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Abstract

Optimisation of epitaxial anatase TiO> thin films grown on LaAlO3(001)
substrates was performed using ultra-high vacuum based pulsed laser deposition
(PLD) and studied by in-situ reflection high-energy electron diffraction (RHEED). In
addition, ex-situ X-ray diffraction (XRD), atomic force microscopy (AFM), and
scanning transmission electron microscopy (STEM) were performed to characterise
the bulk properties of these thin films. The deposited TiO- thin film is demonstrated
to have anatase phase and bonded directly to the LaAlO3(001) substrate. In a separate
ultra-high vacuum system low-energy electron diffraction (LEED) and scanning
tunnelling microscopy (STM) measurements were performed and a well-ordered two-
domain (1x4) and (4x1) reconstruction of anatase surface was observed. Analysis of
the STM measurements indicates the coexistence of atomic steps of both 2.5 A and 5.0
A, confirming the existence of two TiO, domains. The atomic resolution STEM
images reveal that the TiO2/LaAlOs interface to be terminated with LaO layer and that
the anatase-TiO» reconstruction was found to be stable during the film growth.

Low-energy electron diffraction (LEED), scanning tunneling microscopy (STM)
and density functional theory (DFT) calculations have been used to investigate the
atomic and electronic structure of gold deposited (between 0.8 and 1.0 monolayer) on
the Pt(111) face in ultrahigh vacuum at room temperature. The analysis of LEED and
STM measurements indicates two-dimensional growth of the first Au monolayer.
Change of the measured surface lattice constant equal to 2.80 A after Au adsorption
was not observed. Based on DFT, the distance between the nearest atoms in the case
of bare Pt(111) and Au/Pt(111) surface is equal to 2.83 A, which gives 1% difference
in comparison with STM values. The first and second interlayer spacing of the clean
Pt(111) surface are expanded by +0.87% and contracted by —0.43%, respectively. The
adsorption energy of the Au atom on the Pt(111) surface is dependent on the adsorption
position, and there is a preference for a hollow fcc site. For the Au/Pt(111) surface, the
top interlayer spacing is expanded by +2.16% with respect to the ideal bulk value.
Changes in the electronic properties of the Au/Pt(111) system below the Fermi level
connected to the interaction of Au atoms with Pt(111) surface are observed.

Detailed structural properties of the Pt3Ti(111) surface have been studing with
the use of ab initio density functional theory calculations and scanning tunelling
microscopy measurements. The DFT calculations show that the atoms composition of
the second and third atomic layer have influence upon the top surface of the Pt3Ti.
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Chapter 1

Introduction

1.1. Outline of the Thesis

The work presented in this thesis focuses upon the growth and characterisation of
metal alloy and metal oxide surfaces of TiO2/LaAlO3z, Au/Pt(111) and Pt/PtzTi(111).
The remainder of the current chapter introduces some general properties of the
titanium dioxide, platinum and Pt3Ti alloy. A set of experimental techniques have been
used to investigate the properties of materials mentioned above, and these are
introduced in Chapter 2. Chapter 3 followed by an overview of the theoretical methods
and background required for analysing the data in the thesis, including underlying
theory of DFT and highlights the approximations made when using the the Cambridge
Serial Total Energy Package (CASTEP) code. The aim of the study presented in
Chapter 4 is the optimisation of the Pulsed Laser Deposition (PLD) growth parameters
to generate smooth, flat surfaces and a well-defined interface between film and
substrate. Bulk and surface characterization of the anatase-TiO2(001)-(4x1) films on
LaAlO3(001) using Reflection High-Energy Electron Diffraction (RHEED), Low
Energy Electron Diffraction (LEED), X-ray diffraction (XRD), atomic force
microscopy (AFM), scanning tunnelling microscopy (STM), and scanning
transmission electron microscopy (STEM). Chapter 5 presented study of the structural
and electronic properties during the initial adsorption process of gold on Pt(111)
surface at room temperature, performed by LEED, STM measurements, and density
functional theory (DFT) calculations with the use of CASTEP code. Structural
properties of surface terminations and adsorption position of Pt atom on Pt3Ti and Pt
terminated surfaces are described in the chapter 6. Finally, in Chapter 7 the outlook

for conclusions and future work is presented.
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1.2. Titanium Dioxide

Titania, TiO,, has a wide range of applications and a large number of extremely
interesting properties. A key ‘low-tech’ application that stems not only from its optical
properties, but also its non-toxicity, is use as a whitening agent in paints and paper.
However, applications that more directly stem from its surface properties, as well as
the bulk, arise in heterogeneous catalysis including photo-catalysis [1-2], the
photovoltaic effect [3-4], and collar cells [5], and it is these applications that are at
least part of the reason why TiO: is almost certainly the most studied of all oxides
surface [6]. Until now, the majority of studies of TiO, have been performed on the
rutile phase [7-9]. Rutile is the thermodynamically equilibrium phase of TiO; at
ambient pressures, but two other isomorphs, anatase and brookite also occur naturally.
Crucially anatase appears to be the equilibrium phase for small particles with
dimension less than 11 nm [2]. It is therefore generally believed that anatase is the
active component in many titania based heterogeneous catalysts [4, 10] and in current
solar cell applications based on nano-crystalline material. Anatase phase of TiO> is
crystalise in space group 141 I4i/amd with lattice parameters a=b=3.7845A and
c=9.5143 A (Figure 1.1).

=3.7845 A
[+
O
O

a

€=9.5143 A

Figure 1.1. The crystal structure of TiO> Anatase phase (space grupe 141 I41/amd)
structure with lattice distance a=b=3.78424 and c¢=9.51434.

As such, there is a clear need to gain a better understanding of the anatase surface
structure and the role of the TiO> growth conditions (e.g. substrate temperature,
oxygen pressure - during growth and annealing, etc.). TiO> anatase and LAO (Figure
1.2) are both conventional band insulators, with in-plane bulk lattice parameter
a=3.79A [11]. The small mismatch between the in-plane lattice constants allows for a

good epitaxial experimental outcome [12].
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a=3.8214 A

Figure 1.2. The crystal structure of LaAlO;s (space group 221) with lattice constant
a=3.8214 4.

1.3. Platinum

Platinum is scystaline in fcc structure with the lattice constant 3.9242A (Figure 1.3).
A large number of studies on epitaxy have been carried out for many years. Ultra-thin
epitaxial film systems exhibit a variety of interesting properties due to the strong
correlation between the electronic structure of the film and its morphology, strain, and
defect structure [13-22]. Structural studies of fcc/fcc systems provide a great deal of
information on the connection between the geometrical properties of the adsorbed
atomic layers and the atomic arrangements of the substrates. Various fields are
concerned with epitaxial growth; these range from basic research on the growth
mechanism of thin films to advanced research on the development of devices. Platinum
is widely used as a catalyst in the chemical and petrochemical industries [23, 24]. For
example, in oil refineries, platinum catalysts are employed in processes that involve
the reforming of paraffin and the hydrogenation of unsaturated hydrocarbons [23-26].
The clean Pt(111) surface itself has been the subject of several structural
determinations with Low Energy Electron Diffraction (LEED) [27-35], medium
energy ion scattering (MEIS) [36], high energy ion scattering (HEIS) [37] and surface
X-ray diffraction (SXRD) [38, 39]. Differently from the other noble metal (111)
surfaces, clean Pt(111) normally has an unreconstructed bulk-periodic surface [35,40-
42]. Adams et al. [30] found the first layer spacing to be possible to expand by 0.04 +
0.10 A, while Hayek et al. [33] found an unrelaxed surface with 0.05 A. Materer et al.
[35] found the first and second interlayer spacing expanded by 0.04 +0.10 A and 0.005
+0.03 A, respectively. MEIS and HEIS experiments [36,37] support the LEED results.
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a=3.9242 A
Figure 1. 3. The crystal structure of Platinum which crystalise in fcc (space group
255 Fm-3m) structure with lattice distance 3.92424.

Namely, the ion scattering data indicate that the Pt(111) structure deviates from the
bulk geometry by a possible small outward expansion of the top interlayer spacing of
0.03 = 0.02 A [36] or 0.03 + 0.02 A [37]. No deviation from the bulk position was
found in the direction parallel to the surface, with a small accuracy of about 0.01 +
0.02 A. The surface geometry of clean Pt(111) has been the subject of surface X-ray
diffraction investigations [26]. These investigations gave an outward relaxation of the

topmost layer of 0.045 + 0.005 A (+2.0%) with respect to the ideal bulk termination.

1.4. Pt3Ti

Pt3Ti is a stoichiometric intermetallic phase, which crystallizes in the CuzAu-type with
a cubic face centered structure and a lattice constant of 3.906 A (Figure 1.4). Pure
platinum lattice constant is only 0.4% bigger than Pt;Ti [43]. This results in an
interatomic distance of 0.276 nm on the hexagonal (111) orientated surface. Results
presented by LEED show that the titanium atoms create a p(2 x 2) superstructure with
respect to the p(1x1) structure of a pure Pt(111) crystal [44-46]. STM studies
confirmed the p(2x2) superstructure but not the p(1x1) [43]. The crystal structure
remains stable up to its high melting point of 2213 K. It seems, that this is caused by
a strong interaction of the Pt 5d and the Ti 3d bands in the bulk. Such properties are
very important for a catalytic applications [46—48]. It should be pointed out, that the

system has been investigated since the 1980ies, but the fundamental question about
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the composition of the outermost atomic layer of the clean alloy surface has not been
definitely solved yet. Early studies by Paul et al. interpreted the similarity of thermal
desorption spectroscopy (TDS) measurements of CO on Pt3Ti(111) and Pt(111) with
a pure Pt termination of the outermost atomic layer. Core level photoemission
measurements under grazing incidence [49] and tensor LEED experiments [50] by
Chen et al. lead to the same conclusion. In contrast to these findings other LEED and
TDS measurements by Bardi et al. indicated a bulk-like termination consisting of 75
% platinum and 25 % titanium atoms [51-52]. The above mentioned catalytic CO
conversion also argues for the existence of Ti atoms on the top layer [53]. DFT
calculations done by Duan et al. might explain these contrary results. They found that
the affinity towards a surface reconstruction depends very strongly on the alloy
composition. Samples with a slightly Pt enriched stoichiometry (i.e. more than the
theoretical 75 % value) tend to segregate Pt atoms to the surface in order to form a

pure Pt outermost layer, while the second layer and below remain stoichiometric [54].

a=3.9061 A

Figure 1.4. The crystal structure of Pt3Ti which crystalise in space group 221 Pm-
3m. Lattice distance of Pt;Ti is 3.9061A.
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Chapter 2

The current Chapter contains brief description of the experimental methods used to
grow and characterize the metal alloys and metal oxides surfaces. First part of the
Chapter is focused on the pulsed laser deposition technique. Next, the diffraction
methods (Low-Energy Electron Diffraction (LEED), Reflection high-energy electron
diffraction (RHEED), X-ray Diffraction (XRD) incl. reflectivity) are described.
Finally, the microscopy methods Scanning Tunneling Microscope (STM) and Atomic

Force Microscopy (AFM) are introduced.

Experimental and Theoretical Techniques

2.1. Pulsed Laser Deposition

Pulsed laser deposition (PLD) [1-3] is one of the most powerful deposition techniques
using a high-powered UV pulsed laser to ablate material from a target. Next, a plasma
plume is formed, which then condenses on a heated saple placed opposite the target.
Mainly, this takes place in the presence of a background oxygen, nitrogen or some
other gas atmosphere. The photonic energy is coupled to the bulk material of the target
and is converted into electronic excitations. A transfer of energy from the electrons to
the lattice occurs within a few picoseconds and heating begins [1].

The growth parameters include: the KrF pulsed laser frequency; laser energy density;

and oxygen pressure during deposition, all play a crucial role in the formation of proper
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epitaxial TiO; phase. The geometry of the ultra-high vacuum pulsed deposition system
(including the sample holder to target distance), Figure 2.1, affects the

Figure 2.1. Geometry of the ultra-high vacuum pulsed laser deposition system: (1)
KrF pulsed laser beam, (2) sample holder, (3) stainless steel sample plate, (4)
LaAlOs3(001) sample, (5) TiO: target, (6) laser ablation plume, (7) RHEED screen.

material transport between the target and the substrate. The substrate temperature
influences the thermodynamic equilibrium for the well-defined epitaxial growth of
atomically flat surfaces. Furthermore, the correct stoichiometry of the substrate surface
(in this case LaAlO3) during heating, deposition and cooling to the room temperature
after deposition, is ensured by the use of the proper oxygen pressure. Further, the
proper shape of the laser ablation plume corresponds to well-chosen laser energies and
the oxygen pressures.

The laser pulse is absorbed in the target within the optical absorption depth, 1/a, where
a is the optical absorption coeficient. If 1/a is smaller than the thermal difusion length,
(Ir = 2\Dr, where D is the thermal diffusion constant and  is the laser pulse duration),
such as is the case in metals, then all the photonic energy is deposited into the optical
absorption depth and e-ciently heats the target down to a depth of It during the laser
pulse. As a result, the ejection of thermal particles is observed which can lead to
nonstochiometric ablation. However, in the case when 1/a is larger than Ir , as it
happends for most complex oxides and insulators, then the material is only heated
within the optical absorption depth and the condition for stoichiometric transfer is met.
In such regime, with ns pulse durations, laser supported ablation takes place where
only around the first 100 picoseconds of the laser pulse ablates material from the target.

The bulk is then protected from the remainder of the laser pulse by the plasma which
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absorbs the energy becoming more ionized and increasingly hotter. This is true by
assuming that in most cases the materials used in PLD have an extinction coeffcient,
&, of approximately 1.5 [1,4]. In this situatation, the absorption depth (= around 13nm)

is given by
— == 2.1)

for these materials.

If there is a laser focus on the target of 2 mm? then the absorption volume contains
approximately 3x107° moles. The enthalpy of vaporisation for most materials
deposited in PLD is of the order of 500 kJ mol™!' [1,5] and therefore, only 1.5 mJ is
required for vaporisation of the optical absorption depth. If it is assumed that the total
photonic energy of each 20 ns laser pulse is 30 mJ then only 5% of the pulse energy is
used in vaporising, leaving 95% to ionise the plume.

