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Abstract

Matti Lahti

Atomic level phenomena on transition metal surfaces

Lappeenranta 2011

64 p.

Acta Universitatis Lappeenrantaensis 441

Diss. Lappeenranta University of Technology

ISBN 978-952-265-121-1, ISBN 978-952-265-122-8 (PDF), ISSN 1456-4491

In this study we discuss the atomic level phenomena on transition metal surfaces.

Transition metals are widely used as catalysts in industry. Therefore, reactions

occuring on transition metal surfaces have large industrial intrest. This study ad-

dresses problems in very small size and time scales, which is an important part in

the overall understanding of these phenomena. The publications of this study can be

roughly divided into two categories: The adsorption of an O2 molecule to a surface,

and surface structures of preadsorbed atoms. These two categories complement each

other, because in the realistic case there are always some preadsorbed atoms at the

catalytically active surfaces. However, all transition metals have an active d-band,

and this study is also a study of the influence of the active d-band on other atoms.

At the first part of this study we discuss the adsorption and dissociation of an

O2 molecule on a clean stepped palladium surface and a smooth palladium surface

precovered with sulphur and oxygen atoms. We show how the reactivity of the

surface against the oxygen molecule varies due to the geometry of the surface and

preadsorbed atoms. We also show how the molecular orbitals of the oxygen molecule

evolve when it approaches the different sites on the surface. In the second part we

discuss the surface structures of transition metal surfaces. We study the structures

that are intresting on account of the Rashba effect and charge density waves. We

also study the adsorption of suphur on a gold surface, and surface structures of it.

In this study we use ab-initio based density functional theory methods to simulate

the results. We also compare the results of our methods to the results obtained with

the Low-Energy-Electron-Difraction method.

Keywords: surface physics, adsorption, oxidation, metal surfaces, surface structures
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Chapter 1

Introduction

Understanding of the atomic level phenomena occuring on surfaces is considered as

one of the most important parts of physics of the past few decades. Previously,

research was often performed only for academic interest. However, those results are

nowdays found useful for the development of technological applications. In many

sectors technology has reached a level where developing it further demands for knowl-

edge of atomic level phenomena. On the other hand, developing more environmental

friendly technology is today a great challenge to scientists and engineers. In many

cases replacing old tecnology with new, more environmentally friendly technology

demands for a new way of thinking. Atomic level phenomena have a lot of potential

for solving the old problems in a new way. However, research of those phenomena

is very challenging, not only for technolocical reasons. It also tests the ability of

the researcher to think in a different way than one would think when addressing

problems in human size scale. Quantum mechanics is the tool for understanding

and studying atomic size problems. Using the theories of quantum mechanics one

can calculate the behaviour of atoms.

Several intresting atomic size phenomena occur at the surface or near the surface of

metals. Surface science is a meeting ground of physics, chemistry and engineering.

The theoretical tools come from physics, but the questions that are asked are very

chemical: What is the structure of the surface, how it affects, e.g., a molecule on

the surface and how we can change it. Of course the main goal is often somewhere

in the engineering science, and the engineering sciences are the ones that bring us

actual technological applications. The phenomena are small, fast and theoretically

complicated. It is impossible to get results only with a pen and paper. A surface

scientist needs a very accurate and elegant instrument for experiments and /or a

very fast computer for theoretical work. In many cases it is impossible to find a re-

liable solution to an atomic level problem only using one method to study it. That

is why the comparison of results that are acquired using different methods gives an

opportunity to reach better results.

11
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The study of adsorption is of central importance in the field of surface science. Ad-

sorption processes are involved in almost all technical processes that involve surfaces.

Oxygen molecules are everywhere around us, and oxygen is one of the most reactive

elements in our atmosphere. So the wanted or unwanted adsorption of oxygen is

one of the most important and common adsorption processes. To discover a way to

control it is one the most important parts of surface science. On the other hand,

many chemical reactions that involve oxygen and some other compound on a metal

surface start with the dissociation of the oxygen molecule. In many applications the

dissociation occurs on the surface of a catalyst metal. Also the oxidation of metallic

surfaces starts with the dissociation of the molecule. There exists a lot of research

of this process on many metallic surfaces, but there are still several unknown issues

on the way to the complete understanding of the dissociation of oxygen molecule on

metallic surfaces. The computational study is the best way to research the dynamics

of the reactions, because the reactions occur too rapidly on the time scale for the

experimental study. Ideally, a good catalyst should have strong reactivity toward

dissociation of the oxygen molecule and a weak binding capacity toward an oxygen

atom. So the reaction makes the atoms available for other reactions. However many

metallic surfaces build up an oxide film upon the surface. After its formation, this

film slows down the dissociation processes.

The results presented in this thesis are calculated using quantum mechanics based ab

initio software packages. Some of the results are also compared with Low-Energy-

Electron-Difraction (LEED) calculations that are carried out by my collaborators.

The publications of this study can be roughly divided to two parts: the adsorption

of the oxygen molecule to a surface and surface structures of preadsobed atoms. As

we construed before, both of the phenona complement each other. In Chapter 3 we

also state some new aspects of the results of the publications of this study.



Chapter 2

Theory

2.1 Introduction to quantum mechanics

In quantum mechanics the starting point for solving any system is usually the time-

independent Schrödinger equation. It is frequently written in the very compact

form,

ĤΨ = EΨ, (2.1)

where Ĥ represents the Hamiltonian operator, and E is the total energy of the sys-

tem. The function Ψ is called the eigenfunction of Ĥ corresponding to the eigenvalue

E. The Hamiltonian for the single particle can be written as

Ĥ = − h̄2

2m
52 +V (r), (2.2)

where m represents the mass of the particle, and V (r) represents a potential field.

For a system of nuclei and electrons the Hamiltonian can be described by a well-

defined form

H = Tnucl + Tel + Vnucl−nucl + Vnucl−el + Vel−el, (2.3)

where Tnucl and Tel are the kinetic energy terms of nuclei and electrons, Vnucl−nucl and

Vel−el are the Coulombic repulsion terms between nuclei and between electrons, and

Vnucl−el is the Coulombic attraction term between nuclei and electrons. This repre-

sentation neglects the effect of spin. When we try to solve a system with electrons

and nuclei, some approximations are needed. One of the basic level approximations

is the Born-Oppenheimer approximation [1]. It is based on the fact that the nuclei

are much more massive than the electrons (M/me � 103). Because of this differ-

ence, the electrons can respond almost instantaneosly to displacement of the nuclei.

Therefore it is possible to fix the nuclei in their positions, and solve the Schrödinger

equation for the electrons in the static electronic potential. The positions of the nu-

clei can then be modified, and the Hamiltonian for the electrons can be solved again.

13



14 CHAPTER 2. THEORY

Now we can define the electronic hamiltonian Hel for fixed nuclear coordinates {R}
as follows

Hel({R}) = Tel + Vnucl−nucl + Vnucl−el + Vel−el, (2.4)

The Schrödinger equation for the electrons for a given fixed configuration of the

nuclei is then

Hel({R})Ψ(r, {R}) = Eel({R})Ψ(r, {R}). (2.5)

The nuclei are assumed to move according to the atomic Schrödinger equation

{Tnucl + Eel(R)}Λ(R) = EnuclΛ(R). (2.6)

Often the quantum effects in atomic motion are neglected and the classical equation

of motion are solved for the atomic motion

MI
∂2

∂t2
RI = − ∂

∂RI

Eel({R}). (2.7)

We can evalute the force acting on atoms by using the Helmann-Feynman theo-

rem [2][3]

FI = − ∂

∂RI

Eel({R}) = 〈Ψ(r, {R})| ∂
∂RI

Hel({R})|Ψ(r, {R})〉. (2.8)

Now we can express the data obtained from the calculation in many ways depending

on the case. For example, in the case of a molecule consisting of two atoms we can

plot the total energy of the system versus the bond length. From this curve we can

easily see the optimum bond lenght (the point lowest in energy). Next we have to

consider how we can find a solution to the function Ψ. Let us start from the easiest

case.

Ĥ = − h̄2

2m
52 (2.9)

is the Hamiltonian of a free particle. Constraining the particle to move in one

dimension, the time independent Schrödinger equation becomes

− h̄2

2m

∂2

∂x2
ψ = Eψ (2.10)

or

−∂
2ψ

∂x2
+

2mEψ

h̄2 = 0. (2.11)

There are two solutions to this differential equation, namely

ψ1 = Aei
√

2mEx/h̄ (2.12)
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and

ψ2 = Ae−i
√

2mEx/h̄. (2.13)

2.2 Bonds

In order to understand the structures of molecules and solid state materials, one has

to know the basic theory of atomic bonding. There are five primary types of bonds:

1. Van der Waals attraction leads to weak bonds between atoms, between molecules

or between molecules and solids. It is typical on rare gases, which can compose

bulk-like structures via the van der Waals bonds.

2. Ionic bond. A crystal can be composed of atoms with a large difference in

electronegativity. In this case, the electrons transfer from one atom to another and

thus positive and negative ions are formed. The Coulomb attraction keeps the atoms

together. Nevertheless it is not possible to identify charges uniquely associated with

ions. There are no free electrons in an ionic crystal and therefore it is an insulator

with an energy gap.

3. In metallic systems the bonds are formed by a homogeneous electron gas be-

tween ions. Metallic solids have no energy gap for electronic excitation when the

bands are partially filled. This is why metal atoms can easily accept different num-

ber of electrons, leading to the ability to form alloys among atoms with different

valency. This is also the reason why metals can adopt close packed structures. Be-

cause of the electron gas, metals are good conductors.

4. In covalent bonding the orbitals of an atom are mixed with those belonging

to the atoms next to it. The atoms compose common orbitals and share electrons.

5. Hydrogen bonding is a very weak type of bonding. Hydrogen is a special case,

because it is the only chemically active element with no core electrons. For exam-

ple, in the case of the water molecule, the hydrogen atoms share their only electron

with the oxygen atom. Then the hydrogen end of the water molecule becomes more

electronically positive than the side of the oxygen atom. So the hydrogen end of the

molecule and the oxygen end of the molecule form dipole-dipole attraction.

The bonding in real materials is often a combination of some of the above men-

tioned bond types.
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2.3 Short theory of molecular structure

In this chapter we discuss briefly the covalent bonding in a quantum mechanical

way. If one cannot understand the forces that keep atoms together in molecules,

one cannot understand why surfaces can cause the dissociation of molecules. This

is why it is important to obtain a simple model which explains the nature of the

chemical bonds. In this chapter we construct a very simple model and discuss what

we can learn from it. Later we shall adapt some parts of it in order to explain

bonds between a molecule and a surface. Let us take the easiest example: The

positive hydrogen molecule ion, which consists of two protons and one electron.

Unfortunately we can not solve it analytically before we do some approximations.

Three moving particles and interactions between them is too hard a problem to be

solved analytically. To overcome this difficulty we adopt the Born-Oppenheimer

approximation [1]. This approximation takes advantage of the great difference of

the masses between electrons and protons, which allows us to solve the Hamiltonian

by using fixed nuclei. Now the Hamiltonian for the problem is

H = − h̄

2me

52 +V (xX1X2), (2.14)

where V (xX1X2) is the potential energy, x is the location of the electron, and X1,

X2 are the locations of the two nuclei. In this case the potential energy can be

written as

V (xX1X2) = − e2

4πε0rA
− e2

4πε0rB
+

e2

4πε0R
, (2.15)

where rA is the distance from the electron to the nucleus A, rB is the distance from

the electron to the nucleus B and R is the distance between the nuclei. So the final

term represents the repulsive interaction between the two nuclei. The first and the

second term represent attraction between the electron and the nuclei, which is the

force that keeps the molecule together. The Schödinger equation is

HΨ = EΨ. (2.16)

The energy of the system can be solved the hard way in elliptical coordinates, but

we use another method that explains more about the physics of the system and

wave functions. At the beginning we introduce ground state wave functions of the

electron bound to one or the other of the protons. If we locate the nuclei to the

points R/2 , -R/2 and the electron to the point r=0, we can write

φ1(r,R) = (
1

πa3
0

)1/2e−|r−R/2|/a0 (2.17)
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and

φ2(r,R) = (
1

πa3
0

)1/2e−|r+R/2|/a0 . (2.18)

As we have the wave functions, we can form a combination φ, by the theory of linear

combination of atomic orbitals (LCAO) [4]:

φ =
∑
r

crφr, (2.19)

In order to find the optimum values of the coefficients we have to solve the secular

equations: ∑
r

cr(Hrs − ESrs)Φr = 0, (2.20)

where Hrs is a matrix element of the Hamiltonian and Srs is an overlap matrix

element. These secular equations have non-trivial solutions if

det|Hrs − ESrs| = 0. (2.21)

Now we need to choose a basis to represent the situation. To make the example

easier we choose that only the 1s orbitals represent the hydrogen atoms. In this case

the basis is sufficiently good. In this case the linear combination is a combination

of the 1sA and 1sB orbitals. In order to make progress with finding the roots of the

secular determinant, we need to evaluate the relevant matrix elements. We shall use

the following notations and values:

SAA = SBB = 1, (2.22)

SAB = SBA = S, (2.23)

HAA = HBB = α, (2.24)

and

HAB = HBA = β. (2.25)

Above S is the overlap integral

S = 〈φ1|φ2〉, (2.26)

α is the molecular Coulomb integral

α = 〈φ1|H|φ1〉, (2.27)

and β is the resonance integral

β = 〈φ1|H|φ2〉. (2.28)
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The secular determinant then becomes∣∣∣∣∣ α− E β − ES
β − ES α− E

∣∣∣∣∣ = 0.

The roots of this equation are

E± =
α± β
1± S

. (2.29)

Now we can solve the integrals by using the ellipsoidial coordinates:

S(R) =

∫∫∫
φ1(r,R)φ2(r,R)d3r =

1

πa3
0

∫∫∫
e−|r−R/2|/a0e−|r+R/2|/a0d3r

= (1 +
R

a0

+
R2

3a2
0

)e−R/a0 , (2.30)

and

α =

∫∫∫
φ∗1(r,R)

× (
h̄

2me

52 − e2

4πε0|r−R/2|
− e2

4πε0|r + R/2|
+

e2

4πε0R
)φ1(r,R)d3r

= E1 +
e2

4πε0

∫∫∫
|ψ1(r,R)|2

|r + R/2|
d3r +

e2

4πε0R
. (2.31)

Here the term E1 is the energy of a single hydrogen atom and the last term is the

proton-proton repulsion. So the integral can be evaluated:

α = E1 +
e2

4πε0R
(1− (1 +

R

a0

)e−2R/a0). (2.32)
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Similarily we find that:

β =

∫∫∫
φ∗1(r,R)(E1 −

e2

4πε0|r + R/2|
+

e2

4πε0R
)φ2(r,R)d3r

= E1

∫∫∫
φ∗1(r,R)φ2(r,R)d3r +

e2

4πε0R

∫∫∫
φ∗1(r,R)φ2(r,R)d3r

+
e2

4πε0R
− e2

4πε0

∫∫∫
|φ∗1(r,R)φ2(r,R)|
|r + R/2|

d3r

= (E1 +
e2

4πε0R
)S(R)− e2

4πε0a0

(1 +
R

a0

)e−R/a0 . (2.33)

Now we can substitute the solved integrals to the equation of the total energy, and

write both of the roots in a more clean way:

E+ = E1 +
e2

4πε0R
− j + k

1 + S
(2.34)

E− = E1 +
e2

4πε0R
+
j − k
1− S

, (2.35)

where

j =
e2

4πε0R
(1− (1 +

R

a0

)e−2R/a0)) (2.36)

k =
e2

4πε0a0

((1 +
R

a0

)e−R/a0). (2.37)

Now we can clearly observe that the repulsion between the nuclei has an effect on

all cases. The energy curves of both cases are printed in Fig. 2.1. From the figure

we can also see the repulsion energy of the protons and the binding energy of the

electron, when it is on the bonding state. This model is quite poor, and it can not

be used as a starting point of a real calculation, but in this case it yields to infor-

mation on the true phenomena that occur inside the molecule. From this model we

can clearly see, that the combination of the orbitals produce two different electronic

states. In the figure the y-axis represents the energy of the separated hydrogen atom

and the hydrogen ion. When the curve is beneath the x-axis the H2 ion is energeti-

cally more favourable than the separated parts. In this case the electron composes

a molecular state and the protons bind together. Also from Fig. 2.1 we can see
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that if the electron is on the other state the separated parts are more energetically

favourable. Due to the influence of repulsion of the protons the antibonding state

is more repulsive than the bonding state is binding.

Figure 2.1: The energy of molecular states, the repulsion between the protons,
and the binding energy of the electron. The x-axis represents the relative distance
between the protons. One unit represents one Bohr radius. The y-axis represents
the relative energy. Zero is the combined energy of separated hydrogen atom and
ion. So when the curve is beneath the x-axis, it is energetically more favorable to
form the combined H2 ion.

In the case of more complex molecules it is harder to find a descriptive model, but

the guide lines from the former models are analogous. Overlapping states split into

bonding and antibonding states and the antibonding state is more antibonding than

the bonding state is bonding. However, if we consider the next simplest molecule H2

we have to take into account the spin of the electrons. Electrons in the same state

have to have opposite spins. This requirement makes the model a bit more complex.

From this requirement arises also one feature of the states: when the bonding state

is full the Pauli type repulsion forces the next electrons to the antibonding state.
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If the bonding and the antibonding states are full, the molecule is not stable. This

is why there is no He2 molecule. There should be two electrons in both bonding

and antibonding states. Molecular orbitals can be detected by using an energy level

diagram. From the diagram we can see the names of molecular states, occupation

of the states, and states which will fill next if the molecule obtains extra electrons.

From the diagram we can also see which states are bonding and which states are

antibonding. Usually the symbol ∗ after the name of an orbital tells that the orbital

is of antibonding type. In Fig. 2.2 we can see the energy level diagram of an H2

molecule and an O2 molecule. In the case of the H2 molecule there are two electrons

on the σ state, with opposite spins. If we try to make a He2 molecule both σ and

σ∗ become fully occupied. So the sum of states is more antibonding than bonding

and the molecule splits. [5][6][7][8]

Figure 2.2: The energy level diagram of the H2 and O2 molecules. It is worth
noticing that each π orbital is split to the πx and πy orbitals, so there can be
four electrons on the same energy level, and in the case of oxygen molecule it is
enegetically favourable, that on the π∗ orbital there is one electron on the π∗x and
one on the π∗y orbital. Therefore in the oxygen molecule there are two electrons with
parallel spins on the π∗ orbital. This causes the magnetic moment of the molecule.
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2.4 Chemisorption and d-band theory

The term chemisoption means that the adsorbed atom or molecule creates a true

chemical bond between itself and the substrate. As we learned before, a chemical

bond requires overlapping and combination of orbitals. In this section we discuss

the chemisorption of a molecule with the help of some examples. Those examples

give guidelines for understanding also the adsorption of other kinds of molecules.

This section also shows in a simple way why surface can cause dissociation of the

adsorbed molecule. Almost all catalytically intresting metals are metals with an ac-

tive d-band. Therefore it is good to know the effect of the d-band to the reactivity

of the surface. The so-called d-band theory explains many features of the metals,

for example why gold is the noblest of all metals [9]. And why the metals next

to it in the periodic table are different from gold. Now we examine the effect of

the d-bands to an approaching hydrogen molecule. The hydrogen molecule is very

simple, and thus we can view the effect easily. We have also examined the molecule

very closely in the preceding section. There is also a very good model for the adsorp-

tion of an H2 molecule on d-band metals, suggested by Hammer and Nørskov [9][10].

Our study starts when the s-band of the molecule overlaps with the d-band of the

surface. Similarly to the case of a molecule when the atomic bands overlap, joint

states which can be of bonding, antibonding or non-bonding type are composed

when the bands of the molecule and the surface overlap. similarly to the case of a

molecule a molecule the joint state splits into the bonding state and the antibonding

state which is higher in energy. Splitting into the antibonding and bonding orbitals

is not symmetrical however. The up-shift of the antibonding state is larger than the

down-shift of the bonding state. This asymmetry arises from the orthogonalization

of the states and from The Pauli repulsion. Also the repulsion between the nuclei

rises the repulsive energy. Thus if both bonding and antibonding states are fully

occupied, the total energy is raised which leads to repulsion. We can now use the

way of thinking introduced by the interaction diagram to discuss how molecules

interact with surfaces.

In Fig. 2.3 we can see the possible cases of interactions. It is good to know that

the surface states interact in the same way with the molecular antibonding states as

they interact with molecular bonding states. So the interaction with a filled surface

state and with an unfilled molecular antibonding state causes the charge to move to

the empty state which causes weakening of the molecular bond. [11]

In the case of an H2 molecule and a surface of a d-band metal, we have to consider

the occupied σ state and unoccupied σ∗ state of the molecule, which is a molecular

antibonding state. When the molecule approaches the surface both states overlap
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Figure 2.3: An illustrative example of possible interactions between the electronic
states of the approaching molecule and the surface. In the diagrams, eF represents
the Fermi level. In each subfigure, the states on the far left represent the states of
the molecule before any interaction with the surface (overlapping of the molecular
states and surface states). The bar on the far right represents the band structure of
the surface, and the states in the middle represent the joint states: the lower state
in the energy is the bonding state and the upper state is the antibonding state.
Arrows represents electrons. In the cases 1,3,4,6 the interaction is attractive. In the
case 2, it is repulsive, and in the case 5 there is no direct consequence.

with the d-band of the metal and split into the bonding and antibonding states.

The strongest interaction is between the σ∗ state and the d-band. This interaction

is always attractive, because the antibonding part is always above the Fermi level.

This interaction also weakens the bond between the atoms inside the molecule. Also

the interaction between the d-band and the σ state produces a bonding state which

is always beneath the Fermi level. The antibonding part of this interaction is the

key to explain the difference between the d-band metals. In interaction with the

noble metals the antibonding part is under the Fermi level and in interaction with

transition metal the antibonding part is above the Fermi level. In Fig. 2.4 we can

see a schematic presentation of these cases. [9][10]

However the case is not so simple: Pre-adsorbed atoms on the transition metal

surface can shift the center of the d-band of the surface atoms down in energy,

which causes a wider adsorption barrier [12]. Also publication II gives the same

results. Also the different surface structures can cause downshift or upsihift of the

center of the d-band in energy. Shifting the center of the d-band down in the energy

shifts also shared states down in energy, so that the antibonding part of the shared σ
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Figure 2.4: The schematic energy diagram of split states between a H2 molecule
and the metal surface. In case 1 the molecule is adsorbed on the transition metal
surface. In this case the strongest interaction is attractive interaction between empty
σ∗ and the d-band. This interaction gives also charge to molecular σ∗ and so causes
weakening of the bonding between the atoms in the molecule. In this case the
splitted antibonding states stay empty, because they stay above the Fermi level. So
the molecule is dissociated without barrier on a transition metal surface. In case 2
the molecule is adsorbed on a noble metal surface. Because of higher Fermi level
the first split antibonding state in now below the Fermi level, so the surface is not
so reactive towards the molecule.

state can go below the Fermi level. It is worth of noticing that the real states are not

narrow lines like in the schematic pictures. In the realistic case the states are much

more expanded. Also the orthogonalization energy cost increases monotonically with

the expansion of the d-band. That is why gold with a full 5d-band is less reactive

toward the H2 molecule than copper with a full 3d-band. The center of the d-band

with both metals are about in the same position, but the 5d-band is more extended

than the 3-band. That is why gold is the noblest metal of all [9][10].

2.5 Potential energy surface

It is often important to know the energy of a molecule approaching the surface at

a defined points, and to know the energy barrier for dissociation of the molecule in

that site. To define the energy we can calculate the two-dimensional cut through

the six dimensional potential energy surface (PES). The calculation of the whole

PES yields information on the adsorption sites and energies, vibrational frequencies

of the adsorbate and the existence of a barrier for the adsorption. However it carries

so much information, that handling a visualization of it is almost impossible. Also
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the calculation of the whole PES uses lot of computational resources. So we have

to make some approximations and calculate only a two-dimensional plot. During

the calculation we shift the molecule from a fixed distance towards the surface at a

fixed site. At the same time we modify the intermolecular bond length. At the fixed

points, we calculate the total energy of the system and plot a map of the energies.

This map tells clearly the energies of the channel, but it does not reveal whether

the molecule is at the most energetically favorable direction, or if the site is favor-

able at all. To calculate the right directions and sites on the surface one needs the

knowledge of molecular entrance channels near the surfaces. The energies arise from

hybridization of atomic orbitals, therefore the knowledge of orbitals assists on un-

derstanding molecular behavior. Also the study of similar situations gives a hint of

most favorable sites and channels. In the PES calculation the surface atoms are kept

frozen. We have performed a couple of PES calculations with free surface atoms. In

those cases we keep the positions of atoms of the molecule fixed and let the surface

atoms relax to the energetically favorable positions. However, in many cases this

kind of calculation is not close to the realistic case, because in many cases the ad-

sorption is much faster than the modification of the surface. Because the adsorbent

atoms are much lighter than the atoms in the surface the speed of the adsorbants is

much faster. Also that kind of calculations use a lot more computational resources.

The result of our test was that the PES plot did not change radically. This issue is

discussed more thoroughly in publication II.

From the PES plot one can see the adsorption energy, and the adsorption barrier.

One can also identify whether the dissociation is possible at a particular site, and

how much energy it needs (endothermic) or how much energy it releases (exother-

mic). In some cases one can also conclude whether the adsorption energy turns into

dissociative energy or, on the other hand, if the dissociation of the molecule needs

external vibrational energy. In our PES plot pictures the horizontal axis represents

the inter molecular bond length, and the vertical axis represents the molecular center

of mass distance from the surface. Rising contours represent the increasing energy

of the molecule. Fig. 2.5 shows some features of PES plots. Dots on the figure

represent the calculated locations of the atoms in molecule, in other words which

pair of intermolecular bonding lengths and distances between the surface and the

molecule we have used to compose the PES plot. Since the calculation for any one

point takes a mentionable cost in computational resources, one tries to achieve good

results using the smallest possible set of points. That is why the density of simu-

lated points is very scarce outside adsorptioni channel (in Fig. 2.5) and much denser

inside the channel. In Fig. 2.6 one can see examples of different kinds of PES plots.

We can use those plots to explain how to interpret two-dimensional PES plots. In

the subfigure 1 one can see the PES of the adsorption site where the molecule seems

to dissociate spontaneously, and gets a about 1.8 eV extra energy. In the subfigure



26 CHAPTER 2. THEORY

Figure 2.5: An example of a contour plot along two-dimensional PES cuts through
the six-dimensional space of O2 approaching a metal surface, also called an elbow
plot. The horizontal axis represents the intra molecular bond-length, and the vertical
axis represents the molecular centre of mass distance from the surface. The dots
represent the calculated points. Typically the dots are not plotted in the figure, but
in this case they are shown to explain the way the PES calculations are performed.
The arrow a in the figure shows the entrance channel and the increasing energy
of the molecule when it arrives to the molecular adsorption site. In this case the
increasing in the energy is 0.7 eV, because the contour spacing is 0.1 eV. The arrow
b represents the dissociation barrier, and arrow c represents the dissociation energy.

