LAPPEENRANTA UNIVERSITY OF TECHNOLOGY
DEPARTMENT OF ELECTRICAL ENGINEERING

Oxygen adsorption on Cu(211) and structurally and
chemically modified Cu(100)

The supervisor of this study was Professor Matti Alatalo #relexaminer was M.Sc.
Antti Puisto.

Helsinki 14.9.2007

Nelli Nivalainen
Nayttelijantie 24 e 59
00400 Helsinki

Tel. +358-50-5470023



Abstract

Author: Nivalainen, Nelli Johanna

Subject: Oxygen adsorption on Cu(211) and structurally and chemicd} mo-
dified Cu(100)

Department: Department of Electrical Engineering
Year: 2007

Lappeenranta University of Technology, Master's Thesk,pages, 43 figures and 7
tables.

Supervisor: Professor Matti Alatalo
Examiner: M.sc. Antti Puisto
Keywords: Copper, Silver, Oxygen, Adsorption, Oxidation

Oxidation of copper has recently been under broad interashg material scientists as
copper is a widely used material in manufacturing industiy e developing of applica-
tions, such as protective surface oxides, is possible ortly thiorough knowledge of
oxidation process. Under normal circumstances metalsdiectiifferent kinds of lattice
defects, so also their effects on the oxidation processldhmiknown well. This the-
sis concentrates thus on mechanisms through which defedtsteps affect on a copper
surface.

This study has been made by using calculational methods AB&nd SIESTA simula-

tion programs. In the study Cu(100) surface is used for shgdghemical and structural
defects as it is the most reactive low Miller's index surfacel Cu(211) is used for step
surface calculations, as it is a simple, stable and wideigtietl surface structure.

As structural defects, adatoms have an inhibitive impactissociation, but in cont-
rast, vacancies act as dissociative centres. Doping copilersilver, which was used
as chemical impurity, doesn’t prevent oxidation as an @g#ng segregation phenome-
non occurs during the oxidation process and silver getsquustwards the bulk. In the
case of a step surface Cu(211), hollow site on (100) microfaas found to be the most
dissociative site and bridge site on the step edge the miiabkusite for molecular ad-
sorption. A copper step (211) surface was also found to be mearctive than the smooth
copper surfaces.
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Kuparipinnan hapettuminen on viimevuosina ollut suodittkimuskohde materiaalitie-
teissa kuparin laajan teollisuuskéayton vuoksi. Teollgsavellusten, kuten suojaavien pin-
taoksidien kehittaminen vaatii kuitenkin syvéllista teimusta hapettumisprosessista ja
toisaalta my6s normaaliolosuhteissa materiaalissatygi@ém hilavirheiden vaikutukses-
ta siihen. Tassa tyossa keskitytaankin tutkimaan juutdmiekanismeja, joilla erilaiset
pintavirheet ja porrastettu pintarakenne vaikuttavaehagdsorptioprosessiin kuparipin-
nalla.

Tutkimus on tehty kayttamalla laskennallisia menetelneig&sVASP- ja SIESTA-ohjel-
mistoja. Tydssa tutkittiin kemiallisia ja rakenteellisimheita Cu(100)-pinnalla, joka on
reaktiivisin matalan Millerin indeksin pinta ja porrastatpinnan tutkimuksessa kaytettiin
Cu(211)-pintaa, joka puolestaan on yksinkertainen, digdiniemmissa tutkimuksissa
usein kaytetty pintarakenne.

Tyodssa tutkitut hilavirheet, adatomit, vahentavat mojdikydissosiaatiota kuparipinnalla,
kun taas vakanssit toimivat dissosiaation keskuksina.igéisena epapuhtautena kaytet-
ty hopeakerros ei estad kuparin hapettumista, silla hapaiutiaa mielenkiintoisen seg-
regaatioilmion, jossa hopea tyontyy syvemmalle pinnagtagn kuparipinnan suojaa-
mattomaksi. Porrastetulla pinnalla (100)-hollow on tatgisin paikka molekyylin dis-
sosiaatiolle, kun taas portaan bridge-paikka on suotunrsiekulaariselle adsorptiolle.
Lis&ksi kuparin steppipinnan todettiin olevan reaktiangpi kuin tasaiset kuparipinnat.
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1 Introduction

From the industrial point of view oxidation is one of the mosportant reactions when
concerning metal surfaces. Motivation for studying coppeélue to its popularity in man-

ufacturing and results can give us also information aboudation of transition metals.

In order to prevent unwanted corrosion of metals it is imgairto understand oxidation
phenomena thoroughly. Knowledge about controlled oxmtatian be used for example
in the developement of new catalysts and protective sudaickes.

In this work we study the adsorption of molecular oxygen onl0Q0] surface, which has
been modified by adding lattice defects to the surface. Niblymaetals have different
kinds of lattice defects so it is useful to study how they etftbe oxidation phenomenon.
In this case adatoms and vacancies are used as point d&€fa¢i€10) surface was chosen,
because it is the most reactive low-index copper surface.

In the second part of the work, atomic adsorption of oxygertlean and silver doped
Cu(100) surfaces is studied in order to find out how silverc$f¢he oxidation phenom-
ena. Using silver as an impurity is also a good example of etemodifications occured
on surfaces and thus worth studying.

In the last part of the work molecular oxidation on coppepserface is studied. Steps
are a common feature of metal surfaces and Cu(211) surfacehesen for this part
of the study as it represents a(1@@111) cut the stability which of has been found to
be high in the case of Cu and Pd in study made by Kollar et al [1](2Cl) is also a
simple and widely studied surface and therefore it is a Blatgarget for studying the
adsorption mechanism on a step surface. Cu(211) surfacéstoothree-atom (111)
terraces separated by single-atom (100) microfacets dsecag@en in figure 1. Due to this
structure it is interesting to estimate how much a diffetentl of surrounding structure
affects the adsorption of oxygen when comparing the refualis calculations on (100)
micro facet of Cu(211) and Cu(100) surface [2]. We will also pane the calculations to
results obtained for Pd(211) surface [3].



Figure 1: Structure of Cu(211) surface. Figure is rendered dyitkanen.

2 Methods

In this section the programs used in this work are introdueedvell as some theory
concerning adsorption, density of states and moleculaamyes, which form a central
theoretical base for this study.

