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1 Introduction

Ultrathin oxide films play a crucial role in industry due to their special electronic and photonic
properties. Ultrathin BaTiOj3 films are a class of oxide films, which also show ferroelectric behavior
and therefore are promising for further interesting applications.

In the reference books of crystallography, materials are usually categorized as crystals and amor-
phous. The introduction of quasicrystals opened a new category in crystallography as well as in
material science. Quasicrystals have self-similarity instead of crystalline long-range order. This
makes tiling of a surface by quasicrystals still possible. The discovery of BaTiOsz-derived oxide
quasicrystals (OQC) on Pt(111) surface in 2013 created a new class in quasicrystalline structures.
This has revealed enormous questions about the geometrical structure, oxidation states, interac-
tion between the OQC layer and the crystalline substrate and the possible applications of OQCs.
BaTiOs-derived OQC layer is extensively described in Sec. [2.4]

The lateral arrangement of Ti atoms in a OQC layer has been determined by scanning tunneling
microscopy (STM). However, no further information about the geometry of other atoms in the OQC
layer has been obtained by STM. In addition, no information could be obtained by STM about the
relation of the OQC layer to the Pt substrate. The quasicrystalline nature of the layer makes the
study of the system even more complex since the system must be investigated with local methods.

One of the main contributions of the current work is the investigation of the OQC layer using
extended X-ray absorption fine structure (EXAFS), which probes the local coordination of atoms.
Understanding the geometry of the system, in particular the bond lengths, results in information
about the atomic interactions within the layer and the interaction of the layer and the substrate
and therefore, paves the path to introduce new applications.

To perform the EXAFS data analysis, approximate pre-knowledge about the bond lengths leads to
more accurate data analysis. This is usually done by a Fourier transform of EXAFS modulations.
However, this transformation does not lead to any information about the elemental species of
neighbors. In addition, it leads to uncertainties up to 0.8 A in distances of neighbors. Developments
in the EXAFS data analysis overcome these problems and lead to more accurate pre-knowledge
about the distances of atoms in the system.

The oxidation states of the OQC system are linked to the coordination of atoms in the system.
Monitoring the changes in the oxidation states and coordination during the formation of the OQC
layer plays a key role for this purpose, which can be obtained through high resolution X-ray pho-
toemission spectroscopy. In addition, this technique permits monitoring the processes of dewetting
and rewetting of the Pt surface during growth and decay of OQCs. Therefore, it leads to a deeper
understanding of interactions between the OQC layer and the crystalline Pt substrate.

The present thesis consists of 7 chapters. The next two chapters describe the investigated ma-
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1 Introduction

terials, as well as the physical fundamentals of the main experimental techniques. Developments
in the EXAFS data analysis are presented in Ch. [ and are applied to EXAFS modulations of
a SrTiOj3 single crystal. Within the framework of this work, the local geometries of recently dis-
covered BaTiOs-derived OQCs, as well as single crystal BaTiO3 are investigated using EXAFS, as
discussed in Ch. [5l The local structure of OQCs are further investigated by studying their growth
and decay using X-ray absorption and X-ray photoemission spectroscopy, as presented in Ch. [6]

Finally, the conclusions are summarized in Ch. [7] together with outlooks for future investigations.
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2 Investigated materials

Materials investigated in this thesis are introduced in this chapter briefly. The physical properties
of them are discussed, as was required within the scope of the current work. The investigated
systems are barium titanate derived quasicrystal as well as single crystalline barium titanate and

strontium titanate.

2.1 Barium titanate

Barium titanate (BTO) is an oxide with the elemental composition BaTiO3 and a perovskite struc-
ture. Fully oxidized stoichiometric barium titanate is light yellow. It is ferroelectric at room tem-
perature with a large dielectric constant , . These properties suggest interesting applications
for BaTiOj3 in semiconductors , thin film storage devices |4| and catalysts , |§||

The unit cell of BTO consists of 8 Ba>" ions at the cubic corners and 6 O®  at the face center
positions. Therefore, every Ba is coordinated by 12 O and Ti is octahedrally coordinated by 6 O [7].

The schematic of a perovskite unit cell with the general elemental composition of ABOj is given in

Fig. 2.}

Figure 2.1: A perovskite unit cell with the elemental composition of ABOj3 in the cubic phase

Barium titanate undergoes several phase transitions. Below 193.15K it has a rhombohedral
structure. Between 193.15 K and 278.15 K the structure is orthorhombic. It is tetragonal between
278.15K and 393.15K and changes to cubic at 393.15K. The temperature dependence of the
different phases of BTO, as well as the changes in the unit cell parameters are shown in Fig. [2.2
(8], Ch. 11 of [9]).

As mentioned, between 278.15 K and 393.15 K BTO has a tetragonal structure with a = 399.05 pm

and ¢ = 404.12 pm. In this unit cell Ti is not at the center and has two distances from O atoms along
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Figure 2.2: BTO phases with changes of the lattice parameters during heating (dot lines) and cooling (solid
lines) with their hysteresis behaviors at their phase transition temperatures [8, |9, |10].

z direction, which are 175 pm and 229 pm, while 4 equatorial O atoms are at 200.9 pm [7]. That
results in a polarization and therefore, the ferroelectricity of tetragonal phase. BTO is investigated

in the ferroelectric phase in the current work.

Similar to the transition from ferromagnetic to paramagnetic, there is also the ferroelectric to
the paraelectric transition at the corresponding Curie Temperature To. T for barium titanate is
393.15 K, above which it is cubic with a lattice constant of a = 401.8 pm.

In this work, the BTO(001) surface is investigated, which can have two terminations. The top
layer of BTO(001) surface can either be barium oxide (BaO) or titanium dioxide (TiOs). Pancotti
et al. and Berlich et al. have reported BaO termination of the surface with their preparation
methods [11, 12]. In addition, Kolpak et al. have proposed a phase diagram for the termination
of the BTO(001) surface as a function of sample preparation [13]. According to their findings,
after annealing at 970 K under ultra high vacuum (UHV) condition the surface has mostly BaO

termination.

There are ferroelectric domains, which are similar to ferromagnetic domains. In the ferroelectric
domains unit cells have the same polarization directions. These domains are visible as stripes in
a single crystal BTO. If the polarization direction is perpendicular to the surface, the domain is
called a c-domain and if it is prarallel, it is an a-domain. There are two a perpendicular a-domains
on the surface. In each case, Ti can be shifted in positive or negative directions, which all together
makes six different domains for BTO at room temperature. The border of positive and negative
domains of the same type form so-called 180° domain walls. The other possibility is the boundary

between a- and c-domains, which form 90° domain walls.
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2.2 Strontium titanate
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Figure 2.3: Domains and domain walls in BTO, taken from [14]

2.2 Strontium titanate

At room temperature strontium titanate (STO) has a cubic perovskite structure. Due to the
smaller ionic radius of Sr compared to Ba, it has a smaller lattice constant than barium titanate, a
= 390.5 pm. The crystal is colorless to light yellow, similar to BTO |15, |16].

SrTiOj3 is cubic at room temperature and therefore, not ferroelectric due to the absence of po-
larization. It exhibits cubic-to-tetragonal phase transition at 105K |17, 18] together with a small
expansion of the unit cell with the new lattice constants a=391.0 pm, ¢=391.2 pm [19].

Both BTO and STO are insulating and for experimental usage they are doped to have sufficient
conductivity by 0.05 wt% of C or Nb. The doping also changes the color of STO to black. STO
is cheaper and easier to handle than BTO. In addition, the cubic phase has a large temperature
range. Therefore, if the ferroelectric properties of BTO are not relevant, STO is used as a cheap re-
placement to grow and investigate properties of magnetic layers. The results can then be transfered
to ferroelectric BTO.

2.3 Pt(111) single crystal substrate

Pt is a metal with fcc structure. It is quite inert with low reactivity towards oxygen. Therefore, it is
a suitable substrate to grow oxides. The Pt(111) surface has unit cell of 2.775 A [20]. This surface
was used as substrate to grow barium titanate derived oxide quasicrystal, since, there is only 2%
mismatch between the lattice constants of Pt(111)-(2 x 2) and BaTiO3(111). Therefore, epitaxial
growth of BTO on Pt(111) is expected, as studied by Forster and Widdra [21]. Furthermore,

Pt(111) surface does not show reconstruction at preparation temperatures in this work [22].

2.4 Barium titanate derived oxide quasicrystal

In most solid state text books solids are divided into two groups: crystalline and amorphous systems.
Crystalline structures have local as well as long-range order and cover the whole space by repeating
their primitive unit cell. On the contrary, amorphous systems have aperiodic structures. In addition

to the periodic structure, tiling of space is also possible using another class of structures, which
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2 Investigated materials

are quasicrystals. Contrary to crystals, quasicrystalline structures have no translational symmetry
and no long-range real space order, but instead, self similarity. Self similarity means that one part

of the structure has the same shape as the whole of it, but is just scaled down by a factor. This

scaling factor depends on the tiling type.

One type of self similar structures starts from a dodecagon, which is tiled according to Niizeki-

Gahler pattern with squares, rhombs and triangles as building blocks. The self similarity factor of

this tiling is (2 + v/3), as shown in Fig. , .
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Figure 2.4: Niizeki-Gahler tiling , consists of squares, triangles and rhombs, the image courtesy of S.

Forster.

The building blocks of quasicrystals repeat with incommensurate frequencies, which means that
the ratio of frequencies cannot be given by integer numbers [25] 26, [27]. Although quasicrystals

do not show real space periodicity, they can be considered as projections from higher dimensional
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space on to real space, investigated by high dimensional crystallography .

Interestingly, architectures have used quasicrystals for Tilings in medieval Islamic architectures.

For example, quasicrystals were used

1453. This tiling is a remarkable piece of medieval architecture. The surface has been covered
almost perfectly by a quasicrystal pattern with only 11 mismatched pieces out of 37000 25| 26} 27].
The mathematical pattern of this tiling was developed by Penrose in 1979, which has opened up a

for the tiling of the Darb-I Imam shrine in Isfahan, Iran in

new class of quasicrystals with pentaplexic pattern [29).

The first observed and crystallographically investigated quasicrystal was a metallic solid (Al-14-
et. al. , for which Shechtman received the noble prize in
chemistry in 2011. After Shechtman, other discovered quasicrystals were intermetallic systems [31]

at.%-Mn) in 1984 by Dan Shechtman

32, and more recently some 2D soft materials 35}, 36 (37}, [381 [39].

In 2013, Forster et. al. discovered the class of oxidic quasicrystals (OQC). The OQC has a 2D
aperiodic overlayer, derived from BTO on Pt(111) with 3-fold rotational symmetry [40]. These

oxide quasicrystals consist of dodecagonal Ti structures with 12-fold diffractional symmetry and
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2.4 Barium titanate derived oxide quasicrystal

a fundamental length of 6.85 A. The length has been derived from low-energy electron diffraction
(LEED) and high resolution scanning tunneling microscopy (STM) images at 77K (Fig. 2.5). The

dodecaconal structure consists of squares, triangles and rhombs in a Niizeki-Gahler tiling.

Figure 2.5: (a) STM image of the dodecagonal structure of the BTO-derived oxide quasicrystal, which is tiled
according to Niizeki-Gahler tiling. The STM image was taken with a tunneling voltage of 0.1V. The
structure exhibits 12-fold diffractional symmetry, as given by the LEED image (b) taken at 66V
electron energy. The (10) spot of the Pt substrate is illustrated in the image. Both measurements
were performed at in 77K .

OQCs are formed by the reduction of 3D BTO islands in UHV. Atoms of the 2D layer diffuse on
the Pt surface through a wetting process by annealing in UHV on 1170K. By heating in 7 x 1077
mbar O, at 900K 3D BTO islands are formed through a dewetting process. Wetting and dewetting
of the Pt surface are reproducible processes and one can switch several times between 3D islands
and 2D OQCs by heating in oxygen and UHV [40, 41].

In addition to BTO-derived oxide quasicrystals, 2D STO-derived OQCs on Pt(111) have also
been discovered by Schenk et. al. . This reveals the possibility of the formation of different 2D
OQCs on Pt(111), which is independent of the lattice mismatch between the bulk structure of the
overlayer and the fcc substrate. However, the STO-derived OQC has a 1.8% smaller fundamental
length (6.72 A) than the BTO-derived one (6.85 A). Similarly, Ti-O distance in STO (1.95A) is 3%
smaller than that of cubic BTO (2.01 A). The ionic radii of Sr and Ba seem to have a similar effect
on the fundamental lengths of OQCs as on the Ti-O distances in STO and BTO single crystals.

While discovering aperiodic OQC, a periodic structure was also observed on other parts of the
sample. This periodic structure is called barium titanate derived Kepler-approximant. Kepler
introduced such a periodic arrangement at 1619 . Ti atoms in the Kepler-approximant arrange
in squares and triangles with a side length of 6.7 A, as shown by the STM image (Fig. [2.6 (a)). Since
the Kepler-approximant is very similar to OQC, this structure can be considered as the periodic
approximation of the aperiodic OQC. Squares and triangles have different arrangements in the
Kepler-approximant and form different domains (Fig. (b)). Figure (c) shows the LEED
pattern of the Kepler-approximant with its 6 different domains [44].

The lateral arrangement of Ba atoms in the Kepler-approximant has been determined by surface
X-ray diffraction (surface XRD). It has been found that Ba atoms are at bridge sites between

titanium atoms. Density functional theory (DFT) calculations indicate that every T1i is coordinated
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2 Investigated materials

(a) (b) (c)

Figure 2.6: (a) STM image of the BaTiOs-derived Kepler-approximant, taken at a tunneling voltage of 1V.
Different domains of the Kepler-approximant around BTO-derived OQC are shown in Fig. (b). (c)
The LEED pattern of the Kepler-approximant on Pt(111) at an electron beam energy of 20€V. The
LEED pattern shows the 6 different domains of the BTO-derived Kepler-approximant [44].

by 3 O atoms. The vertical arrangements of Ti, Ba and Pt atoms were also optimized by a DFT
calculation, as shown in Fig. [44].

aaaooaajiaézb

OBa@Ii 00l 202 oPt

Figure 2.7: Top view and side view of structural model for the Kepler-approximant from a DFT calculation .

To understand the physical properties and possible applications of BTO-derived OQCs, their
stoichiometry and structure need to be determined. The aperiodic nature of this system makes
it impossible to apply conventional structural determination methods, like XRD. To investigate
the structure of the BT O-derived OQC, local probing techniques like STM are suitable. However,
STM only shows Ti atoms and their lateral arrangement and information about Ba and O and the
arrangement of the atoms above the Pt(111) substrate need to be obtained by other methods. The
main goal of the current work is to obtain this structural information by extended X-ray absorption

fine structure (EXAFS), which does not require long range order.
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3 Experimental Techniques

In this chapter the physical principles of the main experimental techniques are described, which have
been used in this work. The employed techniques are: X-ray absorption spectroscopy (XAS), X-ray
photoemission spectroscopy (XPS), extended X-ray absorption fine structure (EXAFS), scanning

tunneling microscopy (STM) and atomic force microscopy (AFM).

3.1 The X-ray radiation source

Synchrotron radiation is the source of X-rays in this work. It has high intensity and the brilliance.
Further more, the beam can widely be tuned in energy and has high degree of polarization as well
as collimation.

The X-ray beam in the synchrotron is generated by accelerating relativistic electrons by using
undulators. It consists of two parallel arrays of magnets, modules, which are oriented in alternating
directions. By applying a corresponding phase-shift between the two modules, electrons move in
sinusoidal or circular paths, which results in the generation of linearly or circularly polarized X-rays,
as is illustrated in [45], according to [46].

The periodicity of the magnets in an undulator is quite small, which results in constructive and
destructive interferences between generated photon cones. This lead to a very intense beam in a
small energy range. The generated beam is monochromatized using a gratings in grazing incidence
to the desired beam energy. To change the photon energy, the gap of the undulator and the tilt of
the momochromator crystal are changed simultaneously.

Figure (Ch.13 of [47]) presents a typical undulator spectrum. The flux of the generated
X-rays is given as the number of photons per second per 0.1% BW, where BW is the bandwidth
of the spectrum. The magnetic field inside an undulator is not a pure sinusoidal but has higher
harmonics. Therefore, the undulator radiation also contains harmonics. As is derived in |48] and
also shown in the figure, the odd harmonics have the highest intensities. For further information

about the synchrotron facilities, interested readers are referred to |45} 48}, 49, [50].

3.2 X-ray absorption spectroscopy (XAS)

While irradiating a thin film by X-rays, they will be absorbed and excite electrons from core levels

of the atoms to the continuum or to higher unoccupied levels. In addition, the beam transmits
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3 Experimental Techniques

through the film by an attenuated intensity, which is calculated according to Lambert-Beer’s law
([45], Ch. 1 of [51], Ch. 9 of [52])

Id = [Oe_”d (31)

where Iy and I; are the initial and the attenuated beam intensities, d the sample thickness and p the
linear X-ray absorption coefficient of the material. In addition, the X-ray absorption cross-section,
o, which is the number of absorbed photons per atom divided by the number of incident photons

per unit area, is related to p according to

o= p/p (3.2)

where p is the density of atoms.

The absorption process is determined by selection rules, which are described briefly in the fol-
lowing. A detailed description is given in Ch. 1 of [51].

The X-ray absorption cross-section (o,) can also be interpreted as transition rate, W;_, s[sec™],
divided by the incident photon flux (®@o[numberofphotons/cm?s]). The transition rate is the prob-
ability of excitation of an electron from the initial (core) level |i) to the final state |f). This leads
to

Oaq = Wz‘—>f/¢’0 (3.3)

The probability for this transition can be calculated by Fermi’s Golden rule in first order time

dependent perturbation theory, which leads to:

2T .
Wissg = S T g i) PS(Ey — By — ) (3.4)

Here, T;_.; is the interaction operator, which in first order is approximated by the interaction
Hamiltonian H;,,, hw is the photon energy and 0(E; — E; — hw) takes care of energy conservation.

In perturbation theory, H;,; of the absorption process can be approximated as:

Hins = [(eq-p) +i(eg- p)(k - 1)] (3.5)

q
where e, is the unit vector for the polarization q of the X-rays, k and r are the wave vector of the
X-ray and the displacement vector and p is the electron momentum. The first term in equation
is the electric dipole transition and the second term is the electric quadrupole transition, while the
probability of the transition equals to the square of the matrix element.

The probability of the electric dipole transition is much larger than that of the quadrupole. For
example for the K-edge of carbon, the electric dipole transition probability is three orders of magni-
tude larger than that of the quadrupole (Ch. 1 of [51]). So by keeping the dipole transition part and
neglecting other terms, we obtain the Hamiltonian for the dipole transition approximation. Using
the commutation law for p (p = m/ih|r,H]), one obtains for the transition matrix (interaction

Hamiltonian) in the dipole approximation:
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3.2 X-ray absorption spectroscopy (XAS)

Hine = Y (eg-1) (3.6)

q

Finally, the substitution of H;,, in Fermi’s golden rule (equation [3.4)) leads to the transition matrix

element in the dipole approximation as the following:

Wiss = 201 (Fl(eq - D0} PO(E; — B, — o) (3.7)

This is the polarization dependent X-ray transition probability of electrons per unit time in dipole
approximation, from which the absorption cross-section can be derived. The schematic of the core

hole creation process is shown in Fig. 3.1]

Unoccupied states (CB) o
E
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hw

@ o
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Core levels _w °
N

Figure 3.1: X-ray absorption process and excitation of the core electron to unoccupied states, derived from [53)].

In this work, K, L and M-edges have been investigated (Fig. . At the K-edge, an electron is
excited from a s level. According to the dipole selection rule, §(I) = 1. The outgoing photoelectron
wave has p character and propagates in the direction of the electric field of the incoming X-ray.
Applying the dipole selection rule to the transition at the L-edge, the outgoing wave is a mixture
of s and d orbitals. Finally, at the M-edge, the outgoing wave is a mixture of p and f orbitals.

After the creation of the core hole, the system is highly excited and relaxes through radiant and
non-radiant processes. In the radiant process, the hole is filled by an electron from higher subshells
and a fluorescence photon is emitted with an energy equal to the energy difference between the
subshell and the core state. The detection of fluorescence photons is the basis of fluorescence yield
(FY) measurements of the X-ray absorption cross-section.

The non-radiant decay of the core hole is based on a two electron process, in which an electron
from a higher subshell fills the hole and simultaneously a second electron is ejected. The kinetic
energy of the second electron results from the overall conservation of energy. This electron is called
Auger electron and can be detected by an electron analyzer, which is the basis of Auger electron
spectroscopy. The name of the Auger process is derived from the states, which are involved in the
process. For example, in the LMM transition, the excited core hole from L level is filled by an
electron from an M level, together with the emission of an Auger electron also from an M level.
The principles of the radiant and non-radiant decays of the core hole, as well as photoelectron
excitation are shown in Fig. [3.2]

It is important to note that the kinetic energy of the Auger electron does not depend on the
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Figure 3.2: Fluorescence decay, Auger electron emission and X-ray photoelectron ejection processes, derived
from [53].

energy of the X-ray beam and is characteristic for a specific element. The Auger process is used as
the basis of Auger electron yield (AEY) to measure X-ray absorption (Sec. [3.2.3)). Core levels are
also investigated by X-ray photoelectron spectroscopy (XPS), which is described in detail in Sec.
5.9)

Absorption . AA rvs
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Energy

v

Figure 3.3: Different XAS transition processes [54].

3.2.1 The X-ray absorption spectrum

The X-ray absorption spectrum is a plot of the X-ray absorption cross-section versus the energy

of the X-ray beam. An example of such a spectrum is shown in Fig. The peak of the X-ray

24
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absorption spectrum is called X-ray absorption resonance and appears in the similar energies as
the binding energy of the excited core level. The resonance peak originates from excitations from
the core level to an unoccupied state close to the vacuum level and reflects the increase in the
density of states close to this level. After the resonance peak, a step-like background appears in the
spectrum, which is called the edge jump. The edge jump originates from exciting a core electron
to the continuum. The absorption edges in the spectrum are depicted as spikes in Fig. [3.3] while
the spectrum is rotated by 90° [54].

The X-ray absorption spectrum consists of four regions. The first one is called pre-edge region and
has an energy range of F < FEj, with I < I, where Ey and [ are the energy of the absorption edge
and the intensity of the spectrum at the edge position. [ is intensity of the absorption spectrum
at the energy F. The pre-edge features originate from transitions of electrons from core levels to
half-filled or empty levels below the vacuum level. The second region is X-ray absorption near edge
region (XANES) and corresponds to the energy range of 10eV below the absorption edge to 10eV
above it. XANES features originate from transitions from core levels to empty states close to the

vacuuin level.

The next region is near edge X-ray absorption fine structure (NEXAFS) region, which corresponds
to the energy range of 10eV to 50eV above the absorption edge. NEXAFS features result from
multiple scattering of outgoing photoelectrons at atoms of the first and second coordination shells
around the absorbing atom. NEXAFS features can also be viewed as transitions to unoccupied
states close to the vacuum level. Finally, the extended X-ray absorption fine structure (EXAFS)
has the energy range of +50 < F < +1000 eV and is mainly due to single scattering of the ejected
photoelectrons at neighbors. The last two regions contain valuable information about neighboring

atoms and can be used to extract interatomic distances.

3.2.2 The X-ray absorption data analysis

The first step of analysis of an X-ray absorption spectrum is to subtract the background. The type
of the background function depends on the origin of the full width at half maximum (FWHM) of
the spectrum. In case FWHM originates from the core hole lifetime, a Lorentzian broadened step
function needs to be subtracted. This step function is given by equation (Appx. A of [52]):

1 1 E—-P
I(E an = H | = + — —_ )
( )Lorentzzan (2 + ﬂ_arCtan ( F/2 )) (3 8)

where H is the step height in the spectrum, F the photon energy, P the edge position and I’
FWHM of the step.

Equation can be used to subtract the background in K-edge absorptions. At higher order
edges (L, M, ...), the absorption edge is split due to spin orbit splitting. In such cases, the total
height of the background step is a combination of two contributions. For example, at the Lo 3-edges
the step height of the Lo is half of that of the L3 and equation is rewritten accordingly [55]:
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The background is shown in Fig. for an arbitrary L-edge with the total step height of
H. Further broadenings such as experimental or thermal broadenings can be included through a

Gaussian broadened step function.
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Figure 3.4: Background subtraction in an arbitrary Ls 3 spectrum.

3.2.3 Detection methods

In the soft X-ray regime (photon energy below 2keV), photoabsorption, which leads to electron
emission, has a higher probability by orders of magnitude than coherent or incoherent scattering.
To detect the absorption of X-rays, three methods are commonly used, transmission, fluorescence
yield (FY) and electron yield (EY). They will briefly be discussed in this section. For more details
please see Ch. 1 of [51], Ch. 5 of [56] and Ch. 6 of [57].

The first and the most direct method to detect X-ray absorption is transmission. The absorption
of X-rays at the edge results in a drop in intensity of the transmitted beam. This method is
a standard method to investigate thin films in the hard X-ray regime, because the intensity of
the transmitted beam is high enough to be recorded. For energies less than 1keV, the attenuation
length of the X-ray is 1 pm. Therefore, to perform transition measurements in the soft X-ray regime
samples must be extremely thin. In addition, due to the high absorption of air in this regime, the
measurement must be performed in vacuum.

The excited system with a core hole relaxes through two competing processes, fluorescence decay,
a radiative decay and Auger electron decay, a non-radiative decay. In fluorescence yield (FY), the
created fluorescence photons are recorded. The mean free path of the created fluorescence photons is

of the same order of magnitude as the exciting X-rays. Therefore, this method is not really surface
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sensitive, whereas Auger electron decay is more surface sensitive, due to shorter scape length of

electrons.

The absorption of X-rays can be measured through both decay channels, if they are linearly
proportional to the absorption cross-section, which is generally the case. However, in thick concen-
trated samples, measured in FY in grazing angle of incidence self-absorption needs to be taken into
account. For details see Sec. B.5.11

The Auger decay dominates for energies below 1keV. Fluorescence increases with energy and
dominates for energies above 10keV. For example, 3d metals have a strong fluorescence signal at

the K-edge, whereas, the Auger process is stronger at other edges.

The Auger decay is the base of the electron yield (EY) detection method. EY consists of Auger
yield (AY), partial electron yield (PEY) and total electron yield (TEY). To explain EY, we assume
a system consisting of an over layer with core level A with the valance band overlapping with the
valance band of the substrate (VB) core level B. The photoemission spectrum of this system is
shown in Fig. 3.5 The vacuum energy level of the system (Ey) is separated from the Fermi level
(EF) by the work function (¢) and only electrons with energies higher than the work function can

leave the sample.

Initially, when the photon energy is less than the binding energy of core levels A (hv < E,(A)),
only the core level peak of the substrate is present in the spectrum (3.5 (a)). If the photon energy
rises to (hiy), which is above the absorption energy level of core level A, the characteristic Auger
peak of atom A develops at the kinetic energy (E4) (3.5 (b)). When the energy increases further
to (hvs), the kinetic energy of the core level B shifts. In addition, the photoemission peak of
the core level A shows up. Since the Auger peak position is independent of the initial photon
energy, the Auger peak position remains constant (c)), though its intensity is proportional to
the transition probability of the core electrons A and therefore, the intensity of the Auger peak
changes as a function of photon energy. The Auger yield is recorded by employing an electron

energy analyzer and setting the window energy to F4.

During the ejection of Auger electrons from the sample, a part of them receive the analyzer
without any scattering. These are called elastic Auger electrons in contrary to the other part,
which loose energy by exciting secondary electrons and are called inelastic Auger electrons. The
hatched area in Fig. includes contribution of the inelastic electrons, below which the contribution
of the secondary electrons is. The figure also shows the different energy windows of AY, PEY and
TEY.

