallographically distinct titanium at the center of the unit cell is part of two such
rings, and it is this titanium which is the most reduced (BVS = 3.36). This and the other corner
titanium (BVS = 3.68) have square pyramidal coordination geometries. The titanium closest to
the oxygen vacancy adopt a distorted tetrahedral geometry, with only slightly reduced (BVS =
3.69) bond valence sums. The oxygen along the side of the rings are very under-coordinated
(BVS =-1.50 and -1.53), while the other surface oxygen are only somewhat under-coordinated (-
1.71 < BVS > -2.03). The rather severe under-coordination at the surface suggests that this
structure is unstable, and leads to a high surface instability index (SIl = 0.29). This structure has
the same degree of reduction as the Sr-adatom ((V5xV5))-R26.6° model, and is far more under-
coordinated at the surface (Table 5.7). It is thus expected that the Sr-adatom ((V5xV5))-R26.6°
model would be preferred over the oxygen vacancy ((V5xV5))-R26.6° model, in agreement with
previous studies which show inconsistencies between the oxygen vacancy model and STM
images.'?®

We have noted that in the Sr-adatom structures, bond valence sum analysis has revealed
mixed valences (e.g. 3 Ti**"* instead of 2 Ti** and 1 Ti**). Such a phenomenon is indeed known
in bulk structures, and bond valence sums have been an excellent method for examining it.*3*32

Mixed valence is often very interesting when found in bulk structures, and to our knowledge

has never been reported for a surface structure. If these Sr-adatom structures are indeed a case of
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Table 5.7: Comparison of bond valence sums for Sr-adatom and O-vacancy models for SrTiOs
(100) ((V5xV5))-R26.6° reconstruction.

Sr-adatom O-vacancy

Layer | Atom | Mult. | BVS | Atom | Mult. | BVS
Sr 0.2 2.29 Til 0.4 3.69
Ti2 0.4 3.68
Ti3 0.2 3.36
01 0.4 -1.53

Surface 02 04 03
03 0.4 -1.50

04 0.4 -1.84

05 0.4 -1.71

Ti 0.2 3.70 Srl 0.2 2.12

Ti 0.8 3.67 Sr2 0.400 | 2.07

1 @) 04 | -1.95 Sr3 4,000 | 2.05
@) 04 | -1.91 06 0.4 -2.10

@) 0.2 | -1.85 o7 0.400 | -2.23

08 0.2 -2.09

Sr 0.2 2.03 Ti4 0.400 | 4.01

Sr 0.8 2.03 Ti5 0.400 | 4.02

@) 0.2 | -2.30 Ti6 0.200 | 4.03

@) 08 | -2.31 09 0.200 | -2.01

2 010 | 0.400 | -2.03
O11 | 0.400 | -2.03
012 | 0.400 | -2.02
013 | 0.400 | -2.03
014 | 0.200 | -2.02

mixed valence in a surface structure, they would be most interesting. However, it should be
noted that in many of these cases, mixed valence has been forced upon the surface structure by
the symmetry constraints imposed in the model. For example, for the ((V5xV5))-R26.6° model,

there are 5 titanium ions on the top layer, four of which are crystallographically identical. Thus
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with the symmetry used, there could only be either 0, 1, 4, or 5 Ti**, not the 2 that would be
necessary to maintain integral valence states for titanium. It requires further study to be sure
whether the mixed valence is real or if it is a product of the constraints imposed on the structural

model.

5.5: Adsorbates on surface structures

As was detailed in chapter 4, there is strong evidence, both from experiment and
calculations, that adsorbates play a role in the formation of SrTiO3 (100) surfaces. For example,
the dissociation of water on the SrTiO3 (100) (2x1) surface structure vastly improves both the
energy and bond valence sums. The presence of hydroxide is also supported by XPS data, and it
seems to be an integral part of the surface structure, as annealing at temperatures up to 750°C
does not completely remove it. Water has also been shown to play a critical role in the formation
of the NiO and MgO (111) surface structures.””*® There is every reason to believe, then, that
water and other adsorbates, play an important role in oxide surface structures in general. Further,
bond valence sums are an ideally suited tool for the study of such phenomena.

As any foreign species adsorbs, it will coordinate to the surface. This will then increase
the coordination of the atoms in the surface structure, and a previously under-coordinated surface
would be stabilized. It is thus likely that an under-coordinated surface structure, as revealed by a
bond valence sum analysis, may indicate a reactive surface, one likely to adsorb foreign species.
For example, dissociation of a H,O molecule onto the SrTiO3 (100) (2x1) surface improved the

energy and surface instability index from 0.22 to 0.12. This parallels the adsorption of O (plus
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a pH dependent number of H") onto metal ions at solid liquid interfaces. In the SrTiO3 (100)
(2x1) surface structure, the atoms to which H* and OH" were found to bond were those which
were the most under-coordinated in the dry structure.

The bond valence sum analysis can indicate not only to which surfaces a foreign species
may adsorb, but at what site. It therefore has the potential to predict active sites at heterogeneous
catalysts surfaces. Many of the surfaces which were termed unstable may be stabilized in such a
manner. The fact that a surface was termed unstable does not mean that it cannot exist, but such
an unstable surface might be more useful than a more stable surface in fields such as
heterogeneous catalysis.

Structural models that are most likely to exist as-is are those with the best overall bond
valence sums, i.e. the best surface instability index. Structures with bond valence sums that are
too high (over-coordinated) can certainly form, as is demonstrated by the high coordination of
the central oxygen in the SrTiO3 (100) c(4x2) surface structure. This is especially true if only a
small portion of the structure is over-coordinated, in which case the less favorable area would be
subordinate to the improvement of the whole, as can be readily seen through the good surface
instability index of such structures. Structures which are somewhat under-coordinated may
likewise form, although they are likely to adsorb foreign species. A structure without any under-
coordinated species on the surface might be more robust and less likely to adsorb any foreign
species. Conversely, something on an over-coordinated surface structure might dissociate in

order to lower the coordination.
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5.6: Conclusions

It has been demonstrated that chemical bonding models of surfaces generally agree with
physics based calculations and with experiment, just as they do for bulk structures. Additionally,
the bond valence model has been shown to easily describe concepts, such as polar surfaces,
which have been most difficult to deal with from a purely physics based approach. Further, bond
valence sums show the potential to reveal reactivity of surfaces, which may prove most useful in
fields such as heterogeneous catalysis. It is clear that, moving forward, a chemical bonding
approach should be a part of any surface study. The complementary nature of the physics based
models and the bond valence model can lead to a greatly enhanced understanding of surface
structure, chemistry, and reactivity. As with bulk materials, the best way to move forward is to
consider the chemistry and physics simultaneously, with each providing insight that is difficult to

reach from the alternate approach.
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Chapter 6:
Towards Catalytic Applications:

SrTiO5; Nanocuboids
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6.1: Introduction

Because many industrial processes are dependent on catalysis, any advance in catalytic
design could provide significant benefits to society. Although catalytic supports are primarily
selected for their high surface area or thermal, chemical, and mechanical stability, the support
can also affect the selectivity and reactivity of the catalyst.***** Classic catalytic work, for
example that of Sinfelt and coworkers,”****® has shown that changing the support can
dramatically alter the catalytic behavior. Many theories have been proposed to explain the

infludnce of supports on catalysts, including sites at the metal-support interface,**° particle size

1 142

and surface-structure sensitivities,*** ensemble-size sensitivity, and strong metal-support

interactions.'*® The latter includes concepts such as intermetallic bond formation and charge

133,146,147

transfer,!**'** diffusion of metal species between support and catalyst, geometric

148153 and other electronic effects.’>***®* However, because high surface area supports

decoration,
of the type normally used in industry have many different surface facets exposed, insights gained
from model studies are difficult to extend to industrial catalysts.

One of the more intriguing aspects of support effects is the potential to stabilize a
catalyst with the exposed faces carefully controlled. Such a catalyst would be able to take
advantage of the differences in selectivity and reactivity of different faces as demonstrated in

studies on oriented single crystals (see, for example, 47

and references therein). Catalysts
dispersed on high surface area supports are normally found with a wide range of sizes, shapes,
orientations and surface structures. There have been many attempts to bridge this gap by

creating high surface area nanoparticle catalysts with specific exposed surfaces, but ultimately
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with little success. Even when a desired (surface) structure is created by some chemical kinetic
path for the initial catalyst, it is invariably a metastable configuration which does not survive
catalytic conditions and reverts to the thermodynamically stable structure. This is true
particularly if it contains higher-energy more reactive surfaces such as metallic fcc (001).
Discovering or engineering a thermodynamically stable, high surface area, nanoparticle catalyst
with designed exposed faces would be a significant step forward in catalytic research, but
achieving precise control over the exposure of specific faces and their relative ratios remains an
important, ongoing challenge.

While at times separated from the catalytic community, much fundamental research has
been conducted on the shape and orientation of metal nanoparticles. The shape of free metal
nanoparticles has long been known to be governed by the Wulff construction,® and that of
supported metal nanoparticles by the Winterbottom construction.’® Indeed, even such

159-162

complicated aspects as the structure of multiply-twinned metal nanoparticles are solved

problems, and the surface structures of such metal nanoparticles is well understood.’®® While
many of these studies were motivated by the potential of these types of particles for

164,165

catalysis, such insights have not been exploited in the design of catalysts.

Recent synthesis of high surface area oriented SrTiOz nanocubes'®®*®’

opens up new
possibilities. When used as a catalytic support, strontium titanate is in powder form, without
well defined surface facets exposed. SrTiOs; nanocubes, however, present primarily the low
energy (100) face with a smaller amount of (110) exposed,*®**®® for which many details of the

surface structure are available.?”2*%>7279128 Note that although they have in the past been termed



175

nanocubes, they are not truly cubic. The length, width, and depth all vary slightly, making them
more accurately resemble a rectangular prism. Further, in addition to the six (100) faces, twelve
(110) faces are also exposed, meaning that the nanoparticle actually has eighteen distinct faces
exposed. They will therefore be referred to as cuboids, rather than cubes, for the remainder of
this work. Note that the mathematical definition of a cuboid requires that the shape have six
faces, and therefore these nanocrystals with eighteen faces are not technically cuboids.
However, lacking a proper name for such a shape, the term cuboid will be applied for clarity.
This chapter deals with the structure and chemistry of SrTiO; nanocuboids and of
platinum nanoparticles grown on the SrTiOz nanocuboids. The Wulff construction determines
the morphology of the SrTiO3; nanocuboids, and the observation of the particle shape therefore
allows for the determination of the surface structure of the nanocuboids. The platinum
nanoparticles grown on the SrTiO3; nanocuboid surfaces have a strong cube-on-cube epitaxy with
the predicted Winterbottom shape, consistent with literature values of the interfacial free energy,
Pt (001) and Pt (111) surfaces as well as the surface free energy determined for the SrTiO;
nanocuboid (001) surfaces. As will be discussed, these shapes are thermodyamically stable, and
expose different surfaces of the platinum nanoparticles than those exposed when supported on
polycrystalline supports. As such, we can expect this stable configuration to survive the rigors of
catalytic conditions for extended periods of time. In effect we have engineered specific surfaces
of the nanoparticles by combining thermodynamics with engineering of the support. This
concept is general. In this chapter, methods are proposed through which this concept can be

applied to create stable, high surface area, face-selective catalysts.
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6.2: Experimental Methods

6.2.1: Sample Preparation

SrTiO; nanocuboids were synthesized by Federico Rabuffetti using hydrothermal

166
d.

methods as previously describe Platinum nanoparticles were deposited on the SrTiO;

nanocuboids by the Elam group at Argonne National Laboratory as previously described.*®

The SrTiOz nanocuboids, due to their small size, could not be etched by the normal
procedure used for single crystals which consists of dipping the crystal into an acid and
removing it. Nor could they be placed in an acid etching solution and removed via filtration, as
the nanocuboids would also pass through most filters. An alternate etching scheme was devised
and carried out by Federico Rabuffetti, which consisted of placing the SrTiO3 nanocuboids in a
centrifuge tube filled with the etching solution, waiting a period of time for the etching to occur,
and centrifuging to separate the nanocuboids from the etching solution. The nanocuboids were
then rinsed by adding water to the centrifuge tube and centrifuging again to separate the
nanocuboids from the water. The wash step was repeated until a pH of ~6 was reached and CI’
ion concentration was determined to be less than 1 ppm via AgCI precipitation. Two basic types
of etching solutions were used: commercially available buffered NH;F:HF solution
(semiconductor grade, Riedel-de Haen, pH = 5.6) used as received, and 3:1 (v/v) solution of
HCI:HNO3; made in house and diluted to the desired concentration with water.

SrTiO3; nanocuboids were annealed in a fused silica tube within a tub furnace. Samples

were dispersed onto a TEM grid for observation. Lacey carbon, lacey SiOy, and SiN window



177

TEM supports were all used. Samples dispersed on lacey carbon grids were annealed in an
alumina sample boat prior to dispersion. Samples on lacey SiOy or SiN window supports were
annealed after dispersion on the support. Samples dispersed on SiN windows were annealed by
Federico Rabuffetti. In all cases, the samples were annealed either in air, or in an atmosphere of

flowing O..

6.2.2: Transmission Electron Microscopy and Transmission Electron Diffraction

Three different microscopes were used for various portions of this work. Basic TEM,
bright-field and dark-field imaging, and TED were carried out on a Hitachi H-8100 TEM. Small
probe TED captured on film was carried out on a Hitachi HF-2000 TEM. HREM, small probe
TED captured on CCD camera, and thickness mapping were carried out on a JEOL JEM-2100
FasTEM. All three instruments were located in the EPIC facility of the Nuance Center at
Northwestern University.

The small size of the nanocuboids required that, in order to avoid obtaining diffraction
information from multiple nanocuboids simultaneously, either an isolated nanocuboid had to be
found, or a very small probe had to be used. Diffraction patterns were initially taken near to the
zone axis to make sure that the nanocuboids were crystalline. When attempting to observe
surface reconstructions, the nanocuboid was tilted off the zone axis as described in Chapter 4.
The probe in the H-8100 microscope could not be made smaller than the size of a nanocuboid,
requiring that an isolated nanocuboid be found. When using the H-8100 diffraction was obtained
from the entire cuboid so edge effects could not be avoided. The HF-2000 was preferred when

attempting to observe surface reconstructions, as it could form an electron probe smaller than the
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nanocuboids and thereby avoid edge effects. The JEOL microscope could likewise form a very
small probe, but was not equipped with film, requiring that all images be obtained on a CCD
camera. Diffraction patterns were captured on the CCD camera and averaged over several
exposures. Images were obtained both of the entire diffraction pattern and of only small areas
where surface diffraction spots would be expected.

Bright-field and dark-field imaging were carried out as described in Chapter 4. For
HREM imaging, a nanocuboid was first tilted to a (100) zone axis to allow for optimal viewing
of the lattice fringes and to obtain a profile view of the edge of the nanocuboids, which was
especially important in the case of the platinum nanoparticles grown on the SrTiO3 nanocuboids.
Thickness mapping was carried out using the automated energy-filtered TEM functions in
Digital Micrograph. In creating a thickness map, Digital Micrograph takes two images, one
unfiltered and one formed only from zero-loss electrons, and creates a third image from the
logarithm of the ratio of the intensity at each location in the two original images. In this third
image, the contrast is proportional to the mean free path of an electron through the material being

imaged.

6.2.3: Wulff and Winterbottom Calculations

The Wulff construction is the thermodynamically stable shape for a nanoparticle. In the
Wulff construction, the length of a vector, d(xyz), normal to crystal face (xyz) which connects
face (xyz) with the origin is proportional to the surface free energy per unit area of crystal face
(xyz). Figure 6.1 shows a Wulff construction for platinum using the literature ypy111) / Yeto1)

ratio of 0.84 from Vitos et. al.}™
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Figure 6.1: Wulff construction™’ for platinum using ya11):yoo1) ratio of 0.84 from Vitos et. al.*"

The SrTiO3 nanocuboid facets were measured by drawing a line from each facet to the
opposite facet perpendicular to those facets and then measuring the length of the line. As the
nanocuboids were not perfectly square, the vertical and horizontal directions were averaged, as
were the two diagonals. Only cuboids which were imaged near to zone axis were counted. A
total of 38 nanocuboids were measured in this manner. The specifics are presented in Table 6.1.
The ratio of the d(110):d100) Was calculated as 1.137:1, with a standard deviation of 0.055.

The SrTiOz (110) surface free energies calculated in Chapter 3 cannot be directly
compared to previous calculations of the SrTiO; (100) surface free energies as they were
calculated using different parameters. Values for surface structures on both orientations were
calculated by Professor Laurence D. Marks with identical parameters for each surface orientation

73
l.

using a revTPSSh functional.”” The values for each surface orientation can therefore be directly
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Table 6.1: d110):d(100) ratio for nanocuboids following various annealing conditions.

Annealing # Cuboids | d(10):do0) | Standard

Conditions Measured Ratio Deviation
As-prepared 7 1.129 0.027
700°C, 5h, Air 2 1.173 0.032
750°C, 10h, Air 3 1.130 0.039
800°C, 5h, Air 3 1.198 0.038
950°C, 2h, 02 8 1.140 0.026
950°C, 5h, 02 6 1.160 0.050
950°C, 20h, 02 9 1.107 0.086
Total 38 1.137 0.055

compared in those calculations. The calculations by Marks are therefore used for the Wulff
analysis of SrTiO3 nanocuboids.

The calculations by Marks” do not contain all the (110) surface structures from Chapter
3: only the half-O, and (3x1) structures were included. As such, the surface free energies of the
other (110) surface structures were extrapolated from their position relative to half-O, and (3x1)
surface compositions and energies. The change in energy for the half-O, and (3x1) structures
between the Marks calculations’ and those from Chapter 3 was plotted as a linear function of
surface composition. For the (2x1), (4x1), (5x1), (6x1), (1x1) and Sr-terminated surface
structures, the appropriate change for that composition was then added to the calculated surface
free energy, to obtain a value that could be directly compared to the Marks calculations. The
calculations by Marks also did not contain the SrTiO3 (100) (2x1) structure or any hydroxylated
structures. The (2x1) surface free energy was extrapolated from the difference between the (2x1)
and the average of the c(4x2) and (2x2) energies in previous calculations by Andres Becerra-

Toledo.”® The hydroxylated structures were extrapolated using the same differences between the
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dry and hydroxylated structures as were found in previous calculations by Danielle Kienzle
[(V13xV13)-R33.7°]"* and Andres Becerra-Toledo [(2x1)].”° The surface free energies for the
calculations by Marks™ and those extrapolated are presented in Figure 6.2. Note that several of
the structures are not consistent with experiment exist as DFT calculated models only (e.g.
(V13xV13)-R33.7° and (V2xV2)-R45° structures), but for completeness all are included here.
None of these were found to be present on the nanocuboid surfacers. The ratios of surface free
energies for all possible (110) and (100) pairings were then calculated.

Simply using these ratios, however, is not necessarily enough to determine which pair
best matches the observed ratios. A rigorous application of the Wulff construction to the SrTiO3
nanocuboids requires an extra constraint to account for the difference between the compositions
of the surface and the bulk. This constraint will be similar to the bulk starvation energy of a

Waulff construction of an alloyed metal nanoparticle.!”**"

For each excess TiO, unit at the
surface, the bulk will be deficient by one TiO, unit, or could equally be viewed as having one
excess SrO unit. The bulk starvation correction is therefore equal to the total excess TiO, or SrO
at the surface, multiplied by the energy needed to separate a SrTiO3 unit into SrO and TiO; units
(1.425 eV).

Next, the contribution of the surface plus bulk starvation to the total free energy of a 60
nm particle of the observed shape was calculated. This was done by multiplying the free energy

per unit area of a surface structure by the surface area of that facet in the observed particle shape,

summing over all facets, and adding the bulk starvation correction. This was carried out twice:
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for nanocuboids which were perfectly stoichiometric when synthesized, and for nanocuboids
which were terminated only in TiO, when synthesized.
The surface free energies used in the calculation are for the surface structure on a bulk of

composition SrTiOz. The same surface on a bulk of composition Sr14TiO3.ox would be slightly
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different, and a further correction would be required to be rigorously accurate in the application
of the Wulff construction. However, this correction is likely minimal, and an approximation
which ignores it should be sufficient.

The Winterbottom construction®*® is similar to the Wulff construction,™’ but includes the
interface free energy between the particle and the substrate and the surface free energy of the
substrate. The interface free energy can be written as:

Yint = YPt T YSTO — YBond
where ygong IS the free energy change per unit area associated with bonding across the interface,
vt the surface free energy of the relevant Pt face, and ysto the surface free energy of the relevant
SrTiO; face. This assumes that the SrTiO3 surface is rigid and flat, although there have been
reports of other nanoparticle systems where this is not true.!”® The Wulff shape will be truncated
at a plane, the location of which is determined by the difference between the interfacial free

energy and the substrate free energy (Figure 6.3).**

Yint—=Ysub =Yrt O <7Yint—7Ysub<7Ypt  Yint—YSub = 0 -Ypt < Yint — Ysub < O Yint — Ysub S -Ypr

Increasing yint <

> Increasing ysup
> Increasing ypt

Figure 6.3: Winterbottom construction'®® for platinum on a surface, showing relative energies
for different possible degrees of truncation. Wullf shape in black, substrate surface in grey, with

arrow indicating magnitude of yint — Ysup-
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6.3: Results

6.3.1: General nanocuboid morphology and bulk structure

TEM imaging of the SrTiO3 nanocuboids revealed a general cubic morphology (Figure
6.4). There was some agglomeration of the nanocuboids, which in general decreased with
sonication during sample preparation. The SrTiO3; nanocuboids were each a single crystal, as
revealed through small probe electron diffraction (Figure 6.5). The SrTiO3 nanocuboids have the
(100) face primarily exposed, but with slightly rounded corners. HREM revealed that the

rounded corners are in fact a combination of the (100) and (110) faces and steps (Figure 6.5).

e AN

Figure 6.4: Low resolution TEM images of as-prepared SrTiO3; nanocuboids.
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Figure 6.5: Left: HREM image of an as-prepared nanocuboid corner showing (100) and (110)

step edges. Right: Near zone axis TED of a single as-prepared nanocuboid.