2.1 Programs: SIESTA and VASP

SIESTA (Spanish Initiative for Electronic Simulations withousands of Atoms) is both
a method and a computer program developed by J. Soler et, &] fdr accomplishing
electronic structure calculations amtlinitio molecular dynamics simulationslb initio
means that calculation is made from first princples andigsadn basic and proven phys-
ical laws without contributory presumptions. When studyafgemical reactions both
static properties such as geometrical configurations amerdic properties like diffu-
sion are of interest. These properties can be obtained bulatihg the full solution of
the many-body Schrodinger equation. Many methods for sglthe equation, including
the Hartree-Fock theorem were developed, but using of tiselimited to calculations
with only a small number of active electrons as effort of adting and storing the wave
function depends exponentially on the number of the elastr{f]



As a solution for this problem, Hohenberg and Kohn propo$eddensity functional
theory (DFT) in 1964, which was first found to be a useful mdthosolid-state physics
where periodic structures are dealt with. SIESTA is base®Bil, which states that
the properties of a system can be calculated from the grotatel density of the system
and thus the calculations are simpler because a simple-dimensional function of the
ground-state density is used instead of the multi-dimeradiavave function. Although
DFT is an exact theory, it's implementations, like SIESTAg based on approximations
of the exchange-correlation functional.

The SIESTA method uses the linear combination of atomictalibi{LCAO) [7] and
norm conserving pseudopotentials (NCPP) [8, 9] to calculsegroundstate properties
of a system. The LCAO approximation is based on the fact thatams the electrons
are tightly bound to their nuclei and if atoms are close ehaigir wave functions will
overlap. This will happen when atoms are so close that tlegiastions are consistent
with the lattice constant. In LCAO the electronic wave fuans in the solid are approxi-
mated by linear combination of atomic orbitals and the bancttire can be defined by a
small number of overlap parameters. The overlap params&tay describe interactions
between electrons and neighbouring atoms. [10, 11, 12]

In figure 2 the principle of LCAO is shown. If two overlappingatic orbitals increase
the probability density along the connecting line betwden datoms, the atoms have a
chemical bond. This state is called bonding molecular statkit can be seen in the top
row of the figure. In the top row two atoms have the same sigdsratie bottom row they
have opposite signs. The latter situation describes arbantling molecular orbital. [13]
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Figure 2: Linear combination of orbitals. The top row delses a bonding molecular
state and the bottom row is an anti-bonding molecular si8g [

The difficulty of electronic structure methods is to desentmve functions of a real ma-
terial because of the differences in various locations afcsp close to the nucleus the
wave function oscillates rapidly and elsewhere it is quit®sth. Because of the oscilla-
tion the calculations of core electrons are time-consum@igemical properties of most
atoms are determined by their valence electrons and th&targ/ important information
in the core electrons and therefore a reasonable electstmicture method may avoid to
calculate them. The problem can be solved by using the ppeteiatial approximation
whose consumption in computer simulation time is one pegrs¢wundred compared to
all electron potentials, which include all the electronshaf system.

Norm-conserving pseudopotentials, which are used in SM:-&fle made to simplify the
application of pseudopotentials and on the other hand niegee tnore accurate and trans-
ferable. They were made to fulfill especially the followirgguirements: pseudopoten-
tial should describe the long-range interaction of the cotdgside of a core radius the
pseudo-wavefunction should agree with the all-electromefianction and inside both the
pseudopotential and the wavefunction should be as smogplossble to decrease the
computational time. Inspite of good qualities of pseudeptals, they also make results
more inaccurate as happens always when approximationsede (14, 15]

It should be noted that due to the different basis in calaniat total energies calculated
with SIESTA can not be compared with energies obtained fraloutations performed
with another method. As an example, however, adsorptiorgerseare comparable.



VASP (Vienna Ab-initio Simulation Package) is a programgerforming ab-initio quantum-
mechanical molecular dynamics simulations using pseueagials or the Projector Aug-
mented Waves (PAW) method and a plane wave basis set. Theaappeaecuted in
VASP is based on the local-density approximation (LDA), ethis the most commonly
used approximation established by Kohn and Sham [16]. Isetlealculations, however,
Generalized Gradient Approximation (GGA), which can beutjitt as a modification of
LDA, is used.

In this work, the PAW method is used with VASP as an approxioman order to reduce
the computer simulation time. Compared to the existing appration methods PAW is
expected to give a similar level of optimization and still inere efficient. DFT forms
the basis of PAW and the method includes many properties fin@enaxisting linear meth-
ods and the pseudopotential method. For example, PAW mtexiprojectors acting on
smooth valence functions and auxiliary localized funcdibke the ultrasoft pseudopoten-
tial method (US-PP) [17]. Localized functions keep all thisrmation on the core states
such as the Augmented Plane wave (APW) method. For that retasan be assumed
that PAW is closing the gap between US-PP and APW. [18]

Since PAW is based on DFT, The Schroédinger equation mustleedsarhen a particle
system is described by quantum mechanical laws. The Sclgédequation, which is
also called the quantum mechanical wave equation, is aitumat both time and place.

In augmented-wave methods the problem of time-consumitalegions of core elec-
trons has been solved by dividing the wave function intogdr PAW all integrals are
calculated as a combination of integrals of smooth funeticovering throughout space
with localized parts estimated by radial integration ovarffin-tin spheres [14]. The
muffin-tin potential is an approximation to spherical regicaround each nucleus and
constant potential in between the spheres. The muffin tiergshare shown in figure 3
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Figure 3: The muffin-tin spheres. The potential is the slaéaverage of so-called effec-
tive potential inside the spheres and constant outsideptheres. The effective potential
was defined by Kohn and Sham [16].

2.2 Adsorption

The study of adsorption has a centre stage in the examinattioraterials. Adsorption is
a process that occurs when an adsorbate comes on the surtht@as a molecular or
atomic film. Adsorption takes place in different ways, gatigrclassified as physisorp-
tion and chemisorption. Physisorption is the weakest fofmdsorption and there is no
true chemical bond between the surface and adsorbate. Vawvalds force causes the
sticking and although it's usually weak, it is important foe bonding in many materi-
als. Contrary to physisorption, in chemisorption true cleaibond is created. There
is hybridization between the adsorbate and subrate efectatates which modify the
electronic structure.

In this work oxygen adsorption is studied on structuredaste$. The simplest step sur-
faces are widely studied, because they can be made quitg imaskperiment and elec-
tronic structure calculations can also be made due to thglisity of the surfaces. Previ-
ous studies (such as [19, 20, 21]) have shown that many aatesrbind much stronger
to the step sites than to the sites on a flat terrace, so themt#uof steps can be rather
markable also in this case.

When different reactions on surfaces are concerned, tharedaple of simple examples,
which are relevant for this study. If a gas molecule such ggem hits a surface, it can be
reflected or bind to the surface. The binding may happen wileoular or dissociative

adsorption and in a few cases molecules can dissociate dngan of the atoms rest

on the surface. In figure 4, an illustration of the dissogeadsorption on a surface is
shown. [15]



Figure 4. Dissociative adsorption process for a diatomitegde.

Potential energy surface (PES) of the system has a cenkeahrtheoretical describtion
of adsorption. PES calculation gives information for ims& about adsorption sites and
energies and vibrational frequencies of an adsorbatesdtsdlows if there are barriers for
adsorption.

In this work we are using 2-dimensional contour plots of Beinsional surfaces, which
are called elbow plots due to their shape. For PES plots aktetal energy calculations
are made with varying distances between the atoms of a nmeléice. bond lenghts).