After the plasma is formed in a layer next to the target it starts to expand outwards due
to the high local pressure. The expansion of gas can cause particulates or “laser
droplets” to be ejected into the plume from the heated target because of the contact
with the hot plasma. The other possible mechanism for the creation of laser droplets is
if the time required for the laser energy to be converted into heat in the bulk is shorter
than the time that is required for the surface layer to be vaporised. In such case, the
underlayers ejects droplets from the surface layer [1,6]. In addition, the solid
particulates can be expelled from the target when surface roughening caused by the
laser becomes signficant [1,7]. The outgrowths within the roughened area can fracture
and be released into the plasma if the conditions are suitable. Described effects of these
mechanism can be eliminated or reduced by selecting the depostion parameters.
When the plasma starts to expand out from the target it forms so called “plume” [2,8].
The shape and size of the “plume” is determined by the angular distribution of kinetic
energy of the ablated particles and the pressure of the background atmosphere. The
plumes have a standard form [8] with a number of possible features as shown in Figure
2.2. The core is the brightest area of a plume which is adjacent to the point on the target
where the laser is impinging. From the core, a central stream is directed orthogonally
away from the target surface as a result of the high kinetic energy of the ablated
particles in this direction. Surrounding the core is a less luminous body and
surrounding the central stream there is a finger of similar brightness. Depending on

deposition parameters and the ablated there could be a “halolike” feature where the
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light emission is even lower than in the body and finger. The background pressure can

influence the size and shape of the plume. As the background pressure is decreased

* body *
o, "finger" a
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central
stream
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surface f halo-like feature soherical “afterglow”

Figure 2.2. Schematic diagram of a plasma plume [8]: (a) without, and (b) with the
halo-like features occasionally seen. The colours refer to the plume from a YBCO
target ablated in oxygen.

the shape changes from having a halolike structure through having a more pronounced
body and finger shape, with the plume getting longer, to at lower pressures the plume
growing ever more spherical in shape, all the while the plume getting larger before
thermalizing.

By decreasing the laser spot size on the target, the plume becomes spherical, and with
less material per pulse being ablated the size of the plume decreases. As with the effect
of spot size on the plume, decreasing the fluence of the laser beam decreases the
amount of ablated material in the plume and so makes it smaller.

In the next step, the particles from the plume recondense on the sample surface placed
directly in front of the target. To promote surface disfussion of the adatoms to stable
positions, the substrate is held at elevated temperatures. However, this high
temperature also increases the probability of a small percentage of the adatoms being

reevaporated. The way, the adatoms settle in stable sites and the manner in which the
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crystal structure of the film grows depends on a number of factors like lattice mismatch
between the substrate and the growing film and surface mobility.

The PLD-RHEED system wich was used during the growth optimization of the
Ti02/LaAlO3(001) system is shown on Figure 2.3 and Figure 2.4. This system with in-
situ X-ray photoemission spectroscopy (XPS) and STM system consisted of an
external Excimer laser source in addition to two UHV chambers with independent
pumping systems. Thos systems are connected by a valve gate and a transfer arm
which allowed to transfer sample in UHV. This UHV system was made on the way of
collaboration between Omicron GmbH and Twente Solid State Technologies (TSST).
The typical preassure inside the PLD/RHEED chamber operated by turbo pumps was
4x10®mbar and inside STM/XPS operated by turbo and ion pumps was chamber
2.1x10"""mbar. The laser used during deposition process in this work was a Lambda
Physik LPXPro 210, from Coherent GmbH. Using Krypton Fluoride (KrF) as the
active lasing medium gives an output at a wavelength of 248 nm. This wavelength
provides the high photon energy required in PLD to initiate the laser ablation. The
maximum repetition rate for the LPXPro 210 laser was 100 Hz (can be varied from 1
to 100 Hz), nominal pulse energy of 1000 mJ and maximum average power of 65 W.

The pulse duration was 25 ns for this laser.
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Figurre 2.3. Photo of the PLD-RHEED with XPS-STM aéoraiory — left part, and On the right hand side is the KrF laser with gas container
equipped with sensitive sensors to fluorine gas with extractors to the roof of the laboratory.
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2.2. Diffraction Methods
2.2.1. Low Energy Electron Diffraction

Low energy electron diffraction (LEED) is one of the most widely used surface science
techniques and it is provides mostly information about 2D atomick structure of the
sample surface [9, 10]. LEED is a technique which is used as a complementary
experiment to check the surface periodicity and orientation before engaging other

surface sensitive techniques like STM, AFM ect. LEED can be used quantitatively by

(a) (b)

N4

30 30 20 T0 00 10 20 30

Figure 2.5. Ewald sphere construction for (a) bulk and (b) surface cases. The incident
wavevector is labeled ki, the other vectors indicate possible diffracted wavevectors.
For the bulk case the reciprocal lattice vector g203 is also shown. For the surface case
the dashed vectors indicate wavevectors diffracted into the crystal bulk which are
therefore not observable. Adapted from [10)].

measuring the intensity of diffracted beams as a function of beam energy, a technique
known as LEED-IV [11, 12]. The surface sensitivity of LEED is due to the short
Inelastic Mean Free Path (IMFP) of low energy electrons in solids.

LEED is based on the diffraction of low energy electrons. The de Broglie wavelength

of electron given by

h e1 | 150
A= A[A] = Seor) (2.2)

for a typicall energy range 30-200eV the electron has a wavelength of 1-2 A, which is

compatybile with atomic diffraction condition. Diffraction can be understood in terms
of the conservation of energy and momentum and this gives

ki = kI, (2.3)

ke = ki + kpis (2.4)
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where k; and kr are the incident and final wavevectors respectively, and g is a bulk
reciprocal lattice vector. The Ewald construction which is describer by equesions
above modified for diffraction on 2D lattice is shown in Figure 2.5.b. Moving from

bulk to surface diffraction greatly relaxes these
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Figure 2.6. Schematic of a reverse-view LEED optics, with the key components
labeled. The electron gun provides an incident beam of electrons at an energy set by
(VE). These electrons travel through the field free region, established by grounding
both the sample and inner most grid, and diffract from the sample surface. To filter
out the inelastically scattered electrons, a retarding voltage (Vy) is applied just below
the beam energy. The elastically diffracted electrons are then accelerated into the
fluorescent screen, from where they can be imaged using a camera. The optics need to
be operated in UHV conditions.

constraints as kL is no longer conserved, and therefore equation 2.4 becomes

k| = Kil| + gnk, (2.5)
and is illustrated by Figure 2.5.b where the reciprocal lattice points have been replaced
by reciprocal lattice space.
The standard experimentall set-up is shown in Figure 2.6, where the main elements are
shown: the optic consists of a low energy electron guns, a series of grids used to apply
potentials, and a phosphor screen. Electron gun have a cathode with Wehnelt cylinder
on negative potential. Electrons, which are typically supplied by a heated tungsten or
filament, are focused and accelerated towards the sample with a well defined kinetic
energy Kg. The sample and the fourth grid and sample is on the earth potential. Thos
electrons which will undergo inelastic scattering and will not contribute to the LEED
pattern. To help the electrons which were elastically scattered to reach the screen
LEED optics have retarding grids. They are working as a high pass energy filter for
them. After the retarding grids, a high positive voltage (3 to 7 kV) is applied to the
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phosphor screen to accelerate the electrons and make the diffraction pattern visible.
Two typs of LEED system are in use [29]:
e Normal-view arrangement where a viewport is placed in front of the back side
of the sample
e Reverse-view arrangement where the LEED pattern are observed through a

viewpoint pleaced behind the transmission phosphorescent screen.

2.2.2. Reflection high-energy electron diffraction

Reflection high-energy electron diffraction (RHEED) is a very powerfull tool in
surface science because of the high surface sensitivity. RHEED provides information
about the periodic arrangement of the surface atoms as a result of utilizing diffraction
of electrons by surface atoms. In addition, RHEED is often used in-situ for the
investigation of the surface morphology during thin film growth.

Figure 2.7.1 represents a schematic view of a typical RHEED geometry system.

phosphor
screen (01)

S

L
X . ,ac,ted,
o

y &
beam

Figure 2.7. RHEED geometry system: Oi0r) and @i(pr) are the
incident and azimuthal angles of the incident (diffracted) electron beam. Rs is the
distance between substrate and phosphor screen and S the distance between the
diffraction spots or streaks.

The incident electrons (e-beam) are mono-energetic with a typical energy of £ ~10-50
keV. They strike the sample surface at a grazing angle 6i. For these high-energy

electrons, the energy of the wavevector ko can be estimated using:

h2|kg|?

m*

E= (2.6)
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where m* is the effective mass of the electron. Omitting the relativistic correction, the

electron wavelength A can be defined as:

a(h) = [0 @7

with £ given in eV. Concerning typical energies used in RHEED experiments (eg. 15
-35 keV), the electron wavelength A is around 0.05 - 0.1 A. This is an order of
magnitude smaller than the thickness of an atomic layer. Typical value of the angle of
incidence is between 0.1 and 5°. At such small grazing angles the penetration depth is
small, and it makes RHEED one of the most surface sensitive diffraction techniques.
The incidence electrons (e-beam) are easily scattered by surface steps and terraces.
The coherence length (CL) [13], defined as the maximum distance between reflected
electrons that are able to interfere is typically of the order of several hundred’s
nanometers. The CL is mainly determined by the the beam convergence and the energy
spread of the electrons.

To avoid the interference with the deposition process, the electron gun and phosphor
screen (detector) are located far from the sample. At such geometry of the experimental
setup, electrons are scattered from the crystal surface, and as a result one can see a
characteristic diffraction pattern on the phosphor screen. The RHEED patern is
observed continuously during experiment and can be used to define the
crystallographic structure or monitor a growth of thin films. The RHEED technique
involves strong interaction of electrons with the periodic potential of the crystal
surface, and cannot be described quantitatively by the kinematic approach [14]. The
kinematic scattering theory is applied to describe weak interacting diffraction
techniques (e.g. x-ray or neutron diffraction). However, the kinematic approach can
be sucesfully used for the physical understanding and qualitative description of the
growth process.

During the experiment can be observe a “spots” as well as rings on the RHEED
patterns. For the single crystal sample, many spots are generated as the atom positions
are well defined by the symmetry. After measuring the intensities of all of the
diffraction spots (reflections), it is generally possible to find the lattice symmetry and
spacing but the positions of the atoms in the unit cell (the structure) is still not possible
to determinated straightforwardly because of the multiple scattering. Most real

samples are polycrystalline then single crystal materials. In the diffraction pattern, the
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effect is that each of the spots is spread out into a ring (cone) Figure 2.8. If the

crystallites are oriented randomly, the rings are uniform.

d], d2 diffracted

Figure 2.8. Diffraction cone scheme. Different crystal orientations will produce will
produce another cone of diffracted rays illustrated in green and red, and so on for ds,
dy etc.

2.2.3. X-Ray Diffraction

X-ray diffraction has been a well-established technique for a structural investigations
last decades, applied not only by physicists. Any method which used X-rays is based
upon their discovery in 1895 by W. C. Rontgen [15]. X-rays show wave nature with
wavelength ranging from about 10 to 103 nm.
Figure 2.8 is the construction shown the Bragg’s law. The interplanar spacing, d, sets
the difference in path length for the ray scattered from the top plane and the ray
scattered from the bottom plane. Figure 2.9 shows that this difference in path lengths
is described by equation 2.9

n\ = 2d sinb, (2.9
where n is the product of the diffraction order (n) and the wavelength () is equal to
twice the product of the distance between the lattice planes (d) and the sine of the

diffraction angle (sin®).
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Figure 2.9. Schematic diagram of how the Bragg equation is derived from a crystal
Structure.

The Bragg low also required to remember the following two geometric
relationships[16]:

1. The angle between the incident X-ray beam and the normal to the reflection
plane is equal to that between the normal and the diffracted X-ray beam. The
incident X-ray beam, the plane normal, and the diffracted X-ray beam are
always coplanar [16].

2. The angle between the diffracted X-ray beam and the transmitted one is always

20, and this angle is called “the diffraction angle [16]”.

Crystal structure of TiO2> were investigated by X-ray diffraction (XRD) using a Philips
PANalytical X Pert Pro MPD diffractometer with Cu Ka filtered radiation with the
incident X-rays wavelength of 1.540598 A. The diffractograms were recorded data
using in the 2@ angular range of 20° to 140°.

2.2.4. X-Ray Reflectivity

X-ray reflectivity (XRR) is a technique often applied to thin film to check the growth
quality of the sample. This metod will shown information about a layer thicknesses
and interfacial roughness. It should be noted that the reflectivity depends only on the
interface properties.

In crystalline material, the electron density p is characterized by a certain symmetry.
Kiessig firinges depend on the constructive and destructive interference of x rays
reflected from the two interfaces as a consequence of the angular-dependent phase
shift. Their period is determined by the thickness of the layer [28] and they are very

sensivity on the qualities of the interface. From Laue oscillations which depend weakly
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onsurface roughness but are very sensitive to crystalline disorder we can tell about

surfaces quality

2.3. Microcscopy Methods
2.3.1. Scanning Tunneling Microscope [27,30]

The principle of electron tunneling was first published by Giaever in 1960 [16]. The
tunneling effect can be observed between two metallic surfaces where the electric
potential between them is observed. If the distance between surface and tip is less then
S5nm electrons can tunnel between the electrodes.
According to quantum mechanics, a particle with energy E can penetrate a barrier $>E
(Figure 2.10).

Solid IVucuum Solid

I
' 1
: ' Classically forbidden
: region

Ol 2
Incoming particle| (¢
wave function

Particle wave function
past the barrier

Figure 2.10. The top graph shows the potential for a solid-vacuum-solid
configuration. The lower graph shows the electron wave function oscillating in front
of the barrier, exponentially decaying inside the barrier and again oscillating past the
barrier [27,30].