In addition to the energy of the Auger peak, the energy distribution of inelastic Auger elec-
trons does not depend on the initial photon energy. Taking into account this point, the transition
probability of the core electrons in the atom can also be measured through partial electron yield
(PEY), which records the elastic Auger electrons and a portion of inelastic Auger electrons, with a
kinetic energy above the threshold FE,. Technically, this is set by applying a negative voltage —V/,,
to the entrance of an electron detector. Compared to AEY, PEY spectra have higher count-rates.

However, the signal-to-noise ratio is worse in many cases.
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Figure 3.5: The energy level diagram and the schematic photoemission spectra at different energies .

The easiest method to record an electron yield spectrum is recording all ejected electrons, re-
gardless of their kinetic energy, which is called total electron yield (TEY). This method includes
secondary electrons with an energy less than 20 eV, which form the so called inelastic tail region of
the spectrum. In spite of having the highest count-rate, the signal-to-noise ratio is lower than PEY.
The electron emissions due to the X-ray absorption, charges the sample positively. This makes
it possible to obtain a TEY spectrum by simply recording the neutralizing sample current by a

pico-Amperemeter as a function of the photon energy.

Figure [3.0] is the universal curve of the inelastic mean free path of electrons in solids taken from
[58]. As it shows, low kinetic energy secondary electrons have a large mean free paths and therefore,

contain more bulk information.

It is very important to note that the inelastic Auger electrons as well as the secondary electrons
originate from the primary elastic Auger electrons and their numbers are proportional to the num-
ber of elastic Auger electrons. Since the number of elastic Auger electrons is proportional to the
absorption cross-section of the corresponding absorption edge, the numbers of inelastic and sec-
ondary electrons are also proportional to the absorption cross-section. Therefore, AEY, PEY and
TEY lead to almost identical NEXAFS spectra, except for differences in signal-to-background and
signal-to-noise ratios. Furthermore, PEY is more surface sensitive than TEY. Taking into account

the inelastic mean free path of the electrons, AEY with an electron kinetic energy of 50 to 100 eV
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Figure 3.6: The universal curve of the inelastic mean free path of electrons (MFP) taken from [58] according to
[59].

lead to maximum surface sensitivity and in addition, AEY is element specific. Finally, comparing
EY methods to FY method, for Auger or fluorescence decays, different selection rules apply. In

fortunate cases, the differences in spectra supply additional information about the system.

3.3 X-ray photoelectron spectroscopy (XPS)

XPS is based on the photoelectron excitation of a core levels of an atom in a specific chemical state.
This method was first used to investigate NaCl by K. Siegbahn in 1956 |60] and due to its high
potential in chemical analysis, it was initially named electron spectroscopy for chemical analysis
(ESCA). In XPS, the core level emission lines of the elements are well separated and in addition,
binding energies of different oxidation states of the element are distinguishable. These specifications
make XPS a powerful element specific technique. Furthermore, by changing the emission direction
from normal to grazing the measurements can be tuned from more bulk sensitive to more surface
sensitive. Due to all of these nice advantages, XPS is one on the most common characterization
methods in surface science.

As illustrated in Fig. [61], the core electron with the binding energy of E% relative to the
Fermi level is ejected by the X-ray with the energy of hv. The kinetic energy of the ejected electrons
is recorded using an electron energy analyzer. Initially, the photoelectron has a kinetic energy of
E).. Due to the electrical contact between the sample and analyzer, their Fermi levels are the same.
However, because of the difference in work functions of analyzer ®, and sample ®,, the vacuum
level of the analyzer increases by (®, — ®g) and therefore, the recorded spectra in the analyzer has
the kinetic energy of Ej , = Ej, — (®, — ®p) and finally the binding energy of the core level relative
to the Fermi level is given by:

Ef =hv— By, — ®, (3.10)

where the work function of the analyzer, ®,, is determined by measuring the reference emission

lines.
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The mostly reliable core level binding energies are Au and Pt 47/, at 84 and 71.2 eV, respectively
and Cu 2psz/, at 75eV [62|. The reason is that the clean surfaces are easy and reliably to prepare
and the emission lines are strong and have small line widths. The C 1s emission line of adventitious
carbon at 284.6€V is also often used in the literature. However, a range from 284.6 to 285.2eV
has been reported as binding energy [63]. The reason is that the binding energy depends on the
chemical state and thickness of the carbon layer on the surface and the physical and chemical nature
of the substrate [64]. Therefore, one needs to be aware of this uncertainty, when referring to the C
1s emission line. In addition to the emission lines of core levels, the Fermi level of the sample could

be used to calibrate the binding energy.

spectrum

core levels

e o gy R
Figure 3.7: Energy diagram in the XPS process [61]

Excitations from s levels result in a singlet state and therefore, the XPS spectrum consists of
one single peak. Excitations from other levels lead to doublets in the spectrum due to spin orbit
splitting. The labeling of peaks in an XPS spectrum is derived from the excited core level and the
total angular momentum, if spin orbit splitting is present.

The information depth in XPS is a few nanometers and related to the mean free path of electrons.
After ejection, the excited electron system relaxes immediately. Two of the possibilities are the
emission of Auger electrons or fluorescence photons, as described in details in Sec. [3.2

The emitted Auger electron contributes also to the spectrum [65]. The Auger peaks are often
broad and easily distinguished from the photoelectron emission lines. In addition, the Auger peaks

do not depend on the photon energy and can be recognized by changing the photon energy, which
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leads to a shift of the Auger peak in the XPS spectrum.
Photoelectrons and the Auger electrons may loose energy through inelastic scattering effects,

which leads to the so called inelastic tail in the photoemission spectrum (the hatched area in Fig.
. A reasonable quantification of the inelastic tail of XPS lines is derived by D. A. Shirley [66]:

Us (E) = k. /ooj (') dE' + k2 (3.11)

E
where j (E’) is the measured spectrum and k; and ky are constants and must be determined through
fitting. Tougaard has also proposed a more complex solution, which is a bit better approximation
[67]). However, Shirley’s formula has been found to be sufficient for background subtraction in this
work.

In addition to photoelectron peaks and Auger peaks, there may also be satellite contributions in
the XPS spectrum. One type originates from many body effects while exciting photoelectrons. In
addition to exciting a photoelectron, a part of the photon’s energy is absorbed and excites electrons
or plasmons. The process of exciting an electron to a bond state is called shake-up. Excitation to
a continuum state is called shake-off (Ch. 4 of [56]). Satellite peaks are usually at several electron
volts higher binding energies and therefore, are easily distinguishable from photoelectron peaks [68].

For the commonly used compounds, these peaks have been investigated and are well known.

3.4 Synchrotron beam lines

In this section the synchrotron beam lines, where the data of this work have been measured, are

briefly introduced and the corresponding specifications are discussed.

3.4.1 The KMC-1 beamline at BESSY!II

At the KMC-1 beamline, the X-ray beam is generated using a bending magnet with a radius of
3.45m and a magnetic field of 1.31'T. The X-ray beam is then focused using a toroidal mirror.
Three pairs of Si crystal pairs are used to monochromatize the beam in an energy range from
2005eV to 12000€eV. The energy resolution (E/AFE) at 4keV is 1000 |69, |70].

The endstation of the beam line consists of a UHV analysis chamber and a small UHV preparation
chamber. The sample manipulator has four degrees of freedom in x, y and z directions and the
polar angle to do measurements at normal and grazing incidence. The manipulator is also equipped
with current heating as well as electron bombardment heating. The sample can be heated up to
1120 K and cooled down to 112 K with liquid nitrogen.

The analysis chamber is equipped with a hemispherical electron energy analyzer (SCIENTA
R4000, SCIENTAOMICRON) with a 2D CCD detector. X-ray absorption measurements can be
done simultaneously in TEY and FY modes. The fluorescence signal was recorded by a BRUKER
XFLASH ®4010 detector, with a Be window.
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3.4.2 The SuperESCA beamline at Elettra

The X-ray beam at SuperESCA is generated using an undulator with two modules. Each module
has 98 periods with a period of 46 mm. They generate X-rays in the energy range from 90¢eV to
1500eV. The pre-focusing of the beam into the monochromator is done by a plane grating from
ZEISS, which gives energy resolutions E/AFE of ~ 10* @ 400eV and ~ 5 x 10> @ 900¢eV. Finally,
an ellipsoidal mirror refocuses the monochromated beam onto the sample |71].

There are two chambers in the endstation. The top one is a preparation chamber with a base
pressure of 3 x 10~ mbar. The bottom one is an analysis chamber with p-metal magnetic shielding.
The base pressure of the analysis chamber is 3.5 x 107!Y mbar. The manipulator has four degrees
of freedom in x, y and z directions and polar angle 6. The accessible temperature range is from
15K to 1500 K, which is done by electron bombardment and current heating and liquid nitrogen
or liquid helium cooling. Recording spectra is done by a hemispherical electron energy analyzer,
PHOIBOS, SPECS GmbH with a mean radius of 150 mm. The detection of electrons is done by
a homemade 1D detector, which enables fast recording of XPS spectra. X-ray absorption spectra

can also be recorded by means of this electron energy analyzer in Auger yield.

3.5 Extended X-ray absorption fine structure (EXAFS)

In this section the physical principles of the extended X-ray absorption fine structure (EXAFS) will
be discussed. In addition, the principles of the data analysis in EXAFS are given, which lead to

the structure determination of systems.

3.5.1 Physical principles

The EXAFS range is between 50 to 1000 eV above the absorption edge and consists of oscillations,
called as EXAFS modulations, with the size up to 10% of the step height. Prins |72] named
these oscillations EXAFS and Kronig 73| specified that these modulations originate as a result of
scattering of outgoing electrons at the potential of neighboring atoms. This affects the final state
of the outgoing electrons and therefore, elements of the transition matrix. It is a short-range effect
and provides structural information about the system with a typical precision better than 0.02 A.
The physical basis of EXAFS is briefly discussed here. When the energy of the X-ray beam rises
over the edge energy, photoelectrons are ejected, with a kinetic energy of Ey, = EF — Fy and a wave

number k according to the following equation |74} 45|

2mEk
k =4/ e (3.12)

where m is the non-relativistic mass of the electron, i the Planck constant and FE, the kinetic

energy of the photoelectron in the sample. The kinetic energy of a photoelectron with the binding

energy Fj in a system is calculated according to
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Ej, = hv — E, (3.13)

After the edge, the photoelectron propagates out of the absorbing atom (emitter) as a spherical
wave, which will be then scattered at the potentials of neighboring (scattering) atoms. Thus, the
final state of the system is the superposition of the outgoing and scattered electron waves, including
constructive or destructive interference. The interference is determined primarily by the distance
between the absorbing and scattering atoms. There, the atomic numbers play a secondary role in
EXAFS modulation through the scattering factors in Eq. |75, 176].

The EXAFS signal or modulation function x is expressed as a function of k£ in the following
equation (for instance [45] 77, |75 78]):

p (k) — po ()
Ap
where 4 (k) is the measured absorption coefficient, pg (k) is the X-ray absorption of an isolated atom
and Ay is the jump at the edge (Sec. . EXAFS oscillation decay quite fast as k increases
and therefore, the modulation function is amplified for higher values of k£ by multiplying x by k,
k% or k3. Figure |3.8 (a) shows XANES and EXAFS regions at the Ti K-edge in a 0.5% Nb doped
SrTi03(001) crystal, measured in normal incidence, as described in Sec. [3.2.1] In addition, the
modulation function x(k) and the k? weighted modulation function (k) x k? are illustrated in Fig.

(b). For a better comparison, (k) has been multiplied by a factor of 5.

Y (k) = (3.14)
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Figure 3.8: (a) XAS spectrum at the Ti K-edge in a STO(001) crystal and corresponding modulation functions

(b)-

Figure [3.§ shows that the modulation function is composed of different frequencies, which corre-

spond to photoelectron scatterings at different atoms at corresponding distances from the emitter.
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These distances can be recognized in the radial distribution-like function y(R), which results from
the Fourier transformation of x(k) to R-space, as shown in Fig. [3.91 However, the peaks in this
function are not located at actual distances. The reason is an energy dependent phase-shift § (k)
during scattering, which is not taken into account in the Fourier transformation. This leads to the

shift in the peak positions in x(R).
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Figure 3.9: Fourier transformation of x (k) x k? of the Ti K-edge in STO(001) crystal

Disentanglement and identification of the contribution of different atoms to the modulation func-
tion has been discussed for example in the Appx. A in [56|, [74] and Ch. 1 of [79]. In a simplified
model, photoelectrons propagate with a spherical wave-function and are scattered elastically at the
potentials of neighbors. The elastically scattered waves interfere and form EXAFS modulations,
while the inelastically scattered waves cancel each other out due to the loss of coherence. Further-
more, the interference must occur only within the excitation time of the core hole. The limited
lifetime of the core-hole and the inelastic scattering are introduced in the EXAFS equation as a

damping factor:

eikre—r/)\(k’)
kr
Here, A (k) is the mean free path of the photoelectron, which is the average length that the pho-

U (k,r) = (3.15)

toelectron travels before it is inelastically scattered, or the core hole has been filled up. The core
hole lifetime is of the order of fs. In combination with inelastic scattering processes, it results in a
mean free path between 5 to 30 A for the photoelectron [74].

Employing the equation leads to the description of the modulation function (EXAFS equa-
tion) [45, 56, 74]:

N, f; (k) e=2R/Ak) g=2k%07
X (k) =53y~ i (F) e sin [2kR; + 0; (k)] (3.16)
J

J

The EXAFS signal integrates over all scattering atoms or coordination shells, with coordination

number N, and scattering amplitude f; (k), at a distance of R; from the emitter and the phase-shift
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of §; (k). SZ is an additional damping factor, representing intrinsic losses. The absorption of the
X-rays by an atom is more complex and several electrons may be excited. In such multi-electron
excitations, the photoemission peak is dominated by the signal from the active electrons. These
active electrons are the ones, which are excited in the single electron excitation picture. However,
in multi-electron excitations, passive electrons are also excited, which in XAS, lead to features at
higher energies than the resonance (Ch. 4 of [56]).

Typically, S2 is 0.7 < S < 1 and assumed to be constant. S is also a simple means to treat the

difference between plane and spherical waves, although this difference clearly depends on & [80)].

1
Due to the inelastic mean free path and the I terms in Eq. [3.16] EXAFS is a local probe to

investigate the structure up to a distance of 5 A from the emitting atom.

o; is the mean square relative positional fluctuation of the emitting and backscattering atoms and
is part of the Debye-Waller factor e~ 2, o; makes the damping of the corresponding oscillation for
higher values of k stronger. This damping is due to the static (structural) and dynamic (thermal)
disorders in the positions of atoms [77]. Oscillations of atomic positions of coordination shells are
described by the Einstein model and the Debye model. The Einstein model assumes uncorrelated
fluctuations of the emitter and the scatterer, which leads to the following expression for o;; in a

single scattering process:

o = U ( = + 1) (3.17)
Y Myw \exp (hw/kgT)—1 2 '
where kp is the Boltzmann constant and M, is the reduced mass, which is M, = M;M;/(M;+ M;).
The frequency w is a parameter and determined by fitting the calculated spectrum to the experiment,
which is taken at temperature 17" K.

The next proposed model is the Debye model, which is given as:

h hw '\ dw
2 = —_—— . —
o= 2]\/[T/,oj(w)coth (QkBT) " (3.18)
where
3w? sin (WR;/v) kgfp
. = |1 - =TT =
pi) w? [ wRj —wv “p h

Here, 0p is the Debye temperature, v = wp/kys and kp = (67T2N/V)1/3, with N the number of
allowed wavevectors (or ions) in the total crystal volume V. The Debye model is a more accurate
approximation for systems with a primitive lattice and also for scattering processes from the second
and higher shells in systems with non-primitive lattices. In the scattering processes of the first shell
in systems with a non-primitive lattice and maybe also other complicated systems like molecules
and amorphous systems, the Einstein model results in more accurate results. However, due to
simplicity and sufficient accuracy the Einstein model is used more often. For a more detailed
discussion, interested readers are referred to [80], Ch. 1 of [81] and [82].

As already mentioned, the core hole lifetime is of the order of a few fs, while thermal vibrations are

of ps. Therefore, during every excitation process, the photoelectron encounters a new configuration
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of the structure around the emitter and the EXAFS signal is an average over all possible atomic
arrangements. One of the solutions for dealing with a system, which consists of a distribution
of disordered atoms, is using the cummulant expansion. In this solution, y (k) is expressed by a
simplified form of the EXAFS equation, where k is a complex number, which also accounts for the

mean free path A (k). Averaging over all of possible configurations leads to:

B fj (k?) ei2kRj+id; (k)
= <ZJ: W > (3.19)

One may also average over the most sensitive term of equation e?kB; which leads to:

Z fJ kRQ esz:R]-> (320)

The average of the exponential term can be described by the cummulants of the distribution func-

tion, which is the probability of finding an atom at a distance R from another atom of the selected

type:

(i) = exp [ (3.21)

where the coefficients C,, are the cummulants of the distribution (Ch. 6 of [81]). The first cummulant
is the average distance between the emitter and the scatterer and the second is the mean square

relative positional fluctuation o2.

(s34 measure the skewness and kurtosis of the distribution,
representing the asymmetry in the distribution of the distance between emitter and scatterer. It is

obvious that for a Gaussian distribution C'5 and C, are zero.

In addition to single scattering, the EXAFS signal also consists of multiple scatterings, which are
important, specially beyond the first coordination shell. The detailed theoretical calculation can
be found in [83]. Multiple scattering can simply be represented by a single scattering process with
effective scattering amplitude and phase-shift. Half the path length is taken as effective nearest
neighbor distance. The number of paths increases exponentially by including multiple scattering
processes. Considering the decrease of the wave amplitude with increasing path length, a limit in
the path length can be set to terminate the number of paths. The limit is the sensitivity range of
EXAFS (=5 A), which leads the longest path length to be 10 to 11 A.

To include the multiple scatterings paths, o2 for the path needs to be calculated. The important
scatterings are shown in Fig. [3.10, where o? for single scattering at atoms 1 and 2 is 0% and

o3, respectively. As shown in [84], for collinear multiple scatterings, o>

can be given as a linear
combination of 0% and o3. In case of collinear double and triple scatterings, 02 = o3, for collinear
double and triple scatterings through the emitter, 0> = 2 x o7 and for a rattle scattering between
the emitter and scatterer 1, 0> = 4 x o7. Finally, as given by Ravel in the documentation of the

analysis package Artemis, for triangular paths, o can be approximated as 02 ~ o} + 0.5 x o2 |85,
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Figure 3.10: The schematic of the single scattering and important collinear and triangular multiple scatterings
taken from [85] according to [84]

To extract distances and coordinations of neighboring atoms, exact values of the scattering am-
plitude f (k) and the phase-shift ¢ (k) for every individual path must be calculated. Previously,
these parameters were determined experimentally only for single scattering processes from the first
coordination shell of the system with a known structure |[74]. However, calculated scattering factors
are accurate enough for the data analysis and also can be extended to further shells, as well as mul-
tiple scattering. In this work, scattering factors were calculated using FEFF version 6 (1995 [87])
and FEFFS8-lite (1998 [88]), initially developed by Rehr et al. in 1991 [89]. Parameter adjustment
was done using IFEFFIT, within the software package DEMETER [86]. In IFEFFIT the misfit
between the model and the experiment is calculated by an R-factor |74, 90, (91} 92|

Zivdata [ylglata _ yzmodel (ZE)} 2
Zivdata [ylglata} 2

R= (3.22)

where Nyq, is the number of fitted points, y9%*® the experimental data, y;" °del@) the model, which
depends on the variable fitting parameter z according to fitting in k or R-space. Obviously, in every

fitting process, the number of fitting parameters must be smaller than the number of independent
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data points (Nj,g), which in IFEFFIT is given by:

2AKA
2ARAR (3.23)

Ning =
where AR and Ak are employed ranges in k and R [74].

There is an important effect, which affects measurements in FY, namely self-absorption (or over-
absorption). It occurs in thick (=~ 1 micron) and concentrated sample, if the relative percentage
in composition of an element is more than 10% and the measurement is done in any off-normal
angle of incidence. In such a case, the absorption of the incoming photons in nearly complete and
therefore, the absorption is not proportional to the absorption coefficient any more. This leads to a
damped or even structureless EXAFS signal. This effect is more pronounced in grazing incidence,
since the penetration depth of the X-rays is smaller, which means the absorption of all photons is
higher (|74], Ch. 3 of [79], [93} 94]).

3.5.2 The EXAFS data analysis

As the first step of the EXAFS data analysis, the measured signal is converted to u(E), which is
the total linear absorption coeflicient and the modulation function x(k) is extracted from it. To
convert the measured signal to pu(E), the spectrum is normalized to the incoming X-ray flux, which
depends on the absorption detection method (Ch. 6 of [77]). In EY and FY measurements, p(E)

is calculated by
F

I

where z is the sample thickness and I, I and F are the incident and the fluorescence (or the

w(E)x (3.24)

electron yield) intensities |77].

After converting the signal to p(FE), the edge position E5™ must be determined. The edge energy
is commonly assigned to the point of inflection of u(FE) and later taken as starting value when
fitting the modulation function. In the next step, the pre-edge background in p(FE) is subtracted.
It originates from instrumental background or absorption at earlier edges. In EY mode, the slope
is negative, because the state density of the vacuum decreases with increasing the energy. On the
contrary, in F'Y mode, the slope is positive, because higher energy X-rays penetrate deeper into the
sample and excite more photoelectrons [77].

Instrumental drifts from the detector as well as the absorption tail from earlier edges are treated
by fitting a line in the pre-edge region of u(FE). Elastic and Compton-scattered X-rays may also
enter the energy window of the fluorescence detector. To correct for this, the so called Victoreen
pre-edge function (E"u(E) for n = 1,2,3) is subtracted (Ch. 2 of [95]).

The next step after pre-edge subtraction is to normalize p(FE) such that it starts at 0 in the
pre-edge region and increases to 1 above the edge. This is done by normalizing the spectrum to the
edge-jump height Ap. The edge-jump height is determined by fitting a low order polynomial in the

spectrum region, which is far from the edge, where no features are present. The polynomial is then
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3.5 Extended X-ray absorption fine structure (EXAFS)

extrapolated to the edge to calculate the height of the edge-jump. Since the height is employed
to scale u(E), which is proportional to the coordination number of scattering atoms, errors in its
determination lead to errors in the coordination numbers.

As the proceeding step to extract modulations, a background is subtracted. This background
(1o(E)) is the absorption coefficient of an isolated emitter without any neighboring atoms. The
absorption is determined empirically by fitting a slowly varying spline through the spectrum, p(E).
By subtracting this spline, low frequency oscillations are removed from the modulation function,
while higher frequency oscillations are kept. Low frequency oscillations lead to features at low R
values in the radial distribution function, which do not correspond to scattering of any neighbors.
Details about the frequency of the spline will be discussed later.

The background subtraction results in the modulation function Yy, according to:

() — po(E)
Ap

As mentioned before, it is more appropriate to describe modulations as a function of the electron

X(E) = (3.25)

wavenumber k. In the EXAFS community it is more common to report k (R) in A~ (A), which

_ 2m (E - E57)
k= \/ = (3.26)

in which m is the non-relativistic mass of the electron, E the photon energy and E;™ the energy
of the absorption edge and with E in ¢V and k in A1, the equation leads to [77]:

leads to:

—2

A exp
k= ,]0.2625 [W (E — ES*) (3.27)

Finally, the substitution of £ with k leads to Eq. in Sec. [3.5.1l The measured and the
normalized XAS spectra at the Ti K-edge from a 0.5% Nb doped SrTiO3(001) crystal in normal
incidence are presented in Fig. [3.11 The subtracted background is also shown.

X (k) is determined by the final state of the absorption transition and results from the interference
of outgoing waves with waves, (back-)scattered at neighboring atoms. Fourier transformation is a
mathematical tool to separate modulations, which correspond to distances of atoms. The result
of the Fourier transformation, x(R), corresponds to a radial distribution function with peaks,
indicating the distances of neighbors from the emitter.

The subtracted spline as the background from p(F) varies slowly. The spline is adjust such
that the Fourier coeflicients at low R values, which have no physical meaning, become small. To
determine how low the frequency of the spline should be, Ry, factor is used. Ry, is the threshold
radius, below which no peak in x(R) should be present after the transformation. Since bond lengths
below 1.5 A do rarely exist [74] and also there is up to 0.7 A change in peak positions due to phase-
shifts, setting Ry, to 0.8 — 1 A is reasonable [96]. x(R) is a complex function and usually the
magnitude of x(R) is displayed. x(R) contains valuable information about distances of neighbors

and phase-shifts in the scattering processes, as well as the probability of finding a specific atom at
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Figure 3.11: (a) Subtracted background of the experimental Ti K-edge spectrum from a STO single crystal, in
normal incidence, together with fitted lines in the pre-edge and the post-edge regions. The resulted
normalized spectrum is shown in Fig. (b).

a distance R from the emitter, g(R).

Due to discrete nature of the data, fast Fourier transformation (FFT) with conjugate k and 2R
(equations and can be used. The point number of x(k) for FFT (Nys) is a power of 2
(typically Ny = 2048) with a 0k spacing of 0.05 A1, which needs the range of the experimental
x(k) to be 102.4 A1, Obviously, no experimental data has such a long range, however, the ex-
perimental data will be zero-padded until the end of this range to increase the density of points in
x(R), which results in §R = 7/ (N;,0k) ~ 0.0307 A.

iok X -
X (Rn) = —m= > X (k) Q2 (k) Ry e/ Nore) (3.:28)
VN
. Nygt
_ 2i5R »
R (ke) = — X (Run) Q2 (Ryy) el 2mmm/Nose) (3.29)

Here R,, = mdR, k, = ndk and k* is the k weighting parameter. The truncations at the end of the
data range may create small waves in the Fourier transformed functions. To overcome this problem,
window functions €2 (k,) and 2 (R,,) are used in equations and [3.29] The window function is
0 at low values of k£ or R and increases gradually to 1 and then reduces to 0 at high values (Ch. 13
of [97]).
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4 Projection Analysis of EXAFS
Modulations of STO

A projection method for the analysis of EXAFS modulations has been developed. In this method
the experimental modulations are projected onto calculated ones from singular neighboring atoms.
Compared to the usual analysis with a Fourier transform, systematic errors in initial values for
nearest neighbor distances are significantly reduced from 40 to 80 pm to below 10 pm. Tests of the

method are presented with experimental and calculated EXAFS modulations for SrTiOs3.

4.1 The projection method

In the EXAFS analysis reasonable initial guesses for the distances of neighboring atoms must be
made. Fourier transformation gives the atomic distances with offsets up to 0.7 A, but no hint about
the element of the neighbor. In this section a projection method is introduced, which can make
quite reasonable and also element specific initial guesses for the fitting process.

Hofmann et al. developed an element specific method to determine the structure of the adsorbate
by scanned-energy-mode photoelectron diffraction [98]. Including the phase-shift decreases the
uncertainty to 0.2 A. It is applicable to the first shell, as well as further coordination shells. This
method is similar to Fourier transformation of the modulation function X, (k) (equation
and replaces exp(ikr) by Xcaie., the modulation function due to a single scattering process from an

scattering atom at a distance r;.

u(r) = /X(k’)eikrdk (4.1)

k

C(ri) = /(;OO Xexpt.(k) : Xcala(lfari)dk (42)

Mathematically, ¢(r;) is the projection of the experimental modulation function on to yu.. The
nice thing is that by taking into account of the phase-shifts, the maximum of ¢(r;) is much closer to
the actual distance of the scattering atom. In the projection method, a set of calculated modulation
functions is created for a single neighboring scattering atom at a range of distances. All phase shifts
along the scattering paths of outgoing electrons are properly taken into account by means of multiple
scattering calculations with spherical wave fronts (FEFFS8-lite [88]). The resulting set of modulation
functions serves as basis for the projection of the experimental modulation function. For small

distances the triple scattering path (the so-called rattle mode) made a significant contribution to
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4 Projection Analysis of EXAFS Modulations of STO

the calculated modulation function and has been included. Other multiple scattering paths, which
include other neighboring atoms have been neglected. The accuracy of this method is typically
0.1 A and decreases to 0.2 A only in unfortunate cases [99].