2 one can see the PES to a repulsive site. The O2 loses energy when it approaches

the site. The cost in energy is about 1.5 eV. If we calculate a PES plot to a certain

site and a certain orientation, and see that it is not a reactive site, yet we know that

the surface is reactive towards that molecule, we can deduce that the reaction will

happen in some other site (or anohter orientation). In the subfigure 3 one can see a

case where there is clear molecular adsorption site. The barrier to the dissociation is

about 1.5 eV so it is not probable that dissociation occurs on this site. It is possible



2.5. POTENTIAL ENERGY SURFACE 27

that the molecule drifts to another site, and dissociates there. In the subfigure 4 one

can see a very attractive site with only 0.2 eV dissociation barrier. It is probable

that the molecule dissociates at this site almost immediately.
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Figure 2.6: Examples of different kind of PES. The contour spacing in all cases is
0.1 eV. 1. The molecule diccosiates spontaneously without any barrier. 2. The
approaching of a molecule to a surface in this orientation reqiures extra energy, and
is not probable. 3. Molecular adsorption site, the dissociation of the molecule is
not probable in this orientation. 4. Molecular adsorption site and minor barrier to
dissociation.
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2.6 Computational Methods

In ab initio calculations, there are many choices to the as to which kinds of func-

tions one uses to represent the set of single electron wave functions. In this study

we have used Vienna Ab− initio Simulation Package (VASP) [13][14][15][16], which

uses plane waves, and Spanish initiative for Electronic Simulations with Thousands

of Atoms (SIESTA) code [17][18], which uses localized orbitals of different symmetry

to describe the wavefunctions of the electrons [19][20][21]. Both methods have their

strenghts and weaknesses. Most of the calculations for this thesis were performed

by using VASP with Projector Augmented Wave (PAW) potentials [22], but in one

publication we made calculations using the SIESTA code. In publication I we used

SIESTA code to calculate PES figures and molecular dynamics, and in publications

III-VII we compared our VASP calculations to LEED calculations performed by my

collaborators. LEED is a widely used diffraction based method. In this method,

to form a view of the surface structure, the experimentally measured data is com-

pared to the theoretically simulated LEED intensities. Within both DFT methods

(SIESTA and VASP), the Monkhorst-Pack [23] method is used to sample the Fourier

space in the first Brillouin zone.

The PAW method used in VASP is a general approach to the solution of the elec-

tronic structure that reformulates the Orthogonalized Plane Waves method (OPW)

method introduced by W. C. Herring in 1940 [24]. The PAW method adds to

to the OPW method modern tecniques for calculation of total energy, forces, and

stress. The PAW method introduces projectors and auxiliary localized functions. It

also defines a functional for the total energy that involves auxiliary functions and

it uses advances in algorithms for efficient solutions of the generalized eigenvalue

problem. Mathematically a functional is a transformation that maps a function to a

(real or complex) scalar. Another difference between the PAW and pseudopotential

methods is that the PAW method keeps the full all-electron wavefunction. However,

near the nuclei where the wavefuction varies rapidly all integrals are evaluated as a

combination of integrals of smooth functions extending throught space plus localized

contributions evaluated by radial integration over muffin-tin spheres [25].

The reason to choose the plane-wave based VASP for most of the studies is that the

quality of a basis composed of atom-centered local orbitals depends on the relative

atomic positions, whereas the quality of the plane-wave basis is independent of the

topology of the system [26]. The VASP package also offers a complete and thor-

oughly tested set of PAW potentials for all elements. However, SIESTA is faster

than VASP, so in some cases it is a better choice. A good example of this kind of

situations are the molecular dynamics calculations, which require a lot of computa-

tional resources and wall clock time.
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In the atomic structure relaxation calculations with VASP we use a quasi-Newton [27]

algorithm to relax the ions into their instantaneous groundstate. The forces and the

stress tensor are used as search directions to find the equilibrium position. Total

energy is not taken into account. Forces on the atoms and stresses in unit cell are

derivatives of the free energy with respect to the ionic positions and the shape of

the unti cell. The derivatives of free-energy contain Hellmann-Feynman [2][3] and

Pulay [28] contributions [26]. In the atomic relaxation the first part of the ionic step

is the calculation of the electronic structure. The electronic structure is then used

to obtain information on the size and a direction of the forces and the stress tensor.

As a final step, based on the forces and directions, the sofware package moves the

ions (taking pre-defined restriction in to account). Then the ionic loop starts again.

This is continued until the convergence criterion is reached. More information on

the computational details can be found in the corresponding papers.

2.6.1 Density functional theory

The original density functional theory of quantum systems is the method L. H.

Thomas [29] and E. Fermi [30] proposed in 1927. In the original method the

kinetic energy of the electrons of the system is approximated as an explict functional

of density, idealized as non-interacting electron in a homogenous gas with density

equal to the local density any given point. The Thomas-Fermi theory was quite

useful for describing some qualitative trends, e.g., for total energies of atoms, but on

the other hand it was almost useless : for example it did not lead to any chemical

binding [31]. In the homogenous electron-gas, in the presence of a constant external

potential Vext the chemical potential µ can be expressed as

µ =
h̄2

2m
(3π2n(r))2/3 + Vext(r). (2.38)

In 1930 P. A. M. Dirac [32] expanded the theory of Thomas and Fermi by formulating

the local approximation for exchange. It leads to the energy functional E[n] for

electron in an external potential Vext(r)

E[n] =C1

∫
d3rn(r)5/3 +

∫
d3rVext(r)n(r) + C2

∫
d3rn(r)4/3

+
1

2

∫
d3rd3r′

n(r)n(r′)

|r− r′|
, (2.39)

where the the first term is the local approximation for the kinetic energy with
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C1 =
3

10
(3π2)2/3 (2.40)

in the atomic unit cell. The third term is the local exchange with

C2 = −3

4
(
3

π
)1/3, (2.41)

and the last term is the classical electronic Hartree energy. The ground state density

and energy can be found by minimizing the functional E[n] for all possible n(r).

However, the real starting point of modern DFT was the Hohenberg-Kohn formu-

lation of DFT [31]. The basic lemma of the formulation was: The ground-state

density n(r) of a bound system of interacting electrons in some external potential

v(r) determines this potential uniquely. [33]

Density functional theory is the most widely used method today for electronic struc-

ture calculations because of the approach proposed by Kohn and Sham [34]. The

Kohn-Sham approach is to replace the difficulties related with the Hamiltonian with

a different auxiliary system that can be solved more easily [35]. The ansatz assumes

that the ground state density of the original interacting system can be replaced

by a chosen non-intercting system, where all the difficult many-body terms are in-

corporated into an exchange-correlation functional of the density. The Kohn-Sham

ground state energy Eks can be found by using the equation

Eks = Ts[n] +

∫
drVext(r)n(r) + EHartree[n] + EII + Exc[n], (2.42)

where Ts is the kinetic energy of the independent particle, Vext(r) is the external

potential due to the nuclei and any other external fields, and EII is the interaction

between the nuclei. EHartree[n] is the classical Coulomb interaction energy of electron

density n(r) interacting with itself. It is defined as

EHartree[n] =
1

2

∫
d3rd3r′

n(r)n(r′)

|r− r′|
. (2.43)

The Exc is the exchange-correlation energy. Several different schemes have been

developed in order to approximate it. The main source of errors in DFT usually

arises from the approximation of Exc. One way to approximate it is to use the local

density approximation (LDA) [35][36][37], i.e.

Exc =

∫
n(r)εxc[n(r)]dr, (2.44)
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where the εxc[n(r)] is the exchange correlation energy per electron in a homogeneous

electron gas of constant density. In a hypotetical homogenous electron gas, an infi-

nite number of electrons travel through a space of infinite volume in which there is

a uniform and continuouns distribution of positive charge to retain electroneutral-

ity. This expression for the exhange-correlation energy is clearly an approximation

because neither positive charge nor electronic charge are uniformly distributed in

the real atomic system. Usually LDA shows over binding, and it fails in many

cases [38]. Therefore usually a better way to approximate Exc is the Generalized

Gradient Approximation (GGA) [39][40][41][42][43], it is

Exc =

∫
n(r)εxc[n(r), | 5 n(r)|]dr. (2.45)

Now there a is gradient of the density included in the approximation.

For calculations of the Kohn-Sham ground state it is possible to distinguish two

categories of methods. In methods of the first category one tries to determine the

minimum of the Kohn-Sham total energy functional directly. Those methods are

based on the work of Car and Parrinello [44]. They founded their work to the fact

that the Kohn-Sham energy functional is minimal at the electronic ground state.

The second category of methods are iterative methods for the diagonalization of the

Kohn-Sham Hamiltonian in conjunction with an iterave improvement. For VASP

and large systems it has been found that the most efficient iterative method is

the “residual vector minimization scheme-direct inversion in the iterative subspace”

(RMM-DIIS) [27][45]. [14]



Chapter 3

Review of the calculations

The purpose of my research was to better understand the atomic level phenom-

ena of catalytically active transition metal surfaces, for example the dissociation of

the oxygen molecule. For my research I have used calculation packages based on

quantum mechanics, which can calculate the electronic structure of surfaces and

molecules without any experimental data. However, in many cases the results are

compared to experimental results, with good correlation. The purpose of this study

is not only to better understand the atomic level phenomena, but also to find a way

to control them. The controlling of the surface phenomena demands in many cases

modification of the surface where the reaction occurs. For that reason I have also

studied the modification of the surfaces.

3.1 Adsorption and dissociation of an oxygen

molecule

3.1.1 Palladium (211) surface

While studying real catalytic processes on metal surfaces, one needs to keep in mind

that the real surfaces consist of several different lattice planes, and that there are

defects. Usually there are also some preadsorbed atoms on the surface. For that

reason a study can not be limited to smooth surfaces. It is also generally considered

to be known that the reactivity of stepped surfaces is higher compared to low in-

dex surfaces. This is because the ledges of steps have a lot of broken bonds, which

increases the reactivity of the surfaces. The FCC-metal surface with Miller index

(211) is very simple and known to be stable [46]. For the aforementioned reasons,

and because we assume it to be very reactive, we decided this to be a suitable choice

for our study. Publication I contains studies for the reactivity of palladium and

copper(211) surfaces. The (211) surface is composed of (100)-surfaces (ledges of

steps), and (111) microfacets. Since we know that the Cu/Pd (111) surface is not

33
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very reactive, we can omit the (111) microfacets from the study. We can still assume

the reactivity to be high, because the (100)-microfacets of Cu/Pd are quite reactive.

It will also be interesting to compare the results obtained on the (100)-microfacets

to those of a smooth (100) surface.

In Publication I we study the reactivity by using several PES calculations. The

result of the study is that the (211) ledge of the step is far more reactive on both

metals (Cu and Pd) than the smooth surface. The reactivity of smooth Cu(100) can

be found in Refs. [47][48][49], and the PES calculation for the O2 approaching the

hollow site of the smooth Pd(100) surface can be found in Publication II. In Pub-

lications I and II, the approach and dissociation of an oxygen molecule is studied

mostly from the perspective of the surface. Another way to study those reactions is

to examine what happens to the molecular orbitals of O2. Shortly, we discuss the

results of publications I and II from this perspective. It clears up some points made

in the publications and gives deeper insight to the results. When a spin polarized

oxygen molecule is approaching a palladium or a copper surface it loses its spin po-

larisation, as we will show later. To observe what the effect of this modification can

be we must first discuss the free molecule briefly. The O2 molecule posesses a very

unique configuration, which leads to a very versatile chemistry. The free oxygen

molecule has three ground state forms: one triplet state and two metastable singlet

states. In Fig. 2.2, a schematic presentation of the molecular orbitals of an oxygen

molecule is shown. It represents the triplet state because there are two electrons

with parallel spins on the π∗ orbital. Consistently on the singlet states there are

electrons with opposite spins on the π∗ orbital. Now there are two possible ways

to locate the electrons on the orbital. Both electrons can be on the π∗x orbital or

the other electron can be on the π∗y orbital (On the triplet mode both electrons can

not be on the π∗x orbital because of the Pauli rule). In experiments it has been

found that the singlet states are energetically 0.98 eV and 1.63 eV higher than the

triplet state, [50], so we can assume that the lack of spin polarisation weakens the

bond between oxygen atoms significantly. The singlet oxygen has been shown to be

important in biological chemistry [51][52]. In order to use the information of the

energy level diagram, and to analyze local density of states plots in the case of the

surface and molecule, we show the orbitals from the calculated local DOS of free

oxygen molecule. They are shown in Fig. 3.1.

Now we can examine the local DOS of O2 approaching different surfaces. Next we

show some local DOS and electron density figures in the case of palladium (211)

surface. These calculations are performed using VASP [13][14][15][16] including the

PAW potentials [22]. A kinetic energy cut-off of 450 eV was applied for the plane

waves. For the exchange correlation potential the GGA of the Perdew-Wang 91 fla-

vor [54] was employed. For the k-point sampling, the 8× 8× 1 Monkhorst-Pack [23]
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Figure 3.1: The local DOS of a O2 molecule plotted for the electrons originally at the
p-orbitals of an oxygen atom. The names of the orbitals are shown in the Fig. [53].
The figure is calculated by using VASP and PAW potentials. The peaks above the
zero line represent the spin up states, and the peaks below the zero represt the spin
down states.

mesh was used, and the size of the super cell was the same as in publication I. In

Fig. 3.3 one can see how the local DOS of the oxygen molecule changes when the

molecule is approaching the hollow site on the ledge of a step on the palladium (211)

surface. Schematic figures show the orientaion of the molecule(Fig. 3.2). Distances

between the molecule and the surface are measured from the center of the mass of

the molecule to the center of the hollow site. The DOS plots shown in Fig. 3.3 are

from the distances of 1.5 Å, 1.75 Å, 2 Å, 2.5 Å and 3 Å. The internuclear distance

between the atoms in the molecule is 1.3 Å in every case, except in the last one,

where it is 1.5 Å.

Figure 3.2: Schematic top and side view of the calculated adsorption site and ad-
sorption channel.
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Figure 3.3: Local densities of states of an O2 molecule approaching the hollow site
on the palladium (211) surface ledge of step. Orientation of the molecule can be
seen in Fig. 3.2. Heights from the surface and intermolecular bonding lenghts are in
Ångstroms : 1: (3.00, 1.30), 2: (2.50, 1.30), 3: (2.00, 1.30), 4: (1.75, 1.30), 5: (1.50,
1.50).
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In Fig. 3.3 we can clearly see that the spin polarisation of O2 disappears, and the

half empty antibonding orbital 2π∗ interacts strongly with the surface states. If we

compare the DOS of a free O2 molecule and the local DOS of an O2 molecule 3.0 Å

above the surface, we can see that there is alredy mixing of the molecular orbitals

and the surface states. This observation supports the PES plot of the same situa-

tion, which can be seen in Fig. 3.4. The PES plot is originally from publication I,

and it is calculated by using SIESTA. Exact information on the calculation method

can be found in publication I. In the PES plot one can see that the downhill (in

energy) of the molecule starts already at the height of 3.0 Å. In other words: for a

molecule at that distance from the surface it is energetically more favourable to ap-

proach the surface than to drift away from the surface. Also the molecular orbitals

1π and 3σ have interaction with the surface. However, this interaction is not as

strong as the interaction with the 2π∗ orbital. Charge transfer from the surface to

the molecule is still quite minor. Pader analysis [55][56][57] found that 0.6 electrons

transfer from the surface to the molecule when the distance between the molecule

and the surface is 1.75 Å, and 0.8 electrons transfer from the surface to the molecule

when the distance is 1.5 Å. Qi et al. have found in Ref. [58] that the amount of

electrons transfered from a Pt surface to an oxygen molecule is always less than 1.3.

Their observation supports our study, as Pt is not as reactive as Pd.

Let us next take a 3-dimensional analysis of the orbitals of the oxygen molecule

above the surface. This analysis, however, has to begin by looking at the partial

charge density of the free O2 molecule. We calculated the molecule with VASP and

plotted the charge density in different energy values by using different colours. The

image is plotted by using the VMD software [59]. In Fig. 3.5 one can see the π∗

orbital (energies 0...-2 eV below the Fermi level), π orbital (energies -3...-5 eV spin

down and -6...-6.5 spin up), and σ orbital (energies -5...-6 eV spin down and -6.5...-7

spin up). These energies can be compared to the local DOS plot of an oxygen atom

in the O2 molecule in the same situation. The π∗ orbital is plotted in gray. From

the figure we can clearly see that the π∗ orbital is of antibonding type, because the

charge is accumulated to the ends of the molecule and in the middle of the molecule

there is no charge. The π orbital, plotted in blue, and the σ orbital, plotted in

red, are clearly bonding type orbitals, because the charge is mainly in the center of

the molecule. The nuclei are not plotted in the figure, but they are located on the

narrow points of the σ orbital.

The 3-dimensional orbital view of the oxygen molecule alone does not give any new

information about what we have discussed before. However, now we can plot the

partial charge density in the same way in the cases where something interesting oc-

curs in the molecule. In Fig. 3.6 the partial charge density of the O2 molecule above

the hollow site of the ledge of a step on Pd(211) surface is plotted. The orientation
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Figure 3.4: The calculated 2-D cuts of the PES on Pd(211) surface with the O2

molecule approaching the hollow site on the (100) microfacet. The orientation of
the molecule can be seen in Fig. 3.2. The contour spacing in the figure is 0.1 eV.

Figure 3.5: The local DOS of an oxygen molecule and a 3-dimensional plot of partial
charge density of oxygen molecule orbitals calculated with VASP and PAW poten-
tials. In the figure grey colour represents the π∗ orbital, blue colour represents the
π orbital and red colour represents the σ orbital.
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of the molecule is the same as in the DOS plot part 4 in Fig. 3.3. The distance

between the center of mass of the molecule and the center of the hollow site is 1.75

Å, and the distance between the oxygen atoms is 1.5 Å. The π∗ is plotted orbital in

gray (energies between 0...-5 eV below the Fermi level), the π orbital in blue (en-

ergies between -6...-8 eV below the Fermi level), and the σ orbital in red (energies

between -8...-10 eV below the Fermi level). In Fig. 3.6 one can see that binding

between the surface and the molecular states is strongest in the case of the π∗ state

(molecular antibonding state). One can see that the other states bind to the surface

also. That supports the observation from the DOS plots. One can also see that

there is no antibonding between the molecule and the surface. The σ orbital, which

in the case of the free molecule calculated with VASP looks like dumbbell, is now

bent towards the bridge sites of the palladium surface. The π orbital looks like it

is drawn to the palladium atoms. It also binds to the nearest palladium atom on

the terasse. That is why it appears to be drawn towards it. Pader analysis yields

that the charge of the oxygen atom, the lower one in the picture, is 0.05 electrons

more than the upper one in the picture. The difference is quite small but it proves

that the difference seen in the picture is real. The PES plot on the publication II

corresponds to the observation of this chapter: There is strong bonding between the

molecule and the surface and a lack of antibonding states between the molecule and

the surface. In the PES plot there is a downhill of 1.8 eV without a dissociation

barrier.

By using the information from the 3-dimensional partial charge density plot and local

DOS plots we can construct the schematic energy level diagram by using theory from

Section 2.4 . This diagram can be seen in Fig. 3.7 . In this case there is nothing

exceptional about the diagram, but we can use it for comparing it with other cases

later on.
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Figure 3.6: Partial charge density of the oxygen molecule on the hollow site of
Pd(211) surface’s (100) microfacet. The distance between the center of mass of the
molecule and the center of the hollow site is 1.75 Å, and the distance between the
oxygen atoms is 1.3 Å.

Figure 3.7: A schematic energy level diagram for the interaction of oxygen molecular
orbitals and surface states in the case where the O2 molecule approaches the hollow
site of the palladium (211) surfaces on the ledge of the step.

3.1.2 Sulphur and oxygen precovered palladium (100) sur-

face

In this section we present some results that expand the results of Publication II and

bring those results to the same context as the theories of sections 2.4 and 3.1.1. All
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calculations in this section are performed in the same way as in Publication II.

In Publication II we studied the dissociation of an oxygen molecule on sulphur

and oxygen precovered Pd(100) surfaces. The methods that we used previously to

give more information about the dissociation of an O2 molecule on palladium (211)-

surface can also be useful to examine what occurs inside the molecule in the case

of a surface with preadsorped atoms. It is interesting to know how the molecular

orbitals evolve. Let us start with the local DOS of the oxygen molecule approach-

ing the hollow site of the palladium surface next to a preadsoped sulfur atom. In

publication II the local DOS of the d-band of a surface palladium atoms with dif-

ferent sulfur coverage can be seen. The center of the d-band shifts down because of

the influence of the sulfur atoms. With d-band theory this action should make the

surface less reactive, and this can be seen in the PES plots of the Publication II.

The most interesting case is the one with the smallest coverage of sulfur atoms (0.125

ML). There we can observe how a small change of the center of the d-band of the

surface palladium atoms can modify the orbitals of the oxygen molecule. From the

PES plot where the molecule approaches the hollow site next to an S atom (Fig. 3.9),

it can be seen that there is a downhill of 0.8 eV, and dissociation barrier of 0.3 eV,

whereas on the clean surface on the same site there is downhill of 1.4 eV and a

dissociation barrier of 0.1 eV. Based upon the d-band theory we can assume that an

antibonding state is formed between the surface and the molecule. In Fig. 3.8 one

can see local DOS plots showing how the oxygen states evolve when the molecule

approaches the surface. The distances between the surface and the center of mass

of the molecule, and the inter molecular bond lenghts in the DOS plots are: 1: (3.0

Å, 1.3 Å), 2: (2.5 Å , 1.3 Å), 3: (2.0 Å , 1.3 Å), 4: (1.75 Å, 1.3 Å), 5: (1.5 Å, 1.5

Å). From the PES plot in fig. 3.9 it can be seen that in the case of DOS plot 5,

the molecule is on the molecular adsorption site. If we compare the DOS plots with

shortest distance from the surface to the DOS plots of the (211) surface with the

same distances from the surface, we can see that there is no significant difference

near the Fermi level. From this we can deduce that the reasons for the change in

reactivity are located somewhere else in the orbitals. The partial charge density

with different energy from last partial DOS plot can be seen in Fig. 3.10. The grey

area is clearly the π∗ orbital, which is bonded with the surface states, as in the

case of clean (211) surface. In the DOS plot on this energy interval one can see

several peaks, but in the charge density plots the peaks do not seem to matter; the

whole energy interval seems to be distributed similarly. For that reason we have

plotted that energy interval with the same color (gray). The blue area is clearly

the π orbital, and it also bonds with the surface states. But the bond seems to be

weak, and the whole orbital looks smaller than in the case on the clean (211) sur-

face, even if it was plotted at the same isosurface value. However we can not make
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Figure 3.8: Local DOSes of O2 molecule approaching the hollow site next to the
preadsorbed sulphur atom on the palladium (100). The coverage of sulphur atoms
is 0.125 monolayer. Heights from the surface and intermolecular bonding lenghts
are in Ångstroms : 1: (3.00, 1.30), 2: (2.50, 1.30), 3: (2.00, 1.30), 4: (1.75, 1.30), 5:
(1.50, 1.50).
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Figure 3.9: The calculated 2-D cuts of the PES for 0.125 ML sulphur precovered
Pd(100) surface when the O2 molecule approaches the hollow site next to an S atom.
The contour spacing in the figure is 0.1 eV.

any conclusions from that. The red area is formed by two different orbitals. The

energy values -7.25...-8.25 eV below the Fermi level compose the σ orbital, which

is clearly bondend with the surface, as in the case of the clean (211) surface (the

area that looks like a dumbbell with its ends bent towards the surface). The other

part of the red area (energies between -6...-6.6 eV below the Fermi level) looks like

the bonding σ orbital in the case of Pd(211), but the heads are curved away from

the surface. This orbital seems to be an antibonding state between the surface and

the molecule. Now, by using the d-band theory, we can compose the energy level

diagram, which can be seen in Fig. 3.11. We can see that the σ orbital is split to

bonding and antibonding states. This observation fits well to the theory and results

from publication II.

However, if we observe more clearly the DOSes from Fig. 3.8, it seems that the

electrons come to the antibonding states from the π orbital. The orbital seems to

be split into two states, which is possible because it consists of two parts, so the
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Figure 3.10: 3-dimensional plot of the partial charge density of the oxygen molecule
on the hollow site next to preadsorped sulphur atom on Pd(100) surface. The colors
in the figure represent the following energy values: grey: energies 0...-6 eV below the
Fermi level, blue: -6.6...-7.25 eV below the Fermi level, red: -6...-6.6 and -7.25...-8.25
eV below the Fermi level.

Figure 3.11: Schematic energy level diagram of the states between the oxygen
molecule and the surface in the case of 0.125 monolayer surface coverage on the
palladium (100) surface.

antibonding state between the surface and the molecule seems to be part of the π

orbital. However, in the VASP calculations it looks like the σ orbital. In subfigure 1

(distance between the molecule and the surface is 3.0 Å) the spin down part of the π

orbital starts to split to three parts. In subfigure 2 (distance between the molecule

and the surface is 2.5 Å) the splitting of the orbital can be cearly seen. In subfigure 3

(distance between the molecule and the surface is 2.0 Å) also the spin up part of the

π orbital is already split to the bonding and the antibonding parts. So the splitting

of the spin up part of the π orbital occurs when the distance between the molecule

and the surface is between 2.5-3 Å. This observation explains why the π orbital looks

smaller, and the σ orbital looks the same as in the case of clean (211) surface. More
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studies are needed to explain in more detail how the molecular orbitals evolve in

this case. The σ state (the one which looks like a dumbbell with its ends bent away

from surface in Fig. 3.10 ) is clearly an antibonding state between the molecule and

the surface. In order to be sure that this is not due to any errors in our calculations

or any error in plotting the figures, we chose to study the case further by examining

a similar situation, but with preadsorbed oxygen. In the following, we will refer to

this state as ”the extra peak“.

We choose the same coverage as in the case of sulfur (0.125 ML) and study the

adsorption of the molecule to the hollow site next to the preadsorped oxygen atom.

In Fig. 3.12 one can see the 2-dimensional PES plot at the site. In fig. 3.13 one can

see the local DOS plot of the molecule in the molecular adsorption site (distance

between the center of mass of the atom and the center of the hollow site is 1.5 Å

and the bond length of the oxygen molecule is 1.5 Å). The distances are the same

as in the case of precovered sulfur, which makes comparison between the cases more

fruitful. The DOS plot is very similar to the case of preadsoped sulfur. In this case

also, one can see the state to which we refer as ”the extra peak”. It is worth noting,

that no such state is there in the case of the clean (211) surface.
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Figure 3.12: The calculated 2-D cuts of the PES for oxygen 0.125 ML precovered
Pd(100) surface with the O2 molecule approaching the hollow site next of the of O
atom. The contour spacing in the figure is 0.1 eV.

Figure 3.13: Local DOS of the O2 molecule 1.5 Å above the hollow site next to the
preadsorbed oxygen atom on the Pd (100). The coverage of the preadsorbed oxygen
atoms is 0.125 monolayer. The intermolecular bonding lenght of the oxygen atoms
is 1.5 Å.

Now we can observe the extra peak with the 3 dimensional partial charge density

plot, shown in Fig. 3.14. In the figure we plot only the energies in the energy interval

-5.5...-8 eV below the Fermi level, because now we can see more clearly the three last

peaks in the DOS plot. Now the energies between -8 and -7 eV are plotted in red,
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the energies between -7 and -6.1 eV are plotted in blue and energies between -6.1

and -5.5 eV below the Fermi level are plotted in gray. The green spheres represent

the places of palladium atoms. The σ orbital (energies -8...-7 eV) is again bent

towards the surface atoms. The π orbital (energies -7...-6.1 eV) looks the same as in

the case of preadsorbed sulphur. Now, looking at the extra peak (energies -6.1...-5.5

eV, plotted in gray), we can see that again it looks like the σ orbital (plotted in

red), but it is bent to the opposite way (away from the surface). Also when looking

at the situation from above, one can see that the σ orbital is as thin along the axis

of the O2 molecule as the extra peak, whereas the π orbital is much wider, having

protruding blobs ballooning to the sides from the positions of the O atoms. With

the present tools, it seems evident that the extra peak looks like the σ orbital, not

the π orbital, even if the electrons seem to have moved to this state from the π

orbital.