Additionally, the faces, although appearing flat at low magnifications, have many defects and
step edges when viewed in high resolution.

There were features present within the cuboids with roughly the same shape (square with
rounded corners) as the nanocuboids. Thickness mapping indicated that the areas with these
features were thinner than the rest of the nanocuboids. Since none could be found at the surface,
it was inferred that they were voids in the interior of the nanocuboids. Later experiments

confirmed this inference.

6.3.2: Nanocuboid annealing and TEM surface characterization

Nanocuboids annealed on SiOy supports were found to sinter, even at relatively low

temperatures (e.g. 600°C). This occurred because SiOy is a sintering agent for SrTiOs. As
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individual nanocuboids could not be distinguished following annealing on SiOy supports, further
studies were not attempted.

SrTiO3; nanocuboids annealed either prior to dispersion or following dispersion on SiN
windows showed similar transformations. The major difference between the two was that
samples annealed on SiN window supports, being already dispersed, could withstand higher
annealing temperatures before sintering made studies difficult. The (110) faceting at the corners
becomes more apparent upon annealing (see Figure 6.6 and Figure 6.7). However, the

measurement of the ratio of exposed (100) to (110) did not change; only the number of surface

Figure 6.6: Samples annealed prior to dispersion on TEM grid. Left: 700°C for 5 hours in air.

Right: 850°C for 1 hour in air.
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Figure 6.7: Low resolution TEM (left) and HREM (right) images of nanocuboids annealed at

950°C for 20 hours showing smoother (100) faces and distinct (110) faceting at the conrers.

steps was reduced upon annealing. The voids showed changes similar to the exterior surface of
the nanocuboids: when annealed, the rounded corners of the voids turned into sharp (110) facets.

Nanocuboids annealed at 600°C and 700°C (Figure 6.6) in air for five hours prior to
dispersion showed slight irregularities in some cuboids, but by and large remained cuboid. The
major change was that the rounded corners became straight (110) facets, both for the exterior

surface of the nanocuboids and for the internal voids. Nanocuboids annealed at 750°C in air for
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ten hours showed some sintering and some loss of cubic shape. Those annealed at 800°C in air
for five hours showed even more sintering and loss of cubic shape. However, in both the 750°C
sample and the 800°C sample, the voids retained their cubic shape with pronounced (110) facets
at the corners. Samples annealed at 850° (Figure 6.6) and 950°C in air for one hour each showed
loss of cubic shape for some nanocuboids, but a significant portion of the nanocuboids retained
their cubic shape, especially at 850°C. Additionally, the voids which were present were largely
the same as in the samples annealed at lower temperatures.

In general, the nanocuboids annealed on SiN grids showed the same features as those
annealed prior to being dispersed: (110) facets formed at the corners of the nanocuboids and at
the corners of the voids. The major difference was that the nanocuboids annealed on SiN grids
remained dispersed and maintained their cubic shape at higher temperatures. The decreased
sintering is likely due only to the fact that each nanocuboid was in proximity to fewer other
nanocuboids. Nanocuboids annealed at 950°C in flowing O, for two, five, and twenty hours
(Figure 6.7) all looked essentially identical. The only major difference between these samples
and the as-prepared nanocuboids was the development of (110) facets at the corners of the
nanocuboids and of the voids. The exception to this was a single nanocuboid in the 950°C
sample which showed a 2x1 superlattice which was clearly visible in both HREM and TED. As
the intensity of the 2x1 supercell spots followed the Laue circle, it is concluded that they must be
due to a bulk supercell and not a surface reconstruction. As this was found only once, it was
assumed to be anomalous. A sample annealed at 1100°C in flowing O, for five hours maintained

a roughly cubic shape for the nanocuboids. The corners of both the nanocuboids and the voids,
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Figure 6.8: TEM of nanocuboids annealed in flowing O, for 5 hours at 1100°C showing

roughening of surface.

however, were somewhat rounded rather than being straight (110) facets. Additionally, the
surface was rough, unlike other samples which had relatively flat surfaces (Figure 6.8).

The voids behaved in much the same way as the exterior of the cuboid, which is an
indication as to the nature of the voids. That their edges show the same faceting as the exterior
surfaces implies that they are essentially interior surfaces. Further, the fact that they do not
explode indicates that they are either empty or filled with a gas which is capable of diffusing

through SrTiO3 to escape.
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At all annealing temperatures, even when the nanocuboids lost their cubic shape, they
remained single crystalline, as evidenced by TED. However, at no time was a surface
reconstruction observed, either using a CCD camera or using film. Some streaking was observed
in TED, but never a clear surface reconstruction. The presence of voids and the edge effects they
create in a diffraction pattern are responsible for the streaking, which in turn would likely

obscure a surface reconstruction in TED even if one were present.

Figure 6.9: TEM of samples etched in 0.3N 3:1 (v/v) HCI:HNOj solution for 20 minutes.
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6.3.3: Acid etching of SrTiO; nanocuboids

Acid etching is expected to remove SrO from the surface of strontium titanate.®

Nanocuboids etched in buffered NH4:HF solution for 0.25 hours completely dissolved, yielding
only SrF,. Nanocuboids etched for 0.3 hours in 0.3M HCI:HNO3 appeared unchanged from the
as-prepared nanocuboids (Figure 6.9). Nanocuboids etched for twelve hours in 0.3M HCI:HNO3
did not retain cubic shape (Figure 6.10). However, the (100) facets were still predominantly
exposed, simply with more corners and step edges. Nanocuboids etched in 3M HCI:HNOj3 for
0.75 hours were even less regular in shape (Figure 6.10). They too retained predominantly (100)

facets. The loss of cubic morphology was attributed to the acid removing material and exposing

Figure 6.10: TEM image of sample etched in 3:1 (v/v) HCI:HNOj3 solution. Left: 0.3N for 12

hours. Right: 3.0N for 15 minutes, showing a void which has become an exterior surface.



192

the interior voids. This accounts for the facets remaining while the shape changed. The voids,

which were interior surfaces with the same facets exposed, became exterior surfaces.

Figure 6.11: TEM of sample etched in 0.3N 3:1 (v/v) HCI:HNOj3 solution for 12 hours then

annealed at 950°C for 5 hours in flowing O, showing irregular shape but well defined (100) and

(110) facets.
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6.3.4: Annealing of acid etched nanocuboids

Samples of acid etched nanocuboids which were not already dispersed on a SiN grid
could not be obtained for further experimentation. Annealing of acid etched samples dispersed
on SiN grids met with mixed results. The SiN grids in these cases tended to fall apart upon
annealing, possibly due to an interaction with some acid remaining on the nanocuboids. Some
nanocuboids were found to image, usually near the corners of the window, but as the support was
unstable high quality images could not be obtained. The best images were obtained for samples
etched in 0.3M HCI:HNO; for twelve hours and annealed at 950°C in flowing oxygen for 5h
(Figure 6.11). While the etched nanocuboids showed more step edges and smaller plateau sizes
than the unetched and annealed nanocuboids, the (100) and (110) facets were very flat and in

approximately the same proportions.

6.3.5: Wulff Construction for SrTiO; Nanocuboids

The formation of well defined, stable facets upon annealing indicates that the shape of the
nanocuboids is determined by a Wulff construction.”®” To determine the relative surface
energies and surface composition, the d(110):d(00) Was counted for a total of 38 nanocuboids
annealed at various temperatures (Table 6.1). The ratio of dgig): d@oo) Was in this manner
determined to be 1.137:1, with a standard deviation of 0.055.

To determine what pair of (110) and (100) surface structures best accounts for the
observed shape, the ratio of yu10):ya00) Was calculated (Table 6.2) for each pair of surface

structures as described in section 6.2.3: using the energies supplied by Professor Marks’® and the
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Table 6.2: ya10):Yq00) ratios from calculations by Professor Marks™ and extrapolated energies.

Values within one standard deviation of experiment are highlighted.

(110)
Sr facet | half-O, | (1x1) | (6x1) | (5x1) | (4x1) | (3x1) | (2x1)
SrO (1x1) 1648 | 1.207 |1.449 |1.194 | 1.169 | 1.192 | 1.258 | 1.667
50% SrO (1x1)
509 TiO, (Ixi) | 1598 | 1170 | 1405 |1.158 | 1.133 | 1156 | 1220 | 1616

2\2x\2-R45° 1.173 | 0.859 |1.032 | 0.850 | 0.832 | 0.849 | 0.896 | 1.187

(VI3VI3)-R33.7° |y oee | 0900 | 1105 | 0.911 | 0.891 | 0.909 | 0.950 | 1.271
on SrO termination

4N2x\2-R45° 1.364 | 0.999 |1.200|0.989 | 0.968 | 0.987 | 1.042 | 1.380

(5x\5)R26.6° | ) 105 | o84 | 0.000 | 0.816 | 0.798 | 0.814 | 0.850 | 1.138
on SrO termination

TiO, (1x1) 1.551 | 1.136 |1.364 | 1.124 | 1.100 | 1.122 | 1.184 | 1.569
(V13xV13)-R33.7° | 1.177 | 0.862 | 1.035 | 0.853 | 0.835 | 0.851 | 0.898 | 1.190

8

o (\V5xV5)-R26.6° | 1.204 | 0.882 |1.059 | 0.873 | 0.854 | 0.871 | 0.919 | 1.218
< T \2x\2-RA5° | 1456 | 1.066 | 1.280 | 1.055 | 1.033 | 1.053 | 1.112 | 1.473
c(4x2) 1189 | 0.871 | 1.046 | 0.862 | 0.844 | 0.860 | 0.908 | 1.203
2x2) 1254 | 0.918 | 1.103 | 0.909 | 0.889 | 0.907 | 0.957 | 1.269
Dry (2x1) 1120 | 0.820 | 0.985 | 0.812 | 0.795 | 0.811 | 0.855 | 1.133
2x1) H0 1235 | 0.904 | 1.086 | 0.895 | 0.876 | 0.893 | 0.943 | 1.249
(\/13";13)&?33'7 1325 | 0.970 | 1.165 | 0.960 | 0.940 | 0.958 | 1.011 | 1.340

2
(\/13X;/1H3)§33'7 1463 | 1.071 | 1.286 | 1.060 | 1.037 | 1.058 | 1.117 | 1.480

2
(\/13"%/13)&?33'7 1608 | 1178 | 1.414 | 1.166 | 1.141 | 1.163 | 1.228 | 1.627

2

other extrapolated energies. There are several pairs of surfaces which match the experimentally
observed d110):d00) ratio. The total energy of a particle with the observed shape and a given pair
of (110) and (100) surface structures is necessary to distinguish which pairs of surfaces are

possible. The total energy contribution to a nanocuboid from the surface and the associated bulk
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Table 6.3: Total contribution (in keV) to the free energy from surface free energies (eV) and
bulk starvation for a stoichiometric 60nm diameter SrTiO3 nanocuboids with the observed

da10):d@oo) ratio. Values within 10 keV of the lowest energy value are highlighted.

(110)
Sr facet | half-O, | (1x1) | (6x1) | (5x1) | (4x1) | (3x1) | (2x1)
SrO (1x1) 286 232 | 208 | 186 | 182 | 180 | 177 | 193
50% SrO (1x1

E0% TiOg((lxl)) 226 172 | 217 | 217 | 219 | 223 | 232 | 261
2V2x\2-R45° 269 215 | 260 | 261 | 262 | 266 | 275 | 304
(I3XVI3)}R33.7° | o0 | 519 | o6q | 265 | 266 | 270 | 279 | 308

on SrO termination
4\2x\2-R45° 214 224 | 269 | 270 | 271 | 276 | 284 | 313
(5xV5)-R26.6° [ o4 | os1 | 306 | 306 | 307 | 312 | 320 | 350

on SrO termination
TiO, (1x1) 224 240 | 285 | 285 | 286 | 291 | 299 | 329
= (V13x\13)-R33.7° | 342 357 | 403 | 403 | 404 | 409 | 417 | 446
o  (5xV5)-R26.6° 362 377 | 422 | 423 | 424 | 429 | 437 | 466
= \2xV2-R45° 360 375 | 421 | 421 | 422 | 427 | 435 | 465
c(4x2) 390 405 | 450 | 450 | 452 | 456 | 465 | 494
(2x2) 381 397 | 442 | 442 | 443 | 448 | 456 | 486
Dry (2x1) 399 415 | 460 | 460 | 462 | 466 | 475 | 504
(2x1) H,0 384 399 | 444 | 445 | 446 | 450 | 459 | 488

(IVI3YRZT | g5p | 339 | 384 | 385 | 386 | 300 | 309 | 428

2 H,0

(V13X11H32'OR33'7 310 | 326 | 371 | 371 | 372 | 377 | 385 | 415

(V13xg1H3)bR33'7 208 | 314 | 359 | 350 | 361 | 365 | 374 | 403
2

starvation was calculated for a stoichiometric nanocuboid (Table 6.3) and one which began with

a titanium termination (Table 6.4).
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Table 6.4: Total contribution (in keV) to the free energy from surface free energies (eV) and
bulk starvation for a 60nm diameter SrTiOs nanocuboids with the observed d(110):d(100) ratio

synthesized with a titanium rich surface. Values within 10 keV of the lowest energy value are

highlighted.
(110)
Srfacet | half-O, | (1x1) | (6x1) | (5x1) | (4x1) | (3x1) | (2x1)
SrO (1x1) 350 206 | 272 | 250 | 246 | 244 | 241 | 247
50% SrO (1x1)
50% TiO, (1x1) 290 236 | 212 | 189 | 186 | 183 | 181 | 197
2\2x\2-R45° 333 279 | 255 | 233 | 229 | 227 | 224 | 240
(VI3XVI3)-R337 [ 000 [ oes | 530 | 207 | 204 | 206 | 215 | 244
on SrO termination
4\2x\2-R45° 278 224 | 206 | 206 | 207 | 212 | 220 | 249
(VSXVIR26.6° | 501 | o4e | o4p | 242 | 243 | 248 | 256 | 286
on SrO termination
TiO, (1x1) 229 176 | 221 | 221 | 222 | 227 | 235 | 265

(V13xV13)-R33.7° | 278 294 | 339 | 339 | 340 | 345 | 353 | 383

§ (V5xV5)-R26.6° 298 313 | 358 | 359 | 360 | 365 | 373 | 402
- \2xV2-R45° 296 312 | 357 | 357 | 358 | 363 | 371 | 401
c(4x2) 326 341 | 386 | 386 | 388 | 392 | 401 | 430

(2x2) 317 333 | 378 | 378 | 379 | 384 | 392 | 422

Dry (2x1) 335 351 | 396 | 396 | 398 | 402 | 411 | 440

(2x1) H,0 320 335 | 380 | 381 | 382 | 386 | 395 | 424

(XVISRIBT | ogy | 75 | 320 | 321 | 322 | 327 | 335 | 364

2 H,0

(V13X11H3;)R33'7 246 | 262 | 307 | 307 | 308 | 313 | 322 | 351

(‘/13X21H3)g*33'7 235 | 250 | 295 | 295 | 297 | 301 | 310 | 339
2

Previous studies indicated that SrCO3 formed upon annealing the nanocuboids.'”* Upon
annealing for 20 hours, the SrCOj3 increased to 0.3% of the total mass by weight.!’”®> If it was

being formed from SrO leaving the nanocuboids, this would constitute ~18,000 SrO units
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removed from a 60 nm nanoparticle of the observed shape. This is far less than the number of
excess TiO, units on a pair of TiO; rich surfaces. For example, a cuboid of the same size
terminated by the (3x1) structure on the (110) facets and the (V2x2)-457° structure on the
(100) facets would have a total of ~175,000 excess TiO; units. Even if the formation of SrCO3
leads to titanium enrichment on the surface and reduces the starvation energy, it is an order of
magnitude too small to cancel out the starvation energy. Therefore, unless the nanocuboids are
formed already nonstoichiometric, or titanium or strontium is removed in some other way, for
example by acid etching, the bulk starvation energy will have an effect and must be included in
the calculations. Due to the similarities between the nanocuboids as-prepared and those
following acid etching (which should be TiO, terminated®), the possibility that the nanocuboids
are initially titanium terminated must be considered.

Since the change in energy to the particle due to the bulk starvation energy is
significantly larger than the change due to the different surface free energy, the overall surface
composition of an annealed nanocuboid will be similar to the surface composition of the as-
prepared nanocuboid. If, for example, the as-prepared nanocuboid is stoichiometric, the lowest
energy particle will have (100) facets with a 50%/50% mixture SrO (1x1) and TiO, (1x1)
terminations and the (110) facets will have the half-O, structure (Table 6.3). If, on the other
hand, the initial surface of an as-prepared nanocuboid is an unreconstructed TiO, surface, then
the overall lowest energy structure will be the TiO, (1x1) structure on the (100) facets and the
half-O, structure on the (110) facets (Table 6.4). The surface structure after annealing will be

determined by the dominant species in the nanocuboids as they are prepared. This in turn will
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depend upon the preparation conditions, such as the acidity of the solution in which they are

formed and what (if any) surfactant is used.

6.3.6: Platinum Nanoparticles on SrTiO3; Nanocuboids

Images of nanocuboids after one cycle of platinum ALD showed that platinum
nanoparticles approximately 1.5 — 2.5 nm in diameter were formed (Figure 6.12). High-
resolution imaging shows that the particles are metallic Pt and that the lattice fringes of the
platinum nanoparticles were aligned with those of the strontium titanate with cube-on-cube
epitaxy. A strong epitaxy is unsurprising, as the lattice mismatch between platinum and
strontium titanate is only 0.4% (3.920 A for platinum and 3.905 A for strontium titanate). The
platinum was observed to grow only in the (100) direction and not the (111) direction, which
implies that the SrTiOs; nanocuboids were TiO, terminated,'”® in agreement with our
characterization of the nanocuboid surfaces above. Such interfaces are known to have strong Pt—
O bonds between the metal and the oxide support.*"®*"’

The observed shape of the platinum particles matches the Winterbottom construction.**®
The Wulff construction for platinum using the literature ypy111) / Yetozy Of 0.84 from Vitos et.
al.'"* is shown in Figure 6.1. By comparing the truncation in the experimental images to the Pt
Wulff construction, it can be seen that slightly more than half of the Wulff shape was exposed
above the substrate surface (Figure 6.13). Exactly half the particle would be exposed when the
substrate surface free energy and the interface energy are equal, i.e. ( Yinterface — Ysubstrate ) = O,

while the entire Wulff construction would be exposed if the interface energy were greater than or

equal to the sum of the particle surface free energy plus the substrate surface free energy, i.e.
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Figure 6.12: TEM image of platinum nanoparticles on strontium titanate nanocuboids.



200

5 e, &
- R
LA R LS E 2 R R ]

Figure 6.13: HREM image of platinum nanoparticles on the (100) face of a strontium titanate
nanocuboid. Near perfect alignment of Pt (100) and SrTiO3 (100) lattice fringes indicates a
strong epitaxy. Wulff construction shapes for platinum are overlaid upon the platinum
nanoparticles in red, showing that slightly more than half of the Wulff construction shape exists

above the substrate surface.

( Yinterface — Ysubstrate ) = Yparticle: B€tween 50% and 100% of the Wulff construction would be
exposed when the interface energy is between the sum of the substrate surface free energy and
the substrate surface free energy plus the particle surface free energy, i.e. 0 < ( Yinterface — Ysubstrate )
< Yparticte. > The experimental data shows that barely more than half of the particle is exposed,
hence the interface energy is slightly greater than the substrate surface free energy, consistent
with previous literature reports.*”

It was determined in section 6.3.5: (and will be discussed in more detail in section 6.4.3:)
that the (100) faces of the SrTiO3; nanocuboids are most likely terminated by a mix of SrO and

TiO, terminations, or possibly entirely by a TiO, termination. If the former, then the platinum is

likely growing on regions with TiO, termination, since the epitaxy indicates that it is growing on
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a TiO, surface. The TiO, (1x1) structure has a surface free energy of 0.088 eV/A? when using
the revTPSSh functional,” and 0.063 eV/A? when using a simple PBE (GGA) functional.”® The
absolute surface free energy for the (111) and (100) surfaces of platinum calculated by Vitos et.
al. using a GGA functional are 0.143 eV/A? and 0.171 eV/A?, respectively.'’® According to the
experimental data the interface free energy between the SrTiOz; nanocuboids and the Pt
nanoparticles is slightly greater than the SrTiO3; (100) surface free energy. This is in good
agreement with (1) the GGA calculations by Asthagiri and Sholl, where the work of separation
between Pt and TiO, terminated SrTiO; (001) was calculated to be 0.061 — 0.066 eV/ A? for 2-5
monolayers of Pt,"""*"® and (2) GGA calculations by Iddir et. al., where the work of separation

was calculated to be 0.066 eV/A217

6.4: Discussion

6.4.1: Voids in SrTiO; nanocuboids

Within the nanocuboids are multiple voids (see, for example, Figure 6.4, Figure 6.6, and
Figure 6.7), the edges of which are interior surfaces. These voids are visible as square features
with rounded corners inside the as-prepared nanocuboids. These areas were thinner than the rest
of the nanocuboids, implying that they were voids. That the voids behaved the same as the
exterior of the nanocuboids upon annealing supported that inference. Confirmation of their
nature came from the acid etching experiments. As the material separating the voids from the
surface was etched away, the voids became exposed. This resulted in the irregular shapes that

were observed after acid etching as the interior surface of the voids became exterior surfaces.
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The annealing experiments also implied that the voids could not be filled with a liquid or gas. If
they were filled with a gas or liquid, expansion during annealing would have caused the
nanocuboids to explode. Alternatively if they were not vacant, then whatever was inside must
have diffused through the SrTiO3 and escaped.