A typical experiment is based on measurement at discrete values in k;. With equidistant steps,
i.e. a constant width Ak in experiment and calculation, the integral in equation can be

approximated by a sum:

C(”) = Z Xexpt.(kj) : Xcalc.(kj> ri) : Ak (43)

In the original version for photoelectron diffraction the coefficients have been multiplied with r;
to prevent unreasonable high coefficients for low values of r; [98|. This is not required, if the method
is applied to actual experimental EXAFS modulation functions, in particular since a suitable lower
limit in r; can be set.

To get closer to a direct correspondence of the coefficient and the number of scatterers, a normal-
ization is included, derived from the following idea. Let us assume that the experimental modulation
consists of modulations resulting from a number of the same atoms all at the same distance. Then,
the coefficient ¢(r;) need simply be divided by the projection of the calculated modulation function

onto itself, in other words, the normalization factor n(r;) results from:

n(rz) - Z Xcalc.(kja ri) : Xcalc.(kjv ri) - Ak (44)

J

and a normalized coefficient ¢, can be defined as:

C(n) _ Zj Xexpt.(kj> ' Xcalc.(kj, Ti)
n(rz) Zj Xcalc.(kja ri) ' Xcalc.(kja Ti)

Note, that the calculation can be simplified by reducing the step width Ak, as long as it is con-

(4.5)

Cnorm (7’1) =

stant and the same in experiment and calculation. Raw and normalized projection coefficients ¢(r;)
and ¢,orm(r;) are real numbers and represent the agreement between experimental and calculated
modulation functions. The position of large positive values indicate the distance to neighboring
scatterers. Due to the oscillatory character of modulation functions, there can be an anti-phase
relation between the experimental and calculated modulation functions. In such a case, the projec-
tion coefficients ¢(r;) and ¢,omm(r;) become negative. Since the coefficients are thought to indicate
the presence of a scatterer, negative values do not make sense and should be replaced by zero or
at least relatively small values. In the original version for photoelectron diffraction negative values

are suppressed by exponentiation of the projection coefficients ¢(r;) [98]:

C(ry) = ec(ri) (4.6)

This emphasizes the maximum of positive values. However, together with the previously men-

tioned multiplication with ;, the scaling of the coefficients C'(r;) becomes arbitrary and there is no
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direct correspondence to the number of scattering atoms. A simple transformation, which keeps the
correspondence, would set negative values to zero and keep positive values unchanged. A smoother
variant of this transformation, i.e. a transformation with a continuously differentiable as well as
bijective transfer function, is the positive branch (y > 0) of a hyperbola with the straight line y = x
as asymptote for positive x and the x-axis as asymptote for negative x. The corresponding equation

for this type of hyperbola is:

y? — vy = d’ (4.7)

with a as shape parameter controlling the y-intercept of the hyperbola.

For the transformation of ¢,pmm(7;) we need a rearranged form of equation . The branch for

y > 0 is simply obtained from the positive part of the general solution of the quadratic equation:

y=—-+1/—+a? (4.8)

Tests with our data revealed that a value of 0.05 for the y-intercept a yields reasonable curves.
For curves from other systems, other values might be more appropriate. With a value of 0.05 for

the y-intercept a the transformed coefficient ¢y.qns(r;) becomes:

. 2 .
CtTans(T'i) — C?’LOTT;(TZ) + \/CnOTZ<Tl) + 0052 (49)

Nearest neighbor distances can directly be derived from the maxima of the coefficient ¢y.qns(7;).
Applying this method to actual experimental data will show the limits of this approach, as has been
discussed for photoelectron diffraction [100]. An interesting question is whether the correspondence
of the coefficient and the number of scattering atoms is actually improved compared to the original
method for photoelectron diffraction. One can expect good correspondence for strong next neighbor
scatterers, because this results in simple dominating modulations. Overestimating the numbers of
scatterers can be expected for weak scatterers at far distances, since noise might be enough to give

high coefficients.

4.2 Experimental procedures

Commercial single crystal SrTiO3 (CrysTec GmbH) with a polished (100) surface with 0.5 wt%
Nb-doped has been cleaned by rinsing with deionized water in air. Elemental composition and
cleanliness were checked with photoelectron spectroscopy (XPS) at a photon energy of 2003 and
2503 eV. Overview spectra showed all photoemission and Auger emission lines of the respective
elements. Surface contaminants with carbon could be detected, but were low enough to be safely
neglected in the rather bulk-sensitive x-ray absorption spectra taken at the Ti K, x-ray emission

line in normal incidence. No further assessment of the photoelectron spectra was required.
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4 Projection Analysis of EXAFS Modulations of STO

4.3 XAS measurements

XAS measurements have been performed at the Ti K-edge in normal incidence at RT. The monochro-
mation of the X-ray beam was done using Si(311) crystal pairs. The FY spectrum at the Ti K-edge
has been recorded by selecting a region of 200 eV around the Ti- K, , emission lines. The integration
time was 10s. The Ti-K,, , emission lines correspond to the fluorescence processes originated from
the electron transition from 2ps/5 /2 levels to fill the core hole in 1s level. The involved excitation

processes are within the core levels and are far away from the valence band.

The recorded spectra have been normalized to the absorption spectrum of a metal mesh (with
80% transparency) [69]. In addition, the data points due to the glitches of the monochromator
crystals have been deleted. The spectra have been then normalized to the step edges, as described
in Sec. . Full energy range TEY and FY spectra are given in Fig. (a) and zoomed in
XANES regions are presented in Fig. (b). Both are in agreement with literature data and the
resolution of features is at least as good |101} |102} |103],|104}, 105} [106|, [107]. In the Auger decay and
fluorescence decay of the core hole different transitions of electrons are involved and therefore, the
corresponding X-ray absorption features may not be in principle similar (Sec. . However, for
the Ti K-edge spectrum in STO, the measurements in TEY and F'Y modes lead to almost identical
XANES and EXAFS features, while only some small intensity differences have been detected. The
pre-edge feature A originates from 6-fold coordination of the Ti by O atoms in the bulk STO [101].
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Figure 4.1: (a) X-ray absorption spectra of the Ti K-edge of STO(001) crystal in normal incidence in TEY
and FY detection mode and (b) the corresponding XANES regions. The pre-edge transition A is in
agreement with reported data [101} 108, 109, [110].
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4.4 Data analysis

To analyze X-ray absorption spectrum of the Ti K-edge of STO, FY spectrum was selected, since
it has the better signal to noise ratio. The k*-weighted modulation function, y(k) x k% and the
corresponding radial distribution function, y(R) were obtained employing the DEMETER package
[86] and are shown in Fig. The energy position of the absorption edge has been determined as
point of inflection at 4985.3 V. Since the absolute value of the edge is not relevant for the subsequent
data analysis, no further care has been employed regarding the calibration of the monochromator.

Employing DEMETER package [86], scattering paths in the bulk STO were calculated. Peaks of
three of the neighboring atoms around of Ti are shown in Fig. and their apparent distances in
X(R) are in agreement with reported data [102, |111]|. The energy dependence of phase-shifts cause
shifts on peak positions in the Furrier transformation of different scattering atoms. The shift of the
peak of the first O shell (with the bond length of 195 pm [16]) in the Fourier transformation is 45 pm,
while shifts of closest Sr and Ti atoms (with the distances of 338, 390.5pm [16]) are 28, 50 pm,
respectively. Contrary to our results published analyses could clearly resolve two contributions
in the range of 248 to 385pm [111} 112, (113, |114]. Most likely the longer energy range of their
measurements leads to the better resolution. All publications agree on the assignment of the two
peaks to Ti-Sr and Ti-Ti scattering paths. However, it needs to be mentioned that the shortest
double scattering paths with O and Ti also give contributions in this range. The apparent path
lengths of the paths Ti-O-O-Ti and Ti-O-Ti-Ti are 333.5 pm and 405 pm.

As is obvious from the figure, the intensities of the scattering paths longer than 650 pm are very

small, in agreement with the general statement in the introduction about EXAFS.

4.4.1 Projection method: Oxygen

Figure shows the projection coefficients of the Ti K-edge EXAFS modulations according to
equation as function of Ti-O distance. It shows a pronounced maximum at 195.5 pm, in
excellent agreement with the actual Ti-O distance. The method is clearly superior to the Fourier
transform in Fig. The difference of the initial guess of the Ti-O distance from its actual value
(<1 pm) is much better than the original expectation of <10 pm.

The full width at half maximum (FWHM) of the peak is 20 pm. This is 3.5 times smaller than the
width of the peak in the Fourier transform and is mainly due to the fact that only the magnitude
of the Fourier transform can be discussed, whereas the phase has to be neglected. At least its
discussion is so hard, that it is not done regularly. The relevance of the phase actually depends
on the range in k of the modulation function. The shorter the range, the more important becomes
the phase of the frequency. This means that the advantage of projection method is even more
pronounced in cases, where the range is limited for example because of other absorption edges. So
far, we have no indications that the modulation function of SrTiOj3 is a particularly fortunate case
for the projection method, but this question should be addressed with further cases. The discussion

shows that the main goal has been achieved and a valid initial value for the next neighboring atom
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Figure 4.2: (a) Modulation function and (b) Furrier transformations of single scattering processes from first
shells of neighboring atoms of Ti in STO bulk [16], as is calculated by FEFF6 using DEMETER
software package [86].

has been obtained from which a full-scale calculation will converge to the best value without any
difficulties.

Besides discussing the position of the maximum, the question is, how well its value relates to the
number of neighboring atoms, the effective coordination number. In SrTiOs, the Ti is coordinated
by an octahedron of six O atoms. The linear polarization of the x-rays gives an effective coordination
number of 2. As the projection coefficient at 195 pm has a value of 0.7, there is a deviation by a
factor of 3. Obviously, the correspondence is good enough to postulate the presence of neighboring
O atoms at this distance, but the actual coordination number cannot be derived from the projection
coefficient, which is actually similar to the interpretation of the magnitude in the Fourier transform.

Further maxima of the projection coefficient show up at longer distances for 311 pm, 356 pm,
404 pm, and 477 pm. They closely resemble peaks and shoulders of the Fourier transform in Fig.
4.2] although with improved resolution. Having in mind the actual structure of SrTiOs, it is clear
that they do not result from scattering at O, but from other atoms (Sr and Ti). The values of the
projection coefficients at the peaks at 356 pm and 404 pm are about a factor 2 higher than that at
195 pm. Assuming the same correspondence factor, this would indicate an effective coordination
number of 4. The reason for such high values is, that Sr and Ti are stronger scatterers than O. In
order to mimic the large modulations from Sr and Ti, a high projection coefficient scales up the
small modulations from O. This means that the high coefficients can actually be taken as a hint that
there is no O at that distance but stronger scatterers. However, one set of projection coefficients is

too few, to decide whether this argument is generally valid or has a high risk of over-interpretation.

Surprisingly, no peak is present for the 2*d-nearest oxygen at a distance of 436.5 pm. Presumably,
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Figure 4.3: Sr'TiO3: Projection coefficient cirqns of the Ti K-edge EXAFS modulations as function of Ti-O
distance r.

scattering at O is too weak and the decay for long paths too strong to give any contribution. The
Fourier transform also points to this, since it has a low magnitude in the range from 375 to 400 pm
with a pronounced minimum at 387 nm, exactly where the shifted peak is to be expected.

Finally, the peak at 477 pm does not correspond to any direct single scattering path, but the
effective path length of 471 pm of the shortest triple scattering paths fits well.

In summary, applying the projection method for an oxygen scatterer to the same data set and
using the same prior information as in the analysis of the Fourier transform, the distance of the
next neighboring O atoms can be deduced with much improved accuracy and precision. Different
coordination numbers cannot be distinguished so far and peaks from other atoms further away may
be misinterpreted as O atoms, but can be ruled out taking into account prior knowledge of the
structure as in the interpretation of the Fourier transform. Compared to the original version of the
projection method for photoelectron diffraction, the arbitrary scaling of the coefficients has been
replaced and a correspondence to the effective coordination number within a factor of 3 has been

achieved.

4.4.2 Projection method: Strontium

Figure [£.4) shows the projection coefficients of the Ti K-edge EXAFS modulations according to
Eq. as a function of Ti-Sr distance r. It shows numerous maxima, which can be grouped into
a set of three at low distances (184 pm, 228 pm, and 271 pm) and a set of four at high distances
(303 pm, 342 pm, 386 pm, and 423 pm). Taking into account the structure of SrTiOs3 it is obvious
that the first set does not correspond to scattering at Sr atoms, but mimics the scattering at the O

atom at 195 pm, which is the most prominent component of the modulation function. The peaks of
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Figure 4.4: SrTiO3: Projection coefficient cirans(r) of the Ti K-edge EXAFS modulations as function of
Ti-Sr distance r.

this set may also result from accidental coincidence of the calculated curves with the experimental
one. Until now, no theoretical considerations are at hand about how to estimate the significance of
a peak in the curve of projection coefficients. Therefore, we aim to obtain an estimate on the basis
of numerous test cases.

The strongest peak in the second set of peaks is at 342 pm and corresponds well to the actual Ti-Sr
distance of 338 pm, resulting in a difference of <5 pm, again an excellent agreement. The projection
coefficient is 0.45, whereas the effective coordination number for Sr is 2.67, a factor of 5.9 larger.
The FWHM of the peak is 15 pm, smaller than the 20 pm of the oxygen related peak. Presumably,
the smaller FWHM results from the longer distance, because the longer distance results in a higher
frequency in the modulation function and this in turn leads to a larger number of oscillations in
the given range of k, so that the sensitivity for changes in distance increases.

The origin of the next peak at 386 pm is obvious from the known structure. It originates from
the scattering of Ti atoms in neighboring unit cells at 390.5 pm. Since it belongs to a different
scatterer, it will not be discussed further.

Although the peaks at 303 pm and 423 pm have smaller values than the two peak that can
be attributed to actual neighboring atoms, they are still too large to be simply neglected. Since
there are no atoms, they presumably result from an effect called "multiple site coincidence", which
has been described for modulation functions in photoelectron diffraction [115]. An experimental
modulation function may fit quite well to more than one modulation function and high coefficients
are also obtained for distances not actually present in the system, but nearby the actual value.
Actually, this can also happen with the Fourier transformation if the energy range of the experi-
mental modulation is too short and the orthogonality of trigonometric functions breaks down. One

way to resolve such an ambiguity is to extend the experimental data set. For an unknown system
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4.4 Data analysis

this ambiguity means that not only the largest peak can be taken as initial value for the distance,
but that the distances from the other peaks also need to be tested. Regarding the subsequent full
multiple scattering calculations, three outcomes are possible. First, the calculations with the two
distinct initial distance converge to the same model. Second, the two runs yield different models,
but one has a much better agreement with the experimental curve and can be presented as final
result. Third, the two runs yield two models with comparable agreement with the experiment and
no preferred model can be specified. The important point of this is the chance, that the projection
model explicitly indicates the possibility of more than one solution and corresponding initial values,
whereas the Fourier transform only shows a broadening of the peak.

As with the projection with oxygen, we assign the peaks above 450 pm to the shortest triple
scattering paths.

In summary, the reference example SrTiO3 shows that the projection method is quite well suited
to yield initial guesses for next neighbor scattering atoms. The deviations from actual values are
well below 10 pm. This is quite an improvement over the values from a Fourier transform even if
they are corrected for their systematic offset. In addition to the starting values for distances, hints
regarding to the elemental character of a scatterer is obtained. However, the preference for the

correct element is weak.

4.4.3 Projection method: Titanium

11 SrTiO,
1.0 Ti K-edge
0.9 — Projection onto Ti modulations

361 pm

Projection coefficient ¢y 4,

I
1.5 2.0 2.5 3.0 35 4.0 4.5 5.0
Ti-Ti distance (A)

Figure 4.5: SrTiOs: Projection coefficient ¢irans(r) of the Ti K-edge EXAFS modulations as function of
Ti-Ti distance r.

Finally, the projection coefficients with neighboring Ti atoms are displayed in figure [4.5] As with

the coefficients with Sr, there is a peak originating from the neighboring O, which shows up at

204 pm here. Next comes a set of three peaks at 318, 361, and 407 pm. The peak at 318 pm results
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4 Projection Analysis of EXAFS Modulations of STO

from the same multiple site coincidence effect as in the projection coefficients for O and Sr. The
peak at 361 pm mimics the scattering at Sr. Only the peak at 407 pm corresponds to an actual Ti
atom, which is 390.5 pm away. The difference is 16.5 pm, noticeably larger than for the projection
coefficients for O and Sr. Since the FWHM of the peak is 14 pm, the difference is a significant
deviation. The Ti-O-Ti-Ti double scattering path (405 pm) might contribute to the peak. The last
peak in the curve corresponds to the shortest triple scattering paths.

Summarizing the results for SrTiO3, the following can be stated. The next nearest O atom can
clearly be resolved with very little deviation from its actual position. Sr and Ti can also be assigned.
The deviation for Sr is also very small. Whereas the magnitudes of the coefficients clearly favor the
assignment of the first peak to O, the additional prior knowledge of the structure is required for
the assignments of the Sr and Ti related peaks at higher distances, in particular in the case of the

peaks resulting from multiple site coincidences and multiple scattering paths.
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5 Structural determination of
BTO-derived OQC on Pt(111)

In this chapter the structure of BTO-derived OQCs on Pt(111) is investigated by EXAFS. To be
sure about the experimental results and the analysis procedure, reference investigation of a BTO

single crystal is performed and its structure is investigated by EXAFS.

5.1 Barium titanate single crystal

To investigate the structure of BTO-derived OQC by EXAFS, a number of reference measurements
and the data analysis on a bulk BTO(001) single crystal have been performed. The experimental
conditions were the same as for STO measurements. Fluorescence measurements were done by
selecting a region of 200eV around the Ti-K,, , emission lines for the Ti K-edge and the Ba Ls-
edge. Ti-K,

core hole in the 1s level. The integration time was 5s. Ba-L

.. emission lines correspond to the electron transition from 2ps/s /2 levels to fill the

a1, Hluorescence emission lines are due
to transitions from Ba 3ds/23/2 levels to 2ps/o level. The involved excitation processes are within
the core levels and are far away from the valence band.

X-ray absorption spectra of the Ti K-edge and the Ba Ls-edge in normal incidence (2° from
normal to the surface of the crystal) are presented in Fig. (a,c), which are recorded in TEY and
FY modes. The spectra are in agreement with the published data for the Ti K-edge (|106, 107,
108, |116} 117, 118]) and the Ba Ls-edge (|107, |108]). Corresponding XANES regions are presented
in Fig. (b,d). The pre-edge transition A represents the six-fold coordination of Ti by oxygen,
in agreement with reported data [101, [108| [109, 110]. As with STO (Sec. [4.3), TEY and FY
lead to similar features in the X-ray absorption spectra. They are also similar at the Ba Ls-edge
(Fig. (b,d)). The intensity difference of the resonance peaks and the pre-edge features reflect
the differences in the transition probabilities involved in the fluorescence and Auger decay of the
core-hole.

To investigate the directional anisotropy of the system, X-ray absorption spectra at the Ti K-
and the Ba Ls-edges have also been recorded in grazing incidence (72°). The comparison is shown
in Fig. (a,b). As is obvious from the spectra in the whole region (Fig. (a,c)), as well as
those in XANES region (Fig. (b,d)), the directional anisotropy is very small.

As discussed in Sec. [3.5.1] self-absorption effect attenuates EXAFS modulations in FY in grazing

incidence for thick and concentrated samples. To investigate this effect, Ti and Ba spectra in TEY
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5 Structural determination of BTO-derived OQC on Pt(111)
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Figure 5.1: X-ray absorption spectra of BTO(001) crystal at the Ti K-edge (a) and the Ba L3z-edge (c) in normal
incidence in TEY and FY detection mode. (b,d) The zoomed XANES regions.

normal and grazing incidences have been compared (not shown here). The level of the directional
anisotropy in TEY is quite similar as that in FY, which indicates that the present differences
originate mainly from the structural anisotropy and not from self-absorption effects. This reflects
that the fractions of c-domains and the two perpendicular a-domains are similar.

Due to similar features in the absorption spectra, only spectra in normal incidence in FY are

shown as bulk spectra in the next sections.

5.1.1 Structure determination of the BTO single crystal

As reference analysis, the structure of bulk BTO has been determined by using DEMETER software
package [86]. The analysis has been performed on the Ti K-edge spectrum. Since the BTO single
crystal consists of different domains (Sec. , two perpendicular a-domains and one c-domain have
been considered in the calculations. This have been done by adequately selecting the polarization

directions of the incident X-ray beam. The modulations are not sensitive whether the a and c-
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5.1 Barium titanate single crystal
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Figure 5.2: Directional anisotropy of FY measurements of a BTO(001) crystal at the Ti K-edge (a) and the
Ba Ls-edge (c) in 2° and 72° from the surface normal, together with the XANES regions (b,d).

domains are in the positive or negative directions. Therefore, plus or minus direction of the domains
was not considered in the calculation. Since the directional anisotropy in the experiment was small,
equal percentages were assumed for all domains. All single and multiple scattering paths with paths
length below 6.5 A have been used to perform the calculations.

The energy of the edge has been determined as 4983.5 eV using the first and the second derivatives
of the spectrum. In addition, adjusting this value has been allowed through out the fit within limits
+10¢eV, as proposed in the documentations of DEMETER [85].

The analysis with FEFF calculations have been performed in the R-space and the structural
results are compared with the reference data [7] in Tab. [5.1] In the table Ti-O Tet S (Ti-O Tet
L) means the shorter (the longer) oxygen atom along the tetragonal distortion of the unit cell,
Ti-O Equ means the distance of four equatorial oxygen atoms and Ti-Ba S (Ti-Ba L) is the shorter
(longer) bond length of Ti and Ba. The labels are illustrated in Fig. [5.3]

Due to the weak dependence of the modulation function, the errors of the resulting o were larger
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5 Structural determination of BTO-derived OQC on Pt(111)

Figure 5.3: lllustration of labels of the atoms in a BTO unit cell, used in Tab. .

Table 5.1: The results of the structure determination of bulk BTO, using FEFF6 calculations. Values

are given in A.

R-factor a ¢ Ti-O Tet S | Ti-O Tet L | Ti-O Equ | Ti-Ba S | Ti-Ba L
0.14 3.95+0.03 | 401 +0.04 | 1.8£0.1 224+0.1 1.98 3.39 3.48
Ref. 3.9905 4.0412 1.75 2.29 2.009 3.415 3.9528

than the o2 values. Therefore, the o2 values for O and Ba were set to 0.007, 0.0075 A2 ,
and o2 of Ti was set to 0.007 A=2 for all coordination shells. As discussed in Sec. o? is the
2nd cummulant. Considering the difficulties in determination of o2, it is obvious that interpreting
the 3rd or 4th cummulants in terms of vibrational distributions is pure speculation. Hence, no

analysis to determine them has been performed.

The mismatch factor (R-factor) of the fit is 0.14 and the energy adjustment in the edge position
(AFE) was calculated to -3.7 £+ 0.4 ¢eV.

SZ in Eq. is a damping factor, originating from intrinsic losses of the signal due to shake-up
and shake-off processes. The reasonable range for S2 is between 0.7 to 1, if one data set is used in the
calculations [80]. Here, S2 has been calculated as 0.2 £0.03. Since data sets of three BTO domains
have been used, the calculated value of S? lies close to the reasonable range. The fitting results
are given in Fig. [5.4] (a,b). The number of independent points in the fit was calculated according
to the specified fitting range in R-space (0.9 < R < 5.7 A) and the Fourier transformation range
in k-space (0.3 < k < 7.8 A~1) by using a Hanning windows (Sec. . A Hanning function has
been selected, since it did not lead to any obvious artifacts. The number of independent points for

the fit was 22.55 points, while there were 7 fitting variables.

As presented in Tab. [5.I] the deviation of the calculated bond length of Ti O Tet L from the
reference is less than 0.1 A and for all other bond lengths are less than 0.05 A. Although the available
energy range for the modulations of the Ti K-edge in BTO is short, there is good agreement between

experiment and calculations within reasonable error limits.
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Figure 5.4: The FEFF analysis results of bulk BTO(001) crystal (R-factor= 0.14) in k-space (a) and R-space
(b). The window in k-space corresponds to the selected region for Fourier transformation, while the
fitting has been done in R-space in the specified region.

5.2 Structural determination of BT O-derived OQC on
Pt(111)

2D barium titanate derived oxide quasicrystal (OQC), discovered by Forster et al. at 2013, opens
a new field of physical properties and applications [40]. As the initial step of understanding this
system, its structure must be determined. Due to the aperiodic nature of the quasicrystalline
system, the structural determination needs local probe techniques. The arrangement of Ti atoms
has been determined based on STM and LEED images (Fig. . LEED is sensitive to Ti, Ba and
O atoms. Therefore, the building blocks of the OQC system, squares, triangles and rhombs apply to
all atoms. But the arrangement of the atoms in the building blocks remains unclear. Furthermore,
STM cannot give any information about the Ti-Pt distance, since Pt is below the OQC layer.
Therefore, another local probe technique needs to be employed, which also gives the information

about Pt. Consequently, EXAFS has been used to investigate this quasicrystalline system.

95



5 Structural determination of BTO-derived OQC on Pt(111)

5.2.1 Sample preparation of OQC on Pt(111)

The sample preparation is described in details in Sec. 4.2 of the master thesis of C. Dresler [120].
A brief outline is given here. A Pt(111) crystal was used as the substrate to grow the OQC layer.
The cylindrical Pt(111) crystal (Surtau Preparation Laboratory NL) has a diameter of 9 mm and
a height of 1 mm. It was fixed to the sample holder by spot welded Ta wires. Initially, there was
BTO on the crystal, which was removed by cycles of argon-ion-sputtering, heating in UHV and Os.
The sputtering was done by an ion energy of 600¢eV and a background pressure of 5 x 10~% mbar
of Ar. The ion current on the sample was 3 to 6 pA. After sputtering, the crystal was heated in
vacuum of 5 x 107 mbar and at a temperature of 1100 to 1200 K. As soon as the crystal cooled
down to 900K, it was heated at this temperature in 1 x 107 mbar oxygen. After several cycles
less than 10% of a monolayer BTO remained on the surface of the Pt sample, as derived from the
Auger electron spectroscopy (AES). The long range order of the sample was checked with LEED.
The well known (111)-(1 x 1) pattern with sharp spots has been obtained.

Once the clean Pt(111) substrate was prepared, 1 ML of BTO was deposited via simultaneous
evaporations of BaO and Ti. The deposition was done in an oxygen pressure of 1.2 x 107¢ mbar,
while the Pt crystal was kept at room temperature. The sample was then heated at 875 K for 10 min
in 1.2 x 107% mbar oxygen and then cooled down to 383K at the same O, pressure. The thickness
of the sample was determined by the AES to be 3 A with a stoichiometry of 1:0.3:1.36 (Ti:Ba:O).
This thickness is assigned here to 1 ML BTO. The sample was again heated to 1123 K for 10 min in
1.2 x 107% mbar oxygen and then UHV-flashed at 1243 K for 2min. After cooling down, the sample
was heated a second time in UHV at 1263 K for 5min. The high resolution low energy electron
diffraction (SPALEED) pattern of the sample (Fig. reveals the formation of the BTO-derived
Kepler-approximant [44].

SR i, |

¥
'.“:‘.

e
Figure 5.5: SPALEED pattern of 3A BTO on Pt(111), taken at an electron kinetic energy, Ey;, of 66eV.

