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ABSTRACT

ADSORPTION OF GOLD ATOMS ON ANATASE TiO2(100)-1x1
SURFACE
VURAL, KIVILCIM BASAK
M.S., Department of Physics

Supervisor: Prof. Dr. Sinasi Ellialtioglu

September 2009, 50 pages

In this work the electronic and structural properties of anatase TiOy (100)
surface and gold adsorption have been investigated by using the first-principles
calculations based on density functional theory (DFT). TiO, is a wide band-gap
material and to this effects it finds numerous applications in technology such
as, cleaning of water, self-cleaning, coating, solar cells and so on.

Primarily, the relation between the surface energy of the anatase (100)-1x1
phase and the TiOs-layers is examined. After an appropriate atomic layer has
been chosen according to the stationary state of the TiO, slab, the adsorption
behavior of the Au atom and in the different combinations are searched for both
the surface and the surface which is supported by a single Au atom/atoms. It
has been observed that a single Au atom tends to adsorb to the surface which
has an impurity of Au atom or atoms. Although, the high metal concentration
on the surface have increased the strength of the adsorption, it is indicated that
the system gains a metallic property which is believed to cause problems in the

applications. In addition, the gold clusters of the dimer (Aus) and the trimer

il



(Aug) have been adsorbed on the surface and their behavior on the surface is
investigate. It is observed that the interaction between Au atoms in the atomic

cluster each other is stronger than that of gold clusters and the surface.

Keywords: First principle calculations, density functional theory, titanium diox-

ide, anatase, (100) surface reconstruction, gold clusters, solar cells.
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OZ

ALTIN ATOMLARININ ANATAZ TiO5(100)-1x1 YUZEYLERINE
TUTUNMASI
VURAL, KIVILCIM BASAK
Yiiksek Lisans, Fizik Boliimii

Tez Yoneticisi: Prof. Dr. Sinasi Ellialtioglu

Eyliil 2009, 50 sayfa

Bu ¢aligmada, anatase (100) yiizeyini ve altin atomlarinin bu yiizeye tutun-
masinin elektronik ve yapisal 6zellikleri yogunluk fonksiyonu kuramina dayal
ilk prensipler hesaplar: kullanilarak incelendi. Titanya genis band-aralikli olma
ozelligine sahip bir malzemedir ve bu 6zelligi ile suyun temizlenmesi, kendi
kendini temeizleyen, kaplama, ve giineg pilleri gibi teknolojide genig kullanim
alanlar1 bulur.

Oncelikle, anatase (100)-1x 1 yiizey enerjisi ile TiO, katmanlar1 arasmdalki il-
igki incelandi. TiO, tabakasinin kararliligina gére uygun atomik katman secildik-
ten sonra, yiizeyde ve tek Au atom/atomlar ile zenginlegtirilmis yiizeyde Au
atomunun tutunma davraniglar1 ve farkli kombinasyonlar1 aragtirildi. Tek al-
tin atomunun Au atom/atomlar: safsizligina sahip yiizeyde tutunma egiliminde
oldugu gozlendi. Yiizeydeki metal konsantrasyonun tutunmanin giiciinii artir-
masina ragmen, sistemin bu durumdan kaynakli olarak uygulamalardaki prob-
lemin nedeni olduguna inanilan metalik 6zellik kazandi. Ek olarak, ikili (Aus) ve

tiglii (Aug) altin 6bekleri yiizeye tutturuldu ve onlarm sistem igindeki davramslar



incelendi. Atomik salkim i¢indeki Au atomlarinin birbirleriyle etkilesmesinin Au

obeklerinin yiizey ile etkilesmesinden daha giiclii oldugu gozlendi.

Anahtar Kelimeler: Ilk prensip hesaplamalar, yogunluk fonksiyonu teorisi, ti-
tanyum dioksit, anataz, (100) yiizeyi yeniden-yapilanmasi, altin 6bekleri, giineg

pili.
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CHAPTER 1

INTRODUCTION

Nanoscience and nanotechnology are studied in several disciplines such as physics,
material science, chemistry, biology, chemical engineering, medicine, etc. For
that reason, recently rate of research activities in nanoscience and nanotech-
nology have increased drastically. For instance, mechanical, electrical, optical
and chemical properties of a material are greatly altered with reductions in size,
namely because of quantum size effect. When the materials are considered in
the nanoscale, they can exhibit very different properties compared to what they
exhibit on a macroscale. For example, although gold is chemically an inactive
material in macroscale, it can be considered as a potential chemical catalyst at
the nanoscale.

The surfaces of transition metal oxides are investigated to better understand
their physical properties and it became already an important discipline.

Titanium dioxide, TiOs, is a material of increasing scientific interest espe-
cially in surface science because of its flat and stable surfaces and because of
various charge states that Ti ions can have [1]. This enables it to be an im-
portant candidate used in a wide range of applications. TiOs has been used
in several environment-friendly applications for different purposes due to its
photocatalytic property such as a photocatalist in production of hydrogen from
water, cleaning of water, self-cleaning, coating, solar cells, and so on [2].

Catalysis is an important topic in surface physics for useful reactions to occur

with a little help from the environment. Heterogeneous catalysis, which is one



type of catalysis, is composed of small metal clusters that are supported on an
oxide surface and they enter the reaction and after the products are obtained
they leave the reaction. Many growth studies of metals have been performed
on reducible transition metal oxides such as TiOs. Gold had been regarded as
poorly active in a catalysis process due to its high ionization potential of 9.2
eV. Similarly, TiOs is not an active catalyst for CO oxidation. However, Haruta
[3,4] has showed that TiOs supported Au has extraordinary catalysis properties
even for the oxidation of CO. The structure sensitivity of CO oxidation on TiOq
surfaces which are deposited by gold clusters is related to the size of these metal
clusters due to quantum size effect [5,6]. Catalysis strongly depends on large
surface to volume ratio 7] and also, preparation method, gold concentration as
well as the choice of support [8].

TiO, is also a photocatalyst material under the ultraviolet illumination
(UV). In 1972, Fujishima and Honda have discovered the decomposition of
water on TiOs electrodes as being the catalyst [9]. In the photocatalyst system,
the molecule which is induced by photon reacts with the catalyst surface. The
main process of photocatalysis includes the adsorption of molecule on the sur-
face which is subjected to a catalyzed photoreaction and /or photoexcitation. Tt
occurs on the catalyst substrate where an electron transition or energy transfer
from the ground state of molecule takes place. In the electron transfer process,
the electron—hole pairs are produced via the electron jumping from occupied
state to unoccupied state. If the transferred charge can be trapped, the pho-
toexcited electron—hole pairs occur more efficiently. Because, the lifetime of
the separated electrons and the corresponding holes increases due to the charge
trapping which, is the most effective way to achieve by addition of the metals
to the semiconducting surfaces. In other words, after excited electrons move to
the metal and the hole is diffused through the semiconductor surface in which
the oxidation of space can occur [10].

Photovoltaic cells/solar cells are the devices which convert the sunlight to

the electric power by photovoltaic effect. In principle, electrons are excited
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Figure 1.1: Photovoltaic device by McFarland and Tang [12|. Photon adsorp-
tion causes the electron excitation from ground state s to excited state s’ (1).
Electron travels from s’ to the conducting surface layer and over the potential
barrier (2), into the semiconductor (3), reaching to the ohmic back conduct (4),
after reduction of the oxide holes. The Schottky barrier ¢ and Fermi energy Ep

are indicated in the figure.

from the valence band to the conduction band by the light adsorption in a
semiconductor, which creates electron—hole pairs. The positive holes which
exist at the surface of the semiconductor electrode are utilized in oxidation.
The negative charge which enters the counter-electrode leads to hydrogen af-
ter reduction. The main problem in this device is that water could not be
decomposed into its constituents directly by visible light absorption, whereas
TiOy absorbs only ultraviolet portion of the solar emission due to its large
band gap (~3.2 €V). Therefore, the efficiency of solar energy conversion is very
low due to this property. But the width of the band gap is an indicator of

the chemical bond strength which can be commonly thought as an advantage



for this application. This dilemma was solved by using an electron transfer
sensitizer absorbing in the visible light to inject the charge carriers across the
semiconductor—electrolyte junction into a substrate with a suitable band gap
[11]. Cost-effective photovoltaic devices are being still studied by many scientist
in different disciplines. One of these studies was done by McFarland and Tang
[12]. Their device has been fabricated recently as an Au/TiO,/Ti multilayer
structure (Fig. 1.1). In principle, this device structure in which the light ab-
sorption is done by the deposited dye molecules on the surface of an ultrathin
metal-semiconductor junction of the Schottky diode. Afterwards, photoexcited
electrons which travel over the Schottky barrier produce the photocurrent. The
efficiency of the device which was used by McFarland and Tang was pointed
out as the long ballistic path length of the low-energy electrons in the noble
metals since it allows a large fraction of the trapped electrons. Hence, this de-
vice could work via charge separation and majority charge transport. In that
work, the Schottky barrier is a potential barrier between TiOs and gold layers
which created the local electrostatic field. Therefore, it is important that the
interaction between TiO, surface and Au atom particles should be investigated
at nanoscale regime to reach higher efficiency in various applications.