Figure 3.14: 3-dimensional plot of the partial charge density of the oxygen molecule
on the hollow site next to a preadsorped sulphur atom on Pd(100) surface. The
colours in the figure represent the following energy values: grey: energies -5.5...-6.1
eV below the Fermi level, blue: -6.1...-7 eV below the Fermi level, red: -7...-8 eV
below the Fermi level. Energies between 0...-5.5 are not plotted in the figure because
with this choice we can see the σ orbital, the π orbital, and the extra peak more
clearly. The green spheres represent the location of the palladium atoms.
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3.2 First steps of thin film growth

As we can see in section 3.1 and in Publication II, preadsorbed atoms on the surface

affect significantly the reactivity of the surface towards oxygen. When adatoms ad-

sorp on a metal surface, the adatoms assume a certain structure, which depends on

the species of the surface, on the species of the adatoms, and on the structure the

surface had before any adatoms were introduced. Before we can study the reactivity

of the surface with adatoms, we have to know the structure of the surface. In real

life the catalyst metal surface always has some adatoms. Thus the study of the

surface stuctures is a very important part of studying and analysing the reactivity

of the surface.

The second purpose of my study is to examine the starting point of the thin film

growth. At first, it seems to be a very different subject compared to the study of

oxygen catalysis, but if we think it more thoughtfully we can observe that there are

many links between these two subjects. Thin metallic films on metallic substrates

posses many new features compared to a clean metal surface, and these systems are

of intrest from the view point of many technological applications. The growth of

thin films is a very complicated process and the starting point of it is a surface cov-

ered with adatoms. Many thin films also consist of a metal oxide. In these films the

dissociation of the O2 molecule could be a part of the growth process of a thin film.

Thin film growth and the study of surface structures are a good area for observing

how well the experimetal results agree with calculated DFT ones.

The most commonly used experimental techniques to probe a surface structure

in atomic scale involve photons, electrons, atoms or ions as probes. One of the

main diffraction based experimental methods is Low-Energy-Electron-Diffraction

(LEED). It is a surface sensitive method. LEED exploits the interaction of elastic

low-energy (typically 30-500 eV) electrons with atoms. Structure determinations

are achieved by comparing the experimentally measured and theoretically simulated

LEED intensities. In Publications III-VI our VASP calculations are compared with

LEED calculations performed by my collaborators. Since the LEED method is based

on the experimental results, getting convergent results with VASP and LEED gives

more importance to both results. Both methods, LEED and DFT, also complement

each other in the surface structure calculations. In LEED experiment the periodic-

ity and symmetry of the surface structure is seen [60]. This symmetry information

can be used to guide the process of selecting model structure for DFT calculations.

On the other hand, with DFT calculations one can eliminate energetically worst

structures from a group of possible test geometries, which makes it faster to find

the best structure with LEED analysis. LEED is a method of ’trial and error’ with

relatively small convergence radius. This means that depending of the system stud-
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ied the number of trial geometries needed can be huge. In contrast to LEED, DFT

cover much larger parameter space during ’one run’. The LEED calculations in the

publications are done by using the Barbieri/Van Hove SATLEED package [61].

3.2.1 Cu{100}-p(2× 6)-2mg-Sn studied by DFT and LEED

In Publication VII we studied the structure of Cu{100}-p(2×6)-2mg-Sn by DFT and

LEED. The interaction between the Cu(100) surface and tin is an intresting case

because it is a good example of a metal-on-metal epitaxial growth. The large lattice

mismatch between tin and copper contributes to complex yet well defined series of

ordered phases. Even below the monolayer coverage, at room temperature there are

five ordered phases of the Cu(100)-Sn system [62]. However, the exact structures

of those phases are not clear. Hence an analysis of surface structures of Sn on the

Cu(100) surface yield important knowledge on the first steps of thin film growth.

The atomic level knowledge of thin film growth is required in order to develop bet-

ter thin films for advanced microelectronics, optical and magnetical devices [63].

Another intresting phenomenon related to metal deposited on top of another metal

is the charge-density wave (CDW), caused by the phonon by the electron-phonon

interaction. A low-dimensional metallic state is unstable because of this interaction

and the charge is periodically modulated in CDW ground state [64][65].

In the Publication VII we calculate the total energy of five possible models. Three of

those models are suggested in reference [66] and two of the models are proposed by

us. With VASP we analyze the surface structures in a way where we put Sn atoms

at the defined sites and let the structure relax to the total energy minimum. One

can see the energetically best structure in Fig. 3.15. There is a very good agreement

between the geometrical parameters extracted from LEED and DFT analyses.

Figure 3.15: Top view of the best model of Cu{100}-p(2× 6)-2mg-Sn surface struc-
ture.
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3.2.2 Structure analysis of bi-metallic surfaces; Rashba ef-

fect

In Publications IV-VI we present a detailed analysis of bi-metallic surface structures

using LEED I-V measurements together with DFT calculations. The structures

studied were p(
√

3×
√

3)R30◦ Bi-Ag(111) and p(
√

3×
√

3)R30◦ Pb-Ag(111). Both

Bi and Pb on the Ag surface take this structure at coverage 1/3 ML. Both cases

are very similar and can be easily compared. These cases are good examples of the

growth of a semi-metallic overlayer. The observed (
√

3 ×
√

3)R30◦ is of particular

interest as a new class of materials because the two-dimensional alloy structure

in both cases appears to behave like a 2-D electron gas with quantum confinemet

leading to the Rashba effect, which has implications for spintronic applications such

as spin transistor [67][68][69]. The reason why metal surfaces can produce 2-D

electron gas like states is the presence of the crystal surface. In some circumstances,

it can cause arising of bulk forbidden electronic single-particle states, leading to

formation of a band in the corresponding projected bulk band gap [70][71]. These

so-called surface states are higly localized perpendicular to the surface [72]. The

Rashba effect is a spin-orbital splitting phenomenon without magnetic field, where

the electric field acts like a magnetic field. The Rashba Hamiltonian can describe

the spin-orbit interaction of an electron, moving with momentum in an electric field

oriented along the z axis ez

HR = αR(eZ × k) · s, (3.1)

where αR is the so-called Rashba parameter, which is proportional to the electric

field and depends on the spin-orbit coupling strength [73][74]. This phenomenon

is originally discovered by E. I. Rashba in 1960 [75]. Controlling the spin degree

of freedom of the electron lies at the heart of spintronics [76]. One possibility of

manipulating the electron spin without the need of any external magnetic field is

the Rashba effect [73]. It is clear that the large conductivity of the Ag substrate

short-circuits possible spin currents, so it takes more study to find a material suit-

able for technological applications. And the exact knowledge of the surfaces where

the effect is known to exist gives more possibilities to develop better models for

the applications. It is also known that Rashba energies can be tuned with small

changes in surface composition and structure. So the study of those surfaces is of

great scientific interest.

In our surface structure analysis of p(
√

3×
√

3)R30◦ -Bi/Pb on Ag(111), we found

that the energetically most favourable adsorption geometry is the surface alloy struc-

ture. That means that a Bi or Pb atom replaces one top layer Ag atom per unit cell.

The DFT calculations were done using VASP and PAW potentials. More detailed
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calculation parameters can be found in publications IV-VI. The adsorption energy

was calculated by using a method where we let the surface with the preadsorbed

atoms on the defined sites relax to the total energy minima. In Fig. 3.16 one can

see the surface structure of p(
√

3×
√

3)R30◦ Pb-Ag(111). The places of atoms are

calculated with VASP and the figure is plotted by using VMD. There is a very good

agreement between the geometrical parameters extracted from LEED I-V and DFT

analyses for both Ag/Bi Ag/Pb. However, in the case of Bi the DFT calculations

can not find a difference between the surface alloy and the faulted surface alloy

structures while the LEED analysis unambiguosly favour the unfaulted surface al-

loy (The faulted surface structure means that all atoms at the topmost layer are

moved into hcp hollow sites). The possible reason why our DFT calculations fail

to distinguish between the two structures is the use of the finite size of the slab (6

layers).

Figure 3.16: The surface structure of p(
√

3×
√

3)R30◦ Pb-Ag(111).
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3.3 Sulphur adsorption on Au{110}: DFT and

LEED study

In Publication III we studied sulphur adsorption on the reconstructed gold {110}-
(1 × 2) surface. We also studied a surface structure of Au{110} with preadsorbed

sulphur with the coverage of 0.13 ML. In section 3.2 we discuss the surface structures

of the smooth surfaces. From this point we now move forvard and discuss a rather

simple stepped surface. The methods we still use include VASP and the Barbieri/

Van Hove SATLEED packages. In this Publication we also use a less widely used

method for the study of the adsorption of sulphur: We calculated 2-dimensional

PES plots. S2 molecules were deposited on the gold surface in a similar manner as

in Ref. [77]. In many cases where the d-band metals act as catalysts, sulphur is an

unwanted poison and its adsorption to the surface needs to be limited or controlled.

For that purpose it is important to know the adsorption dynamics of sulphur atoms,

molecules, and compounds. In this Publication one can see that 2-dimensional PES

plots of the S2 molecule can be calculated as in the case of 2-dimensional PES plots

of the O2 molecule. In Fig. 3.19 one can see an example of the 2-dimensional PES

plots of the S2 molecule approaching the gold {110} surface. The Au{110} surface is

known to reconstruct to the missing-row structure. The structure has been studied

by LEED and medium-energy-electron scattering methods in Refs [78] [79]. In

Fig. 3.17 one can see the missing-row structure and the normal (110) structure. In

the missing-row structure every second row of the topmost atoms are missing.

Figure 3.17: The missing-row structure and the nonreconstructed (110) structure.

With VASP we analyzed the surface with two ways: we calcutated 2-dimensional

PES plots to the assumed adsorption sites and calculated the adsorption energy

of one sulphur atom at the assumed adsorption sites. The adsorption energy was
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calculated by using a method where we let the surface with one preadsorbed sulphur

on the defined site relax to the total energy minimum. This energy was compared

to the energy of the relaxed clean surface and to the total energy of the S2 molecule

by using the following formula:

Eads =
1

NS

× (Etot − Eclean −
NS

2
× ES2), (3.2)

where Etot is the total energy of a relaxed Au/S supercell, Eclean is the total energy

of the relaxed clean Au slab NS is the number of the sulphur atoms and ES2 is the

total energy of an S2 molecule. In Fig. 3.18 one can see the S2 molecules orientation

for the 2-dimensional PES plots, and calculated adsorption sites of sulphur atoms.

From the VASP calculations we found the S2 molecules orientation 9 from Fig. 3.18

Figure 3.18: The S2 molecule’s orientation for the 2-dimensional PES plots (left),
and calculated adsorption sites of sulphur atoms (right).

to be the energetically most favourable molecular adsorption site. However, with the

dissociation barrier of about 1 eV, it is not a probable orientation for dissociation.

The bond breaking is much more favourable after a rotation of 90 degrees to orien-

tation 2. After the rotation the dissociation barrier is only about 0.4 eV. The most

favourable atomic adsorption site was found to be the site number 3 in Fig. 3.18.

Thus the S atoms are after dissociation on the best adsortion site. The same atomic

adsorption site was also found to be the most favourable with the LEED method.

Thus it gives more reliability to the results.
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Figure 3.19: An example of calculated 2-D cuts of the PES on Au(110) surface with
the S2 molecule approaching the bridge site. The adsorption site of the molecule is
the orientation 2 in figure 3.18. The contour spacing in the figure is 0.1 eV.



Chapter 4

Concluding remarks

As long as mankind has known metals, rust and corrosion have been a subject of

amazement. Also in theoretical surface science these phenomena have been a very

important topic of research, even if many other topics have emerged as the devel-

opement of science has progressed. These topics have also been an important part

of this study. The study of oxidation has generated good specific results, which

can be generalized to many similar cases. Also in the study of surface structure we

have obtained good results. However, one of the most important accomplishments

of this study has been the testing and comparison of the results of the VASP code.

We have done it in the Publications, but also in Section 3.1, where we also add

new aspects to the results of Publications I and II. In Puplication I we calculated

the results by the SIESTA package. However, for Section 3.1 we have performed

part of the calculations again with the VASP code in order use a complementary

method to analyze the results. The VASP and SIESTA results agree well. Also the

analyze of the molecular orbitals, calculated with VASP, gives compatible results

with 2-dimensional PES plots calculated with SIESTA. In Publications III-VII we

compare the VASP results to results calculated with LEED and there we find a very

good agreement between the geometrical parameters extracted from LEED I-V and

DFT analyses.

In Publications I and II we study the adsorption and dissociation of an oxygen

molecule on the stepped Pd and Cu (211) surfaces and a smooth Pd(100) surface

with S and O as preadsorbed atoms. As we assumed, we found that the stepped Cu

and Pd (211) surfaces are very reactive, and the most reactive site is the hollow site

of the (100) microfacet. At the smooth surface we found that the preadsorbed atoms

affect the reactivity of the surface. This decrease of reactivity is not only a direct

effect between the preadsorbed atoms and the oxygen molecule, but the preadsorbed

atoms also affect the palladium atoms of the surface in a way that reduce the reac-

tivity. Sulphur is found to have a stronger influence than oxygen. In Section 3.1 we

discuss in more detail about the Publications and we also study the developement

55
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of the molecular orbitals of the oxygen molecule when the molecule approaches the

defined sites of the defined surfaces. This developement of the molecular orbitals of

the oxygen molecule can be compared to the devlopement of the molecular orbitals

of the hydrogen molecule which are discussed in Section 2.4 and in References [9][10].

In Section 3.1 one can see that the oxygen molecule approaching the most reactive

site does not form an antibonding type bond between the molecule and the sur-

face. Also we found that the bond between the molecule and the surface is not only

from the π∗ orbital but the bond between the π∗ orbital and the surface is stronger

than bonds between the other orbitals and surfaces. Also because the π∗ orbital

is a molecular antibonding orbital the bond between the π∗ orbital and the surface

weaken the bond between the atoms in the molecule. However, this weakening is

minor, because the molecule get only 0.8 extra electrons from the surface. In the

case of the preadsorbed atoms when the oxygen molecule approaches the hollow

site next to the preadsorbed atoms a σ type antibonding orbital arises between the

molecule and the surface. The evolution of the molecular orbitals of the oxygen

molecule that approaches a surface needs more investigation; this is left for future

work.

In Publication III we study the adsorption of the S2 molecule to a reconstructured

Au(110) surface and the surface structure of S on the surface with coverage 0.13 ML.

With VASP we analyzed the surface in two ways: we calculated 2-dimensional PES

plots to the assumed adsorption sites and calculated the adsorption energy of one

sulphur atom at the assumed adsorption sites. The PES calculations are a method

that is less frequently used to calculate sulphur adsorption to the surface. However,

the method yields information that can be used examine the first part of the for-

mation of the surface structure. In this Publication we show that the 2-dimensional

PES plots are an acceptaple method to study the adsorption of sulphur molecules.

We also discovered a surface structure which is energetically the most favourable

calculated with both the LEED and DFT methods.

In Publications IV-VII we study the surface sturcture of preadsorbed metal on metal

surfaces. These studies give knowledge on the steps of thin film growth, which is

important in certain high technology. Below one monolayer the coverage of a metal

on a metal surface adds new intresting attributes to the surface properties. Charge

density waves are a very special effect. Better knowledge of the surface structures

of the defined materials yield information that is important when studying this phe-

nomenon. This is only one example of the intresting phenomena that take place on

the surface. Second example, which posseses great possibility to be the base of a new

epochal technology, is the Rashba effect. Certain surface structures behave like 2-D

electron gas with quantum confinemet leading to the Rashba effect. In Publications

IV-VI we study two examples of this kind of surfaces: p(
√

3×
√

3)R30◦ Bi-Ag(111)
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and p(
√

3×
√

3)R30◦ Pb-Ag(111) surfaces. We study the surface structures by using

two different methods: VASP and LEED. So we can get reliable results in order to

study the Rashba effect.

Many details from little thigns have been clarified. However the work must go

on, since one scientist’s contribution is but a drop in a river. Almost all phenomena

around us arise at the atomic level, so it is appropriate to conclude this work with

the words of an ancient Greek philosopher. Democritus said “By convention hot, by

convetion cold, but in reality atoms and void” and “In reality we know nothing, for

the truth is in the depths” [80].
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S. Blügel, and G. Kaindl, “Rashba effect at magnetic metal surfaces,” Phys Rev

B, vol. 71, p. 201403, 2005.

[75] E. I. Rashba and F. Tverd Sov. Phys. Solid State, vol. 2, p. 1109, 1960.

[76] S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, M. L. R. S. von

Molnár, A. Y. Chtchelkanova, and D. M. Treger, “Spintronics: A Spin-Based

Electronics Vision for the Future,” Science, vol. 294, p. 1488, 2001.

[77] S. A. Krasnikov, G. Hughes, and A. A. Cafolla, “Sulphur overlayers on the

Au(1 1 0) surface: LEED and TPD study,” Surf. Sci, vol. 601, p. 3506, 2007.

[78] W. Moriz and D. Wolf, “Multilayer distortion in reconstructed (110) surface of

Au,” Surf. Sci. Lett., vol. 163, p. L655, 1985.

[79] M. Copel and T. Gustafsson, “Structure of Au determined with medium-energy-

ion scattering,” Phys. Rev. Lett., vol. 57, p. 723, 1986.

[80] C. C. W. Taylor, “The Atomists Leucippus and Democritus,” Unversity of

Toronto Press, Toronto, 1999.



Publication I
M. Lahti, N. Nivalainen, A. Puisto, M. Alatalo

”O2 dissociation on Pd(211) and Cu(211) surfaces“ Reprinted from Surface

Science, 601, 3774 c©(2007) with permission from Elsevier.





O2 dissociation on Pd(211) and Cu(211) surfaces

M. Lahti *, N. Nivalainen, A. Puisto, M. Alatalo

Lappeenranta University of Technology, Department of Electrical Engineering, P.O. Box 20, FIN-53851, Finland

Available online 19 April 2007

Abstract

We have performed ab initio Density Functional Theory (DFT) based calculations to observe the reactivity of the Pd(211) and
Cu(211) surfaces towards O2. In order to properly address the adsorption dynamics, the static potential energy surface calculations have
been complemented with first principles molecular dynamics calculations, which reveal interesting steering effects that complicate the
dissociation dynamics. We have found that on both surfaces the step microfacets are very reactive and the dissociation of the O2 molecule
at room temperature occurs mostly on those sites.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The dissociation of O2 on metal surfaces is the first reac-
tion on many catalytic processes varying from low temper-
ature water gas shift to the oxidation of carbon monoxide.
The reactivity of stepped surfaces is generally considered
superior over the low index surfaces, because of the larger
amount of broken bonds on stepped surfaces creating an
upshift of the d-band density of states [1,2]. In addition,
the broken symmetry of the stepped surfaces leads to new
geometrical configurations [3] that are not present for the
adsorbants on smooth surfaces, thus affecting the adsorp-
tion and dissociation processes. These phenomena have
led to a great deal of theoretical and experimental research
effort concentrated on studying the reactivity of steps and
the adsorption of diatomic molecules on stepped surfaces.

We chose to compare Cu and Pd surfaces because cur-
rently, Cu is a very widely used metal with somewhat aver-
age catalytic properties and, on the other hand, Pd being
chemically very reactive is a material of great technological
interest. Furthermore, both materials have very similar va-
lence electron structure with the Pd d-band slightly closer

to the Fermi level, making these materials very interesting
to compare.

There exists several studies concerning the stability of
different step surfaces composed of different transition met-
als. One of the perhaps most thorough study is the one by
Kollár et al. [4], who have investigated the stability of sev-
eral different step surfaces. They compared their ab initio

results to a simpler nearest neighbor model and found that
the trends of the stability of stepped surfaces can be well
explained by the broken bond model. For Cu and Pd they
found that (100) · (11 1) (in the present study the (211)
surface represents this kind of cut) is a very stable cut
giving confidence on the practical relevance of these
calculations.

The adsorption of diatomic molecules on the Pd(211)
surface has been studied by several authors. Hammer and
Nørskov performed density functional calculations for ni-
tric oxide on Pd(211) [5] to find the stable chemisorption
sites. They found that at low coverages the three fold hol-
low sites over the (111) terrace are favoured, while the
most favourable site for NO is the step bound configura-
tion where the N is bound to the bridge site on the step
edge, and the O points away from the surface. A compar-
ative DFT study concerning the CO adsorption on
Ni(211), Pt(21 1), and Pd(211) was performed by Orita
et al. [6], who observed that the adsorption site preference
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varies a great deal depending on the substrate material.
Their calculations showed that the preferable adsorption
site on the Ni and Pd surfaces is the bridge site on the step
edge, whereas in the case of Pt the most favourable site was
the top site on the step edge with only rather weak site
selectivity. In this case, as the so-called d-band model by
Hammer and Nørskov [2] suggests the most reactive adsor-
bate was Pt.

In the present paper we have compared two different
materials, Cu and Pd, as catalysts for the dissociation of
O2 in the purpose to establish more information on the
properties of materials that effect the process. We have cho-
sen to perform the calculations on a (211)-stepped surface,
because of the well known fact that the stepped metal sur-
faces are more reactive than the smooth ones. On the other
hand, this surface is quite simple and easy to construct,
with quite high density of steps making it a suitable candi-
date for periodic supercell calculations.

2. Computational methods

To perform the calculations we used the Spanish Initia-
tive for Electronic Structure with Thousands of Atoms
(SIESTA) package with numerical atomic orbital basis
[7,8]. We used Troullier–Martins type of pseudopotentials
[9] with Generalized Gradient Approximation (GGA) of
Perdew–Burke–Ernzerhof flavor [10]. In the pseudopoten-
tials we had the valence configurations of 4d9 5s1, 3d10

2s1 and 2s2 2p4 for Pd, Cu, and O, respectively. We used
a standard double zeta basis with polarization orbitals
for Pd with the energy shift of 15 meV. For O and Cu we
used optimized basis including d-orbitals for O to account
for the polarization effects caused by the surface. In the
simulation supercell we had 12 atomic layers with nine sur-
face atoms with the total amount of 36 atoms in the simu-
lation cell. We applied Monkhorst-Pack mesh of 8 · 8 · 1
resulting in 40 irreducible k-points in all of the simulations.
The quantum molecular dynamics calculations were per-
formed with the following parameters: the surface temper-
ature was fixed to 300 K using the Nosé thermostat [11,12],
the approaching molecule was assigned with the kinetic en-
ergy of 25 meV towards the surface, and the ionic moves
were performed with the interval of 1 fs.

3. Results

For both materials, we calculated two dimensional cuts
of the potential energy surface (PES) for trajectories shown
in a schematic map in Fig. 1. In the following subsections
the PES figures are referenced according to the numbering
scheme used in the figure.

3.1. Pd(2 11)

We wanted to map out the reaction paths of the O2 dis-
sociation on the surface. The easiest and by far the most
popular way to do this is to calculate two dimensional cuts

through the six dimensional potential energy surface and
compare the calculated trajectories to find the dissociative
sites, and the deep wells of the potential energy surface.
We have calculated several trajectories for O2 on the sites
with the highest symmetry. The PES figures corresponding
to the calculated trajectories are shown in Fig. 2. The PES
figures reveal that the deepest molecular adsorption site is
on the step edge at the top-bridge-top site (which corre-
sponds to 3 in the current numbering scheme) with the
depth of 1.9 eV. On the other hand, the dissociation barrier
through that trajectory is the highest of the calculated tra-
jectories. The most dissociative site is the hollow site at the
(100) microfacet (1 in the schematic figure), which also has
a rather intense downhill at the entrance channel showing
the tendency to draw the incoming molecules towards the
trajectory. The step edge bridge site (4) and the micro-
facet’s bridge site (5) show only a small barrier for the dis-
sociation, but the trajectories lie so high in the energy scale
that already at the height of 2.5 Å the incoming molecules
have a strong tendency to be steered towards more favour-
able trajectories such as (1), (2) and (3). Also, the step edge
top site (6) has a strong minimum at the height of 2 Å
which could be interpreted to be a molecular adsorption
site, but as the depth of the minimum in the energy scale
is smaller than the one on trajectory (1) it is not the global
minimum on the surface and therefore, the incoming mol-
ecules will experience a strong steering towards the sites
lower in energy.

We performed quantum mechanical molecular dynamics
(MD) calculations starting from several different initial ori-
entations to get a feeling of the intensity of the steering in-
volved and, on the other hand, to complement the static

1

2

3
4

5

6

Fig. 1. The calculated trajectories shown as a schematic map of the step
edge. In the figure black white and grey circles represent oxygen, Pd atoms
on upper terrace, and Pd atoms on lower terrace, respectively. On the
trajectories (1), (2), and (5) the molecules approach the surface along the
normal vector of (100) microfacet, whereas on the rest of the trajectories
the molecule approaches the surface along the normal vector of the (111)
terrace.
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PES calculations which might miss some important trajec-
tories as it is impossible to calculate the whole six dimen-
sional PES using just the static two dimensional
calculations. As suggested by the results of the PES calcu-
lations, we chose the trajectories (1)–(4) for the MD calcu-
lations. There was an interesting distortion on the route of
the molecule starting from initial position (1). At the dis-
tance of 1.8 Å the molecule turned parallel to the (111) ter-
race over the hcp site and started approaching the hollow
site of the (100) microfacet with the molecular axis point-
ing towards the hollow site. As the molecule entered the
hollow site, it turned parallel to the (100) microfacet, the

position corresponding to the calculated PES trajectory
(1), from which it spontaneously dissociated and the oxy-
gen atoms adsorped to the fcc and hcp sites of the (111)
terrace. The calculations starting from the initial orienta-
tions (2), (3) and (4) all ended up to the molecular state
over the bridge site on the step edge (3). Interestingly, the
molecule starting from orientation (2) also drifted over ori-
entation (1) without dissociating, but this gives no reason
to suspect that this should happen if the calculation is
reperformed with different initial velocities for the mole-
cule, as the dissociating trajectory over site (1) is very sen-
sitive to the orientation of the molecule. Judging by the
molecular dynamics trajectories the molecular adsorption
site (3) shows to be very attractive for the molecules,
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Fig. 2. The calculated 2-D cuts of the PES on Pd(211) as a function of the
O2 bond length dO–O and the height of the molecule z from the surface.
The numbering scheme corresponds to that in Fig. 1. The contour spacing
is 0.1 eV.
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Fig. 3. The calculated PES experienced by O2 approaching the Cu(211)
surface. The order of the plots is consistent with the ordering of Fig. 2.
The contour spacing is 0.1 eV.
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whereas the hollow site (1) acts as dissociative center while
being almost as attractive as sites (2) and (3). From the MD
calculations one can also notice that there is no barrier for
the molecule to move from site (2) to site (3).