While the distances were changed, the molecule was also ntowedds the surface.
Close to the surface dissociative adsorption is energbticalre favorable than molecular
adsorption as energy is gained upon the adsorption of tvimdistoms. This energy gain
upon adsorption is typical for chemisorption. [15]

As it was mentioned in a previous study [22], static PES datmns do not consider the
dynamics of a surface. On the other hand, in a finite temperatwlecule has kinetic
energy, which is neither considered in the PES calculatidhese facts led us to use also
molecular dynamics simulations for the interesting sitret that the PES calculations
had revealed. A phenomenon called steering effect is alatetkto this problem with
PES calculations. At low kinetic energies the moleculessaralow, that they can be
efficiently steered to a favorable configuration for disation, which leads to a high
dissociation probability. For example M. Alatalo et al. Bdwound this phenomenon on
Cu(100) surface in a recently published study [2]. If the mole has only a small, for
example 0,01 eV kinetic energy and unfavorable configundbodissociative adsorption,
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the forces acting upon the molecule can still steer it towdhd more favorable sites.
When the kinetic energy is higher, the molecule is too fast @ar thus scatter back
into gas-phase which decreases the probability of stickiffigs phenomenon is shown
in figure 5 where the kinetic energy of the molecule is 0.12 &f\even higher kinetic
energy, the molecule has enough energy to enter the diisooidannel over the barrier
and the sticking probability increases again. [23]

E;=012eV
&
t=0"s t==60fs

3 9%

t=280fs t=165fs

Figure 5: A classical trajectory run with a molecule whiclscattering back to the gas
phase when the kinetig energy is 0.12 eV. [23]

2.3 Density of States

Density of states (DOS) tells about the interaction betweeaxample the adsorbate and
subtrate. The total density of states includes all elestairthe system. In a bond break-
ing - bond formation process one is usually interested intwapens to the electronic
orbitals of the directly involved orbitals of the moleculedathe substrate. Usually the
information is easier to identify in the local partial deg%f states, which means that the
DOS is divided into orbitals.

In surface science, the study of reactivity sometimes hasg wone by using only knowl-
edge of its properties without any information about thernatting adsorbate-metal sys-
tem. The density of states was found to be a good analysigdodhis. In this case
reactivity means that the more reactivity a metal surfacg ttee larger is the binding
energy of an adsorbate. [6]
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2.4 Molecular dynamics

Making dynamical simulation, which can be used beyond inaéstrate approximation,
not only checks the accuracy of the calculated PES, but alss ghore information about
the adsorption process [24]. Quantum molecular dynamit4§fvas first developed by
Car and Parrinello in 1985. Another method used in molecuylaachics simulations is
Monte Carlo method, but unlike in MD (molecular dynamics)ndsnical properties can
not be measured by using it. In MD simulations atoms are &tbt® move in compliance
with laws that define forces. To be exact, the motion can beritesl by Newton’s second
equation

F =ma, 1)

which means that for a constant m&ss), force (#") equals mass times acceleratiar).
Another formulae used in MD simulations are Lagrangian aathhtonian. By defini-
tion, MD is a numerical integration of the equation of motemd dynamical behaviors
can be measured by taking appropriate time averages ovsintiogation. [25]

In this study 300 K surface temperature controlled by Noséntiostat [26, 27] is used.
Nosé thermostat handles modifications of equations of matith differential feedback
control, but permits fluctuations in the momentum tempeeatiin the calculations kinetic
energy of 25 meV was used for the molecule, timestep of 3 fs wsasl for the first
simulation round and 1 fs after that.

3 Parameters and testing

Before starting actual calculations, the input parametarshie SIESTA and VASP pro-

grams should always be carefully tested. Parameter tefstiir®)ESTA includes calcula-

tions for finding out cut-off energies and amounts of K-psjnthich have a pivotal role

in the accuracy of calculations. Lattice constant and bamdistance for copper and oxy-
gen are also calculated to find out the reliability of pseudeptials. For VASP several
calculations were also made to test the reliability of PAWG #re results of testing are
introduced below. Proper supercells for different sitragiare also chosen.
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3.1 Testing for SIESTA

3.1.1 Calculational supercells

When surfaces are studied, a proper three-dimensionalagphas to be formed in order
to introduce the actual surface with periodic structureisan be done by using a so-
called slab approach, the idea of which is shown in figure @hisxmethod the material
is replaced by a slab with two surfaces and a finite numberyefr&a which leads to a 2-
dimensional lattice. To gain 3-dimensional periodicity fioe calculations, a sufficiently
large amount of vacuum is added between the slabs and thymeecsll is formed. The
vacuum region must be large enough to separate the surfatks slab and to avoid
interactions of opposing surfaces or adsorbates. The sislohbe also thick enough to
model bulk states and surface relaxations.

surface unit cell

Figure 6: The idea of a supercell approach [6].
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In this work copper is modeled by two different kind of supdis for calculations made
with SIESTA. The size of the supercell is one of the fundamleptoblems in compu-

tational modelling of materials, because the size is $frigstricted by computational
resources and despite that the supercell, as it was medtisheuld be large enough.
First supercell, which is shown in figure 7 on the left, in@dadx3x6 atoms and the

Miller index of the surface is (100). Figure 8 on the rightwisdhe supercell for Cu(211)
structure, which includes 36 atoms. The amount of vacuumtessd to be sufficient for
the both cells in order to depicts infinity.

Feo

Figure 7: Supercell for Figure 8: Supercell for
Cu(100) structure with a Cu(211) structure.
copper adatom.
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When the supercell is formed, lattice constant is used faripdpthe atoms to their posi-

tions. Those positions are not, however, the most favoraiés in a system and usually
in the case of metal surfaces the first atom layer relaxes wawds when the energetic
minimum of the system is gained. Due to that the surface hbs telaxed before further

calculations. As the adsorption process is modeled onlgtierside of the slab, the accu-
racy of the model can be improved by keeping some of the layethe other side fixed

at their bulk positions. [6]

When Cu(100) structure with copper adatom was let to relaxattaom relaxed to 1.6
A distance from the first layer and the first layer relaxed @Qipwards from it's orig-

inal place on an average. For clean Cu(100) we got 0.95% tedaxaf the first layer

compared to the experimental result of 1.2% [28]. In the cds8u(211) surface, the
first layer of step and row marked with 3. in figure 9 relax upigad.02% and the row
between them (2.) relaxes downwards 0.8%.

Figure 9: Structure of the Cu(211) surface.