In nature, titania mainly exists in three different crystal structures, which are
anatase, rutile, and brookite. The applications of brookite is not yet sufficiently
known. One of the main reasons that is not popular enough is its complex
structure since this property gives rise to additional difficulties in crystal growth
[13]. For that reason, anatase and rutile are the most widely used modifications
of titania. Thermodynamically, rutile is more stable than anatase structure
that is why some experimental problems can arise during the growth process of
a single crystal anatase. As a result, rutile structure, particulary its most stable
(110) face, has been widely investigated in the surface science discipline. On the
other hand, TiOy nanoparticles are commonly in anatase form with (101) and
(100) facets and to this end anatase surfaces are generally used in photocatalytic

application due to their higher (photo)catalytic activity [14,15]. These polytype



surfaces, (100) and (101), have experimentally been reconstructed to a 1x1 and
1xn termination, respectively [16,17]. In addition, to these anatase with (001)
surface shows high photocatalytic activity in decomposition of water molecule
[18].

In this thesis, we have investigated the structural and electronic properties of
Au atom/atoms adsorption on TiO, anatase (100)-1x1 surface by using Density
Functional Theory. The theoretical background of this work is briefly discussed
in Chapter 2. DFT has been widely used "ab initio" method by researchers
from chemistry, physics, and from other disciplines. We only have discussed the
main points about this theory and its relation to this thesis, as it is used in the
calculations.

The structural and electronic properties of adsorption of Au atom/atoms on
TiO2 have been discussed in Chapter 3. This chapter contains four parts: (1)
details of the calculations and discussion of the TiO4 anatase (100)-1x1 surface,
(2) adsorption of a single Au atom on both the clean and unclean surfaces, (3)
adsorption of Au dimer (Ausy) on the bare surface and (4) of Au trimer (Aus).

Finally, the conclusion of this study is presented in Chapter 4.



CHAPTER 2

THEORETICAL BACKGROUND

In this chapter, the theoretical approximations and approaches used in Density

Functional Theory (DFT) based methods will be presented [19,20].

2.1 The problem of structure of matter

It is a complex problem to describe the physical and chemical properties of
matter at the microscopic scale. In general, we handle a collection of interacting
atoms, which may also be affected by some external field. This ensemble of
particles may be in the gas phase (molecules and clusters) or in a condensed
phase (solids, surface, wires). However, in any case the system can be described
as a set of atomic nuclei and electrons interacting though electrostatic force.
Therefore, the Hamiltonian of such a system can be written in the following

general form:

H = Hel + Hnucl (21)
where
N N N P
h2 € 1 62 Z]
Hy=-Y —V? 2.2
: 2m 87reozzlri—r | 47?6022‘]3,[—1'1’ (2:2)
i=1 i=1 j# J I=1 i=1
P P P
h € Z]ZJ
Hpuel = — V2 2.3
l — 2M; 8 IZ:; ; IR; — R/ (2:3)



where r;, (i = 1,...,N) is a set of N electron coordinates and Ry, (I =1, ..., P)
is a set of P nuclear coordinates. The factor of % has been included in order to
avoid double counting of terms in the series representation.

In principles, all the properties can be derived by solving the time indepen-

dent many-body Schrédinger equation;
HY,(R,r)=¢,V,(R,r) (2.4)

where €, are energy eigenvalues and W, (R, r) are the corresponding eigenstates
or wave functions, which must be antisymmetric with respect to exchange of
electronic coordinates in r, since electrons are fermions. Nuclei of the same
species also obey according to the same rule because of their nuclear spin, so
that eigenstate or wave function must be symmetric or antisymmetric with

respect to exchange of nuclear variables in R.

2.2 Adiabatic Approximation

The motivation behind the Born—-Oppenheimer approximation [19] is that the
motion of the electrons is usually much faster than the motion of the nuclei.
In fact the smaller mass of the electrons as compared to that of the protons is
1/1836 which means that their velocity is much larger.

Within the adiabatic approximation, the possibility having of a non-radiative
transition between different electronic eigenstates are ignored. Transition can
only arise through coupling with an external electromagnetic field and involve
the solution of the time-dependent and Schrédinger equation. Under these con-

ditions, full wave function can be written as;
U(R.1,t) = > 0,(R, 1), (R,r) (2.5)

where ©,,(R, ) is nuclear wave function, ®,,(R,r) is the electronic wave func-

tion So, separation of variables leads to, for the electrons as,

[Te + ‘766 + ‘7en]q)m<R7 I') = qu)m(R, I') (26)



and for the nuclei as
[T 4 Vi + £(R)]On (R, 1) = £,O(R, ). (2.7)
In practice within the adiabatic approximation most of the applications are in

the ground state (m = 0)

~ ~

[T, + Ve + Ven]®o(R, 1) = £0®o(R,, 1) (2.8)

[T}, + Vo + e(R)]O0(R, t) = 2009 (R, 1) (2.9)

2.3 Pre-Density Functional Theory

2.3.1 Hartree and Hartree—Fock approximation

The main problem in the structure of matter is to solve the Schrodinger equa-
tion of a many-particle system in the external Coulombic field created by a
collection of atomic nuclei. The exact solution is possible only in the case of
the uniform electron gas, for atoms with a small number of electrons or a few
small molecules. In order to achieve this, approximations one in order. The first
approximation to solve the many-body problem was proposed by Hartree [21],
which is a variational wave function based approach. The basic assumption of it
is a simple product of single-particle, although it is used a many-particle tech-
nique. In the Hartree approximation, the electrons are considered as occupying
single particle orbitals which are determine the wave function. Each electron
feels the electrostatic field which was due to the central potential of the nucleus
together with the field created by the other electrons. In this case, approximate

wave function can be obtained from the variational principle,

(I)(Xl, X9, ... 7XN) = ¢1(X1>¢2<X2) e ¢N(XN) (210)

and the one-particle Schrédinger equation proposed by Hartree is,

(—h—V2 + ‘/e:ct / ZH&Z |¢j /> le(r) = EiQSZ‘(I‘) (211)

v —r|



where the third term on the left hand side is the classical electrostatic potential
due to the charge distribution of all the other electrons. The Hartree term is that
the energy of the many-body system is sum of the eigenvalues of equation (2.11).
However, the electron-electron interaction is counted twice in this equation. So,

the correct expression for the Hartree energy can be written as,

Z // |r2_rj| pilx)piG) ridr; . (2.12)

The problem of Hartree approximation is such that it does take the electrons
as distinguishable particles, However electrons are indistinguishable spin—% par-
ticles and the obey Pauli exclusion principle. If two electrons are exchange, the
wave function must change sign. Thus, a Slater determinant is formed from the
one—particle orbitals in order to achieve the correct antisymmetric wavefunction

[22],

¢1(1)  #2(1) - on(1)

<I>HF<x1,x2,...,xN):L @@ @@ qu'(z) (2.13)

¢1(N) ¢2(N) -+ on(N)

N
Oyp = \/% ; PO g (x1)pia(x2) - . - din(xn) (2.14)

where P(7) is mathematical properties of determinant expression and i refers
to N indices. This wave function allows particle exchange in the correct man-
ner. The approximation consists of the wave function in the form (2.14) is
called Hartree-Fock (HF) or self consistent field (SCF) model. HF equation
provides good description of inter-atomic bonding but many-body correlations

are completely ignored.



2.3.2 Thomas—Fermi Theory

Thomas and Fermi, independently of each other, gave a perspective for con-
structing the total energy in terms of the electronic density without using to
one-electron orbitals [23|. They proposed the expression for the kinetic, ex-
change, and correlation energies of the homogenous electron gas to construct
the same quantities for the inhomogenous system as; E,[p] = [ p(r)eq[p(r)]dr
where £,[p(r)] is the energy, a functional of density of corresponding to calcu-
lated locally at the value assumed by the density a function of space a. This idea
was the first time that the locally density functional approximation (LDA) was
used. The relationship between the Fermi energy and density for homogenous
electron gas is given by;
3/2

p= # (zh—?) el (2.15)
and the kinetic energy of homogenous gas is T = 3per/5. When it is used with
electron density formula, the kinetic energy density formulation can be derived
similarly. Finally, total energy expression without exchange and correlation can

be obtain in Thomas—Fermi theory as,

Err[p] :Ck/p(r)5/3dr+/p(r)vext(r)dr+%//%drdr’ (2.16)

where C = 3(37%)%3/10 = 2.871 atomic units which is coming from kinetic
energy term. Thomas—Fermi theory does not have the exchange and correla-
tion effects and Hartree equation described the ground states even better than
that. However, it contains the fundamental ideas necessary for the development

Density Functional Theory.

2.4 Modern Density Functional Theory

The main theorems were reported first by Hohenberg—Kohn (HK) in 1964 [24],
and they were reformulated by Kohn-Sham in 1965 |25]
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2.4.1 Hohenberg-Kohn Theory

The energy can be written in terms of the electron density in the Thomas—Fermi
approximation. Hohenberg and Kohn have proven a theorem on mathematical
ground which confirms the Thomas—Fermi idea. The theorem is divided into
two parts.