In the classically forbidden region, the wave function y decays expotentially

P = o (exp — LREEE) (2.10)

h
Where m is the mass of the particle and A = 1.05x1073%Js. Barrier in STM is given
by the vaccum gap between sample and tip. Then tunneling current occurs and is

exponentially dependent on the surface separation distance and is equal to the

I, oV ps(Ep)e~1025V®z (2.11)
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This leads to very high vertical resolution.

Binnig and his colleagues [17] have invented the STM technique. In Figure 2.11 is
presented a schematic of the STM where the sharp tip is mouted on the piezoelectric
transducer. The piezoelectric element is used to move the tip into the surface for the
very small distance — only few angstrom units. This small distance means that the wave
functions of tip and sample start to overloop and the tunneling process by the barrier
is possible. The tunneling current is usually in a range of pA to nA and is measured by
the amplifier. For the STM measurements the constant current or constant hight mode
can be used. In the constant current mode, the distance between tip and surface is
controlled using a feedback loop and the tip is scanned surface with constant voltage
and current. The signal from the loop goes directly to the z-piezo element. For each
mesurements the feedback parameters need be optimize separtly. The gain of the
whole loop depended on the parameters like preamplifier gain or voltage amplifier
gain. For ideal electronically homogeneous surface constant current mean constant
gap. In this case tip follow all the topography features of the sample. The constant
current mode is in reality include ability to determine the surface height quantitatively
from V. direction and the sensivity of the piezo element as the surface is not
necessarily atomically flat. The constant hight mode does not use the feedback loop
but the tip scans topography of the surface with the constant hight V,=const. Chang of
the tunneling current are recorded directly what gave the possibilities of the much
grade speed then in constant current mode. That is usefull for studying real-time
dynamic processes measurements. This mode is applicable only for relatively flat
surfaces. For more details about STM see [18-25].

— 4
xyz-piezo-scanner | |

5 high-voltage
y amplifier
X
lr
probing tip .4
> feedback

sample

Figure 2.11. Schematic of the STM. An xyz-piezo scanner move the tip into the sample.
The feedback loop cna be used to keep the tunneling current constant [27].
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The STM measurements for teh semiconductors for positive bias, measure tunneling
current arise from electrons from the unoccupied states of the tip into unoccupied states
of the sample so the STM tip follow contour which is related to the occupited states.
For negative bias the electrons tunnel from occupited states of the sample into
unoccupied states of the tip. In this case STM image shown contour related to the epty
(unoccupied) electronic states.

The main limitation of Scanning Tunneling Microscopy is the necessity of working

with conductive materials, which puts strong constrains on possible applications.

2.3.2. Atomic Force Microscopy

By AFM is possible to measure any solid material without the condition of surface
conductivity. Such measurements are not possible to do by STM. The concept of AFM
is the measurement of force between tip (mounted on the cantilevel) and a surface [17].
Limitations of the force detection is far lower then the force between atoms at lattice
distance. AFM can be operated in several modes. The most common is the contact
mode (static). In this mode the distance between tip and surface is controlled to
maintain a constant cantilevel bending. Topography of the surface is recorded by
constant force. With using contact moded is possible to measure at an atomic scale
resolution. In the dynamic modes is measurering changes in vibrational properties of
cantilevel due the tip-sample interactions. The Tapping mode is a combination of the
static and dynamic modes. The oscillating tip only touches the measured surface at
maximum deection of the cantilever towards measured surface. In this moment, there
is direct mechanical contact with strong repulsive interaction forces between tip and

surface. In this work was used tapping mode during the measurements.

2.4. DFT

Density functional theory (DFT) has been the most successful used method in
condensed - matter physics in past few decades. This theoretical approach based on
Schrodinger equation (equesion 2.12) describe the properties of condensed matter
systems.

AY =E¥ (2.12)
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where H is the Hamiltonian operator, ¥ the total wavefunction, and E is the total
energy of the system, provides a precise quantum-mechanical description of the
physical behavior of the universe [35].

The most important adwantage is that not only standard bulk materials can be
circumscribe but also complex materials such as molecules, proteins, interfaces and
nanoparticles. Description of many - body system interactions are the main idea of
DFT with using particle density wavefunction. Following the Born-Oppenheimer
approximation [31] for N electrons interacting with static nuclei, the time -

independent Hamiltonian neglecting electron spin may be expressed:

A h2 2

H= _%Z?Ll Vit I, V) + 2, Y« UGy (2.13)
where the three terms define the kinetic energy, the electrons, the interaction of the
electrons with the nuclei and the electron-electron interactions respectively.

Two underlying postulates of DFT were published by Pierre Hohenberg and Walter
Kohn [32, 33]

The ground - state energy, Eo, from Schrodinger’s equation is a unique functional of
the electron density.
The electron density that minimises the energy of the overall functional is the true

electron density corresponding to the full solution of the Schrodinger equation:

Eo[n]<E[n] [34, 35].

These postulates nevertheless provide a method to recast the 3N-dimensional
Schrodinger equation to three spatial variables coordinates which makes calculations

possible in real time.

2.5. CASTEP

The Cambridge Serial Total Energy Package (CASTEP) [36], written in
FORTRANOO, is a DFT package created by Prof M. C. Payne. CASTEP is a program
based on quantum mechanics, designed specifically for solid-state materials. The
program involves the density functional theory plane - wave pseudopotential method,
which allowes calculations that explore the properties of materials. Many of the results
have been analysed using either Accelrys Materials Studio [37]. CASTEP allows to

perform calculations in severals different tasks like: energy calculation, geometry
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optimization, molecular dynamics, transition state calculations and properties. Each
calculation can have specified properties.

The geometry optimisation must be performed in order to determine the precise local
minimum energy structure for a collection of atoms. The most common optimization
approach is Broyden, Fletcher, Goldfarb and Shanno (BFGS) [33]. For bulk
optimization the unit cell must be optimized like an internal structure. It is important
to change the size of the Brillouin zone when the cell size is changed. Not accurate
and not well - optimised calculations will affect the procces and will casue a systematic
error which will appear in the calculation of the total energy and stress. The cell
optimization is finished when the maximum stress component drops belowe a
tolerance [34].

The classification of adsorption can be de divided into two classes. A week adsorbate
- substrate interaction where the adsorption energy is less then 0.3 eV per atom is called
physisorption, and when an adsorption energy is larger then 0.3 eV and where a
chemical bond exist is a so-called chemisorption.

The adsorption energy per atom is different from the total energy of adsorbate. The
total energy is called the potential - energy surface. This surface helps to find the global
minimum for energy. This minimum of energy corresponds to the most stable

configuration. The adsorption energy is described by:

_ Ecr+ads_(ECT+NadsEads)
Eyqs = (2.14)
Nads

where Ecr+ags and Ee; are the total energies of a crystal with and without the adsorbed
species present, Nags is the number of adsorbed species and Eags is the total energy of
the species to be adsorbed, in its stable isolated conformation. Energy adsorption
calculations are performed to find the most stable and favourable structure.

The easiest way to calculate surface energies is presented in this equation;

Ecyr—NcrEp
A

y = (2.15)

where E}, is the total energy associated with a single atom in the bulk and A is the total
surface area of the crystal. It is very important to know that using n-single atom
energies Ey will be less accurate in absolute terms then using a bulk slab total energy.
Results present in chapter 4 are made by using n-sibgle atom energies approach but
the relative energies are correct and do not change the results interpretation, which

means that surface free energy can thus be used as a relative stability of surface
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structures. The energies should be compared at the same cutoff energies. In addition,

atom adsorption at a stable site reduces the surface free energy [34, 35].

The work function W is the minimum energy required to remove an electron from a

solid to the vaccum. It is defined as a depth of Fermi level seen from the vacuum

energy, expressed as

W = _¢(Vzlc) — Ep

(2.16)

where both Fermi energy Er and ®(V..), the electrostatic potential at the lowest level

inside the supercell. Work function depends on the orientation of the crystal and for

different crystallography orientation surface, work function will be different and will

be between 2 to 6 eV. Structure preparation for work function calculation is describe

at CASTEP guide [38]. Figure 2.12 shows work function plot for Pt3Ti(111) surfaces.
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Figure 2.12. General electrostatic potential profile for the clean Pt:Ti, Ti and Pt

terminated surface in average on yz-plane.
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Chapter 3

Growth Optimization of TiO;

3.1. Introduction

Thin films of TiO2 can be formed on a wide variety of substrates including oxide
surfaces such as: MgO [1], SrTiOsz [1-2], and LaAlOs [1-3]. Different deposition
methods such as reactive sputter deposition [4], oxygen plasma assisted molecular
beam epitaxy (PAMBE) [2,5] or pulsed laser deposition (PLD) [3,6-12] have all been
used to fabricate the anatase phase. Until now of the substrates examined, LaAlO;
(LAO) gives the best coherency owing to its relatively small lattice mismatch with
anatase. In the bulk phase, anatase TiO» has a tetragonal structure with lattice
parameters a = 0.3776 nm and ¢ = 0.9486 nm, while LaAlO; can be described as a
pseudo-cubic perovskite with a lattice parameter a = 0.3792 nm, leading to a mismatch
of only 0.4% when TiO> is grown epitaxially on the (001) surface of LaAlO; [13].
While most studies have focused on the bulk structure of the anatase films, studies
have also investigated optimization of film growth to obtain good surface properties
of anatase TiO2(001), i.e. atomically smooth terraces with well-defined monoatomic
step-structures. In oxygen plasma-assisted MBE, well defined surface structures were
obtained for low growth rates (0.003—0.011 nm/s) at growth temperatures between 550
and 650 °C [14]. Under these conditions, a characteristic (4x1) reconstruction of the
anatase TiO»(001) surface [15-17] was observed in both reflection high-energy
electron diffraction and low-energy electron diffraction measurements [18-19]. In one
such study using low-energy ion emission [ 18], it was proposed that this reconstruction
is based on (103) nano-facets of TiO», but later theoretical calculations of the surface
energy for a range of surface orientations concluded that the (103) face is a high energy
surface, and therefore rather unlikely [20].

The aim of the present study is the optimisation of the PLD growth parameters to
generate smooth, flat surfaces and a well-defined interface between film and substrate.

Bulk and surface characterization of the anatase-TiO2(001)-(4%1) films on
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LaAlO3(001) using RHEED, LEED, X-ray diffraction, atomic force microscopy
(AFM), scanning tunnelling microscopy (STM), and scanning transmission electron

microscopy (STEM).

3.2. Experimental Details

The thin films were prepared by pulsed laser deposition in an ultra-high vacuum
(UHV) system with a base pressure 2 x 10 mbar, equipped with high-pressure
RHEED and using a 248 nm KrF laser (Coherent, USA). TiO ablation targets were
made of anatase TiO> powder with 99.99% purity and mounted on a rotating carousel.
During deposition, high purity oxygen was supplied to a pressure of 5.4 x 10 mbar,
while the sample to target distance was around 4.7 cm. For the growth of anatase-
Ti02(001) thin films, LaAlO3(001) substrates were used (Pi-KEM Ltd). The standard
substrate preparation method involved ultrasonic cleaning, first in acetone and next in
ethanol for 10 min each. Substrates were mounted side-by-side on tantalum plates and
placed into the UHV deposition chamber through a load-lock. All substrates were pre-
annealed immediately before growth at the deposition temperature in an oxygen
atmosphere of 5.4x10” mbar for one hour. The structure of the as-grown films was
evaluated in-situ by RHEED during and immediately following deposition, and ex-
situ with X-ray diffraction (45eV, 40mA, X’Pret PANalytical). All XRD scans were
performed between 20° and 120° with the step of 0.02°. The surface topography of
the deposited films was studied in-air using AFM in non-contact mode. The LEED and
STM measurements were carried out at room temperature in the second stainless steel
ultra-high vacuum chamber with a base pressure of 5.0 x 10! mbar.
Ti02/LaAlO3(001) samples were transferred between PLD/RHEED and LEED/STM
chambers without breaking UHV conditions with the use UHV suitcase. All STM
measurements were performed with the use of electrochemically etched W (99.99%)
tips (diameter 0.5 mm, length 3.5 mm) [21]. All STM images were recorded in constant
current mode and processed by the WSXM image-processing software [22]. The
electron transparent specimen was prepared using conventional cross-section sample
preparation methodology. The material was back-thinned to approximately 100 pm
before cleaved and mounted on a support grid. Afterwards it was mechanically thinned
to approximately 20 um and ion-milled to electron transparency using Ar* ions at 6 kV

and a beam incidence angle of 3° (cooled). A final low-energy ‘clean’ of the sample
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at 2 kV was employed to minimize amorphous surface layers. The Annular Dark Field
images were recorded using a double CEOS aberration-corrected Jeol ARM-200F
operation at 200k V. A convergence semi-angle of 22 mrad was used with a JEOL ADF

detector with inner and outer collection semi-angle of 45 and 180 mrad, respectively.