3.1.2 Pseudopotentials and basis sets

The use of norm-conserving pseudopotentials significaatlyces the computational ef-
fort and simultaneously maintains an accurate descrigiomost systems. In this case
Troullier-Martins [9] type of pseudopotentials are used #mey and the basis set were
tested by A. Puisto [29]. Those tests show that pseudopakeiatre suitable for further
calculations, because calculations which were made wiimtbave 3.69 A lattice con-
stant for copper and 1.237 A bond length for oxygen moleauhile experimental values
for copper and oxygen are 3.61 A and 1.207 A, respectivelyisBzaet for the copper is
also optimized and convergence tests for the shape and fsike basis orbitals of the

14



oxygen molecule showed that adding d-like orbitals to th&af the oxygen leads to a
better convergence than using orbitals with s and p symnoeisy [29]

3.1.3 Mesh cut-off and k-points

Choosing the k-points for calculations affects also remalgkilne accuracy of calculations
due to the fact that k-points represent the sampling of teeBirllouin zone (1BZ) in the
k-space, which is actually the primitive cell in k-space isTprimitive cell is a so-called
Wigner-Seitz cell, which is defined as the region of spacerda lattice point that is
closer to that lattice point than any other lattice pointp#ints that we use in calculations
are just a part of allowed k-points in the 1BZ and they shouldHmsen along the size and
symmetry of the slab. The bigger the slab is, the less k-p@nt needed. Dimensions
that are more broken in symmetry than others need also mpognks. So for a slab with
vacuum in the z direction, there is no significant antisymmnit this direction and it is
enough to use only a one k-point. For the x and y directionka@nsurface plane, a finite
k-point mesh has to be determined which accurately refleetbulk band structure of the
metal studied.

In this study Monkhorst-Pack [30] scheme for k-points sangpis used. For the slab
with (100) surface A. Puisto [29] has calculated a suitabl@ant of k-points (&6x1),
which we use also in this study. Mesh cut-off, which is alsosgn by Puisto, is 400 Ry.

Both of these parameters, amount of k-points and cut-offulshioe large enough to en-
sure the accuracy of the results, but on the other hand tloeygshot be too large, because
it leads to waste of computational time. Large values camadlgtproduce more incompe-
tent results as can be seen in the table 1, in which total esecglculated with different
amounts of k-points are shown. This is due to the shape ofoBiillzone and its irre-
ducible part which determine the optimal set of k-pointsedéncalculations were made
by using the slab, which has a (211) surface structure. Tile &hows that differences
between total energies are very small, but8% 1 k-point grid was chosen, because it
seems to be the most suitable for further calculations.
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6x6x1 8x8x1 8x8x2 Ox9x1
-56986.845| -56986.850| -56986.850, -56986.831

Table 1: Total energies for Cu(211) slab relaxation caloutagtwith different amounts of
k-points.

3.2 Testing for VASP

3.2.1 Supercells and k-points

Several calculations, the more precise description andtseavailable elsewhere [31],
were made in order to find out the suitable amount of layergHersupercells. Also
amount of k-points was tested and chosen to ©6x61.

For the first actual calculations with VASP three differeaparcells with 6 atom layer
were formed: the first one has eight copper atoms, the secamdre silver and seven
copper atoms and the last one has eight silver atoms in théfres. In table 2 distances
of relaxed layers of a structure containing only copper a@w. Percentages tell the
magnitude and direction of relaxation and as can be seentiiemalues, the first and
fifth layers relax most significantly, about 3 % downwards.

Layer | Distance| Relax [A] | Relax [%]
1. 1.767 -0.053 -2.935
1.829 0.009 0.467
1.831 0.011 0.580
1.828 0.008 0.424
1.766 -0.054 -2.948
Fixed Fixed Fixed

olg AW

Table 2: Relaxation of a copper slab. Values have been cédclity subtract calculatory
distance of layers (1.82 A) from a distance got from relaxgets. Negative values mean
relaxation downwards and positive upwards. The bottomtagst is fixed.

In table 3 results from the relaxation calculations of sildeped copper are exhibited.
The values obtained for copper surface with one atom sutegitwith silver atom are
almost the same as values got from clear copper surface. mheafid second lowest
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layers relax slightly downwards and the other layers relak apwards. The relaxation
of the first layer is smaller when using silver doped coppeiase than if a clean copper
surface is used. However, the relaxation in a slab with meyresl of silver differs from
the results above. The first layer relaxes about 16% upwardstdin the 2.12 A layer
distance. This is caused mainly by the lattice constantheéisihich is bigger than that
of copper and the distance of two silver layers would thus.b8 A .

7CulAg 8 Ag

Distance | Relax [A] | Relax [%] | Distance| Relax [A] | Relax [%0]
1.809 -0.011 -0.591 2.119 0.299 16.410
1.830 0.010 0.576 1.805 -0.015 -0.845
1.836 0.0156 0.856 1.821 0.001 0.070
1.833 0.013 0.695 1.814 -0.006 -0.346
1.771 -0.049 -2.704 1.752 -0.068 -0.346
Fixed Fixed Fixed Fixed Fixed Fixed

Table 3: Relaxation in slabs. The bottommost layers are fixed.

For calculations made for examination of segregation pimama three additional super-
cells were formed. In these cells there are only 5 atom lageds4 atoms per layer in
order to simplify the calculation processes. The struatditbe cells is(v/2 x 2v/2) R45°
and in all of them one layer containing only copper atomspéaeed with silver atoms.

In tables 4 and 5 the relaxation values of the slabs are dgbibAs can be seen from the
numbers, silver layers relax upwards 16-17%. Silver lagéss induce the relaxation of
the upper copper layer, which is about 14-16%. As mentioaeldke, this is partly caused

by a bigger size of the silver atoms.

Surface 4 atoms 4 atoms
Relax [A] | Relax [%] Relax[A] | Relax [%]
1 layer, Cu 0.269 14.757 | 1. layer, Ag 0.293 16.120
2. layer, Ag 0.310 17.052 | 2. layer, Cu| -0.019 -1.021
3. layer, Cu| -0.009 -0.470 | 3. layer, Cu| -0.006 -0.307
4. layer, Cu| -0.064 -3.490 | 4. layer,Cu| -0.074 -4.016
5. layer, Cu Fixed Fixed 5. layer, Cu Fixed Fixed

Table 4. Relaxation in copper slabs with silver in variouslay
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As can be seen from the results below the first copper layaxeslabout 3% downwards
in the situation of clear copper surface. This is consisiétit the result calculated with
a bigger slab containing eight copper layers. When the tlogper layer is substituted
with a silver layer, the first and fourth layers relax downegabout 5% and second and
third layers upwards 16%.

Surface 4 atoms 4 atoms
Relax [A] | Relax [%] Relax [A] | Relax [%)]
1. layer, Cu| -0.082 -4.490 | 1. layer,Cu| -0.053 -2.916
2. layer, Cu| 0.292 16.064 | 2. layer,Cul 0.023 1.258
3. layer, Ag 0.293 16.103 | 3. layer,Cul  0.028 1.539
4. layer, Cu| -0.094 -5.186 | 4. layer, Cu| -0.029 -1.616
5. layer, Cu|  Fixed Fixed 5. layer, Cu|  Fixed Fixed

Table 5: Relaxation in copper slabs with and without silver.