1. For any system of interacting particles of the ground state energy is a
unique functional of the particle density, Fy = E[p(r)]. There cannot be two
different external potentials v(r) # v'(r) that correspond to the same electronic
density for the ground state.

2. The minimum value of the functional F = E[p(r)] for the energy can be

define by variations dp(r) of the particle density at equilibrium density po(r),

E = Elpo(r)] = min{ E[p(r)]} (2.17)

2.4.2 Self-consistent Kohn—Sham equations

Hartree term refers to the classical electrostatic energy, which is known exactly
for the electron-electron problem. However, it is a problem that the kinetic
energy T =< ®|T'|® > expression is written in terms of the electronic density.
Non-interacting electrons are described by an antisymmetric wave function of
the Slater determinant, made of one-electron orbitals in Hartree-Fock theory.
According to the idea of Kohn and Sham, when non-interacting electrons in a
system create the same electronic density as the interacting system, the kinetic
energy of the interacting system can be calculated similarly. In other words,
the kinetic energy of the interacting electrons is written by that of the non-
interacting system and the correlation part added. The Kohn-Sham can be

expressed as,

Exslpl = Trlp] + /p(r)vext(r)dr + %//%drdr’ + Exclp] (2.18)

%

@i(r)|*, and Exc|p] is

the exchange-correlation functional. The energy functional has been expressed

where density is determined expression, p(r) = X1°
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in terms of the KS orbitals (Ns) by this formula, which minimize the non-
interacting electronic kinetic energy under the fixed density constraint. Al-
though, Kohn-Sham orbitals do not have a clear meaning by themselves, they

can be described the one-electron orbitals or single-particle eigenstate.

2.5 Functionals for Exchange and Correlation

The exchange energy (Ex), and correlation energy terms (E¢) are not known in
explicit form in DFT. The approximation here is that the sum of the two terms
Ex+E¢ is the meaningful quantity. This two terms are approximated relativity
more or less accurately which is depend on the Ex¢ functional. In the exchange
and correlation functionals approximations, the main idea is to reach the point

where both terms are treated in a similar manner.

2.5.1 The Local Density Approximation (LDA)

The local density approximation [26] or in magnetic system local spin density
approximation (LSDA) has been the most widely used approximation to cal-
culate the exchange—correlation energy for time. The main idea is to assume
generally an electronic system as locally homogenous, for which the exchange—
correlation hole corresponds to the homogenous gas. In practice, the exchange—
correlation terms in the local density is an integral over all space and the
exchange—correlation energy can be obtained in density at each point in the

volume.
EX2) = [ o)k el (2.19)
where,e£24is exchange-correlation energy density of the system and its value is

in terms of the exchange—correlation hole,

1 pLDA r, r
il =5 [ 2t 2:20)

L(S)DA works the best for solids close to homogenous gas. However, it

works well for inhomogenous cases due to certain reasons:
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1. It can identify homogenous system well.

2. Tt gives an overestimated the binding energy of molecule and cohesive
energy of solids.

3. The geometries of systems involving strong bonds (covalent, ionic, and
metallic) are described good within the LDA

4. But, the description of systems involving weak bonds (hydrogen or van
der Walls) fail within the LDA

5. Chemical trends such as ionization potential are usually correct.

Although L(S)DA is very successful approximation for many systems such as;
bulk metal, semiconductors, and ionic crystals, it is known to fail to reproduce
due to its number of attributes. Some important of them:;

i) Electronic densities of atoms in the core region are poor because LDA
fails to cancel the self-interaction.

ii) Non-local correlation effect is not taken into account inherently by the
LDA.

iii) The energy band gap within LDA is smaller than the true band gap.

iv) Strongly correlated systems such as transition metal oxides are poorly

characterized by LDA.

2.5.2 Generalized Gradient Approximation (GGA)

The matter of electronic density of inhomogenous systems are carried out with
an expansion of the density in terms of the gradient and higher order derivatives.

In general, the exchange—correlation energy in basic form can be written as;

Exclo] = / p(r)exclp(r)]dr + / Fyclp(r), Vp(x), Vio(r)... Jdr  (2.21)

where the function F'xc that modifies the LDA expression relative to the varia-
tion of the density. Naturally, all the formal properties cannot be enforced at the
same time. Numerous forms for F'xc have been proposed by Langreth—Mehl,
Becke-Lee—Yang—Parr (BLYP), Perdew—Wang (PW91), and Perdew—Burke—
Enzerhof (PBE). We only explained here our choice, namely the PBE functional
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in the calculations.

PBE functional

Perdew, Burke, and Enzerhof (PBE) [27] functional approximation can propose
to solve one problem in the GGAs. It is originated from that the reduced to
the second order gradient expansion for density variations are small. The result
of this case, the linear response of a uniform gas is described with GGAs less
satisfactory than L(S)DA.

The general trends of GGAs concerning improvements over the LDA are
following:

1. They enhance binding and atomic energies.

2. They improve bond lengths and angles.

3. They improve energetics, geometries, and dynamical properties of water,
ice, and water clusters. Especially, BLYP and PBE show best agreement with
experimental results in terms of these. In general, although, they are not clear
the description of F—-H bond, this improves for the case of hydrogen-bounded
systems.

4. Semiconductors are marginally better described within the LDA than in
GGA, except for the binding energies.

5. For the 4d-5d transition metals the improvement of the GGA over the
LDA is not clear.

6. Lattice constant of noble metals (Au, Ag, Pt) are overestimated in GGA,

while they are closer to the experimental results in LDA.

2.6 Pseudopotentials

The concept of "pseudopotential" in electronic structure is related to the re-
placement of the strong Coulomb potential due to the nucleus, on the effects of
the tightly bound core electrons, by an effective ionic potential acting on the

valence electron. In other words, a pseudopotential is used to compute prop-
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erties of valence electron due to unchanged core electron states into different
chemical environments and makes use of the valence wave functions orthogo-
nality to the core states. The pseudopotential process to be reproduced starts
within independent-particle approximation, just like in the Kohn—Sham den-
sity functional approach. The valence states are seen to oscillate rapidly in the
region occupied by the core electrons because of the strong ionic potential in
this region. These oscillations sustain the orthogonality between the core and
valence states due to Pauli exclusion principle. The valence state generated
from pseudopotential construction leads to smoother pseudo-function because
the resulting potential is a much weaker one than the original potential.
Pseudopotential calculations are based upon "ab initio" norm-conserving
potentials in the most modern applications. Pseudopotentials require "norm-
conserving" property in order to provide accurate and transferable potential,
which provides that although the valence properties are defined in different
environments such as atoms, molecules, and ions, they can be rightly described
by pseudopotential constructed in one environment. We presented two of many
different types of approximations in order to create smooth, transferrable, and

accurate pseudofunctions in this subsection.

2.6.1 Ultrasoft Pseudopotential

One approach is known as "ultrasoft pseudopotentials" [28] which provides ac-
curate calculations by transformation that rewrites the non-local potential in a
form involving a smooth and an auxiliary function around each ion core having
the rapidly varying part of the densities. Thus, the smaller the planewave cut-
off, the smaller the number of planewaves that is required by this way. Smooth
functions that represent each atomic state are the solution of the generalized

eigenvalue problem.
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2.6.2 Projector Augmented Waves

The projector augmented wave (PAW) [29] method is a general approach to
a solution of electronic problem that reformulates the formal simplicity of the
traditional plane-wave pseudopotential approach, adapting it to modern tech-
niques for calculation of the total energy, forces, and stress. It introduces
projectors and auxiliary localized functions similar to the ultrasoft pseudopo-
tential method. Also, the total energy is described a functional in the PAW
approach and it uses advanced algorithms for efficient solutions of the gener-
alized eigenvalue problem. However, calculations in the PAW approach based
on all-electron wavefunctions, so it recovers the wavefunction with the core re-
gion of atoms as well. Hence, this method can be incorporated into existing

pseudopotential codes with relatively minor additional effort.

2.7 Numerical Calculations

We have used Vienna Ab-initio Simulation Package (VASP) for our ab initio
calculations [30,31]. VASP allows the electronic structure of the system with
periodic boundary conditions to be calculated using ultrasoft Vanderbilt pseu-
dopotentials, or the Projected Augmented Wave method, and a plane wave

basis set. All calculations are performed within the DFT formalism.
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CHAPTER 3

GOLD CLUSTERS ON ANATASE (100)
SURFACE

3.1 Computational Details

First principle total energy calculations have been carried out within density
functional theory (DFT) via plane-wave basis sets and the projector augmented
wave (PAW) potential [29]. The exchange—correlation effects have been calcu-
lated with the Perdew—Buke-Ernzerhof (PBE) [27] functional of the generalized
gradient approximation (GGA). The Brillouin zone (BZ) integrations have been
carried out using the Monkhorst—Pack scheme [32]. During the investigation of
Monkhorst—Pack scheme, the tolerance for energy convergence was taken to be
1073 eV for the anatase bulk calculation and 1072 eV for anatase (100)-1x 1 sur-
face calculation. As a result, 6x6x1 k-point mesh was decided as suitable for
our anatase (100)-1x1 surface calculations. The lattice parameters of anatase
TiO, bulk were calculated to be a=b=3.833 A, ¢=9.727 A and a D} (14, /amd)
space-group symmetry was used for tetragonal structure. These values were
1% higher that the experimental results reported as a=b=3.785 A, c=9514 A
[33]. These lattice parameters were used to construct periodic slabs for the
(100) surface. While surface relaxation was done, the convergence tolerance for
energy was taken to be 107* eV and the force on each of unconstrained atoms

was less than 0.05 eV/A, except on those bonded to the atoms in fixed layer.
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Figure 3.1: Front (a) and top (b) views of the slab modeling the anatase (100)
surface. A 1x1 unit slab and a unit cell are indicated by the dash rectangles in

(a) and (b), respectively.