The voids are most likely a product of the nanocuboid formation mechanism. The cubic
crystal structure of SrTiO3; should mean that as proto-nanocuboids form in solution, they would
assume an approximately cubic shape. Such proto-nanocuboids can grow in one of two ways:
additional species from solution can be deposited, or they can join with other proto-nanocuboids.
When proto-nanocuboids join, their lattices will align, but it is unlikely that their edges will be
perfectly flush. Non-aligned edges will result in gaps wherever multiple proto-nanocuboids join
in this way. The gaps will vary in size, but will all have 90° angles at their corners, forming
rectangular prism shaped voids. Upon annealing, the voids will assume the same shape as the
cuboid exterior in order to minimize their energy.

During any acid etch, the (100) and (110) surfaces remained exposed in the same ratios.
Even when the shape of the particles had changed significantly from their original cubic shape
by exposing the voids, those voids had the same (100) and (110) exposed surfaces and the
overall surface orientation was therefore unchanged. While irregular shapes would make many
direct surface studies difficult, the surfaces of highly etched particles should remain same as the
nanocuboids etched for shorter time periods which retained their cubic shape. Therefore, it is
reasonable to conclude that what is learned about the regular shaped nanocuboids may be applied

to these less regular shapes. Additionally, the high surface area of these irregularly shaped
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particles makes them far better suited to catalytic studies. Recognizing this relationship may be a

useful step in the direction of connecting surface studies with catalysis.

6.4.2: SrTiO5; nanocuboid surfaces

Annealing at temperatures from 600°C to 950°C had similar effect on the SrTiO;
nanocuboids. As described above, the surfaces formed well defined (100) and (110) facets. No
further change to the surface structure was conclusively determined to occur for annealing at
temperatures up to 950°C for as long as 20 hours. At temperatures of 1100°C, however, the
surface was observed to roughen (Figure 6.8). It is well known that at higher temperatures
oxygen chemical potential is reduced, and even an oxygen atmosphere becomes somewhat
reducing at high enough temperatures. Indeed, the SrTiO3 (100) c(6x2) surface reconstruction
which was found at 1100°C was also found to be slightly reduced.'?® It is therefore likely that
the nanocuboid surfaces become reduced when annealed at such high temperatures, leading to
the observed surface roughness.

SrTiO3z nanocuboids acid etched then subsequently annealed maintained the same (100)
and (110) facets. The acid etched cuboids, according to the literature,®* should have the surface
strontium preferentially removed, and therefore be titanium oxide terminated. The fact that the
as-prepared and acid etched nanocuboids displayed similar faceting suggests that the surfaces are
titanium rich. However, the data from the acid etched and annealed nanocuboids is not good
enough to actually measure the d110):d(100) ratio. It cannot be confirmed, therefore, whether the
same structures are present as in the nanocuboids that were annealed without an acid wash.

Further studies, such as annealing acid washed nanocuboids before depositing them on a TEM
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grid in order to avoid damaging the support, will be necessary before definite conclusions can be
drawn.

The platinum growth also indicated that the nanocuboids were titanium terminated. The
platinum grew epitaxially in the (100) direction on the SrTiO3 (100), indicating that the platinum
was growing on titanium terminated SrTiOz (100). If the nanocuboids were strontium
terminated, a mix of (100) and (111) oriented platinum would have been observed.}”® This is
also not completely conclusive, however. If the (100) surface were 50% TiO, (1x1) and 50%
SrO (1x1), then the platinum might be growing only on the areas terminated by TiO,. If such
were the case, a higher interface energy between the SrO termination and platinum might aid in
keeping the platinum particles separated.

The existence of the stable (110) facet indicates that the surface is either titanium rich or
stoichiometric. DFT studies have shown that the strontium rich (110) surface would be
stabilized by forming (100) facets, with the stability improving as the size of the (100) facets
increased.®® Because annealing leads to the (110) facets becoming well defined rather than
disappearing, they must not be strontium terminated.

Application of the Wulff construction®®” with inclusion of a bulk starvation energy*"**"?
indicated that the bulk starvation energy has a much larger effect on the overall nanoparticle
energy than does the specific energy of the surface. If the as-prepared nanocuboids are
completely stoichiometric, then the lowest energy structure for that composition has the half-O,
structure on the (110) facets and a 50%/50% mixture of the TiO, (1x1) and SrO (1x1) structures

on the (100) facets (Table 6.3). The ratio of y110):y(00) In this case is 1.170 (example by acid
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etching, the bulk starvation energy will have an effect and must be included in t), within one
standard deviation of the observed d110):d(100) ratio (1.137 with a standard deviation of 0.055).
The only other pairs of terminations which are close in energy (within 10,000 eV per
nanoparticle) are the (3x1) or (4x1) structure on the (110) facets and the SrO (1x1) termination
on the (100) facets (Table 6.3). The ratios of y(110):y(100) are 1.258 and 1.192, respectively, still
relatively close to the observed d(110):d100) ratio. However, such structures can be ruled out
because the platinum epitaxy indicates that there is some TiO, on the (100) facets.

The nanocuboids are not necessarily stoichiometric when they form. If they are enriched
in either SrO or TiO,, the large effect of the bulk starvation energy will force them to form
surfaces rich in that same species. The existence of stable (110) facets indicates that they are not
strontium rich, and the platinum epitaxy indicates that the (100) facets are not strontium rich
either. A strontium rich nanocuboid can therefore be ruled out. A titanium rich nanocuboid,
however, cannot. If strontium was slightly more soluble in the solution from which the
nanocuboids were prepared or if slightly more titanium were present in the solution, then
titanium rich nanocuboids would be formed. However, it is unlikely that the amount of titanium
enrichment would exceed that of a nanocuboid with strontium removed from the surface.

With such an amount of titanium enrichment, the overall lowest energy structure for the
nanocuboids would be a TiO, (1x1) reconstruction on the (100) facets and a half-O, structure on
the (110) facets (Table 6.4). The vy(10):yaoo0) In this case would be 1.136 (example by acid
etching, the bulk starvation energy will have an effect and must be included in t), almost

identical to the observed d110):d100) ratio of 1.137. The only other (110) and (100) surface
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pairings to have an energy contribution within 10,000 eV per nanoparticle are the (3x1) or (4x1)
structures on the (110) facets and a 50%/50% mixture of the TiO, (1x1) and SrO (1x1) structures
on the (100) facets (Table 6.4). These structures have y(10):yqo0) ratios of 1.220 and 1.156,
respectively (example by acid etching, the bulk starvation energy will have an effect and must be
included in t), close to the observed d10):d(100) ratio. However, the total energy contribution to
the nanoparticle from using either of these pairings is more than 5,000 eV per nanoparticle,
indicating that they are unlikely.

Taken together, this indicates that the (110) facets are likely to be terminated by a half-O,
structure, whether the nanocuboid is stoichiometric or titanium enriched. Depending upon the
amount of titanium enrichment, the (100) facet will be terminated by a TiO, (1x1) strtucture or a
mixture of TiO; (1x1) and SrO (1x1) structures. If the nanocuboids were enriched in strontium,
then it is likely that the proportion of the (100) facet composed of the SrO (1x1) termination
would be increased.

The presence of both strontium and titanium at the surface is in agreement with previous

studies by collaborators."

The vibrational spectra of CO, and of pyridine adsorbed to the
nanocuboids indicated that both strontium and titanium were present.*” The precise method by
which atmospheric species bonded to the surface could not in most cases be determined from the
vibrational spectra, due to the lack of appropriate models and associated calculated vibrational
spectra. Preliminary vibrational spectra calculations from the unreconstructed SrTiO3z (100)

titanium and strontium terminations calculated in Chapter 4 indicate that CO, and H,O on both

titanium and strontium terminations have vibrations in the region where most of the vibrational
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signals were observed. Currently determination of whether the surface is TiO; or SrO terminated
or of whether H,O or CO, is bonding cannot be made from vibrational spectra. If the
preliminary modeling of the vibrational spectra is sufficiently improved upon, however, such
spectra may confirm the current analysis of the nanocuboid surfaces, and may provide a path to
determining surface composition and structure of nanocuboids synthesized in the future.

The surface structure depends highly upon the initial stoichiometry of the nanocuboid.
Varying the nanocuboid composition even slightly should change which surface structure is
present. Altering the composition of the nanocuboids might be accomplished during particle
synthesis through varying precursor stoichiometry, changing in solvent, solution pH, or using a
surfactant, among other possibilities. Additionally, post-synthesis processing, such as acid
etching or deposition of a TiO, or SrO thin film, could be used to change the stoichiometry. By
controlling the composition in such a way, the surface structure can be similarly controlled. This
in turn will lead to differences in the ability to bond adsorbates and to different interfaces
between the nanocuboids and any particles or films grown on them.

No periodic surface reconstruction was definitively observed, as the surface is most likely
composed of a mix of TiO, and SrO (1x1) terminations. Even if a surface termination with a
different periodicity were created, it would be difficult to resolve on the nanocuboids described
herein. In addition to the technical difficulties of seeing surface diffraction from an area only 60
nm across and those involved with seeing surface diffraction from a sample as thick as 60 nm,
the voids within the cuboids create further difficulties. The voids get in way of seeing a

reconstruction by adding edge effects to the diffraction pattern, which are strong enough to make
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weak surface spots nearly impossible to observe. Experiments are underway to synthesize
nanocuboids without voids. At the same time, cuboids such as those used in these experiments
can continue to find use, particularly as catalytic substrates after acid etching to expose the voids
and creating high surface area, oriented nanoparticles. Even though no surface reconstructions
were ultimately observed, the experiments did yield information about the surface structure, and

likely structures were determined despite the fact that no reconstruction was observed.

6.4.3: Platinum nanoparticles on SrTiOs; nanocuboids

The platinum nanoparticles on the SrTiO; nanocuboids are unconditionally metallic
platinum. Such interfaces are known to have strong Pt—O bonds between the metal and the oxide
support.}®1" Additionally, there can be dissociative chemisorption of O, on exposure to air'®
forming a PtO shell at the surface. Hence bulk averaging techniques might interpret these
nanoparticles as PtO. For example, a nanoparticle consisting of 4 unit cells of platinum
arranged in a square on the substrate surface would have 38 platinum atoms, 29 at the surface, 13
at the support interface (8 both at the surface and at the support interface), leaving only 4 (10%)
in the interior. Such a particle would have a length of 1.063 nm (2 unit cells plus 2 atomic radii)
and a height of 0.670 nm (1 unit cell plus 2 atomic radii), with 90% of the platinum bonded to an
oxygen atom. This is consistent with results from Setthapun and coworkers,™®! who reported that
after 1 cycle of Pt ALD on SrTiO3 nanocuboids, the platinum nanoparticles were 5% metallic
platinum and 95% PtO and after 2 cycles 45% metallic platinum and 55% PtO; as well as

Christensen and coworkers'®®, who reported that the amount of oxidation scaled with surface to

volume ratio.
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The observed shape of the platinum nanoparticles on the strontium titanate nanocuboids
is the thermodynamically favored structure, as determined by the Winterrbottom construction.**®
Unlike metastable structures, which cannot survive extended catalytic use, thermodynamically
stable structures such as these will be stable and maintain their configuration. Indeed, platinum
in a different, metastable geometry will eventually reconfigure to this thermodynamically stable
shape.

The shape of the platinum nanoparticles is controlled by the interfacial free energy and
the surface free energy of the support. Changing these alters the ratio of exposed Pt (111) to Pt
(100) which in turn will change face-selective catalytic performance. This is relatively simple to

182

do. Perovskite nanocuboids of other compositions (e.g. BaTiO3 ) have also been synthesized,

183,184). For

as have oriented nanoparticles of other materials (e.g. MgO smoke nanocuboids
example, by switching to a support with a greater lattice mismatch such as BaTiO3
(a=b=3.992A, c=4.036A; 2.2% lattice mismatch), the interface energy would be expected to
increased. Since the platinum grows on the TiO; termination, switching the A-site cation should
not have a direct bonding effect on the interface, and the difference in lattice mismatch would be
the only major change. This could be fine tuned by having mixed ions on the A-site, e.g. Sr;.
«BaxTiO3. By changing the B-site cation, by changing the surface of the nanocuboids as
described above, or by changing the material entirely, larger changes in the interface and

substrate surface free energies will lead to associated changes in the exposed facets and face-

selective catalysis.
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Since the platinum particle shape is the thermodynamically favorable structure, it will be
maintained during catalytic use, provided that the thermodynamics are not altered by poisoning
or coking. Even if the particle size increases via sintering, the shape and the ratio of different
surface facets will be maintained. Such a method for controlling a nanoparticle catalyst surface
can be applied to any catalytic system, not just platinum, and tuned as discussed above while

maintaining thermodynamically stability.

6.5: Conclusions

The structure of the interior and exterior of hydrothermally synthesized SrTiO3
nanocuboids has been elucidated. Matching the Wulff construction with TEM images has
revealed the TiO; (1x1) structure or a mix of the TiO; (1x1) and SrO (1x1) structures as the most
likely candidates for the structure of the main surfaces of the SrTiO3; nanocuboids, and the half-
O, structure as the most likely termination of the (110) facets. The surface structure depends on
the nanocrystal stoichiometry, and precise control over the stoichiometry will allow for control
over the surface structure. The titanium rich (100) termination for the nanocuboids analyzed
herein fits with the observation of titanium rich terminations on single crystal SrTiO3 following
annealing in oxidizing environments (see Chapter 4), and with the cube-on-cube epitaxy
exhibited by platinum nanoparticles grown on the SrTiOs nanocuboids. The voids within the
nanocuboids have the same surfaces as the exterior of the cuboids. Exposure of these voids
through acid etching could lead to particles with higher surface areas while keeping the

advantage of the oriented surfaces.
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The analysis of platinum nanoparticles on strontium titanate nanocuboids has shown that
they are of thermodynamically stable shapes, as governed by the Winterbottom construction.
Further analysis has illuminated a method by which stable, high surface area, oriented catalysts
can be created. Control of the support surface allows one to engineer such catalysts with precise
control over which nanoparticle surface orientation is exposed, thus enabling precise
modification of selectivity and yield for structure sensitive catalytic reactions. By combining
thermodynamics with control over the support, stable, high surface area, face selective catalysts

may be created.
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Chapter 7:

Conclusions
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This work began with an examination of the inorganic chemistry of the complex
La,Cu3sMoOs; structure. Tools similar to those used to analyze the bulk La;CusMoQO;, structure
were then turned on the (110) surface of SrTiOs, and it was shown that the same principles of
coordination and chemical bonding applied to the surface as to the bulk. It then considered
adsorbates on the SrTiO3 (100) surface, and found that, yet again, the same basic chemical rules
apply. A thorough review of many known and proposed surface structures confirmed that the
bond valence method allows not only an understanding of surface structures, but the ability to
predict them as well. Finally, attention turned from large single crystals to nanocrystals, and it
was shown that control over a support surface may lead to fine control over structure sensitive
catalytic reactions.

There were two major goals for this work. The first was to develop a better chemistry
based understanding of surface structures. The second was to apply that knowledge to enhance
the understanding of catalysis at the atomic scale. The former was accomplished by showing
that the same chemical principles governing bulk structures control surface structures as well,
and by showing that bonding principles, such as bond valence sums, can be used to predict
surface structures. The latter was accomplished by showing that adsorbates on surfaces can also
be understood and predicted through chemical bonding methods. Finally, the enhanced
understanding of surfaces and interfaces combined with nanoparticle thermodynamics was used
to suggest a method by which catalytic selectivity and activity can be precisely controlled in

structure sensitive reactions.
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The rules of solid state chemistry that govern bulk structures apply equally to surface
structures and to adsorbates on surface structures. The chemical bonding principles are general
to all surfaces, and even have predictive power. Through an understanding of surface chemistry,
we can predict and perhaps even control what structures will form and what species may interact
with the surface. In future surface studies, both chemistry and physics ought to be considered in
order to arrive at the most complete understanding of surface structure and interactions. Finally,
through the control of the surface that this knowledge allows, one may control and manipulate

the potential active sites of supported heterogeneous catalysts.
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Appendices

A.1l: XPS Peak Fits for All XPS Spectra in Chapter 4

Appendix A.1 contains the fitted peaks for all spectra used in Chapter 4, for the oxygen,
titanium, strontium, and carbon energy regions. Peak position, full-width at half-maximum, and
areas are listed. The angle listed is the angle from the XPS detector to the sample face, i.e. 90° is
normal to the surface. Peaks that were not present or were too small to accurately fit are marked

with an X.
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Table A.1.1: Peak fitting for O1s peak region, including main O1s peak, the high binding

energy shoulder (hydroxyl shoulder) and, when applicable, the holder artifact.

O1ls O1s Shoulder Holder Artifact
Treatment  Reconstruction Angle| BE |FWHM| Area | BE |FWHM |Area| BE [FWHM |Area
850°C, (13xV13)  45° [529.7| 2.2 |1093 |532.7| 2.7 |667[527.6] 2.0 |532
5h, Air -R33.7° 75° |529.5| 2.4 |1108 |532.5| 2.6 |817(527.1] 2.2 |647
520°C, 45° |530.0/ 2.3 |1290|531.8| 2.4 |383|527.9] 2.0 |582
20 min, e" gun, None
3x10” torr O, 75° |530.1| 2.3 |1480|531.8/ 2.3 |394|527.6| 23 |810
850°C, (13xV13)  45° [529.9] 1.6 [14705|532.1] 2.6 |[5560| X X X
5h, Air -R33.7° 80° [529.9| 1.7 [18653|532.0/ 2.6 |4722| X X X
450°C, Tl 20° |530.1| 1.9 |7778|532.3| 2.3 |3599/528.1 1.2 |504
2h, Gas Cell, (_R33"3 703) 45° (530.0| 1.7 [14029|532.1| 2.3 |4202| X X X
UHV ' 85° (530.0| 1.7 [16072|532.1| 2.5 |3954| X X X
800°C, - 20° [530.1| 1.8 [11053|532.1| 2.5 |4245| X X X
3.5h, Gas Cell, (2x1) 45° (530.0| 1.7 [20220(531.5| 2.0 [2785| X X X
streaky
UHV 85° (530.0( 1.7 |24359|531.8| 1.6 |1835 X X X
800°C, 20° [530.1| 1.9 |9020|532.0/ 2.0 |2164| X X X
8h. Gas Cell (2x1) 45° |530.0] 17 |14639|531.8] 1.7 |1498] X | X | X
streaky
UHV 85° |529.9| 1.7 |17026/531.8| 1.6 |1082| X X X
950°C, (2x1) + (5x1) 25° |530.0| 1.7 |3312|532.1| 2.3 |806| X X X
5h, Air streaky 45° (530.1| 1.6 |3999 |531.8] 22 |767| X X X
750°C, 25° |530.2| 1.9 |5756|531.9| 2.6 |1307|528.0 0.7 | 42
5h, Gas Cell, (2x1) -
2x102 torr O, 45° (530.1| 1.7 |7777|531.7| 1.7 |888| X X X
Al Exoosure Unkiown 25° |530.1| 1.8 |6768|531.9| 1.5 |632|528.0 1.0 |141
P 45° |530.0] 1.6 |8083 |531.4] 2.0 |1476] X | X | X
950°C, c(4x2), 45° (529.8| 2.3 | 1572 |532.0/ 2.4 |537(527.6] 2.3 [1005
5h, Air verystrong  75° |530.1| 2.1 |1606 |532.0 2.1 |571(527.3] 2.8 |965
400°C, 45° |530.4| 2.2 |2097 |532.3| 22 [1150] X | X | X
20 min, e” gun, c(4x2)
8x107 torr O, 75° |530.2| 2.1 |1997 |532.1| 2.0 |381(527.3] 2.8 |1142
300°C, 45° |529.7| 2.7 |2011|532.0/ 2.5 |165|527.6| 16 |292
3h, " gun, c(4x2)
4x10° torr O, 75° 1529.9| 2.3 |1376(532.2| 1.5 |100|527.8| 25 1018
800°C, c(4x2) 45° |529.8| 2.9 |1941|532.3| 1.9 |142(527.2| 2.0 |646
20 min, " gun, '
9x107 torr O, weak 75° |530.3| 2.1 |1467|532.3| 2.0 |320(527.3] 3.0 |1179
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Table A.1.2: Peak fitting for Ti2p peak region, including Ti2p*/, and Ti2p*/, peaks and, when

applicable, reduced titanium peaks.