3.2.2 Lattice constants

The first part of the PAW testing was accomplished by thregkmalculations. Lattice

constants for bulk silver and copper and bonding distancéh®oxygen molecule were
computed. The experimental value for the lattice constlopper is 3.61 A and the

calculated one was only slightly bigger, 3.64 A. Also théidat constant of silver was
pretty accurate, because the calculated value was 4.15 |& wiai experimental value is
4.09 A. Finally the oxygen molecule was allowed to relax $cbibnding distance and the
result was also proper 1.235 A when the experimental value287 A . The result for

oxygen was also more accurate than the value calculatedaitsoft pseudopotentials
if we compare them to the experimental value [22]. Below,$fot the lattice parameters
of copper and silver are shown in figures 10 and 11.
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Figure 10: Calculated lattice constant of copper. The vahrele seen from the point
where the energy reaches its minimum, -3.73 eV.

Figure 11: Calculated lattice constant of silver. In thisecti® minimum energy is -2.72
eV and the value of the lattice constant is 4.15 A.

3.2.3 Cohesive energy

Cohesive energy describes how much energy is needed to gedtonts in a crystal
infinitely far away from each other. The value was calculat@d the following equation

Ecohesive - Eatom,f'ree - Eatom,bulka (2)
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where L, .. means the energy of a free atom afig,,., »..» means the energy of an
atom in bulk. Figure 12 below shows the calculated energyfod@atom related to the
size of a supercell.

L L L L L L
5 6 7 8 9 10 11 12
&

Figure 12: Energy of a single copper atom calculated withpeseell the size of which
was increased gradually.

Experimental result for cohesive energy is 3.5 eV [32] arel dhe calculated for this
study is quite accurate as its 3.79 eV. One can notice notfamty this but also previous
results that PAWSs for oxygen, copper and silver are suitailéutther calculations.

3.2.4 Bulk modulus

The bulk elastic properties of a material determine how miti@hll compress under a
given amount of external pressure. The bulk modulds,is a material property that
relates the change in volume with a change in pressure. Butkuhas is the second
derivative of the lattice constant calculations and it ire by equation

d’E

B=0e

3)

where(? is the volume andv is the total energy. As a last test for a PAW of copper the
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result was also suitable 151.9 GPa while the experimentaidig 140 GPa.

3.2.5 Cut-off energy

The cut-off energy, as it has been mentioned earlier, is dtieeanost important param-
eters to be tested. It describes the amount of plane wavks ratculations and it should
be large enough, because too small cut-off energy is a paltaource of errors. From
another direction the cut-off energy characterizes theggnef the last term in the cutted
series which describes the wave functions. If it is too latge calculation time is yet
again wasted. As can be seen in figure 13, PAW for oxygen cgasesiowly. Oxygen

needs higher cut-off energy than copper and silver, so a ¥3tueoff energy was used
in all calculations made for this study with VASP.

08 L L L L L L L
200 250 300 350 400 450 500 550 600
Ecut

Figure 13: Total energy for an oxygen atom as a function ottlteoff energy.

4 O, adsorption on structurally modified Cu(100)

In this section previous studies and results from calautatimade for researching oxygen
adsorption on structurally modified copper surface ar@duced. In this case vacancies
and adatoms are used in order to modify the copper (100)cuefad calculations for
vacancies are made by A. Puisto [29]. In the result sectiomesDOS figures, several
elbow plots of PES and results from MD simulations are shown.
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4.1 Previous studies

The adsorption dynamics of;@n clean Cu(100) were studied by Alatalo et al. [2] and
their study stated that after the oxygen induced reconstruthe dissociation of the oxy-
gen molecule is prevented by the on-surface oxygen. Dueatpdliygen ends up to the
molecularly adsorped state on the hollow site, which hatattyest adsorption energy ac-
cording to PES calculations and also MD simulations stgrftiom several configurations
lead to the same result with small kinetic energies. If théewude has enough kinetic
energy, it will, however, dissociate directly along thectédted PES trajectories.

Junell et al. [33] added surface modifications to the samfaceiand studied their effect
on the adsorption dynamics with molecular beam surfaceesoad (MBSS) technique.
They found that surface defect sites are responsible foOthadsorption on clean and
structurally modified Cu(100) at low translational energyn the other hand, surface
defects do not play a markable role in the adsorption at higistation energy.

4.2 Results

In this section the results of the PES, DOS and MD calculateme shown. The contour
lines are drawn at intervals of 0.1 eV in all the PES plots ghowthis study.

Figure 14 shows the PES for,@pproaching the top site of a copper adatom. This situa-
tion is also shown on the left hand side of figure 15.
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Figure 14: PES for oxygen molecule approaching the top $iéecopper adatom.

As can be seen from the PES the barrier is 2.3 eV in the digseipathway, which
indicates that dissociation does not occur. The plot isretise similar to the PES on

clean Cu(100) [2], but the barrier is much larger in this case.

O O O g

O ese O O O
O O Q...O

. Copper adatom

Q Copper atom
. Oxygen atom

Figure 15: Positions of the oxygen molecule in the case ofdatcan
atom represents the adatom on the surface.

. The light blue
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In figure 16 the PES from situation shown on the right hand efdée figure above is
shown. The deflection of the oxygen molecule affects the P gightly: the PES
seems to be almost similar to the previous PES, only thedsasrD.2 eV smaller.

Z(A)

1 15 2
do.o(A)

Figure 16: PES for the oxygen molecule approaching top $itiesoadatom.
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In addition to the PES calculations some local density dfestplots were calculated.
In the first figure 18 d-DOS for the copper adatom and p-DOSHeraxygen molecule
approaching the adatom are shown. In DOS figures the uppé&rnitie x-axis represents
the Fermi level and the lower one represents the value -28I8W, the points where the

DOS figures are plotted are shown in figure 17.

15

T T
1 1.5 2
do.o(A)

w
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N
(&

N

Figure 17: Points where the DOS figures are drawn.

As the oxygen molecule approaches the adatom, some bondingén the adsorbate
and subtrate can be seen from the DOS below.
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Figure 18: DOS figure where d-DOS for the adatom and p-DOSxXggen are plotted.

in figure 19 the d-DOS of the nearest copper atom from the adatw p-DOS for oxygen

are plotted. As can be seen in the figure, these atoms do ect afich other notably as
they are so far away from each other, which leads to a largsodiation barrier for the

oxygen molecule than in the case of clean Cu(100).
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Figure 19: DOS figure where d-DOS for the nearest copper atahpeDOS for oxygen
are plotted.

Next, results from the calculations regarding the adsonpdif an oxygen molecule on a
surface with vacancies are shown. The positions of the axygalecule can be seen in
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figure 20 where the left figure shows the situation from the RESvith a vacancy and
the one on the right represents the situation in the PES 22diiacancy.

O

O
oo
O

OO O

OO
O O
O O O

Q Copper atom
. Oxygen atom

Figure 20: Positions of the oxygen molecule in the case ddneies.