3.2. Cu(2 11)

To compare Cu and Pd, we performed PES calculations
also for O2 approaching Cu(211) through the same trajec-
tories as we calculated in the case of Pd(211). The PES
plots are shown in Fig. 3. When looking at the PES figures
one very noticeable feature for almost all the plots is the
fact that on every site there exists an appreciable downhill
in energy scale at the entrance channel. As in the case of the
Pd surface, the (100)-microfacet’s hollow site appears to be
the most dissociative with only small late barriers in both
directions (trajectories (1) and (2)). The step edge bridge
sites ((3) and (4)) are very attractive sites, but the dissocia-
tion is prohibited with somewhat large late barrier indicat-
ing a tendency for steering. The (100)-microfacet’s bridge
(5) site shows up also as quite dissociative, whereas the step
edge top site (6) is less attractive and has larger barrier in
the late channel. While comparing the energetics of each
site as a function of the distance from the surface, we see
that the most attractive sites are the four fold hollow site
on the (100)-microfacet (1) and the bridge site on the step
edge (3) as was the case with the Pd(211) surface. This will
naturally affect the approaching molecules by giving them a
strong tendency to steer from the less attractive sites to-
wards these two trajectories. The most favourable molecu-
lar site is the one over the microfacet’s hollow site (2) with
the adsorption energy of 1.9 eV.

4. Conclusions

On both Pd(211) and Cu(211) surfaces we see no early
barrier for molecular sticking and they appear highly
attractive for the incoming O2 molecules. Both Pd and
Cu exhibit deep molecular minima and low (in some sites
nonexisting) energy barriers for the dissociation. On both
surfaces the O2 molecule favours the (100) microfacet’s
hollow sites over the (111) terrace sites. On the (211) sur-
face the step edge is not particularly reactive, but the edge
enhances the reactivity of the (100) microfacet compared
to the smooth (100) surface [13] regardless of the material.
We have gathered the calculated molecular adsorption
energies and barriers for the dissociation in Table 1. The re-
sults should also be compared to the results of the smooth
(111) surface [14,15], where the dissociation is prohibited
by intermediate barriers and rather weak precursor sites
are found.

One of the reasons that affects the difference seen in tra-
jectory (1) (the hollow site of the (100) microfacet) is the
fact that Pd has a larger lattice constant, which has the ef-
fect that as the O atoms reach the bridge sites, the bond be-
tween the O atoms is already broken and therefore there is

no barrier in the late channel. If we consider the situation
of the same trajectory on Cu, the O atoms still have stron-
ger interaction between each other at the bridge sites rais-
ing the energy as the bondlength is further increased. On
the step surfaces the steering effects are even more pro-
nounced than on the smooth surfaces, and thus molecular
dynamics is a very important tool for mapping out the
most attractive sites and the various adsorption routes
which are in many cases very complicated. On the whole,
the (211) surface of either material is very reactive com-
pared to any smooth surface of the same material.
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Table 1
The calculated dissociation barriers and molecular adsorption energies for
O2 on Pd(211) and Cu(211)

Surface Site Eads (eV) Barrier (eV)

Pd(211) 1 1.3 NA
2 1.6 0.2
3 1.9 ND
4 1.0 0.5
5 0.4 0.5
6 1.0 1.3

Cu(211) 1 1.6 NA
2 1.9 0.3
3 1.5 ND
4 1.4 ND
5 1.0 0.1
6 1.0 0.9

In the table, NA denotes nonactivated dissociation and ND a nondisso-
ciative trajectory (i.e. one with a prohibitively large barrier).
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a b s t r a c t

We have performed a density functional study for the poisoning of oxidation reaction of the Pd(100) sur-
face by preadsorbed sulphur and oxygen. We find that the mechanism for this effect is due to (i) the phys-
ical blocking of the reactive sites, (ii) Coulombic charging caused repulsion between the incoming
molecule and the poison, and (iii) the Pauli repulsion caused by the mixing of the electronic states of
O2 and the preadsorbents. The strength of the mechanisms (ii) and (iii) vary between the preadsorbed
species. In addition, we have studied the effect of sulphur and oxygen coverage dependence on the poi-
soning of the dissociation of O2. It is also observed that preadsorbed sulphur affects the electronic struc-
ture of the metal atoms only locally and has therefore only a small effect on molecules adsorbing to the
clean parts of the surface.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

During the recent years, lot of work has been devoted to the
study of the reactivity of metallic surfaces. Most often the driving
force behind these studies has been the will to understand cataly-
sis, which is used abundantly in modern technology. On the other
hand, unwanted phenomena such as corrosion also depend on the
reactivity of the materials used. In both cases, the key to the
improvement of the process by either enhancing the desired reac-
tion or suppressing the harmful one is the detailed understanding
of the reactions on the atomistic level. From the computational
point of view this knowledge can be obtained using first principles
calculations which provide information on both the atomic config-
urations and the details of the electronic structure.

Sulphur is a well-known poison, which has a harmful effect, for
example, in catalytic converters used in cars. Several earlier studies
have been devoted to the poisoning action of sulphur on Pd sur-
faces [1–4]. Most of the computational studies have addressed
the sulphur induced modification of the surface electronic struc-
ture and its effect on the reactivity. Also model reactions such as
the dissociation of hydrogen molecules have been considered
[2,5]. Pd(111) has already been shown to be reactive towards O2

dissociation [6], a reaction which has direct consequences for
catalysis. To our knowledge the effect of sulphur or preadsorbed
oxygen on O2 dissociation on Pd(100) has been studied neither
experimentally nor theoretically. Such data, however, exists for
some other metallic surfaces. For instance, Arabczyk et al. found

that oxygen sticking on the Fe(111) surface decreases with
increasing sulphur coverage and that the effect of sulphur is much
larger than that of the preadsorbed oxygen [7]. In the case of
Cu(100), preadsorbed oxygen has been shown to be clearly repul-
sive towards the O2 molecules, leading to a large reduction of the
sticking coefficient at the saturation coverage [8]. A similar effect
has been observed for Fe(110) whereas on Fe(100) the effect of
preadsorbed oxygen on the oxygen sticking is small [9]. In contrast,
on the reconstructed Au(111) surface the preadsorbed oxygen has
been shown to enhance O2 dissociation [10].

In earlier works, several details of the poisoning effect of sul-
phur have been addressed in the cases of, e.g. Pt and Rh. For in-
stance, the validity of the d-band model has been questioned in
the case of Pt(111) and Pt3Ni(111) surfaces [11]. Likewise, it has
been shown by Zhang et al. that the poisoning effect of sulphur
on the CO methanation reaction on Rh(111) is unlikely to be
long-ranged [12]. Moreover, the charge transfer between S and
the surface metal atoms has been discussed in the case of
Pt(111) [13]. However, all these details depend on the surface
reaction in question and the general understanding of trends is still
lacking. Therefore, in order to gain more generic understanding, it
is useful to address these details in the case of a yet unstudied sur-
face reaction such as O2 dissociation on Pd(100). In a similar way,
the saturation of the oxygen dissociation depends on not only the
material but also surface orientation, as shown e.g. by Blonski et al.
in the case of O2 on Fe(100) and Fe(110) [9].

In this paper we present results for the effect of preadsorbed
sulphur and oxygen on the dissociation of O2 molecules on
Pd(100). We have used first principles methods to calculate the
energetics of the incoming O2 molecules. In particular, we have
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calculated two-dimensional cuts of the full six-dimensional poten-
tial energy surface (PES) which yield information on the possible
dissociation and, furthermore, the poisoning effect caused by sul-
phur. On Pd(100) surface we address the S coverage dependence
by performing calculations for an isolated S atom on the surface
representing low coverage, and for the p(2 � 2) and c(2 � 2) struc-
tures corresponding to 0.125, 0.25 and 0.5 monolayer coverage,
respectively. For comparison, we performed corresponding calcu-
lations for preadsorbed oxygen at the same coverages as for sul-
phur. As far as the trends in the dissociation energy vs. sulphur
and oxygen concentration are concerned, our results qualitatively
agree with the above mentioned experimental findings for other
O2/metal systems.

The rest of this paper is organized as follows. In the next Sec-
tion, we describe the details of the computational methods used.
Section 3 contains the results and the discussion of the PES calcu-
lations and the calculations for the electronic structure, needed for
the interpretation of the PES. Finally, our conclusions are presented
in Section 4.

2. Computational details

The static calculations for total energies were performed using
the Vienna ab-initio simulation package (VASP)[14–17] including
the projector augmented wave (PAW) [18] potentials. We applied
kinetic energy cut-off of 400 eV for the plane waves. For the
exchange-correlation potential we employed the generalized
gradient approximation (GGA) of the Perdew–Wang 91 (PW91)
flavor [19].

Due to their heavy computational burden, the first principles
molecular dynamics (MD) calculations were carried out using the
Spanish Initiative for Electronic Simulations with Thousands of
Atoms (SIESTA) [20–24] package. Instead of planewaves, it applies
Numerical Atomic Orbitals (NAOs) for the basis functions therefore
reducing the computational demand, making it possible to do long-
er MD runs. Unfortunately, it also reduces the accuracy. In slab cal-
culations, where one has a lot of empty space over the slab this
turns out to be a very efficient way. A comparison of the results
produced by SIESTA and VASP in the case of O2 on Cu(100) can
be found at Ref. [25]. Even though the differences in the adsorption
energies and dissociation barriers can be of the order of 0.1 eV, the
qualitative behaviour remains the same regardless of the program
used. We applied Troullier–Martins [26] type of pseudopotentials
to describe the potential caused by the nuclei and the core elec-
trons together with GGA of Perdew–Burke–Ernzerhof (PBE) [27]
flavor. The PBE functional is an improved parametrization of
PW91 and the two functionals yield similar results. In the pseudo-
potentials we had the valence configurations of 4d9 5s1 and 2s2 2p4

for Pd and O, respectively. We applied a standard double zeta basis
with polarization orbitals for Pd with the energy shift of 15 meV.
For O we used optimized basis including d-orbitals for O to account
for the polarization effects caused by the surface. Eventhough two
different programs have been used, this approach does not lead
into inconsistencies since the results of the two programs are never
compared with each other in the same context.

Within both methods we utilized a Monkhorst–Pack [28] spe-
cial k-point sampling with the mesh of 8 � 8 � 1 to sample the first
Brillouin-zone. While calculating the two-dimensional potential
energy surface (PES) cuts, surface atoms were kept frozen (frozen
substrate approximation). The PES’s were constructed by varying
the O2 intramolecular bond length and the distance from the sur-
face and calculating the total energy. In the slab calculations we
had four layers with eight atoms per layer resulting in 32 Pd atoms
per supercell. During the MD calculations the temperature was
fixed to 300 K and controlled using the Nosé thermostat. The total

runtime for each MD run varied from 400 to 900 fs. The d-band
centers were calculated as averages of the local densities of states,
localized on single atoms. The atoms in question are indicated in
the caption of Fig. 4 and the corresponding discussion.

3. Results and discussion

3.1. Clean Pd(100)

To address the poisoning effect of S on O2 dissociation on
Pd(100), it is important to understand the behaviour of O2 on
the clean surface. We performed PES and first principles molecular
dynamics calculations for several trajectories for O2 on Pd(100).
The PES’s for trajectories depicted in Fig. 1 are presented in
Fig. 2. The most stable site for O2 adsorption is over the four fold
hollow site. Particularly stable is the bridge-hollow-bridge (b-h-
b) configuration, which shows a small energy barrier for the disso-
ciation close to the surface. Eventhough observed in the PES, the
existence of such barrier is not certain, due to the frozen substrate
approximation used in the calculations. Then again, our molecular
dynamics calculations also showed trapping of molecules in the b-
h-b configuration close to the surface. Moreover, we tested the
validity of the approximation by performing a similar PES calcula-
tion with the frozen molecule approximation (see Fig. 3) allowing
full relaxations for metal atoms, except for the bottom most layer,
for each molecular bond length and distance. The two results (fro-
zen substrate and frozen molecule shown in Figs. 2a and 3), which
are considered as the upper and lower bounds for the dissociation
barrier showed only negligible difference in the barrier height.

We observed dissociation of O2 through the most stable (h-b-h)
configuration also in the MD calculations. Our limited amount of
MD trajectories only showed dissociation for the molecules that
drifted from the hollow-top-hollow (h-t-h) to the b-h-b configura-
tion. The reason for this was the fact that the molecules starting
from the b-h-b configuration could not convert their translational
energy to dissociation energy effectively enough. A similar steric
hindrance effect has been observed for example for O2 on
Pt(111) [29]. The molecules starting from the h-t-h configuration
show a PES shape that is more favourable for the translational to
vibrational energy transition, because the bend in the PES is less
steep than for the b-h-b, and therefore the molecules that end up
drifting from the h-t-h configuration to the b-h-b configuration
have enough vibrational energy to overcome the transition state
barrier, and thus dissociate. In any case, these results indicate the
sticking of close to unity for O2 on the Pd(100) surface, because
the adsorption energy of the molecule is higher for the molecular
orientation than the dissociation energy making the dissociation
process favoured over the desorption.

b 

a

c

Fig. 1. PES trajectories for the clean Pd(100) shown as a schematic plot.
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3.2. S/Pd(100)

On the Pd(100) surface, sulphur atoms occupy fourfold hollow
sites [3,30]. It is known that on Pd(100) at small coverages of 0.25

ML (monolayer), sulphur forms a p(2 � 2) structure, and when the
coverage is further increased to the saturation value of 0.5 ML the
c(2 � 2) structure is formed [30]. We show the palladium d-band
density of states (DOS) for both geometries in Fig. 4 where the ver-
tical line corresponds to the center of the d-band. The values for the
d-band center are gathered in Table 1 along with the correspond-
ing values for O/Pd(100). The d-band model of Hammer and
Nørskov [31] states that while the metal d-band center decreases
in energy the antibonding states of the molecule towards the sur-
face strengthen making the bonding between the molecule and
metal atoms weaker. This is clearly seen in our adsorption energy
calculations, when comparing the results against the d-band center
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Fig. 3. The calculated PES for O2 at the b-h-b configuration (corresponding to
Fig. 2a), calculated using the frozen molecule approximation. The contour line
separation is 0.1 eV.
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Fig. 4. The projected d-band Density of States for Pd atoms sitting next to the S atom with (a) clean surface, (b) coverage 0.125 ML, (c) p(2 � 2) (0.25 ML) (d)c(2 � 2) (0.5 ML).
The dashed line indicates the center of the d-band.

Table 1
The adsorption and dissociation energies, extracted from Figs. 5 and 6, the labels
referring to the corresponding labels in the figures, for the O2 with different overlayer
structures and materials.

Adsorbate c [ML] Edis [eV] Eads [eV] d-band center
0.00 0.2 1.4 1.4

S 0.125, h-t-h 1.4 0.0 1.8
O (a) 4.5 0.1 1.5
S 0.125, b-h-b 0.3 0.7 1.8
O (b) 0.2 1.1 1.5
S 0.25 0.6 0.5 1.9
O (c) 0.5 0.8 1.5
S 0.50 3.0 0.0 2.6
O (d) – 0.1 1.9
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Fig. 2. The calculated PES plots for the clean Pd(100), (a) bridge-hollow-bridge (b-h-b), (b) hollow-top-hollow (h-t-h), and (c) hollow-bridge-hollow (h-b-h) configurations.
None of the trajectories have energy barriers in the entrance channel indicating non-activated adsorption. The b-h-b trajectory has a late barrier of 0.1 eV and a sharp bend
near the surface (see the discussion in the text). The contour line separation is 0.1 eV.
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heights in different cases. Indeed, the adsorption energies decrease
with the decreasing d-band center of the surface metal atoms.

The Bader charge analysis [32–34] for the system, which has O2

at 3.0 Å distance above the preadsorbed sulphur with the bond
length 1.3 Å shows that also the Coulombic interaction between
the oxygen atoms and the preadsorbed sulphur is slightly repul-
sive. The Bader charges are �0.27 and �0.16 for the sulphur atom
and the oxygen molecule, respectively (see Table 2). This results in
a net repulsive force of the order of 0.07 eV/Å calculated with a
simple point charge model.

By the fact that the sulphur atoms occupy the hollow sites,
which are also the most stable sites for the oxygen molecules, it
is rather straightforward to speculate that the S atoms will physi-
cally block the potential dissociation sites which they are already
occupying. This effect is clearly visible in Fig 5, where we show
the PES results for the O2 molecule approaching the sulphur atom,
the nearest hollow site, and the p(2 � 2) and c(2 � 2) structures.
The PES calculations show that the sulphur atom is blocking, as ex-
pected, the approaching molecule when the molecular trajectory
approaches the sulphur atom directly. The p(2 � 2) structure in-
creases the late barrier in the hollow site and reduces the kinetic
energy gain in the entrance channel. However, only the c(2 � 2)
structure makes the whole surface so repulsive towards O2 that
the sticking is completely blocked. As shown in the figure, in the
latter case even the unoccupied hollow sites exhibit a large energy
barrier for the sticking.

3.3. O/Pd(100)

Similarly to sulphur, oxygen occupies the four fold sites [30]. At
0.25 ML the oxygen forms a p(2 � 2) overlayer, and as the oxygen
concentration gets higher, a metastable c(2 � 2) structure is
formed [35]. We performed calculations for O2 on O/Pd(100) anal-
ogous to the ones in the previous section for S/Pd(100). Fig. 6

Table 2
The Bader charge analysis data for the oxygen and sulphur covered surface (separated
by the horizontal line) at 0.125 ML. The site column describes the distance from the
adsorbate (e.g. 1 is the nearest neighbour and 2 is the second nearest neighbour).

Layer Site Type Charge [e]
S 6.2709

1st 1 Pd 9.98
1st 2 Pd 10.07
2nd 1 Pd 10.03

O 6.78
1st 1 Pd 9.88
1st 2 Pd 10.08
2nd 1 Pd 9.98

1
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Fig. 5. The calculated PES plots for sulphur precovered Pd(100), (a) 0.125 ML, O2 approaching hollow site occupied by S (b) 0.125 ML, nearest unoccupied hollow site (c) 0.25
ML, (d) 0.5 ML. The effect of the sulphur is already visible for the lowest coverage at the nearest hollow site. At the saturation coverage (c(2 � 2)), the PES shows very repulsive
behaviour. The contour line separation is 0.1 eV.
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demonstrates that the oxygen overlayer will have similar effects
for the dissociation as the preadsorbed sulphur. The difference is
that the effect is not as dramatic as on the S/Pd(100). The reason
for this is that the oxygen states are less delocalized over the vac-
uum region, and therefore, the repulsion has a more localized nat-
ure. This is also seen as a lower dissociation barrier at the hollow
site (see Figs. 5 and 6b), in contrast to the fact that for an O2 mol-
ecule approaching directly at the top site of O atom, the barrier is
higher than for O2 approaching the S top site (Figs. 5 and 6b). The
effect of sulphur therefore extends further than that of oxygen in
the direction perpendicular to the surface. This is not unexpected,
given the larger atomic radius of sulphur also as a free atom. Inter-
estingly, however, the effect of oxygen on the electron density at
the surface layer extends further than the effect of sulphur, see
the discussion related to Fig. 8 below.

To compare the molecular adsorption and dissociation energies,
we have gathered the information in Table 1. The Bader charge
analysis shows that the on-surface oxygen atom attracts 0.8 elec-
trons from the surface Pd atoms and the charge for the oxygen
molecule is �0.16. This results in a 0.19 eV/Å repulsive force be-
tween the oxygen molecule and the preadsorbed oxygen atom. It
is noteworthy that for the preadsorbed oxygen, also the second
layer Pd atoms donate charge to the oxygen atom whereas in the
case of sulphur the extra charge comes mainly from the nearest
neighbour Pd atoms at the first layer. The extracted Bader charge
analysis for the relevant atoms is included in Table 2.
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Fig. 6. The calculated PES plots for oxygen precovered Pd(100), (a) 0.125 ML, O2 approaching hollow site occupied by O (b) 0.125 ML, nearest unoccupied hollow site (c) 0.25
ML, hollow site in between the preadsorbed layer, (d) 0.5 ML, hollow site in between the preadsorbed layer. The contour line separation is 0.1 eV.
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Fig. 7. Adsorption energy vs the d-band center of surface Pd atoms for S/Pd(100)
(triangles) and O/Pd(100) (bullets). The values are relative to ones for the clean
surface. The adsorption energy for the d-band shift of 1.2 is estimated from the PES
for O2 on 0.5 ML S/Pd(100) at position (1.25,1.75).
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3.4. Comparison of S and O on Pd(100)

A plot showing the dependence of the adsorption energy
against the d-band center of the metal atoms is shown in Fig. 7.
The figure shows that the adsorption energy is reduced almost lin-
early as the sulphur and oxygen concentrations are increased. This
supports the d-band model by Hammer and Nørskov and shows
that the same effect is also responsible for the reduction of the
adsorption energies. However, there is a difference between the
preadsorbed species, which causes the horizontal shift between
the two curves. This effect is most likely due to the Coulomb repul-
sion, which is more effective for the preadsorbed oxygen, thus
leading to the more efficient reduction of the adsorption energies
with smaller shifts in the d-band center. As seen in Table 2, the
preadsorbed oxygen gains more electronic charge than sulphur,
leading to increased Coulomb repulsion. A similar effect has been
found by Pillay and Johannes, who discuss the inability of the d-
band model to predict the activity of the oxygen reduction reaction
on Pt(111) [11]. They point out that the s and p states are also in-
volved in the bonding and that the direct electrostatic repulsion
between the poison and the coadsorbates are indeed not taken into
account in the d-band model.

To visualize the effect of different preadsorbates to the surface
electron density, we have plotted electron density difference iso-
surfaces in Fig. 8 illustrating the quantity

DnðRÞ ¼ ncðRÞ � naðRÞ: ð1Þ

Here nc(R) is the electron density of the clean surface with O2 at dis-
tance 1.4 Å above the surface hollow site and na(R) is the electron
density of the surface containing 0.125 ML of S (a) and O (b) pread-
sorbate with corresponding O2 orientation. The charge density dif-
ference map shows that while preadsorbed sulphur has only little
effect on the charge density of the surface metal atoms, the on-sur-
face O attracts charge considerably from the surrounding Pd atoms.
This can be well reasoned by the larger electronegativity of oxygen.
Both preadsorbed species increase the density at the molecular
antibonding states of the oxygen molecule (the little humps seen
above the oxygen atoms in the molecule). The effect caused by
the preadsorbed sulphur is more local in the slab direction, but
non-local in the surface normal direction compared to the effect
of preadsorbed oxygen.

4. Conclusions

In the previous sections, we have shown evidence for the mech-
anism of the blocking effect caused by the preadsorbed sulphur

and oxygen. Firstly, both types of atoms block the four fold hollow
sites physically by favouring the four fold symmetry in adsorption,
therefore reducing the available space on the substrate surface.
Secondly, the charging effects cause Coulombic repulsion between
the approaching molecule and the preadsorbate. The charging ef-
fect is shown to be more effective in the case of the O/Pd(100) sur-
face compared to the S/Pd(100) surface due to the larger
electronegativity of oxygen. However, the sulphur states are more
long-ranged and thus spill further out from the surface causing
Pauli repulsion already at 3 Å above the sulphur atom. This leads
to a more repulsive behaviour at the entrance channel for O2 on
S/Pd(100). Due to these facts, the effect of preadsorbed sulphur
is more local than that of the preadsorbed oxygen. Nevertheless,
as the surface sulphur concentration is increased to 0.5 ML the me-
tal atoms are no longer visible to the approaching O2 and therefore
the surface seems more repulsive than the corresponding oxygen
precovered surface.

According to our results it can be concluded that the main
repulsive force in the case of the S precovered surface is the Pauli
repulsion, whereas in the O precovered surface it is the Coulomb
repulsion caused by the charging of the adsorbent and the incom-
ing molecule. This can be concluded by looking at the charge anal-
ysis, the charge density difference maps, and the fact that both
adsorbents have the same effect on the d-band of the surface Pd.
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a b s t r a c t

The adsorption of sulphur on clean reconstructed Au{110}-(1 � 2) surface was studied using density
functional theory (DFT) and quantitative low energy electron diffraction (LEED) calculations. The results
show that the sulphur atoms form a (4 � 2) ordered structure which preserves the missing row recon-
struction of the clean surface. The sulphur atom is found to adsorb on threefold hollow sites, on the
{111} microfacets that border the trenches of the missing rows.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

The adsorption of sulphur and sulphur compounds on metal
surfaces is an important topic in catalysis, interfacial physics, elec-
trochemistry and material science [1]. In particular the adsorption
and desorption of sulphur or sulphur containing compounds on
gold surfaces has been an area of intense experimental and theo-
retical investigation for the past decade. Gold is an attractive sub-
strate for surface science studies due to its chemical inertness; it
has also become an increasingly important material in industrial
applications because of its unique blend of properties for example
its resistance to corrosion which makes it the ideal metal for elec-
trical contacts and its potential applications in heterogeneous
catalysis [2–4], while, in molecular electronics, the bonding be-
tween thiol groups and gold electrodes is the ideal molecular link
for producing stable molecular junctions [3,4]. Gold is also the pre-
ferred substrate for the preparation self-assembled alkanethiol
monolayers (SAMs), exploiting the interaction of the sulphur atom
in the molecular endgroup with the Au [4]. For these reasons the
interaction of atomic sulphur with the Au{111} and Au{100} sur-
faces has attracted much interest recently [2,3,5–8] but the exact
details of the S–Au interface remain unclear. The majority of these
studies indicate that the S atom bonds to high coordinated hollow
site, in the case of alkylthiolates twofold bridge site and top site
have also been suggested [9]. Large scale surface restructuring

caused by the formation of a 2D AuS phase has also been reported
for Au{111} [2]. Studies of sulphur adsorption on Au{110} have
not yet produced a definite structure determination [1,10]. The
aim of the present work is to provide a clearer understanding of
the adsorption and desorption of sulphur atoms and molecules
on the Au{110}-(1 � 2) surface and to provide additional support
for the models proposed on the basis of low energy electron dif-
fraction (LEED), Auger electron spectroscopy (AES) and thermally
programmed desorption (TPD) studies. This paper presents the first
detailed structural analysis of 0.13 ML sulphur adsorption on
Au{110} surface using DFT and LEED intensity analysis. The results
presented provide important information on the ordering of sul-
phur overlayers on the Au{110}-(1 � 2) surface and provide a
starting point to understanding the reaction mechanisms sulphur
containing organic molecules on this surface.

2. Calculations

2.1. DFT

First-principles DFT calculations were performed for the sul-
phur on Au{110} system to verify and analyze the experimental
results presented in this paper.

The static calculations for total energies were performed using
the Vienna ab initio simulation package (VASP) [11–14] including
the projector augmented wave (PAW) [15] potentials. A kinetic
energy cut-off of 300 eV was applied for the plane waves. This
was found to produce converged results for both S and Au. For
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the exchange-correlation potential the generalized gradient
approximation (GGA) of the Perdew-Wang 91 (PW91) flavor [16]
was employed. The 10� 8� 1 Monkhorst–Pack mesh [17] was
used for k-point sampling. While calculating the 2-dimensional Po-
tential Energy Surface (PES) cuts, surface atoms were kept fixed
(frozen substrate approximation). The PESs were constructed by
varying the S2 intramolecular bond length and the distance be-
tween the molecule and the surface and calculating the total
energy.