After preparation, the sample was transfered through air to the KMC-1 beamline at BESSYTI.
The UHV chamber of that beamline had a pressure 5 x 107® mbar. Initially, the sample was
annealed at 1020 K, first for 240s in 5.9 x 10~7 mbar O and then for 600s in 1 x 107% mbar O,.
The sample was then cooled down in 1 x 107% mbar oxygen to 500 K, when the oxygen dosing

valve was closed. After taking the XPS and XAS spectra, the sample was then heated up at a
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5.2 Structural determination of BTO-derived OQC on Pt(111)

pressure of 5 x 107% mbar to 1120K and kept for 210s and was then cooled down. After cooling
down and taking XPS spectra, XAS spectra were recorded in two angles of incidence and with two

monochromator crystals.

The UHV chamber in KMC-1 beamline has not been equipped with LEED, therefore, the prepa-
ration of barium titanate derived OQCs on Pt(111) has been checked at home after repeating the
preparation, i.e. reducing (oxidizing) the sample with the same procedure in an UHV chamber with
a pressure of 5.6 x 107® (1 x 107% mbar Oy). LEED images have been taken, which confirms the
formation of OQC. It was taken at 66V and is shown in Fig. [5.6 (a). The 12-fold ring and the
Y-like group with 12-fold symmetry show the formation of dodecagonal quasicrystals in the reduced
sample, as discussed in .

XAS spectra were taken in different angles of incidence and with different monochromator crys-

tals. While performing the XAS measurements, no change of the spectrum has been observed.

14 hours after the sample preparation at home, the LEED image at 66 eV was taken again (Fig.
(b)). However, the OQC LEED pattern was not present anymore and only Pt substrate spots
remained. This shows the lack of QC order of Ti atoms and instability of the sample in that
pressure. As mentioned, after the sample preparation in KMC-1 beamline by annealing the sample
to 1120 K at pressure of 5 x 1078 mbar, XPS spectra have been taken, which took about 6 hours.
Then XAS spectra were recorded, which took about 24 hours. No change has been observed between
the first and the last XAS spectrum at the Ti K-edge, while there was a time difference of about

23 hours in between.

The oxidized sample did not show any LEED pattern of an overlayer, although the formation
of BTO(111) islands is expected via oxidation [41]. This indicates an amorphous structure of the

overlayer.

(b)

Pt (01)

Pt (0'1)"‘(*5 i

Figure 5.6: (a) The LEED image of the reduced 1 ML BTO sample was taken at 66 €V electron kinetic energy,
was prepared as at KMC-1 beamline. (b) The same sample after 14 hours an UHV chamber with a
base pressure of 5.6 x 108 mbar.
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5 Structural determination of BTO-derived OQC on Pt(111)

To investigate the morphology of the sample, AFM images under ambient air conditions have
been taken and are shown in Fig. Three regions can be distinguished in the phase image. The
dark high spots are assigned to BTO islands. The line profile of the zoomed region of Fig. (c)
shows that the height of the dark spots is 10 A.

(a) topography
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Figure 5.7: AFM image of the oxidized sample of 1ML BTO on Pt(111), measured in tapping mode with a
cantilever with a spring constant of 43N/m. (a,b) The topography and the phase images, measured
with a drive amplitude of 0.3V and a drive frequency of 300 kHz. Scan size and scan speed are
1.5x 1.5 pm? and 1.5 um/s. (c) The topography of a zoomed region, measured with a drive amplitude
of 0.6376V and a drive frequency of 288 840 Hz and a scan speed of 1 ym/s. (d) Corresponding line
profile analysis.

Around the dark spots, there is a dark gray area with a height of 3 A, which can be assigned to
an amorphous BTO layer. The height of these regions has been calculated from the shoulder of
the main peaks in the line profile. The light gray region can be assigned to the Pt surface, which
has been freed due to the dewetting process . The shining spot in Fig. (a) corresponds to a
large Pt island on the surface. The BTO islands as well as the layer cover a considerable fraction
of the surface, however, they do not show any LEED pattern. As a result of that, the structure of

BTO in the oxidized sample is amorphous.

5.2.2 X-ray absorption measurements

X-ray absorption spectra at the Ti K-edge and the Ba L, 3-edges of the sample in the reduced and
the oxidized states were taken in normal and 70° off normal incidences. The XAS spectra were taken
in TEY and FY detection modes. The monochromation of the X-ray beam was done using both
Si(111) and Si(311) crystal pairs. The signal from the Si(111) crystal pair was shifted by 8.5 + 0.8 eV
to higher energies from the Si(311), indicating a calibration problem of the monochromator. The
Si(111) crystal pair has a higher flux of X-rays. There was no signal visible in the TEY measurement

using either of two crystals. Employing FY, XAS spectra have been obtained. FY spectra at the Ti
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5.2 Structural determination of BTO-derived OQC on Pt(111)

K-edge and the Ba Ls-edge were measured by selecting a wide range (99%) of the signal peak area
(200eV) around the Ti-K,,, and Ba-L,, , emission lines as the energy window of the fluorescence

detector, with an integration time of 10s. Ti-K,, , emission lines correspond to the fluorescence

ag2
processes originating from the electron transition from 2ps/s /2 levels to fill the core hole of the 1s
level. Ba-L,, , fluorescence emission lines are also due to transitions from 3ds;s 32 levels to 2psz/o

level.

As mentioned in Sec. and for STO and BTO single crystals, XAS spectra at the Ti-K
and Ba-Ls-edges have been taken in TEY and FY measurements modes and no difference has been
observed between the XAS spectra recorded in two measurement modes. The involved excitation
processes in FY of STO and BTO single crystals and BTO-derived OQC are within the core
levels and are far away from the valence band. Therefore, it is expected to have similar EXAFS
modulations in XAS spectra taken in FY and TEY detection modes at the Ti K- and the Ba
Ls-edge in BTO-derived OQC.

The X-ray absorption spectra has been normalized to a mesh current and then to the edge jump.
The resulting spectra of the reduced sample are shown in Fig. (a,b). For comparison, the FY

spectrum of bulk BTO in near normal incidence (2°) is also presented.

According to Ref. [101}, 108, |109} 110] peak A represents the 6-fold coordination of the Ti atom
by oxygen in the bulk. Considering stoichiometry and the thickness (3 A) of the deposited BTO
layer on Pt, a 6-fold coordination of Ti by oxygen can be ruled out. In addition, fourfold and
fivefold coordination lead to strong pre-edge features at 2 and 1eV lower than peak A [105 109,
110]. The absence of such features excludes four and fivefold coordinated Ti. Hence, 3-fold or lower
coordination of Ti atoms by oxygen is a reasonable assumption. It confirms the choice of threefold
coordination of Ti for the calculation of the Kepler-approximant [44], which has been assumed for

further structural determination analysis.

Due to the 2D nature of OQC, a strong anisotropy of the absorption spectra in normal and
grazing incidences is expected. Surprisingly, the directional anisotropy is very weak. As shown
in Sec. [5.1] the directional anisotropy for bulk BTO is also weak. Therefore, there may be the
possibility of presence of bulk BTO islands in the sample. However, the absorption spectrum of
bulk BTO is quite different from that of OQC sample in XANES, as well as EXAFS regions. This
shows that the OQC system has a completely different structure and bulk islands are below the

detection limit.

The normalized absorption spectra at the Ba Ls-edge of the reduced sample in normal and
grazing incidence in FY are displayed in Fig. [5.9 For comparison, the spectrum of bulk BTO in
normal incidence (2°) in FY is also presented. The directional anisotropy at the Ba Ls-edge is also
negligible, similar to that at the Ti K-edge.

Heating BTO-derived OQC in oxygen leads to the formation of islands with a height of several
monolayers [40, 41]. Therefore, the absorption spectrum of the oxidized sample is expected to
be quite different from the reduced one. The normalized absorption spectra at the Ti K-edge of

the reduced and the oxidized sample in grazing incidence are shown in Fig. Surprisingly,
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Figure 5.8: (a) The Ti K-edge absorption spectrum of the OQC (the reduced 1 ML BTO) in normal and grazing
incidence in FY and the absorption spectrum of BTO single crystal in normal incidence in FY. (b)
Zoomed XANES region.

the spectra at the Ti K-edge look quite similar. This implies that due to reducing residual gases
resulting from the high base pressure of the chamber, the process of dewetting of the Pt surface

and formation of islands has not succeed.

The absorption spectra at the Ba Ls-edge in grazing incidence in the reduced and the oxidized
sample in FY are presented in Fig. and compared with the bulk spectrum in FY in grazing
incidence (72°). The spectrum in the oxidized sample has a shift of 0.31+0.1 eV to lower energies. In
addition, the oxidized sample shows higher resonance intensity comparing to the reduced sample,
which is also higher than the bulk. This increase reflects changes in the bonds of the Ba 5d and
the O 2p states, compared to bulk BTO.

After recording all spectra, the sample has shortly been exposed to air at room atmosphere.
Then, the absorption spectrum in the XANES region at the Ti K-edge has been taken in normal

incidence (not been shown here). Interestingly, the absorption spectra are quite similar in both

60



5.2 Structural determination of BTO-derived OQC on Pt(111)

3.0 1
Ba L,-Edge
2.5 — / —— 0QC normal incidence
—— OQC grazing incidence
2.0 - —— BTO(001) normal incidence

Edge jump normalized intensity

5240 5260 5280 5300 5320
Photon Energy (eV)

Figure 5.9: X-ray absorption spectrum of the Ba L3-edge of the OQC (the reduced 1 ML BTO) in normal and
grazing incidence and bulk BTO in normal incidence. All the spectra have been recorded in FY.

reduced and air-exposed samples. This observation suggests that the local structure in the reduced

sample is quite stable, even when exposed to air.

5.2.3 X-ray photoemission measurements

To determine the chemical states of the reduced and oxidized samples, XPS measurements have been
performed by using the synchrotron radiation source in KMC-1 beamline. The monochromatized
beam of 2003 eV has been obtained using Si(111) crystal pairs, while the measurements have been
performed in normal emission (incidence as close as possible to 90° from normal of the sample).
The XPS measurements of the reduced sample have been carried out immediately after sample
preparation and they have been followed by the XAS measurements.

The binding energies of the spectra have been referred to the Pt 4 f7/, emission line at 71.2¢eV |62].
The spectra have been normalized to the integration time of the analyzer. The inelastic fraction of
the spectrum has been approximated by a Shirley background for the Ti, the Ba and the Pt emission
lines [66] and has been subtracted (Sec. [3.3). However, for O and C emission lines, subtraction of
a Shirley background was not possible, due to the curvature of the foot points of the spectra. In
those cases, a polynomial has been subtracted. This of course, changes the stoichiometric number
of oxygen, determined by XPS by 20%.

Deconvolutions of the spectra have been done using pure Gaussian or Lorentzian functions and

a Gaussian-Lorentzian product function [121]:

(5.1)

I(E) = I, Kl . 4M(EF; EB)2) cop (4(1 — M) mﬁ)( B EB)2)} L

Here, Iy is the intensity of the function at the peak position, Eg the binding energy and I is
the FWHM of the peak. M is the mixing ratio, which is 0 for a pure Gaussian and 1 for a pure
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Figure 5.10: X-ray absorption spectra at the Ti K-edge (a) and the zoomed region (b) of 1ML BTO in the
reduced (OQC) and the oxidized (oxidized OQC) state, recorded in FY mode in grazing incidence.

Lorentzian line shape.

C 1s and Pt 4f X-ray photoemission spectra for the reduced and the oxidized cases are shown in
Fig. 5.12| Due to the high excitation energy, no surface component is visible in the Pt spectrum. In
the oxidized case the intesity of Pt 4f lines has decrease to less than half. Considering the incidence
angle of 90°, this change may be due to some tiny changes in the measurement position. Therefore,
the spectrum areas cannot be compared individually and all the areas have been normalized to the

Ti area for stoichiometry determinations in Sec. [5.2.3

Due to the high base pressure in the measurement chamber, there is carbon species on the
surface. The C spectra have been fitted by a Lorentzian peak, which is broader in the oxidized case
by 0.17eV. The binding energy of the C peaks in both cases fits to elemental carbon or similar
aliphatic compounds ([122]: cyclohexane CgH;y 285.2€V). The general assumption is that carbon
in such compounds has weak interactions with oxides and are not expected to change the structure

of OQC easily. The stoichiometry determination shows that for every Ti atom there are 6 carbons

62



5.2 Structural determination of BTO-derived OQC on Pt(111)

3.0 1
2.5 Ba L;-edge

Grazing incidence
2.0 — — 0QcC

—— Oxidized OQC

1.5 — —— BTO(001)

Edge jump normalized intensity

5240 5260 5280 5300 5320
Photon Energy (eV)

Figure 5.11: X-ray absorption spectra at the Ba L3-edge of 1ML BTO in the reduced (OQC) and the oxidized
(oxidized OQC) states, recorded in FY mode in grazing incidence. The absorption spectrum of
BTO(001) crystal in FY in normal incidence is presented.

. Considering the C-C bond length and the Ti-Ti bond length in the OQC (1.54 and 6.85 A),
it is clear that at most there are 2 ML carbon contamination on the surface.

Considering the excitation photon energy for the XPS measurement (2003 V), the inelastic mean
free path of photoelectrons in CgHi, at the Ba 3ds/, emission lines is larger than 33 A, calculated
according to [123, [124]. Therefore, the coverage of the OQCs with 2ML of the inert carbon
compounds does not disturb the experiment and the stoichiometry determination.

Ti 2p emission line of the reduced and the oxidized sample are presented in Fig. [5.13] In
general, the number of the 2p3/; orbitals and therefore, the area of this part of the spectrum is two
times as those in the 2p,/, part [55] (the reference is for XAS but the origin of the effect is the
same). Practically, the area ratio of the two regions depends also on the details of the background
subtraction. In the cases of the oxidized and the reduced samples, this ratio has been determined
to be 0.62. Furthermore, the 2p;/, part of the spectrum is known to be wider. The broadening
originates from multiplet transitions, which depend on the hybridization of the Ti 3d and the O 2p
levels [125]. The spin-orbit splittings of the fitting components have been set to 5.8 V.

The first Ti component in Fig. at 456.6 eV fits to Ti*" in TiyO3 [126]. For the first component,
the FWHM ratio of 2p; /5 to 2ps/, is 1.55. This component does not shift during oxidation, however,
it changes its line shape from a pure Lorentzian with a FWHM of 1.2eV to a pure Gaussian with
a FWHM of 1.13eV (Fig. (a,b)). The contribution of this component in the spectrum also
decreases from 77% in the reduced spectrum to 37% in the oxidized one.

The second component of spectrum in the reduced case is at 457.9eV and fits to the binding
energy of Ti*" in BaTiyOs, which indicates the presence of a Ti-rich phase. The reported binding
energy for Ti 2ps/s line is 457.8eV [127], while no other binding energies of other elements in
BaTi;O5 has been reported in the reference.

The formation of a Ti-rich phase is in agreement with the stoichiometry determination (Sec.
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Figure 5.12: XPS spectra of the Pt 4f (a) and the C 1s emission lines of 1ML BTO in the reduced (OQC)
and the oxidized (oxidized OQC) states, recorded in normal emission. FWHMs of the C spectra are
given in the parenthesis.

. Where, the amount of Ti is larger than the amount of Ba. This may result in a phase
change from BaTi,O5 to BaTi,O4 (Fig. (a,b)) [128, 129, 130]. However, this phase change is
unlikely, since it occurs above 1573 K [128|, while the sample preparation temperatures were 1020
and 1120 K (Sec. . The formation of a Ba-rich phase will be discussed, in the next paragraphs.

The third component in Fig. [5.13| (a) at 459.5€V fits to the 4+ oxidation state of 6-fold coor-
dinated Ti in TiOq-rutile [131]. As is presented in Fig. [5.13] (b), there is a Ti*" component at
458.6 eV, which fits to the 5-folded coordinated Ti in a fresnoite glass (BayTiSipOg) at 458.4€V.
The corresponding O 1s and the Ba 3ds/, at 530.3 and 780.0eV also fit to the experimental data
at 530.1 and 780.3¢eV in Fig. (b) and (b) [132]. It needs to be noted that the binding
energies in the reference [132| have been referred to adventitious C 1s at 284.8 ¢V, which may lead
to uncertainty up to 0.6 eV, as discussed in Sec. [3.3]

The formation of 3D BTO islands in a dewetting process from the OQC layer has been reported
[41]. The X-ray absorption spectra and the Fourier transform of the reduced and the oxidized
samples are quite similar . The Fourier transform clearly shows that the radial distances of
neighbors have not changed during the oxidation. However, 3D islands have different arrangement
of neighbors, in particular Ti-Pt distances should be different. Furthermore, via oxidation and
formation of 3D islands in the 4ML BTO on Pt(111) (Sec. [6.3), an O 1s component arises at
529.6 €V binding energy, which is not present in the oxidized case of 1 ML sample. The presuming
explanation is that the dewetting process of the Pt surface and formation of 3D BTO islands have
not occurred. The deconvolution of the O 1s spectra of the reduced and the oxidized sample (1 ML)
is presented in Fig. [5.14] (a,b) and the comparisons with the 4 ML sample in both oxidation states
are given in Fig. [5.14] (c,d).

The deconvolution of the O 1s spectra of the 1 ML BTO has been performed using a set of three
Gaussian peaks with different widths. The widths have been kept the same for the analysis of the
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Figure 5.13: XPS spectra of the Ti 2p emission line of 1 ML BTO in (a) the reduced (OQC) and (b) the oxidized
(oxidized OQC) states, recorded in normal emission.

reduced and the oxidized spectra (a,b)). In the reduced (the oxidized) case, the main peak
at 530.1eV (530.05eV) can be assigned to O bonded to Ti** in Ti,O3 (Ti** in BTO). That is
because the difference between the Ti 2ps/, and the O 1s binding energies is 73.3 £ 0.2¢V [133]
(73.15 £ 0.25€V [64]) in TipO3 and 71.35 £ 0.05¢eV in BTO [64, [134]. The binding energies of the
main peaks agree also with the adsorbed atomic oxygen on Pt(111) at 530.2eV. Atomic oxygen
desorbs from the Pt surface above 800 K |135] 136]. Readsorption cannot be ruled out, because of
the high base pressure. Such a component would be quite broad with a FWHM of 2.6 eV, 2.5 times
wider than that in Fig. Adsorbed oxygen on the Pt surface can therefore, be excluded [137].

The second component of the O 1s spectra is at 531.2eV, the same position in the reduced
and in the oxidized state. This feature can be assigned to OH adsorbed on the Pt surface at
531.5 &+ 0.5eV. The binding energy fits and the large widths is characteristic for OH-groups [137].
Although it desorbs from the surface above 1070 K [137], due to the high pressure of the chamber,

readsorption while cooling down may occur.

65



5 Structural determination of BTO-derived OQC on Pt(111)

(@) O 1s (b) O 1s
3 ® O0QC1ML 3 ® OQC oxidized 1 ML
150 x10 150 x10
‘2 532.9 531.2 530.1 ‘2 532.9 531.2 530.05
3 (2.14) (2.04) (1.05) 3 (2.14) (2.04) (1.05)
L} 1 1 L}
5 100 — 5 100 - ' g
Q (7} 1 L}
N N ' '
E E 1 L}
£ £ 1
S 50— S 50— '
=z z !
0 — 0 —
T | L L L T I T T 1
534 532 530 528 534 532 530 528
Binding energy (eV) Binding energy (eV)
(c) O1s0QC (d) O 1s OQC oxidized
150x10° - & 3 W 150x10° - & 2W-
X ® 4ML X ® 4ML
.g \ .2 529.6
3 =] 1.13
: ' g S
- 100 — - 100 —
(5] Q
N N
© ©
£ £ '
S 50 S 50+ '
530.1 .
(0.84) '
0 — 1 0 — 1
T [T I T I L T T I T [T I
534 532 530 528 534 532 530 528
Binding energy (eV) Binding energy (eV)

Figure 5.14: O 1s emission line of 1ML BTO in the reduced (OQC) and the oxidized (oxidized OQC) states
(a,b) and comparison with the 4 ML BTO (c,d) in the reduced (OQC) and the oxidized (oxidized
OQQ) states. FWHM of every component has been given in parenthesis below the peak position.

The OH groups could also be bonded to Ba. The experimental values of the O 1s and the Ba
3ds/2 emission lines at 531.2 and 780.3eV in Fig. agree with the literature, 531.2 and
780.4¢V 138, [139]. Although the decomposition of Ba(OD)y on a thick BaO film is complete at
550K [140|, uptake of OH by Ba could result from high pressure of the chamber. The binding
energy of this component also fits to that in BaCOj3 (531.7€V), whereas the binding energy of the
C 1s in BaCOj3 (289.9¢€V) does not fit to the experiment and rules out carbonate [141]. Similar
broad components in cobalt oxide compounds have been assigned to O at defects |142]. This broad

peak may also be assigned to unknown structures.

The third component of the O 1s at 532.9 €V fits to adsorbed water on the Pt surface, as reported
previously, (533.8 ¢V [137], 532+0.3 €V [143]). However, water desorbs from Pt at 210 K [144]. This
component has a similar binding energy, as O in CO at bridge sites on Pt(111) surface (532.6¢eV),

however, the corresponding C 1s emission line (285.8eV) is not present in the experiment [145].
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The comparison with the O 1s of the reduced 4 ML sample, taken at 999 K in UHV (Fig. (b))
reveals that the third component corresponds to some adsorbate from the residual gases. Since, the
broad component with FWHM of 1.86€eV at 532.7€V is not present at this temperature, while it is
at RT.

Ba 3ds/; spectra of the 1 ML of the reduced and the oxidized samples are presented in Fig. [5.15
The spectra are deconvoluted with 3 Gaussian functions. The main component of the spectra at
780.3 eV may be assigned to a Ti-O-Ba configuration for both cases. In addition, the binding energy
of the Ba 3d5/5 in bulk BTO has been reported as 779.5eV, while the energy difference of the Ti
2p3/2 and Ba 3d5) is 320.5eV [134} |146]. So, the main component of the reduced case at 780.3 eV
fits to bulk BTO with the corresponding Ti emission line at 459.5€eV. The corresponding O 1s line
then should have a shift of 71.3eV [64], which means the peak to be at 530.8eV. Although in the
deconvolution, no peak at this energy is present, the peak at 531.2¢€V is so wide that it may have
such a component.

The second component of the spectrum at 781.96eV may be due to an asymmetric line-shape.
The third component of the oxidized sample at 778.97¢V fits to Ba in BaO (778.9¢V). However,
the corresponding O 1s energy at 528.4 €V is not present. The corresponding emission lines in BaO,

at 530.8 and 780.8 eV do not fit to the experiment [147|, which excludes oxygen as peroxide.
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Figure 5.15: (a,b) The Ba 3d5/, emission line of 1ML BTO in (a) the reduced (OQC) and (b) the oxidized
(oxidized OQC) states, recorded in normal emission.

Barium orthotitanate, BayTiOy, is another Ba-rich compound, with fully oxidized Ti**. In this
compound, Ti atoms are 4-fold coordinated by oxygen, which is similar to 4-folded coordinated
T** in fresnoite glass. Hence, their core level emission lines are also expected to be similar. The
binding energy of 4-folded coordinated T** in fresnoite glass is 457.4 eV [132], which is not a major
component in Ti spectra in Fig. [5.13] This agrees with the absence of the characteristic pre-edge
feature of 4-fold coordinated Ti in XAS spectra at the Ti K-edge, as discussed in Sec. [5.2.2

Therefore, Ba-rich regions as a major contribution can be excluded.
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Table 5.2: The stoichiometry of 1ML BTO in the reduced and the oxidized states, calculated from
relative step heights in the absorption spectra at the Ti K-edge and the Ba L3-edge.

System Ba/Ti step height | Ti | Ba

BTO single crystal normal incidence 0.260 1 1
Reduced state normal incidence 0.188 1107
Reduced state grazing incidence 0.089 1107
Oxidized state grazing incidence 0.152 1|12

In summary, in the reduced spectra following components are present: 6-fold Ti** like in TiyO3
with emission lines at 456.6 and 530.1¢V, Ti** like in BaTi,O5 with an emission line at 457.9¢V,
6-fold Ti** like in TiO-rutile with an emission line at 459.5 eV, 6-fold coordinated Ti** like in BTO
with emission lines at 459.5, 530.8 and 780.3eV and OH groups on Pt and Ba with emission lines
at 531.2 and 780.3¢V. In the oxidized case, the components are: 6-fold Ti** like in Ti,O5 with
emission lines at 456.6 and 530.05¢€V, 5-fold coordinated Ti** like in BayTiSi,Og with an emission
line at 458.6, 6-fold Ti** like in BTO with emission lines at 458.6, 530.05 and 778.97¢V and OH
groups on Pt and Ba with emission lines at 531.2 and 780.3eV. However, the evidence for OH

groups in the system is weak and does not rule out other explanations.

OQC stoichiometry determination

The step height of the absorption spectrum is characteristic for an element and does not depend on
the structure of the system. Furthermore, the involved levels in the fluorescence transitions are far
enough in energy relative to the valence band. Therefore, the step heights of the spectra depend
directly on the number of the element in the system and is not affected by the structure. As a
result, the stoichiometry of the systems have been determined using the relative step heights of Ba
to Ti in FY spectra. The bulk measurements have been performed in normal incidence and the

ratio of the step heights in bulk have been used as the reference for Ti:Ba ratio of 1:1.

Considering the extreme thickness of the sample, no difference is expected between the stoichiom-
etry in normal and grazing. That is because F'Y has been employed as the recording method, which
has a penetration depth in the same order as that of the X-rays and the signal does not decay
due to the change of the penetration depth of the fluorescence photons in grazing versus normal
incidence. Hence, the stoichiometry of the oxidized sample in grazing incidence is calculated by
referring to the step height of the reduced sample in grazing, which has been assumed to have the
same stoichiometry as in normal incidence. Although it is is not really clear why the ratio in the

step height decreases to 50%, when changing from normal to grazing incidence. The results are
presented in Tab.

The stoichiometry has also been determined using XPS. First, the spectrum is normalized to the
integration time per measured point. Second, the inelastic fraction of the spectrum is subtracted

and the area of the resulting spectrum is divided by the sensitivity factor S4. The sensitivity factor
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Table 5.3: The values of o4 and the calculated values of A, g and S” according to Eq. calculated
for different elements at a photon energy of 2003 eV.

Element oA Am.E S’
Ti 0.05429 | 26.6 A | 0.00093
Ba 0.31467 | 22.2A | 0.00571
0 0.02137 | 25.6 A | 0.00037
C 0.00735 | 28.9A | 0.00012

has been derived according to (Ch. 4 of [148] and Ch. 5 of [149]):
SA X UAG<E)>\m7E (52)

For simplification, the result of the multiplication is called here S’. Here, A, g is the mean free pass
of the photoelectron with the kinetic energy E in the matrix m. It has been determined employing
the specifications of bulk BTO according to [123| |124]. G (E) is the analyzer efficiency and for
most analyzers is approximated by the inverse of the kinetic energy of the photoelectron (Ch. 4 of
[148], [150]). Finally, o4 is the photoionization cross section of the core level of the corresponding
element at the excitation energy, which depends on the element, the excited core level and the

photon energy.

The photoionization cross sections have been taken from the website of Elettra synchrotron
[151] (according to [152, [153]). However, they have been calculated up to a photon energy of
1500eV. The investigated core levels are 1s,2p, 3d,4f levels, which do not have any nodal points.
Therefore, it was possible to extrapolate the reported cross sections to 2003 and 2005 eV, in which
the measurements of the 1 ML sample and the BTO single crystal (as a reference) have been
performed. The sensitivity factor also depends on the geometry of the experimental setup. The
measurements have been performed at 0° emission angle for the reduced and the oxidized samples
and at 2° emission angle for the BTO single crystal. Since the geometry has not been changed for
the measurements of each sample, no geometry dependent factor needs to be included in Eq.