3.3. Results and Discussion

In order to evaluate the quality of the anatase thin film grown by PLD, a variety of
different parameters were varied including: sample temperature; KrF laser energy and
fluence; pulse frequency; and the sample-target distance (see Table 3.1). It was found
that epitaxial anatase-Ti0O: thin film growth was observed for substrate temperatures
between 620 and 700°C, and for oxygen partial pressures of 10 < po2 < 10”2 mbar.
Figure 3.1. demonstrates the quality of the anatase-TiO: thin films using in-situ
RHEED, AFM, and XRD. The X-ray diffraction and high resolution X-ray diffraction
(HRXRD) data were taken along the surface normal and rocking curve data
experiments, respectively. The thicknesses of the TiO; films ranged from 7.64 nm to
100.26 nm as estimated by using rocking curves, X-ray reflectivity (XRR) and STEM
methods, respectively (Table 3.1). The RHEED pattern in Figure 3.1.(a) for the KrF
laser energy = 43 mJ shows three weak additional streaks between the primary
(intensity) spots on the 0" Laue circle. The diffraction spots become streakier, possible
indicating a roughening of the surface and some kind of heterogeneous growth mode
which often occurs in oxide films. That is consistent with the AFM data, Figure 3.1,
where 3D TiO; clusters are observed (marked by arrows) as a result of the possible
initial miss-matched growth of TiO> on the LaAlO3(001) substrate. The TiO: surface
roughness in this case is equal to 1.65 nm. XRD scan shows two well defined peaks at
39.23° for (004) and 82.45° for (008) corresponding to the anatase phase. No fringe
maxima were observed in HRXRD. In Figure 3.2 results for changed distance between
sample and target are presented, Table 3.1. The RHEED pattern shows brighter than
for the previous sample three additional streaks and diffraction spots corresponding to

3D clusters (observed in AFM). These diffraction spots can be visible
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Figure 3.1. Sample A — different laser energy.
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Figure 3.2. Sample B — different sample-target distance. RHEED (a), AFM (b), XRD
(c) and HRXRD (d) results of TiO> on LaAlO3(001).
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Oxygen

S le — TiO_ Layer Thickness [nm TiO_ Layer
Sample Pressure Laser Laser Pulse C;Z)rp eet 2° [nm] 2+

Sample Temperature during Energy Frequency Distagnce ?:::g?lf/\sﬂs
[c annealing [l He] jmm] ~ HRXRD  XRR  TEM ]

[mbar]
A 680 5x10 43 5 47 - 66.90  60.50 1.65
B 680 5x10 44 5 57 fdc;% 8.80 10.70 0.72
C 680 1x10" 44 5 47 - 31.43 - 9.00
D 670 5x10 44 5 47 - 46.92  47.60 3.40
E 690 5x10° 44 5 47 - 100.26 - 9.30
F 680 5x10 44 8 47 - 7.64 - 7.20
. 19.60

G 680 5x10" 44 5 47 40.20 19.39 20.5 0.43

Table 3.1. Growth parameters of TiO: thin films on LaAlO3(001) surface.
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because the sample thickness is around 9.5 nm (Table 3.1), and it is possible that the
bulk lattice parameters of substrate and film influence to the specular RHEED

intensity. Figure 3.3 presents results of a sample which was annealed before growing
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Figure 3.3. Sample C — oxygen pressure changed during sample annealing. RHEED
(a), AFM (b), XRD (c) and HRXRD (d) results of TiO2 on LaAlO3(001).

for different oxygen pressure = 0.1 mbar. RHEED reflection shows very weak streaks
suggesting that the surface is mostly covered by an amorphous TiO» phase.
Polycrystalline rings start to become visible in RHEED. However, distinct spots are
still visible on some of the rings, which suggest that the growth of TiO: is not
completely random. In that case, the largest 3D TiO; clusters were observed by AFM.
Additional peak which is visible on the substrate peak is the results of not right and
proper system alignment. The sample shown in Figure 3.4 was prepared with a
substrate temperature of T = 670°C and further 3D islands were observed. However,

the streaks in the RHEED are the weakest, which means that more of the surface is
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covered by the amorphous TiO: phase. Figure 3.5 shows a completely amorphous film

with the 3D clusters grown on
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Figure 3.4. Sample D — sample temperature during growth T = 670 °C. RHEED (a),
AFM (b), XRD (c) and HRXRD (d) results of TiOz on LaAlO3(001).
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Figure 3.5. Sample E — sample temperature during growth T = 690 °C. RHEED (a),
AFM (b), XRD (c) and HRXRD (d) results of TiOz on LaAlO3(001).
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Figure 3.6. Sample F — different laser pulse frequency. RHEED (a), AFM (b) and XRD
(c) results of TiOz on LaAlO3(001).

top. The measured film thickness and surface roughness were equal to 100.3 nm and
9.3 nm, respectively. In Figure 3.6 results of TiO> growth with a laser pulse frequency
8 Hz are shown. The XRD 20-6 scan shows no anatase peaks but instead two rutile
peaks (200) and (400) at 39.18° and 84.26°, respectively. The best anatase-TiO2(001)-
(4x1) film on LaAlO3(001) substrate with flat surface and well defined interface
between film and substrate was obtained for sample temperature T = 680°C, oxygen
pressure po2 = 5.0x10* mbar, laser energy 44 mJ, laser pulse frequency 5 Hz, and
sample target distance 47 mm (Figure 3.7 — Figure 3.10, Table 3.1- sample g). Figure
3.7.(a) shows a RHEED pattern of the anatase-TiO»(001)-(4%1) surface taken along
[100] azimuthal direction. The streakiness of the pattern suggests that the film surface
is now well ordered and flat. Aside from the primary 1x RHEED diffraction pattern,
weak 4x diffraction features consisting of three additional streaks within each 1x
structure were also visible, suggesting that a 4% reconstruction occurred along [010]

direction during the growth. The additional 1/4-order peaks in Fig. 3.7.(c) are
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Figure 3.7. Anatase TiO: on LaAlO3(001) - Sample G. (a) The RHEED pattern along
[100] direction. In addition to the 1% diffraction features, a weak 4x diffraction
pattern consisting of three additional lines within the I x pattern are visible; (b) LEED
patterns of a two-domain (4x1) reconstructed surface recorded at normal electron
incidence for E = 90 eV, and T = 300 K (c) profile along the line A in the RHEED (a)
showing equally spaced 1/4-order peaks between the fundamental peaks; (d) line
profile from LEED pattern along (-1 1) — (1 1) direction with maxima from the (1 %4)
and (4 x1) reconstructions.

symmetrically positioned, showing equal distances between each other and the
fundamentals. Further, LEED was used to examine the anatase-Ti0»(001)-(4x1), Fig.
3.7.(b). A two domain structure, concerning of (1x4) and (4x1) of TiO: is clearly
evident. The profile in Fig. 3.7.(d) represents the intensity of spots along (-1 1) — (1 1)
direction with clearly visible maxima corresponding to (1x4) and (4x1) reconstruction.
Similar TiO; reconstruction was observed on SrTiO3 substrate [18, 23]. The XRD 26-
0 scan in Figure 3.8 shows well defined sharp anatase (00/) peaks, indicating that a
pure anatase film is formed, and that the film is preferentially aligned. The full width

at half maximum (FWHM) of the (004) anatase peak rocking curve, Figure 3.9, is
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0.34° while that of anatase film fabricated on SrTi03(001) substrates is larger than 0.6°
[24]. Thus the effect of lattice mismatch is
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Figure 3.8. The 26-0scan for Sample G from anatase TiOz on LaAlO3(001).

clearly reflected in the crystal quality. The difference between growth conditions for
the sample in Figure 3.2 and the best grown sample in Figure 3.9 from rocking curve
experiment has shown that in case of sample “Figure 3.2” FWHM = 0.57° and for

sample “Figure 3.9” 0.34° as was reported above. Those differences could suggest that

F - Fringe
L - Layer
S - Substrate

Log. counts [arb. units]

34 36 38 40 42 44 46 48 50
Incidence angle [deg.]

Figure 3.9. The rocking curve scan for Sample G from anatase TiO: on
LaAlO3(001).

the anatase film in Figure 3.2 has some kind of microstrine. Only a near perfect crystal
structure would produce very sharp peaks observed when the crystal is perfectly tilted.
In addition, a decrease of the period of oscillation in the fringes diffraction intensity

correlated with the film thickness increase was observed. The measured surface
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roughness from AFM image, Figure 3.10.(a), was found to be 0.43 nm. Hence, the

TiO; film seems to uniformly cover the substrate.
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Figure 3.10. Anatase TiO> on LaAlO3(001) - Sample G. (a) nc-AFM (10 000 A x 10
000 A); (b) STM image (2 500 A x 2 500 A, It = 0.5 nA, Upias = 1.0 V) showing a
continuous anatase film formed by the coalescence islands, (c) line scan along the line
B from the image in (b) demonstrating that the height of the TiO2(001) layers
corresponds to the height of 0.25 and 0.5 nm, respectively.

The room temperature STM image of the anatase-Ti0»(001)-(4x1) surface, Figure
3.10.(b), shows a 2D surface with a stepped structure. Only two preferred step
directions in the crystographically equivalent (100) and (010) directions were
observed. The height of these steps on the TiO2(001)-(4x1) surface was measured by
STM in Figure 3.10.(c) to be 0.5 nm and 0.25 nm, respectively. These values

correspond to two and one atomic-layer height steps and are in agreement with our
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Figure 3.11. Anatase TiO: on LaAlO3(001) - Sample G. (a) STEM image and (b)
corresponding schematic of [010] boundary formed on step terrace with highest equal
to1/4c =2.54

STEM results in Figure 3.11 [35]. Analysis of the frequent existence of steps with a
single atomic-layer height suggests that the anatase-TiO2(001) surface exhibits two
different surface truncations. It is expected, that these two truncations should have
different surface structures as was observed for TiO; on SrTiO3(001) [15, 23, 26].

The quality of these data described above indicated that the TiO; thin film is a high-
quality single crystal with an anatase structure. However, detailed STEM analysis
revealed the presence of numerous domains in the thin film, indicating the existence
of domain boundaries not only from the epitaxial growth either side of terrace steps
but also within an individual terrace. Figures 3.11.(a) and 3.12.(a) correspond to
Annular Dark Field (ADF) STEM images of the anatase-TiO»(001)-(4%1) onto
LaAlOs3(001) substrate. The interface is determined based on the arrangement of
atomic columns in bulk LaAlO; and TiOz, confirms the formation of a clean and
atomically abrupt interface between the two oxides, which means that the crystalline
and epitaxial anatase TiO; phase on LaAlOj; substrate was successfully produced. ADF
images expose the chemical composition in the heteroepitaxy since the intensity of the
atomic columns scales as approximately Z!7, where Z is the average atomic number.
Therefore the contrast is dominated by the cations with higher atomic number, and the
oxygen atoms are not visible. The interface in the system strongly indicates an LaO-

terminated layer [27], where the layer of LaO makes direct contact to a TiO> layer with
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the interfacial Ti sitting above hollow sites of the surface unit of LaO for domain II

. . Domainl .
a Domain |l e i b
BRI U 0 0,0, °0°0°%0°
Y- ry-ry
3e3e3etatsls
00000075 5 000
0QoeQoege
0803020000000
0000000°9°6°6
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000

Domainl
0[001]

/’
1
|
I
1
I
|
I
I
1
I
I
|
I
I
|
I
1
I
|
|
I
I

Figure 3.12. Anatase TiO: on LaAlO3(001) - Sample G. (a) STEM image and (b)
corresponding schematic of mixed type of domain I and Il boundaries formed by 90°
rotation plus a relative shift of o [001] LaAlOs due the substrate terrace and domain
111 which is not connected with the substrate.

correspond to (001)[010]T102//(001)[001] LaAlOs and above on top sites for domain
I correspond to (001)[001]TiO2//(001)[001] LaAlOs. Those domains are related by a
90° rotation of the anatase and/or n/4 a[001] (=[010]) translation Figure 3.13.
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Figure 3.13. The schamatic view of the domains I and II wich are related by 90
rotation.

In Figure 4.12.(a) three types of domain boundaries that could be distinguished within
the TiO; thin film based on the epitaxial growth relationship mentioned above are
shown. Figure 3.11.(b) represents a structural model of the first type of domain, with
the same orientation on the atomically flat LaO-terminated substrate surface with the
substrate terraces observed in Figure 3.11.(a) [10]. No any changes in the first domain

in the relationship to two different atomic steps were observed. From the STEM



experiment, one atomic layer of TiO; along the c-axis corresponds to 1/4 of the unit
cell, Figure 3.11.(b) [28, 26]. This result is in good agreement with our STM studies,
shown in Figures 3.10.(b) and (c). The second domain can be described as 90° rotation
plus a relative shift of a [001] LaAlOs3 (the terrace height), which is approximately
equal to c3/8 [001] of TiO2. An example is seen in the ADF-STEM image in Figure
3.12.(a), with its structural model in Figure 3.12.(b). The third additional observed
domain boundary type in Figure 3.3.12(a) is not connected with the layer step from
substrate but is the superposition of rotation and tilt of anatase phases. Those domains
can also be preferential sites for the segregation of dopants, which can be similar to
the role of grain boundaries in nano-crystalline anatase [29]. These domains appear to
be common to all single-crystal anatase TiO: thin films grown on LaAlQOs, since all
substrate have terraces and even without the presence of terrace steps, rotation domains

are able to form inside the bulk crystal.