Ti2p%, Ti2p*, Reduced Ti2p%, | Reduced Ti2p%/,
Treatment Reconstruction Angle| BE [FWHM| Area | BE |[FWHM|Area| BE [FWHM|Area| BE |[FWHM|Area
850°C, (VI3xV13) 45° |458.8 1.6 | 210 [464.1) 3.2 [119455.9 2.0 [49| X | X | X
5h, Air -R33.7° 75° |458.8| 1.6 | 332 [464.2] 3.1 [196[455.3] 1.3 |30 | X X | X
520°C, 45° 458.8) 1.8 | 230 (4645 2.1 |87 [456.3] 1.8 |67 [462.1] 3.9 |67
20 min, e gun, None
3x10° torr O, 75° |458.8) 1.4 | 303 |464.7| 2.0 |138456.5| 3.1 | 65 [460.8] 4.2 |104
850°C, (V13xV13)  45° |458.8] 1.6 |9004 |464.4 2.7 [5192] X X X | X X X
5h, Air -R33.7° 80° |458.8| 1.6 |10934464.5| 2.7 [6201] X X | X | X X | X
o 20° |458.8) 1.6 |4315/4645 2.8 2493 X | X | X | X | X | X
450°C, (V13xV13)
2h, Gas Cell, _R3’;70 45° |458.8] 1.6 |9160[464.40 2.8 [5208) X | X | X | X | X | X
UHV 85° 458.9] 1.6 |100584645 2.7 5832 X | X | x| x| x | X
o 20° |458.8) 1.7 |6300464.4 2.9 3682 X | X | X | X | X | X
800°C, (2x1)
3.5h, Gas Cell, streaky 45° |458.8] 1.6 [12896l464.4 2.8 [7414) X | X | X | X | X | X
UHV 85° [458.8] 1.6 |1391014645 2.9 [8184 X | x | x| x| x | X
o 20° |458.8) 1.6 |4575|464.4) 2.8 2689 X | X | X | X | X | X
800°C, (2x1)
8h, Gas Cell, streaky 45° |458.8] 1.6 (9944 [464.4 28 [5897] X | X | X | X | X | X
UHV 85° [458.8] 1.6 |9696[464.4 29 679 X | X [ x| x| x | X
950°C, (2x1) + (5x1) 25° [458.8| 16 |2098]464.4) 2.7 [1211] X | X | X | X | X |X
5h, Air streaky 45° 4589 1.6 (2684|4645 27 1564 X | X | X | X | X | X
750°C, 25° (458.8] 1.5 |322204645 2.7 1840 X | X | X | X | X | X
5h, Gas Cell, (2x1)
2x107 torr O, 45° |458.8] 1.6 (43354645 27 2489 X | X | X | X | X | X
) 25° 1458.8) 1.6 |3977 4645 2.7 2263 X | X | X | X | X | X
Air Exposure  Unknown
45° |458.9| 1.6 (43894645 2.8 2619 X | X | X | X | X | X
950°C, c(4x2), 45° |458.9] 1.9 | 448 [464.4] 27 [212]| X | X | X | X | X |X
5h, Air verystrong  75° |458.8) 1.8 | 605 [4645 1.8 [247| X | X | X | X | X | X
400°C, 45° 1458.7| 1.7 | 614 [4642| 25 [314| X | X | X | X | X | X
20 min, e” gun, c(4x2)
8x10” torr O, 75° 1458.9] 1.7 | 794 |464.4) 2.9 |411| X | X | X | X | X | X
300°C, 45° |458.9] 1.5 | 298 |464.5| 2.6 |186(456.3] 1.9 |192[461.4 2.2 |130
3h, e gun, c(4x2)
4x10° torr O, 75° 1458.8] 1.6 | 352 |464.6| 2.1 |164|455.6 1.9 |162[461.4 3.3 |147
800°C, 45° |458.7| 1.7 | 359 |464.4 2.4 |143)455.9 1.9 | 64 |461.5 2.6 | 65
20 min, e gun c(4x2),
’ ’ weak 75° 1458.9) 1.4 | 310 |464.4) 2.7 |213|457.6] 4.9 |148(460.1] 3.1 | 92

9x107 torr O,
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Table A.1.3: Peak fitting for Sr3d and C1s peak regions, including Sr3d°/, and Sr3d*/, peaks,

C1s peak and, when applicable, the non-charging C1s peak from the sample holder.

sr3d*/, sr3d*/, Cls Holder C1s
Treatment ReconstructionAngle| BE [FWHM| Area | BE [FWHM|Area| BE |[FWHM|ArealpositionFWHM|area
850°C, (V13xV13)  45° 1338 1.2 | 115 [1355 1.5 |122[285.8 3.2 |538| X X | X
Sh, Air -R33.7°  75° 11336 1.3 | 244 [135.4] 1.6 |222[285.8 2.8 [490| X X | x
520°C, 45° 11337 1.2 | 111 (1355 2.0 [186[284.3 2.1 [399| X X | X
20 min, e gun, None N
3x10° torr O, 75° 1133.8 1.3 | 284 1355 1.6 [260[284.2] 1.9 |[345| X X | X
850°C, (V13xV13)  45° |1336] 1.4 |6385[135.3] 1.5 [5238[285.7] 1.8 [3114] X X | X
Sh, Air -R33.7°80° 133.7| 1.4 |8407[135.4] 1.5 |64910285.7] 1.9 ]2167] X X | x
450°C, W1313) 20° 1335 1.4 |2252[135.2] 1.8 [25201285.4] 2.0 [3254] X X | X
2h, Gas Cell, _R3’§_7o 45° 1335 1.4 [6399(135.3 1.5 [5044[285.6| 2.0 (2633 X X | X
UHV 85° |133.6) 1.4 |8550(135.4 1.5 [6887[285.6) 2.0 [2109 X X | X
800°C, ) 20° 1335 1.5 |3725[135.3] 1.7 |3406[284.9] 2.2 [5908 X X | X
X s
3.5h, GasCell, 0y 457 (1335 14 |8632/135.2] 16 [1124284.6) 25 2637 X X | X
UHV 85° |133.6) 1.5 (117841353 1.5 [8777[284.5 2.8 [2099 X X | X
800°C, 1) 20° 133.6] 1.4 |2961[135.3] 1.7 [2711]284.5 2.3 |3505 X X | X
X s
8h, Gas Cell, streaky 5" |1336] 14 71201353 15 |5656284.7) 2.5 [2013] X X | X
UHvV 85° [133.5) 1.5 |8063[135.3 1.5 |5895]2845 29 |1519 X | X | X
950°C,  (2x1) + (5x1) 25° [133.5] 1.3 |1782[135.3 1.6 [15651285.1 1.9 [1292] X X | X
5h, Air streaky  45° 1336 1.4 [2458[135.3 15 |198022852 20 |1144 X | X | X
750°C, 250
5h, Gas Cell, (2x1) : 1335 1.4 |2153[135.3] 1.5 [1663] X | X | X | X X | X
2x107% torr O, 45° 1335 1.4 [3547[1353] 15 2735 X | X | X | X X | X
. 25° 11335 1.3 |2613[135.2] 1.5 [2056[285.0, 4.0 [187| X X | X
Air Exposure  Unknown "
45° 133.6) 1.4 [3679[135.3] 1.4 [2604 X | X | X | X X | X
950°C, c(4x2), 45° 1133.7| 1.4 | 342 [135.4] 2.0 |439[284.3] 2.7 |530|281.7 | 2.1 |697
Sh, Air verystrong - 75° 11337| 1.5 | 683 [1355 1.5 |535[284.5 1.8 |343| X X | X
400°C, 45° 1338 1.6 | 384 [135.6] 1.9 [408[284.7] 2.1 |621| X X | X
20 min, e gun, c(4x2) .
8x107 torr O, 75° 1133.8 1.5 | 568 |135.6] 1.5 |456[284.1 2.0 |380| 281.1 | 2.8 [663
300°C, 45° 1337 1.4 | 346 [135.5| 1.4 |227[284.1 2.5 |300|282.4 | 1.9 |o61
3h, e gun, c(4x2) .
4x10° torr O, 75° 1133.6) 1.4 | 470 1353 1.5 |356[283.4 2.4 |195| 281.7 | 1.7 |528
ZOrﬁiOnOe(':’g Loc(x2), 451337 15 | 2041355 19 3102841 26 |356| 2816 | 22 |497
ox107 torr 0, ek 75° [133.8] 1.4 | 380 [135.5 1.7 |372[284.2 2.7 [359| X X | x
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A.2: CIFs for All Structures, Including Bond Valence Sums

Appendix A.2 contains Crystallographic Information Files (CIF) for all structures
analyzed in this work. In addition to the standard information, such as unit cell dimensions and
atomic coordinates, bond valence sums for each atom are included. Due to the length of the
CIFs as they are deposited with all the experimental parameters and tables of bond lengths and
angles, only unit cell parameters, atomic coordinates, occupancies, and bond valence sums are

included.

A.2.1: CIFs for La,CuzMo0,,

The complete crystallographic information files can be obtained from the
Fachinformationzentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (e-mail:
crysdata@fiz.karlsruhe.de) on quoting the Registry nos. CSD-421355 (disordered refinement in

Pm) and CSD-421356 (twinned refinement in Pm).

A.2.1.1: LasCusMoO1, with two disordered fractions

data_LCMO_Disordered

_cell_length_a 6.8560(6)
_cell_length_b 10.9802(10)
_cell_length_c 7.9147(7)
_cell_angle_alpha 90.00
_cell_angle_beta 90.0160(10)
_cell_angle_gamma 90.00
_cell_volume 595.82(9)
_cell_formula_units_Z 2
_symmetry_cell_setting Monoclinic
_symmetry_space_group_name_H-M Pm

loop_



_symmetry_equiv_pos_as_Xyz
IX, y, ZI

IX7 _y1 ZI

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

_atom_site_adp_type
_atom_site_occupancy
_atom_site_symmetry_multiplicity

_atom_site_disorder_group

Mo2A Mo 0.5913(17)

CudA
CubA
CubA
O13A
0O14A
O15A
0O16A
Mo2B
Cu4B
Cu5B
Cu6B
013B
014B
015B
016B
Lal
La2
La3
La4
Mol
Cul
Cu2
Cu3
01
02
03
04

Cu
Cu
Cu
0]
0]
0]
0]
Mo
Cu
Cu
Cu

0.5512(17)
0.1069(15)
0.1220(15)
0.256(7)
0.303(5)
0.732(4)
0.715(5)
0.5897(14)
0.5480(13)
0.1164(12)
0.1110(12)
0.250(5)
0.306(5)
0.725(3)
0.720(3)

0.25064(17)
0.24841(16)
0.76687(13)
0.75349(15)

0.4196(9)
0.4712(9)
0.8957(9)
0.8940(9)
0.4183(18)
0.4109(18)
0.9157(18)
0.9157(19)

0.5000
0.5000
0.5000
0.5000
0.5000
0.5000
0.5000
0.5000
0.5000
0.5000
0.5000
0.5000
0.5000
0.5000
0.5000
0.5000
0.74998(6)
0.75036(6)
0.74836(6)
0.75127(6)
1.0000
1.0000
1.0000
1.0000
0.8263(7)
0.8363(7)
0.8342(8)
0.8328(9)

0.1251(16)
0.6253(18)
0.8440(16)
0.3943(15)
0.629(6)
0.122(4)
0.921(4)
0.323(4)
0.6168(13)
0.1211(14)
0.3409(13)
0.8983(12)
0.113(4)
0.619(4)
0.419(3)
0.815(3)

0.11452(13)
0.62688(13)
0.36988(16)
0.87158(18)

0.3710(9)
0.8708(9)
0.0870(9)
0.6543(9)
0.3709(19)
0.8690(18)
0.1192(18)
0.6195(19)

0.025(2)
0.000(2)
0.025(2)
0.022(2)
0.014(11)
0.000(7)
0.001(5)
0.010(6)
0.0148(14)
0.0000(14)
0.0204(15)
0.0148(14)
0.013(8)
0.006(6)
0.001(4)
0.006(5)
0.0065(4)
0.0066(4)
0.0067(4)
0.0061(3)
0.0040(3)
0.0142(6)
0.0029(5)
0.0028(5)
0.0096(18)
0.0081(17)
0.009(2)
0.012(2)

Uani
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uani
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uani
Uani
Uani
Uani
Uani
Uiso
Uiso
uUiso
Uiso
uUiso
Uiso
Uiso

0.427(12)
0.427(12)
0.427(12)
0.427(12)
0.427(12)
0.427(12)
0.427(12)
0.427(12)
0.573(12)
0.573(12)
0.573(12)
0.573(12)
0.573(12)
0.573(12)
0.573(12)
0.573(12)
1
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NMNNONRNNONNNNNNRRRRRERRRE



05
06
o7
08
09
010
011
012
loop_

oNoNoNoRoNoNON®)

0.0796(16) 0.6647(7)
0.5831(17) 0.6708(7)
0.5820(17)  0.6698(7)
0.0836(16) 0.6642(7)

0.763(2)
0.681(2)
0.292(2)
0.289(2)

_atom_site_label
_atom_bond_valence_sum_part_1
_atom_bond_valence_sum_part_2

Mo2A
CudA
CubA
CubA
O13A
O14A
O15A
O16A
Mo2B
Cu4B
Cu5B
Cu6B
013B
014B
015B
016B
Lal
La2
La3
Lad
Mol
Cul
Cu2
Cu3
01
02
03
04
05
06

5.54
1.68
1.93
1.83
-1.60
-1.43
-1.59
-1.91

3.13
3.18
3.22
3.14
6.00
1.83
1.86
1.87
-2.24
-2.05
-2.09
-2.07
-2.13
-1.89

1.0000
1.0000
1.0000
1.0000

5.66
1.67
1.86
1.94
-1.68
-1.47
-1.79
-1.80
3.14
3.17
3.23
3.13
6.00
1.83
1.86
1.87
-2.24
-2.05
-2.09
-2.07
-2.12
-2.41

0.8703(17)
0.6203(16)
0.1233(16)
0.3708(16)
0.867(2)

0.3688(19)
0.5700(18)
0.1727(17)

0.0070(19)
0.0059(18)
0.0076(18)
0.0044(18)
0.009(3)
0.007(3)
0.010(3)
0.007(2)

Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso

PR RRR R R

NNMNMNNNNRFRP R R
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o7
08
09
010
011
012

-2.47
-2.07
-1.86
-1.84
-1.82
-1.80

-1.94
-2.07
-1.86
-1.84
-1.82
-1.80

A.2.1.2: LasCusMoO;, twinned model

data LCMO_Twinned

_cell_length_a 6.8560(6)
_cell_length b 10.9802(10)
_cell_length_c 7.9147(7)
_cell_angle_alpha 90.00
_cell_angle_beta 90.0160(10)
_cell_angle_gamma 90.00
_cell_volume 595.82(9)
_cell_formula_units Z 2
_symmetry_cell_setting Monoclinic
_symmetry_space_group_name_H-M Pm
loop_
_symmetry_equiv_pos_as_Xyz
X, Y, Z
%, -y, 7'
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
Mo2 Mo  0.5855(19) 0.5000 0.6210(16)
Cud Cu 0.547(2) 0.5000 0.1206(17)
Cus Cu 0.119(2) 0.5000 0.3410(17)
Cu6 Cu 0.115(2) 0.5000 0.8981(17)
013 O 0.254(3) 0.5000 0.120(3)
014 O 0.322(3) 0.5000 0.618(3)
015 O 0.724(3) 0.5000 0.420(3)
016 O 0.731(4) 0.5000 0.822(3)
Lal La 0.2547(5) 0.74896(10) 0.1155(3)
La2 La 0.2443(4) 0.75091(11) 0.6258(3)
La3 La 0.7656(4) 0.74843(10) 0.3668(3)

0.0133(10)
0.0101(10)
0.0176(14)
0.0158(13)
0.000(3)
0.000(3)
0.000(3)
0.000(4)
0.0035(6)
0.0026(9)
0.0045(9)
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Lad
Mol
Cul
Cu2
Cu3
01
02
03
04
05
06
o7
08
09
010
011
012
loop_

oloNoNoRoNoNoNoNoNoNONO,

_atom_site_label
_atom_bond_valence_sum

Mo?2
Cu4
Cub
Cub
013
014
015
016
Lal
La2
La3
Lad
Mol
Cul
Cu2
Cu3
01
02
03
04
05
06

0.7553(5)
0.4233(19)
0.463(2)
0.901(2)
0.892(2)
0.421(3)
0.418(4)
0.919(3)
0.921(4)
0.082(3)
0.582(3)
0.589(3)
0.088(3)
0.743(6)
0.685(6)
0.321(7)
0.305(4)

5.78
1.86
1.77
1.80
-1.71
-1.83
-1.67
-1.59
3.12
3.22
3.16
3.13
5.56
2.09
1.77
2.06
-2.21
-2.03
-2.11
-2.08
-2.12
-2.36

0.75073(10)

1.0000
1.0000
1.0000
1.0000
0.8227(11)
0.8340(11)
0.8366(12)
0.8363(13)
0.6670(10)
0.6700(11)
0.6651(11)
0.6677(10)
1.0000
1.0000
1.0000
1.0000

0.8745(4)
0.3717(16)
0.8663(17)
0.0907(16)
0.6519(16)
0.370(3)
0.868(3)
0.123(3)
0.623(3)
0.875(3)
0.625(3)
0.126(3)
0.374(3)
0.847(5)
0.340(4)
0.620(5)
0.186(3)

0.0038(5)
0.0031(6)
0.0080(9)
0.0063(11)
0.0068(11)
0.009(3)
0.009(3)
0.008(4)
0.009(4)
0.003(3)
0.000(3)
0.001(3)
0.000(3)
0.052(9)
0.055(9)
0.124(17)
0.018(6)



o7 -2.02
08 -2.05
09 -1.80
010 -1.80
011 -1.29
012 -2.28

A.2.2: CIFsfor SrTiO; (1 1 0) surface structures
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The complete crystallographic information files for the homologous series can be

obtained from the Fachinformationzentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen,

Germany (e-mail: crysdata@fiz.karlsruhe.de) on quoting the Registry nos. 421515 (2x1), 421516

(3x1), 421517 (4x1), 421518 (5x1), 421519 (6x1) , and 421520 (cox1).

A.2.2.1: SrTiOs (110) (2x1)

data_2x1

_cell_length_a
_cell_length b
_cell_length_c

_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma
_symmetry_space_group_name_H-M
_symmetry_space_group_number
loop_
_symmetry_equiv_pos_as_Xyz

+X,+Y,+2Z

-X,-Y,-Z

-X,-Y,*+Z

+X,tY,-Z
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y

31.6930
5.5225
7.8103
90.000000
90.000000
90.000000
'P112/m’
10



_atom_site fract z

Til
Ti2
01
02
03
04
05
06
Srl
Sr2
Ti3
o7
08
09
010
Sr3
Sr4
Ti4
011
012
013
014
Srb
Sr6
Ti5
015
016
loop_

Ti
Ti
(@)

@)

_atom_site_label
_atom_bond_valence_sum

Til
Ti2
01
02
03
04
05
06
Srl
Sr2
Ti3

4.08
4.12
-1.99
-2.05
-2.21
-2.39
-1.95
-2.01
2.12
2.20
4.03

0.26908166
0.26466576
0.29964692
0.29537748
0.27608298
0.25093825
0.21886347
0.21766479
0.17397298
0.17181690
0.17295470
0.16541716
0.17407118
0.13100855
0.13036550
0.08612970
0.08720667
0.08665083
0.08849455
0.08424757
0.04404761
0.04297618
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.46369036
0.95912707
0.18554077
0.69103463
0.60711281
0.06945368
0.26510923
0.75750637
0.00477160
0.00855645
0.50703452
0.51945750
0.50379076
0.25195067
0.75986240
0.50174175
0.50240269
0.00337790
0.00051225
0.01161457
0.25643430
0.75495035
0.00000000
0.00000000
0.50000000
0.50000000
0.50000000

0.20372541
0.28867199
0.19689980
0.33222640
0.00000000
0.50000000
0.22178493
0.22967158
0.00000000
0.50000000
0.24828505
0.00000000
0.50000000
0.25571897
0.26326286
0.00000000
0.50000000
0.25074362
0.00000000
0.50000000
0.24512106
0.24845891
0.00000000
0.50000000
0.24909958
0.00000000
0.50000000
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o7 -2.06
08 -1.86
09 -2.12
010 -2.15
Sr3 2.23
Sr4 2.17
Ti4 417
Ol1 -2.06
012 -2.14
013 -2.13
014 -2.09
Sr5 2.13
Sr6 2.14
Ti5 4.17
015 -2.14
016 -2.05

A.2.2.2: SITiOz (11 0) (3x1)

data_3x1
_cell_length_a
_cell_length b
_cell_length_c
_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma
_symmetry_space_group_name_H-M
_symmetry_space_group_number
loop_
_symmetry_equiv_pos_as_Xyz
+X,+Y,+2Z
-X,-Y,+2Z
-X,-Y,-Z
+X,tY,-Z
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract z
Til Ti 0.66064561
Ti2 Ti 0.15728454

5.5225
31.6930
11.7155
90.000000
90.000000
90.000000
'P112/m'’
10

0.72910552 0.13918190
0.72456532 0.23063868
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Ti3
01
02
03
04
05
06
o7
08
Srl
Sr2
Ti4
Ti5
09
010
011
012
013
014
Sr3
Sr4
Ti6
Ti7
015
016
017
018
019
020
Srb
Sr6
Ti8
Ti9
021
022
loop_

ocoooooood

PPROO0O000O0AdAdPLOO0000O0AALY

o)

_atom_site_label
_atom_bond_valence_sum

Til
Ti2
Ti3
o1

4.08
4.04
4.04
-2.03

0.99752689
0.94707022
0.45358900
0.51878025
0.01223065
0.72662304
0.22496543
0.22536483
0.74914236
0.48664804
0.49054080
0.98889655
0.97640656
0.99806916
0.97536108
0.24491439
0.73964401
0.20111363
0.68494921
0.99506100
0.99846895
0.49448449
0.49413502
0.48827144
0.49483066
0.24396673
0.74593890
0.28113346
0.77957811
0.50000000
0.50000000
0.00000000
0.00000000
0.00000000
0.00000000