The Au surface was modelled using the supercell approach,
where periodic boundary conditions are applied to the central
supercell so that it is reproduced periodically throughout xy-space.
The surface slab was modelled with 8 layers of Au atoms; 4 atoms
in the topmost substrate layer and 8 atoms in deeper layers, result-
ing in 60 Au atoms per supercell. A region of approximately 10 Å of
vacuum was inserted in the z-direction to prevent interactions
occurring between periodic images. An Au lattice constant of
4.17 Å was used, which was obtained from optimization of the bulk
cell using the same computational parameters. The bottommost
layer of the surface slab was frozen during the geometry relaxa-
tion. The adsorption energy of an S atom is defined as:

Eads ¼
1

NS
� Etot � Eclean �

NS

2
� ES2

� �
ð1Þ

where Etot is the total energy of a relaxed Au/S supercell, Eclean is the
total energy of the relaxed clean Au slab, NS is the number of sul-
phur atoms and ES2 is the energy of a S2 molecule. For substitutional
alloy structures the adsorption energy is defined as

Eads ¼
1

NS
� Etot � Eclean �

NS

2
� ES2 þ NS � EAu�bulk

� �
; ð2Þ

where EAu�bulk is the total energy of an Au bulk atom [18].
Six different atomic adsorption sites were modelled, as shown

in Fig. 1. The high symmetry adsorption geometries (adsorption
geometries that preserve the symmetry of the substrate, p2mm)
are top (A), hollow (B), short-bridge (C) and long-bridge (D). In
addition to these adsorption sites three different high symmetry

substitutional alloy structures were also considered by replacing
one Au atom in the unit cell by S where (a), (c) and (d) are the
replacements sites of an Au atom in the ‘‘top row”, in the bottom
of the missing row and in the third layer below the top row posi-
tion, respectively. Three low symmetry sites were also considered;
off short bridge (E), off hollow (F) and a substitutional alloy struc-
ture were one Au atom is replaced by S atom in the second layer
(b). In the previous LEED and TPD study of Krasnikov et al. [1] an
electrochemical cell which primarily produces S2 molecules was
used to deposit the sulphur on the gold surface, for this reason both
S atom and S2 molecule adsorption were considered. For the S2

adsorption the following different orientations of the molecular
axis are considered: adsorption with the molecular axis aligned
with the ½�110� row, adsorption with the molecular axis perpendic-
ular to the ½�110� row and adsorption with the molecular axis per-
pendicular to the surface plane. The molecular adsorption sites and
orientations are shown in Fig. 2. The adsorption energies for each
site are listed in Table 1. The surface coverage of the pð4� 2Þ sul-
phur layer was estimated to be about 0.13 ML according to Auger
electron spectroscopy (AES) signal intensity analysis [1], which
indicates that sulphur adsorbs as an S atom. This experimental re-
sult is also supported by our DFT calculations, in which the S atom
adsorbed at the off-symmetry bridge site is found to be the most
stable adsorption geometry.

The geometrical parameters for an S atom adsorbed at the off-
symmetry short bridge site extracted from the DFT analysis are
listed in Table 3. PES cuts for the S2 molecule approaching the sur-
face at the short bridge site (with the molecular axis either parallel
or perpendicular to the ½�110� row) and an S2 molecule approaching
the hollow site (molecular axis parallel to the [�110] row) are
shown in Fig. 3. Judging by Fig. 3, S2 will most likely adsorb molec-
ularly, even though direct dissociation cannot be excluded based
on the present results.

The most favorable molecular adsorption site is the short-
bridge site with the S2 molecular axis aligned along the ½�110�

[110]

A C

B D

E
F

a
b

c

Fig. 1. Top view of the Au{110}-(1 � 2) surface showing the missing row
reconstruction. The p(4 � 2) unit cell is indicated by the dashed line. The high
symmetry adsorption sites are labelled with capital letters: A = top, B = hollow,
C = short-bridge and D = long-bridge. The low symmetry adsorption sites are
labelled with capital letters: E = off short-bridge and F = off hollow. Lower case
letters a, b and c refer to the substitutional alloy structures described in the text.
Dotted lines show the positions of the two mirror planes for the high symmetry
models. Au atoms in different layers are indicated with different colors: dark
grey = the third layer Au, light grey = the second layer Au and white = the first layer
Au. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

1

2

3 4

5

6

7

8

9

Fig. 2. Different adsorption sites and orientations for the S2 molecule. The high
symmetry adsorption sites are: 1 = long-bridge, 2 and 9 = short-bridge, 4 and
5 = hollow and 8 = top. The low symmetry adsorption sites are: 6 and 7 = off short-
bridge and 3 = off hollow. The molecular axis of the molecule at the off-symmetry
short-bridge site (site number 7), is oriented perpendicular to the {111} microfacet
of the missing row wall. The coloring scheme for the Au atoms is the same as in
Fig. 1 and the S2 molecules are colored with light grey. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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row (Eads = 0.967 eV, Fig. 3a). As seen in Fig. 3, an energy of about
0.5 eV is needed for S2 to rotate through 90� in order to have the
molecular axis perpendicular to the ½�110� row (Fig. 3b). Looking
at the PES cut shown in Fig. 3b, an energy of 0.4 eV is required to
break the S–S bond. This leads to S atoms moving towards the
off-symmetry short-bridge site which shows as a minimum in
the right lower corner of the figure. This is the same site that is
found to be the most favorable adsorption site for the S atom. Ini-
tially there is a sulphur atom on both sides of the top ½�110� row at a
S–S distance of about 2.86 Å. It is probable that because of the
annealing treatments described in the next paragraph only half
of these S atoms remain on the surface. This leads to the (4 � 2)
periodicity and a coverage of 0.13 ML that are observed experi-
mentally. It is clear by comparing the PES cuts for the parallel
and perpendicular cases of short-bridge adsorption (Fig. 3a and
b) that breaking of the S–S bond is unlikely to occur if the molecule
remains aligned with its molecular axis is parallel to the ½�110� row.
The bond breaking is much more favourable after a 90� rotation.

In the previously reported experimental study of Krasnikov
et al. [1] S2 was deposited onto the clean Au{110}-(1 � 2) surface
at room temperature. A saturation coverage of about 0.75 ML was
reached after an exposure of about 6 L of S2. Subsequently the sur-
face was annealed at 650 K for one hour resulting in a sharp
p(4 � 2) LEED pattern. From TPD spectra it was seen that most of
the S and S2 species are desorbed from the saturated sulphur layer
in the temperature range between 295 K and 358 K. These species
were weakly bonded and not ordered. For annealing at 650 K a sin-
gle TPD peak was observed where the excess S and S2 left the sur-
face resulting in an ordered structure. A high temperature
annealing of p(4 � 2) structure at 900 K removed all the sulphur
(monitored by AES) and restored the Au{110}-(1 � 2) clean sur-
face. The heating procedures described in the study of Krasnikov
et al. [1] provide enough energy for rotation of the S2 molecule
and dissociation of the S–S bond in order for the S atom to reach
the final adsorption site determined both by DFT and LEED inten-
sity analysis.

The adsorption of the S2 molecule at the hollow site (Fig. 3c) has
only a slightly higher adsorption energy than the short-bridge site
adsorption. The energy required to break the S–S bond at that site
is, however, larger and thus it is less likely to occur. Also the
adsorption energy of a S atom at hollow or off-symmetry hollow
sites is considerably higher than that for a S atom adsorbed at
the off-symmetry short-bridge site. Based on our DFT results and
the LEED intensity analysis result presented below, we propose
that the p(4 � 2)-S adsorption geometry is created by adsorption

of an S2 molecule first on the high symmetry short bridge site from
where it finds its way after a 90� rotation and dissociation to its fi-
nal off-symmetry site.

For comparison, Lustemberg et al. obtained an adsorption en-
ergy of �3.9 eV for an S atom at the fcc hollow site on Au{111}
[19]. This value was obtained by using the energy of a S atom in
vacuum as a reference. The largest adsorption energy in our case,
calculated using the S atom as a reference, is �4.4 eV, which is in
a good agreement with the result of Lustemberg et al., given that
the Au{110} surface has a more open structure than Au{111}, typ-
ically yielding larger adsorption energies. For Au{100}, Slusarski
and Kostyrko found that the fcc hollow site is the most favourable
site for S adsorption [8].

2.2. LEED I(E) analysis

The LEED experiment has been described elsewhere [1]. The
data set utilized in the LEED intensity analysis consisted of 19
beams, (8 integer and 11 fractional order beams), ranging from
20 eV to 350 eV, recorded at 300 K. The cumulative energy range
was 3562 eV. The dynamical LEED calculations were done using
the Barbieri/Van Hove SATLEED package [20]. The relativistic phase
shifts were calculated using the phase shift program [21] that was
packaged with Tensor-LEED. The Muffin-tin radius of both the Au
and S atoms was varied in the phase shift calculation as suggested
by Materer et al. [22]. This did not improve the level of agreement
thus the values used were set equal to one half of the interatomic
distance (1.03 Å and 1.44 Å for sulphur and gold, respectively). The
agreement between the theory and the experiment was tested
using the Pendry R-factor and the error bars quoted were calcu-
lated using the Pendry RR-function [23]. Three different sets of
phase shifts were used; one for sulphur, one for top layer Au atoms
and one for the Au atoms in deeper layers. The Debye temperatures
were set to 300 K and 165 K for sulphur and gold, respectively, and
the lmax value was set to 8. These values were optimized at the final
stage of the analysis. The real part of the inner potential is indepen-
dent of energy and it was allowed to relax as is the normal proce-
dure in the LEED analysis. The imaginary part of the inner potential
was set to a fixed value at the beginning of the analysis (�5 eV),
but in the final refinement an energy dependent form

Vı ¼ constant � E
1
3

� �
was used.

Initially the clean Au{110}-(1 � 2) surface was analysed and
the results obtained are in excellent agreement with those of Mor-
itz et al. [24]. A large contraction of about 17% was found for the
top layer interlayer spacing while the deeper interlayer spacings
remain close to the bulk value of 1.44 Å. The third interlayer spac-
ing exhibits large buckling of 0.26 Å, where the bottom of the
‘‘missing row” is lifted up towards the vacuum. The Pendry R-factor
for the clean surface is 0.31, which is comparable with the value of
0.35 obtained in the earlier analysis of Moritz et al. [24].

Because the earlier AES [1] and our DFT analysis indicated that
sulphur adsorbs as an S atom rather than an S2 molecule, the
Au{110}-p(4 � 2)-S adsorption geometries considered in the LEED
intensity analysis are formed by adsorption of one S atom in each
unit cell. The adsorption sites used are the same as those used in
the DFT analysis described above (see Fig. 1). Since the high sym-
metry adsorption sites all showed poor agreement, only the low
symmetry sites were considered as in our DFT analysis. Because
the structural search in the LEED intensity analysis works in a
reasonably small radius, many different starting structures for
the low-symmetry sites, (E) and (F), were considered. The off
short-bridge sites (E) cover the adsorption sites lying on the line
connecting the short-bridge site to the long-bridge site (C–D).
The off-symmetry hollow sites (F) cover the adsorption sites on
the line connecting the hollow site and top site (A–B) (see Fig. 1).
These ‘‘lines” are explored in steps of 0.2 Å. In the case of the

Table 1
The adsorption energies for S and S2 at the different adsorption sites considered in the
DFT analysis. A positive Eads indicates that the adsorption is unfavorable, while a
negative value indicated that adsorption is likely, with the lowest value being the
most stable. Letters in parentheses refer to the S atom adsorption sites shown in Fig. 1
and numbers in parentheses refer to the molecular adsorption sites shown in Fig. 2.
The lowest adsorption energy is indicated in bold font. For the alloy structures only
the best adsorption energy is shown.

Adsorption site Eads [eV]/S atom

S atom S2 molecule

Top (A) +0.044 (8) �0.549
Hollow (B) �0.679 (4) �0.906

(5) �0.836
Short bridge (C) �1.017 (9) �0.967

(2) �0.743
Long bridge (D) �0.489 (1) �0.327
Alloy (a) �0.397

Off short bridge (E) �1.476 (6) �0.840
(7) �0.613

Off hollow (F) �0.764 (3) �0.898
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low-symmetry sites the symmetry of the system was lowered to
p1m, which means that proper domain averaging had to be taken
into account during the LEED calculation.

At the initial stage of the analysis the positions of the substrate
atoms were kept fixed below the first Au layer and the only param-
eters varied were the perpendicular distance between the sulphur
atom and the substrate, the vertical positions of the top layer Au
atoms and the real part of the inner potential. In the second stage
of the analysis the sulphur atom and top five layers of the substrate
were allowed to relax. In the final state of the analysis the non-
structural parameters (Debye temperatures, lmax (values up to
lmax = 15 were considered), and imaginary part of inner potential)
were optimized. The Pendry R-factors from different stages of anal-
ysis are listed in Table 2. After each stage, structures that have Pen-
dry R-factor less than the sum of minimum R-factor and Pendry
variance, were selected to be optimized further. Structural and
non-structural parameters for the optimum structure are listed
in Table 3 together with the results of our DFT analysis. Top and

side views are shown in Figs. 4 and 5. The best fit I(E) curves are
shown in Fig. 6. The final R-factor reached is 0.35.
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Fig. 3. PES cuts for an S2 molecule approaching the short-bridge site with the molecular axis (a) parallel to the ½�110� row (b) perpendicular to the ½�1 10� row and (c)
approaching the hollow site with the molecular axis parallel to the ½�110� row. The x-axis shows the S–S bond length in Å and the y-axis shows the perpendicular distance
between the first Au layer and the S2 molecule. The energy step between each curve is 0.1 eV.

Table 2
Pendry R-factors from different stages of the analysis. Letters in parentheses refer to
adsorption sites shown in Fig. 1. Structures were selected for further analysis using
the Pendry’s RR-method [23]. Rmin

p stands for the minimum Pendry R-factor at each
stage. For the alloy structures only the best R-factor is quoted.

Adsorption site RP RP RP

(1. stage) (2. stage) (final)

Top (A) 0.80 – –
Hollow (B) 0.73 – –
Short bridge (C) 0.73 – –
Long bridge (D) 0.72 – –
Alloy (a) 0.69 0.59 –

Off short bridge (E) 0.64 0.48 0.35
Off hollow (F) 0.66 0.54 –

Pendry variance ðRR � Rmin
P Þ 0.06 0.05
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3. Results and discussion

From previous studies it is known that sulphur prefers high
coordinated adsorption sites [6]. The (2 � 1) reconstruction of the
clean Au{110} surface provides potential binding sites and makes
it reactive towards adsorbates. The study of Krasnikov et al. [1]

proposes that the S atoms that remain on the surface after anneal-
ing are bonded to the ‘‘missing row” sites (which they identify as
high symmetry hollow sites), by, e.g. visual inspection of the differ-
ences between the I(E) curves measured from the clean Au{110}-
(2 � 1) and Au{110}-(2 � 4)-S surfaces. Our DFT and LEED calcula-
tions confirm the ‘‘missing row site adsorption”, but instead of high
symmetry hollow site, our results show that the most favored
adsorption site for S is situated on the fcc{111} walls of the miss-
ing rows.

The S atom is found to adsorb symmetrically almost in the cen-
ter of the threefold hollow site situated at the fcc{111} microfacets
bordering the trenches created by the missing rows. The lateral
distance between the S atoms on the surface is large, about 8 Å,
which means that S–S interactions are not important compared
to the S–Au interactions. The lateral distance to the high symmetry
short-bridge site determined by both DFT and LEED is 1.4(3) Å. The
S atom is bonded to two Au atoms in the first substrate layer and
one Au atom in the second substrate layer. These bonds are almost
equal in length; 2.3(8) Å and 2.4(2) Å for bonds between S and the
first layer Au atoms and S and the second layer Au atom, respec-
tively. The radius of the sulphur atom calculated using the nearest
neighbor Au–S distance (2.38 Å) and Au radius (1.44 Å) is 0.94 Å.
Compared to the inward relaxation of the clean surface [24] the
sulphur adsorption reduces the inward relaxation in the case of
DFT. This effect has been reported before, e.g. in the paper of Lah-
tinen et al. [29]. In the LEED intensity analysis the first interlayer
spacing remains at the same value as in the case of the clean
Au{110}-(1 � 2) surface. This is not surprising, since there are very
few differences between the I(E) curves that are common in both
Au{110}-(2�1) and Au{110}-(2�4)-S systems [1]. The deeper
interlayer spacings, calculated between the centers of mass of
the adjacent layers, remain close to the bulk value in both the
DFT and LEED analyses. There is a significant average buckling
(0.13/0.11 ± 0.07 Å DFT/LEED) in the third Au layer, because of
the outward relaxation of the atoms in the bottom of the missing
row. The average buckling (compared to the center of mass of
the layer) of the Au atoms in the first layer is 0.07/0.09 ± 0.03 Å

Table 3
Geometrical parameters extracted from DFT and LEED analysis. d(S–Au(i)) is the
nearest neighbor bond length between the S and the Au in layer i, r(S) is the radius of
sulphur, dzS—Au is the vertical distance between the S atom and the center of mass of
the first Au layer, d1 is the lateral distance off the short bridge site, d2=d3 are the
lateral movement of the first layer Au atoms bonded to the S atom parallel/
perpendicular to the ½�110� direction, Daverage

i is the average amplitude of buckling in
ith layer, dzaverage

ij is the interlayer spacing between the centers of mass of the ith and
jth layer, HD is the Debye temperature, Vı is the imaginary part of the inner potential
and lmax is the maximum l value used in the analysis. C is a constant that normalizes
the imaginary part of inner potential such that its value is �5 eV at 150 eV. Some of
the geometrical parameters are indicated in Figs. 4 and 5.

Structural
parameter

DFT LEED Non-structural
parameter

LEED

d(S–Au(1)) [Å] 2.38 2.3 ± 0.2 HDðSÞ [K] 100
d(S–Au(2)) [Å] 2.42 2.4 ± 0.2 HDðAusurfaceÞ [K] 205
r(S) [Å] 0.94 0.9 HDðAubulkÞ [K] 165
dzS—Au [Å] 0.98 1.1 ± 0.2 Vı C � E

1
3

d1 [Å] 1.43 1.4 ± 0.2 lmax 8
d2 [Å] 0.18 0.04 ± 0.2
d3 [Å] 0.08 0.08 ± 0.2
Daverage

1 [Å] 0.07 0.09 ± 0.03

Daverage
2 [Å] 0.04 0.07 ± 0.07

Daverage
3 [Å] 0.13 0.11 ± 0.07

Daverage
4 [Å] 0.02 0.01 ± 0.11

Daverage
5 [Å] 0.01 0.03 ± 0.14

dzaverage
12 [%] �11 817 ± 5

dzaverage
23 [%] +1 ±0 ± 6

dzaverage
34 [%] +1 +1 ± 9

dzaverage
45 [%] +3 +1 ± 14

dzaverage
56 [%] �2 +2 ± 20

dzBulk [Å] 1.474 1.442

[110]

d(S−Au(1))

δ1

δ2
δ3

Fig. 4. Top view of the optimized geometry. The dashed line shows the unit cell. The dotted line shows the position of the mirror plane. Geometrical parameters shown in the
figure are listed in Table 3. The coloring scheme for the atoms is the same as that in Figs. 1 and 2. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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(DFT/LEED). Buckling in the deeper layers is negligible. There is
some lateral relaxation in the first layer, in which the Au atoms
that are bonded to the sulphur move away slightly from the S atom
(see Fig. 4). This lateral relaxation is more evident in the DFT anal-
ysis. In the LEED analysis it is within the error bars, which is not
surprising, since normal incidence LEED is known to be more sen-
sitive to the parameters that are perpendicular to the surface.

In previous studies of S adsorption on (2 � 1) reconstructed
fcc{110} type metal surfaces (Au{110} [10,1], Pt{110} [25] and
Ir{110} [26–28]) structural models were proposed for Ir{110}
and Au{110}. In the case of Pt{110}, no structural model was pro-
posed. On the Ir{110} surface at 0.5 ML coverage the sulphur
atoms form zig-zag rows along the ½�110� direction, where the
adsorption site of the sulphur is the same fcc{111} type hollow
as observed in our analysis, although the sulphur coverage is much
higher.

On Au{100} the most favorable adsorption site for sulphur is
the fourfold coordinated hollow site [8]. On Au{111} at low sul-
phur coverages the most favorable site is threefold hollow
[3,5,6]. On other close packed metal surfaces (Co, Ru, Re, Ni, Pt,
Rh, Pd) the adsorption site is also found to be the three- or fourfold
hollow site [29]. Lahtinen et al. report metal–sulphur bond lengths
in the range of 2.11–2.32 Å. If the S radius is calculated by subtract-
ing the metal radius (calculated from the interatomic distance in
bulk), from the metal–sulphur bond length then a S radius in range
of 0.82–0.99 Å is obtained [29]. With 0.25 ML sulphur on Au{111}
the Au–S bond length is found to be 2.39 Å which corresponds to a
S atom radius of 0.95 Å [5]. These values for the S radius corre-
spond well with our value of 0.94 Å.

On unreconstructed fcc{110} type metal surfaces such as
Ni{110}, Cu{110} and on Fe{110} sulphur adsorbs on high
coordinated (threefold or fourfold) hollow sites [30–35]. The

d(S−Au(1))
d(S−Au(2)) dzS−Au

dz12
Average

dz23
Average

dz34
Average

dz45
Average

dz56
Average

Fig. 5. Side view of the optimized geometry. Geometrical parameters shown in the figure are listed in Table 3. The coloring scheme for the atoms is the same as that in Figs. 1,
2 and 4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. I(E) curves for the best fit structure. Thick and thin lines correspond to experiment and calculation, respectively. R-factors for individual beams are indicated in the
figure. The overall Pendry R-factor is 0.35.
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metal–sulphur bond is reported to be 2.14–2.20 Å on Ni{110} [32],
2.37 ± 0.03 Å on Cu{110} [36] and 2.19 Å on Fe{110} [35]. The sul-
phur radii calculated from the above values are 0.90–0.96 Å, 1.09 Å
and 0.95 Å, for Ni{110}, Cu{110} and Fe{110}, respectively. On
Mo{110} a low-symmetry position near the long-bridge site is fa-
vored [37,38]. Sulphur radii for different coverages of S on
Mo{110} are in the range of 1.0–1.1 Å.

4. Conclusions

In this paper we have demonstrated by DFT and LEED calcula-
tions that the most favorable adsorption site of sulphur on
Au{110}-(4 � 2)-S is a threefold hollow site that is situated at
the fcc{111} microfacets that form the walls of the missing rows.
There is very good agreement between the geometrical parameters
extracted from the DFT and LEED analyzes as shown in Table 3. The
results reported in this paper are also in very good agreement with
the previously reported results for S adsorption on other metal sur-
faces. Although the level of agreement reached in the LEED I(E)
analysis is similar to the other LEED studies of Au surfaces, it is
lower than found for most other low index surfaces, probably
due to the lower accuracy of the phase shift calculations for
high-atomic-number atoms such as Au, Pb and Pt [22] and due
to the large unit cell.
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The deposition of 1/3 of a monolayer of Bi on Ag(111) leads to the formation of BiAg2 surface alloy with a

long range ordered
ffiffiffi
3

p
×

ffiffiffi
3

p� �
R30∘ superstructure. A detailed analysis of this structure using LEED I–V

measurements together with DFT calculations is presented. We find strong correlation between
experimental and calculated LEED I–V data, with the fit between the two data sets having a Pendry's
reliability factor of 0.16. The Bi atom is found to replace one top layer Ag atom in each unit cell, forming a
substitutional BiAg2 surface alloy, with the Bi atoms residing approximately 0.6 Å above the Ag atoms due to
their size difference. DFT calculations are in good agreement with the LEED results.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The understanding of the growth of thin metallic films on metallic
substrates has been the subject of much research over the last few
years. Whilst these systems are of interest from the view point of
technological applications, the growth processes can be complex,
offering a range of interesting phenomena at the atomic level. This is
particularly the case for the growth of semi-metal overlayers, such as
Pb, Sb and Bi on metal surfaces [1–6]. Bismuth is a particularly
attractive adsorbate material due to its small electron effective mass,
anomalously high values of electron mean free path and mobility,
highly anisotropic Fermi surface as well as having a long Fermi
wavelength at room temperature, and small overlap between the
conduction and valence bands [7–10]. Furthermore, the growth of Bi
nanowires by vapour deposition on Ag(111) was recently reported in
an STM study [11]. Such nanostructures are expected to exhibit
interesting effects due to quantum confinement and finite size effects.

The Bi–Ag(111) system is very similar to that of the much studied
caseof Pb–Ag(111) [12–16]. SinceneitherBinor Pb aremisciblewithAg,
it is expected that the growth process would occur by formation of
dense islands on the Ag(111) surface. However, in both cases, it is found

that at 1/3 ML coverage, a
ffiffiffi
3

p
×

ffiffiffi
3

p� �
R30∘ superstructure is observed

as a result of surface alloy formation, which represents a new class of
materials, and is similar to what has been observed for Sb and Bi on Cu
(111), Sb on Ag(111) and Pb on Ni(111) [17–25]. At higher coverages,

above some critical value, a de-alloying process occurs and the
monolayer growth leads to a dense plane above the Ag(111) surface.

The
ffiffiffi
3

p
×

ffiffiffi
3

p� �
R30∘ structure observed for Bi and Pb on Ag(111) is of

particular interest as a new class of material because the two
dimensional alloy structure in both cases appears to behave like a 2-D
electron gas with quantum confinement leading to spin–orbit coupling,
known as the Rashba effect, which has implications for spintronic

applications [26–28]. Recently, a structural study of the
ffiffiffi
3

p
×

ffiffiffi
3

p� �
R30∘

Pb–Ag(111) system using surface X-ray diffraction (SXRD) [14] and
photoemission [15] has shown that the Pb atoms are embedded into the
Ag top layer, forming a well ordered PbAg2 surface alloy and a similar
structure has been suggested for the Bi–Ag(111) system [27].
Nevertheless, a detailed investigation on the atomic structures of
these 2-D surface alloys is still lacking, even though such information
plays a critical role in determining the electronic structures of the
surface alloys.

As mentioned above, the
ffiffiffi
3

p
×

ffiffiffi
3

p� �
R30∘ surface alloy structure

has also been observed for adsorbates on other fcc (111) systems and
studied using a variety of techniques. In particular, Vries et al. [17]
used SXRD to investigate this structure for Sb–Cu(111) and Sb–Ag
(111) systems. The latter system has also been studied using
quantitative low energy electron diffraction (LEED) [18] and im-
pact–collision ion scattering spectroscopy [19]. Bailey et al. [20] and
Quinn et al. [21] studied the Sb–Cu(111) and Sb–Ag(111) structures,
respectively using medium-energy ion scattering (MEIS). In these
cases it was found that the correct structure was a surface alloy with a
slightly ‘rumpled’ surface layer in which all the surface atoms occupy
‘hcp’ hollow sites, directly above second layer substrate atoms, rather
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than the ‘fcc’ hollow sites, confirming a stacking fault in the interface
region between the top surface alloy layer and the substrate. These
findings were supported by a DFT (density functional theory) total
energy calculation although it was noted that there was negligible
energy difference between the faulted and unfaulted surface alloy
structures [22]. It was further noted that for Sb on Ag(111), the MEIS
study showed that it was possible to form both the faulted and
unfaulted surface structures, depending on the Sb dosing history,
implying a subtle influence of subsurface Sb [21]. On the other hand,
MEIS and LEED investigations of this structure for the Pb–Ni(111)
system [6,23], and a SXRD study of Bi–Cu(111) system [24] showed
that the correct structure was not the faulted surface alloy but the
substitutional alloy structure. The latter result was further supported
by a recent DFT calculation [25].