The values of 04, A\ g and the S corresponding to the photon energy of 2003 eV are given
in Tab. [5.3) while those values of 2005¢eV are very close, hence, they are not presented here. To
determine the stoichiometry, the areas have been divided by S’ and the results have been normalized
to those of Ti. For the O 1s spectra, the contributions of the adsorbates at 532.9eV have been
subtracted. The reported o4 of the Ba 3d corresponds to both 3ds/, and 3ds/, emission lines. Since
the measurements have only been performed in the 3ds/, region, the corresponding areas have been
multiplied by 5/3 to approximate the total Ba 3d area. The results of the calculated stoichiometries
by different experimental methods for the 1 ML sample and the BTO single crystal are given in
Tab. 5.4

The initial stoichiometry determination of the sample by AES leads to Ti:Ba:O:C ratio of
1:0.3:1.36:0 (Sec. . This is in qualitative agreement with the ratio of 1:0.7, determined
by XAS in the reduced sample in normal incidence (Tab. and [5.4). However, this ratio does
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Table 5.4: The stoichiometry of 1 ML BTO in the reduced and the oxidized states, as well as bulk BTO,
determined by different experimental techniques. The presented measurement angles are the
incidence angles in XAS and the emission angles in XPS from the normal of the sample

surface.

System Exp. Tech. Measur. angle | Ti | Ba | O C
BTO/Pt initial deposition | Auger Elec. Spec. - 1 103136 0
Reduced sample XAS 0° 1107 - -
Reduced sample XAS 70° 1107 - -
Reduced sample XPS 0° 1 1 ] 36 |58
Oxidized sample XAS 70° 1 11.2] - -
Oxidized sample XPS 0° 1 106| 76 |64
Bulk BTO XPS 2° 1 1.1 | 35 |72

not fit to the results of XPS, which give the ratio of 1:1:3.6:5.8. Furthermore, there is a drastic
increase in the amount of Ba in the oxidized sample by XAS (1:1.2), which does not agree with its
decrease, determined by XPS (1:0.6:7.6:6.4). The reason of this inconsistency remains unclear.
The next source of the systematic errors in the analysis is due to the details of the background
subtraction. In the cases of O and C spectra, it was not possible to determine a Shirley background
and only polynomials have been subtracted. This increases the uncertainty in the calculations up
to 20%. In addition, there may still be some contributions of the adsorbates in O on the Pt surface
in the spectrum, which have not been subtracted. It also needs to be mentioned that a Shirley
background is only an approximation and the actual portion of the inelastic electrons may be much
higher, as discussed in Ch. 4 of [68]|. Even for the bulk sample, which has a much better signal to
noise ratio, the stoichiometry (1:1.1:3.5:7.2) is not as expected. Maybe the surface termination also
plays arole. As discussed in Sec. [5.2.3], the amount of carbon on the 1 ML sample is maximum 2 ML.
Considering the inelastic mean free path of the excited photoelectrons of the Ba 3ds/, emission lines
in CgH,, is larger than 33 A (Sec. , XPS measurements are not disturbed by the adsorbed
carbon layer. Despite performing the experiments with utmost care, the reasons of inconsistency

in the stoichiometry from XAS and XPS remain unclear.

5.2.4 OQC EXAFS data analysis

The modulation functions and the corresponding Fourier transformed functions have been derived
from the Ti K-edge absorption spectra of the reduced and the oxidized sample in normal and
grazing incidence. The Fourier transformation has been done in the range of 0.4 to 8 A=! of the
modulation function. The derived spectra are presented in Fig. (a,b) using DEMETER
software package [86]. As is obvious from the figures, the absorption spectra and their Fourier
transformations show little differences. In addition, the most prominent feature at 2 A is present
in all the Fourier transforms. Therefore, a structural model for OQC should exhibit only minimal
directional anisotropy.

Due to the low thickness of the sample, the noise level in the experimental data is considerably
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Figure 5.16: k% weighted modulation function of 1 ML BTO at the Ti K-edge in the reduced (OQC) and the
oxidized (oxidized OQC) state, at the Ti K-edge in normal and grazing incidence (a) and the
corresponding Fourier transformations (b).

high. The influence of experimental noise on the Fourier transformed functions has been checked
by fitting a smoothing spline to the modulation function in each angle of incidence and Fourier
transform them. This shows that the intensity of the peaks at distances higher than ~ 5.4 A are
strongly influenced by the noise. However, this distance is beyond the sensitivity range of EXAFS.

The single scattering Fourier transformed functions

The Fourier transformation presents the apparent distance of neighbors around the absorbing atom
regardless of the element type of the neighbor (Sec. [3.5.1). Figure[5.17] (a) displays the comparison
between the k? weighted modulation function of the reduced sample at the Ti K-edge in normal
incidence and an O at a distance of 2.6 A from Ti in a single scattering process. Obviously, the
main modulation in the experiment can be explained by this oxygen. The corresponding Fourier
transformation functions are depicted in Fig. [5.17| (b). The Fourier transformation of the oxygen

is a single peak with some small shoulders and fits to the position of the main feature. There is a
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shift of 0.57 A in its peak position, which originates from the energy dependence of the phase-shift
of the scattering process (Sec. [3.5.1)).
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Figure 5.17: (a) k% weighted modulation function of 1ML BTO in the reduced (OQC) state at the Ti K-edge
in normal incidence and the modulation function of a single scattering process from an O atom at
a distance of 2.6 A and (b) the Fourier transformations.

The modulation function due to the single scattering process of a Pt atom in normal incidence
at a distance of 2.7 A from Ti is presented in Fig. [5.18| (a) and the Fourier transformation function
is given in Fig. [5.18| (b). The selection of this distance is due to the results of FEFF calculations,
presented in Tab. [5.6] At high energies the modulation function of Pt fits well to the experiment.
The backscattering phase-shift of Pt changes considerably at wavenumber between 5 to 6 A1,
which is reflected in the shape of the modulation function in this range [154]. This leads to the
presence of at least two main frequencies in the modulation function and two peaks in the Fourier
transform with an intensity ratio of 3 to 2. There is a shift of 0.54 A between the actual distance
of Pt from Ti and the position of the larger peak in the Fourier transformation function.

Considering the shapes of O and Pt Fourier transformed functions, the peak in the experimental
data at 2 A can be assigned to O and the first feature of Pt atoms. The peaks at 2.6 A can be
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assigned to the second feature of Pt.
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Figure 5.18: (a) k? weighted modulation function of 1ML BTO in the reduced (OQC) state at the Ti K-edge
in normal incidence and the modulation function of a single scattering process from a Pt atom at
a distance of 2.7 A (a) and (b) the corresponding Fourier transformations.

Single scattering model with two neighbors

The experimental spectra of the reduced sample in normal and grazing incidences contain two
strong features at 2 and 2.6V, which fit to an O at 2.6 A and Pt at 2.7A. As the first step of
the structure analysis, the region of 1.54 to 2.94 A in R-space has been analyzed, by employing the
range of 0.4 to 8 A=1 in k-space for the Fourier transformation by using DEMETER for fitting. For
windowing in this work, a Hanning function has been selected, since it did not lead to any artifacts.
The analysis has only been done in normal incidence and by using a model composed of an O and
a Pt in the same line as Ti. In addition, only single scattering processes have been considered. As
discussed in Sec. [3.5.2] the edge position is quite important for an EXAFS analysis and needs to
be included as fit parameter, whereby shifts should be less than +10eV. Initially, the edge position
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was set at 4983.85 ¢V and initial distances of O and Pt at 2.6 and 2.7 A. The edge energy shift was
varied from —10 to +10eV and the resulting final distances and the R-factors have been reported
in Fig. [5.19l This analysis yielded a second reasonable distance for Pt at 2.3 A. Therefore, the
analysis has been repeated with the same initial distance of O but with a Ti-Pt distance of 2.3 A.
The results of the analysis are presented in Fig. [5.19,

—&- Ti-Pt distance (Ini. Ti-Pt 2.3 (A))
—— Ti-O distance (Ini. Ti-Pt 2.3 (A))
—B- Ti-Pt distance (Ini. Ti-Pt 2.7 (A))
—— Ti-O distance (Ini. Ti-Pt 2.7 (A))

R-factor

2.8 —

2.6

2.4 -

Distance from Ti (A)

-10 -8 -6 -4 -2 0 2 4 6 8 10
Energy shift (eV)

Figure 5.19: Results of fitting in a system composed of a Ti atom as the emitter and an O atom and a Pt atom
as scatterers with the initial distances from Ti as 2.6 and 2.3 A (colored as blue) and 2.6 and 2.7 A
(colored as red). Only single scattering processes have been considered. The Top: R-factor as a
function of the shifts in the edge energy. Bottom: Calculated distances of O and Pt from Ti with
the above mentioned initial values.

For the model with the initial value of 2.3 A as the Ti-Pt distance, the best fit has an R-factor
of 0.07, an energy shift of +4¢eV, a Ti-O distance of 2.65 A and a Ti-Pt distance of 2.29 A. For the
model with an initial value of 2.7 A as Ti-Pt distance, two energy shifts lead to the best fittings:
+46V leads to an R-factor of 0.11 and distances of 2.32 and 2.65A for Pt and O. A comparable
R-factor (0.135) is gained by an energy shift of —7.71eV. This energy shift leads to distances of 2.7
and 2.57 A for Pt and O. On the basis of these results, the main component in the redial distribution
function in the radius range of 1.54 to 2.94 A can be explained by O and Pt atoms at distances of
2.57 and 2.65 A and at distances of 2.3 and 2.7 A.

Single scattering model with four and six neighbors

After determining the distances of the nearest neighbors, the experimental data need to be analyzed
simultaneously in the longer range of the radial distribution function, for normal and grazing angles

of incidence. The directional anisotropy in the experimental data was negligible. Therefore, a
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simple model is to position scattering atoms in such a way that no directional anisotropy results.
The analysis of Sec. has shown that the experimental data indicate Pt at two distances (2.3
and 2.7A) and O at 2.57 A. The small peak at 1.3 A in the radial distribution function in normal
incidence also implies the presence of an atom at a short distance. A reasonable solution is an O
at 1.7 A. However, the Fourier magnitude of this component is quite small, which implies a small
coordination number for it. Based on these constraints, a model with two Pt atoms and two O

atoms is developed, as presented in Fig. [5.20| (a).

(b)

X

Figure 5.20: The side view of the models with four (a) and six (b) scattering atoms around a Ti atom as the
emitter. The electric fields of the incoming beams are show in red for normal incidence (along z
axis) and blue for grazing incidence (70° from z axis).

Optimizing the distances of this model yields an R-factor of 0.05 together with a shift of the
edge energy of —6.2¢eV. For the analysis only single scatterings have been considered. The same
atoms have been set to have the same mean square relative displacement, o2, regardless of their
coordination shell: o2, , = 0.0007 A=2 and 02, p, = 0.00066 A=2. The resulting Ti-Pt distances
are 2.26 + 0.03 A and 2.72 +0.02 A. The first Ti-O distance is 2.54 & 0.02 A and there is another
oxygen at 1.76+0.04 A. The fit was performed in a region of 1.1 to 3.6 A in R-space. The sensitivity
range of EXAFS is 5 A and therefore, the fitting range can be extended.

To increase the fitting range in R-space, different atoms have been added to the model in a
trial and error method. Best results have been gained by adding two Pt atoms at 4.8, 5.4 A, still
within the sensitivity range of EXAFS and leads to the fitting range of 1.18 to 4.8 A in the radial
distribution function. The results of the fitting are given in Tab. [5.5] For the analysis only single
scatterings have been considered. Like in the previous case, the same atoms have been set to have
the same mean square relative displacement, o2, regardless of their coordination shell: o2, , =
0.0007 A=2 and 02, p, = 0.00066 A=2. There are small peaks above 4.8 A in the radial distribution
function. However, explaining them is beyond the sensitivity of EXAFS. Figure [5.20] (b) shows
the model with six scattering atoms. The calculated modulation functions and radial distribution
functions in normal and grazing incidences are presented in Fig. and where distances
of the atoms are shown by bars. It needs to be mentioned that the corresponding bar to the O

at 1.75 A is not exactly at the peak position. That is due to the superposition of the peak of O
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Table 5.5: The results of FEFF6 calculations of the model presented in Fig. (b). The distances
are given in A and the shift in the edge position, AE in éV. ¢n stands for the coordination
number of each atom.

(ON Os Pty Pt, Pts Pty AFE | R-factor

0QC 1.75 2.55 2.24 2.73 4.80 5.41 —5.5 0.07

+0.04 | £002|4+002|£001|4+0.02|+£003]|+0.6

cn 0.5 1.35 0.91 1.43 4.8 16.82 - -

at 1.75 A and the tails of other peaks at higher distances, which slightly shifts the apparent peak
position.

For the analysis, each atom has been set to have the same coordination number (¢n) in calculations
for normal and grazing incidences, with the exception of O; in normal (set as 0.5) and grazing (set as
0.28) incidences. This is due to slightly higher intensity of this component in the radial distribution
function in normal incidence. The coordinations numbers of the atoms in calculations in the model
with four single scattering atoms have been set to the same values as in six single scattering case,
presented in Tab.

SZ in Eq. depends on the angle of incidence of the photons. Since the directional anisotropy
of the experimental data is negligible, the losses of EXAFS signal due to shake-up and shake-off
processes and therefore, the SZ factor has been considered the same for both measurements. The
reasonable range for S? is between 0.7 to 1 [80]. In the model with four and six single scattering
atoms, S? factors have been calculated as 1.06 + 0.06.

The calculations take into account only single scatterings, which indicates the present neighboring
atoms in the experiment with their corresponding distance. It needs to be mentioned that the
presented coordination numbers have been used to do the fit and should not taken as the absolute
final values. The comparison between the number of two O atoms indicate that the majority of O
atoms within the sample have a long distance of 2.55 A. In addition, the further away Pt atoms
have larger coordination numbers (4.8 and 16.82). This is expected, since increasing the distance
from Ti atom makes more Pt atoms from the substrate available for backscattering processes.

According to the stoichiometry determination in[5.2.3] the amount of Ba atoms is smaller than the
that of Ti atoms. Furthermore, in the Kepler-approximant, Ti-Ba distance is 3.37 A [44]. Therefore,
in the OQC system, Ba is also expected to be found at a distance of 3 to 4 A from Ti. However,
there are many more Pt atoms in this radial range. They are strong scatterers and due to their
large number, make strong contributions. Therefore, the contribution of one Ba is difficult to be

extracted. As a result, the model can explain the experimental data without Ba.

The cluster model

The model of six scattering atoms presents the radial distribution of neighboring atoms. However,
the actual situation is more complicated. Multiple scattering processes are important, specially in
high frequency range. Furthermore, a realistic model needs to be proposed, in which the Ti atom

is on top of a Pt(111) surface.
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Figure 5.21: (a) k% weighted modulation function of 1 ML BTO at the Ti K-edge in the reduced state (OQC)
and results of FEFF structural analysis of the model in Fig. (b) in normal incidence and (b)
the Fourier transforms. The pink bars correspond to O atoms, the light brown bars to Pt atoms.

To construct a realistic model, modulation functions have been calculated for Ti in a grid of sites
on a Pt(111) surface and compared to the experimental modulation function in grazing incidence,
since it is more sensitive to scattering at Pt atoms. The grid of sites was selected with step size
of 0.4A. The height of Ti above the Pt surface was chosen in such a way that Ti be always at
a distance of 2.7A from the closest Pt atom. It has been found that two cases lead to the best
agreement with the grazing incidence signal: close to fcc and close to hep three-fold hollow (3-FH)
sites. The close to 3FH hcp site leads to forward focusing of the electron wave backscattered from
Pt atoms in the second layer by the ones in the first layer. This forward focusing effect made the
fitting a bit worse in the final steps of the analysis. Therefore, only the close to fcc 3-FH site has

been considered for further analysis.

Due to the aperiodic nature of the OQC system, Ti atoms occupy different sites above the Pt
surface. However, the detailed discussions and analysis of all possible sites of Ti above the Pt

surface, which are given later, show that averaging the BTO layer in the presented cluster here
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Figure 5.22: (a) k% weighted modulation function of 1 ML BTO at the Ti K-edge in the reduced state (OQC)
and results of FEFF structural analysis of the model in Fig. (b) in grazing incidence and (b)
the Fourier transforms. The pink bars correspond to O atoms, the light brown bars to Pt atoms.

over all sites explains the experimental data in grazing incidence quite well. In addition, it is
shown that the selected site in the cluster can describe the experiment for both angles of incidence,
unexpectedly well.

Figures [5.23| and present the experimental and calculated modulation functions at the Ti
K-edge in grazing and normal incidence. In this model, a Ti atom was put at 2.28 A above the Pt
surface at close to a fce 3-FH site with a distance of 2.69 A to the closest Pt. In the calculations,
all single and multiple scattering paths have been included. The maximum path length has been
set to 2x 5.8 A. As is obvious from the figures, the results of the FEFF calculations describe the
experiment extremely well in grazing incidence. The region between 1.5 to 2.4 A can be described
by oxygen atoms at 2.55 A, which is not at the same height as the Ti atom. The peak at 4.41 A
corresponds to Pt at 5.41 A, which is at the sensitivity limit of EXAFS. This peak cannot completely
be described by Pt. Since it is present only in grazing incidence, no assignment of the peaks except

to Pt at 5.41 A is reasonable and cannot be described by this model. The peak also cannot be
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Figure 5.23: The modulation function (a) and the Fourier transform (b) of 1ML BTO in the reduced state
(OQC) at the Ti K-edge and the calculations resulting from all single and multiple scattering
processes in a model composed of one Ti atom 2.28 A above the Pt surface at close to fcc 3-FH
site, in 70° incidence angle.

described better by a model with Ti at close to hep 3-FH site. It probably originates from the

occupation of other sites of the Pt surface by Ti atoms.

Figure [5.24] presents the calculated results for the same system as in Fig. [5.23] but in normal
incidence. As expected, the contribution of Pt is not as large in normal incidence. However, the
main peak at 4.05A is described by Pt atoms. As discussed, the peaks at 1.3 and 2A can be
assigned to O atoms at 1.75 and 2.55 A at the same height as Ti above the Pt surface. Therefore,
there are in-plane and out-of-plane O atoms at 2.55 A, while the O atoms at 1.75 A are only in-
plane. Furthermore, the peak at 2.65 A cannot completely be explained by Pt in normal incidence.

It can be assigned to an in-plane Ba at 3.15 A.

Based on these findings, a new model is constructed, which is presented in Fig. [5.25 (a). Similar
to the Kepler-approximant, Ti has three neighboring O atoms: two in-plane at 1.7 and 2.5 A and one
out-of-plane at 2.5 A. In addition, there is an in-plane Ba at 3.15 A, which is slightly shorter than
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Figure 5.24: The modulation function (a) and the Fourier transform (b) of 1ML BTO in the reduced state
(OQC) at the Ti K-edge and the calculations resulting from all single and multiple scattering
processes in a model composed of Ti atom 2.28 A above the Pt surface at close to fcc 3-FH site,
in normal incidence angle. A presumable distance of a Ba atom at 3.15A is illustrated as a green

bar.

the Ti-Ba distance in the Kepler-approximant (3.37 A) As shown in Fig. , BTO-derived OQC
has a 12-fold diffractional symmetry, indicating 12 orientations of the BTO layer. In quasicrystals
with the Niizeki-Géhler tiling pattern (Fig. , the combinations of building blocks can be found
in 12 orientations and the probability of all orientations are assumed here to be equal. Although

the deviations from this assumption and whether that leads to any noticeable effects in EXAFS

needs to be investigated.

The orientation of the BTO layer in each of the 12 domains may be different. As discussed in
Sec. 9.4 of 56|, the azimuthal angular dependence vanishes for systems with 3-fold and higher
rotational symmetries. The 12 orientations of squares, triangles and rhombs in STM implies that
any structural element needs to be present in 12 orientations. For EXAFS this means that no

azimuthal anisotropy can be observed. To reduce the effort in calculations only two orientations
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rotated by 90° need to be taken into account. Therefore, performing FEFF analysis on the two
presented clusters in Fig. [5.25 (a,b) is enough to include all possible orientations of the BTO
layer in OQCs. Indeed, making the assumption of equal probability of all 12 orientations, makes
it technically easy to solve the structure. Using the LEED pattern of Fig. [5.6] the azimuthal
orientation of the Pt surface has been selected as in Fig. [5.25 (a), with the polarization of the

X-rays horizontally aligned.
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Figure 5.25: Top and side view of the cluster model for BT O-derived OQC. Due to the possibility of presence of
different orientations of Ba and O atoms around Ti, two orientations have been considered (a,b),
rotated by 90°.

FEFF6 calculations have been performed on the presented models in Fig. [5.25| in normal
and grazing angles of incidence to calculate modulation functions for the scattering paths. The
parameter optimization has been done using DEMETER , simultaneously on normal and grazing
experimental data. The maximum path length has been set to 2 x 5.8 A, covering a radius of 5.8 A
from Ti. The k range of the Fourier transformation has been selected as 0.4 < k < 8 A-1 and
the fitting has been performed in R-space with a range of 1.1 < k < 5 A. The selected range in
R covers all pronounced features in the radial distribution function within the sensitivity range of
EXAFS. The numbers of independent points and variables in the fit were 37.16 and 8, respectively.
The fit results are presented in Fig. [5.26] and [5.27] and Tab. [5.6]

S2 in Eq. E is a damping factor, originating from intrinsic losses of the signal, due to shake-up
and shake-off processes, which in principle depend on the angle of incidence of the photons. Since
the directional anisotropy of the experimental data is negligible, the losses of EXAFS signal due to
shake-up and shake-off processes and therefore, S7 factor have been considered the same for both
measurements. The reasonable range for S is between 0.7 to 1 . For the presented model, two

orientations of BTO layer have been taken into account, which leads to the reasonable range of 0.35
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Table 5.6: The results of FEFF6 calculations on the cluster for BTO-derived OQC (Fig. , with
distances of atoms from Ti in A and the shift in the edge position, AE in eV. z and y
positions of Ti are referred to Pt;, while z (in A) is referred to Pt4, since Pty 23 can have a
relaxation of Azp;. nos refers to the number of O3 atoms. The corresponding distance of
the Kepler-approximant, derived from surface X-ray diffraction and density functional theory
calculations are included for comparison [44].

do, , No, do, dBq dpy, zri | Azpy AFE | R-factor
0QC 2.56 3 1.71 3.15 2.69 |228| 0.08 -5.6 0.14
+002 ]| £08|££0.1] £0.08] £0.02 +0.05 | £0.8
Kepler-app. - - 1.72 3.37 2.62 | 2.54 0.1 - -

to 0.5 for S2, while through the fit, it has been determined as 0.41 4 0.06.
The optimized distances of 8 atoms have been specified by bars in Fig. |5.26] In case of Pt atoms,

there are too many distances corresponding to all Pt atoms in the cluster. Hence, the cluster have
been divided into different groups of atoms according to their distances from Ti. Only one Pt
distance in each of these groups has been specified in the figure, which has the most pronounced
contribution to the calculations. Since the arrangement of the atoms in the cluster has been done
also according to the results of the model with six scatterers (Fig. , the optimized distances
are quite similar in both cases (Fig. . The largest difference with the six single scatterings
model is a Pt atom at 5.63 A (+0.22A).

The same type of atoms have been set to have the same values of the mean square relative
displacement (¢?). Optimizing them leads to negative values for o of Ti-O and Ti-Pt paths and
an order of magnitude larger value for 0%, .. Setting them to reported values (6%, , = 0.007 A2
02 5, = 0.0075A2 [108, [119], 02, p, = 0.0053 A=2 [155]) leads to a high R-factor. Hence,
they have been set to small values but within reasonable limits: 02, , = 0.0007A=2, 62, 5. =
0.0098 A=2, 2. p, = 0.00066 A=2. Therefore, these values do not represent actual mean square

relative displacements of the atoms but compensate so far unknown deficiencies of the model.

The coordination numbers of O, and O; have been set to 0.23 and 0.38, else their errors are
as large as their values. The coordination numbers of O3 has been determined through the fit.
The distances of O; and O3 have been coupled to be the same, due to the negligible directional
anisotropy in the data. The coordination numbers of all other atoms have been set to 1. Pt atoms
have the bulk structure in (111) direction, with the exception of Pt; 5 3, which are allowed to relax
in z direction. x and y positions of Ti are set at 1.35 A and at —0.75 A, referred to Pt;. The Ti-Pt;
distance is a fit parameter, from which the z position of Ti above the Pt surface derives. Because
of the relaxations of Pt; o 3, Pt4 serves as a reference for the Pt surface. Distances of Ti to all other

Pt atoms are then determined assuming a bulk structure for Pt(111) surface with a unit cell of

2.775 A [20].

The results indicate that the assumption of the bulk structure for Pt(111) surface is reasonable
and gives two additional Pt groups (at 3.93 and 4.77 A), which are not present in the six single
scatterings model of Fig. (b). In addition, the agreement between the cluster model and the
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Figure 5.26: The modulation function (a) and the Fourier transform (b) of 1 ML BTO in the reduced state (OQC)
at the Ti K-edge and FEFF calculations on the cluster model (Fig. after optimization of
distances of a model with six scatterers (Fig. in normal incidence. The bars correspond to
distances of atoms from Ti: pink (O), light brown (Pt) and green (Ba).

experiment is excellent. The distances of the first O and Pt neighbors agree to the distances of the

Kepler-approximant, whereas the agreement in Ti-Ba distance is not as good .

The coordination number of O3 is 3.0 £ 0.80. Taking into account that the two domains and the
effect of the polarization give an effective coordination number of 1.5 in each domain, this is exactly

the value, when three O atoms are arranged in a symmetric triangle, with linear polarization.

In the presented model, O; is found at a distance of 2.56 A in 70° grazing angle above the Ti,
which is not chemically realistic. However, the occupation number is small and with a large error
(0.4 £ 0.4). This suggests that the origin of this O is adsorbed water or some contamination.
Another model suggests embedding of O; into the defects of the Pt substrate, as shown in Fig.
[5.28 which will be discussed later.

The significance of the out-of-plane O; was checked by performing a fit without it. The fit

resulted in the same agreement with an R-factor of 0.14 and the same structural parameters. The
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Figure 5.27: The modulation function (a) and the Fourier transform (b) of 1 ML BTO in the reduced state (OQC)
at the Ti K-edge and FEFF calculations on the cluster model (Fig. after optimization of
distances of a model with six scatterers (Fig. in grazing incidence. The bars correspond to
distances of atoms from Ti: pink (O), light brown (Pt) and green (Ba).

coordination number of the short distance O5 was found as 0.2 +0.2. This indicates that small part
(less than 10%) of the three O atoms around the Ti is at the short distance with 1.71 A.

The six single scattering model (Sec. predicts the presence of a Pt atom at a distance of
2.24 A, which has not been found by the cluster model. The short bond length of this Pt atom
suggests that there is an ambiguity in the results of the six single scatterings model. This ambiguity
originates from the available energy range of the measurement and is an inherent problem of the
analysis of BTO-derived OQC by EXAFS. In the light of this, the finding of a STO derived OQC

is very promising [42|, where a long energy range is available at the Ti K-edge.

Except squares and triangles, rthombs are also present in the building blocks of BTO-derived
OQC with a Ti-Ti bond length of 3.55 A. The number of this bond is 2 out of a total of 40 (Fig.
(a)). This suggests presence of the short bond length O at 1.71 A at the connecting line of Ti

atoms at the rhombs only. This idea was investigated by FEFF6 analysis on clusters derived from
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those in Fig. [5.25] A Ti atom was added so that Oy is between two Ti atoms, with Ti-Ti and Ti-O,
bond lengths of 3.55 and 1.78 A. The occupation numbers of this additional Ti and O, have been
set to 0.05. For the analysis, 02, was set to 0.0008 A=2 and the calculations was performed in the
same way as for the cluster model of Fig. [5.25

The result of the calculations is that the experimental data are not sensitive to the presence of T1i
atoms in the rhombs. This result is in line with the large number of Pt atoms at similar distances,
which completely hide the presence of the rare Ti atoms form rhombs. Furthermore, the short
distance O may also originate from bulk-like BTO in islands, which may rarely be present in the
sample.