0.74625921
0.70239649
0.70032586
0.73721590
0.71680505
0.78273290
0.77954502
0.78807083
0.78278316
0.82112313
0.82234667
0.82579503
0.83401798
0.82079262
0.83439403
0.86753728
0.86832561
0.87859206
0.86487116
0.91160892
0.91481249
0.91201802
0.91485362
0.91449346
0.91286388
0.95578155
0.95645112
0.96309843
0.95106812
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.50000000
0.12719430
0.23095697
0.00000000
0.36716758
0.18318738
0.19511327
0.50000000
0.50000000
0.00000000
0.33756886
0.16875942
0.50000000
0.00000000
0.33348833
0.16134499
0.15530356
0.50000000
0.50000000
0.00000000
0.32672459
0.16476619
0.50000000
0.00000000
0.33154500
0.16639122
0.16595227
0.50000000
0.50000000
0.00000000
0.32492588
0.16507412
0.50000000
0.00000000
0.33299201
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02
03
04
05
06
o7
08
Srl
Sr2
Ti4
Ti5
09
010
011
012
013
014
Sr3
Sr4
Ti6
Ti7
015
016
017
018
019
020
Sr5
Sr6
Ti8
Ti9
021
022

A.2.2.3: SrTiO; (11 0) (4x1)

data_4x1

_cell_length_a
_cell_length_b
_cell_length ¢

-2.02
-2.19
-2.04
-2.11
-1.99
-2.06
-2.01
1.93
2.12
4.01
4.18
-1.75
-2.04
-2.04
-2.09
-2.19
-2.35
2.15
2.30
4.10
4.15
-2.11
-1.99
-2.15
-2.09
-2.11
-2.04
2.15
2.18
412
4.09
-2.12
-2.11

_cell_angle_alpha
_cell_angle_beta

5.5225
31.6930
15.6207
90.000000
90.000000
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_cell_angle_gamma 90.000000

_symmetry_space_group_name_H-M 'P112/m'’

_symmetry_space_group_number 10

loop_

_symmetry_equiv_pos_as_Xyz
+X,+y,+2Z
-X,-Y,+2Z
-X,-Y,-Z
+X,+Y,-Z

loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_fract_x

_atom_site_fract_y

_atom_site_fract_z
Til Ti 0.34541875 0.27078492
Ti2 Ti 0.84702541 0.27548472
Ti3 Ti 0.99271693 0.25444852
01 O 0.05738453 0.29720749
02 O 0.55053977 0.29912693
03 O 0.96798341 0.28435934
o4 O 0.47908651 0.26278771
o5 O 0.98623461 0.27683586
o6 O 0.27538982 0.21740059
o7 O 0.77788156 0.22137718
o8 O 0.24120322 0.21827903
09 O 0.76995380 0.21221431
Srl Sr 0.51377473 0.17789188
Sr2  Sr 0.50955005 0.17798926
Sr3  Sr 0.50132982 0.18206312
Tid Ti 0.01108613 0.17457241
Ti5 Ti 0.02117827 0.16665803
010 O 0.00060182 0.17934366
011 O 0.02699557 0.16670928
012 O 0.01816166 0.16451079
013 O 0.25690651 0.13153605
014 O 0.75248515 0.13328441
015 O 0.31469363 0.13557784
016 O 0.79491215 0.12237868
Srd  Sr 0.00392165 0.08828706
Sr5  Sr 0.00253230 0.08565487
Sr6 Sr 0.99821344 0.08345864

0.10591785
0.18402595
0.39097788
0.10587751
0.17648320
0.29136684
0.00000000
0.50000000
0.13829880
0.15055547
0.38192057
0.38150837
0.00000000
0.25538969
0.50000000
0.12683354
0.37601957
0.00000000
0.25173334
0.50000000
0.11623452
0.12129457
0.37752282
0.37297463
0.00000000
0.24514288
0.50000000
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Ti6
Ti7
017
018
019
020
021
022
023
Sr7
Sr8
Sr9
Ti8
Ti9
024
025
026
loop_

_atom_site_label
_atom_bond_valence_sum

Til
Ti2
Ti3
01
02
03
04
05
06
o7
08
09
Srl
Sr2
Sr3
Ti4
Ti5
010
011
012
013
014

4.07
3.97
3.94
-2.03
-2.02
-1.94
-2.13
-1.84
-2.10
-1.95
-2.04
-2.11
191
2.06
2.14
3.94
4.21
-1.74
-2.00
-2.07
-2.07
-2.02

0.50554396
0.50699886
0.50336957
0.51401035
0.51017800
0.25466224
0.75667605
0.22366834
0.72470044
0.50000000
0.50000000
0.50000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.08794603
0.08601332
0.08799295
0.08535467
0.08337132
0.04353255
0.04455548
0.04850864
0.03774017
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.12379687
0.37475965
0.24804062
0.00000000
0.50000000
0.12388876
0.12527619
0.37203136
0.37213439
0.00000000
0.24694640
0.50000000
0.12378047
0.37273261
0.00000000
0.24811676
0.50000000
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015
016
Sr4
Srb
Sr6
Ti6
Ti7
017
018
019
020
021
022
023
Sr7
Sr8
Sr9
Ti8
Ti9
024
025
026

A.2.2.4: SrTiOs (11 0) (5x1)

data 5x1

_cell_length_a
_cell_length b
_cell_length_c

-2.29
-2.22
2.15
2.30
2.38
4.10
4.16
-2.00
-2.11
-2.02
-2.06
-2.13
-2.08
-2.17
2.15
2.18
2.24
4.14
4.08
-2.12
-2.16
-2.09

_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma

_symmetry_space_group_name_H-M
_symmetry_space_group_number

loop_

_symmetry_equiv_pos_as_Xxyz

+X,+Y,+2Z
-X,y,+Z

XY, Z

+X,+Y,-Z

loop_

_atom_site_label

5.5225
29.7122
19.5259
90.000000
90.000000
90.000000
'P112/m’
10
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247

_atom_site_type_symbol
_atom_site_fract_x
_atom_site fract y
_atom_site_fract_z

Til Ti 0.34932916 0.28853237 0.08732390
Ti2 Ti 0.84822459 0.29492560 0.15626873
Ti3 Ti 0.97587200 0.27261228 0.32340493
Tid Ti 0.98289965 0.27205230 0.50000000
01 O 0.46477894 0.28231043 0.00000000
02 O 0.06520144 0.31784698 0.09512391
03 O 0.55105907 0.31883554 0.14457062
04 O 0.94659193 0.30509480 0.24391503
05 O 0.96588146 0.29613542 0.41180244
06 O 0.28410656 0.23065772 0.11054561
o7 O 0.78697304 0.23744834 0.12695440
o8 O 0.22749148 0.23492526 0.31199815
09 O 0.75947929 0.22676268 0.30977324
010 O 0.23279976 0.23351558 0.50000000
011 O 0.76448862 0.22636367 0.50000000
Srl Sr 0.50757809 0.18962421 0.00000000
Sr2  Sr 0.51015296 0.18844765 0.20487774
Sr3  Sr 0.49404913 0.19395884 0.40253935
Ti5 Ti 0.00650939 0.18741234 0.10236142
Ti6  Ti 0.01620891 0.17904221 0.30205475
Ti7  Ti 0.01370297 0.17696439 0.50000000
012 O 0.99290460 0.19285483 0.00000000
013 O 0.02844297 0.17829185 0.20303773
014 O 0.01393280 0.17490643 0.40193662
015 O 0.24586699 0.13973842 0.09302699
Ol6 O 0.74357547 0.14468562 0.09838456
017 O 0.30781028 0.14475182 0.30418346
018 O 0.79138044 0.13099262 0.29881439
019 O 0.31015106 0.14347140 0.50000000
020 O 0.79073618 0.12930940 0.50000000
Sr4  Sr 0.00226146 0.09447068 0.00000000
Sr5 Sr 0.00283521 0.09182643 0.19670855
Sr6 Sr 0.00051415 0.08918995 0.39915972
Ti8 Ti 0.50111150 0.09451426 0.09930520
Ti9 Ti 0.50479679 0.09192016 0.30048633
Til0 Ti 0.50592780 0.09098362 0.50000000
021 O 0.51461770 0.09248689 0.00000000
022 O 0.49857301 0.09531116 0.19820995



023
024
025
026
027
028
029
Sr7

Sr8

Sr9

Till
Til2
Til3
030
031
032

loop_

oNoNoNoNoNONO)

_atom_site_label
_atom_bond_valence_sum

Til
Ti2
Ti3
Ti4
01
02
03
04
05
06
o7
08
09
010
011
Srl
Sr2
Sr3
Ti5
Ti6
Ti7
012
013

4.04
3.97
3.85
3.82
-2.10
-2.02
-2.03
-1.93
-1.75
-2.10
-1.96
-1.97
-2.08
-2.02
-2.12
1.90
2.05
2.10
3.90
4.14
4.22
-1.66
-1.99

0.50772104
0.25913782
0.76000571
0.22544046
0.72518076
0.22609645
0.72862417
0.50000000
0.50000000
0.50000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.08827665
0.04581583
0.04870736
0.05148691
0.04064448
0.05061724
0.04015302
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.39927696
0.09885951
0.10032277
0.29675976
0.29625935
0.50000000
0.50000000
0.00000000
0.19759170
0.39941978
0.09897856
0.29753297
0.50000000
0.00000000
0.19816280
0.39835612
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014
015
016
017
018
019
020
Sr4

Sr5

Sré

Ti8

Ti9

Til0
021
022
023
024
025
026
027
028
029
Sr7

Sr8

Sr9

Till
Til2
Til3
030
031
032

A.2.2.5: SrTiO; (11 0) (6x1)

data_6x1

_cell_length_a
_cell_length_b
_cell_length ¢

-2.10
-2.07
-2.01
-2.25
-2.20
-2.22
-2.25
2.12
2.28
2.43
4.04
4.15
4.21
-2.09
-2.00
-2.06
-2.05
-2.06
-2.10
-2.15
-2.16
-2.23
2.11
2.18
2.30
4.09
411
4.16
-2.12
-2.17
-2.12

_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma

_symmetry_space_group_name_H-M

5.575998
29.999988
23.657991
90.000000
90.000000
90.000000
'P112/m'’
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_symmetry_space_group_number

loop_

_symmetry_equiv_pos_as_Xyz

+X,+Y,+Z
-X,-Y,+Z
-X,-Y,-Z
+X,+y, -7
loop_

_atom_site_label

_atom_site_type_symbol
_atom_site_fract x
_atom_site_fract_y
_atom_site fract z

Til
Ti2
Ti3
Ti4
01
02
03
04
05
06
o7
08
09
010
011
012
Srl
Sr2
Sr3
Sr4
Ti5
Ti6
Ti7
013
014
015
016
017
018

Ti
Ti
Ti
Ti

000000444V VLYVLOOOOOO0OO0O0OO00O0

0.34825868
0.84849942
0.97342466
0.97788481
0.46384296
0.06317101
0.55214851
0.94543398
0.96215547
0.96771327
0.78876640
0.28595166
0.22590498
0.75794904
0.22930422
0.75770174
0.50529938
0.50951630
0.49363622
0.49401860
0.00604720
0.01593513
0.01188376
0.99050984
0.02908787
0.01180522
0.01486386
0.24290375
0.74108169

10

0.28874944
0.29522341
0.27272744
0.27210576
0.28274017
0.31756807
0.31899313
0.30452230
0.29449225
0.29301157
0.23801050
0.23054477
0.23553646
0.22714826
0.23425924
0.22680453
0.18961387
0.18862029
0.19445705
0.19444948
0.18745402
0.17950163
0.17793933
0.19314487
0.17838773
0.17617066
0.17605098
0.13955110
0.14514143

0.07280412
0.13130408
0.27199763
0.42323014
0.00000000
0.07948574
0.12022437
0.20514458
0.34756246
0.50000000
0.10642879
0.09170706
0.26084288
0.25855550
0.42002234
0.42017178
0.00000000
0.17073794
0.33631438
0.50000000
0.08519919
0.74840159
0.41740017
0.00000000
0.16929165
0.33580623
0.50000000
0.07738924
0.08223816
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019
020
021
022
Sr4

Sré

Sr7

Sr8

Ti8

Ti9

Til0
023
024
025
026
027
028
029
030
031
032
Sr9

Srl0
Sri11
Sr12
Till
Til2
Til3
033
034
035
036

loop_

0000000000 AddYLYYVLOOOO

_atom_site_label
_atom_bond_valence_sum

Til
Ti2
Ti3
Tid
o1
02
03

4.03
3.96
3.80
3.68
-2.09
-2.02
-2.03

0.30686530
0.79087973
0.30735817
0.78920312
0.00135467
0.00237235
0.99964272
0.99962908
0.50151645
0.50460649
0.50477766
0.51505514
0.49768745
0.50735066
0.50516854
0.26057665
0.76138227
0.22497145
0.72471916
0.22507831
0.72749754
0.50000000
0.50000000
0.50000000
0.50000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.14518560
0.13150525
0.14450004
0.13031913
0.09449040
0.09202570
0.08970135
0.08931883
0.09444775
0.09209608
0.09169117
0.09283732
0.09540152
0.08897759
0.08886554
0.04551420
0.04912596
0.05162177
0.04079972
0.05103894
0.04039762
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.25381213
0.24904028
0.41740595
0.41713037
0.00000000
0.16401600
0.33275586
0.50000000
0.08287334
0.25065883
0.41702698
0.00000000
0.16517443
0.33269487
0.50000000
0.08226136
0.08355615
0.24723883
0.24673959
0.41591835
0.41605093
0.00000000
0.16457798
0.33274631
0.50000000
0.08256313
0.24803775
0.41628476
0.00000000
0.16489293
0.33134691
0.50000000
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04
05
06
o7
08
09
010
011
012
Srl
Sr2
Sr3
Sr4
Ti5
Ti6
Ti7
013
014
015
016
017
018
019
020
021
022
Sr4
Sr6
Sr7
Sr8
Ti8
Ti9
Til0
023
024
025
026
027
028
029
030
031

-1.90
-1.63
-1.57
-1.95
-2.09
-1.95
-2.07
-2.02
-2.13
1.91
2.04
2.04
2.05
3.87
4.10
4.20
-1.66
-1.99
-2.05
-2.08
-2.06
-2.00
-2.22
-2.19
-2.19
-2.25
2.13
2.28
2.39
2.44
4.03
412
4.17
-2.08
-2.00
-2.05
-2.06
-2.05
-2.07
-2.09
-2.14
-2.15
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032 -2.20
Sr9 2.11
Sri0  2.17
Srll1  2.28
Srl2  2.32
Till 4.08
Til2 4.10
Til3 4.13
033 -211
034 -2.16
035 -2.12
036 -2.17

A.2.2.6: SITiO; (11 0) (oox1)

data_1x1
_cell_length_a
_cell_length b
_cell_length_c
_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma
_symmetry_space_group_name_H-M
_symmetry_space_group_number
loop_
_symmetry_equiv_pos_as_Xyz
+X,+Y,+2Z
-X,-Y,+2Z
-X,+Y,-Z
+X,-Y,-Z
-X,-Y,-Z
+X,tY,-Z
+X,-Y,+Z
-X,ty,+z
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site fract z
Til Ti 0.50000000
Ti2 Ti 0.50000000

3.9052
5.5225
31.6930
90.000000
90.000000
90.000000
Pmmm'
47

0.00000000
0.50000000

0.25406892
0.17403745
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Ti3
Ti4
01
02
03
04
05
06
o7
Srl
Sr2
Sr3
loop_

_atom_site_label
_atom_bond_valence_sum

Til
Ti2
Ti3
Ti4
01
02
03
04
05
06
o7
Srl
Sr2
Sr3

3.19
4.06
4.16
4.14
-1.21
-2.07
-1.96
-2.11
-2.11
-2.09
-2.07
2.16
2.16
211

0.50000000
0.50000000
0.00000000
0.50000000
0.00000000
0.50000000
0.00000000
0.50000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
0.50000000
0.00000000
0.76192819
0.50000000
0.24970224
0.00000000
0.24966670
0.50000000
0.00000000
0.50000000
0.00000000

A.2.3: CIFs for SrTiO3 (1 0 0) surface structures

A.2.3.1: SrO (1x1)

data_SrO_1x1
_cell_length_a
_cell_length_b
_cell_length_c

_cell_angle_alpha
_cell_angle_beta

0.08685943
0.00000000
0.26821875
0.21625846
0.17131976
0.13048312
0.08727830
0.04348745
0.00000000
0.17230020
0.08743482
0.00000000

5.5225
5.5225
35.6629
90.0000
90.0000
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255

_cell_angle_gamma 90.0000
_cell_formula_units_Z 1
_symmetry_space_group_name_H-M P-1'
loop_

_atom_site_label
_atom_site_type_symbol
_atom_site_fract x
_atom_site_fract_y
_atom_site fract z
_atom_site_occupancy
_atom_site_B_iso_or_equiv

Srl Sr 0.007486 0.008803 0.323007 1.0000 0.000
Sr2 Sr 0.503158 0.505170 0.322982 1.0000 0.000
o1 O 0.501105 0.013006 0.329318 1.0000 0.000
02 @) 0.010521 0.505046 0.329413 1.0000 0.000
Til Ti 0.504564 0.006553 0.276267 1.0000 0.000
Ti2 Ti 0.004559 0.506593 0.276294 1.0000 0.000
03 O 0.756563 0.759357 0.275629 1.0000 0.000
o4 @) 0.256390 0.259338 0.274279 1.0000 0.000
05 O 0.755883 0.258593 0.274997 1.0000 0.000
06 @) 0.255723 0.758652 0.274918 1.0000 0.000
Sr3 Sr 0.001259 0.004110 0.217734 1.0000 0.000
Sr4 Sr 0.501456 0.504326 0.217663 1.0000 0.000
o7 O 0.506490 0.006498 0.219388 1.0000 0.000
08 @) 0.003855 0.508843 0.219402 1.0000 0.000
Ti3 Ti 0.499014 0.002244 0.165061 1.0000 0.000
Ti4 Ti 0.998737 0.502500 0.165074 1.0000 0.000
09 O 0.753696 0.755877 0.164757 1.0000 0.000
010 @) 0.254118 0.256361 0.164858 1.0000 0.000
011 O 0.754224 0.256615 0.164778 1.0000 0.000
012 @) 0.253943 0.756826 0.164793 1.0000 0.000
Sr5 Sr 0.999004 0.001648 0.109417 1.0000 0.000
013 @) 0.503817 0.004878 0.109804 1.0000 0.000
Sré Sr 0.499017 0.501712 0.109415 1.0000 0.000
014 @) 0.003368 0.505341 0.109786 1.0000 0.000
Ti5 Ti 0.497522 0.999586 0.054982 1.0000 0.000
015 @) 0.753500 0.754310 0.054915 1.0000 0.000
016 O 0.752105 0.254404 0.054967 1.0000 0.000
Ti6 Ti 0.997451 0.499643 0.054993 1.0000 0.000
017 O 0.252314 0.253097 0.054952 1.0000 0.000
018 @) 0.253258 0.753340 0.054959 1.0000 0.000

Sr7 Sr 0.000000 0.000000 0.000000 1.0000 0.000



Sr8

019

020
loop_

Sr
0]
0]

_atom_site_label
_atom_bond_valence_sum

Srl
Sr2
01
02
Til
Ti2
03
04
05
06
Sr3
Sr4
o7
08
Ti3
Ti4
09
010
011
012
Sr5
013
Sr6
014
Ti5
015
016
Ti6
017
018
Sr7
Sr8
019
020

1.78
1.78
-1.50
-1.49
4.13
412
-2.22
-2.22
-2.22
-2.22
2.09
2.09
-1.98
-1.98
4.14
4.14
-2.12
-2.11
-2.12
-2.12
2.10
-2.04
2.10
-2.04
412
-2.08
-2.09
412
-2.08
-2.09
2.09
2.09
-2.05
-2.05

0.500000
0.500000
0.000000

0.500000
0.000000
0.500000

0.000000
0.000000
0.000000

1.0000
1.0000
1.0000

0.000
0.000
0.000
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A.2.3.2: SrO (1x1) - CO,

data_SrCO2
_cell_length_a
_cell_length b
_cell_length_c
_cell_angle_alph
_cell_angle_beta

_cell_angle_gamma
_cell_formula_units_Z
_symmetry_space_group_name_H-M

loop_
_atom_site_label

_atom_site_type_symbol
_atom_site_fract x
_atom_site_fract_y

a

_atom_site_fract_z

_atom_site_occupancy

_atom_site_B_iso_or_equiv

C1
01
02
Srl
Sr2
03
04
Til
Ti2
05
06
o7
08
Sr3
Sr4
09
010
Ti3
Ti4
011
012
013
014

C
O
O
Sr
Sr
0]
O
Ti
Ti
0]
O
0]
O
Sr

0.598148
0.684737
0.687913
0.006391
0.509918
0.426405
0.056123
0.505722
0.010462
0.749906
0.253935
0.747982
0.256007
0.005093
0.500510
0.537866
0.974783
0.500410
0.994645
0.752813
0.256571
0.754075
0.256687

5.5225
5.5225
35.6619
90.0000
90.0000
90.0000
1

p_1"

0.008401
0.210862
0.805580
0.006403
0.507630
0.008297
0.502031
0.004031
0.503666
0.759400
0.248202
0.251389
0.759010
0.000163
0.501569
0.002593
0.506064
0.997887
0.497551
0.754152
0.252228
0.251310
0.755117