In this paper we present a detailed atomic structure of theffiffiffi
3

p
×

ffiffiffi
3

p� �
R30∘ Bi–Ag(111) structure using a combined LEED I–V and

DFT analyses. The results show that a Bi atom is found to replace one
top layer Ag atom in each unit cell, forming a substitutional unfaulted
BiAg2 surface alloy, with the larger Bi atoms residing about 0.6 Å
above the Ag atoms due to the size difference.

2. Experiment

The experiments were made in a standard ultra high vacuum
(UHV) surface science chamber consisting of a PSP Vacuum
Technology electron energy analyser, dual anode X-ray source, rear
view LEED optics fromOCI VacuumMicroengineering and an Omicron
STM-1. The base pressure of the systemwas less than 2×10−10 mBar,
with hydrogen as the main residual gas in the chamber. The Ag(111)
surface was prepared by cycles of Ar ion bombardment and annealing
to approximately 800 K. The sample was considered clean when the
LEED pattern showed sharp integer order spots and XPS did not show
any traces of contamination.

Bi was deposited onto the clean Ag(111) surface from a well
degassed Omicron K-cell. During deposition the Ag sample was kept at
room temperature and the vacuum pressure did not exceed
3×10−10 mBar. The Bi was deposited at a constant rate of 0.1 ML/min
until a sharp

ffiffiffi
3

p
×

ffiffiffi
3

p� �
R30∘ structure was observed.

The intensity of the diffraction spots as a function of the energy of
the incident electrons (LEED I–V spectra) was measured at normal
incidence of the primary beam. The spectra were background
subtracted and normalised with respect to the primary beam current.
The intensities of the symmetrically equivalent spots were averaged
in order to reduce experimental noise.

3. Results and discussion

The data set utilized consisted of 9 beams (5 integer and 4
fractional order beams) ranging from 30 eV to 330 eV and recorded at
300 K (Fig. 1). The cumulative energy range was 1640 eV. The
dynamical LEED calculations were done using the Barbieri/Van Hove
SATLEED package [29]. The relativistic phase shifts were calculated
using the phase shift program [30] that was packaged with SATLEED.
Pendry's reliability factor, Rp, was used to quantify the agreement
between experimental and calculated data and the error bars quoted
were calculated using the Pendry RR-function [31]. Three different
sets of phase shifts were used; one for bismuth, one for top layer Ag
atoms and one for the Ag atoms in deeper layers. At the beginning of
the analysis the Debye temperatures were set to 120 K and 225 K for
bismuth and silver respectively, the lmax value was set to 8 and the
imaginary part of inner potential was set to−5 eV. These values were
optimized at the final stage of the analysis. The real part of the inner
potential is independent of energy and was allowed to relax as is the
normal procedure in the LEED analysis.

Six different structural models were considered in the LEED
calculations. These included four high symmetry adsorption

Fig. 1. I–V curves for the best fit structure compared with experimental data. Individual beam R-factors are shown.
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geometries, namely the top (A) and hollows (B and C, for fcc and hcp
hollows, respectively), as well as the bridge site (D), as shown in Fig. 2.
Adsorption at bridge site (D) lowers the symmetry of the surface,
which means that proper domain averaging has to be taken into
account in the LEED analysis. As well as these adsorption sites, two
high symmetry substitutional alloy structures were also considered.
The first of these was formed by placing one Bi atom per unit cell in a
substitutional position over an essentially unperturbed Ag(111)

surface layer to give the
ffiffiffi
3

p
×

ffiffiffi
3

p� �
R30∘ superstructure. The second

was a similar surface alloy but with all the surface atoms displaced to
the ‘hcp’ hollow sites, the so-called faulted surface alloy structure [20–
22]. In Fig. 2, the “hcp” hollow site is indicated by “C”.

At the first stage of the analysis the substrate atom positions were
kept fixed and the only parameters varied were the perpendicular
distance between the bismuth and substrate atoms, and the real part
of the inner potential. In the second stage of the analysis the bismuth
atom and top five layers of the substrate were allowed to relax. In the
final state of the analysis the non-structural parameters (Debye
temperatures, lmax and imaginary part of inner potential) were
optimized.

The Pendry R-factors from different stages of analysis are listed in
Table 1. After each stage, structures that have a Pendry R-factor less
than the sum of the minimum R-factor and Pendry variance were
selected to be optimized further. The substitutional surface alloy
model was clearly most favourable after the 1st stage, consistent with
the structure previously suggested by C.R. Ast et al. [27], rendering it
unnecessary to further optimize the other structures. The faulted
surface alloy in which all the surface atoms occupy ‘hcp’ hollow sites
was found to be the least favourable structure. Structural and non-
structural parameters for the alloyed structure are listed in Table 2
together with the results from our DFT analysis (see below). Top and
side views of the structure are shown in Fig. 3. The corresponding best
fit I–V curves are shown in Fig. 1. The final R-factor reached was 0.16.
It is also noted that the optimized structure incorporates a slight
buckling of the fourth layer of the silver substrate. This is interesting

because for the similar
ffiffiffi
3

p
×

ffiffiffi
3

p� �
R30∘ Pb/Ag(111) structure, Dalmas

et al. [14] suggest a slight out of plane distortion of the Ag atoms in the
top surface layer based on STM and SXRD measurements. They
attribute this to a possible Peierls type distortion, although they do
note that this distortion could be an effect of their measurements. The
overall structure remains bulk like with a small contraction of the top
layers.

First-principle DFT calculations were performed for the bismuth
on Ag(111) system to verify and analyze the experimental results
presented in this paper. The static calculations for total energies were
performed using the Vienna ab-initio simulation package (VASP) [32–
35] including the projector augmented wave (PAW) [36] potentials. A
kinetic energy cut-off of 400 eV was applied for the plane waves,
which was found to produce converged results for both Ag and Bi, for
all the structures. For the exchange correlation potential the
generalized gradient approximation (GGA) of the Perdew-Wang 91
(PW91) [37] was employed. The 10×8×1Monkhorst–Packmesh [38]
was used for k-point sampling. The Ag surface wasmodelled using the
supercell approach, where periodic boundary conditions are applied
to the central supercell so that it is reproduced periodically
throughout xy-space. The surface slab was modelled with 6 layers
of Ag atoms. A region of approximately 10 Å of vacuum was inserted
in the z direction to prevent interactions occurring between periodic
images. The bottommost layer of the surface slab was frozen during
the geometry relaxation.

Adsorption energies of Bi atom are defined as:

Eads = 1=NBi x Etot−Eclean−NBi x EBið Þ ð1Þ

where Etot is total energy of relaxed Ag/Bi supercell, Eclean is the total
energy of the relaxed clean Ag slab, NBi is the number of Bi atoms and
EBi is the energy of one atom in the Bi bulk.

For substitutional alloy structures the adsorption energy is defined
as:

Eads = 1=NBi x Etot−Eclean−NBi x EBi + NBi x EAg‐bulk
� �

ð2Þ

where, EAg-bulk is the total energy of an Ag bulk atom.
An Ag lattice constant of 4.17 Å was used, which was obtained

from bulk cell optimization using the same computational para-
meters. The six structural models used in the LEED I–V analysis were
considered in the DFT analysis. The adsorption energies for each site
for the models that showed convergence in the calculations are listed
in Table 1. Of the overlayer geometries, the fcc hollow site is the most
favourable, albeit with small energy difference between the two

Fig. 2. Adsorption sites: A = top, B and C = hollow and D= bridge. Top three layers of
the substrate are shown. (1×1) unit cell is shown with dashed line.

Table 1
Pendry R-factors from LEED analysis and adsorption energies from DFT calculations, for
different adsorption geometries. Positive adsorption energy indicates that the
adsorption is unfavourable, whilst a negative value indicates that adsorption is likely,
with the lowest value being the most stable. Letters in parentheses refer to the Bi atom
adsorption sites shown in Fig. 1.

Adsorption site R-factor (1st stage) R-factor (final) Adsorption energy (eV)

Top (A) 0.52 0.414
Hollow (B) 0.54 0.198
Hollow (C) 0.50 0.234
Bridge (D) 0.41 0.208
Faulted surface
alloy

0.58 −0.354

Surface alloy 0.27 0.16 −0.353
Pendry variance 0.04

Table 2
Structural and non-structural parameters from LEED and DFT analyses. d(Bi–Ag) is the
bond length between Bi and Ag atoms in the first layer, dz(Ag–Bi) is the vertical
distance between the 1st layer of Ag atoms and the Bi atoms (Bi is above Ag), dz/dzbulk
(Agi–Agj) is the change in the vertical distance between the centres of mass of Ag layers
i and j (negative means contraction). Δ (Ag4) is the buckling in the 4th substrate layer
where the Ag atoms directly below the Bi atoms are pulled up slightly. Using a bulk
interlayer spacing for clean Ag(111) of 2.35 Å, the LEED results show that the overall
structure remains bulk like within the errors.

Parameter LEED DFT

d(Ag–Bi) [Å] 2.95±0.05 3.01
dz(Ag–Bi) [Å] 0.57±0.05 0.61
dz/dzbulk(Ag1–Ag2) [%] −1±1 −1
dz/dzbulk(Ag2–Ag3) [%] −1±1 0
dz/dzbulk(Ag3–Ag4) [%] −1±2 −1
dz/dzbulk(Ag4–Ag5) [%] −1±2 0
Δ (Ag4) [Å] 0.02±0.05 0.02
Debye T (Bi) [K] 80
Debye T (Ag1) [K] 160
Debye T (Ag bulk) [K] 225
Vimaginary [eV] −4.5
lmax 13
Ag bulk lattice constant [Å] 4.09 4.17
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hollows and the bridge sites. On the other hand, both the
substitutional and faulted surface alloy structures were found to be
the most stable with an adsorption energy of −0.353 eV. The
geometrical parameters for the relaxed substitutional surface alloy
structure are listed in Table 2 and compare well with the LEED data.

While the LEED analysis unambiguously favours the unfaulted
substitutional surface alloy, the DFT calculations only confirm that the
structure is a surface alloy and does not distinguish between the
faulted structure, where all the top surface atoms (Bi and Ag) have
moved into hcp hollow sites, and the unfaulted surface alloy, where
the surface atoms remain in fcc hollow sites. One possible reason why
our DFT calculations fail to distinguish between the two structures is
the use of the finite size of the slab (6 layers). Indeed, in an earlier DFT
calculation by Woodruff and Robinson [22] for the Sb–Ag(111)
system, they find that the stacking fault energy is sensitive to the slab
thickness and suggest that these calculations are only realistic using
much larger scale parallel computing systems beyond our means. It is
also worth noting that even for the clean Ag(111) surface, they find
that there is a negligible difference in energy between the surface
faulted and unfaulted structures. Our calculation for the clean Ag(111)
shows that the energy difference between the faulted and unfaulted
Ag surface is only 20 meV, similar to what has previously been
reported [22]. This implies that on Ag(111), a stacking fault surface
structure could easily be facilitated. In fact for Sb on Ag(111), both

faulted and unfaulted
ffiffiffi
3

p
×

ffiffiffi
3

p� �
R30∘ structures have been found, as

well as evidence for subsurface stacking faults, attributed to some
subtle influence of subsurface Sb. For the Bi on Ag(111) case, we have

only found the unfaulted
ffiffiffi
3

p
×

ffiffiffi
3

p� �
R30∘ structure, suggesting

perhaps that Bi, with its larger atomic size compared to Sb, does not
easily diffuse into the subsurface region. Another factor could be that

there is a thermal activation barrier in moving all the surface atoms
from the fcc hollow sites to the hcp hollow sites. In fact the Sb on Ag
(111) structures were formed by dosing and annealing to elevated

temperatures while in our case, sharp
ffiffiffi
3

p
×

ffiffiffi
3

p� �
R30∘ Bi on Ag(111)

structure was readily formed by dosing at room temperature.

The substitutional and faulted surface alloy structures were further
investigated theoretically by molecular dynamic calculations. The
calculations were performed by fixing the surface temperature at
300 K, and the ionicmoveswere performedwith the interval of 1 fs. The
total duration of molecular dynamic runs was 1 ps. The relaxed atomic
positionswere used as initial coordinates for themolecular dynamics. In
the beginning of each molecular dynamics run, random velocities were
assigned to the slab atoms according to the temperature distribution.
The bottommost atoms of the slab were kept fixed. The results of the
molecular dynamics show that both of the structures, surface alloy and
faulted surface alloy, are stable at room temperature, as found in theDFT
calculations. Both calculations were tested with several random
velocities for the slab atoms, and the results remained the same.
Moreover, the adsorption energies stayed within the same interval in
both cases during the molecular dynamics run.

Both the LEED and DFT analyses show that in the stable
substitutional surface alloy structure, there is a slight ‘rumpling’ of
the surface due to the larger Bi atoms located about 0.6 Å above the
surface plane of the Ag atoms. This amplitude of the ‘rumpling’ is
smaller by about 0.24 Å than that predicted by a simple touching
hard-spheres model based on bulk metallic radii (1.44 Å for Ag and
1.56 Å for Bi). This suggests a reduction in the effective radii similar to
that found by Quinn et al. [6] in their LEED study of the substitutional
surface alloy structure for the Pb–Ni(111) system. It has been
suggested that the reduction in the effective radii may be attributed

Fig. 3. Large white circles represent the Bi atoms that substitute Ag atoms in the top layer. (a) Top view of the favoured structure. Top three layers of the slab are shown. (b, c) Side
views showing the top five layers. The arrows show the buckling in the 4th substrate layer as the Ag atoms directly below the Bi are displaced vertically up.
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to the influence of valance electron charge smoothing and associated
surface stress effects [6,21,23]. A similar effect is possibly the case for
the Bi–Ag(111) structure in our study.

4. Conclusions

There is very good agreement between the geometrical para-
meters extracted from LEED I–V and DFT analyses. LEED analysis
shows that the Bi atoms are found to replace one top layer Ag atom in
each unit cell, forming a substitutional unfaulted surface alloy. DFT

calculations show that the stable
ffiffiffi
3

p
×

ffiffiffi
3

p� �
R30∘ structure is a

surface alloy, but does not distinguish between a faulted and
unfaulted structure, possibly due to limitation of using a finite size
slab. Because of the size difference between the Ag and Bi atoms (Bi is
approximately 5% larger than Ag), the top layer is corrugated such
that the Bi atoms reside about 0.6 Å above the Ag atoms. The
amplitude of this ‘rumpling’ is smaller than what would be predicted
on a simple touching hard-spheres model. The interlayer spacings,
calculated with respect to the centres of mass of the Ag atoms, remain
bulk like in both DFT and LEED analyses.
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The atomic structures that develop as a function of coverage during deposition of Bi on Ag(111) have been
studied using low-temperature scanning tunneling microscopy, low-energy electron diffraction, and ab initio
calculations. The growth process involves two sequential stages. At low coverage, Bi atoms are incorporated
into the topmost layer of Ag(111), resulting in the formation of an Ag2Bi alloy confined to the surface and
ordered (

√
3 × √

3)R30◦ Ag2Bi islands supported on Ag(111). This mode of accommodation of Bi was found
to be energetically favorable based on ab initio total-energy calculations. At coverage above a critical value
of 0.55 monolayers, the Ag2Bi alloy phase gradually converts into an ordered Bi (p × √

3) overlayer structure
supported on Ag(111). We postulate that the dealloying transition is likely driven by compressive strain induced
by incorporation of large-size Bi atoms into Ag at a high coverage and the subsequent lack of miscibility of Ag
and Bi bulk phases. After completion of the dealloying process, Bi(110) thin films can be grown epitaxially on
top of Ag(111) with a chemically abrupt interface.

DOI: 10.1103/PhysRevB.83.235418 PACS number(s): 68.55.−a, 68.43.−h, 68.47.−b, 68.37.−d

I. INTRODUCTION

The study of the heteroepitaxial growth of metals on
metallic substrates has been motivated by the demand for high-
quality thin metallic heterostructures with sharp interfaces in
technological applications such as magnetic data storage and
spintronics.1–3 It is becoming clear that a wealth of complex
phenomena may arise at an atomic scale that are not predicted
from simple thermodynamic considerations of the respective
surface and interface energies of the metal adatoms and the
substrates.4–7 Tersoff has predicted that surface-confined alloy
phases may arise as an alternative to overlayer structures as
a means to relieve the surface stress in systems dominated
by an atomic size mismatch, even in cases where the metals
are immiscible in the bulk.8 This is particularly the case
for the growth of comparatively heavier elements such as
lead (Pb), antimony (Sb), and bismuth (Bi) on noble-metal
surfaces.8–13 Surface alloying is a powerful way of developing
unique physical and chemical properties in alloys that do not
have a bulk counterpart.14–16 Elegant examples include the
exceptionally large spin-orbit splittings of surface states in
surface alloys between heavy elements such as Bi or Pb on light
metals such as Cu and Ag, which opens potential applications
in the area of spintronics.17,18

Bi is a typical group-V element and adopts a rhombohedra
A7 lattice belonging to the space group R3m. There are
two atoms per unit cell, which can also be described by
a hexagonal basis.19 The band structure of Bi is that of a
semimetal with an overlap of ∼ 40 meV between valence and
conduction bands that arises due to a slight distortion along
the trigonal axis, which is (111) in the rhombohedra basis or
(0001) in the hexagonal basis. Bi possesses an unusual array
of physical properties, including low carrier density, a long
Fermi wavelength ( ∼ 40 nm at room temperature), and high
carrier mobility. Most interestingly, the low-index surfaces of

Bi such as Bi(111), Bi(100), and Bi(110) show very different
electronic properties from the bulk associated with spin-orbit
(SO) splitting at the surface due to the breakdown of inversion
symmetry (the so-called Rashba-Bychkov effect).19–21

It has been recently reported that submonolayer Bi on
Ag(111) forms a (

√
3 × √

3)R30◦ surface alloy.17 The (
√

3 ×√
3)R30◦ structure is of particular interest because the inter-

mixing of the size mismatched atoms and the corresponding in-
plane potential variations lead to giant SO splitting, which has
implications for spintronics applications.17,22,23 Nonetheless,
a detailed investigation of the atomic structures of these two-
dimensional (2D) surface alloys is still lacking, even though
such structural information plays a critical role in determining
the in-plane potential gradient, and thus the SO splitting of
the surface alloys.24 Furthermore, a similar class of electronic
states evolves by the quantum confinement of electrons in
ultrathin films with a thickness comparable to the electron
coherence length, to give so-called quantum well states. It has
been recently reported that a giant SO splitting of quantum well
states has been observed within a Bi monolayer on Cu(111).25

Based on first-principles calculations, the authors argued
that the huge SO splitting originated from the perpendicular
potential at the surface and interface of the ultrathin Bi
film. This finding opens the possibility of controlling the SO
splitting by tuning the nanostructure of the ultrathin film.

In the present work, we present a detailed study of the
nucleation of Bi on Ag(111), the subsequent development of
the Ag2Bi surface alloy, and the growth of a Bi thin film
on Ag(111) using scanning tunneling microscopy (STM) and
ab initio total-energy calculations. We show that in the initial
stages of deposition Bi atoms are incorporated into the topmost
Ag(111) layer by exchanging with the surface Ag atoms to
form a substitutional surface alloy. This mode of incorporation
was found to be energetically favorable based on ab initio

235418-11098-0121/2011/83(23)/235418(7) ©2011 American Physical Society
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total-energy calculations. However, a surface dealloying pro-
cess ensues with increasing Bi coverage, presumably driven
by the high compressive strain induced by incorporation of
larger-size Bi atoms into the Ag matrix at high concentrations.
For coverages above 1 monolayer (ML), the Ag2Bi surface
alloy demixes and a highly ordered Bi(110) monolayer is
formed on top of Ag(111).

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

The experiments were carried out in a homebuilt multi-
chamber ultrahigh vacuum (UHV) system with a base pressure
of better than 2 × 10−10 mbar incorporating an Omicron
low-temperature scanning tunneling microscope (LT-STM)
stage.26 The STM was operated with a Nanonis controller
(Nanonis, Switzerland). Ag(111) substrates were cleaned by
repeated cycles of Ar+ sputtering and annealing at 800 K.
The cleanliness and surface order of the samples was checked
by LT-STM images, which in the final stages of cleaning
showed sharp step edges and smooth terraces without obvious
signs of impurities. Bi was thermally evaporated from a
Knudsen cell in a growth chamber with a base pressure
of better than 3 × 10−10 mbar. The Bi deposition rate was
calibrated using a quartz microbalance (QCM) and was set
at 0.05 ML/min, where 1 ML is defined as 1 atomic layer
of Bi(110), i.e., 9.3 × 1014 atoms cm−2. STM images were
obtained at 77 K in constant-current mode with a chemically
etched tungsten tip. Additional low-energy electron diffraction
(LEED) experiments were performed in a standard UHV
surface science chamber with rear view LEED optics from
OCI Vacuum Microengineering.

The static calculations of total energies were performed
using density functional theory (DFT) as implemented in the
Vienna ab initio simulation package (VASP),27,28 including
the projector augmented-wave (PAW) potentials.29 A kinetic
energy cutoff of 400 eV was applied to the plane waves,
which was found to produce well-converged results for both
Ag and Bi. The exchange correlation potential employed the
generalized gradient approximation (GGA) of the Perdew-
Wang 91 (PW91).30 A 10 × 8 × 1 Monkhorst-Pack mesh was
used for k-point sampling.31 The Ag surface was modeled
using a supercell approach with thin slabs separated by
vacuum spacings. Periodic boundary conditions were applied
to the central supercell so that it was reproduced periodically
throughout xy space. The periodic slab was modeled with six
layers of Ag atoms. A region of ∼ 10 Å of vacuum was inserted
in the z direction to prevent interactions between periodic
images. The SO coupling has not been switched on in the
VASP calculation. We have tested that the SO coupling did
not have significant effect on the resulting structures. The
bottommost layer of the surface slab was frozen during the
geometry relaxation. An Ag lattice constant of 4.17 Å was
used, which was obtained from bulk cell optimization using
the same computational parameters.

III. RESULTS AND DISCUSSION

A. Surface alloying at low coverage

Figure 1(a) shows a large-area STM image following
deposition of 0.2 ML of Bi on a clean Ag(111) surface at room

FIG. 1. (Color online) (a) An overview of large-scale STM
images of 0.2 ML Bi deposited on Ag(111) (Vs = − 1.8 V, It = 0.2
nA), showing dispersed protrusions (marked P), large meandering
islands (marked LI), and small compact islands (marked SI).
(b) High-resolution STM image of the disperse protrusions. (c) A
line profile along the line in (b). (d) A line profile along the line in
(a). (e) Schematic model for the incorporation of Bi (green) in an Ag
lattice (navy).

temperature. It reveals dispersed protrusions (marked P), large
meandering two-dimensional (2D) islands (marked LI), and
small compact islands (marked SI). The high-resolution STM
image of Fig. 1(b) indicates that the protrusions have a spher-
ical shape with a diameter of ∼ 4 Å. The apparent height be-
tween the protrusion and the surrounding Ag terrace is ∼ 0.3 Å,
as seen by the line profile in Fig. 1(c). These features are
associated with Bi atoms incorporated into the topmost layer
of Ag(111) by an exchange process which involves substitution
of substrate Ag atoms by Bi atoms. The surface Bi protrusion is
expected on the basis of a simple hard-sphere picture because
the bulk metallic radii of Bi (1.56 Å) is larger than that of Ag
(1.44 Å). This process results in the formation of a Bi-Ag alloy
confined in the surface. It is noted that the substitutional Bi
atoms are randomly distributed among the available Ag lattice
sites.

In contrast, the line profiles in Fig. 1(d) indicate that the
apparent topographic height of the meandering islands (LI)
and small islands (SI) is 2.5 Å, corresponding to the height
of an island one atomic layer thick. Atomically resolved STM
images such as those shown in Fig. 2(a) reveal that both islands
have an ordered hexagonal lattice with a (

√
3 × √

3)R30◦
superstructure (a ∼ 5 Å), where the periodicity is defined
in terms of the Ag(111) substrate surface. Based on these
observations, we speculate that these islands contain a 2D
Bi-Ag alloy layer and that the alloy layer is formed from Ag
atoms that are displaced from the surface layer by Bi atoms
along with nonembedded Bi adatoms found on the Ag(111)
surface. A schematic model of the proposed structure is shown
in Fig. 3(a). The formation of this structure involves the
following steps. First, deposited Bi atoms embed themselves
into the topmost Ag layer to form a dilute substitutional alloy.
One Ag atom is displaced out of the surface for each Bi atom

235418-2
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FIG. 2. (Color online) (a) High-resolution 5 nm × 5 nm STM
image (Vs = 1.2 and It = 0.18 nA) from the top of a large meandering
island, showing the supported Ag2Bi surface alloy with an ordered
(
√

3 × √
3)R30◦ superstructure (the bright spots are associated with

Bi atoms). (b) Large-scale STM image (100 nm×100 nm) of 0.4 ML
Bi deposited on Ag(111). The inset shows the LEED pattern of the
(
√

3 × √
3)R30◦ structure with an electron beam energy of 42 eV.

that is incorporated. The Ag adatoms then diffuse and coalesce
with nonembedded Bi adatoms to form the ordered Ag2Bi alloy
islands on top of Ag(111). We did not observe any pure Ag
islands formed by nucleation of the displaced Ag adatoms,
which indicates that these adatoms are stabilized in the form
of ordered (

√
3 × √

3)R30◦ islands. Hence one might expect a
direct correlation between the numbers of embedded Bi atoms
and the surface area covered by (

√
3 × √

3)R30◦ islands, given
that each (

√
3 × √

3)R30◦ unit cell contains one Bi and two
ejected Ag atoms. Indeed, statistical analysis reveals that the

FIG. 3. (Color online) (a) Schematic of the formation of the
Ag2Bi surface alloy: Ag lattice (navy), Bi atoms (green), and squeezed
Ag atoms (pink). (b) The four adsorption sites (A = top, B and
C = hollow, and D = bridge) considered in DFT calculations. The
corresponding adsorption energies are given in Table I. The white
spheres represent the first Ag layer, the green spheres represent the
layer, and the red spheres represent the third layer.

density of substitutional Bi atoms is roughly identical to the
density of Ag atoms in the ordered alloy islands. Furthermore,
both the density of the embedded Bi atoms and the surface area
of (

√
3 × √

3)R30◦ islands increase linearly with the amount of
Bi deposited. As shown in Fig. 2(b), with 0.4-ML Bi deposition
most of the Ag surface is covered with Ag2Bi surface
alloy islands. At this stage a well-defined (

√
3 × √

3)R30◦
LEED pattern can be observed, as shown in the inset of
Fig. 2(b).