3.4. Conclusion

In summary, it has been shown that the degree of order of epitaxial anatase-TiO; thin
films can be manipulated by varying growth parameters such as the sample
temperature, sample to target distance, oxygen pressure, laser energy, and laser pulse
frequency. Optimisation of the epitaxial growth of TiO: thin films on LaAlO3(001)
substrates was performed with the use of ultra-high vacuum PLD, and investigated by
RHEED, LEED, XRD, AFM, STM, and STEM. The results obtained clearly
demonstrate that the TiO; thin film, which covers the entire substrate, has a distinctly
anatase phase, and can be atomically aligned and bonded to LaAlO3(001) substrate.
Anatase-TiOz thin films showed high crystalline quality, evidenced by RHEED, XRD,
LEED, and atomic resolution STEM. Two, very well ordered domains (1x4) and (4x1)
surface reconstruction of anatase were observed by RHEED and LEED. An analysis
of the STM measurements indicates the coexistence of atomic steps of both 2.5 A and
5 A, confirming the existence of two TiO, domains. The STEM images also reveal

that the interface is most likely terminated with a LaO layer.
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Chapter 4

Structure Determination of Au on Pt(111)

Surface

4.1. Introduction

Properties of ultrathin gold layers deposited on the Pt(111) face were investigated in a
number of works [1-12]. Studies on single crystalline Au-Pt(111) model surfaces, for
instance, have provided detailed information on the catalytic properties of these
surfaces [1-3]. Davies et al. [1] studied the growth and chemisorptive properties of
gold and silver monolayers on platinum (111) and (553) single crystal surfaces using
Auger electron spectroscopy (AES), LEED, and temperature-programmed desorption
(TPD). The AES results suggested that the growth of Au proceeds via a Stranski-
Krastanov mechanism at room temperature, and that at temperatures above 800 K gold
dissolves into the Pt crystal bulk. No extra LEED order spots or spot streaking was
observed. In contrast, Shatler ef al. [2] with the use of AES, LEED, and TPD found
that deposition of gold on Pt(111) near T = 300 K indicates a layer-by-layer (Frank-
van der Merwe) growth mechanism up to three gold monolayers. The analysis of AES
measurements showed that two-dimensional islands growth below one monolayer took
place. Furthermore, with increasing coverage, the gold islands grew until the
monolayer is completed, before the second layer begins to form. In additional studies
by Sachtler et al. [3], the activity for conversion of n-hexane as a function of Au
surface concentration on Pt(111) was monitored. The Au-covered crystal was then
annealed at elevated temperatures to allow Au intermixing with the Pt substrate. The
formed Au-Pt(111) surface alloy showed a much higher activity for n-hexane
isomerization than pure Pt. Moreover, it has been reported that Au in a dispersed state
exhibits a high activity for some reactions at low temperatures (e.g., CO oxidation) [5]
and that this feature depends on the preparation conditions, size and shape of the Au
nanostructures [6]. Adsorption experiments with CO as a titration agent showed a
significantly lower affinity of the Au-Pt surface alloy in comparison to the clean Pt

surface [7]. Salmeron et al. [8] used photoelectron spectroscopy techniques (UPS
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(ultraviolet) and XPS (X-ray)), LEED and AES to study the electronic structure of Au
and Ag overlayers deposited on Pt(111), Pt(100), and Pt(997). Between 0 and 1
monolayer, the valence bands of Au and Ag show changes in the form of shifts of the
most tightly bound peaks and the appearance of the new structures around a coverage
(0au) of one monolayer. The Au 5d3» peak shifts 0.6 eV towards higher binding
energies when coverage varies from 0.1 to 1 monolayer and 0.5 eV more when
coverage varies from one to six monolayers. These shifts are explained as due to the
changing contributions of the Au atoms in island edges for surface (A < 1) monolayer
and bulk (6au > 1) coordination positions. Using AES, they found that gold on Pt(111)
grows layer-by-layer. Below 0au < 1, no extra LEED spots were observed. In addition,
the work function decreased upon gold deposition from its initial value of 6.08 = 0.15
eV for clean Pt(111) down to 5.8 = 0.15 eV. That value was reached at the monolayer
and remained constant thereafter up to five monolayers and is clearly larger than the
5.31 eV value reported by Potter et al. [13] for bulk Au(111). The work function for
the Pt(111) surface compares only fairly with that reported by Ertl ez al. [14] of 6.40
eV. Its smaller value might reflect a less perfect surface with larger number of residual
steps. It should be pointed out here that Pt(111) surface presents the highest work
function value among other metals surfaces. Vogt et al. [9] studied Au/Pt(111) system
by spin-, angle- and energy-resolved photoemission with normal incident circularly
polarized synchrotron radiation of BESSY and normal photoelectron emission for
different Au coverages. The prepared layers were characterized by AES and LEED
and turned out to grow up two-dimensionally and epitaxially. LEED spots did not show
any changes in geometry during the evaporation time up to the coverage of a thick Au
layer [9]. Later, the electrodeposition of Au on Pt(111) from electrolytes containing
UM concentrations of AuCl, was investigated by in sifu electrochemical scanning
tunneling microscopy (EC-STM) by Sibert et al. [11,12]. Under conditions of high Au
surface mobility, multilayer growth proceeds via a typical Stranski-Krastanov growth
mode, with layer-by-layer growth of a pseudomorphic Au film up to two monolayers
and three-dimensional growth of structurally relaxed islands at higher coverage,
indicating thermodynamic control under these conditions.

In the present work, in order to study the structural and electronic properties during
the initial adsorption process of gold on Pt(111) surface at room temperature, we have

performed low-energy electron diffraction, scanning tunneling microscopy
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measurements in ultrahigh vacuum and density functional theory calculations with the

use of CASTEP code.

4.2. Experimental Details

The measurements were carried out in a stainless steel ultra-high vacuum chamber
with a base pressure of 2.0 x 107 Pa. The chamber was equipped with a reverse-view
LEED optics, which was used for low-energy electron diffraction measurements, and
also with a variable-temperature scanning tunneling microscopy stage. The Pt(111)
single crystal was supplied by MaTeck [15]. The surface of the Pt(111) single crystal
was cleaned by repeated cycles of sputtering with 3 keV Argon ions at T =300 K and
annealing at T = 1100 K. After annealing at 1100 K, the residual carbon was removed
in 7.0 x 10~* Pa of oxygen, followed by desorption of any remaining oxygen at 1200
K. This procedure was repeated until the LEED pattern of a clean Pt(111) surface with
sharp spots and low background was obtained. The deposition of Au (99.999%) on the
Pt(111) sample was achieved by vaporization from a Knudsen cell and the coverage
of gold was determined via STM. Film coverages are described in monolayers (ML),
where a 1 ML Pt(111) film corresponds to an atomic packing density of 1.503 x 10!°
atoms/cm? obtained from a bulk lattice constant ap = 3.9239 A [16] (for comparison
the atomic packing density of Au(111) equals 1.387 x 10! atoms/cm? for aay = 4.0785
A [46]). This cell had been constructed from an ALO; crucible from Friatec [17] with
a diameter of 5 mm. It was filled with a 0.5 mm thick Au wire from Goodfellow [18]
and closed by a two-hole ceramic. The Knudsen cell was heated by a tungsten wire
from Goodfellow (diameter 0.3 mm) wound around the crucible and thermally
shielded by a water-cooled jacket. In order to control the deposition time, a rotatable
shutter was placed in front of the cell opening. The working pressure during Au
deposition was below 1.0 x 1077 Pa.

All STM measurements were performed with the use of electrochemically etched W
(99.99%) tips (diameter 0.5 mm, length 3.5 mm). For the potassium hydroxide
electrolyte, a 4 Vp—, square wave voltage (f = 100 Hz) was applied to the tip. In the
electrochemical cell, a tungsten wire is used as the working electrode (anode) and a Pt
(99.999%) loop (diameter 10 mm) is used as the counter electrode (cathode). A 3 M
KOH solution from Sigma Aldrich [19] is used as the electrolyte. The following

reactions take place:
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Cathode Pt (Reduction Reaction):
6e” +6K" +6H,0+Pt . rysrs = OKOH+3H, + Pt yrarysrs (4.1)

Anode W (Oxidation Reaction):
W - W +6e (4.2)
W +6KOH — W(OH), +6K* (4.3)

Total Reaction:

W +6H,0 + 6KOH + Pt . s; ys1s = W(OH) +3H, + 6KOH + Pty 101 ysrs (4:4)

All presented STM images were recorded in constant current mode and processed by
the WSXM image-processing software [20]. Before starting experimental
investigations of the Pt(111) and Au-Pt(111) surfaces, the experimental system was
calibrated with the use of well know Si(111)-(7 % 7) reconstructed surface [21-24]
(Figure 4.1).

(a) (b) (c)

Si(111)(7x7) EMPTY-STATE IMAGE  Si(111)-(7x7) FILLED-STATE IMAGE Si(111)-(7x7)

-------

(d) (e) (f)

Height profile along line B from the image in (b) Height profile along line C from the image in (b)

466 A
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] /
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distance (nm) distance (nm) distance (A)

Figure 4.1. Si(111)-(7 % 7) surface at T = 300 K: (a) LEED patterns recorded at
normal electron incidence for E = 40 eV; (b) STM image of empty states (150 A x 150
A, It = 0.5 n4, Upias = +1.6 V); and (c) STM image of filled states (150 A x 150 A, Ir =
0.5 nA, Upias = —1.6 V). Au deposited on Pt(111) at T = 300 K at a coverage 04, < 1.0
ML: (@) 04y = 0.8 ML (5000 A x 5000 A, It = 4.0 nA, Upias = 1.0 V); (d—f) line scans
along the lines A, B, and C from the image in (b). The unit cell is indicated by the blue
diamond (diagonals: a; = 46.6 A, a> = 26.9 A). Si adatoms (12 per surface unit cell)
cell are marked as red dots.
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Si(111)~(7 x 7) surface was prepared by twice direct current flashing (I =4.0 A) an p-
type Si(111) substrate (size: 1 x 10 % 0.5 mm, resistivity p = 1-10 Q cm) at 1220 K,
after degassing at 970 K for two hours by joule heating with a current of 1 A. Atomically
resolved STM images of the empty and filed states of Si(111)-(7 x 7) are presented in
Figure 4.1.(b),(c), respectively. The measured surface unit cell is characterized by two
diagonals of the diamond (a; = 46.6 A and a, = 26.9 A). Silicon adatoms (12 per unit
cell) are marked in red in Figure 4.1.(b), and they occur as bright “dots” in empty-state

STM image. Visible in STM images deep holes (depth ~ 2 A) are called corner hols

4.3. Calculation Details

All calculations were performed based on the pseudo-potential plane-wave within the
density functional theory [25,26], using the Cambridge serial total energy package
(CASTEP) [27]. The effects of exchange correlation interaction are treated with the
generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [28,29].
The ultra-soft pseudo-potentials [30] describe this electron-ion interaction system to
high accuracy with a plane wave energy cutoff of 600 eV. The energy calculations in
the first irreducible Brillouin-zone were conducted by using the (4x4%1) k-point grid
of the Monkhorst-Pack scheme [31]. Spin polarization of platinum was included in the
calculations to correctly account for its magnetic properties. All atomic positions have
been relaxed according to the total energy and force using the BFGS scheme [32] based
on the cell optimization criterion RMS force of 0.03 eV/A, stress of 0.05 GPa, and
displacement of 0.001 A. The calculation of total energy and electronic structure is
followed by cell optimization with SCF tolerance of 1 x 107% eV/atom. The Pt(111)
surface was modeled using a slab containing 7 (=15.84 A) and 10 (=22.63 A) layers
of Pt atoms with a vacuum gap in the [111] direction equal to 20.57 A and 30.37 A,

respectively. Full slab relaxation was performed in both cases.

4.4. Results and Discussion
4.4.1. LEED and STM

Gold atoms on the Pt(111) face form an ordered structure after evaporation onto the
crystal face. Typical LEED pattern observed before and after deposition of gold on the
Pt(111) face in normal electron incidence are shown in Figure 4.2. In this figure, the

unit cell of the platinum lattice is indicated. The lattice constant of the platinum surface
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unit cell is 2.775 A (primitive fcc (111) unit cell) [63]. The patterns are shown to
demonstrate the quality of the structural order at the surface. It should be pointed out
that the positions of the LEED spots associated with the Pt(111) substrate remains
unchanged during the gold deposition at 300 K (Figure 4.2.(c)), as was previously
reported by Sachtler and Samorjai [32] and Vogt et al. [40]. Thus, the lattice constant

of the first substrate layer remains constant, too, and suggests a two-dimensional

growth of the first gold layer.
(a) (b) (c)

Pt(111) 1 ML of Au on Pt(111)

— Pt(111)
—— 1 ML of Au on Pt(111)

Intensity (arb. units)

T T T T T T T | T T T T T
0.00 0.10 0.20 0.30 0.40

11a (A"

Figure 4.2. LEED patterns observed during the growth of Au on the Pt(111) surface
recorded at normal electron incidence for E = 120 eV, and T = 300 K: (a) clean
Pt(111) for E = 120 eV. kx and ky denote axes in the reciprocal lattice; (b) 1 ML of Au
on Pt(111); and (c) line profile along the lines from the image in (a,b) demonstrating
that the position of LEED spots remain unchanged after gold deposition. The unit cell
is outlined.

(a) (b)

Pt(111)

Z(A)

0 "
b 0 100 200 300
- X (nm)

Figure 4.3. STM images of the clean Pt(111) surface: (a) T = 25K (3734 A x 3734
A, Ir = 141 pA, Upias = +50 mV); (b) line-scan corresponding to line drawn in (a); and
(c) T=300K (40 4 x 40 A, It = 49 pA, Upias = +48 mV). The unit cell is outlined.
STM image evidences a hexagonal lattice arrangement of Pt atoms with measured
nearest neighbor distance of 2.80 A.

The results of our STM measurements on the clean Pt(111) surface are presented in
Figure 4.3. Figure 5.3.(a) displays an STM image, taken on a low-index Pt(111)

substrate with terraces between 100 and 300 nm width separated by monoatomic steps.
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The height of the steps on the Pt(111) surface was measured by STM to be 2.26 £ 0.3
A (Figure 4.3.(b)). However, one need to remember that the observed by STM step
height includes geometric and electronic factors. Figure 4.3.(c) presents atomic
resolution of the Pt(111) face. The obtained topography shows a hexagonal lattice
arrangement of Pt atoms with the nearest neighbor distance of 2.80 A. This value
describes the dimension of the surface unit cell and is 0.90% higher compared to the
literature value (=2.775 A) [33]. Figure 4.3.(c) demonstrates that the surface structure
seen in the obtained STM image has a clear long-range character. Figure 4.4 shows
STM images of the Pt(111) surface with varying Au coverage in order to illustrate the
morphology of the Au layers deposited on Pt at room temperature. Figure 4.4.(a) shows
a typical STM image corresponding to a submonolayer coverage of 0au =~ 0.8 ML. An
analysis of the STM measurements indicates that for coverage less than 1 ML, two-
dimensional growth of the gold layer is observed. This is in agreement with
photoelectron spectroscopy [8] and our present and previous AES/LEED
measurements [2,9]. The darker features in Figure 4.4.a represent the still visible
platinum substrate as predicted in the previous studies [2]. Similar to the results
observed by wus, the two-dimensional gold monolayer was obtained by
electrodeposition of Au on Pt(111) from electrolytes containing uM concentrations of
of AuCl} [12]. The line scan in Figure 4.4.(b) shows that the height of the first gold
layer corresponds to the height of a single Pt step height equal to 2.26 A. As the Au
coverage is close to 1 ML, Au wets the Pt(111) surface completely, as can be seen in
Figure 4.4.(c). This is not easy to confirm with STM, whether the surface is wetted or
not. However, the reason for the perfect wetting is because of the high-specific surface
free energy of the Pt(111) surface (2.299 J/m? < ypqi11) < 2.489 J/m?) [34-38] as
compared with that of the Au(111) surface (1.283 J/m? < yaua11) < 1.506 J/m?) [34—
38]. Since the total specific surface free energy should be minimized, a covered
Pt(111) surface is favored [69]. Closer view of the STM image topography in Figure
5.4.(d) reveals the presence of well-ordered gold structures. STM images indicate a
long-range order in the surface system. The obtained topography shows a hexagonal
lattice arrangement of Au atoms with a nearest neighbor distance of 2.80 A, which is
exactly the same value as mentioned above in the case of Pt atoms. The same value of
the surface unit cell after adsorption of gold could suggest that the gold atoms are
adsorbed in sites (hollow fcc or hcp), which are a direct continuation of the Pt lattice

ABCABCA. This is in good agreement with the supposition from the spin-resolved
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photoemission studies of Au-Pt(111) system [10], where the best fit of experimental

results and theoretical model was achieved on that basis.