0.365686
0.375642
0.375203
0.328780
0.331704
0.338344
0.328330
0.270863
0.279728
0.280651
0.270917
0.280445
0.271713
0.219166
0.219606
0.220208
0.218527
0.162263
0.166667
0.162398
0.166823
0.162632
0.166667

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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Sr5
015
Sr6
016
Ti5
017
018
Ti6
019
020
Sr7
Sr8
021
022
loop_

Sr

Sr
Sr
O
O

_atom_site_label
_atom_bond_valence_sum

C1
01
02
Srl
Sr2
03
04
Til
Ti2
05
06
o7
08
Sr3
Sr4
09
010
Ti3
Ti4
011
012
013
014
Sr5
015

3.87
-2.00
-2.00

2.21

2.22
-2.17
-1.96

4.05

4.01
-2.02
-2.07
-2.02
-2.07

2.12

2.08
-2.23
-1.99

4.19

4.09
-2.10
-2.03
-2.11
-2.05

2.12
-2.19

0.997616
0.493014
0.496893
0.011775
0.494911
0.751082
0.748671
0.996331
0.250634
0.254433
0.000000
0.500000
0.500000
0.000000

0.997353
0.003264
0.497854
0.502044
0.996965
0.753726
0.252271
0.496490
0.247906
0.751676
0.000000
0.500000
0.000000
0.500000

0.109420
0.109877
0.109573
0.109007
0.054079
0.055353
0.055313
0.055585
0.054514
0.054655
0.000000
0.000000
0.000000
0.000000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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Sr6
016
Ti5
017
018
Ti6
019
020
Sr7
Sr8
021
022

A.2.3.3: SrO (1x1) — H,0

data_SrOHc
_cell_length_a
_cell_length b
_cell_length_c
_cell_angle_alph
_cell_angle_beta
_cell_angle_gam

_cell_formula_units_Z
_symmetry_space_group_name_H-M

loop_
_atom_site_label

_atom_site_type_symbol

211
-2.01
4.20
-2.07
-2.08
4.10
-2.10
-2.10
2.09
2.09
-2.17
-1.98

a

ma

_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z

_atom_site_occupancy

_atom_site_B_iso_or_equiv

H1
H2
01
Srl
02
Til
03
04
Sr2
05

H
H
O
Sr
O
Ti
O
0]
Sr
0]

0.586327
0.532722
0.579636
0.033983
0.487499
0.523938
0.001863
0.505950
0.017955
0.496559

3.905018
3.905018
35.662084
90.0000
90.0000
90.0000

1

p_1"

0.186167
0.353932
0.097760
0.960146
0.518793
0.472034
0.494932
0.998497
0.982099
0.501220

0.398291
0.350414
0.373297
0.325863
0.324959
0.270931
0.270871
0.270961
0.216607
0.216719

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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Ti2
06
o7
Sr3
08
Ti3
09
010
Sr4
O11
loop_

0]
Sr
0]

_atom_site_label
_atom_bond_valence_sum

H1
H2
01
Srl
02
Til
03
04
Sr2
05
Ti2
06
o7
Sr3
08
Ti3
09
010
Sr4
011

1.01
1.03
-1.91
2.02
-2.15
4.26
-2.13
-2.14
2.18
-2.16
4.24
-2.13
-2.13
2.18
-2.16
4.23
-2.12
-2.12
2.16
-2.15

A.2.3.4: TiO, (1x1)

data_TiO2_1x1
_cell_length_a
_cell_length_b
_cell_length ¢

_cell_angle_alpha
_cell_angle_beta

0.517001
0.998963
0.500595
0.012739
0.497280
0.511440
0.998332
0.498952
0.000000
0.500000

0.483624
0.498650
0.000116
0.989877
0.501789
0.490108
0.499914
0.000418
0.000000
0.500000

3.9050
3.9050
38.4232
90.0000
90.0000

0.162575
0.162502
0.162509
0.108295
0.108382
0.054202
0.054186
0.054186
0.000000
0.000000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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_cell_angle_gam

_cell_formula_units_Z
_symmetry_space_group_name_H-M

loop_
_atom_site_label

_atom_site_type_symbol

ma

_atom_site_fract x
_atom_site_fract_y
_atom_site fract z

_atom_site_occupancy

_atom_site_B_iso_or_equiv

Til
Ti2
Ti3
Ti4
Sr5
Sré
Sr7
08
09
010
011
012
013
014
loop_

Ti
Ti
Ti
Ti
Sr
Sr
Sr

cloNoNoNoNONG)

_atom_site_label
_atom_bond_valence_sum

Til
Ti2
Ti3
Ti4
Sr5
Sr6
Sr7
08
09
010
011
012
013
014

3.75
4.23
4.25
4.26
2.25
2.20
2.20
-2.37
-2.23
-2.21
-1.88
-2.05
-2.11
-2.12

0.000000
0.000000
0.000000
0.000000
0.500000
0.500000
0.500000
0.000000
0.000000
0.000000
0.500000
0.500000
0.500000
0.500000

90.0000
1
'P4/mmm’

0.000000
0.000000
0.000000
0.000000
0.500000
0.500000
0.500000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.202243
0.300496
0.400133
0.500000
0.245802
0.349261
0.449893
0.249466
0.349920
0.450003
0.200088
0.300090
0.400076
0.500000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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A.2.3.5: TiO; (1x1) — CO;,

data_TiOH
_cell_length_a
_cell_length b
_cell_length_c
_cell_angle_alph
_cell_angle_beta
_cell_angle_gam

_cell_formula_units_Z
_symmetry_space_group_name_H-M

loop_
_atom_site_label

_atom_site_type_symbol

a

ma

_atom_site_fract x
_atom_site_fract_y
_atom_site_fract_z

_atom_site_occupancy

_atom_site_B_iso_or_equiv

H1
01
H2
Til
02
03
Srl
04
Ti2
05
06
Sr2
o7
Ti3
08
09
Sr3
010
loop_

H
O
H
Ti
O
0]
Sr
0]
Ti
0]
O
Sr
O
Ti
O
0]
Sr
0]

_atom_site_label
_atom_bond_valence_sum

H1
o1

1.01
-2.23

0.797728
0.554724
0.520790
0.444708
0.478654
0.984570
0.955677
0.487187
0.461984
0.485687
0.989076
0.971740
0.496447
0.479994
0.496442
0.998387
0.000000
0.500000

3.905010
3.905010
35.662059
90.0000
90.0000
90.0000

1

P .1’

0.497603
0.526929
0.770478
0.422968
0.960204
0.454126
0.938463
0.465105
0.449371
0.969657
0.466406
0.963673
0.481544
0.477038
0.991317
0.489573
0.000000
0.500000

0.675840
0.670042
0.674727
0.730347
0.728401
0.728468
0.779844
0.782384
0.837356
0.836975
0.836978
0.890803
0.891259
0.945753
0.945771
0.945761
0.000000
0.000000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

262



H2
Til
02
03
Srl
04
Ti2
05
06
Sr2
o7
Ti3
08
09
Sr3
010

1.02
4.13
-1.97
-1.99
2.22
-2.26
4.23
-2.08
-2.11
2.17
-2.15
4.22
-2.10
-2.12
2.16
-2.14

A.2.3.6: TIOZ (1X1) - Hzo

data_TiCO2

_cell_length_a
_cell_length b
_cell_length_c

_cell_angle_alpha

_cell_angle_beta

_cell_angle_gamma

_cell_formula_units_Z
_symmetry_space_group_name_H-M

loop_
_atom_site_label

_atom_site_type_symbol

_atom_site_fract_x
_atom_site_fract_y
_atom_site fract z

_atom_site_occupancy

_atom_site_ B _iso_or_equiv

C1
o1
02
Til
Ti2
03

C
O
@)
Ti
Ti
@)

0.744621
0.599431
0.893519
0.498263
0.034834
0.735921

5.5225
5.5225
35.6619
90.0000
90.0000
90.0000
1

p_1"

0.243961
0.095301
0.389965
0.953392
0.489145
0.739454

0.309671
0.324322
0.324054
0.272302
0.272206
0.268477

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
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04
05
06
Srl
Sr2
o7
08
Ti3
Ti4
09
010
011
012
Sr3
013
Sr4
014
Ti5
015
016
Ti6
017
018
Srb
Sr6
019
020
loop_

WYOOO

oOooodd00

Sr
Sr
0]
O

_atom_site_label
_atom_bond_valence_sum

C1
01
02
Til
Ti2
03
04
05
06
Srl
Sr2
o7

3.91
-1.89
-1.91

4.20

4.22
-2.04
-2.05
-2.41
-2.28

2.26

2.33
-2.15

0.245515
0.743645
0.240137
0.996399
0.504693
0.498056
0.994013
0.498431
0.999266
0.748805
0.248420
0.748938
0.249164
0.998996
0.498883
0.499274
0.999764
0.499426
0.749229
0.749242
0.999539
0.249244
0.249320
0.000000
0.500000
0.500000
0.000000

0.248767
0.243340
0.746669
0.992288
0.483275
0.997519
0.490960
0.992918
0.493743
0.744650
0.244088
0.244051
0.743807
0.996561
0.995546
0.496157
0.497382
0.998094
0.748285
0.248509
0.498323
0.248271
0.748505
0.000000
0.500000
0.000000
0.500000

0.268539
0.271046
0.274084
0.219361
0.218577
0.218975
0.218821
0.164140
0.164139
0.163925
0.163710
0.164201
0.164825
0.109683
0.109579
0.109640
0.109533
0.054771
0.054633
0.054940
0.054757
0.054675
0.054887
0.000000
0.000000
0.000000
0.000000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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08
Ti3
Ti4
09
010
011
012
Sr3
013
Sr4
014
Ti5
015
016
Ti6
017
018
Srb
Sr6
019
020

A.2.3.7: (2x1)

data_Dry 2x1
_cell_length_a
_cell_length_b
_cell_length_c
_cell_angle_alph
_cell_angle_beta
_cell_angle_gam

_cell_formula_units Z
_symmetry_space_group_name_H-M

loop_
_atom_site_label

_atom_site_type_symbol

-2.16
4.15
4.15

-2.09

-2.09

-2.10

-2.07
212

-2.09
211

-2.09
4.13

-2.08

-2.08
4.13

-2.08

-2.08
211
211

-2.08

-2.08

a

ma

_atom_site_fract x
_atom_site fract vy
_atom_site fract z

_atom_site_occupancy

_atom_site_B_iso_or_equiv

o1

@)

0.339967

39.05060
7.8098
3.9050
90.0000
90.0000
90.0000
1
'P112/m'

0.598542 0.500000 1.0000 0.000
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02
Til
Ti2
03
04
05
06
Ti3
Ti4
o7
08
09
Srl
Sr2
010
011
012
Ti5
Ti6
013
014
015
016
Sr3
Sr4
017
018
Ti7
Ti8
019
020
021
Sr5
Sr6
loop_

Sr
Sr

_atom_site_label
_atom_bond_valence_sum

o1
02
Til
Ti2
03

-1.74
-1.74
3.92
3.65
-2.25

0.312120
0.306928
0.299653
0.296491
0.295110
0.252584
0.249858
0.247083
0.245315
0.241572
0.238805
0.198759
0.198836
0.196270
0.196253
0.151184
0.148750
0.148439
0.147360
0.147069
0.144052
0.099018
0.098256
0.098593
0.098445
0.047485
0.048942
0.048785
0.049818
0.049620
0.051035
0.999815
0.000000
0.000000

0.972475
0.721753
0.018785
0.749599
0.241779
0.999408
0.730352
0.263672
0.732419
0.253506
0.499291
0.779069
0.005440
0.491629
0.223566
0.501125
0.749776
0.245930
0.750545
0.250516
0.998703
0.736856
0.261923
0.498775
0.000634
0.500016
0.249187
0.749850
0.250659
0.749938
0.999333
0.241773
0.500000
0.000000

0.500000
0.500000
0.000000
0.000000
0.000000
0.000000
0.500000
0.000000
0.000000
0.500000
0.000000
0.000000
0.500000
0.500000
0.000000
0.000000
0.500000
0.000000
0.000000
0.500000
0.000000
0.000000
0.000000
0.500000
0.500000
0.000000
0.500000
0.000000
0.000000
0.500000
0.000000
0.000000
0.500000
0.500000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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04
05
06
Ti3
Ti4
o7
08
09
Srl
Sr2
010
011
012
Ti5
Ti6
013
014
015
016
Sr3
Sr4
017
018
Ti7
Ti8
019
020
021
Sr5
Sr6

A.2.3.8: (2x1) -

data_Wet_2x1
_cell_length_a
_cell_length_b
_cell_length_c
_cell_angle_alph
_cell_angle_beta
_cell_angle_gam

_cell_formula_units_Z
_symmetry_space_group_name_H-M

-2.02
-2.14
-1.94
411
4.25
-1.93
-2.40
-2.17
2.30
242
-2.26
-2.09
-2.06
4.22
4.16
-2.15
-2.15
-2.19
-2.20
2.20
2.23
-2.13
-2.13
4.23
4.24
-2.12
-2.11
-2.19
2.21
2.19

OH

a

ma

39.050632
7.809971
3.904985
90.0000
90.0000
90.0000

1

p_1"
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loop_

_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site fract y
_atom_site_fract_z
_atom_site_occupancy
_atom_site_B_iso_or_equiv

@) @) 0.342946 0.634711 0.499881 1.0000 0.000
@) O 0.307747 0.980948 0.499186 1.0000 0.000
Ti Ti 0.303314 0.751350 0.499796 1.0000 0.000
Ti Ti 0.306604 0.051482 0.997703 1.0000 0.000
@) @) 0.297925 0.756711 0.999863 1.0000 0.000
@) O 0.295346 0.267623 0.999796 1.0000 0.000
@) @) 0.252739 0.007327 0.000869 1.0000 0.000
@) O 0.253278 0.738787 0.500142 1.0000 0.000
Ti Ti 0.247126 0.268948 0.029142 1.0000 0.000
Ti Ti 0.245613 0.751503 0.000257 1.0000 0.000
@) @) 0.241627 0.262922 0.494874 1.0000 0.000
@) O 0.239894 0.511777 0.000512 1.0000 0.000
@) @) 0.199110 0.784122 0.000184 1.0000 0.000
Sr Sr 0.199331 0.017123 0.502829 1.0000 0.000
Sr Sr 0.197052 0.497515 0.503751 1.0000 0.000
@) O 0.196195 0.233811 0.997794 1.0000 0.000
@) @) 0.151268 0.505722 0.000412 1.0000 0.000
@) O 0.149495 0.754074 0.500301 1.0000 0.000
Ti Ti 0.148428 0.251374 0.000421 1.0000 0.000
Ti Ti 0.147384 0.754665 0.000484 1.0000 0.000
@) @) 0.146961 0.254352 0.500018 1.0000 0.000
@) O 0.144335 0.002968 0.000152 1.0000 0.000
@) @) 0.099171 0.739069 0.000111 1.0000 0.000
@) O 0.098226 0.266049 0.000024 1.0000 0.000
Sr Sr 0.098815 0.500508 0.500054 1.0000 0.000
Sr Sr 0.098740 0.002996 0.500065 1.0000 0.000
@) @) 0.047023 0.501189 0.000013 1.0000 0.000
@) O 0.048746 0.250494 0.500021 1.0000 0.000
Ti Ti 0.048900 0.750457 0.000013 1.0000 0.000
Ti Ti 0.049718 0.250873 0.000023 1.0000 0.000
@) @) 0.049944 0.750641 0.500015 1.0000 0.000
@) O 0.051574 0.000654 0.000014 1.0000 0.000
@) @) 0.999730 0.238944 0.999998 1.0000 0.000

Sr Sr 0.000000 0.500000 0.500000 1.0000 0.000



ITOW

loop_

Sr
@)
H
H

_atom_site_label
_atom_bond_valence_sum

0]
0]
Ti
Ti
0]
0]
0]
0]
Ti
Ti
0]
0]
0]
Sr
Sr
0]
0]
0]
Ti
Ti
0]
0]
0]
0]
Sr
Sr
0]
0]
Ti
Ti
0]
0]
0]
Sr
Sr

-2.04
-2.16
4.13
4.02
-2.13
-2.04
-1.82
-2.18
4.10
4.18
-2.08
-2.16
-2.16
2.26
2.38
-2.30
-2.09
-2.04
4.23
4.15
-2.16
-2.13
-2.19
-2.20
2.19
2.22
-2.12
-2.12
4.22
4.23
-2.11
-2.11
-2.19
2.21
2.19

0.000000
0.352789
0.370412
0.347810

0.000000
0.073068
0.987656
0.513979

0.500000
0.999917
0.999998
0.498967

1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
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A.2.3.9: c(4x2)

data_c(4x2)
_cell_length_a
_cell_length_b
_cell_length_c
_cell_angle_alph
_cell_angle_beta
_cell_angle_gam

_cell_formula_units Z
_symmetry_space_group_name_H-M

loop_
_atom_site_label

_atom_site_type_symbol

-2.01
1.00
0.99

a

ma

_atom_site_fract x
_atom_site_fract_y
_atom_site fract z

_atom_site_occupancy

_atom_site_B_iso_or_equiv

Til
o1
Ti2
02
03
04
05
06
Ti3
Ti4
Ti5
o7
08
09
010
Srl
O1l11
012
Ti6

Ti
@)
Ti

ol oNoNONG)

Ti
Ti
Ti

JO00¥LOOOO

0.761712
0.206403
0.000000
0.000000
0.000000
0.500000
0.000000
0.752374
0.500000
0.000000
0.000000
0.000000
0.250000
0.000000
0.000000
0.249947
0.500000
0.000000
0.500000

7.8099
15.6197
39.0500
90.0000
90.0000
90.0000
1
‘Cmmm'

0.000000
0.397245
0.364339
0.000000
0.251883
0.000000
0.376232
0.000000
0.000000
0.239586
0.000000
0.122489
0.250000
0.000000
0.256960
0.131572
0.000000
0.125396
0.000000

0.304155
0.322262
0.303032
0.298042
0.296215
0.295738
0.252874
0.253634
0.246111
0.249150
0.245144
0.242020
0.242227
0.197968
0.196460
0.197857
0.199762
0.148586
0.146701

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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Ti7

013
014
015
Ti8

016
Sr2

017
018
019
Ti9

Til0
020
021
022
Till
023
Sr3

024
025

loop_

_atom_site_label
_atom_bond_valence_sum

Til
o1
Ti2
02
03
04
05
06
Ti3
Ti4
Ti5
o7
08
09
010
Srl
O1l1
012
Ti6

4.07
-1.93
4.03
-2.20
-2.02
-2.56
-2.03
-2.15
4.35
4.02
4.30
-2.20
-1.94
-2.18
-2.23
2.23
-2.09
-2.09
4.20

0.000000
0.250000
0.500000
0.250298
0.000000
0.000000
0.249644
0.000000
0.500000
0.000000
0.500000
0.000000
0.250000
0.500000
0.249956
0.000000
0.000000
0.249570
0.000000
0.500000

0.000000
0.250000
0.123333
0.000000
0.250441
0.000000
0.126199
0.250282
0.000000
0.124605
0.000000
0.000000
0.250000
0.124706
0.000000
0.250122
0.000000
0.126172
0.249390
0.000000

0.147759
0.146917
0.147332
0.149179
0.148696
0.099162
0.098561
0.098303
0.098627
0.049416
0.048988
0.049186
0.049000
0.049124
0.049655
0.049545
0.000000
0.000000
0.000000
0.000000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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Ti7

013
014
015
Ti8

016
Sr2

017
018
019
Ti9

Til0
020
021
022
Till
023
Sr3

024
025

A.2.3.10: (2x2)

data_Dry_2x2
_cell_length_a
_cell_length_b
_cell_length_c
_cell_angle_alph
_cell_angle_beta
_cell_angle_gam

_cell_formula_units Z
_symmetry_space_group_name_H-M

loop_
_atom_site_label

_atom_site_type_symbol

4.20
-2.18
-2.11
-2.01

4.24
-2.17

2.18
-2.18
-2.24
-2.12

4.26

4.23
-2.15
-2.12
-2.09

4.25
-2.19

2.19
-2.18
-2.21

a

ma

_atom_site_fract x
_atom_site fract vy
_atom_site fract z

_atom_site_occupancy

_atom_site_B_iso_or_equiv

o1

@)

0.296513

7.809971
39.050632
7.809971
90.0000
90.0000
90.0000

1

'Pccm’

0.323107 0.796214 1.0000

0.000
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Til
Ti2
02
03
04
05
Ti3
Ti4
06
o7
08
Srl
09
010
011
Ti5
Ti6
012
013
014
015
Sr2
016
017
018
Ti7
Ti8
019
020
Sr3
021
loop_

Ti

=

=

ol NoNoRaExloNoNoR N oNoNoNo Ry ExNoNoNoR 2N oNoNe)

_atom_site_label
_atom_bond_valence_sum

o1
Til
Ti2
02
03
04
05
Ti3

-1.95
4.03
3.94

-2.17

-2.01

-2.03

-2.15
3.98

0.500000
0.779212
0.477280
0.005168
0.753481
0.500000
0.010891
0.484512
0.000000
0.254152
0.536217
0.762365
0.972679
0.251684
0.500000
0.999158
0.501663
0.000000
0.748918
0.484916
0.014707
0.247514
0.250922
0.749242
0.000000
0.498416
0.000979
0.500000
0.000000
0.247519
0.500000

0.303353
0.304446
0.296129
0.297005
0.256347
0.252813
0.249861
0.245913
0.243040
0.238676
0.199775
0.197984
0.196931
0.153011
0.150171
0.149310
0.148040
0.147728
0.144053
0.099607
0.098669
0.098985
0.048024
0.050841
0.049200
0.049458
0.049783
0.050314
0.000000
0.000000
0.000000