Finally, it needs to be mentioned that later versions of the FEFF codes are available, with
improvements for the systems with the f-shell electrons [156]|. Hence, calculations were performed
with the Pt atoms of Fig. [5.25 with FEFF6 and FEFF8-lite. As expected, there were no relevant
differences between their results. Therefore, FEFF6 which is included in DEMETER software

package is accurate enough for the calculations of this work.

Cluster model with defects

The cluster model in Fig. [5.25| shows reasonable agreement with the experiment. This model
indicates the presence of O atoms at a distance of 2.56 A at an angle of 70° from the surface plane
of Ti. O atoms in the presented model were above the Ti atom. Alternatively, the oxygen is
embedded in a defect of the Pt substrate. Bonds between O and Pt atoms gives a valid explanation

for the long Ti-O distance. Such a model is presented in Fig. [5.28|

(a) (b)

Figure 5.28: Top view of the cluster model for BTO-derived OQC with defects. Due to the possible presence of
different orientations of Ba and O atoms around Ti, two orientations have been considered (a,b),
rotated by 90°.

Similar to the cluster model in Fig. [5.25 the model with defect is also composed of two orienta-
tions of O and Ba atoms, rotated by 90°. The analysis is done with both orientations, simultaneously
in normal and grazing incidences. All of the analysis details are the same as in the cluster model,
including the Fourier transformation range in k-space and the fitting range in R-space. There were
9 variables in the fit and the number of the independent points was 37.16. The error of the coor-

dination number of O, was not reasonable. Therefore, no, was set to 0.18. The resulting curves of
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Table 5.7: The results of FEFF6 calculations on the cluster model in Fig. (R-factor: 0.18). The
distances are given in A, the shift in the edge position, AE, in V. z and y positions of Ti
are referred to Pt; and have been set to 1.35 and —0.75 A, while z of Ti and Azp, of Ptias
are referred to Pty. The coordination number of O, 3 are determined through the fit.

d01,3 d02 nol 77,03 dBa dng1 275 AZpt AE Sg
0QC 2.57 1.73 0.5 2.7 3.18 2.69 | 2.31 0.1 -3.7 0.5
+002]|£013|£+£04 ] £0.7|£0.08 | +£0.03 +0.06 | £09 | £0.1

the calculations in normal and grazing incidence are given in Fig. [5.29] respectively and the
resulting values in Tab. [5.7]

The agreement of the cluster model with defects with the experiment is not as good as in the
cluster model case. The R-factor increases from 0.14 to 0.18, although all distances and coordination

numbers remained. Hence, this model is clearly a second choice.

Mapping of the Pt surface

The calculated curves from cluster model presented in Fig. show reasonable agreement with
experimental data. The key result is the presence of a Pt atom at distance of 2.69 A. In the cluster
model, Ti atoms occupies only one site above the Pt surface. Due to the aperiodic nature of the
QC system, Ti occupies several sites, as shown in Fig. (a). An interesting question arises: how
is it possible that only one site explains the structure so well?

To answer this question, one should consider that EXAFS is a local probe technique within 5 A
from the emitter. This method only indicates the distance of the atoms, while it does not depend
so much on the angular distributions. Therefore, the actual situation may be that Ti atoms occupy
different lateral sites on the Pt surface, whereby the distance to the first Pt neighbor remains
constant at 2.69 A in all cases. This can easily be achieved by small height variations above the Pt
surface, as illustrated in Fig. (b).

The Pt surface has been mapped by a uniformly distributed lateral mesh of Ti atoms in the
illustrated region in Fig. (a) by steps of 0.1 A, such that Ti-Pt distance to be kept at 2.69 A.
This hexagonal mesh occupies more than 100 sites and is fine enough for the analysis. The reason
for that will be discussed in more details shortly. Such a mesh leads to a height distribution of
Ti atoms up to 55pm (0.55A), as presented in Fig. (b). The asymmetry of the distribution
becomes obvious by considering two extreme cases: starting from an on top position and moving
one step leads to a smaller height change than starting from a 3-FH, as illustrated in Fig. (c),
while in both cases the Ti-Pt distance is kept constant.

Experimentally, the height distribution of Ti atoms can be assessed in an STM image of a BTO-
derived OQC (Fig. (a)). The analysis, done by S. Schenck, is compared to our approach, in
Fig. (b).

In addition to the QC arrangement, Ti atoms in Fig. (a) make the Kepler-approximant
arrangement. However, the exclusion of atoms in the Kepler-approximant is not a must for the val-

idation of the results, as explained in the following. The building blocks of the Kepler-approximant
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Figure 5.29: Experimental and calculated modulation functions and FFT of EXAFS at the Ti K-edge in normal
incidence, calculated with model of Fig.

are quite similar as those of QC. Therefore, even excluding the atoms of the Kepler-approximants
is not expected to change the height variation distribution, considerably. Furthermore, when per-
forming the EXAFS analysis, one can decrease the height variation by adjusting the Ti-Pt bond
lengths of Ti atoms in the on top and fcc 3-FH sites. After adjusting the thermal broadening by 0%,
there will be only minor changes in the calculated modulation function. In addition, the Pt(111)
surface has been assumed to be flat, while it may also have corrugations at atoms close to Ti. This
effect has also not been taken into account. Finally, there are stripes in the STM image, which
correspond to height variations up to 12 pm. Considering these points, the height variation in the
STM image (FWHM: 24 pm) and in the model derived from Fig. are in good agreement. This
shows that the assumption of a constant Ti-Pt distance is not in contradiction to a quasicrystalline
structure with a large number of adsorption sites.

The modulation functions have been calculated for the lateral mesh with Ti above the Pt surface.
Since the signal from Pt is mostly visible in grazing incidence, the calculations have been done for

an angle of incidence of 70°. The modulation function for each point of the mesh is the sum over all
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Figure 5.30: Experimental and calculated modulation functions and FFT of EXAFS at the Ti K-edge in grazing
incidence, calculated with model of Fig. [5.28

single and multiple scattering paths from Ti and the atoms of the first two layers of bulk Pt. The
maximum path length was set to 2x 5.8 A, which covers a radius of 5.8 A from Ti. The calculations
have been done using FEFF8-lite [88, |157, [158]. Figure (a) shows the modulation functions
for a series of positions along a line from the top to the 3FH site. The gradual change from one
curve to the next shows that the step size of 0.1 A is fine enough.

The average of the modulation functions from all of points of the mesh have been taken. To
obtain the average of a uniform distribution, every point of the corners of the mesh has been
weighted by 1/3, the points on the edges by 1/2 and the points inside the mesh by 1. Finally,
the average modulation function was summed with the modulation function, due to all single and
multiple scatterings of the BTO layers in Fig. m (a,b). This calculation has been performed
by DEMETER (using FEFF6) to include the values of the calculated coordination numbers of
the O atoms. For the calculations of the BTO layer and averaging the mesh, SZ was set to 1.
The result of this superposition is compared with the modulation function of the cluster model

and the experiment in Fig. [5.34] (b). For comparison, the edge shift of 5.6eV has also been
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C)

Figure 5.31: (a) An extreme example of lateral site distribution of Ti atoms in BTO-derived OQC on Pt(111)
surface, leads to the height variation of atoms, shown in (b), due to the constant Ti-Pt distance.

applied to the experiment to be consistent with the calculated results (Tab. . For the purposes
of consistency, multiple scatterings between BTO layers and Pt has not been included in both
calculated modulation functions, which lead to negligible differences in the modulation function of

the cluster.

It needs to be noted that to test the sensitivity of the calculations of the clusters in Fig. [5.25
to 02, p;, this parameter was set to zero, which results to marginal differences. The resulting
modulation function is shown in Fig. [5.34] (b). For the purpose of consistency, the calculations with

all sites of the mesh have also been performed by setting 0%, p, to zero.

Figure (b) shows that the results of the clusters in Fig. and the mesh are similar and
agree to the experiment within the noise level. Obviously, the off-3FH site is a good representative
of the mix of sites present in the OQC. Furthermore, the results of the off-3FH site fit slightly better

to the experiment, which indicate the existence of preferred sites above the Pt substrate.

For performing the analysis, all of the points of the mesh has been assumed to have the same
occupation probability. However, the reasonableness of this assumption should be investigated. To
investigate the distribution of Ti atoms on the Pt surface, the structure of the first till the fifth
generations of QC have been calculated by S. Schenck. The meaning of different generations of
the QC structure is given in the following: considering the edge of the building blocks in QC with
Niizeki-Géhler tiling as a, the edge in the second generation is (2++/3)" X a, in the third generation
(24 v/3)? x a and so on (see Fig. [2.4).

To investigate the occupation probability of sites on a Pt surface, all atoms of five generations

of QC were back-folded on a Pt unit cell, as shown in Fig. [5.35 For the purpose of simplicity of
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Figure 5.32: (a) The region of the lateral mesh of Ti atoms with steps of 0.1 A and the corresponding height
difference distribution (b). (c) The illustration of the asymmetry in the height distribution.

calculations, the origin of the unit cell was selected so that all Ti positions have positive values.
In addition, the difference between fcc and hcp 3-FH sites due to the presence of the second Pt
layer has not been taken into account. This is valid, due to the weak effect of the second layer
in the formation of QC layer. Experimentally, the edge of the building blocks in OQC has been
determined as 6.85 A [40] and the lattice constant of Pt(111) surface 2.775A [20]. The results of
the back-folding of Ti atoms are presented in Fig. [5.36] The figure shows uniform coverage of the
Pt surface by the back-folded Ti atoms of five generations. To a large extend, it approves the equal

probability of occupation of each point at the Pt surface by Ti atoms.

While back-folding the atoms, it has been found that the resulting pattern is extremely sensitive
to the ratio of the Ti-Ti to Pt-Pt distances. To look for other possible patterns, the Pt-Pt bond
distance was kept at 2.775 A and the Ti-Ti bond distance was varied carefully in the range of 6.8
to 6.9 A. It has been seen that a slightly higher value of 6.873309 A results in the pattern of Fig.
5.37 (a). In this most extreme case, the centers of blobs have a distance of about 0.4 A, which is
the largest distance found by a systematic scan of all values. Even in such a case, one would still
obtain a reasonable sampling of the underlying the Pt substrate. Furthermore, this pattern is only

one possibility out of hundred thousands and its occurrence probability is extremely small.

Further investigations lead to finding an interesting pattern, presented in Fig. [5.37 (b). The
figure shows a completely nonuniform distribution of the back-folded points in only three regions.
For the calculations of this pattern, the Pt-Pt bond distance has been kept at 2.775 A, whereas the
Ti-Ti bond distance has been set at 22.315023 75 A, which is unreasonable and does not affect the

presented results here.
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Figure 5.33: (a) An STM image of a large area of BTO-derived OQC sample taken with —1V tunneling voltage
at 77K. (b) The comparison of the corresponding height variation of the atoms in the image (a)
and the calculated one, shown in Fig.

5.2.5 Summary

The geometrical structure of BTO-derived OQC has been investigated in this chapter using XAS
spectra in normal and grazing incidences, which unexpectedly, did not show any pronounced direc-
tional anisotropy. The analysis of the EXAFS data resulted in two values for Ti-O bond-lengths:
an in-plane O at 1.71 A and an in- and an out-of-plane O at 2.56 A. The shorter in-plane and the
out-of-plane O atoms have small coordination numbers (0.23 and 0.38) with large errors, whereas
the longer in-plane O is more prominent with a coordination number of 3. The shortest Ti-Pt dis-
tance has been found as 2.69 A. Although Ba is a strong scatterer, only small hints have been found
about an in-plane Ba at 3.15 A. The low coordination number of the out-of-plane O indicates that
the spectrum in grazing can be described almost completely by scatterings from the Pt substrate.
The values obtained for the short in-plane Ti-O and the short Ti-Pt distance agree quite well with
the distances, achieved by density functional theory (DFT) calculations in the Kepler-approximant,
whereas in case of Ti-Ba distance, the agreement is not as good.

The quasicrystalline nature of the structure imposes occupation of different sites above Pt by Ti
atoms. Surprisingly, the presented cluster with only one site, off-3FH fcc, explains the experiment
as good as averaging over all possible sites, or even slightly better. This indicates the presence of
preferred sites of Pt for Ti. In addition, a pattern of occupation sites of Pt has been found by
back-folding Ti atoms in the QC structure in a Pt unit cell, which hints to the same direction. Due
to the interaction between the OQC layer and the crystalline Pt substrate, the Ti-Pt bond-length
has been found to be kept constant regardless of the site of Ti. This predicts height differences in
Ti atoms in the OQC layer, as approved by STM.
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Figure 5.34: (a) The individual modulation functions of the lateral mesh, discussed in the text, at the Ti K-
edge in grazing incidence starting from on top position to fcc 3-FH site. (b) The comparison of
k2-weighted modulation functions of the superposition of the sites in the lateral mesh (Fig. ,
the cluster model with Ti at close to fcc 3-FH site and the experiment (OQC) at the Ti
K-edge in grazing incidence.

Figure 5.35: The selected area of the Pt surface to back-fold Ti atoms in the QC structure, as discussed in the
text.
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The result of back-folding Ti atoms in different generations of the QC structure on the selected
area of Pt(111) surface, shown in Fig. [5.35l The Pt-Pt bond distance is set to 2.775 A and
the Ti-Ti bond distance is assumed to be 6.873309 A (a) and 22.3150237 A (b).
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6 Growth and decay of BTO-derived
OQC on Pt(111)

In this chapter the growth and decay of OQCs and BTO islands have been monitored using fast
and high resolution photoelectron spectroscopy. Changes in the Ti 2p, O 1s, Ba 3d and Pt 4f
photoemission lines reflect changes of the oxidation states and coordinations during wetting and
dewetting of the Pt surface. Wetting and dewetting are induced by heating in ultra high vacuum

or an oxygen atmosphere.

6.1 Experimental procedures

The chemical states of the elements in ultrathin films of BTO on Pt(111) are investigated by high
resolution X-ray photoemission spectroscopy at the SuperESCA beamline (Sec. [3.4.2). The Pt(111)
crystal has been bought from Surtau Preparation Laboratory NL (Rene Koper) and ultrathin films
of BTO have been deposited, as described in [40].

The Pt(111) single crystal has been cleaned by several cycles of Ar ion sputtering, O, annealing
at 870 K and UHV heating up to 1270 K. BTO was deposited by radiofrequency-assisted magnetron
sputtering at room temperature from a stoichiometric BaTiOj3 disk target with a diameter of 5.08 cm
(Thin Film Consulting, Grafenberg, 99% purity), with a distance of 10 cm from the Pt crystal. The
sputtering has been performed with a mix of 80% Ar and 20% O, with a total pressure of 4.5 x 1073

mbar and with a power of 30 W and at a rate of 0.7 nmmin~!.

The sputtering was followed by
heating in UHV, after which the formation of BaTiO3(111) islands has been verified by LEED.
By increasing the temperature to 1250 K, BTO-derived OQCs were formed. The initial thickness
determination by XPS indicates an average thickness of 3 to 4 ML, as is used for the naming of the
sample through out this chapter. However, as shown by AFM measurements, the actual average
coverage is 2 to 3 times higher.

The sample has then been transported through air to the beamline and introduced into a UHV
chamber with a base pressure of 3.5 x 107!% mbar. After a UHV flash at 1100K, the 12-fold
LEED pattern of BTO-derived OQC appeared. After performing high resolution XAS and XPS
measurements at room temperature, the sample was annealed at 825K under an oxygen partial
pressure of 5 x 10~7 mbar for 1100s and cooled down in oxygen. The oxygen valve was closed
at 375 K. While carrying out experiments, XPS spectra have been recorded. After oxidizing the
sample, a barely visible 2 x 2 LEED pattern of BTO islands appeared at an electron kinetic energy
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of 66eV. The LEED image shows the coalescence of BTO-derived OQC into BTO(111) islands,
through dewetting of Pt(111) surface. The islands are 2 to 3 ML thick, as estimated from the

portion of the freed Pt surface, as observed in low-energy electron microscopy (LEEM) images [41].

After recording the spectra, the sample has been further annealed in 1x 1075 mbar O, at 925 K for
1200s. The sample was then cooled down in oxygen and the oxygen valve was closed at 420 K. The
sharpness of the LEED pattern of this further annealed state, taken at an electron kinetic energy
of 66eV has decreased even further. This implies either formation of new amorphous structures

and /or loosing the long range order in the previously formed islands.

After recording XPS and XAS spectra, the sample was annealed in UHV, while XPS spectra
on the Ti 2p and the Pt 4f emission lines have been recorded. 1780s after starting to heat, the
experiment has been stopped due to a beam loss in the synchrotron. The experiment has been
continued after 90 min and the sample has been heated up to 1025 K and finally cooled down in
UHV to RT. The total duration of the second part of the experiment was 6000s. LEED images
have approved the formation of the OQC on the Pt surface, again. XAS and XPS measurements

have also shown that after the oxidation reduction cycle, the system is in its initial state.

After performing synchrotron measurements, the sample was transfered home in reduced state,
through air for AFM and PFM (piezoresponse force microscopy) experiments under ambient air
conditions and EELS measurement under UHV. The AFM images taken at different positions in
tapping mode show 35% to 47% coverage of the surface by BTO islands with a height of 10 to 17 nm
and a width of 30 to 50nm. It implies that only a small portion of the signal in the synchrotron
measurements originated from the OQCs and the main part is due to islands. However, the high
resolution of the data makes it possible to investigate the chemical states of the elements during
the growth and the decay of OQCs.

The ferroelectric properties of the islands have been investigated by piezoresponse force mi-
croscopy (PFM) in direct contact mode in remanence, using a MFP-3d from Asylum research. To
measure the ferroelectric behavior of the sample in contact mode, a small alternating voltage of
0.25V is applied to the piezo, which oscillates the AFM tip. This results in oscillations of the
islands in z direction at the contact position, due to the inverse piezoelectric effect. The amplitude
of these oscillations is plotted as a function of the polarization voltage of the islands in Fig. (b).
The phase difference of the applied alternating voltage to the piezo for polarization of the islands
and the tip response (in degree) is also plotted, which shows the hysteresis curve of the polarization.
The plotted curves imply a ferroelectric nature of the islands. The coercive voltages, shown by the
arrows, direct to voltages of -1 and 1.7V, at which the polarization directions in the hysteresis loop
change. However, this preliminary PFM measurement does not completely agree with the butterfly
amplitude curve and further investigations are required to study the ferroelectricity of the islands,

which is beyond the scope of this work.
Figure [6.1] (a) shows the topography of 4 ML, BTO on Pt(111), as measured by AFM (MFP-3d)

under ambient air in tapping mode with a cantilever spring constant of 0.6 N/m. The image was

measured with a drive amplitude of 0.05V, a drive frequency of 68 kHz, a scan size of 1.5 x 1.5
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nm? and a scan speed of 1.5 um/s. Figure (b) shows PFM measurements on the islands in contact
mode in remanence with a cantilever spring constant of 1.03N/m. Top: the phase difference of
the applied alternating voltage to the piezo and the tip responses (in degree), which shows the
islands polarization hysteresis. Bottom: island oscillation amplitude (in pm), which shows the
corresponding butterfly curve. The arrows direct to the voltages, where the polarization directions
change (coercive voltage). The PFM measurements were performed with a drive frequency of
324 kHz, a drive amplitude of 0.25V and an applied force of 39.6 nN to the islands.
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Figure 6.1: (a) Topography of 4 ML BTO on Pt(111) measured by AFM (MFP-3d) under ambient air in tapping
mode. (b) PFM measurements on the islands in contact mode in remanence. Top: The phase
difference of the applied alternating voltage to the piezo and the tip responses (in degree). Bottom:
Island oscillation amplitude (in pm). See text for the measurements parameters.

6.2 Binding energy calibration

High resolution X-ray photoemission spectra of the Ti 2p, the O 1s, the Ba 3ds/, and the Pt 4f
emission lines have been recorded. The measurements have been done with an integration time
(At) of 0.1s. The pass energy (FE,) of the analyzer has been set to 4¢V to record Pt spectra and
10eV for other measurements. The experiments have been performed at photon energies of 140
and 200eV for Pt lines, at 670¢eV for Ti and O lines and at 1000 eV for the Ba line. In addition, in
every preparation, overview spectra with an integration time of 0.05s and a pass energy of 10eV
were recorded at a photon energy of 1000eV. No surface contamination has been observed in the
overview spectra. During the oxidation/reduction experiments, here called ramps, Ti 2p (E, = 10
eV, At =0.05S) and Pt 4f (E, =7 eV, At = 0.03 S) lines have been measured at a photon energy
of 670eV. The measurements have been performed at normal and 70° off normal emission angles.
The XPS spectra in normal emission are shown in this chapter and the spectra in grazing emission
are presented in appendix (Fig. and . The fittings of the spectra in grazing emission were
performed with the same parameters as in normal emission. The observed directional anisotropy is
discussed in Sec. [6.3]
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The spectra have been normalized to the current from the last focusing mirror of the beamline.
Alternatively, spectra have been normalized to the high kinetic energy part of a spectrum, typically
3 to 5 points were sufficient. This normalization will be called normalization to the footpoints in
this work. The inelastic fraction of each spectrum has been approximated by a Shirley background
and subtracted. The calibration of the binding energy can be done using the positions of the Fermi
edge or the Pt 4f;7/, emission line. According to the NIST database, there is a range of 70.6 to
71.3 eV for the binding energy of latter. For easier comparison with literature, we choose 71.2¢eV, the
most commonly value [62]|. Figure shows the valance band region of Pt after such a calibration.
Obviously, the point of inflection has a shift of 0.15eV from 0eV. This ambiguity illustrates the

importance of the calibration, when comparing absolute binding energies.

2500 —
® Pt Fermilevel (1000 eV)
2000 —
e.O“. 0.15
) L]
(2] o
+1500 — o 000 ? °
g .\:’ we v %
S ]
o
1000 — °
p
%
500 — *
\\

T 17 T 1T T 17T
1.2 0.8 0.4 0.0
Binding energy (eV)

Figure 6.2: Fermi level of Pt, corrected in the binding energy by referring to the Pt 4f7/2 line in the overview
spectrum, taken at 1000 eV. The black bar shows the zero binding energy, while the point of inflection
of the spectrum is at 0.15¢eV.

6.3 X-ray photoemission spectroscopy

High resolution XPS spectra of the Ti, the O and the Ba emission lines of the sample in the reduced,
the oxidized and the further annealed states are presented in Fig. and [6.5] All spectra are
taken at room temperature and are normalized to the mirror current. They are quite complex and
manifest different oxidation states and coordinations.

The deconvolution of the Ti spectra has been done using 5 doublets. From collection of spectra
four Ti species have been derived. O and Ba spectra have been deconvoluted by 5 and 4 peaks.
The line shape of every peak in the reduced state and the ones, which have been modified in the
oxidized and the further annealed state are given in Tab. [8.1]

In this section, the components will be discussed and compared with values of known compounds.
Considering the binding energies in the Ti spectra, the first two components at lower energies are

assigned to Ti** and the ones at higher energies are assigned to Ti*". The O 1s line in the further
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Figure 6.3: High resolution XPS spectrum of the Ti 2p emission lines, taken in normal emission at room tem-
perature, at a photon energy of 6706V for 4 ML BTO sample (a) in the reduced state, annealed in
UHV and (b) oxidized state, annealed in 5 x 10~ mbar O,.

annealed state is broad. Its fit has been performed using components with similar line shapes as in
the reduced and oxidized states. However, due to its quite wide width, the resulting deconvolution

is not unique and may not be reliable.

The Ti component at 456.75¢V fits to the binding energy of T4t in Ti,Os with the O line at
530.1eV in the reduced, at 529.6 eV in the oxidized and at 529.5 and 529.8 €V in the further annealed
states 126| [133]. The peak at 529.8¢V in the further annealed state has been observed only in

grazing emission and therefore, is a surface feature.

The Ti component at 458.2 €V fits to 5-fold coordinated Ti** in BaTiSi,Og . As discussed in
Sec. [6.7], the O line at 529.6 eV arises during oxidation, which makes it plausible to be considered
as the connected oxygen to the 5-fold coordinated Ti with the emission line at 458.2¢€V.

The Ti peak at 459.25€V in the reduced state is less intense in the XPS spectrum of the sample
with 1 ML BTO on Pt(111) in Sec. [.2.3| (Fig. [5.13] (a)). The 1 ML sample contains small islands
with a height of 1.6nm in the oxidized state (Fig. , whereas the heights of the islands in the
4 ML sample are 10 to 17nm (Sec. [6.1)). Therefore, the Ti peak at 459.25€V in the reduced state
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Figure 6.4: High resolution XPS spectrum of the O 1s and Ba 3d5/, emission lines, taken in normal emission at
RT, at a photon energy of 670 (O 1s) and 1000eV (Ba 3d5,2) for 4 ML BTO sample (a,b) in the
reduced state, annealed in UHV and (c,d) in the oxidized state, annealed in 5 x 10~ mbar Os.

can be assigned to a Ti*" component in large islands. This component is shifted to 459.05¢V in
grazing emission Fig. [8.3[ (a). Without further experimental evidence, one cannot say much about

reasons.

The Ti peak at 459.25 eV in the reduced state can be assigned to Tiin BTO with the corresponding
O and Ba lines at 530.1 and 780 ¢V [134]. The same Ti component at 459.25 ¢V in the oxidized state
also fits to Ti in UHV fractured BTO with the O line at 530.6eV [146] and bulk and surface Ba
components at 779.65 and 780.6 eV [159]. Ti peak at 459.05¢V in further annealed state also fits to
Ti in UHV fractured BTO with the O line at 530.45eV [146] and bulk and surface Ba components
at 779.65 and 780.6 eV [159]. However, no directional dependence has been observed for the two Ba

components, which indicates undercoordinated Ba in the bulk.

The Ti peak at 459.25¢€V in the reduced and the oxidized states at 459.25eV and in the further
annealed state at 459.05eV can also be assigned to 6-fold coordinated Ti** in Ba,TiSi;Og by O
atoms. This Ti component can also be assigned to Ti*t in rutile with the O line at 530.1¢V in
the reduced, at 530.6 eV in the oxidized and at 530.45 and 530.7€V in the further annealed state.
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Figure 6.5: High resolution XPS spectrum of (a) the Ti 2p and (b) the O 1s (taken at 670€V) and (c) the Ba
3ds 5 (taken at 1000 €V) emission lines of 4 ML BTO sample in the further annealed state, annealed
in 1 x 107° mbar O,, taken at normal emission at room temperature.

Comparing normal and grazing spectra in the further annealed state reveals that the component
at 530.45¢€V is a bulk feature, whereas the one at 530.7 €V is a surface feature [131} |132].

The O peak at 530.1eV in the reduced state is not present in the oxidized state, while the surface
feature at 529.75¢eV shifts by 0.15 to 0.2eV to lower binding energies, as discussed in Sec.
Probably, the origin of this shift is the change in the structure and coordination number and not
band bending, because the direction of the shift does not agree: via oxidation, the sample turns

more p-doped, which would cause a shift to higher binding energies.

The broad O features with binding energies at 531.3 eV in the reduced, at 530.6 €V in the oxidized
and at 530.7¢V (as a surface component) in the further annealed state fit to OH groups in Ba(OH),
with the Ba lines at 780, 780.6 and 780.6€V, respectively [138| [139]. In addition, the peak at
531.3€V in the reduced state agrees with the binding energy of OH groups on the Pt surfaces [137,
143).

The existence of OH groups bonded to Ba in the sample is questionable. The broad peak at
531.3eV still exists at 999K, as shown in Fig. (b), while the decomposition of Ba(OD), in
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6 Growth and decay of BTO-derived OQC on Pt(111)

a thick BaO film is complete at 550 K [140]. Even the dehydration of bulk Ba(OH), is complete
at 1025 K [160]. Although the peak area at 531.3 eV has reduced from 47% to 35% of the total
spectrum area during annealing in UHV it still has a large portion, which implies that this feature
may be a real characteristic of OQCs. I addition, no OH groups have been detected in EELS
measurements (private communication, F. O. Schumann).