(a) (b)

0.8 ML of Au on Pt(111)

- -
‘Pt

s SPPTYSSSCA,
0 100 200 300
X (nm)

(c) (d)

Figure 4.4. STM images of Au deposited on Pt(111) at T = 300 K at a coverage 64, <
1.0 ML: (@) O.4.= 0.8 ML (5000 A x 5000 4, It = 4.0 nA, Upias = +1.0 V); (b) line scan
along the line from the image in (a) demonstrating that the height of the gold layer
corresponds to the height of a single Pt step height; (c) O, = 1.0 ML (5000 A x 5000
A, It = 2.0 nA, Ubias = +1.0 V), and (d) (30 A x 30 A, It = 4.65 nA, Upiss = +159 mV).
The unit cell is outlined. STM image evidences a hexagonal lattice arrangement of Au
atoms with measured nearest neighbor distance of 2.80 A.

4.4.2. DFT
4.4.2.1. Structure of Clean Pt(111)

In the theoretical part of our work, we have calculated multilayer relaxations of the

Pt(111) system using the slab with 7 and 10 atomic layers. Figure 4.5.(a) shows the

69



schematic view of relaxed slab structure for the seven platinum layers. The platinum
low-index surface was modeled by repeated slabs with a (1x1) surface unit cell with
four atoms in each layer. The calculated atomic layer distances for seven and ten planes

are shown in Table 5.5. d ‘jY defines the distance along the surface normal direction

between the X atom at the i atomic layer and the Y atom at the j atomic layer. Surface
relaxation Ale_‘jY is characterized as the percent of change of the spacing between
layers i and j versus the bulk layer spacing (d°). Bulk value (do) is taken from our GGA
calculations and describes average distance between atomic planes of seven (=2.30 A)
and ten (=2.29 A) platinum layers, respectively. Further calculations of gold

adsorption on Pt(111) surface has been performed on seven platinum layers.
(@) (b)

[4h)]

fo1] [110)

Figure 4.5. (a) Side view of the relaxed Pt(111) surface for seven layers. Values of
denoted characteristic inter plane distances are given in Table 1. (b) Considered
positions of Au adsorption on the Pt(111) surface: A—on top; B—hollow fcc; C—
hollow hcp; and D—bridge. The unit cell is outlined. The nearest neighbor Pt-Pt
distance of 2.83 A is obtained from our theoretical calculations.

Our calculations for the clean Pt(111) show very good agreement with the above-
presented STM results and with the other experimental and theoretical literature
studies [40,41,49-57] presented in Table 4.1. Obtained lateral geometrical properties

of Pt(111) surface and distances between the nearest Pt atoms in the
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Present work

GGA (CASTEP) Previous DFT study LEED SXRD#
df ' A 7layers  Ad} 5" (%) 10 layers Ad¥TY (%) d’5 A Ad¥TY (%) d’5 A d’5 A Ad¥TY (%)
2.26%
+0.44" (LDA) 2.2940.1°
dPtsPt 2.32 +0.87 233 4175 2.766" (LDA) i??i%fg:; a2l 2310005 2.0
+0.85 (LDA) 2.2655 + 0.025¢
2.29+0.001/
-0.31" (LDA) 2.26¢
- -0.56'(GGA) 2.2405 + 0.025¢
Pt—Pt h
dbts 2.29 -0.43 2.29 - 2.746" (LDA) 029/(LDA) 5274 0.0037
-0.22/(LDA)
-0.15/(GGA) 5 26
dbt Pt 2.30 - 2.29 - -0.21/(LDA) : .
017 (LDA) 2.2655 +0.05
dPt—Pt ”
4-5 2.30 - 2.30 +0.43 2.26
dPt—Pt
5-6 2.29 -0.43 2.29 -
dgt7"* 2.30 - 2.30 +0.43
drtgrt 229 B
agtsrt 229 B
d5tet 2.30 +0.43
2.26¢
do (A) 2.30 2.29 2.75" (LDA) 2.2655¢ 2.26
2.265/
3.99/(GGA) 3 908
a0 (A) 3.99 3.99 3.97/ (GGA) 3.92% (EXP) 362314
3.89/ (LDA) :

@Ref. [49-50]; ® Ref. [51]; ¢Ref. [52]; “Ref. [53]; ¢Ref. [54]; /Ref. [55]; ¢ Ref. [56]; " Ref. [57]; ' Ref. [40];/ Ref. [41]; ¥Ref. [42].
Table 4.1. Distances (df__]-y) between the atomic planes of the relaxed Pt(111) system, and their percentage changes (Adf__jy) with respect to the bulk value (dy), calculated for
the slab with 7 and 10 atomic layers and compared with experimental [42, 49-56] and theoretical [40,41,57] literature data. Notation of inter-plane distances are the same as
in Figure 1. df__jy denotes the interlayer spacing between layers i and j for the X and Y atoms type. dor—average distance between atomic planes of seven and ten layers,

respectively. ap—lattice constant of Pt. GGA—generalized gradient approximation, LDA—Ilocal density approximation, LEED—Ilow energy electron diffraction, SXRD—surface

X-ray diffraction.
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structure (=2.83 A) are very close to STM measurements (=2.80 A), with the difference
about 1%. The first and second interlayer spacings of the clean Pt(111) surface were
determined to be 2.32 A and 2.29 A, respectively, in case of calculated slab with seven
atomic layers. This corresponds to a +0.87% expansion and —0.43% contraction of the
first and second metal layer spacings of the ideally terminated Pt(111) clean surface
(=2.30 A), respectively. These values and the value obtained in our calculations of
lattice constant of the bulk Pt (=3.99 A) are in excellent agreement with the previous
GGA calculations [70] and surface X-ray diffraction results [56] (Table 4.1). However,
comparison of our calculations to the quantitative low-energy electron diffraction
value of the first interlayer spacing shows that our theoretical value (=2.32 A) is
slightly larger (+2%) then the average value of 2.27 A observed experimentally [49-
55].

4.4.2.2. Structure of the Au/Pt(111) System

Figure 4.5.(b) shows the four possible gold adsorption sites on the Pt(111) surface with
one on-top site (labeled as A), two hollow sites: hollow fcc (labeled as B), hollow Acp
(labeled as C), and one bridge site (labeled as D), In our calculations, we define one
monolayer of adsorbed Au atoms corresponding to the same atoms as the atomic sites
in the surface layer. One Au atom adsorbing on the Pt(111) surface corresponds to an
adsorption coverage of 0.25 ML. The minimum adsorption energy (Eas) was

calculated by means of the following total energy difference:

A
Eaas = Er (5r5p) = Br(Aw) — Er(Pt(111)) (4.5)
where E7 is the total energy of the system and #un), Au, and Pt(111) refer to the

atom-on-metal system, the free Au atom, and the bare Pt surface, respectively.
Table 4.2 displays the predicted adsorption energies of Au on the Pt(111) surface and

the distance between the Au atom and its nearest (7vv) and next nearest neighbors
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(111) Site Eas (V) rav () rann (A)

Au on top A +0.580 2.58 3.76
Hollow fcc B —0.578 2.74 3.89
Hollow hcp C —0.518 2.75 3.92

Bridge D—-B —-0.578 2.74 3.89

Table 4.2. Calculation results of one Au atom adsorption on the Pt(111) surface.
E.a—adsorption energy; ryy and ryyy describe the distance to the nearest (NN) and
next-nearest (NNN) neighbors. D — B means that after calculations gold atom has
moved from the bridge position D towards the most favorable hollow fcc position B.

(rvvwv). A, B, C and D describe positions of Au atom on the Pt(111) surface before
starting calculations. As one can see, only in the case of bridge position D displacement
of gold atom towards hollow fcc position B is observed, while the other gold
adsorption positions described as A, B and C remain unchanged. Results for the atom
in an A position sugest that the wrong settings was choisen during the calculations.
Thos settings not alloved to move atom to the most stable position. The comparison of
the calculated adsorption energies reveals that the preferred position of the Au on the
Pt(111) surface is the hollow fcc with the Eags = —0.578 eV. At this favorable position,
the nearest to the nearest (NN) and next-nearest (NNN) neighbor distance is equal to
2.74 A and 3.76 A, respectively (chapter 4.4.1). The adsorption energy of one gold
atom in hollow fcc site is negative, which indicates in addition that this adsorption
position is the most stable. Similar conclusion was obtained in case of a quantitative
LEED analysis of the structure of Pt(111) (V3 x ¥3) R30°-S, where the best agreement
between experiment and theory has been found for a model with a sulfur atom in the
three-fold hollow fcc site [49]. Moreover, our theoretical studies are in agreement with
the spin-resolved photoemission predictions where the Au is adsorbed in sites, which
are a direct continuation of the Pt lattice [10]. In contrast to very stable hollow fcc site,
the on-top adsorption position is the most unstable place with Eaqs = +0.580 eV. Next,
taking into account our experimental STM results, we have considered structural
model of the Au/Pt(111) surface reproducing in the best way the topography of the
obtained STM images. Structural relaxation has shown that such a model is stable. The
lateral positions of all gold atoms in the relaxed structure remained the same as in the

starting configuration. This model assumes that the gold structure is built up by Au
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hollow fcc and hollow Acp atoms (Figure 4.6). The obtained lateral geometrical

properties of this

(a) (b)

&)
2

1)

do1) io)

Figure 4.6. (a) Side view of the calculated most stable hollow fcc position of a relaxed
Au atom on the Pt(111) surface; (b) top view of the calculated Au/Pt(111) surface. The
unit cell is outlined. The nearest neighbor Au-Au distance of 2.83 A is obtained from
our theoretical calculations.

Au/Pt(111) model and distances between the nearest gold atoms in the structure (=2.83
A) are almost the same as those following STM measurements (=2.80 A) with the

difference close to 1%. Table 4.3 presents obtained changes in the Pt(111) geometry

X—y Adsorption Site B
di" (A) 8 Layers Ad}" (%)
art-Au 2.36 +2.16
dre;rt 2.34 +1.30

dytsrt 2.31 -

dftrrt 2.32 +0.43

dytstt 2.31 -

detert 2.30 -0.43

dgtrt 2.33 +0.86
do 2.31

Table 4.3. Calculated distances (df__jy) between the atomic planes of the relaxed Au-
Pt(111) system, and their percentage changes (Ad{__jy) with respect to the ideal Pt

bulk value (dy), for the slab with eight atomic layers (see slab and top view of the
considered structure in Figure 5.6).

induced by the presence of a two-dimensional gold layer. Namely, we find the top
interlayer spacing dPt~4% noticeably expanded by +2.16% with respect to the ideal
platinum bulk value (=2.31 A). The calculated value of the surface free energy of gold
layer equals to yau = 1.481 J/m?, and it is in very good agreement with the value of the
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surface free energy of Au(111) mentioned in literature (1.283 J/m? < yaua11) < 1.506
J/m?) [34-38].

4.4.2.3. Density of States

The calculated electronic structure (density of states—DOS) for the studied adsorption

system is presented in Figure 4.7. The DOS curve for bare Pt(111) and Pt(111) covered

(a) (b)

Pt(111) VEf Platinum Ee 1 —— DOS (=5 +p +d)
— Au/Pt(111) H P—s

B Projected Au : _5

DOS [a.u.]
Density of States (arb.units)

-10 -8 6 -4 2 0 2 4 6 10 -8 -6 -4 -2 0 2 4 6
Energy [eV] Energy (eV)

Figure 4.7. Density of states curves for gold on Pt(111): (a) Clean Pt(111) (red dotted
line); 1 ML of Au on Pt(111) (black line). The projection of the adsorbed gold density
of states is shaded in blue. (b) Clean bulk platinum (black line) and its components
associated with s (orange line), p (green line) and d (blue line) orbitals. Er denotes
Fermi level.

by Au is displayed in Figure 4.7.(a) as red dotted and black line, respectively. In case
of Au/Pt(111) surface, the DOS curve was obtained by considering gold atoms sitting
in the most stable hollow fcc positions. Density of states distributions of Pt(111) and
Au/Pt(111) systems were calculated for seven (clean platinum) and eight (one gold
monolayer on platinum) atomic layers, respectively. In the case of density of states for
clean Pt(111) surface, our results are in very good agreement with previous theoretical
studies [43,44,49-51]. Changes in the electronic properties of our Au/Pt(111) system,
compared to Pt(111), are visible. In particular, noticeable increase in the intensity of
occupied states in the energy range between —5 and —1 eV, and slight change of the
DOS shape after including of one gold layer into calculations. On the other hand,
adding of the gold layer did not increased the intensity as much as it could be expected
for the d metal like gold [58]. The presented result suggest that further theoretical
studies are required for better understanding of the adsorption process of gold on the

Pt(111) surface. Both alterations, mainly attributed to the interaction of Au atoms with
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Pt(111) surface [9,10], are represented by the projection of the adsorbed gold density
of states in Figure 4.7.(a). Density of states distribution calculated for the bulk
platinum presented in Figure 4.7.(b), confirms well that the electronic structure of

platinum is dominated by d state within the whole considered energy range.