0.750000
0.500000
0.500000
0.500000
0.500000
0.750000
0.500000
0.500000
0.750000
0.500000
0.500000
0.746312
0.500000
0.500000
0.750000
0.500000
0.500000
0.750000
0.500000
0.500000
0.500000
0.749385
0.500000
0.500000
0.750000
0.500000
0.500000
0.750000
0.500000
0.750000
0.500000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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Ti4
06
o7
08
Srl
09
010
011
Ti5
Ti6
012
013
014
015
Sr2
016
017
018
Ti7
Ti8
019
020
Sr3
021

A.2.3.11: (N2x\2)-R45°

data_Dry Rt2xRt2R45

_cell_length_a
_cell_length b
_cell_length_c

4.29
-1.92
-2.31
-2.15

2.37
-2.26
-2.05
-2.02

4.18

411
-2.19
-2.16
-2.17
-2.15

2.19
-2.15
-2.07
-2.14

4.18

421
-2.08
-2.14

2.16
-2.14

_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma

_cell_formula_units_Z
_symmetry_space_group_name_H-M

loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_fract_x
_atom_site_fract_y
_atom_site fract z

5.5225
34.1045
5.5225
90.0000
90.0000
90.0000
1
‘Pmma’
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_atom_site_occupancy

_atom_site_B_iso_or_equiv

o1
02
03
04
05
06
o7
08
09
010
011
Til
Ti2
Ti3
Ti4
Sr5
Sr6
Sr7
loop_

cloNoNoNoNoNoNONONONG)

_atom_site_label
_atom_bond_valence_sum

01
02
03
04
05
06
o7
08
09
010
011
Til
Ti2
Ti3
Ti4
Sr5
Sré
Sr7

-2.22
-2.15
-2.14
-2.22
-2.24
-2.12
-2.15
-2.04
-2.25
-2.14
-1.93
4.18
4.14
4.21
4.00
2.33
2.46
2.32

0.250000
0.000000
0.500000
0.250000
0.750000
0.000000
0.500000
0.000000
0.500000
0.750000
0.250000
0.250000
0.250000
0.750000
0.000000
0.250000
0.750000
0.250000

0.000000
0.051541
0.060758
0.112448
0.225006
0.173835
0.163350
0.287587
0.272803
0.663885
0.632465
0.056213
0.168712
0.280660
0.655492
0.112257
0.224785
0.000000

0.710976
0.000000
0.500000
0.791832
0.301584
0.000000
0.500000
0.500000
0.000000
0.252182
0.335897
0.750354
0.749769
0.228316
0.500000
0.251725
0.746766
0.249021

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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A.2.3.12: O-vacancy (N5x\5)-R26.6°

data_Rt5 Ovac Ti

_cell_length_a
_cell_length_b
_cell_length_c
_cell_angle_alph
_cell_angle_beta

_cell_angle_gamma
_cell_formula_units_Z
_symmetry_space_group_name_H-M

loop_
_atom_site_label

_atom_site_type_symbol
_atom_site_fract x
_atom_site_fract_y

a

_atom_site_fract_z

_atom_site_occupancy

_atom_site_B_iso_or_equiv

Til
Ti2
Ti3
01
02
03
04
05
Srl
Sr2
Sr3
06
o7
08
Ti4
Ti5
Ti6
09
010
011
012
013
014

Ti
Ti
Ti
O
0]
O
0]
O
Sr
Sr
Sr

O
O
O
Ti
Ti
Ti
O
O
O
O
O
O

0.610387
0.807236
0.000000
0.599397
0.692481
0.779887
0.912059
0.000000
0.500000
0.700917
0.902378
0.588726
0.795126
0.000000
0.600417
0.800269
0.000000
0.500000
0.598582
0.702122
0.800846
0.899755
0.000000

8.731842
8.731842

39.049985
90.0000
90.0000
90.0000
1
'P112/m'’

0.231166
0.617154
0.000000
0.733150
0.417763
0.094283
0.801745
0.500000
0.500000
0.905504
0.301358
0.193547
0.623169
0.000000
0.200149
0.601138
0.000000
0.000000
0.697138
0.399669
0.099855
0.800548
0.500000

0.698317
0.698623
0.697349
0.691177
0.697773
0.693761
0.692040
0.697887
0.749359
0.746714
0.747010
0.743968
0.744041
0.743049
0.798830
0.798983
0.799310
0.796603
0.797190
0.792966
0.794605
0.796494
0.792788

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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Sr4
Srb
Sr6
015
016
017
Ti7
Ti8
Ti9
018
019
020
021
022
023
Sr7
Sr8
Sr9
024
025
026
Til0
Till
Til2
027
028
029
030
031
032
loop_

_atom_site_label
_atom_bond_valence_sum

Til
Ti2
Ti3
01
02
03
04
05
Srl

3.69
3.68
3.36
-1.53
-2.03
-1.50
-1.84
-1.71
2.12

0.500000
0.699711
0.900321
0.606588
0.804014
0.000000
0.600329
0.800253
0.000000
0.500000
0.600422
0.699416
0.800119
0.899931
0.000000
0.500000
0.700185
0.899925
0.598153
0.798830
0.000000
0.599621
0.799784
0.000000
0.500000
0.599803
0.700062
0.799723
0.899993
0.000000

0.500000
0.899980
0.299413
0.203232
0.593296
0.000000
0.200191
0.599757
0.000000
0.000000
0.700376
0.400227
0.100000
0.799599
0.500000
0.500000
0.900153
0.299929
0.199057
0.601408
0.000000
0.199797
0.600370
0.000000
0.000000
0.699824
0.399679
0.100050
0.800030
0.500000

0.849783
0.849466
0.849728
0.846199
0.846197
0.846594
0.899695
0.899910
0.899776
0.896787
0.896918
0.898293
0.898014
0.897490
0.898527
0.950061
0.950016
0.950097
0.948680
0.948828
0.948839
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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Sr2
Sr3
06
o7
08
Ti4
Ti5
Ti6
09
010
011
012
013
014
Sr4
Srb
Sr6
015
016
017
Ti7
Ti8
Ti9
018
019
020
021
022
023
Sr7
Sr8
Sr9
024
025
026
Til0
Till
Til2
027
028
029
030

2.07
2.05
-2.10
-2.23
-2.09
4.01
4.02
4.03
-2.01
-2.03
-2.03
-2.02
-2.03
-2.02
2.02
2.01
2.03
-2.09
-2.09
-2.11
3.98
3.99
3.99
-2.06
-2.07
-2.08
-2.08
-2.07
-2.08
2.00
2.00
2.00
-2.07
-2.08
-2.08
3.97
3.97
3.97
-2.09
-2.09
-2.08
-2.08
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031 -2.09
032 -2.07

A.2.3.13: Sr-adatom c(4x4) (6=0.125)

data_STOc4x4
_audit_creation_date 2010-06-02
_audit_creation_method ‘Materials Studio’
_symmetry_space_group_name_H-M 'P4/MMM'
_symmetry_Int_Tables_number 123
_symmetry_cell_setting tetragonal
loop_
_symmetry_equiv_pos_as_Xyz

X,Y,Z

-X,-Y,Z

-y, X,Z

Y,-X,Z

-X,Y,-Z

X,-Y,-Z

Y.X,-Z

-Y,-X,-Z

-X,-Y,-Z

X,Y,-Z

Y,-X,-Z

-V, X,-Z

X,-Y,Z

-X,Y,Z

-Y,-X,Z

Y.X,Z
_cell_length_a 11.0450
_cell_length_b 11.0450
_cell_length_c 23.4300
_cell_angle_alpha 90.0000
_cell_angle_beta 90.0000
_cell_angle_gamma 90.0000
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract vy
_atom_site_fract_z
_atom_site_U_iso_or_equiv



_atom_site_adp_type
_atom_site_occupancy

01
02
Sr3
Sr4
Sr5
06
Sr7
08
Sr9
Sr10
Srl1
Sr12
Til3
Til4
015
016
Srl7
018
019
020
Ti2l
Ti22
023
loop_

0]
0]
Sr
Sr
Sr
0]
Sr
0]
Sr
Sr
Sr
Sr
Ti
Ti
0]
0]
Sr
0]
0]
0]
Ti
Ti
0]

_atom_site_label
_atom_bond_valence_sum

01
02
Sr3
Sr4
Sr5
06
Sr7
08
Sr9
Sr10
Srl1
Sr12
Til3
Til4

-2.01
-1.86
2.10
2.10
2.13
-2.09
2.12
-2.09
191
2.14
2.00
1.98
3.98
3.70

0.87516
0.87600
0.50000
0.00000
1.00000
0.75032
0.75000
1.00000
0.00000
0.00000
0.50000
1.00000
1.00000
1.00000
1.00000
0.87484
0.74869
0.87716
0.62516
0.62451
0.75032
0.74720
0.74984

-0.37516
-0.37551
-0.50000
0.00000
-0.50000
-0.50000
-0.75000
-0.25032
0.00000
0.00000
-0.50000
-0.50000
-0.25032
-0.25934
-0.24671
-0.87484
-0.74869
-0.87716
-0.62516
-0.62451
-0.50000
-0.50000
-0.50000

-0.41677
-0.24606
-0.50000
-0.50000
-0.50000
-0.50000
-0.50000
-0.50000
-0.33376
-0.18070
-0.32859
-0.32847
-0.41677
-0.25154
-0.32922
-0.41677
-0.32652
-0.23861
-0.41677
-0.24585
-0.41677
-0.25127
-0.32930

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso

280

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00



015 -2.19
Ol6 -2.02
Srl7  1.94
018 -1.83
019 -2.00
020 -1.83
Ti21  3.98
Ti22 3.68
023 -221

A.2.3.14: Sr-adatom (N5x\5)-R26.6° (6=0.2)

data_STOsqrt5
_audit_creation_date
_audit_creation_method

_symmetry_space_group_name_H-M
_symmetry_Int_Tables_number

_symmetry_cell_setting
loop_

_symmetry_equiv_pos_as_Xyz

X,Y,Z

-X,-Y,Z

-Y,X,Z

Y,-X,Z

-X,-Y,-Z

X,Y,-Z

Y,-X,-Z

-y, X,-Z
_cell_length_a
_cell_length b
_cell_length_c
_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma
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
_atom_site_adp_type

2010-06-02
‘Materials Studio’
'P4/IM'

83

tetragonal

8.7318
8.7318
27.3350
90.0000
90.0000
90.0000
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_atom_site_occupancy

Til
02
Sr3
04
05
Ti6
o7
08
Sr9
010
011
Sr12
Til3
014
Til5
Srl6
Sr17
018
019
loop_

Ti
0]
Sr
0]
0]
Ti
0]
0]
Sr
0]
0]
Sr
Ti
0]
Ti
Sr
Sr
0]
0]

_atom_site_label
_atom_bond_valence_sum

Til
02
Sr3
04
05
Ti6
o7
08
Sr9
010
011
Srl12
Til3
014
Til5
Srl6
Sr17
018
019

4.10
-2.31
2.03
-2.08
-2.06
3.67
-1.91
-1.95
2.11
-2.08
-2.08
2.11
4.08
-2.30
3.70
2.03
2.29
-2.06
-1.85

0.10000
0.09958
0.39915
0.30000
0.20000
0.10702
0.30020
0.19008
0.00000
-0.50000
0.10000
0.40000
-0.50000
-0.50000
-0.50000
0.00000
0.00000
0.00000
0.00000

-1.70000
-1.70137
-1.79796
-1.60000
-1.90000
-1.69191
-1.59976
-1.90320
-1.00000
-0.50000
-1.70000
-1.80000
-0.50000
-0.50000
-0.50000
-1.00000
-1.00000
-1.50000
-1.50000

-0.57143
-0.64370
-0.64356
-0.57143
-0.57143
-0.71049
-0.71454
-0.72035
-0.50000
-0.50000
-0.50000
-0.50000
-0.57143
-0.64411
-0.71134
-0.64421
-0.77121
-0.57143
-0.71440

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso

282

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00



A.2.3.15: Sr-adatom (2x2)-type 4 (0=0.25)

data_STO2x2
_audit_creation_date
_audit_creation_method

_symmetry_space_group_name_H-M

_symmetry_Int_Tables_number
_symmetry_cell_setting
loop_
_symmetry_equiv_pos_as_Xyz

X,Y,Z

-X,-Y,Z

-y, X,Z

Y,-X,Z

-X,Y,-Z

X,-Y,-Z

Y.X,-Z

-Y,-X,-Z

-X,-Y,-Z

X,Y,-Z

Y,-X,-Z

-V, X,-Z

X,-Y,Z

-X,Y,Z

-Y,-X,Z

Y.X,Z
_cell_length_a
_cell_length_b
_cell_length_c
_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site fract vy
_atom_site_fract_z
_atom_site_U_iso_or_equiv
_atom_site_adp_type
_atom_site_occupancy

Srl  Sr 0.50000

2010-06-02
'Materials Studio’
'P4/IMMM'

123

tetragonal

7.8100
7.8100
23.4300
90.0000
90.0000
90.0000

0.50000 0.50000 0.00000

Uiso

283

1.00



loop_

02
03
Sr4
05
06
Sr7
08
Sr9
Sr10
Sri11
Srl12
Til3
014
Til5

0]
0]
Sr
0]
0]
Sr
0]
Sr
Sr
Sr
Sr
Ti
0]
Ti

_atom_site_label
_atom_bond_valence_sum

A.2.3.16: Sr-adatom c(4x2) (6=0.25)

Srl
02
03
Sr4
05
06
Sr7
08
Sr9
Sr10
Sri11
Sr12
Til3
014
Til5

2.13
-1.92
-2.08

2.12
-1.72
-2.07

2.07
-2.09

2.10

2.06

1.06

2.02

4.04
-2.42

3.84

data_STOc4x2b

_audit_creation_date
_audit_creation_method
_symmetry_space_group_name_H-M

0.75048
0.74968
0.50000
0.75488
0.74968
0.50000
0.74968
0.00000
0.00000
0.00000
0.50000
0.74968
0.75038
0.74312

_symmetry_Int_Tables_number

_symmetry_cell_setting

loop_

0.50000
0.50000
0.00000
-0.00000
0.00000
0.50000
0.74968
0.00000
0.00000
0.00000
0.00000
0.74968
0.75038
0.74312

2010-06-02

0.75084
0.58323
0.50000
0.75335
0.58323
0.66726
0.50000
0.50000
0.66639
0.82913
0.66741
0.58323
0.66898
0.74450

'Materials Studio'

0
orthorhombic

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso

284

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00



_symmetry_equiv_pos_as_Xyz

X,Y,Z

-X,~Y,Z
Y., X,-Z
-y, X,-Z
“X,-Y,-Z
X,Y,-Z
-Y,-X,Z

Y. X,Z

_cell_length_a
_cell_length_b
_cell_length_c
_cell_angle_alpha

_cell_angle_beta

_cell_angle_gamma

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

_atom_site_adp_type
_atom_site_occupancy

01
Ti2
Ti3
04
05
06
o7
Sr8
Sr9
Sr10
011
Sr12
Sr13
Srl4
Srl5
016
017
018

0]
Ti
Ti
0]
0]
0]
0]
Sr
Sr
Sr
0]
Sr
Sr
Sr
Sr
0]
0]
0]

-0.36691
-0.37500
-0.38322

0.37466

0.37500
-0.12414
-0.12500
-0.24885

0.00000
-0.25000
-0.37500

0.00000

0.00000
-0.50000
-0.50000
-0.75000
-0.75187
-0.50000

8.7318
8.7318
23.4300
90.0000
90.0000
53.1301

1.12180
1.12500
1.12784
0.37466
0.37500
0.87586
0.87500
0.75115
0.00000
0.75000
1.12500
0.00000
0.00000
0.50000
0.50000
0.75000
0.75187
1.00000

0.66956
0.58323
0.74724
0.75181
0.58323
0.76042
0.58323
0.66922
0.50000
0.50000
0.50000
0.81733
0.66188
0.50000
0.66970
0.58323
0.75940
0.58323

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso

285

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00



019
loop_

0]

_atom_site_label
_atom_bond_valence_sum

01
Ti2
Ti3
04
05
06
o7
Sr8
Sr9
Sr10
011
Sr12
Sr13
Sr14
Srl5
016
017
018
019

-2.01
3.12
2.89

-0.90

-0.98

-1.28

-1.38
0.81
0.53
0.53

-1.18
1.04
0.82
0.53
0.79

-0.72

-0.73

-0.98

-0.91

-0.50000

A.2.3.17: c(4xd)-type B (6=0.375)

data_STOc4x4a

_audit_creation_date
_audit_creation_method
_symmetry_space_group_name_H-M

_symmetry_Int_Tables_number

_symmetry_cell_setting

loop_

_symmetry_equiv_pos_as_Xxyz

X,Y,Z
-X,~Y,Z
-y, X,Z
Y,X,Z
X,Y,-Z
X,-Y,-Z
Y. X,-Z
-Y,-X,-Z

1.00000 0.75099

2010-06-02
‘Materials Studio’
'P4/IMMM'

123

tetragonal

0.00000

Uiso

286

1.00



-X,-Y,-Z
X,Y,-Z
Y,-X,-Z
-y, X,-Z
X,-Y,Z
-X,Y,Z
-Y,-X,Z
Y.X,Z
_cell_length_a
_cell_length b
_cell_length_c

_cell_angle_alpha

_cell_angle_beta

_cell_angle_gamma

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

_atom_site_adp_type
_atom_site_occupancy

01
02
03
04
05
Sr6
o7
Sr8
Sr9
Sr10
Sri11
Srl12
013
Til4
Til5
016
Sr17
Sr18
Sr19

0.62270
0.62484
0.87516
0.62379
0.87781
0.74944
0.62484
0.00000
0.00000
0.50000
0.50000
0.00000
0.75405
0.75000
0.74355
0.75000
0.50000
0.50000
0.50000

11.0450
11.0450
23.4300
90.0000
90.0000
90.0000

0.87776
0.87516
0.87516
0.62379
0.87781
0.74944
0.62484
0.00000
0.00000
0.50000
0.50000
0.00000
0.50000
0.50000
0.50000
0.00000
0.00000
0.00000
0.00000

0.24161
0.41677
0.41677
0.24840
0.24264
0.66780
0.41677
0.17450
0.33731
0.33333
0.50000
0.50000
0.33078
0.41677
0.25309
0.50000
0.50000
0.33711
0.17912

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso

287

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00



loop_

Ti20
Ti2l
022
023
Sr24

Ti
Ti
0]
O
Sr

_atom_site_label
_atom_bond_valence_sum

A.2.3.18: (2x1) (6=0.5)

01
02
03
04
05
Sré
o7
Sr8
Sr9
Sr10
Srl1
Sr12
013
Til4
Til5
016
Srl17
Sr18
Sr19
Ti20
Ti2l
022
023
Sr24

-1.92
-2.11
-2.10
-1.90
-1.91
1.89
-2.08
1.47
1.98
2.00
2.12
2.12
-2.27
4.03
3.67
-2.09
2.12
2.00
1.82
4.01
3.63
-2.22
-2.09
2.11

data_STO2x1b

_audit_creation_date
_audit_creation_method

0.75000 0.00000
0.74919 0.00000
0.74985 0.00000
0.75000 0.50000
0.75000 0.75000
2010-06-02

'Materials Studio'

_symmetry_space_group_name_H-M
_symmetry_Int_Tables_number
orthorhombic

_symmetry_cell_setting

loop_

47

‘PMMM'

0.41677
0.25210
0.33018
0.50000
0.50000

0.00000
0.00000
0.00000
0.00000
0.00000

Uiso
Uiso
Uiso
Uiso
Uiso

288

1.00
1.00
1.00
1.00
1.00



_symmetry_equiv_pos_as_Xyz

X,Y,Z

-X,"Y,Z

-X,Y,-Z

X,~Y,~Z

-X,-Y,-Z

X,Y,-Z

X,-Y,Z

-X,Y,Z
_cell_length_a
_cell_length_b
_cell_length_c
_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma
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
_atom_site_adp_type
_atom_site_occupancy

01 O 0.75000
Ti2 Ti 0.73987
Ti3 Ti 0.75000
04 O 0.76446
05 O 0.50000
06 O 0.50000
o7 O 0.00000
o8 O 0.00000
Sr9  Sr 0.00000
Sr10  Sr 0.00000
Srll  Sr 0.00000
Srl2  Sr 0.50000
Sr13  Sr 0.50000
014 O 0.75322
015 O 0.75000

loop_
_atom_site_label
_atom_bond_valence_sum

7.8100
3.9050
23.4300
90.0000
90.0000
90.0000

0.50000
0.50000
0.50000
0.50000
0.50000
0.50000
0.50000
0.50000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

0.50000
0.74700
0.58323
0.66939
0.58323
0.74324
0.76499
0.58323
0.66252
0.82558
0.50000
0.50000
0.66292
0.75906
0.58323

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso

289

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00



01
Ti2
Ti3
04
05
06
o7
08
Sr9
Sr10
Srl1
Sr12
Sr13
014
015

A.2.3.19: (2x2)-type B (6=0.75)

-2.09
3.38
4.02

-2.18

-2.15

-1.99

-1.97

-2.15
2.04
1.65
2.12
2.12
1.97

-1.78

-2.15

data_STO2x2a2

_audit_creation_date
_audit_creation_method
_symmetry_space_group_name_H-M
_symmetry_Int_Tables_number
_symmetry_cell_setting

loop_

_symmetry_equiv_pos_as_Xyz

X,Y,Z
X,-Y,Z
-y, X,Z
Y,-X,Z
X,Y,-Z
X,-Y,-Z
Y,X,-Z
-Y,X,-Z
X,-Y,-Z
X,Y,-Z
Y,-X,-Z
-Y,X,-Z
X,-Y,Z
X,Y,Z
-Y,-X,Z
Y,X,Z

2010-06-02
‘Materials Studio’
'P4/IMMM'