Most likely, the peak at 531.3 €V is not a satellite, since no satellite peaks have been observed for
BTO in this energy range |146]. Furthermore, according to the NIST database, all O 1s satellites
are above 533.3¢eV and the energy shift of the only exception at 531.9eV from the main peak is
1.9¢eV [161]. Similar broad features in cobalt oxide compounds have been assigned to surface O
species, O at defects and also OH groups [142, |162], 163, [164].

The O peak at 530.1¢eV in the reduced and the surface feature at 529.8 ¢V in the further annealed
states fit to adsorbed Og on the Pt surface |137] 165]. Although no oxygen molecules remain on
the Pt surface at a temperatures above 825 K [136], they may have readsorbed, while cooling down

the sample in O, pressure, as well as by adsorption from the residual gas in UHV.
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Figure 6.6: High resolution XPS spectrum of the O 1s emission line of 4 ML BTO sample in the reduced state,
taken at (a) room temperature and (b) annealed at 999 K in UHV at a photon energy of 670€V in
normal emission.

The last O peak at 533€eV in the reduced and at 531.9¢eV in the oxidized states at room tem-
perature is not present at 999K in UHV (Fig. (b)) and 826 K in 5 x 10" mbar O, (Fig. [6.15
(a)).

the chamber. This peak is much more pronounced in the further annealed state and appears as a

This reveals that this component can be assigned to contamination due to residual gas in

surface feature at 532.55 eV with the intensity as high as the main O peak and forms a double peak
feature in grazing emission (Fig. |8.4] (¢)). Although this peak also fits to HoO on the Pt surface
[166], [167], no water can remain on the surface above 210K [144], as discussed in Sec. [5.2.3]

There are some other peaks in the spectra, which cannot be assigned to any compound and
therefore, can be originated from defects or characteristics of the investigated system. These features
in the Ti spectra are at 456.45 and 459.8 eV in all states, where the peak at 459.8 eV in the reduced

state is a surface feature. The features assigned to defects in the Ba spectra are at 781.35€eV in

102



6.3 X-ray photoemission spectroscopy

the reduced and at 778.8 eV in the oxidized state. In the further annealed state, the surface feature
at 778.8eV and the bulk feature at 781.45eV may also be assigned to defects. The surface O 1s
component in the reduced state at 529.75€V is also unknown.

The reported Ti*" binding energies in fresnoite glasses (BayTiSiyOg), reported in [132] show a
decrease with lowering the coordination number of Ti atoms. The intensity change of Ti** at 459.25
and 458.2¢eV in the investigated sample in this work is also interpreted as changes in the amount
of Ti atoms with 6 and lower coordination numbers, as discussed in Sec. and

The presented spectra in this chapter have been taken always at the same position of the sample,
labeled as z = 197 mm. To investigate sample inhomogeneities, the Ti 2p spectrum has been taken
at a different position, labeled as z = 191 mm in normal emission at RT. The spectra at the two
positions are presented in Fig. The intensity of 6-fold coordinated Ti** component in the
spectrum at z = 191 mm is almost two times as the one at z = 197 mm, while intensity changes
of the other components are not significant. This indicates that the spectrum at z = 191 mm
contains more information about the large islands. Figure [6.7] also illustrates the inhomogeneity of

the sample.
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Figure 6.7: High resolution XPS spectrum of the Ti 2p emission lines, taken in normal emission at room temper-
ature, at a photon energy of 670V for 4 ML BTO sample in the reduced state, annealed in UHV,
recorded at a position labeled as (a) z = 197 mm and (b) z = 191 mm.
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6 Growth and decay of BTO-derived OQC on Pt(111)

In summary, the Ti component at 456.75¢V can be assigned to 6-fold coordinated Ti®*, like in
TiyO3, with the O emission line at 530.1 €V in the reduced, 529.6 €V in the oxidized and 528.5 and
529.8¢€V in the further annealed state. There is no literature reference for the Ti** component
at 456.45¢V. Tentatively, we assign it to 5-fold coordinated Ti**. The Ti** component of OQC,
which is presumably 3-fold coordinated is also in the range of these two Ti*™ components. The Ti
component at 459.25¢€V in the reduced state can be assigned to 6-fold coordinated Ti** in BaTiO3
with the O and the Ba emission lines at 530.1 and 780eV. In the further annealed state, the Ti
component at 459.05eV can also be assigned to Ti in BTO with the O component at 529.5 and
530.7eV and the bulk and surface Ba components at 779.65 and 780.6 eV, respectively.

The Ti component at 458.2 ¢V can be assigned to 5-fold coordinated Ti*", as in BaTiSi;Og. The
two strong O components at 530.6 and 531.3 eV are preferably assigned to O at defects and not to
OH groups, due to some negating evidences. The small O component at the highest binding energy

in all spectra can be assigned to surface contaminations.

6.3.1 Investigation of satellites in the Ti 2p emission lines

Satellite peaks in photoelectron spectra can yield valuable information about a system. To in-
vestigate this, high resolution XPS spectra with a wider energy range have been recorded for the
Ti 2p emission lines of 4 ML BTO sample in the reduced, the oxidized and the further annealed
state in normal emission at RT and are presented Fig. [6.8f To be consistent with literature, only
linear backgrounds have been subtracted from the spectra. The small peaks centered at 471.40
and 477.35eV with an energy difference of 13.15 and 13.30eV from the Ti 2p;/23/2 peaks in the
oxidized state are close to the reported shake-up satellites, separated by 13.2eV in bulk BTO [146].
Analogous shake-up satellites with a separation of 13.6eV are observed in STO. In STO, these
satellites are assigned to transitions from 2p e, states (mainly O character) to 3d e, states (mainly
Ti character) [168]|. These satellites are assigned similarly in BTO [169].

Ti 2p emission lines of 4 MLL BTO sample in the further annealed state shows similar satellites as
in the oxidized state, with an energy separation of 13.2 from the Ti 2p3/5 peak, in agreement with
literature for bulk BTO. The noise level of the second satellite peak in the oxidized and the further
annealed state is too high to reliably determine the energy separation from the Ti 2p;/; peak.

Shake-up satellites have also been observed with Ti** in Ti;O3 at 471 and 477eV [170]. The
satellite at 471eV is separated by 12eV from the main Ti 2ps/» peak. Considering the position
of Ti** component in the 4 ML BTO sample in the reduced state, Fig. (a) (at 456.55€V) the
corresponding satellite is expected to be observed at 468.55¢eV. The superposition of such a satellite
feature with the satellites of the Ti** component results in the broad feature observed at 467.3 to
479.3 eV in the reduced state.

It needs to be mentioned that the discussed satellites of the Ti** components correspond to BTO
and STO single crystals, in which Ti atoms are 6-fold coordinated by O atoms. Since no difference
in the satellites was found and no data for compounds with 4- and 5-fold Ti is known, no additional

information about the system can be gained.
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Figure 6.8: High resolution XPS spectrum of the Ti 2p emission lines, taken in normal emission at room tem-
perature at a photon energy of 670 €V for the 4 ML BTO sample in (a) the reduced, (b) the oxidized
and (c) the further annealed state.

6.4 Stoichiometry

The stoichiometry of 4 ML BTO on Pt(111) has been determined using XPS. First, the spectra
have been normalized to the mirror current and then to the number of scans and the integration
time per measured point. In addition, a Shirley background has been subtracted. The total Ba 3d
area has been approximated by multiplying the Ba 3d;5,, line by a factor of 5/3. Then the spectrum
area of each emission line has been divided by S’ according to Eq. The results have been
normalized to those of Ti and are reported in Tab. [6.2]

As discussed in Sec. [6.3] the O 1s components with binding energies of 531.9 to 533eV are
assigned to contaminations and have been excluded from the spectrum area. Their resulting O
stoichiometric ratios are labeled O1 in Tab. [6.2] In a similar calculation, the broad O peaks at
530.6, 530.7 and 531.3 eV have also been subtracted. The resulting values are labeled O2.

The values of photoionization cross section, 4, have been taken from [151] (according to [152,
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6 Growth and decay of BTO-derived OQC on Pt(111)

Table 6.1: The values of o4 and the calculated values of A, z and S” according to Eq. calculated
for the Ti 2p and the O 1s emission lines at 670€eV and for the Ba 3d at 1000V photon

energies.
Element oA Am,E S’
Ti 0.92467 | 6.8 A | 0.02953
Ba 1.63133 | 6.9A | 0.05102
0) 0.31353 | 5.6 A | 0.01245

Table 6.2: The stoichiometry of 4 ML BTO on Pt(111) in the reduced, the oxidized and the further
annealed state, determined by XPS, taken in normal and grazing emission angles. O1 stands
for O values resulting from subtracting only the contamination peaks from the total O area,
while O2 values result from subtracting the broad feature, assigned to O in OH or surface
defects, in addition.

State Measur. Tempe. | Emission angle | Ti | Ba | O1 | O2
Reduced RT 0° 11065 |325| 1.7
Reduced RT 70° 1 1095 46 | 235
Reduced 999 K 0° 1 - 43 | 2.8
Oxidized RT 0° 1 10.75 (525|235
Oxidized RT 70° 1 1095 |6.15 | 275

Further annealed RT 0° 1] 08 | 55 |1.55
Further annealed RT 70° 1| 1.1 9 1.3

153]. A g is the mean free path of photoelectrons with a kinetic energy of £ in the matrix m. The
values of A, g have been determined employing the specifications of bulk BTO, according to [123|
124]. The values of 04, Ay, g and S are reported in Tab. for photon energies of 670eV for Ti
2p and O 1s and 1000 eV for Ba 3ds,, emission lines.

The photon energies have been selected to be quite surface sensitive. Except in the further
annealed state in grazing emission, the sample in each oxidation state is Ti rich, which is more
pronounced in the reduced state with a Ba:Ti ratio of 0.65 in normal emission. This ratio increases
to 0.75 and 0.8 in the oxidized and the further annealed states, which indicates increase of Ba
in the surface via oxidation. This also agrees with the generally higher Ba:Ti ratio in grazing
emission. The rise in this ratio is in agreement with the results for 1 ML BTO, presented in Tab.
[b.4] calculated from XAS data.

By excluding the O 1s component with a binding energy of 531.9 to 533 eV (assigned to contami-
nations), the calculated O:Ti ratios (labeled as O1) show unreasonably large values, particularly in
grazing emission. This indicates the presence of oxygen containing adsorbates. The subtraction of
the broad O component (at 530.6, 530.7 and 531.3 ¢V) yields O2, which under estimates the amount
of oxygen, in particular for the further annealed state. Although a satisfying separation of the com-
ponents cannot be achieved, the uptake of oxygen during the oxidation and the accumulation of
oxygen at the surface are obvious.

The increase in O:Ti ratio in the oxidized and further annealed states, as well as the larger

values in grazing emissions are in agreement with falls in the Ti** and rises in Ti** components
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6.5 X-ray absorption spectroscopy

in the oxidized and further annealed states. Unexpectedly, the amount of O value increases in the
reduced state at 999 K, which may be due to an elongation of the sample holder and a change in
the investigated spot and inhomogeneities of the sample. The unreasonable values of O:Ti ratios
show that the subtraction of contamination components cannot be done properly, particularly in

the further annealed state, where the O spectra are quite broad.

6.5 X-ray absorption spectroscopy

X-ray absorption spectroscopy has been performed on the sample at the Ti L-edge, the O K-
edge and the Ba M-edge in Auger electron yield mode in normal and grazing (70° from normal)
incidences. The corresponding Auger transitions are Ti L23M23V, O KVV and Ba M4N45N45.
The kinetic energy of the Auger electrons are 420, 506 and 598 eV with inelastic mean free paths of
10.23, 11.61 and 13.05 A in bulk BTO, calculated according to [123, [124]. The values of inelastic
mean free path of the Auger electrons mean mixed surface and bulk sensitive XAS measurements.

The X-ray absorption spectra of the sample at two angles of incidence in different oxidation
states at the Ti L-edge, the O K-edge and the Ba M-edge are presented in Fig. and
respectively. Different transitions in the spectra are labeled according to [171]. For comparison,
XAS measurements of a BTO(001) crystal recorded in TEY mode is also given |171].
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Figure 6.9: X-ray absorption spectrum at the Ti L-edge of the reduced, the oxidized and the further annealed
state of 4 ML BTO on Pt(111) in normal and 70° off normal incidences and the BTO(001) in normal
incidence. The spectra of the 4 ML (bulk) BTO sample were recorded in AEY (TEY) measurement
mode. The peaks are labeled according to [171].
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Figure 6.10: X-ray absorption spectrum at the O K-edge of the reduced, the oxidized and the further annealed
state of 4 ML BTO on Pt(111) in normal and 70° off normal incidences and bulk BTO(001) in
normal incidence. The spectra of the 4 ML (bulk) BTO sample were recorded in AEY (TEY)
measurement mode. The peaks are labeled according to [171].

Figure [6.9] shows a small directional anisotropy in all oxidation states at the Ti L-edge, similar
to the Ti K-edge (Sec. . All presented spectra are normalized to have the same height in the
tog peak at the Ls-edge. Considering the pre-edge and the post-edge features of the spectra in the
reduced state, the spectra in normal and grazing incidences can be viewed as a superposition of the
spectra of 6-fold coordinated Ti in bulk BTO and 6-fold coordinated Ti** in Ti,O3 , . This
in agreement to the formation of the OQC layer and the presence of large islands, as also found by
AFM (Fig. 6.1 (a)) and XPS measurements in Sec. and [6.3]

In the Ti*" spectra, the states between the to, and e, ones are due to lifting the degeneracy of
the e, levels, where the by, level remain at its position and the a;, level shifts to lower energies.
The to, levels at 458 €V remain unchanged.

The main XPS line of Ti*" in the oxidized state in Fig. [6.3] (b) has the same binding energy
as 5-fold coordinated Ti*" in a fresnoite glass (458.4€V [132]). In the further annealed state in
Fig. [6.5/ (a), the component, which fits to 5-fold coordinated Ti*", is present, while that, which fits
to the 6-fold coordinated, is shifted to 459.05eV. Considering the surface sensitivity of XPS, the
presence of an XPS line at 458.2 eV in the oxidized state implies that Ti in small islands and at the
surfaces of the large islands has a lower coordination than in the bulk, like a 5-fold coordination.
By further annealing the sample in oxygen, the coordination of some Ti** change to 6-fold.

This scenario is in agreement with the XAS measurements. The Ti L-edge spectra in the oxidized

and the further annealed states are quite similar and also similar to bulk. However, the t5;, — ¢,
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Figure 6.11: X-ray absorption spectrum at the Ba M-edge of 4 ML BTO sample in the reduced and the oxidized
state in normal and 70° off normal incidences and bulk BTO(001) in normal incidence. The spectra
of the 4 ML (bulk) sample were recorded in AEY (TEY) measurement mode.

splitting at the L-edge is 0.1V smaller than that of bulk. The 5-fold coordinated Ti*" in fresnoite
also shows a small decrease in the to, — e, splitting [174]. This point implies that the spectra of the
oxidized and the further annealed are composed of 5- and 6-fold coordinated Ti. In addition, the
FWHM of the e, level at the Ls-edge in the oxidized state is 1.25eV, which is broader than that of
bulk (1.1eV), while that of the further annealed one is slightly narrower. This point hints to the
presence of at least two structures in the oxidized state, while the amount of the 5-fold coordinated
structure in the further annealed state has decreased, which results in the narrowing of the spectra.
However, this is a small effect.

The O K-edge spectra of different oxidation states in two angles of incidence are presented in
Fig. [6.10] which are normalized to the first peak at 530.6eV. The spectra show some differences
from bulk. O states are strongly affected by neighbors. This leads to a more complex situation at
the O edge than at the Ti edge. Some features in the spectra at the O K-edge are similar to those
in the bulk, but other contributions are clearly present.

In the reduced state, the dip at 532 €V is filled, as expected. This is due to lifting the degeneracy
of the e, levels, as described above. In all oxidation states, the two Ba 5d resonances are combined
to one, while Ba 6d remains overruled by something else. Filling the dips at 539 and 544 eV in the
bulk spectra agrees with the presence of the peaks in Ti;O3, which are due to a transition from O
1s to O 2p, hybridized with Ti 4s and 4p states [175].

The filling of the dip of the bulk spectrum at 532eV in the oxidized and the further annealed
states may be assigned to the transition of the O 1s to O 2p orbitals hybridized with Ti 3d orbitals
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6 Growth and decay of BTO-derived OQC on Pt(111)

in 5-fold coordinated Ti** similar to fresnoite |176|. Even though the Ti L-edge and the Ba M-edge
(Fig. and of the oxidized and the further annealed states are very bulk-like, the spectra
of the O K-edge do not show pure 6-fold coordination of Ti atoms. The features indicate a change
in coordination like 5-fold coordination or at least distorted octahedral coordination.

The Ba M, 5-edge spectra of different oxidation states in two angles of incidence are presented
in Fig. [6.11] which are normalized to the first peak at 784.2¢eV. The spectra are similar to that of
bulk, with well-resolved pre-edge features. However, they are dominated by extremely pronounced
resonances, which even hide the step at the Ms-edge. There is a decrease in the spin-orbit splitting
of all spectra, compared to bulk, which can be due to the background in the bulk spectrum. As the
spectra show, the oxidation state of Ba in the reduced and oxidized cases remains Ba?*T and due
to the small differences, no more specific conclusion about changes in coordination, which affect
hybridization of the Ba 4f and the O 2p levels can be drawn.

In summary, XAS spectra confirm the interpretation of the results from XPS spectra given in
Sec. and [6.8] The spectra at the Ti L- and the O K-edge in the reduced state can be viewed as
the superpositions of the spectra of bulk BTO with 6-fold coordinated Ti**t and Ti,O3 with 6-fold
coordinated Ti**. The spectra at the Ti L-edge in the oxidized and further annealed states are
composed of 5- and 6-fold coordinated Ti, while the amount of the 5-fold coordinated structure in
the further annealed state has decreased. The spectra at the O K-edge in the oxidized and further
annealed states do not show pure 6-fold coordination of Ti atoms and hint to the direction of lowering

the coordination, like in a 5-fold coordination or at least a distorted octahedral coordination.

6.6 UHV annealing of the reduced 4 ML BTO on Pt(111)

A 4ML BTO overlayer on Pt(111) in the reduced state was heated in UHV from room temperature
up to 999 K. Figurem (a) shows the Ti 2p spectra taken at RT and at 999 K. All Ti*" components
show a shift to 0.5eV to lower binding energies, whereas almost no shift (only 0.05eV shift) has
been observed in the Ti** components. Figure shows the corresponding O 1s spectra at RT
and at 999 K. The changes in the spectra are compatible with shifts of two components by 0.35
and 0.5eV, similar to the shifts in the Ti 2p spectra. However, the broadness of the spectra and
the overlapping of the components do not exclude other fits.

To investigate these shifts in more details fast XPS measurements have been performed while
ramping the temperature from RT up to 950 K and down to RT, as shown in Fig. 8.5 Ti 2p and
O 1s emission line have been recorded and analyzed according to the components in Figs. and
[6.13] The shift of green Ti** component, which is the combined shift of all Ti** components and
the shift of the blue O 1s component are shown in Fig. [6.12] In this experiment the overall shift
in the O and Ti emission lines are 0.25 and 0.4 eV and occur simultaneously. The shift of the O
1s line is completely reversible, whereas the backward shift is smaller than the forward shift in the
Ti 2p, as illustrated in Fig. [8.6l The simultaneous shift of both components and the pre-dominant

reversible process indicate that the reason for this shift is not a change in chemical state but a field
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effect across an insulator, for example band bending.
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Figure 6.12: The binding energy shifts of the green Ti** (in Fig. and the blue O 1s components (in Fig.
6.13) during heating the 4 ML BTO sample in UHV up to 950K and cooling down to RT, taken
at a photon energy of 670€V, in normal emission (Fig. .

The presence of Ti*T means doping and an increase in conductivity, which in turn suppresses
such field effects and leads to Ti** and O components, which do not shift. Therefore, we expect an

inhomogeneous distribution of Ti** in across the surface.
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Figure 6.13: High resolution XPS spectrum of the O 1s emission lines, taken in normal emission at (a) RT and
(b) 999K for 4 ML BTO sample in the reduced state at a photon energy of 670€V.
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6 Growth and decay of BTO-derived OQC on Pt(111)

6.7 Oxidation of 4 ML BTO on Pt(111)

Monitoring the dewetting of the Pt surface via the coalescence of the wetting layer into islands
is extremely interesting. It enables to investigate the coordination changes in the islands and the
layer. As the sample in the reduced state was at 387 K, oxygen was injected into the chamber up
to a pressure of 5 x 1077 mbar and the sample was heated first to 774 K and then to 825 K. At this
state, high resolution spectra of the Ti 2p, the O 1s and the Ba 3d emission lines were recorded
(Fig. 6.14] (b) and Fig. [6.15)). The sample was then cooled down in O,. The oxygen valve was
closed at 373 K and the measurement stopped at 363 K. After taking a LEED image at 66eV, XAS
and XPS spectra of Fig. [6.3| (b) and Fig. [6.4] (b,d) were recorded. The 1 x 1 pattern confirms the
formation of BTO islands.
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Figure 6.14: High resolution XPS spectrum of the Ti 2p emission lines of the 4 ML BTO sample in normal
emission, (a) taken in the reduced state at 301 and 999 K (UHV annealed) and (b) taken in the

oxidized state at 320 and 828 K (oxygen annealed at 5 x 10~7 mbar O5), at a photon energy of
670eV.

While heating and cooling the sample, XPS spectra of the Ti 2p and the Pt 4f emission lines

have been recorded at a photon energy of 670eV. The binding energies of the Ti 2p spectra have
been determined by referring to Pt 4f lines with a precision of +0.05 eV.
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Figure 6.15: High resolution XPS spectrum of the 4 ML BTO sample of (a) the O 1s and (b) the Ba 3d5,
emission lines, taken at RT (sample in the oxidized state) and at 826 K (oxidizing at 5 x 107 mbar
O2) with a photon energy of 670V for the O 1s line and 1000V for the Ba 3ds/, line in normal
emission.

Similar to the shifts in binding energy observed during the UHV annealing of the reduced sample,
shifts in binding energy have also been observed with the oxidized sample. For example, during
oxidation, Ti** components shifted by 0.35eV to lower binding energies at 828 K compared to
those at RT in the reduced or oxidized states (Fig. [6.3| (a,b)), whereas Ti*" components remained
constant. During cooling, the O 1s and the Ba 3d5/, components shift up by 0.3 eV, which is close
to the 0.35eV shift of Ti*" components.

Figure m presents the relative binding energy shifts of the two Ti** components in the reduced
(the green peak) and in the oxidized (the blue peak) states. As a guide for the eye, a straight line
has been fitted to the points of the reduced sample. Since the points of the oxidized sample show
the same behavior, it indicates that the same field effect is the reason for the shift. Since in the
oxidized sample all islands are supposed to be rather insulating, it confirms the idea that on the
reduced sample, insulating and conducting regions are present. Figures[6.12]and are combined
in Fig. B.7]

The spectra of the Ti 2p lines while heating and cooling ramps are presented in Fig. [6.17 The
spectra have been normalized to the footpoints of the corresponding Pt spectra. The spectra have
been fitted by the same components as the high resolution spectra in Fig. [6.3] The changes in
binding energies and relative areas of the individual components during the experiment are presented
in Fig. [6.18 With a photon energy of 670€V, the inelastic mean free path of the photoelectrons
from Ti atoms is 6.8 A (Tab. . This leads to a high surface sensitivity, so that the main
portion of the spectrum originates from small islands, which are about 3 ML and are formed by
the coalescence of the OQC layer via oxidation [41], as well as from a surface layer of 4 to 5 ML of
large islands (Fig. . Although the high resolution spectrum before the ramp at 402 K shows a
binding energy of 459.05¢eV for the green Ti'™ component (Fig. [8.8)), injecting oxygen leads to a
shift of this component to its lowest value at 458.9¢eV in the first spectrum of the ramp at 387K
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Figure 6.16: Binding energy shifts of the Ti** components in Fig. via heating in UHV, referenced to the
green Ti*t component at 549.25eV at 301 K in the reduced state, shown as green squares and are
fitted with a line. The blue circles indicate the shifts in the blue Ti**t component, referenced to
its binding energy at 548.2¢eV (at 320K) in the oxidized state, while oxidizing of the 4 ML BTO
sample at 5 x 10~7 mbar O,.

and further heating does not affect the binding energies any longer. This shows the role of oxygen
uptake in the binding energy of the Ti*t components. The back shifting of the binding energies
during cooling from 458.9eV at 825 K to 459.05eV at 363 K has been resolved by the experiment
and shown by the analysis in Fig. [6.18]

During the oxidation, the relative area of the blue Ti*" component (at 458.2eV at RT) grows
dramatically and the relative area of the orange Ti*" component at 456.75¢V decreases to one half
at the end of the ramp. The relative area of the magenta Ti** component at 456.45 eV and the green
Ti'** component (at 459.25eV at RT) vanish almost completely. The light blue Ti** component
(at 459.8 eV at RT) is too small for the detection of any change.

As shown in Fig. [6.18] from room temperature to 725K, there is a simultaneous decrease in the
green Ti*t and both Ti** components and an increase in the blue Ti** one. The conversion of the
green Ti*" to the blue Ti*" is complete, whereas the conversion of Ti** to Ti'" is partial (25%),
presumably Ti*" at the surface and not in the bulk. 50% conversion of Ti*" is achieved at the
temperature of 775K and 75% at 825 K.

The observed growth and decay of components suggest the following scenario. During the initial
heating of the reduced sample in oxygen (below 725 K) oxygen vacancies at the surface are filled
and Ti** at the surface are converted to Ti**, but Ti** in the bulk of islands remains unaffected.
The complete conversion of the 6-fold to the 5-fold Ti** at such low temperatures casts some doubt
on the assignment of the 5-fold Ti**. Maybe the blue line originates from a different and so far
unknown Ti*t species. The temperature increase to 825K results in a further decrease of Ti**
and dewetting of the Pt surface and the formation of small islands, in which Ti** is also 5-fold

coordinated by oxygen.

Further annealing the sample in oxygen results in the growth of a new Ti'™ component at
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Figure 6.17: The Ti 2p emission lines of 4 ML BTO on Pt(111), taken in normal emission during oxidation in
5x 10”7 mbar O,. The binding energy of every individual spectrum has been corrected by referring
to the Pt 4f spectrum.

459.05¢eV (Fig. (a)), which is shifted by 0.2eV compared to the green Ti'" component at
459.25¢V (Fig. (a)). Due to similar binding energies, this new component is also assigned
to 6-fold coordinated Ti*". Annealing the sample in UHV below 675K (Sec. , results in two
processes: 1) Reduction of 5-fold coordinated Ti** to Ti**. 2) Transformation of 5-fold coordi-
nated Ti** to 6-fold coordinated Ti** (Fig. [6.22)). In the temperature range between 870 to 1020 K
rewetting of the Pt surface and the formation of OQCs occur. While rewetting, the small islands
with 6-fold coordinated Ti** collapse. The collapse of the 6-fold coordinated Ti*t results in a
sudden increase in the orange component of Ti*T with the binding energy of 456.75¢V (at RT).
This concurrently results in a sudden decrease in the surface component of the Pt 4f signal, which
proves the simultaneousness of these two processes. During the formation of OQCs, no pronounced
intensity change has been observed in 5-fold coordinated Ti** or the magenta component of Ti**.