The PES in figure 21 indicates dissociation of the oxygen oudeas there is no barrier
in the pathway. This was also shown in the molecular dynasiiosilations. Also PES

22 shows the possibility of dissociation although theressall barrier.

Z(A)

2 15
do.o(A)
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Figure 22: PES for the oxygen molecule
approaching divacancy from straight

above.

Figure 21: PES for the oxygen
molecule approaching vacancy from

straight above.
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The next PES is from the situation where oxygen moleculecambres the top site of an
atom next to a vacancy. As can be seen from the PES below fi§uracancies are more
dissociative than the copper atom next to them.

(A

1 15 2
do.o(A)

Figure 23: PES for the oxygen molecule approaching top $iteampper atom next to
the vacancy.

In order to study how far vacancies affect the adsorptioegss, some molecular dynam-
ics simulations, where the oxygen molecule approachescn aéxt to a vacancy were
performed. When the oxygen has the bridge-hollow-bridge-{)-starting position, the
molecule adsorbs into the vacancy but the vacancy moves fma@aythe molecule and a
copper atom takes the free place as can be seen from figure 24.
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Figure 24: Approaching oxygen molecule causes the vacaifftision away from the
molecule.

4.3 Conclusions

As the results showed, adatoms have an inhibitive impacthendissociation of the
molecule and, on the other hand, vacancies act as dissec@@ntres. In the case of
adatoms the barrier is higher than the barrier which exisgtrwbxygen adsorbes on a
clean surface. This is explained by the nearest copper atemsh are further away from
the oxygen when the molecule moves straight towards an edaica surface. Vacancies
increase the dissociation possibility and an interestimgnpmenon was also found when
a molecular dynamics run with the starting orientation df-h-showed that the oxygen
molecule causes diffusion of vacancies.
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5 Adsorption of atomic oxygen on Ag/Cu(100)

In this section several calculations were made by using bkghn and silver precov-
ered copper surface. The calculations made with the cledacguare made mainly for
comparison and they offer a possibility to find out if the fesobtained using ultrasoft
pseudopotentials [22] and PAW calculations differ fromreather. Although total ener-
gies obtained from different programs are not comparabéetrend of the results should
be the same. The main goal, however, is still to explain hdvesiffects the oxygen
adsorption in a copper surface.

The alternative adsorption sites for Cu(100) surface areddlollow, bridge and top

which discribes the position of the adsorped atom on a seirfadsorption energies were
calculated with all of these sites to find out which one of theithe most favourable for

oxygen adsorption and the equation used for computing is

(Etot - Eclean - % ' EOQ)

E ads — No ) (4)

whereN, is the amount of oxygen atoms afaf, is the energy of an oxygen molecule.

In table 6, the calculated adsorption and total energiealfaghe systems are shown. In
the system with 7 copper and one silver atoms in the first ldneeadsorped oxygen atom
is near the silver atom. It can be seen from the energieshbatdllow site is the most

favourable adsorption site in all situations. In the caséhefclean copper surface the
adsorption energies are almost similar to the values gat thee calculations made with

ultrasoft pseudopotentials [22]. Oxygen atoms adsorb ikely to copper surface than

to surfaces containing both copper and silver. Results skemtlaat the more silver there
is on a surface, the smaller adsorption energy the oxygen h&s. This could indicate

the silver’s inhibiting impact on copper oxidation.
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Surface atoms Site of O| Eyu[eV] | EuusleV]
7 Cu,1Ag Top -172.301| +1.010
7 Cu,1Ag Bridge -174.083| -0.773
7 Cu,1Ag Hollow -175.159| -1.848
7 Cu,1 Ag 2. Layer| -173.265| +0.046

8 Ag Top -164.539| +0.961
8 Ag Bridge -165.378| +0.122
8 Ag Hollow -166.070 -0.57
8 Cu Top -174.245 -0.102
8 Cu Bridge -175.482| -1.339
8 Cu Hollow -176.229| -2.086

Table 6: Total and adsorption energies of all the surfacetiet.

The following DOS-figures were drawn to find out the effectsadforbing oxygen on
silver and copper. Influences of silver were also examinedokygen atom only p-DOS
is drawn and for copper and silver atoms only d-DOS is draw@SHigures 25 and 26,
first of them with oxygen and second one without, show thaigexyaffects the orbital

stucture of copper, but the effect on silver

DOS
N

-10 -8 -6 -4 -2 0 2 4

Figure 25: DOS for the situation where
seven copper atoms and one silver atom
are in the first layer and an oxygen atom
is in the second layer and near the silver
atom.

iS not so clear.

DOS

-10 -8 -6 -4 -2 0 2 4 6

Figure 26: DOS for the situation where
seven copper atoms and one silver atom
are in the first layer.

If the situation of DOS figure 25 is examined more closely,aih de noticed from the
electron density figure 27 that silver rises away from théserin the presence of oxygen.
Silver also pushes oxygen towards copper.
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Figure 27: Electron density figure for the same situationnaBgure 25. The biggest
atom is a silver atom, the one straight below is an oxygen aodnother ones are copper

atoms.

An electron density figure was also drawn for the case witbaygen 26. It can be seen
from figure 28 that the bonds between copper atoms are strtémgethe bonds between
silver and copper atoms.

Figure 28: Electron density figure for the same situatiomahke figure 26. The biggest
atom is a silver atom and other ones are copper atoms.
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5.1 Segregation

In this section oxygen induced segregation of the Ag/Cu(50@&gce is investigated. At
first, some results of previous studies are exhibited.

Experimental studies of Ag/Cu(100) have recently revealednéeresting segregation
phenomenon [34, 35, 36]. If there is oxygen on this kind ofaste copper segregates to
the surface and forms an energetically favourable alloyopper and oxygen. After that
the topmost layers are copper and oxidation continues isdhnge way as on the unal-
loyed copper surfaces. The segregation phenomenon habesdscstudied theoretically
with palladium based alloys by Lgvvik [37]. They have fouhdttboth geometric and
electronic effects are needed to explain the segregatiom sihaller size of the substituted
atom and the larger experimental surface energy of the méf@ more extensive the sur-
face segregation is. Another interesting theoreticalstigation comprises Monte Carlo
simulations of adsorption induced segregation [38]. Thetmmaportant result was that
the adsorption of O and CO can significantly change the sudae®osition of bimetal-
lic alloys. Adsorbent induced segregation has also beendfau a study of methanol
synthesis on the Ni/Cu(100) surface [39].