4.5. Conclusion

In this work, experimental and theoretical studies of the geometrical and electronic
properties of (111) surface of the ordered Au-Pt adsorption system have been
presented. The analysis of LEED and STM measurements indicates that for a coverage
below 1 ML, two-dimensional growth of the first Au monolayer takes place. Based on
LEED results, no change of the lattice constant after gold adsorption was observed.
The topography of the obtained STM images of Pt(111) and Au/Pt(111) surfaces on
the level of the atomic resolution demonstrate that the surface structures have
hexagonal arrangement of atoms and that the surface lattice constant is equal to the
distance between the nearest platinum surface atoms (=2.80 A). This is in very good
agreement (close to 1%) with our presented DFT calculations, where the distances
between the nearest atoms in the case of bare Pt(111) and Au/Pt(111) surface equal to
2.83 A. It was shown that the first and second interlayer spacings of the clean Pt(111)
surface were determined to be expanded by +0.87% and contracted by —0.43%,
respectively. The calculated adsorption energy of the Au atom on the Pt(111) surface
is dependent on the adsorption site, and there is a preference for a hollow fcc site (Eads
= —0.578 eV). In the presence of gold layer on the Pt(111) surface, the top interlayer
spacing was found expanded by +2.16% with respect to the ideal bulk value. Density
of states for the Pt(111) surface present very good agreement with previous literature
studies, while observed changes in the electronic properties of the Au/Pt(111) system
below the Fermi level are mainly connected to the interaction of Au atoms with Pt(111)

surface.
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Chapter 5

Surface termination of Pt3Ti(111)

5.1. Introduction

Hydrogen based energy systems seem to be a very good approach for the future as the
expansion of the clean energy storage and production technicues. At this point that is
challenging issues of ongoing scientific studies. Presently, there is need for making
better platinum based cathode catalysts for the oxygen reduction reaction. It could help
to the platinum loading reduction [1]. One of the methods to achieve high-effective
electro catalysts is combining two or more metals togheter. Such procedure may lead
to new surface phenomena, which can be interesting for their catalytic properties. For
example, using Pt-alloys with the 3d and 4d-transition metals (e.g. Ni, Co, Ti, V, Zr,
Fe) results in electro catalytic research [2-4] called ‘volcano-type.’ It seems, that for
the Pt;M alloys the maximum in the catalytic activity is casued by the interaction
between the adsorption of rective intermediates and the efficiency of the electron
transfer to adsorbates. It means, if the cathode catalysts bind oxygen to strongly then
the oxygen reduction reaction is minimized by the desorption ratio. Differently, the
oxygen reduction reaction is limited by the electron transfer rate to the oxygen
moleculer. For the Pt:M alloys the catalytic activity could be connected with the
electronic structure of materials [2-4]. Because interaction between adsorbate and
metal depends on the 02 2p-states and the metal d-states, the d-band center corresponds
exactly as the chemisorption energy to the kinetic of the oxygen reduction reaction and
that is why it can be applied as a measure of the catalytic activity for the platinum
alloy. The rules of the development of the efficient electro cataysts based on calculated
as well as experimental sets of results seem to be reasonable [2-5]. Namely, the d-band
center of an perfect electro catalyst should be shifted around -0.2 eV relative to the one
of platinum and the catalyst should bind the O about 0.2 eV weaker than platinum
atoms. On the other hand, the production of a perfect electro catalyst is experimentaly
complex, even if the influence of the 3d and 4d- transition metals on the oxygen
reduction reaction rate. One of the main problems is the enhanced dissolution of the

transition metal in aqueous solutions with respect to platinum. Because it could cause
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an increase of platinum in the surface area [6]. The other important point is the surface
segregation processes which can depend on the composition of the considered system.
The segregation process turns out to be a source of changes in the surface electronic
structure of PtsM alloys [2,5]. It was shown theoretically [5] that a strong platinum
segregation to the outermost layer occurs in alloys, especially Pt3Ti, whose platinum
concentration is above 75%. With the use of low-enery electron diffraction and low-
energy ion-scattering measurements, and after the usual preparing conditions of the
PtsM-crystals, a platinum skin covers the atomic layers underneath and in addition acts
as protective layer [2—4,7-8]. The described properties are especially of importance
with respect to a high corrosion resistance of the alloy. It should be pointed out, that
at the present state it is still not clear whether the Pt3M layer beneath the Platinum-
skin is Platinum depleted or not [4-5,9-11].

5.2. Experimental Details

The UHV system was equipped with a Createc low temperature STM, a combined
MCP-LEED/Auger spectrometer, a sputter gun for surface preparation and a mass
spectrometer for rest gas analysis. Base working pressure was 1 x 1079 mbar. The
Pt3Ti(111) crystal was purchased from MaTecK and has been prepared under UHV
conditions by several cycles of ion sputtering with neon gas (beam energy of 1 keV;
sample current of 3 - 4 pA). Next, in order to decrease number of dislocations and to
reestablish the surface stoichiometry the sample was annealed up to 1200 K after each
sputter cycle. The surface quality has been checked by AES and LEED. All STM
measurements were performed under LN cooling with the use of mechanically cut Pt-

Ir tip.

5.3. Theoretical Details

All calculations were performed based on the pseudo-potential plane-wave within the
density functional theory [12,13], using the Cambridge serial total energy package
(CASTEP) [14]. The effects of exchange correlation interaction are treated with the
generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [15,16].
The ultra-soft pseudo-potentials [17] describe this electron-ion interaction system to
high accuracy with a plane wave energy cutoff of 600 eV. The energy calculations in

the first irreducible Brillouin-zone were conducted by using the (4x4%1) k-point grid
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of the Monkhorst-Pack scheme [18]. Spin polarization of platinum was included in the
calculations to correctly account for its magnetic properties. All atomic positions have
been relaxed according to the total energy and force using the BFGS scheme [19] based
on the cell optimization criterion RMS force of 0.03 eV/A, stress of 0.05 GPa, and
displacement of 0.001 A. The calculation of total energy and electronic structure is
followed by cell optimization with SCF tolerance of 1 x 107% eV/atom. The Pt(111)
surface was modeled using a slab containing 7 (=16.02 A) and 10 (=22.88 A) layers
of Pt atoms with a vacuum gap in the [111] direction equal to 20.8 A and 30.71 A,

respectively. Full slab relaxation was performed in both cases.

5.4. Results and Discussion

First of all, the LEED pattern of the clean Pt3Ti(111) surface at E=180 eV electron
beam energy after Ne gas sputtering surface cleaning and thereafter annealing cycles
(Figure 5.1.(a)) has been taken.

Typically, metal alloys with structure like CusAu structure are expected to be created
by ABCABC... stacking layers. All of them should consist of three platinum atoms
and one titanium atom per unit cell. It means, that titanium atoms form a p(2x2)
superlattice with respect to the p(1x1) lattice of a Pt(111) surface.

The expected p(2%2) superstructure spots are visible (Figure 5.1.a) and the dedicated
vectors for unit cell are 5.54 A and 2.76 A. The collected LEED images suggest that
the crystal surface is well-ordered in the surface region. However, the LEED images
do not provide any information about the composition of the topmost surface layers.
Figure 5.1.(b) presents a typical STM image of the Pt3Ti(111) surface with true atomic
layer step and dislocations. Such dislocations are characteristic for the Pt(111)
surfaces. The observed step height around 2.3 + 0.3 A (Figure 5.1.(c)) is in good
agreement with the crystallographic data.

The atomic resolution STM image of the Pt3Ti(111) surface is shown in Figure 5.1.(d).
One can see very evidently the hexagonal symmetry with long-range character of the
Pt3Ti(111) single crystal surface. The observed unit cell of the titanium is related to
the p(2x2) superstructure with a unit cell constant of 5.6 A. The atomically resolved
STM image of the Pt3Ti(111) surface reveals three positions wth equivalent electron

density forming a triangle and one position which seems to be isolated [21]. This
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discussed above platinum-skin surface could also show the same symmetry as a result

from the surface electronic structure due to the bulk structure.

® ©

Pt;Ti(111) |

23A

Z[A]

! 1 1 1 4l‘
0 s 10 15 20 25

X[nm]

Figure 5.1. (@) LEED patterns for a clean Pt3Ti(111) surface recorded at normal
electron incidence for E = 180 eV, and T = 300K, (b) T=25K (578 A x 578 4, Ir =
100 pA, Upias = +23 mV); (c) line-scan corresponding to line drawn in (b); (d) UHV-STM
of the Pt;Ti surface after repeated cleaning cycles with atomic resolution (2500 A x 2500
A, 0.006 V, 7.9 nA, (low pass filtered)[21] - the unit cell is outlined; and (e) theoretical
model of Pt3Ti(111).

Until now, the STM studies of the Pt3Ti(111) surface show the recurrence of the bulk
crystal. On the other hand, since STM results present a connection of the electronic
structure and morphology this does not prove that the Pt3Ti crystal has a bulk-like
termination. Furthermore, if we take into account the noticable sublayer dependence
of the binding energies of adsorbates [10,20] then it means that the d-band center and
the electronic structure of the probed surface depends at least on the topmost layer.

The theoretical part of presented work covers the calculations of multilayer relaxations

of the Pt3Ti(111), PtsTi(111)-Pt terminated (Pt3Ti-Pt) and Pt3Ti(111)-Ti terminated
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(Pt3Ti-Ti) systems using the slab with 7 atomic layers. Figure 5.2 shows the schematic

view

(11

io1) nio)

Figure 5.2. Side view of the relaxed Pt3Ti(111) Surface: (a) Pt3Ti(111)-Pt terminated
Surface; (b) Pt3Ti(111)-Ti terminated surface (c) for seven layers. Values of denoted
characteristic inter plane distances are given in Table 6.1-3.

of relaxed slabs structure for the seven layers of Pt3Ti (Figure 5.2.(a)), Pt3Ti-Pt (Figure
5.2.(b)), and Pt3Ti-Ti (Figure 5.2.(c)). The platinum low-index surface was modeled
by repeated slabs with a (1x1) surface unit cell with one Ti atom and three Pt atoms in
each layer for Pt3Ti, four Pt atoms in the top layer in Pt3Ti-Pt and four Ti atoms in the
top layer of Pt3Ti-Ti. The calculated atomic layer distances for seven planes are shown
in Table 5.1 for Pt;Ti, Table 5.2 for Pt;Ti-Pt and Table 5.3 for Pt:Ti-Ti. d;"}" defines
the distance along the surface normal direction between the X atom at the i atomic
layer and the Y atom at the j atomic layer. Surface relaxation Ad{";" is defined as the
percent of change of the spacing between layers i and j versus the bulk layer spacing
(d°). The bulk value (do) is taken from our GGA calculations and describes average
distance between atomic planes of seven (=2.27 A) for Pt;Ti and Pt:Ti-Pt and (=2.29)
for Pt:Ti-Ti are almost the same as those following STM measurements (=2.30 A) with
the difference close to 1%. The calculated value of the surface free energy for ypati =
1.74 J/m?, yparipe = 1.49 J/m? and ypariti = 2.55 J/m? where the surface free energy of
the Pt(111) surface (2.299 J/m? < ypqi11) < 2.489 J/m?) [22-26]. The calculated value
of the work function for the ®p31i=4.723eV, Opi1i-p=4.935¢V and Ppyr1i-1i=4.042eV
and it is in very good agreement for Pt terminated surface with the experimental value
of the work function ®pi1i=5.02eV [27] measured by UPS for the clean surface of the
Pt3Ti(111) face. According to the theoretical calculations [21], and predictions of
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Duan’s et al. this could make surface segregation processes up to a Pt outermost layer
[5]. Number of times the Pt3Ti(111) sample was sputter suggest the termination of the
Pt3Ti(111) single crystal, i.e. termination by a monolayer of Pt (Pt3Ti-Pt).

X—¥ CASTEP X—¥ CASTEP
disj' () 7 layers disj' () 7 layers
fa‘&lz 2.27 R 2.22
aripe -0.18 aktert 2.28
aptore 2.33 ar=r 2.34
arsr 1.89 drpt 2.34
arsre 2.16 astem 2.28
are;m 2.07 actert 2.28
agtsrt 2.27 arr 2.28
arsr 2.53 arrt 2.28
arisre 2.53 age.m 2.28
ages 2.27 dgert 2.28
agiLrt 2.27 dgisr 2.34
arer 2.22 dri-re 2.28
arire 2.28 agesr 2.34

Table 5.1. Calculated distances (i df__jy) between the atomic planes of the relaxed
Pt3Ti(111) system for the slab with seven atomic layers.

X—¥ CASTEP X—¥ CASTEP
disj' () 7 layers disj' () 7 layers
fa‘&lz 2.27 dbtoPt 2.26
aptsre 2.35 ar=r 2.22
ape;m 2.09 drpt 2.25
age;r -0.26 agesr 2.22
agisre 2.23 agtore 2.26
arsr 2.38 arr 2.54
arisr 2.49 arrt 2.29
agesr 2.11 akt.m 2.51
agigrt 2.25 dgesrt 2.31
drir 2.37 drir 2.29
arire 2.37 diisPt 2.26
age;r 2.26 agt;r 2.23

Table 5.2. Calculated distances (i df__jy) between the atomic planes of the relaxed
Pt3Ti(111)-Pt terminated system for the slab with seven atomic layers.
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dXY(A) CASTEP

J 7 layers
Bulk 2.29
value
d,_, 2.30
d,_, 2.29
d;_y 2.30
dy_s 2.26
ds_g 2.34
de_; 2.21

Table 5.3. Calculated distances (df__jy) between the atomic planes of the relaxed
Pt3Ti(111)-Pt terminated system for the slab with seven atomic layers.

Furthermore, during the STM measurements [21], large terraces with a termination of
Pt3Ti-Pt and two special defects, a bright one (D1) and a dark one (D2), Figure 5.3, at
Vbias = 0.58 V and Vypias = 1.30 V, were observed, respectively.