The phenomenon of alloy formation confined to a surface
layer has been identified in many other heteroepitaxial systems,
including those where there is bulk miscibility such as
Ag/Cu(100),32 In/Cu(100),33 and Au/Fe(100),34 as well as in
systems where the two components are immiscible in the bulk
such as Au/Ni(110) (Ref. 4) and Sb/Ag(111).11 According to
the theoretical study by Tersoff,8 for systems dominated by
atomic size mismatch, surface strain effects can favor alloying
on a surface even though strain suppresses intermixing in the
bulk. Clean metallic surfaces are normally under tensile stress
due to broken bonds at the surface.34 Thus the incorporation
of large atoms into the surface is an efficient way to relieve
the surface tensile stress. Theoretical calculations based on the
embedded atom method (EAM) indicated that Ag(111) has a
tensile surface stress of 0.6 eV Å−2.35 Therefore, the tensile
surface stress can be effectively relaxed by the incorporation
of the large Bi atom (metallic radii = 1.56 Å) into the Ag
(1.44 Å) lattice. This is despite the fact that the surface energy
for Bi(110), γ Bi(110) = 0.541 J m−2, is much smaller than the
surface energy for Ag(111), γ Ag(111) = 1.17 J m−2, which
would appear to favor formation of a Bi overlayer structure on
Ag(111).36 Similar considerations also explain the preference
for substitutional Bi atoms to be distributed within the Ag
lattice without any clustering. Because of the larger size of
Bi, the incorporation of Bi atoms into the Ag lattice can
induce local strain fields, which causes two nearest-neighbor
embedded atoms to repel each other in the surface. Thus
the embedded Bi atoms never have Bi nearest neighbors.
Recent ab initio studies of the 3d transition metals on Au(100)
also showed a repulsive interaction between nearest-neighbor
embedded atoms, thus explaining the random distribution of
the embedded impurities.37 By contrast, the local strain can
be effectively relieved in the Ag2Bi alloy overlayer because
of the finite size of the alloy islands supported on the Ag
substrate.

However, the model proposed by Tersoff takes into account
only the strain energy of the system.8 The equilibrium structure
will be determined by minimization of the total energy and
not just the surface strain energy. Therefore, we performed
first-principles DFT calculations to compare the energies of
adsorption and incorporation for Bi on Ag(111) at various
sites, including on-top, hollow, and bridge adsorption sites
as well substitutional sites, as indicated in Fig. 3(b).38 The
adsorption energies of Bi atom are defined as

Eads = 1

NBi
(Etot − Eclean − NBiEBi), (1)

where Etot is the total energy of a relaxed Ag/Bi supercell;
Eclean is the total energy of the relaxed clean Ag slab; NBi is
the number of Bi atoms and EBi is the energy of one atom in
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TABLE I. Adsorption energies for different adsorption sites as
indicated in Fig. 3(b).

Adsorption site Adsorption energy (eV)

Top (A) 0.414
Hollow (B) 0.198
Hollow (C) 0.234
Bridge (D) 0.208
Surface alloy −0.353

the bulk of the Bi metal. For substitutional alloy structures the
adsorption energy is defined as

Eads = 1

NBi
(Etot − Eclean − NBiEBi + NBiEAg-bulk), (2)

where EAg-bulk is the total energy of an Ag bulk atom. The
adsorption energies for each site of the models that showed
convergence in the calculations are listed in Table I. The fcc
hollow site B is the most favorable for absorption, albeit with
a small energy difference between the two possible hollow
sites and the bridge sites. However, the substitutional surface
alloy structure was found to be the most stable configuration,
with an absorption energy of −0.353 eV. There is thus a
clear preference for the occupation of substitutional sites in
the surface layer. The DFT calculations also indicate that the
“rumpling” of the surface alloy has an amplitude of 0.6 Å,
with the Bi atoms sitting above the underlying Ag surface
atoms. This is in good agreement with a recent structural
determination of the (

√
3 × √

3)R30◦ surface structure of the
Ag2Bi alloy layer by the analysis of LEED curves.38 The
rumpling amplitude is larger than the apparent protrusion
height measured by STM. This can be explained by the fact
that the apparent height in a STM image depends on both
the topographic height and the density of electronic states
near the Fermi level. This amplitude is, however, smaller
by ∼ 0.24 Å than that predicted by a simple hard-sphere model
based on bulk metallic radii of 1.44 Å for Ag and 1.56 Å
for Bi. This suggests a reduction in the effective radii that is
similar to that found by Quinn et al.12 in their LEED study
of the substitutional surface alloy structure for the Pb-Ni(111)
system. It has been suggested that the reduction in the effective
radii may be attributed to the influence of valence electron
charge smoothing and associated surface stress effects. A
similar effect is possibly the case for the Bi-Ag(111) structure
in our study.

B. Dealloying and the Bi overlayer structure

The Bi surface alloy saturates at coverage of 0.5 ML, which
corresponds to 0.33 ML if defined in terms of atomic layers of
Ag(111) with a sheet density of 1.38 × 1015 cm−2. With addi-
tional Bi deposition, the Bi-Ag system undergoes a dealloying
process. Figures 4(a) and 4(b) show STM images which trace
the evolution of the dealloying process as the Bi coverage
increases. In Fig. 4(a) the Bi coverage is slightly above the
saturation limit, and a different type of island begins to appear
with a lower height above the surface than the (

√
3 × √

3)R30◦
alloy islands. These are labeled DA in the figure. As will be
discussed below, these different islands have

√
3 periodicity

along the Ag[112̄] direction, but are incommensurate in the

FIG. 4. (Color online) (a) Large-scale STM image of 0.6 ML
Bi deposited on Ag(111), showing the appearance of (p × √

3)
overlayers with a low height at the step edges of (

√
3 × √

3)R30◦

islands (labeled as “DA”). (b) The coverage of the (p × √
3)

overlayers increases as 0.75 ML Bi was deposited on Ag(111).
(c) A line profile along the line in (b), indicating that the height
of the (p × √

3) overlayer is 1.8 Å with respect to the substituted
surface alloy and 0.7 Å lower than that of the (

√
3 × √

3)R30◦ islands.
(d) Atomic structure of the (p × √

3) overlayer structure with lattice
constants of a1 = 5.0 Å, b1 = 4.7 Å. (e) LEED pattern (with an
electron energy of 38 eV) for the (p × √

3) overlayer. (f) Schematic
model for the (p × √

3) Bi overlayers (yellow) on Ag(111) (navy).

orthogonal direction. Following notation introduced by Chen
et al.,39 this structure is designated as (p × √

3). The authors
used an electrochemical deposition technique and found that
p depended on the deposition potential, hence the choice of
this letter. The switchover of the structure developed further
as the Bi coverage was increased to 0.75 ML [Fig. 4(b)].
Clearly, both the island size and the total coverage by the
(p × √

3) overlayer islands increase dramatically, whereas
the area of the (

√
3 × √

3)R30◦ islands and substitutional
surface alloy decreases. Figure 4(c) shows a height profile
along the line marked in Fig. 4(b), indicating that the apparent
height of the (p × √

3) overlayer is 1.8 Å with respect to the
substituted surface alloy and is thus 0.7 Å lower than that
of the (

√
3 × √

3)R30◦ islands. A high-resolution image is
shown in Fig. 4(d). This reveals the atomic structure within
the (p × √

3) islands and suggests that this overlayer is based
on a rectangular nonprimitive unit cell. The unit cell vectors
are a1 = 5.0 Å along the Ag[112̄] direction and b1 = 4.7 Å
along the Ag[11̄0] direction. Figure 4(e) shows a LEED
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pattern measured with an electron energy of 38 eV for the
(p × √

3) overlayer. It further confirms that the a1 direction
of the Bi overlayer structure is commensurate with the
Ag(111) surface along the Ag[112̄] direction (a1 = aAg

√
3),

but incommensurate along the Ag[11̄0] direction. Because of
the threefold symmetry of the Ag(111) surface, there are three
coexisting domains of the rectangular structures rotated 120◦
and 240◦ with respect to each other. The (p × √

3) overlayer
structure is similar to a Bi (p × √

3) overlayer structure on
Au(111) formed by electrochemical deposition.39 The lattice
constants are slightly larger than those found in the Bi(110)
planes of elemental bismuth, where (a2 = 4.74 Å, b2 = 4.54 Å),
so that the atomic density of 8.0 × 1014 cm−2 is also lower
than in the Bi metal. A modulation with an amplitude of
0.2 Å is seen to be superimposed on the ordered Bi overlayer
structures along the Ag[11̄0] direction. This modulation is
straightforwardly explained as a moiré pattern arising from
the interference between the Bi overlayer and the Ag substrate
along the [11̄0] direction. We thereby identify the (p × √

3)
islands as pure Bi overlayers formed during the dealloying
process sitting on top of Ag(111). A structural model for the
(p × √

3) overlayer based on the atomic resolution image
is proposed in Fig. 4(f). At a coverage of 0.9 ML, we
found that there is complete coverage of the surface by
the (p × √

3) overlayer so that the dealloying process is
complete.

Dealloying transitions similar to those found here have been
observed in several other systems including Pd/Cu(111),40

In/Cu(100),32 Mn/Cu(001),41 and Au/ Ni(110).42 Relief of
the compressive energy is proposed as one of the driving forces
for the dealloying process. In the Au/Ni(110) system,42 Au
atoms initially alloy into the Ni(110) surface at low coverage
but dealloy into a vacancy-stabilized Au dimer-trimer chain
structure at Au coverages larger than 0.4 ML. Based on total-
energy calculations it was shown that the surface compressive
stress induced by the substituted Au drives the surface alloy
to dealloy above a critical coverage. Similarly, in the present
Ag-Bi system, the tensile stress of the clean Ag surface is
originally relieved by the incorporation of large-sized Bi atoms
into the Ag lattice. However, above a critical coverage, further
incorporation of Bi turns the tensile stress into compressive
stress. Hence, as the Bi coverage increases above the critical
limit, a dealloying process is favored.

We suggest a possible mechanism for the dealloying process
and formation of the (p × √

3) overlayer based on the follow-
ing steps. First, starting at the step edges, the deposited Bi
atoms replace the Ag atoms in the (

√
3 × √

3)R30◦ islands on
Ag(111) to form the (p × √

3) overlayer. Second, the displaced
Ag atoms diffuse onto the substrate terraces and displace Bi
atoms from the substitutional sites, thereby recovering the
original pure Ag(111) surface. The displaced Bi atoms can
add to the (p × √

3) island, playing a role similar to that of
the deposited Bi atoms. We did not observe any (p × √

3)
structures embedded into the terraces during STM scanning.
Thus the possibility that deposited Bi atoms can replace Ag
atoms in the substitutional alloy to form an embedded Bi
layer can be ruled out. As a result of these processes a
chemically abrupt interface can be recovered by the dealloying
process.

FIG. 5. (Color online) (a) Atomic resolution STM image of 1 ML
Bi deposited on Ag(111), showing the formation of a Bi monolayer
with the Bi(110) plane. The inset shows the atomic configuration
of the Bi(110) plane. (b) STM image of 1.5 ML Bi deposition on
Ag(111), showing the elongated growth along the Bi[11̄0] direction.

C. Bi(110) overlayers

The Bi (p × √
3) overlayer phase shows a further structural

transition with increasing coverage. As shown in Fig. 5(a),
after deposition of 1 ML of Bi, the lattice constants decrease
compared to those discussed in Sec. III B and a rectangular
unit cell with a2 = 4.74 Å and b2 = 4.54 Å can be identified
in the image. The atomic density has increased to a value of
9.3 × 1014 cm−2. The surface unit cell contains two atoms, and
the central atom in the cell is offset to the short edge of the
unit cell to give a structure containing zigzag chains. The com-
pressed overlayer structure is basically that found on the (110)
surface of elemental Bi. Based on STM and LEED observa-
tions, the epitaxial relationship between Bi(110) and Ag(111)
is determined to be Bi[11̄0] ‖ Ag[11̄0] and Bi[001] ‖ Ag[112̄]
with 7|aBi[11̄0]| = 11|aAg[11̄0]| and 20|aBi[001]| = 19|aAg[112̄]|.43

This is similar to the adsorption structure of Bi(110) thin
films electrodeposited on Au(111).44 In a simple model, the
phase transition from the (p × √

3) structure to Bi(110) is
determined by two competing interactions, namely, Ag-Bi
substrate-overlayer interactions and Bi-Bi overlayer-overlayer
interactions. In the loosely packed (p × √

3) overlayer, the
Ag-Bi interaction dominates over the Bi-Bi interaction. This
statement is corroborated by the fact that the (p × √

3) is
locked pseudomorphically to the [112̄] direction of the Ag
substrate. The relatively strong Ag-Bi interaction causes the Bi
atoms to adopt positions determined by the Ag substrate lattice.
However, with increasing Bi coverage, Bi-Bi interactions
become more important and gradually become the major
determinant of surface structure. Thus Bi-Bi interaction drives
Bi to adopt its own lattice structure, giving rise to an
incommensurate Bi(110) monolayer.

Increasing the Bi coverage to beyond 1 ML promotes
the growth of Bi ribbon bilayers elongated along the [11̄0]
direction, as shown in Fig. 5(b).43 The preferential growth
of Bi ribbons elongated along this direction results from the
preferential attachment of Bi atoms to the ends of the ribbons.
Bulk Bi has highly anisotropic bonding19 and the surface
structure of Bi(110) is characterized by zigzag covalently
bonded atomic chains running along the [11̄0] direction,
with weaker bonds in the orthogonal direction [the inset in
Fig. 5(a)]. Therefore, Bi adatoms on the surface preferentially

235418-5



K. H. L. ZHANG et al. PHYSICAL REVIEW B 83, 235418 (2011)

attach to the ends of the ribbons, resulting in preferential
growth along the Bi [11̄0] direction. Furthermore, the growth
of Bi ribbons is quantized into double (110) layers units with
a width of 6.6 Å, and the growth exhibits an even-number
layer stability. This is consistent with recent observations
of “magic” thicknesses in ultrathin Bi films on the Si(111)
surface, where Bi(110) 2D islands with an even number
of layers are dominant.45 This stability is attributed to the
energetically preferred pairing of two neighboring layers. On
a bulk-terminated Bi(110) surface, 50% of surface atoms have
pz dangling bonds. In a film with an even number of (110)
layers, the dangling bonds are completely saturated by pairing
with a neighboring layer. All the atoms are then threefold
coordinated, leading to stabilization of the (110) surface. In
contrast, films with an odd number of layers are not stable
since the dangling bonds of the top layer are unable to be
saturated by layer pairing.

IV. CONCLUDING REMARKS

In summary, we have investigated the coverage-dependent
growth of Bi on Ag(111) and have identified a number of
atomically ordered structures. The system exhibits an alloying
and dealloying process that is typical for metal-on-metal
systems where the individual components are not miscible
as bulk phases. It is energetically favorable for the initially
deposited Bi atoms to be incorporated into the topmost
Ag(111) layer by exchanging with surface Ag atoms to form
a dilute array of substitutional Bi atoms within the Ag matrix
as well as an adlayer of the Ag2Bi surface alloy. Since the
incorporation of larger-sized Bi atoms presumably induces
a compressive strain, a surface dealloying process ensues

when the Bi coverage is reaches a critical value. Future
stress measurements or kinetic Monte Carlo calculations are
required to elucidate the mechanisms and driving force for
the dealloying process. Nevertheless the Ag2Bi alloy phase
gradually converts into an ordered (p × √

3) overlayer struc-
ture with a rectangular lattice 2D surface cell with a1 = 5.0 Å,
b1 = 4.7 Å supported on Ag(111). After the dealloying process
is complete, Bi(110) thin films can be finally grown epitaxially
on Ag(111) with a chemically abrupt interface. The “rum-
pling” of the surface alloy determined from experimental and
ab initio calculations may provide additional information nec-
essary to understand the giant spin splitting recently observed
in the Bi/Ag(111) surface alloy system, which was believed to
originate from a strong in-plane gradient of the crystal potential
in the surface layer. This also provides a model system to
envision the alloying process in other systems such as Pb on
Ag(111), which exhibit a large Rashba effect. The ultrathin Bi
films on Ag(111) may exhibit unusual properties originating
from quantum confinement effects coupled with the unique
properties of the Bi surface, opening up potential applications
in spintronic devices.19,25 As an elegant example, the quantum
well state confinement by the ultrathin Bi film can induce
a huge SO splitting. From a fundamental point of view, the
results contribute further to the understanding of surface and
interface phenomena in heteroepitaxial growth in materials.
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Abstract
The deposition of 1/3 of a monolayer of Pb on Ag(111) leads to the formation of PbAg2 surface
alloy with a long range ordered (

√
3 × √

3)R30◦ superstructure. A detailed analysis of this
structure using low-energy electron diffraction (LEED) I –V measurements together with
density functional theory (DFT) calculations is presented. We find strong correlation between
experimental and calculated LEED I –V data, with the fit between the two data sets having a
Pendry’s reliability factor of 0.21. The Pb atom is found to replace one top layer Ag atom in
each unit cell, forming a substitutional PbAg2 surface alloy, as expected, with the Pb atoms
residing approximately 0.4 Å above the Ag atoms due to their size difference. DFT calculations
are in good agreement with the LEED results.

1. Introduction

The formation of a surface alloy when a metal is deposited
on a metal substrate is by no means an unusual phenomenon.
In fact, even where the two metals in question are
immiscible in the bulk, the formation of a surface alloy is
not uncommon, giving rise to both interesting and useful
properties, particularly in the case of post-transition metals
such as Pb, Sb and Bi [1–5, 24, 6, 7]. These properties include
potential applications in catalysis, corrosion resistance, surface
hardening or for their electronic properties which can lead
to novel effects such as spin splitting. As such, they have
received considerable interest in recent years and continue to
do so. Pb thin film growth is also of interest for use as a
surfactant to promote 2D layer by layer growth as has been
reported in numerous recent studies [8–11]. Furthermore, as
an adsorbate at higher coverage, the growth of Pb films can
lead to the formation of nano-sized structures due to quantum
confinement and finite size effects which in turn can lead to
some novel effects [12–14].
4 Author to whom any correspondence should be addressed.

The deposition of Pb on Ag(111) gives rise to a (
√

3 ×√
3)R30◦ surface alloy at approximately 1/3 monolayer (ML)

coverage, then, after some critical coverage, a de-alloying
process occurs. Here we focus our attention on the (

√
3 ×√

3)R30◦ structure. This (
√

3 × √
3)R30◦ structure is seen

in other systems on fcc(111) substrates [15–21] and in fact Ast
et al [22] recently identified these surface alloys between heavy
metals and noble metals as a new class of materials having
long range order and exhibiting large spin splitting of their
surface states. The main factors leading to their formation are
the relative surface energies of the pure elements, their relative
atomic sizes and the interactions between adsorbate–adsorbate
and adsorbate–substrate atoms [23]. The alloys are formed by a
direct substitution of every third atom in the surface layer by an
adsorbate atom, meaning that the unit cell of the surface layer
contains three atoms instead of one, as was previously the case.
In instances where the adsorbate atoms are significantly larger
than those of the substrate, a ‘rumpling’ of the surface layer is
seen with the adsorbate atoms slightly raised above those of the
substrate due to their size mismatch. It is worth noting that this
rumpling is often less than that predicted using a hard-spheres

0953-8984/11/265006+06$33.00 © 2011 IOP Publishing Ltd Printed in the UK & the USA1
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Figure 1. I–V curves for the best fit structure compared with experimental data. Individual beam R-factors are shown.

(This figure is in colour only in the electronic version)

model based on atomic radii. In some systems, such as the
(
√

3 ×√
3)R30◦ Sb–Cu(111) and Sb–Ag(111) [24], a stacking

fault is also induced by the alloy formation. This so-called
stacking fault is where the whole top layer of atoms moves
from the fcc hollow sites to the hcp hollows. It is not clear
why a stacking fault is manifested in some of these systems
but possibly there is a role played by subsurface species of
adatoms [24].

The case of Pb/Ag(111) has, in fact, been the subject of
recent studies from both a structural and an electronic point
of view [25, 26]. Interestingly, Dalmas et al [27] reported a
rumpling not only between the Pb and Ag atoms in the surface
layer but also between the two Ag atoms in the unit cell of
this surface layer, as seen with scanning tunneling microscopy
(STM). They speculated that this phenomenon was induced
by a Peierls type distortion although such an effect has not
been seen in any similar systems. Given the interest in these
materials for properties such as the Rashba effect and the
fact that Rashba energies can be tuned with small changes
in surface composition and structure [28, 29], as well as the
unusual nature of the rumpling, we have carried out this further
structural study on the system.

In this paper we present a detailed atomic structural
analysis of the (

√
3 × √

3)R30◦ Pb–Ag(111) structure using
a combined low-energy electron diffraction (LEED) I –V and
density functional theory (DFT) analysis. The results show that
a Pb atom is found to replace one top layer Ag atom in each unit
cell, forming a substitutional unfaulted PbAg2 surface alloy,
with the larger Pb atoms residing about 0.4 Å above the Ag
atoms due to the size difference. The results also indicate that
the Dalmas model with surface Ag rumpling is slightly less

favourable than the model where the Ag atoms remain in their
normal positions relative to one another.

2. Experiment

The experiments were conducted in a standard ultra-high
vacuum (UHV) surface science chamber consisting of a PSP
vacuum technology electron energy analyser, a dual anode
x-ray source, rear view LEED optics from OCI Vacuum
Microengineering and an Omicron STM-1. The base pressure
of the system was less than 2 × 10−10 mbar, with hydrogen as
the main residual gas in the chamber. The Ag(111) surface was
prepared by cycles of Ar ion bombardment and annealing to
approximately 750 K. The sample was considered clean when
the LEED pattern showed sharp integer order spots and x-ray
photoelectron spectroscopy (XPS) did not show any traces of
contamination.

Pb was deposited onto the clean Ag(111) surface from
a well degassed Omicron K-cell. During deposition the Ag
sample was kept at room temperature and the vacuum pressure
did not exceed 3 × 10−10 mbar. The Pb was deposited at a
constant rate of 0.1 ML min−1.

The intensity of the diffraction spots as a function of
the energy of the incident electrons (LEED I –V spectra)
was measured at normal incidence of the primary beam
with the sample cooled to around 150 K. The spectra were
background subtracted and normalized with respect to the
primary beam current. The intensities of the symmetrically
equivalent spots were averaged in order to reduce experimental
noise.
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Figure 2. Adsorption sites: A = top, B = hcp hollow, C = fcc
hollow and D = bridge. The top three layers of the substrate are
shown. The arrows show atoms shifted into the hcp stacking fault
position.

3. Results and discussion

The data set utilized consisted of nine beams (five integer and
four fractional order beams) ranging from 30 to 400 eV and
recorded at 150 K (figure 1). The cumulative energy range
was 1738 eV. The dynamical LEED calculations were carried
out using the Barbieri/Van Hove SATLEED package [30]. The
relativistic phase shifts were calculated using the phase shift
program [31] that was packaged with SATLEED. Pendry’s
reliability factor, Rp, was used to quantify the agreement
between experimental and calculated data and the error bars
quoted were calculated using the Pendry RR-function [32].
Three different sets of phase shifts were used, one for lead,
one for top layer Ag atoms and one for the Ag atoms in deeper
layers. At the beginning of the analysis the Debye temperatures
were set to 105 K and 225 K for lead and silver respectively,
the lmax value was set to 11 and the imaginary part of the inner
potential was set to −5 eV. The parameter lmax is the highest
value used in the calculation and correlates to the accuracy
in the muffin-tin potential. These values were optimized at
the final stage of the analysis. The real part of the inner
potential is independent of energy and was allowed to relax, as
is the normal procedure in LEED analysis. All the parameters
considered at each stage were optimized simultaneously.

Six different structural models were considered in the
LEED calculations. These included four high symmetry
adsorption geometries, namely the top (A) and hollows (B and
C, for fcc and hcp hollows, respectively), as well as the bridge
site (D), as shown in figure 2. Adsorption at the bridge site (D)
lowers the symmetry of the surface, which means that proper
domain averaging has to be taken into account in the LEED
analysis. As well as these adsorption sites, two high symmetry
substitutional alloy structures were also considered. The first
of these was formed by placing one Pb atom per unit cell in a
substitutional position over an essentially unperturbed Ag(111)
surface layer to give the (

√
3 × √

3)R30◦ superstructure. The
second was a similar surface alloy but with all the surface
atoms displaced to the ‘hcp’ hollow sites, the so-called faulted
surface alloy structure [5, 24, 7]. In figure 2, the hcp hollow
site is indicated by ‘C’.

At the first stage of the analysis the substrate atom
positions were kept fixed and the only parameters varied were

Table 1. Pendry R-factors from LEED analysis and adsorption
energies from DFT calculations, for different adsorption geometries.
A positive adsorption energy indicates that the adsorption is
unfavourable, whilst a negative value indicates that adsorption is
likely, with the lowest value being the most stable. Letters in
parentheses refer to the Pb atom adsorption sites shown in figure 1.

Adsorption
site

R-factor
(first stage)

R-factor
(final)

Adsorption
energy (eV)

Top (A) 0.55 0.335
Hollow (B) 0.58 0.092
Hollow (C) 0.54 0.215
Bridge (D) 0.46 0.140
Faulted
surface alloy

0.57 −0.275

Surface alloy 0.25 0.21 −0.290
Pendry variance 0.04

the perpendicular distance between the lead and substrate
atoms, and the real part of the inner potential. In the second
stage of the analysis the lead atom and the top five layers of
the substrate were allowed to relax. In the third stage of the
analysis the non-structural parameters (Debye temperatures,
lmax and imaginary part of the inner potential) were optimized.
Finally, in order to test the Dalmas model, the Ag atoms
in the unit cell of the surface layer were allowed to move
independently of one another.

The Pendry R-factors from different stages of analysis are
listed in table 1. After each stage, structures that had a Pendry
R-factor less than the sum of the minimum R-factor and the
Pendry variance were selected to be optimized further. The
substitutional surface alloy model was clearly most favourable
after the first stage, consistent with the structure suggested by
previous studies [25, 26], rendering it unnecessary to further
optimize the other structures. Once the favoured structure was
optimized the Ag atoms in the unit cell of the surface layer
were allowed to move independently of one another. Since
the model with surface Ag rumpling is lower symmetry there
are more free parameters and hence one would expect to see
a lower R-factor. In fact, allowing the Ag atoms to move
independently, the program gave a 0.06 Å rumpling between
the Ag atoms as the optimum structure. However, the R-
factor for this structure was the same as for the unrumpled
structure (0.21). Based on the LEED I –V one cannot really
categorically say whether the Dalmas model is real or not.
One thing that must be remembered is that if the Dalmas
model were real, it would require domain averaging (the LEED
pattern should be a combination of two domains related by a
mirror plane). Structural and non-structural parameters for the
unrumpled, alloyed structure are listed in table 2 together with
the results from our DFT analysis (see table 2).

Top and side views of the structure are shown in figure 3
along with a LEED image of the structure. The corresponding
best fit I –V curves are shown in figure 1. The final R-factor
reached was 0.21. It is also noted that the optimized structure
incorporates a slight buckling of the fourth layer of the silver
substrate. The overall structure remains bulk like with a small
contraction of the top layers.

First-principles DFT calculations were performed for the
lead on Ag(111) system to verify and analyse the experimental

3
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Figure 3. (a) Top view of the favoured structure. The top three layers of the slab are shown. (b) Corresponding LEED image taken at 46 eV.
The outer spots are the (1, 0) and (0, 1) substrate spots and the inner spots are the (1/3, 1/3) adsorbate spots. ((c), (d)) Side views showing the
top five layers. The arrows show the buckling in the fourth substrate layer as the Ag atoms directly below the Pb are displaced vertically
upwards. The large white circles represent the Pb atoms that substitute Ag atoms in the top layer.

Table 2. Structural and non-structural parameters from LEED and
DFT analysis. d(Pb–Ag) is the bond length between the Pb and Ag
atoms in the first layer, dz(Ag–Pb) is the vertical distance between
the first layer Ag atoms and the Pb atoms (the Pb is above the Ag),
dz/dzbulk(Agi − Ag j) is the change in the vertical distance between
the centres of mass of Ag layers i and j (negative means
contraction). �(Ag4) is the buckling in the fourth substrate layer
where the Ag atoms directly below the Pb atoms are pulled up
slightly. Using a bulk interlayer spacing for clean Ag(111) of 2.35 Å,
the LEED results show that the overall structure remains bulk like
within the errors.