In the following segregation calculations, oxygen atomsey#aced on the hollow sites,
since it is the most favourable site for the oxygen adsongtiothis kind of surfaces. This
is shown not only in this study but the result agrees also thigtprevious studies [40, 41].
As can be seen from the total energies in table 7, the first iaybe most favourable po-
sition for silver atoms. The presence of oxygen makes th@tsiin completely different:
total energies are more negative when silver goes towarlbutk. If there is a 0.25
ML oxygen concentration on the surface, the difference betwtotal energies is 3.25 eV.
When the oxygen concentration rises, the difference betiggalenergies also increases.
Thus silver diffuses towards the bulk when oxygen concéntrgoes up. When the cov-
erage of oxygen is increased, the probability of adsorpliecreases. This phenomenon
has also been studied experimentally [34] and theorefiddR] by using a reconstructed
surface and the results obtained from those studies agtkéheiresults exhibited in this
work.
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n | Oxygen coverage (ML) Eiy[eV] | E.us/atom[eV]
- 0 -69.722 -

- 0.25 -76.637 -2.031
- 0.5 -82.798 -1.653
- 1 -92.255 -0.748
1. 0 -65.383 -

1. 0.25 -67.731 +2.537
1. 0.5 -70.926 +2.114
1. 1 -80.489 +1.109
2. 0 -63.803 -

2. 0.25 -70.980 -2.292
2. 0.5 -77.376 -1.901
2. 1 -87.391 -1.012
3. 0 -63.995 -

3. 0.25 -70.955 -2.075
3. 0.5 -77.103 -1.668
3. 0.75 -82.956 -1.435
3. 1 -86.519 -0.746

Table 7: Calculated total energies of different structuresadsorption energies for oxy-
gen. The column titled indicates which copper layer is replaced with a silver layée
value for the energy of the oxygen molecule is -9.770 eV amlused in the adsorption
energy calculations.

In figure 29 DOS-diagrams for copper, silver and oxygen argiew. It can be seen in
the DOS-plots that in the case of copper there exist moresstagar the Fermi level, so
there is bonding between the nearest copper atom and thewxatgm. The states of
silver reside lower and therefore weaker bonding betwdearsand oxygen appears.

DOS
w

Figure 29: p-DOS for oxygen and d-DOS for copper and silvdre Surface contains
seven copper and one silver atoms with oxygen atom in thewdite.
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The situation from which figure 30 is plotted is otherwise $hene as in figure 29, but in-
stead of 1 silver atom there is a whole layer containing oisatoms. Although some
bonding between copper and oxygen can be seen, one can ady ¢ied antibonding
between silver and oxygen. The states of silver reside upgéis case compared to the
case with surface including only 1 silver atom.

Ag

Cu, 3rd layer

DOS

-10 -8 -6 -4 -2 0 2 4 6

Figure 30: First copper layer is replaced with a silver layer

Some electron density simulations were also run. It can ée sefigures 31 and 32 that
oxygen forms a slightly stronger bond with copper than wiltves.
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X(A)

Figure 31: Electron density. The
first copper layer is replaced with a The second copper layer is replaced
silver layer and the uppermost atom with a silver layer and the upper-
is oxygen. most atom is oxygen.

Figure 32: Electron density plot.

In figures 33 and 34 antibonding between silver and oxygerbeasiearly seen.

DOS
DOS

DL YR T

: it

Figure 33: The first copper layer
is replaced with a silver layer and
there is an oxygen atom in the hol-
low site of silver atoms.

Figure 34: The second copper layer
is replaced with a silver layer and

there is an oxygen atom in the hol-

low site of copper atoms.

As it is impossible to estimate the most realistic latticestant for a system with both

copper and silver, the lattice constant of copper was uspdevious calculations. Some
test calculations were also made with bigger lattice canisiad the trend of the results
remained the same. We also changed the consentration afyies) which again showed
the trend of segregation. In addition to previous, calcotest with 9 atoms in a layer were

made and different k-point amounts tested. More infornmagibout the calculations and
the results can be found in the references [31] and [42] atterlone includes also results
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obtained from calculations made with reconstructed coppdace.

5.2 Conclusions

All'in all, several calculations were made to find out howailaffects oxygen adsorption
on a copper surface. The most important result is that dogopger with silver does not
inhibite oxidation. This is explained by the segregatioeq@dmenon which occur during
the oxidation process on a silver doped copper surface,haibialso evidenced by the
experimental studies.

In this chapter adsorption energies were calculated witarént surfaces and the hollow
site was found to be the most suitable site for the adsorgti@omic oxygen. Results

also showed that oxygen adsorps more likely to pure copp&cgithan a copper surface
doped with silver.

6 O, adsorption on Cu(211) surface

In this section results from calculations made for studyadsorption on the Cu(211)
surface are introduced. The fact that steps make metalcasrfaore reactive, stated
for instance in the study made by Xu and Mavrikakis [43], nsakgeps worth further

studying. This high reactivity can be explained by the ami@dfiftbroken bonds which is

much larger on stepped surfaces than low index surfaces.

In this case Cu(211) surface was chosen for the step surfeesgations due to its (100)(111)
structure, which has been found to have high stability indystnade by Kollar et. al [1].
The (211) surface is also, as mentioner earlier, a simplengahely studied surface which

is another advantage of using that surface. At first, shatmjgtion of previous studies
and some of the alternative research methods are presented.
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6.1 Previous studies

Adsorption of different gases and other materials on Cu(2Ltiface has been recently
studied by many authors. Especially the adsorption of garbonoxide on Cu(211) has
been under broad interest and it has been studied with betirahical [44]-[46] and
experimental [47] methods. In the study of Rouzo et al. [44Rlgsis of potentials
and results of classical dynamics simulations were usedttatying the migration and
stability of CO on stepped surface and they found for instdhaethe migration of CO
is favored along rows on Cu(211) surface. Gajdos et al condhiesults obtained with
Viennaab initio simulation package (VASP) and scanning tunneling micrped&TM)
and they found that CO molecules adsorb upright on the onitep at step edge atoms
at low coverages up to 0.5 ML which was also stated by Mariatca [45].

Another example of methods for adsorption studies is thempdile analysis low energy
electron diffraction (SPALEED) method, which is a surfasssitive method that makes
use of the diffraction of low-energy (typically 10-100 eMetrons at a surface. The
analysis of diffraction spot profiles affords for exampléoirmation about terrace sizes
and the number of atomic layers exposed to the surface. Téilsad has been used for
example by Braun et al. [48] who studied cesium adsorptiomerCu(211) surface. [49]

The most relevant papers for this work are studies of adsorpf O, on (211) step sur-
face of copper as well as other materials. In this work we ammpesults obtained for
Pd(211) surface [3, 50] to results obtained for Cu(211) inseguence of characteris-
tics of palladium: it's a chemically reactive material armlence electron structures of
palladium and copper are almost alike. Calculations witttadalm are also made with
the same methods as calculations in the present study, seghks of these studies are
comparable.