123

tetragonal

290



_cell_length_a
_cell_length b
_cell_length_c

_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma

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

_atom_site_adp_type
_atom_site_occupancy

Srl
02
03
Sr4
05
06
Sr7
08
Sr9
Srl0
Srll
Til2
013
Til4
Sr15
Srl6
loop_

Sr
0]
0]
Sr
0]
0]
Sr
0]
Sr
Sr
Sr
Ti
0]
Ti
Sr
Sr

_atom_site_label
_atom_bond_valence_sum

Srl
02
03
Sr4
05
06
Sr7
08

2.13
-1.93
-2.13

2.12
-2.01
-2.11

1.89
-2.09

0.50000
0.75860
0.74968
0.50000
0.74969
0.74968
0.50000
0.74968
0.00000
0.00000
0.00000
0.74968
0.75137
0.74588
0.50000
0.50000

7.8100
7.8100
23.4300
90.0000
90.0000
90.0000

0.50000
0.50000
0.50000
0.00000
0.00000
0.00000
0.50000
0.74968
0.00000
0.00000
0.00000
0.74968
0.75137
0.74588
0.00000
0.00000

0.50000
0.75520
0.58323
0.50000
0.75683
0.58323
0.66438
0.50000
0.50000
0.66435
0.82470
0.58323
0.66754
0.74726
0.66391
0.82815

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso

291

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00



292

Sr9 2.10
Sr10  1.96
Sr11  1.35
Til2 4.10
013 -2.16
Til4 3.32
Sr15  1.99
Srl6  1.22

A.2.3.20: (IxI) (6=1.0)

data_STOplx1b

_audit_creation_date 2010-06-02
_audit_creation_method ‘Materials Studio’
_symmetry_space_group_name_H-M 'P4/MMM'
_symmetry_Int_Tables_number 123
_symmetry_cell_setting tetragonal
loop_
_symmetry_equiv_pos_as_Xyz

X,Y,Z

-X,-Y,Z

-y, X,Z

Y,-X,Z

-X,Y,-Z

X,-Y,-Z

Y,X,-Z

-Y,-X,-Z

-X,-Y,-Z

X,Y,-Z

Y,-X,-Z

-Y,X,-Z

X,-Y,Z

-X,Y,Z

-Y,-X,Z

Y.X,Z
_cell_length_a 3.9050
_cell_length_b 3.9050
_cell_length ¢ 23.4300
_cell_angle_alpha 90.0000
_cell_angle_beta 90.0000
_cell_angle_gamma 90.0000

loop_



_atom_site_label

_atom_site_type_symbol

_atom_site_fra
_atom_site_fra

ct x
cty

_atom_site_fract_z
_atom_site_U _iso_or_equiv

_atom_site_adp_type
_atom_site_occupancy

o1
Ti2
Ti3
Sr4
Sr5
06
o7
08
Sr9
loop_

0]
Ti
Ti
Sr
Sr
0]
0]
0]
Sr

_atom_site_label
_atom_bond_valence_sum

01
Ti2
Ti3
Sr4
Sr5
06
o7
08
Sr9

-2.12
3.32
4.07
1.26
1.98

-2.18

-2.08

-2.09
2.12

0.50000
0.50000
0.50000
0.00000
0.00000
1.00000
1.00000
0.50000
0.00000

-0.50000 -0.33177
-0.50000 -0.25198
-0.50000 -0.41677
0.00000 -0.17344
0.00000 -0.33886
0.50000 -0.41677
0.50000 -0.24305
-0.50000 -0.50000
0.00000 -0.50000

A.2.4: CIFs for SrTiO3 (1 1 1) surface structures

A.2.4.1: Model 1

data_Model 1
_cell_length_a
_cell_length_b
_cell_length_c

_cell_angle_alpha
_cell_angle_beta

5.522461
5.522461
20.290814
90.0000
90.0000

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso
Uiso

293

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00



_cell_angle_ga

mma

_cell_formula_units_Z

_symmetry_space_group_name_H-M

loop_

_atom_site_label
_atom_site_type_symbol
_atom_site_fract x
_atom_site_fract_y
_atom_site fract z
_atom_site_occupancy

_atom_site_B_iso_or_equiv

Srl
Sr2
Sr3
Til
Ti2
Ti3
Ti4
01
02
03

loop_

Sr
Sr
Sr
Ti
Ti
Ti
Ti
0]
0]
0]

_atom_site_label
_atom_bond_valence_sum

Srl 2.04
Sr2 1.93
Sr3 1.97
Til 3.99
Ti2 3.90
Ti3 3.99
Tid 3.05
01 -2.16
02 -2.00
03 -213
A.2.4.2: Model 2
data_Model_2
_cell_length_a
_cell_length_b

_cell_length ¢

0.000000
0.333333
0.666667
0.000000
0.333333
0.666667
0.000000
0.833707
0.168917
0.499612

120.0000
1
'P-3m1'
0.000000 0.159652
0.666667 0.270021
0.333333 0.054040
0.000000 0.000000
0.666667 0.111400
0.333333 0.224115
0.000000 0.324055
0.667413 0.943079
0.831083 0.713263
0.500388 0.171879
5.522461
5.522461
20.290814

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800

294



295

_cell_angle_alpha 90.0000
_cell_angle_beta 90.0000
_cell_angle_gamma 120.0000
_cell_formula_units_Z 1
_symmetry_space_group_name_H-M 'P-3m1'
loop_

_atom_site_label
_atom_site_type_symbol
_atom_site_fract x
_atom_site_fract_y
_atom_site fract z
_atom_site_occupancy
_atom_site_B_iso_or_equiv

Srl Sr 0.000000 0.000000 0.000000 1.0000 0.800
Sr2  Sr 0.333333 0.666667 0.112703 1.0000 0.800
Sr3  Sr 0.666667 0.333333 0.229360 1.0000 0.800
Srd Sr 0.000000 0.000000 0.333160 1.0000 0.800
Til Ti 0.333333 0.666667 0.282244 1.0000 0.800
Ti2 Ti 0.666667 0.333333 0.055909 1.0000 0.800
Ti3 Ti 0.000000 0.000000 0.167415 1.0000 0.800
01 O 0.834521 0.669042 0.779573 1.0000 0.800
02 O 0.166082 0.833918 0.890120 1.0000 0.800
03 O 0.500000 0.500000 0.000000 1.0000 0.800
04 O 0.498440 0.996880 0.330471 1.0000 0.800

loop_
_atom_site_label
_atom_bond_valence_sum

Srl 2.18
Sr2 2.15
Sr3 2.20
Srd 1.55
Til 4.32
Ti2 4.19
Ti3 4.26
o1 -2.03
02 -2.03
03 -2.04

04 -151



A.2.4.3: Model 3

data_Model 3
_cell_length_a
_cell_length b
_cell_length_c

_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma
_cell_formula_units_Z
_symmetry_space_group_name_H-M

loop_

_atom_site_label
_atom_site_type_symbol
_atom_site_fract x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_occupancy

_atom_site_B_iso_or_equiv

Srl
Sr2
Sr3
Sr4
Til
Ti2
Ti3
01
02
03
04
05
06
o7

loop_

Sr
Sr
Sr
Sr
Ti
Ti
Ti
0]

oNoNoNoRoNo

_atom_site_label
_atom_bond_valence_sum

Srl
Sr2
Sr3
Sr4
Til

2.16
2.23
2.28
1.84
4.09

0.500000
0.833731
0.166191
0.539419
0.837884
0.188977
0.500841
0.675265
0.811849
0.927476
0.051783
0.750000
0.000000
0.246833

0.500000
0.723438
0.604991
0.830665
0.557036
0.773418
0.667922
0.618641
0.705336
0.607623
0.730992
0.500000
0.500000
0.824799

9.565183
20.290814
5.522461
90.0000
90.0000
90.0000

1

'B112/m'

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.500000
0.250136
0.249078
0.250000
0.000000
0.246870

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
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Ti2 4.03
Ti3  4.08
01 -2.03
02 -243
03 211
04  -2.09
05 -2.06
06 -2.26
o7 -1.79
A.2.4.4: Model 4
data_Model 4
_cell_length_a 5.522461
_cell_length_b 5.522461
_cell_length_c 26.746224
_cell_angle_alpha 90.0000
_cell_angle_beta 90.0000
_cell_angle_gamma 120.0000
_cell_formula_units_Z 1
_symmetry_space_group_name_H-M 'P-3m1'
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_occupancy
_atom_site_B_iso_or_equiv
01 O 0.666667 0.333333 0.350161
02 O 0.497736 0.502264 0.252407
03 O 0.165559 0.834441 0.168537
o4 O 0.833082 0.666163 0.083980
o5 O 0.500000 0.000000 0.000000
Til Ti 0.333333 0.666667 0.711566
Ti2 Ti 0.000000 0.000000 0.873975
Ti3 Ti 0.333333 0.666667 0.958294
Tid Ti 0.666667 0.333333 0.787276
Srl  Sr 0.666667 0.333333 0.915146
Sr2  Sr 0.000000 0.000000 0.753487
Sr3  Sr 0.333333 0.666667 0.834146
Srd Sr 0.000000 0.000000 0.000000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
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loop_

_atom_site_label
_atom_bond_valence_sum

01 -156
02 -2.13
03 -2.10
o4 -211
o5 -2.10
Til 4.07
Ti2 4.15
Ti3  4.18
Ti4 4.26
Srl 2.10
Sr2 1.82
Sr3 2.11
Srd 2.13
A.2.4.5: Model 5
data_Model 5
_cell_length_a
_cell_length_b
_cell_length_c

_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma
_cell_formula_units_Z

_symmetry_space_group_name_H-M

loop_

_atom_site_label
_atom_site_type_symbol
_atom_site_fract x
_atom_site_fract vy
_atom_site fract z
_atom_site_occupancy

_atom_site_B_iso_or_equiv

Srl
01
02
Sr2
03

Sr
0]
0]
Sr
0]

0.000000
0.739265
0.000000
0.500000
0.500000

9.565183
17.335515
5.522461
90.0000
90.0000
90.0000

1

'P112/m'’

0.000000
0.002757
0.000000
0.000000
0.000000

0.000000
0.744668
0.500000
0.500000
0.000000

1.0000
1.0000
1.0000
1.0000
1.0000

0.800
0.800
0.800
0.800
0.800
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Til
Ti2
04
05
Sr3
06
o7
Sr4
Ti3
Ti4
08
09
010
Srb
011
Sré
Ti5

loop_

O
Sr
O
Sr
Ti

_atom_site_label
_atom_bond_valence_sum

Srl
01
02
Sr2
03
Til
Ti2
04
05
Sr3
06
o7
Sr4
Ti3
Ti4
08
09
010
Sr5
011
Sré

2.07
-2.13
-1.95

2.08
-2.27

4.10

4.21
-1.87
-2.16

2.17
-2.30
-2.09

2.11

4.26

4.06
-1.71
-1.88
-2.03

2.14
-2.05

1.81

0.168717
0.664898
0.327743
0.092893
0.332911
0.831046
0.574071
0.831259
0.991842
0.509651
0.658216
0.415481
0.166667
0.132425
0.921131
0.692881
0.330887

0.064446
0.066058
0.137220
0.126158
0.119242
0.126074
0.136139
0.137331
0.196256
0.200176
0.259754
0.279044
0.272439
0.245464
0.250715
0.253530
0.315457

0.500000
0.000000
0.500000
0.244334
0.000000
0.000000
0.239581
0.500000
0.000000
0.500000
0.500000
0.746307
0.000000
0.500000
0.247538
0.000000
0.000000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
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Ti5 3.70
A.2.4.6: Model 6
data_Model 6
_cell_length_a 11.044902
_cell_length_b 11.044902
_cell_length_c 17.335515
_cell_angle_alpha 90.0000
_cell_angle_beta 90.0000
_cell_angle_gamma 120.0000
_cell_formula_units Z 1
_symmetry_space_group_name_H-M 'P-3m1'

loop_

_atom_site_label
_atom_site_type_symbol
_atom_site_fract x
_atom_site_fract_y
_atom_site fract z
_atom_site_occupancy

_atom_site_B_iso_or_equiv

Til
Ti2
01
Srl
02
03
Sr2
Ti3
Ti4
04
Sr3
05
Sr4
06
Ti5
Ti6
o7
08
Sr5
Sr6

Ti
Ti
0]
Sr
0]
0]
Sr
Ti
Ti
0]
Sr
0]
Sr
0]
Ti
Ti
0]
0]
Sr
Sr

0.000000
0.333333
0.405147
0.666667
0.415883
0.922937
0.167471
0.991303
0.000000
0.584653
0.827412
0.092583
0.333333
0.083413
0.666667
0.170945
0.749794
0.754197
0.000000
0.000000

0.000000 0.337730
0.666667 0.317826
0.069537 0.254831
0.333333 0.259472
0.831767 0.276726
0.845875 0.283601
0.832529 0.246390
0.495651 0.202439
0.000000 0.187144
0.415347 0.132638
0.172588 0.142284
0.423421 0.127675
0.666667 0.116867
0.916587 0.138618
0.333333 0.070487
0.829055 0.061087
0.499588 0.004452
0.000000 0.000000
0.500000 0.000000
0.000000 0.000000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
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loop_

_atom_site_label

_atom_bond_valence_sum

Til 3.37
Ti2 3.75
o1 -1.78
Srl 1.34
02 -2.05
03 -181
Sr2 2.06
Ti3 4.14
Tid  4.07
04  -2.28
Sr3 2.11
O5 -2.03
Sr4 2.22
o6 -2.22
Ti5  4.39
Ti6 4.12
o7  -2.23
08 -1.94
Sr5 2.06
Sr6 1.95
A.2.4.7: Model 7
data_Model 7
_cell_length_a
_cell_length_b
_cell_length_c

_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma

_cell_formula_units_Z
_symmetry_space_group_name_H-M

loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_fract x
_atom_site_fract vy
_atom_site fract z

_atom_site_occupancy

5.522461
5.522461
20.290814
90.0000
90.0000
120.0000
1

'P-3m1'
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_atom_site_B_iso_or_equiv

Srl Sr 0.000000 0.000000 0.000000
Til Ti 0.000000 0.000000 0.830348
o1 O 0.342310 0.171155 0.779512
02 O 0.166667 0.333333 0.888467
Sr2  Sr 0.333333 0.666667 0.785663
Sr3  Sr 0.666667 0.333333 0.890008
Ti2 Ti 0.333333 0.666667 0.944526
Ti3 Ti 0.666667 0.333333 0.725012
03 O 0.000000 0.500000 0.000000
Tid Ti 0.333333 0.666667 0.631990
o4 O 0.994132 0.497066 0.663332
loop_
_atom_site_label
_atom_bond_valence_sum
Srl 2.09
Til 4.07
o1 -2.05
02 -2.09
Sr2 2.11
Sr3 2.19
Ti2 4.11
Ti3 4.15
03 -210
Tid 3.65
04 -1.92
A.2.4.8: Model 8
data_Model_8 expanded
_cell_length_a 5.522505
_cell_length_b 5.522505
_cell_length ¢ 41.605580
_cell_angle_alpha 90.0000
_cell_angle_beta 90.0000
_cell_angle_gamma 120.0000
_cell_formula_units_Z 1
_symmetry_space_group_name_H-M 'P-3'

loop_

_atom_site_label
_atom_site_type_symbol

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
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303

_atom_site_fract x
_atom_site_fract_y
_atom_site fract z
_atom_site_occupancy
_atom_site_B_iso_or_equiv

0000 O 0.625429 0.619546 0.377108 1.0000 0.800
TiOO Ti 0.333333 0.666667 0.361974 1.0000 0.800
TiOO Ti 0.666667 0.333333 0.358857 1.0000 0.800
Sr00  Sr 0.000000 0.000000 0.328039 1.0000 0.800
0000 O 0.013557 0.566180 0.324786 1.0000 0.800
TiOO Ti 0.333333 0.666667 0.295070 1.0000 0.800
Sr00  Sr 0.666667 0.333333 0.272752 1.0000 0.800
0000 O 0.665676 0.796270 0.269753 1.0000 0.800
TiOO Ti 0.000000 0.000000 0.242932 1.0000 0.800
0001 O 0.814974 0.147517 0.216176 1.0000 0.800
Sr01  Sr 0.333333 0.666667 0.215445 1.0000 0.800
TiOl Ti 0.666667 0.333333 0.189624 1.0000 0.800
0001 O 0.500310 0.500457 0.162270 1.0000 0.800
Sr0l  Sr 0.000000 0.000000 0.161807 1.0000 0.800
TiOl Ti 0.333333 0.666667 0.135333 1.0000 0.800
Sr0l  Sr 0.666667 0.333333 0.107993 1.0000 0.800
0001 O 0.666880 0.830690 0.108205 1.0000 0.800
TiOl Ti 0.000000 0.000000 0.081202 1.0000 0.800
0001 O 0.825472 0.159372 0.054208 1.0000 0.800
Sr02  Sr 0.333333 0.666667 0.054225 1.0000 0.800
Ti02 Ti 0.666667 0.333333 0.027068 1.0000 0.800
0002 O 0.500000 0.500000 0.000000 1.0000 0.800
Sr02  Sr 0.000000 0.000000 0.000000 1.0000 0.800

loop_

_atom_site_label

_atom_bond_valence_sum
0000 -1.85
TiOO  3.67
TiO0O 3.65
Sr00  2.18
0000 -1.99
TioO0O  4.12
Sro0 2.17
0000 -2.12
TiO0O 4.14
0001 -2.09



Srol  2.19
TiOl 4.14
0001 -2.09
Srol  2.13
TioOl 4.15
Srol  2.13
0001 -2.10
TiOl 4.15
0001 -2.09
Sr02 212
Ti02 4.14
0002 -2.08
Sr02  2.10
A.2.4.9: Model 9
data_Model 9
_cell_length_a 5.522461
_cell_length b 5.522461
_cell_length ¢ 32.689829
_cell_angle_alpha 90.0000
_cell_angle_beta 90.0000
_cell_angle_gamma 120.0000
_cell_formula_units_Z 1
_symmetry_space_group_name_H-M 'P-3'
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_occupancy
_atom_site_ B _iso_or_equiv
0oL O 0.000000 0.500000 0.000000
Srl Sr 0.000000 0.000000 0.000000
Til Ti 0.666667 0.333333 0.033572
Sr2  Sr 0.333333 0.666667 0.065732
02 O 0.333135 0.188317 0.068305
Ti2 Ti 0.000000 0.000000 0.100027
03 O 0.130344 0.334145 0.136263
Sr3  Sr 0.666667 0.333333 0.134113

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
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Ti3
04
Sr4
Ti4
Ti5
05
Ti6
Ti7
06

loop_

Ti

Sr
Ti
Ti

Ti
Ti

_atom_site_label
_atom_bond_valence_sum

01
Srl
Til
Sr2
02
Ti2
03
Sr3
Ti3
04
Sr4
Ti4
Ti5
05
Ti6
Ti7
06

-2.24
2.15
4.18
2.24

-2.23
4.18

-2.24
2.24
4.26

-2.09
2.37
3.02
3.06

-1.62
3.89
3.63

-2.08

A.2.4.10: Model 10

data_Model 10

_cell_length_a
_cell_length_b
_cell_length ¢

_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma
_cell_formula_units_Z

0.333333
0.547313
0.000000
0.666667
0.333333
0.996648
0.000000
0.666667
0.326209

0.666667 0.165225
0.985345 0.205852
0.000000 0.203529
0.333333 0.237507
0.666667 0.252275
0.335592 0.270971
0.000000 0.316288
0.333333 0.318949
0.250361 0.338452
5.522461
5.522461
31.699228
90.0000
90.0000
120.0000
1

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
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_symmetry_space_group_name_H-M 'P-3'

loop_

_atom_site_label
_atom_site_type_symbol
_atom_site_fract x
_atom_site_fract_y
_atom_site fract z
_atom_site_occupancy

_atom_site_B_iso_or_equiv

01
02
03
Til
04
Ti2
Ti3
Srl
05
Ti4
Sr2
06
Ti5
o7
Sr3
Ti6
Sr4
08

loop_

0]
0]
0]
Ti
0]
Ti
Ti
Sr
0]
Ti
Sr
0]
Ti
0]
Sr
Ti
Sr
0]

_atom_site_label
_atom_bond_valence_sum

01
02
03
Til
04
Ti2
Ti3
Srl
05
Ti4
Sr2

-1.78
-2.02
-1.79
2.88
-2.03
2.55
3.22
2.42
-2.08
4.10
2.28

0.666667
0.333333
0.000000
0.970672
0.965340
0.333333
0.666667
0.000000
0.549878
0.333333
0.666667
0.129439
0.000000
0.332558
0.333333
0.666667
0.000000
0.000000

0.333333
0.666667
0.000000
0.663791
0.297956
0.666667
0.333333
0.000000
0.988322
0.666667
0.333333
0.333924
0.000000
0.189428
0.666667
0.333333
0.000000
0.500000

0.351011
0.331259
0.349187
0.321755
0.283633
0.263900
0.244429
0.208305
0.214513
0.172004
0.135517
0.141708
0.104073
0.070837
0.067387
0.034661
0.000000
0.000000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
0.800
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06
Ti5
o7
Sr3
Ti6
Sr4
08

-2.23
411
-2.24
2.21
4.13
2.13
-2.25
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