Parameter LEED DFT

d(Ag–Pb) (Å) 2.90 ± 0.06 3.01
dz(Ag–Pb) (Å) 0.42 ± 0.06 0.59
dz/dzbulk (Ag1–Ag2) (%) 0 ± 1 −1
dz/dzbulk (Ag2–Ag3) (%) 0 ± 1 0
dz/dzbulk (Ag3–Ag4) (%) −1 ± 2 0
dz/dzbulk (Ag4–Ag5) (%) −1 ± 3 0
� (Ag4) (Å) 0.02 ± 0.10 0.02
Debye T (Pb) (K) 85
Debye T (Ag1) (K) 160
Debye T (Ag bulk) (K) 225
Vimaginary (eV) −5
lmax 11
Ag bulk lattice constant (Å) 4.09 4.17

results presented in this paper. The static calculations for
total energies were performed using the Vienna ab initio
simulation package (VASP) [33–36] including the projector

augmented wave (PAW) [37] potentials. A kinetic energy
cut-off of 400 eV was applied for the plane waves, which
was found to produce converged results for both Ag and Pb,
for all the structures. For the exchange correlation potential
the generalized gradient approximation (GGA) of Perdew and
Wang (1991) (PW91) [38] was employed. The 10 × 8 × 1
Monkhorst–Pack mesh [39] was used for k-point sampling.
In the DFT program, a quasi-Newton (or variable metric)
algorithm is used to relax the ions into their instantaneous
ground state. The forces and the stress tensor are used as search
directions to find the equilibrium position. The Ag surface
was modelled using the supercell approach, where periodic
boundary conditions are applied to the central supercell so
that it is reproduced periodically throughout xy-space. The
surface slab was modelled with six layers of Ag atoms. A
region of approximately 10 Å of vacuum was inserted in the
z direction to prevent interactions from occurring between
periodic images. The bottommost layer of the surface slab was
frozen during the geometry relaxation.

The adsorption energies of the Pb atom are defined as

Eads = 1/NPb × (Etot − Eclean − NPb × EPb) (1)

where Etot is the total energy of the relaxed Ag/Pb supercell,
Eclean is the total energy of the relaxed clean Ag slab, NPb is
the number of Pb atoms and EPb is the energy of one atom in
the Pb bulk.
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For substitutional alloy structures the adsorption energy is
defined as

Eads = 1/NPb × (Etot − Eclean − NPb × EPb + NPb × EAg−bulk)

(2)
where EAg−bulk is the total energy of an Ag bulk atom.

An Ag lattice constant of 4.17 Å was used, which
was obtained from bulk cell optimization using the same
computational parameters. The six structural models used in
the LEED I –V analysis were considered in the DFT analysis.
The adsorption energies for each site for the models that
showed convergence in the calculations are listed in table 1.
Of the overlayer geometries, the hcp hollow site is the most
favourable but the substitutional and faulted surface alloy
structures were by far the most stable with the unfaulted
structure having an adsorption energy of −0.290 eV. The
geometrical parameters for the relaxed substitutional surface
alloy structure are listed in table 2 and compare well with the
LEED data.

Like the LEED analysis, DFT also favours the unfaulted
substitutional surface alloy (−0.290 eV) although faulted alloy
structure where all the top surface atoms (Pb and Ag) have
moved into hcp hollow sites is only marginally less favourable
(−0.275 eV). One possible reason why our DFT calculations
fail to clearly distinguish between the two structures is the
use of the finite size of the slab (six layers). Indeed, in an
earlier DFT calculation by Woodruff and Robinson [7] for
the Sb–Ag(111) system, they found that the stacking fault
energy was sensitive to the slab thickness and suggested that
these calculations are only realistic using much larger scale
parallel computing systems beyond our means. It is also worth
noting that even for the clean Ag(111) surface, they found that
there was a negligible difference in energy between the surface
faulted and unfaulted structures. Our calculation for the clean
Ag(111) shows that the energy difference between the faulted
and unfaulted Ag surfaces is only 20 meV, similar to what has
previously been reported [7]. This implies that on Ag(111),
a stacking fault surface structure could easily be facilitated.
In fact for Sb on Ag(111), both faulted and unfaulted (

√
3 ×√

3)R30◦ structures have been found, as well as evidence for
subsurface stacking faults, attributed to some subtle influence
of subsurface Sb. For the Pb on Ag(111) case, we have only
found the unfaulted (

√
3 × √

3)R30◦ structure, suggesting
perhaps that Pb, with its larger atomic size compared to Sb,
does not easily diffuse into the subsurface region. Another
factor could be that there is a thermal activation barrier in
moving all the surface atoms from the fcc hollow sites to the
hcp hollow sites. In fact the Sb on Ag(111) structures were
formed by dosing and annealing to elevated temperatures while
in our case sharp (

√
3×√

3)R30◦ Pb on Ag(111) structure was
readily formed by dosing at room temperature.

DFT was also used to test the rumpled model suggested
by Dalmas et al. Table 3 shows the adsorption energies
starting with no rumpling and increasing to a maximum value
of 0.15 Å between the two Ag atoms in the surface unit cell
as measured perpendicular to the surface. In fact the total
change in adsorption energy over this range was only 0.015 eV,
coincidently the same as for the faulted structure. Although

Table 3. Changes in adsorption energy resulting from a change in
the height of the top layer Ag atoms as calculated by DFT.

Dz (Å) Adsorption energy (eV)

0.00 −0.290
0.04 −0.273
0.07 −0.273
0.13 −0.277
0.15 −0.275

the unrumpled model is favoured, given the previously stated
limitations of this technique it cannot be absolutely stated
which model is correct.

Both the LEED and DFT analysis show that in the
stable substitutional surface alloy structure, there is a slight
‘rumpling’ of the surface due to the larger Pb atoms located
about 0.4 Å above the surface plane of the Ag atoms. This
amplitude of the ‘rumpling’ is smaller by about 1 Å than that
predicted by a simple touching hard-spheres model based on
bulk metallic radii (1.44 Å for Ag and 1.80 Å for Pb). This
suggests a reduction in the effective radii similar to that found
by Quinn et al [6] in their LEED study of the substitutional
surface alloy structure for the Pb–Ni(111) system. It has
been suggested that the reduction in the effective radii may be
attributed to the influence of valence electron charge smoothing
and associated surface stress effects [5, 24, 6, 13]. A similar
effect is possibly the case for the Pb–Ag(111) structure in our
study.

4. Conclusions

There is very good agreement between the geometrical
parameters extracted from LEED I –V and DFT analyses.
LEED analysis shows that the Pb atoms are found to replace
one top layer Ag atom in each unit cell, forming a substitutional
unfaulted surface alloy. DFT calculations show that the stable
(
√

3 × √
3)R30◦ structure is a surface alloy, but do not clearly

distinguish between a faulted and unfaulted structure, possibly
due to the limitation of using a finite size slab. Because
of the size difference between the Ag and Pb atoms (Pb is
approximately 25% larger than Ag), the top layer is corrugated
such that the Pb atoms reside about 0.4 Å above the Ag atoms.
The amplitude of this ‘rumpling’ is smaller than what would
be predicted by a simple touching hard-spheres model. The
interlayer spacings, calculated with respect to the centres of
mass of the Ag atoms, remain bulk like in both the DFT and
LEED analyses. Both LEED and DFT marginally favour the
structure with no rumpling between the surface Ag atoms,
although given the small size of any possible distortion and
the limitations of the techniques the rumpled structure cannot
be ruled out.
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[28] Ast C R, Pacilé D, Moreschini L, Falub M C, Papagno M,
Kern K and Grioni M 2008 Phys. Rev. B 77 081407

[29] Meier F, Petrov V, Guerrero S, Mudry C, Patthey L,
Osterwalder J and Hugo Dil J 2009 Phys. Rev. B 79 241408

[30] Van Hove M A, Moritz W, Over H, Rous P J, Wander A,
Barbieri A, Materer N, Starke U and Somorjai G A 1993
Surf. Sci. Rep. 19 191

[31] Barbieri A and Van Hove M A 2007 private communication
[32] Pendry J B 1980 J. Phys. C: Solid State Phys. 13 937
[33] Kresse G and Hafner J 1994 J. Phys.: Condens. Matter 6 8245
[34] Kresse G and Furthmüller J 1996 Comput. Mater. Sci. 6 15
[35] Kresse G and Furthmüller J 1996 Phys. Rev. B 54 11169
[36] Kresse G and Joubert J 1999 Phys. Rev. B 59 1758
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Low Energy Electron Diffraction (LEED) and Density Functional Theory (DFT) have been used to analyse the
structure of Cu{100}-p(2×6)-2mg-Sn at room temperature. In this work we found that the favoured
geometry for this 0.33 ML Cu{100}-Sn phase is a combination of an overlayer structure and a surface alloy;
two Sn atoms are alloyed in to the first copper layer and the other two Sn atoms adsorb at off symmetry
hollow sites. In order to relieve the stress in the alloyed layer, the alloyed Sn atoms are buckled 0.59/0.45±
0.2 Å (DFT/LEED) above the centre of mass of the first layer copper atoms.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Intermixing, alloying, dealloying and strain-induced reconstructing
at surfaces are important phenomena in the growth of thin films on
metal surfaces and for these reason metal-on-metal epitaxial growth
has been studied intensively for many years. The interfacial effects
arising in these systems may have a significant influence on the
electronic, catalytic and magnetic properties of the resulting thin films.
The most commonly studied structures are bimetallic systems either in
the form of bulk or surface alloys. In particular, the interaction of alkali
and transition metals with the Cu{100} surface has been extensively
studied both experimentally and theoretically. Interest in these systems
has been motivated by the fact that Cu-based bimetallic catalysts show
very useful properties in comparison to their single-metal counterparts
and play an important role in many branches of industry including
microelectronics electrochemistry and catalysis [1,2]. Within these
systems tin adsorption on the Cu{100} surface has been extensively
studied [3–14]. Below a monolayer coverage, at room temperature,
there are five ordered phases of the Cu{100}-Sn system; p(2×2) at
0.2 ML, p(2×6)-2mgat0.33 ML, c(4×8)at0.375 ML, p(3

ffiffiffi
2

p
×

ffiffiffi
2

p
)R45∘

at 0.5 ML and c(4×4) at 0.65 ML [14]. The 0.5 ML phase has been
studied extensively, including both LEED I(E) and DFT [6,13]. The
0.65 ML phase has been recently studied with LEED I(E) [14]. In this
paper we present the results of LEED intensity analysis and DFT
calculations of 0.33 ML Cu{100}-p(2×6)-2mg-Sn system. The model
structures proposed previously by STM [10] do not give satisfactory

agreement, thuswe propose two additional models which are favoured
by both LEED I(E) and DFT.

2. Experiments

The LEED I(E) measurements were performed in an ultrahigh
vacuum chamber operated at a base pressure of 1×10−10 mbar. The
system was equipped with a 4-grid reverse view LEED optics (VG
Microtech). The Cu{100} crystal of dimensions 10×10×1.5 mm3

(Metal Crystals and Oxides, Ltd.) was polished mechanically to a mirror
finish. The crystal was supported by four 0.25 mm Ta support wires
through which current was passed to heat the sample. The sample
temperature was monitored with a chromel–alumel thermocouple
embedded in a 0.25 mm diameter spark eroded hole through the top
edge of the crystal. The crystal was cleaned in situ by repeated cycles of
argon ion bombardment at 1 kV for 20 min followed by annealing at
800 K for 20 min. The clean crystal showed a sharp, well contrasted,
p(1×1) LEED pattern with I(E) spectra in excellent agreement with
those reported in the literature [15]. Deposition of tin on the Cu{100}
surface was carried out at room temperature using a water cooled
Knudsen cell evaporator (WA Technology) which provided a constant
tinflux of approximately 0.015 ML·min−1with the base pressure in the
chamber remaining below 3×10−10 mbar during Sn deposition.

The LEED patterns showed five ordered phases in excellent
agreement with those reported previously [3,8–11,16,17], in terms
of the symmetries and periodicities observed. Coverage assignments
were made by monitoring LEED spot profiles as a function of Sn
deposition times. This analysis concluded that the five ordered phases
reached optimal perfection at Sn coverages of 0.21, 0.33, 0.375, 0.50
and 0.70 ML respectively, on the assumptions that (i) the coverage at
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which the p(3
ffiffiffi
2

p
×

ffiffiffi
2

p
)R45° phase reaches maximum perfection is

0.50 ML and (ii) that the sticking probability for the Sn is independent
of the coverage. The transition from the p(2×6) to the c(4×8) phase
occurs over a relatively narrow coverage range. Previous STM and He
atom scattering studies show that p(2×6) structure coexists with the
c(4×8) phase at a Sn coverage in excess of 0.35 ML [9,10]. This makes
it difficult to achieve a perfect p(2×6) structure. To address this issue
the p(2×6) structure was optimized by monitoring the intensity and
width of the fractional order spots as a function of Sn coverage.

The LEED I(E) data were acquired using a CCD camera and the
Spectaviewdata acquisition softwarewhich allowed automatic tracking
of a user defined number of beams. I(E) spectra were recorded for the
p(2×6) phase obtained at a Sn coverage of 0.33 MLwhere contribution
from the c(4×8) diffraction spots is minimised. The I(E) data were
recorded individually from sets of symmetrically equivalent beams to
ensure reliable spot tracking. Normal incidence was attained by
collection of I(E) spectra from the (10), (01), (−10) and (0–1) beams
and variation of the sample angular alignment until the four beams
exhibited visually identical I(E) spectra in the energy range 50–400 eV
Two I(E) data sets were recorded, at room temperature, from
independently prepared Cu{100}-(2×6)-2mg-Sn structures. Prior to
analysis the I(E) spectra were individually background subtracted by
empirical fitting amonotonically rising function to user definedminima
in the spectra. Symmetrically equivalent beams were then averaged to
improve the signal-to-noise ratio. The averagedbeamswere normalized
to constant incoming primary beam current and smoothed via a 5-point
adjacent averaging routine.

3. Calculations

TheCu{100}-p(2×6)-2mg-Snunit cell has 12 clean substrate copper
atoms. The tin coverage of this system is 0.33 ML, whichmeans four tin
atoms per unit cell. The LEED pattern has absence of intensity at the
((2 n+1)/6,0) positionswhich implies p2mg symmetry for the system.
The model structures tested included the three models proposed by
J. Lallo et al. [10] and two additional models. Model (a) is an overlayer
modelwhere the Sn atoms sit at bridge sites.Model (b) utilises the same
bridge adsorption site, but four copper adatoms are added to the top
layer. Model (c) is a surface alloy model, where the Sn atoms are only
slightly displaced from the fourfold hollow sites and with vacancies
in the second layer. The fourth model, model (d) is a combination of
surface alloy and overlayer structure; two Sn atoms are alloyed into the
first copper layer and two Sn atoms are sitting slightly off the fourfold
hollow sites.Model (e) is the same as themodel (d)with four additional
copper atoms in the top layer. These fivemodel structures are shown in
Fig. 1.

3.1. DFT

The static calculations for total energies were performed using the
Vienna ab-initio simulation package (VASP) [18–21] including the
projector augmented wave (PAW) [22] potentials. A kinetic energy
cut-off of 400 eV was applied for the plane waves. For the exchange
correlation potential the Perdew–Wang 91 (PW91) generalized gradient
approximation (GGA) [23]was employed. The 8×4×1Monkhorst–Pack

(a) (b)

(c) (d)

(e)

Fig. 1. Top views of the models used in the analysis. The models (a)–(c) correspond to the models in Fig. 3 in the paper by Lallo et al. [10] and the models (d) and (e) are the models
proposed by the authors of this paper. White atoms are Sn, green (grey) atoms are the first layer Cu, yellow (light grey) atoms are Cu adatoms (model b and e) and black dots are
missing second layer Cu atoms (model c). The p(2×6) unit cell is shown with black line.
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mesh [24] was used for k-point sampling. The Cu surface was modelled
using the supercell approach, where periodic boundary conditions are
applied to the central supercell so that it is reproduced periodically
throughout xy-space. The surface slab was modelled with 6 layers of
Cu atoms. A region of approximately 18 Å of vacuumwas inserted in the
z-direction toprevent interactions occurringbetweenmirror images. The
bottommost layer of the surface slab was frozen during the geometry
relaxation. Adsorption energies of the Sn atom are defined:

Eads =
1
NSn

× Etot−Eclean−NSn × ESn + NCuA × ECu−bulkð Þ ð1Þ

where

NCuA = NCuc−NCuSn ð2Þ

Where Etot is the total energy of the relaxed Cu/Sn supercell, Eclean is
the total energy of the relaxed clean Cu slab, NSn is the number of Sn
atoms and ESn is the energy of the one atom in the Sn bulk. NCuc is the
number of Cu atoms in the clean supercell andNCuSn is the number of Cu
atoms in theCu/Sn supercell. ECu−bulk is the total energyof Cubulk atom.
The adsorption energies for each model are listed in Table 1. Model (e)
was found to be unstable. The copper adatoms that were initially placed
at bridge sites (see Fig. 3)moved away from the glide plane, towards the
hollow sites between the nearest neighbour Sn atoms, in order to
maximise the distance between these copper adatoms. The adsorption

energy for the resulting structure (−0.180 eV) was about 0.4 eV higher
than the adsorption energy formodel (d), whichmakes it unfavourable.

3.2. LEED I(E) analysis

The data set utilised consisted of nine beams (three integer and six
fractional order beams), ranging from 40 eV to 500 eV, recorded at
300 K. The cumulative energy range is 2100 eV. The dynamical LEED
calculationswere performed using the Tensor-LEED program [25]. The
relativistic phase shifts were calculated using the phase shift program
[26] that is packaged with Tensor-LEED. The agreement between the
theory and the experiment was tested using the Pendry R-factor and
the error bars quoted are calculated using the Pendry RR-function [27].
Four different sets of phase shiftswere used; two for tin (overlayer and
alloyed), one for top layer Cu atoms and one for the Cu atoms in deeper
layers. At the beginning of the analysis the Debye temperatures were
set to 200 K and 345 K for tin and copper respectively, lmax value was
set to 8 and imaginary part of inner potential was set to−5 eV. These
values were optimised at the final stage of the analysis. The real part of
the inner potential is independent of energy and it is allowed to relax
as is the normal procedure in the LEED analysis.

At the first stage of the analysis only the Sn atoms and first layer Cu
atoms were allowed to relax. The Pendry R-factors and the Pendry
variance after the first stage showed that only the model (d) should be
considered for further refinement (see Table 2).Model (d)was analysed
in more detail, which included refining the geometrical structure down
to the sixth copper layer and optimising the nonstructural parameters
(Debye temperature, imaginary part of inner potential and lmax). A
moderate value of 0.28 for the Pendry R-factor is achieved. The final
structural and non-structural parameters are listed in Table 3 alongwith
the parameters extracted from the DFT analysis. The I(E) curves for the
best fit geometry are shown in Fig. 2.

4. Results and discussion

Since the Sn atoms are 9% larger than the Cu atoms the alloyed layer
includes large buckling in order to relieve the stress. The alloyed Sn

Table 1
Adsorption energies for the models shown in Fig. 1. The model
(e) was found to be unstable by DFT, thus no adsorption energy
is reported for this model.

Model Adsorption energy [eV]

(a) −0.077
(b) −0.401
(c) −0.349
(d) −0.588
(e) –

100 200 300 400 500 600

(1,0)     R
P
= .20

(1,1)     R
P
= .09

(2,0)     R
P
= .17

(1/2,1/2)   R
P
= .36

50 100 150 200 250 300

(1/2,1/3)   R
P
= .36

Energy [eV]

In
te

ns
ity

 [a
rb

itr
ar

y 
un

its
] (1/2,1/6)   R

P
= .29

(1/2,0)   R
P
= .47

(2/3,0)   R
P
= .57

(1/3,0)   R
P
= .37

Experiment

Theory

Fig. 2. I(V) curves for the favoured structure. The R-factors for the individual beams are shown in the figure. The overall Pendry R-factor is 0.28. Thick and thin lines correspond to
experiment and theory respectively.
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atoms are buckled by 0.59/0.45±0.2 Å (DFT/LEED) above the centre off
mass of the first layer copper atoms. The overlayer tin atoms are 1.93/
1.80±0.2 Å (DFT/LEED) above the centre of mass of the first copper
layer and the vertical distance between the Sn atoms in the overlayer
andalloyed layer is 1.33/1.35±0.3 Å(DFT/LEED). Thenearestneighbour
Cu―Sn distance between the overlayer tin and the first layer copper
is 2.65/2.59±0.2 Å (DFT/LEED), which gives effective radius of 1.37/
1.31 Å (DFT/LEED) for tin. This effective radius is 4/7% (DFT/LEED)
smaller than theSn radius calculated fromthe Sn―Snnearest neighbour
distance in bulk Sn (1.405 Å). The interlayer spacings remain very close
to thebulk Cu{100} values. The lateral distanceoff thehollowsite for the
overlayer Sn atoms is 0.02/0.13±0.3 Å (DFT/LEED).

The structure found in this study is similar to the 0.65 ML Sn/Cu
structure; Cu{100}-c(4×4)-Sn, where one Sn atom is alloyed into the
first Cu layer and four Sn atoms are adsorbed as adatoms. The Sn
adatoms are displaced from the fourfold hollow sites by 0.30±0.06 Å
and the alloyed Sn is buckled up by 0.33 Åwith respect to thefirst layer
copper. The effective radius for tin found in this study is 1.33 Å
meaning 5% contraction compared to bulk Sn [14]. The buckling of the
alloyed layer Sn in this p(2×6)-2mg-Sn system is considerably larger
than the buckling found in c(4×4)-Sn system [14]. This difference can
be explained by the fact that the density of alloyed Sn atoms is higher
in this structure (1 alloyed Sn per c(4×4) unit cell vs. 2 alloyed Sn per
p(2×6) unit cell). Because of this the strain in the alloyed layer must
be larger in the p(2×6) unit cell causing this larger buckling. In the Cu
{100}-p(3

ffiffiffi
2

p
×

ffiffiffi
2

p
)R45°-Sn system the Sn coverage is 0.5 ML and all

the Sn atoms are alloyed into the first copper layer. In this system the

stress in the first layer is relieved both by buckling of the Sn atoms
(0.39/0.27±0.07 Å above the centre of mass of the first copper layer)
and by amissing row reconstruction [6,13]. In the LEED I(E) analysis of
the p(3

ffiffiffi
2

p
×

ffiffiffi
2

p
)R45° phase the effective radius for tin is calculated to

be 1.31 Å [6] whichmeans contraction of 7% compared to bulk Sn. This
effective radius is exactly the same as found in our LEED I(E) analysis.

Substitutional surface alloy formation on Cu{100} has also been
reported for elements that are near Sn in the periodic table (In, Sb, Pb
and Bi). In the Cu{100}-p(2×2)-Sb system, a surface alloy is formed at

Fig. 3. Top (a) and side (b) views of the favoured structure. The colour coding of the atoms is the same as in Fig. 1. In the top view the unit cell andmirror (m) and glide (g) planes are
shown. In the side view the atom radius is reduced for clarity. The arrows in (a) indicate the direction to which the Sn atoms are moved from the high symmetry hollow sites. The
geometrical parameters shown in (a) and (b) are listed in Table 3.

Table 2
Pendry R-factors for the models shown in Fig. 1.

Model Pendry R-factor
stage 1

Pendry R-factor
stage 2

(a) 0.65
(b) 0.63
(c) 0.68
(d) 0.48 0.28
(e) 0.56
Pendry variance [28] 0.06

Table 3
Geometrical parameters extracted from DFT and LEED analysis. d(Sn―Cu) is the
nearest neighbour bond length between the Sn and the Cu, Sn1 is the overlayer Sn, Sn2 is
the Sn alloyed into the first copper layer, Cu1 is the first layer copper, Cubulk is the copper
in deeper layers, r(Sn) is the effective radius for tin, Δoffhollow is the lateral distance off
the hollow site for Sn1 (see Fig. 3(a)), dzSn―Cu is the vertical distance between the Sn
atom and the centre of mass of the first Cu layer, Δi

average is the average amplitude of
buckling of copper atoms in ith layer, dzijaverage is the interlayer spacing between the
centres of mass of the copper atoms in the ith and jth layer, ΘD is the Debye temperature,
Vl is the imaginary part of the inner potential, ΔE is the cumulative energy range in LEED
calculation, Texp is the temperature where the LEED data is measured and lmax is the
maximum l value used in the analysis. Some of the parameters listed here are shown in
Fig. 3(a) and (b).

Structural parameter DFT LEED Non-structural
parameter

LEED

d(Sn?
1―Cu) [Å] 2.66 2.59±0.20

d(Sn?
2―Cu) [Å] 2.65 2.59±0.20 lmax 11

r(Sn)[Å] 1.37 1.31 Vı [eV] −7
Δoffhollow 0.02 0.13±0.30
dzSn1― Sn

2 [Å] 1.33 1.35±0.30 ΘD(Sn1) [K] 80
dzSn1―Cu [Å] 1.93 1.80±0.20 ΘD(Sn2) [K] 120
dzSn2―Cu [Å] 0.59 0.45±0.20 ΘD(Cu1) [K] 240
Δ1
average [Å] 0.00 0.07±0.10 ΘD(Cubulk) [K] 343

Δ2
average [Å] 0.00 0.01±0.12 ΔE [eV] 2100

Δ3
average [Å] 0.01 0.01±0.20 Texp [K] 300

Δ4
average [Å] 0.00 0.04±0.20

Δ5
average [Å] 0.00 0.06±0.13

dz12average [%] −1 +3±6
dz23average [%] +1 0±9
dz34average [%] +1 0±11
dz45average [%] +1 +1±9
dz56average [%] −2 +2±7
dzBulk [Å] 1.82 1.81
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an antimony coverage of 0.25 ML. The buckling between Sb and Cu
atoms is of magnitude 0.56±0.05 Å [28]. Similarly in the Cu{100}-p
(2×2)-Bi system, a semi-ordered surface alloy is formed at the coverage
of 0.25 ML. Buckling between Bi and the centre of mass of the first layer
Cu atoms is of magnitude 0.56±0.06 Å [29]. In the case of Cu{100}-c
(4×4)-Pb, surface alloy is formed at a coverage of 0.375 ML [30]. In this
case the lead atoms are buckled by 0.65 Å above the first layer Cu. The
effective radii for Sb, Bi and Pb in these systems are 1.33 Å, 1.36 Å and
1.51 Å, respectively. These values compare well with our result, since
Sb/Bi/Pb radius calculated fromSb―Sb/Bi―Bi/Pb―Pbdistance inbulk is
3%/10%/24% larger than the corresponding radius for Sn. For low
coverages (≈0.2 ML) of indium on Cu{100} a surface alloy is formed
[31]. At that coverage a nearest neighbour Cu―In separation of 2.59 Å
hasbeendetermined,which implies effective radiusof 1.31 Å for indium
[31].

5. Conclusions

In this paper we have studied the structure of Cu{100}-p(2×6)-
2mg-Sn. In addition to the previously suggested model structures [10]
we have introduced one additional model structure which turned out
to be favoured by both LEED I(E) analysis and DFT calculations. The
moderate level of agreement reached in the LEED I(E) analysis
(Pendry R-factor of 0.28) could be partly explained by the fact that the
p(2×6) phase is often in coexistence with the c(4×8) phase [10]
which might have an effect on the I(E) data.
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