The cutoff energy used was 400 eV. For the Ti, O, and Au pseudopotentials,

d3st, s*p*, and s'd'° electronic configurations have been adopted, respectively.

The charge analysis was done by using the Bader method [45,46,47|.

3.2 Results and Discussions

3.2.1 Anatase (100) clean surface

The relaxed structure of the clean (100) TiO anatase surface is presented in
this subsection. A supercell with the dimensions of 3.83x9.73x28.75 A3 includes
1x1 unit in the surface plane and the vacuum region is taken as ~14 A. Previous
theoretical studies have shown that the number of atomic layers affects the
surface energies [34] and also the surface stability is affected by the choice of
which atomic layer is fixed [35]. In addition, the step construction of anatase
(100) surface is expected to increase the strength of adsorption of metal atoms
on this surface [36]. The energies of both relaxed and unrelaxed surfaces are
calculated for slabs with different thicknesses from 2 to 8 atomic layers, and

plotted in Fig. 3.2. The energies (Egu,f) of them are calculated by using the
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Figure 3.2: The surface energy (J/m?) with respect to the number of Ti layers
in the slab. Solid and dash lines represent the relaxed and unrelaxed slabs,

respectively.

formula:
1

24

where, Eg., and Eygy are the total slab energies and the bulk anatase energies,

Esurf - (Eslab - nEbulk) (31)

respectively, n is the number of TiOs units within the slab, and A is the surface
area. The factor of 1/2 is due to the existence of two symmetrical surfaces for
each slab. The energy values of those with odd number of layers are lower than
those with the even number of atomic layers. However, the energy difference
between slabs with odd and even numbers of atomic layers decreases as the
thickness increases. The higher thickness is more stable and the surface energy
converges. Thus, the slab modelling the surface have been chosen such that
seven TiOq layers are distributed in fourteen TiOy molecular units in the slab.
the fourth layer, which is in the middle of the slab, is fixed in to keep the slab
as symmetric.

A 1x1 surface unit has two two-fold oxygen atoms (O2c¢) causing the edges

of step-like part, two three-fold oxygen atoms (O3c¢) and two five-fold titanium
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atoms (Ti5¢) along the [001] direction (Fig. 3.1). The surface and the sixth layer
of Ti and O atoms after relaxation alter their positions, between bond lengths of
each other and angle values. The structure of the relaxed slab is shown in Fig.
3.3(a) and also their structural change values are given in the Table 3.1. Ti5¢
atoms (Ti20 and T21) and O2¢ atoms (021 and O22) are relaxed inward, while
O3c atoms (020 and 023) are relaxed outward at the surface. At the sixth layer
of slab atoms, Ti6¢ (Til0 and Till) and O3¢ (010 and O13) atoms are relaxed
outward, while O3¢ (O11 and O12) atoms are relaxed inward. The bond length
between Ti20 and O21 (similarly, Ti21 and O22) got shorter after relaxation
and angle between Ti20-O21-Til0 atoms is slightly increased by about 0.4°.
Similarly, the bond of Ti20 and O10 got shorter, while the change of angle of
8.0° between 021-Ti20-0O10. The relaxed structure of anatase (100) is similar
to that of (101) surface in terms of the position of O2¢ atoms on the surface.
The distance between two O2c¢ atoms located at the step-like construction is
larger than that of their unrelaxed surface positions because O2c¢ atoms have
moved opposite direction until their the most stable positions. When these
results are compared with the work of Lazzeri et al. [37], some values which are
slightly observed to be different can be observed. Different choices of vacuum
regions or the tolerances for the atomic forces especially near the fixed atomic
layer may cause such small disagreements.

FEqut is calculated to be 1.41 J/m? and 0.61 J/m? for unrelaxed surface and
relaxed surface, respectively. In previous works, Lazzeri et al. calculated the
surface energies as E™, = 0.53 and EM = 1.59 J/m? for six-layer anatase
(100) slab by using GGA-PBE method [37,38] and their results for the same
slab were found to be E™, = 0.56 and E'™' = 1.44 J/m? using GGA-PW91
method by Calatayud and Minot [35]. Our calculated energy values are nearly
in agreement with these results. Finally, it can be said that the unrelaxed
surface is less stable compared to the relaxed surface in terms of their surface
energy values.

The indirect energy gap of anatase bulk is found to be ~1.92 €V in electronic
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Figure 3.3: (a) Reconstructed (100) slab unit cell. (b) The band structure of the
relaxed surface (red lines), bulk bands projected on the same surface Brillouin
zone (blue lines) and the LDOS plots in the rightmost panel. Energies are
measured with respect to the valence band top and the (red) dash line indicates

the Fermi level.

band structure calculation. However, the experimental band gap is ~3.2 eV at
room temperature [39,40]. These values are apparently very different when they
are compared to each other. The reason for that is the band gap calculations
in solids is still problematic, because of the underestimation of the gap, an
artifact of DET. The surface electronic band structure (BS) and projected bulk
electronic BS are represented by the red and blue lines, respectively, in Fig.
3.3(b). When surface and projected bulk band gaps are compared to each other,
they are ~1.96 eV and ~1.90 eV, respectively. After relaxation, we observed
that the bond lengths between Ti20-O21 and T21-0O22 on the reconstructed
surface are shorter than their bond lengths at the unrelaxed surface. It can be
explained that unsaturated Ti-O atoms have ’dangling’ bonds exposed to the
vacuum. The reason of both the decrease of surface energy and states which
come from VB are these dangling bonds. According to projected (local) density

of state, O atom states are more populated in the VB which is mainly composed
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Table 3.1: Change in structural parameters of anatase (100) surface upon re-

laxation. Atom labels are as defined in Fig. 3.3.

Displacement (A) | Bond expansion Angle (°)

A [oo1] [100] | A-B % C-A-B  unrelaxed relaxed
Til0 —0.03 +0.15 | A-O21 +3.6 | O10-A-B 77.5 76.3
Till +0.03 +0.15| A-O12 —-0.5 | O11-A-B 77.5 77.3
Ti20 —0.00 —-0.11 | A-O11 +7.1 | O21-A-B 77.5 85.5
Ti2l +0.00 —-0.11 | A-O13 +7.1 | O22-A-B 77.5 85.5
010 -0.11 -0.03 | A-Til0 —6.0 | Ti20-A-B 102.5 95.3
O11  +0.01 +0.06 | A-Til0 +0.5 | Til1-A-B 102.5 102.7
012 —-0.01 +0.06 | A-Tit1 +40.5 | Til0-A-B 102.5 102.7
013 +0.11 —-0.03 | A-Ti21 —0.6 | Til1-A-B 102.5 95.3
020 +0.03 +0.18 | A-Ti20 +1.5
021 -0.14 —-0.01 | A-Ti20 +8.0 | Til0-A-B 102.5 102.9
022 +0.24 —-0.01 | A-Ti21 +8.0 | Til1-A-B 102.5 102.9
023 —-0.03 +0.18 | A-Ti21 +1.5

of Ti and O states, while Ti states are predominantly at the CB. The lowest
energy band of unfilled states (CB minimum) is at I" and the highest filled band

(surface state) is along the T'J direction.

3.2.2 Single gold adsorption

We have addressed the problem in two parts, the first part deal with a single
Au atom adsorption and the other containing more than one atom adsorbed on
the clean and unclean TiO, anatase (100) surfaces. By ’unclean’ it is meant
that the surface has other Au impurity atoms already adsorbed on it. In the
first part four different adsorption models for a single Au atom adsorbed on
the (1x1) cell of the clean surface have been considered. In the first model, a

single Au atom is adsorbed on the two-fold coordinated surface oxygen atoms,
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O2c. The highest adsorption energy is found for this model compared to the
other single gold adsorption sites. In the second model, Au atom bonds weakly
with only one of the O2¢ atoms on the surface. In the third model, single
Au atom bonds with the five-fold surface Ti atom, Ti5¢, so the properties of
the interaction between Au and Ti atoms could be investigated. In the last
model of this part, the single Au atom adsorbs between O2¢ and Ti5c¢ atoms,
where the interaction between Au and Ti atoms is more dominant compared
to that of Au and O atoms. In the second part, the surface has a single Au
atom in the beginnings, followed by the addition of the second, the third, and
the fourth single Au atoms. In other words, the anatase (100) surface has an
Au impurity atom adsorbed already in the site defined in model 1 having the
strongest binding, and new Au impurities are to be adsorbed to this system, so
that it will be a check for whether a mono atomic chain can be created with gold
atoms on the surface. During all these processes, the dangling bonds on both
top and bottom surfaces of the slab are synchronously saturated with Au single
or multiple atoms without breaking the symmetry of the slab. On the other
hand, when only the dangling bonds originated from O2c¢ or Ti5c at the top
surface are saturated with Au atom or atoms, surface bands coming from the
dangling bonds of the bottom surface of the slab will still be in the gap. Thus,
the slab covered with Au adsorbates should also be symmetrical. Additionally,

the adsorption energy per Au atom E?* has been calculated as follows;
E* = (Erio, + nEau — E1iog4nau) /1 (3.2)

In this formula, Ertio,, Fau, and Erio,tnaq are the total energies of the relaxed
clean slab, free Au atom, and the relaxed slab+Au system. Here, n is the
number of Au atoms adsorbed on the surface.