0.58V 130V

Figure 5.3. Two different characteristic surface defects on Pt3Ti-Pt, DI and D2 (0.58
V, 0.48 nA; 1.30V, 0.11 nA; low pass filtered; 1.7 nm % 1.7 nm) [21].

Figure 5.4 shows possible Pt adsorption sites on the Pt3Ti(111) surface (Figure 5.4.(a)),
and Pt3Ti-Pt surface (Figure 5.4.(b)) with the on top adsorption positions T1, T2, T3
and T4, hollow hcp positions H6, HS, hollow fcc position F5, and bridge position B7.
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(a) (b)

[o1)

Figure 5.4. Considered positions of Pt adsorption on the Pt3Ti(111): (a) and Pt;Ti-Pt
terminated (b) surface: T—on top;, F—hollow fcc; H—hollow hcp; and B—bridge.

The minimum adsorption energy (Eads) was calculated by means of the following total

energy difference:

Pt
Pt3Ti or Pt3Ti—Pt

Eaas = Er ( ) = Er(Pt) = Ex(Pt;Ti or PtsTi = Pt)  (5.1)

Pt
Pt3Ti or PtsTi—Pt’

where E7 is the total energy of the system and Pt, and Pt3Ti or Pt3Ti-

Pt refer to the atom-on-metal system, the free Pt atom, and the bare Pt3Ti or Pt3Ti-Pt
surface, respectively.
Tables 5.4 and 5.5 displays the predicted adsorption energies of Pt on the Pt3Ti(111)

surface and on the Pt3Ti-Pt terminated surface, respectively.

Considere adsorption Atom position after

position calculation Euis (eV)

T1 T1—HS

T2 T2—HS8 0.7
T3 T3—HS

T4 T4 0.6

F5 F5 -0.9
Ho6 Ho6

B7 B7—H6 0.7
HS HS

Table 5.4. Calculation results of the one Pt adsorption atom on the Pt3Ti(111) surface.
E.as—adsorption energy; Tl — HS8 means that after calculations platinum atom has
moved from the on top position T1 towards the most favorable hollow hcp position HS.
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Considere adsorption Atom position after

position calculation Eus (&V)

T1 T1—-HS8

T2 T2—HS8 -0.82
T3 T3—HS

T4 T4 -0.33
F5 F5 -0.11
H6 H6

B7 B7—H6 08
H8 H8 -0.82

Table 5.5. Calculation results of the one Pt adsorption atom on the Pt;Ti-Pt
terminated surface. E.qs—adsorption energy, T1 — H8 means that after calculations
platinum atom has moved from the on top position Tl towards the most favorable
hollow hcp position HS.

Comparison of the calculated adsorption energies suggest that the Pt3Ti-Pt surface is
preferred. This is in good comparison with the STM experimental results [21]. The
adsorption energy of the platinum atom on the Pt3Ti(111) surface is not favorable and
the adsorption place is unstable, see Table 5.4. The most prefered position of the
Platinum atom on the Pt3Ti-Pt terminated surface is the hollow Acp (H8 and H6 with
the Eags = —0.82 eV and Eags = —0.8 eV, respectively). The on top position T4 is also
prefered with the adsorption energy Eass =—0.33 eV. There is good agreement between
the experimental data, Figure 5.3 [21] and our theoretical calculations. Namely, the D1
(Figure 5.4) triangles defects are composed by three platinum atoms in contact with a
titanium atom from the 2nd atomic layer with the H8 adsorption position. That is why,
the Pt atoms appear slightly brighter at Viias = 0.58 V, while at Viiais = 1.30 V the
triangles defect is located above a Ti atom in the third layer — T4 adsorption position

appear darker.

It looks that a defect in the third layer is monitored, what have influence in a lower
energy of the unoccupied surface electronic states. That could be happen when for
example Ti atom will repleac position of Pt atom. This is possible because at lower
bias voltage mostly unoccupied electronic states at higher energy be conducive to the
noticable STM image. As a result, a visible defect in 2nd atomic layer can cause a shift
in the surface electronic states to higher energies. It means, defects visible on the STM
images for Pt3Ti-Pt terminated surface [21] can suggest that configurations of atoms

at 2nd and 3rd layer have influance for the electronic structure.
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5.5. Conclusions

In this work, experimental and theoretical studies of the geometrical properties of the
(111) surface of ordered Pt/Pt3Ti(111) adsorption system have been presented. The
analysis of LEED, UPS and STM measurements indicate that we have a Pt terminated
surface. Based on LEED results, no change of the lattice constant for Pt3Ti(111) or
Pt3Ti-Pt terminated was observed. The topography of the obtained STM images of
Pt3Ti(111) surfaces on the level of the atomic resolution demonstrate that the surface
structures have hexagonal arrangement of atoms and that the the unit cell of the Ti
related p(2 x 2) superstructure with a cell constant of 5.6 A presents atomic resolution
of the Pt3Ti(111) face with the difference close to 1%. The calculated surface free
energy shows that Pt terminated surface is the most stable (yparipe = 1.49 J/m? < ypari
= 1.74 J/m? < ypaTi-ti = 2.55 J/m?). The calculated value of the work function is ®p3i-
p=4.935eV and it is in very good agreement for Pt terminated surface with the
experimental value of the work function ®@pi31i=5.02eV [27]. The calculated adsorption
energy of the Pt atom on the Pt3Ti-Pt terminated surface is dependent on the adsorption
site and from Ti atoms in the 2" and 3™ layer, and there is a preference for a hollow
hep site (Eags = —0.82 eV) and top site T4 (Eags = —0.33 eV). Adsorption sites are in
very good agreement with previous literature studies, while the hcp position with Ti
atom in 2™ layer an on top position with Ti atom in the 3™ layer are compatibile with

the observed defects [21].
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Chapter 6

Conclusions and Future Work

6.1. Conclusion

In this thesis a wide range of techniques have been used to gtowth optimization
of TiO2/LaAlO3(001) system. State-of-the-art fabrication by UHV-PLD was used to
take advantage of such controlled thin film deposition. In summary, it has been shown
that the degree of order of epitaxial anatase-TiO> thin films can be manipulated by
varying growth parameters such as the sample temperature, sample to target distance,
oxygen pressure, laser energy, and laser pulse frequency. The results obtained clearly
demonstrate that the TiO; thin film, which covers the entire substrate, has a distinctly
anatase phase, and can be atomically aligned and bonded to LaAlO3(001) substrate.
Anatase-TiOz thin films showed high crystalline quality, evidenced by RHEED, XRD,
LEED, and atomic resolution STEM. Two, very well ordered domains (1x4) and (4x1)
surface reconstruction of anatase were observed by RHEED and LEED. An analysis
of the STM measurements indicates the coexistence of atomic steps of both 2.5 A and
5 A, confirming the existence of two TiO, domains. The STEM images also reveal
that the interface is most likely terminated with a LaO layer.

Two other systems Au/Pt(111) and Pt/Pt3Ti(111) was focused on experimental
and theoretical studies of the geometrical and electronic properties. For the Au/Pt(111)
analysis of LEED and STM measurements indicates that for a coverage below 1 ML,
two-dimensional growth of the first Au monolayer takes place. Based on LEED results,
no change of the lattice constant after gold adsorption was observed. The topography
of the obtained STM images of Pt(111) and Au/Pt(111) surfaces on the level of the
atomic resolution demonstrate that the surface structures have hexagonal arrangement
of atoms and that the surface lattice constant is equal to the distance between the
nearest platinum surface atoms (=2.80 A). This is in very good agreement (close to
1%) with our presented DFT calculations, where the distances between the nearest
atoms in the case of bare Pt(111) and Au/Pt(111) surface equal to 2.83 A. It was shown
that the first and second interlayer spacings of the clean Pt(111) surface were

determined to be expanded by +0.87% and contracted by —0.43%, respectively. The
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calculated adsorption energy of the Au atom on the Pt(111) surface is dependent on
the adsorption site, and there is a preference for a hollow fcc site (Eags = —0.578 eV).
In the presence of gold layer on the Pt(111) surface, the top interlayer spacing was
found expanded by +2.16% with respect to the ideal bulk value. Density of states for
the Pt(111) surface present very good agreement with previous literature studies, while
observed changes in the electronic properties of the Au/Pt(111) system below the
Fermi level are mainly connected to the interaction of Au atoms with Pt(111) surface.

Geometrical properties of (111) surface of ordered Pt/Pt3Ti(111) adsorption
system analysis by LEED, UPS and STM measurements indicate that we have Pt
terminated surface. Based on LEED results, no change of the lattice constant for
Pt3Ti(111) or Pt3Ti-Pt terminated was observed. The topography of the obtained STM
images of Pt3Ti(111) surfaces on the level of the atomic resolution demonstrate that
the surface structures have hexagonal arrangement of atoms and that the the unit cell
of the Ti related p(2x2) superstructure with a cell constant of 5.6 A presents atomic
resolution of the Pt3Ti(111) face with the difference close to 1%. The calculated
surface free energy shown that Pt terminated surface is the most stable (ypaTi-pe = 1.49
J/m? < ypari = 1.74 J/m? < ypgrioti = 2.55 J/m?). The calculated value of the work
function for the ®pati-p=4.935eV and it is in very good agreement for Pt terminated
surface with the experimental value of the work function ®pi31i=5.02eV [27]. The
calculated adsorption energy of the Pt atom on the Pt3Ti-Pt terminated surface is
dependent on the adsorption site and from Ti atoms in the 2" and 3™ layer, and there
is a preference for a hollow Acp site (Eags = —0.82 e¢V) and top site T4 (Eass = —0.33
eV). Adsorption site are in very good agreement with previous literature studies, while
the hep position with Ti atom in 2™ layer an on top position with Ti atom in the 3™

layer are compatibile with the observed defects.

6.2. Future work

Based on achieved results for the TiO,, Au/Pt(111) and Pt3Ti(111) further
studies should be continued. Before studying more complex adsorption systems it is
important to describe and understand well the electronic and atomic structure of all
three presented systems. From that point of few future work should focus on

performing experiments at Diamond Light Source at higher resolution using Angle
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Resolved Photoemission Spectroscopy (ARPES) — beamline 105 and Surface X-ray
Diffraction (SXRD) — beamline 107.

In the case of TiO; surface it could be interesting to check if the reconstructed
surface can act as a templete for growth of ordered metal clusters (e.g. gold). These
studies should involve experimental techniques such as LEED, XPS, STM and SXRD.

The presented result for Au/Pt(111) suggest that further theoretical studies are
required for better understanding of the adsorption process of gold on the Pt(111)
surface.

For the Pt3Ti(111) system it seems that further insights into relationship
between production procedure of bimetallic Pt-Ti alloys and their respective resulting
surface termination are needed in order to systematically optimize their catalytic

activity.
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Abstract: Low-energy electron diffraction (LEED), scanning tunneling microscopy (STM)
and density functional theory (DFT) calculations have been used to investigate the atomic
and electronic structure of gold deposited (between 0.8 and 1.0 monolayer) on the Pt(111)
face in ultrahigh vacuum at room temperature. The analysis of LEED and STM
measurements indicates two-dimensional growth of the first Au monolayer. Change of the
measured surface lattice constant equal to 2.80 A after Au adsorption was not observed.
Based on DFT, the distance between the nearest atoms in the case of bare Pt(111) and
Au/Pt(111) surface is equal to 2.83 A, which gives 1% difference in comparison with STM
values. The first and second interlayer spacing of the clean Pt(111) surface are expanded by
+0.87% and contracted by —0.43%, respectively. The adsorption energy of the Au atom on
the Pt(111) surface is dependent on the adsorption position, and there is a preference for a
hollow fzc site. For the AwPt(111) surface, the top interlayer spacing is expanded by +2.16%
with respect to the ideal bulk value. Changes in the electronic properties of the Au/Pt(111)
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system below the Fermi level connected to the interaction of Au atoms with Pt(111) surface
are observed.

Keywords: density functional theory calculations; scanning funneling microscopy;
low-energy electron diffraction; surface structure; metallic surfaces; gold; platinum;
metal-metal interfaces; low index single crystal surface

1. Introduction

A large number of studies on epitaxy have been carried out for many years. Ultra-thin epitaxial film
systems exhibit a variety of interesting properties due to the strong correlation between the electronic
structure of the film and its morphology, strain, and defect structure [1-10]. Structural studies of fz¢/fec
systems provide a great deal of information on the connection between the geometrical properties of the
adsorbed atomic layers and the atomic arrangements of the substrates. Various fields are concerned with
epitaxial growth; these range from basic research on the growth mechanism of thin films to advanced
research on the development of devices. Platinum is widely used as a catalyst in the chemical and
petrochemical industries [11.12]. For example, in oil refineries, platinum catalysts are employed in
processes that involve the reforming of paraffin and the hydrogenation of unsaturated hydrocarbons [11-14].
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Optimisation of epitaxial TiO, thin films grown on LaAlO;(0 0 1) substrates was performed using
ultra—hlgh vacuum based pulsed laser deposition (PLD) and studied by in-situ reflection high-energy elec-
tron diffraction (RHEED). In addition, ex-situ X-ray diffraction (XRD), atomic force microscopy (AFM), and
scanning transmission electron microscopy (STEM) were performed to characterise the bulk properties of
these thin films. The deposited TiO; thin filmis di ated to have phase and bonded directly
to the LaAlO;(0 0 1) substrate. In a separate ultra-high vacuum system low-energy electron diffraction
(LEED) and scanning tunneling microscopy (STM) measurements were performed and a well-ordered
two-domain (1 x 4) and (4 x 1) reconstruction of anatase surface was observed. Analysis of the STM mea-
surements indicates the coexistence of atomic steps of both 2.5A and 5.0 A, confirming the existence of
two TiO; domains. The atomic resolution STEM images reveal that the TiO;/LaAlO; interface to be ter-
minated with LaO layer and that the anatase-TiO; reconstruction was found to be stable during the film
growth.
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