The jump in the relative area ratio of the orange Ti** and the blue Ti** components at 774K
originates from a short pause in the experiment, while the temperature and O pressure have been
kept constant. It needs to be mentioned that the presented experiment durations in this chapter

are the sum of all of measurement times, while the time of pauses have been skipped. Since the
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Figure 6.18: Temperature, relative areas and binding energies of individual components of the Ti 2p emission
lines of 4 ML BTO on Pt(111) versus time, taken in normal emission during oxidation in 5 x 107
mbar Oz, shown in Fig. 6.17, The color codings of the components are the same as Fig. .

temperature has been kept at 774 K, the processes continued, which resulted in the increase of the
blue Ti** and the decrease of the orange Ti** component.

The relative area changes of the total Ti** and the total Ti**t components are presented in Fig.
[6.19] The relative total Ti*t area decreases from 0.5 in the reduced state to 0.2 in the oxidized
state, while the relative total area of Ti** increases from 0.5 to 0.8.

As discussed previously, OQCs coalesce into BTO(111) islands via oxidation. This leads to a
decrease in the total area of the XPS spectra of the BTO elements. The coalescence of OQC
into islands also leads to an increase in total area in the XPS of Pt 4f spectra. To investigate
the variation of the total spectrum areas, they need to be properly normalized. Two methods of
normalization have been tried in this work. The first approach is normalizing to the mirror currents,
before background subtraction. The results are appended to the right axis as blue curves in Fig.
0. 191

The second approach is normalizing to the footpoint of the Pt spectra. The results are appended
to the left axis as the curves in Fig. [6.19) Comparing the two approaches, the normalization to
Pt footpoints leads to smaller temperature dependent fluctuations in the total area of Pt, while no
pronounced difference is present in case of Ti.

The XPS measurements have been performed at 670eV, which is quite surface sensitive for Ti
and more bulk sensitive for Pt. However, no distinct change in the total areas of Ti and Pt have
been observed by either of the two normalization methods. The expectations are not met, specially

regarding the Ti total area, considering the surface sensitivity of measurements. This may be due
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Figure 6.19: Relative areas of the total Ti** and the total Ti** contributions of the Ti 2p emission lines of 4 ML
BTO on Pt(111) versus time, during oxidation in 5 X 107 mbar O,, shown in Fig. , taken in
normal emission. The total Ti and Pt areas normalized to the mirror current (Pt footpoints) are
appended to the right (left) axis.

to an elongation of the sample holder and a change in the investigated spot and inhomogeneities of
the sample.

A second oxidation ramp has been performed on the sample once it had been brought back to the
reduced state. The sample has been annealed in 5x 10~7 mbar Oy, starting at room temperature and
up to 825 K and then cooled down in Oy to room temperature. While performing this experiment,
Ti 2p and O 1s emission lines have been recorded. The O spectra are presented in Fig. [6.20} For
the presentation, the O spectra have been normalized to their footpoints.

The fits of the O spectra have been performed using the peaks with the same line shapes as those
in Fig. [6.4] (a,b). Results of the fits are presented in Fig. [6.20f The color codings of the components
are the same as Fig. [6.4] For performing the fits, the energy difference between the peaks at 529.75
and 530.1eV was set to 0.35eV and the energy difference of the next two peaks was set to 1.35€eV.
All peaks were allowed to shift their energies via the ramp. These conditions were set because the
peak at 533 eV at RT is assigned to contaminations and the peak at 531.3eV at RT is probably due
to OH groups or defects. Hence, they are allowed behave differently as the first two peaks at 529.75
and 530.1eV at RT. After fitting, the difference between the fit and the experimental spectrum is
smaller than 1% of the overall peak area.

During the ramp, the O 1s component at 529.75eV undergoes a shift of 0.65eV towards lower
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Figure 6.20: The O 1s emission line of 4 ML BTO sample during oxidation in 5 x 10~7 mbar O3, taken at a
photon energy of 670€V in normal emission. Temperate, relative areas and binding energies of
individual components are plotted versus time. The color codings of the components are the same
as in Fig. (a,b). The total spectrum areas normalized to the mirror current (O footpoints) are
appended to the right (left) axis.

binding energies while heating and shifts back by 0.15eV while cooling. This leads to a total shift
of 0.5€V via oxidation. However, the comparison to the high resolution spectra in Sec. [6.3] which
their binding energies have been corrected properly, reveals that the total shift via oxidation is 0.15
to 0.2eV. The validity of this has been checked by comparing the shifts of the tops of the main
components in the high resolution O 1s peaks in the reduced and oxidized states (Fig. [6.4] (a,b))
and the initial and final spectra of the ramp. The top of O peak in the reduced state at 530.1eV
shows a shift by 0.4 eV to lower energies in the oxidized state (529.7 eV), while the comparison of the
first and last spectrum of the ramp shows 0.7 eV, an additional shift of 0.3 eV. This additional shift
arises from not adequately referencing the O spectra. Subtracting this additional 0.3 eV shift from
the 0.5 eV shift of the spectra of the ramp leads to the expected 0.2 eV shift of the O 1s components
during the oxidation process. Besides changes, which originate from the chemical changes, there

are clear indications for shifts from field effects, like band bending.

Variations of relative areas of components are shown in Fig. [6.20] The figure clearly presents the
decay and the growth of the magenta and blue components via oxidation, which can be assigned to
the O attached to Ti** in a 6-fold and 5-fold arrangements. The broad component at 531.3¢V at
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room temperature (assigned to OH or O in defects), increases considerably at higher temperatures
and decreases while cooling. This component was set to have higher binding energy than the
magenta one, as a fit constraint. As a result, this component got quite close to the magenta peak
and took a high portion of spectrum area at high temperatures. The black component in Fig.
assigned to the contaminations (Sec. , approaches zero at high temperatures, while it grows
again while cooling. This may be due to readsorbing residual gases.

To avoid the high intensities for the broad peak, the fit was repeated by keeping differences
between all peaks the same as in Fig. (a,b) and the results are presented in Fig. . Although
the new fit is not completely satisfying, two main results agree with the initial approach: The 0.5eV
shift in the binding energy of the major peak, which partially results from the decay of the magenta
component (in the reduced state) and the growth of the blue component (in the oxidized state).
The large area of the orange component, even at high temperatures, which makes the assignments
to OH or oxygen at defects questionable. We suggest further XPS investigations to resolve the
nature of this component.

Through the oxidation, the total area of the O 1s spectrum is expected to increase. To investigate
this, the O spectra have been normalized to their footpoints and to the mirror current. The results
are appended to the left and the right axis in Fig. [6.20] By increasing temperature from RT to 825 K,
the total area decreases in both approaches and almost keeps its level, as the temperature is kept
at 825 K. The initial decrease may be due to desorption of oxygen by increasing the temperature.
During cooling, the total area increases in both approaches indicating adsorption of oxygen by the
system. However, the expected change is about 10%, whereas the observed changes are higher. At
the end of the ramp, the amount approaches the initial value.

In summary, the rewetting of Pt(111) surface during oxidation of BTO-derived OQCs has suc-
cessfully been monitored by XPS at the Ti 2p and O 1s emission lines. It has been found that
during the initial heating in oxygen (below 725K), Ti*" in the top layers of large islands changes
coordination from 6- to 5-fold. The reason is attributed to the penetration of O atoms to deeper
layers of the large islands to react with Ti**. The temperature increase to 825K results in the
sudden decrease in Ti*T at 457.75¢eV due to dewetting of the Pt surface and formation of small
islands, in which Ti** is also 5-fold coordinated by oxygen. The fall of the magenta and the raise
of the blue component of the O 1s via oxidation may be assigned to the decay and growth in the
O species attached to Ti'*" in a 6-fold and 5-fold arrangements. The binding energy shifts in Ti**
components are due to band bending and affect emission lines of other components while annealing

in oxygen, with almost the same amount.

6.8 Reduction of 4 ML BTO on Pt(111)

The sample in the further annealed, oxidized state (Fig. was heated in UHV up to 676 K, where
the recording was stopped due to a beam loss. The experiment could be continued after 90 min

by heating the sample up to 872 K, where the temperature was kept constant and high resolution
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XPS spectra have been taken. The experiment was then continued by increasing the temperature
to 1029 K and then cooling down to 419 K. Via the reduction ramp in UHV, the Ti 2p and the
Pt 4f emission lines were recorded at a photon energy of 670¢eV in normal emission. The binding
energies of the Ti 2p lines were referenced to the Pt 4f lines. The fluctuations in the Pt spectra
were between —0.15 to +0.2eV. The resulting Ti 2p and the Pt 4f spectra are presented in Fig.
and
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Figure 6.21: The Ti 2p spectra while reducing the 4 ML sample in UHV by heating up to 1029 K, taken in normal
emission. The binding energies of the spectra were corrected by referencing to the Pt 4f lines.

The fitting of Ti spectra has been performed employing the peaks with the same line shapes
as those in Fig. (a) with minor changes, which will be explained later. Ti'" components
were allowed to move, while their binding energy differences were kept constant. Similarly, the
Ti** components were allowed to shift, independently from the Ti** components, but with a fixed
difference to each other. The shifts in binding energies, as well as variations of relative areas are
presented in Fig. [6.22]

As mentioned in Sec. , via further annealing the sample at 925K in 1 x 107° mbar O,, a
similar Ti** component as the green one in Fig. (a) grows with a binding energy of 459.05¢€V.
It is colored black in Fig. 6.5 (a). During reduction in UHV, this component vanishes completely,
while the green component grows. The fit of the whole ramp was performed by doublets as in Fig.
by adding the black doublet in Fig. to resolve the intensity transfer between the green and
the black Ti** components, as depicted in Fig. It needs to be mentioned that the light blue Ti
component at 459.8¢eV at RT in Fig. [6.3]is small and could not reliably be determined. Therefore,

it was not included in the fit.
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Figure 6.22: Temperate, relative areas and binding energies of individual components of the Ti 2p emission lines
of 4ML BTO on Pt(111) versus time, taken in normal emission during reduction in UHV, shown

in Fig. [6.21] The color codings of the components are the same as Fig. (a,b) and [6.5] (a).

The attempt to resolve the intensity changes between the black and the green Ti** components
was not successful, since the energy difference between the two was too small (0.2eV). Hence,
the sum of their relative intensities is depicted in dark green in Fig. [6.22] During the pause in
the experiment at ¢t =5140s (871 K), a high resolution Ti 2p spectrum in normal emission was
recorded, as shown in Fig. [6.23, The black Ti** component has dramatically decreased. Therefore,
the intensity of this component was set to zero for fitting the rest of the ramp. Since the binding
energies of the black and the green Ti** components are so similar, here both are assigned to 6-fold

coordinated Ti**.

The binding energies of Ti** components shift with temperature. The maximum observed shift
is 0.55eV, while it shifts back as the sample was cooled down to 419 K. At this temperature, the
green Ti**t component has a binding energy of 459.05 ¢V, which agrees quite well with the binding
energy of that in a high resolution spectrum at 402 K (459.05¢V, Fig. . Ti** components show
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6 Growth and decay of BTO-derived OQC on Pt(111)

no significant shifts.
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Figure 6.23: High resolution XPS spectrum of the Ti 2p emission lines of the 4 ML BTO sample, taken at 871 K
(while annealing in UHV) at a photon energy of 670€V, in normal emission.

As mentioned, during the initial annealing in UHV (below 675K), the 5-fold coordinated Ti**
converts to 6-fold coordinated Ti*", while the Ti** components start to form in islands (Fig.
6.22). Further increase in temperature results in a slow and simultaneous decrease in both Ti**
components and an increase in both Ti** components. In the temperature range between 950 and
1020 K, the small islands (with 6-fold coordinated Ti**) collapse and form the OQC layer. The
rewetting of the Pt surface by the layer in this temperature range is shown by the decrease in the
surface component of the Pt 4f signal (Fig. . The formation of the OQC layer leads to sudden
increase in the orange Ti*™ component (456.75eV binding energy at room temperature), which
represents the binding energy of Ti in OQCs. The binding energy of this component in this sample
with 4 ML coverage is comparable with that in the 1 ML sample (456.6 V), discussed in Sec. [5.2.3|

The orange Ti**t component at 456.75¢V in Fig. dramatically increases in the temperature
range of 950 to 1020 K, while the magenta component is almost constant. The increase is also
visible in Fig. [6.21] This sudden increase also shows different behaviors of two Ti** components.
At the end of the reduction ramp, the system returns to the reduced state in Fig. [6.3] In deed, the
system can undergo the same oxidation reduction loops, several times.

As a result of rewetting of the Pt surface, an increase in the total Ti signal and a decrease in the
total Pt signal are expected. The total Ti and Pt spectrum areas are presented in Fig. [6.24] which
are obtained by normalizing the signals to the mirror currents (appended to the right axis, the axis
values are not shown) and to the footpoints of the Pt spectra (appended to the left axis). For both
normalizations the Pt curves show variations with time and temperature. However, the behavior
does not really fit to the wetting process. The Ti curves show an increase in the last section, which
fits to wetting of the pt surface by Ti.

The relative areas of the total Ti*t and the total Ti** contributions of the Ti spectra are depicted
in Fig. [6.24] In the last part of the ramp, where the temperature increases from 915 to 983 K, the

relative area of Ti't undergoes a 20% decrease, while the relative area of Ti** increases by 45%.
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Figure 6.24: Relative areas of the total Ti3T and the total Ti*t contributions of the Ti 2p emission lines of
4 ML BTO on Pt(111) during reduction in UHV, shown in Fig. versus time, taken in normal
emission. The total Ti and Pt areas are normalized to the mirror current and Pt footpoints and are
appended to the right and left axis. The relative surface to bulk area of the Pt 4f emission lines,
recorded simultaneously in the reduction ramp (Fig. is given, as well.

This can be assigned to rewetting of the Pt surface and the formation of OQCs. In summary, via

reduction Ti** decreases from 95% of the total signal to 55%, while Ti** increases from 5% to 45%.

Monitoring the Pt 4f emission lines during the growth of OQCs

The surface component of the 4f emission lines of a clean Pt(111) surface shows a shift by 0.4 eV
to lower binding energies than the bulk component at 71.2eV . The high resolution Pt 4f
spectrum of 4 ML BTO on Pt(111) in the oxidized state shows both components, which indicates
the presence of bare Pt. Upon reduction in UHV, the Pt surface is covered with OQCs, which
leads to vanish of the shift of the surface component. To increase the surface sensitivity, XPS
measurements of the Pt 4f emission lines were performed at a photon energy of 140eV (Fig. [6.26
(a,b)). The spectra were obtained by subtracting a Shirley background and fitting with two doublets
with Doniach-Sunjic line shapes [178], shifted by 0.4¢eV [41].

During the reduction ramp of Fig. [6.21] the Ti 2p and the Pt 4f lines have been recorded in
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6 Growth and decay of BTO-derived OQC on Pt(111)

normal emission, at a photon energy of 670eV, to be more surface sensitive for the changes in Ti,
which is less sensitive for Pt. Interestingly, it was still possible to resolve the surface component
and monitor its variation during the reduction ramp. The Pt spectra in the reduction ramp are
shown in Fig. [6.25] The Pt spectra are normalized to their footpoints. The change in relative area
of the surface component to the bulk component is presented in Fig. [6.24] The details of the data

analysis are discussed later.
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Figure 6.25: The Pt 4f spectra while reducing the 4 ML sample in UHV by heating up to 1029 K, taken in
normal emission.

As mentioned in Sec. [6.1] the sample preparation in the further annealed state was followed by
cooling in Oy pressure. This results in the partial coverage of the bare Pt surface by Oy (and other
adsorbates), which leads to a decrease in the surface component and rise of the corresponding Os-
adsorbed component. The presence of a strong surface component is approved by the O 1s emission
line in grazing incidence at 532.55eV (Fig. [8.4] (¢)). Starting to anneal the sample in UHV from
RT (Fig. 16.26] (c)) to 517K (Fig. 6.26] (d)), the relative area of the surface component increases
from 0.06 to 0.13, probably due to desorption of Os and other adsorbates. Due to the first pause at
676 K, the relative area of surface drops to 0.11. This can be explained by readsorption of residual
gases, which desorbed by further heating in UHV.

While increasing the temperature from 871 to 982 K, the surface area ratio drops from 0.12 to
0.08, resulting from the rewetting of the Pt surface and formation of OQCs. However, the surface
component is still present and reduces gradually during cooling the sample in UHV. The last
distinguishable surface component is observed at 710 K. The existence of the surface component

after the rewetting process implies the existence of bare Pt areas after covering the surface with
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6.8 Reduction of 4 ML BTO on Pt(111)

the OQC layer. This is in contradiction with the previously reported results, where a complete
coverage of the surface by OQCs has been observed [41].

AFM measurements show that 35% to 47% of the surface is covered with large islands with a
height of 10 to 17 nm (Sec. . It is interesting to determine the area of the small islands, which
in principle, is possible to be calculated from the changes in the peak areas of the Pt 4f emission
lines. Qualitatively, there is an increase in the Pt signal in Fig. [6.26 (b), as a result of coalescence
of the OQC layer and dewetting of the Pt surface. However, for a quantitative determination, three
parameters enter the calculations, which cannot be given with sufficient precision. The area of the
inelastic background, which needs to be subtracted from the spectrum, the density of atoms in the
island and in particular, in the wetting layer and finally, photoelectron diffraction effects.

For fitting the spectra of the ramp (Fig. three components have been used. For the bulk
component a numerical line shape, derived from the last spectrum of the ramp at 419 K was used.
For the surface component at 0.4 eV lower binding energies and the absorber component at 0.75eV
higher binding energies than the bulk, Doniach-Sunjic functions have been used. The components
are shown for two spectra at 302K (beginning of the ramp) and at 517K in Fig. (c,d). At
the beginning, there is a considerable amount of adsorbates on the surface and the Pt surface
component is small. By heating the sample in UHV, the contamination desorbs and the Pt surface
component increases.

In summary, the formation of BTO-derived OQCs have been monitored by high resolution XPS
measurements during reduction of 4 ML BTO on Pt(111) in UHV. The simultaneous increase in
Ti** component at 456.75¢eV and decrease in 6-fold coordinated Ti** originate from formation of
OQCs, while rewetting the Pt surface. In addition to the reduction of Ti**, the rewetting process
has been monitored using the surface component of the Pt 4 f emission lines. It is found that both

processes occur simultaneously and not as a sequence of two.
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Figure 6.26: High resolution XPS spectra of the Pt 4 f emission lines of 4 ML BTO on Pt(111) in normal emission
in (a) the reduce and (b) the oxidized state, taken at a photon energy of 140V [41]. The Pt 4f
emission lines are shown while reducing the sample in UHV, recorded (c) at 302K (beginning of
the reduction) and (d) at 517 K, taken at a photon energy of 670€V in normal emission.
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7 Summary

Within the scope of this thesis, developments in the data analysis in EXAFS have been done
and presented in Ch. [4l A projection method has been initiated to decrease the uncertainty of the
initial values of the nearest neighbor distances. This method has been tested successfully on an STO
single crystal and results in a decrease in uncertainties from 40—80 pm (by Fourier transformation)
to typically below 10 pm and only in unfortunate cases to 20 pm.

The geometrical structure of an ultrathin film of BaTiOjs-derived oxide quasicrystals (OQC) is
investigated and presented in Ch. by performing XAS measurements in normal and grazing
incidence, which unexpectedly, have not lead to any directional anisotropy. The EXAFS data
analysis has resulted in two values for Ti-O bond-lengths: an in-plane O at 1.71A and an in-
and out-of-plane O at 2.56 A. The shorter in-plane and the out-of-plane O atoms were found to
have small coordination numbers (0.23 and 0.38) with large errors, whereas the longer in-plane
O is more prominent with a coordination number of 3. This indicates the presence of a majority
arrangement with three in-plane O atoms at the long distance of 2.56 A and the presence of a
minority arrangement, where one O atom is at the small distance of 1.71 A. Furthermore, some
of these arrangements may have an additional adsorbate with an oxygen at 2.56 A above the Ti.
The low coordination number of the out-of-plane O indicates that the spectrum in grazing can be
described almost completely by scatterings from the Pt substrate. The shortest Ti-Pt distance has
been found as 2.69 A. Although Ba is a strong scatterer, only small hints have been found of an in-
plane Ba at 3.15 A. The obtained values for the short in-plane Ti-O and the shortest Ti-Pt distance
agree quite well with the bond-lengths in the Kepler-approximant, achieved by DFT calculations,
whereas in case of the Ti-Ba distance, the agreement is not as good.

The quasicrystalline nature of the structure imposes the occupation of different sites above Pt by
Ti atoms. Surprisingly, the presented cluster with only one site, off-3FH fcc, explains the experiment
as well as averaging over all possible sites, or even slightly better. This indicates the presence of
preferred sites of Pt for Ti. In addition, a pattern of occupation sites on the Pt surface has been
found by back-folding Ti atoms in the QC structure to a Pt unit cell, which hints into the same
direction. Due to the interaction between the OQC layer and the crystalline Pt substrate, the Ti-Pt
bond-length has been found to be always constant, regardless of the site of Ti. This predicts height
differences for Ti atoms in the OQC layer, as actually found by STM.

Studies of oxidation states in Ch. [6] reveal that Ti is in the 3+ state in the OQC layer. XPS
measurements have enabled us to monitor the formation of the OQCs by following the intensity
changes in the Ti 2p and the Pt 4f emission lines. The growth of the OQCs due to the decay
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7 Summary

of small islands leads to a simultaneous rise in the Ti** component at 456.75¢V and fall in Ti**"
(459.25eV at room temperature). Concurrently, the surface component of the Pt 4f7/, spectrum
decays, which approves the rewetting of the Pt surface by OQCs.

NEXAFS of the Ti K-edge rules out more than 3-fold coordination of Ti by O atoms in OQCs.
The coordination changes of the Ti** component in the islands from 6- to 5-fold while heating in
oxygen atmosphere has been observed and is attributed to the transformation of the Ti** to the
Ti** in large islands. The coordination changes of the Ti** component is found to be reversible
and it changes back from 5- to 6-fold while annealing in UHV, during the formation of the Ti** in
large islands.

In the absorption spectrum at the Ti K-edge of BTO-derived OQCs, only a short-range modula-
tion function is available, due to the presence of the Ba L3-edge. This points to future geometrical
investigations of STO-derived OQC by EXAFS, where a long enough energy range is available in
the Ti K-edge. In addition, the small directional anisotropy in the OQC system (seen at the Ti K-
as well as the L-edge) can be addressed by further investigations on BTO- and STO-derived OQCs,
using X-ray photoelectron diffraction (XPD). More information about the Ti-Ba distance may be
obtained by adsorption of marker molecules, which adsorb specifically on Ti or Ba and image them
with STM or AFM.

As conclusion, this thesis has successfully investigated the geometrical structure of a BTO-derived
OQC system using state-of-the-art experimental methods, as well as data analysis. The current
work is quite rich in monitoring the growth and the decay of OQCs and explaining the observed
coordination changes in the islands via annealing in UHV | as well as in oxygen. Furthermore, major
developments in the EXAFS data analysis have been achieved, which lead to more accurate initial

structural models.
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Table 8.1: The line shapes of the components, employed for fitting the XPS spectra of 4ML BTO
on Pt(111) in the reduced state, presented in Sec. [6.3] In case of a modification in the
corresponding peaks in the oxidized or the further annealed states, new parameters are given.
The line shapes have been defined by using Eq. 5.1l In the table, Eg (eV) stands for the
binding energy of the peak, M, the mixing ratio (0: pure Gaussian; 1: pure Lorentzian), I
(eV), the FWHM of the peak, SOS (eV), the spin orbit splitting of the Ti doublet and AR
and IR, the area and the intensity ratios of the peak in the Ti 2ps/, region to those in the
Ti 2p; /5 region. The peaks in Ti 2p; /o are Gaussian with the FWHM calculated so that they
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full fill the conditions of AR and IR.

Emission line State Es M I' | SOS| AR | IR
Ti 2ps/o Reduced 456.45 | 0.2 | 0.8 | 5.85 | 0.48 | 0.3
Ti 2ps/o Reduced 456.75 | 0O 1.5 ] 59 [048 | 0.3
Ti 2p3 /9 Reduced 458.2 0 1.6 | 5731048 | 0.3
Ti 2p3/9 Reduced 459.25 1099 | 1.1 | 5.73 | 0.48 | 0.24
Ti 2p3/9 Reduced 459.8 0 1.65 | 5.73 1048 | 0.3
Ti 2p3/9 Oxidized 456.45 | 0.2 | 0.8 | 5.9 048 | 0.3
Ti 2p3/9 Further annealed | 456.45 | 0.2 | 0.8 | 5.9 | 0.48 | 0.3
Ti 2p3/9 Further annealed | 459.05 | 0 1.8 | 5731048 | 0.24

O 1s Reduced 529.75 | 0 1.15 - - -
O 1s Reduced 530.1 | 0.75 | 0.85 - - -
O 1s Reduced 531.3 | 0.05 | 2.2 - - -
O 1s Reduced 533 | 0.96 | 1.85 - - -
O 1s Reduced 999K | 529.75 | 0.86 | 1.15 - - -
O 1s Reduced 999 K 530.1 | 0.6 | 1.25 - - -
O 1s Reduced 999 K 531.3 | 0.51 | 2.35 - - -
O 1s Oxidized 529.6 0 1.15 - - -
O 1s Oxidized 529.9 | 0.75 | 0.85 - - -
O 1s Oxidized 530.6 | 0.65 | 2.2 - - -
O 1s Oxidized 531.9 [ 0.27 | 1.85 - - -
O 1s Further annealed | 529.5 0 1.15 - - -
O 1s Further annealed | 529.8 0 0.85 - - -
O 1s Further annealed | 530.7 | 0.05 | 2.2 - - -
O 1s Further annealed | 532.55 | 0.44 | 1.85 - - -
O 1s Further annealed | 530.45 0 0.9 - - -
Ba 3ds; Reduced 780 0.76 | 1.6 - - -
Ba 3ds /2 Reduced 781.35 | 0.76 | 2.05 - - -
Ba 3ds /2 Oxidized 778.8 10.97 | 1.55 - - -
Ba 3d5 /5 Oxidized 779.65 | 0.23 | 1.6 - - -
Ba 3ds /5 Oxidized 780.6 | 0.37 | 2.05 - - -
Ba 3ds /s Further annealed | 778.8 | 0.98 | 1.55 - - -
Ba 3ds; Further annealed | 779.65 | 0.96 | 1.6 - - -
Ba 3ds /o Further annealed | 780.6 | 0.6 | 2.05 - - -
Ba 3ds /2 Further annealed | 781.45 | 0.13 | 1.25 - - -
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Figure 8.1: (a) Ternary phase diagram of BaO-TiO4_, systems above 1573 K [128]. The blue lines specify phases
with the Ba:Ti ratios 1:1, 1:2 and 1:3. (b) Pseudo-binary phase diagram of BaO-TiO; systems under
ambient air condition [130].
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Figure 8.2: The typical spectrum of an undulator, taken from [47].
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Figure 8.3: High resolution XPS spectrum of the Ti 2p emission lines, taken in 70° off normal emission at RT at
a photon energy of 670¢€V for 4 ML BTO sample (a) in the reduced state, annealed in UHV and (b)
in the oxidized state, annealed in 5 x 10~7 mbar O and (c) in the further annealed state, annealed
in 1 x 107° mbar O,.
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Figure 8.4: High resolution XPS spectrum of the O 1s and the Ba 3d;, emission lines, taken in 70° off normal
emission at RT at a photon energy of 670 for the O-1s and 1000 eV for the Ba 3ds 5 emission line for
4 ML BTO sample (a,d) in the reduced state, annealed in UHV, (b,e) in the oxidized state, annealed
in 5 x 10~7 mbar Oy and (c,f) in the further annealed state, annealed in 1 x 10~° mbar Os.
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Figure 8.6: XPS spectra of (a) the Ti 2p and (b) the O 1s emission lines, taken at RT at the start and the
end of heating 4 ML BTO sample in the reduced state in UHV up to 950K, at a photon energy of
670¢€V, taken in normal emission, shown in Fig. .
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