Au absorbed on the surface

The first model for the adsorption of a single Au atom on the surface, has a

single Au atom adsorbed between two O2¢ oxygen atoms on the reconstructed
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Figure 3.4: (a) The top and front views of the single Au atom adsorbed on
anatase(100)-1x1 surface (model 1). (b) The electronic band structures of the
combined Au-anatase system (black lines) and the projected bulk bands (blue
lines), and the LDOS plots on the rightmost panel.

anatase (100) surface, Au(0O,0), as shown in Fig 3.4(a). The distance between
neighboring Au atoms which is determined by the surface periodicity is too
large for a metallic chain to form for a comparison. The bond length of Au—
Au changes between 2.88 A for bulk structure and 2.54 A for nanowire zigzag
structure, but Au-Au distance was found to be 3.83 A value in this model.
The results for adsorption energy per Au atom, Fermi level, Au—O, Au-Ti,
and Au—Au distances are listed in Table 3.2. For the most stable adsorption
site, bond lengths of Au-0O21 (alike Au-022) and Au-Til0 (alike Au-Till) are
2.06 A and 3.02 A, also the angles of 021-Au-T10 and T10-Au-Till are 46.8°
and 62.3°, respectively (The numbers which referred to the surface atoms were
shown in Fig 3.3(a)). The Fermi energy was provided directly from the result
of relaxation process and it was adapted to the scale of band structure graph.
The highest adsorption energy has been found as 0.88 eV in this model which is
compared to other adsorption models of single Au on the surface. This value is

smaller than the adsorption energy value of 1.07 eV which was found by Gong et
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al. [41], because their selected surface area (1x2 reconstruction) is larger than
ours. The adsorption energy is affected by the concentration of metal atoms
adsorbed on the surface [42]. In addition, their used calculation methods are
different from us.

The three impurity states which originate from the s-orbital of Au [43] are
higher in energy in the band structure (Fig. 3.4(b)). O atoms are dominant
in the other four defect states that are closer to VB. All impurity states come
from VB because O atoms are more reactive and stay near the VB according
to the band structure of the bare surface and a single Au atom binds with
two O atoms. The impurity states are doubly degenerate because there are
two Au atoms symmetrically adsorbed on the top and bottom surfaces of the
slab. Au impurity states are illustrated in projected (local) density of state
(LDOS) plot with orange color, which is shown in the rightmost panel of Fig.
3.4(b). According to the LDOS plot, the p-orbitals for oxygen states, depicted
in red lines are more reactive than the Ti states in the high energy levels of VB,
although there are small contributions from Ti states. However, Ti states are
dominantly in CB compared to Au and O states. Total density of state of the
model is presented with black line in the plot. The band gap reduced from ~1.96
eV for the clean surface to ~1.41 eV due to Au impurity states. This model does
not gain metallic character in terms of the band gap value. Minimum energy
value for the CB is along J'T direction. The reason for the energy difference of
the occupied bands between k-points is the interaction between the adsorbed
Au atoms which are located along the [010| direction from the surface period.
The energy level of occupied bands have the highest value in the J point and
the higher of them are sharply dispersed along I'J and KJ’ directions. Impurity
states which have relatively lower energies are smoothly dispersed.

The second model in this part, single Au atom bonding with O2¢ atom
located on the one edge of the step-like structure of the surface, Au(O), as
shown in Fig. 3.5(a). Adsorption of the Au atom on the surface is weaker this

time having a low adsorption energy value of ~0.48 eV. The binding geometry
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Figure 3.5: (a) The top and front views of the single Au atom adsorbed on
O2c of anatase(100)-1x1 surface (model 2). (b) The electronic band structures
of the combined Au-anatase system (black lines) and the projected bulk bands
(blue lines), and the LDOS plots on the rightmost panel.

of this model is similar to a single Au atom adsorbed on the terrace oxygen sites
of the anatase (101) surface. The bond lengths of Au-021 atoms of ~2.19 A
is bigger than that of Au(O,0) model. The angle values of Ti20-O21-Au and
T10-O21-Au are found as 119.4° and 139.3°, respectively.

The energy band structure which is shown in Fig. 3.5(b) has six defect
states at the energy gap. The five of them which are below the Fermi energy
are occupied bands and one of them is above the CB minimum and empty.
This empty defect state, the highest occupied band and the lowest of the six,
the one right above the VB maximum are flat along one direction and dispersed
as perfect cosine behavior in the in the direction normal to that. All these three
bands are mainly of Au characters and they indicate a chain of gold atoms is
formed and residing on the surface. Other states which are found between them
have mainly of O and Ti contributions as shown in the LDOS plots. The energy
gap is found to be ~ 1.09 eV, which value is smaller than that of Au(O,0) model.
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Figure 3.6: (a) The top and front views of the single Au adsorbed on Ti5¢ of
anatase(100)-1x1 surface (model 3). (b) The electronic band structures of the
combined Au-anatase system (black lines) and the projected bulk bands (blue
lines), and the LDOS plots on the rightmost panel.

This model does not gain metallic character similarly to Au(O,0) model.

In the third model for this concentration, a single Au atom adsorbs on
the unsaturated Ti21 atom which is located at the edge of the TiO, anatase
(100) surface, Au(Ti), where the atomic structure is seen in Fig. 3.6(a). The
calculational results are given in Table 3.2. Au has the weakest bond with Ti21
atom in this case because of the smallest adsorption energy of only 0.43 eV
among all four models. Fermi energy is found nearly at 0.33 eV. At the most
stable position, i.e. after the relaxation, Au—Ti21, Au—020 ,and Au—-023 bond
lengths are found to be 2.86 A, 2.87 A, and 3.23 A, also the angle values of
Au-T21-020 and Au-Ti21-023 are of 70.0° and 83.7°, respectively.

According to the electronic band structure which is shown in Fig. 3.6(b),
there is only one impurity state which is in the middle of the gap and it is one
dimensional as is also evident from the corresponding LDOS plots. Au is more
dominant with a little mixing of Ti in this impurity band. Fermi energy almost

halves this band causing a metallic surface due to the chains of gold atoms along
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Figure 3.7: (a) The top and front views of the single Au adsorbed on Ti5c and
O2c¢ of anatase(100)-1x1 surface (model 4). (b) The electronic band structures
of the combined Au-anatase system (black lines) and the projected bulk bands
(blue lines), and the LDOS plots on the rightmost panel.

|010] direction. These chains can be considered as physisorbed on the anatase
surface since the rest of the bands are very similar to that of the bare surface.

The last model in this part, a single Au atom adsorbing at a site close to Ti20
and O21 atoms which are located on the surface, labeled as Au(Ti,O), whose
atomic structure is presented in Fig. 3.7(a), also the resulting parameters are
given in Table 3.2. Adsorption of Au is slightly stronger than Au(Ti) model
according to its adsorption energy of 0.51 eV. After complete relaxation the
Au-Ti20 and Au-O21 bond lengths are found to be 2.81 A and 2.43 A, and
also the angle values of Au-Ti20-021, Au-021-Ti20, and O21-Au-Ti20 are
nearly equal to 58.3°, 80.1°, and 41.6°, respectively.

There are three impurity states originating from the state of Au impurity
atom are seen in energy gap of this model, as shown in Fig. 3.7(b). One of
them which is close to the CB originates from to interaction between Au and
Ti20 atom . The Fermi energy level almost halves this energy band similar to

the Au(Ti) case. In fact Au(Ti,O) is a case structurally and electronically right
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between the Au(O) and Au(Ti) cases. The upper one-dimensional band is of
Au and Ti character, whereas the one-dimensional state which is close to the
valence band have O21 contributions since it is originated from the interaction

between Au and O21 atoms at adsorption.