The adsorption of @on Cu(211) has been studied by Xu and Mavrikakis [43], who used
density functional theory (DFT) based Dacapo method far théal energy calculations
made for their study. Dacapo uses a plane wave basis for tarceaelectronic states
and describes the core-electron interactions with Vanlierrasoft pseudopotentials.
The program may perform molecular dynamics or structutakegion simultaneous with
solving the Schrodinger equations within density funaiiaheory [51]. Xu et al. found

for instance that all stable Qprecursor states identified around a Cu(211) step adsorb
much more strongly than those on Cu(111), which is consistéhtthe study made by
Ngrskov et al. [52] which showed that the adsorption of oxyigancreased at steps.
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6.2 Results

In this section results from the calculations made for neseag oxygen adsorption on
the Cu(211) surface are introduced. These calculations aéf@ possibility to compare
copper and palladium surfaces as the same calculationegoemped with both of them.
The first six PES figures calculated with copper are shown mrdéi@5 and they are
compared with the results obtained from calculations mattepalladium surface, which
are shown in figure 36.
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Next, results shown above are analyzed and copper and patld®ES figures are com-
pared with each others as matched pairs.

In figure 37 the situation for the first PES plots shown in figu8& and 36 is shown. In
this case the oxygen molecule approaches (100) microfabetlow site, which is the
most dissociative site in the case of palladium surface¢ciwban be seen from the PES 1
and 2 in the figure 36.

Figure 37: The oxygen molecule approaches the hollow sitleeof100) microfacet in an
orthogonal position.

As can be seen from the PES 1 in figure 35 the kinetic energyfgaiihe oxygen molecule
is remarkably high at the entrance channel and there is osihgall barrier at the disso-
ciative pathway. In figure 38 almost the same trajectory dkarprevious PES is shown,
but in this case the oxygen molecule is deflected.

Figure 38: Oxygen molecule approaches straight (100)afacets hollow site.
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The energy downhill is even bigger in this case than in theipus one, which can be
seen from the second PES in figure 35. The late barrier is smhith also indicates
dissociation. The third PES is from the bridge site on the stge (top-bridge-top),
which was found to be the most favorable site for moleculaogation on the Pd(211)
surface, which can be seen from the PES 3 in figure 36. Thessitisd an attractive site
for the molecular adsorption in the case of copper as theadasge energy gain in the
entrance channel as well as a big barrier in the dissociahiaanel.

The fourth PES in figure 35 is from the situation where the @ymolecule approaches
the bridge site on the step. The site is attractive, but abdhneer is large, the molecule
is steered towards more favorable sites. In figure 39 an oxygeecule approaching
(100)-microfacet’s bridge site can be seen.

Figure 39: Q approaching the bridge site on the (100) microfacet.

The microfacet’s bridge site was found to have only a smatiiéain the case of palla-
dium (PES 5 in figure 36), but since the PES showed a minimuireatight of 2.5 A the
molecule is facing a steering effect towards the more fadersites. When copper surface
is examined the figure shows that the site is highly dissweidut not as dissociative as
the hollow site on the same microfacet.
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The last PES plots in figures 36 and 35 are from the step edggtéopvhere the molecule
approaches the step along the normal vector of the (11 HcerAs can be seen from the
figures, the minimums are so high, that the molecules ar@, the iprevious case, steered
towards more favorable sites.

Figure 40 shows the situation for the PES (figure 41), wheeeottygen molecule ap-
proaches the top site of the step with the orthogonal positwards (100)-microfacet.

L !
A [ J
o

Figure 40: Q approaching the top site on the step with orthogonal pasitio

As can be seen from the figure below, the PES is almost sinoilret previous case and
deflecting the molecule doesn’t change the result remaykabl
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Figure 41: PES for the oxygen molecule approaching the tepsithe step with orthog-
onal position.

As it was mentioned before, (100) surface is the most reaiw-index structure in the
case of copper, so it can be assumed that (100) microfacebris reactive than (111)
microfacet. However, for comparison some PES calculationshe oxygen molecule
on (111) terrace were calculated. The first one 42 represeatsitutation, where the
molecule approaches the top site of the terrace along threalmector. As can be seen,
PES shown in the figure below is almost similar to previoussite PES figures (40 and
number six in figures 35 and 36).
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Z(A)

Figure 42: PES for the oxygen molecule approaching the tepsi (111) microfacet.

Figure 43 shows the situation where the oxygen moleculecagpes the FCC (Face
Centered Cubic) hollow site, which was found to be the mostr&Me adsorption site for

atomic oxygen on Cu(111) surface [53].
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Figure 43: PES for the oxygen molecule approaching the FCovgalite on (111) mi-
crofacet.

The shape of the figure is a bit similar than in the figure 1 in\8bich represents the
situation from (100) microfacet’s hollow site, but the nmmim is lower in the latter case,
and there is also a barrier in the dissociative pathway saase. It can be assumed that
the molecule is steered towards more favorable sites, batdar to get more specific
information, some molecular dynamics simulations shoeldumn.

a7



6.3 Conclusions

As a conclusion of the previous section it can be stated #idt)(step surfaces of copper
and palladium are very reactive compared to their smootfases. Pd(211) surface is
more dissociative than Cu(211) while it has smaller dissmnaarrier. The most favor-

able sites for dissociation are (100) microfacets’ hollai@ssand the bridge site on the
step edge is the most attractive site for molecular adsorp({iL11) terrace sites were also
found to be less attractive than sites on (100) microfacsth& steering phenomenon af-
fects adsorption processes, further studies should iedoce molecular dynamics runs
in order to find out the actual adsorption mechanism, as iegdi in the previous chapter.

7 Conclusions

In this study effects of steps as well as chemical and stralktoodifications on oxidation
process on a copper surface were studied by performingeliffinds of calculations.
The calculations showed that structural modificationscaffiee adsorption process quite
remarkably, but in this case the effects of chemical modiboa are not so significant,
as doping copper with silver doesn’t prevent oxidation duedgregation phenomenon,
which is also evidenced by experimental studies. The caticuis performed for studying
segregation were made with quite simple model, which offep®ssibility to test if the
same phenomenon exist when other materials are used. Onhiévehand, the model
has its limitations as it is almost impossible to estimatge eéhe most realistic lattice
constant for the whole system, so if the results obtainet this model show the trend
of segregation, further calculations should be done inramget some knowledge of the
segregation process in more detail.

When the oxygen molecule approaches an adatom on a surfaceedhest copper atoms
are further away from it than in the case of surface withowttawhs, which leads to a
smaller dissociation probability. The situation is, hoeewhole different when a surface
contains also vacancies: molecules tend to dissociateeghewm.

When concerning an oxygen atom on Cu(100), the hollow site wasd to be the most
favorable adsorption site and for the oxygen molecule on Cl)2the bridge site on
the step edge and (100) hollow sites are the most attraaties, avhich is also valid for
Pd(211). As mentioned earlier, also some molecular dyrasmmulations should be done
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to get more accurate information, but PES results can rdélieamost interesting cases
as MD simulations are time-consuming and thus all of theas@ not be simulated.

Also oxidation on other (211) surfaces should be studiedrdeioto get some general
information about influence of steps on the process.
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