Effect of Au concentration

The first model in the second part of this section, the surface which has a single
Au atom adsorbed on the two O2¢ atoms (Au(O,0)) is considered, because it
was the strongest adsorption model supporting a single Au atom. A second
single Au atom is adsorbed on the Ti5¢ atom which is labeled as Au-2(Ti), is
shown in Fig. 3.8(a). Therefore, the metal concentration is increased in this
model. After full relaxation, the bond lengths for Au-Ti21 and Au—-023 are
found as 2.53 A and 3.10 A, respectively, and also the angle of Au-Ti21-023
is of 86.7°. The adsorption energy of the added Au has been found to be 1.12
eV. (see Table 3.2). Some properties also change compared to applications of
stable bare surface. In the first part, Au-Ti22 and Au—023 distances were
found to be 2.86 A and 3.21 A, respectively and also the adsorption energy of a
single Au atom adsorbed on Ti21 was calculated to be 0.43 eV for the Au(Ti)
model. In addition, a single Au atom adsorbed on an O 2¢ atom has the highest
adsorption energy of 0.88 eV. According to these results, the adsorption energy
of the second Au atom on the surface having an Au impurity already atom is
higher than that of the bare surface applications. Also, the bond length of Au—
Ti21 in the Au-2(Ti) model is considerably shorter than that of Au(Ti) model.
As a result of that, one can see that the adsorption energy of Au is affected by
the higher metal ad atom concentration on the surface. Moreover, the distances
between two Au atoms on the surface and other neighbor Aul and Au5 atoms
are still too small for binding.

The defect state which is close to the conduction band is originated from
the adsorbed second Au atom. The band gap of this model is found to be

0.14 ¢V which is smaller than the one in previous models. Thus, TiOy anatase
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Figure 3.8: (a) The top and front views of the second Au atom adsorbed on
Ti5c of anatase(100)-1x1 surface. (b) The electronic band structures of the
combined Au-anatase system (black lines) and the projected bulk bands (blue
lines), and the LDOS plots on the rightmost panel.

(100) surface which has two Au impurity atoms gains metallic property (Fig.
3.8(b)). LDOS graph apparently presents that band states are originated from
Au energy states. Therefore, it could be deducted from this plot that the defect
states which are close to the valence band top are originated from Au atom
adsorbed on surface oxygen atoms and also the defect state close to conduction
band comes form the Au atom bond ad to surface titanium atom. The band
which is originated from Au adsorbed on Ti21 atom is completely occupied state
different from that of Au(Ti) model although it is above the Fermi energy level
along the JK direction which is unoccupied. This structure shows semi-metal
character as its electronic property due to the overlap in energy of this band
with that of the CB at different k-directions.

The second model in the part, a third single Au atom is adsorbed on Ti
5¢ where sit other edge of the surface (Au-c(Ti)). The atomic structure of
this model is shown in Fig. 3.9(a). This way, the fills all the under coordinated
(unsaturated) atoms on the surface. After the relaxation, Au-Ti20 and Au-021
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Figure 3.9: (a) The top and front views of the third Au atom adsorbed on
Tibc of anatase(100)-1x1 surface. (b) The electronic band structures of the
combined Au—anatase system (black lines) and the projected bulk bands (blue
lines), and the LDOS plots on the rightmost panel.

distance is nearly equal to 3.00 Aand 3.56 A, and also the angles of Au-Ti20—
021 and Au-Ti20-O20 are found to be 90.6° and 84°, respectively. The highest
adsorption energy for until all processes is calculated 2.06 eV (Table 3.2). The
third single Au atom adsorbed on Ti20 bonds with other Au ad atom adsorbed
on Ti2l in this model and they make monoatomic zigzag chain. The distance
between Au3-Au2 is nearly equal to 2.66 A and the bond length of Au3-Aub
is found as 2.67 A dictated by the surface periodicity. The Au2-Au3-Au5 and
Au3-Au5-Au6 have the same values which is equal to 92.1°. The most stable
configuration is thus a zigzag chain of Au atoms described in this case.

The electronic band structure of this case is very different from other models
due to interactions among several Au atoms. The band gap is covered with
impurity states. The unoccupied energy state which comes from conduction
band is degenerate with occupied state which has the highest energy value
along the JK direction. As a result of this degeneracy, the electron occupancy

of these bands are nearly equal to each other along the JK direction. This
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Table 3.2: Calculated electronic and structural parameters: adsorption energy
per Au atom, Fermi energy, Au—O, Au—Ti and Au—Au distances for each model.

For labeling refer to Figs. 3.4-3.9.

Model E* (eV) Fg (V) dau_o (A) dpui (A) dau_na (A)
Au(0,0)  0.88 2.93 2.06(022,023) 3.02(Til0,Till) 3.83
Au(0O) 0.48 2.45 2.19(021) — 3.83
Au(Ti) 0.43 1.27  2.87(020) 2.86(Ti21) 3.83
3.23(023)
Au(Ti,0)  0.51 1.83  2.43(021) 2.81(Ti20) 3.83
Au-2(Ti)  1.12 2.18  3.21(020) 2.53(Ti21) 4.08(Aul)
3.10(023) 3.83(Aub)
Au-c(Ti)  2.06 2.22  3.56(021) 3.00(Ti20) 2.66(Au2)
2.94(Ti21) 2.67(Aub)

degenerate band mainly originating from Au—Au interactions. Because the state
originated from Au—Ti interaction is unoccupied along this direction at the Au-
2(Ti) model and this unoccupied state is filled by the charge density of the
third single Au atom adsorbed in the Au-c¢(Ti) model. The density of these Au
atoms is presented green and pink peak which mostly overlap in the LDOS plot
(Fig. 3.9(b)). In addition, the single Au binding to two O 2¢ atoms is still gives
defect states in the band gap close to VB, just like in model 1 (Au(O,0) case).

In the last model, a fourth single Au atom is tried further for adsorption
between Aul and Au4 atoms. But the four Au atoms interacting with each other
caused the bonds of Aul-021 (022), Au2-T21, and Au3-Ti20 to be broken.
Au atoms do not bind with surface atoms any longer and they construct cluster

which contain four gold atoms at a higher distance from the surface.

The chemical properties of a material are usually described in terms of
charge distribution among atoms or ions. In general, the two methods pro-

posed by Mulliken and Bader charge analysis are used to describe the charge
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Table 3.3: Bader charge analysis results for Au—TiO2(100) anatase systems. For
labeling refer to Figs. 3.4-3.9.

Model 021 022 023 Till Ti20 Ti21 Aul  Au2 Au3

clean -126 -126 -137 +2.62 +2.64 +2.64
Au(0,0) -1.19 —-1.19 —-137 4255 +2.56 +2.56 +0.51

(
Au(O) 119 -125 —138 — 4238 42.63  40.16
Au(Ti)  —124 —119 —1.34 +262 4263 +258 —0.03
Au(Ti,0) -1.18 —1.25 — 4261 4258 +2.63 +0.01

Au-2(Ti) -120 -1.19 -1.33 +2.62 +2.59 4250 +40.53 —0.42
Au-c¢(Ti) -1.19 —-1.19 —1.34 4257 +256 +2.56 +0.52 —0.10 —-0.15

distribution. Mulliken population charge method [44] is based on the electronic
configuration of atom described as wave function. However, many calculations
with the Mulliken method would lead to deceptive because it appointed all the
electrons to on atom [45]. The second method, the Bader charge analysis, ba-
sically an approach that considers each atom defined as the electronic charge
density rather around them than electron wave function. In principle, Bader
used a partition of the physical space into regions which are divided by a two
dimensional (2-D) surface with local zero-flux. The region divided by the sur-
face is called Bader region in which the gradient of the electron density is a
minimum perpendicular to the surface [45,46,47|. In this thesis, Bader analysis
method is used for the description of the charge distribution.

The many types of bond of TiO, anatase has been analyzed using the Bader
method in several works. The Ti-O bond is small and it involves charged
cations Ti and polar anions O [48]. The ions of bulk anatase are calculated
to be Q1; = +2.64e, and Qo = —1.32e. These results are consistent with the
work of Mete et al. where they found as Qm; = +2.66e, and Qo = —1.33e [49].
Charge distribution of the surface ions, Till ion sitting at the sixth layer of
the slab and Au ions are given Table 3.3. This Table does not involve charge

distribution of ions of the bottom surface of the slab because their values are the
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same with ions of the top surface. According to table, the differences between
charge values of bulk and the surface ions differ only slightly. In the Au(O,0)
model, Au ion has positive value due to charge transfer to O ions. The charge
density of Au ion is the highest value in terms of magnitude compared to other
single Au adsorption models. It can be said that Au strongly adsorbs on the
two oxygen atoms as seen from charge values. This result is consistent with the
results of adsorption energy results. In the Au(Ti) model, Au binds with the
Ti atom has negative value. Au poorly adsorbs on Ti atom because of its small
charge value.

The magnitude of the charge Au-2 ion in the Au-2(Ti) model is high and it
is very close to the magnitude of the charge of Au-1 ions, whereas that of Au-1
in Au(Ti) model is very small. Au-2(Ti) seems to strongly with Ti atom in
contrast to Au(Ti). Similarly, charge magnitudes of Au-2 and Au-3 ions in the
Au-c¢(Ti) models are higher than Au ions in Au(Ti) model although its value is
lower than that of Au-2 ions in the Au-2(Ti) model. Consequently, the metal
concentration on the surface enhances the charge transfer. This is because the
band gap of Au supported on the surface is narrowed compared to that of the
bare surface and the charge transfer is mostly between Au and Ti atoms whose
contribution is mostly to the CB. In the mono atomic gold chain case, Au atom
seems to weakly bind with Ti atoms related to the lowest charge value of Au

atoms. Au2 atom lost charge density due to interact with Au3 atoms.

3.2.3 Gold dimer (Au,) adsorption

Three different adsorption models for stable gold dimer adsorption on the TiO4
anatase (100) surface have been considered, as their atomic structures are shown
in Figs. 3.10(a) to 3.12(a). They are, one of Au atoms in the dimer adsorbs on
022 only, adsorbs on Ti21 only, or adsorb on both O21 and Ti20 unsaturated

surface atoms, respectively. The adsorption, cohesive and Fermi energies for
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this structure were listed in Table 3.4. This time, we use the formula:
ER., = Erio, + Eau, — Eau,+Ti0, (3.3)

to calculate the adsorption energy for both Aus and Aus clusters. This formula
and the one used in the previous subsection differs such that this is the adsorp-
tion energy per gold cluster, whereas the formula for previous examples gives
the adsorption energy per gold adatom. Here, n present number of atoms in
the gold cluster. Cohesive or average adsorption energy per atom is calculated
by using the adsorption energy formula in the previous subsection.

In the first model for this case, one of Au atoms in the dimer (Aul) binds to
one of the unsaturated oxygen atoms (e.g., 022) located on the surface (labelled
as model Auy(0)). The bond length of Aul-022 was found as ~2.19 A which
is the same as that of a single Au adsorption model, Au(O). Aul-Au2 distance
was found to be ~2.64 A which is longer than that of a free stable Au dimer of
length ~2.56 A. The reason for this bond length difference between Aul-Au2
originate from the competing interactions between Aul-Au2 dimer atoms and
Auy dimer with the surface. The angles of Aul-Au2-Au3, Au2-Aul-022, and
Aul-022-Till were found as 93.2°, 134°, and 143.2°, respectively. As a result,
the family of gold atoms form a zigzag chain of Au, dimers.

The most stable configuration compared to other dimer adsorption models
corresponds to the Auy(O) model with adsorption energy of 1.05 eV. The average
adsorption energy, 1.69 eV, of Auy(O) is, as expected, higher than the single Au
adsorption cases on the bare surface (Table 3.2) because of the strong interaction
between Aul-Au2 metal atoms. On the other hand, the adsorption energy of
Au-2(Ti) model in the previous section, which has the same number of Au
atoms, is higher than that of the Auy(O) model. Its Fermi energy is almost at
the same level with that of Au(O,0).

The impurity states which is close to the VB originate from Aul-O(22)
interaction, as shown in Fig 3.10(b). The density of this states is shown with
orange peak in the LDOS graph. However, the other impurity states closer to

CB mainly originate from the Au2 atom bound to Aul dimer atom, as their
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Figure 3.10: (a) The top and front views of the Auy adsorbed on O2c of

anatase(100)-1x1 surface. (b) The electronic band structures of the combined

Aug—anatase system (black lines) and the projected bulk bands (blue lines), and

the LDOS plots on the rightmost panel.

Table 3.4: Calculated electronic and structural parameters: adsorption energy

of Auy, cohesive energy, Fermi energy, Aul—(O, Ti) and Au—Au distances for

each model. For labeling refer to Figs. 3.11-3.13.

Model E* (eV) E“" (V) Ep (eV) daw-om (A)  dau_ae (A)

Auy(0) 1.05 1.69  2.690.79  2.19(022)  2.64(Aul-Au2)

2.64(Au2-Au3)

Auy(Ti) 0.83 1.58 2.34  2.83(Ti21)  2.63(Aul-Au2)

2.63(Aul-Au3)

Auy(Ti,0)  0.62 1.47 2.28  2.13(021)  2.51(Aul-Au2)
2.72(Ti20)

density is presented in green lines in the LDOS graph. The defect state which

is the closest to CB is unoccupied, above the Fermi energy level, along the

JK direction and occupied along other symmetry directions, therefore partially
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Figure 3.11: (a) The top and front views of the Au, adsorbed on Tibc of
anatase(100)-1x1 surface. (b) The electronic band structures of the combined
Aug—anatase system (black lines) and the projected bulk bands (blue lines), and
the LDOS plots on the rightmost panel.

occupied. Consequently, the band gap is nearly filled by defect states in the
Auz(O) model. This model shows metallic property.

In the second model for this subsection, one of the Au atoms in the gold
dimer is adsorbed on Ti5¢ surface atom. The distance between Aul-Ti21 atoms
was found to be 2.83 A and it is slightly lower than that of a single Au with Ti 5¢
atom (2.86 A) in the Au(Ti) model. The angles of Au2-Aul-Au3, Au2-Aul-
Ti21, and Aul-Ti21-022 are found as 93.8°, 102.8°, and 105.3°, respectively.
The gold atoms are combined as a zigzag chain similar to the chain in the
previous model, and the bond lengths of Aul-Au2 and Au2-Au3 in the chain
are equal to the same value of 2.63 A.

The adsorption energy is calculated as 0.83 eV and this value is lower than
that of the Auy(O) model. This result is similar to a previous observation that
the adsorption energy of a single Au adsorption on Ti is lower than that of O

atom. Cohesive energy is higher than the single Au atom adsorption cases on
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Figure 3.12: (a) The top and front views of the Au, adsorbed on Ti5c and
O2c¢ of anatase(100)-1x1 surface. (b) The electronic band structures of the
combined Aup-anatase system (black lines) and the projected bulk bands (blue
lines), and the LDOS plots on the rightmost panel.

the bare surface. However, it is lower than the cohesive energy for the Auy(O)
model. It can be said that Au—-Au interaction strength is related to the strength
of Auy adsorbed on the surface.

There are five defect states found in the energy gap, as shown in Fig. 3.11(b).
They all are below the Fermi level and are occupied bands. However, the highest
lying impurity state degenerates to a flat band along the JK direction with the
unoccupied energy state coming from the CB, just above the Fermi level. Hence,
it is also unoccupied in this direction. The defect states are predominantly of
gold character as also seen in the LDOS plot of the same figure. Only one band
which is closest to VB is mixed by the 022 states.

Last model, in this subsection, having one of the Au atoms in the gold dimer
adsorbed on both unsaturated O21 and Ti20 atoms (Auy(Ti,0)), which is shown
in Fig. 3.12(a). The bond length of Au2-Ti20 was nearly equal to 2.72 A, which
is the lowest Au—Ti bond length among all cases except for that in the Au-2(Ti)
model. Moreover, the Aul-021 bond is equal to 2.13 A, which is the shortest
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among all Au dimer models. The dimer bond length (Aul-Au2) is equal to
2.53 A, being the smallest one among all dimer models. The reason for this is
because the Au atoms in this model can not bond to those Au atoms in the
neighboring surface unit cells. The angles of Aul-021-Ti20, Aul-Ti20-021,
and O21-Aul-Ti20 are 83.9°, 51.2°, and 44.9°, respectively.

The adsorption energy, being 0.62 eV, is the smallest of all the Au dimer
structures. Therefore, the bond strength of dimer with the surface in the
Auy(Ti,0) model is the weakest among all dimer models according to their ad-
sorption energy values, in spite of their shorter Aul-Ti20 and Aul-0O21 bonds.
The Fermi energy level is almost the same as that of the Auy(Ti) model, whereas
they are lower than that of the Auy(O) model (see Table 3.4).

There are six impurity bands which are localized in the gap for the Aus(Ti,0)
model, as shown in Fig. 3.12(b). All of them are occupied states making the
system metallic. Au2 is more localized in the region crowded with other less
dispersed impurity bands, which is shown as a green peak in the LDOS plot.
However, Aul atom is predominantly localized in the lowest gap state. The
highest gap state mostly of Au2 nature, on the other hand, is similar to those
of Au-Ti interactions in the other adsorption models, having one-dimensional
character. Unlike other Au dimer models, this band is not degenerate with CB
because the Au2 atom does not bond with the gold atoms in the neighboring
surface unit cells.

In the charge analysis for the Auy(O) model, Aul adsorbed on O2¢ looses
more charge than that Au2 gains (see Table 3.5). The bond of Aul-022 is
the strongest among all three models due to highest charge density of Aul in
magnitude. The Aul-022 interaction in the Auy(O) is much smaller compared
to Au(0,0) case in terms of their corresponding charge values, whereas it is
just a little higher than that of the Au(O) model due to extra charge transfer
to the dimer atoms. In the next model, Aul bonding to Ti5¢ surface atom
gains more charge density than the Au2 ion. However, the charge density of

Aul is considerably small magnitude as expected due to small charge transfer
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Table 3.5: Bader charge analysis results for Au dimer on TiO3(100) anatase
system. For labeling refer to Figs. 3.11-3.13.

Model 021 022 Ti20 Ti2l  Aul  Au2
clean —-1.26 —-1.26 +2.64 +2.64

Auy(0) —-1.24 —-1.21 +2.61 +2.58 +0.20 —0.06
Auy(Ti) -1.23 —-1.20 +2.61 +2.58 —0.03 —0.00

Auy(Ti,0) —1.19 —1.21 +257 258 014 —0.11

between Au and Ti ions meaning the Au-Ti bond having covalent nature [50].
In the last model, Au2 ion has the highest charge density transferred among
all gold dimer models which means the interaction between Au atoms is the
strongest in this model. The reason for that is because the Au2 atom interacts
only with Aul atoms in the same unit cell as well as in the neighboring unit
cell, thus forming a chain. The charge transfer of Aul in this model is lower in
magnitude than that in the Auy(O) model, while it is higher than that in the
Auy(Ti) model, as expected. It is an interesting case since Auy(O,Ti) has the
weakest adsorption in all three Au, models. Therefore, the amount of charge

transfer is generally smaller in Au-Ti bonds than in Au-O bonds.

3.2.4 Gold trimer (Aus) adsorption

Two different models for stable gold trimer adsorption on the TiO, anatase (100)
surface are considered, whose atomic structures are shown in Figs. 3.13(a) and
3.14(a). Two of the trimer-Au atoms bonding to the 022 and O21 atoms in one
case, and one of the Au atoms bonds to both O22 and Ti21 unsaturated surface
atoms, respectively. The adsorption, cohesive, and Fermi energies as well as the
bond lengths of Au-O, Au-Ti, and Au-Au are listed in Table 3.6. Adsorption
and cohesive energies were calculated by using same formulas in the gold dimer
subsection.

In the first model for this case, two of the Au atoms (Aul and Au2) in the
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Figure 3.13: (a) The top and front views of the Auz adsorbed on anatase(100)-
1x1 surface. (b) The electronic band structures of the combined Aus-anatase
system (black lines) and the projected bulk bands (blue lines), and the LDOS
plots on the rightmost panel.

planar cluster of triangular shape bind to unsaturated O2c¢ atoms located on
the surface (model Au3(0O,0)). The bond lengths Au-021 and Au-022 were
found as 2.11 A and 2.10 A, respectively, which are lower than those in the
Au(O) or the Auy(O) models. Both Au3-Aul and Au3-Au2 distances are
found to be ~2.64 A which are shorter than length of Aul-Au2 to be ~2.73
A. The distance between two O2¢ atoms located on the step-like construction
is slightly shortened by ~0.09 A with respect to their bare surface positions
because of the interaction with Aug trimer adsorbed on them. The angles Aul—
Au3-Au2, Aud-Aul-Au2, and Aul-Au2-Au3 are found to be 62.3°, 58.8° and
59.0° for the adsorbed trimer, respectively. Also, the angles O21-Aul-Au2 and
022-Au2-Aul are found as 106.7° and 109.2°, respectively. Eventually, the
family of gold atoms form a zigzag chain of Aug trimers and the bond length
of Au2-Au4 in this chain is equal to ~2.81 A and the angle Aul-Au2-Aud is
found to be 87.6°.

The adsorption energy of the Ausz(0O,0) model is calculated as ~ 1.43 eV
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Table 3.6: Calculated electronic and structural parameters: adsorption energy
of Aug, cohesive energy, Fermi energy, Au—O, and Au—Au distances for each

model. For labeling refer to Figs. 3.15 and 3.16.

Model E* (eV) E“" (V) FEp (eV) dau_om (A) dawau (A)
Auz(0,0)  1.43 1.72 2.75 2.11(021)  2.73(Aul-Au2)
2.10(022)  2.64(Aul;Au2-Au3)
2.81(Au2-Au4)
Auz(O,Ti)  0.79 1.50 2.39 2.11(022)  2.77(Aul-Au2)
2.90(Ti21)  2.58(Aul-Au3)
2.73(Au2-Au3)

and this value is higher than that of the Au trimer model that follows. Cohesive
energy is higher compared to the single Au atom models for the bare surface,
and also higher compared to the Au dimer models. Consequently, the cohesive
energy increases since the number of atoms in the gold cluster grows.

The band structure of this model is shown Fig. 3.13(b). Impurity states are
all below the Fermi level and are occupied. The band gap is calculated as 0.93
eV. Maximum energy values of the impurity states is along the JK direction
similar to the previous models. The impurity states are predominantly of gold
character as also seen in the LDOS plot. They are located closer to VB due to
Au-O interaction. The flat bands along JK of highest occupied state and the
lowest unoccupied state are degenerate giving a zero gap in previous Au zigzag
chain cases, however, because of the third Au atom of the trimer in this case
these two flat bands are separated by a gap of about 1.50 eV due to Fermi level
pinning of the upper band which is still unoccupied. However, this model shows
metallic property due to the Au impurity states which are in the CB around I’
and J' points.

In the last model for this case, one of Au atoms in trimer is adsorbed on

both unsaturated 022 and Ti21 surface atoms (Aus(Ti,0)). The bond length of
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Figure 3.14: (a) The top and front views of the Aus adsorbed on Ti5c¢ and
O2c¢ of anatase(100)-1x1 surface. (b) The electronic band structures of the
combined Auz-anatase system (black lines) and the projected bulk bands (blue
lines), and the LDOS plots on the rightmost panel.

Aul-022 is the same as that of the Auz(0O,0) model and also the bond length
of Aul-Ti21 is found as ~2.90 A. The bond lengths of Au atoms in the free
trimer alter because of the interaction between trimer and the surface. As a
result, Au3 atom is much closer to Aul atom and Au2 atom is farther away
from Aul atom. The angles Aul-Au3-Au2, Au3-Aul-Au2, and Aul-Au2-Au3
are found as 62.8°, 61.2°, and 58.0° for the adsorbed trimer, respectively. On
the other hand, the angles O22-Aul-Ti21, Ti21-022-Aul, and O22-Ti21-Aul
are 41.4°, 92.1°, and 46.5°, respectively. The adsorption energy of this model is
calculated to be ~0.79 eV which is lower than that of the Auz(O,0) model. Au
atoms in this model weakly interact with those Au atoms in the neighboring
surface unit cells but they can not bond to them.

The energy gap is found to be ~0.83 eV according to the band structure
shown in Fig. 3.14(b). The impurity states are predominantly coming from the
Aul-022 bonds. They are depicted in with orange and red lines in the LDOS
plot. The defect state which is CB-derived is partially occupied, causing the
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Table 3.7: Bader charge analysis results for Aug on TiO2(100) anatase system.
For labeling refer to Figs. 3.15 and 3.16.

Model Ti21 021 022 Aul Au2 Au3
clean +2.64 —-1.26 —1.26
Augree +0.08 —0.02 +0.00

Auz(0,0) +258 —1.23 —1.23 1023 +0.28 —0.08
Aug(O,Ti) +2.57 —1.22 —1.22 +0.30 —0.09 —0.07

system to have metallic property electronically.

In the charge analysis for the Aus(0,0) model, both Aul and Au2 ions loose
charge due to interaction the two O2¢ atoms (see Table 3.7). Au3 ion gained
negative charge transferred from both Aul and Au2 ions. For the Au3(O,Ti)
model, O22-Aul interaction is stronger than Ti21-Aul as seen from the pos-
itive charge transferred to Aul, and moreover, Au2 and Au3 ions gain small
amount of negative charge. Although the charge density of Aul in Aus(Ti,0)
is higher than that in the Au3(0O,0) model, the charge magnitude of Au2 ion
in the Auz(Ti,O) is smaller than that in the Auz(O,0) model. Therefore, the
adsorption of Au atoms on the surface in the Aus(0,0) model is stronger than

Allg(O,Ti).
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CHAPTER 4

CONCLUSION

TiO, is generally used as a catalyst or a catalyst support and Au-TiO, is
an active system for these applications. We have examined the structural and
electronic properties of small Au,, (n = 1—3) clusters adsorbed on anatase (100)-
1x1 reconstructed surface and these properties are investigated in terms of the
Au concentrations per 1x1 unit cell area. The stable geometries for each metal
and surface atoms have been obtained by relaxation to minimum total energy.
According to our results, a single Au atom makes the strongest adsorption on
two O2c¢ of the surface with respect to other single-Au configurations. Also, Au
dimer prefers to bind with O2¢ on the surface and the most stable configuration
of Au trimer is adsorbed on two O2¢ surface atoms as well. Interactions between
Au and Ti atoms are much weaker compared to that of Au and O atoms at
the adsorption processes. However, Au-Ti becomes stronger as the second Au
atom is adsorbed on the surface increasing the Au adatom concentration on the
surface. The cohesive energy is increased when the number of Au atoms grow
in the adsorbed metal cluster. The Au—Au bonds get stronger as the number
of Au atoms increases.

The energy band gaps of structures with single Au adsorbates are decreased
compared to that of the bare surface. The band gap of a single Au adsorbed
on two O2¢ surface atoms is wider than that of other Au structures. The Au
dimer structures gain metallic properties since the band gap of them is almost

disappeared. The impurity states become degenerate in the case of metal chain
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formation. The band gaps of Au-trimer cases are wider than that of Au-dimer
models. The energy band gap of the case where two singe-Au atoms are ad-
sorbed on the surface gets narrower than that of a single-Au structures, and
also the gap for the tree single-Au structure is almost disappeared. It can be
said that the system is gaining metallic property as the metal atom concen-
tration on the surface increases. The impurity bands are closer to the valance
band as adsorbed on O surface atoms and they are closer to the conduction
band in relation to the interaction between Au and Ti atoms because the state
populations of O and Ti atoms are high in the VB and CB, respectively. Fermi
energy level is different for all cases but it is closer to the conduction band for
the cases with relatively stronger bonding. This is because the occupied states

are more energetic for the stronger adsorption.
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